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NOMENCLATURE

Symbol
a half of wheelset contact distance
aj, wheelset roll coefficient
ACCL average RMS lateral acceleration in the carbody, g's.
(the average of the values at the leading end, the
c.g. and the trailing end passenger locations) See
Equation 4.6-11.
ACCL* the desired value of ACCL
ACCv average RMS vertical acceleration in the carbody, g's.
(the average of the values at the leading end, the
c.g. and the trailing end passenger locations)
ACCi the desired value of ACCV
b half of wheelbase
Cpx primary longitudinal damping (4 per truck)
CPy primary lateral damping (4 per truck)
sz primary vertical damping (42per truck)
Cb primary bending damping (=dP Cpx)
CS primary shear damping
CSy secondary lateral damping (2 per truck)
CSZ secondary vertical damping (2 per truck)
Csw secondary yaw damping (1 per truck)
dp half of primary spring spacing (lateral)
ds half of secondary spring spacing (lateral)
fn natural frequency, Hz
fll lateral creep force coefficient
f12 lateral spin creep force coefficient
f22 spin creep force coefficient
f33 longitudinal creep force coefficient
h distance from top of rail to vehicle cg.
htp vertical distance from truck cg to primary springs
hts vertical distance from truck cg to secondary springs

x1i



=3
Q
(6]

o]
o]
]

H
Q
~

L]
Q
N

o)
ct
b

[}
ﬁ
a1

=
t
N

HsH
g %

H
7“2
N

ko)
Noox

N

4

N

<

gk = o
ml-'-z <:z sz rfg 030 m mzomx mx wxbﬁ'cw'cx

vertical distance from carbody cg to secondary springs
roll moment of inertia of carbody

pitch moment of inertia of carbody

yaw moment of inertia of carbody

roll moment of inertia of truck frame

pitch moment of inertia of truck frame

yaw moment of inertia of truck frame

roll moment of inertia of wheelset

pitch moment of inertia of wheelset

yaw moment of inertia of wheelset

primary longitudinal stiffness (4 per truck)
primary lateral stiffness (4 per truck)

primary vertical stiffness (4 per truck)

primary bending stiffness (=d2 pr)

secondary lateral stiffness (g per truck)
secondary vertical stiffness (2 per truck)
secondary yaw stiffness (1 per truck)

half of truck center pin spacing

distance from car cg to car geometric center (long.)
total length of carbody

mass of carbody

mass of truck frame

mass of wheelset

total vehicle mass

total load on ith axle including wheelset weight

RMS primary lateral suspension stroke, inches. See Equation
4.6-5

centered wheel rolling radius

average RMS secondary lateral suspension stroke, inches
(the average of the values at the leading end and the trailing
end) See Equation 4.6-13

the desired value of STL
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average RMS secondary vertical suspension stroke,
inches. (the average of the values at the leading
end and the trailing end)

the desired value of STv

secondary Coulomb breakaway torque

total vehicle weight

RMS wheelset excursion, inches. See Equation 4.6-7
centered wheelset contact angle

contact angle difference coefficient

wheel conicity

damping ratio
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1. INTRODUCTION

1.1 Background

In the next decade the construction of a significant number of
new intercity rail passenger cars is planned to meet the projected
needs of intercity passenger service [l].* Guidelines for the per-
formance specification of these cars and for their design are needed
so that meaningful specifications tailored to specific types of appli-
cations can be developed. 1In the past fifty years an extensive body of
literature has been written related to the performance of rail cars
and in recent years a number of computer aided analyses have been
developed to aid in the evaluation of rail car performance [2-38].

This background literature does not contain in a single document a
systematic procedure for determining first the performance capability
specifications and second the primary car and truck parameters required
to meet these specifications. The literature does provide a strong
basis for the development of a set of initial guidelines for specifica-
tion of performance and basic design parameters. The scope of this
study is to develop design guidelines as outlined in the following

section.

1.2 Scope and Objectives

The principal objective of this study is to develop general
design procedures for conventional rail passenger cars to meet dynamic

performance reguirements. These performance requirements include:

Numbers in [ } refer to references listed in the References.
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*Ride Quality - The acceleration environment in the
passenger compartment resulting from
the vehicle response to track irregu-
larities

+Stability - The lateral stability or hunting pro-
pensity of the vehicle

«Curve - The ability of the vehicle to negotiate
Negotiation a constant radius curve at constant
speed without wheelslip or strong flange
contact.

The general design procedures developed are applicable to powered
and unpowered rail cars; however, all detailed data and specific design
charts are developed for unpowered, conventional passenger cars. The
study focuses upon performance in terms of the dynamic criteria listed
above and results in selection of truck suspension stiffness and damping
wheel profile, secondary suspension stiffness and carbody inertial

parameters to meet the dynamic performance specifications.

The study is limited in scope and has not considered the design
factors involving braking systems and car couplers. The detailed con-
siderations involving motor mounting and drivetrains for powered cars
have not been addressed in this study. While the study has considered
conventional truck configurations, the general procedures developed in-
cluding the use of specific design charts may be extended directly to
general types of radial truck configurations as described in reference
[39]).

In Chapter 2 of this report general passenger vehicle

configurations considered are described in detail and the basic para-
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meters which are established in the design procedure are identified.

The dynamic performance measures and methods used to compute these
measures are described in Chapter 3. Vehicle dynamic performance is
determined using computer simulations models and data derived from

these models. These models have been derived as described in reference
[39] using state-of-the-art information from the rail dynamics liter-
ature. The models employed are primarily linear and thus are useful for
establishing the overall levels of performance for rail passenger vehicles
and for developing general levels of design specifications. For highly
detailed anaiysis of a specific vehicle's performance, nonlinear models
are more appropriate and are recommended. None of the linear or the
nonlinear models cited in the literature have been fully validated with
experimental data for rail passenger vehicles. While the models used

in this study have been developed specifically to represent the dominant
physical characteristics of rail passenger trucks and carbodies, they
also have not been validated with experimental data. Develcpment of
validated rail passenger vehicle models is recommended as a high priority

research task.

The methodology used to develop design and performance guide-
lines is described in Chapter 4. It is based upon the use of design
charts and requires calculations which can be performed with desk-top
calculators. The procedure results in the determination of truck and
carbody parameters required to meet specified dynamic performance speci-
fications. It can also be utilized to determine if a set of dynamic
performance specifications camnot be met with a conventional truck design.
The procedure is illustrated in Chapter 4 with several design examples.

1-3/1-4
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2. PASSENGER CAR-TRUCK CONFIGURATIONS

2.1 Introduction

The passenger truck embodies the suspension system of a rail
vehicle and conventionally consists of the complete assembly of wheels,
axles, truck frame and suspension elements. Track inputs drive the wheel-
sets which in turn excite the primary suspension elements, the truck
frame, the secondary suspension elements and the carbody. The direct
and feedback force paths are shown in Figure 2.1.1 while the primary

suspension components are illustrated in Figure 2.1.2.
The performance functions a suspension must provide include:

1) Vehicle swpport under a variety of operational conditions

2) Guidance of the vehicle on both tangent and curved
track with good tracking capability

3) Transmission of braking and traction forces from
the track to the carbody

4) Dynamic stability on tangent, curved and spiral track

S5) Effective isolation of the carbody from vibration
induced by track irregularities

6) Control of wheel-rail forces in order to minimize
wear and damage to the track and vehicle components,

These performance functions often place conflicting demands
upon rail truck design since design parameters which may be altered
to improve performance in one area may simultaneously reduce perfor-
mance in another area. To identify the design parameters which are
available in conventional trucks to meet performance requirements,

a review of truck design is conducted in the section below.
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2.2 Description of Conventional Trucks

2.2.1 Unpowered Trucks

The main components of a conventional unpowered truck are
wheelsets, primary suspension elements, truck frame and secondary

suspension elements as shown schematically in Figure 2.1.2.

a) Wheelsets:

The wheelset is the fundamental, common component of all
rail vehicles. In the usual configuration profiled wheels are rigidly
connected to the axle, ensuring that both wheels rotate at the same
angular velocity. The kinematics and dynamics of wheel/rail interac-
tions have a strong influence on the dynamic performance of trucks.
The wheelset is connected to the truck frame through the primary

suspension elements.
b) Truck Frame

The truck frame is the main structural member of the truck.
In most conventional truck designs an H-shaped frame is used and the
wheelsets are connected directly to the frame through primary suspension
elements. Wheel load equalization is usually achieved by using a split
or "articulated" H-frame, or if the H-frame is rigid, by allowing suf-
ficient compliance in the primary vertical suspension. Some trucks
employ a separate equalizer sub-frame which consists of two equalizer
bars connected directly between the wheelset bearing boxes along each
side of the truck. The subframe is connected to the truck frame through

primary suspension elements.



¢) Primary Suspension

The suspension between the wheelsets and the truck frame
is the primary suspension. The elements are generally quite stiff
and often take the form of rubber rings or Chevron-shaped rubber
mounts which encase the axle bearing boxes and provide longitudinal,
lateral, and vertical support. In some trucks such as those employing
equalizer bars, coil springs are used to connect the wheelsets to the
truck frame. Vertical primary dampers are also sometimes employed in

primary suspensions, particularly in conjunction with the coil springs.

d) Secondary Suspension

The secondary suspension generally consists of the springs,
dampers, and the bolster assembly which connects the carbody to the
truck frame; the bolster is a structural member which straddles the
truck and carries the load of the carbody from the secondary springs
to the centerplate and side pads of the truck frame. In contrast to
the primary suspension elements, secondary lateral and vertical elements
are relatively soft to provide adequate vibration isolation between the

truck and the carbody.

Secondary vertical stiffness is often provided by coil springs,
air springs, or a combination of the two. Secondary lateral stiffness
is often provided by the transverse stiffness of the vertical springs
in combination with the lateral contribution from the anchor rod bushings.
On some trucks swing links or rubber pads are used for the lateral

stiffness.



pPamping is achieved with either hydraulic or air orifice
dampers in the vertical direction and with hydraulic dampers or rubber

dissipation in the lateral direction.

The secondary longitudinal suspension consists of anchor
rods, one on each side of the truck, which carry longitudinal loads
between stiff rubber bushings on the carbody and the bolster; and the
centerpin, which carries the longitudinal loads from the bolster to
the truck frame. Curve negotiation is achieved by allowing the truck
frame to rotate in yaw with respect to the bolster against the fric-
tional resistance provided by the centerplate and side pads. The stiff
longitudinal suspension of a rail vehicle requires no special’ damping
elements. Howeve}, longituainally oriented hydraulic dampers are
sometimes used to provide viscous damping in yaw between the bolster
and the truck frame either to supplement or as an effective alternative

to the frictional damping.

Finally, special secondary suspension elements are sometimes
used to constrain carbody motion in roll, such as anti-roll bars or

tilting mechanisms.

A summary of the primary and secondary suspension elements
used in an international sample of conventional truck designs is
given in Table 2.2.1. The superscript (*) indicates that the stiffness’
in the lateral or longitudinal direction is provided by the vertical

suspension element.

2-5



uoT3oTII Aaa Iodured *IPAH E—
3 3 xadueq °xpiH 0L-5
sbutysng whutads 3 d
pod aoyouy TT0D 3 ITYy | butads Trod aty|| ,6utads 10D | 4burads TTop | burads 1ToD wed IS5
uoT3oTIg Kadg Jadureq s
] -IpAH pue saooeds A
#mcﬂhmm Toqqny I9ZTTIQelS &
ITOD B8 ATV R aadweqg - apAH
sbutysng LDutads 3 sbutyg sbuny sbuty ITId
poy xoydsuy TTOD B ITY butads TTOD ATV I3qqny Taqqud Ioqqnyg *droD ppng
xadureq *xpXiH Ly
: 2
aadured - xpiH xoduweqg -apiH TUUOD STATXSDTI| *uuo) OSTIXOTd| “Uuuo) S1qrxa1d %
sbuTtysng ] 3 ] ] 3 oee (%
poy aoyouy LPuTIds aTY butads a1V fpuTads Trod butads tr1op | bButadg TTOD p=4c a
Ixodueq - apAH axadureq - IpAH Tadured - apAl to
sbutysng 3 3 sbutysng sbutysng 3 1g m
pod Iaqquy S}UTT butmsg butads atv T9qqmy Taqaqnyd butads TTOD ot "
o
aodureq *aplH zodwe] °*aIpAH A
sbutysn b d [ da o >
rysng 3 furads Ty utads uTxds 13 0 m
poY aoyouy sped xoqqny : ; UOIAIYD uoxaay) | butads-uoaasyd 5
asdwed °*IpAH putdueq 20TITIO Todweq *aIpAH L,
sbutysng ] R sbutysng syooT1d ] ooc ﬁ
po¥ Ioysuy Loutads ITV butads x1v¢ Toqaqnd Taqquyd butads TT1OD hrel 2
sdo3s Iaqqny xadured °IpAH Tadureqg - apAH
sbutysng 5 3 sbuTtysng s3ooTg ] z3naq
pod Ixsqaqny SYUTT butms putads TTOD Taqqny aaqany butads TTOD uapuTtyy m
sy
Jadweq °xpAg zadueq *IpdH Todweqg *IpAH o M
sbutysng 3 3 SUTT SYUTT B EM &
pod Isqqny syooTd Iodqany butads a1v¥¢ o13seTd o13seT1d butxdg 110D
. FIANAR
TeuTpnithbuo] Teasje] TeOoT3I9A Teurpnl tbhuog Teasje] TedI3I9A 10
Ik

NOISNI4SNS AYVANODIS

NOISNIJSNS AYVYWIdd

SINHWITH NOISNIJISNS MONAL

fT°C°C ™YL



JUuewobueRIIY| JuUsWLBURIIY =
sbutysng zadureqg ° apAH xadureq - apAH xadueq - apAy xaqqny xaqqny
pod 3 L} 3 3 3 0v0T-2 | 5
xaqany SYUTT butms butads TT0D butads TTOD butads 110D | butads TTOD W
sbutsng xaqqny | xedured - aIpiH W
] aadueq - IpAH aodueq *apAyg [ejoanyg | &
= butysng xaqany 3 SUOT 302UUOD SUOT309UU0) ] JeTd
*mcﬂumm TTOD kOCHHmm TTIOD butxds TTOD Iaqony xsqany putads 110D
Zodwed °IpAH Todwurg *IpAH sSbuTty sbutyg
suuo) Iaqqny 3 asdure@ - apAH xoqgny Togqquy aadwreq - xpAH
¥ 5 ‘uuo) Iaqgnd 9 ] 3 3 92Z-&
butads 110D Loutads 110D butxds T1TOD 19938 19338 putads TTOD
Tadureq - IpAH Tadured Todweq - apAH
ks ] Iaqqny
spoy pausng yoTMpues butads aTv¥ SYUTT ysng syuTT ysug 3 GTT-X |
Taqqny Joqqny Te3on SPTATUNG To9qqmy Iaqaqny butads TI0D ’
zodured ‘IpPAH aadweq - IpAH Todweq -apiH g
® Taqqny Taqany xaduweq - apiH o
spoy ] ] SUTT ysng SYUTT ysng B Z A A
paysng Iaqany *mcﬂumm 110D butads TTOD Taqgny Iaqqny putads TTOD
sbutysng aadureq °IpAH Tadued " IPAH Jocueq ° IPAH
pod 3 R SUOTIO{UU0D SUOT3IO8UUOD 3 ¢ -X
Ioyouy Lputads 1100 | butrads 1TOD Toqqny Iaqqny pbutads TToD
aodueq *IpPAH zodueq *IpPAH 50019 I=2qany i
SUOT309UUOD 3 3 SYooTd S3DoTd 3 8Z-X
Ioaqud s3utT butms | butads TTOD Taqany Taqany butads TTOD
Teutpnl tbuog Teasje] TeDT3IDA TeuTpny THUOT Teaaje] TeDT3IBA xﬂmwa
NOISNAISAS AIYANODIS NOISNAISAS KAVWINA ALl

(P, Tou0)) T°T'Z FIAVL



2.2.2 Powered Trucks

a) Configuration

A powered truck contains electric motors, reduction gears and
driving gears in addition to the components of an unpowered truck. The
powered trucks used today may be divided into three groups, according
to the way the traction equipment is attached to the truck frame and to

the whealsets.
b) Trucks with Axle-Hung Traction Units

This design is shown schematically in Figure 2.2.1. The motor,
the reduction gear and the driving gear are one rigid unit. The unit
is supported on the axle on bearings, and hung from the truck frame
at several points, through rubber. Since traction motors are sensitive
to rail-induced vibrations, many high speed trucks have vibraticnal isc-
lators between the elements through which track forces can propagate.
In the most general case there are rubber isolators between the axle
and the driving gear, and between the driving gear and the wmotor,
in addition to the rubber suspension between the motor and the truck

frame.
¢) Truck with Frame-Mounted Motors

This design is shown in Fiéure 2.2.2. The driving gear is
supported on the axle on bearings, and hung from the truck through
rubber. The motor is supported from the truck frame at several points.
The driving torque is transmitted from the motor to the gear through
a flexible coupling, which is capable of operation under misalignment
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of several degrees. The flexible coupling reduces the rail-induced
vibrations transmitted to the motor through the gear. Trucks with a
frame mounted motor minimize the axle mass of the truck and, there-
fore, are suitable for high speed operation. However, in some cases
they cannot be used because of space limitations and most inside~frame

trucks have axle-hung traction units.
d) Monomotors

Monomotors are trucks in which a single truck frame mounted
motor drives both axles, by means of two driving gears. They are

usually symmetric. Very few current trucks are monomotors.

2.3 Passenger Truck Representation in Texrms of Fundamental Design
Parameters

The fundamental design parameters of a passenger truck may be
identified by developing a conceptual model of the truck from the general
characteristics described above. A model is developed in the following
paragraphs to predict the dynamic performance criteria cited above. The
model represents a compromise between the requirements for simplicity
so that results may be easily interpreted for use in design studies and
complexity so that detailed performance characteristics may be repre-
sented accurately. The model developed has been shown to be useful
in previous truck parametric studies and can be extended directly to new
types of radial truck configurations [39]. The model described below is
representative of conventional, unpowered truck configurations.

Addition of degrees of freedom to represent motor motions, would permit

the model to be extended directly to powered trucks.
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The basic truck model used in the design study is illustrated
in Figure 2.3.1. Two rigid wheelsets are connected to the truck frame
with lateral, longitudinal and vertical stiffress and damping elements.
In the model these primary suspension elements are assumed to be linear
stiffness and damping elements. Secondary suspension longitudinal sus-
pPension is represented as a linear stiffness and damper for small motions
which occur if the centerplate and bolster do not breakaway while if the

forces are sufficient to result in breakaway, a dry friction representa-

* iy
tion is used. The relationship of the model to a specific passenger

truck i1s illustrated in Table 2.3.1.

TABLE 2.3.1: CORRESPONIENCE BETWEEN MODEL AND PIONEER III
PASSENGER TRUCK

VERTICAL LATERAL LONGITUDINAL

=
5'& g Stiffness of Stiffness of Stiffnes§ of
€5 g rubber ring rubber ring rubber ring
1 gig1around the around the around the
A g axle boxes axle boxes axle boxes
£ Vertical Lateral stif- Longitudinal
‘3 stiffness of fness of air stiffness of
& air and coil and coil anchor rod bush-
B g springs, ver- springs, ings and longitudinal
g b tical stiffness stiffness of stiffness of air and

) of side bearer stabilizer rod | coil springs, friction
E'm pads, and ver- rubber spacers, | at side bearers and at
9 tical hydraulic hydraulic damper| center pivot
§ { damper and lateral
3 stiffness of

anchor rods

*A detailed discussion of the effects of breakaway is included in Chapter 4.
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3. PASSENGER VEHICLE PERFORMANCE MEASURES AND CONSTRAINTS

3.1 Introduction

The design performance of rail passenger vehicles is broadly
defined in terms of safety and productivity. Safety as it relates to the
vehicle~track system is considered primarily in terms of derailment. De-
railments result from a variety of sources including equipment failure,
poor track conditions, train operation and make-up as well as dynamic
conditions such as hunting and curving. In this study, safety in terms
of derailment is considered in terms of train lateral dynamic motions which
lead to wheel climb and represent conditions with a high propensity for the

wheel to climb over the rail head.

The productivity of a rail passenger vehicle is a function of
its revenue and operation, maintenance and capital costs. These are
directly influenced by vehicle operating speed, passenger ride quality and
wheel-track forces which result in wear and degradation of vehicles and
track.

In this development of design guidelines, the issues of safety
and productivity as they relate to vehicle dynamic performance are ad-
dressed by defining a set of dynamic performance indices and a set of as-
sociated dynamic constraints. The specific performance indices which have
been selected are described in detail in the following section and include
quantitative measures of:

-ride quality
*vehicle curve negotiation capability

-vehicle stability.
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The performance indices are evaluated as a function of vari-
ations in vehicle design parameters while the following constraints, which

are described quantitatively in a following sectiorn,are satisfied:

-maximum allowable clearance between the vehicle and
wayside fixed structures
.minimum allowable level of wheel load equalization

.maximum allowable suspension stroke
maximum allowable wheelset excursion

.maximum allowable lateral/vertical force.

3.2 Performance Indices

3.2.1 Ride Quality

The passengers' perception of ride comfort is a subjective
evaluation of many factors including vibration, noise, temperature, and
passenger compartment features. In this study the dynamic vibration en-
vironment is considered primarily and in particular the vibration re-
sulting from excitation of the vehicle due to track irregularities.

These are numerous quantitative descriptors [26,27] that have been used
to describe rail passenger ride quality. In this study two measures
have been adopted for design goals: the root mean square (r.m.s.) accel-
eration levels and the distribution of the r.m.s. acceleration in one
third octave frequerncy bands are described in the I.S.O. guidelines [28]

for vertical and lateral motion and in [29] for roll motion.

Figure 3.2.1 illustrates the I.S.O. recommended limits for the
vertical and lateral 1 hour reduced comfort boundaries. When the vehicle
vibration environment is broad band, i.e., has a frequency content over a

wide range, the recommended procedure is to compute the r.m.s. accel-
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eration in 1/3 octave frequency bands and to compare it to Figure 3.2.1

at the 1/3 octave center fredquency.

Figure 3.2.2 [29] shows roll equal discomfort curves where
DISC = 1 corresponds to the threshold of discomfort and DISC = 2 provides
twice the level of discomfort as DISC = 1. In the Figure r.m.s. roll
angular acceleration (rad/secz) is computed as a function of fregquency

for sinuscidal excitation.

The ride quality criteria adopted in this study have been
general passenger acceptance levels. The parametric study data are pre-
sented in terms of these criteria; however, the data can also be
expressed in terms of alternate criteria should other criteria prove

to be more appropriate for a specific situation.

3.2.2 Vehicle Stability

Vehicle running stability or hunting is a phenomena as-
sociated with conically shaped steel wheel/steel rail vehicles. The
conical wheels provide a lateral guidance or centering action which
tends to force the wheels into the tread region away from the flanges.

The friction or creep forces between the wheel and the rail are a function
of the vehicle speed. As the speed increases, a value can be reached
at which the vehicle-truck-wheelset system has zero effective damping
and a sustained periodic oscillation is set up. This state is called

hunting and the speed at which it occurs is called the critical speed.
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Rail vehicles exhibit several different modes of hunting,
commonly classified as carbody hunting and truck hunting. Carbody
hunting generally occurs at relatively low speeds and as speed is
increased the vehicle usually passes through this condition and can be
operated successfully above the carbody hunting speed. Truck hunting
occurs at higher speeds and is of direct importance in evaluating
stability at primary vehicle operating speeds. 1In this study the truck
critical speed at which hunting occurs is evaluated and compared with
the vehicle operating speed. The margin between operating speed and

critical speed is adopted as a design performance measure.

A vehicle can have a good margin between operating speed and
critical speed and still have a tendency to oscillate with low damping
after a disturbance. To obtain a measure of the inherent damping in
the principal modes of vibration, the damping ratios of the principal
modes of vibration are computed for the operating speed range of the
vehicle. The value of the least damped mode of vibration is used as a
performance measure to reflect the need, not only to be stable, but
also to have adequate damping in a response to a disturbance. The
higher the value of this performance measure, the more damped is the

mode of vibration.

3.2.3 Curve Negotiation

The majority of wheel profile and rail wear results from high
force levels that occur as the vehicle negotiates a curve. Most
current conventional passenger vehicles rely on flanging to 1limit

wheelset excursions during curve negotiation. Wheel flanging
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creates noise and increased stress levels.

It would be desirable if flange guidance could be avoided, and
creep guidance achieved [12] at least for mainline intercity curves
(%1°-3°). To evaluate curving, the performance region over which the
passenger vehicle can traverse a specified curve without flanging is
computed. To achieve curve negotiation using creep guidance, two
conditions must be avoided: (1) wheel slippage or the condition where
the required friction force exceeds that available and (2) flange contact

due to excessive wheelset excursions.

Two independent factors can cause excessive wheelset ex-
cursions in curves; track curvature and lateral unbalance. Section

4.5.2 analyzes in detail vehicle response to track curvature.

The lateral unbalance aspect of curving performance may be
illustrated in a plot of cant deficiency versus degree curve where:

2

i =,
¢d(cant deficiency) = Rg ¢S.E.

(3.2-1)

where V = constant forward speed (kmh)

w
]

radius of curve (kilometers)

¢S.E. radians

g

acceleration due to gravity.
The superelevation ¢S B is defined in Figure 3.2.3. The maximum super-

elevation considered in this study is ¢ = 6.14° (A = 6 inches) [30].

S.E.

The curve is also defined in terms of degrees as shown in Figure 3.2.4.
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For design purposes curving performance will be considered as
illustrated in Figure 3.2.5. This figure illustrates the constraints
on curving performance. The FRA Track Safety Standards [30] specifies
that the following relation must be satisfied:

A+ 3

Voax .0007D (3.2-2)

where Vmax = maximum allowable operating speed, mph
A = superelevation in inches
D = degree of curve (°),

The two cant deficiency boundaries shown in the figure are
computed by substituting equation (3.2-2) into (3.2-1) and setting
A to its maximum value of 6 inches. 'These boundaries indicate the primary

operating regions of interest for design.

3.3 Performance Constraints

In this study, the three performance indices discussed in the
previous sections are optimized subject to a set of constraints described
in this section. The constraints considered include vehicle wayside
clearance, wheel load equalizatiocn, wheel/track forces during curves,

suspension stroke lengths, and wheelset excursions.

3.3.1 Wayside Clearance

In a vehicle design, an overall dynamic motion body envelope
is establicshed which limits maximum permissible body excursions so that
track wayside clearance constraints are met as described in reference
[31]. These constraints are typically met as described in [31],
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using bump stops to limit suspension travel. 1In preliminary design
these constraints are considered indirectly by requiring suspension

strokes to have infrequent contact with bump stop limits.

3.3.2 Wheel and Load Equalization

Specifications have been used for passenger trucks which re-
quire that the load be maintained equal on each truck wheel as the track
disturbs the wheels. These specifications take the form of a test
in which the maximum percent deviation for any wheel is restricted
as one wheel is raised a specified amount. A typical specification is
that less than 25% load change is required as the wheel is raised 5cm.
Wheel load equalization specifications are usually met as basic part of
truck design using, for example, equalizer bars and/or split frames.

The influence of the elements employed in truck design to achieve wheel
load equalization is represented in the dynamic models used for per-

formance evaluation.

3.3.3 Wheel-Track Interaction Forces

During curve negotiation substantial wheel track forces are
generated. The following relationships have been cited in the liter-

ature [32] as approximate static guidelines. These values are:

1. Lateral to vertical wheel load ratio (L/V) < .9
at the leading outer wheel to prevent wheel climb.

2. Lateral to vertical wheel ratio (L/V) for one side

Ll+L2
of an entire truck (——— ) < .5 to prevent rail
vy + V2 .

rollover.
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3. Net lateral axle load < 40% of the vertical axle load
to prevent track shift on poor track

In this study wheel L/V and truck L/V ratios are computed and
limited in parametric studies of curving behavior. Dependence of L/V

limits on such factors as time duration or tonnage is not considered.

3.3.4 Suspension Stroke Lengths

In general, vertical and lateral ride quality is improved by
softening the suspension stiffnesses and allowing increased suspension
strokes. These strokes must be limited to meet wayside clearance re-
quirements. The suspension strokes for the vehicle operating over tan-
gent track disturbed by the random track irregularities are computed
by calculating the rms stroke value and then assuuing that the peak
stroke is three times the rms stroke as is consistent with the linear
vehicle model excited by Gaussian random track disturbances. The peak
deflections which occur during a steady state curve are calculated
directly. A nominal set of suspension peak stroke lengths typical

of conventional passenger trucks [4] are:

-primary suspension stops (zero to peak)

lateral < 0.95 cm
longitudinal < 0.95 cm

vertical.ﬁ 0.95 cm

-secondary suspension stops (zero to peak)
lateral < 3.8 cm

vertical < 3.8 cm.
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3.3.5 Wheelset Excursions

In order to avoid frequent flange contact on tangent track
or curves the wheelset excursion (lateral displacement of the wheel
with respect to the rail at the contact point) must be limited to
zero~to-peak values of 0.76 cm. This constraint is interpreted for
operation on tangent track by computing the rms wheel set excursions
and assuming the peak values are three times the rms values. 1In

curving it is computed directly.

3.4 Computation of Vehicle Performance Indices

3.4.1 Use of Computer Models

The design process requires identificaticn cf vehicle para-
meters which provide performance that satisfies the indices and con-
straints cited in the preceeding section. The suspension, geometric
and inertial parameters are related in rather complex fashion to the
pPerformance indices, thus computer simulation models have been employed
to generate tabular data for design. Several factors have played a

central role in the development of models for use in design;

1) The requirement that random track disturbances due
to crosslevel, alignment and vertical irregularities
be accomodated to compute ride quality.

2) The requirement that many simulation runs be permitted
so that important ranges of parameter values can be
evaluated places a premium on computational efficiency.

3) The emphasis on generating parametric data which
illustrates results for generic passenger trucks as
opposed to a highly detailed investigation of a specific
passenger truck design.
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4) The availability of state-of-the-art computer models
as described in the literature.

These factors have led to the use of primarily linear models

which represent the dominant physical characteristics of rail passenger

vehicles. State-of-the-art models are available based upon linear analy-

sis techniques which can accept random track inputs and provide
efficient computation of the performance indices. These models are
appropriate for computing general trends in performance and useful
for initial determination of truck design parameters. For evaluating
the detailed performance of a specific truck design, models which in-
clude suspension and wheel-rail nonlinearities are appropriate and
recommended. However, nonlinear computation models for evaluating
random response are not currently available which are efficient for
large numbers of parametric runs. Thus, consistent with the current
state-of-the-art in computer models, primarily linear models are used

in this study.

At the present time no dynamic computational model exists

for passenger trucks which has been validated in detail with test data.

While the models used have not been validated with test data, they
are generally accepted by the technical community as providing useful
information to guide in truck design and preliminary performance
evaluation. However, development of validated models would provide

a much stronger basis for the type of study discussed in this report

and is strongly recommended.
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The computational models used in the study are discussed
in the following sections. First, the description of the track is given.
Tangent track is represented as containing random irregularities which
are defined in terms of their statistical properties. The track
models are developed based upon experimental data measured for track
and provide distinct models for vertical, cross-level and lateral
irregularities. Each of these models is assumed to be statistically
independent of the other models. 1In addition to the tangent track
model, representations of curved, but nominally smooth track have

been developed which include superelevation.
Three principal vehicle models have been developed:

a) A linear vertical dynamic mcdel in which carbody
heave, pitch and roll motion are excited by track
vertical and cross level disturbances acting through
the wheelsets and trucks.

b) A linear lateral dynamic model in which carbody
lateral, yaw and roll motion are excited by track
lateral and cross-level disturbances acting through
the wheelsets and trucks.

¢) A lateral steady-state curving model in which the
wheel-track and suspension forces and relative
excursions are determined for a vehicle running at
constant speed on a fixed radius curve.

The first two dynamic models represent a decoupling of
vehicle motion primarily into vertical-roll motion resulting from
vertical and crosslevel disturbances and into a lateral-roll motion
resulting from lateral and crosslevel disturbances. This decoupling
of motions is convenient in terms of computational efficiency and is

anpropriate since each of the inputs is statistically independent and
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the dynamic models are linear. These models allow computation of the
ride quality in the passenger compartment, of the suspension strokes,
wheelset excursions and wheel-track forces resulting from track dis-
turbances. In addition, the lateral model allows computation of the

vehicle hunting speed.

The steady-state curving model is used to determine wheel-
track forces in curves and suspension strokes. It includes the fric-

tion breakaway nonlinearity between the carbody and bolster.

3.4.2 Track Representation

Track irregularities represent the primary disturbance
inputs to the rail vehicle. Track irregularities are due to a combination
of initial installation error and degradation due to track loads. A
recently completed study [34] outlined track irregularity measurement

and analytical characterization techniques.

Four irregularities are universally used to define track
geometry and are shown in Figure 3.4.1 Gauge is the horizontal
distance between the two rails, crosslevel is the difference between the
elevations of the rails, alignment is the average of the two rail
lateral positions (often referred to as centerline), and vertical pro-

file is the average of the two rail elevations.

Yo t V.
ya(allgnment) = ==
¥, (8auge) = ¥, -,
z + z (3.4.2-1)
ical) = L T
zv(vertlca >

zc(cross—level) =zp =z,
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FIGURE 3.4.1: TRACK IRREGULARITY DEFINITIONS
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where the subscripts £ and r denote the left and right rail respectively

with y the lateral distance and z the vertical distance.

Track irregularity measurements taken by the F.R.A. Geometry
Cars [34] have shown that the irregularities are statistical variables
that are well described by their spectral density representation
[34,35] (the spectral demsity 1s effectively a representation of the
mean square of the variable occurring in incrementally small segments
of spatial wavelength). References [34,35] describe various analytical
representations of track spectral density while [4] describes the re-
lationship between the FRA Track Safety Standard spectral densities
for class 6 track. The characterization of track is based upon
measurements by track geometry cars, thus the effects of dynamic
track loading which may vary from measurement to measurement are not

precisely evaluated.

This design study has been conducted for class 6 track and
the following analytical forms for the track power spectral densities
are used:
%

In addition to statistical irregularities track also contains
anomalies which provide transient disturbances. These anomalies,
which typically occur at switches, frogs, and crossovers should

be considered in a detailed analysis of truck and track component
response to track disturbances.
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= yvertical ( % 5 = )
AVQZ
S () & s S (3.4.2-2)
v 2 2 2
Q7 +Qc)

‘cross-level (z, - z )
A r

an 0°

s () = L (3.4.2-3)
€ @ + Qi)(ﬂz + 92’

Yo t ¥
-alignment = &—3;3——5“4
a0
S (Q) =l s (3.4.2—4)
a @ + 22)

2
where S , Sc' Sa are spectral densities (in /rad/ft), 2 is the wave-
v
length (rad/ft), Qc, Qs are break wavenumbers, and AV and Aa are
roughness parameters. Reference [14] shows that for class-6 track

these parameters are:

AV = .00159,in2—rad/ft
Aa = ,00159 inz—rad/ft
Qs = ,1335 rad/ft
9] = 21/25 rad/ft.

Figures 3.4.2 and 3.4.3 show the class-6 spectral densities compared
with measured data. Data for other track classes are included in ref-

erence [14].
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In general, it is assumed that the cross-spectral densities
between the track inputs are negligible, and thus each input is
statistically independent of the other inputs. Experimental data
have shown [4] that the assumption of statistical independence is

appropriate.

For a vehicle traveling at a constant forward speed, V,
the spatial spectral densities may be converted to temporal spectral

densities which are used directly as inputs to the vehicle models by:

w = Vi (3.4.2-5)
W .
f = 7 3 (3.4.2-6)
where w = temporal frequency rad/sec
f = frequency : Hz.

Curved Track PRepresentation: For evaluation of

curving, the track is assumed to be smooth and of a constant radius of
curvature, R, and also to have a constant superelevation, ¢se as described

in section 3.3.

3.4.3 Vertical Dynamic Model Descripticn

A linear analytical model describing the vertical dynamic
motions of a rail passenger vehicle is used for the analysis of pas-
senger ride comfort, subject to limitations on secondary suspension
vertical stroke and vertical track force levels. The degrees of free-

dom represented include the heave, roll, and pitch of both trucks and
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the carbody. In addition to these rigid-body modes, carbody flexi-
bility is incorporated by including the first bending mode and first

two torsion modes of the body.

The model chosen for this study is shown in Figure 3.4.4.
The degrees of freedom of the carbody are:
Z the heave or vertical position of the carbody center
of mass;

¢ the roll or rotation of the rigid carbody about the
X-axis;

8 ., the pitch or rotation of the rigid carbody about the
y-axis;

u(x,t), the first bending mode of the carbody; and
wl(x,t) and w2(s,t), the first and second torsion modes
of the carbody.

The degrees of freedom for the leading truck are:

Zoe? the heave or vertical position of the leading truck
center of mass

¢Zt' the roll or rotation of the leading truck about the
x-axis, and
eit' the pitch or rotation of the leading truck about the

y-axis

The corresponding degrees of freedom for the trailing truck are Zy

¢ ., and ett' respectively.

tt
The model of Figure 3.4.4 represents a passenger vehicle

equipped with a conventional secondary suspension, i.e., the secondary

suspension linear spring and damper represent airspring stiffness and

hydraulic damping. Alternatively, the secondary damping can be obtained
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by pneumatic orifice damping. In modeling such cases, the secondary
suspension model of Figure 3.4.5 is used in the vehicle model [31].
For the secondary suspension model of Figure 3.4.5 four additional
degrees of freedom are required in the overall model. These additional
degrees of freedom are:

Z0er the heave or vertical position of the connecting

point p (see Figure 3.4.5) for the right, sacondary
suspension group above the leading truck,

z — the heave or vertical position of the connecting
2L X .
point p for the left, secondary suspension group
above the leading truck, and

zttr and Ztti - the corresponding degrees of freedom for
secondary suspension above the trailing truck.

The vertical dynamics model represents the operation of a
laterally and longitudinally symmetrical vehicle at constant velocity
on nominally level, rigid track, with no coupler forces or aerodynamic
forces acting on the vehicle. It is assumed that the wheels follow the
rails exactly at all times; therefore, wheelset inertia is neglected
and the wheels are modeled as massless - point followers.* It is fur-
ther assumed that the actual primary and secondary vertical suspension
characteristics are represented by the idealized effective linear
spring and damper elements. Inherent in this use of linear suspension
elements is the assumption that the linear and angular deflections of

the vehicle are small.

The vertical model is used primarily to calculate the vertical
acceleration resvonse at a passenger location in the vehicle due to
track vertical and crosslevel disturbances. The vertical stroke of the

*Wheelset inertia is included in the lateral model.
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secondary suspension elements is also calculated. The vertical force
between a wheel and the track is estimated as the force in the primary

suspension elements associated with that wheel.

The differential equations describing the vertical model are

derived in reference [39].

3.4.4 Lateral Dynamic Model Description

3.4.4.1 Ride Quality: A schematic of the lateral model is

shown in Figure 3.4.6. This model is an extension of the lateral model
developed in reference [4]. The model is useful for computation of
passenger compartment accelerations, suspension strokes and wheelset
excursion due to lateral and crosslevel track disturbance inputs. The
model consists of fifteen degrees of freedom including lateral and

yaw motions of the wheelsets, the lateral and yaw motions of the trucks
and the lateral, yaw and roll motions of the carbody. The wheelsets,
trucks and carbody are modeled as rigid masses, with the assumption
that internal bending is negligible. A constant vehicle velocity is

assumed and aerodynamic and coupling forces neglected.

The primary and secondary suspension systems are represented
by lumped linear springs and dampers, i.e., the secondary lateral
stiffness represents the total lateral stiffness in the secondary,
and combines the effects of rubber bushings, airsprings and anchor

rods.

3-27



TIAOR JVITIVY "ITVUILV']

$9°F € JNS1JA

3-28



The primary difference between the model of [4] and the
one used in this study is the inclusion of truck roll as a geometric
constraint which provides a better representation of the effect of
the track irregularities on the truck and carbody. The roll angle
of the truck is analytically calculated as the instantaneous average
of the roll angles of the two wheelsets under it. The wheelsets are
assumed to follow the truck perfectly in the vertical direction without
wheel 1lift. Truck roll is not considered as a dynamic degree of freedom

to reduce computational complexity.

Forces which occur at the interface between the wheel and the
rail are important in the lateral vehicle motion. These forces arise
partly from geometric conditions in which the wheel-rail contact and
rolling radii change and from creep generated at the interface. 1In
this study the creep forces are computed using Kalker's linear creep
theory and are primarily dependent upon normal force at the wheel,
wheel-rail geometry, and the relative velocity between the wheel
and the rail. In addition to these creep forces, gravitational
stiffness forces due to the change in wheelset center of mass vertical

position are computed.

The linear equations for the lateral model with lateral and
crosslevel track disturbances are derived in reference {34] and can be

summarized in matrix form as:

(3.4.4-1)

1oy
No

+
1
o]

il
{1
e

y +

=
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where Yr is a 15x1 vector of position degrees of freedom

u, is a 15x1 matrix of alignment and cross-level inputs

ﬁ, é, and g_are the 15x%x15 inertia, damping and stiffness
matrices

B, is a 15x15 input distribution matrix.

This model is used in computing the forced response of the
vehicle.

3.4.4.2 Stability: The motion of a rail vehicle can be de-
fined in terms of a sum of its independent modes of motion, e.g. wheel-
set modes, coupled wheelset-truck modes, and carbody modes. The charac-
ter of these modes change with forward speed. Vehicle critical speed
can be defined as tne speed at which one of these nodes has zero damping
and exhibits a sustained (oscillation) motion. The character and ef-
fective damping of these modes of vibration are independent of the track
input irregularities in the linear models used, thus the ride quality
model described above may be directly used for stability studies with
the track inputs set to zero. Therefore the model described in section

3.4.4.1 with u = 0 is used to calculate vehicle critical speed.

=1

i + x = 0- (3.4.4‘2)

oY,

y +

1=

In oxrder to analyze the various dynamic modes of vibration of
the system defined by Equation (3.4.4-2), it is necessary that the

eigenvalues and vectors of Equation (3.4.4-2) are computed.
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3.4.5 Steady-State Curving Model

A steady-state curving model with 15 degrees of freedom is
used to evaluate the curving performance of passenger rail vehicles.
The model is an extension of the 15 D.0O.F. lateral dynamic model dis-

cussed in Section 3.4.4, and incorporates the same degrees of freedom:

4 wheelsets; lateral, yaw
2 trucks: lateral, yaw

1 carbody; lateral, yaw, roll.

As in the lateral dynamic model, truck and wheelset roll are included
kinematically in that the roll angle of a truck is set equal to the
average of the two wheelset roll angles for that truck at all times.
Sketches of the curving model components, degrees of freedom, and

geometry are shown in Figures 3.4.7 and 3.4.8.

The development of the curving model closely follows the
Newland/Boocock approach to linear curving [12,13]. Some of the
smaller effects such as gravitational stiffness and spin creep forces,
which are often left out of a linear curving analysis are retained in
this development for completeness. The four creep force coefficients
established by the Kalker theory of creep [36] are included in the
development, as well as the influence of centrifugal loading and the
resulting differential wheel loading on creep forces and component
displacements. The wheel/rail geometry parameters of contact angle,

rolling radius, and wheelset roll angle are assumed to vary linearly

3-31



Front
Truck

X A

- = Carbody
y
\
l Q’d’c
Track
Centerline
Wheelset No. 3

Rear
Truck

4

Wheelset No.,

FIGURE 3.4.7: CURVING MODEL COLPONENTS AND DEGREES OF FREEDGL!
3-32



¢

=

Rear View

Curving to Right

cs

htp
r
(o]

¢se

FIGURE 3.4.8: CURVING MODEL DETAILS

3-33



with lateral wheelse£ displacement. A nonlinearity is included in the
steady-state curving model to allow for secondary Coulomb yaw breakaway
between the truck and the carbody. The associated torque vs. yaw
characteristic (Figure 3.4.9) dictates a modification of some of the

curving equations each time the discontinuity is crossed.

In the development of the steady-state curving model, linear
wheel-rail geometry is assumed and all angles are assumed to be small.

The model is described in detail in reference [39].

The curving model is used in this study to map out wheel
slip and flange contact boundaries or other trajectories in the cant
deficiency vs. degree curve plane, while the associated loci of
vehicle displacements are plotted. The displacement curves obtained
encompass the full range of vehicle response to inputs bounded by
the input trajectory, and the relative dependence of each solution
variable on cant deficiency and curve radius can be seen. Knowledge
of the range of primary strokes required for acceptable curving, for
example, is important in determining what tolerances, if any, should

be incorporated into a certain primary suspension system design.

3.5 Summary of Vehicle Design Parameters

3.5.1 General Parameters

The computer simulation models permit the evalvation of the
influence of vehicle design parameters upon the design performance
indices. The models described in the previous sections are sufficiently
complex to require computer assistance in their solution. A number of
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useful guidelines jllustrating the influence of design parameters on
performance indices canbe derived from relatively simple models. These
models are described in the following paragraphs and provide a starting

point of a design procedure.

3.5.2 Kinematic (Hunting) Models

a) Unrestrained, massless wheelset

The simplest model is that of an unrestrained, massless
wheelset moving at a constant speed V. It can be shown that the

wheelset will move along a sinusoidal trajectory of wavelength

ar

= 0 - -
L 2m 3 (3.5-1)
and frequency
\' A
f o aro (Hz). (3.5-2)

Since the oscillations neither decay nor grow with time, the wheelset

is a marginally stable system.

b) Restrained wheelset with inertia and creep

The characteristic equation of this model is of fourth

order and its terms depend on V. It is found that as V is increased
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from zero the wheelset will pass from region of stability, through
the point of marginal stability, to the region of instability. Aan
approximate expression for the critical speed, above which the wheel-

set is unstable, is

Na 1/2
2 2 11
K + ... S
2arJﬂpFll pPX a F33(pr 2a )]
Vc = 5 . (3.5-3)
+
(a Flle F33Iwz)x

The wavelength and frequency at the critical speed are the same as

those given by Equations 3.5-1 and 3.5-2, respectively.

¢) A rigid truck with two wheelsets

The equatrions of motion of a rigid truck have the same form

as those of a wheelset and, therefore, a rigid truck behaves similarly.

An unrestrained, massless rigid truck has a wavelength of

ar 2 2
L=2TrV o 2ty (3.5-4)

and the kinematic frequency is

- ;
£ = V# LS S (3.5-5)

p 2
2T aro az +b

The critical speed can be approximated by
2

2Na_.b Na
. 1 2 2 11 2 2
+—.
[ [sz + o + 2(a +b )(Ksy )1(a” + b )ro

a

c 2 2 2
M+ 2M + + + b
[(a® + b)) ( - 2 w) Itz 2Iwz 2Mw JaA

3.5-6
3-37 s
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Equation 3.5-3 gives best results when pr and pr are very low (say,
< 20000 1b/ft) since then the ccupling between the wheelsets and the
truck frame is weak and the mode of instability is indeed wheelset
hunting, as assumed. Equation 3.5-6 gives best results when the truck
is very stiff (say, pr, pr > 4x106 1b/ft) since then the deviation
from the perfectly rigid model is small compared to the rigid truck
motions. A practical truck lies somewhere between the two extremes
and, therefore, its critical speed cannot be computed accurately by
either of the two equations. However, the effect of the parameters on
the critical speed of the simple model is similar to their effect on

the critical speed of complex models, so that some insight into the

complex case can be gained by studying the simple cases.

3.5.3 Models of Truck Frame and Carbedy Vibrations

The natural frequencies of all the rigid body motions of the
truck frame for a practical passenger truck are in the range of 5 Hz -
30 Hz. The carbody secondary suspension natural frequencies are in the range
of 0.5 Hz-2.5 Hz. Because of this frequency separation, and because the damping
ratios are usually belcow 0.25, the coupling between truck (primary)
natural modes and carbody (secondary) modes is weak. It has been
observed that when the truck natural frequencies and damping ratios
are computed without considering the carbody mass, and vice versa,
the error is usually less than 10%, so that the designer can estimate
most of the eigenvalues of the system without using large eivenvalue

computer programs. The following equations are available.
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a)

b)

c)

Truck frame lateral motion

f
n

I41< + 2K
-1 Py sy

21y

iy

4ac + 2C
|24 SY

2JM (4x__ +2K )
T pYy sy

Truck frame vertical motion

£ =
n

E ]

1

2T

J4K + 2K
pz sz
M

T

ac + 2C
P2 sz

| ZVMT(4

K + 2K )
pz sz

Truck frame roll

4d2K + 2d2K
P pz S sz

2T

2 2
+2d°K
ZJItdep sz 2ds SZ)
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d) Truck frame yaw

) x,+4d21< + 4b2K
£ = =1 C P.RX PY (3.5-13)

T I
n 2 tz

c +a4d® ¢+ ac
E om sy P _px pPY (3.5-14)

2 2
2JI (K, +4da g + 4b'K )
tz sy p Xpx py

e) Truck frame pitch

1 4b2K z
£ = P _ (3.5-15)
n 27 It_‘{
4p2c
g = Pz ) (3.5-16)

’ 2
I. (4b°K
2 ty( prz)

f) Carbody lateral motion

lJ *®_,
£ = 5 < (3.5-17)

E = SY (3.5-18)
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g)

h)

i)

Carbody vertical motion
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j) Carbody pitch

L 48%x
£ s sz (3.5-25)
n 2T I
cy
ap’c
£ = s sz (3.5-26)
2 [T (a8’x_ )
cy S sz

In the design of a vehicle these simple formulas are useful
in estimating values of the system natural frequencies and damping
ratios. It is generally accepted design practice to select parameters
so that coupled members have a separation of a factor of two or more

in natural frequencies.
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4, DESIGN METHODOLOGY

4.1 Scope of Methodology

A design methodology has been developed to select values of
truck parameters which significantly influence the following dynamic

performance indices:

.Ride quality in terms of passenger compartment rms
accelerations

-Stability in terms of vehicle critical speed
*Tracking capability
-Constant radius curve negotiation in terms of wheelset

excursions (flange contact) and wheel-rail interaction
forces (slip).

These performance indices are evaluated for a vehicle
traveling at constant speed using the dynamic computer models de-
scribed in Chapter 3, thus, the selection of design parameters is based
primarily upon linear analysis. For rail passenger vehicles the use
of primarily linear analyses to develop initial values of design para-
meters is appropriate since passenger trucks are designed for levels
of motions and forces which allow elements to operate primarily in a
linear range. However, after a set of initial design parameters have
been selected, it is recommended that the design be analyzed with de-

tailed nonlinear models to evaluate the performance.

The vehicle model developed in Chapter 3 includes approxi-
mately fifty parameters which define the elements in the
carbody, trucks and wheelsets. These parameters may be grouped as

follows:
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1) Truck primary and secondary suspension stiffness and
damping parameters

2) carbody, wheelset and truck inertial properties
3) Wheel-rail interaction parameters

4) Geometric properties.

In the design methodology, all of the inertial and geometric
parameters are assumed to be selected from vehicle static design and
the dynamic performance indices are used to select the suspension and
wheel profile parameters. A summary of the parameters which are in-
itially fixed in the design procedure, dependent parameters fixed by
other parameters and parameters determined by the design procedure is
contained in Table 4.1.1i. Values of all these parameters are included
in the table for the prototype passenger vehicle referenced in following
sections. The design methodology selects the values of the ten suspen-
sion and wheelset parameters to meet dynamic performance specifications
after the approximate size, weight and other gross characteristics of a

vehicle are established.

An overview of the design procedure is presented in Figure
4.1.1. The first step in the procedure is to identify vehicle perfor-
mance specifications including service requirements, speed and the dy-
namic indices cited above. In the second major task, the overall
geometric and inertial properties of the vehicle are specified from
static considerations and service requirements. The details of this

task are not discussed in this study, since these parameters are



Fixed

TABLE 4.1.1:

Parameter

cX

cy

half of wheelset contact distance

half of wheelbase

half of primary springs lateral spacing
half of secondary springs lateral spacing

vertical distance from carbldy c.g. to
secondary lateral springs

vertical distance from truck c.g. to
primary lateral springs

vertical distance from truck c.g. to
secondary lateral springs

total length of carbody

distance from carbody c.g. to its geometric
center

half of truck center pin spacing

carbody mass

truck frame mass

wheelset mass

roll moment of inertia of carbody

pitch moment of inertia of carbody

SUMMARY OF PROTOTYPE VEHICLE PARAMETERS

Dimension

2.35 ft
(0.7163 m)

4.25 ft
(1.295 m)

2.0 ft
(0.6096 m)

3.75 £t
(1.163 m)

2,94 ft
(0.8961 m)

0.35 ft
(0.1067 m)

1.68 ft
(0.6511 m)
85.0 ft
(25.91 m)

0.0 ft
(0.0 m)

29.75 ft
(9.068 m)

2,860. slugs
(41,740. kg)

250. slugs
(3649. kg)

120. slugs
(1751. kqg)

76,340. slug—ft2
(103,500. kg-m2)

1.764 x 10° slug-£t2
(2.391 x 10% kg-m?)



TABLE 4.1.1 (Cont'd)

Fixed Parameter

cz

Itx
I
ty

tz

yaw moment of inertia of carbody

roll moment of inertia of truck frame

pritch moment of inertia of truck frame

yaw moment of inertia of truck frame

roll moment of inertia of wheelset

pitch moment of inertia of wheelset

yaw moment of inertiz of wheelset

centered wheel rolling radius

coefficient of fricticn between wheels
on rail

natural frequency of the carbody first
torsional mode

damping ratio of the carbody first
torsional mode

natural frequency of the carbody second
torsional mode

damping ratio of the carbody second
torsional mode

natural frequency of the carbody bending

mode

damping ratio of the carbody bending mode

Dimension

1.764 x 10% siug-ft?

(2.391 x 10°% kg-n2)

2058. slug-ft°
(2,790. kg-m2)

434, slug—ft2
(588. kg-m2)

2486. slug-ft2
{(3371. kg-m)

561. slugaft2
(761. kg-m“)

112. sluggft2
(152. kg-m“)

56l. slug-—ft2
(761. kg-m?)

1.5 ft
(0.4572 m)

0.2
12 H=z
0.05
24 Hz
0.05

7.1 Hz

0.05



TABIE 4.1.1 (Cont'd)

Parameters Determined by the Design Procedure

K
px

K
pY

K
Pz

K
sy

C
sy

K
sz

C
sz

Ky

Tsw

A

primary longitudinal stiffness (4 per truck)
primary lateral stiffness (4 per truck)
primary vertical stiffnes (4 per truck)
secondary lateral stiffness (2 per truck)
secondary lateral damping (2 per truck)
secondary vertical stiffness (2 per truck)
secondary vertical damping (2 per truck)
secondary yaw stiffness (1 per truck)
secondary Coulomb breakaway torque

wheel conicity



TABLE 4.1.1: (Cont'd)

Fixed values of the open design parameters used for parametric studies.

Parameter  Units Stability/ Lateral Forced Vertical Forced
Curving Response Response
6 6
K 1b/ft - 1.0x10 7 1.0x10 -
px (N/m) (1.46x10") (1.46%x10°)°
5 5
K 1b/ft . 5.0x10 S.OxlO6
by (N/m) (7.3x10") (7.3x107)
6 6 6
K 1b/ft 1.935x10 1.935x107 1.935x107
Pz (N/m) (2.827x10") (2.827x10") (2.827x10")
K 1b/ft 24,000. s 24,000.
sy (N/m) (350,700.) (350,700.)
c lb-s/ft 1,200. . 1,200.
sy (N-s/ft) (17,530.) (17,530.)
K 1b/ft 22,200. 22,200.
sz (N/m) (324,600.) (324,400.)
c 1b-s/ft 2,000. 2,000. _
[}:4 (N-s/m) (29,200.) (292,200.)
6 6
- ft-1b/rad 1.0x10 6 6.0x10 6 -
sy (N-m/rad) (1.36x107) (8.16x107)
- ft-1b 7,500. - _
sy (N-m) (10,180.)
A A 0.05 S




TABLE 4.1.1 (Cont'd)

Dependent Parameters (fixed by other parameters)

C
Px

CPY

C
P2z

Csw

n

as a function of A.

values.

to 100% of the full value.

Primary longitudinal damping (4 per truck)

primary lateral damping (6 per truck)

primary vertical damping (6 per truck)

secandary yaw damping (1 per truck)

lateral creep force coefficient

lateral/spin creep force coefficient

spin creep force coefficient

longitudinal creep force coefficient

wheelset roll coefficient
centered contact angle

contact angle difference coefficient

Dimension

(N)

ft-1b
(N-m)

££2-1b
(N-m°)
ib
(N)

Field experience has led some investigators to use from 507%

lb-s/ft
(N-s/m)
lb-s/ft
(N-s/m)
lb-s/ft
(N-s/m)
ft-1b-s/rad
(N-m=-s/rad)

The wheel/rail contact parameters take the following values

These creep coefficients correspond to full Kalker

The use of full Kalker wvalues is conserva-

tive for stabdility calculations in most cases, and reduced creep coeffic-

ients generally result in increased critical speed.



TABLE 4.1.1 (Cont'd)

) 11 f12 f22 £33 11 % A
oo (3:228:888:) (g:?zgg.) éi‘.’i 56?335‘,’835;, 0.05 0.05 0.0
RSt (féfggé?ggé.)<2313332> (izii) (ii?igé?ggé.) 0.0675  0.0675 4.5
035 Jo i oe.) (Goras)  (13) (13,300,000.) 0075 0:075 9.0
o.p5 2,620,000, 17,600.  1,020. 3,180,000. 4 o5 o 095 17.8

(11,670,000.) (23,8%90.)

(422.) (14,160,000.)
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TABLE 4.1.1: (Conecl'd)

Miscellaneous Parameters Dimension
A% Vehicle Speed 110. mph
(177. km/h)

Class 6 track

Front end passenger location: 29.75 ft ahead of carbody c.g.
longitudinally

3.75 ft off center laterally

Rear end passenger location: 29.75 ft behind carbody c.g.
longitudinally
3.75 ft off center laterally

4-9



Determination of Performance Specifications

-Service Requirements

-Operating Speed, Critical Speed
*Curve Negotiation Capability
Ride Quality

-Suspension Stroke Lengths Constraints
.Tracking Capabilitv

Estimation of Vehicle Size, Shape and Weight

«INERTIA PROPERTIES - M,,I, , I, , I,
i'7ix" iy’ Tiz

*GEOMETRY - a,b,ro,hcs,htp,htd,dp,dsﬂ,c,lS

LATERAL PRIMARY
SUSPENSION
DESIGN PROCEDURE

;
VERTICAL LATERAL
SUSPENSION SECONDARY ) -
DESIGHN SUSPENSION
PROCEDURE DESIGN
PROCEDURE
\4
K K K T .
pz’ Ksz' csz sy'csy' sP’ sy

W

K ,K ,A
PX PY

FIGURE 4.1.1: OVERVIEW OF THE DESIGN PROCEDURE
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determined by service requirements primarily and are relatively fixed
for a given type of intercity service. The dynamic design methodology
starts with the fixed parameters and determines the free parameters by

considering three factors of performance.

*Vertical ride quality to set vertical secondary
suspension parameters

Lateral ride quality to set secondary lateral
suspension parameters

*Lateral stability and curving to set primary
suspension and wheel profile parameters.
The bases for the detailed procedure are described in the

following sections.

After the free parameters have been selected using the design
procedure, the dependent parameters may be selected directly. These para-
meters include wheel-rail parameters which are set from a wheel-rail
profile selected by establishing a design conicity. They also in-
clude primary damping values, which are assumed to be related directly
to primary stiffness values for the designs which employ rubber elements
in the primary suspension. These damping values are selected as 1/250
of the corresponding primary stiffness. 1In the analyses conducted in
this study it has been found that primary suspension damping does not

significantly influence performance.

4-11



4.2 Methodology Basis

The design methodology selects parameters to satisfy the
performance indices which have been cited abcve. Based upon the work
summarized in reference [39]), the effects of the design parameters on
performance measures may be categorized as shown in Table 4.2.1. The
table identifies those parameters which strongly, moderately or weakly
influence a given measure. The data show that the vertical ride quality
and stroke lengths are only influenced strongly by secondary vertical
stiffness and damping and moderately by primary vertical stiffness.
These parameters occur in the vertical ride quality model, thus the
vertical ride quality-stroke characteristics are decoupled from other
performance indices and design parameters and may be considered in
initial design studies independently. The selection of these vertical
parameters may be considered in terms of a ride quality-stroke trade-off
with respect to secondary stiffness with an optimum value of secondary
damping existing to achieve the best trade-off. The primary stiffness
only influences this tradeoff moderately and is selected tc achieve

reasonable primary vertical strokes.

Lateral stability and curving are strongly dependent on the
primary lateral and bending stiffness, secondary vaw stiffness and break-
away torque and wheel rail parameters. The selection of these parameters

may be viewed from a stability versus curving trade-off.

4-12
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In a following section detailed trade-off curves are presented
to aid in selection of these primary lateral and bending stiffnesses and
secondary yaw stiffness parameters. These parameters do not have a
strong influence on either the vertical or lateral ride quality-stroke

characteristics.

The lateral ride quality-secondary stroke performance measures
are strongly dependent upon secondary lateral stiffness and damping
and moderately dependent upon primary lateral suspension and wheel-rail
parameters. Thus, once the primary suspension and wheel profile para-
meters are selected, the secondary lateral suspension parameters may

be selected to achieve a good ride quality-stroke trade-off.

The integration of these three types of performance tradeoffs
into a design methodology is illustrated in Figure 4.2.1. Also shown
in the Figure is the coupling and iterative loop required in the lateral
stability-curving and ride quality-stroke trade-off since primary sus-
pension parameters and wheel profile parameters have a moderate influence

on the ride quality-secondary stroke performance.

4.3 Vertical Ride Quality-~Suspension Stroke Design

The methodology for selecting vertical suspension parameters
has been developed by identifying the modes of vibration which directly
influence vehicle carbody accelerations in the range of human sensi-
tivity and contribute swbstantially to vehicle stroke. For the prototype
baseline vehicle the natural frequencies and damping ratios of the

natural modes of vibration computed with the vertical response model {[39]
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are summarized in Fiqure 4.3.1l. Since all of these modes are related
directly to vehicle and truck inertial, stiffness and damping properties
they are independent of operating speed. The three rigid body modes
(roll, heave and pitch) are in the 0.6-1.1 Hz range and are isolated
from the flexible carbody bending and tcrsion modes in the 7-30 Hz
range. These flexible carbody modes are in the truck roll and heave
range of natural frequencies. The primary modes which contribute to
ride quality and carbody-truck stroke are the rigid body modes near

1.0 Hz. However, the flexible modes when they are excited can also
influence ride. A comonly adopted goal in truck-carbody design is to keep
the truck heave and roll modes from aligning with carbody bending

and torsion modes. When these separations are maintained, then the
vertical ride quality-suspension stroke design task may focus upon

the rigid body modes set by the secondary suspension elements and car-
body inertial properties. Estimates of the truck and carbody rigid body
natural frequencies and damping ratios mav be computed directly from
the equations summarized in Chapter 3 for comparison with flexible
body modes established by carbody design. These calculations provide

a basis for establishing a separation of flexible body modes and truck
modes.

The acceleration generated in the prototype carbody running
at 110 mph due to class 6 track irregularities is illustrated in Figure
4.3.2. These data show that the primary contributions to the total rms
acceleration {a function of the area under the spectral density curve)

occurs in the 0-2 Hz frequency range. Approximately 80% of the

4-16



100.0

0.4

1 ] T
BSAROH Monay,
9pPON UOTSIOL PUZ
1109 onil 1
OPOW UOTSIOL 3ST Q
do
~
SpoW butpusg 3sT
yos3td
Apodgaed N
=
aavoH ApoqaeDd
TTod Apogaed
1 1 ] T
o
™ o~ — e}
o o o) o

oT3ey butdueq

4-17

Frequency (Hz)

NATURAL FREQUENCIES AND DAMPING RATIOS OF THE PROTOTYPE

VEHICLE-VERTICAL MODEL

4.3.1

FIGURE



NOISNAASNS AYVANODHS TVNOILNHANOD HILIM
IIDIHAA INITISVE FHL 904 SHILISNIQ TVHIDdIdS NOILVIHIHDOV 'TVOII¥HA :Z°¢"% HINOId

jutod 193uassed aeax 3e (q) *3*0 e (®©)
(zH) Adouanbaag (z1) Aouenbaxg
3 o7 03 0T
mﬂuﬂ .ﬂOd. nﬂﬂﬂ .ﬂinﬂﬂOﬁ a 1 4] T ot
m . B-
& 4 8-9% o2 o &
5 o 5 0

s H ,.0F LR )
1 8 <8
] -9 45 %8

3 o N
= ® 91 m o
P ¥ ?l ] (]
= F m..cﬂ

3
{_-" )

o
.°
3

4-18



rms acceleration is represented by the acceleration in this frequency
range. These accelerations are determined primarily by vehicle body

motions and are thus determined by primarily the secondary suspension

stiffness and damping parameters.

An individual rigid body motion z (heave, pitch or roll)
excited by input u may be characterized in the frequency range near the
natural frequency approximately by the following acceleration and stroke

transfer functions
s2(2& s/wn+ 1)

= (4.3-1)
= 52 2&
(-—-——-2— + r s + 1)
w n
n
2
z_ s /mn
S - 5 ’ (4.3-2)
( 52 + 28 s + 1)
w n
n
where z = mode acceleration
z = relative stroke across secondary suspension
wn = mode natural frequency
£ = mode damping ratio.

These transfer
several wvalues of wnf As

acceleration decreases.

functions are plotted in Figure 4.3.3 for

wn is reduced the stroke increases and the

As the damping ratio is increased the stroke

decreases, while for small (£ < 0.1) or large (£ > 0.8) damping ratios
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FIGURE 4.3.3: RIGID BODY MODE TRANSFER FUNCTIONS
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the acceleration transfer function increases. 1If £ is very small,
a large resonant peak occurs, while if £ is too large high frequency
accelerations are transmitted. The single mode model shows that a
fundamental tradeoff exists between acceleration and stroke which is
controlled by suspension stiffness and damping elements for a fixed
mass.

This suspension trade-off is illustrated as computed with
a full vertical model [39] of the prototype vehicle in Figure 4.3.4
where rms acceleration and rms stroke for a 110 mph operation on class 6
track are plotted for the vehicle center of mass and the rear passenger
point. These data illustrate the specific trade-off between acceleration
-and stroke. They illustrate that once an aliowable stroke is selected,
a damping ratio and natural frequency may be selected to achieve a
minimum acceleration level. For a given carbody then suspension stiffness

and damping values may be directly computed since

where: wn natural frequency

= damping ratio
= total stiffness of mode

mass

0 X R m™m
]

= damping parameter.
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For a 110 mph vehicle traveling on class 6 track, the curves in Figure
4.3.4 are relatively general for fixed truck spacing length. The resulting
accelerations and strokes are strongly dependent only upon the secondary

suspension natural frequency and damping ratio.

It is also noted that while not discussed here, trade-off
data for pneumatic-orifice type suspensions have been prepared [39] and

may be used in place of the conventional suspension discussed above.

In the design methodology, rms acceleration-secondary stroke
trade-off curves are provided for conventional forms of secondary suspen-
sion. These curves are used directly to select the secondary suspension
vertical stiffness and damping parameters in the design procedure.

Since the design procedure is based upon linear analysis the stroke
length may be characterized as remaining within three times the rms
value for 99.7% of the time. In practice bump stops are employed to
provide hard limits to overall excursions and guarantee an overall en-
velope. If the suspension design is selected so that the rms stroke

is one third of the total travel available, these stops will only rarely
be encountered and linear design provides a good basis for selection

of parameters.

The ride quality-stroke trade-off establishes values for the
secondary vertical suspension parameters. The trade-off is to first order
independent of the primary vertical suspension parameters. The recom-
mendation for selection of the primary suspension stiffness is to

achieve a primary natural freguency of approximately 10 Hz. This primary
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stiffness may be set then using the formula for primary natural
frequency cited in Chapter 3. The primary damping is related
directly to stiffness for rubber types of primary elements and is
selected as 1/250 of the primary stiffness. For practical values of

primary damping, this parameter has little influence on performance.

4.4 Lateral Ride Quality - Suspension Stroke Design

The response of the carbody to lateral track irregularities
results in accelerations that set the overall levels of ride quality
in the carbody and in motions which establish the carbody-truck strokes.
Vehicle response mode natural frequencies and damping ratios which con-
tribute to this response are illustrated in Figure 4.4.1 for the proto-
type vehicle. The figure corresponds to operation at 110 mph. The
first three modes are rigid body (roll-lateral, lateral-roll, lateral-
yaw)motions modes between 0.4 and 1.1 Hz. These mode natural fre-
quencies and damping ratios are relatively independent of vehicle speed
and depend upon carbody inertial parameters and secondary suspension
stiffness and damping elements. The fourth mode at 2.16 Hz is the
truck-wheelset lateral kinematic mode. This mode is strongly in-
fluenced by speed and as speed increases for a typical vehicle,
the damping associated with the mode decreases and reaches zero at
the truck critical speed. This mode is strongly influenced by wheel
profile (conicity) and primary suspension design as is mode 5 at
6.16 Hz a wheelset-truck lateral mode. The remaining modes are above
10 Hz and rela“e directly to truck and wheelset motions. All the

wheelset and truck modes (4-9) are influenced primarily by primary
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suspension and wheel profile design. The selection of these design
parameters to insure adequate damping at operating speed is addressed
specifically in the stability-curving trade-off. If these higher fre-
quency modes are adequately damped, then they have only a secondary
influence on ride quality and the secondary suspension éarameters may

be considered as the primary design parameters influencing ride quality.

The acceleration spectral density and an ISO type ride
quality plot for the prototype vehicle determined from the forced
response model [39] for a vehicle traveling at 110 mfﬂ on class 6
track are shown in Figure 4.4.2. The spectral density data show that
primary contributions to the response occur in the 0-2 Hz frequency
range while the ISO plot shows the primary area of concern is near
1 Hz. The forced response in this frequency region is influenced pri-
marily by the rigid body modes. More than ninety-five percent of the
total rms acceleration in the carbody and the rms secondary suspension
strokes are represented by the frequency band 0-2 Hz. Thus, the
lateral ride quality-stroke trade-off may be considered primarily in terms
of the secondary suspension design parameters which influence the rigid
body modes.

The lateral forced response design is then conceptually
similar to the vertical &sign in which secondary suspension parameters
are selected on the basis of the acceleration-suspension stroke trade-
off in which as natural frequency is increased the stroke decreases and
the acceleration increases. Trade-off data for the secondary suspension

parameters based on a full carbody model are illustrated in Figure 4.4.3.
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These data show that a damping ratio in the range 0.2-0.3 provides
the best tradeoff for any given suspension natural frequency. The
natural frequency can then be selected to Provide minimum rms accel-
eration for the stroke allowable. Directly from the selection of
natural frequency, the secondary stiffness may be computed for the
given car mass and from the damping ratio the suspension damping
constant may be computed. Trade-off curves similar to those of
Figure 4.4.3 are provided in the design procedure to aid selection

of secondary suspension parameters.

Since the secondary suspension design is based upon linear
analysis, the strokes will remain within three times
the rms values 99.7% of the time; however, to provide an absoclute
stroke envelope, bump stops may be used to limit travel. If these
stops allow motions of three times the rms stroke, they will be en-
countered infrequently and the performance predictions based on linear

analysis will provide a gcod initial basis for design.

4.5 Stability-Curving Design Trade-Off

4.5.1 Fundamental Paraheters

The selection of the primary suspension lateral and longi-
tudinal stiffnesses, the secdndary Yaw suspension parameters and the
wheel profile are governed primarily by the stability-curving tradeoff.
The secondary yaw suspension plays a central role in the stability-
curving trade-off. This suspension consists typically as shown in

Figure 4.5.1 of anchor rods with finite stiffness between the truck and
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the bolster and then a center friction plate between the bolster and
carbody. When the torque carried by the friction plate is less than a
breakaway torque Tsw/the secondary yaw suspension consists of the stiff-
ness in the anchor rod assembly sz. In considering stability it is as-
sumed that breakaway does not occur and the secondary yaw suspension is

characterized by the stiffness KS In considering curve negotiation,

it is assumed breakaway occurs and the secondary yaw suspension is

characterized by a breakaway torque TS These assumptions provide

v
a good basis for initial design studies and reflect the design philos-
ophy of U.S. passenger truck design groups. Using these assumptions,

the basis for design parameter selection to achieve curve negotiation

and stability are described in the following paragraphs.

4.5.2 Curve Negotiation

In the design procedure curve negotiation is considered in
terms of the steady-state curving response of a vehicle in a constant
radius curve. The limits to curve negotiation are represented in terms
of flange contact and slip. Curving ability is described in terms of
the largest degree curve which can be negectiated without flanging or
slip.

The geometric relationship between a wheelset and the track
during curve negotiation is established by the wheel-rail forces and
wheelset-truck suspension forces. Lateral and longitudinal creep forces
are the dominant forces acting between the rail and the wheel, during
curving, with the exception of hard flanging forces which are not con-
sidered in this study. The longitudinal creep forces, which result from
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the combination of wheel conicity and solid axles, tend to steer a
wheelset toward the pure rolling line, the distance of the pure rolling
line from the track centerline being dictated by the given wheel con-
icity and curve radius. The lateral creep force on the wheelset also
acts toward the pure rolling line when the wheelset is yawed or steered
in that direction relative to the local perpendicular to the track.
Thus, a wheelset unconstrained in yaw seeks the pure rolling line of
the track, which always sits outside of the track centerline for con-
ventional conical wheels on curved track as shown in Figure 4.5.2. The
distance of the pure rolling line from the track centerline, yo is
given in terms of radius of curve, R, wheel radius, ro, conicity A and

half gauge a byv:

In contrast if a pair of wheelsets is fully constrained in yaw in a
rigid truck, free from secondary suspension or centrifugal forces, the
wheelsets are restricted in their ability to steer toward the pure
rolling line in response to the longitudinal creep forces. The re-
and

sulting lateral and longitudinal creep forces, are

F1at. Flong.

illustrated in Figure 4.5.3 and are defined as follows from the devia-

tion of creep forces in [39].

b
Flat. = 2 R fll (per wheelset)
(4.5-2)
}\ L
Flong.— f33 ——;;—y {(per wheel)
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If the lateral £ and longitudinal, f33, creep force coefficients are

11’

assumed equal, the result of summing moments in yaw is

b2r0
' T Sk i .
y Rah (4.5-3)
or
aro aro b2
= ] = -
Yy y' + AR IR 1+ 2 ). (4.5-4)

The lateral displacement of a free truck in balanced running is thus
essentially bounded by (4.5-1) and (4.5-4) over the full range of
primary stiffnesses, although the displacements of the two wheelsets

are no longer igentical when finite primary stiffnesses are introduced,

When a full vehicle is considered, the carbody exerts secon-
dary suspension moments on the trucks, as illustrated in Figure 4.5.4.

The moments are normally similar in magnitude, but their directions are
opposite; positive on the front truck, which hinders curving by turning
the truck toward the outside rail, and negative on the rear truck,
which tends to help curving by steering the truck toward the inside
rail.

The steady-state curving performance of a rail vehicle may be
evaluated in terms of the slip boundary and/or the flange contact boundary.
Both the slip boundary and flange contact boundary are shown for the proto-
type vehicle in Figure 4.5.5. The slip boundary represents the conditions
of cant deficiency discussed in 3.2.3 and degree curve for which the largest

resultant creep force magnitude is egual to UN at any wheel of the vehicle. The
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-8 L ° Coefficient of Friction, u: .2

FIGURE 4.5.5: STEADY-STATE CURVING PERFORMANCE CURVE FOR
BASELINE VEHICLE

4-36



flange contact boundary represents the condition of cant deficiency
and degree curve for which the largest lateral displacement of any

wheelset in either direction is equal to a flange clearance of 0.5

inches.

Also shown on the performance curve is the wheel which has
reached the slip condition in each portion of the curve, and the
fraction of UN remaining at the other wheel of the slipping wheelset.
At a cant deficiency of about one degree, corresponding to the maximum
degree curve negotiable without slip, the fraction of UN remaining at
the other wheel goes to zero. At the FRA maximum allowable cant de-
ficiency of 3.07 degrees, the fraction of UN remaining at the other
wheel is about 20%, or 10% of the total UN for the wheelset. This
figure is fairly low, which suggests that within the allowable range
of operation, the slip boundary as defined herein is a relatively good

measure of the performance boundary.

Flange contact is reached before slip for the baseline
vehicle, at about a 0.8 degree curve. This relatively low value of
curvature at which flange contact occurs is a result of the fairly
stiff primary suspension adopted for the baseline vehicle. This
vehicle would thus tend to flange its way around any curve greater

than a 0.85 degree curve.

To provide a basis for selecting design parameters pr, pr

and T steady state curve negotiation is considered with zero cant
s

lp’
deficiency. First the influence cf the secondary suspension breakaway
torque is considered. Data in Appendix A show that the degree

4-37



curve which can be negotiated for various values of breakaway torque
and secondary suspension longitudinal stiffness. These data indicate
that for values of breakaway stiffness above 7500 ft-1lb the degree
curve negotiation is relatively independent of Tsw for values of sz
less than 106 ft-1b/rad. Consistent with data in [39], a baseline value

of Tsw = 7500 ft-lb/rad is recommended for an initial design value.

For designs which are characterized by values of secondary
yaw breakaway torque cited above, relatively simple expressions can be
derived to represent curve performance as shown in Appendix A. These

expressions for flange and slip limits may be summarized as:

2 la
KK+ E

r ar
2 o o]

2.2
stKb )\a+bef+ X IS)Ks+fa

D = 5730 Yeo

where D degree curve negotiated

(4.5-5)
yfc = flange limit excursion
for the flange limited case, and
2 2
@+ 2
p = 5730 X - (4.5-6)
bf b £ 2
(— + e } + 1
a s o
for the slip limited case.
The stiffness Kb is the net bending stiffness
Kb = dz K (4.5-7)
P PXx
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and the stiffness Ks is the net shear stiffness

dpK K
K = pX PY . (4.5-8)

K K
py b px

When flange contact occurs the flanging force may be es-

timated by setting yl + yo = yfc to yield:
r ar
1 2 o] (o) 22
— L —— + + +
M Kty S TE DI E S S g RS
Ff = 4f ) ro
b ﬂ(s +be+stl%(—7-a——- - 1)
F
c 2 2 Aa
- - +
af (b st stKb) yfc(Kst £ r )
- .
& ) s . (4.5-9)
o)
+ f + XK (——— -
b st Kb bKSSb( a 1)

For fixed geometry a, b, r0 and a fixed friction coefficient,
the degree curve which can be negotiated depends upon the bending
stiffness Kb,the shear stiffness Ks and the wheel conicity A. Plots
of the degree curve which can be negotiated as a function of Kby,Kb and
A are summarized in Figure 4.5.6. These data show that the
degree curve negotiated increases directly as the bending stiffness
Kb is reduced and is relatively insensitive to prthe shear stiffness.

As the conicity is increased the degree curve which can be negotiated

increases. Thus, in maximizing curving performance, the value of
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2 . ;
longitudinal stiffness fo= Kb/dp is reduced and conicity A increased.
The range over which these parameters can be varied is limited by

stability as described in the following section.

4.5.3 Lateral Stability

Lateral stability requirements have a strong influence on
primary suspension stiffness design parameters and secondary suspension
yaw stiffness. Lateral instability or hunting results directly from
wheel-rail forces generated by two wheels connected by a rigid axle.

A single unconstrained wheelset is neutrally stable and will undergo
sinusoidal oscillation at a kinematic frequency determined by wheel

geometry and operating speed.
A
w= VvV . (4.5-10)
ar

Thus primary suspension lateral and longitudinal stiffnesses

are utilized to constrain and stabilize wheelsets with respect to the
frame. As these stiffness are increased the natural motion of the
wheelset is decreased and coupling between wheelsets and the wheelsets
and truck frame increases. If the stiffnesses are increased to achieve
a rigid primary suspension, then the complete truck will tend to under-

go a sinusoidal motion at the kinematic frequency:

A 1
w = v{ (—= ) (4.5-11)
EES (142 /a2)



which is lower than the wheelset kinematic frequency. 1In practice,

the primary suspension stiffnesses are set at values "high enough® to
stabilize wheelsets y=t "low enough" to allow motion to facilitate curve
negotiation. Thus, wheelset-truck coupling occurs and the principal
hunting mode which limits rail vehicle stability is a coupled wheelset-
truck mode.

The truck is constrained through the secondary suspension to
the carbody. An important element used in the suspension is the
secondary yaw stiffness. As this stiffness is increased, the truck
motion is more strongly coupled to the carbody and as Ks increases

v

the complete carbody has a kinematic frequency of:

w = Vv ) L . (4.5-12)

ar 2 2
= 1+ b2 }(1 +— - i 2)
a a (1+b2/a )

The carbody kinematic frequency is lower than the truck fre-
quency. In practice the secondary yaw stiffness is limited to values

which allow only partial coupling between the trucks and the carbody.

As vehicle speed is increased, first the carbody kinematic
frequency is reached, second the truck kinematic frequency and finally
the wheelset kinematic frequency is reached. As speed increases the
basic damping generated by wheel-rail interaction forces decreases.
Thus while a tendency for carbody hunting can occur at relative low
speeds (20-50 mph for typical passenger car designs), it is usually

controlled by secondary suspension damping and is reflected by low
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damping and not instability. As the speed increases and the inherent
damping decreases for typical passenger truck design, a coupled truck
wheelset mode is reached at which point damping is reduced to zero.
This mode usually occurs at speeds below the pure wheelset hunting mode
and is the primary hunting mode which occurs in typical passenger
vehicles. The speed at which zero damping is reached is the vehicle

critical speed.

A plot of the natural frequency and damping ratio associated
with the two critical wheelset-truck modes of vehicle lateral response
are shown in Figure 4.5.7 computed with the analysis of ([39] as a func-

tion of velocity.

As speed increases, the damping of both modes decreases,
however, the major mode with the lower natural frequency decreases
until at the critical speed of 280 mph zero damping is reached. All
other modes of vehicle behavior have damping ratios which are rela-

tively independent of velocity.

The influence of suspension primary stiffness parameters and
wheel conicity on vehicle critical speed computed using the analysis
of [39] are illustrated in Figures 4.5.8 and 4.5.9. These data show
that as the primary lateral stiffness pr is increased, the critical
speed increases sharply in a limited region of, pr and as pr is
increased above 8 x 105 1b/ft critical speed is less sensitive
to further increases in pr. For very low values of pr the wheelsets

are not strongly coupled to the truck frame and the wheelset mode is
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important and asR%yis increased, the wheel~truck coupling increases
and stabilizes the wheelset mode. Once a sufficiently high wvalue of
stiffness is reached, a rigid track configuration is approached and

further increases in stiffness do not increase the critical speed.

The primary longitudinal bending stiffness Kb = d;pr has a
strong influence on stability. For small values Kb the critical speed
is below vehicle operating speed and the wheelset is relatively un-
constrained. As Kb is increased the wheelsets are stabilized through
yaw coupling to the truck. At sufficiently high values of Kb, the
critical speed decreases as Kb is increased. In this range a rigid
track mode is approached and the truck secondary suspension is used to
stabilize the vehicle. In design it is desirable to select Kb sc that
a high critical speed is achieved but a rigid truck configuration is

not approached.

The data for both parametric studies show that as wheel conicity

A is increased the critical speed decreases.

The influence of secondary suspension yaw stiffness on
critical speed is shown in Figure 4.5.10. The critical speed is rela-
tively insensitive to values of yaw stiffness less than 5xlO6 ft-1b/rad.
In this range the truck is stabilized substantially through the primary
suspension. Above this value the critical speed increases with in-
creasing yaw stiffness. In practice, it is difficult to achieve ef-
fective values of yaw stiffness greater than 5x106 ft-1b/rad since

values greater than this amount lead to torques which exceed the yaw
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torque breakaway value. In a study of the effective value of yaw
stiffness which can be achieved [40] for a typical rail passenger
vehicle operating on class 6 track at 110 mph, an effective value of
lxlo6 ft-1lb/rad was determined. For the purpose of preliminary
design, a value of lxlO6 ft 1b/rad is adopted as a value which can
be effectively achieved. Also for a value in this range, stability

is not highly sensitive to changes in the effective secondary yaw

stiffness.

4.5.4 Stability - Curving Trade-0ff

This stability and curve negotiation performance of a rail
vehicle has been shown to be a strong function of primary suspension
lateral and longitudinal stiffnesses and wheel conicity. With recom-
mended values of secondary yvaw suspension stiffness and breakaway torque,
performance is relative insensitive to these parameters. The stability-
curving tradeoff may be summarized in plots of constant critical speed
and degree curve negotiation with primary suspension stiffnesses as
parameters. Trade-off plots for wheel conicities of A = 0.05 and 0.15
are shown in Figures 4.5.11 and 4.5.12. With this type of plot, a set
of values for primary suspension stiffness design parameters can be
selected to achieve a desired critical speed with a maximum curve
negotiation capability. Using plots of this type design parametric
values for several critical speeds have been selected to maximize the
degree curve possible. Data for five wheel conicities are summarized

in Table 4.5.1. These data show for a given conicity that as critical
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TABLE 4.5.1: OPTIMUM STIFFNESS DEGIGNS FOR
CONVENTIONAL TRUCK

v . Curvature =d2K K
crit (Deg. ) P px pY
A (m.p.h.) (ft-1bf/rad) (lbf/ft)
5 5
0.025 150 1.3 3.5x105 5x10
(conical) 200 1.0 7x106 5x10
300 0.7 1.3x10 5x10
5 5
0.05 100 2.7 3xlO6 5xlO5
(conical) 150 1.9 lxlO6 5x105_
200 1.6 l.5x106 5x105
250 1.3 2.5x10 5x10
0.10 100 4.5 9x102 5x102
(profile) 150 2.3 1.8x106 1x106
200 . 1i3 3.4xlO6 l.5x106
250 0.95 5x10 5x10
6 5
0.15 100 4 1.2x10 2.5x106
(profile) 150 1.7 2.8x106 1.5x10 6
175 1 4x10 1.5x10
75 6 7x102 4x10§
0.25 100 2 2.5x106 5x106
(profile) 150 0.9 7x107 1x106
175 0.7 1.2x10 2.2x10
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speed is increased, an increased bending stiffness is required and
the curve negotiation capability decreased. They also show as
conicity is increased bending stiffness must be increased to
maintain a constant critical speed. These data indicate that for a
given critical speed, optimum values of wheel conicity and suspen-
sion parameters exist to maximize curving performance. Data are
summarized in Figure 4.5.13 which show the maximum degree curve
that can be negotiated without flanging and slipping for a given
critical speed with conicity as a parameter. These data show

that for critical speeds greater than 175 mph, a conicity of 0.05
yields the maximum curving capability, for critical speeds between
100 and 175 mph a conicity of 0.1 yields the maximum curving capa-
bility and for less than 100 mph, conicities of 0.15 and 0.25 yield
maximum curving capability. As critical speed is lowered a larger
conicity may be used to improve curving performance by using an approp-
riate value bending stiffness. Once an optimum point is selected
from Figure 4.5.13 and the conicity specified, plots similar to
4.5.11 and 4.5.12 may be used to determine the values of primary
suspension stiffness parameters. These types of plots are provided
with the design procedure. In each case the full Kalker values for
creep coefficients are assumed. This is usually conservative for
stability calculations. In steady state curving, reduction of the
creep coefficients tends to improve the slip performance but degrade
the flange contact performance. A final design based on full Kalker

values should be checked using 50% of Kalker values.
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4.6 Description of Design Procedure

A step-by-step brocedure has been developed to establish the
values of the critical design parameters. The procedure is summarized
as the steps in Table 4.6.1. The detailed steps are described in the
following paragraphs. The data used to illustrate the procedure are
based upon operation on class 6 welded track at a nominal operating

speed of 110 mph.

Steps 1, 2, 3

Enter data in Table 4.6.1 as requested to initiate the design

procedure.
Step 4

In this step, the stability curving-trade-off is considered.
The procedure may be summarized as follows. Given the desired critical
speed or the desired curving performance a combination of primary
stiffness, K v’ Kb, and wheel profile is determined by locating a point
on one of Figures 4.6.1 through 4.6.4, at which the specified perfor-
mance index is satisfied and the unspecified index is optimized. If
both the desired critical speed and degree curve are specified, and it
is possible to satisfy both indices, in general the designs will have
one or both indices better than desired. If an optimum solution is
sought, first, the wheel conicity may be selected from Figure 4.5.13
and then the appropriate Figure of 4.6.1-4.6.4 may be used to deter-
mine the suspension parameters. If the wheel profile is specified,
then the design is based on the trade-off which corresponds to the profile.
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Figures 4.6.1 to 4.6.4 were generated for wheelset and truck
frame parameters as specified in Table 4.1.1. The maximum expected
variation in wheelset and truck frame mass from the prototype values
are + 40%. This range includes both the lightest unpowered trucks and
the heaviest powered truck. A relatively accurate correction for this
deviation is based on the observation that most of the analytical
formulas for estimating critical speed of wheelsets or rigid trucks

are of the form:

= C ) 4."
Vcr M (4.6-1)
where C = 2 constant
M = wheelset (or rigid truck) mass.

Since typical trucks approach rigid truck behavior near the point of
instability, the following correction formula is proposed for rela-

tively stiff trucks (K v > 150000 1b/ft, Kb > 1000000 ft-1lb/rad)
b

+
(2Mw Mt)baseline

V = V 2 (4.6"‘2)
cr,corxrected cr
(2M + M)
W t" used

\

where Vcr is read from Figures 4.6.1 thru 4.6.4

is the value to be used for design purposes.
cr,corrected

The value of the secondary yaw stiffness used to generate
Ffigures 2.6.1 to 4.6.4 is sz =1.0 x lO6 ft-1b/rad. The critical

speed is relatively independent of Ks for this low value.

v
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If a higher stiffness is used, the new critical speed can be estimated

using Equation (4.6-3).

Vbaseline(sz)
(1.0x106)

vcr,corrected = Vcr - s (4.6-3)
baseline

vhere
Vcr is read off Figures 4.6.1 through 4.6.4
Vcr corrected is the value used for design purposes
Vﬁaseline(sz) is the critical speed of the baseline
vehicle, with primary stiffnesses approximately coxr-
responding to the design values, and with KS cor-
responding to the design value. This value ?s taken
from Figure 4.6.5.
\'4 . (1.0x106) is same as above, except for
baseline 6
K =1.0 x 10" ft-1b/rad.
sy
Step 5
Follow the instructions in Table 4.6.1.
Step 6

Estimation of Primary Suspension Stroke Lengths

*
For typical vehicle parameters the primary stroke lengths may be
expressed as:

PS = PS(A, XK , V) (4.6-4)
pY :

Equation (4.6-4) can be approximated as:

PS = PS(Baseline, A) + APS(Baseline, pr)+APS(Base1ine, ALV,

*
PS means the RMS value of the stroke length. (4.6-5)
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where:

PS(Baseline, A) is the PS of the baseline vehicle for a given A, as
determined from Figure 4.6.6.

APs (Baseline, ) is the increase in PS of the baseline vehicle due
to change in Kp&, as determined from Figure 4.6.7.

APS (Baseline,A, V) is the increase in PS of the baseline vehicle with
the chosen A due to change in speed, as determined from Figure 4.6.8.

Equation (4.6-5) may be used to estimate the primary suspension stroke

lengths of a vehicle for class-6 track.

Step 7

*
The wheelset excursions may be expressed as:

WE = WE (A, Kb, v) . (4.6-6)

Equation (4.6-6) may be approximated as:

WE = WE(Baseline,A) + AWE(Baseline, Kb)+AWE(Baseline,A, V)

(4.6-7)

where:

WE (Baseline,\) is the WE of the baseline vehicle for a given A,
as determined from Figure 4.6.9

AVE (Baseline, ) is the increase in WE of the baseline vehicle
due to change in K, as determined from Figure 4.6.10

AWE (Baseline, A,V) is the increase in WE of the baseline vehicle
with the chosen A due to change in speed, as determined from
Figure 4.6.11.

*
WE means the RMS value of the wheelset excursion.
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Equation 4.6.7 may be used to estimate the wheelset ex-

cursions of a vehicle with any set of parameters, for class 6 track.

Steps 8, 9, 10

Follow the instructions in Table 4.6.1.

Step 11

The secondary lateral suspension is designed to achieve
acceptable ride quality, subject to suspension stroke lengths con-
straints. This trade-off design step is simplified significantly
if the carbody uncoupled natural frequency, fn' and the carbody
uncoupled damping ratio, £, the definition of which follow, are

used as parameters.

4K
_ 1 sy .
fan o J Mc (Hz) (4.6-8)
(e
EL = —=L__ . (4.6-9)
M
sy c¢

Values of these parameters should be selected from Figures 4.6.12,
4.6.13 to achieve desired levels of ride guality and suspension stroke.
In these Figures ride quality is represented as the rms acceleration
averaged at three points in the vehicle=center of gravity and the front

and rear passenger points identified in Tabkle 4.1.1.

Table 4.2.1 indicates that the lateral ride quality and the
secondary stroke lengths are also dependent un the wheel/rail parameters,

K . and Ky , but not significantly. Although the influence of these para-

pY
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meters is not large enough to affect the choice of fn and £, they must
be considered when the ride quality and the secondary strokes are
evaluated.

The optimal vehicle is one which has good ride quality and
small stroke lengths. Examination of Figure 4.6.12 reveals that if
€ is decreased below 0.2 both indices increase and, therefore, £ should
be larger than 0.2. When & is increased above 0.3, the strokes de-
crease, but the ride quality index increases steeply. A range of
0.2 < £ < 0.3 is recommended for the damping ratio. The ride quality
improves as fn decreases, however, there is a lower limit on this
parameter obtained from static considerations, as deflection ‘due to wind
forces, superelievation, lcading, etc. For fn = 0.7 iz the total lateral
stiffness 4KSy is about 60,000 1b/ft, for the baseline vehicle. 1If
the natural frequency is 0.35 Hz, the corresponding total stiffness is
15,000 1b/ft which is considered impractical for a vehicle of this size,

thus a natural frequency in the 0.7 to 1.0 Hz range is usually selected

by a designer.

Steps 12, 13

Once the natural frequency and the damping ratio are known,
the values of stiffness Ksy and damping CSy may then be cbtained from

Equations (4.6-8) and (4.6-9), respectively.

Step 14

The RMS values of the accelerations and of the stroke length

can be read from Figures 4.6.12, 4.6.13, if all the parameters except
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Mc' Ksy' Csy are baseline parameters and if the speed is 110 mph or
60 mph. If the vehicle has different parameters, following Table

*
4.2.1 the acceleration may be expressed as

ACC = ACC(fn, E, A, Kb,V) % (4.6-10)

which may be approximated as

ACC = ACC(Baseline, fn + &, V) + AAcc(Baseline,A) + AACC(Baseline, Kb) s

(4.6-11)
where:

AbC(Baseline, fn' £, V) is cbtained by linear interpolation be-
tween Figure 4.6.12 (110 mph) and Figure 4.6.13 (60 mph) for the
chosen values of fn and £. (See the formula in Table 4.6.1.)AACC(Base-
line, A) is the increase in ACC of the baseline vehicle due to
change in A, as determined from Figure 4.6.14. AACC(Baseline, Kb) is
the increase in ACC of the baseline vehicle due to change in Kb' as

determined from Figure 4.6.15.

Step 15

*%
The stroke length may be expressed as
ST = s'r(fn, £, A Kb,v), (4.6-12)

which may be approximated by
ST = ST(Baseline, £ , &, V)+AST(Base1ﬁr>l)+AST(Baseline,Kb)
n
(4.6-13)
*ACC means the RMS value of the lateral acceleration
E 23

ST means the RMS value of the secondary stroke lengths,
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where:

ST (Baseline, fn' £, V) is obtained by linear interpolation be-
tween Figure 4.6.12 (110 mph) and Figure 4.6.13 (60 mph) for the
chosen values of fn and £&. AsT(Baseline, A) is
the increase in ST of the baseline vehicle due to change in A, as

determined from Figure 4.6.15.

AST (Baseline, Kb) is the increase in ST of the baseline vehicle

due to change in Kb' as determined from Figure 4.6.17.

Step 16, 17, 18

Follow the instructions in Table 4.6.1.

Step 13

As in the lateral case, (Step 1l1) the vertical suspension
design procedure is simplified with the introduction of fn and £ ,

as follows:

1 4R§z
fn - T (}z) (4.6-14)
v C
C
E = sz (4.6-15)
v F—-— :

Plots of the average RMS acceleration at the three passenger locations
and average RMS vertical secondary strcke are given in Figures 4.6.18
4.6.19 , for 110 mph and 60 mph, respectively. Inspection of these

plots reveals that an optimal combination of fn and £ exists, which
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achieves relatively low values of both RMS acceleration and RMS stroke
lengths, and is still stiff enough to avoid large static deflections,
This range is:

0.15

| A
vy
| A
o
N

0.7 < £ < 1.2 Hz.

Note that all the points of minimum acceleration for given stroke
lengths (and vice versa) lie on one "optimal" curve, as is the lateral
case. It is possible to achieve performance corresponding to points
better than the "optimum" curves if the secondary suspension is
comprised of air springs with pneumatic orifice dampers [39]. This
suspension can easily be included in the models to generate design data,

but this is beyond the scope of this report.

Steps 20, 21

Once the natural frequency and the damping ratio are known,
the values of vertical stiffness and damping may be computed using

Equations (4.6-14) and (4.6-15), respectively.

Steps 22, 23

The RMS values of the vertical acceleration and the secondary
vertical stroke lengths are estimated by linear interpolation between
Figure 4.6.18 (110 mph) and Figure 4.6.19 (60 mph), for the chosen values

of fn and £ . (See the formula in Table 4.6.1).
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TABLE 4.6.1: DESIGN PROCEDURE

1. Enter the Value of Desired v r(mph) Ver=
If Not Specified Go to 2. ¢

2. Enter the Value of Desired D (degrees)
If Not Specified Go to 3

3. If the Wheel Profile is
Specified, Enter the
Following Wheel/Rail A= A=
Parameters' Values

= F = F = =
Fll 12 22 F33

4. Use Figures 4.6.1 throught 4.6.4 and Equations 4.6-2,4.6-3 to find
K,y and K, which satisfy or exceed Voy and/or D, and enter the
values. If only one index is specified, maximize the unspecified
one. Complete the entries in lines 1 and 2.
If the parameters in line 3 are not specified Kpy=
use the profile as a design parameter, i.e.
choose values for the parameters in line 3.
(Use Table 4.1.1) =

2
5. Compute pr = Kb/dp Enter the Value

Kpx=

6. Estimate the primary suspension stroke lengths (use wheelset #4)*

a. Determine the value of PS(Baseline,\) from

Figure 4.6.6

+

b. Determine the value of APS(Baseline,K )

from Figure 4.6.7 124
c. Determine the value of APS(Baseline,),V) +

From Figure 4.6.8
d. A4d entries a, b and ¢

PS=

*The wheelsets are numbered in order, from the leading to the trailing
end of the vehicle. 4-63



7.

TABLE 4.6.1: (Cont'd)

a. Determine the value of WE(Baseline,})
from Figure 4.6.9

b. Determine the value of AWE (Baseline, Kb )
from Figure 4.6.10

c. Determine the value of AWE (Baseline,A,V)
from Figure 4.6.11

d. Add entries a,b, and c

Estimate the wheelset excursions (use wheelset #1)

l0.

11.

12.

13.

If entries 6d and 7d within reasonable limits,
go to 9.
If not repeat steps 4 thru 8.

Enter the value of desired rms lateral

acceleration

Enter the value of desired rms secondary
lateral strokes.
If not specified go to 1l.

Choose f,, and E_to satisfy entries 9 and 10,
InterpolaEe between Figure 4.6.12 (110 mph)
and Figure 4.6.13 (60 mph) to get approxi-
mate values for speed V.

Compute the secondary lateral stiffness

K = T 2y
sy n c

Compute the secondary lateral damping

c__ = &JKSY M

sy

*
ACCL =

STy =

14.

Estimate the rms lateral acceleration

a. Compute
v-110

ACC(Baseline,fn,E,V)=ACC(110%+0-—;———ﬁ

0
[ACC(110)-ACC(60)]
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TABLE 4.6.1: (Cont'd)

where ACC(110) is taken from Fig. 4.6.12

and

b‘

ACC(60) is taken from Fig. 4.6.13

Determine the value of AACC(Baseline,})

from Figure 4.6.14

+

c. Determine the value of AACC(Baseline,Kb) +

from Figure 4.6.15

d. Add Entries a,b and c ACCy=
15. Estimate the rms secondary lateral strokes
a. Compute
ST(Baseline, fn,E,V)=ST(llO)
+(—!§%lg—)[ST(llO)-ST(6OH
where ST(110) is taken from
Figure 4.6.12
and ST(60) is taken from
Figure 4.6.13
+
b. Determine the value of AST(Baseline,A)
from Figure 4.6.16
c. Determine the value of AST(Baseline K, ) +
from Figure 4.6.17
d. Add entries a,b, and c STL?
16. Compare entry 144 to entry 9, and entry 154 to entry 10.
If the actual indices exceed the desired values,
repeat steps 11 through 15.
17. Enter the value of desired rms

vertical acceleration.
If not specified to to 18.
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18.

19.

20.

21.

22.

23.

TABLE 4.6.1: (Cont'd)

Enter the value of desired rms secondary
vertical stroke. If not specified go
to 19.

Choose fp  and £, to satisfy entries 17

and 18. 1Interpolate between Figure
4.6.18 (110mph) and Figqure 4.6.19
(60 mph) to get approximate values
for speed V.

Compute the secondary vertical stiffness

K = ﬂzfz M
Sz n C

Compute the secondary vertical damping

Estimate the rms vertical acceleration

ACC,, = ACC (110)+(—!§%l9—)[ACC (110) -

ACC{(60)1]

where ACC (110) is taken from
Figure 4.6.18

and ACC (60) is taken from
Figure 4.6.19

Estimate the rms vertical secondary
strokes

v-110
- ST (110)-ST (60
smv ST (110)+( %0 y [sT ( )=-ST (60)]

where ST (110) is taken from
Figure 4.6.18

and ST (60) is taken from
Figure 4.6.19
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24,

25.

TABLE 4.6.1: (Concl'd)

Compare entry 22 to entry 17, and entry 23 to entry 18.
If the actual indices exceed the desired values, re-
peat steps 19-24.

Compute dependent design parameters as indicated in
Table 4.1.1.
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Steps 24 and 25

Follow the instructions in Table 4.6.1.

Once a design has been performed by following the steps,
the detailed performance of the vehicle should be determined using

the computer performance programs described in Chapter 3.

4.7 Design Examples

The use of the systematic design procedure is demonstrated

with two design examples.

Example No. 1

The feasibility and performance of a high speed intercity
rail vehicle which is to operate at 130 mph are evaluated. The carbody
mass is given as 2500 slugs. It is assumed that the secondary yaw

stiffness is l-lO6 ft-1b/rad.

Design Procedure:

It is assumed that all the unspecified parameters of the
vehicle will be close to the prototype vehicle values on which the
design charts are based, so that no corrections are needed. To achieve
a damping ratio of 0.1-0.2 of the kinematic mode at the operating speed
it was estimated that a critical speed of 200 mph is needed. Since
no curving performance is specified, the choice of the wheel profile
is performed to maximize the degree curve index for Vcr = 200 mph.

This leads to the choice of a conical profile with A= 0.05 as in-

dicated by Figure 4.5.13. The design continues as specified in
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Table 4.7.3 (pp. 4-89). To evaluate the accuracy of the method all the

estimated indices were computed using the full model computer programs

[34] Table 4.7.2 summarizes the results of the two procedures.

TABLE 4.7.1: PERFORMANCE SUMMARY OF DESIGN EXAMPLE NO. 1
(For Operation at 130 mph)

ESTIMATED COMPUTED WITH

FULL MODEL
RMS Primary Strokes, wheelset #4 (in) 0.060 0.068
RMS Wheelset Excursion, wheelset #1 (in) 0.26 0.335
RMS Secondary Lateral Suspension Strokes (in) 0.49 0.560
RMS Average Lateral Passenger Point
Acceleration (g) 0.049 0.0618
RMS Secondary Vertical Suspension
Strokes (in) 0.406 0.393
RMS Average Vertical Passenger Point
Acceleration (g) 0.081 0.0853
Critical Speed (mph) 200 205
Degree Curve (°) 1.5 1.32
Kinematic Mode Damping Ratio —_— 0.144

The agreement between the estimated and the computed indices is con-
sidered good. The largest errors occurred in the estimation of the
lateral forced response performance indices. These values were
underestimated, since the design charts were prepared for an inter-
. ; 6 ft-1b
mediate value of the secondary yaw stiffness, sz= 6x10 ~—7ad ' and
6

the evaluated vehicle has a sz of 1x10 ft-lb/rad. There are three
other sources of errors. First, ecrors are caused by reading values

off the charts. Second, errors are caused by using the linearized
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corrections for parameters' deviations from baseline values. Finally
some errors are introduced by neglecting the fact that the vehicle
weight, the secondary vertical suspension in the lateral response, and
the creep coefficients are different from the baseline case. However,
overall the design procedure has produced a vehicle with performance

as estimated.

Example No. 2

Suppose it is decided to improve the curving performance
of the vehicle in design No. 1 by reducing its critical speed. A new
operating speed of 80 mph is adoptedwhich requires a critical speed
of about 140 mph. Following the design philosophy of Example No. 1,
a worn profile with A = 0.1 is chosen. The estimated design parameters
are summarized in the design procedure formof Table 4.7.4 and are com-

pared with computed results in Table 4,7.2.

TABLE 4.7.2: SUMMARY OF DESIGN EXAMPLE NO. 2
(for Operation at 80 mph)

ESTIMATED COMPUTED WITH

FULL MODEL
RMS Primary Strokes, wheelset #4 (in) 0.048 0.0488
RMS Wheelset Excursion, wheelset #l1 (in) 0.18 0.235
RMS Secondary Lateral Suspension 0.304 0.440
RMS Average Lateral Passenger Point
Acceleration (g) 0.034 0.045
RMS Secondary Vertical Suspension
Strokes (in) 0.291 0.282
RMS Average Vertical Passenger Point
Acceleration (g) 0.0488 0.0507
Critical Speed (mph) 160 139
Degree Curve (°) 2.2 1.92
£-Kinematic mode _ 0.163
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Now suppose that Design No. 2 is to be modified to increase its speed as

much as possible, without decreasing its curving ability. Three methods are

presented and evaluated.

.Reduction of wheelset's mass - Assume, 30% reduction of wheelsets'
mass is possible from the baseline value of 120 slugs.

Using Equation 4.6.2

250 + 2-120 _
Ver 139\/ 250 + 2-120:0.7 ~ +o0+> MR-

The value obtained by a 6 DOF eigenvalue model is 151 mph.

-Reduction of wheelsets' and truck frame mass - Assume 30% total

mass reduction is possible

’ 1
Vcr = 139 0.7 = 166 mph ,

The computed value is 169 mph.

*Use high secondary yaw stiffness - Assume the value sz = 6°1O6

ft-1b/rad is used. From Figure 4.6.5, for the 0.5 primary stiffness case,

270
220

270.
=55 = 171 mph. The

the critical speed was increased by the factor of = 1.23. Using

Equation 4.6-3 the predicted speed is Vcr = 139¢(

computed value is 164 mph.

The different methods lead to 10-30 mph critical speed improve-
ment, indicating that the operating speed could possibly be increased

by up to 20 mph without decreasing the curving performance.
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Comparison and Evaluation of the Two Designs

Comparison of Table 4.7.2 with Table 4.7.4 shows that the high
speed design (Vcr = 205 mph) has relatively low curving performance
(D =1.32°). The low speed design (Vcr = 139 mph) has a better curving
performance (D = 1.92°). BAll the dynamic performance indices are higher
for the high speed design, because of the speed dependence of the rail
irreqularities inputs as seen by the passing vehicle. The 30 value of
the primary stroke lengths for both designs are low compared with the
strokes allowed by the primary suspension stops (3/8"). The 30 values
of the secondary suspension strokes are either close or less than the
strokes allowed by the stops (1.5"). These results indicate that the

linear suspension assumption is a good approximation for both cases.

The RMS values of the wheelset excursions are relatively
high compared to the wayside clearance of 0.4". For the high speed
case 1.20 and for the low speed case 1.70 correspond to flange contact,
which means that 23% and 9% of the time, respectively, the linear assump-
tion is violated. 1In practice the nonlinear wheel/rail geometry near
the flange will generate restoring forces higher than those predicted
by the linear models, so that performance close to the predicted is ex-
pected.

Reduction of primary mass was shown to be an effective way for
increasing the critical speed, however it is limited by consideration

other than the critical speed.

The use of secondary yaw stiffness for increasing the critical
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speed was also demonstrated, however, the effectiveness of this method
in practice is limited by the very low strokes developed by the secondary
yaw suspension elements during operation. Since the strokes are of the
order of 1-3mm, a clearance of similar size in the yaw suspension would

result in loss of the stabilizing effect, and instability.

Finally, computed L/V ratios are less than 0.1 in both design

examples, indicating a lack of hard flanging in curves.
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TABLE 4.7.3:
(130 mph Vehicle)

DESIGN PROCEDURE EXAMPLE NO. 1

1. Enter the Value of Desired V. (moh) Vo= 200
If Not Specified Go to 2.
2. Enter the Value of Desired D (degrees) D= 1.5
If Not Specified Go to 3
3. If the Wheel Profile is
Specified, Enter the A
Following Wheel/Rail A = 0.05 4=0.0
Parameters' Values
§ = 0.05 211= 0.05
Fll 2.2x10 12~ 17500. F22 160 F31—2.3x10
4. Use Figures 4.6.1 throught 4.6.4 and Equatiocns 4.6-2,4.6-3 to find
Kpy and Ky, which satisfy or exceed Voy and/or D, and enter the
values. If only one index is specified, maximize the unspecified
one. Complete the entries in lines 1 and 2. 5
If the parameters in line 3 are not specified Kpy= 2 x10
use the profile as a design parameter, i.e.
choose values for the parameters in line 3.
(Use Table 4.1.1) K=1.8x10
2
5. Compute X = K /4  Enter the Value
px ~ b % Kpx=4.5 x 107
6. Estimate the primary suspension stroke lengths (use wheelset #4)

a. Determine the value of PS(Baseline,A) from
Figure 4.6.6

b. Determine the value of APS(Baseline,K )
from Figure 4.6.7 pY

c. Determine the value of APS(Baseline,\,V)
From Figure 4.6.8

d. Add entries a, b and c

0.027

0.030

0.003

ps= 0.060
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7.

TABLE 4.7.3: (Cont'd)

Estimate the wheelset excursions (use wheelset #1)

a. Determine the value of WE(Baseline,A)
from Figure 4.6.9

b. Determine the value of AWE (Baseline, Kb )

from Figure 4.6.10

c. Determine the value of AWE (Baseline,A,V)
from Figure 4.6.11

d. Add entries a,b, and c¢

0.25

0.00

0.01

WE = 0.26

10.

11.

"12.

13.

If entries 64 and 7d within reasonable limits,

go to 9.
If not repeat steps 4 thru 8.

Enter the value of desired rms lateral
acceleration

Enter the value of desired rms secondary
tateral strokes.
If not specified go to 1ll.

Choose f,, and £ to satisfy entries 9 and 10.
InterpolaEe between Figure 4.6.12 (110 mph)
and Figure 4.6.13 (60 mph) to get approxi-
mate values for speed V.

Compute the secondary lateral stiffness
K = q2f 2M
sy n c¢

Compute the secondary lateral damping

c =k ‘J K . Mc

sy sy

*
I\CCL =

~ 12000.

Cgy= 1370.

Estimate the rms lateral acceleration
a. Compute
v-110
ACC(Baseline,fn,E,V)=ACC(llOY+P-——-—-ﬂ

50
[aCcc(110)-AcC(60) ]
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TABLE 4.7.3: (Cont'd)

where ACC(110) is taken from Fig. 4.6.12
and ACC(60) is taken from Fig. 4.6.13

+
b. Determine the value of AACC(Baseline,)) 0.000
from Figure 4.6.14
c. Determine the value of AACC(Baseline,Kb) *
from Figure 4.6.15 0.003
d. Ad4d Entries a,b and ¢ ACCL= 0.049
15. Estimate the rms secondary lateral strokes
a. Compute
ST(Baseline, fn,E,V)=ST(110)
+(—V;—319—)[s'r(110)-s'r(6o)] 0.49
where ST(110) is taken from
Figure 4.6.12
and ST(60) is taken from
Figure 4.6.13
+
b. Determine the value of AST(Baseline,A) 0.00
from Figure 4.6.16
c. Determine the value of AST(Baseline K ) +
from Figure 4.6.17 0.00
d. Add entries a,b, and ¢ STLf 0.49
16. Compare entry 14d to entry 9, and entry 154 to entry 10.
If the actual indices exceed the desired values,
repeat steps 11 through 15.
17. Enter the value of desired rms

vertical acceleration.
If not specified to to 1l8.
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TABLE 4.7.3: (Cont'd)

18. Enter the value of desired rms secondary
vertical stroke. If not specified go
to 19.

19. Choose fn  and £, to satisfy entries 17

and 18. Interpolate between Figure
4.6.18 (110mph) and Figure 4.6.19
(60 mph) to get approximate values
for speed V.

20. Compute the secondary vertical stiffness
2.2
K =
Sz 4 fn Mc

21. Cocmpute the secondary vertical damping

22. Estimate the rms vertical acceleration

AcC, = ACC (110)+(L;%E—) [AcC (110)-

ncc(e0)]

where ACC (110) is taken from
Figure 4.6.18

and ACC (60) is taken from
Figure 4.6.19

23. Estimate the rms vertical secondary
strokes

sr = sT (110)+ (T2L0 [sT (110)-ST (60)])
v 60

where ST (110) is taken from
Figure 4.6.18

and ST (60) is taken from
Figure 4.6.19
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&, = 0.25

Kg,= 20000.

Cg2= 1800.

ACC,= 0.081

ST.,= 0.406




24.

25.

TABLE 4,7.3: (Concl'd)

Compare entry 22 to entry 17, and entry 23 to entry 18.
If the actual indices exceed the desired values, re-
peat steps 19-24.

Compute dependent design parameters as indicated in
Table 4.1.1.
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TABLE 4.7.4: DESIGN PROCEDURE EXAMPLE NO. 2
(80 mph Vehicle)

Enter the Value of Desired v r(mph) Vepr= 160
If Not Specified Go to 2. ¢
Enter the Value of Desired D (degrees) D = é 2

If Not Specified Go to 3

If the Wheel Profile is
Specified, Enter the

Following Wheel/Rail A
Parameters' Values

A=9,0

|
o
L]
'—l

§ =0.075 a31=0.075

. 6 = = _ 6
Fll_ 2.37x10 F12 17550 F 274 F..=2.74x10

22 33

Use Figures 4.6.1 through 4.6.4 and Equations 4.6-2, 4.6-3 to find
Kpy and Ky which satisfy or exceed Vqy and/or D, and enter the

values. If only one index is specified, maximize the unspecified
one. Complete the entries in lines 1 and 2.
If the parameters in line 3 are not specified Kpy= 2x10°
use the profile as a design parameter, i.e.
choose values for the parameters in line 3. 3
(Use Table 4.1.1) K= 2x10
2

Compute X = K /4~ Enter the Value

¥ pe - /% Kpx= 5x10°

Estimate the primary suspension stroke lengths (use wheelset #4)

a. Determine the value of PS(Baseline,A) from 0.026 1
Figure 4.6.6
+
b. Determine the value cf APS(Baseline,K )
from Figure 4.6.7 pY 0.030
c. Determine the value of APS(Baseline,A,V) +
From Figure 4.6.8 -0.008
d. Add entries a, b and ¢
ps= 0.048
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TABLE 4.7.4: (Cont'd)

Estimate the wheelset excursions (use wheelset #1)

a. Determine the value of WE(Baseline,A)
from Figure 4.6.9

b. Determine the value of AWE (Baseline, Kb )
from Figure 4.6.10

c. Determine the value of AWE (Baseline,A,V)

from Figure 4.6.11

d. Add entries a,b, and c

0.19

0.00

-0.01

WE = 0.18

10.

11.

12.

13.

If entries 64 and 7d within reasonable limits,
go to 9.
If not repeat steps 4 thru 8.

Enter the value of desired rms lateral
acceleration

Enter the value of desired rms secondary
lateral strokes.
If not specified go to 11l.

Choose £, and £ to satisfy entries 9 and 10,
Interpola%e between Figure 4.6.12 (110 mph)
and Figure 4.6.13 (60 mph) to get approxi-
mate values for speed V.

Compute the secondary lateral stiffness

K = g2 f 2M
sy

Compute the secondary lateral damping

c =k K "M
sy sy c

*
ACCL =

= 1250.

14.

Estimate the rmms lateral acceleration

a. Compute

£ ,€,V)=ACC(110)+ (=110 ,

ACC(Baseline, 50

{acc(110)-Acc(60) ]
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TABLE 4.7.4: (Cont'd)

where ACC(110) is taken from Fig. 4.6.12

and ACC(60) is taken from Fig. 4.6.13
+
b. Determine the value of AACC(Baseline,A) -0.005
from Figure 4.6.14 ¥
c. Determine the value of AACC(Baseline,Kb)+
from Figure 4.6.15 0.003
d. Add Entries a,b and ¢ ACCy;=0.034
15. Estimate the r*ms secondary lateral strokes
a. Compute
ST(Baseline, fn,E,V)=ST(110)
+(2220 (sT(110)-5T (60)] 0.353
where ST(110) is taken from
Figure 4.6.12
and ST(60) is taken from
Figure 4.6.13
+
b. Determine the value of AST(Baseline,A) -0.055
from Figure 4.6.16 .
c. Determine the value of AST(Baseline X ) *
from Figure 4.6.17 0.000
d. Ad&d entries a,b, and c STL5-0'304
16. Compare entry 1438 to entry 9, and entry 154 to entry 10.
If the actual indices exceed the desired values,
repeat steps 1l through 15.
17. Enter the value of desired rms

vertical acceleration.
If not specified to to 18.
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18.

19.

20.

21.

22.

TABLE 4.7.4: (Cont'd)

Enter the value of desired rms secondary
vertical stroke. If not specified go
to 19.

Choose fn and £, to satisfy entries 17

and 18. Interpolate between Figure
4.6.18 (110mph) and Figure 4.6.19
(60 mph) to get approximate values
for speed V.

Compute the secondary vertical stiffness

_ .22
Ksz*‘ i fn Mc

Compute the secondary vertical damping

F,‘JK * M

SZ v SZ (o

Estimate the rms vertical acceleration

Acc_ = ACC (110)+(L;%£-) [ACC (110)-

ACC(60)]

where ACC (110) is taken from
Figure 4.6.18

and ACC (60) is taken from
Figure 4.6.19

Estimate the rms vertical secondary
strokes

st = ST (110)+ () [ST (110)-ST (60)]

where ST (110) is taken from
Figure 4.6.18

and ST (60) is taken from
Figure 4.6.19
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ST,*= ——
fn,~ 0.9
€, = 0.25
Kg,= 20000.
Csz= 1800.

ACC,= 0.0688

ST, 0.291




24.

25.

TABLE 4.7.4: (Concl'd)

Compare entry 22 to entry 17, and entry 23 to entry 18.
I1f the actual indices exceed the desired values, re-
peat steps 19-24.

Compute dependent design parameters as indicated in
Table 4,1.1.
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5. SUMMARY

The research described in this report has led to development
of a design precedure for conventional passenger trucks. In the
procedure the fifty inertial, damping, stiffness and geometric para-

meters that characterize a vehicle are divided into three categories.

1) Fixed design parameters such as vehicle length and
weight set by overall vehicle size and service re-
guirements.

2) Dependent design parameters such as wheel/rail profile
geometry and damping in primary suspension elements
which depend directly upon the values of free design
parameters.

3) Free design parameters such as primary and secondary

suspension parameters and wheel conicity which are
selected by the design procedure.

The procedure selects the values of the free design para-

meters to meet the following dynamic performance indices:

*Ride Quality represented by the acceleration environment
in the car

*Stability represented by the critical speed of the vehicle

-Curve negotiation represented by the maximum degree curve
traversed without slipping or flanging.

These indices are met while satisfying constraints represented
in terms of secondary strokes to limit the carbody dynamic envelope
and wheel excursions to limit wheel-rail forces. The procedure con-
sists of a set of steps which lead to selection of the free design

parameters using pqéer and pencil calculations.

The procedure is based upon partitioning the design task

into three basic trade-off studies.
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a) The vertical ride quality versus vertical suspension
stroke trade-off which sets the secondary vertical
suspension parameters.

b) The lateral ride quality versus suspension stroke
trade-off which sets the lateral secondary suspension
parameters.

¢) The stability versus curving trade-off which sets the

primary suspension and wheel conicity parameters as
well as the secondary yaw suspension parameters.

Data in the form of design charts have been prepared using a
linear rail vehicle model for each of these basic trade-offs so that
design parameters may be selected directly from the charts. The basic
design is performed for a fixed vehicle inertial and geometric charac-
teristics, and correction equations are provided for wheelset of track
masses (which are altered from reference values). The detailed charts

rovided with the design procedure are applicable to vehicles with a
conventional primary suspension connecting the wheelsets to the truck
frame. The procedure may be extended directly to radial truck designs
by preparing design charts similar to those provided with the methods
described in reference [39]. The procedure considers a secondary
vertical suspension consisting of a conventional spring and damper.

It may be extended directly to include combined pneumatic-orifice
damping suspensions using trade-off data generated with the model
in reference [39]. The detailed trade-off charts for the vehicle

are referenced to 110 mph operation on class 6 track.

The design procedure has been illustrated with two design
examples. The first example is an intercity vehicle with a maximum

operating speed of 120 mph and designed to have a critical speed of 200 mph.
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The vehicle is of conventional geometry and has conventional values of
vehicle, truck and wheelset mass. A design value of wheel conicity of
0.05 was found to result in primary suspension stiffness parameters
which provide the desired critical speed and, result in a maximum
curving capability of 1.3° without slipping and flanging. The design
results in rms secondary stroke lengths during operation at 110 mph
on class 6 track which are one third of the total clearance provided by

bump stops and has an rms acceleration of 0.08l1 g's.

The second design example considered an urban vehicle op-
erating at 80 mph. For this vehicle a design critical speed of
140 mph was selected. A wheel conicity of 0.1 was found to provide
primary suspension stiffness parameters which provide the required
critical speed and result in a maximum curving capability of 2.2°
without slipping and flanging. The performance of the vehicle op-
erating at 80 mph on class 6 track results in rms secondary strokes
less than one third of bump stop clearances and provides an rms
passenger compartment acceleration of 0.05 g's. For this urban design
it was also shown that a reduction of wheelset and truck frame mass

by 30% could result in increasing the vehicle critical speed to 160 mph.

The design procedure developed provides a systematic method
of selecting conventional passenger truck design parameters to meet
dynamic performance indices. The procedure has been developed using
linear models of rail passenger vehicles which have not been validated

with experimental test data. The validation of rail passenger vehicle
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models with experimental data is of high priority and is strongly
recommended. While the linear models employed in the design process
reflect the dominant characteristics of vehicle performance, in two
areas, these models can be improved to provide a more accurate repre-
sentation of performance. 2n improved representation of the secondary
yaw suspension in terms of its nonlinear breakaway characteristics and
of the wheel-rail nonlinear forces, as influenced by track irregularities,
would provide an improved capability to estimate vehicle stability and
wheelset motions. These extensions to the design procedure would
result in an ability to more accurately select suspension design
parameters.

The design charts utilized in the procedure have been pre-
pared for smooth curved track and class 6 tangent track. The
computer programs cited in Section 3.4 may be used to prepare data
for other classes of track and alternate values of creep coefficients.
Thus the procedure may be extended directly to track classes 4 and 5
and to alternate values of coefficients. The design procedure does
not include the influence of spiral track curve entries and exits.

An extension of the analysis is recommended to include spiral entry and

exit design constraints.

The procedure in its present form is restricted to selection
of truck design parameters based upon dynamic performance indices. Ex-
tension of truck design procedures to include static design constraints
based upon strength and fatigue factors, maintainability considerations,
i.e., performance with deteriorated and/or worn parts and the resulting
performance at the end of a maintenance cycle, and to include braking

functions and powered truck design factors should be considered.
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APPENDIX A: DERIVATION OF SIMPLIFIED CURVING EXPRESSIONS

The following simplified treatment of curving mechanics is
based on the vehicle models developed in ref. [39]. By assuming purely
conical wheel treads and negligible secondary yaw suspension torque,
each truck of the full 15 D.O.F. model may be represented accurately
by the reduced 4 D.0O.F. truck model shown in Figure A.l. The simpli-
fied truck model consists of two wheelsets interconnected by relative
shear and bending stiffnesses, Ks and Kb’ which represent the total
effective static shear and bending stiffnesses acting between the
wheelsets, respectively. For a conventional truck with primary
stiffnesses pr and pr, the effective interconnection stiffnesses

are given by:

a’x X
K = P _PX DY (a-1)
= 2 2
a’k  +b%k
P DX PY
K = k- (A-2)
) P PX

Use of K and Kb instead of K and K simplifies the analysis which
S pxX PY
follows.
A further simplification is achieved by assuming that the
spin components of creep force are small, and that the lateral and

longitudinal creep force coefficients are egual:

*
Similar developments are given in Refs. [12,13,41,42].
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The 4x4 simplified curving equations may be written as
shown below in terms of the lateral and yaw wheelset displacments

for a vehicle negotiating a constant radius curve at balance speed.

L4

-K +bK +2f +K +bK vy 0
s S s s 1
Aa 2 2 b
- —_ -) - - - + !
+st 2£ ro b Ks Kb st b Ks Kb lpl 2?!%
+K -bk -K -bK +2f [ Y 0
s [] s s 2
2 Aa 2 b
+st -b KS+Kb bKs 2f ro b Ks IS) lbz +2_K]R

These equations are solved for the wheelset displacements:

K Aa
_ s _ b 1 _
V)=V = Xor +8a Y1 - R 2 (o)
s o f Aa
1 +
K K r
S o]
rO
b el T R
y, = (a-6)
1 R 2 Aa
+ —
KS]% £ ro




Ksbr - fla
o 2 (a-7)

¥, = K br + fla
S o

The curving indices [39] of flange contact and slip are
evaluated using Equations (A-5) through (A-7) as follows. Note that

curve radius is related to curvature in degrees by the expression

. =1 50 . . 360
D= 2 sin " ( R T

' (a-8)

which may be approximated reasonably well for curvatures less than

about 10 degrees by

- 2030 ' (A=9)

Flange Contact Index

A simplified expression for the tightest curve which can
be negotiated without flange contact is cbtained by solving for the
track curvature at which the greatest wheelset excursion from the
track centerline is equal to the flange clearance available to a

centered wheelset; the condition given by

Solving Equation (A-6) subject to Equation (A-10) yields



Dflange = 5730 Yeo o
2 ro aro 2 2
bl’bKS —;"a—+bl%f+ X IS)KS‘F f~a
(A-11)
Slip Index

A corresponding simplified expression for the tightest
curve which can be negotiated without "wheel slip" is obtained by
setting the worst-case resultant creep force equal to the limit of

adhesion at a wheel, LN.

2 2 .
\/(Flong.) + (Flat.) = UN (A-12)

The creep forces are given in terms of wheelset displacements by [39]:

A 2 2 ~
\/(f —;o— yl) + (fwl) = |N. (A-13)

Substituting Equations (A-5) and (A-6) for y, and wl and solving for the

track curvature yields:

2. 2
) 1+ 22— ey
D .. = 5730 42— b0 © (A-14)
slip bf 2
(.l)_. + __f.x_.) +l
a Kr
S O



External Lateral Forces

Equations (A-4) through A-7) and Equation (A-11) can be readily

extended to consider a static flanging force, Ff,

on the front wheel-

set and a static lateral load, Fc, at the centerpin of the truck as

shown below.

Equation (A-4) becomes:
Fc
~K_ +bK_+2f K +bK_ Y, Fo- o
Aa 2 2 b

+bK_-2f : bK_-K bK_ b K _+K vy 22k

Fc

+KS -bKS -KS -bKS+2f Y2 - 3

2 Aa 2 b

- + - - ALY - -

+bKS yo) KS Kb st 2f ro b KS KD Lpz +2TKb

Equations (A-5) through (A-7) and Equation (A-11) become:




Ff F
[Kska]yl- ————{Ksbka-Zan-ZKSbrO] +

af
K br + flia
s o

c
4£

{K bla-fla-K br ]
s s o

(A~-15)

b Ty Fe 2 s Fo 2
— - ——— - + —_— ~-bK X
[RIstxb Aa + be] 4f (b st+be+stKb( Aa 1 4f b st bYs<b]
Y =
1l " Kb N f2 Aa
s o (A-16)
F F
£ 2 c 2
[Ksbro fXa]y1 YT [2Ksb r°] + Y [2Ksb rO] .
Y, = K br_ + fia
s o
F r F
2 la £ .2 i /o) C 2
yfc[Kst+f - 1+ it b fKS+be+st§b( Xa 1)] 4f[b st stKb]
D =5730 °
flange

2 o 2Ty 22
DR K —yo— + bK £+ ——KK_+ fa

(A-18)

Rearranging Equation A-18 yields an expression for estimating
the flanging force levels encountered when a vehicle negotiates a track

curvature which exceeds that given by Equation A-18 with F_ = O,

b3
A 02 g TOLix g4 bl +a’£2y+ F—c(bzfx SbK K )-y. (K K +£2 22
F ~4f —X st Aa X A Kb s 4f s st Yeeo Kb s Io
£ r
2 N o
b st + Kpf + stKb( ia 1)

(A-19)



The lateral load Fc can represent an outboard cant deficiency
load, although the above simplified expressions do not include the
overturning effect of cant deficiency loading in terms of vertical
wheel load shifts [39]. The force Fc represents only the lateral

component of cant deficiency loading.

The simplified expressions derived in this appendix are
accurate representations of the full 15 D.O.F. model when secondary
yaw torques are relatively small, say below 5000 ft-1b. As secondary
yaw torque increases, curving performance tends to be degraded by
an amount proportional to the magnitude of the torgue over the range
of practical truck parameter values. An estimate of the reduction
in curving performance for given values of secondary yaw torque can

be obtained from Figure A.2.
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APPENDIX B: REPORT OF NEW TECHNOLOGY

This report describes the development of a design procedure
for powered and unpowered rail passenger vehicles. Included in
the procedure is a methodology for selecting truck design
parameters for satisfying dynamic performance indices, such as
ride quality, stability and curve negotiation. These performance
indices are evaluated for a vehicle traveling at constant speed
using dynamic computer models. Details of these innovative

design procedures are described in Section 4.
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