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PREFACE

The develcpment of experimental facilities for rail vehicle
testing at the DOT High Speed Ground Test Center is being com-
plemented by analytic studies being conducted by Transportation
Systems Center under the UM204 UMTA Rail Supporting Technology
Program for the Urban Mass Transportation Administration, Office
of Research, Development, & Demonstrations. The purpose of
this effort has been to gain insight into the dynamics of rail
vehicles in order to guide the development of the wheel/rail
simulators and to establish an analytic framework for the design
and interpretation of tests to be conducted at these facilities.
Continuation of these efforts are expected to result in defini-
tion of the interrelations between track construction and main-
tenance requirements and the vehicle design parameters, required
for meeting ride vibrations and noise transmission standards at
minimum costs.

The work described here represents an initial effort to-
wards meetingbthese objectives. This report describes work
currently in progress and subject to revision. It is intended
primarily to provide information on the current status of in-
house TSC analytic efforts conducted from November 1971 to May

1972.
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1.0 INTRODUCTION

A major limitation on rail transportation is the tracking
error produced by the lateral vibrations of rail vehicles and
wheel assemblies in response to track irregularities. In addi-
tion to producing undesirable vibration in the passenger compart-
ment, these vibrations are capable of producing severe wear of
both the rails and vehicle wheels. Under extreme conditions,
these oscillations may result in derailment.

The most dramatic effect of the lateral dynamics of rail
vehicles is the hunting phenomenon. At low speeds (25 to 50 mph)
in vehicles with lightly damped secondary suspensions the phe-
nomenon is observed as a large (possibly violent) oscillation of
the vehicle body which occurs at a characteristic speed. At
speeds above and below this characteristic speed the oscilla-
tions are reduced. This low speed body hunting normally does
not result in a catastrophic situation but does contribute to
excessive wheel and rail wear and passenger discomfort. At very
high speeds (above 100 mph) the hunting phenomenon appears as a
violent oscillation of the wheel assemblies which is limited
only by flange impact and eventual derailment. This oscillation
begins atia critical vehicle speed and the motion is unstable

at all velocities above the critical velocity.
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Although the hunting instabilities have been observed for
many years, the mechanism of the instability was first
fully understood only in the past decade. Analytical and ex-
perimental studies conducted by Wickens at British Railways
(Ref. 1) and Matsuidaira at Japanese National Railways (Ref. 2)
resulted in the development of linearized analytic models which
could be applied to determine the stability of two axled rail
vehicles operating on straight track. These studies also re-
sulted in the development of roller rigs which were employed to
simulate straight track for full scale stability investigations
of prototype truck and vehicle designs.

Although stability is a necessary condition for a new rail
vehicle design it is not sufficient to assure safe and reliable
performance on less than a perfectly straight track. 1In order
to assure safety, limit wheel and rail wear and provide satis-
factory ride vibration characteristics it is necessary to
evaluate the response of the vehicle and wheel assemblies to
rail irregularities. The U.S. Department of Transportation is
currently designing and fabricating a Wheel/Rail Dynamics
Research facility which will include a dynamic track simulator
capable of full scale vehicle tests to fully evaluate the coupled
response of rail vehicles to track irregularities and limiting
rail conditions.

This development of experimental facilities for rail vehicle
testing is being complemented by analytic studies being conducted

by the Transportation Systems Center (TSC) on behalf of the Urban
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Mass Transportation Administration, Office of Research, Develop-
ment, & Deomonstrations.

The analytic models developed as a result of these studies
will provide a framework for interpretation of the results of
experimental investigations of the dynamics of rail vehicles
and permit extrapolation of the test results to new vehicle
design concepts and to prediction of the dynamic performance of
vehicles under real track conditions. The analytic efforts
will also support the design'of the simulation egquipment by
providing a comparison of vehicle performance on track with that
expected in the simulation. The analyses will also identify the
range of test parameters required for vehicle performance evalu-
ation and identification of critical test conditions that might
approach limits of the simulation capabilities. The results
obtained from simulator and track tests will be used to validate
and im?rove the analytic models to permit their application to
new vehicle and component designs and provide improved specifi-
cations for track alignment.

This document is intended to provide a summary of the work
currently in progress at TSC towards establishing analytic
models of the lateral response of rail vehicles to track irreg-
ularities and preliminary results of these analyses. Section 2
develops the mechanism of the hunting instability through the
use of simplified wheelset, truck and vehicle models to develop
an intuitive understanding of the hunting phenomenon. It is

shown that at low speeds the energy associated with the lateral
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vibrations of rail vehicles is dissipated by a complex inter-
action between the creep forces developed by the different axles
of the vehicle through the compliance of the vehicle suspension
and wheel assembly structures. The linearized models of rail
vehicle lateral dynamics for two axled vehicles developed by
Wickens (Ref. 1) and Cooperrider (Ref. 3) are extended to in-
clude track irregularities. It is shown that by appropriate
substitutions this model can also be applied to four axled
vehicles for the important special cases of a rigid truck frame
and of flexible truck frames with either very low lateral stiff-
ness or low torsional stiffnesses between axles. A heuristic
formulation is presented for calculating the critical speeds of
rail vehicles. This argument predicts low speed hunting will
occur when the kinematic frequency associated with the geometry
and compliance of the wheel assembly is in the neighborhood of a
vehicle body lateral, yaw or roll natural frequency. High speed
hunting will occur when the kinematic frequency approaches the
larger of the wheel assembly yaw and lateral natural frequencies.
This heuristic argument yields similar results for the critical
speed to those obtained from the "resonance" theory but is based
upon stability arguments rather than treatment of the kinematic
oscillations of the wheelset as a forcing sinusoid. The basis of
the "resonance" theory of lateral motions and the limitations
associated with this theory are discussed in Reference 4. This
result is essentially in agreement with the numerical results

obtained by Wickens and Cooperrider and those obtained for a

1-4
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typical rapid transit vehicle in Section 2.

In Section 3 the linear models developed in Section 2 are
extended to include the non-linearities included by Cooperrider
in Ref. 3 of flange impact, wheel slip and suspension friction
and those implied by profiled wheels. The model is extended to
include track irregularities and a simulation program is being
planned for exercising this model. Section 3 also discusses the
extension of the analyses to include the coupling of forward,
vertical and lateral oscillations which are believed to limit

wheel adhesion at high speeds.






2.0 LINEARIZED MODELS OF LATERAL
RAIL VEHICLE DYNAMICS

2.1 SUMMARY

The mechanism of lateral guidance of rail vehicles by the
wheel conicity is reviewed based on linearized models. These
models are developed towards demonstration of the mechanics of
the hunting instability and the influence of the compliance
between axles and secondary suspension damping on controlling
this instability. The equations of motion for predicting the
characteristic roots describing transient performance and for
predicting lateral response to track irregularities are described.
The requirements of a relatively stiff compliance between axles
is in conflict with the guidance requirements in negotiating
curves. The relationships between compliance between axles and
curve negotiations are developed.

Approximate relationships are developed for predicting
wheel slip in curve negotiation. The lateral dynamics programs
are checked against published results. The implications of
these results are applied for the parameters of a typical tran-
sit car. Section 3 discusses the extension of these models
to include the non-linearities associated with the wheel/rail

interaction and real suspension system designs.



2.2 ISOLATED WHEELSET

Rail vehicles are guided along a track by the creep forces
developed by the interaction of the conicity of the wheels with
the rail for small tracking errors and by the forces developed
by the contact of the flange and the rail for large lateral
displacement relative to the track centerline.

As shown in Figure 2-1, when the wheel set is given a lat-

eral displacement y the radius r, of the right wheel increases

1
by oy where o is the cone angle, and the radius of the left
wheel decreases by ay

r. =r_ + ay (2-1)
r, =r_ = da (2-2)

2 o Yy

so that the velocities of points a and b on the axles are

\Y
Va = f; (ro + ay) (2-3)
vy, = %— (rO - ay) (2-4)

This implies an angular velocity,

s _ _Va = Vb _ 2V ay _ -V ay _
v = 7T ¥ 5% ) (2-5)

If the vehicle is turning around a constant radius curve, R,

and is in a steady state condition, with no oscillations this

angular velocity is:

P o= = (2-6)
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Figure 2-1. Steering Action of Wheelset with Coned Wheels



so that in rounding a curve the lateral tracking error is

y = (2-7)

For a wheelset with a radius of 17" a cone angle of 0.05 and
flange clearance of 13/16" on a track with a gauge of 56.5" the
minimum curve radius that can be negotiated without flange

contact is:

Tol 17 x 28.25
R = =y = 0.05 x 13/32 = 23,600

So that the sharpest curve that can be negotiated without flange
contact is 1970 feet which is about 3/8 of a mile.

On straight track the wheel set corrects for a lateral
position error by turning according to Equation 2-5 to produce
a lateral velocity component:

y=VvVy (2-8)

Combining Equations 2-5 and 2-8 we obtain:

v o+ T Y= 0 (2-9)
o

This is the equation of motion of an undamped second order
system with a sinusoidal solution. The fregquency of oscillation

is:

\Y
£, = > = (2-10)
Noting that dx = Vdt, Equation 2-9 can be rewritten as

y"+ —y =0 (2-11)



The solution of this equation is a sinusoid in space with a

characteristic wavelength

A, = 27 —_— (2-12)

This undamped oscillation of a single unrestrained wheelset is
known as "kinematic hunting" since the wheelset traces the same
path independent of velocity. fk and Ak are known as the

kinematic frequency and kinematic wavelength respectively. For

r, = 17". & = 28.25", o = 0.05, the kinematic wavelength is:
roz
A o= 27 — = 615" = 51,3 ft,
k o

for a speed of 60 mph, this wavelength corresponds to a kine-
matic frequency of 1.71 Hz.

When the wheelset travels along an irregular track as
shown in Figure 2-2 the velocities of points a and b for a pure

rolling condition on the axles are:

v, = %;‘(ﬁa + q (y—61)> (2~-14a)
Vv, =Y [r - o (y-5.) (2-14b)
b~z % ¥=°,

This implies an angular velocity

., + &
. -{V_ - Vb) -Vao (y——l—z—z)
g = —=2 = (2-15)
22 rol
For pure folling of the wheelset on the track
y =V (2-16)
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Figure 2-2. Wheelset Travelling on Irregular Track



We define the location of the track centerline as

= _ 1 2
S = = (2-17)
and Equation 2-15 becomes
roz . -
y + &*§'W = (2-18)

Combining Equations 2-16 and 2-18 yields:

y + —5— =3 (2-19)

Noting that dx = Vdt equation 2-19 can be rewritten as

y + Bk2 y" =38 (2-20)
where
o2 _ ()% _ Tt (2-21)
kX T \27 T
For straight track, § = constant, the solution is an oscillation

at the kinematic frequency centered about y = & as obtained
above.

For a vehicle travelling on curved track of constant radius R,

2
'<§=R<1—§2—>l/2 (2-22)
R
For small angles,
2
< X
§ ~ R - R (2-23)

The solution to Equation 2-20 for this input is:

e
Il

2
2 X



so that

B rst

(y - 3) = —§~ (2-25)

as obtained in Equation 2-7.
For sinusoidal track irregularities the steady state solution
to Equation 2-20 is

k)2 £\ 2
1 - (55 1 -z
k

where ) is the wavelength of the irregularity and £ = V/\ is the

(2-26)

frequency corresponding to that wavelength. For wavelengths of
39 feet and Xk = 51.3 ft. the center of the wheelset will trace
a path that has an amplitude of about 135% of the amplitude of
the irregularity. For irregqularity wavelengths of 78 ft. the
response amplitude will be 1.77 times the irregularity amplitude.
The tracking error in following irregularities is

(e T (5)

(y = 8) = = (2-27)
- () g)
) £

For wavelengths of 39 feet the tracking error is 235% of the

irregularity amplitude and for wavelengths of 78 ft. the error
is 77% of the irregularity amplitude. Therefore with a flange
clearance of 13/16 inch, the maximum irregularity in the track
centerline that can be accommodated without flange impact at a

39 foot wavelength is 0.346 inch peak to peak.



Forces and torques applied to the wheelset are resisted by

forces generated at the wheel rail contact which are approxi-

mately proportional to the relative velocities between wheel and

rail at the contact for relative velocities which are small

(less than 0.1%) compared to the forward vehicle velocity.

For

the wheelset shown in Figure 2-2, the difference between the

actual velocities and those predicted for pure rolling contact

in the forward and lateral directions are:

* \Y4
ar = (v - 2¢) - fg (ro + u(y—619

v

Vpp = (V + 2@) - %; (ro - a(y—ézg

v.. =y -V
Vpr = ¥ = V¥

The corresponding creep forces are:

v a (y, = &7) .
- ¢ T _ _ 1 1 E32
FaT_ fT’ v fT T, +v
% a (y - 8,)
_ bT _ 2"y
Fyp = ~fp = * &1 T 7

V .
= _ab _ J _
Forn = oL = fL Vv fL(V ‘l’)

The net force in the y direction is:

_ of (X -
F, = 2fL(V w)

The net torque in the ¢ direction is:

(2-28)

(2-29)

(2-30a)

(2-30b)

(2-31)

(2-32)

(2-33)

(2-34)



2- -
ol zw) (oULG)
-2F — vy + === )+ 2f —

which for zero force and moment yield Equations 2-16 and 2-18.

If the wheelset is given mass and inertia,

Fy = nmy (2-36)
M = Cj (2-37)
Equations 2-34 and 2-35 become
. i _ _ _
my + 2fL (V w) (2-38)
cp + 2f (——-y + —~i)— 2fT9&§- (2-39a)
r
o o
Equations 2-38 and 2-39 can be written as
[, 2f.s 1 [ 7 [
Ms® + 7 —2fL y (8) 0
= {2-39b)
2 .
28 2078 -
ol 2 T afls (8)
28, — cs” + — ¥ (S) 2f, 8L
i o i i o

where S is the laplace transform variable. The transient solu-

tion is defined by the roots of the determinant of the coeffi-

cient matrix. This determinant is:

2 2
4f _f£_ 4 2Mf_ %

_ ol T L 2 T L 3 4
D = 4foTE;+TS + i + v S + MCS

(2-40)

The roots of this equation lie in the right half plane for all
values of velocity indicating that the simple wheelset is un-
stable under all conditions unless some additional restraint

is provided.



2.3 ISOLATED RIGID TRUCK

For the rigid two axle assembly shown in Figure 2-3,

lateral velocity of the leading wheelset is
¥, = v + hed
and for the trailing wheetset

Y2=£"'h2¢

The lateral creep forces are from Equation 2-34.
e (L-y) - o
2fL (V w) 2th£ 7

o (Y - v
2F (v w) +2£, B2 &

The moments generated at each axle are

Fyl

Fy2

B (az(y + hLy) zzw) 2f 08,
M, = -2f + +
1 T r \Y r
o o
2 2f, 028
M = ot (u%(y - nay) &_y) L oy
2 T r \Y r
o o
The net lateral force is
_ Y _
Fy = 4fL (V Ig
The net moment acting on the truck is:
M= M+ My + (Fy - F,) bt '
2 2 2>
_ ol L7y h™47¢
M = "‘4fT<-r——'y+——\—7-—)+4fL v
o
+ 4f ol 61 i 62
T r 2
o

the

(2-41)

(2-42)

(2-43)

(2~-44)

(2-45)

(2-46)

(2—-47)

(2-48)

(2-49)

to:



Figure 2-3. Two Axle Rigid Truck Assembly
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\% - w = 0 (2"50)

r & f . + &
o 2 T\ % 2
y + 2 (1 + h f‘)"’ = 2 (2-51)
T
If we define
f
312@ _ (1 + B2 f—L>62 (2-52)
T K

Equations 2-50 and 2-51 are identical to equation 2-16 and 2-18
from a single wheelset. The eqguation of lateral motion of the
rigid truck is:

§

+ 8
. 2 _ 1 2
y + BKT Y - 2 (2"53)
This results in a kinematic wavelength
£ 1/2
= 2L -
AKT = (l + h f;') XK (2-54)

for h = 1.41 and XK = 51.3 ft, the kinematic wavelength for a
rigid truck is 88.8 feet. The sharpest curve that can be
negotiated without flange contact for the wheelset used as an
example in Section 2.3 is 5,910 ft.

Since the rigid truck does not provide any dissipation
forces to damp the kinematic oscillation and has the same
equation form as the single wheelset, the addition of either
mass or inertia will result in unstable behavior. This apparent
instabilify of a rigid truck was noted by Langer in Reference 5
and caused him to conclude that guidance through the action of

the wheel conicity is impossible and that only flange guidance



acted to keep a truck on a track. Fortunately, as shown below,
most truck designs have finite stiffnesses between axles which
results in an energy dissipation that permits stable behavior.
The response of the rigid truck to irregularities can be obtained
from Equation 2-26 by substituting AKT for AK and the average of

61 and 62 for §.

2.4 FLEXIBLE TRUCK

The simplified models given in the previous sections do not
provide any means of dissipation of the kinematic hunting
oscillation. As shown in the following paragraphs, a real truck
does provide dissipation forces for the hunting mechanism by a
complex interaction between the truck axles through the elastic
members connecting the two axles. The rigid truck and simple
wheelset represent the limiting cases where the compliance of
these elastic members is extremely small or extremely large.

For the model shown in Figure 2-4, the creep forces and

moments generated by each wheelset motion are:

il .
F, = —2fL T wl (2-55)
Y )
F2 = —2fL 7 wz (2-56)
2
25y
- - 2] 1 al 3 -
M) = ZfT(r Y|t % + 2f, 8y (2-57)
o o
2-
27y
— _ al 2 al < _



+Yy

+m, ¥

y

Figure 2-4, Flexible Two Axle Truck Assembly
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If no external forces are

rium are:

The substitutions:

and some algebraic

vA

YA

rewritten as:

yA +

£

al

Ky

For large values of Ky

r
o]

L o, L
KV K
Y Yy

vA + YA +

applied, the requirements of equilib-

hL (b + ¥,) + =

wz) = Flhz + M

1
_Y2 - yl+Y2
— = ¥ =
‘1P2 - ’JJ]_'*"Pz
—Z V=

manipulations permit

YA - hay = 0

£

’

T

Ky

2
\Y

L

yvA

o - fTuQ 61 - 62
“ K r 2
Yo

= hly. For large values of K

I‘DI

(2-59)

(2-60)

(2-61)

(2-62)

(2-63)

(2-64)

these requirements to be

(2-65)

(2-66)

(2-67)

(2-68)

YA =

so that Equations 2-65 and 2-66 for a rigid truck reduce to:

(2-65)

0



r % L4 g g
g+ -2 [1+n? t)p=2 2

+
2
which agree with Equations 2-50 and 2-51 derived for a rigid

truck. If Ky ~ 0, from Equation 2-~67

\Yi—A——wA=o (2-70)
If KW + o from Equation 2-68,
2 5, -8
af ge - _af |1 2 _
fg'YA g vh = r, — s (2-71)

Substitution of Equation 2-70 into Equation 2-66) yields

LR
4 v r 2
o o

(2-72)

addition and subtraction of Equations 2-65 and 2-70 and of 2-71
and 2-72 yield the simple wheelset equations obtained in
Section 2.2,

The transient response of the flexible truck described by

Equations 2-65 through 2-68 is defined by the roots of the

determinant:
S _
T 0 0 1
o p LS L % o
ro fT A fT v
O l + ﬁ - K— _h/Q/
Yy Yy
2
. fTal - le g o
Kwro Ryv



which provides the characteristic Equation:

o - (B)2)

2

fTQ 2 fL fL KW

+ T 1 + h E— + f_ “———2— S
] T T \EK_%
B Y

rot [ 2 T AR VAR TEY) 2
+ ———02 1 + h f—I-'- + 2 T\ - s

aVv L T y ¥ o
. AN (o) [ Ert L+ n2 L N £ /vy o3

5 I\ )\ &y * [ 2
aV T TVK 2
Y
3

r 7\ /£.% (f >

o) T L 4
+ ST =0 (2-74)

uV4 <K¢ > RKy?

Some simplification results from defining
s = ‘BL s, (2-75)
K

and regrouping terms to obtain:

£f B f
+ [tk L\ (& <1 + 28% 4+ s4> =0 (2-76)
(5 (=) () el

For the limiting cases of Ky -+ o, K, » «, the characteristic

v

equation predicts the rigid truck kinematic hunting. For

Kw - 0, Ky + 0, the equation reduces to the pair of single



wheelset kinematic hunting equations. We also obtain the result
that for small values of either the lateral or rotational stiff-
ness, the solution is the kinematic oscillation of a single
wheelset.

Equation 2-76 may also be written in the form:

2 2 2 2\
<Sl + 2Bawasl + wa> <Sl + zsbwbsl + wb> = 0 (2-76a)

where for oscillatory solutions of the equations of motion

Wy and w,_ are the natural frequencies of the equivalent second

b
order system. Ba and Bb are the associated damping ratios. The
roots of the characteristic equation (Eqg. 2-76) have been
calculated as functions of the dimensionless stiffnesses for

axle distances of h = 1.41 times the gauge distance (22) which

is typical of truck designs and for axle distances of h = 10
which is typical of truck center separations. These results

are plotted in Figures 2-5 through 2-10.

It is seen that the interaction between the two axles
through the elastic members does result in a dissipation of
energy and that flexible trucks can be designed with a damping
ratio of 0.35 for the kinematic truck oscillation. The kinematic
wavelength of the damped truck would be about midway between
the wavelength calculated for the rigid truck and that calculated
for a simple wheelset. A change in the creep coefficient can
result in a dramatic change in truck behavior. An increase
in the creep coefficient will increase the kinematic frequency

at a given speed. Depending on the truck design a change in
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creep coefficient can result in either an increase or a decrease
in the effective damping of the transient oscillations.

As seen by comparison of Figures 2-6 and 2-10 the dissipa-
tion available for damping transient oscillations increase with
vehicle length. However, a high stiffness between axles for a
long vehicle results in a limitation on the ability of the
vehicle to negotiate curves. For truck designs where the axle
suspensions are connected to a rigid truck body as shown in

Tigure 2-11, the effective stiffnesses between axles are:

~
1
wkﬁ

k k
K ::_X _._12__._2~....
Y 2 {x +x h%e?
p TRy

For the stiffest primary suspension designs of LIM motor test

vehicle:

k

y 52,000 1b/in

Ky

20 x 106 lb-in/rad

resulting in effective stiffnesses for 102" distance between

axles of K, = 10 x 10° 2=in .4 x = 3,350 15 The dimension-
[ rad Yy in

less stiffnesses for a creep coefficient of 106 1b and a cone

angle of 0.05 are:

' K,B
ky = XK 3,350 % 100 _ o 53
L 10
< =<E5 2K =<1oo > 2 10 x10° _ | g
v\ EpBy 28257 108 x 100



Figure 2-11. Model of Two Axle Flexible Truck
Including Truck Body
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For a cone angle of 0.025 these non-dimensionless stiffnesses
would be 0.475 and 1.75.
For a flexible truck travelling in a constant radius curve

the Equations 2-65 to 2-68 can be simplified by the substitutions

[
i
=
I
o
Il
<
o+
)

VA = -h2y

Splt) S o(t1) =0

yield a tracking error

n2 o
£
—_ rOQ )
% = ——= 1+ (2-77
aR 1+<95__& foT
r RyKy
- he
R
va o = (2-78)
1+ Kwagro>
fr <h2>
Kv \ R~
yA = (2-79)
14 ot fnfe
r KyKy



The tracking error of the forward wheelset is

h2 f& af fT
£ 1+ ¥ %ny
rok T o ™Y

yl=y+yA__&_§_. 1 + ff (2—80)
af LT
1+ ro EKyKy
for the case of a rigid truck frame the tracking error is
£
— rok 2 Iy,
= —=— + - -
Y oR 1 h r (2-81)

as obtained in Section 2.3 and for an infinitely flexible truck
frame we obtain the simple wheelset solution of Section 2.2.
For low values of yaw stiffness the tracking error for the lead-
ing wheelset decreases with decreasing lateral stiffness. How-
ever, for large values of yaw stiffness, a decrease in lateral
compliance results in a larger tracking error than that for a
rigid truck.

The above result has also been obtained by Newland in
Reference 6 from the static case of the model shown in Figure

2-11, with the substitutions:

=
1
N‘GPT'

y (b
Ky = 75 \ky + kyh%e?
Newland also obtains the tracking error due to application of a

lateral force P as



2fL< al fr ) fhe
rod h T\l + o hi Phi 7w - 1
aR ol frfr 4f af frfop

1+

To RKyEy L+ 5 RyRy

Slip of the wheels will occur when the creep forces, required
to maintain the geometric relations of the axles implied by
the elastic restraint of the assemblies, exceeds a critical
value. This force is defined by the coefficient of sliding
friction v as Y W/2 where W is the axle load. This results in
a minimum radius curve that can be negotiated by the flexible
truck without wheel slip. This radius is obtained by Newland

as:

o, . )] ]
2f7he |1 + h? Fpll + TS\Ry

2-83
LW af frfr ( )
L+ r5 RyRy
For an infinitely rigid truck this minimum radius is
2f1he -
R = 0 [1 " hz]l/z (2-84)

Measurements of the limiting adhesion coefficient range from

p = 0.15 to v = 0.3. The creep coefficient is of the order of
150 times the normal contact force. For a rigid truck with

1 = 28.25 inch, h = 1.41, the minimum radius that can be
negotiated without wheel slip is 2,870 feet for pu = 0.3 and

5,740 feet for u = 0.15. As obtained above, flange contact



for this rigid truck will occur at a radius of 3,410 feet.
Sharper curve radii may be negotiated by flexible trucks without
slipping. For the case of zero yaw stiffness any curve can be
negotiated. For zero lateral stiffness the minimum curve radius

that can be negotiated without slipping is:
2frhe\ (K 2K
R ==L v ~ 2K (2-85)

For a yaw stiffness of 10 x lO6 lb-in/rad. and an axle load of

20,000 1b this minimum radius is 565 feet which is considerably
sharper than the 1970 foot radius at which flange contact will
begin for a single isolated wheelset. The above equations
assume that the vehicle is travelling at zero speed around a
curve with no superelevation. When the vehicle is travelling
at speed, a centrifugal force will be generated that may or may
not be compensated by the superelevation of the track. If there
is no slip, the tracking error can be calculated from Equation
2-82 by substituting for P the difference between the centrifu-
gal force and the lateral gravity force component produced by
the superelevation. The minimum radius that can be negotiated
without slip is calculated by reducing the effective adhesion
force uW by the same gquantity. This is equivalent to reducing
1 by the lateral acceleration sensed by a passenger in g units.
Therefore; the smallest radius curve that can be negotiated
without slip for the rigid truck example above with lateral
accelerations of 0.1g is 4,300 feet for ¢ = 0.3 and 17,300 feet

for u = 0.15.



Misalignments between axles will cause tracking errors and
loss of adhesion on straight track similar to those that would
occur if the vehicle was travelling around a curve whose center
was located at the intersection of the center lines of the two
axles. TFor a truck having an 80 inch wheelbase and an axle
misalignment of one milliradian, this equivalent radius would
be 6,670 feet or 1.27 miles. A misalignment of 0.1° would be
equivalent to travelling around a curve having a radius of

3,830 feet.

2.5 PARALLELOGRAM WHEELSET ASSEMBLY

In practice, many rail vehicle trucks are designed so that
the journal boxes of the wheel axles are connected by rigid
structural members, (which serve to equalize the load between
axles) which rest on a rubber type pad mounted on the journal
boxes as shown in Figure 2-12. The truck frame which houses
the drive motors and provides suspension for the vehicle body
is connected tou these equalizing members through the primary
suspension springs. This type of assembly suggests the model
shown in Figure 2-13. For a hard rubber pad (about 70 durometer)
having a shear modulus of about 150 psi, an effective diameter
of 3.6 inéh and a 1/8 inch thickness, the stiffnesses of the
journal box connection to the equalizer bar on side frame are
about:

k.= ky = 12,000 1lb/in.

o
Il

37,000 lb-in/rad.



PRIMARY SUSPENSION

ELASTOMER BEARING PAD / SPRINGS

\ EQUALIZER BAR

JOURNAL BOX

Figure 2-12. Typical Assembly of Wheel Axles and Equalizer Bars
in Transit Truck Designs
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Figure 2-13.

Model of Equalizer Bar-Wheel Axle Assembly



This results in effective stiffness between axles referring to

model of Figure 2-4, of:

k
Ky v 3— = 27090 = 23,5 1p/in
h™2 (40)
2 2 6 .
Ry = kXQ = 12,000 x 287 = 9.4 x 10  lb-in/rad.

The very small effective lateral stiffness of this type of de-
sign permits the model of Figure 2-13 to be redrawn as shown in
Figure 2-14. Since no moments can be resisted at the link
connections of the parallelogram,

M=M +M

1 2
M=
The equations of motion of the wheelset assembly are
v Y2
P =F1 + Fy = -ZfL T - U 2'.' 2fL v - ll)z 5. (2-86)
3 alyq + L5y ) alys AR AN ”_g
M= M} + My = -2fq o ~v ]~ fo o + v (2-87)

38
+ 2fT E((Sl + 52)
—2Ky (295 - b1 - ¥2) (2-88)
which may be rewritten as:

M

M = —4Ry(Ya - ¥) (2-89)
2_'
ol _ 2 ll)l al 61 + 62 _
M= —4fT(;g Yy + 7y ) + 4fT Eg (‘“‘5——— (2-90)
P = —4fL(%'_ v (2-91)

These equations are recognized as having exactly the same form
as those of a simple wheelset suspended from a frame having a

vaw stiffness of 4Ky as indicated in Figure 2-15.
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Figure 2-14.

Parallelogram Model of Egualizer
Bar-Wheelset Assembly
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Figure 2-15.

Equivalent Single Axle Model of Equalizer Bar-Wheelset
Assembly for Small Yaw Stiffness Between Equalizer Bar
and Journal Box



2.6 SPRING SUSPENDED WHEELSET

For high frequency vibrations, the suspension system acts
to isolate the vehicle body from motions of the truck assemblies.
As a result of this isolation the vehicle body appears to be a
rigid frame moving at a constant forward velocity along the
track for vibrations at frequencies well above the car body
suspension natural frequency. Under these conditions the truck
and suspension can be modelled as shown in Figure 2-16. For
truck designs in which the wheelset assembly can be modelled as

a single wheelset, the equations of motion are:

My + 2fL(%'- w) + ky(y - yg) =0 (2-92)

v+ 2sz(%Z + %y) + kw(a'— Ua) = 2fg 9%§ (2-93)

For high frequency motions the car body displacements Yy and wa
approach zero. The characteristic equation governing the

transient response of this system is:

2 2

2
f frb 4f7fy, ol
2 +L 2 IT 2 2 TIL
+ ZS(ww mv t vy EV__) + (wY wo© + e f—> =0 (2-94)

The substitutions:

= — Wy = —
k 2 4 k Bk
2 2f£me? 2 2fL
WT = CB ’ WL = mB
S = Wksl



uotsuadsng oTdwrs Aq
STOTYSA WOII popusdsng 3I9SToYM " 9T1-C sanb1 g

A

l‘\ sn‘u-
)
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permit rewriting this equation as:

sz WL2 + Wy2 sz wkZ(wy2,+vww2)‘+ WEZ WTZ} ,
1+ (wy2 sz + wpe WLZ)Sl + [ wyz W1P2 + wp? w2 S1
sz(WT2'+ wW,“) 3 Wy . )
+ (wy?- Wyl + wpe wLZ)Sl +(WT2 wL2 + Wyz wwz)sl = 0 (2-95)

Rouths criteria gives the kinematic frequency at which hunting

instability will occur as:

2
wyl + T W
2 _ P w2 Yy (2-96)
L s POV o P - Wyz)z)
w2 (wp,2 + wy?)2

wk

The above criteria can be simplified by noting that

wp? _ fT)(mQZ) .1
wp? o \fp/\VC

Wyl = KyB

Y _ 2T

WL2 2f7,

wypl = Ky

and that the creep coefficient is about 150 times the normal

force,

Wy KyB



and that the lateral vehicle natural frequency is:

i [Ky g
f1 = 77 W

w2 (2m2£28  £,28

w2 386 x 150 1500

~
~

and f x~ 100 inch .
and 8 = 100 inch

2
vy _ 17

wp? 15

fl is normally less than 2 HZ and wy and ww are normally of

similar magnitudes. The magnitude of the term

2 _ 24\ 2
A= (T " Yy
is of the order
g4 24

_ £ =

225 225

This term can, for many designs, therefore be neglected in

Eguation 2-96 and the critical kinematic frequency is given by:

) fr mZz 2

Wk = 2
2
1 4 fo(™7
fi\N C
2 2
W + w
sz = _E__w__l

2

(2-97)

(2-97a)

The high speed hunting instability is therefore expected to occur

when the kinematic frequency of the wheelset is 70% of the larger

natural frequency of the wheelset on the vehicle suspension, -if

the two natural frequencies are different. The instability will
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occur at the natural frequency when the two natural frequencies

are equal. At low frequencies the terms ky(§ - ya), k, (y - wa)

v

represent the inertia forces associated with the car body and a
portion of the creep forces associated with the other axles. 1If
there is no damping, these inertia forces tend to destabilize
the lateral guidance of the vehicle. These destabilizing forces
are reacted by the dissipation provided by the interaction
between vehicle axles. The effective inertia forces are a maxi-
mum at the vehicle body natural frequencies. It is therefore
expected that lateral vibrations will increase with speed until
these natural frequencies are reached by the kinematic frequency.
At speeds well above the natural frequencies the simplifications
used above are valid and the suspension acts to stabilize the
vehicle. A characteristic speed whose kinematic frequency is at
the vehicle natural frequency evidenced by large body oscilla-
tions is therefore not unlikely.

Predictions of the critical speeds based upon the above
arguments yield results which are similar to those that would
be obtained from the "resonance" theory described in Reference
4. This theory considered the kinematic oscillation as a forc-
ing function to the vehicle suspension. The "resonance" theory,
however, does not account for the unstable nature of the hunting
problem and can in some cases. .result in grossly incorrect
results. However, for many vehicle designs, these approxima-
tions permit a good first estimate of the critical speeds. 1In

order to fully describe the vehicle behavior a more complete

2-42



model is required. The simplest credible model for predicting

vehicle response and critical speeds is the seven degree of

freedom two-axle vehicle model described below.

2.7 TWO AXLE VEHICLE MODEL

The two axle vehicle discussed by Wickens (Reference 1)
and Cooperrider (Reference 3) shown in Figure 2-17 can be used
to model vehicles with either rigid trucks or f£lexible trucks
whose behavior is equivalent to the single axle as discussed
above. This model can also be applied directly to study of more
complex trucks when the natural frequencies associated with the
truck assembly are much larger than natural frequencies of the
car body mounted on the secondary suspension system. For more
complex vehicle assemblies, the model of Figure 2-17 serves as
a basic building block for construction of the more complete
model.

The equations of motion of this model are:
my, + Cy[yl - (ya + eb + hzwa)

+ ky[yl - (ya + eb + hwa)] =

- 2f (ZE'— 1] ) -k (y - 6)== F (2-98)
L\V 1 g\*1l 1
C¢l + cw<wl - Wa> + kw<¢l - wa) =
oL 22wl ol
- sz f; Y1 + + Kawl + ZfT f; 61 = Ml (2-99)
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hZ -

hl

Figure 2-17. Lateral Dynamics Model for Two Axled Vehicle



.. Y, Y, . . (Y]t Y,
My, + 2ky Y, + ed - — + 2cy Yo * ed - \———i——— =0

(2-100)
Iy +ov, b+ RV - kW(wl + wz) - cw(wl + wz)
vy, - ¥ v, - ¥
- 2kyh£<—l——2————2—> - 20yh9v<—1’-—2———2—) =0 (2-101)
. . vy, + yz]
IG+ce(6)+K66+2kyya——2——— e
+ 2 J —(gk;ijgg] e =K, 8 + ¢ é (2-102
cY{¥a 2 T 8o B 0 - )
m§2 + cy[§2 - (ia + eb - hlwaﬂ
Y,
+ky[y2 - (vq * e - hwa)] = -2\ 5= - U,
- kg(y, = §;) = ¥, (2-103)
2.
LY
. : _ al 2
ClPZ * Cw(®2 - Ipa) + kw(wZ - 11)a) h 2f ry Y, ¥ ¥
al = _
+ K b, + 2f, T 5, = M, (2-104)
where:
Ky = 2ky
cy = 2¢cy
Ky = 2ky + Kyh22?
cpa = 2cy + cyh222
- 2 2 2
Ke = Kye + bi = Kye~ + 2k8
_ 2 2 2
cq = cye + czb = Cye  + 2cel
kg = Gravitational stiffness resulting from wheel/rail

normal forces (discussed in more detail in Section 3).



These equations can be non-dimensionalized and cast into

simpler form by the substitutions:

r &
2 _ 70 - Vv =
By = < 7 g T OB, T = wgt
K
2
W2 ~ 2fL Wz _ 2fT2
L =~ mBy ! T CBy
2 Ky 2 _ky
Y1 % 3m W2 T C
B, - 3L s, = ool
1 4mw1 ! 2 2cw2
] 5 - oua
V] J ’ 1] 2wa
3] I ! 6 EIW6
2 _ Rye _ cye
3T 0 P37 T
2
W2 T
4 J ! 4 Jw,
w2 _ KthSL2 B = cyh22,2
5 J r "5 2Jw5
g m ! a C
e 2 ya
e' = — , L' = =— , r = 55—
By By ° By
E:yl+y2 r=yl_Y2
2BK ! o) ZBK



2
1

2 w
Rt=;2'
L

reduced to:

Ky B

_ K
4fL

2
w W
K K}t = 2
— r + [l + ZBlRL = ] r + RL +
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where the dot represents differentiation with respect to
dimensionless time (7).

This normalized form serves to reduce the magnitude of the
coefficients in the equations of motion with a resulting simpli-
fication in the computation requirements to obtain characteristic
roots and frequency response characteristics. Numerical solu-
tions of the equations of motion indicate that stability problems

normally represent motions at the wheelset kinematic frequency.
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In the normalized set of equations, displacements and their
derivatives (e.g., V¥, &, &) at the kinematic frequency have the
same magnitude. This permits a rapid gualitative evaluation of
the significance of the various design parameters in the deter-
mination of critical speeds. The normalized form also defines
the scaling laws required for an experimental scale model of
rail vehicle behavior. That is, for conducting a scaled ex-
periment, the coefficients of Eguations 2-105 through 2-111 must
be the same for both the model and the full sized vehicle.
Computer programs are being prepared to obtain the character-
istic roots of the above equations in order to describe the
vehicle transient response and stability. A program is also being
prepared to calculate the response of the vehicle to sinusoidal
track irregularities and stationary random track irregularities.
In order to check the results, the programs are being
applied to the example vehicle used by Wickens in Reference 1

with the following parameters.

2 x 10% 1p/ft

m = 90 slug (2,810 1b) Ky =

M = 400 slug (12,900 1b) K, = 7.11 x 10°% 1b-ft/rad
c = 360 1b-ft-sec? Ky = 2.43 % 10° 1b-ft/rad
5 = 12,000 lb-ft-sec” k, = 9.5 x 104 1p/£t



4,000 1b-ft-sec’ e = 4.0 ft

I =

f£n = 3 x 10° 1b g = 2.5 ft

£ =3 x 10° 1b h = 2.0

o = 0.4 k, = 1.06 x 10°
g = 2.5 ft B = 3.31 ft

The results of the calculations for this vehicle are in agreement
with those obtained by Wickens. The oscillatory components of
the solution are represented as the natural frequency and damping
ratio of an equivalent second order system. Negative damping
ratios represent unstable occillations.

The results of the computations for a vehicle with no
damping are shown in Figures 2-18 and 2-~19. As shown in Figure
2-18 the frequencies of oscillation are the vehicle lateral
natural frequencies and the frequency corresponding to the wheel-
set motion. At very low speeds, damping of the wheelset motion
exists due to the restraint provided by the gravitational stiff-
ness and the stiffness between axles. When the wheelset fre-
quency approaches the lateral natural frequency there are large
changes in the damping fatio associated with that frequency. If
there is no damping in the secondary suspension, the oscillations
become unstable as shown in Figure 2-19. The introduction of a
small amount of damping (as shown in Figure 2-20) into the
suspension (3%) results in the suppression of the unstable

oscillations at speeds that do not coincide with the character-
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istic speeds at which the wheelset frequency is equal to a body
lateral natural frequency. As shown in Figure 2-21 the low
speed unstable behaviour can be completely eliminated by the
introduction of additional damping. However, we still note a
characteristic speed at which there is a sharp reduction in the
effective damping ratio which occurs when the wheelset frequency
is equal to the lower body mode natural frequencies. This is
evidenced by an increase in the lateral oscillations of the
vehicle until the characteristic speed is exceeded. Once this
speed is passed, however, the lateral oscillations decrease and
the damping is about the same as that under crawl conditions.
At very high speeds, the vehicle behaves according to the
behaviour predicted in Section 2.5 for the spring suspended
wheelset. If the gravitational stiffness is included in the
lateral natural freguency wy Equation 2-96 correctly predicts
unstable motion of the wheelsets at all speeds above 95.1 ft/sec.
The low speed hunting phenomenon has been observed during
tests of two R-42 cars borrowed from the New York City Transit
Authority at the DOT High Speed Ground Test Center. Figure
2-23 shows the lateral accelerations of the wheelset at speeds
of 15, 30 and 50 mph, maximum accelerations of both the wheelsets
and the car body lateral motions were observed at about 30 mph
at a frequency of about 0.9 Hz. The dominant frequency of car
body vibration at all speeds was about 0.9 Hz. This would imply
a kinematic wavelength of about 50 feet which agrees with the

51.3 feet predicted for conical wheels with a conicity of 0.05
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above. The measurements of lateral displacements of the truck
body indicate a dominant wavelength of about 50 feet as shown in
Figure 2-22 (plots have common time scale) at all speeds. The
large wheelsef accelerations at 30 mph imply that there is an
increase in the lateral wear forces at the wheel/rail interface
at this speed. A reduction in wheel and rail maintenance costs
could probably be achieved if this characteristic speed could be

avoided.
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3,0 EFFECTS OF NON-LINEARITIES ON LATERAL
RAIL VEHICLE DYNAMICS

3.1 SUMMARY

Section 2 develops the mechanics of lateral guidance and
lateral oscillations of rail vehicles based on linearized
models of the vehicle. These analyses provide good results for
well maintained vehicles and roadbeds on straight routes. How-
ever, for rail vehicles travelling on track with large lateral
and vertical irregularities and negotiating sharp curves, the
non-linearities that result from flange contact, wheelslip,
suspension friction and mechanical stops must be taken into
account. In addition it is necessary to consider the effects
of vertical wheel motions which may result in a decrease in
creep coefficient and a loss of adhesion. The mechanics of these
non-linearities and the modifications in the eguations of motion

resulting from them are discussed in the following paragraphs.

3.2 PROFILED WHEELSET

Tn Section 2 it was assumed that the wheels were perfectly
conical so that the rolling radius was linearly proportional to
the wheelset lateral displacement. Although this may be approxi-
mately accurate for newly ground wheels, wear of the wheel sur-
face will act to hollow out the wheels to produce curvature.
New rail vehicle designs have been using profiled wheels in order

to take advantage of the increase in gravitational stiffness
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that results from the action of the normal forces at the wheel/
rail contact. The gravitational stiffness is defined as the
force per unit lateral displacement that is required to move a
loaded wheelset laterally in the absence of friction.

If a horizontal force Fyg is applied to the wheelset shown
in Figure 3-1. the wheelset will translate laterally a distance
v, and tilt through an angle 61. This will result in raising
the axle load W against gravity through a vertical distance GZ.

This height change is:
r., +r \
_ 1 2 _ _
sz B ylel * <_~—§__— ro> (3-1)

0, = 57— - (3-2)

The work performed by the force Fyg to produce a virtual dis-
placement Syl is equal to the change in potential energy of the

system

r - r r + r
_ 1 2 1 2
P.E.= Wy, <"7E""> + W [———5——— - ro] (3-3

Gyl is equal to the change in potential energy of the system

3P.E. |
Fygdy, = —— 0y (3-4)
1 ayl 1
so that
] 1
_ 3(P.E.) _ ) 1~ %
Fyg = v, W57 WY\ 37
W 1 L}
+ 5 (rl + r2> (3-5)

The gravitational stiffness may be defined as:
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-r
_ oFyg _ 1 2 1 2
k=5, ~W\TT )t
W " "
+ 5 <Fl + r, (3-6)
For conical wheels
r, = r0 + uyl (3-7a)
r, =r_ - oy, (3-7b)
we obtain: )
kg = 29¥ (3-8)
For profiled wheels
r, = r, + g (yl + 60) - g 60 (3-9a)
ry=r,t g9 (6, - yy) -9 8 (3-9b)
if g(v) = av + anvn (3-10)
14
' n-1
rl = a1 + aN(n)(yl + 60) (3-11a)
' _ _ n-1 _
r, = a; aN(n)(cSO yl) (3-11b)
" n_2
r, = aN(n)(n-l)(yl + 60) (3-12a)
n _ _ _ n_2 _
r, = an(n)(n l)(cSo yl) (3-12b)

The gravitational stiffness is then for small displacements

Kg = % [Zal + 2naNcSO

For large displacéments the lateral force is given by:

n-1 | H(n-1)2 son‘z] (3-13)



2Wa Wa
_ 1 N n _ _ n
Fyg = 47— ¥ T 33 [(Yl M 50) (50 Yl) ]
W n-1 n-1
+ og nay [(yl + 60> + (60 - yl> ]yl
w n-1 n-1
+ 5 nag [(yl + 50> - (ao - yl> } (3-14)

It is seen from Equation 3-13 that the effective gravitational
stiffness can be made quite large without affecting the norminal
conicity. This gravitational stiffness adds to the lateral
suspension system stiffness in the analysis of Section 2.6 to
produce an increase in the vehicle and wheelset critical speeds.
Profiled wheel designs are currently being employed by the
British and the Swiss to take advantage of this effect. The
total force applied by the rails on the wheelsets in the lateral

Fy = 7 2% I:\% ) ‘P] _ 2% Hg (¥1%85) ~ 9 (ov1)]
RS [g' (¥1+85) — 9 (so_yl>]
+ 8 [(i'(ylwo) - g' (ao—yl>ﬂ (3-15)

where y; =Y - § = displacement from track centerline
Go is defined by the wheel gauge, track gauge and the wheel rail
profiles. Changes in track gauge will produce corresponding
changes 1p 60.

The moment applied by the rails on the wheelset due to

creep forces is



v rl + r2

© r., -
M = - 2f <&9’- + _1—3> (3-16)
(o] T

The normal forces also produce a destabilizing torque that is

given approximately by

- W - ! - -
My = 3 [g'<yl+60)' 7' (8 ylﬂ Y (3-17)
The net torque acting on the wheelset is:
; r, - r
= - o, 1 2 UL - g' (s - -
M= - 2f, <v ¥ r, + r2> ) [g <y1+60> 9 (60 Y1> (3-18)
For a profile that can be represented by Equation 3-10,

Eguation 3-18 becomes

M= - 2f (;‘—a—"‘i L 2% T % [(Y1+6o>n - (ao—yl)n}
T e o]
+ ¥£ [Zal + naN[Kyl+60)n_l + (Go-yl)n_l] (3-19)

3.3 TRACK COMPLIANCE

The analyses given above have assumed that the rails and
roadbed are infinitely stiff compared to the gravitational
stiffness and have negligible deflection as a result of the
creep forces. These assumptions are essentially correct for
small displacements from the track centerline. However, for
large displacements where the flanges do come into contact, the
gravitational stiffness becomes quite large and significient
track deflections may take place Assuming the track has a linear
load deflection characteristic, the deflection of the track

centerline is given by



5§ -5, = -y (3-20)

the change in track gauge is given approximately by:

2 (50 - CSc»i> - T,2-\7 [g'(yl+6O)K_ g'<60_yl)] (3-21)
TG

where Kne is the overall track lateral stiffness and Kog is the
stiffness between opposite rails to a gauge spreading force.
Since the track is now capable of an instantaneous velocity,
Equation 3-15 must be modified to include the track velocity in

the creep forces. The creep force in the lateral direction is

now given by:

_ - Y -y - 38 _
FYeo 2, [v L e (3-22)
making note of

_ 96 L)

S=s Vo

and assuming the track deflects parallel to its initial geometry

38, %5 _

ox ~ adx i
we obtain

Fy = - 2f Y . v -5+ 3, (3-23)
c LV v i

The form of Equation 3-23 permits interchanging the space vari-
able x and the time variable Vt in the computation. Otherwise
it would be necessary in computations to maintain the variables

as functions of both x and t.



3.4 CREEP FORCES

The formulations given above have assumed linear relations

between the creep velocities and the creep forces.

The Johnson

and Vermuellen Analysis (Reference 5) which is in good agreement

with laboratory data gives the following relations between creep

velocities and creep forces:

1/3
\‘%:%qs% 1—<1—§§> (3-24)
Yy oo, Yy 1-<1-F—R> v (3-25)
\Y Grab "1 FR uN
.= ¢ F2 4 F2 (3-26)
R y
for FR < uN
where:
# = adhesion constant (coefficient of friction)
wl = constant depending on wheel/rail curvatures
¢ = constant depending on wheel/rail curvatures
a,b = major and minor semi-axes of contact ellipse (pro-
portional to Nl/é)
G = Shear modulus of material
FX = longitudinal creep force
Fy = lateral creep force
Vv, = longitudinal creep velocity
vy = lateral creep velocity h
V = forward velocity
N = Normal force.



Equations 3-24 and 3-25 can be rewritten as

1/37]
A% F P
X _ 1/3 “x _ _ R
R _
e 1/3 Ty 7\ 7
7= CZIJ F 1 -1{1 - N (3-28)
R -
for FR < uN
where Cl and C2 are functions of the geometry and material of

the wheel and rail.

The analyses of Section 2 have assumed a constant ratio
between creep force and creep velocity until the adhesion limit.
This approximation is valid only for very small values of the
creep forces and creep velocities. Use of a constant creep
coefficient results in the prediction of larger creep forces
than those which will actually exist. For designs having low
primary suspension stiffness, the actual value of the creep
coefficient has little influence on the dynamic characteristics
of the vehicle as long as the dimensionless stiffness is small.
When the dimensionless stiffnesses are of the order of one,
however, the actual magnitude of the creep coefficient is
significant.

The existence of lateral creep forces resulting from axle -
misalignmént on rigid truck designs results in a decrease in the
creep coefficients in both the lateral and lorgitudinal direc-

tions.



Field experiments on the adhesion coefficients as a function
of speed indicate a decrease in adhesion and creep coefficients
as a function of speed. Recent work by Paul (Reference 5)
indicates that this decrease in apparent adhesion is due to
oscillations in the magnitude of the contact stresses resulting
from wheel/rail vibrations. This effect can be approximated by
setting

N = No (1 + a sin wt)

where No is the nominal normal load and "a" is the ratio of the
oscillatory component of the normal load to the nominal normal

load. Equations 3-27 and 3-28 become:

v s 1/3 F_ . . 1/3 Fo 1/3}
= = + a sin w 1l -11 -
7 ( ) .

1l o FR ] uNo(l + a sin wt)

(3-29)

v 1/3 F /3 | F
Y = _X ( + ; ) _ _ R 1/3
v ClNo FR 1 a sin wt 1 1 uNO(l + a sin wt)

(3~30)
Since the vibrations associated with variations of the normal
load will be at high frequeﬁcy (above 40 Hz) compared to those
of interest for the investigation of lateral dynamics (below
10 Hz), an approximate relationship between creep force and

average creep velocity is obtained by:

2T

_ 1 Vx 6 .

= > T (8)as - (3~31)
(6)

< <
|



27

I L
7 = 57 7 (8)ae (3-32)

(o]

The creep force, creep velocity relations implied by the above
expressions resulting from variations in normal force are shown
in Figure 3-2.

The fluctuations in normal force result from the vertical
interaction of the rails and vehicle wheels in response to track
and wheel and wheel irregularities. A computer program has
been prepared for calculation of the response of rail vehicles
and prediction of track deflection due to vertical rail irregu-
larities. This program is described in Appendix B. The program
assumes the half car model shown in Figure 3-3 which is a valid
approximation at short wavelengths. Typical results of the
calculations are shown in Figures 3-4 and 3-5. at relatively
short wavelengths corresponding to irregularity frequencies in
the neighborhood of the wheel/rail natural frequencies large
amplifications of the irregularity motions occur. The accelera-
tions associated with these motions result in fluctuations of
the contact stress which prdduce a decrease in both the adhesion
limit and the effective creep coefficient as discussed above.
Under some conditions these changes may actually act to stabiliz-
ing the huntiﬁg behaviors of the vehicle which under other

conditions the adhesion may increase the likehood of derailment.
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3.5 SUSPENSION SYSTEM NON-LINEARITIES

Figure 3-6 schematically indicates the assembly of typical
transit vehicle trucks. For small longitudinal lateral and yaw
motions the clearance between the journal boxes and the truck
frame permit the wheelsets to move relative to the truck frame
to compensate for track misalignments. However, as the motions
become large the journal boxes will come into contact with the
truck frame résulting in a sudden stiffening of the effective
primary suspension. Large acceleration on braking forces will
produce a similar effect. When the relative motions between
the car body and truck are large, sliding will occur on rubbing
surfaces. There will also be impacts with mechanical stops and
snubbers which have been designed to prevent excessive relative

motions.
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APPENDIX A

COMPUTER PROGRAM FOR PREDICTING CHARACTERISTIC
ROOTS DESCRIBING TRANSIENT LATERAL DYNAMICS

OF TWO AXLED RAIL VEHICLES
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Leonard Somers
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KENTRON HAWAII, LTD
DOT-TSC ADP Support Services Project

PROGRAM "POLY552" - AN INTRODUCTION

The computer program "POLY5352" described herein was devel-
oped to obtain the characteristic roots of a set of seven dif-
ferential equations which define a relatively simple system,
representing a four-wheeled railway vehicle such as a wagon or a
bogie. This simple system contains the essential physical con-
tent of the larger systems which must be considered in investi-
gations on stability. PFurther details on the equations may be
found in the appendix.

POLY552 is implemented in the MAC-360 language, an algebric
compiler developed at the MIT Instrumentation Laboratory for use
in fields such as dynamics and control theory. MAC-360 features
a three-line format corresponding to the 3 levels of an ordinary
algebric equation, thus inputing equations in a form as close to
the original as possible.

The resultant matrix of equations is solved by POLY552
through use of a modified MAC routine "AU232.PLOYMATRX", renamed
"POLY551", which evaluates the determinant of a matrix with
polynomial elements using the MAC determinant function. The
output of the determinant function are the polynomial coeffi-
cients of the system polynomial.

A non-MAC routine DPRQD (from the IBM SSP library) is

linked to POLY551 to provide rooting of the system polynomial.
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Routine DPRQD uses a double precision ratio quotient algorithm
to obtain the roots of a polynomial. The generated complex roots
are then manipulated to yield the frequencies and damping ratios.

AThe complete set of frequencies and damping factors are
stored and then plotted using the MAC routine DCGPLOT. Labelling
and lettering of the plots are also included in the plot portion
of the program.

POLY552 is catalogued in the MAC symbolic-program storage
file at the MIT Draper Laboratory. It can be called into use by
specific control cards. The control cards to summon POLY552
the necessary input, and the output and plots expected are dis-

cussed in the next few pages.
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MO1£400
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MO1<300
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MO014700
5014800

MO14%00
$015000
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S01£200

MO15300
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501560¢C

MO15700
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M015500
5016000

MO1€10C
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R016300
M016400
MG1e50C
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MO16ED0
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ED17000
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S017200
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M
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=
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=
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FORTRAN IV G LEVEL 20 FMAC DATE = 72250

0001 SUBROUTINE FMAC{CALFIL) )
0002 DOUBLE PRECISION CALFIL{1), Q(15), EE{(15), POL{15)
00C3 1IC = CALFIL{1)

0004 CALL CPRUDI(CALFIL(2),IC,sQeEELPOL,IX, IER)
0CCs CALFIL{1l) =1IER .
0006 CALFIL{2)=1X

00C7 CALFIL(2+IX+1)=QUIX+]1)

0008 nNo 3 I=1,IX

0009 ' CALFIL{1+2) = Q(1I)

0010 CALFIL{ T+24IX+1)=FE(T)

0011 3 CALFIL{Z2+IX=*2 +1+1) =POL(I)

0012 CALFIL{4+ IX*3) =POL(IX+1l)

0013 RETURN

0014 END



R0O31300
MQ31400
MO3150C
MO31600
RO31700
MOBiSOO
MO31900
MO3 2000
R332100
M032200
M032300
M032400
R0O32500
M032600
M0 32700
M032800
RO3 2200
M0 33000
M033100
M022200
RO23300
M033400
MG32500
MO 33600
MO33700
M3 33800
MC33600

M034000

w
"1
-

MOGEY L INE sMAKK, NMARK , NPOINTS , PER 10D,
VVHIN, VVMAXy VVINCH, VVTICK ,VVLAOC,
YAMIN, YAMAX,YAINCH,YATICK,YBLOC,
THREF
MODEY s LINF yMAF K ,NMARK , NPOINTS, PER IO,
VVMIN, VVMAX, VV INCH, VYT 1K, VVLOC,
YAMIN, YAMAX, YAINCH,YATICK, YCLOC ,
FOUR
MODEY s LINE ¢MARK yNMARK ¢ NPOINTS , PERTOD
YYMIN, VUMAX ,VV INCH,VVT ICK, VVLOC,

YAMIN,YAMAX,YAINCH,YATICK,YDLOM,

FIVE

MOGEY g LINE yMARKyNMARK g NPOINTS, PFRIDD,
VVMIN, VVMAXy VVINCH, VVTICK,, VVLOC
YAMIN,YAMAX,YAINCH,YATICK,YELDOC,
S IX
MOUTY g LINFE ¢MAKK yNMARKSNPOINTS , PRRION,
VVMIN,VVMAXyVVINCH, VVTICK s VVLOC,
YAMIN , YAMAX,YAINCH,YATICK,YFLOC,
SEVEN
MODEY 9 LINE s MARK,NMARK s NPOINTS, PERICD,
VVMIN, VWMAX,VVINCE,VWTICK,VVLOC,
YAMIN, YAMAX,YAINCH, YATICK,YGLNC
caLL DCGPLOT(LABL),
00,3100,3100,0.06
CALL DCGPLOTI{LETR),

1.141P1/2)4{-1.2)93.5,



M034100
*234200
M334300
RO 34400
RO34500
RG34600
MG3470C
M034800
MG 34900
403560
M335100
M335200

35300
M035400
ML 35500
M335600
RGC35706C
M) 35800
M135500
#036000
®03€100
M036200
33 €300
M09 €400
RO36500
M(O36600
M02 6700
MO3ER00

R336900

ST ART

w
7
-

22441 921140952421 9379199569609 24421441451,457,28,90%
CALL DCGPLOTILETR),

1019049340 -1.2)453421,35,38,19,25,514956,¢9%

OF PLOT GENFRATITON NF CAMPING RATIOS
NSETS=7,LINE=CyMARK=1 ,AMARK=1 y NPOINTS=L0OCP, PERION=15
VVMIN=0,VVMAX=220,VVINCH=5.5,VVTICK=10,VVLOC=80000
YAMIN==C, 10y YAMAX=Co1Cy YAINCH=7 ,YATICK=0.005,YALOC=VVL OC+]
MODEX=0,MCOFY =2, YBLOCZVVLOC+3, YCLGC=VVLOC +5,YDLOC=VVLOC +7
YELOC=VVLOC+%, YFLOC=VVLOC+11, YGLIC=VVLOC+13
CALL DCGPLOT(PLOT) ,NSETS,

CNE
MODEX s LINE yMARK,NMARK yNPOINTS , PERICD,
VVMIN, VVMAX,VVINCH,VWTICK,VVLOC, -
YAMIN, YAMAX,YATNCH, YATICK,YALRC,

TWO

| MODEY L INF ,MARK,NMARK ,NPOINTS, PERTOD,

VVMIN, VVMAX,VVINCH, VT ICK,VVLIC,
YAMIN,YAMAX,VAINCH, YATICK, YBLOC,
THREE
MODZY g LINT MAR K, NMARK , MPOINTS ,PFR 10D,
VVMIN, VVMAX,VVINCH,VVTICK,VVLOC,
YAMIN,YAMAX ,YAINCH,YATICK, YCLAC,
FOUR
MODEY s LINE yMAR K, NMERK ,APOINTS 4 PER 10D,
VVMIN, VVMAX,VV INCH, VW TTCK,VVLOC,
YAMIN s YAMAX, YAINCH,YATICK,YDLAC,
FIVE



MO 37000
MO37100
MO37200
RO37300
MO 37400
MO37500
MO37600
R037700
MO 37800
MO 37900
MO 32000
MO3E100
M0O3£200
M032300
MO3E400
MO32 500
MO3E€00
MO2E700
MO36800
RO38S00
M 35000

M03€100C

‘ MODEZY 9 LINE gMAR Ky NMARKZNPOINTS,, PO TIND,
VVMIN, VVMAX,VVINCH,VVTICK,VVLDC,

YAMINy YAMAX ,YATINCHZYATICK,YFLOC,

MODEY ,LINE yMARK,NMARK,,NPOINTS ,PERICD,
VVMIN, VVMAX,VVINCH,VVTICK,VVLDC,

YAMIN,YAMAXy YAINCH, YATICK,YFLGC,

MODEY s L INESMAR K ZNMARK y NPOINTS,,PFETID,
VVMIN,,VVMAX,,VVINCH,VVTICK,VVLOC,
YAMIN,YAMAXZYAINCHy YATICK, YGLOC
CaLL DCGPLOTILABLY,
00,3100,3100,4D.06
CALL DCGPLOT(LETRI,
Lals(P1I/2)3(-1.2)13.5,
20917436493%9,25937923+13922,1791%9951,38,41,9¢¢
CALL DCGPLOT{LETR),
1e19093910-102)453921935,33,194925451,56,96¢
CALL DCGPLOT,(-1)

END OF PLOT GENFRATION
CALLINONMACIGO, (~1)

START AT BEGIN



M029300
MG22400
MO2EB00
MQ028600
MG22700
M0228800
MO 28900

M023000
$02¢100

MG2G6200
5023300

M02c400

M02¢500
5025600

M02<7C0
SQ2SEC0

MG29%00

MO30000

k030100
RG30200

MO3C330

M03 0400

MO3C500

M33G600

MO307060

MO3CR00

R0O30<00

M031000

M031100

M021200

100

PRINT HDG,LCUP,SP1
PUN NO.

QUUT=2000 + 5C LOCP
SET FILE READ QOUT
FILE ZFAD V,X

PEINT HEG,V4X
VFLOCITY NO. ROQTS

FILE RFAD CMGA TO OMGA
1 X

PRINT MSG,y UMGA TC CNGA  ,SP2
1 X

PEAL ROCTS IN HERTZ

FILE READ BFTA T0O RFTA
1 X

PRINT MSG,BETA TO BETA ,SP2
1 X

THMAGINARY S0OCTS IN HFRTZ:

{UMMD = 0

START OF PLCGT GENERATION OF REAL ROOTS

(72l

oy
)

o

m

NSETS=7,LINE=0yMARK=1, NMARK=1,NPUINTS=L0QOP, PER ION=15
VVMIN=0,VVMAX=220,VVINCH=5.5,VVTI{K=10,VVLOC=75000
YAMIN=0,YAMAX= 12 ,YAINCH=T7 ,YATICK= 1 ,YALOC=VVLOC+]
MODEX=0sMCLEY=2,YBLOC=VVLOCH3, YCLNC=VVLOC+5,YOLNC=VVLLC+7
YELDC=VVLEGC+9,YFLOC=VVLDC+11,YGLOC=VVLOC+13

CALL DCGPLCT(PLAT),NSETS,

MODEX 9 LINE sMARK,NMARK ANPOINTS,PERIND,

VVMINyVVMAX, VYV INCH,VVTICK, VVLOC,

YAMIN g YAMAX YAINCHYATICK,,YALCC,
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MO250008 WOFKING VEOTOS 1S

MO25100 PRINT MSG,Q  ,5P2

$025200 X+1

MOZ2E300 MAXTHAL FELATIVE EFROE ISz
MD25400 SET =ILE WRIT: Q3

M325500 FILT WEITE VaX

MO25600 DG OTA 22 FUR W=l{1)X

E025700 : 2 2

M025800 OMGA =UGMECA  SGRTIG 455 )/ (2 P)
$025900 W K W

M026C0C 22 FILL WEITE CMGA

$026100 W

MO2€200 £0 TO 34 FOR W=L{11X

MO2€300 RETA =—GMFGA L /(TMGS 2 PT)
SU2€400 W Ko owW W

M026500 34 FILF WRITE 8ETA

S026€00 W

MU26709 SET FILT READ 93

MO26800 FILE RUAD V,X,0MGA TJ CMGA , 8FTA  TO RETA
S0269090 1 X 1 X
MO27000 STT FILE wWelTE O

M027100 FILD WRITP V

M027200 FILE WhITE OMGA T2 CMGA

5027300 1 X
MO27400 HC=G04+15

MO27500 SFT FILE WRITE 9D

M0O27600 FILY WPITF V, BETA  TC BETA
S027703 1 X
M027800 “L=QD+15

MC27500 12 DUMMB = O

RO25000 +nP CF FINF WRITE, START ©F FILT REZAD AND PRINT.
2027160

M028200 C0TO 100 FOR LOCP = 1(1)COUNT



MO21700 SM = -2 BETA CMEGA OMEGA /{SQOMEG £ }
S021800 801 THRER THREE K THETA PRIME
MQ21<00 SM = —M y SM = 2 BETA OMEGA /OMEGA

S022000 41 201 %61 THFET A K THETA
M0O22100 SM = SQOMEG /SQUMEG

$022200 $62 K THETA

RO22300 ©NL OF SEVENTH ROw,

M02240¢ CALL PLLYSS51{SUB)»Ge14742

M022500 RESUME N, CAINN,GAINDC,POLY TO POLY
$022603 . 0 N

M022700 COUNT = CLUNT + 1

MO2280D 4A= 1000 + 25 COUNT, ¢3 = 2000 + 50 COUNT

M0 22900 SFT FILE WPITE QA

MO23000 FILF WRITE V,H,POLY 10 20LY

5022100 0 N

MG23200 _ IC=N+1

M023300 COEF =0

$023400 0

MO23500 DO TO 11 FOR A=1{1)(N+1)

MO23600 11 CREF  =POLY

5023700 A N+ 1-A

M023800 PRINT MSG,COEF TO COEF  ,SP2

$023900 1 N+ 1

MD24000 COFFFICIENTS IN ASCENDING ORDER ARE:

MO24100 CALL(NDNMAC,PFSIDENTIGC,1C,COFF  T0O COEF
5024200 1 N+1
M024300 RESUME  IER,X,0 TO Q , EE 70 FE , POL 7O POL
$02440C 1 X+1 1 X 1 X+1
M024500 IF 1FR NZ, GO TO 13, CTHERWISE GO TO 20
M0O24600 13 COUNT=COUNT-1

MO247CC 60 TO 12

MO 24800 20 PRINT MSG,POL TU POL 4SP2

$024500 1 X+1
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MO11000
5011100

MO11200
SC11300

M0O11400
5011560

M011600
S011700

MO11ROC
5011500

MO12800
S012100

M012200
SC12300

M012400
SC12500

EQ 12800
MO1270u0
5012800

MO1Z600
S013000

EO13100
M313200
SC12338
MU 13400
MO 13500

RG13600
KO13700

MO 13800
5013200

MO14000
5014160

MO14200
S014300

£01440C
MC14500
5014600

SQUMEG
G

SQUMEG
A

SQOMEG

§C=75000
QN=RO0CO

MATRIX COMSTANTS

ADD = S@QR
L
Alb = -SQF
M = AOO,
0
sm = 5M
1690 {

KG/MS

KA/ C
= K /M
Y

= SQRT(SCCMEG )
Y

C /(2 M CMEGA )
Y Y

X!

=TA
K

£/

L/BETA

K
SME GA /CMEGA
ONE L

2

K

L
CMEGA /CMEGA
TW0O T

+ SQOMEG /SQOMEG

G L

=
L prIyE

SM = -1, SM = Al5, SM = Al5

2C 40 60
2

y Hi = _].7 SM = —S«;“‘ H L

0 180 200 L PRIME



MGQ07200 OMEGA = SQRT(SCOMEC )

S007300 : TWO TWO

MOC7400 BETA = SC /12 C CMEGA }
S0C750¢C TwO PSI TWO
MO07600 SQOMEG = K /J

SO0C7700 PSI PSI

MOO7E00 OMEZGA = SQRTISQCMEG )

S0C7¢€00 PSI PSI

MGC8000 BETA = C /{2 4 OMEGA )
SOQE100 PSI PSI PSI
MOC£200 SQOMEG = K /1

$S008300 THETA THETA

MUOC8400 OMEGA = SQRT(SQCMEG )
5008500 THETA THETA
MQCE600 BETA = C /42 1 OMEGA )
S008700 THETA THETA THETA
£002800 2

M008900 " SQOMEG =K E /I

S00%000 THREE Y

MOG9100 OMEGA = SQRT{SQCMEG )
5009200 THREE THREE
EQCS300 2

MO0c400 BETA =C E /{2 1 OMEGA )
SOCS500 THREE Y THRFE
MOBS600 SQUMEG = 2 SK /J

S00570C FOUR PS1t

MOCSR0O OMEGA = SQRT{SQCMEG )
$00ce00 FOUR FOUR

M01 0000 BET A = C /1 J OMEGA )
5010100 FOUR PSI FOUR
£010200 2 2

MO10300 SQLMEG =K H L /Jd

S010400 FIVE Y

MO10S500 OMEGA = SQRT{SQCMEG )
5010600 FIVE FIVE
E010700 2 2

MO1CROO BETA =C H L /(2 J OMEGA )
5010900 FIVE Y FIVE



M000100
5000200

MOCC300

MO00400
S00CSs00

MO 00600
MOGC700
M0OCC800
MO 00900
MGC1G00
MO011G0
#“001200
MOO01300
M001400
MOC1500
MO01600
MOO170C
M001800
MOQ01s500
M002000

M002100
500220¢

E002300
M002400
$002500

F0G2600
MO0G2700
SO02800

E0G2900
MOG3000
S003100

MG03200
S003300

REGIN

COMMON{(POLY551),SM
224¢%

INDEX NaWyh,X

RESERVE POLY LCOEF 4Q SEE LPOL LOMGA
15 16 16 16 16 16

READ VSTART,VINC,VMAX
READ ALPHA B yC,E,FL,FT

READ HylyJyKAgKG,L

READ MyMS,RO

KEAT: C1,C2,C3,K1,K2,K3

PRINT HDG» VSTART,VINC,VMAX,SP2

V START  INCR v END -

PRINT HDGy ALPHA,ByCyE,FL,FT,5P2

ALPHA B C F FL
PRINT HDG,HsI,J,KA4KG,L,SP2

H 1 J KA KG
PRINT HDGyM,MS,ROy SP2

M mS RO

PRINT HDG2C19C24C34K1,K2,K3,5P2

Ccl c2 Cc3 K1l K2
K = 4 K2
Y
2
SK =2 K1 8
PSI
2 2
K = K Ht + 2 SK
PSI Y PSI
2 2
K =K E + 4 K3 8
THETA Y
C = 4 (2
Y .

ET

K3



ED03400
M003500
5003600

EQ03700
MO03800
S003600

E0C4000
M004100
S004200

MO0 04300
5004400

MOG4500
SG04600

MOC4700
S004800

MO C4S00
S005000

MOQS100
$005200

MO0S2300
S005400

M005500
S005600

MO@5700
SO0G5600

MO0C53500
$006000

MO0&100
S0C6200

MODE300
5006400

£E00&500
MOC6600
5006700

MOC6800
SO0€6%00

MU0700C
S007100

sC
pPSlI

1"
N

(@)
1
o

PSI

c =C
THETA
PEINT HDG
K

Y

PRYNT HDG

PS1

SQBETA
K

BETA
K

SQOMEG
L

CMEGA
L

SQOMEG
ONE

SQUMEG =

GMEGA
T

SQROUMEG
TeO

Y

1K 4SK 1K 'K +C 4SC ySP2
Y PSI PSI THETA Y PS1I

SK K K C
» C yC ySP2
PSTI THETA

C
THETA

RO L/ALPHA
SQRTISQBFTA )
K

2 FL/{MS BETA )
K

SQRT{SQCMEG )
L

= K /{2 MS)
Y

= SQRT(SCCMEG H
ONE

C /{4 NS OMEGA )
Y ONE

2
2 FT L /(C BETA )
K

SQRT{SQCMEG )

SC

PSI



CONTROL CARDS

The following control cards are required to invoke POLY552
from storage:
1)y // J0B
This card enables job accounting and has the form:
Col 1-2: //
Col 3-8: job name
Col 14-16: JOB
Col 18-21: Job charge number [to be obtained from Data
Services]
Col 23-28: User's name
The following parameters may also be inserted:
a) Region
b) Time estimate in minutes
Example JOB card
Card Column 1 bzblank
2)//PGPOLY552bbJOB4379,SOMERS,REGION=220K,TIME=6
2) //bbbbbbbEXECbLMACOMPIL

Indicates that the MAC compile-time monitor is to
process a compilation.

3) //SYSINbDDb*
This card informs the Operating éystem that the
following cards will be processed by the program
bedgng executed.

4) *bbbbbbbMAC*POLY552
Compilation Control Card

5) /*
Last card of a job step.

6) //bbbbbbbbEXECPFORTGCL

Causes compilation and linking of Fortran subroutines

7) //LKED.SYSLINbDDbDSN=MAC.MAC4TRAN,DISP=SHR
//bbbbbbbbbbDDbDSn=AAAALIN,DISP=(OLD,DELETE)

causes new linking routine to be included in the
load module into which the Fortran subroutines have
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8)

9)

10)

11)

12)

//dddddddEXECbMACRUN

This card indicates that the MAC monitor is to
process the run steps in the job.

//R.EXTLIBbbDDbDSN=&AAAAMOD,DISP=0LD,DELETE)
//bbbbbbbbbbDDbDSNAME=SYS1 .MACEXT ,DISP=SHR

Defines data set in which non-MACload modules
are located at MACRUN collection time.

//R.FTO6F001bDDbSYSOUT=A
Messages produced by the Fortran error monitor
are written in the data s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>