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BACKGROUND INFORMATION
on the
TRACK-TRAIN DYNAMICS PROGRAM

The Track-Train Dynamics Program encompasses studies
of the dynamic interaction of a train consist with track as
affected by operating practices, terrain, and climatic con-
ditions.

Trains cannot move without these dynamic interactions.
Such interactions, however, frequently manifest themselves in
ways climaxing in undesirable and costly results. While often
differing and sometimes necessarily so, previous efforts to
.reasonably control these dynamic interactions have been re-
flected in the operating practices of each railroad and in the
design and maintenance specifications for track and equipment.

Although the matter of track-train dynamics is by no means
a new phenomena, the increase in train lengths, car sizes and
loadings has emphasized the need to reduce wherever possible
excessive dynamic train action. This, in turn, requires a
greater effort to achieve more control over the stability of
the train as speeds have 1ncreased and rallroad operations become
more systemized.

The Track-Train Dynamics Program is representative of
many new programs in which the railroad industry is pooling its
resources for joint study and action.

A major planning effort on track-train dynamics was
initiated in July 1971 by the Southern Pacific Transportation °
Company under contract to the AAR and carried out with AAR staff
support. Completed in early 1972, this plan clearly indicated
that no individual railroad has both the resouces and the in-
centive to undertake the entire program. Therefore, the AAR was
authorized by its Board to proceed with the Track-Train Dynamics
Program.

In the same general period, the FRA signaled its interest
in vehicte dynamics by development of plans for a major test
facility. The design of a track loop for train dynamic testing
and the support of related research program were also pursued
by the FRA.

In organizing the effort, it was recognized-that a sub-
stantial body of information and competence on this problem resided
in the railroad supply industry and that significant technical
and financial resources were available in government.

Through the Railway Progress Institute, the supply
industry coordinated its support for this program and has made
- available men, equipment, data from earlier proprietary studles,
and monetrary contributions. :



Through the FRA, contractor personnel and direct financial
resources have been made available.

Through the Transportation Development Agency, the Canadian
Government has made a major commitment to work on this problem
and to coordinate that work with the United.States' effort.

Through the Office de Recherches et D' Essals, the research
arm of the Union Internationale des Chemins de Fer, the basis
for a full exchange of information with European groups active
in this fleld had been arranged.

The Track-Train Dynamics Program is managed by the Research
and Test Department of the Association of American Railroads under
the direction of an industry-government steering committee.

Railroad members are designated by elected members of the AAR's
Operations-Transportation General Committee, supply industry members
by the Railway Progress Institute, U. S. Government members by the
Federal Railroad Administration, and Canadian Government members

by the Transportation Development Agency. Appropriate task '
forces and advisory groups are established by the steering committee
on an ad hoc basis, as necessary to pursue and resolve elements

of the program.

The staff of the program comprises AAR employees, personnel
contributed on a full- or part-time basis by railroads or members
of the supply industry, and personnel under contract to the
Federal Railroad Administration or the Transportatlon Development
Agency.

The program plan as presented in 1972 comprised:
l) Phase I -- 1972-1974
Analysis of and interim action regarding the
present dynamic aspects of track, equipment,
and operations to reduce excessive train action.
2) Phase II -- 1974-1977
Development of improved track and equipment
spec1f1catlons and operating practlces to
increase dynamic stablllty.
3) Phase III -- 1977-1982
Application of more advanced scientific principles

to railroad -track, equipment, and operations
to improve dynamic stability.

ii



Phase I officially ended in December of 1974. The'major
technical elements of Phase I. included:

a) The establishment of the dynamic characterlstlcs
of track and equipment.

b) The development and validation of mathematical models
- to permit the rapid analy51s of the effects on dynamic
stability of modifications in design,. malntenance, and
use of equlpment and track structures.

" ¢) - The development of interim guldellnes for train.
-handling, makeup, track structures, and engineer
" training to reduce excessive train action.
. wf
The "attached report represents the technical manual
documentation for the Locomotive Truck Hunting Model Wthh
was developed as an element of item b) above.

~—
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'I.  INTRODUCTION

The tendency of a locomotive ﬁo cscillate in a lateral
plane islcommcnly :éferred-to'as huhting. Hunting results in.
sustained motions of the 10comotiVé,cOmponehts'in which the wheel
axle,ésscmbiy'oscillafes from rail to rail, the axles and truck
yaw about a vertical axis as ﬁéli as move from_side to side, or
the carbody responds in the yaw and roll modes. This hunting
behavior would cccur'even if the raiis were perfectly aligned
and perfectly level.

Hunting oscillaticns impose severe limitations on achieving
a satisfactory ride at high speeds.i In addition to reduced ride
comfort, the‘dynamic wheel*:ail'forces from hunting oscillations
can contribute to derailmcnts and rapid wear of locomotive com-
ponents aﬁd track structure.

The hunting oscillation arises from the loss of dynamic
stability of the locomotive, which is caused by the -speed of the
vehicle, the conicity of the wheels, the forces acting between
_the wheeisfandrthengailsl;and the reaction of the suspension
elements. ﬁunting is an inherent characteristic and will
inevitably occur with all conventional railway vehicles.

However, the critical speed. at which this behavior first occurs
can be ihcreased beyond normal operating speeds by proper selec-
tion of such design parameters as wheel tread profile, suspension

characteristics, truck geometry, and locomotive weights.



Two very different modes of hunting behavior‘q;e'frequently

observed; body hunting and truck hunting. = Body hunting or

primary hunting is often characterized by violent motions of

the carbody. Sometimes the term "nésing" is uéed‘toldescribe

a body hunting mode dominatea by yawing motions of the carbody.
Body or primary hunting usually occurs over allimited speed range;
with bothliower-and upper bounds on the 1ocomotivé speeds. This
usually initiates when the frequency of the truck‘motion ééuals
one of the natural frequencies of carbody motion. The'dominant
truck frequency is influenced by the.conicity of the wheel, and
increases nearly in proportion with locomotiﬁe speed. - Thﬁs,

when this dominant frequency coincides with one of t£e<carbody
frequencies, primary hunting may occur. Carquy or primary huqting
is similar to resonance behavior. This behavior can be céﬁtrdiled
by proper damping of the truck suspension éystem, If\the‘carbody
motion is sufficiently damped, body hunting can bé eliminéted.en—

tirely.

Truck hunting, or secondary hunting, 1is inﬁerent-in the
vehicle design. Theoretically, with a perfect cylindrical wheel
profile, truck hunting can be eliminated, but cylindrical
wheel profile has a number of operating drawbacks. This type of
hunting is characterized by severe‘oscillations of the trﬁck o
or wheel axle set relative to the carbody. vOnce truck-hﬁnfing

starts, it continues to worsen as locomotive speed increases.



The phenomenon of hunting has been:known for many ..~
years. However, in 1922, Carter [4) * found that hunting only =
occurs above ce;tain critical velocities. Since then, extensive
theoretical aﬁd experimental work has been done by various in- -~
vestigators [1,5,12,13,14].

A complete analysis of the hunting’of a locomotive should -
take into consideration the carbody, truck, primary and secondary
suspensions, and the wheel-rail contact forces. This}requires
a dynamic system with multi-degrees of freedom. Five mathematical
- models were developed with the objective of evaluating primary and
secondary hunting of a four or six-axle locomotive. A two degree
of freedom model was developed for a single wheel-axle set.

Seven and nine degree of freedom models wcre developed for trucks
with two or three axles. Combining two of the trucks models with
the carbody rseventeen and twenty-one degree of freedom locomotive
models were obtained. A characteristic equation, based on linear
equations of motion was obtained for each model. This equa-
tion is a function of velocity. A computer program was writ-

ten to compute the complex roots (eigenvalues) and the corre-
sponding normalized mode shapes (eigenvectors) of the charac-
teristic equation. This computer program can determine the
critical velocity, which is the velocity that coincides with

the advent of instability.

* Number in brackets designate references given in Bibiliography.



The resultlng computer model would be used prlmarlly as a
design tool. Using this computer program the effect of different
parameters could be 51mu1ated at the de31gn stage.' Parameters such
as suspen51on stlffness and damplng,‘moment of inertia and mass of
locomotive body and truck frame, creep coeff1c1ent,'and effective
conicity could be evaluated to predict critical_speed of the
1ocomotive. - |

In Section 2 the different models are discussed and the
equatioﬁa of motion for the seventeen degree of freedom model are
presented. Section 3 includes the results of the 17 and 21 degree
of freedom models, along mith a discussion on the various parameters
which influence the huntiné behavior of locomotives. Finally,
in section 4 the limitations of the model and suggestions for

-future improvement are outlined.



II. ANALYTICAL MODEL AND METHOD OF SOLUTION

The problemiof modélihg a iocomotive for iateral stability
falls in two categories:

1. Thé'vehic1e model with appropriate degrees of freedom.

2. The wheel—rail interaction. ‘

In this section £he vehicle models are discussed first;lthen
the wheelfrail,interaction are pfésented using geometrical (effec-
ti&e conicity and gravitational stiffnesses) and dynamic (creep
. forces) relationships. )

2.1 MATHEMATICAL MODELS

Five mathematical models are used for the hunting evaluation.
The different models consist of 2, 7, 9, 17 and 21 degrees of free-
dom. The quels are a wheel—axle_set, a two or three axle truck
frame assembly, and a four or six axle locomotive. Fig. 1 and B-1
illustrate-the degrees of freedom and the suspension elements for
locomotive models.

The two degree of freedom model is a single wheel-axle as-
sembly consisting Qf two wheels rigidly connected to an axle. The
two degrees of freedom correspond to.lateral and yaw motions. The
" wheel-axle assembly is considered to be isolated from the truck
frame by é primary suspension of linear springs and viscous Qampers.
These primary suspension coﬁpénents are attached in parallel for
the longitudinal, lateral and verfical directions. This simple
model's behavior is qualitatively similar to that of a complete truck.

A single truck with)two or three wheel-axle assemblies
pomprises~the 7 and 9 degree of freedom models, respectively. The

wheel-axle assemblies are atfached to the truck frame by means of



the primary suspension discussed previously. The truck freme
itself is assigned three degrees of freedom consisting of~1a£*
eral, yaw and roll motions. t

Attaching two-of the truck models to a rigid-car body
forms two system models for the 4 and 6 axle locomotives, hav-—
ing 17 and 21 degrees of freedom.

The car body has three degrees of freedom for the lat-
eral, yaw end'roll motions. Each truck frame'is attached to the
car body through a secondary suspension for lateral, yaw and
roll motions. The secondary suspension consists of linear
springs and viscous dampers connected in parallel.

2.2 THE WHEEL RAIL INTERACTION

2.2.1 GEOMETRICAL RELATIONSHIPS

Traditionally, locomotive wheels are designed with con-
ical wheel treads in order to provide for centering. It has
been establiehed Bq that initially, wheel treads wear rapidly
and ultimately develop a worn profile which does not undergo
further significant change with respect to time Dﬂ . The worn
profile does not appear to depend significantly on the original
profile of the tread, or on the type of vehicle. Rail heads
are similarly worn to a profile, largely independent of the
original profile. For small displacements, wheel and rail pro-
files can be represented by two circular contacting surfaces
as shown in Figure 2. This fully defines the system and its

effects can be approximated by three linear global



parameters: kl) Effective éonicity: It is defined as the
change in rolling radius per unit of lateral displacement{
(2) Lateral Gravitational Stiffness: It is defined as the rate
of change of the net lateral force on the wheel set per unit.of
lateral displacement; (3) Yaw Gravitational Stiffness: It is
defined as the rate of change of the net torque bn the wheel set:
per unit of yaw displacement. A

Appendix A contains derivations of lateral and yaw

gravitational stiffnesses.

2.2.2 CREEP FORCES

As a wheel set moves along the rails and undergoes yaw and
lateral motions, both the wheels and the rails will deform elast-
ically at the contact regions. Creep forces and moments arise due
to the difference in strain rates of wheel and rail in the contact
region. Creep forces and moment play an important role in lateral
instability. Carter (5] was first to recognize their importance
and to predict quantitatively the existence of critical speeds.

Linear creep theory assumes that creep forces and moments are
' 1

Forward Spee

directly proportional to thé product of g and the
relative linear and angular velocities of the wheel and rail

at the point of contact. for small creepages, Kalker [8] has
shown the creep forces are proportibnal to amount of creep. These:
constants of proportionality are called "creep coefficients."

In the analysis the effect of spin creep is included along with

lateral and longitudinal creep forces. Appendix B contains de-

rivations of the creep relationships.



2.3 EQUATION OF MOTION

Equations of motion are developed for two mathematical
models; a 17 degree.freedom modél,for a four-axle locomotive, and
a 21 degree freedom model for a six-axle locomotive. In the
following seétion a cbndénseddefivation of the equations of motion
for the four;axle locomotive isvgiQen. Detailed equations of motion
for the four and six-axle locomotives have been included in
Appendices-C and D. |

The following assumptions are made in the analysis:l

l. = The truck frame and carbody are each regarded as

perfedfly rigid and their stiffness is lumped in
the suspension elements.

2. The axles are assumed to run freely in the journal

bearing without bearing friction.

3. Lateral.clearance betweenAthe wheel sets and truck

frame is neglected.

4, All displacements are considered sﬁall.
5. All springs are assumed to be linear.
6. The vehicle is considered to be symmetric about a

'vertical plane. This symmetry results in a set of
equations of motion in which the vertical motions
(bounce and pitch) are uncoupled from the lateral
motions (roll, yaw and lateral displacement) when
the equations are linearized. Coupling of the
vertical and lateral motions through.the non-linear
characteristics of certain suspeﬁsion elements and

the wheel-rail interaction forces has been ignored.



Equations for iongitudinal motion afe also uncouplea
due to the assumptioﬁs of symmetry and small dis-
placement;

7. Non-linearitiés arising from suspension stops, the
wheel flange contact, dry friction in suspension
elements, and the adhesion limits between wheel and
rail are neglected. ‘

The model shown in Fig,.B-1 is used for the hunting study of
the four axle locomotive. This represents a l1l7-degree-of~freedom
model of a locomotive consisting of a carbody and two, 2-axle trucks.
The carbody is assumed to be rigid and the assigned degrees of free-
dom are lateral displacement yb, ya& angle wb and roll angle ¢b.

Each trgck includes lateral yi and yaw W? motions for each wheel-axle
set and lateral y;,yaw w; and roll ¢§ motions for the truck frame.

The wheel-axle sets are connected to the truck frame and
the truck frames are connected to the body by the previously des-
cribed suspension elements. Each wheel-axle set may have different
parameters associated with it; but for the sake of notational simplic-
ity, this is ignored in the following analysis.

Relative displacements between the carbody and the two
trucks are represented by the vectors:

{uy}= [T'f]{Uf} -['Tf]{Ub} (1)

{u,} [T;']{U;'} -[Tg]{ub} (2)

Where {Ul} represents the relative displacements in the spring between
the carbody and truck 1 (leading) in the y and z directions for the
left and right side of the truck. {UZ} represents the relative dis-

placements for truck 2 (trailing).



(3a)

]

y z y z T
[UlL' Uy, Uir U 112] '

- vy z y 4 T

(3b)

in which [:F indicates transposed matrix.

The displacement vectors with respect to fixed axes {Ub},

{U:} and{Ug} for the carbody, leading and trailing trucks are:

WPy = [¥® 42 P17 | (4a)
t t t tq T ‘

toh =Ly o7 ¥ e

s} = [v5 85 v51° (4c)

In Equations (1) and (2), [T?] and [Tf] are the transfer
matrices for the leading truck; [Tg] and [Tg]-are.the trahsfer

matrices for the trailing truck.

- . o r— - ) )
1 h, L} : 1 h, -L : (5a,b)
0 -b, 0O : 0 -b, 0
[Tb] - - - [Tb] =
1 2 -
1 h, L 4 1 h, -L
[0 by O L0 by 0
1-h, O - ($¢)1
0 -b., 0
t t 2
-] = [rY] =
b = Bl 1-h, 0
o b, 0

10



similarly, relative displacement vector between the truck frame

and kth axle is:

= a a a t .

{u} = [r%] {ug} - [r)] (o} (6)
where k = 1,2 and correspondé to leading truck axles.

- a a aq _ t

U = [T U} - (T U_} 7

tu ) [T7] tu } [r] (v, (7)

where k = 3,4 and corresponds to trailing truck axles.
The vector {Gk} representing the relative displacements
in the y and z direction springs between the truck and axles on

the left and right side of the turck frame is:

= _ oy = -y =z T
w3 = [o, Ty U Ol (8)

The displacement vector with respect to fixed axes

of the k'th axle is:
(o a a7
{up} = [Yk Uk J | (9)

The transfer matrices are:

i - k-1 ]
a a
("1 =11 ol ; [Tkjl = (1 h,  (-1) a, (10a,b)
0 o0
0 b 0
1 0 1
k=1,2,3,4 -
0o 0 A o n (-1)F1a
- t k
0 b 0
B 1 A

11



The potential energy V of the entire system is:

V=% (o) [R] {0} + 5 (0,7 [RG] {Uy) (11)
y 1 G R
+ 2 ) U
k=1 k [KP] Uk

where [KS] and[ké] are the spring stiffness matrices for the

secondary and primary suspension systems and are given as:

(x] = [k, o Ix) = [y

Kot ' .kza
Kyt . kg,
kzg; ' kza (12a,b)

in which kyt and k,; are the lateral and vertical stiffness of the
spring located between the truck frames and carbody; kya and kza
are the lateral and vertical stiffness of the spring located

between the truck frame and wheel-axle set. Similarly, the kinetic

energy T of the entire system is:

b b T .
T o= %0 [M] 01+ %00 Y@ a
4
.t,T t .t .a,T a .a
ok {052 ) {03+ % I (G [M] (G}

Where [Mb] ’ Dfﬂ , and [ya] are the mass matrices for the carbody,

truck frame and wheel-axle set, respectively.

12



[Mb‘ =|m c "Mt = |m, ' [Ma = m | ' (l4albrc)v
]

where mB, mt, and mw represent mass of the carbody, truck

frame’and‘wheel-axle set. J, and J_ refer to roll moment of

B t
-ihertias'Of the carbody and truck frame. IB'.It’ and IW denote
yaw moment of -inertias of the.carbody, truck frame and wheel-
axle set.

'Finally, the dissipative energy D of the system is given

as:
b= 3% (037 [c] 0,3 + 5 (07 [c] 6,3 (s
4 2 T K
% .
+ % ;§=1 {u, } [cp] tu, }

where [Cs] and [Cp] are the damping matrices associated with the

secondary and primary systems and are given as:

-

[Cs] =[Syt - '[Cp] ?.gcya ] (16a,b)

C C

zt za
Cyt ' Cya
CZt ! ] Cza

o £

- -

in which Cyt and C,, denote the constants of the lateral and
vertical damper units located between the truck frame and carbody;

Cyg and C,.  are constants of the lateral and vertical damper units

ya
located between the truck frame and wheel-axle set.

a

213



- d.
- . ) PR ? — [ M ]
Now, using a generalized displacement vector’ § -

w =™ wp owyp eyt an

for the system apd applyinglLégrange's equétion_for each of the
generalized goo?dinétes,:the eq;a;ion-of motion for the system
can be written as} | M o

| L {0}

[M] (X} + [c]ix} + [RT {x}=|—]| (18)
{Q}

where [M] ’ [Cq and EKﬂ are 17 x 17 square matrices représenting
respectivély the mass, damping and s£iffness of the system; {Q}
is an eight element vector representing the generalized forceél

acting between the wheels and rails. ‘The expressions for these

forces are similar to those give by Wickens[l@,
_ a . a
ol = —[Kg] (U} - [cg] {0 (19)

where [Kg] and [Cg] are matrices which include the effect of gravity
and creep forces resulting from the difference in strain rates of

wheel and rail in the contact region.

=[x 20a,b
[?;‘ k'y (20a,b)
kl
g
kl
g
x' |,
" 9]
k _
g _
2(£0Mb = fgy e /b)/r - K

14



~d

in which fT and fL are creep céefficients-in the longitudinal (tan-

gential) and lateral directions and fg,3 and fg33 are spin creep

coefficients; kg and kgw are the late;al and yaw gravitational

stiffnessées which mainiy depend upon the shape of wheel tread and

rail head profiles; A is the effective conicity; r is the'wheel

radius; € is a wheel-rail gontact parameter; v is the speed of the vehicle.
Substituting Equatien (19) into Equation (18), we can re-

write Equation (18) as:

M 5 + [e] @ + [K]xr = (o) (21)

where {0} is a 17 element vector, with all elements equal to zero.

2.4 THE EIGENPROBLEM

It is poésibie to convert the equation of motion from a
second degree differential equation in n unknowns to a first degree
differential equation with 2n unknowns. Pre-multiplying the equation
of motion by [K]—l gives:

)7 B0 +[]7 oo+ )7 [ o =[] o

and . (22)
&)™ ]z +[&]7F [c]ixy + {x} = {0} (23)
solving for {X} in Equation (23) results in
xp = ~[K]7t ] -[x]7F [c]x (24)
Let . '
{x}§ | :
{z} = , (25)
- {x3,
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be the new unknown vector with 2n elements; from a simble identity

and Equation (24)

{x} X}

{x} =_ -[K] I Mixy -[x]7? [c]{x} (26)
factoring out the unknowns from the right hand matrix:

(x} I (o] (1] (X}

SR A (27)

o | T - KT oo

Let

W e W e )

be a 2n X 2n matrix. Then substituting [A] into Equation (27)
L] " e
{x} [{X}
= [a] B
{x} {X} _ : (29)
Now substitute {2z} of Equation (25) into Equation (29).

(2} = [a]{z} . (30)

which is the matrix form of 2n first degree differential equations
with 2n unknowns.

Akt

Assume a solution {z} = {Wk}e (31)

where {W#} is a 2nxl constant column matrix. Substitute this into

Equation (30).

A t (32)
{w, }e = [a] {w, Y e At :
Divide both sides of Equation (32) by Ae '
. 1
{Wk}X; =[a]tw) | (33)

Which is one way of expressing the standard eigenproblem.
"An alternative way of developing such an equation is to
start by premultiplying the eguation of motion (21) by [M]_l
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]t [M] X} + Qa]'l [c] {;}} -I‘-'[M]A;l. []x} = '[M]_l'{O}

(34)

2y + )7 [Jexy o+ [M)7Y [R] x) = (0} T
solving for {X} in Equation (35) résults in |

(%) = (MY [c] %) < [M)7Y (K] ix¥ (36)
aéding a simple identity to Equation (36) results in the matrix
equation . N | _ o

{“.”}{ 7] o B [ oo } e

{x} ‘ {x}

_ Factor the right hand matrix

{{i}} e :;:_—_[»ﬂ[;]l_[rfl_ {{5«}}

{x} {x} (38)
It is quite easy to verify that
B el S R L9
L [ T T 39)

Substitute Equation (39) into Equation (38)

{x) {xJ
-1
. = |A o (40)
{{x}} [ ] {{x}}
Substitute Equation (25) into Equation (40)
tzy = [a7Y 12 | (41)

Assume the same solution Equatibn (31), and substitute it in

Equation (41)

At At
k- _ -1 "k
fw ire © = [a] tw, Je - (42)
Divide both sides of Equation (42) by e k
pa-lg | o | |
W, 3a, = [a] 7 W} . (43)

17



Which is another way to state the eigenproblem. Cbmpariné the two

ways of stating the eigenproblem.

{Wk}-)i: = [alwr 33
or
w i, = [Aj'l{wk} . - (43)

The results should be identical. Either [a] or [Al_l is

called the Dynamic'Matrix.

N
L

~ However, because 6f thé nﬁmerica1 methods used in solving
the eigenproblem, the Dynamic Matrix utilizing the inverse of the.
stiffness matrix produces more accugaté‘fesults, as it computes
the eigenvalues in an ascending order.

Solving the eigenproblem results in finding 2n diffefent
eigenvalues and their associated eigenvectors. The complete solu-
tion of Equations (30) of (41) would be:

2n At

: ; k
{z(v)} = I g, {W,_le

(44)

where {Wk} are the eigenvectors
Ak are the eigenvalues
gy are constants that are not found by the program since~they in-

volve boundary conditions.

Partitioning Equation (44) results in

{X(t)} 2

n 1o At '
{z(£)} = = 1 g -kle k (45)
{x(t)} k=1 v, }
where it was set that
{W,} = (46)
{Vy 1

- 18



The solution of the equation of motion would be the bottom half
of Equation (45).
2n A

{x(eH}r = g {v le
k=1 ¥ K

t
k (47)

where {Vk} is just the bottom half of the eigenvector {Wk}.

The eigenvectorsvand eigenvalues occur in complex conjugates
pairs since all the matrices in the équation of motion are real.’
Let A; and A, {Vl} and {V,} be complex.conjugates. Add a conjugate

pair to solutions from Equation (47)

Mt At
| {u} = gl{Vl}e + gz{Vz}e (48).
let 9,= 9, = ¢ (49)
separate {Vl} and {V2} into their magnitude and phase.
_ jei
{Vl} {Vm}e | : (50)
-je, |
vy} ={v_le ' (51)
separate Al and Az into their real and imaginary parts
Al = a+jB (52a)
A, = a-3B ' : (52b)

Substitute Equations (49), (50), (51), and (52) into Equation (48).

je, at st -je_ at -jBt
{u} = g{Vm}e e e + g{Vm}e e e - (53)

Factor out that which is common

. at  j(e,+Bt) -] (0,+8¢t)
{u} = g{Vm}e (e 1 + e ) (54)

Utilize Euler's Equation.

at .
{u} = g{Vm}e 2 cos (Bt+0,) . (55)
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let g' = 2g
' ot ' -

{u} = g'{v cos (Bt+e,)} e (56)

i

Substitute this into equation (47). The solution of the equation
of motion is:’
2n-1 &, t

] .
T , gk{Vmicos (Bkt+ei)} X

{x} A
k=l’3,o--

(57)

On thé right hand side 6f Equation (57), the program cal-
culates all the variables except gLQ
The stability of the locomotive is determined by examining

. the sign of a If there exists even one positive .a, the oscillation

k* k
is unstable. Bk indicates the fréquency of oscillation associated

with the particular mode characterized by AMPk i and @k i i=1l to n.
R 14 14

Listing the matrix elements.
. '

r W r
) *
Xl(t) ' AMPk’l COS(Bkt+Gk,1) (58)
*
Xz(t) i . AMPk’2 cos(Bkt+Gk’2)
: 2n-1
< L__ ' o, t
X, (t) (= z g! }AMP, . » k
i ’ k=1,3,... kﬁ k,1i cos(Bkt+@kli)e
A} ‘ *
Xn(t) AMPk,n cos(Bkt+Ok,nﬁ

where
Xi(t) is the displacement of the i'th degree of freedom

Iy is a constant that is a function of the boundary conditions
and is not calculated by the program

AMPk . 1s the magnitude of the k'th elgenvector associated with the
' i'th degree of freedom

@k i is the phase angle of the k'th eigenvector associated w1th
! the i'th degree of freedom

Bk is the frequency of the k'th eigenvalue

oy is the damping exponent of the k'th eigenvalue
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2.5 DETERMINA'EION\QF’ EIGENVALUES AND EICGENVECTORS B

| The algorithm used to determine eigenvalues and eigenvectors
is given ky Grad and Brebner (10). The eigenValugs are compufed
by the Q-R double step method and the'eigenvectors by inverse
iteration.

First, the following preliminary modifications are carried
out to . improve the accuracy of the compﬁted results, (i) Thé
matrix is scaled by a sequence of similarity transformation so that
the absolute sums of corresponding rows and columns are roughly
equal. (ii) The scaled matrix is'normalized so that the value of
the Euclidean norm is equal to one.

The main part of the procéss commences with the reduction
of the matrix to an upper—Hessehberg form by means of similarity
transformations (Householder's methcd). Then the Q-R double
step iterative process is performed on the Hessenberg matrix untii
all elements of the subdiagonal that converge to zero are in medulus
less thar Z—t ||H||E where t is the number of significant digits ir
the mantissa c¢f a binary floating-point number. The eigenvalues are
then extracted from this reduced form.

Inverse interation is performed on the upper-Hessenberg
matrix until the absolute value of the largest component of the
right hand vector is greater than the bound 2t/ (100N) where N is the
order of the matrix. Normally after this bourd is achieved, one more

step is performed to obtain the computed eigenvector, but at each step
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the residuals are computed, and if the residuals of one particular
step are greater in absolute value than the residuals of the
previous step, then the vector of the previous step is accepted

as the computed eigenvector.

ITII. DISCUSSION OF RESULTS

In order to verify thefresults, the progfam is applied to
four vehicle models; two 4-axle lqcomotives and two 6-axle
locomotives. The 4-axle models used in this study are the
proﬁosed advanced concept trair 1 vehicle (Act 1) and the:

LF1 locomotive. The input data for these vehicles are given

in Tables 1 and 2. The 6-axle models are the LS1 and the

FLSZ locomotives. Data for these locomotives are shown in

Tables 3 and 4.- The’reSults of the 4-axle models are discussed
first, later the result of the 6 -~axle models are présented,
Finally,.parametric studies based'on the LS2 and LFl1l locomotives
are given to evaluate the influence of various parameters on
critical speed.

The results.fof the Act 1 vehicle are shown in Figures
3 and 4. 1In Figufe 4 the carbédy and trﬁék frame lateral
natural frequencies and the frequency corresponding to the'wheel
set motion are shown. The damping ratio (decay ratio) versus
speed relationship has been plotted in Figure 3. The motion is
stable for negative values of the damping ratio, but it is

unstable for the positive values. Thus, the critical speed
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of hunting is obtained when the value becomes‘zerb. As
shown in Figure 3, the instability for the Act 1 vehicle is
due to‘lateral motion of wheel set at the critical speed.of
135 mph. |

The results of the LFl locomotive are shown in
Figures 5 and 6. The behavior of the locometive is similar
to the Act 1 vehicle. The instability is due to lateral
motion of the wheel set at the critical speed of 139.5 mph.
In Figure 7 a variation of the critical speed of the LFl
locomotive with respect to.the wheel effective conicity is
shown. The critical sSpeeds are 139.5 mph for a 1 in 20 taper,
and 95.2 mph fcr a 1 in 10 taper. As the wheel becomes worn,
the effective conicity is increased. Experimentally it has
been okserved [13] that a new 1 in 20 wheel profilé is worn fo
an effective conicity ranging from 1 in 10 to 1 in 6. This
suggests that the LF1l locomotive with a worn wheel prqfile
is likely to hunt between a speed of 78 mph to 95 mph. The
importance of using a small taper angle initially to achieve
" high speed is very apparent.

The results for the LSLahd LS2 locomotives are
shown in Figure 8, 9, 10, and 11 for speeds greater than 60
mph. With a new 1 in 20 profile the ISl and LS2 locomotives

are unstable at speeds of 101 mph and 121.5 mph,

respectively. 1In both the locomotives instability-is due
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to lateral motion Of the wheel axle set. ThisAinaibates.thai

at high speédé.the béhavior.of'the«ééaXIe and'6—ax1é locomofives
is similar-ffgm'the stability consideration; they both exhibit
huntiné.of the wheel-axle set.

The influence of various paramenters on the cfitical speed
was evaluated by first uéing the basic data of ﬁhe LS2 6-axle loco-
- motive With-high adhesion trucks. The cfitical speed was calculated

as a function of séveral parameters;'vThe following parameters
were studied? | |

(1) Léteral'stiffﬁgss of thé primary suspension (wheel set).

(2) Primary and secoﬁdary latersal damping;

(3) Mass and mément of inertia of the body.

(4) Mass and moment of inertia of the trﬁck frame.

(5) Creep coefficient

(6) Effective conicity (taper angle).

In all the cases, thé instability was due tc the lateral
oscillations of the wheel-axle sets with the largest lateral oscil-
laiiops Qccurring at the~leading axle.

It was found that:varying the lateral stiffness of the
wheel axle set ffom.GO% to 140% of its basic value of 5000_1b./in.
resulted in the change ofAcritical speed from 100 mph to 139 mph,
'Fiéure 12. A change in the effective wheel taper from 0.15
(1 in 6.67) to 0.025 (1 in 40) resulted in an increase of the
criﬁical speed from 66 mph to 180 mph, Figure 13.

The influénce of lateral damﬁing was studied by indeperdently
varying lateral primary and secondary dampiné. It was observed

that the lateral Secondary_suspéﬁsion damping has'ivery little
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influence on the critical speed of the vehicle. PBut a change in -
the lateral primary damping from 200 lb.-sec./in. to 600 lk.-sec./in.’
resulted in an increase of critical speed from 113 mph to 128 mph;
Figure 14. |

The mass and moment of inertia of the carbcdy did not have
a significant effect on critical speed, Figure 15. The critical
speed was decreased oniy by 2% with<an increase of 100% in the
yaw moment of inertia of the body.

The mass and moﬁent of inertia in roll of the truck frame
had no effect on the criticél speed of the locomotive. However,
the critical speed is reduced from 121 mph tc 1066 mph, wﬁen the
moment of inertia of the truck frame in yaw is increased by
50%, Figure 16. The yaw moment of inertia of the wheel axle set
has.a smail influence on the critical speed. An increase of 50%
in thé yaw moment of inertia of the wheel-axle set decreased the
critical speed from 121 mph to 116 mph, Figure 16.

Increasing the lateral creep coefficient from 2 x'106 1b/
wheel to 6 x 1061b/wheel resulted ip an increése in the critical
speed from 10% rmph tc 121 mph, Figure 17. On the other hand, the
same range of values of the tangential creep coefficient caused
a decrease in the critiéal speed. The critical speed was reduced
from 152 mph to 110 mph.

From the result of the parametric study, Table 5,kit can be
concluded that the folloWing paraméters (l1isted in order of importance)

are significant for stability of the locomotive at high speed:
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1. Effective wheel taper angle.

2.  Lateral stiffness of the primary suspension.

3. Creep coefficient.
4. Yaw moement of inertia of the truck frame.
5. Lateral damping of the primary suspension.

6. Yaw moment of inertia df the wheel set.

For speeds lower than 60 mph, the LS1 locomotive
became unstakle around 40 mph exhibiting body (primary) hunting;
howgver the LS2 locomotive did not show this behavior until
the lateral damping was reduced‘considérably. With a small
value of the lateral damping thé '.S2 + loceomotive showed body
hunting around 30 mph and all speeds in excess of 30 mph.

This behavior is different than the ISl locomctive which has a
limited regién of pfimary hunting. It was also found the longi-
tudinal dampiﬁg kad no significant effect on primary and secondarv
hunting. ' A |

Finally the influence oflvarious parameters on both primary
and secondary hunting was investigated by using ﬁhe LF1
locomotive.

Primary hﬁnting was characferized by lateral motion of the
tfucks being out of phase which corresponded with vaw motion of
the body. Secondary hunfing was due to lateral oscillations of
the wheel axle sets. |

The complete resvlts are give in Table 6 page 69. The
results concerning secondary hunting confirmed the preceeding

conclusicns.
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The results concerning primary hunting showed that bv
changing certain parameters, primary hunting could be eliminated.
Those variables and the changes necessary to prevent primarv hurt-

ing are listed below in decreasing order of significance.

1) Increase the Lateral dampin§ cf the Truck

2) Increase the Lateral damping of the Axle

3) Increase the Effective conicity

4) Increase the Lateral Creep Coefficient

5) Increase the distance between Trucks

6) Incrase the wheel base

7) Decrease the moment of inertia of the Rodv of Yaw
8) Decrease the Tangential Creep Coefficient.

Some of the ahove actions will decrease the critical speed
of secondary hunting; therefore, in order to maximize the critical
séeed and to eiiminate primary hunting, it was nécessarv to comhine
several differént changes in parameters. For example, bv increasinag
the Lateral damping of the truck and decreasing the effective
wheel coﬁicify, primary hunting was eliminated and the critical

speed was increased.
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IVv. CONCLUSIONS

The analysis provides a gocd understanding of the mecharics
of lateral oscillations resulting from the hunting behavior of
a locomective based on a linear model of the vehicle. The
analysis should give good results for well maintained lccomctives
cperating on gcod rcadbeds on straight track. However, for
locometives travelling on track with large lateral and vertical
irregularities and negotiating sharp curves, the non-linearities
which result from flange contact, wheel slip, friction,ﬂand
mecharical stops should be taken intq account. In addition, it
is necessary to include the non-linearities arising from thé
respense cf wheel flange/rail contact, worn wheel profiles, and the

non-linear friction creep relationship. If all these non-linearities

are included in the model, the model would be too complex and its
utility would suffer due to the difficulties in supplying accurate
input data, solving the resulting equations of motion, and in-
terpreting tﬁe results. As the model used in‘this analysis neglects
all the non-linearities, a one to one correspondence of the
calculiated results tc the experimental results is difficult, but

the analysis ‘does provide results within a reasonable accuracy. The
real value of the analysis lies in the studv of various parameters
at the design stage. It should be noted that the accuracy cf the
results cbtained from the analysis is very much dependent upon

the accuracy cf the input data. In some situations, it may be

difficult tc supply accurate input for varicus items; in such cases

28



it is suggésted that the user shouid séléct'a reasonable number
to.use as an initial guess and later analyze the effect of these
items on the computed results.

Extensions té the model aré neéded'to fully understand the
influnece of varicus non-linearities on locomotive response.
Well planned experimental-work'ié required to validate the model.
As there are many non-linear characteristics inherent in the de-
sign of a locomotive, it is essential that the most important cf
these chéracteristics be included in the model based on fhe

experimental results.
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APPENDIX A

GRAVITATIONAL STIFFNESSES

When a wheel set is displaced laterally a small distance
y, Fig. 2, the normal reacgion forces between the rails and
wheels change their direction. Since these forces are large,
a small change in their direction produces a significant
lateral force on the wheel set.

In the mean position, both tread circles have the same
radius r. When the wheel set is disPlaced.laterally, contact
occurs at new points and the new angles made by the contact

planes after linearization can be given as [7 ]:

§; = 8p + Y (b + RSy = 8g + €y
(R-R') _b - 1"60 b
- (A-1)
8o = 8, - _y ' |b + RSg| = &, - €
2 0 LA
0 (R—R') b - r60] b
where € = b b + RS8p and is defined as the rate
(R—R') b - .‘Z'(So)

of change of contact plane slope with respect to the lateral

displacement of the wheel set. (See note.)

Similarly, the distances between the wheel set centerline

and the contact poinﬁs can be expressed as:

by = b - y(F ) (b + R’Gol - b -ty
R-R' Lb - rd, :
(A-2)
b2=b+y(R (b + R'Spl = b + gy
R-R, hb"r’do
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where £ = R [ b + R'Syg| and is known as the
({R-R'") b - 1"60' : .

rate of change of distance between wheel set centerline and
contact points with respect to a lateral displacement of the
wheel set (see note).

The tread radii of the wheel at contact points will be:

ry = r+y _Rdy [b +.R'6ﬁ] = r + N
(R-R') L b - rép
: (a-3)
ry = r -y _R§p b_+ R'ﬁQ] = P - )Yy
) (R-R') Lb - RSy
where A= R8p b + R'6p|;it is often known as
(R-R') | B - 289

and "effective conicity" which is defined as the réte of change
of rolling radiﬁs with respect to lateral displacement of
the wheel set.

Along with lateral traslation, the wheel set also
rotates through an_angle Y. This results in_raiéing‘the axle
load W against gravity through a vertical distance Z which

can be written as:

z = __ 42 [b+ RSgY: - 685 2 (b - (R + 2r)6p (A4
2(R-R') b - rdp 2

The work done by the resulting lateral force F and couple

Y9

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

AV = Wy ? [b + R8g)* - W8g 2 Ib - (R + 2r)§y] (A-5)
2(R-R') LB - rdy 2

32



jNow.Fyg'and M_ can be obtained from (A-5)

g

Fyy = AV) = __Hy b + RSp1ZE (A—6)

: 3y (R=R') Lb - rdp -
My = AAV) = - Wy [b - (R + 2r)8y] o (a-7)

oY . : .
The correspbnding lateral and yaw gravitational stiffnesses
will be: |

kg = Fyg = W [b'+ Rdp1? (A-8)
. oy (R-R') LB = rdy :
Cg = i‘p_lg_ = _ W60 [ - (R + 2P)§0] . (A-9)

When the terms dgr and (R + 2r)602 are neglected, (A-8) and

(A-9) are reduced to:
(ESg + €) ' ' (A-10)

Cq- = = WbSp | - : | (A-11)
(A-10) and (A-11l) are same as givén,by Wickens[l{],
For a perfectly tapered wheel R+= and by neglecting

Gor, §ne obtains:

g = 1, € = 8, and A = 8 (A-12)
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Thus (A-10) and (A-11) will be reduced to:

kg = 2W) ) . (A-13)
b ,

(A-14)

Q

]

]
=
o
b

NOTE: There are alternative expressions for € and £ given

by Blader {2} .

e = _b_
R-R'
£ _ 2(R+r)
- R-R'
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APPENDIX B

CREEP FORCES

Creep forces occur at the wheel tread, when wheel sets
undergo lateral, yaw and longitudinal motions. This is a result
of the slip that takes place between the wheel and rail at the
point of contact. " The slip velocity may be analysed by consid-
ering éeparately longitudinal, lateral and spin creep components.
(See figure B-2)..

. Define [4,14)longitudinal creep as

CT = actual forward displacement - pure rolling lateral displacement

forward displacement attributable to rolling
and define lateral creep as

CL = actual lateral displacement - pure rolling lateral displacement

forward displacement attributable to rolling

and define spin as

SPIN = actual rotation - pure rolling rotation
forward displacement attributable to rolling

now
vt - o b
CT = — = + (— (lateral disp.) + = (yaw vel.))
r v
v o
v _ .
cL = 1 - (lLateral vel.) - (yaw disp.)
Vv v '
Y1 - 6 +' aw vel
SPIN = — = % 27 Yaw vel.
v ro v

35



The corresponding creep forces and moments will be:

=
|

=
il

where

FL:

Fs23:

FS33:

CT * FT
CL * FPL + FS23*SPIN

FS23*CL + FS33*SPIN

tangential or longitudinal creep coefficient
(tangential friction_force'divided by percent of
slipj

lateral creep'coefficieﬁt (lateral friction force
divided by percent of slip)

Spin creep‘coefficient

Spin cfeep coefficient

The net force exerted by the rail friction on each wheelset is

=T

M

(a) (b)
t + Tt
(a) + T(b)
n n
(a) | (b) (a) _ L(b)
+ M (Tt Tt )R
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 APPENDIX C -

" EQUATION OF MOTION FOR 4 - AXLE LOCOMOTIVE

Mgyt k(g = Yy — @by m Bybyg) o+ Cuu(Yg - Ygg - @Vyg - Bydyyg)

+ & - 2frbg + 2523 @j -0 , (c-1)
, v : :

vLQ'

gylﬁ+ afy,

CMg¥y t Ryy(Yg - Ypg F o aVyy - Bybyg) o+ CuplYy - Yy o abyy t R0y

F oy, + ofp Yo - 2fpvy, + s2s vy, =0 (c-2)
T, 4+ ky (Vg = Gpa) + Cop (0, = U,.) + 2fn (AR ’ + éii )
w'l Yw' Y1 t1 Yw' *1 t1 'y Y1 V.r1

2Ff anny * 2f . a2f
- C b, - ;g; y, + - 5338 4, 533 ¢

R T e R (c=3)

oo L. ° . . 2°
Iybg + kyy(¥y = Vyp) + Cyy(¥y = Vyp) + 2fy (ﬁéyg + % Yy)

- Coby, - 2523 - +_2f533- v 2533 ¢ - (C—é)
g v Y2 7 2 -5 r Y2F

mfpg = Ryw(¥1 =Ygz = @Vyg = hybyg) = Cuplyy = ¥eg - abyg - hypdpg)
- Ryu(yg = ypg # abyy - Bybyg) - Cyuuldy = Geg + abyg - Rybyg)
+ Ryp(ygg = hydpy = L¥g - hgbp - yp) + Cyplygg = hybpg - L¥p

- hytp - ¥p) = 0 : (c=5)

. Ifwtl_‘ (V1 = ¥eg) - Cyg (W1 = Vyg) = Ryl = ¥pg) = Cyplhy - bpq)

*Rkyplbyy = ¥p) # Cyylyg = ¥p) = Rypalys = yyg = abyy = by y)

- Cywa(yz - ytl»’ av,q - hybyq) + kywa(ds =~ ¥yp1 #+ awtl - hyd,q)
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@Yy = Ypg * abyy = Bydyy)

0

(c-=6)

Koybes + keg(dp1 — dp) + Coubyg + Corldy; - dp)

- h1¢t1-—

+

0
Tybeg *
= kyghy (e
LéB - h2$B - éB)
- bk, (4 = Yy
- htcyw(él“ Jt1
=0
Mpip = Ky (¥yg - R1dyg
habp - yg)
.kyt(ytz - hide
h2$3 - éB) =90

Ig¥p

aVypg = hybyg) = Rykyy(yy -

awtl

L¥p = hgtp - ¥

Lyp - hgép -

kypl(yry = hy®p1 - Lig

hobg - Up)

kytL(ytz -

hobp - yp)

kye (Vg -

hobrg + L¥p -

7Y

Cyt(Veg

- hobp - yp)

hotp

- @B)

38

Lyg = hgop -

Yg!

- h,C

B = Cyr¥ey

+Cyw (¥ g

Cyt hy(gy; - by

= Ypg *+ abyy -
G~7)

= hybyg - I¥p -

- kwt(wtz

= Yg) t Cypllypy = hyby, + Lbp -

= Yg) - Oy, - by

(C-9)

Y1 + aVig = hydyq)

Py®t1)

0
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Tp%p = Kot(®pg = 9p5) - Cop(0pp = 0p) = kgu(dyy = ¢p) = Cg,(0y; - 0p)
= kyphg(yyg = Rydyg - Lbp - kyég - yp) - Cppha(y - hyb,, -
= kyshp(yyg = Byby gy + L¥p - hybp - up)
= Cyphy(Wyg = hydyg * Lbp = hoop - yp) = 0 (C-10)
my. + k. ( - -h ) + k +2(3}3_ y 4 oF )
wY 3 ywl¥3 = Ygo = gy t9¢2 g¥3 It == Vgl + _AISI’_ZQ b,
* Cplls = Urg = algy = hyopg) = 0 (C-11)

m. iy, + (y, - y + ay - h,od,0) + k +2f‘(y'.—€—11))+2f5'23.
w9 ¢ yw (¥ y 2 2 tP¢2 kKq¥ 4 AR 4 . by,
t Cyu(dyg = Gpg *t aVpp - Byd ) = 0 (C-12)

. ) . . 2. 2fs23o
+ . 2T g33 @S - gz3 ¢ = 0 (C-13)
v br 3
T, + kg by = Vyp) + C (0, = b,g) - Cbs + 2fp(ly, + By ) <
w4 Yw' 74 ta YW T4 t2 gra fp ‘1,—?/4“" V‘P4 =
of . OF e 2f
- ‘523 + “s33 - “Ts33e _ _
v Y4 Ve B or Y4 T 0 (c-14)
Mg = Ky(¥g = Yea = aVpp = hybypp) = Cpy(ds - Yeg - abypy - hidyy)
- kyp(yg = yza + aves - hydyy) (§, - Gpg + abpy - hyb )
* ok (Yep = hidyn + Lbg - Ryég - yp)
* Cys(Ygg = hydyg + L¥p - hpdg - yg) = 0 (C-15)
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Lok, (Vg = Vyg) = Cyp(hy = Byg) = Ry, (Vg = byp) = Oyl = v, ,)

+

#okyp(Vyy = V) # Cypl¥yy = bp) - kypa(¥s = Ugg = Wyp = Bylsg/

- Cpaliy - Gpp - @y~ Bebyp) * Kyualye = ypz + Vip Pedts)

P - , c-16
aly, ~ By = 0 (c1e)

+

+ Cywa(y4 - th
Tibyy * Koubps * koyldps = 05) - Copden * Coplbpg ~ 5/
k, by (Yyy = B10gg + D¥p - Batp - ¥p)
- Gy Gy - hybys + DV - hebp - i)
= gk, (s = Yypg = WVyg - Bpbyy)
= hyChuy(iy = Gyp - appy = Bypbyg)

~ hykyy(dg = Yyg * Wiy ” LI PPY

- ByCyyl¥g = Yt * Wiz - hideg) = O (c~17)
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APPENDIX D

EQUATIONS OF MOTION

'FOR 6-AXLE LOCOMOTIVE
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Figure 1 shows the

Relative lateral, Yaw and

and two trucks are:

T U7

utg
W
Wi o
O¢1

Oro

. similarly, relative lateral and yaw displacements between

trucks and wheel axle sets are given as:

Uy

Yig

Yea
Ve
Vio
¢t1
942

(Y41

- (Y¢g

(Y41
(442
(Yig
(Yeg

Ver o

+

+

_..(yB +‘LlpB' + h'éd)'B)'

az¥iy
ag¥es
ag¥sy
az¥yg

ag¥yig

AT

roll displacements between carbody

+ hidypq)

* ht¢£1)

thleg)

+ hybypg)

+ hibyio)

+'ht¢t2)

42

arrangement of a six-axle locomotive.

p (la)
D (1b)
D (lc)
D (1d)
D (le)

D:1f)

. D (2a)

D (2b)

- D2{2c)

D (24d)

D (2e)

D (2F)
D (29)
D (2h)
D (21i)
p (23)
D (2k)

D (21)



The kinetic energy T of translation and rotation for the

system is

6 6 2
- °2 v 2 1 > 2
T = 1/2.2 mwyi + 12‘2 Iw“Pi + 12 % mtyt,j
7,:1 1= . J._—.z
2 . 2 .
2, 2 2
) . T e o . .
+ BIgyp + %pd°p D (3)

Similarly‘the'potential energy V of the entire system is

given-by
6 | 6 2
V =% 53 k uZl+ k% k,wi+y ik uis
i1 yw 1 iz Yw 1 i=1 ytotyg
2 . .2
+ % % kwtng + % L kg8l
J=1 J=1
2
i D (4)
5 2 .
+ 12.2 kew(b.{;a
J=1
The dissipative energy D of the entire system is
6 . 6 . 2 ,
D = Y% I e, u3+%5%c, 0w, +%2Iec u
i=1 Y gog VOT T L yEE
2 ., 2 .,
=1 LA _q 8t7t]
2 .2
% L cgybi; D (5)
J=1
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Equatlons for genera117ed forces actlng between ‘the wheels and

rails are identical to those given by chkens [14] In the

analysis concerning the wheel-rail contact geometry, parameters are shown
to be the same for each wheel for-the‘saké of~n0tational‘oonvenience-

1’ Y 523i S33{ xr 816 El rl Wr Fg'ng'.mw' and‘I
can be different for each wheel-axle set. The equatlons for the- forces
and moments acting on the axles of the lead truck are as follows:

In the model, £ £ £ £

9; = - 2fp g% R 2% - ka¥ 1 e-.Efggé v, D (6a)
9y = - 2fL'g% - W) - kgyy - 2f§23 ng o b (6b)
9z = - 2f‘L(é—j- Vs) - Ry -_Z_f_ggé by - b (60)
Qq = - 2fyg (——yl + %iﬁl) ‘o wé + 2£533 2y " ifggg ¢j D (6d)
95 = - 2fp(*y, + —~¢2) + o ¢2 22553 eéé - ifggg y, D (6e)
Qg = - 2fT(%—y3'.+ TJ}'?) + é.ng'? +»2Af§33"1',,.€y3i; _Z_fi_sg_ "’3 Dh'(ﬁf)

Similarly the equations foruthe'forceswandfmoments»acting_on the

axles of the trailing truck are

Y, ‘ Cef .
Q13 = - 2fL —% - w4) - kgy4 - f§23'w4 - D (7a)
y | o Af . e ‘
Q14 = - 7S - wg) - kgys - fizs TR D (7b)
_ Vg - 2f oo - S
Q15 = - 2fp — " vg) - kgyé' - 1533 T . vD(7C)

v
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) bz- V Zf‘ A Zf . .
Q = - 2f (——y + ——w ) + e v, + 7535 - “/g33 D(7d)
16 T ¢ 7 v 4 A T Yy > Yy .
AL b2~' 2f . 2f .
Q = = 2fn(%=y_ + ——w ) + ey, + 78533 e - 77533 D(7e)
17 T 75 ° 9% B Ys v ¥s
_ Ab bz‘ - 2f . 2f .
Qg = - 2fp(=ye + Ve ggw6 + -bifs Eya - 533 b D(7£)

Using generalized coordinates q; (Y75 Ygs 935 Vs Vos Vzs Yizs

lp-[;]; ¢-f;-]:" y_B., wB: (\bB:I Y4 Y55 Yego #’4:.“}5: 11’5, Yeos wtg and ¢t2)

and applying Lagrange's equation

d [ar ) I S V' , 2D - g _
it \ad:/ 34y a; ¥ T E -

on each generalized coordinate the following simultaneous equa-
tions of motion are obtained

Lead Truck

mp¥1 * Gy (§7 = Tpg = agbyg = hgbgg) * kyy (¥q = ¥pg - agbes - Pydeg)
oy 2f o o
+ 2f;(— - ¢ + k . 523 =0 : %9a) -
fL. v ‘1’1) .,Q'y.J D wz . o D (%a)

’”w372 + cyw (yZ - g'ﬁl - QZ'PtZ = htd)t]) + kyw (y2- ytz- a2wt1 - ht(bt.z)
y2 - Yg) + kgy2 + 2f323 ’ =.0 : . D (9h)

+ af
L ” wz

»

mpYs + Cyy (Y3 = Ypg + agbeg - hebdeg) + kyy (yz - yeg + agbyg - hpdrq)

93- B
* 2fL >~ Vst kg¥s 4 Fs23 v, = 0 D (9¢)
‘ v 3 :
I0, # ey (b, 0, ) + ky. (b, -V, - 2fg
A Yw' "1 t1 Y 71 t1 33 €
. T b r 1
* ZfT(Abyj * —-w ) - ¢ WZ -2f523: + 2f533 : = ¢ D (94Q)
v yl ) lpl ’
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CY¢

'k

cywagl(yg - Ye1 - azwtl - ht¢t1)

k

Cywag (ys" ytl + agwtz - ht¢t1)

k

(Yyg = ¥p = Py9yg

I

(47 = Ygg = @gVeg = Peber) - eyy (Yp - ¥y

(Y3 = Ye1 * azler - hede1) = Kyy (Y1 = Ygg

(Yo = Yg1 = ag¥er

(ytl =Yg -

-
~
S
o
~
t

I I

]

by = Vg) = ey, Vg = Vg - ey, (Vg -

.(wtz - wB)'f.kwt (wtj.- WB). o

Cyw?i (91 = J¢1 - apvtl = hybtg)

yw?1 (Y1 = Yeg - agbey - hebyeg)
ywia (Yg - yg1 - ag¥ey - hebyeg)

yw3 (Y3 - ye1 + ag¥yy he®pq)
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hede) = Ryy (45 = Yeg
| " hybp - Lyg)

hgq)B - LII)B)_

p (9e)

o0 D(9f)

= aghpy = hydeg)

- ajber = hedypg)

*oaglyy - hyebyq)

D (99) -

t1/

(wl - wtz) - Ky, by - wtl) —.kww (wg.- wtz)

D (9h)



ket (¢t1 - ¢B) + cet(¢t1 —¢B)

- hikye (g1 - ¥p - hgdp - L¥p - hybyy)

Jbeg

+
. Py
D
g
-
<t
~
+
Q
D
g
S
o+
s
+

- hgeyy (Yg1 - Yp - hgop - Ilp - hydyq)

- Rk, (Y1 - g - agVpg - hebyg)
- hgCyy (B7 = Gpg ~ agb,y - hydpq)
- gk, (g - Y1 - agbpg - hydyq)

- hgcyy (Yo - Ypg - agVyg - hydyq)

- hiRyw (Y3 - Ygeg * agzVpg - hpdyq)

- htcyw (93 - gt] + azglig - ht¢t1) =0 D (91)
Carbody
MByB - kyt (9t1 =Yg - hidgg - hgdp - Lyy)

- eyy (Ypg = §p - hybyg - hgdp - Lip)

- kyt (y-(;2 - yB - h](i)tz - h2¢B'+ LU)B)

T Gyt (étZ - gB = hidyq - h2$3 + LﬁB) =0 D (10a)

Tp¥p = Kyt (Vg = ¥p) - ey (¢t1 - V) - Ry (Vg - bp)

- eyt (bep = ¥p) = kyg L(yyq - yg - hoop = hybyy - Dig)

- e L (Bpp - dp - hotp - hidy '~L¢B)

*okytl (gp =Yg = hotp - hpdpp + Lhp)

+ eyel (345 - §p - hadp - h1$t2 + Lhg) = 0 D (10b)

Jpbp - kBt (¢tl - ¢5/) - Cot (07 =~ ¢B} - ket (¢t2 - ¢B)
- Cor (915 = 0p) ~ Ky hp (yy g - ¥p = habp - Ry - Iyy)

- eyehy (Weg - Yp - hgdp - Rybyg - Lbg)

kythe (i = ¥p - hgbp = hpbyg + Lyp)

¢yihy (Wig = ¥p = Rgbp = hydyy + IVl =0 D (10c¢)
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Trailing Truck

. . _ .. q4 _ ’ N 'w.‘h ) | L
mwy4 + Cyw (y4 - Yo -~ athZ ht¢t2) + kyw (y4 yﬁz 71wt2 t¢t2)

Ya Zfszs V=0 : D (11
+ 2fb (—; - w4) + kg Yy f 222 ¢4 0 - : (l;?)
+ 2f; (—; R TURSE kg_ys + .523 b E - “D“(llb)

myYg * Cyy (Yg = Ygp * agbpz - hedpa) * Ryw (Yo - Yep * agles - Pedpy)

y6 ' 2f . ’ . . '
e R R T D (1le)
v . | v ) .) + 2f AL, éi@ )
Tobe * kww (g = Vyy) Yy Vg = Vig YT ryév v'4
2f 2f oz o of CL g R,
- - 533 ¢ - S323. + S33 = 0 D (11d)
ng4 —E—;ﬁw~y4' 5 4  0 = w4 | : ( ‘)
v o =)+ 2p, (AR » B
Tobs * Ky (bg = Uyg) # oy (bg = byp) + 2y (Tyg + 5bg
2f f cps - , 2f Co .
- - “rs33 - 523 o+ o33 =0 | _
“qy5 —g—;“—g Y5 T ¥ S T Ys 5 P_(lle)
ToVe * Fyw (Vg = Vyg) + ey (b - Vi) T et Vel
2f _ fss5r 4 2f533" =0 B
ele T T T T, T 5t T paln

¥y Ty Va7 Wes dlwtz - B0ss)
- oyw (g = Bgg - a¥pa = hyoyy)
= okyw (Y5 - Yeg = aglhpg = hydyes)
- ey (b5 = Byy - aglsg - ht$t2)
- kyr (Wyp - ¥p = hybyp - hgbp *_LwB)
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(TTr)d

(utt) d

(b11) @

6V

0. = (34?4q ; BIhEp + 814 - 9ﬁ) 2,0,
| (844}47{ - VZ;L{;IQD + Zf’z';l‘ - gﬁ) qqui)l -
(34?4q - 248y - E%f - g 1,5
(8*¢Fy - g4égv - B2R - Sh) POy
(Z¢¢4q 3 g#mlp _ 84? _ ﬁﬁ) 4qmﬁa _
,(84;4% - 34;20 _ %14 _Jﬁﬁ) 7,00,
(H?Zq - 8¢7 + ZQ?ZQ - 9? = 34?) Zq4ﬁb _

(868~ 8hg 4 BRIy - 85 -S4 r,7%, -

(go - 34?) 195 4+ (99 - 8%y 20y 24?m90 ; 2rpady 397,

0 = (84?474 - Z;lrhgv + Z.’,?..ﬁ _ 96) gv(’lﬁ'? "

(830Fy - 8¥qEp 4 EFR - Ip) £y 4
8%y - EF4ép - 84@ - 9@).meﬁg +
'(g4$;qA_ 34%39”- g2p - Spy Ep™hy .
(8F¢ty - 8pIp - €3 — pa) L™,
(z4é4q _'34&[0 - 34; __ﬁ%) I,
| (- 84T) ah, L g - 274, Phy 4
(3% = 94) o }‘(qu - opy ahy L (B ggy oby
(?4mf— Sh) Ay~ (B - gy "o o (Z4¢.— fm; oy - 8947

0 = (84?4q - Zi,hg'v + 34.6 _ 9@) (’lﬁo _
-(84¢4q - Z#msv + 8¥p _ 95) mﬁ% _



1l

i

1

3 o

»
2kyb)

2
2kjb1

TW

APPENDIX D

NOMENCLATURE

Axle (wheel set) mass

Truck frame mass
Carbody mass

Axle (wheel set) vaw moment of
inertia

Truck frame yaw moment of inertia
Carbody yaw moment of inertia
Truck frame foll moment of inertia
Carbody roll moméent of inertia
Lateral primary stiffness per axle

Longitudinal primary stiffness
per axle

Yaw primary stiffness per axle

Lateral gravitational stiffness
for wheel axle set

Yaw gravitational stiffness for
wheel axle set

Lateral secondary stiffness per
truck

Yaw secondary stiffness per truck

Roll secondary stiffness per truck

Roll primary stiffness per truck

Vertical primary stiffness per
trick side .

Vertical secondary stiffness per

“truck side
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2,
bl chw

2
2¢, b

2
. 2¢jb1

Lateral primary damping per axle

Longitudinal primary damping
per axle

Yaw primary'damping per axle’

Lateral secondary damping per
truck

Yaw secohdary damping per truck
Roll secondary damping per truck
Roll primary damping per truck
Vertical primary damping per
truck side

Vertical secondary damplng per
truck side

Half of ‘truck wheelbase

Half distance between contact

points of wheel treads and
~rails in lateral direction.

Half lateral distance between
primary. suspension

Half lateral distance between
secondary suspension

Height of carbody center of gravity
above axle center:

.Helght of truck frame center of

gravity above axle center

~Vertical distance, truck frame

center of gravity to secondary
suspension

Vertical distance, carbody center
of gravity to secondary. suspension
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fSZS’ fS3S

r

v

Half distance between bolster
centers '

Lateral and tangential creep
coefficient

Spin creep coefficients

Wheel tread radius
Locomotive speed
Axle load

Wheel-rail contact geometry
parameter

Wheel-rail contact geometry
parameter -

© Wheel~rail contact geometry

Effective wheel conicity

Lateral displacement of wheel axle
set (i =1, 2, 3, 4, 5, and 6
refers to #1, #2, #3, #4, #5, and
#6 wheel axle sets respectively)
Yaw displacement of-wheel axle set
Lateral dlsplacement of truck
frame (suffixes tl and t2 refer

to front and rear trucks respectlvely)
Yaw dlsplacement of truck frame
Roll diéplacément of truck frame
Lateral displacement of carbody

Yaw displacement of carbody

Roll displacement of carbody
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TABLE 1

INPUT DATA FOR ACT 1 VEHICLE*

DIMENSIONAL DATA:

A - Half length of wheel base = 41.0 in.

B ~ Half distance between wheel contact o

points ' - = 29.5 in.
Bl - Half lateral distance between -

primary suspension ‘ =  39.0 in.
B2 - Half lateral distance between

secondary suspension = 12.0 in.
HT - Height of truck frame center of

gravity above axle center = 0.0 in.
H1 - Height of bolster spring center

above truck frame center of gravity = 9.0 in.
HB - Height of body center of gfavitY‘above

axle center = 53.0 in.
XL - Half distance between truck centers = 300.0 in.
RO - Wheel tread radius : = 14.0 in.

MASS AND INERTIA DATA: |

XMB - Carbody mass = 241 lb.—sec.é/in.

XMT - Truck frame mass = 18.2 1lb.-sec.?/in.

XMW - Wheel set mass = 2.8 1lb.-sec.?/in.

XIB - Carbody yaw moment of inertia = 10,350,000 lb.-in.-sec.?

XJB - Carbody roll moment of inertia = 594,000 lb.-in.-sec.?
* - Data obtained from Transportation Systems Center (TSCf which

was received from Battelle Memorial, Columbus, Ohio
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TABLE 1 (Cont'd.)

MASS AND INERTIA DATA:

XIT - Truck frame yaw moment of inertia = 15,300 1lb.-in.-sec.?
XJT - Truck frame roll moment of _ )
inertia o . =. 6,810 lb.-in.-sec.?

XIW - Wheel set yaw moment of inertia 2,120 1b.-in.-sec.?

SPRING RATES AND DAMPING DATA:

XKYW - Lateral primary stiffness pef
axle - = 100,000 1b./in.
XKXW - Longitudinal primary stiffness :
_per axle = 1,000,000 1b./in.

XKYT -Lateral secondary stiffness per

truck = 1,190 1b./in.
XKYAT - Yaw secondary stiffness per truck = 0.0 lb.-in./rad.
XRJ - Vertical primary stiffness per - »V )
truck side : = 1,000,000 1lb./in.
_ XKB - Vertical secondary stiffness per
truck side . = 5,660 1b./in.
CYW - Lateral damping of axle _-" = 0.0 lb.-sec./in.
CXW - Longitudinal damping of axle = 0.0 lb.-sec./in.’
CYT - Lateral secondary damping per -
truck ‘ : = 77.2 1b.-in./sec.
CYAT - Yaw secondary damping per truck = 0.0 lb.~in./sec.
CcJ - Vertical primary damping per truck ‘
side A L ' ' = 0.0 lb.-in./sec.
. CB - Vertical secondary damping per

H

~ truck side . 368.06. 1b.-in./sec.
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TABLE 1 (Cont'd.)

MISCELLANEOUS DATA:

"FL - Lateral creep coefficient per
wheel = 1,540,000.0 1b.
FT -~ Longitudinal creep coefficient
L per wheel = 1,540,000.0 1h.
ZETA (£) = 1.0
EPSI (¢) = 0.05
RMO (S) = 0.05
XLAMD ()A)- Effective conicity | 0.05
W - axle load = 27,840 1b.
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TABLE 2

INPUTADATA FOR LF1 LOCOMOTIVE

DIMENSIONAL DATA:

A —_Half length of wheel base ' = 54.0 in.

B = Half distance between wheel
' contact points _ = 29.5 in.
Bl - Half lateral distance between
primary suspension = 39.5 in.
B2 "= Half lateral distance between
secondary suspension : = 38.0 in.
HT - Height of truck frame center of
gravity above axle center _ = 2.0 in.
H1 - Height of bolster spring center
above truck frame center of gravity = 4.5 in.
HB - Height of body center of gravity
above axle center _ = 61.0 in.
H2 - Height of body center of gravity
above bolster spring center = 63.5 in.
XL - Half distance between truck
centers . = 204 in.
RO . - Wheel tread radius . = 20.0 in.

MASS AND INERTIA DATA:

XMB - Carbody mass - = 546 1b.-in.-sec.
XMT - Truck frame ﬁass = 19.4 1b-.—in.—sec.2
XMW - Wheel sét mass ) = 22.1 1b.-in.-sec.
XIB - Carboay yaw moment of inertia = 19,800,000 1lh.-in.-sec.
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TABLE 2 (Cont'd.)

MASS AND INERTIA DATA:

XJB ~ Carbody roll moment of inertia = 1,170,000 lb.—in.—sec2
XIT ~ Truck frame yaw moment of , 5
inertia = . 20,000 1b.-in.=-sec
XJT - Truck frame roll moment of | 2
inertia : ’ ‘ = 8,120 1lb.-in.-sec
XIW - Wheel set yaw moment of inertia = 12,000 lb.—in.—sec2

SPRING RATES AND DAMPING DATA:

XKYW - Lateral primary stiffness per T :

axle = 8,000 1b./in.
XKXW =~ Longitudinal primary stiffness : -

per axle = 1,000,000 1b./in.
XKYT -~ Lateral secondary stiffness

per truck = 2,240 1b./in.
XKYAT - Yaw secondary stiffness per o .

- per truck = . 0.0 1b./in.

XKJ - Vertical primary stiffness per

truck side = 16,152 1b./in.
XKB - Vertical secondary stiffness per

truck side , = 11,300 1lb./in.
CYwW - Lateral damﬁing of axle = A 0 1b.?sec./in.
CXwW - Longitudinal damping of axle = 0 l1b.-sec./in.
CYT - Lateral secondary damping per - :

truck = 10.0 1lb.-sec./in.
CYAT - Yaw secondary damping per truck - = : 0 1lb.-sec./in.
CJ - Vertical primary damping per truck

side = -0 1lb.-sec./in.
CB - Vertical secondary damping per .

truck side = 450 1b.-sec./in.
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TABLE 2 (Cont'df)

MISCELLANEOUS DATA:

FL
.FT

ZETA (&)
EPSI (e)
RHO (9)
XLAMD (X)
W

-—

Lateral creep coefficient per
wheel ‘ ‘

Longitudinal creep coefficient
per wheel ‘

Effective conicity

Axle load
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3,000,000 1b.
3,000,000 1b.

1.0

0.05
0.05
0.05

65,000 1b.



TABLE 3

INPUT DATA FOR LS1 LOCOMOTIVE

DIMENSIONAL DATA :

Al - Distance between truck center and
' lead axle = 81.78 in.
A2 - Distance between truck center and

middle axle = 1.7136 in.
A3 - Distance between truck center and

trailing axle = 81.216 in.
B - Half distance between wheel contact

points = 29.5 in.
Bl - Half lateral distance between

primary suspension = 39.756 in.
B2 - Half lateral distance between

secondary suspension : = 35.496 in.
HT - Height of truck frame center of

gravity above axle center = 4.878 in.
H1 - Height of bolster spring center

above truck frame center of gravity = '9.264 in.
H2 ~ Height of carbody center of gravity

above bolster spring center = 36.132 1in.
HB ~ Height of carbody center of gravity

above axle center = 50.274 in.
XL - Half distance between truck centers = 245,496 in.
RO - Wheel tread radius o= 20,0 in.

MASS AND INERTIA DATA:

XMB - Carbody Mass

0

779 1lb.-sec.?/in.

XMT - Truck frame mass 37.6 1lb.sec.?/in.

1l
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. TABLE 3 (Cont'd.)

MASS AND INERTIA DATA:

XMW - - Wheel set mass V . = 34 1lb.-sec.?/in.
XIB - Carbody yaw moment of inertia = 35,300,000 lb.~-in.-sec.?
XJB - Carbody roll moment of inertia = 1,509,600 lb.—in.-sec.?’
XIT - Truck frame yaw moment of .

inertia . = 161,424 1b.-in.-sec.?
XJT - Truck frame roll moment of .

inertia . = 52,656 lb.-in.-sec.?
XIW - Wheel set yaw moment of inertia =  16,381.32 1b.-in.-sec.?

SPRING RATES AND DAMPING DATA:

XKYW - Lateral primary stiffness per
axle . = 5,000 1b./in.
XKXW - Longitudinal primary stiffness
per axle = 500,000 1b./in.
XKYT - Lateral'secondary stiffness
‘ per truck _ = 8.400 1b./in.
XKYAT - Yaw secondary stiffness per
truck ' = 10,583,714 1bh.-in./rad.
XKJ - Vertical primary stiffness per
truck side , -o= 18,720 1b./in.
XKB - Vertical secondary stiffness :
© per truck side = 112,667 1b./in.
CYW - Lateral damping of axle = 16.67 1b.-sec./in.
CXW - Ldngitudinal damping of axle = 16.67 1lb.-sec./in.
CYT - Lateral secondary damping per . v
truck ‘ = 50 1b.-sec./in.
CYAT - Yaw Secondary damping per

truck 63,000 1b.-in.-sec./rad.
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TABLE 3 (Cont'd.)

SPRING RATES AND DAMPING DATA:

i

CJ .= Vertical primary damping per 75 1lb.-sec./in.

truck side

CB - Vertical secondary damping per : ‘
truck side : = 667 lb.~-sec./in.

MISCELLANEOUS DATA:

FL - Lateral creep coefficient _

f = 3500 (dw)'/2 : = 4,141,256 1b.
FT - Longitudinal creep coefficient = 4{141,256 1b.
ZETA (£) | = 1.0
EPST (e) o , = ' - 0.05
RHO (8) . = _ 0.05 -
XLAMD ())-Effective conicity = 0.05
W .Axle'load : = : 70,000 1b.
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TABLE 4

INPUT DATA FOR LS2 LOCOMOTIVE

 DIMENSIONAL DATA:

Al - Distance between truck center - . e .
‘ and lead axle ' = 79.38 in.

A2 - Distance between truck center .

and middle axle = - 1.25 in,
A3 - Distance between truck center ,

and trailing axle. : = ' 85.0 in.
B - Half distance between wheel .

contact points 1 : = - .. 29.5 in.
Bl - Half lateral distance between I

primary suspension . _ = 39.5 in.
B2 - Half lateral distance between _ o

secondary suspension = 35.12 in.
HT - Height of truck frame center of _ o :

gravity above axle center ' = 2.5 in.
H1l - HFeéight of bolster spring center .

above truck frame center of gravity = 5.0 in.
H2 - Height of carbody center of gravity .

above bolster spring center o _ = 50.2 in.
HB - Height of carbody center of gravity »

above axle center , : = 57.70 in.
XL - Half distance between truck centers . = 276.0 in.
RO. - Wheel tread radius . = . 20.0 in.

MASS AND INERTIA DATA:

XMB - Carbody mass - .- = 766 lb.;séc.é/in;

XMT .- Truck frame mass 40.0 1b.-sec.2/in.
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TABLE 4 ‘(Cont'd.)

MASS AND INERTIA DATA:
XMW :n;.Wheel set mass e = - 30.0 lb.-sec.’/in.

"XIB - Carbody yaw moment of inertia

39,600,000 1b.-in.-sec.?

XJB ‘4=Carbody roll moment of inertia = 1,720,000 lb.-in.-sec.?
XIT - Truck fiame‘yaw moment. of

S ~*ihertia : S = 178,000 1b. —1n.—sec
XJT - Truck frame roll moment of : '

-+« “.'inertia = 56,000 lb.-in.-sec.?
XIW - Wheel set yaw moment of ihertia = 16,500 lb.-in.-sec.?

SPRING RATES AND DAMPING DATA’:_.

XKYW - Lateral primary stiffness per .
. . axle Co= 5,000 1b./in.
XKXW - Longitudinal prlmary stlffness :
per axle _ = 500,000 1lb./in.
XKYT -~ Lateral secondary stiffness = : 22,000 1b,/in.
XKYAT ‘- Yaw secondary stiffness per
truck ) 4 = 10,000,000 1b.-in./rad.
XKF "= -véertical prlmary stiffness per
truck - . = 19,800 1lb./in.
XKB = - Vertical secondary stiffness ,
‘per truck side = 250,000 lb./in.
CYW - Lateral'damping of axle - 400 1b.-sec./in.
CXW - Longitudinal damping of axle = 12.5 1b.-sec./in.
CYT - Lateral secondary damping per
‘ truck = 600 1lb.-sec./in.
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TABLE 4 (Cont'd.)

SPRING RATES AND DAMPING DATA:

CYAT - Yaw secondary damping per truck - 200,000 1lb.-in.-sec./rad.

CJ- ~ Vertical primary damping per truck L
side : ' ' ‘ = 150 1lb.-sec./in. -
CB ~ Vertical secondary damping per S

truck side = 250 lb.-sec./in.

MISCELLANEOUS DATA:

FL - Lateral creep coefficient : 4,000,000 1b.
FT - Longiﬁudihéi dréeéhcoefficient 4,0004000'lb.
ZETA (E). o S - 1.0

EPSI (e) - R . 0.05

RHO (8) o o - 0.05
XLAMD (A)- Effective '., | 0.05

W  , f.Axle-toad o ' ‘66,000'15.
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TABLE 5

SUMMARY OF PARAMETRIC STUDY OF LS2 LOCOMOTIVE

DESCRIPTION o CRITICAL PERCENTAGE
SPEED -~ MPE CHANGE FROM BASIC

Basic Locomotive 121.5

Lateral Stiffness of Axle, . 13%9.0 - - 14.4

7,000 Lb./In., i1.e. 140% of
Base Value

Effective Wheel Taper, 83.0 R '31.7
1 in 10 (Base Value is 1 in 20)

Lateral Primary Damping, - 128 y B 5.3
600 Lb.-Sec./In., i.e. 150% ’
of Base Value '

Lateral Secondary Damping -~ Mo Chancge in Critical Speed -

Mass and Roll Moment of Inertia - No Chance in Critical Speed -
Yaw Moment of Inertia of the 119.5 . . 1.6

Carbody 150% of Base Value

Mass and Roll Moment of Inertia - No Chénqe in Critical Speed -
of the Truck Frame '

Yaw Moment of Inertia of the Truck 106 : : 12.8
Frame 150% of Base Value

Yaw Moment of Inertia of the Wheel 116 4.5
Set 150% of Base Value

foud
()

O
=
o
w

Tangential Creep Coefficient per
Wheel 150% of Base Value

Lateral Creep Coefficient per 128 5.3
Wheel 150% of Base Value
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SUMMARY OF PARAME

Parameter Description Value (% Base)

Basic Locomotive

Half length of 48 ( 89%)
wheel base (inches) 60 (111%)
Height of Body 41 { 68%)
above the axle
(inches} 81 (132%)
Half distance between 154 ( 75%)
Truck Centers (inches) 254 (125%)
Wheel tread 15 ( 75%)
Radius (in.) 25 (125%)
. Mass of the 273 - ( 50%)
Body (1lb.) _ 819 (150%)
'Mass of the 9.7 { 50%)
Truck (1b.) 29.1 (150%)
Moment of inertia :
of the Body in 9.9 ( 50%)
vaw (10°1b. in. sec?) 29.7  (150%)

Moment of inertia of
the Body in 10,000 ( 50%)

Yaw (lb.in.sec?) 30,000 (150%)



TABLE 6

TRIC STUDY OF LF1 LOCOMOTIVE

Lower Bound of Upper Bound of
Primary Hunting Primary Hunting Secondary Hunting
Velocity (% Base) Velocity (% Base) Velocity (% Base)
28.7 38.1 : 139.2
22.8 ( 79%) 39.9 (105%) 123.4 ( 89%)
stable stable 156.4 (112%)
- No change from basic Locomotive -
- No change from basic Locomoti&e'—
18.2 ( 633) 47.0 (123%) - No change -
stable stable - No change -
19.9 ( 69%) 26.9 L 71%) .118;6 ' ( 85%)
29.5 (103%) 56.3 (148%) 158.2 " (1149)
- No change -
- No change -
149.1 (107%)
" 128.6 - ( 92%)
stable stable - No change -
19.9 ( 69%)  44.2 (1168) - No change -
- No change = © 146.3 (105%)

- No change - - 133.0 ( 95%)



0L

Moment of inertia of the

Wheel-axle set in 6,000
Yaw (lb.in.secz) 18,000
Moment of inertia of

the Body in 5.
Roll (10%1b.in.sec.?) 17.
Moment of inertia of

of the Truck in 4,060
Roll (lb.in.sec.”) 12,189
Lateral Stiffness 4,000

of the Axle (1lb/in.) 12,000

Vertical Rate of the
Bolster spring per 5,650
truck side (1lb/in.) 16,950

Vertical Rate of the
Journal spring per 8,076
truck side (1b/in.) 24,228

Effective
Wheel
Taper

Trngential Creep
Coefficient per

Wheel (10%1b.)

Lateral Creep

Coefficient per 1.

Wheel (lO6 1b.)

85
55

.025
.100
-150

( 50%)
(150%)

( 50%)
(150%)

( 50%)
(150%)

( 50%)
{150%)

( 50%)
(150%)

( 50%)
(150%)

( 50%)
(200%)
(300%)

( 50%)
(150%)

( 50%)
(150%)



TABLE 6 (Cont'd)

- No change - 148.0 (1L06%)
- No "change - 131.7 ( 95%)

- No change -

No change -

No change -
No change -

97.8 ( 70%)
181.5 (130%)

- No change -
- NO change -

- No change -
- No change _

39.3 (137%) 177.8 (466%) 210.8 (151%)
stable stable 95.3 ( 68%)
stable stable 76.9 ( 55%)
stable ~stable 177.6 (127%)

19.7 ( 69%) 39.9 (105%) 121.6 ( 87%)

22.1 ( 77%) 127.0 (334%) 117.6 ( 84%)

stable stable 149.2 (107%)



TABLE 6 (Cont'd)

Longitudinal démping of

the Axle (lb.sec./in.) 100 f_ (Bése = 0) 24.3 ‘ { 85%) 38.4 . ©(101%)
Lateral damping 6f : _ L »
the Axle (lb.sec./in.) 100 (Base = 0) stable stable
Lateral damping of the = .= N . : : .
Truck (lb.sec./in.) 100 (100%) stable _ stable
(Lateral damping of the | 1
Truck (lb.sec./in.). 100 . (100%) _ 
¢ and - e _ s stable stable
Effective : . . |
kWheel Taper - o .025 ( 50%)
y . /

L

- No change -

- No change -

146.6.

226.4

(105%)

(163%)
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