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INTRODUCTION

Objective

The major objective of this program is to determine
methods of improving the ride quality of the Metroliner
through modifications of the dynamic configuration. For
the program two levels of modifications are considered.
The first level of modifications are achievable utilizing
the existing hardware with suspension component modifica-
fion or replacement. The second level of modifications
allows, in addition to changes achievable with existing
hardware, the introduction of a new truck configuration.

For the first level of modification, a series of
recommendations and their effect on dynamic performance is
presented. For the second level of modifications, a
specification for a new truck 1s prepared and dynamic per-
formance of the truck presented.

Plan

The program was centered around the development of a
dynamic simulation of a Metroliner railcar subject to track
irregularity inputs. Once developed, this dynamic simula-
tion was systematically varied to evaluate the effect of
suspension component modifications and alternate truck con-
figurations. Based on these results, recommended modifi-
cations to the existing suspension component and the new
truck requirements were established.

Two major test programs were performed in the conduct

of the program to aid in the development and verification



of the dynamic simulation. A road test was performed on a
single Metroliner car to examine the performance of suspension
components in service, ald in establishing the nature of the
inputs from track irregularities, and provide a baseline for
ride quality. Supplementing this test, measurements of track
irregularities over the road test course were performed to
aid in establishing the inputs. In the laboratory, a series
of shaker tests were performed on the identical Metroliner
to aid in parameter identification and vefification of the
dynamic simulation. Supplementing these tests, shaker tests
were performed on a. few suspension components.

The major constraints which were imposed on the improve-

ment program are:

1. The existing trackage and wayside clearance envelop
shall be used.

2. The existing carbody shall be used.

3. The new truck configuration shall utilize the exist-
ing traction equipment and incorporate off tread
friction braking.

4, The new truck structural configuration shall be of
a design with proven passenger experience.

In the development of this program two major assumptions

were made:

1. The railcar is assumed to be dynamically stable and
the modifications recommended can be accomplished

while maintaining dynamic stability.



1.

2. Improvements in the ride quality of a single car
will result in improvements in the ride quality of
a train of cars.

This report describes the develcpment and verification
of the simulation using the laboratory test results, an
analysis of the rail inputs using measured inputs from the
road test and track measurements, the performance of the
existing Metroliner with comparisons toAroad test results,
the development and performance of the modified design, and
the development and performance of the modified design with
new trucks.

Participating Organizations

During the conduct of this program, major contributions
were supplied by The Federal Railroad Administration,
Battelle Memorial Institute, N.A.S.A. Langley, and ENSCO, Inc.

The Federal Railroad Administration, Rall Research
Division, directed the Metroliner road test and track measure-
ments in accordance with test plans developed by The Budd
Company. ENSCO was responsible for the implementation of the
Metroliner instrumentation and performance of the Metroliner
road test and subsequent track measurements using the rail
research cars. The laboratory tests were performed at The
Budd Company Testing Laboratory with suspension component
testing performed by Battelle Institute. The Analytic Com~
puting Division, N.A.S.A. Langley performed the data reduction

of the Metroliner road test results. The Loads Division,



N.A.S.A. Langley provided consultation during the development
of the simulation by The Budd Company, performed the computer
programing of the simulation, and ran the required simulation
on thelir digital computer facility at Langley.

Three reports have been published concerning these
efforts and are referenced in this report:

1. Metroliner Ride Data Collection System

J. May, Report No. DOT-FR-72-11 ENSCO, Inc. July 1972

2. Supplement to Summary Report of Experimental Evalua-
tion of Elastomeric LIM Truck Suspension Elements

Battelle Memorial Institute (available through F.R.A.)

3. Summary of Metroliner Test Results

J. Herring & P. Strong Report No. PB-208-281

The Budd Company, February 10, 1972

DEVELOPMENT AND VERTFICATION OF THE STMULATION

The simulation i1s a single railcar responding to inputs
from track irregularities. The simulation is linear and the
solutions are under steady-state conditions. Originally a
non-linear simulation was consldered, but was not pursued due
to schedule requirements.

The simulation is composed of two models. The "vertical"
model describes the vertical, longitudinal, and pitch motions
of the railcar. The "lateral" model describes the lateral,
roll and yaw motions of the railcar. The simulation was
divided into five subsystems, the carbody vertically and

laterally, the truck and the power transformer vertically



and laterally. The power transformer was included since 1its
weight 1s comparable to the truck frame weight and 1s mounted
on a suspension system under the carbody.

The development of the simulation was coordinated with
a series of dynamic tests performed on the Metroliner in the
laboratory. Dynamic tests were performed on the carbody
subsystem, the truck subsystem and the transforner subsystems
with boundary conditions identical to those of the subsystem
simulations. The results of the laboratory tests were used
to verify and identify parameters of the simulation of the
five subsystems.

Once the subsystem simulations were verified, they were
combined into the "vertical" and "lateral" railcar simulations.

A detailed description of the formulation and computer
solution of the simulation is contained in Appendix A, Rallcar

Dynamic Simulation.

The Carbody Subsystem

The carbody subsystem consists of the carbody with the
transformer removed resting on the truck secondary suspension
with the primary suspension locked out. Figure 2.1-1 illus-
trates this subsystem and shows the location of the application
of the dynamic force during the laboratory tests.

The carbody was simulated as seven rigid segments con-
nected by flexible joints. Seven segments were chosen in
anticipation that the first carbody bending modes would be
significant. Additionally the seven segments correspond

with the seven subdivisions of the carbody under floor sepa-
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rated by major cross bearers. These segments are shown on
Figure 2.1-1. The transformer is attached under the .4th
segment and the trucks between segments 1 and 2, and 6 and 7.
Using the Metroliner design weight tables, the mass proper-
ties of the segments were computed and are tabulated in
Table 2.1-1.

The carbody flexibility is defined by a series of
influence coefficients. These coefficients were calculated
in terms of the carbody modulus and area moment of inertia
assuming the carbody has uniform stiffness. The damping of
the carbody is described in terms of the structural damping
coefficient.

The vertical carbody simulation has nine degrees of
freedom; one vertical motion for the end of each segment and
a common longitudinal motion for all segments. The lateral
carbody simulation has 15 degrees of freedom, one roll motion
for each segment and one lateral motion at the ends of the
segments. The vertical or lateral motion at adjacent ends
of connecting segments are assumed equal, requiring only
one degree of freedom.

The vertical laboratory test results are compared to
the "vertical" carbody subsystem simulation results in
Figures 2.1-2, 2.1-3, and 2.1-4. 1In Figure 2.1-2, 2.1-3
and 2.1-4, the vertical acceleration on the center line of
the car floor 4'4"  U45'2_1/2" and 84'1" from the A end of
the carbody is shown. In both experiment and simulation

this is the acceleration in response to an input force



Table 2.1-1

Calculated Mass Properties of Metroliner Carbody

Without Power Transformer

Segment Weight Segment C.G. Location-Inches Radii of Gyration at C.G.

No. Lbs. Length X ¥ Y ## Z ¥*%% in inches about
In. e X axis Y axis Z axis
1 17,790 150 RN -1.6 65.9 hh,.8 62.7 58.3
2 11,469 130 291 1.7 62.5 41.7  50.9  45.7
3 15,828 144 156 - .3 55.4 43,5 49.6 45.5
I 14,942 152 0 -4.3 69.1 43.8  51.9  47.h
5 17,195 144 ~138 .3 50.8 42,1 49.0  43.4
6 14,556 144 -280 2.8 69.4 51.7 59.1 41.7
7 13,425 150 W4T - .6 66.2  Lh.7 63.0 57.1
Carbody 105,205 12.1 0.3 62.4 45.3  298.5  297.3

¥ origin at carbody center
¥%¥  origin centerline of carbody

#¥%  opigin top of rail
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located as shown in Figure 2.1-1. Thg force is normalized

in terms of acceleration by dividing the input force by the
weight of the carbody. Relative maxima were experienced
during the laboratory test at 1.2 hertz, 6.6 hertz, 7.4 hertz
and 14.5 hertz. It was anticipated that a relative maxima
should occur near 1.2 hertz due to the carbody rigid body
resonance on the truck secondary suspension, and between

6. hertz and 8 hertz due to the carbody first mode bending
resonance. The presence of two maxima in the 6 to 8 hertz
range was due to the coupling of the longitudinal resonance
of the truck on its anchor rods with the carbody bending.

The longitudinal acceleration of the truck measured during
the vertical testing is shown in Figure 2.1-5 with the input
force normalized as described previcusly. As the carbody
bends about its bending axis, a longitudinal motion is induced
at the anchor rod/carbody connection a reasonable distance
below the carbody bending axis. This induced motion excites
the truck in the longitudinal direction. Using the reported
value of the anchor rod longitudinal stiffness and the truck
welght, the estimated longitudinal resonance of the truck

is between 6.5 and 7 hertz which corresponds favorably to
the experimental result. This coupling effect masks the
experimental determination of the precise frequency of the
carbody vertical bending resonance and reduces the measured
gain at resonance, were this coupling removed. The required
values of carbody stiffness and structural damping to achieve

the simulation results of Figure 2.1-2 are:

12
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vertical carbody stiffness (EI) 1.07 x 1012 1bs/in?

vertical carbody structural damping coefficient .08
The value of the structural damping required appears high
for structures of this type. The similar test, reported
later, on the carbody laterally, resulted in a structural
damping coefficient of .04. During this test no truck
coupling was experienced.

Due to the uncertainty in the vertical carbody stiffness
and structural damping, when a promising configuration was
established, it was tested with carbody stiffnesses and
damping which covers the range of uncertainty. These ranges
are:

vertical carbody stiffness (ET) 1.07-1.17 x 1012 1ps/in?

vertical carbody structural damping coefficient .04 - .08

The lateral laboratory test results are compared to the
"lateral" carbody subsystem simulation results in Figures
2.1-6, 2.1-7, 2.1-8 and 2.1-9.

In Figures 2.1-6, 2.1-7 and 2.1-8 the lateral acceler-
ation on the centerline of the car floor 4'i",
4sr2-1/2" and 84ri" from the A end of the carbody is
shown. In both experiment and simulation this is the acceler-
ation in response to an input force located as shown in
Figure 2.1-1. The force is normalized in terms of acceler-
ation by dividing the input force by the weight of the car-
body. Relative maxima occurred at .7 hertz, 1.1 hertz, and
8 hertz as anticipated. -The .7 hertz and 1.4 hertz maxima

are the two rigid body lateral-roll resonances and the

14
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8 hertz maxima 1s the carbody lateral bending resonance.
During the lateral laboratory test, additional accelerometers
were located on the A end carbody floor to measure roll.
The experimental and simulation results are shown in Figure
2.1-9 with the force normalized as previously described.
The major disagreement between the experimental and simulation
results under lateral forcing inputs, is the distribution
of damping between the two rigid body lateral roll modes.
In each case in the simulation insufficient damping was avail-
able in the lower mode. A similar disagreement occurred in
the lateral transformer testing. Presently we are not able
to identify the cause of this disagreement.

Table #2.1-2 is a summary of the vertical and lateral

carbody properties used to simulate the existing Metroliner.

" Table 2.1-2

Metroliner Carbody Properties
Vertical Carbody Stiffness (EI) 1.07 x 1072 1bs/in® *
Lateral Carbody Stiffness (EI) 1.58 x 101° 1bs/in®
Vertical Carbody Structural Damping Coefficient .08 ¥

Lateral Carbody Structural Damping Coefficient .04

¥ refer to text for range of uncertainty
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The truck subsystem consists of the truck with the car-
body side of the secondary suspension system fixed.

The truck configuration 1s a generalized form of an
equalizer beam truck. The truck includes two suspension
systems, a primary suspension between the wheel and axle
assemblies and the truck frame assembly, and a secondary
suspension system between the truck frame assembly and the
carbody. The major load in the secondary suspension 1s
carried by the bolster coil spring. The air spring in paral-
lel with the coil spring is designed to provide load leveling
of the carbody under passenger load. During testing a nominal
pressure of 5 psig was applied to the air spring to maintain
contact with the spring seats. This pressure has a negli-
gible effect on the secondary spring rate.

Within the truck frame assembly is a truck bolster which
can yaw with respect to the truck frame. The bolster is
attached to the carbody through longitudinal anchor rods.
Across the primary suspension, the traction motor gear box
is mounted. PFigures 2.2-1, 2.2-2, and 2.2-3 are sketches of
the existing truck showing major dimensions. For this simu-
lation the truck wheels follow the vertical and lateral irregu-
larities of the track. It 1s assumed that the wheel sets
are performing in a stable manner and their displacements
are controlled by track irregularities.

The truck subsystem simulation has seven degrees of

freedom: vertical, pitch, longitudinal, lateral, roll,

20
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yaw of the truck frame, and yaw of the truck bolster with
respect to the truck frame. Using the Metroliner truck
design weight tables, the mass properties of the truck were
computed and are tabulated in Table 2.2-1.

The dynamic force during laboratory testing is applied
to the truck frame assembly as shown in Figures 2.2-1, 2.2-2,
and 2.2-3. The vertical test was performed with the dynamic
force applied vertically at the geometric center of the truck
frame.

The results of the vertical truck subsystem test is
compared with the simulation results in Figure 2.2-4. The
truck vertical subsystem resonance occurred at 9.5 hertz.
This wvalue is considerably higher than the anticipated ver-
tical resonance of between 5.5 and 6 hertz based on the
reported stiffness of the equalizer and bolster springs.

The bolster vertical spring rate per truck based on the car-
body subsystem vertical resonance of 1.2 hertz is 7T740#/in.

per truck. The vertical equalizer spring rate was reported

to be 8000 to 9000#/in. per spring, or, considering four springs
per truck, 32,000 to 36,000#/in. per truck. To achieve the

9.5 hertz vertical truck subsystem resonance assuming the
primary suspension stiffness controlled by the equalizer
springs, the stiffness of the equalizer springs would be

27 ,250#/in. per spring.

Two explanations for this difference were proposed
First, the gear box connection across the primary suspension

was appreciably increasing the primary suspension stiffness.

24



Ge

Mass Properties of Metroliner Truck

Table 2.2-1

C. G. Location - Inches

Radii of Gyration - Inches

Longitud- | Laterally |Vertically | Longitud- Lateral | Vertical
Welght inally From Truck|Above Top inal Axis Axis Axis
Component in Pounds |[From Truck Center of Rail Through Through | Through
Center C.G. C.G. - C.G.
Truck Frame
Assy. Less 5,554.5 0.0 0.0 20.9 31.5 28.0 38.1
Motors &
Truck Bolster
Truck Bolster 2,669.5 0.3 0.0 27.6 37.2 8.7 37.4
Traction
Motor #1 2,086.0 34.0 10.5 19.5 9.3 8.6 9.3
Traction
Motor #2 2,086.0 -34.0 -10.5 19.5 9.3 8.6 9.3
Total Truck
Frame Assembly|{12,396.0 0.0 0.0 21.9 28.6 28.1 37.5
Gear Box #1 787.5 45 18 18. 9.6 12.9 9.6
Gear Box #2 787.5 | -45 18 18 9.6 12.9 9.6
Total Wheel &
Axle Assembly 9,652.0 - - - - - o

Total

23,623.0
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Second, the equalizer springs constructed from a coil spring
encased in elastomeric material had appreciably increased

in spring rate due to creep or aging of the elastomeric
material.

To investigate the effect of the gear box connection,
vertical static and dynamic tests were performed on the truck
subsystem with the coupling between the motor and gear box
disconnected. The results of the static tests are shown in
Figure 2.2-5. For this test the carbody was not fixed. The
results with the gear box coupling connected and disconnected
are identical,with a nominal vertical static stiffness of
75,000#/in. per truck or 18,750#/in. per spring. The results
of the vertical truck subsystem dynamic test with the coupling
removed 1s shown in Figure 2.2-6. The results indicate the
same vertical truck frame resonance with the coupling con-
nected and disconnected. From these tests it was concluded
that the motor gear box mounting had no effect on the vertical
primary stiffness.

Further tests were performed on the equalizer spring
by Battelle Memorial Institute. The results of their dynamic
test is shown in Figure 2.2-7. Theseresults indicate dynamic
spring rates of 24,000#/in. for loads comparable to the ver-
tical truck subsystem test. As a result it was concluded
that the increased vertical stiffness of the primary suspen-
sion was due to the difference in the actual stiffness of

the equalizer springs over the reported value. It should be
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noted that the reported value was based on a short term static
deflection curve of the spring.

The truck subsystem roll test was performed by exciting
the truck frame in a combined vertical and roll mode by
locating the shaker 18" laterally from the truck frame center.
The roll acceleration experienced is compared with the simu-
lation result in Figure 2.2-8. The truck frame roll resonance
occurs at 15 hertz.

The truck subsystem pitch test was performed by exciting
the truck frame in a combination vertical and pitch mode by
locating the shaker 18" longitudinally from the truck frame
centerline. During this test we were not able to obtain a
reasonable pitch wave form. The wave form appeared to be
mixed with a signal of 50 to 60 hertz. It is not electrical
nolse as the amplitude varies with forcing frequency and
alternate instrumentation gave similar results.

Based on the matching of the simulation results to the
truck subsystem and carbody subsystem tests, the vertical,
lateral and longitudinal parameters of the truck secondary
suspension gnd the vertical parameters of the truck primary
suspension were 1dentified. The lateral and longitudinal
parameters of the primary suspension were estimated based
on the equalizer springs lateral and longitudinal rate. The
truck suspension parameters are tabulated in Table 2.2-2.

The Power Transformer Subsystem

The power transformer subsystem consists of the power

transformer with the carbody end of the suspension mounts
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Metroliner Truck Suspension Parameters

Table 2.2-2

Primary Secondary
Suspension Suspension
System System

Vertical Stiffness Per Truck 109,000#/in 7,740#/1in
3

Lateral Stiffness Per Truck 55,800#/in 3.3864/1n
3

Longitudinal Stiffness Per Truck 55,800#/in 96,660#/in

Vertical Damping Per Truck

260# sec/in

115# sec/in

Lateral Damping Per Truck

260# sec/in

173# sec/in

Longitudinal Damping Per Truck

260# sec/in

78# sec/in

¥ Calculated




fixed. A sketch of the transformer subsysﬁem is shown in
Figure 2.3-1. The suspension mounts are elastomeric and act
in shear vertically and laterally, and in tension and com-
pression longitudinally. The mass properties of the trans-
former were calculated and are tabulated in Table 2.3-1.

The results of the vertical transformer test are compared
with the vertical transformer subsystem simulation in Figure
2.3-2. The force is normalized in terms of acceleration,
by dividing the force by the transformer weight. The trans-
former subsystem has a vertical resonance at 4.6 hertz.

The results of the lateral transformer test are compared
with the lateral transformer subsystem tests in Figures 2.3-3
and 2.3-4,

The lateral results indicate two lateral-roli resonances
at 3.6 hertz and 6.4 hertz. As in the case of the lateral
carbody test, the major difference between test and simula-
tion is the distribution of damping between the two lateral
roll modes. In the simulation insufficient damping is avail-
able in the lower mode. A similar result occurred in the
carbody subsystem test. Presently we are not able to identify
the cause of this disagreement.

Based on the matching of the vertical and lateral test
results, the vertical and lateral transformer suspension
parameters were established. The longitudinal parameters
were calculated. The transformer suspension parameters are

tabulated in Table 2.3-2.
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Table 2.3-1

Mass Properties of Transformer
Weight

Longitudinal C.G Location from "A End" Mounts
Lateral C.G Location from Right Side Mounts

Vertical C.G Location Below Mounts

Radius of Gyration about Longitudinal Axis
Radius of Gyration about Lateral Axis

Radius of Gyration about Vertical Axis

12,350

42,2
18

1l

17.7
21.6

23.2

pounds

inches
inches

inches

inches
inches

inches
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TABLE 2.3-2

PRESENT POWER TRANSFORMER SUSPENSION PARAMETERS

Total System

Vertical Stiffness

Lateral Stiffness

Longitudinal Stiffness

Vertical Damping

Lateral Damping

Longitudinal Damping

. ho

28,800

27,000

260,000

72

72

72

lbs

1bs

lbs

1bs

1bs

lbs

/in.

/in.

./in.

.—sec./in.

.—-sec./in.

.—sec./in.
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TRACK TRREGULARITY INPUTS

Though at any oné time the inputs to the rail car due
to track irregularities consist of a mixture of vertical,
longitudinal, lateral,pitch, roll and yaw of a single truck
and combinations between the two trucks, for this study the
inputs have been reduced to five major inputs (the simulation
is capable of accepting any mixture). The major inputs con-

sidered are:

both trucks translating vertically in

1. Vertical
» phase

2. Pitch - both trucks translating vertically 180°
out of phase

3. Lateral

both trucks translating laterally in

phase
L, Roll - both trucks rolling in phase
5. Yaw - both trucks translating laterally 180°

out of phase

Considering these major inputs, there are track irregu-
larities of particular wave length where one or more of
these inputs will dominate. The wave lengths are dependent
on the wheelbase of the truck and the spacing between the
truck centers.

To aid in establishing the nature of the track irregu-
larity inputs, a road test on the Metroliner and track
measurements were performed. Samples from six sections of
track were analyzed and subsequently track profile measure-
ments over these sections were performed. The six sections

of track are described below.
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Run #1 is a low speed run south of Baltimore station
between milepost 97.25 and 98.25 on track #3. The speed
through this location was between 31 and 45 miles per hour.
This location was primarily chosen as a test case to check
the data processing system and is included here as a sample
of low speed performance. The track at this location is a
mixture of continuously welded and bolted rail.

Run #4 is Stony Run between milepost 106.5 and 109.5 on
tfack #3. The speed through this location was 105 MPH. This
location is an example of operation over rough traék. This
location has 1 mile of continuously welded and 2 miles of
bolted rail.

Run #5 is south of 30th Street Station, Philadelphia,
between milepost 6.75 and 9.25 on track #3. The speed
through this location was bétween 87 and 97 MPH. This loca-
tion is an example of acceptable ride quality. The track
at this location is continuously welded.

Run #6 is south of 30th Street Station, Philadelphia,
between milepost 11.75 and 12.75 on track #3. The speed
through this location was 103 MPH. This location is an
example of performance on a curve when the carbody is riding
on the lateral secondary suspension stops, by traveling at
speeds greater than the balance speed of the curve. The
track at this locatlion is continuously welded.

Run #7 is entering Wilmington Station between milepost

25.25 and 26.75 on track #3. The speed through this location

b2
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is between 85 and 35 MPH. This location is an example of
transient inputs, characterized as "lurch". The track at
this location is continuously welded.

Run #8 is south of New Brunswick, N. J. between milepost
33 (N) and 34 (N) on track #3. The speed through this loca-
tion is 105 MPH. This location is an example of what appears
tc be a lateral dynamic instability of the truck. The track
at this location is continuously weldedi

The conditions for each location are summarized in
Table 3.0-1.

As previously stated, the Metroliner road test and track
profile measurements were performed by ENSCO Inc. and reported

in Metroliner Ride Data Ccllection System report No. DOT-FR-

72-11. The description of the test sections, test setup,
test results and data reduction procedures are described in

Summary of Metroliner Test Results report No. PB-208-284.

The average vertical acceleration of the wheel and axle
assemblies of a single truck will have a relative maxima when
the truck wheel base is some integer multiple of the track
irregularity wave length as éhown in Figure 3.1-1. Examining
the road test results from track section five, this effect
can be illustrated.

Figure 3.1-2 is the power spectral density of the average
vertical acceleration of the wheel and axle assembly of the

lead truck of the test car traveling at an average speed of
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Table 3.0-1

Summary of Road Test Locations

Run 1 4 5 6 7 8
Mile Post Location
Start 97.25 106.5 6.75 11.75 25.25 33(N)
Mile Post Location
End 98.25 109.5 9.25 12.75 26.75 3L4(N)
Track No. 3 3 3 3 3 3
Speed (M.P.H.) 31 - 45 105 87 - 97 103 85 - 35 105
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92 miles per hour. With the truck wheel base of 8'6" we would
expect maximums in the vertical acceleration of the truck at
track irregularity wave length of 8;6", fr3m,

At 92 miles per hour the frequency results from these wave
lengths are 15.9 hertz and 31.7 hertz which is illustrated

by the test result. Additionally, a minimum in the average
vertical acceleration of the wheel assemblies should occur
when the wave length of track irregularities is such that one
wheel set is at a maxima and the other is at a minima as
shown in Figure 3.1-3. This occurs at track irregularity
inputs of 17', 5'8" .... At 92 miles per hour the frequency
resulting from these wave lengths is 7.9 hertz and 23.8 hertz
which correspond to the minima in vertical acceleration on
Figure 3.1-2. The same effect can be seen in the average
lateral of the wheel assemblies for track section five as
shown in Figure 3.1-4.

Figure 3.1-5 is the power spectral density of the average
yaw acceleration of the truck frame, determined by the dif-
ference in the lateral acceleration of the lead axle Jjournal
box and the trailing axle Journal box of the truck, on track
section five.

If we examine the yaw of the truck frame the situation
should be reversed with relative maxima in yaw occurring at
7.9 hertz and 23.8 hertz and minimum yaw at 15.9 and 31.7
hertz for a speed of 92 MPH as shown in Figure 3.1-5.

Figure 3.1-6 is the power spectral density average

roll acceleration of the truck frame assembly, determined by
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Power Spectral Density:

FIGURE 3.\-5
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FIGURE 3, |-¢s

YOWER SPECTRAL DENSITY OF AVERAGE ROLL ACCELERATION OF
EQUALIZER BEAMS ON "A"™ END TRUCK (1/2 the difference

in vertical acceleration of egualilzer beams.)

RUN NO. O
P
FREQUENCY RESOLUTION = a 1 hz
STANDARD DEVIATION = 23  gs
Q06 ROTRLI I SRR PRI MOEIL - S IR S MMM S
oc : | |
oes . . U I S
R-5
| P-2
!
c-8
004 : S S
1
| N5 SRS B o o & .
| (
| |
« 002 | - S _
?JE |
i ——
. 00\ , -
i
\

10 20

Frequency, hz ——— %

..5'_



3.2

the difference of the average vertical acceleration of the
left and right equalizer beams of the truck, for track sec-
tion five, Since roll iIs primarily'generated by vertical
inputs, we would expect the average roll of the wheel assem-
blies to have maxima and minima similar to the vertical as
shown in Figure 3.1-6.

The frequencies of track irregularities where relative
maxima occur in the average vertical, lateral,roll, yaw
ahd pitch accelerations of the truck frame assembly are
plotted in Figure 3.1-7 for the Metroliner truck wheelbase

of 8'6" as a function of train speed.

Using arguments similar to those developed in section
3.1, Wé can determiné the wave lengths of track irregulari-
ties where the two railcar truck motions are in phase or
180° out of phase. Where the truck motions are in phase,
relative maxima in the vertical, lateral, and roll inputs
to the railcar should occur. Where the truck motions are
180° out of phase, relative maxima in yaw and pitch inputs
to the railcar should occur.

With the Metroliner truck spacing of 59'6" relative
maxima in the vertical, lateral and roll inputs should occur
at track irregularity wave length of 59'6", 29'9", 19'10"
The relative maxima in the yaw and pitch inputs should occur
at track irregularity wave lengths of 119', 39.6!

In Figure 3.2-1 the frequencies of track irregulari-

ties where the Metroliner truck motion are in phase and
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3.

3

180° out of phase as a function of train speed are shown.

Rail Joint Dependent Tnputs

Bolted rail is laid in 39 foot sections. The left rail
joint is staggered 19.5 feet with respect to the right rail
joint. Power spectral densities of rail measurements taken
of the right bolted rail in track section four are shown in
Figure 3.3-1 and 3.3-2. For this rail the dominate ampli-
tudes of track irregularities in both alignment and profile
oécur at 39 feet, 19.5 feet, 13 feet and 9.75 feet wave
lengths which are the fundamental second, fourth and sixth
harmonics of the rail joint spacing. The rail profile and
alignment wave form aresymmetrical as no odd harmonics are
evident.

A wheel set travellng along the track has an average
vertical motion which is the average of the vertical position
of the two rails, an average roll motion which is the average
difference of the vertical position of the two rails, and an
average lateral motion which is the average 1aterai position
of the two rails. In Figure 3.3-3 the vertical amplitudes
of the fundamental second, fourth and sixth harmonics of
the right and left rall are shown with the left rail joint
staggered 19.5 feet with respect to the right rail joint.
For this track, the average vertical motion of a wheel set
should have a relative maxima at wave lengths of 19.5 feet
and 9.75 feet since when the wave forms of the two rails are

added, the 39 foot fundamental and the 13 foot fourth
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harmonic tend to cancel. The average roll motion of the
wheel sét should have a relative maxima at wave lengths of
39 feet and 13 feet, since when the wave forms of the two
tracks are substracted the 19 foot second harmonic and 9.75
foot sixth harmonic tend to cancel.

The lateral alignmenﬁ of the rails is similar to the
vertical profile with the exception that the rail joints are
elther closer to the center of the track or further from the
center of the track than a point on the'rail midway between
the joints. In elther case, the resulting relationship
between the left and right rail alignment is the same as
shown 1in Figure 3.3-3 with the exception that the amplitude
of the right rail is reversed. As a result, the average
lateral motion of the wheel set should have a maxima at wave
lengths of 39 feet and 13 feet since when the lateral align-
ments aré'added thé second harmonic at 19.5 feet and the
sixth harmonic at 9.75 féet tend to cancel.

The cross level measurements and gage measurements of
track section four, Figures 3.3-4 and 3.3-5 respectively
show dominate wave length amplitudes at 39 feet and 13 feet
and the absence of the 19.5 foot wave length as anticipated.

Figures 3.3-6, 3.3-7 and 3.3-8 are power spectral
densities of the average vertical, lateral and roll acceler-
ations experienced by the truck wheel and axle assemblies
traveling over track section four at an average speed of

105 MPH. The vertical acceleration, Figure 3.3-6 has
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Power Spectral Density:

FIGURE 3.3-G

POWER SPECTRAL DENSITY OF AVERAGE VERTICAL

ACCELERATION OF EQUALIZER BEAMS ON "A" END TRUCK
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Power Spectral DNemsiiy:
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FIGURE 3,3-7

POWER SPLCTRAL DENSITY OF AVERAGE LATERAL

ACCELERATION OF JOURNAL BOXES ON "A" END TRUCK
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Power Spectral Density:

POWER SPECTRAL DENSITY OF AVERAGE ROLL ACCELERATION OF

SQUALIZER BEAMS ON "A" END TRUCK
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(1/2 the difference

in vertical acceleration of equalizer beams.)
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3.

4

considerable energy at 7.8 hErfz and 15.1, wave lengths of
19.7 feet and 10.2 feet as anticipated. The lateral and rolil
accelerations Figure 3.3-7 and 3.3—8 respectively has con-
siderable energy at 3.8 herti and 11.3 hertz wave lengths

of 40.5 feet and 13.6 feet as anticipated.

‘The effects of the 39 foot rail joint spacing while
dominate on this bolted rail section, are not limited to
bolted track. Welded rail has characteristic similar to
bblted rail as shown in Figures 3.3-9 and 3.3-10, the profile
and alignment measurements of the right raill in track section
five which is welded rail.

Figure 3.3-11 is a plot of the frequencies where maxima
in the vertical, lateral and roll accelerations of a wheel
set occur due to rail joint wave lengths as a functilon of

train speed.

............

At a track irregularity wave length of 39 feet the
effects of the truck spacing and rail joint diséontinuities
reinforce. At 39.67 feet a relative maxima in railcar pitch
and yaw inputs occurs with the truck motions 180° out of
phase. At 39 feet a relative maxima in lateral and roll
acceleration of a wheel set occurs due to rail joint dis-
continuities. The combination of these two effects results
in a dominate railcar yaw input. The railcar roll input 1is
small since the trucks are rolling in opposition to each
other. The frequency of the dominate railcar yaw input 1is

shown in Figure 3.4-1 as'a function of train speed.
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At a track irregularity wave length of 19.5 feet, a second
reinforcement of the truck spacing and rall joints occurs.
At 19.83 feet a relative maxima in failcar vertical, lateral
and roll input occurs with the truck motions in phase. At
19.5 feet a relative maximum in the vertical acceleration
of a wheel set occurs due to rall Joint discontinuities.

The combination of thése two effects results in a dominate
railcar vertical input. The frequency of the dominate rail-
cér vertical and yaw inputs is shown in Figure 3.4-1 as a
function of train speed.

There are additional dominate yaw and vertical inputs
at 13 feet and 9.75 feet respectively.

A minimum in the average vertical acceleration of the
truck wheel and axle assembly occurs at a wave length of
17 feet or two times the truck wheelbase. If the truck
wheelbase were increased from 8'6" to 9'9", the minimum in
the average vertical accelération of the truck wheel and
axle assembly would occur at a wave length of 19.5 feet.
This effect would tend to reduce the magnitude of the domin-
ate vertical carbody input at 19.5 hertz and increase the
magnitude of the dominate vertical carbody input at a wave
length of 9.75 hertz. While a truck of this wheelbase is
not considered in this program due to clearance constraints,
this effect should be evaluated in the near future.

PERFORMANCE OF PRESENT METROLINER

The subsystem simulations described in section 2.0 are

combined into the "vertical" railcar simulation and the
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"lateral™ railcar simulation. In this section we shall
discuss the results of these simulations and make comparisons
to road test results where practicai.

The simulation results are presented as plots of the
accelerations at various locations on the railcar resulting
from input accelerations appliéd to the wheel and axle assem-
blies of the trucks, as a function of frequency. Five input
configurations are used. These input configurations and
vélues of input accelerations are tabulated in Table 4.0-1.
Direct comparisons of the simulation results to the test
results cannot be made since the test results are weighted
by input amplitude variations with frequency as described in
section 3.0. As a result, in comparing simulated and test
results these input effects must be considered.

Performance of Vertical Simulation of Present Metroliner

Figure 4.1-1 is the vertical acceleration of the truck
frame due to a vertical input. The resonance of the truck
frame is 9.5 hertz. The truck frame isolates tfack irregu-
larity inputs at frequencies above 13 hertz, and gppreciably
amplifies track irregularities in the 6 to 12 hertz range.
Figure 4.1-2 is the measured vertical acceleration of the
truck frame assembly from track section five. Comparing the
truck frame acceleration to the input acceleration during
that track section (Figure 3.1-2), there 1s considerable
amplification between 5 and 13 hertz as indicated by the

simulation.
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Table 4.0-1

Simulation Input Configurations

2.

"A end"Truck Wheel and "B end" Truck Wheel and Phasing Between
Type of Input Axle Assembly Axle Assembly "A end" and"B end"
Truck Motions

Magnitude Direction Magnitude | Direction
Vertical 1lg vertical 1lg vertical in phase
Pitch 1lg vertical 1g vertical 180° out of phase
Lateral 1lg lateral 1lg lateral in phase
Yaw lg lateral lg lateral 180° out of phase
Roll 8.4 ra?/ roll 8.4 rad/ 5 roll in phase

sec? sec
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Power Spectral Density:

FIGURE 4. }|-2
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The longitudinal response of the truck frame assembly
to pitch inputs is shown in Figure 4.1-3. The dominate
peaks occur at 1.32 hertz, the pitch resonance of the carbody.
and 2.6 hertz the longitudinal resonance of the carbody on
the anchor rods. During the road test the force in the
anchor rods of the "A end" truck was measured. This force
is related to the accelerations of the truck in the longi-
tudinal direction. Figure 4.1-4, the average longitudinal
fbrce in the anchor rods on track section five, shows con-
siderable energy at 1.4 hertz and 2.6 hertz similar to the
simulation.

The simulated carbody accelerations at the "A end" of
the carbody due to vertical and pltch inputs are shown in
Figures U4.1-5 and 4.1-6. These results show resonances at
1.05 hertz the vertical carbody resonance, 1.32 hertz the
pitch carbody resonance, 4.6 hertz the vertical transformer
resonance, 7 hertz the vertical carbody bending resonance,
and 9.5 hertz the vertical truck frame resonance. Figure 4.1-7
is the measured vertical acceleration of the carbody over
the "A end" truck from track section five. This measured
acceleration is dominated by energy at 1.14 hertz, a combin-
ation of vertical and pitch carbody resonance. The measured
vertical acceleration of the carbody over the "A end" truck
on track section four where considerable high freguency input
energy was experienced is shown in Figure 4.1-8. This

measurement shows considerable energy at 1.07 hertz the
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Power Spectral Density:

FIGURE 4 |-
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Power Spectral Density:
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vertical carbody resonance and 4.9 hertz near the vertical
transformer resonance. The energy at 3.9 hertz and 7.6 hertz
is near the input acceleration peaks and as a result cannot
be considered railcar resonances.

Figure U4.1-8 shows significant energy at 34 hertz and
36 hertz. The amount of energy at these frequencies is
considerably higher than indicated since all the road test
measurements were filtered as shown in Figure 4.1-9. Energy
of this frequency was not transmitted from the truck frame
(Figure 4.,1-10) but is present in the bolster coll spring
(Figure 4.1-11). Estimates of the surge frequencies of the
two nested coil spring which make up one bolster coil spring
set are 34 hertz and 36 hertz. Therefore, a reasonable
explanation of this energy is surging of the bolster springs.

The simulated vertical acceleration at the center of
the car to a vertical input is shown in Figure 4.1-12. The
response is dominated by the carbody vertical rigid body
resonance at 1.05 hertz, with a second resonance at 7 hertz,
the vertical carbody bending resonance. Figure 4,1-13, the
measured vertical acceleration at the center of the carbody
in track section five, shows maxima at 1.07 the vertical
carbody resonance, 4.6 hertz the vertical transformer reso-
nance, and a split at 6.8 hertz and 7.5 hertz similar to
that experienced in the laboratory test, due to the vertical
carbody bending resonance and truck longitudinal resonance.

In track section four, Figure 4.1-14, the carbody vertical
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Power Spectral Density:

FIGURE 4 |- 1O

POWER SPECTRAL DENSITY OF VERTICAL ACCELERATION
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FIGURE 4 {-\|
POWER SPECTRAL DENSITY OF RELATIVE VERTICAL FORCE

TRANSMITTED THROUGH BOLSTER SPRING ON "A" END TRUCK RIGHT SIDE
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Power Spectral Density:
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Power Spectral Density:
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.2

bending resonance dominates, due to the input energy spike
near this resonance.

The simulated vertical acceleration of the carbody
center to a pitch input, Figure 4.1-15, is considerably
less than the response to the vertical input as would be
expected,

The simulated longitudinal acceleration of the carbody
to pitch input is shown in Figure 4.1-16 with two major
resonances, the pitch carbody resonance at 1.32 hertz and
the longitudinal carbody resonance on the anchor rods at
2.3 hertz.

The simulated vertical acceleratioﬁ of the transformer
to a vertical input, Figure 4.1-17, is dominated by the car-
body vertical resonance at 1.05 hertz and the transformer
vertical resonance at 4.6 hertz. The measured vertical
acceleration of the transformer in section five, Figure 4.1-18,
is dominated by the 4.6 hertz vertical transformer resonance.
The simulated vertical transformer acceleration due to pitch,
Figure 4.1-19, is considerably lower with basically the
same result as the response to vertical input. The simulated
longitudinal acceleration of the transformer due to pitch
input, Figure 4,1-20, is similar to the carbody longitudinal
response to pitch.

Performance of Lateral Simulation of Present Metroliner

The lateral simulation was tested with lateral, roll,
and yaw inputs. Accelerations on the truck frame assembly,

the carbody end and center, and the transformer are plotted
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PRESENT METROLINER

TRANSFORMER VERTICAILL ACCELERATION DUE TO VERTICAL \WPUT

NOUN¥33DY & &

10

i
|

t

1

H

i

+

{

i
bcrm e ==
|

i

}

i

i

I

~N
o
ac
wl
xI
e == . — —”
Ralid SR >

T~ -1

/;_ O Fd

J Z L9

P W a |

o7 D
i \\\\ | ! w O
- ™
- - \l_ i E
R _ oc
.Wh« — — - — l'lswr S e o e ‘r mi F
,,,,, ” | _
l// | “
~ ; !

i
!
i

l}

T Nortoxmrasoy ~H

VUV S . Alw




Power Spectral Density:

FIGURE 4 |- &
POWER SPECTRAL DENSITY OF VERTICAL ACCELERATION
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as a function of frequency with input acceleration level
constant.

Figure 4.2-1 1s the simulated lateral acceleration of
the truck frame assembly to a lateral input. The result
indicates appreciable magnification of the lateral inputs
between 3.5 hertz and 8 hertz with isolation of lateral
inputs above 9 hertz. The simulated lateral acceleration
due to roll and yaw inputs, Figures 4.2-2 and 4.2-3, indicate
the same result as the résponse to vertical input.

Figure 4.3-4 shows the simulated roll acceleration of the truck
frame to a roll input. The roll resonance occurs at 13.0
hertz. The simulated truck frame roll acceleration due to
lateral and yaw inputs, Figures 4.3-5 and 4.3-6, is dominated
by a 7 hertz resonance as yet unexplained and 12.5 hertz the
roll resonance.

The simulated lateral acceleration of the "A" end of
the carbody to a lateral input, Figure 4.2-7, indicates
resonances at .64 hertz and 1.2 hertz, the carbody lateral-
roll modes; 3.6 hertz and 6 hertz, the transformer lateral-
roll modes, and 8 hertz, the carbody lateral bending reso-
nance. The lateral measured inputs for all sections of track,
with the exceptilon of track section one, contain high lateral
inputs in the 3 to 4 hertz range due to the dominate 39 foot
wave length lateral input discussed in section 3.4, Figure
4,2-8, the measured lateral acceleration of the "A" end

carbody floor in track section one, shows the lower lateral
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TRUCK FRAME LATERAL ACCELERATION DUE ™ YAW INPUT

PRESENT METROLINER

e . — S
I
i
j
| |
|
: Z
‘ 0
g -
| g
; &~
i w
; “~ ul
i R S .
AR 3
’ \‘ <
i ',’, \
- AT e T : \ —— A
e e . T\ ] &ﬁ
i
\
\
AN
Lo
\
\
\
s
y! ' 10

FREQUENCY -HERTZ
FIGURE 4,2-3
- =99-




— TRUCK FRAWME ROLL ACCELERAT

PRESENT METROLINER

ON DUE TO BOLL INPUT

FREQUENCY - HERTZ .

FIGURE 4.2-4
-100~-

f
i 77
i 7
' /
A
% ’
-84 N B bRy
: -
™~ |
gau ;
o]
3
a
s § ,
i :
H w ;
< L
AN
L ;
I
} |
|
i
e i

ACCELERATION R

|
®
>




|

PRESENT METROLINER

T TRyYew FRAME. ROLL ACC.E.LERAﬂON DUE TO LATEERAL (INPUT

‘ | : g
? | ' 3]
; |
¥
| | % |
I é w
| | 3]
j 5 2
{
' 4
T B ~t 84
|
| 5
| | |
| | |
% |
| ! ,’\\/qi/
; ' !
; !
i , ,
™oy { e e |
: e 8+
R ‘\' ,’ _ K
! | . ;
! ‘ | / |
/ i t ~
) \ Ay
/ . i ”
/ \ /
/ ) /
! \ ’ ]
// ‘ /
J Vo
/ { / |
I/ ,
SR S A " ._.LL-___ —— ! -

FREQUENCY - HERTZ
FIGURE 4.2-5

- 101~



ACCELERRTION Z%’»j % |

i .
i
|
t

PRESENT, METROLINER

TRUCK 'FIRAME KOUL ACCELERRTION DUE TO “‘AW INPUT

—H— _

P R -

S - ¥

i
i

1 .
RN lll 1 ’ 10 -

" FREQUENCY - HERTZ
FIGURE4.2-G&
-10%-



PRESENT METROLINER

crzBoDY "N END LATEEAL ACCELERATION DUE ™ LRYERAL INPUT

(3
NOLNA3TINY 4 <°
. i
w .
i
|
! ;
: {
i
1 _ — -
-
i -
H B o , - mb
Ww ““““ - - - -
Jw4u. lllllllllllllll -
o ———
| ~2zz 227 el w
i - -
SR S |
! -
i S L - —~ e
m Jg=--"
_” \\\ ‘
- H
\\\ !
\\\ . _
-
A4I
-
e - . M L o4
- _ :
- i
- | i
v | i
el ; _
N , !
~ - _
\ : :
\ ! : N
. ” j
M i :
| m ”
| | ”
M .m w
i N ._
L e |

FREQUENCY - HERT/Z

{

FIGURE 4.2-7

-10%-



Power Spectral Densi ty:

FIGURE A4 2.£

POWER SPECTRAL DENSITY OF LATERAL ACCELERATION
OF CARBODY FLOOR OVER "A" END RIGHT BOLSTER SPRING
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mode at .6 and the forced maximum of the 39 foof rail distur-
bance at 1.6 hertz.

The simulated lateral acceleration of the "A end" of
the carbody to a roll input, Figure L4.2-9, is essentially
the same as the response due to the lateral input.

The simulated lateral acceleration of the "A end" of
the carbody to a yaw input, Figure 4.2-10, does not show
a strong influence of the carbody bending resonance, as
eXperienced in the two previous cases. |

In the center of the carbody, the simulated lateral
acceleration to a lateral input, Figure 4.2-11, is dominated
by the lateral-roll carbody resonances at .65 and 1.25 hertz
and the carbody lateral bending resonance at 8.4 hertz.
Figure 4.2-12, the measured lateral acceleration at the center
ofrthe car on track section five, shows resonances at 3.8,
6.8 and 8.9 hertz which correspond to the 39 foot wave length
dominate track input, the upper lateral-roll transformer
mode and the carbody lateral bending mode. It is interesting
to note that the lateral carbody bending resonance did not
appear as a major response in the measurements made on the six
track sections. The simulated lateral acceleration of the
carbody center to roll and yaw inputs are shown in Figures
4.2-13 and b4.2-14,

The simulated roll acceleration of the "A end" of the carbody due
to lateral and yaw inputs, Figures 4.2-15 and 4.2-16 respec-

tively, 1is influenced primarily by the lateral-roll modes of
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PRESENT METROLINER

CHRBODN A END LATERM. ACCELERATON DUE To AW \NPUT
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PRESENT METROLINER

CARBODY <ENTEC LATERAL ACCELERATION DUE TO LATEEAL |NPUT
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Power Spectral Density:

FIGUE

POWER SPECTRAL DENSL:
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PRESENT METROLINER

ARBODY CENTER LATERAL ACCELERATION DUE TO RoLL \NPUT
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PRESENT METROLINER

CAREBODNY A END. @5LL ACCELERATION DUE To LATEZAL INFUT
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PRESENT METROLINER
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the carbody and transformer, whereas the simulated roll
acceleration of the "A end" of the carbody to roll inputs,
Figure 4.2-17, is influenced primarily by the upper carbody
roll-lateral mode.

The simulated transformer acceleration to lateral, roll,
and yaw inputs, Figures 4.2-18, 4.2-19, and 4.2-20 respec-
tively, is dominated by the lateral-roll carbody modes and
the roll-lateral modes of the transformer. The measured
léteral acceleration at the bottom of the transformer in
track section, Figure 4.2-21, is dominated by energy at 3.4
hertz corresponding to the dominate lateral track disturbance
of 39 foot wave length and the lower transformer lateral-
roll mode.

In addition to the dynamic performgnce of the lateral
system described previously, two other conditions observed
during the road test significantly influence the lateral
ride.

Through track section six, the lateral unbalance force,
due to exceeding the balance speed of the curve (a common
occurrence on the Metroliner route), was sufficient to fofce
the secondary lateral suspension into contact with the
lateral bumper stop. Through this section of track, the
standard deviation of the lateral acceleration of the carbody
over the "A end" truck was .065 gs as compared to .025 gs
on the baseline track section five. 1In the center of the
carbody, the standard deviation of the lateral acceleration was

.049 gs as compared to .023 gs on the baseline track section five.
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PRESENT METROLINER
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PRESENT METROLINER
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b.

3

During road test section eight, a lateral instability
of the wheel set was obsérved. This instability resulted in
a large yaw and lateral acceleration of the wheel and axle
assembly at U hertz, as shown in Figure 4.2-22 and Figure
4,2-23. This input dominates the performance of the lateral
system as shown in Figures 4.2-24, 4,2-25, 4.2-26, and 4.2-27.
Under this condition, the standard deviation of the lateral
acceleration of the carbody over the "A end" truck was .046 gs
as compared to .025 gs on the baseline track section five.
In the center of the carbody, the standard deviation of the
lateral acceleration was .034 gs as compared to .023 gs for

the baseline track section five.

Summary of Present Metroliner Performance

Table 4.3-1 is a summary of presenf Metroliner resonances.

The major results of the present Metroliner performance
are:

- The truck frame assembly is not isolating the track
irregularities at frequencies below 13 hertz vertically and
9 hertz laterally.

- The power transformer is acting dynamically independent
of the remainder of the system <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>