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EXECUTIVE SUMMARY

The High Performance, High Cube Covered Hopper Car Project
was initiated in June, 19808, as part of the Track Train Dynamics
Program (TTD), with a view to promoting improved car designs.
The supply industry was invited to develop and submit improved
prototype cars for testing. Performance guidelines were issued
for new design cars and a test program was outlined. The project
stipulated that all cars of improved design would be compared
against a "base" car of current design. A test base car was
obtained on loan from the Missouri Pacific Railroad and
performance tests were conducted on various test tracks at the
Transportation Test Center in Pueblo, Colorado.

The detailed results of the base car tests were reported in
previous TTD publications. This document serves as a summary
report for the performance of the vehicle in the rock-and-roll,
bounce, hunting and curving regimes.

For rock-and-roll, the performance of the vehicle was
described in terms of the car body roll angles and vertical wheel
loads, particularly with respect to wheel lift and suspension
system spring travel. The empty car experienced its critical
rock-and-roll speed near 24/25 mph, with a peak-to-peak car body
roll angle of 9.3 degrees and associated wheel 1lifts of short
duration. The loaded car, however, experienced its critical
speed near 16/17 mph, and the corresponding peak-to-peak roll
angle was as high as 10.6 degrees. Extended wheel unloadings

over track lengths of 6 feet were observed at test speeds of
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15 to 19 mph. For both tangent and curved track, the roll
responses of the vehicle in both the empty and loaded conditions
were comparable.

For the bounce regime, the vertical accelerations at the car
body center plate and vertical wheel loads were characterized.
The critical bounce and pitch speeds of the vehicle were
determined to be 56 mph. Peak vertical accelerations of up to
1.2 g, and dynamic load factors of 1.8, associated with solid
spring bottomings, were noted at the bounce resonance speed.

The hunting tests utilized three different wheel profiles:
the CN Heumann (Radford), 0.3 conicity and AAR 1:20. Lateral car
body and truck accelerations were used to characterize the
hunting performance.

The "onset" hunting speed for all three wheel profile
configurations was defined. The CN Heumann (Radford) profile was
associated with a hunting onset speed of 51 mph, as opposed to 45
mph for the 0.3 conicity wheel. The data indicated that a
root-mean-square (rms) acceleration level of @.1 g was the
threshold that could be used to identify the onset hunting
speed. It was also found that the vehicle first experienced
instability at the leading end, which involved coupled motions of
both the car body and truck. The AAR 1:20 wheel profile provided
lateral stability up to 75 mph. However, at 82 mph the onset of
hunting in both the-leading and trailing end car body and trucks
was noted. At the leading end, fully sustained hunting
oscillations, accompanied by hard flanging, occurred at speeds

above 55 mph for both the CN Heumann (Radford) and @.3 conicity
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wheel profiles, with rms accelerations exceeding the 0.3 g level.

The curving tests were conducted on test tracks that
provided curvatures ranging from 5@ minutes to 7-1/2 degrees.
Mean values of lateral and vertical wheel loads, L/V ratios and
angles-of-attack were used to characterize the curving
performance of the base car.

In general, the lateral load increased with track curvature,
with the high rail loads increasing and the low rail loads
decreasing with increasing speeds. The peak L/V ratios,
continuously sustained over 6 feet of track, were found to
approach the critical level for whéel climb, as described in the
performance guidelines. The corresponding maximum lateral loads
were also about 80% of the critical levels.

The angle-of-attack data conformea to expectations, in which
the leading wheelset had higher angles-of-attack, which increased
with track curvature and indicated that the leading wheelset
during curve negotiation trailed the radial line extending from
the center of the curve through the center of the wheelset axle.
The trailing wheelset, however, held to a near radial position
with minimal angles-of-attack.

Extended vertical wheel unloadings, of up to 100
milliseconds duration, were seen on the inner wheel of the
leading wheelset on a bunched spiral, where a 4-1/2 inch
superelevation was attained over a 12¢-foot segment of the

300-foot spiral.
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LIST OF SYMBOLS AND ABBREVIATIONS

BALLOON LOOP

CG

L5

L95

LTD6MIN

LTD6MAX

Symbol
(or)
Abbreviation Definition

AR4 A-end (leading), right side, fourth axle of the
vehicle.

AL4 A-end (leading), left side, fourth axle of the
vehicle.

L/V Ratio of lateral to vertical wheel load.

LIM Linear Induction Motor (the name of the track
where the rock-and-roll tests were conducted).

RTT Railroad Test Track (the name of the track
where the hunting tests were conducted).

TDT Train Dynamics Track (the name of the track
where the one and one-half degree curving tests
were conducted).

FAST Facility For Accelerated Service Testing (the

name of the track where the three-, four- and
five-degree curving tests were conducted).

Balloon Loop (the name of the turn-around track
where the curved track, rock-and-roll and seven
and one-half degree curving tests were
conducted).

Center of gravity.

The level that
of the time.

is exceeded ninety~-five percent

The level that
time.

is exceeded five percent of the
The minimum of all levels that are continuously
sustained over a six-foot lentgh of track.

The maximum of of all levels that are
continuously sustained over a six-foot lentgh
Of” ‘track,

Root mean square

Standard deviation
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1.0 INTRODUCTION

The detailed results of the base car tests have been reported
in previous TTD publications [2,3,4].* This document serves as a
summary report for the performance of the vehicle in the

rock-and-roll, pitch-and-bounce, hunting and curving regimes.

2.0 TEST PROGRAM

In June, 1980, The Track Train Dynamics Program published
Performance Guidelines [1] for high performance, high cube covered
hopper cars to encourage the development of improved covered
hopper cars. The guidelines described the minimum requirements
for the dynamic performance of the prototype vehicles in the
rock-and-roll, pitch-and-bounce, hunting and curving regimes. The
project plan called for the testing of a current design (base line
case) of covered hopper car, with which each new prototype car
would be compared. The base car, obtained on loan from the
Missouri Pacific Railroad for use in the test program, was a
100-ton covered hopper car, with a cubic capacity of 4750 feet and
a truck-center distance of 45 feet, 9 inches. The car was
equipped with conventional three-piece trucks, with
constant-column friction damping truck suspension systems and

conventional double-roller side bearings.

*Numbers in square brackets [] indicate the references listed in
Section 7.0 of this report.



2.1 Test Regimes

The test program was designed around available track sites at
the Transportation Test Center (TTC) in Pueblo, Colorado. The
test consist included, in order, a four-axle locomotive, the
AAR-100 Research Car, a loaded 1@@-ton open top hopper car,
serving as a buffer car, the test car, and a follow-on buffer
car. A brief description of the test program in each performance
regime is given in the following sections.

The rock-and-roll runs were conducted in four separate test
series: tangent and curved track, test car empty and loaded. The
tangent track tests were run on the LIM (linear induction motor)
track, over a 4@0-foot perturbed track section with a @8.75-inch
cross elevation difference. The curved track rock-and-roll series
were run on a 4@00-foot (10 rail length) perturbed track section,
which was part of the Balloon loop. Speeds for each series were
selected in order to identify the peak response to within 1 mph of
the true resonance condition. The bounce runs, both empty and
loaded, were run over a perturbed track section on the LIM track.
Parallel (non-staggered) track surface profiles with a @.75-inch
maximum amplitude deviation were used.

Curving tests were run for both the empty and loaded car,
although the principal effort was directed at the loaded car
case. The curves that were available as test zones were 50
minutes (RTT); 1.5 degrees (TDT); 3.0, 4.0 and 5.0 degrees (FAST);
and 7.5 degrees (Balloon). Test runs were made in both the
clockwise (CW) and counterclockwise (CCW) directions at five

different speeds, including underbalance, balance, and overbalance



conditions. The single exception was the 5@0-minute curve where
the balance speed was 105 mph and thus only underbalance test runs
could be conducted. Curve entry and curve spirals were also part
of the data collection. The existing spiral into the 7-1/2 degree
curved track was modified to configure it for severe track twist;
the superelevation was made to increase from zero to 4-1/2 inches
over a 12@0-foot length of track.

The hunting series were run on the RTT track with the empty
car only, but including three separate series, using the following
wheel profiles: CN Heumann (Radford), new standard AAR 1:20 and a
@.3 conicity, (see Appendix A), which was broadly representative
of a worn wheel profile. Test runs, for each hunting series,
started at a nominal speed of 35 mph, increasing in 5 mph
increments until a flange-to-flange hunting condition was
observed, or the 80 mph speed limit was reached. Additional runs
were made at intermediate speeds to identify the "onset" of truck

hunting.

2.2 Instrumentation and Data Collection

The AAR-100 Research Car was upgraded for the data
acquisition; a PDP 11/34 computer, an ANDS-5400 analog-to-digital
converter and other peripheral equipment were installed on this
car. The system was run under control of GPAQ, a general purpose
data collection software program, which was updated to function
around the AAR-160 hardware. In all cases, a sampling rate of 256
samples per second per channel was used during the data
collection.

Dala were collected in each test regime, using various
transducers that would best characterize the dynamic

A



performance of the vehicle in that particular test regime. These
included lateral and vertical accelerometers, displacement
transducers, roll gyros, angle-of-attack probes and two
instrumented wheelsets. A detailed description of the
instrumentation can be found in [2,3,4]. The instrumented
wheelsets were of the IIT Research Institute design, which
utilized a real-time microprocessor for each wheelset, providing

continuous lateral and vertical wheel loads and L/V ratios [5].

2.3 Data Reduction and Analysis

The digital data were first converted to DECSYSTEM-2060
Computer format and the resulting voltage time histories
subsequently converted to engineering units, using the calibration
signals collected prior to the start of data collection. The
reduction and analysis were accomplished by utilizing modern
statistical and spectral techniques for physical data analysis
[6]. The key parameters selected to quantify the performance of
the vehicle and their analytical tools are described in the

following sections.

3.0 PERTURBED TRACK TESTS

3.1 Rock-and-roll Regime

The primary objectives of the data reduction and analysis in
the rock-and-roll regime were to determine the effects of extreme
car body roll on the low speed operation of the base covered
hopper car, while running over a perturbed track with staggered

rail joints. The key parameters used to describe the



performance of the vehicle were:
1) Peak-to-peak car body roll angle.

This parameter was used to identify the critical
rock-and-roll speed of the vehicle.

2) Vertical wheel loads.

Maximum and minimum levels of the vertical wheel
loads, together with their associated time durations,
were obtained at the leading wheelset of the leading
truck, and the dynamic wheel loading and unloading were
investigated. The statistical descriptors used to
quantify the maximum levels of the wheel loads were the
peak and L95 valueé. The L95 value of a parameter was
defined as a level which was exceeded only 5 percent of
the total time. The wheel unloading was described in
terms of a minimum "peak" load and a minimum load level,
called LTD6MIN, that was sustained continuously over a
6-foot track segment [2,3,4].

As noted previously, the tangent and curved track
rock-and-roll series were run on a 40@-foot (1@ rail length)
perturbed track section with a @.75-inch cross elevation

difference.

3.1.1 Tangent Track Rock-and-roll

The harmonic roll performance of the vehicle was evaluated in
both the empty and loaded conditions. The resonance condition of
the empty car, occurring at a speed where the car body experienced

its maximum roll angle, was determined to be at 24.84 mph. In



Figure 1, the maximum peak-to-peak roll angles are plotted as a
function of speed, and in which the maximum roll angles are 9.3
degrees at the trailing end and 8.9 degrees at the leading end of
the vehicle. Results of the analysis of the vertical loads, shown
in Figure 2, indicate that both the left and right wheels of the
leading wheelset experienced wheel lifts, with short time
durations, in every cycle of their motion. However, the minimum
wheel loads that were continuously sustained over 6 feet of track
were on the order of 2,008 1lbs, which represented a 70% wheel
unloading.

To illustrate the peak response of the loaded car and to show
the location of its critical speed, the maximum peak-to-peak roll
angles were plotted against speed, as shown in Figure 3. The peak
response of the vehicle occurred near 17 mph, with a maximum
peak-to-peak roll angle of 10.6 degrees.

The maximum and minimum levels of the vertical wheel loads
are shown in Figure 4. The peak vertical loads of up to 78,000
lbs that were experienced near the critical roll speed of the
vehicle represented a dynamic load factor of 2.4. At test speeds
of 15.5 to 18.5 mph, extreme wheel unloadings were noted; the
LTD6MIN levels of the vertical wheel loads were as low as 2,000
lbs, indicating a 93% wheel unloading for 250 milliseconds.
Throughout the same speed range, it was noted that the suspension
springs experienced solid bottoming, and corresponding

peak-to-peak spring travels of up to 3.0 inches were noted.
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Figure 1. Car Body Roll Angle vs. Speed, for the Empty Car
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Figure 3. Car Body Roll Angle vs. Speed, for the Loaded Car
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3.1.2 = curved Tragk Rock-and=roll

The data from the curved track rock-and-roll tests were
analyzed to determine the effects of high degrees of curvature on
the harmonic roll of the vehicle. 1In the empty car configuration,
the results of the analysis indicated that the vehicle experienced
its maximum response at 24.3 mph. The corresponding maximum
peak-to-peak roll angle was 9.3 degrees on the trailing end, as
shown in Figure 5. Wheel lifts occurred in each cycle of the
motion, along with maximum loads that exceeded twice the static
load levels, as shown in Figure 6.

In the case of the loaded car, the maximum response of the
vehicle was attained near 18 mph. Figure 7 shows the maximum
peak-to-peak roll angles as a function of speed; the peak maximum
roll angle was about 9.8 degrees.

The vertical wheel loads produced during harmonic roll of the
vehicle showed a consistent trend, in which the low rail loads
were higher than the high rail loads at most of the test sneeds.
At speeds of 15.5 to 18.5 mph, however, extended wheel lifts were
experienced on the high rail, as indicated by the zero values of
LTDO6MIN in Figure 8. The corresponding maximum peak load of
68,500 1lbs indicated a dynamic load factor of 2.1. On the
low-rail side, a wheel lift with relatively short duration was
noted only near the critical speed, and the LTD6MAX loads were

much higher, demonstrating less sustained wheel unloading.
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Comparison of Roll Response on Tangent
and Curved Track

the results presented above, the following comparisons
the roll response of the vehicle on tangent and curved

d be made: |

The track curvature did not affect the resonant roll
speed of the empty car; the maximum roll response of the
vehicle was attained near 24/25 mph for both the tangent
and curved.test runs. For most of the test speeds, the
empty car body rolled more on tangent track than on
curved track, but in both cases maximum peak-to-peak
roll angles of 9.3 degrees were measured on the trailing
end of the vehicle. In both cases, the roll motion
amplitudes were slightly higher for the trailing end of
the car body, which may have resulteq, in part, from the
coupled roll and yaw motions of the car body, and partly
from the asymmetric suspension characteristics of the
leading and trailing trucks. Another observation worth
mentioning is that the amplitudes of the harmonic roll
motions of the empty car rapidly increased to a peak
value and remained at high levels above the critical
speed, indicating a lack of effective damping in the
empty car condition. This was attributed to the
insufficient motion between the truck bolster and side
frames, caused by the locking action of the friction
wedges when they do not slide.

Results of the vertical wheel loads measured on the

-12-~



leading wheelset of the empty car were comparable for
both tangent and curved tracks. Dynamic wheel load
factors exceeding twice the static loads and wheel lifts
of short duration were noted in all test runs. It was
evident that the peak loads were not developed at the
same speeds as those for the maximum roll angles,
however, the sharp peaks in each cycle of the motion
were spaced 39 feet apart, corresponding to the
locations of the rail joints.

In the case of the loaded car, the resonant roll speeds
for the tangent and curved tracks did not coincide, but
were close. However, there was no measurement made at
17 mph (the critical speed on tangent track) on the
curved track, and the trend of the roll amplitude curve
showed that a peak response might have existed near 17
mph. Hence, a general conclusion regarding the roll
response of the vehicle is that the critical speed of
the vehicle was not affected by track curvature, and it
occurred when the car body roll natural frequency, @.65
Hertz, coincided with the rail joint input frequency.
Unlike the empty car, the amplitudes of the roll
oscillations of the loaded car rapidly decreased at
speeds beyond the critical speed of the vehicle,
indicating a high damping capacity of the vehicle
suspension system. As noted for the empty car
condition, the loaded car body rolled more on tangent

track than curved track, for most test speeds.
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d. Results of the analysis of the vertical loads on the
loaded car indicated that, unlike the empty car, the
peak maximum wheel loads were developed at speeds near
the resonant roll speed of the loaded car. The dynamic
wheel loads measured on tangent track were higher than
those on curved track. This may have been due in part
to the fact that the tangent (LIM) track had a stiffer
ballast than the curved (Balloon) track. The existing
AAR specification, regarding the rock-and-roll
performance of freight cars, recommends a maximum
peak-to-peak roll angle of 6 degrees and a maximum of
75% wheel unloading. The results presented above
indicate that the base car failed to fulfill these

rock-and-roll performance requirements.

3.2 Pitch-and-bounce Regime

The observations made during the empty car bounce tests
indicated that there was no evidence of a clear resonant response
of the vehicle at speeds up to 70 mph. Therefore, only the
results for the loaded car in the bounce regime were reported.

In order to evaluate the dynamic performance of the vehicle
in the bounce regime, parameters which described the car body
motion in the vertical plane were selected. Vertical acceleration
measurements made near the center plate locations at the leading
and trailing ends of the car body were used to identify the
critical bounce speed of the vehicle. The acceleration response

of the car body was evaluated in the frequency range of 0 to 20

i



Hertz, by low-pass filtering the acceleration time histories at 20
Hertz. The leading wheelset vertical wheel loads were
investigated to quantify the dynamic effects of unstaggered
tangent track perturbations. The bounce runs were conducted on
the LIM track over a 400-foot section of non-staggered track with,
maximum perturbation amplitudes of @.75 inch.

Analysis of the vertical car body accelerations indicated
that the loaded car body vibrated at its input excitation
frequencies and higher harmonics. At speeds of 20 to 45 mph, the
vertical vibrations of the car body displayed lower amplitudes.
The vibrations were accentuated when the frequency with which the
car passed the 39-foot rail joints approached the natural
frequency of the car body on its suspension system. The critical
bounce speed of the vehicle was determined to be 56.3 mph, which
also coincided with the critical pitch speed. The frequency of
the motions associated with the bounce and pitch motions were 2.1
and 3.0 Hertz, respectively.

The accelerations recorded on the rear end of the vehicle
were higher than those on the front end, which indicated a pitch
motion. Maximum peaks of 0.9 and 1.2 g were noted at 56.3 mph,
for the leading and trailing ends, respectively. The maximum rms
bounce acceleration of the car body, Figure 9, was approximately
0.39 g and the corresponding pitch acceleration was 0.24 radians
per second per second, Figure 10..

The wheel load time histories showed that a stecady-state-like
response was achieved after a few seconds into the perturbed track

section. The dynamic vertical load factors developed during the
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extreme pitch and bounce motions of the vehicle were on the order
of 1.8. Wheel lifts did not occur at any test speed. A maximum
of 60% wheel unloading, sustained over 20 milliseconds, was noted
at the resonant speed of the vehicle.

It was observed that the vehicle, undergoing pitch and bounce
motions on the perturbed track, developed its highest amplitude
response at its corresponding critical speed. Figure 11 shows the
leading axle right wheel vertical load as a function of speed,
where maximum loads of up to 58,000 1lbs and minimum loads of 9,500
lbs were noted at 56.3 mph. Spring bottoming, with a total spring
travel of approximately 3.0 inches, was also measured at this

speed, as shown in Figure 12.

4.0 HUNTING REGIME

The test data for the hunting regime were reduced and
analyzed in accordance with the requirements of the dynamic
performance of the vehicle, as indicated in the performance
guidelines. The field test data regarding the lateral stability
of the vehicle were found to be reliable and fairly consistent,
and the results were in close agreement with the findings of
similar test programs.

The performance of the vehicle was characterized by using the
lateral accelerations measured on the car body and trucks, and the
wheel/rail displacements and forces in the test configuration
which utilized the CN Heumann (Radford) wheel profile.

The lateral accelerations measured at the car body center of

gravity on the leading and trailing ends, and on the leading axles
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Figure 11. Vertical Wheel Load vs. Speed, for the Loaded Car
in the Pitch-and-bounce Regime on Tangent Track.
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in the Pitch-and-bounce Regime on Tangent Track.
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of the leading and trailing trucks were used to identify the
"onset speed" of hunting.

The critical hunting speed, or "onset speed" of hunting, of a
vehicle is defined as the lowest speed at which one of the lateral
or yaw vibration modes becomes the least-damped mode, resulting in
self-sustained oscillations of more pronounced amplitudes.

The rms, absolute peak and peak L95 levels of the lateral
accelerations were computed for all vehicle speeds in the
frequency range of @ to 2@ Hertz. Hunting was said to start at
that particular speed where a sharp increase in the acceleration
levels was observed. The state of the motion in which full
flange-to-flange hunting occurred was determined by examining the
respective wheel/rail profile geometrical data obtained from field
measurements, as well as from the typical limit cycle behavior,
which manifests itself in a steady-state-like motion, seen on the
acceleration time histories.

In general, the lateral dynamics of a freight car involve the
coupled sway and yaw oscillations of the car body, as well as
lower and upper car body motions. Hence, the lateral
accelerations recorded at the center of gravity of the leading and
trailing ends of the vehicle, were combined to give car body yaw
and sway accelerations, which were then used to determine the
dominant modes of car body hunting.

4.1 Hunting with CN Heumann (Radford) Wheel Profiles

The empty car, equipped with CN Heumann (Radford) wheel

profiles, experienced sporadic hunting at 51 mph. It was seen
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from the acceleration time history plots that hunting first
occurred at the leading end of the vehicle, where both the car
body and the truck moved together as a rigid body with large
amplitude oscillations. It should be mentioned that the hunting
motion of the leading end of the vehicle with respect to the
trailing end has been referred to as a "nosing" motion. During
this "nosing" motion, the two trucks and the car body experience
different amplitudes of lateral oscillations, with the leading end
having larger amplitudes and higher frequencies.

The rms lateral accelerations calculated at different speeds
for the car body and axles are shown in Figures 13 and 14, where
the sharp increase in the rms accelerations at 51 mph indicated
the onset of hunting for the leading end of the vehicle. In this
configuration, the stability of the vehicle at both the car body
CG and axles was characterized by the rms accelerations which
exceeded the 0.1 g level; this is the level above which hunting
took place, but below which it did not. The sporadic hunting of
the trailing end of the vehicle started at 56 mph, at which point
the rms accelerations also exceeded the 0J.1 g level. The
intermittent hunting of the leading end continued with increasing
speeds and larger amplitudes of lateral accelerations. Fully
sustained hunting of the leading end was evidenced at speeds above
56 mph. During sustained hunting of the leading end, however, the
trailing end was still undergoing sporadic hunting with more
pronounced oscillation amplitudes.

The leading and trailing end car body accelerations converted

into yaw and lateral accelerations indicated that the car body
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for CN Heumann (Radford) Wheel Profiles.
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hunting essentially took the form of coupled yaw and sway
oscillations. .

A power spectral density analysis was performed to determine
the frequencies associated with the various modes of hunting. The
acceleration autospectra computed for the car body and axles .
revealed several dominant peaks, some of which were believed to
have represented either peaks in the excitation spectrum or normal
vehicle modes in the lateral plane. The most prominent peak
center frequency, corresponding to the damped natural frequency of
the least damped mode, represented the energy of the oscillations
associated with hunting. The frequency of the lateral
oscillations increased with increasing amplitudes of the motion;
the frequencies computed at the various stages of hunting ranged
from 3.25 Hertz at the start of intermittent hunting to 3.6 Hertz
during fully sustained hunting. 1In Figure 15, the prominent car
body frequencies are shown as a function of vehicle speed, where
the frequency of the motion increased with speed, as the
amplitudes of motion and subsequently the effective wheel
conicity, increased. An important observation regarding the
lateral stability of the vehicle was that, as full flange hunting
whose motion was restricted by the wheel flanges took place, the
amplitudes and frequency of the motion remained constant, a
typical 1limit cycle behavior seen in nonlinear systems.

Another significant feature seen in most of the autospectra
was that the narrow band high frequency pcaks near 7.0 and 10.5
Hertz were observed to occur with considerable power. A thorough
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