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Overview of FRA’s Freight Systems R&D
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Chief, Analysis & Evaluation Division
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ABSTRACT

This paper presents an overview of the freight systems research and development

activities in the Office of Research and Development within the Federal Railroad
Administration. It describes the mission, goals and objectives of the Office of
Freight Systems and briefly summarizes the research, development, test and evalu-
ation activities of the past year. Also outlined is work currently in progress.
The purpose of the paper is to inform the railroad technical commmity, the
public, and other government organizations of the federally sponsored research
conducted in connection with the FRA Improved Rail Freight Service Program.

INTRODUCTION

The purpose of this paper is to convey to
the railroad technical community, the public,
and other 'government organizations an under-
standing of the organizational mission, objec-
tives, and current activities of the Office of
Freight Systems.

The Office of Freight Systems was estab-
lished in May, 1975 as part of an overall re-
organization of the Federal Railroad Admini-
stration (FRA) research and development effort.
The realignment was instituted to provide for
an organizational structure more in tune with
the emerging awareness that the nation's rail
system needs required Federal assistance if it
was to continue to be economically viable and a
significant contributor to an efficient, safe,
well-balanced, and environmentally sound nation-
al transportation systems.

The Office of Freight Systems within the
Office of Research and Development (see Figure
1) serves the rail community and the public
through the conduct of research, development,
test and evaluation (RDTEE) activities designed
to stimulate the advancement of rail freight
technologies. In this comnection, the office
mission statement reads, ‘'to plan, implement,
sponsor, and evaluate freight railroad research,
development, and demonstration programs designed
to improve freight systems and to serve as the
principal point of contact for such programs.'
This mission statement is further expanded in

the missions assigned to the two divisions
within the office,

Office of
Research and
Development
RRD-1
[ S —
Office of H Office of X : Office of |
Freight | Passenger !  Rail Safety 1
Systems 1 Systems | ! Research !
RRD-10 I RRD-20] L ____BRD30;
[ ]
Analysis and Freight
Evaluation . Sefvice
Division Division
RRD-11 RRD-12

Dynamic Analysis and Classification Yard Technology

Evaluation Equipment Performance Analysis

Rail Dynamics Laboratory Energy and Environment

Intermodal Systems Technology

Figure 1
Office of Freight Systems-Organization

The Analysis and Evaluation Division mission
reads, ''to plan, implement and sponsor the de-
velopment of specialized research facilities and
conduct analyses and evaluation programs per-
taining to rail freight systems and subsystems''.
The Freight Service Division mission is ''to con-
ceive, plan, promote and implement résearch and
development projects designed to function as a
catalyst and to stimulate commercial exploitation
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of system improvements for national rail freight
service''.

Within these assigned organizational mis-
sions, the Office of Freight Systems, in its
administration of the Improved Rail Freight
Service Program, strives for the implementation
of research and development that provides out-
puts which contribute to two of the FRA goals,
namely: (1) to promote and assist development
of the railroad industry as an efficient, eco-
nomically sound, and privately owned nat10na1
railroad network that can attract that share of
the market for intercity freight movement which
is commensurate with its inherent economic ad-
vantages; (2) to otherwise facilitate rail .
transportation's contribution to the Nation's
goals, including those relating to national
security, social needs, energy conservation,
and environmental protection.

In carrying out its mission, the Office
participates in joint Government/mdustry cost
sharing projects with the Association of Ameri-
can Railroads, the Railway Progress Institute,
and individual railroads and suppliers; it also
participates in international technology infor-
mation exchanges in those areas for which it is
responsible. In addition, it performs project
management functions in connection with con-
tracted research. To extend its technical
capabilities the Office annually establishes an
agreement to have certain portions of its re-
search either conducted or monitored by person-
nel of the Transportation Systems Center (TSC)
in Cambridge, Mass. or the Transportation Test
Center (TTC) in Pueblo, CO. Inter-agency agree-
ments are also established witb other Federal
agencies for the performance of research in
support of the program.

A brief description of the activities within
each division follows.

ANALYSIS AND EVALUATION DIVISION

The Analysis and Evaluation Division is com-
prised of two major subprogram areas; specifi-
cally, (1) Analysis & Evaluation and (2) Rail
Dynamics Laboratory.

The .goals of the Analysis and Evaluation
subprogram are:

° Develop analytical models to describe the

dynamic effects of (1) the wheel/rail
interface, (2) variable truck character-
istics on the performance of rail freight
cars.

Provide and operate a Facility for
Accelerated Service Testing (FAST) to
produce results aimed at reduction of
procurement, operating, and maintenance
costs of rolling stock and track.

Evaluate available Maintenance of Way
(MOW) equipment in a cooperative

industry/FRA project to provide data
for the more effective allocation of

MOW resources.

Accomplishments in this area in the past
year have included the following.

° The initiation of a develobmént project
with Rutgers University, under contract

.DOT-FR-767-4323, to dynamically character-

ize three densities of lading in shippers
comprised of three types of corrugated
board. Also, to be investigated will be
a single 3 ply and 5 ply bag. Lastly,

a pallet that is comprised of an uncon-
strained single high density lading in a
corrugated shipper will be characterized.
Typical damage to be prevented is shown
in Figure 2. :

The other significant effort in this sub-
program is the "Freight Car Vehicle
Dynamics' research project being con-
ducted by Clemson and Arizona State
University. A number of interim reports
describing the progress of this program

have been issued and are available through

NTIS. They include:

(1) Analytical and Experiments Determi-
nation of Nonlinear Wheel/Rail
Geometric Constraints, December,
1975, PB 252290

(2) General Models for Lateral Stability
Analysis of Railway Freight Vehicles
(to be publised)

(3) An Investigation of Rail Car Model
‘Validation (to be publised)

(4) Linear Analysis Model for Railway
Freight Cars (to be publised)

(5) Nonlinear Analysis Models for Rail-
way Freight Cars (to be published)

(6) Field Test and Validation of Railway

Freight Car Models. (to be published)

(7) Users Manual for Asymmetric Wheel/
Rail Contact Characterization Pro-
gram (to be published)

(8) Users Manual for Kalkers Simplified
Theory of Rolling Contact (to be
published)

The current status of this project will be
presented in the accompanying paper entitled
"Research in Freight Car Dynamics."

° Within the Analysis and Evaluation pro-
gram only the rolling stock portion of
the FAST program is addressed; the track
portion is covered in the Improved Track
Structures program which is the responsi-
bility of another office within OR§D. To
date the track structure has accumulated
over 100 MGT and the rolling stock has
seen an average mileage of over 60,000
miles. The recent status of this project

‘a
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Figure 2
Example of Lading Prcblem Being Investlgated

will be presented in the accompanying
paper entitled, ""FAST Mechanical Equip-
ment Test Results to Date Future Plans."

At the time of this writing, a request
for. proposal has been issued. The pro-
posals received are undergoing review to

. select ‘a contractor who will:

(1) Develop a structure (e.g., indices
of merit, equipment performance,
.etc.) for the purposes of evaluating
and analyzing existing or prototype
MOW equipment not currently used by
American railroads. '

(2) Develop a procedure whereby items
: selected in step (1) can be evaluat-
ed,

(3) Finally, develop a procedure that
outlines the necessary planning
steps, schedules, documents and
representative agreements or con-
tracts that will allow testing of
MOW equipment in an operational rail-
road environment.

~'The goal of the Rail Dynamics Laboratory

(RDL) s

program is to:

Provide a fac111ty of perform tests of
full scale railroad and transit vehicles
under controlled laboratory conditionms.

The RDL is plamned to be operational at the
beginning of 1978 and will be capable of investi-
gating problems associated with:

° Suspension Characteristics

® Rock and Roll

Componeht stress

Component and vehicle natural frequencies
e Analytical model validation

° Adhesion

® Ride comfort
Acceleration
° Braking
lading response/,
hunting .

The current status of this program will be
presented in the accompanying paper entitled
"RDL Test Plamning, Scheduling, and Budgeting."
FREIGHT SERVICE DIVISION

In the Freight Service Division there are
four subprogram areas of RDTGE activity, namely:



(1) Classification Yard Technology, (2) Equip-
ment Performance Analysis, (3) Energy/Environ-
ment, and (4) Intermodal Systems Technology. A
brief description of each subprogram area, its
recent activity, and current undertakings
follows.

In the Classification Yard Technology area
the major program ocbjectives are to:

-}

o

Develop technologies that will sub-
stantially reduce car delays in yards,

Quantify dreas where yard improvements
are feasible and desirable,

Evaluate components and systems that will
improve efficiency in yards; in coopeéra-
tion with the railroads and suppliers,
and

Improve the effectiveness of railroad
communication and control systems.

Accomplishments in this area in the past
year have included the following:

-]

]

Technical reports relating to optical
automatic car identification (ACI) were
provided to the industry in May, 1976 and
June, 1977. These reports provided the
technical data needed to assess the
current industry standard ACI system.

The latest reports describe options to
increase performance of the optical scan-
ner system to 97% from the current level
of 80% and indicate a potential label
life of 17 years.

A report entitled, '"Railroad Classifi-
cation Yard Technology; A Survey and
Assessment'' became available to the
industry and public in January, 1977.
The report identified technical areas
that will provide the highest payoffs
for upgraded or new yards. It also
provided an inventory of the yard popu-
lation in the U.S. and indicated that
some 200 new or major reworked classifi-
cation yard projects can be projected
in the next 25 years. The report is
available from the National Technical
Information Service (NTIS) Springfield,
VA 22161 under Accession Number PB 264
051.

A "Research Plan for EMC [Electromagnetic
Compatibility] Study of the Communication
and Control Systems in a Railroad Classi-
fication Yard'" was provided to interested
parties in the industry in July 1977.

The plan includes provisions for the par-
ticipation of three railroads (Santa Fe,
Southern, RF&P) in field tests and for
coordination of the project through the
Inductive Interference Committee,
Communication and Signal Section, Asso-
ciation of American Railroads. This work
is being performed for the FRA by the
Department of Defense Electromagnetic

Compatibility Analysis Center,: at
An.ngpolis , Maryland. .

Representative of RIDGE in this program area
is the accompanying paper, ''Optical ACI -- A New

Look™.

The new and continuing work underway at

this time includes:

[}

In addition to the yard EMC study pre-
viously mentioned, this work area has,

at the request of industry, been expanded
to include the EMC/EMI impact of railroad
electrification. The research plan for
this expanded effort is now in the forma-
tive stage. This research is expected to
result in a report of the research find-
ings in spring 1978. The report will con-
tain a characterization of the yard's EM

. environment, aid in the understanding of

existing equipment compatibility, and
provide recommendations for improvements.
In connection with electrification, the
report will indicate a recommended test-
ing methodology for determining the po-
tential impact of electrification on C§S
equipment and the surrounding environment.

A feasibility study of alternatives in
car speed control in classification yards
has been initiated. This competitive
procurement will produce a technical re-
port identifying and recommending the
most promising concepts for further de-
velopment.

An assessment of approaches to car pre-
sence detection in connection with yard
information and control systems has been
initiated. This work should lead to a
better understanding of the detection re-
quirements and the development of the
optimum solution. A report of this work
will be made available to industry.

After concluding the 1aboratory Yerfi-
cation (see Figure 3) of Opt1ca1 ACI
Scanner system improvements, three final
technical reports will be made available
to the industry. This research was carried
out in cooperation with the Research and
Test Department, AAR and the Rolling
Stock Committee of the Railway Progress
Institute.

As a result of the previously mentioned
yard survey and assessment, a contract
has been awarded to the Stanford Research
Institute to develop a yard design metho-
dology. This multi-year, multi-phased
project, begun in April 1977, will result
in interim technical reports on each phase
of development and ultimately in a design
methodology handbook for use by the indus-
try. This work is being coordinated with
the Yard and Terminals Committee of the
American Railway Engineering Association
(AREA) which has established a special
liaison subcommittee for this purpose.



Figure 3
TSC laboratory setup for testing OACI scanner system improvements.

In general, all RDTGE activities associated
with the electrical engineering discipline as it
relates to rail freight service are handled in
this subprogram area.

In the Equipment Performance Analysis area
the major program objectives are to:

o-

" Incréase railroad profitability through

the reduction of lading damage which can
be attributed to dynamic phenomena asso-
ciated with rolling stock suspension sys-

“tems. -

Develop those technologies that will help
to reduce costs occurring from the wear
and maintenance of rail vehicle com-
ponents,

Quantify the information necessary to
provide economic-based performance data
and specifications upon which sound in-
vestment decisions may be reached.

Improve train handling and make-up times
where system components are the limiting
factor.

Accomplishments in this area in the past
year have included the following:

Ten reports on test philosophy, measure-
ments and economic analysis pertaining
to Phase I of the Truck Design Optimi-
zation Project (TDOP) were made available

‘to industry.

In addition, some 209
magnetic data tapes containing actual
field test measurements were made
available through NTIS.

Two assessments of opportunities. for
technical innovation, one in braking and
one in coupling, were completed. The
reports of this work are being finalized
and will be made available to the in-
dustry and public this Eall. The coupling
work was coordinated with the AAR Ad-
vanced Coupler Concepts Program while the
braking effort was coordinated with the
AAR Brake Equipment Committee.

Completion of the development of a
friction snubber force measurement
system. This is the subject of an
accompanying paper, "Truck Performance
-- Friction Snubber Force Measurement
System'" and is representative of our
RDTGE efforts in this program area.

With respect to new and continuing work in
the area of equipment performance the following
is characteristic.

o

The most significant activity will in-
clude the continuance of TDOP with the
award of the Phase II contract to Wyle
Laboratories. This phase of TDOP con-
cerns itself primarily with the Type II,
Special Purpose truck but will also en-
compass some Type I, General Purpose

5



truck testing as indicated below. As in
Phase I, a railroad, in this case the
Union Pac1f1c will prov;Lde, as a sub-
contractor to Wyle, the necessary
facilities for the conduct of field
testing. Also, as was done in Phase I,
industry consultants representing various
viewpoints and areas of expertise will be
employed, and close coordination of
project developments will be effected
between TDOP and the Track-Train Dynamics
Program.

In light of the recommendations stemming
from the previously mentioned braking and
coupling technology assessments, investi-
gatory research in the areas of electro-
pneumatic brakes, friction material
versus wheel wear, automatic coupling
concepts, load sensing devices, disc
brakes, and wheel thermal capacity will
be initiated. These studies will examine
both technical and economic aspects. Re-
ports will be made available to industry
as they become available.

Field testing of the Friction Snubber:
Force Measurement System (FSFMS) will be
incorporated into Phase II of the TDOP.
The Barber S2 and ASF Ride Control trucks
will be tested loaded and unloaded, with
new and worn friction shoes, on curved
and tangent track using the newly in-
strumented side frames (see Figure 4).
Findings from this work will be incorpo-
rated into the Phase II reports to be
published during the coming year.

Drawing upon our previous work done in
connection with TOFC/COFC aerodynam.lc
drag studies, additional testing in the
area of aerodynamic drag on different
freight car configurations will ‘take
place this year -along with the vali-
dation of mathematical models develop-
ed from several wind tunnel tests. .

The full-scale validation of TOFC/COFC
wind tunmel data is now underway at

thé Transportation Tést Center. Equip-
ment for these tests has been made
available by the Trailer Train Company
and Trailmobile Division of -Pullman,
Inc. Ensco Inc., supported by Brewer
Engineering Laboratories, Inc. are

the contractors for this work. ‘A report
on the second series of wind turnel tests
should be made available approxunately
one year from now.

In general, those subjects dealing with
mechanics, dynamics and the mechanical engineer—
ing d15c1p1me as related to rail freight service
reside in this subprogram area.

In the Energy and Environment area the major
program objectives are to:

o

Exploit and improve the inherent energy
and environmental adva.ntages of the rail
mode.

Assist railroad industry with practical
guidelines and test procedures contribut-
ing to overall noise abatement and the
reduction of noxious emissions.

4
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‘ Figure 4
Standard Barber S-2 truck equipped with new
Friction Snubber Force Measurement System (FSFMS).
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Develop and demonstrate energy conserva-
tion techniques having economic as well
as technical payoffs.

Quantify areas where locomotive improve-
ments will produce further efficiencies.

Accomplishments in the past year in this
program area have included the following:

o

]

An interim technical report, Fuel
Efficiency Improvement in Rail Freight
Transportation: Multiple Unit Throttle
Control to Conserve Fuel, December 1976

. (NTIS Accession No. PB 262 470) describ-
ing preliminary test results (see Figure
5) of the railroad developed ''Fuel .Saver"

. device was made available. A final re-
port incorporating additional field test
data will become available in November
1977. Representative of work accomplish-

ed in this program area and related to
this subject 1s the accompanying paper,
"Energy Conservation Multiple Unit
Locomotive Throttle Control."

-}

In conjunction with the Intermodal
Systems Technology subprogram a wind
tunnel aerodynamic drag study was
completed on TOFC/COFC equipment. The
quantification of fuel consumption in
various rail freight operations, in-
cluding TOFC/COFC wal also concluded.

A technical report entitled ''Aerodynamic
Forces on Freight Trains, Volume I-Wind
Tunnel Tests of Containers and Trailers
on Flatcars," December 1976, was made
available to the industry and public
(NTIS Accession No. PB 264 304). An
interim technical report entitled,
"Railroads and the Environment-Estimation
of Fuel Consumption in Rail Transporta-
tion, Volume II-Freight Service Measure-
ments'" September 1977, (Report No. FRA/
ORD-75/74. II), is also being made avail-
able to the industry and public through
NTIS at the present time.

Figure 5-

FRA-research engineer logging operafional data during revenue operations in the
evaluation of a multiple unit locomotive throttle control device.

A preliminary assessment of the potential
for the reduction of aerodynamic and
mechanical train resistance including a
determination of the economic factors
involved., A technical report will be
made available to the industry and public
in December 1977. Recommendations for
further research and suggested alter-
natives will be incorporated in the
report. ’

©

New and continuing research underway at this
time includes:

Award of a contract to the Garrett Corpo-
ration to conduct a systems analysis and

bench test feasibility study to determine

the potential for the application of fly-

wheel energy storage technology to a yard

locomotive. The results of this analysis
will become available in November 1978.



o

Award of a contract, again to the Garrett
Corporation, to conduct a feasibility
study on the potential for applying
wayside energy storage technology to
line-haullocomotives engaged in grade
operations; where there is potential for
producing large amounts of recyclable

energy through dynamic or regenerative
braking.

Establishment of a technical assistance
agreement with Lawrence Berkely Lab-
oratories, a Department of Energy Nation-
al Laboratory administered by the Univer-
sity of California, to provide back-up
support to the overall energy and envi-
ronment program area by contributing
expertise in E&E related matters.

The research necessary to develop a
locomotive data acquisition package
(LDAP) has been initiated. This work

is intended to produce a research tool
that can withstand the harsh environment
found in over-the-road locomotive opera-
tions while collecting scientific data
that will provide an insight into the
potential for improvements in locomo-
tive performance under varying operating
conditions.

In connection with .IDAP, work has been
initiated to definitize, in a magnetic
tape file format, three selected test
route profiles representative of normal
rail freight transport operations. This
data base, augmented with LDAP gathered
information, should begin to provide
the necessary knowledge base to augment
analytical analysis related to energy
and economic optimization of propulsive
power,

This program area deals with subjects
requiring multi-disciplinary skills related to
the energy and environmental aspects of rail
freight service.

In the Intermodal Systems Technology area
the major program objectives are to:

o

Support the rail industry's efforts to
increase its market share in freight
transportation, especially in high
revenue traffic.

Promote realization of superior levels
of service to be achieved through an
optimized truck/rail/truck intermodal
system.

Assist railroads in attainment of the
maximum level of efficiency for door-to-
door movement of intercity freight
through full exploitation of the rail
mode's fimdamental advantages.

Support achievement of major improvements
in safety for the public, yard personnel,
train crews and goods in transit.

During the past year activities in this
program area have included:

o

As noted previously under the energy and
environment program area, completion of a
wind tunnel TOFC/COFC equipment aero-
dynamic drag characterizatiocn study and
field measurements of the fuel consump-
tion characteristics associated with
dedicated TOFC/COFC trains.

With the cooperation of the Atchison,
Topeka and Santa Fe Railway, Pullman-
Standard, Trailer Train, American Steel
Founderies, and the National Castings
Division of Midland-Ross, a functional
test and mode shape characterization was
completed on two existing lightweight
intermodal cars, namely: the 'skeleton
car'' one of which had been modified to .
carry trailers (see Figure 6) vis-a-vis.
its former container only configuration.
Performance of these cars was compared to
that of a conventional all-purpose TTX
car which served as the base line. To
determine the influence of wear on the
parameters measured the cars have thus
far been subjected to approximately
50,000 miles of revenue service and a re-
run of the instrumented data collection
tests conducted at the outset of the pro-
ject. Further revenue service exposure
will continue to 125,000 miles, at which
time another instrumented test will be
conducted. A technical report on this
activity will become available in June
1978. An accompanying paper, 'Intermodal
Cars--New Developments,'" will briefly de-
scribe the test procedures, data acquisi-
tion methodology and developments in soft-
ware associated with over-the road ride
vibration testing. This paper is con-
sidered representative of the RDTEE in
the intermodal system technology-area.

New work underway includes:

o

In August 1977, the award of two:parallel
contracts for the first phase of a com-
prehensive intermodal systems engineering
study. The two Phase I contractors,
namely: Peat, Marwick, Mitchell § Company
and A. T. Kearney, Inc. will be expected
to bring to bear slightly different philo-
sophical approaches to the broadscope
initial assessment study. This will lead
to a Phase II effort to the selected con-
tractor for performance of a more indepth
analysis based on the selected options
from the Phase I performance. Both con-
tractors have assembled impressive teams
to accomplish the task at hand. PMM§Co.
has teamed with R. L. Banks § Associates,
Battelle Columbus Laboratories, Boeing
Computer Services, and Thomas K. Dyer,
while A. T. Kearney has teamed with
Herbert O. Whitten & Associates and the
GM Transportation Systems Division. The
contractors will interface with an ad hoc
Intermodal Technical Committee which



Figure 6 .
Instrumented trailers and '"skeleton car'' along with FRA Data Acquisition Car, T-5,
used in the Lightweight Flat Car Evaluation Project.

has been established by the AAR, Operat-
ing-Transportation General Committee for
the purpose of- providing recommendations
pertaining to technical issues related to
intermodal systems. Results of the six-
month Phase I study are expected to be-
come available in February 1978. The
Phase II effort should be completed in
May 1979 and result in a prospectus or
. Intermodal System Development Plan for
consideration and use by the industry.

Initiation this month of an investigation
.into-the feasibility of developing a
lightweight, low-profile TOFC car to
relieve the problem of clearance re-
strictions for this type of traffic,
principally in the northeast. Should
such a development prove feasible, the
design, fabrication and test of three
prototype cars will be undertaken.

The major area of interest in this program
area concerns itself with industrial engineering
as related to rail freight service.

SUMMARY

As can be seen from the foregoing the Office of
Freight Systems manages a diverse RDTGE program
whose principal purpose is to promote the con-
tinued viability of the Nation's railroads. Much
of the program structure can be seen to be re- .
lated torecent publications that attempt to de-
finitize the research needs of the industry. For
obvious reasons, like the availability of re-

sources, not everything that needs to be done
can be done; hence, priorities must be establish-
ed. In this regard, the Office of Freight
Systems attempts to address principally near-
temm (in the normal R&D connotation) solutions
to persistent problems, while at the same time
keeping an eye to the future, especially where
front-end development of the knowledge base is
required for sound and timely commitment to
innovation.

\ .
Recognizing its own limitations the Office of
Freight Systems encourages and solicits critique
of its program endeavors. In an effort to pro-
vide a forum through which this can occur, the
Office seeks a tie-in with the appropriate seg-
ments of the rail transportation industry that
can relate to its various projects. With this in
mind, it is hoped that the examples given in this
overview report reflect this philosophy.
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Research in Freight Car Dynamics
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- - - - ABSTRACT - : SR

This paper describes the Freight Car Dynamics project conducted by Clemson and Arizona State Uni-
versities under sponsorship of the Federal Railroad Administration. A series of models and associated
solution techn1ques for predicting freight car stability, forced response and curving behavior were
developed in this effort. Validation tests were planned and carried out by the Association of
American Railroads and the Union Pacific Railroad. The test data have been analyzed by several tech-
niques including spectral analysis and the random decrement method. The validation process, involving
comparison of predicted and experimental transient response, power spectral densities and steady state
values, is in progress.

INTRODUCTION

This research project, under the direction evaluations of rail car dynamics have gone down
of Professors E. Harry Law of Clemson University separate paths. This Tack of interaction can
and Neil K. Cooperrider of Arizona State Uni- be attributed to the fact that the experimental.
versity, has the objective of providing tools and analytical work has been done by different
and techniques to analyze the dynamic behavior groups. Not surprisingly, those organizations,
of railroad freight cars. The effort entails such as the British Rail and Japanese National
development and:correlation of theoretical tech- - Railway research groups, that first undertook
niques for predicting freight car dynamic be- the rail vehicle dynamics analyses, have also
havior, and use of the techniques to investigate been the first to use integrated analytical-
the behavior of present and proposed freight car experimental evaluation methods for rail vehicle
designs. The project is sponsored by the Federal design. This project has built on this back-
Railroad Administration with support and cooper- ground to develop an approach for dealing with
ation from the Association of American Ra11roads the dynamic problems of freight vehicles of the
and the Union Pacific Railroad. ~ type in use in North America. In the

course of this work several innovations have

‘Derailments, damaged freight, distorted been introduced into rail vehicle dynamics
track and worn or broken vehicle components analysis and testing including development of
are problems that result-from undesirable freight numerical techniques to.deal with arbitrary
car dynamic behavior. The models and analytical wheel and rail head profiles, the use of quasi-
techniques developed in this effort can be used - linearization techniques to handie nonlinear
to determine causes of present dynamic problems, characteristics, the use of an hydraulic ex-
and to design components and vehicles that citation system during the vehicle tests, and
alleviate such problems. To study the full the application of the random decrement technique
range of railroad operating conditions pertinent in analyzing the test data.
to lateral vehicle dynamics, models and analyses
have been developed for rail freight vehicle Research of this type involves modeling,
stability, forced response and curving. . correlation or validation of models, and analysis

. of ‘the model behavior. In this program, quite
Until recently, experimental and analytical

"



a number of models have been developed for
freight car behavior on tangent track, during
curve entry, and in curve negotiation. Because
this is an exploratory study into the-theory
of freight car behavior, these models differ
widely in complexity. One of the outputs

of the project will be recommendations for the
appropriate use of each model and analysis
approach,

Validation of these models is underway.
Experimental data for the validation effort
has been provided by tests carried out by the
Association of American Railroads and the Union
Pacific Railroad. After validation, the models
will be utilized to examine current vehicle and
track maintenance procedures and to suggest
amendments to the procedures. The models will
be supplied to the railroad industry for use
in evaluating supplemental devices, in studying
possible modifications for current freight car
trucks, and in exploring new design concepts.

This paper is intended as an overview of
this effort. The theoretical developments
achieved in this effort are discussed in the
next section, followed by descriptions of the
validation techniques and field tests. The
current status and future work are summarized
in the final section.

THEORETICAL DEVELOPMENTS

Approach

Our approach in this project has been to
develop and to investigate the conditions of
applicability of a number of modeling and analysis
approaches. For example, computer solutions
for the stability behavior of rail vehicles
that use linearized models and eigenvalue/eigen-
vector solution techniques are several orders
of magnitude less expensive than solutions ob-
tained by direct numerical integration. Con-
sequently, eigenvalue/eigenvector stability
analyses offer considerable promise for use in
the design process where a Targe number of can-
didate designs are to be evaluated.

After analysis of the test results, we
will compare the results from the various models
and analyses with test results to evaluate the
conditions and range of applicability of each
model and analysis approach. For many purposes,
analyses may be used that are inexpensive com-
putationally as compared with other analyses.
It is important to identify the purposes for
which such analyses can be used if these models
and analyses are to be of maximum benefit to the
railroad industry.

In each of the three areas pertinent to
lateral rail vehicle dynamics (hunting or -lateral
stability, forced response, and curving behavior),
we have followed this approach. For investigating
hunting stability we have developed six models
(classified in terms of the numbers of degrees
of freedom) and three analyses, or techniques
to solve the model equations of motion,
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for forced response one model and three analyses,
and for curving behavior two models and three
analysis approaches. These models and analyses
are briefly described in the following sections.

Before most of these models and analyses
could be developed, it was necessary to develop
methods for determining the nonlinear wheel/rail
geometric constraint functions for arbitrary
wheel and rail transverse profiles. Methods
for calculating both Tinear and nonlinear creep
force/creepage relationships were also needed.
The work involved in pursuing these objectives
is also described in the following sections.

Wheel/Rail Geometric Constraints

The transverse or lateral profiles of the
wheels and rails have a strong influence on all
aspects of the lateral dynamic behavior of rail
vehicles. Wheel/rail geometric constraint func-
tions such as the differences of left and right
wheel rolling radii and left and right wheel/
rail contact angles and wheelset roll angle appear
explicitly in the equations of motion. These
functions are usually highly nonlinear and depend,
to the first order, on the wheelset lateral dis-
placement relative to the rails (and to the
second order on the wheelset yaw angle). The
forms of these nonlinear functions are governed
by the lateral wheel and rail head profiles,
the wheel and rail gauge, and the rail cant angles.
Examples of these constraint functions are shown
in Figures 1 and 2 for new and CN profile wheels
on new rails.

Linear dynamic and steady state curving
analyses have generally represented the influence
of the wheel/rail geometry by constant values
of effective conicity (obtained by linearization
of the curve of the difference in rolling radii)
and lateral gravitational stiffness (obtained by
linearization of the curve for the difference
of contact angles). The linearization technique
depends on the type of analysis to be performed.
Examples of methods used for Tinearization are
linearization about the assumed equilibrium point,
least squares fit of a straight line character-
istic over a specified range, and quasi-linear-
jzation [1-3].

Perhaps the only wheel/rail profile combin-
ations that are easy to linearize are those of new
wheels on new and worn rails. For these combin-
ations, the important wheel/rail geometric con-
straints are essentially linear up to the value
of Tateral displacement where flange contact
occurs. For wheels having other than a straight
taper, the constraint functions are nonlinear
in the lateral wheelset displacement over the
entire range of lateral displacement. If other
than straight tapered wheels are to be considered,
it is essential, for prediction of Tateral dy-
namic behavior, to know these wheel/rail geometric
constraint functions.

In this program, two analyses and accompanying
computer programs with Users' Manuals have been
developed to calculate these wheel/rail geometric
constraint functions. The first of these [4]



addresses the case where the left and right
_zmheels and the left and right rails are, respec-
tively, mirror images of each other. The sec-
ond [5] relaxes this condition and permits
the consideration of wheels and/or rails that
are not mirror images of each other. The
Tatter case is of course the more realistic
one. Additionally, a technique utilizing
cubic splines for calculating the curvature
of the wheel and the rail is incorporated
in the analysis and program reported in [5].
This information is essential for calculating
creep coefficients and nonlinear creep force/
creepage relationships.

A technique was also developed under this
program [6] for fast and efficient digitization
of graphical wheel and rail profile data.

These digitized data are needed as input to
the wheel/rail geometric constra1nt programs
of [4] and [5].

Creep Force/Creepage

— The shear stresses acting between whee]
and rail in the contact region give rise to
creep forces and moments. Estimating the
level of creep forces and moments that pre-
vails for a given vehicle is perhaps the most
difficult aspect of estimating the parameters
necessary for a t?egretica] analysis of rail
vehicle dynamics. v

Kalker's nonlinear theory on creep [8, 9]
is regarded by most to be the most complete theory
available. Kalker's theoretical predictions
of the nonlinear creep force characteristics
have been substantiated by laboratory exper-
iments [7]. In addition to predicting the
Tongitudinal and lateral forces due to the
relative Tongitudinal and lateral velocities
or creepages between wheel and rail, Kalker's
~linear and nonlinear theories (of all those
available) .are the only ones that predict the
. lateral- ¢reep -force due to a relative angular
kve10c1ty component normal to the contact area
between wheel and rail. This force, called the
. 1atera1/sp1n creep force, is usually less than
the lateral creep force due to lateral creepage
while wheel/rail contact remains in the tread
region of the wheel. However, as the contact
point moves towards the flange and the wheel/
rail contact angle increases (as happens during °
curving, hunting, and incipient wheel climb),
the lateral/spin creep force becomes much Targer
than the lateral force due to lateral creepage.
Consequently, the. importance of Kalker's theories
in providing a basis for understanding the creep
force mechanism and the effects of creep on
rail vehicle dynamics should not be under-
estimated.

A computer program for calculating the 1lin-
ear creep forces and moments utilizing Kalker's
linear theory has been developed during this
project, and made available to those investi-

-gators requesting it. Additionally, the con-
version from ALGPL to F@RTRAN of Kalker's
program embodying his simplified nonlinear
creep theory [8] has been completed recently.
This theory is considerably more economical

of computation time than Kalker's complete
nonlinear theory [9] and, as shown in Figure 3,
agrees well with experimental results published
in [11]. A version of this program was developed

.in subroutine form so that it might be incor-

porated .easily in F@RTRAN computer programs
for rail vehicle dynamics analysis.

Hunting Stability

One of the most severe problems facing
the railroad industry today is that of ensuring
that the various rail vehicles in service have
an adequate margin of safety with regard to
hunting stability. Unfortunately, the prac-
tical solution of the hunting problem for the .
complete fleet of rajl vehicles is a long way .
off. However, the analytical modeling and
analysis techniques developed in this effort
should enable designers of rail vehicles to
develop new vehicle designs as well as
corrective measures for existing designs that
offer sufficient safety against hunting.

Several different models and analysis
techniques have been developed on this project.
As the validation efforts continue, we will
determine the conditions, range of validity,
and appropriate application of each model and
technique. As discussed previously, the intent
has been also to develop the simplest credible
model consistent with the ultimate use to which
it will be put.

Linear Analyses

A series of models for the lateral dynamics
of a single rajlway vehicle have been developed.
These are shown in Table 1 and are classified
by the numbers of degrees of freedom. Eigen-
value/eigenvector stability analyses have been
developed and programmed for each of these
models after Tinearization. These analyses .
predict the frequency and damping of oscillatory
modes and the time constants for overdamped - .
modes as well as the shape of each mode of the
vehicle. This information permits the estimation
of stability margins from the variation of the
damping with speed of the least damped mode.

An example of such theoretical results is shown
in Figure 4.

It has been shown by comparison of results
for the various models that the truck model
used in the 9 degree-of-freedom (DOF) model
is adequate for use in stability analyses of
vehicles with roller bearing trucks. The
critical speeds predicted by the 9, 17, and 19
DOF models for a vehicle having roller bearing
trucks are very similar. However, the shape
of the least damped mode predicted by the 19
DOF model djffers from that predicted by the 9
or 17 DOF not only in the car body mode shapes
due to car body flexibility but in the phasing
of the motions of the front and rear trucks.
Based on these results, it may be concluded
that in the initial design stages of vehicles
equipped with roller bearing trucks the 9 DOF
model may be used to investigate stability.

(1)Hobbs [7] has reviewed both theoretical and
experimental work in the area of creep.
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Later in the design process, the effects of car
body flexibility should be considered.

The selection of input data for use in
these eigenvalue/eigenvector analyses is
not a simple matter even when component test
data are available. For vehicles 1ike con-
ventional North American freight cars, the
lateral suspension characteristics are dominated
by dry friction and other nonlinearities such
as deadband and saturation. Thus, choosing
effective or equivalent Tinear suspension
characteristics requires considerable expertise
and judgement as does interpretation of the
results.

These computer programs have been used
to conduct parameter studies encompassing
the various configurations tested by the
Association of American Railroads on the
Union Pacific Railroad during the recent
field tests.

To illustrate the application of these
models in a design study, the 11 and 23 DOF
models were used to examine the effects on
hunting stability of various primary suspension
elements and car body flexibility [12, 13].

In addition, a generic model of truck with
interconnected wheelsets was formulated and a
range of values for the interconnection sus-
pension elements was examined. Typical results
from this study are shown in Figure 5 where

the critical speed for hunting instability

is plotted versus interconnection shear stiffness
for a vehicle having interconnected wheelsets.

These models and analyses have also been
used to examine a potential maintenance problem.
As a freight car accumulates service mileage,
the wheels on a given truck develop different
transverse profiles. A brief study was con-
ducted to examine the effects on stability
of using a different wheel profile for each
of the two axles of a truck [14]. Various
combinations of wheel profiles were examined.

A typical result is shown in Figure 6 where
critical speed for hunting is shown for a
nominally empty 80 ton hopper car with various
wheel profile configurations. The axles labeled
"N" are those with the standard AAR new profile
while those labeled "P" are those with profiled
wheels having an effective conicity of about
0.31 together with a substantially increased
value of gravitational stiffness. It can be
seen that trucks with different wheel profiles
on the Teading and trailing axles exhibit
critical speeds that depend strongly on the
direction of travel (see Configuration 8 of
Figure 6). Thus it would appear that one
maintenance objective should be to maintain

all wheel profiles of a truck to a common
profile.

The operational practice of loading
freight cars asymmetrically fore and aft was
also examined briefly for its effects on
stability [14]. It was found that stability
was increased slightly when the vehicle was
loaded in the rear as opposed to the front.

14

However, this difference usually was not as
great as the difference in stability between
empty and fully loaded cars.

As can be seen from this brief discussion,
these models and analyses have been used and
may be used in the future to answer various
questions concerned with maintenance and opera-
tional practices as well as those concerned
with vehicle design. The primary advantages
of these linearized analyses are that they are
very economical with regard to computer costs
and offer a great deal of insight into the
effects of various parameters on the vehicle
dynamics.

Nonlinear Analyses of Hunting

The suspensions of North American freight
cars are dominated by nonlinearities such as
dry friction, deadband, and Timiting or saturation.
In addition, the wheel/rail interaction process
is characterized by nonlinear wheel/rail geometric
constraints and nonlinear creep force/creepage
relationships. These nonlinearities strongly
affect the Tateral dynamic response of rail
vehicles.

As discussed previously, there are many
uses for linearized stability analyses of rail
vehicles. These should be used with considerable
care and judgement for vehicles with strongly
nonlinear characteristics such as the freight
car. For those cases where a detailed examination
of the effects of these nonlinearities is desired
and warranted, nonlinear analyses must be used.
These should be used with discretion as the com-
putation costs are usually at least an order of
magnitude greater than those of linear analyses.

- We are using two types of nonlinear analysis
for examining the hunting stability of freight
cars. One, called quasi-linear analysis, seeks
to utilize Tinear analysis techniques in a spe-
cial way to effect considerable computation cost
savings over the standard approach to analyzing
complex nonlinear systems, direct integration
of the equations of motion [1, 2, 3]. We have
also taken two approaches to integrating
directly the equations of motion. We are using
both numerical integration methods on digital
computers and analog integration on a state-of-
the-art hybrid computer. Although fewer com-
panies have direct access to hybrid computers
than to digital computers, hybrid computation
can offer significant cost savings as compared
with digital integration. These questions
are discussed more completely in E]S].

Quasi-Tinear analysis of hunting may be
used to compute the existence and stability
characteriitics of 1imit cycles. The work
reported 2) in [1, 2, 3] represents the first
efforts in this area and results obtained for a

(

?7%his development of quasi-Tinear techniques
for rail vehicle dynamic analysis was primarily
supported by FRA through Transportation Systems
Center Contract No. DOT-TSC-902.



simplified model agree very well with those
obtained by integration of the equations of
motion [21. Thus, although only recently de-
veloped as an analysis technique for problems
in rail vehicle dynamics, the future for the
application of quasi-linear analysis techniques
to rail vehicle dynamics problems appears
bright.

Results obtained via quasi-linear analysis
for the Timit cycle amplitude versus speed are
shown in Figure 7 for the 9 DOF freight car
model. Unstable 1imit cycles may be thought
of as stability boundaries while stable Tlimit
cycles represent the amplitude finally attained
after hunting has started. These analyses may
also be used to estimate the levels of the forces
- between wheels and rails and between vehicle
components (depending on the particular model
used) during hunting. We have applied the quasi-
Tinear analysis technique to the 9 DOF freight
car model described in Table 1 as well as to
simpler models. However, it may be used in con-
junction with almost any model.

The computation costs in developing curves
such as those shown in Figure 7 via quasi-linear
analysis are much Tess than the costs would be
using hybrid computation and at least several
orders of magnitude less than the costs associated
with numerical integration of the equations via
digital computation. :

We are analyzing two nonlinear models of
rail vehicles via direct integration. The
first model is the 5 DOF half-car model des-
cribed in Table 1. Nonlinearities considered
are suspension friction and wheel/rail geo-
metric constraints. This model is implemented
on the Clemson University Engineering Computer
Laboratory hybrid computer 3). Because of
machine capacity limitations, we cannot imple-
ment rail vehicle models with more degrees
of freedom or nonlinear creep force/creepage
relationships or consider large wheel/rail
contact angles in the creepages or geometric
constraints. Nevertheless, we feel that we
have demonstrated the feasibility of hybrid
computation for rail vehicle problems and have
achieved cost-effective results with the half
car model., We also have developed a numerical
integration program on the digital computer
for the 5 DOF model.

The second model we are analyzing via
direct integratio? is the 9 DOF model des-
cribed in Table 1(4). This is being performe?
by numerical integration on digital computers )
As the cost of computation with numerical in-
tegration increases geometrically with the '
order of the system, our approach has been
to develop the simplest credible model (in
terms of the number of degrees of freedom)
for a freight car equipped with roller bearing
trucks. This implies neglecting degrees of
freedom such as bolster pitch and sideframe
rock that in all probability have only a
minor influence (if any) on vehicle stability.
However, recognizing the importance of effects

such as nonlinear wheel/rail geometric constraints,

suspension friction, and nonlinear creep force/
creepage relationships, we have attempted to model
these effects with a high degree of fidelity.
Large wheel/rail contact angles are considered

in both the creepage expressions and the geo-
metric constraint functions. A heuristic non-
linear creep force/creepage relationship is

used based on Kalker's theory that includes the
effects of spin creep on the lateral force. The
feasibility of actually using Kalker's simplified
nonlinear creep theory [8, 10] is being inves-
tigated(ﬁ). As wheel/rail normal forces and con-
tact geometry change dynamically, these effects
are included in the program as they affect the
creep forces and gravitational stz; ness. Sus-
pension friction is also included The com-
puter program embodying this analysis is-in the
development stage.

In summary, we have developed six different
models of freight vehicles (Table 1) and are .
using four different analysis techniques (linear
eigenvalue/eigenvector analysis, quasi-linear
analysis, numerical integration via digital com-
puter, and analog integration using a hybrid com-
puter) for evaluating the lateral stability of
railway freight cars. We anticipate establishing
the utility of each of these models and analysis
approaches and have used them in a preliminary
fashion to address questions concerned with
vehicle design, maintenance, and operation.

Forced Response

Methods are needed that will enable the
designer to estimate the acceleration levels
and the forces between vehicle components.
We have developed analyses that answer this need
by predicting these quantities as the rail
vehicle traverses irregular, rough track. To
date our work has focused on developing cost
effective analysis techniques for the forced
response of the 9 DOF model described in Table 1.

(3)This system is described in [15] and comprises
an EAI-680 analog computer linked to a PDP-15
digital computer through an EAI-693 interface,

4 Actually, the model being used in this instance
has 13 DOF, The additional four degrees of
freedom are rigid body angular rotation of
each wheelset about the axle centerline. This
is necessary to describe accurately the dynamics
of vehicles traversing curves at a constant
forward speed.

We are using two models of digital computers:
the UNIVAC 1110 at Arizona State University,
and the IBM 370/3165-11 at Clemson University.

(5)

(6)

However, computation time and costs are ex-

pected to increase and may not be acceptable
unless additional efficiencies are effected

elsewhere in the program.

The choice of a suitable digital algorithm
for analyzing dry friction is by no means
straightforward. Our efforts in this area
are described in [16].

(7)
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There is no doubt as to the technical feasibility.



The simplest and least expensive analysis
approach uses standard linear frequency analysis
techniques long used by vibrations and auto-
matic control engineers. These techniques
yield results in either of two forms. In the
first, the amplitudes of the vehicle response
variables (displacements, accelerations, forces
across suspension elements and between wheel
and rail) are obtained as a function of the
frequency of the track alignment or cross
level irregularity for given magnitudes of these
irregularities. In the second, the power
spectral densities (PSD's) of the same vehicle
response variables are obtained in response
to the PSD for either track alignment or cross
level. As for the linearized analyses of hunting
stability, the models must be linearized and
effective or equivalent linear values chosen
for suspension and wheel/rail characteristics.

To more accurately consider the effects
of the suspension and wheel/rail nonlinearities,
quasi-linear analysis was used [1, 2, 3].
The output characteristics of the various non-
linear suspension elements may depend on either
or both the magnitude and frequency of the input.
The quasi-linear approach preserves this dependency
and enables the designer to calculate the various
vehicle response variables of interest. As
in the case of the linear forced-response analysis,
the track alignment irregularities are considered
to be either harmonic at a fixed amplitude or
representative of a Gaussian random process.
When the input is considered to be random, results
are obtained in the form of PSD's for the
various vehicle response variables. However,
in this case, these PSD results depend nonlinearly
on the root mean square and shape of the alignment
input spectrum.

As in the case of the stability analyses
using the quasi-Tinear approach, the application
of these techniques to the forced response of
rail vehicles appears to be a very cost effective
approach. Computation costs are on the order
of several orders of magnitude less than those
associated with the commonly used technique of
digital integration of the equations of motion.
The calendar and engineer time required to
generate and interpret results of a quasi-linear
analysis as compared with a digital integration
program reflect these same ratios. However, it
should be stated that there are approximations
and assumptions necessary in a quasi-linear
analysis that are not necessary when using a
direct integration approach. Whether these
pose difficulties in a given situation depend
on the information desired. These topics are
more fully addressed in [1].

The last analysis technique we are using
to examine the response of the 9 DOF freight
car to lateral alignment irregularities is
that of digital integration of the equations
of motion. The same analysis and computer
program that is being developed to examine hunting
stability of the 9 DOF model will be used here
with prescribed lateral alignment irregularities.
These may be of almost any form ranging from
"bumps" to sinusoids to random signals. While
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we anticipate that it may be necessary to use
this last analysis approach in a limited number
of cases, we anticipate that the computation
costs will be very high requiring at a minimum

15 sec of computer time to simulate 1 sec of

real time. Results of the digital integration
analysis for the forced response of the 9 DOF
freight car will be in the form of time histories
of the response variables.

Summarizing, work in this project on the
lateral forced response of freight cars has
focused on developing linear, quasi-linear,
and numerical integration analyses of the 9 DOF
freight car model. The cost, facility of
use, and results obtainable with these techniques
vary. One of the results of the research will
be to establish the most cost-effective approach
for given types of problems faced by vehicle
designers.

Curving Behavior

The insurance of good curving performance
should be of primary concern to the vehicle
designer. Good curving performance is character-
ized by lack of contact between the wheel
flanges and the rails. When flange contact
does occur, it leads to increased rates of wheel
and rail wear, higher levels of vibration in
the vehicle, and an increased propensity for
derailment. These factors have long been
recognized. However, only with the relatively
recent work of Newland [17] and Boocock [18]
has the groundwork been laid for the development
of curving analyses appropriate for designing
for good curving performance.

The analysis techniques developed by Newland
and Boocock are linear approaches that predict
flange contact and slip boundaries. That is,
for a given vehicle design, the combination
of track curvature and cant deficiency necessary
for wheel slip and flange contact may be cal-
culated. If these values are plotted, slip and
flange contact boundaries may be constructed
on a graph of cant deficiency vs. inverse curve
radius for the particular vehicle. Design
changes that promote flange-free traversal of
curves of smaller radius may be identified
easily,

Three general approaches to the question
of estimating curving performance have been used
in this project. In the first, we have developed
steady state analyses of the Tinearized equations
of a freight car. These are solved to develop
the s1ip and flange contact boundaries. This is
the type of analysis that is inexpensive to do
and may be used to evaluate a host of design
possibilities.

The second approach entails a refinement of
the first that enables the designer to evaluate
the effects on the slip and flange contact
boundaries of profiled or worn wheels. Actual
nonlinear wheel/rail geometric constraint
functions are introduced into the equations of
motion which are then solved iteratively. Two
models may be used in these analyses. The first



is a 9(DOF model of a freight car with con-
vent1ona1 ro]]er bearing trucks. The'second
is"3.17 ‘DOF mode] of a rail car ‘with two
genera11zed ‘truck models. 'In this latter
mode’l’; _the car body has Tateral, yaw, and
roll degrees of freedom; each truck frame

has Tateral, yaw, and warp ‘degrees of freedom;
_ and, each wheelset has lateral and yaw degrees
of freedom Interconnected wheelséts and
primary suspension elements may be easily
considered with this model.

"The third approach utilizes the complete
nonlinear equations of motion for the 9 DOF -
freight car with roller bearing trucks. This
analysis and program is the same one described
previously for forced response and stability

cinvestigations.: It employs digital 1ntegrat1on

of the equations of motion and consequently
is much more expensive computationally than
either of the first two approaches. However,
as large contact angles and a nonlinear creep
force/creepage relationship are considered,
this analysis may be used to predict whee]/
rail forces and L/V ratios under conditions
~of hard flanging. Consequent]y, this program
“"may be of*greatest use in studies of wheel
and rail wear and derailment. The results.

of this program are in the form of time
histories of the vehicle response variables
such as displacement, accelerations, and

forces between vehicle components and between

wheel and rail. Curve entry and exit as well
as curve negotiation may be investigated.

It should be noted that while this latter
model and analysis is quite detailed and
-entails considerable modeling fidelity,

some factors that may be quite important

- in addressing questions such as derailment

are not included. The most important of these
are track flexibility and simultaneous two
point whee]/ra11 contact for a given wheel.

“In summary, we have developed (or are
in the latter stages of developing) a range
of mode]s and analyses for investigating
curv1ng behav1or The first two of these
are” 1nexpens1ve computationally and should
be of’ part1cu1ar use to the vehicle des1gner
The" third model and ana]ys1s is expensive
computationally and is probably of most use
in the latter steps of vehicle design or in
studies of such phenomena as derailment and
wheel/rail wear.

" VALIDATION TECHNIQUE

Approach

Theoretical model validation may be
undertaken at many different levels. At
the lowest Tevel, a qualitative correlation
is obtained between theoretically predicted
trends and experimentally observed behavior.
For example, almost all linear stability
analyses of rail car Tateral dynamics predict
that vehicles whose wheelsets have high
"effective" conicities will hunt at lower
speeds than those with Tow "effective"

conicity wheelsets, This trend agrees with
gbservations of rail vehic1e operation.

A great ‘deal of qua11tat1ve validation" “f

_ has been ‘dorie to strengthen confidence in

the analytical tools. In stability analyses, !
the effects of changes in primary yaw and -

warp stiffness on critical hunting speeds

have been qualitatively correlated. In curv1ng
analyses, the effects of yaw stiffness and
wheelset conicity on lateral to vertical force
ratios have also been qualitatively correlated.

The value of qualitatively validated ana1yses
should not be underestimated.- Such models are:
invaluable in making design changes ‘and in
devising successful exper1ments, because they ~
provide information about the sensitivity of
the vehicle behavior to parameter changes and
also provide a framework for interpreting and -
understanding the test results.

A second level of validation entails corre1-
ation of a single, usually critical, vdlue from
the analysis with experimental results. For °.
example, the analytical predictions for the
critical speed when hunting begins or the resonant
speed for-rock and roll behavior would be com=-
pared with experimental measurements of the
same variable.

Too' much validation of this sort is done.
This can be quite dangerous because it may lend
false confidence to an analytical model. This
is particularly true when those model parameters
that cannot be measured are varied to obtain
agreement between analysis and experiment. This
second level of validation is generally of
questionable value. It is far better to proceed.
directly to a full validation of the type
described below.

The highest Tevel of validation entails a
fairly complete quantitative correlation of )
analytical and experimental results. A fre-
quently used approach is the direct comparison,
of experimental and analytical time histories
of variables such as acceleration, displacement
or force level, Another possibility is the
comparison of power spectral density curves.

A third possibility for validating stability
analyses by comparing the variation of system
damping ratios with speed is discussed in detail
below,

Because any mathematical model is only
valid for a Timited range-of conditions,
the validation comparison need only cover the
range of model validity. The most common
Timitation is a bound on the frequency range
of the mathematical results. For example,
most lateral rail vehicle dynamic analyses
are not valid beyond 20 Hz, and many are not
valid above 10 Hz. Other limitations may con-
cern the amplitudes of the motions (to avoid
suspension or wheel tread nonlinearities),
the type of car body, the type of wheel tread,
or the nature of the track irregularities.

This hignest level of validation is necessary
before one can rely on the quantitative results
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of a mathematical analysis. Our objective,

in this project, is to achieve a quantitative
validation of theoretical analyses for hunting
stability, forced response, and curving behavior.
To our knowledge, a quantitative validation

of this type for the lateral dynamics of a
rail vehicle has not been successfully
completed. Our approach to each of these
areas is briefly discussed below. A more
detailed discussion of these matters is

found in [19, 20, 21].

Stability

Sustained hunting oscillations are
one of the most important problems associated
with freight car dynamic behavior. A major
objective of this project is the develop-
ment of mathematical models that will pre-
dict the speed at which sustained hunting
oscillations occur, the influence of design
changes on this speed, and the stability
margin available at Tower speeds.

The rail freighf Sar behavior at any
speed can be Tloosely 8) described as the

sum of motions in several different modes.
Each mode is characterized by a particular
frequency, damping ratio and mode shape,

where the mode shape is a particular amplitude
and phase relationship between the motions

of the various system components. Terms

such as upper center roll, Tower center roll,
nosing, and fish tailing are often used to
describe such mode shapes.

The stability of the freight car dynamic
response is determined by the mode that has
the least amount of damping. For a linear
system, the response of any variable is
mathematically expressed as,

g -C. W t
X —.Z] ajj e d nj " cos (wj t + ¢j)
J
where:
n - number of state variables
tj - damping ratio for mode j

wj - frequency of mode j
undamped frequency of mode j
phase angle for mode j

©-
[N
1

Thus, a stable system will have zj.> 0 for all
modes and an unstable system will have z;< 0.
The transient response of a motion for several
different damping ratios is depicted in

Figure 8.

Validation of the mathematical analyses

can be achieved by comparison of predicted

and experimentally determined damping ratios,
frequencies and mode shapes at several speeds.
As shown in the analytical results for freight
car behavior depicted in Figure 4, the damping
ratio of the least damped mode varies with
speed. The intersection of the damping ratio
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curve with the horizontal axis occurs at the
predicted critical speed of hunting.

We attempted to obtain this system damping
information from the field tests in two different
ways. During certain test maneuvers, a hydraulic
truck forcer system applied a torque between the
truck and the car body. This system caused
an initial translation and angular displacement
of the truck components. The objective in using
the forcer was to obtain transient response
data that would provide damping ratio information
of the type shown in Figure 4.

This same system damping versus speed
information is being extracted from the random
response tests on the tangent track using the
random decrement technique. The random decrement
technique, originally developed for aircraft
flutter test analysis, [22], also provides a
transient "signature." Figure 9 illustrates
a random decrement signature obtained for the
test vehicle at 15 mph. As one can see, the
damping ratio and frequency can be determined
directly from these signatures to produce
an experimental curve of damping ratio versus
speed such as that shown in Figure 10 for the
test vehicle with CN Profile A wheels and con-
stant contact side bearing. A least squares
curve fit was used to match a damped sinusoidal
response to the random decrement signature.
Note that the 20 Hz noise caused by the motor-
generator set on the instrumentation car may
also be seen in the random decrement signature.
To our knowledge, this is the first application
of the random decrement technique for rail
vehicle stability analysis.

The validation process entails comparing
analytically determined values for the damping
ratio and speed such as those shown in Figure 4,
with experimental results for the comparable
configuration. We are now doing this.

Forced Response

The mechanics of validating the forced
random response of a freight vehicle are simpler
than stability or curving analysis validation.
Previous studies have shown that response to
specific track irregularities, such as low
joints, [23] and response to vertical track
irregularities [20], can be predicted fairly
well by analytical means. For example, power
spectral densities from experimental vertical
acceleration measurement made in the TDOP tests
[20] were compared with analytical computed PSD's.
As seen in Figure 11, quite good agreement was
obtained, despite the nonlinear friction present
in the system.

Previous attempts to validate analyses for
lateral response to random rail irregularities
have not been very successful. The British
Rail Research Center effort [24] attributed

(B)This description is mathematically correct
for linear systems, and can be used with
caution for nonlinear systems such as the
rail freight car.



their difficulties to three factors: 1) the
use of profiled wheels whose "effective" con-
icity depended on the amplitude of the motion,
2) the unknown level of the actual creep co-
efficients, and 3) the fact that the actual
lateral input spectrum was not known because
they did not measure the rolling line offset.
The British researchers assumed the rolling
line offset was equal in magnitude to the
centerline alignment irregularity and adjusted
the input spectrum accordingly. Effort was
made in our project to avoid these difficulties
by testing with conical as well as profiled
wheels, measuring rail head profiles to assess
rolling line offset, and devising tests to
determine the actual creep coefficients.

The shape of the least damped mode, and
in some cases those of other modes can also be
obtained from the forced response data.
Cross-spectral densities used in conjunction with
PSD's provide transfer functions between variables
that can be used to find the relative amplitudes
and phases between the component motions.
This provides additional information to strengthen
confidence in the validity of the mathematical
analysis.

Computer programs to carry out the data
processing and reduction described here have
been developed and Users' manuals [25] prepared.
These will be turned over to the National
Technical Information Service in the near future.

In this project, an attempt will be made
to validate the curving analysis described
earlier. During the field tests, relative
wheel/rail displacements were measured during
curving for all test configurations. In
addition, instrumented wheelsets were employed
to obtain lateral and vertical wheel/rail
forces in the two configurations with standard
AAR new wheel profiles. The test vehicle was
operated through two curves of different curva-
ture at three different operating speeds.

The validation will involve a comparison of
predicted and measured wheelset Tateral and yaw
displacements for the various vehicle con-
figurations and test conditions. Comparison
with the steady state wheel/rail force data will
be made, where possible.

Validation Discussion

Qur estimate of the enormity of the task
we set for ourselves has grown steadily over
the course of the project. Perhaps the greatest
problem faced in any validation study involves
obtaining accurate data for the system parameters
needed in the mathematical analysis. In this
study, uncertainty over the creep coefficients
and creep force laws governing the relationships
between the wheelset motions and the contact
forces causes the greatest difficulty. Our
analytical studies demonstrate a strong de-
pendence of vehicle stability on the creep
coefficients. For example, in the unloaded,
new wheel configuration, we found a variation
from 44 mph to 80 mph in critical speed as the
creep coefficients vary from 50% to 100% of the

values predicted by Kalker's thecry. This sen-
sitivity to creep coefficients was borne out

by test experience. The new wheel configuration
tested had instrumented wheels with new AAR pro-
files but a few thousand miles of running

fitted in one truck, while the other truck

was equipped with new wheels of the same pro-
file with the casting scale intact. The truck
with "run in" wheels began hunting around 55 mph
while the other truck did not hunt until nearly
80 mph.

A test maneuver employing the hydraulic forcer
system was designed to extract independently
the needed creep coefficient information. Un-
fortunately, shortcomings in the experimental
procedures used in these creep tests rendered
the data unusable. Thus the creep coefficients
must be extracted indirectly from the test
results, a procedure that undermines our con-
fidence in the validation results.

Similar uncertainties exist in some of
the vehicle parameters. Martin-Marietta [26]
tested one of the two trucks actually used
on the test vehicle, but some characteristics,
such as the friction levels in the suspension,
may differ between trucks and vary over time
as surfaces wear and atmospheric conditions
vary. An uncertainty also exists in the value
of the extremely sensitive centerplate friction
torque. This was not measured for these trucks,
and consequently the actual friction values
are not known. An estimate based on tests
conducted by ASF [27] was used in the analytical
work.

Lack of precise knowledge of the track data
also poses difficulties for the validation effort.
As explained in the next section, the track
geometry data available to us is Timited because
of two accidents with the track measuring
vehicles. In addition, we were able only
to measure rail head profiles at a limited number
of stations and hence can not construct a con-
tinuous estimate of rolling line offset.

Perhaps the most difficult problem is caused
by the nonlinearities in wheel/rail geometry
and suspension. These nonlinearities due to
curved wheel profiles, dry friction and sus-
pension stops cause the vehicle dynamic
response to depend on the amplitude of the
motion. Because the amplitude depends on the
imprecisely known track input, direct comparison
of experimental and analytical results is difficult.
Our validation effort attempts to avoid this
as much as possible by comparing indirect
attributes such as frequency, damping, etc.

As in all activities, the validation
process is better understood in hindsight
than foresight. In particular, many aspects
of the test conduct should have been done
differently to produce better experimental data
for the validation effort. As a result of short-
comings in the testing procedure certain vehicle
parameters are not well known, the creep
coefficients were not found, fewer non-hunting
data points than desired were obtained, and the
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transient response data from the hydraulic
forcer exercises is limited. Thus, more
estimation than we would like is involved in
the validation process. However, we have
redundancy in ar procedures and consequently
have sufficient data to complete the validation
process. Our experience should be invaluable
in insuring that the next generation of valid-
ation tests will avoid these problems and provide
a higher level of confidence in the validated
models.

FREIGHT CAR FIELD TESTS

Test Description

The field tests to provide data for the
validation effort were planned in cooperation with
the Association of American Railroads and
conducted by the Association of American Rail-
roads and the Union Pacific Railroad. The tests
were conducted during Tate fall and early winter
of 1976-77 on the Union Pacific mainline west
of Las Vegas. The test objectives, test philo-
sophy and test requirements for these tests
are discussed in detail in the program planning
document [28].

The test vehicle, shown on the test site
in Figure 12, was a Louisville and Nashville
Railroad Company, 80 ton, open hopper equipped
with 70 ton (6 X 11 journal) A-3 Ride Control
trucks. The component characteristics of one
of the trucks were determined in tests conducted
by Martin-Marietta [26]. The field tests were
conducted with the vehicle in the eight different
configurations of wheel profile, load, side
bearing pressure, track warp stiffness and
centerplate condition shown in Table 2. As
can be seen, the tests were conducted with the
car in a range of conditions similar to those
encountered in revenue service. Light and
loaded vehicles, lubricated and dry centerplate,
neY AAR profile and Canadian National "Profile
A"(9) wheels were variations to obtain data to
determine whether the theoretical analyses predict
the effects of such changes on vehicle dynamic
performance. The truck warp stiffener and the
constant contact side bearings with variable
load were tested to investigate concepts that
may improve vehicle dynamic behavior.

The test vehicle was equipped with the
hydraulic truck forcing system, mentioned
earlier, that exerted a torque between truck
and car body. This system caused an initial
translation and angular displacement of the
truck components to provide a controllable
initial condition and subsequent transient res-
ponse.

The L & N Hopper car was instrumented by
the AAR Research Center to measure 22 acceler-
ation values, 49 displacement values, wheel/
rail forces for one truck set of the new wheels,
and train speed. This instrumentation included
14 displacement transducers to measure the re-
lative Tateral and angular position of the wheel
relative to the rail. This latter instru-
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mentation was developed by Reaction Instru-
ments for the AAR.

The signals from the transducers were con-
ditioned, digitized and recorded by the instru-
mentation system on board the AAR 100 Instru-
mentation car. The data was sampled at 100
samples/second and recorded on 1600 BPI mag-
netic tape. Header and trailer records on the
tapes provide calibration and test conduct
information.

The tests were conducted on both tangent
and curved track sections on the Union Pacific
Railroad. The AAR provided the test car,
instrumentation car, test manager and test
crew, while the motive power, caboose and train
crew were provided by the Union Pacific Railroad.

The tangent test site was a 12,000 foot
section of continuous welded rail on the Union
Pacific mainline in the Mojave Desert between
Yermo, California and Las Vegas, Nevada.
Tangent tests for each configuration were con-
ducted at four different speeds. In turn, both
"unforced" and "forced" runs were made over the
test zone at each speed. In the "forced" runs,
the hydraulic forcer system was repetitively
activated to cause an initial displacement and
released to allow a transient motion.

The curving tests were conducted on Union
Pacific track between Sloan and Arden, Nevada.
The tests were run with each configuration at
three speeds through a one degree and six degree
curve.

The curved and tangent track geometry was
measured by the Union Pacific track geometry
car in the fall of 1974. Because of the long
delay before carrying out the tests, attempts
were made during and immediately after the
testing period to resurvey the track with the
FRA Track Measurement cars and the Track Survey
Device. Both these attempts ended disasterously.
The FRA cars were severely damaged in a derail-
ment on the curve test site and the Track
Survey Device was involved in a collision with
a revenue train. The tangent test zone was
finally remeasured by the Track Survey Device
this fall. However, the curve test zone was
reworked in the interim and consequently the
information about track geometry during the
tests was Tost.

During the test period, the rail head
geometry was measured at about 200 locations
throughout the test zones. This information was
processed to determine variation in wheel/rail
geometry along .the track with both new AAR
and CN Profile A wheels. The processed data for
the variation in conicity, contact angle, etc.,
also provides an estimate of the rolling line
offset and hence will premit the estimate of
its influence on the vehicle dynamics.

(9)The CN Profile A wheels used in these tests
were developed by the Canadian National
Railroad with the goal of achieving long
tread life and good curving performance.



Data Processing and Reduction

The test data collected during the field
tests nearly filled eleven reels of 1600 BPI
magnetic tape. Table 3 summarizes the test
conditions under which data was gathered.

The first processing step entails reading the
raw data tapes, converting to engineering

units, combining channels to compute the desired
model variables, computing desired statistics
such as mean values, standard deviations, and
histograms, and plotting the time histories

of selected model variables. At present this
process has been completed for the tangent

tests with configurations 2, 3, 4, 6, 7 and 8.

A typical response of one truck to the
hydraulic forcers is shown in Figure 13. Note
that in some cases, insufficient time was left
between turning the forcer off and turning it
on to observe several cycles of the damped
sinusoidal response. This problem was purely
operational. The technique proved capable of
providing the desired transient response infor-
mation.

Figure 14 shows the Configuration 6
(CN Profile A Wheels) A-truck Tateral displace-
ment during the unforced tangent tests of 35 mph.
Note here that hunting starts and stops during
the test run at constant speed. This behavior,
which has been observed by others, is probably
due to either the amplitude dependence of stability
for the nonlinear system or due to changes in the
rail head or surface condition along the track.
We are using our nonlinear analyses and rail
head profile data to investigate these two
possibilities.

The next step in data processing is to use
the random decrement and spectral analysis pro-
grams to analyze the random data. Examples of
the random decrement results have been discussed
earlier. We had planned to extract damping
ratio and frequency directly from the forcer
test data. Unfortunately, usually too little
time was left between forcer applications during
testing so only a very few runs provided useful
data for estimating damping ratio.

The power spectral densities have proven
very useful. For example, Figure 15 shows a
PSD for the A-Truck lateral displacement.
Note that the least damped mode, at 1.4 Hz is easily
identifiable as well as a lesser peak at the
wheel revolution frequency, 8 Hz. We have
found that damping ratio estimates obtained
from these PSD's agree remarkably well with values
obtained by the random decrement technique.

Additional processing to compute cross-
spectral densities and transfer functions
between variables is the last data processing
step. This processing yields mode shapes, i.e.,
amplitude and phase relationships between com-
ponent motions.

CURRENT STATUS AND SUMMARY

Completed Models

Briefly, we have completed the development

of all the models concerned with Tateral stability,
lateral forced response, and curving performance.
These models are described in Table 1.

Completed Analyses and Computer Programs

We have completed development of all
computer programs dealing with the Tinear and
quasi-linear analysis of freight car stability
as well as the hybrid computer program and
digital computer program for the stability
analysis of the 5 DOF model. A digital in-
tegration routine has been programmed fer the
response of the linear 9 DOF model to initial
conditions. The programs for the Tinear and
quasi-Tinear forced response of the 9 DOF
model are also operational. The programs
for the 1inear and nonlinear steady state
curving performance of the 9 and 17 DOF
models are complete. These calculate per-
formance at given values of cant deficiency and
track curvature. A search algorithm and
accompanying subroutine for the calculation
of slip and flange contact boundaries has been
developed.

Supporting programs have been developed
for use in calculating creep force/creepage
relationships. Two programs have been developed
to find: a) the linear creep coefficients
using Kalker's linear theory, b) the nonlinear
creep force/creepage relationships using
Kalker's simplified theory [10].

Programs have also been developed to
provide data concerning the wheel/rail geo-
metric constraints. A hybrid computation
procedure has been created to digitize accurately
and quickly graphical wheel and rail profile
data [6]. Two programs have been written to
find the wheel/rail contact characteristics
and resulting geometrical constraint relationships.
One of these treats the case where both wheels
and rails are mirror images of each other [4]
while the other treats the general case where
left and right wheel and/or rail profiles
are arbitrary [5].

Efforts Underway

Work is underway on integrating the
subroutine for calculating slip and flange
contact boundaries into the programs for cal-
culating both the linear and nonlinear steady
state curving performance of the 9 and 17 DOF
models. The digital integration program for
calculating the stability, forced response,
and curve entry and negotiation of the 9 DOF
model is being developed.

Documentation on these various theoretical
efforts is only partially complete. We plan
to issue a report on the modeling and analysis
for the linear studies of the stability and
forced response of the 9 DOF model. The
linear studies for steady state curving per-
formance of the 9 and 17 DOF models will be
included in this report. A second report will
be issued describing the nonlinear studies of
the stability, forced response, and curving
behavior for the various models.
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Validation Effort

The validation field tests have been completed
and the raw test data, in the form of 22
data files on 11 magnetic digital tapes, has
been received from the AAR. The AAR plans to
prepare a report documenting the instrumentation
and conduct of these field tests.

An array of computer programs has been
prepared to process the test data. These pro-
grams include the following: :

READAARTO0 - reads the raw data tapes furnished
by the AAR, converts the recorded-signals from
binary to engineering units, combines signals to
form the model variables of the 9 and 19 degree
of freedom models, prints header and trailer
records, and writes processed data in disc

files and on magnetic tape.

DATAPL@T - prepares CALC@MP plots of any data
channel or model variable,

PSD - computes and plots any or all of the
following functions: power spectral density,
cross spectral density, auto correlation,
cross~-correlation, probability density, cumulative
distribution, mean, standard deviation, trans-

fer function and coherence.

RANDEC2 - finds a random decrement signature

by prewhitening and averaging a series of time-
domain data records, finds the least squares
fit of a decaying sinusoid to the random
decrement signature, prints the damping ratio
and speed, and plots the random decrement
signature and fitted curve,

DCOR - corrects the initial damping ratio estimate
from RANDEC2 to compensate for speed variations
during the tests.

A1l of the tangent test data, 11 of the
22 files, has been processed by the AAR100
program. Random decrement signatures and PSD's
have been computed for most of these cases.
Data plots have been prepared for selected
variables in all runs. Thus, the tangent test
data analysis is nearly complete.

The curving and creep test data has not
been processed yet because position references
for the wheel/rail displacements, needed to
determine the actual wheel-to-rail positions,
are not known. Due to. an oversight, the
measurements made to fix these references
during the tests were insufficient to completely
determine the reference values for all the dis-
placement transducers. We will attempt to re-
construct this missing reference information by
statistical means, [f successful, data plots
and statistics for the component displacements
during the creep and curving tests will be pre-
pared.

Two informal reports on the test plans
and validation procedures have been prepared
{19, 28], and one interim report on validation
techniques written [21]. Validation of the
stability and forced response models is now
underway. A report on the results of this
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effort is planned for next spring. The valid-
ation of the curving model depends on the success
of the attempt to fix the displacement transducer
references,

Railroad Applications

To achieve maximum utility for application by
the railroad industry, we are developing a variety
of models, analyses, and computer programs for the
analysis of the lateral dynamics of freight cars.
This is necessary because there are many different
kinds of questions asked by the industry that can

"be answered by such analyses. For example, to

examine trends in performance with various
design parameters, linear analyses are particularly
attractive as much information can be obtained
for modest computation costs. If a detailed
examination of the effects-of parameters such
as suspension friction, curved wheel profiles,
or adhesion level is needed, nonlinear analyses
should be used. The need for these in a
particular instance should be established care-
fully as computation costs for nonlinear analyses
can be high, As we have discussed, it is es-
pecially critical to use models with a) the
smallest number of degrees of freedom necessary
to describe adequately the behavior being in-
vestigated, and b) high modeling and analysis
fidelity for phenomena that are expected to
influence strongly the behavior. (Typical of
these are wheel/rail interaction effects

and suspension friction.) The first condition
is necessary because computation costs increase
extremely rapidly with the number of degrees

of freedom,

After analysis of the field test results
is complete together with the validation of the
various models, we will establish the range of
applicability of each of the models. This is
necessary because of the widely differing
applications anticipated for such models and
the wide range of associated computation costs.
It would be a disservice to the industry to
circulate only the most complex models and
analyses because of the associated high com-
putation costs and the high risk of "overkill"
in using such models and analyses in many
instances.

We have described briefly above initial
studies that have been conducted to demonstrate
the utility of the various models and analyses.
These studies have treated questions associated
with vehicle design as well as maintenance and
operation. MWe anticipate that these models and
analyses can be used extensively by the railroad
industry in a similar manner and that the types
of questions addressed will be Timited only by
the imagination of the user.

As formal documentation of much of the
modeling and analysis work has yet to be com-
pleted, there has been to date only 1imited
distribution of the analyses and computer
programs. Nevertheless, we have distributed »
informally the programs for the work on wheel/rail
geometry, creep force/creepage characteristics,
linear stability analyses, and quasi-linear
analysis to researchers in the U.S.A., Canada,



and Europe. We have also made every attempt

to communicate the results of our work to the
rail engineering community through distri-
bution of informal reports and presentations,
formal presentations through the technical
societies, and tutorials ‘at the MIT Rail
Vehicle Dynamics short courses in the summers
of 1975 and 1976. In doing so, we have hoped
to achieve the exchange of ideas and information
(as well as obtain constructive criticism)
between researchers and potential users that

is so necessary to the eventual success of this
work.,

Recommendations

This effort has provided a great deal
of knowledge that should be useful in future
research. projects. We believe that the simpler
of the models developed in this effort will
prove adequate for most studies of stability
and forced response. However, the presence
of nonlinearities, particular dry friction,
will probably necessitate use of quasi-
Tinearization or direct integration solution
techniques in one form or another. Additional
work is needed to improve the computational
efficiency of these techniqgues so that
they can be widely used by the railroad industry.
It appears that more detail is appropriate
in modeling the regime of curving under hard
flange contact and derailment. Rail flexibility,
three dimensional geometry, and a nonlinear creep
theory that accurately includes spin effects
should be investigated for inclusion in such
a model, Efficient solution techniques, to
make solution of the nonlinear curving problems
feasible for design work should also receive
additional attention.

Several suggestions for future field
testing are evident from our experience. First,
the test operations team should include at all
times someone familiar with the theory and
intended use of the test data. This person
should have immediate access to test data to
enable him to judge the quality of the test
data and make immediate suggestions for im-
proving test procedures. If we had done
this, most of our problems with insufficient
data would have been eliminated. Second,
the importance of vehicle and environmental
characteristics should be emphasized. Too
often this is overlooked in the pressure to
get "test" data. Procedures to determine
regularly friction and wheel condition are
needed. A procedure similar to that attempted
in our tests to determine creep force conditions
by employing the hydraulic forcers should
be developed further.

Several suggestions concerning test equip-
ment emerged. OQur experience has demonstrated
that the forcer system can provide useful
data, and that stability information can also
be extracted from random response data by
the random decrement technique. The wheel/rail
displacement transducers provided very good
data, and should be used whenever possible.
However, the high degree of redundancy in the
instrumentation on our test vehicle should

not be necessary in future tests. The wide
differences in behavior between the two trucks
do suggest the need to include instrumentation
on both trucks.

New ground in model validation has been
broken during this project. The random decrement
technique has proven highly successful for
assessing stability. This process could be-
incorporated into an onboard mini-computer to
allow on-line assessment of stability margins.
The forcer system proved capable of introducing
controlled inputs, and would be extremely useful
in testing to determine creep conditions. An
assessment of the importance of rolling line
offset will be made from the processed wheel
and rail head data. We expect that careful track
measurements, including wheel and rail head
profile measurements are appropriate for future
tests.
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TABLE 1 - VEHICLE MODELS

Description of Degrees
. of Freedom

Half car model; one roller bearing truck with warp,
yaw, and lateral DOF; half car body with lateral and
roll DOF.

Full car model; two roller bearing trucks with warp,
yaw, and lateral DOF; car body with lateral, yaw and
roll DOF.

Half car model; one generalized truck with lateral, yaw,
and torsional DOF of each of two wheelsets as well as
lateral, warp, and yaw DOF of the truck frame; half car
body with lateral and roll DOF.

Full car model; two generalized trucks with lateral and

yaw DOF of pach of two wheelsets as well as lateral,

warp, and yaw DOF of the truck frame; car body with lateral,
yaw, and roll DOF.

Full car model; two generalized trucks with lateral

and yaw DOF of each of two wheelsets as well as

lateral, warp, and yaw DOF of the truck frame; car body
with rigid body lateral, roll, and yaw DOF. The use of
a two mass approximation to the car body permits a first
approximation to flexible car body torsion and lateral
bending thus giving the car body a total of 5 DOF.

Full car model; this model is identical to the 19 DOF
model discussed above with the addition of an axle
torsional degree of freedom for each of the four

axles. The effects of independently rotating wheels or
axle torsional flexibility may be examined with this
model.

*This model was developed in the early stages of the research when it was
thought there was a possibility of performing tests with a similar physical
configuration on the Japanese National Railways (JNR) roller rig.



' TABkE 2 —‘TEST VEHICLE CONFIGURATIbNS !
o1 ' - S o

Configuration Wheelé

Load ' Side-Bearings Truck Stiffner Centerplate
"1 CNProfile At Empty 0 o . None . Dry -
2 CN Profile A = Empty : 0 . ' Noﬁe . * - Lubricated
3 CN Erofi]e A Empty "~ 2000 PSI None i Lubricated
4 CN Profile A Empty 4000 PSI. -~ ; None . . : Lubricated
5 - . CNProfileA  Empty 0 ON Lubricated
6 New Empty 0 _ None f Ldbricdted
7 New - Loaded 0 None Lubricated’
8 CN ‘ Loaded 0 None Lubricated’
) TABLE 3 - FIELD TESTS : e
'Cbhfiguration - Critical Speed Speeds Run _ N ‘Notes
1. . 40 mph 15, 25, 30, 35, 40 mph " Unforced
CN Wheels 15, 30, 35 mph Forced
Empty ' : 10, 30, 35 mph ' 1° Curve
Dry C.P. . 20, 30, 35 mph 6° Curve
: 2. 35-45 mph 15, 25, 35, 40 mph Unforced .
CN Wheels . 20, 30, 35, 40 mph Forced
Empty 10, 30, 40 mph ~1° Curve
Lubed C.P. . - - 20, 30, 40 mph 6° Curve.
3. ‘ 50-60 mph - 25, 35, 45, 50 mph Unforced .
CN Wheels . 20, 30, 35, 40 mph . Forced .
Empty . 10, 30, 40 mph . . 1° Curve .
2000 PSI Airbags ' 20, 30, 40 mph 6° Curve
4, ' 70-80 mph . 40, 50, 60, 65, 70, 75 mph Unforced
CN Wheels R -50, 60, 65, 70 mph ‘ Forced
Empty C "~ 10, 30, 40 mph : 1° Curve
.- 6000 PSI Airbags~ - . ' 20, 30, 40 mph 6° Curve
5. ‘ 55-60 mph 35, 45, 50,. 55 mph Unforced
CN Wheels . : 35, 40, 45, 50 mph ) Forced
Empty . 10, 30, 40 mph ] 1° Curve .
Warp Stiffner 20, 30, 40 mph. , 6° Curve
6. : © "A" Truck 60 mph 25, 35, 45, 55 mph - Unforced”
New Wheels "B" Truck 80-88 mph 25, 35, 45, 55 mph Forced
Empty 20, 30, 40 mph 1° Curve |,
20, 30, 40 mph 6° Curve .
7. | No Hunting 40, 50, 60, 70, 80 mph " Unforced
New Wheels No Hunting 40, 50, 60, 70, 80 mph Forced
Loaded , 10, 30, 40 mph 1° Curve
: 20, 30, 40 mph 6° Curve
8. 45-58 mph 20, 30, 40, 50 mph Unforced
CN Wheels 50 mph ’ Forced
Loaded 10, 30, 40 mph 1° Curve
' 20, 30, 40 mph 6° s
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Intermodal Cars — — New Developments
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Intermodal railcars used for "piggyback' trailer and container transporta-
tion are becoming the subject of increasing design interest. In response
to increasing fuel costs and competitive pressures, a number of new car
designs have been developed, some to the hardware stage. From the designs
it is apparent that two common goals are the reduction of tare weight and
aerodynamic drag. The ride quality and dynamic stability characteristics
of lighter weight cars are key issues which are being investigated.

This paper describes the features of several new intermodal railcar concepts.
It also reports on a cooperative government industry test program designed
to quantitatively define and measure the ride vibration characteristics of
current and experimental intermodal flatcars. Under the program, the
procedures, equipment and analytical techniques suitable for evaluating
car performance under both controlled test and actual service conditions

were developed and successfully employed.

Preliminary results indicate

that substantial weight reductions can be achieved without adversely
affecting ride quality or dynamic stability.

INTRODUCTION

The objectives of this paper are to review
developments in the area of intermodal railcar
design which represent the beginning of a new
cycle in the evolutionary process and to
describe a method of testing and evaluating the
dynamic performance of new car prototypes
under actual service conditions.

CAR DESIGN OBJECTIVES
As the backbone of the intermodal hardware

. system the flatcar has become the subject of
increasing design interest due to a number of
trends. In combination, these trends have
produced several distinct objectives for all
new flatcars which are:

° Reduced train resistance

° Ability to carry 45 foot trailers

° Improved service capabilities

° Reduced acquisition and maintenance costs

° Reduced man-machine interaction

° Reduced clearance requirements

The driving forces behind these objectives
can be readily traced to:

° Increased fuel costs

° Shortages of motive power

o

Increased cost of investment capital

® Tightened competition within and between
modes

o

Need to extend service in northeast
metropolitan areas

Consideration of design changes is appropriate
at this time because there is a need to produce
new intermodal cars to replace those that have
reached the end of their useful life and to
provide the fleet expansion needed to handle an
annual 10 to 12% growth rate in intermodal
carloadings. A production rate of 6000 new cars
a year may be necessary.

INTERMODAL IMPORTANCE

The importance of intermodal traffic to the
railroads is based on its revenue potential.
Shippers of high value manufactured goods pay
the highest revenue rates, but they demand
prompt, reliable damage free service in return.
Dedicated, run-through intermodal trains appear
to be the only way the railroads can meet the
service. requirements.
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Such service is proving to be well worth the

effort, for its revenues can assure the long

term economic viability of the railroads. It

is likely that within a few years many railroads
will derive 20 percent or more of their total
revenues from intermodal traffic. Recently it
was reported that one major railroad has already
attained the 25% mark. Noting that in terms of
traffic volume, intermodal loads account for
only 15% of the total shows that its revenue
potential is remarkably high. As a

result of its earning power the investment in
new intermodal equipment appears attractive,

The opportunity will soon exist to introduce
designs that are better suited to the needs of
the times. Although the design requirements
have yet to be defined, and probably will not be
until the Federal Railroad Administration (FRA)
Intermodal Systems Engineering Program

has been completed, a number of concepts have
been formulated within the industry toward
achieving the basic objectives cited above.

DESIGN CONSIDERATIONS

The design of an intermodal car is a
challenging task. The current car presents a
deceptively simple image. It has been doing
its job well for the past twenty years and
when it is superseded the new equipment must
be superior in meeting the needs of the
industry.

Will the new design be evolutionary or revo-
lutionary? For good reason .the industry has been
cautious and slow to-accept revolutionary
hardware. At the present time the new concepts
being proposed range from alterations of the
current design to radical new approaches to the
idea of moving trailers and containers by rail.

In connection with FRA's Intermodal Systems
Engineering Program new ideas are being
solicited for study and evaluation. FEach will
be subjected to a comprehensive assessment of
its merits based on the interrelationships
between the car and the other components in the
intermodal system.

The systems aspect must be emphasized,

In order for the railroads to benefit
from the intermodal potential, the cost
of providing the service must be mini-
mized. A well-matched, efficient, and
cost effective hardware system will be
essential. Each element's characteris-
tics must be established in concert with
those of the other equipment toward maxi-
mizing the system's overall performance
in terms of service and return on invest-
ment. This means that all the equipment,
facilities and sub-systems used between
the shipper's and consignee's loading
docks must be considered. The intermodal
rail car is certainly one of the major
elements of the system, Typical con-
siderations for a new intermodal car
include:
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° Size(s) of trailers/containers to be
carried

° Number of loads per car

° Method of loading

° Tare weight per load

° Aerodynamics (resistance and stability)
° Number of axles

° Ride quality and stability

Method of connection between cars

° Vertical and lateral clearances

° Automation of load securement devices
° Cost of acquisition and maintenance

° Durability

Compatibility

° Interchangeability

NEW CONCEPTS

A review of the proposed concepts has dis-
closed a variety of ideas concerning these
design considerations. Variations in the rank-
ing of priorities is apparent reflecting trade-
offs made by the respective designers. However,
without commenting on each concept's merits
with respect to the design considerations, it
is interesting to observe in what areas changes
have been proposed in a few of the better
known concepts.

The Santa Fe '"Six Pack'" concept
utilizes articulated joints with 2 axle
trucks at the five intermediate points
of the six-unit car sets. This arrange-
ment reduces by two thirds the number of
couplers and brake reservoirs in a 60
trailer train. A box type structure
serves as the longitudinal member and
supports cantilevered aprons for the
trailer wheels. The slenderness of the
center structure allows it to be strad-
dled by the landing legs of the trailers
eliminating the need for their adjust-
ment., Car section length will corres-
pond to the length of trailer to be
carried resulting in a minimal spacing
between successive trailers and lower
aerodynamic drag. Twenty eight inch
diameter wheels contribute to a 16 inch
reduction in vertical loaded height.
Compared to conventional equipment, the
Santa Fe design has achieved a weight
reduction of 34%. The cars are intended
only for captured service and require
lift type loading capability at the
terminals.



The Trailer Train Company is con
sidering modifications to their conven-
tional car which will permit the carri-
age of two 45 foot trailers., They have
also reportedly been looking at a new
configuration that would carry single
45 foot trailers. In both cases, lift
type loading operations appear to be
required.

Pullman-Standard utilized a skeleton
type longitudinal frame in their
design for a light weight intermodal
container car which resulted in the
construction of two experimental light
weight cars in 1969. Both cars carried
two 40 foot or four 20 foot containers.
They incorporated several innovations
in load securement devices but their
primary achievement was a 17% to 31%
reduction in weight compared to the
conventional cars.

The Southern Pacific has received
for testing, a unique design wherein two
40 foot containers are carried in a
stacked configuration such that their
overall height is 18'-6" above the rails,
A car length of 63 feet saves 26 feet of |
train length for each pair of containers.
Using articulated joints between cars a
weight savings of 40% may be acheived
over conventional cars

The Bimodal Corporation's concept is
to eliminate the need for a rail car
completely by constructing trailers
with a rail wheel system included in
addition to the highway suspension
components. Trains would be made by
coupling numbers of such trailers direct-
1y together using devices included in
the trailers. With elimination of the
flatcar, the net to tare ratio for the
rail mode would improve dramatically and
there be no problem with tunnel or
bridge clearances,

The Paton Corporation has a concept
which reduces the rail-based equipment to
a minimum configuration. Low tare weight,
high utilization rate, flexibility and
the ability to operate thru the restricted
clearance areas of the Northeast region

have been cited as its predominant features.

LIGHINESS vs. STABILITY

A common attribute of all the new concepts
is an improvement in the net to tare weight ratio
toward the goals of improving fuel efficiency,
increasing locomotive productivity and increas-
ing component service life.

Of particular concern to the industry are
the ride quality and dynamic stability character-
istics of lighter weight rolling stock. The
reduced mass of the carbody, combined with the
possiblity of a higher loaded center of gravity,

could render such a car unacceptable.

However, because of the major payoffs

in intermodal efficiency that could
result from lighter weight rolling stock,
the effort to acquire and provide relia-
ble, quantitative information on the
relationship between car weight and
dynamic performance.to those who will be
working on new car concepts and perform-
ing system trade-off studies is very
important. The capability to measure

and characterize the ride vibration
environment of intermodal cars will also
aid in the evaluation of specific design
alternatives once a basic concept or con-
figuration has been established,

Under a cooperative FRA/industry research
program the procedures, equipment and process-
ing techniques have been developed and tested
toward providing this capability. Intended to
yield information about car behavior in the
operational environment, the techniques can be
applied to the evaluation of all of the new
car designs.

FRA-INDUSTRY TEST PROGRAM

The program was originally planned to
evaluate the performance of two experimental
lightweight intermodal cars produced by Pullman-
Standard in 1969. For comparison, a conven-
tional Trailer Train TTAX car was included in
the evaluation. Both lightweight cars were
originally configured to carry containers only
with landbridge operations in mind. At a
later date, one of them was modified to carry
trailers by adding fixed stanchions and support
plates for the trailer wheels. Both cars carry
two loads, as does the conventional flatcar.
However, one of the lightweight cars weighs
47,800 pounds compared to 69,300 pounds for
the conventional car resulting in a savings
of 31%. The lightweight trailer car weighs
57,100 pounds for a savings of 175%.

DESCRIPTION OF TESTS

The Lightweight Flatcar Evaluation pro-
gram consisted primarily of two types of
tests whose geographic locations are
shown in Figure 1. The first test,
referred to as the Vehicle Dynamic
Characterization (VDC) test, was con-
ducted in a controlled environment to
provide information on the dynamic or
elastic nature of flatcars. The second
test was conducted in revenue service
environments to quantify the acceleration
environment actually experienced by the
flatcars and loads. This test is
referred to as an Over-the-Road (OTR)
test.
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Figure 1.

The test consist was comprised of the
three instrumented test flatcars and the
FRA/DOT Data Acquisition Vehicle T-5.
The test vehicles included a conven-
tional TTAX (973799) and two lightweight
flatcars designed by Pullman-Standard.
One lightweight flatcar (TLDX 62) was
designed for container service only and
the other (TLDX 61) was modified for
trailer service only. The test matrix
included empty, half loaded, and fully
loaded configurations for both the VDC
and OTR test series.

The VDC test was conducted on two test
zones near La Junta, Colorado. The test
zones were éstablished on a 1 mile
section of class 3 tangent track and a

3 mile section of class 5 tangent track.
Accelerations were measured on the
vehicle and recorded at consist speeds
of 10, 15, 20, 30, and 40 mph over the
first test zone and at 40, 50, 60, 70,
and 79 mph over the second zone.

The OTR test series was conducted on
main line track between Argentine Yard,
Kansas City, Missouri and Hobart Yard,
Los Angeles, California. Data were
recorded in twelve 10 mile test zones
representing a cross section of track
class and structures, and accelerations
were measured and recorded while the
consist was passing through these zones.
During the OTR test, there was no con-
trol over consist speed, and as a
result, speed varied from 20 to 79 mph
during measurements. This method of
testing includes the effects of train
handling which were not included in the
VDC test.
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DESCRIPTION OF INSTRUMENTATION

Signals recorded during the VDC and OTR
tests consisted of speed, automatic
location detection (ALD), and up to 120
accelerations. The latter of these
required a number of ancillary compo-
nents in addition to the accelerometer
transducer as shown in Figure 2.

TEST CAR DATA __ ACQUISITION CAR,T-5

CALIBRATION +15vDC

/v FILTER
CONVERTER (1.6 Hz) FILTER

|
|
|
|
|
| l
|
i
|
|
|
|

ANT!-ALIASING

[ACCELEROMETER|
SPEED MULTIPLEX

|

A/D

ISOLATOR

MAG RAYTHEON [T
TAPE 704 f—

STRIP
CHART — D/A ALD

Schematic of Instrumentation
and Recording System

Figure 2.

For the purpose of this evaluation pro-
gram 120 precision servo-accelero-
meters were mounted on the carbody,
loads, and axle journal bearings of the
three test flatcars. Accelerometers on
the car and loads were 5g accelerometers
while 30g accelerometers were used on
the axles. An excitation voltage was
supplied from T-5 and calibration
signals were input at junction boxes
located on each test vehicle.

Each accelerometer was mounted in a
mechanical isolator for protection from
high frequency accelerations of large
amplitude present in the rail environ-
ment. Mismatched rail joints, for
example, can produce impulses as large
as a hundred g's. The isolators with a
natural frequency of 150 Hz were de-
signed to low pass accelerations. The
signal from the accelerometer transducer
was transmitted along the consist
through a maximum of 250 feet of
shielded cable in a current mode to
avoid voltage drop due to line
resistance.

In the Data Acquisition Car the signal
was converted to a voltage. This

signal was then filtered using a low
pass single pole filter (-6dB/octave)
with a corner frequency of 1.6 Hz. This
filter is used to offset the effect of
acceleration amplitude increasing with
frequency and thereby produced an
increase in the system resolution. Next
the signal was anti-aliased using a
4-pole (-24dB/octave) Bessel filter with



a corner frequency of 30 Hz. This type
of filter provides a linear phase shift
which is essential to data processing
requiring phase synchronization.

The fully conditioned signal was multi-
plexed and converted to a 12 bit digital
word at a rate of 128 samples per sec-
ond. The digitized signal was stored in
the on-board mini-computer (Raytheon
704) and buffered onto a magnetic tape.
Selected channels were passed through
the D/A converter and displayed on a
strip chart recorder for real time
examination of data. This system was
also used to verify the data tapes

after tests.

DATA REDUCTION AND ANALYSIS

In order to analyze the acceleration
environment of the flatcar/load system
use is made of the technique of super-
position. This method presupposes that
the acceleration, a, at any point on the
flatcar may be thought of as being the
sum of contributions of rigid, a,, and
elastic body, ae, accelerations.

a=ar+ae (1)

The components of a, and a, are referred
to as the modes or modal coordinates.
The use of modal coordinates offers a
number of distinct advantages in the
analysis of rail vehicles. First, the
modal coordinates are conceptually easy
to visualize and as a result are a great
aid to the design engineer. Second,
since these coordinates by definition
are orthogonal or independent, phenomena
such as cancellation and reenforcement
do not obscure details of analysis.
Thirdly, modal coordinates may be used
to obtain the actual acceleration level
at any point on the vehicle.

The vehicle subsystems treated in this
evaluation program are the load, carbody,
and axle. The acceleration response of
each subsystem is modeled as a separate
freebody. A Cartesian coordinate system
is established at the geometric centroid
of each subsystem with positive x in the
direction of travel, positive y to the
left when viewed in the direction of
travel, and z positive upwards. The
rotational coordinates are 6, ¢, and ¥
about the x, y, and z axes respectively.
Figure 3 illustrates the sign conven-
tions for the carbody coordinate system.
The load and axle coordinate systems

are identical with the origin at their
respective centroids.

BOUNCE
z

Figure 3. Rigid Body Modal Coordinates

The rigid body modal coordinates are
composed of three linear and three
angular acceleration elements. Linear
accelerations are parallel to the axes
defined above and angular acceleration
are about these same axes. For the
purposes of identification, the
acceleration along or about a given
axis is indicated by a double dot over
that coordinate, used to show double
differentiation with respect to time.
Furthermore, modal coordinates are
subscripted with ¢. Thus the longitu-
dinal modal coordiante is X,; the
lateral modal coordinate, referred to
as sway, is ¥o; and the vertical modal
coordinate, referred to as bounce, is
Zo. The angular modal coordinates are
roll, pitch and yaw denoted 6o, ¢o,
and Yo respectively.

The contribution of rigid body modes to
linear accelerations may be written as
the modal coordinate in the given
direction plus the contribution due to
angular ‘modal coordinates about the

two remaining axes. Thus, denoting the
rigid body acceleration components with
the subscript r:

= %o (t) + $o(t)z - Po(t)y (2)
= Jo(t) + 6o(t)z + Po(t)x (3)
Go(t)x (4)

xr()’,zyt)
7.(x,2,t)
2p(2,y,t) = Zo(t) + Bo(t)y
Note that the small angle approximation,
cosine of the angle of deflection is
approximately unity, has been made.

Next certain assumptions concerning the

elastic body modal coordinates must be
made. In the most general case an
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elastic body may bend and twist about
any axis. Associated with each elastic
deformation is an infinite set of modes
or harmonics., Experience has shown that
the more important contributions to the
rail vehicle vibration environment occur
below 30 Hz. Thus based on structural
considerations and experience, it was
determined that for the carbody it was
necessary to include only the first and
second bending modes about the y-axis
and first and second twist mode, more
commonly referred to as torsion, about
the x-axis. These are denoted a:, a2,
B1 and Basrespectively and are illus-
trated in Figure 4. The loads were
found to require only the first bending
mode about the z-axis. This mode is
called lateral bending to distinguish it
from the previous bending modes. The
axle is treated as a purely rigid body
so that the set of modal coordinates
associated with the axle contain neither
bending or torsion modes.

SIDE VIEW END VIEW

P

FIRST BENDING MODE a,

/\_/l:

SECOND BENDING MODE

(1 >

FIRST TORSION MODE

"> >

SECOND TORSION MCDE
e

Figure 4. Elastic Body Modal Coordinates
The shapes of the elastic modes are
described by power law expressions. This
is considered reasonable since the
elastic deformations of rail vehicles are
small in amplitude and result in rela-
tively smooth shapes. Three terms are
required to model the carbody first
bending mode while two terms were
required for all other modes. Based on
considerations of symmetry these are
written as:

fi(x) = 1 + a;x? + a,x* for ar; (%)
f,(a) = X + b1x® for a»; (6)
g1(x) = X + c1x? for Bi; (7)
ga(x) = 1 + d1x? for B> (8)

where the coefficient a, az, by, ci,
and d; are referred to as the mode shape
coefficients and are to be determined.
The mode shape of the load lateral
bending mode is similar to Equation 5
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but with a, set to zero. Elastic body
contributions to carbody linear acceler-
ation subscribed e are:-

Volx,2,t) = [B1(t)gr (x) + B2 ()2 (x)]z,
| . (9
2o (2,y,t) = [a1 ()61 (x) + oz ()2 ()] +

[B1(t)gi1(x) + B2(t)g2(x)]y.
(10)

Because of the assumption of small
amplitude deflection, cross sections
taken normal to the x-axis are not
deformed. As a result elastic body
deformations make no contribution to
longitudinal accelerations.

Equations 2 through 4 are combined with
Equations 8 and 9 to obtain expressions
for the linear accelerations along the
principal axes in terms of the modal
coordinates. An example of this is

illustrated by the vertical carbody
acceleration

Zn(X,y,t) = Ag(t) + A;(t)x? + A, (t)x* +
By (t)x + By(t)x® + Co(t)xy +
Cy(t)x®y + Do (t)y + Dy (t)x?y

| (11)

where

Ag(t) = Zo(t) + a;(t)

AL(t) = oa(B)ay

Az (t) = ar(t)a,

Bo () = az(t) - ¢o(t)

Bi(t) = az2(t)b,

Co(t) = B:(¥)

C,(t) = B:1(t)cy

Do (t) = Bo(t) + B2 (t)

D, (t) = B2(t)d:y

and the subscript m denotes a modeled
acceleration as opposed to a measured
or observed acceleration. Expressions
for the remaining components and
masses can be written similarly. The
time dependent coefficients defined

in Equation 11 are determined from
measured accelerations.

Each mass was individually instrumented
with a specified number of servo-
accelerometers: 17 on each carbody,



"8 on each load, and. 5 on each axle. The
transducer location and orientation are
shown in Figures 5, 6, and 7. A summary
of the modes and measurements of each
subsystem is given in Table 1. Each
measurement of acceleration represents
a single equation in terms of modal
coordinates. Thus the set of 10 modal
coordinates for the carbody is found
using 17 equations. Similarly, the
7 load modal coordinates are found using
8 equations.

X~ LONGITUDINAL ©- ROLL

Y- LATERAL - PITCH
Z- VERTICAL §- Yaw
Figure 5. Carbody Accelerometer
Locations
8
5
Y
7
3
6
2
1 #]

X~ LONGITUDINAL ©- ROLL
Y - LATERAL - PITCH
Z -~ VERTICAL ¢-YAw

Figure 6. Load Accelerometer Locations

X- LONGITUDINAL  © - ROLL
Y- LATERAL ¢- PITCH
Z- VERTICAL §- YAW

Figure 7. Axle Transducer Locations
Table 1. Subsystem Modes and
Measurements
RIGID BODY ELASTIC BODY TOTAL MEASURED

_ SUBSYSTEM MODES MODES MODES ACCELERATIONS

TRAILER 6 1 7 8

CONTAINER 6 1 7 8

CARBODY 6 4 10 17

AXLE 5% 0 -8 5 .

¥

These systems of equations are redun-
dant, and the solution set of modal
coordinates will not, except in the
ideal case, satisfy the set of equa-
tions. For this reason the method of
least squares is used to find that
solution set which satisfies most nearly
all the equations. The criterion of
this method is that the sum of the
squared errors be a minimum. This is
accomplished by differentiating the
expression for the sum of squared errors
with respect to each modal coordinate
individually and setting the result
equal to zero. The result is a set of
N equations in N unknowns which is
solvable and yields the desired result.
The set of equations corresponding to
the number of measurements made is
_written as:

* Note that the axle pitch mode is not
included since the axle itself coin-
cides with the y-axis. Thus, pitch
is simply wheel rotation.
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[X] {A} = {zp} (12)

where X is the coordinate matrix of the
polynomial, A is the vector of the
coefficients defined in Equation 11 and
Zm is the modeled acceleration vector.
The condition of least squares is
fulfilled by the expression

x17 1z3 = a7 (2 (13)

where Z is the measured acceleration
vector.

Substitution of Equation 12 into
Equation 13 yields

x1Tx1eA) = [x]
Introducing the following definition

[Q] = x17 [x]

Ty . (14)

Equation 14 becomes
[Q]{A}
{A}

[X]T {Z} , or finally (15)
[ oxaTezy. (16)

Equation 16 thus defines the matrix
operation required to convert measured
accelerations on the carbody and load
to the corresponding modal coordinate.
The 5 axle modal coordinates are solved
for using 5 equations in closed form
requiring no fitting technique.

The A-vector for the carbody contains
elements which are the sum of two modal
coordinates (see Equation 11), one rigid
and one elastic. In order to uncouple
these the condition of dynamic equili-
brium is used. This condition states
that the net force or moment due to an
elastic deformation is zero. The result
is an equation for each coupled element
of the A-vector of the form

2
Ry() = M) (17
n=0

where.RO is the coupled rigid body modal
coordinate and A, is the corresponding
subset of the A-vector and M, is defined

by
L/2
My = f xZn o (x)dx

-L/2

Here p(x) is used in a more general sense
to denote either a mass or polar mass
moment of distribution. Detailed know-
ledge of the vehicle structure permits
the uncoupling of rigid and elastic

modal coordinates.
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The time histories of accelerations
measured on the carbody are thus reduced
to modal coordinate time histories. As
mentioned at the outset of this section,
modal coordinates are useful in the
analysis of rail vehicle performance,
and the following data processing
schemes are employed.

1. Goodness of Fit - A time series of
the difference between each measured
and modeled acceleration, Z and Zp,
is created. This series, as well as
the z series, is Fourier transformed
and the power spectral density (PSD)
calculated. The power in the two
PSD's is calculated from 0 to 30 Hz,
and the ratio of residual to measur-
ed power obtained. This parameter
indicates the percent error incurred
in the model.

2. Power Spectral Density (PSD) of
Modal Coordinates - The entire time
series of modal coordinates are also
Fourier transformed and PSD's formed.
The root mean square (rms) is
calculated from 0 to 30 Hz.

3. Positive Zero Crossing (PZX)
Histograms - The time series of each
modal coordinate is analyzed to
determine the number of zero cross-
ings with positive slope which lie
in ranges or bins of civen ampli-
tudes. These results are tabulated
in the form of numerical histogram
on a mile by mile basis, i.e. one
modal coordinate PZX histogram per
mile.

4. Probability Density Function - The
data for each modal coordinate are
divided into 200 equal amplitude
increments to cover the range from
minimum to maximum amplitudes
observed. The percentage of
occurrences within each amplitude
increment is then calculated and
plotted to form a probability
density function for that coordinate
over the test run. In addition, the
standard deviation, 95% level, 99%
level and rms of the coordinate are
calculated and printed out.

5. RMS Time History - The time history
of each modal coordinate is Fourier
transformed and a PSD calculated for
each 4 seconds of time. The PSD is
divided into octaves with center
frequencies at 2, 4, 8, and 16 Hz,
and the rms value calculated for
each octave as well as the band from
0 to 30 Hz. These five values are
then plotted as a function of time
for the test run. The averaging
time can be varied in increments of
4 seconds up to 16 seconds. In



addifion, speed is plotted on an
adjacent graph for ease of analysis.

RESULTS AND CONCLUSICNS

The instrumentation and data analysis
techniques developed for this program
have proved highly successful in the

evaluation of the dynamic performance

of lightweight and conventional flatcars.

In particular the use of modal coordi-
nates provided clear, concise engineer-
ing results which correlate well with
physical phenomena.

Shown in Figure 8 is the effect of speed
on the bounce of fully loaded flatcars.
This result is representative of the
acceleration environment in general;
however, it should be kept in mind that
bounce is only one of ten modes needed
to completely describe the vibrational
response of the carbody. This and other
plots like it show conclusively that the
lightweight and the conventional flat-

cars are quite comparable in performance.

Furthermore, Figure 9 shows the load
bounce versus speed, and serves to
illustrate that this conclusion can be
extended to the loads. This is of
primary importance in considering the
economic performance of rail vehicles.
Finally, the magnitudes of elastic
deformation for both types of cars were
generally equal which indicates that the
lightweight flatcars are as structurally

sound as their conventional counterparts.

X Lightweight Flatcar with two lbaded trailers
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Figure 9. A-End Load Acceleration

Ficure 10 shows the rms time history of
the conventional carbody bounce mode.
There are basically two points to note
here. First, the first octave*® with its
center at 2 Hz is the largest contri-
butor to the overall acceleration.

This is anticipated based on consider-
ations of carbody/load mass and the
spring stiffness. Secondly, it is
apparent that the acceleration level

is speed dependent. In fact, Figures

8 and 9 show speed to be the most
important single parameter influencing
the acceleration level. This serves

to emphasize the comparable performance
of the lightweight and conventional
flatcars.
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Figure 10. Mode Time History

Results have also shown that fully
loaded flatcars provide a better ride
performance than other load config-

"% Tn the rms timé history plots the
curves of the octaves are numbered
consecutively corresponding to center
frequencies of 2, 4, 6 and 8 Hz. The
fifth curve is the 0 to 30 Hz band rms
value.
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urations. In particular, it was found
that the trucks of the conventional
flatcar carrying a single load had a
tendency to go into a lateral oscilla-
tion or hunting mode. This in turn
had an extremely adverse effect on the
acceleration levels in the loads.

Finally, data has been obtained which
characterize the vibrational environ-
ment of containers and trailers during
revenue operation. This data should
prove beneficial to both the shippers
and the railroads in evaluating the use
of this mode of freight transportation.

Testing will continue during the upcom-
ing year to provide similar data at
specified points in the mileage
accumulation of the test cars. This
will allow a determination of the
effects of component wear on the ride
performance of these cars. This
information is vital to engineers who
will be designing and evaluating the
future generation of intermodal rail
cars.
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ABSTRACT

This paper describes a program which has been underway to
provide the railroad industry with methods for the improvement
of its Optical Automatic Car Identification (OACI) system.

The program involves studies of car presence detectors, per-
formance and cost improvements to the OACI scanner system, an
analysis of OACI label properties and label 1ife, and a model
to evaluate car identification enhancement from the railroads'
advanced consist information. The major part of the effort
addressed improvements to the scanner system. These improve-
ments involved the use of advanced technology to design, build,
and test pre-prototype hardware to develop a "firm'" specifica-
tion of the scanner system performance limit. The results to
date from laboratory tests indicate that the scanner system
readability accuracy with the existing labels can be increased
at least 6% from its nominal value of 88% to 91%. This increase

is obtainable through the use of charge-coupled devices and
microprocessors which will also enable a 40% reduction in
initial scanner system purchase costs and a 33% reduction in

yearly maintenance costs.

The program also resulted in an

assessment of the underlying causes for label deterioration, a
label 1ife estimate of 17 years, and a users' guide for each
railroad's determination of the effectiveness of its own QACI

data enhancement policy.
INTRODUCTION

This paper presents the recent re-
sults of efforts on the part of the Fed-
eral Government to explore the upgrading
of the Optical Automatic Car Identifica-
tion (OACI) system. The efforts have
been under the technical support of the
Federal Railroad Administration (FRA) and
are intended to specify the means for
obtaining increased OACI system accuracy
and wider application at lower costs.
Although ACI is considered to be a major
breakthrough for improving railroad ser-
vice, operating efficiency, and car uti-
lization, the nation's railroads have
recently been reconsidering its continued
use. Since its adoption on a national
scale in 1967, the railroads have been
faced with the problem of sustaining an

effective maintenance program for the
OACI system and the labels on 1.7 million
freight cars. Depending on the operating
life of the label and the levels of main-
tenance over the past five years, the
OACI readability accuracy has varied from
78% to above 97%. While one railroad
will contend that the lower accuracy can
be greatly enhanced through correlations
with their separately derived manual car
identification records (advanced consist),
another will argue that this degraded
performance is unsatisfactory. The main
reason for this difference lies in the
way each railroad utilizes OACI in their
management information system (MIS).

Some railroads with their own maintenance
program and fleets have derived signifi-
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cant benefits from greater efficiencies
in their waybill preparation, classifi-
cation yard operation, and cargo identi-
fication. However, since the nationwide
benefits of ACI requires the cooperation
of all the railroads, its fullest poten-
tial cannot be realized until a convinc-
ing case is made for improved performance
at lower operating and maintenance costs
and an attractive return on investment
is demonstrated.

BACKGROUND

Since 1890, when a patent was issued
for a mechanical technique, the railroads
have recognized a need for the automatic
identification of the ownership and serial
number of freight cars passing critical
rail junction points. In 1967, the opti-
cal ACI was adopted as a viable technology
after the Association of American Rail-
roads (AAR)had developed specifications
and tested the system in the field. Re-
ferring to Fig. 1, the OACI system was
composed of three distinct elements:

(1) Color-coded label ; (2) An optical
trackside scanner system; and (3) Wheel
sensors to determine train presence and
direction. When the train first approaches,
a high intensity light source is turned
on and begins a rapid vertical scan of
the trackside with a set of rotating
mirrors. The wheel sensors then identify
the passing of each rail car which has
labels mounted on both of its sides. The
labels consist of thirteen modules of
retroreflective material like that used
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.for markers illuminated by car headlights

along the highways. Each of the thirteen
modules has two stripes,which are colored
white, red, blue, or black. The reflected
light from these stripes is sensed slight-
1y off the incident light axis and con-
verted into electrical signals by photo-
multipliers. These signals are then de-
coded into three digits of car owner in-
formation and seven digits of the freight
car/type number. If all of these digits
and the fixed code of the label's '"start"
and "stop" modules are detected, this
information is passed on to a label data
processor for subsequent transmission to
the railroad's local management information
system computer. Validity for the ten
identificationdigits is checked by the
return from a modulo-eleven binary coded
parity module.

In the past, use of the OACI system's
information has varied considerably de-
pending on its size and the special needs
of the railroad. One very large network,
managed by the Chicago Railroad Terminal
Information System, Inc.(CRTIS), was
developed as a joint railroad effort to
serve 28 users over 7,689 miles of track
connecting 100 freight car classification
and support yards. For the last five
years, the FRA and twelve railroads have
been involved in a cost-shared CRTIS
demonstration of the benefits of OACI in
reducing clerical costs, car detention
times, misroutings, and classification
errors. The results to date have had
limited success due to: (1) a degradation
in the quality of the labels; (2) a less
than optimum scanner system performance;



and (3) limited data enhancement. In 1975,
concern over the slowly deteriorating
OACI readabilities led to an industry
request for gn FRA sponsored CRTIS field
test program~ which was conducted by the
Department of Transportation's Transporta-
tion Systems Center (DOT/TSC). The tests
showed that the readabilities could be in-
creased from the national average of 80%
to 91.3% through recent improvements to
the OACI scanner system by the equipment
manufacturers. Although the field test
sdample of over 6,000 cars was sufficiently
large, this result was subject to consid-
erable controversy. Some railroads
believed that the test site was not
representative of their own OACI experi-
ence. Others reported that readabilities
of higher than 95%2 were obtainable
through a careful label washing program
on their own captive fleets. The prob-
lem was further complicated when each
railroad tried to assess the readability
effect in terms of the costs and benefits
of their own operations. Very little
technical information was available on
the effective life of the labels and

the underlying causes for their deterio-
ration. Readability improvements through
advanced consist and multi-scanner cor-
relations from both sides of a car had
not been systematically defined in a

form which could be interpreted by each
individual railroad. These and other
problems established a "wait-and-see"
environment in which the static market
for OACI systems precluded any major
technological upgrading by the equipment
manufacturers.

For the past year, the FRA has been
working on four areas of the Optical ACI
System to resolve its major issues and
to provide a firm basis for the railroad
industry's decision regarding its future
use and deployment. These areas and
their status are described as follows:

1. Car Presence Detector Studies
have just recently been initiated to
identify methods for improving the per-
formance and reliability of the current
wheel sensors and to investigate alter-
native techniques.

2. An analysis3 of the optical
properties of the existing labels has
been underway for the past eleven months
in order to estimate the label life and
suggest methods for label improvement.
Preliminary results of this work were
presented to the industry in June 1977
and are summarized in later sections of
this paper.

3. An extensive effort to improve
the performance and cost of the scanner
system has been conducted over the past
ten months by DOT/TSC. The results of
a first stage of fabrication and testing

‘of newly designed pre-prototype hardware

in this effort were also presented? to
the industry in June 1977. The major
portion of this paper describes the
present accomplishments along with ad-
vanced designs which will lead to a July
1978 specification of the scanner system
performance limit. The description con-
tains an analysis of the current system,
an identification of the levels of im-
provements, the results of laboratory
testing and cost and sizing consider:-
ations.

4. An OACI System Alternatives
Evaluation Model is being developed to
provide each railroad with a tool for
assessing their own approach to OACI.

The model deals with the effectiveness

of OACI enhancements from advanced

consist information and multiplexed data
from pairs of scanners. A user's guide
for this model is being prepared and can
be combined with an extensive Classifi-
cation Yard Simulation Model® developed
by ARINC Research Corp. for the AAR. The
combination should provide a thorough
assessment of ACI costs and benefits in
the context of system enhancements, indi-
vidual yard operations, yard configura-
tions, and clerical requirements. A brief
discussion of the major impact of the
scanner system improvements on these models
is contained in the last section of this
paper.

PART I: SCANNER SYSTEM IMPROVEMENTS

CURRENT SYSTEM DESCRIPTION

The existing OACI Scanner System is
composed of optics of good commercial
quality and 1969 vintage electronics
components. The system was originally
designed to identify 99.5% of new or
properly maintained labels with an un-
usually low false alarm rate of less than
1 part in 250,000. However, label degra-
dation in the form of dirt, damage, and
other causes has reduced the light retums
from some of the labels to the point where
they are obscured by the system noise.

For the purpose of identifying readability
improvements with the existing labels,

the scanner system (Fig. 2) may be divided
into four parts: an optics subsystem;
front-end amplification electronics; a

detector (called a "standardizer"); and

a label data processor.

LABEL . CAR
RETURN OPTICS FRONT-END DETECTOR LABEL- DATA | 1D
— -

SUBSYSTEM ELECTRONICS (STANDARDIZER) PROCESSOR

* D.C, RESTORER * MINICOMPUTER OR

DIGITAL LOGIC

* ARC SOURCE * LINE DRIVER
« MIRRORS * LOW- PASS FILTER » DELAY LINE
* FOCUSING LENSES * DIGITIZER o WHEELSENSING

* PHOTOMULTIPLIERS » LABEL RECOGNITION

FIG.2: SCANNER SYSTEM COMPONENTS
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The detection of a label starts when
its vertical edge first appears in the
plane of the label scanning zone shown
in Fig. 3. The label is illuminated in
this zone by a 7.5 inch circular beam of
collimated light from a Xenon arc lamp
within the scanner head. This incident
light is swept upwards by mirror faces
mounted on a spin cube which rotates at
a rate high enough to insure at least
one scan of a label moving at 80 miles
per hour. The rotating plane is tilted
7 degrees about the vertical axis to
accent the labels retro-reflective prop-
erties over non-label specular reflections
which are dominant on the normal to the
car side. The labels contain very small
glass beads mounted on a silvered surface
which reflect 1light back within a small
2 degree cone centered on the axis of the
incident beam. This effect may be seen
by sighting a label with a flashlight at
angles which can be as much as 45 degrees
off the normal to the label.
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FIG 4: SCHEMATIC OF OPTICAL SUBSYSTEM

The optics subsystem is shown in
Fig. 4 and contains a hole in the mirror
which is also used to fold the incident
light from the arc source on its way to
the rotating mirrors. The hole admits
the return light to a lens system which
focuses it on the cathode of red and blue
channel photomultipliers (PMT). Color
separation is achieved by a dichroic mirror
which passes the red band of light but
reflects the blue band at 90 degrees. A
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white label module will therefore result
in a PMT output on both channels. The red
and blue filters are narrow-band matched
to the spectral characteristics of the
label colors. The effective received
field of view is established by a field
stop which admits a horizontal slit of

the entire length of a module but only one
quarter of its height. This causes a
triangular PMT output for each half-module
color and a trapezoidal . output for full
module colors. An example of these
waveforms and the color code interpreta-
tion is shown in Fig. 5. The color
combinations will produce sixteen pos-
sible logic states for each full module
(four times four for each half module).

0f these only ten are used because of

the restrictions that no bottom stripe
will be black and that the red/blue and
blue/red modules are respectively re-
served for the "start" and '"stop" medules.
The label background between and around
both edges of the modules is composed of
low reflectance black anodized material.

A background-to-module spacing ratio of

6 to 5 provides a near-zero return

between the signal pulses of adjacent
modules.

3 3 5 3 .. HALF MODULE TOBACKGROUND SPACING RATIOS
i B w ellw wlw
HALF-MODULE | B || & 1BACK- | & ||H |BAck- | M RN
cowons (5 || ¢ |erouno| 5 ||+ | erouno] U i Hl+
K E E EfE

Fe3/4"-

LN A W A

—{ EFFECTIVE RECEIVED FIELD OF VIEW

FiG.5: COMBINED RED AND BLUE CHANNEL
COLOR CODE INTERPRETATION

RED PMT
OUTPUT

BLUE PMT
OUTPUT

Recalling Fig. 2, the red and blue photo-
multiplier outputs are each fed to a
separate line driver/400-khz low-pass
filter combination with a dynamic range
of 50 db. The line driver outputs
present low impedance 30 mV to 10V label
signals to the detector which is mounted
in the air-conditioned Label Data Pro-
cessor equipment hut. The hut also con-
tains a power and signal interface box.

’ Since the purpose of the OACI system
detector is to assure that only label
analog signals result in an identifica-
tion of a freight car, this device has
been more appropriately called a standard-
izer. The standardizer eliminates false
information from non-label reflections
and assures the proper decoding of label
signals through the use of DC Restorer
circuitry, a delay line, a digitizer, and
stripe/label recognition logic. As shown
in Fig. 6, the triangular and trapezoidal
photomultiplier signals arrive at the
standardizer with rounded edges due to a
non-ideal label reflectivity,optical and
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electronic bandwidth limitations, and
system noise. DC Restorer circuitry
first amplifies and level shifts the
signal pulses so that they rise from a
fixed DC reference level which is rela-
tively independent of the slow variations
in the outside ambient light. The
ultimate objective is to convert these
analog pulses into digital pulses with
the same half or full module widths and
relative spacing. This objective is
realized through the use of a lumped
constant transmission line which contin-
uously tracks the instantaneous analog
pulse amplitude over delayed time inter-

vals. This delay line is shown in Fig. 7
and contains ten .signal tap outputs
with tap weight multipliers. The 9.

microsecond '"times-one' tap and the two
0.5 taps assure that a digital pulse is
formed from the half-amplitude points of
the analog label pulse regardless of its
peak amplitude (the reflectivity strength)
or waveform width (the label distance
from the scanner). Other taps further
away from the X1 center tap provide
amplitude guardbands which inhibit a
digital pulse when adjacent module peak
amplitudes or spurious noise spikes are
mote than ten times greater than the
center peak. The center tap voltage is
also inhibited when it goes below a
50 millivolt DC threshold or when it

falls below 0.2 times a '"crosstalk' signal
from the center-tap of the other channel.
The crosstalk signal prevents a white
color decision wﬁen one color produces a
signal less than 1/5th of the others.
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- noise.

The digitization of the red and
blue label pulses is directly followed
by two stages of Label Recognition Logic.
The first stage examines the individual
half-module pulse widths and determines
the red and blue coincidence. These are
assembled to arrive at a full-module
numerical code which is checked for maxi-
mum pulse width and maximum distance
from adjacent modules (which should
always have at least one channel pulse
in their first half module). If these
conditions are not met, any preceding
pulses are classified as noise and the
circuitry is reset.

The second. stage of label recogni-
tion checks more global information
about the label, verifying that the
pulse train consists of a "start'" module
followed by 10 numerical modules, a
"'stop" module, and a '"parity" module.

If any module is missing, all preceeding
pulses are discarded as noise. If the
pulse train satisfies all of the pre-
ceding conditions for a label, the label
numerical codes are loaded into memory
in the Label Data Processor.

The Label Data Processor verifies
the label parity, checks for multiple
scans of the same label, and uses the
wheel sensor signals to identify each
car and watch for cars with no labels.
For each train, a list is then assembled
and printed or transmitted to a remote
computing site.

SCANNER SYSTEM IMPROVEMENTS

In its simplest form, the improve-
ment of a scanner system to read more
labels which have become degraded in-
volves two tasks: (1) The dynamic. range
must be extended downward to read smaller
optical returns; and (2) The effects of
noise, either on the label or internally
to the scanner must be reduced. That is,
the system gains for new labels are main-.
tained while improvements are made to
identify very small signals from degraded
labels in the presence of noise from
three sources: (1) background noise from
the label; (2) noise from the scattering
of internal 1light; and (3) electronic
With this in mind, two stages of
modifications to the scanner optics, '
electronics, and label detection subsys-
tem were identified:

1. A First Stage, involved: (1) optics
improvements; (2) wider dynamic range
of the front end line driver; and (3)
more stable thresholds for the exist-
ing standardizer. These modifications
were intended to be an early package
which could eventually be retrofitted
in the field by the manufacturer at a
cost of $4500 (approximately 10% of
the initial purchase price of the
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scanner system). The first stage
hardware has been designed, fabrica-
ted, and tested in the DOT/TSC labora-
tory. The tests simulated the key
aspects of the conditions in the field
and were performed with a label popu-
lation which was a representative
selection of marginal and non-read
labels provided by the railroads.
These modifications were installed in
a scanner system and directly compared
to another scanner which had the manu-
facturer's latest improvements and a
known readability of 91.3% established
from field tests.l The comparison
revealed that the modifications pro-
duced a readability improvement4 of
over 4%.

2. Final Modifications are now being de-
signed to replace the standardizer
and the Label Data Processor mini-
computer with a new detector and
multi-scan correlation in a micro-
processor. These modifications will
build on the optics and line driver
improvements of the First Stage and
will take advantage of recent ad-
vances in signal detection techniques
and integrated circuit technology.
These modifications have been veri-
fied as feasible and, from the results
of a detailed analysis, will produce
an additional 2 to 2.5% increase in
readability. They will also involve
a major reconfiguration of the pre-
sent four-box system with its air-
conditioned hut into a two-box system
mounted entirely on the scanner way-
side pole. This and the use of inte-
grated circuits will reduce the ini-
tial costs of the scanner system from
the present $40,000 to $54,000 range
down to an estimated price of $27,000.
The system reliability and maintaina-
bility will also be improved, reduc-
ing the scanner maintenance costs
from $5100 to an estimated cost of
$3400 per year.

NEW ARC SOURCE

NEW FOLDING MIRROR

F1G.8: FIRST-STAGE OPTICS & LINE DRIVER MODS

The optics modifications and the
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line driver modifications are shown in
Fig. 8 and are described as follows:

1. Optics Modifications

A. A new arc source manufactured
by Varian, Inc., has been substituted
to obtain a brighter rectangular beam
of light on the label. The beam height
has been reduced by a factor of two
while maintaining an optical collecting
and focusing system of the same F num-
ber as that currently used. The lamp
assembly contains a secondary optical
system with a well-defined illumination
beam which results in less internal
light scattering. Although the new
source is more expensive ($475 vs. $375),
it has a 60% longer lamp life and can
be much more quickly replaced without
any of the present requirements for
special alignment time and skill.

B. A half-silvered mirror has been
installed in place of the present
pierced mirror. The new mirror and a
larger, more expensive lens ($260 vs.
$60) increase the light returns on the
photomultipliers.

C. Flatter folding and rotating
mirrors have been installed (at negli-
gible additional costs) to obtain
better resolution and more repeatable
scan-to-scan module pulse times from
the label. These mirrors also operate
in conjunction with a small lens to
obtain a synchronization pulse with a
.05 microsecond stability for the
advanced detection processor applica-
tions. The sync pulse is obtained from
a reference module placed inside the
scanner and slightly below the bottom
of its viewing window. This module can
also be used for optical thru put checks
and photomultiplier gain stabilization
similar to that already provided in the
present scanner.

2, Line Driver Modifications

The new line driver has an increased
dynamic range of 80 db which should be
sufficient for the weakest (1 millivolt)
returns from very degraded labels. The
driver has integrated circuit operation-
al amplifiers in place of transistors to
achieve a higher immunity to temperature
and power supply variations. The optics
modifications and the new line driver
have resulted in a 3% readability
increase and have reduced the internal
light scattering to the point where the
dominant noise (of approximately 3 mil-
livolts) is from the background material
and deterioration of the label itself.
An additional 1% improvement was obtained
through modifications to the existing
standardizer at an incremental cost of
$1250.



The new standardizer is shown along
with the present one in Fig. 9 to indi-
cate that the breadboard electronics
were well constructed and are direct
plug-in replacements for the existing
circuitry. The purpose of the modifica-
tions was to increase the dynamic range
by a factor of 3 (from 46 db to 56 db)
and to provide a stable threshold for
degraded label signals in the region of
5 millivolts. The stability was obtained
through the substitution of integrated
circuit operational amplifiers for the
transistor summers used in the tap
weight multipliers (see Fig. 7). This
substitution reduced the threshold tem-
perature sensitivity by a factor ofthree
(from 12 mv to 4 mv, 0 to 50°C) and
resulted in a better immunity to power
supply variations (from 15 mV/V to
1 mV/V). Signal reflections in the delay
line were also reduced through high
impedance buffering at the inputs to the
tap weight multipliers.

The final stage of modifications
began with an assessment of the capa-
bilities of the present standardizer
and Label Recognition Logic. These sub-
systems were well designed to identify
labels which had signal returns as low
as 1% of those from a new label. However,
a significant number of the degraded
test labels received from the railroads
had pulses more than ten times lower
(5 millivolts) than this threshold and,
in some cases, were barely distinguish-
able from the background noise. 1In
addition to the threshold limitation,
the unusually strict requirement on
false alarm rates had led to a design
where partial label reads were discarded
during each scan with no provision for
scan-to-scan correlation. This situa-
tion, and recent advances in microcir-
cuit technology, dictated a major modi-
fication of the system detector based
on gated integrator or matched filter
techniques. The new design started with

the requirement for an accurate location
of the label from which the signal energy
could be accurately gated into an aver-
aging circuit. The averaging circuit
would be followed by a matched filter

for module decoding which operated from
an instantaneous estimate of the label's
width and position in time. This design
was complicated by three problems:

1. The pulse widths vary as the arc
tangent of the ratio of the label
height to its horizontal distance
from the scanner.

2. The pulses have a wide variation in
amplitude from module to module.

3. Vertical motion of the railroad car
can cause a continuous shift in
pulse location by as much as one-
sixth of a pulse width during each
successive scan.

These problems were solved with the

- following designs: - -

1. A Voltage-Controlled Oscillator (VCO)
with a secant-squared function is used
to vary the system clock rates. This
results in the detection of pulse

trains with an even spacing and width
which is independent of vertical posi-
tion.

2. A Label Locator is used to take ad-
vantage of the fact that the 13 regular-
1y spaced label modules are a unique
pattern on the railroad car side. The
input to this locator is a fixed-level
digital pulse obtained from an adjust-
able threshold detection of the analog
label signals. The output of the loca-
tor is the label location time, pulse
widths, and an indication of the confi-
dence in these two measurements.

3. A Signal Processor and Module .
Decoder uses the label locator output
From the previous scan to perform a
matched filter averaging of each
module's pulse energy during the
current scan. This information is then
fed into a tapped delay line where the
half-module and intermodule spacings
are stored. The module is then decoded
and finally assembled into a label iden-
tification and a confidence indication
on each module's detected digit value.

4. A Microprocessor is used for multi-
scan correlation of the large number of
label identifications and confidence
indications obtained on each scan from
the module decoder. For the train
speeds usually encountered (speeds
above 40 miles per hour are extremely
rare) at least ten identifications are
available. The most likely identifica-
tion and the confidence on each module
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are then stored as the car identifica-
tion.
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Figure 10 illustrates the method
for locating a label with tapped analog
delay lines made from charge-coupled
devices® (CCD's). As the label's combined
red and blue signals pass by in time, a
set of windows matched to the label
pattern are observed for the sum of
colors in all windows. The sum has a
triangular form which peaks when the
label is exactly aligned with the win-
dows. This analog label location techni-
que requires an array of eight such win-
dows of successively smaller length and
window size in order to match labels in
the range of horizontal distances from
the scanner. A breadboard version of a
single array has been constructed and
has located very degraded labels with
pulses as low as 5 millivolts. The loca-
tion accuracy was within one-sixth of a
module width. As a backup measure, a
second all-digital label locator utiliz-
ing the pulse symmetry was constructed
and tested. This locator had the same
accuracy as the analog version and could
locate a significant number of the labor-
atory test labels which were not read by
the scanner.
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The grinciple of adaptive threshold
detection’/ is illustrated .in Fig., 11l.
Half-amplitude leading edge detection
independent of the pulse amplitude is
obtained through an "anding'" operation

of the signal amplitude, the sign of its
slope, and its inflection points. All of
these conditions will be met for band-
limited signals at the half-amplitude
point. The detector also has a threshold
setting to reduce false alarms and con-
tains a gated delay to suppress noise
spikes.
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FIG. 12: LABEL LOCATOR & POST DETECTION PROCESSOR

The full system block diagram for
the label locator and the detection
processing is shown in Fig. 12. The
label locator is indicated on the top
part of the figure where the combined red
and blue channel digitized pulses are fed
into the array of eight matched filters.
The highest amplitude of all of these
filters is identified by a very fast
(5 MHz) peak detector which has been
designed and tested. The detection pro-
cessor is shown in the bottom part of the
figure and contains the signal averager
with an h(t) impulse response which
varies as the label length. The signal
average dynamically varies the gains in
the separate red and blue channels. The
resulting signal is then passed on to the
module detector which identifies each
module and its associated detection
confidence level.

The microprocessor is commercially
available in a "Mil.Spec.'" version with
a 0.5 microsecond clock cycle time. The
input data is 16 eight-bit words per scan
which includes 11 words for the car iden-
tification and the parity digit. Four
thousand words of Random-Access-Memory
(RAM) are required for the I/0 buffers and
64 scans of data storage. The software
program will occupy 4000 words of Erasable
Read-Only-Memory.
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Fig. 13 illustrates the DOT/TSC
laboratory test facility where the read-
ability improvements were measured (a
photograph of this facilitv is contained
in an earlier paper P.5). A label motion
generator holding up to ten railroad
labels was constructed to simulate hori-
zontal label motion past the scanner
system. Speeds up to five miles per hour

were obtained from a chain-driver carrier.

An extensive hardware interface and a
microprocessor system were also developed
for a test control and monitoring capa-
bility. These included an operator
display and keyboard, control of label
speed, and recording of the label read
status on a printer and cassette tape.
The freight car wheel sensor signals

and speeds higher than 5 miles per hour
were simulated. Off-line data analysis,
comparing the scanner read values with
the actual label identification, was
performed on a large time-shared compu-
ter facility.

A test label population of 54 labels
was carefully selected4 from 129 degraded
labels supplied by the railroads. The
selection process involved the identifi-
cation of the non-read and marginal read
labels and a matching of the percent of
non-read error causes (damage, dirt,
bent backing plate, etc.) with the dis-
tribution of error causes in the field.l
An analysis revealed that the error
causes were independent of car type
(box car, hopper, etc.). This enabled
the tests to be performed at a fixed
distance which was representative of the
distances of car types in the national
fleet. Representative speeds were also
obtained from field data.%

The measurement of improvements in
readability over the known 91.3% read-

ability of the manufacturer's reference
scanner system were based on a newly
developed readability criteria called a
Figure of Merit (FM). The FM was created
from a close examination of the standard-
izer input signals and a knowledge of its
central detection mechanisms. These
examinations suggested a ratio of two
terms: (1) The average value of the
pulse heights in the red and blue channel;
and (2) A denominator which was the sum
of the ratio of the largest to smallest
signal amplitudes in each channel. This
Figure of Merit ratio represented the
combined effects of thresholding and
delay line reflectivity constraints in
the standardizer. A functional relation-
ship between values of the FM and known
field readabilities was then established
for the 54 test labels and was closely
approximated by:

Readability = 1 - (Figure of Merit) (1)

A rank-ordered correlation of the
read and non-read status of the 54 test
labels in decreasing values of the FM
showed significant results. A correla-
tion of 0.97 was obtained in the deter-
mination of the readability of a single
label from its reference scanner FM
value. Moreover, the FM value for labels
read by the reference scanner always
established its readability at 91%
regardless of their distance within the
scanning region. This result enabled the
increased readabilities of an improved
scanner to be directly derived from the
increase in the number of labels it read
over the reference scanner. The increased
readability established by Equation 1
was easily obtained from a table look-up
of the corresponding FM value for the
improved number of reads.

PART II: OACI LABEL PROPERTIES

The Scotchlite engineering grade
(commonly used on the highways) is used
as the basic material in the manufactur-
ing of OACI modules and consists of a
superposition of 8 layers with different
physical properties. Fig. 14 shows a
schematic cross section of a standard
module. The removable cover sheet (1),
when peeled off, exposes a self-adhesive
layer (2). The second layer (3) is a
moldable cushioning coating. The reflec-
tor coating (4) includes metallic flake
pigment particles; - (5) contains a trans-
parent color pigment; (6) contains trans-
parent color pigment in which is par-
tially embedded a single surface layer
of glass beads (7), which give retro-
reflective properties when illuminated,
There are upwards of 1550 beads per cmZ.
The transparent cecating (8) over the
layer of glass beads borids to and con-
forms to the exposed front surfaces of
the beads and the binder coating (6).
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Finally, the silk screened (9) color-
coded layer receives the protective
coating (10) .

( N

FIGURE I8 s SCHEMATIC CROSS SECTION OF AN IST OACI MODULE

Fig. 15 shows a schematic cross
section of an Improved Surface Treatment
(IST) module which is similar to the
standard with the addition of a layer
of fluorinated ethylene-propylene (FEP)
Teflon 2 mils thick film (11) put on a
layer (9) with a self-adhesive (10).
The Teflon layer provides an inert sur-
face which does not collect nearly as
much dirt as the standard label, there-
fore considerably extending its life in
the railroad environment.

To evaluate the optical properties
of the OACI modules (blue, red and white),
four parameters should be measured:

(1) the wavelength A max, for maximum
retroflectance; (2) the bandwidth,
between the 10% points; (3) the retro-
reflected full beamwidth angle, A; and
(4) the optical retroreflectance, G.

The primary parameter of interest is the
retroreflectance, G, which is propor-
tional to the signal voltages at the
detector input.

LABEL LIFE ESTIMATES

Previous estimates of label life
have been made from visual judgments of
label quality. The judgments have
proven unreliable since the human eye
does not see the labels in the same way
the scanner system views them.4 The esti-
mates of the operational life expectancy
in this paper have been based on field
data from the Canadian National Railways
and on weathering data supplied by the
3M Company at fixed test installations
for Scotchlite modules which were
exposed in a south-facing direction.

The complexity in the estimation of the
OACI label operational life expectancy
is complicated by the fact that a
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definition of operational life has not
been formulated and that labels are:
(1) installed with different degrees of
quality control (especially substrate
preparation); (2) exposed to different
kinds of natural environment (i.e.,
solar” radiation, rain, snow, etc.);

(3) subjected to different railroad
environments strongly dependent on type
of car and cargo; and (4) subjected to
different levels of maintenance. In order
to properly assess3,8 the field Scotchlite
weathering and OACI label data and trans-
late it into operational life expectancy
terms, an understanding is required of
the causes and/or mechanisms which affect
label operational life for different
label structures (i.e., standard, IST

and standard overlayed).

For the OACI label operational life,
the following definition applies: OACI
label operational life is the time, T,
required in a given environmental and
maintenance condition to reduce the
original retroreflectance, G, of any of
the 13 modules to 5% of its original
value. (This value is consistent with
the present and improved 1% minimum system
voltage for the scanner system). Since
the reduction in retroreflectance is
affected by the environment, operational
conditions, and/or level of label main-
tenance, it is important to qualify this
definition with these factors.

The first source of data for the
label life estimate was based on data
from the 3M Company. 3M has conducted,
over the years, weathering tests at their
different test sites of the Scotchlite
and OACI modules (standard and IST).
These tests consisted of the measured
G, along with spectral rctrorcflcctances
and chromaticity coordinates.
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FIG.16: SCOTCHLITE RELATIVE OPTICAL RETROREFLECTANCE, G,
VS. WEATHERING TIME AT: (a) TEXAS, SAMPLES ORIENTED
VERTICALLY; (b) FLORIDA, SAMPLES ORIENTED 45° TO
THE HORIZONTAL

Big. 16 gives the results of tests
at Texas (a) and Florida (b) for
Scotchlite. The data consists of
approximately 100 data points per year
from 20 samples of each of the following
colors: blue, green, red, silver, and



yellow. An evaluation of the average
solar insolation? at ground level at
both sites and, taking into account the
different orientations (vertical and
slanted at 45°), led to the conclusion
that the ratio of total integrated solar
radiation on the samples tested in
Florida and Texas is approximately two.
Field tests for standard OACI modules
rendered similar results to the field
tests of the Scotchlite material. By
observation of the data given in Fig. 16,
it is clear that to reach a given G in
the Florida samples, it will take one-
half of the time that it took in Texas.
This suggests that the difference in
solar radiation input is the cause.
Further analysis of the Scotchlite also
suggests that the reduction of G appears
to be mainly due to changes in the bulk
of layer #8 due to polymerization and on
the surface of layer #10 (see Fig. 15)
due to loss of gloss.

Based on the limited data (9 samples
over 20 months exposure) available, it
appears that the IST modules do not
weather any differently than the standard
modules. That is, the Teflon material
does not provide any protection against
solar radiation.

The second source of data for life
estimates was obtained from the CNR in-
service evaluation of IST labels, 10 In
February 1970, one IST and two standard
labels were applied to each side of
twenty '"'Dane Ore' captive fleet cars in
service between Hamilton, Ontario, and
the iron mines in Northern Ontario. These
cars are exposed to a severe environment
in passing through the mine and the steel
plant to automatic ore loading and unload-
ing procedures. As a result of CNR labor-

atory measurements on some of these labels,

and after 5 and 7 years in-service, re-
ductions in retroreflectance of 3.3% per
year and 2.2% per year (a mean of -2.8%
per year) were respectively obtained.
The ratio of this value to the -4% per
year observed by the 3M Company (Fig. 16a)
for the Texas test site 1s 0.7, which is
the estimated ratio of the yearly solar
exposure on a vertical surface facing
south in Texas to the region where CNR
conducted the tests.

Since the tested CNR labels are 7
years old, the 2.8% per year (4% per
year x 0.7) adjusted rate from the 3M
Company tests (Fig.16) is applicable and
is the same value obtained by the CNR.
Based on the 3M data in Figure 16 and
yearly solar exposure adjustments, the
IST CNR labels decay will increase up
to 7.7% per year after a 10 to 11 year
period. Allowing for an uncertainty on
the order of 15%, the estimated opera-
tional life of the IST CNR labels will
be approximately 17 years. This esti-

mate is based only on module performance
and not on other overriding mechanisms
such as damage and deterioration of the
background surface,

Simultaneously with the IST label
evaluation, the CNR carried out the
evaluation of overlays on in-service
labels from the "Dane Ore'" captive fleet.
The experiment indicates that the self-
adhesive on the Teflon has improved the
standard label surface conditions and
that Teflon improved the label life to
the point where it had the IST perfor-
mance.

LABEL ALTERNATIVES

Review of available OACI label
operational data obtained by railroads
and test data obtained by the 3M Company
on the two different types of material
(standard and IST) shows a wide range of
railroad reports on label operational
lifetimes. This apparent disparity can
be explained on the basis of three
factors:

1. Different definitions of OACI
label operational lifetimes,

2. Non-uniform quality control on
label assembly by different
assemblers, and

3. Different characterizations of
the label population and. the
railroad environment.

In cases where the IST label does not
satisfy the operational needs, label
alternatives can be suggested. These
alternatives could be applicable for
different car and service types as well
as for given operational life expec-
tancies.

The main concepts developed in the
FRA's OACI program and used in one of
the new label designs are:

1. Use of materials practically not
affected by solar radiation over a
15-year period;

2. Substituting automatic means of
label construction for the present
manual assembly methods;

3. Physically separating the addition
of the label color from the retro-
reflective material; that is, the
colors are added as a separate
layer during construction;

4, Introduction of rugged modules

which can be easily handled and
inserted in the field; and
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5. An outer layer of 5 mil thick
abherent film (e.g., Teflon FEP)
to protect the module surface.

FIG.17: ALTERNATIVE MODULE DESIGN

An alternative module design shown
in Fig. 17 consists of a Plexiglass
back plate with a cavity to receive the
silver Scotchlite High Intensity Grade
module covered by a front plate which is
made of the same material used for the
blue and red filters in the scanners.
The front and back plates are sealed to
completely isolate the Scotchlite from
the elements. A 5 mil thick Teflon FEP
layer is applied for surface protection.
The modules are dropped into cavities
made in .an aluminum back plate. Proto-
type modules of this design have been
successfully made and photometrically
tested. The retroreflectance is equal
to the IST modules and the color match
of the red and blue modules with the
spectral transmittance of the respective
scanner channels is perfect and does not
change with time.

PART TII: OACI SYSTEM ENHANCEMENTS

The OACI scanner system improvements
offer a number of new capabilities which
can be used by the railroads in their
OACI maintenance program and their man-
agement information system. These new

capabilities can be summarized as follows:

1. Confidence levels on all digits of
the car identification can be auto-
matically correlated with "advanced
consist" car identifications lists;
even in cases where only a few
digits are available from a very
degraded 1label.

2. The scanner system can provide
train speed and direction data pre-

viously obtained from the wheel
sensors. The speeds can be derived
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from the number of label locator
outputs and the known synchronous
speed of the scanner rotating
mirror. Train direction can be
obtained from the assymetrical
structure of the label '"start'" and
"stop'" modules.

3. A communications microprocessor
"can be installed in the scanner to
permit multiple scanner polling by
the management information system
computer. - The polling will enable
a serial connection of large num-
bers of scanners systems at a
reduced cost for communication
lines.

4. Thorough system error and status
checks of the scanner system and
labels can be performed for main-
tenance purposes. This includes
intercomparisons of scanner read-
abilities, the early identifica-
tion of labels needing repair or
washing, and more elaborate thru-
put checks on each scanner's
operating condition.

The cost-effectiveness of these
enhanced capabilities should be eval-
uated in the context of each individual
railroad's operations. Quantitative
information for this evaluation can be
obtained by including the capabilities
in the System Alternatives Evaluation
and Classification Yard Simulation35
models. '

CONCLUSIONS

This paper clearly indicates that
significant improvements in OACI scanner
system performance and costs are achiev-
able. The extent of these improvements
are summarized in Table 1 where the
Final and First Stage of modifications
are respectively listed as items 1 and
2 of the scanner system options. The
table indicates the range of readability
accuracies for each option and identifies
one-unit and 500-unit initial purchase
costs, field retrofit costs, and yearly
maintenance costs. The final modifica-
tions will increase the scanner reada-
bility to 94%-97% enabling a reduction
in initial purchase costs from the
range of $40,000 to $54,000 down to
$27,000. The scanner system yearly

. maintenance costs would also be reduced

by $1700 per year, yielding a $3400
yearly cost after the wheel sensor main-
tenance is included. Alternatively, a
scanner system performance of 92% to 95%
is achievable through a $4500 field
retrofit cost for the first stage of
modifications.
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TABLE 1: OACI SCANNER SYSTEM READABILITY AND COSTS

SCANNER SYSTEM 1
OPTIONS READABILITY

NEW SYSTEM?
CAPITAL COSTS

3

FIELD YEARLY MAI%TENANCE
RETROFIT COSTS COSTS'

ONE
UNIT

500
UNITS

ONE 500 ONE 500
UNIT UNITS . UNIT UNITS

1. FULLY MODIFIED 94-97% 5
SCANNER

$27K

$14K

$17K $9M $3.4K $1.7M

2. PARTIALLY MODIFIED 92-95%
CANNER

$49K

$25M

$4.,5K $2.34 $5.1K $2.6M

3. MANUFACTURERS' 88-91%
LATEST MODIFICATIONS

$47K

$25M

- $5.1K $2.6M

TYPICAL EXISTING .
4. SYSTEM 78-86%

$47K

$25M,

- am $5.0K | $2.6M

NOTES

" 1. LOWER LIMITS INCLUDE WHEEL SENSOR AND MAINTENANCE PROBLEMS (ESTIMATED LOSS 3%); UPPER LIMIT

1S FOR SCANNER SYSTEM ALONE
ONE-HUNDRED LOT BUYS

n s woN

In the OACI label area, a number of
significant conclusions are made. These
are:

1. " The main non-reversible cause of
OACI module degradation over the years
is the change in physical properties of
the upper layer of Scotchlite due to
solar radiation.

2. A reversible cause of OACI stan-
dard module degradation is loss of
gloss of the module surface due to the
natural environment or to abrasion.
This loss of gloss can be corrected by
maintenance-or module redesign.

3. Data from two sources (the label

material manufacturer and the Canadian

National Railways) leads to a 17-year

estimate for the label's operational life.

4., Teflon overlay on the modules has
been completely effective in protecting
the Scotchlite base material and extend-
ing its life.

5. Labels of new design using mater-
ials not affected by solar radiation and
optically matched to the scanner can be
developed.

In closing, the railroad industry
has a large prior investment in the OACI
system, It is believed that the improve-
ment effort and enhancements reported
will assist the industry in making it's
decision on any future investment in
automatic car identification,
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ABSTRACT

With all its truck and carbody instrumentation, Phase T of the Truck Design
Optimization Project found that adequate transducer systems for the measurement
of forces in the friction snubber were non-existent. This paper documents the
design, testing and potential utilization of such a system, fabricated and

tested by Wyle Laboratories.
INTRODUCTION

Within the last decade, an increasing
amount of research has been directed toward im-
proving the performance of the three-piece
freight car truck. Truck manufacturers have de-
signed and built several new truck configura-
tions as well as added special purpose compo-
nents aimed at improving such performance
parameters as ride quality, lateral stability,
and curve negotiation. There has been a great
deal of testing by both industry and government
for the evaluation of the comparative advantages
afforded by modified or new trucks under a range
of operating conditions. Of course, testing was
conducted on the standard three-piece friction
snubbed truck to establish quantitative perform-
ance characteristics as a base for the evalua-
tion of new or modified designs.

While the conclusions drawn from many of
the test results were very often contradictory,
the methods of truck performance evaluation have
steadily grown more rational. Much of the
technological advance can be attributed to the
parallel use of mathematical simulation and
full-scale testing. The mathematical models used
in simulations are necessarily idealized as
they are linearized to reduce computing time,
and because many of the non-linear parameters in
truck dynamics are not quantified.

In 1974, the Federal Railroad Administration
awarded a contract to the Southern Pacific
Transportation Company for the performance of
Phase I of the Truck Design Optimization Project
(TDOP) which had the objective of quantitatively
characterizing the performance of the general
purpose freightcar truck. The Contractor was

primarily concerned with the evaluation of the
two most commonly used three-piece trucks: the
American Steel Foundries (ASF) "Ride Control"
truck, and the Barber S-2 truck; the first
incorporates constant snubbing friction, and the
second, load-dependent snubbing friction. TDOP
Phase I instrumented new 70-ton (63,502 kg) and
100-ton (90,718 kg) ASF and Barber trucks to
measure accelerations, normal contact forces at
the roller bearing adapters and relative linear
and angular displacements between side frames
and bolster. Relative rotation between truck
and carbody bolsters was also measured.

It was soon recognized that instrumenta-
tion was not available to measure the forces
transmitted through the spring loaded friction
shoes or wedges between the side frames and
bolster. In theory, it might have been possible
to derive the friction forces by comparing
measured accelerations and displacements with
the calculated dynamics of a system without
energy dissipation. It was also apparent that
this approach would not only be cumbersome
and expensive in computer time but would not
lead to an accurate determination of the friction
forces. In November 1974, a preliminary design
concept of a transducer system to measure the
forces between side frames and bolster was
submitted by Wyle Laboratories for review.

ENGINEERING CONSIDERATIONS
Although the bolster-side frame connection

is structurally and mechanically simple, it
performs a multiplicity of functions:
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Vertical support of the carbody weight
through the spring nest

®* Centering of the bolster between the
side frames through lateral spring
forces o

Partial isolation of the carbody from: -
shock and vibration through the springs
in both vertical and lateral directions

Dissipation of energy in both vertical
and lateral directions, through the
friction wedges and wear plates

Equalization of wheel Toads on uneven .
track, by permitting re]at1ve pitch and
- roll d1sp]acement

Transmission of yaw torques between
wheelsets and centerplate, required for
curve negotiation, mainly through the
friction shoes and wear plates -

Transmission of longitudinal braking
forces, also through the friction shoes

Limitation of excessive relative dis-
placements through the bolster gibs

Examining these functions it is important to
note that the friction shoes are involved in
four of the eight interactions between side
frame and bolster. The non-rigid connection be-
tween side frame and bolster permits relative
motion in six degrees of freedom and conse-
quently transmits six generalized forces--three
forces and three moments--between the friction
shoes and wear plates.

The tapered surface of the friction shoes
presses against the mating surface of the bol-
ster, and the wedge action results in a normal
force between the vertical shoe surface and the
wear plate. This is generally referred to as
the column pressure. The two shoes at each
bolster end load each other. Relative vertical
or lateral displacement of the bolster gives
rise to corresponding friction forces. Braking
forces are transmitted by increasing friction
forces on the rear shoe unless the column Toad
is exceeded which results in gib contact.
Relative bolster roll, in which plane contact
between friction shoe and wear plate is main-
tained, applies a roll friction moment on the
side frame column.

The remaining two rotations, relative pitch
and yaw, give rise to more complex interactions
as both the slanting and vertical surfaces can
no Tonger remain in plane contact with the
bolster and wear plate, respectively. The re-
sulting edge-to-surface contact is an important
cause of wear, both in the bolster pocket and
at the upper and lower edges of the vertical
shoe surface. The high restoring moment in yaw,
also in pitch, occurs when the side frame is

yawed with respect to the bolster and plane con~

tact at either the sloping or vertical surfaces
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of the friction shoes changes to contact at dia-
metrically opposite wear plates or contact points
in the bolster pockets. Rotation of this diagg-
nal into the center plane of the side frame thus
requires that the distance between opposing fric-
tion shoes be shortened. The friction shoes thus
move closer together, and in so doing slide
inward along the slanted mating surfaces with the
bolster. This causes additional compression on
the snubber spring, and since the vertical load
has not changed, there is a slight rise in the
bolster with respect to the side frame in the
case of load-dependent snubbing. The potential
energy of elastic deformation is merely redis-
tributed between the suspension and snubber
springs. Thus, yaw rotation increases the po-
tential energy of the system by raising the
weight carried by the bolster. For load inde-
pendent snubbing, where the snubber spring is
based on the bolster, the entire potential energy
is stored in the snubber spring. In either case,
the reactions due to skew are applied at diago-
nally opposite edges of the side frame column,
thus providing a yaw restoring couple.

A11 of the load paths discussed above were
considered in the design of the Friction Snubber
Force Measurement System {FSFMS).

MANU?ACTURING TECHNOLOGY AND CONCEPTUAL DESIGN

The technology applied to the FSFMS was
available in the field of towing tank testing
where "force blocks" are utilized to measure the
forces and moments applied between a moving
carriage and a towed ship model. A force block
is a hollow, roughly cubical block of alloy steel
mounted at opposite sides to the objects between
which forces are to be measured. The other four
sides are machined so as to leave short canti-
lever beams instrumented with strain gages to

measure bending stresses resulting from shears

applied at the mounting surfaces. Additional
strain gages are provided for nulling stresses
due to normal -forces. '

In measuring several degrees of freedom, the
load path must pass through each transducer in
turn.. In other words, the transducers must be in
series or cascaded. Cross coupling of signals is

minimized by making the blocks very stiff in both:

shear and compression along all axes not used for
measurement. In the case of the FSFMS, an addi-
tional requirement was symmetry of the load path
in order to preclude unsymmetrical deflections
that would alter the contact geometry between the
friction shoe and the wear plate. In addition,
all force blocks had to fit within the envelope
of the side frame.

The original design concept of the FSFMS is
shown in Figure 1. The wear plate is welded to
an adapter which in turn is bolted to a single
vertical force block. The opposite face of the
force block is bolted to an adapter to which a
pair of lateral force blocks are mounted. Two
normal force blocks are attached above and below,
and are in turn bolted to an adapter rigidly
mounted on the side frame. The adapter between
the vertical and lateral force block divides the

te
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WEAR PLATE
s @\ (Adapter Not Shown)

Figure 1 - Basic Concept
of Force Transducer

load path into two symmetrical sections which
ensure that any tendency of the wear plate to
tilt under unsymmetrical loading is minimized.

The five force blocks are capable of meas-
uring two of the three moments applied by the
friction shoes: The pitch moment is found from
the differential loading of the upper and lower
normal transducers, and the roll friction moment
from the differential loading of the upper and
Tower lateral transducers. Space limitations
precluded a transducer configuration capable of
measuring a yaw moment, however, the increased
column load due to yaw can be measured. An
exploded view of the transducer as built is shown
in Figure 2. Space limitations in the side frame
also required that the normal and lateral force
transducers be combined into a single unit. Each
individual transducer is compensated against
cross-coupling, however, it was not possible to
eliminate .the cross-coupling between the vertical
and normal transducers. This is due to the fact
that the plane of the mounting adapter to which
the lateral and normal force transducers are
attached is offset from the plane of the wear
plate adapter carried by the vertical transducer.
A vertical friction force thus produces a moment
which is resisted by equal and opposite normal
forces. The forces making up this couple must be
distinguished from unequal normal forces due to
a vertical offset of the center of friction shoe
pressure from the center of the wear plate which
occurs with bolster displacement. The correction
factors were established for each transducer
assembly by calibration and must be used in the
reduction of data collected in road tests.

Figure 2 - Exploded View
of Transducer Assembly
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MODIFICATION OF SIDE FRAMES

To be capable of running across the country
under cars in revenue service, the modified,
instrumented trucks had to be able to withstand
normal shock loads, resulting in stresses below
the fatigue 1imit as specified in AAR M-203-65.
This required the side frame to be tested under
a lateral load of 35,000 1b (15,876 kg) without

exceeding the deflections listed in the standard.

This led to a modification of the orignal
design.

An opening in the center of each column of
the side frames was required to accommodate the
wear plate adapter which transmitted friction
shoe forces to the transducer assembly mounted
behind it. Originally, the entire column was
to have been removed and replaced by two heavy
welded steel bars. The bars would serve the
double purpose of providing both reinforcement
of the open center and a mounting surface.
Removal of the entire column might have caused
more deformation in the side frame than could
have been corrected. Therefore, only the col-
umn web behind the location of the wear plate
was removed after the reinforcing bars had been
welded. The modified side frames were then
stress relieved with the center opening
of each side frame stabilized by diagonal
braces to preclude distortion. A modified side
frame of the Barber S-2 truck is shown in
Figure 3.

The critical dimension maintained in the
modification of each side frame was the distance
between wear plates: 17-3/4 in. (0.45m) in the
ASF truck and 17 in. (0.43m) in the Barber S-2
truck. This spacing determines the column Tload
with the given bolster and friction shoe geome-
try, and the spring characteristics. With the
dimensions of the transducer stack between the
wear plate and the mounting adapter flanges
given, the offset between the face of the wear
plate and the back surface of the reinforcing
bars determined the spacing between the wear
plates. Care was taken in the fabrication to
prevent distortion.

A preliminary stress analysis indicated that
the modified column when treated as a rigid
frame with infinitely stiff girders had ample
strength to resist a concentrated transverse
force of 17,500 1b (7,938 kg) applied at_the
center of one of the reinforcing bars. This
represented one-half of the specified 35,000 1b
(15,876 kg). The ledges surrounding the wear
plate where concentrated lateral force would be
applied by one or the other bolster gibs were
the weakest point in the modified column. Re-
moval of the column web deprived the 1ip of a
backup and caused the gib forces to be resisted
by a portion of the 1ip in cantilever bending.
A bar with tapered edges was welded to the
inside of the cut to provide reinforcement, and
the rear edges of the wear plate adapter were
tapered to provide clearance in the reduced
opening.
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Figure 3 - Modified
Barber S-2 Side Frame §

TRANSDUCER CONSTRUCTION AND ASSEMBLY

The transducer components were machined from i
17-4 pH precipitation hardening steel with
yie}d strength of 140,000 psi (965,266 x 10
Nm). Simultaneous application of a normal Tload
of 6000 1b (2722 kg) and vertical and hori-
zontal friction forces of 3000 1b (1361 kgg
each would producg strssses of only about 20,000
psi (137,895 x 10° N/m¢). Therefore, an ample
margin of safety is provided for unforeseen
overloads.

The 35,000 1b (15,876 kg) lateral load does
not pass through the force blocks and therefore
posed no problem for the transducer design. A
portion of this load, however, must be resisted
by the U-shaped mounting adapter which is flange
mounted on the column reinforcing bars and forms
a structural tie across the column opening. The
stiffness in the lateral load path through the
mounting adapter was therefore lowered. As shown
in Figure 4, the thickness of one web between the
transducer mounting plate and its flange was re-
duced so that it would act as a flexure. The
opposite bracket is connected to the transducer
mounting plate by a stainless steel pin assembled
in self-lubricating bushings. This bracket
transmits essentially all of the lateral friction
forces from the wear plate to one column rein-
forcing bar. Under a lateral impact force high
enough to decrease the distance between the



reinforcing bars, the flexure will minimize the
portion of the load transmitted ‘through the
mounting adapter.

The two-piece mounting adapter greatly
eased the assembling of the transducers in the
confined space of the side frames. Individual
components were introduced one at a time and
tightened with a torque wrench in a thread-
locking compound. Some interferences between
transducers and fillets in the side frame cast-
ings were found behind the column, above and
below the cutout. Some of these interferences
were due to variations between castings, and
it was necessary to bevel the edges of the
lateral and normal force transducers as well
as the rear edges of the cutout. Modifications
were also required in the same area of the lower
two bolts of the mounting adapter in the case
of the Barber truck to provide space for
assembly. Figure 5 jllustrates the completely
assembled transducer in the ASF truck.

CALIBRATION TESTING

The tests conducted on the FSFMS were in-
tended to demonstrate performance of the trans-
ducers in the truck under some simulated opera-
ting conditions without reproducing all aspects
of the rail environment which would have
required more complex and costly test equipment.
Only vertical and lateral movements of the bols-
ter were generated during testing, the later
displacement considered essential to prevent the
formation of vertical grooves in the friction
shoes. To minimize the hydraulic power required

Figure 4 - Transducer‘.
Assembly Rear View

to move the bolster, oniy two springs were in-
stalled in each side frame. More springs should
have been used to prevent rocking of the side
frames about their roll axes; however, this
motion demonstrated the capability of the trans-
ducer assembly to identify friction torques due
to roll.

Figure 6 depicts the Barber S2 test set-
up which was, of course, identical for the ASF
Ride Control Truck. An existing test frame
was modified by adding four pedestals to support
the pedestals of the side frames and to restrain
them laterally. A beam simulating the carbody
bolster was nested by a center plate in the
truck centerbowl. The beam was raised ‘and
lowered by a pair of double-ended, double-acting
hydraulic actuators controlled by electrohy-
draulic servo valves. Linear Differential Volt-
age Transformers (LVDT's) mounted on the
actuators provided position feedback. A third

~horizontal hydraulic actuator mounted on a

bracket atop the test frame provided lateral
motion of the simulated carbody bolster. A
central frame guided the bolster beam in a verti-
cal plane through grease lubricated rubbing
plates. Vertical and lateral relative displace-
ments between the bolster and each side frame
were measured by LVDT's.

Qutputs of all 20 force transducers, the
four bolster-side frame LVDT's, and the three
actuator LVDT's were recorded on four oscillo-
graphs. A11 calibration factors for the force
transducers were established with the friction
shoes out of contact with the wear plates. In

Figure 5 - Detail of
Transducers in ASF Truck
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Figure 6 - Barber S-2
Truck on Test Stand

the ASF truck, the pins that lock the shoes
against the springs were left in place until af-
ter calibration was completed. 1In the case of
the Barber truck, the bolster was lifted by
crane to unload the friction shoe springs to a
point where the shoes could be moved manually
away from the wear plates.

For the first test series, the bolster was
lowered until the springs were compressed to
about half their travel. The bolster was then
oscillated about this positijon through an ampli-
tude of + 3/4~inch (+ 0.19m) at a frequency of
0.1 Hz. ~Simultaneously, the bolster was dis-
placed laterally through an amplitude of +1/4-
inch {+ .006m) at a frequency of 1.0 Hz.

Next, a sine sweep was performed, with the
frequency gradually increasing and the ampli-
tude decreasing. During this test considerable
wear was taking place at the friction shoe-
wear plate interface indicated by black powdery
debris. The normal forces being measured were
increasing beyond estimated Tevels, and gouging
of the wear plates was noted. The sine sweep
was terminated at 8.0 Hz as it was recognized
that considerable' time was required for the
friction shoes to wear to service Tevels.

The trucks were then disassembled and the
vertical surface of the friction shoes Tightly
ground to remove larger asperities so that the
forces measured during the tests would be more
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representative of those occurring in service
after wear-in. The first test described was re-
peated and the measured normal forces were in
the expected range for both trucks. The sine
sweep test was eliminated to prevent the Tocal-
ized wear at small amplitudes.

Static friction in the snubber system was
checked by very slowly moving the bolster down-
ward one inch from the centered position with
the hydraulic actuators under manual control.
Also, before disassembling the trucks for fric-
tion shoe grinding, the truck was forced out of
tram and the increase in normal forces on the
column measured.

TEST RESULTS

To reiterate, the main objective of these
tests was to establish proper operation of the
transducer system installed in the trucks. The
objective was achieved. It was not intended to
subject the truck to a full range of inputs such
as would be observed on the track. The force
distribution at the column is Tikely to change
as the friction shoes wear and this phenomena
should be monitored during future road tests.
The following discussions are not intended to
imply endorsement or critique of either truck
design.

The highest recorded friction forces in the
Barber S2 were approximately 1200 1b (544 kg)




in both the vertical and lateral directions.
The highest measured force at the Tower normal
transducer was about 7200 1b (3266 kg). Since
the bolster was descending at this time, this
must be corrected by subtracting the force due
to the vertical friction moment, leaving a true
Tower normal force of about 6900 1b (3130 kg).
The upper normal force is practically zero at
this point or 275 1b (125 kg) with the cor-
rection factor. The total normal force is
therefore about 7200 1b (3266 kg) and the
friction coefficient is 0.167. The lateral co-
efficient appears to be about twice as high, but
this may be due to a slight cocking of the
friction shoes during the.lateral bolster
motion. The lateral friction forces were not
as repeatable as the vertical and normal forces
due more than 1likely to the rocking of the side
frame which was supported only on two springs.
Audible chatter was noticeable on the downstroke
apparently due to vertical stickslip.

An attempt was made to measure the effect
of forcing the truck out of tram by means of set
screws at two adjacent pedestals. In this case,
the normal column load is redistributed, in-
creasing at the top and decreasing at the
bottom, and the friction shoe moves downward,
as expected, since the bolster is restrained by
the actuators from moving upward. Because of
the unsymmetrical distortion of the truck, there
is some lateral sliding between bolster and side
frames creating a friction force of about 200 1b
(91 kg) each.

In testing the ASF Ride Control Truck, the
highest vertical friction forces were 4500 1b
(2041 kg)} down, and 2500 1b (1134 kg) up.

On the downstroke, the measured upper and lower
normal forces were 7500 1b (3402 kg) and

5000 1b (2268 kg), respectively. Therefore,
the corrected total normal force was 9910 1b
(4495 kg) with a friction coefficient of 0.45.
The lateral friction forces were about 4000 1b
(1814 kg) and 2500 1b (1134 kg) on the down-
stroke, so the apparent lateral friction coeffic-
jent was 0.69. Vertical friction and normal
forces were generally Tower during the upstroke,
but lateral friction forces were about the same
in both directions. Therefore, the effective
friction coefficient varied somewhat indicating
some change in geometry which again may be due
to the rocking of the side frames. There also
appeared to be some rocking of the friction shoes
indicated by a sharp rise in the lower normal
and vertical friction forces as the direction

of vertical motion reversed at the beginning of
the downstroke. There was also. heavy chatter
implying additional energy dissipation and the
distribution of the normal load was highly
unsymmetrical with respect to the center of the
wear plate.

It must be emphasized that the data dis-
cussed in the foregoing paragraphs are not nec-
essarily typical of a friction snubber assembly
worn in under actual operating conditions. These
data are presented solely to illustrate the kind
of information obtainable from the Friction
Snubber Force Measurement System.

POTENTIAL UTILIZATION

Since the calibration testing of the FSFMS
was not completed until March of 1977, utiliza-
tion of the system in Phase I of the TDOP, for
which it was designed, was not possible. To
reiterate, the transducer system has been in-
stalled on two trucks commonly used in freight
service jn the United States. The most obvious
difference between the two with respect to the
snubbing force is the dependence on or inde-
pendence of the Toad on the truck. A second
difference relates to the change in snubbing
friction as the truck parallelograms. The warp
stiffness, and thus the friction force, is nec-
essarily affected by the bearing width of the
friction wedge which differs substantially in
the two trucks. A third factor affecting
snubbing friction is the frequency content and
the vibrations applied to the side frame-bolster
connection relating to the phenomenon of
"breakout" friction.

A11 of the above suggest strong nonlinear-
ities due to snubbing friction in the truck sus-
pension system, the modeling of which is diffi-
cult and the effects of which on truck perform-
ance have not yet been quantified. Complete
characterization of the general purpose freight
car truck must involve the evaluation of these

forces on both tangent and curved track, in both

new and worn conditions. . As part of Phase II
TDOP, recently awarded to Wyle Laboratories,

both the Barber S2 and the ASF Ride Control
trucks will be re-tested under varjous load con-
ditions and on several track types with the
transducer equipped side frames. In addition,
quasi-static friction forces will be measured

at frequencies for which inertial effects are
negligible by using the calibration test setup
and supporting the pedestals on load cells to
measure the vertical and lateral reactions trans-
mitted from the actuators, through the snubbing
components, to the test frame. The actual forces
on the columns can then be derived from the

known applied vertical force and the wedge angle.

Acquisition of these data will allow more
detailed specification of the test conditions
to be met in testing for conformance to recom-
mended performance guidelines (developed under
TDOP), will aid in the validation of mathemati-
cal simulation of truck performance, will com-
plete the characterization of the general pur-
pose freight car trucks, and will provide a
technical baseline for the evaluation of special
purpose trucks to be accomplished in Phase II
TDOP.
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ABSTRACT

During unit train tests performed on the Burlington Northern and Union Pacific
railroads, significant fuel savings were realized by using a semi-automatic
throttle control device or '"fuel saver' system to take one or more units of the
locomotive consist off line when the available power and tractive effort
exceeded the demand. This procedure effectively lowered the horsepower per ton
ratio of the train and decreased the rate of fuel consumption. For the parti-
cular set of operating conditions tested the average fuel savings reached 9.8%
and 12.4%. A prime ingredient for the effective use of such a device was the

operating locomotive engineer.
INTRODUCTION

Reducing fuel consumption in rail freight
transportation has become increasingly cost
effective. As the price of diesel fuel con-
tinues to spiral upward, substantial investments
in improved locomotive maintenance practices,
operating efficiencies, and control devices to
decrease fuel consumption have become a neces-.
sity.

Recognizing this need for increased fuel
conservation, the Federal Railroad Administra-
tion sponsored a research study by J. N,
Cetinich entitled Fuel Efficiency Improvement
in Rail Freight Transportation®, This report
presented an excellent discussion of how to
design train operating policies specifically to
conserve fuel while continuing to provide de-
sired schedule and service performance. In
addition to the presentation of an overall
operating policy for the rail industry, the
author discussed nine items characterizing the
ideal diesel road locomotive from the standpoint
of fuel efficiency. Accordingly, the ideal
diesel locomotive would:

1. Be easily maintained
2. Have 3000 horsepower
3. Have high adhesion

* Available from the National Technical Infor-
mation Service; Springfield, VA. 22161;
NO. PB 250673.

Be four axle

Be turbocharged without a parts catcher
Use low pressure drop engine air filters
Have controllable cooling fans and air
compressor disengagable when not needed
Have clean cut-off fuel injectors

Have a built-in control logic to auto-
matically take individual units in a
Tocomotive consist on and off line.

~NOoOvol

0w oo

With respect to the last item, the objective
of such a control device would be to keep a
working turbocharged consist at its most

Fig. 1 Fuel saver control box on locomotive
control stand
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efficient seventh or eighth throttle position as
much of the time as is operationally feasible by
reducing to number one throttle those units in
excess of the normal operational requirements.
This procedure effectively lowers the horsepower
per ton ratio of the train and decreases the rate
of fuel consumption. In a practical field appli-
cation, the number one throttle position is
selected in preference to the idle position in
order to maintain the dynamic brake capability
of the units selected for throttle reduction.
Because of the principles involved in using the
control device, a decrease in.fuel consumption
can be expected for those trains operating on
level grades, on lesser uphill grades, and on
lengthy downhill runs where the number of oper-
ational units in the locomotive consist is most
likely to exceed the power requirements.

The objective of this paper is to quantify
the actual fuel savings resulting from the usage
of one such a device in an operating locomotive
consist. Commonly referred to as the ''fuel
saver" system, the device itself is amazingly
simple. It consists of a control box mounted on
the control stand in the lead unit of the con-
sist (Fig. 1) and a "fuel saver set up switch"

Fig. 2 "Fuel saver set up switch" on locomotive
isolation panel

located on the isolation panel of each unit in
the consist (Fig. 2)

The electrical wiring is accomplished
through two available pins in the jump cable
between the individual locomotives. It should
be emphasized that the locomotive remote con-
trol capability of the system functions through
the interconnecting jump cables of the consist
and is not radio frequency controlled.

TEST DESCRIPTICN

The two test series presented in this

paper, Table 1 § Table 2, involved two distinct-
ly different train configurations operating in
two distinctly different rail environments. In
the first test series, conducted on the Burling-
ton Northern, four turbocharged SD 40-2 loco-
motives pulled a slow, heavy 14,000 ton 110 car
unit coal train across the predominantly level
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682 miles between Lincoln, NE, ‘and Metropolis.
ILL., at an average speed of 25 MPH. This was in
marked contrast to the second test, a high pri-
ority "Super Van' TOFC train of the Union Pacific.
Powered by two EMD DD 40's and one SD 40-2 for a
total of 16,200 hp, the 2500 ton 30 car Super
Van reached an average speed of 50 MPH in spite
of the extremely variable and somewhat mountain-
ous 1519 mile terrain between North Platte, NE,
and Los Angeles, CA. The advantages of testing
dedicated unit trains operating between points

A and B were the predictable operating speeds

~and the relatively constant trailing gross

tons and number of cars per train. This type of
test effectively eliminated the three most pre-
dominant variables encountered in testing mani-
fest freight locomotive consists: speed, trail-
ing gross tons, and number of cars.

For both the BN and UP test series, one
round trip was conducted with the fuel saver
system "off" as a control or data base (D.B.)
test and one round trip was conducted with the
fuel saver system ''on' designated in the data
analysis as the fuel saver (F.S.) test. The
accunulated mileage per round trip totaled.an
impressive 1364 miles for the BN unit coal train
and more than double that or 3038 miles for the
UP unit TOFC train. The BN unit coal train
actually comprised two tests. For the outbound
leg, the coal train was loaded. After dumping
the coal at the end point of Metropolis, the
train returned on the inbound leg empty. All
testing proceeded within the normal operational
framework of each railroad.

Scale weighing both the coal and the cars
insured less than a 3% variation in trailing
loads per test for the loaded unit coal train.
However, such information was not readily availa-
ble for TOFC trains. Instead the gross tons
per car were determined by adding the tare weight
to the estimated trailer plus lading weight sup-
plied by the shipper. As noted in Table 2, the
UP west or outbound TOFC fuel saver test for
zones #1 through #8 included an average value
for both the number of cars and the total trail-
ing gross tons due to a bad order car exchange
at the mid trip point. The number of cars varied
by one and the tons varied from 2372 to 2627 for
an average of 2500 tons.

The test parameters recorded via trip logs
and analog chart recorders included the following:

% Times

* Mileposts

* Fuel consumption per locomotive

* Refueling readings at trackside fueling racks
* Throttle position vs. time

* Speed vs, time

* Average % time in fuel save per locomotive

* Number of crew changes and stops

% Fuel oil temperature {pump-up & return), °F

* Lube 0il temperature at the oil pump, °F

* Traction motor exhaust air temp., °F(BN only)
* Alternator current vs. time (BN only)

* Spectographic lube oil analysis (BN only)

* Lube 0il additions (BN only)




Table 1 BN Unit Coal Train
Summary of Fuel Saver Test Results

UNLOADED (DAL TRAIN
TEST ZONES 6 TO 1

LOADED COAL TRAIN

OPERATING (ONDITIONS® TEST Z0NES 1 TO 6

D.B.TEST F.S.TEST | % DIFF.| D.B. TEST|F.S. TEST| § DIFF.

1. TOTAL HP (SD 40-2, FOUR)** 12000 12000 12000 12000

2. NUMBER OF QDAL CARS 110 110 110 110

3. SCALE WEIGHT OF CARS, TONS} 14,368 13,958 - 2.8 3370 3375 + 0,1
4. AVER, CABOOSE WI., TONS 27 27 27 27

5. TRAILING GROSS TONS, TGT 14,395 13,985 - 2.8 3397 3402 + 0.1
6. HP/TGT .83 .86 + 3.6 3,53 3.53

7. MILES TRAVELED 682,1 682.1 682.1 682.1

8.

a. LEVEL O & 0.49% 79.4 79.5
b. ASCENT 0.50 - 0.70% 9.5 8.2
0,71 - 1.50% 0.9 1.7
1.51 - 2.50% 0.0 0.0
c. DESCENT 0.50 - 0.70% 8.3 9.2
0.71 1,508 1.9 1.4
1.51 2.50% 0.0 0.0
8. TOTAL TIME IN MOTION, HR. 27.90 29.15 + 45 27.54 23.90 - 13,2
10. AVER. SPEED, MPH 24.4 23.4 -4.1 24.8 28.5 + 149

11. NUMBER OF CREWS
12, NUMBER OF STOPS 31 27 -12.9 32 31 - 31

13, AVER. % TIME IN FUEL SAVE

14, AVER, % TIME/THROTTLE NO.
a. IDLE (IN MOTION) 8.0 9.0 +12.5 6.1 7.2 + 18,0
b. THROTTLE 11 7.7 10.7 +39.0 12,5 8.1 - 35.2
c. THROTTLE #2 13.9 7.0 ~49.6 20,0 6.2 - 69.0
d, THROTTLE #3 12.4 6.3 -49.2 1.7 5.2 - 55.5
e. THROTTLE #4 10.7 4.6 -57.0 13.1 7.4 - 43.5
£, THROTTLE #5 10.1 6.9 -31.7 9.5 5.8 - 38.9
g. THROTTLE #6 7.5 5.7 -24.0 5.5 5.4 - 1.8
h, THROTTLE #7 4.3 4.7 +9.3 5.0 7.7 + 54,0
4. THROTILE #8 25.4 45.1 +71.6 16.6 47.0 +183.0
15. FUEL CONSIMPTICN, GALS. 7566 7700 + 1.8 6278 4927 - 218
16. TGIM/GAL. 1297.8 1238.8 - 4.5 1369.1 471.0 + 27,6
17. GAL./1000 TGTM 0.77 0.81 + 5.2 2.7 2.12 -21.8

#  TEST DATES: FEB. 14-22, 1977
**  SAME LOCOMOTIVE CONSIST FOR ALL TESTS
#84 INCCMPLETE DATA

To aid in the subsequent analysis, the above
data was supplemented with track profiles, track
diagrams, and mileage tables. All speeds,
temperatures, throttle positions, and alternator
currents were recorded for the lead locomotive
only. In addition, a set numeric order for
manually recording all other pertinent locomotive
data was established and adhered to throughout
the tests.

The locomotives assigned to both test con-
sists had all been screened for potential pro-
blems in regularly scheduled fifteen or thirty
day inspections just prior to testing. Hence
their performance characteristics and fuel
efficiencies were considered to be typical of
the average locomotive operating under similar
conditions. The designated lead and trailing
power units never varied from one test to the
next and were set up to operate in the fuel save
mode either individually or in a preset combi-
nation. Although all SD 40-2 locomotives could
be operated independently in fuel save, both
power units of the 6600 hp DD 40 were wired to
simultaneously reduce power when in fuel save .
In this case the DD 40 represents a special class
of locomotive. The decision to monitor the two
power plants as a single unit was based on the
prevailing route profile grades and the relative-

aa TGTW/GAL 312,8 356.9 14,1 286.9 353.9 *23.3 423.6 450.2 + 6.3

Table 2 UP Unit TOFC Train
Summary of Fuel Saver Test Results

WESTBOUND WESTBOUND EASTBOUND
TEST Z0MES 170 8 TEST ZOAES 1,2,44 TEST 20NES 1,2,84

D.B. TEST|F.S. TEST| \ DIFF.] D.B. TEST|F.S.TEST| & DIFF.| D.B. TEST| F.S.TEST | \ DIFF.

CPERATING CONDITIONS

1. TOTAL HP 16,200 | 16,200 16,200 | 16,200 16,200 16,200

1. AW
8. LOADED CARS 34 31 M 2 46 31(21B0X)

b. EMPTY CARS 1 2 1 2 1 2

€. TORC CARS ALL HIT 3 ALL JALL T 3 ALL ALL BUT 6 10

. AVER. CABOOSE WT., TONS 27 27 27 27 27 27
. TRAILING GROSS TUNS, TGT 2501 2500 0.0 2501 2627 . 5-.0 3233 + 315§ - 2.4
.+ HP/TGT 6.48 6,48 0.0 6.48 6.17 - 4.8 5.01 5.18 +2.4

3.

4

H

6. MILES TRAVELED 1519 1519 605 605 605 505
7

)

[}

. TOTAL TIME IN MOTION, HR. 31.38 29.70 =54 11.70 n.21 4.2 11.03 1.3 *+3.0
. AVER. SPEED, MH 48.8| 51.5 + 5.6 51.9 54.5 *49 55.3 53.4 - 3.5

. NMMEER OF CREMS 8 3 3 3 3
10. NUMBER OF STCPS 8 9 3 4 3 4

11. AVER. 8 TIME IN RUEL SAVE
a. LEAD  POWER INIT .
b. 3 POWER UNIT
c. 4th,5th POWER INITS

12 AVER. % TIME/THROTTLE NO.|
a, C-DN. RRAXE, IDLE
b. THROTTLE # 2
c. THROTTLE # 3

d. THROTTLE 4

'
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13 REL ONSMPTION, GAL.*s+ 12,145 | 10,641 | -12.4 521 4491 -9 4617 70

15 GAL/1000 TGTM 3.20 2.80 ~12.5 3.4 2.83 -18.9 2,36 .22 - 5.9

®  AVERAGE: CAR EXCHANGE AT MID TRIP POINT.
4% USED BUT NOT RECDRDED
WESTROUND

NOTES

1. TEST DATES: MARCH 29, 1977 TO APRIL 5, 1977
2. SA¥E LOCOMUTIVE CONSIST AND QRDER FOR ALL TESTS

LEAD, #2 43 “, s
D040’ sp40-z D40
6600hp 3000  6600kD

ly high track speeds.

To record diesel fuel consumption to the
nearest gallon, two calibrated volumetric flow
meters were installed in each of the four loco-
motives of the BN unit coal train and in each of
the five power plants of the three locomotive UP
unit TOFC train. The difference in meter read-
ings between the supply line and the return line
to the fuel tank indicated the fuel consumed per
locomotive. The meter readings were recorded
manually at. the end of each test zone as well as
for any delay encountered. Because of the number
of crew changes per test and the importance of
the locomotive engineer in evaluating the per-
formance of the fuel saver system, a test zone
was defined as that distance traveled before a
crew change occurred.

In addition to the on-board meters, track-
side tank refueling readings were also recorded,
where possible, to determine a comparability fac-
tor between the on-board meter readings and the
quantity of fuel supplied to each fuel tank. For
the purpose of these tests, the BN installed in
the pump line of their refueling racks an
accurate high volume flow meter calibrated by the
Nebraska Bureau of Weights and Measures. The
most recent calibration dates of the UP track-
side refueling meters were not known, but the
meters themselves were less than a year and a
half old.
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As an indicator of the variation in train
handling techniques with and without use of the
fuel saver system, throttle positions vs. time
were recorded continucusly on the BN tests and
at discrete time intervals on the UP tests using
a millivolt vs.. time recorder wired to the
various solenoid valve combinations.

In the course of each test it was found that
the on-board locomotive speed recorders were
considerably inaccurate for speeds less than
20 MPH and greater than 35 MPH, Standard pro-
cedure per crew change involved calibrating the
speed recorder with wristwatch and milepost to
correlate indicated recorder speed with the
actual track speed. Therefore, it was not
possible to continuously monitor speed vs.
distance as a means of comparability between
any data base and fuel saver test series. In-
stead, average trip times in motion per crew
change were calculated by matching the start
and end times per crew change with the analog
brush charts recording locomotive throttle
positions vs. time. The average operating speeds
per test zone were then calculated by dividing
the known distance traveled by the total test
time the train was moving.

To accurately record the desired temperatures,
all of the iron-constantan thermocouple leads
were checked for breaks and precalibrated prior
to testing, ‘The sensing elements inserted into
the various fluids through drain plugs or special
fixtures varied from a multi-twisted wire to a
dip stick configuration to a completely com-
pensated insulator sleeve emersion thermocouple. -
Temperature recording methods included direct
readings from a pyrometer at the turn of a
switch (BN) and continuous readings at discrete
time intervals using a millivolt vs. time chart
recorder with temperature vs. time paper (UP).

Located on the back of each fuel saver
system control box were hour counters to accumu-
late actual time in use to the nearest tenth of
an hour, The data was available but unfortunate-
ly was not recorded in all of the fuel saver tests
on a per test zone per locomotive basis. On the
West or outbound leg of the UP fuel saver test
the third fuel saver system was inoperative.
While repairs were being made, both the
first power it of the lead DD 40 locomotive
and the third SD 40 wnit were manually isolated
to simulate fuel saver test conditions. There-
fore, time in fuel save per locomotive was not
available for this type of situation.

Effective use and operation of the throttle
control device was highly dependent on the skill’
of the locomotive engineer. Skill in this in-
stance was indicated by the engineer's ability
to match the use of the fuel saver to the track
profile and the power requirements. For each fuel
saver test on the BN and UP, the locomotive
operating engineer was instructed by on-board
test personnel to keep the locomotive consist at
the seventh and eighth throttle positions as
much of the time as possible. The fuel saver
switches were employed to reduce power where
necessary without sacrificing track speeds or
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operating schedule times. Because of the
numerous crew changes on both the BN unit coal
train and the UP unit TOFC train, the time and
number of locomotives in fuel save varied con-
siderably.

Looking at the East or inbound U.P. fuel
saver test sunmary of results presented in
Table 2, note that only three of eight test zones
of data have been presented. Test zones #5 to
#8 were eliminated because the assigned fuel
saver test train was mixed freight and did not
match the data base TOFC train in configuration
or number of cars. Midway through the test
route the train was changed,but again it was
mixed freight with only one third TOEC.

DATA REVIEW AND ANALYSIS

Within each test series conducted on the BN
and UP, test comparisons were made on the basis
of the fuel consumed with and without use of the
fuel saver in trains of similar configurations,
trailing gross tons and operating speeds. The
two methods employed to compare fuel efficiencies
included the evaluation of the percent decrease
in fuel consumed and the calculation of the ratio
of one thousand trailing gross ton miles per
gallon of fuel (1000 TGIM/GAL). An increase in
the ratio of 1000 TGIM/GAL denoted an increase
in the fuel efficiency.

BURLINGTON NORTHERN UNIT COAL TRAIN

With 79% of the route miles at less than
0.5% grade, the overall average percent decrease
in fuel consumed round-trip was 9.8%. This
figure represented an average of approximately
zero fuel savings recorded for the loaded coal
train and the striking 21.5% fuel savings re-
corded for the unloaded coal train (Table 3).
Though the average fuel saver test speed for the
unloaded case was 15% greater than the data base
Tun, it must be remembered that the percent
difference technique is deceiving for low numbers
and that the actual difference was only 3.5 MPH
from one test to the next.

Significant pattern changes were exhibited
in the average percent time spent per throttle
position between the data base and fuel saver
tests. As shown in Fig. 3, operating in fuel
save dramatically reduced the accumulated hours
in throttle positions #2 and #5 by 30-50% and
40-70% respectively for the loaded and unloaded
coal trains. However, the time spent in throttle
position #8 almost doubled and tripled with in-
creases of 78% and 183% respectively for the two
test cases. Due to time gaps in the paper tape
recordings, only three of six test zones of re-
presentative throttle data have been presented
in Fig. 3.

Looking at the loaded coal train test re-
sults (Table 3), the differences in fuel con-
sumption ranged from an increase of 24.1% or 129
gallons for test zone #4 to a decrease of 11.4%
or 170 gallons for test zone #4. The average
speeds of 25 and 23 MPH for these two test zones
were similar and the number of stops were




Table 3 BN Unit Coal Train-Fuel Consumption
Per Locomotive Per Test Zone

st | e SPEED, M | TOME IN FUEL SAVE FUEL CONSUMED, GALLONS
oF |unes | zo& | v ] vER tocoeorive PER LOCOMOTIVE CONSLST] PERCENT
we | TeST] aver |oire | 20 | wmo| am | wean| aw| w0 | am | aver. | tora | o,
(worvep) | DB 27.8 234 | 383 [ 542 | s32 | a22.8| 161
1 141.6 1.9 +10.9
Fs 24.5 sse | 327 [ 370 | 620 | 4es.8 | 1875
o 3.1 219 | 195 | 281 { 287 [ 245.5[ se2
2 13.)] -10.0) + 5.0
Fs 28.9 sas | 176 | 188 | 279 | 257.8)| 10m
0B 26.2 357 205 | 423 410 | 3.2 1485
3 117.4 - 3.4 -11.4
Fs 25.3 405 | 254 | 330 | 326 [ 328.7 1315
B 23.2 17| n3 | 1e7] e | 1] s
4 69.4 - 0.9 ~24.1
Fs 23.0 TEST 4ones f to S:| 228 137 | 137] 162 [ 166.0| 664
DB 19.4 336 | 350 | 463 | 4sz| 402.7 1611
5 1344 v 57| 27| 30.0f 285 2.6
FS 20.5 s31| 386 | ;4| 338| 392.2 1569
] 2.7 202| 250 [ 363| 3s7| ms.s| 1262
6 1062 - 6.9 - L3
Fs 20.2 TEST 20NES  to 6:] 418 269 | 260 200| 3115 1246
(nospep) | BB 21.8 174 | 164 | 239| 249 206.5) 826
6 106.2] -12.8] 39.6| s6.1] s6.1 - 8.8
Fs 19.0 saf 1| so| 121 1se.2| 753
DB 19.3 15| 162 f 250 271 | 207.0| s28 -
H 134.4 g3 o | e . C93
] 20,9 : 465 1:2| 55| s9| 1e2.7| 71
o3 18.5 156 134 | 108 141 | 1572 | e29
4 69.4 esas]| o | » . 6.1
Fs 28.6 we| 15| 72| e3| sa7| 33
o8 43,50 305 | 252 | 3ez| 424 | 3387 | 1343
3 17.4 BN IR I . -156
Fs 38.7 as2| 175 | 231 246 | 2835 | 1134
B 33.4 314 253 | 367| 367 326.2 | 1300
2 3.1 v26.9f o | » . 15.4
Fs 42.4 s72| 210§ 258 261) 275.2 | o
oB 33.24 s17| 263 | 384| 387 | 3377 | 1sm
1 141.6 SIS N I . .
Fs 3.7 386 98| 173| 192 2:12.2| 89
AVERAGE VALUES
LOAED 3 2.5 1555 | 1566 12219 | 2226 | 1891.5 | 7566
16 682.1 Sas) o | . + 1.8
FS 23,4 2528 | 1549 [1608 | 2015 | 1925.0 | 7700
wstoanep | oB 24.8 1411 | 1228 (1800 | 1839 | 1569.5 | 6278
6to1 682.1 TR BN * -21.5
Fs 28.5 2195 | 851 [ 869 | 1002 | 1231.7 | 4927

* USED BUT NOT REGORDED *4BASED ON AVAILABLE DATA

identical. However, the number of route miles
per grade range were distinctly different.

In the loaded coal train test for test zone
#4, 90% of the route miles were essentially
level at ¥ 0.5% grade as opposed to 73% for test
zone #3. From Fig. 4, the relative time spent
in the lower throttle positions for test zone
#4 indicated that most of the 90% ''level" route
miles were actually descending with increased
periods in dynamic brake. Fuel saver usage in
this situation was not as effective as for test
zone #3 where the terrain was characteristically
more undulating. Examining the histogram for
test zone #3 more closely (Fig. 4), it was found
that the recorded fuel savings for this zone were
obtained by reducing the time spent in throttle
notch #5 followed by smaller reductions for
postions #1 and #2. The net result was more
efficient power usage in the eighth throttle
position and 11.9% fuel savings in spite of the
heavy 14,000 ton trailing load.

For the unloaded coal train, there were
fuel savings on every test zone. As shown in
Table 3, the decreases in consist fuel cohsump-
tion ranged from 8% to 15% on four out of six
test zones. However, for test zones #4 and #1

the fuel savings exceeded 30%. For these two
test zones as well as for test zone #2, the
fuel saver test operating speeds were signi-
ficantly higher than the data base tests, yet
the fuel consumed was definitely less for the
fuel saver tests. Combining this fact with
higher ratios of ton miles per gallon and ex-
tensive shifts in throttle usage patterns, Fig.
5, indicated a possible trend toward greater
fuel savings when using the fuel saver system
at increased operating speeds for the 3.5 horse-
power per ton power assignment.

Installing calibrated meters in the pump
lines of the trackside fueling racks enabled a
direct comparison between the quantity of fuel
added to the locomotive fuel tanks and the actual
fuel used as recorded by the on-board fuel fiow
meters. The percent variation between the two
fuel recording methods was extremely small; less
than one percent. The advantage of the on-board
meters was that fuel consumed in-motion could be
differentiated from fuel consumed when the train
was stopped. Therefore, a variation in the num-
ber and length of stops between tests could be
effectively eliminated as a test variable by con-
sidering only the fuel consumed when the train
was in motion. The fact that the stops occurred
would of course be recorded and evaluated in the
overall locomotive operaticnal performance.

Using a sampling technique for recording fuel
and lube oil temperatures (Tables 4 § 5) rather
than continuous monitoring indicated two trends.
First, for the ambient conditions tested, the
average temperatures changed very little per
round trip after 55 and 53 hours in motion with
the same number of crew changes and a similar
number of stops. Second, the average tempera-
tures were slightly elevated for the fuel saver
tests as could be expected with increased time
in the higher throttle positions.

More specifically, for the data base round
trip test (loaded plus unloaded train route),
the average temperatures ranged from 90°F to
1009F respectively for the pump-up and return °
fuel oil lines with the lube oil at 1629F. For
the fuel saver round trip test, the average
pump-up and return fuel oil temperatures ranged
from 959F to 1080F respectively while the lube
oil temperature increased to the 172-1780F range.

BURLINGTON NORTITRS (682.1)

UNLOAUED COAL TRAIN
(TEST ZONES 2,5,66 ONLY)

FUEL SNER
Y= 28.5 \PH

PERCINT OF TOTAL TRIP TINE
PERCENT OF TOTAL TRIP TI*F

1123 456 78 T 123 45 67 8 11 2345 67 8 1 12335 67 6
THROITLE POSITIONS

THROTTLE POSITLONS

Fig. 3 Histogram of time vs. throttle position
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TEST ZONE 1 (141.6 MILES) TEST ZONE 2 (115.1 MILES
.
LINOOLN TO CRESTON oy CRESTON TO OTTUMGA

50 H pata Base RIEL SAVER
o v 27.0mm v 24.5 MM

so || DATA masE FUEL SAVER
V= 32.1 M V= 28.9 MPH

PERCENT OF TOTAL TRIP TIME
]
PERCENT OF TOTAL TRIP TIME

Wh-myr e -t - =- - - == -t4 E w0 b-=-+4---]-|- cqm—- -~

0!113‘567! 1123 45 678
THROTTLE POSITIONS

TEST ZONE 3 (117.4 MILES)
OTTUMA TO GALESBURG 604

1123 45 678 112 34 §67 8
THROTTLE POSITIONS

TEST ZCNE 4 (69.4 MILES)
GALESBURG TO BEARDSTORN

so b[ DaTA masE RUEL SAVER "
N DATA BASE FUEL SAVER
Ve 26.2 ¥ Ve 25.3 MM
o a0 Hve 232 V- 23 MH

PERCENT OF TOTAL TRIP TIME
]
PERCENT OF TOTAL TRIP TDME

0 1
11 23 456 78 1123 45 678
THROTTLE POSITIONS

TEST ZONE 6 (106.2 MILES)
CENTRALIA TO METROPOLIS

1123 45 678 1123 4567 8
THROTTLE POSITIONS

TEST ZQME 5 (134.4 MILES)

BEARDSTOWN TO CENTRALIA
DATA BASE FUEL SAVER
V= 18,4 MY V= 20,5 MH

2

g

"
5

PERCENT OF TOTAL TRIP TIME
B

T12 345678 112345678 112345678 112345678

THROTTLE POSITICNS

THROTTLE POSITIONS

Fig. 4 BN loaded coal train-Histogram of time
vs. throttle position per test zone

UNION PACIFIC-UNIT TOFC TRAIN

Examining the aggregate test results in
Table 6 for the eight test zones in the West-
bound direction indicated an overall average de-
crease in fuel consumption on the order of 12%
at an average speed of 50 MPH, Individual test
zone savings for this direction ranged from
zero to a high of 23%. Due to a problem in
matching the Eastbound fuel saver test train
with the TOFC data base train, only selected
test zones in this direction have been presented
for analysis. Though the Eastbound comparison
fuel saver test train was only one third TOFC,
the fuel savings still averaged 8%. The trail-
ing gross tons and speeds were similar for all
test zones with the only marked variation in
number of cars occurring in the Eastbound di-
rection.

Test zone #3 was eliminated from the East-
bound data comparisons because the average test
zone speed for the fuel saver test exceeded the
data base test by 30%. In this test there was
a reluctance on the part of the locomotive en-
gineer to use the fuel saver system under the
misapphrension that track speeds were going to
be sacrificed as part of the test criteria. As
might be expected, operating at eighth throttle
more of the time without reducing power in the
trailing units increased the fuel consumption
and the average operating speed for that test
zone,
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so b | V= snd0mm Ve 42,4 WH 50 b (V- 3n2wm v 3.7 R

PERCENT OF TOTAL TRIP TIME
&
PERCENT OF TOTAL TRIP TIME

L "-“"“-“-W

T 12345 678 112 34567 8
THROTTLE POSITIONS

s = -
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Fig. 5 BN unloaded coal train-Histogram of time
vs. throttle position per test zone

As on the Burlington Northern, fuel usage
on-board the locomotives was compared to the
actual fuel added to the fuel tanks from the
trackside refueling racks. Unfortunately, the
method of refueling and the refueling perscnnel
were not controllable elements of this test
series. Consequently, the comparability between
the two fuel recording methods varied from 2%
to greater than 15%.

In the Eastbound direction, all on-board fuel
meters were operational for both the data base
and fuel saver tests. Such was not the case in
the Westbound direction. Due to clogging in the
"pump-up'' fuel meters of two of the five power
plants, it was necessary to derive some of the
fuel data presented in Table 6. By determining
the percent deviation from the average locomo-
tive fuel consumption in the Eastbound direction,
it was possible to develop coefficients to pre-
dict individual locomotive fuel consumptions for
the Westbound data base test. This of course
assumed that the individual locomotive perform-
ance characteristics within the consist were
essentially constant throughout the 1519 route
miles. Evaluating these fuel consumption coef-
ficients on a per test zone basis (Eastbound) in-
dicated that this was indeed the situation with
only a few exceptions in test zones #4, #5, and
#8. Note that not all of the Eastbound data was
presented in this paper for reasons previously
discussed.




Only a slightly different technique was used
to derive fuel data for the fifth power plant '
operating Westbound in fuel save. Due to con-
tinual variation in the number of locomotives
in fuel save at any given time, 1t was not
possible to predict individual locomotive fuel
consumptions from the consist average. However,
the fourth and fifth power plants were wired to
be simultaneously operated in and out of the
fuel save mode. With similar duty cycles, and
again assuming consistent performance charac-
teristics throughout testing, the fuel consumed
by the fifth power plant in the Westbound di-
rection was derived from the parallel performance
of the fourth and fifth power units. Both the-

data base and fuel saver test results (Eastbound)

were included in the derivation.

As shown in Fig. 6, the total time accumu-
lated per throttle position varied considerably
between the data base and fuel saver tests. The
letter "C'" denoted an idle-dynamic braking
sequence frequently encountered in the somewhat
mountainous terrain. For test zones #1 to #8
inclusive Westbound from North Platte to Los
Angeles, major decreases of 50% to 70% were
recorded for throttle positions #3 to #5 accom-
panied by 40% increases in the idle-dynamic
brake and throttle #8 positions. The pattern
shift of time vs. throttle position for the

three Eastbound test zones was slightly diffevent.

Table 4 BN Loaded Coal Train
Fuel and Lube 0il Temperatures

TEST* DATA BASE TEST (TRIP TIME=27.90 HR.) FUEL SAVER TEST (TRIP TIME = 29.15 HR.)|

SAMPLE FUEL OIL TEMPERATURE, °F LWUBE OIL FUEL OIL TEMPERATURE, °F LUBE OIL

NIMEER | PUIMP UP RETURN DIFF. °FJTB|P.,°F PIMP UP RETURN| DIFF.SF |TBMP.,%F

BS 90 5 140 90 105 15 180

85 98 13 140 90 110 20 180

90 110 20 157 95 105 10 180
95 120 25 175 95 105 10 180

85 95 10 165 100 105 B 180 ’
90 100 10 175 100 120 20 180

80 90 10 165 95 108 10 180

1
2
3
4
H 85 100 15 170 95 11s 20 180
6
7
8
9

95 105 10 170 100 105 s 180
10 90 105 15 170

1 95 110 15 170

12 100 115 15 180

AVER, 88 101 13 162 95 109 14 178

Table 5 BN unloaded: Coal Train
Fuel and Lube 0il Temperatures

TEST* DATA BASE TEST (TRIP TIME=27.54 HR.) FUEL SAVER TEST (TRIP TIME=23.90 HR.)

SAMPLE FUEL OIL TEMPERATURE, °F LUBE OIL FUEL OIL, TEMPERATURE, F |LUBE OIL

NMBER | PP UP | RETURN |DIFF., °F|tewp.,%F ] puvp up | RETURY | DIFF., CH{TEMP., OF

1 90 95 5 150 100 105 s 150

2 85 90 5 150° 95 110 15 175
3 90 95 5 155 90 100 10 150
4 90 100 10 160 95 105 10 185

H 100 110 10 175 100 115 15 185
6 100 110 10 170 95 105 10 175
7 95 100 5 175 100 115 15 185

AVER. 93 100 7 162 96 108 12 172

Table 6 UP Unit TOFC Train-Fuel Consumption
Per Locomotive Per Test Zone

TEST | TYPE SPEED, MPH | % TDE IN FUEL SavE] FUEL CONSUMED, GALLONS
oF | MILES| 20NE[ 4 PER LOCOMOTIVE PER LOCOMOTIVE joons1sT|  FUEL
TOTAL | SAVED
20 | TEST| AVER| DIFF READ| 3RD| 4mi,5T{LEap | 2vD| 3Rp| 4mi| sTH| AVER. .
EsT)| DB 49.6 552 | 497 | s1se| ase | 53¢ 519.2] 2596
1 b231 + 7.9 -23.5
s 3.0 0.0 « | 45.6 | 523 | 460 | 556 f 200 | 248+ 397.4] 1987
DB 53.6 335 | 200 | 3054 292 | 315 307.4| 1537
2 173 +10.2] - 9.6
Fs 59.0 0.0 | se.0 | 358 | 311 | 266 | 203 [ 2524 278.0] 1390
DB 40.5 225 179 | 193¢ 178 | 1999 194.8f 974 ‘
3 135 +20.7 -20.3
s 48.9 e | wn | ses | 1310 | 256 | 228 | 72| sey| 1s5.2] 776
DB 52,6 267 | 208 | 226%| 207 | 2339 228.2] 1141
4 211 - 2.4 2.4
s 513 oo | »e | 754 | 316 [ 286 [ 348 | 73| 914 222.8] n1a
DB 60.5 331 | 283 | 200%| 261 | 300 293.0] 1465
s 207 - 5.4 6
Fs 58.5 ox | as | 452 | 209 | 428 | 290%| 196 | 2434 291.2] 2456
] 45.8 368 | 287 | 3218| 312 | 3324 324.0] 1620
6 243 + 3.1 R 12.3
R a2 as | e Go.4 | 279 | 333 | 3200 218 | 271 284.2) 1421
q  315.6] 1578
DB 49.3 g 357 | 204 | 3134 291 | 32¥ a2
4.
7 . R I we | 15.1] 30.3) 06| 331 281 | 103| 243 270.4 1354
B 38.1 282 | 227 | 2440| 228, | 253%| 246.8 | 1234
8 159 +1L.5 - 74
FS 4.5 as | 48.1 | s0.8 | 303 | 266 | z2¢ | 140 | 220 | 228.6 | 1143
(EasT)| DB 51.9 . 277 | 213 | 235 | 209 | 260 | 238.8 | 1194
1 221 + 2.9 -14.0
s 53.4 0.0 | 58.0 [ 67.6 | 327 | 279 | 200 | 65 | 147 | 205.4 | 1027
DB 59.0 299 | 266 | 270 | 256 | 301 | 278.4 | 1392
2 173 - 1.0 13.8
s 54.9 0.0 | 57.1 | 60.3 | 315 | 230 | 234 | 184 | 237 | 240.0 | 1200
DB 55.0 504 | 367 | 395 | 350 | 415 | 406.2 | 2031
4 m - 5.7 9
s 51.8 0.0 | 51.6 | 54.0 | 565 503 | 381 | 231 | 333} 402.6 ] 2013
AVERAGE VALUES
(WEST)| DB 48.8 2717 |2265 [2407 |2267 |2489 f2429.0 |12,145
1710 8 1519 + 5.6 12.4
FS 1.5 ae | es | g7.4 | 2515 [2671 |2513 [1295 [1647 J2128.2 10,641
vsT)| DB 51.9 1154 | 995 [1046 [ 997 [1082 |1054.8 | 5272
1,2,4 605 .49 -14.9
S 54.5 sa | e | 59,7 1197 |2087 1170 | 476 | 591 | 898.2 | 4401
(EAST)| DB 5.3 1080 | 846 | 900 | 815 | 976 | 923.4 | 4617
1,2,4 605 - 35 - 8.2
2] 53.4 0.0 | ss.6|60.7 | 1207 |1012 | 824 | 480 | 717 | s48.0 | 4240
DERIVED DATA *SED BUT NOT RECORDED

Though the time in throttle #5 varied little,
significant decreases of 40-70% occurred in
positions #3 and #4 as well as in #6 and #7
with a corresponding increase of 78% in throttle
#8. Individual throttle histograms per test
zone have been presented in Fig. 7 & 8,

In the Westbound direction, test zones #2,
#3 and #8 exhibited higher operating speeds for
the fuel saver tests but lower fuel consumption
per test zone when compared to the data base
tests. This same trend was observed on three
of six test zones evaluated on the BN unloaded
coal train tests.

To determine if there were any significant
changes in the fuel and lube oil temperatures
while testing, these temperatures were contin-
uously monitored at the rate of one set of read-
ings a minute. Breaks in the thermocouple leads
were common and were difficult to avoid. All
available temperature data was condensed to il-
lustrate the distribution at the completion of
regular time intervals per test zone (Tables 7
& 8). Data for the pump-up fuel oil temperature
was not available. After 30 hours in motion
Westbound, the maximum return fuel oil tempera-
tures averaged 1280F both with and without the
fuel saver, ranging from a low of 1170F to a
high of 1380F, For all eight test zones the fuel
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saver return fuel oil temperatures were con-
sistently similar to the data base comparison
levels. The same trend was observed for the
limited lube oil temperature data where the
maximums ranged from 1730F to 1840F for the data
base and fuel saver comparisons. Therefore,

for these test conditions, operating at higher
track speeds in fuel save did not affect the
fuel and lube o0il temperature levels.

UNION PACIFIC (60S MILES)

DRI PACIEIC (1510 4I11S)
EASTBOUND TEST Z0NES 1,2,64

DATA BASL FUEL SAER
V= 55.3 2090 V= 53.4 M1

WUSTRIED FIST ZO0RES 110 8

UL SR
\a 515 ML

PIRGENY OF 101AL TRIF Thy

PLRCENT OF TOTAL TRIP TIME

[
C2 34 567 8 C2 345 67 8

TRUTTLE POSITIONS

€2 34 567 8 €2 345 67 8

NI BOSTFIONS

Fig. 6 Histogram of time vs. throttle position

SUMMARY

During the unit train tests per-
formed on the Burlington Northern and
Union Pacific railroads, significant
fuel savings were realized by using a
semi-automatic throttle control device
or '"fuel saver" system to take one or
more units of the locomotive consist
off-line when the available power and

3
2

TEST ZONE 4 (211 MILES)
SALT LAKE CITY TO GREEN RIVER

60

50 DATA BASE
V= 55 MPH

4

PERCENT OF TOTAL TRIP TIME

C 234 56 78
THROTTLE POSITIONS

C2 34 567 8

609, TEST ZQE 2 (173 MILES)
{ RANLINS TO OEYENE

50

PERCENT OF TOTAL TRIP TIME

= i1
C 234 567 8

1 T 1
34 567 8

THROTTLE POSITIONS

608

TEST Z0NE 1 (221 MILES)
50 CHEYENNE TO NORTH PLATTE
%

DATA BASE

FUEL SAVER
V= 53,4 MPH

PERCENT OF TOTAL TRIP TIME

€ 234 56 78
THROTTLE POSITIONS

C 234 567 8

Fig. 7 UP Unit TOFC Train (Eastbound) Histogram
of time vs. throttle position per test zone.

UNION PACIFIC UNIT TOFC TRAIN UNION PACIFIC UNIT TOFC TRAIN
WESTBOUND TEST ZONES 1 TO 4 WESTBOUND TEST ZGNES 5 T0 8
!
] TEST Z0KE 5 (207 MILES) TEST Z0E 6 (243 MILES)
[ SALT LAXE CITY TO MILFORD 1FoRD VEGS
TEST 200 1 (221 MILES) TEST ZONE 2 (173 MILES) ' i b oS
NORTH PLATIE TO CHEVENNE QIEYENNE TO RANLING " 0 04
60 i L
| o © DATA BASE REL SAVER
gsu E E 50 b Ve 47,2 MY
= g B
& 40 E E owf DATA BASE FUEL SAVER
o E H Ve 60.5 MPH Ve 58,5 M| ¥
2w E x !
B & &
4
%zo g H E 0 p
U ---117|"~ = . 0 - b ol ) it =|- === =
0 |
€23 45678 C 234 56 78 °cz.!lso7u C234 5678 ! °czsnse7e CZz34567F 0“5,5678 C 234 S6 78
THROTTLE POSITIONS THROTTLE POSITICNS THROTTLE POSITIONS THROTTLE POSITIGRS
TEST ZOME 3 (135 MILES) TEST ZOKE 4 (211 MILES)
RAWLINS TO GREEN RIVER GREEN RIVER TO SALT LAXE CITY
08 —‘ 708 -
" 0 TEST 20ME 7 (170 MILES) TEST ZONE 8 (159 MILES)
. w 14S VEGAS TO YER®D YERD TO 105 ANGELES
[ E 501
o
g g H ]
2 ¥ 2 F 40 e
E § o DATA BASE g
o % : 30 Ve 49.3 VP 2 FURL SAVER
g E E Ve 42.§
20 20 13
s
E E 5
. S E A =R E ------
0 o L& 0
TI3f36TE Tr3iseTE T3 45671 2343678 C2385676 CIY45&67F
TROITLE POSITIONS THOTTLE POSITIONS THROTTLE POSITIONS

Fig. 8 Wéétbound-Histogram of time vs.
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Table 7 UP Unit TOFC Train
Return Fuel Oil Temperatures

TEST | TYPE RETURN FUEL TEMPERATURE, OF: PERCENT OF TRIP TIME OOMPLETED |MIN, |MaX. |DIFF.
208E | TEST 0 0] 20 3 @ 50 [ 60 70 80 90 | 100 | °F e | or

EST)| DB 110 | 129 150 {152 | 125 | 127 | 131 | 130 | 124 | 206 | 135 { 204 | 132 | 28
Fs 12 | 152|130 |13z | 130 [ 129 [ 132 | 115 127 | 129 | 110 | m2 | 132 20

bB 11 | 129|129 122 | 114 [ 121 [ 221 | 222 | 115 | 218 | 208 | 208 | 129 21
13 108 | 128129 | 118 | 112 | 123 | 118 | 125 | 123 | 115 | 115 108 129 1

DB 99 | 118114 (114 | 102 | 200 [ 111 [ 99 [ 109 | 206 | 203 9 | 128 { 19
s 97 |m7)109 11e | 95| o6 o1 88| 86 ] 83| 88 & | ur 34

DB NONE| 114 [115 | 128 | 107 | 106 | 106 | 306 | 105 | 105 | 105 | 205 | 118 | 13
Fs 88 | 119 (121|121 | 101 99 95 98 | 101 { 105 | 100 B8 121 33

D8 102 | 115 (123 (120 | 122 | 113 | 115 | 117 | 123 | 125 | 14 102 125 23
Fs 101 | 105123 (111 | 127 | 107 [ 109 | 115 [ 119 | 206 | 110 | 101 | 127 2

DB 1M1 123125 119 [ 120 | 117 | 124 | 129 | 133 | 124 [ 118 | 11 | 133 | 2
s 110 [ 125 (127 (114 | 110 | 112 } 113 | 124 | 116 [ 115 [ 123 110 127 17

o] 104 | 132 (128|136 | 135 | 2122 | 126 { 128 | 128 [ 137 ( 128 114 137 3
S 14 | 132 (222|122 | 136 [ 121 | 115 | 115 | 133 [ 137 [ 125 114 137 23

0B 124 | 123 (134|127 | 128 | 122 | 122 | 123 | 122 | 123 | 122 122 134 2
FS 117 | 138 |137 (137 | 120 | 116 | 119 | 134 | 121 | 121 | 121 16 138 22

(EAST)| DB 105 | 110 | 126 (117 | 208 | 119 | 123 | 123 | 126 | 129 | 133 | 10§ 129 u
1
FS 109 | 111112 (120 | 109 | 119 | 129 | 131 | 129 | 127 | 115 109, 131 22

DB 103 | 109 122|111 | 118 | 122 | 124 | 116 | 109 | 109 | 109 103 124 [23
S 96 113 (108 103 | 123 | 123 | 117 | 132 | 136 | 111 | 110 | 96 | 132 3%
P

DB 110 125 (127 j127 | 132 | 15t | 131 | 117 | 120 | 122 | 115 | 110 | 132 2

133 116 | 134 (121|138 | 137 | 138 | 137 | 135 | 128 | 132 (121 | 116 | 138 | 22

Table 8 UP Unit TOFC Train
Lube 0il Temperatures

TEST | TYPE LUBE OIL TEMPERATURE, ©F: PERCENT OF TRIP TIME COMPLETED MIN. | MAX, DIFF
OF TEMP. | TEMP
Z(NE | TEST 0 10| 20| 30 40 50 60 70 80 90 | 100 OF OF °F

(WESTY DB 158 | 184 | 180 | 184 | 160 { 180 - - - - - 158 184 26
Fs 157 | 180 | 180 | 178 | 173 | 173 | 174 | 155 | 172 | 179 - 155 180 25
Sfop

DB
Fs - - - - | 154 | 173 | 165 | 161 | 172 - | 143 143 173 30

DB
s 133 [ 177|163 (172 | 155 | 150 | 142 | 137 | 135 | 134 | 139 133 177 44

ju:
s 140 | 176 (175|175 | 156 | 154 | 148 | 156 | 161 | 166 | 155 140 176 36

DB
FS 162 | 163 (182 | 169 [ 177 | 160 | 164 | 164 | 173 | 156 | 160 156 182 26
B

Fs 160 | 176

DB
Fs

DB
FS

{EASTY DB - | 156 1167 | 171 | 158 | 168 | 169 | 174 | 173 | 176 | 157 156 176 20
FS

DB
Fs

b8

Fs

tractive effort exceeded the demand.
This procedure effectively lowered the
horsepower per ton ratio of the train
and decreased the rate of fuel consump-
tion. For the particular set of operat-
ing conditions tested, the average fuel
savings in percent reached 9.8% for the
unit coal train tests and 12.4% for the
unit TOFC train tests, A prime ingredi-

ent for the effective use of such a
device was the operating locomotive
engineer,

On a per test zone basis within
each of the two test series, the fuel
savings ranged from zero to considerably
more than 15%, However, for three out
of six test zones on the BN loaded coal
train tests, the fuel consumed actually
increased, In this particular situation
the 0.8 horsepower per ton power assign-
ment was below the threshold at which
the fuel saver concept could be effec-
tively employed.

In both test series there were
significant pattern changes in the
average percent time spent per throttle
position between the data base and fuel
saver tests. As might be expected,
operating in fuel save dramatically
increased the total time accumulated in
the eighth throttle position, As a
result, there were significant reductions
recorded for the average percent time
spent in throttle positions #2 through
#5,

In the TOFC tests and in the unload-
ed coal train tests, several of the
individual test zones exhibited higher
operating speeds for the fuel saver tests
but lower fuel consumptions when compared
to the data base tests. Combining this
fact with higher ratios of ton miles per
gallon and extensive shifts in throttle
usage patterns indicated a possible trend
toward greater fuel savings when using
the fuel saver system at increased operat-
ing speeds for the 3.5 and 6.5 horsepower
per ton power assignments,

For the ambient conditions tested,
the fuel and lube o0il temperatures
changed very little per round trip after
30 and 50 hours in motion with the same
number of crew changes and a similar
number of stops. At the lower 25 MPH
operating speed of the unit coal train,
the average temperatures were slightly
elevated for the fuel saver tests. Such
was not the case for the 50 MPH unit TOEFC
train where the fuel and lube o0il temp-
eratures were consistently similar to the
data base comparison levels,

For the conditions encountered,
testing of the fuel saver system did not
affect the total test times or the average
operating speeds. Although there were
no difficulties experienced in either
the” lead or trailing units of the loco-
motive consists tested, any maintenance
or mechanical problems which might develop
can only be evaluated after extensive
usage of the system combined. with con-
tinual monitorinmg of the results,
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ABSTRACT

This paper summarily describes the results to date, after approximately 66,000 miles of train
operation, on the mechanical experiments being conducted at the Facility for Accelerated Service
Testing (FAST). Specific results are presented on wheel flange wear, wheel failure modes and
premium truck performance. Future plans for FAST mechanical testing are also described.

INTRODUCTION

As reported in a number of recent AAR and
FRA technical reports and presentations, the
FAST program is a cooperative FRA, AAR, RPI
research program concerned with both track
systems and mechanical equipment components.
This paper will be concerned with only the
mechanical equipment aspects of the FAST pro-
gram.

The FAST test consist is composed of a
total of 89 test vehicles. Specifically they
are made up of the following types and sizes.
Sixty-five of the test vehicles are 100-ton
open - hopper cars. There are three 100-ton
capacity bathtub coal cars and three 70-ton
Trailer-On-Flat-Car (TOFC) units also are
included. .The remaining 18 test vehicles are
100-ton tank cars.

The typical test consist in any one day is
normally made up of 76 cars, The motive power
has been typically 4 four-axle diesel-electric
locomotives providing a test train of approxi-
mately 9,500 total gross tons.

With regard to FAST operations the follow-
ing information is provided. The FAST train is
operated up to 16 hours per day - five days
per week at an average speed of approximately
42 miles'per hour. The remaining eight hours
of each test day are used to take measurements
and perform track and vehicle maintenance.

- Each day a block of four test cars removed from

the FAST train and are routed to the shop for
measurements. This shopping cycle is repeated
every 22 test days.

Car position in the consist is rotated by
removing eight cars from the front of the train
each day and placing them at the rear. In
addition, to equalize wear on both track and
rolling stock components under test, the
direction of the train movement as well as its
orientation are reversed in a four-day cycle.

As mentioned above four cars are removed
from the FAST consist each day. Depending on
which experiments are included on these cars,
literally hundreds of measurements are made,
For example 71 cars require the following wheel
measurements. Three types of measurements are
made at two locations (180° apart) on each of
the eight car wheels. Flange thickness, rim thick-
ness and flange height are measured using the
Standard AAR Finger Gage. Wheel profiles along
with tread and rim hardness are also measured at
these two locations,

Twenty-four cars are specifically involved
in the truck experiment of which 12 car sets are
equally divided among four premium trucks the
remaining 12 car sets are comprised of two. Types
of commonly used trucks under six 100-ton hopper
cars and the trucks used on the three '‘Bathtub'
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and three TTX cars. As with wheels a great
number of measurements are made on the trucks
under test and include the following. Both wear
and surface hardness measurements are made on
the friction castings and mating surfaces,
bolster gibs, side frame colum wear plates and
colum guides. 'In addition, measurements are
also taken'on bolster and side frame rotation
stops as well as bolster and transom lateral
stops.

There are 10 other component/system areas
under investigation in FAST and they too undergo
a similar measurement and inspection cycle.
However, to date, the amount of wear on these
components has not been significant or the
results statistically significant. In addition
to the static measurements obtained on the
various freight car components, selected cars in
the FAST consist have been instrumented to
measure their dynamic response characteristics.
Both a low mileage car and a car normally
accumulating mileage in the consist were each
instrumented with a total of 20 channels of
accelerometers to assess the effects of the
various track section configurations, their wear
and the car component wear on freight car
dynamic performance. An instrumented wheel set
was also installed on the low mileage car to
measure the dynamic lateral and vertical rail/
wheel loads continuously as the car traverses
the .FAST loop. In addition to running on the
FAST track, each car is also operated on a
tangent section of the Railroad Test Track (RTT)
to provide a relatively invarient reference

track input for obtaining car transfer functions.

RESULTS

During the first 11 months of FAST opera-
tions, the test train has accumulated approxi-
mately 66,000 total miles. The average
individual car mileage, however, is somewhat
lower than this maximum due to lost time for
scheduled car measurement and maintenance shop-
pings and unscheduled bad orders. Although the
mileage accumulated to date has not been suffi-
cient to assess the comparative wear rates and
performance of several of the components under
evaluation, others have developed definite wear
and performance characteristics and are discuss-
ed in the following paragraphs.

Wheel Flange Wear

The component experiencing the major wear
and replacement to date has been wheels. Wheel
flange wear has been excessive since the begin-
ning of the test due primarily to the high
percentage of curves in the FAST Loop. In con-
trast, tread wear hac been minimal. An example
of the flange wear experienced on FAST is shown
in Figure 1. Flange thickness measurements
have been anaiyzed for a limited populution of
wheels in the wheel wear experiment.
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Fig. 1, Typical Wheel Flange Wear on FAST

For each of the variable six.parameters
(wheel manufacturing process, hardness, one
wear, two wear, profile, center plate size, and
truck type) contained in the experiment matrix,
a nominal sample of 16 wheels was used to com-
pare wheel flange wear. For each parameter con-
sidered, an equal mix of wheels representing the
other parametric variations was included in the
sample of 16 wheels. For each 22-day measure-
ment cycle, the mean value of flange thickness
decrease was calculated. In addition to the

Six parameters identified in the original
experiment, a comparison was also made to deter-
mine if there is any significant difference in
flange wear for the two types of brake rigging.

The only statistically significant results .
to date in this experiment is shown in Figure 2.
As shown for the first 20,000 miles the rate of
flange wear on Class U wheels has been approxi-
mately twice that experienced on Class C wheels.

One additional phenomenon that was observed
is depicted in Figure 3. The difference between
rates of flange wear on each axle set of the
truck shown was observed on all of the cars in
the wheel experiment and the data on-each car
was typical of. that shown but not identical.

The exact cause of this effect has not been
determined, however, it is generally accept-
ed as occuring in revenue service.
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Wheel Failure Modes
After approximately 40-45,000 miles a
number of wheels were found to contain small
cracks across the flange of the wheel. This
phenomenon is depicted in Figure 4. A probable

cause for this phenomenon is the unique wheel/
rail wear pattern as shown in Figure 5. This
pattern is due to the use of cars with the ma-
jority of wheels having uniform flange heights.
Figure 6 shows an actual cracked wheel flange
section mated with a worn section of high rail.
An enlargement of the flange apex (Area A) is
provided in Figure 7. This enlargement shows
that on the gage side the flange material has
plastically deformed and small subsurface cracks
have been identified. This preliminary AAR study
has indicated that the nucleation of the flange
cracks is a subsurface phenomenon associated
with the plastic deformation of the wheel steel
which occurs near the apex of the flange due to
wheel/rail contact in this area. As mentioned
previously, such a condition has developed
because of the characteristic wheel and rail
wear at FAST. It is suggested that the ‘flange

cracks nucleate from the longitudinal cracks
develop due to subsurface rolling contact
fatigue. The phenomenon appears to be very
similar to the formation of shells and detail
fractures in rails.

Fig. 4,

Typical Wheel Flange Cracks

Fig. 5, Wheel/Rail Wear Pattern

The second failure mode that has been
noted is comprised of tread cracks and wheel
rim shelling. These phenomenons are depicted
in Figures 8 and 9. This condition has just
recently been observed, and investigations to
date have not resulted in a conclusive deter-
mination for the cause of this failure.
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Fig. 6, Sections of Cracked Wheel Flange and
Worn High Rail

Fig. 7, Unetched and Etched Sections of
Flange Apex (Area A) shown in
Figure 6

F1g. Y, Wheel Kim sSnelling o

Table 1 gives a summary of the total mumber of
wheel sets removed in the 32 car wheel wear
experiment. The cause of removal is depicted
as well as the distribution according to wheel
class.
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Table 1. Total Number of Wheel Sets Removed
in Wheel Wear Experiment

Cause For Removal Class U Class C
Thin Flange 70 11
Cracked Flange 10 3
Tread Cracks/ 20 49

Shelling
Thin Rim 5 1
Over Heated

Bearing 2 4

Premium Truck Performance

The results to date indicate that one of
the three-piece premium truck designs is experi-
encing greater gib wear than the other two. One
of the other three-piece truck designs has
experienced cracks in some of the side frame
column wear plates which have since been replaced
by the manufacturer. This truck design has also

experienced a small number of spring failures.
Lastly, the fabricated truck design has under-
gone changes in the body bearing mount design
and the hydraulic snubber design as well as
experiencing a number of broken springs.

It should be emphasized that the amount of
data collected to date has not been significant
enough to draw firm conclusions on the perfor-
mance of these premium trucks. This data is
reported, however, to indicate the type of
results that are being achieved in the FAST
program with regard to truck performance and
that the manufacturers of these trucks are able
to take advantage of this FAST experience.

Other Components Performance

As mentioned above a great deal of mileage
has not been accumulated on the test cars in
FAST to date, however, other component perfor-
mance can be reported at this time. For example
some grease 1loss was reported on one supplier's
roller bearing early in the FAST program. As
a result of detecting this failure in the bear-
ing seals, the manufacturing process has been
modified to include a vibration test as part of

the quality control procedure for these bearings.

Since this process has been initiated there has
not been a reoccurence of this failure.

One of the constant contact side bearing
designs has been removed from the FAST test
program due to the development of cage fractures
and tears in the elastomeric blocks. These
failures are being reviewed by the manufacturer,
Lastly, there has been some minor deterioration
of composition brake shoes due to metal accumu-
lated from the rail and resultant sparking.
This is not a typical operational situation but
is reported for consideration should this
phenomenon occur in a unique operational rail-
road application.

Dynamic Performance

Conclusions related to the objective of
quantifying the dynamic response of freight
vehicles to different track structures are as
follows. Variations in track structures such
as ballast shoulder width and depth, spiking
patterns, tie material, and rail anchors had
little if any effect on truck and carbody
accelerations or wheel forces. In contrast,
curves greater than 4°, and discrete events
such as turnouts had a marked effect on vehicle
dynamics. The highest carbody accelerations
were experienced on Section 5 of the FAST track
which contains unsupported bonded joints. Since
mode accelerations were moderate to low over
this same section of track, it can be hypothe-
sized that this particular track structure
excites a resonance in the vehicle suspension
system.

FUTURE PLANS

Using the existing consist, which is
nominally a 100-ton unit train,the current test
configuration is plamned to continue for a total
of 400 to 450 MGT which is equivalent to approx-
imately 230,000 vehicle miles. With regard to
the mechanical experiments it is planned that
the 32 car set wheel wear experiment will be
repeated with the addition of some high flange
wheels in the balance of the consist to prevent
the unique wheel/rail wear pattern that was
encountered in the data shown above.

Also, a new concept of management has been
added to the FAST program in the form of FAST
Experiment Managers. Ten Experiment Managers,
five related to track and five related to roll-
ing stock, now have the responsibility to review
the existing FAST experiments and plan future
experiments. These individuals have been ear-
nestly working for several months now and the
results of their constructive efforts are already
being felt.

For example with regard to mechanical
experiments the side bearing experiment and the
brake shoe experiment have been terminated
because of the limited speed capability on FAST
and the inability to have long periods for pro-
grammed air brake testing, respectively. Also,
in the interest of efficiency and costs the
truck spring experiment has been deleted since
the AAR mechanical committee has approved the
use of alloy springs. Failure rates on springs
of both alloy and carbon steel will be maintained
to provide assurance on the capabilities of
alloy springs.

And lastly, in the interest of efficiency
and accuracy a large number of measurement
fixtures have been designed and fabricated and
are being put into service to assure repeatable
accurate measurements on components such as
center plates, side bearings and gibs.
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Rail Dynamlcs Laboratory

Performance Reqmrements & Hardware Conflguratlons
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ABSTRACT

This paper describes the Rail Dynamics Laboratory (RDL) facility at the Transportation Test Center
(TTC), Pueblo, Colorado. Two unique test machines, the Vibration Test Unit (VTU) and the Roll
Dynamics Unit (RDU) are to be housed in this facility to perform dynamic tests of full-scale rail-
road and transit industry vehicles. Both the VTU and RDU performance requirements and hardware

configurations are described.
INTRODUCTION

The objectives of this paper are to
acquaint the reader with the Rail Dynamics
Laboratory (RDL) facility at the Transportation
Test Center (TTC), Pueblo, Colorado; and to re-
‘view the performance requirements and hardware
configurations of two unique test machines that
the RDL will house: the Vibration Test Unit
(VTU) and the Rol1 Dynamics Unit (RDU).

The railroad and transit industries have
frequently encountered dynamic operating prob-
lems with their vehicles leading to: injuries
and fatalities, accidents and derailments, lad-
ing damage, excessive maintenance costs, and
rough train rides for passengers. The Federal
Railroad Administration (FRA) since the incep-
tion of TTC has long recognized the need for a
rail dynamics laboratory as a research tool to
conduct fundamental research in a controlled en-
vironment on the many dynamic factors affecting
vehicle performance and safety. While the RDL
facility is not fully operational as of yet, the
goals and objectives through the years of devel-
opment have remained relatively the same.

The RDL goal is to provide a facility to
perform dynamic tests of full-scale Tocomotive,
passenger and freight cars, transit vehicles and
advanced track systems under controlled condi-
tions. Such a facility will permit the evalua-
tion of various hardware designs in a safe, con-
trolled and reproducible scientific laboratory
environment, allowing the performance of a
variety of tests with minimal risk to personnel
and equipment.

The objectives of the FRA RDL program for
the past several years have been to provide an
operational facility as soon as possible within
reasonable costs that can be utilized by rail-
road and transit industry researchers in dynamic
studies such as: passive and active suspension
characteristics; vehicle rock and roll tenden-
cies; component stress analysis; component and
vehicle natural frequencies; adhesions; ride
comfort; acceleration; braking; lading responses;
hunting and analytical model validation as well
as supporting causes of derailment. This facili-
ty will help to isolate the causes of and aid in
the solutions to various dynamic operating
problems encountered in the railroad and transit
industry. Through study of vehicle dynamics in
the RDL, the number of dynamic-related accidents
and derailments and their attendant costs should
be reduced significantly.

RDL HISTORY

Todays RDL facility is considerably differ-
ent than what was originally planned at the in-
ception of the program at FRA many years earlier,
as will be explained. Prior to the development
of DOT's TTC, no test facility was available in

. the United States to extensively evaluate and

determine the solutions to dynamic operation
problems. Just before 1970, FRA contractor
studies recommended a full-scale roller rig (a
rail dynamics simulator) with capability to
handle cars and locomotives at full speed and
power, with vibrations applied through the wheels
to simulate track conditions. Representation of
rajlroads and suppliers assisted FRA in preparing
performance specifications for the simulator.
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Fig. 1, Rail Dynamics Laboratory Building

FRA engineers opened communications with experts
in other countries who had operated similar
facilities to use their experience in prepara-
tion of the specifications. In order to leave
options open for testing advanced high speed
systems, such as the tracked air cushion ,
vehicles, the simulator speed capability was
designed for approximately 300 mph (483 km/h).
The Urban Mass Transportation Administration
joined in funding part of the RDL project so
that transit vehicles could also be tested in
the laboratory and agreed with FRA to locate the
rail dynamics simulator (RDS) in a Taboratory at
TTC.

RDL Building

FRA placed the RDL building construction
contract in 1972 for a high bay (the testing
area) and a connecting low bay office wing, a
two-story structure which contains offices, con-
trol room and other facility support areas. The
principal dimensions of the high bay is 352'
108' x 65' (107.3m x 32.9m x 19.8m) while the
Tow ?ay is 264' x 50' x 30' (80.5m x 15.2m x
9.1m).

This modern steel and reinforced-concrete
structure RDL building (Figure 1) was accepted
in April 1974. Some notable features of the
RDL building include: a) two high bay 100 ton
overhead cranes for loading and off loading the
test machines, b) calibration laboratory for
instrumentation, c¢) electronic shop for equip-
ment repairs and maintenance, d) clean rooms
for disassembly, inspection and cleaning equip-
ment.

Rail Dynamics Simulator (RDS) and Subsystems

The high bay portion of the RDL building
was to house the RDS as well as service areas
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and a vertical shaker. Starting in 1972, FRA|
let contracts for the f0110w1ng subsystems com-
prising the RDS:

a. Drive train, which was to provide rota-
tion to the track module rollers;

b. Track module, which was to simulate the
tracks on which the test vehicle rests and] had
the capability to simulate vertical and lateral
irregularities;

c. Carriage assembly, which acted as the
support and reaction structure for the track
module;

d. Instrumentation and control subsystem.

e, Computer subsystem.

f. Communication system.

A separate contractor was involved with each
subsystem.

Vertical Shaker System (VSS).

While the RDS subsystem was in the design
phase, FRA awarded a contract to Wyle Labora-
tories to design and construct a Component/Ve-
hicle Preliminary Evaluation System, later named
the Vertical Shaker System (VSS), envisioned as
a pre-test tool prior to complex testing on the
RDS. The VSS was to be used for the determina-
tion of rough estimates of response modes and
frequencies and for studying the responses of
truck assemblies and total vehicles to vertically
applied periodic excitation. In 1975, the VSS
(Figure 2) was activated, it essentially consists
of four independently operated vertical actuators
which can be placed under four wheels of a two
axle truck on one end of a rail vehicle. Each




actuator can accommodate wheel loads of up to
40,000 pounds (18, 144 kg). The acceleration,
frequency, and displacement of these actuators
can be varied over a wide operating range to
simulate operating environments of most test
specimens.

Fig. 2, Vertical Shaker System

Input capabilities for this system include: &)
vertical translation of the truck and-railcar,
b) roll motion of the truck and railcar and c)
pitch motion between the forward and aft axle
sets. Prior to changes in the RDL program that
affected the VSS configuration, two test pro-
grams were conducted in the RDL on the VSS:

(a) The Trailer-on-Flatcar (TOFC) Opti-
mization Program (see Figure 3) which was de-
signed primarily to determine the sensitivity
of lading response to suspension system com-
ponent variations and Joad distribution; and
(b) the AAR Structural Dynamics evaluation of
the TOFC configuration which was structured to
collect data for verification of a mathematical
model of the flat car body.

Fig. 3, TOFC on VSS

RDL Program Redirection

During the development of some of the RDS
subsystems, unforeseen technical problems arose
which resulted in severe schedule delays and
associated risks of great concern to DOT.

In mid-1975, after the RDL program had con-

tinued to encounter R&D development and manage-
ment problems, a DOT task force review resulted
in tha redirection of the RDL program so that it
could be completed in a timely manner, relative-
ly free of technical risk, and with minimum
cost. The RDS was replaced by the Vibration
Test Unit (VTU), on upgraded VSS, which will
provide vertical and lateral excitation at both
ends of a test vehicle, and the Roll Dynamics
Unit (RDU), a basic roller rig. The RDS
formerly combined both vibration and roll in one
simulator. The redirected RDL program now has
one prime contractor, Wyle Laboratories, instead
of several major contractors.

The subsystems and systems which formerly
supported the RDS, now as Government Furnished
Property (GFP), will be modified for VTU and/or
RDU operation, wherever possible. These sub-
systems/systems Tncluded the VSS, drive trains,
hydraulic subsystem, integrated computer sub-
system network, analog acquisition and control
subsystem, and communication system, and
structures subsystems. The RDL building floor
plan including the VTU and RDU test pits is
shown in Figure 4,

VTU DEFINITION/BASIC REQUIREMENT

The VTU shall provide the capability for
subjecting a 320,000 pound (145,150 kg) rail
vehicle equipped with two, two-axle trucks or to
one truck of a vehicle having three or four axles
per truck, to the vertical and lateral vibrations
environments which the vehicle and its components
would "see" in traveling over track with repre-
sentative profile and alignment variations.

RDU DEFINITION/BASIC REQUIREMENT

The RDU will provide the capability for
driving, or absorbing power from the wheel sets

-of a four-axle vehicle or a three or four axle

locomotive truck. One roller module shall be
provided for each wheel set. Through rotation of
the rollers, the RDU will simulate tangent track
at various vehicle velocities, and will permit
investigation of dynamic phenomena character-
istics of "perfect" tangent track such as truck
hunting. "Perfect" track is defined as track
with no lateral or vertical irreguiarities.

VTU PERFORMANCE REQUIREMENTS

A brief summary of the major VIU performance
requirements are noted here. Table 1 identifies
the test vehicle weight and size limitations for
VTU. The VSS vertical actuators (as GFP) was the
primary factor for the maximum vehicle weight
requirements.
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VTU HYDRAULIC PUMPING STATION
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Fig. 4, RDL Building Floor Plan

Table 1. VTU/RDU Vehicle Weight and Size Limitations

Vehicle Length (max)
Vehicle Width (max)

Vehicle Weight (max)
Axle Load (max)

Truck Center Distance (min)
(max)

90.0 ft (27.43m)
12.0 ft (3.66m)

320,000 1b
(145,150 kg)

80,000 1b
(36,287 kg)

20.0 ft (6.10m)
70.0 ft (21.34m)

108.0 ft (32.92m)
12.0 ft (3.66m)
400,000 1b (181,437 kg)

100,000 1b (45,360 kg)

20.0 ft (6.10m)
80.0 ft (24.38 kg)

Truck Axle Spacing (min) 54.0 in. (1.37m) 54.0 in. (1.37m)
(max) 110.0 in. (2.79m) 110.0 in. (2.79m)
Gauge (min) 56.5 in. (1.44m) 56.5 in. (1.44m)
(max) 66.0 in. (1.68m) 66.0 in. (1.68m)

Coupler Centerline to Railhead
(min) 17.5 in. (0.44m) 17.5 in. (0.44m)
(max) 34.5 in. (0.88m) 34.5 in. (0.88m)

Center of Gravity to Railroad

(min) 18.0 in. (0.46m) 18.0 in. (0.46m)
(max) 98.0 in. (2.49m) 98.0 in. (2.49m)
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The Table 2 summarizes the vertical and lateral
excitation motion requirements,

Table 2. VTU Vertica] and Lateral Excitation

Excitation

Vertical Lateral
0.2 to 30 Hz

Frequency Range 0.2 to 30 Hz

Displacement ¥ ov(5.08cm) 1.5"(3.81cm)

Velocity 25 inch/sec. 15 inch/sec.
(63.5 cm/sec) (38.1 cm/sec)

Acceleration 3.5¢'s 3.19's

The VTU is to provide the following types of
vibratory motions to the test vehicle: vertical
translation, pitch motions, roll motions, later-
al translation, yaw motions, time delayed
motions, combined rigid body motions, combined
time delay motions and arbitrary wheel vibra-
tions. These modes of vibration are shown in

vehicle or causing any hazard to operating/main-
tenance personnel.

VTU HARDWARE CONFIGURATION

As previously identified the VTU hardware
had to be designed to provide the capability to
subject a variety of rail vehicles to vertical
and lateral vibratory environments. similar to
that experienced during over-the-road operations.

~Owing to the variety of vehicle configura-
tions to be accommodated, each with-a unique set
of dimensions associated with such elements as
axle spacing, truck center distance, overhang,
coupler height (in the case of transit vehicle)
and inertial properties a modular approach to
hardware -implementation was required. In
addition to modularizing for the purpose of
handling the broad spectrum of vehicles, serious
consideration had to be given to ease of recon-
figuration in order to minimize test program
turn around time. ’

Figure 5.
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Fig. 5, VTU--Modes of Vibration

Requirements have been specified from (a) con-
tinuous VTU operation (periods up to 10 hours),
(b) time required to start up/shutdown (four
hours or less) and thereby permit a reasonable
daily test period and (c) VTU configuration
changes per test vehicle requirements (i.e.,
different truck axle spacings, etc.) in a
reasonable time period. In addition, system
safety requirements have been specified to pre-
vent the VTU from damaging itself, the test

An artist's rendering of one end of the VTU
as designed and currently under construction and
assembly at the RDL is presented in Figure 6.
The VTU hardware as partially shown consists of
the following major subsystems:

° Vertical excitation modules (one for
each test vehicle wheel)

° lateral excitation modules (one for each
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test vehicle axle),

Vehicle restraint mechanism (one for
each coupler)

° Support elements such as reaction masses
and service structures

° Hydraulic pumping and distribution sys-
tem

Hybrid control and monitor system

Fig. 6, Vibration Test Unit

The vertical excitation modules (each
under independent servo control) are designed
around a 60,000 1b (27,216 kg) hydraulic
actuator, high performance servo-valve. Part
of the actuator assembly is an air/oil biasing
system designed to support the particular
wheel load being tested such that the degrada-
tion of actuator dynamic force capability is
minimal. The vertical moving elements are
constrained to move in a vertical plane by three
hydrostatically lubricated journal bearing
designed to carry the attendant transverse
forces during operation.

The lateral excitation modules (again
each under independent servo control) are the
most complicated of the VTU hardware elements
in that the following parameters had to be
accounted for:

° Lateral translation (per axle basis)

° Lateral translation with a phase shift
{(per truck basis)

° Allowance for out of phase vertical
motion (i.e., roll)

° Provision for longitudinal vehicle
expansion and contraction as experi-
enced during excitation of the Tower
body bending modes

Minimum impact on truck polar moment
of inertia

° Allowance for wheel 1ift-off
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The combination of constraints, high instan-
taneous loads and overall performance demands
resulted in a hardware configuration illustrated
in more detail in Figure 7. The lateral exci-
tation modules are centered around a 45,000 1b.
(20,412 kg).,actuator assembly equipped with a 70
gpm (.0044m>/s) high performance servo valve. In
this case, oil/air biasing is provided on both
sides of the primary moving elements in order to
"sandwich" or preload the entire assembly. This
approach was taken in order to provide minimum
moving weight and roll moment of inertial of the
moving elements. The motion capabilities of this
subsystem as governed by the overall motion re-
quirements previously 1dent1f1ed are summarized
below:

z»m(ln): +1.78/ - 2.04 (+4.52/-5.18)*

Ag(In): % 2.0 (% 5.08)

Ac(In): ¥ 3.84 (T 9.75)%

ap(In): ¥ 0.81 ( 2.08)%

op(Deg): % 6,78(% .118)%*

og (0e9): Z3.85 (7 067w
wl )8

The vehicle restraint mechanism is designed
to Timit the longitudinal rigid body motion of
the test car and minimize spurious forces on the
excitation modules. The device consists of a
universal coupler adaptor, cable and preloading
mechanism, with force measuring capabilities.

The support elements such as reaction masses
and service structures are designed as permanent
or moveable elements as appropriate to react
vibratory loads and provide access as required
for the variety of test configurations.

The hydraulic flow demands of the various
excitation modules and hydrostatic bearing ele-
ments at peak exc&tat1on levels can be as high as
1,000 ? (.0631m*/s) @ 3,000 psi (20,684, 271N/m2)
variable vo]ume pump1ng systems each capab]e of
delivering the rated flow at 3,000 psi (20,684,
271N/m2). The distribution manifolds provided
allow for connection of the excitation modules in
the required combinations of axles spacing and
truck center distance.

The hybrid control and monitor system will

permit the operation of the VTU from the remotely
located control room of the RDL. The control
consoles provide the approximate devices and dis-
plays for operation of the VTU in either a

manual or automatic mode. This system consists
of two major subsystems. A digital computer sub-
system which will provide synthesized signals
representing the "track environment" to the
analog control and monitor subsystem in the
automatic mode.

Portions of this control and monitor system
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are shown in Figure 8. The complete analog
control and monitor subsystem is illustrated as
well as the master computer operations station.

RDU PERFORMANCE REQUIREMENTS

A brief summary of the major RDU perform-
ance requirements are noted here. Table 1
identifies the test vehicle weight and size
Timitations for the RDU, which is essentially
the same as the former RDS requirements.
Vehicle speed simulations are specified at
3-288 mph (4.8-463km/h) for up to 50,000 1b
(22680 kg) axle Toad and 3-144 mph (4.8-232 km/
h) for 50,000 to 100,000 1bs (22680 kg to
45,360 kg) axle loads with special tolerance
determined by GFP (drive train) capabilities.
Likewise, simulation of wheel/rail traction
forces have been specified but will be Targely
determined by modified GFP (drive train)
capabilities.

In addition to driving both ends of the
two-axle per truck vehicle, or one end of a
three or four axle per truck vehicle, the RDU
is required to have the capability to simulate
steady state curve track operation (minimum
curve radius) as follows:

a). 100 ft. (30.5m) for truck center of
50 ft. (15.2m) or less

b). 150 ft. (45.7m) for truck center
between 50 and 80 ft (15.2 and 24.4m).

Requirements have been specified for rea-
sonable times to reconfigure the RDU such as
changing gage or axle spacing between rollers,
or test vehicles of different length or differ-
ent curve-radius track. Identical start up/
shutdown requirements (four hours or less) have
been specified for the RDU as the VTU. During
test operation, the RDU operator is only capable
of increasing or decreasing the operator speed
by manual adjustments. System safety require-
ments have been specified to prevent the RDU
from damaging itself, the test vehicle or caus-
ing any hazard to operating/maintenance
personnel. The RDU design capabilities have also
been specified for the following future
installations:

a) Body (lateral and roll) exciters to
assess the effect of vehicle dynamic motion and
forward speeds, b) installation of equipment
for static loading to simulate the effect of
super elevation unbalance during steady curve
negotiations and c) automatic control of the
RDU.

RDU HARDWARE CONFIGURATION

Like the VTU, the RDU hardware had to be designed
to provide the capability to subject a variety
of rail vehicles to dynamic tests, necessitating
a modular hardware approach. The RDU, as shown
in Figure 9, will support and drive (or absorb
power from) the wheelsets of a four axle rail
vehicle or a three or four axle locomotive truck.
The rotation of the rollers will simulate
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vehicle speed on tangent track, and make possi-
ble the investigation of those phenomena which
are independent of track irregularities, such

as hunting modes. The RDU can also be config-
ured to simulate steady state curve negotiations
on tangent track.

The RDU consists of the following major
subsystems:

° Drive trains

° Roller moduie units

° RDU support structures, reaction masses
and structures

Vehicle restraint system

Service structures
® Control and monitor system
Each of the four drive trains is powered by
a 600 hp (447.6 kw) variable speed motor. There
is a master control station for synchronous
operation of selected drive trains.

The roller module units (RMU), each driven
by a drive train, will be equipped with two in-
terchangeable sets of rollers, one set with a
42 in, (1.07 m) dia, and a second set with a
60 in. (1.52 m) dia. The smaller set will be
used for simulation of vehicle speeds up to
144 mph (231.7 kmph) for axle loads under
100,000 1b (45,360 kg).

Each of the two RDU support structures
(RDUSS) supports two drive trains and two RMUs.
The RDUSS is equipped with air bearings to permit
relocation of the RDUSS for various truck center
distances and rotation to provide for simulated
curves of up to 100 ft (30.48 m) in radius.

The vehicle restraint system controls the
Tongitudinal position of the test vehicle, with
respect to the RDU. This system consists of a
cable, a flexibility element, a preloading device
and a load measuring device. A reaction mass and
structure are provided at each end of the test
vehicle to react the loads generated by the ve-

hicle, and transmitted through the vehicle re-

straint system.

Service structures consist of platforms,
stairways and ladders required to provide access
to and around the drive trains, roller module
ﬁqi?s, vehicle restraint systems, and test ve-

icle.

The control and monitor system will permit
operations of the RDU from consoles located in
the RDL control room. Speed of drive train rota-
tion is commanded via a thumbwheel switch. Oper-
ational parameters are monitored and interlocked
to prevent damage to the RDU or the test vehicle.
The entire RDU control and monitor console is
shown in Figure 10.
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SPECIMEN DATA ACQUISITION SYSTEM (SDAS)

The VTU and RDU each have requirement for
necessary data collection as implemented by
SDAS. Figure 11 is a general description
schematic of the SDAS. Additional data acquisi-
tion equipment as follows are available at TTC:
(1) Calibration scanner, (2) photo motion
analyzer, (3) closed circuit television, (4)
video recording capability and (5) acoustic
recording and analyzing capability.

vehicles and advanced track systems under
computer controlled conditions. Lessons learned
in the RDL should Tead to safer and Tower cost
equipment before 1t is built, not after mistakes
are demonstrated in the field.

SPECIMEN
DATA

(64) 6 POLE
(448) 2 POLE

CONTROL
ACQUISITION ROOM
SYSTEM ‘- . PATCH
(258) A/D PANEL
CHANNELS
4 T
]
LOW PASS
FILTERS

(256)

(128)
L L}

EEEEEEEEEEE EEEEN

Q--IIﬂ

(12e) | BDU
1

SIGNAL
CONDITIONING

BOX

(100) LIN ACCEL
(18) ANG ACCEL
(38) STRAIN GAGE
(10) LIN DISPL
(6) ANG DISPL

12) TEMP
(4) INFRA-RED

BOX

TEST MACHINE
PARAMETERS

Fig. 11, SDAS General Description

VTU/RDU SYSTEM ACCEPTANCE TESTS

Acceptance tests for both the VTU and RDU
are currently scheduled for late spring 1978.
During these tests, Wyle Laboratories, the RDL
contractor, will demonstrate that the perform-
ance requirements per contract statement-of-
work have been met. During this same time span
training of TTC personnel to operate and main-
tain the VTU and RDU will be conducted.

SUMMARY

This paper has presented an overview of the
RDL's VTU and RDU performance requirements and
hardware configuration. At the time of prepar-
ing this paper a large percentage of the VTU and
RDU designs were complete and fabrication under
way. It is also noted, that when the RDL pro-
gram was redirected via the DOT Task Force a
finite budget was also imposed. Depending on
the final program costs, the final VTU and RDU
systems may be different than described in this
paper. FRA is doing all that is fiscally possi-
ble to have the RDL facility operational as soon
as possible: currently late spring or early
summer 1978,

Once operational, the VTU and RDU will per-
mit researchers to perform much needed anatyti-
cal and experimental tests of full-scale loco-
motives, passenger and freight cars, transit
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of Phase I of the Truck Design Optimization Project. It is a
continuation of a previous report presenting the introduction and
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test plans for Series 4 Tests in the second volume, It includes a description
of the trucks and cars to be used in the testing, the basis for selecting them,
and a description of the tests themselves. It lists the instrumentation to be
used and the sequence of testing. The reader is referred to the previous docu-
ments for details of the instrumentation and data analysis.

17. Key Words friction snubbed trucks,cylindr-8. Distibution Stotement

cal wheels, 1-in-40 tapered wheels, se-| Document is available to the public
lected wheel profile,spring complements, through the National Technical In-
harmonic roll, 3/4 in. low, half- formation Service,Springfield,
staggered joints, spring-nest snubbers Virginia 22151
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages | 22. Price
Unclassified Unclassified 32 PC$4,00
MF§ 2,00
Form DOT F 1700.7 -72) Reproduction of completed page authorized

103



/

Technical Report Documentation Page

1. Report No. : il 2, éovernment Accession No. 3.; Recipient's Catalog No. .
FRA-OR&D 75-58 'Ff" PB 248832 '
4. Title and Subtitle C ‘ ‘ l “* 1 5. Report Date
" FREIGHT CAR TRUCK DESIGN OPTIMIZATION METHODOLOGY FOR April » 1975
A COMPREHENSIVE STUDY' OF TRUCK ECONONICS . 8., Performing Organization Code
_ | - (8. Performing Or.gonizo'ion Repvor' No.
7. Authorls) . . . .. - ~ ] )
David April ﬁ _ TDOP 75-1
9. Performing Organization.Name dnd Address 10. Work Unit No. (TRAIS)
Southern Pacific Transportatlon Company o
One Mar‘ket StI‘ee‘t . L 1., Con"oct or Gront No, ~
San Francisco; Callfornla 94105 ' DOT' FR-40023
) 13. Type of Report and Period Covered
12, Sponsoring Agency Nome ond Address ) ) Technical ‘Re ort .
U. S. Department of' Transportation . August'1974-§anuary 197

Federal Railroad Administration

Office of Research, Development & Demonstrat]&hgrenserina Agency Code
Washington, D. C, 20590

15. Supplementary Notes

16. Abstroct

As a part of the Federal Railroad Administration's Truck De51gn
Optimization Project (TDOP) a determination of the economics
associated with particular freight car truck designs is needed,
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data collection was initiated for on-line truck maintenance and other associated
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Railroad companies and their suppliers are encouraged to consider adopting
the tested procedures of the TDOP economic methodology. A progressive implementa-
tion of this methodology will provide them with the timely opportunity to develop
a truck economic evaluation capability of their own.
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16. Abstract

Optimization Project (TDOP).

o

research is also identified.

This report surmarizes the truck economic research accomplished during
Phase I of the Federal Railroad Administration's three-phase Truck Design
In this phase:
A truck economic methodology was developed with the cooperation of
representatives from the railroad industry and their suppliers.
methodology is for industry use to help establish the cost performance
of the individual railroads' existing trucks and evaluate investments
in proposed truck improvements. :
The economic data elements were identified and procedures were developed
at various levels of specification to collect the informatiom.
overall truck cost information system was designed.
provide a user with the processing capability to establish the integrated
truck economic data bdase and present the data for evaluation.
Economic data analysis guidelines were developed to establish and evaluate
the cash flows of investments in proposed improvements to existing trucks.
The approach to evaluating the operating cost performance of existing
trucks through the exploitation of the economic data base was developed.

The report recommends that the railroad industry adapt the TDOP

methodology developed thus far to their individual company environments and
begin to establish working procedures for the economic selection of existing
trucks and proposed improved truck designs.
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Suggested further economic
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01T

Test Tape Accession Variables
No. ~ No. No. Gibs Side Bearings

. Nominal Closed Tight Nominal Open
0010 PB 250 163/AS .

1-1-3 0011 PB 250 164/AS X X
0012 PB 250 165/AS

1-1-1 0013 PB 250 166/AS X . X
0014 PB 250 167/AS
0015 PB 250 168/AS

1.1-2 0016 PB 250 169/AS X X
0017 PB 250 170/AS
0017 PB 250 170/AS

1-1-5 0018 PB 250 171/AS X X

250 1

1-1-6 0019 PB 250 172/AS x x
0020 PB 250 173/AS

lol-d 0001 PB 250 160/AS X %
0002 PB 250 161/AS

1-1-4-C 0003 PB 250 162/AS X X

1-1-6-C 0021 PB 250 174/AS X X

A

1-1-5.C 0021 PB 250 174/AS x x
0022 PB 250 175/AS

1-1-2-C 0022 PB 250 175/AS X X

1-1-1-C 0023 PB 250 176/AS X X

1-1-3-C 0023 PB 250 176 /AS X X
0024 PB 250 177/AS

3.2

1-3 0025  PB 250 178/AS X X
0026 PB 250 179/AS

1-3-1 0027 PB 250 180/AS X X

1-2-2-.C 0028 PB 250 181/AS X X
0028 PB 250 181/AS

1-2-1-C 0029 PB 250 182/AS X X

1-2-3-C 0029 PB 250 182/AS X X

1-2-4-C 0030 PB 250 183/AS X X
0030 PB 250 183/AS

1-2-6-C 0031 PB 250 184/AS X X

1-2.5-C 0031 PB 250 184/AS X X

1-2.2 0032 PB 250 185/AS x x

0033 PB 250 186/AS



Car Load Track Type

H,S. M.S.
MT 1/2 GRL Tang. ‘Tang., Curved
X X X
X X X
X X X
X X X
X X X
X X X
X X
X X
X X
X X
X X
X X
X X X
X X X
X X
X X
. X X
X X
X X
X X



T1T

Test
No.

1-2-1

1-2-6

1-2-5

Tape
No.

0033
0034

0035
0036

0036
0037

0038
0039

0038
0039
0040

Accession
No.

PB
PB

PB
PB

PB
PB

PB
PB

PB
PB
PB

250
250

250
250

250
250

250
250

250
250
250

186/AS
187/AS

188/AS
189/AS

189/AS
190/AS

191/AS
192/AS

191/AS
192/AS
193/AS

Variables
Gibs Side Bearings
Nominal Closed Tight Nominal Open

X X
X X
X X

X X

X X

*The equipment combination for these tests consisted of a mechanical
refrigerator car (SPFE 459997) with ASF Ride Control 70-ton (63.6 -mt)

trucks.

For further information concerning Series 1 Tests, see Freight

Car Truck Design Optimization Introduction And Detailed Test Plans

Series 1, 2, and 3 Tests - Phase I, Report No. FRA-OR&D 75-59




Car Load Track Type

H.S. M.S.
MT 1/2 GRL Tang. Tang. Curved
X X X
X X X
X X X
X X X



4NN

Test No.

2-2-4

2-2-3-C

2-3-3-C

2-3.3

2-3-6

2-3-4

2-4-1

2-4-2

2-4-3

2-4-4

Tape No.

0041
0042

0042
0043
0044

0045
0046

0047
0048

0048
0049
0051

0049
0050

0051
0052

0052
0053

0053
0054

0055
0056

0057
0058

0059
0060

0061
0062

0063
0064

0065
0066

0067
0068

Accession No.

PB 250 194/AS
PB 250 195/AS

PB 250 195/AS
PB 250 196 /AS
PB 250 197/AS

PB 250 198/AS
PB 250 199/AS

PB 250 200/AS
PB 250 201/AS

PB 250 201/AS
PB 250 202/AS
PB 250 204/AS

PB 250 202/AS
PB 250 203/AS

PB 250 204/AS
PB 250 205/AS

PB 250 205/AS
PB 250 206/AS

PB 250 206/AS
PB 250 207/AS

PB 250 208/AS
PB 250 209/AS

PB 250 210/As
PB 250 211/AS

PB 250 212/AS
PB 250 213/AS

PB 250 214/AS
PB 250 215/AS

PB 250 216/AS
PB 250 217/AS

PB 250 218/AS
PB 250 219/AS

PB 250 220/AS
PB 250 221/AS

Gibs
Nominal

Closed

X

Tight

X

Side Bearings
Nominal

Open

D-3



Varjables Car Load Track Type
Springs Snubbing Wheel Profile H.S. M.S.
D-5 D-5 Reduced D-7 2/3 Nominal New 1/2 Worn Worn MT GRL Tang. Tang. Curved

X X X X X X

X X X X X X

X X X X X X

X X X X X

X X X X X X

X X X X X X
X b, o X X X
X X X X X

X X X X X X

X X X X X X

X X X X X X

X X X X X

X X X X X X

X X X X X X

X X X X X X



eIt

Test No.

2-4-5

2-4-6

2-4-7

Tape No.

0069
0070

0071
0072

0073
0074

0075
0076

Accession No.

PB 250 222/AS
PB 250 223/AS

PB 250 224/AS
PB 250 225/AS

PB 250 226/AS
PB 250 227/AS

PB 250 228/AS
PB 250 229/AS

*The equipment combination for these tests consisted of a mechanical refrigerator

Gibs
Nominal

X

Closed

Side Bearings
Tight Nominal Open

X

car (SPFE 459997) with ASF Ride Control 70-ton (63.6-mt) trucks., For further

information concerning Series 2 Tests, see Freight Car Truck Design Optimization

Introduction And Detailed Test Plans Series 1, 2, and 3 Tests - Phase I, Report

No. FRA-OR&D 75-59

D-3

Variables
Springs
D-5 D-5 Reduced D-7

X

X

Snubbing

2/3

Nominal

X

X

New

Wheel Profile

1/2 Worn

Worn

Car Load

MT GRL
X

X

H.S.
Tang.

X

X

Track Type

M.S.
Tang.

X

X

Curwv:



VIT

Test No.

3-2-2

3-2-2-C
3-1-2-C
3-1-1-C
3-2-1-C

3-4-1

3-4-1-C

3-3-1-C

Tape No.

0077
0078
0079

0080
0081
0082

0083
0084
0085
0086

0087
0088
0089

0090
0091

0lo2
0103

0111
o112
0113

0110

0098
0104

Accession No.

PB 250 230/AS
PB 250 231/AS
PB 250 232/AS

PB 250 233/AS
PB 250 234/AS
PB 250 235/AS

PB 250 236/AS
PB 250 237/AS
PB 250 238/AS
PB 250 239/AS

PB 250 240/AS
PB 250 241/AS
PB 250 242/AS

PB 250 243 /AS
PB 250 244/AS

PB 250 252/AS
PB 250 253/AS

PB 250 261/AS
PB 250 262/AS
PB 250 263/AS

PB 250 260/AS

PB 250 251/AS
PB 250 254/AS

£
Equipment Arr.

w» > @ W

w

* A=SP FE Mech. Refer.--Barber S-2-C 70-ton (63.6 -mt) trucks

B=SP 60-foot (18.3-m) Box Car--Barber S-2-C 100-ton
(90.9-mt) trucks

C=SCL Box Car X5B--Barber S-2-C 70-ton low level trucks
D=LN Covered Hopper Car--ASF Ride Control 100-ton trucks
E=SP 89-foot, 4-inch (27.2-m) Flat Car --ASF Ride Control

70-ton trucks

New
Wheels

KX X X X

»



Variables Track Type

Worn Car Load H.5. M.S.
Wheels MT GRL Tang. Tang. Curved

X X X

X X X

X X
X X

X X
X X
X X X

X X X
X X X
X X X
X X



STt

Test No.

3-3-2-C
3-4-2-C

3-4-2

3-5-1-C
3-5-2-C

Tape No.

0097
0114

0115
0116

0092
0093

0094
0095

0096
0105

0106
0107

0108
0109

Accession No.

PB 250 250/AS
PB 250 264/AS

PB 250 265/AS
PB 250 266/AS

PB 250 245/AS
PB 250 246/AS

PB 250 247/AS
PB 250 248/AS

PB 250 249/AS
PB 250 255/AS

PB 250 256/AS
PB 250 257/AS

PB 250 258/AS
PB 250 259/AS

£
Equipment Arr.

New
Wheels



Variables
Worn
Wheels MT
X

X

Car Load

GRL

Track Type
HS. M.S.
Tang. Tang. Curved
X
X
X X
X X
X X
X
X
X X



OTT

Test

4-1-1
4-1-2
4-1-3
4-1-4
4-1-5
4-1-6

4-4-1

Tape

0124
0125
0126
0127
0129
0128

0132
0133

0134
0135

0138
0139

0136
0137

0142
0143

0140
0141

0146
0147

0144
0145

0150
0152
0153

Accession No.

PB 250
PB 250
PB 250
PB 250
PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250
PB 250

267/AS
268/AS
269/AS
270/AS
272/AS
271/AS

273/AS
274/AS

275/AS
276 /AS

279/As
280/As

277/AS
278/AS

283/AS
284/AS

281/AS
282/AS

287/AS
288/AS

285/AS
286/AS

291/AS
293/AS
294/AS

Lt.

X
X

* The equipment combination for these tests consisted of a mechanical

Ctr. Plt
Friction
Med.

Hvy.

Ped.
Shims

Modifications
Elast.
Adapt. Hydr.
Intertie Pads Dmpr,
X
X
X X
X X
X X
X X
X
X

refrigerator car (SPFE 459997) with ASF Ride Control 70-ton (63.6-mt)

trucks.



Car Load Track Type
C.C. Side Opti-

Bear. (psi) mized H.S. M.S.
32 64 96 Comb. MT GRL Tang. Tang. Curved
X X
X X
X X
X X
X X
X X
X X X
X X X
X X X
X X X
X X X
X X X
X X X
X X X



LTT

Test
No.

4-4-2

4-4-3

4-4-1-C

4-4-2-C

4-4-3-C

4-4-4-C

4-4-6-C
4-4-6-C

4-4-4

4-5-1

4-5-1-C
4-5-2-C

4-5-2

Tape
No.

0150
0151
0152
0153

0151
0152
0154

0148

0148
0149

0149

0155
0156

0156
0157

0159
0163

0158
0160
0162

0158
0160
0l61

0164
0165

0166
0167

0168
0169

Accession No.

PB 250
PB 250

PB 250
PB 250

BB 250

PB 250
PB 250

PB 250

PB 250
PB 250

PB 250

PB 250
PB 250

PB 250

291/AS
292/AS

293/AS
294/As

292/As
293/AS
295/AS

289/AS

289/AS
290/AS

290/AS

296/AS
297/AS

297/AS

PB 250 298/AS

PB 250
PB 250

PB 250
PB 250
PB 250

PB 250
PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

PB 250
PB 250

300/AS
304/AS

299/As
301/AS
303/AS
299/AS
301/AS
302/AS
305/AS
306/AS
307/AS
308/AS

309/As
310/AS

Lt.

Ctr. Pit.

Friction
Med.

Hvy.

Ped.
Shims

Modifications

Inertie

Elast.
Adapt.
Pads

Hydr.
Dmpr.



Car Load Track Type
C.C. Side Opti-

Bear. (psi) mized H.S. M.S.
32 64 96 Comb. MT GRL Tang. Tang. Curved
X X X X
X X X X
X X X
X X X
X X X
X X X
X X X
X X X
X X X X
X X X X
X X X X
X X X X
X X X
X X X



8TT

Test
No.

5-1-1

5-1-1-C
5-1-2-C

5-2-1-C

5-2-3

5-2-2-C

5-2.4

5-2-4-C
5-2-5-C

5-1-4

5-1-4-C

5-4-3

5-4-3-C
5-4-4-C

5-4-4

Tape
No.

0174
0175
0178

0177
0182

0179
0180
0181

0183
0184

0185

0099
0100

o101

0117
0118

0119
0120

0121
0122

0131

0123
0130

0171
0172

0170

0173
0176

0186
0187

0188
0189

Accession
No.

PB 250 315/AS
PB 250 316/AS
PB 250 319/AS

PB 250 318/AS
PB 250 323/AS

PB 250 320/AS
PB 250 321/AS
PB 250 322/AS

PB 250 324/AS
PB 250 325/AS

PB 250 326/AS

PB 250 352/AS
PB 250 353/AS

PB 250 354/AS

PB 250 355/AS
PB 250 356/AS

PB 250 357/AS
PB 250 358/AS

PB 250 359/AS
PB 250 360/AS

PB 254 326/AS

PB 254 324/AS
PB 254 325/AS

PB 250 312/AS
PB 250 313/AS

PB 250 311/AS

PB 250 314/AS
PB 250 317/AS

PB 250 327/AS
PB 250 328/AS

PB 250 329/AS
PB 250 330/AS

Equip*:
Arr.

> >

> > b

>

Cyl.
Whils.

1/40 Tpr.
Whis.

Variables

Selec.
Whls.

Spring
Nest Snubbers
Fric. Hydr.



Car Load Track Type
Spring Comp. MT GRL H.S. M.S. Mod. w/
Tang. Tang. Curved Low Joints

D-3 D-5 D-7

X X X X X
X X X
X X X
X X X X X
X X X X X
X X X
X X X X X
X X X
X X X X X
X X X
X X X
X X X X X
X X X
X X X X X
X X X X \ X
X X X
X X X X X
X X X
X X X



611

Test Tape Accession Equipi Variables
N6 No. No. Arr. Cyl. 1/40 Tpr. Selec. Spring
Whils. Whils. Whils. Nest Snubbers
Fric. Hydr.

0191 PB 250 332/AS

Bl 0192 PB 250 333/AS 8 %

5-4-5-C 0190 PB 250 331/AS B X
0193 PB 250 334/AS

et 0194 PB 250 335/AS B - x
0195 PB 250 336/AS

5-4-1 5196 PB250337/as D . X
0197 PB 250 338/AS

et <t 0198 PB 250 339/AS - x X
0199 PB 250 340/AS

5-3-4 4200 PB250341/As © X =
0201 PB 250 342/AS

5-3-1 0202 pB250343/As B &

5-3-1-C 0203 PB 250 344/AS B X
0209 PB 250 349/AS

5-3-3-C 4210 PB 250 350/AS o *
0208 PB 250 348/AS

5-3-3 o211 PB250351/As B 4
0205 PB 250 346/AS

5-3-2 206 PB 250 347/As D o

5-3-2-C 0204 PB 250 345/AS B X

*A = SPFE 70-ton (63.6-mt) mechanical refrigerator car 459997

with ASF Ride Control 70-ton capacity trucks
B = SP 60-foot (18.3-m), 100-ton (90.9-mt) box car with Barber
S-2-C Low-Profile 100 -ton capacity trucks
*ok Selected wheels will be chosen from either the 1/40 taper or

cylindrical wheels following test 5-2-2-C

Spring Comp.

D-3 D-5 D-7

X

Car Load
MT GRL H.S.
Tang.
X X
X
X X
X X
X X
X X
X X
X
X
X X
X X
X

Track Type

M.S.
Tang.

Curved

Mod. w/
Low Joints
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ERRATA-

"Rail Dynamics Laboratory Requirements and Hardware Configurations"

Page 90 first sentence under Fig. 6, Vibration Test Un1t shou]d
read as follows:

"The vertical excitation modu1es (each under independent servo
control) are designed around a 60,000 ]b(27 216 kg) hydraulic
actuator, equipped with a 200 gpm (.0126 m 75) high performance
servo- valve." ) . -

Page 90 first sentence of second major paragraph from bottom starting
"The hydraulic flow demands ..." should be changed to read as follows:

"The hydraulic flow demands of the various excitation modules and

hydrostatic bearing elemegys at peak excitation levels can be as -

~ high as 1000 gpm {.0631 m®/s) @ 3,000 psi (20, 683 271.N/mé). This

-_has been provided for via three 360 gpm (.0227 m 75) variable volume

pump1ng systems each capable of de11ver1ng the rated flow at 3,000
psi (20,684, 271 N/m )."
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