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PREFACE

The research described in this report was carried out in the
context of an overall project at the Federal Railroad
Pdministration to provide a technical basis for the improvement
of rail +transportation service, efficiency, and productiwvity.
The project was sponsored by the oOffice of Research and
Development, Office of Freight Systeas.

This report is the third and fimal volume documenting studies
relating to fuel consumption in rail freight service., Volume I
{Report ¥No. FRA-GRED-75-74.1I) applied a simplfied physical
model to a variety of rail transpertation services, with the
primary obijectives of estimating sensitivity of fuesl
consumption to operating and eguipment parameters. Volume II
(Eeport Ho. FPA-ORED-T75-74.11), presented measured fuel
consumption data for a wide range of freight trains operating
under a varietv of circumstances. This document, Volume III,
presents a comparison of these experimental measurements to
computer simulations using a relatively sophisticated train
performance calculator originally developed by the Missouri
Pacific Railroad and extensively modified by TSC.

The overall analvsis and comparison has been the responsibility
of J. Hopkins, M. Hazel has directed development of the
computer simulation and its use. A major portion of the actual
simulations pave beep run by T. McGrath. The authors wish to
express their great appreciation to Ms. K. Keefe, who had
responsibility for much of the early data reduction and
analysis, It is appropriate to indicate again our gratitude to
2. T. Newfell of TSC, aqad to the numerous individuals within
the railroad industry, listed in the preface to Volume II, who
contributed so qreatly to the measurement effort which made the
comparisons possible.
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Te INTRODUCTION
1.1 BRackground

Railroads long ago recognized the need to be able to
estimate the freight service operating schedules wyhich would
result from alternative power (locomotive) assignment policies,
train sizes, spezd limits, etc, on specific routes,
Physically, the problem is well defined and amenable to
relatively simple analysis: calculation of the movement of a
rass (the train) moving under the influence of a small number
of forces (tractive =ffort, gravity, rolling resistance,
aerolynamic dragq, etc). This computation can be made within a
wide range of levels of sophistication. In recent years the
widespread availability of high-speed digital computers hag
encouraqed many in the railroad industry to develop detailed
computer programs to carry out the necessary calculations. In
general, the 1input data includes (as a minimum) specification
of train weight and motive power, track grade, speed limits,
and stops. An equation is foraulated ;hich expresses the total
resistance force acting on the train, several elements of which
are functions of train speed. Tractive effort (also dependent
on speed) is assumed to be applied to the maximum amount
available at any time the train is moving below the speed
limit, unless a speed reduction is imminent. Braking is

accommodated by an assumed available braking effort, a specified



gaximun degeleration rate, or a more complicated simulation of
a real braking system. The program must in some fashion look
ahead to determine when deceleration must begin in order to
avoid exceeding any speed 1limit; this 4is a fundamental
requirement. 2Adhesion limits should alse be incorporated. In
operation, one applies Newton's first lav (net force equals
mass times acceleration) to determine the change in the train's
position and velocity for a small increment of +time or
distance. R2sulting nev values of all variables are
calculated, and this process is continued until the destination

is reached.

The customary functions of such Train Performance
Calcualator (TPC) computer programs have been related to running
time and the ability of trains of specified power and weight to
ascend the ruling grade of a rogte. More recently, fuel
consumption has taken on increased iamportance, so that it has
become 3desirable that the model include a good representation
of locomotive fusl rate and efficiepcy. The high degree of
random variability in normal freight operations often renders
high precision in a siaulation unnecessary. Moreover, the
input Jdata necessary for high accuracy (such as wind direction
and velocity for the entire route) rarely exists. Commonly,
TPC*s have been used as estimation tools, and for evaluation of

the sensitivity of schedules to variations of particular



paraneters. one finds virtually no published documentation
concerning the absolute accuracy of these models, although

their widespread usage suggests an adequate performance level.

Recent interest in high-~speed passenger trains (velocities
well above 100 MPH) has also gpawned a number Qf TPC's
constructed around this application. These have usually
eaphasized calculation of running tine and/or energy
consumption, and generally treat the train as an entity defined
by a single rasistance equation, with a fixed deceleration rate
for braking. Here, too, therz has been 1little attempt at

rigorous validation of the simulations.

virtually all such simulations, for both freight and
passenger Service applications, are proprietary and relatiyely
undocumanted, in terms of structure and algorithms as well as
procedures for use. Typically, each has been developed to meat
particular situations and needs, so that flexibility, detail,
and form of output may not be suitable to other applications.
The type of input data and format required generally differs
widaly among TPC's, so that track data, for example, is seldon
readily transferable. Thus, when in 1974 the Office of
Research and Development of the Federal Railroad Administration
(FRA) commissionsd the Transportation Systems Center (TSC) to

explore a variety of rail fuel consumption guestions, the



initial studies were based on simple and very general
analytical models. These assumed steady-state operation only,
and 3id not include a capability for route-specific simulation.
Results of this phase of the research have previously been
documented in Volume I of this report{l). However, these
initial findings made clear the desirability of having
available a general~-purpose simulation which could be used for
a variety of applications. & highly sophisticated TPC was
purchased from the Missouri Pacific Railroad and later modified
substantially at TSC to provide for the wider range of
Departmental neels, to increase the flexibility of its use, and
to provide alternative forms of output. The resulting computer

program will here be referred to as the TSC Train Performance

gimulator, or TPS.

1.2 Objective

In order to increase the value and utility of the TPS, and
to assess the confidence with which this tool coupld be applied
to various subjects, it was judged appropriate to carcy out
specific comparison of computer results with actual operational
data. The basic objective of the research reported here has
been to determine the basic validity of the TPS and the degree
of accuracy it can proviile, particularly with respect to fuel

consumption. Given the great similarity at the heart of almost



all TpC's, and the relatively sophisticated nature of the TPS,
such results also provide a good nmeasure of the Dbasic

limitations on the accuracy of any TPC,

As a second major objective, this research is intended to
make possible a calibration or "fine tuning" of the TPS,
particularly with respect to resistance equations. The basic
goal 1is to make a judgement as to which of the common forms of
train resistance eguation are ©preferable for performance
simulation, and, within the limitations of available

information, to develop appropriate modifications.

1.3 Approach

concurrently with the refinement and elaboration of the
TP, msC made arrangements with several railroads to obtain
fuzl consumption data for normal freight operations in a
variety of <categories. In each case this was a cooperative
endeavor, usuailv involving installation of fuel @meters on
locomotives, and in some cases, use of a test car. The
measuremants are described in detail in Volume II of this
raport (2). Results of these projects were then compared to

simulations of the same runs.



There ara two basic types of information one generally
seeks with a TPC: running times and fuel usage. If one knovs
the intended speed profile ~-- speed limits, stops, etc. =-- and
the train is not subjected to unexpected delays or slowdowns,
or strong and ill-defipned winds, running times can normally be
calculated reslatively easily, and with considerable accuracy.
Except for trains operating at low power-to-weight ratios, the
results will even be relatively independent of the particular
form of train resistance equations used. However, the
situation is somewhat more complex with respect to energy
asage, If a locomotive is at full <throttle rather than
3/74-throttle when travelling at the specified speed limit, this
will make a substantial difference in fuel consumed. Furthker,
in normal freight operations -- either prospective or in the
past -- one seldom has a precise representation of the actual
speed profils. {correlation of 1locomotive speed recorder.
tapes, when available, with track charts is a highly
labor-intensive undsrtaking.) Thys, it is of interest to
determine to what deqree variations of speed (as well as
locomotive engineer, weather, malfunctions, stc.) will effect
computer estimation of fuel wusage under realistic operating

conditions.
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2. THE TSC TRAIN PERFORMANCE SIMULATOR

The purpose of a Train Performsance - Calculator is to
predict or replicate the =xovement of a train along a given
track., The rasults of such a program are contained in tables
or graphs that show the speed, time, distance,’energy or fuel
consumption, and throttle positions as the train amoves along
the route. ddiitional information about the route, stch as
grades, curves, mnileposts, and speed limits may also be shown.
Typical uses of a TPZ in scheduling include determining the
operating time over a stated route for a train, the motivs
power necessary to make a run in a given amount of time, the
effect of changing the number of locomotive units, and the
effect of varying the topnnage of the train. Additional uses
can be to show the effect of a track relocation or
raconstruction (which =2liminates or reduces grades or curves)
upon th2 operating speeds, =motive power requirements, and
en=argy zonsumption; to compare the operational problems
presented by various proposals for a new 1line; and to
determine the effect of eliminating or introducing a speed
restriction or statjon stop. Other railroad applicatiohs aay
be to Jdetermins tonnage ratings for a route, based on a train
operating over the ruling gqrade at a specified ainimum speed,
and to compare runs over different routes. This subject is
discussed briefly in this section. A more lengthy - treatment

will be found in Reference (3).



2.1 Senera; characteristics of a TPC

2.1.1 Input Reguirements
In order to simulate the running of a train the TPC needs
information about the route and about the train. Route data

will be discussed first.

Tha TPC must have a description of the track over which to
run th2 train. A set of values describing the characteristics
of a point on the track constitutes one record of £rack data.
? group of records, usually beginning at one station and ending
at another (not necessarily the next), constitutes a route
segment. Tha TPC will link together a number of such segaents
and run a train with or without stops from one end to the
other. Typically, a record is required where speed limits
change, at every significant change in gradient, and (to the
degqree practical) at the beginning and end of every curve. 1
record is also neseded for each significant station, junction,

or inspestion stop.

7hen the route has been described, informationm about the
train is neaded 1in order to run it over the rqute. The car
weight and number of axles determine the resistance from
friztion in the bearings and flanges and from rolling contact.
zar length is nea2ded to determine where each part of the train

is at any point in tinme. The 1locomotive characteristics



requirel include weight, 1length, number of axles, tractive
effort capabilities, transmission efficiency, and the fuel oOr
energy rates both 1idling (e. g. gallons per uwinute} and
ranping {e. g. gallons per horsepower-hour). The number of
locomotives being used must also be stated. Given the above
information, thz TPC cam rtun the train over the route.
However, onhe may Wish to provide for variations from the normal
operating conditions (those inherént in the track/route data),
such as starting time, alterations to the route (grades,
curves, etc.), more or fewer stops and different stop tinmes,
tzmporary changes in speed 1limits, chanqes in consist
{locomotives and/or cars) at stops enroute, and variation in
adhesion ratio. Modification of resistance characteristizcs to

account for unusual cars or locomotives is also possible.



2.1.2 Basig Model {Algorithas)

The basic mathematical model for operation of the train is
based on sisple Nevtonian laws of motion. The forces involved
are those due to train resistance, locomotive tractive effort,
and braking.

Train resistance is made up of a number of components.
When viewed in terms of the underlying physical causes, each is
complex to describe, and is generally dependendent upon a
number of parameters, including velocity. Por purposes of
analysis and simulation, four terms can be .identified -
rolling, bearing, and flange friction, and aerodynanmic drag ---

and the following simplifying assumptions are generally made:

1. Folling friction resistance 1is proportional to
tha weight and independent of velocity.

2. Bearing friction resistance 1is proportional to
the number of axles but independent of weight and
velozity.

3. Flange friction resistance 1is proportional to
weight and velocity.

4. terojvnamic resistapce is a fuhction of size and

shape and is ©proportional to the square of the
velocity but injependent of the weight. '

10



The train resistance due to gradients and curvature can'be
addel conveniently to the resistances listed above. Both are
indepenient of velocity but proportional to weight and to the
gradient or degree of curvature. The basic squation used for
train resistance was formulated in the 1920°'s by W. J.
Davis(4y . Expressed in pounds of force, the resistance of a

single rail car is

B = FP*XJ + 20%g*W + _8¥Cc*¥ + b*n + LEWRY + Kk (Vi%2)

where

is the bearing friction coefficient
is the curvature in degrees

is the flange friction coefficient
is the rollingy friction coefficient
is ths gradient in percent

is the air resistance coefficient
is the number of axles

is the valocity in miles per hoar
is the car weight in tons

L aDRLO H O

* indicates multiplication

*¥* indicatss exponentiation

The powzr required to overcome this force will be
proportional to the product of the force and the velocity.
Therefore, thz locomotive horsepoWer required at high speed

will be approximately proportional to the cube of the velocity.



navis determined coefficient values which were considered
accurate for the rolling stock of his day. More recent tests
have supported the use of alternative coefficients which are
often used (5); these are presented later in this report. An
extensive examination of this subject has recently been carried
out for FRA by MITRE Corp. {6)
rractive effort is the force which a locomotive exerts at
the 4riving wheels to move itself and its trailing comsist. It
is limited by the power available from the traction motors, by
the velocitv, and by the adhesion characteristics of the
whesl-rail interface. For a given 1locomotive horsepower, a
typical tractive effort curve is a hyperbola of the general
form
TE = 375%E*HP/V
whera
% is an efficiency factor
HP is the locomotive horsepovwer
Vv is the v2locity in miles per hour
©E is the tractive effort in pounds
when the train needs to be sloved because of a speed
restriction or station stop, brakes are applied. This results
in a retarding force at the wheel-rail interface (for all
locomotives and cars in the train) which is adhesion limited
but which acts as an additional resisting force. The force
applied is a function of bhrake system parameters, time,
velocity, and weight of lading.

/12



If the forces dus to traim resistance, tractive effort,
and braking are in balance, the velocity will remain constant;
othervise thers will be an acceleration (or deceleratiaon)
resulting from the familiar P=m*a of Newton. The acceleration
#ill thus be equal to the algebraic sum of the forces divided

by the mass of the train.

2.17.3 Output

Since a TPC may be used for different purposes, the output
contant and format should flexible. Some users might need only
a timetable listing, others may want merely the total —running
time. Jther possibilities are instantaneous speed at every
time or distance interval, average speed for the whole run,
drawbar pull, accelaration, throttle notch settings, and brake
application or release. Users interested in energy consumption
may want incremental =2nerqgy used at every time or distance
interval or Jjust the total for the run, expressed as
kilowatt-hours or gallons of fuel or even in terms of cost in

dollars.



Dbviously all these data cannot be presented in a single
format which will be useful and convenient for everyone.
Therefore a TPC should offer a variety of alternative outputs

diffsring  in deqrees of complexity and which can be specified

simply.

2.2 Details of the TSC simulation

8 TPC can be designed with any deqree of sophistication,
depending upon the form and accuracy of the input data and the
desired application. The TSC TPS'(B) is a relatively conmplex
example, Tt incorporates all of the characteristics described
above. In addition, a number of other features are included
wvhich increase its nusefulness. It has bujilt-in (default)
values for almost every relevant parameter, including the
complete specification of a train. {That is, if no train
specifications are provided by the user, the computer will run
a freight +train pulled by threé GP-35's and consisting of 40
loaded cars and 29 empties, all 50 feet long, with 3684 gross
trailing tons.) 2ne computer run, called a "jJob", can rum up to
99 different trains over a route, With changes enroute to the

track data and train consist.

14



Track data may be read either from a previously prepared
{iibrary) file or from the input data. Stops, dwell tinmes,
curvature, gradients, and speed liaits can be readily changed
from the value specified in the library data file for a given
train and will be restored automatically for the next train.
The train can be ma3e to start and end its run virtually

anywhere along the specified route.

Conventional freight or passenger trains with up to nine
diesel or electric locomotives and as many cars as desired can
be accommodated. Multiple-unit passenger trains may have up to
18 cars, any number of which m®may be povwered. Data is
maintained in a TPS library file for virtually all commonly
used standari locomotives, including complete characterization
of the tractive effort curves. Non-standard locomotives may be
specified easily. (The standard tractive effort curve for each
locomotive will be computed by the TPS unless an indicator 1is
provided with the loComotive data, which allows f£or
non-standard tractive effort data to be provided as a simple
list of tractive 2£f£fort values at increments of one mile per

hour.)

15



Freight car consists can be specified in a variety of
different ways, such as provision of detailed data on each car,
specification of only total trailing weight and numbher of cars,
etc. The TPs will provide default values as necessary.
Passenger train consists can also easily be specified. i
simple code indicates conventional pogyer or =multiple~unit
operation. The locomotives, if conventional, are specified as
for 1 freight train, and the number of passenger cars and their
weight, length, and number of axles are given. Any standard
resistance cozfficients may be overridden if desired.

The five train resistance equations which follow have been
programmed in the TPS for user selection. The default equation
is that of Davis as modified by Tuthill(7); any of the others
may be specified. Tha gradient and curvature terms are

ijdentical for each equation and are omitted.

In these equations:

is the car length in feet

is the number of axles

is resistance of a single car in pounds
is the velocity in miles per hour

is the car weight in tons

oD e

*

indicates multiplication
*% indicates exponentiation

16



1. Davis, optionally modified by Tuthill above 40 mph.
R = 1.3%§ ¢ 29%n + _045*W*V + _045%(V**2)

2. "“Canadian National®t.
R = 0.6%W + 20%n + .01%W*Y + ,07% (V¥*2)

3. "Canadian National - Erie Lackawanna®" for rorc 1.
R = 0.6%0 + 20%n + 01%W¥V + _20% (V*%*2)

4. Totten streamlined passenger(8).

R = 1.3%0 + 29%n + .045%uxv
+ [.0005+.060725%(L/100) ** {.88) J*(V**2)

5. Totten non-streamlined passenger.

R = 1.3%W + 29%n + . 045%wky
+ [.0005+.1085%(L/100)** (.7) 1* {(V*%x2)

d1lternatively, the user may specify individual
coefficients for the locomotive consist or the train consist or
for =2ach unit in each consist, in essence generating custom
resistance eguations. To suggest the relationship of these
equations, the first three are plotted in PFigure 2-1 for a
75-ton car wWeight. (The normal weight for a fully loaded TTX
car for which the CN-EL =2quation is used 1is somevhat higher

than this.)

e - —— A - WD WD TR P S W R D - -

Trhis equation is often referrred to as "modified DavisY,
ttrhe cp2fficient of the V-square term is .20, reflecting the

praogram as originally received from the HMissouri Pacific;
conventionally a coefficient of .16 is used.
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For.improved accuracy in rolling terrain, the +train is
"hlockedn, That 1is, the trailing consist is divided among up
to 25 blocks of cars. Rach block is considered as an
indepenient point mass upon which the train forces act. In the
nodel these masses are considered to be separated by spacings
consistent with the car lengths. This 1is particularly
significant in long trains where part of the +train may be
ascending while another part is descending. The length of the
entire train is jetermined and no acceleration is permitted

until the last car has left a speed-restricted zone.

! simplified explanation of the basic iterative procedure
is as follows. The TPS compates the present train speed to the
speed limit., If below the limit, all tractive a2ffort available
will be applied, subject to the limit of adhesion specifieil.
The velocity will be incremented {normally by 1 MPH) and the
time and dJistance to achieve that velocity change will be
calculated. If the train is already at the speed 1limit, then
the distance is increased by 528 feet (1/10-mile} and the new
time is calculated. 1In this case the tractive effort is taken
as equal to the train resistance, with power and fuel usage

calculated accordingly.
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The TPS looks ahead in the track data (scanning up to 30
track data records) for stops and speed limit reductions and
calculates in advance the distance required for braking. When
that point is reached, the brakes are applied. Brake pipe
propagation time and the wvariation of brake shoe friction
coefficient with speed are both takem into consideratjon. A
normal service brake application is assumed. When deceleration
is called for, the velocity will be decremented, and the time
and distance to achieve the change will be calculated as for

acceleration, based upon the available braking effort.

The model requires the train to attempt to accelerate to
the speed limit vwhenever possjible, and to run at that speei.
The user can modify the speed limits contained in the Dbasic
track data at will anywhere along the track where there is a
data record. The TpS can simulate speeds up to 200 mph.
Caution is advised, howaver, in interpreting results of runs at
ovar 80 MPH, due to the greater uncertainties in train

resistance at the higher speeds.
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The user has a choize of sSummary or Detail Printout. The
summary Printout contains a line only at stations along the
route and includes only location, time, speed, and eneryy
information. The Detail Printout contains a line every tinme
the speed changes by one mile per hour or +the distance is
incremented by one aile. In addition to the same types of
information as are found in the Suammary Printout, a Detail
Printout gqives drawbar pull, throttle notch, and acceleration.
Both printouts provide a complete description of the train
{length, weight, horsepover, resisgtance coefficients, etc.} at
the beginning and both give a Run Summary ({total time, energy,
and average speed) and a timetable at the end. 1A Throttle
Position sSummary and a Velocity Range Summary are available as
options, as is a data file consisting of values at each
iterative step which can be wused 1later by another computer
projram to plot graphs of speed, speed 1limit, elergy,

elevations, qrades, or carvature aqgainst time or distance,
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3. .LIHITATIONS ON THE COMPARISON PROCESS
3.1 1Introduction

In the real world of railroad operations, both simulation
and measurements are prey to a high deqree of variability and
uncertainty in almost all aspects. An avareness of thess2
consiierations is essential to proper evaluation and use of -
simulation tools. In this section a wide range of these
elemants will be identified and subdivided somewhat arbitrarily
into: measuremznt limitations, constraints inherent to
simulation of train movements, lack or ambiguity of data
required by the computer model, and elements not yet
implemented in the TPS. Section 5 of this report includes a
nupbar of simple analyses intended to facilitate estimation of
the relevance and ipmpact of these constraints in particalar

situations.

3.2 Limitations Associated with the Measurements

In most cases, the ability to measure and characterize
oparation of a frejght +traip over a specific route will be
limited in a variety of ways. At the most basic level, certain
kzy parameters, such as train veight, may not be known to high
accuracy. Fu2l consumption data can be obtained at freguent

intervals only if metars are installed on each locomotive and
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are read throughout the run. Just as different motor vehicle
operators have a variety of driving styles, differeat
locomotive engineers may achieve significantly different fuel
efficiency unjer apparently equivalent circumstances, and since
crews seldom operate a train more than 200 miles, a number of

engineers will be involved in a lengthy run.

In practice, speed profiles tend to be far from the
relativaly constant value one might expect. PFigure 3-1 shows a
graph of the speed (measured at one mile increments) of a
fr2ight train travelling from Winslow, Arizona to Barstow,
california. The causes of the many marked variations can be
numerous -- curves, jrades, train dynamics, local speed limits,
slow orders, traffic, etc. == but the effect 1is such as to

preclude precise recording, prediction or simulation.

The very marked composite effect of these many factors is
clearly seen in th2 mesasurement results reported in volume II
(Reference 2). One finds a variability approaching
plus-or-minus 20% within each of the several test series for

gross ton-miles per gallon.
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3.2 1limitations Associated with the Simulation

3.3.1 General Conmments

A number of practical and theoretical constraints upon
train performance simulation limit the ultimate accuracy which
may be expected. Most of these are small, and in most cases
the total impact can be expected to be relatively
insignificant. However, it is to factors such as these that
one must attribute the occasional marked differences between
simulation and reality which do occur. Train resistance
equations and wind effects are the most noteworthy
uncertainties, but any TPC user should also be aware of the
many othar possible sources of error. These constraints can be
divided, with some ovarlap, into three basic categories. One
must assume values for certain basic data which could, in a
particular case, be somewhat in error. Other constraints are
assocliated with aspects of train operation which are
sufficiently arbitrary and variable to preclude meaningful
analvtical modeling. In a few areas, a somewhat more rigorous
approach is possible than is now enbodied in the TSC TPS,
although the effects of potential refinements are clearly very

small. 111 of these considerations are addressed below.
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3.3.2 Unce;tainties in Basic Data

The major uncertainty embodied in any train performance
simulation 1lies in the selection of the resistance equation
from which the total force required to move a train at a
specified speel is calculated. The forms commonly used
(Section 2.2)‘are based on a simple physical model and data
collzcted at least a decade ago for specific rolling stock.
The alternative formulations give significantly different
results for nominally agquivalent situations. At highe: speelds
the problem is intensified due to the greater significance of
asesrodvnamic forces which are complicated and not well
understood. The specific order and type of cars in the consist
must be known for a truly accurate formulation of aerodynanmic
resistance, It 1is probable that track and substructure
coniitions also affect the train resistance. Rail and
lubricant temperatures and the types of bearing and bearing
seals used presumably have some impact, possibly of the order
of a few percent. 311 of these factors and others are
considered in detail in reference ({6), which convincingly
documents both the complexity and the guantitative uncertainty
surrounding this area. However, each factor tends to draw one
further into an abstract and academic perspective which is of

limited relevance to most practical simulation activities.
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For most of the cases simulated, track curvature data were
either not available or would have required excessive labor to
utilize., These computer runs therefore are generally based
upon an assumption of zero curvature. Previous TSC
consideration of the impact of this parameter indicated that
fuel <consumption was underestimated by 4% to 10% 1ip the
simulation of low-speed trains operating on eastern routes with
relatively frequent and substantial curves. 2 brief analysis
of the probable impact for the western routes used in this

study can be fouand in Section 5.8.

3.3.3 Elements Not Susceptible to Modeling

The effect Of wind (its direction and velocity) can be
substantial, but is virtually impossible to model in a truly
satifactory wmanner. 4 quartering wind, which interacts
strongly with the 1inter-car spaces, can have an effect even
greater than that of a headwind. However, since a train Wwill
often be a4 mile or more in lenqth, and may be in a region of
substantial track curvature, the wind effects may even differ
over the lenqgth of the train at anv given moment. Furthermore
oune. wouid have to accumulate very precise track curvature data
to relate instantapeous direction of the +train to the
(presumably constant) wind direction. Track data of sufficient
precision dand detail 1is extremely unlikely to be available.

{(Track chacts often give only magnitude of
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curvature.) Successful incorporation o0f a this refinement
would almost certainly require development of necessary data
from U. S. Geological sSurvey maps, a very labor intensive

undertaking.

The efficiency of the conversion of diesel fuel to
tractive effort depends on factors such as locomotive
condition, temperature, altitude or barosetric pressure, and
the particular fuel used. There is no practical way to
incorporate these factors into a gimglation, since necessary
data would rarely be available. Another inherent difficulty is
the ambiguity in the manner in which a train may be operated.
For example, use of dynamic braking rather than train air
brakes, or power braking (applving train brakes and locomotive
power simultaneously to keep the train stretched) could, in
principal, be modeled, but there would be no assurance that any

actual train matched the algorithm used.

Similarly, in the simulations, the TPS attempts to hold
the train to a constant velpcity. In mountainous regions,
particularly if curves are moderate or entirely absent, an
engineer might be expacted to allow the train to accelerate
{ander qravity) om downgrades, possibly even slightly exceeding
speed 1limits for some track segments. This would build up

kinetic enerqgy which could then be "spent®™ on a subsequent
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ascent, at the expense of speed, which might be allowed to drop
signifizantly. If this were the case, the TPS calculations
would s&ow somevhat higher fuel consumption +than would be
measured, This topic is addressed in Section 5.7. For level
terrain the constant simulated speed profile will lead to
prediction of a more efficient operation than actually occurs

if there are significant speed variations.

The standard diesel-electric locomotive operates only in
eight discrete power settings (throttle "notches"), whereas
simulators normally assume a continuous range of power to be
available. If eighth-notch on a particular track gives a speed
of 65 Mpd, and seventh-notch gives 55 MPH, the means by which
the engineer deals with a speed restriction of 60 MPH becomes
somewhat arbitrary, and any algorithm used in a computer could

be at odis with normal practice.

Whether one sees these kinds of difficulties as
shortcomings of the simulation or as inadeguacies in the data,
they inherently limit, to some degree, the accuracy one coulil
expezt from a computer ad>del. The effect will be small in most
situations, but could be significant for special circumstances

of terrain or operating practices.
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3.3.4 glemgnts Not Now Modeled in the TPS

Several refinements are planned for incorporation into the
TPS, but have not yet been implemented. 1At present, neither
dynamic nor power brakingy is simulated by the TPS. During
braking, the fuel rate is assumed to be that associated with
idling (typically 5 to 6 gallons per hour). If locomotive
pow2r is applied during braking, or if dynamic brakes are used,
the actual fusl rate could be several times this value. For
example, the rate 1in dynamic 4is 25 gallons per hour for an
Sb-45, or 100 gallons par hour for a four-locomotive consist.
In mountainous terrain this could produce errors in fuel
consumption in the range of 2% to 4% for typical rums, and
substantially more under certain circumstances. Approximate
manual correction for this factor is possible, since the TIPS
computes total hours of braking. This will be discussed in

Section 8.6.

Lozomotive power transmission efficiency is taken as a
constant (82% is the nominal value), whereas it might more
proparly be represented as a function of instantaneous povwer
and possibly speed. The basic efficiency of conversion of fuel
to motive power, or fuel rate (gallons per horsepower-hour) is
also specifizd as a constant for each locomotive. It would be
more precise to represent this, too, as a function of

instantaneous povWwer. The effect of these factors is, howvever,
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guite small in most line haunl applications, since most of the
fuel is then consumei at relatifely high power levels and
moderates or high speeds. This correction has priancipal
relevance to low=-speed, low-power situations, such as

branchline service.

enother factor which should more properly be seen as a
function of speed is wheel-rail adhesion. However, this
correction is also of 1limited relevance in normal freight
operations. 2dhesion-limited situations are more likely to
occur im the mediuﬁ speed range where adhesion 1is relatively
constant. The greatest impact would be expected for highly
powered, high speed passenger trains, since adhesion is

significantly reduced at high velocities.
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b, SPECIFIC MEASUREMENT/SIMULATION COMPARISONS
4,17 General Approach

For purposes of analysis each set of npeasured data was
subdivided to the -extant that fuel and operating data woulgd
allow. The seqments thus generated ranged from less than
twenty miles (for branchline operations) to over 1000 miles.
Most, however, were between 100 and 300 miles. This procedure
permitted some degree of examination of variability in the
simulation process. No comparison was atteapted among results
for different railroads, in view of the many differences in
each set of tests, Some of the measurements previously
described in Volume II were not subijected to comparison, due to
the relatively scanty information available, particularly with

respect to speed profile and delays.

For each segment, simulations were prepared according to
nominal speel 1limits to the degree that these were known.
Since actual operations often differ markedly from the optimal
case defined by these 1limits (some delays are almost
inevitable), ths TpS generally computed running times
significantly shorter than those occuring in practice. 1In some
cases, nominal speed limits were generated instead from actual
average velogities over segments or major portions; aqreeﬁent

vas normally better 1in these cases. The next step was
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selection of nominal speed jipits and delay times which more
nzarly approximated the true running time; wusually one or two
iterations were sufficiant to determine acceptable values. For
some runs this involved adjustment of the stop times associated
with enroute 3elays; otherwise speed limits for part or all of
the segment would be modified. In all cases, these variations
were well within a range consistent with such data as was
available. This procedure vas necessitated by ambiguity in the
measure]d situation, or by the impracticality of simulating the

highly variable actual speed profile.

The final gtage of the comparison was based unpon
computations of the ratio of TPS fuel used +to actual
consumption, and variations in this parameter. In general,
thesa data vere analysed in terms of the degree to which the
computeld finlings for the selected speeds and resistance
equations matched the measured data. Results for individugal
segments as well as entire runs were compared, and variation
among the segments was examined. 2although standard deviations
could readily be calculated, this 1is not a particularly
meaningful index, since the distribution of error appears to be
distinctly non-Gaussian. As an alternative, results are
presented hele in terms of the percentage deviation range which
includes approximately two-thirds of the data points,

representing segments of runs. In some respects this may be
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thought of as equivalent to a standard deviation, since 68.8%
of the results for a Normal (Gaussian) distribution will fall
vithin one standard deviation of the mean. Aggregated findings
ware based upon fuel-weighted averaging; that is, ratios wvere
calculated as the total computed fuel divided by total actual

consumption for the group of segments or runs of interest.

In some cases both the data and 1limited information
conzarning a seqment would suggest that the segment in questjon
was not adegquately characterized for aeaningful use. Most
commonly this involved cases of traffic delays or stops which
were made to set out cars with mechanical defects, and the
resulting switching and delay time vwas not adeguately
differentiated from running time. 1In such cases, overall TPS
meisurement conparisons are presented both including and

excluding the guestionable segments.

4,2 Train Resistance Eguations

?!s indicated in Section 2, the TPS offers the option of
usiny any one of several train resistance equations for a
particular run, [?*s originally purchased £from the Missouri
pacific, the TPS CN-EL equation wutilized an aerodynamic
coefficient of .20, rather than the conventional .16. This

value (.20) has been used in lieu of any strong evidence to the
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contrarv,_ ani is implied vherever the CN-EL equation is
referenced in this report.] One 1is thus faced with the
question of which eguations are best used for the various cases
to be considered. In general, the choice is betwean the
original Davis equation and some form of the modified Davis, or
"Zanadian National" formulation. For several measurement
series a large number of computer runs were made autilizing a
variety of resistance equations. This was found to have little
effect on running time, but was significant for fuel usage.
Consumption for each equation vas compared to the measured
value. Since much of the data was for TOFC service, the
wcanadian WNational - ©Eris Lackawanna" (CN-EL) egquation vas
compared to two "Yquasi-Davis' foras. (The original Davis
equation is for boxcars, whereas TOFC trains are known to have
substantially higher aerodynamic drag.) In one case, the normal
coefficient for the velozity-squared term (which represents the
aerodynamic losses) was increased by a factor of .16/.07
(=2.286). This is identical to the change noraally used in
converting from the standard "Capadian Natipnal"™ (CN) equation
to the <conventional form of the CHN-EL (TOFC) version. In the
alternative Davis-like TOFC formulation, each 1loaded TIX car
(trailer-carrving flatcar) is thought of as equivalent to two
bOoX cars, each having half the total weight and length of a TTX

car.
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The results of the comparison of these equations, applied
to mores than 20 runs, showed no significant differences among
the threz approaches for nedium speed TOPC service. The
increased V-square-tera technique typically gave
computer-calculated fuel consumption 1% to 2X above the CK-EL,
with the "two-box~car™ approximation running abouat 5% higher.
The overall average for the CN-BEL eguation (with k=.20) in
these comparisons was within 1% of the measured consuaption,
although the scatter wvas substantial from run to run.
Basically similar results were obtained for a small set of
higher~-speed runs, with the Davis formulations giving results
equal to the CK-EL values or slightly lower. In vievw of the
sorewhat stronger theoretical and experimental basis for the
CN-EL =eguation, and its widespread use within the industry, it

was selected for use in these comparisons.

For boxcar trains, the CN formulation, which gives
significantly 1lower values than the Davis, was found ia
preliminary TPS runs to be a better approximation. It wvas
subsequently used for boxcar consist simulations. One
particular segment provided strong substantiation for this
choice; details are presented in Section 5.6. An advantage of
using both CN and CN-FL foras is that they are mutually
consistent, differing only (as is reasonable physically) in the

aerodynamic ternm. Jne can readily approximate a mixed
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(boxcar/IOFC) consist by using an appropriate infetnediate
value for the aerodynamic coefficient. In Section 6.2.2 effort
is directed toward utilizing the results of these comparisons
to develop modified resistance egquations which will be

preferable for simulation of fuel consumption.

4.3 Branch-line Operations

In late 1974 measurements were carried oﬁt for FRA/TSC by
the Missouri Pacific Railroad on a branch line between McGehee,
arkansas, and Delhi, Louisiana, a distance of 87 miles. Speeds
were generally eithar 10 or 25 MPH, with consists of 0 to 38
cars plus the 5P-7 locomotive on which fuel meters had been
installed. six round trips were carried out over a period of
two weeks. TFor analysis, the route wvas divided into three

seqments over which speed and consist were relatively constant.

The results for these operations (in the form of
percentaje deviations of TPS calculations from the measured
consumption data) are shown in Table 4-1. Overall, the TIPS
prediction is 31% belov the fuel usage actually observed. For
the 36 segments, two-thirds of the data fall between =-16% and
-46%, for a deviation of 22% about the mean value. Rggregation

separately by runs and segments shows a marked narrowing of

this uncertainty.

37



TABLE 4-1. MISSOURI PACIFIC FUEL USAGE COMPARISON
RESULTS: TPS DEVIATIONS IN PERCENT BY RUN AND SEGMENT

2unz: :
Segment 1 2 3 4 5 6 Average
Soutunbound
1 ~-18 =21 -1Z -19 -38 -39 -24
P 220 43 -16 -25 -4 =44 | =25
3 -12 -8 -22 =27 -49 -53 =34

Northbound

1 -43 -13 -38 -32 ~49 =33 =34
2 -24 ~41 =31 -43 ~-38 -46 -39
3 -7 ~15 -23 -13 -39 -48 -28
Average =21 =20 =29 ~24 =44 =33 ~-31

38



The TPS underestimation by almost one-third obviously
requires examination and explanation. A number of factors must
be considered. Tha practical 1limitations on accuracy in
railroad fuel usage measurements are a probleam here as in all
tasts. rccurate differentiation between fuel used while
running (45%) and that associated with switching and standing
(55%) poses a problem, and the idealized computer speed profile
may be significantly different from the actual case. The
relatively small amounts of fuel involved =-- sometimes only a
few gallons ~-- also increase the 1likelihood of a large
percentage error, although this factor should not introduce any
systematic overall inaccuracy. Car weights were estimated, and
should be considered only an approximation. It is often <found
that such estimates err on the low side. The lovw speeds make
the test situation particularly sensitive to the mechanical
component of rolling resistance, so that phis tern could be
modified to achisve better agreement. However, use of the
original Davis equation, rather than the Canadian National
form, would lead to a TPS overestimate. More importantly,
other factors are known which readily explain the magnitude of

the observed discrepancy.
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The MITRE study by Muhlenberg (Reference 6) identifies two
hizhly relevant effects. one concerns bearing temperaturs.
Curves are presented in  (6) wvhich show a drop in train
resistance presumably arising from heating of the bearings
during the first 10 to 15 amiles following a stop, after which a
nearly constant lower value is found. Although this relates
primarily to friction bearings, many cars thus equipped are
still in service. Since most of the segments of the Missouri
Pacific test involved distances of this magnitude or less
between stops, the high cold (starting) values of resistance -~
which occur for such a brief period that this factor is of
limited importance in linehaul operations -- could be quite

significant.

The second point brought out by Muhlenberg involves the
tracks. A convincing argument is made that train resistance is
significantly greater for lighter-weight rail, which is coammon
to branch operations in gemeral and to this case in particulare.
Physically, this phenomenon appears to be associated with a
wave-like action in the rails. Finally, one should also
consider general track and roadbed conditioﬁ. Branchline track
is typically maintained only to Class 1 (10 HPH maximum speei)
or Tlass 2 (25 MPH) tolerances. Relatively damp conditions,
with a moist substructure, were also characteristic of the test

conditions. The uneveness and softness of the resulting track



structure would be expected to contribute to a substantial
increase in train resistance. consider, for example, the
additional effort required to operate a bicycle in sand or

rough terrain.

Tn summary, although rigorous gquantitative conclusions
cannot be drawn concerning these possible effects, the results
are gensrally consistent with them. In a practical sense, it
appears appropriate to increase predicted fuel usage by
approximately 50% to compensate for these real but poorly
guantified effects. 2 more rigorous approach for branchline
applications, were data available, would be to include in the
model the distance between stops, stop times, track class and

general coniition, and the nature of the subgrade. .

4.4 Long~-Distance TOFC

Tn June, 1975, the Burlington Northern Railroad collected
a variety of information relating to fuel usage on a scheduled
mOF2 train operating daily from chicago to Seattle, a distance
of 2200 miles, On this run, trains normally carried a number
of cars the full gistance, with other cars being set out and
picked up enroute. ¥ith the exception of an occasional majl
car, it was purely TOFC, with almost all trailers loaded. No

empty cars were haunled. ®Bight further runs were monitored
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early in 1976. In this case only the Chicago-Minot portion of
the route was jnvolved, and the traims included several boxcars
in addition to the TOFPC cars. The data collected included
computer-generated consist lists and total fuel added at Minot
and Seattle, It was not possible to weigh the trains, and the
estimated weights us2d for simulation were judged to be highly

approximate. Frrors of 10% or greater are considered possible. .

For analysis, thes runs vwere divided into three groups:
Chicago to Minot, Pirst Series (922 miles); Minot to Seattle,
First Series (1257 miles), and chicago to Minot, Second Series.
Thess provided groupings which vwere relatively uniform in both
consists and terrain. Since on-board fuel monitoring was not
possible in this case, subdivision to shorter segments would
not have been meaningful, The CN-EL resistance equation was
used for all cases, although a small number of boxcars was

pressnt in trains used in the second series.

Basic results for sach segment are shown in Table 4-2, and
are sunmarized in Table #4-3 according to the three major
groupings identified above. The overall finding is that
computed fuel usage was 1.8% less than that actually measurel,
wvith variation of =-28% to 56% for various segments. Tvo-thiris
of the segments vyielded simulation values within 16% of the

measured fuel usage. Uncertainty in train weights and speed

42



Rua

1

2

8

1Y

11

13

TABLE 4-2. BURLINGTON NORTHERN COMPARISON RESULTS (BY SEGMENT)

Chicago - Minot,
First Series

TP oeviatioa (%)

Minot - Seattle,

First Series

run

TPS Deviatiomn

43

58
21

30

32

Chicago - Minot,
Second Series

Run

[ o8]

10
11

13

TPS Deviation
30
4
-10
-31
-16
4
8
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TABLE 4-3,

Series

Chicago-Minot,

Minot=-seattle,

Chicago=#inot,

ovaerall Total

BURLINGTON NORTHERN COMPARISON RESULTS (SUMMARY)

1st

2nd

3
Lge]

Series
Series

Series

Deviation{%)

-10

-1.8

44

Fange*
{Actual)

8%/-124%
32%/-4%

15%/=-16%

16%/=16%

Range*
{ITPS Hean)

11%/-5%
6%/=7%
21%/-12%

18%/=-14%



profiles obviously contributed to this discrepancy. Indeed,
the measured values shdved a substantial variation among
themselves, even when normalized to units of gross trailing ton
miles per gallom (GTTMPG). For the total measured test data
and for each of the groups alone two-thirds of the segments are
within approximately 15% of +the average for all rums in the
series. Any special or unknown factors which might have caused
certain trains to be above or below the mean for the tests
obviously could not be inciluded in the simulation. This view
is supported by an examination of the rank correlation between
the measured and simulated cases. The segments within each
grouping vere ranked by {TPs fuel)/(actual fuel), and
separately by the ratio of actual GTTMPG to average measured
GrrMpP3 for the group. Table U~4 shows the results; a
significant rank correlation(9 is found for the first and
third groups (Chicagqo to Mipot), but not for the second. This
demonstrates that a significant part of the divergence betweep
the TPS and measured values for the two correlated data sets

arises from the experimental situation and not the sigulation.
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TABLE 4-4. BURLINGTON NORTHERN RANK CORRELATION RESULTS
[ACCORDING TO SPEARMAN RANK-CORRELATION TEST (9)]

Series Rank Correlation Confidence
chicago-Minot, 1st Series ’ . «85 99%
Migot=Seattle, 1st Series 40 75%
Chicago-5eattie, 2ad Series «65 95%
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The overall results for the first and third groups are
quite good, considering the experimental uncertainties. 1In
addition, the absence of +track curvature effects and the
limited replication of the actual speed profile nmust be
recognized. Both would be expected to produce underestimates

of s2veral percent in the simulation.

Tha Minot - Seattls group, while showing a large error
(IpS overestimate of 24% on the average) is characterized by
the smallest range:. leviation from the mean is between -7% and
6% for two-thirds of the runs. This strongly suggests the
presence of a systematic error in the simulation for this data
sat. This route consists predominantly of moderate descending
grades, a condition under which simpulation results are highly
sensitive to the ressistance equation coefficients. This is
discussed at length in Section 5.4%. Overspeeding or coasting
on 1owngrades, followed by slowing to speeds substantially
below the nominal limit on a subsequent upgrade, could also
contribute to significant TPS overestimation for the terrain
involved. This case is discussed in Sections 3.3.3 and 5.7.
These factors are judgel to provide a satisfactory explanation
for the discrepancy. A possible modification to the TPS which

could minimize these inaccuracies is mentioned in Section 5.7.
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4.5 Medium-Distance Varied-Consist Operations

During July, 1975, the Southern Pacific Transportation
Company collected detailed qata concerning operational and fuel
consumption characteristics for eight trains (four in each
direction) running bet ween Roseyille and Bakersfiell,
california, a distance of 287 miles. The terrain -- the. Great
Central valley of California -- is relatively flat. On most
trips several stops occurred at which minor changes in consist
were carried out. A1l trains were weighed. The power consist
throughout comprised two SD-45 locomotives on each side of a
dynamometer test car housing the test crew and measurement
apparatus. Fuel consumption was determined with calibrated
metars connected from the test car to each of the diesel units.
Distance traveled, milepost, fuel consumed, speed, time, and
other factors were recorded at 10 aile intervals, as well as at

stops or othervwise noteworthy points.

Three types of trains were involved. T¥o runs consisted
of TOFZ only. These relatively 1liqght trains (2200 to 3600
tons) operated at power-to-weight ratios of 2 to 3 HP per gross
trailing tom, with speeds of 50 to 60 MPH orihiqher. Foar
other rumns involved lov-speed heavy mixed-freight trains -- two
of over 10,000 tons, and two of 5000 to 6000 tons -- operating
at .7 to 1.4 HP per gross trailing ton. The remaining two rups

ver2 intermediate cases, approximately half ToPCc and half
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boxcar. In the case of the. mixed consists, a basic CK
rasistance equation was wused for the simulations, using an
aerodynamic coefficisnt *k' intermediate to the boxcar (CN) and
TOFC (CN-EL) forms. The actyal value used reflected the
proportion of the two car types. Track curvature data was
available for wuse in the simulations. The data collected on -
these runs did not permit precise delineation of speed
profiles. For the heavy boxcar trains, there vere a number of
stops and delays which complicate the simulation ©process, ani
which thwarted attempts to divide the runs into shorter
seqma2nts. However, all consist changes which occurred in the

course pf a run were included in the TPS simulations.

The results for all runs are shown and summarized in Table
4-5, For the overall test series, TPS computations differed
from actual consumption in the aggregate by only -5%, ranging
from a low of -19% to a high of 10%. The summary findings are
fuel-weiqhted, which causes the boxcar runs to dominate.
Uncertainties in the simulation process were also greatest for
the boxcar trains, for which speed profiles were the nost
uncertain, On the othar hand, fuel usage would be expected to
be relatively insensitive to variations in velocity at the

lower speeds involved.
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TABLE 4-5. SOUTHERN PACIFIC FUEL USAGE COMPARISON RESULTS

Aun Consist Type TPS Deviation (%)

1 TOFC 16

2 Mixed -3

3 Boxcar -9

Iy Boxcar -19

5 Boxcar ’ -8

o Loxcar -5

7 TOFC 15

] ) Mixed -11
411 nuns TOFC ‘ 15
411 Runs Boxcar =10
411 Euuns Mixed -7
All Huns Overall Average -5
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The TOFC trains showed almost identical simulation
overestigates on the two runs (15$ and 16%), suggesting a
systematic rather than random effect. Similarly, calculations
of fuel usage for the six boxcar and mixed freight ruas, taken
together, averaged 91% of measured consumption, with two thirds
of the results falling beveen 89% and 95%. It is likely that
the relatively even terrain contributed to the auniformity of
the results. Mountain operations tend to bring into play many

of the mechanisms which introduce variation.

4,6 long-Distance TOFC and Boxcar

In the first half of 1976 the Santa Fe Railway Company
carried out detailed measurements during three round-trips
between KXansas City, Kansas and Los Angeles or Barstow,
ralifornia. These tests included two TOPC trains and one
consisting primarily of box cars, hauled by either 3 or .4 SD~i5
locomotives. Lverage speeds overall were in the range of 45 to
50 MPH, with running speeds for the TOFC trains exceeding 70
MPH, A test car, located behind the power consist, was always
used, equippel with a variety of instruments and data
processing and recording equipment. A1l trains were weighed in
Kansas City. The first (eastern) half of the route is
ralatively 1level, with a moderate continual ascending grade.

In the west, several wmountain ranges are crossed, with
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substantial and sometimes very lengthy grades (both ascending
and descending). The wastbound TOFC trains generally carried a
full conplement of loaded trailers. When traveling eastbonni

the trailers were predominantly emptye.

For comparison with simulation, the analysis was based
upon subdivision of the runs into 13 segments, ranging from 64
to 23¢ miles (with an average value of 135 miles). The CN~BL
resistance egquation was used for the two TOFC round trips, and
the N for the boxcar train. The topography varied
considerably among them, as did the rail traffic. The segments
are described briefly in Table 4~6. The high degree of
variation 1in speeds within segments has already been mentioned
in Section 3.2. The procedure used for simulation was to
separate out significant delays (extended stops) and choose as
a nominal speed limit a value giving approximately the correct
average sSpeed. 111 known stops were included. This generally
resulted in simulation speed limits slightly 1less than those
actually specified by the railroad, typically in the range of
55 t> 60 MPH. Resulting TPS running times for each segment
were very close to actual values, with two-thirds in error by
1% or less. 0Jnly 10% deviated by more than 2%. Table 4-7
shows the percentage difference betvween measured fuel usage
values anj those calculated by the TPS, including averages over

both rtuns and seqments. Overall results for fuel usage are in
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Segmrent

i~

8

10
11
12

13

TABLE 4-6.

End Points

Argentine - Emporia
swporia - Wellington
Wwellington - wWaynoka
waynoka = Amarillo
tmarilio ~ Clovis
Cciovis - Belen

Belen - Gallup
Galiup - ¥inslow
¥inslow = Seligman

Seligman - Needles

Needlies - Barstow

Barstow = San Bernadino

San Bernadino - Les 3ngeles

53

Length

(Miles)

107
239
145
128
142
148
169

79

62

ROUTE SEGMENTS FOR SANTA FE TESTS

Terrain {(Westbound)

Level

Level

Level

Gradual ascent

Gradual ascent

Steep ascents/descents
Steep ascent

Moderate descent

Steep ascents/descents
Mainly steep descent
Steep ascents/descents
Steep ascent/descent

Gradual descent



TABLE 4-7. SANTA FE FUEL USAGE COMPARISON RESULTS:
TPS DEVIATIONS IN PERCENT BY RUN AND SEGMENT

Runz:
TOFC TQFC BOXCAR
Segment 1¥B 1EB 2WB 2EB 3WB 3EB Average
1 -21 -4 -4 -16 =36 =26 -25
2 -23 =15 12 23 -3  -18 -13
3 -14 -15 25 5 =21 -15 -8
4 -10 -18 23 1 -1 -10 -5
5 2 20 =7 28 =26 -13 -2
6 -1 8 13 -10 -12  -12 -3
7 0 37 1 25 -6 -5 7
8 -16 26 7 12 =19 -0 5
3 -14 2 13 19 -6 -4 -0
19 -6 9 15 3 =22 -5 0
11 -11 2 7 -5 =13 =13 -6
12 0 -1 =15 =23 =13 0 -16
13 0 -3 -23  -30 =57 "o -28
Lverage -10 1 9 1 -17 . =9 -5
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generally good agreement, Two~-thirds of the segments fall
within a band of -18% to 15% of the actual measured value, and
the total fuszl actually used is only 5% greater thap

calculated.

B significant number of segments 4id show serious
discrepancies. In particular, those for Kansas City to Emporia
(segment 1), Barstow to San Bernadino (segment 12), and San
rernadino to Los Angeles (segment 13) consistently show a much
higher actual fuel consumﬁtion than predicted by the
simulation. These segments are all characterized by high
densities of rail traffic, where right-of-way may be shared
with other railroads. The stop-and-go nature of the movements
in thoss places would be expected to increase fuel usage above
that which would be needed for relatively constant velocity
operation assumed by the TPS. If one deletes these segnments
from consideration on the grounds that the special conditions
destroy their validity for the comparison, the resultinq
overall TpS error is -2% and deviations range from -15% to 13%.
when agqregated by runs the reduced results show a "two-thirds"
deviation of =-9% to 9%; for segment aggregation the range is

-6% to 0%.

55



The difference bétueen the first and gecond runs is of
some interest. For the round trips (westbound plus eastbound),
the TPS was 4% low on Run 1 and 6% high for Run 2. Run 1 was
operated at maximum speed (70 MPH) whenever possible. Run 2
called for application of power only below 55 MPH; coasting to
70 MPH wvas permissible if allowed by speed limits. This type
of operation, somevhat similar to that analysed in Section 5.7,
reduces average speeds but also has a marked influence on fuel
consumption. For the measured data, the decrease (in gallons
per ton mils) is 14%, accompanied by a 9% drop in velocity.
This appears to provile a mechanism with vhich to explain .the
10% difference in the accuracy of the TPS between the two runs.
The second run utilized a more fuel-efficient type of operation
which the TPS did not attempt to emulate. This "drifting® mode
can be simulated through setting locomotive available tractive
effort to zero above 55 MPH. This was tried for the first
westbound train, with the result that computed average speed
decreased by 8% while fuel usage dropped by 15%. These values

are very closa to the measured change from Run 1 to Run 2.
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Severa; séqments in additiogp to 1, 12, and 13 show
particularly hiqgh deviations between measurement and simulation
for certain runs. various general effects described elsewhere.
in - this report undoubtedly contribute to these discrepancies.
However, a significant portion of the error in these cases »may
be related to the terrain, with high descending speeds allowing
partial coasting on the following ascent. This condition would
lead to TPS estimates well above measured values. (See

Sections 3.3.3 and 5.7.)

The Santa Fe traims were operated using dynamic brake
wheraver applicable. The relevance of this factor lies in the
difference betwean the 6 gallon per hour fuel rate at idle {(for
each locomotive} and the 25 gallon per hour rate vhen in
dynamic brake. The TpS does not at present include provision
for +this, but a simple manual correction is possible. The IPS
provides a summary of time in each throttle notch, including
braking. If one somewhat arbitrarily assumes that half of the
braking is dynamic, the appropriate correction for total fuel
usag2 can be calculated, For all rumns, the increase is 2%
overall, vielding a total consumption for the test séties
extrenely close to the TPS values. However, this apparently
excellent agreemant is somewhat diminished by the fact that
track curvature was not included; under these circumstances

the TPS should have beep about 2% ynder the actual data.
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5. ANRLYSTS OF INDETERMINANT FACTORS
5.7 Effects of Cyclic Speed Variation

It has previously been noted that actual freight train
speed profiles can be highly variable, to the point that
precise computer replication may be impractical. Figure 5~-1
repeats the measured profile of Figure 3-1, and overlays the
speed limit profile and running speeds associated with the TPS
simuljtion. Given this opbvious discrepancy between the real
world and the analysis, it is important to estimate the impact

on computed fuel use of problems in this area.

The fuel usaqge effect of cycling of train speed (as in
Figqure 5-1) can be addressed in a relatively sipple manner.
Consider two alternative scenarios by which a train could
complete a trip at an average speed V. One possibility would
be to operate at all timess at V. 2another would be to run part
way at (Vv-v), and the remainder at (v+¢v), the partitioning
chosan to be such that the overall run achieves an average Of
V.* One calh readily comnpute the work done per unit distance the
rasistance of a train or freight car for each of the three

velocities under consideration: Vv, y-v, Vev. It is then

e e S AT . T D an W S 4SS D i D e M AN W

*The fraction of the total distance at V+v 1is (V+v)/2V; the
fraction at V-v is (V-v)/2V.
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possible to calculate a relative energy index consisting of the
ratio of the work done in the constant-velocity (V) scenario to
the energy required for the two-velocity [ (V-v), (V+v) ] case.
Pesults of this type of computation are graphed in Pigures 5-2
and 5-3, respectively, for a 75-ton boxcar using the CN
equation and an 85-ton trailer-carrying car with the CN-EL
(TOFZ) equation. Thes curves are for V = 35, 50, and 65 NMPH

with the energy index shown as a function of Vv,

although real situations involve a far more complex array
of spesds to be averaged, the simplified scenarios analyzedl
heres provide a "worst" condition. However, this clearly
'illustrates the magnitude of the effect, and suggests that a
non-uniform velocity profile may readily consume as nmuch as 5%
to 15% more fuel than would be the case for a constant-spged

case yielding the same average speed.

5.2 Th2 Impact of Stop Tinmes

» problem similar to that of cycling arises when an
average velocity V results from a constant actual velocity V!
plus a significant perioil of idling. 1Idle fuel rates are only
a few percent of those pear full power, so that the idle fual
consumed during a short time period is generally a negligible

part of the total, Howaver, operating at the higher speed V'
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can have a yerf substantial impact on fuel consumption. The
vork done {and hence the energy required at the drawbar) to
move a train a given distance is proportional to the train
resistance, which is a function of velocity. Pigure 5-4 has
been prepared to sugqgest the reiative Change in fuel
consumption for a given change in velocity. It consists aerely
of a plot of the train resistance ratio R(V)/R(50 MPH) as a
function of speed, for a 75-ton car using the CN equation and a
85-ton trailer-carrying car with the CN~EL formulation.* Por a
loaded TTX car, for example, a 20% increase in speed (froa 50
to 60 MPH) increases fuel usage by over 30%. This effect is
primarily due to the V-square term, and is therefore less at

lover speeds and for other car types.

Thus, when one generates a nominal speed profile for the
purpose of sinpulating a Rreasureg test run; considerable care
should be usedl in accurate assessment of ¢time lost through
stops, since the fuel rate then is very low. For the
measuresents described in Sectiom #, average overall fuel rates
have been in the range of 250 to 350 gallons per hour. (Righth
notch for 3 SD-45's is almost 600 gallons per hour.) The idle

rate is 5 to 6 gallons per hour. Thus, if running time is

*Note the relative linearity of train resistance with velocity
in this ranqe; a linear expansion about V=40 to 50 MPH jis
satisfactory for most analytical purposes.
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increased by 10% by 2 simple dejay, the fyel ysed will increase
approximately 1%. on the other hand, if the same net schedule
change occurs because of a lowering of running speeds by 10%,
one could expect a fuel usage redaction of 10% to 15%.
Finally, if the lengthening is due to a shift from running at a
constant speed to cycling betveen speeds well above and below
the nominal wvelocity, a 5% to 15% increase might result.
hAccurate simulation thus requires a good understanding of the
actual or proposed speed profile. A concomitant implication is
that precise replication of overall run time, even for a
segment, by no means guarantees that a TPC is accurate in
estimating fuel consumption. Considerations of this type vere
responsible for 2limination of a nuaber of test runs fros the
comparisons described in Section 4. In these cases information
conzarning speed profile, and particularly stop times, was so
ambiguous (or totally lacking) that meaningful simulation would

not have been possible.

5.3 PFuel Consumed in Stopping

A related topic is ihe impact on fuel consumption of full
stops from running speed. Aside from the inherent delay, a
stop dissipates the train's kinetic energy:; this loss
represents fuel which pust subseguently be used to bring the

train back up to speed. In order to provide a mnmeapingful
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measure of the significance of this factor, the stopping loss
can be expressed in terms of the distance which the vehicle
coull have travelled {at the nominal speed) for the same energy
expeaditure. 2pproximate results for a simplified analysis*
atre plotteil in FPigure 5-5 for a 75-ton car (CN resistance

equation) and a 85-ton loaded TTX car (CN-EL equation).

5.4 Effects of wind

s indicated previously, it would be extremely difficult
to simulate wing conditions accurately, in view of the
requirements that this would impose on knowledge of actual
(compass) direction of the train at all points. Further, it
would be rare that adequate data would be available. Finally,
freight train aerodynamics are not sufficiently well understood
to provide +train resistance equations in which onmne can
confidently and accurately specify a true "aerodynamic® tern.
on the other hand, it is possible to consider the approximate
effezt of wind under the assumption of relatively constant wingd
and train direction. This may be a reasonable approximation in

cases such as operations across the western plains. The TPS

T . T A e S M M D WS I WD S D S -

*This calculation is based on the equation

Zhange in Kinetic Energy = Work Done = Force*Distance, or
(MV*%2Yy /2 = R(V) %D, or D = (MV¥%¥2) /(2%R{(V)), where D is the
distance; M, the mass of the train or car; V, the velocity;
aad R(V), the resistance force.
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treats vind by modifying the velocity used in the V-square ters
of the train resistancs equation. Specifically, V is replaced
by V+V![sine(t)+cosine(2) ]}, where V' is the wind velocity and 1
is the angle between the wind and the direction of movement of
the train. Note that the additional term is thus a function of
both longituiinal and lateral wind fofce. While far from
precise, this appears to be a reasonable model for purposes of
analysis, and is not in serious disagreement with more

sophisticated research(10).

In the course of TSC/FRA fuél measurements, one TOFC train
operating at high speed between North Platte, Nebraska and Los
Angeles was monitored. High winds vere encountered through
much of the run, particularly in the half from North Platte to
Salt Lake Tity. TPS simulations were performed under a variety
of assumptions concerning wind; these are presented in Table
5-1. These rasults do not bear meaningfully upon the question
of TPS accuracV¥; clearly one could, with jydicious choice of
theoretical wind, achieve almost any desired fuel usage
computation. They do illustrate, if imprecisely, the magnituje
of the impazt which wind capn have on fuel consumption. For
example, an assumed 5 MPH, 30-deqree wind for the entire route
increases calculated consumption by almost 20%. Thus, this
effect should always be considered in 1interpreting both

measured and preidicted (computed) fuel usage.
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TABLE 5-1. EFFECTS OF WIND ON SIMULATED FUEL

USAGE [UNION PACIFIC TEST SERIES (2)]

tssumed wind

Westbound:

Noue

20 MPH, S0-degree
North Platte to
Salt Lake Citv

40 MPH, IV-degree
North Platte to
Salt lake Citv

10 MNP, 30-dogree
gntire toute

5 MPH, 30~-deqree
“ntire Eoute
Zastpbound:

None

20 MPH, 15(0-degqree
tntire Route

Actual
Fuel

13679

13679

15679

13679

12888

12888
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TIPS

Fuel

11952

14540

17632

14303

130823

14669

13178

Difference
{percent)

-13

28

14



5.5 locomotive Variability

netailed data recorded during the Santa Fe test reveal
some departure from conventional TPC assumptions. Four
norinally identical SD-45 locomotives were used. Yet, the fuel
consumption among them varied significantly. Table 5-2 shows
the total gallons for the two round trips in which all four
locomotives were used, along with the percentage deviation for
each one from +the average of all four. Note that the
highest-fuel 1locomotive required 14% more than that which was
consumed by the lowest. It is quite possible that this
corresponds not so much to differences in efficiency, as to

variations in actual horsepower among the units.

Data recording the time spent in each throttle notch were
also collected, and are summarized in Table 5-3 for each run.
If one multiplies these values by the nominal (published) fuel
rates in each notch for that model of locomotive, actual fuel
consumption is found to be approximately 18% 1less +thap the
throttls notch times and fuel rates would suggest. This may,
at least in part, represent some limitation of +the data
collacztion process. Review of a brief portion of the measured

results (1-1/4 hours continuously at eighth notch) showed a
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TABLE 5-2. VARIABILITY IN LOCOMOTIVE FUEL
USE [SANTA FE TEST SERIES (2)]

Locomotive Number: 1 2 3 4 Lverage

Fuel Used (Gallons)

Eun 1EB 3796 3701 3864 2998 3833
Eur 1WB 3411 3042 3432 3565 3362
Run 3EB 3063 2782 3034 3221 3025
Runn 3WE 4019 3645 4608 4189 3965
Total 14288 13169 14338 14972 14191
Deviation from Average 1% ~T% 1% 6%
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TABLE 5-3. PERCENTAGE OF TIME IN EACH THROTTLE
POSITION [SANTA FE TEST SERIES (2)]

Fun: 1WB 1EB 2WB 2EB 3VB 3EB

Throttle

fotch

Tdle 16.5 18.1 25.0 23.8 19.1 17.6
1 2.8 5.8 3.0 4.1 3.5 4.4
2 3.4 5.5 4.6 5.2 3.5 4.8
3 246 4.8 4.5 6.3 3.4 5.3
4 3.0 4.2 4.5 5.8 3.5 59
5 3.2 3.7 4.8 6.2 2.9 4.6
6 4.1 4,3 5.7 0.3 2.9 6o 1
7 2.8 3.8 4.1 6.9 2.3 5.3
3 47.5 35.4 31.4 28.0 43.2 27.2

Dyn. Brake 14.1 10.4 12.5 o9 15.1 18.8
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consumption of 177 gallons per hour per locomotive, compared to
th2 nominal value of 194 gallons, a difference of approximately
10%. No fall explanation has been sought for this effect,
which 1is well outside the scope of this study. It is true,
however, +that 1load cell tests of nominally identical
locomotives often show substantial variation of horsepower. It
appears highly likely that these differences are associated

more with horsepower than with fuel efficiency.

5.6 Moderate Descending Grades: B Special Case

For 1level terrain and normal speeds, fuel usage is
approximately proportional +to total traim resistance. An
uncertainty in only one coefficient in the equation, such as
the aerodynamic (V-square) teram, will produce a less than
proportional change in consumption. On ascending grades, the
gravity component will tend to be the dominant effect, so that
a moderately inaccurate train resistance equation will have
little dimpact on overall precision, For typical speeds and
trains, the gravity term becomeg comparable to the other
components at .2% to .3% grade. For steep downgrades, train
resistance is irrelevant, since brakes will be required in any
event. However, on moderate descending grades a special
situation arises which renders fuel usage calculations highly

sansitive to grade. In this case, for which the gravity term
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is neqativef the net train resistance will become negative for
a gqrade of .2% to .3%. This net resistance is deterained by
the difference of two reasonably large numbers: {1) the sur of
the level-terrain resistance terms, and (2) the gravity tern.
The relative or percentage change in net nominal (level)
resistance which arises from a small error in the nominal
resistance can thus be very large. This is illustrated in
Figure 5-6, prepared for a loaded 85-ton TTYx car at 55 MPH, for
two different assumed values of CN-EL aerodynamic coefficient
{representing changes 6f 10% and 25%): the base case assunes
the conventional value of k=.16, rather than the .20 generally
used for sinulations in this study. Due to the fuel usage of
the idling engine, consumption does not become zero for zero
train resistance, so the impact on relative energy use is not
so dramatic as suggestej in Figure 5-6, but nonetheless a major

discrepancy can arise.

The situation is more than an academic anomaly. The Santa
Fe route segment from Gallup to VWinslow (segpment 8) is a
relatively constant descent (westbound) for 128 miles; the
average grade is .24%. For the third run in the TSZ test
series ~-- the only Santa Fe run involving a boxcar consist ==
Cy¥ and Davis equation simulations were compared. For the
overall run, the Davis version resulted in calculated fuel

usage 24% greater than that for the the CN case -- a difference
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ERRATUM: This page should replace the existing pace 74.

is negative, the net train.resistance ¥vill become negative £for
a grade of .2% to .3%. This net resistance is determined by
the difference of two reasonably large numbers: {1) the sam of
the level-terrain resistance terms, and (2) the gravity terca.
The relative or percentage change in &net nominal (leval)
resistance which arises from a small error in thke nominal
resistance can thus be very large. This is illustrated 1in
Figqure 5-6, prepared for a loaded 85~-ton TTX car at 55 MPH, for
two different assumed values of CN-EL aerodynamic coefficient
{representing <changes of 10% and 25%); the base case assumas
the conventional value of k=.16, rather than the .20 genzrally
used for simulations in this study. Due to the fuel usage of
the idling engine, consumption does not become zero for z2ra
train resistance, so the impact on relative energy use is aot
so dramatic as suggested in Figure 5-6, but nonetheless a major
discrepancy can arise.

The sitwation is more than an academic anomaly. The Santa
Fe route segment fron Gallupv to ¥Winslow (segqgment 8) is a
relatively constant descent (westbound) for 128 amiles; the
average grade 1is .24%. For the third rumn in the TSI test
series =-- the oaly Santa Fe run involving a boxcar consist --
CN and Davis eguation simulations were compared. For tha
overall run, the Davis version resulted in calculated fu=l
usage 24% greater than that for the ZN equation, a findinj that
is consistent with the difference between the two equations at
the speeds involved. However, if one examines oniy the 5allup
- ¥inslow seqment, the Davis computation yields a -consuaptian

of 1051 gallons corpared to 330 for the CN case -- a difference
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of more than 300%. The value actually measured was 405
gallons. A dynamic brake fuel usage correction woulg add
approximately 25 gallons to the TPS CN Tesult. The
throttle-notch summary confirmed what was happening; the train
simulated according to the Davis eguation was predominantly in
sixth through eighth notch (72% of the time), while the CH
calculation showed primarily second and third notch (60%).
#hen the CN resistance equation was modified by increasing the
aerodynamic coefficient from .07 to .08, the <calculated £fuel

usage increased by 16%, to 382 gallons.

It should be emphasized that this problem arises only when
a major portion of a route consists of moderate downgrade.
Otherwise, the high relative error is diminished in importance
by the fact that a small absolute gquantity of fuel is consumed
in descending movements. In the Santa Fe example, that segment
represented about 7% of the route mileage, but required only 3%

of the total measured fuel used on the run.

The dynamic brake gquestion discussed in Section 3.2.4. 1is
relevant here, as for any segment which is largely descent.
The additional fuel wused during dynamic braking can be a
substantial portion of the +total rtequired under these
circumstances.
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5.7 roasting vs. Constant Speed in Rolling Terrain

In rolling terrain, yet another problem arises. A train
could be operated, pover permitting, at a congtant velocity
(such as the speed 1limit) down a descent (requiring substantial
bhraking) and up the following ascent {with power applied).
Rlternatively, the train could be allowed to accelerate under
gravity on the downgrade, and then coast part or all of the way
up the subsequent hill. Insight into the implications of this
situation can be gained through analysis of two simplified
scenarids. The first is that of constant velocity, with brakes
applied on the downgrade and sufficient power to maintain speed
for the ascent. The energy per ton necessary to overcome total
train Tesistance (including gravity) 1is the ascending train
resistance multiplied by the ascent distance, since no energy
need be supplied on the descent. If both grades are of
distance 7 and gradient S, with train velocity V, the -energy
{per ton) is given by*:

TR(V) + 20*S)*D

2n2 can think of the coasting mode as requiring sufficient
power to overcome train resistance at all times on both
segmants (both down and up), vwhile the gravitational energy 1is
meraly transformed through acceleration and deceleration from

- ——— . WS Ws VD e Ee W D N D M WD D R D G A W Y S

*For simplicity of expression, R is here normalized to
represent the resistance force, without gravity, per ton of
vehizle weight, rather than the total force as in Section 2.
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potential enerqy at the top to kipetic energy at the bottoa and
back to potential enerqgy again. For this symmetric case the
gravity component cancels out insofar as the power reguirements
are concernel, In a more realistic model no power would be
applied on the descent, with some potential enerqy 9going not
into increased kinetic enerqy, but rather into overcoming train
resistance. fowever, an equal amount of enesrgy would them have
to be supplied on the ascent, so the situation is nearly
equivalent, Thus for the coasting scenario, the energy
provided per tomn is

D D

R{v)*dx ¢+ JR{v) ¥dx

(o} o]
Since acceleration is constant the average velocity vV is well
approximated by

V=(V' + V") /2,
where V" and v' are the speeds at the top and bottom of the
grades. R(V) is pnearly linear in this range, so that R(v) can
be removed from the integral as the constant R(V), and the
ratio of the =2nergy raquired for constant velocity to energy
for coasting can be expressed as

TR(V) + 20*S)/{2*R({(V) ],
or
.5 + 10*3/R (W),

with S in percent and R{V) in pounds per ton. (Note that the
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distance D. calcels out.) The difference between the tvwo cases
is basically the enerqy 1lost in dovwngrade braking in the
constant~-velocity mode., R (V) is typically in the range of 4 to
8 pounds per ton, so for a 1% grade the constant-velocity case
vill require about 1.7 to 3 times as much energqy. For a .5%

grade the differential is a factor of 1.1 to 2.

This simple analysis does not 4include the 1idling fuel
consured on the downgrade for the second scenario, which would
produce a fuel ratio lower (closer to unity) than the energy
ratio determined above, Oon the other hand, the
constant-velocity case may utilize dynamic brake, which also
entails a significant fuel penalty. 1also, if average speeds
are to be equal, thera is an implication of significant
operation above the nominal gpeed limit for the coasting mdde.
Nevertheless, it is clear that for route segments which are
suitable to this possibility, the choice made by the engineer

¥ill have substantial impact upon fuel usage.

Use of the coasting mode is 1limited by the acceptable
minimum and maximum speeds V' and V", Simple recourse to the
law of conservation of energy [change of kinetic energy equals
change of potential enerqy (mgh = mgD*S)] plus necessarf
convarsion of units yields the result that

(Vn¥*2 - Ytxx2) = 1627*D%S,
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with speeds_in miles per hour and distance D in ailes. This
parmits calculation of the maximum distance over which coasting
can be applied without violating the speed constraints. For
example, if V" = 50 and V' = 60, D*S = .55, and D will be 1.1
miles for a .5% grade. In a more extreme case, if V¥" is
allowed ¢to drop to 35 MPH and V' to reach 65 MPH, D would be
3.7 miles for a .5% grade or 1.84 miles for a 1% grade.

{Recall that D is half the total descent-ascent distance.)

some experimental confirmation of the effect of coasting
is available. In the Santa Fe tegts {(Section 4.6), distinctly
different operating modes were used on Rums 1 and 2. On the
first run, a velocity of 70 MPH was maintained wherever
permitted by speed limits and available power. On the second
run, power was not applied above 55 MPH, but gravity-assisted
"jrifting" to 70 MpH was allowed where possible. This latter
case showed a 9% lower average velocity, accompanied by a 14%

reduztion in fuel used per gross trailing ton mile,

A similar ambiquity exists for general replacement of
level-terrain braking by coasting for stops or severe spe=d
reductions, but this is a relatively minor situation in rail
fr2ight operations, primarily because of schedule implications.
To the deqree that it does occur for moderate decelerations,

the impact on fuel usage will normally be quite small.
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5.8 Egffect of Curves

Many of the simulations described in this report did not
inciude the effect of track curvature on train resistapce. The
magnitude of the error vhich this introduces should therefore
be assessed. The commonly accepted value for curve-related
train resistance is .8 pounds per ton per degree of curvature.
A 1-degree curve, for normal speeds and consists, thus
increases the total resistance force by approximately 10% to
20% over the level-terrain value. On grades, where curves are
common, the gravity component ({20 pounds per ton per percent
grade) Jominates, so that the relative error introduced is
quite 'small. For the primarily tangent track which
characterized most of the TSC tests omission of curves from the
simunlation can produce a limited but dJdetectable effect.
Examination of track charts for relevant routes indicates that
curves are commonly of the order of 1 degree, occurring for
from 5% to over 50% of a route segment. If one allows for the
reduced impact in grade territory, and assumes an overall
effective occurrence for 10% to 15% of the route, the average
contribution to train resistance (and hence to fuel usage) will
be approximately 2%, For lover speeds or a route with many
curves, the impact could rise to 5% to 10%, and might explain
some of the discrepancies for particular run segments in the

Santa Fe tests.
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6. CONCLUSIONS
6.1 Summary of Findings

Overall results for each test series and each consist type
are presenteil in Table 6-1. For the overall project, on a
fuel-weiqhted basis, the TPS calculations are only 2.2% bejow
measured consumption; if one weigqhts each test series equally,
the overall average srror is -3.0%. In addition to the nmany
uncontrolled or unknovwn elements of the test situations, which
contributed a variability of approximately plus-or-minus 10% tp
15% within each test series, several systematic errors have
beepn identified in the preceding sections for which an
estimated correction is possible. For the Santa Fe runs only,
reqular use of dynamic brake 1is estimated to 1increase fuel
usage approximately 2% above that calculated by the TPS in its
present form. For all runs except Southern Pacific, absence of
track curvature data is assumed to produce an underestimation
of fuel consumption of approximately 2% also. For branchline
operations, TPS estimates tend to be low by approximately 30%.
This is judged to result from the higher mechanical train
resistance associated with track structures common to
branchlines and the special short-haul nature of such

operations.
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TABLE 6-1.

Burlington Northern
Southern racific

Santa Fe

211 TOFC

£1l Boxcac

Qverall Total

Fuel Used
{Actual
Gallons)

146505
15916

70887

19513¢

34198

233308
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Fuel Used
{(TPS
Gallons)
143925
15136

69184

154202

30339

228245

SUMMARY OF MEASUREMENT/TPS COMPARISON RESULTS

Deviation (%)



These comparisons jndicate that a small nmodification to
the commonly used train resistance equations may be appropriate
for fuel usage simulation purposes. This is discussed in
section 6.2.2. mhe suggested changes yould reduce the CN-EL
(ToFPC) aerodynamics term by 12% (compared to the TPS version of
the CN-PL form) and increase the boxcar aerodynamic tera by
29%., At a nominal speed of 45 MPH, for an 85-ton loaded TTX
car this implies an 8% lover train registance force on level
terrain. For a 75~-ton box car, ihe inerease is 14%. At 1lovwer
speeds and for grades, one finds‘that there is generally a
change in calculated fuel use of about 5% to 6% for both TOFC
and boxcar trains. The combined effect of corrections for
curvature, dynamic braking, and the modified train resistance
equations is to produca only a small change in the difference
between TPS calculations and measureaents, since  the

corrections tend to balance one another.

6.2 BRBasic Vvalidity of the Simulation

6.2.1 General Comments

The TPS simulations, when aggregqated over a series of
runs, shovw a high degree of accuracy =-- deviations are
typically less than a few percent, Thus, the fundamental
validity of the model appears to be well established. Since

the major sources of uncertainty -- speed profiles and power
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braking -- are likely to increase fuel ugage, the general TPS
underestimation, based on an idealized model, is not
unreasonable, It 1is also possible that the 2% correction for
curvature should be s)ightly larger. Pinally, a systematic
offset could oczur through a small snderestimate of locomotive
mechanical or enerqgy conversion efficiency, or in the constant

and linear terms in the resistance egquations.

The substantial variability found when specific ruans or
run seqgments are considered {deviations can be greater than
15%) can be assigned to a combination of real=-world
variability, ambiguities in the manner in which a train may be
operated, and limited data concerning the eguipment (i.e,
aerodynamic drag) or operations (i.e, sSpeed profiles). 1In
general, the physical and human variability appears to have at
least as great an impact upon nmeasured results as on
simulations. Deviations (in gross trailing ton wmiles per
gallon) were aven greater within sets of measured data than for
TPSsactual comparisons., Imr other vords, even a series of
measurements will generally provide no greater precision in
prediction of fuel usage (or running schedule} than will a
simulation, In essence, the most critical uncertainties are
associated with speed profiles and how they are produced. The
simple analyses in Section 5 show the potential £for

introduction of substantial discepancies into results through
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(1) cvclinq_of speed (wh2n the simulation uses average values),
(2) uncertainties in dwell time at stops, and (3) use of
coasting in rolling terrain. Dynamic and power braking can
also introduce effects of significant magnitude that require
exceelingly detailed information for successful modeling.
Indeed, in view of these_uauy pitfalls, it is almost surprising
to find the high 3degree of success obtained wyith the TPS. It
is particularly noteworthy that essentially equivalent results
wvere found in the Santa Pe and Southern Pacific tests for the
box-ar trains, in spite of the great difference in terrain,

spea2ds, and povw=sr-to-weight ratios.

Most of these comments apply to general routes and
scenarios. 1 specific case may have special features
associated with it which will affect the wvalidity of the
simulation, For a rounte consisting primarily of a steep
ascending grade, the mpajor work done is the addition of
gravitational potential energy to the train which completely
dominates othar aspeczts of train resistance. In this case,
accuracy should be particularly gqood. on the other hani,
simulations for steady moderate downgrades are highly sensitive
to the resistance equation coefficients. Strong winids,
especially for TOFC trains, can be a ma jor factor.
Predominantly rolling terrain injects the uncertainties of

dynamic and power braking, coasting, and the problens
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associated with moderate grades. Frequent stops or other speed

variations can be difficult to accommodate in a precise manner.

Some refipements to the TP5 c¢ould increase accuracy
somewvhat. One is the use of specific aerodynamic
characteristics for each cac, taking car order into
consideration. However, it 1s not clear at the present time
whether existing data are adequate to warrant this level of
detail. Other possible modifications, such as provision for
dynamic braking, draw one into the problem of determining an
algorithm that represents the m@manner in vhich a train may
actually be operated. In sum, it appears that significant
improvements are possible through this approach only for the

treatment of special applications.

6.2.2 Train Resistance Eguations -

To the deqree that a pattern can be discerned jin the
comparison results, one finds that the simulation has a
distinct tendency to overestimate fuel usagqe for TOFC trains
and to underestimate fuel usage for boxcar trains. This effect
is particularly evident in the southern Pacific tests, vhere
mixed-consist trains were sinulated with an accuracy
intermediate to that for the other two types. However, a
similar effect is observed for the Santa Fe tests. Fael usage

was underestimated for every segment of the boxcar operations
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simulations may be preferable for resolution of a particular

problen.

similarly, certain applications may require less precision
in train performance matters, but even greater sophistication
concerning special aspects. For example, precise simulation of
electrified railroads would require a substaantially nore
complex locomotive m@model (¢including attentien to thermal
ratings and time constants) and raises questions concerning
substation locations, line voltage drops, etc. Highly accurate
simunlation of the dynamic respopse of the train to brakiag,
grades, etc, is more properly accomplished with the Train
Operation Simulation developed by the Association of American
Railroads. However, for the wvide range of problemas and
questions for which a train performance calculator is
appropriate, the TpS has been found to be an effective and

accurate tool.
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