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EXECUTIVE SUMMARY

A previous report* documented the examination of possible savings
in fuel consumption to be achieved through certain reductions in train
resistance when the train is operated over level tangent track. It
was noted that some of the conclusions might have to be modified if
the train were operated over normal track, including grades and curves.
This report documents the subsequent examination of possible savings
in fuel consumption which might be achieved by the same reductions
in train resistance when the train is operated over normal track.

The same design improvements and equipment modifications examined in
the first volume were re-examined under the new circumstances.

For the re-examination, a new computer program was devised to
calculate fuel consumption when the train is operated over normal
track. Operation of the train is assumed to be performed in a smooth
and realistic fashion by an engineer who attempts always to maintain
the train speed at the speed limit established by the track condition
or specified by the program operator. The previously devised program
for calculating train resistance, described in the previous report,
was incorporated into the new program. In addition, new aerodynamic
data** from wind tunnel tests of blocks simulating railroad vehicles
was incorporated into the program so that calculation of train aero-
dynamic drag would be as realistic as present knowledge would permit.

The output of the newly devised program was checked for its
sensitivity to certain parameters internal to the simulation of the
train operation and found to be satisfactorily insensitive. The
program output was also checked against fuel consumption measured in
the field by simulation of operation of similar trains over the
corresponding tracks. The output was found to be within satisfactory,
although not perfect, agreement with the measured field data. Dis-
crepancies were attributed to the likelihood of imperfect replication
of the test conditions in the simulation rather than inherent defects
in the program.

* "Resistance of a Freight Train to Forward Motion — Volume I,
Methodology and Evaluation', U.S. Department of Transportation,
Federal Railroad Administration, Report No. FRA/ORD-78/04.1,
April 1978.

e
5

Hammitt, A.G., "Aerodynamic Forces on Freight Trains, Volume III,"
U.S. Department of Transportation, Federal Railroad Administrationm,
Report No. FRA/ORD-76-295.IV (to be published Spring 1979).
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After it was believed the program was operating satisfactorily
and producing reliable predictions of fuel consumption, simulated
runs of trains of various types were made over three different tracks;
each trip was made as a round trip to eliminate the effect of alti-
tude differences between end points. An eastern track and a western
track were selected and a third track was contrived artifically from
overall statistics on U.S. Class A mainline track (ca. 1971-75) pro-
vided by the Federal Railroad Administration.™ The eastern track
was selected to be representative of operations in mountainous regions,
with many grades and curves. The western track was selected to be
representative of operation over the western plains, mostly straight
and level. All of the tracks were between two hundred and two
hundred fifty miles long, and it was arranged that there would be
one five-minute stop approximately midway.

A total of 52 runs was initially scheduled, and a few additional
runs were made subsequently as checks upon the initial runs when
results appeared questionable. The limited total of runs was selected
from a large matrix of possible runs which might have been made, with
different horsepower to gross trailing ton ratios, different tracks,
and different directions of operation. Because cost considerations
made it necessary to limit the number of runs made, tracks and trains
were selected so as to be representative of the type of operation in
which the particular design improvement or equipment modification
might be used. The five potential improvements or modifications ex-
amined in the initial study were reexamined: light weight equipment,
consist rearrangement, improved bearing seals, improved track rigidity,
and improved truck design.

(1) Light Weight Equipment:

(a) Light weight hopper cars for unit train service

A unit coal train operation was given extensive coverage and
sixteen runs were devoted to examining the potential for light weight
hopper cars, in this particular case aluminum cars, although the
results may be partially applicable to light weight steel cars. These
simulated trains were run over both the eastern track and the western
track, hauling a full load of coal in one direction and returning

* The definition of what constitutes Class A mainline track wdas not
finalized until a report by the Secretary of Transportation was pub=-
lished in January, 1977. Briefly, Class A mainline track carries more
than 20 million gross tons annually, or is needed to serve a market
generating more than 75,000 carloads annually, or is essential to the
strategic rail corridor network. Previous to this report, there was
no generally accepted definition of either "mainline" or "branchline."
While the data were of the approximate vintage 1971-75, the statistics
were in accordance with the latest definitiom.
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empty. Because of the altitude change between end points, the oper-
ation had to be made in the opposite sense as well, i.e., starting
with the full load at the other end and returning there empty. An
operational speed limit of 25 mph was imposed on all loaded trips,
and 45 mph on all empty return trips.

The results of the simulated runs were not entirely predictable.
Although certain fuel savings can be accrued through the use of the
light weight (aluminum) hopper cars, it still appears that, although
the savings are higher than from comparable operations on level
tangent track, the additional economic investment required is only
marginally justified when based upon fuel savings alone. Fuel savings
amounted to slightly more than 6 percent. However, when other factors
such as higher salvage value and reduced maintenance of way expenditures
for the same net pay load are considered, the additional expenditure
may be justifiable. These conclusions are virtually the same as the
previous conclusions based upon eperation over level tangent track,
although the fuel savings are somewhat higher. It is also shown,
however, that the conclusions are strongly dependent upon the nature
of the track over which the operation is simulated and the operational
speed limit.

(b) Light weight flat cars for intermodal service

Another sixteen runs were devoted to examination of TOFC/COFC
operation using light weight flat cars over the same tracks as above.
These were run with average loadings in both directions, but all trips
were round trips to avoid the effects of altitude changes. Operational
speed limits were all 79 mph on these runs, as it was felt that inter-
modal freight is desirably high-speed; however, track limitations held
the average trip velocity to under 46 mph on the eastern run and
under 53 mph on the western run. '

The TOFC/COFC runs produced results similar to those using light
weight hopper cars. Fuel savings alone were small, on the average
about the same as for the light weight hopper cars. The results were
very dependent upon the particular operation and particular track and
may have been somewhat dependent upon the load, although an average
load was selected. Fuel savings resulting from the use of the light
weight TOFC flat car were less than those resulting from the COFC
light weight flat car as the weight reduction was smaller; fuel sav-
ings on both TOFC and COFC operations were smaller on the western
track than on the eastern track since the average speed on the
former track was higher. It is difficult to draw general conclusions
because of the dependency of fuel savings upon the particular oper-
ation. Savings ranged from 2 percent to over 9 percent for the
operations examined. Fuel consumption per thousand gross-trailing-
ton-miles actually increased with the use of light weight equipment,
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but the consumption per thousand net-trailing-ton-miles diminished.
Careful analysis of the particular operation for which the light weight
equipment is to be used is therefore advisable. It appears that under
certain circumstances the additional financial investment presently
required for light weight flat cars may be justifiable; under others,
not.

(2) Consist Rearrangement:

The effects of rearranging the consist were felt likely to be
most evident at higher speeds where aerodynamic drag is more pro-
nounced, and four runs were made of an average train and the same
consist rearranged in a more favorable sequence over the western
track with a 79 mph operational speed limit. The average velocities
for the trip were again somewhat lower than the speed limit, less
than 51 mph.

Rearrangement did not appear to be as favorable as formerly
indicated. This was partially attributable to new aerodynamic data,
which put a heavier penalty on short gaps between cars, such as those
between boxcars, which are not substantially altered by rearrangement.
In addition, fuel savings are not directly proportional to reductions
in train resistance except for constant speed operation over level
tangent track, since fuel consumption during operation over normal
track is attributable to several factors, only one of which is reduced
through rearrangement, while the others remain fixed. However, the
aerodynamic data are still preliminary and results from block tests
may not be completely applicable to full scale railroad vehicles.

Thus consist rearrangement may still offer meaningful savings.

(3) Improved Bearing Seals and Improved Track Rigidity

These possible modifications did not seem to be related to a
particular type of operation or track, and the simulated runs were
therefore performed using an average train over the artificially
contrived track which incorporated the statistics from all U.S. Class
A mainline track. Operation at both low and high speed was simulated
by means of imposing a 25 mph and a 79 mph speed limit. These equip-
ment modifications are relatively independent of velocity and were
simulated as constant reductions of train resistance. Such reductions
can be treated theoretically as reductions in energy per car-mile,
which relates directly to fuel consumption for the trip, regardless
of the velocity profile or the nature of the track. However, it is
shown in the current report that such theoretical reductions are
obtainable only on level tangent track with constant speed operation,
and that as the track becomes more complex, in the sense of having
grades and curves introduced, the percentage of the theoretically
attainable reduction which can be achieved diminishes. This occurs
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because during a significant portion of the operation, i.e., on major
downgrades, a reduction in fixed mechanical resistance merely means
that braking must be increased in compensation to maintain operation
within the speed limit. In contrast, as the nature of the track
approaches that of level tangent track, the percentage of the theo-
retically attainable reduction actually attained approaches 100%. As
a consequence the reductions in fuel consumption are quite dependent
upon the nature of the track over which the train is operated. In
addition, the velocity of the operation also affects the extent to
which the theoretically attainable savings are achieved. Although

it was indicated in the previous report that both improvements were
capable of achieving excellent reductions in train resistance, it
appears that as with the other improvements, fuel savings are not
simply proportional to reductions in train resistance in normal
operations. Savings in fuel consumption were smaller for both modi-
fications than the reductions in train resistance reported in the
previous report. Fuel savings for the improved bearing seals were
2.1% and 1.17% for 25 mph and 79 mph operations respectively, and for
the rigidized track 6.1% and 3.77% respectively. For this reason, as
with several of the other proposed modifications, it is advisable to
examine closely the particular operation for which the improvement is
recommended in order to determine the economic feasibility of the
improvement.

(4) TImproved Truck Design

As with the improved bearing seals and track rigidity, simulated
operations with an improved truck having less resistance were per-
formed using the average train over the artificial track.

Improved truck design in the simulation resulted in a modest
saving in fuel, approximately 2.57% and not dependent upon the velocity
of the operation. This value is slightly less than the 3.8% reduction
in train resistance reported previously for operation at 60 mph. The
fact that the percentage reduction in fuel savings is smaller than
the reduction in resistance is not surprising, as the fuel consumption
is, as noted earlier, weighted down by other factors not attributable
to train resistance. However, since improved curving performance was
not specifically modelled, it is possible the figures for certain
types of trucks could be more favorable. While it is conceivable
that such a reduction could result in a favorable economic justifi-
cation for the purchase of such improved trucks, it must be 1ecognized
that, apart from the possibility of improved curving performance from
certain types of trucks, the indicated fuel savings here are the abso-
lute limit, and that, practically, something less would be achieved
with the use of any real truck.
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In summary, simulated operation of freight trains over realistic
track in order to compute fuel savings attributable to design improve-
ments or equipment modifications has shown that fuel savings are not
directly proportional to reductions in train resistance, as other
factors affect fuel consumption as well, and that under certain oper-
ational circumstances only a portion of the theoretically attainable
fuel savings can actually be achieved. It has also been shown that
fuel savings attributable to certain of these modifications are quite
dependent upon the nature of the operation in which such modifications
might be utilized, and careful consideration of the intended operation
is advised before investment decisions are made on the basis of possible
fuel savings.
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1.0 INTRODUCTION
(D*

A previous report “on the topic of train resistance documented
some considerations with regard to freight train operation over level
tangent track. The same report pointed out the need to examine the
validity of the conclusions drawn for operation over normal track
including grades and curves. This report addresses the problem of

operation of freight trains over such normal track and describes

the calculation of the corresponding fuel consumption.

While fuel consumption is undeniably related to train resistance,
other factors in addition contribute considerably to it; in particular,
neither energy dissipated in braking nor fuel consumed during idling
at stops appears in any calculation of train resistance. The computer
program described herein addresses the problem of fuel consumption of

a freight train directly and takes such effects into consideration.

It is recogaized that most existing train performance simulators
also generate fuel consumption data as part of the program output,
although that is not normally their primary purpose. These simulators
were not felt to be suitable for addressing the particular problem at
hand and for this reason the program described herein was devised.

It was felt that a calculation designed for the particular problem
was likely to be both more accurate than others and less expensive

to operate in a computer program. In particular, it was deemed
essential to incorporate into the calculation of train resistance the
depth of detail of the program developed earlier, as reported in
Volume I(l), in order to assess the aerodynamic resistance with
proper accuracy. As a result, a program calculating fuel consump-
tion which simply utilized the modified Davis formula was first
devised, and subsequently the original program calculating train
aerodynamic resistance more accurately was merged into the second

program as a substitute for the modified Davis formula. 1In addition,

A

Numbers in parentheses refer to References.
1



creation of the new program permitted relatively simple modification
of the aerodynamic drag calculation to reflect wind tunnel data on

(2)

blocks simulating railroad vehicles recently made available.

While the calculation performed by the program inevitably bears
a certain resemblance to a train performance simulator, in that the
velocity of the train must be computed at every instant of time in
order to compute fuel consumption, it is not intended to be more
than a slightly sophisticated method of performing otherwise tedious
manual calculations. Nevertheless, the program described herein
benefitted substantially from the experience of others who had
developed and worked on such simulators. An excellent summary of
the considerations involved in designing a train performance simu-
lator is given in Hopkins(3) and will not be repeated here. How-
ever, cetrtain consideratiors with regard to the accuracy of the cal-

culation reported herein will of necessity be mentioned.
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APPROACH

The problem to be solved was the determination of the change in
fuel consumption of a freight train operating over normal track in

a normal position when certain design improvements or equipment mod-
ifications were imposed on the train or roadbed and track. A com-—
puter program was hence devised to calculate the fuel consumption

on a simulated given trip so that the result would be compared with
a corresponding value for a trip made under different circumstances.
Although it was not essential for these purposes that the absolute
value of fuel consumption determined for a given trip be completely
accurate, for credibility purposes it was considered desirable that
the absolute value correspond closely with values measured in the
field under similar conditions. For this reason, inputs were made
to the computer program to simulate train runs on which fuel consump-
tion data had been collectéd, and the program outputs were checked
against the measured data. The correspondence of results was deemed
to be sufficiently close that the program could be considered cali-
brated as much as present information and the inherent limitations
of the program would permit. The calibration is discussed at some

length in the following section.

The computer program, within limits, will evaluate the fuel
consumption for the operation of a given train over a given track.
Certain limits have been placed on the scope of the program, but
these could be modified if necessary. Examples would include limi-
tations on the length of the train, on the number of track records
in the track file, on the type of locomotive, etc. Other limi-
tations are inherent and could not be eliminated without rewriting

the program. These latter ones are discussed extensively below.

The program requires information about both the train and the

track in order to evaluate the fuel consumption. At the present time



it also requires certain other information from the program operator
regarding how the train is to be operated and how the program is to
perform the calculation. From this information the values of some
twelve variables at every instant of time are calculated, most of
which are essential to the fuel consumption calculation, such as

the instantaneous train velocity. These values are printed in numer-
ical form as the program output. Certain others, such as the cumu-
lative distance travelled and the cumulative time for the trip, serve
as checks on the calculation or are merely of peripheral interest.
The instantaneous rate of fuel consumption was thought to be of
considerable interest and was calculated specifically to serve as

an input to the plotting routine. The plotting routine, used in
conjunction with a CalComp plotter, generates a curve showing the
velocity as a function of time, on top of which is superimposed the
instantaneous rate of fuel'consumption. See Figure 1. Such a figure
shows dramatically at which points during the trip the fuel consump-
tion is highest, most notably during periods of high acceleration or

on grades.

The study of fuel consumption reported in this document was
deliberately related to the five general areas studies previously
with relation to operation over level tangent track and reported in

(1)

Volume I, This was done because the same five areas are still
of general interest and because it was deemed desirable to contrast

operation over normal track with that over level tangent track.

Nevertheless, the approach taken herein is slightly different
and rather than emphasizing the average train or average values for
railroad operation in general, in most cases trains and tracks have
been selected to typify a particular operation. The fuel con-
sumption of a unit coal train hauling coal in one direction and

returning empty was addressed in particular. Trains have been
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operated over tracks selected to be representative of different geo-

graphic conditions, as conclusions might be different for each of

these operations because of the different nature of the terrain over

which the simulated train is operated. Rather than simulation of -
such operations at all speeds, speeds likely to be typical of the
particular operation were used. In the several cases where it was
felt that an average train should be used to evaluate the fuel con-
sumption, operation over an average track was simulated. The

" track was compiled from statistics about Class A mainline

"average'
U.S. track made available from the Federal Railroad Administration

(FRA) which date from 1971-1975.%

Practical considerations constituted at least a portion of the
reason for this approach. The matrix of possible runs of all trains
in both directions, loaded and empty in some cases, over all three
tracks at many different speeds was quite large, and considerations
of both time and expense necessitated a reduction in the number of
runs to be examined. A listing of the runs made is given in Section

5.0.

It became apparent quite early in the development of the program
that the simulated method of handling the train would be significant
in the determination of fuel consumption. The approach taken was

then decided to be that method of handling the train as set forth

)

“The definition of what constitutes Class A mainline track was not =
finalized until a report by the Secretary of Transportation was pub-
lished in January, 1977. Briefly, Class A mainline track carries more
than 20 million gross tons annually, or is needed to serve a market -
generating more than 75,000 carloads annually, or is essential to the

strategic rail corridor network. Previous to this report, there was

no generally accepted definition of either "mainline" or "branchline."

While the data were of the approximate vintage 1971-75, the statistics

were in accordance with the latest definitionm.
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in Reference 4, namely that power is to be applied "

gently
smoothly, one notch at a time." The algorithms introduced
program therefore, with certain exceptions, reflect such a

as closely as possible. The general approach taken by the

and
into the
procedure

program 1is

that the notch setting is adjusted one notch at a time in a direction

so as to bring the velocity of the train to the desired velocity. 1In

essence, the program simulates a Type I velocity control loop. The

exceptions to this general approach are that under certain

circum-

stances the notch setting will be adjusted two notches at a time, or

will be adjusted one notch within a shorter time period.

Such

exceptions are not necessarily unreasonable, as it is realistic under

certain circumstances to expect the engineer to act with more rapidity

than at other times.

At this time the program remains flexible, in the sense that the

operator may at his discretion alter certain of these parameters which

determine in effect the modelling of the operation of the train. The

sensitivity of the results of the program to the values of

such

parameters is discussed in a subsequent section. Recommended values

to be used, however, are given.

13



3.0 PROGRAM CREDIBILITY

3.1 Constraints

It should be noted that the program is not a train performance

simulator and was devised for the specific purpose of making an

accurate determination of the fuel consumed by a freight train on

a particular trip. For this reason, considerations which have

entered into the formulation of the program may well be different

from those related to such a simulator. Some general assumptions

which have been made in the formulation of this program are there-

fore mentioned for comparative purposes.

(a)

(b)

(c)

No fuel saving devices are used. All locomotives

are operated so as to share power equally at any

time. All locomotives consume fuel at the same rate
which has been assumed to be .0644 gal./brake-HP-Hr.,

a figure recommended by Poole(®). A provision is

made for notch setting reduction to save fuel if the
assumed adhesion 1limit of .23 is exceeded. Effectively,
the notch setting is instantaneously reduced. Algebraic
approximations to the tractive effort curves of a GM
EMD-SD40Q locomotive are incorporated into the program.
See Figures 2 and 3. The curves themselves approximate
constant power for a given notch setting for velocities
above 10 mph. Changes in engine efficiency when oper-
ating at different notch settings are not directly
modelled.

Brakes are assumed to be instantly and uniformly
applied throughout the train. No time of application
or delays are considered. It is also assumed that

the engineer may select eight discrete units of braking,
somewhat analogous to the eight throttle notch settings.
Dynamic braking is not presently considered.

The train itself is considered to be a point mass. No
train action is considered, and there is no slack being
taken up at any time. The resistance of the train is
uniform throughout its length, and the velocity of all
cars is identical at any instant of time. Energy con-
sumption attributable to the practice of stretching

the train is not considered.

14
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(d) A perfect engineer has not been assumed. It has been
assumed, however, that the engineer will operate the
train in a reaiistic and rational fashion. The algo-
rithms governing decision making on the part of the
engineer presently do not expect him to anticipate
changes in speed limits, grades, or curves. Notch
settings, brake applications, and changes thereto
are governed solely by observation of the velocity
of the train and the difference between it and the

desired speed.

(e) Train resistance is calculated in the early portions of
the program according to the rationale developed in
Reference 1. The program listed there was incorporated
with appropriate but limited modifications directly
into the program described herein for the calculation
of fuel consumption. The reader is directed to that
report for details of the train resistance calculation.
The relationship of aerodynamic drag to front and
rear gaps has been modified from the functional rela-
tionship assumed previously on the basis of new data
from wind tunnel tests on woodenblocks simulating
railroad vehicles. Smooth algebraic curves approxi-
mating the relatively sparse data were used in the
program. The data points and the approximations
used for the coupling factors are shown in Figures
4 and 5.

Certain other aspects of fuel consumption have been deliberately
avoided, such as spillage during refueling, and movement in the yard
which might be attributed to the trip. The trips selected for study
and reported herein were on the order of 200 miles and included one

five-minute stop, but there were no refueling stops considered.

3.2 Sensitivity

Despite the previously mentioned purpose of the program described
herein, the program bears some resemblance to a simulation, and its
results cannot be insensitive to the modelling technique. The
decision-making process, by means of which the velocity profile for
a trip is established, forms an influential part of the program.

In addition, the choice of values for certain parameters internal

17
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to the program exerts a direct effect upon the actual fuel con-
sumption calculation. Finally, certain external factors such as

the sequence of grades, curves, and speed limits, for example, over
which the modeller has no control, will have an undeniable influence
upon the Velocity profile and consequently the final results of the
program. It was necessary, therefore, to examine the sensitivity

of the program results at least to those parameters over which the

operator has some control.

The purpose of the program is more nearly to assess the differ-
ential impact of certain design modifications to the train or track
upon fuel consumption than to determine accurately the absolute value
of fuel consumption for a particular trip. Nevertheless, the program
determines such impact by calculating the absolute value of fuel
consumption and comparing fhe result with that obtained under normal
conditions. It was therefore felt that the difference between these
quantities would be credible only if the sensitivity of the absolute
values of the results to the above considerations was small and if
the absolute value of the result itself were credible, i.e., if the
prediction of absolute fuel consumption under normal conditions
corresponded closely with predictions from other simulations or

with actual field measurements.

For these reasons the sensitivity of the absolute value of fuel
consumption to changes in program parameter values was examined and
the magnitude of the value checked against other sources. First a
base case was established, mainly through trial and error but also
partly by intuition and experience, then modified until train oper-
ation was satisfactory and the magnitude of fuel consumption properly
calibrated. Subsequently, the sensitivities to changes in parameters,

one at a time, from their values in the base case, were established.
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It is believed that the magnitude of total fuel consumption for
the base case is satisfactorily related to other predictions and
measurements and that the sensitivity of the results to changes in the
program is satisfactorily small. If the latter is true, it is believed
that the sensitivity of differences in fuel consumption from one
condition of operation to the next to those changes in the program will

also be small.

These considerations are discussed in more detail below. In
order to avoid any unforeseen influence of track conditions, all
sensitivity runs were made by running the average train over a
100 mile course of level, tangent track, with a constant speed limit

(60 mph) and no stops en route,

3.2.1 Parameters Within The Decision Making Process

Certain parameters determine in effect how the simulated engineer
would operate the train. Decisions are based upon the value of these

parameters. As noted earlier, control of the train in this program

‘simulated a Type I velocity control loop. Based upon the preceding

velocity and acceleration, a choice is made for the throttle notch
setting for the next calculation. The five significant parameters
are discussed individually below. The ultimate value selected for
each parameter for the base case reflects the manner in which it was
felt a reasonable engineer would perform. It was assumed that a
"reasonable' engineer would follow the dictates of good train oper-
ation laid down in Reference 4, pages 144-166, in general operating
the train smoothly and avoiding sudden large changes in throttle
setting.

(a) Notch change (NC): The program incorporates an algorithm
so that in certain instances the notch is adjusted by
more than one position in response to errors in velocity
(differences between the observed velocity and the speed
limit). The amount of the change is the value selected
for NC, an input to the program. A value of 2 appearad

21



(b)

(d)

after some experimentation to lead to smoothest
operation with a satisfactory response time and was
selected for the base case. A value of 1 led to less
stability, while a value of 3 produced no more smooth-
ness and seemed to violate the requirements of a
"reasonable'" engineer.

Time Interval (DT): The equations of motion being
non-linear, they must be solved by iteration. The
time interval is the time in seconds between calcu-
lations of velocity and other parameters. Ideally,
the time interval should be made as small as possible,
so that the integration of the equations of motion is
accurately made. On the other hand, the notch operation
logic of the simulated engineer depends upon the time
interval also. A compromise must be struck also be-
tween the number of calculations to be made and the
degree of accuracy needed, It was felt that a reason-
able engineer might only adjust his throttle position
(one notch at a time) every ten seconds (occasionally
five seconds); this value also appeared to result in

a reasonable response to changes in grade, curvature,
or speed limit. Hence, the value of 10 seconds is
used for the base case.

Acceleration Window (AW): The program logic requires
that if the change of a single notch will not bring
the train velocity within the tolerance band within
the number of seconds selected for this parameter,
the throttle will be changed by more than one notch.
A ten-second interval seemed to result in smooth
operation with satisfactory rapidity in returning
the velocity to an in-band condition and was used
for the base case.

Velocity Tolerance Band (TOL): Clearly if the velocity
of the train i1s near enough to the desired speed, no
change in throttle setting would be required. A
decision must be made on the width of the acceptable
velocity band. Although in early experimental runs

+ 1.5 mph was used, it was later felt that this

was too severe a restriction, and the band was opened
to + 2.5 mph for the base case.
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(e) 1In-Band Multiplication Factor (MF): In the interest

.
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. makes, and concomitantly the number of throttle notch
changes the engineer makes, this factor helps deter-
mine whether or not the same acceleration will be
maintained over the next time interval. If the
decision is favorable, the time interval is extended
from the 10 second base value to the time the velocity
takes to break out from the acceptable band or the time
the train takes to move to the next track record. The
multiplication factor was introduced as an input to the
program while it was being developed as an aid in
selecting an appropriate value for use in this logic
decision. The program appears to be more sensitive
to the choice of this parameter than others. Since
the logic decision is based upon a factor (TOL/(MF:DT)),
a change in the multiplication factor MF can be nulli-
fied by appropriate changes in the time interval DT or
the velocity tolerance band TOL. Excessively high
values tended to affect train operation by preventing
the train velocity from drifting from upper to lower
edge of the tolerance band, instead remaining close
to one, resulting in a quite different average velo-
city for the trip. It is possible that one engineer
may actually operate the train in such a fashion, as
opposed to another engineer; however, it was felt that
a slow drift of the velocity from one edge of the
tolerance band to the other was more realistic. A
value of 5 for this multiplication factor was selected
for the base case.

With five significant parameters, there could be many combinations
to investigate if more than one parameter were varied at one time.
Hence, to limit the sensitivity investigation to reasonable bounds,
only one parameter was changed at a time, except in the last two
runs in which two were changed. Each of the five parameters was
varied only once above and once below the value for the standard
case. The results of the investigation are shown in Table I. 1In
the last two cases, DT was modified in the opposite sense to MF, so
that the decision making process described in (e) above remained

constant, although certain other algorithms were modified.
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TABLE I
RESULTS OF SENSITIVITY RUNS

TOTAL
RUN NO. DT TOL NC AW MF FUEL AVERAGE
(sec) (mph) - (sec) - CONSUMPTION VELOCITY
(gal) (mph)
1 10 2.5 2 10 5 595.6 50.1
(std)
2 5 597.3 50.7
3 20 572.5 49.0
4 1.5 593.0 50.1
5 5.0 593.7 51.8
6 - I 589.3 50.2
7 3 592.8 50.0
8 5 594.0 50.1
9 20 593.1 50.1
10 2 596.9 50.6.
11 10 576.2 49,2
12 5 10 597.8 50.1
13 20 2.5 595.2 50.3

Note: Blank spaces indicate use of standard values for parameters

24



g

was obtained from Poole

With the exception of the two cases where the fuel consumption
dropped to below 580 gallons, the average deviation from the value
of 595.6 gallons for the standard run was only 1.3 gallons, or .2%.
The two exceptional cases were those where either MF or DT was doubled,
and both show a slightly lower average velocity for the trip, attfi—
butable to the slightly different decision-making process discussed
above. Lower average velocities will of course mean lower fuel
consumption. When the MF and DT are modified simultaneously no

such comparatively large change in fuel consumption (3.6%) occurs.

The overall sensitivity to the choice of parameters seems
acceptably small. Deviations from an expected value of fuel con-
sumption should therefore not be judged to be attributable to a

wrong or unfortunate choice of decision-making parameters.

3.2.2 Other Parameters Within Program

The calibration of the program input is directly related to
the figure used in the program for the conversion of fuel into avail-
able energy, .0644 gallons per delivered brake-HP-hr. The figure
() and is deemed representative of an average
efficiency of conversion of fuel to energy by Diesel locomotives.
Changes in this figure, except for fuel con?u?ed during idling,
6

which is charged at a rate of 5.5 gal./hr., will be propoftionately

reflected in changes in the predicted fuel consumption.

The program presently utilizes the density of air at standard
conditions of pressure and temperature. Aerodynamic drag is directly
related to this parameter and will be reduced in train operation in
high-altitude mountainous regions. However, the reduction will not
be proportionate, as aerodynamic drag is only a portion of total
drag. Over the same track at the same speed, a 20% reduction in

air density was found to reduce fuel consumption by 12.6%.
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The figure used for adhesion would under normal circumstances
affect the velocity profile and consequently the fuel consumption.
However, the program reflects the installation of anti-wheelslip
devices which automatically reduce the notch setting when the adhesion
limit is exceeded. For the average train used previously, even over

terrain with a 27 grade, adhesion limit effects were miniscule.

3.3 Calibration

In order to ensure the accuracy of the fuel consumption predic-
tion before making the final runs, some calibration .runs were made
so that the predictions could be measured against actual measured
fuel consumption and in one case against the predictions of another
train performance calculator (TPC). Results from the TPC were taken
from Reference 7. The track used in arriving at the MITRE results
was only a partial simulation of the actual track, as speed limit
information was not available. Results from actual field measure-
ments were taken from Reference 8. Tracks used in arriving at the
MITRE results had to be tracks for which complete track data was
available and over which measurements had been taken. Also, the
length of the run had to be compatible with the present require-

ments of the program.

The results of the calibration runs are shown in Table II. Fuel
consumption for the average train was first computed using the modi-
fied Davis formula for train resistance. Next, the MITRE program was
run simulating an operation over level tangent track. A comparison
was then made with the results from the TPC of a major railroad by
simulating a run over a partial simulaFion of the eastern track,
as explained in the preceeding paragraph. Two different runs were
then selected for comparison with actual field data, and a simula-
tion of operation of a replica of the actual train over the actual

track was made for each of those tracks.
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TABLE II

SUMMARY OF CALIBRATION RUNS

|
Hp (3) : AVERAGE GALLONS
# TYPE TRACK TRAIN GTT MILES SPEED 1000GTTM
Modified
1 Davis, Level (1)
from Tangent Average N.A. 100 39.0 .73
calculations
9 MITRE Level Average 2.1 100 38.8 .93
Program Tangent
Max SL.60 mph (5)
Major RR Eastern As Reported 2.3 145.6 average 1.95
TPC (10) not
reported
3
Partly
MITRE simulating (2) 2.7 145 44,8 2,01
Program same
Measured (6) | 9) (8)
Fuel  (11) ! 1C6 As Reported 4.9 52 K 28.4 3.32
Consumption ! Hammond - :
4 T é McComb %)
MITRE (2) 5.6 52.3 34.7 2.75
Program
Measured(ll)
Fuel As Reported 1.5 198 17.8(% 1.68
Consumption ICG(7)
5
Memphis -
MITRE
Program Jackson 2) 1.4 215.38 %) 36.1 1.27
NOTE:
1. See Section 4.1 for discussion of Average 8. Highest of ICG non-TOFC runs. Range of 1.1 to 3.3
Train. reported. ICG figures are substantially higher than
2 Replica of reported train and HP/ton, as the UP figures of 1.0 to 2.3. The discrepancy could
closely as information and program would be attributable to many unknown factors.
permit. 9. It is noted in Reference 8 that the average speed is
3. Note minor discrepancies in mileages. presumably substantially lower than typical running
- 4. TFrom track charts. speeds.
5. Apparently GTM, not GTTM. 10. Reference 7.
6. Mostly uphill. 11. Reference 8.
7. Mostly downhill.
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The program results are deemed to be in sufficient correspon-
dence with the results from the field tests and the other simulation
that the program can be presumed to be as satisfactorily correlated
as possible at the present time and for the purpose of this study.
The largest deviations of the MITRE figures from the reported figures
were indeed the result of the runs which simulated operation over the
two actual tracks, but since it was not always possible during the
actual runs to record time associated with various stops and delays
nor were weigh-in-motion scales available, a somewhat larger devi-

(8)

ation from the figures reported from the field is understandable.
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4.0 TRAIN AND TRACK SELECTION CONSIDERATIONS

The previous examination of train resistance was reported in

Volume I. (1) A¢ that time changes in the resistance of a freight train
attriburtable to certain factors were calculated as a function of velocity.
Certain benefits were then derived based upon operation at a certain

velocity.

In this investigation the savings in fuel attributable to those same
factors when the train is operated over a given track are calculated for
operation up to a certain maximum velocity. This change in approach
necessitated changes in the process of selection of runs to be made for
reporting herein. The matrix of candidate runs was too large to permit
every case to be examined even at only three different velocities. In
general, it was desired to simulate operation of the test train over a
track representative of operation in mountainous regions, with many grades
and curves; a track representative of operation over the western plains,
mostly straight and level; and a track representative of all U.S. rail-
roads in a statistical sense. Unfortunately, the operation of a unit
coal train leaving full and returning empty requires four runs alone for
a single track at a single operational speed because of the difference in
altitude between end points. Such considerations demanded careful formu-
lation of criteria for selection of runs to be made so that an appropriate
compromise was reached between quantity of runs and meaningfulness of

results.

In view of the current interest in light weight equipment, con-
siderable emphasis was placed upon fuel consumption with respect to such
equipment. Although as a follow-on to the previous report the light
weight hopper car section was devoted to an analysis of the use of
aluminum hopper cars, much of the material and many of the conclusions
are equally applicable to light weight steel hopper cars or gondolas,
several of which have recently been nationally advertised in railway

trade journals.
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4.1 Train Selection

Results from a few preliminary runs indicated that the initial
concept of operating the same train for comparative purposes over
tracks through widely different terrain was faulty. The train was
overpowered on the mostly straight and level western track and ran
continually in the lower notch positions; the same train operated
over the eastern track failed to ascend the first steep grade, as
the absolute limit on drawbar pull had been set by the program to be

250,000 pounds according to the recommendation in Referemnce 4.

Hence, it was decided for test purposes to select trains which
would be typical for the particular operation, and the number of
locomotives would be determined on the basis of appropriateness for
that operation. The average length train was used as a starting point
(68 cars, see Reference 9); The gross trailing tonnage was calculated
and the number of locomectives was assigned with the use of the average
or typical HP/GIT figure for that type of operation reported in
Reference 8, A minimum of three locomotives was always used, and the
same number of locomotives was used for the return trip, even though
weight considerations might have led to dropping some of them. Con-
siderations of maximum allowable drawbar pull (see previous reference

above) led to a limitation on the length of the unit coal train.

These policies are somewhat arbitrary and may have colored the
results of the runs in the sense that had locomotives been assigned
on a different basis, the change in fuel consumption may have been
more dramatic, or less so, when equipment changes or design modifica-
tions were introduced. But locomotive assigmment policies differ
widely from railroad to railroad, and the introduction of still
another variable to the matrix of runs to be made was not possible;
it is hoped that the choices made were reasonable enough that the

results will relate meaningfully to operations of a similar type.
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The train files used in making the runs for the report are given

in Appendix C.

4.2 Track Selection

It had been decided early in the task to select an eastern
track and a western track in addition to the contemplated
statistically representative track over which to simulate runs. It
was intended that the western track be representative of track over
which trains operated at comparatively high speed, relatively
unimpeded by grades or curves. In contrast, the eastern track was to
typify operation in mountainous areas, where grades and curves pre-
dominate, and typical operating speeds are lower. The statistically
representative track would be used to simulate operatioms in the
entire United States, where the design improvement or equipment modi-
fication might logically be expected to be introduced or performed
throughout the country on railroads in general, rather than being

confined to a single railroad or type of operation.

Some practical considerations governed the selection of the
eastern and western track. Track data had to be readily available,
and sections of a length compatible with the program and other
tracks selected had to be available. It was decided that a run of
about two hundred miles with one predetermined stop in the middle
would be used. As a result, a track between two midwestern cities, a
portion of a route to the West Coast, was selected as the western
track. As a contrast, a track between two cities through the
Appalachian Mountains was selected as the eastern track. The
western track conforms well with the assumption of limited grade
and curvature; maximum combination of grade and curvature (in

percent grade equivalent) is only .59 percent and the track has only
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.67 track records per mile, some indication of the relative paucity
of changes in track character. Despite being laid over the western

plains, however, the track rises between end points 543 feet, more
than the change in altitude between end points on the eastern track.
The difference nevertheless is that the grade is almost coasistently
in one sense in the western route, while it changes continually in
the eastern route. The eastern route is substantially more difficult
to negotiate, having a maximum grade equivalent of 1.5 percent, and

has .90 track records per mile, with continually changing grades and

curves.

The statistically representative track was created artifically
from statistics about U.S. Class A mainline track (1971-75) on file at
the Federal Railroad Administration and made available in statistical
form to MITRE for this purpose. The creation of a track truly mathe-
matically defensible from a statistical viewpoint appeared unjusti-
fiably difficult and was not attempted, in the absence, for instance,
of correlation data between grades and curves or the distribution of
track record lengths. However, an effort was made to make the
track created have properties which would be representative of the

average of such U.S. track.

Track record lengths were first assigned on the basis of a mean
value of 1.3 miles, to which a variation of between -.5 and +.5 miles T
with a uniform distribution was added by means of a random number
table flO) A figure representing hundredths of miles was added T
afterward from the same table in a random fashion. Grades, curves,
and speed limits were then independently assigned to these track
records by means of the same table. Signs of grades were made + or

- on the basis of whether the final digit in the track record was odd

or even. The complete track file for the statistically generated
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track as used in the report is shown in Figure 6. The file is for-
matted in accordance with present requirements of the program. The
first column lists the milepost number; the second column the mile-
post; the third, fourth, and fifth columns the grade, grade equivalent
of curvature, and the speed limit for the following track section.
Summary information on all tracks used in making the runs is given in
Table III. Complete track files for Tracks 21 and 32 in the same

format are given in Appendix C.

Certain general considerations with regard to these tracks
belong in this report. The track data on file date from the early
seventies and may no longer be completely accurate. Certainly tem-
porary speed limit restrictions have probably been removed and re-
placed by others. There appear to be minor discrepancies with regard
to differences in altitudes between end points between the track record

(11)

data and information from a commercial atlas , probably attributable
to different end points. Nevertheless, it is felt that these consider-
ations should not invalidate any conclusions drawn from making the

runs.

Certain liberties were also taken with the raw track record
information in order to make it compatible with the needs of the
program. Mileposts need to be consecutive for use with this program
and it was found that on a long run this is not necessarily the case.
It is also necessary that the first milepost information be altered
for compatibility purposes. In addition, track records as they often
appear needed to be modified slightly so that the zero length records
not appear, in order to avoid digital problems. Track records of
zero length appearing in the track records used in formulating the
data given in this report were therefore uniformly adjusted to be 0.1
miles, thus avoiding having two different speed limits for the same

milepost. Occasional redundancies were purged, if observed, in order
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101
102
193
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
1721
122
1213
124
125
126
127
128
129
130
131
1132
133
134
135
136
137
138
139
140
141
147
143
144
145
146
147
148
149
150
151
152
153
154
155

TRACKLD

0«00

1'?4

2e86

4oy
Se 3
Heh?

757
ReH1l
10.17
11.78
13.726
14470
15.96h
1596
1R.54
19.65
2le16
22.20
23.58
24458
25694
26,93
2R13
29.H4
31.74
32.83
34.49
35.31
36441
37.89
3G6.15
40 RS
41,92
43411
44 459
47.19
4R, 64
50,07
51.29
5273
53490
55439
56.93
58,55
60.25
61.90
63.44%
64423
65.00
66058
HTeHT7
68,85
70.15
7T1.73

STATISTICAL TRACK DATA (TRACK 13)

DATA

« 38
«63
03H
«38
« 88
17
cl?
"012
—.BR
.12
-—el?
.12
.12
«63
.12
-.12
+ 38
.12
.38
.12
.12
'.l?
'012
12
«12
-e63
"012
~.12
"038
'.38
-.38
-.12
12
".l?
~-ebH3
"ol(?
-+38
.12
_112
'012
'038
«38
'138
-.12
~el2
-ol?
«63
12
‘012
12
.12
‘038
-+.88
o12
-.38
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«N7
002
« N7
«02
07
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«1R
.0?
07
« 07
002
027
OO;'
» 10
02
.02
«0Nh
N2
.02
«02
« 07
.02
002
.0?
.0?
« 02
«02
-06
002
02
02
« 02
.02
.02
.02
.10
02
U6
.O?
02
02
07
00?_
.02
N2
02
.02
002
« )6
.02
o7
«0N2
02
02

02

1060
20.0
4060
45,0
4540
5540
5810
65,0
76.0
56540
A560
5.0
65,0
:;5.0
65.0
55.0
36.0
65.0
55,0
45,0
45 40}
5540
3541
45,0
5540
45,0
5540
65.0
65,0
6540
55,0
6540
G, 0
6540
h5,0
45.0
65,0
55.0
3540
5560
5560
65.0
4540
65.0
55.0
6%.0
55.0
55.0
5.0
45,0
65,0
45,0
5.0
55.0
6541
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156
157
158
156
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
1756
177
178

179 -

180
181
182
183
184
135
186
137
188
149
190
191
192
133
194
135
196
197
138
199
200
201
2072
203
204
205
206
207
208
209
210

TRACK]13

73.47
74493
76.25
77414
78.06
79.27
80.99
83.23
84.70
85.95
Bhe 79
87.97
89.16
90.01
90 .85
97.28
93.70
95.89
97.16
97.95
99.50
101.11
102.88
103.91
105.65
107.07
108.41
110.12
111.52
123.723
124440
124450
126.02
126.92
127.84
128.96
129.91
131.35
132.61
134.27
135.01
136.31
137.49
139.17
140410
141.722
142042
143.95
145.40
146.87
148441
150.11
15174

STATISTICAL TRACK DATA (TRACK 13)

DATA A

'cl?
-e63
~«63
ol?
.38
"el?.
~e63
17
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«38
-.12
-.38
.12
« 38
‘01?.
~e63
.12
12
«38
-038
.88
".12
+ 28
-.88
«63
—012
-012
-012
-e63
n38
12
".38
« 3R
-1?
12
012
«12
12
-e63
-+38
’2-00
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‘]0‘30
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«38
«8R
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~el2
"’Q38
-+63
012
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65.0
65.0
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550
45,0
45,10
5544
551
65,9
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65, 1)
66'“
6560
28.0
45,10
55.0
55.0
35.0
55.0
55.0
45,0
45,1
400
20.9
100
Nefll
100
200
4040
55.10
5540
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55.0
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6540
55.0
35.0
45,0
55.0
65.0
65.0
6540
45,0
55.0
6560
6540
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214
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216
217
218
219
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222
223
224
225
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228
229
230
231
232
233
234
235
236
237
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40
241
242
243
244
245
246
247
248
249
250
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153.7°8
154431
155.99
156484
158410
159.59
161.16
162.52
163.33
164 .85
166.04
167.21
16R.55
169.98
171.32
172.88
173.96
175444
176.34
177.64
17R.84
218010
181.82
182.R4
184431
185.75
187.46
189,13
190.22
191.08
191.80
193.11
194.19
[95.34
196.92
197.R3
19R.75
199.63
200.66
202.18

STATISTICAL TRACK DATA (TRACK 13)

DATA A

«17
—012
-.12

«63

.12
—01?

12

12
"03R
‘ol?

. 34
-+ARR
-.12

.17

.63

12

.12

.38

.88

12

.38

.63

.12

.12
'012
"012

.38
-e673

« 38

17

.88
~+38
~-38

«83

63
‘ol?
-.12
‘ol?

12

.12
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00?
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-
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02
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07
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.02
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.02
«07
.02
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«06
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35.0
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550
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65560
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45,0
6540
5540
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55.0
65.0
6540
65.0
45.0
45,40
4040
20-‘)
1060
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TABLE TTIL

SUMMARY INFORMATION ON TRACKS USED IN RUNS

MAXIMUM

RISE NO. OF ' GRADE +

TRACK " BETWEEN TRACK CURVE
NO. ORIGIN-DESTINATION DISTANCE END POINTS RECORDS COMBINATION

(MILES) (FEET) (%)

21 Wl - W2 220.81 - 542.73 147 .59

26 W2 - Wl 220.81 -542.74 147 .56

32 Bl ~ E2 254,43 411.52 229 1.33

37 E2 - E1 254.43 -411.55 229 1.50

13 S1 - S2 202.18 -315.93 150 .94

14 §2 ~ 81 202.18 315.93 150 2.02

% Wl and W2 designate the terminal points of the western track; El and E2 the terminal points
of the eastern track; and S1 and S2 the terminal points of the statistical track.



to reduce the number of track records in the files. Some illustrative

examples of modifications to the track records appear in Appendix A.

Speed 1limit information was available only as a separate file
and was manually interspersed among the track data for use with the
program. Speed limits near the end points or the stopping point in
the middle were adjusted arbitrarily in the following fashion to
ensure relatively smooth departure and arrival: speed limits of 10,
20, and 40 mph were imposed for the first three track lengths on
either side of a stopping, starting, or end point, unless existing
limits were lower. Occasionally this required the introduction of

additional mileposts.
The consequences of these minor changes in the track record

should be far below the level of uncertainty in the absolute figure

for fuel consumption.
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5.0 RESULTS
A numerical summary of the results from all runs made is give
in Table IV. The runs for each type of equipment modification are

discussed in the following paragraphs.

5.1 Light Weight Hopper Cars

The first eight runs compare the use of 67 standard weight hopper
cars (29.8 tons) in a unit coal train operation with 63 aluminum hopper
cars (23.5 tons) in the same operation, hauling a full load of coal in
one direction at a maximum speed of 25 mph and returning empty to the
point of origin at a maximum speed of 45 mph. The shorter aluminum

car train carries approximately the same net tonnage per trip (6804

tons vs. 6814 tons). The runs were made on the western track, first
starting full at W1l and returning empty from W2, then starting full

at W2 and returning empty from Wl. This was done because there is

a 543-foot difference in elevation between end points and also because

it is possible the sequence of grades and curves has some significance.

The rewards for using the lighter weight cars over this particular
terrain are modest. The reduction in fuel usage (see Table IV) was
from 4175 gallons to 3918 gallons in the two-direction operation, a
reduction of 6.1 percent. If the train operates approximately
100,000 miles per year, making 113 round tri?s; 29,041 gallons per
9

vear would be saved, and at $ .35 per gallon a net annual saving
of $10,164 would result, or approximately $161 per car. This is
66% larger than the $97 per car reported in Reference 1 for a similar

but not identical operation over level tangent track.

While it is beyond the scope of this report to perform a detailed
economic analysis on the effects of such savings on investment deci-
sions, nevertheless a few figures are of interest. The total invest-

ment required for the standard weight cars is 67 times the estimated
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Notes for Table IV:

1. Train No. Train Description (See Note 3)

3 Std. Wt. Unit Hopper Car Train,, Loaded, 67 cars
4 " 1" 1" " " 1" . Empty, 67 cars
21 . Le. " " " " ", Loaded, 63 cars
22 1" 1" " " n " . Empty, 63 cars
23 Std. Wt. Unit Hopper Car Train, Loaded, 60 cars
24 " A 1" " " " , Empty, 60 cars
25 Le., " " " " ", Loaded, 57 cars
26 " 1" " " " " R Empty’ 57 cars
6 Std. Wt. TTX Cars, Unit TOFC Train

6a Lto " " 1 1 " "

14 Stdn 1" " 1" " COFC "

148. Lt. n 1" " " " "

1 Average Train, Random Consist Arrangement

la ' " ", Rearranged Consist

1b " ", with Improved Bearing Seals

lc " ", over Improved Track

1d " ", with Improved Trucks

2. Origins & Destinations are referred to in Table as follows:

Wi One end of western track

W2 Other end of western track

El One end of eastern track

E2 Other end of eastern track

S1 One end of statistical track

S2 Other side of statistical track

3. Figures for number of cars given in Note 1 do not include locomotives
or caboose.
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$28,000 price, or $1,876,000. The total investment for the light
(lo)price, or $2,425,000.

The additional investment of $549,000 with annual savings of only

weight cars is 63 times the estimated $38,500

$10,164 does not appear attractive by itself, with a return on invest-

ment (ROI) of less than 2%.

It is undeniable, however, that other benefits would accrue, as
has been noted elsewhere(lz), not the least of which is a reduction of
8.7 percent in gross ton mileage for the operation. Presumably lower
maintenance costs and higher salvage value would enhance this figure,
so that the investment for even this operation over comparatively
straight and level track might be made attractive if benefits beyond

mere fuel savings were considered.

The operation iooks soméwhat more attractive when carried out in
mountainous terrain, such as the portion of the eastern route investi-
gated in the second eight runs. The same types of runs were made to
eliminate the effect of change in altitude between end points or the
sequence of grades and curves; only the rapidity of the changes in the
track characteristics or the magnitude of the changes are in effect
considered. However, the trains were shortened slightly because of
drawbar pull limitations over the maximum grade (limited to 250,000
pounds per recommendation in Reference 4) and a locomotive was added

to avoid the adhesion restriction.

The reduction in fuel usage for using the lighter weight cars in
the same operation over this more difficult terrain was from 7930
gallons to 7418‘gallons, or 6.5 percent, only slightly greater than
that for the western operation. The total fuel consumed and the
absolute value saved are both considerably larger, however, making
the monetary savings per year rise to $20,250, or approximately

$321 per car. Thus, while the percentage reduction ‘is only slightly
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higher, the monetary savings are virtually double the figure for the

P SIP ey ~
npositi0ll OL

previous operation. Because of the difference in the co
the train, the economics are slightly different, and for the simulated
operation, only an additional investment of $514,500 is required.

The ROI is then 3.9 percent, more than twice the previous figure.

The reduction in gross ton mileage must also be taken into con-
sideration, as was noted previously, in any economic analysis, as well
as certain other factors. However, because of the additional locomo-
tive, the percentage reduction in gross ton mileage is not quite as

large, only 7.5 percent.

It is possible that with this type of operation, where the fuel
per gross—ton-mile is high, the combined savings could justify the
additional investment. The total additional investment is only
slightly over 25 times the annual savings from fuelalone. Additional
benefits accruing from this operation might bring the payout period

to an acceptable level.

5.2 Light Weight Flat Cars

The use of light weight flat cars for intermodal service was
investigated in a similar fashion, although it was assumed that the
return trip was also in a loaded condition. Efforts were directed
towards making the train as representative of intermodal service as
possible. Loads were established from the average of loads reported
for TOFC/COFC runs in Reference 8, trailers and containers were
assumed to be 40 feet long and weights were taken from Reference 13,
and the ratio of the number of trailers to twice the number of cars
was taken again from the averages reported in Reference 8. The
approximately 10 percent of flat cars carrying only a single trailer

or container were interspersed at random points throughout the train.
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Because intermodal service is not necessarily restricted to
operation in the western plains, the runs were made both over the
western route and the eastern route. However, because it is likely
that emphasis is placed on high speed operation in order to remain
competitive with trucking lines, no operational speed limit was
imposed other than the maximum allowable 79 mph. This does not
mean that simulated operation took place at this velocity; average
speeds computed by the programbwere approximately 53 mph on the
western track and 45 mph on the eastern track. The difference is
attributable to the fact that speed on the eastern track is
restricted below the 79 mph level by the track itself, while

the western track is not as severely restricted.

Results percentage-wise were comparable with the results from
the runs with light weight hbpper cars. The reductions in fuel con-
sumption are listed in Table V along with reductions in gross weight;
the figures from the light weight hopper car trains are also shown

for comparison.

The reduction in fuel was least on the TOFC western W1-W2-WI
round trip, 2 percent. The reduction on the COFC run is larger,
4.4 percent, because the percentage reduction in weight was
larger. On the eastern E1-E2-El round trip the TOFC-COFC
relationship was the same for the same reason, but the percentage
reductions in fuel in both cases were larger. The reason is that
the average speeds were lower over the more difficult terrain, and
comparatively more fuel is expended under such circumstances against
weight-dependent resistances than at higher velocities at which the
velocity-squared dependent aerodynamic drag assumes more importance.
Moreover, it is shown in Appendix D that greater savings are occasioned

by a steeper average grade, although the relationship is not simple.

46



Ly

TABLE V

COMPARISON OF FUEL SAVINGS, UNIT COAL

AND INTERMODAL TRAINS

Z ROUND TRIP % WEIGHT
RUN TYPE FUEL SAVINGS REDUCTION
TOFC 2.0 12
COFC 4.4 18
W1-W2-W1
Unit Coal 6.1 5.6 Depart
Train 20.0 Return
TOFC 5.5 12
COFC 9.4 18
E1-E2-El
Unit Coal 6.5 4.6 Depart
Train 17.5 Return




The reductions due to the light weight hopper cars were comparable.
The reduction was greater on the E1-E2-El round trip than on the
W1-W2-W1l round trip, as the average velocity was lower. On the
W1-W2-Wl round trip, the light weight hopper car train showed up more
favorably than either the TOFC or the COFC trains, despite the apparently
greater percentage weight reduction on the latter. The weight reduction
cannot be compared precisely, because the hopper car train departed
in a loaded condition and returned empty, so that the percentage weight
reductions are different for each portion of the trip. Furthermore,

the average velocities were different for each portion of the trip.

The average weight reduction for the light weight hopper cars is
nevertheless in the same range as those of the TOFC/COFC trains. But
the light weight hopper car achieved a percentage fuel reduction almost
twice as large as the average-intermodal fuel reduction. Again, the
average velocity is no doubt the answer. The average velocity for the
hopper car train for the entire W1~-W2-W1l round trip was only 31 mph,
whereas the intermodal trains averaged 52 mph. On the E1-E2-El round
trip, the hopper car train average velocity remained at 31 mph while
the average velocity of the intermodal trains dropped only slightly
from 52 mph to 45 mph. Under such circumstances, the same percentage
weight reductions will appear more favorably at the lower velocity.

In addition, as is shown in Appendix D, operation at lower velocities

permits greater savings to be effected at a smaller average grade.

While the percentage fuel reductions for the TOFC/COFC trains on
the W1-W2-W1 round trip (2.0 percent and 4.4 percent respectively) were
on the same order of magnitude as the percentage reductions in train
resistance reported for 60 mph operation in Reference 1, the corres-
ponding reductions on the E1-E2-El round trip (5.5 percent and 9.4

percent respectively) even at an average velocity of 45.0 mph were larger
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than the reductions in train resistance (4.2 percent and 6.7 percent)
reported in Reference 1 for 20 mph operation. Although the trains in
the two reports were not identical, nevertheless the figures are sig-

nificant. The WI-W2-Wl track is comparatively free from rapid and

severe changes in grade and curvature, and except for the altitude change

probably approaches the ideal level tangent track as closely as most
U.S. railroads ever do. The effect of altitude change is eliminated
by round trip operation. In such an operation, fuel savings could be
expected to closely correspond with reductions in train resistance
reported in Reference 1 for operations at similar velocities. Savings
are small, as weight reduction does not reduce overall resistance
significantly at high speeds, particularly for vehicles with larger
aerodynamic drag, such as TOFC/COFC equipment. The El1-E2-El track is
significantly more complex, leading to lower operational velocities.
It should be expected that'the lower velocities would increase the
percentage of fuel savings over the higher velocity operation. But
the complexity of the track evidently had a significant effect upon
fuel savings, as the percentages of fuel reduction were higher at

an average velocity of 45 mph than the reduction in train resistance
at 20 mph. It is clear that fuel is not saved by operation in
mountainous regions, but what emerges from the figures is that as

the track becomes more complex and the operational velocity becomes
smaller, the potential gains from the use of light weight equipment
become significantly larger. In contrast, as the operational velo-
city becomes greater and the nature of the track more closely resem-
bles that of level tangent track, the rewards reflect the absolute
reduction in train resistance more closely. Appendix D contains
some pertinent‘additional considerations with regard to light weight

equipment and the rewards which may be expected from its use.
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5.3 Consist Rearrangement

The effects of consist rearrangement were investigated by
examining the operation of an average train with a random arrange-
ment of cars over the W1-W2-Wl1 track and comparing it with the opera-
tion of the rearranged train over the same track. The W1-W2-Wl1 track
was selected since it permitted higher average speeds and the
effect of consist rearrangement is purely reduction of aerodynamic
drag, a phenomenon of significance only in the higher velocity
ranges. Hence the impact of rearranging the consist should be
greater on this track than on the other tracks used fof simulation

purposes.

Runs 33-36 show the effect of rearrangement over the WI-W2-W1
track. The rearrainged consist showed a reduction of fuel consump-
tion from 3308 gallons to 3188 gallons, a reduction of 3.6 percent
at an average velocity of approximately 49 mph., This value is con-
siderably less than the value reported in Reference 1 for the reduc-
tion in resistance on level tangent track, a 13.5 percent reduction
at 60 mph, and some explanation is required. The difference can be
accounted for as follows. A check of the resistance curves for
the standard train and for the rearranged train revealed that the
curve for the latter had not diminished as much as formerly: at
49 mph, the reduction in resistance was only 6.5 percent instead
of 12.6 percent. While there were slight differences in the weights
of the train and their makeup (the train in the former report had
only two locomotives as opposed to three), the reduction in resis-
tance should not have been greatly affected by these considerations.
What the difference is attributable to is that the aerodynamic drag
calculation has been modified on the basis of the latest wind tunnel
data on tests of blocks and the effect of block spacing. The new
information places a heavier penalty on shorter gaps; this will

mitigate to a certain degree the advantages of rearranging the
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consist, as the shorter gaps are not affected substantially by

rearrangement. Hence, the resistance curve for the rearranged

train is not quite so beneficial as formerly.

Still, a 6.5 percent reduction is significant and should be
reflected in diminished fuel consumption. However, only a 3.6
percent reduction in fuel consumption was found. This is attributable
to the fact that fuel consumption over a long trip is not related in
a completely simple fashion to train resistance, and the diminution
of resistance is mitigated to a certain degree by factors determining
fuel consumption not affected by train resistance, such as idling

time and energy dissipation in the braking mode.

While these results are somewhat negative in that the effects
of consist rearrangement no longer appear so favorable, it was not
completely unexpected that the reduction in fuel consumption would
be blurred by other factors. However, as the aerodynamic data for
blocks is still unverified by field testing on full scale railroad
vehicles, consist rearrangement may still offer meaningful fuel

savings.

5.4 Equipment Improvements

Runs 37-40 were made to serve as a base against which to
measure the reduction in fuel consumption attributable to the
various equipment improvements to be examined. The runs were made
using the average train and the track generated artificially from
statistical data on U. S. mainline Class A track mentioned earlier.
The same train and track were then used to simulate runs made with
improved bearing seals, rigidized track, and improved trucks to
examine the effects of these modifications on fuel consumption.

As in Reference 1, the equipment improvements were simulated by

making modifications to the terms of the resistance equation
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corresponding as closely as possible to the reductions in resis-
tance resulting from the improvements. Such simulations may not

be completely accurate, but until better understanding of the
precise contributions to train resistance of every constituent com-

ponent is achieved, no alternative means of evaluation are available.

5.4.1 Improved Bearing Seals

These were simulated by reduction of the value of the term in
the modified Davis formula corresponding to a fixed drag of 80
pounds per car for a four-axle (16 bearing) car. The corresponding
term in the locomotive resistance equation for six axle vehicles
was similarly reduced. The magnitude of the average reduction, as

in Reference 1, was 18 percent. Instead of the following expression

for the first two terms,

R(1lb. per car) = 80 + .6 WO

where wo is the gross weight of the car, the expression below was

used:
R =65.6+ .6TW
(¢

Runs 41-44 show the fuel consumed with a low (25 mph) speed
limit imposed and an unrestricted speed limit over the same track.

The low speed operation with better seals showed a 2.1 percent
improvement in fuel consumption, the higher speed operation 1.1 per-
cent. The higher speed operation again shows a smaller percentage
improvement, at least partly because the fuel consumption is more

heavily weighted with consumption attributable to aerodynamic drag.

As discussed in Reference 1, the reduction in drag is a fixed

value per car; thus under certain circumstances the energy saved
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per car-mile is a more meaningful statistic. At a reduction in drag
of 14.4 pounds per car (above) and at a penalty to the locomotive of
.0644 gallon per delivered HP—hrfs) the 28.8-109 annual freight car
miles theoretically result in annual savings of $24.9 million per
yvear at a diesel fuel cost of $.35/gallonﬁ9) This theoretical
figure represeﬁts 1.8 percent of the railroad's annual fuel bill

and although computed on a slightly different basis from the pre-

1

vious figure is consistent with it. Unfortunately, the full
100 percent of the theoretical savings are not in general available
for the reasons advanced in the following section. Although during
operation over level tangent track the full potential should be
realized, as the track becomes comprised of more grades the realiz-
able percentage of the full potential diminishes. This concept is
developed more fully in the.following section. Thus the actual
savings in fuel computed by this program are judged to be a more
realistic appraisal of what actual savings might be achieved rather
than the theoretical limit, and operation over the statistically

representative track shows that something less than the theoretical

potential is likely to be achieved in normal operation.

5.4.2 TImproved Track Rigidity

Improvements to track rigidity were simulated by eliminating
the weight-dependent term of the non~velocity-dependent terms of
the modified Davis formula. This is not completely accurate, as
portions of the velocity-squared term may be assignable to losses
of kinetic energy due to poor quality track. Nevertheless, as
noted in Reference 1, Keller (14) attributes certain train resistance
in pounds per tbn to rail deflection caused by train weight, and
elimination of this term in its entirety will certainly remove

such train resistance from consideration.
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Runs 45-48 show the fuel consumed with the same 25 mph and
unrestricted speed limits as before. The low speed operation
showed a 6.1 percent reduction in fuel and the high speed a 3.7
percent reduction. These figures are substantially smaller than
the value reported in Reference 1 for the reduction in resistance
attributable to rigidizing the track, approximately 26 percent and

9 percent respectively, and some explanation is required.

In order to ensure that no mistakes were being incurred,
several supplementary runs not listed in Table IV were made, some
of the results of which sppear in the following two tables. These
runs showed that, like the results of Reference 1, a fixed reduction
in resistance independent of velocity results from the simulation
of rigid tréck, regardless of whether the track is level tangent
track or is comprised mainly of hills and curves. However, these

are not proportionately reflected in fuel savings.

Tables VI and VII display data from runs over the two real
tracks, the statistical track, and an artificially created level
tangent track of almost the same one-way length. Again the trains
were run in both directions to eliminate the effects of the change
in altitude between end points. Like the case of the improved
bearing seals, since the reduction in resistance is not a function
of velocity and is constant in value, the reduction in energy con-
sumption per mile is the significant parameter and can be directly
calculated from the reduction in work done against train resistance,
converting work to fuel consumption with the use of the same .0644
gallons/brake—HP—hr. figure mentioned earlier and in Reference 5.
A comparison of the theoretical reductions and the reductions
reported by the simulations is shown in Table VI, along with the
percent reduction of total fuel consumption. The tracks are

listed in order of what might be called their complexity, for
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TABLE VI

COMPARISON OF ACTUAL AND EXPECTED REDUCTIONS

(Improved Track Rigidity)

EXPECTED ACTUAL % OF REDUCTION

TOTAL REDUCT ION, REDUCTION, EXPECTED % OF TOTAL

TRACK MILES GALLONS GALLONS REDUCTION CONSUMPTION
E1-E2-E1 508. 86 250.25 123.0 49.1 4.1
STAT 404.36 198. 86 120.0 60.3 6.1
W1-W2-W1 441.62 217.19 133.0 61.2 8.0
L.T.T. 220.00 108.19 107.9 99.7 20.4
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_ TABLE VII
EXCESS OF FUEL CONSUMPTION OVER PREDICTIONS FROM RESTSTANCE CALCULATIONS

(Improved Track Rigidity)

SIMULATED " THEORETICAL
AVERAGE FUEL FUEL FUEL
TOTAL SPEED, CONSUMPTION, CONSUMPTION, PERCENT CONSUMPTION
TRACK MILES MPH GALLONS GALLONS EXCESS GAL/MI
E1-E2~El 508.86 23.4 2985.56 1135.93 162.8 5.87
STAT 404.36 23.1 1971.25 902.66 118.4 4.87
W1-W2-wWl 441,62 23.5 1658.94 985.83 68.3 3.75

L.T.T. 220.00 24.6 528.26 491.10 7.6 2.40



lack of a better term, with the E1-E2-El route being the most complex,

with many curves and steep grades. Less complex are the succeeding
tracks, with level tangent track the simplest at the bottom. The
percent of the expected reduction which was actually achieved
varies smoothly but inversely with the complexity, so that fuel
savings relate almost perfectly to reduction in train resistance

over level tangent track, but less so the more complex the track.

It is possible to compute the expected fuel consumption for a
constant speed operation using the known train resistance. Table
VII shows the excess of the fuel consumption predicted by the simu-
lations over that predicted using resistance calculations. The
excess is a certain indication of the previously mentioned com-
plexity of the track. On level tangent track, the indicated fuel
consumption is only 7.6 pefcent in excess of what train resistance
calculations would indicate, while over the most complex track the

excess is 162.8 percent.

The excess is explained by energy dissipation during braking
and in idling the engines during the same period and during stops.
Percentage fuel savings are related to the weighting of the actual
fuel consumption with these energy dissipations. Still, it is not
obvious why, with a fixed reducticn in resistance per mile, the
fuel saved per mile is not constant. This too 1is related to
braking and the speed limit to be maintained. An examination of

Figures 7 and 8 will be of assistance.

For anything other than level tangent track, grade resistance
predominates. See Figures 4 and 5, Reference 1, for example. If the
grades are small enough, work done against gravity on the upslope
is recovered on the downslope. However, for steeper slopes, this

is not the case; the potential energy has to be dissipated in
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braking to remain within the speed limit. For a particular opera-
tion, the slope in excess of which the energy is not recoverable

can be computed, assuming a simple up~-and-down grade of equal length
and a constant speed operation (see Figure 7); it is the grade at
which the gravity pull downward equals the train resistance at that

speed.

Figure 8 shows limits of possible savings in rigidizing the
track as a function of the grade for the above mentioned up-and-
down-again, constant speed operation. The numbers relate to
operation of the particular average train used in other places in
the report at 25 mph. On ordinary track the limiting grade is for
that speed only .14 percent. Below this grade, energy expended
against gravity forces on thg upslope is recoverable on the down-
slope, as G will be equal to or less than R. Above this grade,

G will be larger than R and some energy will be dissipated in
braking. The limiting grade for the rigidized track is .1l per-

cent.

Total fuel expended on this operation as a function of the
grade on either side of the track is shown in the figure. The
possible savings resulting from rigidizing the track are shown as
a function of grade on the same figure as the difference between
the total fuel expenditure curves (the sum of the curve for the
upgrade portion and the downgrade portion of the operation). Fuel
units on the ordinate are the train resistance in pounds times a
conversion factor K equal to 5280 - 5.05—10_7 * .0644 - L , where
¢ 1s the length'of the run in miles, 5.05 - 10—7 is HP « hr/ft.1lb

and .0644 1is the fuel consumption per brake HP-hr.
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Theoretical fuel savings below .11 percent grade are equal to
100 percent of the figure resulting by multiplying the reduction in
train resistance by the conversion factor. Between .11 percent and
.15 percent the figure is diminished slightly, and above .15 percent
savings are only achieved on the upgrade; rigidizing the track on
the downgrade at these higher slopes, for this particular operation,
is useless, as it merely means brakes must be applied more heavily.
Possible fuel savings are equal to only 50 percent of the theoreti-

cal potential

The tracks over which the simulated runs were made are naturally
not related to this operation in a simple fashion, but the level
tangent track (L.T.T.) is the limiting case for this operation,
with a zero grade, and the percent of the expected reduction
approaches the 100 percent level very closely (99.7 percent).

Since the trains were operated in the reverse direction also over
the other tracks, it can be said that for every upgrade there was
an equal length downgrade. However, there were many different
grades, and one would expect results somewhere between the percen-
tage reduction for L.T.T. and the 50 percent reduction expected for

higher grades.

This is indeed the case, and the percentages of the expected
reduction for the W1-W2-Wl and statistical tracks lie between these
values. The value for the most complex track, the El1-E2-El track,
is slightly below the minimum 50 percent level. The reason for
this is that there are slight inaccuracies in the calculation of
the fuel consumption itself, slight errors in taking differences
of numbers close in value, and round-off errors. In addition, the
analysis is clouded by the presence of a five-minute stop during

which the engines were idling.
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The conclusion is therefore that on level tangent track the

on in fuel consumption is closely related to the reducticn
in train resistance but as the track becomes more complex, in terms
of having more grades, the percentage of the expected reduction in
gallons per mile for a particular train diminishes. Also, as the
absolute consumﬁtion per mile grows as the track becomes more com-
plex, in this case including both grades and curves, the percentage

of total consumption which fuel savings represent falls rapidly,

as the theoretical savings in fuel per mile remain a constant.

Since the use of light weight equipment also reduces train
resistance to a certain extent by a constant amount, a figure
relevant to the use of such equipment analogous to Figure 8 is

-considered in Appendix D.

5.4.3 Improvements in Truck Design

Improvements in truck design were simulated by eliminating the
velocity-dependent term from the modified Davis formula, on the
grounds that this term represents flange resistance and rubbing of
the wheel flanges against the track will be eliminated by means of
self-steering trucks through elimination of hunting. It is known
that this term contributes the least resistance of all terms (see
Figure 10, Reference 1), so that not too impressive reductions in

fuel consumption were to be expected.

Runs 49-52 show the fuel consumption with the same speed limits
as before. The low-speed operation showed a reduction of 2.4 percent
and the high speéd a reduction of 2.5 percent. Although the other
improvements showed a decrease in the percentage reduction at the
higher speed, the percentage reduction in this case remained about

the same. The difference in this case is that some velocity-
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dependent resistance was eliminated, whereas in the two previous
cases only constant or weight-dependent terms were eliminated,
leaving the higher velocity resistance to be unchanged and dominated

by aerodynamic drag.

These reéults, although slightly smaller than the previously
(1)

reported figures are reasonably consistent with them. It was

to be expected that the reduction would be diminished by the weight-
ing of the fuel consumption with the factors not considered during
operation on level tangent track: energy dissipation during braking

and fuel consumed during idling.

Reductions in train resistance attributable to better curving
performance in an improved truck were not modeled. It is possible
as a consequence.that the above figures could be more favorable for
certain types of improved trucks, but until definite information
on the reduction of train resistance through the use of such trucks
is available from the field, such additional gains must remain

speculative.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

This study was undertaken as a supplement to the previous exam-
ination of train resistance and possible savings in fuel consumption
resulting from reductions thereto when the train is operated over
level tangent track. It was realized that certain of the conclusions
might be modified if train operation over normal track including
grades and curves were simulated. Such was indeed the case, although
the conclusions were not always modified to the expected extent nor
did they necessarily reflect an intuitive prejudgement. However,
since new information in the form of data from wind tunnel tests on
wooden blocks simulating railroad vehicles was incorporated into the
program at the same time, not all of the modifications to the previous
results are attributable to simply the change in the nature of the
track. Nevertheless, the conclusions drawn are based upon the latest
information available and aré related to normal train operation, and

they should be valid within the limitations stated herein.

If there is a single conclusion which stands out from the results
of this study, it is one which does not depend upon the type of track
over which the gsimulated trip is made: speed is costly in terms of
fuel consumption. A glance over the results of the runs summarized
in Table IV shows consistently, on both an absolute basis and on a
ton-mile basis, that a heavy price is paid in terms of fuel consumption
when the average trip velocity is high. One must be careful for this
reason to consider the average trip velocity and the operational speed
limit when interpreting the fuel consumption figures. It is evident,
moreover, that the impact of speed is far larger than the impact of
any of the modifications aiscussed herein, although it was not spec-
ifically investigated as a separate means of reducing fuel consumption.
There are, of course, innumerable repercussions from lowering the

average freight train speed.
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Another penalty is exacted by the complexity of the track. The
more complex the track, the higher the fuel consumption per mile for
a given train. This is illustrated clearly in Table VII; fuel con-
sumption on level tangent track is 2.40 gallons per mile, while for
the same train operating at approximately the same average velocity
over the most complex track the fuel consumption is 5.87 gallons

per mile.

A third general conclusion is that regardless of the nature of
the track any improvement in equipment such as those investigated
herein resulted in some fuel savings, however small. All of the mod-
ifications to equipment in operations examined in the context of this
report reduced train resistance, which reduction in turn is reflected
in diminished fuel consumption. The question is, as usual, whether
the additional investment required is economically justifiable on the
basis of the savings generated. A complete economic analysis of the
impact of the fuel savings discussed herein is beyond the scope of
this report, as additional benefits quite often accrue as a result of
making the particular improvement in order to save fuel, but the
economic implications of most of the fuel savings have been touched
upon in the preceeding sections. An economic analysis of the benefits

‘discussed herein will be the subject of a future report.

In Reference 1 it was noted that for operation over level tan-
gent track the rewards for the lightening of equipment were not great.
The reasons for this were that the weight saved was only a portion of
the car weight, the car weight is only a small portion of the total
weight if the.frain is fully loaded, and the portion of the resistance
attributable to the weight of the train is, except at low velocities,
only a small portion of the entire resistance, which is reflected in

fuel consumption.
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It was expected that the rewards for utilizing light weight
equipment would be quite high when the train was operated over normal
track, particularly when the track passed through mountainous terrain.
Some of the reasons why the reductions in fuel consumption were not
more dramatic were advanced in the previous section. Nevertheless,
for the aluminum hopper cars in unit train service, compared with
the $97 per car figure reported in Reference 1 for annual savings,
the $161 and $321 per car saved are considerably larger. However,
with the present price differential for aluminum cars, the payout
period is still in the neighborhood of twenty-five or thirty years
unless other indirect benefits are included, and such an investment
decision would seem unwise based upon fuel savings alone. A good
analysis of the additional economic implications of the use of

aluminum cars is given in Reference 12.

The fuel savings on a percentage basis for the W1-W2-W1l TOFC/COFC
round trips were only slightly larger than the modest reductions in train
resistance reported in Reference 1. However, on the E1-E2-El1 round trip,
the percentages were significantly larger. Some of the reasons for these
results are given in the previous section and in Appendix D. High
speed operations are less sensitive per se to reductions in weight
because of the relative dominance of air drag, particularly with
such equipment as TOFC/COFC. In addition, it is shown that higher
speed extends the theoretical grade limit in excess of which rewards
for lightening equipment are higher, so that for a certain train
operating over a given track it might be beneficial to lighten the
equipment if the operation were conducted at a low speed but not
so beneficial if‘conducted at a high speed. The rewards are
highly dependent upon the nature of the operation. Still, as before,
while energy savings are always beneficial no matter how small,
whether the additional investment in light weight equipment is

justifiable economically is the question to be answered. Without
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the benefit of a detailed economic analysis, cost benefits from fuel
savings alone appear meager on the comparatively high speed operation
over the relatively uncomplicated W1-W2-Wl track; on the more complex
E1-E2-El track where the average speed waé lower, the fuel savings

alone (up to 9 percent) appear more significant.

If was noted in the previous report that appropriate rearrange-
ment of the consist could, in the higher speed ranges where aerodynamic
drag assumes the dominant role, achieve very worthwhile reductions in
train resistance when the train is operated over level tangent track.
The results of the current investigation indicated that the percentage
reduction in train resistance was smaller than the reduction reported
previously, only 6.5 percent vs. 12.6 percent. This smaller reduction
is directly attributable to new aerodynamic data from wind tunnel tests
on blocks simulating railroad vehicles. These data place a heavier
drag penalty on shorter gaps than formerly, and the smaller reduction
is not related to any change in fuel consumption attributable to the
different nature of the track. This means that consist rearrange-
ment, which minimizes longer gaps but generally leaves shorter gaps
unaffected, does not appear as favorably as formerly indicated in
Reference 1. The percentage reduction in fuel consumption indicated
by the results was 3.6 percent, less than the reduction in resistance.
This is explained by the fact that fuel consumption is closely related
to train resistance in a constant velocity operation over level tangent
track but not as closely related in an ordinary operation over normal
track. As a consequence, any savings in fuel consumption attributable
to a single factor are diminished percentage-wise from what might be
expected in the absence of the other factors. In addition, the differ-
ence in the number of locomotives undoubtedly affected fuel consumption
to a limited degree. While these results tend to mitigate the pre-
viously reported impact of consist rearrangement, it must be noted

that as the aerodynamic data on blocks are unverified at this time
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by field testing on full scale railroad vehicles, consist rearrange-
ment may still offer meaningful fuel savings. Determination of the
true aerodynamic drag of a particular arrangement of freight cars

has yet to be finalized. However, as fuel consumption is not directly
related to train resistance in normal operation, the diminution of

the savings in fuel consumption from those over level tangent track

was not unexpected.

The reductions in train resistance attributable to improved
bearing seals and additional track rigidity are both independent of
speed and represent a certain fixed reduction of resistance in pounds.
The figures for each can be directly related to energy per car mile
on a theoretical basis. In actuality, the theoretical figures
represent a limit which is attainable only through operation on level
track or tracks with less thén a certain grade assuming round trip
operation. On normal tracks the percentage reduction in fuel con-
sumption is less than would be expected from purely theoretical con-
siderations. Thus the expected reduction in fuel consumption will be
larger as the operation more closely resembles operation over level

track, and smaller as the track becomes more comprised of grades.

Improvements in truck design, as simulated in the program, showed
reductions in fuel consumption of approximately 2.5 percent, better
than that achieved through improved bearing seals, but less than for
the other improvements. It must also be recognized that the figure is
a limit for fuel savings from improved trucks in that all contributions
from poor trucks have been eliminated. It would not be reasonable to
expect an improvéd truck to achieve such perfection. Hence, of all
the proposed improvements, this appears to have the most limited
potential for fuel savings. However, again there are possibly certain
benefits other than fuel savings, such as reduced maintenance of way
expenditures, which might be accrued, but an examination of these is

beyond the scope of this report.
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In summary, it may be said that the study shows that fuel savings
resulting from reduction of train resistance are highly sensitive to
the operation being run: average velocity, train weight, type of
train, and complexity of the track. These four factors mingle in a
sometimes conflicting fashion to determine resulting fuel savings and
a simple relationship of fuel savings to reduction in train resistance
does not exist. An attempt has been made herein to probe the relation-
ship of these factors and their influence upon fuel savings, but the
picture has been shown to be too complex to be explained in a simple
fashion. The most general conclusion that can be drawn is that the
particular operation for which the design improvement or equipment
modification is recommended be thoroughly analyzed by means of the
computer program described herein or a train performance simulator
with similar capability to determine the fuel savings which will
accrue to the particular operation The resulting fuel savings will

not necessarily be applicable to a different operation.

The program developed as a part of this invéstigation has shown
itself to be a useful tool for examination of fuel consumption and it
is planned to utilize it to study in more detail certain aspects of
train operation which could not be examined within the time frame of
the current study or which appeared as a result of the study to need

further examination.

Specifically, some effort will be devoted to a segregation of
the effects of the track and the new aerodynamic data in the area of
consist rearrangement. Although it appeared desirable at the begin-
ning of the current investigation to make the most accurate assessment
of fuel consumption that present knowledge would permit, after these
assessments were made it was realized that in many cases the changes
in fuel consumption could not be accurately attributed to either

cause singly, and that it was difficult if not impossible to determine
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the effect of the track alone. It is planned that the additional

]

aerodynamic data which will be forthcoming from current wind tunnel

{

tests be incorporated into the program as it becomes available, and
that at the same time the program be exercised in an appropriate
fashion to segregate the effects of the new data from the effects of

purely the track.

Time did not permit a detailed economic analysis of the cost-
benefit of the fuel savings which can be expected by the improvements
or modifications examined herein, although the economics of certain
of them were briefly discussed. Since all these improvements or
modifications result in some fuel savings and it is always the economic
tradeoff which needs to be resolved, in the following phase of this
work a detailed cost-benefit study supported by the data from addi-

tional program runs will be undertaken.

Close examination of certain features of train operation is
desirable. At low speeds the first two terms of the resistance
equation representing mechanical and fixed resistances predominate.
Yet there is still considerable uncertainty concerning the accuracy
of these terms. A better understanding of low speed resistance
would be of value in predicting the behavior of freight cars in
marshalling yards, for instance, and a study of the phenomenon will
be conducted as part of related research at the Transportation Systems

Center (TSC/DOT).

Another phenomenon worthy of a closer examination is truck hunt-
ing. The contfibutions of truck hunting to energy dissipation are
presently not well understood, and it is planned that a theoretical
examination of this phenomenon be undertaken as part of the next phase
of this effort and that the results be correlated with field data from
a specific test of the phenomenon performed as part of one of FRA's

current research programs in freight car truck design.

70



While an effort was made during the

current study to examine

types of operations which would provide meaningful results from a

limited number of runs, it became apparent that there are many fea-

tures of train operation which can greatly affect fuel consumption

but which could not be examined within the scope of the report. Some

of these were touched upon and some were
policy appears to be one aspect of train
sumption is particularly sensitive. The
another obvious constraint which affects

extent to which the average speed of the

not. Locomotive assignment
operation to which fuel con-
operational speed limit is
fuel consumption. The

operation and the average

grade or track complexity affect the desirability of light weight

equipment appears from the study to be an important area for further

examination. Further use of the program will be made to explore

these and other similar aspects of fuel consumption, and the results

will be correlated with other on-going FRA programs.
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APPENDIX A

1.0 GENERAL

This appendix describes the computer program which calculates the
fuel consumption of a freight train operating over normal track. The
mathematical background and some detailed discussions of various
algorithms in the program are given. Program input and output and
proper usage are described. The explanation of the program is not
intended as a complete users' manual, but most persons familiar with
Fortran programming will be able, with a little effort and the use of
the text that follows, to use the program, understand its logic, and

modify it or adapt it to their owmn use.

The program was devised to solve a specific problem, namely, to
compute the fuel consumption of a freight train whose composition is
known and which is made to move over a track with known characteristics.
While every effort has been made to minimize changes that might be
required in existing track data for use with the program, certain modi-
fications may still be necessary in order to permit the satisfactory
functioning of the program. Similarly, the train must be specified in
a manner compatible with program needs. Other inputs to the program

must be similarly formatted.



2.0 DESCRIPTION

The program basically consists of a "DO" loop, which repeatedly
calculates for consecutive time intervals the values of a number of
variables required to determine fuel consumption. The velocity of the
train must be determined for each instant of time in order to deter-
mine train resistance, which in turn affects fuel consumption. In
addition energy inputs into the train during acceleration periods
must be determined, so that acceleration data is required. Hence, the
program undertakes to compute the velocity profile for the entire trip,

and from this information the fuel consumption is determined.

2.1 Mathematical Background

It has been assumed that the resistance of the train is governed

by the modified Davis formula, which has the form

R (lbs) = a + bv + cv2 (1)

in which "a" and "b" are functions of weight.

For a given notch position (approximately constant power), the

tractive effort is a function of velocity, since

TE *« v = Constant A K (2)

1

Hence TE = Kl/v (3

The net force accelerating the train will be the tractive effort minus

the resistance so that, for Newton's law,

dv
—_ = —— 4
TE - R m Sy (4

Combination of the above expressions results in:
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dv 2 3
mvo T Kl - av - bv_ - cv (5)

which is not integrable in closed form. The velocity can be found,
however, by piecemeal integration, step-by-step. This is the procedure

utilized in the program described herein.

At any given time the velocity of the train and its position along the
track are known. A notch setting, determined by algorithms discussed
in the following section, determines the constant power to be applied
during the next time interval, which power, together with the velocity,
determines the tractive effort. The resistance of the train is
calculated, based upon the velocity of the train at the beginning
of the time period, and in combination with the known tractive effort

the train acceleration is determined for the next time interval.

From the known time interval and this calculated acceleration, the
velocity at the end of the time period is calculated, and the distance

traversed and the mean velocity over the period computed.

From these data the fuel consumption during that interval can be
computed. The resistance based upon the mean velocity is computed and
added to the force accelerating the train and the sum multiplied by the
distance traversed and an appropriate dimensional factor. It is assumed
that the time constants involved in a change of notch position are
small enough to be ignored for the purpose of calculation of fuel con-
sumption over a finite time interval considerably larger than the time
constants. When the net tractive effort is less than zero, the engines
are returned to the idle setting, and the fuel consumption reflects this

idle rate.

An assumption of constant power during that interval will give a
different value for fuel consumption than a calculation based upon

average velocity, and hence average resistance, over the distance
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traversed, reflecting the work done by the locomotives. It can be shown
(see Appendix B) that the difference is attributable to the change in
resistance across the time interval and the difference between the
initial velocity and the mean velocity during the time interval. The
difference becomes zero for an infinitely small time interval. For
finite intervals, the sum of the differential fuel consumption as cal-
culated by the program tends to equal the sum as calculated for constant
power, as there is equal likelihood that the mean velocity or the differ-
ential distance will be larger or smaller than the preceeding values and
differences will tend to cancel. For some sample calculations, the

differences were on the order of 1 percent.

Regardless of which calculation is chosen, an error will be
incurred because of the finite length of the time interval and the
approximation made in the calculation of resistance. Although the cal-
culation used permits slightly different rates of fuel consumption at
the same notch setting, it was felt it actually represented a truer
calculation of fuel consumption for the particular velocity profile
calculated. Had the other calculation been selected, a different method

of calculating the velocity profile would have had to be used.

2.2 Program Inputs

The program is presently set up on an interactive basis. The pro-
gram operator must specify the values of several parameters the values
of which will affect the resulting fuel calculation, in addition to
specifying file numbers which contain basic information concerning the
train and the track over which a simulated trip is to be made. Figure A-1l
shows the formatting of the inputs, in slightly abbreviated form to
eliminate computer messages. Certain inputs are in "F" format, and
others are in "I" format. The program may be examined for details. 1In
general, the "I" format requires a certain number of integers to be
entered, as noted. The program has not necessarily been optimized in

these respects, but the numbers have been selected as reasonable values.
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INPUT TRAIN FILE NUMBER
1

INPUT ORDER FILE NUMBER
)

INPUT TRACK FILE NUMBER
14

INPUTs NO« OF LOCOMOTIVESs ENTER A 1 DIGIT NO.
3INF’UT-NO. OF VEHICLES IN TRAIN, (INCL. LOCOMOTIVES).
OI&PUT- NO. OF TRACK RECORDS IN TRACK FILFE»
O}ESUToTIME INTERVAL s SECONDS

10.0

INPUTNO. OF INTERVALSs ENTER A 4 DIGIT NO.
2000

START PRINT AT I = (A 4 DIGIT NO.

0001

INPUT«VELOCITY TOLERANCE BANDe PLUS & MINUS MPH
2s5 '
INPUTeNOTCH CHANGE
2

INPUT+ACCELERATION WINDOWsSECONDS

10.0

IN=-BAND MULTIPLICATION FACTOR
Se0

ENTER OPERATIONAL SPEED LIMITsMPH
25.0

INPUT CUTOFF, ENTER A 4 DIGIT NO.

1000

INPUT«STD. DEVIATION

300.0

INPUT s MEAN
0.0
DATA PRINT OPTIONs TYPE 1 FOR YESs 0 FOR NO

0
$

INPUT A 9 DIGITs, ODD NUMBER FOR SEED
939999999

FIGURE A-1
PROGRAM INPUTS

A-5

ENTER A

ENTER A

3 DIGIT NO.

4 DIGIT MO



2.2.1 Data File Inputs

The operator first specifies a train file number. No changes
have been made in the train file from the format reported in Volume I
(1), but a typical train file is repeated here in Figure A-2. The
first column lists reference numbers. The second column describes the
vehicle type by means of numbers; each number designates a line of
data in another file corresponding to the vehicle type; this file is
discussed subsequently. The third column lists the net load on each

vehicle in tons.

The operator next specifies an order file number. For ordering the

train in the sequence specified in the train file, the order file used

is simply a listing of consecutive numbers the length of which equals

the number of vehicles in the train. If a different order for the same
train is desired, the same numbers are rearranged in a different order.
Thus if it is desired to place in the number 4 position the vehicle
which in the train file is in the number 32 position, in the new order
file the number 32 is placed in the fourth row, and so on. The

reader is referred to Volume I (1) for a more thorough discussion of

these considerations.

The operator next specifies the file number identifying the track
over which the simulated trip will be made. Some considerations with
regard to track data are worth mentioning, as this subject was not dis-
cussed in Volume I (1), and track records may not necessarily be for-
matted in an identical fashion from user to user. As an example, the
speed limit information for the tracks utilized in this report had to
be manually interspersed among the other track data in order for it to
be in an acceptable format, as such information had been separately
listed previously. See Figure A-3 as an example of original track data

and a sample of how the information was reformatted for use herein.
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160
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FIGURE A-2
TYPICAL TRAIN FILE



MP

MP

MP

MP

10

20

30

40

Milepost

4 .30
4.70
6465 _
8.55
9.30

11.05

13.70_
17. 20

18.15
19.30

19.90

22.95.

27.35_

29.30_

30.60-

33.10

35.60

39.30_

39.8)

42,70

Speed Limit

20

655.00
79.00
75.30
80.00
70.00
60.00
80.00
70.00

FIGURE A-3(a)

Grade

-0.18
.06
- .02
.16
.16
- .08
22
- .08
.28
.28
50
»48
=00
~ 44
.32
.18
- <34
- 034
.02
«40

Milepost

4,30
6.70
7.00

14.00
25.20
28.10
30.40
31.60
39.50

ORIGINAL TRACK DATA

A-8

0.00
.00
. J6
«3J0
«JD
.00
«J3
11
.09
.09
.06
.11
.04
- 04
<04
.00
.00
.00
«J0
.00



FILE: TRACKZ21 DATA A

Milepost Grade G.E.C. Speed Limit
101 0000 "018 .OO 1000
102 0440 <06 .00 2040
103 2035 '002 006 4000
104 2040 -002 006 6%00
105 2070 "002 006 7900
107 S.00 «16 «00 7940
108 6075 "008 000 7900
109 .40 22 «03 79,0
110 9.70 . 22 «03 7540
111 112,90 -.08 o11 75,0
112 13.85 28 +09 750
113 15.00 « 28 «09 75.0
114 15.60 50 «06 7540
115 1R.65 +48 11 75,0
116 20.90 «48 ell 80.0
117 23.05 <00 «04 80.0
118 2380 « 00 «04 T0e0
116 25.00 -eb4 «04 700
120 26010 -~ 44 004 60.0

FIGURE A-3(b)
REFORMATTED TRACK DATA



In general, mileposts must be in numerical sequence, from the first

at 0.0 miles to the final one at the destination where the final speed

limit will be zero. No provision is made in the program for a simulated

=

run in the opposite direction. This can be performed, however, by pro-
viding a second track file with the data appropriately modified for
operation in the reverse direction. A short program which will perform -
this operation on track files formatted for use with the fuel calcu-

lation program is given in Appendix C. It also lists a short program

which computes the rise in elevation between end points of the track file

according to the data therein.

In addition, track records which include a zero speed limit,
apparently to indicate a required stop, must be examined to ensure that
the milepost following the one indicating zero speed is different from
the previous; the program cannot accommodate the same milepost having
different data associated wiﬁh it, as happened to be the case in many
track records examined during the development of the program. Track
records used to generate the data reported herein have been consistently
modified at such points to introduce an additional milepost 0.1 miles
further along the track with the speed limit of the next track record.
This permits the logic of the program, after a simulated stop has been
made, to perceive a new requirement for speed even if the train happens
to be stopped in the tenth of a mile where the speed limit is zero.

Otherwise, the program would not permit the train to proceed.

In addition, certain liberties have been taken with regard to the
speed limits in track sections adjacent to the origin and destination
and around required stops. The adjacent section has been limited to
10 mph, the next.to 20 mph, and the next to 40 mph if the track record
itself did not impose such limitations. This has been done to bring
the train to a halt more smoothly than would be the case if it were
suddenly required to decelerate from 60 mph in a short distance. See
Figure A-4 which shows a portion of the original track record and the
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32 .45 - .06 ‘ .00

96.05 - .20 .00
97.50 - .10 .00

98.95 - .40 .00

MP 100 99 .30 - .40 .00
100,35 - - .12 .00

103.55 .06 .00

105.95 .16 .00

MP 110 109.30 .16 .00
: 112.00—© .08 .00

114 .60 .09 .00

MP 120 121.00 .09 .00
- 122.05 .04 .00

125.15 0.10 : 0.01

129.29° 0.09 0.00

133.20 0.38 0.01

134.05 0.09 0.00

Original Track Record near Station Stop

168 96.05 -.12 «00 . 6540
169 97.30 -e1? «00 8040
170 99.25 « 06 N0 RlaN
171 101.65 16 «00 4040
172 10500 16 « 0N 2040
173 106,70 .16 «00 1040
174 107.70 .08 «00 e station stop
175 107.80 .09 « 00 109
176 11030 .09 «00 2040
177 116.70 « 09 « 00 4040
178 117.75 <04 «00 830.0
175 120.85 «10 «01 4040

Modified Track Record

Note: All mileposts in modified track record have been reduced by 4.3 miles.

FIGURE A-4
REFORMATTING OF TRACK RECORD NEAR STOP
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associated speed limits and the corresponding portion of the track
record modified to accommodate the needs of the program and actually

used therein.

2.2.2 Numerical Inputs

The next inputs require only numbers to be entered by the operator. -~
The number of locomotives is presently limited by format to nine or
less. This could easily be modified. The number of vehicles in the
train must be specified with a three-digit number and must correspond
to the number in the train file being used. Similarly, the number of
track records is specified by a four-digit number which must correspond

to the number of track records in the file specified.

Because of the non-linear nature of the train resistance equations,
it is necessary to perform the calculation of fuel consumption in small
steps, each corresponding to a period during which the velocity changes
only by a small increment. The selection of the time interval, in
seconds, is left to the program operator. 1In order to avoid performing
repetitious calculations when the velocity is approximately constant,
the time interval is modified by the program during such periods if
certain requirements are met. The fuel consumption calculations are
sensitive to this choice of interval, and the implications are dis-

cussed in the section dealing with sensitivity and calibration.

The number of intervals which may be calculated is presently
limited by dimension statements to 2000. From examination of various
track records and program runs, then appears to be on the average one
track record per mile or less, and the program averages around six or
seven calculations per track record. Hence the program is presently
limited to runs of 250 miles or less with about the same number of track
records. This limitation was compatible with the needs of the runs for
this report, but the program could readily be modified to expand its

capability, at the cost of incurring additional computer charges when
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run. Since the program is set up to cease calculation after the train
has arrived at its destination, no exXcessive computations are made by
specifying the full 2000 intervals, but fewer may be specified if only

early portions of the output are of interest.

Similarly, if only the latter portions of the trip are of interest,
printing of the output may begin not at the origin, but after a certain

number of iterations of the loop specified by the operator.

The next four inputs are discussed in detail in the section on
sengitivity and calibration, as the values inserted will affect the
resulting value of fuel consumption to a limited degree. The velocity
tolerance band and the notch change instruction are restrictions upon
the simulated engineer, but the acceleration window and multiplication
factor are parameters internal to the program whose values are completely
arbitrary. The choice of values was left open during the period of
development of the program and could easily be standardized at this
time. All of the results in this report were run using constant values

for all four of these variables, the values shown in Figure A-1.

The cutoff value is related to a random stop algorithm designed
into the program. The probability of making a stop at any given
iteration of the "DO" loop is specified by this parameter, and is
equal to (1000-inserted value)/2000. Specifying 1000 ensures that no
random stops (intended to simulate unforeseen stops of any nature) will
be incurred at all. The results in this report were all run with zero

probability of random stopping.

The standard deviation specifies the standard deviation of a
Poisson probability density function generated by the program describ-—
ing the probable length of any intermediate stop made during the trip.
If the decision is made (as above) to stop, the length of the stop is
determined from this function. The choice of a Poisson function was

made arbitrarily but it seemed to reflect reality more than other
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choices might have. The units are seconds, so that a value of 300
specifies that the most probable length of stop is three hundred seconds
or five minutes. In the case of predetermined stops, the program is
directed to make them of the same length as the standard deviation
specified. The algorithm corresponding to the Poisson function

utilizes a built~in subroutine for generating random numbers with a
uniform probability density function. The Poisson distribution is

approximated by a specially devised subroutine.

The mean is the mean value of the uniform probability density
function above. It should be set at zero for the purposes of this

program.

The data print option allows the program operator to avoid print-
ing the value of all the variables for every iteration of the loop.
If a "0" is selected, the program only prints the program inputs; the
net and gross weights of the train and the final values for total fuel
consumption; average fuel consumption rate; and average velocity for
the trip. Before the last three items are printed, the program prints,
as a check, the number of iterations, the final track record number,
the distance travelled, and the cumulative time. If any stops have
been made, the program also prints the value of I, the loop index, the
value of two numbers used to generate the length of stop, the length
of the stop, and the cumulative time in seconds spent idling the

~engines at stops.

2.2.3 Auxiliary Data File

Although not a specific input to the program, an auxiliary data
file is required to be available to be read automatically by the pro-
gram. This file (reproduced in its present size and form in Figure A-5)
lists dimensional, aerodynamic, and weight data for various types of
railroad equipment pertinent to the calculations in the program. The

table of data is explained in detail in Volume I (1), and alterations
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FILE: COEFF

120.0

10.0
150.0
120.0
122.0
150.0

85.0
368000.

76200.0

7620040

DATA

bt bt ot pt et s
— N = =

[ N ]

TO DO DD DO

n
QWNDWNONVNDO VO

L] L] L] L] [ J L ] L] L ] . L]

X OO D

60.0

60700.0
76200.0
79500.0

90.0 4540
78.0 10.0
135,0 7440
90.0 4540
1060 78,0
135.0 74.0
105 2.0
3.0 45.0
3.0 3.0
1.5 2.0
4540 3.0
3.0 3.0
60.5 30.2
34.6 34.6
90.6 49.6
15.1 7.6
Reb 8.6
226 1244
.008% «0085
.0085 .0085
.0085 «0085
2840 19.0
2040 20.0
37.0 30.0
45.0 5440
8540 8540
88.0 6040
59600,.0 68900.0
7620040 7620040
119200.0 7760040
FIGURE A-5

CONVERSATIONAL MONITOR SYSTEM

100
7840

110.0
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PO~ WH OJSNTWNNWN
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p—

« 085
« 0085
« 0085

12.0
28.0
32.0
60.0
85.0

40.0"

7350040
7620040
56600.0

AUXILIARY DATAFILE

122.0
12440
10.0
10.0
124.0
10.0
3.0
11.5

85,0
76200.,0
51500.0
7620040



and additions to the table should be made in conjunction with the meth-
odology set forth in that volume. Additions beyond the present eighteen

vehicle types would require format changes within the program.

2.3 Program OQutputs

The program generates the value of fourteen variables during each
iteration of the loop. These are printed with the corresponding value
of the loop index "I" if the option "1" has been selected. The
variables are as follows, in the order of printing across the page
(see Figure A-6 for a typical data output; all values are the prevailing

values for the particular iteration of the loop unless specified as

cumulative):
I The loop index
TE(I) Tractive effort, lbs.
U An indicator of throttle or braking effort (see following
section) .
TR(I) Train resistance (dissipative), 1bs.

vDD(I) Acceleration, mph ps

V(I) Velocity, mph

J Track Record No.

DS (I) Distance, miles

DT Time interval, seconds
S(I) Cumulative distance, miles

DFC(I) Fuel consumption, gallons
CFC Cumulative fuel consumption, gallons
CDT Cumulative time, seconds

RFC(I) Rate of fuel consumption (all locomotives combined),
gallons/min.

CRFC Cumulative rate of fuel consumption (for entire distance
travelled), gallons/min.

The values of all variables are of some interest, even though the
primary variables of interest are the instantaneous fuel rate and the

fuel consumption. Some of these values are used as inputs to a plotting
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FILE: FTFCR cCuTPUT C CCNVERSATIONAL MONITCR SYSTEM

MORE TRACTIVE EFFGRY NEEDED

LTV

403 15.28E+04 17 50.50403 21.49F-02 21.45E+00 53 56.60FE-03 10.00F+00
67.23E+00 14.88F-01 32.94F+01 10.05£+03
89.29F-01 19.67E-01
394 688
MORE TRACTIVE EFFORT NEEDED
404  13.83E+04 17 51.156+403 18.32E-02 23.28FE+00 53 62.13F-03 10.00F+00
6T.29E+0CD 14.79E-01 33.09E+01 10.08E+03
88.74E-01 19.74E-01
5717 275 : :
405 BC0.79E+03 15 51.51E+03 01.43E-03 23.59E+00 53 32.55£-03 50.00F-0!
6T7.32F+00 45.15F-02 33.13€E+01 10.06E+03
54.23E-01 19.75E-01
463 300
406 60.49E+03 14 51.60FE+03 18.69E-03 23.78E+00 53 65.7T9E-03 10.00E+00
67.39E+00 68.3BE-02 33.20E+01 10.07E+03
41.03E-01 1S5.77E-01
638 139
407 60.04F+03 14 51.89F+03 18.69E-03 25.218+00 53 52.30F-02 T6.85E+0D
67.91E+00 54.61E-01 33.75€+01 10.15£+03
42.H64F~-01 19.95E-01
FIGURE A-6

TYPICAL DATA OUTPUT



routine, described in the main body of the text, which plots the
velocity and the instantaneous fuel consumption rate as functions of

time.

2.4 Acceleration and Braking Considerations

During the development of the computer program, several simplify-
ing assumptions have been made on the basis that this is a fuel con-
sumption calculation rather than a train performance simulator. To
simulate every action of the train is not intended. Hence, some details
of operating the braking system or throttle which could possibly affect
the overall fuel consumption have been omitted in the interest of

simplicity.

2.4.1 Speed Control

This section describes the rationale behind the various algorithms
which prescribe the throttle notch setting or braking effort, or
changes thereto. Since in the program diminishing the braking effort
is logically equivalent to increasing the tractive effort, much of the
discussion belc.; is applicable to time intervals during which the
brakes are being applied, as well as time intervals when the acceler-

ation is positive or negative, with tractive effort being applied.

The fundamental rationale governing the selection of throttle
position or braking effort in the program is that the selection is
made upon observation of the velocity of the train and the desired
velocity. The latter is normally the track speed limit but is subject
to a limitation imposed by the program operator, who specifies the
maximum desired velocity for the trip. The program effectively simu-

lates a Type 1 velocity control loop.

A comparison is made and the tractive or braking effort is adjusted
in a manner designed to move the train velocity into an acceptable band
about the desired velocity. The adjustment takes place in a certain

time interval dt selected by the program operator. Normally tea seconds
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is selected as reflecting the shortest time in which the engineer could

be expected to check the train velocity and adjust the throttle on a
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the time interval dt is halved to increase the rapidity of response.

No anticipation is designed into the program, and velocity errors
(deviations from the speed limit) are required to produce a change in
tractive or braking effort. Although this rationale may not be com-
pletely realistic, failure to include anticipation was felt not to
affect fuel consumption sufficiently during the transient operations
where its absence might be noticed to justify the additional complexity
involved in including it. Its absence would be noticed only during the

short periods when velocity was changing.

The rapidity with which the program changes the tractive or brak-
ing effort is analogous to .the gain of the control loop. The algorithms
governing the changes in throttle notch position or braking effort are
intended to simulate a smooth operation of the train, rather than adjust
the train velocity in necessarily the most optimal fashion. Thus
normally when the train velocity is observed to lie outside the permis-
sible velocity band the notch will be adjusted only by one step until
the next time interval. Under certain limited circumstances, the notch
is adjusted by a larger value selected by the operator. The algorithm
governing this adjustment was inserted, like the halving of the time

interval, to quicken the response.

Tractive and braking efforts are established by the program to
correspond with a range of values for a parameter "U" of 1 through 17,
inclusive. Values 1 through 8 correspond to levels of braking, ranging
from 100 percent of maximum braking effort to 12.5 percent in even
increments. A value of 9 corresponds to coasting, with neither crac-
tive nor braking effort. Values from 10 to 17 correspond to the eight
throttle notch positions at which various increased levels of tractive

effort are applied.
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The value of "U" is adjusted in accordance with the following
rationale. The program attempts to calculate the velocity V(I) for
the Ith iteration of the loop. It is first determined whether the
previous velocity V(I-1) is within the permissible band or not. The

tollowing paragraphs discuss the subsequent decision process.

2.4.1.1 Within Band

If the previous velocity is within the band, the program examines
the previous acceleration. TIf its absolute value is small enough, so
that if it remains constant the velocity will not break out of the
tolerance band within a predetermined time, as selected by the program
’operator, and conditions on the track ahead are identical to the ones
in the previous interval, the acceleration and tractive efforts are
held the same. The length of the next time interval is extended to
the time when the velocity breaks out of the permissible band, or when
new track conditions are encountered. This saves computer time so
that the frequency of computation is highest when the velocity is

changing most rapidly and lowest when the velocity is nearly constant.

Otherwise, the program examines the velocity two time intervals
earlier, V(I-2), in order to determine in what fashion the velocity
entered the band. It also examines the previous acceleration VDD(I-1).
If V(I-2) had been out of band, the parameter '"U" is adjusted in the
appropriate direction by a value equal to NC, a parameter specified at
the beginning of the program. A value of 2 appears to give performance
that is adequately smooth without sacrificing rapidity of velocity
correction. If V(I-2) had been in band also, the value of "U" is only

adjusted by one.

2.4.1.2 0Out of Band

An analogous adjustment of "U" occurs when the previous velocity
V(I-1l) was out of band, although the logic is somewhat different. The
program determines whether V(I-1) was above or below band and whether

the previous acceleration VDD(I-1) was positive or negative. The intent
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is again to return the velocity to within the band. If the sense of
the previous acceleration was to increase the velocity error, the para-
meter "U" is adjusted by the value NC (see above discussion); if not,
"U" is adjusted tentatively by a value of 1. With the tentative trac-
tive or braking effort determined, a tentative acceleration is checked
to determine if the velocity will return within band within a time

period selected by the program operator. This is known as the accel-

eration "window. If the tentative acceleration lies within this
window the value of "U" is not adjusted further. If it does not, the
value of '"U" is adjusted an additional unit and new values for the
acceleration, tractive or braking effort, and other variables are calcu-
lated. The direction of adjustment is such as to drive the velocity
more quickly into the permissible band. 1In all cases tractive effort is
adhesion limited. Braking effort has been appropriately limited in

advance so that wheel slip during braking will not occur.

2.4.2 Braking System Operation

With regard to operation of the braking system, time delays have
been ignored, and it is assumed that the restraining effect required by
the algorithm takes place instantaneously and uniformly over the train
length. A second assumption is that degrees of braking, varying
uniformly from O percent to 100% of full braking, in discrete steps
analogous to throttle positions, are applied. This assumption was made
in order to make the program logic designed to adjust throttle position
equally applicable to braking. This appears to differ from true braking
in several respects. There appears to be a distinct minimum brake pres-
sure above which pressure can be varied with infinite smoothness.

Thus, a minimum braking effort of about 6 psi would be required, or
about 25% of full effort. A simulation of this was tried at first, but
seemed to result in excessive jerkiness of train motion when the first
level of braking was applied. This was subsequently abandoned and after
" some discussion with railroad personnel which revealed that the experi-
enced engineer can control the deceleration rate of his train very

effectively by sending "bubbles" of air down the train, the simulation
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was designed to provide eight levels of braking at .125, .25, .375, .5,
.625, .75, .875, and 1.0 portions of full braking.

While it is recognized that this does not precisely duplicate
actual braking operation, the difference in fuel consumption attrib-
urable to the small difference in simulation during the short periods

when brakes will be applied is believed to be of second order magnitude.

A further consideration with regard to braking is the approxi-
mation of braking friction as a function of speed. Following the
discussion in Hay(ls)the cars have been braked at 60% of light weight
(66,000 1lbs.) and locomotives at 90%. Maximum braking is then between
.18 and .24 of this value, depending upon velocity. A hyperbolic
tangent curve has been used to approximate an average curve falling
between the curves given for the friction factor as a function of

velocity for chilled iron wheels and wrought steel wheels. See Figure
A-7.

If the pro_ram logic calls for more braking than is available,
the message '"Inadequate Brakes' is received. As a final precautionary
measure, execution of the program is halted if the train velocity

exceeds 90 mph and the acceleration is positive.
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3.0 PROGRAM LISTING

The program is listed in Figure A-8. Although the program seems
long, it is not formidable. The resistance of the train is calculated
by the methodology developed earlier and reported in Volume T (1).
The program developed at that time for that purpose was incorporated
with appropriate modifications directly into a second program, developed
under a later phase of the same task, designed to calculate fuel
consumption. For that reason, only a cursory description is given to
those lines extracted from the original program. The reader is
referred to Volume I for the explanation of and the method behind the

train resistance calculation.

Lines 10-180

These lines list requirements for computer storage space for

variables used in the program and define real and integer variables.

Lines 190-300

These lines initialize certain variables to zero and define certain

constraints used in the program.

Lines 310-320

These lines read the data from the data file describing the

characteristics of railroad rolling stock.

Lines 330-1200

These lines request the inputs to the program and direct the infor-

mation to the appropriate places.

Lines 1210-1930

These lines essentially repeat the program previously developed for

computing train resistance.
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FILE:

1?2

13

14

33

51

52

116

FTFC8

DIMENSION

FORTRAN A

V(2000)sTE(2000) 4VDD(2000) 4DV (2000) +MV(2000)

TRACK(5004¢4)

DIMENSION

DS(2000) +S(2000)+sTR(2000)sDFC(2000)+sTEH(2000)

TEL(2000) +RR(2000)

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

DIMENSION

VAR(2000) +RC(2000) sRL(2000) sRFC(2000),R(2000)
NUM{Z) eNLI{12)e0N2(12)

A(200) .B(200)+FF (200)+FA(200)
CAA(200)+CBB(200)+CC(200)9DD(200),uC(200)
D(200)4E(200) oF (200) +G(200)

GA(200) sGF (200) +CFF (200) +CFA(200) AFF (200) AFA(200)
NET(200) s TARE(200) «GROSS(200)

ARRAY (200) 4DATA(200+2) sCOEFF (18410) +ORDER(200)

EQUIVALENCE (ARRAYDATA)

INTEGER ARRAYFILE+ORDER,OPTNI1
INTEGER PsQ«FILEsUsPPsVARsVV4PPP
INTEGER wWeXeYsZoeCUTOFF +ZX4ZSL
REAL MVeMF oLIMITHN3eNG

REAL KDsKE +KFeMNoNETL0OSL

COT = 0.0
CFC = 0.0
CRFC = 0.
CIT=0.0

Z =0

ZX = 0
ZsL = 0
KD =

KE = KD
KF = xD
CF = 5280.

0763%88.04#%2/(32.2%60.0#%2%2,0)

0#5.05E=T%,0644

CF2 = B8B.,0%#.0644/(550.0%60.0%#3600.0)

READ (4450) ((COEFF(I4J)sI=1418)9J=1+10)

FORMAT(6F11.4)

WRITE(A412)

WRITE(7412)

FORMAT(1Xs' INPUTe NO. OF LOCOMOTIVESs ENTER A 1 DIGIT NO.Y)
READ (5413)NL

WRITE(7413)WL

FORMAT (I1)

WRITE (6414)
WRITE(Te14)

FORMAT (1Xy! INPUTsNO. OF VEHICLES IN TRAIN, (INCL. LOCOMOTIVES).

ENTER A 3

DIGIT NO.?')

READ(S5+33)NV
WRITE(74+33)NV

FORMAT (13)

READ (1+51) ((DATA(NsL) sL=192) oN=14NV)

FORMAT (4X+I134F6.1)

READ (2+52) (ORDER(N) «N=19NV)

FORMAT (5X,13)

WRITE(64116)

WRITE(74116)

FORMAT(1Xs' INPUTs NO. OF TRACK RECORDS IN TRACK FILE,
ENTER A 4 DIGIT NO.')

PEAD(5417)NTR

WRITE(7417)NTR

FIGURE A-8
PROGRAM LISTING
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CONVERSATIONAL MONITOR SYSTEM

FTFo00O010
FTFo0020
FTF00030
FTFO0040
FTF000S0
FIF00060
FTFo0070
FTF00080
FTF00090
FTFO0100
FTF00110
FTF00120
FTF00130
FTF00140
FTF00150
FTF00160
FTFO0D170
FTF00180
FTF00190
FTF00200
FTF00210
FTF00220
FTF00230
FTF00240
FTF00250
FTF00260
FTF00270
FTF00280
FTF00290
FTF00300
FTFN0310
FTF00320
FTF00330
FTFO003490
FTF00350
FTF00360
FTF0O0370
FTF00380
FTF00390
FTFNO400
FTF00410
FTF00420
FTF00430
FTFO0440
FTF00450
FTF00460
FTFON470
FTF00480
FTFO0490
FTF00500
FTF00510
FTF00520
FTF00530
FTF00540
FTF00550



FILE:
17
18

19

245

22

240
250

26

2R

311

32

34

FTFC8 FORTRAN A

FORMAT (14)

WRITE (6,18)

WRITE(7418)

FORMAT (1Xs*' INPUTsTIME INTERVAL+SECONDS?)
READ(5,19)DT

WRITE(74519)DT

FORMAT (FS.1)

WRITE (64245)

WRITE (74245)

FORMAT(1Xs* INPUT+NO. OF INTERVALSs ENTER A 4 DIGIT NO.*')

READ(5417)NI

WRITE(7+17)NI

WRITE (6422}

WRITE(7422)

FORMAT (1Xs' START PRINT AT I = (A 4 DIGIT NO.")
READ(S417) INDEX

WRITE(7417)INDEX

WRITE (6,240)

WRITE (74240)

FORMAT (1X+' INPUT.VELOCITY TOLERANCE BAND, PLUS & MINUS

READ(5,250) TOL
WRITE (74250)TOL
FORMAT (F4.1)
WRITE (6426}
WRITE (7426)
FORMAT (1Xe!' INPUTeNOTCH CHANGE?)
READ(5413) NC
WRITE(7413)NC
WRITE (6428)
WRITE(7428)
FORMAT (1Xs' INPUT.ACCELERATION WINDOWsSECONDS®*)
READ(54250) TIME
WRITE(74250) TIME
WRITE(64311)
WRITE(74311)
FORMAT (1Xs' IN-BAND MULTIPLICATION FACTOR?')
READ (54250) MF
WRITE(74250)MF
WRITE (6427)
WRITE (7,427)
FORMAT (1Xs' ENTER OPERATIONAL SPEED LIMIT,MPH®)
READ (54250) OSL :
WRITE (74.250) OSL
WRITE(6432)
WRITE(7432)
FORMAT (1xs' INPUT CUTOFF, ENTER A 4 DIGIT NO.t)
READ(5417)CUTOFF
WRITE (7+17)CUTOFF
WRITE (6434)
WRITE (7434)
FORMAT (1Xe* INPUTsSTDe. DEVIATION?')
READ (5419)SIGMA
WRITE(7419)SIGMA
WRITE (6436)
WRITE (7,436)

FIGURE A-8
PROGRAM LISTING
(CONTINUED)
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FTF00560
FTF0OO0S70
FTF00580
FTF00590
FTFo0600
FTF00610
FTF00620
FTF00630
FTF00640
FTF00650
FTF00660
FTF00670
FTF00680
FTF00690
FTFo0700
FTFOO710
FTF00720
FTF0O0730
FTF00740
FTF00750
FTF00760
FTFOO770
FTF00780
FTF00790
FTF00800
FTFo00810
FTF00820
FTF00830
FTF00B40
FTF00850
FTF00860
FTF00870
FTF00880
FTF0O0BS0
FTF00900
FTF00910
FTF00920
FTF00S930
FTF00940
FTF00950
FTF00960
FTF00970
FTF00980
FTF00990
FTF01000
FTF01010
FTF01020
FTF01030
FTFNn1040
FTF01050
FTF01060
FTF0l1070
FTF01080
FTF01090
FTFO01100



FILE:

36

1%

55

337

338

341

339

S 344

37
33

39
25

27

.
41
47

FTFC8

FORTRAN A

FORMAT (1Xe* INPUTsMEAN?')

READ (54250) aM

WRITE(74250)AM

WRITE(6416)

WRITE(7416)

FORMAT (1Xs *OATA PRINT OPTIONs TYPE 1 FOR YESs 0 FOR NO')

READ (5455

A NDTALY
JUT TN

WRITE (7+455)0PTN1
FORMAT (I1)
WRITE(7441)

SuUM4 = 0,

DO 337 K

0
= 1eNV

SUM4 = SHML+DATA(K2)
WRITE(7,338)SUM4

FORMAT (1

Xot NET TRAIN WEIGHTs TONSS's F10.2)

WRITE(7441)

DO 341 K
GROSS (K)
SUMS = 0,

1NV
DATA(ORDER(K) 42) +COEFF (ARRAY (ORDER(K))+10) /200040

<

DO 333 K = 1eNV
SUMS = SyUMS5+GROSS (K)
WT = SuUMS

WRITE (74344)SUMS
FORMAT (1Xs°*
WRITE(7e441)

DO 24 1 = 1NV
IF (1.6T.1) GO TO 42
DO 25 K = 1NV

GROSS TRAIN WEIGHTsTONS'sF10.2)

NET(K) = DATA(ORDERI(K) s2)

TARE(K) = COEFF (ARRAY (ORDER(K)) s10)

IF (KeLESNL) A(K) = (NET(K)+TARE(K)/2000+0)%,6+120.0
IF (KeGToNL) A(K) = (NET(K)+TARE(K)/2000.0)%*,6+80.0
RIK) = «01%(NET(K)+TARE(K)/2000.0)

IFf (K.EQ.1) GO TO 37

GF (K) = COEFF (ARRAY (ORDER(K) ) ¢3)+COEFF (ARRAY (ORDER(K=1)) +4)
GO TO 38

GF(K) = 10Nn0.0

IF (K.EQueNV) GN TO 39

GA(K) = COEFF (ARRAY (ORDER(K) ) 9+4) +COEFF (ARRAY (ORDER (K+1)) +.3)
GO TO 25

SA(K) = 1000.0

CONTINUE

SUMIL = 0.0

SUMIC = 0.0

DO 87 M = 1.«NL

SUMIL = SUMIL+A(M)

NL? = NL+1

DO B8 M = NLZ2«NV

SUMIC = SUMIC+A (M)

FORMAT (/)

CONTINUE

IF (I.EQ.1) CFF(I) = 1.0
IF (1.6T4Y) CFF(I) = S#TANH(.S2(ALOG(GF(I)/10.0)-144))+.5
IF (I EQ.NV) CFA(ID) 1.0
IF (I.LTeNV) CFAC(TD)

FIGURE A-8
PROGRAM LISTING
(CONTINUED)
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FTFO1110
FTFO1120
FTF01130
FTFO1140
FTF01150
FTFO1160
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FTF01180
FTF01190
FTFO0l1200
FTFo1210
FTF0l1220
FTF0l1230
FTF01240
FTFn1250
FTF01260
FTFO1270
FTF01280
FTF01290
FTF01300
FTF0l1310
FTF01320
FTF01330
FTF01340
FTFN1350
FTF01360
FTFO1370
FTF01380
FTF01390
FTF01400
FTFOl410
FTF0l420
FTF01430
FTFOl440
FTF01450
FTF01460
FTF01470
FTF01480
FTF01490
FTFol1500
FTF91510
FTF01520
FTF01530
FTF01540
FTF01550
FTF01560
FTFO1570
FTFol1580
FTF01590
FTF01600
FTF01610
FTFol1620
FTFN1630
FTF0l1640
FTF01650



FILE:

251
252

160
170

253

254

140
402

24

19

79

66

FTFCS8 FORTRAN A CONVERSATIONAL MONITOR SYSTEM
IF (I.EQ.1) GO TO 160 FTF01660
CAA(]I) = COEFF (ARRAY(ORDERI(I)) 1) FTF01670
CBR(I) = COEFF (ARRAY(ORDERI(I~1))+2) FTF01680
IF (CAA(I)~-CBB(I))251+252+252 FTF01690
AFF(I) = 0.0 FTF0O1700
GO TO 170 FTFO1710
AFF (I) = (CAA(I)=CBB(I))/CAA(I) FTFO1T20
GO TO 170 FTF01730
AFF(I) = 1.0 FTFO1740
IF (I.EQ.NV) GO TO 140 FTF01750
CC(I) = COEFF(ARRAY{(ORDERI(I)) 2} FTF01760
DD(I) = COEFF(ARRAY(ORDER(I+1))s1) FTF01770
IF (CC(I)=DD(I)) 253,254,254 FTFO1780
AFA(I) = =4 0%EXP(=a173%GA(]))#(1a0-EXP(-e1T73%*¥GA(I))) FTF01790
GO T0 402 FTF01800
AFA(I) = (CC(I)Y=DD(I))/sCC(I) FTF01810
GO TO 402 FTF01820
AFA(I) = 1.0 FTF01830
CONTINUE FTF01840
FF(I) = 1e0=(1e0=-CFF(I))#{(1.0~AFF(I)) FTF01850
FA(I) = 1e40-(140-CFA(I))®#(1s0~AFA(I)) FTF01860
D(I) = KD#COEFF (ARRAY (QORDERI(I)) oS)#FF (I) FTF0O1870
E(I) = KE#COEFF (ARRAY(ORDER(I)) +7)#COEFF (ARRAY(ORDER(I)) +8)* FTF01880
COEFF (ARRAY (ORDER(I)) ¢9) FTF01B90
F(I) = KF=*COEFF (ARRAY (ORDER(I)) +6)%#FA(]) FTF01900
UC(T) = 240%4272%#160%KD+,0034KD#COEFF (ARRAY (ORDER(1))49)%10.0 FTF01910
G(I) = D(IY+E(I)+F(I)+UuC(I) FTF01920
CONTINUE ) FTF01930
WL = (COEFF(1410))72000.0 FTF01940
LIMIT = ,23#NL#WL%*¥2000.0 FTF01950
IF (LIMIT.GT.250000.0) LIMIT = 250000.0 FTF01960
READ (3410) ((TRACK(MyN) sN=194) sM=]14NTR) FTF01970
FORMAT (4X93F9.2+F9,1) FTF01980
DO 79 M = 1,4NTR FTF01990
IF (TRACK(My4) +GTL0OSL) TRACK{(Ms4) = OSL FTF02000
CONTINUE FTF02010
DTOo = DT FTF02020
CFC = 0.0 FTF02030
WRITE (he2) FTF02040
WRITE(7,2) FTF02050
FORMAT(1X,?* INPUT A. 9 DIGITy ODD NUMBER FOR SEED ') FTF02060
READ(543)IX FTF02070
WRITE(7+3)1IX FTF02080
FORMAT(19) FTF02090
WRITE(7+41) FTF02100
CALL RANDU(IXsIYsRN) FTF02110
IF(OPTN1.EQel) WRITE(7466)RN FTF02120
FORMAT(3Xe' RN = '4FB.64/) FTF02130
DO 90 I = 1,4NI FTF02140
DT = DTO FTF02150
P = 0 FTF02160
PP = 0 FTF02170
PPP = 0 FTF02180
IF (I.EQ.1) GO TO 100 FTF02190
GO TO 110 FTF02200

FIGURE A-8

PROGRAM LISTING
(CONTINUED)
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1ha

s
29

vy

AP

£ 7

Inn

362

—

CTEACT)

CCONYERLATIONAL MONITOR SYSTEM

LAl

R RIS R

THODY = U 7%000.0

JF TEACD) o OTLLIMIT)

S{Y)Y = Do :

L= 13

U o= )

DO 19 J = {20

K o= Je} )
IF (TRACK (K1) aGTeS5(I)) B0 T 20
CONTineE

N

VAR (D)

vOneIy =

(Je21)3 /7 (100,0%WT)

(L) e T QN D) BN IVDII(L: 5T et} 50

(TE DY = (ST L ST O 200 G T TRACK (Js 9) AN OFWT T <ACK

TO 6240

OVLDY = oy (1) =0T

VII)Y = Dvily

AV IRV O U W 2Ry

DSLT) = Iy RDT 2. 023600 ,4))
S (1) DENE O '
~FCLIYy = TEAL)emMV(I)oCFP?60.0
CRFC = RFC (T

IF (v

T 1

o T A=} .

[F (ZaMNrafl) GO 10 12A

DD 725 W o= Ve

CALL RANDIS(IYaTlYery)

ABSE = 1000, pERN

NUM(WY = 3ASFE+] .1

CONTINUE

¥

(IBGEoIthXAAND.OpTNluE“ul)

FORMAT (X 4P (IXela))
CONT TNUE

Y

-

Ty ) =

J+1

Qe TR

WHITE (76T INUMI1) sNUMI2)

TF ATHACA (K917 e0BTS(I=-1)) 6O TO 4n
CONTINUE

Jo=

K=1

vaR(l)y = .}’

'A%
IR

TLA

iF .
I¥
(F
DIF

IF
IF
IF
IF
TF
[rF
50
{1F

Esty

T yAR({]=-])

el el adiDe JoNE o NTRAND e VII=1) afldeNoNe AND o TRACK {Us4) ot Qelaf)
TRACK( (. J+1) ¢&)

RO TO 700
(TRACK (UJsa) o€EQeleleANDs 7ok o P)

CK(J:Q) =

(/5L 3611

(THRACK (Jab) aEReDalle NN ZaNEL2)

= AVII=1)=TRACK (Jea})
IF (A4S (ARSHUDTF ) =TOL) obEolo 0= DIF=TOL

(ARSUDTF ) L. ToTUL e AND o JoEQeNTR)

5L = 1
G TO 700

GG YO

95

(NUM{ 1) o 6T CUTOFF LAND . ZoNF 423 GG T 700

(Z+sF2.2) w0 TU 750
(ABSIDIF ) LT TUL)
LASSDIF ) o GETOL Y
(1:FQe2)y GO TO 307
T, 306

P o= =TRACK (Je4)

T 30}

(18}
GO

TO

3060

T 400

FIGURE A-8

PHROGRAM LISTING

(CONTINUED)
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FTFn221n
FTFgz2eo0
FIFn223¢0
FTFnr240
FIF02250
FIF02280
FIFnz270
FIF022R0
FIFn7290
FTF02300
FIFD2310
FTFn2320
FTF02330
FTFN2340
FTFQ2350
FYFO2360
FTF02370
FT1Fa2380
FTF0239%0
FTIF02400
FYFo241n
FTIF0oR420
FIFa243n
FTIF0R440
FIF02450
FIF02460
FIF0P&70
FiFQPa80
FYF02490
FIF02500

FIF02510 -

FTFu2520
FTIF025%30
FIfFnesasen
FTF 02550
FIF02560

FIF0257Q
FTF0o?580n
FYFn2590
FIFN2600
FYFo2610
FIFp2seo
FIF0o?6 30
FIFO2640
FYFo2AaSH
FIF026860
FIForeT0
FIFp2a80

FTF026%0

FIFn2700
FiFae?in
FiFer720
FYFD2730
FIF0R2740
FTFa2750



FILE:
304
351
o1
303
301

400
600

500

900

- 305
930

320
322

330

340
3A7

700

310

FTFCS8

FORTRAN A CONVER

IF \ABS(VDD(I-i))-LEaTOL/(MF#DT)) GO TO 35%

GO TO 303

IF (TRACK(VV32) cEQeTRACK (Js2) s ANDo TRACK{VV o3} oEGo TRACK (Js3)
«AND < TRACK(VV+4) cEQ.TRACK (Jo4)) GO TG 352

DIF2 = V(I=-2)=-TRACK(Js4)

IF (VDOD({I=1).6Te0:0ANDABSIDIF2).6T.TOLY P = 3
IF (VOD(I-1)e6TeDe0sANDJABSIDIF2)LE.TOL) P = 2

IF (VOD(I=1).,EQ.0.0) GG YO 305

IF (VDD(I~1)elTo0e0.ANDGABSIDIF2) LELTOLI P 2 &
IF (VOD(I=1) el Tel0o0eAND.ABSI(DIF2} . GTTOLY P = §
GO TO 900 '

IF (V(I=11=TRACK{Js&i) 600+:600:500

IF (VDD (I~ 1).GE 0.0) P = ]

PPP = i

IF (VDD(I=1)ebLTe0e0) P = 5

GO TO S00 :

IF (VOD(I=1)o0LTsD0aD) P = 1

PPP = 2

IF (P.EQ.2) L = L=}

IF (P.EQ.3) L = LeNC

IF (P.EGo&) L = Le+} -

IF (P.EQ.S) L = L*NC

PP = 1

GO TO 930

IF (PPP.EQ.]1.AND, VDD(I).GE 0.0,AND,ABS (DIF/VOD (1)) oL T TIME)
60 TO 120

IF (PPPEQe2+AND.VDD(I) LT, 0c0eANT AHS(DlF/VDD(I)).LT TIME)
"GO YO 1206

IF (PPP.EQ.1Y L = Le}

IF (PPP.EQe2) L = L=1

PP = 2

U =L

IF (U.LE.0) GO TO 320

IF (UeGT.17) GO TO: 330

GO YO 310 . _
IF (OPTN1.EG.1) WRITE(7,322)
FORMAT (1Xs ! INADEQUATE BRAKES?)

U =1
L= 1

PPP = 3
GO TO 310

IF (I.LT.INDEX) GG 70O 367 ‘
IF(OPTN1.EQ.1)WRITE (75340) C
FORMAT (1X»* MORE TRACTIVE EFFORT NEEDED?)

U= 17

L =17

PPP = 3

GO TC 310

7 =1

L= LeNC

IF (LaLEosO) L = 1
U =L

BETA = {300~V (I=1)3/20.0

FRF = .06“(EXP(BETA)—EXP(—BETA?)/(EXP‘BETA:*EXP€~8 TAY)+.18"

FIGURE A-8 |
PROGRAM LISTING
(CONTINUED)
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FTIFB276&0
FTFa2770
FYFg2786 .
FTF027%0
FYF82800
FTIF02810
FiFg2820
FTFo2830 -
FTFo28490 .
FIF02850
FTF32860
FTYFp2a7o
FTF02880
FTF02890
FTF02950
FIF52910
FTF02920
FIF82930
FTF(2940
FTFG2950
FYFO2960
FTF02970
FTF02980
FTF02999
FTFO03000
FTF03010
FIF03020
FTF03030
FTFO3040
FTF03050
FTF03060
FTF03070
FTF03080
FTF03090
FTF03100
FTFO3110

FIF03120

FYFO3130
FYFo3140
FTF03150
FTFo3160
FTFO3170
FTF03i80
FIFC3is

FTFG3200
FYFO3210

FYFO3220

FTIF03230

FTF03240

FIFO32%0
FYFo3280
FTFQ227¢
FTFoazao

. FTFO32%0

FTF03300



FILE:

313
201
2n2
2073
204
205
206
207
208
209

210
211
212

213

215
216
217

213
219

220
221
224

FTFC8 FORTRAN A

BFC (NV=NL)#.60%66000.0%#FRF

BFL NL#,90%WL#2000,0%FRF

FB = BFC+BFL

GO TO (201+202+203+204+205+206+207+20892094210
2114212921342144921542164217)4 U

o

TE(I) = ~1.0%#FRB

GO T0 225

TE(I) = ~.875%FB

GO TO 225

TE(L) = -.750%FB

GO TO 225

TE(I) = -.625%FB

GO TO 225

TE(I) = ~.500%FB

GO TO 225

TE(I) = ~.375#FB

GO TO 225

TE(I) = ~-.250%F8

GO TO 225

TE(I) = -.125%FB

GO TO 225

TE(I) = 0.0

GO TO 225

TEH(I) = NL#1250040/(V(I=1)=5,0)
TEL(I) = NL#(=950.0%V(I=-1)+12000.0)
GO TO 218

TEH(I) = NL#63158.0/(V(I~-1)-5.2632)
TEL(I) = NL#(=-2700.0#V(I=-1)+39000.0)
GO TO 218

TEH(I) = NL%#233333.0/(V(I-1)+1.1111)
TEL(I) = NL#(-3400402V(I-1)+55N000.0)
GO TO 218

TEH(I) = NL#335238.0/(V(I-1)+.4762)
TEL(I) = NL#(-4300.0#V(I-1)+75000.0)
GO TO 218

TEH(I) = NL#496556.,0/(V(I-1)+1.0345)
TEL(I) = NL#(-4900.,0%V(I=1)+94000.0)
GO TO 218

TEH(I) = NL#640500.0/(V(I=-1)+.500)

TEL(I) = NL#(=6400.02V{(I=1)+125000.0)
GO TO 218

TEH(I) = NL#%#933332.0/(V(I-1)+1.1111)

TEL(I) = NL#(=6100.02V(I=1)+145000.0)
GO TO 218

TEH(I) = NL#1047227.0/(V(I=-1)+1.2605)
TEL(I) = NL®#(~8600.02V(I=1)+179000.0)
GO TO 218

IF (V(I-=1)-10.0) 21942194220

TE(D) = TEL(I)

GO TO 221

TE(I) = TEH(I)

IF (TE(I)) 225+225,224

IF (TE(I)GT.LIMIT) GO TO 230
GO TO 225

IF (I.LTINDEX) GO TO 368

FIGURE A-8
PROGRAM LISTING
(CONTINUED)
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FTF03310
FTF03320
FTF03330
FTF03340
FTF03350
FTF03360
FTF03370 °
FTF03380
FTF03390
FTF03400
FTF03410
FTF03420
FTF03430
FTF03440
FTF03450
FTF03460
FTF03470
FTF03480
FTF03490
FTF03500
FTF03510
FTF03520
FTF03530
FTF03540
FTF03550
FTF03560
FTF03570
FTF03580
FTF03590
FTF03600
FTFO3610
FTF03620
FTF03630
FTF03640
FTF03650
FTF03660
FTF03670
FTF03680
FTF03690
FTF03700
FTF03710
FTF03720
FTF03730
FTF03740
FTF03750
FTF03760
FTFO3770
FTF03780
FTF03790
FTF03800
FTF03810
FTF03820
FTF03830
FTF03840
FTF03850



FILE:

68
368

225
237

226

790
792

793
- 791

120

730

352

353
356
357

355

354

358
359

FTFC8 FORTRAN A

IF (OPTN1.EQe.1) WRITE(7,468)
FORMAT(1Xs* ADHESION LIMITED?®)

U = u-1

L =uU

PP = 2

IF (UelT.1) U = 1

GO TO 313
IF(ZX.EQ.1)GO TO 805
CR = 0.0

DO 226 X = 14NV
CR = CR+A(X)+B(X)#V(I=1)+G(X) 2V (I=~]) a2
CONTINUE

R(I) = CR
TR(II) = R(I)+20.0#WT#TRACK(Js3)+20.04WT*TRACK (Js2)
VDD (I) = (TE(D)=-TR(I))/(100.0%WT)

IF (ABS(VDD(I))~140E=3) 7904791,791

IF (VOD(I)) 792+793+793

VDD (I) = -1.0E=~3

GO TO 791

vDDI(I) = 1.0E=3

GO TO 791

IF((P.EQe1l) s AND. (PP.EQ.1)) GO TO 910

IF (ABS(VDD(I)) eLEe1+.0E-2.ANDeUEQs17) GO TO 799
IF ((PeEQe3+.0RePeEQeS) s ANDPPPNEL3) DT = DT/2.0
IF (Z.EQ.1) DT = DT/2.0

Dv(I) = vDD(I)*DT

vIiI) = V(I-1)+0V(I)

IF (V(I)eLT.0s0) VI(I) = 0.0

IF (Z.EQeleANDV(I).EQ.0) GO TO 730
GO TO 800

DT = =-v(I-1)/VDD(I-1)

Z =2

IF (ZSL.EQ.1) 2Z5L = 2

GO TO 800

vDD(I) = vDD(I-1)

DST = TRACK((J+1)s1)=S(I=1)
DSC = V(I~-1)#22+2,0#VyDD(I)*DST#3600.0
IF(VDD(I)) 35343544355

DT1 = -(TOL+DIF)/VDD(I)

IF (DSC) 35643574357

DT = DT1

GO TO 804

DT2 = (~v(I-1)+SQRT(DSC))/VvDD(I)
GO TO 358

OT1 = (TOL-DIF)/vDD(I)

DT2 = (=v(I=-1)+SQRT(DSC))/svDD(I)
GO TO 358

TE(D) = TE(I-1)

vIiI) = V(I-1)

DS(I) = TRACK((J+1)s1)=S(I=1)

DT = (DS(I)/V(I))#3600.0

MV (D) = v(I)

GO TO 810

IF (DT1-DT2) 3594+361,361

DT = DT1

FIGURE A-8
PROGRAM LISTING
(CONTINUED)
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FTF03860
FTF03870
FTF03880
FTF03890
FTF03900
FTF03910
FTF03920
FTF03930
FTF03940
FTF03950
FTF03960
FTF03970
FTF03980
FTF03990
FTF04000
FTF04010
FTF04020
FTF04030
FTF04040
FTF04050
FTF04060
FTF04070
FTF04080
FTF04090
FTF04100
FTF04110
FTF04120
FTF04130
FTF04140
FTF04150
FTF04160
FTF04170
FTF04180
FTF04190
FTF04200
FTF04210
FTF04220
FTF04230
FTF04240
FTF04250
FTF04260
FTF04270
FTF04280
FTF04290
FTF04300
FTF04310
FTF04320
FTF04330
FTF04340
FTF04350
FTF04360
FTF04370
FTF04380
FTF04390
FTF04400



FILE:

361
B804

805

750

751

752

753

69
770

756

71

799

800

810

130

FTFC8 FORTRAN A
GO TO 804

DT = DT2

GO TO R04

ZX=1

GO TO 313

Dv(iI) = vDD(I)=DT
Zx=0

VII) = v(I=1)+DV(I])
GO TO 800

IF (2SL.EQ.2) GO TO 756
N3 = 0.0

N4 = 0.0

DO 751 X = 1,12

CALL RANDU(IYsIYsRN)

BASE1l = 100.0%RN

N1(X) = BASEl+1.0

CONTINUE

IF (T.GE.INDEX) WRITE(7469) XeN1(X)
DO 752 Y = 1,12

CALL RANDU(IYsIYsRN)

BASEZ = 100.0%RN

N2(Y) = BASEZ2+1.0

CONTINUE

IF(I.GE-INDEX) WRITE (6+4770)YN2(Y)
DO 753 72 = 1,12

N3 = N3+,01%N1(2)

N4 = N4+,01%N2(2)

WRITE(T7«69)N3,N4

FORMAT(6XatN3 = 14F6,345Xs'"Na = 14F6,34/)
FORMAT ( 1H «2Xe1245X013)

Gl (N3-6,0)*SIGMA+AM

G2 (N4=6H,0)#SIGMA+AM

DT SQRT(Gl#u2+G2%%#2)

IF (2SL.EQe2) DT = SIGMA

CIT = CIT+DT
WRITE(7+71)14G1+4G2¢DTHCIT

FORMAT (1Xe5(3XeF6e1))

DFC(I) = NL*DT*5.5/3600.0

Z =0

ISt = 0

L =13

S(I) = S(1I-1)

GO TO 754

VII) = v(I-1)

DT = 360040 (TRACK((J+1)s1)-S(I~-1))/V(I~-1)
DVv(l) = vDD(I)=*DT

MV(I) = (V(I)+V(I-1))/2.0

Ds(I) MV(I)#DT/3600.0

S(IV = S(I-1)+DS{(I)

IF (TRACK ((J+1)41)=S(I)elEelsDE=3.ANDeJ«NENTR)
S(I) = TRACK({J+1)s1)

IF ((V(I)eGTe9040) «AND4(VDD(I)eGTe040)) GO TO 620
IF (I.GT.3-AND.V(I) .EQ.0.0QAND.V(I"I) tEQu0.0
eAND.V(I-2).EQe0.0) GO TO 95

LR = 0.0

FIGURE A-8
PROGRAM LISTING
(CONTINUED)
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FTF04410
FTF04420
FTF04430
FTF 04440
FTF04450
FTF04460
FTF04470
FTF04480
FTF04490
FTF04500
FTF04510
FTF04520
FTF04530
FTF04540
FTF04550
FTF04560
FTF04570
FTF04580
FTF04590
FTF04600
FTF04610
FTF04620
FTF04630
FTF04640
FTF04650
FTF04660
FTF04670
FTF04680
FTF04690
FTF04700
FTF04710
FTF04720
FTF04730
FTF04740
FTF04750
FTF04760
FTF04770
FTF04780
FTF04790
FTF04800
FTF04810
FTF04820
FTF04830
FTF04840
FTF04850
FTF04860
FTF04870
FTF04880
FTF04890
FTF04900
FTF04910
FTF04920
FTF04930
FTF04940
FTF04950



Flik:

754

30
130

AP0
E)

A2

FTFCA FORTRAN A CONVERSATIONAL

DG 131 X = 14NV

CR o= CR+A(X)+BIX)HMY (1) +G(X) My () aup

CONTINVIE

RIT) = Cwr

TRID) = RUD)+2NaNH*YTaTRACK (Je3) +20 02 WT#TRACK (Js?)
RRII)Y = TRIT)Y+100.0%WwT=yv0D ()

NFC(IY = CFARRIIY=DS(])

IF (RR{I) elLEeNe0eUReUsLE9)
CONT INUE

CFC = CFC+DFC(])

CDT = COT+07T

[F (l1eFde1) 6O T 98

RECIIY = AQ0LO#DFEC(LY /DT
CRFC = A0.0%CFC/CDT

IF (LGB INDEX e URGNUMEL) oGTWCHTOFF) GO TO 97

TF (JeERetTR)Y S0 TO 97

SO Ty 90

WRITE (3453 CDT VL) o RFCH(I)

FORMAT(FTa0a2(5%XeF5.2))

TF(OPTMTWEQel)Y WRITE(T74190)I4TE(I) sUsTRII) o

VOD (D) oV (I) «JaDSII) oDTaS(I1)eNDFC{I)sCFCsCNDTIRFCILI) «CRFC
CONTINHE

FORMAT ( 1M 0 l4a2PE 1 1a2e1303(2PE11e2) 02%01342PE114292PE114e7,
/oS XaPPEY T e 43X 42 (2PF11e2) 027X e2PEL] e24/ 010X 42 (2PE11e2)o/7)
650 TO 95

WRITE(Ten22)

FORMAT (1xe? RIINAWAY?)

NQITE(?‘hPl)IQLQP}VDD(I)QV(I)

FORMAT (14 oIlXel342Xel242Xal202X02(2PFE1142))

L TO APH

SiMA = 0,0
WRITE (9en]) 1
FOBMAT (T4)
[i1=1-1
IF(ORPTHNLLE JeQ)
FOWMAT( 1+

DFCLI) = NL#DT#5,5/3600.0

WRITE(7494) T1TadaSUIIT)«COT
el X e T4 e?X el 304X eFRal o 3XobF Bl

INT = I-]
DO 9L 4 = LeINT
SUMB = SUMACDFC ()

NP ITE (7TaQ2) A (MA
F“’)('JMAT { 1” OIQQ),XQ‘
Frecet GALLING?)
wHITE (74154) CRFC
FQOMAT (0 AVERAGE
FRe2«' GAL/MINT)
AV=G(]-1)%3600.0/CDT
WRITE (7+99) AV

TOTAL "TRATIN FUEL CONSUMPTIUN',

RATE OF FUEL CONSUMPTION FOR TRi» = 1,

FORMAT ( IH «6Hxet AVERAGE VELOCITY FOR TRIP = ',
FBe2a? MPHY)

STOP

END

SURRNYT INE

Ty=1x#A85439
IF{1Y)IBhehah
Iv=1vy+2147433A417+]

HANDU(IX o IYSYFL)

FIGURE A-8
PROGRAM LISTING
(CONTINUED)

A-34

MONITOR SYSTEM

FTF04960
FTF04970
FTF04980
FTFN4990
FTF05000
FTF05010
FTF05020
FTF05030
FTF05040
FTF05050
FTF05060
FTFN5070
FTF05080
FTF05090
FTF05100
FTFOS110
FTF05120
FTF05130
FTF05140
FTF05150
FTF05160
FTF05170
FTF05180
FTF0S190
FTF05200
FTF05210
FTF05220
FTF05230
FTFNS240
FIF05250
FIF05260
FTF05270
FTF05280
FTF05290
FTFN5300
FTFNS310
FTF05320
FIF05330
FTF05340
FTF05350
FTF05360
FTF05370
FTF0S 380
FIF05350
FTF05400
FTF05410
FTF05420
FTF05430
FTF05440
FTF05450
FTF05460
FTF05470
FTF05480
FTF05490
FTFN5500



FILE:

FTFCR FORTRAN A
YFL=1Y
YFL=YFL*,4656613E~9
RETURN
END

CONVERSATIONAL MONITOR SYSTEM

FIGURE A-8
PROGRAM LISTING
(CONTINUED)

A-35

FTFO05510
FTF05520
FTF05530
FTF05540



Lines 1940~2030

These lines establish the adhesion limit and limit the tractive
effort to a maximum of 250,000 lbs. from a consideration of drawbar
pull. The speed limits of the track records are limited by the oper-
ational speed limit imposed by the program operator. Two variables

are initialized.

Lines 2040-2130

These lines request a seed number for the random number routine.

Lines 2140-2200

These lines are the beginning of the '"DO" loop which calculates
velocity and fuel consumption. It is necessary to have a separate cal-
culation for the first time interval because the previous velocity, upon
which the calculation depends, is zero. These lines direct the program

to the appropriate calculation.

Lines 2210-2420

These lines make the initial calculation. The initial starting
notch has been arbitrarily selected as #4 (U=13), and the initial
tractive effort corresponds to such a notch setting. The tractive
effort is adhesion~limited at .23 times the locomotive weight. A value
of J 1is established by a small loop which enables subsequent calcula-
tions to examine the track data file and extract the speed limit, grade,
and curvature for the present location of the train. A value for the
initial acceleration of the train is calculated from the mass of the
train and the net force on the train, the other being the tractive effort
less the resistance at zero velocity. The resistance includes both that
of the locomotives and that of the trailing cars. From the initial accel-
eration and the time interval selected, the distance traversed in the time
interval, the final velocity, the mean velocity over the period, and the
rate of fuel consumption during that period are computed. The program
then jumps to a later point in the loop where the remaining variables

are calculated. A provision for a runaway train, in case the velocity
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exceeds the specified value and the acceleration is positive, stops the

program under such circumstances.

Lines 2430-2640

These lines begin the normal calculation of velocity and fuel
consumption after the initial calculation. A short loop establishes a
value for J, which is used as a parameter locating the train so that
subsequent calculations may extract pertinent data from the track data
file. Two random numbers are generated for later use in the program,
and certain decisions directing the program calculation are made on the
basis of the value of several logical and other parameters. Lines 2600-
2610 ensure that if the train has been stopped by the logic of the
program on a piece of track where the track record states that the speed
limit is zero, the train will be made to proceed by the adjusted logic
of the program after it has completed the appointed length of the stop.
The statement is necessary to avoid the train attempting to start in the
face of a zero speed limit requirement. It was added late during the
development of the program to accommodate track records which include

sections within which the speed limit is zero.

Lines 2650-3280

These lines contain the heart of the notch selection process and

the rationale for expanding the time interval between calculations. The
previous velocity is examined to determine whether it was in-band or out-
of-band. 1If in-band, if the absolute value of the acceleration is small
enough, the time interval is extended to the time at which the velocity
breaks out of the permissible band or to the time when a change in track
characteristics appears. If out-of-band, the notch position is adjusted
in a regular fashion, depending upon the previous acceleration as well

to return the velocity to within this band. For more discussion, see the

section entitled "Acceleration and Braking Considerations.'

Lines 3290-3330

These lines merely define certain braking constants used subsequently.
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Lines 3340-3810

The first line selects the equations used for calculating tractive
efforts, based upon the value of the parameter "U". '"U" is assigned
values from 1 to 17, corresponding consecutively to eight values of
braking, one value of coasting (no braking and no tractive effort)
and eight values of tractive effort corresponding to the eight notch
positions. The equations calculating tractive effort reflect curves
approximating the characteristics of the GM EMD SD-40 locomotive. The
equations calculating braking effort reflect certain assumptions and
theoretical considerations derived from Hay (15) and other sources.

The tractive effort curves above 10 mph represent approximately constant
power curves; the braking effort equations represent a fraction of the
available braking force. For further discussion see the section

entitled "Acceleration and Braking Considerations.”

Lines 3820-3920

These lines, if the tractive effort is adhesion-limited, serve to
reduce the notch setting called for by the previous algorithms to a
level so that the wheels are not spinning and so that the fuel consump-

tion rate is appropriately reduced.

Lines 3930-3990

These lines calculate the resistance of the locomotives and the

trailing cars based upon variables calculated in lines 1210-1930.

Line 4000
This line computes the acceleration of the train from the tractive

effort selected and the resistance computed above.

Lines 4010-4190

The first of these lines requires a check of the time required to
return the velocity to within the permissible band; if the acceleration

is inadequate, the notch is again modified by one position; the process
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is not thereafter repeated. Subsequent lines divide the selected time
interval in half under certain circumstances when the velocity and
acceleration seem to demand more prompt adjustment of the throttle set-
ting. Line‘4090 was inserted later in the development of the program
to avert a digital problem associated with the acceleration mnearing

zero as the train approaches its limiting velocity at full-throttle.

Lines 4200-4430

These lines are entered if the program has already determined that
conditions cf the track remain constant for the next interval and that
the acceleration is such that the velocity tolerance baﬁd will not be
violated for a period longer than the time interval selected if the
acceleration remains constant for that period. These lines compute
the time at the computed acceleration to either (1) break out of the
velocity band or (2) arrive at a point on the track where conditions
are different. The program selects the shorter time and computes the

distance travelled over that time interval.

Lines 4440-4450

These lines direct the program to readjust the tractive effort
based upon the newly-calculated mean velocity for the purposes of sub-

sequent fuel consumption calculation.

Lines 4460-4860

These lines incorporate the stopping routine determining the length
of stop. Random numbers having a uniform probability density function
are generated by the subroutine. These are subsequently used to generate
a quasi-Poisson distribution from which the random length of stop is
extracted. The values of several other variables pertinent to the length

of stop are computed.

A-39



Lines 4870-5770

These lines conclude the calculation by recomputing the train
resistance based upon the mean velocity. From that value and the
acceleration of the train the fuel consumption and the rate of fuel

consumption are computed.

Lines 5780-End

The remaining lines merely calculate the values of certain
additional variables of interest and direct the printing of the program

variables.
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APPENDIX B
FUEL CONSUMPTION CALCULATION

It can be noted in line 5020 of the program that the differential
fuel consumption for the given time interval it is given by:

DFC(I) = DF * RR(I) - DS(I)

This is essentially a work calculation, in which energy consumption

is measured by the product of differential distance travelled and
force exerted in accelerating the train and against dissipative forces.
The result of the calculation is only approximately a constant value
for the same notch setting, although a given notch setting is supposed
to represent constant power operation. The reason the fuel consump-
tion rate is not constant in the output of the'program for the same
notch setting is beéause the calculation is a linear approximation

of the solution to a non-linear problem.

Refer to Figure B-1l. As any instant of time to, the velocity
v is known, having been previously calculated. Based upon this
velocity vo, the notch setting for the next succeeding time interval is
selected by the program algorithms. The tractive effort for this time
period is determined from the Velocity‘vO and the tractive effort curve
corresponding to the notch. The train resistance is computed, based on
this velocity v, Grade and curve resistance are added, and the remain-

ing tractive effort determines the train's acceleration (al).

The acceleration over the time period dt determines the velocity
at the end of the time period and the mean velocity during the period.
The dissipative resistance is recalcﬁlated, based upon this mean
velocity, but the acceleration is held constant at the previously
determined value. Total resistive force (RR(I)), including grade

and curve resistance and acceleration force, is computed. The
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"~ FIGURE B-1
FUEL CONSUMPTION CALCULATION
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distance travelled during the time interval is computed from the mean
velocity and the length of time. These two factors are multiplied
and by means of an appropriate conversion factor (CF) converted to
differential fuel consumption. The rate of fuel consumption is

obtained by dividing by the length of the time interval.

It follows from the program and the explanation above that the

rates of fuel consumption in the first and second intervals shown

on the figure RFCl and RFC2 are given by the following expressions:

RFC, = mv,, [TE(vl) + R(mvz) - R(vl)]

+ -

RFCl mvl [TE (vo) R(mvl) R(vo)]

in which the velocities in parentheses indicate at which velocity the
tractive effort (TE) and dissipative resistance (R) have been evaluated.
(It is assumed in these expressions and those'following that dimensions

are compatible without the need of conversion factors).

These expressions are not equal, but can be shown to be equal
under certain circumstances which in fact do not prevail. Dissipative
resistance is a function of velocity. If resistance were constant,

the expression would reduce to:

RFC2

RFCl

mv,, (TE(Vl))

i

mv, (TE(VO))

For a given notch setting, power is not exactly constant, either in
reality or in the approximation of the tractive effort curves in the

program. If power were constant

P = TE(V)*'v
P
whence TE (v) =3
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If the tractive effort TE(VO) at velocity vO is used to evaluate P,

then
P = TE(v )*v = Constant
o o

and the tractive effort at any velocity is given by

TE(v ). v

TE(v) = g 0
v
whence

TE(v )-v

ey - e e
1

TE(v ):v

TE(VO) = v = TE(VO)

and by substitution the expressions reduce to:

v

= . -9
RFC2 mv., TE(VO) -
1
RFCl = mvl'TE(vO)
The ratio is seen to be
RFC2 } mv2 ZQ
RFCl mv1 /Vl

If the fuel rate had been evaluated at the initial velocities instead

of the mean, the ratio would be:

RFC2 /Vl /VO

RFCl \VO \Vl

=1
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It was felt that evaluation of the fuel rate at the mean velocity
during the period was for this computation a more accurate representa-
tion of the fuel rate than an evaluation at the initial velocity, espe-

cially in view of the approximate nature of the linearized calculationm.

An alternative fuel consumption calculation would use the known
fuel rates for the particular locomotive in a given notch setting.
This would have the advantage of displaying a constant fuel rate
for a given notch, particularly noticeable on the plots of velocity

profile and fuel consumption rate vs. time. However, although some

consideration was given to this idea, again it was felt that the
method used probably reflected fuel consumption more accurately for

the type of calculation made.
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APPENDIX C
AUXILIARY PROGRAMS

For the record, all "TRAIN" files used in making the simulated runs
reported in Table II of the main body of the report are listed in their
entirety immediately below. The "TRAIN" files list, in the order of
original composition of the consist, the type of vehicle and the net load
carried in tons. The "ORDER" files are used for arranging the consist.

Of the '"ORDER" files, only "ORDER 1," corresponding to standard order for
the 71 car train, and "ORDER 7," corresponding to the order of the re-
arranged 71 car train, are listed. The remaining trains were all arranged
in the order of the train file, and consequently their "ORDER" files are
simply sequences of consecutive numbers with length corresponding to the

number of vehicles in the train.

"TRACK" files contain significant information but are lengthy.
However, complete information on the "TRACK" files used in making the
same simulated runs is contained in this report. The "TRACK" files, as
modified for use with this program, list the milepost and distance in
miles, and the grade, grade equivalent of curvature, and speed limit for
the next track section. The western W1-W2 track (TRACK 21) and
the eastern EI1-E2 track (TRACK 32) are listed in their entirety as
élightly modified for use with the computer program. The statistical
track (TRACK 13) generated from overall track statistics was listed as an
example in the main body of the report. These three can be reversed by
means of the "RVSL 1" program listed below to obtain the W2-W1l track
(TRACK 26), the E2-El track (TRACK 37), and the reversed statistical
track (TRACK 14), respectively. The tracks used to calibrate the

program are not included.

Also listed below are the program "RISE 1,' used to calculate the
change in altitude between end points on the "TRACK" files, and "RVSL 1,"
used to create a new "TRACK" file in the opposite direction for use with

the program, as mentioned above.
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FILE: TRAIN3

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
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[= = =]
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101.7

101.7
101.7
101.7
101.7
101.7
101.7
101.7
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101.7
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101.7
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101.7
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101.7
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101.7
101.7

DATA

137
138
139
140
141
142
143
144
145
146
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151
152
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154

155

156
157
158
159
160
161
162
163
164
165
166
167

168

169
170

171
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DATA

TRAIN4

FILE:
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133
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FILE:

101
102
103
104
105
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DATA
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136
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140
141
l42
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145
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147
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154
155
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157
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162
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TRAIN 6 DATA

C~

5

—
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27.8
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27.8
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FILE:

101
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124
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DATA
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151
152
153
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TRAIN 14 DATA .
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11

11
11
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FILE:
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112
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114
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127
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DATA
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TRAIN 21 DATA
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FILE:
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FILE:
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DATA
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142
143
144
145
146
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153
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TRAIN 23 DATA

C-9
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10147
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101.7
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0.0



TRAINPG DATA

FILE:
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TRAINZ6 DATA

FILE:
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ORDER1 DATA
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FIGURE C-12
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164
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46
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64
65
66
67
68
69
70
71



FILE:

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

ORDER7 DATA

26

15
20
23
25

FIGURE C-13
ORDER 7 DATA

C-14

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

31
34
37
47
48
49
50
51
52
53
58
60
63
67
11
21
22
28
29
62
66
32
45
70

42
46

12
27
33
54
64
65
71



Gl-0

Flis:

101

122
133
104
195
106
197
108
199
110
111

112
113
114
115
116
117
118
119
120
121

122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
l44
145
146
147
148
149
150
151
152
153
154
155

YeaAln)

BRI
Do
2435
2an0
2.790
4425
5.00
6475
9.40
9.70
12,90
13.85
15.00
15.60
18.65
20.90
23.05
23.80
25.00
26.10
26430
27.30
28.80
31.30
35.00
35.20
35.50
35.70
38.40
40.50
41.70
42.60
45.00
45450
46.00
47.95
49,45
52.55
52.90
53.40
55.00
55.30
58.95
64465
65.00
69,30
71465
72.55
T4.50
75.00
75.30
75.80
79.10
79.50
79.60

DATA

~. 18
£ 05
~.02
~.02
~.02
.16
.16
~-.08
.22
.22
-+ 0R
.28
.28
.50
.48
.48
.00
«00
- b4

.32
32
.18

-.34
.02
.02
.40

-e36
.52

—-—bb

-obb

—-.bb

~e20
.18

.02
.02
.02
.02
08
« 06
206
.05
.16

.28
+48
48
«48
«48
«4f
48

.12

.00
«N0
<06
«0h
.06
.00
.00
«00
.03
.03
.11
« 09
-09
«06
.11
.11
.04
.04
04
« 04
«04
«04
«00
«00
.00
.00
.00
« 00
«00
«03
«00
.00
«00
«00

" .00

00
.00
00
«00
.00
«00
»00
<00
«00
.00
«00
03
<00
00
.00
=00
.00
.00
00
«00

1.0
ADau
0.0
H3.0
79,1}
79.0
73.0
79.0
79.0
73540
75.0
75.0
75.0
75.0
75.0
80.0
8040
70.0
70.0
60.0
60.0
80.0
80.0
8040
80.0
70.0
7040
8040
80.0
80.0
80.0
80.0
T0.0
8040
8040
80.0
8040
80.0
70.0
80.0
8040
80.0
80.0
A0.0
80.0
RO.0
A0.0
An.0
80.0
AN.0
55.0
80.0
55.0
700
0.0

Flee:

154
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
130
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

TRAUE )

Al.69
81.90
83.60
- 84450
85.00
87.20
88.15
91.75
913,20
91.70
94465
95.00
96,05
97.30
99.25
101.65
105.00
106.70
107.70
107.80
110.30
116.70
117.75
120.85
121.70
124499
128.90
129.75
132.40
134.73
138,00
139.20
140.78
145,30
146.88
148.29
149.63
151.75
155.80
160.40
163.06
167.59
169.20
169.83
170.20
171.94
175.30
175.50
175.68
179.80
181.00
181.32
182.30
182,47
183.70

NDATA A

.12
.12
-e56
.38
+38
—al6
~e N6
-.20
-e10
-.10
-e40
-e40
~el2
~.12
.06
.16
.16
16
.08
<09
«09
.09
« 04
.10
.10
.09
.38
.09
21
.38
.38
21
37
«37
17
~o35
.10
-elb
-e40
-.18
«02
~.28
-.28
-.25
-.25
-e10
-.10
=10
-.03
-.28
-.28
.11
«11
-.07
-aN7

FIGURE C-14
TRACK 21 DATA

<00
.00
.00
.00
+00
.03
+N0
«00
«00
<00
00
.00
«00
00
.00
.00
<00
«00
«00
.00
00
=00
00
.01
.01
.00
.01
.00
.01
.02
.02
«04
«03
.03
<00
.00
«00
<00
.00
.00
«00
.02
«02
«01
.01
.00
00
.00
.00
«00
00
«01
«00
«01
.01

65,0
R0, 0
A0
A0.0
an.0
40,0
80,0
A0.0
80.0
65,0
65.0
65.0
65.0
80.0
80,0
40.0
2040
10.0

0.0
10.0
20.0
4040
80.0
40.0
70.0
T0.0
70.0
7040
70.0
70.0
60,0
60.0
600
70.0
70.0
70.0
70.0
700
70.0
70.0
70.0
7040
30.0
30.0
79.0
70.3
65,0
70.0
70.0
70.0
30.0
30.0
60.0
60.0
50.0

FILF: TRACKZ1L

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
223
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244

245
246
247

Note:

183.90
184,19
185.25
185,95
185420
186.60
187,90
189.23
191.40
191.53
191.60
193.40
195.07
196,33
197.50
197.90
200409
201.30
202.36
202.80
203.90
204,68
206.85
207.60
207.70
208.16
209.10
209.30
210.28
210430
210.50
213444
215.08
218.50
218,90
220.25
220.81

DATA

-.07
«52
-.37
«55

«55.

«55
«55
-e40
-e40
«56
«56
-e39
=40
-.20
-.20
-e20
=22
-.22
-.19
-e19
-.19
- 04
00
<00
=00
.15
«15
'15
«59
+59
«59
-e43
-.18
~.18
-.30
l2
.12

A

.01
.02
«00
.02
.02
.02
.02
.01
.01
00
<00
«00
00
.01
.01
.01
«01
«01
02
.02
«02
«00
«00
<00
- 00
.00
.00
«00
« 00
+00
«00
«01
«00
.00
.00
«00
'00

70.0
70.0
70.0
70.0
5040
6940
70.0
70.0
65,0
65.0
70.0
70.0
70.0
70.0
50.0
70,0
70.0
30.0
30.0
4040
79.0
79.0
79,0
65040
79.0
79.0.
6040
79.0
79.0
70,0
79.0
79.0
79.0
40,0
20.0
10.0
0.0

Col. 1, milepost ID no.; Col. 2, milepost;
Col. 3, percent grade; Col. 4, grade equivalent of
curvature; Col. 5, speed limit, mph.



FILE: TRACK32

101 0.00
102 2400
103 270
104 3.00
105 3.19
106 3.25
107 S5¢04
108 5.25
109 5.79
110 6.65
111 8400
112 9.52
113 10.00
114 11.33
115 13.50
116 15.05
117 15.95
118 16.40
119 17447
120 18.58
121 19.52
122 20.00
123 21.90
124 24430
125 27.38
126 28.28
127 29.05
128 30.00
129 30.50
130 31.25
131 37.20
132 39.35
133 40.00
134 4036
135 41460
136 44,10
137 45.59
138 48.63
139 48.50
140 50400
141 50.83
142 51400
143 51.79
144 52.00
145 52.90
146 54.00
147 56.30
148 56.59
149 57.05
150 59.60
151 60.00
152 62.77
153 63.70
154 66.73
155 69.10

DATA

0.00
1.16
.01
.01
.01
1.08
1.08
1.08
1.08
1.08
1.08
.12
-.50
47
.18
-.20
.52
-.47
.15
.50
-.47
-7
.27
-.14
42
-.36
.08
.08
.50
.07
-.26
.38
.38
-.30
-.09
.18
.18
-.30
.40
.40
-.30
-.30
-.30
.00
~.49
-.49
.00
.00
.52
-.15
-.16
.25
-7
-.07
.50

Note:

A

.00
+05
«00
«00
«00
o01
.01
001
«01
+01
«01
«00
« 05
« 06
<00
«00
« 05
02
«01
.05
.03
«03
.02
.01
07
.05
.08
.08
.05
«03
«06
.02
«02
.01
«05
«05
.05
«04
.04
04
.08
.08
.08
«05
206
206
203
.03
«05
.03
.03
<01
04
«04
.04

Col. 1, milepost ID no.; Col. 2, milepost; Col. 3, percent grade;
Col. 4, grade equivalent of curvature; Col. 5, speed limit, mph.

10.0
20.0
20.0
2540
4540
45.0
40.0
60.0
30.0
45,0
60.0
60.0
60,0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
6040
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
60.0
6040
60.0
5040
50.0
50.0
5040
60.0
60.0
60.0
60.0
60.0
55.0
60.0
60.0
60.0
50.0
50.0
6040
60.0
60.0
60.0
60.0
60.0
60.0
60,0

FIGURE C-15

FILE:

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
182
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

TRACK 32 DATA

C-16

TRACK32

69.50
69.80
70.00
70.20
71.60
73.30
78447
79.30
80.00
81.19
81.70
82.00
83.25
84.80
85457
87443
89.70
90400
91.00
95.55
96455
97.65
98.85
10000
10159
103.20
103.89
110.00
11063
113.10
113.30
11415
115.89
116.10
116.40
116450
117.39
117.50
119.00
120.00
120.70
122400
126.95
130.00
130.10
130.50
131.65
133.90
134430
135.19
136400
136.85
138.19
139.15
140400

DATA

«50
«50
«50
«50
-e51
«38
-e4B
17
17
.17
.17
e17
«59
-e22
27
~e46
52
«52
-.54
23
-.30
«33
—e4]
-et]
-et]
34
34
34
-«50
«00
«00
«60
«60
~+87
=87
81
«81
.81
.81
=1.47
- b7
«54
-.79
71
71
.71
-e63
.76
.76
«76
.76
1.00
1.00
90
«90

A

04
«04
04
«04
.03
«00
«04
«01
01
«01
.01
.01
«04
.00
=00
«00
«03
«03
«03
.02
<04
.02
.05
«05
» 05
04
.04
.04
01
«05
.05
02
.02
.03
.03
.03
.03
.03
03
.03
«+00
.02
«05
.02
02
.02
.03
.10
.10
#10
.10
.10
10
«04
« 04

- 60.0

60.0



FILE:

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

237 -

238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
2he
263
2h4
265

TRACK32

141450
142419
144453
147.10
147.70
148.90
150.00
150415
151.10
151.95
15239
153.47
154457
155.45
156430
160.00
160.28
16050
160.90
161.68
161.89
162.14
163.19
163444
163.69
164.13
165.13
166.13
166419
167.39
168.83
169.00
170.16
176.71
178.01
179.00
179.09
180.15
181.15
181.33
181.65
182.45
184.80
185.19
185.50
186.90
187.19
187.50
188.08
189.11
190.11
190.98
191.26
191.30
194.19

DATA

-.06
-e06
-5
1.00
-.65
.78
.78
-.90
.68
-e50
-.50
.60
-450
-.75
~1.00
-1.00
.24
.24
.37
-.20
-.20
-.80
-.80
.84
.84
«00
-.58
.56
.56
.56
-.50
-.50
.75
W48
.75
.75
.80
-1.00
1.20
1.20
.37
.25
.00
.00
-.a7
.12
.12
12
.93
.00
.22
-1.33
.20
.20
.20

A

«01
<01
03
«00
.00
«00
«+00
NS
02
.07
.07
.05
.00
.06
06
.06
.01
01
«03
«00
.00
02
202
.08
.08
.03
«06
.07
$ 07
.07
«09
«0N9
.06
«00
06
«06
.10
«09
« 05
«05
«06
<05
«03
03
.03
.10
.10
+10
04
«05
.01
«05
«09
NS
.09

FILE:

321
322
323
324
325
326
327
328
329

55.0

60.0
60.0
6040
60.0
60,0
60.0
60.0
60.0
60.0
5040
50.0
50.0
50.0
SD.0
45.0
45.0
5040
S0.0
5040
6040
60.0
50.0
S0.0
55.0
55.0
55.0
55.0
50.0
45.0
4540
55.0
55,0
55.0
55.0
4540
45.0
45.0
45.0
55.0
55.0
55.0
55.0
60.0
60.0
600
5040
60.0
60,0
60.0
60.0
60.0
60,0
50.0
55.0

TRACK32

246.29
246455
246,78
248,19
249%9.12
250.43
251400
253.92

254.43.

DATA A

-«51
-e40
~e57
-.57
-.07
-.18
-.18
-.18

12

FIGURE C-15
TRACK 32 DATA
(CONTINUED)

C-17

«00
«02
«05
«05
.03
.08
.08
«08
«14

FILE: TRACK32 DATA

266
267
268
269
270

-3 A
ci

272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

195.30
196.07
197,64
199.69
200.09

ann_ 7
CUle i

201453
202453
204405
205400
206439
207.30
207.60
208430
210402
210.29
210.87
211450
212430
212.43
214433
215439
215465
218400
218.74
219.64
220.64
221491
222.00
222.44
222460
223460
223.88
226413
226,86
229.03
229415
229450
229.89
230434
230461
231.95
232460
233456
234.89
236480
238,66
240412
240437
240.65
241418
241.50
244,00
244463
245.81

5540
5%.0
55.0
6040
60.0
40.0
20.0

6.0

0.0

20
~-e30
14
-1.05
~1.05
+25
-e66
T
91
«91
«91
.91
-«55
-«55
1.00
1.00
«30
«30
«30
-e95
~-e21
=21
«00
=00
«55
-.20
-84
454
—.54
.72
.72
.72
-1.19
40
1.23
-1.18
1.11
1.11
1e11
l1.11
-1.05
1.11
1411
~1.21
-1.21
41
-1.17
- 00

« 00
1.07
-1.15
~1.15
-1.15
-1.21
-.51

A

09
.04
<04
«01

«01.

<00
<04
«04
04
.04
« 04
.04
«04

.« 04

+03
N3
01

N1

.01

N2
.02
N2
.05
«05
.05
.03
.00
.10
.10
14
«l4
.14
.10
=10
10
°11
.08
.08
.08
.08
05
05
.05
.07
07
.07
.12
«00
.00
.08
.14
14
ela
.10
.00

6NN
6040
60.0
6040
60.0
60.0
600
60.0
6040
5040
60.0
5060
5060
60,0
60.0
60.0
6040
55,0
60.0
60.0
60.0
55.0
5540
6040
60.0
60.0
600
0.0
45.0
45,0
4N 0
4549
4540
4540
45,0
45.0
45.0
50.0
55.0
55.0
55,0
55.0
5040
50.0
4540
4540
45.0
45.0
4540
45,0
4540
40,0
45,0
4540
45,0



8T-D

FILE:

12

13

10

20

15

RISE] FORTRAN A

DIMENSION TRACK(5004+4) +DR(500)

RISE = 0.0

WRITE(6+12)

WRITE(7412) :

FORMAT (1X,' INPUTse NOs OF TRACK RECORDS (3 DIGITS)?')
READ (5413)NTR '

WRITE(7+s13)NTR

FORMAT (I3)

READ (3+510) ((TRACK{(M¢N) yN=1¢4) ¢M=14NTR)

FORMAT (4X43F9.24F9,.1)

NTRA = NTR-1

DO 20 I = 1oNTRA .

DR(I) = (TRACK((I+1)41)=TRACK(I91))*#52.80#TRACK(I+2)
RISE = RISE+DRI(I)

CONTINUE

WRITE (7,15) RISE

FORMAT (5Xs' TOTAL RISE BETWEEN END POINTS'4FB8.2s"% FEET?)
STOP

END

FIGURE C-16
LISTING OF “RISE 1”7 PROGRAM

CONVERSATIONAL MONITOR SYSTEM

RIS00010
RIS00020
RIS00030

"RIS00040

RIS00050
RIS00060
RIS00070
RIS00080
RIS00090
RIsno0100
RIS00110
RIS00120
RIS00130
RIS00140
RIS00150
RIS00160
RIS00170
RIS00180
RIS00190



61-0

FILE:

12

13

10

30

40

.15
20

25

FIGURE C-17
LISTING OF ““RVSL 1’ PROGRAM

RVSLI1 FORTRAN A CONVERSATIONAL MONITOR SYSTEM
DIMENSION TRACK(50095) s TRUCK(5004+5) RVS00010
WRITE (6412) RVS$S00020
WRITE(7,12) RVS00030
FORMAT (1Xs* INPUTe NO. OF TRACK RECORDS (3 DIGITS)*) RVS00040
READ (5+413)NTR RVS00050
WRITE(7+13)NTR RVS00060
FORMAT (I3) RVS00070
READ (3+10) ((TRACK(MyN) sN=195) ¢M=19sNTR) RVS00080
FORMAT (I3491X93F9.29F9,.1) RVS00090
DO 20 I = 14NTR RvS00100
TRUCK(Is1) = TRACK(I,1) RVS00110
IF (I.EQ.NTR) GO TO 30 RVS00120
TRUCK(I+5) = TRACK((NTR=-I)5) RvVS00130
TRUCK(Is4) = TRACK{(NTR=-I)+4) RVS00140
TRUCK(I+3) = =TRACK((NTR-I)»3) RVS00150
GO TO 40 RVS00160
TRUCK(I+S) = 0.0 RVS00170
TRUCK(Is4) = 0.0 RvsS00180
TRUCK(I+3) = 0.0 RVS00190
CONTINUE RVS00200
IF (I.EQ.1) GO TO 15 RVS00210
TRUCK(I+2) = TRACK((NTR+2-1)42)=TRACK((NTR+1-1)+2)+TRUCK((I=-1)+2)RVS00220
GO TO 20 RVS00230
TRUCK(I+2) = 040 RVS00240
CONTINUE RVS00250
WRITE (7425) ((TRUCK(KsL) 9L=195) 9sK=19NTR) RVS00260
FORMAT ( I341X93F9.29F9%.1) RVS00270
STOP RVS00280
END RVS00290






APPENDIX D

FURTHER CONSIDERATIONS OF LIGHT WEIGHT

EQUIPMENT

It has been noted in the main text of the report that certain
design improvements or equipment modifications result in a reduction
in‘train resistance which is constant and independent of velocity,
if the modified Davis formula can be taken as a true representation
of train resistance and if the simulation of these improvements or
modifications has been correctly reflected in the adjustment of cer-
tain terms in that equation. These specific improvements and medi-
fications are improved bearing seals, which is simulated by reducing
the fixed drag per car, and rigidization of the track, which is
simulated by reducing to zéro, in the limit, the weight-dependent
term of the mechanical (non-velocity-dependent) resistance. Reduc-
tion in either of these values theoretically results in a fixed
reduction of energy per car-mile, independent of the velocity of
operation, and the text of the report discusses under what circum-
stances the full portion of the theoretical savings can be attained
and the reasons why under normal circumstances something less than

that is actually attained.

It is apparent from examination of the modified Davis formula
that weight reduction bears a certain resemblance to reduction in
mechanical resistance and should at least partially have analogous
impact upon fuel consumption; algebraically, reduction of the
coefficient of the weight-dependent term of the mechanical resistance
is equivalent to reduction of the term itself. If the velocity-
dependent and also weight-dependent middle term of the modified Davis
formula is ignored, and it was shown in Reference 1 to be the small-

est of the components of train resistance and to amount for the

D-1



average train to less than 10 percent of total resistance at speed
around 40 mph, the analogy should be complete. Nevertheless, one
feels intuitively that there must be a distinction between the
effects despite the algebraic similarities, as work done against
train resistance is always dissipative, while work done against
gravity is at least partially available for later use. Work done
against gravity is not specifically considered in the formula and
must be separately taken into account. In the following paragraphs
some discussion is given of various considerations with regard to

the circumstances under which the use of light weight equipment
becomes more favorable than merely achieving a slight reduction in
mechanical drag. Figure D-1 shows these circumstances and limitations
in graphical form in a form analogous to Figure 8, which illustrated
the same constraint with regard to mechanical drag reduction achieved

by improved bearing seals and rigidization of the track.

The figure is drawn, as with Figure'8, for a simple up-down
operation as shown in Figure 7. As noted in the main body of the
report, roundtrip operation is reasonably analogous to such a simpli-
fication; the only distinctions are that all grades are not the same
on a real track and there are sections of level tangent track inter-
spersed. Nevertheless, consideration of the figure, even though it is
predicated on these considerations above and those assumptions
mentioned in the first paragraph of this appendix, is worthwhile.
While the particular points at which the curves break or intersect
the axes are dependent upon the particular train and the particular
operational velocity assumed, the general configuration will remain

unchanged for any train and any velocity.

This figure is drawn in general terms only. For the up-down
operation of Figure 7, the fuel consumption for zero grade is pro-

portional to R, the train resistance at the velocity. For the light

D-2



Fuel Consumption (in resistance terms)

2R

R-dr

Total Consumption

\

—

<, - Upgrade C i
— pgrade Consumption
<’
"~.:§\~ Downgrade Consumption
T —
\\\T:éfff:i:j::
S
b e

0 81 8y

Percent Grade

FIGURE D-1
FUEL SAVINGS FOR LIGHT WEIGHT EQUIPMENT



weight train, the corresponding point is R-dr. The term '"dr" is
the reduction of the mechanical resistance attributable to weight

reduction. The grade is the grade at which the gravity pull

g
downward in the train eqials the resistance of the train. For the
light weight train the corresponding point is 8y The dashed lines
indicate the fuel consumption on each slope of the hill for the
standard train and the upper solid line the total consumption for
the operation for the same train. The dotted lines indicate the
fuel consumption on each slope of the hill feor the light weight

train and the lower solid line the total consumption for the oper-

ation for the light weight train.

This figure differs from the previous figure (Figure 8) in only
one respect, that the lines emanating from the points on the ordinate
R and R-dr are no longer paréllel. This is attributable to the fact
that the slope is dependent upon the magnitude of the gravity com-
ponent of drawbar pull: for a lighter train the term is smaller,
and the included angle at R-dr is smaller than at R. It can be
proven that g, will always be larger than g8 for a weight reduc~
tion; thus the configuration of lines will always resemble what pres-

ently appears in the figure.

For the portions of the curves where the grade is less than gl,
the difference can be shown both algebraically and geometrically
to be equal to 2dr; this is the same value as that for Figure 8 if
the same general terms were used there. It can be seen that beyond
89 the lines diyerge, and the difference grows as the grade on the
hill increases. This is in contrast to the result of Figure 8,
which shows that after a certain limiting grade is reached, the sav-
ings are limited to dr, or only 50 percent of the figure for smaller
grades. It can be shown that the result in Figure D-1 for grades

above g, is equal to dr+dg, where dg is the magnitude of the rediction
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in drawbar pull attributable to lightening the train and is a function
of the grade. Thus as the grade increases, although dr remains con-
stant,dg grows, and the potential savings are higher. In fact, it

can be easily observed that the potential savings are always higher

than 2dr..

The curves can be explained qualitatively as follows. The point
8, is the grade at which gravity pull equals train resistance for the
lighter train. Up to this grade, fuel consumption for the assumed
operation is constant and all work done against gravity during the
climb up the hill is recoverable on the downside, as the potential
energy of the train is converted to work against train resistance.
At grades larger than gz, only a portion of this potential energy is
recoverable; the rest must.be dissipated in braking. It can be seen
from the figure that an increase in g, is favorable in that the sav-
ings between gy and 8 increase, rather than decrease, as in Figure 8.
An increase of g, means that for the portion of fuel savings attri-
butable to reduction of mechanical drag, the extent of the grades
over which 100 percent of the theoretically attainable fuel savings
are attainable is enlarged. Thus, between 81 and 8ys additional

savings are available which are not available to the standard train.

Below g,> 1O gravitational effects are observable, and all work
done against gravity is recovered on the downslope. 1In this area,
lightening the train serves only to reduce mechanical drag. It has
been noted in Reference 1 and in the text of this report that fuel
savings from the use of light weight equipment are small. Still,
with a light weight train, 100 percent of these potential savings
are theoretically available up to the grade 8,3 in addition, some
additional savings in gravitational potential energy are achieved if

the grade lies between g, and &, which were not available to the

D-5



standard train. Although even with the light weight train the poten-
tial fuel savings from the reduction of train resistance drop to

50 percent of the full potential if the grade exceeds 8> the entire
savings continue to increase because of the term dg, which is a func-

tion of the grade.

In summary, it can be said with regard to the use of light
weight equipment, that for the up-down type operation, for small
grades (below gl) only savings resulting from reduction in mechanical
resistance will be effected, and it has been noted that these are
small. However, the full potential savings are available, as the
savings are effected on both the upslope and downslope. For large
grades (greater than gz) only 50 percent of the full potential savings
attributable to reduction in mechanical resistance are available, and
no savings are effected on the downslope, but additional savings are
made on the upslope which are proportional to the grade, so that as
the grade increases, the total possible savings from the use of light
weight equipment increase. The advantages of weight reduction are
therefore plainly dependent upon the grade 81> below which the savings
effected are only those attributable to reduction in mechanical resis-
tance, which has been noted is small. Only above this grade does
light weight equipment start showing a great potential. This grade,
in turn, is dependent upon the velocity at which the train is to be

operated and the resistance of the train at that speed.

This simplistic illustration of the effects of the use of light
weight equipment in order to save fuel was offered to provide some
rationale behind the figures presented in the main text of this report.
The actual case is substantially more complicated, and the theoretical
savings shown in Figure D-1 are clouded heavily by other factors

discarded in the interests of simplicity. Operation over normal track,
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evan when considered in a round trip context so that for every up
grade there is a corresponding down grade of equal length, is consid-
erably more complex, as operation over level tangent track will be
interspersed randomly with the up-down type operation illustrated
here. Moreover, rather than a single grade to which particular sav-
ings from the figure might be applicable, many different grades occur
in real track, so that over some of them only the savings attributable
to reduction in mechanical resistance are effected. Even the
"average' grade for the journey is not a particularly representative
value, as the relationship of potential fuel savings to grade is

non-linear.

In addition, velocity on the trip is not constant as assumed in
the example, and as noted before, the particular point of intersection
of the curves with the axes as well as the break points of the curves
are speed-dependent. Also, at least one stop is made during the
simulated trips reported in the text, and probably more during a real
journey. And, at the risk of being repetitious, the rationale
reflected in Figure D-1 is dependent upon the discarding of the
middle term of the modified Davis equation as representing a negligible
portion of resistance. 1In actuality, whether this is realistic depends
again upon the particular type of operation; as the train becomes
heavier and the velocity higher, the resistance attributable to this
term becomes more consequential, and will act to enhance the savings
reported here. The whole analysis in the report, of course, is
predicated on the validity of the modified Davis equation and the
proper simulation of the several effects. Finally, it must be noted
that the existence of other parasitic resistances which consume fuel
cloud the picture further, and that the savings in weight which can
be made are still, as noted before, only a portion of the tare weight,

which is in turn generally only a small portion of the gross weight.



Despite the above limitations, it is felt that the rationale
offered explains to a certain degree what happens to fuel consumption
when light weight equipment is utilized. To the extent that the
operation resembles the simple up-down operation used as an example,
the parallel will be valid. Unfortunately, as noted, real operation
involves so many factors conflicting with this simple concept that
the analogy is somewhat strained. Nevertheless, it is hoped that it

sheds some light on what actually happens.

Because of the large deviation of real operation from such a
simple example, and the dependence of the results upon the particular
operation, it is felt that the results of the program are far more
representative of the impact of utilizing light weight equipment in a
particular operation than any other method might indicate, and the
reader is urged to utilize tﬁe program to analyze the impact upon his

own operation.
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