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EXECUTIVE SUMMARY 

The need for a suitable means for computing the resistance of a 
tra in to forward motion has existed almost since the beginning of 
modern railroading, to enable operating departments of railroads to 
predict schedules and match locomotives properly to the consist . 
As a consequence, several empirical expressions for calculating 
this resistance have been developed over a period of time in this 
country and abroad. Until recently, these formulas were sufficiently 
accurate to fulfill the railroads' needs. 

Now, with fuel costs rising sharply, the need for accurate 
prediction of fuel consumption and for the means to reduce it through 
reduction of train resistance has become acute . The annual fuel bill 
of the nation's railroads is large : $1.2 billion. Even a small 
reduction of this amount will save a considerable sum of money. Hence, 
new interest in train resistance and the possibilities for its reduction 
has arisen. 

In this country train resistance formulas for freight trains were 
developed before the first World War by Schmidt and in 1937 extended 
to higher speeds by Tuthill. In the meantime, in 1926, Davis had 
developed a formula for the resistance of a single car. These 
expressions constituted the body of knowledge in this country con­
cerning train resistance until in response to the replacement of 
friction bearings by roller bearings and the higher speeds of freight 
trains a "modified Davis" formula was developed. 

These expressions show a considerable difference in the values 
of train resistance across the spectrum of operating velocities . It 
is believed that the "modified Davis" formula is presently the most 
accurate in American usage, but the possible deviation from the 
calculated value in using it is believed to be fairly high, on the 
order of+ 20%, depending upon the consist itself and other factors. 
As an example, a more accurate assessment of the air drag for 
piggy-back equipment requires tripling the aerodynamic coefficient 
used in the expression. Thus with mixed consists it is believed to 
lose considerable accuracy. 

It is unfortunately possible, through an adverse choice of 
forn.ula or train, to arrive at mistaken conclusions . An example is 
given which shows in one instance that air resistance is less than 
one half the total of other resistances and in the second instance 
that air resistance is more than three times the total of other 
resistances for the same speed . It would be possible to conclude 
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mistakenly in the first instance that air resistance was negligible for 
freight trains or that it was of overwhelming importance in the second 
instance. 

These considerations, together with the realization that the arrange­
ment of the consist itself is an important part of the train resistance 
problem, lead to the conclusion that at the present time methods of cal­
culating train resistance are inadequate to calculate the resistance of 
a given consist with the degree of accuracy desired. 

In order to provide a remedy, a methodology is developed in the body 
of the report which, when properly "tuned" and validated, could be used 
to make more accurate calculations of the resistance of a given consist 
than usage of a single blanket formula. The methodology computes the 
total resistance for each car in the train, depending upon its loading 
and its position with respect to the other cars in the consist. While 
making use of the initial terms of the modified Davis formula to compute 
the mechanical and velocity-dependent resistances of each car, the air 
resistance of each car is calculated as the summation of a front pressure 
effect, a skin friction effect, a rear pressure effect, and the drag of 
two trucks and the underside of the vehicle. These five items were 
formerly lumped together into a single coefficient. Since it can be 
demonstrated through the use of this technique that train resistance 
depends strongly upon the arrangement of the cars in the consist, it 
should permit more accurate calculation of the resistance once the 
methodology has been refined. Two appendices to the report explain the 
rationale behind the calculation of air resistance of various consist 
arrangements and discuss in detail the computer program devised to 
perform the calculation. 

Unfortunately, the accurate data base upon which such a methodology 
must be based in order to obtain accurate results is lacking . Informa­
tion regarding the air resistance of normal freight cars and the possible 
shielding effect they have upon the following car is almost non-existent. 
However, a table of data on existing types of rolling stock has been 
compiled, and the information therein is the best available. On that 
basis, through the use of a computer program devised especially to 
implement this methodology, calculations of train resistance were made 
for the examples used in the re~~inder of the report. The program 
permitted the easy roodification of the calculation to reflect changes 
in the design of rolling stock or track which potentially would affect 
train resistance. In addition, it permitted the calculation to be made 
for any specified arrangement of the consist. 

The areas of potential benefit which have been explored using 
this methodology are improved roller bearing seals, the use of 
lightweight equipment, rearrangement of the consist, improvement of 
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track rigidity, jointed rail vs. welded rail, and finally truck design. 
It must be noted that the data base upon which. the calculations in this 
report have been founded is lacki_ng s_ignif:Lcant information, mainly 
because up to this time the need for the collection of such information 
has not .been recognized. As a consequence the gaps in the data base 
were filled by extrapolation from the existing data, or by estimation. 
Nevertheless, the results are believed to be as accurate as the state 
of knowledge and theory permits today. However, because of this area 
of uncertainty, all the conclusions with regard to magnitude of reduc­
tion of train resistance and the consequent fuel savings must at this 
time be regarded only as tentative and preliminary, and indicative of 
a direction in which to make future more detailed investigations. 

(1) Improved Roller Bearing Seals 

The friction in the seals accounts for a surprisi_ngly large por­
tion of power consumption. Claims have been made that a new seal 
design can reduce this friction by 31% over the worst comparable case 
and 18% on the average. These figures reflect a savings to the rail­
roads, based on complete replacement and total freight car mileage, of 
$40.7 million and $23.7 million per year, respectively, in fuel bills. 

(2) Light Weight Equipment 

Two different possibilities were examined, lightweight aluminum 
hopper cars and lightweight flatcars for intermodal service. With 
average annual mileage figures, complete replacement of the fleet 
of 595,595 hopper cars with lighter aluminum cars would save the 
railroads only $3.9 million per year in fuel costs, or $6.54 per 
car per year. On a different basis, in higher mileage unit train 
service using fewer cars to carry the same net load, annual fuel 
savings could be as high as $97 per car. In both instances addi­
tional savings would materialize as a result of lowered maintenance 
of way expenses, higher scrap value, etc. Analyses made by aluminum 
companies have claimed that the recovery period for the return of 
the additional capital premium of $16,000 per car is favorable. How­
ever, the introduction of lighter weight steel hopper cars has dim­
inished the possible advantage, and aluminum hopper cars have not been 
manufactured for some time in this country. 

For the intermodal light weight flat cars, the reductions in 
train resistance for a 40 mph average speed for intermodal equipment 
are larger than the 422 lbs. reduction for aluminum hopper cars: 
640 lbs. for the TOFC train, and 1012 lbs. for the COFC train. 
The intermodal figures are larger because the absolute reductions 
in weight are larger. The COFC figure is larger than the TOFC 
for the same reason. With an average reduction of 826 lbs. at 40 mph 
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over the mileage attributable to TOFC/COFC operation, annual savings 
of $1.9 million in fuel costs result. It is smaller than that 
saved through use of the light weight hopper car since there are 
fewer cars and fewer t on- miles carried in this type of operation. 

(3) Rearrangement of the Consist 

Deliberate rearrangement of an average mix of ordinary rolling 
stocks shows the possibility of a reduction of train resistance of 
up to 13%, whereas the spread attributable to random arranging is 
approximately+ 1.5%. A unit boxcar train shows a resistance 6% 
lower than the-rearranged average mix. Rearrangement of a unit 
TOFC or COFC consist will show no improvement, but rearrangement of 
a mixed consist (50% single trailer or container on flat car) shows 
an 11% improvement potential. The figures are more dramatic when an 
unusual mixture of intermodal, special purpose, and conventional rolling 
stock is used . Fuel consumption per mile for all these operations 
can be reduced in the same proportion. These figures are large 
enough that they suggest strongly that further study be given to 
the potential here. 

(4) Tr ack Impr ovement 

The contribution of the track to train resistance can be 
lessened in two ways : through stiffening of the rail itself and 
the track substr ucture, and by using welded rail instead of 
jointed rail to eliminate the energy loss in jumping the gap between 
rail lengths. It seems possible that as a limit, resistance can be 
lessened by from 9% at 60 mph to 26% at 20 mph, where the air drag 
is not of such overwhelming magnitude. These reductions are directly 
relatable , as before, to fuel expenditures . 

(5) Improved Truck Design 

Like the contribution of the track to train resistance, the 
contribution of the truck appears to be limited to a certain value, 
beyond which no further improvement can be made. It is unrealistic 
to expect to realize more than a small portion of this full potential . 
Comp~ete elimination of the velocity-dependent term (which reflects 
flange resistance, which in turn is a function of truck design, among 
other things) results in a 3. 8% reduction of train resistance. As 
with the others , this figure is directly translatable into fuel 
savings. However, it seems likely that improvement of truck design 
will save more through reduction of lading damage than through 
reduction of train resistance. 
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It is evident from the analysis of potential reductions in 
train resistance and the review of the state-of-the-art in predicting 
it that there are certain areas which require further study. Because 
of uncertainties in the data base, there is uncertainty in all the 
results given above. Nevertheless, certain requirements and needs 
stand out above others. MITRE's reconnnendations at the present time 
are as follows: 

(1) The origins of the modified Davis formula and the rationale 
behind its development must be determined so that confidence 
may be established in the basic theoretical formulation. 

(2) Fundamental information on the air drag of ordinary freight 
cars is needed. At the present time the lack of such 
information makes any conclusions regarding the resistance 
of such trains or any trains questionable. 

(3) The validity of the methodology for determining the 
resistance of a freight train as a function of the 
arrangement of the consist as developed in this report 
should be established. At the present time there is no 
other method known for solving this problem. 

(4) Bearing seal friction appears to be a fruitful area for 
reduction of train resistance. The functional dependence 
of this friction upon weight and velocity should be 
established more firmly than present understanding 
permits if meaningful conclusions are to be drawn 
regarding the effects of its reduction. 

(5) The effect of rigidizing the rail sub-structure and the 
rail itself and also substituting welded rail for jointed 
rail is a subject which deserves further study, as the 
potential seems high for effecting meaningful reductions 
in resistance through these techniques. 

(6) Additional information beyond what is presently 
available regarding TOFC/COFC operations needs 
to be assembled so that conclusions which are 
more meaningful may be drawn regarding possible 
changes in its operations. 

(7) The conclusions in this report are predicated completely 
upon operation over level tangent track. Some more 
representative routes need to be established on the 
basis of a statistical survey of route miles so that 
conclusions having a more realistic basis may be drawn. 
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(8) The areas in which train resistance appears to have the 
most promise for realistic and meaningful reductions are 
bearing friction, consist rearrangement, and track 
stiffening. Light weight equipment does not appear to 
offer quite as large a potential based upon level 
tangent track; however, over more realistic terrain, 
because of the predominance of grade resistance, this 
conclusion could easily be modified. The relation of 
truck design to train resistance is possibly more 
tenuous than others and is probably more related to 
lading damage than fuel consumption. 

Certain of these areas are presently the subject of research 

programs sponsored by the Federal Railroad Administration. Previous 

wind tunnel tests of scale-model TOFC/COFC equipment are presently 

being paralleled by tests on corresponding full-size equipment in 

an effort to achieve validation of the wind tunnel data and metho­

dology. A contract for an extensive program to investigate the air 

drag phenomenon with respect to ordinary rolling stock, beginning 

initially with a wind tunnel program, is presently under negotiation. 

It is felt that these programs will supply much needed information 

in these particular areas and may provide answers to other questions 

raised in this document. 

MITRE expects as part of its continuing work on this task to 

examine the effects above which are reconnnended f or further study. 

It is recommended that the areas for research in the field such as 

wind tunnel tests, full scale aerodynamic tests, and fuel consumption 

tests be emphasized both to fill the gaps in the data base and validate 

certain aspects of theory . 
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1.0 INTRODUCTION 

The subject of train resistance, the resistance of a train to 

motion along the direction of the track, is a subject which is not 

readily amenable to t heoretical analysis or easy determina tion through 

field testing. The inherent nonlinearities of frictional forces, the 

uncertainties regarding the sources of apparent resistance, and the 

dependence of forces upon various powers of velocity make analysis 

difficult, and variegated test conditions in the outdoor environment 

over which the experimenter has little control present difficulties in 

obtaining consistent data. Nevertheless, a need for expressions which 

would enable operating departments of railroads to predict schedules and 

allocate locomotive horsepower on the basis of information about the 

resistance of the consist has exi sted almost since the beginning of 

modern railroading, and over a period of time empirical formulas have 

been developed to serve this purpose. 

Until recently, these formulas proved to be sufficiently accurate 

to serve the needs of the railroads, and little further interest in the 

subject developed. However, interest has recently been revived because 

of the repercussions of changes in railroading operations. Coal-burning 

steam locomotives have been replaced with diesel-electrics; higher 

speeds, if not more common, receive more emphasis; many new types of 

rolling stock have been intr oduced; and most recently, the price of 

fuel has risen sharply. These changes have meant that the formulas 

applicable to former types of rolling stock and lower speeds are no 

longer reliable. At the same time , accurate predictions of train 

resistance, because of its relation to fuel consumption, have assumed 

more importance in the face of rising fuel prices. 

While fuel costs r~presented only about 8 . 5% of t otal operating 

expenses of the railroads in 1975 and 1976, the total fuel bill for the 
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1nation's railroads is estimated to be over $1 . 2 billion per year . 

The significance of only a 10% reduction in fuel costs is quite evident . 

Hence any contribution to such a reduction which an investigation of 

train resistance and its subsequent reduction would make would clearly 

be beneficial . 

The dependence of train resistance upon weight has generated 

interest in light-weight equipment ; its dependence on mechanical 

friction has generated interest in better bearings and seals; its 

dependence upon aerodynamic drag , which apart from grade considerations 

becomes the dominant resistance at high speeds, has stimulated recent 

interest in wind tunnel testing and full scale validation of the re­

sults. However, the full extent of the reduction in train resistance 

attributable to these areas and others which appear as a result of 

the investigation discussed in this report remains to be determined. 

At the present time, much basic information is lacking, particularly 

in the aerodynamic area, where information on the drag of ordinary 

rolling stock, not to mention some of the mor e unconventional modern 

pieces of equipment in use today, is notably lacking. The recent work 

of Hammitt (see Bibliography) is a useful contribution in this area, 

but its scope was limited to TOFC/COFC and related intermodal equipment; 

there have been relatively few reports concerned with ordinary rolling 

stock. However, the Federal Rai lroad Administration is presently con­

tinuing its efforts at validation of the TOFC/COFC wind tunnel testing 

data by means of full scale testing and is embarking upon a program 

to supply needed aerodynamic data about ordinary rolling stock . A 

few foreign articles dealing with aerodynamic drag of passenger 

vehicles have been examined and some of the results reported herein; 

The source for this information was the AAR Yearbook of Railroad 
Facts, 1977 Edition . 
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however, this report, because of the natural emphasis placed upon 

freight movement by American railroads, is primarily concerned with 

freight trains . 

In many illustrative examples this report makes comparisons of 

the resistance of different trains, and in Section 8 makes some pre­

liminary judgements on the cost effectiveness of various improvements 

which could be expected to reduce train resistance and hence fuel 

consumption. In most instances, changes in resistance due to a pro­

posed improvement are functions of train velocity, and plots of train 

resistance or other parameters vs. train velocity are widely utilized 

herein. However, it was occasionally felt necessary to make numerical 

comparisons of resistance at a particular velocity or of the changes 

in that resistance. Any velocity could have been chosen, but no single 

choice would be representative of operational speeds on all railroads. 

A velocity of 60 mph was chosen as a compromise between the more pre­

valent lower velocities and the desire to utilize even higher veloci­

ties in the future . It was not intended to be representative of 

average freight train speeds on any railroad or throughout the rail­

road industry. 

English units have been employed throughout the report in order 

to be consistent with usage in the industry and in the domestic literature. 

Although preliminary judgements on the cost effectiveness of many 

possible improvements are presented in this interim report, until 

better data and more information are available it will be difficult 

to make more than preliminary assessments of the possible financial 

benefits of reduction of train resistance through particular improve­

ments in the design of track or rolling stock. It is therefore hoped 

that this report will both stimulate interest in the topic and indicate 

areas where further research is needed, so that more definitive con­

clusions can ultimately be reached. 
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2.0 HISTORY AND DEVELOPMENT 

The earliest work in this country in the area of train resistance 

appears to be an attempt to measure the air resistance of a street 

railway car. This experiment took place in 1906; the streetcar was 

set upon a balance on top of a railroad flatcar and pulled at various 

speeds. Professor Schmidt of the University of Illinois in 1910 published 

a series of formulas derived empirically from tests on full scale freight 

trains. As the tests were run only to 40 mph, the formulas were not 

necessarily applicable to higher speeds . Later Professor Tuthill, in 

an article published shortly after World War II, presented another series 

of formulas applicable to higher speeds which was based principally 

on some tests run in 1937 on the Illinois Central System. In the 

meantime (1926) W. J. Davis, Jr., had published his own formula which 

has been more generally used in this country since that time. 

Development of train resistance formulas occurred in foreign 

countries during the same period. A formula was developed in Germany 

by Strahl in 1913 and in the Soviet Union by Mukhachev in 1927. 

Similar formulas were developed in England and France in the late 

twenties and early thirties. The Russian formulas have been subsequently 

revised in 1956, 1963, and 1968; the French and German national railways 

also updated their original working formulas during the same period. 

British Railways has apparently only recently come to realize the 

obsolescence of their information. It is not quite clear what formulas 

were in use in Japan before the Second World War, but probably the 

devastation resulting from the war contributed to the subsequent 

obsolescence of previous information; the construction of the high speed 

New Tokaido line also contributed to a need for better data and improved 

formulas, and some recent work has consequently been published there. 

In this country, until the advent of higher speed trains and less 

conventional rolling stock, persons in the field seemed content to rest 
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mainly with the Davis formula. · However, it gradually became recognized 

that the Davis formula was not quite accurate when applied to newer 

and faster trains. Radical changes have been introduced into the forms 

of rolling stock which now comprise freight trains. Such items as 

piggy-back and containerized freight equipment, high capacity box cars, 

and auto-rack cars are examples of components of contemporary freight 

trains which had not been conceived in the days when the Davis expression 

was formulated. Figure 1 illustrates in scale outline the comparative 

~izes and shapes of both conventional rolling stock and some of the 

modern innovative items of equipment. 

At least partially as a consequence of the use of such unconven­

tional equipment, a modified version of the Davis formula, which 

resulted from some tests run by the Canadian National Railway (CNR) using 

some rr~dern equipment, has become as widely used as the original version. 

More recently, circa 1965, a modification to that version was developed by 

the Erie-Lackawanna (E-1) Railroad for use with piggy-back trains and trains 

of auto-rack cars, as these trains were proving to have considerably 

more drag than trains consisting of more conventional equipment. 

Although some experimental work is presently being performed under 

contract with the U.S. Department of Transportation in the form of 

wind tunnel testing and field tests to improve the understanding of 

the aerodynamic drag of freight trains , and although some new drag 

coefficients have been established as a result for some special items 

of equipment, the work has not yet resulted in a totally new expression 

for the determination of train resistance. The CNR and E- L modifications 

to the Davis formula represent the most current generally accepted 

formulations of such expressions in use in this country .today. 

Because of the apparently greater interest in high speed operation 

and passenger service in Germany, France, and Japan, there have been 
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several recent reports of investigations into the resistance of high 

speed pa.ssenger trains and commuter-type equipment. Unfortunately, 

most of this information is irrelevant to freight operations in this 

country. For this reason, specific discussion of foreign formulas 

will be limited to occasions where parallels can be drawn or there is 

particular relevance to the subject at hand . 

No major mechanical improvements have been introduced into railroad 

operation in recent years approaching the extent and effect of the 

substitution of roller bearings for plain bearings, and as a consequence 

information for ordinary freight cars on the drag due to mechanical 

triction and velocity-dependent resistances caused by parasitic vehicle 

motions is reasonably complete. In. contrast, corresponding information 

on air drag for such ordinary rolling stock as tank cars, boxcars , and 

hopper cars, not to mention the newer types of rolling stock, is virtually 

nonexistent. Most of the information stems from the original work of 

Davis in 1926 [1]. 2 However, with the continuation of the present 

programs sponsored by the U.S. Department of Transportation Federal Rail­

road Administration, more data should become available. It is with that 

expectation tha~ the methodology for calculating more accurately the 

aerodynamic drag of a freight train with the widely mixed con'sist des­

cribed in the later portions of this report has been developed. 

2. 
Figures in brackets refer to references. 
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3.0 COMPONENTS OF RESISTANCE 

Poss i bly because it is mathematically convenient, most researchers 

have proposed a formula for t rain resj_stance on level tangent track, of 

the form : 

2
R = A+ BV + cv (1) 

in which 

R = train r esistance 

V = train speed 

and the coefficients are assigned various values, depending upon the 

particular author. If R is the total resistance on an absolute basis 

with dimensions in lbs., the coefficients A and Bare functions of 

the vehicle weight and number of axles, while the coefficient C is a 

constant. Usually, however , the resistance R is referred to on a 

lb . /ton basis. In this report it will be convenient to utilize both 

types of expressions. Where the-context does not make the usage clear, 

it will be noted specifically which resistance is referred to. 

If the train is accelerating, ascending a grade, or traversing a 

curve, additional constant terms must be introduced to account for these 

factors: a figure of .8 lb per ton per degree of curvature is recommended 

by AREA, see Hay [2]; and figures of 20 lbs. per ton per percent grade 

for grade resistance and 91.1 lbs. per ton per mphps for acceleration 

are derivable from fundamental laws of mechanics . An increase of mass 

is often used to account for rotational inertia in computing acceleration 

forces; this amounts to anywhere from 5% to 12%; thus a figure of 100 lbs. 

per ton per mphps is often used [3-4] . These figures are not normally 

included in the resistance expressions directly, however. 

Not all authors are in agreement concerning the factors attributable 

to each of the above coefficients, and probably there is in actuality 

considerable overlapping of effects. Nevertheless, the discussion 
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following is believed to reflect the feelings of most authors regarding 

these factors, insofar as it is possible to admit to such simplification. 

The term "A" includes various mechanical or friction drags and 

at least a portion of it appears to be weight-dependent . Hay [2] 

divides this term into three elements : rolling resistance, track 

resistance, and journal resistance. Rolling resistance arises from 

friction between the wheel and the rail, and energy is dissipated 

when slippage occurs; an additional small amount is dissipated through 

flattening of the rail and wheel surfaces . Track resistance is 

attributable to a component of force opposing the forward motion of 

the train which arises from the deflection of the rail due to car 

weight. Journal resistance is simply friction in the axle bearings . 

There are considerable discrepancies among the values used for "A" 

among various authors, and it is not entirely clear which effects 

contribute most to the term. However, Keller [3] has plotted a curve 

comparing journal resistance for sleeve-type friction bearings with 

the resistance calculated from the "A" term from the Davis formula; 

it appears that the journal resistance is one of the smaller contributors. 

See Figure 2. This is reaffirmed by Gluck [5] in the case of roller 

bearings. 

The "B" coefficient comprises all effects which can be considered 

to be dependent upon the first power of the velocity. Flange resistance, 

caused by the nosing action of the truck and car and the consequent 

impacting of flange upon rail, is a major portion of this coefficient [1-2]. 

In general, the rid~ quality of the trucks seems to contribute to this 

coefficient [3]. The design of the trucks certainly relates to energy 

dissipation due to hunting. Also lumped into the coefficient are the 

energy dissipated in the swaying and jostling of the rolling stock, and 

the velocity-dependent energy dissipation in the deflection of the track 

and substructure. 
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The "C" coefficient is generally agreed to comprise the effect of 

air resistance, although it is not inconceivable that other, unknown 

effects are proportional to velocity squared. But even without 

consideration of this possibility, the term itself is only an approxi­

mation, as it is known that the air drag is a combination of shape 

effects and skin friction [l] [6], the latter of which theoretically 
1 . 85 2varies as V rather than V, and both effects are lumped into the 

single term. However, there are obvious advantages to such simplifica­

tion if accuracy is not greatly diminished. 

While the preceding discussion is equally applicable to both 

passenger trains and freight trains, the remainder of this report will 

be concerned solely with freight trains, unless specifically stated to 

the contrary. Overall weights, lengths, shapes, truck designs, body 

smoothness and other characteristics of rolling stock significant in 

determination of resistance are for passenger cars markedly different 

from those for freight cars and constitute a separate topic. However, 

given the state-of-the-art, certain general considerations with regard 

to passenger trains are still applicable to freight trains, particularly 

with regard to aerodynamic resistance, where knowledge is relatively 

limited at this time, and certain conclusions regarding freight train 

aerodynamic drag will be postulated from research on passenger car bodies. 

Figure 3 illustrates for a particular formula and at lower speeds 

(up to 35 mph) the relative magnitude of these various components of 

train resistance for an average length train of a particular weight, as 

a function of velocity. Note that of the three terms the mechanical 

resistance predominates. Because the magnitude of the second term is 

so small, several modern authors drop the term completely [5], [7], [8]. 

The various formulas do not take into consideration other effects 

which affect drawbar pull, such as the resistances attributable to 
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grade, curvature, and acceleration, Figure 4 illustrates the magnitude 

of the resistances attributable to these effects in relation to the data 

of Figure 3. The values of the grade, curvature, and acceleration were 

arbitrarily chosen but are reasonably representative. Note how the grade 

resistance predominates, even for such a small grade, 

Figure 5 extends the curves of Figure 4 to higher velocities; 

note how the air resistance begins to predominate. 
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4,0 SPECIFIC FORMULAS OF RESEARCHERS 

4.1 The Schmidt Formulas 

As noted earlier, Schmi.dt I9] published in 1910 a series of formulas 

for total train resistance, each formula being applicable to a train of 

a specific average car weight. The formulas were based upon empirical 

data , and the user was advised not to apply them to trains at velocities 

higher than 40 mph. At the time Schmidt developed this series of formulas, 

there seems not to have been much recognition that air drag was particu­

larly appreciable, probably because normal freight train velocities 

were relatively slow, and no distinction between vehicles on the basis 

of their aerodynamic shape or their position in the consist was made. 

The above series of formulas applied to a train of cars and gave the 

specific resistance of the train in lbs./ton. For a train consisting 

of cars of gross weight of 75 tons each, the Schmidt formula for the 

train resistance in lbs. per ton of train weight, as most authors 

express it, is: 

2
R = 2.87 + .019 V + .00113 v (2) 

where Vis expressed in mph. The total train resistance in lbs. is 

obtained from this expression by multiplying by the total train weight. 

Since this formula is predicated upon the average weight of the cars 

in the train, the expression may also be looked upon as yielding the 

specific resistance of a single car, in lbs./ton of car weight. It 

should be noted, however, that this expression, even though on a 

lb./ton basis, is not applicablt to cars or trains of other weights and 

applies only to a 75 ton car, or to a train whose average weight per 

car is 75 tons; thus a different expression would be applicable to a 

car of 150 tons, or a train whose average weight is 150 tons per car. 

Such an expression would not equal twice the foregoing one. 
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4.2 The Tuthill Formulas 

As the Schmidt formulas were not to be used at velocities above 

40 mph, Tuthill [10] after World War II, based upon a series of tests 

conducted by the University of Illinois in 1937, produced another series 

of similar forn~las , basically extensions of the Schmidt formulas, to be 

used at higher velocities. His formulas were also directed toward total 

train resistance based upon average car weight and yielded the resistance 

in lbs . /ton, but, as with the Schmidt expressions, they may also be inter­

preted as yielding the specific resistance of a single car, in lbs./ton of 

car weight. Tuthill 1 s formula for the resistance of a single car of 75 tons 

gross weight , in lbs . /ton of car weight, would be : 

2
R = ,53 + .002 V + .0029 V (3) 

It is worth noting that if the expressions are placed on an absolute 

basis, so that the resistance is measured in lbs., the coefficient of the 

V2 term varies with the weight; as the weight increases, the coefficient 

increases . It has been noted that this is illogical, since the 

coefficient refl ects the aerodynamic drag coefficient which is unrelated 

to weight [11]. 

A possible explanation is offered to explain this anomaly. Both 

Schmidt ' s and Tuthill's expressions are based upon average characteristics: 

average car weights and average consist makeup of actual trains. One can 

plausibly infer that the average density of the load, given a sufficient 

number of cars, was constant. In such a case, for a constant average 

cross- section, a heavier car will be . longer, and the heavier trains 

will be longer trains for the same number of cars. It is known (see 
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later discussions on aerodynamics) that longer trains have more air 

drag than shorter ones, other things being equal, since much of the 

air drag is skin friction, a factor dependent upon train length. 

Unfortunately it is impossible to demonstrate the validity of this 

explanation, since only the weights were considered to be important, 

and no information was given on lengths of cars or trains . 

4.3 The Davis Formula 

Davis [1] formulated his expression in 1926 directly for a single 

car, rather than for a train; the expression included the number of 

axles as well as the weight and velocity, the original formula being: 

2 
R = 1. 3 + _.?1. + b V + CAV (4)

w wn 

where w = weight in tons per axle 

b = experimental constant 

n = number of axles per car 

A = cross sectional area 

V = velocity in mph., as before 

C aerodynamic coefficient 

R = resistance in lbs. per ton of car weight 

Davis did give recognition to differing velocity-dependent resistances 

and aerodynamic drags for various vehicles and published an accompanying 

table of recommended values for cross-sectional areas, the coefficient 

"b", and the aerodynamic drag coefficient. Values were provided for 

locomotives, passenger cars, freight cars, and a few other miscellaneous 

vehicles. For the same 75 ton car used above as an example, using Davis 

recommended values, the expression for resistance in lbs . /ton be.comes: 

2R = 2.85 + .045 V + . 0006 v (5) 
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The aerodynamic coefficient for a conventional locomotive was con­

siderably higher, presumably because of its position as the 

leading vehicle as well as its different shape. The locomotive 

resistance was to be calculated separately; but the resistance. of 

the cars was calculated as in the Schmidt-Tuthill formulas. 

4.4 The Modified Davis Formula 

The Schmidt-Tuthill expressions and the Davis formula were derived 

at a time when trains were lighter and when plain bearings rather than 

roller bearings were in general use [12]. In an attempt to remedy this 

growing inapplicability of these expressions, some tests were conducted 

by the Canadian National Railway using more modern equipment [12] [13]. 

These resulted in a modification of the Davis formula which became 

known as the modified Davis formula; the date of its origin is uncertain, 

but it was undoubtedly postwar . The formulation, in lbs. per ton of 

car weight, as reported in [14], is: 

2 
R = . 6 + 20 + . 01 V + •07 V (6)

w wn 

For the same 75 ton car used in the previous example, this expression 

for resistance in lbs./ton becomes : 

2
R = 1.67 + .01 V + . 000933 v (7) 

The differences between this and the Davis formula are worth noting. 

The two non-velocity dependent terms are both smaller, undoubtedly 

reflecting the somewhat smaller rolling resistance of roller bearings. 

The .6 figure reflects an effective coefficient of rolling friction of 

. 0003 (.6 f 2000) while the figure of 20 lbs. per axle closely relates 

to measured values of 5 lbs. per roller bearing seal , with four seals 

per axle. (See Section 9.2 for further discussion of this point . ) 

Although some reduction in resistance has clearly been achieved here, 
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in general the advantage of roller bearings over plain bearings seems 

primarily to be the reduction in starting resistance, not running 

resistance. The reductions are approximately 80-90% and 10-15%, 

respectively [12] [15]. The coefficient of the velocity-dependent 

term is also smaller, possibly due to a diminution of coupled motions 

in the truck or carbody, although it is not clear what design improvements 
2contributed to such a large reduction. The coefficient of the V term 

is more than 50% larger, reflecting both an increased awareness of the 

importance of air drag as well as a slow (detrimental from the standpoint 

of aerodynamic drag) change in the nature of modern rolling stock. 

While these changes seem reasonable, it has not been completely 

settled that the modified Davis formula is an improvement over the Davis 

formula. Hammitt [11] discusses the apparent dependence of the aerody­

namic coefficient for TOFC/COFC equipment on speed when the modified 

Davis formula was used to correlate field data with theoretical values. 

Luebke [16] states that the difference between actual mechanical 

resistances, as measured by some tests performed by the Chesapeake and 

Ohio (C&O) Railroad in 1966, and the empirical values used in the CNR 

formula (modified Davis) was as much as 8%. However, since it appears 

to be somewhat more related to modern equipment, the modified Davis 

formula will be used hereinafter as a standard for computational purposes. 

4.5 Other Formulas 

4.5.1 The E-L Variation 

As a subsequent extension of the effort to update train resistance 

expr.essions to relate them to modern equipment, in 1965 the Erie-Lackawanna 

RR, suspecting that the air drag of piggyback and auto-rack cars was 

higher than that of conventional freight cars, ran a series of full 

scale tes~s that resulted in their recommending the use of the modified 
2Davis formula with a V coefficient of .20 instead of .07 for such equipment. 

Then for a car of the same gross weight as used in the previous example, 
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the expression for resistance in lbs./ton would be [9]: 

2R = 1.67 + .01 V + .00293 v (8) 

This, of course, would be applicable only to a car of the particular 

type and weight. 

4.5.2 The Hoerner Formula 

Hoerner has done extensive work in fluid-dynamic drag and has 

compiled a considerable array of data [17]. However, he gives no drag 

coefficients for freight cars in trains and only extracts an average 

drag coefficient from data by Tuthill for a 70 car train. His initial 

non-velocity-dependent terms are those of Davis, but the velocity­

dependent term is somewhat different. Using the above-mentioned drag 

coefficient to complete the expression yields the following for the 

resistance in lbs./ton of car weight: 

R = 1.4 + 28 + .02 V + .0664 V2 (9)
w wn 

For a car of the same gross weight as used in the previous example, the 

resistance in lbs./ton becomes: 

2R = 2.89 + .02 V + .000885 v (10) 

4.5.3 Foreign Formulas 

It is of interest to note what formulas are used in foreign 

countries, even though on account of possible obsolescence and differences 

in rolling stock and track conditions they ~ay not be applicable here. 

In Germany, the basic work was by Strahl in 1913. His formula is 

quoted by Koffman (18] as: 

V 2R = 2. 0 + (. 007 + m)( ) (11)
10 
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when R is in kg./metric ton, Vis in Kmh, and mis a constant equal to 

. 025 for loaded freight cars with trucks . In English units this becomes 

2
R = 4.0 + . 001657 v (12) 

R in lbs./ton and Vin mph. Note that the linear term in Vis missing. 

The equation was later (1932) revised to : 

2
R = 4.0 + .001294 v (lbs./ton) (13) 

possibly reflecting better aerodynamic characteristics. The coefficient 

of the last term corresponds to the analogous coefficient in the modi­

fied Davis formula for a car of 54 tons gross weight. See Equation (6). 

However, apparently the particular expression was used for all cars 

regardless of weight. 

In the Soviet Union, the original expression was due to Mukhachev 

in 1927. Al~o quoted by Koffman [18], his expression is for the absolute 

resistance in Kg . of a train of n cars. In metric units this was: 

2
R = 1.2 W + .09 nV + . 03 (1.0 + . 04 n)V (14) 

with R in Kg., Win metric tons, and n the number of vehicles. In 

English units this is: 

2
R = 2.4 W + . 319 nV + .1709 (LO+ .04 n)V (15) 

with R in lbs., Win tons, and Vin mph. This was subsequently revised 

several times, with the 1968 version becoming a formula for specific 

resistance of a single car, which in metric units was quoted as: 

R = .7 + 3 .o + ·~wV + •0025 V 
2 

(Kg/metric ton) (16) 
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,., .... 

I ,, 

w being the load per axle. Changing to English units and revising the I 

form slightly for comparison purposes, the expression for a 75 ton box 
,, 

car becomes: 

2 I
R = 1. 752 + .0189 V + .00076 v (lbs./ton) (17) 

I 

which is only moderately different from the Davis or modified Davis ! 
formulas. 

Lt 
It 

In France, the French National Railways (SNCF) have adopted three 

formulas, as quoted in Koffman [18). The one most nearly applicable
Ii 

to a 75 ton car would be: 

2R = 1.5 + .000625 V (Kg/metric ton) (18) 

it I 
it or in English units, as above: 
It t 

2R = 3.0 + .00324 V (lbs./ton) (19) I 

t 

IIn England, information for freight trains was apparently lacking, 

and a formula devised only recently has been shown to have validity there . 
I 

I, Also quoted by Koffman [18], the expression :f.s: 
1, 

2 I 
R = 1.25 + .015 V + .0001 V (Kg/metric (20) 

ton) 

which in English units is 

2
R 2.5 + .0483 V + .000517 V (lbs./ton)(21) 

In Japan, a single formula was developed in 1967 which allegedly 

replaced the more than 30 expressions previously required [19]. The 

expression is of the form: 
' 

R = a + $V + yV 
2 (22) 
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where for four-axle freight cars 

a = (.7 K + .275)e-t/30 

6 = .133 

y = .00106 S./(1.0 + es )2 

where K, s
1

, s and 8 are constants for various types of cars, wheels,
2 

and track conditions and tis the temperature in °C. The units are 

unfortunately not completely clear, although clearly metric, and the 

table of coefficient values is too extensive to reproduce here. It 

is sufficient to note that this expression is the only one to take into 

consideration apparent parameters of the problem such as track condition, 

wheel type, and temperature. 
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5.0 COMPARISON OF RESULTS OF APPLICATION OF FORMULAS 

The expressions in Section 5 comprise most of the American and much 

of the foreign theory regarding the resistance of freight cars to 

longitudinal motion. A brief glance at the several formulas applicable 

to rolling stock and railroad operations in this country will reveal a 

considerable variation in the values predicted by the various formulas. 

5.1 American Formulas 

The five expressions from the previous section applicable to the 

resistance of the 75 ton box car used as an example are repeated below; 

the Erie-Lackawanna formula is specifically directed towards piggyback 

and auto-rack cars and has not been included . 

2R = 2. 87 + .019 V+ . 00113 v (Schmidt) (2) 

2R = . 53 + .002 v+ .00290 v (Tuthill) (3) 

2
R= 2.85 + .045 V + .00060 v (Davis) (5) 

2
R = 1.67 + .010 V + .00093 v (CNR) (7) 

2
R = 2. 89 + .020 V + .00089 v (Hoerner) (10) 

The discrepancies among the coefficients are quite evident. Most 

of the investigators, recognizing that there were variables in the 

testing leading to the equations beyond the control of the investigator 

which affected the accuracy of the results, cautioned that a certain 

deviation from the formulas could be expected; Tuthill [10], for example, 

recommended adding 8% to the values given by the formula to account for 

spread due to unknowns. 

The expressions are plotted for the 75 ton car for various values 

of velocity in Figure 6. While there are certain similarities of shapes 

and several of them are reasonably close together, the deviations among 

the curves are still considerable. It is also worth noting that the 
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relationships of the curves would have been different had a car of a 

different weight been chosen as an example, as shown in Figure 7, 

where a car of 20 tons gross weight was chosen for illustration. The 

deviations among the curves constitute a silent testimonial to the 

difficulty of accurately quantifying such an apparently simple phenomenon. 

5. 2 Foreign Formulas 

The situation with regard to train resistance formulas in use in 

foreign countries does not appear at first glance to be better than that 

prevailing here. Koffman [18] has plotted a figure showing the relative 

magnitude of the specific resistances of trains in four European countries, 

as determined by the formulas discussed in Section 5. The curves are 

illustrated in Figure 8, which, as in Figures 6 and 7, shows a considerable 

deviation among the curves . However, as the characteristics of rolling 

stock and track construction dif fer from country to country, and as 

several if not all of the countries noted have made efforts to keep 

their train resistance formulas more nearly up to date than in this 

country, it appears likely that the formulas actually reflect the 

prevailing conditions in the respective countries. Apparent reasons 

for t he deviations are discussed in some detail in Section 7. 

5.3 A Cautionary Note 

-The formulas developed by the investigators which were discussed 

in Section 5 must be used with caution and the results interpreted 

with discretion . It is unfortunately possible to arrive at results 

which may lead to erroneous conclusions . 

Consider, for instance, using the Davis formula to determine the 

drawbar pull required for a short train of ten boxcars, all loaded to 

capacity. The magnitudes of the three terms using the Davis formula 

are plotted in Fi gure 9, Note that even at 80 mph, the air resistance 
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is less than half the total of other resistances. One might easily 

conclude that air resistance is a virtually negligible effect for 

freight trains. 

Consider, however, a longer train consisting of empty boxcars. 

Figure 10 illustrates the magnitudes of the same three terms using 

the modified Davis formula. The air resistance is more than three and 

one-half times the total of the other two terms at 80 mph . 

The discrepancy between the figures is attributable to all three 

factors which are different from each other in the examples: train 

length, specific weight of cars, and the particular formula used. 

These examples were introduced only to inject a note of caution at 

this time: the formulas themselves produce widely varying results on the 

same train; with different trains, the relative significance of the 

several terms in the formulas changes. A more detailed discussion of 

these factors and the reasons for the discrepancies between the figures 

will be found in the following section. 
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6.0 FACTORS CONTRIBUTING TO DISCREPANCIES BETWEEN RESULTS 

There are many factors which apparently affect train resistance, 

only a few of which are incorporated directly in some fashion into 

the standard train resistance formulas. The fact that many of these 

have been largely ignored by investigators, possibly because their 

effects remain difficult to quantify, could account for some of the 

discrepancies among the results from the previous formulas. Some 

of these are temperature, track condition, truck design, the effects 

of side winds, and the makeup of the consist; others, such as aerody­

namic drag and the relationship of train length and train weight, are 

accounted for in the resistance formulas only in a less than precise 

fashion. Considerations with regard to each of these are given in the 

discussion following. 

6.1 Temperature 

Temperature is an obvious factor, not only the ambient tempera­

ture, but the temperature of the journals as a function of time along 

the journey. Schmidt and Marquis [20] have shown, at least for 

trains equipped with friction bearings, that train resistance 

diminishes from the start of a run until it settles out asympototic­

ally to a steady-state value, the phenomenon being apparently 

attributable to the warming of the bearings. This relationship is 

illustrated in Figure 11. This phenomenon is also made evident 

when the train stops and the journals have been allowed to cool; 

the resistance is seen to rise to its previous initial value after 

the train starts again. See Figure 12. 

In view of the comparatively uniform rolling characteristics 

of roller bearings, it is doubtful that this experience is completely 

relevant to modern operations; however, this phenomenon, along with 

variations in ambient temperature from test to test contributing to 

a similar effect, may help explain a portion of the discrepancies in 

the results of various researchers. 
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6.2 Track Condition 

Track condition is another partly intangible characteristic 

which affects train resistance, apparently quite significantly in 

some cases. A number of factors enter into track condition as it 

apparently affects train resistance: rail weight, tie spacing, 

roadbed condition, etc. Hay fl] mentions a reduction of .4 lb./ton 

in going from 84 lb. rail to 150 lb. rail, for constant axle loadings. 

The figure seems small, but for an average train such a reduction can 

diminish drawbar pull by three thousand lbs. or more. Keller [3] 

discusses a formula developed by AREA which quantifies the resistance 

due to the so-called "wave action of the rails"; this formula 

considers both the EI of the rail and the effective modulus of 

elasticity of rail support . The results of using the formula 

correspond roughly with the figures from Hay mentioned previously. 

Keller also mentions a specific test which was run under carefully 

controlled conditions to eliminate variables other than roadbed and 

rail conditions. The results are shown in Figure 13 along with 

predictions from the Davis formula. Here it appears that a reduction 

of almost 1.0 lb./ton is attributable to using only slightly heavier 

rail. Harada [19] specifically notes that freight car resistance 

on "heavy" rail is "very small" compared with that on 30 kg. rail. 

Other authors have noted that train resistance formulas in use 

in various countries yield considerably different, but apparently 

locally valid results. As noted in Section 5.2 and illustrated in 

Figure 8, Koffman [18] shows a curve of specific tractive resistance 

of a given freight car, as calculated by formulas in use in the 

Soviet Union, Germany, France, and England. Note that at 80 km/h 

(50 mph) the specific tractive resistance in England is more than 

50% higher than in the Soviet Union. He gives an example whereby 

the same train pulled at 100 km/h theoretically required 1460 HP in 

the Soviet Union, 1800 HP in Germany, 1970 HP in France, and 2130 HP 
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in England. Scales [21], noting prophetically in early 1973 that 

the energy crisis was upon us and that such an apparently unnecessary 

consumption of power was unsatisfactory, attributes the differences 

in the curves, possibly correctly and certainly persuasively, to 

differences in track construction in the various countries. He 

points out that British rail is lighter, and the ties further apart, 

than any of the others, with the Russian construction the heaviest, 

and German and French in between. Apparently American construction 

parallels Russian techniques, as he notes that European visitors 

are often astonished at the apparently underpowered locomotives 

pulling heavy loads. There seems to be room for further study of 

this phenomenon. 

6.3 Design of Trucks 

The design of the trucks certainly influences train resistance, 

as energy dissipated in frictional snubbers, hydraulic dampers, 

friction in the center plate, carbody oscillations, or simply the 

wheel flanges impacting the rails must all come from the locomotive 

and is reflected in drawbar pull requirements. Several authors have 

connnented on the relationship of truck design to train resistance [2], 

[17] but "design" is a difficult characteristic to quantify. Some analysis 

is presently being made in Canada by Marcotte and Caldwell [22] of the 

effects of a self-steering truck upon train resistance and conse-

quently fuel consumption. Another possible avenue of approach to the 

subject is that a mathematical evaluation of vibration energy 

dissipated in the carbody or trucks could be made from appropriate 

recordings of motion amplitudes. 

6. 4 Side Winds 

The effect of side winds, as opposed to the resistance 

encountered by a train moving in still air, is another phenomenon 

which does not lend itself readily to analysis but which affects 
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train resistance to some degree by altering the airflow around the 

cars, particularly between them; it is thus related to the size of 

the gap between adjacent cars . Hammitt [11] presents considerable 

data, both on regular equipment and TOFC/COFC equipment, on the 

effects of gap size upon drag caused by side winds, from recent 

wind tunnel measurements. Hammitt, in another work [23], presents 

a polar diagram showing the variation of drag on a high speed 

streamlin~d train with respect to the yaw angle of the wind. 

Aside from a similarly shaped diagram reproduced in Keller [3] 

from the Great Indian Peninsula Report (1934), whose date renders 

the usefulness of the data somewhat questionable, and a reference 

in Hay [2] to an AREA report which presented the findings of a study 

of the problem only as information and not recommended for general 

acceptance, little other mention of the effects of side winds upon 

aerodynamic drag of a train was found. 

Unfortunately, (1) the difficulty of measuring wind velocity 

accurately at the desired point either on the ground or on the 

train, (2) the fact that the wind at one end of a long train is 

likely to be substantially different from the wind at the other end, 

both in magnitude and direction, or that the wind several ,miles 

down the track will be similarly different, and (3) the fact that 

the wind is in most instances a transient phenomenon cast doubt 

upon the likelihood that meaningful and useful results will be 

obtained from further investigation of this phenomenon. 

Nevertheless its effect is large in some instances. The data 

in Hammitt [11] clearly show that the aerodynamic drag can double 

when the wind attacks the train at an angle. In addition, there 

is a separate effect, cited in an AREA report [24], that "a strong 

s i de wind ... presses wheel flanges against rail head, thereby 

initiating a frictional resistance to forward motion." The magnitude 
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of this phenomenon is substantial; as given in the same report, the 

magnitude can be as much as 2,8 lbs. per ton for a locomotive; this 

is the same order of magnitude as the entire mechanical resistance 

for a normal freight car. Unfortunately, no similar figure is 

given for ordinary rolling stock, but there is no reason the figure 

should be substantially different. 

It is easy to see how the effects of such a comparatively 

unpredictable event such as the occurrence of side winds might 

affect the results of tests taken outdoors, as is almost all 

full-scale railroad testing. Unfortunately, little can be done to 

minimize the effects of side winds other than to close the gaps 

between cars so as to present a relatively unbroken exterior surface 

to the air stream. While undoubtedly a phenomenon affecting .train 

resistance in an adverse fashion, it appears to be one with which 

the railroads will have to live. 

6.5 Aerodynamic Drag and Length Considerations 

No discussion of train resistance would be complete without 

mentioning aerodynamic drag, which has been shown on level tangent 

track to predominate over other resistances at high speed. Still, 

present understanding of the aerodynamic drag of trains is 

rudimentary, despite the attention which it has commanded from 

recent investigators because of the interest in freight 

trains of higher speeds, not to mention advanced high-speed 

passenger train systems [5], [6], [11], [14], [16], [19], [23], 

[25-28] . Despite the effort put into such research and the 

number of articles published, the problem of air drag on trains is 

far from solved. The air resistance of even a passenger train of 

identical cars is difficult to quantify, although much progress 

has been made recently, e.g. , [27], but the air resistance of 

a long freight train consisting of many different types of cars 

39 



arranged in random order in the consist does not readily lend itself to 

analysis . The formulas for train resistance in common use go no further 

than to suggest the use of an overall aerodynamic coefficient representing 

an average value of drag for the particular kind of rolling stock. 

Most investigators agree that the phenomenon of air drag on a rail­

road vehicle can be roughly separated into three effects: the drag on 

the front of the vehicle caused by the dynamic pressure ; the skin friction 

on the sides and roof of the vehicle along its length; and the drag caused 

by flow separation at the rear of the vehicle [3], (5], (23], (27-29]; 

occasionally the drag of the trucks and the underside of the carbody is 

separately included [1] , [5], (30] . 

These effects may be relatively easy to quantify for a single 

vehicle, by means of wind tunnel or full scale testing, but despite 

this, the literature is devoid of such information on ordinary rolling 

stock. Attesting to thi s state of affairs, Hammitt [11] comments that 

"available full scale tests are not adequate to define the aerodynamic 

drag of railroad freight cars." For a train of vehicles, accurate 

i nformation of such nature is much more difficult to obtain, s:i.nce it 

is evident that at least the front and rear effects are substantially 

modified by the proximity and aerodynamic characteristics of the 

vehicle immediately before and after the vehicle under consideration, 

and the resistance of each combination of vehicles will be different . 

Consideration of the latter effect is given in the following section, but 

before that subject is broached, some discussion of the relative magnitude 

of the front, rear, and skin effects is in order. 

The most recent studies of the relationships of these parameters 

were related to wind tunnel tests of scale models of high speed 

streamlined passenger trains and corroborative full scale tests, 

40 



in France, Germany, and Japan. Some tentative conclusions relating to 

freight trains may be drawn, notwithstanding that the data relate to 

passenger trains . 

Bernard [27], referring to tests on the 5-car TGV-001 streamlined 

train, gives "aerodynamic coefficients" in decanewtons per (kilometer 
2 per hour) squared (daN/kmh ) for the leading, trailing, and inter­

mediate cars; respectively: ,00545, .00848, and .00359. Comparing 

the coefficients for the leading and trailing vehicles, he notes that 

"the end effect is considerable." He also co1I1Ir.ents that "streamlined 

extremities do not effect any improvement in this respect". 

It is implicitly assumed in the above discussion and in the dis­

cussion following, and apparently by the investigators mentioned, that 

the air pressure between cars is approximately equal to ambient 

pressure. Thus the coefficient for the leading car comprises the 

integral of the distribution of excess pressure over only the front 

of the vehicle plus the skin friction over its length. Similarly, 

the coefficient for the trailing car comprises the integral of the 

distribution of the negative (less than ambient) pressure over the 

rear of the vehicle plus the skin friction over its length. (Often 

these two effects are lumped together directly in calculating the air 

drag. See Hara [29], for instance.) The coefficient for the inter­

mediate vehicles is comprised solely of skin friction over the sides 

and roof of the vehicle. (The skin friction on the underneath side 

of the vehicle is either ignored, possibly on the presumption that on 

account of the presence of the trucks the air under the car moves with 

the car and consequently contributes only a minimum force due to aero­

dynamic shear, or is combined with the other coefficient.) 

Thus, to find the total air drag for the train, Bernard calculates 

a total aerodynamic coefficient consisting of two terms. The first 
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term adds the portion of the front and rear coefficients corresponding 

to pressure effects and multiplies them by the cross-sectional area; 

the second term multiplies the skin friction coefficient by the 

effective surface area of the entire train; these terms are then 

added and multiplied by the square of the velocity to obtain total 

air drag. 

Gluck [5] adopts a similar but not identical procedure and has 

arrived at analogous figures of similar magnitude for testing of short 

modern passenger trains in Germany. Corresponding drag coefficients 

(in this case dimensionless but based on the same cross-sectional area) 

for the leading, trailing, and intermediate cars were determined to be 

.132, .252, and .158, respectively, for the VT601 seven car train and 

.215, .308, and .100, respectively, for the apparently less streamlined 

but newer ET-403 four car train. 

The ratios of the combined front and rear effect to the skin 

effect for the trains mentioned above are 3.8, 2.4, and 5.2, 

respectively, the differences undoubtedly reflecting the relative 

degree of streamlining and the smoothness of the exterior surfaces. 

In the worst case, it will take only six cars for the total of skin 

friction to be greater than the pressure effects from front and rear. 

These figures are roughly confirmed by Hara [29] with respect 

to the New Tokaido Line equipment. He states that the friction 

coefficient will equal the pressure coefficient for "only two 

coaches" (in this case the locomotive is treated as a separate 

entity) and that consequently "for a long train skin friction will 

be dominant." He notes as a consequence that "endeavor to diminish 

the pressure drag (front and rear) is not so effective for the 

diminution of total drag." 
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How related is this recent information on relatively streamlined 

passenger trains in foreign countries to unstreamlined freight trains 

in this country? In actuality, quite,,a bit. It seems to have been 

forgotten that the aerodynamic coefficients actually relate to skin 

friction, even though they are referenced to the cross-sectional 

area of the car . Thus the recommended Davis coefficient for a leading 

car or locomotive is .0024, whereas for trailing cars the recommended 

coefficient is .0005. The resistance of the locomotive was usually 

calculated separately, and presumably the coefficient comprised all 

pressure effects, with only the skin effect on the trailing vehicles. 

Note that the relative magnitude of these coefficients is, significantly, 

about the same as the 5.2 ratio for the least streamlined of the three 

passenger trains cited earlier, which is probably more nearly comparable 

to a freight train from a skin friction standpoint. Davis himself, 

with reference to passenger cars, talks at some length about skin 

friction [1], but, perhaps unfortunately, states that "it is con-

venient to express the combined effects of front pressure, rear 

suction, and skin friction in terms of cross-sectional area of the 

car." Freight train coefficients are similarly treated later in 

the same article. 

Since the Davis formula is a car formula, as opposed to the 

earlier Schmidt-Tuthill series of formulas for trains, the length 

of the train is implicit in the Davis formula, as it should be to 

give proper consideration to the aerodynamic drag term, which will 

be proportional to the total length if it reflects skin friction. 

In the Davis formula, to find the total resistance, the expression 

for lbs. per ton (per car) is multiplied by the average weight 

per car and the number of cars . This is equivalent to taking the 

resistance to be the specific resistance of the train and multiplying 

by the total weight of the train, which will be, as before, the 
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average car weight times the number of cars. Thus the aerodynamic 

term in the formula is effectively multiplied by the number of cars. 

Of course this presupposes that all the cars are the same length, 

but in Davis' day this was not an unreasonable presumption. Today, 

however, this is no longer applicable, as one can see from Figure 1. 

Lipetz [6] presents a formula for the air resistance of a 

train which follows along similar lines. This is given as 

LC 2 
R = .002 ~ + .00245 Pc lOO V 

where 

~=cross sectional area of locomotive 

Lc = length of car 

Pc= perimeters of car (height of two sides plus roof 
width) 

It is seen that he too allocates all the pressure effects 

to the leading vehicle, in this case the locomotive, and skin 

friction effects only to the trailing cars. 

It is of some interest again to note the ratio of the two 

effects as determined by Lipetz. If one substitutes representative 

values for cross sectional areas, lengths, and perimeters, one 

arrives at the expression: 

2R ~ (.240 + ,0392) v 

yielding an approximate ratio of 6:1 of pressure effect to skin 

effect. Thus using his formula, six freight cars would have the 

skin friction drag equivalent to the pressure drag of the leading car. 

It appears, then, that anywhere from five to ten cars contribute 

in skin friction the equivalent of the pressure drag from the leading 
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and trailing vehicles. In further substantiation of this figure, 

Davis [1], in reporting data from Schmidt's earlier testing, 

notes that the average drag in the trailing cars is from 13.8% to 

16.8% of that of a leading car, corresponding to a figure of seven 

cars. Thus in calculating the resistance of a short train, 

particularly a light one, where the air drag might be the pre­

dominant resistance, it is possible to incur an error approaching 

as a limit a factor of two by mere substitution into the Davis or 

CNR formulas. In a long train, the end effects will be spread 

out over a considerable number of cars and will be masked by 

the predominance of the skin effect, and the formulas will have 

customary accuracy; in a shorter train, ten cars or less, the true 

air drag may be double that given by the formulas. 

Thus the true air drag of a string of similar freight cars may 

be represented as a straight line when plotted as a function of the 

number of cars, but the curve does not go through the origin if the 

pressure terms are not dumped upon the locomotive. Bernard [27] 

presents such a curve as a function of train length. The resistance 

calculated by the forurula does, however, go through the origin. 

Two such curves are shown in Figure 14. The error is the difference 

between them. The ratio between the true air drag and the calculated 

drag is shown also. It is easily seen that the ratio approaches one 

for a long train but becomes very large for a short train. 

This effect in itself may be further masked by the weight of the 

cars, particularly if calculated by the Davis formula, which emphasizes 

mechanical resistance more than others. In a heavy train moving at 

lower velocities, the air drag itself is much smaller, and any error 

in calculating air drag will be masked by the addition of the other 

terms. 
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It can safely be said that even for a train of similar vehicles, 

misleading results may materialize from simple substitution of numbers 

into the Davis formula or the modified Davis formula, which takes the 

same form, if the train is short enough. Such calculation considers 

only the skin friction, and the pressure drag is being implicitly 

absorbed by the locomotive at no cost to the train. In actuality, 

even if only the drag of the cars following the locomotive is to be 

determined, much, if not most, of the pressure effect must be assigned 

to the last car, if the evidence of Bernard and Gluck is correct. 

Such considerations may have contributed to discrepancies in the past 

among the results from different investigators. However, this 

particular effect is relatively small for a uniform train. For a 

train with a mixed consist, particularly with one utilizing some of the 

more modern pieces of rolling stock, the importance of segregating 

pressure effects and skin effects in arriving at an accurate determina­

tion of air resistance of a train is magnified. The discussion in 

the next section describes a methodology by which this problem may 

be handled, and a first attempt at quantifying the effect, 
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7.0 A METHODOLOGY FOR APPROACHING THE AERODYNAMIC DRAG PROBLEM 

7.1 Introduction 

While Davis recognized that skin friction was the dominant factor 

in producing air drag on both passenger trains and freight trains, at 

least those consisting of closely coupled, nearly uniformly sized cars, 

in his day speeds for freight trains were relatively slow, and most 

trains were trains of boxcars of approximately the same size, or 

mixtures of boxcars, hopper cars, gondola cars and tank cars. It is 

perhaps indicative of the types of rolling stock in most common use 

at that time and earlier that Professor Schmidt used only boxcars and 

gondola cars in the five of his tests for which such information is 

available, as quoted in Davis [1]. The comparative cross-sectional 
2 2 

areas of the gondolas was 70 ft. , compared to 98 ft. for the boxcar, 

so that the gondolas, although obviously smaller, were not significantly 

different from the other cars. It is realistic to believe that the 

Davis formula was meant to apply to trains consisting solely of boxcars, 

as illustrated in Figure 15(a), or to an ordinary mix of cars as 

illustrated in Figure 15(b). 

While the modified Davis formula corrected some of the shortcomings 

of the Davis formula by giving more recognition to air drag and less to 

mechanical resistance, which had diminished somewhat with the advent of 

roller bearings, it still is not suitable for application to certain 

types of modern rolling stock, as shown with regard to unit trains of 

piggy-back cars or autorack cars by the Erie-Lackawanna tests [14]. 

While for those types of rolling stock the E-L formulation is certainly 

an improvement, the problem of how to ascertain the resistance of a 

mixed consist, in which widely different types of rolling stock are 

randomly mixed, still remains. An example of such a consist is 

illustrated in Figure 16. It is not difficult to believe that the air 

drag in this consist will be significantly different from the preceding 
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examples because of the exposure of more of the fronts and rears of 

cars to the free airstream. It is to address this problem that the 

following methdology is offered as an initial step in quantifying 

the resistance of such a consist. 

7.2 Division of Air Drag into Three Effects 

It has been noted in the previous section that the air drag on 

railroad cars may be regarded as being divided into three factors: 

front pressure effect, skin friction along the sides and roof of the 

car, and the rear pressure effect. It will be convenient herein to 

continue this division, although, as noted before, certain authors have 

seen fit to combine the front and rear pressure effects into a single 

coefficient. 

Consider the case illustrated in Figure 17. The center car will 

be the subject in each case. In (a), the boxcar is almost completely 

exposed to the free air stream, both front and rear; the shielding of 

the car by the flat cars is minimal. In this case it would be 

necessary in determining the air drag on this car to take into con­

sideration all three effects to almost their fullest extent. In 

case (b), because the cars are closely coupled and identical as well, 

the pressure effects at either end will be minimal, and need only be 

considered to a very small extent; the main drag component will be 

friction drag on the sides and roof of the car; this case approximates 

the conditions for which the formulas were conceived. In case (c), 

the pressure effect at the rear will be substantial, while minimal at 

the front, and the condition in case (d) is vice versa. 

The approach taken will be to determine the air drag of each car 

in the train, and then to sum these drags to determine the total air 

drag of the train. For each car, the drag due to each of these three 
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effects will be determined. It will be assumed that the skin friction, 

contrary to the pressure effects, is unaffected by the presence of 

vehicles in front of or behind the vehicle in .question. Since the 

skin friction problem does lend itself to relatively simple -analysis, 

it will be discussed first. 

7.2.1 Skin Friction Considerations 

A friction drag coefficient may be assigned to each type of car, 

or even to the entire class of freight cars, based upon theory or 

results from wind tunnel and full scale testing; surface areas may be 

calculated from actual measurements of length, width, and height; and 

drag may be calculated from the standard formula. 
I 

Data on skin friction coefficients are remarkably consistent, 

enough to ensure that large errors will not be incurred by use of the 

data. Conversion of the aerodynamic coefficients for intermediate cars 

in relatively smooth passenger trains given by Hara for the New Tokaido 

line trains [29], Bernard for the SCNF TGV00l train [27], and Gluck 

for several German trains [5] to dimensionless skin friction coefficients 

based upon surface area reveals the following:' 

cf = .0041 (New Tokaido Line) 

cf = . 0042 (SCNF-TGV00l) 

cf = .0058 (DBB-VT601) 

cf = . 0063 (Davis, passenger train) 

cf = .0074 {Davis, motor car) 

Unfortunately, no data are available for freight cars but it may be 

safely concluded that the surface of the average freight car is 

rougher than that of streamlined passenger vehicles and might be 

equivalent to something near the value for the old Davis motor car. 
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It is possible to compute from the Davis and modified Davis formulas 

what the skin coefficient would be if a certain drag for the trucks is 
3assumed and a surface area and a cross-sectional area selected. After 

doing so, values for the surface coefficient are .0053 and .0117 

respectively. The average value of .0085 appears to be realistic in 

view of the other data and is used hereafter in this report. The 

difference between the values obtained is an indication of the present 

minimal understanding of the true aerodynamic drag of a railroad 

freight car. The figure used is consequently approximate, and the 

considerations with regard to its value are mentioned only to show 

that the order of magnitude for the chosen figure has some basis. 

7.2.2 Front and Rear Pressure Effects 

In contrast to the skin friction effect, the magnitude of the 

front and rear forces will be modified from what could be considered 

to be the analogous forces if the objects were alone in a free air 

stream, by the proximity and shape of other vehicles in front of the 

vehicle in question and behind it. In particular, the pressure effects 

at front and rear will be affected by the proximity of the car at 

either end, even if the cross-sectional areas are identical. Hammitt [11] 

has done some recent work to determine the effects of such gaps between 

vehicles. The extent to which the pressure effects will be mitigated 

will be a combination of both the proximity of the areas which might 

be effective in shielding the subject car from the effect and the relative 

sizes of the areas doing the shielding. The four possible extreme cases 

are illustrated in Figure 18. Case (a) shows good proximity with 

matching area; in this case, the pressure effects on either car are 

Respective values used were 40 lbs/truck at 60 mph, 1600 ft. 2, and 
88 ft. 2. The truck drag for four-wheeled freight car trucks was 
taken as 2/3 of the 119 lb. drag reported for 3 axle passenger trucks 
in Davis [l], the only figure for truck drag found . . 
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minimal. Case (b) shows matching areas, but proximity so poor that the 

pressure effects on both vehicles will be virtually the same as if they 

were each ~n the free air stream. Case (c) shows the shielding areas 

to be closely coupled, but there is a bad mismatch in areas; the flat 

car has virtually no shielding effect on the boxcar, whereas the boxcar 

fully shields the rear of the flatcar from any rear pressure effect. 

Case (d) shows both mismatched areas and poor proximity. 

In determining the true drag of a single railroad car in a train of 

other vehicles, consideration must be given to not only the extreme cases 

shown but cases lying in between, to various degrees. Consider the cases 

illustrated in Figure 19, the center boxcar again being the car of 

interest. In case (a), the car is overshielded in the front because of 

the oversize Stak-Pak or Hi-Cube car ahead of it; it is undershielded 

in the rear because the gondola car behind it is smaller. In case (b), 

at the front of the boxcar, there is partial shielding only from the 

large piece of freight on the preceding flatcar, as the equal areas 

are not close enough to be completely effective in shielding; at 

the rear of the boxcar there is a combination of partial effects from 

the container well car with respect to both proximity and area match. 

In simplistic terms, most interfaces between cars, with regard to 

the extent of shielding each other from the effects of a free air 

stream, can be characterized by an appropriate combination of proximity 

effects and area effects. This will be the approach taken in the further 

development of this methodology below. It must be noted, however, that 

it is not simple; not only will air drag characteristics vary with each 

type of car, but they will also vary with the placement in the consist: 

(1) the effect the car in front has on the car behind is not necessarily 

the same as the effect the car behind has on the car in front; (2) if 

the car positions are reversed, or even if one car is turned around by 
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itself, the pressure effects are changed; and (3) the effect of the 

car in front upon the car in the rear is not constant; rather, it 

depends upon the car in the rear, and vice versa. Thus the front and 

rear pressure effects cannot simply be tabulated for a given car. 

7.3 Computer Model 

As a consequence of the factors discussed in the previous sections, 

it is not possible to characterize a car solely by itself through 

extensive testing. One cannot simply assign various coefficients to 

each car type to quantify each of the three effects for that type 

car, calculate the drag for that car, and add it to the drag similarly 

calculated for all the other cars in the train to arrive at the drag 

for the train. The drag of each car in the train depends upon the car 

in front and the car behind . 

It is, however, possible from the known geometry of the car to 

tabulate certain dimensions which relate to the size of a potential 

shielding area and to its proximity to the face of the coupler. Other 

similar data for calculating skin friction can be tabulated, and a 

computer model devised which will take as an input the number of cars 

in the train and the order of the types of cars, examine each vehicle 

interface, look up in the tabulation of data the characteristics of 

each vehicle relevant to that particular interface , compute by means 

of a specially devised algorithm the extent to which the pressure 

effects on each vehicle are mitigated by the presence of the other 

vehicle, perform this operation for each end of each vehicle, calculate 

the total air drag by adding to the modified pressure effects the skin 

drag, computed by examining the appropriate data in the same table, 

and sum the drag of each car to obtain the total drag. This would be 

a tedious job to perform manually , but once the procedure is established 

the computation by computer is trivial. This is the task which the 
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computer program which has been devised performs. The program itself 

and further detailed considerations of its development and its use are 

described in the appendices. Given realistic data for each car type 

utilized-by railroads, it permits the ready computation of total drag 

for any consist . 

Model limitations at present are that realistic data for drag 

coefficients are sorely lacking for conventional rolling stock, and in 

order to utilize the program, coefficients had to be assigned on the 

basis of best available information or by appropriate ratioing from 

known data. The mechanical and velocity-dependent terms of the 

resistance equation which forms the basis for the model are taken 

directly from the modified Davis formula; calculation of the air 

resistance has been adjusted to take into consideration open spaces 

in the consist by means of the algorithm in the computer program 

fully explained in Appendix B, while for an unbroken str ing of identical 

conventional items of rolling stock the skin resistance coefficient used 

is a compromise between those derived from the Davis and modified Davis 

formulas, as explained earlier. While it is believed that the procedure 

for calculating the resistance is realistic, the magnitude of changes 

induced in the resistance of the train by having a different consist 

can be no more reliable than the data tabulated for the vehicles, which, 

as noted earlier, is believed to be as accurate as can presently be 

determined. However, basic information on ordinary rolling stock, 

not to mention more unusual items of equipment, is notoriously lacking. 

7.4 Results from Program Runs 

Consider the three trains illustrated in Figures 15 and 16 which 

were previously used as examples . Although the computer program i s 

predicated upon an unverified technique for treating the open space 

problem as well as upon relatively sketchy data of dubious accuracy, 
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the results for the three trains nevertheless confirm intuitive 

beliefs about the relative resistance of the trains, contributing to 

the measure of confidence in the program. 

Each of the three trains was approximately the same length, 

although the conventional trains had more cars. Each car of the two 

more conventional trains was loaded with 78 tons of freight; the 

small difference in total weight between the two trains was due to 

slight differences in the empty weights of the cars. In contrast, 

the less conventional train, shown originally in Figure 16 and 

reillustrated in Figure 20(a), was considerably lighter. 

Results of calculating the total resistance of the trains by 

means of the computer program are given in Table I. 

The resistance of the unit boxcar train is seen to be the lowest, 

with the mixed consist of conventional rolling stock only slightly 

higher. The small difference in resistance is attributable mainly to 

slight mismatches in cross-sectional areas and the slightly more 

adverse proximity factor for the tank cars. 

The resistance of the least favorably arranged consist of less 

conventional modern rolling stock is the greatest. While the 

mechanical resistance and velocity dependent resistance combined are 

more than a thousand pounds less than for the heavier train, the air 

drag is more than 2600 lbs, greater, contributing to the 1500 to 

2000 lb. excess over the conventional trains. 

Had the consist been more favorably arranged, the resistance of 

even the adverse mix of rolling stock of Figure 20(a) could be 

improved. Deliverate grouping of large cars together and open spaces 

60 



I._I _ ___.I I 
00 t 00 .

" 6 '()]) • 0 0 ' 
:J ....L. 1 

t 
(}~p . QQ 

(a) 

Random Consist 

CJ'\ .... 

I. I
00 0 0 O 0" QQ ()() 

(b) 

Rearranged Consist 

FIGURE 20 
DIFFERENT ARRANGEMENTS OF CONSIST OF 

LESS CONVENTIONAL ROLLING STOCK 



·

I I I I 
{)(} o a ·u o 0 0 0 O 00 ·p {) U Cl U U 00 00 QO 

o q ·no 00 00 00 00 

(a) 

Adverse Grouping 

00 () {) () {) 00 00 00 00 () () QQ (} () (} q 00 

(b) 

More Favorable Grouping 

FIGURE 21 
DIFFERENT ARRANGEMENTS OF CONSIST OF CONVENTIONAL ROLLING STOCK 



TABLE I 

RESULTS OF DETERMINATION OF TRAIN RESISTANCE FROM PROGRAM 

TOTAL TOTAL 
EXAMPLE FIGURE WEIGHT RESISTANCE RESISTANCE 
NUMBER NUMBER DESCRIPTION (TONS) @ 60 MPH (LBS.) LBS . /TON 

1 15(a) UNIT BOXCAR TRAIN 1454 7098 4. 9 

2 15(b) MIXED CONSIST OF 1314 7536 5. 7 
BOXCARS, HOPPER 
CARS, GONDOLA CARS, 
AND TANK CARS 

3 16,20(a) MIXED CONSIST OF 790 9040 11.4 
LESS CONVENTIONAL 
MODERN ROLLING STOCK, 
ARRANGED ADVERSELY 

4 20(b) SAME CONSIST AS 790 7024 8.9 
ABOVE, ARRANGED 
MORE FAVORABLY 



together with an attempt to match cross sectional areas in adjacent 

cars results in a 22% reduction in total drag at 60 mph (28% air 

drag reduction). See Figure 20(b). 

Even with conventional rolling stock (including flatcars), wide 

variations in train resistance are attributable solely to the 

arrangement of the consist. An extreme example is shown in Figure 21. 

The first train shown in (a) is the same consist as that shown in 

Figure 15(a) except that every other boxcar has been replaced by a 

flatcar. Although the drag of a single flatcar will be substantially 

less than that of a single boxcar, the adverse arrangement shown 

exposes every boxcar except the last one almost fully to the air 

stream and the total drag is considerably higher (69%) than that of 

the unit train of Figure 15(a) . A rearrangement of the consist so 

as to group similar cars together (Figure 21(b) lowers the total 

drag considerably so that it is only 6% higher than that of the unit 

train. The resistances for these two trains and the unit boxcar 

train of Figure 15(a) are shown in Figure 22 as a function of velocity, 

assuming a uniform cargo load of 78 tons per car. 

-.;.! 
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8.0 PRELIMINARY ESTIMATES OF FUEL AND COST SAVINGS FROM REDUCED 
TRAIN RESISTANCE 

Several areas are potential candidates for the reduction of train 

resistance. Reduction of bearing friction and use of lighter weight 

equipment will reduce the constant term and weight-dependent term of 

the resistance equation. Minimization of truck hunting and parasitic 

carbody oscillations will reduce the velocity dependent term and re­

duction of aerodynamic drag will of course reduce the velocity-squared 

term of the equation. These are the major areas in which meaningful 

reductions in train resistance can be expected. In the following dis­

cussion, the magnitude of the contribution of these several candidates 

to the reduction of train resistance on level tangent track is determined. 

Use is made of the methodology developed during this investigation. 

Because it is believed that there are still inherent inaccuracies in 

the computation from lack of reliable data, the results must be regarded 

as only preliminary. Estimates of accuracy are given where possible. 

The particular velocity of 60 mph has been used in many instances for 

a velocity at which numerical comparisons of resistance and fuel savings 

were made. The choice was arbitrary, and it was not intended to be 

representative of present operational speeds of particular railroads . 

In order to draw meaningful conclusions regarding the relative 

merits of certain modifications to equipment which might be made to 

reduce train resistance, it is necessary to compare each example on 

the same basis, i.e., with the same number of cars, the same type of 

cars, the same lading weight, and also, as has been shown, the same 

order in the consist. 

What should this train consist of? It was felt desirable, if 

not necessary, to make it as average a train as possible. From statistics 

in the Yearbook of Railroad Facts [31] an average train was compiled, 

after rounding off the figures. The average freight train has 67 cars 

(page 39), and if the average train reflects the total numbers of 

66 



boxcars, hopper cars, flat cars, gondola cars, and tank cars, an 

average train consists of 23 boxcars, 24 hopper cars, 6 flat cars, 

7 gondola cars, and 7 tank cars. Al though some of the flat cars are 

undoubtedly of the nature of the extra long TTX cars for TOFC/COFC 

service, for this example they were all taken to be more standard 

60 ft. cars. Since there are so few of them, any error incurred will 

be small. The average net ton-miles/freight train mile is given as 

1943, so that the total load for the train will be approximately this 

figure . The ratio of empties to loaded cars can be determined by using 

the figure of 61 tons per car (page 40) and the 67 cars per train to 

compute an average load figure of 4097 tons per train if every car is 

loaded. Hence, in round figures, of the 67 cars of the average train, 

35 are empties. If the empties are proportioned among the different 

varieties, after the figures are rounded, the train becomes as shown 

in Table II. 

TABLE II 

AVERAGE TRAIN CHARACTERISTICS4 

Number Number 
Loaded Cars Empty Total 

11 Boxcars 12 23 
12 Hopper Cars 12 24 

3 Flat Cars 3 6 
3 Gondola Cars 4 7 
3 Tank Cars 4 7 

32 35 67 

4Lumping refrigerator cars into the boxcar category for these purposes, 
and ignoring the small portion (~2%) of the remaining categories. 
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Train resistance apparently does not depend upon where the load 

is placed in the consist, so 32 loads of 61 tons each were dispersed 

at random through the consist. The loaded flatcars were assumed to 

look like the "Bulky Freight on Flat Car" illustrated in Figure 1; 

whether the other cars were loaded or not was assumed not to affect 

the aerodynamic drag. The order, however, might, so a random order 

was used. A 67-card deck of cards with one card for each car was 

assembled and shuffled thoroughly, and the order of the cards taken as 

the order of the consist. Although a different order could have been 

chosen by this same method, the chances are that the order is repre­

sentative, and for a train composed of this selection of standard 

rolling stock, a random rearrangement of the consist would not be 

expected to result in a significant change in train resistance. 

8.1 Improved Roller Bearing Seals 

Mechanical resistance which is not deemed to be velocity-dependent 

is generally divided into a weight-dependent term and a term repre­

senting a fixed drag per axle. (See Section 5). The weight dependent 

term can be thought of as a coefficient of rolling friction. The term 

which is not weight-dependent can be thought to represent parasitic 

torsional drag of the bearing itself; the figure of 20 lbs . per axle 

in the modified Davis formula corresponds closely with results of 

torsional tests of freight car roller bearings [32] as related to a 

34. 5" dia. wheel. 

It is possible to show that the power loss from a torsional resis­

tance of 86 in.-lbs. per bearing amounts to 10.6 HP per car at 50 mph 

if the car is equipped with the wheels above. If this torque can be 

reduced to 59 in. lb., as suggested in [32], a reduction of 31%, the 

HP per car can be reduced to 7.3 HP. In the average train, this 

amounts to 496 HP if the caboose is included. The reduced drag is 

shown in comparison with normal drag in Figure 23 for the average train. 
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How can this be translated into fuel savings? The mechanical 

drag represents a large proportion of total drag at lower velocities; 

hence reduction in mechanical drag at lower speeds will be more 

advantageous proportionately than at higher speeds. 

Since the mechanical drag is fixed in value, possibly a relation­

ship to energy per mile rather than power would be more meaningful. 

This reduction in rolling friction means for the average train a 
6reduction of 1769.6 lbs. drag , or 9.34 • 10 ft. lbs. per train mile. 

6Such a reduction would represent for the 424 10 freight train 
15miles per year a saving of 3.96, 10 ft. lbs. per year to the rail-

roads in this country. At a penalty to the locomotive of .0644 
6gallons per delivered HP-hr., this represents 28.8 , 10 gallons of 

fuel per year or at the 1976 average price for diesel fuel of 31.64 

¢/gallon [31], a value of $40.7 million per year. This also is 

equivalent to approximately 3.2% of gross fuel consumption and cost. 

These figures are based upon comparison with the least favorable 

competition to the improved seal; on the average, only a reduction of ,,, 
18% is claimed. This reduces the savings proportionately, so that 

only $23.7 million are saved. Nevertheless this is a substantial 

amount, 

How many bearings are there in use? If only half the approximately 

1 . 7 million four-axle cars are presently equipped with roller bearings, 

there are 27.2 million seals . The cost of the seal and the labor for 

replacement must be suitably weighed against the savings, using the 

methodology presented in Section 9. 
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8.2 Light Weight Eguipment 

8.2.1 Aluminum Hopper Cars 

The conventional 3400 cu. ft. steel hopper car used as an example 

in this report weighs 59600 lbs . [33]. With the 263,000 lb. gross wt. 

limitation, this car can carry 203400 lbs. of coal or similar 

commodity. The aluminum hopper car designed to replace it weighs 

only 47,000 lbs. This weight reduction could be reflected in 

reduced train resistance for the same load, or additional load for 

the same train resistance. The advantages will be examined in both 

cases, although it seems likely that the car would normally be loaded 

to the allowable capacity, !!laking the latter case the normal operating 

strategy. 

Both a fully loaded unit train and a unit train of average load 

per car are used as examples, as the proportion of total resistance 

represented by weight effects will be different. An average length 

train of 67 cars is used in each case. The total resistance of the 

steel hopper car train at 60 mph over level, tangent track is found 

to be 31,717 lbs. and of the aluminum train 31,211 lbs., a reduction 

of only 1.6%. For the train ,nth an average number of empties (35), 

and with the loaded cars only loaded to the average load (61.0 tons), 

the respective figures are 25,883 lbs. and 25,377 lbs., a reduction of 

2.0%. 

Both of these figures represent a diminution of drag force for 

the train of 506 lbs . at 60 mph. This reduction is dependent upon 

speed, and the reduction at 20 mph is found to be only 338 lbs. But 

the average freight train speed, taking the 39,124 net ton-miles per 

freight-train-hour divided by 1943 net ton-miles per freight-train-mile 

from [31], is almost that figure (20.1 mph). If this figure is used, 

by the same reasoning as in the previous section, this represents a 
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saving of $3.9 million per year to the railroads in fuel costs, taking 

into consideration that only 35% of the railroads' rolling stock is 

hopper cars. 

A more attractive scenario is that fewer cars be used in hauling 

the same net load. Aluminum cars can haul 6.3 more tons per trip, 

and approximately 94 aluminum hopper cars can replace 100 steel cars . 

Since fewer cars are used and fuel costs per mile are lower, total 

operational costs for high mileage unit train service can be reduced 

as much as $97 per car annually from fuel savings alone. 

Such savings alone are not sufficient to justify the additional 

capital investment for aluminum cars, which was estimated in 1975 to 

be between $9,000 and $16,000, or 32% and 57% respectively, over the 

cost of ordinary steel hopper cars. However, fuel savings are not the 

only savings which would result from the use of aluminum cars. Diminished 

gross ton mileage reduces maintenance of way expenses, and aluminum 

cars require less maintenance and have a higher salvage value. How-

ever, the weight advantage analyzed above has at least been partially 

diminished by the appearance of lighter weight steel hopper cars. Both 

of these above factors have contributed to the fact that aluminum 

hopper cars have not been manufactured for some time in this country. 

It is conceivable that in unit train operation in mountainous 

areas greater savings could be effected, when the energy used going up 

a grade is not recovered. The amount recovered would depend upon the 

route traversed, the velocity profile, the grades, etc., in short 

the operational strategy. Analysis of such real train operations 

will be the subject of further research. For the present, the decision 

to curtail manufacture of aluminum hopper cars is some indication of 

the meagerness of the savings which can be effected through reduction 

of carbody weight for ordinary mileage cars operated over level track. 
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8.2.2 Lightweight Flatcars 

The cars selected are specifically related to TOFC/COFC operation. Since 

little information is available concerning the makeup of TOFC/COFC trains, 

a train of average length of 67 cars was used. Three variations of consist 

were selected as representative trains to be analyzed for each type of 

intermodal operation; trailer cars were not mixed with container cars. 

The consists used are described below: 

a. a unit train, with 67 cars, each with twin trailers 
or containers fully loaded (61 tons net); 

b. a similar train, with 67 cars, each with two 
trailers or containers, but only 32 cars carrying 
loads (61 tons net); 

c. a mixed consist of 33 twin trailer or container 
cars and 34 single trailer or container cars, with 
each trailer or container fully loaded (30.5 tons each). 

The net load figures are for the flatcar and include the container or 

trailer weights. The order in the mixed consist was selected by means 

of a shuffled card deck. 

The results for the TOFC and COFC consists respectively are shown 

in Figures 24 and 25. The curves for the TOFC operation show a reduction 

of 768 lbs. in drawbar pull at 60 mph regardless of consist. As 

expected, the mixed consist with empty spaces between trailers shows a 

significantly higher resistance. Of the two consists completely filled 

with trailers, the lighter train has the least resistance. The curves 

for the COFC operation are similar and show an overall reduction of 

1214 lb in drawbar pull at 60 mph regardless of consist, and the rela­

tionship among the curves is the same as with the TOFC curves. The 

scale of the curves in general is lower for the COFC operation, as 

wind tunnel tests have demonstrated the superior drag characteristics 

of COFC equipment. The reduction is larger for the COFC equipment 

because the COFC lightweight flatcar is lighter than its TOFC counterpart 

and the reduction in weight is greater. 
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From examination of the curves it appears that the reduction in 

resistance through the use of lightweight flatcars is insignificant; 

the curves appear to be almost on top of one another. The actual percentage 

reduction at 60 mph for the more lightly loaded T0FC and C0FC operations 

(curves "A") were 2.1% and 3.6% respectively. The reason the reduction is 

so small is that the reduction in the weight of the car is only a portion 

of the weight of the car; the weight of the car is only a portion of the 

gross weight of the loaded car; and the portion of the resistance 

contributed by the gross weight of the car is only a portion of the entire 

resistance, especially at the higher speeds, where air resistance assumes 

so much more importance. 

It should be emphasized that the results are predicated upon operation 

over level tangent track and that results for an operation in mountainous 

regions might be significantly different. Moreover, the percentage 

reduction at lower speeds is higher, as the mechanical resistance assumes 

more importance. The percentage reductions for the same T0FC and C0FC 

operations at 20 mph were 4.2%and 6. 7% respectively. 

Whether these results are actually significant depends upon how they 

translate into dollar savings. The approach used in Section 9.2 to 

evaluate the savings attributable to the use of improved bearing seals 

could be utilized if the proportion of T0FC and C0FC operation mileage 

to total railroad operation mileage were known. T0FC/C0FC carloadings 

represent approximately 7% of all carloadings (34], and if it can be assumed 

these travel the same distance as other carloadings on the average, the 

fuel consumed by the T0FC/C0FC operations will conservatively be pro­

portional to this figure as a percentage of total railroad fuel. Thus 

using an approximate figure of 826 lbs. reduction in drag over the 7% 

of total railroad mileage attributable to T0FC/C0FC operation yields an 

annual savings to the railroads of $1.9 million in fuel costs. 
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As with the bearing seals, the cost of replacement must be 

weighed against the savings, using the methodology of Section 9. 

8.3 More Favorable Consist Makeup 

The concept of a more favorable consist makeup was explored 

briefly in Section 7, where several examples were given to illustrate 

the dependence of train resistance upon the arrangement of cars in the 

consist. The relative importance of the arrangement of the consist 

will now be examined for several specific types of trains. 

8.3.1 Average Train 

The average train discussed in the beginning of Section 8 was 

used as an example. Three other orders were established through a 

random process to determine the approximate spread of values of train 

resistance which could be expected with random arrangements of the 

same consist. The four values for the resistance of this average 

train which were obtained were, for 60 mph : (1) 33306, 34252, 

34736, and 34798 lbs. The approximate spread about a mean value is 

+ 1.4%. 

How can such a train be rearranged more favorably? The simplest 

arrangement, and probably in this case the most favorable, would be 

to group all the boxcars together, followed by the hopper cars together, 

then the empty flat cars, the loaded flatcars, and finally the ' tank 

cars in front of the caboose, thus creating a minimum number of air 

gaps in the train. This resulted in the resistance dropping to 

29659 lbs., or a reduction of 13.5% from the same mean value before. 

The percentage reduction is considerably larger than the spread due to 

the random placement of cars in the consist. 

The placement of the flatcars together probably produced most of 

the reduction of resistance. As an approximate limit, the resistance 
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would approach that of a unit boxcar or hopper car train. For the 

same loading (32 loaded and 35 empties) a unit boxcar train shows a 

resistance of 27885 lbs. at the same speed, a further 6% reduction 

over the last figure. 

Is this worth considering? If one grants the present validity 

of the calculation, a 13% reduction in the resistance of the average 

train at 60 mph is certainly worth considering. Even if actual 

speeds today are less, the reduction at 30 mph is 7.5%. The total fuel 

bill of the nation's railroads, as noted before, is over $1.2 billion 

[30]. Even a 5% reduction is equal to $60 million. 

8.3.2 TOFC/COFC Operation 

Savings which can be effected in TOFC/COFC operation are completely 

dependent upon the ratio of empty flatcars and flatcars carrying only a 

single trailer or container to the number of flatcars carrying two such 

items. No savings can be effected on a unit COFC train, and the 

possible savings that might be effected through heading the trailers 

in the correct direction on the flatcar so that the overall drag is 

minimized seem negligible. However, arranging the train where gaps 

exist so that the gap placement is favorable shows considerable promise. 

It remains to be determined how often such trains are run, as opposed 

to complete unit trains. Such an extensive analysis of intermodal 

operations is beyond the scope of this report, and possibly such 

information is not available anywhere, but examination of an example 

will nevertheless be illuminating. 

The partially empty TOFC/COFC trains previously conceived for 

examination of the lightweight flatcar problem were used as examples 

for lack of more representative trains. Only a rearrangement of 

such a partially empty (gap-wise) train is meaningful, as the resistance 
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of a complete unit train cannot be diminished by rearrangement. 

First, as with the average train of the previous section, the resistances 

of several random orderings of these consists were computed in order to 

establish an approximate value for the spread due to randomness . The 

resulting resistances at 60 mph with these random orderings were, 

for the trains originally discussed in Section 8.2, as follows: 

49042, 48604, 47762 and 49280 lbs. for the TOFC train and 45345, 

44766, 44178, and 45446 for the COFC train. The approximate spread 

about a mean value is+ 1%. 

It is obvious how such a train should be arranged to minimize 

aerodynamic drag. All cars with two trailers or containers should 

be grouped together behind the locomotive, while pairs of cars with 

single trailers or containers, arranged so that the single trailers or 

containers are back to back, as illustrated in Figure 26, should 

follow. Such an arrangement for the same consist results in the 

resistance at 60 mph dropping to 43071 lbs. in the TOFC train, and 

39903 lbs. in the COFC train, a reduction of approximately 11% in each 

case. 

Unfortunately, until more detailed information is available on 

TOFC/COFC operations, it is impossible to preduct the potential full 

savings implicit in such rearrangement. If the consist is reasonably 

representative, however, the savings could be substantial. 

8.3.3 More Unusual Trains 

A train used as an example of a least favorable consist would 

be one in which TOFC/COFC cars, or the unusually large pieces of 

rolling stock such as the auto-rack car and the Hi-Cube or Stak-Pak 

car, are interspersed with conventional rolling stock. The train 

illustrated in Figure 16 was an approximation of this type, although 
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there was only one conventional piece of rolling stock among the 

eight freight cars. It was shown that the train resistance of 

this consist can be reduced 22% by rearrangement. 

This is certainly an extreme case . The number of cars other 

than what might be called conventional rolling stock is very 

small, only 32,250 out of a total of 1 , 699,027 cars [30]. How­

ever, flatcars represent a larger proportion, 141,781 cars, or 

8 . 3%. It must be presumed that this last figure includes flatcars 

used for TOFC/COFC service . Hence, a train truly representing 

a cross section of all rolling stock, including that categorized 

as "other freight cars" would not be significantly different in 

aerodynamic characteristics from the "average" train already dis­

cussed. 

Nevertheless, a train with a mixed consist of half conven­

tional rolling stock and half TOFC/COFC or unusual cars might be 

of interest as a further example. Such a train was created using 

the same proportions of conventional rolling stock as on the 

"average" train for half of the cars, and dividing the other half 

among TOFC/COFC cars, autotrack cars, and Stak-Pak or Hi-Cube 

cars. The resulting consist is shown in Table III. The cars 

were initially arranged in random order and subsequently arranged 

in three other random orders. The loaded cars were given the 

average load of 61 tons previously used. The resulting resis­

tances at 60 mph were: 45082, 44084, 45579, and 43552 lbs. 

respectively, showing a deviation of the average of the two 

highest and lowest from the mean of 1.7%. 
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TABLE III 

CHARACTERISTICS OF AN "UNUSUAL" TRAIN 

NUMBER NUMBER 
LOADED CARS EMPTY TOTAL 

6 Boxcars 6 12 
6 Hopper Cars 6 12 
1 Gondola Cars 2 3 
1 Flatcars not TOFC/COFC 2 3 
1 Tank Cars 2 3 
3 TOFC, twin 3 6 
2 TOFC, front 2 4 
2 TOFC, rear 2 4 
3 COFC, twin 3 6 
2 COFC, front 2 4 
2 COFC, rear 2 4 
1 Auto-rack car 2 3 
2 Hi-cube car 1 3 

32 35 67 

The consist was subsequently rearranged in what appeared to be a 

favorable arrangement, with the cars grouped as follows : first all 

the boxcars, then the hopper cars, tank cars, gondola cars, empty 

flat cars, loaded flat car, single container COFC in pairs with con­

tainers back to back, single trailer TOFC grouped similarly, double 

container COFC, double trailer TOFC, auto rack cars, and Hi-Cube 

cars, with of course the locomotives in the front and the caboose 

in the rear. The resistance was lowered by such rearrangement to 

36,244 lbs., a reducti~n of 19% from the mean. However, as this 

consist is by no means representative and was only conceived as an 

illustrative example, such reductions should not be expected from 

rearrangement of an ordinary train or on an overall basis throughout 

the railroad industry. 

8 . 3 . 4 Summary of Consist Makeup Results 

It has been seen from the trains used as examples in this section 

that the variation of train resistance due to random ordering is on the 
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order of+ 2%. It has also been seen that reductions of train 

resistance attributable to rearrangement of the consist ranged 

from 11% to 19% . Because of the unproven methodology and the 

poor data base from which the figures were derived, there is con­

siderable uncertainty at this time in these figures. Nevertheless, 

there appear to be good possibilities for considerable reduction 

in fuel consumption through consist rearrangement. It should be 

noted, however that arranging the train optimally from the stand­

point of air resistance may not be completely beneficial, as the 

arrangement may not be the most favorable from other standpoints, 

such as train action, for example. An analysis of such tradeoffs 

is beyond the scope of this paper, but ultimately consideration 

must be given to them. Whether this rearrangement can be cost­

beneficial from the standpoint of possible fuel savings alone is 

a subject for Section 9. 

8 . 4 Improvement of Track Rigidity 

The previous sections have demonstrated the dominance of air 

resistance of the consist at higher speeds. Still, an absolute 

reduction of train resistance of any nature is desirable. The 

possibility that the track itself may contribute substantially to 

the resistance to forward motion has been raised earlier by Scales 

[21], as mentioned in Section 6.2. He emphasized that differences 

in track construction in various countries were responsible for 

apparently large differences in train resistance. 

There is reasonably compelling evidence that this is true, as 

shown in Figure 8 earlier. However, two questions are raised with 

regard to the subject and its applicability here. How mu~h can the 

resistance be diminished if the track and substructure are rigidized, 

and how much track in this country is already at such a high level of 

rigidity that the likelihood of a financial benefit through improving 

the track would be minimal? The first question will be addressed first . 
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If the formula by which train resistance is calculated is at all 

meaningful, there is an absolute limit to what can be achieved, The 

correspondence between the figure of 20 lbs. per axle in the modified 

Davis formula and the bearing seal friction was noted in Section 8, As 

the distinction between those effects not speed-related and those which 

are is s~mewhat blurred [3], it is difficult to say what portion of the 

remaining constant term and the velocity-dependent term in the equation 

is attributable solely to track conditions. However, Keller,, in the same 

article [3], points out that a 1937 AREA study showed that the theoretical 

resistance contributed by the deflection of the rail and track substructure 

was between .44 and .84 lbs. per ton, depending upon rail weight per yard. 

It is not unreasonable to relate the .6 lbs. per ton figure in the modified 

Davis formula to this phenomenon. 

This figure was therefore removed from the calculation for the 

purposes of examining the effect of this phenomenon. The results of this 

operation on the average train are shown in Figure 27 over the usual 

velocity range compared with the resistance of the same train as previously 

calculated. The resistance of the train on rigid track is 2636 lbs, less 

across the entire velocity range. 

Probably some of the velocity-dependent term is a function of this 

phenomenon as well, since it can be argued that energy is dissipated in 

what is effectively the damping effect of the ground as the train causes 

the track to move up and down. At 60 mph the velocity-dependent term 

accounts for an additional 2637 lbs, resistance. Attributing only 

364 lbs, of this amount to the previous 2636 lb. figure from rail and 

subgrade rigidity means that drawbar pull can be reduced 3000 lbs. 

through stiffening of the track. This is approximately 9% of the 

resistance at 60 mph. At lower speeds, the percentage reduction is 

considerably larger: at 20 mph, the reduction is 26%. 
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These are substantial reductions. However, we must turn to the 

second question of present track rigidity. It already appears that 

American track is substantially stiffer than most, the only known 

exception being that of the Soviet Union. How can the American 

construction be made more rigid? It has been noted that tie spacing 

has a considerable effect upon track resilience. But it appears 

unlikely that as a practical matter American ties can be placed more 

closely together. Possibly laying the track on a rigid concrete beam, 

as has been done experimentally in several countries, would improve the 

rigidity, but it is beyond the scope of this report to analyze such a 

phenomenon. A final alternative is to stiffen the rail itself, thus 

spreading the load over a larger number of ties. That this alone has 

a marked effect has already been noted (see Section 6.2). But 

whether such a move would be cost beneficial must remain the subject 

of a future study. 

8.5 Improved Truck Design 

Excessive carbody motion is usually attributed to poor truck design, 

which permits a relatively large excitation force to act upon the 

carbody. This motion results in the dissipation of energy which must 

ultimately be obtained from the locomotive. In addition, if the truck 

is not assembled properly, the truck will tend to run crab-fashion and 

general flange resistance wi+l be magnified. These effects are 

discussed briefly in Keller [3] and Koffman [35]. Keller implies that 

because of the inconvenience of dealing with the phenomenon directly 

the effect of this source of resistance is spread throughout the 

several factors of the general formula. However, Koffman implies 

that it is the velocity-dependent term which accounts for this phenomenon. 

Since such energy dissipation is considered intuitively to be velocity­

dependent, it appears more likely that the latter presumption is 

correct. For the remainder of this discussion, then, it will be 

assumed that truck effects are those associated with the velocity­

dependent terms of the equations . 
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Such an assumption permits, as with the phenomenon of track 

resistance, a calculation of the absolute limitation upon the energy 

available to be saved through elimination of truck hunting and carbody 

oscillations. The velocity-dependent term is simply made equal to zero 

in calculation of the resistance. 

Again, this calculation was performed for the average train in 

several arrangements of the consists and the results compared with 

results previously obtained for the average train. The resistances at 

60 mph were found to be 48119, 50772, 50663, and 49100 lbs. from the 

four runs, for an average value of 49664 lbs. This is smaller than the 

previous average value of 51632 lbs. by 1968 lbs. or 3.8%. 

This is smaller than most of the other potential gains discussed 

previously but larger than those for lightweight cars. It must, however, 

be realized that this figure is a limit, to be achieved only if all such 

energy dissipation is eliminated . It seems more likely that improvement 

of truck design will eliminate only a small portion of this velocity­

dependent resistance, and that benefits to be obtained through such 

improved design must accrue through other less tangible benefits than 

reduction of train resistance. An obvious example is reduction of lading 

damage, but it is beyond the scope of this report to assess possible 

returns in that area. Unless a larger portion of the general train 

resistance can be attributed to other than the velocity-dependent term 

there appear to be few benefits regarding fuel consumption to be 

derived from pursuing improved truck design. However, because this 

possibility is real, the potential gains should not be dismissed 

without further investigation. 
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8.6 Other Modifications 
There are not many other areas where train resistance can be 

improved, if the formulas have meaning. The effect upon train 

resistance of diminishing each of the several terms in the resistance 

equation has already been explored. Other effects appear to be of a 

secondary nature and have not been found to warrant a separate term in 

the equation. However, there may be additional effects. A good example 

of this is the portion of train resistance attributable to the loss of 

kinetic energy in jumping the gaps in the rail at the joints. This 

can be shown to be dependent upon the square of the velocity [34] and 

its effect has no doubt been attributed to air drag since the conception 

of the resistance equations . However, Koffman points out that at 60 mph 

the resistance may be as much as 2.7 lbs. per ton for a 1/4" gap. For 

the average train previously used as an example, with a gross train 

weight of 4395 tons, this indicates that the drag attributable to this 

phenomenon may be on the order of 11000 lbs. over jointed rail. Another 

probably more accurate formula taking into consideration the length of 

rail sections, and consequently the frequency of impact over the joints, 

gives a resistance of only 1.4 lbs./ton, or almost 6200 lbs . , still a 

substantial portion (20%) of the total drag. If only half of this could 

be recovered through the use of welded rail, the savings in fuel con­

sumption would be comparable to any of the methods of approach 

considered earlier. Certainly it lends itself to retrofitting more 

readily than other approaches, as rail must be replaced periodically 

anyway. 
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9.0 BENEFIT COST METHODOLOGY 

The approaches to r educing train resi stance outlined in the 

preceding sections could lead to fuel savings , but before they are 

adopted, they must prove to be profitable for the railroads . This 

section presents a methodology for evaluating the profitability of 

the various approaches to train resistance reduc tion. The methodology 

will point out the principal savings and costs, ways of calculating 

them, and how to compare them t o determine the attractiveness of 

each approach. 

9.1 Improved Roller Bearing Seals 

Reduced resistance from improved roller bearing seals reduces 

the energy required to pull the car. This saving can be in fuel 

saved, less power required per train , or higher speeds achieved 

with the same power and fuel use . Depending on its own operating 

needs, a railroad may find different combinations of these benefits 

appropriate to different trains; for example , less power on coal 

drags, more speed on TOFC trains. Fuel savings will be the most 

important savings, at least at first, since only a small portion 

of cars will be equipped with the improved bearings. The small 

reduction in horsepower required per train or small increase in 

speed achievable will be lost in the "noise" level for trains 

with only 2 or 3 cars equipped with improved bearings. Fuel savings 

are estimated at .0045 gallons/mile/car . Therefore , to estimate 

the savings from equipping a car with improved bearings , the 

number of miles traveled per year would be multiplied by . 0045 gallons 

times the price of diesel fuel to get savings per year. These 

savings would be weighed against the cost of the bearings , differences 

in labor to install, differences in routine maintenance costs, and 

differences in bearing life. If it is assumed that bearing life, 

maintenance costs , and installation costs are the same for both 

types of bearings and any savings from reduced wear on draft gear or 
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other impacts from the bearings are disregarded, the benefits and 

costs can be computed by determining the value of fuel saved, as 

illustrated in this example: 

Savings: 

Yearly Mileage (assume 20,000) 20,000 

.0045 gallons X .0045 

Gallons saved per year 90 

Price of Diesel Fuel ($.32 per gallon) X .32 

Yearly savings 28.80 

Costs: 

The costs of using the improved bearings depend on how a 

railroad would introduce the bearings . There are three alternatives: 

(1) order new cars with the improved bearings, (2) replace unservice­

able bearings with the improved bearings and (3) retrofit cars with 

currently serviceable bearings with the improved bearings. 

Ordering cars with improved bearings would mean the costs 

would be the extra cost of the bearings alone, but the extra cost 

would have to be depreciated along with the rest of the car. The 

cost of replacing unserviceable bearings with the improved bearing 

would also be only the extra cost of the improved bearing, but the 

cost would be treated as an expense for tax purposes. Finally, 

retrofitting existing cars would include the extra cost of the new 

bearing and the remaining life of the old bearing, as well as the 

labor to install the bearing. 

Case 1 Extra cost of bearing Seal: BC 

Life of bearing seal= n years 

Depreciation (subtract from savings for each year) 
gives yearly savings= Y

1 
, Y2 etc. for year 1, year 2, 

etc. 
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Internal Rate of Return is r (before tax, assume 1/2 for after 

tax) 

y 
nBC= + + + . . . + 

1 + r 

Case 2 Extra Cost of bearing seal - tax rate (assume 1/2) = BC 

Life of beari_ng seal = n years 

Yearly savings= Y1 , Y2, etc. for years 1, 2 etc. 

Internal Rate of Return is r (before tax, assume 1/2 for after 

tax) 

y 

BC= + + + ... + n 

1 + r 

Case 3 Extra Cost of bearing seal - tax rate (assume 1/2) = BC 

Present values of unused bearing life= PV 

Installation labor = L 

Life of bearing seal= n years 

Yearly savings= Y1 , Y2 etc. for years 1, 2 etc. 

Internal Rate of Return is r (before tax, assume 1/2 for after tax) 

y 
+ ... + __n__BC+ PV + L = + + 

1 + r (1 + r)n 

9.2 Lightweight Equipment 

9.2.1 Lightweight Hoppers 

Cost advantages inuring through the use of lightweight cars may 

be evaluated in two ways. The equipment may be used to reduce train 

resistance for the same net load. Determination of costs and benefits 

can be made in the same manner as for improved bearing seals. Use of 

the figures from Section 8.2.1 yields savings of only $6.54 per car 

per year. In high mileage unit train service, the savings would be 
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proportionally higher, buts.till not ennugh to justify the additional 

$16,000 investment. 

A fairer comparison is based upon acquiring, operating, and main­

taining a fleet of, say, 100 steel cars, or only 94 aluminum cars, to 

transport a given load a given distance in unit--train services. Not 

only are the fuel expenditures lower for each aluminum car, fewer cars 

are purchased and maintained. Moreover, annual gross-ton-mileage is 

less, reducing maintenance of way expenditures. Analyses performed by 

aluminum companies indicate that when these factors and others such 

as the scrap value of cars, locomotive assignment policy, and car 

maintenance costs are taken into consideration along with the fuel 

savings, the overall economic picture for such cars in high mileage 

unit train service can be favorable. 

9.2.2 Lightweight flatcars 

Lightweight flatcars for TOFC/COFC services might be adopted 

partially because of fuel savings. Using the f_igures in Section 8, 

a TOFC train of lightweight cars shows a reduction of 768 lbs . in 

drawbar pull at 60 mph. This is equivalent to .0027 gallons of fuel 

per car-mile. A lightweight flatcar operated 20,000 miles a year at 

60 mph would use 54 gallons of fuel less than its heavier counterpart. 

Using $.32 a gallon as the price of fuel, the savings in a year 

would amount ot $17.28. A COFC train, due to lighter weight, would 

have 1214 lbs. less drawbar pull at 60 mph than its conventional 

equivalents. This amounts to .0043 gallons per car-mile or 86 gallons 

a year for 20,000 miles of operation. At the current price of diesel 

fuel, annual savings would be $27.52. If the flatcars covered larger 

distances in a year, the savings would be proportionately greater. 

These savings alone may not justify lighter cars, but if the other 

advantages of lighter cars, such as reduced wear on track structure, 

draft gear and other elements affected by weight are great enough, 

then the savings might be worthwhile. 
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9.3 More Favorable Consist Makeup 

The arrangement of cars in a consist appears to have a signifi­

cant effect on air drag and therefore fuel consumption. Arranging 

the cars of the "average" train of Section 8 optimally led to a 

4614 lbs. reduction in train resistance, the difference between the 

mean of the resistance of the four random consists and the optimum 

consist described in the same section. This can be translated into 

saving 1 .1 gallons of fuel per train mile for the 67 car average 

train. With diesel fuel at $.32 a gallon, a 1000 mile trip with an 

optimally arranged consist could save $352 over random consists. 

The cost of arranging the consist optimally involves no capital 

expenditure, only the extra switching expense in making up and breaking 

up the train. Since the savings are greater the faster and longer 

the train travels, rearranging consists is most worthwhile on long, 

uninterrupted hauls, such as Chicago to the West Coast. 

Using the savings figures above, a railroad could look at how 

many switching moves are required to rearrange the consist and with 

the cost per switching move, determine the cost of the rearranging. 

Since a railroad would not wish to go to the trouble of performing 

these calculations for every train, they might after some experimen­

tation decide to rearrange certain regular trains that consistently 

show a benefit from rearranging. If switch crews are not fully em­

ployed, they may be used for some rearranging at little extra cost. 

The decision to rearrange would have to be made on the examination 

of specific, regularly scheduled trains with knowledge of average 

resistance, optimal resistance, potential savings, and switching costs. 

The effect of rearranging on blocking and service and the possibility 

of incurring such things as unfavorable ·train action must also be 

considered. Another area of interest may be to establish rules for 

making up blocks, such as putting similar cars together when a choice 

exists. 
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9.4 Improvement of Track Rigidity 

Greater track rigidity could lead to savings from decreased fuel 

use. It is very difficult to estimate savings from incremental 

increases in track rigidity. However, using the figures of Section 8 

as a limit, an infinitely rigid track would save . 64 gallons per train 

per mile, or $.20 at $.32 per gallon for diesel fuel. If a mile of 

infinitely rigid track carries 5000 average trains a cyear (4000 tons 

a train)s 20 million gross tons a mile, the savings would be $1,022 

per mile of track. While the cost to make track in effect infinitely 

rigid would be prohibitive, an improvement in rigidity might lead to 

a significant gain in fuel saved. In addition, more rigid track has 

additional benefits in terms of decreased lading damage and reduced 

wear on rolling stock and track str ucture. Further research is 

needed in order to determine the costs and savings from various 

methods of increasing track stiffness. 

9.5 Improved Truck Design 

The drag attributable to trucks was determined to be 1968 lbs. 

for an average train. If "perfect" trucks were used and this drag 

was eliminated, fuel consumption per car mile would decrease by .007 

gallons. If a car travels 20,000 miles a year, the savings would be 

140 gallons of fuel a year, or $44 . 80 if diesel fuel cost $. 32 per 

gallon. For unit trains traveling 100,000 miles a year the savings 

would be $224.00 a year. These figures are limits, the maximum 

savings possible if truck drag could be eliminated. However, the 

figures do show that truck drag is a factor to be considered, and 

better design might reduce fuel costs, as well as other costs 

associated with trucks. 
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10.0 FRUITFUL AREAS FOR NEW RESEARCH 

Several possibilities for reducing train resistance and consequently 

improving fuel economy have been examined in the previous section in the 

light of existing knowledge about the subject . .Preliminary estimates of 

potential savings by i mplementation of these modifications have been 

given. Most of the areas indicated that savings of some magnitude could 

be made. Some, however, appeared to have better prospects than others. 

However, it must be noted that these estimates of potential savings 

are at this time quite preliminary . Unfortunately, the state of knowledge 

about train resistance at this time does not permit completely definitive 

answers. Some information of the most fundamental nature on air drag is 

lacking, the validity of the standard formulas used to compute 

train resistance is to a certain degree questionable, and the effect 

of many parameters is c onsidered to be lumped into the effect of others 

or is ignored altogether. In short, it is not surprising if the results 

of many investigators either fail to substantiat~ existing formulas 

or fail to correspond closely with the results of other investigators. 

Before more definitive results can be obtained, there are several 

areas which need study. These are discussed below: 

a. In order to establish a more firm theoretical basis from 
which to analyze train resistance, the origins of the 
modified Davis formula and the rationale behind its develop­
ment should be deterrn..ined. Whi1e many investigators in the 
field will contend that this formula agrees more closely 
with results of current testing and that it was conceived 
to reflect the more modern equipment in use today, the 
r.ationale behind its development must be determined so 
that its own accuracy can be improved. Although the mean 
resistance determined by use of this formula may more nearly 
reflect the true mean of resistance today, the deviation 
from the mean has probably not improved much. On what 
basis and under what conditions was the .07 coefficient 
for the v2 term obtained? Was the constant term truly 
intended to correspond with bearing seal friction? What 
kinds of trucks were the freight cars used in these tests 
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equipped with? Or were actual tests not run, and the 
formula deduced on theoretical grounds? The answers 
to questions such as these regarding the Modified Davis 
formula should be answered so that there is some sound 
theoretical backing for the basic resistance formula 
before sweeping conclusions are drawn from its use. 

b. Some up-to-date confirmation of the magnitude of bearing 
friction is needed together with its weight and velocity 
dependence. Present theory excludes bearing friction from 
velocity dependence, but there is considerable evidence 
that in fact it is dependent upon velocity [11]. Moreover, 
in view of the considerable power consumed in the friction 
offered by the seals, some confirmation of the magnitude 
to be saved through improved seals is needed to substantiate 
or reject manufacturer's claims. Because of the partial 
dependence of such mechanical drag on weight and the recent 
emphasis upon weight reduction as a means of saving energy 
the weight dependence of bearing friction also assumes 
importance. 

c. Fundamental data on the air drag of ordinary rolling stock 
is needed. If the methodology developed in this report for 
calculating the air drag of mixed consists is meaningful, 
arrangement of the consist can contribute heavily to the 
overall drag. Unfortunately, accurate assessment of the 
extent of this effect is difficult at this time because 
fundamental data are lacking. What is lacking is two-fold: 
(1) fundamental drag data on a single car, separated if 
possible into skin friction effects and pressure effects, 
and (2) drag data on the effect of one car upon another. 
Such data should be used to supply the methodology de-
veloped in the report with the required constants to permit 
air drag calculation of mixed consists. The FRA is presently 
undertaking an extensive program of wind tunnel tests on 
conventional rolling stock and full-scale tests on TOFC/COFC 
equipment to verify previous wind tunnel data. The results 
from these tests should provide much needed information in 
this area. 

d. The methodology developed in this report for calculating 
the air drag of mixed consists should be pursued and 
confirmed as a meaningful and valid method for solving 
this problem, or a methodology similar in results produced 
should be developed independently and subsequently confirmed . 
The apparently large dependence of the resistance of the 
consist upon its arrangement makes the calculation of 
resistance of different arrangements important, and it is 
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desirable if not imperative to have a convenient and proven 
method for doing so. The results of t he above-mentioned wind 
tunnel testing program sponsored by FRA, if suitably valida­
ted, should provide information sufficient to confirm the 
validity of the methodology. 

e. Confirmation of the theoretical prediction of substantial 
reductions in train resistance on welded rail from values 
over jointed rail should be made. This phenomenon has 
received too little attention and yet has apparently sig­
nificant effects. In addition, its effect must be separated 
from the other drag also dependent upon v2, the air drag, 
lest mistaken conclusions be drawn about either. The addi­
tional reduction in train resistance attributable to stiffer 
rail and track substructure should also be pursued in con­
junction with this investigation. 

f . Effects of truck design upon train resistance are generally 
included in the velocity-dependent term of the various 
formulas . There is a considerable discrepancy between 
the standard Davis formula and the modified Davis formula 
in the relative magnitude of this term. Therefore, an 
investigation should be made of the effect of truck design 
and particularly the truck hunting phenomenon upon train 
resistance. The investigation should entail both field 
testing and theoretical examination. The FRA is presently 
attempting to make an initial investigation of these 
phenomena as part of Phase II of the Truck Design Optimiza­
tion Project (TOOP). 

g. Additional information beyond what appears to be available 
presently regarding TOFC/COFC operation needs to be assembled 
in order to be able to draw meaningful conclusions regarding 
possible changes in its operations. The most significant 
modification which can be made is deliberate arrangment of 
the consists when a signficant number of flatcars are loaded 
with only one trailer. The ratio of the mileage travelled 
by such cars to that of doubly-loaded cars needs to be 
determined. 

h. A representative route needs to be established, over which 
simulations of train runs could be made, in order to draw 
more meaningful conclusions regarding railroad operations, 
rather than drawing conclusions based on operation over 
level tangent track. Train performance simulators are 
designed for this purpose, and generally they are run over 
specific sections of track. What is needed is a statistically 
representative track, simulation of a train run over which 
will give a true representation of all operations for a given 
railroad. 
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APPENDIX A 

METHODOLOGY OF TRAIN RESISTANCE 
CALCULATION AND RELATED COMPUTER PROGRAM 

1.0 GENERAL CONSIDERATIONS BEHIND METHODOLOGY 

Because the methodology behind the train resistance calculations 

used in this report was specially developed to fill an apparent gap 

in technique of determining train resistance, some detailed explanation 

is required. While certain theoretical aspects of the train resistance 

problem have previously been explained in the main body of this report, 

this appendix is devoted more to the considerations behind the development 

of this particular methodology. 

First, recognition had to be given to the fact that each piece of 

rolling stock is relatively unique and will contribute to train 

resistance in a unique fashion. This is contrary to previous pre­

suppositions underlying the Davis and modified Davis formulas, which 

treat each car in the same fashion and calculate the train resistance 

on a lb. per ton basis. Such an approach was probably desirable in 

former times when calculation of train resistance on any other basis 

would have been a tedious time-consuming task. The advent of computer 

technology makes possible radical changes in techniques used to solve 

this problem. The tedious calculations become trivial, and large amounts 

of data can be permanently stored and instantly accessed for use in the 

computation. 

Once this recognition has been granted, the second need is for a 

data bank of information pertinent to such train resistance calculations. 

For the purposes of the calculations in this report, what were felt to 

be representative pieces of rolling stock were selected and various 

parameters used in the calculations recorded. The pieces of rolling 

stock selected are illustrated in Figures A-1 through A-7. The selection 
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comprises ordinary rolling stock and more unique items; however, it 

does not at this stage purport to be complete, nor completely accurate 

The dimensions shown on the figures have been deliberately rounded off 

in order to illustrate the methodology more clearly, and in any case 

are only approximate, as the required information occasionally had to 

be scaled from a photograph. Significant dimensions were taken from 

the values shown on the figures and together with other pertinent 

information for use in the calculation were compiled into a table 

showing ten parameter values for each type of eighteen different pieces 

of rolling stock. These values, together with the symbol identifying 

the type of rolling stock, are shown in Table A-1; an explanation of 

the symbols, a description of the item, and the source for the data are 

shown in Table A-2. Most of the drag areas were taken from Hammitt [11] 

and appropriately adjusted, as noted in the following section, for use 

in this program. The information shown in the table forms a permanent 

portion of the computer program used to perform the calculation, 

However, as more information becomes available, the table can of course 

be expanded or modified. 

The rationale behind the new methodology requires that the drag 

on each car be calculated separately. The availability of computer 

technology to make this calculation contributes a flexibility of approach 

which fortunately permits the separate calculations to be performed 

easily; probably the lack of this capability in the past inhibited 

investigators from considering such an approach. Nevertheless, the 

modified Davis formula has been used herein for the basic calculation 

of resistance. The modified Davis formula was selected because it 

reflects the resistance @f more modern equipment than that used as 

the basis for the standard Davis formula . 
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TABLE A-1 

DATA FOR ROLLING STOCK 

TYPE SYMBOL 

AREA*, 
FRONT, 
FT2 

AREA*, 
REAR, 
FT2 

a, 
FT 

CnA 
REAR, 
FT2 

s 
FT 

R. 
FT 

EMPTY 
WEIGHT 
LBS 

1 LOCO 120 120 3 2 50.4 50.4 .0085 34 62 250,000 

2 BXC 110 110 2 2 46.1 46.1 .0085 32 50 60,700 

3 HC 90 90 1.5 1.5 37.8 37.8 .0085 28 45 59,600 

4 

5 

GG 

FLTC 

45 

10 

45 

10 

2 

2 

2 

2 

18.9 

4.2 

18.9 

4.2 

.0085 

.0085 

19 

12 

54 

60 
68,900 

79,500 

.... .... 
N 

6 

7 

8 

9 

10 

11 

12 

TFCF 

TFCR 

TFCT 

CFCF 

CFCR 

CFCT 

ewe 

122 

10 

122 

18 

10 

78 

124 

10 

122 

122 

10 

78 

78 

124 

3 

45 

3 

3 

45 

3 

11.5 

45 

3 

3 

45 

3 

3 

11.5 

23.7 

23.7 

23.7 

21.6 

21.6 

21.6 

19.8 

23.7 

23.7 

23.7 

21.6 

21.6 

21.6 

19.8 

.0085 

.0085 

.0085 

.0085 

.0085 

.0085 

.0085 

25 

25 

38 

20 

20 

28 

29 

85 

85 

85 

85 

85 

85 

60 

76,200 

76,200 

76,200 

76,200 

76,200 

76,200 
79,500 

13 

14 

15 

16 

17 
18 

ARC 

SPC 

STPK 

TNK 

CAB 
TTX 

150 

110 

135 

74 

110 
10 

150 

110 

135 

74 

130 
10 

2 

20 

3 

3 

5 
2 

2 

20 

3 

3 

5 
2 

86.0 

46.1 

56.6 

31.0 

46.2 
4.2 

86.0 

46.1 

56.6 

31.0 

54.4 
4.2 

.018 

.0085 

.0085 

.0085 

.0085 

.0085 

40 

22 

37 

30 

32 
12 

85 

60 

88 

60 

40 
85 

76,200 

79,500 

119,200 

77,600 

56,600 
76.200 

*Front area as measured "a" feet back from front coupler, rear area as measured "b" feet 
forward of rear coupler. 



TABLE A-2 

EXPLANATION OF SYMBOLS 

DESCRIPTION 

D-E LOCOIDTIVE 
BOXCAR 
OPEN HOPPER CAR 
GONDOLA CAR 
FLAT CAR 
TOFC, SINGLE TRAILER, FRONT 
TOFC, SINGLE TRAILER, REAR 
TOFC, TWIN TRAILERS 
COFC, SINGLE CONTAINER, FRONT 
COFC, SINGLE CONTAINER, REAR 
COFC, TWIN CONTAINERS 
CONTAINER WELL CAR 
AUTO RACK CAR 
FLAT CAR WITH SPECIAL FREIGHT 
STACK-PAK CAR OR HI-CUBE CAR 
TANK CAR 
CABOOSE 
FLAT CAR FOR INTERMODAL SERVICE 

FIGURE 

Al 
Al 
Al 
A2 
A3 
A4 
A4 
AS 
A6 
A6 
AS 
A3 
A7 
A3 
A7 
A2 
A2 

NOT ILLUSTRATED 

Page 854 
Page 101 
Page 183 
Page 160 
Page 275 
Composite 
Composite 
Composite 
Composite 
Composite 
Composite 
Page 402 
Page 3033 
Page 275 
Page 115 
Page 249 
Page 206 
Page 306 

I-' 
I-' 
L,) 

r 

TYPE SYMBOL 

1 LOCO 
2 BXC 
3 HC 
4 GC 
5 FLTC 
6 TFCF 
7 TFCR 
8 TFCT 
9 CFCF 

10 CFCR 
11 CFCT 
12 ewe 
13 ARC 
14 SPC 
15 STPK 
16 TNK 
17 CAB 
18 TTX 

1
Page numbers refer to page in Car and Locomotive Cyclopedia, 1970 Ed., 
Ref. (33] unless otherwise noted. 

2
Ref. (11] . 

3Illustrated in [33], page noted. Basic data from [26]. 



The methodology also requires that train resistance be determined 

on an absolute basis (lbs. drawbar pull) for a given consist, rather 

than on a lbs. per ton basis. This is l •ecause it is inherent in the 

methodology that the resistance of the consist is dependent upon the 

arrangement of the cars in the consist, and hence the same train may 

have different resistances, depending upon the arrangement, although 

the weight of the consist remains unchanged. 

This dependence upon arrangements is solely related to air drag; 

although it is conceivable that train resistance might be dependent 

upon placement of the loads in the consist, there are no known indi­

cations that that might be the case, and no consideration is given 

to such a concept in the calculation. Consequently, the calculation 

uses the first two terms of the modified Davis formula in a standard 

fashion, and it is only in the calculation of air drag that the cal­

culation differs from a standard application of the resistance formula. 

The rationale behind the calculation is that the air drag of a 

given car cannot be determined a priori, but rather it depends com­

pletely upon its placement in the consist; whether it is shielded 

or not from the undisturbed air stream, and to what extent, at both 

front and rear, determines the resulting drag. Such a rationale 

requires that in calculating the drag of a given car consideration 

be given to the preceding car and the following car. This idea is 

discussed at length in the following paragraphs. 
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2. 0 RATIONALE BEHIND AIR DRAG CALCULATIONS 

It has been hypothesized in the main text of this report, based 

upon the findings of many investigators, that air drag of a railroad 

car may be realistically broken into front and rear pressure effects 

and the skin friction. This writer has chosen to add another category 

to account for the drag of the trucks and friction on the underneath 

side of the vehicle. Thus in the calculation of air drag in this 

report, four separate calculations are made for each car and the results 

are added to find the air drag for that car. The air drag for the 

entire train is obtained by summing the air drags of the individual 

cars. 

Following Hammitt' s very plausible rationale [11], drag areas { CDA) 

are used consistently throughout rather than simple drag coefficients, 

as they seem more appropriate to a freight car whose cross-sectional 

area is not always neatly defined. Wind tunnel or other experimental 

data have been used wherever available to generate the figures entered 

into the table of data (Table A-1),which forms a p~rmanent portion of 

the computer program which calculates train resistance. But because 

such experimental air drag data encompass all four of the above effects, 

in using such data witM.n the framework of the methodology above one 

must adjust the data appropriately. First, it is necessary to 

subtract out an appropriate amount to allow for skin friction and 

undercarriage drag, which are separately calculated. Second, the 

remainder must be appropriately divided between front and rear effects. 

Both of these have been done before entering drag areas into the table. 

A discussion of the calculation of skin friction and undercarriage 

drag will be given later in this section. With regard to the division 

of the remainder of the drag area into front and rear effects, there is 

some justification for assuming that the rear pressure effect is larger 

than the front one [27], but since the evidence stemmed from experiments 
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on streamlined passenger trains it may not be applicable here. Hence 

in the calculations in this report, the portion of total drag 

attributable to front and rear pressure effects has been divided 

equally between front and rear as a first approximation. This means 

that the drag areas (CDA) listed in the table of data (Table A-1) 

which forms a portion of the computer program are one-half the measured 

drag areas for the particular cars when they were fully exposed to the 

air stream, after an appropriate amount has been subtracted out to 

account for skin friction and undercarriage drag, as noted before. 

The foregoing rationale and the hypothesis that the front and rear 

pressure effects on a given car depend upon both the proximity of the 

two significant. end areas of the cars and their respective sizes form 

the basis for the development of the air drag calculation. The end 

areas of the cars which are held to be significant aerodynamically in 

these calculations and which will be referred to hereafter simply as 

the "end areas" will be defined as the dominant cross-sectional area 

of the car. In the case of an ordinary boxcar, this area is located 

in both the front and rear of the car only a few feet from the coupling 

point; in the case of a more singular car, such as a TOFC car 

assymmetrically loaded with a single trailer, the dominant area at one 

end of the car will be some thirty to forty feet distant from the 

coupling point . These distances from the coupling point are entered 

into the same table of data (Table A-1) for each type of car. What 

will be called the "coupling factor" is a function of these distances 

and is a measure of the effect of the physical gap between these 

areas upon the aerodynamics of the train. 

The other effect which must be considered is the effect of differences 

in cross-sectional areas between adjacent cars. If the aft end of the 

leading car is larger than the fore end of the trailing car, the front 

... 
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end of the trailing car will be completely shielded from the free air 

stream; however, the aft end of the leading car will be only partially 

shielded from the air stream by the smaller front end of the trailing 

car. To give consideration to such a case and to other cases, some 

of which were discussed in Section 7, what will be called the "area 

factor" will be a function of the significant end areas of the cars 

and is a measure of the extent of the shielding effect of one car upon 

another. 

The air drag of the car caused by front or rear pressure effects 

will then be the classical 1/2 pV
2

CDA modified by an appropriate 

combination of the two factors. The method of calculation of the 

respective factors, the rationale behind the "appropriate" combination, 

and the calculation of skin friction and undercarriage drag, as reflected 

in the computer program, are given below 

2.1 Coupling Factor 

Dimensions "a" and "b" are recorded for each type of car (see Table 

A-1). These are the dimensions from the coupling point to the front 

end area and the rear end area, respectively, as shown in Figure A-8(a) 

and A-8(b) for a symmetrical car and a hypothetical assymmetrical car. 

It is clear that the effective gap between vehicles is the sum of the 

dimension "a" from the trailing vehicle and the dimension "b" from the 

leading vehicle, as shown in Figure A-8(c). This gap will be used in the 

determination of the rear pressure effect on the leading car and the 

front pressure effect on the trailing car. 

The coupling .factor was set up to have a range of values between 

zero and one, reflecting its modification of the classical air drag. 

If the factor is zero, the cars are effectively so close that the 

pressure effects upon their respective areas are zero and the classical 

air drag should be multiplied by zero; if the factor is one, the cars 
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DERIVATION OF EFFECTIVE GAP SIZE 
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are effectively so far apart that the classical air drag should be 

multiplied by unity. Other cases lie in between. It was arbitrarily 

decided that a gap of thirty feet or larger should be equivalent to an 

infinite gap aerodynamically, and an exponential curve was designed to 

make the transition to the thirty foot gap. The logic of the computer 

program is set up so that the coupling factor as a function of gap is 

as shown in Figure A-9. Note that for cars that are coupled reasonably 

closely, the pressure effect is small (CF= 0) but rises smoothly but 

rapidly to the full effect (CF= 1.0) as the gap approaches thirty feet . 

The particular cu~ve is completely arbitrary but is believed to be 

realistic. The need exists to establish the validity of such a cu~e 

in wind tunnel tests if such a methodology is to be utilized . 

2.2 Area Factor 
f 

The area factors are essentially the difference between the two 

end areas of adjacent cars normalized to the end area of the car in 

question; the program logic is set up so that it too ranges in value 

from zero to one; again, if the factor is zero, shielding is complete, 

the~e is no pressure effect, and the classical drag is multiplied by 

zero; similarly, if the factor is one, there is no shielding, and the 

classical drag is multiplied by unity, taking its full effect into 

consideration. 

2.3 Combination of Factors 

These factors cannot mer ely both multiply the classical drag values 

simultaneously, even through the effects must be considered simultaneously . 

It is necessary that if one effect is large enough, it mitigates the other 

effect and is itself dominant . For instance, it will be considered that 

if the areas are far enough apart, i,e., if the coupling factor equals 

one, their size does not matter and the effect of the area difference 

is eliminated . Si milarly, if the areas are different enough, so that 

the area factor is one, the proximity does not matter and the effect 
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of the gap is eliminated. The coupling factor and the area factor 

have been combined in such a fashion algebraically in the program (see 

lines 1660 and 1670) to yield FF for the front of the vehicle in question 

and FA for the rear of the vehicle. The equations are, in algebraic 

rather than FORTRAN notation: 

Ff = 1 - (1 - CF) (1f - AF)f 

F a = 1 - (1 - CF) (1a - AF)a 

where CF and AF refer to coupling factor and area factor respectively, 

and the subscripts f and a refer to fore and aft . The logic of this 

combination can be shown to mean that (a) only if both factors are zero 

will F be zero; (b) if either factor is zero, F becomes equal to the 

value of the other factor; and (c) if either factor is one, F becomes 

equal to one. Other cases lie between these values. The values of F 

for the possible combinations of factors with values of O, 1/2, and 1 

are shown in Table A-3 to illustrate this logic. This logic means that 

proximity must be perfect and areas must match equally in order that 

there be no pressure effect, that if the effect of either factor can 

be ignored only the effect of the other is considered, and finally 

that if either effect needs to be considered fully, the drag reverts to 

the classical aerodynamic drag. -

It can be seen that simple multiplication of the 

not have the same logical effect, 

two factors does I 

I 

Precedent to this straight algebraic combination, however, there 

are some practical constraints which modify this simple logic. The 

distance from the coupling point to the significant end area of any 

car is at least 1.5 ft. (hopper car), making the minimum gap between 

cars three feet. Thus there is always a slight gap effect, however 

small. However, this is not the case with regard to the area factor. 
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TABLE A-3 

COEFFICIENT COMBINATION LOGIC 

CF AF F 

0 0 0 
0 1/2 1/2 
0 1 1 

1/2 0 1/2 
1/2 1/2 3/4 
1/2 1 1 

1 0 1 
1 1/2 1 
1 1 1 

It is assumed, and is reflected in the logic of the program, that if 

one area is larger by any amount than the other area, the blockage or 

shielding is total, so that there may be instances when the area factor 

AF shows a value of zero, whereas the coupling factor CF as a practical 

matter will not assume this value . In addition, for the first vehicle 

of the train the front area factor is automatically one, and likewise 

the rear area factor of the last vehicle of the train. 

The F factors are used to multiply the adjusted classical 

aerodynamic drag to obtain the front and rear pressure effect drag 

for the car in question. These drags are added to the skin friction 

and the undercarriage drag which are calculated as below, to determine 

the complete drag for the car. 

2.4 Skin Friction 

It was explained in Section 7.2 that a skin friction coefficient 

of .0085 had been used in the calculations in this report. The skin 

friction is then 

2
skin friction= 1/2 p v (.0085 S) 
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where Sis the surface area to be considered. Here, since the drag of 

the underside of the vehicle is combined with the drag of the trucks 

and calculated separately, S represents the area of the two sides of 

the car plus the roof area. At this time the program merely multiples 

the "length" of the vehicle (Column 9 of Table A-1) by the distance "s", 

normally the height of the two sides plus the width of the vehicle 

to obtain the equivalent exposed area. Unfortunately, certain types 

of vehicles do not lend themselves to such simplistic calculation of 

the exposed area; a TOFC flatcar with a single trailer is a good example 

of such a vehicle. In such instances, the exposed area has been manually 

calculated and divided by the length of the vehicle to obtain the 

dimension "s". The length "R-'! entered into the table is the actual 

distance between ends of the car, not between coupling points . 

2.5 Undercarriage Drag 

The undercarriage drag calculated by the program is only a 

coarse approximation of the actual drag contributed by the underside 

of the vehicle and the trucks. Only one figure for truck drag was 

found in the literature and that was for three-axle passenger car 

trucks [l]. The drag was ratioed, and based upon a corresponding 

cross-sectional area of 16 ft. 2 [1] an effective drag coefficient of 

.272 was calculated and used in the program. This gives a drag for 

each truck of 40 lbs. at 60 mph. Since the program calculates the 

drag for each car, twice the drag for a single truck is simply added 

to the calculation. 

No information at all was found on the drag of the underneath 

side of the car. It is known from wind tunnel testing considerations 

that to a certain extent the air under the vehicle is carried along 

with the vehicle, and thus the surface area cannot be exposed to the 

velocity of the free air stream in the same fashion as the roof and 
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sides of the vehicle. Hence the drag based upon surface area must be 

less, but not zero. In the face of no better information than that, a 
I 

first approximation of one-half the value of the skin-friction coefficient 

used for the roof and sides was ma.de for the underside of the vehicle. 

As with the trucks, the friction on the underside is simply added to 

the other drags. Because the total drag for a vehicle is actually the 
I summation of five separate calculations, 5 the effect of even a large 

error in any one is mitigated if they are all relatively close in 

value. If the error occurs in one value considerably smaller than 

the others, there will be little effect at all. Thus it probably 

differs very little if the true effective skin friction coefficient 

for the bottom of the car is one-quarter, one-half, or three-quarters 

of that for the sides and roof; what is important is that some 

approximation be separately made for each effect. 

2.6 Summary 

A discussion of the rationale behind the calculation of the air 

drag of a railroad car in a train of cars has been presented . While 

the methodology is as yet unproven and certainly needs refinement, and 

while it is presently based upon limited information and necessary 

extrapolation from it, it is believed that the resulting calculation is 

more accurate than the simple use of either of the formulas in wide 

use today, which simply take a broad average of air drag characteristics 

of rolling stock. 

5Front pressure effect, rear pressure effect, skin effect, underside 
drag, and truck drag. 
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3.0 COMPUTER PROGRAM 

The computer program was devised to make the train resistance 

calculation in a convenient fashion. Stored in it are known 

data on various types of rolling stock, such as tare weights, 

dimensions, and other constants used in the calculation. The only 

inputs required are fundamental: the types of cars used in the 

consist, their order in the consist, and the net load carried by each 

car. The program has been arranged so that a "train file" may be 

prepared for a given train, and an "order file" may be prepared for 

a given order of cars; however, this was mostly for convenience in 

making the calculations required for this report, and these options 

could of course be easily toodified. 

A more detailed explanation of the methodology and the computer 

program is given below. Since both are closely related the explanation 

will be a mingling of both. The program itself is a FORTRAN program 

devised for the GE time-sharing system and utilizes line numbers. 

The present form of the program is shown in the listing of Figure A-10. 

Lines 100-270 

These lines merely list items required by the program itself, 

in particular the various arrays. 

Lines 280-293 

Here are listed the names of various files which later in the 

program the user is given the option of calling upon. The train files 

list, in order, the type of car and the net load for each car of the 

given consist. The order files list a particular order for a given 

number of cars. The latter were created solely for convenience in 

reordering a given train; if the desired order is known in advance, 

the train file can set the cars up in that order to begin with. In 

that case the order file is as with "ORDER2" (see Appendix B, where 
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several sample train and order files are given), simply 1,2,3,4... 

(n-2), (n-1), n, where n is the number of cars (including the 

locomotives and caboose). 

An example will be useful. Consider a short train, characterized 

by the "TRAIN!" file. The first column merely lists line numbers. The 

second column lists numbers corresponding to car types. Tables A-1 

and A-2 identify the car types used in the program and relate them to 

these numbers. For instance, the sequence of numbers in the second 

column, 1,16,2,5,17, identifies a locomotive, a tank car, a boxcar, 

a flatcar, and a caboose in that order. The third column of the train 

file lists the net load the car is carrying in tons. 

If it were desired to determine the resistance of that consist in 

that order, order file "ORDER!" should be used. In that file the first 

column lists line numbers and the second the order of the cars from the 

train file. Once the train file is established, if it is desired to re­

establish the order as locomotive, flatcar, tank car, boxcar, caboose, order 

file "ORDER2" must be created. The second line of the file merely says 

that the fourth car of the specified train will be in second place now, 

the second car in third place, the third car in fourth place, and so on . 

These files must be created and stored for the later use of the pro­

gram. Format requirements are given following the corresponding "READ" 

statements. The number of cars in the order file should correspond to 

the number of cars in the train being examined. 

Lines 300-330 

These lines define Z, a dimensioned constant used in line 1340, and 

Kd, Ke, and Kf, which are used in lines 1720, 1730, 1750 and 1760 to con-

vert coefficients computed ~lsewhere to proper units and values. Kd combines 

the sea-level mass density of air and a conversion from fps to mph. It 

has the numerical value .002548. For simulation of train operation at 

other altitudes, the value would have to be adjusted . 
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• F.'.R41 14:32EDT 1 0 . ...-25....- 77 

100 DIMENSION WC100) , AC100),B(100),CC8) 
110 DIMENS ION CAA C100),CBBC100),CC(100),DD(1 00),EE(100) 
120 DIMEtEI □ t'i D(1l)O),E(100), F (100), 1::; (101)), F.: ( 100, 1 O) 
130 DIMENS ION V(100),RRC100) ,H C6) 
140 DIMENS ION COEFF (18,10) 
150 DIMENSION ORDER(100) 
160 DIMENSION GA ( 100),GF(100),CFF ( 100),CFA(100) 
170 DIMEt··t:S:I Oti AFF (100), AFR (100) , AA (100), BB (10 0, 10), GG (100, 1 O) 
180 DIMENS ION DENOM ( 100),FF(100),FA(100) 
190 DIMENS ION SUM2(100),SUM3(100) 
200 DIMENSION NETC100),TAREC100),GROSSC100) 
210 INTEGER ARRAY 
220 DIMENS ION ARRAY(100),DATA(100,2) 
230 EQUIVALENCE (ARRAY,DATA) 
240 INTEGER FILE,ORDER,P 
250 INTEGER OPTION 
26 0 REAL t·iET 
270 REAL KD,KE,KF,MN 
28 0 FI LEL I ST "TF.:A I t'i1", "TRAIN,:'.", "TRA I 1'13", "TF.:A I N4", "TF.'.A I N5", "TRA I N6 ", 
29 0 & "TF.:A I M7 ", "TF.'.A IN::::", "Tf.'. A I N9", "TF.'.A I ti 1 0", "OF.:DER1", "OF.:DER2", "ORDER3", 
291 :~.: "OF.:DER4" , "ORDERS" , "ORUER6" , "OF.:DER7" , "ORDER8" , "Of.:DER9" , "DRUER1 0" , 
292 t: "TRAIN11", "TRAitH2", "TF.:AIN 13" , "TF.:AIN14", "Tf.:Aiti15", "TRAitH6", 
293 t: "TRAIN! 7", "TRAitit:3", "TRAIN!'::'", "TRAiti20" 
::::oo Z = . lE,447 
310 KD = .0763+88.0+♦ 2 /( 32.2•60.0••2•2.0) 

320 KE= KD 
33 0 f:::F = KD 
34 0 V ( 1) = 0. 0 
35 0 V(2) = 1 0. 0 
::::60 '·/ (3) = 20. 0 
37 '.,1 (4) = ::::o.o 
:;:8 './(5) = 40.0 
39 \·'(6) =50.0 
40 V(7) = 60. 0 
41 V(:?,) = 70. 0 
42 '·,I (':f:O = :?,O. 0 
43 DATA COEFF/120.0,110.0,90.0,45.0,10.0,122.0,10.0,122.0,78.0, 
440 g_: 10 O, 78. O, 124. O, 150. 0, 110. 0, 1:35. O, 74. O, 110. 0, 10. O, 
45 0 g_: 12 . 0, 11 0. 0, 9 0. 0, 45. 0, 10. 0, 1 0. 0, 122. 0 , 122. 0, 1 0. 0, 
460 i: 78 0,78.0,124.0,150.0,110.0,135.0,74.0,130.0,10.0, 
4 7 0 t-: :::: . , 2. 0, 1 . 5, 2. 0, 2. 0, 3. 0, 45. 0, 3. 0, 3. 0, 
4:3 0 g.: 45 0, :;: . 0, 11 . 5, 2. 0, 2 0. 0, :3 . 0, 3. 0, 5. 0, 2. 0, 
490 t: 2. ,2.0,1.5,2.0,2.0,45.0,3.0,:3.0,45.0, 
500 & 3. J,3. 0, 11.5,2. 0,20. 0,:3. 0,3. 0,5. 0,2. 0, 
510 & 50.4,46.1,37.8,18.9,4.2,23.7,23.7,23.7,21.6, 
520 & 21.6,21.6,19.8,86.0,46.1,56.6,31.0,46.2,4.2, 
530 & 50.4,46.1,37.8,18.9,4.2,23.7,23.7,23.7,21.6, 
540 & 21.6,21.6,19.8,86.0,46.1,56.6,31.0,54.5,4.2, 
550 & .0085,.0085,.0085,.0085,.0085,.0085,.0085,.0085,.0085, 
560 & .0085,.0085,.0085,.018,.0085,.0085,.0085,.0085,.0085, 
570 & 34.0,32.0,28.0,19.0,12.0,25.0,25.0,38.0,20.0, 
580 & 20.0,28.0, 29.0,40.0,22.0,37.0,30.0,32.0,12.0, 
590 & 62.0,50.0,45.0p54.0,60.0,85.0,85.0,85.0,85.0, 

FIGURE A-10 
PROGRAM LISTING 
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E, 0 0 t, :35. 0, 85. 0, 6 0. 0, :35. 0, 6 0. 0, :3:::. 0, 6 0. 0, 4 0. 0, :35. 0, 
610 & 250000.0~60700 . 0,59600.0,68900.0,79500.0, 
620 & 76200.0,76200.0,76200.0,76200.0, 
630 & 76200.0,76200 . 0,51500.0,76200.0,79500.0, 
640 & 119200.0,77600.0,56600.0,76200.0/ 
650 PF.:INT," ItiPUT,tiCAR" 
66 0 I t·ff'UT, NCAR 
670 PF.'.INT," INPUT,TRAiti IIATA FILE ti□." 

6::::0 It--lPUT,FILE 
690 READ (FILE,51> ((DATA(N,L),L=1,2),N=1,t·KAR) 
700 51 FORMAT (4><, 13, F6. D 
710 PRitH," H--IPUT, CAR □FWER FILE t·m." 
715 HiPUT,FILE 
72 0 READ CF I LE, 52) ( □ F.:DER (N) , N=1 , t--lCAF.:) 
725 52 FORMAT (5X,I3) 
730 PRitH," DATA PF.:Irn □PTI □ ti, T\'PE 1 FDF.'. YE:~:, 0 FDR rm" 
740 INPUT,DPTI □N 

75 0 PR I NT, " DATA PRl NT OPT I Oti2, TYPE 1 FOF.: '/E:S: , 0 FOR t-l □" 
760 It-lPUT, □ PTIDt-l2 

770 IF (DPTI □N.EQ.0 ) GO TO 312 
78 0 PR I NT 51 , ( (DATA Cri, U , L=1 , 2) , t·i= 1 , tiCAR) 
790 PRINT 41 
:300 312 C□ t-lTINUE 

S1 0 S:UM4 = 0. 0 
820 DO 307 P ~ 1,NCAR 
830 307 SUM4 = SUM4+DATA(P,2) 
840 PRINT 308,SUM4 
85 0 3 08 FORMAT (" t·iET TRA Iti 1.,.IE I GHT, Tot-lS; " , F 1 0. 2) 
860 PF.'.INT 41 
870 DO 311 K = 1,NCAR 
880 311 GRDSS(K) = DATA( □ RDER(K),2)+CDEFF(ARRAY(□ RDER(K)),10)/2000.0 

:390 SUMS = O. 0 
900 DO 309 K = 1,t-lCAR 
910 309 SUMS= SUM5+GR □ SS(K) 

920 PRINT 310,SUMS 
930 310 FORMAT C" GR □:ss TRAIN 1.,.1EIGHT,Tot-E:",F10.2) 
':.140 PRitH 41 
950 DO 20 I= 1,NCAR 
960 DD 25 K = 1,NCAR 
970 IF (I.GT.1) GO TO 42 
980 NET(K) = DATA(□ RDER(K),2) 

·:,1·:,10 TARE (K) = C □ EFF (ARRRY (ORDER CK)) , 1 0) 
1000 ACK) = (NET(K)+TARE(k)/2000.0)+.6+80.0 
1010 B(K) = .Ol+(NET(K)+TARECK)/2000.0) 
1020 IF ,::K, EO. D GO TO 37 
1030 GF(K) = C□ EFF(ARRAY(□RDER(K)),3 ) +COEFF(ARRRY(DRDER(K-1)),4) 

1 040 1::;D TO :38 
1050 37 GF(K) = 30.1 
1060 38 IF (K.EQ.NCAR) GO TO 39 
1070 GACK) = COEFF(ARRAY( □RDERCK)),4)+COEFFCARRAY( □RDER(K+1)),3) 

1080 GO TO 24 
1090 39 GACK) = 30.1 
1100 24 IFCDPTION.EQ.O) GO TD 25 
1110 PRINT 26,K,A(K),B(K),GF(K),GA(K) 
1120 26 FORMAT ( 1H ,2X,I2,4(F12 . 2)) 

FIGURE A-10 (CONTINUED) 

128 



1130 25 CONTINUE 
1140 PF.:Hn 41 
115 o :s:u111 = o. o 
1160 DD 97 M = 1 , NCRR 
1170 97 SUMl = SUMl+ACM) 
1180 IF (□PTIDN . EQ . 0) GD TD 405 
1190 PRINT 98,M•SUMl 
1200 98 FORMAT ( 1H ,2X,I2,F12.2) 
1210 405 CONTINUE 
1220 IF ( I . GT. D GO TO 42 
1230 F'F:'.INT 41 
1240 IF COPTION.EQ.0) GD TO 401 
1250 PF.'.INT 171 
1260 171 FOF.:MAT (" I CFF RFF CFR 
1270 PF.'.ItH 41 
1280 401 CONTINUE 
1290 41 FORMAT ( / ) 
1300 42 c □ mitKIE 

1310 IF ( I.1::;T.D 1:,0 TO 60 
1320 IF (I. EQ. D GO TD 70 
1330 60 IF (1::;F CD. 1::;T. ::::o. 0) 1:, □ TD 70 
1340 CFF(I) = EXP CZ• CGF ( I )-30. 0)) 
1:350 GO TD 75 
1360 70 CFF(I) = 1.0 
1370 75 IF ( I . LT.NCRR) GO TO 80 
1380 IF ( I . EQ.NCRR) GD TO 90 
1390 80 IF (GR<D .GT. :;:o. 0) 1:, □ TO 90 
1400 CFR (I) = E>::p CZ• (1;:'iR ( D - :::: o. 0)) 
1410 GO TD 100 
1420 90 CFR ( I ) = 1.0 
1430 GO TO 100 
1440 100 IF ( I . EG!.D GD TO 110 
1450 CRR ( I ) = C □ EFFCRRRRYCORDERCI)),1) 
1460 CBB ( I) = CDEFFCRRRRY(ORDER ( I-1)) ,2) 
1470 IF (CRRO)-Cf:B(D) 201,202,202 
14:30 201 RFFCD = 0.0 
1490 1:,0 TO 120 
1500 202 RFF CI) = (CRR ( I)-CBB(l)) / CAR ( l) 
1510 l~D TD 120 
152 0 11 0 RFF ( D = 1 . 0 
1530 120 IF ( l.EQ. NCRR ) GD TD 140 
1540 CC CI ) = CDEFFCRRRAYCDRDER(l)),2) 
1550 DD(I ) = COEFF CRRRRY CORDER ( l+l ) ), 1) 
1560 IF (CC ( I) -DD CD) 203,204,204 
157 2 03 AFR(!) = 0.0 
158 1:,□ TO 14'3 
159 204 AFR (D = CCC CD -UD CD) / CC CD 
160 1:,0 TD 149 
161 140 RFRCD = 1.0 
162l 149 IF (OPTIDN.EQ. 0) 6 0 TD 402 
1630 150 PRINT 67,I,CFF <I>,AFF(l),CFA(l),AFA(I) 
1640 67 FORMAT ( lH ,2X,12,4(F12.3)) 
1650 402 CONTINUE 
1660 FF CD = 1. 0- 0. 0-CFF (D) +(1. 0-RFF (1) ) 

16 70 FA CD = 1. 0- O. 0- CFR (1)) +O. 0-RFA (D) 

FIGURE A-10 (CONTINUED) 
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1680 IF ( □ PTI □ N.EQ.O) GD TD 403 
1690 PRINT 170,I ,FF( l),FA(I) 
1700 170 FORMAT ( lH ,2X,I2,F12.3,F24.3) 
1710 403 CONTINUE 
1720 D(I) = KD+CDEFF(ARRAY(□RDER(l)),5) ♦FF(l) 
1730 E (I ) = KE•C□ EFF (ARF-:AY O::OPDER (I )) , 7) •C □EFF CAPF-:AY ( □ F-:DEF-: (I)) , ::::) • 
1740 & COEFF<ARRAY( □RDER CI)),9) 

175 fl F ( D = l<F•C □EFF (ARRAY ( □ F-:DER (I)) , 6) +FA (I) 

176 EE(I) = 2.0+.272+16.0•KD+.003+KD•C□EFF(APRAY( □RDER(I)),9)+10.0 
177 G(D = DO)+E(D+F(D+EE(D 
178 IF( □PTIDN.EQ.0) GD TD 20 
179 PF: I NT 76, I , D ( D , E U) , F ( D , EE CD , 1::; ( D 
180 76 FDPMAT ( lH ,2X,I2,5CF12.3)) 
1:31 u PPitH 41 
1820 20 C□tHINUE 
1830 DD 127 J = 1,9 
1840 DD 117 I= 1,NCAP 
1::::50 F.: CI , ._i::, = A CI) +B (I) •V Cl) +G CI) +V (._I) ♦♦2 
1860 BBCI,J) = B(I)+V(J) 
1870 GG CI, J) = G(I)+V(J) ♦+2 

1880 IFCDPTIDN.EQ.0) GD TD 117 
1890 PR un 87, I , ._I, V (._I ) , AC D , BB (l , ._I) , Gt::i O , ._I) , I<: <I , ._I) 

1900 87 FORMAT ( lH , 2X ,I2,2X,I2,3X, F5 .l,4(F13.2)) 
1910 117 CONTINUE 
1920 127 CONTINUE 
1930 PRINT 41 
1940 IF ( □PTIDN2.EQ.0) GD TD 453 
1950 DD 451 I= 1,NCAP 
1960 451 PRINT 452,I,G(I) 
1970 452 FORMAT (1 H ,4X,I2,F12.3) 
1980 453 CONTINUE 
1990 DO 152 J = 1,9 
2000 SUM2(J) = 0 . 0 
2010 DD 153 I= 1,NCAR 
2020 153 SUM2 CJ) = SUM2(J)+BB(l,J) 
203f SUM3(J) = 0.0 
204 DD 154 I= 1, NCAR 
205 154 SUM3(J) = SUM3(J)+GGCI,J) 
206 152 CONTINUE 
207 PRitH 41 
208 RF'.U) = 0.0 
209 DO 137 J = 1,9 
210 DD 30 I= 1, NCAR 
211 3 0 F.:F: (._I) = F:R (._I) + R ( I , ._I) 

2 12 P~INT 50,J ,V(J),SUM1,SUM2(J) , SUM3(J),RR(J) 
213 137 CONTINUE 
214. 50 FORMAT ( 1H ,4X,I2,3X ,F5 .1,4(F1 3 . 2)) 
2150 :n□ P 

2160 END 

FIGURE A-10 (CONCLUDED) 
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Lines 340-420 

These lines merely list the velocities in mph at which the calcu­

lations will be made. 

Lines 430-640 

These lines list the data in Table A-1 in the appropriate format. 

Various parameters for each type of car are listed herein. The 

parameters and their use in the calculation of train resistance are 

explained in the main text of the report. 

Lines 650-725 

The program is established in an interactive basis. These lines 

permit the entry at this point in the program of the number of cars 

in the train (including locomotive and caboose), the train data file 

to be used, and the order file to be used. 

Lines 730-800 

These lines were established to permit the user to avoid 

printing out all the data computed. Typing of ones in response to 

both queries will result in a complete print out; typing of zeros 

will result in only the final data being printed. See examples 1 and 

2 respectively. 

Lines 800-940 

In these lines the net weight and gross weights of the train are 

calculated by extraction of appropriate data from the train file and 

the data storage file in lines 430-640. 

Lines 950-1130 

These are an inner "DO" loop which calculates the mechanical and 

velocity-dependent terms of the resistance equation plus the gap 

coefficients GF and GA, for the fore and aft coupling factors. 
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II 

Lines 1140-1210 

These lines calculate the sum of the mechanical resistances for the 

train; neither these resistances nor their sum are a function of velocity . 

Lines 1220-1300 

These lines merely prescribe certain options and formats . 

Lines 13.10-1430 

These lines calculate the fore and aft coupling factors CFF and CFA 

from the gap coefficients GF and GA; according to the functional rela­

tionship shown in Figure A-9. The section of the curve between O and 

30 ft. is presently described by the function in l i nes 1340 and 1400. 

Lines 1440-1650 

These lines extract cross sectional area information from the data 

bank in the program and calculate from it the fore and aft area factors 

AFF and AFA. 

Lines 1660-1710 

These lines calculate the fore and aft pressure effect factors by 

appropriately combining the coupling factors and the area factors. The 

rationale behind the appropriateness of the combination is given i n 

Section 2 of this appendix. These factors are used to multiply directly 
2

the adjusted classical air drag term 1/2 p V ACD. 

Lines 1720-1820 

These lines compute the front and rear pressure effect coefficients 

D(I) and F(I) respectively, the skin friction effects coefficient E(I) , 

and the drag from the underside of the vehicle combined with the truck 

drag EE(I), and eums them to yield a combined coefficient which is 
2subsequently used to multiply V directly. The dimensions of the D, E, 
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EE, and F terms have been adjusted by the Kd, Ke, and Kf coefficients 

so that this may be done in a meaningful fashion. The magnitude of the 

G coefficients is therefore on the order of, and analogous directly to, 

the .07 coefficient used in the modified Davis equation. 

Lines 1830-1930 

These lines calculate, and print if requested, the mechanical, 

velocity-dependent, and air resistances, plus the total resistance, 

for each car at each velocity. For a long train this amounts to many 

items of data and it is best to avoid printing this unless required 

for verification or checking purposes. 

Lines 1940-1980 

These lines print, if requested, the "G" coefficient for each car. 

This enables one to compare the computed air drag coefficient for a 

given car with the .07 coefficient which is used in the modified 

Davis formula for every car. 

Lines 1990-2160 

These lines compute and print out the information which is most 

nearly fundamental: the mechanical, velocity-dependent, and air 

resistances, plus the total resistance, of the train, at each of the 

velocities prescribed. 
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APPENDIX B 

EXAMPLES OF PROGRAM INPUT FILES, 
DATA, AND OUTPUT FORMATS 

This appendix illustrates several "TRAIN" and "ORDER" files which 

might be used or have been used in connection with the computer program 

by means of which the results reported in this document were calculated. 

In Figure B-1, three sample files for a five-car train are illus­

trated. The "TRAIN!" file is for a train consisting of a locomotive, 

a tank car, a boxcar, a flatcar, and a caboose, in that order. The 

net weight carried by the three middle cars is 61.O tons each. The 

format is (4X, 13, F6. 1). The two "ORDER" files illustrate the means 

by which the train is rearranged. The "ORDER!" file is used to input 

the train in its original order, i.e., as shown in the "TRAIN!" file. 

The "ORDER2" file is used when a particular different order of cars 

is selected. 

Figures B-2 through B-5 show "TRAIN" and "ORDER" files for two 

7O-car trains used in the report and two possible arrangements of 

these trains: the as-originated order, and a random rearrangement. 

Final Figures B-6 and B-7 show samples of the program data output, 

with minimum data printed and with complete data, respectively. 

The minimum data output option prints only the net and gross 

train weights and the mechanical, velocity-dependent, and air 

resistances, plus the total resistance, in their respective columns, 

for the train at each velocity. 

The complete data printout is very long, even for only a five car 

train. The program was set up for this option to print out all intermed­

iate data, and in particular, all coefficients used in the determination 
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TF.:A It-ii 11...-01...--77 

10(.J 1 0.0 
110 16 61.0 
i20 2 l::11.0 Ii 

1JO 5 61.0 
140 17 u. 0 

OF.'DEF.: 1 i L-· 01 .-··77 

1 0 !) 
11 0 2 
120 
130 4 
140 

11...--01...--77 

1 0 
i 1 4 
12 c: 
13 :::: 
14 5 

FIGURE B-1 
SAMPLE "TRAIN" AND "ORDER" FILES 
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40 

45 

50 

55 

6 0 

65 

70 

-

-

Of.'.DER3 

1 01 
102 
103 
104 
105 
106 
107 
1 OB 
109 
1HI 

111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 

-..-.1c.c. 
123 
124 

- ,C'1C.·-' 

126 
127 
1i::'.8 
129 
130 
1:::: 1 
1:32 
1 :::::;: 
1::::4 
135 

1 
2 
3 
4 
5 
6 .., 
I 

C•.... 
·::1 

10 
11 
12 
13 
14 
15 
1E, 
17 
U:: 
19 
2 0 
21 
22 
2~: 
24 
25 
2E, 
27 
2:3 
.-,ee 
C. -· 

30 
31 
-~---
·-•C. 

:;:3 
:;:4 
•JC'·-··-' 

OB: 41::ES:T 

i3E, 
-,..,1.
.;,., .. 

1:;:::: 
1::::9 
140 
141 
142 
143 
144 
145 
14E, 
147 
148 
149 
150 
151 
1c- - ,

._1i::, 

- ·1C'._,.~• 

154 
155 
15E, 
157 
158 
159 
1€-0 
1~1 
1E,2 
1E,:3 
164 
165 
1E,E, 
1E,7 
168 
169 
171) 

FIGURE B-2 

11 / 01..,?? 

:3E, 
.-, ~-;,..:-, 
.-..-..;.,::, 
-:,,::i .... -· 

41 
42 
43 
44 

4E, 
47 
48 
49 

51 
52 
C" •- · ._,.:,. 

54 

5E, 
57 
~ .-.
-<=• 
59 

E, 1 
E,2
.-:,t ·~· 
E-4 

E,E, 
67 
68 
69 

NORMAL "ORDER" FILE FOR 70 CAR TRAIN 
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11) 1 
102 
1 o:::: 
1 04 
1 O':: 
1 06 
1 O? 
1 o:=:: 
1 09 
11 0 
111 
11 ::: 
11:::: 
114 
115 
116 
11? 
1 U:: 
119 
120 
121 
12? 
12:::: 
1c'4 
125 
126 
L~'.7 
1 .~:::: 
1i:'.9 
1 ::-:: 0 
1 :~: 1 
i::::2 
1:::::::: 
lJ4 
1:35 

1 

4 "'·..I 

29 

4'? 
20 
21 
1?' 
::::1 
11 
4 ,:'. 

61 
9 

40 
.-, c:· 
;.::. ._1 

2E, 

59 

51 

13t::, 
1:~:7 
1::::::: 
1::::9 
140 
141 
14 ,~ 
143 
144 
145 
146 
147 
14::: 
14 9 
150 
151 
1-52 
1 ':,:~: 
154 
15':; 
1 ~_:,f., 

157 
1 ':;:=:: 
15'::i 
1 t,Ci 
161 
16,:'. 
16 3 
164 
16':i 
166 
167 
16::: 
16'::i 
1?0 

41 

54 

I 

24 
44 

30 
64 

4 
7 

I 

.... 

FIGURE B-3 
RANDOM "ORDER" FILE FOR 70 CAR TRAIN 
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11,.,-01....-77 

101 1 0.0 1:;:6 2 0. 0 
1 02 1 0. 0 1 :::? :;: 61. 0 
1 en s i:1 • o 1 :;::::: E: o. o 
1 04 14 t:, 1 . 0 1J9 2 61.0 
1 05 ::: 61. 0 140 2 61.0 
1 06 :::: 0. 0 141 2 61 . 0 
10? :;: 61.0 142 14 61.0 
1 o:=: :;: o. i- 14:3 2 0. 0 
1 0'3 16 0. 144 2 0. 0 
11 0 
111 

:;: 
4 

o. 
61. 

14'.5 
146 

5 
14 

o. 0 
61.0 

112 16 o. 147 :~: 61.0 
11:::: 3 61.1. 14::: :;: 0. 0 
114 ;:: o.o 14':3 :;: 0,0 

115 0 . 0 l'SO 0. 0 
116 2 0. 0 151 61. -

11? 2 61. 0 15E: 61. 
11:::: 2 61. 0 1~;:::: o. 
11 '3 0. 0 154 16 61. 
120 61. 0 15':i 2 61. 
121 4 0, 0 1 ':i6 2 61. 
12? 4 6i. 0 1'S7 ·=·L.. i::, 1. u 
1,:::::: 61. 0 15:=.:: 3 0. 0 
124 2 0 . 0 1 ~.9 2 I). 0 
1E::; 3 0 . 0 16 0 3 0. 0 
126 2 61. 0 161 2 61. 0 
le? 16 61. 0 li::,2 4 0.0 
12:::: 4 0 . 0 16:::: 61. 0 
129 4 61. 0 164 16 o. 0 
130 0. 0 1 i:.'.:i 16 '=· 1 • 0 
131 61. 0 166 4 0. 0 
13,:'. 0 . 0 16? 61. 0 
1:33 16 o. 0 16::: 2 0. 0 
134 0. 0 169 2 61. 0 
1:3':i 0. 0 170 1

.., 
.. o. 0 

FIGURE B-4 
"TRAIN" FILE FOR "AVERAGE" TRAIN 
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:

::

:

TF'. A ItH 1 

1 01 1 0. 0 
1 O? 1 0 . 0 
1 OJ t , °3 (1 11 ~i 

:l i}+ t• 30 .. ~; 
I 1 0'5 :::: 61 . 0 

1 0(:, :::: 6 1. 0 
1U? f.. ::::o. '.:i 
1 o:::: :::: 61.0 
11:i-::1 
11 0 6 30.'.:i 
1 :ll :;:: 61 . I) 

1 1? ? :;: 0 ■ ~.:i 
1B 7 30. ~5 

Ii 1 14 ::: 61.0 
11 5 6 :::0. ~~, 
1 'J. 6 :::: 61 .. 0 
:ll? :::: 61.0 
1 U:: ? ::::o. :: 
1 1•~1 ? ::::: o. '.:i 
1i:'. 0 ::=.: 61. 0 
L::1 ? JO . ~I 

1E:1:: 7 ::::o.~s 
1 ;=~:::: 6 ::::o. '5 
.lC:4 :: 61. 0 

I 12'.5 :::: 61 . 0 
1E:e, ? 30 . 5 
1C:7 E, 30v~~I 
12:::: 6 30 . '.:; 
1c'.';=i ? ::::0 . '.:1 

130 6 :;:1).':1 

1:;: 1 :::: 6 1 . 0 
132 :::: 6 t. 0 
1:~:::: ::: I::•1 . 0 
1::::4 :::: 6 :l . 0 

1 1 ...- 0 1_.··?? 

131::, ::: 61.0 
1 ::::? ::: 61.(1 
1::::::;: :: 61.0 
139 
140 
141 
142 
14:::: 
144 
14'.:i ::: t_~. 1.0 
146 :::: E,1 . 0 
14? :=:: f.:, 1. 0 
14::: 6 ::::o.:, 
:l4'3 7 :~:0. ~,:; 
1'.:iO :;:: E, 1 . 0 
151 
1'.:;2 ?1 :::: o. ~5 
1'.:i :~: ::: 61. 0 
154 7 :30 .. ~5 
155 ::: 61. 0 
156 
157 
1~3:::: :::: 61.0 
1~59 6 ::::o. ::; 
160 :::: 61.0 
161 7 ::::o. : i 
1f.,1:'. 6 J0.5 
i t:,3 E, :::: 0 . '.:i 
164 :::: 61. 1) 

16'.:i 
166 6 :30.5 
167 ::: 61.0 
H,::: 6 ::::o . :5 
16"::I 
170 1? 0. 0 

FIGURE B-5 
"TRAIN" FILE FOR MIXED TOFC CONSIST 
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INPUT,TRAIN DATA FILE N □ .?1 

INPUT, CAR ORDER FILE N□ . 7 11 

DATA PRINT OPTION , TYPE 1 FOR YES,O FDR N □?O 

DATA PRINT OPTI □ N2, TYPE 1 FDR YES,O FDR N□ 7 0 

NET TRAIN WEIGHT, TONS; 1:=.::;:. 00 

GROSS TRAIN WE IGHT ,TDNS: 44'.5 . .=::o 

1 o. 0 .. 0. 
2 1 0. 0 667.1Z~ 44. '5::: :::ti . 92 

20.0 l:16 7. 1,~ :=.:·?. 04 347. 6::::: 
4 :::: (I. 0 667.12 1:::::::.56 1:i:::c:. 97 

4 0. 0 667.12 1 ?:=: . 0 ::: 1 ::::•'.::i O. 74 2~:::;:~5. 94 
50.0 66?u 12 22C:. 6 0 E: 1 ?::::. o::::: 301:,2. ?5 
60.0 667.12 ::::12·;:1. 16 4063.40 
71) . 0 1:,6? . 1;::: ::::11 .64 4 c:5 ·:=i . 14 
::: (I • 0 f~,i.:,7. 12 :~:56. 16 

PR □ GRRM STOP AT 2150 

FIGURE B-6 
SAMPLE DATA OUTPUT, MINIMUM 
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I 

:

INPUT,TRAIN DATA FILE NO. ? 1 

INPUT, CAR ORDER FILE NO.?11 

DATA PRINT OPTION, TYPE 1 FOR YES,0 FOP NO~l 

DATA PRINT OPTI □ N2, TYPE 1 FOR YES ,0 FOR N □ ?1 

1 o. 
1E, 61.0 

2 t-1.0 
5 61.(1 

17 0. 

NET TRAIN WEIGHl, TONS; 

GROSS TRAIN WEIGHT,T □ N S : 445.20 

1. ~:'.5 .::: o . 1 0 5.001 155.00 
:, • (I 0.-. 5.00

C 1~:·?. :::::: 1.00 
:_;. 00 4. (I I.I134. ::: 1 o. '?1 

1. 01 4. 0 0 7. 004 140.45 
7. 0 0 30.10 

~I E,E,7. 12 

I CFF AFF CH-t AFR 

1.000 1 . 0 0 (1 o. 0161 
0. ::::·:f~:1 1. 0 0 0 

0. 12::: (I. 04t::, 0. 051 0.027 0.252
1 

o. 016 o.2 0. 016 o. 
0. 0160. (116 
0. 001 0.0272 0.001 

0. Olt::, 0. 014 
0 . :::::;: :;:: 0. '::-11 0 

0. 1 O? 0. 0260.040 

o. 0.02::::4 0. 014 
1 !) . 02::::4 :1.014 o. 0274 0 . 000 0. 016 o. 000 

1 , 0 0 (Ic:- 1.0000. 02:3·-' 
c:­ 1. 000._, 0. '311 0. 29"3c:­ o. 1::::9 0. 02':,0. 107·-' 

FIGURE 8-7 
SAMPLE DATA OUTPUT, COMPLETE 
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1 1 0. l~S:i. 00 0. 0 . 
2 1 o. 1 :;:9. ::::'.::: I) • o. 13'3. ;;:::::: 

1 0. D4. :::1 o. 0. 1:::4. :::1 
4 1 0. i40.45 0. o. 140.4'.:i 

1 o. 0. o. 
1 1 0. (I 155.00 12.~iO 25.16 192.66 
2 2 1 0. (I 13'3. :::::=: 6. ::::4 1:i6. ?O 

2 1 0. 0 1:::4. ::: 1 9. 13 20.74 164. 6:::: 
4 1 0. (I 14U.45 i Ct. O:::: 4. 2::: 154. :::: 0 
c:­
·-' 2 1 0. 0 '::It,. 9:::: 129 .73 
1 2 0. 0 155.00 ,~5. 0 0 100.6J 2:::: 0. 6::: 
2 i:. (I. 0 1:;:·::1. ::::::: 1 ':-1 • '3E, i='.7. :~: 4 1 :::7. 1 ::: 

2 0. 0 134. i=:1 rn . 27 "~:Jr:,. o:;: 
4 c: 0. 0 140. 4~.:, 2U. 1:i 17. 1 0 1?7.?0 

20 .0 ';ii.:,. '3::: ~;. E,6 11.'3.66 
1 4 30, 0 155.00 -:::7.50 4 rn. ·:=i,:: 
2 4 30. 0 1:::•3 . :::: :::: 29.94 61.52 231. ::N 

4 30.0 134.::::1 -~7. 41 1 ::::6. 6:;: 34::::. :::5 
4 4 3 o. 0 140.4:i 30.23 :.:: ::: . 4 :::: 209.lE, 

4 :;:0.0 ::::. 4'3 374.?1 
1 40. 0 155.00 50.00 4 Oc:. ~.:i,~ 607.52 
2 40.0 i 39 .. :=::::: 1 0·~1 • :;:E, .:::::9. 1E, 

4 (I. 0 i 34. ::: 1 331. ?'3 503. l 4 
4 c:­

·-' 4 (I. (I 140.45 40.:30 6::: . 42 249.17 
c:-._, 4 0. 0 '::.16. 9::: 11. 32 4h:.6:i 

1 :i O. O 15':;. 00 6i.::. ~iO t:,2:::. 94 ::::46. 44 
2 5(,. (I 13'3 . b::: 49. '30 170. ::::::; 360.t:,6 

50 . 0 1:34. :=:1 4 : i. 6::: si::~:. 43 E,•9::=:: . '31 
4 :i O. 0 14(1.45 106.90 
c:-
·-' ~.:iO. 0 14.t5 74? . :::::::: ::::i'3. 01 
1 7 60. 0 1:i5. 00 ?:i. 0 0 '::'05. 67' 11 :::::i. 6? 
2 7 6 0. U 13'3. :::: :::: 246.07 445. :::::;: 

7 €,0. (I 134.:::1 54. ::::1 ':(::6. 1 :i 
4 7 60. 0 140.4'5 t,0.4:, 15'.3. 94 3':o4. ::::4-
5 7 60.0 16. ·;3 ::_:: 1076.95 1190. 91 
1 70. 0 1:i::,. 00 87.50 14?5 . 2,:'. 
2 70.0 13'3. :::::::: :.::34 . '33 544. E,7 

?0.0 1:34_:=:1 1016.12 1214. ::::? 
4 7 0. 0 140.4:i 70 .. 5:~: 420. ~.:ii) 

70. 0 96. 9:::: 19. :::: i 1465. ::::5 15:=:2. 64 
1 :::o.o 155.00 100.00 16i 0. O:::: 1::::65 . (I :~: 

2 ::=:o.o 13':l. ::_::::: ?·3.:=.::4 43?.45 
::::0.0 1 :34. :=: 1 7:::. O:::: 1327.17 153':i. OE, 

4 :::0 . 0 140.4:i ::::0. 60 494.72 
c:­
·-' :::: 0. 0 22.64 2034.20 

FIGURE 8-7 (CONTINUED) 
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1 
2 
:::: 
4 

1 
2 

4 
C 

·-' 
6 
7 

9 

PP □ GPAM 

0. 252 
0. 06::: 
o. 20? 
o. 04:;: 

0 . 
1 0. 0 
2 0. 0 
30.0 
40.0 
~; 0. 0 
6 o. 0 
70.0 
;:;: 0. 0 

STOP AT 2150 

6E,7 . 12 
6t::,7. 12 
667.12 
66?.12 
66?.12 

6 6?. 12 
667.12 
667.12 

o. 
44 . 52 
:::9.04 

E-~22. 60 
2 1::, 7 . 1~~'. 
311.64 
35t::,. 16 

o. 

?B2 . 29 
1:::: 030 . 74 
217:3. 0:3 
:::: 12·?. i t:, 
4 25"?,1 4 
551::,2. '35 

E,6 7 . 12 

c~2::::~.. 94 
30E,\~ . 75 
4 06:;:. 4 0 

65!:!6.23 

I 

I 

FIGURE B-7 (CONCLUDED) 
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of the air drag for each car. The data from the train file is first 

listed as a check. Next, the net and gross train weights are printed. 

The next group of data lists for each car in sequence the car number, 

the mechanical resistance of the car in lbs., the factor which 

multiplies the velocity, and the effective gap between vehicles at 

the front and rear of the vehicle. Note that the gaps at the front 

and rear of the train are greater than 30 feet; the program both 

establishes that and also treats any gap larger than 30 feet as 

infinitely large for aerodynamic purposes. The gap at the rear of the 

forward vehicle is naturally the same as the gap at the front of the 

trailing vehicle. The following single quantity is the sum of the 

individual mechanical resistances and is hence the mechanical resistance 

for the entire train, in lbs.. 

The next group of data is printed in three lines, again for each 

car. The first line lists the coupling and area factors, CF and AF, 

as noted in the column headings. The next line lists the F factor, 

for fore and aft respectively, combining these, as noted in the text 

of the report. The final line of this group lists the coefficients 

entering the calculation of the air drag for each car : the coefficients 

for the front pressure effect, the skin drag, the rear pressure effect, 

and the underside and truck drag, respectively; these four are dimen­

sionally consistent and are summed to form the fifth-listed coefficient 

which multiples the square of the velocity directly to obtain the air 

drag . As noted in the text of the report, the magnitude of the fifth 

coefficient is on the order of the magnitude of the .07 coefficient 

of the modified Davis equation and is directly analogous to it. 

Examination of this coefficient and comparison with .07 reveals the 

difference between the true air drag contributed by a single car and 

the drag as computed by the modified Davis expression. 
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The following group of data lists the car number, the velocity 

index, the velocity for which the calculation is made, and the 

mechanical, velocity-dependent, and air resistances, plus the total 

resistance, for each car at each velocity. 

The next small group of data is a separate listing, for 

convenience, of the final air drag coefficient used in the calculation 

to multiply the square of the velocity directly . As explained befbre, 

these values compare with the .07 coefficient of the modified Davis 

coefficient. 

The final group of data is the same as that printed under the 

minimum data option and gives the several types of train resistances 

at each velocity. 
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	Figure
	EXECUTIVE SUMMARY 
	The need for a suitable means for computing the resistance of a train to forward motion has existed almost since the beginning of modern railroading, to enable operating departments of railroads to predict schedules and match locomotives properly to the consist. As a consequence, several empirical expressions for calculating this resistance have been developed over a period of time in this country and abroad. Until recently, these formulas were sufficiently accurate to fulfill the railroads' needs. 
	Now, with fuel costs rising sharply, the need for accurate prediction of fuel consumption and for the means to reduce it through reduction of train resistance has become acute. The annual fuel bill of the nation's railroads is large: $1.2 billion. Even a small reduction of this amount will save a considerable sum of money. Hence, new interest in train resistance and the possibilities for its reduction has arisen. 
	In this country train resistance formulas for freight trains were developed before the first World War by Schmidt and in 1937 extended to higher speeds by Tuthill. In the meantime, in 1926, Davis had developed a formula for the resistance of a single car. These expressions constituted the body of knowledge in this country con-cerning train resistance until in response to the replacement of friction bearings by roller bearings and the higher speeds of freight trains a "modified Davis" formula was developed. 
	These expressions show a considerable difference in the values of train resistance across the spectrum of operating velocities . It is believed that the "modified Davis" formula is presently the most accurate in American usage, but the possible deviation from the calculated value in using it is believed to be fairly high, on the order of+ 20%, depending upon the consist itself and other factors. As an example, a more accurate assessment of the air drag for piggy-back equipment requires tripling the aerodyna
	It is unfortunately possible, through an adverse choice of forn.ula or train, to arrive at mistaken conclusions. An example is given which shows in one instance that air resistance is less than one half the total of other resistances and in the second instance that air resistance is more than three times the total of other resistances for the same speed. It would be possible to conclude 
	xi 
	mistakenly in the first instance that air resistance was negligible for freight trains or that it was of overwhelming importance in the second instance. 
	These considerations, together with the realization that the arrange-ment of the consist itself is an important part of the train resistance problem, lead to the conclusion that at the present time methods of cal-culating train resistance are inadequate to calculate the resistance of a given consist with the degree of accuracy desired. 
	In order to provide a remedy, a methodology is developed in the body of the report which, when properly "tuned" and validated, could be used to make more accurate calculations of the resistance of a given consist than usage of a single blanket formula. The methodology computes the total resistance for each car in the train, depending upon its loading and its position with respect to the other cars in the consist. While making use of the initial terms of the modified Davis formula to compute the mechanical a
	Unfortunately, the accurate data base upon which such a methodology must be based in order to obtain accurate results is lacking. Informa-tion regarding the air resistance of normal freight cars and the possible shielding effect they have upon the following car is almost non-existent. However, a table of data on existing types of rolling stock has been compiled, and the information therein is the best available. On that basis, through the use of a computer program devised especially to implement this method
	The areas of potential benefit which have been explored using this methodology are improved roller bearing seals, the use of lightweight equipment, rearrangement of the consist, improvement of 
	The areas of potential benefit which have been explored using this methodology are improved roller bearing seals, the use of lightweight equipment, rearrangement of the consist, improvement of 
	track rigidity, jointed rail vs. welded rail, and finally truck design. It must be noted that the data base upon which. the calculations in this report have been founded is lacki_ng s_ignif:Lcant information, mainly because up to this time the need for the collection of such information has not.been recognized. As a consequence the gaps in the data base were filled by extrapolation from the existing data, or by estimation. Nevertheless, the results are believed to be as accurate as the state of knowledge an

	(1) Improved Roller Bearing Seals 
	The friction in the seals accounts for a surprisi_ngly large por-tion of power consumption. Claims have been made that a new seal design can reduce this friction by 31% over the worst comparable case and 18% on the average. These figures reflect a savings to the rail-roads, based on complete replacement and total freight car mileage, of $40.7 million and $23.7 million per year, respectively, in fuel bills. 
	(2) Light Weight Equipment 
	Two different possibilities were examined, lightweight aluminum hopper cars and lightweight flatcars for intermodal service. With average annual mileage figures, complete replacement of the fleet of 595,595 hopper cars with lighter aluminum cars would save the railroads only $3.9 million per year in fuel costs, or $6.54 per car per year. On a different basis, in higher mileage unit train service using fewer cars to carry the same net load, annual fuel savings could be as high as $97 per car. In both instanc
	For the intermodal light weight flat cars, the reductions in train resistance for a 40 mph average speed for intermodal equipment are larger than the 422 lbs. reduction for aluminum hopper cars: 640 lbs. for the TOFC train, and 1012 lbs. for the COFC train. The intermodal figures are larger because the absolute reductions in weight are larger. The COFC figure is larger than the TOFC for the same reason. With an average reduction of 826 lbs. at 40 mph 
	xiii 
	over the mileage attributable to TOFC/COFC operation, annual savings of $1.9 million in fuel costs result. It is smaller than that saved through use of the light weight hopper car since there are fewer cars and fewer t on-miles carried in this type of operation. 
	(3) Rearrangement of the Consist 
	Deliberate rearrangement of an average mix of ordinary rolling stocks shows the possibility of a reduction of train resistance of up to 13%, whereas the spread attributable to random arranging is approximately+ 1.5%. A unit boxcar train shows a resistance 6% lower than the-rearranged average mix. Rearrangement of a unit TOFC or COFC consist will show no improvement, but rearrangement of a mixed consist (50% single trailer or container on flat car) shows an 11% improvement potential. The figures are more dra
	(4) Tr ack Improvement 
	The contribution of the track to train resistance can be lessened in two ways : through stiffening of the rail itself and the track substructure, and by using welded rail instead of jointed rail to eliminate the energy loss in jumping the gap between rail lengths. It seems possible that as a limit, resistance can be lessened by from 9% at 60 mph to 26% at 20 mph, where the air drag is not of such overwhelming magnitude. These reductions are directly relatable, as before, to fuel expenditures. 
	(5) Improved Truck Design 
	Like the contribution of the track to train resistance, the contribution of the truck appears to be limited to a certain value, beyond which no further improvement can be made. It is unrealistic to expect to realize more than a small portion of this full potential. Comp~ete elimination of the velocity-dependent term (which reflects flange resistance, which in turn is a function of truck design, among other things) results in a 3. 8% reduction of train resistance. As with the others, this figure is directly 
	It is evident from the analysis of potential reductions in train resistance and the review of the state-of-the-art in predicting it that there are certain areas which require further study. Because of uncertainties in the data base, there is uncertainty in all the results given above. Nevertheless, certain requirements and needs stand out above others. MITRE's reconnnendations at the present time are as follows: 
	(1) 
	(1) 
	(1) 
	The origins of the modified Davis formula and the rationale behind its development must be determined so that confidence may be established in the basic theoretical formulation. 

	(2) 
	(2) 
	Fundamental information on the air drag of ordinary freight cars is needed. At the present time the lack of such information makes any conclusions regarding the resistance of such trains or any trains questionable. 

	(3) 
	(3) 
	The validity of the methodology for determining the resistance of a freight train as a function of the arrangement of the consist as developed in this report should be established. At the present time there is no other method known for solving this problem. 

	(4) 
	(4) 
	Bearing seal friction appears to be a fruitful area for reduction of train resistance. The functional dependence of this friction upon weight and velocity should be established more firmly than present understanding permits if meaningful conclusions are to be drawn regarding the effects of its reduction. 

	(5) 
	(5) 
	The effect of rigidizing the rail sub-structure and the rail itself and also substituting welded rail for jointed rail is a subject which deserves further study, as the potential seems high for effecting meaningful reductions in resistance through these techniques. 

	(6) 
	(6) 
	Additional information beyond what is presently available regarding TOFC/COFC operations needs to be assembled so that conclusions which are more meaningful may be drawn regarding possible changes in its operations. 

	(7) 
	(7) 
	The conclusions in this report are predicated completely upon operation over level tangent track. Some more representative routes need to be established on the basis of a statistical survey of route miles so that conclusions having a more realistic basis may be drawn. 

	(8) 
	(8) 
	The areas in which train resistance appears to have the most promise for realistic and meaningful reductions are bearing friction, consist rearrangement, and track stiffening. Light weight equipment does not appear to offer quite as large a potential based upon level tangent track; however, over more realistic terrain, because of the predominance of grade resistance, this conclusion could easily be modified. The relation of truck design to train resistance is possibly more tenuous than others and is probabl


	Certain of these areas are presently the subject of research programs sponsored by the Federal Railroad Administration. Previous wind tunnel tests of scale-model TOFC/COFC equipment are presently being paralleled by tests on corresponding full-size equipment in an effort to achieve validation of the wind tunnel data and metho-dology. A contract for an extensive program to investigate the air drag phenomenon with respect to ordinary rolling stock, beginning initially with a wind tunnel program, is presently 
	MITRE expects as part of its continuing work on this task to examine the effects above which are reconnnended for further study. It is recommended that the areas for research in the field such as wind tunnel tests, full scale aerodynamic tests, and fuel consumption tests be emphasized both to fill the gaps in the data base and validate 
	certain aspects of theory. 


	1.0 INTRODUCTION 
	1.0 INTRODUCTION 
	The subject of train resistance, the resistance of a train to motion along the direction of the track, is a subject which is not readily amenable to theoretical analysis or easy determination through field testing. The inherent nonlinearities of frictional forces, the uncertainties regarding the sources of apparent resistance, and the dependence of forces upon various powers of velocity make analysis difficult, and variegated test conditions in the outdoor environment over which the experimenter has little 
	Until recently, these formulas proved to be sufficiently accurate to serve the needs of the railroads, and little further interest in the subject developed. However, interest has recently been revived because of the repercussions of changes in railroading operations. Coal-burning steam locomotives have been replaced with diesel-electrics; higher speeds, if not more common, receive more emphasis; many new types of rolling stock have been intr oduced; and most recently, the price of fuel has risen sharply. Th
	While fuel costs r~presented only about 8. 5% of total operating expenses of the railroads in 1975 and 1976, the total fuel bill for the 
	1
	nation's railroads is estimated to be over $1. 2 billion per year. The significance of only a 10% reduction in fuel costs is quite evident. Hence any contribution to such a reduction which an investigation of train resistance and its subsequent reduction would make would clearly be beneficial. 
	The dependence of train resistance upon weight has generated interest in light-weight equipment; its dependence on mechanical friction has generated interest in better bearings and seals; its dependence upon aerodynamic drag, which apart from grade considerations becomes the dominant resistance at high speeds, has stimulated recent interest in wind tunnel testing and full scale validation of the re-sults. However, the full extent of the reduction in train resistance attributable to these areas and others wh
	At the present time, much basic information is lacking, particularly in the aerodynamic area, where information on the drag of ordinary rolling stock, not to mention some of the more unconventional modern pieces of equipment in use today, is notably lacking. The recent work of Hammitt (see Bibliography) is a useful contribution in this area, but its scope was limited to TOFC/COFC and related intermodal equipment; there have been relatively few reports concerned with ordinary rolling stock. However, the Fede
	The source for this information was the AAR Yearbook of Railroad Facts, 1977 Edition. 
	2 
	however, this report, because of the natural emphasis placed upon 
	freight movement by American railroads, is primarily concerned with 
	freight trains. 
	In many illustrative examples this report makes comparisons of the resistance of different trains, and in Section 8 makes some pre-liminary judgements on the cost effectiveness of various improvements which could be expected to reduce train resistance and hence fuel consumption. In most instances, changes in resistance due to a pro-posed improvement are functions of train velocity, and plots of train resistance or other parameters vs. train velocity are widely utilized herein. However, it was occasionally f
	English units have been employed throughout the report in order to be consistent with usage in the industry and in the domestic literature. 
	Although preliminary judgements on the cost effectiveness of many possible improvements are presented in this interim report, until better data and more information are available it will be difficult to make more than preliminary assessments of the possible financial benefits of reduction of train resistance through particular improve-ments in the design of track or rolling stock. It is therefore hoped that this report will both stimulate interest in the topic and indicate areas where further research is ne

	2.0 HISTORY AND DEVELOPMENT 
	2.0 HISTORY AND DEVELOPMENT 
	The earliest work in this country in the area of train resistance appears to be an attempt to measure the air resistance of a street railway car. This experiment took place in 1906; the streetcar was set upon a balance on top of a railroad flatcar and pulled at various speeds. Professor Schmidt of the University of Illinois in 1910 published a series of formulas derived empirically from tests on full scale freight trains. As the tests were run only to 40 mph, the formulas were not necessarily applicable to 
	Development of train resistance formulas occurred in foreign countries during the same period. A formula was developed in Germany by Strahl in 1913 and in the Soviet Union by Mukhachev in 1927. Similar formulas were developed in England and France in the late twenties and early thirties. The Russian formulas have been subsequently revised in 1956, 1963, and 1968; the French and German national railways also updated their original working formulas during the same period. British Railways has apparently only 
	In this country, until the advent of higher speed trains and less conventional rolling stock, persons in the field seemed content to rest 
	4 
	mainly with the Davis formula. · However, it gradually became recognized that the Davis formula was not quite accurate when applied to newer and faster trains. Radical changes have been introduced into the forms of rolling stock which now comprise freight trains. Such items as piggy-back and containerized freight equipment, high capacity box cars, and auto-rack cars are examples of components of contemporary freight trains which had not been conceived in the days when the Davis expression was formulated. Fi
	At least partially as a consequence of the use of such unconven-tional equipment, a modified version of the Davis formula, which resulted from some tests run by the Canadian National Railway (CNR) using some rr~dern equipment, has become as widely used as the original version. More recently, circa 1965, a modification to that version was developed by the Erie-Lackawanna (E-1) Railroad for use with piggy-back trains and trains of auto-rack cars, as these trains were proving to have considerably more drag tha
	Although some experimental work is presently being performed under contract with the U.S. Department of Transportation in the form of wind tunnel testing and field tests to improve the understanding of the aerodynamic drag of freight trains , and although some new drag coefficients have been established as a result for some special items of equipment, the work has not yet resulted in a totally new expression for the determination of train resistance. The CNR and E-L modifications to the Davis formula repres
	Because of the apparently greater interest in high speed operation and passenger service in Germany, France, and Japan, there have been 
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	several recent reports of investigations into the resistance of high speed pa.ssenger trains and commuter-type equipment. Unfortunately, most of this information is irrelevant to freight operations in this country. For this reason, specific discussion of foreign formulas will be limited to occasions where parallels can be drawn or there is particular relevance to the subject at hand. 
	No major mechanical improvements have been introduced into railroad operation in recent years approaching the extent and effect of the substitution of roller bearings for plain bearings, and as a consequence information for ordinary freight cars on the drag due to mechanical triction and velocity-dependent resistances caused by parasitic vehicle motions is reasonably complete. In. contrast, corresponding information on air drag for such ordinary rolling stock as tank cars, boxcars, and hopper cars, not to m
	2 

	2. 
	Figures in brackets refer to references. 7 
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	3.0 COMPONENTS OF RESISTANCE 
	3.0 COMPONENTS OF RESISTANCE 
	Possibly because it is mathematically convenient, most researchers have proposed a formula for t rain resj_stance on level tangent track, of the form: 
	2
	R = A+ BV + cv (1) 
	in which R = train r esistance V = train speed 
	and the coefficients are assigned various values, depending upon the particular author. If R is the total resistance on an absolute basis with dimensions in lbs., the coefficients A and Bare functions of the vehicle weight and number of axles, while the coefficient C is a constant. Usually, however , the resistance R is referred to on a lb. /ton basis. In this report it will be convenient to utilize both types of expressions. Where the-context does not make the usage clear, it will be noted specifically whi
	If the train is accelerating, ascending a grade, or traversing a curve, additional constant terms must be introduced to account for these factors: a figure of .8 lb per ton per degree of curvature is recommended by AREA, see Hay [2]; and figures of 20 lbs. per ton per percent grade for grade resistance and 91.1 lbs. per ton per mphps for acceleration are derivable from fundamental laws of mechanics. An increase of mass is often used to account for rotational inertia in computing acceleration forces; this am
	Not all authors are in agreement concerning the factors attributable to each of the above coefficients, and probably there is in actuality considerable overlapping of effects. Nevertheless, the discussion 
	8 
	following is believed to reflect the feelings of most authors regarding these factors, insofar as it is possible to admit to such simplification. 
	The term "A" includes various mechanical or friction drags and at least a portion of it appears to be weight-dependent . Hay [2] divides this term into three elements : rolling resistance, track resistance, and journal resistance. Rolling resistance arises from friction between the wheel and the rail, and energy is dissipated when slippage occurs; an additional small amount is dissipated through flattening of the rail and wheel surfaces. Track resistance is attributable to a component of force opposing the 
	The "B" coefficient comprises all effects which can be considered to be dependent upon the first power of the velocity. Flange resistance, caused by the nosing action of the truck and car and the consequent impacting of flange upon rail, is a major portion of this coefficient [1-2]. In general, the rid~ quality of the trucks seems to contribute to this coefficient [3]. The design of the trucks certainly relates to energy dissipation due to hunting. Also lumped into the coefficient are the energy dissipated 
	14,----------------------------, 
	12 
	10 
	Resistances 
	Calculated 
	from Constant 
	Terms in
	i::: 
	0 
	.I-) Davis Formula 
	-
	8 

	Ill 
	..c 
	rl 
	Q) 
	c:J 
	~ 
	.I-) 
	Ill 6
	•rl 
	!I) 
	Q) 
	i::t: 
	4 
	2 
	Resistance 
	0 L-------.L..-----'-----......l.-----'--------1 2 4 6 8 10 
	0 

	Weight on Axle (Tons) 
	FIGURE 2 COMPARISON OF JOURNAL RESISTANCE WITH RESISTANCE 
	CALCULATED FROM CONSTANT TERMS OF DAVIS FORMULA FOR VARIOUS WEIGHTS ON AXLES 
	CALCULATED FROM CONSTANT TERMS OF DAVIS FORMULA FOR VARIOUS WEIGHTS ON AXLES 
	10 
	The "C" coefficient is generally agreed to comprise the effect of air resistance, although it is not inconceivable that other, unknown effects are proportional to velocity squared. But even without consideration of this possibility, the term itself is only an approxi-mation, as it is known that the air drag is a combination of shape effects and skin friction [l] [6], the latter of which theoretically 
	1.85 2
	varies as V rather than V, and both effects are lumped into the single term. However, there are obvious advantages to such simplifica-tion if accuracy is not greatly diminished. 
	While the preceding discussion is equally applicable to both passenger trains and freight trains, the remainder of this report will be concerned solely with freight trains, unless specifically stated to the contrary. Overall weights, lengths, shapes, truck designs, body smoothness and other characteristics of rolling stock significant in determination of resistance are for passenger cars markedly different from those for freight cars and constitute a separate topic. However, given the state-of-the-art, cert
	Figure 3 illustrates for a particular formula and at lower speeds (up to 35 mph) the relative magnitude of these various components of train resistance for an average length train of a particular weight, as a function of velocity. Note that of the three terms the mechanical resistance predominates. Because the magnitude of the second term is so small, several modern authors drop the term completely [5], [7], [8]. 
	The various formulas do not take into consideration other effects which affect drawbar pull, such as the resistances attributable to 
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	FIGURE 3 COMPARISON OF MAGNITUDES OF TRAIN RESISTANCE FORMULA TERMS 
	grade, curvature, and acceleration, Figure 4 illustrates the magnitude of the resistances attributable to these effects in relation to the data of Figure 3. The values of the grade, curvature, and acceleration were arbitrarily chosen but are reasonably representative. Note how the grade resistance predominates, even for such a small grade, 
	Figure 5 extends the curves of Figure 4 to higher velocities; note how the air resistance begins to predominate. 
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	4,0 SPECIFIC FORMULAS OF RESEARCHERS 
	4.1 The Schmidt Formulas 
	4.1 The Schmidt Formulas 
	As noted earlier, I9] published in 1910 a series of formulas for total train resistance, each formula being applicable to a train of a specific average car weight. The formulas were based upon empirical data, and the user was advised not to apply them to trains at velocities higher than 40 mph. At the time Schmidt developed this series of formulas, there seems not to have been much recognition that air drag was particu-larly appreciable, probably because normal freight train velocities were relatively slow,
	Schmi.dt 

	2
	R = 2.87 + .019 V + .00113 v (2) 
	where Vis expressed in mph. The total train resistance in lbs. is obtained from this expression by multiplying by the total train weight. Since this formula is predicated upon the average weight of the cars in the train, the expression may also be looked upon as yielding the specific resistance of a single car, in lbs./ton of car weight. It should be noted, however, that this expression, even though on a lb./ton basis, is not applicablt to cars or trains of other weights and applies only to a 75 ton car, or

	4.2 The Tuthill Formulas 
	4.2 The Tuthill Formulas 
	As the Schmidt formulas were not to be used at velocities above 40 mph, Tuthill [10] after World War II, based upon a series of tests conducted by the University of Illinois in 1937, produced another series of similar forn~las , basically extensions of the Schmidt formulas, to be used at higher velocities. His formulas were also directed toward total train resistance based upon average car weight and yielded the resistance in lbs. /ton, but, as with the Schmidt expressions, they may also be inter-preted as 
	car weight. Tuthill
	1 

	2
	R = ,53 + .002 V + .0029 V (3) 
	It is worth noting that if the expressions are placed on an absolute basis, so that the resistance is measured in lbs., the coefficient of the Vterm varies with the weight; as the weight increases, the coefficient increases. It has been noted that this is illogical, since the coefficient reflects the aerodynamic drag coefficient which is unrelated to weight [11]. 
	2 

	A possible explanation is offered to explain this anomaly. Both Schmidt' s and Tuthill's expressions are based upon average characteristics: average car weights and average consist makeup of actual trains. One can plausibly infer that the average density of the load, given a sufficient number of cars, was constant. In such a case, for a constant average cross-section, a heavier car will be.longer, and the heavier trains will be longer trains for the same number of cars. It is known (see 
	17 
	later discussions on aerodynamics) that longer trains have more air drag than shorter ones, other things being equal, since much of the air drag is skin friction, a factor dependent upon train length. Unfortunately it is impossible to demonstrate the validity of this explanation, since only the weights were considered to be important, and no information was given on lengths of cars or trains. 
	4.3 The Davis Formula 
	4.3 The Davis Formula 
	Davis [1] formulated his expression in 1926 directly for a single car, rather than for a train; the expression included the number of axles as well as the weight and velocity, the original formula being: 
	2 R = 1. 3 + _.?1. + b V + CAV (4)
	w wn 
	where w = weight in tons per axle 
	b = experimental constant 
	n = number of axles per car 
	A = cross sectional area 
	V = velocity in mph., as before 
	C aerodynamic coefficient 
	R = resistance in lbs. per ton of car weight 
	Davis did give recognition to differing velocity-dependent resistances and aerodynamic drags for various vehicles and published an accompanying table of recommended values for cross-sectional areas, the coefficient "b", and the aerodynamic drag coefficient. Values were provided for locomotives, passenger cars, freight cars, and a few other miscellaneous vehicles. For the same 75 ton car used above as an example, using Davis recommended values, the expression for resistance in lbs . /ton be.comes: 
	2
	R = 2.85 + .045 V + .0006 v (5) 
	18 
	The aerodynamic coefficient for a conventional locomotive was con-siderably higher, presumably because of its position as the leading vehicle as well as its different shape. The locomotive resistance was to be calculated separately; but the resistance. of the cars was calculated as in the Schmidt-Tuthill formulas. 

	4.4 The Modified Davis Formula 
	4.4 The Modified Davis Formula 
	The Schmidt-Tuthill expressions and the Davis formula were derived at a time when trains were lighter and when plain bearings rather than roller bearings were in general use [12]. In an attempt to remedy this growing inapplicability of these expressions, some tests were conducted by the Canadian National Railway using more modern equipment [12] [13]. These resulted in a modification of the Davis formula which became known as the modified Davis formula; the date of its origin is uncertain, but it was undoubt
	2 
	R = . 6 + 20 + . 01 V + •07 V 
	(6)

	w wn 
	For the same 75 ton car used in the previous example, this expression for resistance in lbs./ton becomes: 
	2
	R = 1.67 + .01 V + . 000933 v (7) 
	The differences between this and the Davis formula are worth noting. The two non-velocity dependent terms are both smaller, undoubtedly reflecting the somewhat smaller rolling resistance of roller bearings. The .6 figure reflects an effective coefficient of rolling friction of . 0003 (.6 f 2000) while the figure of 20 lbs. per axle closely relates to measured values of 5 lbs. per roller bearing seal, with four seals per axle. (See Section 9.2 for further discussion of this point . ) Although some reduction 
	19 
	in general the advantage of roller bearings over plain bearings seems primarily to be the reduction in starting resistance, not running resistance. The reductions are approximately 80-90% and 10-15%, respectively [12] [15]. The coefficient of the velocity-dependent term is also smaller, possibly due to a diminution of coupled motions in the truck or carbody, although it is not clear what design improvements 
	2
	contributed to such a large reduction. The coefficient of the V term is more than 50% larger, reflecting both an increased awareness of the importance of air drag as well as a slow (detrimental from the standpoint of aerodynamic drag) change in the nature of modern rolling stock. 
	While these changes seem reasonable, it has not been completely settled that the modified Davis formula is an improvement over the Davis formula. Hammitt [11] discusses the apparent dependence of the aerody-namic coefficient for TOFC/COFC equipment on speed when the modified Davis formula was used to correlate field data with theoretical values. Luebke [16] states that the difference between actual mechanical resistances, as measured by some tests performed by the Chesapeake and Ohio (C&O) Railroad in 1966,


	4.5 Other Formulas 
	4.5 Other Formulas 
	4.5.1 The E-L Variation 
	4.5.1 The E-L Variation 
	As a subsequent extension of the effort to update train resistance expr.essions to relate them to modern equipment, in 1965 the Erie-Lackawanna RR, suspecting that the air drag of piggyback and auto-rack cars was higher than that of conventional freight cars, ran a series of full scale tes~s that resulted in their recommending the use of the modified 
	2
	Davis formula with a V coefficient of .20 instead of .07 for such equipment. Then for a car of the same gross weight as used in the previous example, 
	20 
	the expression for resistance in lbs./ton would be [9]: 2
	R = 1.67 + .01 V + .00293 v (8) 
	This, of course, would be applicable only to a car of the particular type and weight. 

	4.5.2 The Hoerner Formula 
	4.5.2 The Hoerner Formula 
	Hoerner has done extensive work in fluid-dynamic drag and has compiled a considerable array of data [17]. However, he gives no drag coefficients for freight cars in trains and only extracts an average drag coefficient from data by Tuthill for a 70 car train. His initial non-velocity-dependent terms are those of Davis, but the velocity-dependent term is somewhat different. Using the above-mentioned drag coefficient to complete the expression yields the following for the resistance in lbs./ton of car weight: 
	R = 1.4 + 28 + .02 V + .0664 V2 
	(9)

	w wn For a car of the same gross weight as used in the previous example, the resistance in lbs./ton becomes: 2
	R = 2.89 + .02 V + .000885 v (10) 

	4.5.3 Foreign Formulas 
	4.5.3 Foreign Formulas 
	It is of interest to note what formulas are used in foreign countries, even though on account of possible obsolescence and differences in rolling stock and track conditions they ~ay not be applicable here. 
	In Germany, the basic work was by Strahl in 1913. His formula is quoted by Koffman (18] as: 
	V 2
	R = 2. 0 + (. 007 + m)( ) (11)
	10 
	when R is in kg./metric ton, Vis in Kmh, and mis a constant equal to . 025 for loaded freight cars with trucks . In English units this becomes 2
	R = 4.0 + . 001657 v (12) 
	R in lbs./ton and Vin mph. Note that the linear term in Vis missing. The equation was later (1932) revised to: 2
	R = 4.0 + .001294 v (lbs./ton) (13) 
	possibly reflecting better aerodynamic characteristics. The coefficient 
	of the last term corresponds to the analogous coefficient in the modi-
	fied Davis formula for a car of 54 tons gross weight. See Equation (6). 
	However, apparently the particular expression was used for all cars 
	regardless of weight. 
	In the Soviet Union, the original expression was due to Mukhachev in 1927. Al~o quoted by Koffman [18], his expression is for the absolute resistance in Kg . of a train of n cars. In metric units this was: 
	2
	R = 1.2 W + .09 nV + .03 (1.0 + .04 n)V (14) 
	with R in Kg., Win metric tons, and n the number of vehicles. In English units this is: 2
	R = 2.4 W + .319 nV + .1709 (LO+ .04 n)V (15) 
	with R in lbs., Win tons, and Vin mph. This was subsequently revised 
	several times, with the 1968 version becoming a formula for specific 
	resistance of a single car, which in metric units was quoted as: 
	R = .7 + .o + ·~wV + •V (Kg/metric ton) (16) 
	3
	0025 
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	,., 
	.... 
	I 
	,, 
	w being the load per axle. Changing to English units and revising the 
	I 
	form slightly for comparison purposes, the expression for a 75 ton box 
	,, 
	car becomes: 
	car becomes: 
	2 I

	R = 1. 752 + .0189 V + .00076 v (lbs./ton) (17) 
	I 
	which is only moderately different from the Davis or modified Davis 
	! 
	formulas. 
	Lt It 
	In France, the French National Railways (SNCF) have adopted three formulas, as quoted in Koffman [18). The one most nearly applicable
	Ii 
	to a 75 ton car would be: 
	2
	R = 1.5 + .000625 V (Kg/metric ton) (18) 
	it 
	I 
	it or in English units, as above: 
	t 
	It 

	2
	R = 3.0 + .00324 V (lbs./ton) (19) 
	I 

	t 
	I
	In England, information for freight trains was apparently lacking, and a formula devised only recently has been shown to have validity there . 
	I 
	Also quoted by Koffman [18], the expression :f.s: 
	I, 

	1, 
	2 
	I 

	R = 1.25 + .015 V + .0001 V (Kg/metric (20) ton) 
	which in English units is 
	2
	R 2.5 + .0483 V + .000517 V (lbs./ton)(21) 
	In Japan, a single formula was developed in 1967 which allegedly replaced the more than 30 expressions previously required [19]. The expression is of the form: 
	' 
	R = a + $V + yV (22) 
	2 

	23 
	where for four-axle freight cars 
	a = (.7 K + .275)e-t/0 
	3

	6 = .133 y = .00106 S./(1.0 + es )
	2 
	where K, s, s and 8 are constants for various types of cars, wheels,
	1

	2 and track conditions and tis the temperature in °C. The units are unfortunately not completely clear, although clearly metric, and the table of coefficient values is too extensive to reproduce here. It is sufficient to note that this expression is the only one to take into consideration apparent parameters of the problem such as track condition, wheel type, and temperature. 
	24 
	5.0 COMPARISON OF RESULTS OF APPLICATION OF FORMULAS 
	5.0 COMPARISON OF RESULTS OF APPLICATION OF FORMULAS 
	The expressions in Section 5 comprise most of the American and much of the foreign theory regarding the resistance of freight cars to longitudinal motion. A brief glance at the several formulas applicable to rolling stock and railroad operations in this country will reveal a considerable variation in the values predicted by the various formulas. 
	5.1 American Formulas 
	5.1 American Formulas 
	The five expressions from the previous section applicable to the resistance of the 75 ton box car used as an example are repeated below; the Erie-Lackawanna formula is specifically directed towards piggyback and auto-rack cars and has not been included. 
	2
	R = 2. 87 + .019 V+ . 00113 v (Schmidt) (2) 2
	R = . 53 + .002 v+ .00290 v (Tuthill) (3) 2
	R= 2.85 + .045 V + .00060 v (Davis) (5) 2
	R = 1.67 + .010 V + .00093 v (CNR) (7) 2
	R = 2. 89 + .020 V + .00089 v (Hoerner) (10) 
	The discrepancies among the coefficients are quite evident. Most of the investigators, recognizing that there were variables in the testing leading to the equations beyond the control of the investigator which affected the accuracy of the results, cautioned that a certain deviation from the formulas could be expected; Tuthill [10], for example, recommended adding 8% to the values given by the formula to account for spread due to unknowns. 
	The expressions are plotted for the 75 ton car for various values of velocity in Figure 6. While there are certain similarities of shapes and several of them are reasonably close together, the deviations among the curves are still considerable. It is also worth noting that the 
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	FIGURE 6 COMPARISON OF RESISTANCES WITH 75 TON CAR 
	relationships of the curves would have been different had a car of a different weight been chosen as an example, as shown in Figure 7, where a car of 20 tons gross weight was chosen for illustration. The deviations among the curves constitute a silent testimonial to the difficulty of accurately quantifying such an apparently simple phenomenon. 
	5. 2 Foreign Formulas 
	The situation with regard to train resistance formulas in use in foreign countries does not appear at first glance to be better than that prevailing here. Koffman [18] has plotted a figure showing the relative magnitude of the specific resistances of trains in four European countries, as determined by the formulas discussed in Section 5. The curves are illustrated in Figure 8, which, as in Figures 6 and 7, shows a considerable deviation among the curves. However, as the characteristics of rolling stock and 
	5.3 A Cautionary Note 
	5.3 A Cautionary Note 
	-The formulas developed by the investigators which were discussed in Section 5 must be used with caution and the results interpreted with discretion. It is unfortunately possible to arrive at results which may lead to erroneous conclusions. 
	Consider, for instance, using the Davis formula to determine the drawbar pull required for a short train of ten boxcars, all loaded to capacity. The magnitudes of the three terms using the Davis formula are plotted in Fi gure 9, Note that even at 80 mph, the air resistance 
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	is less than half the total of other resistances. One might easily conclude that air resistance is a virtually negligible effect for freight trains. 
	Consider, however, a longer train consisting of empty boxcars. Figure 10 illustrates the magnitudes of the same three terms using the modified Davis formula. The air resistance is more than three and one-half times the total of the other two terms at 80 mph. 
	The discrepancy between the figures is attributable to all three factors which are different from each other in the examples: train length, specific weight of cars, and the particular formula used. These examples were introduced only to inject a note of caution at this time: the formulas themselves produce widely varying results on the same train; with different trains, the relative significance of the several terms in the formulas changes. A more detailed discussion of these factors and the reasons for the
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	6.0 FACTORS CONTRIBUTING TO DISCREPANCIES BETWEEN RESULTS 
	6.0 FACTORS CONTRIBUTING TO DISCREPANCIES BETWEEN RESULTS 
	There are many factors which apparently affect train resistance, only a few of which are incorporated directly in some fashion into the standard train resistance formulas. The fact that many of these have been largely ignored by investigators, possibly because their effects remain difficult to quantify, could account for some of the discrepancies among the results from the previous formulas. Some of these are temperature, track condition, truck design, the effects of side winds, and the makeup of the consis
	discussion following. 
	6.1 Temperature 
	6.1 Temperature 
	Temperature is an obvious factor, not only the ambient tempera­ture, but the temperature of the journals as a function of time along the journey. Schmidt and Marquis [20] have shown, at least for trains equipped with friction bearings, that train resistance diminishes from the start of a run until it settles out asympototic­ally to a steady-state value, the phenomenon being apparently attributable to the warming of the bearings. This relationship is illustrated in Figure 11. This phenomenon is also made evi
	In view of the comparatively uniform rolling characteristics of roller bearings, it is doubtful that this experience is completely relevant to modern operations; however, this phenomenon, along with variations in ambient temperature from test to test contributing to a similar effect, may help explain a portion of the discrepancies in the results of various researchers. 
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	6.2 Track Condition 
	6.2 Track Condition 
	Track condition is another partly intangible characteristic which affects train resistance, apparently quite significantly in some cases. A number of factors enter into track condition as it apparently affects train resistance: rail weight, tie spacing, roadbed condition, etc. Hay fl] mentions a reduction of .4 lb./ton in going from 84 lb. rail to 150 lb. rail, for constant axle loadings. The figure seems small, but for an average train such a reduction can diminish drawbar pull by three thousand lbs. or mo
	Other authors have noted that train resistance formulas in use in various countries yield considerably different, but apparently locally valid results. As noted in Section 5.2 and illustrated in Figure 8, Koffman [18] shows a curve of specific tractive resistance of a given freight car, as calculated by formulas in use in the Soviet Union, Germany, France, and England. Note that at 80 km/h (50 mph) the specific tractive resistance in England is more than 50% higher than in the Soviet Union. He gives an exam
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	in England. Scales [21], noting prophetically in early 1973 that the energy crisis was upon us and that such an apparently unnecessary consumption of power was unsatisfactory, attributes the differences in the curves, possibly correctly and certainly persuasively, to differences in track construction in the various countries. He points out that British rail is lighter, and the ties further apart, than any of the others, with the Russian construction the heaviest, and German and French in between. Apparently

	6.3 Design of Trucks 
	6.3 Design of Trucks 
	The design of the trucks certainly influences train resistance, as energy dissipated in frictional snubbers, hydraulic dampers, friction in the center plate, carbody oscillations, or simply the wheel flanges impacting the rails must all come from the locomotive and is reflected in drawbar pull requirements. Several authors have connnented on the relationship of truck design to train resistance [2], 
	[17] but "design" is a difficult characteristic to quantify. Some analysis is presently being made in Canada by Marcotte and Caldwell [22] of the 
	effects of a self-steering truck upon train resistance and consequently fuel consumption. Another possible avenue of approach to the subject is that a mathematical evaluation of vibration energy dissipated in the carbody or trucks could be made from appropriate recordings of motion amplitudes. 
	-

	6. 4 Side Winds 
	The effect of side winds, as opposed to the resistance encountered by a train moving in still air, is another phenomenon which does not lend itself readily to analysis but which affects 
	train resistance to some degree by altering the airflow around the cars, particularly between them; it is thus related to the size of the gap between adjacent cars. Hammitt [11] presents considerable data, both on regular equipment and TOFC/COFC equipment, on the effects of gap size upon drag caused by side winds, from recent wind tunnel measurements. Hammitt, in another work [23], presents a polar diagram showing the variation of drag on a high speed streamlin~d train with respect to the yaw angle of the w
	Unfortunately, (1) the difficulty of measuring wind velocity accurately at the desired point either on the ground or on the train, (2) the fact that the wind at one end of a long train is likely to be substantially different from the wind at the other end, both in magnitude and direction, or that the wind several ,miles down the track will be similarly different, and (3) the fact that the wind is in most instances a transient phenomenon cast doubt upon the likelihood that meaningful and useful results will 
	Nevertheless its effect is large in some instances. The data in Hammitt [11] clearly show that the aerodynamic drag can double when the wind attacks the train at an angle. In addition, there is a separate effect, cited in an AREA report [24], that "a strong si de wind ... presses wheel flanges against rail head, thereby initiating a frictional resistance to forward motion." The magnitude 
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	of this phenomenon is substantial; as given in the same report, the magnitude can be as much as 2,8 lbs. per ton for a locomotive; this 
	is the same order of magnitude as the entire mechanical resistance for a normal freight car. Unfortunately, no similar figure is given for ordinary rolling stock, but there is no reason the figure should be substantially different. 
	It is easy to see how the effects of such a comparatively unpredictable event such as the occurrence of side winds might affect the results of tests taken outdoors, as is almost all full-scale railroad testing. Unfortunately, little can be done to minimize the effects of side winds other than to close the gaps between cars so as to present a relatively unbroken exterior surface to the air stream. While undoubtedly a phenomenon affecting .train resistance in an adverse fashion, it appears to be one with whic

	6.5 Aerodynamic Drag and Length Considerations 
	6.5 Aerodynamic Drag and Length Considerations 
	No discussion of train resistance would be complete without mentioning aerodynamic drag, which has been shown on level tangent track to predominate over other resistances at high speed. Still, present understanding of the aerodynamic drag of trains is rudimentary, despite the attention which it has commanded from recent investigators because of the interest in freight trains of higher speeds, not to mention advanced high-speed passenger train systems [5], [6], [11], [14], [16], [19], [23], [25-28] . Despite
	arranged in random order in the consist does not readily lend itself to analysis. The formulas for train resistance in common use go no further than to suggest the use of an overall aerodynamic coefficient representing an average value of drag for the particular kind of rolling stock. 
	Most investigators agree that the phenomenon of air drag on a rail­road vehicle can be roughly separated into three effects: the drag on the front of the vehicle caused by the dynamic pressure; the skin friction on the sides and roof of the vehicle along its length; and the drag caused by flow separation at the rear of the vehicle [3], (5], (23], (27-29]; occasionally the drag of the trucks and the underside of the carbody is separately included [1] , [5], (30] . 
	These effects may be relatively easy to quantify for a single vehicle, by means of wind tunnel or full scale testing, but despite this, the literature is devoid of such information on ordinary rolling stock. Attesting to thi s state of affairs, Hammitt [11] comments that "available full scale tests are not adequate to define the aerodynamic drag of railroad freight cars." For a train of vehicles, accurate i nformation of such nature is much more difficult to obtain, s:i.nce it is evident that at least the f
	The most recent studies of the relationships of these parameters were related to wind tunnel tests of scale models of high speed streamlined passenger trains and corroborative full scale tests, 
	in France, Germany, and Japan. Some tentative conclusions relating to 
	freight trains may be drawn, notwithstanding that the data relate to 
	passenger trains . 
	Bernard [27], referring to tests on the 5-car TGV-001 streamlined 
	train, gives "aerodynamic coefficients" in decanewtons per (kilometer 2 
	per hour) squared (daN/kmh ) for the leading, trailing, and inter-mediate cars; respectively: ,00545, .00848, and .00359. Comparing 
	the coefficients for the leading and trailing vehicles, he notes that 
	"the end effect is considerable." He also co1I1Ir.ents that "streamlined 
	extremities do not effect any improvement in this respect". 
	It is implicitly assumed in the above discussion and in the dis-cussion following, and apparently by the investigators mentioned, that the air pressure between cars is approximately equal to ambient pressure. Thus the coefficient for the leading car comprises the integral of the distribution of excess pressure over only the front of the vehicle plus the skin friction over its length. Similarly, the coefficient for the trailing car comprises the integral of the distribution of the negative (less than ambient
	Thus, to find the total air drag for the train, Bernard calculates a total aerodynamic coefficient consisting of two terms. The first 
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	term adds the portion of the front and rear coefficients corresponding to pressure effects and multiplies them by the cross-sectional area; the second term multiplies the skin friction coefficient by the effective surface area of the entire train; these terms are then added and multiplied by the square of the velocity to obtain total air drag. 
	Gluck [5] adopts a similar but not identical procedure and has arrived at analogous figures of similar magnitude for testing of short modern passenger trains in Germany. Corresponding drag coefficients (in this case dimensionless but based on the same cross-sectional area) for the leading, trailing, and intermediate cars were determined to be .132, .252, and .158, respectively, for the VT601 seven car train and .215, .308, and .100, respectively, for the apparently less streamlined but newer ET-403 four car
	The ratios of the combined front and rear effect to the skin effect for the trains mentioned above are 3.8, 2.4, and 5.2, respectively, the differences undoubtedly reflecting the relative degree of streamlining and the smoothness of the exterior surfaces. In the worst case, it will take only six cars for the total of skin friction to be greater than the pressure effects from front and rear. 
	These figures are roughly confirmed by Hara [29] with respect to the New Tokaido Line equipment. He states that the friction coefficient will equal the pressure coefficient for "only two coaches" (in this case the locomotive is treated as a separate entity) and that consequently "for a long train skin friction will be dominant." He notes as a consequence that "endeavor to diminish the pressure drag (front and rear) is not so effective for the diminution of total drag." 
	How related is this recent information on relatively streamlined passenger trains in foreign countries to unstreamlined freight trains in this country? In actuality, quite,,a bit. It seems to have been forgotten that the aerodynamic coefficients actually relate to skin friction, even though they are referenced to the cross-sectional area of the car. Thus the recommended Davis coefficient for a leading car or locomotive is .0024, whereas for trailing cars the recommended coefficient is .0005. The resistance 
	-

	Since the Davis formula is a car formula, as opposed to the earlier Schmidt-Tuthill series of formulas for trains, the length of the train is implicit in the Davis formula, as it should be to give proper consideration to the aerodynamic drag term, which will be proportional to the total length if it reflects skin friction. In the Davis formula, to find the total resistance, the expression for lbs. per ton (per car) is multiplied by the average weight per car and the number of cars. This is equivalent to tak
	Since the Davis formula is a car formula, as opposed to the earlier Schmidt-Tuthill series of formulas for trains, the length of the train is implicit in the Davis formula, as it should be to give proper consideration to the aerodynamic drag term, which will be proportional to the total length if it reflects skin friction. In the Davis formula, to find the total resistance, the expression for lbs. per ton (per car) is multiplied by the average weight per car and the number of cars. This is equivalent to tak
	average car weight times the number of cars. Thus the aerodynamic term in the formula is effectively multiplied by the number of cars. Of course this presupposes that all the cars are the same length, but in Davis' day this was not an unreasonable presumption. Today, however, this is no longer applicable, as one can see from Figure 1. 

	Lipetz [6] presents a formula for the air resistance of a train which follows along similar lines. This is given as 
	LC 2 R = .002 ~ + .00245 Pc lOO V 
	where 
	~=cross sectional area of locomotive 
	Lc = length of car 
	Pc= perimeters of car (height of two sides plus roof 
	width) 
	It is seen that he too allocates all the pressure effects 
	to the leading vehicle, in this case the locomotive, and skin 
	friction effects only to the trailing cars. 
	It is of some interest again to note the ratio of the two effects as determined by Lipetz. If one substitutes representative values for cross sectional areas, lengths, and perimeters, one arrives at the expression: 
	2
	2
	R ~ (.240 + ,0392) v 

	yielding an approximate ratio of 6:1 of pressure effect to skin effect. Thus using his formula, six freight cars would have the skin friction drag equivalent to the pressure drag of the leading car. 
	It appears, then, that anywhere from five to ten cars contribute in skin friction the equivalent of the pressure drag from the leading 
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	and trailing vehicles. In further substantiation of this figure, Davis [1], in reporting data from Schmidt's earlier testing, notes that the average drag in the trailing cars is from 13.8% to 16.8% of that of a leading car, corresponding to a figure of seven cars. Thus in calculating the resistance of a short train, particularly a light one, where the air drag might be the pre-dominant resistance, it is possible to incur an error approaching as a limit a factor of two by mere substitution into the Davis or 
	Thus the true air drag of a string of similar freight cars may be represented as a straight line when plotted as a function of the number of cars, but the curve does not go through the origin if the pressure terms are not dumped upon the locomotive. Bernard [27] presents such a curve as a function of train length. The resistance calculated by the forurula does, however, go through the origin. Two such curves are shown in Figure 14. The error is the difference between them. The ratio between the true air dra
	This effect in itself may be further masked by the weight of the cars, particularly if calculated by the Davis formula, which emphasizes mechanical resistance more than others. In a heavy train moving at lower velocities, the air drag itself is much smaller, and any error in calculating air drag will be masked by the addition of the other terms. 
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	FIGURE 14 RELATIONSHIP OF TRUE DRAG TO SKIN DRAG 
	It can safely be said that even for a train of similar vehicles, misleading results may materialize from simple substitution of numbers into the Davis formula or the modified Davis formula, which takes the same form, if the train is short enough. Such calculation considers only the skin friction, and the pressure drag is being implicitly absorbed by the locomotive at no cost to the train. In actuality, even if only the drag of the cars following the locomotive is to be determined, much, if not most, of the 
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	7.0 A METHODOLOGY FOR APPROACHING THE AERODYNAMIC DRAG PROBLEM 
	7.0 A METHODOLOGY FOR APPROACHING THE AERODYNAMIC DRAG PROBLEM 
	7.1 Introduction 
	7.1 Introduction 
	While Davis recognized that skin friction was the dominant factor in producing air drag on both passenger trains and freight trains, at least those consisting of closely coupled, nearly uniformly sized cars, in his day speeds for freight trains were relatively slow, and most trains were trains of boxcars of approximately the same size, or mixtures of boxcars, hopper cars, gondola cars and tank cars. It is perhaps indicative of the types of rolling stock in most common use at that time and earlier that Profe
	2 2 
	areas of the gondolas was 70 ft. , compared to 98 ft. for the boxcar, so that the gondolas, although obviously smaller, were not significantly different from the other cars. It is realistic to believe that the Davis formula was meant to apply to trains consisting solely of boxcars, as illustrated in Figure 15(a), or to an ordinary mix of cars as illustrated in Figure 15(b). 
	While the modified Davis formula corrected some of the shortcomings of the Davis formula by giving more recognition to air drag and less to mechanical resistance, which had diminished somewhat with the advent of roller bearings, it still is not suitable for application to certain types of modern rolling stock, as shown with regard to unit trains of piggy-back cars or autorack cars by the Erie-Lackawanna tests [14]. While for those types of rolling stock the E-L formulation is certainly an improvement, the p
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	examples because of the exposure of more of the fronts and rears of cars to the free airstream. It is to address this problem that the following methdology is offered as an initial step in quantifying the resistance of such a consist. 

	7.2 Division of Air Drag into Three Effects 
	7.2 Division of Air Drag into Three Effects 
	It has been noted in the previous section that the air drag on railroad cars may be regarded as being divided into three factors: front pressure effect, skin friction along the sides and roof of the car, and the rear pressure effect. It will be convenient herein to continue this division, although, as noted before, certain authors have seen fit to combine the front and rear pressure effects into a single coefficient. 
	Consider the case illustrated in Figure 17. The center car will be the subject in each case. In (a), the boxcar is almost completely exposed to the free air stream, both front and rear; the shielding of the car by the flat cars is minimal. In this case it would be necessary in determining the air drag on this car to take into con-sideration all three effects to almost their fullest extent. In case (b), because the cars are closely coupled and identical as well, the pressure effects at either end will be min
	The approach taken will be to determine the air drag of each car in the train, and then to sum these drags to determine the total air drag of the train. For each car, the drag due to each of these three 
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	FIGURE 17 EXAMPLES OF VARIOUS SHIELDING EFFECTS ON CENTER CAR 
	effects will be determined. It will be assumed that the skin friction, contrary to the pressure effects, is unaffected by the presence of vehicles in front of or behind the vehicle in .question. Since the skin friction problem does lend itself to relatively simple -analysis, it will be discussed first. 



	7.2.1 Skin Friction Considerations 
	7.2.1 Skin Friction Considerations 
	A friction drag coefficient may be assigned to each type of car, or even to the entire class of freight cars, based upon theory or results from wind tunnel and full scale testing; surface areas may be calculated from actual measurements of length, width, and height; and drag may be calculated from the standard formula. 
	I 
	Data on skin friction coefficients are remarkably consistent, enough to ensure that large errors will not be incurred by use of the data. Conversion of the aerodynamic coefficients for intermediate cars in relatively smooth passenger trains given by Hara for the New Tokaido line trains [29], Bernard for the SCNF TGV00l train [27], and Gluck for several German trains [5] to dimensionless skin friction coefficients based upon surface area reveals the following:' 
	cf = .0041 (New Tokaido Line) = . 0042 (SCNF-TGV00l) = .0058 (DBB-VT601) cf = . 0063 (Davis, passenger train) = .0074 {Davis, motor car) 
	cf 
	cf 
	cf 

	Unfortunately, no data are available for freight cars but it may be safely concluded that the surface of the average freight car is rougher than that of streamlined passenger vehicles and might be equivalent to something near the value for the old Davis motor car. 
	53 
	It is possible to compute from the Davis and modified Davis formulas 
	what the skin coefficient would be if a certain drag for the trucks is 3
	assumed and a surface area and a cross-sectional area selected. After doing so, values for the surface coefficient are .0053 and .0117 respectively. The average value of .0085 appears to be realistic in view of the other data and is used hereafter in this report. The difference between the values obtained is an indication of the present minimal understanding of the true aerodynamic drag of a railroad freight car. The figure used is consequently approximate, and the considerations with regard to its value ar

	7.2.2 Front and Rear Pressure Effects 
	7.2.2 Front and Rear Pressure Effects 
	In contrast to the skin friction effect, the magnitude of the front and rear forces will be modified from what could be considered to be the analogous forces if the objects were alone in a free air stream, by the proximity and shape of other vehicles in front of the vehicle in question and behind it. In particular, the pressure effects at front and rear will be affected by the proximity of the car at either end, even if the cross-sectional areas are identical. Hammitt [11] has done some recent work to deter
	Respective values used were 40 lbs/truck at 60 mph, 1600 ft. , and 
	2

	88 ft. . The truck drag for four-wheeled freight car trucks was 
	2

	taken as 2/3 of the 119 lb. drag reported for 3 axle passenger trucks 
	in Davis [l], the only figure for truck drag found . . 
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	00 
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	FIGURE 18 EXAMPLES SHOWING PROXIMITY AND AREA MATCH EFFECTS 


	minimal. Case (b) shows matching areas, but proximity so poor that the pressure effects on both vehicles will be virtually the same as if they were each ~n the free air stream. Case (c) shows the shielding areas to be closely coupled, but there is a bad mismatch in areas; the flat car has virtually no shielding effect on the boxcar, whereas the boxcar fully shields the rear of the flatcar from any rear pressure effect. Case (d) shows both mismatched areas and poor proximity. 
	In determining the true drag of a single railroad car in a train of other vehicles, consideration must be given to not only the extreme cases shown but cases lying in between, to various degrees. Consider the cases illustrated in Figure 19, the center boxcar again being the car of interest. In case (a), the car is overshielded in the front because of the oversize Stak-Pak or Hi-Cube car ahead of it; it is undershielded in the rear because the gondola car behind it is smaller. In case (b), at the front of th
	In simplistic terms, most interfaces between cars, with regard to the extent of shielding each other from the effects of a free air stream, can be characterized by an appropriate combination of proximity effects and area effects. This will be the approach taken in the further development of this methodology below. It must be noted, however, that it is not simple; not only will air drag characteristics vary with each type of car, but they will also vary with the placement in the consist: 
	(1) the effect the car in front has on the car behind is not necessarily the same as the effect the car behind has on the car in front; (2) if the car positions are reversed, or even if one car is turned around by 



	__II._____________.I r---1
	__II._____________.I r---1
	__II._____________.I r---1
	-

	00 00 00 00 00 00 STPK BXC GC 
	(a) Area Mismatches (Partial) 
	I .___I___,, LL 
	00 00 00 00 00 00 
	SPC BXC ewe 
	(b) Partial Proximity Effect and Combination of Partial Proximity and Partial Area Effects 
	FIGURE 19 EXAMPLES SHOWING PARTIAL PROXIMITY AND AREA MATCH EFFECTS 
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	itself, the pressure effects are changed; and (3) the effect of the car in front upon the car in the rear is not constant; rather, it depends upon the car in the rear, and vice versa. Thus the front and rear pressure effects cannot simply be tabulated for a given car. 
	7.3 Computer Model 
	As a consequence of the factors discussed in the previous sections, it is not possible to characterize a car solely by itself through extensive testing. One cannot simply assign various coefficients to each car type to quantify each of the three effects for that type car, calculate the drag for that car, and add it to the drag similarly calculated for all the other cars in the train to arrive at the drag for the train. The drag of each car in the train depends upon the car in front and the car behind. 
	It is, however, possible from the known geometry of the car to tabulate certain dimensions which relate to the size of a potential shielding area and to its proximity to the face of the coupler. Other similar data for calculating skin friction can be tabulated, and a computer model devised which will take as an input the number of cars in the train and the order of the types of cars, examine each vehicle interface, look up in the tabulation of data the characteristics of each vehicle relevant to that partic
	It is, however, possible from the known geometry of the car to tabulate certain dimensions which relate to the size of a potential shielding area and to its proximity to the face of the coupler. Other similar data for calculating skin friction can be tabulated, and a computer model devised which will take as an input the number of cars in the train and the order of the types of cars, examine each vehicle interface, look up in the tabulation of data the characteristics of each vehicle relevant to that partic
	computer program which has been devised performs. The program itself and further detailed considerations of its development and its use are described in the appendices. Given realistic data for each car type utilized-by railroads, it permits the ready computation of total drag for any consist. 

	Model limitations at present are that realistic data for drag coefficients are sorely lacking for conventional rolling stock, and in order to utilize the program, coefficients had to be assigned on the basis of best available information or by appropriate ratioing from known data. The mechanical and velocity-dependent terms of the resistance equation which forms the basis for the model are taken directly from the modified Davis formula; calculation of the air resistance has been adjusted to take into consid
	7.4 Results from Program Runs 
	Consider the three trains illustrated in Figures 15 and 16 which were previously used as examples. Although the computer program i s predicated upon an unverified technique for treating the open space problem as well as upon relatively sketchy data of dubious accuracy, 
	59 
	the results for the three trains nevertheless confirm intuitive beliefs about the relative resistance of the trains, contributing to the measure of confidence in the program. 
	Each of the three trains was approximately the same length, although the conventional trains had more cars. Each car of the two more conventional trains was loaded with 78 tons of freight; the small difference in total weight between the two trains was due to slight differences in the empty weights of the cars. In contrast, the less conventional train, shown originally in Figure 16 and reillustrated in Figure 20(a), was considerably lighter. 
	Results of calculating the total resistance of the trains by means of the computer program are given in Table I. 
	The resistance of the unit boxcar train is seen to be the lowest, with the mixed consist of conventional rolling stock only slightly higher. The small difference in resistance is attributable mainly to slight mismatches in cross-sectional areas and the slightly more adverse proximity factor for the tank cars. 
	The resistance of the least favorably arranged consist of less conventional modern rolling stock is the greatest. While the mechanical resistance and velocity dependent resistance combined are more than a thousand pounds less than for the heavier train, the air drag is more than 2600 lbs, greater, contributing to the 1500 to 2000 lb. excess over the conventional trains. 
	Had the consist been more favorably arranged, the resistance of even the adverse mix of rolling stock of Figure 20(a) could be improved. Deliverate grouping of large cars together and open spaces 
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	FIGURE 20 DIFFERENT ARRANGEMENTS OF CONSIST OF LESS CONVENTIONAL ROLLING STOCK 
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	FIGURE 21 DIFFERENT ARRANGEMENTS OF CONSIST OF CONVENTIONAL ROLLING STOCK 
	TABLE I 
	RESULTS OF DETERMINATION OF TRAIN RESISTANCE FROM PROGRAM 
	TOTAL TOTAL EXAMPLE FIGURE WEIGHT RESISTANCE RESISTANCE NUMBER NUMBER DESCRIPTION (TONS) @ 60 MPH (LBS.) LBS./TON 
	1 15(a) UNIT BOXCAR TRAIN 1454 7098 4. 9 
	2 15(b) MIXED CONSIST OF 1314 7536 5. 7 BOXCARS, HOPPER CARS, GONDOLA CARS, AND TANK CARS 
	3 16,20(a) MIXED CONSIST OF 790 9040 11.4 LESS CONVENTIONAL MODERN ROLLING STOCK, ARRANGED ADVERSELY 
	4 20(b) SAME CONSIST AS 790 7024 8.9 ABOVE, ARRANGED MORE FAVORABLY 
	together with an attempt to match cross sectional areas in adjacent cars results in a 22% reduction in total drag at 60 mph (28% air drag reduction). See Figure 20(b). 
	Even with conventional rolling stock (including flatcars), wide variations in train resistance are attributable solely to the arrangement of the consist. An extreme example is shown in Figure 21. The first train shown in (a) is the same consist as that shown in Figure 15(a) except that every other boxcar has been replaced by a flatcar. Although the drag of a single flatcar will be substantially less than that of a single boxcar, the adverse arrangement shown exposes every boxcar except the last one almost f
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	resistance. Reduction of bearing friction and use of lighter weight equipment will reduce the constant term and weight-dependent term of the resistance equation. Minimization of truck hunting and parasitic carbody oscillations will reduce the velocity dependent term and re-duction of aerodynamic drag will of course reduce the velocity-squared term of the equation. These are the major areas in which meaningful reductions in train resistance can be expected. In the following dis-cussion, the magnitude of the 
	In order to draw meaningful conclusions regarding the relative merits of certain modifications to equipment which might be made to reduce train resistance, it is necessary to compare each example on the same basis, i.e., with the same number of cars, the same type of cars, the same lading weight, and also, as has been shown, the same order in the consist. 
	What should this train consist of? It was felt desirable, if not necessary, to make it as average a train as possible. From statistics in the Yearbook of Railroad Facts [31] an average train was compiled, after rounding off the figures. The average freight train has 67 cars 
	(page 39), and if the average train reflects the total numbers of 
	boxcars, hopper cars, flat cars, gondola cars, and tank cars, an average train consists of 23 boxcars, 24 hopper cars, 6 flat cars, 7 gondola cars, and 7 tank cars. Al though some of the flat cars are undoubtedly of the nature of the extra long TTX cars for TOFC/COFC service, for this example they were all taken to be more standard 60 ft. cars. Since there are so few of them, any error incurred will be small. The average net ton-miles/freight train mile is given as 1943, so that the total load for the train
	TABLE II AVERAGE TRAIN CHARACTERISTICS
	4 

	Number 
	Number 
	Number 
	Number 

	Loaded 
	Loaded 
	Cars 
	Empty 
	Total 

	11 
	11 
	Boxcars 
	12 
	23 

	12 
	12 
	Hopper Cars 
	12 
	24 

	3 
	3 
	Flat Cars 
	3 
	6 

	3 
	3 
	Gondola Cars 
	4 
	7 

	3 
	3 
	Tank Cars 
	4 
	7 

	32 
	32 
	35 
	67 


	Lumping refrigerator cars into the boxcar category for these purposes, and ignoring the small portion (~2%) of the remaining categories. 
	4

	67 
	Train resistance apparently does not depend upon where the load is placed in the consist, so 32 loads of 61 tons each were dispersed at random through the consist. The loaded flatcars were assumed to look like the "Bulky Freight on Flat Car" illustrated in Figure 1; whether the other cars were loaded or not was assumed not to affect the aerodynamic drag. The order, however, might, so a random order was used. A 67-card deck of cards with one card for each car was assembled and shuffled thoroughly, and the or
	8.1 Improved Roller Bearing Seals 
	Mechanical resistance which is not deemed to be velocity-dependent is generally divided into a weight-dependent term and a term repre-senting a fixed drag per axle. (See Section 5). The weight dependent term can be thought of as a coefficient of rolling friction. The term which is not weight-dependent can be thought to represent parasitic torsional drag of the bearing itself; the figure of 20 lbs. per axle in the modified Davis formula corresponds closely with results of torsional tests of freight car rolle
	34. 5" dia. wheel. 
	It is possible to show that the power loss from a torsional resis-tance of 86 in.-lbs. per bearing amounts to 10.6 HP per car at 50 mph if the car is equipped with the wheels above. If this torque can be reduced to 59 in. lb., as suggested in [32], a reduction of 31%, the HP per car can be reduced to 7.3 HP. In the average train, this amounts to 496 HP if the caboose is included. The reduced drag is shown in comparison with normal drag in Figure 23 for the average train. 
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	FIGURE23 REDUCTION OF RESISTANCE OF AVERAGE TRAIN WITH IMPROVED BEARING SEALS 
	How can this be translated into fuel savings? The mechanical drag represents a large proportion of total drag at lower velocities; hence reduction in mechanical drag at lower speeds will be more advantageous proportionately than at higher speeds. 
	Since the mechanical drag is fixed in value, possibly a relation-ship to energy per mile rather than power would be more meaningful. This reduction in rolling friction means for the average train a 
	6
	reduction of 1769.6 lbs. drag, or 9.34 • 10 ft. lbs. per train mile. 6
	Such a reduction would represent for the 424 10 freight train 15
	miles per year a saving of 3.96, 10 ft. lbs. per year to the railroads in this country. At a penalty to the locomotive of .0644 
	-

	6
	gallons per delivered HP-hr., this represents 28.8 , 10 gallons of 
	fuel per year or at the 1976 average price for diesel fuel of 31.64 ¢/gallon [31], a value of $40.7 million per year. This also is equivalent to approximately 3.2% of gross fuel consumption and cost. 
	These figures are based upon comparison with the least favorable competition to the improved seal; on the average, only a reduction of 
	,,, 18% is claimed. This reduces the savings proportionately, so that only $23.7 million are saved. Nevertheless this is a substantial amount, 
	How many bearings are there in use? If only half the approximately 
	1. 7 million four-axle cars are presently equipped with roller bearings, there are 27.2 million seals. The cost of the seal and the labor for replacement must be suitably weighed against the savings, using the methodology presented in Section 9. 
	8.2 Light Weight Eguipment 
	8.2.1 Aluminum Hopper Cars 
	The conventional 3400 cu. ft. steel hopper car used as an example in this report weighs 59600 lbs . [33]. With the 263,000 lb. gross wt. limitation, this car can carry 203400 lbs. of coal or similar commodity. The aluminum hopper car designed to replace it weighs only 47,000 lbs. This weight reduction could be reflected in reduced train resistance for the same load, or additional load for the same train resistance. The advantages will be examined in both cases, although it seems likely that the car would no
	Both a fully loaded unit train and a unit train of average load per car are used as examples, as the proportion of total resistance represented by weight effects will be different. An average length train of 67 cars is used in each case. The total resistance of the steel hopper car train at 60 mph over level, tangent track is found to be 31,717 lbs. and of the aluminum train 31,211 lbs., a reduction of only 1.6%. For the train ,nth an average number of empties (35), and with the loaded cars only loaded to t
	Both of these figures represent a diminution of drag force for the train of 506 lbs. at 60 mph. This reduction is dependent upon speed, and the reduction at 20 mph is found to be only 338 lbs. But the average freight train speed, taking the 39,124 net ton-miles per freight-train-hour divided by 1943 net ton-miles per freight-train-mile from [31], is almost that figure (20.1 mph). If this figure is used, by the same reasoning as in the previous section, this represents a 
	71 
	saving of $3.9 million per year to the railroads in fuel costs, taking into consideration that only 35% of the railroads' rolling stock is hopper cars. 
	A more attractive scenario is that fewer cars be used in hauling the same net load. Aluminum cars can haul 6.3 more tons per trip, and approximately 94 aluminum hopper cars can replace 100 steel cars. Since fewer cars are used and fuel costs per mile are lower, total operational costs for high mileage unit train service can be reduced as much as $97 per car annually from fuel savings alone. 
	Such savings alone are not sufficient to justify the additional capital investment for aluminum cars, which was estimated in 1975 to be between $9,000 and $16,000, or 32% and 57% respectively, over the cost of ordinary steel hopper cars. However, fuel savings are not the only savings which would result from the use of aluminum cars. Diminished gross ton mileage reduces maintenance of way expenses, and aluminum cars require less maintenance and have a higher salvage value. However, the weight advantage analy
	-

	It is conceivable that in unit train operation in mountainous areas greater savings could be effected, when the energy used going up a grade is not recovered. The amount recovered would depend upon the route traversed, the velocity profile, the grades, etc., in short the operational strategy. Analysis of such real train operations will be the subject of further research. For the present, the decision to curtail manufacture of aluminum hopper cars is some indication of the meagerness of the savings which can
	72 
	8.2.2 Lightweight Flatcars The cars selected are specifically related to TOFC/COFC operation. Since little information is available concerning the makeup of TOFC/COFC trains, a train of average length of 67 cars was used. Three variations of consist were selected as representative trains to be analyzed for each type of 
	intermodal operation; trailer cars were not mixed with container cars. The consists used are described below: 
	a. 
	a. 
	a. 
	a unit train, with 67 cars, each with twin trailers or containers fully loaded (61 tons net); 

	b. 
	b. 
	a similar train, with 67 cars, each with two trailers or containers, but only 32 cars carrying loads (61 tons net); 

	c. 
	c. 
	a mixed consist of 33 twin trailer or container cars and 34 single trailer or container cars, with each trailer or container fully loaded (30.5 tons each). 


	The net load figures are for the flatcar and include the container or trailer weights. The order in the mixed consist was selected by means of a shuffled card deck. 
	The results for the TOFC and COFC consists respectively are shown in Figures 24 and 25. The curves for the TOFC operation show a reduction of 768 lbs. in drawbar pull at 60 mph regardless of consist. As expected, the mixed consist with empty spaces between trailers shows a significantly higher resistance. Of the two consists completely filled with trailers, the lighter train has the least resistance. The curves for the COFC operation are similar and show an overall reduction of 1214 lb in drawbar pull at 60
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	FIGURE 25 COMPARATIVE RESISTANCE OF SELECTED COFC CONSISTS ON LEVEL TANGENT TRACK 
	From examination of the curves it appears that the reduction in resistance through the use of lightweight flatcars is insignificant; the curves appear to be almost on top of one another. The actual percentage reduction at 60 mph for the more lightly loaded T0FC and C0FC operations (curves "A") were 2.1% and 3.6% respectively. The reason the reduction is so small is that the reduction in the weight of the car is only a portion of the weight of the car; the weight of the car is only a portion of the gross wei
	It should be emphasized that the results are predicated upon operation over level tangent track and that results for an operation in mountainous regions might be significantly different. Moreover, the percentage reduction at lower speeds is higher, as the mechanical resistance assumes more importance. The percentage reductions for the same T0FC and C0FC operations at 20 mph were 4.2%and 6. 7% respectively. 
	Whether these results are actually significant depends upon how they translate into dollar savings. The approach used in Section 9.2 to evaluate the savings attributable to the use of improved bearing seals could be utilized if the proportion of T0FC and C0FC operation mileage to total railroad operation mileage were known. T0FC/C0FC carloadings represent approximately 7% of all carloadings (34], and if it can be assumed these travel the same distance as other carloadings on the average, the fuel consumed b
	76 
	As with the bearing seals, the cost of replacement must be weighed against the savings, using the methodology of Section 9. 
	8.3 More Favorable Consist Makeup 
	The concept of a more favorable consist makeup was explored briefly in Section 7, where several examples were given to illustrate the dependence of train resistance upon the arrangement of cars in the consist. The relative importance of the arrangement of the consist will now be examined for several specific types of trains. 
	8.3.1 Average Train 
	The average train discussed in the beginning of Section 8 was used as an example. Three other orders were established through a random process to determine the approximate spread of values of train resistance which could be expected with random arrangements of the same consist. The four values for the resistance of this average train which were obtained were, for 60 mph: (1) 33306, 34252, 34736, and 34798 lbs. The approximate spread about a mean value is + 1.4%. 
	How can such a train be rearranged more favorably? The simplest arrangement, and probably in this case the most favorable, would be to group all the boxcars together, followed by the hopper cars together, then the empty flat cars, the loaded flatcars, and finally the' tank cars in front of the caboose, thus creating a minimum number of air gaps in the train. This resulted in the resistance dropping to 29659 lbs., or a reduction of 13.5% from the same mean value before. The percentage reduction is considerab
	The placement of the flatcars together probably produced most of the reduction of resistance. As an approximate limit, the resistance 
	would approach that of a unit boxcar or hopper car train. For the 
	same loading (32 loaded and 35 empties) a unit boxcar train shows a 
	resistance of 27885 lbs. at the same speed, a further 6% reduction 
	over the last figure. 
	Is this worth considering? If one grants the present validity of the calculation, a 13% reduction in the resistance of the average train at 60 mph is certainly worth considering. Even if actual speeds today are less, the reduction at 30 mph is 7.5%. The total fuel bill of the nation's railroads, as noted before, is over $1.2 billion 
	[30]. Even a 5% reduction is equal to $60 million. 
	8.3.2 TOFC/COFC Operation 
	Savings which can be effected in TOFC/COFC operation are completely dependent upon the ratio of empty flatcars and flatcars carrying only a single trailer or container to the number of flatcars carrying two such items. No savings can be effected on a unit COFC train, and the possible savings that might be effected through heading the trailers in the correct direction on the flatcar so that the overall drag is minimized seem negligible. However, arranging the train where gaps exist so that the gap placement 
	to complete unit trains. Such an extensive analysis of intermodal operations is beyond the scope of this report, and possibly such information is not available anywhere, but examination of an example will nevertheless be illuminating. 
	The partially empty TOFC/COFC trains previously conceived for examination of the lightweight flatcar problem were used as examples for lack of more representative trains. Only a rearrangement of such a partially empty (gap-wise) train is meaningful, as the resistance 
	of a complete unit train cannot be diminished by rearrangement. 
	First, as with the average train of the previous section, the resistances 
	of several random orderings of these consists were computed in order to 
	establish an approximate value for the spread due to randomness. The 
	resulting resistances at 60 mph with these random orderings were, 
	for the trains originally discussed in Section 8.2, as follows: 
	49042, 48604, 47762 and 49280 lbs. for the TOFC train and 45345, 
	44766, 44178, and 45446 for the COFC train. The approximate spread 
	about a mean value is+ 1%. 
	It is obvious how such a train should be arranged to minimize aerodynamic drag. All cars with two trailers or containers should be grouped together behind the locomotive, while pairs of cars with single trailers or containers, arranged so that the single trailers or containers are back to back, as illustrated in Figure 26, should follow. Such an arrangement for the same consist results in the resistance at 60 mph dropping to 43071 lbs. in the TOFC train, and 39903 lbs. in the COFC train, a reduction of appr
	case. 
	Unfortunately, until more detailed information is available on TOFC/COFC operations, it is impossible to preduct the potential full savings implicit in such rearrangement. If the consist is reasonably representative, however, the savings could be substantial. 
	8.3.3 More Unusual Trains 
	A train used as an example of a least favorable consist would be one in which TOFC/COFC cars, or the unusually large pieces of rolling stock such as the auto-rack car and the Hi-Cube or Stak-Pak car, are interspersed with conventional rolling stock. The train illustrated in Figure 16 was an approximation of this type, although 
	Twin Trailers 
	(X) 
	0 
	Single Trailers 
	FIGURE 26 REARRANGEMENT OF MIXED TOFC CONSIST 
	I 
	I 
	there was only one conventional piece of rolling stock among the eight freight cars. It was shown that the train resistance of 
	this consist can be reduced 22% by rearrangement. 
	This is certainly an extreme case. The number of cars other than what might be called conventional rolling stock is very small, only 32,250 out of a total of 1 , 699,027 cars [30]. How­ever, flatcars represent a larger proportion, 141,781 cars, or 
	8. 3%. It must be presumed that this last figure includes flatcars used for TOFC/COFC service. Hence, a train truly representing a cross section of all rolling stock, including that categorized as "other freight cars" would not be significantly different in aerodynamic characteristics from the "average" train already dis­cussed. 
	Nevertheless, a train with a mixed consist of half conven­tional rolling stock and half TOFC/COFC or unusual cars might be of interest as a further example. Such a train was created using the same proportions of conventional rolling stock as on the "average" train for half of the cars, and dividing the other half among TOFC/COFC cars, autotrack cars, and Stak-Pak or Hi-Cube cars. The resulting consist is shown in Table III. The cars were initially arranged in random order and subsequently arranged in three 
	TABLE III CHARACTERISTICS OF AN "UNUSUAL" TRAIN 
	NUMBER 
	NUMBER 
	NUMBER 
	NUMBER 

	LOADED 
	LOADED 
	CARS 
	EMPTY 
	TOTAL 

	6 
	6 
	Boxcars 
	6 
	12 

	6 
	6 
	Hopper Cars 
	6 
	12 

	1 
	1 
	Gondola Cars 
	2 
	3 

	1 
	1 
	Flatcars not TOFC/COFC 
	2 
	3 

	1 
	1 
	Tank Cars 
	2 
	3 

	3 
	3 
	TOFC, 
	twin 
	3 
	6 

	2 
	2 
	TOFC, 
	front 
	2 
	4 

	2 
	2 
	TOFC, 
	rear 
	2 
	4 

	3 
	3 
	COFC, 
	twin 
	3 
	6 

	2 
	2 
	COFC, 
	front 
	2 
	4 

	2 
	2 
	COFC, 
	rear 
	2 
	4 

	1 
	1 
	Auto-rack car 
	2 
	3 

	2 
	2 
	Hi-cube 
	car 
	1 
	3 

	32 
	32 
	35 
	67 


	The consist was subsequently rearranged in what appeared to be a favorable arrangement, with the cars grouped as follows : first all the boxcars, then the hopper cars, tank cars, gondola cars, empty flat cars, loaded flat car, single container COFC in pairs with con-tainers back to back, single trailer TOFC grouped similarly, double container COFC, double trailer TOFC, auto rack cars, and Hi-Cube cars, with of course the locomotives in the front and the caboose in the rear. The resistance was lowered by suc
	8 . 3. 4 Summary of Consist Makeup Results 
	It has been seen from the trains used as examples in this section that the variation of train resistance due to random ordering is on the 
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	order of+ 2%. It has also been seen that reductions of train 
	resistance attributable to rearrangement of the consist ranged 
	from 11% to 19%. Because of the unproven methodology and the 
	poor data base from which the figures were derived, there is con-
	siderable uncertainty at this time in these figures. Nevertheless, 
	there appear to be good possibilities for considerable reduction 
	in fuel consumption through consist rearrangement. It should be noted, however that arranging the train optimally from the stand-point of air resistance may not be completely beneficial, as the arrangement may not be the most favorable from other standpoints, such as train action, for example. An analysis of such tradeoffs is beyond the scope of this paper, but ultimately consideration must be given to them. Whether this rearrangement can be cost-beneficial from the standpoint of possible fuel savings alone
	8.4 Improvement of Track Rigidity 
	The previous sections have demonstrated the dominance of air resistance of the consist at higher speeds. Still, an absolute reduction of train resistance of any nature is desirable. The possibility that the track itself may contribute substantially to the resistance to forward motion has been raised earlier by Scales [21], as mentioned in Section 6.2. He emphasized that differences in track construction in various countries were responsible for apparently large differences in train resistance. 
	There is reasonably compelling evidence that this is true, as shown in Figure 8 earlier. However, two questions are raised with regard to the subject and its applicability here. How mu~h can the resistance be diminished if the track and substructure are rigidized, and how much track in this country is already at such a high level of rigidity that the likelihood of a financial benefit through improving the track would be minimal? The first question will be addressed first . 
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	If the formula by which train resistance is calculated is at all meaningful, there is an absolute limit to what can be achieved, The correspondence between the figure of 20 lbs. per axle in the modified Davis formula and the bearing seal friction was noted in Section 8, As the distinction between those effects not speed-related and those which are is s~mewhat blurred [3], it is difficult to say what portion of the remaining constant term and the velocity-dependent term in the equation is attributable solely
	This figure was therefore removed from the calculation for the purposes of examining the effect of this phenomenon. The results of this operation on the average train are shown in Figure 27 over the usual velocity range compared with the resistance of the same train as previously calculated. The resistance of the train on rigid track is 2636 lbs, less across the entire velocity range. 
	Probably some of the velocity-dependent term is a function of this phenomenon as well, since it can be argued that energy is dissipated in what is effectively the damping effect of the ground as the train causes the track to move up and down. At 60 mph the velocity-dependent term accounts for an additional 2637 lbs, resistance. Attributing only 364 lbs, of this amount to the previous 2636 lb. figure from rail and subgrade rigidity means that drawbar pull can be reduced 3000 lbs. through stiffening of the tr
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	FIGURE 27 REDUCTION IN RESISTANCE OF AVERAGE TRAIN DUE TO INFINITELY STIFF TRACK 
	These are substantial reductions. However, we must turn to the second question of present track rigidity. It already appears that American track is substantially stiffer than most, the only known exception being that of the Soviet Union. How can the American construction be made more rigid? It has been noted that tie spacing has a considerable effect upon track resilience. But it appears unlikely that as a practical matter American ties can be placed more closely together. Possibly laying the track on a rig
	8.5 Improved Truck Design 
	Excessive carbody motion is usually attributed to poor truck design, which permits a relatively large excitation force to act upon the carbody. This motion results in the dissipation of energy which must ultimately be obtained from the locomotive. In addition, if the truck is not assembled properly, the truck will tend to run crab-fashion and general flange resistance wi+l be magnified. These effects are discussed briefly in Keller [3] and Koffman [35]. Keller implies that because of the inconvenience of de
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	Such an assumption permits, as with the phenomenon of track resistance, a calculation of the absolute limitation upon the energy available to be saved through elimination of truck hunting and carbody oscillations. The velocity-dependent term is simply made equal to zero in calculation of the resistance. 
	Again, this calculation was performed for the average train in several arrangements of the consists and the results compared with results previously obtained for the average train. The resistances at 60 mph were found to be 48119, 50772, 50663, and 49100 lbs. from the four runs, for an average value of 49664 lbs. This is smaller than the previous average value of 51632 lbs. by 1968 lbs. or 3.8%. 
	This is smaller than most of the other potential gains discussed previously but larger than those for lightweight cars. It must, however, be realized that this figure is a limit, to be achieved only if all such energy dissipation is eliminated. It seems more likely that improvement of truck design will eliminate only a small portion of this velocity­dependent resistance, and that benefits to be obtained through such improved design must accrue through other less tangible benefits than reduction of train res
	87 
	8.6 Other Modifications There are not many other areas where train resistance can be improved, if the formulas have meaning. The effect upon train resistance of diminishing each of the several terms in the resistance 
	equation has already been explored. Other effects appear to be of a secondary nature and have not been found to warrant a separate term in the equation. However, there may be additional effects. A good example 
	of this is the portion of train resistance attributable to the loss of kinetic energy in jumping the gaps in the rail at the joints. This can be shown to be dependent upon the square of the velocity [34] and its effect has no doubt been attributed to air drag since the conception of the resistance equations. However, Koffman points out that at 60 mph the resistance may be as much as 2.7 lbs. per ton for a 1/4" gap. For the average train previously used as an example, with a gross train weight of 4395 tons, 
	readily than other approaches, as rail must be replaced periodically anyway. 
	9.0 BENEFIT COST METHODOLOGY 
	The approaches to reducing train resistance outlined in the preceding sections could lead to fuel savings , but before they are adopted, they must prove to be profitable for the railroads. This section presents a methodology for evaluating the profitability of the various approaches to train resistance reduction. The methodology will point out the principal savings and costs, ways of calculating them, and how to compare them t o determine the attractiveness of each approach. 
	9.1 Improved Roller Bearing Seals 
	Reduced resistance from improved roller bearing seals reduces the energy required to pull the car. This saving can be in fuel saved, less power required per train, or higher speeds achieved with the same power and fuel use. Depending on its own operating needs, a railroad may find different combinations of these benefits appropriate to different trains; for example , less power on coal drags, more speed on TOFC trains. Fuel savings will be the most important savings, at least at first, since only a small po
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	other impacts from the bearings are disregarded, the benefits and costs can be computed by determining the value of fuel saved, as illustrated in this example: 
	Savings: 
	Savings: 
	Savings: 

	Yearly Mileage (assume 20,000) 
	Yearly Mileage (assume 20,000) 
	20,000 

	.0045 gallons 
	.0045 gallons 
	X 
	.0045 

	Gallons saved per year 
	Gallons saved per year 
	90 

	Price of Diesel Fuel 
	Price of Diesel Fuel 
	($.32 per gallon) 
	X 
	.32 

	Yearly savings 
	Yearly savings 
	28.80 


	Costs: The costs of using the improved bearings depend on how a railroad would introduce the bearings. There are three alternatives: 
	(1) order new cars with the improved bearings, (2) replace unservice-able bearings with the improved bearings and (3) retrofit cars with currently serviceable bearings with the improved bearings. 
	Ordering cars with improved bearings would mean the costs would be the extra cost of the bearings alone, but the extra cost would have to be depreciated along with the rest of the car. The cost of replacing unserviceable bearings with the improved bearing would also be only the extra cost of the improved bearing, but the cost would be treated as an expense for tax purposes. Finally, retrofitting existing cars would include the extra cost of the new bearing and the remaining life of the old bearing, as well 
	Case 1 Extra cost of bearing Seal: BC 
	Life of bearing seal= n years 
	Depreciation (subtract from savings for each year) gives yearly savings= Y, Yetc. for year 1, year 2, 
	1 
	2 

	etc. 
	Internal Rate of Return is r (before tax, assume 1/2 for after 
	tax) 
	y 
	y 
	n

	BC= + + + . . . + 
	1 + r 
	Case 2 Extra Cost of bearing seal -tax rate (assume 1/2) = BC Life of beari_ng seal = n years Yearly savings= Y, Y, etc. for years 1, 2 etc. 
	1
	2

	Internal Rate of Return is r (before tax, assume 1/2 for after 
	tax) 
	y BC= + + + ... + 1 + r 
	n 

	Case 3 Extra Cost of bearing seal -tax rate (assume 1/2) = BC Present values of unused bearing life= PV Installation labor = L Life of bearing seal= n years Yearly savings= Y, Yetc. for years 1, 2 etc. 
	1 
	2 

	Internal Rate of Return is r (before tax, assume 1/2 for after tax) 
	y 
	+ ... + __n__
	BC+ PV + L = + + 1 + r (1 + r)n 
	9.2 Lightweight Equipment 
	9.2.1 Lightweight Hoppers 
	Cost advantages inuring through the use of lightweight cars may be evaluated in two ways. The equipment may be used to reduce train resistance for the same net load. Determination of costs and benefits can be made in the same manner as for improved bearing seals. Use of the figures from Section 8.2.1 yields savings of only $6.54 per car 
	per year. In high mileage unit train service, the savings would be 
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	proportionally higher, buts.till not ennugh to justify the additional $16,000 investment. 
	A fairer comparison is based upon acquiring, operating, and main-taining a fleet of, say, 100 steel cars, or only 94 aluminum cars, to transport a given load a given distance in unit--train services. Not only are the fuel expenditures lower for each aluminum car, fewer cars are purchased and maintained. Moreover, annual gross-ton-mileage is less, reducing maintenance of way expenditures. Analyses performed by aluminum companies indicate that when these factors and others such as the scrap value of cars, loc
	9.2.2 Lightweight flatcars 
	Lightweight flatcars for TOFC/COFC services might be adopted partially because of fuel savings. Using the f_igures in Section 8, a TOFC train of lightweight cars shows a reduction of 768 lbs. in drawbar pull at 60 mph. This is equivalent to .0027 gallons of fuel per car-mile. A lightweight flatcar operated 20,000 miles a year at 60 mph would use 54 gallons of fuel less than its heavier counterpart. Using $.32 a gallon as the price of fuel, the savings in a year would amount ot $17.28. A COFC train, due to l
	then the savings might be worthwhile. 
	9.3 More Favorable Consist Makeup 
	The arrangement of cars in a consist appears to have a signifi-cant effect on air drag and therefore fuel consumption. Arranging the cars of the "average" train of Section 8 optimally led to a 4614 lbs. reduction in train resistance, the difference between the mean of the resistance of the four random consists and the optimum consist described in the same section. This can be translated into saving 1.1 gallons of fuel per train mile for the 67 car average train. With diesel fuel at $.32 a gallon, a 1000 mil
	The cost of arranging the consist optimally involves no capital expenditure, only the extra switching expense in making up and breaking up the train. Since the savings are greater the faster and longer the train travels, rearranging consists is most worthwhile on long, uninterrupted hauls, such as Chicago to the West Coast. 
	Using the savings figures above, a railroad could look at how many switching moves are required to rearrange the consist and with the cost per switching move, determine the cost of the rearranging. Since a railroad would not wish to go to the trouble of performing these calculations for every train, they might after some experimen-tation decide to rearrange certain regular trains that consistently show a benefit from rearranging. If switch crews are not fully em-ployed, they may be used for some rearranging
	The decision to rearrange would have to be made on the examination of specific, regularly scheduled trains with knowledge of average resistance, optimal resistance, potential savings, and switching costs. The effect of rearranging on blocking and service and the possibility of incurring such things as unfavorable ·train action must also be considered. Another area of interest may be to establish rules for making up blocks, such as putting similar cars together when a choice exists. 
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	9.4 Improvement of Track Rigidity 
	Greater track rigidity could lead to savings from decreased fuel use. It is very difficult to estimate savings from incremental increases in track rigidity. However, using the figures of Section 8 as a limit, an infinitely rigid track would save . 64 gallons per train per mile, or $.20 at $.32 per gallon for diesel fuel. If a mile of infinitely rigid track carries 5000 average trains a cyear (4000 tons a train)s 20 million gross tons a mile, the savings would be $1,022 per mile of track. While the cost to m
	9.5 Improved Truck Design 
	The drag attributable to trucks was determined to be 1968 lbs. for an average train. If "perfect" trucks were used and this drag was eliminated, fuel consumption per car mile would decrease by .007 gallons. If a car travels 20,000 miles a year, the savings would be 140 gallons of fuel a year, or $44. 80 if diesel fuel cost $. 32 per gallon. For unit trains traveling 100,000 miles a year the savings would be $224.00 a year. These figures are limits, the maximum savings possible if truck drag could be elimina
	10.0 FRUITFUL AREAS FOR NEW RESEARCH 
	Several possibilities for reducing train resistance and consequently improving fuel economy have been examined in the previous section in the light of existing knowledge about the subject. .Preliminary estimates of potential savings by i mplementation of these modifications have been given. Most of the areas indicated that savings of some magnitude could be made. Some, however, appeared to have better prospects than others. 
	However, it must be noted that these estimates of potential savings are at this time quite preliminary. Unfortunately, the state of knowledge about train resistance at this time does not permit completely definitive answers. Some information of the most fundamental nature on air drag is lacking, the validity of the standard formulas used to compute train resistance is to a certain degree questionable, and the effect of many parameters is considered to be lumped into the effect of others or is ignored altoge
	Before more definitive results can be obtained, there are several areas which need study. These are discussed below: 
	a. In order to establish a more firm theoretical basis from which to analyze train resistance, the origins of the modified Davis formula and the rationale behind its develop-ment should be deterrn..ined. Whi1e many investigators in the field will contend that this formula agrees more closely with results of current testing and that it was conceived to reflect the more modern equipment in use today, the r.ationale behind its development must be determined so that its own accuracy can be improved. Although th
	2 
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	equipped with? Or were actual tests not run, and the 
	formula deduced on theoretical grounds? The answers 
	to questions such as these regarding the Modified Davis 
	formula should be answered so that there is some sound 
	theoretical backing for the basic resistance formula 
	before sweeping conclusions are drawn from its use. 
	b. 
	b. 
	b. 
	Some up-to-date confirmation of the magnitude of bearing friction is needed together with its weight and velocity dependence. Present theory excludes bearing friction from velocity dependence, but there is considerable evidence that in fact it is dependent upon velocity [11]. Moreover, in view of the considerable power consumed in the friction offered by the seals, some confirmation of the magnitude to be saved through improved seals is needed to substantiate or reject manufacturer's claims. Because of the 

	c. 
	c. 
	Fundamental data on the air drag of ordinary rolling stock is needed. If the methodology developed in this report for calculating the air drag of mixed consists is meaningful, arrangement of the consist can contribute heavily to the overall drag. Unfortunately, accurate assessment of the extent of this effect is difficult at this time because fundamental data are lacking. What is lacking is two-fold: 


	(1) 
	(1) 
	(1) 
	fundamental drag data on a single car, separated if possible into skin friction effects and pressure effects, and (2) drag data on the effect of one car upon another. Such data should be used to supply the methodology developed in the report with the required constants to permit air drag calculation of mixed consists. The FRA is presently undertaking an extensive program of wind tunnel tests on conventional rolling stock and full-scale tests on TOFC/COFC equipment to verify previous wind tunnel data. The re
	-


	d. 
	d. 
	The methodology developed in this report for calculating the air drag of mixed consists should be pursued and confirmed as a meaningful and valid method for solving this problem, or a methodology similar in results produced should be developed independently and subsequently confirmed . The apparently large dependence of the resistance of the consist upon its arrangement makes the calculation of resistance of different arrangements important, and it is 


	desirable if not imperative to have a convenient and proven 
	method for doing so. The results of t he above-mentioned wind 
	tunnel testing program sponsored by FRA, if suitably valida-
	ted, should provide information sufficient to confirm the 
	validity of the methodology. 
	e. Confirmation of the theoretical prediction of substantial reductions in train resistance on welded rail from values over jointed rail should be made. This phenomenon has received too little attention and yet has apparently sig-nificant effects. In addition, its effect must be separated from the other drag also dependent upon v2, the air drag, lest mistaken conclusions be drawn about either. The addi-tional reduction in train resistance attributable to stiffer rail and track substructure should also be pu
	f 
	f 
	f 
	. Effects of truck design upon train resistance are generally included in the velocity-dependent term of the various formulas . There is a considerable discrepancy between the standard Davis formula and the modified Davis formula in the relative magnitude of this term. Therefore, an investigation should be made of the effect of truck design and particularly the truck hunting phenomenon upon train resistance. The investigation should entail both field testing and theoretical examination. The FRA is presently

	g. 
	g. 
	Additional information beyond what appears to be available presently regarding TOFC/COFC operation needs to be assembled in order to be able to draw meaningful conclusions regarding possible changes in its operations. The most significant modification which can be made is deliberate arrangment of the consists when a signficant number of flatcars are loaded with only one trailer. The ratio of the mileage travelled by such cars to that of doubly-loaded cars needs to be determined. 

	h. 
	h. 
	A representative route needs to be established, over which simulations of train runs could be made, in order to draw more meaningful conclusions regarding railroad operations, rather than drawing conclusions based on operation over level tangent track. Train performance simulators are designed for this purpose, and generally they are run over specific sections of track. What is needed is a statistically representative track, simulation of a train run over which will give a true representation of all operati
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	Figure
	APPENDIX A 
	METHODOLOGY OF TRAIN RESISTANCE CALCULATION AND RELATED COMPUTER PROGRAM 
	1.0 GENERAL CONSIDERATIONS BEHIND METHODOLOGY 
	Because the methodology behind the train resistance calculations used in this report was specially developed to fill an apparent gap in technique of determining train resistance, some detailed explanation is required. While certain theoretical aspects of the train resistance problem have previously been explained in the main body of this report, this appendix is devoted more to the considerations behind the development of this particular methodology. 
	First, recognition had to be given to the fact that each piece of rolling stock is relatively unique and will contribute to train resistance in a unique fashion. This is contrary to previous pre-suppositions underlying the Davis and modified Davis formulas, which treat each car in the same fashion and calculate the train resistance on a lb. per ton basis. Such an approach was probably desirable in former times when calculation of train resistance on any other basis would have been a tedious time-consuming t
	Once this recognition has been granted, the second need is for a data bank of information pertinent to such train resistance calculations. For the purposes of the calculations in this report, what were felt to be representative pieces of rolling stock were selected and various parameters used in the calculations recorded. The pieces of rolling stock selected are illustrated in Figures A-1 through A-7. The selection 
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	FIGURE A-7 STAK PAK OR HI-CUBE CAR, AUTO RACK CAR 
	comprises ordinary rolling stock and more unique items; however, it does not at this stage purport to be complete, nor completely accurate The dimensions shown on the figures have been deliberately rounded off in order to illustrate the methodology more clearly, and in any case are only approximate, as the required information occasionally had to be scaled from a photograph. Significant dimensions were taken from the values shown on the figures and together with other pertinent information for use in the ca
	The rationale behind the new methodology requires that the drag on each car be calculated separately. The availability of computer technology to make this calculation contributes a flexibility of approach which fortunately permits the separate calculations to be performed easily; probably the lack of this capability in the past inhibited investigators from considering such an approach. Nevertheless, the modified Davis formula has been used herein for the basic calculation of resistance. The modified Davis f
	reflects the resistance 

	TABLE A-1 
	TABLE A-1 
	TABLE A-1 

	DATA FOR ROLLING STOCK 
	DATA FOR ROLLING STOCK 

	TYPE 
	TYPE 
	SYMBOL 
	AREA*, FRONT, FT2 
	AREA*, REAR, FT2 
	a, FT 
	CnA REAR, FT2 
	s FT 
	R. FT 
	EMPTY WEIGHT LBS 

	1 
	1 
	LOCO 
	120 
	120 
	3 
	2 
	50.4 
	50.4 
	.0085 
	34 
	62 
	250,000 

	2 
	2 
	BXC 
	110 
	110 
	2 
	2 
	46.1 
	46.1 
	.0085 
	32 
	50 
	60,700 

	3 
	3 
	HC 
	90 
	90 
	1.5 
	1.5 
	37.8 
	37.8 
	.0085 
	28 
	45 
	59,600 

	4 5 
	4 5 
	GG FLTC 
	45 10 
	45 10 
	2 2 
	2 2 
	18.9 4.2 
	18.9 4.2 
	.0085 .0085 
	19 12 
	54 60 
	68,900 79,500 

	.... .... N 
	.... .... N 
	6 7 8 9 10 11 12 
	TFCF TFCR TFCT CFCF CFCR CFCT ewe 
	122 10 122 18 10 78 124 
	10 122 122 10 78 78 124 
	3 45 3 3 45 3 11.5 
	45 3 3 45 3 3 11.5 
	23.7 23.7 23.7 21.6 21.6 21.6 19.8 
	23.7 23.7 23.7 21.6 21.6 21.6 19.8 
	.0085 .0085 .0085 .0085 .0085 .0085 .0085 
	25 25 38 20 20 28 29 
	85 85 85 85 85 85 60 
	76,200 76,200 76,200 76,200 76,200 76,200 79,500 

	TR
	13 14 15 16 17 18 
	ARC SPC STPK TNK CAB TTX 
	150 110 135 74 110 10 
	150 110 135 74 130 10 
	2 20 3 3 5 2 
	2 20 3 3 5 2 
	86.0 46.1 56.6 31.0 46.2 4.2 
	86.0 46.1 56.6 31.0 54.4 4.2 
	.018 .0085 .0085 .0085 .0085 .0085 
	40 22 37 30 32 12 
	85 60 88 60 40 85 
	76,200 79,500 119,200 77,600 56,600 76.200 


	*Front area as measured "a" feet back from front coupler, rear area as measured "b" feet forward of rear coupler. 
	TABLE A-2 
	EXPLANATION OF SYMBOLS 
	DESCRIPTION 
	D-E LOCOIDTIVE BOXCAR OPEN HOPPER CAR GONDOLA CAR FLAT CAR TOFC, SINGLE TRAILER, FRONT TOFC, SINGLE TRAILER, REAR TOFC, TWIN TRAILERS COFC, SINGLE CONTAINER, FRONT COFC, SINGLE CONTAINER, REAR COFC, TWIN CONTAINERS CONTAINER WELL CAR AUTO RACK CAR FLAT CAR WITH SPECIAL FREIGHT STACK-PAK CAR OR HI-CUBE CAR TANK CAR CABOOSE FLAT CAR FOR INTERMODAL SERVICE 
	D-E LOCOIDTIVE BOXCAR OPEN HOPPER CAR GONDOLA CAR FLAT CAR TOFC, SINGLE TRAILER, FRONT TOFC, SINGLE TRAILER, REAR TOFC, TWIN TRAILERS COFC, SINGLE CONTAINER, FRONT COFC, SINGLE CONTAINER, REAR COFC, TWIN CONTAINERS CONTAINER WELL CAR AUTO RACK CAR FLAT CAR WITH SPECIAL FREIGHT STACK-PAK CAR OR HI-CUBE CAR TANK CAR CABOOSE FLAT CAR FOR INTERMODAL SERVICE 
	FIGURE 

	Al Al Al A2 A3 A4 A4 AS A6 A6 AS A3 A7 A3 A7 A2 A2 
	NOT ILLUSTRATED 
	Page 854 Page 101 Page 183 Page 160 Page 275 Composite Composite Composite Composite Composite Composite Page 40Page 3033 Page 275 Page 115 Page 249 Page 206 Page 306 
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	I-' I-' 
	L,) 
	r 
	TYPE SYMBOL 
	1 LOCO 2 BXC 3 HC 4 GC 5 FLTC 6 TFCF 7 TFCR 8 TFCT 9 CFCF 
	10 CFCR 11 CFCT 12 ewe 

	13 ARC 14 SPC 15 STPK 16 TNK 17 CAB 18 TTX 
	13 ARC 14 SPC 15 STPK 16 TNK 17 CAB 18 TTX 
	1
	Page numbers refer to page in Car and Locomotive Cyclopedia, 1970 Ed., Ref. (33] unless otherwise noted. Ref. (11] . Illustrated in [33], page noted. Basic data from [26]. 
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	3

	The methodology also requires that train resistance be determined on an absolute basis (lbs. drawbar pull) for a given consist, rather than on a lbs. per ton basis. This is l•ecause it is inherent in the methodology that the resistance of the consist is dependent upon the arrangement of the cars in the consist, and hence the same train may have different resistances, depending upon the arrangement, although the weight of the consist remains unchanged. 
	This dependence upon arrangements is solely related to air drag; although it is conceivable that train resistance might be dependent upon placement of the loads in the consist, there are no known indi­cations that that might be the case, and no consideration is given to such a concept in the calculation. Consequently, the calculation uses the first two terms of the modified Davis formula in a standard fashion, and it is only in the calculation of air drag that the cal­culation differs from a standard applic
	The rationale behind the calculation is that the air drag of a given car cannot be determined a priori, but rather it depends com­pletely upon its placement in the consist; whether it is shielded or not from the undisturbed air stream, and to what extent, at both front and rear, determines the resulting drag. Such a rationale requires that in calculating the drag of a given car consideration be given to the preceding car and the following car. This idea is discussed at length in the following paragraphs. 
	2. 0 RATIONALE BEHIND AIR DRAG CALCULATIONS 
	It has been hypothesized in the main text of this report, based upon the findings of many investigators, that air drag of a railroad car may be realistically broken into front and rear pressure effects and the skin friction. This writer has chosen to add another category to account for the drag of the trucks and friction on the underneath side of the vehicle. Thus in the calculation of air drag in this report, four separate calculations are made for each car and the results are added to find the air drag fo
	cars. 
	Following Hammitt' s very plausible rationale [11], drag areas {CDA) are used consistently throughout rather than simple drag coefficients, as they seem more appropriate to a freight car whose cross-sectional area is not always neatly defined. Wind tunnel or other experimental data have been used wherever available to generate the figures entered into the table of data (Table A-1),which forms a p~rmanent portion of the computer program which calculates train resistance. But because such experimental air dra
	A discussion of the calculation of skin friction and undercarriage drag will be given later in this section. With regard to the division of the remainder of the drag area into front and rear effects, there is some justification for assuming that the rear pressure effect is larger than the front one [27], but since the evidence stemmed from experiments 
	115 
	-
	on streamlined passenger trains it may not be applicable here. Hence in the calculations in this report, the portion of total drag attributable to front and rear pressure effects has been divided equally between front and rear as a first approximation. This means that the drag areas (CDA) listed in the table of data (Table A-1) which forms a portion of the computer program are one-half the measured drag areas for the particular cars when they were fully exposed to the air stream, after an appropriate amount
	The foregoing rationale and the hypothesis that the front and rear pressure effects on a given car depend upon both the proximity of the two significant. end areas of the cars and their respective sizes form the basis for the development of the air drag calculation. The end areas of the cars which are held to be significant aerodynamically in these calculations and which will be referred to hereafter simply as the "end areas" will be defined as the dominant cross-sectional area of the car. In the case of an
	The other effect which must be considered is the effect of differences in cross-sectional areas between adjacent cars. If the aft end of the leading car is larger than the fore end of the trailing car, the front 
	... 
	end of the trailing car will be completely shielded from the free air stream; however, the aft end of the leading car will be only partially shielded from the air stream by the smaller front end of the trailing car. To give consideration to such a case and to other cases, some of which were discussed in Section 7, what will be called the "area 
	factor" will be a function of the significant end areas of the cars and is a measure of the extent of the shielding effect of one car upon another. 
	The air drag of the car caused by front or rear pressure effects will then be the classical 1/2 pVCDA modified by an appropriate combination of the two factors. The method of calculation of the respective factors, the rationale behind the "appropriate" combination, and the calculation of skin friction and undercarriage drag, as reflected in the computer program, are given below 
	2

	2.1 Coupling Factor 
	Dimensions "a" and "b" are recorded for each type of car (see Table A-1). These are the dimensions from the coupling point to the front end area and the rear end area, respectively, as shown in Figure A-8(a) and A-8(b) for a symmetrical car and a hypothetical assymmetrical car. It is clear that the effective gap between vehicles is the sum of the dimension "a" from the trailing vehicle and the dimension "b" from the leading vehicle, as shown in Figure A-8(c). This gap will be used in the determination of th
	The coupling .factor was set up to have a range of values between zero and one, reflecting its modification of the classical air drag. If the factor is zero, the cars are effectively so close that the pressure effects upon their respective areas are zero and the classical air drag should be multiplied by zero; if the factor is one, the cars 
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	Note: All front ends of vehicles are to left 
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	FIGURE A-8 DERIVATION OF EFFECTIVE GAP SIZE 118 


	are effectively so far apart that the classical air drag should be 
	multiplied by unity. Other cases lie in between. It was arbitrarily 
	decided that a gap of thirty feet or larger should be equivalent to an 
	infinite gap aerodynamically, and an exponential curve was designed to 
	make the transition to the thirty foot gap. The logic of the computer 
	program is set up so that the coupling factor as a function of gap is 
	as shown in Figure A-9. Note that for cars that are coupled reasonably 
	closely, the pressure effect is small (CF= 0) but rises smoothly but 
	rapidly to the full effect (CF= 1.0) as the gap approaches thirty feet . 
	The particular cu~ve is completely arbitrary but is believed to be 
	realistic. The need exists to establish the validity of such a cu~e 
	in wind tunnel tests if such a methodology is to be utilized. 
	2.2 Area Factor 
	f 
	The area factors are essentially the difference between the two end areas of adjacent cars normalized to the end area of the car in question; the program logic is set up so that it too ranges in value from zero to one; again, if the factor is zero, shielding is complete, the~e is no pressure effect, and the classical drag is multiplied by zero; similarly, if the factor is one, there is no shielding, and the classical drag is multiplied by unity, taking its full effect into consideration. 
	2.3 Combination of Factors 
	These factors cannot merely both multiply the classical drag values simultaneously, even through the effects must be considered simultaneously. It is necessary that if one effect is large enough, it mitigates the other effect and is itself dominant. For instance, it will be considered that if the areas are far enough apart, i,e., if the coupling factor equals 
	one, their size does not matter and the effect of the area difference is eliminated. Si milarly, if the areas are different enough, so that the area factor is one, the proximity does not matter and the effect 
	1.0 
	Coupling Factor 
	oL----~~:::::::=__L--~--L---_j_____J
	50

	40
	I-' 20 30 
	N 10
	0
	0 
	Effective Gap Length, feet 
	FIGURE A-9 COUPLING FACTOR AS A FUNCTION OF GAP LENGTH 
	of the gap is eliminated. The coupling factor and the area factor have been combined in such a fashion algebraically in the program (see lines 1660 and 1670) to yield FF for the front of the vehicle in question and FA for the rear of the vehicle. The equations are, in algebraic rather than FORTRAN notation: 
	of the gap is eliminated. The coupling factor and the area factor have been combined in such a fashion algebraically in the program (see lines 1660 and 1670) to yield FF for the front of the vehicle in question and FA for the rear of the vehicle. The equations are, in algebraic rather than FORTRAN notation: 
	of the gap is eliminated. The coupling factor and the area factor have been combined in such a fashion algebraically in the program (see lines 1660 and 1670) to yield FF for the front of the vehicle in question and FA for the rear of the vehicle. The equations are, in algebraic rather than FORTRAN notation: 

	Ff 
	Ff 
	= 
	1 
	-(1 
	-CF) (1f 
	-AF)f 

	F a 
	F a 
	= 
	1 
	-(1 
	-CF) (1a 
	-AF)a 

	where CF and AF refer to coupling factor and area factor respectively, and the subscripts f and a refer to fore and aft. The logic of this combination can be shown to mean that (a) only if both factors are zero will F be zero; (b) if either factor is zero, F becomes equal to the value of the other factor; and (c) if either factor is one, F becomes equal to one. Other cases lie between these values. The values of F for the possible combinations of factors with values of O, 1/2, and 1 are shown in Table A-3 t
	where CF and AF refer to coupling factor and area factor respectively, and the subscripts f and a refer to fore and aft. The logic of this combination can be shown to mean that (a) only if both factors are zero will F be zero; (b) if either factor is zero, F becomes equal to the value of the other factor; and (c) if either factor is one, F becomes equal to one. Other cases lie between these values. The values of F for the possible combinations of factors with values of O, 1/2, and 1 are shown in Table A-3 t

	It can be seen that simple multiplication of the not have the same logical effect, 
	It can be seen that simple multiplication of the not have the same logical effect, 
	two 
	factors does 
	I I 

	Precedent to this straight algebraic combination, however, there are some practical constraints which modify this simple logic. The distance from the coupling point to the significant end area of any car is at least 1.5 ft. (hopper car), making the minimum gap between cars three feet. Thus there is always a slight gap effect, however small. However, this is not the case with regard to the area factor. 
	Precedent to this straight algebraic combination, however, there are some practical constraints which modify this simple logic. The distance from the coupling point to the significant end area of any car is at least 1.5 ft. (hopper car), making the minimum gap between cars three feet. Thus there is always a slight gap effect, however small. However, this is not the case with regard to the area factor. 
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	TABLE A-3 COEFFICIENT COMBINATION LOGIC CF AF F 
	0 0 0 
	0 1/2 1/2 0 1 1 
	1/2 0 1/2 1/2 1/2 3/4 1/2 1 1 
	1 0 1 1 1/2 1 1 1 1 
	It is assumed, and is reflected in the logic of the program, that if one area is larger by any amount than the other area, the blockage or shielding is total, so that there may be instances when the area factor AF shows a value of zero, whereas the coupling factor CF as a practical matter will not assume this value. In addition, for the first vehicle of the train the front area factor is automatically one, and likewise the rear area factor of the last vehicle of the train. 
	The F factors are used to multiply the adjusted classical aerodynamic drag to obtain the front and rear pressure effect drag for the car in question. These drags are added to the skin friction and the undercarriage drag which are calculated as below, to determine the complete drag for the car. 
	2.4 Skin Friction 
	It was explained in Section 7.2 that a skin friction coefficient of .0085 had been used in the calculations in this report. The skin friction is then 
	2
	skin friction= 1/2 p v (.0085 S) 
	122 
	... 
	where Sis the surface area to be considered. Here, since the drag of the underside of the vehicle is combined with the drag of the trucks and calculated separately, S represents the area of the two sides of the car plus the roof area. At this time the program merely multiples the "length" of the vehicle (Column 9 of Table A-1) by the distance "s", normally the height of the two sides plus the width of the vehicle to obtain the equivalent exposed area. Unfortunately, certain types of vehicles do not lend the
	2.5 Undercarriage Drag 
	The undercarriage drag calculated by the program is only a coarse approximation of the actual drag contributed by the underside of the vehicle and the trucks. Only one figure for truck drag was found in the literature and that was for three-axle passenger car trucks [l]. The drag was ratioed, and based upon a corresponding cross-sectional area of 16 ft.[1] an effective drag coefficient of 
	2 

	.272 was calculated and used in the program. This gives a drag for each truck of 40 lbs. at 60 mph. Since the program calculates the drag for each car, twice the drag for a single truck is simply added to the calculation. 
	No information at all was found on the drag of the underneath side of the car. It is known from wind tunnel testing considerations that to a certain extent the air under the vehicle is carried along with the vehicle, and thus the surface area cannot be exposed to the velocity of the free air stream in the same fashion as the roof and 
	123 
	·, 
	sides of the vehicle. Hence the drag based upon surface area must be less, but not zero. In the face of no better information than that, a 
	first approximation of one-half the value of the skin-friction coefficient used for the roof and sides was ma.de for the underside of the vehicle. As with the trucks, the friction on the underside is simply added to the other drags. Because the total drag for a vehicle is actually the 
	I 

	I 
	summation of five separate calculations,the effect of even a large error in any one is mitigated if they are all relatively close in 
	5 

	value. If the error occurs in one value considerably smaller than the others, there will be little effect at all. Thus it probably differs very little if the true effective skin friction coefficient for the bottom of the car is one-quarter, one-half, or three-quarters of that for the sides and roof; what is important is that some approximation be separately made for each effect. 
	2.6 Summary 
	A discussion of the rationale behind the calculation of the air drag of a railroad car in a train of cars has been presented. While the methodology is as yet unproven and certainly needs refinement, and 
	while it is presently based upon limited information and necessary extrapolation from it, it is believed that the resulting calculation is more accurate than the simple use of either of the formulas in wide use today, which simply take a broad average of air drag characteristics of rolling stock. 
	Front pressure effect, rear pressure effect, skin effect, underside drag, and truck drag. 
	5
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	3.0 COMPUTER PROGRAM 
	The computer program was devised to make the train resistance calculation in a convenient fashion. Stored in it are known data on various types of rolling stock, such as tare weights, dimensions, and other constants used in the calculation. The only inputs required are fundamental: the types of cars used in the consist, their order in the consist, and the net load carried by each car. The program has been arranged so that a "train file" may be prepared for a given train, and an "order file" may be prepared 
	A more detailed explanation of the methodology and the computer program is given below. Since both are closely related the explanation will be a mingling of both. The program itself is a FORTRAN program devised for the GE time-sharing system and utilizes line numbers. The present form of the program is shown in the listing of Figure A-10. 
	Lines 100-270 These lines merely list items required by the program itself, in particular the various arrays. 
	Lines 280-293 
	Here are listed the names of various files which later in the program the user is given the option of calling upon. The train files list, in order, the type of car and the net load for each car of the given consist. The order files list a particular order for a given number of cars. The latter were created solely for convenience in reordering a given train; if the desired order is known in advance, the train file can set the cars up in that order to begin with. In that case the order file is as with "ORDER2
	..... 
	several sample train and order files are given), simply 1,2,3,4... (n-2), (n-1), n, where n is the number of cars (including the locomotives and caboose). 
	An example will be useful. Consider a short train, characterized by the "TRAIN!" file. The first column merely lists line numbers. The second column lists numbers corresponding to car types. Tables A-1 and A-2 identify the car types used in the program and relate them to these numbers. For instance, the sequence of numbers in the second column, 1,16,2,5,17, identifies a locomotive, a tank car, a boxcar, a flatcar, and a caboose in that order. The third column of the train file lists the net load the car is 
	If it were desired to determine the resistance of that consist in that order, order file "ORDER!" should be used. In that file the first column lists line numbers and the second the order of the cars from the train file. Once the train file is established, if it is desired to re-establish the order as locomotive, flatcar, tank car, boxcar, caboose, order file "ORDER2" must be created. The second line of the file merely says that the fourth car of the specified train will be in second place now, the second c
	These files must be created and stored for the later use of the pro-gram. Format requirements are given following the corresponding "READ" statements. The number of cars in the order file should correspond to the number of cars in the train being examined. 
	Lines 300-330 
	These lines define Z, a dimensioned constant used in line 1340, and Kd, Ke, and Kf, which are used in lines 1720, 1730, 1750 and 1760 to convert coefficients computed ~lsewhere to proper units and values. Kd combines the sea-level mass density of air and a conversion from fps to mph. It has the numerical value .002548. For simulation of train operation at other altitudes, the value would have to be adjusted. 
	-

	• F.'.R41 
	14:32EDT 1 0 . ...-25....-77 
	100 DIMENSION WC100) , AC100),B(100),CC8) 
	110 DIMENSION CAAC100),CBBC100),CC(100),DD(100),EE(100) 
	120 DIMEtEI □ t'i D(1l)O),E(100), F (100), 1::; (101)), F.: (100, 1O) 
	130 DIMENS ION V(100),RRC100) ,H C6) 
	140 DIMENS ION COEFF (18,10) 
	150 DIMENSION ORDER(100) 
	160 DIMENSION GA ( 100),GF(100),CFF (100),CFA(100) 
	170 DIMEt··t:S:IOti AFF (100), AFR (100), AA (100), BB (100, 10), GG (100, 1O) 
	180 DIMENS ION DENOM (100),FF(100),FA(100) 
	190 DIMENSION SUM2(100),SUM3(100) 
	200 DIMENSION NETC100),TAREC100),GROSSC100) 
	210 INTEGER ARRAY 
	220 DIMENSION ARRAY(100),DATA(100,2) 
	230 EQUIVALENCE (ARRAY,DATA) 
	240 INTEGER FILE,ORDER,P 
	250 INTEGER OPTION 
	26 0 REAL t·iET 
	270 REAL KD,KE,KF,MN 
	28 0 FI LEL I ST "TF.:A I t'i1", "TRAIN,:'.", "TRA I 1'13", "TF.:A I N4", "TF.'.A I N5", "TRAI N6 ", 
	290 & "TF.:A I M7", "TF.'.A IN::::", "Tf.'.A I N9", "TF.'.A I ti 1 0", "OF.:DER1", "OF.:DER2", "ORDER3", 
	291 :~.: "OF.:DER4" , "ORDERS" , "ORUER6" , "OF.:DER7" , "ORDER8" , "Of.:DER9" , "DRUER1 0" , 
	292 t: "TRAIN11", "TRAitH2", "TF.:AIN13" , "TF.:AIN14", "Tf.:Aiti15", "TRAitH6", 
	293 t: "TRAIN! 7", "TRAitit:3", "TRAIN!'::'", "TRAiti20" 
	::::oo Z = . lE,447 
	310 KD = .0763+88.0+♦ 2 /( 32.2•60.0••2•2.0) 
	320 KE= KD 
	330 f:::F = KD 
	340 V ( 1) = 0. 0 
	350 V(2) = 1 0. 0 
	::::60 '·/ (3) = 20. 0 
	37 '.,1 (4) = ::::o.o 
	:;:8 './(5) = 40.0 
	39 \·'(6) =50.0 
	40 V(7) = 60. 0 
	41 V(:?,) = 70. 0 
	42 '·,I (':f:O = :?,O. 0 
	43 DATA COEFF/120.0,110.0,90.0,45.0,10.0,122.0,10.0,122.0,78.0, 
	440 g_: 10 O, 78. O, 124. O, 150. 0, 110. 0, 1:35. O, 74. O, 110. 0, 10. O, 
	450 g_: 12 . 0, 11 0. 0, 9 0. 0, 45. 0, 10. 0, 10. 0, 122. 0, 122. 0, 10. 0, 
	460 i: 78 0,78.0,124.0,150.0,110.0,135.0,74.0,130.0,10.0, 
	4 7 0 t-: :::: . , 2. 0, 1 . 5, 2. 0, 2. 0, 3. 0, 45. 0, 3. 0, 3. 0, 
	4:3 0 g.: 45 0, :;: . 0, 11 . 5, 2. 0, 2 0. 0, :3. 0, 3. 0, 5. 0, 2. 0, 490 t: 2. ,2.0,1.5,2.0,2.0,45.0,3.0,:3.0,45.0, 500 & 3. J,3. 0, 11.5,2. 0,20. 0,:3. 0,3. 0,5. 0,2. 0, 510 & 50.4,46.1,37.8,18.9,4.2,23.7,23.7,23.7,21.6, 520 & 21.6,21.6,19.8,86.0,46.1,56.6,31.0,46.2,4.2, 530 & 50.4,46.1,37.8,18.9,4.2,23.7,23.7,23.7,21.6, 540 & 21.6,21.6,19.8,86.0,46.1,56.6,31.0,54.5,4.2, 550 & .0085,.0085,.0085,.0085,.0085,.0085,.0085,.0085,.0085, 560 & .0085,.0085,.0085,.018,.0085,.0085,.0085,.0085,.0085, 570 & 34.0,32
	FIGURE A-10 PROGRAM LISTING 
	E, 0 0 t, :35. 0, 85. 0, 6 0. 0, :35. 0, 6 0. 0, :3:::. 0, 60. 0, 4 0. 0, :35. 0, 610 & 250000.0~60700. 0,59600.0,68900.0,79500.0, 620 & 76200.0,76200.0,76200.0,76200.0, 630 & 76200.0,76200. 0,51500.0,76200.0,79500.0, 640 & 119200.0,77600.0,56600.0,76200.0/ 650 PF.:INT," ItiPUT,tiCAR" 660 I t·ff'UT, NCAR ti□." 6::::0 It--lPUT,FILE 690 READ (FILE,51> ((DATA(N,L),L=1,2),N=1,t·KAR) 700 51 FORMAT (4><, 13, F6. D □FWER FILE t·m." 715 HiPUT,FILE ( □ F.:DER (N) , N=1 , t--lCAF.:) 725 52 FORMAT (5X,I3) □PTI □ ti, T
	670 PF.'.INT," INPUT,TRAiti IIATA FILE 
	710 PRitH," H--IPUT, CAR 
	720 READ CF I LE, 52) 
	730 PRitH," DATA PF.:Irn 
	740 
	760 
	770 IF 
	:300 312 
	880 311 GRDSS(K) = 
	910 309 SUMS= 
	·:,1·:,10 TARE (K) = 
	1030 GF(K) = 
	1070 GACK) = 

	FIGURE A-10 (CONTINUED) 
	1130 25 CONTINUE 1140 PF.:Hn 41 115o :s:u111 = o. o 1160 DD 97 M = 1, NCRR 1170 97 SUMl = SUMl+ACM) 1180 IF (□PTIDN . EQ . 0) GD TD 405 1190 PRINT 98,M•SUMl 
	1200 98 FORMAT ( 1H ,2X,I2,F12.2) 1210 405 CONTINUE 1220 IF ( I . GT. D GO TO 42 1230 F'F:'.INT 41 
	1240 IF COPTION.EQ.0) GD TO 401 1250 PF.'.INT 171 
	1260 171 FOF.:MAT (" I CFF 
	RFF 

	CFR 
	1270 PF.'.ItH 41 
	1280 401 CONTINUE 
	1290 41 FORMAT (/ ) 
	c □ mitKIE 
	1300 42 

	1310 IF ( I.1::;T.D 1:,0 TO 60 
	1320 IF (I. EQ. D GO TD 70 
	1330 60 IF (1::;F CD. 1::;T. ::::o. 0) 1:, □ TD 70 
	1340 CFF(I) = EXPCZ•CGF(I )-30.0)) 
	1:350 GO TD 75 1360 70 CFF(I) = 1.0 1370 75 IF ( I . LT.NCRR) GO TO 80 1380 IF ( I . EQ.NCRR) GD TO 90 1:, □ TO 90 1400 CFR (I) = E>::p CZ• (1;:'iR ( D -:::: o. 0)) 1410 GO TD 100 
	1390 80 IF (GR<D .GT. :;:o. 0) 

	1420 90 CFR(I) = 1.0 
	1430 GO TO 100 
	1440 100 IF (I .EG!.D GD TO 110 
	1450 CRR(I) = C □ EFFCRRRRYCORDERCI)),1) 
	1460 CBB(I) = CDEFFCRRRRY(ORDER( I-1)),2) 
	1470 IF (CRRO)-Cf:B(D) 201,202,202 
	14:30 201 RFFCD = 0.0 
	1490 1:,0 TO 120 
	1500 202 RFF CI) = (CRR (I)-CBB(l)) / CAR (l) 
	1510 l~D TD 120 
	1520 11 0 RFF ( D = 1. 0 
	1530 120 IF ( l.EQ. NCRR) GD TD 140 
	1540 CC CI ) = CDEFFCRRRAYCDRDER(l)),2) 
	1550 DD(I ) = COEFF CRRRRY CORDER ( l+l) ), 1) 
	1560 IF (CC ( I) -DD CD) 203,204,204 
	157 2 03 AFR(!) = 0.0 
	1:,□ TO 14'3 
	158 

	159 204 AFR (D = CCC CD -UD CD) / CC CD 
	160 1:,0 TD 149 
	161 140 RFRCD = 1.0 
	162l 149 IF (. 0) 60 TD 402 
	OPTIDN.EQ

	1630 150 PRINT 67,I,CFF <I>,AFF(l),CFA(l),AFA(I) 
	1640 67 FORMAT ( lH ,2X,12,4(F12.3)) 
	1650 402 CONTINUE 
	1660 FF CD = 1. 0-0. 0-CFF (D) +(1. 0-RFF (1) ) 
	1670 FA CD = 1. 0-O. 0-CFR (1)) +O. 0-RFA (D) 
	FIGURE A-10 (CONTINUED) 
	129 
	( □ PTI □ N.EQ.O) GD TD 403 
	1680 IF 

	1690 PRINT 170,I ,FF(l),FA(I) 1700 170 FORMAT ( lH ,2X,I2,F12.3,F24.3) 1710 403 CONTINUE 1720 D(I) = KD+CDEFF(ARRAY(□RDER(l)),5) ♦FF(l) 
	1730 E (I) = KE•C□ EFF (ARF-:AY O::OPDER (I )) , 7) •C □EFF CAPF-:AY ( □ F-:DEF-: (I)) , ::::) • 1740 & COEFF<ARRAY( □RDER CI)),9) 175fl F ( D = l<F•C □EFF (ARRAY ( □ F-:DER (I)) , 6) +FA (I) 176 EE(I) = 2.0+.272+16.0•KD+.003+KD•C□EFF(APRAY( □RDER(I)),9)+10.0 177 G(D = DO)+E(D+F(D+EE(D 178 IF( □PTIDN.EQ.0) GD TD 20 179 PF: I NT 76, I , D ( D , E U) , F ( D , EE CD , 1::; ( D 180 76 FDPMAT ( lH ,2X,I2,5CF12.3)) 
	1:31 u PPitH 41 1820 20 C□tHINUE 1830 DD 127 J = 1,9 1840 DD 117 I= 1,NCAP 1::::50 F.: CI , ._i::, = A CI) +B (I) •V Cl) +G CI) +V (._I) ♦♦2 1860 BBCI,J) = B(I)+V(J) 1870 GG CI, J) = G(I)+V(J) ♦+2 1880 IFCDPTIDN.EQ.0) GD TD 117 1890 PR un 87, I , ._I, V(._I) , AC D , BB (l , ._I) , Gt::i O , ._I) , I<: <I , ._I) 1900 87 FORMAT ( lH , 2X,I2,2X,I2,3X, F5.l,4(F13.2)) 1910 117 CONTINUE 1920 127 CONTINUE 1930 PRINT 41 1940 IF ( □PTIDN2.EQ.0) GD TD 453 1950 DD 451 I= 1,NCAP 1960 451 PRINT 452,I,G(I) 1970 452 FORM
	2000 SUM2(J) = 0. 0 2010 DD 153 I= 1,NCAR 2020 153 SUM2 CJ) = SUM2(J)+BB(l,J) 203f SUM3(J) = 0.0 204 DD 154 I= 1, NCAR 205 154 SUM3(J) = SUM3(J)+GGCI,J) 206 152 CONTINUE 207 PRitH 41 208 RF'.U) = 0.0 209 DO 137 J = 1,9 210 DD 30 I= 1, NCAR 211 3 0 F.:F: (._I) = F:R (._I) + R ( I , ._I) 212 P~INT 50,J,V(J),SUM1,SUM2(J) , SUM3(J),RR(J) 213 137 CONTINUE 
	214. 50 FORMAT ( 1H ,4X,I2,3X,F5.1,4(F13.2)) :n□ P 2160 END 
	2150 
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	Lines 340-420 These lines merely list the velocities in mph at which the calcu-lations will be made. 
	Lines 430-640 
	These lines list the data in Table A-1 in the appropriate format. Various parameters for each type of car are listed herein. The parameters and their use in the calculation of train resistance are explained in the main text of the report. 
	Lines 650-725 
	The program is established in an interactive basis. These lines permit the entry at this point in the program of the number of cars in the train (including locomotive and caboose), the train data file to be used, and the order file to be used. 
	Lines 730-800 
	These lines were established to permit the user to avoid printing out all the data computed. Typing of ones in response to both queries will result in a complete print out; typing of zeros will result in only the final data being printed. See examples 1 and 2 respectively. 
	Lines 800-940 
	In these lines the net weight and gross weights of the train are calculated by extraction of appropriate data from the train file and the data storage file in lines 430-640. 
	Lines 950-1130 
	These are an inner "DO" loop which calculates the mechanical and velocity-dependent terms of the resistance equation plus the gap coefficients GF and GA, for the fore and aft coupling factors. 
	131 
	Lines 1140-1210 These lines calculate the sum of the mechanical resistances for the train; neither these resistances nor their sum are a function of velocity. 
	Lines 1220-1300 These lines merely prescribe certain options and formats . 
	Lines 13.10-1430 
	These lines calculate the fore and aft coupling factors CFF and CFA from the gap coefficients GF and GA; according to the functional rela-tionship shown in Figure A-9. The section of the curve between O and 30 ft. is presently described by the function in l i nes 1340 and 1400. 
	Lines 1440-1650 
	These lines extract cross sectional area information from the data bank in the program and calculate from it the fore and aft area factors AFF and AFA. 
	Lines 1660-1710 
	These lines calculate the fore and aft pressure effect factors by appropriately combining the coupling factors and the area factors. The rationale behind the appropriateness of the combination is given i n Section 2 of this appendix. These factors are used to multiply directly 
	2
	the adjusted classical air drag term 1/2 p V ACD. 
	Lines 1720-1820 
	These lines compute the front and rear pressure effect coefficients D(I) and F(I) respectively, the skin friction effects coefficient E(I) , and the drag from the underside of the vehicle combined with the truck drag EE(I), and eums them to yield a combined coefficient which is 
	2
	subsequently used to multiply V directly. The dimensions of the D, E, 
	EE, and F terms have been adjusted by the Kd, Ke, and Kf coefficients so that this may be done in a meaningful fashion. The magnitude of the G coefficients is therefore on the order of, and analogous directly to, the .07 coefficient used in the modified Davis equation. 
	Lines 1830-1930 
	These lines calculate, and print if requested, the mechanical, velocity-dependent, and air resistances, plus the total resistance, for each car at each velocity. For a long train this amounts to many items of data and it is best to avoid printing this unless required for verification or checking purposes. 
	Lines 1940-1980 
	These lines print, if requested, the "G" coefficient for each car. This enables one to compare the computed air drag coefficient for a given car with the .07 coefficient which is used in the modified Davis formula for every car. 
	Lines 1990-2160 
	These lines compute and print out the information which is most nearly fundamental: the mechanical, velocity-dependent, and air resistances, plus the total resistance, of the train, at each of the velocities prescribed. 
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	Figure
	APPENDIX B 
	EXAMPLES OF PROGRAM INPUT FILES, DATA, AND OUTPUT FORMATS 
	This appendix illustrates several "TRAIN" and "ORDER" files which might be used or have been used in connection with the computer program by means of which the results reported in this document were calculated. 
	In Figure B-1, three sample files for a five-car train are illus-trated. The "TRAIN!" file is for a train consisting of a locomotive, a tank car, a boxcar, a flatcar, and a caboose, in that order. The net weight carried by the three middle cars is 61.O tons each. The format is (4X, 13, F6.1). The two "ORDER" files illustrate the means by which the train is rearranged. The "ORDER!" file is used to input the train in its original order, i.e., as shown in the "TRAIN!" file. The "ORDER2" file is used when a par
	Figures B-2 through B-5 show "TRAIN" and "ORDER" files for two 7O-car trains used in the report and two possible arrangements of these trains: the as-originated order, and a random rearrangement. Final Figures B-6 and B-7 show samples of the program data output, with minimum data printed and with complete data, respectively. 
	The minimum data output option prints only the net and gross train weights and the mechanical, velocity-dependent, and air resistances, plus the total resistance, in their respective columns, for the train at each velocity. 
	The complete data printout is very long, even for only a five car train. The program was set up for this option to print out all intermed-iate data, and in particular, all coefficients used in the determination 
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	TF.:A It-ii 
	TF.:A It-ii 
	TF.:A It-ii 
	11...-01...--77 

	10(.J 
	10(.J 
	1 
	0.0 

	110 
	110 
	16 
	61.0 

	i20 
	i20 
	2 
	l::11.0 
	Ii 

	1JO 
	1JO 
	5 
	61.0 

	140 
	140 
	17 
	u. 0 

	OF.'DEF.: 1 
	OF.'DEF.: 1 
	i L-· 01 .-··77 

	1 0 !) 
	1 0 !) 

	11 0 
	11 0 
	2 

	120 
	120 

	130 
	130 
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	140 
	140 

	TR
	11...--01...--77 

	1 0 
	1 0 

	i 1 
	i 1 
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	12 
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	13 
	:::: 
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	FIGURE B-1 SAMPLE "TRAIN" AND "ORDER" FILES 
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	......... 
	Of.'.DER3 
	101 102 103 104 105 106 107 1OB 109 1HI 111 112 113 114 115 116 117 118 119 120 121 
	-..-.
	1c.c. 
	123 
	124 
	-,C'
	C.·-' 
	1

	126 127 1i::'.8 129 130 1:::: 1 
	1:32 
	1:::::;: 
	1::::4 
	135 
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	3 
	4 
	5 
	6 
	.., 
	I 
	C•
	.... 
	·::1 
	10 11 12 13 14 15 1E, 17 U:: 19 2 0 
	21 
	22 
	2~: 
	24 
	25 
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	27 2:3 
	.-,ee 
	C. -· 
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	31 
	-~--
	-

	·-•C. 
	:;:3 :;:4 
	•JC'
	·-··-' 
	OB: 41::ES:T 
	i3E, 
	-,..,
	1.;,., .. 1:;:::: 
	.

	1::::9 
	140 141 142 143 144 145 14E, 147 148 149 150 151 
	c--,
	1

	._1i::, 
	-·
	._,.~154 155 15E, 
	1
	C'
	• 

	157 
	158 
	159 1€-0 1~1 1E,2 1E,:3 164 165 1E,E, 1E,7 168 169 171) 
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	11 / 01..,?? 
	:3E, 
	.-, ~-;,
	..:-, 
	.-..-.
	.;.,::, -:,,::i 
	.... -· 
	41 42 43 44 
	4E, 47 48 49 
	51 
	52 
	C"•-· 
	._,.:,. 
	54 
	5E, 
	57 
	.-.
	~

	-<=• 
	59 
	E, 1 
	E,2
	.-:,
	·~· 
	t

	E-4 
	E,E, 
	67 
	68 
	69 
	NORMAL "ORDER" FILE FOR 70 CAR TRAIN 
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	11) 1 
	102 1 o:::: 
	1 04 
	1 O':: 
	1 06 1 O? 1 o:=:: 1 09 
	11 0 111 11 ::: 
	11:::: 114 
	115 116 
	11? 
	1 U:: 119 
	120 121 
	12? 12:::: 1c'4 125 126 
	L~'.7 1.~:::: 
	1i:'.9 
	1 ::-:: 0 
	1 :~: 1 
	i::::2 
	1:::::::: 
	lJ4 1:35 
	1 
	·..I 
	4 "'

	29 
	4'? 
	20 
	21 
	1?' 
	::::1 
	11 4 ,:'. 
	61 9 
	40 
	.-, c:· 
	;.::. ._1 
	2E, 
	59 
	51 
	13t::, 
	1:~:7 1::::::: 
	1::::9 
	140 141 14 ,~ 143 144 145 146 147 14::: 
	14 9 
	150 
	151 
	1-52 1':,:~: 154 
	15':; 
	1 ~_:,f., 
	157 
	1':;:=:: 
	15'::i 1t,Ci 161 
	16,:'. 163 164 16':i 166 167 16::: 16'::i 1?0 
	41 
	54 
	I 
	24 44 
	30 64 
	4 
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	FIGURE B-3 
	RANDOM "ORDER" FILE FOR 70 CAR TRAIN 
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	11,.,-01....-77 
	101 
	101 
	101 
	1 
	0.0 
	1:;:6 
	2 
	0. 0 

	102 
	102 
	1 
	0. 0 
	1 :::? 
	:;: 
	61. 0 

	1 en 
	1 en 
	s 
	i:1• o 
	1 :;::::: 
	E: 
	o. o 

	104 
	104 
	14 
	t:, 1 . 0 
	1J9 
	2 
	61.0 

	105 
	105 
	::: 
	61. 0 
	140 
	2 
	61.0 

	106 
	106 
	:::: 
	0. 0 
	141 
	2 
	61 . 0 

	10? 
	10? 
	:;: 
	61.0 
	142 
	14 
	61.0 

	1 o:=: 
	1 o:=: 
	:;: 
	o. i
	-

	14:3 
	2 
	0. 0 

	1 0'3 
	1 0'3 
	16 
	0. 
	144 
	2 
	0. 0 

	11 0 111 
	11 0 111 
	:;: 4 
	o. 61. 
	14'.5 146 
	5 14 
	o. 0 61.0 

	112 
	112 
	16 
	o. 
	147 
	:~: 
	61.0 

	11:::: 
	11:::: 
	3 
	61.1. 
	14::: 
	:;: 
	0. 0 

	114 
	114 
	;:: 
	o.o 
	14':3 
	:;: 
	0,0 

	115 
	115 
	0. 0 
	l'SO 
	0. 0 

	116 
	116 
	2 
	0. 0 
	151 
	61. -

	11? 
	11? 
	2 
	61. 0 
	15E: 
	61. 

	11:::: 
	11:::: 
	2 
	61. 0 
	1~;:::: 
	o. 

	11 '3 
	11 '3 
	0. 0 
	154 
	16 
	61. 

	120 
	120 
	61. 0 
	15':i 
	2 
	61. 

	121 
	121 
	4 
	0, 0 
	1 ':i6 
	2 
	61. 

	12? 
	12? 
	4 
	6i. 0 
	1'S7 
	·=·L.. 
	i::, 1. u 

	1,:::::: 
	1,:::::: 
	61. 0 
	15:=.:: 
	3 
	0. 0 

	124 
	124 
	2 
	0 . 0 
	1 ~.9 
	2 
	I). 0 

	1E::; 
	1E::; 
	3 
	0 . 0 
	16 0 
	3 
	0. 0 

	126 
	126 
	2 
	61. 0 
	161 
	2 
	61. 0 

	le? 
	le? 
	16 
	61. 0 
	li::,2 
	4 
	0.0 

	12:::: 
	12:::: 
	4 
	0. 0 
	16:::: 
	61. 0 

	129 
	129 
	4 
	61. 0 
	164 
	16 
	o. 0 

	130 
	130 
	0. 0 
	1i:.'.:i 
	16 
	'=· 1 • 0 

	131 
	131 
	61. 0 
	166 
	4 
	0. 0 

	13,:'. 
	13,:'. 
	0. 0 
	16? 
	61. 0 

	1:33 
	1:33 
	16 
	o. 0 
	16::: 
	2 
	0. 0 

	134 
	134 
	0. 0 
	169 
	2 
	61. 0 

	1:3':i 
	1:3':i 
	0. 0 
	170 
	1.., .. 
	o. 0 


	FIGURE B-4 
	"TRAIN" FILE FOR "AVERAGE" TRAIN 
	139 
	TF'.A ItH 1 
	1 01 1 0. 0 1 O? 1 0. 0 1 OJ t, °3 (1 11 ~i :l i}+ t• 30 .. ~; 
	I 1 0'5 :::: 61. 0 1 0(:, :::: 61. 0 1U? f.. ::::o. '.:i 1 o:::: :::: 61.0 11:i-::1 11 0 6 30.'.:i 
	1 :ll :;:: 61 . I) 1 1? ? :;: 0 ■ ~.:i 1B 7 30. ~5 
	Ii 1 14 ::: 61.0 11 5 6 :::0. ~~, 1 'J. 6 :::: 61 .. 0 :ll? :::: 61.0 1 U:: ? ::::o. :: 1 1•~1 ? :::::o. '.:i 1i:'. 0 ::=.: 61. 0 L::1 ? JO . ~I 1E:1:: 7 ::::o.~s 1;=~:::: 6 ::::o. '5 .lC:4 :: 61. 0 I 
	12'.5 :::: 61 . 0 
	1E:e, ? 30. 5 
	1C:7 E, 30v~~
	I 
	12:::: 6 30 . '.:; 
	1c'.';=i ? ::::0 . '.:1 
	130 6 :;:1).':1 
	1:;: 1 :::: 6 1 . 0 132 :::: 6 t. 0 1:~:::: ::: I::•1 . 0 1::::4 :::: 6 :l . 0 
	1 1...-0 1_.··?? 
	131::, 
	131::, 
	131::, 
	::: 
	61.0 

	1::::? 
	1::::? 
	::: 
	61.(1 

	1::::::;: 
	1::::::;: 
	:: 
	61.0 

	139 
	139 

	140 
	140 

	141 
	141 

	142 
	142 

	14:::: 
	14:::: 

	144 
	144 

	14'.:i 
	14'.:i 
	::: 
	t_~.1.0 

	146 
	146 
	:::: 
	E,1 . 0 

	14? 
	14? 
	:=:: 
	f.:, 1. 0 

	14::: 
	14::: 
	6 
	::::o.:, 

	:l4'3 
	:l4'3 
	7 
	:~:0. ~,:; 

	1'.:iO 
	1'.:iO 
	:;:: 
	E, 1 . 0 

	151 
	151 

	1'.:;2 
	1'.:;2 
	?1 
	:::: o. ~5 

	1'.:i :~: 
	1'.:i :~: 
	::: 
	61. 0 

	154 
	154 
	7 
	:30 .. ~5 

	155 
	155 
	::: 
	61. 0 

	156 
	156 

	157 
	157 

	1~3:::: 
	1~3:::: 
	:::: 
	61.0 

	1~59 
	1~59 
	6 
	::::o. ::; 

	160 
	160 
	:::: 
	61.0 

	161 
	161 
	7 
	::::o. : i 

	1f.,1:'. 
	1f.,1:'. 
	6 
	J0.5 

	i t:,3 
	i t:,3 
	E, 
	:::: 0 . '.:i 

	164 
	164 
	:::: 
	61. 1) 

	16'.:i 
	16'.:i 

	166 
	166 
	6 
	:30.5 

	167 
	167 
	::: 
	61.0 

	H,::: 
	H,::: 
	6 
	::::o . :5 

	16"::I 
	16"::I 

	170 
	170 
	1? 
	0. 0 


	FIGURE B-5 
	"TRAIN" FILE FOR MIXED TOFC CONSIST 
	140 
	N □ .?1 N□ .11 N □?O OPTI □ N2, TYPE 1 FDR YES,O FDR N□ 0 
	INPUT,TRAIN DATA FILE 
	INPUT, CAR ORDER FILE 
	7
	DATA PRINT OPTION , TYPE 1 FOR YES,O FDR 
	DATA PRINT 
	7 

	NET TRAIN WEIGHT, TONS; 1:=.::;:. 00 GROSS TRAIN WE IGHT ,TDNS: 44'.5 . .=::o 
	1 o. 0 .. 0. 
	2 1 0. 0 667.1Z~ 44. '5::: :::ti . 92 
	20.0 l:16 7. 1,~ :=.:·?. 04 347. 6::::: 4 :::: (I. 0 667.12 1:i:::c:. 97 
	1:::::::.56 

	4 0. 0 667.12 1 ?:=: . 0 ::: 1::::•'.::i O. 74 2~:::;:~5. 94 
	50.0 66?u 12 22C:. 6 0 E: 1 ?::::. o::::: 301:,2. ?5 60.0 667.12 ::::12·;:1. 16 4063.40 
	71). 0 1:,6?. 1;::: ::::11.64 4c:5 ·:=i. 14 ::: (I • 0 f~,i.:,7. 12 :~:56. 16 
	PR □ GRRM STOP AT 2150 
	FIGURE B-6 SAMPLE DATA OUTPUT, MINIMUM 
	INPUT,TRAIN DATA FILE NO. ? 1 
	INPUT, CAR ORDER FILE NO.?11 
	DATA PRINT OPTION, TYPE 1 FOR YES,0 FOP NO~l 
	DATA PRINT OPTI □ N2, TYPE 1 FOR YES,0 FOR N □ ?1 
	1 o. 1E, 61.0 
	2 t-1.0 
	5 61.(1 
	17 0. 
	NET TRAIN WEIGHl, TONS; 
	WEIGHT,T □ N S : 
	GROSS TRAIN 
	445.20 

	1. ~:'.5 .::: o . 1 0 
	5.00

	1 155.00 
	:, • (I 0
	.-. 5.00
	C 1~:·?. :::::: 1.00 
	:_;. 00 4. (I I.I
	134. ::: 1 o. '?1 
	1. 01 4. 0 0 7. 00
	4 140.45 7. 0 0 30.10 
	~I 
	E,E,7. 12 
	AFF CH-t AFR 
	I 
	CFF 

	1.000 1 . 0 0 (1 o. 016
	1 
	0. ::::·:f~:
	1 1. 0 0 0 
	0. 12::: (I. 04t::, 0. 051 
	0.027 
	0.252

	1 
	o. 016 o.
	2 0. 016 o. 
	0. 016
	0. (116 0. 001 0.027
	2 0.001 
	0. Olt::, 0. 014 0 . :::::;::;:: 0. '::-11 0 0. 1 O? 0. 026
	0.040 
	o. 0.02::::
	4 0. 014 1 !) . 02::::
	4 :1.014 
	o. 027
	4 0 . 000 0. 016 o. 000 
	1 , 0 0 (I
	c:-1.000
	0. 02:3
	·-' 
	c:-1. 000
	._, 0. '311 
	0. 29"3
	c:-o. 1::::9 0. 02':,
	0. 107
	·-' 
	FIGURE 8-7 SAMPLE DATA OUTPUT, COMPLETE 
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	1 
	1 
	1 
	1 
	0. 
	l~S:i. 00 
	0. 
	0 . 

	2 
	2 
	1 
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	1 :;:9. ::::'.::: 
	I) • 
	o. 
	13'3. ;;:::::: 

	TR
	1 
	0. 
	D4. :::1 
	o. 
	0. 
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	4 
	4 
	1 
	0. 
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	0. 
	o. 
	140.4'.:i 

	TR
	1 
	o. 
	0. 
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	1 
	1 
	1 0. (I 
	155.00 
	12.~iO 
	25.16 
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	2 
	2 
	2 
	1 0. (I 
	13'3. :::::=: 
	6. ::::4 
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	TR
	2 
	1 0. 0 
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	9. 13 
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	4 
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	2:::: 0. 6::: 

	2 
	2 
	i:. (I. 0 
	1:;:·::1. ::::::: 
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	4 
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	TR
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	1 
	4 
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	TR
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	1 ::::6. 6:;: 
	34::::. :::5 

	4 
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	4 
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	4 
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	::::. 4'3 
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	40. 0 
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	TR
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	4 
	c:-·-' 
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	140.45 
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	TR
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	4 0. 0 
	'::.16. 9::: 
	11. 32 
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	1 
	:i O. O 
	15':;. 00 
	6i.::. ~iO 
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	2 
	2 
	5(,. (I 
	13'3 . b::: 
	49. '30 
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	360.t:,6 

	TR
	50. 0 
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	4 : i. 6::: 
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	4 
	4 
	:i O. 0 
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	106.90 

	c:·-' 
	c:·-' 
	-

	~.:iO. 0 
	14.t5 
	74?. :::::::: 
	::::i'3. 01 

	1 
	1 
	7 
	60. 0 
	1:i5. 00 
	?:i. 0 0 
	'::'05. 67' 
	11 :::::i. 6? 

	2 
	2 
	7 
	6 0. U 
	13'3. :::::::: 
	246.07 
	445. :::::;: 

	TR
	7 
	€,0. (I 
	134.:::1 
	54. ::::1 
	':(::6. 1:i 

	4 
	4 
	7 
	60. 0 
	140.4'5 
	t,0.4:, 
	15'.3. 94 
	3':o4. ::::4
	-


	5 
	5 
	7 
	60.0 
	16. ·;3::_:: 
	1076.95 
	1190. 91 

	1 
	1 
	70. 0 
	1:i::,. 00 
	87.50 
	14?5 . 2,:'. 

	2 
	2 
	70.0 
	13'3. :::::::: 
	:.::34 . '33 
	544. E,7 

	TR
	?0.0 
	1:34_:=:1 
	1016.12 
	1214. ::::? 

	4 
	4 
	7 0. 0 
	140.4:i 
	70 .. 5:~: 
	420. ~.:ii) 

	TR
	70. 0 
	96. 9:::: 
	19. :::: i 
	1465. ::::5 
	15:=:2. 64 

	1 
	1 
	:::o.o 
	155.00 
	100.00 
	16i 0. O:::: 
	1::::65 . (I :~: 

	2 
	2 
	::=:o.o 
	13':l. ::_::::: 
	?·3.:=.::4 
	43?.45 

	TR
	::::0.0 
	1:34. :=: 1 
	7:::. O:::: 
	1327.17 
	153':i. OE, 

	4 
	4 
	:::0 . 0 
	140.4:i 
	::::0. 60 
	494.72 

	c:-·-' 
	c:-·-' 
	:::: 0. 0 
	22.64 
	2034.20 

	FIGURE 8-7 (CONTINUED) 14 3 
	FIGURE 8-7 (CONTINUED) 14 3 


	1 2 
	:::: 
	4 
	1 
	2 
	4 
	C 
	·-' 6 
	7 
	9 
	PP □ GPAM 
	0. 252 
	0. 06::: 
	o. 20? o. :;: 
	04

	0. 
	1 0. 0 
	2 0. 0 30.0 40.0 ~; 0. 0 
	6 o. 0 
	70.0 ;:;: 0. 0 
	STOP AT 2150 
	6E,7 . 12 6t::,7. 12 667.12 66?.12 66?.12 
	66?. 12 
	667.12 
	667.12 
	o. 
	44. 52 :::9.04 
	E-~22. 60 2 1::, 7 . 1~~'. 311.64 35t::,. 16 
	o. 
	?B2. 29 
	1::::30 . 74 217:3. 0:3 :::: 12·?. i t:, 425"?,1 4 
	0

	551::,2. '35 
	E,67 . 12 
	c~2::::~.. 94 30E,\~ . 75 
	4 06:;:. 4 0 
	65!:!6.23 
	65!:!6.23 

	I 
	I 
	FIGURE B-7 (CONCLUDED) 144 
	.. 
	of the air drag for each car. The data from the train file is first listed as a check. Next, the net and gross train weights are printed. The next group of data lists for each car in sequence the car number, the mechanical resistance of the car in lbs., the factor which multiplies the velocity, and the effective gap between vehicles at the front and rear of the vehicle. Note that the gaps at the front and rear of the train are greater than 30 feet; the program both establishes that and also treats any gap l
	The next group of data is printed in three lines, again for each car. The first line lists the coupling and area factors, CF and AF, as noted in the column headings. The next line lists the F factor, for fore and aft respectively, combining these, as noted in the text of the report. The final line of this group lists the coefficients entering the calculation of the air drag for each car: the coefficients for the front pressure effect, the skin drag, the rear pressure effect, and the underside and truck drag
	The following group of data lists the car number, the velocity index, the velocity for which the calculation is made, and the mechanical, velocity-dependent, and air resistances, plus the total resistance, for each car at each velocity. 
	The next small group of data is a separate listing, for convenience, of the final air drag coefficient used in the calculation to multiply the square of the velocity directly. As explained befbre, these values compare with the .07 coefficient of the modified Davis 
	coefficient. 
	The final group of data is the same as that printed under the minimum data option and gives the several types of train resistances at each velocity. 
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