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ABSTRACT

Experimental data and some fundamental considerations
are used to derive mathematical and graphical models of engine
behavior relative to fuel consumption. Dimensional analysis of
the torque converter permits consolidation of much available
information in a compact and useful form. A graphical represen-
tation is introduced to represent road friction.

Using raw data from engine tests, the power flow through
the drive train is followed from engine to rear wheels and the
resulting steady-state economy is computed by a combination of
analytical and graphical techniques. The results indicate the
need for refinement of method or a new approach.

The vehicle is now analyzed from the road to the engine,
and the apparently complex analysis of the torque converter viewed
from the output side is shown to be surprisingly easy to relate to
the functional dependences already derived., The results show the
expected characteristics and suggest some graphical representations
for optimum economy conditions. These in turn show a remarkable
peculiarity which leads to a study of non steady state driving technique.
It is found that this apprcach gives superior results over a sizable
portion of the road condition spectrum, and eventually four different

techniques are advanced as optimum in different regions of operation.



OBJECT
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The object of this thesis research

T

as been to derive a
simple, vet fundamentally sound methed of analysis of the fuel
economy potential of a given motor vehicle, and its applications

to normal and competitive driving.

INTRODUCTION

Ithough it may be said that interest in the subject of fuel
economy is as widespread as the distribution of automobiles, the
fundamental relationships which govern the topic for a modern
passenger automobile have not been explored to any great extent.
For example, the writer's interest in the field came about as a
result of an assignment as engineer on the Studebaker-Packard
entries in the 1955 Mobilgas Economy Run. It was quite evident
that the Studebaker-Packard team possessed the best available
technigues in the competition (as evidenced by the sweepstakes

victory for the second year in a row, and the near accomplishment

&

of an actual miles-per-gallon victory over a car with a 25% smaller
engine). This superiority over several competing groups of tech-
nical advisers was achieved mainly by a trial and error experi-

mental program, which was satisfactory in spite of a rather severe

(by most standards) spread of the results. In addition, the time



and expense involved in the tests precluded evaluation of all but

the most elementary techniques of competitive driving.

The beginning of the realization of the value of primarily
analytical techniques in the subject came during a routine analysis
of proposed engine sizes during the fall of the previous year.
However, since the competition group was soon disbanded, a
thesis subject

fuller study of the methods did not occur until this

was proposed and approved,
THE BASIC APPROACH

In devising a scheme to provide a sound method of analysis,
it was decided to attempt to represent by empirical eguations,

wherever possible, each of the major devices inveolved, with due

regard for the law of physics and engineering. In other words the

equations must make sense experimentally and theoretically.
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SYMBOLS USED

acceleration, miles per hour per second

deceleration, miles per hour per second

manifold depression below atmosphere, inches of mercury
converter efficiency, percent

gize factor, NI/JTE

output size factor, NO/\fTO

converter output speed, rpm

engine speed

converter input speed, rpm

transmission output speed, rpm

friction drag, lbs.

grade load, Iibs.

net thrust, lbs.

total load, lbs.

fuel used accelerating, gallons

fuel used decelerating, gallons

total fuel used, gallons

distance travelled accelerating, miles

distance travelled decelerating, miles
total distance travelled, miles
converter output torque, lb-ft
engine torgue, lb-ft

input torque, lb-ft

transmission output torque, lb-ft



SYMBOLS USED (Cont'd)

v = car speed, miles per hour

W = car weight, pounds

oL = angle of grade, radians

B.M.E.P. = brake mean effective pressure, lb/in
B.S5.F.C. = brake specific fuel consumption, 1b/bhp-~hr
M. P. G. = miles per gallon

R.P. M, = revolutions per minute
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I. ANALYSIS OF THE VEHICLE
THE ENGINE
The usable information for this portion of the vehicle is
contained in the part-throftie characteristics for the engine

{Test 18 of the General Motors Engine Test Code}. These

7

curves {(see Fig. A-1, Appendix Aj) show torgque, brake specific
fuel consumption, fuel rate, intake manifold depression, and
"observed miles per gallon' {assuming no transmission slip)},

ail as a function of percent load at eleven different engine speeds.
Wine other parameters are also plotted, but are of less interest
in this derivation. The curves used are for the 1956 Chevrolet
with four-barrel carburetor.

Figure 1 is a cross-plot of fuel rate vs. intake manifold
depression for several engine speeds. The region of interest is
limited to that between 8 and 22 inches of mercury manifold
vacuum (Fig. 1). It will be shown that this is the economical
operating region.

Superimposed on the diagram {(Fig. 1} is the family of curves

represented by the equation: Q = .00062 N (29 - Ap). These are

fluid being pumped is air to which a constant percentage of fuel



has been added. Thus the parameters of fuel-air ratio and
volumetric efficiency are present in the eguations as constants,
and the only independent variables are speed and manifold
depression.

Figure 2 shows torque as a function of manifold depres-
sion and speed. It is apparent that above 1200 rpm, the torgue
is practically independent of speed, and can be shown as a
function of manifold depression only as in Figure 3. This suggests
that the torque be represented by the equation T = 10 (23,5 - Ap).

The equation indicates that the engine will supply only its own

friction requirements {zero net torque) at 23. 5" of manifold
vacuum and 235 1b-ft of net torque at zero depression. In actual
fact slightly over 22" of vacuum is the zero-output point at
1600 rpm, and the maximum torque is just below 230 lb-ft at
about 1" of vacuum.

With these expressions for fuel flow and torgue, an eguation
for brake specific fuel consumption can be derived (see Appendix A).
Figure 4 shows the shape of this curve. It agrees remarkably well
with an approximate curve for a 7 to 1 compression ratio engine as
reported on pages 289 and 290 of reference 1, and is also in good
agreement with the BSFC curves given for the Chevrolet engine at
part throttle. In general it is not necessary to derive such a curve
when a graphical representation is available, but if physical mean-
ing is to be preserved and an empirical equation is desired, the

procedure is guite reasonable.
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As mentioned previocusly, the eguation used to derive the

BSFC relationship were valid only in a limited region of operation.

However, another method of graphical analysis is available which

[N

s somewhat more general. This is the construction of a so-called

performance map, which shows lines of constant brake specific
fuel consumption on a torgque vs. speed basis. Figure 5 shows
such a map constructed from data for the Chevrolet engine. The
near independence of speed at low torque is readily apparent,
except for speeds below 1600 rpm and the region near 60U lb-1t at
2000 rpm. The latter disturbance seems to represent an error
of one test point (40% load) on the 2000 rpm part throttle sheet
of the engine test data, since road tests with the vehicle showed
that no such irregularity existed at 2000 rpm {about 45 mph).
This suggests an arbitrary revision of the map, as in Figure 6,
which is more representative of normal internal combustion
engines, except that the Chevrolet shows more than ordinary low
speed sensitivity, possibly due to considerable spark retard for
detonation control. The performance map represents a better
approximation of the engine with regard to accuracy, but it is
not easily expressed algebraically and is limited in its usefulness.
The approximate equation for fuel flow has a form which
suggests a rather quick method of approximating the miles per

gallon. As shown in Appendix A, the expression for

does not involve either car or engine speed directly.

stituting the two representative values of 3% slip for light load
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and 10% slip for fairly heavy lecading, the fuel economy can be
approximated rather easily as in Fig. 7. Thus a first approxi
mation of instantansous econcmy ig available with no more
instrumentation than a vacuum gauge. Actually, such gauges,
calibrated in miles per gallon as well as vacuum are sold in
auto speciality stores. While originally intended for standard
(no slip) transmission cars, the error introduced with an
automatic transmission is not excessive in relation to other
factors.

If the BSFC-torque curve is replotted on a BMEP basis,
it can be used with any automotive engine of approximately &
to 1 compression ratioc. The performance map, however, is
not directly applicable to any but very similar engines. Thus
for a general method, it is necessary to use a representative

BSFC-BMEP relation if more specific data are not available.
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THEHE TRANSMISSION

The use of an automatic transmission with torgue converter
introduces the only real complication in an otherwise straight-
forward numerical analysis.

As shown in Figure A-2 of Appendix A, transmission
characteristics are generally plotted showing input speed, torgue
ratio, and efficiency as functions of output speed at a given throttle
setting. In order to use such informaticon for analysis, it would be
necessary to have several such curves from which large and com-
plicated cross plots could be made for interpolation. For example,
curves obtained at 1/4, 1/2, 3/4 and full throttle would, when cross
plotted, define the region from 1/4 to full throttle quite well, although
with considerable complexity. This and the absence of information
at very light loads makes the approach guite useless.

tudies by Fo&ttinger and Spannhake of several years ago
suggest a more promising method, and an extension of their
theories permits a great simplification of the problem. {Ref. 2)
By dimensional analysis it has been predicted, and experiments
have proved that the torgue ratio and efficiency of a given torque

converter are functions of the speed ratio N /N., and of no other
- o i

u

sarameter save Reynolds number to a very limited extent. An

et

extension of the theory leads to the conclusion that another useful
parameter can be defined which is also a function of speed ratio.

This can be called a t'size factor! and is given by dividing the
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input speed by the sguare root of input torque. Then the entire
performance of a torgue converter o fluid coupling can be re-
duced to one simple set of curves.

Derivation of the simplified curves from the normal type
shown requires considerable reasoning and computation, as will
be shown here,

It is desirable to separate the effects of the torque converter
from the remainder of the transmission. Since the transmission
has torque loss but no slip, and the converter in coupling range
has slip but no torque loss, it is possible to atitribute each effect
to one or the other. The only additional assumption which is
necessary is that the converter seal friction can be neglected.

To perform the necessary computations, it is convenient to put

the information in tabular form. Thus the following quantities

are tabulated for sach test point on the original curve set: gear
ratio, ocutput speed, input speed, input torgue, indicated efficiency,
and indicated torgue ratio. Computations begin by finding the
sgquare root of the input torgue. The input speed (3) is divided

by this to give the size factor (8). The cutput speed {2} is divided
by the gear ratic (1) to give converter cutput speed {9) and this is
in turn divided by input speed {3} to give the speed ratio [10}.
Figures § and 9 show size factor as a function of speed

ratio for a total of nearly 90U test points invelving gear ratios

of 1.82 and 1.00, speeds from 20 to over 4000 rpm, and torques
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from 38 to 248 pound feet. Clearly the size factor is indeead a

unigue function of speed ratio.

D
-

The total friction and slippa osses {11} as a percentage
kS & o
of the total power are obtained by subtracting the percent in-
P

dicated efficiency (7) from 1060% in the coupling region only

{speed ratic above . 875). The coupling slip {12) is found in

3

4

he same manner by subtracting N /Ni {10) from 1.0006, If the
ol Y

Fanad

coupling loss is now subtracted from the total loss, the remain-
ing percentage is the loss through the transmission proper {13}.
It can be converted to torgue loss (14} by multiplying by input
torgue {4).

Figure 10 shows friction torque loss in the transmission
as a function of cutput speed, load, and gear ratioc, It can be

concluded that in direct gear {1.00 ratio} the friction depends on

speed alone, and a reasonable representation of the characteristic

Al
b

can be extrapolated to low speeds. In low gear (1. 82 ratio) the

k3

friction depends on load in the gearset, but can again be extra-
polated reasonably well.

Using mainly the extrapclated porticns of the transmission
{riction curves, a reasonable fransmission torgue loss may be
assigned to each point in the converter region {NO/”Ni less than

. 875), The indicated output torgque {15) can be obtained by

multiplying input torgue {4) by indicated torgue ratio {8}, and

% A slight error is introduced here since a portion of the trans-
mission friction is due to the front oil pump which rotates at
engine speed,
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the sum of these gives the output torgue for a frictionless trans-
& I 4

]

migeion {16). Dividing by gear ratio gives the output torque at

&

the converter (17), and dividing this by input torque provides the
desired torque ratio value {18). The efficiency is then given by
torgque ratio x speed ratio.

The computations have been carried out for 1/4, 1/2, and
full threttle conditions, both for 1,00 and 1. 82 gear ratios. The
results are shown in Figures 11 and 12, and a complete set of
curves for the Power (lide Torgue Converter is shown in Figure
13. These three simple curves contain all the information that
is ever necessary in performance analysis, and the efficiency
curve could be omitted, since it is derived from the torgus ratio

curve,
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ROAD FRICTION

Representation of road friction by an empirical eguation
is completely arbitrary, due to the variations caused by such
diverse elements as temperature, road surface, tire pressure,
brake drag, etc. It is the practice of some people in the industry

to use an eguation of the form: friction force = C1 x weight + C?

X (veloci‘i‘;y)‘z; but the writer's experience is that an exponential
expression gives results more in agreement with road tests,

For example, Figure 14 shows the test results for a 1955
Chevrolet sedan and the logical exponential curve which fits the
test points best. To this curve has been added the transmission
friction at each speed from Figure 10, resuliing in the upper curve
which will be used to represent road friction. As a rule of thumb,

the friction can be reduced 2% for each 10 degree rise in tem-

o ;
perature from 30 F, where the test was run.
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1I. COMPUTATIONAL TECHNIQUES

FIRST METEHOD

With the foregoing information relative to engine, trans-
mission, and road friction, it is now possible to compute the
theoretical fuel economy for a variety of road conditions. The
most general steady-state situation always will involve level
road or grade. This, then, seems to be one logical field for
study.

While specific fuel consumption curves were available for
the engine at several speeds, these curves were based on no more

he econ-

than 7 test points each, with only 4 or 5 of the points in t
omical operating region. It appeared desirable to avoid an
interpolation of these curves if possible, since the shape was
somewhat questionable {see Fig. 5). Therefore only the actual
engine test points are used in this computation. Again a tabular
form is most convenient, and the guantities taken from the engine

test points are: speed, manifcld depression, input torque, and

indicated miles per gallon. The size factor is first found by getting

fal
et

the square root of torque and dividing this into the input speed.
Then the speed ratic and torque ratio are found on Figure 13. Car
speed and gross thrust are then computed, and the net thrust

obtained by subtracting friction load from the gross thrust at the

indicated speed. Grade ability (sin oK ) is then net thrust divided
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by car weight. The actual miles per gallon figure is easily obtained
by multiplying the indicated value by the speed ratio, since the
original figure is based on a speed ratio of 1.00 {no slip).
Plots are now made of: grade ability, rocad speed, and fuel

economy as functions of manifeld vacuum at each engin

speed,

¢

Figures 15, 16, 17 and 18.

Cn Figure 15, a horizontal line is drawn at the desired grade
ability value, and the necessary manifold vacuum at each engine
speed is recorded. These values are applied to the fuel economy
and road speed curves and the results cross plotted to show fuel
economy as a function of steady speed on any grade {Fig. 19). The
resulting curves, based on 4 to 6 computed points each do not tell
much about what is happening. Specifically, the clutch point of
the converter, which should causs a notch in most such curves is
not evident, Reviewing the steps which led to these results, the
most revealing information seems to lie in Figure 15, where some
extensive interpolations have been made. The curves would be
expected to resemble somewhat the torque ratic curve of the con-
verter, as indeed they do, except for the rather obvious peculiarity

of the 2000 rpm curve at 9 1/2'" vacuum both in Figures 15 and 18

{s

@]

e previcous comment in engine section). It appears that inter-

polation of engine data was only postponed for one computational

5,’)\

step, then performed where curve shape was eves ore dubious.

Even if this were changed, however, the method would still supply

only one computed point for each of the 4 to 6 useful engine speeds
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and can thus give only a vague idea of the desired curve. It is
possible to apply the performance map information to this method

at the expense of a considerable increase in complication, but

anocther approach seems to offer more promise,
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SECOND METHOD

If car speed and grade are chosen, these define the
necessary torgue and speed at the transmission output, through
application of Figure 14 and the component of car weight acting
downgrade, W sin &K, At this point the solution of the compu-
tational problem seems to be a trial-and-error determination of
the engine operating conditions which satisfy the output parameters.
This would lead to more complication than in the first method, but
the difficulty can be eliminated by a still further extension of the
concept of a size factor, as follows: Define first an "output size

factor", K given as Nh/'\/ T , then substitute for these their
< < &

equivalents in terms of inpuf guantities as«d the dimensionles:

torque and speed ratics. In this manner (see

new parameter K is found to be another unique function of speed

ratio and has been so plotted in Figures 20 and 21. With this

information it is now possible to define guickly all operating

parameters from the speed and grade quanties under steady-

state conditions. The economy can be computed for the exact

road conditions desired without multiple computations and inter-

polations. Again, the tabular form simplifies computations, which

have been carried out for several grades and plotted in Figure 22.
he dotted line above the 5% curve shows the economy available

on a 5% grade if the coupling is locked out, and indicates the two
& I &
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basic effects of the coupling., First is the economy loss due to
slip and second the shift of the most economical operating point

toc a 10 mph higher speed.

s

These curves indicate that for each percent grade there is
one operating point which results in maximum econemy, and that
at about 7% grade, there are two such points, one in the converter
region (lower speed) and one in the coupling region. Above 7%
grade, the optimum point is always in the converter range, while
at lesser grades it is always in the coupling region. This can be
shown graphically by selecting the optimum speeds from Figure 22
and plotting these against the grades to which they apply, as in
Figure 23, or by selecting maximum econorny points and plotting
against grade as in Figure 24. Thus, where economy is the only
consideration, Figure 23 defines completely the technigque to be

used, and Figure 24 shows the optimum results obtainable.



III. EXTENSION OF THE METHODS

CLOSED THROTTLE TECHNIQUE

It is a little known, but well established fact that the fuel
used by carbureted internal combustion engine is essentially
independent of speed when the throttle is closed. (Ref. 3)

This fact was determined experimentally on the test car and
the fuel rate was found to be approximately . 4 gallons/hour.

It was also found that the car would descend a 5% grade in gear
with closed throttlie at a steady speed of 35 mph. This means
that during such conditions, a fuel economy of 35==.4 or 87.5

1

miles per gallon is being realized, which is guite startling at
first, This led to a calculation of a hypothetical situation where-

in an equal distance was travelled up and down on 5% grades at

35 mph. The figures show an average economy of 23. 3 miles

miles per gallon is obtainable. This phenomenon, also little
known but fairly well established results from using the engine
is a more efficient region and storing up potential energy which
is later used for propulsion.

The preceding makes the coasting ability of the vehicle of
considerable interest, whence an approximate calculation of re-
tarding force has been made and plotted in Figure 25. The engine
friction curve has been determined from 3 downhill terminal

speed runs by subtracting road friction from total apparent friction



at low speeds in low gear, and calculating the equivalent engine
friction at higher speeds in high gear. The resulting approximate
terminal coasting speeds are plotted in Figure 26, which also shows
the curve for optimum open-throttle speeds in the downhill region.
The resulting economy is ploited for closed and optimum open
throttle conditions in Figure 27. Thus it can be seen from Figures
23 and 24 that optimum economy is achiseved by different simple
technigues in the three regions as follows:

Closed throttle on downgrades steeper than 2.2%.

Open throttle in coupling range from -2.2% to + 7% grade.

Open throttle in converter range on grades steeper than 7%.
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SURGE TECHNIQUE

It would seem that if one could sirmulate the effect of a
hill while driving, it might be possible to achieve the greater
economy which is normally realized in alternate climb and
descent of grades. A limiting technigue can be imagined where
the vehicle is accelerated to a speed of V + AV, then allowed to
coast to a speed of V - AV. Thus the acceleration could take
place in an efficient region, and the deceleration with closed
throttle would achieve the substantial instantaneous econcomies
shown in the previous section., For a practical application, we
can assume a variation of £ 5 mph from a given speed, and
compute a fuel economy for alternate acceleration and decelera-
tion. To make the calculations reasonably practical, it will be
assumed that acceleration is a constant over the speed range.
This makes it possible to use the elementary integrated equation

of motion,

instead of making a 10 or 20 interval numerical integration, It
can be shown that this approximation will give slightly optimistic
results.

The computations have been made for median speeds of 30,

40 and 50 mph at progressively varying engine torques, and the
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1

results plotted in Figure 28. The fact that the optimurm torgue
for each speed is about 120 pound-feet seems logical because
this is the region of maximum engine efficiency. What seems
most interesting is that all three curves show a higher economy

at their peaks than at steady throttle.

e

Since the optimum acceleration torque seems to be about
120 pound-feet, the analysis was extended to 2% and 4% downgrades
using 121 pound-feet of engine torque (it is convenient to work with
perfect squares). The results are plotted in Figure 29, with closed
throttle and steady throttle results shown for comparison. The
surge technique shows a slight advantage (1/2 MPG) on level road,
a significant gain (4 MPG) on a 2% downgrade, and a 30 MPG
advantage on a 4% downgrade when compared with steady-throttle
technigue, but the 4% downgrade surge economy is inferior to
closed-throttle coasting. It then appears that optimum fuel economy
is attained by four different technigues in four regions:

Grades above 7%; steady throttle, converter range.

Level to 7% ; steady throttle, coupling range.

Level to 3% down, surging, with acceleration at 120 Ib-ft.

Steeper than 3% down, closed throttle coasting.
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TIME CONSIDERATIONS

All the conclusions regarding optimum economy have been
drawn with the assumption that time was not a factor. In the specific
instance of the Mobilgas Economy Run, the course must be com-
pleted in a given time, and the conclusions must be revised to take
this into account., If the Economy potential can be expressed as a
straight-line function of speed on any given grade, it can be shown
by elementary calculus that maximum economy with limited time
is achieved with speeds predicted from a cubic equation. Similarly
it can be demonstrated that it is easier to make a trial-and-error
solution of the equations by using the curves already derived. Such
solutions indicate that the economy is substantially independent of
uphill speed over a large range, but small advantages can be real-

ized by careful analysis.
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SUGGESTIONS FOR FURTHER RESEARCH

The analysis of surge technique indicates the possibility of
using these methods of analysis for transient conditions, such as
acceleration from a standstill, when certain simplifying assumptions
are made. In fact it appears that optimum acceleration should be
governed by the same considerations as in surge conditions, and
that the locus of optimum efficiency points of the engine~trans-
mission combination would define the desired technique quite well,
This however implies a technique of nearly constant manifold
vacuum, which is a strictly unnatural method, and perhaps un-
reasonable. The normal technique would be better approximated
by holding a constant throttle angle during acceleration. In this
case a numerical integration is necessary, since torque and fuel
flow with constant throttle angle are both functions of speed, and
can be plotted from engine performance curves, The analysis
would be somewhat time consuming from the computational stand-
point unless analytical expressions could be found in order to avoid
the numerical integrations. It is quite likely that such a study would

turn up some interesting and possibly unexpected results.



g e i

ONDYA | ATOIINFI

i
i

Al

T

¥

<@

Ay
o+

N2
P

-y

o
“3

o3
©

b
@

WNOH HHd TUENT JMd SANAOT 'HLVE MHN I

THAN




T T

| s 2

L BRAKE TORQUE

as 4 function of| | / e
- ! | ENGINE SPEED

i at various manifold depressions :

ET

le

il

QUE, POUND-FE

en
feo

T

i

NGINE TOR

i
i

e
|
[

b,

800 | 1200, 1600 | 2000 | 2400 | 2800

1 | | | ENGINE SPEED,R.E.M. | = | ; |




T
! - =23 5
o BRAKE TORDUE
. ) | ds afunctionof | | )
MANIFOLD VAGUUM
) I lat 2000 RoP.M.|
! |
¥ i YT T i - - - 'f }
i ¢ \ I
5 U O
E ,E L
it It ‘, \
- PR S e ‘

TORQUE, pound-feet
FS i
] i
1

: / ) :

__g ! -
- -
o ; - .
o0 ‘ i !
e : A -

‘ IMANIFOLD VACUUM, inches of mercury L]




o o
| T T T .
: ! | i ] |
| | [ i | P i ! | ;
, W ﬂ r h i
i ! I i - T T
: ' " M V ! =}
- [ - | N T T =
. ; : i } [ o
5 : : | . —
Le j : N ; .
PR . : : -
By ; I i
- B : o

U

00 R, P. M, )

e

Feat

HUEL ICONS

hove 160

a function of

CIFIC.

GINE TORQU
A

"
e

Torgue, Pound-

3
G-d.om 2 : S
, B H]o9 |
i & T m i , i ] T8
NN I > T A T S o LS S ; i ;
| M ! h 7 [ j : '
i i ! 1 i
— H . W ‘ S
ik M ! A . : ; ; S
| RpZanERN N
I I | - i ; P
i B i 7 g < - : ! b ; |
= L] :
;, : - 4 ! ; | S
] § I |
i ! | !
4 : [ B N
; : Lo i A R L : P ; :
R T T S S T T S
; h SN T mpglaemodaszoy exerg ded spimolg ‘worjdumsgor Hm#h,uﬁwuamw pyrag
! ! O LSS SRS S WO AR LU DVO TSRS SN SO S i § i




r i I [ A i T : . 7
Lo L LD T ] parafapesdsiadiua | | IR EE AR
odge’ | ooze | oopz ooom . oof - oda 8 | | ”

F , — wx
- i

!
=
F

|

i

HONY]

Emozﬂ e

i

|

: ! A
5 _iQe
i i i
| i
o
e
R 11 kv
o
N pr=)
. B “
H i R
AR A
[ iy
i @
' i v
P &
et aranks
i {
! |
7 I
: |
| i~ {691
| i
K i
N 4
: , 02
> eds m&.mlﬁ “
g=-A uﬁc&?no G6t i
S _ ey

- -jobe-




WA .Qm&%, mﬁmzum !
ooge | st | oerr

D
5

pmod 'mACUOL AAVHEE,

+

)
Y]
: e
; - L
i o
i ,1.
| |
: -0
b 09T
; : {
T -
! W , W
i 1 v i
I 1 | " o 11“
i : y
T aNIoNE s L i B h
: W , N - .
1 i | i
1 ! i H
- . i i : i
i ! l ; |
! P b i ” i




E [~ i ’ I ] ! -
N - 27 I . | ;
“ — ! —t—]
RENEYS T : | _FUBL ECONOMY o z

Aol ..l 48 & fupction of

i

L .| MANIFOLD VAGUUM

EYS A
L _
PR |
R ‘
| |
12 H—
T

|
t

o

i

' FUEL, ECONQMY, miles per galloh

K

! MANIFOLD VACUUM, inches of mlercury | &




245
a4t

; i i :
B : N :
: u, i m
H H ! !
R "~ i i i
fe's]
- P
..... - J qdlﬁl@ld’dd
; —
. ! A
N 1
M «A‘
i ! ]
: O
i i o] i
o : P B
N T B
it " : M :
| : A i
: = ‘
Il I i
| . ,.
. & A ’
. i i Lo
r . !
N H ! "
Lo
13 : - T
e i |
- ;
‘‘‘‘‘ L S U -
kit i
1 o
i | |
(- e L ; ot
3
=
Ry




0o |

S2g

No/NL

. SPEED RATIO

region

lightly loade

SIZE FAGTOR v

i

i

| .94

SPEED RATIO

{
§
G

— 480

THGO]

_,,4,2_0, !

440

--400

<&

@
2 3%

~320
b 300| !

280

-y

LELfY

<D

N & e
N UOLOVA ZZIS

-—186}-
ou




waiadads LadiholNossousnar | T 1 |

logze | 0087 100k roopz ;1 10091 0021 L 008 | (L4

L10

“3

| NvED HDIY bt i R s

<

10d7-punod ‘MADVOL NOIIOINE| | |

|

o

i

” | ‘, o Cp— |

: : Ll h D : ! L !

: e R R :

, ‘ et W o m i |

| i . I m i i

; i I __ i . : e

i ! . i , ; i

! A i , L

i i i

- - t“ e - : S13I03Y3 MM:..%

: ﬂ, bolb P : H : sp-jrey.

| OEEas INdINO |'SA S0 NOILOTMA NOISSTHSNYHL | SToII=HES

- e de . bY330.3U3 = 233220 D

| [ R
i : | oo = : i
| : i X 1 R i ; ! ! ! : I j




TOROQUE RA[IG vk, SPEED RATIO

bt L POWERGHIDE TORGUE -CONVERTER —

Lo . N T O S L I s

i H
el :

L To/ Tt
e
e,
b8
(o]
1

e

TORQUE RATIO

L 4 ]
i ,_ . R - -

|
b _
-3 -
- n | -

EBEEEEREREEND . R

i i sHEED RATIO, No/Ni :




12

s O

i

4

CONVERTER EFFICIENCY vs. SPEED RATIC

2

SPEED RATIO, No/Ni

@ o=

I . L
NTIDILIT UILUTANOD |




@Eu%ww i P

) 8 % 8B 9
i : R | n_ !
L e ) i b : N e
: 24} ; 3 |
,HM‘ x,.,tm. y _ J,Qw;mw; . SN S \Quzw
- N —
R |
. i i ! '
| Ry | A .
7 TG T .
b B P& H g
i [R%} ' 2
AT Lia &~ : | Z
r i P o H TS
Y H , | 2
B I T e >
L LS\ M <
7 : .M e T i =y
[ Pl { e
- frem g , - . i
- i _ _ i
R - d ;
o ol [ ,
I T . S I -
I - e d |

: , 8 B
- i B ST, ™ T R - A
L k L /1IN NPLDVE mz] |




3
A

o i : t Sedan |
I — rature 30 i
3_. ek

»
T

1

i

|

friction drag, pounds

-
5




B e T R i

SRADE ABILITY(kinmk)

|ag

a fun¢tion of MANIFOLID VACUUM |

28 for different engine speeds o i
L | |
\Auzboo RPM\ 1600 RP M
20 \ ‘ \ :
RSO S - ‘ . — — o ,‘.;' S
..... \ \,gr - | o | NG ‘ — — .
i“’“\\ N ~ 7 |
5 \ o S e
=1 SRS U N N SR e - - -
N ; ,
>4 2800 RPN N\ _ e
= ,A,,,,,‘,,% :, \
;-, - -t NN N : !
El RN NN

RAD,

T
(¥

® _oa LN LN : !
b \\\ ‘\ 1200 RPM | ~

o UG

N,

RN

19

I LN

1

- ﬁiﬁz

D VACUUM, inches of rihe»zjcm;ymm




i
i

S R S S ROAD-SPEED asafumttiorof MANIFOLD- VACUUM
_ i SS TR S DO Lo : g el
R For different bngine speeds
S i -
— 70
i o - S B
1300 RPM e
—60 f 5
. e A RN b ook < :
g 3 3 T
£ 50 ‘ —
O T Pl _ I TN OIS A B N
| "
Yg » 2600 RPN e
- e 2000 REM e e
o o
“E-40 |- Sii
I —~ i e —_ —
B _
joT)
gy :
2§ B B
i 0 RPM |
Z.50 4 - i
S . A -
[ - | P
& ; T
@ ~1200-REM ; :
Q i
<20 /
o
NS U0 VRS SN HSSORS DO N1 % DR e A
d S|
4
) i /
i i ‘_‘,,, - S - - Joe W‘V — —
o in
L : L o
/ / ‘ N
/. | At /
| R SR R N TN A LA
| MANIFOLD.VACUUM, inches of mer




17

24

800 RPM

- ,m a:

- :
H NUW i o I
N R T e
22 =
e w : lz‘hw“ AW
8 12 < | :
R = : Db
j m & f/ -
B « e
S - + ki
SOy , , N
? : N 1 AN : -
T O I ,V - ; rE
_ e =2 , ; A =
o ~ - W ,U
o2 o [ @)
- /\Mu : T < g
&8 | 2 mV
o W - q
= 3

; =4 ,

= bl B
B L5 &
i « 2
W L |
e i ” !
| |
! i i o i
| n; mw : i PSR SN Sy AP H
O L VO Fad SETIN {ANON |




T
b i "
N R e N N T R T T T T I T T I I T T SR
: L o~
T |
@0 - P "
o o ,
N 1 o~
: S | R
,,‘NMUW Su‘ ” \ e
e B |
i [ Do W,
<. 0B Qi
bl Gk
: H) ! P9
,D:wm; | J
: : :
m P LB
28 , I
= ; , g
H ! u
= C
5 i -]
2 -
ol 3
18 >
pd
LS A
S 3
3 O
= =
b
5 g
Doty ot
o =

FUEL| ECOROMY|vs

4

S

SATIN ‘ ANONODE




RS __FUEL ECONOMYvs|ROAD SPEED .| _

L N | . .for given per cent grade L _4

B ol | SR N ggmdovﬂlgrade;,.HmLAﬁ

A,,24 [ . ,A,A‘

[ S L \ léevlroaci, =

[+
[y%]

GALLON

)
¢

—
[=<]

e
<

A MILES per

b
.x?\

P

CONOMY
o

i
PJ -
A :
5 ——
et ]
i I
O S ' -

. ;
N - i : -

i : I .

- — L e b i - : i

i ! :

1 i 1
Siped e ; e - r. i

_ - . . _ i SO SO
i |

SR T T 50
e toun




AT %CC

s a functio

SPEED. RAT

nverter range. on




|
PUT.

T
X

- | -
= W e e 1&-
R - : i
i [ H H H
. . m i i 4_14! N | : I — PR
| P : i | ;
s ol L “ . ; z
S P R : : Z
M 2 k¢ Om i ,. ! <+ 0
SRS [®] R Y i T [exap-
0 I J LN
i - m EEEEE L . e}
| : : ! Le
S > A 5 - S : i
R AE o <
IAU‘ i e wrﬂhﬂ o “, - e ; R
; ! ~0 i ki ! i i ZA.;D
I T i B : I g o
: O o B ; : G
I N : T i " ' 9
: ; L | ; L
W Tw m |
S I o i !
i ] | i 1
: o ! ! =3
‘ ; [ i 7 : 3
i : ! : ‘ ! ”
= . ) - .
| ” ! I : ! :
| | | ;
SNSRI FUSS VIR IS : 1 : ] i H —_
7 : 7 i i
‘ | P : {
- . o : _ i -k
o U PN S T | . L S RS S TR A @
: i ! 8
: T ! ‘ o i

*

|

z T
&
oﬁicz WOLOVL FZI

i
i

HNETS

A
i
L
@
f
a3
I8
i

AN

I
|
Q
S5}
2
i

- 440
ke
- 360]

{



I“%roaa'

STEADY :SPEED

| ! 7 ; T : [ B
H ! H H i ] i
! | i Lo o]
; - : i I e e
i : i - i ! ;
1 2 L H | ! ! s}
7 ' ; i 7 =
i <~ H ; i ! Pl :
: bt g ; s Dk ‘ ‘ :
Pl | H ; ! : . i
! [ : : J
7 i i i
w/ i H ; |
e H T — L !
i ; ; i ; i
3 X i ; ! ) i L Bt
: : : : \ : ﬁ [ D
. H H : 1
- - ! - i + . 4 1
v i H B i i
i 1 : } !
e / |
dee i ——— - : i - J—
T | \ ‘ |
: o : . . 9,
i | [

FUEL |[ECONOMY

.t
o
)
£
i b
- e -3
H ol m p;
i ol © i : ﬂﬂ
; ! m o i i ! Su
JR - 4 . g Tl 1 + A R
t ! ; o | :
! L g %) © : . . <D\,1\ms
) | b o ] 4 ] ] ! <+
, o 5 ! ‘v ‘ : ; :
e m : =L N o
: i @ | i ! ; =) | M
o , « ; \ = \ | o
! i W : B : i ” %
- - ; - w i p
| ! ~ : [ 3
— : , , : B j ol
{ : ; ; : ' i s}
| ; : : i | ; i il
[ ; . ; ; - i I e
i f i | i i
| | | | | \ I |
: | e
I N | |
L e e i - ) E 1
_ 4 i A ” \ ] :
. e} ] IOV S ; Qi
1 : i ; i [N
; i |
; L b ; | i
; y b i i , :
.} Lo ; , ! i i
i | H ! . H }
: i | | i { | ; |
] a3 5] <+ D i a7 ! [
| | ) n a3 1 w ey ! EoI P ¢. ) ;
i i : 1 ' b !
i ; P

e

'

uoyad Hom;wmmﬂEW.V@AO
Lt i 2

NODE| THAH




| H
- !
el : n.\ |
S . A 2 h
o 14 e m,
= [+ , i
2 : |
8. v R
m_ w5l 3
| ot B , :
Ly v%,,c‘, i ﬂv S
gy | :
o : | o/ :
i | | -2 L
B —
“m o I < :
i s A
ol Bl .
LI
“ E , [N i
m £ =B
S ;
: o | | :
” I | -
- ; |
! <
u - |
: | r
. i , ]

[




O . - R

. OPTIMUM EUEL ECONOMY. !
e : _— A | as a ;{dnctioxi of _. ’
b e deedo o L TECHWIGUE & PERCENT GRADE. |-
36 e
N\ | o
S A [ AN 1 . i
1‘ L U —
[
LB . BN |
j, H "
[ s
g — — [nd — — e —
ar
E ey
.. S EUED DO DS S s B REESE KENS I _
i [ i ’ 'g“w { ! N o
| bl B Z
b S R - A AR V. e
Q! |
o S z i
e] :
e —~ - —- {:} - i — - . —t
1 o ! "
o - <
— i - [ U 8 ¢ JE - - - - L
o ; | (
L. ! - fxy : ! L et
4 -2 2 1. . R T R
PHRAENT GR




A a fuhction of

T CUTROAD SPEED UL

corsting with €lo$ed throttle

t
|
T
|
i

Eo
AN

—
- N

& S ! ‘

N | Pre R i
e j . R R

0, ! /| o ]

8 / 1«o’bd/' H o
13100 e R A e
E _ _ // il AR I 7/,.

T :

51 : _— Pl

; ‘: - :
2oL _ S f&;w%

o R : B zﬂ‘%& .




- , i ~ ; 4 .
; ; ; ! i i
i ! i :
| i | L i
o i : : ; ‘ :
oy - : ! i H | i
- R T : ;, ] §
i P u, H ] !
. . B “
: T i i - L
,, i ” ,,,,,,,, ‘m‘ - _, 1 - ﬁ , S
o~ T S — : - . S (e | .
= IS “, Ll L | !
1 E ; o - e w u,k i T - H.‘,,,E; e, -
7 = R , | [ j -
s | W ; m m L
e R S : ! I
BHeoh ; | ™NL i | § -2
R W ! | ,,
Qe ® ] ) : L&
L ; , - Q
.« M_ a,E e o \L, , , st
B =4 m i e
2 | I T
SE O W / W . i B
b ! : ; FpN . 4o =l A
| TS BRI N B
: ! : e BEREE N 7B S i 4
o | T | , ; P ﬁ? W |
- b e ] T . : A T _ ﬂ, |
; - ;, _ . _,v S FURC R S - e w - ,,\
R : M - : y - - J,
i i ! ; ) ” L _ i
, | H - , L - o M
U R . AL 0 AN 8 | .
Lo R 8 F BRI o
; ﬁ i N | mox zod moﬁﬁudﬁm%wﬁmﬁﬁmo Lo |




| W E ; 1 , M _
w W : , W
: : ‘ i
N« = ) : ; i i i
,U { i i
58 L “ | -
.mu_f mﬁl_, i ! i i : i
s 9T | ; i i
- m g R ; !
=1 i
! S : : -
P CTATE TR m ,
b gl &8 S e e
=TT u ,
] Sl !
Bl aal ) ;
o) ] :
S VAR 1 SR T LA T b G S S =
BN T~ , | =
' : i i / i i mw
RS t B g i
- | Lol BN 2
[ TR i i 1 Z
L ﬂ Nﬁhﬁ _ : | i z
I 2 : i
‘ ! Lo ; BN | ; n Q
; : ! I T e T , H &
W | _ : ” , e "oz i &
; : i : : : - : :
‘ i i : ; 7 : S ] ;
| ! i ! : i : | S0 : )
i i " : | ' i , » m C
4 ” i o : , , 0
' i : ] : : ; |
w L | A -
i 4 h . k : { i i
. : ; ! ; e
! | i : i
: | 4 |
i ; : | !
: ! . E :
g . “ ,H
<> D D [+ © : i
. B x i . L R :
» j : | . Svﬁiwm‘ ..S,mmmm T |
I S !




- . i T T TR
- 48 - 28
B : FUEL ECONC MY, USING SURGEH TECHNIOUE -
,,,, Lol Lo bl dasafunctionof | | | , -
- . .| _ SPEED and ENGINE TORQUE
|
I — - . | — —
24
) N 140 mph
I —— < T -
O _L— ~ ti'\\ ;
o Y TN
- L ,A,}A \\\\,
20 Q‘H- sa gU Tpn T \\
S L ™
ol
& z
e - - i - - -~ .
=4
16
I-TO R A S S LN
§ Ihdicated advantagg over|steady throttle(dots):
-l "4t 30 thph, .2 mileq per gallon L Gl
- a4t 40 mph, 1. 1 Bl ]
&1 £-50-rnphy s
o e f i
Z! j :
L i
Qi |
= . _ ' R - _
e LY NI B !
a8
=18 S i 28 S TS AU U SO S SV N SO W
[ ;
S ..,,4,,...—77- ‘ e i -
S 40 . L.8D 1120 10 b apes 1 L )
% | ENGINE TORQUE, poundtfeet [




[y

R A R [T T —
LR 2
,,,,,,, [ SR T S U N - ! B
! i
N | FUEL ECONOMY USING SURGE TECHNIQUE
‘ - ' - B “_a;s a :’fvuglc,t:qnjof |
SPEED and GRADE
TR
o 3 O 4% down, closed t! |
ol
50
S i
S ‘ | -
440 ’ ‘
o z
r 1 - - 4
© | |
By ;
]
2 . e L oy L
<1 N N A T
2 2% down - "”",}"‘"’4%\3(
O I, i Pt dosrn
,,{Z) __|closed throttle steady
3 ‘ Bred
!
=1
o
g
Tt

10| - - : B
L 20 |1 30 4D sp | 6 | R
SPEED, miles pér hour n




- 50 -~

APPENDIX A
METHODS OF COMPUTATION

FIRST METHOD

Given: Emngine speed, manifold depression, input torque, in-
dicated miles per gallon {latter derived from fuel flow). To
compute size factor, divide Ni by '\/M'Ti . From converter curves
find NO/Ni and To/Ti corresponding to this size factor, compute
car speed by using relation between V, NO, and NO/Ni » such

N N

that V = N /N, x N. {TP } where 2 = 44,5 for axle ratio
o i i v A\

and tire size of subject vehicle. Then compute gross thrust by

calculation of axle shaft torque divided by wheel radius, giving

oo shaft torque x axle ratio _ To x 355 - 3,18 T
N rolling radius - TUIZ2 {feety 77 o’

Road load thrust is obiained for each car speed and subtracted

from the gross thrust to obtain new thrust available for grade

net thrust

ascension. The grade is then the angle whose sine 1§ ————s——
’ car weight

The actual miles per gallon is simply indicated MPG ii;ﬂ@ﬁ

speed ratio, N /N,
o 1
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SECOND METHOD

Given: Car speed, percent grade {sin®{). Find road friction
drag from plot (Fig. 14) and add W sin € to give total thrust
necessary to ascend given grade at given speed. Divide by

3,18 to obtain torgue at converter cutput. Take square root.

N
. , ; o : .
Find converter output speed by 7 relation, and divide I
o

by NfTD to give KO Usge Figures 20 and 21 to determine the
speed ratio, then Figure 13 to find torque ratio. Divide No
by No/Ni to find engine speed (if desired) and divide T _ by
Tc/Ti to find engine torque. Use these to find S.F. C. (use
torgue alone if working with Figure 4). Then

2390 E

MPG = m as previously noted.
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SURGE TECHNIQUE

A. With variable torque; level road.

At any speed, total decelerating force with closed throttle
is given by Figure 25. Then deceleration is given by d =
where the gravity constant is in mph/sec., and 50 pounds has been
added to car weight to account for the moment of inertia of wheels
and tires. Then d will also be given in mph/sec (pound-feet-second
units could be used if desired). Assumption of a constant d makes
. e i . : 2 2 .
it possible to use the simple equation {Vl -V 7} =2 ds to find

le]
the distance moved during deceleration., The average speed during
3 2 b i S
deceleration was V, sc S also = Vi, and Qd =.41=. 4?\7 .

For the acceleration period, the miles per gallon is computed
for each torque value, as in second method above, but net thrust

. ! . ; P xg
at speed V is also obtained as in method one, Then a = W Ep 28
2 i & m}, + )

above, and accelerating distance is

From this we find fuel used, Q= Sa - {NJ{PG}&, and add the fuel
and distance results to get totals for one cycle of operation, and

divide the distance total by the gallonage total to find the economy.
B. With fixed torgue, variable grade,
Computations are identical with above, except that only one

line is necessary for each speed and grade.
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MISCELLANEOUS COMPUTATIONS

d(} y T __,.‘

S5 = -00062N (29 - Ap)

T = 10(23.5-Ap); Ap=23.5-_,1T

B _pounds of fuel _ 1b fuel/hr

BSFC = PHP - HR BHP

000628 [29 - (23.5 - .1T)) _ 33,000 x.00062(5.54+.1T)

zm TN 6.28 T
33000
. g

:a1?9+.3Z6T _ 326+,1T7/

T

A0 00062N (29 - Ap) /b = 222992 N (29 - Ap) gallons/hr
dt ’ & : 6. 375 =7 B ’
car speed = N { 1 - slip) MPH

: 445 ! : :

45:35 (1 - slip) 36.2 (1 - slip) 6.375
I\/EPG — » - DO, P Pa—
. 00062N (29-Ap) (29 - Ap)
6. 372
231 ( 1 - slip)
29 - Ap
3% slip: MPG = 97 =231 224
29 - Ap 29 - Ap
0 x 23 08
109 slip: MPG = —2ox23l 2
29 - Ap 29 - Ap
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outout NO * TO N TO
Efficiency of Converter = —*— = o " = ° o, 2
input ~
= N. x T. . T.
i i i i
N :
N.x MU I\éo NG
N oy N N ™
K = © = - ”_}. S © :
o .7 TT - o -
5T N o NOT. AT AT
© T, — * 2 _°
T. T. T,
i i i
T No
But T-S is a unique function of — , asis K
i i
Nﬁ‘
o» K is also a unique function of NJ
ey 88 v 88PV
Road HP = P x 77 %55 = 33000
. ) Road HP B 35 PV
Engine HP = converter efficiency 33,000 E_
Fuel Flow = BSFC x HP = BSFC x ﬁ”gég“}%” {pounds/hr)
: C
, #/nr BSFC g8 PV
al/hr = - - = ) callons /1
gal/br = 5,375 33,000 (gallons/hr)
/gal c
miles miles/hr

miles per gallon = —mm
T gallons

gallons/hr
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e - v 33,000 x 6. 375 Eo
PE T FEFC BE PV " T8 P x BSIC
5,375 33,000 E_
2390 E.
P %X BSFC

2390 EC 2390 B 748 E
Alternate: MPG = - < c

P x BSFC 3,19 T_xSFC - T_xSFC
but E =N /N. xT /T.
C (9] 1 O 1

748 x No/Ni x To/T; _ 748 Ng/Nj
T _%SFC - T, xSFC

MPG =

Acceleration and Deceleration Distance:

2 2 .

v -V miles

B 2 1 . "

S = . 3 units are hours =

a 2 a S
miles

hours-sec.

miles-seconds
hours

To get distance in miles, multinly by hours/second | S
g » pLy BY § m)

VZ—~VZ V. & V. in mph
s - 2 1 . 1 2 -
a 7200 2

a in mph/sec.

For deceleration, same equation holds

45° - 35° 20

Example: at 40 mph, S = - 2beo - leeds
xampie.  a WP o, T T5n0 s T T 7200 a T Ja
Acceleration and Deceleration:
_ force _ mnet thrust _ P ox32.2 « 60  mph
“ mass = w + 50 - 3800 B8 ft7sec
g

i

.00578 P_ (mphps)
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Level
Road:

2%
Grade:

4%
Grade:

6%
Grade:

8%
Grade:

10%
Grade:

2%
Down-
Grade

TABLE II A

800
1200
1600
2000
2400
2800

1200
1600
2000
2400
2800

1200
1600
2000
2400
2800

1200
1600
2000
2400
2800

1200
1600
2000
2400
2800

1200
1600
2000
2400
2800

1600
2000
2400
2800

Ap

19.
20.
20.
19.
18,
17.

U B W b

19.
18.
17.
16,
15.

L I A

17.
15,
15,
13,
12.

O A e D

16.
14,
12.
11.
10.

O B DO v

14,
12.
10.

P R N

14%
11.

-
R T I

22.
21,
20.
19.

[oANE  EE \C T oV

MPG

18.
23.
23.
21.
20,
18.

18.
19.
17.
16.
15.

oY 0 O N0 Ut Oy D W

15.
14,
14,
13,
13,

Lo+ <R L ¢ < oV

12.
12.
1z.
12.
11.

bt e N e {0

10.
10.
10.

NS I N

Tk

9.1
9.4
8.7
8.3

30x

28.2
25.6
23.7

v

16.
25.
34.

43.

52.
61.

24.
33.
43.
52.
60.

22,
32.
42.
51.
60.

20.
30.
41.
51.
60,

16.
28.
40.
50.
59.

12.
26.
38.
49.
59.

35

44.

52.
61,
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APPENDIX D
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