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INTRODUCTION

The self-propeiled wheeled vehicle has become an integral and in-
dispensable part of the military and civilian life ot our day. The
enéineer concerned with the design, operation, and upplication of the
slef-propelled wheeled vehicle is confronted with problems in which a
knowledge of the methods by which the basic principles of muthemétics
and physics are applied to vehicle design viould be of great use.

Automotive vehicle design involves the detail consideration of
muny separuate sections, followed by the combination of thesc sections
into an harmonious whole. Since the functioning of esch section is not
completely independent of the functioning of other sections, the
utility of the whole wvehicle will be incressed if' the designer of each
section is tully acquainted with the basic principles governing the
design and operation of all other sections.

The student majoring in sutomotive engineering shouid have pre- |
sented to him the methods whereby basic engineering princijples are
avplied to automotive vehicle design, and both the student engineer
and the practicing engineer should have aveilable for reference a pre-
sentation o1l these methods.

It is the purpose of this thesis to present in sufiicient deteil
the way in which the basic principles obtained from an engineering l

training are applied to several phases ot automotive vehicle design.

Selected as the most appropriate fields for this purpose are:

driving ability, vehicle performance, anda brekes and braking ability.
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These three fields cove& the problems involved in getting the vehicle
moving and keeping it mbving, rover recuirements tor & given perform-

ance level, or the perfbrmunce level to be expected from a2 given installed

pover, and the probiem bf stopping the vehicle or controlling its speed

of motion. i
There exists in th? literature devoted to the automotive vehicle
much thut has been writ%en nbout each of these fieids. Most of it is
descriptive, with only &n occasional illustration of the egpplication of
besic principles. Thes? occusional items must be separated from the
mass of material, correlated with one another, end used as & check on

the validity of the results obtained trom a theoretical treatment of

known basic relations.
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DRIVING FORCE

The selt-propeiled wheeled vehicle is able to move itself about
over the surface only by means of the frictional force which it is
able to develop between its driving wheels and the surface which sup-
ports it. The magnitude or this rrictional torce is a tunction mainly
of the nature of the supporting surface and the wheel surface. A low
value of shear strength in either one will limit the frictional force
which can be developed to the shearing area times the average unit
shear strength of the weaker materiel. This behavior limits the
frictional force which can be developed by a tire operating on gravel,
sand, soft soil, snow, and mud. The use ot cleats which penetrate the
material otten can increase the driving force, but only by increasing
the area subjected to shearing streés.

Any combination of wheel surface and road surtface which has sut-
ficient shear strength to resist rupture ot either of the surtaces can
develop a true coefticient ot friction. It an attempt is made to move
one o! two contacting surfaces relative to the other, more and more
tangential force must be applied with no resulting movement, until
finally movement begins, and with continued force application the move-
ment will continue. Repeated observations of this process have shown
that for a dry rubber tire contacting a dry dense concrete or bitum-
inous paving, the force recuired to cause continued movement, or slip-
ping of' one surface relative to the other, is lower than the force re-

quired to cause the initial movement.
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The coefficient of friction developed between two contacting sur-
faces is defined as the ratio of the force tangenticl to the two con-
tucting surfuces, to the force normsl to the two contacting surfaces.
The tangential force is usually called the Friction Force, while the
normal torce is called the Adhesive Force, since the sbiiity of & body
to adhere frictionally to a surfece is directly proportional to the
force normel to the surface.

The coefficient of friction computed from the frictional force
developed when two surfaces are at the point of impending slip of one
relative to the other is the maximum value attainable and is culled the
coefficient of {riction at impending slip, or more simply, the impending
8lip coefficient. The magnitude of the impending slip coefficient for
pneumatic rubber tires with good non-skid tread will vary from z minimum
of about 0.1, for snow-coated tires operating on smooth ice, to a max-
imum value ot over 1.0 for rough open surfaces on which the tread rubber ’
penetrates the open spaces of the surfuce and grips the projections from
the surfoce (1). An average value for this coeft'icient tor a smooth dry
dense concrete or macadam surface is 0.8.

The maximum driving force which & selt-propelled vehicle can develop
occurs when all wheels carrying weight are brought simultaneously to im-
pending slide. 1Ii the vehicle weight is sipnified by W, and the angle
between the road surface and a level surface by @, then the normal com-
ponent of gravity force perpendicular to the road surface, or the Adhe-
sive Weight, is equal to W cos 9. If the symbol "{" is used to indicate
coefticient of friction then the maximum possible driving force which

can be developed between vehicle and road surface is equal to

fimpending * W cos 8.




RELATIVE DRIVING ErFrC{IVENRSS

The maximum driving torce is obtained only when all weight carry-
ing wheels are driving wheels and are brought simultaneously to im-
pending slip. If only a portion of the weight carrying wheels are
driving wheels, or if for some reason the wheels cannot be brought
simultaneously to impending slip, then the maximum driving force which
can be developed will be lower than the theoretical amount which could
be developed, and the driving etfectiveness will be less than it theo-
retically could be.

The driving etfectiveness of a vehicle is & meésure ot its abil-
ity to move itself over the ground or road surfece. To the civilian
vehicle operating over dry concrete paving it is sn acedemic matter,
nelther understood nor apprecinted. To the civilian vehicle attempt-
ing to crawl up an ice coated hill it is something which his vehicle
has in insufficient quantity. To the miiitary vehicle, operating off
the road and in_rugged terrain, drive effectiveness during combat
operations is often the difference between life and death for personnel.

A very useful term for comparing the driving effectiveness of

various vehicles is the Relative Driving Fftectiveness, uefined by the

following ratio:

— Actual brive Force Produced by Vehicle
Maximum Theoretical Drive Force

R.U.E.

This is equivaient to:

R.U.E. = Actual brive Force Produced by Vehicle

Y(impending slip) * W cos @
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The Relative Driving Effectiveness can be expressed either as a
decimal or as a percent.

There are several driving vheel combinations for a four-wheel
vehicle which occur in practice and whose relative driving effective-
ness should be investigated. The obvious driving wheel combinations
are: rear wheel drive only, front wheel drive only, and all-four-wheel .
drive. A less obvious but equally important set of conditions is
created by the use of differentials in the drive train. A uirleren-
tial gear set is a device which allows its two output shafts to turn
reletive to one another without affecting the aversage speed of rota-
tion of the two units. One shaft can overspeed the sverage, but the
other must underspeed the average by the scme cmount. The ordinary
differential gear set consists of a peir of output shafts carrying a
bevel gear at one end and so placed that their sxes coincide with one
another with the bevel gears face to face. The bevel gears mesh with
two, three, or four differential pinion gears mounted in & differen-
tiel carrier on &xes which intersect the output shaft axis at ninety
degrees at o common point. The differential carrier is so mounted
that it is free to rotate about the axis of its output shafts, and
carries on its periphery a bevel or spur gear by means of which it is
driven from another shaft. The function of the differentinl gear set
is to curry torque to its two output shafts while giving them the
freedom to rotate with respect to one another.

fhen & four wheel vehicle is driven around & curve its outside
wheels operate over a greater radius than its inside wheels and must

turn at e different speed. Also, especially in short radius turns,
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the front wheels will operate over an appreciubly shorter radius than
the rear wheels and must turn at a different averags speed than that
of the rear wheels. 1I! the two rear wheels, or the two front wheels,
are mounted on a common shauft, the more lightly loaded wheeli is forced
to slip sufficiently auring cornering operations to make up the differ-
ence in rotational speed, with consequent zccelerated tire weur and
sugmented shaft stress. IS the common shat't is spiit into two axle
shufts, one shaft can over run the other and avoid the high shaft
stress and the excessive tire wesr. The ordinary bevel gear differ-
ential performs this part of its functions adwmirably, allowing rel-
ative rotation of the two sharts with only very siight frictional
resistance, while still carrying torque from the differential carrier
into both shafts.

The difficuity which the ordinary differential creates, insofar
as relative driving effectiveness is concerned, is that it always
splits the torque flow from the differential carrier into the two out-
put shulfts into exactly the same ratio, regardless oi the ability of
either shaft to absorb the torque which the differentiul wishes to im-
press upon it. In the cross-axle differentiel this ratio, except in
very special circumstances, is one to one, and the differentisl gear-
ing cannot transmit to the wheel havin good tructive abiiity any more
torque than can be developed by the wheel having poor tractive ability.
This means that the unfortunate circumstance which sets one wheel of
& driving pair, connected by an ordinary differential, on ice or snow
or mud, while the other remains on dry hard ground or psving, limits

the driving force which can be developed by the pair of wheels to
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twice thut developed by the wheel which slips first, instead of the
sum of the driving forces which could be developed at impending slip
of euch wheel. This condition causes the utterly ridiculous situation
which sometimes occurs when a vehicle with three wheels on bare dry
paving is unable to move becuause the fourth wheel is on a patch of ice
or slippery mud. To the ordinary passenger car it is & sufficiently
rare occurrence to be only an annoyance. To the commercial vehicle
operating off the paved road, it is sufficiently common to be a source
of economic loss and an incentive to purchase remedial equipment. To
the military vehicle it is an unthinkable condition, one which must be
avoiced at all costs.

The difficulties caused by the torque splitting deficiency of the
ordinary differential can be avoided by the use of & common axle shaft,
with its accompanylng shaft struin znd tire wear, or by instelling at
extra cost 8 speclol type of self-locking "differential" which sends
torque to each of its output shufts in an umount equui to the torque
which that shuft cun tuke without overspeeding its partner. These
special "difterenticls" ullow either shaft to overspeed the carrier
during driving operations, but neither shuft to underspeed the car-
rier (2). Their initial cost is sufficient, and their benefits so
little appreciated, thut they are used on a very small proportion of
the commercisl vehicles in use, and not at all on passenger cars.

The use of the ordinary differential increases the number of pos-
siblie drive cuses for a four wheel vehicle to the following: (1) all
four wheel positive drive, with either continuous shaft-gear power

trains, or with self-locking differentiaele at ¢ll necessary points;
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(2) rear wheel drive with front wheels not driven, using no differ-
ential or a self-locking differential; (3) front wheel drive with the
rear wheels not driven, using no aifferentiai or a self-locking differ-
entiul; (4) four wheel drive, with an ordinary differential between
the shafts driving the front and rear axles, and with no differential
or a gelf-locking differentiul in the cross shafts. Cases in which
ordinary differentials are used in the shafts connecting front and
reur wheels cun be treuted as special cuses of one of the former types.

The Relutive Driving Effectiveness for each of the four driving
wheel combinations cun be determined as & function of the weipght dis-~
tribution of the vehicle between front and rear axles, the coeffic-
ient of frlction between tire and road, and the ratio of the height of
the center of gravity to the wheel buse. The method used in develop-
ing the relative driving effectiveness equations is based upon the
consideration of the vehicle as a free body, with gravity, friction,
and acceleration forces acting on it. Figure 1 shows the location and
direction of these forces.

The weight of the vehicle will be shared by the front und rear
wheels in a proportion determined by the distribution and mass of the
various vehicle components. The symbol "m" is used to indicate the
decimal of vehicle weight supported by the rear wheels when the vehicle
is motionless on level road. Vihenever the vehicle is subjected to a
grade force (gravity component parallel to the road surface) or to an
acceleration force parallel to the road surface there is a shift of
weigsht towards one end or the other of the vehicle. The fore and aft

wveight distribution under dynamic conditions is designated by the
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Leval Surface

fR!

(maximum) fF!

(maximum)

FORCES ACTING ON THE VEHICLE

Grade Angle = Angle between Road Surface and Level Surface

Vehlcle Weight

cos @ = Adhesive Weight

8in O = Grade Force = Gravity Component Parallel to Road Surface

= Ratlo of Linear Vehicle Acceleration to Gravity Acceloration

= Acceleration Force Acting on Vehicle

= Center of Gravity

Helght of Center of Gravity above Road Surface

fiheelbase of Vehicle

Decimal of Adhesive Weight on Rear Wheels, Vehicle Motionless on
a Level Surface

Adhesive Weight on Rear Whenls, Static Level Conditions

Adhesive Weight on Front Whoeels, Static Level Conditions

= Decimal of Adhesive Weight on Rear Wheels under Dynamic Cunditions

= m'W cos O

= (1 -~ nm')W cos O

= Friction Coefficient, Tire to Road, at Impendiny Slip

ax = Maximum Driving Force

= Relative Driving Effectiveness

Figure 1
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symbol "m'"., This weight shift occurs under the influeﬁce of driving
forces, und is important to the relative driving effectiveness, but
fortunately oroper treatment of the equeations obtuined can determine
the dynumic weight distribution as a function of friction coefficient
and vehicle dimensions.

The Maximun Driving Force und the Relative Driving Effectiveness
of the first driving wneet combination of the several systems ilisted

in a previous paragraph is obtained as follows:

Cuse L. All Vheel Positive Drive
(Self-Locking Lirferentiuals or MNo Differentiuls)
Referring to the diagram on Fijure 1.
Summation of Forces Purallel to the Roand:
Pmux - Wix - Wisiu 0 =90
Vi(x + sin 9) = Prax = fR' + fT!
Summution of Forces Perpendicular to the Fouad:

Rt + F' ~VWecos® =0

W cos & = R!' + F!

Also, by definition, K' = m'W cos 6, and F' = (1L - m') W cos @

Summation of !oments about the Front Wheel to Road Contuct Point
R'L -mLVcos @d-HT (x+ sind) =0

By substitution:
m'LW cos 9 ~ mL¥ cos 6 -~ Hf(R!' + F!') =0

m'LW cos O - mL¥ cos © - Hfm'W cos 6 - Hf (1L - m'")V cos 9 =0
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Divide by LW cos ©
m' -m-n'fH - e el =

L L L

m'(1 - fH) = n

L
' - m
(max)
1 - ol
L
P =f(R" +F') =fNcos 9@ (m* +1-m') = £H cos O

max
By definition:

= Actual Driving Force
f¥ cos @

Relutive Driving Effectiveness

In this cuse:

Relative Driving Effectiveness = fil cos 8 = 31.0

f¥Yi cos @

Since u vehicle with all wheel positive drive should develop the
meximun driving force which could be produced by any driving wheel
combirmetion, this result is not unexpected.

The same system, with minor variations, cuan be used to determine
the Maximum Driving Force and Relative Driving Eftectiveness for
Cuse 2, Rear ‘heel lrive, &nd Case 3, Iront Vhee. Lrive. The analysis
for Case 4, ALl Vheel Urive with Interaxle DifferentiaL is complicated
by the possibility of two different maximum drive conditions. If the
weight distribution or friction coefficient is such thst the front
wheels slip first, then the maximum driving force for the vehicle is
twice the amount produced by the front wheels. Similarly, if the rear
wheels slip first, the maximum driving force is twice that developed

by the rear vheels.
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The equations for Maximum Driving Force Pmax’ and for Relative
Driving Effectiveness E, for each of the four csses are given in

Table I.

TABLE 1

DRIVING ABILITY HELATIONS

Maximum Driving Force Relative Driving
Effectiveness

Case L. AllL Wheel Positive Drive

(ALL Wheelis Simultaneously at Impending Slip)

Pmax = W cos © E=1.00

Case 2. Hear VWheel brive

(Both hear Wheels Simulitaneously at Impending Siip)

= m = m
Pmax iV cos O _..__};_ E
L - 1= L -8
L L

cage 3. rront Wheei brive

(Both [ront Wheels Simultaneously at Impending Slip)

- l -m ~ 1l -m
Poax = fW cos @ =B R
1+ tB 1+ f=

L L

Case 4. All Wheel Drive with Interaxle Differential

Action A (Rear Wheels at Impending Siip, Front Theels Below)

= 2m - 2m
Pmax fW cos O E = ______7;
1 - 28 1 - 2=
L L

Action B (Front Wheels at Impending Slip, Rear Wheels Below)

Prax = fW cos 9 24 - ) E = EL&_:_EL
1+ 21% L+ 2fF
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These equations do not readily yield any compuretive information
on the mugnitude of the relative driving effectiveness produced for
different combinations oi' the uffected variabies. Passenger cars at
the present time are rear 'heel driven exciusively. Front drive
models have been built in the past, but were never very populer. To
snow graphically the effect of the two design types on the relative
driving effectivenss produced, u series of solutions of the necessary
equations have been combined to form Figure 2. The probable vulues
of % for the two types have been assumed and uged. Also indicated is
the effect of the pessenger load. Since nost of the passenger com-
purtment is in the rear half of the vehicle, the edaition of passengers
to the vehicle increases the effective velue of me The mugnitude of
the change is ubout 3.5, between m for the Light vehicle and m for the
loaded vehicle. Adding pussengers to the reur drive car increases its
driving eft'activeness. Adding passengers to the front drive car de-
creuses its driving effectiveness.

Also shown on Figure 2 is an indlication of the effect of weight
shift on steoring. The value of m chosen for the empty car should be
such thut even after the maximum weight shif't due to acceleration
grade forces has taken pluce, there will remain adequate weight on the
front wheels to provide the necessary frictional force for steering
the vehicle. Low speed operation does not demand high steering forces,
and & minimum of fifteen percent of the vehicle's weight renmaining on
the front wheels should be adequate. High speed operation, %owever,
requires sreater steering forces for safety, and a minimum of thirty

five percent of tne vehicle's weight should remsin on the front wheels
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to guard against front wheel skid during a combination of meximum
driving und amsximum steering forces. This condition is upprouched
or uttained by our present rear drive passenger curs, and possible
front end skid conditions could occur. Good driving practice here
would indicate deceLera£ion, or at ieast no accelieration, when taking
a car into a sharp curve at high speed.

For most car driving conditions the difference between the rel-
ative driving effectiveness values for front drive and rear drive
cars is academic, It is only when a high value of driving effective-~
ness is really needed that the difference becomes evident. Operstion
up a hill on snow or ice produces the merginal conditions required.
Under thesc conditions the rear drive vehicle con often operate when
the front drive vehicle is coapletely helpless. The driving ability
of the rear drive vehicle under these conditions cen be noticeably
improved by a temporary increase in m, such as thet produced by
scveral hundred pounds of sand or iron added to the buck compartment,
or by severul people standing on the rear bumper.

The use of front wheei drive on trucks is relutively much more
frequent than its use on passenger cars. Special low loading plat-
forms, unencumbered by driveshaft and axle housings, are sometimes of
sufficient value to warrsnt the extra cost of tne front wheel drive
truck. A comparison of the relutive driving effectiveness of the con-
ventional and the speciesl truck are shown on Figure 3. The use of
special weight distributions such as those attained by mounting both
engine and cab ahead of the front wheels, can produce a driving

ability comparing favorably with that of & rear drive truck, but it
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is done at the expense ol easy steering and good road haundling, since
the truck is decidedly nose heavy and would reyuire power steering,
plus a limitation on maximum opersting speed.

Figure 3 shows up a condition which the reer drive truck some-
times encounters unintentionally. Adding too much of the loua to
thet section of the loading plaetform which extends behind the rear
wheels will increase the velue of m to the point where it is possible
to obtain one hundred per cent relutive driving effectiveness, which
is desiruble, but when the vehicle is subjected to an appreciable
drivin, force so much weight is transferred from the front wheels
that tnhe driver is no longer able to steer the truck, either becuuse
there is insufficient steering force developed, or becuuse the {ront
wheets huve iifted completely off the road surface. Such u condition
would be dungerous, snd trucks with a lony rear overhang shouid be
loaded with care end then driven slowly to avoid loss of steering on
hills or during moximum acceleration.

The four wheel drive truck with the interuaxle differentisl vus
quite common before the uvailabiiity of sstisfuctory self-locking dif-
ferentials. Proper choice of m for a truck of this type cun produce
one hundred percent relative driving effectiveness for uny piven coef-
ficient of friction. Inspectlon of the equations for Pmax and E in
Table I for this type of vehicle shows that vwhen E = 1,0, the maximun
drive force for front and reer axles wiil be eaqual, snd the Pmax re-

lations for Action A and Action B cen be set equal to one another.




28.

2m = 2 (1 -mn)
1 - 268 1+ 2e8
L L
- _ oH
moptimum = 0.50 f;

Using o value of H = 0.36, the value of m will be 0.43
L

for £ = 0.2, and 0.21 for f = 0.8. The required velue of n

optimum

optimum for
low values of the friction coefficient can be uttained in a truck

for

without too much difficulty. The required value of moptimum

f = 0.8 can be sapproached, but not attuined with any reusonable con-
struction.

Figure 4 shows tne relative drive effectiveness to be expected
from three different types of trucks equipped with this drive system.
The slope of the lines indicating operation at different friction co-
efficients indicutes which pair of wheels will slip first snd limit
the maximum driving effectiveness. Too high a vaiue of m always pre-
disposes the vehicle to front wheel slip. By cdopting & construction
wving the reur wheels at the extrese rcer end of the loeding platfornm,
with both the engine and cab projecting in front of the front wheels,
it is possible to get a vehicle with a relutively high driving effec-
tiveness over the whole lower range of friction coefficients. The
appearance of the vehicle is unusuel, and it would be hard-steering
and limited to low spcedec of operation, but its utility would be high.
The vehicle with the more conventional uppeurance, with engine and cab
behind the front wheels and load pertly behind the rear wheels would
have & much lower driving ability, running into trouble from front

wheel slip whenever maximum driving force was desired.
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RELATIVE DRIVING EFFECTIVENESS
FOUR-WHEEL DRIVE TRUCKS WITH INTERAXLE DIFFERENTIALS
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The six wheel truck is not specificelly covered in the foregoing
analyses. Two variutions of this type of truck ars in use. A very
common prectice is to use one driving axle and one deed axle in the
rear boygey or axle pair. The driving force which this axle would
develop is equal to (%R'). The meximum driving force and the rel-
ative driving effectiveness of this type of construction can be ob-
tained by substituting (lf) in the equations or churts wherever { ap-
peurs. The other type o? six-wheel construction puts driving torque
in both of the reur bogey sxles. This trpe is the exuct equivalent
of the conventionul reuar drive truck insofar ss the eyuations and
churts ere concerned, and cen be so treated.

Vehicles with ordinary cross-axle differentials which encounter
& lower vulue of f under one drive wheel than uncer the other, will
meet the requirements of the eyuations end cherts if the lower of the

two values of [ is used.
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SUMMARY ON DRIVING ABILITY

The ability of a self-propelled vehicle to produce sufficient
driving force to meet its own needs for hill ciimb, acceieruation, high
speed, and towing operation is a& function of the coefficient of
friction between tires and road, the smount of the vehicle's weight
on the driving wheels, and the presence or absence of an onrdinary
differenticl gear set.

The Maximum Driving Force which any vehicle can develop is equal
to fii cos 9. Drive systems producing less driving force than this are
compared with it by their Relative Driving ¥ffectiveness, having a
" vuiue of 1.0 as its maxcimum,

Rear drive vehicles huve in generual a higher retetive driving
effectiveness thun front drive vehicles becsuse of the difficulties,
such as hard steering, sssociated with getting v sufficiently large
proportion of the vehicle weipht onto the front wheels.

Reur drive vehicles cun, and vccasionally do, concentrate so
much of the vehicle's weight upon the rear wheels thut they cannot
steer adeyuuately or at all when sccelerating or ascending & hill.

Four-wheel drive trucxs, using un ordinary interaxte differen-
tial, can attain high values of relutive drive effectiveness over a
vwide range of { by making proper choice of m.

Maximum driving ability, important to the civilien vehicle and
indispensable to the military vehicle, csn be attained by driving all
weight carrying wheels with a drive system containing either no dif-

ferentials, or ull self-locking differentials.
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DEFINITION OF PERFORMANCE

hutomotive vehicle performance meens many things to nmany people.
Some of the performunce criteria are tuangible quantities, measurable
by the usual engineering methods. Others are relatively intangible,
relying for their evaluation on the opinion of so-culled experts.
Included in this cateygory are such quantities as "eye-appeal', and
"style-ruting", fuctors which are seized by the advertising depert-
ments and thrust upon the public in the hope thut mere reiteruation of
a claim to superiority will sway the decision of a prospective buyer
in the desired direction.

The performance fuctors in which this puper is interested are
taose fuctors in the road performunce of the vehicle which are deter-
mined by the power output of the enyine, und the matching of engine
supply power to vehicle demuand power. The factors involved sare:
muximum vehicle speed on ievel paved rosd, vehicle hill climb-ability,
vehicle acceleration ubility, snd vehicle fuel economy. All of these
quantities are meusurable in the actual vechicle, and with proper hand-
iing of the fuctors involved are predictubie for any vehicle, The
prediction of all of these quantities is very useful to the design
engineer when designing & new vehicle, to the test engineer as an
indication of the magnitude of the factors he must nmeasure, and to
the quality supervisor as & measure of the performence he should ex-

pect from current production.




34.

The performance calculation methods developed in this section
are applicable to passenger cars especially, but with very minor
modifications they cen be made to &pply to trucks and other wheeled

vehicles (3)(4).
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VEHICLE DEMAND HORSEPOWER

The horsepower demanded by a vehicle for its propulsion has been
the subject of much testing and research. Its magnitude is one of the
determining fuctors in all road performance resuits, and constant ef-
fort is being made to bring about a reduction in its vaiue. It is
sensitive to every frictioncl force wnich resists motion of the ve-
hicle or any of its components, &na in generui any significunt re-
duction in total demund horsepower is cttoined oniy as the result of
a concerted effort to reduce all of the demand components.

For the purposes of road performance criteria the demand horse-
power is meusured at the enyine flywheei, since it is here that the
engine supply horsepower is delivered. A4All losses in the power
system from the flywheel to the road zre included in the chassis

frictionul loss.

Chassis Friction

The frictional losses in the chussis include the following:
Clutch windige, clutch throw-out bearing friction, transmission shuft
bearing friction, trunsmission lubricant churning friction, trans-
mission gear tooth friction, universul ‘oint friction, drive shaft
winduge drag, vpinion bearing end seel friction, finel drive zear
tooth friction, differenticl carrier bLeuring friction, recr rxle lub-
ricant churning friction, wheel beezrin, friction, brake dreg friction

and tire rolling resistence.
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Of this long list there are three items vhich can be singled out
as having & sufficient ma;nitude when compared to the totul resistance
of the vehicle to werrant even individual mention. These three are
tire rolling resistence, wheel becring friction, snd transmission
churning friction.

The methods used to determine tire rolling resistence usuually
include in the measured quantity the resistunce of the beurings upon
which the wheel turns, znd wheel bearing resistunce 1§ usuelly in-
cluded in the values given for tire rolling resistance.

The trunsmission churning friction is u function of enygine sneed,
the viscosity or tempernture of tne lubricunt und the deyree to which
the pgears dip into the 1lubricant. iith present day transmissions,
operating aut normel running temperature, the mugnitude of this quan-
tity is not sufficient to werrant its seperute treztment, and it is
merged with the other items mentioned under the common term of chessis
friction losses, wnich then excludes only tire rolling resistance and
wheel beuring friction. The items waking up this combined chussis
friction vary either with vehicle speed (differential lubricant churn-
ing, seal friction), or vary with the first power of vehicle speed, or
very with the second vower of vehicle speed (driveshaft windage), or
vary with the torque being transmitted (gear tooth friction), or very
with a combinution of transmitted torque and vehicle speed. The
horsepower required to overcome these chessis losses would then be de-
termined by an eaquation of the type:

3.1

2
HP = (KlM + Kzl‘ll + KBY» KA
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in which M represents vehicle speed in miies per hour, and K, etc.,
represent uappropriate constants.

The method adopted for including chassis frictional losses in the
denand horgepover of the vehicie depends upon the method useu to eval-
uate the major items of deinand horsepower. In the commerciai vehicle
field the chussis triction horsepower is evaluated separately, and
given by an equation or the type FHP = K; + K,N, where N is engine
speed in revoiutions per minute and Kl and Ko are experimentally de-
termined constants (3)(4).

In the passenger car rield the method of measuring the major com-
ponents of demend horsepower muake it wore convenient to represent the
chassis friction as a percentaoge ot the towing effort required at the
drive wheel hubs, which is equivaitent to adding a certuin percentage
to the horsepovier demund creusted by losses externai to the drive
system. An appropriate value ifor this percentage for our present pas-

senger cars with standard transmissions is tive percent (5)(6)(7).

Tire Holliing Resistance
The mughitude of the resistance which a pneumatic rubber tire

offers to rolling over the road has been, is, &nd will continue to be
the subject of much testing ana research. Tire menufacturers and
vehicle manufzcturers are both vitolly concerned with the magnitude of
this quantity. The resistance arises from two sources, the internal
friction or the tire auring derormetion at the roed contact area, &nd
the scrubbing or the tread surtace, or detormation of the tread blocks,
as the toroidal surtace ol' the tire accommodates itsel: repeatedly to

the r'lat surtace oi the road.
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The internal friction of the tire converts its portion of rol-
ling resistance into heat energy, raising the temperature of the tire
body and decreusing the strength of its components. Excessive heating
leeds to early tire faiiure, a major concern of the tire manufacturer.

The magnitude of tire rolling resistance at uny given speed is a
function ot tire design and intlation pressure, and of the smoothness
ot the road gsurtace over which the tire operates. Provided the sur-
tace is not so rvugh thut excessive carcess deformution occurs, the
increased rolling resistance noted on rough surfaces is due to greater
treud deformution and greater tread scui'ting. The magnitude of the
driving rorce required to overcome tire rolliny vresistence (and wheel
beuring triction) at low speeds on smooth paving varies from 0.010W
to 0.165W, depending on the investigator (5)(6)(7)(8). The megnitude
of' this quantity also increases with vehicle speed. An average value
which cun be used tor passenger car tires in the Llow and medium speed
range is 0.015W, where W represents the ioad in pounds carried by the
tire contuct surfuce. However, the variation in the magnitude of the
rolling resistance force with vehicle speed is sufficient to demand
recognition in any evaluation of demand horsepower which extends over

a wide speed range.

Vehicle Wina Resistance
During its trgvel over the surtace ot the road the automobile
moves about a considerable quantity o1 zir, some ot which is com-
pressed &nd expanaed, ana some of :hich is given an appreciesbie vel-

ocity in the direction ol the car. In aduition to the energy required
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to create this "wake" with its attendant eddies and vortices in the
air bouy, there exist both wviscous friction and induced drag resis-
tances which absorb eneryy taken trom the moving vehicle.

Tne viscous friction or skin iriction occurs when the air body
moves relative to a surface which bounds it. The greater the relative
velocity, ana the thinner the boundary leyer or quiescent lLayer of air
adjacent to the surface the greater wiil be the viscous arag produced.
The conventional automobile has contours which force the air to ettain
in certain regions adjacent to the car a velocity relative to the car
which is uppreciably greater than the velocity of the car reiative to
the road, increasing the local viscous drag. A.iso there exist on many
car bodies, articles which project trom the generul car surface through
any conceivable boundary layer which might exist into the high velocity
air streums, und act as "wind claws" to increase the resistance to
motion.

The induced drag resistance occurs at the rear of the car, where
the air attempts to return to its original condition prior to its dis-
turbance by the passage of the vehicle. The shape of our sedan bodies
creates a certain amount of serodynamic lit't as the air tries to follow
the downwurd curve at the reer of the body. This Lift ic in a direc-
tion inclined backwards tfrom a perpendicular to the road surtace, and
has a component, called the induced drag, in opposition to the motion
of the vehicle. The magnitude of the 1ift oroduced on some vehicles
is sutficient to change the eifective weight at the rear of the car,
leading to objectionable and unpredictable bobbing of the rear ena at

high speeds (8).
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The direction in which car body cesign should go to reduce wind
resistance has been inaicated by many investigators (v)(10), but any
sincere effort to create a low wind resistance body shape is thwarted
by the demands of the stylists ana the sales departments for "eye-
appealing" shapes and shiny ornaments, by the Limitations iwposed on
car tength, and by the necessity for seating the passengers within the
vehicle with reasonable comfort and visibiiity.

The magnitude of the torce required to overcome wind resistance
is glven by the relation KAMz, where A is the frontul area of the
vehicle, 1 the speed in mires per hour, and K a constunt dependent on
the shupe and surface smoothness (aerodynamic cleanliness) of the car
body. To some investigators the shape of the rear end ot the car is
very important in determining the value of K (d), and to others the
rear end shape is immaterial and oniy the tronter aree is important (1lLl).
The magnitude of K varies with the car and with the source, with values
ranging trom 0.0012 to 0.00l18.

The total force required to move the vehicle, known as the towing
force or towing eftort, will be the sum of the air drag force, the tire
roliing resistance t'orce, and the chassis friction rorce. These quan-
tities must be evaiuated individualiy or collectively ror & given ve-
hicle, und the results used to obtain the demand horsepower of that

vehicle.

Measurement of Towing Force
Many methods have been used to measure the towing force or towing

ef'tort in the past, but at present the most popular end practical
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method is to use a torque meter lLocated in the hub of one or both
driving wheels (5)(6). The indications of this torque meter are ob-
tained continuousty and recorded on an inaicating chart. The use of
tnis method measures the wheel torque required to overcome wind re-
sistunce, tire roliing resistance, ana the wheer bearing resistance
ol the front wheels but not ot the rear driving wheels. This rear
wheel bearing lLoss, pius the chassis friction loss in the drive system,
must be added to the towing eftort obtamined in this wuy to determine
the total demund which must be suppiied by the engine. The results
of' the torque meter determinations can be plotteu as a function of
vehicle speed, und an empirical relation developed which rits the
averuge demand curve most satisfuctorily. This method is used by most
of the passenger car manufacturers. The resulting empiricsi equation
adopted by one ot the larger companies af'ter repeated tests on many
makes of present-day pussenger cars is as tollows:
Towing Eftort T.E. = KW + KoM + KqAM?

In this equation W represents the actual vehicle weight in
pounds, M the vehicle speed in miies per hour, A the frontai area of

the vehicle in square teet, and the K constants have the following

values:
Standard Size Cars Small Cars
Ky : 0.0112 0.0112
Ko 0. 000097 0.00003
K3 0.00147 0.0012

The use of this equation will determine the towing effort required.

If the towing eftort, increased by a ructor of tive percent to take
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care of the rear wheel beafing and drive system losses, is combined
with vehicle speed in the proper manner, the horsepower demanded of

the engine by vehicle mzy be obtained.

- Force - Velocity _ 1 M _(T.E.)M
HP 375 .95 T.E 375 356

This relation gives the horsepovwer demanded from the engine to move
the vehicle at a speed of I{ miles per hour over smooth ievel paving
with no naturel wind present.

To illustrate the magnitude ot the demand horsepower ftor a typical
passenger sutomobile, and also the methods used in muking the desired
performance calculations, an evulustion of the developed equations
will be made for un Americun passenger cer, with certuin veriutions
introduced at some points in the development to illiustrate the effect
of' vehicle variubles.

bLimensionul values tor American passenger cars sre availasble in
several trade maguzines (l2). Irom one or these sources the rollowing
pertinent dimensions are taken: shipping weight 3500 pounds, height
64 1/16 inches, width 75 3/16 inches. 7o the shippiny weight must be
added 150 pounds ror gas, oil, and watér, and 350 pounas for two pas-
sengers and their luggege. Tnis procedure, which is common in the in-
dustry, adds 500 pounds to the shipping weight of the vehicle to get
its operuting weight.

The block area of the vehicle, obtained from the product of
height anu width, is 33.4 square feet. This ares must be modified by
a blocking coefticient to take care of the area reduction trom the en-

closing rectengle cuused by roof and side curvature and the space be-
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tween the road and the underside of the body. A representative value
for u blocking coefticient for our present cers is 0.8. Using this
value produces a frontul area A equal to 26.7 square teet. Using the
appropriate values of the K constunts produces  the following equation

for the demand horsepower of this car:

Demand Hp = (44.& + .388M = .03934°)
356

The results of phe numerical eveluation ot this relation are
shown on Figure 5. Because of the effect of the wind resistunce term
the demund horsepower increuses rapidly at high cer speeds. At & speed
of upproximately 40 nmiles per hour the wina resistunce is one half of
the totui resistance, and sbove thut speed its relative importence in-
creases rapidly.

The ef'fect ot vehicie weight on the steady-speed power demand is
quite low, and is illustrated on Kigure 5 by a curve of demund horse-
pover for a vehicle having the same frontul area but only halif the
welght ol the standard vehicle. The effect of reducing the t'rontal
area to one halt that of the standerd car is shown to be apprecigble.
Reducing both the weight and the trontel ares to one halt their value
in the standard car produces a noticeable reduction in demand horse-
power, with the pint-size vehicle having the same demand at eighty
miles per hour that the stundard vehicle has &t sixty miies per hour.
The denund horsepower of our stock American pussenger cars at sixty

miles per hour varies 1rom thirty to thirty six.
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VERICLE SUPPLY HORSEPOWER

Automotive vehicle power demands are supplied by internal com-
bustion engines of various sizes, but of similar output character-
istics. On Figure 6 are shown the typical rull-throttle torque and
horsepower curves for an automotive engine. As built and used for
two decades these engines have shown a ratio between the speed of
maximum horsepower and the speed of maximum torque ot about 1.7 to
1.8, ALso the maximum torque is usuvally about one and one quarter
times as great as the torque developed at the speed of peuk horse--
pover. Automotive engines are expected to operate well over an ex-
treme range of speeds and loads, with great emphasis on freedom from
noise and vibration.

One fundamental det'iciency of the internal combustion engine as
applied to automotive applications is the inability of the engine to
develop any useable torque or power until it is rotating at an apprec-
iable speed.

Ailso shown on Figure 6 are the affects on engine power output
produced by partially closing the throttle. Proper proportioning of
the throttie opening makes it possible to obtain continuously from the
engine any power output between zero and the maximum which it can pro-

duce at the particular speed of operation.
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PASSENGER~CAR ENGINE PERFORMANCE
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MATCHING OF ENGINE SUPPLY FORSEPOWER
WITH VEHICLE DEMANDL HURSEPOVER

Ideul mﬁtching of supply and demand horsenowers would require
that maximum engine horsepower be made avuilable to the vehicle when-
ever it was needed. To do this would require that the engine be
allowed to operate at its maximum horsepower rpm at any vehicle speed,
or, in other words, that the ratio between engine crankshaft speed and
driving wheel speed be intinitely vsrisble over whatever range was
neceasary. The so-cullea "ideul" transmission woula allow this, but
ali practical truansmissions marketed up to the present cannot allow
it. The standaurd or conventionul sliding-gesr transmission and clutch
combination imposes a ripgid relationship between engine speed and wheel
speed, with as many different numerical reletions us there are gear
combinutions in the transmission. The newly popular fluid transmissions
cannot maintuin a rigid relationship between engine speed and wheel
speed, but they ure so constructed that at any appreciable wheel speed
there is only a very limited degree of tlexibility in the speed re-
lationship.

Assuming a triction clutch-sliding gear transmission combination
is used, the relationship between engine speed N and vehicle speed M
is obtained as follows:

N=U - 3280 . 1 : (Overaull Gear Ratio)
60 2ir(Tire Kolling Radius)

Overall uear Ratio = Final Drive Ratio x Transmission Ratio
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The transmission ratio in high gear is always one to one. The
noverdrive™ transmission ratio when used is usually 0.7 to one. The
final drive gear ratio in combination with tire rolling radius is then
the deciding fuctor in the matching ot supply ana demand horsepower,
and the vaiue of this ratio will to a large extent determine the per-

formance characteristics or the vehicle.

Maximum Vehicle Speed

Figure 7 shows the matching obtained between supply and demand
horsepowers for the example car chosen, tor three dirrerent overall
gear ratios, und tor the ideal transmission. The 4.1 final drive
ratio has been popular for about two decades, and produces a good com-
promise between the demanas ot high top speed and adequate medium-
speed hill-climb and acceleration ability. The intersection of the
full-throttle supply curve and the steady speed demund curve indic-
ates the maximum speed which the vehicle will attain in continuous
quiet—-air level-paved-road operation. The orainate uiftf'erence at any
given car speed between the full throttle supply curve and the steady
speed demand curve is the excess horsepower (above the steady-speed
requirement) which the engine can make avaitable to meet the adaed
requirements ot acceleration or hill-climb.

The demana tor high top speed can be met by choosing a final-
drive gear ratio which allows the engine to produce its peak horse-
power at peak vehicle speed. On Figure 7 are shown the supply curves
produced by a 3.23 ratio and a 4.1 x 0.7 overdrive ratio. Both ratios

produce practically the same top speed, six miles per hour higher than
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that produced by the 4.l ratio. However both ratios have noticeably
reduced the excess horsepower available in the intermediate speed
range, correspondingly reducing the hill climb and acceleration
ability or the vehicle.

The ideal transmission would obtain a top speed equal to or
better than that obtained by any choice of final drive gear ratio, and
would in addition obtain an average hill-climb and acceleration abil-
ity better than that attainable by any choice of final drive gear
ratio combined with a selective ratio gear box.

Maximum speed can be attained only at the expense of an apprec-
iable sacritice in medium speed acceleration and hill ciimb ability.

Good medium speed acceleration and hill climb abiiity can be ob-
tainea at the expense of a slight sacririce in top speed. This con-
dition has been the most popular desipgn choice. The use of an over-
drive transmission has made it possible to get both conuitions with
a minimum of etfrort on the part orf the driver.

The use of the 3.23 ratio shown is a compromise between the per-
formance of overdrive and no overdrive. 1t obtains high top speed,
at not too great a sacririce in hill climb and acceleration ability.
This ratio, or one very close to it, is used on some models with high
output engines, capable of producing satisfactory acceleration and
hill-climb ebilities even with this low ratio, in an effort to get
good fuel economy and low engine noise and vibration levels. It is
also used on most models which offer overdrive in combination with a
relatively small engine. With a small engine this ratio (3.23 =

4.6l x 0.7) will produce an unsatistactory level of hill-climb and
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acceleration abiiities, but do very weli on fuel economy. Whenever
the driver wishes to improve his medium-speed power performance he
needs only to render the overdrive inactive by flooring the accelera-
tor pedal, and the car then operates on an ettective 4.6l ratio, pro-
ducing ample excess horsepower from even a small engine. The relative
gain in horsepower in the intermediate speed range by using this kick-
down system is shown on figure 7 by comparing the supply curves for the
3.23 and the 4.6l ratios. The gain for speeds up to sixty five is ap-
preciable. This procedure is of no value for high speeds (above 71 for
vehicle used in the illustrations) and could even be dangerous to the

engine by allowing it to operate at excessively high speeds.

Starting Requirements and High-Torque Requirements

The use of horsepower demand and supply curves does not effectively
iliustrate two very important ractors in the matching of vehicle demand
and engine supply. 1Ii the demand torque in the driveshaft is plotted
against vehicle speed in miles per hour and the driveshaft torque pro-
duced by the engine with the transmission in high gear is superimposed
upon the demand torque graph, this deficiency is brought out more
clearly. These curves for our example car, using a 3.23 final-drive
gear ratio, are shown on rigure 8.

The complete inability of the reciprocating internal-combustion
engine to produce any useful torque at speeds approaching zero rpm
makes it imperative that some device be used between flywheel and
transmission which will .transmit tull engine torque vhile allowing

relative movement, or slip, between its two ends. Unless such a de-
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vice is used it would be impossible for the engine to start the
vehicle from a state of rest. The device used in practice to overcome
this engine deficiency is a clutch, of either the dry-friction or
fluid-friction type. The dry-friction clutch consists of a stamped
sheet—-steel clutch disc with an annular ring of heat-resisting high-
friction lining riveted to each face near the periphery. ‘his lined
clutch disc is squeezed between the machined faces of the flywheel and
a cast-iron pressure plate by the torce of a clutch spring or springs.
A clutch release lever actuated by a foot pedal mokes it possible to
control the magnitude of the torque transmitted by the clutch from
complete release to complete engagement, or from one hundred percent
slip to zero percent slip. By means of the clutch the engine can be
run at a speed fast enough to develop sufficient torque to accelerate
the vehicle 1rom zero speed up to some speed at which the engine and
clutch shaft can be directly coupled together and the engine made to
drive the vehicle without ﬁny clutch slippage. For the illustration
on Figure 8 the minimum speed for direct drive is six miles per hour
(intersection of supply and demand curves).

The torque supplied by the engine with the transmission in high
gear is sufficient to meet the level-road, steady-speed demands of the
vehicle over the 1ull speed range from six miles per hour to ninety
four miles per hour. 1t is also sufficient to meet the demands of the
vehicle on a ten percent uphill grade at any speed between twenty two
and fifty six miles per hour. 1{ the vehicle were never called upon to
climb more than an eleven percent grade, a clutch is all that would be

needed between engine and driveshart. Although this arrangement would
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be mechanically very simple, it would not provide for reverse movement,
nor woula the acceleration from a stundstill on level road be anything
more than mediocre.

The denands of th

{]

public for adequate low-speed acceleration,
and the actual need for reverse movement ana tor hill-climb ability far
above that adequate for a ten percent grade makes it imperative that
some means, in addition to the finai-drive gears, be provided tor
multiplying the engine torque before sending it to the driving wheels.
This means is usually provided by a gear box, populurly called a trans-
mission, which acts as a torque converter in all gears except high gear,
multiplying the engine torque and in some instances reversing its
direction before sending it on to the driveshaft. Conventional Amer-
ican passenger-car practice is to provide a transmission with three
forward speeds and one reverse speed plus & neutral. The top speed is
always direct drive to minimize transmission losses. The two lower
speeds are approximately a geometric ratio of one another, with the re-
verse ratio equal to or greater than the lowest forward ratio. The
combination clutch-transmission installation is shown schematically on
Figure 9. The conventional names of the various parts are given on
the diugfam. This type of unit is known as a seiective sliding-gear
transmission because the driver can select the gear ratio he desires
by sliding gears (or jaw clutches) torwards or backwards on the tail
shut't or main shaft of the transmission.

The effect of the addition of the transmission upon the matching
of torque supply and torque demand is shown on Figure d. Using a

"saecond' gear retio of 1l.53, the driveshef't torque is increased above
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that available from high gear at all speeds below sixty eight miles
per hour, with the maximum torque being sufficient to meet the demands
of a twenty percent grade. Using a "low" gear ratio of 2.39, the low-
speed torque is further increased, with the maximum torque being more
than sufficient for a thirty percent grade, although the operating
speed range is correspondingly reduced.

The friction clutch, plus the selective sliding-gear transmission,
plus a minimun amount of intelligence on the part of the driver, can
overcome the obvious deticiencies of the internal-combustion engine
and moke it a satisfactory power source for an automotive vehicle.
Recently introduced automatic and semi-automatic transmissions have
reduced even further the degree of skill which must be possessed by

the driver.
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STEADY SPZED HILL-CoIMB ABILITY

When a vehicle is proceeding at steady speed up an incline it
is subjected to all of the retarding forces which oppose its level
road operation, and in addition must overcome that component of the
gravity force which is parallel to the road surtace end to the path of
travel of the vehicle. Under these conaitions the horsepower avail-
able for overcoming the grade component is that purt ot the full-
throttle horsepower, over and above the amount needed for steady-
speed level-road operation, which the engine can develop at the
particular car speea under consideration. For the "ideal" trans-
mission with the infinitely variable gear ratio the maximum engine
horsepower is available at all car speeds, anda the horsepower avail-
able for hill-climb operations is the difference between the steady-
speed level road demand horsepower and the maximum engine horsepower.
For the conventional transmission the horsepower available for hill-
climb operations is the ordinate dift'erence between the level-road de-
mand curve on Figure 7 and the full-throttle engine supply horsepower
curve at the same speed. Ir the symbol HPXS is used for this extra
horsepovier, the hill-climb ability of the vehicle may be computed by
the following system.

The measure of the steepness of a grade is either the decimal
grade of the percent grade. The decimal graede is defined as the tan-
gent of the grade angle. For the grades normalLly encountered in auto-

motive work (zero to ten percent on main highways) the tangent and the
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sine of the grade angle are substantially equal (one half of one per-
cent error at ten percent grade) and it should be permissable to sub-
stitute the sine and tangent for each other without introducing a sig-
nificant error into the computations.

Grade Force = ¥ sin @ = W tan 8 = WG

G here refers to the decimal grade, and W. to the vehicle weight.

6 - s
Excess Towing Effort Available = 22——E—EEXh = WG

356 « HPxg

2G = 100
W

Using this relation the Hill-Climb Ability of & vehicle, expressed
as a percent grade can be determined by finding the relationship between
HPXS and M.

Using the HP,., determined from Figure 7 with additional information

XS
for second and low transmission ratios on a 3.23 final drive ratio, the
hill climb abilities as a function of' M for the example passenger car
are shown on Figure 10.

The eft'ect of a low overall gear ratio on power performance is
graphically illustrated in Figure 10. An overdrive transmission com-
pounded on a 4.l final-drive ratio gives a maximum hill-climb ability
of only nine percent. The 3.23 final-drive ratio is somewhat better
with a maximum of twelve and one half percent. The ten percent grade
isasignificant boundary in hill-climb ability since it has been adopted
by some states as the maximum acceptable grade for their state roads.

A hill-climb ability of better than ten percent is necessary if main

highways are to be negotiated without shifting from high gear, an
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operation which the American public has been reluctant to do. The only
way in which a low overall gear ratio can provide satisfactory hill-
climb ability for the general public is to combine it with a large
powerful engine, or to attain it by compounding a higher final-drive
ratio with a semi-automatic two-speed overdrive transmission.

City streets and country roads on which the grades may reach
twenty five percent can be traversed by shifting the transmission to
the necessary low ratio. It has been the practice in our American pas-
senger cars to make the maximum torque multiplication sufficient to
climb a thirty to forty percent grade.

The ideal transmission provides a hill-climb ability which is the
envelope curve of those curves produced by the several gear ratios.

Its only superiority trom the standpoint of hill-elimb Ability would
be its maintenance of maximum ability at any car speed without the

necessity of gear shifting.
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ACCELERATION ABILITY

The acceleration ability of a vehicle is closely related to the
hill-climb ability, since both are determined by the excess horsepower
available above the steady-speed level-road requirements, but there is
one important difference in the method of its computation.

During steady-speed hill-climb operation no energy is absorbed
by the vehicle to change its kinetic energy level. [uring accelera-
tion, on level road or on a grade, the kinetic energy leveli of the
vehicle changes continually and energy must be imparted to the vehicle
from the engine to raise this kinetic energy level. Not only is the
entire vehicle given a linear acceleration, but in addition the rota-
ting parts are given an angular acceleration. This latter addition
increases the acceleration horsepower requirements by several percent,
with the magnitude of the addition being a function mainly of the over-
all gear ratio.

The clearest way of deriving the relations necessary to determine
acceleration ability from the excess horsepower available from the
engine is to determine the towing eftort required for each type of ac-
celeration, and then combine them into a horsepower requirement.

For strictly linear acceleration:

Acceleration Force = Mass x Linear Acceleration

For strietly angular acceleration:

Acceleration Torque = Moment of Inertia x Angular Acceleration
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All rotating parts of the vehicle are given an angular acceleration
but the moment of inertia of many of these parts is so low the accel-
eration torque required is negligible. The wheel assemblies, including
the tires, tubes, rims, wheel discs, hubs, and brake drums, are given
an angular acceleration which is small in magnitude because of the rel-
atively low wheel speed, but the fairly high mass of the four wheel as-
semblies, plus the fact that much of the mass is at an appreciable dis-
tance from the center of rotation, makes the acceleration torque re-
quirements for the wheel assemblies important. Rotating at the same
speed as the wheels are the driving axles and the differential carrier.
The driving axies are solid, with an average diameter of less than one
and one half inches and a length of about four and one half feet. This
makes their mass comparatively small, with all of it concentrated very
closely about the center ot rotation. The torque required for axle
shat't rotation is negligibLe. The same reasoning applies to the differ-
ential carrier. It is a hollow shell about five inches in diameter,
mounting a ring gear of about eight inches in diameter. The entire
assembly weighs only a few pounds and is of small diameter and runs
at low speed, so its acceleration torque requirements are neglgible.

All rotating elements between the differential carrier and the
trunsmission rotate at wheel speed times the final-drive gear ratio,
and the angular acceleration to which they are subjected is equal to
the angular acceleration of the wheels times the final-drive gear
ratio. The only items included in this group are the final-drive
pinion, the universal joints, the driveshaft, and the transmission

tail shaft. The pinion and the transmission tail shat't are both small-
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diameter short shafts, with little weight and less moment of inertia.
The universal joints are short, compact, and .skeletal in construction,
with very iittle moment of inertia. The driveshatt is a hollow thin-
walled tube about four feet long, two to three inches in diameter, and
with a wall thickness less than one sixteenth of an inch. Its mass
and moment of inertia are negligible. None ot the items in this group
huve acceleration torque requirements suftficiently large to warrant
their inclusion in acceleration computations.

The transmission countershat't runs at a speed about equal to or
slightly higher than the driveshaft speed. It is a gear cluster about
seven or eight inches long, of small diameter, and weighing only a few
pounds. Its acceleration requirements are negligible.

The clutch shut't, clutch assembly, and engine assembly rotate at
a speed that is equal to wheel speed times overall gear retio, and
their angular acceleration would equal overall gear ratio times the
angular acceleration ot the wheels. The crankshatt, flywheel, and
clutch assemblies have tairly high moments of inertia and operate at
substantial speed levels, so their eftect on acceleration ability must
be evaluated.

The torque required to accelerate the clutch and engine assembly

(TC & E)is equal to the product of the moment of inertia of the clutch

and engine assembly (IC & E) and the angular acceleration of the clutch

and engine assembly (aC & E)' The angular acceleration of the clutch

and engine assembly is equai to the overall gear ratio (GR) times the

angular acceleration ot the wheels (awh). Using the indicated symbols:

Tcee~lcer % eE Tcer” " %n
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The acceleration of the wheels is measured in radians per second

per second, and is directly related to the linear acceleration rate of

the vehicle (a), measured in feet per second per second. It the rolling

radius (RR) of the wheels is measured in feet the following relations

are true:
. 2
= o . revolutions _ oF . £t./sec. = o
in (second)2 ft./rev. 2m7(RR)
_ a
%%h R
_ . GR .
Tcee"lcar " R ° 8

Similarly the torque required to accelerate the wheels (Tﬂh) may

be tound as a function of the linear acceleration rate, and the moment

of inertin of the wheel assemblies (IWh).

a
T =I . =Iho.—
Wh Wh ° Sh W RR
The total angular acceleration torque which must be produced by an

equivalent angular acceleration torce acting at the tire rolling radius

is the sum of TWh + (TC & E GR)-

L
TR TWh+(TL&E'URﬂ

Angular Acceleration lForce

-1 GR
= IWh’TBE*'IC&h‘—'a‘G

RR
]

1
Igy, + I,
a [Wh (RR)2 C&E (RR)

The linear acceleration force required is equal to g + a, where
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W 18 the vehicle weight and g is the acceleration due to gravity.

: (W 1 GR)?
Total Acceleration Force —{ -+ I ¢ ——] O+ I . a
Yh )
AL R <m>2]}

(Linear + Angular)
The quantity in{ } may well be called the Eguivalent Mass Factor.
The horsepower required for acceleration must come from the engine
thfough the drive system, so the regular horsepower reiation is applic-
able.

Acceleration HP = . Acceleration Force

356

The acceleration rate which can be produced at any given speed on level -

road cun then be determined trom the excess horsepower available.

M Equivalent Mass Factor

To illustrate the acceleration rates produced by various gear
ratios requires the numerical evaluation of this equation for the chosen
example car.

This car uses 7.60 x 15 tires on steel wheels with eleven inch
brake drums. FkExperimental measurement of the moment of inertia of the
wheel assembly on a torsional pendulum produced the value of 5.07
pound teet per second per second ror the tour wheel assemblies. The
rolling radius oi this tire under normal load is 1.177 feet. These
figures can be combined to tind the contribution of the itheels to the
tqtal equivalent mass.

The evaluation of the moment of inertia of the engine and clutch
assembly ia more complicated. The crankshatt, filywheel, and clutch as-

sembly may be spun as a unit on a torsional pendulum and their moment
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of inertia determined experimentaily. The moments of inertia of the
camshatt, water pump, generator, oil pump, and distributor are com-
paratively so small they may be neglected. However, the kinetic
energy level ol the reciprocating perts is appreciabie, and changes
with engine speed, so its eftfect must be aetermined.

The connecting rod bearing inserts have pure rotational motion
at crank pin radius, ana their moment ot inertia addition csn be com-
puted. In a short-stroke engine, two thirds of the connecting rod
weight is éonsidered as purely rotating weight with the crank pin as
its radius, and the other third of the rod weisht is considered as
purely reciprocating weight. Other items of reciprocating weight are
the pistons, piston rings, piston pins, and piston pin retainers.

The kinetic energy put into the reciprocating parts by the crank-
shat't varies from a maximum to zero twice every revolution, with the
energy being returned to the crankshai't at top and bottom center piston
positions. In a multi-cylinder engine there is always some kinetic
energy stored in piston motion, and since the kinetic energy varies as
the square of velocity, the average kinetic energy level of the recip-
rocating parts will vary as:

(Maximum 1nstantaneous Piston Valocity)2 - (Yinimum Instantaneous 2
Piston Velocity)

2
The ninimum instantaneous piston velocity is zero. “'he maximum instan-
taneous piston velocity is equal to the peripheral velocity of the

crank pin times an angle factor. The angle factor equals (sin @ +

EEEHEQ ), where O is the crank angle from top dead center, and n is

connecting rod length
stroke

the ratio
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When the kinetic energy level at any speed has been computed, an

equivalent mass, rotating at crank pin radius may be computed, which

will have the sume kinetic energv level as the recivrocating masses.

Reciprocating Kinetic Energy =

(Crank Velocity)? (Maximum Angle Factor)2

(Reciprocating Mass)
2 2

(Crank Velocity)2
2

Rotating Kinetlic Energy = kotating Mass

2
(Vep) 5 WMaximum Anple Factor)?

Fauivalent Mass = Hecip. Mass x
- ) 2 2
(V)

For the example car, using an eight cylinder engine with a three
and three quarter inch bore und a three and seven sixteenths inch
stroke, and & value of' n = 1.93, the maximum angle factor occurs at
0 = 76°37' and has a magnitude of 1.0313.

Equivalent Reciprocating Mass =

(Maximum Angle Factor)2
2

Actual Heciprocating Mass -

For the example engine the various parts have the tollowing magnitudes:

Clutch Assembly 348
Flywheel and Crankshat't 1280
KRotating FKods and Bearings 62.8

Equivalent Reciprocating Body 543
1744.L pound (inches)?
= 0.376 pound feet per (second)2
The equivalient mass factor can now be evaluated, using 4000 pounds

as the value of V.




TABLE II

ACCELERATION FACTORS

Linear TWheel Engine-  Acceleration Gesar Accel-
Accel. Accel. Clutch Factor Retio eration
Accel. Ratio
124.2 3.66 2.24 130.1 4.1 x 0.7 .95/
124.2 3.66 2.84 130.7 3.23 951
124.2 3.66 4+ 56 132.4 4ol .938
124.2 3.66 6.63 134.5 3.23 x 1.53 924
124.2 3.56 16.2 144.0 3.23 x 2.39 .363
124.2 3.66 0 127.9 Idenl 973

When the ideal transmission is used, the engine speed is held
constant at the speed of maximum horsepower, and no energy need by
consumed in accelerating the enygine and clutch assembly.

The Acceleration katio is det'ined as the ratio:

Actuel acceleration rute produced
Acceleration rate with no roteting perts

Tiith no rotating parts the acceleration ratio would be equal to 1.0.
As the pgear ratio between wheéls and engine is progressively increased,
the horsepower required to accelerate the engine becomes greater and
greuter, progressively reducing the value of gear reduction as a
factor in increasing acceleration ability.

The relation for aetermining ucceLeration abiiity, using the ac-

celeration ratio is:

356 HPyg , Acceleration Ratio
M i
€

a =




a = gégﬁg_ggl§ Acceleration katio

The accelerstion rates obtzined by the example car with the several
dicferent geer ratios are shown on Figure 1i. They reflect directly the
effect of transmission gear ratio on excess horsepower. Acceleration
rates above three feet per second per second are noticeable but not
snnoying. Accelerution at & rate above seven feet per second per second
is objectionable to the majority of vehicle passengers (13).

The deviation betvieen the acceleration proauced by the ideai trans-
mission and that proauced by the selective sliding-gear transmission
represents the loss due to the need for accelerating the engine. It is
more noticeable in low gear then in secona, ena practicalily negligible

in high gear.
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ACCELERATION ABILITY
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FUEL ECONOMY

The miles per gallon ebility of & vehicle is an inverse function
of vehicle power demand, and a direct function of engine thermal
efficiency.

Energy Demand _ Demand HP . 2545
Btu/Mile Miles per Hour

Btu/uile = 294° * WPphemand
M

‘'he constant 2545 is the Btu equivalent of one horsepower hour. This
energy demand by the vehicle is supplied trom the engine by burning
gasoline and converting a portion ot the heat energy produced by com-
bustion into mechanical energy at the 1lywheel. ‘he efficiency with
which this process is carried out is called the Brake Thermal Effic-
lency. It is detined a&as the ratio o1 the actual mechanical energy pro-
duced at the output shaf't to the potential heat energy of the fuel taken
into the engine. A high Brake Thermal Etficiency is essential to a high
miles per gallon performance. ‘'he bruke thermal efficiency of an engine
can be improved by increasing its compression ratio or by decreasing its
friction losses. Both methods have been used on recent new passenger-
car engines with good results, but the most important single factor in
the actual braeke thermal efficiency produced by the engine in the vehicle
is the relative load level at which the engine operates. The following

relation for miles per gallon iliustrates the importance of Brake Thermal

Brticiency (BTE).
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Engine Output = ZBIE (19,200 ) (0.73 x 8.34 )
Btu/gallon of fuel 100  Btu/pound pounds/gallon

= (1170) %BTE
Tne figure of 19,200 is the Lower Heating Value of gasoline with

a specitfic gravity of 0.73.
Btu/pallon = pijes per gellon

Btu/mile

Miles /gallon = ~iL70) ZBTE = —M(ZBTE
(2545)HPpemend  (2-17)HPpepang
M

The most convenient way to express ZBTE for the evaluation of this
reletion is to show ZBTE as a tunction ot the % Fulil Load at which the

engine is operating. The ¥ Full Load is defined es follows:

¢ Full Load = 100 HP actually being produced at given kPM
Full-Throttle HP at same speed

Tne relationship between ¥BTE and % iull Load for a typical passenger
cur engine is shown on Figure 12. This shows directly the effect of
engine loating on the Brake Thermel pFriiciency. At low outputs at any
speed, too much o' the energy of the fuel is used up in overcoming the
internul losses o1 the engine. As the relative load level ot the engine
increzses, the frictional losses, which are relatively insensitive to
' load, decrease in importance, causing an improvement in Brake Thermal
Erfficiency. This improvenent would continue, in diminishing magnitude,
up to 100% Full Load, but above about &0% Full Load the throttle move-
ment opens a "Full Throttle Enrichening Velve", changing the mixture of
air and gasoline produced by the carburetor from an "economy" mixture
to a "power" mixture, and causing & drop in Brake Thermel Ft'f'iciency.
At low speeds the engine suffers increased jacket losses per cycle

of operation, lowvering the efficiency, and at high speeds it suffers in-
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creased frictional losses, again lowering the efficiency. Best ef-
ficiencies occur at medium speed operation with the engine producing
from seventy to eipghty percent of its full-throttle power at those
‘speeds. lFor steady-speed level-rozd operetion the engine produces con-
tinuously the demund horsepower shown on rigure 7. It is cupable of
producing the rull-throttie horsepower shown on Figure 7 for the various
gear ratios. The ratio o! the ordinate of the road load curve to that
of' the tull load curve, times 100, is the percent tull Load at which
the engine must operate tor s perticular car speed and tinal-drive
gear ratio.

The etfect of car speed and t'inai-drive gear ratios on the ¢ kull
Load ol the engine in the example car are shown on Figure 13. The rel-
ative engine load is low tor all gear retios with the sliding gear
trunsmission, rising to acceptable veiues only at wastetully high
speeds. Pussenger car engines are torced to lour through most of their
life with a lamentabie effect on their efficiency. Lowering the over-
all gear ratio by the use oi overdrive brings some improvement, but not
in drastic proportions.

Since the relation between car speed M and engine speed N was de-
termined in the computztions tor Figure 7, these values of N, plus the
value of % IFull Loud {rom Figure L3, may be used to determine from
Fipure 12 the % Brake Thermel Efficiency which the engine is producing.
The % Brake Thermat riticiency for the example car ror all geur ratios
used is shown on Figure 14. Also shown for comparison purposes is the
eff'ect of' compounding an overdrive on a 3.23 final drive ratio. These

curves show that the lower the overall gear retio, the higher is the
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therp&l efficiency of the engine throughout the whole speed range.
High efficiency accompanies the combination of low engine speed and
high engine load.

iith the % Brake Thermal Efticiency knovn s s function of M on

Figure 14, and the HP as & function of N shown on Figure 7,

bemand
these quantities can be combined in the relation for miles per gallon

to determine the fuel economy as a function of car speed. The results
of this combination are shown on rigure 1l5. Noteabie here is the fact
that Miles per Gallon is highest ut the low speeds of operation, and
decreases progressively as car speed increuses. The extremely low

road load denend horsepower &t low speeds more than counterbatances the
very low engine efficiency. As car speed increcses, more and more
energy is dissipated in stirring air, and in spite of the constantly in-
creasing thermul etficiency the ruel economy diminishes.

The curves of Figure 15 indicate that the use o!f &n overdrive adds

tvo to four miles per galion to the steady speed tuel mileage over most

of the speed range, & fector which should zllow the overdrive to pay
for itself if enough open highway ariving is done. The adventages of
the overdrive or the low tfinal-drive ratio muy be erased by the need
for special fuels to counteract detonation difticulties brought on by
high reilative load levels. The requirec use of more expensive luels
would not eliminate the benefits of lower noise level, lower vibration
level, and lower wear level which the overdrive offers, but it would
remove the ability ot the overdrive unit to repay its cost by saving

fuel.
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The Ideal Transmission

The ideal transmission acts in an entirely different msnner when
used for economy operetion than when used ror power operation. Economy
considerations indicate that best economy is attuined when the engine
is operuted at eighty percent of tull load at the lowest speed at which
it will produce the requireda demand horsepower. As the car speed
varied the transmission ratio would be changed to maintuin this con-
dition.

Pructicul iimitutions prevent compiete sttainment of this ideal
condition. The lowest speed at which an engine should be exvected to
run satisfactorily is somewhut above the maximum speed at which it will
buck when running at a high load level. Fror the safety of the trans-
mission and the engine, the transmission should not be atlowed to pull
the engine speed below this level, even though the ¥ Full Load might
need to be dropped to appreciably less than eighty percent. FYor the
engine invthe exumple car this "floor" on engine speed vas assumed as
600 rpm. ‘The eftect of this f'loor on the % Full Load or the engine
with the ideal trunsmission is shown on bigure 132. At car speeds below
forty miles per hour it is necessury to hoia the engine speed at the
600 rpm floor level, and to decrease the ! kull Load accordingly. Be-
tween lorty miles per hour end seventy nine miles per hour the load
level is held at 307, while the engine speed is increased trom 600 to
2000 rpm. Between seventy nine ana eighty seven miles per hour the
engine speed is held at 2000 rpm while the load is increased to 100%,
and then from eighty seven miles per hour to the maximum speed of
ninety rour miles per hour the load level is held at 1005 while the

engine speed is raised from 2000 to 3500 rpm.
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This combination of operations produces the highest overall fuel
economy. Figure 14 shows the 4 Brake Thermel Efficiency which results.
An appreciable gain is evident over the entire speed range except for
the extreme high and low speeds.

The miles per gallon produced by ideal transmission is shown on
Figure 15. There is little guain in the extreme high speed range over
the performunce of the overdrive ratios. At the extreme low speed end
the ideal transmission suffers from the imposition ot the speed tloor,
a factor which would also aftect the other curves although it is not
shown on the chart. In the medium speed range the ideal transmission
produces several more miles per gallon than fixed ratio transmissions.

The gear ratips which the iadeal transmission would have to produce
with a 3.23 final-drive ratio to obtain the performance indicated in
these charts is shown on Iigure 16. A satisfactory range of operation
would require a veriation from 10 to L at one extreme to 0.4 to L at
the other. This is & ratio between extremes of twenty five to one,
more than any practical transmission could attain. There is not now
uvailable any transmission which meets the necessery requirements. Up
to the present time all ideal transmissions, whether mechanical, elec-
trical, or hydraulic, have suff'ered from either high initial cost or ex-
cessive weight and bulk, or unacceptebly low etficiency. The analysis
of the ideal transmission is of value chiefly as & performance ideul

with which other transmissions can be compared.
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IDEAL TRANSMISSION RATIOS
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HYDRAULIC TKANSMISSIONS

The relatively new hydraulic trunsmissions which have been intro-
duced in recent years make use of an hydraulic clutch or a combination
of hydrokinetlc torque converter and tluid clutch. Their chief virtue
is that they simpiify or reduce in number the operations which the
driver must perform auring normal driving. All of them increase the
f'irst cost ot the vehicle, &nd all of them decrease the efficiency of
operution to a siight degree. Once the vehicle has attained normal
driving speed the fiexibiiity between driveshert ana engine speeds is
s0 low that the reiations developed in this chapter epply to them as
vell as to the conventional transmission. During starting of the
vehicle from rest the torque converter can tuke the place of the geared

transmission to a Limited extent, but at a decided drop in efficiency.
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SUMMARY ON PERFURMANCE

An sutomotive vehicle ofters an cppreciabie resistence to its
tforwvard motion, made up primarily of wind resistance, tire rolling
recsistance, and drive system friction. At speeds above forty miles
per hour the wina resistance is the major ractor. Its magnitude de-
pends on frontal area, and on aerodynamic cleanliness. No signiticant
reductions in air resistence can be expectea as long as passenger cap-
acities &nd style requirements remain as at present.

Vehicle demand is determinea experimentelly, with the results of
the experiments expressed as empirical equations tor either towing
effort or demand horsepower. Typical American passenger cars demand
thirty to thirty rive horsepower at sixty miles per hour.

The power necessary to drive the vehicle comes trom an internal-
combustion engine having a definite relationship between torque, horse-
power and rotational speed. The inability of the engine to produce any
usetul torque below a minimum speed demands the use of some type of
ciutch between engine and driveshart. High top speed demends a gear
ratio between engine and wheels which produces peak engine horsepower
about at peak car speed, but which lowers accelerstion and hill-climb
abiiity in the meaium speed range. A tair compromise between top speed
and hill-ciimb ability must be made.

The use of a gear ratio producing & decent top speed prevents the
engine alone from producing suttficient torque to meet all of the normal

driving demands, such as starting on or drivirg up & steep hill. To
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meet these requirements & torque multiplier, popularly called a trans-
mission, is placed between the clutch and driveshatt. The conventional
transmission is a selective slicing-gear unit with three forward and
one reverse speeds, plus & neutral.

The magnitude of the excess horsepower furnished by the engine at
open-throttlie, above the amount required for steady-speed leve;—road
operation, can be used to determine the hill-climb or acceleration abil-
ity of the vehicie. Low overall gear rctios, cttuined either directly
or by means ot &n overdrive gear, result in low vealues for hill-climb
and acceleretion ability., Ability to ciimb a ten percent grude in high
geer is necessary tor public acceptance.

Acceleration ability is reduced by the necessity for accelerating
all rotating parts angularly as weil as Linearly. High gear ratlos
accentuste this conaition. Acceleration rates over seven feet per sec-
ond per second, obtainable only in the low gear ot the transmission, are
objectionable to most people.

‘Tne fuel economy oi a vehicle is affected by gear ratio more than
any other single fuctor. Low overall geer retios reduce engine speed
and raise engline relative load, both of which help to increase the brsake
thernal efficiency of the engine. High thermal efficiencies are neces-
sery for high ruel economy. Uverdrive is worth two to four miles per
gullon on Iuel economy.

The ideal transmission provides & bcsis i1or comparison for the per-
formance produced by other transmissions. No ldeal transmissions for

passenger cars are novw available.
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BRAKES AND BRAKING

The safety of the passengers and driver, and the preservation of
cargo, requires that the driver of a self-propelled vehicle be capable
of either stopping the vehicle quickly when necessary, or ot reducing
its rate of travel trom & high value to a lower value, or of preventing
the occurrence of excessive speed when proceeding dovn a hill.

The naetural viscous and mechanical triction losses of the moving
vehicle will have some retarding or "braking" eftect, but except in
very mild cases this degree of braking eftect is tar from naequate.

The driver must be provided with equipment with which he can create,
under his control, a braking ettect varying trom zero to the meximum
vatue which either the braking system cen produce, or the mechanical
construction ot the vehicle can withstand without failure, or the pas-
sengers or goods can withstand without danger of injury. The last named
condition is of importance in any situation involving standing pessengers,
such a&s railroads, street cars, and busses, but in most automotive ve-
hicle applications the passengers are seuted, and in an emergency stop
the chances of passenger injury from imminent collision are so much
greater than the discomtort created by meximum braking ertect that the
braking system is built to produce the maximum braking etfect obtainable

within practical limitations.




86.

BRAKING FOECE REQUIFPKFMENTS

In a wheeled vehicle which must depend for its braking effect on
the frictional torces produced betveen its own wheels and the road sur-
face, the maximum possible bruking etfect which can be produced is equal
to the product of the adhesive weight of the vehicle and the coefficient
of friction between tires and road.

I1' W signities the weight ot the vehicle, and 8 the angle between
the road surface ana a level surtuce, then the adhesive weight of the
vehicle (force normal to the road surface) equuls VW cos 8. I the
symbol "f" is used to signify the coetfficient of friction developed be-
tween the tire anu the road surrace at impending slide ot the tire, the
maximum braking eftect which can be brought to bear on the vehicle is
equal to f _cos Q.

The coefricient ot triction between tires and road surface at im-
pending slip of the tire varies over wide limits (14). Apparently its
lowest value occurs with snow-coated tires operating over glare ice at
temperatures slightly below freezing and has a magnitude of about O.l.
The highest vaiue of this coetfficient can be over 1.0, when pneumatic
rubber tires with_a good non-skid tread are operated over an open-
surfaced, angular-stone, asphalt-bound macadam roac. Between these
maximum limits the friction coeftficient tluctuvates with changes in such
f'actors as tread design, tire contect area and intlation pressure,
vehicle speea, moisture conditions, shear strength o! roed surface,

continuity of roed surface, etc., atfecting it.
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The average vazlue of this coefficient for pneunatic tires with
good non-skid tread operating over dry concrete at normal vehicle speeds
is quoted by various authorities as ranging trom 0.6 to 0.85, with 0.6
having been admittedly taken on the conservative side (15). After
checking all references it seems that 0.8 can be used as the best
average velue tor this coefficient for the conditions indicated above.

Using this value ror f, observing that for the grades usually en-
countered by a vehicle the value of cos 8 differs only siightly from
1.00, and admitting that vehicle braking systems seldom esre able to pro-
duce theoretically pertect breking (braking force = fW cos 8), it is
entirely permissible to say that, &s a f'irst egpproximation, the brake-
actuating torce exerted by the driQer must be capable of producing a
breking torce at the rouc surtace equal to three quarters of the weight

of the vehicle, or in symbols 3/4W.
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BRAKY ACTUATION

This vehicle-braking force of 3/4W must be produced by whatever
brake-actuating force the driver can produce, either directly by pushing
with his foot on a "brake pedel", or with assistance f;om vacuum-
actuated or compressed-air-actuated pistons or diaphragms controlled by
a valving system, or from electromagnet-operated brake actuators. The
direct pedal actuation demands the most attention trom the designer
becuuse & limit is set by the actual physical abiiities of the driver
on the maximum brake-actuating force which c&n be produced. fThe
"agsisted" bruaking éystems have their troubles and limitations, but
lack of actuating force is usually not one or them. The following
development of brake-linkuge design factors will be based on direct
physicul actuation by the driver ot & foot-actuated brake pedal.

The torce which can be exerted by the driver on the brake pedal
varies trom that produced by a petite 90 pound woman driver to that
produced by an athleticaily-active 260 pound man. This veriation is
wide, and is complicated by the fact that under emotional stress, such
as that produced by an impending crash, people can exert appreciably
more than their normai muscular force.

Not all or the force exerted by the driver is eir'tective in apply-
ing the brukes. Some ot it must be used in overcoming mechanical and
fluid friction in the breke-actuation system, and some in overcoming
the torce of the various springs which ere required to release the

brakes and return the breke pedal. In the following discussion the net
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pedal force will refer to that portion of the pedal force actually
used to apply the brakes, &s opposed to the gross pedal force actually
appiied to the pedal. The magnitude ot the difference between net and
gross pedal forces can be of the order of twenty pounds.

To reduce the contusion over the net pedal force aveileable, it is
customary to ascume a net pedal force of 100 pounds, and to compare
bruking abilities of various systems on the 100 pound net pedal force
as a common buse.

The wctual braking force produced by the brakes does not aét at
the tire-road contact surtace, but at the breke druwm surfuce, at a
rudius which is appreciubly smalier than the roiling redius ol the
wheelﬂ statistics of the physicel dimensions of our passenger cars
show that the averuge rutio of bruke drum rudius to tire roliing radius
is about 0.4 (as car weight decreases the brake drum radius decreases
more rapidly than does tire rolling radius, so small cars have values
below this averuge, with large heavy cars above the average). This
means that the driver's torce on the pedal must prouuce a torce et the
bruke drum which is L or 2.5 times the force required at the wheel.
Since the desired brgiz force at the road was approximately 3/4V, the
Iforce multiplication ratio in the brake system, or the ratio of total
braking force at all drum surface to the Het Pedul Force must be
(2.5 x :75)%  or for a Net Pedal Force of 100 pounds, the Brake System

NPF
Force Multiplication hatio = .0188W.

lFFor various significant values of W this ratio has the following

magnitudes:
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~ Type of Vehicle W Force Multiplication Ratio
Pedal to Brake brums

Small Passenger Car 3600 1b. 68

Heavy Passenger Car 4750 1b, 89

Light Truck 10000 1b. 148

Heavy Truck 40000 1b. 750

Presently eovailable braking systems can produce the indicated ratio

values for passenger cars, but trucks require "assisted" or "power"

bruking systems.
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BRAKE SYSTEM FOKCE MULTIPLICATION RATIOS

The force multiplicetion ratio which can be produced between
bruke pedal and brake drum is composed ot two parts: the force multi-
plication ratio in the brake linkage (or hydraulic system) between
the brake pedal ana the points on the brzke shoes which contact the
brake-shoe-actuuting cums or pistons and the force multiplication
ratio produced between the breke-asctuating-cams or pistons and the
brake drun surfaces. The latter is actually the ratio of the breake
drag force at the drum surface to the cem tforce which actuates the
brake shoes. Tne product of these two individusl force multiplication
ratios equals the total brake system rorce multipiication ratio. To
simplify the required analysis each of these individuali means of brake

force multiplication will be considered separately.
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FORCE MULTIPLICATION IN BRAKE KIGGING

The force multiplication ratio which can be produced between the
brake pedal and the brake-shoe-actuating cams is strictly a function
of' the relative distances through which the two ends of the system
travel. Ii we neglect mechanical and fluid friction in the brake rig-

ging (this is covered by the difference between gross and net pedal

forces) the work aone at the pedal must equal the total ol the work
done at each of the individual cam or piston faces. This is equiv-

alent to:

Average Net Pedal rorce x Pedal Travei = Averuge Total Cam torce X
Cam Travel
or

Average Total Cam Force - Pedal Travel
Average Net Pedal Force Cam Travel

In a strictly mechanical bruke rigging as itlustrated in Figure 17,
there would be strict proportionatity between net pedal rforce uand the
sum of the cam forces at all points in the pedal travel, so the average
force values may be replaced by the instantuaneous force values at any

point in the pedul travel. Ve then have:

Total Cam Force = Pedal Travel - porce Multiplication Katio in Brake
Net Pedal Force Cam Travel Rigging

For an hydraulic brake system as iilustrated in Figure 18, the result

is the same but is arrived at somewhat differently.




93.

MECHANICALLY-ACTUATED BRAKE RIGGING
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Net Pedal Force x Linkage HKatio between Pedal and Master Cylinder =
Force on Master Piston

Force on llaster Pisto

4 I = Hydraulic System Pressure
Area of NMaster Piston

Hydraulic System Pressure x Total Brake Piston Area = Total Cam lorce

available to actuute Brake Shoes

Then:
Total Cam iorce ~ HSP x Total Brake Piston Area
Force on Master Piston HSP x !Master Piston Area
Or:
Totul Cam KForce - Total Bruke Piston Area
Het Pedal Force x Pedul Linkage Patio Muster Piston Area

Since the tiuid in the hydreulic system is pruacticatly incompressible
ut the pressures used, and the bulk expansion of the system is very
smull, any change in enclosed volume caused by movement of u brake piston
must be counteruacted by o volumetricelly equivalent movement of the
muster piston it the hydraulic system pressure is to be muintained.
Thus:
Bruke Piston Travel x Totul Brake Piston Area =

Master Piston Travel x Master Piston Area
and:

Totas Brake Piston Area _ Master Piston Travel
Master Piston Area Brake Piston Travel

By substitution in a previous equation:

Total Cam Force ilaster Piston Travel
Net Pedal Force x Pedal Linkage Ratio Brake Piston 1ravel
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Because of the simple mechanical lever system which exists between
the Brezke Pedal and the Master Piston connection point, the follow-

ing relationship holids:

Brake Pedal Travel
Pedal Linkage Ratilo

Master Piston Travel =

Ii this is substituted into the previous relation we obtain as a result:

Pedal Linkage Patio
Total Cam Force = Pedal Linkage hatlo

Net Pedal Force Brake Piston Travel

Brake Pedal Travel x

or

Total Cam Korce - Pedul Travel - worce ifultiplication Ratio in Brake
Net Pedal Force Cum Travel

Rigging

In order to obtain any indication of the order of magnitude of the
Force Multiplication Ratio in the bruke rigging it is necessary to de-
termine the probabie values of both Pedal Travel and Cam Travel.

'Tne meximum valuec of Pedal Travel through which a short-legged
driver can eftectively apply tull rorce to the breke pedul cannot
sut'ely be set at more than five inches. This vulue cunnot well be in-
creased without sitting the driver so close to the pedul tnat he is
badiy cramped 1or leg room, and rapidly becomes uncomfortable and tired
while driving. Ir physical limitations of the driver prevent the effec-
tive use of a long pedal travel, then the only possibility of obtzaining
a high Force Multiplication Ratio in the Brake Rigging lles in keeping
the Cam Travel to a very low value. As wiil be shown in the subsequent
mathematical analyses of the various bruke types, the canm travei neces-
sary to move the brake shoes from their relecused to their fully applied

positions is a function mainly of the amount of clearance required be-
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tween a shoe and an out-of-round drum to avoid dragging, plus the
anount of cam travel which must be ullowea to compensate for natural
wear of the brake linings and brakedrums between successive brake ad-
justmeﬁts. It adjustments can be frequent, the wear aillowance can be
small, and the necessary cam travel czn also be small, in somc types
of brokes as low as 1/10 of an inch. I1 brake adjustments must be less
frequent, the minimum cam travel must be as much as 1/5 of an inch.

With a maximum effective pedal trevel of five inches, and a min-
imum cam travel of one-fifth to one-tenth of an inch, the Force Yulti-
plication RPatio in the Brake Rigging will vary from 25 to 50. For pus-
senger cars this is a tair share of the Brauke force Multiplication

Katio requirements, but for trucks it is far from adequate.
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FORCE MULTIPLICATION BETWEEN CA:Y AND DRUM

The magnitude of this ratio varies appreciably with the type of
bruke used. The basic types of brakes now in use on vehicles include
" the fotlowing: external-contracting band brakes, separately pin-
anchored internal-cxpanding shoe brukes, separately sliding-block-
anchorea internal-expanding shoe brakes, separately articulated-lcver-
anchored internal-expanding shoe brukes, duo-servo self-energizing
internal-expanding shoe brakes, and seif-cnergizing internal-expanding
disc brakes (16). |

The external-contracting band brake is now nearly obsolete in
automotive practice, having been replaced by the more effective and
more easily-shielded internal expanding brake. Moreover, the theory
of the band brake is well developed und availabie in many textbooks
and handbooks, so a discussion ot the theoretical aspects of the band

bruke will not be included here.




CAM HMOVEMERT AND SHOE CLEARANCE

The various shoe arrangenments used in contemporary internal-
expanding brukes are shown in Figure 19, with a complete notation of
the symbols and dimensions necessary for & theoretical analysis of the
relationship which exists between cam movement and the radial clear-
ance between brake shoe ana brake drum. The detaili aimensioning is
shown on a pin-anc@pred shoe, but in each of the other brake types

the shoes act as pin-anchored shoes until contact is made with the drum.

Thus an analysis of the cam movement versus shoe to drum clearance re-
lationship can be made tor the pin-anchored shoe, and will spply equally
well to the other shoe types.

The articulated-iink shoe of Fipure 19 must have a high-friction
Joint at the junction ot the link and the brake shoe flange it it is to
be able to retruct the shoe rrom the drum when the brukes are releuzsed.
Thus until the shoe contacts the drum it acts as a rigid shoe pivoting
about anchor pin N.

The Luo-Servo brake as shown in Figure 19 consists of & primary shoe
and a secondary shoe. The secondary shoe is pin anchored at NS and
swings about this point when moving. The primary shoe is anchored to the
toe of the secondary by a spring and an adjustable-length floating link.
Until contact occurs between shoe and drum the primary shoe pivots about
one end of the rlioating link and acts the same as a pin-anchored shoe.

The sliding-block anchor system shown on Figure 19 allows the brake

shoes to center themselves within the drum after contact has been made
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INTERNAL EXPANDINRG SHOE BRAKES
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between the shoe and drum. Until contact is made between shoe and drum
the shoe pivots about some point of contact between shoe ana anchor
block and acts as a pin-anchored shoe.

The Timken LP Braxes as shown on Figure 19 huve the cam force
transmitted to the midpoint or the length of the shoe by a pair of pin-
anchored ievers. The shoes are held aguinst a semlcylindrical pressure
block on the levers by a retainer spring, and until the shoe contacts
the drum the brake shoe gnd uactuating lever combination acts us a unit
and pivots ubout the anchor pin o1 the lLever.

Thus any shoe combination used in presant internal-cxpanding shoe
brakes can be anualyzed us a pin-anchorea shoe ior thut portion ot its
movement between the releused position and the initial shoe-drum
contact.

The 1irst step in this anaiysis is to tfina the reletionship be-
tween cam movement and change in rudisl ciearance between shoe and
drum. ¥With reterence to rFigure 19 with x representing cam movenent
and A R representing the change in raaial clearance between shoe and
drum at any point around the periphery of' the shoe, the procedure is
as tollows:

For any point M on the periphery of the shoe, let L = Llength of
Line MN, B = angle UMN and @ = angle UNM. Then & ¢§ = the angle of

swing of the shoe about the anchor pin N due to the cam movement x.

when & @ = —8LC - X
the 4 radius D+ A sin (180 - a)

where x = arc swing and D + A sin (150 - a) equals the radius to the

arc X.
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Then: A R(at point M) =L *4 @ + sin B
In the triangle OMN, 8 = 180 - @ - (180° - 9) =0 -

By substitution:

x
AR=L¢+ . sin (6 - ¢
D+ A sin (180 - a) )

but: sin (0 - 4) = sin @ cos P - cos O sin ¢

s R sin O
gin f = =22
and: L cos f = A+ RcosO
L
sin (180 - a) = sin a
s0: QR = X LAsin0+LRsinOcosO_LRsinOcosQ}
D+ A sina L L

By cancellation this reduces to:

Al = Ax sin O A

"D+ Asina “D+Asina P °

Thus the change in radial clearance between shoe and drum at any
point along the shoe becomes a function of the sine of the angle be-
tween the anchor diemeter anu the point invoived. The clearance is
then lowest at the lergest and smullest values of 9, or at the heel and
toe of the shoe. Due to drum warpzge during use, some clearance must
be lef't at these points when brukes are adjusted. In prectice this
ciearance is set at 0.010 inches anu the angle ) to the toe of the
shoe is approximately 30°. This is equivalent to 0.020 inches cleer-
ance at 9 = 90°.

Since the radial movement ot the shoe varies with sin 9, and if
the shoe is very rigid compared to the drum, the force between shoe
and drum and the wear rate ol the shoe lining will also follow the

sin @ relation. II in a brake of this type A = D, a = approximately
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90°, and the amount of brake lining wear between adjustments is either
0.030 inches or 0.0¢0 inches at @ = 90°, the necessary cam movement is

as iollows:

3 , A sin (90) + D _ . 2A _ .
*EFA R T (o) AR T T 24 R

ARgy = (.020 + .030) or (.020 + .080)

Thus: x =2 « (.050) = 0.100 = 1/10 of an inch
or x=2 . (.,100) = 0.200 = 1/5 of an inch

'nis is a rough check on the previously stated tigures tor cam movement

magnituce.
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FORCE MULTIPLICATION FATIO - CAM TO DRUM

This portion of the analysis must be presentec in seversl perts,
one part for each distinctliy ditferent type ot shoe anchoring method.
I'he tirst ana simplest type to be cogsidereu is the pin-anchored shoe.
for its analysis Figure 19 will be used, ana the length ot the lining
which contacts the drum will be iimited to o very short element at
point M. This lining will press against the moving drum with a tforce
P, and will generute & 1rictionul torce fP, where f is the coefficient
or triction between lining e&na drum. The pin-enchored shoe can be
either a "forward" shoe or a "reverse" shoe. A "forward" shoe is one
in which the drum rotates past the shoe toward the eanchor pin. A
"reverse" shoe is one in which the drum rotates past the shoe away from
tne anchor pin. ‘“'ne action or the two shoes is apprecisbly difterent.

By taking moments about the anchor pin of ali of the torces acting

on the shoe we cun determine the retio % and then iP which is the

C

force multinlication ratio between drag i1orce and cam force.

Forward Shoe:

C(D+Asina) ~PAsin@ + fP (R+ A cos @) =0

C(D+Asina) =P Asin @ - £(R+ A cos 8)

P _ D+ A sin a

C Asin@ -t (R+ A cos Q)
fP___ t (b + A sin a)

C Asino - f (R+ A cos 9)

The numerator of this equation must always be finite in any practical

brake (both A and D could not simultaneously be reduced to zero), but
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the denominator could be made to approach zero by & high value of f,
or by reducing either A or O or both. As the denominator approaches
zero the ratio £% approaches 00 , and the bruke will become self-locking,
with the shoe needing only to be touched to the drum to cause the brake
immediately to stop all relative drum to shoe movement, and to stay that
way until the drum rotation is reversed.

Reverse Shoe:

C(bD+Asina) -PAsin@ - fP (R+ Acos®) =0
This equation is identical with the previous one except for an inter-
change of + and - signs on the last term. It would vield the tollowing
equation:

1P £ (D + Asin a)

C Asino+ f(R + A cos Q)

The denominator of this equation cannot go to zero tor any finite value
of Kk, and a reverse shoe is never in danger of becoming self'-locking.

The foregoing anulysis applies only to shoes with an elemental
length of Llining. The practical brake must have a finite lining length
(from 9; at toe to @, at heel) and the analysis must be expanded to
cover this situation. The moment equations muéf be set up as differen-
tial equations with O as the main variable, and then integrated between
6, and 8, to determine the proper relationships. Before this can be
done the relationship between ¢ and P must be more realisticelly est-
abltished.

In a previous section the radiel movement of & pin-anchored brake
shoe relative to the drum was shown to vary as sin 8. 11 the shoe were

much more rigid than the drum, ana if the lining would compress accord-
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ing to a linear stress-strain relationship then the pressure between
lining and drum (&nd the force per unit of arc length of the constant
width shoe) would also very according to a sin @ law with the maximum
force occurring at 8 = 90°, However, tﬁe brake shoes are not infinitely
rigid, and if iightly built they may deflect under cam and anchor forces
to produce a pressure and force variation epproximated by sin nQ, with
"n" varying irom greater than one to less than one depending on shoe

design and iilustrated in Figure 20.

ng 1.0 n>1.0

Figure 20. Brake Shoe Stiffness

Also, the maximum radial force location may shift from the Yo° position,
due to the design of' the shoe, or to the interaction of cam, anchor, end
friction torces. This is especially true in swinging-link or sliding-
block anchored shoes. Present way breke shoes are sufficiently rigid so
the pressure variation wili tollow a sine reletion either side of the
maximum pressure point. 7To make the snalysis general the reiationship
maey be expressea as cosn(gm - 8) or cos™(6 - Op)s For properly designed

and constructed shoes the value of "n" is practically 1.0, ana this
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value will be used in the following developments to avoid unnecessary
mathematicul complications. VWhen the center of preésure moves f&r
enough toward one end ot the shoe to unload the other end, then the
limits of' integration should be taken as 8; to (9  +90°) or (8, - 90°)
to 85. The use of Ol and 92 as integration limits when either end of
the shoe unloads would lead to fictitious results, as it is impossible
to develop a negative pressure between shoe sna drum.

To make this relation usetul in the analysis, ussume that the
maeximum Lining to drum pressure at o, = P and the width of the lining
is b. Then the area of lining in the arc d@ is equal to bRdY, and the
force dP on this area is:

dpP

bRd® . ppcos (B, - 8)

or aP = pybR cos (8, - 6)dd
Returning now to Figure 19 and the moment equations tor the forwurd

and reverse shoes, but using differentials in piace of the vuriables

¢, P, and 8, the result is:

Forward Shoe: dC =

" [A sin 6 - £(R + 4 cos 9)]
D+ A sina

gplAs8in 8 + f(R + A cos 8)
D+ A sin a

Reverse Shoe: dC

Now replace dP by its equivalent equation above, simplify, and integrate
between limits of 92 and Gl:

Forward Shoe:

sin 9 - f(k + A cos 9)
D+ Asina

dC = p_bR cos (8 - 0) do [A

cos (O, - @) = cos 9 cos 9 + sin § sin 9
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P,bR
d¢ = —m———— [A sin 9O cos Omcos 0+ A sinzg sin Om - fR cos Omcos e
D+ A sina

- fR sin 9psin 6 - fA c0s”0 cos O - fA cos O sin §;sin Q] do

9
C=/dC =__})L“_?.L /Eain@cos@(.b. cos O - fA sin 9p)
D+ A sin a o,

+ (A sin Qp) 9in?@ ~ (TA cos On) cos?9 - (£R cos @) cos @

- (fKk sin Q) sin @ ]de
This may be integrated, treating o, as a constant.

o = Py bR 8in<g

D+ A sina

I:(A cos Oy - fA sin On) + (A sin Qm) 1/2(0 - sin 6 cos Q)

- (tA cos 8) 1/2 (@ + sin & cos 9) - fR cos 8 ) sin @
(]

- (tk sin Q) (- cos 0)] 2
91

Evailuating between 8, and 8, there appears:

P mbR

= — .ji . . 2 2
"D+ Asina |:2(c°S 8y - £ sin 6p)(sin“G, - sin 6,)

+ (A sin O) 1/2(6y - 9, - sin Gycos 9, + sin 9;cos Gl)
- (fA cos 8y) 1/2 (65, - 9, + sin 65cos 8, - sin @;cos Ol)

- (fk cos 9, )(sin 8y - sin Ol) - (tk sin @p) (- cos @, + cos Oli]

Since the aesired quantity is the ratio I—é- of -‘ﬁé— P must be eval-

uated between O, and Ql and then the two quantities simpiified to a

useable reletion.
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o, 9>
P:/dP:pmbI{/cos (Qm-—O)dQ
Gl - gl
9
P = pmbé///]zcos 6 cos 8 + sin @ sin dee
%

9,
P = p bR [}os 8, -3in @ - sin 9 sin © :] -
: : ' 9

p = pmbR [:cos Op(sin g5 = sin Ol) - 8in Om(cos @, - cos Oi}

In a pin-anchored shoe which is functioning in its normal menner

the maximum pressure occurs at 6, = 90°. Then cos O, = 0 and sin 9

1.,0. Using these vulues the ratio of P to C develops as follows:

P Pmbk cos 8; - cos 6o
PO bR A A
¢ PmT___ 3(9,-0)) + Z(sin 20, - sin 20p)
D+ A sina
. A 2 2
—1 | R(cos @7 - cos 8y) + E(Sin 8, - sin 01)
b *(D+ A sin g) (cos 93 - cos 87)
S =

A A . A
(6, - 6)) + Z(sin 206, - sin 20,) - f[:R(cos 8, - cos Q) + z(cos 20,

- co8 2G2]

This relationship must be investigated for indications of self-
locking tendency (gu—ebao )« The numerztor cannot approuch zero tor any
finite length of lining, nor can it exceed R as a maximum value. The
denominator can approach zero if either A is made too smuall, or f is

made too large, or ©; is mede too small. To show the effect of these
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veriebles, typical velues for a brake of this type will be used and the
effect of each one determined.

A pypical two-shoe, hyaraulicaliy-zctuasted brake using pin-anchored
shoes shows the following dimensions: & = 5.5", A = 4.00", D = 4.125",
a = 110.4°, 0, = 42°, 95 = 158°, The simultaneous effect ot f and 0y
can be obtzined by setting the denominator or the %-rutio equal to zero,
and finding the vaiue of f which makes it true for various values of 8;.
This procedure produces the relations

A A, ;
2 (65 - 9)) + Z’(Sln 2 8) - sin 28,)

, J . o
R(cos 8, - cos 0,) + i(cos 20 - cos <9,)

It this is evaluated, using the values ot kK, 4, U, @, &nd 9, (lining
placed at values of 85 in excess of 150° has very little braking effect,
and 8, for a pin-anchored shoe is usually between 150° and 160°) given
in this paragraph, the resuit obtained is shown in Figure 21. The ex-
tensive numerical tabulation necessary for this solution is omitted.
Fipure 21 indicates the value of friction coefficient between
lining and drum necessary to csuse selt'-locking of this brake shoe for
eny given value of 8, betveen zero and rorty five degrees. If the
highest probable valtue of’ f is knovm, the necessary minimum value of Ql
for safety from self-locking tendency can be chosen from this figure.
In practice the vaiue of f usually lies between 0.2 and 0.4, so the
breke cited as an example would be saf'e from selt'-lock with any normal
value of ). Occesionally however, after periods of.disuse in very
humid conditions the surface of the brake drum will become roughened by

rusting and reise the value of f temporarily to very high values, leeding
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to self-locking conditions on initiel breke application. The value of
9 (42°) chosen rfor the example brake shoe would assure freedom from
self-lock for any value of f up to 0.670.

The same enalysis tror several values of A shows the effect of
anchor distance upon the tendency towards selt-locking. Increasing the
value of A relative to F reduces the tendency, while decreasing the value
of A (moving the anchor point towards the drum center) increases the
tendency to the point where seltf-lock would occur even with normal values
of t snd 0j.

The previous snualysis was made tor & torwara shoe oniy, but careful

inspection of the aifferenticl equations for forward s$hoe e&nd keverse

Shoe on page 107 will show thut the tvwio are identical with the excep-
tion o! &n interchunge of plus and minus signs on one teru. ‘the final
% equation for the forward shoe can then be converted into the proper

equution tor the reverse shoe by interchunging plus and minus signs on

all terms containing t'. Thus 1or s Reverse shoe:

(] |2

(D + A sin a) (cos 9, - cos 92)

7 A , A
5(92 - Ol) + Z(sin 20, - sin 202) + i‘[ﬁ(cos 9, - cos 92) + z(cos 201 - cos 26

Because of this interchange of sign the heverse Shoe cannot be self-

locking tor any positive value of A, t, and Gl. The length of lining on
a reverse shoe is then determined only by manufacturing or service

reasons.
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DRAG FORCE RELATIONS - PIN-ANCHORED SHOES

The ratio 22 is the Force Multiplication katio between Cam Force
C

and Urum Drag Force. A high value of this ratio is desirabie, if it

can be obtainea without danger of seif-lock conaitions and without too
greatly reducing the degree of control exercised by the driver over the
magnitude of the braking force produced. “he final choice of A, f, and
Ol will be made to produce the best com romise between high force multi-
plication and good control. .The veiues of A, i, a, Gl and 8, cited on
page 110 represent the choice of one manufacturer, and will be used to
ilLusirate the magnitude of the force muitiplication rztios which may

be produced by pin-anchored brekes.

Figure 22 illustrates the variation of 25 which is obtained tor

both Forward Shoes and Reverse Shoes as the coefficient of friection f

is varied. The results shown are obtained by a numericai evaluation of

the % relations just derived, but the extensive numerical work is

omitted. For any except the lowest values of f the Forward Shoe is

much more eft'ective than the heverse Shoe, and in a brake containing

one forward and one reverse shoe it will do the major portion of the
bruking work, and suffer the mujor portion of lining wear. To improve

t
the effectiveness of the heverse Shoe and to even up the rate of wear of

the lining on the two shoes the revercse shoe is oi'ten provided with a
short iining, concentreted towards its anchor end. Un the bruake cited
as an example the velue of' 8§; for the reverse shoe was 78.8°, ana the

etfectiveness of the short lining was slightly better then that of the
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full lining, &s shown on Figure 22. The length ot this lining and its
position on the shoe relative to the anchor pin must be chosen with
due regard to reverse rotation of the bruke drum, durin;; which the re-
versc shoe becomes & lorward shoe, and might have so high a velue of
i as to be savege in its action. Fijgure 22 shows the reiative £§
verue obtuined by the short-iining shoe when acting as u forward shoe.
The value is not unauiy high.

In prectice a brake consisting ol one torwerd and one reverse pin-
anchiored shoe otten hes the abiiity o! the reverse shoe improved by pro-
viding o« larger hydraulic brake piston to operute the reverse shoe than
to operute the torward shoe. 1In the breke cited as en exumple the re-
verse shoe pliston had an sres 1.21 times &s great as the torward shoe
piston, iamproving the brekingz ability o:r the reverse shoe,

The two-shoe brake cun be muade more ettfective in one direction of
trevel by meking both shoes torwaru shoes. This method is usea tor
Iront-wheel brukes on many passenper cars, with the reecr-wheel brukes
being & trorwera-reverse shoe combination. The two-forwerd-shoe breke
tlso is a "bulanced" brike, since the redicl torces produced by one shoe
are substuntially buelanced by those of the other shoe, leaving no un-
baiunced radivl losa which must be borne by the wheeli beurings, as is
tl.e cese in the r'orward and reverse shoe bruke.

I:i the Force Multiplication hztio of t'if'ty produced by the Breke
wigping is now combined with the force ilultiplication pFatio produced by
the Bruke Shoes, the total ability of this type of bruke can be eval-
uated for compuarison with other brake tyrces. For this comparison e

velue of £ = 0.35 is used ror all brekes, snd the toteil braking eftort
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at the drum suriace prouuced by a net pedai iorce of one hundred pounds

is determined. [our wheel brakes are assumed, with sixty percent of

e

the total braking force develoved ot the {ront wheeis.

Two difterent breking combinutions using pin-anchored shoes are
eveluzted. Combination A uses two torward shoes in each rront wheel
bruke and one forwerd und onc reverse shoe in each rear wheel brazke.
Combination B uses one forward and one reverse snoe in eech ol the tour
brukes. 1In ell cuses the reverse shoe hes u short 1ining, snd its
actuating piston has an areu that is 1.2l times ac lurge uas the ares
oi' the piston actusting the forviara shoe. ‘The two combinutions are
snulyzed in the same vuay, with the method of unalysis shown for

combination 4, and the results only given for combination B.

Combination A

Totul Cuam lorce four tront wheel f{orward-shoe cums
+ two rear vheel forward-shoe cams
+ two reer wheel reverse-shoe cams

Total Cam lForce = /Cpy + 20p, + 2(]..21)CRA

Total Cam Force = 100# Net Pedal Force x 50 (Brake-Rigging Force
Multipiication Fatio) = 5000/

ACFA + A.AZCRA = 5000

f

-% for Forward Shoe &t £ = 0.35 = 1.66
fp , - —

< for Reverse Shoe at £ = 0.35 = 0.62

i

Total Brake Force = 4C;,(1.66) + 2Cp,s(1.66) + 2.42C,, (0.62)

= 04640y + 4o820py
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To obtain sixty percent of the totul brske rorce on the front wheels

the following relution must be true:

This provides two equations in Crn and CRA' Their solution produces the
following values for Cy, and Cra’
€.07Cpp = 50004
Cpp = 6204 Cra = 5714

Total Breking Eiffort = l.l2OFr0nt + 2750Rear = 6879#“ombination A

A similar solution for Combination B produces the tollowing:
Totul Breking wiiort = 3000 + 2000 = 5000¢
arang o 2 Front kear 2""‘j'Comb:'mu‘c,iun B

This analysis shows the adventuge gained by the use of the two-
{forward-shoe bruke for forward travel. This bruke suft'ers some disad-
vantape tor reverse travel, but reverse-travei bruking occurs so seldom
it does not require much consideration.

There ure also availabie automatic breke-shoe-clearance adjusters
for pin-anchored shoe brakes. 1! these are used, no wear sllowance need
be made in designiny the brake rigging, and & larger torce multiplication
ratio may be built into the rigging tor the same pedal travel, or a

shorter pedal travel obtained with the sume force multipiication ratio.
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BRAKE SHUES VITH ARTICULATED-LINK ANCHOLS

It the method of anchoring the breke shoe to the bruke backing
plate is changed from a rigid pin anchor by placing between the shoe
and the anchor pin a short rigid link free to swing about both the
anchor pin and a pin in the shoe web, the action of the brake shoe is
changed materially (16). 1. a single shoe retructing spring at the toe
end of' the shoe is to be able to withdraw the entire shoe from contact
with the drum there must be & minimum amount ot’ frictional resistunce
to relative shoe-link motion at their pin joint. This resistence must
not be so great thet it prevents some adjustment of the shoe-link angle
af'ter the shoe contactis tne drum.

‘The bruke lining at the heel ot a rigid pin-unchored shoe is not
very ef{tective, since the anchoring conditions prevent it trom swinging
over to make heavy contact with the drum. The use of a swinging pin-
jointed link between the shoe and anchor pin changes this conaition,
since that component oi' the friction rorce between shoe and drum which
is perpendiculiar to the link axis will cause the heel end of the shoe
to swing over against the shoe until sut'f'icient redisl force is genera-
ted at the heel to balance this swinying tendency. This makes more ef-
fective use or the lining at the heel and mckes the shoe partislly self-
centering in the drumn.

The theoreticul znalysis of this link-enchored brake is simiiar to
that of the pin-anchored shoe, but is compiicated by the tact that the

point of maximum pressure between shoe ana drum is no longer constrained
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by anchor forces to remain at O, = 90°, but can shirt back and forth
along the shoe until an equilibrium is established among cum force,
link force, radial force, and drag force. The angle to the point of
maximum pressure is now a varieble, a function of all o1 the physical
dimensions of the shoe, and especially of the friction coefficient be-
tween shoe lining and drum. 1I;° this angle is deternined as & function
of £, for any given combination of shoe dimensions, then the lorce
multiplication ratio produced between cam force and drum drag force can
be determined.

The theoretical analysis is basea on the physical relations shown
in Figure 23. Since the shoe is tree to swing about the anchor pin at
a radius equul to the link length, & summation o! 1orces acting on the
shoe, perpendicular to the link axis, must be equel to zero. The re-
lation thus obtained, plus another obtzined by teking a summation of
moments about the anchor pin, produce u pair of eqguations containing
all of the dimensionul tactors in the brake shoe assembly, anu can be
solved to obtuin the desired E% ratio.

Referring to Figure 23, and based on the Forward Shoe, the follow-

ing relations are true:

Summation of Forces perpendicular to link axis:
O0=¢Csin (@ - B8) - dP « 8in (@ - B) + fdP cos (0 - B)
Summation of Moments about the anchor pin (clockwise positive):
O=C(b+Asina) - d°P « Asin® + f .dP « (R + A cos 09)
As in the previous analysis the relastion for the differential dP is:

dP = p bR cos (6, - 8) dO
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X

BRAKE SHOES WITH AN ARTICULATED-LINK ANCHOR

Angle from Anchor Diameter to Point on Brake Shoe
Angle to Toe of Brake Shoe Lining

Angle to Heel of Brake Shoe Lining

Radius of Brake Shoe Lining Surface and of Brake Drum Surface
Anchor Distance

Cam Force Distance

Cam Force

Angle from Anchor Diameter to Cam Force

Angle from Anchor Diameter to Link Center Line

= Incremental Radial Force at o

Coefficient of Friction - Lining to Drum Surface
= Incremental Drag Force on Drum Surface

Link Force (Anchor Force)

Figure 23
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If this relation is substituted tor dP in the moment equation,
and the indicated integration is performed the following results are
obtuined:
92
-/1? « A 8in 9 = -pmbmf:os (6 - ©) sin @ « d6
]
1
92
= -p,bRA (cos O, cos 8 + sin @;sin 9) sin @ - d8
9

= _pmbR [% cos O (cos 26, - cos 205) + -% sin O, (sin <0y - sin 292)

A
+ > sin @ (02 - Gl)]
92
tdP « (K + A cos 9) = fpybk J (cos Bjcos 6 + sin dpsin B) (i + A cos 0)do

9

= fp,bR I:% sin 6p(cos 28, - cos 292) + % cos Oy (sin 29]_ - sin 292)

+ % cos O(05 - ;) + K cos & (sin 6y - sin 6)) - k sin O

(cos 8, - cos Ql]

11 these elements ot the moment equution ere now combined into the full
reletion, and this relution is solved for the cam force C, the follow-

ing equation is obtained:

pmbt( .
C = = Moment Bracket| , in which the Moment

D+ Asina

Brucket represents the foltowing group of terms:
IA sin o, (cos 20, - cos 20,) + F& cos 0 (sin 20, - sin 20.)

fa
- 75 cos Op(6,; - ©3) - tR cos By(sin 65 - sin 8;) + ff sin @
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A A
(cos 85 ~ cos Ql) + Z’cos 8 (cos 28, - cos 26,) + z sin o,

1

. A
(sin 26) - sin 20,) + 5 sin 6,(0, - Qiﬂ = loment Bracket

The perpendiculur component ecguation is now treated in the same

vay. o o
C sin (a - B) = ppbR [sin (8 - B) cos (9, - ©)do - fpmbT)/;os (0 - B)
61 9
cos (Om - 9)do
02 02

sin (@ - B) cos (9, - 8)d0 =f (sin O cos B ~ cos © 8in B)(cos Q,cos O
m m

1 9,79,

2
+ sin O sin Q)uo i}/,(cos Opcos B cos O sin © + sin Q cos B sin?0
91

- cos 9ysin B cos29 - sin @ sin B cos 6 sin 9)de
= Ecos O cos B - sin G sin B) i(cos 20) - cos 208p) + (sin @ cos B

g
+ cos 9,sin =(sin 208, - sin 20,) + (sin ©_cos B - cos O,5in B)
m 4 1 2 m m

1 _ .
5(92 - le] = Kedisl Bracket

This bracket wili be used in subsequent reletions as the "Radiel Bracket'".
92
cos (@ - B) cos (0 - Q) dO treasted in the same way produces the follow-
1
ing:

1 .
= [zsin Qjcos B + cos @psin B) Z(cos 20, - cos 20,) - (cos 9 cos B -

sin Opsin B8) %(sin 28, - sin 202) + (cos Q@ cos B + sin o,s8in B)

1 .
5(92 - Olé] = Tangential Brucket
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This bracket will be used in subsequent relations &s the "Tangential
Bracket". The perpendicular component equation then produces the tol-
lowing relation ior cam force C:

pmbR

C=__2
sin (a - B)

[ﬁadinl Bracket - t Tangential Bracke{l

These two relations for C were developed from the same free body
diagrum and must equal one &nother. Equating them and solving for f
provides & means of determining the mutual relationship between { and
Op, which must be known betfore the £§ relation can be determined.
Equating these two relations ror C produces the tollowing equation:

sin (a - B) [}Aoment Bruckeg] = (b + A sin a)

l:hudiul Bracket - t Tangentisal BruckeE]
This equution conteins all o! the dimensional quantities involved in
the analysis, und 1urther evaluastion can be greatly simpliiied by

adopting representutive vatues for the dimensions. 7To illustrate the

efTect of toe angle ) and link angle_ﬁ,on the location of the maximum

pressure point this equation is 1rirst evaluated tfor the following aim-
ensions: R = 5.0", D = 4.0", A = 4.0", a = Q0°, 9, = 30° or 10°,
8, = 150°, B = 45° or 60° or 70°. This evaluation produces the f'ollow-

ing equations:
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Ol - 30°

o, = 150° £ = 2.95 sin Oy ~ 4.23 cos Oy
5.89 sin Op + 1.23 cos Oy

B = 60°

Ol = 10°
2. - 7.

8, = 150° ¢ = 989 sin 6y - 7.11 cos O
5.312 sin Oy + 3.015 cos O,

p = 6o°

0l = 30°
4.03 sin 6, ~ 3.320 cos O

0, = 150° = = o
2.09 sin Oy + 1.564 cos Oy

p = 45° (To be used only when O is over 60°)

Gl= 30°

_ 1500 c - 2.03 sin @ ~ 4.60 cos @
02 =15 - 8.14 sin 9y + 8.42 cos O
B = 170°

‘he numericul solution of these equations is omitted, and the re-
sults ol the solution shown on ligure 24 as a graph of 6y vs f.
IFigure 24 shows pictorially how the center of pressure on the shoe
shitts as the coetfticient of friction changes. For a normal forward
shoe the center of pressure stays near to the center of the shoe over
the whole useable range of I, but for the forward shoe with B = 45° and
for the reverse shoe, the center of pressure moves so far toward the
toe of the shoe that the heel of the shoe has no actual radial force
acting upon it. Since no negative torce between shoe and drum can be
developed, and since our integration process for radial force assumes
that the pressure between shoe and drum follows a definite cosine law,

the limits of integration must here be reduced to cover only that portion
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of the shoe carrying actual load. The differential equations must then
be integrated between limits of (o + 90°) and Ql. Actually this does
not change the resulting equetions at aill, but merely replaces 92 with
Oy + 90. This complicates the evaluation of the integrals tor the de-~
ternination of £ and £g since eech one must be treated as a special case.

For most effective utilization of the lining the center of pressure
should occur at the center of the iining length. Fox lining angles
symmetrical with the anchor aiameter this would plece the desired center
of pressure position at 90°, which can be obteined in the normal range
of f by choosing & link ezngle B siightly greester than 60°.

The use of an unusually long toe on the shoe (Gl = 10°) has
Little effect on the center of pressure location, but does slightly
increuse the tendency of the brake toward self-lock, as shown by the
ve.ues of [ tor self-lock for the normel shoe (f = 0.74) and the long
toe shoe (I = 0.64). This agrees with the action of the pin-anchored
shoe.

The effect of the iink angle B on the center of pressure location
is shown in the comparison ot the three lines for B 45°, 60°, and 70°.
High velues of B louad the heel of the shoe excessively, low values of B
Load the toe o1 the shoe excessively. Aliso, iow vaiuves of f§ make the
shoe more sensitive to self-lock. The actual vaiue of B chosen for a
shoe of this tyve should keep the center of pressure locétion near to
the center ot the lining to make the best use of the lining.

For comparison purposes the @, versus { curve tor & reverse shoe
of similar dimensions is shown. The center of pressure is either at or

beyond the toe for any uppreciable vaiue of f, compietely unioading the
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heel end of the shoe and preventing it from doing any work. This causes
very ineffective use o1 the reverse shoe, end is a aistinct disadvan-
tage of this type of brake shoe anchor.

The effect of the Anchor Distance to Lrum Kadius ratio on the self-
locking tendency of the brake is not specifically shown, but its efiect
would be the same as for the pin-anchored shoes. As the anchor distance
is reduced the link angie must become grecter, and the moment action of
the friction component greater, until soon the brake would be self-
locking in the normul range of f.

With the mutual relation for { and 9 definitely estubiished the

fp

desired ratio < can now be obtained. Ii the equation tor dP is ex-

panded and integrated from Ql to 02 tne result is:
p = pmbk [cos Onisin 9y - sin Gl) - 8in Om(cos 02 - cos Glﬂ

This can be combined with either of the two relations for C previously

1
determined to produce —%u For example:

gg =1 (b + A sin @) |cos @ (sin 8, - sin 6y) - sin Om(cos 8, - cos Glz]

-

Eﬂoment Bra ckegl
This equation can now be evaluated for a particular brake shoe, using

for t and 9y the compatible values obteined from the previous equation

of £ end Om. The results of an evuiuvation of the £§ relation for the

four ftorward brake shoes of tigure 24 are shown on bkigure 25. These re-

suits are comparabie with those obtained for the pin-anchored shoe, and

fp

are presented here as a group to show the etfect of f on the ratio =’
and of B end Ol on the self-locking tendency ot the shoe. Lowering the

vaiue of Ol by putting & long toe on the shoe noticeably lowers the

value of 1 at which the 1P ratio increases to very high values. Low

C
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values of B have the same effect. Any of these four shoes are suffic-
iently far from selif-lock conditions to give uadequate response control
in the low runge oi’ £, but the lon;g-toe shoe end the one with B = A45°
would be unpredictable in their sction i:i snything (such uas heut, vamp-
ness, drum roughness) caused the veiue o! 1 to a&pproach the value of
0.5. MNore reliable and predictaeble operation would be obtazined from
the normal shoes with B = 60° to 70°, with ebnormel conditions leading
to self-lock much less apt to occur.

For the purposes of comparison with a pin-anchored shoe bruke, the
braking abiiity ot a Llink-anchored shoe brake or compurable dimensions
is analyzed and presented on Fijure 26 and in the acconpanying discus-

sion. The dimensions of a breke or this type in actusi use ure as

Yorlovis:e

k= 5.5" a = 90° 9, = 32.5¢ Forward end
heverse Shoes

A = 4320 B = 62° 9y = L44.5° are ldentical

U = 4T

The relstion tor f and Om for this brake is:

¢ = 264 sin 9y - 3.82 cos 9 Forwerd Shoe

6.57 sin O + 0.22 cos 9

FFor & value of f = 0.35 this produces a value of Qm = 859, cuite close
to the middle of the lining. This should assure even lining wear.

A similar equation tor the reverse shoe cunnot be presented. The
center of pressure is at or beyond the toe of the iining, and the com-
plete equation:
sin (a - ) | Moment Bracke%] = (L + A sin a) | #edial Bracket +

' . Tangentiat Brackeﬁ]'
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must be eveluasted for successive vaiues of 9, to determine the f versus
O, relation (shown on Figure 24). A value of f = 0.35 for the reverse
shoe corresponds to 9, = 27.5°, which is five aegrees off the end of
the lining. Fortunutely the reverse shoe is not worked as hard as the
forward shoe, so this unsymmetrical loading should not lead to wear
trovbles of the reverse shoe before similar difficulty is imminent on
the forward shoe.

The £g'rutios 1or these shoes have the tollowing form:
Forward Shoe:

B49f (.0434 cos O + 1.6575 sin Op)
6.23 sin 9y + 0.105 cos Gy - £(9.23 sin Oy + 2.469 cos 9

P
C

keverse shoe:

e 8.49f { cos e [sin (9, + 90) - sin 9_1] - sin 9, |cos (Om + 90) - cos O;B

-

E{.oment Bracket, with f replaced by (-fﬂ

Figure 26 presents in graphic form the results of these two relations.
For a value of £ = 0.35, taken as the norma. vaiue, the forwerd shoe
does over three times as much breking work as the“reverse shoe. The
values shown tor these link-anchored shoes are substantially the same as
those for the pin-anchored shoes. The forward shoe would become self-
locking st a value ot f = 0,71, a reiativery high velue.

As normally used these brokes have a forward-reverse shoe combina-
tion in each wheel, with the same size piston actuating each shoe. With
f = 0.35, the velue of £§ for the forwerd shoe is 1.6%, for the reverse
shoe 0.48. Using these values, &nd combining then with & 50 to L force

multiplication ratio in the brake rigging and a 60% front to 40, rear
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brake force distribution, the following drag force could be produced at
the drums of a four-wheeled vericle by a net pedali force of 100 pounds:
100 x 50 = 5000 pounds Totel Cum Force
Total Drag rorce = 2 x l.68 x C

- + 2 x 0.48 x G

+ 2 x 1.68 x Cy

+ 2 x 0.45 x Cy
Since the front and rear brakes are identicel in their £§ relqtions the
required brake torce distritution value can be obtuined simply by using
dift'erent piston sivzes et the two places. os5ixty percent of the total
cam force will act on the four pistons in the i1ront brekes, or 750 pounds
per piston. The other forty percent will uct on the resr pistons, or
500 pounds per piston.

Total vrayg Force

at Drums (1500 x L.64d) + (L1500 x 0.45) + (1000 x 1.63) +

(1000 x 0.218)

2520 + 720 + 1680 + 480

5400 pounds
This is equivalent to an overall force mulitiplication ratio between
pedal and drums of 54, which is low even for a iight car.

The link-anchored shoe does not offer any advantage over the pin-
anchored brecke trom the standpoint of torce multiplication ratio, but
has one advantage which appeers af'ter hard continuous breke epplication.
wuring continuous breking, such as occurs in lowering a heavy vehicle
down a very .iong steep grade, the heat generatea at the outer lining
surfece is transmitted in sipgnificant amounts to the tlange of the breke

shoe. This expands the flange with respect to the web of the shoe and
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the shoe "curls" inward or assumes & smaller radius. 1In the pin-
anchored brake this pulls the toe of the shoe away from the drum and
moves the center of pressure down towards the anchor or heel end of
the shoe. Continued braking under these conditions wears away the lin-
ing ut the center ana heel o! tae shoe, without corresponding wear of
the iining Qt the toe. Arter the braking period is over the shoe cools
to normul temperature and resumes its correct radius. At the next ap-
plication the lining at the toe end of the shoe contacts the drum, but
becuuse of the udditionzl weur which the center and heel lining has had,
it contects the drum either lightly or not at all. Vith little or no
radial force at the center and heel o1 the shoe to resist the moment
created by the frictional force at tne toe of shoe, the toe friction
swings the shoe forcibly aguainst the drum and the brake hecomes either
self-locking or very suvage in its uction. This condition continues
until the toe lining has worn back sufficiently to allow the center and
heel lining to contzct the drum firmly enough to produce the radisl
force necessury to counteract the moment caused by the frictionul force
at the toe.

The link-cnchored brake is subject to shoe curl in the same way as
the pin-onchored brake, but because of the tbiiity of the shoe to pivot
on the link, the heel o! the col¢ shoe is allowed to swing down and
make contact with the drum, generating sufficient radial force to avoid
more than a slight displscement ot' the center of pressure and maintain-
ing practically normal brake operation. This is a definite advantuge

ot the link-anchored shoe over the pin-anchored shoe.




134.

BAKS SHOES WITH SLIDING-BLOCK ANCHORS

In severat types of shoe brakes the snchor forces ure ttiken by a
siiding block, which wiil perait shoe noveunent peru.ler to its face but
not perpendicuiar to its izce. Theoreticslily anu ectu.ily this is only
a variztion in physical form oif the urticuisted-link type of anchor,
and although the physicul apveurance o: the brake is much dilterent,
the tneoreticei analysis is sccomplished in the some way.

A typical bruke using this methoua ot @nchoeiring the shoes is shown
in Ii,ure 27. The two haulves ot the brake sre2 identical in dimensions
and in action. A double-ended hyaraulie cylinuer at each end ol the
breke is used to provide both cum force unu snchoring torce. For the
normii direction ol drum rotation tne drag iorce on u shoe forces @
sLigntly crowned face at the heel end of the web sgeinst & riet hsrdened
button in the cap o1 the hyaraulic cyiinder. Tais cap bottoms against
thie ¢ylinuer to provide unchorin:z orce. Tne cyiinder cap st the op-
posite end o1 the shoe moves outwurd to proviue the cam torce necessary
to uctuute the shoe. Wwhen the direction o: drum rotetion is reversed,
the two cylinder caps merely interchange functions. Both shoes are
thus forwurd shoes tor euach direction of rotation, and if Ol were mede
equal to 1¥d - O, their action would be identical 1or botn forward and
backward rotation. In installations in which one direction of motion
is predominant, Ol is usually mede somewhat greater than 180 - 35 to
keep the center ot pressure nearer to the center of the lining and thus

promote more unirorm lining wear around the shoe.
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In practice this type of brake usuzlly has both a ana 3 equal
to 90°, aithough there are examples of other angles in use. A value
of B less than 90° increases the effectiveness of the brake, moves the
center of pressure nearer to the 90° position, and increases the sens-
itivity o1 the shoe to self-lock conaitions for high lining to drum
friction coetticients. A value or B more than Y0° wourd increase the
orce multipiication ratio, or brake efiectiveness (actuully reduces
tae eftective value of A, Leading progressively toward self-lock con-
ditions), but wouiua force the center of pressure so tur towards the
heel thut the toe ol the shoe would be ineftective and the lining wear
would be ull at the heel.

The use ot & link angle of 90° aliows the shoe to shii't back and
torth until &n equitibrium is establisheu umony cum lorce, anchor rorce,
radiel rorce; and drag force. The value ot O to the center of pressure
will vary with all of the dimensional tactors of the shoe, and especially
with v To determine the megnitude of 9y as arfected by I, and the mag-
nitude ot! the rorce Multiplication latio ﬁ% as affected by {, the follow-
ing procedure can be used.

From Fipure 27 the tollowing equations relating the forces acting
on the bruke shoe cun be written:

Summation of Forces Perpendicular to Link Axis (Vertical Forces)

0 =J/5P e COS @ t//}dP « sin 9

Summation of lMoments about Intersection of Link Axis and Anchor

C(b + 4) ://;P + A sin 8 t//; «dP « (R+Acos9) =0

Lismeter
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BRAKE SHOES WITi A SLIDING BLOCK ANCHOR

Angle from Anchor Diameter to Point on Brake Shoe

= Angle to Toe of Brake Shoe Lining

= Angle to Heel of Brake Shoe Lining

Radius of Brake Shoe Lining Surface and of Breke Drum Surface
Anchor Distance

Cam Force Distance

Can Force

Angle from Anchor Diameter to Cam Force

Angle from Anchor Dianeter to a llormul at Center of Sliding Block
Link Force (Anchor Force)

Coefficient of Friction, Lining to Drum

= Incremental Radial Force at @

dP = Incremental Drag Force at 8

N

T { T T T I | B O TR 1

":)%’ﬁ!"'mﬂ QU>20 C O

Figure 27
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I1 the distribution ot radial rorces is_assumed to be the same as

before, or:

fdl’ =p bl'fcos (6 - do

the moment and torce equations can be evalusted to produce the desired
results.

For the summation of perpendicular torces:
52

ﬁi? cos © = p bit f (cos QmCO529 + sin 9 sin O cos 9) dO

9

=p bn[; cos O (O Ol) + i- cos Bp(sin 202 - sin 291)
+$'9(‘-29 s 20,)
. sin 8p(cos 20 - cos 20,
)
/ +dP « sin v = fpmbli/(cos Opsin 9 cos + sin Qmsinzg) de

1
= fp_bi B‘—sin 0,8, + 81) - T sin Gy(sin 20, - sin 20)) +

1 s
Z cos 9 (cos 26, - cos ZOzﬂ

The uddition of these two equations produces the summation of perpen-

dicular torces, which is equui to zero.

0= bl{ [—cos 9 (cos 29 - oS 292) - fsing (sin 20, - sin 291)
4

sin (8, - ;) + -i-sin Op(cos 20,

1
- co3 2@2) + -Zcos Qm(sin 20, - sin 26

N

1
+ 5 cos Om(Qz - Olﬂ
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Since the quantity pmbR cannot be equal to zero, the quantity in the
bracket must equal zero. This provides tne necessary reletion for
determining the mutual reistion between { and Ope It this is solved
for ¢ the following equetion resuibs:
f =

sin O, (cos 207 - cos 285) + cos G (sin 20, - sin 20;) + 2 cos O (0, - 84)

- cos O _(cos 20, - cos 202) + sin 9 (sin 20, - sin 25;) + 2 sin Qm(02 -0

1)

This is exuctly the same as the equation which would have been obtained
by substituting a value of 90° for both a und 5 in the equution relat-
ing £ und O for link-anchored brake shoes (see pege 123).

The summution o!f moments equation is exactiy the seme us the moment
equation tfor the iink-anchored bruke (page 119) and would be developed
in exsctly the same munner. Integration or the moment equation produces

the following results:
- pmbk
D+ A

C

[Moment Bracket as on page 12].]

Ir the relation tor dP as a tunction of 90 is integrated between Ql

and &o the rollowing result is obtuined:

' = ppbk [cos opl{sin ¥, - sin 6,) - sin 9 (cos 6, - cos Ql)]

These equations can now be combined to produce the lForce Multiplication

Ratio, or i% for this type of brake.

fg _ (u+4) - ¢ [: cos Op(sin 8, - sin 63) - sin 9p(cos 9, - cos Qlﬂ

Al

[Moment Bracke#]

Ir the relationship between f and @, is known, the corresponding value

of £% can be obtained.
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To illustrate the capabiiities of a brake of this type, and to
compare its ebiliities with other brake types of compuarable size, the
results of 4 numerical evaluetion of the f and 25 reletions are given
on Figure 26. The brake analyzed has tne following dimensions:

R = 5.5", A = L.26", D = 4.26, 8) = 30.5°%, &, = 156°, a = 90°, § = 90°.

The curve for O, on Fijure 28 shows that this type of shoe is
loaded more heavily ut the heel ot the shoe thun st the toe. In fact
for friction coetiicient over 0.4 the center of pressure moves so {ur
toward the heel that the toe of the shoe is completely unloaded. This
would leud to more rapid lininyg wear at the heel than at the toe.

The ef'fectiveness of 2% value for this type of brake shoe is
slightly lower than that of a pin-anchored or inclined-link-anchored
shoe, but its stubility, or resistunce to self-iock conditions is ex-
cellent. The fact thut both shoes act as forward shoes for both direc-~
tions of rotation should give it‘u high average force multiplication
ratio.

The comparative braking ettect produced by 100 pounds Net Pedal
Force on a car equipped with rour ot these brakes would be determined
in the following manner. Since the tront and rear brekes would be
identicul, the frront to reur brake torce distribution would be deter-
nined by relutive hydreulic piston diumeters. “The Force Muitiplication
Ratio in the Breke Rigging would be the sume for these bruakes as for the
pin- or lock-anchored brakes.

Total Cam Force = 50 x 100 pounds Net Peuai Force

9'6—2‘5’@ = 750 pounds

Cam YForce per Front Brake Piston =
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Cam Force per Rear Brake Piston = 2:4 X 5000 - 500 pounds
A

At £ = 0.35 the 5% per shoe equals 1.50

(2 % 750 x 1.50)° + (2 x 500 x 1.50)°

Il

Totel Drag Force

= 4500 pounds front + 3000 pounds rear

7500 vounds Total bLrag torce

This braking system produces & totel Force Multiptiication Katio
between Pedal and brum of 75 to 1, which is a fair velue. 1n addition
to this fair eftectiveness value, this breke would be stable aguainst
variations in Llining coefticient and aguinst locslized wear due to
shoe "curl", and wouid cause & minimum of wheeli beuring louding when

appltied.




DUAL-PRIMAKRY SHOE BRAKE

The dual-primary shoe brake is really a variation of the link-
anchored shoe brake, but its physical appearance and its method of
shoe actuation are sufficiently different to warrant a separate
analysis (17).

Figure 29 shows the physical arrangement of the brake. Two lined,
T section brake shoes which are mirror images of each other are held
by the force of a retuining spring on a double section cam lever. Two
unchor pins fustened to the backinyg plate extend through both halves of
each cam lever. 7The lower pin carries &n eccentric on which the cam
lever pivots. The upper pin cxtends through a slot in both halves of
the cam lever. The slot is sufficiently elongated to allow the cam
forces C to swing the cam levers about the lower anchor pin eccentric
without contacting the upper pin. The web of each shoe has a partial
circie milied into the center of its inner edge. A siiaing block, flat
on one edge and nearly semi-circular on the other, bears uguinst the
milled section of the shoe web on one side, and on the other side
against a tiat plate which joins the two haives of the cam lever.
This construction allows the shoe to slide endwise with respect to the
cam lever, and to rotate with respect to the cem lever. Botnh actions
are siightly restrained by the triction created by the retainer spring
force, but not unduly so, and both actions are very necessary if the
shoe surtace contour is to be able to adapt itself to the drum surface

contour. Thne ends o the shoe web carry anchor plates which butt
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DUAL~PRIMARY SHOE BRAKE WITH SLIDING BLOCK ANCHORS

© = Angle from Anchor Diameter to Point on Brake Shoe

91 = Angle to Toe of Braie Shoe Lining

92 = Angle to lleel of Brake Shoe Lining

Radius of Brake Shoe Lining Surface and Drum Surface

Anchor Distance F = Forwerd R = Reverse

Cam Force Distunce (Zero in this Brake)

Cam Force Produced by Brake Rigging

! = Shoe Actuating Force = CY ¢ 2

Angle from Anchor Diameter to Shoe Actuating Force

Angle from Anchor Diameter to Anchor Plate Normal through Anchor
Link Force (Anchor Force) Pin Center
Incremental Radial Force on Shoe

= Incremental Drag Force on Shoe

I T

HAttTR OO0 >

&

Figure 29
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against one or the other of the anchor biocks attuched to each anchor
pin.

The result of this unique construction is a link-anchored shoe
which is &« forwurd shoe for both directions of rotation, and which is
uctucted by an eugnented cem torce at its center. Chenging direction
of rotution siides the shoe from contect with one anchor block to con-
tact with the other anchor block. Pivoting ot the anchor blocks allows
the shoe to assume the un:;le necessury for compiete contect with the
arum, ana relative siiding ol the anchor block end unchor plate simu-
lates the action of & link, sllowing the heel o!f the shoe to contact the
drum with whatever lorce is necessery to bring about the required equi-
Librium amonyg cum force, link torce, radia. torce, and drag force.

Once the shoe hus been applied to the drum, its action is exactly that
of u Link-anchored shoe, but unlike the orainary link-aznchored shoe it
has no grossly ineffective reverse shoe action.

The anchor distance of this shoe is the distsnce trom the shoe sur-
face center to the point of intersection of the anchor diameter and a
normal to the shoe anchor piate surtuce which passes through the pin
center about which the anchor biock pivots. The Location ol the anchor
diameter is not rigid.y tixed, but for the sake ot convenience it should
be taken perpendicular to the shoe actuating rorce to meke the angle a
equel to 90°.

‘'ne cam orce aistance for this bruke is then zero for either direc-
tion of rotetion, & ract which meices the brake more sensitive to Anchor
Distance (Anchor Piate Angle in this breke) sna which keeps the center

of pressure near the midaie of the shoe tor either direction of rotation.
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The method of analysis of this brake follows that of the link-
anchored bruke exactly, producing the tollowing significant equation:
sin (a - B) | loment Bracke%] =
A sin B [ﬁadial Bracket - f Tungentisal Brackeg

P
!

Af sin EI:cos 9n(sin @5 ~ sin 63) - sin 3;(cos @, - cos Qiﬂ

(o0

‘:Moment Brackea
In these equations C' represents the augmented cam force applied at the
center of the shoe, anu eguals the actuzl cam torce C times the quotient
of distonce Y divided by distance Z. The Moment Bracket is that group
of terms shown on page 121 and the Radial Bracket and Tangential Bracket
each represent other groups of terms shown on page 122.

For a comparison of the effectiveness of this brake with that of
other types, the resuits of & numericali evaluation of these equations

for un actuul brake are given graphically on Figure 30. The brake

analyzed had the following dimensions: k = 5.5, Ol = 34°, 92 = 142°,
a =90° D = 0, and tor "Forward" shoe operation A = 5.08", B = 47°,
while for "Feverse" shoe operation A = 4.47", B = 55°.

The different anchor aistances and link angies produced two dif-
ferent sets of equutions.

"Forward" Shoe Action

- "201.1.5 COS g

f = m
sin O,
P 8.0L f 8in o
"C T = 8.67 f sin 8y - 2.145 T cos Oy + 7.075 sin 6y

Actually there is no reverse shoe action &s occurs in the pin-

anchored and conventionally link-anchored shoes because of the double
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— DUAL PRIMARY BRAKE SHOES |
EFFECT
oF l
LINING COEFFICIENT OF FRICTION |
ON
FORCE MULTIPLICATION RATIO |
r CAM TO DRUM
AND ON
LOCATION OF CENTER OF PRESSURE

e o] o = g — T __-f{-e;a-r; Acting [Stoe

90

80 Va(l)\;es 'N)iward Acting Shoe /
75 —~—/

R = 5.,5" D=0 .C'" = 2,p25C /
B = 38° 0y = 142°
kForward Shoe Reverse Shoe /

A = 5,08n ,-=-:_: gsé']n /
Values p = 47° é Reverse /
of . Acting Y, nj
{P Shoe Forward™ Acting

C // Shoe

— Hot Lining —»
L~ Range

e~Normel Ra.nge of £

—

/ Values of f

0.1 0.2 0.3 0.4 0.5 0.6
Figure 30
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anchor provided. The uitference botween the zction in the two cirec-
tions occurs hecsuse oi the siight difference in effective Link angle

vinich is built into the shoe unchor piates.

o)

Fisure 20 shovwis the combined eftect o anchor distance and link
ungie on bruke eliectiveness. The increcusea iink ungie oi the reverse
acting shoe would normzily reauce the sensitivity of the shoe to
chunges in ' However with this construction an incresse in link
ahgle causes a decreusase in wnchor aistance, which increases sensitiv-
ity to 1« 1In this cuse the anchor distance etff'ect wes stronger, and
the reverse wcting sioe i slipghtly more sensitive tou t then the for-
wura scting shoe.

Both shoes are relutively stable within the range oif 1 to be ex-
vected, even with a hot lining suriace. The l'orce 'Muitiplication tatio
18 ¢ood tor both shoes, snu since both cet u3 forwaru sroes the average
ef'rectiveness oi' the compiete broke wiitl be as jood us thut ol any
tyipe so lur considerea. The treedon o the shoe to move when neces-
sury to adanot itself to tne arum mukes it free from uwiriicuity caused

¥ Snoe M"curi",.

Tlie bruking eftort which cuan be produced oy tour of these brekes,
actuated by & L00 pound Net Peudal Force is uppreciabie. Since tront
unu resar bruxkes ure identical, the necessary brake force distribution
will be atteineu by varying the cem piston size. The action o:i" the
brake in taking up clezrunce trom the releused position is iuentical
with that ol the pin-anchored or iink-cnchored brikes, so the Force
Multipsicution katio in the brake rigging wiil be tre seme. This pives

us a Csm rorce at front breke pistons of 750 pounds each, &t rear
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brake pistons ot 500 pounds each. FYor a friction coefficient of

f = 0.35, the torward acting shoe hes en 2% value of 1.33, eand the

reverse acting shoe has &n £P vaive of 1.92,

C
(2 z 750 x 1.83) + (2 x 750 x 1.92) + (2 x 500 x 1.83)

1]

fotal DUrag torce
+ (2 x 500 x 1.92)

(2745 + 2800) + (1830 + 1920)

5625 pounds Front + 3750 pounds Kear

9375 pounds Total brag Force
This is an overall Force Mulitiplication Katio between pedali and drum of

93.75, which is quite good.
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DUO-SERVO SHUE BRAKES

The very popular puo-Servo typne of shoe brake is a combination
ol one link-unchored shoe with one pin-anchoreu shoe, with the link
force or anchor force of the link-anchored shoe acting as the cam
force tor the pin-anchored shoe. fThe link-unchored shoe is culled
the primary shoe, the pin-anchored shoe is cuallea the secondary shoe.‘

Figure 31 shows the elements of the Luo-Servo bruke us it ié
usually constructed. Two brake shoes in their released position are
held tightly against &« cylindrical enchor pin by a release spring
(not shown). Vhen a cam torce CH is applied to the Primury Shoe by
an hydraulic cylinder, the shoe pivots ebout the link at its lower end
until it contacts the drum, ana then rides uaround with the drum untit
the tink torce L, acting as a cam force for the pin-anchored secondary
shoa, hus tuken up the initial clearance ot the secondary shoe and ap-
plied its surfuce to the drum. This movement reileuses the contact be-
tween the primury shoe ana the anchor pin, leaving the shoe free to
find its naturer equilibrium position. This equilibirium condition
requires a certain megnituae of 1ink 1torce L, which is transmitted
without chunge to the toe of the secondary shoe.

heverse drum rotation simply interchenges the functions of' the two
shoes, so the action of the bruke lor either direction of rotation is
substantially the same.

The name Duo-Servo applied to this brike indicates that one shoe

is used to actuate or serve the other, and that this action is aveil-
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Drum
Rotation

DUO-SERVO SHOE BRAKE

& = Angle from Anchor Diumeter to fcint on Brake Shoe
9] = Angle to Tce of Brake Shoe Lining

@2 = Angle to Heal of Brake Shoe Lining

R = Radius of Zrake Shoe Lining Surfuce and Erake Drum Surface
A = Anchor Distance P = Primary 8 = Secondary
D = Can Force Distance

C = Cam Force

¢ = Angle from Anchor Diameter to Cam Force

f = Angle from Anchor Diemeter to Link Axis

L = Link Force or Anchar Force

d? = Incremental Radial Force

f«dP = Incremental Drag Force

Figure 31
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able in a dual direction.

Tne Force Multiplication ratio which this type of brake can produce
can be determineua by an anaiysis first ot the primary shoe action, &nd
then ot the secondary shoe action. The primury shoe is a link-anchored
shoe, with both cam angle and linkx angie equal to ninety degrees. I[ts
enaitysis is exuctly the sume as thot oi the shoe with the sliding-block
anchor, with the eddition of & cdetermination of the Link fforce L which
is produced by the shoe.

The following equations, bused on Kijure 31, may be written for
the Primary Shoe.

Sumnation ot porces Perpendicular to the Link Axis:

O=f1P-cost/1‘-dP-sinO

summution ot Moments uabout the Link Axis-Anchor bLismeter lntersection:

O=¢C (b+4) ://;P « A sin o t///r (K + A cos 9) dP

summation of lorces Parellel to Link Axis:

0=0C+ L iu//éP + 8in © i//} « dP +» cos @

The tirst two of these equations are exuctliy the seme as those for
the Sliding-Block anchored shoe, and the following general solutions
for f, oy, and £% are taken trom the section dealing with that type of
bruke.

f =

sin 9 (cos 29y - cos 20,) + cos Gp(sin 20, ~ sin 20)) + 2 cos Yp(0, ~ 91)

-co5 Oplcos 20) - cos 205) + sin Op(sin 20, - sin 29,) - 2 sin 9,(6, - 91)

fP _ (A + D) r[:cos Op(sin 95 - sin &) ~ sin g (cos 9, - cos Ol]
C

[r.loment Bracket on page lZ]J
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Since the Link Force produced by the primary shoe is used as the
Cam Force for the seconduéy shoe, its magnitude, preferably as n
function of the Cam Force C, must be known. The relution tor the sum-
mation of torces pareilei to the iink uxis cun be soivea tor C + L to

yield the following:

1
C+L-= pmbk[%(cos On - t 8in 9yp)(cos 28] ~ cos 2dp) + z(sin 8y + t cos 8p)

(sin 20, - sin 285) + %(sin 8, - { cos Qm)(e2 - Oiz]

To eliminate the quantity (pmbR) and to introduce the anchor and
cam uistances, the C + L relstion should be divided by C, using for C
the relution derived from o solution of the moment equztion. This re-
sults in the tollowing relution:
L

L+ 2=
C

L . ‘ 1 .
(L + A) Z(cos 9, - t sin 9 )(cos 28] - cos 20,) + Z(sin 6, + L cos &)

(sin 203 - sin 205) + %(sin O - £ cos 9p) (8 - Oiﬂ

[Moment Bracket on page lEIEl

The secondary shoe is a standerd pin-unchored shoe, with the center
of pressure constrained by the shoe geometry to remain at Qm = 90v,
the 1P relationship 1or this type of shoe is given on page 109 of the

C

section on pin-uanchored bruke shoes as:

1P

c
(D+ &) £ (cos @ - cos 03)

A
5(92 - 0y) + %(sin 20, - sin 29) - f[}ﬂcos 8y - cos 02)+%(cos 29y - cos 2
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In evulusting this relation the C tor the secondary shoe must be re-
placed by the L term of the primary, and the actual drag force of the
secondary shoe obtained from the product of £§ X<%. The total drag
force ot the two shoes is then fPsecondary + errimary'

The use of the anchor force of tne primary shoe as a cam force
for the secondary shoe is & potent way of increusing the effectiveness
ol & two-shoe brake. Unfortunately it also compounds the sensitivity
of the brake to the effects of & chenge in friction coefficient, muaking
it less stabiec in its action.

For purposes of comparison a numericsl eveluation of the previous

equutions 1s presented for u typicual bruke of this tvpe. The brake

dinensions &re us follows:

Primary shoe Secondary Shoe
KR = 5.50" R = 5.5"

A = Aol A = 4 b4

D = 2.80" D = Lo

9, = 70° 0, = 27°

Oy = 150° 8, = 146°

a = 90° a = 90°

B = 90°

The results of this evaluuation are shown in gruphical form on
rigures 32 and 33. ‘he very large change in the locztion of' the center
of pressure with change in { is the effect of the very short lining
used on the primary shoe. With low friction coefficients the relatively
large moment arm of the cam force moves the center of pressure well up

towards the heel of the shoe. The use of 2 longer lining by lowering

4
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154,

LINING FRICTION COEFFICIENT
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DUO-SERVO BRAKE
EFFECT 47
OF at
LINING FRICTION COEFFICIENT 0'6.
— on
FORCE MULTIPLICATION RATIO
CAM TO DRUM
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the velue of Ol would only increase the shif't oif the pressure center
towurds the heel due to the greater triction eftect produced. Since
space Limitutions iimit any increase in heel angie 8,, the use of 70°
for-@l puts the center of vressure midwey tlong the length ot the shoe
for & normal coefticient oi triction, z conaition conducive to even
lining weur.

Tne link or anchior force oif the primsry shoe increases materially
over the renge of f investigeted. A vuive of % greater thun one is
desireble to produce & highiy eftective bruke, but un eppreciable
chenge in this rotio with chunge in t is undesirible, since it reduces
the stubitity o1 the bruke, or in other woras, it increuses the probu-
biltity of radicel una unexpectes chunges in breke eftectivencss with
unintentionul chuanges ot {,

'he Force Multiclicution Ratio produced by this breke is shown on
Figure 33. ‘I'ne primury shoe alone is somevhat Less eftective, due to
its short iining, tnun the oraintry pin-snchored torware shoe, but the
secondury shoe when actustec by the Link torce of the primary shoe be-
comes guite eilective una very sensitive to change in f. fTne velue of
£§ for this sugmentec secondary shoe alone is about 47 for & velue of
£f = 0.6. Tnhe two shoes together wili proauce a uryy rorce torty eight
times as grest ss the cam rorce sappliea to tne toe of the prinery shoe
whenever the iriction coefficient gets as high =s 0.6, &s it coes oc-
casionully ut the ena of » hara stop.

The ubility ot tour breres of this type tu create dreg force at
the crums when actueted by a net pedel force of 100 pounds is apprec-

ieble. Aithoupgh only one cam piston ectumiiy moves when this brake 1is
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appiied, it nust move far enough to tske up the clesrunce on two shoes,
gso no signiricant changes in brake rigging force multiplication ratio
can be expected. Cince both tront wheel and rear wvheel brzkes are
identical, the front &na resr bruke torce aistribution must ‘be sc-
complishea by uirferences in piston sizes. As in the previous examples,
this produces a cam rorce of 750# for the front wheels, and 500# tor
the reer wheels. The 2% ratio tor the two shoes with f = 0.325 equsals
VARV

14)

Totul Lrag Force = (22 x 750 x 4..0) + (2 x 500 x 4..0)

il

6300 Front + LI00 Fear
= 10,50C pounds
This is un overalil rorce Multiplication katio between Pedul and
Lrum of 105. Tnis brake type is the most etfective ol all of the shoe
breke types, pbut is also the most csensitive to changes in lining

friction coefficient.




ARNULAR DISC SEUE BRAKES

Disc type brakes have been used ror come time on industrial
equiprent, airplane lenaing wheeis, and railroasd cars (lo). Their
edoption for automotive vehicles is relutively recent, with only one
importent manuf'ecturer heving adopted ﬁﬁem ss standard or opt}onal
equipment. 0Or the many types of disc brakes proposed or in use, the
type adopted by this compeny seems best adapted to passenger cuar snd
truck use, and is the one which will be &nezlyzed in this section.

To provide sufficient braking effectiveness for sdequate control
of heavy vehicles, and do it without requiring excessive pedal tforce
from the driver or without resorting to power bruking renquires some
degree of servo action or shoe compounding es illustrated in the buo-
Servo brake.

The generel construction of an annuler disc brake incorporating
this servo action and with good heat-dissipation ebility is illustrated
on Figure 34. The arum, shown in cross section, is tormed from two
ribbed circular custings bolted together around their periphkery, and
presenting two pareliel muachined wear surfaces to the brake lining.
The breke lining is made in the {orm of short annular sections, cem-—
ented to one fsce o!f two annular ring aluminum choes. The opposite
faces of these shoes contain six carefully positioned semicircular
grooves whose depth vuries sccording to & carefully controlled ramp
engie. The inner periphery of euch shoe contains four redisl slots to

contect the rour ears of an gnchor spider which passes the braking
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Drum
Rotation

Drum Movement - Drum
L \\“\“ ““\"

Primary Shoe m@;.s:}\%&ﬁ&v.

# = Ramp Angle

(Moves to Right and =
Up to Apply Brake) m&@u@m Secondary Shoe

(Anchored)

ANNULAR DISC BRAKE

Ro = Radius to Outer Edge of Lining Segments

Ry = Radius to Inner Edge of Lining Segments

Ry = Mean Effective Radlus of Drag Forces

Ry = Effective Radius of Shoe Anchor Forces

Rg = Radius at which Cam Forces are applied to the Shoes

a = Angle between Cam Force and Radius to the Application Point
Cp = Cam Force - Primary Shoe

Cg = Cam Force - Secondary Shoe

A = Anchor Force

# = Ramp Angle of Inclined Grooves in Shoes

Figure 3/
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forces to the &xle housing, two wide slots to accommodate two single-
ended hydraulic pistons f'or shoe actuestion, and two wide webs ifor
mounting two zutomeztic breke adjusting mechenisms which adjust the
shoe positions to eliminate the effect of ilining weer on pedatl pos-
ition. &ix steel bulis ere pluced in the miilea grooves snd the two
shoes plcced bzek to buck, held egainst the balis by severul retract-
ing springs. Angulor movement of one shoe with respect to the other
caused by the cuam force Cp) rolls the baiis up the inclined grooves,
forcing the shoes spart from one znother end bringing the iining seg-
ments into contuct with the machined frces o: the enclosing drum. The
secondury shoe contucts the anchor eers, transferring its drag force
directly to the axle housing. ‘fne unchor siots are surficiently wide,
however, to prevent the slot foces of the primery shoe r'rom contecting
the anchor ears, and the draj; force on the primcry tends to rotute the
shoes still further with respect to one another, ceusing the bells to
force the shoes ageinst the drum feces with augmented torce, increasing
the #mount of drup torce produced. The drag torce on the primary shoe
thus &ssists the cam force in forcing both shoues aguinst the drum,
producing the servo-action necessery for n'high degree of braking ef-
fectiveness.

There is & limit to thie degree ol seif-energizing sction or servo-
action which can be buiit into this bruke without seriously reducing
the stability of the brake and rendering it unduly sensitive to self-
tock conuditions. ‘The ueygree of servo-zction procuced is & function

mainiy ol ramp eznygle and lining coefficient of friction. The Iollowing
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theoretical analysis shows the extent of this limitation, and the de-
gree of brake effectiveness which should be expected from a disc brake
of this type.

The theoreticul analysis is besed on Figure 34, and the symbols
used are those defined on that page, plus others défined in the follow-
ing text. Ail tungentiel forces acting on the bruke shoes must be re-~
lated to Ky as a base, and their magnitude or effect modified by the
ratio of the radius et their point of uction to the buse radius Ryye

The effective Cam Force Cp is:

R

Ch = C » 8in a » =<
b Ry

iriction forces and release spring forces are neglected here, since we
are decling with the Cam torce produced by the Net Pecul korce.

The effective Anchor rorce Ap is:

R
Ry

The Mean pifective Radius Ry is the equivelent radius at which a
single totul drup force fP would produce the same moment as is produced
by the actual drag force fP distributed between Ry and R,. This Mean
Etfective kadius can be found by integration of the drag torque relation
‘produced by considering the shoe &s & free body. 11 the shoe lining is
a continuous circle or a series of circuier ercs with radiel edges, the
unit pressure between lining and drum is equal to

P

where 6 is the total lLining angle in degrees. The frictional torce on

an elemental ring or series of ring sectors at a redius P and of a
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width dk is equel to

f = 3 o ZTR o o . dR

T (Bg~ - 1«12)3_26: 360°

The frictionzl torque produced is:

R L] _.-——22.}-’_-’_ L ] R L ] dh
(Boz - Riz)

By definition of the Mean Effective Radius this friction torque is

equal to Ry < fP, so:

)
RyfP = [ —22 . ap
2 2
Rg> — Ky
or: Ry = 2/3 —25————22
Ro™ = Ry~

This relution applies to a compliete ring lining or to lining sectors
having radicl edges. 11 sectors with edges other than radial are used,
another relation including the sector end configurations would have to
be developed.

The normul forces P acting on the surface of the lining segments
must be entirely sustsined by the forces zcting between the balls and
the groove surfaces. 11 this combination of' forces is to have a min-
imum tendency to cause curling of the shoes the redius to the center of

the ball grooves should also be equal to Ry.
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vrum
fotion

C + 1P

Fijure 35. Annular Lisc Shoe rorces

Figure 35 illustrates the way in which the various forces act on
the primary and secondery shoes. The ball is abie to exert a force F,
perpendicular to the ramp or groove surfcce only. This faet allows &
determination of the desired relation among f, P, Cg, and #. From the
force triangle at the right of kipure 35:

tan ¢ = S+ TP

oo 1
CE ten § - £
ot
Cn

k tan g - £

Substitution of the relation defining Cp produces:

fP _ f . R, sina
C tan § - ¢ Ry
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This is the Force Nultiplication Kstio, or brake effectiveness of
this disc type brake. ror a given physical size, the effectiveness of
this type of brake can be varied over wide limits by changing f or # or
both. However, any combinztion of ¥ and 1 which makes the denominator
tan P - f approuach zero will make the force multiplication ratio approach
infinity, or in other words produce a self-locking bruke.

When the veiue of f is variable over reusonable Limits, the value of
# should be chosen to avoid self-lock conditions &t the highest expec-—
ted value of f. "This limitetion on ramp engle imposed by variation in
friction coefricient is illustrated graphically on Figure 36. The ramp
angle velue at which the curve for uny given friction coefficient stcrts
a neurly vertical ascent is the minimum sufe remp angle ror that friction
coefficient. since the 1inings now in use do show values of f as high es
0.6 during hard usage (19), the ramp angle chosen ior any ectual brake
must provide ireedom {rom seif-lock action &t that coefficient. This
Limits the minimum ramp angle to some vaiue above thirty one degrees.

The vaiue chosen should not be too far above this figure, however, or
the effectiveness or the brake will be reduced. In the production brake
from which these dimensions were tuken the ramp uangle was chosen &s
32.5°, a value giving a siight margin of sufety from self-lock for

f = 0.6.

A disc brake of the type analyzed which is now in use has an outer
lining radius Ry of six inches, an inner lining radius Ry of 4.5 inches,
a cam rorce radius R, of 3.2 inches, and & cam &ngle a of 66.£°, an
anchor radius R; of 4.0 inches, a ramp engle of 32.5°, end & total

tining aree of 66 square inches on two shoes. The Force Multiplication
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Ratio which could be produced by this breke over the range of f is
shown on Figure 37. The £§ value for our chosen comparison friction
coefficient is only 1.6 for two shoes. ‘he cum force C applied to
these two shoes is the sum of the forces produced by two brake pistons,
both ecting on the same pair of shoes.

The size of the brake actuating pistons relative to the muster
plston determines the force which they will exert reiutive to the
1orce upplied to the master piston, or the rorce Multiplicetion hatio
of the Brake Rigging. Since the construction of this bruke differs so
markediy from thut of the drum brake, the possible value of the Brake
Rigging Force Multiplicetion latio should be determined. As in the
drum bruke, the maximum value of this quantity is obtuined by the
rutio between effective pedal truvel and necessary bruake piston travel.
The amount of clearance which must be mainteined between the shoe lin-
ings and the drum can be assumed ¢s .010 inches. The emount of shoe
movement which must be sallowed tor lining wear depends upon the sensi-
tivity of the automatic wear adjusting mecheznism. I this is assumed
to be .010 inches per shoe, the totsl maximum axiel movement which the
two shoes must make is equal to .040 inches.

The linear travel of the brake piston is converted into relative
rotation of the shoes, and then into axial movement of the shoes as the
balls roll up the ramps. By referring to Figures 34 and 35 the inter-

relation of these quantities can be determined.

Tangentisl Shoe Travel at R, = Pistg: gravel
s

Tangential Shoe Travel at Ry = Piston Travel By
sin a Re
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ANNULAR DISC BRAKE
EFFECT
OF
LINING COEFFICIENT OF FRICTION
ON
FORCE MULTIPLICATION RATIO

24— Two Shoes
Ro = 6n g = 32.5
Rj_ = 45" a = 66,89
Ry = 3.8"
20 }
16
Values
of
P
C
for
Two 12
Shoes
~—Normal Range of f —--H0§agéging -
£33
4 ,//
2 ”””’/’l,a/’/////’
'—'-'—"“”""—'__——’— Values of f
O | ]
.1 0.2 003 0.4 0.5 0.6

Figure 37
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Axiel Shoe llovement = Tangentisl Shoe Travel at By * ten B
Re 8in a
R, tan 4]

Using the value of .040 inches as determined above, und setting a =

Piston Travel = Axial Shoe Movement x

66.£°, g = 32.5°, R, = 3.£0", Hy = 5.28" the following relation
develops:

Piston Iravel = 040 » 3.50 (.9192) - <0415 inches
5.28 (.6371)

I: the maxinum eflective Pedal Travel is essumed to be five inches
as before, then the maximum Brake kigging Force Multiplication katio

would be:

Brake Rigging rorce Multiplication hatio = 2 = 120
L0415

As instulled on one passcnger car, these brakes use one and one aquerter
inch diameter pistons on the front brekes, one inch diameter pistons on
the rear brakes, und & one inch diameter master cylinder with a ratio
of 8.2 between pedal trauvei and master cyiinder piston trevel. These
dimensions produce & brake iorce aistribution nattern of sixty one per-
cent at the front brakes and thirty nine percent at the rear brakes.
They slso set the Brake Pigging lorce Multiplication tatio st 64, in-
dicating either g greater clearance and wear allowunce, or & shorter
naximun effective pedal travel than was sssumed in the previous cal-
culations.

The disc brake as used thus can compensate for a smeller Cum to
Drum Force Multiplication Retio than the shoe brake by being able to

use, with the help of an automatic weer sdjuster, a higher Breke kigging
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Force Mulitiplication Katio. Based on the values of 84 to L for the
breke rigging, and an E% of 1.60 for two shoes with f = 0.35, four of
these brukes actuated by a net pedal force of 100 pounds would produce
the tollowing braking effect at the drums.
Total Bruke Piston force = 84 « 100 = 8400 pounds

8400 (0.60)

5040 pounds Piston Force on Four Front Pistons

3360 pounds Piston Force on lour Rear Pistons

8400 (0.40)

Front Rear

5040 (L1.60) + 3360 (1.60)

Total Braking korce

8060.pounds Front + 5380 pounds Rear
= 13,440 pounds

Tuis is u Total Brake irorce Multiplicetion katio of 134.4, higher than
that attained on any ot the.eleven inch diameter drum brakes. However,
this disc brake wus actually used to replace a 1l2-inch drum broke. ior
a more fair comparison of braking abiiity this vulue shouid be reduced
by approximately the ratio of éng, the ratios of the mean effective
radii of cleven and twelve inch.disc brakes, to muke the brakes of
comparable size, and then oy the ratio of Aiég, to put all brukes on
a compurative effective brake torque radius.’)This operetion produces
an Equivelent Totul Lrag Force of 10,680 pounds. This puts the disc
brake, with an auvtomatic weuar adjuster, at the sume braking abiiity
level as the Luo-Servo brake without an sutomutic wear adjuster.

Actual braking tests of the disc breke in comparison with a con-
vertional pin-unchored shoe brake have indicated that the disc bruke

is cuapuble of severe reneeted braking efforts with much iess loss of

braking effectiveness then the shoe brele. OUn a high-speed heavy ve-

S

hicle this abiiity wouid be of reut importence.
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SHOE BHAKE COMPAR1SONS

The main points of comparison among shoe brakes from the theo-
retical viewpoint are the Force Multiplicetion Katio produced by the
entire system, and the relative ireedom from or sensitivity to the ef-
f'ects of change in the friction coefficient of the iining. The rela-
tive sensitivity ot the shoe construction to the eftects of excessive
heating can be predicted in & general wuay from the shoe and unchor
feometry, but no velid numericul comparison system can be deduced.

A comparison o1l the relative torce Muitiplication Katios for the
severul different types of shoe brakes is presented on ligure 38.

The comperison is based on the drag force produced on an eleven inch
diameter brzke drum or its equivelent by & Net Pedal Force of one pound
transmitted in its proper proportion to one complete brake. This
metlhod includes any ability a particular type may possess to utilize

a high force ratio in the brake rigging.

The most obvious retlationship shown by this comparison method is
the difference in the degree to which the different brake types respond
to high rriction coefficients. The shape of the curves shovn in the re-
gion between f = 0.4 &nd f = 0.6 are an indication of the stability of
the brake uguinst Llining friction coefficient varistions. Good vehicle
control auring braking depends on uniform sction at all brekes, and a
brike type which is highly sensitive to minor changes in lining frictiop

coefficient could so unbalsnce the brake rorce picture during breke ap—
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plication that vehicle control would be sdversely c¢ffected, if not lost
completely (20). A highly stable brake, such as the double-forward,
sliding-block anchored shoe brake is o desireble type.

One breke stabiiity teature is somewhat musked by this graphical
presentetion. Brakes compoosed of one torward choe und one reverse shoe
get Little braking effort from their reverse shoe. !Most of the braking
effort is obtaired from the forward shoe, snd its relative stability
may be lower thun that ot the complete bruke. A better inaication of
the stability ot & breke type wouid be the ratio ol the Force Multiplicu-
tion Hatio of its more highily sensitive shoe at f = 0.2 to this same
ratio st £ = 0.6. Vihen expressed as u percentege the magnitude of the
numbers obtained is more easily comparsble. Ii this quentity is

christened Stabiiity FFactor, its definition woulc be:

, ip at £ = 0.2
Bruke S$tability Factor = L x 100

P
) at £ = 0.6

For the various brake types anelyzed, this Stabiiity luctor has the

following values.

Brake Type Brake Stability Factor
Sliding-Biock Anchor 212 {100 = 15.1
64.5
Articulated-pink Anchor 2:02 (100 = 9.2
(Forward shoe) 54.0

Pin-Anchor 447 (100 = 5.1

(Forward sShoe) 88.2

inal-Primary Brake éig%—éiggl = 4e5

Annular Disc Brake 12.0 (100) - .8
428
Duo-Servo Brake 9.35_(100)

AL

1l

2.5
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400
RELATIVF BRAK® PFRFORMANCE
EFFECT
350 oF
LINING FRICTION COEFFICIFNT
ON
BRAKE DPUM DRAG FORCES
300 e e
250
Duo-Servo Brake
Primary and Secondary Snoes \\\\\\\\\\\\
Disc Brake
Two Annular Shoes
200 ~
Brake Drum Pin-Anchored Shoes  __| N
Drag Force Two Forward Shoes
it [~
pg§ gzt Dual Primary Brake ]
Pedal Force Two Forward Shoes \\\\\\
150 : /
Pin-Anchored Shoes N
Forward and Reverse Shoes ~ |
Sliding-Block Anchor __
Two Forward Shoes
100 \ /
Articulated-Link Anchor
Forward and Reverse Snoes \\\\\
ﬂ/ >/
" o
///
==E=EEEEEEEé==5”'
0 Values of f
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Figure 38
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The Brake Stabiiity ractor would incicete z nigh degree of sup-
eriority in this respect tor the sliding-block anchored shoe with the
biock angle at 90°, .The Force suitiplicstion hatio of this type of
brake is not too nigh, out its sucerior stebtiiity under variable
friction operation, und the abitity of its choes to center themselves
during and artgr shoe "curl", snouid mure this a cesireble breke type
for heevy uuty pover brzkes. The low relotive vaiue of this factor
tfor the puo-3ervo bruke shows the effect of compounding shoe actions.

Une tector which is not adequutely brought out by the curves of
rigure 38 is the relstive bruking ebility of the severul breke types
in the intermediate triction coefficient renge. e curves ere closely
bunched &t this point with Little actuel difference in arum drag force.
However, the numerical velues are ¢ll so low thut ¢ siight numerical
aifference cun represent an upprecivble difference in reletive braking
abiiity. Ior instance, at t = 0.35, the drum dra; force ol the lorwuard
and reverse shoe, pin-uncliored or link-enchored brake is seventeen,
while thut of the imo-Servo brike is thirty two. 1nis is a difference
numericully of only rifteen, but it muke: the brake sbiiity ol the Luo-
servo vreke l.co times as great as that of the pin or iink unchored
bruke. 1his tfact is the wain reusson tor the use of the iuo-vervo bruake
on our heavier passenger cars ana on itight trucks, rather than the more
stable pin or link anchored brake types.

In the preceding analysis the width of the lining on a shoe bruke
was represented by the symbol "b". It entered the equations at var-
ious points, but in every case was cuncelled from the relations before

any significunt result vas obteined. Lining width on a shoe vrake has
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no effect on trorce Multiplicetion rztio, /ncror rorce, Lrag rorce,

or radiul rcorce. Its importance lies in itc effect on lining aree,

lining to drum pressure, una iining veur. Yithnir iimits set by drum

and shoe distortion, an incresse in lining wiath wiii recuce the weer

rate ol the Lining tor u given amount of service.
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BRAKE FORCE DISTHIBUTION

Friction brakes zcting on drums attached to the wheel hubs cean
resist rotation of the wheels, and, if they have sufficient braking
ability, can actually stop the wheels from rolling and cause them to
slide until the vehicle is brought to u hult. The frictionali torce be-
tween thz wheel and the road surfuce actualiy stops the vehicle, and
the optimum in stopping ubility can be obteined oniy by proper distri-
bntion of braking; torque among the veight carrying wheels of the
vehicie.

The maximum amount of brukin,; force which csn be developed between
n wheel snd the road surface over which it travels is & function of the
ectuul force which that wheel exerts normul to the roed surface, and
the coefficient of friction which can be developed between wheel sur-
fuce and road surfuce. It a rolling wheel is subjected to & gradually
increasing braking torque it develons & retarding force at the road
surfuce which increases linearly with bruking torque up to a maximum
point and then drops to a lower velue. " The maximum retarding force
occurs just before the wheel begins to slip over the road surface, and
the coefficient of friction between wheel surfece and rouad surface for
this condition is celled the coefficient of friction at impending slip,
or the impending slip coefficient. The coefficient of friction computed
from the retarding force produced wnen the wheel actually slides over

the road surface is called the sliding coefficient of friction.
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The numerical relation which exists between the impendingz slip
coefficient and the sliding coefficient is not rigidiy fixed. The re-
tarding force which can be developed between a wheel and & road surface
has been the subject of investigztion by many parties, working with
methods and conditions not always compatible with one another. The
published data is voluminous, and must be carefully sorted to obtuin
e leir degree of agreement on methods und resuilts. The coefficient of
friction a£ impending siip for a pneumatic rubber tire with good non-
skid treud operating over u dry concrete road surfuce varies with the
smoothness und continuity of the road surfuce. 1t cun be easily made
greater thun‘one on un open porous surfuce into which the treud rubber
can penetrute. A good uveruge value for a dense smooth concrete or
macadan surfuce is 0.8 for the impendinyg slip coefficient.

When a rubber tire is rorced to slide over a roud surfuce, the
resulting coefficient of friction is u function mainly of the presence
or sbsence of any material which could form o lubricating film between
the tire and tne road. TVinen the materiul over which the tire is sliding
is an unbound granular material, then the actual sheur strength of the
road materiasl is the limiting fuctof for both the sliding and inpending
slip coefficients of ftriction. On high-shear-strength roed surfuces,
and in the absence of & itubricsting film the ratio of

sliding coefficient of friction
impending slip coefficient of friction

has an average vualue of 0.9 for high friction surfaces, and 0.5 for
low friction surfaces. The transition zone between these two values is

not clearly defined, but a fair approximation is to apply the 0.9 value
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to surfaces with £ = 0.7 or more, and the 0.5 value to surfaces with
£ = 0.6 or less.

It the maximum braking force which a wheel can develop occurs at
impending slip of the wheel, then the maximum braking force for the
whole vehicle is developed when every wheel which carries some of the
weight of the vehicle is brought simultaneously to impending slip(21).
To accomplish this requires that the braking force on the drums at-
tached to these wheels must be caretfully proportioned according to the
velsht being carried on euch particular wheel. I: the distribution of
braking torque at the drums is anything other than this, then the max-
imun braking force will not be developed end the braking ability of
the vehicle wilt be reduced to some value below its maximum level.

The distribution of au vehicle's.weight amon; its several wheels
is not u constant quantity, even if the positions of vehicle components
and passengers remuain tf'ixed, but veries with the acceleration of
gravity forces to which the vehicle is subjected. Thus the inclination
of the road surfsce, and the deceieration of the vehicle produced by
the brukes, causes the weight distribution pattern to change from the
pattern produced when the venicle is at a standstill on lievel road.
Fortunately the magnitude bf the weight shift which occurs during
braking can be accurately predicted, and the effect of various braking
torque distribution patterns on the stopping ability of the vehicle
determined (22).

A very good way of showing the effect of brukinyg torque distri-
bution on vehicle stopping ability is to determine the magnitude of

the quantity "Relative Braking pitectiveness", which is defined as the
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ratio of the actual braking force developed at the wheel to rocd sur-
face, to the braking force which wouid be developed if all wheels were
brought simultaneousiy to impending slip. The Llutter quantity is
equal to fii cos 8, where £ is the tire to roead coefficient of f{riction
at impending slip, W is the weight of the vehicle, anu 9 is the ungle
which the road surface makes with a level surface. The quantity
W cos 9 is actually the component of the jravity force on the vehicle

which acts perpendiculur to the road surfuce, und is properly known as

the Adhesive weipht, since it is this torce which helps the vehicle to

adhere to the roud surfuce.

I the actusl braking force which can be proauced by the wheels of
a vehicle is known or” can be computed, und is then compcred with
f¥i cos 8, the Relutive Braking xirfectiveness ot the combination is ob-
tuined. Keiutive Bruking Fifectiveness is most conveniently expressed
as a percentage.

Thie vehicle factors most actively affecting the Relative Bruking
kitectiveness are the friction coefficient, the fore and aft weight
aistribution of the ve:nicle, the side to side brake drum torque distri-
bution. The side to side weight distribution of our vehicles under
static conditions, and also when the vehicle is subjected io forces
parullel to its fore and aft axis, is usually unifora. In order to ob-
tain a minimum tendency towsrd devistion and rotution during braking,
tne side to side bruke drum torque distribution should follow the side
to side weight distribution. Adopting even proportioning for side to
side distribution of both weight and brake drum torgue ..eaves us with

three quantities as the determining varisbles for Kelastive Braking
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Erfectiveness, namely, coefficient of tire to road friction, or f,
tore and aft weight distribution, or m, and tore ana «ft bruke drum
torque distribution, or r.

To simplify the mathemuatical manipuiction of the equations re-
lating these three quantities, the symbols on Fipgure 39 are used.

The fore and aft brake drum torque distribution can be controlled
by the designer by using different hydraulic piston sizes. The guantity
r, defined on Figure 39 as the decimal of the totai bruke drum torque
produced by the rolling rear wheels, is fixed by the designer in this
way, and once it has been built into the vehicle it cznnot be conven-
iently changed. With varying vehicle loads and varying friction coef-
ficients the chosen value may not always be the best one. ‘oo high a
value of r will cause premature skidding of the rear wheels, lowering
the Relative Bruking Fitectiveness, while too low a value of r will
cause premature skildding of the front wheels, uguin lowering the kel-
ative Braking kftectiveness.

The following analysis shows the inter-relation zmong f, m, r,
Pﬁax’ and E. There are six possible braking conditions which must be
investigated. ‘They are: (1) rear wheels at impending slide, with
front wheels below impending slide and controlléd by r; (2) front
wheels at impending slide, with rear wheels below impending slide and
controlled by r; (3) rear wheels sliding, front wheels st impending
slide; (4) front wheels sliding, rear wheels at impending slide; (5)
all wheels sliding; (6) all wheels at impending siip. By using the
sketch on Figure 39, and treating the vehicle as a free body, equa-

tions can be written tor the summation of forces parallel to the rosad,
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Level
Surface

VEHICLE BRAKING FORCES

W = Vehicle Weight

@ = Grade Angle

W cos @ = Adhesive Weight (Normal Component of W)
W

x

8in @ = Grade Force (Tangential Component of W)
= Ratlo of Linear Vehicle Acceleration to Gravity Acceleration
Wx = Acceleration Force Acting on Vehicle
Cg = Center of Gravity
H = Height: of Cg Above Road Surface
L = Ytheelbase of Vehicle
m = Decimal of Adhesive Weight on Rear Wheels, Vehicle Standing on
Level Road
R = Adhesive Weight on Rear Wheels, Static Level Conditions
F = Adhesive Weight on Front Wheels, Static Level Conditions
.m!' = Decimal of Adhesive Weight on Rear Wheels under Dynamic Conditions
R' = m'W cos @
F! = (1 - m')W cos O
f = Coefficient of Friction, Tire to Road, at Impending Slip
Ppax = Maximum Braking Force

E = RELATIVE BRAKING EFFECTIVENESS

r = Decimal of Total Brake Drum Torque Produced by Rolling Rear Wheels

/4ﬁ= Ratio of Sliding Friction Coefficient to Impending Slip Friction
Coefficient

Figure 39
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sumnation of forces perpendicular to the rosd, and summation of
moments about the front wheel road contact point. These equations
can be manipulated to provide relations ior Relative Braking i1fec-"*
tiveness (E) und Maximum Braxking lorce (Pmax) in terms of determinable
quantities and dimensions.

For the first cuse, in which the rear wheels are at impending
siide, with the front wheels below impending slide and controlled by
r, the equations uare developed a5 follows:
Suminution of' Forces Perpendicular to Hoad

R' + F' =\ cos @

By Lefinition: R' = m'Vl cos 9 Pt = (1L - m")W cos O
Kevr VWneel Braking torce = fit!
Front Vheel Bruking “orce is reluted to the reur wheel bruking force by
the r tuctor buiit into the bruke rigging, which by definition produces
an r portion of the total braking force et the rolling rear wneels, and
a L - r portion at the rolling front wheels. The front wheel braking

lorce will then be related to the rear wheel braking force by the

- T
bl

rutio 1

Front Wheel Bruking Force = fﬁ'(é;i}ly

l-r _
r ) = fR' -

- |~

, P T ) - 1
Maximum Braking force lmax fRY(L +

By definition the Relative Braking Etfectiveness is the ratio of

Pmax to the braking force which would be produced with all wheels

simultaneously at impending slip.
1 1
fRIZ R

ml
i cos O r

Relative Braking kEffectiveness = L __
i cos B
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The quantity m' must now be obtained in terms of the physical

dimensions of the vehicle.
Summation of Forces Paralliel to koed.

0 =Py + Wlx+ 3in 9)

= Ppux = -W(x + sin 9)

Summatibn ot Moments about Front Viheel Contact
0 = R'L - HW(x + sin 8) = mL\/ cos ©

By substitution:

O =m'LW cos 8 + H « Ppgy —.mlW cos @ -

bivide by LW cos 9, and substitufé Prax = L. awcoso
r
0=m|+ml.¥_lioi_
L r
1 fHu
' —_—
mt(L + - L
m' = —0F
r+fﬁ-
L
£ mr fmy_cos 9 m
Then:Pmax=';'—————l-{-WcosO=———-————- k= H
r+ = r + fH r+ £
L L L

The second set of conditions, with front wheels ut impending
slip and rears controlled by r, can be solved in the same way and will
oroduce & simiiar set of equations. The third condition, with rear
wheels sliding and front wheels at impending slip, must be handled in

& siightiy difterent nmanner.

Lot AL = slidihg,coefficient of friction
stpM impending sLiip coefficient of friction

The Fear Vheel Braking Force is now &4 fR' and the Front Vheel Braking
force is fF'.

— » 1
Pmax _/u. frR' + f¥
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The Summation of Yoments equation is:

0

R'L - HW (x + 8in 8) =~ mL¥ cos ©

0

m'LW cos @ + HA fm'% cos @ + Hf(L - m')¥ cos @ - ml¥W cos @

o=m(L+pe il ool 4 fH g
L L L

m-fﬁ e
m! = L = . L
1 -8 H 1 - (L -m)ed
LML ( ,“‘)L
maxzf[/"' m'¥l cos 9 + (L - m'")V coséﬂ
= W cos Q[.L-—(.L-/A)mj
A RYIR Y Hai pyum-pel
=ﬁ'.’co:3€)'L L M L m+1u M 'Ufb
max
H
- (1 - s
1= [J.)ib
Lo o
Pmux= W cos @ (1 /.l)mH
L= (L -p)t=
L
L - -
poio (L-pn
1-(L-p)i‘%

The tourth set of conditions is treated in & similar manner and
produces a similar but stightly eltered set of reletions tor Pmux and
£. ‘The rifth set of conditions, ail wheeis siiding, produces the fol-

lowing reimtions:

= R + frt = ffi cos 8(m' + L - m!') = v s g
oax T MUK FMIF S IR cos O ) = peaii co

E = Pmax - A W cos O =f"

1V cos @ f% cos @
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The sixth set of conditions, with ail wheels at impending slip,
is the conaition which produces meximum breking force.

Pm&x = fR' + tF' = {¥i cos 9

p=Dicos 09
1V cos O

The resulting equations ror Pmux and E for all six sets of equa-

tions are now presented in © group for easier comparison.
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TABLE IIL

BRAKING ABILITY RELATIONS

Maxiinum Braking korce Relative Braking Ability
Prnax E

Case 1. Rear wheels at impending slip, front wheels rolling and con-

trolled by r.

_ fmV cos O _ m
P = r+1‘ﬂ E_r-l"fﬁ
L L

Cuse 2. Front wheels at impending siip, reur wheels rolling and con-
trolled by r.

_ L-nm - 1l -m
Pmax-ﬁncosg—-——-——-—— E=ivoorn—

L-1r-f= 1 - r - =

Cuse 3. Rear wheels sliding, front wheele at impending slip.

P =W cos o ==Lz )n p=io{iopt)n

max H H
1-().-,«)1E 1 -(L-p )1L

Case 4. Ftront wheels sliding, rear wheels at impending slip.

+ - + (1 -M )m
P'nax=chosO’“ (lu)ﬁ E='“ ( I‘H
‘ 1+ (1 -pm )= 1+ (L -p)f=
L L
Cuse 5. All wheels sliding.
Pprex = g IVl cos @ E=M
Case 6. All wheeis at impending slip.
p = f\W cos O . E=1.0

max




188.

If each individual brake on a vehicle operates as it is expected
to operate, and there is no sidewise shift of weight in the vehicle
and the road surfsce under all wheels is uniform, then the actual
bruking condition produced must foll into one of the six cases anal-
yzed. While the equations are correct and compiete, it is difficult
to grasp the full significance of the retative effect of each variable
on the bruking performance. To bring out more clearly the effect of
variantion in friction coefficient f, and veriation in braking torque
distribution r, a numericul solution of these equations for a modern
passenger cuar is presented in lFigure 40.

A modern f{ive passenger sedan hody with its full complement of pas-
sengers will have a value of m of approximutely 0.55. The center of
gravity will be approximuteiy ut the level of the wheel tops, giving a
vaiue of % = I%% = 0.25. Cases 1 and 2 create e series of sloping lines
for different vaiues ot r. Cases 3 and / create a pueir of 1ines which
huve u discontinuity between £ = 0.6 and f = 0.7, due to the change in
the value of‘fL in this range of friction coefficients. Case 5 likewise
is discontinuous aue to the change 111/4.. Case 6 is the ideal toward
which all braking systems are designed.

Figure 40 muy be used to indicate the desireble cholce of r for a
vehicle of this type. Rear wheelL brakes only, r = 1.0, or front wheel
brakes oniy, r = 0, are undesirubie in that they produce & very low rel-
ative braking effectiveness. Viith brakes on all i1our wheels, a value
of r = 0.35 (654 Iront, 35% rear) gives about the best dry-paving braking
efrectiveness, but the effectiveness on the Lower coefficients of fric-

tion is not as good as a value of r = 0.4 or 0.45. WVith any normal
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RELATIVE BRAKING EFFECTIVENESS
OF A FOUR-WHEELED VEHICLE

Cars
Should Ice Dry Clean Dry
not with Snow and Mud Dirt Wet Paving
Operate Chains Paving
Mt Cage 6
Case 3
Case 4
r = 0035
ase 5
= 0440
= 0645
= 0,50
‘ N = 0455
= 0060
Percent /
60| RELATIVE-| =
BRAKING =
EFFECTIVE?ESS | F = 0.7
r = 1.0 Rear Brakes Only
50‘ - e "
r =0 Front Brakes Only ~§§‘N‘~‘““‘-~_§___§\-
40 Valuealof £
0 0-2 004 006 008 1.0

Loaded Passenger Car with m = 0.55, % = 0,25

m = Decimal of Car weight on Rear Wheels, Level Static Conditions

r = Decimal of Braking Torque at Rear Wheels, Wheels Rolling

Cases 1 and 2. All Wheels Rolling, Controlled by r

Case 3. Rear Wheels Sliding, Front Wheels at Impending Slip

Case 4. Front Wheels Sliding, Rear Wheels at Impending Slip

Case 5. All Wheels Sliding

Case 6. All Wheels at Impending Slip -

Figure 40
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value of r, pushing hard enough on the brake pedal to lock up and
slide front wheels or rear wheels or all wheels will produce & Rela-
tive Braking crfectiveness of 90% or better on dry paving. This is
sufficient to produce reaily acceptablie stopping abiiity. However,
locking wheels on Low friction coeificient paving causes 2 drop in
Retiative Braking krfectiveness, under conditions in which the 1ow
frictionul force should be counterbaianced by e high bfuking ef'fective-
ness to produce even o moderately short stop. The designer may thus
choose to use a value of r in the vicinity of 0.4 or 0.45 rather than
0.35, knowing that careful handling of the breske pedel on iow friction
coefficient surfaces can produce high braking effectivchess, while
vigorous pushing of the pedal can get equally high braking effective-
ness on high friction coefficient surfaces By locking end sliding the
wheels. Once chosen and buiit into the bruke rigging the vuiue of r
cunnot easily be changed, and the designer must use his judgment to
obtain the best overzll performance of which the bruking system is
capable. ‘l'ypical passenger car values for r vary {rom 0.39 to 0.45.

The effect of m is not directly shown by Figure 40. An increase in
the value of m puts more weight on the reer wheels und Less on the
front, and to meintain the sume relative braking effectiveness as shown
on Figure 40, r should be changed in about the same proportion as m.

The effect of m on the helative Stopping Listance of & car with
various combinations of sliding and freely roilin;; wheeis was investi-
geted on models by the Nautional Physicel Lavoratory (23). The results
of their work are shown on Pigure 41, with a scele of Relative Breking

Erfectiveness added. ‘I'nis figure shows very effectively the value of
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RELATIVE BRAKING EFFECTIVENESS
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Case 5. One Front and Both Rear Wheels Locked

Case 6, One Rear und Both Front Wheels Locked

m = Decimal of Vehicle Weight on Rear Wheels, Static Level Conditions

Figure 41
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heving brekes on ali weight carrying wheels, end of putting the brakes
on those wheels cerrying the most weight if not £ll wheels are to be
braked. ‘The shit't of weight from rear wheeis to front wheels under the
impetus of braking deceleration mukes the tront wheels more effective
then the rears in it cases except where the weight is predominantly
on the rears. fThe superiority of Case 3 (front wheels locked, rears
rolling) over Case 2 (rear wheels locked, fronts rolling) up to a
vuiue of m = 0.6 indicates this. The superiority of Case 6 (one rear
and both tront wheeis Locked, on= rear rolling) over Case 5 (one front
and both reur wheels tocked, one front roiiing uyp to a value of m = 0.63
ulso shows this.

Valuable information on the helntiVu ‘I'endency toward Leviuation
und Hotution of e braked vehicle us affected directly by m was obtuined
from this sume work, and the resuitc are shown on tigure L2. Once
again the superiority of brukes on ull wheels is upparent. Also
clearly shown is the noticeably greater deviction and rotetion which
ure produced whenever the rear wheels are caused to slide, as in
Cases 2 and 5, eana to o lesser extent Case 4. A sliding or skidding
wheel has no directional sense, ana will siide in-one direction as
easily as enother. A roiling wheel will develop a Cornering korce, or
resistance to motion verpendiculer to its piane of rotation, if any
eftort is made to move it in o direction other than pareliel to its
piane of rotation. Koiling rear wheels vwill resist deviastion of the
vehicle from a straight path, either by skidding sidewise or by rota-
ting about a vertical axis through the center of gravity. Sliding

rear wheels generate no more resistance to either deviation or rota-
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Four Wheel Mcdel, with Wheels either Locked and Sliding or Free and Rolling

Caso 1, All Four Wheels Locked
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tion than they do to motion straight shead, andé a skid once started
becomes progressively worse. Additional information presented here was
obtained by braking various stheel combinations of trucks operated on
the ice surtzce of & frozen Viisconsin iske just recently (24). The
evidence sgeinst skiddin. rear vwheeis is so conciusive thut any brake
torce distribution pattern which wouid ieud to repested Locking of the

rear wheels shouid be considered very carefully berfore being adopted.
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STOPPING LISTAKCE

According to nomenclature adopted by a technicel commitiee of the
Soclety of Automotive fngineers the Stopping Time or Stopping bistance
is the time elapsed or distance traveliied between the instant or point
at which the driver has an opportunity to perceive a deaand for braking
and the instunt or point at which the vehicle comes to rest. Tnis time
or distance is then separcted into severa. component parts, thé Lriver
Perception-lieuction Time or pistence, anu the Vehicle Stopping ‘vime or
vistunce. The itutter quantity is compoced of the Brake System Applica-
tion Time or bistunce und the bBraxing Tinme or vistence.

A simple equation which will give with u fuir degree of accureacy
the Stopping Listunce ol a braked automotive vehicle is & great conven-
ience if not a necessity. It is possibie, by progressive sim»lification
and approximation to produce such & Stopping bistance equetion with an
order of accuracy about the’snme as that with which the various fectors
arffecting stopping distunce can be determined.

The moving vehicle has a certain amount of kinetic energyv due to
its velocity. This kinetic energy, plus sany change in potential energy
due to chanyge in elevution durin;; the stop, must be dissipated by the
brukes and by vehicle losses in bringing the vehicle to a stop.

The kinetic energy or the movin; vehicle is the sum of the trens-
lationel kinetic energy or the whole vehicle and the rotationel kinetiec
enerpies oi the wheels and the engine-clutch-trunsmission assembly.

The latter two cuantities amount to approximately threc percent and

\
|
!
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three and one half percent respectively of the translational kinetic
energy. Luring an emergency stop the brekes themselves absord the
rotutionel kinetic energy of the wheews without any assistunce fron
the braking torce at the tire road conteact surfuce. 7he rotationsal
kinetic energy of the engine-clutch-transmission essembly is either
absorbed by the driving-wheel brakes, or if the ciutch is relessed the
energy is aissipated in overcoming internal friction. This leaves the
brukin,; forces u«t the tire-road surfuce only the trunslational kinetic
energy ol the vehicle to overcome.

Transiational Kinetic bEnergy = % mv2

s

or using speed in units ol miles per hour, designated by the symbol M:

KE = m(i.A(ﬂ.‘d)z =y _R.15 - a2
2 2(32.2) 30

In addition to the tire-road bruking force, the motion of the
vehicle will also be decreused by tire rolling resistance, wheel bear-
ing losses, and vehicle wind resistance. 11 the brukes are upplied
hard enough to lock up and siide the wheeis, the tire rolling resis-
tance and wheel bearing losses disappear completely. If the wheels
continue to roll, then the magnitude ot these two factors in comparison
vwith the braking force must be investigated.

deasurements of tire roliing resistince und wheel bearing loss on
good smooth road produce f'igures varying trom 0.0l12 W cos 6 to 0.015
Wi cos Q.

Viind resistance of the vehicle 1s upproximately 0.04M2 for our

present passenger cars.
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I: the distance in feet wiich the vehicle travels to a sitop
during brake epplication is designzted by S then the energy dissip-

ated is as toliows:

Dissipeted Enerpgy = 8 [?fw cos O + W sin @ + 015V cos O + %(.OAMzﬂ

Trhe first term, ELVi cos &, is the braking force produced at the roud
surface. The second term, \ sin 9, is the grude force due to an in-
creacse in potentiel energy as the vehicle moves up « grade. 11 the
vericle goes down hill during a stop, sin 6 is negetive und the dissip-
ated energy is decreused. ‘1'ne tiird term, 015 v cos @ is the tire

: . . : . 2
rotring resistunce and wheeli beariny iorce. ‘Ine fourth tern, %(.OAH )

is the uistunce-averuged wina resistence torce during the stop.

i 12
ne energy to be dissiputed is Eﬂ_ « By equating these tvo quan-
30 _
tities, the reiantive megnitudes ot the factors involved cen be deter-
wined:
. . N e R N
] [ﬁfﬂ cos 9 + Vi sin 9 + .U15 Vi cos 9 + %(.OAA J = !E_
30

The magnitude of ikt will be from a minimum of ten to & maximum of
seventy times us preat &s the coefficient .015 of the thira term. IY
this teram is not removed completeiy oy Ltockinyg and sliding the wheels,
it can be neglected without grectliy aemaging the accurucy of the
equation.

Tre wina resistance term must in some wuy be removed from the
equation if it is to be appreciebly simpiiiied. Tests for friction co-
erficients tetween a sliding tire and the road heve repeatedly shown

that the friction coefficient decreases as reiative tire-rocd speed in-
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crecces (25). The magnitude of the decretses in Broking force uue to
this arop in f with speec will be epproximuteliy the seme es tie neg-
itud - ; 1 ;R . .- .
nitude of' tne increesse in 3(.OAM ) with speed. I: the low speed value
of ' is used in stopping distence caiculttions for nil speeds, the

error in f will be just about counteracted by the omission o. the wina

resistence term. 1: these anproximetions are sliowed the ecustion be-

comes:
iR
S (Et% cos 9 + ¥ sin 9) = ——
30
2
or § = M

30(Ef cos 6 + sin Q)
For the grades encountereu in highway work cos 6 is practically equal

to 1.0, unu sin 6 = tan ¥. Since the aerinition of Lecimal Grade G

“is the tangent of the grede angle 9, the eauztion czn be written in
I'ineL form.

N°

30(E £ + Q)

S =

Tnis gives the braking distance in feet efter maximum brake applicetion,
as & function of initiai speed M, decimal greude G, tire to rond friction
coerlicient ', and Relative Braking frfectiveness F. It is admittediy
an approximete equuation, but its oraer of &ccuricy should be &s good
45 the ability of &n observer to determire f and k.

Verious suthorities have releused empiricel bruking distence equae-
tions. One, by the Bureau of Standards, bused uron meny tests of actucl

2 :
car braking performance is S = ¥ ror brexing on level dry paving.

22
Compsred with the equation just presented this means trat 22 = 30(Ef + 0).
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I: T is taken as 0.8 for dry paving operction then b = 2 _ .
&30
gi = 0.917. Feterence to ¥i,ure 39 shows thut this value of F at

f = U.b cen be attainea easily by ceverui conbinctions of bruke sction.
V'ith careful choice of & and t, this equation stoula ;ive & quick,
ecgy, 4nua reasonebly uccurate indication of the stopping idstance uf-
ter brexe wpplilicution.

Tne humsn body uwoes not respond immedictely when its eyes'per-
ceive some emergency requiring wction. There ic ¢ mcnsufobLe lag be-
twieen the perception ol' a conuition requiring bruke eppiicution and
the vetuuyl spplicution o! the breies vy the ariver'y coot. TS
period, «nown as the Perception-isuction ‘iime, or usuuily just Fe-
wetion Time, vuries trom percon to percon, wnd even with & given in-
ajviduar it verdes wvigedy wilh physicei conaition with such luctors us
futiiue, intoxicution, insttention, etc., increesing the reuction time
uppreciubly wbove its norand veiue.  Cieny series oif tests huve shown
thet the overuil cvercpe reuwction time lor wault drivers is 0.75 sec-
onas.  I'nis meuns that it tukes the aversge ariver tihree-quarters of
t. second to begin applying: the brekes efter he sees « conudition re-

quiring bruke wpplication.
turing the resction time the vehicle is proceeaing with un-
checkea speed, rupicdly aecressing the distence between it end trouble.

Beased on un average reaction time oi three-quarters of &« second, the

reczction aistunce is &s tfollovis:
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Reaction vistence = 0.75 (L.4671) = 1.1% feet.
The complete Stopping oistence equation is then:

142

Stopping bistence 5 = 1.1 + —————
30(Ef + G)

To illustrete tne reietive mypnitudes of Ctopping Listunce,
Breking Distence, and feaction Distance for o tyricsel rassenger cur
H

vwith m = 0.55, T = 0.25, una r = 0.4, on level puaving (f = 0.6) und

on itevel ice with cheins (f = 0.2) the Tuble IV is presentec.

TABLE IV

SYOPPING LISTANCE AL RFFLCTFL bY CPEED

lﬁ;tinl Speed M 10 20 40 60 o0 100
Level Dry Paving
Feczetion pistance 11 2 YA 66 8o 110
Braking bistsnce Lo o2 72 164, 291 A5/
Stopping pistunce 15.6  40.2 117 230 319 564

- ee e tm em e G ma am e e we Sr s em ek e e e e e em e e e wm e me e em e s

Level Ice witih Cnuing

Reuction Distunce 11 22 L, 66 &6 110
Braking Distance 20.2 &1 324 730 129 2025

Stoppin Distance 3L.2 102 364 796 136 2135

The Stopping Distunce in this teble is thie clear sight uistunce
which & driver should muinteain checd of his vehicle ut «ll times if he
expects to be eble to stop before hitting ¢n obstacle in his path. At
low speeds on clean dry puving the Reuction Listunce is the major part
of the total Stoppini Distence required. The venicle vesijner can do
little about reaction time excebt to grovide the driver vith pood

visibility, comfortable seating, convenient brake pedsl locction, and




201.
an adequate supply of fresh air at the proper temperuture. These
things will help to xeep the driver alert and swuke end to werd off
fetigue, thus helping the driver to display the lowest reaction time
of which he is physicelly capable.

The Braking Distance is more susceptible to control by the de-
signer, who should provide & breking system which producec adequate
breking effectiveness, rupid response, iight pedul operation, und proper
force distribution. Vihen in proper operatin: condition our present

‘

bruking systems do & good job of' this, with YO to 100 Relative Braking

Fffectiveness being normel performance.
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BRAKING VITH THE ENGINE

The service brakes on a vehicle are designed with the intention of
providing sufficient braking ebility to produce an emergency stop.
Emergency stops on & properly overated vehicle are rure, ut breke ap-
plication to a level lower than that required for an emergency stop is
frequent. Any vehicle driven zt other than o snail's puce in traffic
requires repeated brake upplicuations to reauce the vehicle speed to,
uvold hitting the vehicle chetu, or to stop for traffic Lights. ‘hese
breke epplications nre usuully mild in ncture end sufficient time
elupses between them for the drums znd Linings to cool to normel temp-
ersctures. ‘I'nis type of breke operstion produces normel veur on lin-
ings uand drums, and usually requires only infrequent replscement of
the brake linings to keep the brukes in good operating condition.

In hiily country a vehicle descendinyg a yrede undergoes a contin-
uous conversion of potentiel energy into kinetic energy, ond unless
this source of kinetic energy is counterbulanced ty some device which
converts kinetic enerpgy into heat enerygy and dissipates it tfrom the
vehicle et the same rate at which it is generated the speed of' the ve-
hicle will rise to a dangerous level on o long steep grude. The ser-
vice brakes can convert kinetic energy to heet energy at the necesssry
rate, but their heat dissipation ability is low due to their position
within the wheel rim. Long continucus epplication of the brulies, or re-
peated short periods of application without adequate rest periods in

betveen will cause drun temperatures, lining temierutures, and shoe
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temperatures to rise to excessive levels, lesdin; to such troubles as
drum cracking, drua distortion, shoe curl with uneven lining wear,
bleeding of the lining, burning of the lining, end zccelerated lining
wear.

To avold excessive annoyance and expense in the maintenance of
service brakes, it would be desirable to have scme other less trouble-
some means of dissipating the hect energy erising from descending a
grade. The engine which powers the vehicle offers to & limited degree
u means of dissipating this energy. The engine has s rsir samount of
internal frictionul loss when operated at medium or high speeds which
is converted into heat energy and dissipated by the engine's regular
cooiinyg system. Puring driving operation, enough power is produced in
the cylinuers to meet the friction losses and have enough left over to
produce usetful power. V¥hen the throttie of & quentity-governed gaso-
line engine is closed, very iittie power is ueveloped in the cylinders,
end the engine slows dovn untii power production muatches power demand.

The frictional losses in an enéine céme irom many different sources,
such as bearing friction, piston ring friction, piston skirt friction,
camshuaft friction, velve train friction, oil pump drag, water pump drag,
generator drag, fen dreg, internal windage, etc. GCome of these items
are substantizlly independent of engine speed, some vary with engine
speed ruised to the tirst power, some with engine speed to the second
power. ‘The sum of ell oi these quantities can be represented by a three
term equation of the type ANO + BNl + CN2, where N is engine speed in

revolutions per minute, end A, B, end C are empirical constants.
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For our present day passenger car engines a typical equation would
be: Friction Mean Eifective Pressure = 6 + .0005N + 1.0 10-6N2.

In addition to overcominyg its own friction Losses, an engine being
pushed at high speed on closed throttie must do & certein amount of
pumping work to get in a little fresh charge and get rid of a little
exhaust gas. ‘ne intake manifoic vacuum against wnich the pistons must
work on the ;ntake strokes is of the order of 20 to 24 inches of mer-
cury. The exhsust back pressure is negiigible, but there is an excess
of compression work over expansion work on these strokes due to heat
transfer. Ail together these amount to &« Pump Mean Frfective Pressure
of about ten psi. Adding together the Pump Meoan bkifective Pressure and
the I'riction Mean Effective Pressure produces the Drag Meun Effective
Pressure of an overspeeded closed-throttle engine. The equation for
this is as tfollows: Drag Mean Lifective Pressure = 16 + Q05N +
1.0 - 1002,

I the engine is geared to the driving wheels in subh & way that
the vehicle is forced to arive the engine at & speed higher than the
engine would normally run itself at closed throttie, the Indicated MEP
fells to zero because of extreme dilution effects, and the brag MEP
from the equation above is available to retard the progress of the car,
To determine how effective this braking by the engine can be, a sample
computation for a typical passenger automobile will be mude and the re-
sults shown in graphicul form.

The force wnich is urging the vehicle uown the hill is the gravity
component parallel to the road surface, called the Greade rorce, and

equal to W sin 9. This grede rorce is resisted by the natural resist-
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ences to motion of the vehicle, mainly tire rolling and wheel beering
resistence, drive train friction, end winu resistence, and in addition
by any resisting torque offered by the engine. At sn equilibrium speed
the grude iorce is equal to the sum of these two latter cuantities and
an equation cun be written to determine the equiiibrium speed for a

ziven grude.

Equivelent Engine brapg Force
brive Trein Etficiency

urade lorce = fowing kitort at iineelis +

The Towing Kitort at the Wheels is best meosured experimentally,
and expressed as en empirical relation inciuding vehicle welght, vehicle
speed, frontal area and appropriate constunts. oSuch an equution is
ziven in the preceding section on Vehicie Performunce.

The kquivalent Engine brayg Force is the brag PForce procucec at the
drive wheel to roud contect point by the irvy MEP o! the engine. 7This
would be obtarined ©s follows:

_ PLANK  _ 2N

HP
33,000 33,000
LAk
T = PLAK brag Torque = Lrag MEP 5.~
2T

Dreg Torque x Uverall Gear iatio = Axle Lrag Torque

Axle pruayp loraue
Rolliing Reuius

= pkquivelent kngine Lreg Force

or:

; LAk
Drag MEP (=—
Equivalent Engine Lrag Force = e (?n ) (GR)

RR
Symbols ure as inaicated, with L = piston stroxe in feet, A = piston
area in square inches and k = the number of working piston strokes per

cranksheft revolution.
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The brive Trsin kificlency is & function muiniy of the type of
transnission used. Yor & stendsrcé sliding-geer transmission the drive
trein efficiency is approximately 95%.

Using symbols wherever possible the force equilibrium equation can
now be rewvritten and soived tfor sin 9.

Urag MEP (LAk) (GR)
.95 (ER) 2r

IE | brag MEP (LAk)(GR)
Vi 5.96 W (hi)

il

W sin 9 =Tk +

sin 9 =

For the grades encountered in eny road work sin 6 and tan @ are substen-
tielly equui, so tun © = jjecimal Grade G may be substituted for sin 9
without introducinyg epprecichle error.

G = Tk, Drag MEP (LAk) (GR)
W 5.90 ¥ (Lit)

Yhe overall Geur httlo in this equation has several uiftf'erent values
which muy be chosen at will by the vehicle driver to obtain approximately
4 desired speed down u given grade.

‘'he passcnger car chosen to provide a numerical illustration has the
followiny dimensions: ¥ = 4000 pounds, Frontal Areez = 26.7 square feét,

L = 3'437, A= ? (3.75)2, k = 4, holling Radius = 1.177 féet, Gear Ratio =
12 ‘

3023 = (3.£2 x L.53) - (3.23 x 2.29), TE = 44.8 + 0.386M + 0.0393M2.

The resulits of a numericul evaluztion of the equilibrium grade equation
for this passenger car are shown on [igure 43.

rigure 43 snows the equiiibrium or terminal speed which this vehicle
would attainr if allowed to coast down & long uniform grade without using

the service orekes. 1I: the cur were allowed to coast down & ten percent
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grade in neutral, it would reach a speed of ninety miles per hour
before wind resistance gnd other losses stopped further acceleration.
Using the closed throttle engine as a brake in high gecr of the trans-
mission would add sufficient brekinyg effect to reduce the speed at equi-~
librium on the ten percent grade to 60 miles per hour. It this is too
fast, the engine brakinyg effect can be increased by causing it to turn
faster with respect to vehiclie speed. This is done by shifting the
transmission into second or Lowv gear. Using second gear on this car
will cut the equilibrium speed on a ten percent grade to 36 miles per
hour. I. traffic or road conditions indicute that even this is too
rast, shifting to low geur wili cut the equiiibrium speed to 17 miles
per hour.

By using the engine as & breke in this way the vehicle can be
lowered down a long grade at a controllable speed without any wear or
any heeating of the service brakes, and without any measurable increase
in enyine wear or tuei consumption. Operation on especially steep grades
will require sowe assistance from the service brakes to hold engine and
vehicle speeds within reasonable limits.

I'he closed-throttie engine cannot take the place of the service
brukes ror emergency stops, but it does serve admirably as an energy

dissipator for downhill operation.
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AUKILIAKY BRAKING DEVICES

Engine braking provides & satisfactory means of iowering a pas-
senger cer down & itong grede, and continues to do so for vehicles
weighing up to as much as ten thousand pounds gross vehicle weight.

For heavy commercial vehicles there is just insufficient braking power
avuilable in the engine ut uny feusible engine speed, und the service
brakes must be reiied upon aimost complétely to hold speeds to a safe
level during long descents. Because of the .imited heut dissipntion
abliity of wheer mountea brakes, the citowsbuae speed cown the grade must
usutlly be held to a vealue fur beiow thet ¢t which the driver wouid neg-
otiate ¢ level roud with equivulient curveture, and the scheduie of the
vehicle is prolongeu unduly on trips with hilly terrcin (26).

Any sttempt to overate ut hijher speeds dovm hiii thun these ex-
perience~determined sufe bruking speeds results in such high Lining
and drum temperatures thut either cumulutive or immeuiunte brake trouble
results. Cumulustive troubles, uppeuring in either s few hundred or a
few thousand miies ere itess spectucurur and Less drustic, but neverthe-
less expensive and annoying. They include such tiings as premuture tire
t'aiiure due to overheating by radiation to the rims, brake drum crack-
ing snd checking, und excessively frequent brake Lining repiacement (27).
The immeciate troubles are either softening of tne iining at nigh sur-
Tace temperatures and its very rapid disintegretion lesding uickly to
no braking abiiity, or charring ol the iining with & drestic drop in

its coefficient of rriction, cecusing eluwost no brexing ability. Uniess
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the ariver is iucky enough to be at the bottoa of ihe grede when this
occurs the vehicle ;oes cereening cown the grade &t increasing specd,
tl1 too of'ten stopping with disastrous results to persons and property.
In hilly country with considerettie heuvy truck traffic this latter
difiicuity heppens with distressing irequency.

1i wheeli-mounted briie drums ure the only meenc avuiisble to bralke
tne velilcie, there is no other uncwer then to hold the speed of descent
to @ vuilue et which the brakes cen dissipute the generated heut without
atteining excessive temperntures. Donme ider of the recuired hegct trons-
fer retes een be obtained froa & ceélecusntion of knoen gross vehicle

chts end racing, highweyr greces.

wei,
tntercity express trucxs operetling over the western mountsin rouds
have g;ross venlcle weigzhts ror trucks up to 45,000 »pounds ena truiters up
to 45,000 pounds, witn the weignt ol tractor-irciler conbinutions limited
to 72,300 to 74,000 pounds. ‘fuese are the teprs cinitations imposed by
tne stutes throujh which thece vehicles opercte. 1ln conings down out of
the nountein ousses tbher repewtedly cdescend hitte rengin;; from ten to
fifts-five mites in .ength, with predes verying from six ser cent up to
& maximun of tweive yercent (id).

Using & gross venicie wel_ ht of 45,000 pounds for a singie vehicle
end¢ w noninusl grede of ten percent, table V shows the rate at which
eneryv must be dissipnted to meintein & certein speed. ‘the jgrede force
ecting on the vehicle is W sin &, &nd tne re.stions used in uevetoping

the tabie sre:
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— rorce x Miles per Hour

Horsepower
375
" . 3
Truck Lemend Horsepower = (7.6 + O.O9).!)>""J + (1L + 0.36) + 9:5325_
c.23 375 (25)
TABLE V
SPLEED EbiaCT ON ENERGY ISSIPATION RATE
45,000 Pound Vehicle 10, Lownhill Grade
Speed urude Energy bissipation iate in Horsepower
I'orce Total By ‘'fruck By braking
5 4500 60 o 52
10 4500 120 15 105
15 4500 130 2445 155
20 4500 240 35.5 20/
30 4500 360 65 295
40 4500 4o0 103 372
60 4500 720 236 YA-IA
60 4500 960 4060 4,80

Trucking experience has shown that sefe practice ror this truck
woula be to lower it vovn the grade at speeds of between ten and fifteen
miles per hour, using engine bruking to its muximum sutfe extent wnc thre
service brakes to whatever extent is necessery to hold the venhicie to
this speed range. Higher speed wouic necessitite shifting the trans-

mission from "two under cirect" to "one under uirect" or to "cirect" in
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order to avoia excessive engine speed, witn proportionste Loss in
engine brexing. 7This lo8s is engine breking pius the additional horse-
pover generated by the higher cpeed viouLld have to be handled by the
wheel brekes. pitter ex_.erience shows tiuet they cennot do it safely.

The only way in which higher speeds of uescent can sat'ely be used
is to provide some auxiliary brasing system of relativeiy high horse-
power capacity, capable of dissipating thermal energy at high rates.
''wo distinct tyoes of energy dissipators hove found limited acceptance
us auxiliary braking devices for trucks. une is & weter bruke, or
water dynamometer. ‘he other is un uir-cooled ecdy current electric
breke. soth ere ariveshurt mounted sna driven tiuwough gecring trom a
Live'axie, the reguter live axie on & truck, or & speciully instulled
tive axle on a truiler.

The water brake is connected by menns of quick aump vulves to the
engine cooiing system of the truck, and dissipetes the energy generated
within itself by circulating wsater up through the cooling rudiator.
Hormel or even oversized radiutors ere incupsbie of dissipating energy
at the rate at which it must be generated by this auxitiary bruking
device, and the extret enerygy is dissipeted by boiling away some of the
vater.

‘'he eddy-current unit is air-cooied, und cun be equipped with auto-
matic governing devices which wiil ap.ly it to whatever extent, u: to
its meximum, neeaed to maintain a crosen speed down & grade.

Properly installed and maintained these devices would pernit in-
creased speeds with safety on downhill stretches. Their adoption by

tihe highly competitive commercial trucking industry is impeded by &n
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economic situation which at present leads the industry to remove front
wheel brukes compietely in order to add & few hundred pounds of pay
load, even though this mey reduce their brakinyg ability by sbout ten

'percent.
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SUILAARY Ol BRARES ANL sFARING

The preceding sections hzve shown that the need for vehicle speed
reduction must be met by some energy ciscipetion cevice called a breake.
On retatively licht vehicles, such as nassenger cars or the iijhtest
trucits, continuous breking need cun be hundied within certuin limits by
engine oreking. continuous breking need on hexvy commercizli vehicles
cun best be hundied by speciu. wuxiiiery energy converters.

Intermittent bruking of mujor nuprnitude, ona ell bruking for emerg-
cney stop conuiticns must be hanuled by cpeciai Iriction brukes in-
stulied vsurily on the wheet hubg. These friction brokes ere either of
the wnnular dise, or cyiindricel drum und shoe type.

The bruking forces which must be developed ut the drums of these
friction brekes is zhown to be of the oruer oi mgynitude of three
guurters of the vehicle weijht. In order to develop this rorce meg-
nitude from the ruther .inited :force =which the ¢river can exert on a
brake pecul, n rorce multi lying system must be used. Tihe torce multi-
plicution retio which this systenm can proauce is split into two purts.
une part is the brexke rigging, incsuuing those portions ol the system
between orske pedul and breke-shoe-zctuating cums or pistons. 7ie
other part is the brexe shoe to bruke drum combination.

‘the iimiting values of brake rigging rorce multiplication ratio
are analyzed, and shown to depend on the magnitude of shoe to drum
ciearance in the released position, plus the uliowance to be made for

iining wear between bralie adjustments.
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The obtaineble values of shoe to drum force multiplication ratio
for six different tyvmes ol brakes are anuiyzed by developing the basic
equations which govern the operztion of euch type of bralie, illustreting
the .imitutions iajosed by certain design and operationai variabies, and
evzluating, for brakes ol the same size, the numericci mapnitude of the
torce multiniicution rutio to be obtuined for euch type.

The probubie stabiiity ol operation of emch type of brake is deter-
ained from thneir busic equations, end the importence of brake stubility
indicated.

The effect of bruling torce distribution on the Helative Bruking
wrfectiveness is illustratea, und equotions for deternining this
quantity for various conceivabie brukin; conaitions cre develoned. The
uge o!' the reletive braking effectivenass is then illustrated by dev-
eloping an equetion ror Stopping bistence, in which the reletive braking

eflfectivencss is one of the key fuctors.
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SUMMARY

Certain phases of automotive vehicle construction end operation
ure quite well suited to an iilustration o1r the eppliication of the
principles studied in engineering eaucation. The phases useu in this
thesis are driving aniiity, performance, sna bruking abiiity.

Section II on driving abiiity iilustrates how u seif-propelled
vehicte generctes a drivin,; force at the roau surtuce to move itseif
about. Using a tree-bouy diagram ana the principles of mechaniecs and
mathematics, a series of reintions are developed which give the max-
imunm driving torce which the vehicie can produce ss n function of the
friction coefficient, the rore ana uft weight distribution, and the
ratio of the height of' the center of gravity to the wheel bause. 'These
equations are developed ror tour aifterent drive-wheel combinations,
and ror certain variustions oif these combinations. Mfoximum driving
{force is shown to bLe equal to the proauct of triction coeff'icient and
adhesive weight, and is produced when all weight-carrying wneels are
brought simultaneously to impending slib by ariving torces. Vhen the
driving force produced by other driving wheel combinctions is compared
with the maxiwmum uriving rforce obtainablie, the Pelstive bLriving kitec- .
tiveness of the combination is obtained. Rear-wheei drive passenger
cars show e relutive driving eftfectiveness be};een 0.55 and 0,90, with

front-wheel drive passenger cars showing vaZues between 0.43 and 0.52.

a4

kxcept on snow and ice the difterence in FbLative driving effectiveness

between the two types is of littlie conseduence. Special weight distri-

i

v
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butions, such as hanging the cab anu engine ahead of the front wheels,
can muke a tfront drive truck have fair driving effectiveness, and can
make a four-wheel drive truck with un interaxie difterentiai have a
uniformly high driving effectiveness.

Section I11 on seif-properled vehicie performance is concerned
with the top speed, hiti-ciimb abiiity, acceleration abiiity, and fuel
economy which can be produced by intelligent metching of the vehicle
horsepower demand with the engine horsepower supply.

The various factors which enter into the vehicle demand horsepower
are discussed, ana then an experimentally-determined empirical relation
is presented tor both aemund towing eftort und cemund horsepower.

By the use of iLiustrative ygraphs, the effect of overall gear
ratio between engine und road on the matching between supply ana demand
horsepower is illustruted. The need for a ciutch ena the need for a
torque-multiptying trensmission cre shown.

Using knawn or udeteriminabie quuntities equations sre developed for
hiill-ciimb abitity, end representative values of hiil-climb abiitity for
an actual car are iliustruted grephically.

The fuctors which enter into the acceleration ability of an auto-
motive vehicle are enumerated, their relstive magnitude discussea, and
an equation derived tor computing acceierstion ability. 7The accelera-
tion ability of an example vehicle is computed for seversl difrferent
conuitions and iliustreted in graphical form.

The probiem of fuel economy, or miles per gallon performznce, 1is
attacked by determining the major tactors which artect it and develop-

ing methods of determining their megnitude and effect. The effect of
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relative engine load on the engine's efriciency, cnd on the cur's fuel
economy is demonstrated by illustrating the effect cuused on both of
these guantities by various overell geer rztios.

For comparison jurposes the gerformance which the idead trdnsmission
would produce in the same vehicle is determined and is included on the
performence curve sheets with the vaiues produced by the conventionsal
trunsmission. The ideuli transmission does not produce any startling
improvemnent over the performence of the standuara types of transmi;sions,
ana tor vurious reusons citéd, there is no ideal trensmission marketed
todey. A curve showing the retio runyge over which the ideul trans-
mission of' the illustrative vehic.ie woula have to operste is shown,
#ith a muximum range of twenty tfive to one obtained.

vection 1V is an anaiysis of bruke types cnd bruking ability. The
breking requirements otf an automotive vehicle #re determined and the
magnitude to which the driver's torce on the l'oot pedal must be multi-
plied on its wuy to the bruke drums is enatyzeda. The inethod by which
tils Yorce multipiication retio may be obtained is split into two parts
una each pert anaiyzed sepurately.

Force multipiication in the bruke rigging, between toot pedal and
shoe-actuating coams, is determined by developing the relation between
cam movement end shoe to drum cliearance, end matching this quantity
with the aveiiabie etfective pedai travel.

Force muitipiication between bruke shoe and brake drum is then
anaiyzed tor five different tynes of shoe brakes and for one annular
disc type bruke. ‘'ne shoe brake types covered are: pin-anchorea shoes,

link-anchored shoes, shoes with sliding block anchors, the duai-primery
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shoe bruke, &nd the duo-servo shoe brake. Euch type is znalyzed by
trecting the shoe os a tree body acted upon by the forces present.
The relations tor radial rorce and the rectio of radias force to can
torce are derived in generai form by integrition of the free-body
equations. ‘The etfect oi various design and operating fuctors on the
stability and performunce of euch type are snulyzed, end ¢ comparison
of braking ability obtained by evalurnting the equuations tor euch type
tor & common bruke size.

The relative ubiiity of each brike type to resist seLf'-locking
tendencies is unalyzed and a Bruke vtability fuctor devesoped to obtuin
& nunericul coaparison of this bruke cherocteristie.

The Relative Braoking ritectiveness of difterent brsking arrenge-
ments snd cer welgnt distributions is aerived and illustrated. An
equation for the upproximate stopping distance required by a vehicle,
us u lunction of speed, friction coefticient, and relative bruaking ef-
rectiveness 1s derived und the etfect of these factors on the stopping
aistunce mugnitude presented in tebular form.

The degree of the braking effect which cun be expected from «n
engine operuting with & ciosed throttie is deternined, und the iimi-~
tetions of engine braking illustrated. The mzgnitude of therdontinuous
breking etfect required by & heavy vehicle coesting down & léng pyrade
is determined, and the us2 of auxiliary bruking devices discussed.

The design and operation probiems anulyzed in these three thesis
sections have illustrated by example the use of severual en;ineering
methods of attack on a problem. Pertinent aesign und operutional

equations are evolved from known or determinuble forces acting on e
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body. Involved equations or groups of equations are mede more under-
standable by two-dimensionati gruphs #ith femiiles of curves. Tne equa-
tions for bruke torce muitiplication rztio illustrate the derivation of

& generar equation tor a situstion invoiving distributed torces of un-
known mugnitude. ‘'ne stopping distance equation and the acceleration
ability equetion represent the use ol approximution and simplification

to eliminate quantities of negligibie mugnituue snd to obtuin an equation
simpie enough to avoid unwieidiness end yet accurate enough for muany

engineering uses.
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