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INTRODUCTION

The s e l f - p r o p e l l e d  wheeled v e h ic le  has become an i n t e g r a l  and in ­

d isp en sab le  p a r t  o f  th e  m i l i t a r y  and c i v i l i a n  l i f e  o f  our day. The 

eng ineer  concerned w ith  th e  d e s ig n ,  o p e ra t io n ,  and a p p l i c a t io n  o f  the  

s le f - p ro p e i le d  wheeled v e h ic le  i s  confron ted  w ith  problems in  which a 

knowledge o f  th e  methods by which th e  b a s ic  p r in c ip l e s  o f mathematics 

and p hysics  a re  ap p lied  to  v e h ic le  des ig n  would be o f  g r e a t  u se .

Automotive v e h ic le  des ig n  in v o lv es  th e  d e t a i l  c o n s id e ra t io n  o f  

muny s e p a ra te  s e c t io n s ,  follow ed by th e  com bination o f  th e se  s e c t io n s  

i n to  an harmonious whole. S ince th e  fu n c t io n in g  o f  each s e c t io n  i s  no t 

com pletely  independent o f  th e  fu n c t io n in g  o f  o th e r  s e c t io n s ,  the  

u t i l i t y  o f  th e  whole vehicle w i l l  be increased i f  th e  d e s ig n e r  o f  each 

s e c t io n  i s  f u l l y  acquain ted  w ith  th e  b as ic  p r in c ip l e s  governing the  

des ign  and o p e ra t io n  o f a l l  o th e r  s e c t io n s .

The s tu d e n t  m ajoring i n  autom otive en g in ee r in g  should have p re ­

sen ted  to  him the  methods v/hereby b a s ic  en g in ee r in g  p r in c ip l e s  a re  

ap p lied  to  autom otive v e h ic le  d es ig n ,  and both th e  s tu d e n t  en g in ee r  

and th e  p r a c t i c in g  eng ineer  should have a v a i l a b l e  f o r  r e fe re n c e  a p re ­

s e n ta t io n  o f th e se  methods.

I t  i s  the  purpose o f  t h i s  t h e s i s  to  p re se n t  in  s u f f i c i e n t  d e t a i l

the  way in  which th e  b a s ic  p r in c ip l e s  ob ta in ed  from an en g in ee r in g

t r a in i n g  a re  a p p lied  to  s e v e ra l  phases o f  autom otive v e h ic le  d es ig n .

S e lec ted  as  th e  most a p p ro p r ia te  f i e l d s  f o r  t h i s  purpose a re :

d r iv in g  a b i l i t y ,  v e h ic le  perform ance, and b rakes  and b rak in g  a b i l i t y .



These th re e  f i e l d s  covelr th e  problems involved  in  g e t t in g  th e  v e h ic le  

moving and keeping i t  moving, power requ irem ents  l o r  a given perform­

ance l e v e l ,  o r  th e  pei’fbrmance l e v e l  to  be expected  from n given i n s t a l l e d  

power, and th e  problem bf s topp ing  th e  v e h ic le  o r  c o n t r o l l i n g  i t s  speed

o f  motion. j
|

There e x i s t s  in  th e  l i t e r a t u r e  devoted to  th e  autom otive v e h ic le
i

much t h a t  has been w r i t i e n  about each o f  th e se  f i e l d s .  Most o f  i t  i si

d e s c r ip t i v e ,  with  on ly  in  o c c a s io n a l  i l l u s t r a t i o n  o f  th e  a p p l ic a t io n  o f  

b a s ic  p r in c ip l e s .  Thesq o c c a s io n a l  i tem s must be se p a ra te u  from the  

mass o f  m a te r ia l ,  c o r r e la te d  w ith  one a n o th e r ,  end used as  a check on 

th e  v a l i d i t y  o f  th e  re B h l ts  o b ta ined  from a t h e o r e t i c a l  t re a tm e n t  o f  

known b a s ic  r e l a t i o n s .
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DRIVING

ABILITY

of

AUTOMOTIVE VEHICLES



DRIVING FORCE

The s e l l - p r o p e l l e d  wheeled v e h ic le  i s  a b le  to  move i t s e l f  about 

over th e  su rfa c e  on ly  by means o f th e  f r i c t i o n a l  fo rc e  which i t  i s  

ab le  to  develop between i t s  d r iv in g  wheels and the  su rfa c e  which sup­

p o r ts  i t .  The magnitude o f  t h i s  f r i c t i o n a l  fo rc e  i s  a fu n c t io n  mainly 

o f  the  n a tu re  o f  th e  su p p o rt in g  su rfa c e  and th e  wheel su r fa c e .  A low 

value  o f  shear  s t r e n g th  i n  e i t h e r  one w i l l  l i m i t  th e  f r i c t i o n a l  fo rc e  

which can be developed to  th e  sh ea rin g  a rea  tim es the  average u n i t  

shear s t r e n g th  o f  th e  weaker m a te r ia l .  This behav ior l i m i t s  the  

f r i c t i o n a l  fo rc e  which can be developed by a t i r e  o p e ra t in g  on g ra v e l ,  

sand, s o f t  s o i l ,  snow, and mud. The use  o f  c l e a t s  which p e n e t r a te  the  

raa to riu l  o f te n  can in c re a s e  th e  d r iv in g  fo r c e ,  b u t only  by in c re a s in g  

the a rea  su b je c te d  to  sh e a r in g  s t r e s s .

Any combination o f wheel su rfa c e  and road su rface  which has s u f ­

f i c i e n t  sh ea r  s t r e n g th  to  r e s i s t  ru p tu re  o f e i t h e r  o f  the  su r fa c e s  can 

develop a t r u e  c o e f f i c i e n t  o f  f r i c t i o n .  I f  an a ttem p t i s  made to  move 

one o f  two c o n ta c t in g  su r fa c e s  r e l a t i v e  to  the  o th e r ,  more and more 

t a n g e n t i a l  fo rc e  must be a p p l ie d  w ith  no r e s u l t i n g  movement, u n t i l  

f i n a l l y  movement b eg in s ,  and w ith  continued fo rc e  a p p l ic a t io n  the  move­

ment w i l l  co n tin u e .  Repeated o b se rv a t io n s  o f  t h i s  p rocess  have shown 

t h a t  f o r  a d ry  rubber t i r e  c o n ta c t in g  a  ciry dense co n cre te  o r  bitum­

inous pav ing , th e  fo rc e  r e q u ire d  to  cause continued movement, o r  s l i p ­

ping o f one su rface  r e l a t i v e  to  th e  o th e r ,  i s  lower than  th e  fo rc e  r e ­

qu ired  to  cause th e  i n i t i a l  movement.
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The c o e f f i c i e n t  o f  f r i c t i o n  developed between two c o n ta c t in g  su r ­

fa c e s  i s  d e f in ed  as  the  r a t i o  o f  the  fo rc e  t a n g e n t i a l  to  the  two con­

t a c t i n g  s u r f a c e s ,  to  th e  fo rc e  normal to  th e  two c o n ta c t in g  su r fa c e s .

The t a n g e n t i a l  fo rc e  i s  u s u a l ly  c a l le d  th e  F r i c t i o n  Force, w hile  the  

normal fo rc e  i s  c a l l e d  the  Adhesive Force, s in ce  the  a b i l i t y  o f a body 

to  adhere f r i c t i o n a l l y  to  a su rfa c e  i s  d i r e c t l y  p r o p o r t io n a l  to  the  

fo rce  normal to  th e  s u r f a c e .

Tbe c o e f f i c i e n t  o f f r i c t i o n  computed from the  f r i c t i o n a l  fo rc e  

developed when two su r fa c e s  a re  a t  the  p o in t  o f  impending s l i p  o f  one 

r e l a t i v e  to  th e  o th e r  i s  th e  maximum value a t t a i n a b l e  anu i s  c a l le d  the  

c o e f f i c i e n t  o f  f r i c t i o n  a t  impending s l i p ,  o r  more s im ply, the  impending 

s l i p  c o e f f i c i e n t .  The magnitude o f  the  impending s l i p  c o e f f i c i e n t  fo r  

pneumatic rubber t i r e s  w ith  good non-skid  t r e a d  w i l l  vary  from a minimum 

of abou t 0 .1 ,  f o r  snow-coated t i r e s  o p e ra t in g  on smooth i c e ,  to  a max­

imum va lue  o f  over 1 .0  f o r  rough open s u r fa c e s  on which th e  t r e a d  rubber 

p e n e t r a te s  the  open spaces o f  the  su rfa c e  and g r ip s  th e  p ro je c t io n s  from 

the  s u r fa c e  (1 ) .  An average value f o r  t h i s  c o e f f i c i e n t  f o r  a  smooth dry 

dense c o n c re te  o r  macadam su rfa c e  i s  0 .6 .

The maximum d r iv in g  fo rc e  which a s e l f - p ro p e l l e d  v e h ic le  can develop 

occurs when a l l  wheels c a r ry in g  weight a re  brought s im ultaneously  to  im­

pending s l i d e .  I f  th e  v e h ic le  weight i s  s ig n i f i e d  by W, and th e  angle  

between th e  road su rfa c e  and a l e v e l  su rfa c e  by 9 ,  then  the  normal com­

ponent o f  g r a v i ty  fo rc e  p e rp e n d ic u la r  to  th e  road su r fa c e ,  o r  the  Adhe­

s iv e  Weight, i s  equal to  W cos 9. I f  th e  symbol Mf"  i s  used to  in d ic a te  

c o e f f i c i e n t  o f  f r i c t i o n  th e n  the  maximum p o s s ib le  d r iv in g  fo rc e  which 

can be developed between v e h ic le  and road su rface  i s  equa l to

f  impending * W cos
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The maximum d r iv in g  fo rc e  i s  o b ta in ed  only  when a l l  weight c a r ry ­

ing  wheels a re  d r iv in g  wheels and a re  b rough t s im u ltaneous ly  to  im­

pending s l i p .  I f  o n ly  a p o r t io n  o f  th e  w eigh t c a r ry in g  wheels a re  

d r iv in g  wheels, o r  i f  f o r  some reason  th e  wheels cannot be brought 

s im u ltaneously  to  impending s l i p ,  then  th e  maximum d r iv in g  fo rc e  which 

can be developed w i l l  bo lower than  th e  t h e o r e t i c a l  amount which could 

be developed, and th e  d r iv in g  e f f e c t iv e n e s s  w i l l  be l e s s  than  i t  theo­

r e t i c a l l y  could be.

The d r iv in g  e f f e c t iv e n e s s  o f  a v e h ic le  i s  a measure o f  i t 3  a b i l ­

i t y  to  move i t s e l f  over th e  ground o r  road s u r fa c e .  To th e  c i v i l i a n  

v e h ic le  o p e ra t in g  over d ry  co n cre te  paving i t  i s  an academic m a tte r ,  

n e i th e r  understood nor a p p re c ia te d .  To th e  c i v i l i a n  v e h ic le  a t tem p t­

ing to  craw l up an i c e  coated  h i l l  i t  i s  something which h is  v e h ic le  

has in  i n s u f f i c i e n t  q u a n t i ty .  To th e  m i l i t a r y  v e h ic le ,  o p e ra t in g  o f f  

the  roud and in  rugged t e r r a i n ,  d r iv e  e f f e c t iv e n e s s  du r in g  combat 

o p e ra t io n s  i s  o f te n  th e  d i f f e r e n c e  between l i f e  and dea th  f o r  p e rso n n e l.

A very  u s e fu l  term f o r  comparing th e  d r iv in g  e f f e c t iv e n e s s  of 

var io u s  v e h ic le s  i s  the  R e la t iv e  D riv ing  E f f e c t iv e n e s s , defined  by the  

fo llow ing  r a t i o :

D c, _ A ctual Drive Force Produced by V ehicle
f t  ,  U  •  £ .  •  —  „■ — — ,.i ■    . r  -

Maximum T h e o re t ic a l  Drive Force 

This i s  e q u iv a le n t  to :

, _ A ctual Drive Force Produced by V ehicle
—    -   - .  .  _ _  . .  _  . —

impending s l i p )  * W cos 0
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The R e la t iv e  D riv ing  E f fe c t iv e n e s s  can be expressed  e i t h e r  a s  a 

decim al o r  as  a p e rc e n t .

There a re  s e v e ra l  d r iv in g  wheel combinations f o r  a four-w heel 

v e h ic le  which occur in  p r a c t i c e  and whose r e l a t i v e  d r iv in g  e f f e c t i v e ­

n ess  should  be i n v e s t ig a te d .  The obvious d r iv in g  wheel combinations 

a re :  r e a r  wheel d r iv e  o n ly , f r o n t  wheel d r iv e  on ly ,  and a l l - fo u r -w h e e l  , 

d r iv e .  A l e s s  obvious b u t  e q u a lly  im p o rtan t  s e t  o f  c o n d i t io n s  i s  

c re a te d  by th e  use o f  d i f f e r e n t i a l s  in  th e  d r iv e  t r a i n .  A d i f f e r e n ­

t i a l  gear s e t  i s  a dev ice  which a llow s i t s  two o u tp u t  s h a f t s  to  tu rn  

r e l a t i v e  to  one an o th e r  w ith o u t a f f e c t i n g  the  average speed o f r o t a ­

t io n  o f  th e  two u n i t s .  One s h a f t  can overspeed th e  average , bu t the  

o th e r  must underspeed th e  average by th e  same amount. The o rd in a ry  

d i f f e r e n t i a l  gear s e t  c o n s i s t s  o f  a p a i r  o f  ou tp u t s h a f t s  c a r ry in g  a 

bevel gear  a t  one end and so p laced  t h a t  t h e i r  axes co in c id e  w ith  one 

ano ther  w ith  th e  beve l g ea rs  face  to  fa c e .  The bevel gears  mesh w ith  

two, th r e e ,  o r  fo u r  d i f f e r e n t i a l  p in io n  gears  mounted in  a d i f f e r e n ­

t i a l  c a r r i e r  on axes which i n t e r s e c t  th e  o u tp u t s h a f t  a x is  a t  n in e ty  

degrees a t  a common p o in t .  The d i f f e r e n t i a l  c a r r i e r  i s  so mounted 

t h a t  i t  i s  f r e e  to  r o t a t e  abou t th e  a x i s  o f  i t s  o u tp u t  s h a f t s ,  and 

c a r r i e s  on i t s  p e r ip h e ry  a bevol o r  spur gear  by means o f  which i t  i s  

d riven  from an o th e r  s h a f t .  The fu n c t io n  o f  the  d i f f e r e n t i a l  gear s e t  

i s  to  c a r ry  to rque  to  i t s  two ou tp u t s h a f t s  while g iv in g  them the  

freedom to  r o t a t e  w ith  r e s p e c t  to  one an o th e r .

When a fo u r  wheel v e h ic le  i s  d r iv e n  around a curve i t s  o u ts id e  

wheels o p e ra te  over a g r e a te r  ra d iu s  than  i t s  in s id e  wheels and must 

tu rn  a t  e d i f f e r e n t  speed. Also, e s p e c ia l ly  in  s h o r t  r a d iu s  tu rn s ,
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th e  f r o n t  wheels w i l l  o p e ra te  over on a p p re c ia b ly  s h o r te r  r a d iu s  than 

the  r e a r  wheels and must tu r n  a t  a d i f f e r e n t  average speed than t h a t  

o f  the  r e a r  wheels. I f  th e  two r e a r  w heels, o r  th e  two f r o n t  wheels, 

a re  mounted on a common s h a f t ,  th e  more l i g h t l y  loaded wheel i s  fo rced  

to  s l i p  s u f f i c i e n t l y  d u r in g  co rn e rin g  o p e ra t io n s  to  make up the  d i f f e r ­

ence in  r o t a t i o n a l  speed, w ith  consequent a c c e le ra te d  t i r e  wear and 

augmented s h a f t  s t r e s s .  I f  the  common s h a f t  i s  s p l i t  i n to  two ax le  

s l ia f t s ,  one s h a f t  can over nan the  o th e r  and avoid the  high s h a f t  

s t r e s s  and the  ex cessive  t i r e  wear. The o rd in a ry  bevel gear d i f f e r ­

e n t i a l  performs t h i s  p a r t  o f  i t s  fu n c t io n s  adm irably , a l low ing  r e l ­

a t i v e  r o t a t i o n  o f  th e  two s l ia f ts  w ith  o n ly  very  s l i g h t  f r i c t i o n a l  

r e s i s t a n c e ,  while s t i l l  c a r ry in g  to rq u e  from th e  d i f f e r e n t i a l  c a r r i e r  

in to  both  s h a f t s .

The d i f f i c u l t y  which th e  o rd in a ry  d i f f e r e n t i a l  c r e a t e s ,  i n s o fa r  

as r e l a t i v e  d r iv in g  e f f e c t iv e n e s s  i s  concerned, i s  t h a t  i t  always 

s p l i t s  th e  to rque  flow from the  d i f f e r e n t i a l  c a r r i e r  in to  th e  two o u t­

pu t s l ia f ts  i n to  e x a c t ly  th e  same r a t i o ,  r e g a rd le s s  o f  the  a b i l i t y  of 

e i t h e r  s h a f t  to  abso rb  the  to rque  which th e  d i f f e r e n t i a l  wishes to  im­

p re ss  upon i t .  In  th e  c r o s s - a x le  d i f f e r e n t i a l  t h i s  r a t i o ,  excep t in  

very s p e c ia l  c ircum stances ,  i s  one to  one, and th e  d i f f e r e n t i a l  gear­

ing cannot t ra n sm it  to  th e  wheel havin  good t r a c t i v e  a b i l i t y  any more 

to rque  than  can be developed by th e  wheel having poor t r a c t i v e  a b i l i t y .  

This means t h a t  th e  u n fo r tu n a te  c ircum stance which s e t s  one wheel o f  

a d r iv in g  p a i r ,  connected by an o rd in a ry  d i f f e r e n t i a l ,  on i c e  o r  snow 

o r  mud, w hile  th e  o th e r  remains on dry  hard ground o r paving, l im i t s  

th e  d r iv in g  fo rc e  which can be developed by the  p a i r  o f  wheels to
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tw ice t h a t  developed by th e  wheel which s l i p s  f i r s t ,  in s te a d  o f  th e  

sum o f  the  d r iv in g  fo rc e s  which could be developed a t  impending s l i p  

o f  each wheel. This c o n d i t io n  causes th e  u t t e r l y  r id ic u lo u s  s i t u a t i o n  

which sometimes occurs  vfhen a v e h ic le  w ith  th re e  wheels on bare  dry  

paving i s  unable  to  move because th e  fo u r th  wheel i s  on a pa tch  o f ic e  

o r  s l ip p e ry  mud. To th e  o rd in a ry  p assenger  c a r  i t  i s  a s u f f i c i e n t l y  

r a re  occurrence  to  be on ly  an annoyance. To th e  commercial v e h ic le  

o p e ra t in g  o f f  the paved road , i t  i s  s u f f i c i e n t l y  common to  be a source 

o f economic: lo s s  and an in c e n t iv e  to  purchase rem edial equipment. To 

the  m i l i t a r y  v e liic le  i t  i s  an u n th in k ab le  c o n d i t io n ,  one which must be 

avoided a t  a i l  c o s ts .

The d i f f i c u l t i e s  caused by th e  to rque  s p l i t t i n g  d e f ic ie n c y  o f  the  

o rd in a ry  d i f f e r e n t i a l  can be avoided by th e  use of a common ax le  s h a f t ,  

w ith  i t s  accompanying s h a f t  s t r a i n  and t i r e  wear, o r  by i n s t a l l i n g  a t  

e x t r a  c o s t  a s p e c ia l  type o f  s e l f - lo c k in g  " d i f f e r e n t i a l "  which sends 

to rque  to  each o f  i t s  o u tp u t  s h a f t s  in  an amount equal to  the to rque  

which t h a t  s h a f t  can take  w ithou t overspeeding  i t s  p a r tn e r .  Those 

s p e c ia l  " d i f f e r e n t i a l s "  a llow  e i t h e r  s h a f t  to  overspeed th e  c a r r i e r  

du ring  d r iv in g  o p e ra t io n s ,  b u t  n e i th e r  s h a f t  t o  underspeed the  c a r ­

r i e r  (2 ) .  T h e ir  i n i t i a l  c o s t  i s  s u f f i c i e n t ,  and t h e i r  b e n e f i t s  so 

l i t t l e  a p p re c ia te d ,  t h a t  they  a re  used on a very sm all p ro p o r t io n  o f 

the  commercial v e h ic le s  in  u se ,  and no t a t  n i l  on passenger  c a r s .

The use o f  the  o rd in a ry  d i f f e r e n t i a l  in c re a se s  th e  number o f  pos­

s ib l e  d r iv e  cases  fo r  u fo u r  wheel v e h ic le  to  th e  fo llow ing : (1) a l l  

fo u r  v/heel p o s i t iv e  d r iv e ,  w ith  e i t h e r  continuous s h a f t - g e a r  power 

t r a i n s ,  o r  w ith  s e l f - lo c k in g  d i f f e r e n t i a l s  a t  a l l  n ecessa ry  p o in ts ;



(2) r e a r  wheel d r iv e  w ith  f r o n t  wheels n o t  d r iv e n ,  u s in g  no d i f f e r ­

e n t i a l  o r  a s e l f - lo c k in g  d i f f e r e n t i a l ;  (3) f r o n t  wheel d r iv e  w ith  the  

r e a r  wheels n o t  d r iv e n ,  u s in g  no d i f f e r e n t i a l  o r  a  s e l f - lo c k in g  d i f f e r ­

e n t i a l ;  (/*.) fo u r  wheel d r iv e ,  w ith  an o rd in a ry  d i f f e r e n t i a l  between 

th e  s h a f t s  d r iv in g  th e  f r o n t  and r e a r  a x le s ,  and w ith  no d i f f e r e n t i a l  

o r  a s e l f - lo c k in g  d i f f e r e n t i a l  in  th e  c ro ss  s h a f t s .  Cases in  which 

o rd in a ry  d i f f e r e n t i a l s  a re  used in  the  s h a f t s  connecting  f r o n t  and 

r e a r  wheels can be t r e a t e d  as  s p e c ia l  cuses o f  one o f  the  form er ty p es .

The R e la t iv e  D riv ing  E f fe c t iv e n e s s  f o r  each o f  the  fo u r  d r iv in g  

wheel com binations can be determ ined as  a fu n c t io n  o f th e  w eight d i s ­

t r i b u t i o n  o f th e  v e h ic le  between f r o n t  and r e a r  a x le s ,  the  c o e f f i c ­

i e n t  o f  f r i c t i o n  between t i r e  and road , and the  r a t i o  o f  the  h e ig h t  o f  

the  c e n te r  o f  g r a v i ty  to  the  wheel base .  The method used in  develop­

ing the  r e l a t i v e  d r iv in g  e f f e c t iv e n e s s  equa tions  i s  based upon the  

c o n s id e ra t io n  o f  th e  v e h ic le  a s  a f r e e  body, w ith  g r a v i ty ,  f r i c t i o n ,  

and a c c e l e r a t io n  fo rc e s  a c t in g  on i t .  F igu re  1 shows the  lo c a t io n  and 

d i r e c t io n  o f th ese  fo rc e s .

The w eight o f  the  v e h ic le  w i l l  be shared  by the f r o n t  and r e a r  

wheels in  a p ro p o r t io n  determ ined by th e  d i s t r i b u t i o n  and mass o f  the  

v a r io u s  v e h ic le  components. The symbol "ra" i s  U3ed to  in d ic a te  the  

decim al o f  v e h ic le  w eight supported by the  r e a r  wheels when the v e h ic le  

i s  m o tion less  on l e v e l  ro ad . Whenever th e  v e h ic le  i s  su b jec te d  to  a 

grade fo rc e  ( g r a v i ty  component p a r a l l e l  to  the  road su rface )  o r  to  an 

a c c e le r a t io n  fo rc e  p a r a l l e l  to  the  road su rface  th e r e  i s  a s h i f t  o f  

weight tor/ards one end o r  the  o th e r  o f  the  v e h ic le .  The fo re  and a f t  

w eight d i s t r i b u t i o n  under dynamic co n d i t io n s  i s  d es ig n a ted  by the
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s in  9 Cg
Wx

mL

= Grade 
AngleW cos 9

Level Surface

fR1
(maximum)

FORCES ACTING ON THE VEHICLE

0 = Grade Angle = Angle between Road Surface and Lovol Surface 
W = V ehicle  Weight 
W cos 0 = Adhesive Weight
W s in  0 = Grade Force = G rav ity  Component P a r a l l e l  to  Road Surface  
x -  R atio  o f  L inea r  Vehicle. A cce le ra t io n  to  G rav ity  A cce le ra t io n  
Wx = A cce le ra t io n  Force A cting on V ehicle 
Cg = Center of G rav ity
H = Height o f  Center o f  G rav ity  above Road Surface 
L = Wheelbase o f  V ehicle
m = Decimal o f  Adhesive Weight on Rear Wheels, V ehicle  M otionless  on

a Level Surfaco 
R = Adhesive Weight on Rear Wheels, S t a t i c  Level Conditiono 
F = Adhesive Weight on F ron t Wheels, S t a t i c  Level Conditions 
m' = Decimal of Adhosive Weight on Rear Wheels under Dynamic Conditions 
Ri = m'W cos 9 
F ' — (1 — m')W cos 0
f  = F r ic t io n  C o e f f ic ie n t ,  T ire  to  Road, a t  Impending S l ip  
Pmax = Maximum D riv ing  Force 
E = R e la t iv e  D riv ing  E f fe c t iv e n e ss

Figure 1
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symbol "m " '. This w eight s h i f t  occurs  under the in f lu e n c e  o f  d r iv in g  

fo rc e s ,  and i s  im portan t to  the  r e l a t i v e  d r iv in g  e f f e c t iv e n e s s ,  but 

f o r tu n a te ly  proper t re a tm e n t  o f  th e  eq u a tio n s  ob ta in ed  can determ ine 

the dynamic weight d i s t r i b u t i o n  as  a fu n c t io n  o f  f r i c t i o n  c o e f f i c i e n t  

and v e h ic le  dim ensions.

The Maximum D riv ing  Force and the  R e la t iv e  D riv ing  E f fe c t iv e n e ss  

o f th e  f i r s t  d r iv in g  wheel combination o f  the  se v e ru l  systems l i s t e d  

in  a p rev ious  paragraph i s  ob ta in ed  as fo llo w s:

Case 1. A ll  Wheel P o s i t iv e  Drive

(Self-L ock ing  D i f f e r e n t i a l s  o r  fio D i f f e r e n t i a l s )

R e fe rr in g  to  the  diagram on F igure  1.

Summation o f  Forces P a r a l l e l  to  th e  Road:

Pmux "  Wx " W s in  0 = 0

V/(x + s in  0) = Pmax = fR' + fF»

Summution o f  Forces P e rp en d icu la r  to  th e  Road:

R» + F ' -  W cos 0 = 0

K cos 9 = R1 + F 1

Also, by d e f i n i t i o n ,  R* = ra'V.r cos 0 , and F ' = (1 -  ra1) W cos 9

Summation o f  Moments about the  F ron t Wheel to  Road C ontact P o in t

R'L -  mL W cos 9 -  HV/ (x + s in  9) = 0 

By s u b s t i t u t i o n :

m'LW cos 9 -  mLY( cos 9 -  Hf(R' + F ')  = 0

m'LW cos 9 -  mL?/ cos 9 -  Hfm'W cos 9 -  H f ( l  -  m')?; cos 9 = 0
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Divide by L7J cos 9

m' -  ra -  m'fH -  f — + m'fH = 0 
L L L

m '( l  -  f« )  = m 
L

m* = ------ 2—
(max) H

1 -  f -  
L

P = f (R ' + F 1) = IT.’ cos 9 (ra1 + 1 -  m1) = ffl cos 9 max
By d e f i n i t i o n :

R e la t iv e  D riving E f fe c t iv e n e ss  = fo f  nh. Force
fW cos 9

In  t h i s  case:

R e la t iv e  D riving E f fe c t iv e n e s s  = ffl—-c.°,9—0. “ 1 .0
fW cos 9

Since a v e h ic le  w ith  a l l  wheel p o s i t iv e  d r iv e  should develop the  

maximum d r iv in g  fo rc e  which could be produced by any d r iv in g  wheel 

combination, t h i3  r e s u l t  i s  no t unexpected.

The same system, w ith  minor v a r i a t i o n s ,  can be used to  determ ine 

the Maximum D riving Force and R e la t iv e  D riving E f fe c t iv e n e ss  f o r  

Case 2 , Reur '.Vheei D rive, and Case 3> F ro n t  V.’heex Drive. The a n a ly s is  

f o r  Case A ll  Wheel Drive w ith  I n te r a x l e  D i f f e r e n t i a l  i s  com plicated 

by the  p o s s i b i l i t y  o f  two d i f f e r e n t  maximum d r iv e  c o n d i t io n s .  I f  the  

weight d i s t r i b u t i o n  o r  f r i c t i o n  c o e f f i c i e n t  i s  such t h a t  the  f r o n t  

wheels s l i p  f i r s t ,  then the  maximum d r iv in g  fo rc e  f o r  th e  v e h ic le  i s  

tw ice th e  amount produced by th e  f r o n t  wheels. S im i la r ly ,  i f  th e  r e a r  

wheels s l i p  f i r s t ,  the  maximum d r iv in g  fo rc e  i s  tw ice t h a t  developed 

by the  r e a r  wheels.
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The eq u a tio n s  f o r  Maximum D riv ing  Force P , and f o r  R e la t iv eIPPfcA

D riving E f fe c t iv e n e ss  E, f o r  each o f  the  fo u r  cases  a re  given in  

Table I .

TABLE 1 

DRIVING ABILITY RELATIONS

Maximum D riv ing  Force R e la t iv e  D riv ing
E ffe c t iv e n e s s

Case 1 . A ll  Wheel P o s i t iv e  Drive

IA il  Wheels S im ultaneously  a t  Impending S l ip )

Pmax = iT/ 003 9 E = 1 .00

Case 2 . Rear Wheel Drive

(both  hear  Wheels S im ultaneously  a t  Impending S l ip )

P = fW cos 0 -  m E = ----------- 15__max
i - i *  i  -  i  M

l- L

Case 3 . i r o n t  Wheel Drive

(Both F ro n t Wheels S im ultaneously  a t  Impending S l ip )  

Pmax = ™ COB 0 E = - 1- "
1 + fil 1 + ^

L L

Case A. A ll Wheel Drive with I n te r a x l e  D i f f e r e n t i a l

A ction A (Rear Wheels a t  Impending S l ip ,  F ro n t Wheels Below)

P = fW cos 0 -2S - e = — ___max H
1 -  2 f^  1 -  2 f f

L L

A ction  B (F ro n t Wheels a t  Impending S l ip ,  Rear 7/heels Below)

Pmox = ™ ° ° s 8 HU -- - ; )- E =
1 + 2f— 1 + 2i'r

L L



The30 equa tions  do n o t  r e a d i ly  y ie ld  any comparative in fo rm ation

on the magnitude o f  the  r e l a t i v e  d r iv in g  e f f e c t iv e n e s s  produced f o r

d i f f e r e n t  combinations o f  th e  a f f e c te d  v a r i a b le s .  Pussenger c a r s  a t

the  p r e s e n t  time a re  r e a r  v'neei d r iv e n  e x c lu s iv e ly .  F ron t d r iv e

models have been b u i l t  in  th e  p a s t ,  bu t were never very  p o p u la r .  To

show g r a p h ic a l ly  the  e f f e c t  o f  the  two des ign  types  on th e  r e l a t i v e

d r iv in g  e f fe c t iv e n s 3  produced, a s e r i e s  o f s o lu t io n s  o f the necessary

equa tions  have been combined to  form F igure  2 .  The probable  va lu es

of — f o r  th e  two types  have been assumed and used. Also in d ic a te d  i s  
L

the e f f e c t  o f  the  pussenger lo ad .  S ince most o f  the  passenger  com­

partm ent i s  in  the  r e a r  h a l f  o f  the v e h ic le ,  the n d u i t io n  o f  passengers  

to  the v e h ic le  in c re a se s  th e  e f f e c t i v e  va lue  o f ra. The magnitude of 

the  change i s  about 0 .5 ,  between m f o r  the l i g h t  v e h ic le  and ra f o r  the  

loaded v e h ic le .  Adding passengers  to  th e  r e a r  d r iv e  c a r  incroa3es  i t s  

d r iv in g  e f f e c t iv e n e s s .  Adding passengers  to  the  f r o n t  d r iv e  c a r  de­

c reases  i t s  d r iv in g  e f f e c t iv e n e s s .

Also shown on F igure  2 i s  an in d ic a t io n  of th e  e f f e c t  o f  weight 

s h i f t  on s te o r in g .  The va lue  o f  m chosen f o r  the empty ca r  should be 

such t h a t  even a f t e r  the  maximum weight s h i f t  due to  a c c e le r a t io n  

grade fo rc e s  has taken p la c e ,  th e re  w i l l  remain adequate weight on the 

f r o n t  wheels to  prov ide th e  necessai’y f r i c t i o n a l  fo rc e  f o r  s te e r in g  

the v e h ic le .  Low speed o p e ra t io n  does no t demand high s te e r in g  fo rc e s ,  

and u minimum o f  f i f t e e n  p e rc e n t  o f  th e  v e h i c l e 's  weight remaining on 

the f r o n t  wheels should be adequate . High speed o p e ra t io n ,  however, 

r e q u ire s  g r e a te r  s te e r in g  fo rc e s  f o r  s a f e ty ,  and a minimum o f  t h i r t y  

f iv e  p e rc e n t  o f  tne  v e h i c l e ' s  weight shoulu remain on th e  f r o n t  wheels
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to  guard a g a in s t  f r o n t  wheel sk id  d u r in g  a combination o f  maximum 

d r iv in g  and maximum s te e r in g  f o r c e s .  This  c o n d i t io n  i s  approached 

o r  a t t a in e d  by our p r e s e n t  r e a r  d r iv e  passenger c a r s ,  and p o s s ib le  

f r o n t  end sk id  c o n d i t io n s  could  o ccu r .  Good d r iv in g  p r a c t i c e  here  

would in d ic a te  d e c e le r a t io n ,  o r  a t  l e a s t  no a c c e le r a t io n ,  when ta k in g  

a c a r  in to  a  sharp  curve a t  h igh  speed.

For most ca r  d r iv in g  c o n d i t io n s  the  d i f f e r e n c e  between the r e l ­

a t iv e  d r iv in g  e f f e c t iv e n e s s  va lu es  Cor f r o n t  d r iv e  and r e a r  d r iv e  

ca rs  i s  academic. I t  i s  on ly  when a high value  o f  d r iv in g  e f f e c t i v e ­

ness  i s  r e a l l y  needed t h a t  the  d i f f e r e n c e  becomes e v id e n t .  O peration  

up a h i l l  on snow o r  ic e  produces th e  m argina l c o n d i t io n s  r e q u ire d .  

Under th ese  co n d it io n s  the ro a r  d r iv e  v e h ic le  can o f te n  o p e ra te  when 

the  f r o n t  d r iv e  v e h ic le  i s  com pletely  h e lp le s s .  The d r iv in g  a b i l i t y  

o f  the  r e a r  d r iv e  v e h ic le  under th ese  co n d i t io n s  can be n o t ic e a b ly  

improved by a temporary in c re a se  in  in, such as  t h a t  produced by 

se v e ra l  hundred pounds o f  sand o r  i ro n  added to  th e  buck compartment, 

o r  by s e v e ra l  people s ta n d in g  on th e  r e a r  bumper.

The use o f  f r o n t  wheel d r iv e  on t ru c k s  i s  r e l a t i v e l y  much more 

f re q u e n t  than  i t s  use on passenger  c a r s .  S p e c ia l  low lo ad in g  p l a t ­

forms, unencumbered by d r iv e s h a f t  and a x le  housings , a re  sometimes of 

s u f f i c i e n t  value to  w arran t th e  e x t r a  c o s t  o f  the  f r o n t  wheel d r iv e  

t ru c k .  A comparison o f  th e  r e l a t i v e  d r iv in g  e f f e c t iv e n e s s  o f  th e  con­

v e n t io n a l  and the s p e c ia l  t ru c k  o re  shown on F igure  3. The use o f 

s p e c ia l  w eight d i s t r i b u t i o n s  such as th o se  a t t a in e d  by mounting both  

engine and cab ahead o f  the  f r o n t  wheels, con produce a d r iv in g  

a b i l i t y  comparing fa v o ra b ly  with t h a t  o f  a r e a r  d r iv e  t ru c k ,  b u t i t
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i s  done a t  the expense o f  easy  s te e r in g  and good road h an d lin g , s in c e  

the tru c k  i s  d ec id ed ly  nose heavy and would re q u ire  power s te e r in g ,  

p lus a l im i ta t io n  on maximum o p e ra tin g  speed.

F ig u re  3 shows up a c o n d itio n  which th e  r e a r  d r iv e  tru c k  some­

tim es encoun ters  u n in te n t io n a l ly .  Adding too  much o f th e  loau  to  

th a t  s e c tio n  o f th e  lo ad in g  p la tfo rm  which extends behind th e  r e a r  

wheels w i l l  in c re a se  th e  v a lu e  o f m to  th e  p o in t where i t  i s  p o s s ib le  

to  o b ta in  one hundred p er c e n t r e l a t iv e  d r iv in g  e f fe c t iv e n e s s ,  which 

i s  d e s ir a b le ,  b u t when th e  v e h ic le  i s  su b jec ted  to  an a p p re c ia b le  

d r iv in g  fo rc e  so much w eight i s  t r a n s f e r r e d  from the f ro n t  wheels 

th a t  the  d r iv e r  i s  no lo n g e r ab le  to  s te e r  th e  tru c k , e i th e r  because 

th e re  i s  i n s u f f ic ie n t  s te e r in g  fo rc e  developed, o r  because the  f r o n t  

wheoxs have i i f t e d  com pletely  o f f  th e  road su rfa c e . Such u c o n d itio n  

would be dungerous, and tru c k s  w ith  a long r e a r  overhang should be 

loaded w ith  care  and th en  d riv e n  slovfly to  avoid lo s s  o f  s te e r in g  on 

h i l l s  o r du rin g  maximum a c c e le r a t io n .

The fo u r  wheel d r iv e  tru c k  w ith  th e  in te r a x le  d i f f e r e n t i a l  was 

q u ite  common befo re  th e  u v a i la b ix i ty  o f  s a t i s f a c to r y  s e lf - lo c k in g  d i f ­

f e r e n t i a l s .  P roper cho ice o f o fo r  a tru c k  o f t h i s  type can produce 

one hundred p o rcen t r e l a t iv e  d r iv in g  e f fe c t iv e n e s s  fo r  any given coef­

f i c i e n t  o f  f r i c t i o n .  In sp e c tio n  o f the  eq u a tio n s  fo r  Pmax and E in  

Table I  f o r  th i s  type o f  v e h ic le  shows th a t  when E = 1 .0 , th e  maximum

d riv e  fo rc e  fo r  f r o n t  end r e a r  a x le s  w i l l  be en u a l, and th e  r e -9 max

la t io n s  fo r  A ction A and A ction  B can be s e t  equal to  one an o th e r .
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1 -  2 f— 
L

2m 2 (1  -  m)

1 + 2f —
L

moptimum = 0.50 -  rii
L

Using a vulue o f  H = 0 .3 6 , th e  va lue  o f  m 
L optimum w il l  be 0.^3

f o r  f  = 0 .2 , and 0 .21  fo r  f  = 0 .8 . The re q u ire d  value  o f raoptimum ^o r

low v a lu es  o f th e  f r i c t i o n  c o e f f ic ie n t  can be a t ta in e d  in  a tru c k

f  = 0 .8  can be approached, b u t n o t a t ta in e d  w ith  any reaso n ab le  con­

s t r u c t io n .

F itp ire 4 shows the r e l a t iv e  d r iv e  e f fe c t iv e n e s s  to  be expected 

from th re e  d i f f e r e n t  types o f  tru c k s  equipped w ith  t h i 3 d r iv e  system . 

The s lo p e  o f  th e  l i n e 3 in d ic a t in g  o p e ra tio n  a t  d i f f e r e n t  f r i c t i o n  co­

e f f i c i e n t s  in d ic a te s  which p a i r  o f wheels w i l l  s l i p  f i r s t  and l im i t  

th e  maximum d r iv in g  e f fe c t iv e n e s s .  Too h igh  a vaxue o f m always p re ­

d isp o ses  the  v e h ic le  to  f r o n t  wheel s l i p .  By ad op ting  a c o n s tru c tio n  

having th e  r e a r  w heels a t  th e  extrem e r e a r  end o f th e  lo ad in g  p la tfo rm , 

w ith  both  the  engine and cab p ro je c t in g  in  f ro n t  o f  th e  f ro n t  v/heels, 

i t  i s  p o s s ib le  to  g e t a v e h ic le  w ith  a r e l a t iv e ly  h igh d r iv in g  e f fe c ­

tiv e n e s s  over the whole low er range o f  f r i c t i o n  c o e f f ic ie n ts .  The 

appearance o f th e  v e h ic le  i s  u n u su a l, and i t  would be h a rd -s te e r in g  

anu l im ite d  to  low speeds o f  o p e ra tio n , b u t i t s  u t i l i t y  would be h igh . 

The v e h ic le  w ith  the more co n v en tio n a l appearance, w ith  engine and cab 

behind th e  f r o n t  wheels and load  p e r t ly  behind th e  r e a r  v/heels would 

have a much low er d r iv in g  a b i l i t y ,  running  in to  tro u b le  from f ro n t  

wheel s l i p  whenever maximum d r iv in g  fo rc e  was d e s ire d .

w ith o u t too much d i f f i c u l t y .  The re q u ire d  va lue  o f  moptimum fo r
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The s ix  wheel tru c k  i s  n o t s p e c i f i c a l ly  covered in  th e  fo reg o in g

a n a ly se s . Two v a r ia t io n s  o f  t h i s  type o f tru c k  a re  in  u se . A very

common p ra c t ic e  i s  to  use one d r iv in g  ax le  and one dead ax le  in  th e

r e a r  bogey o r ax le  p a i r .  The d r iv in g  fo rc e  which th i s  a x le  would

develop i s  eq u a l to  f  The maximum d r iv in g  fo rc e  and th e  r e l -
2

a t iv e  d r iv in g  e f fe c t iv e n e s s  o f t h i s  type o f  c o n s tru c tio n  can be ob­

ta in e d  by s u b s t i tu t in g  ( i f )  in  th e  eq u a tio n s  o r c h a r ts  w herever f  op-
2

p e a rs . The o th e r  type o f  s ix -w h ee l c o n s tru c tio n  p u ts  d r iv in g  to rq u e  

in  bo th  o f th e  r e a r  bogey a x le s .  T his type i s  th e  ex ac t e q u iv a le n t 

o f  th e  co n v en tio n a l r e a r  d r iv e  tru c k  in s o fa r  us th e  eq u a tio n s  and 

c h a r ts  a re  concerned, and can be so t r e a te d .

V eh ic les  w ith  o rd in a ry  c ro s s -a x le  d i f f e r e n t i a l s  which encoun ter 

a low er va lue  o f f  under one d r iv e  wheel than  unaer the  o th e r ,  w i l l  

meet the req u irem en ts  o f the eq u a tio n s  and c h a r ts  i f  the low er o f the  

two v a lu es  o f  f  i s  used .
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SUMMARY ON DRIVING ABILITY

The a b i l i t y  o f  a  s e lf - p ro p e l le d  v e h ic le  to  produce s u f f i c i e n t  

d r iv in g  fo rc e  to  meet i t s  own needs fo r  h i l l  clim b, a c c e le r a t io n ,  high 

3peed, and towing o p e ra tio n  i s  a fu n c tio n  o f th e  c o e f f ic ie n t  o f 

f r i c t i o n  between t i r e s  and ro ad , th e  amount o f  th e  v e h ic le * s  w eight 

on th e  d r iv in g  w heels, and the p resence o r absence o f  an o rd in a ry  

d i f f e r e n t i a l  gear s e t .

The Maximum D riv ing  Force which any v e h ic le  can develop i s  equal 

to  fYi cos Q. Drive system s producing le s s  d r iv in g  fo rc e  than  t h i s  a re  

compared w ith  i t  by t h e i r  R e la tiv e  D riving E ffe c tiv e n e s s , having a 

vaxue o f 1 .0  us i t s  maximum.

Roar d r iv e  v e h ic le s  have in  g e n e ra l a h ig h er r e l a t iv e  d r iv in g  

e f fe c t iv e n e s s  than  f r o n t  d r iv e  v e h ic le s  because o f th e  d i f f i c u l t i e s ,  

such as hard s te e r in g ,  a s so c ia te d  w ith  g e t t in g  u s u f f i c i e n t ly  la rg e  

p ro p o rtio n  o f the  v e h ic le  w eight on to  th e  f r o n t  w heels.

Rear d r iv e  v e h ic le s  can , and o c c a s io n a lly  do, c o n c e n tra te  so 

much o f th e  v e h ic le 's  w eight upon th e  r e a r  w heels t h a t  they  cannot 

s te e r  ad eq u a te ly  o r a t  a l l  when a c c e le ra t in g  o r ascend ing  a h i l l .

Four-w heel d r iv e  t ru c k s ,  u s in g  an o rd in a ry  in te r a x le  d i f f e r e n ­

t i a l ,  can a t t a i n  h igh  v a lu es  o f r e l a t iv e  d r iv e  e f fe c t iv e n e s s  over a 

wide range o f f  by maxing p ro p er cho ice o f in.

Maximum d riv in g  a b i l i t y ,  im p o rtan t to  th e  c iv i l i a n  v e h ic le  and 

in d isp e n sa b le  to  the  m i l i t a r y  v e h ic le ,  can be a t ta in e d  by d r iv in g  a l l  

w eight c a rry in g  wheels w ith  a d r iv e  system c o n ta in in g  e i th e r  no d i f ­

f e r e n t i a l s ,  o r  a l l  s e lf - lo c k in g  d i f f e r e n t i a l s .
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DEFINITION OF PERFORMANCE

Automotive v e h ic le  perform ance means many th in g s  to  many people . 

Some o f th e  perform ance c r i t e r i a  a re  ta n g ib le  q u a n t i t i e s ,  m easurable 

by th e  u su a l en g in eerin g  m ethods. O thers a re  r e l a t iv e ly  in ta n g ib le ,  

re ly in g  fo r  t h e i r  e v a lu a tio n  on th e  op in ion  o f s o -c a l le d  e x p e r ts .  

Included  in  t h i s  ca teg o ry  a re  such q u a n t i t i e s  as  "e y e -ap p ea l" , and 

" s ty le - r a t in g " ,  f a c to r s  which a re  se iz ed  by the  a d v e r t is in g  d e p a r t­

ments and th r u s t  upon th e  p u b lic  in  th e  hope th a t  mere r e i t e r a t i o n  o f 

a claim  to  s u p e r io r i ty  w i l l  sway th e  d e c is io n  o f a p ro sp e c tiv e  buyer 

in  the  d e s ire d  d i r e c t io n .

The perform ance f a c to r s  in  which th i s  paper i s  in te r e s te d  a re  

those  f a c to r s  in  th e  road perform ance o f th e  v e h ic le  which a re  d e te r ­

mined by th e  power o u tp u t o f  the  eng ine , and the  m atching o f  engine 

supply power to  v e h ic le  demand power. The f a c to r s  invo lved  a re : 

maximum v e h ic le  speed on le v e l  paved ro ad , v e h ic le  h i l l  c l im b -a b i l i ty ,  

v e h ic le  a c c e le ra t io n  a b i l i t y ,  onu v e h ic le  fu e l  economy. A ll o f  th e se  

q u a n t i t ie s  a re  m easurable in  th e  a c tu a l  v e h ic le ,  and w ith  p roper hand­

l in g  o f th e  fu c to rs  invo lved  ore p re d ic ta b le  fo r  any v e h ic le .  The 

p re d ic tio n  o f a l l  o f  th ese  q u a n t i t ie s  i s  very u s e fu l  to  th e  design  

eng ineer when d es ig n in g  a new v e h ic le , to  the  t e s t  en g in eer as an 

in d ic a t io n  o f the magnitude o f th e  f a c to r s  he must m easure, and to  

th e  q u a l i ty  su p e rv iso r  as  a measure o f  th e  perform ance he should ex­

p ec t from c u r re n t p ro d u c tio n .
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The perform ance c a lc u la t io n  methods developed in  t h i 3 s e c tio n  

a re  a p p lic a b le  to  p assen g er c a rs  e s p e c ia l ly ,  b u t w ith  very  minor 

m o d ifica tio n s  th ey  can be mode to  apply  to  tru c k s  ana o th e r  wheeled 

v e h ic le s  ( 3 ) ( 4 ) .
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VEHICLE DEMAND HORSEPOWER

The horsepower demanded by a v e h ic le  fo r  i t s  p ro p u ls io n  has been 

th e  s u b je c t  o f much te s t in g  and re se a rc h . I t s  magnitude i s  one o f  th e  

d e term in ing  f a c to r s  in  a l l  road  perform ance r e s u l t s ,  and c o n s ta n t e f ­

f o r t  i s  being made to  b rin g  about a re d u c tio n  in  i t s  v a lu e . I t  i s  

s e n s i t iv e  to  every  f r i c t i o n a l  fo rce  which r e s i s t s  motion o f the  ve­

h ic le  o r any o f  i t s  components, ana in  g en e ra l any s ig n i f ic a n t  r e ­

d u c tio n  in  t o t a l  demand horsepower i s  a t ta in e d  on iv  as  th e  r e s u l t  o f 

a concerted  e f f o r t  to  reduce a l l  o f  th e  demand components.

For the  purposes o f road  perform ance c r i t e r i a  th e  demand h o rse ­

power i 3 measured a t  the  eng ine fly w h ee l, s in ce  i t  i s  here th a t  th e  

engine supply  horsepower i s  d e liv e re d . A ll lo s s e s  in  the  power 

system from th e  flyw heel to  th e  road a re  included  in  the  c h a s s is  

f r i c t i o n a l  lo s s .

C h ass is  F r ic t io n

The f r i c t i o n a l  lo s s e s  in  the  c h a s s is  in c lu d e  th e  fo llo w in g :

C lu tch  windage, c lu tc h  th ro w -o u t b earin g  f r i c t i o n ,  tra n sm iss io n  s h a f t  

b euring  f r i c t i o n ,  tra n sm iss io n  lu b r ic a n t  churning f r i c t i o n ,  t r a n s ­

m ission  gear to o th  f r i c t i o n ,  u n iv e rs a l  jo in t  f r i c t i o n ,  d r iv e  s h a f t  

windage d rag , p in io n  b ea rin g  and s e a l  f r i c t i o n ,  f in a l  d r iv e  gear 

to o th  f r i c t i o n ,  d i f f e r e n t i a l  c a r r i e r  b ea rin g  f r i c t i o n ,  r e a r  ax le  lub­

r ic a n t  churn ing  f r i c t i o n ,  wheel b ea rin g  f r i c t i o n ,  brake drag  f r i c t i o n  

and t i r e  r o l l in g  r e s i s ta n c e .
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Of t h i 3 long  l i s t  th e re  a re  th re e  item s which can be s in g le d  o u t 

as having a s u f f i c i e n t  m agnitude when compared to  th e  t o t u l  r e s is ta n c e  

o f th e  v e h ic le  to  w arran t even in d iv id u a l  m ention. These th re e  a re  

t i r e  r o l l i n g  r e s i s ta n c e ,  wheel b ea rin g  f r i c t i o n ,  and tra n sm iss io n  

churning f r i c t i o n .

The methods used to  determ ine t i r e  r o l l in g  r e s is ta n c e  u s u a lly  

in c lu d e  in  th e  measured q u a n ti ty  th e  r e s is ta n c e  o f th e  b eu rings upon 

which th e  wheel tu rn s ,  and wheel b earin g  r e s is ta n c e  i s  u s u a lly  in ­

cluded in  th e  v a lu es  given f o r  t i r e  r o l l in g  r e s is ta n c e .

The tra n sm iss io n  churn ing  f r i c t i o n  i s  a fu n c tio n  o f engine speed, 

the  v is c o s i ty  o r  tempera tu re  o f tn e  lu b r ic a n t  and the degree to  which 

the  g ears  d ip  in to  th e  lu b r ic a n t .  T/ith p re se n t day tra n sm iss io n s , 

o p e ra tin g  a t  normal running  tem p era tu re , th e  magnitude o f t h i s  quan­

t i t y  i s  no t s u f f i c i e n t  to  w arran t i t s  s e p a ra te  tre a tm e n t, and i t  i 3 

merged w ith  th e  o th e r  item s mentioned under the  common term o f c h a s s is  

f r i c t i o n  lo s s e s ,  which then  excludes on ly  t i r e  r o l l i n g  r e s is ta n c e  and 

wheel b ea rin g  f r i c t i o n .  The item s making up th is  combined c h a s s is  

f r i c t i o n  vary  e i th e r  w ith  v e h ic le  speed ( d i f f e r e n t i a l  lu b r ic a n t  churn­

in g , s e a l  f r i c t i o n ) ,  o r  vary  w ith  th e  f i r s t  power o f  v e h ic le  speed, o r 

vary w ith  th e  second power o f v e h ic le  speed (d r iv e s h a f t  w indage), o r 

vary w ith  th e  to rque being  tra n sm itte d  (g ea r to o th  f r i c t i o n ) ,  o r  vary  

w ith  a com bination o f t ra n sm itte d  to rq u e  and v e h ic le  speed. The 

horsepower re q u ire d  to  overcome th e se  c h a s s is  lo s s e s  would then be de­

term ined by an equation  o f th e  type:

HP = (K-jM + + K3M3)|
A
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in  which M re p re s e n ts  v e h ic le  speed in  m iles  p er hour, and e t c . ,  

r e p re s e n t  a p p ro p ria te  c o n s ta n ts .

The method adopted i’o r in c lu d in g  c h a s s is  f r i c t i o n a l  lo s s e s  in  the 

demand horsepower o f  th e  vehicxe uepend3 upon the  method useu to  e v a l­

u a te  th e  m ajor item s o f demand horsepow er. In  th e  commercial v e h ic le  

f i e l d  th e  c h a s s is  f r i c t i o n  horsepower i s  ev a lu a ted  s e p a ra te ly ,  and 

given by an e q u a tio n  o f th e  type FHR = + i^N , whore N i s  engine

speed in  re v o lu tio n s  p er m inute and and K2 a re  ex p e rim en ta lly  de­

term ined c o n s ta n ts  ( 3 ) (A).

In  th e  p assen g er ca r  f i e l d  th e  method o f m easuring th e  major com­

ponents o f demand horsepower raaice i t  more conven ien t to  re p re s e n t th e  

c h a s s is  f r i c t i o n  as a p ercen tag e  o f th e  towing e f f o r t  req u ired  a t  th e  

d r iv e  wheel hubs, which i s  e q u iv a le n t to  adding a c e r ta in  percen tage  

to  th e  horsepower demand c rea te d  by lo s s e s  e x te rn a l  to  the  d r iv e  

system . An a p p ro p ria te  va lue  fo r  th is p ercen tag e  fo r  our p re se n t pas­

senger c a rs  w ith  s tan d a rd  tra n sm iss io n s  i s  f iv e  p e rc e n t ( 3) ( 6) ( 7 ) .

T ire  R o llin g  R es is tan ce  

The magnitude o f th e  r e s is ta n c e  which a pneumatic rubber t i r e  

o f f e r s  to  r o l l i n g  over th e  road has been, i s ,  and w i l l  con tinue to  be 

th e  su b je c t o f  much te s t in g  ana re se a rc h . T ire  m anufacturers and 

v e h ic le  m anufactu rers a re  both v i t a l l y  concerned w ith  the  magnitude of 

t h i s  q u a n t i ty .  The r e s is ta n c e  a r i s e s  from two so u rces , th e  in te r n a l  

f r i c t i o n  01 th e  t i r e  du rin g  deform ation  a t  the  road co n ta c t a re a , and 

the  scrubb ing  o f th e  t re a d  s u rfa c e , o r  deform ation  o f the  tre a d  b lo ck s, 

as th e  to ro id a l  su rfac e  o f  th e  t i r e  accommodates i t s e l f  re p e a te d ly  to  

th e  f l a t  su rfa ce  o f th e  ro ad .



The in te r n a l  f r i c t i o n  o f  th e  t i r e  co n v erts  i t s  p o r tio n  o f r o l ­

l in g  r e s is ta n c e  in to  h en t energy , r a i s in g  th e  tem pera tu re  o f  th e  t i r e  

body and d e c reas in g  th e  s tr e n g th  o f  i t s  components. Excessive h e a tin g  

le a d s  to  e a r ly  t i r e  f a i l u r e ,  a m ajor concern o f th e  t i r e  m an u fac tu rer.

The magnitude o f  t i r e  r o i l i n g  r e s is ta n c e  a t  any given speed i s  a 

fu n c tio n  o i t i r e  d es ig n  and in f l a t i o n  p re s s u re , and o f th e  smoothness 

o f th e  road su rfa c e  over which th e  t i r e  o p e ra te s . Provided th e  s u r ­

face  i s  n o t so rough th a t  ex cessiv e  c a rc a ss  deform ation  o ccu rs , the  

in c re a se d  r o i l in g  r e s is ta n c e  noted on rough su rfa c e s  i s  due to  g r e a te r  

tre a d  deform ation  und g r e a te r  tre a d  s c u ff in g . The magnitude o f th e  

d r iv in g  fo rc e  re q u ire d  to  overcome t i r e  r o l l in g  r e s is ta n c e  (and wheel 

b earin g  f r i c t i o n )  a t  low speeds on smooth paving v a r ie s  from 0.0107/ 

to  0.165W, depending on th e  in v e s t ig a to r  ( 5 ) ( 6 ) ( 7 ) ( 6 ) .  The magnitude 

o f t h i s  q u a n ti ty  a ls o  in c re a se s  w ith  v e h ic le  speed. An average value 

which can be used lo r  pussenger ca r  t i r e s  in  th e  low and medium speed 

range i s  0 . 015W, where V/ r e p re s e n ts  the load  in  pounds c a r r ie d  by the  

t i r e  c o n ta c t su rfu c e . However, th e  v a r ia t io n  in  th e  magnitude o f th e  

r o l l in g  r e s is ta n c e  fo rc e  w ith  v e h ic le  speed i s  s u f f i c i e n t  to  demand 

re c o g n itio n  in  any e v a lu a tio n  o f demand horsepower which ex tends over 

a wide speed range.

V ehicle Wina R es is tan ce

During i t s  t rq v e i  over th e  su rfa c e  o f th e  road th e  autom obile 

moves about a co n s id e ra b le  q u a n ti ty  o f a i r ,  some o f  which i s  com­

p ressed  ana expanded, ana some o f .which i s  given an a p p re c ia b le  v e l­

o c i ty  in  th e  d i r e c t io n  of th e  c a r .  In  a d d itio n  to  th e  energy re q u ire d
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to  c r e a te  t h i s  "wake" w ith  i t s  a t te n d a n t  ed d ies  and v o r t ic e s  in  th e  

a i r  boa;/, th e re  e x i s t  bo th  v isco u s  f r i c t i o n  ana inuuced drag  r e s i s ­

tan ces  which absorb  energy taken  from th e  moving v e h ic le .

Tne v isco u s  f r i c t i o n  o r  sk in  f r i c t i o n  occurs when th e  a i r  body 

moves r e l a t iv e  to  a su rfa c e  which bounds i t .  The g r e a te r  th e  r e l a t iv e  

v e lo c i ty ,  ana th e  th in n e r  th e  boundary la y e r  o r q u ie sc e n t la y e r  o f  a i r  

a d ja c e n t to  th e  su rfa c e  th e  g r e a te r  w i l l  be th e  v isco u s  a rag  produced. 

The co n v en tio n a l autom obile has co n tou rs  which fo rc e  th e  a i r  to  a t t a i n  

in  c e r ta in  reg io n s  a a ja c e n t to  th e  ca r  a v e lo c i ty  r e l a t iv e  to  the  ca r 

which i s  ap p rec iab ly  g r e a te r  thun th e  v e lo c i ty  o f  th e  c a r  r e l a t iv e  to  

th e  ro ad , in c re a s in g  the lo c a l  v isco u s d rag . Â -So th e re  e x i s t  on many 

c a r  b o d ies , a r t i c l e s  which p ro je c t  from th e  g en e ra l c a r  su rfa c e  through 

any conceivab le  boundary la y e r  which m ight e x i s t  in to  the  h igh  v e lo c i ty  

a i r  s tream s, and a c t  as  "wind claw s" to  in c re a se  th e  r e s is ta n c e  to  

m otion.

The induced drag  r e s is ta n c e  occurs a t  the  r e a r  o f  th e  c a r ,  where 

th e  a i r  a tte m p ts  to  r e tu rn  to  i t s  o r ig in a l  c o n d itio n  p r io r  to  i t s  d i s ­

tu rbance  by the passage o f th e  v e h ic le .  The shape o f  our sedan bod ies 

c re a to s  a c e r ta in  amount o f aerodynamic l i f t  as  th e  a i r  t r i e s  to  fo llow  

th e  downward curve a t  th e  r e a r  o f th e  body. This l i f t  i s  in  a d i r e c ­

t io n  in c lin e d  backwards from a p e rp e n d icu la r  to  th e  road su rfa c e , and 

ha3 a component, c a lle d  th e  induced d rag , in  o p p o s itio n  to  the motion 

o f th e  v e h ic le . The m agnitude o f th e  l i f t  produced on some v e h ic le s  

i 3 s u f f i c i e n t  to  change th e  e f f e c t iv e  w eight a t  th e  r e a r  o f the c a r , 

le a d in g  to  o b je c tio n a b le  and u n p re d ic ta b le  bobbing o f th e  r e a r  end a t  

high speeds (8 ) .
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The d i r e c t io n  in  which c a r  body d esig n  should  go to  reduce wind 

r e s is ta n c e  ha3 been in d ic a te d  by many in v e s t ig a to r s  (y ) (1 0 ) , b u t any 

s in c e re  e f f o r t  to  c re a te  a low wind r e s is ta n c e  body shape i s  thw arted  

by th e  demands o f th e  s t y l i s t s  ana th e  s a le s  departm ents f o r  "eye- 

ap p ealin g " shapes ana 3hiny ornam ents, by the l im i ta t io n s  imposed on 

c a r  le n g th , and by th e  n e c e s s i ty  f o r  s e a tin g  the  p assengers  w ith in  th e  

v e h ic le  w ith  reaso n ab le  com fort and v i s i b i l i t y .

The magnitude o f th e  fo rc e  re q u ire d  to  overcome wind r e s is ta n c e  

i s  given by th e  r e l a t io n  KAM ,̂ where A i s  th e  f r o n ta l  a re a  o f th e  

v e h ic le ,  M the  speed in  mixes p er hour, and K a c o n s ta n t dependent on 

th e  shape and su rfa ce  smoothness (aerodynam ic c le a n l in e s s )  o f th e  ca r 

body. To some in v e s t ig a to r s  th e  shape o f th e  r e a r  end o f th e  c a r  i s  

very  im p o rtan t in  determ in ing  th e  value  o f K (d ) ,  and to  o th e rs  th e  

r e a r  end shape is  im m ateria l and on ly  the  f r o n ta l  a rea  i s  im p o rtan t (11) 

The m agnitude o f K v a r ie s  w ith  the  ca r  and w ith  the  3ou rce , w ith  va lu es  

rang ing  from 0.0012 to  O.OOld.

The t o t a l  fo rc e  re q u ire d  to  move th e  v e h ic le ,  known us th e  towing 

fo rc e  o r towing e f f o r t ,  w i l l  be th e  sum o f th e  a i r  d rag  fo rc e , th e  t i r e  

r o l l in g  r e s is ta n c e  fo rc e ,  and th e  c h a s s is  f r i c t i o n  fo rc e .  These quan­

t i t i e s  must be ev a lu a ted  in d iv id u a lly  o r c o l le c t iv e ly  f o r  a given ve- 

h ic lo ,  and th e  r e s u l t s  used to  o b ta in  the  demand horsepower o f th a t  

v e h ic le .

Measurement o f Towing Force

Many methods have been used to  measure th e  towing fo rc e  o r towing 

e f f o r t  in  the  p a s t ,  b u t a t  p re se n t th e  most popu lar and p r a c t ic a l
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method i s  to  use a to rq u e  m eter lo c a te d  in  th e  hub o f  one o r both  

d r iv in g  w heels ( 5 ) ( 6 ) .  The in d ic a t io n s  o f t h i s  to rq u e  m eter a re  ob­

ta in e d  co n tin u o u sly  and recorded  on an in d ic a t in g  c h a r t .  The use o f  

t n i s  method m easures th e  wheel to rq u e  re q u ire d  to  overcome v;ind r e ­

s is ta n c e ,  t i r e  r o l l i n g  r e s i s ta n c e ,  ana the wheex b ea rin g  r e s is ta n c e  

o f th e  f r o n t  w heels b u t n o t o f  th e  r e a r  d r iv in g  w heels. T his r e a r  

wheel b ea rin g  lo s s ,  p lu s  th e  c h a s s is  f r i c t i o n  lo s s  in  the  d r iv e  system , 

must be added to  th e  towing e f f o r t  o b ta in ed  in  t h i s  way to  determ ine 

th e  t o t a l  demand which must be su p p lied  by th e  en g in e . The r e s u l t s  

o f  the  to rq u e  m eter d e te rm in a tio n s  can be p lo t te d  as  a fu n c tio n  o f 

v e h ic le  speed, and an e m p ir ic a l r e l a t io n  developed which f i t s  th e  

average demand curve most s a t i s f a c t o r i l y .  This method i s  used by most 

o f  th e  pussenger c a r  m an u fac tu re rs . The r e s u l t in g  e m p iric a l eq u a tio n  

adopted by one o f th e  la r g e r  companies a f t e r  rep ea ted  t e s t s  on many 

makes o f p re se n t-d a y  p assen g er c a rs  i s  as fo llo w s:

In  t h i s  eq u a tio n  W re p re s e n ts  th e  a c tu a l  v e h ic le  w eight in  

pounds, M th e  v e h ic le  speed in  m iles  p e r hour, A th e  f r o n ta l  a re a  o f 

th e  v e h ic le  in  square f e e t ,  and th e  K c o n s ta n ts  have th e  fo llo w in g  

v a lu e s :

The use o f  t h i s  eq u a tio n  w i l l  determ ine th e  towing e f f o r t  re q u ire d . 

I f  th e  tow ing e f f o r t ,  in c re a se d  by a f a c to r  o f f iv e  p e rc e n t to  taice

Towing E f f o r t  T .E. = KjW + K̂ WM + K-jAW,2

Standard  S ize  Cars Sm all Cars

*1

*2

0.0112 0.0112

0.000097 o.ooooa

0.00147 0.0012
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ca re  o f  the  r e a r  wheel b ea rin g  and d r iv e  system  lo s s e s ,  i s  combined 

w ith  v e h ic le  speed in  th e  p ro p er manner, th e  horsepower demanded o f  

th e  engine by v e h ic le  may be o b ta in ed .

H P  = Force • V elocity , _ 1  T F M _(T.K.)M
375 .95 * * 375 356

This r e l a t io n  give3 th e  horsepower demanded from th e  engine to  move 

th e  v e h ic le  a t  a speed o f  M m iles p er hour over smooth le v e l  paving 

w ith  no n a tu r a l  wind p re se n t.

To i l l u s t r a t e  th e  magnitude o f th e  aemuna horsepower fo r  a ty p ic a l  

passenger au tom obile, ana a ls o  th e  methods used in  making the  d e s ire d  

perform ance c a lc u la t io n s ,  an e v a lu a tio n  of th e  developed eq u a tio n s  

w i l l  be made fo r  an American passenger c a r ,  w ith  c e r ta in  v a r ia t io n s  

in tro d u ced  a t  some p o in ts  in  the  development to  i l l u s t r a t e  the  e f f e c t  

o f v e h ic le  v a r ia b le s .

Dim ensional v a lu es  f o r  American passenger c a rs  a re  a v u iln b le  in  

s e v e ra l tra d e  magazines (1 2 ). From one o f th ese  sources th e  fo llo w in g  

p e r t in e n t  dim ensions a re  taken : sh ip p in g  w eight 3500 pounds, h e ig h t 

64. 1 /16  in ch es , w idth  75 3 / l6  in ch es . To the  sh ipp ing  w eight must be 

added 150 pounds f o r  gas, o i l ,  and w ate r, and 350 pounds f o r  two pas­

sengers and t h e i r  luggage. T his p ro ced u re , which i s  common in  th e  in ­

d u s try , adds 500 pounds to  th e  sh ip p in g  w eight o f  th e  v e h ic le  to  g e t 

i t s  o p e ra tin g  w eight.

The block a re a  o f  th e  v e h ic le , ob ta ined  from th e  p roduct o f  

h e ig h t and w id th , i s  33*4 square  f e e t .  This a rea  must be m odified by 

a b lock ing  c o e f f ic ie n t  to  tak e  ca re  o f th e  a rea  red u c tio n  from the  en­

c lo s in g  re c ta n g le  caused by ro o f  and s id e  cu rv a tu re  and th e  space be-
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tween th e  road and th e  u n d ers id e  o f th e  body. A re p re s e n ta t iv e  v a lu e  

fo r  a b lock ing  c o e f f ic ie n t  f o r  our p re se n t c a rs  i s  0 .6 . Using th i s  

va lue  produces a f r o n ta l  a re a  A equal to  26 .7  square  f e e t .  Using th e  

a p p ro p ria te  v a lu es  o f  th e  K c o n s ta n ts  p roduces' th e  fo llo w in g  eq u a tio n  

fo r  th e  demand horsepower o f  t h i s  c a r :

Demand HP = + -3BBM = .0393M2)M
356

The r e s u l t s  o f  th e  num erica l e v a lu a tio n  o f t h i s  r e l a t io n  a re  

shown on F igure  5. because o f th e  e f f e c t  o f  th e  wind r e s is ta n c e  term  

th e  demand horsepower in c re a se s  r a p id ly  a t  h igh c a r  speeds. At a  speed 

o f approx im ate ly  AO m iles  p e r hour th e  wind r e s is ta n c e  i s  one h a l f  o f 

th e  t o t a l  r e s i s ta n c e ,  and above th a t  speed i t s  r e l a t iv e  im portance in ­

c re a se s  ra p id ly .

The e f f e c t  o f  v e h ic le  w eight on th e  s tead y -sp eed  power demand i s  

q u ite  low, and i s  i l l u s t r a t e d  on F igu re  5 by a curve o f demand h o rse ­

power fo r  a v e h ic le  having th e  same f r o n ta l  a rea  b u t only  h a lf  the  

w eight o f the  s tan d a rd  v e h ic le .  The e f f e c t  o f reducing  th e  f r o n ta l  

a rea  to  ono hull' t h a t  o f  th e  s tan d ard  ca r  i s  shown to  be a p p re c ia b le . 

Reducing both th e  w eight and th e  f r o n ta l  area  to  one h a l f  t h e i r  va lue  

in  th e  s tan d a rd  c a r  produces a n o tic e a b le  re d u c tio n  in  demand h o rse ­

power, w ith  th e  p in t - s iz e  v e h ic le  having th e  same demand a t  e ig h ty  

m iles  per hour th a t  th e  s tan d a rd  v e h ic le  has a t  s ix ty  m iles p er hour. 

The demand horsepower o f our s to ck  Americun passenger c a rs  a t  s ix ty  

m iles p e r hour v a r ie s  from t h i r t y  to  t h i r t y  s ix .
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VEHICLE SUPPLY HORSEPOWER

Automotive v e h ic le  power demands a re  su p p lied  by in te r n a l  com­

b u s tio n  eng ines o f v a r io u s  s iz e s ,  b u t o f  s im ila r  o u tp u t c h a ra c te r ­

i s t i c s .  On F ig u re  6 a re  shown th e  ty p ic a l  i u l l - t h r o t t l e  to rq u e  and 

horsepower curves fo r  an au tom otive en g in e . As b u i l t  and used fo r  

two decades th e se  eng ines have shown a r a t i o  between th e  speed of 

maximum horsepower and th e  speed o f maximum to rq u e  o f abou t 1 .7  to  

1 .8 . Also th e  maximum to rq u e  i s  u s u a lly  about one and one q u a r te r  

tim es as  g re a t  as  th e  to rque  developed a t  the  speed o f peuk horse­

power. Automotive eng ines a re  expected to  o p e ra te  w e ll over an ex­

treme range o f speeds and lo a d s , w ith  g re a t  emphasis on freedom from 

n o ise  and v ib ra tio n .

One fundam ental d e f ic ie n c y  o f  th e  in te r n a l  com bustion engine as 

ap p lied  to  autom otive a p p lic a t io n s  i s  th e  i n a b i l i t y  o f th e  engine to  

develop any useab le  to rq u e  o r  power u n t i l  i t  i s  r o ta t in g  a t  an apprec­

ia b le  speed.

Also shown on F igu re  6 a re  th e  a f f e c t s  on engine power o u tp u t 

produced by p a r t i a l l y  c lo s in g  th e  t h r o t t l e .  P roper p ro p o rtio n in g  of 

th e  t h r o t t l e  opening makes i t  p o s s ib le  to  o b ta in  co n tin u o u sly  from th e  

engine any power o u tp u t between zero  and th e  maximum which i t  can pro­

duce a t  th e  p a r t ic u la r  speed o f  o p e ra tio n .
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12Q

r A vailab le  
F u ll  T h ro tt le  
S .  Horsepower

11C— 22C
A v ailab le  

F u l l  T h ro tt le
Torque- 20C —  

Torque

/H o rsep o w er 
a t  H alf T h ro tt le

Pound
Feeit

60j— 120- 

Horsepower 

50   80 ;

E ig h t C yliiider 
P assenger Car Engine

Horsepower 
a t  Q u arte r  T h ro tt le

O ne-Eighth T h r o t t l e __

-One s ix te e n th  
> X  p o t t l e

36001200 2000 2800
800 1600

Engine Speed R evo lu tions p e r  Minute

Figure 6



MATCHING OF ENGINE SUPPLY HORSEPOWER 
WITH VEHICLE DEMAND HUKStPuV7ER

Id e a l  m atching o f  supply  and demand horsepow ers would re q u ire  

th a t  maximum engine horsepower be made a v a ila b le  to  the  v e h ic le  when­

ever i t  wa3 needed. To uo th i s  would re q u ire  th a t  th e  engine be 

allow ed to  o p e ra te  a t  i t s  maximum horsepower rpra a t  uny v e h ic le  3peed, 

o r ,  in  o th e r  words, th a t  th e  r a t i o  between engine c ra n k sh a f t speed and 

d r iv in g  wheel speed be i n f i n i t e l y  v a r ia b le  over w hatever range was 

n ec e ssa ry . The so -c u lle d  " id e u l"  tra n sm iss io n  would allow  t h i s ,  bu t 

a l l  p r a c t i c a l  tran sm iss io n s  marketed up to  th e  p re se n t cannot a llow  

i t .  The s tan d ard  o r co n v en tio n a l s lid in g -g e& r tra n sm iss io n  and c lu tc h  

com bination imposes a r ig id  r e la t io n s h ip  between engine speed and wheel 

speed, w ith  as many d i f f e r e n t  num erical r e la t io n s  as th e re  a re  gear 

com binations in  the  tra n sm iss io n . The newly popu lar f lu id  tra n sm iss io n s  

cannot m ain tain  a r ig id  r e la t io n s h ip  between engine speed and wheel 

speed, b u t they a re  so c o n s tru c te d  th u t  a t  any a p p rec ia b le  wheel speed 

th e re  i s  only  u very  l im ite d  degree o f f l e x i b i l i t y  in  the  speed r e ­

la t io n s h ip .

Assuming a f r i c t i o n  c lu tc h - s l id in g  gear tra n sm iss io n  com bination 

i s  used , the  r e la t io n s h ip  between engine speed H and v e h ic le  speed M 

i s  o b ta ined  as  fo llo w s:

N = M • ^280 . ---------------- 1-------------------  (O v e ra ll Gear R atio )
60 27r(Tire R o llin g  Radius)

O v era ll Gear R atio  = F in a l Drive R atio  x T ransm ission  R atio
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MATCHING OF SUPPLY AND DEMAND HORSEPOWER
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The tra n sm iss io n  r a t i o  in  h igh  g ea r i s  alw ays one to  one. The 

"o v erd riv e"  tra n sm iss io n  r a t i o  when used i s  u s u a lly  0 .7  to  one. The 

f i n a l  d r iv e  g ea r r a t i o  in  com bination w ith  t i r e  r o l l i n g  ra d iu s  i s  then  

th e  d e c id in g  f u c to r  in  th e  m atching o f supply  and demand horsepow er, 

and th e  v a lu e  o f t h i s  r a t i o  w i l l  to  a la rg e  e x te n t determ ine th e  p er­

formance c h a r a c t e r i s t i c s  o f th e  v e h ic le .

Maximum V eh ic le  Speed

F ig u re  7 shows th e  m atching o b ta in ed  between supply  and demand 

horsepow ers f o r  th e  example c a r  chosen, f o r  th re e  d i f f e r e n t  o v e ra l l  

g ear r a t i o s ,  and fo r  th e  id e a l  tra n sm iss io n . The 4 .1  f i n a l  d r iv e  

r a t i o  has been po p u la r f o r  abou t two decades, and produces a good com­

prom ise between th e  demanas o f h igh  top speed and adequate  medium- 

speed h i l l - c l im b  and a c c e le r a t io n  a b i l i t y .  The in te r s e c t io n  o f the  

f u l i - t h r o t t l e  supply  curve and th e  s tead y  speed demand curve in d ic ­

a te s  th e  maximum speed which th e  v e h ic le  w i l l  a t t a i n  in  con tinuous 

q u i e t - a i r  le v e l-p a v e d -ro a d  o p e ra tio n . The o rd in a te  d if f e re n c e  a t  any 

g iven c a r  speed between th e  f u l l  t h r o t t l e  supply  curve and th e  s tead y  

speed demand curve i s  th e  excess  horsepower (above th e  s tead y -sp eed  

requ irem en t) which th e  eng ine can moke a v a i la b le  to  meet th e  added 

req u irem en ts  o f a c c e le r a t io n  o r  h i l l - c l im b .

The demand f o r  h igh  to p  speed can be met by choosing a f i n a l -  

d r iv e  gear r a t i o  which a llow s th e  engine to  produce i t s  peak h o rse ­

power a t  peak v e h ic le  speed . On F igu re  7 a re  shown th e  supply  curves 

produced by a 3«23 r a t i o  and a 4*1 x  0 .7  o v e rd riv e  r a t i o .  Both r a t io s  

produce p r a c t i c a l l y  th e  same top  speed, s ix  m iles  p er hour h ig h e r than
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t h a t  produced by th e  4 .1  r a t i o .  However bo th  r a t i o s  have n o tic e a b ly  

reduced th e  ex cess  horsepow er a v a i la b le  in  th e  in te rm e d ia te  speed 

ran g e , co rresp o n d in g ly  red u c in g  th e  h i l l  clim b and a c c e le r a t io n  

a b i l i t y  01' th e  v e h ic le .

The id e a l  tra n sm iss io n  would o b ta in  a  top  speed eq u a l to  o r  

b e t t e r  than  th a t  o b ta in ed  by any cho ice  o f  f i n a l  d r iv e  g ear r a t i o ,  and 

would in  a d d i t io n  o b ta in  an average h i l l - c l im b  and a c c e le r a t io n  a b i l ­

i t y  b e t t e r  th an  th a t  a t t a in a b le  by any cho ice  o f  f i n a l  d r iv e  g ear 

r a t i o  combined w ith  a  s e le c t iv e  r a t i o  gear box.

Maximum speed can be a t ta in e d  only  a t  th e  expense o f an apprec­

ia b le  s a c r i f i c e  in  medium speed a c c e le r a t io n  and h i l l  clim b a b i l i t y .

Good medium speed a c c e le r a t io n  and h i l l  clim b a b i l i t y  can be ob­

ta in e d  a t  th e  expense o f a s l i g h t  s a c r i f i c e  in  to p  speed . T his con­

d i t io n  has been th e  most p o p u la r d esig n  ch o ice . The use o f  an over­

d r iv e  tra n sm is s io n  has made i t  p o s s ib le  to  g e t bo th  c o n d itio n s  w ith  

a minimum o f e f f o r t  on th e  p a r t  o f  th e  d r iv e r .

The use  o f  th e  3*23 r a t i o  shown i s  a compromise between th e  p e r­

formance o f  o v e rd riv e  and no o v e rd riv e . I t  o b ta in s  h igh  to p  speed , 

a t  n o t to o  g re a t  a s a c r i f i c e  in  h i l l  clim b and a c c e le r a t io n  a b i l i t y .  

T his r a t i o ,  o r  one v e ry  c lo se  to  i t ,  i s  used on some models w ith  h igh  

o u tp u t en g in es , capab le  o f p roducing  s a t i s f a c to r y  a c c e le r a t io n  and 

h i l l - c l im b  a b i l i t i e s  even w ith  t h i s  low r a t i o ,  in  an e f f o r t  to  g e t 

good f u e l  economy and low engine n o ise  and v ib ra t io n  le v e l s .  I t  i s  

a ls o  used on most models which o f f e r  o v e rd riv e  in  com bination w ith  a 

r e l a t i v e ly  sm all eng ine . W ith a sm all engine t h i s  r a t i o  (3 .23  =

4 .6 1  x 0 .7 ) w i l l  produce an u n s a t is f a c to ry  l e v e l  o f  h i l l - c l im b  and
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a c c e le r a t io n  a b i l i t i e s ,  b u t do v ery  w e ll on f u e l  economy. Whenever 

th e  d r iv e r  w ishes to  improve h is  medium-speea power perform ance he 

needs on ly  to  re n d e r  th e  o v e rd riv e  in a c t iv e  by f lo o r in g  th e  a c c e le ra ­

t o r  p e d a l, and th e  c a r  then  o p e ra te s  on an e f f e c t iv e  4..61 r a t i o ,  p ro ­

ducing ample excess  horsepower from even a  sm all en g in e . The r e l a t iv e  

ga in  in  horsepow er in  th e  in te rm e d ia te  speed range by u s in g  th i s  k ic k -  

down system  i s  shown on F ig u re  7 by comparing th e  supply  curves f o r  th e  

3 .23  and th e  4-.61 r a t i o s .  The g a in  f o r  speeds up to  s ix ty  f iv e  i s  ap­

p re c ia b le .  T his procedure i s  o f  no va lue  f o r  h igh  speeds (above 71 fo r  

v e h ic le  used  in  th e  i l l u s t r a t i o n s )  and could even be dangerous to  th e  

engine by a llo w in g  i t  to  o p e ra te  a t  e x c e s s iv e ly  high speeds.

S ta r t in g  Requirem ents and High-Torque Requirem ents

The use o f horsepower demand ana supply  curves does n o t e f f e c t iv e ly  

i l l u s t r a t e  two v e ry  im p o rtan t f a c to r s  in  th e  m atching o f  v e h ic le  demand 

and engine supp ly . I f  th e  demand to rq u e  in  th e  d r iv e s h a f t  i s  p lo t te d  

a g a in s t  v e h ic le  speed in  m iles  p e r hour and th e  d r iv e s h a f t  to rq u e  p ro ­

duced by th e  eng ine w ith  th e  tra n sm iss io n  in  h igh gear i s  superim posed 

upon th e  demand to rq u e  g raph , t h i s  d e f ic ie n c y  i s  b rought o u t more 

c le a r ly .  These cu rves f o r  our example c a r ,  u s in g  a  3 .23  f in a l - d r iv e  

g ear r a t i o ,  a re  shown on F ig u re  8 .

The com plete i n a b i l i t y  o f  th e  r e c ip ro c a t in g  in te rn a l-c o m b u s tio n  

engine to  produce any u s e fu l  to rq u e  a t  speeds approach ing  zero  rpra 

makes i t  im p e ra tiv e  th a t  some d ev ice  be used  between flyw heel and 

tra n sm iss io n  which w i l l - t r a n s m i t  f u l l  engine to rq u e  w hile  a llow ing  

r e l a t iv e  movement, o r  s l i p ,  between i t s  two ends. Unless such a de-
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v ic e  i s  used  i t  would be im p o ss ib le  f o r  th e  engine to  s t a r t  th e  

v e h ic le  from a s t a t e  o f  r e s t .  The d ev ice  used in  p r a c t ic e  to  overcome 

th i s  engine d e f ic ie n c y  i s  a  c lu tc h ,  o f  e i th e r  th e  d r y - f r i c t i o n  o r 

f l u i d - f r i c t i o n  ty p e . The d r y - f r i c t i o n  c lu tc h  c o n s is ts  o f  a  stamped 

s h e e t - s te e l  c lu tc h  d is c  w ith  an a n n u la r  r in g  o f  h e a t - r e s i s t in g  h ig h - 

f r i c t i o n  l in in g  r iv e te d  to  each fa c e  near th e  p e r ip h e ry . T h is l in e d  

c lu tc h  d is c  i s  squeezed between th e  machined fa c e s  o f  th e  fly w h ee l and 

a c a s t - i r o n  p re s su re  p la te  by th e  fo rc e  o f  a c lu tc h  sp rin g  o r  s p r in g s .

A c lu tc h  r e le a s e  le v e r  a c tu a te d  by a fo o t p ed a l makes i t  p o s s ib le  to  

c o n tro l  th e  m agnitude o f th e  to rq u e  tra n sm itte d  by th e  c lu tc h  from 

com plete r e le a s e  to  com plete engagement, o r  from one hundred p e rc e n t 

s l i p  to  zero  p e rc e n t s l i p .  By means o f th e  c lu tc h  th e  engine can be 

run a t  a speed f a s t  enough to  develop s u f f i c i e n t  to rq u e  to  a c c e le r a te  

the  v e h ic le  from zero  speed up to  some speed a t  which th e  eng ine and 

c lu tc h  s h a f t  can be d i r e c t ly  coupled to g e th e r  and th e  engine made to  

d r iv e  the  v e h ic le  w ith o u t any c lu tc h  s lip p a g e . For th e  i l l u s t r a t i o n  

on F igu re  8 th e  minimum speed f o r  d i r e c t  d r iv e  i s  s ix  m iles  p e r hour 

( in te r s e c t io n  o f supply  and demand c u rv e s ) .

The to rq u e  su p p lied  by th e  engine w ith  th e  tra n sm iss io n  in  h igh  

gear i s  s u f f i c i e n t  to  meet th e  le v e l- ro a d ,  s tead y -sp eed  demands o f  th e  

v e h ic le  over th e  f u l l  speed range from s ix  m iles  p e r hour to  n in e ty  

fo u r  m iles p e r hour. I t  i s  a ls o  s u f f i c i e n t  to  meet th e  demands o f  th e  

v e h ic le  on a te n  p e rc e n t u p h i l l  grade a t  any speed between tw enty  two 

and f i f t y  s ix  m iles  p e r  hour. I f  th e  v e h ic le  were never c a l le d  upon to  

clim b more than  an e lev en  p e rc e n t g rade , a c lu tc h  i s  a l l  t h a t  would be 

needed between engine and d r iv e s h a f t .  A lthough th i s  arrangem ent would
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be m echan ica lly  v ery  s im p le , i t  would n o t p rov ide  f o r  re v e rs e  movement, 

nor would th e  a c c e le r a t io n  from a s t a n d s t i l l  on le v e l  road  be an y th in g  

more th an  m ediocre.

The demands o f th e  p u b lic  f o r  adequate  low -speed a c c e le r a t io n ,  

and th e  a c tu a l  need f o r  re v e rs e  movement and fo r  h i l l - c l im b  a b i l i t y  f a r  

above th a t  adequate  f o r  a  te n  p e rc e n t grade makes i t  im p era tiv e  th a t  

some means, in  a d d it io n  to  th e  f in a i - d r iv e  g e a rs , be p rov ided  f o r  

m u ltip ly in g  th e  eng ine to rq u e  b e fo re  sending  i t  to  th e  d r iv in g  w heols. 

T h is means i s  u s u a l ly  p rov ided  by a gear box, p o p u la r ly  c a l le d  a  t r a n s ­

m iss io n , which a c t s  a s  a to rq u e  c o n v e r te r  in  a l l  g ea rs  ex cep t h igh g e a r ; 

m u ltip ly in g  th e  eng ine to rq u e  and in  some in s ta n c e s  re v e rs in g  i t s  

d i r e c t io n  b e fo re  sending  i t  on to  th e  d r iv e s h a f t .  C onventional Amer­

ican  p a sse n g e r-c a r  p r a c t ic e  i s  to  p rov ide  a tra n sm iss io n  w ith  th re e  

forw ard speeds and one re v e rs e  speed p lu s  a  n e u t r a l .  The to p  speed i s  

alw ays d i r e c t  d r iv e  to  m inim ize tra n sm iss io n  lo s s e s .  The two low er 

speeds a re  app rox im ate ly  a geom etric  r a t i o  o f one a n o th e r , w ith  th e  r e ­

v e rse  r a t i o  eq u a l to  o r  g r e a te r  th an  th e  low est forv/ard r a t i o .  The 

com bination c lu tc h - tra n s ra is s io n  i n s t a l l a t i o n  i s  shown sc h e m a tic a lly  on 

F igu re  9« The c o n v en tio n a l names o f th e  v a r io u s  p a r ts  a re  g iven  on 

th e  diagram . T h is type o f u n i t  i s  knovm as  a  s e le c t iv e  s l id in g -g e a r  

tra n sm iss io n  because th e  d r iv e r  can s e le c t  th e  gear r a t i o  he d e s ir e s  

by s l id in g  g ears  (o r  jaw c lu tc h e s )  forw ards o r backwards on th e  t a i l  

s h a f t  o r  main s h a f t  o f  th e  tra n sm iss io n .

The e f f e c t  o f  th e  a d d it io n  o f  th e  tra n sm iss io n  upon th e  m atching 

o f to rq u e  supply  and to rq u e  demand i s  shown on F ig u re  6.  Using a 

"second1 gear r a t i o  o f  1 .5 3 , th e  d r iv e s h a f t  to rq u e  i s  in c re a se d  above
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th a t  a v a i la b le  from h igh  g ear a t  a l l  speeds below s ix ty  e ig h t  m iles  

p er ho u r, w ith  th e  maximum to rq u e  being  s u f f i c i e n t  to  meet th e  demands 

o f  a tw enty  p e rc e n t g rade . Using a nlown g ear r a t i o  o f  2.39* th e  low- 

speed to rq u e  i s  f u r th e r  in c re a se d , w ith  th e  maximum to rq u e  being  more 

than  s u f f i c i e n t  f o r  a  t h i r t y  p e rc e n t g rade , a lth o u g h  th e  o p e ra tin g  

speed range i s  co rresp o n d in g ly  reduced .

The f r i c t i o n  c lu tc h ,  p lu s  th e  s e le c t iv e  s l id in g -g e a r  tra n sm iss io n , 

p lu s  a minimum amount o f in te l l ig e n c e  on th e  p a r t  o f  th e  d r iv e r ,  can 

overcome th e  obvious d e f ic ie n c ie s  o f th e  in te rn a l-c o m b u s tio n  engine 

and make i t  a s a t i s f a c to r y  power source  fo r  an autom otive v e h ic le .  

R ecen tly  in tro d u ce d  au to m atic  and sem i-au tom atic  tra n sm iss io n s  have 

reduced even f u r th e r  th e  degree o f s k i l l  which must be possessed  by 

th e  d r iv e r .



STEADY SPEED HILL-CnlMB ABILITY

When a  v e h ic le  i s  p roceed ing  a t  s te a d y  speed up an in c l in e  i t  

i s  su b je c te d  to  a l l  o f  th e  r e ta rd in g  fo rc e s  which oppose i t s  l e v e l  

road o p e ra tio n , and in  a d d it io n  must overcome th a t  component o f  th e  

g ra v ity  fo rc e  which i s  p a r a l l e l  to  th e  road  su rfa c e  and to  th e  p a th  o f 

t r a v e l  o f  th e  v e h ic le .  Under th e se  c o n d itio n s  th e  horsepower a v a i l ­

ab le  f o r  overcoming th e  g rade component i s  th a t  p a r t  ol' th e  f u l l -  

t h r o t t l e  horsepow er, over and above th e  amount needed fo r  s te a d y -  

speed le v e l- ro a d  o p e ra tio n , which th e  engine can develop a t  th e  

p a r t i c u la r  c a r  speea under c o n s id e ra tio n . For th e  nid e a l"  t r a n s ­

m ission  w ith  th e  i n f i n i t e l y  v a r ia b le  g ear r a t i o  th e  maximum engine 

horsepower i s  a v a i la b le  a t  a l l  c a r  speeds, and th e  horsepower a v a i l ­

ab le  f o r  h i l l - c l im b  o p e ra tio n s  i s  th e  d if f e re n c e  between th e  s te a d y -  

speed le v e l  road  demand horsepow er and th e  maximum engine horsepow er. 

For th e  co n v en tio n a l tra n sm iss io n  th e  horsepow er a v a i la b le  fo r  h i l l -  

clim b o p e ra tio n s  i s  th e  o rd in a te  d if f e re n c e  between th e  le v e l- ro a d  de­

mand curve on F ig u re  7 and th e  i 'u l i - t h r o t t l e  engine supply  horsepower

curve a t  th e  same speed . I f  th e  symbol HP i s  used  f o r  t h i s  e x traXS
horsepow er, th e  h i l l - c l im b  a b i l i t y  o f  th e  v e h ic le  may be computed by 

th e  fo llo w in g  system .

The measure o f th e  s te e p n ess  o f a grade i s  e i th e r  th e  decim al 

grade o f  th e  p e rc e n t g rad e . The decim al grade i s  d e fin ed  as  th e  ta n ­

gen t o f  th e  grade a n g le . For th e  g rades normaxly encountered  in  a u to ­

motive work (z e ro  to  te n  p e rc e n t on main highways) th e  ta n g e n t and th e
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a in e  o f  th e  grade an g le  a re  s u b s ta n t i a l ly  equal (one h a l f  o f  one p e r­

c e n t e r r o r  a t  te n  p e rc e n t grade) and i t  should  be p erm issab le  to  sub­

s t i t u t e  th e  s in e  and ta n g e n t f o r  each  o th e r  w ith o u t in tro d u c in g  a s ig ­

n i f i c a n t  e r r o r  in to  th e  com putations.

Grade Force = W s in  0 = W ta n  0 = WG 

G here r e f e r s  to  th e  decim al g rad e , and W. to  th e  v e h ic le  w eigh t.

356 • HPvq
Excess Towing E f f o r t  A v a ilab le   ------------- = WG

M

%a = ioo 3.5-6. -I yxfi
WM

Using t h i s  r e l a t io n  th e  H ill-C lim b  A b il i ty  o f a v e h ic le ,  expressed  

as  a p e rc e n t grade can be determ ined  by f in d in g  th e  r e la t io n s h ip  between 

HPXS and M.

U sing th e  HP^g determ ined  from F ig u re  7 w ith  a d d i t io n a l  in fo rm atio n  

f o r  second and low tra n sm is s io n  r a t i o s  on a 3 .23  f i n a l  d r iv e  r a t i o ,  th e  

h i l l  clim b a b i l i t i e s  a s  a fu n c tio n  o f M f o r  th e  example passenger ca r  

a re  shown on F ig u re  10.

The e f f e c t  o f  a  low o v e r a l l  g ear r a t i o  on power perform ance i s  

g ra p h ic a l ly  i l l u s t r a t e d  in  F ig u re  10. An o v e rd riv e  tra n sm iss io n  com­

pounded on a f in a l - d r iv e  r a t i o  g iv es  a maximum h i l l - c l im b  a b i l i t y  

o f o n ly  n in e  p e rc e n t.  The 3*23 f in a l - d r iv e  r a t i o  i s  somewhat b e t t e r  

w ith  a maximum o f  tw elve and one h a l f  p e rc e n t. The te n  p e rc e n t grade 

is  a s ig n if ic a n t  boundary in  h i l l - c l im b  a b i l i t y  s in ce  i t  has been adopted 

by some s t a t e s  as  th e  maximum a cc e p ta b le  grade fo r  t h e i r  s t a t e  ro ad s .

A h i l l - c l im b  a b i l i t y  o f  b e t t e r  than  te n  p e rc e n t i s  n ecessa ry  i f  main 

highways a re  to  be n e g o tia te d  w ith o u t s h i f t in g  from h igh  g e a r , an
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HILL-CLIMB ABILITY
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o p e ra tio n  which th e  American p u b lic  has been r e lu c ta n t  to  do. The only- 

way in  which a low o v e r a l l  g ear r a t i o  can prov ide  s a t i s f a c to r y  h i l l -  

clim b a b i l i t y  f o r  th e  g e n e ra l p u b lic  i s  to  combine i t  w ith  a la rg e  

pow erfu l en g in e , o r  to  a t t a i n  i t  by compounding a h ig h e r f in a l - d r iv e  

r a t i o  w ith  a sem i-au tom atic  tw o-speed o v e rd riv e  tra n sm iss io n .

C ity  s t r e e t s  and co u n try  roads on which th e  g rades may reach  

tw enty f iv e  p e rc e n t can be tra v e rs e d  by s h i f t in g  th e  tra n sm iss io n  to  

th e  n ecessa ry  low r a t i o .  I t  has been th e  p r a c t ic e  in  our American pas­

senger c a r s  to  make th e  maximum to rq u e  m u l t ip l ic a t io n  s u f f i c i e n t  to  

clim b a t h i r t y  to  f o r ty  p e rc e n t g rade .

The id e a l  tra n sm iss io n  p ro v id es  a h i l l - c l im b  a b i l i t y  which i s  th e  

envelope curve o f  th o se  cu rves produced by th e  s e v e ra l  g ear r a t i o s .

I t s  only  s u p e r io r i ty  from th e  s ta n d p o in t o f  h i l l - c l im b  a b i l i t y  would 

be i t s  m aintenance o f maximum a b i l i t y  a t  any c a r  speed w ith o u t th e  

n e c e s s i ty  o f  g ear s h i f t i n g .



ACCELERATION ABILITY

The a c c e le r a t io n  a b i l i t y  o f  a  v e h ic le  i s  c lo s e ly  r e la te d  to  th e  

h i l l - c l im b  a b i l i t y ,  s in c e  b o th  a re  determ ined by th e  excess horsepower 

a v a i la b le  above th e  s tea d y -sp eed  le v e l- ro a d  req u irem en ts , b u t th e re  i s  

one im p o rtan t d if f e re n c e  in  th e  method o f i t s  com putation .

During s tead y -sp eed  h i l l - c l im b  o p e ra tio n  no energy i s  absorbed  

by th e  v e h ic le  to  change i t s  k in e t ic  energy l e v e l .  During a c c e le ra ­

t io n ,  on l e v e l  road  o r  on a g rad e , th e  k in e t ic  energy le v e l  o f  th e  

v e h ic le  changes c o n tin u a lly  and energy must be im parted  to  th e  v e h ic le  

from th e  engine to  r a i s e  t h i s  k in e t ic  energy l e v e l .  Not on ly  i s  th e  

e n t i r e  v e h ic le  g iven  a l i n e a r  a c c e le r a t io n ,  b u t in  a d d it io n  th e  r o ta ­

t in g  p a r ts  a re  g iven  an an g u la r  a c c e le r a t io n .  T h is l a t t e r  a d d it io n  

in c re a se s  th e  a c c e le r a t io n  horsepow er req u irem en ts  by s e v e ra l  p e rc e n t,  

w ith  th e  m agnitude o f th e  a d d it io n  be ing  a  fu n c tio n  m ainly o f th e  over­

a l l  g ear r a t i o .

The c le a r e s t  way o f  d e r iv in g  th e  r e la t io n s  n ecessa ry  to  determ ine 

a c c e le r a t io n  a b i l i t y  from th e  excess  horsepower a v a i la b le  from th e  

engine i s  to  determ ine th e  towing e f f o r t  re q u ire d  fo r  each type o f  ac­

c e le r a t io n ,  and th e n  combine them in to  a horsepow er requ irem en t.

For s t r i c t l y  l i n e a r  a c c e le r a t io n :

A c c e le ra tio n  Force = Mass x L in ea r A c ce le ra tio n

For s t r i c t l y  an g u la r  a c c e le r a t io n :

A c c e le ra tio n  Torque = Moment o f  I n e r t i a  x A ngular A cc e le ra tio n
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A ll r o ta t in g  p a r t s  o f  th e  v e h ic le  a re  g iven an an g u la r  a c c e le r a t io n  

b u t th e  moment o f  i n e r t i a  o f  many o f  th e se  p a r t s  i s  so low th e  a c c e l­

e r a t io n  to rq u e  re q u ire d  i s  n e g l ig ib le .  The wheel a s se m b lie s , in c lu d in g  

th e  t i r e s ,  tu b e s , r im s , wheel d i s c s ,  hubs, and brake drums, a re  g iven  

an a n g u la r  a c c e le r a t io n  which i s  sm all in  magnitude because o f th e  r e l ­

a t iv e ly  low wheel speed , b u t th e  f a i r l y  h igh  mass o f  th e  fo u r w heel a s ­

sem b lies , p lu s  th e  f a c t  t h a t  much o f th e  mass i s  a t  an a p p re c ia b le  d i s ­

tan ce  from th e  c e n te r  o f r o ta t io n ,  makes th e  a c c e le ra t io n  to rq u e  r e ­

qu irem en ts f o r  th e  w heel a ssem b lies  im p o rtan t. R o ta tin g  a t  th e  same 

speed as  th e  w heels a re  th e  d r iv in g  a x le s  and th e  d i f f e r e n t i a l  c a r r i e r .  

The d r iv in g  a x le s  a re  s o l id ,  w ith  an average d iam eter o f  l e s s  th an  one 

and one h a l f  in ch es  and a le n g th  o f about fo u r  and one h a l f  f e e t .  This 

makes t h e i r  mass com para tive ly  sm a ll, w ith  a l l  o f  i t  co n cen tra ted  very  

c lo s e ly  abou t th e  c e n te r  o f  r o ta t io n .  The to rq u e  re q u ire d  fo r  ax le  

s h a f t  r o ta t io n  i s  n e g l ig ib le .  The same reaso n in g  a p p lie s  to  th e  d i f f e r ­

e n t i a l  c a r r i e r .  I t  i s  a hollow  s h e l l  abou t f iv e  in ch es  in  d iam ete r, 

mounting a r in g  gear o f abou t e ig h t  in ch es  in  d iam e te r. The e n t i r e  

assem bly weighs on ly  a few pounds and i s  o f  sm all d iam ete r and runs 

a t  low speed , so i t s  a c c e le r a t io n  to rq u e  req u irem en ts  a re  n e g lg ib le .

A ll r o ta t in g  e lem ents between th e  d i f f e r e n t i a l  c a r r i e r  and th e  

tra n sm iss io n  r o ta t e  a t  wheel speed tim es th e  f in a l - d r iv e  gear r a t i o ,  

and th e  an g u la r  a c c e le r a t io n  to  which th ey  a re  su b je c te d  i s  eq u a l to  

th e  a n g u la r  a c c e le r a t io n  o f  th e  w heels tim es th e  f in a l - d r iv e  gear 

r a t i o .  The on ly  item s in c lu d ed  in  t h i s  group a re  th e  f in a l - d r iv e  

p in io n , th e  u n iv e r s a l  j o i n t s ,  th e  d r iv e s h a f t ,  and th e  tra n sm iss io n  

t a i l  s h a f t .  The p in io n  and th e  tra n sm iss io n  t a i l  s h a f t  a re  bo th  sm a ll-
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d iam eter s h o r t  s h a f t s ,  w ith  l i t t l e  w eigh t and l e s s  moment o f  i n e r t i a .  

The u n iv e r s a l  j o in t s  a re  s h o r t ,  compact, and .s k e le ta l  in  c o n s tru c t io n , 

w ith  very  l i t t l e  moment o f  i n e r t i a .  The d r iv e s h a f t  i s  a hollow  t h i n -  

w alled  tu b e  abou t fo u r  f e e t  lo n g , two to  th re e  in ch es  in  d iam e te r , and 

w ith  a  w a ll th ic k n e ss  l e s s  th an  one s ix te e n th  o f an in ch . I t s  mass 

and moment o f i n e r t i a  a re  n e g l ig ib le .  None o f th e  item s in  t h i s  group 

have a c c e le r a t io n  to rq u e  req u irem en ts  s u f f i c i e n t ly  la rg e  to  w arran t 

t h e i r  in c lu s io n  in  a c c e le r a t io n  com putations.

The tra n sm iss io n  c o u n te rsh a f t  ru n s  a t  a  speed abou t equal to  o r 

s l i g h t l y  h ig h e r  than  th e  d r iv e s h a f t  speed . I t  i s  a gear c lu s t e r  about 

seven o r e ig h t  in ch es  lo n g , o f sm all d iam e te r, and w eighing on ly  a few 

pounds. I t s  a c c e le r a t io n  req u irem en ts  a re  n e g l ig ib le .

The c lu tc h  s h u f t ,  c lu tc h  assem bly, and engine assem bly r o ta te  a t  

a  speed th a t  i s  eq u a l to  wheel speed tim es o v e r a l l  g ear r a t i o ,  and 

t h e i r  a n g u la r  a c c e le ra t io n  would equal o v e ra l l  gear r a t i o  tim es th e  

a n g u la r a c c e le ra t io n  o f th e  w heels. The c ra n k sh a f t ,  f ly w h ee l, and 

c lu tc h  assem b lies  have f a i r l y  h igh  moments o f i n e r t i a  and o p e ra te  a t  

s u b s ta n t ia l  speed le v e l s ,  so t h e i r  e f f e c t  on a c c e le r a t io n  a b i l i t y  must 

be e v a lu a te d .

The to rq u e  re q u ire d  to  a c c e le r a te  th e  c lu tc h  and engine assem bly 

(TC & e )* s etlua^ ^ e  p ro d u c t o f  th e  moment o f  i n e r t i a  o f  th e  c lu tc h  

and engine assem bly (Iq  £  g) and th e  an g u la r  a c c e le r a t io n  o f  th e  c lu tc h  

and engine assem bly (<2q £  g ) .  The an g u la r a c c e le ra t io n  o f th e  c lu tc h  

and engine assem bly i s  eq u a l to  th e  o v e r a l l  gear r a t i o  (GR) tim es th e  

an g u la r  a c c e le r a t io n  o f  th e  wheels (ctyh). Using th e  in d ic a te d  symbols:

TC & E = *0 & E • aC & E = *C & E '  GR • “Wh
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The a c c e le r a t io n  o f th e  w heels i s  measured in  ra d ia n s  p e r  second 

p e r second, and i s  d i r e c t l y  r e la te d  to  th e  l i n e a r  a c c e le r a t io n  r a t e  o f  

th e  v e h ic le  ( a ) ,  measured in  f e e t  p e r  second p e r  second. 11' th e  r o l l in g  

ra d iu s  (RR) o f  th e  w heels i s  measured in  f e e t  th e  fo llo w in g  r e l a t io n s  

a re  t r u e :

2
re v o lu tio n s  „ f t . / s e c .  _ acl,., = 2n • ------------- -—  =27T • —  = 2 IT • — ;— “
(seco n d )2 f t . / r e v .  27r(RR)

RR

TC & E  = I C & E * f | ’ a

S im ila r ly  th e  to rq u e  re q u ire d  to  a c c e le r a te  th e  w heels (Tw^) may 

be found a s  a fu n c tio n  o f th e  l i n e a r  a c c e le r a t io n  r a t e ,  and th e  moment 

o f i n e r t i a  o f  th e  wheel assem b lies  ( 1 ^ ) *

TWh = ^ h  * °Wh = % h  * —-
K it

The t o t a l  a n g u la r  a c c e le r a t io n  to rq u e  which must be produced by an 

e q u iv a le n t an g u la r a c c e le r a t io n  fo rc e  a c t in g  a t  th e  t i r e  r o l l i n g  ra d iu s  

i s  th e  sum o f TWh + (To S E • ® ) .

A ngular A c c e le ra tio n  Force = ~  + (Tg £  £ • GR)J

(GR)2
(RR)2

The l i n e a r  a c c e le r a t io n  fo rc e  re q u ire d  i s  eq u a l to  — • a ,  where
g
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71 i s  th e  v e h ic le  w eigh t and g i s  th e  a c c e le r a t io n  due to  g ra v i ty .

Foroa il+ [l,m ■ trrf] + [Ic“ ' ( S | } aT o ta l A c c e le ra tio n  

(L in ea r + Angular)

The q u a n t i ty  in  {  }  may w e ll be c a l le d  th e  E q u iv a len t Maos F a c to r .

The horsepower re q u ire d  f o r  a c c e le r a t io n  must come from th e  engine 

through  th e  d r iv e  system , so  th e  r e g u la r  horsepower r e l a t io n  i s  a p p lic ­

a b le .

MA c c e le ra tio n  HP = — r  • A c c e le ra tio n  Force
356

The a c c e le r a t io n  r a t e  which can be produced a t  any g iven  speed on le v e l  

road cun then  be determ ined from th e  excess horsepower a v a i la b le .

a -  356 HPXS .
M E q u iv a len t Mass F a c to r

To i l l u s t r a t e  th e  a c c e le r a t io n  r a t e s  produced by v a rio u s  gear 

r a t i o s  r e q u ire s  th e  n um erica l e v a lu a tio n  o f  t h i s  eq u a tio n  f o r  th e  chosen 

example c a r .

This c a r  u ses  7 .60  x 15 t i r e s  on s t e e l  w heels w ith  e lev en  inch  

brake drums. E xperim ental measurement o f  th e  moment o f  i n e r t i a  o f  the  

wheel assem bly on a to r s io n a l  pendulum produced th e  va lue  o f 5*07 

pound f e e t  per second p er second f o r  th e  fo u r  wheel a ssem b lie s . The 

r o i l i n g  r a d iu s  o f t h i s  t i r e  under normal lo ad  i s  1 .177 f e e t .  These 

f ig u re s  can be combined to  f in d  th e  c o n tr ib u tio n  o f th e  wheels to  the  

t o t a l  e q u iv a le n t mass.

The e v a lu a tio n  o f th e  moment o f i n e r t i a  o f  the  engine and c lu tc h  

assem bly i s  more com p lica ted . The c ra n k sh a f t, f ly w h ee l, and c lu tc h  a s ­

sembly may be spun a s  a u n i t  on a to r s io n a l  pendulum and t h e i r  moment

4
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o f i n e r t i a  determ ined  e x p e r im e n ta lly . The moments o f  i n e r t i a  o f  the  

cam shaft, w ater pump, g e n e ra to r , o i l  pump, and d i s t r i b u t o r  a re  com­

p a r a t iv e ly  so sm all th ey  may be n e g le c te d . However, th e  k in e t ic  

energy le v e l  o f  th e  r e c ip ro c a t in g  p a r ts  i s  a p p re c ia b le , and changes 

w ith  eng ine speed , so i t s  e f f e c t  must be determ ined .

The con n ec tin g  ro d  b e a rin g  in s e r t s  have pure r o ta t io n a l  motion 

a t  crank p in  ra d iu s ,  ana t h e i r  moment o f  i n e r t i a  a d d it io n  can be com­

p u ted . In  a s h o r t - s t ro k e  en g in e , two th i r d s  o f  th e  connecting  rod 

w eight i s  co n sid e red  a s  p u re ly  r o ta t in g  w eight w ith  th e  crank p in  as 

i t s  r a d iu s ,  and th e  o th e r  t h i r d  o f th e  rod w eight i3  co n sid e red  os 

p u re ly  re c ip ro c a t in g  w e ig h t. O ther item s o f r e c ip ro c a t in g  w eight a re  

th e  p is to n s ,  p is to n  r in g s ,  p is to n  p in s , and p is to n  p in  r e t a in e r s .

The k in e t ic  energy p u t in to  th e  re c ip ro c a t in g  p a r t s  by th e  crank­

s h a f t  v a r ie s  from a maximum to  zero  tw ice  every  re v o lu tio n , w ith  th e  

energy being  re tu rn e d  to  th e  c ra n k sh a f t a t  top  and bottom c e n te r  p is to n  

p o s i t io n s .  In  a m u lt i- c y l in d e r  engine th e re  i s  always some k in e t ic  

energy s to re d  in  p is to n  m otion, and s in c e  th e  k in e t ic  energy v a r ie s  as 

the  square o f v e lo c i ty ,  th e  average k in e t ic  energy le v e l  o f  the  r e c ip ­

ro c a tin g  p a r t s  w i l l  vary  a s :

(Maximum In s ta n ta n e o u s  P is to n  V e lo c ity )^  -  (Minimum In s tan ta n eo u s  
_________________________________________________________ P is to n  V e lo c ity )

2

The minimum in s ta n ta n e o u s  p is to n  v e lo c i ty  i s  ze ro . The maximum in s ta n ­

taneous p is to n  v e lo c i ty  i s  eq u a l to  the  p e r ip h e ra l  v e lo c i ty  o f th e  

crank  p in  tim es an an g le  f a c t o r . The an g le  f a c to r  eq u a ls  ( s in  0 +

) ,  where 0 i s  th e  crank  ang le  from top  dead c e n te r ,  and n i s
An

th e  r a t i o  c o s t i n g  rod  le n g th  _ 
s tro k e
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When th e  k in e t ic  energy le v e l  a t  any speed has been computed, an 

e q u iv a le n t m ass, r o ta t in g  a t  crank p in  ra d iu s  may be computed, which 

w i l l  have th e  sane k in e t ic  energy le v e l  as  th e  re c ip ro c a t in g  m asses.

R ec ip ro ca tin g  K in e tic  Energy =

(R ec ip ro ca tin g  Mass) 1 °-™ * V e lo c ity )2 (Maximum Angle F a c to r)2
2 2

R o ta tin g  K in e tic  Energy = R o ta tin g  Mass i ^ ran^ Veloci ty )

2 2 
, .. r .. (V ■,,) (Maximum Angie F ac to r)E q u iv a len t Mass = R ecip . Mass x  —  ■ ' - x ' - .....mU--------------- t—

(V y- 2'  c r '

For th e  example c a r ,  u s in g  an e ig h t  c y lin d e r  engine w ith  a th re e  

and th re e  q u a r te r  inch  bore and a th re e  and seven s ix te e n th s  inch  

s tro k e , and a v a lu e  o f  n = 1.93> th e  maximum ang le  f a c to r  occurs a t  

9 = 76°37' and hus a m agnitude o f 1 .0313.

E q u iv a len t R e c ip ro c a tin g  Maos = 2
 ̂ . (Maximum Angle F ac to r)A ctual R e c ip ro c a tin g  Mass • ---------------- ------------------

f o r  th e  example engine th e  v a rio u s  p a r ts  have th e  fo llo w in g  m agnitudes: 

C lu tch  Assembly 34B

Flyw heel and C ran k sh aft 12d0

R o ta tin g  Rods and B earings 6 2 .o

E q u iv a len t R ec ip ro ca tin g  Body 54.3

1744.1 pound (in ch es)

= 0 .376  pound f e e t  p e r (second)^

The e q u iv a le n t mass f a c to r  can now be ev a lu a ted , u s in g  4000 pounds 

as  th e  v a lu e  o f  W.
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TABLE I I

ACCELERATION FACTORS

L in ea r
A ccel.

Wheel
A ccel.

JSngine-
C lu tch
A ccel.

A c ce le ra tio n
F a c to r

Gear
R atio

A ccel­
e r a t io n

R atio
12 A. 2 3 .6 6 2.2A 130.1 A .l x 0 .7 • 95A

12 A. 2 3 .6 6 2.8A 130.7 3 .23 .951

12 A. 2 3 .6 6 A.56 132. A A .l .938

12 A. 2 3 .6 6 6.63 13 A. 5 3.23  x 1.53 .92 A

12 A. 2 3 .6 6 16.2 1AA.0 3 .23  x 2 .39 .363

12 A. 2 3 .66 0 127.9 Id e a l .973

When th e  id e a l  tra n sm iss io n  i s  u sed , th e  engine speed i s  held

c o n s ta n t a t  th e  speed o f maximum horsepow er, and no energy need by

consumed in  a c c e le r a t in g  th e  eng ine and c lu tc h  assem bly.

The A c c e le ra tio n  R atio  i s  d e fin ed  as  th e  r a t io :

 A ctual a c c e le r a t io n  r a t e  produced
A c c e le ra tio n  r a t e  w ith  no r o ta t in g  p a r ts

With no r o ta t in g  p a r ts  th e  a c c e le r a t io n  r a t i o  would be eq u a l to  1 .0 .

As th e  g ea r r a t i o  between w heels and engine i s  p ro g re s s iv e ly  in c re a se d , 

th e  horsepower re q u ire d  to  a c c e le r a te  the  engine becomes g re a te r  and 

g r e a te r ,  p ro g re s s iv e ly  red u c in g  th e  v a lu e  o f gear re d u c tio n  as a 

f a c to r  in  in c re a s in g  a c c e le r a t io n  a b i l i t y .

The r e l a t io n  f o r  d e te rm in in g  a c c e le ra t io n  a b i l i t y ,  u s in g  th e  ac­

c e le r a t io n  r a t i o  i s :

n _ 356 HPjjg , A c c e le ra tio n  R atio  
M I

g
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a = .?.XS A c c e le ra tio n  R atio
YTM

The a c c e le r a t io n  r a te s  o b ta in ed  by th e  example c a r  w ith  th e  s e v e ra l  

d i f f e r e n t  g ea r r a t i o s  a re  shown on F ig u re  11. They r e f l e c t  d i r e c t ly  th e  

e f f e c t  o f  tra n sm iss io n  g ea r r a t i o  on excess horsepow er. A c c e le ra tio n  

r a t e s  above th re e  f e e t  p e r second p er second a re  n o tic e a b le  b u t n o t 

annoying. A c c e le ra tio n  a t  a r a t e  above seven f e e t  per second p er second 

i s  o b je c tio n a b le  to  th e  m a jo rity  o f  v e h ic le  passen g ers  (1 3 ).

The d e v ia t io n  between th e  a c c e le r a t io n  produced by th e  id e a l  t r a n s ­

m ission  and th a t  produced by th e  s e le c t iv e  s l id in g -g e a r  tra n sm iss io n  

r e p re s e n ts  th e  lo s s  due to  th e  need f o r  a c c e le r a t in g  th e  en g in e . I t  i s  

more n o tic e a b le  in  low g ea r than  in  second, ano p r a c t i c a l ly  n e g l ig ib le  

in  h igh g e a r .
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FUEL, economy

The m ile s  per g a llo n  a b i l i t y  o !  a v e h ic le  i s  an in v erse  fu n c tio n  

o f  v e h ic le  power demand, and a d ir e c t  fu n c tio n  o f  engine therm al 

e f f i c i e n c y .

Energy Demand _ Demand HP » 254-5 
B tu/M ile M iles per Hour

Btu/M ile = » HPjjoniand
M

The c o n s ta n t 2545 i s  th e  Btu e q u iv a le n t o f  one horsepower hour. This 

energy demand by th e  v e h ic le  i s  su p p lied  from th e  engine by burning 

g a so lin e  and c o n v e rtin g  a p o r tio n  o f th e  h e a t energy produced by com­

b u s tio n  in to  m echanical energy a t  the  fly w h ee l. The e f f ic ie n c y  w ith  

wliich t h i s  p ro cess  i s  c a r r ie d  o u t i s  c a l le d  th e  Brake Thermal E f f ic ­

ien cy . I t  i s  d e fin ed  a s  th e  r a t i o  oi th e  a c tu a l  m echanical energy p ro ­

duced a t  th e  o u tp u t s h a f t  to  th e  p o te n t ia l  h e a t energy o f  th e  f u e l  taken  

in to  th e  en g in e . A high Brake Thermal E f f ic ie n c y  i s  e s s e n t i a l  to  a high 

m iles  p er g a llo n  perform ance. The brake therm al e f f ic ie n c y  o f an engine 

can be improved by in c re a s in g  i t s  com pression r a t i o  o r by d ec re a s in g  i t s  

f r i c t i o n  lo s s e s .  Both methods have been used on re c e n t new p assen g er- 

c a r  eng ines w ith  good r e s u l t s ,  b u t the  most im p o rtan t s in g le  f a c to r  in  

th e  a c tu a l  b rake therm al e f f ic ie n c y  produced by th e  engine in  th e  v e h ic le  

i s  th e  r e l a t i v e  lo ad  le v e l  a t  which th e  engine o p e ra te s . The fo llo w in g  

r e l a t io n  f o r  m iles  p e r g a llo n  i l l u s t r a t e s  th e  im portance o f Brake Thermal 

E lf ic ie n c y  ( BTE) .
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Engine O utput = & IE  (19 ,200  ) (0 .7 3  x 8 .3 4  )
B tu /g a llo n  o f  f u e l  100 Btu/pound p o u n d s/g a llo n

= (1170) JaBTE

The f ig u r e  o f  19,200 i s  the  Lower H eating Value o f  g a so lin e  w ith  

a s p e c i f ic  g r a v i ty  o f  0 .7 3 .

R ^ / l & llpH  = M iles p e r  g a llo n  
B tu /m ile

M iles /g a l lo n  = ^ 70> ^  = - J i tf-S S i - .
(2545) HPyeman ̂  C2«17)HPjjeinand

M

The most conven ien t way to  ex p ress  5&BTE fo r  th e  e v a lu a tio n  o f t h i s  

r e l a t io n  i s  to  show %BTE as a fu n c tio n  o f th e  % f u l l  Load a t  which th e

engine i s  o p e ra tin g . The % F u ll  Load i s  d e fin ed  as fo llo w s:

% F u ll  Load = 100 W  a-c t-u-a l l y -b e in E produced a t  given RPM
F u ll -T h ro t t le  HP a t  same speed

The r e la t io n s h ip  between 5&BTE and % F u ll  Load f o r  a ty p ic a l  passenger 

c a r  engine i s  shown on F ig u re  12. T his shows d i r e c t ly  th e  e f f e c t  o f 

engine lo a f in g  on th e  Brake Thermel E f f ic ie n c y . At low o u tp u ts  a t  any 

speed , too  much o f the energy  o f th e  f u e l  i s  used up in  overcoming th e  

in te rn u l  lo s s e s  o f the  en g in e . As th e  r e l a t iv e  load  le v e l  o f  th e  engine 

in c re a s e s ,  th e  f r i c t i o n a l  lo s s e s ,  which a re  r e l a t iv e ly  in s e n s i t iv e  to  

lo ad , d ec rease  in  im portance, causing  an improvement in  Brake Thermal 

E f f ic ie n c y . T h is improvement would co n tin u e , in  d im in ish in g  m agnitude, 

up to  1Q0£ F u ll  Load, b u t above about bO?', F u l l  Load th e  t h r o t t l e  move­

ment opens a " F u ll  T h ro t t le  E nrichen ing  V alve", changing th e  m ixture o f 

a i r  and g a so lin e  produced by th e  c a rb u re to r  from an "economy" m ixture 

to  a "power" m ix tu re , and cau sin g  a drop in  Brake Thermal E ff ic ie n c y .

At low speeds th e  eng ine s u f f e r s  in c reased  ja c k e t lo s s e s  p e r  cyc le  

o f  o p e ra tio n , low ering  th e  e f f ic ie n c y ,  and a t  high speeds i t  s u f fe r s  in -
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creased  f r i c t i o n a l  lo s s e s ,  a g a in  low ering  th e  e f f ic ie n c y .  B est e f ­

f ic ie n c ie s  occur a t  medium speed o p e ra tio n  w ith  th e  engine producing  

from sev en ty  to  e ig h ty  p e rc e n t o f  i t s  l 'u U - t h r o t t l e  power a t  th o se  

speeds. For s tea ay -sp eed  ie v e l- ro a d  o p e ra tio n  th e  engine produces con­

tin u o u s ly  th e  demand horsepow er shown on F igu re  7. I t  i s  cupabie o f 

producing th e  f u l l - t h r o t t i e  horsepow er shown on F igu re  7 f o r  th e  v a r io u s  

gear r a t i o s .  The r a t i o  o f th e  o rd in a te  o f th e  road load  curve to  th a t  

o f  the  f u l l  lo ad  cu rv e , tim es 100, i s  th e  p e rc e n t t u l l  Load a t  which 

th e  engine must o p e ra te  f o r  a p a r t i c u la r  c a r  speed and l in a l - d r iv e  

gear r a t i o .

The e f f e c t  o f  c a r  speed and f in a i - d r iv e  gear r a t io s  on th e  % F u ll  

Load o f  th e  eng ine in  th e  example c a r  a re  shown on F ig u re  13. The r e l ­

a t iv e  eng ine loud  i s  low f o r  a l l  gear r a t i o s  w ith  th e  s l id in g  gear 

tra n sm iss io n , r i s i n g  to  a c c e p ta b le  v a lu e s  only  a t  w as te l 'u lly  high 

speeds. P assenger c a r  eng in es  a re  fo rced  to  lo a f  through  most o f t h e i r  

l i f e  w ith  a lam en tab le  e f f e c t  on t h e i r  e f f ic ie n c y .  Lowering th e  over­

a l l  gear r a t i o  by th e  use o f  o v erd riv e  b r in g s  some improvement, but n o t 

in  d r a s t i c  p ro p o rtio n s .

S ince th e  r e l a t io n  between ca r  speed M and engine speed 1J was de­

term ined in  th e  com putations fo r  F ig u re  7 , th e se  v a lu e s  o f  N, p lu s  the  

value  o f % F u l l  Load from F ig u re  13, may be used to  determ ine from 

F igure  12 th e  % Brake Thermal E ff ic ie n c y  which th e  engine i s  p roducing . 

The % brake Thermal e f f ic ie n c y  f o r  th e  example c a r  f o r  a l l  gear r a t io s  

used i s  shown on F igure  14. A lso shown f o r  comparison purposes i s  the 

e f f e c t  o f  compounding an o v e rd riv e  on a 3»23 f in a l  d r iv e  r a t i o .  These 

curves show th a t  th e  low er th e  o v e ra l l  g ear r a t i o ,  th e  h ig h er i s  the
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therm al e f f ic ie n c y  o f th e  engine th roughou t th e  whole speed ran g e .

High e f f ic ie n c y  accompanies th e  com bination o f low engine speed and 

high eng ine lo a d .

With th e  % Brake Thermal E f f ic ie n c y  known as  a fu n c tio n  o f  M on 

F ig u re  14, and th e  ^ j j emancj a s  & fu n c tio n  o f M shown on F ig u re  7, 

th e se  q u a n t i t i e s  can be combined in  th e  r e l a t io n  fo r  m iles  p er g a llo n  

to  determ ine th e  l u e l  economy as a fu n c tio n  o f  c a r  speed. The r e s u l t s  

o f t h i s  com bination a re  shown on F ig u re  15* N oteabie here i s  th e  f a c t  

th a t  .Miles p e r G allon i s  h ig h e s t  a t  th e  low speeds o f o p e ra tio n , and 

d ec rease s  p ro g re s s iv e ly  as  c a r  speed in c re a s e s .  The ex trem ely  low 

road load  demand horsepower a t  low speeds more than  co u n te rb a lan ces  the  

very low engine e f f ic ie n c y .  As c a r  speed in c re a s e s ,  more and more 

energy i s  d is s ip a te d  in  s t i r r i n g  a i r ,  and in  s p i te  o f  th e  c o n s ta n tly  in ­

c re a s in g  th erm al e f f ic ie n c y  th e  f u e l  economy d im in ish es .

The curves o f F igu re  15 in d ic a te  th a t  th e  use o f an o v e rd riv e  adds 

two to  fo u r  m iles  per g a llo n  to  th e  s te a d y  speed fu e l  m ileage over most 

o f  th e  speed ran g e , a f a c to r  which should allow  th e  o v erd riv e  to  pay 

fo r  i t s e l f  i f  enough open highway d r iv in g  i s  done. The advantages o f 

th e  o v e rd riv e  o r th e  low f in a l - d r iv e  r a t i o  may be erased  by th e  need 

f o r  s p e c ia l  f u e ls  to  c o u n te ra c t d e to n a tio n  d i f i i c u l t i e s  b rough t on by 

high r e l a t iv e  load  le v e l s .  The re q u ire d  use o f more expensive fu e ls  

would n o t e lim in a te  th e  b e n e f i ts  o f  low er n o ise  le v e l ,  low er v ib ra t io n  

le v e l ,  and low er wear l e v e l  which th e  o v erd riv e  o f f e r s ,  b u t i t  would 

remove th e  a b i l i t y  o f th e  o v e rd riv e  u n i t  to  repay  i t s  c o s t  by saving  

f u e l .
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STEADY-SPEED FUEL ECONOMY
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The Id e a l  T ransm ission

The id e a l  tra n sm iss io n  a c ts  in  an e n t i r e ly  d i f f e r e n t  manner when 

used f o r  economy o p e ra tio n  than  when used fo r  power o p e ra tio n . Economy 

c o n s id e ra tio n s  in d ic a te  t h a t  b e s t economy i s  a t ta in e d  when th e  engine 

i3  o p era ted  a t  e ig h ty  p e rc e n t o f  f u l l  load  a t  th e  low est speed a t  which 

i t  w i l l  produce th e  re q u ire d  demand horsepow er. As the  c a r  speed 

v a r ie d  th e  tra n sm iss io n  r a t i o  would be changed to  m ain ta in  t h i s  con­

d i t io n .

P r a c t ic a l  l im i ta t io n s  p re v e n t com plete a tta in m e n t o f  t h i s  id e a l  

c o n d itio n . The lo w est speed a t  which an engine should be expected  to  

run s a t i s f a c t o r i l y  i s  somewhat above the  maximum speed a t  which i t  w i l l  

buck when runn ing  a t  a  h igh lo ad  le v e l ,  t o r  th e  s a fe ty  o f th e  t r a n s ­

m ission  and th e  en g in e , the  tra n sm iss io n  should n o t be allow ed to  p u l l  

th e  engine speed below t h i s  l e v e l ,  even though th e  £ F u ll  Load might 

need to  be dropped to  a p p re c ia b ly  le s s  th an  e ig h ty  p e rc e n t. For the  

engine in  the  example ca r t h i s  " f lo o r"  on engine speed was assumed as 

600 rpm. The e f f e c t  o f  t h i s  f lo o r  on th e  % F u l l  Load 01 th e  engine 

w ith  th e  id e a l  tra n sm iss io n  i s  shown on F igu re  13. At c a r  speeds below 

f o r ty  m iles  p er hour i t  i s  n ecessa ry  to  hold th e  engine speed a t  the 

600 rpm f lo o r  l e v e l ,  and to  d ec rease  th e  % F u ll  Load acc o rd in g ly . Be­

tween f o r ty  m iles  p e r hour and seven ty  n ine  m iles per hour th e  load  

le v e l  i s  held  a t  80?., w hile  th e  engine speed i s  in c rea sed  from 600 to  

2000 rpm. Between seven ty  n ine  ana e ig h ty  seven m iles  p er hour the  

engine speed i s  held  a t  2000 rpm w hile th e  load i s  in c reased  to  100^, 

and then  from e ig h ty  seven m iles  p e r hour to  th e  maximum speed o f  

n in e ty  fo u r  m iles  p e r hour th e  load  le v e l  i s  held a t  100/i w hile  the  

engine speed i s  r a is e d  from 2000 to  3500 rpm.
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T his com bination o f  o p e ra tio n s  produces th e  h ig h e s t o v e r a l l  f u e l  

economy. F ig u re  14 shows th e  % Brake Thermal E f f ic ie n c y  which r e s u l t s .  

An a p p re c ia b le  g a in  i s  e v id e n t over th e  e n t i r e  speed range ex cep t fo r  

th e  extrem e h igh  and low sp eed s.

The m iles  p e r  g a llo n  produced by id e a l  tra n sm iss io n  i s  shown on 

F igu re  15. There i s  l i t t l e  g a in  in  th e  extrem e h igh  speed range over 

th e  perform ance o f th e  o v e rd riv e  r a t i o s .  At th e  extrem e low speed end 

th e  id e a l  tra n sm iss io n  s u f f e r s  from th e  im p o sitio n  o f th e  speed f lo o r ,  

a f a c to r  w hich would a ls o  a f f e c t  th e  o th e r  curves a lthough  i t  i s  n o t 

shown on th e  c h a r t .  In  th e  medium speed range th e  id e a l  tra n sm iss io n  

produces s e v e ra l  more m iles  p e r  g a llo n  th an  f ix e d  r a t i o  tra n sm iss io n s .

The g ea r r a t i o s  which th e  iaeaa. tra n sm iss io n  would have to  produce 

w ith  a 3 .23  f in a l - d r iv e  r a t i o  to  o b ta in  th e  perform ance in d ic a te d  in  

th e se  c h a r ts  i s  shown on F ig u re  16. A s a t i s f a c to r y  range o f  o p e ra tio n  

would r e q u ire  a v a r ia t io n  from 10 to  1 a t  one extrem e to  0 .4  to  1 a t  

th e  o th e r .  T his i s  a r a t i o  between extrem es o f tw enty f iv e  to  one, 

more than  any p r a c t i c a l  tra n sm iss io n  could a t t a i n .  There i s  n o t now 

a v u ila b le  any tra n sm iss io n  which meets th e  n ecessa ry  req u irem en ts . Up 

to  th e  p re se n t tim e a l l  id e a l  tra n sm iss io n s , w hether m echanical, e le c ­

t r i c a l ,  o r  h y d ra u lic , have s u ffe re d  from e i th e r  high i n i t i a l  c o s t  o r  ex­

c e ss iv e  w eight and bu lk , o r  u n accep tab ly  low e f f ic ie n c y .  The a n a ly s is  

o f  th e  id e a l  tra n sm iss io n  i s  o f  v a lu e  c h ie f ly  as  a perform ance id e a l  

w ith  which o th e r  tra n sm iss io n s  can be compared.
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HYDRAULIC TRANSMISSIONS

The r e l a t i v e l y  new h y d ra u lic  tra n sm iss io n s  which have been in t r o ­

duced in  re c e n t  y e a rs  make use o f  an h y d rau lic  c lu tc h  o r a com bination 

o f  h y d ro k in e tic  to rq u e  c o n v e r te r  and f lu id  c lu tc h . T h e ir  c h ie f  v i r tu e  

i s  th a t  they  s im p lify  o r reduce in  number th e  o p e ra tio n s  which th e  

d r iv e r  must perform  uu ring  normal d r iv in g . A ll  o f  them in c re a se  the  

f i r s t  c o s t  o f  th e  v e h ic le ,  ana a l l  o f  them d ecrease  th e  e f f ic ie n c y  o f 

o p e ra tio n  to  a 3 l ig h t  d eg ree . Once th e  v e h ic le  has a t ta in e d  normal 

d r iv in g  speed th e  f l e x i b i l i t y  between d r iv e s h a f t  and engine speeds i s  

so low th a t  th e  r e l a t io n s  developed in  t h i s  c h a p te r  ap p ly  to  them as  

w e ll as to  th e  co n v en tio n a l tra n sm iss io n . During s t a r t i n g  o f th e  

v e h ic le  from r e s t  th e  to rq u e  co n v e rte r  can tak e  th e  p la c e  o f  the  geared 

tra n sm iss io n  to  a l im ite d  e x te n t ,  b u t a t  a decided drop in  e f f ic ie n c y .



SUMMARY Oil PERFORMANCE
I

An autom otive v e h ic le  o f f e r s  an a p p re c ia b le  r e s is ta n c e  to  i t s  

forw ard m otion, made up p r im a r ily  o f wind r e s i s ta n c e ,  t i r e  r o l l in g  

r e s i s ta n c e ,  and d r iv e  system  f r i c t i o n .  At speeds above f o r ty  m iles  

p er hour th e  wind r e s i s ta n c e  i s  th e  m ajor f a c to r .  I t s  magnitude de­

pends on f r o n ta l  a re a ,  and on aerodynamic c le a n l in e s s .  No s ig n i f i c a n t  

re d u c tio n s  in  a i r  r e s i s ta n c e  can be expected as  long as  passenger cap­

a c i t i e s  and s ty le  req u irem en ts  rem ain as  a t  p re se n t.

V eh icle  demand i s  determ ined  e x p e rim e n ta lly , w ith  th e  r e s u l t s  o f 

th e  experim ents exp ressed  a s  e m p iric a l eq u a tio n s  fo r  e i th e r  towing 

e f f o r t  o r demand horsepow er. T y p ica l American passenger c a rs  demand 

t h i r t y  to  t h i r t y  f iv e  horsepower a t  s ix ty  m iles p er hour.

The power n ecessary  to  d r iv e  the  v e h ic le  comes from an in t e r n a l -  

combustion eng ine having a d e f in i t e  r e la t io n s h ip  between to rq u e , h o rse ­

power and r o ta t io n a l  speed . The i n a b i l i t y  o f th e  engine to  produce any 

u s e fu l to i’que below a minimum speed demands th e  use o f some type o f 

c lu tc h  between engine and d r iv e s h a f t .  High top  speed demands a gear 

r a t i o  between engine and w heels which produces peak engine horsepower 

about a t  peak c a r  speed, bu t which low ers a c c e le ra t io n  and h i l l - c l im b  

a b ix i ty  in  th e  medium speed ran g e . A l a i r  compromise between top speed 

and h i l l - c l im b  a b i l i t y  must be made.

The use  o f a g ear r a t i o  producing a d ecen t top  speed p rev en ts  th e  

engine a lo n e  from producing  s u f f i c i e n t  to rq u e  to  meet a l l  o f th e  normal 

d r iv in g  demands, such a s  s t a r t i n g  on o r  d r iv in g  up a s tee p  h i l l .  To
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meet th e se  req u irem en ts  e to rq u e  m u l t ip l ie r ,  p o p u la r ly  c a l le d  a t r a n s ­

m iss io n , i s  p laced  between th e  c lu tc h  and a r iv e s h a f t .  The co n v en tio n a l 

tra n sm iss io n  i s  a  s e le c t iv e  s l ia in g - g e a r  u n i t  w ith  th re e  forw ard and 

one re v e rse  sp eed s, p lu s  a n e u t r a l .

The m agnitude o f th e  excess horsepower fu rn ish e d  by the  eng ine a t  

o p e n - th ro t t ie ,  above th e  amount re q u ire d  f o r  s tead y -sp eed  le v e l- ro a d  

o p e ra tio n , can be used to  determ ine th e  h i l l - c l im b  o r  a c c e le r a t io n  a b i l ­

i t y  o f th e  v e h ic le ,  tow o v e r a l l  gear r a t i o s ,  a t ta in e d  e i th e r  d i r e c t ly  

o r by means o f  an o v e rd riv e  g ea r , r e s u l t  in  low v alu es f o r  h i l l - c l im b  

and a c c e le ra t io n  a b i l i t y .  A b il i ty  to  clim b a te n  p e rc e n t grade in  high 

gear i s  n ecessa ry  l o r  p u b lic  accep tan ce .

A c c e le ra tio n  a b i l i t y  i s  reduced by th e  n e c e s s i ty  f o r  a c c e le ra t in g  

a l l  r o ta t in g  p a r ts  a n g u la r ly  a s  wexl as  l in e a r ly .  High gear r a t io s  

a c c e n tu a te  t h i s  c o n d itio n . A c c e le ra tio n  r a te s  over seven f e e t  p er sec ­

ond p er second, o b ta in a b le  only  in  th e  low gear of th e  tra n sm iss io n , a re  

o b je c tio n a b le  to  most p eo p le .

The f u e l  economy oi a v e h ic le  i s  a f fe c te d  by gear r a t io  more than  

any o th e r  s in g le  f a c to r .  Low o v e ra l l  g ear r a t i o s  reduce engine speed 

and r a i s e  engine r e l a t i v e  lo a d , both  o f  which help  to  in c re a se  th e  brake 

therm al e f f ic ie n c y  o f th e  en g in e . High therm al e f f i c ie n c ie s  a re  neces­

sa ry  fo r  h igh f u e l  economy. O verdrive i s  worth two to  lo u r  m iles per 

g a llo n  on f u e l  economy.

The id e a l  tra n sm iss io n  p ro v id es  a b a s is  f o r  comparison fo r  th e  p er­

formance produced by o th e r  tra n sm iss io n s . No id e a l  tra n sm iss io n s  fo r  

p assen g er c a rs  a re  now a v a i la b le .
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BRAKES AND BRAKING

The s a fe ty  o f th e  p assen g ers  and d r iv e r ,  and the  p re se rv a tio n  o f 

cargo , r e q u ire s  th a t  th e  d r iv e r  o f  a  s e lf -p ro p e l le d  v e h ic le  be capable 

o f e i th e r  s to p p in g  th e  v e h ic le  q u ic k ly  when n ecessa ry , o r  o f reducing  

i t s  r a t e  o f t r a v e l  from a h igh  v a lu e  to  a low er v a lu e , o r  o f p rev en tin g  

th e  occurrence o f ex cess iv e  speed when p roceed ing  dovm a h i l l .

The n a tu ra l  v isco u s  and m echanical f r i c t i o n  lo s s e s  ol' th e  moving 

v e h ic le  w i l l  have some r e ta rd in g  o r "b rak ing" e f f e c t ,  b u t ex cep t in  

very  m ild cases  t h i s  degree o f b rak ing  e f f e c t  i s  f a r  from adequate .

The d r iv e r  must be p rovided  w ith  equipment w ith  which he can c r e a te ,  

under h is  c o n tro l ,  a b rak ing  e f f e c t  v a ry in g  from zero to  the  maximum 

value  which e i th e r  th e  b rak in g  system can produce, o r  the  m echanical 

c o n s tru c tio n  o f th e  v e h ic le  can w ith stan d  w ith o u t f a i l u r e ,  o r  th e  pas­

sengers o r goods can w ith s tan d  w ith o u t danger o f in ju ry .  The l a s t  named 

c o n d itio n  i s  o f  im portance in  any s i tu a t io n  in v o lv in g  s tan d in g  p assen g ers , 

such as r a i l r o a d s ,  s t r e e t  c a r s ,  and b u sses , b u t in  most autom otive ve­

h ic le  a p p lic a t io n s  th e  p assen g ers  a re  s e a te d , und in  un emergency s to p  

th e  chances o f passenger in ju ry  from imminent c o l l i s io n  a re  so much 

g re a te r  than the d isco m fo rt c re a te d  by maximum brak ing  e f f e c t  th a t  th e  

b rak ing  system  i s  b u i l t  to  produce th e  maximum brak ing  e f f e c t  o b ta in a b le  

w ith in  p r a c t ic a l  l im i ta t io n s .

i



BRAKING KORCE REQUIREMENTS

In  a wheeled v e h ic le  which must depend f o r  i t s  b rak ing  e f f e c t  on 

th e  f r i c t i o n a l  fo rc e s  produced between i t s  own wheels and th e  road su r­

fa c e ,  th e  maximum p o s s ib le  b rak in g  e f f e c t  which can be produced i s  equal 

to  th e  p ro d u c t o f  th e  adhesive  w eight o f  th e  v e h ic le  and th e  c o e f f ic ie n t  

o f  f r i c t i o n  between t i r e s  and ro ad .

I f  Yf s ig n i f i e s  th e  w eigh t o f th e  v e h ic le ,  and 0 th e  ang le  between 

th e  road su rfa c e  ana a l e v e l  s u rfa c e , then  th e  adhesive  w eight o f  the  

v e h ic le  ( fo rc e  normal to  th e  road  su rfa c e )  eq u a ls  Yf cos 0 . I f  th e  

symbol " f"  i s  used to  s ig n i f y  th e  c o e f f ic ie n t  o f  f r i c t i o n  developed be­

tween th e  t i r e  anu th e  road su rfac e  a t  impending s l id e  o f th e  t i r e ,  th e  

maximum b rak in g  e f f e c t  which cun be brought to  bear on th e  v e h ic le  i s  

equal to  fW cos 0 .

The c o e f f ic ie n t  o f  f r i c t i o n  between t i r e s  and road su rfa c e  a t  im­

pending s l i p  o f th e  t i r e  v a r ie s  over wide l im i t s  (14)• A pparen tly  i t s  

low est v a lu e  occurs w ith  snow -coated t i r e s  o p e ra tin g  over g la re  ic e  a t  

tem p era tu res  s l i g h t l y  below f re e z in g  and has a magnitude o f about 0 .1 . 

The h ig h e s t  v a lu e  o f  t h i s  c o e f f ic ie n t  can be over 1 .0 , when pneumatic 

ru b b er t i r e s  w ith  a good n o n -sk id  tre a d  a re  o p era ted  over on open- 

su rfa c e d , u n g u ia r -s to n e , asp h a lt-b o u n d  macadam road . Between th e se  

maximum l im i t s  th e  f r i c t i o n  c o e f f ic ie n t  f lu c tu a te s  w ith  changes in  such 

f a c to r s  as t r e a d  d e s ig n , t i r e  c o n ta c t a rea  and in f l a t io n  p re s su re , 

v e h ic le  speed , m o istu re  c o n d itio n s , sh ear s tre n g th  o f road su rfa c e , 

c o n tin u ity  o f road  su rfa c e , e t c . ,  a f f e c t in g  i t .



The average v a lu e  o f t h i s  c o e f f ic ie n t  fo r  pneum atic t i r e s  w ith  

good n o n-sk id  tre a d  o p e ra tin g  over dry  co n cre te  a t  normal v e h ic le  speeds 

i s  quoted by v a r io u s  a u th o r i t i e s  as  ran g in g  from 0 .6  to  0 .8 5 , w ith  0 .6  

having been a d m itted ly  tak en  on th e  co n se rv a tiv e  s id e  (1 5 ). A fte r  

checking a l l  r e fe re n c e s  i t  seems th a t  0 .8  can be used as  th e  b e s t  

average v a lu e  f o r  t h i s  c o e f f ic ie n t  f o r  th e  co n d itio n s  in d ic a te d  above.

U3ing t h i s  va lue  fo r  f ,  ob serv in g  th a t  f o r  th e  grades u s u a lly  en­

countered  by a v e h ic le  th e  v a lu e  o f  cos 0 d i f f e r s  on ly  s l i g h t ly  from

1 .0 0 , and a d m ittin g  th a t  v e h ic le  b rak in g  system s seldom a re  ab le  to  pro­

duce th e o r e t ic a l ly  p e r fe c t  b rak ing  (b rak in g  fo rce  = fW cos 0 ) , i t  i s  

e n t i r e ly  p e rm is s ib le  to  say  th a t ,  as  a f i r s t  approx im ation , th e  b rak e- 

a c tu a t in g  fo rc e  e x e rte d  by th e  d r iv e r  must be capable o f  producing a 

b rak ing  fo rc e  a t  th e  road su rfa c e  equal to  th re e  q u a r te r s  o f th e  w eight 

o f  th e  v e h ic le ,  o r  in  symbols 3/4W.



BRAKr ACTUATION

T his v e h ic le -b ra k in g  fo rc e  o f  3 /AW must be produced by w hatever 

b ra k e -a c tu a tin g  fo rc e  th e  d r iv e r  can produce, e i th e r  d i r e c t ly  by pushing 

w ith  h is  fo o t  on a "brake p e d a l" , o r  w ith  a s s is ta n c e  from vacuum- 

a c tu a te d  o r  c o m p re sse d -a ir-a c tu a te d  p is to n s  o r  diaphragm s c o n tro lle d  by 

a v a lv in g  system , o r from e lec tro m ag n e t-o p e ra ted  brake a c tu a to r s .  The 

d i r e c t  p ed a l a c tu a t io n  demands th e  most a t t e n t io n  from th e  d es ig n e r 

because a l im i t  i s  s e t  by th e  a c tu a l  p h y s ic a l a b i l i t i e s  o f th e  d r iv e r  

on th e  maximum b ra k e -a c tu a tin g  fo rc e  which can be produced. The 

" a s s is te d "  b rak ing  system s have t h e i r  t ro u b le s  and l im i ta t io n s ,  bu t 

lack  o f a c tu a t in g  fo rc e  i s  u s u a lly  n o t one o f them. The fo llov /ing  

developm ent o f  b ra k e -lin k a g e  d esig n  f a c to r s  w i l l  be based on d i r e c t  

p h y s ic a l a c tu a tio n  by th e  d r iv e r  o f a fo o t-a c tu a te d  brake p ed a l.

The fo rc e  which can be ex e rte d  by th e  d r iv e r  on the  brake pedal 

v a r ie s  from th a t  produced by a p e t i t e  90 pound woman d r iv e r  to  th a t  

produced by an a t h l e t i c s i l y - a c t i v e  260 pound man. T his v a r ia t io n  i s  

v/ide, and i s  com plicated  by the  f a c t  th a t  under em otional s t r e s s ,  such 

as  th a t  produced by an impending c ra sh , people can e x e r t  a p p re c iab ly  

more than  t h e i r  normal m uscular fo rc e .

Not a l l  o f th e  fo rc e  e x e rte d  by th e  d r iv e r  i s  e f f e c t iv e  in  apply­

ing  th e  b rak es , dome o f i t  must be used in  overcoming m echanical and 

f lu id  f r i c t i o n  in  th e  b ra k e -a c tu a tio n  system , and some in  overcoming 

th e  fo rc e  o f th e  v a r io u s  sp rin g s  which a re  re q u ire d  to  r e le a s e  the  

brakes and r e tu rn  th e  brake p ed a l. In  the  fo llo w in g  d isc u ss io n  th e  n e t



ped a l fo rc e  w i l l  r e f e r  to  t h a t  p o r tio n  o f the p ed a l fo rc e  a c tu a l ly

used to  app ly  th e  b ra k e s , a s  opposed to  th e  g ross p ed a l fo rc e  a c tu a l ly

a p p lie d  to  th e  p e d a l. The magnitude o f th e  d if fe re n c e  between n e t  and

g ro ss  p ed a l fo rc e s  can be o f  the o rd e r  o f tw enty pounds.

To reduce th e  co n fu sio n  over the  n e t  pedal fo rc e  a v a i la b le ,  i t  i s

custom ary to  assume a n e t  p ed a l fo rc e  o f  100 pounds, and to  compare

brak ing  a b i l i t i e s  o f  v a r io u s  system s on th e  100 pound n e t pedal fo rc e

as  a common b ase .

The a c tu a l  b rak in g  fo rc e  produced by the  brakes does n o t a c t  a t

th e  t i r e - r o a d  c o n ta c t s u r fa c e ,  b u t a t  th e  brake drum s u rfa c e , a t  a

ra d iu s  which i s  a p p re c ia b ly  sm a lle r  than  th e  r o l l in g  ra d iu s  o f th e

w heel. S t a t i s t i c s  o f th e  p h y s ic a l dim ensions o f our passenger ca rs

show th a t  th e  average r a t i o  o f brake drum ra d iu s  to  t i r e  r o l l in g  ra d iu s

i s  about 0 .4  (a s  c a r  w eight d ec reases  th e  brake drum ra d iu s  d ec reases

more r a p id ly  tlian does t i r e  r o l l in g  r a d iu s ,  so sm all c a rs  have v a lu es

below t h i s  av erag e , w ith  la rg e  heavy c a rs  above th e  a v e rag e ) . This

means th a t  the  d r iv e r 's  fo rc e  on th e  pedal must prouuce a fo rc e  a t  th e

brake drum which i s  ——  o r 2 .5  tim es th e  fo rc e  re q u ire d  a t  th e  wheel.
0 .4

birice th e  d e s ire d  b rake fo rc e  a t  th e  road  was app rox im ate ly  3/4VZ, th e

fo rc e  m u lt ip l ic a t io n  r a t i o  in  th e  brake system , o r  th e  r a t i o  o f t o t a l

b rak in g  fo rc e  a t  a l l  drum su rfa c e  to  th e  Net Pedal Force must be

(2 .5  x o r  f o r  a Net P edal Force o f 100 pounds, th e  Brake bystem
NPF

Force M u lt ip l ic a t io n  h a t io  = .0188V<.

For v a r io u s  s ig n i f i c a n t  v a lu es  o f  W t l i i s  r a t i o  has th e  fo llow ing  

m agnitudes:
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Type o f V ehicle Force M u ltip lic a tio n  R a tio  
Pedal to  Brake Drums

Sm all P assenger Car 

Heavy P assenger Car 

L ig h t Truck 

Heavy Truck

3600 lb .  

4750 lb .  

10000 lb .  

40000 lb .

68

89

188

750

P re se n tly  a v a i la b le  b rak in g  system s can produce th e  in d ic a te d  r a t i o  

v a lu es  fo r  passenger c a r s ,  bu t tru c k s  re q u ire  " a s s is te d "  o r "power" 

brok ing  system s.
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BRAKiS SYSTEM.kORCE MULTIPLICATION RATIOS

The fo rc e  m u l t ip l ic a t io n  r a t i o  which can be produced between 

brake pedal and brake drum i s  composed o f two p a r ts :  the  fo rc e  m u lti­

p l ic a t io n  r a t i o  in  th e  brake lin k a g e  (o r  h y d rau lic  system ) between 

th e  brake p ed a l ana th e  p o in ts  on th e  brake shoe3 which c o n ta c t th e  

b ra k e -sh o e -a c tu a tin g  cams o r  p is to n s  and th e  fo rc e  m u lt ip l ic a t io n  

r a t i o  produced between th e  b rak e-ac tu a tin g -cam s o r p is to n s  and the  

brake drum s u r fa c e s .  The l a t t e r  i s  a c tu a l ly  th e  r a t i o  o f th e  brake 

drag  fo rc e  a t  th e  drum su rfa c e  to  th e  cam fo rc e  which a c tu a te s  th e  

brake sh o es. Tne p ro d u ct o f  th e se  two in d iv id u a l fo rc e  m u lt ip l ic a tio n  

r a t io s  eq u a ls  th e  t o t a l  brake system  fo rc e  m u lt ip l ic a t io n  r a t i o .  To 

s im p lify  th e  re q u ire d  a n a ly s is  each o f th e se  in d iv id u a l means o f brake 

fo rc e  m u l t ip l ic a t io n  w i l l  be considered  s e p a ra te ly .

i



FORCE MULTIPLICATION IN BRAKE RIGGING

The fo rc e  m u l t ip l ic a t io n  r a t i o  which can be produced between th e  

brake p ed a l and th e  b ra k e -sh o e -a c tu a tin g  cams i s  s t r i c t l y  a fu n c tio n  

o f  th e  r e l a t iv e  d is ta n c e s  through which th e  two ends o f  the system 

t r a v e l .  I f  we n e g le c t  m echanical and f lu id  f r i c t i o n  in  th e  brake r i g ­

g ing ( t h i s  i s  covered by th e  d if fe re n c e  between g ro ss  and n e t  pedal 

fo rc e s )  th e  work aone a t  th e  pedal must equal the  t o t a l  o f  th e  work 

done a t  each o f the in d iv id u a l  cam o r p is to n  fa c e s . T h is i s  equ iv ­

a le n t  to :

Average Net Pedal Force x P edal T rav e l = Average T o ta l Cara Force x

Cam T rav e l

o r

Average T o ta l Cam Fo rc e  = P ed al T ravel 
Average Net P edal Force Cara T rav el

In  a s t r i c t l y  m echanical brake r ig g in g  a s  i l l u s t r a t e d  in  F ig u re  17, 

th e re  would be s t r i c t  p r o p o r t io n a l i ty  between n e t  p ed a l fo rc e  and the  

sum o f the  cam fo rc e s  a t  a l l  p o in ts  in  th e  pedal t r a v e l ,  so th e  average 

fo rc e  v a lu es  may be re p lac ed  by th e  in s tan ta n e o u s  fo rc e  v a lu es  a t  any 

p o in t in  th e  pedal t r a v e l .  We th en  have:

T o ta l Cam io rc e  = P edal T rav e l _ p0rc e  M u lt ip l ic a t io n  R atio  in  Brake 
Net P edal Force Cara T rav e l R igging

For an h y d rau lic  brake system  as i l l u s t r a t e d  in  F ig u re  IB, th e  r e s u l t  

i s  th e  same bu t i s  a r r iv e d  a t  somev/hat d i f f e r e n t ly .
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MECHANICALLY-ACTUATED BRAKE RIGGING

Net P ed a l Force

E q u a liz e r
Link

Brake Cable

F igu re  17

HYDRAULICALLY-ACTUATED BRAKE RIGGING

NET
EDAL FORCE R

M aster

C y lin d er

Tubing

-Wheel C y linder

Figure 18
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Net Pedal Force x Linkage R a tio  between Pedal and M aster C y linder =

Force on M aster P is to n

L9.r_ce on J a s t e r  Pis;ton -  H ydrau lic  System P ressu re  
Area o f M aster P is to n

H ydraulic System P re ssu re  x T o ta l Brake P is to n  Area = T o ta l Cam Force

a v a ila b le  to  a c tu u te  Brake Shoes

Then:

T o ta l Cam Force _  HSP x T o ta l Brake P is to n  Area 
Force on M aster P is to n  HSP x M aster P is to n  Area

Or:

________ T o ta l Cam Force   = T o ta l Brake P is to n  Area
Net P edal Force x Pedal Linkage R atio  M aster P is to n  Area

S ince th e  f lu id  in  th e  h y d ra u lic  system i s  p ra c t ic a b ly  incom pressib le  

a t  the  p re s su re s  used , and th e  bu lk  expansion o f  the  system i s  very 

sm all, any change in  enclosed  volume caused by movement o f a brake p is to n  

must be co u n te rac ted  by a v o lu m e tr ic e lly  e q u iv a le n t movement o f th e  

m uster p is to n  i f  the  h y d rau lic  system p re ssu re  i s  to  be m ain ta ined .

Thus:

Brake P is to n  T rav e l x T o ta l Brake P i3 ton  Area =

M aster P is to n  T rav e l x M aster P is to n  Area

and:

Totax Brake P is to n  Area _ M aster P is to n  T rav e l 
M aster P is to n  Area Brake P i3 ton  T rav e l

By s u b s t i tu t io n  in  a p rev io u s  eq u a tio n :

________ T o ta l Cam frorce_______________   M aster P is to n  T rav el
Net Pedal Force x  P edal Linkage R atio  Brake P is to n  T rav e l



95.

Because o f  th e  sim ple m echanical le v e r  system  which e x i s t s  between 

th e  Brake P edal and th e  M aster P is to n  connection  p o in t ,  th e  fo llo w ­

ing  r e la t io n s h ip  h o ld s:

M aster P is to n  T rav e l = Brake P ed al T rav e l
P ed al Linkage R atio

I i  t h i s  i s  s u b s t i tu te d  in to  th e  p rev io u s  r e l a t io n  we o b ta in  as a r e s u l t :

Brake P ed a l T rav e l x P e Ja l Linka<*e H atio  
T o ta l Cam Force = Brake P ed a i lra T e i  *  P ed a l Linkage K atlo
Met Pedal Force Brake P is to n  T rav e l

o r

IqfoA  P.a.m Force = Pedul .T ravel = Force M u lt ip l ic a t io n  R atio  in  Brake 
Net Pedal Force Cam T rav e l

Rigging

In  o rd e r to  o b ta in  any in d ic a t io n  o f th e  o rd e r o f magnitude o f th e  

Force M u lt ip l ic a t io n  R atio  in  th e  brake r ig g in g  i t  i s  n ecessa ry  to  de­

term ine the  p robab le  v a lu es  o f both  P edal T rav e l and Cam T rav e l.

The maximum value  of P edal T rav e l th rough which a sh o rt- le g g e d  

d r iv e r  can e f f e c t iv e ly  ap p ly  l u l l  fo rc e  to  th e  brake pedal cannot 

3ul‘e ly  be s e t  a t  more than  f iv e  in ch es . This vulue cannot w e ll be in ­

c reased  w ith o u t s i t t i n g  th e  d r iv e r  so c lo se  to  th e  pedal tn a t  he i s  

bndiy cramped l o r  le g  room, and r a p id ly  becomes uncom fortab le and t i r e d  

whiLe d r iv in g . I f  p h y s ic a l l im i ta t io n s  o f th e  d r iv e r  p rev en t th e  e f fe c ­

t iv e  use  o f a  long pedal t r a v e l ,  then  th e  only  p o s s i b i l i t y  o f o b ta in in g  

a h igh Force M u lt ip l ic a t io n  R atio  in  th e  Brake R igging l i e s  in  keeping 

th e  Cara T rav e l to  a very  low v a lu e . As w i l l  be shown in  th e  subsequent 

m athem atical an a ly ses  o f th e  v a rio u s  brake ty p e s , th e  cam t r a v e l  neces­

sa ry  to  move th e  brake shoes from t h e i r  r e le a se d  to  t h e i r  f u l l y  ap p lied  

p o s it io n s  i s  a fu n c tio n  m ainly o f  th e  amount o f  c lea ran ce  re q u ire d  be-
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tween a shoe and an o u t-o f-ro u n d  drum to  avoid  d ragg ing , p lu s  the  

araount o f cam t r a v e l  which must be allow ed to  compensate f o r  n a tu ra l  

wear oi’ th e  brake l in in g s  and brake drums between su ccess iv e  brake ad­

ju s tm en ts . I f  ad ju stm en ts  can be f re q u e n t, th e  wear axlowance can be 

sm all, and th e  n e cessa ry  cam t r a v e l  can a ls o  be sm all, in  some types 

o f  brakes as  low as l / lO  o f an in c h . I f  brake ad justm en ts  must be le s s  

f re q u e n t, th e  minimum cam t r a v e l  must be as much as 1 /5  o f an inch .

W ith a maximum e f f e c t iv e  p ed a i t r a v e l  o f f iv e  in ch es , and a min­

imum cam t r a v e l  o f  o n e - f i f th  to  o n e - te n th  o f an in ch , th e  Force M ulti­

p l ic a t io n  R a tio  in  th e  Drake R igging w i l l  vary  from 25 to  50. For pas­

senger c a rs  t h i s  i s  a f a i r  sh are  o f the Bruke fo rc e  M u ltip lic a tio n  

R atio  req u irem en ts , b u t f o r  tru c k s  i t  i s  f a r  from udequate .



FORCE .MULTIPLICATION BETWEEN CAM AND DRUM

The magnitude o f t h i s  r a t i o  v a r ie s  a p p re c iab ly  w ith  th e  type o f 

brake used . The b a s ic  ty p es  o f b rakes non in  use on v e h ic le s  in c lu d e  

th e  foJJLoy/ing: e x te r n a l- c o n tr a c t in g  band b rak es, s e p a ra te ly  p in -  

anchored in te rn a l-e x p a n d in g  shoe b rak es , s e p a ra te ly  s l id in g -b lo c k -  

anchorea in te rn a l-e x p a n d in g  shoe b rak es , s e p a ra te ly  u r t i c u ia te d - lc v e r -  

anchored in te rn a l-e x p a n d in g  slioe b rak es , duo-servo  s e lf - e n e rg iz in g  

in te rn a l-e x p a n d in g  shoe b ra k e s , and s e lf - e n e rg iz in g  in te rn a l-e x p a n d in g  

d is c  b rakes (1 6 ).

The e x te rn a l-c o n tr a c t in g  band brake i s  now n e a r ly  o b so le te  in  

autom otive p r a c t i c e ,  having been rep laced  by the more e f f e c t iv e  and 

more e a s i ly - s h ie ld e d  in t e r n a l  expanding b rak e . Moreover, th e  th eo ry  

o f th e  band brake i s  w e ll developed und a v a i la b le  in  many tex tbooks 

and handbooks, so a d is c u s s io n  o f th e  th e o r e t ic a l  a sp e c ts  o f  th e  band 

brake w i l l  n o t be included  h ere .
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CAM MOVEMENT AND SHOE CLEARANCE

The v a r io u s  shoe arrangem ents used in  contem porary i n t e r n a l -  

expanding b rakes a re  shown in  F ig u re  19, w ith  a com plete n o ta tio n  o f 

th e  symbols and dim ensions n e cessa ry  f o r  a th e o r e t ic a l  a n a ly s is  o f  th e  

r e la t io n s h ip  which e x i s t s  between cam movement and th e  r a d i a l  c le a r ­

ance between brake shoe ana brake drum. The d e t a i l  airaensioning  i s  

shown on a p in -anchored  shoe, b u t in  each o f  th e  o th e r  brake types 

th e  shoes a c t  a s  » in -anchored  shoes u n t i l  c o n ta c t i s  made w ith  th e  drum. 

Thus an a n a ly s is  o f th e  cam movement v e rsu s  3hoe to  drum c lea ran ce  r e ­

la t io n s h ip  can be made f o r  th e  p in -anchored  shoe, and w i l l  apply  eq u a lly  

w e ll to  th e  o th e r  3hoe ty p e s .

The a r t i c u la te d - l i n k  shoe o f  F ig u re  19 must have a h ig h - f r ic t io n  

j o i n t  a t  th e  ju n c tio n  o f  th e  l in k  and th e  brake shoe f la n g e  i f  i t  i s  to  

be ab le  to  r e t r a c t  th e  shoe from th e  drum when th e  b rakes a re  r e le a s e d . 

Thus u n t i l  th e  shoe c o n ta c ts  th e  drum i t  a c ts  as a r ig id  shoe p iv o tin g  

abou t anchor p in  N.

The L/uo-Servo brake as  shown in  F igu re  19 c o n s is ts  o f  a  prim ary shoe 

and a secondary shoe. The secondary shoe i s  p in  anchored a t  Ng and 

swings abou t t h i s  p o in t when moving. The prim ary shoe i s  anchored to  the 

to e  o f th e  secondary by a  sp rin g  and an a d ju s ta b le - lo n g th  f lo a t in g  l in k .  

U n ti l  c o n ta c t occu rs  between shoe and drum th e  prim ary shoe p iv o ts  about 

one end o f th e  f lo a t in g  l in k  and a c ts  th e  same a s  a p in-anchored  shoe.

The s lid in g -b lo c k  anchor system shown on F igu re  19 allow s th e  brake 

shoes to  c e n te r  them selves w ith in  the  drum a f t e r  c o n ta c t has been made
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uru
R o t a t l o

Dru

Dru

A n ch o r P in

T o e o f  S h o e

H e e l o f  S h oe

P in -A n c h o r e d  
B ra k e S h o e

A -  A n ch or D i s t a n c e ,  P in  C e n te r  t o  Drum C e n te r  
C =  Cam F o r c e
D =  Cam D i s t a n c e ,  Cam F o r c e  t o  Drum C e n te r
f  =  C o e f f i c i e n t  o f  F r i c t i o n ,  L in in g  t o  Drum
L -  D i s t a n c e ,  A n ch or P in  C e n te r  t o  L in in g -D ru m  C o n ta c t  P o i n t
M = C o n ta c t  P o i n t ,  L in in g  t o  Drum
N = A n ch or P o i n t ,  a t t a c h e d  t o  B ra k e  B a c k in g  P l a t e
0  =  Drum C e n te r
P =  R a d ia l  F o r c e  o f  L in in g  on  Drum 
R =  Drum and  S h o e  R a d iu s  
a  =  A n g le ,  Cam F o r c e  t o  A n ch or D ia m e te r
P & 0 =  A n g le s  o f  T r ia n g le  NOM
©2_ =  A n g le ,  A n ch o r D ia m e te r  t o  T oe End o f  S h oe L in in g
© 2  =  A n g le ,  A n ch or D ia m e te r  t o  H e e l  End o f  S h o e  L in in g
© =  A n g le ,  A n ch o r D ia m e te r  t o  I n f i n i t e s i m a l  L in in g  S eg m en t a t  M 
x  =  Cam M ovem ent D i s t a n c e ,  R e le a s e d  t o  A p p lie d

N NP

A r t i c u l a t e d
L in k

D u o -S e r v o  
S h o e B ra k e  

P in -A n c h o r e d  
S e c o n d a r y  S h o e  
L in k -A n ch o re d  

P r im a r y  S h o e

S l i d i n g - B l o c k  D o u b le  P r im a r y
A n ch or B a la n c e d  B ra k e

S h o e  B ra k e  
H ig h  F r i c t i o n  

L in k  t o  S h o e

S h o e  B rak e
S l i d i n g - B l o c k  
A n ch or P l a t e s

J o i n t

Figure 19
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between th e  shoe ana drum. U n ti l  c o n ta c t i s  made between shoe and drum 

th e  shoe p iv o ts  abou t some p o in t o f  c o n ta c t between shoe ana anchor 

b lock  and a c ts  a s  a p in -an ch o red  shoe.

The Timken UP Brakes a s  shown on F ig u re  19 have the cum fo rce  

tra n sm itte d  to  th e  m idpoint o f th e  le n g th  o f th e  shoe by a p a ir  o f  p in -  

anchored le v e r s .  The shoe3 a re  held  a g a in s t  a s e m ic y lin d r ic a l p re ssu re  

block on th e  le v e r s  by a r e t a in e r  sp rin g , and u n t i l  th e  shoe c o n ta c ts  

th e  drum th e  brake shoe una a c tu a t in g  le v e r  com bination a c ts  us a u n i t  

and p iv o ts  about th e  anchor p in  o f the le v e r .

Thus any shoe com bination used in  p re se n t in te rn a l-e x p a n d in g  shoe

brakes can be anulyzeci us a p in -an ch o rea  shoe io r  th a t  p o r tio n  o f i t s

movement between the  re le a s e d  p o s it io n  and th e  i n i t i a l  shoe-drum 

c o n ta c t.

The f i r s t  s te p  in  t h i s  a n a ly s is  i s  to  i 'in a  th e  r e la t io n s h ip  be­

tween cam movement and change in  r a d ia l  c le a ran ce  between shoe and 

drum. W ith re fe re n c e  to  F ig u re  19 w ith  x re p re s e n tin g  cam movement 

and A  R re p re s e n tin g  th e  change in  r a a i a l  c lea ran ce  between shoe and 

drum a t  any p o in t around th e  p e rip h e ry  o f th e  shoe, th e  procedure i s  

as  fo llow s:

For any p o in t M on th e  p e rip h e ry  o f th e  shoe, l e t  L = le n g th  o f 

l in e  MN, p = an g le  OMN and 0  = ang le  OMM. Then A  0  = th e  ang le  o f 

swing o f th e  shoe about th e  anchor p in  N due to  th e  cam movement x .

Then A  0  = -SES  -------------2----------------
ra d iu s  D + A s in  (IPO -  a)

where x =■ a rc  swing and D + A s in  (ioO - a )  eq u als  th e  ra d iu s  to  th e

arc x.
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Then: R (a t p o in t  M) = L * A 0  • s in  0

In  th e  t r i a n g le  OMN, 0 = ISO -  0 -  (180° -  0) = 0 -  0 

By s u b s t i tu t io n :

4  R =  L • -------------- ----------------  • s i n  ( 0 - 0 )
D + A s in  (180 -  a)

b u t: s in  ( 0 - 0 )  = s in  0 cos 0 -  cos 0 s in  0

,/ _  R s in  0
and: L cos 0  = A ?■ -R. ?? 3. -8.

L
s in  (180 -  a) = s in  a

so* A  R = x _ C LA s in  0 + LR s in  0 cos 0 _ LR s in  0 cos 0 1
D + A s in  a \  L L J

By c a n c e l la t io n  t h i s  red u ces  to :

Ax s in  0 A .4 H  = ' ~7— I-= x ■ -■ ■— -—  . s in  0D + A s in  a  D + A s in  a

Thus th e  change in  r a d i a l  c le a ra n c e  betv/een shoe and drum a t  any 

p o in t a long th e  shoe becomes a fu n c tio n  o f th e  s in e  o f th e  ang le  be­

tv/een th e  anchor d iam eter anu th e  p o in t in v o lv ed . The c lea ran ce  i s  

then  low est a t  th e  l a r g e s t  and s m a lle s t v a lu es  o f 0 , o r  a t  th e  h e e l and 

to e  o f th e  shoe. Due to  drum v/arpage d u rin g  u se , some c le a ra n c e  must 

be l e f t  a t  th e se  p o in ts  when b rak es  a re  a d ju s te d . In  p r a c t ic e  t h i s  

c le a ran ce  i s  s e t  a t  0 .010  in ch es  anu th e  ang le  0^ to  th e  toe  o f th e  

shoe i s  approx im ate ly  30°. T his i s  e q u iv a le n t to  0 .020  inches c le a r ­

ance a t  0 = 90°.

S ince th e  r a d i a l  movement o i th e  shoe v a r ie s  w ith  s in  0 , and i f  

th e  shoe i s  very  r ig id  compared to  th e  drum, th e  fo rc e  between shoe 

and drum and th e  wear r a t e  o f  th e  shoe l in in g  w i l l  a ls o  fo llo w  th e  

s in  0 r e l a t io n .  I f  in  a brake o f  t h i s  type A = D, a = approxim ate ly
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90° ,  and th e  amount o f b rak e  l in in g  wear between ad ju stm en ts  i s  e i t h e r

0 .030 in ch es  o r  O.OdO in ch es  a t  0 = 90 °, th e  n ecessa ry  cam movement i s

as  fo llo w s :

*- *  * • Â ¥ 2r^rB = ** • ^  = 2* «9oA s in  (90) A

4 1 ^ 0  = ( .0 2 0  + .030) o r  ( .0 2 0  + .0S0)

Thus: x = 2 » ( .0 5 0 ) = 0 .100  = l / lO  o f an inch

o r x = 2 * ( . 100) = 0 .200  = l /5  o f  an inch

T his i s  a rough check on th e  p re v io u s ly  s ta te d  f ig u re s  fo r  cam movement 

m agnitude.



FORGE MULTIPLICATION RATIO - CAM TO DRUM

T his p o r tio n  o i‘ th e  a n a ly s is  must be p re se n te e  in  s e v e ra l  p a r t s ,  

one p a r t  l o r  each d i s t i n c t l y  d i f f e r e n t  type o f shoe anchoring  method. 

The f i r s t  ana s im p le s t  ty p e  to  be co n sid e red  i s  the  p in -anchored  shoe. 

For i t s  a n a ly s is  F ig u re  19 w i l l  be u sed , ana th e  le n g th  of the  l in in g  

which c o n ta c ts  th e  drum w i l l  be l im ite d  to  u very  s h o r t  elem ent a t  

p o in t  M. T his l in in g  w i l l  p re ss  a g a in s t  the  moving drum w ith  a fo rc e  

P, ana w i l l  g en e ra te  a f r i c t i o n a l  fo rc e  fP , where f  i s  th e  c o e f f ic ie n t  

o f f r i c t i o n  between l in in g  ana arum. The p in -anchored  shoe can be 

e i th e r  a "forw ard" shoe o r  a " re v e rse "  shoe. A "forw ard" shoe i s  one 

in  which th e  drum r o ta te s  p a s t  th e  shoe toward th e  anchor p in . A 

" re v e rse "  shoe i s  one in  which th e  drum r o ta te s  p a s t  th e  shoe away from 

th e  anchor p in . The a c t io n  o f th e  two shoe3 i s  a p p re c ia b ly  d i f f e r e n t .

By ta k in g  inomonts ab o u t th e  anchor p in  o f a l l  o f th e  fo rc e s  a c t in g

P fPon th e  shoe we cun de term ine th e  r a t i o  77 and then  which i s  th eC C
fo rc e  m u l t ip l ic a t io n  r a t i o  between d rag  fo rc e  and cam fo rc e .

Forward Shoe;

C (D + A s in  a) -  PA s in  0 + fP (R + A cos 0) = 0

G (D + A s in  a) = P A s in  0 -  f(R  + A cos 0)

P   D + A s in  a__________
G A s in  0 -  f  (R + A cos 0)

fP _  f  (D + A s in  a)________
C A s in  0 -  f  (R + A cos 0)

The num erator o f t h i s  eq u a tio n  must alw ays be f i n i t e  in  any p r a c t i c a l

brake (b o th  A and D could  n o t s im u ltan eo u sly  be reduced to  z e ro ) , b u t
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the  denom inator could  be made to  approach zero  by a h igh  v a lu e  o f  f ,

o r  by red u c in g  e i t h e r  A o r  9 o r  b o th . As th e  denom inator approaches 

fPzero th e  r a t io  —— approaches CO , ana th e  brake w i l l  become s e lf - lo c k in g ,  

w ith  th e  shoe need ing  on ly  to  be touched to  th e  drum to  cause th e  brake 

im m ediately  to  s to p  a l l  r e l a t iv e  drum to  shoe movement, and to  s ta y  th a t  

way u n t i l  th e  drum r o ta t io n  i s  re v e rse d .

R everse Shoe;

C (D + A s in  a) -  PA s in  9 -  f  P (R + A cos 9) = 0 

T his eq u a tio n  i s  id e n t i c a l  w ith  th e  p rev io u s  one ex cep t f o r  an i n t e r ­

change o f  + and -  s ig n s  on th e  l a s t  term . I t  would y ie ld  th e  fo llo w in g  

e q u a tio n :

l'P _ f  (I) + A sin a)_________
C A s in  9 + f(R  + A cos 9)

The denom inator o f t h i s  eq u a tio n  cannot go to  zero  fo r  any f i n i t e  va lue  

o f R, and a re v e rse  shoe i s  never in  danger o f  becoming s e lf - lo c k in g .

The fo reg o in g  a n a ly s is  a p p lie s  on ly  to  shoes w ith  an e lem en ta l 

le n g th  o f  l in in g .  The p r a c t i c a l  brake must have a f i n i t e  l in in g  le n g th  

(from 9-̂  a t  to e  to  Q2 a t  h ee l) and th e  a n a ly s is  must be expanded to  

cover t h i s  s i t u a t io n .  The moment eq u a tio n s  must be s e t  up a s  d i f f e r e n ­

t i a l  e q u a tio n s  w ith  9 as  th e  main v a r ia b le ,  and th en  in te g ra te d  between 

92 and 9^ to  determ ine th e  p ro p er r e la t io n s h ip s .  B efore t h i s  can be 

done th e  r e la t io n s h ip  between and P must be more r e a l i s t i c a l l y  e s t ­

a b l is h e d .

In  a  p rev io u s  s e c t io n  the  r a d i a l  movement o f  a p in -anchored  brake 

shoe r e l a t i v e  to  th e  drum was shown to  v ary  a s  s in  9 . I f  th e  shoe were 

much more r ig id  th an  th e  drum, ana i f  th e  l in in g  would compress acco rd -
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ing  to  a l i n e a r  s t r e s s - s t r a i n  r e la t io n s h ip  then  th e  p re ssu re  between 

l in in g  and drum (and th e  fo rc e  p e r  u n i t  o f  a rc  le n g th  o f th e  c o n s ta n t 

w idth  3hoe) would a ls o  vary  acco rd in g  to  a  s in  Q law w ith  th e  maximum 

fo rc e  o c c u rr in g  a t  9  = 90 °. However, th e  brake shoes a re  n o t i n f i n i t e l y  

r i g i d ,  and i f  l i g h t l y  b u i l t  th ey  may d e f le c t  under cam and anchor fo rc e s  

to  produce a p re s su re  and fo rc e  v a r ia t io n  approxim ated by s in  n0 , w ith  

"n” v ary in g  from g re a te r  th an  one to  l e s s  than  one depending on shoe 

desig n  and i l l u s t r a t e d  in  F ig u re  20.

n > 1 .0

F ig u re  20. Brake Shoe S t i f f n e s s

A lso, th e  maximum r a d i a l  fo rc e  lo c a t io n  may s h i f t  from th e  90° p o s i t io n ,  

due to  th e  d es ig n  o f th e  shoe, o r  to  th e  in te r a c t io n  o f  cam, anchor, and 

f r i c t i o n  fo rc e s .  T h is i s  e s p e c ia l ly  t ru e  in  sw in g in g -lin k  o r  s i id in g -  

block anchored sh o es. P re se n t aay brake shoes a re  s u f f i c i e n t ly  r ig i d  so 

th e  p re s su re  v a r ia t io n  w i l l  fo llow  a s in e  r e l a t io n  e i th e r  s id e  o f th e  

maximum p re ssu re  p o in t .  To make th e  a n a ly s is  g e n e ra l th e  r e la t io n s h ip  

may be expressed  as  cosn (Qm -  Q) o r cosn (Q -  9m) . For p ro p e rly  designed 

and c o n s tru c te d  shoes th e  v a lu e  o f  "n" i s  p r a c t i c a l ly  1 . 0 , and th i s
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value  w i l l  be used  in  th e  fo llo w in g  developm ents to  avoid  u n n ecessary  

m athem atical c o m p lica tio n s . Yfhen th e  c e n te r  o f  p re s su re  moves f a r  

enough tow ard one end o f  th e  shoe to  unload th e  o th e r  end, then  th e  

l im i t s  o f  in te g ra t io n  should  be tak en  a s  9-̂  to  (0m +90°) o r  (0m -  90°) 

to  02* The use  o f  0^ and 0£ as  in te g ra t io n  l im i t s  when e i th e r  end o f 

th e  shoe un loads would le a d  to  f i c t i t i o u s  r e s u l t s ,  as  i t  i s  im possib le  

to  develop a n eg a tiv e  p re s su re  between shoe ana drum.

To make t h i s  r e l a t io n  u s e fu l  in  th e  a n a ly s is ,  assume th a t  th e  

maximum l in in g  to  drum p re s su re  a t  0m = pm, and th e  w id th  o f th e  l in in g  

i s  b. Then th e  a re a  o f  l in in g  in  th e  a rc  dO i s  eq u a l to  bRd0, and th e  

fo rc e  dP on th i s  a rea  i s :

dP = bKd0 . pmcos (0m -  0)

o r aP = prabR cos (9m -  0)d0

R etu rn ing  now to  F ig u re  19 and th e  moment eq u a tio n s  f o r  th e  forw ard 

and re v e rse  shoes, but u s in g  a i f f e r e n t i a l s  in  p lace  o f th e  v a r ia b le s  

0 , P, and 0 , th e  r e s u l t  i s :

, ,, R  s in  9 -  f  (R + A cos 0)1
I'orward bhoe: dC = dP-| -------------------- :------------------- 1
--------------------  L D + A s in  a J

Reverse Shoe: dC = dP |~A a.iB P  + , A .cos 9)1
D + A sin a J

Now re p la c e  dP by i t s  e q u iv a le n t e q u a tio n  above, s im p lify , and in te g ra te

between l im i t s  o f  0g and 0^:

Forward Shoe:

dC = p bR cos (0 -  0) d0 S1-n 9 ~ + A .co.s. QI ]
m L D + A sin a  J

cos (0m -  0 ) = cos 0racos 0 + s in  9m s in  9
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PmbR r  p

dC  ------------------  A s in  9 cos 9mcos 9 + A s in ^ 9  s in  9m -  fR cos 9mcos 9
D + A sin  a  L

-  fR s in  9ms in  9 -  fA cos^9 cos 9m -  fA cos 0 s in  9ms in  d9

.9,

C = /dC =  Pm.b.^  f  (s in  9 cos 9 (A cos 9m -  fA s in  9m)
D + A s in  a Jr.

W1
+ (A s in  9m) 3in^9 -  (fA cos 9ra) cos^9 -  (fR cos 9m) cos 9

-  (fR s in  9m) s in  9 | dO]
T his may be in te g ra te d ,  t r e a t in g  Qm as  a c o n s ta n t.

pmbR r  q t n^n
C = -----2-------------  (A cos 9m -  fA s in  9 -  + (A s in  9m) 1 /2 (9  -  s in  9 cos 9)

D + A s in  a  L  ‘ 2

-  (fA cos 9) 1 /2  (9 + s in  9 cos 9) -  fR cos 9 ) 3 in  9

02-  (fR s in  9 ) ( -  cos 9) 1■Im'
J qi

S v u iu a tin g  between 92 and 9^ , th e re  ap p ears :

C = D f'A '3 i“ a [ t (cOS °ni " r sin «m)(sin2°2 “ sin2 °1^

+ (A s in  9m) 1 /2 (9 2  -  9-  ̂ -  s in  92Cos 9£ + s in  9^003 9^)

-  (fA cos 9m) 1 /2  (02 -  9^ + s in  O2 COS 92 -  s in  9^cos 9^)

-  (fR cos 9m) ( s i n  92 -  s in  9-^) -  (fR s in  ©m) ( -  cos 9g + cos 9^)j

P f  PSince th e  a e s ire d  q u a n t i ty  i s  th e  r a t i o  — o f  — P must be e v a l-
C ^

u a ted  between 90 and 9^ and th en  th e  two q u a n t i t i e s  s im p lif ie d  to  a 

u se a b le  r e l a t io n .
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02 0£

P = /  dP = pnbR I  cos (Gm -  0 )d  0 

/ 0 1

/ r 2 iP = PrabR J  (co s  Omcos 9 + s in  9ms in  OidQ

r  "1°2
P = PmbR J^cos 9m"3111 0 "  s *n 0ms *n 0 J

P = PmbR j^cos Ojn^sin 02 -  s in  9^) -  s in  0m(co s 02 -  cos 9 ^

In  a p in -an ch o red  3hoe which i s  fu n c tio n in g  in  i t s  normal manner 

th e  maximum p re s su re  o ccu rs  a t  0m = 90°. Then cos 9ffl = 0 and s in  0m =

1 .0 . Using th e se  v a lu e s  th e  r a t i o  o f  P to  C develops as  fo llo w s:

P  PmbR  cos 9 1 -  cos 9g_____________

C   | ( 0 2 -  Ql ) + 4 ( s in  20± -  s in  202 )
D + A s in  a

— f  jji(cos 0  ̂ -  cos G2 ) + ~ (s in ^02 -  sin^O- ĵJ

P ! (D + A sin  p) (cos 0  ̂ -  cos 0g)

 ̂ 2 (02 -  9_l) + ^ (cin  201 “ sin  202  ̂ “ £ r( coe e i  ” cos ®2) + ^ (cos 20i

3-  cos 292

T h is  r e la t io n s h ip  must be in v e s t ig a te d  fo r  in d ic a t io n s  o f s e l f -
p

lo c k in g  tendency ( > o o  ) .  The num erator cannot approach zero  f o r  any
C

f i n i t e  le n g th  o f l in in g ,  nor can i t  exceed R as  a maximum v a lu e . The 

denom inator can approach  zero  i f  e i t h e r  A i s  made to o  sm a ll, o r  f  i s  

made to o  la r g e ,  o r  0^ i s  made too  sm a ll. To show th e  e f f e c t  o f  th e se
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v a r ia b le s ,  ty p ic a l  v e lu e s  f o r  a  brake o f  t h i s  ty p e  w i l l  be used and th e

e f f e c t  o f  each one d e term ined .

A ty p ic a l  tw o-shoe, h y d ra u l ic a l iy -a c tu a te d  brake u s in g  p in -anchored

shoes shows th e  fo llo w in g  d im ensions: R = 5*5", A = A»00% I) = A»125",

n = 110.4-°, = 42°» ©2 = 15B°. The sim ultaneous e f f e c t  ol f  and ©^

can be o b ta in ed  by s e t t in g  th e  denom inator ox th e  4  r a t i o  eq u a l to  z e ro ,
0

and f in d in g  th e  v a lu e  o f f  which makes i t  t ru e  f o r  v a r io u s  v a lu e s  o f 0^.

T his p rocedure produces th e  r e l a t io n s

2 (02 “  ^ i )  + £  ( s in  2 0 ^ -  s in  202)

R(cos ©x -  cos 02 ) + j ( c o s  20-l -  cos 2©2 )

I f  t h i s  i s  e v a lu a te d , u s in g  th e  v a lu es  o f R, A, JU, a , ana 02 ( l in in g  

p laced  a t  v a lu e s  o f  ©2 in  excess  o f  150° has very  l i t t l e  b rak in g  e f f e c t ,  

and ©2 f o r  a p in -an ch o red  shoe i s  u s u a lly  between 150° and 160°) given 

in  t h i s  p arag rap h , th e  r e s u l t  o b ta in ed  i s  shown in  F igu re  21. The ex­

te n s iv e  num erical ta b u la t io n  n ecessa ry  fo r  t h i s  s o lu t io n  i s  o m itted .

F ig u re  21 in d ic a te s  th e  v a lu e  o f f r i c t i o n  c o e f f ic ie n t  between 

l in in g  and drum n e c e ssa ry  to  cause s e lf - lo c k in g  o f  t h i s  brake shoe fo r  

any given v a lu e  o f 0^ between zero  and f o r ty  f iv e  d e g re e s . I f  th e  

h ig h e s t p robab le  v a lu e  o f  f  i s  known, th e  n ecessa ry  minimum v a lu e  o f 

f o r  s a fe ty  l'rom s e lf - lo c k in g  tendency can be chosen from t h i s  f ig u r e .

In  p r a c t ic e  th e  v a lu e  o f f  u s u a lly  l i e s  between 0 .2  and 0.4» so th e  

brake c i te d  as  an example would De sa fe  from s e lf - lo c k  w ith  any normal 

va lue  o f 0^. O c c as io n a lly  however, a f t e r  p e rio d s  o f  d isu se  in  very  

humid c o n d itio n s  th e  s u rfa c e  o f  th e  b rake drum w i l l  become roughened by 

r u s t in g  and r a i s e  th e  v a lu e  o f  f  te m p o ra rily  to  v ery  high v a lu e s , le ad in g

4
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PIN-ANCHORED BRAKE SHOE 
MAGNITUDE o f  " f"  

f o r
SELF-LOCK CONDITIONS 

a s  a f f e c t e d  b y
TOE ANGLE an d  ANCHOR DISTANCE0 . 9

"F orw ard" S h o e  w i t h  R =  5 * 5  
Q- = 158°

0.8

A =  5 . 0 0  £  =  0 .9 0 9
0 . 7

0.6
V a lu e s

A =  A*0 0  “  =  0 .7 2 7

( T h is  v a l u e  u s e d  i n  a c t u a l  b r a k e )
o f  f

0 . 5
H ot L in in g  R ange o f  f

U s u a l  R ange o f  f

0 . 3

(®i u s e d  i n  a c t u a l  b r a k e )

0.2
I 20 2;
V a lu e s  o f  0

10
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to  s e l f f lo c k in g  c o n d itio n s  on i n i t i a l  brake a p p l ic a t io n .  The v a lu e  o f 

9-̂  (42° )  chosen f o r  th e  example brake shoe would a ssu re  freedom from 

s e l f - lo c k  f o r  any v a lu e  o f  f  up to  0 . 670 .

The same a n a ly s is  f o r  s e v e ra l  v a lu es  o f  A shows th e  e f f e c t  o f  

anchor d is ta n c e  upon th e  tendency tow ards s e lf - lo c k in g .  In c re a s in g  th e  

va lue  o f A r e l a t i v e  to  K reduces th e  tendency , w hile  d ec reas in g  th e  va lue  

o f A (moving th e  anchor p o in t  tow ards th e  drum c e n te r )  in c re a se s  th e  

tendency to  th e  p o in t  where s e l f - lo c k  would occur even w ith  normal v a lu es  

o f f  and 0^ .

The p rev io u s  a n a ly s is  was made fo r  a forw ard shoe o n ly , bu t c a re fu l  

in sp e c tio n  o f th e  d i f f e r e n t i a l  e q u a tio n s  fo r  forw ard  .Shoe and Reverse 

Shoe on page 107 w i l l  show th a t  th e  two a re  i d e n t i c a l  w ith  th e  excep­

tio n  o f an in te rc h an g e  o f p lu s  and minus s ig n s  on one term . The f i n a l
p
— e q u a tio n  f o r  th e  forw ard shoe can then  be converted  in to  the  p roper 
b
equu tion  f o r  th e  re v e rs e  shoe by in te rc h a n g in g  p lu s  and minus s ig n s  on

a l l  term s c o n ta in in g  f .  Thus fo r  a Reverse Shoe:

F
C

(D + A s in  a) (cos -  cos Og)

^ (9^  -  0^) + ^ ( s in  20^ -  s in  29^) + f  { ji(co s  0^ -  cos Q^) + ^ (c o s  20^ -  cos 2Q

because o f  t h i s  in te rc h an g e  o f  s ig n  th e  Reverse Shoe cannot be s e l f ­

lo ck in g  fo r  any p o s i t iv e  va lue  o f A, f ,  and 9-^. The le n g th  o f l in in g  on

a re v e rse  shoe i s  then  determ ined  on ly  by m anufacturing  o r s e rv ic e  

re a so n s .



DRAG FORCE RELATIONS -  PIN-ANCHORED SHOES 

f  PThe r a t i o  —  i s  th e  Force M u lt ip l ic a t io n  R a tio  between Cam Force 
C ---------------

and Drum Draft F o rce . A h igh  v a lu e  o f t h i s  r a t i o  i s  d e s ir a b le ,  i f  i t  

can be o b ta in ed  w ith o u t danger o f s e l f - lo c k  c o n d itio n s  and w ith o u t too  

g r e a t ly  red u c in g  th e  degree o f c o n tro l  e x e rc ise d  by th e  d r iv e r  over th e  

m agnitude o f th e  b rak in g  fo rc e  produced. The f i n a l  cho ice o f  A, f ,  and 

9^ w i l l  be made to  produce th e  b e3 t compromise between h igh  fo rc e  m u lti­

p l i c a t io n  and good c o n tro l .  The v a lu es  o f A, u, a , 0^ and 02 c i te d  on 

page 110 r e p re s e n t  th e  cho ice  o f one m an u fac tu re r, and w i l l  be used to  

i l l u s t r a t e  th e  m agnitude o f th e  fo rc e  m u l t ip l ic a t io n  r a t i o s  which may 

be produced by p in -anchored  b rak es .

fPF ig u re  22 i l l u s t r a t e s  th e  v a r ia t io n  o f  —7 which i s  o b ta in ed  fo r
C

both  Forward Shoes and Reverse Shoes a s  th e  c o e f f ic ie n t  o f  f r i c t i o n  f  

i s  v a r ie d .  The r e s u l t s  shown a re  o b ta in ed  by a num erical e v a lu a tio n  o f 

th e  ^  r e l a t io n s  j u s t  d e r iv e d , bu t th e  ex te n s iv e  num erical work i s  

o m itted . For any ex cep t th e  low est v a lu e s  o f  f  th e  Forward Shoe i s  

much more e f f e c t iv e  than  th e  h ev e rse Shoe, and in  a brake c o n ta in in g  

one forw ard and one re v e rse  shoe i t  w i l l  do th e  m ajor p o r tio n  o f  the  

b rak in g  work, and s u f f e r  th e  m ajor p o r tio n  o f l in in g  w ear. To improve
I

th e  e f f e c t iv e n e s s  o f th e  Reverse Shoe and to  even up th e  r a t e  o f wear o f 

th e  l in in g  on th e  two shoes th e  re v e rse  shoe i s  o f te n  provided  w ith  a 

s h o r t  l i n in g ,  c o n ce n tra te d  tow ards i t s  anchor end. On th e  brake c i te d  

as  an example th e  v a lu e  o f 0^ f o r  th e  re v e rse  shoe was 7S .S ° , ana th e  

e f f e c t iv e n e s s  o f  th e  s h o r t  l in in g  was s l i g h t l y  b e t t e r  than  th a t  o f  th e
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f u l l  l i n in g ,  as  shown on F ig u re  22. The le n g th  o f t h i s  l in in g  and i t s  

p o s i t io n  on th e  shoe r e l a t i v e  to  th e  anchor p in  must be chosen w ith  

due reg a rd  to  re v e rs e  r o ta t io n  o f th e  brake drum, d u rin g  which, th e  r e ­

v e rse  shoe becomes a lo rw ard  shoe, and m ight have so high a v a lu e  o f

f P  I P—— us to  be savage in  i t s  a c t io n .  F igu re  22 shows th e  r e l a t iv e  —
C 0

vaiue  o b ta in ed  by th e  s h o r t - l in in g  shoe when a c t in g  as a forw ard shoe. 

The va lue  i s  n o t unau iy  h igh .

In  p r a c t ic e  a brake c o n s is t in g  o f one forw ard and one re v e rse  p in -

anchored shoe o f te n  has th e  a b i l i t y  o f the re v e rse  shoe improved by pro­

v id in g  a l a r g e r  h y d rau lic  brake p is to n  to  o p e ra te  the  re v e rse  shoe than

to  o p e ra te  th e  lorw ard  s lu e ,  in  th e  brake c i te d  as  an example th e  r e ­

v e rse  shoe p is to n  hud an a rea  1 .21  tim es as g re a t  as the  forw ard shoe 

p is to n ,  im proving th e  b rak in g  a b i l i t y  o f th e  re v e rs e  shoe.

The tw o-shoe brake can be muae more e f f e c t iv e  in  one d i r e c t io n  o f

t r a v e l  by making both shoes l'orwaru shoes. T his method i s  usea fo r

fro n t-w h ee l brakes on many passenger c a r s ,  w ith  th e  rea r-w h ee l brakes 

be ing  a fo rw a rd -re v e rse  shoe com bination . The tw o-forw ard-shoe brake 

a lso  i s  a "balanced" b rake , s in c e  the  r a d ia l  fo rc e s  produced by one shoe 

a re  s u b s ta n t ia l ly  balanced by th o se  o f  the  o th e r  shoe, le a v in g  no un­

balanced  r a d ia l  load  which must be borne by the  v/heel b e a rin g s , as i s  

the- case in  th e  forw ard and re v e rse  shoe b rake .

I i  th e  Force M u lt ip l ic a t io n  R a tio  o f f i f t y  produced by the  Brake 

R igging i s  now combined w ith  th e  Force M u lt ip l ic a t io n  R atio  prouuced by 

the  Brake Shoes, th e  t o t a l  a b i l i t y  o f t h i s  type o f brake can be e v a l­

u a ted  f o r  com parison w ith  o th e r  brake ty p e s . For t h i s  com parison a 

va lue  o f f  = 0 .35  i s  used fo r  a l l  b rak es , and th e  t o t a l  b rak in g  e f f o r t
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a t  th e  drum su rfa c e  prouuced by a n e t  pedai fo rc e  o f one hundred pounds 

i s  determ ined . Four wheel brakes a re  assumed, w ith  s ix ty  p e rc e n t o f  

th e  t o t a l  b rak in g  fo rc e  developea a t  th e  i r o n t  w heels .

Two d i i 'f e r e n t  b rak ing  com binations u s in g  p in -anchored  shoes a re  

e v a lu a te d . Com bination A u ses  two forw ard shoes in  euch f r o n t  wheel 

brake and one forw ard and one re v e rse  shoe in  each r e a r  wheel b rak e . 

Combination 13 u ses  one forw ard and one re v e rse  shoe in  each o f th e  fo u r 

b rak es. In  a l l  cases  th e  re v e rse  shoe has a s h o r t  l in in g ,  and i t s  

a c tu a t in g  p is to n  has an a re a  th a t  i s  1.21  tim es as la rg e  as  th e  a rea  

o f the  p is to n  a c tu a t in g  th e  forw ard shoe. The two com binations a re  

unulyzed in  th e  some way, w ith  th e  method o f  a n a ly s is  shown fo r  

com bination A, and th e  r e s u l t s  only  given fo r  com bination B.

Combination A

T o ta l Cum Force = fo u r f r o n t  wheel forw nrd-shoe cams 

+ two r e a r  wheel forv/ard-shoe cams

+ tv/o r e a r  wheel re v e rse -sh o e  cams

T o ta l Cam Force = ACfî  + 2Cj^ + 2 ( 1 .2 1 ) 0 ^

= ^FA ' + /**^^RA

T o ta l Cam Force = 100# Net P edal Force x 50 (B rake-R igging Force

M u lt ip l ic a t io n  R atio ) = 5000#

4Cfa  + A.A2Cm  = 5000 

fP
~q f o r  Forward Shoe a t  f  = 0 .35  = 1 .66

~  f o r  Reverse Shoe a t  f  = 0 .35  = 0.62L

T o ta l Brake Force = 4 0 ^ ( 1 .6 6 )  + 2 0 ^ ( 1 .6 6 )  + 2 .4 2 0 ^ (0 .6 2 )

=  6 . 6 4 C ^  +  4 » o 2 C j^
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To o b ta in  s ix ty  p e rc e n t o f  th e  t o t a l  brake fo rc e  on th e  f r o n t  w heels 

the  fo llo w in g  r e l a t io n  must be t r u e :

6.64Cj-^ 0 .6  ( 6 . 64.0 ,̂̂  +

o r : 2 . 66CpA -  2 . 890^  = 0

T his p ro v id es  two eq u a tio n s  in  and C j^. T h e ir s o lu t io n  produces th e  

fo llo w in g  v a lu es  f o r  CFA and C ^ :

T h is a n a ly s is  shows th e  advantage gained by th e  use o f th e  two- 

l'orw ard-shoe bruke f o r  forw ard t r a v e l .  This brake s u f f e r s  some d isa d ­

vantage fo r  re v e rse  t r a v e l ,  b u t r e v e r s e - t r a v e i  b rak in g  o ccu rs  so seldom 

i t  does n o t r e q u ire  much c o n s id e ra tio n .

There a re  a ls o  a v a i la b le  au to m atic  b ra k e -sh o e -c le a rn n c e  a d ju s te r s  

f o r  p in -anchored  shoe b rak es. I f  th e se  a re  used , no wear allow ance need 

be made in  d es ig n in g  th e  brake r ig g in g , and a l a r g e r  fo rc e  m u lt ip l ic a t io n  

r a t i o  may be b u i l t  in to  th e  r ig g in g  f o r  th e  same p ed a l t r a v e l ,  o r  a 

s h o r te r  p ed a l t r a v e l  o b ta in ed  w ith  th e  same fo rc e  m u l t ip l ic a t io n  r a t i o .

8.07Cfa = 5000//

Cra = 571#

T o ta l Braking E f f o r t  = /»120,F ro n t + 2750Rear ^ ^ C o m b in a t io n  A

A s im ila r  s o lu t io n  fo r  Com bination B produces th e  fo llo w in g :

T o ta l B raking E i i o r t  = 3000.F ro n t +  2000 ,
Com bination B
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BRAKE SHOES WITH ARTICULATED-LINK ANCHORS

Ii ' th e  method o f  an ch o rin g  th e  brake shoe to  th e  brake backing 

p la te  i s  changed from a r ig i d  p in  anchor by p la c in g  between th e  shoe 

and th e  anchor p in  a s h o r t  r ig id  l in k  f re e  to  swing about bo th  the

anchor p in  and a p in  in  th e  shoe Yfeb, th e  a c t io n  o f th e  brake shoe i s

changed m a te r ia l ly  (1 6 ). I f  a s in g le  shoe r e t r a c t i n g  sp rin g  a t  th e  to e  

end o f th e  shoe i s  to  be a b le  to  v/ithdraw th e  e n t i r e  shoe from c o n ta c t 

w ith  th e  drum th e re  must be a minimum amount o f f r i c t i o n a l  r e s is ta n c e  

to  r e l a t iv e  s h o e -lin k  m otion a t  t h e i r  p in  j o i n t .  T h is r e s is ta n c e  must 

n o t be so g re a t  th a t  i t  p re v e n ts  some ad ju stm en t o f  th e  sh o e - lin k  ang le

a f t e r  th e  shoe c o n ta c ts  th e  drum.

The brake l in in g  a t  th e  h e e l o f a r ig id  p in-unchored  shoe i s  n o t 

very  e f f e c t iv e ,  s in ce  th e  an ch o rin g  c o n d itio n s  p re v e n t i t  from sw inging 

over to  make heavy c o n ta c t  w ith  th e  drum. The use  o f a sw inging p in -  

jo in te d  l in k  between th e  shoe and anchor p in  changes t h i s  c o n d itio n , 

s in c e  t h a t  component o f th e  f r i c t i o n  fo rc e  between shoe and drum which 

i s  p e rp e n d ic u la r  to  th e  l in k  a x is  w i l l  cause th e  h e e l end o f th e  shoe 

to  swing over a g a in s t  th e  shoe u n t i l  s u f f i c i e n t  r a d ia l  fo rc e  i s  genera­

ted  a t  th e  h ee l to  balance t h i s  sw inging tendency . T his makes more e f ­

f e c t iv e  use of th e  l in in g  a t  th e  h e e l and makes th e  shoe p a r t i a l l y  s e l f -  

c e n te r in g  in  th e  drum.

The th e o r e t ic a l  a n a ly s is  o f  t h i s  lin k -an c h o red  brake i s  s im ila r  to  

th a t  o f  th e  p in -anchored  shoe, b u t i s  com plicated by the  f a c t  th a t  th e  

p o in t o f  maximum p re s su re  betv/een shoe ana drum i s  no lo n g er c o n s tra in ed

4
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by anchor fo rc e s  to  rem ain a t  0m = 90° ,  b u t can s h i f t  back and f o r th  

a long  th e  shoe u n t i l  an e q u ilib r iu m  i s  e s ta b lis h e d  among cam fo rc e ,  

l in k  fo rc e ,  r a d i a l  f o rc e ,  and d rag  fo rc e .  The an g le  to  th e  p o in t  o f  

maximum p re s su re  i s  now a v a r ia b le ,  a fu n c tio n  o f a l l  of th e  p h y s ic a l 

dim ensions o f th e  shoe, and e s p e c ia l ly  o f  th e  f r i c t i o n  c o e f f ic ie n t  be­

tween shoe l in in g  and drum. I f  t h i s  an g le  i s  determ ined a s  a  fu n c tio n  

o f  f ,  f o r  any g iven  com bination o f  shoe d im ensions, then  th e  fo rc e  

m u l t ip l ic a t io n  r a t i o  produced between cam fo rc e  and drum d rag  fo rc e  can 

be de term ined .

The th e o r e t ic a l  a n a ly s is  i s  basea on th e  p h y s ic a l  r e l a t io n s  shown 

in  F ig u re  23. S ince th e  shoe i s  f r e e  to  swing abou t the  anchor p in  a t  

a ra d iu s  eq u a l to  th e  l in k  le n g th , e summation o f fo rc e s  a c tin g  on th e  

shoe, p e rp e n d ic u la r  to  th e  l in k  a x i s ,  must be eq u a l to  z e ro . The r e ­

l a t io n  th u s  o b ta in e d , p lu s  an o th e r  o b ta in ed  by ta k in g  a summation o f 

moments abou t th e  anchor p in ,  produce a p a i r  o f  eq u a tio n s  co n ta in in g

a l l  o f  th e  d im ensional f a c to r s  in  th e  brake shoe assem bly, anu can be

fPso lved  to  o b ta in  th e  d e s ir e d  —  r a t i o .

R e fe rrin g  to  F ig u re  23, and based on th e  Forward Shoe, th e  fo llo w ­

ing  r e la t io n s  a re  t ru e :

Summation o f F orces p e rp e n d ic u la r  to  l in k  a x is :

0 = 0  s in  (a  -  0) -  dP • s in  (0 -  0) + fdP cos ( 0 - 0 )

Summation o f Moments abou t th e  anchor p in  (c lockw ise  p o s i t iv e ) :

0 = 0  (U + A s in  a) -  dP • A s in  0 + f  • dP • (R + A cos 0)

As in  th e  p rev io u s  a n a ly s is  th e  r e l a t io n  f o r  th e  d i f f e r e n t i a l  dP i s :  

dP = pmbR cos (9m -  0) d0
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Dru;

Forward
Shoe

H ig h -F r ic t io i  
^Pin J o in t

Anchor
\ L i n k e e l

Drum

BRAKE SHOES WITH AN ARTICULATED-LINK ANCHOR

0 = Angle from Anchor Diameter to  P o in t on Brake Shoe 
0^ = Angle to  Toe o f  Brake Shoe L in in g  

= Angle to  H eel o f  Brake Shoe L in ing
R = Radius o f  Brake Shoe L in in g  Surface and o f  Brake Drum Surface
A = Anchor D istan ce  
D = Cam Force D istan ce  
C = Cam Force
a = Angle from Anchor Diameter to  Cam Force
P = Angle from Anchor Diameter to  Link Center Line
dP = Increm ental R adial Force a t  Q
f . = C o e f f ic ie n t  o f  F r ic t io n  -  L in in g  to  Drum Surface
fdP = Increm ental Drag Force on Drum Surface
L = Link Force (Anchor Force)

Figure 23
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I f  t h i s  r e l a t io n  i s  s u b s t i tu te d  f o r  dP in  th e  moment e q u a tio n , 

and th e  in d ic a te d  in te g r a t io n  i s  perform ed th e  fo llo w in g  r e s u l t s  a re  

o b ta in ed :
°2

^dP • A s in  9 = -p  bllA I cos (9m -  9) s in  9 • dO-  Jd?  • A s in  9 = -p mbRA fc\

f Z
-  -p mbRA / ( co3 9m cos 9 + s in  9ms in  9) s in  9 • d9

A l

-  cos ®m ( cos 2®1 ” con + s ^n 0m ŝ -̂n 2®1 “ s ^n 2®2̂

+ |  sin 0m (02 -  9-Jj

92

fdP • (K + A cos 9) = fP rabK/  (c o s  9mcos 9 + s in  9ms in  9) ( R + A cos 9)d9

W1

r~A a
= i’pmbR — s in  9m(c o s  29^ -  cos 292) + J  cos ®m̂ s ^n 2®i ” s ^n 2^2^

+ ^  cos 9m(02 “ e i )  + ^ cos yra ^s -̂n ®2 “ s i n ° i )  “ H s i n ®m

(c o s  92 -  cos 9^)|

I f  th ese  elem ents o f  th e moment equation  are now combined in to  the f u l l  

r e la t io n ,  and t h is  r e la t io n  i s  so lv ed  fo r  the cam fo r c e  C, th e fo llo w ­

ing equation  i s  obtained:

p bh “7
0 = -12-------------- Moment Bracket , in  which the .Moment

D + A s in  a L  J

Bracket rep resen ts  th e  fo llo w in g  group o f  terms:

£  ^  s in  9m (co s  29^ -  cos 292) + cos °m^s ^n 201 “ s ^n 2tt2^

£A
“ 2 cos 0ra(O2  “ yl )  “ i ’K COE ®m(s in  e2 “ s in  ° l )  + s in  Qm



( s in  29  ̂ -  s in  2O2 ) + 2 s in  On(02 “ ®i)J = Moment Bracket

The p e rp e n d ic u iu r  component eq u a tio n  i s  now t r e a te d  in  th e  same

r/ay* o2 o2

C s in  (a  -  p) = pmbR /  s in  (9  -  p) cos (9m -  9)d9 -  fp mbR / cos (9  -  p))R I s in  (9  -  p) cos (9m -  9)d9 -  fp mbR j cc

J Q1 \

-°2 5
COS (9m -  9)d9

f  r'I s in  (9 -  P) cos (9m -  9)d9  = /  ( s in  9 cos p -  cos 9 s in  p )(co s  Qmcos 9

0i ~ ^1 9 - 9 ,
f  2+ s in  Oms in  9)dU = / (cos 9mcoo p cos 9 s in  9 + s in  9racos p s in  9

°1
2

-  cos 9ras in  p cos 9 -  s in  Oms in  p cos 9 s in  9)d9 

= |(c o s  9mcos p -  s in  Qms in  p) ^ (c o s  29_p -  cos 292 ) + ( s in  Omcos p

+ cos 9ms in  p) ^ ( s in  29-^ -  s in  292) + ( s in  ^mcos p -  cos 9ms in  p)

“ (^2 -  = K ad ia l B racket

T his b ra c k e t w i l l  be used in  subsequent r e la t io n s  a s  th e  "R ad ia l Bracket"

f ° 2I cos (9 -  p) cos (9 -  9) d9 t r e a te d  in  th e  same way produces th e  io llo w -

yl

ing :

= £ (s in  9mcos P + cos Qms in  p) ^ (° o s  29^ -  cos ~ ( coc ®mcos P ”

s in  9ms in  p) —( s in  29^ -  s in  292) + (cos 9mcos p + s in  Qras in  p)
U

2 ^ 2  -  0x7] = T a n g e n tia l B racket
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T his b ra c k e t w i l l  be used  in  subsequent r e la t io n s  a s  th e  "T an g en tia l 

B rack e t" . The p e rp e n d ic u la r  component eq u a tio n  th en  produces th e  f o l -  

low ing r e l a t io n  fo r  cam fo rc e  C:

These two r e l a t io n s  f o r  C were developed from th e  same f re e  body 

diagram  and must equal one a n o th e r . E quating them and so lv in g  f o r  f  

p ro v id es  a means o f d e te rm in in g  th e  m utual r e la t io n s h ip  between f  and

Equating  th e se  two r e l a t io n s  fo r  C produces th e  fo llo w in g  eq u a tio n :

Qtudiu.1 B racket -  f  T a n g e n tia l B rack e tj 

T his e q u a tio n  c o n ta in s  a l l  of th e  d im ensional q u a n t i t i e s  invo lved  in  

the a n a ly s is ,  and f u r th e r  e v a lu a tio n  can be g r e a t ly  s im p lif ie d  by 

ad o p tin g  r e p re s e n ta t iv e  v a lu es  fo r  th e  dim ensions. To i l l u s t r a t e  th e  

e f f e c t  o f  to e  ang le  9^ and l in k  an g le  B on th e  lo c a t io n  o f th e  maximum 

p re ssu re  p o in t  t h i s  eq u a tio n  i s  f i r s t  ev a lu a ted  fo r  th e  fo llo w in g  dim­

en s io n s : R = 5 .0 " , b = A = 4*0", a  = 90°, 9^ = 30° o r 10°,

9(2 = 150°, p = 45° o r 60° o r  70°. T h is e v a lu a tio n  produces th e  fo llo w ­

ing  e q u a tio n s :

R ad ia l B racket f  T a n g e n tia l B racket

9m, which must be known b efo re  th e  —  r e l a t io n  can be de term ined .

s in  (a  -  p) Moment B racket = (b + A s in  a)
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0± -  30° 

©2  =  150°  

p = 60°

2 .95  s in  On -  4 .23  cos ^  

5.89  s in  0m + 1.23  cos 9m

01 =  10°  

02 =  150°
2.989 s in  Qm -  7 .11  cos Qm 
5.312 s in  Oju + 3*015 cos 0m

p = 60°

Q± = 30° 

02 =  150°
f  -  s in  9m ~ 3*30 cos 9m 

2 .09  s in  9m + 1.564 cos 0m

(To bo used  on ly  when 0m i s  over 60°)P = 45°

0X = 30° 

©2 = 150° 

p = 70°

f  =
2 .0 3  s in  0m -  4 .60  cos 0m
8 .1 4  s in  ©m + 0 . 42 cos 0ra

The nuraericu l s o lu t io n  ol' th e s e  eq u a tio n s  i s  o m itted , and th e  r e ­

s u l t s  oT th e  s o lu t io n  shown on F ig u re  24 a s  a graph o f  ©ra vs f .

F ig u re  24 shows p i c t o r i a l i y  how th e  c e n te r  o f  p re s su re  on th e  shoe 

s h i f t s  us th e  c o e f f ic ie n t  o f  f r i c t i o n  changes. For a normal forw ard 

shoe th e  c e n te r  o f  p re s su re  s ta y s  n ea r to  th e  c e n te r  o f  th e  shoe over 

th e  whole u sea b le  range o f f ,  but f o r  th e  forw ard shoe w ith  p = 45° and 

f o r  th e  re v e rse  shoe, th e  c e n te r  o f  p re s su re  moves so f a r  toward th e  

to e  o f  th e  shoe th a t  th e  h e e l o f  th e  shoe has no a c tu a l  r a d i a l  fo rc e  

a c t in g  upon i t .  S ince no n eg a tiv e  fo rc e  between shoe and drum can be 

developed , and s in c e  our in te g r a t io n  p ro cess  fo r  r a d ia l  fo rc e  assumes 

th a t  th e  p re s su re  between shoe and drum fo llo w s a d e f in i t e  co sin e  law , 

th e  l im i t s  o f  in te g ra t io n  must h ere  be reduced to  cover only  th a t  p o r tio n
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o f th e  shoe c a rry in g  a c tu a l  lo a d . The d i f f e r e n t i a l  eq u a tio n s  must th en

be in te g ra te d  between l im i t s  o f  + 90°) and 0^. A c tu a lly  t h i s  does

n o t change th e  r e s u l t in g  e q u a tio n s  a t  a l l ,  b u t m erely re p la c e s  0L, w ith

0Q + 90. T h is co m p lica tes  th e  e v a lu a tio n  o f  th e  in t e g r a ls  f o r  th e  de-

fPte rm in a tio n  o f  f  and —g- s in c e  each one must be t r e a te d  a s  a s p e c ia l  ca se .

For most e f f e c t iv e  u t i l i z a t i o n  o f th e  l in in g  th e  c e n te r  o f  p re ssu re  

should  occur a t  th e  c e n te r  o f  th e  l in in g  le n g th . For l in in g  a n g le s  

sym m etrical w ith  th e  anchor d iam eter t h i s  would p lac e  th e  d e s ire d  c e n te r  

o f  p re s su re  p o s it io n  a t  90° ,  which can be o b ta in ed  in  th e  normal range 

o f f  by choosing  a l in k  an g le  p s l i g h t l y  g re a te r  than  60° .

The use o f  an u n u su a lly  long to e  on th e  shoe (0-^ » 10°) has 

l i t t l e  e f f e c t  on th e  c e n te r  o f  p re s su re  lo c a t io n ,  b u t does s l i g h t ly  

in c re u se  th e  tendency o f th e  brake toward s e l f - lo c k ,  as shown by th e  

v a lu es  o f  f  f o r  s e l f - lo c k  f o r  th e  normal shoe ( f  = 0 .74 ) and th e  long

toe  shoe ( f  = 0 .6 4 ) .  T his ag rees  w ith  th e  a c tio n  o f  th e  p in-anchored

shoe.

The e f f e c t  o f th e  l in k  an g le  p on th e  c e n te r  o f  p re ssu re  lo c a t io n

i s  shown in  the  com parison o f  th e  th re e  l in e s  fo r  p 45° > 60° ,  and 70°.

High v a lu es  o f  p load  th e  h e e l o f  th e  shoe e x c e s s iv e ly , low v a lu es  o f p 

load  th e  to e  o f th e  shoe e x c e s s iv e ly . A lso, low vaxues o f p make th e  

shoe more s e n s i t iv e  to  s e l f - lo c k .  The a c tu a l  v a lu e  o f p chosen fo r  a 

shoe o f t h i s  type should keep th e  c e n te r  o f  p re ssu re  lo c a t io n  n ea r to  

th e  c e n te r  o f  th e  l in in g  to  make th e  b e s t  use o f  th e  l in in g .

f o r  com parison purposes th e  0m v e rsu s  f  curve fo r  a re v e rse  shoe 

o f s im i la r  dim ensions i s  shown. The c e n te r  o f  p re s su re  i s  e i th e r  a t  o r 

beyond th e  to e  f o r  any a p p re c ia b le  va lue  o f  f ,  com pletely  un load ing  the



h e e l end o f  th e  shoe and p rev en tin g  i t  from doing  any work. T his causes 

very  in e f f e c t iv e  use o f th e  re v e rse  shoe, and i s  a a i s t i n c t  d isadvan ­

tag e  o f t h i s  type o f brake shoe anchor.

The e f f e c t  of th e  Anchor D istance  to  Drum Radius r a t i o  on th e  s e l f -  

lo ck in g  tendency o f  th e  b rake i s  n o t s p e c i f i c a l ly  shown, b u t i t s  e f f e c t  

would be th e  same a s  f o r  th e  p in -anchored  shoes. As th e  anchor d is ta n c e  

i s  reduced th e  l in k  an g le  must become g r e a te r ,  and th e  moment a c tio n  o f 

th e  f r i c t i o n  component g r e a te r ,  u n t i l  soon th e  brake would be s e l f -  

lo ck in g  in  th e  normal range o f f .

W ith th e  m utual r e l a t io n  f o r  f  and Qm d e f in i t e ly  e s ta b lis h e d  the  

f  Pd e s ire d  r a t i o  —  can now be o b ta in e d . I f  th e  eq u a tio n  fo r  dP i s  ex­

panded and in te g ra te d  from ©  ̂ to  0£ th e  r e s u l t  i s :

P = PjjbK [ c o s  Q j^sin  02 -  s in  0^) -  s in  ©m(cos ©2 -  cos 0^)j

T his can be combined w ith  e i th e r  o f  th e  two r e l a t io n s  f o r  C p re v io u s ly

i'Pdeterm ined to  produce — . For example:

f£  = f  (D + A s in  a) [ o s  0m( s in  ©2 -  s in  0^) -  s in  0m(co3 ©2 -  cos 0n)j

[fom ent Bra eke t j

This eq u a tio n  can now be ev a lu a ted  f o r  a p a r t i c u la r  brake shoe, u s in g

f o r  f  and ©m th e  com patib le  v a lu e s  o b ta in ed  from th e  p rev io u s  eq u a tio n

fPo f f  and 0 . The r e s u l t s  o f  an e v a lu a tio n  o f th e  —  r e l a t io n  f o r  the  m C

fo u r forw ard brake shoes o f  F igu re  2A a re  shown on F ig u re  25• These r e ­

s u l t s  a re  comparable w ith  those  o b ta in ed  fo r  th e  p in -anchored  shoe, and

a re  p re se n ted  here  as  a group to  show th e  e f f e c t  o f  f  on th e  r a t i o  ££.,
C

and o f p and 0-  ̂ on th e  s e lf - lo c k in g  tendency o f th e  shoe. Lowering th e

v a lu e  o f  by p u t t in g  a long  to e  on th e  shoe n o tic e a b ly  low ers th e

f Pv a lu e  o f f  a t  which th e  —  r a t i o  in c re a se s  to  very  h igh  v a lu e s . Low
C
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v a lu es  o f  p have th e  sane e f f e c t .  Any o f  th e se  fo u r  shoes a re  s u f f i c ­

i e n t ly  f a r  from s e l f - lo c k  c o n d itio n s  to  g ive  adequate response c o n tro l  

in  th e  low range o f  f ,  bu t th e  lo n g -to e  shoe end th e  one w ith  P = 4-5° 

would be u n p re d ic ta b le  in  t h e i r  a c t io n  i f  any th ing  (such  us h e a t ,  damp­

n e ss , drum roughness) caused th e  v a lu e  o f f  to  approach th e  v a lu e  o f 

0 . 5 * More r e l i a b l e  and p re d ic ta b le  o p e ra tio n  would be o b ta in ed  from

th e  normal shoes w ith  p = 60° to  70°, w ith  abnormal c o n d itio n s  le a d in g

to  s e l f - lo c k  much l e s s  a p t to  o ccu r.

For th e  purposes o f  com parison w ith  a p in -anchored  shoe b rake , the 

b rak in g  a b i l i t y  o f a lin k -u n ch o red  shoe brake o f comparable dim ensions 

i s  analyzed  and p re se n te d  on F ig u re  26 and in  the  accompanying d isc u s ­

s io n . The dim ensions o f  a brake o f t h i s  type in  a c tu a l  use a re  as 

fo llo w s :

H = 5 .5" a = 90° = 32 .5° Forward and
Keverse Shoes

A = 4 .32" p = 62° 02 ~ 144.5° a re  I d e n t ic a l

u = 4 .17"

The r e l a t io n  fo r  f  and 9m f o r  t h i s  brake i s :

f  = 2 , 64 s in  Qm -  3 .82  cos Qm Forward Shoe
6.57  s in  9m + 0.22  cos 0m

For a v a lu e  o f  f  = 0 .35  t h i s  produces a va lue  o f  0m = d5°, q u ite  c lo se  

to  th e  m iddle o f th e  l in in g .  T his should a ssu re  even l in in g  wear.

A s im ila r  eq u a tio n  fo r  the re v e rs e  shoe cannot be p re se n te d . The 

c e n te r  o f p re ssu re  i s  a t  o r  beyond the  to e  o f the  l in in g ,  and th e  com­

p le te  eq u a tio n :

s in  (a  -  p) ^Moment B racketJ = (b + A s in  a) Q ie d ia l  B racket +

f  . T a n g en tia l Bracke-0

4
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must be ev a lu a ted  f o r  su c c e ss iv e  vaxues o f  9m to  determ ine th e  f  v e rsu s  

0m r e l a t io n  ^shown on F ig u re  2 4 ) . A v a lu e  o f  f  = 0 .35 f o r  th e  re v e rse  

shoe corresponds to  9m = 27.5°> which i s  f iv e  degrees o f f  th e  end o f 

th e  l in in g .  F o r tu n a te ly  th e  re v e rse  shoe i s  n o t worked a s  hard a s  th e  

forw ard shoe, so t h i s  unsym m etrical lo a d in g  should n o t le a d  to  wear 

t ro u b le s  o f th e  re v e rse  shoe befo re  s im ila r  d i f f i c u l t y  i s  imminent on 

th e  forw ard shoe.
fp.

The —  r a t io s  x'or th e s e  shoes have th e  fo llo w in g  form:

Forward Shoe:

F igu re  26 p re se n ts  in  g rap h ic  form the  r e s u l t s  o f  th e se  two r e l a t io n s .  

For a va lue  o f f  = 0.35> taken  as  th e  normal v a iu e , th e  forw ard shoe 

does over th re e  tim es as  much b rak in g  work as  th e  re v e rse  shoe. The 

v a lu es  shown fo r  th e se  lin k -an c h o red  shoes a re  s u b s ta n t ia l ly  th e  same as 

those  f o r  th e  p in -anchored  shoes. The forw ard shoe would become s e l f ­

lo ck in g  u t  a vaiue  o f  f  = 0 .7 1 , a r e l a t iv e ly  h igh  v a lu e .

As norm ally  used th e se  b rakes have a  fo rw ard -rev e rse  shoe combina­

t io n  in  each w heel, w ith  th e  same s iz e  p is to n  a c tu a t in g  each shoe, rrith

fPf  = 0.35> th e  v a lu e  o f —g  f o r  th e  forw ard 3hoe i s  1 . 6b , f o r  th e  re v e rse  

shoe 0 .4 6 . Using th e se  v a lu e s , and combining them w ith  a  50 to  1 fo rce  

m u lt ip l ic a t io n  r a t i o  in  th e  brake r ig g in g  and a 60£ f r o n t  to  UOp r e a r

fP
C

6 . 49f  (.0434  cos 9m + 1.6575 s in  Qm)
6.23  s in  9ra + 0.105 cos 9m -  f (9 .2 3  s in  9ra + 2 .469 cos 9m

Reverse bhoe:

rep laced  by (-f^J^Moment B rack e t, w ith  f
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brake fo rc e  d i s t r i b u t io n ,  th e  fo llo w in g  drag  fo rc e  could be produced a t  

the  drums o f a four-*nheeIed v e h ic le  by a n e t  pedal fo rc e  o f  100 pounds: 

100 x 50 = 5000 pounds T o ta l Cam Force

T o ta l Drag fo rc e  = 2 x 1 .68  x Cj,

+ 2 x 0 .^8  x Cj,

+ 2 x 1.68 x 0^

+ 2 x 0 .^8  x

fPSince th e  f r o n t  and r e a r  b rakes a re  id e n t ic a l  in  t h e i r  —  r e la t io n s  the
0

re q u ire d  brake fo rc e  d i s t r i b u t io n  va lue  can be o b ta in ed  sim ply by u s in g  

d i f f e r e n t  p is to n  siv.es a t  th e  two p la c e s . S ix ty  p e rc e n t o f  the t o t a l  

cam fo rc e  w i l l  a c t  on th e  fo u r  p is to n s  in  th e  f ro n t  b rek es , o r  750 pounds 

per p is to n .  The o th e r  f o r ty  p e rc e n t w i l l  a c t  on th e  r e a r  p is to n s ,  o r 

500 pounds per p is to n .

I ^ m u r a s ^  i' ° rCe = U 500 x 1 .68) + (1500 x 0 .4b) + (1000 x 1 .68) +

(1000 x 0.216)

= 2520 + 720 + 16S0 + 480

= 5400 pounds

This i s  e q u iv a le n t to  an o v e ra l l  fo rc e  m u lt ip l ic a t io n  r a t i o  between 

pedal and drums o f 54> which i s  low even f o r  a l i g h t  c a r .

The lin k -an c h o red  shoe does n o t o f f e r  any advantage over the  p in -  

anchored brake from th e  s ta n d p o in t o f  fo rc e  m u l t ip l ic a t io n  r a t i o ,  b u t 

has one advantage which appears  a f t e r  hard continuous brake a p p lic a t io n , 

tu r ir .g  con tinuous b rak in g , such as  occurs in  lov^ering a heavy v e h ic le  

down a v ery  xong s tee p  g rad e , th e  h ea t g en era tea  a t  the  o u te r  l in in g  

su rfa c e  i s  tra n sm itte d  in  s ig n i f ic a n t  amounts to  the  f la n g e  o f th e  brake 

shoe. T his expands th e  f la n g e  w ith  r e s p e c t  to  th e  web o f  th e  shoe and

i
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the shoe " c u r ls” inward or assumes a sm a ller  r a d iu s . In th e  p in -  

anchored brake t h i s  p u l ls  th e  to e  o f  th e  shoe away from th e drum and 

moves the cen ter  o f  p ressu re  down towards th e anchor or h e e l end o f  

th e sh oe. Continued braking under th ese  c o n d it io n s  wears away th e l i n ­

in g  a t  the cen te r  ana h e e l o f  tne shoe, w ith ou t corresponuing wear o f  

the l in in g  a t  the to e . A fte r  the braking period  i s  over th e shoe c o o ls  

to  normal tem perature and resumes i t s  c o r r e c t  ru d iu s. At the n ex t ap­

p l ic a t io n  th e l in in g  a t  the to e  end o f  the shoe c o n ta c ts  the drum, but 

because o f  th e  a d d it io n a l wear which th e cen ter  and h e e l l in in g  has had, 

i t  c o n ta c ts  the drum e ith e r  l i g h t l y  or not a t  a l l .  P ith  l i t t l e  or no 

r a d iu l fo r c e  a t  the cen ter  and h e e l o f  the shoe to  r e s i s t  th e moment 

crea ted  by th e f r i c t i o n a l  fo rce  a t  th e  to e  o f  sh oe, th e to e  f r i c t io n  

swings th e  shoe fo r c ib ly  a g a in s t  the drum and th e brake becomes e i th e r  

s e l f - lo c k in g  or very  savage in  i t s  a c t io n . T his c o n d it io n  con tin u es  

u n t i l  the to e  l in in g  has worn back s u f f i c i e n t ly  to  a llo w  th e cen ter  and 

h e e l l in in g  to  c o n ta c t th e  drum fir m ly  enough to  produce the r a d ia l  

fo r c e  n ecessa ry  to  co u n tera c t the moment caused by th e  f r i c t i o n a l  fo rce  

a t  th e to e .

The lin k -an ch ored  brake i s  su b jec t to  shoe c u r l in  th e same way as  

the pin-anchored brake, but because o f  th e a b ix i ty  o f  th e shoe to  p iv o t  

on th e l in k ,  the h e e l o f  th e co ld  shoe i s  allow ed to  swing do7m and 

make co n ta c t w ith  the drum, gen eratin g  s u f f i c i e n t  r a d ia l  fo rce  to  avoid  

more than a s l i g h t  d isp lacem en t o f  the cen ter  o f  p ressu re  and m aintain­

in g  p r a c t ic a l ly  normal brake o p era tio n . T his i s  a d e f in i t e  advantage  

o f  th e  lin k -an ch ored  shoe over th e pin-anchored sh oe.
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In  s e v e ra l  ty p es  o f shoe brakes th e  anchor fo rc e s  a re  taken  by a 

s l id in g  b lo ck , which w i n  p erm it shoe movement p a r a l l e l  to  i t s  i'uce bu t 

n o t p e rp e n d ic u la r  to  i t s  la c e .  T h e o re t ic / I ly  ana actu: i i y  t h i s  i s  only  

a v a r ia t io n  in  p h y s ic a l l'orm o f the  u r t ic u .u i te d - l in k  type of anchor, 

und a lth o u g h  th e  p h y s ic a l appearance o f the  brake i s  much d i f f e r e n t ,  

the  th e o r e t ic a l  a n a ly s is  i s  accom plished in  the  some way.

A ty p ic a l  bruke u s in g  th i s  method o f anchoring  the shoes i s  shown 

in  f ig u re  27. The two halves o f th e  brake a r?  id en tico L  in  dim ensions 

and in  a c t io n .  A double-ended h y a ru u lic  c y lin d e r  u t  each end o f th e  

brake i s  used to  p rov ide  both cam fo rc e  ana anchoring  fo rc e . For th e  

normal d i r e c t io n  o f drum r o ta t io n  th e  drag io rc e  on a shoe fo rc e s  a 

s l i g h t l y  crowned face  u t  the h ee l end ol‘ th e  web a g a in s t  a f l a t  hardened 

b u tto n  in  th e  cap oi th e  h y a ru u lic  c y l in d e r .  T his cap bottom s a g a in s t  

the c y l in a e r  to  p rov ide  anchoring  fo rc e . The c y lin d e r  cap a t  th e  op­

p o s ite  end 01 th e  shoe moves outward to  p rov ide  th e  cam io rc e  n ecessa ry  

to  a c tu a te  the  shoe. V.’hen the d i r e c t io n  o f dinam r o ta t io n  i s  re v e rse d , 

th e  two c y lin d e r  caps m erely in te rch an g e  fu n c tio n s . Both shoes a re  

th u s  forw ard shoes fo r  each d i r e c t io n  o f r o ta t io n ,  and i f  0^ were made 

equal to  160 -  t h e i r  a c t io n  would be id e n t ic a l  lo r  both forw ard and 

backward r o ta t io n .  In  i n s t a l l a t i o n s  in  which one d ir e c t io n  o f motion 

i s  predom inant, 4)̂  i s  u s u a lly  made somewhat g r e a te r  than  160 -  ^  

keep th e  c e n te r  of p re ssu re  n e a re r  to  th e  c e n te r  o f the  l in in g  and thus 

promote more uniform  l in in g  wear around th e  shoe.
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In  p r a c t ic e  t h i s  type o f brake u s u a lly  has both  a ana ji equal 

to  9 0 °, a lthough  th e re  a re  examples o f o th e r  an g le s  in  u se . A va lue  

o f (3 l e s s  than  90° in c re a s e s  th e  e f fe c t iv e n e s s  o f th e  b rak e , moves th e  

c e n te r  o f  p re ssu re  n e a re r  to  th e  90° p o s i t io n ,  and in c re a se s  the  sen s­

i t i v i t y  o f the shoe to  s e l f - lo c k  c o n a itio n s  fo r  high l in in g  to  drum 

f r i c t i o n  c o e f f ic ie n t s .  A v a lu e  of {3 more than 90° wouxd in c re a se  th e  

fo rc e  m u lt ip l ic a t io n  r a t i o ,  o r  brake e f fe c t iv e n e s s  ( a c tu a l ly  reduces 

th e  e f f e c t iv e  v a lu e  o f  A, le a d in g  p ro g re s s iv e ly  tov;nra s e l f - lo c k  con­

d i t i o n s ) ,  bu t would fo rc e  th e  c e n te r  o f  p re ssu re  so fu r  tow ards the  

h ee l th a t  the  to e  of the  shoe would be in e f f e c t iv e  and th e  l in in g  wear 

woulu be a i l  a t  the  h e e l.

The use  of a l in k  ang le  o f 90° a llow s the shoe to  s h i f t  back and 

f o r th  u n t i l  an e q u ilib riu m  i s  e s ta b lis h e d  among cam fo rc e ,  anchor fo rc e , 

r a d ia i  fo rc e , and drag  fo rc e .  The v a iu e  of 9m to  th e  c e n te r  o f  p re ssu re  

w i l l  vary w ith  a l l  o f th e  d im ensional f a c to r s  o f th e  shoe, and e s p e c ia l ly  

w ith  f .  To determ ine the  m agnitude o f 9m as  a f fe c te d  by f ,  and th e  mag­

n itu d e  of the  fo rc e  M u lt ip l ic a t io n  R atio  —  as  a f fe c te d  by f ,  th e  fo llo w ­

ing  procedure can be used .

From f ig u re  27 th e  fo llo w in g  eq u a tio n s  r e l a t in g  th e  fo rc e s  a c tin g  

on th e  brake shoe cun be w r i t te n :

Summation o f  fo rc e s  p e rp e n d ic u la r  to  Link Axis (V e r t ic a l  Forces)

Summation o f Moments abou t I n te r s e c t io n  o f Link Axis and Anchor 

D iam eter

C

(R + A cos Q) = 0
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Brum

Toe

BRAKE SHOES WITH A SLIDING BLOCK ANCHOR

0 = Angle from Anchor D iam eter to  P o in t on Brake Shoe
01 = Angle to  Toe o f  Brake Shoe L in ing
02 = Angle to  Heel o f Brake Shoe L in ing
R = Radius o f  Brake Shoe L in in g  S u rface  and o f  Brake Drum S urface  
A = Anchor D istance 
D = Cam Force D istance 
C = Cam Force
a = Angle from Anchor D iam eter to  Cara Force
P = Angle from Anchor D iam eter to  a  Normal a t  C enter o f  S lid in g  Block
L = Link Force (Anchor Force)
f  = C o e f f ic ie n t  o f  F r ic t io n ,  L in ing  to  Drum
dP = In crem en ta l R ad ia l Force a t  0
f*dP = In crem en ta l Drag Force a t  0

Figure 27



I f  th e  d i s t r i b u t io n  o f r a d ia l  io rc e s  i s  assumed to  be th e  sane as

b e fo re , o r :  q2
/ =  Pmbh J " -os (®m “ °)

9i

d9

th e  moment and fo rc e  e q u a tio n s  can be ev a lu a ted  to  produce th e  d e s ire d  

r e s u l t s .

For th e  summation o f p e rp e n d ic u la r  fo rc e s :

f 2 2^ d P  cos 9 ~ Prab^ f  ( cos 9mcos^9 + s in  9ms in  9 cos 9) d9

91

= pmbR| — cos 9m(92 -  9^) + — cos 9m( s in  292 -  s in  29 )
L2 A

+ ^  s in  9m(cos 29^ -  cos 292 ) |

Qr

• dP • s in  9 = fp mb K ^ " (c o s  9ms in  9 cos + s in  9msin ^9 ) d9

91

= fp  bit —s in  9 (9 + 9 ,)  -  j  s in  9 ( s in  290 -  s in  2 9 ,)  + 
in I 2 ^  ^

—  cos 9m(cos 29^ -  cos 292 )j

The u d d it io n  o f th ese  two eq u a tio n s  produces th e  summation o f perpen­

d ic u la r  io r c e s ,  which i s  equal to  ze ro .
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Since th e  q u a n ti ty  pmbR canno t be equal to  ze ro , th e  q u a n ti ty  in  th e

b ra c k e t must equal z e ro . T h is  p ro v id es  th e  n ecessa ry  r e l a t io n  fo r

d e te rm in in g  th e  m utual r e l a t io n  between f  and 9 . I f  t h i s  i s  so lved  °  m

f o r  f  th e  fo llo w in g  eq u a tio n  r e s u l t s :  

f  =

s in  9m(cos 29^ -  cos 2 ^ )  + cos ^®2 “ s ^n ^9l )  + * co‘‘3 °ra^2  “ ®l)

-  cos 9m(cos 29-, -  cos 29,,) + s in  9 ( s in  29,. -  s in  29-,) + 2 s in  9m(90 -  9 ,)  m' 1 2 7 m' 2 l 7 m' 2 l 7

This i3  e x a c tly  th e  same a s  th e  e q u a tio n  which would have been obtn ined  

by s u b s t i tu t in g  a v a lu e  o f 90° f o r  both  a and p in  th e  eq u atio n  r e l a t ­

ing  f  and 9m fo r  lin k -an c h o red  brake shoes (see  page 123).

The summation o f moments eq u a tio n  i s  e x a c tly  th e  same as th e  moment 

eq u a tio n  f o r  th e  lin k -an c h o red  brake (page 119) and would be developed 

in  e x a c tly  th e  same manner. I n te g ra t io n  oi th e  moment eq u a tio n  produces 

th e  fo llo w in g  r e s u l t s :

I f  th e  r e l a t io n  fo r  dP as  a fu n c tio n  o f 9 i s  in te g ra te d  between 9^

and 92 th e  fo llo w in g  r e s u i t  i s  o b ta in ed :

R = pmbh Q o s  9m( s in  92 -  s in  9^) -. s in  9m(cos 92 -  cos 9^)j

These eq u a tio n s  can now be combined to  produce th e  Force M u ltip lic a tio n

^Moment B racketJ

I f  th e  r e la t io n s h ip  between f  and 9m i s  known, th e  co rrespond ing  value

Moment B racket a s  on page 121

f  PR atio , o r  —-  f o r  t h i s  type o f brake.
L

£P _ (u + A) • f  £  cos 9ra( s in  92 -  s in  9^) -  s in  9^(003 92 -  cos 9^)J

o f  —  can be o b ta in ed  0



To i l l u s t r a t e  the  c a p a b i l i t i e s  o f  a  brake o f  t h i s  ty p e ,  and to

compare i t s  a b i l i t i e s  w ith  o th e r  brake ty p es  o f  comparable s i z e ,  the

f  Pr e s u l t s  o f  a num erical e v a lu a t io n  o f  th e  f  and —- r e l a t i o n s  a re  given
G

on F igure  2d. The brake analyzed  lias th e  fo llo w in g  dim ensions:

R = 5 .5 " ,  A = 4 .2 6 " ,  d = A.26, 0-l = 3 d .5 ° ,  02 = i5ci°» a = 90°, 0 = 90°.

The curve f o r  0m on F igu re  2d shows t h a t  t h i s  type o f  slioe i s

loaded more h e av ily  a t  the  h e e l  oi the shoe than u t  the  to e .  In  f a c t

f o r  f r i c t i o n  c o e f f i c i e n t  over 0 .A the  c e n te r  o f  p re ssu re  moves so f a r

toward the  h ee l  t h a t  th e  to e  o f the shoe i s  com pletely  unloaded. This

would leud to  more r a p id  l i n i n g  wear u t  the  h ee l  than  a t  the  to e .
fP

The e f f e c t iv e n e s s  o f  ~  va lue  f o r  t h i s  type o f  brake shoe i s
G

s l i g h t l y  lower than  t h a t  o f  a p in -anchored  o r  in c l in e d - l in k -a n c h o re d  

shoe, bu t i t s  s t a b i l i t y ,  o r  r e s i s ta n c e  to  s e l f - l o c k  co n d it io n s  i s  ex­

c e l l e n t .  The f a c t  t h a t  both shoes a c t  as  forward shoos f o r  both  d i r e c ­

t io n s  o f  r o t a t i o n  should g ive  i t  a h igh overage fo rc e  m u l t ip l i c a t io n  

r a t i o .

The comparative b rak ing  e f f e c t  produced by 100 pounds Net Pedal 

Force on a c a r  equipped w ith  fo u r  o f  th e se  brakes would be determ ined 

in  the  fo llow ing  manner. S ince th e  f r o n t  and r e a r  brckes would be 

i d e n t i c a l ,  the  f r o n t  to  r e a r  brake fo rc e  d i s t r i b u t i o n  would be d e t e r ­

mined by r e l u t i v e  h y d ra u lic  p is to n  d iam e te rs .  The Force M u l t ip l ic a t io n  

Hatio in  the  Brake Rigging would be th e  sume fo r  th e se  brakes  as  f o r  the 

p in -  o r  lock-anchored  b rak es .

T o ta l  Cara Force = 50 x 100 pounds Net Peuax Force

Cam Force p e r  F ron t Brake P is to n  = ^QPQ = 75Q p0Und s
A
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5 . 0

SLIDING-BLOCK-ANCHORED SHOE BRAKE 
EFFECT 

OF
LIKING COEFFICIENT OF FRICTION 

ON
FORCE MULTIPLICATION RATIO 

CAM TO DRUM 
AND ON

LOCATION OF CENTER OF PRESSURE 

R =  5 . 5 ” A =  4 .2 6 "  D =  4 .2 6 "

© ! = 3 6 . 5 °  © 2  =  1 5 S °

150

V a lu e s  
o f  

0,

4 . 0
1 3 0

m

V a l t
o f
fP

C
3 . 0

e s

T oe A n g le '  
+ 9 0 °  ^

110

—T oe o f  L in in g  
U n lo a d s  f o r  f  
a b o v e  t h i s  L in e

—

s  0 m =  S h o e  A n g le  a t
C e n te r  o f  P r e s s u r e

2 .0 V  9 0

^  f o r  e a c h  S h o e

1.0

N orm al R ange o f  f H ot L in in g  RangS *"

0.1 0.2 0 . 3

V a lu e s  o f  f
________ i______

0 . 4 0 . 5 0 .6

Figure 28



HI.
Cara Force p e r  Rear Brake P is to n  = —•■A..?L 5.QQQ = 500 pounds

A

fpAt f  = 0 .35  the  —- p e r  shoe equals  1 .50  
G

T o ta l  Drag Force = (2 x 750 x 1 .50 )^  + (2 x 500 x 1 .50)^

= A500 pounds f r o n t  + 3000 pounds r e a r  

= 7500 pounds T o ta l  Drag borce 

This b rak ing  system produces a t o t a l  Force M u l t ip l i c a t io n  Ratio  

between Pedal and Drum of 75 to  1, which i s  a f a i r  v a lu e .  In  a d d i t io n  

to  t h i s  f a i r  e f f e c t iv e n e s s  v a lu e ,  t h i s  brake would be s ta b le  a g a in s t  

v a r i a t io n s  in  l i n in g  c o e f f i c i e n t  and a g a in s t  lo c a l iz e d  wear due to  

shoe " c u r l " ,  and would cause a minimum o f  wheel bea r in g  loud ing  when 

a p p l ie d .



DUAL-PRIMARY SHOE BRAKE

T he d u a l - p r im a r y  s h o e  b r a k e  i s  r e a l l y  a  v a r i a t i o n  o f  t h e  l i n k -  

a n c h o r e d  s h o e  b r a k e ,  b u t  i t s  p h y s i c a l  a p p e a r a n c e  and  i t s  m ethod  o f  

s h o e  a c t u a t i o n  a r e  s u f f i c i e n t l y  d i f f e r e n t  t o  w a r r a n t  a  s e p a r a t e  

a n a l y s i s  ( 1 7 ) .

F igu re  2 9  shows the  p h y s ic a l  arrangem ent o f  the  b rake . Two l in e d ,  

T s e c t io n  brake shoes which a re  m irro r  images o f each o th e r  a re  held  

by th e  fo rc e  o f  a r e t a i n in g  sp r in g  on a double s e c t io n  cam le v e r .  Two 

anchor p in s  f a s te n e d  to  th e  backing p l a t e  extend through both  ha lves  o f  

each com le v e r .  The lower p in  c a r r i e s  an e c c e n t r ic  on which th e  cam 

le v e r  p iv o t s .  The upper p in  ex tends through u s l o t  in  both  ha lves  o f 

the  cam le v e r .  The s l o t  i s  s u f f i c i e n t l y  e longated  to  a llow  the  cam 

fo rc e s  G to  swing th e  cam le v e r s  about the  lower anchor p in  e c c e n t r ic  

w ithou t c o n ta c t in g  th e  upper p in .  The web o f  each shoe has a p a r t i a l  

c i r c l e  m illed  in to  the  c e n te r  o f i t s  in n e r  edge. A s l i d in g  b lock , f l a t  

on one edge and n e a r ly  s e m i-c i r c u la r  on th e  o th e r ,  bears  a g a in s t  the  

m il led  s e c t io n  ol' the  shoe web on one s id e ,  and on the  o th e r  s id e  

a g a in s t  a f l a t  p l a t e  which jo in s  th e  two ha lv es  o f  th e  cam le v e r .

Tiiis c o n s t ru c t io n  ailov/s th e  shoe to  s l i d e  endwise w ith  r e s p e c t  to  the  

cam le v e r ,  and to  r o t a t e  w ith  r e s p e c t  to  the  cam le v e r .  Both a c t io n s  

a re  s x ig h t ly  r e s t r a in e d  by th e  f r i c t i o n  c re a te d  by the  r e t a i n e r  sp r in g  

f o rc e ,  b u t n o t unduly so , and both  a c t io n s  a re  very n ecessary  i f  the  

shoe su r fa c e  con tour i s  to  be a b le  to  adap t i t s e l f  to  th e  drum su rface  

con tou r.  The ends o f th e  3hoe web c a r ry  anchor p l a t e s  which b u t t
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DUAL-PRIMARY SHOE BRAKE WITH SLIDING BLOCK ANCHORS

0  =  A n g le  fro m  A n ch o r D ia m e te r  t o  P o i n t  on  B ra k e  S h o e  
Q l =  A n g le  t o  T oe o f  B ra k e  S h o e  L in in g  
^ 2  =  A n g le  t o  H e e l  o f  B ra k e  S h o e  L in in g  
R =  R a d iu s  o f  B ra k e  S h o e  L in in g  S u r f a c e  and Drum S u r f a c e  
A =  A n oh or D i s t a n c e  F =  F orw ard  R =  R e v e r s e  
D =  Cam F o r c e  D i s t a n c e  (Z o r o  i n  t h i s  B r a k e )
C =  Cam F o r c e  P r o d u c e d  by B ra k e R ig g in g
C' =  S h o e  A c t u a t in g  F o r c e  ~  CY ♦  Z
a  =  A n g le  fro m  A n ch o r D ia m e te r  t o  S h o e  A c t u a t in g  F o r c e
P =  A n g le  from  A n ch or D ia m e te r  t o  A n ch o r P l a t e  N orm al th r o u g h  A n ch or
L =  L in k  F o r c e  (A n o h o r F o r c e )  P in  C e n te r
dP = I n c r e m e n t a l  R a d ia l  F o r c e  on  S h o e  
f* d P  = I n c r e m e n t a l  D rag  F o r c e  o n  S h o e

Figure 29
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a g a in s t  one o r  th e  o th e r  oi' the  anchor b locks  a t ta c h e d  to  each anchor 

p in .

The r e s u l t  o f  t h i s  unique c o n s tru c t io n  i s  a l in k -an c h o red  shoe 

which i s  a forward shoe f o r  both d i r e c t io n s  o f  r o t a t i o n ,  and which i s  

a c tu a te d  by an augmented cam fo rc e  a t  i t s  c e n te r .  Changing d i r e c t io n  

of r o t a t i o n  s l i d e s  the  shoe from c o n ta c t  w ith  one anchor b lock to  con­

t a c t  w ith  th e  o th e r  anchor b lock. P iv o t in g  o f the  anchor b locks  allow s 

th e  shoe to  assume th e  ang le  necessary  l o r  complete c o n ta c t  w ith  the  

drum, ana r e l a t i v e  s l i d i n g  o f  the  anchor block and anchor p l a t e  simu­

l a t e s  the  a c t io n  o f  a l i n k ,  a llow ing the  h ee l  o f  the shoe to  c o n ta c t  the 

drum w ith  whatever fo rc e  i s  necessary  to  b r in g  about the  re q u ire d  equ i­

l ib r iu m  among cam fo rc e ,  l i n k  fo rc e ,  r a d i a i  fo rc e ,  and drag  fo rc e .

Once the  shoe hus been a p p l ie d  to  the  drum, i t s  a c t io n  i s  e x a c t ly  t h a t  

o f  a l in k -an c h o red  shoe, b u t  u n l ik e  the  o rd in a ry  link -an ch o red  shoe i t  

hns no g ro s s ly  i n e f f e c t i v e  re v e rse  shoe a c t io n .

The anchor d is ta n c e  o f  t h i s  shoe i s  th e  d is ta n c e  from the shoe su r ­

face  c e n te r  to  the p o in t  o f  i n t e r s e c t i o n  o f the  anchor d iam eter and a 

normal to  the  shoe anchor p l a t e  su rface  which passes  through the  p in  

c e n te r  about which th e  anchor block p iv o ts .  The lo c a t io n  o f the  anchor 

d iam eter  i s  no t r i g i d l y  f ix e d ,  bu t f o r  th e  sake o f convenience i t  should 

be taken  p e rp e n d ic u la r  to  th e  shoe a c tu a t in g  fo rce  to  make the  angle  a 

equal to  90°.

The cam io rc e  d is ta n c e  fo r  t h i s  brake i s  then zero f o r  e i t h e r  d i r e c ­

t io n  o f  r o t a t i o n ,  a f a c t  which makes the  brake more s e n s i t iv e  to  Anchor 

D is tance (Anchor P l a t e  Angie in  t l i i s  brake) ana which keeps the  c e n te r  

o f  p re s s u re  near  th e  middle o f  the  shoe f o r  e i t h e r  d i r e c t io n  o f  r o t a t i o n .



The method o f  a n a ly s is  o f  t h i s  brake fo llow s t h a t  o f  th e  l i n k -  

anchored brake e x a c t ly ,  producing th e  fo llow ing  s i g n i f i c a n t  eq ua tion : 

s in  (a  -  p) Q ’oraent B racketj  =

A s in  p ^ R a d ia l  B racket -  f  T a n g e n tia l  Bracketj 

fP _ Af s in  a j^ c o s  Om( s i n  ©2 ~ s ^n ®l) “ s ^n 3ra(cos ®2 “ cos j)

^ Qtoment B racke^

In  th e se  eq u a tio n s  C' r e p re s e n ts  th e  augmented cam fo rc e  a p p l ie d  a t  the  

c e n te r  o f  the shoe, anu eq u a ls  the a c tu a l  cam fo rc e  C tim es the  q u o t ie n t  

o f  d is ta n c e  I  d iv id ed  by d is ta n c e  Z. The Moment B racket i s  t h a t  group 

o f terras shown on page 121 and th e  R ad ia l  B racket and T a n g en tia l  B racket 

each r e p re s e n t  o th e r  groups o f  terras shown on page 122.

For a comparison o f  th e  e f f e c t iv e n e s s  o f t h i s  brake w ith  t h a t  o f  

o th e r  ty p e s ,  the  r e s u l t s  o f  a num erical e v a lu a t io n  o f  th e se  equa tions  

f o r  an a c tu u l  brake a re  g iven g ra p h ic a l ly  on F igure  30. The brake 

analysed  had the  fo llo w in g  dimensions: h = 5*5» = 3B°, ^  = >

a = 90° , D = 0 , and fo r  "Forward" shoe o p e ra t io n  A = 5•OB", p = 47°, 

w hile  f o r  "Reverse" shoe o p e ra t io n  A = 4*47", P = 55°•

The d i f f e r e n t  anchor d is ta n c e s  and l i n k  ang les  produced two d i f ­

f e r e n t  s e t s  o f  e q u a tio n s .

"Forward" Shoe Action

f  = - 2 .U 3  cos ©m 
s in  Qm

fp a . 01 f  s in  Qm
C -  S . 67 f  s in  9m -  2.145 f  cos 0m + 7.075 s in  ©n

A c tu a l ly  th e r e  i s  no re v e rse  shoe a c t io n  as  occurs  in  the  p in -  

anchored and co n v e n t io n a l ly  l in k -an ch o red  shoes because o f  the  double
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anchor p rov ided . The d i f f e r e n c e  between the  a c t io n  in  the  two d i r e c ­

t io n s  occurs  because ol the s l i g h t  d i f f e r e n c e  in  e f f e c t i v e  l i n k  ang le  

which i s  b u i l t  i n to  th e  shoe anchor p l a t e s .

f ig u r e  30 shows the  combined e f f e c t  o f  anchor d is ta n c e  aim l in k  

angie  on brake e f f e c t iv e n e s s .  The in c re a se d  xink angxe of the re v e rse  

a c t in g  shoe would norm ally reduce the  s e n s i t i v i t y  o f th e  shoe to  

changes in  l '. However w ith  t h i s  c o n s t ru c t io n  an in c re a se  in  l in k  

ang le  causes  a d ecrease  in  anchor d i s ta n c e ,  which in c re a se s  s e n s i t i v ­

i t y  to  f .  In  t h i s  case th e  anchor d is ta n c e  e f f e c t  was s t ro n g e r ,  and 

trie re v e rse  a c t in g  shoe i s  s l i g h t l y  more s e n s i t iv e  to  i than the  f o r ­

ward a c t in g  shoe.

Doth shoes a re  r e l a t i v e l y  s ta b le  w ith in  the range o f  f  to  be ex­

p ec ted , even w ith  a ho t l i n i n g  s u r ra c e .  The fo rc e  M u l t ip l i c a t io n  h a t io  

i s  good l o r  both shoes, ana s in ce  both r e t  as forward shoes the  average 

e f f e c t iv e n e s s  o f the  complete brake w i l l  be as good as  t h a t  o f  any 

type so f a r  cons iue reu . The freedom of the shoe to  move when neces­

sa ry  to  adap t i t s e l f  to  tne  arum makes i t  f r e e  from d i f f i c u l t y  caused 

by shoe " c u n " .

The b rak ing  e f f o r t  which can be produced by fo u r  o f  th ese  b rakes, 

a c tu a te d  by a 100 pound Net Pedal Force i s  a p p re c ia b le ,  Cince f ro n t  

ano r e a r  brukes a re  i d e n t i c a l ,  the  necessary  brake fo rc e  d i s t r i b u t i o n  

w i l l  be a tt& in ea  by vary ing  the  cam p is to n  s iz e .  The a c t io n  o f the 

brake in  ta k in g  up c le a ra n c e  from the  r e le a s e d  p o s i t io n  i s  i d e n t i c a l  

w ith  t h a t  o f the  p in -anchored  o r  i in k -an ch o reu  b rakes ,  so the  Force 

M u l t ip l i c a t io n  h a t io  in  the  brake r ig g in g  w i l l  be the  same. This g ives 

us a Cara Force a t  f r o n t  brake p i s to n s  o f  750 pounds each, a t  r e a r
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brake p i s to n s  oi' 500 pounds each. For a f r i c t i o n  c o e f f i c i e n t  o f

fPf  = 0.35> the  iorw ard a c t in g  shoe has an —  value  o f  1 .6 3 ,  and the
C

re v e rse  a c t in g  shoe has an va lue  o f  1 .92 .
C

T o ta l  Drag Porce = (2 x 750 x 1.83) + (2 x 750 x 1.92) + (2 x 500 x 1.83)

+ (2 x 500 x 1.92)

= (2745 + 28o0) + (1830 + 1920)

= 5625 pounds F ron t + 3750 pounds Hear

= 9375 pounds T o ta l  Drag Force 

Tbis i s  an o v e r a l l  Force M u l t ip l i c a t io n  Hatio  between pedal and drum of 

93*75> which i s  q u i te  good.



DUO-SEHVO SHOE BRAKES

The very  popu la r  Duo-Servo type o f  shoe brake i s  a combination 

of one l in k -an c h o red  shoe w ith  one p in-anchoreu  shoe, w ith  the  l in k  

fo rc e  o r  anchor fo rc e  o f  th e  link -an ch o red  shoe a c t in g  as the  cam 

fo rc e  f o r  the  p in -anchorea  shoe. The l in k -an c h o red  shoe i s  c u l le d  

the primary shoe, the  p in -anchorea  shoe i s  c u l le a  th e  secondary shoe.

f ig u r e  31 shows th e  elem ents o f  th e  Duo-Servo brake us i t  i s  

u s u a l ly  c o n s tru c te d .  Two brake shoes in  t h e i r  r e le a s e d  p o s i t io n  a re  

held  t i g h t l y  a g a in s t  a c y l i n d r i c a l  anchor p in  by a r e l e a s e  sp r in g  

(no t shown). When a cam fo rc e  Ĉ , i s  a p p l ie d  to  the  Primary Shoe by 

an h y d ra u l ic  c y l in d e r ,  the  shoe p iv o ts  about the  l in k  a t  i t s  lower end 

u n t i l  i t  c o n ta c ts  the  drum, anu then  r id e s  around w ith  th e  arum u n t i l  

th e  l i n k  fo rc e  L, a c t in g  as  a cam fo rce  f o r  the  p in-anchored  secondary 

shoe, hus taken  up the  i n i t i a l  c le a ra n c e  o f  the  secondary shoe and ap­

p l ie d  i t s  su rfa c e  to  th e  drum. This movement r e l e a s e s  the  c o n ta c t  be­

tween the  prim ary 3hoe ana th e  anchor p in ,  le a v in g  th e  shoe f r e e  to  

f in d  i t s  n a tu r a l  e q u i l ib r iu m  p o s i t io n .  This e q u i l ib i r iu ra  co n d it io n  

r e q u i r e s  a c e r t a in  magnitude o f  l i n k  fo rc e  b , which i s  t ra n sm it te d  

w ithou t change to  the  to e  o f  th e  secondary shoe.

Reverse drum r o t a t i o n  simply in te rc h an g es  th e  fu n c t io n s  o f the  two 

shoes, so th e  a c t io n  o f  th e  brake l o r  e i t h e r  d i r e c t io n  of r o t a t i o n  i s  

s u b s t a n t i a l l y  the  same.

The name Duo-Servo a p p l ie d  to  t h i s  bnike in d ic a te s  t h a t  one shoe 

i s  used to  a c tu a te  o r se rve  th e  o th e r ,  and t h a t  t h i s  a c t io n  i s  a v a i l -
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Figure 31
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ab le  in  a dua l d i r e c t io n .

l’ne Force M u l t ip l ic a t io n  r ia tio  which t h i s  type o f  brake can produce 

can be determ ined by an a n a ly s is  f i r s t  of the  prim ary shoe a c t io n ,  and 

then o f  th e  secondary shoe a c t io n .  The prim ary shoe i s  a l ink -anchored  

shoe, w ith  both cam angle  and l i n k  ang le  equal to  n in e ty  deg rees .  I t s  

a n a ly s is  i s  e x a c t ly  the same as t h a t  of the  shoe w ith  the s l id in g -b lo c k  

anchor, w ith  the  a d d i t io n  o f  a d e te rm in a tio n  of the  Link Force L which 

i s  produced by the shoe.

The fo llow ing  e q u a t io n s ,  based on F igure 31> may be w r i t t e n  fo r  

the  Primary Shoe.

Summation o f  i 'orces P e rp en d icu la r  to  the  Link Axis:

Summation o f  Moments ubout the  Link Axis-Anchor D iuneter  I n te r s e c t io n :

The f i r s t  two o f th e se  equa tions  a re  e x a c t ly  the  same as those  fo r  

the S liu in g -B lo ck  anchored shoe, and the  fo llow ing  g en e ra l  s o lu t io n s

b rake . 

f  =

s in  9n (,cos 29^ -  cos 292 ) + cos ^m^s ^n “ s ^n + ^ cos am ^2 ” ®l)
-co s  Orâ cos 29_l -  cos 292 ) + s in  Ora( s in  202 -  s in  29x) -  2 s in  9m(02 ~ 8i )

0 = C ( L i  + A) IP • A s in  9 H f  IH + A cos 9) dP 

Summation o f  Forces P a r a l l e l  to  Link Axis:

f  Pfo r  f ,  9ra, and —  ure taken  from the  s e c t io n  d e a l in g  w ith  t h a t  type of

Qloment B racket on page 121
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Since th e  Link Force produced by the  prim ary shoe i s  used as  the  

Cam Force f o r  th e  secondary shoe, i t 3  magnitude, p r e fe r a b ly  as a 

fu n c t io n  o f  the  Cam Force C, must be known. The r e l a t i o n  f o r  the  sum­

mation o f  fo rc e s  p a r a l l e l  to  the l i n k  a x is  can be so iveu  f o r  C + L to  

y ie ld  th e  fo llo w in g :

C ♦ L = p_bK —(cos Ofn -  f  s in  9m)(c o s  29^ -  cos 20p) + ^ ( s i-n + cos ®m)

( s in  29^ -  s in  202 ) + ®m " ^ coS °ra^^2 “ ° l7 j

To e l im in a te  th e  q u a n t i ty  (pmbH) and to  in tro d u ce  the anchor and 

cam d i s t a n c e s ,  th e  C + L r e l a t i o n  should be d iv ided  by C, u s ing  fo r  C 

the  r e l a t i o n  d e r iv ed  from a s o lu t io n  o f  the  moment eau u tio n . This r e ­

s u l t s  in  th e  fo llow ing  r e l a t i o n :

(L> + A) j”“ (cos 9m -  f  s in  9m)(c o s  20^ -  co3 2 9 ^  + ^ s in  0m + 1 cos °m)

( s in  29^ -  s in  20p) + “ ( s i n ®m ~ ^ cos °m)(°2 “ 8i ] l  

jjiloment Bracket on page 1 2 l j

The secondary shoe i s  a s tandard  pin-unehored shoe, w ith  the  c e n te r

o f p re ssu re  c o n s tra in e d  by the  shoe geometry to  remain a t  9^ = 90°•

The —  r e l a t i o n s h i p  f o r  t h i s  type o f  shoe i s  given on page 109 o f the 
C

s e c t io n  on p in-anchored  brake shoes a s :

£P _
C ~

(D + A) f  (cos Op -  cos OjJ

2 (02 ~ °1^ + ~ S^n ~ f  MU cos 0^ -  cos 02 )+^(cos 20^ -  cos 2<



In  e v a lu a t in g  t h i s  r e l a t i o n  th e  C l o r  th e  secondary shoe must be r e ­

p laced  by th e  L terra ol' th e  p rim ary , and the  a c tu a l  drag  fo rc e  o f  the

The use o f  the  anchor fo rc e  o f the  prim ary shoe as  a cam fo rc e  

f o r  the  secondary shoe i s  a p o te n t  nay o f in c re a s in g  the  e f f e c t iv e n e s s  

o f  a tv/o-shoe b rake . U n fo r tu n a te ly  i t  a l s o  compounds the  s e n s i t i v i t y  

o f  the  brake to  the  e f f e c t s  o f  a change in  f r i c t i o n  c o e f f i c i e n t ,  making 

i t  l e s s  s t a b l e  in  i t s  a c t io n .

For purposes o f  comparison a num erical e v a lu a t io n  o f  the  p rev ious  

e q u a tio n s  i s  p re sen ted  f o r  u t y p i c a l  brake o f t h i s  type. The brake 

dimensions a re  as  l’o l lo n s :

The r e s u l t s  o f  t h i s  e v a lu a t io n  a re  shovm in  g ra p h ic a l  form on 

F igures  32 and 33- The very  la rg e  change in  the  lo c a t io n  o f  the  c e n te r  

o f  p re s su re  Y/ith change in  f  i s  the  e f f e c t  o f  the very  s h o r t  l i n in g  

used on th e  prim ary shoe. Yi’i t h  low f r i c t i o n  c o e f f i c i e n t s  the  r e l a t i v e l y  

la rg e  moment arm o f  the  cam fo rc e  moves th e  c e n te r  o f  p re ssu re  w ell  up 

towards th e  h e e l  o f  th e  shoe. The use  o f  a lon g er  l i n i n g  by low ering

secondary shoe o b ta in ed  from the  p roduc t o f  —  x —. The t o t a l  drag
L

fo rc e  o f  th e  two shoes i s  then  fP prim arysecondary

Prim ary Shoe Secondary Shoe

K = 3.5" R = 5.5"

A = A-AA" A = 4 .U "

D = 2 . SO" D = A-AA"

Ql = 70° 

02 =  150°  

a = 90°

Q± ~ 27° 

Q2  = 146°  

a = 90°

p = 90°
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th e  va lue  o f  9^ would only  in c re a se  the s h i f t  o f  the  p re s su re  c e n te r  

towards th e  h e e l  due to  th e  g r e a te r  f r i c t i o n  e f f e c t  produced. Since 

space l i m i t a t i o n s  l i m i t  any in c re a se  in  h ee l  angle  9^, th e  use o f 70° 

f o r  9-  ̂ p u ts  th e  c e n te r  o f  p re s su re  midvray along th e  le n g th  o f the shoe 

f o r  a normal c o e f f i c i e n t  of f r i c t i o n ,  a c o n a i t io n  conducive to  even 

l i n i n g  wear.

The l in k  o r  anchor fo rc e  o f  th e  primary shoe in c re a se s  m a te r ia l ly  

over the range o f  f  in v e s t ig a te d .  A vaiue  o f  ^  g r e a te r  than one i s
Ls

d e s i r a b le  to  produce a h ig h ly  e f f e c t iv e  brake , but an ap p rec iab le  

change in  t h i s  r a t i o  w ith  change in  f  i s  u n d e s ir a b le ,  s in ce  i t  reduces 

the  s t a b i l i t y  oi the  brake, o r  in  o th e r  v.oras, i t  in c re a se s  the proba­

b i l i t y  o f  r a d i c a l  unu unexpected changes in  brake e f fe c t iv e n e s s  with 

u n in te n t io n a l  changes o f  f .

The Force M u l t ip l i c a t io n  R atio  produced by t h i s  brake i s  shown on 

F i g u r e  33. Tne primary shoe a lone i s  somewhat l e s s  e f f e c t i v e ,  due to  

i t s  s h o r t  l i n i n g ,  tnan the o rd in a ry  p in-anchored  forward shoe, but the  

secondary shoe when a c tu a te d  by the l in k  fo rce  o f the  primary shoe be­

comes q u i te  e f f e c t i v e  unu very s e n s i t iv e  to  change in  f .  Tne value of

i l l  f o r  t h i s  augmented secondary shoe a lone i s  about A7 f o r  a value of 
C

f  = 0 .6 .  Tiie two shoes to g e th e r  w i n  produce a urag fo rce  f o r ty  e ig h t  

times as g r e a t  as th e  cam fo rc e  ap p lied  to  the  toe  o f the  primary shoe 

whenever the  f r i c t i o n  c o e f f i c i e n t  g e ts  as high as 0 .6 ,  as i t  coos oc­

c a s io n a l ly  a t  the  ena o f a hard s to p .

The a b i l i t y  of fou r  brakes o f t h i s  type to c r e a te  drag fo rce  a t  

the  drums when u c tu a ted  by a n e t  pedal fo rc e  of 100 pounds i s  apprec­

i a b l e .  Although only one cam p is to n  a c tu a l ly  moves when t h i s  brake i s
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a p p l ie d ,  i t  must move l’a r  enough to  take  up the  c lea ran ce  on two shoes, 

so no s i g n i f i c a n t  changes in  brake r ig g in g  fo rc e  m u l t ip l i c a t io n  r a t i o  

can be expected . Gince Doth l 'ron t wheel and r e a r  wheel brakes a re  

i d e n t i c a l ,  the  f r o n t  ana r e a r  brake fo rc e  d i s t r i b u t i o n  m ust 'be ac­

complished by d i f f e r e n c e s  in  p is to n  s iz e s .  As in  the  p rev ious  examples, 

t h i s  produces a com fo rc e  o f  750/; f o r  the  f r o n t  wheels, and 500" f o r
f*p

the  r e a r  wheels. The —±- r a t i o  f o r  the two shoes w ith  f  = 0.35 equals
c

4 . 0.

T o ta l  brag Force = (1 x 750 x 4 .10) + ( l  x 500 x 4.1.0)

= 6300 Front t  4100 Fear 

- 10,^00 pounds

This i s  an o v e r a l l  Force M u l t ip l ic a t io n  k a t io  between Pedul and 

trum of 105* This brake type i s  the  most e f f e c t iv e  o f  a l l  o f  the shoe 

brake ty p e s ,  hut i s  a l s o  th e  most s e n s i t iv e  to  changes in  l i n in g  

f r i c t i o n  c o e f f i c i e n t .
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ANNULAR DISC SHOE BRAKES

Disc type brakes have been used f o r  some time on i n d u s t r i a l  

equipment, a i r p la n e  la n d in g  w heels, and r a i l r o a d  ca rs  (1 6 ) .  T he ir  

adop tion  f o r  autom otive v e h ic le s  i s  r e l a t i v e l y  r e c e n t ,  w ith  on ly  one 

im portan t m anufacturer  having adopted them as s tan d a rd  o r  o p t io n a l  

equipment. Of the  many types  o f d is c  b rakes  proposed o r  in  u se ,  the  

type adopted by t h i s  company seems b e s t  adapted  to  passenger  c a r  and 

t ru c k  u se ,  and i s  the  one which w i l l  be analyzed in  t h i s  s e c t io n .

To p rov ide  s u f f i c i e n t  brak ing  e f f e c t iv e n e s s  f o r  adequate  c o n tro l  

o f  heavy v e h ic le s ,  and do i t  w ithou t r e q u i r in g  ex cess iv e  pedal fo rce  

from the  d r iv e r  o r  w ith o u t r e s o r t i n g  to  power b rak ing  r e q u i r e s  some 

degree o f  servo  a c t io n  o r  shoe compounding as  i l l u s t r a t e d  in  the  Duo- 

Servo brake.

The g e n e ra l  c o n s tru c t io n  o f  an an n u la r  d is c  brake in c o rp o ra t in g  

t h i s  servo a c t io n  and w ith  good h e a t - d i s s ip n t io n  a b i l i t y  i s  i l l u s t r a t e d  

on F igure  34-. The arum, shown in  c ro ss  s e c t io n ,  i s  formed from two 

r ib b ed  c i r c u l a r  c a s t in g s  b o l te d  to g e th e r  around t h e i r  p e r ip h e ry ,  and 

p re se n t in g  two p a r a l l e l  machined wear su r fa c e s  to  th e  brake l i n in g .

The brake l i n i n g  i s  made in  the  form o f  s h o r t  an n u la r  s e c t io n s ,  cem­

ented  to  one face  o f  two a n n u la r  r in g  aluminum shoes. The oppos ite  

faces  o f  th e se  shoes c o n ta in  s ix  c a r e f u l l y  p o s i t io n e d  s e m ic i rc u la r  

grooves whose depth  v a r ie s  uccoraing  to  a c a r e f u l ly  c o n t ro l le d  ramp 

a n g le .  The in n e r  p e r ip h e ry  o f each shoe c o n ta in s  lo u r  r a d i a l  s l o t s  to  

c o n ta c t  the  fo u r  e a r s  o f an anchor sp id e r  which* passes  the  braking
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Rq  =  R a d itjs  t o  O u te r  E dge o f  L in in g  S eg m e n ts
R^ =  R a d iu s  t o  I n n e r  E dge o f  L in in g  S e g m e n ts
Ry =  Mean E f f e c t i v e  R a d iu s  o f  D rag  F o r c e s
R^ =  E f f e c t i v e  R a d iu s  o f  S h o e  A n ch o r F o r c e s
Rq  =  R a d iu s  a t  w h ic h  Cam F o r c e s  a r e  a p p l i e d  t o  t h e  S h o e s
a  =  A n g le  b e tw e e n  Cam F o r c e  and  R a d iu s  t o  t h e  A p p l i c a t i o n  P o in t
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A = A n ch or F o r c e
0  =  Ramp A n g le  o f  I n c l i n e d  G r o o v e s  i n  S h o e s

F igure  3U
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fo r c e s  to  th e a x le  h ou sin g , two wide s l o t s  to  accommodate two s in g le ­

ended hyd ru ulic  p is to n s  fo r  shoe a c tu a t io n , and two wide webs io r  

mounting two autom atic brake a d ju stin g  mechanisms which a d ju st the  

shoe p o s it io n s  to  e lim in a te  th e e f f e c t  o f  l in in g  wear on pedal pos­

i t i o n .  S ix  s t e e l  b a l l s  ere  p laced  in  the m illed  grooves end the two 

shoes p ieced  beck to  back, held  a g a in s t  the b a l l s  by s e v e r a l r e tr u c t -  

ing sp r in g s . Angular movement o f one shoe w ith  r e sp e c t  to  the oth er  

caused by the cum fo r c e  Op, r o l l s  the b a i l s  up the in c lin e d  grooves, 

fo r c in g  th e shoes apart from one another end bring in g  the l in in g  seg ­

ments in to  co n ta c t w ith  the machined fa c e s  o f  the e n c lo s in g  drum. The 

secondary shoe c o n ta c ts  the anchor e a r s , tr a n s fe r r in g  i t s  drag fo rce  

d ir e c t ly  to  the a x le  h ou sin g. Tne anchor s lo t s  are s u f f i c i e n t ly  w ide, 

however, to  prevent the s l o t  fa co s  o f  the primary shoe from co n ta c tin g  

the anchor e a r s , and th e  drag fo rce  on the primary tends to  r o ta te  the 

shoes s t i l l  fu rth er  w ith  r e sp e c t  to  one another, causing the b e l l s  to  

fo rce  the shoes a g a in s t  th e drum fa c e s  w ith  augmented fo r c e , in crea s in g  

the amount o f  drag fo rce  produced. The drag fo rce  on the primary shoe 

thus a s s i s t s  the cam fo rce  in  fo r c in g  both shoes a g a in s t  th e drum, 

producing the ser v o -a c tio n  n ecessary  fo r  a h igh  degree o f  braking e f ­

f e c t iv e n e s s .

There i s  a l im i t  to  the degree o f  s e lf - e n e r g iz in g  a c tio n  or serv o -  

a c tio n  which can be b u i l t  in to  th is  brake w ith out s e r io u s ly  reducing  

the s t a b i l i t y  o f  th e brake and rendering i t  unduly s e n s i t iv e  to  s e l f -  

lock  c o n d it io n s . The degree o f  ser v o -a c tio n  produced i s  a fu n ctio n  

m aim y o f  ramp angle ana l in in g  c o e f f ic ie n t  o f  f r i c t io n .  The fo llo w in g
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t h e o r e t i c a l  a n a ly s i s  shows th e  e x te n t  o f  t h i s  l i m i t a t i o n ,  and th e  de­

gree o f  b rake e f f e c t iv e n e s s  which should be expected from a d isc  brake 

o f  t h i s  ty p e .

The t h e o r e t i c a l  a n a ly s i s  i s  based on F igure 34» and the  symbols 

used ore  those  d e f in ed  on t h a t  page, p lu s  o th e rs  defined  in  the  fo llow ­

ing  t e x t .  A l l  t a n g e n t i a l  fo rc e s  a c t in g  on the  brake shoes must be r e ­

l a t e d  to  Kjj as  a base, and t h e i r  magnitude o r e f f e c t  m odified by the 

r a t i o  o f  th e  r a d iu s  a t  t h e i r  p o in t  o f  a c t io n  to  th e  base ra d iu s  R^.

The e f f e c t i v e  Cam Force Cg i s :

RcCi. = C • s in  a • —
KM

F r ic t io n  fo rc e s  and r e l e a s e  sp r in g  fo rc e s  a re  n eg lec ted  h e re ,  s ince  we 

a re  d e a l in g  w ith  the  Cara Force produced by the  Net Pedul ro rc e .

The e f f e c t i v e  Anchor Force Ag i s :

The Mean F i 'fe c t iv e  Radius R^ i s  the  e q u iv a le n t  r a d iu s  a t  which a 

s in g le  t o t u l  drug fo rc e  fP would produce the  same moment as  i s  produced 

by the  a c tu a l  drag fo rc e  fP d i s t r i b u t e d  between R^ and RQ. This Mean 

F i 'fe c t iv e  Kadiu3 can be found by in t e g r a t i o n  o f the  drag  to rque  r e l a t i o n  

produced by co n s id e r in g  th e  shoe as  a f r e e  body. I f  the  shoe l i n in g  i s  

a con tinuous c i r c l e  o r  a s e r i e s  o f  c i r c u l a r  a rc s  w ith  r a d i a l  edges, the 

u n i t  p re s su re  between l i n i n g  and drum i s  equal to

________________ P________________

”  (K02 -  Ri 2 )
360°

where 0 i s  the  t o t a l  l i n i n g  angle  in  d eg rees .  The f r i c t i o n a l  fo rce  on 

an e lem en ta l  r in g  o r  s e r i e s  o f  r in g  s e c to r s  a t  a ra d iu s  R and o f a
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w idth  dR i s  equa l to

f P • 27TR • — §L . dR
360°

The f r i c t i o n a l  to rque  produced i s :

R 2fP R • dR
(Bq2 -  R ^ )

By d e f i n i t i o n  o f  th e  Mean E f f e c t iv e  Radius t h i s  f r i c t i o n  to rque i s  

equal to  R^ • fP ,  so:

This r e l a t i o n  a p p l ie s  t o  a complete r in g  l i n in g  o r to  l i n i n g  s e c to rs  

having r a d i a l  edges. I f  s e c to r s  w ith  edges o th e r  than r a d i a l  a re  used, 

an o th e r  r e l a t i o n  in c lu d in g  th e  s e c to r  end c o n f ig u ra t io n s  would have to  

be developed.

The normal fo rc e s  P a c t in g  on th e  su rfa c e  o f  th e  l i n in g  segments 

must bo e n t i r e l y  su s ta in e d  by the fo rc e s  a c t in g  between th e  b a l l s  and 

the groove s u r fa c e s .  I f  t h i s  combination o f  fo rc e s  i s  to  have a min­

imum tendency to  cause c u r l in g  o f  the  shoes the ra d iu s  to  the  c e n te r  o f  

th e  b a l l  grooves should a l s o  be equal to  R^.
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F igure  35* Annular l i n e  Shoe Forces

Figure 35 i l l u s t r a t e s  the  way in  which the various fo rces a c t on 

the  prim ary and secondary shoes. The b a l l  i s  ab le  to  e x e r t a fo rce  F, 

p e rpend icu lar to  the ramp o r groove su rface  only. This f a c t  allow s a 

determ ination  of the d e s ire d  r e la t io n  among f ,  P, Cg, and 0 . From the 

fo rce  tr iu n g le  a t  the r ig h t  o f Figure 35:

P

P tan  0 = fP = CE

P_ _ 1
Cg tan  0 -  f

fP _ S.

tan  0 -  f

S u b s titu tio n  o f the  r e la t io n  defin in g  CE produces: 

fP _ f  . Rc s in  a

tan  0 = _JL + fP

tan  0 -  f
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ANNULAR DISC BRAKE 
EFFECT

RAMP ANGLE 
on

FORCE MULTIPLICATION RATIO 
f o r

VARIOUS VALUES OF f

Rq = 6"
Rq =  3 .8 0 " a  =  6 6 ° 4 8 '

0.2

20 30
V a lu e s  o f  0

Figure 36



165.

T his i s  th e  Force M u lt ip lic a t io n  R a tio , or brake e f f e c t iv e n e s s  o f  

t h i s  d is c  type brake. For a g iven  p h y s ic a l s i z e ,  the e f f e c t iv e n e s s  o f  

t h i s  type o f  brake can be v a r ied  over wide l im it s  by changing f  or 0  or 

both . However, any com bination o f  0 and f  which makes the denominator 

tan  0  -  f  approach zero w i l l  make th e fo r c e  m u lt ip l ic a t io n  r a t io  approach 

i n f i n i t y ,  or in  o th er  words produce a s e l f - lo c k in g  brake.

When th e  va lu e  o f  f  i s  v a r ia b le  over reasonab le l im i t s ,  the va lu e  o f  

0  should be chosen to  avoid  s e l f - lo c k  c o n d it io n s  a t  the h ig h est expec­

ted  va lu e  o f  f .  T his l im ita t io n  on ramp an g le  imposed by v u r iu tio n  in  

f r i c t io n  c o e f f i c i e n t  i s  i l lu s t r a t e d  g r a p h ic a lly  on F igure 36. The ramp 

a n g le  vu lu e a t  which th e curve fo r  uny g iven  f r ic t io n  c o e f f i c i e n t  s ta r t s  

a n ea r ly  v e r t i c a l  a sce n t i s  th e minimum sa fe  ramp an gle  fo r  th a t f r i c t io n  

c o e f f i c i e n t .  S in ce  the l in in g s  now in  use do show v a lu es  o f  f  as high as 

0 .6  during hurd usage (1 9 ) ,  the ramp an gle  chosen fo r  any a c tu a l brake 

must provide freedom from s e l f - l o c k  a c tio n  a t  th a t c o e f f i c i e n t .  This 

l im i t s  th e  minimum ramp an g le  to  some v a lu e  above t h ir t y  one d egrees .

The va lu e chosen should n o t be too  fa r  above th is  f ig u r e ,  however, or 

the e f f e c t iv e n e s s  o f  th e brake w i l l  be reduced, in  th e production  brake 

from which th ese  dim ensions were taken the rump an g le  was chosen as  

32 .5°»  a va lu e  g iv in g  a s l i g h t  margin o f  s a fe ty  from s e l f - lo c k  fo r  

f  = 0 .6 .

A d is c  brake o f  th e  type analyzed which i s  now in  u se has an ou ter  

l in in g  ra d iu s R0 o f  s ix  in c h e s , an in n er l in in g  rad iu s o f  A .5 in ch es , 

a cam fo r c e  ra d iu s Rc o f  3 . 6  in c h e s , and a cam an g le  a o f  6 b .6 ° ,  an 

anchor rad iu s R  ̂ o f  4*0 in c h e s , a ramp angle  o f  32 .5°»  and a t o t a l  

l in in g  area o f  66 square in ch es on two sh o es . The Force M u ltip lic a tio n
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R atio  which could be produced by t h i s  brake over the  range o f  f  i s  

shown on F igure  37. The —j- va lue  f o r  our chosen comparison f r i c t i o n  

c o e f f i c i e n t  i s  only  1 .6  f o r  two shoes. The cam fo rc e  C a p p lied  to  

th e se  two shoes i s  the  sum o f  th e  fo rc e s  produced by two brake p i s to n s ,  

both  a c t in g  on the same p a i r  o f  shoes.

The s iz e  o f  th e  brake a c tu a t in g  p is to n s  r e l a t i v e  to  the  m aster 

p is to n  determ ines th e  fo rce  which they  w i l l  e x e r t  r e l a t i v e  to  the 

fo rc e  a p p l ie d  to  th e  m aster p i s to n ,  o r  th e  Force M u l t ip l ic a t io n  R atio  

o f  th e  Brake Rigging. S ince th e  c o n s tru c t io n  o f  t h i s  brake d i f f e r s  so 

markedly from th u t  o f  the  drum brake , the  p o s s ib le  value o f  the Brake 

Rigging Force M u l t ip l i c a t io n  R atio  should be determ ined. As in  the 

drum b rake , the  maximum va lue  o f  t h i s  q u a n t i ty  i s  ob ta ined  by the  

r a t i o  between e f f e c t i v e  peda l  t r a v e l  and n ecessary  brake p is to n  t r a v e l .  

The umount o f  c lea ran ce  which must be m aintained betv/een the  shoe l i n ­

ings  and th e  drum can be assumed as  .010 in ch es .  The amount o f  shoe 

movement which must be allow ed f o r  l i n i n g  wear depends upon the s e n s i ­

t i v i t y  o f  the  au tom atic  wear a d ju s t in g  mechanism. I f  t h i s  i s  assumed 

to  be .010 inches  per  shoe, th e  t o t a l  maximum a x i a l  movement which the 

two shoes must make i s  equal to  .04.0 in ch es .

The l i n e a r  t r a v e l  o f  th e  brake p is to n  i s  converted  in to  r e l a t i v e

r o t a t i o n  o f the shoes, and then  in to  a x i a l  movement o f  the  shoes as  the

b a l l s  r o l l  up the  ramps. By r e f e r r in g  to  F igures  34 and 35 the  i n t e r ­

r e l a t i o n  o f th ese  q u a n t i t i e s  can be determ ined.

T a n g en tia l  Shoe T rav e l a t  Rc =
c s in  a

T a n g e n tia l  Shoe T rave l a t  Ry = SA°?. ■ Trav.eA x ~
s in  a Rc
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ANNULAR DISC BRAKE 
EFFECT 

OF
LINING COEFFICIENT OF FRICTION

FORCE MULTIPLICATION RATIO

Two Shoes 
Rq = 6" 0  = 32 .5  

a = 66 .8°

20

Valuos

fo r
Two

Shoes

Hot L in ing  
Range—Normal Range o f  f

Values o f  f

0 .1 0 .2 0 . 3 0.6O.A 0 .5

Figure 37 I
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A xia l Shoe Movement = T a n g en tia l  Shoe T ravel a t  Hjj • tan  0

P is to n  T rave l = A xia l Shoe Movement x Sin a
tan  0

b s ing  th e  va lue  o f  .04.0 inches  as  determ ined above., and s e t t i n g  a = 

6 6 .8 ° ,  0 = 32.5°> Rc = 3 .8 0 " ,  = 5.28" the  fo llow ing  r e l a t i o n

develops:

P is to n  T rav e l = .040  • 2*frP- .£ = .0415 inches
5.28 (.6371)

I i  the maximum e f f e c t i v e  Pedal T rave l i s  assumed to  be f iv e  inches 

as  b e fo re ,  then the  maximum Brake h igg ing  Force M u l t ip l i c a t io n  Hatio 

would be:

Brake Higging ro rc e  M u l t ip l i c a t io n  h a t io  = —̂------ = 120
.0415

As i n s t a l l e d  on one passenger  c a r ,  th ese  brakes use one and one q u a r te r  

inch d iam eter  p is to n s  on the  f r o n t  b rakes ,  one inch  d iam eter p is to n s  on 

the  r e u r  b rak es ,  and a one inch  d iam eter  m aster c y l in d e r  w ith  a r u t io  

o f  8 .2  between pedal t r a v e l  and m aster c y l in d e r  p is to n  t r a v e l .  These 

dimensions produce a brake fo rce  d i s t r i b u t i o n  p a t t e r n  o f s ix ty  one per­

cen t a t  the  f r o n t  brakes and t h i r t y  n ine  p e rcen t  a t  th e  r e a r  b rakes .

They a l s o  s e t  th e  Brake Higging Horce M u l t ip l ic a t io n  H atio  a t  o4, in ­

d ic a t in g  e i t h e r  a, g r e a te r  c lea ran ce  and wear a llow ance, o r  a s h o r te r  

maximum e f f e c t i v e  pedal t r a v e l  than was assumed in  the  prev ious  c a l ­

c u la t io n s .

The d isc  brake as used thus can compensate f o r  a sm alle r  Cam to  

Drum Force M u l t ip l ic a t io n  R atio  than th e  shoe brake by being ab le  to  

use ,  w ith  the help  o f an autom atic  wear a d j u s t e r , a h igher  Brake Rigging
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Force M u l t ip l i c a t io n  R a t io .  Based on th e  va lues  o f 84 to  1 fo r  the

fPbrake r ig g in g ,  and an —  o f  1 .60  f o r  two shoes with f  = 0 .3 5 ,  fo u r  o f
C

th e se  brakes  a c tu a te d  by a n e t  pedal fo rc e  o f  100 pounds would produce

th e  fo llow ing  b rak ing  e f f e c t  a t  the drums.

T o ta l  Brake P is to n  Force = 84 • 100 = 8400 pounds

8400 (0 .60) = 5040 pounds P is to n  Force on Four F ron t P is to n s

84OO (0 .40) = 3360 pounds P is to n  Force on Four Rear P is to n s

F ro n t Rear
T o ta l  Braking Force = 5040 (1.60) + 3360 (1 .60)

= 8060 pounds F ron t + 5380 pounds Rear

= 13,440 pounds

Tuis i s  a T o ta l  Brake Force M u l t ip l ic a t io n  P a t io  o f 134 .4 , h igher  than 

t h a t  a t t a in e d  on any o f  th e .e le v e n  inch  d iam eter drum brakes. However, 

t i i i s  d is c  brake was a c t u a l l y  used to  r e p la c e  a 12-inch  drum broke. For

a more f a i r  comparison o f brak ing  a b i l i t y  t h i s  value should  be reduced

by approx im ate ly  the r a t i o  o f  the  r a t i o s  of th e  mean e f f e c t iv e

r a d i i  o f  eleven and twelve in ch  d isc  b rakes ,  to  make the  brakes o f
/  gQ

comparable s iz e ,  and then  oy the  r a t i o  o f  ^ — , to  p u t a l l  brakes on
5.5

a comparative e f f e c t i v e  brake to rque r a d iu s .  This o p e ra t io n  produces 

an E q u iv a len t  T o ta l  i>rag Force o f  10,680 pounds. This pu ts  the d isc  

b rake, w ith  an autom atic  wear a d ju s t e r ,  a t  th e  same braking  a b i l i t y  

l e v e l  as th e  buo-8ervo brake w ithou t an au tom atic wear a d ju s te r .

A ctual b raking  t e s t s  o f  the  d isc  brake in  comparison w ith  a con­

v e n t io n a l  p in-anchored  shoe brake have in d ic a te d  t h a t  the d isc  brake 

i s  capable  o f severe rep ea ted  brak ing  e f f o r t s  w ith  much l e s s  lo s s  of 

braking  e f fe c t iv e n e s s  than  the shoe brake. On a high-speed heavy ve­

h ic le  t h i s  a b i l i t y  would be o f g reat im portance.



SHOE BRAKE COMPARISONS

The main p o in ts  o f  comparison oniony shoe brakes from the  theo­

r e t i c a l  v iew poin t a re  the  Force M u l t ip l i c a t io n  R atio  produced by the  

e n t i r e  system, and the  r e l a t i v e  ireedora from o r  s e n s i t i v i t y  to  the  e f ­

f e c t s  o f  change in  the  f r i c t i o n  c o e f f i c i e n t  o f  the  l i n in g .  The r e l a ­

t i v e  s e n s i t i v i t y  o f  th e  shoe c o n s tru c t io n  to  tiie e f f e c t s  o f  excess ive  

h e a t in g  cun be p re d ic te d  in  a g en e ra l  way from the  shoe and anchor 

geometry, bu t no v a l id  num erical comparison system cun be deduced.

A comparison of the  r e l a t i v e  io rc e  M u l t ip l ic a t io n  R a tio s  f o r  the 

s e v e ra l  d i f f e r e n t  typos o f  shoe brakes i s  p resen ted  on i i g u r e  38*

The comparison i s  based on th e  drag fo rc e  produced on an e leven  inch 

d iam eter  brake drum o r  i t s  e q u iv a le n t  by a Net Pedal Force o f one pound 

t ra n s m i t te d  in  i t s  p roper  p ro p o r t io n  to  one corap'lete b rake . This 

method in c lu d e s  any a b i l i t y  a p a r t i c u l a r  type  may possess  to  u t i l i z e  

a h igh fo rc e  r a t i o  in  th e  brake r ig g in g .

Tiie most obvious r e l a t io n s h ip  shown by t h i s  comparison method i s  

tiie difference? in  th e  degree to  which the  d i f f e r e n t  brake types respond 

to  high f r i c t i o n  c o e f f i c i e n t s .  Tiie siiape o f the curves shown in  the  r e ­

gion between f  = I).A and f  = 0 .6  a re  an in d ic a t io n  o f  the  s t a b i l i t y  o f 

the  brake a g a in s t  l i n in g  f r i c t i o n  c o e f f i c i e n t  v a r i a t io n s .  Good v eh ic le  

c o n t ro l  du ring  braking depends on uniform a c t io n  a t  a l l  b rakes, and a 

brake typo which i s  h ig h ly  s e n s i t iv e  to  minor changes in  l i n in g  f r i c t i o n  

c o e f f i c i e n t  could so unbalance the  brake fo rc e  p ic tu r e  du ring  brake ap—



171.

p l i c a t i o n  t h a t  v e h ic le  c o n t r o l  would be a d v e rse ly  a f f e c te d ,  i f  no t l o s t  

com pletely  (2 0 ) .  A niglily  s ta b le  brake, such as th e  double-forw ard , 

s l id in g -b lo c k  anchored shoe drake i s  a d e s i r s b le  type .

One brake s t a b i l i t y  f e a tu r e '  i s  somewiiat masked by t h i s  {graphical 

p r e s e n ta t io n .  Brakes composed o f  one forwurd shoe and one re v e rse  shoe 

g e t  l i t t l e  b rak ing  e f f o r t  from t h e i r  re v e rse  shoe. Most o f  the brak ing  

e f f o r t  i s  ob ta ined  from the  forward shoe, end i t s  r e l a t i v e  s t a b i l i t y  

may be lower than  t h a t  o f the  complete brake. A b e t t e r  in d ic a t io n  of 

th e  s t a b i l i t y  o f  a brake type  would be the  r a t i o  o f  the fo rc e  M u lt ip l ic a  

t i o n  H atio  o f  i t s  more h ig h ly  s e n s i t i v e  shoe a t  f  = Q.2 to  t h i s  same 

r a t i o  a t  f  = 0 .6 .  Vi hen expressed  as a percen tage  the  magnitude o f the 

numbers o b ta in ed  i s  more e a s i l y  comparable. I f  t h i s  q u a n t i ty  i s  

c l i r is ten ed  S t a b i l i t y  F a c to r ,  i t s  d e f i n i t i o n  would be:

—  a t  f  = 0 .2
Brake S t a b i l i t y  F ac to r  = —C-------1----------  x 100

fP
a t  f  = 0 .6

For th e  v a r io u s  brake types  ana lyzed , t h i s  S t a b i l i t y  F ac to r  has the 

fo llow ing  v u lu es .

Bruke Type Brake S t a b i l i t y  F ac to r

S lid in g -B io ck  Anchor ^«75 = 15.1
64*5

  5.02  ( 100)A rt ic u la te d -u in k  A n ch o r   -  9*3
(Forward Shoe) 54«0

Pin-Anchor
(Forward Shoe) 88 .2

Dual-Primary Brake

4.47 (loo) _ 5#1

6 .00  ( 100 ) _  ^  5 
134.6

Annular Disc Brake CltyD = 2 .8
428

Duo-Servo Brake 9 .3d (l.QQl = 2 .51HSL
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The Brake S t a b i l i t y  f a c t o r  would in d ic a te  a high degree o f sup­

e r i o r i t y  in  t h i s  r e s p e c t  l o r  the  s i id in g -b lo c k  anchored shoe w ith  the 

bxock ang le  a t  90°• The ro rc e  .m u l t ip l ic a t io n  h a t io  o f t h i s  type o f 

brake i s  no t too  h igh, out i t s  s u p e r io r  s t a l a x i t y  under v a r ia b le  

f r i c t i o n  o p e ra t io n ,  and th e  a b i l i t y  o f  i t s  shoes to  c e n te r  themselves 

du ring  and a f t e r  shoe " c u r l " ,  snouid make t h i s  a d e s i r a b le  brake type 

f o r  heavy uuty power b ra k e s .  The low r e l a t i v e  value o f t h i s  f a c to r  

f o r  the  huo-Servo brake shows the e f f e c t  o f  compounding shoe a c t io n s .

One f a c t o r  which i s  n o t  adequate ly  brought ou t by the curves of 

f ig u r e  i s  th e  r e l a t i v e  braking  a b i l i t y  o f  the s e v e ra l  brake types 

in  th e  in te rm e d ia te  f r i c t i o n  c o e f f i c i e n t  range. The curves urn c lo se ly  

bunched a t  t h i s  p o in t  w ith  l i t t l e  a c tu a l  d i f f e re n c e  in arum drag fo rc e .  

However, the  num erical v a lu es  a re  a l l  so low th a t  a s l i g h t  num erical 

d i f f e r e n c e  can r e p re s e n t  an a p p rec iab le  d i f f e r e n c e  in  r e l a t i v e  braking 

a b i l i t y ,  f o r  in s ta n c e ,  a t  1' = G.35» the drum drag fo rce  of the forward 

and re v e rse  shoe, p in-anchored  o r l ink -anchored  brake i s  seven teen , 

w hile  t i in t  o f  th e  fu o -fe rv o  brake i s  t h i r t y  two. 'In is  i s  a d i f f e re n c e  

num erica lly  o f only  f i f t e e n ,  but i t  makes th e  brake a b i l i t y  o f  the  Duo- 

bervo brake l .o o  times as  g r e a t  as t h a t  o f  the  pin or l in k  anchored 

brake. This f a c t  i s  the main reason f o r  the  use of tiie i/uo-f-ervo brake 

on our h e a v ie r  passenger c a r s  anu on s ig h t  t ru c k s ,  r a th e r  than  the more 

s ta b le  p in  o r  l in k  anchored brake types.

In  th e  p reced ing  a n a ly s is  tiie width o f  the l i n in g  on a shoe brake 

was re p re s e n te d  by the  symbol "b". I t  en te red  tiie equa tions  a t  v a r­

ious  p o in t s ,  b u t  in  every  case was can ce lled  from the r e l a t i o n s  before 

any s i g n i f i c a n t  r e s u l t  was o b ta in ed .  L ining width on a shoe brake has



no e f f e c t  on ro rc e  M u lt ip l ie r . t io n  r a t i o ,  Anchor ro rc e ,  nrag r o rc e ,  

o r  r a d i a l  r o r c e .  I t s  importance l i e s  in  i t s  e f f e c t  on l in in g  u rea ,  

l i n i n g  to  arum p re s s u re ,  ana l i n i n g  wear. V.’i t h i n  l i m i t s  s e t  by drum 

and shoe d i s t o r t i o n ,  an in c re a se  in  l in in g  winth w iix reauce the  wear 

r a t e  o f  the l i n in g  l o r  a given amount o f  s e rv ic e .
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BRAKE 10RCE blblhlBUTION

F r ic t io n  brakes a c t in g  on drums a ttached  to  the wheel hubs can 

r e s i s t  ro ta t io n  of the wheel3, and, i f  they have s u f f i c i e n t  braking 

a b i l i t y ,  can a c tu a l ly  stop the V7heels from r o l l in g  and cause them to  

s l id e  u n t i l  the veh ic le  i s  brought to  u h a l t .  The f r i c t i o n a l  force be­

tween the wheel and the road surface a c tu a l ly  stops the v e h ic le ,  and 

the optimum in  stopping a b i l i t y  can oe obtained only by proper d i s t r i ­

bution of braking torque among the weight carry ing  wheels of the 

v eh ic le .

The maximum amount o f  b rak ing  fo rc e  which can be developed between 

a wheel and the  road su rfa c e  over which i t  t r a v e l s  i s  a fu n c t io n  o f the  

a c tu a l  fo rc e  which th a t  wheel e x e r t s  normal to  the  road su r fa c e ,  and 

th e  c o e f f i c i e n t  o f f r i c t i o n  which can be developed between wheel su r­

face  and road su r fa c e .  I i  a r o l l i n g  wheel i s  su b jec te d  to a g rad u a lly  

in c re a s in g  braking  to rque  i t  develops a r e t a rd in g  fo rc e  a t  the  road 

su rfa c e  which in c re a se s  l i n e a r l y  w ith  b rak ing  to rque up to  a maximum 

p o in t  and then  drops to  a lower v a lue .  The maximum r e ta r d in g  fo rc e  

occurs  j u s t  be fo re  th e  wheel begins to  s l i p  over the  road s u r fa c e ,  and 

the  c o e f f i c i e n t  o f  f r i c t i o n  between wheel su rface  and road su rfa c e  f o r  

t i i i s  c o n d i t io n  i s  c a l le d  th e  c o e f f i c i e n t  o f  f r i c t i o n  a t  impending s l i p ,  

o r  the  impending s l i p  c o e f f i c i e n t .  The c o e f f i c i e n t  o f  f r i c t i o n  computed 

from the r e t a r d in g  fo rc e  produced when the wheel a c tu a l ly  s l i d e s  over 

th e  road su rfa c e  i s  c a l l e d  th e  s l id in g  c o e f f i c i e n t  o f  f r i c t i o n .

4
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The num erical r e l a t i o n  which e x i s t s  between the  impending s l i p  

c o e f f i c i e n t  anu the  s l i d i n g  c o e f f i c i e n t  i s  no t r i g i d l y  f ix e d .  The r e ­

ta rd in g  fo rc e  which can be developed between a wheel and a road su rface  

has been the  s u b je c t  o f in v e s t i g a t io n  by many p a r t i e s ,  working w ith  

methods and c o n d i t io n s  n o t  always com patible w ith  one an o th e r .  The 

p u b lished  d a ta  i s  voluminous, and must be c a r e f u l ly  so r te d  to  o b ta in  

a l a i r  degree o f agreement on methods and r e s u l t s .  The c o e f f i c i e n t  of 

f r i c t i o n  a t  impending s l i p  f o r  a pneumatic rubber t i r e  w ith  good non- 

sk id  t r e a d  o p e ra t in g  over a dry  concre te  road su rface  v a r ie s  with the 

smoothness and c o n t in u i ty  o f  th e  road s u r fa c e .  I t  can be e a s i ly  made 

g r e a te r  th an  one on an open porous su rfa c e  in to  which the  t re a d  rubber 

can p e n e t r a te .  A good average va lue  f o r  a dense smooth concre te  or 

macadam su rfa c e  i s  0 .8  f o r  the impending s l i p  c o e f f i c i e n t .

When a rubber  t i r e  i s  forced to  s l i d e  over a road s u r fa c e ,  the 

r e s u l t i n g  c o e f f i c i e n t  o f  f r i c t i o n  i s  a fu n c t io n  mainly o f  the  presence 

o r ubsence o f any m a te r ia l  which could form a lu b r i c a t in g  f ilm  between 

the  t i r e  and the  road . Wnen the m a te r ia l  over which the  t i r e  i s  s l id in g  

i s  an unbound g ra n u la r  m a te r ia l ,  then th e  a c tu a l  shear  s t r e n g th  o f the 

road m a te r ia l  i s  th e  l im i t in g  f a c to r  f o r  both the  s l i d in g  and impending 

s l i p  c o e f f i c i e n t s  o f  f r i c t i o n .  On h ig h -s h e a r - s t re n g th  road s u r fa c e s ,  

and in  the  absence o f  a l u b r i c a t in g  f i lm  the  r a t i o  o f

s l i d i n g  c o e f f i c i e n t  o f  f r i c t i o n  
impending s l i p  c o e f f i c i e n t  o f f r i c t i o n

has an average vuiue  o f  0 .9  f o r  h igh f r i c t i o n  su r fa c e s ,  and 0 .5  fo r

low f r i c t i o n  s u r fa c e s .  The t r a n s i t i o n  zone between th ese  two va lues  i s

n o t c l e a r l y  d e f in e d ,  b u t  a f a i r  approxim ation i s  to  apply the  0 .9  value
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t o  s u rfa c e s  w ith  f  = 0 .7  o r  more, and the  0 .5  va lue  to  su r fa c e s  w ith  

f  = 0 .6  o r  l e s s .

I f  th e  maximum brak ing  fo rc e  which a wheel can develop occurs  a t  

impending s l i p  o f  th e  wheel, then  the  maximum brak ing  fo rc e  f o r  the  

whole v e h ic le  i s  developed when every  wheel which c a r r i e s  some o f  th e  

w eight o f  th e  v e h ic le  i s  b rought s im u ltaneous ly  t o  impending s l i p ( 2 1 ) .  

To accom plish t h i s  r e q u i re s  t h a t  th e  b rak ing  fo rc e  on the drums a t ­

tached  to  th ese  wheels must be c a r e f u l ly  p ro p o rtio n ed  accord ing  to  the  

weight being c a r r ie d  on each p a r t i c u l a r  wheel. I i  the  d i s t r i b u t i o n  o f 

b rak in g  to rque  a t  th e  drums i s  any th ing  o th e r  than  t h i s ,  then  the  max­

imum brak ing  fo rc e  w i l i  no t be developed and the  bruking a b i l i t y  o f 

the  v e h ic le  w i l l  be reduced to  some value below i t s  maximum l e v e l .

The d i s t r i b u t i o n  o f  a v e h i c l e ' s  weight among i t s  s e v e ra l  wheels 

i s  no t a c o n s ta n t  q u a n t i ty ,  even i f  the  p o s i t io n s  o f  v e h ic le  components 

and passengers  remain f ix e d ,  bu t v a r ie s  w ith  the a c c e le r a t io n  o f 

g r a v i ty  fo rc e s  to  wliioh th e  v e h ic le  i s  su b je c te d .  Thus th e  in c l i n a t io n  

o f  th e  road s u r f a c e ,  and th e  d e c e le r a t io n  o f  the  v e h ic le  produced by 

the  brukes, causes th e  w eight d i s t r i b u t i o n  p a t t e r n  to  change from the  

p a t t e r n  produced when the  v e h ic le  i s  a t  a s t a n d s t i l l  on l e v e l  road. 

F o r tu n a te ly  the  magnitude o f  the  w eight s h i f t  which occurs during  

brak ing  can be a c c u ra te ly  p re d ic te d ,  and th e  e f f e c t  o f  v a r io u s  braking 

to rque d i s t r i b u t i o n  p a t t e r n s  on th e  s topp ing  a b i l i t y  o f  the  v e h ic le  

determ ined (22).

A very good way o f  showing th e  e f f e c t  o f  b rak ing  to rque d i s t r i ­

bu tion  on v e h ic le  s topp ing  a b i l i t y  i s  to  determ ine the  magnitude o f 

th e  q u a n t i ty  "R e la t iv e  Braking E f fe c t iv e n e s s " ,  which i s  def in ed  as the
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r a t i o  o f  the  a c tu a l  b rak ing  fo rc e  developed a t  the wheel to  road s u r ­

f a c e ,  to  th e  b raking  fo rc e  which would be developed i f  a l l  wheels were 

b rought s im u ltan eo u s ly  to  impending s l i p .  The l a t t e r  q u a n t i ty  i s  

equa l to  fu cos 9 , where f  i3  th e  t i r e  to  road c o e f f i c i e n t  o f  f r i c t i o n  

a t  impending s l i p ,  W i s  the  w eigh t o f  the v e h ic le ,  anu 9 i s  the  ungle 

which th e  road su rfa c e  makes w ith  a l e v e l  s u r fa c e .  The q u a n t i ty  

?<' cos 9 i s  a c t u a l l y  th e  component o f  the  g r a v i ty  fo rce  on the  v e h ic le  

which a c t s  p e rp e n d ic u la r  to  th e  road s u r fa c e ,  and i s  p ro p e r ly  known as 

th e  Adhesive Vi e i g h t , s in c e  i t  i s  t h i s  fo rce  v/hich h e lp s  the  v e h ic le  to  

adhere to  the  road s u r fa c e .

I f  the  a c tu u l  b rak ing  fo rc e  wiiich can be produced by the wheels of 

a v e h ic le  i s  Known or' can be computed, and i s  then compared w ith  

fW cos 9 ,  th e  R e la t iv e  Braking E f fe c t iv e n e ss  o f the  combination i s  ob­

ta in e d .  R e la t iv e  Bruking K ife c t iv e n e ss  i s  most conven ien tly  expressed 

as  n p e rcen tag e .

The v e l i ic le  f a c to r s  most a c t iv e ly  a f f e c t i n g  the R e la t iv e  Braking 

E f fe c t iv e n e s s  a re  the  f r i c t i o n  c o e f f i c i e n t ,  the  fo re  and a f t  weight 

d i s t r i b u t i o n  o f th e  v e s i c l e ,  th e  s ide  to  s id e  brake drum to rque  d i s t r i ­

b u tio n .  The s id e  to  3ide w eight d i s t r i b u t i o n  o f  our v e h ic le s  under 

s t a t i c  c o n d i t io n s ,  and a l s o  when the  v e h ic le  i s  su b jec te d  to  fo rc e s  

p a r a l l e l  to  i t s  fo re  and a f t  a x i s ,  i s  u s u a l ly  uniform . In  o rd e r  to  ob­

t a i n  a minimum tendency toward d e v ia t io n  und r o ta t i o n  during  braking , 

th e  s id e  to  s id e  brake drum to rq u e  d i s t r i b u t i o n  should fo llow  the  s ide  

to  s id e  w eight d i s t r i b u t i o n .  Adopting even p ro p o rt io n in g  fo r  s ide  to  

s id e  d i s t r i b u t i o n  o f  bo th  w eight and brake drum torque ieave3 us w ith 

th re e  q u a n t i t i e s  a s  th e  de te rm in ing  v a r i a b le s  f o r  R e la t iv e  Braking
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E ffe c t iv e n e s s ,  nam ely, c o e f f i c i e n t  o f  t i r e  to  road f r i c t i o n ,  or f ,  

fo r e  and a f t  w eight d is t r ib u t io n ,  or m, and fo r e  anu a f t  brake drum 

torque d is t r ib u t io n ,  or r .

To s im p l i fy  the  m athem atical m anipu la tion  o f the  eq u a tio n s  r e ­

l a t i n g  th e se  th re e  q u a n t i t i e s ,  the  symbols on F igure 39 a re  used.

The fo re  and a f t  brake drum to rq u e  d i s t r i b u t i o n  can be c o n tro l le d  

by the  d e s ig n e r  by u s in g  d i f f e r e n t  h y d rau lic  p is to n  s i z e s .  The q u a n t i ty  

r ,  d e f in ed  on F igure  39 as th e  decim al o f  the  t o t a l  brake drum torque 

produced by the  r o l l i n g  r e a r  wheels, i s  f ix e d  by th e  d e s ig n e r  in  t h i s  

way, and once i t  has been b u i l t  i n to  th e  v e h ic le  i t  cannot be conven­

i e n t l y  changed. With v a ry in g  v e h ic le  loads  and vury ing  f r i c t i o n  coef­

f i c i e n t s  the  chosen ya lue  may no t always be the b e s t  one. Too high a 

va lue  o f  r  w i l l  cause preinhture sk idd ing  o f  the r e a r  wheels, lowering 

th e  R e la t iv e  Braking E f fe c t iv e n e s s ,  while too low a value o f r  w i l l  

cause prem ature sk idd ing  of th e  f r o n t  wheels, aga in  low ering  the  Rel­

a t i v e  Braking E f fe c t iv e n e s s .

The fo llo w in g  a n a ly s is  shows th e  i n t e r - r e l a t i o n  among f ,  m, r ,

P and E. There are s ix  p o s s ib le  bruking c o n d it io n s  which must be max'

in v e s t ig a te d .  They a r e :  (1) r e a r  wheels a t  impending s l i d e ,  w ith  

f r o n t  wheels below impending s l i d e  and c o n tro l le d  by r ;  (2) f r o n t  

wheels a t  impending s l i d e ,  w ith  r e a r  wheels below impending s l i d e  and 

c o n t ro l le d  by r ;  (3) r e a r  wheels s l i d in g ,  f r o n t  wheels a t  impending 

s l i d e ;  (/f) f r o n t  wheels s l i d i n g ,  r e a r  wheels a t  impending s l i d e ;  (5) 

a l l  wheels s l i d in g ;  (6) a l l  wheels a t  impending s l i p .  By u s in g  the 

ske tch  on F igu re  39, and t r e a t i n g  the  v e h ic le  as a f r e e  body, equa­

t io n s  can be w r i t t e n  f o r  th e  summation o f fo rc e s  p a r a l l e l  to  the  road,
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VEHICLE BRAKING FORCES

W = V eh ic le  Weight 
0 = Grade Angle
W cos 0 = Adhesive Weight (Normal Component o f  W)
W s in  0 = Grade Force (T a n g e n t ia l  Component o f W)
x = R atio  o f  L in ea r  V ehic le  A c c e le ra t io n  to  G rav ity  A c c e le ra t io n
Wx = A c c e le ra t io n  Force A cting on V ehic le
Cg = C en ter  o f  G rav ity
H = Height.1 o f  Cg Above Road Surface
L = WheelbaBe o f  V ehic le
m = Decimal o f  Adhesive Weight on Rear Wheels, V ehicle  S tanding  on

Level Road
R = Adhesive Weight on Rear Wheels, S t a t i c  Level Conditions
F = Adhesive Weight on F ron t Wheels, S t a t i c  Level Conditions
m* = Decimal o f  Adhesive Weight on Rear Wheels under Dynamic Conditions
R» = m'W cos Q
F ' = (1 -  m*)W cos 0
f  = C o e f f i c i e n t  o f  F r i c t i o n ,  T ire  to  Road, a t  Impending S l ip  
Pmax “  Maximum Braking Force
E = RELATIVE BRAKING EFFECTIVENESS
r  = Decimal o f  T o ta l  Brake Drum Torque Produced by R o llin g  Rear Wheels 

/A  = R a tio  o f  S l id in g  F r i c t i o n  C o e f f ic ie n t  to  Impending S l ip  F r i c t io n
C o e f f ic ie n t

Figure 39
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summation o f  fo rc e s  p e rp e n d ic u la r  to  th e  road , and summation o f 

moments about th e  f r o n t  wheel road c o n ta c t  p o in t .  These equa tions  

can be m anipulated  to  p rov ide  r e l a t i o n s  l o r  R e la t iv e  Braking K ffec- *• 

t iv e n e s s  (E) and Maximum Braxing fo rc e  (PmQX) in  terms o f  de term inable  

q u a n t i t i e s  and d im ensions.

For th e  f i r s t  case ,  in  v/hich th e  r e a r  wheels are  a t  impending 

s l i d e ,  w ith  th e  f r o n t  wheels below impending s l i d e  and c o n tro l le d  by 

r ,  the  eq u a tio n s  a re  developed as  fo llow s:

Summation o f  Forces P e rp e n d ic u la r  to  Road 

R1 + F 1 = V.’ cos 0 

By D e f in i t io n :  R' = m'V/ cos 9 F 1 = (1 -  m')W cos 9

Rear Vt'neei Braking Force = f  R'

F ron t Y.'heol Braking Rorce i s  r e l a t e d  to the r e a r  wheel brak ing  fo rce  by 

the r  f a c to r  b u i l t  i n to  the  brake r ig g in g ,  which by d e f i n i t i o n  produces 

an r  p o r t io n  o f the t o t a l  b rak ing  fo rce  a t  the r o l l i n g  r e a r  wheels, and 

u 1 -  r  p o r t io n  a t  the r o l l i n g  f r o n t  wheels. The f r o n t  wheel braking

Force w i l l  then be r e l a t e d  to  the  r e a r  wheel b rak ing  fo rce  by the

♦ • 1 -  rr a t i o  --------  .
r

|  _  r t

F ron t Wheel Braking Force = fR* (— ^— )

1 — T* X
Maximum Braking Force P = f R ' ( l  + — ~— ) = fR ' • —max r  r

By d e f i n i t i o n  the R e la t iv e  Braking E f fe c t iv e n e ss  i s  the  r a t i o  of

P to  the  b rak in g  fo rc e  which would be produced w ith  a l l  wheels max

sim u ltan eo u s ly  a t  im p e n d in g 's l ip .
f R '^  _ R1 _ m' 

R e la t iv e  Braking E f fe c t iv e n e s s  =  E  -  -  —
fW cos 0 r " co° u
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The q u a n t i ty  m' must now be ob ta ined  in  terms o f  the  p h y s ica l  

dimensions ol the  v e h ic le .

Summation o f  Forces P a r a l l e l  to  hoad.

0 = Pmax + Ŵ x + s in  0 )

= pmax = "W(x + s in  0)

Summation o f  Moments about F ron t Wheel Contact 

0 — li11. — HW(x + s in  0) = mLV/ cos 0 

By s u b s t i t u t i o n :

0 = ra'LW cos 0 + H • Pmax -  JnLff cos 0 *

rDivide by LW cos 0, and s u b s t i t u t e  P_nv = — • ra'W cos 0mciA p

0 = m' + m1—  • — -  ra 
L r

mt ( i  + i  . £ii) = m 
r  L

i _  mr m1 = —
r + f*

L

T ilo n :  P miut =  “  ‘ » ' W c o s  8  =  f l” '7 COi; 8  K =  — —
r  + f— r + f it  r  + f*
, 1 *  L L

The second s e t  o f  c o n d i t io n s ,  w ith  f r o n t  wheels a t  impending 

s l i p  and r e a r s  c o n t ro l le d  by r ,  cun be solved in  the  3arae way and w i l l  

produce a s im i la r  s e t  o f  e q u a t io n s .  The t h i r d  co n d i t io n ,  w ith  r e a r  

wheels s l i d i n g  and f r o n t  wheels a t  impending s l i p ,  must be handled in

a s l i g h t l y  d i f f e r e n t  manner.

go-t/U = s l id in g  c o e f f i c i e n t  o f  f r i c t i o n _____
• impending s l i p  c o e f f i c i e n t  o f  f r i c t i o n

The Rear Y/heel Braking Force i s  now^itfR1 and th e Front Y/heel Braking 

fo rce  i s  fF 1.

Pmax V * * 1* + f F '
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The Summation o f  Moments eq u a tio n  i s :

0 = R’L -  HW (x + s in  0) -  mLW cos 0

0 = m'LW cos 0 + H /*  fm'tf cos 0 + H f ( l  -  m')W cos 0 -  iuLT? cos 0

0 = ra' (1  + /*  f-^ -  f - )  + fH -  m 
jj La L

m -  f li  m -  fji
m' = ________ h_____  = --------------------------

1 - f7 + /“ fr 1 - U- - H- K-
l l  Li Li

Pmax = f  [/*■ m' W cos 0 + (1 -  o')W c°s  0  

= fW cos 0 £ l  -  (1 -  yu )m^J

- 1 -  f— + yu 1— -  m + fii + yu m -  11 fiiP = fV. COS 0 Li ' Li u ' “  Limax

i - ( i - f j . ) r{i

P = 17/ cos 0  ----- ^
1 -  (X -yU)fii

' L

E = 1 -  U  rM)™ 

l  -  ( i  - y ) i f
La

The fo u rth  s e t  o f  c o n d it io n s  i s  tr e a ted  in  a s im ila r  manner and 

produces a s im ila r  but s l i g h t l y  a lte r e d  s e t  o f  r e la t io n s  fo r  Praax and 

S. The f i f t h  s e t  o f  c o n d it io n s , a x l wheexs s x id in g , produces the fo l-  

lovfing r e x a t io n s:

1 = y u fh ' + yU f F 1 = yUfW cos 0(m* + 1 -  m») = yUH7 cos 0

E — Pmax  — 177 cos 0

177 cos 0 ^  cos ®

4
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The s ix th  s e t  o f  c o n d i t io n s ,  w ith  a l l  wheels a t  impending s l i p ,

i s  the  c o n d i t io n  which produces maximum braking  fo rc e .

Pmnv = fR' + i f  = 17/ cos 9 max

K = ^  cos 9 = 1 . 0  
17/ cos 9

The r e s u l t i n g  eq u a tio n s  x'or P and E f o r  a l l  s ix  s e t s  o f  equa-max

tio ris  a re  now p resen ted  in  ?. group fo r  e a s i e r  comparison.
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TABLE III

BRAKING ABILITY RELATIONS

Maximum Braking Force R e la t iv e  Braking A b i l i ty
pmax E

Case 1 . Rear wheels a t  impending s l i p ,  f r o n t  wheels r o l l i n g  and con­

t r o l l e d  by r .

_ 1'mV; cos 0 „ _ mP = ^ v =1 max „ h
r  + i — r  + f—

L L#

Case 2 . F ron t wheels a t  impending s l i p ,  re u r  wheels r o l l i n g  and con­

t r o l l e d  by r .

Pmax = ^  cos 9 — — — ----- E = — ■”-----
1 - r - f -  1 - r - f -

Case 3 . Rear wheels s l i d i n g ,  f r o n t  wheels a t  impending s l i p .

p = r e  =os e  x- ~ - * >  ■ e = 1 -  d  - P
l  -  ( l  -A1 i  -  U -/* ) i f

L G

Case A. F ron t wheels s l i d i n g ,  r e a r  wheels a t  impending s l i p .

p T = re  co s  a E = P  M i  > .
!nax 1 + (1 ->u )± -  l  + ( l - y a ) f f

L L

Case 5 . A l l  wheels s l i d i n g .

i W  = A4™ =°s 8 E = / *

Case 6 . A ll  wheels a t  impending s l i p .

P = fV.' cos 0 E = 1 .0max



II' each in d iv id u a l  brake on a v e h ic le  o p e ra te s  as i t  i s  expected 

to  o p e ra te ,  and th e re  i s  no s idew ise  s h i f t  o f  w eight in  the v e h ic le  

and th e  road su rfa c e  under a l l  wheels i s  uniform , then  the  a c tu a l  

brak ing  c o n d i t io n  produced must f a l l  in to  one o f  the  s ix  cases  a n a l ­

yzed. Yi'hiie the  eq u a tio n s  a re  c o r r e c t  and com plete, i t  i s  d i f f i c u l t  

to  gra3p the  f u l l  s ig n i f ic a n c e  o f  th e  r e l a t i v e  e f f e c t  o f  each v a r ia b le  

on the  b rak ing  perform ance. To b r in g  o u t more c l e a r ly  the  e f f e c t  of 

v a r i a t io n  in  f r i c t i o n  c o e f f i c i e n t  f ,  and v a r i a t io n  in  braking  torque 

d i s t r i b u t i o n  r ,  a num erical s o lu t io n  o f  th ese  equa tions  fo r  a modern 

passenger c a r  i s  p resen ted  in  F igu re  AO.

A modern f iv e  passenger sedan body w ith  i t s  f u l l  complement o f  pas­

sengers  w i l l  have a va lue  o f  m o f  approxim ately  0.55* The c e n te r  o f 

g r a v i ty  w i l l  be approx im ate ly  a t  th e  l e v e l  o f  th e  wheel to p s ,  g iv in g  a

value o f  ii = —30. = 0 .2 5 .  Cases 1 and 2 c re a te  e s e r i e s  o f  s lo p in g  l in e s  
L 120

f o r  d i f f e r e n t  va lues  o f  r .  Cases 3 and A c r e a te  a p a i r  o f  l i n e s  which 

have a d i s c o n t in u i ty  between f  = 0 .6  and f  = 0 .7 ,  due to  the  change in  

the  vulue o f  yti in  t h i s  range o f  f r i c t i o n  c o e f f i c i e n t s .  Case 5 l ik ew ise  

i s  d isco n tin u o u s  aue to  the  change in  fJL . Case 6 i s  the  i d e a l  toward 

which a l l  braking  systems a re  designed .

F igu re  A0 may be used to  in d ic a te  the  d e s i r a b le  choice o f  r  f o r  a 

v e h ic le  o f  t h i s  type . Rear wheel brakes on ly , r  = 1 .0 ,  o r  f r o n t  wheel 

brakes  o n ly , r  = 0 ,  a re  u n d e s ira b le  in  t h a t  they produce a very  low r e l ­

a t i v e  braking e f f e c t iv e n e s s .  With brakes on a i l  lo u r  wheels, a value 

o f r  = 0 .35 (65# f r o n t ,  35# r e a r )  g ives about the  b e s t  d ry-pav ing  brak ing  

e f f e c t iv e n e s s ,  bu t the  e f f e c t iv e n e s s  on the lower c o e f f i c i e n t s  o f  f r i c ­

t io n  i s  no t as  good as  a va lue  o f  r  = 0.A or 0.A5* YTith any normal
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RELATIVE BRAKING EFFECTIVENESS 

OF A FOUR-WHEELED VEHICLE
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Figure 40
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v a lu e  o f r ,  pushing hard enough on th e  brake peda l to  lock  up and 

s l i d e  f r o n t  wheels o r  r e a r  wheels o r  a l l  wheels w i l l  produce a Rela­

t i v e  Braking E f fe c t iv e n e s s  o f  90£ o r  b e t t e r  on d ry  paving. This i s  

s u f f i c i e n t  to  produce r e a l l y  a c c e p ta b le  s topp ing  a b i l i t y .  However, 

lo ck in g  wheels on low f r i c t i o n  c o e f f i c i e n t  paving causes a drop in  

R e la t iv e  Braking E f f e c t iv e n e s s ,  under co n d it io n s  in  which the  low 

f r i c t i o n a l  fo rc e  should be counterbalanced  by a h igh  braking e f f e c t i v e ­

ness  to  produce even a m oderately  s h o r t  s to p .  The des ig n e r  may thus 

choose to  use a va lue  o f  r  in  the  v i c i n i t y  o f  0.4. o r  0.45 r a th e r  than  

0.35> knowing t h a t  c a r e f u l  handling  o f  the brcke peda l on iow f r i c t i o n  

c o e f f i c i e n t  su r fa c e s  can produce high braking e f f e c t iv e n e s s ,  while 

v igorous  pushing o f  th e  peda l can g e t  e q u a lly  high braking  e f f e c t i v e ­

ness  on h igh  f r i c t i o n  c o e f f i c i e n t  su rfa c e s  by lo ck in g  and s l i d in g  the  

wheel3. Once chosen and b u i l t  in to  the  brake r ig g in g  the  vaiue of r  

cannot e a s i l y  be changed, and th e  d e s ig n e r  must use  h is  judgment to  

o b ta in  the  b e s t  o v e r a l l  performance o f  which the braking  system i s  

capab le .  T y p ica l  passenger c a r  va lu es  f o r  r  vary from 0.39 to  0.45*

The e f f e c t  o f  m i s  n o t d i r e c t l y  shown by F igure  40. An in c re a se  in  

th e  va lue  o f  m p u ts  more w eight on th e  r e a r  wheels and l e s s  on the 

f r o n t ,  and to  m ain ta in  th e  sume r e l a t i v e  b raking  e f f e c t iv e n e s s  as  shovm 

on F igure  40 , r  should be changed in  about the  same p ro p o rtio n  as  m.

The e f f e c t  o f  m on th e  R e la t iv e  btopping d is ta n c e  o f  a ca r  w ith 

v a r io u s  com binations o f  s l i d in g  and f r e e ly  r o l l i n g  wheels was i n v e s t i ­

ga ted  on models by th e  N u tiona l P h y s ic a l  Laboratory  (23). The r e s u l t s  

o f  t h e i r  work a r e  shown on F igure  41, w ith  a s c a le  o f  R e la t iv e  Braking 

E f fe c t iv e n e s s  added. This f ig u re  shows very  e f f e c t iv e ly  the  value  of
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having brakes on a l l  w eight c a r ry in g  wheels, and o f  p u t t in g  th e  brakes 

on those  wheels c a r ry in g  th e  most weight i f  n o t  a l l  wheels a re  to  be 

braked. The s h i f t  o f  w eight from r e a r  wheels to  f r o n t  wheels under the  

impetus o f  b rak in g  d e c e le r a t io n  makes the  f r o n t  wheels more e f f e c t i v e  

than  th e  r e a r s  in  a i l  cases  excep t where th e  weight i s  predom inantly  

on th e  r e a r s .  The s u p e r io r i ty  o f  Case 3 ( f r o n t  wheels locked, r e a r s  

r o l l i n g )  over Case 2 ( r e a r  wheels locked , f ro n t s  r o l l i n g )  up to  a 

vaxue o f  m = 0 .6  i n d ic a te s  t h i s .  The s u p e r io r i ty  o f Case 6 (one r e a r  

and Doth f r o n t  wheels locked , one r e a r  r o l l in g )  over Case 5 (one f r o n t  

and both real- wheels locked , one f r o n t  r o l l i n g  up to  n va lue  o f m = 0.6o 

a l s o  shows t h i s .

V aluable in fo rm a tio n  on the  h e la t iv e  Tendency toward D eviation 

and n o ta t io n  o f a braked v e h ic le  as  a f f e c te d  d i r e c t l y  by in was ob ta ined  

from t h i s  same work, and th e  r e s u l t s  a re  shown on f ig u re  42 . Once 

aga in  th e  s u p e r io r i ty  o f  b rakes  on a l l  wheels i s  ap p aren t.  Also 

c l e a r ly  shown i s  the  n o t ic e a b ly  g r e a te r  d e v ia t io n  and r o ta t i o n  which 

a re  produced whenever the  r e a r  wheels a re  caused to  s l i d e ,  as in  

Cases 2 and ana to  a l e s s e r  e x te n t  Case U- A s l id in g  o r  skidding  

wheel has no d i r e c t i o n a l  sense , and w i l l  s l i d e  in  one d i r e c t io n  as 

e a s i l y  as an o th e r .  A r o l l i n g  wheel w i l l  develop a Cornering Force, or 

r e s i s t a n c e  to  motion p e rp en d icu la r  t o  i t s  p lane o f  r o t a t i o n ,  i f  any 

e f f o r t  i s  made to  move i t  i n  a d i r e c t io n  o th e r  than p a r a l l e l  to  i t s  

p iane  o f r o t a t i o n .  F o i l in g  r e a r  wheels w i l l  r e s i s t  d e v ia t io n  o f  the 

v e h ic le  from a s t r a i g h t  p a th ,  e i t h e r  by sk idding  sidew ise  or by r o ta ­

t in g  about a v e r t i c a l  a x is  tlirough the  c e n te r  o f  g ra v i ty .  S l id in g  

r e a r  wheels g en era te  no more r e s i s ta n c e  to  e i t h e r  d e v ia t io n  o r  r o t a -
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RELATIVE DEVIATION AND ROTATION
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t i o n  than  they  do to  motion s t r a i g h t  ahead, and a sk id  once s t a r t e d  

becomes p ro g re s s iv e ly  worse. A d d it io n a l  in fo rm ation  p resen ted  here wns 

o b ta in ed  by b rak ing  v a r io u s  wheel combinations o f t ru c k s  opera ted  on 

the  i c e  su r fa c e  o f a f ro zen  W isconsin lake  j u s t  r e c e n t ly  (24 ).  The 

evidence a g a in s t  sk idd ing  r e a r  v h e e is  i s  so conclusive  t h a t  any brake 

fo rc e  d i s t r i b u t i o n  p a t t e r n  which wouxd lead  to  rep ea ted  lock ing  o f the 

r e a r  wheels should be cons ide red  very c a r e f u l ly  before  being adopted.



STOPPING DISTANCE

According to  nomenclature adopted by u te c h n ic a l  committee o f the 

S o c ie ty  o f Automotive Engineers th e  Stopping Time o r  Stopping D istance 

i s  the  time e lap sed  o r  d is ta n c e  t r a v e l l e d  betv/een the  i n s t a n t  o r  p o in t  

a t  which th e  d r iv e r  has an o p p o r tu n ity  to  perce ive  a demand fo r  braking 

and th e  i n s t a n t  o r  p o in t  a t  which the  v e h ic le  comes to  r e s t .  Tnis time 

o r  d is ta n c e  i s  then se p a ra te d  in to  severex component p a r t s ,  the D river 

P e rc e p tio n - i ie a c t io n  Time o r  D is tance , ana the V ehicle Stopping Time or 

D is tance . The l a t t e r  q u a n t i ty  i s  composed of the Drake System Applica­

t io n  Time o r  D istunce and th e  b rak ing  'lime or D is tance .

A simple equation  which w i l l  give w ith  a f a i r  degree o f accuracy 

the s to p p in g  D istance o f  a braked automotive v e h ic le  i s  a g re a t  conven­

ience i f  n o t a n e c e s s i ty .  It, i s  p o s s ib le ,  by p ro g re s s iv e  s im p l i f i c a t io n  

unci approxim ation to  produce such a Stopping D istance equation  w ith  an 

o rd e r  o f  accuracy  about the  same as t h a t  with which the var io u s  f a c to r s  

a f f e c t i n g  s topp ing  d is ta n c e  can be determ ined.

The moving v e h ic le  has a c e r t a in  amount o f k in e t i c  energy due1to  

i t s  v e lo c i ty .  This k in e t i c  energy, plus any change in  p o t e n t i a l  energy 

due to  change in  e le v a t io n  during  th e  s to p ,  must be d i s s ip a te d  by the 

brakes and by v e h ic le  lo s s e s  in  b r in g in g  th e  v e h ic le  to  a 3top.

The k i n e t i c  energy o f the  moving v e h ic le  i s  th e  sum of the  t r a n s ­

l a t i o n a l  k in e t i c  energy o f the  whole v e h ic le  and the  r o t a t i o n a l  k in e t i c  

e n e rg ie s  o f th e  wheels and the  en g in e -c lu tc h - t ra n s rn is s io n  assembly.

The l a t t e r  two q u a n t i t i e s  amount to  approxim ately th ree  p e rcen t  and
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th re e  and one h a l f  p e rc e n t  r e s p e c t iv e ly  o f  the  t r a n s l a t i o n a l  k in e t i c  

energy . Luring an emergency s top  th e  brakes  themselves absorb the 

r o t a t i o n a l  k in e t i c  energy o f  the  wheels w ithout any a s s i s ta n c e  from 

th e  b rak ing  fo rc e  a t  the  t i r e  road c o n ta c t  su r fa c e .  The r o t a t i o n a l  

k in e t i c  energy of the  e n g in e -c iu te h - t ra n sm is s io n  assembly i 3 e i t h e r  

absorbed by th e  d r iv in g -w h ee l  b rak es ,  or i f  the c lu tc h  i s  re le a se d  the 

energy i s  d i s s ip a te d  in  overcoming i n t e r n a l  f r i c t i o n .  This leav es  the 

b rak in g  fo rc e s  a t  th e  t i r e - r o a d  su rfa c e  only the t r a n s l a t i o n a l  k in e t ic  

energy o f  th e  v e h ic le  to  overcome.

o r  u s in g  speed in  u n i t s  o f  m iles  per  hour, d e s ig n a te d  by the  symbol M:

In  a d d i t io n  to  the  t i r e - r o a d  bruking fo rc e ,  the  motion o f the  

v e h ic lo  w i l l  a l s o  be decreased  by t i r e  r o l l i n g  r e s i s t a n c e ,  wheel b ea r­

ing  l o s s e s ,  and v e h ic le  wind r e s i s t a n c e ,  l i  the  b rakes  ore  app lied  

hard enough to  lock  up and s l id e  the  wheels, the  t i r e  r o l l i n g  r e s i s ­

tan ce  and wheel bearing  lo s s e s  d isap p e ar  com plete ly . I f  the  wheels 

con tinue  to  r o l l ,  then  the  magnitude o f  th e se  two f a c to r s  in  comparison 

w ith  the  braking  fo rc e  must be in v e s t ig a te d .

Measurements o f  t i r e  r o l l i n g  r e s i s ta n c e  and wheel bearing  lo s s  on 

good smooth road produce f ig u r e s  vary ing  from 0.012 V/ cos 0 to  0.015 

\'l cos Q.

V/ind r e s i s ta n c e  o f  th e  v e h ic le  i s  approxim ately  0. fo r  our 

p r e s e n t  passenger c a r s .

T r a n s la t io n a l  K in e tic  Energy = fjj- mv^

2.15  =
2 2(32 .2 )  30



I i  the d is ta n c e  in  f e e t  which the v e h ic le  t r a v e ls  to  a stop  

during brake a p p l ic a t io n  i s  d es ignated  by S then the energy d i s s i p ­

ated  i s  as fo l lo w s:

D iss ip a ted  Energy = 8 QifW cos 0 + V-. s in  9 + .015V< cos 9 + ^(.O^M2 !̂

The f i r s t  term, fcfiV cos 9 , i s  the braking force  produced a t  the road 

su r fa c e .  The second term, V.‘ s in  9 ,  i s  the grude fo rce  due to  an in ­

crease  in  p o t e n t ia l  energy as the v e h ic le  moves up a grade, i i  the 

v e h ic le  goes down h i l l  during a s to p ,  s in  0 i s  n egative  and the d i s s ip ­

ated energy i s  decreased . Tne th ird  term, .015 v; cos 9 i s  the t i r e
\  2

r o l l i n g  r e s i s ta n c e  and wheel bearing fo r c e .  Tne fou rth  term, —(.04.7. ) 

i s  the u is tan ce-averaged  winu r e s i s ta n c e  fo rce  du rinb the stop .
y , \ i 2

Tne energy to be d is s ip a te d  i s  _!  . by equating th ese  two quan-
30

t i t i e s ,  t.lie r e l a t i v e  magnitudes o f  the fa c to r s  involved can be d e ter ­

mined:

C l  2*1 yrf2
EfW cos 9 + V. s in  9 + .015 V< cos 9 + -r(.04;.l ) = l_*i—

J J 30

The magnitude o f  Ef w i l l  be from a minimum o f  ten to  a maximum of  

seventy  times as g rea t  as the c o e f f i c i e n t  .015 o f  the th ird  term. I f  

t h i s  term i s  not removed com plete ly  oy lock in g  and s l id in g  the w heels,  

i t  can be n eg lected  w ithout g r e a t ly  damaging the accuracy o f  the 

equation .

Tne wina r e s i s ta n c e  term must in  some way be removed from the  

equation  i f  i t  i s  to  be app rec iab ly  s im p l i f ie d .  T ests  fo r  f r i c t i o n  co­

e f f i c i e n t s  between a s l id in g  t i r e  and the road have rep eated ly  shown 

th a t  the f r i c t i o n  c o e f f i c i e n t  d ecreases  as r e la t iv e  t ir e -r o a d  speed in ­
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c r e a se s  (2 5 ) .  The magnitude o f  the decreases  in  Braking fo r c e  aue to  

t h i s  crop in  1 v?ith speed v / i l i  be approximatexy the same f s the mag­

n itude  o f  tne in c r ea se  in  i ( . 0 4 f l 2 ) w ith  speed. I: the low speed value  

o f  f  i s  usea in  stopp ing  d is ta n c e  c a lc u la t io n s  fo r  a l l  speeds, the  

error  in  f  w i l l  be j u s t  ubout counteracted  by the om ission o f  the -.vir.u 

r e s i s t a n c e  term. I i  th e se  approxim ations are allowed the equation be­

comes:

S (Ef7/ cos 0 + W s in  9) —

M

30
2

30(Ef cos 6 + s in  9) 

f o r  the grades encountereu in  highv/ay work cos 9 i s  p r a c t i c a l ly  equal 

to 1 .0 ,  and s in  9 -  tan 9 . S in ce  the d e f i n i t i o n  o f decimal tirade G 

i s  the tangent o f  the grade angle  9 , the equation can be w r itten  in  

f i n a l  form.

S i  M?----
3 0 (f; f  + g)

Tnis g iv e s  the braking d is ta n c e  in  f e e t  a f t e r  maximum brake a p p l ic a t io n ,  

us a fu n c t io n  o f  i n i t i a l  speed M, decimal grade G, t i r e  to  road f r i c t i o n  

c o e f f i c i e n t  f ,  and R e la t iv e  braking E f fe c t iv e n e s s  E. I t  i s  adm ittedly  

an approximate eq u ation , but i t s  oruer o f  accuracy should be as good 

as the a b i l i t y  o f  an observer to  determine f  and E.

Various a u t h o r i t ie s  have re le a sed  em p ir ica l bruking d is ta n ce  equa­

t io n s .  One, by the Bureau o f  Stundards, bused upon many t e s t s  o f  ac tu a l
m 2

car braking performance i s  S = —  fo r  braking on l e v e l  dry paving.
22

Compared w ith  the equation j u s t  presented t h i s  means th at 22 = 30(Ef + 0),
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n2I i  f  i s  taken as 0 .6  f o r  dry paving operation  then E = -------=—  =

.6  • 30

—  = 0 .9 1 7 .  Peference to  Figure 39 shov.s th at t h i s  value o f  F a t  
24

f  = U.6 can be a t t a in e a  e a s i l y  by severu i combinations o f  brake a c t io n .  

V it'n c a r e fu l  ch o ice  o f  t, and f ,  t h i s  equation should g ive a quick, 

easy , anu reasonab ly  accurate  in d ic a t io n  o f  the stopping id s ta n ce  a f ­

te r  brake a p p l ic a t io n .

Tne human body uoes not respond immediately when i t s  eyes per­

c e iv e  some emergency req u ir in g  a c t io n .  There i s  a .noasuroble la g  be­

tween the p ercep tion  o f  a c o n u it io n  requiring brake a p p lic a t io n  and 

tne a c tu a l  a p p l ic a t io n  o: the brakes uy the d r iv e r ' s  l o o t .  Tnis 

p er iod , known us the P erception-i e a c t io n  'iime, or u su a lly  j u s t  he­

a d  Lon Time, v a r ie s  from person to  person, and even with a given in ­

d iv id u a l  i t  v a r ie s  wiuoly with, p h y s ica l  co n d it io n  with such fa c to r s  as 

f a t ig u e ,  in t o x ic u t io n ,  in a t t e n t io n ,  e t c . ,  in c r ea s in g  trie rea c t io n  time 

app rec iab ly  above i t s  normal v a iu c . ‘isny s e r ie s  o f  t e s t s  lmve shown 

th at the o v e r a l l  average r ea c t io n  time lo r  a d u lt  d r iv ers  i s  0 .75  sec ­

onds. This means th a t  i t  takes trie average d r iv er  th ree-q u arters  o f  

a second to  begin applying; the brakes a f t e r  he see s  a con d it ion  re ­

q u ir in g  brake a p p l ic a t io n .

During the r e a c t io n  time the v e h ic le  i s  proceeding with un­

checked speed, r a p id ly  d ecreas ing  the d is ta n ce  betv/een i t  and trou b le .  

Based on an average rea c t io n  time o f  th ree -q u arters  o f  a second, the 

r e a c t io n  d is ta n ce  i s  as fo l lo w s :

A



Reaction D istance  = 0 .75  ( 1 . 467?*!) = 1.1M f e e t .  

The complete Stopping j i s tn n c e  equation i s  then:

,2
Stopping D istance 5 = l.JL\! + ^

3 0 (Ef + G)

To i l l u s t r a t e  tne r e l a t i v e  magnitudes o f  Stopping D istance ,  

Braking D is tan ce , and R eaction D istance  fo r  a t y p ic a l  passenger car 

w ith m = 0 .5 5 ,  ~  = 0 .2 5 ,  ana r = 0.4., on l e v e l  paving (1‘ = O.b) andii
on l e v e l  ic e  w ith  chains ( f  = 0 .2 )  the Table IV i s  presented .

TABLK IV

STUPPlIiG DISTANCE AS AFRL'CTrD BY SPEED

I n i t i a l  Speed M 10 20 40 60 oO 100

Level Dry Paving 

R eaction D istance 11 22 44 66 8b 110

Braking D istance /*.o l o .2 73 164 291 454
Stopping D istance 1 5 .6 4 0 .2 117 230 379 564

Level Ice  w ith  Ci’.ains  

Reuction D istance  11 22 44 66 be n o
Braking D istance 2 0 .3 81 324 730 129B 2025
Etoppin D istance 31 .3 103 36b 796 1366 2135

The Stopping D istance  in t h i s  ta b le  i s  the c le a r  s ig h t  d is ta n ce  

which a d r iv er  should m aintain ahead o f  h is  v e h ic le  a t  a l l  tim es i f  he 

exp ects  to  be ab le  to  s top  before  h i t t in g  in  o b s ta c le  in  h is  path. At 

low speeds on c lean  dry paving the Reaction D istance i s  the major part  

o f  the t o t a l  Stopping D istance req u ired . The v e h ic le  aesign or  can do 

l i t t l e  about r e a c t io n  time except to  provide the d r iv er  with good 

v i s i b i l i t y ,  com fortable s e a t in g ,  convenient brake pedal lo c a t io n ,  and
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an adequate  supply o f f r e s h  a i r  a t  the proper tem pera tu re . These 

th in g s  w i l l  help  to  keep th e  d r iv e r  a l e r t  and awake and to  ward o f f  

f a t ig u e ,  thus  he lp in g  the  d r iv e r  to  d isp la y  the  low est r e a c t io n  time 

o f  which he i s  p h y s ic a l ly  capab le .

The Braking D istance  i s  more s u s c e p t ib le  to  co n tro l  by the de­

s ig n e r ,  who should provide a braking system which produces adequate 

braking e f f e c t i v e n e s s ,  rapid respon se , l i g h t  pedal op era tion , and proper 

fo r c e  d i s t r ib u t io n .  When in  proper operating  con d it ion  our present  

braking systems do a good job  o f  t h i s ,  w ith  90 to  100;' R e la t iv e  Broking 

E ffe c t iv e n e s s  being normal performance.

i



BRAKI1IG Ti'ITH THE ENGUIE

The s e rv ic e  brakes  on a v e h ic le  a re  designed w ith  the  in te n t io n  of 

p rov id ing  s u f f i c i e n t  b rak ing  a b i l i t y  to  produce an emergency s to p . 

Emergency s to p s  on a p ro p e r ly  opera ted  v e h ic le  a re  r a r e ,  but brake ap­

p l i c a t i o n  to  a l e v e l  lower than  t h a t  re q u ired  fo r  on emergency s top  i s  

f re q u e n t .  Any v e h ic le  d r iv e n  a t  o th e r  than  a s n a i l ' s  pace in  t r a f f i c  

r e q u i re s  rep ea ted  brake a p p l ic a t io n s  to  reauce the  v e h ic le  speed to* 

avoid  h i t t in g ,  the  v e h ic le  nheau, o r  to  s top  fo r  t r a f f i c  l i g h t s .  These 

brake a p p l ic a t io n s  a re  u s u a l ly  mild in  n a tu re  and s u f f i c i e n t  time 

e la p se s  between them f o r  th e  drums and l in in g s  to  cool to  normal temp­

e r a tu r e s .  This type o f  brake o p e ra t io n  produces normal vreur on l i n ­

ings  and drums, and u s u a l ly  r e q u i re s  only  in f re q u e n t  replacem ent o f 

th e  brake l i n in g s  to  keep the  brakes in  good o p e ra t in g  c o n d it io n .

In h i l l y  country  n v e h ic le  descending a grade unuergoes a co n tin ­

uous conversion  o f  p o t e n t i a l  energy' i n to  k in e t i c  energy, and u n le ss  

t h i s  source o f  k i n e t i c  energy i s  counterbalanced  by some device which 

conver ts  k in e t i c  energy i n to  hea t energy and d i s s ip a t e s  i t  from the 

v e h ic le  a t  th e  same r a t e  a t  which i t  i s  generated  the  speed o f  the ve­

h ic l e  w i l l  r i s e  to  a dangerous l e v e l  on a long s tee p  grade. The s e r ­

v ice  brakes  can co n v ert  k in e t i c  energy to  h e a t  energy a t  the necessary  

r a t e ,  but t h e i r  h e a t  d i s s ip a t io n  a b i l i t y  i s  low due to  t h e i r  p o s i t io n  

w ith in  the  wheel rim . Long continuous a p p l ic a t io n  o f the  b rakes, o r  r e ­

peated  s h o r t  p e r io d s  o f  a p p l ic a t io n  'without odequate r e s t  per io d s  in  

between w i l l  cause drum tem p era tu re s ,  l i n in g  tem pera tu res , und shoe
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tem p era tu res  to  r i s e  to  ex cessive  l e v e l s ,  lead in g  to  such t ro u b le s  as 

drum c rack in g ,  arum d i s t o r t i o n ,  shoe c u r l  w ith  uneven l in in g  wear, 

b leed in g  o f  the  l i n i n g ,  burning o f  the  l i n in g ,  and a c c e le ra te d  l in in g  

wear.

To avoid ex cess iv e  annoyance and expense in  the  maintenance o f 

s e rv ic e  b rakes, i t  would be d e s i r a b le  to  have some o th e r  l e s s  t ro u b le ­

some means o f d i s s i p a t i n g  th e  h e a t  energy a r i s in g  from descending a 

g rade. The engine which powers th e  v e h ic le  o f f e r s  to  a l im ited  degree 

a means o f  d i s s ip a t in g  t h i s  energy. The engine has a f a i r  nmount of 

i n t e r n a l  f r i c t i o n a l  lo s s  when opera ted  a t  medium o r  high speeds which 

i s  converted  in to  h e a t  energy and d i s s ip a te d  by the  e n g in e 's  r e g u la r  

coo ling  system, during  d r iv in g  o p e ra t io n ,  enough power i s  produced in  

the c y l in d e r s  to  meet the  f r i c t i o n  lo s s e s  anu have enough l e f t  over to  

produce u s e fu l  power. When the  t l i r o t t l e  o f  a quan tity -governed  gaso­

l i n e  engine i s  c lo se d ,  very l i t t l e  power i s  ueveloped in  th e  c y l in d e r s ,  

and the  engine slows down u n t i l  power p roduc tion  matches power demand.

The f r i c t i o n a l  lo s s e s  in  an engine come from many d i f f e r e n t  sources ,

such as  bea r in g  f r i c t i o n ,  p is to n  r in g  f r i c t i o n ,  p i s to n  s k i r t  f r i c t i o n ,

camshaft f r i c t i o n ,  v a lv e  t r a i n  f r i c t i o n ,  o i l  pump drag , w ater pump drag,

g e n e ra to r  d rag , fan  d rag , i n t e r n a l  windage, e t c .  Some o f  these  items

a re  s u b s t a n t i a l l y  independent o f  engine speed, some vary w ith  engine

speed r a i s e d  to  the  f i r s t  power, some w ith  engine speed to  the second

power. The sum o f  e l l  o f  th ese  q u a n t i t i e s  can be rep re sen ted  by a th ree

0 1 2term equa tion  o f  the  type AN + BN + CN , where N i s  engine speed in  

r e v o lu t io n s  per  m inute, and A, B, and C a re  em p ir ica l  co n s ta n ts .



For our p r e s e n t  day passenger c a r  engines a t y p i c a l  equa tion  mould 

be: F r i c t i o n  Mean E x fec t iv e  P ressu re  = 6 + .0005N + 1 .0  • 10~^N2 .

In  a d d i t io n  to  overcoming i t s  own F r ic t io n  lo s s e s ,  an engine being 

pushed a t  high speed on c lo sed  t h r o t t l e  must do a c e r t a in  amount of 

pumping work to  g e t  in  a l i t t l e  f r e s h  charge and g e t  r i d  of a l i t t l e  

exhaust  gas. The in ta k e  m anifoia vacuum a g a in s t  which the p i s to n s  must 

work on the  in ta k e  s tro k e s  i s  o f  the  o rder  o f  20 to  ?M inches o f  mer­

cury . The exhaust back p re ssu re  i s  n e g l ig ib le ,  bu t th e re  i s  an excess 

o f compression work over expansion work on these  s t ro k e s  due to  heat 

t r a n s f e r .  A l l  to g e th e r  th ese  amount to  u Pump Mean F i 'fec tive  P ressu re  

of about te n  p s i .  Adding to g e th e r  th e  Pump Mean E ffe c t iv e  P ressu re  and 

the  F r i c t i o n  Mean E f fe c t iv e  P ressu re  produces the  Drag Mean E f fe c t iv e  

P re ssu re  o f an overspeeded c l o s e d - t h r o t t l e  engine. The equation  fo r  

t h i s  i s  as fo llo w s :  Drag Mean E x fec tiv e  P ressu re  = 16 + .0U5N +

1.0 • 10_6N2.
I f  the engine i s  geared to  the  d r iv in g  wheels in  such a way th a t  

the v e h ic le  i s  fo rced  to  a r iv e  the  engine a t  a speed higher th an  the 

engine would normally run i t s e l f  a t  c losed  t l i r o t t i e ,  the In d ic a te d  MEP 

f a l l s  to  zei’o because o f extreme d i lu t io n  e f f e c t s ,  and the Drag MEP 

from th e  equation  above i s  a v a i la b le  to  r e t a r d  the  p rogress  o f  the c a r .  

To d e te i’mine how e f f e c t i v e  t h i s  braking  Dy the  engine can bo, a sample 

computation f o r  a t y p i c a l  passenger automobile w i l l  be made and the r e ­

s u l t s  shown in  g ra p h ic a l  form.

The fo rce  which i s  u rg ing  the  v e h ic le  uown the  h i l l  i s  th e  g ra v i ty  

component p a r a l l e l  to  the road su r fa c e ,  c a l le d  the  Grade Force, and 

equal to  \7 s in  0. This grade fo rc e  i s  r e s i s te d  by the  n a tu ra l  r e s i s t -
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ances to  motion o f  the v e h i c l e ,  mainly t i r e  r o l l i n g  and wheel bearing  

r e s i s t a n c e ,  d r ive  tr a in  f r i c t i o n ,  end winu r e s i s t a n c e ,  and in  a d d it io n  

by any r e s i s t i n g  torque o f fe r e d  by the engine . At an equilibrium  speed  

the grade io r c e  i s  equal to  th e  sum o f  th ese  two l a t t e r  q u a n t i t i e s  and 

an equation  can be w r itten  to  determine the equilibrium  speed fo r  a 

given grade.

Urude fo r c e  = Towine t n ' o r t  a t  V,’h e e ls  + &nO g A M M r a a « .  ITPlU SS ^
Drive Train E f f ic ie n c y

The Towing E ffo r t  a t  the Wheels i s  b e s t  measured exp erim en ta lly ,  

and expressed  as an em p ir ica l r e la t io n  in c lu d in g  v e h ic le  w eight, v e h ic le  

speed, f r o n t a l  area and appropriate  c o n sta n ts .  Such an equation i s  

given in  the preceding s e c t io n  on Vehicxe Performance.

The E quivalent Engine Drag i orce i s  the Drag fo rce  produced a t  the  

d rive  wheel to  road con tact  p o in t  by the Drag MEP o f  the engine . This 

would be obtained as fo l lo w s:  

pp = PhAHk _ _27fTN
33 ,000  33 ,000

fp _ UkAk Drag Torque = Drag MEP
27T

Drag Torque x  O verall Gear h a t io  = Axle Drag Torque

A,xAe,.P.pii XQ.r.ciu.e. = E quivalent Engine Drag Force 
R o llin g  Rauius

or:
Drag MEP (±f^) (GR)E quivalent Engine Drag f orce = ___________ 2tt

RR

Symbols are as in d ic a te d ,  w ith  L = p is to n  stroke in  f e e t ,  A = p is to n  

area in  square in ch es  and k = the number o f  working p is to n  strokes  per 

cran kshaft r e v o lu t io n .



The Drive Train F f f i c i e n c y  i s  a fu n ctio n  mainly o f  the type o f  

tran sm iss ion  useu . l o r  a standard s l ia in g - g e a r  transm ission  the d r ive  

tr a in  e f f i c i e n c y  i s  approxim ately 95$.

U3ing symbols wherever p o s s ib le  the force  equilibrium  equation can 

now be rew r itten  anu so lved  fo r  s in  9 .

U s in  * = TE + krag  JJrTjLAkHUK)
. 9 5  (HR) 27T

•'in 9 = —  + - ™  M^-lUAKXGR) 
M 5 .96 T» (Kii)

fror the grades encountered in  any road work s in  9 and tan 9 are substan­

t i a l l y  equa l,  so tan 9 = Decimal Grade G may be su b s t itu te d  fo r  s in  9

w ithout in trod u c in g  app rec iab le  error .

G = —  + MEiJ (uAk) (GH)
\‘i 5 .9 0  Y; (RR)

Tho o v e r a l l  Gear h a t io  in  t h i s  equation has s e v e r a l  d i f f e r e n t  values  

which may be chosen a t  w i l l  by the v e h ic le  d r iv er  to  obtain  approximately

a d es ired  speed down a given grade.

The passenger car chosen to  provide a numerical i l l u s t r a t i o n  has the  

fo l lo w in g  dim ensions: Vi = 4000 pounds, Frontal Area = 2 6 .7  square f e e t ,

L = A = — ( 3 .7 5 ) 2 , k = 4 , F o i l in g  Radius = 1 .177  f e e t ,  Gear Ratio =
12 4

3.23  -  U -2 3  x 1 .53) -  (3 .23  x 2 .2 9 ) ,  TE = 44-6 + 0.3BcM + 0.0393M2 .

The r e s u l t s  o f  a numerical e v a lu a t io n  o f  the equilibrium  grade equation  

fo r  t h i s  passenger car are shown on Figure 43*

Figure  43 shows the  eq u il ib r iu m  o r  te rm in a l  speed which t h i s  v eh ic le  

would a t t a i n  i f  allowed to  c o as t  down a long uniform grade w ithout using 

the s e rv ic e  Drakes. I :  tho ca r  were allowed to  c o as t  down a te n  percen t
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ENGINE BRAKING ABILITY 

EFFECT 
OF

ENGINE BRAKING AT CLOSED THROTTLE 
ON

EQUILIBRIUM SPEED ATTAINED 
ON LONG UNIFORM GRADE

4000# P a s s e n g e r  Car 
303 Cu. I n .  E n g in e

3 .23 F i n a l  D r iv e  R a t io  
1.53 Second 
2 .29  Low

C ar and E n g in e  
Low G ear

20
/  Car and E n g in e  
S eco n d  G ear /

P e r c e n t
G rade
D o w n h ill

C ar and  E n g in e  
H ig h  G ear

''C ar C o a s t in g  
i n  N e u t r a l

10060 8020100
V a lu e s  o f  M 

C ar S p e e d  M i le s  p e r  Hour

Figure 43
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grade i n  n e u t r a l ,  i t  -would reach  a speed o f n in e ty  m iles  per  hour 

b e fo re  wind r e s i s t a n c e  and o th e r  lo s s e s  stopped f u r th e r  a c c e le r a t io n .  

Using the  c lo sed  t h r o t t l e  engine as  a brake in  h igh gear o f  the t r a n s ­

m iss ion  would add s u f f i c i e n t  b rak ing  e f f e c t  to  reduce the  speed a t  equi­

l ib r iu m  on th e  te n  p e rc e n t  grade to  60 m iles  per hour. I f  t h i s  i s  too  

f a s t ,  the  engine b rak ing  e f f e c t  can be in c reased  by causing  i t  to  tu rn  

f a s t e r  w ith  r e s p e c t  to  v e h ic le  speed. This i s  done by s h i f t i n g  the  

t ra n sm iss io n  i n to  second o r  low g ea r .  Using second gear on t h i s  cor 

w i l l  c u t  the  eq u i l ib r iu m  speed on a te n  p e rcen t  grade to  36 m iles per 

hour. I i  t r a f f i c  o r  road c o n d i t io n s  in d ic a te  th u t  even t h i s  i s  too 

f a s t ,  s h i f t i n g  to  low gear w i l l  c u t  th e  eq u il ib r iu m  speed to  17 m iles 

per  hour.

By us ing  the  engine as a brake in  t h i s  way th e  v e h ic le  can be 

lowered down a long grade a t  a c o n t r o l l a b le  speed w ithou t any wear o r  

any h e a t in g  o f th e  s e rv ic e  b rakes ,  and w ithou t any measurable in c re a se  

i n  engine wear o r  f u e l  consumption. O peration  on e s p e c ia l ly  s tee p  grades 

w i l l  r e q u i r e  some a s s i s ta n c e  from th e  se rv ic e  brakes to  hold engine and 

v e h ic le  speeds w ith in  reaso n ab le  l i m i t s .

The closed-throttle engine cannot take the place of the service 

brakes for emergency stops, but it does serve admirably as an energy 

dissipator for downhill operation.



AUXILIARY BRAKING DEVICES

Engine b rak in g  p ro v id es  a  s a t i s f a c t o r y  means of lowering a pas­

senger c a r  down a long grude, and con tinues  to  do so f o r  v e h ic le s  

weighing up to  a s  much a s  ton thousand pounds g ross  v eh ic le  weight.

I’o r heavy commercial v e h ic le s  th e re  i s  j u s t  i n s u f f i c i e n t  braking power 

a v a i l a b le  in  th e  engine a t  any f e u s ib le  engine speed, anu the s e rv ic e  

b rakes  must be r e l i e d  upon a lm ost com plete ly  to  hold speeds to  a safe  

l e v e l  du ring  long u e sc e n ts .  Because of the  l im ited  h ea t  d i s s ip a t io n  

a b i l i t y  o f wheei mounted b rakes ,  the  a llow able  speed cown the grade must 

u s u a l ly  be he ld  to  a va lue  f a r  below t h a t  a t  which the d r iv e r  would neg­

o t i a t e  a l e v e l  roud w ith  e q u iv a le n t  c u rv a tu re ,  and the schedule of the 

v e h ic le  i s  prolonged unduly on t r i p s  w ith  h i l l y  t e r r a i n  (26).

Any u ttem pt to  o p e ra te  a t  h igher speeds down h i l l  than th ese  ex­

p er ien ce -d e te rm in ed  sa fe  b rak ing  speeds r e s u l t s  in  such high l in in g  

and drum tem pera tu res  t h a t  e i t h e r  cum ulative or immediute brake tro u b le  

r e s u l t s .  Cumulative t r o u b le s ,  appearing  in  e i t h e r  o few hundred or a 

few thousand m iles  a re  l e s s  s p e c ta c u la r  and le s s  d r a s t i c ,  but never the­

l e s s  expensive and annoying. They inc lude  such th in g s  as  premature t i r e  

f a i l u r e  due to  o v erh ea tin g  by r a d ia t io n  to  the r im s, brake drum crack­

ing  and checking , anu e x c e s s iv e ly  f re q u e n t  brake l in in g  replacement (27). 

The immediate t ro u b le s  a re  e i t h e r  so f te n in g  of tn e  l in in g  a t  high su r ­

fa c e  tem p era tu res  anu i t s  very  rap id  d i s in t e g r a t io n  lead in g  qu ick ly  to  

no b rak ing  a b i l i t y ,  or c h a r r in g  o f  the  l i n i n g  w ith  a d r a s t i c  drop in  

i t s  c o e f f i c i e n t  o f  f r i c t i o n ,  causing  alm ost no braking  a b i l i t y .  Uruess
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the  d r iv e r  i s  lucky  enough to  be a t  the  bottom of the grade when th i s  

occurs  the  v e h ic le  goes careen ing  ciovm the  grade a t  in c re a s in g  speed, 

a l l  too  o f te n  s to p p in g  w ith  d i s a s t ro u s  r e s u l t s  to  persons and p ro p erty .

In  h i l l y  country  w ith  c o n s id e ra b le  heavy truck  t r a f f i c  t h i s  l a t t e r  

d i f f i c u l t y  happens w ith  d i s t r e s s i n g  frequency.

I f  wheei-mounted brake drums a re  the only means a v a i la b le  to  brake 

the veh icxe , th e re  i s  no o th e r  answer than to  hold the  speed o f descen t 

to  a va lue  a t  which the brakes can d i s s ip a t e  the  generateu  heat w ithout 

a t t a i n i n g  ex cess iv e  tem p era tu res .  Come idea, o f  the requ ired  h ea t  t r a n s ­

f e r  r a t e s  can be ob ta ined  from a c a lc u la t io n  of known gross v eh ic le

weights and ru j . in f, highway g races .

intercity express trucks operating over the western mountain roucis 

have gross vehicle weights for trucks up to 11,0JO pounds ana trailers up 

to 15,0JJ pounds, with the weight of tractor-trailer combinations limited 

to 72,J0j to 7V,OJO pounds. Taose arc the logax limitations imposed by 

the states through which these vehicles operate. In coning down out of 

the mountain passes t h e y  repeatedly descend hills ranging from ten to 

fifty-five miles in ^ength, with grades varying from six per cent up to

a maximum of tweive percent (2d).

Using a g ross  v e n ic ie  weight o f Oj O pounus fo r  a s in g le  v eh ic le  

ana a nominal grade o f ten  p e rc e n t ,  Table V shows the r a t e  a t  which 

energy must be d i s s ip a te d  to  m ain ta in  a c e r ta in  speed. The grade fo rce  

a c t in g  on the v e h ic le  i s  i7 s in  «5, and tne r e l a t io n s  useu in  ueveioping 

the  tabxe a re :
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Horsepower = r o r c.e. ■X..,.!'i.i.l e 3  Pe r  Hour

375

ii ' 3
Truck Demand Horsepower = (7 .6  + 0 . 09M)——  + (1 + 0,36;,'.) +

° - 33 375 (26)

TABLE V

SPEED Ei'FbGT OH ENERGY DISSIPATION RATE 

45*000 Pound V ehicle  10,4 Downhill Grade

Speed Grade
Force

Energy D iss ip a t io n  
T o ta l  by Trucx

Hate in  Horsepower 
By bruking

5 4500 60 0 52

10 4500 120 15 105

15 4500 160 24.5 155

20 4500 240 35.5 204

30 4500 360 65 295

40 4500 4d0 106 372

60 4500 720 236 464

60 4500 960 460 460

Trucking experience  has shown t h a t  safe  p r a c t ic e  Tor t h i s  truck 

woulo be to  lower i t  clown the  grade a t  speeds of between ten  and f i f t e e n  

m iles  per hour, u s ing  engine braking to  i t s  maximum sa fe  e x te n t  unci the 

s e rv ic e  brakes to  whatever e x te n t  i s  n ecessary  to  hold the vehicxe to  

t h i s  speed range. Higher speed wouic: n e c e s s i t a te  s h i f t i n g  th e  t ra n s ­

m ission from "two under a i r e c t "  to  "one under u i r e c t"  or to  " d i re c t"  in
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order to avoiu excessive engine speed, with proportionate loss in 

engine braking. This loss is engine braking plus the additional horse­

power generated by the higher speed v«ouid have to be handled by the 

wheel brakes, bitter experience shows that they cannot do it safely.

The only way in which higher speeds of descent can safely be used 

is to provide some auxiliary braking system of relativexy high horse­

power capacity, capable of dissipating thermal energy at high rates.

Two distinct types of energy dissipators have found limited acceptance 

as auxiliary braking devices for trucks, one is a water brake, or 

water dynamometer. The other is an air-cooled eddy current electric 

brake, moth are ariveshaft mounted anci driven through gearing from a 

live axle, the re^iar live axie on a truck, or a specially installed 

live axle on a trailer.

The water brake i3 connected by menns of quick aump valves to the 

engine cooling system of the truck, anu dissipates the energy generated 

within itself by circulating water up through the cooling radiator. 

Normal or even oversized radiators are incapable of dissipating energy 

at the rate at which it must be generated by this auxiliary braking 

device, and the extra energy is dissipated by boiling away some of the 

water.

The eddy-current unit is air-cooled, und can be equipped with auto­

matic governing devices which will ap.ly it to whatever extent, up to 

its maximum, neeued to maintain a chosen speed down a grade.

properly installed and maintained these devices would permit in­

creased speeds with safety on downhill stretches. Their adoption by 

the highly competitive commercial trucking industry is impeded by an
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economic situation which at present leads the industry to remove front 

v/heel brakes completely in order to add a few hundred pounds of pay 

load, even though this may reduce their braking ability by about ten 

'percent.

i
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bblT A A h 'l OIJ BR A fcEc Ah'L b i'A K U iG

The preceding sections have shown that the need for vehicle speed 

reduction mu3t be met by some energy dissipation device called a brake. 

On relatively light vehicles, such as passenger cars or the lightest 

trucks, continuous braking need can be bandied within certain limits by 

engine braking. Continuous braking need on heavy commercial veliicles 

can best be handled by speciu^ auxiliary energy converters.

intermittent braking of major magnitude, cnr. all braking for emerg­

ency stop conuitions must be linnaled sy special friction brakes in­

stalled usuaxiy on the v.heci hubs. These friction brakes are either of 

the annular disc, or cylindrical drum and shoe type.

The braking forces v.hioh must be developed at the drums of these 

friction brakes is shown to be of the onier 0 1 magnitude of three 

quarters of tho vehicle weight, in order to develop this force mag­

nitude from the rather limited iorce which tho criver can exert on a 

brake pedal, a force multi,'lying system must be used. The force multi­

plication ratio which this system can produce is split into two parts, 

one part is the brake rigging, ineiis.ing those portions of the system 

between Drake pedal and brake-shoe-uctuating cams or pistons. The 

other part is the brake shoe to brake drum combination.

The limiting values of brake rigging force multiplication ratio 

are analyzed, and shown to depend on the magnitude of shoe to drum 

clearance in the released position, plus the ullowance to be made for 

lining wear between brake adjustments.
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The obtainable values of shoe to drum force multiplication ratio 

for six different types of brakes are analyzed by developing the basic 

equations which govern the operation of each type of brake, illustrating 

the limitations imposed by certain design and operational variabj.es, and 

evaluating, for brakes of the same size, the numerical magnitude of the 

force multiplication ratio to be obtained for each type.

The probable stability of operation of each type of brake is deter­

mined from their basic equations, and the importance of brake stability 

indicated.

The effect of braking l'orcc distribution on the Relative Braking 

i'ffectivoness is illustrated, and equations for determining this 

quantity for various, conceivable braking conditions are developed. The 

use of the relative braking effectiveness is then illustrated by dev­

eloping an equation for stopping Distance, in which the relative braking 

effectiveness is one of the key factors.
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SUMMARY



SUMMARY

Certain phases of automotive vehicle construction and operation 

ure quite well suited to an illustration of the application of the 

principles studied in engineering education. The phases useu in this 

thesis are driving ability, performance, ana bruking ability.

Section II on driving ability illustrates how a self-propelled 

vehicle generates a driving force at the roau surface to move itself 

about. Using a l’ree-bouy diagram ana the principles of mechanics and 

mathematics, a series of relations are developed which give the max­

imum driving force which the vehicle can produce as « function of the 

friction coefficient, the fore ana aft weight distribution, and the 

ratio of the height of the center of gravity to the wheel ba30. These 

equations are developed for four different drive-w’neel combinations, 

and for certain variations of these combinations. .Maximum driving 

force is shown to be equal to the product of friction coefficient and 

adhesive weight, and is produced when all weight-carrying wneels are 

brought simultaneously to impending slip by driving forces. When the 

driving force produced by other driving wheel combinations is compared 

with the maximum uriving l'orco obtainable, the Relative Driving Lffec- 

tiveness of the combination is obtained. Rear-wheei drive passenger 

cars show a relative driving effectiveness between 0.55 and O.cO, with

front-wheel drive passenger cars showing values between 0./*3 and 0.52.
/

bxcept on snow and ic e  the  d i f f e r e n c e  in  r-e la tive  d r iv in g  e f fe c t iv e n e s s  

between th e  two types  i s  o f  l i t t l e  consequence. S p ec ia l  weight d i s t r i ­
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butions, such as hanging the cab ana engine ahead of the front wheels, 

can make a front drive truck have fair driving effectiveness, and can 

make a four-wheel drive truck with an interaxle differential have a 

uniformly high driving effectiveness.

Section ill on seif-propelleu vehicle performance is concerned 

with the top speed, hill-climb ability, acceleration ability, and fuel 

economy which can be produced by intelligent matching of the vehicle 

horsepower demand with the engine horsepower supply.

The vurious factors which enter into the vehicle demand horsepower 

are discussed, and then an experimentally-determined empirical relation 

is presented for both aemand towing effort and aemand horsepower.

By the use of illustrative graphs, the effect of overall gear 

ratio between engine and roau on the matching between supply and demand 

horsepower is illustrated. The need for a clutch ana the need for a 

torque-muitipiying transmission ere shown.

Using known or ueterminabie quantities equations are developed for 

hill-climb ability, and representative values of hill-climb ability for 

an actual car are illustrated graphically.

The factors which enter into the acceleration ability of an auto­

motive vehicle are enumerated, their relative magnitude discussea, and 

an equation derived for computing acceleration ability. The accelera­

tion ability of an example vehicle is computed for several different 

conuitions ana illustrated in graphical form.

The problem of fuel economy, or miles per gallon performance, is 

attacked by determining the major factors which affect it and develop­

ing methods of determining their magnitude and effect. The effect of
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relative engine load on the engine's efficiency, ana on the cur's fuel 

economy is demonstrated by illustrating the effect caused on both of 

these quantities by various overall gear ratios.

For comparison purposes the performance which the ideal transmission 

would produce in the same vehicle is determined and is included on the 

performance curve sheets with the values produced by tho conventional 

transmission. The ideui transmission aoes not produce any startling 

improvement over the performance of the standard types of transmissions, 

anu for various reusons cited, there is no ideal transmission marketed 

today. A curve showing the ratio range over which the ideui trans­

mission of the illustrative vehicxe woula have to operate is shown, 

with a maximum range of twenty five to one obtained.

.Section IV is an anuiysis of brake types and braking ability. Tho 

braking requirements of an automotive vehicle are determined and the 

magnitude to which the driver's force on the loot pedal must be multi­

plied on its way to the brake drums is analysed. The method by which 

this force multiplication ratio may be obtained is split into two parts 

ana each part analysed separately.

iorce multiplication in the brake rigging, between foot pedal and 

shoe-actuating curas, is determined by developing the relation between 

cam movement and shoe to drum clearance, and matching this quantity 

with the available effective pedal travel.

Force multiplication between brake shoe find brake drum is then 

analysed for five different types of shoe brakes and for one annular 

disc type brake. The shoe brake types covered are: pin-anchored shoes, 

link-anchored shoes, shoes with sliding block anchors, the dual-primary
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shoe brake, and the duo-servo shoe brake. Each type is analyzed by 

treating the shoe os a free body acted upon by the forces present.

The relations lor radial Iorce and the ratio of radiai force to can 

force are derived in general form by integration of the free-body 

equations. The effect of various design and operating fuctors on the 

stability and performance of each type are analyzed, and a comparison 

of braking ability obtained by evaluating the equations for euch type 

for a common brake size.

The relative ability of euch brake type to resist self-locking 

tendencies is anuiyzed and a BraKe stability iactor developed to obtain 

a numerical comparison of this brake characteristic.

The Relative Broiling Effectiveness of different braking arrange­

ments ana car weight distributions is derived and illustrated. An 

equation for the approximate stopping distance required by a vehicle, 

as a function of speed, friction coefficient, and relative braking ef­

fectiveness in derived and the effect of these factors on the stopping 

distance magnitude presented in tabular form.

The degree of the broking effect which can be expected from an 

engine operating with i ciosea throttle is determined, und the limi­

tations of engine braking illustrated. The magnitude of the continuous 

braking effect required by a heavy vehicle coasting down a long grade 

is determined, and the use of auxiliary braking devices discussed.

The design and operation problems analyzed in these three thesis 

sections have illustrated by example the use of several engineering 

methods of attack on a problem. Pertinent design and operational 

equations are evolved from known or determinable forces acting on a
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body. Involved equations or groups of equations are raaae more under­

standable by two-dimensional graphs with families of curves. The equa­

tions for brake force muxtiplication ratio illustrate the derivation of 

a generax equation for a situation involving distributed forces of un­

known magnitude. The stopping distance equation and the acceleration 

ability equation represent the use of approximation and simplification 

to eliminate quantities of negligibxe magnitude and to obtain an equation 

simpxe enough to avoid unwieiainess and yet accurate enough for muny 

engineering uses.
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