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SUMMARY 

S o l u t i o n s  t o  t h e  g o v e r n i n g  e q u a t i o n s  o f  a spur gear t r a n s m i s s i o n  model, 
developed i n  NASA TM-100180 (AVSCOM TM-87-C-2) a r e  p resen ted .  F a c t o r s  a f f e c t -  
i n g  t h e  dynamic l o a d  a r e  i d e n t i f i e d .  I t  i s  f ound  t h a t  t h e  dynamic l o a d  
i n c r e a s e s  w i t h  o p e r a t i n g  speed up t o  a sys tem n a t u r a l  f requency .  A t  o p e r a t i n g  

LD speeds beyond t h e  n a t u r a l  f r e q u e n c y  t h e  dynamic l o a d  decreases d r a m a t i c a l l y .  
m Also, i t  i s  f ound  t h a t  t h e  t r a n s m i t t e d  l o a d  and s h a f t  i n e r t i a  have l i t t l e  

e f f e c t  upon t h e  t o t a l  dynamic l o a d .  Damping and f r i c t i o n  decrease t h e  dynamic 
l o a d .  F i n a l l y ,  t o o t h  s t i f f n e s s  has a s i c i n i f i c a n t  e f f e c t  upon dynamic l o a d i n g :  

ng. Also, t h e  h i g h e r  t h e  
peak dynamic response.  

h 

h 

t h e  h i g h e r  t h e - s t i f f n e s s ,  t h e  
s t i f f n e s s  t h e  h i g h e r  t h e  r o t a t  

The develooment of a s i m r ,  

ower t h e  aynamic l o a d  
ng speed r e q u i r e d  f o r  

INTRODUCTION 

e D a r a l l e l  s h a f t  sDur 
w i t h  i t s  dynamic d i f f e r e n t i a l '  e q u a t i o n s  and s o l u t j o n  
i n  r e f e r e n c e  1 .  Va r ious  parameters such as i n e r t i a ,  
damping w e r e  i n c l u d e d  i n  t h e  g o v e r n i n g  e q u a t i o n s  f o r  

gear t r a n s m i s s i o n  model 
procedures were p resen ted  
s t i f f n e s s ,  f r i c t i o n  and 
f u r t h e r  s tudy  ( r e f .  1 ) .  

The purpose o f  t h i s  r e p o r t  i s  t o  de te rm ine  t h e  e f f e c t  o f  these parameters 
The dynamic l o a d  of a gear t r a n s m i s s i o n  can be found  by on gear  dynamic l oad .  

s o l v i n g  t h e  gove rn ing  e q u a t i o n .  The s o l u t i o n  i s  known as t h e  dynamic mo t ion  
o f  t h e  gear  t r a n s m i s s i o n .  Th is  dynamic mo t ion  can then  be s u b s t i t u t e d  i n t o  
o t h e r  a n a l y t i c a l  f o r m u l a  and s o l v e d  f o r  gear dynamic l oads .  

*Member, ASME. 



A model o f  t h e  t r a n s m i s s i o n  i s  d e p i c t e d  i n  f i g u r e  1 .  The gove rn ing  e q u a t i o n s  
a r e :  

JM6, + Csl(bM - e l )  + K s l  (8 M - el) = TM ( 1 )  

J L L  0 + CS2 (eL - 6 , )  + KS2(eL - e2) = -TL ( 4 )  

where JM, J 1 ,  J2, and J L  r e p r e s e n t  t h e  mass moments o f  i n e r t i a  o f  t h e  motor, 
t h e  gears,  and t h e  l o a d ;  C s l ,  Cs2, and C ( t )  a r e  damping c o e f f i c i e n t s  o f  t h e  
s h a f t s  and t h e  gears;  K s l ,  K s 2 ,  and K g ( t ?  a r e  s t i f f n e s s  of  t h e  s h a f t s  and t h e  
gears;  TM, TL, T f l ( t ) ,  and T f 2 ( t )  a r e  motor and l o a d  t o r q u e s  and f r i c t i o n a l  
t o rques  on t h e  gears;  Rbl and Rb2 a r e  base c i r c l e  r a d i i  o f  t h e  gears ;  t i s  
t i m e ,  and t h e  o v e r d o t s  i n d i c a t e  t i m e  d i f f e r e n t i a t i o n .  

I n  t h i s  r e p o r t  we p r e s e n t  t h e  r e s u l t s  o f  numer i ca l  s o l u t i o n s  o f  equa- 
t i o n s  ( 1 )  t o  ( 4 )  f o r  a t y p i c a l  t r a n s m i s s i o n  system. A f low c h a r t  o u t l i n i n g  
t h e  numer i ca l  procedure i s  p r e s e n t e d .  N a t u r a l  f r e q u e n c i e s  a r e  determined.  
The dynamic l o a d  i s  de te rm ined .  F i n a l l y ,  t h e  dynamic f a c t o r  d e f i n e d  as t h e  
r a t i o  o f  t h e  dynamic l o a d  t o  t h e  s t a t i c  l o a d ,  i s  de te rm ined . i  
c a l c u l a t e d  as f u n c t i o n s  of t h e  r o t a t i n g  speed and r o l l  a n g l e  f o r  a v q r i e t y  o f  
damping and s t i f f n e s s  c o n d i t i o n s .  

The r e s u l t s  a r e  

NOMENCLATURE 

Cg damping c o e f f i c  

C s  damping c o e f f i c  

JL p o l a r  moment o f  

JM p o l a r  moment o f  

J1 p o l a r  moment o f  

e n t  o f  gear  t o o t h  mesh, N-sec ( l b - s e c )  

e n t  o f  s h a f t ,  N-m-sec ( i n . - l b - s e c )  

i n e r t i a  o f  l o a d ,  kg-m2 ( i n . - l b - s e c Z >  

i n e r t  i a o f  motor, kg-m2 ( i n. -1  b-sec2) 

i n e r t i a  o f  gear  1 ,  kg-m2 ( i n . - l b - s e c 2 >  

lThe t e r m  "dynamic f a c t o r "  or "dynamic l o a d  f a c t o r "  has been used i n c o n s i s -  
t e n t l y  i n  t h e  l i t e r a t u r e .  The American Gear M a n u f a c t u r e r ' s  A s s o c i a t i o n  
(AGMA) dynamic f a c t o r  Kv  i s  used as a s t r e n g t h  r e d u c t i o n  f a c t o r  and i s  
d e f i n e d  as t h e  maximum s t a t i c  l o a d  d i v i d e d  by t h e  maximum dynamic l o a d .  Th is  
paper w i l l  f o l l o w  t h e  IS0 c o n v e n t i o n  which uses t h e  dynamic f a c t o r  Kd as a 
l o a d / s t r e s s  i n c r e a s i n g  f a c t o r .  The re fo re ,  Kd = l / K v .  
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p o l a r  moment of i n e r t i a  o f  gear 2,  kg-m2 ( i n . l b - s e c 2 )  

dynamic f a c t o r  

s t i f f n e s s  of gear  t o o t h ,  N-m/rad ( i n . - l b / r a d >  

s t i f f n e s s  o f  s h a f t ,  N-m/rad ( i n . - l b / r a d )  

AGMA dynamic f a c t o r ,  Kv = 1/Kd 

base r a d i u s ,  mm ( i n . )  

p i t c h  r a d i u s ,  mm ( i n . )  

t o r q u e  on l o a d ,  N-m ( i n . - l b )  

t o r q u e  on motor, N-m ( i n . - l b >  

t o r q u e  on gear  1 ,  N-m ( i n . - l b >  

t o r q u e  on gear 2, N-m ( i n . - l b >  

a p p l i e d  l o a d ,  N ( l b )  

a n g u l a r  d i sp lacemen t ,  r a d  

a n g u l a r  v e l o c i t y ,  r a d / s e c  

a n g u l a r  a c c e l e r a t i o n ,  rad /sec2  

n a t u r a l  f requency ,  Hz 

damping r a t i o  

- 
0 
0 
0 

JL 
A 

PROCEDURE 

Figure 2 presents a f l ow  chart o f  the computational procedure used in the 
parameter  s tudy .  The procedure i s  t h e  same as t h a t  o u t l i n e d  a t  t h e  end o f  
r e f e r e n c e  1.  

I n  c o n d u c t i n g  t h e  a n a l y s i s  i t  i s  use fu l  t o  compare t h e  l o c a t i o n s  o f  t h e  
peak dynamic l oads  w i t h  t h e  l o c a t i o n s  of t h e  system n a t u r a l  f r e q u e n c i e s  (or 
c r i t i c a l  speeds).  The n a t u r a l  f requenc ies  themselves may be o b t a i n e d  by exam- 
i n i n g  t h e  undamped e q u a t i o n s  o f  mo t ion .  These e q u a t i o n s  may be w r i t t e n  i n  t h e  
m a t r i x  form: 

CJ1 [e l  + [ K I  C01 = LO1 (5) 

where t h e  i n e r t i a  m a t r i x  CJI i s  

0 

J1 
0 
0 

0 

0 

J 2  
0 

(6) 
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and t h e  s t i f f n e s s  m a t r i x  CKI i s  

[ K I  = 

1 K S 1  

R R  -Ks 1 K s l +  (Kg)avgR2b l  - (Kg)avg b l  b2 

-KS 1 0 O 1  

0 
( 7 )  

L J 

where ( k g l a v  r e p r e s e n t s  t h e  average v a l u e  o f  t h e  gear  mesh s t i f f n e s s .  I t  
i s  taken as t z e  sum o f  t h e  d i s c r e t e  t o o t h  s t i f f n e s s  va lues  o f  a mesh c y c l e  
d i v i d e d  by t h e  number o f  mesh p o s i t i o n s  i n  t h e  c y c l e .  

I n  t h e  parameter s t u d y  t h e  system had i d e n t i c a l  gears w i t h  t h e  f o l l o w i n g  
p r o p e r t i e s :  

Number o f  t e e t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 
Module, mm . . . . . . . . . . . . . . . . . . . .  3.18 ( 8  d i a m e t r a l  p i t c h )  
P i t c h  d iamete r ,  m ( i n . )  . . . . . . . . . . . . . . . . . . . .  0.1143 (4 .5 )  
Pressure  ang le ,  deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
Applied load ,  N ( l b )  . . . . . . . . . . . . . . . . . . . . . .  2670 (600) 
Face w i d t h ,  rn ( i n . )  . . . . . . . . . . . . . . . . . . . . .  0 . 0 2 5 4 ( 1 . 0 )  
Moment o f  i n e r t i a ,  k g  in2 ( i n . - l b  sec2) . . . . . . . .  3 . 3 3 2 3 ~ 1 0 - 3  (0.02947) 
Average t o o t h  s t i f f n e s s ,  N m/rad ( l b - i n . / r a d >  . . . .  3 . 9 9 1 ~ 1 0 5  ( 3 . 5 3 5 5 ~ 1 0 6 )  
D a m p i n g r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.10 

The s h a f t  s t i f f n e s s  and i n e r t i a s  were: 

S h a f t  s t i f f n e s s ,  N rn/rad ( i n . - l b / r a d )  . . . . . . . . . . . .  1138.17 (10081) 
Load i n e r t i a  and motor i n e r t i a ,  

k g  m2 ( i n . - l b  sec2) . . . . . . . . . . . . . .  9 . 9 8 9 ~ 1 0 - 3  (each) (0.08841) 

RESULTS 

Us ing  t h e  a fo remen t ioned  d a t a  i n  t h e  gear  system model shown i n  f i g u r e  1 ,  
t h e  n a t u r a l  f r e q u e n c i e s  o f  t h e  f o u r  degrees o f  freedom model were f o u n d  to  be 

w = 0 ( r i g i d  body mode) wn2 = 1 .49  H Z  n l  
( 8 )  

w = 2.99 HZ wn4 = 144.8 HZ n3 

The f irst t h r e e  n a t u r a l  f r e q u e n c i e s  a r e  w e l l  below t o o t h  meshing f r e q u e n c i e s  
and a r e  t h e r e f o r e  n o t  o f  i n t e r e s t  i n  t h i s  a n a l y s i s  ( a l t h o u g h  t h e y  can s t i l l  be 
e x c i t e d  by s h a f t  e c c e n t r i c i t y  wh ich  i s  n o t  modeled h e r e ) .  
f requency  matches t o o t h  meshing frequency a t  t h e  c r i t i c a l  speed o f  8688 rpm 
which i s  w i t h i n  t h e  o p e r a t i n g  range o f  t h e  gears .  

The f o u r t h  n a t u r a l  

F i g u r e  3 shows the  v a r i a t i o n  o f  dynamic l o a d  response f o r  a p a i r  o f  t e e t h  
as a f u n c t i o n  o f  r o l l  ang le .  A t  speeds much lower  t h a n  t h e  c r i t i c a l  speed, 
t h e  dynamic l o a d  response i s  b a s i c a l l y  a s t a t i c  l o a d  s h a r i n g  i n  phase w i t h  t h e  
s t i f f n e s s  change, superimposed w i t h  an o s c i l l a t o r y  l o a d  a t  a f requency  c o r r e -  
sponding t o  t h e  n a t u r a l  f requency .  
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A t  h i g h e r  speed, c l o s e  to  t h e  c r i t i c a l  speed, t h e  dynamic l o a d  v a r i a t i o n  
becomes so a b r u p t  t h a t  i t  produces t o o t h  s e p a r a t i o n .  The peak dynamic l o a d  i s  
much h i g h e r  than  t h e  s t a t i c  l o a d  and i s  v e r y  l i k e l y  t o  be a source  o f  gear 
n o i s e  and e a r l y  s u r f a c e  f a t i g u e .  

F i g u r e  4 shows t h e  dynamic f a c t o r  Kd as a f u n c t i o n  o f  o p e r a t i n g  speed. 
Prominent peaks ( resonances)  may be seen a t  speeds of 7650 and 4200 rpm. The 
l a r g e r  peak 7650 rpm o c c u r s  a t  88 p e r c e n t  of the  c a l c u l a t e d  c r i t i c a l  speed. 
The exper imen ta l  work by Kubo ( r e f .  6) r e p o r t e d  a s i m i l a r  r e s u l t  t h a t  t h e  c r i t -  
i c a l  speed was found a t  about  90 p e r c e n t  of the  c a l c u l a t e d  c r i t i c a l  speed. 
The second peak a t  4200 rpm i s  a n o n l i n e a r  e f f e c t  o f  t h e  t i m e  v a r y i n g  t o o t h  
s t i f f n e s s  known as t h e  p a r a m e t r i c  resonance. T h i s  p a r a m e t r i c  resonance f r e -  
quency occu rs  a t  about  one-ha l f  o f  t h e  c r i t i c a l  speed ( r e f .  2 ) .  For speeds 
above the  c r i t i c a l  speed, t h e  dynamic response decreases s t e a d i l y  i n  t h e  same 
manner as w i t h  e lemen ta ry  v i b r a t i n g  systems. 

F i g u r e  5 shows a th ree -d imens iona l  r e p r e s e n t a t i o n  o f  t h e  system dynamic 
response. The h o r i z o n t a l  a x i s  r e p r e s e n t s  t h e  o p e r a t i n g  speed, and t h e  c o n t a c t  
p o s i t i o n  a l o n g  t h e  t o o t h  p r o f i l e .  The t o t a l  number of c o n t a c t  p o s i t i o n s  i s  
121. The v e r t i c a l  a x i s  i s  t h e  dynamic f a c t o r .  

F i g u r e  6 p r e s e n t s  a c o n t o u r  p l o t  o f  t h e  system dynamic response.  The 
shaded areas  r e p r e s e n t  r e g i o n s  where t o o t h  s e p a r a t i o n  o c c u r s .  They a r e  l o c a t -  
ed i n  t h e  doub le  c o n t a c t  r e g i o n s .  A t  near  resonance speeds t h e  v i b r a t i o n  
amp l i t ude  exceeds t h e  d e f l e c t i o n  o f  t h e  meshing t e e t h ,  t h u s  i n d u c i n g  t o o t h  
s e p a r a t i o n .  

A s  t h e  speed i n c r e a s e s ,  t h e  dynamic response a l s o  shows a phase s h i f t  
towards t h e  h i g h e r  numbered c o n t a c t  p o s i t i o n s .  T h i s  phenomenon can be seen by  
n o t i n g  t h a t  a t  speeds from 600 t o  4200 rpm ( o n e - h a l f  subharmon ic ) ,  t h e  maximum 
dynamic l o a d  occu rs  a t  doub le-  t o  s i n g l e - c o n t a c t  t r a n s i t i o n s  ( p o s i t i o n  51) and 
g r a d u a l l y  changes t o  s i n g l e -  t o  doub le -con tac t  t r a n s i t i o n s  ( p o s i t i o n  7 5 ) .  A t  
speeds between o n e - h a l f  subharmonic and resonance t h e  maximum peak s t a y s  near  
t h e  s i n g l e -  t o  doub le -con tac t  t r a n s i t i o n s .  A f t e r  t h e  speed passes resonance, 
t h e  major  dynamic peak moves a g a i n  towards h i g h e r  c o n t a c t  p o s i t i o n s  on t o o t h  
p r o f i l e  w i t h  i n c r e a s i n g  speed. 

F i g u r e  7 shows t h e  dynamic f a c t o r  as a f u n c t i o n  of t h e  t r a n s m i t t e d  l oads  
f o r  t h r e e  d i f f e r e n t  speeds. There i s  o n l y  a smal l  decrease i n  dynamic f a c t o r  
w i t h  i nc reased  a p p l i e d  l o a d .  

F i g u r e  8 shows t h e  e f f e c t  of damping on t h e  dynamic l o a d .  I t  i s  seen 
t h a t  damping has i t s  g r e a t e s t  e f f e c t  near  resonance f r e q u e n c i e s .  

Changes i n  s h a f t  s t i f f n e s s  have a m ino r  e f f e c t  on t h e  system dynamic 
response. However changes of t o o t h  s t i f f n e s s  have a ma jo r  e f f e c t  on t h e  
response. F i g u r e  9 shows t h a t  t h e  h i g h e r  t h e  t o o t h  s t i f f n e s s  t h e  lower  t h e  
dynamic response (dynamic f a c t o r ) .  T h i s  i s  c o n s i s t e n t  w i t h  o b s e r v a t i o n s  t h a t  
as t h e  t o o t h  s t i f f n e s s  i nc reases  t h e  e f f e c t  of gear mass on t h e  system dynam- 
i c s  i s  reduced. F i g u r e  9 a l s o  shows t h a t  system resonance f r e q u e n c i e s  a r e  
i nc reased  as t h e  t o o t h  s t i f f n e s s  i nc reases .  T h i s  i s  a p o t e n t i a l l y  u s e f u l  
e f f e c t  f o r  t h e  des ign  o f  gear systems. 

The e f f e c t  o f  s h a f t  mass i s  assumed smal l  compared t o  t h a t  o f  t h e  gears .  
F i g u r e  10 shows t h a t  as t h e  gear i n e r t i a  i s  reduced, t h e  dynamic response i s  
a l s o  reduced. 
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For gears w i t h  d i f f e r e n t  d i a m e t r a l  p i t c h e s ,  t h e  dynamic response i s  d i f -  
f e r e n t  due t o  the  change i n  c o n t a c t  r a t i o .  
h i g h e r  c o n t a c t  r a t i o .  
t h e  l o a d  b e i n g  shared by  more t h a n  one p a i r  o f  t e e t h ,  i t  has a s i g n i f i c a n t  
e f f e c t  on t h e  system dynamic response.  

Gears w i t h  a f i n e r  p i t c h  have a 
S ince  t h e  c o n t a c t  r a t i o  i s  a measure o f  t h e  d u r a t i o n  o f  

F i g u r e  1 1  shows a comparison between gears  h a v i n g  d i f f e r e n t  d i a m e t r a l  
p i t c h e s .  The f i n e r  p i t c h  gears ,  h a v i n g  a h i g h e r  c o n t a c t  r a t i o ,  have a s m a l l e r  
dynamic l o a d  than the  c o a r s e r  p i t c h  gears .  

D I S C U S S I O N  

I n  1927, A . A .  Ross ( r e f .  3) i n t r o d u c e d  t h e  f o l l o w i n g  e m p i r i c a l  f o r m u l a  
f o r  t h e  dynamic f a c t o r  kv :  

where v i s  t he  p i t c h  l i n e  speed measured i n  f t / m i n .  T h i s  e x p r e s s i o n  r e c e i v e d  
acceptance as a s tandard  f a c t o r  used by t h e  American Gear M a n u f a c t u r e r ' s  
A s s o c i a t i o n  (AGMA) .  I n  1959, a s i m i l a r  f a c t o r  f o r  use w i t h  h i g h e r  p r e c i s i o n  
gears  was i n t r o d u c e d  by  We l laue r  ( r e f .  4)  

kv = [ 78 + 78 @ I' (10) 

Equat ions  ( 9 )  and (10) a r e  r e c o g n i z e d  as b e i n g  c o n s e r v a t i v e  when a p p l i e d  
w i t h  v e r y  h i g h  p r e c i s i o n  gears .  They a r e  t h o u g h t  t o  p r e d i c t  dynamic l oads  
wh ich  a r e  h i g h e r  than  t h e  a c t u a l  l o a d s .  

Buckingham ( r e f .  5)  has a l s o  deve loped an e x p r e s s i o n  f o r  t h e  dynamic l o a d  
i n  terms o f  t h e  p i t c h  l i n e  speed and t h e  a p p l i e d  l o a d .  H i s  f o r m u l a  i s  

where Wd i s  t h e  dynamic l o a d ,  W i s  t h e  a p p l i e d  l o a d  and t h e  f a c t o r s  f a  
and f b  a r e  

fa = f f / ( fb  + f,) and fb = 0.0000555 EF + W b c  

where F i s  t h e  f a c e  w i d t h ,  E i s  t h e  e l a s t i c  c o n s t a n t ,  and fc  i s  

(12 )  

(13 )  2 fc = 0.00120 [ ( R 1  + R2)/R1R21mv 

where R 1  and R 2  a r e  t h e  p i t c h  r a d i i  o f  t h e  gears  and m i s  t h e i r  e f f e c -  
t i v e  mass. ( I n  these exp ress ions  t h e  u n i t s  a r e  i n  pounds and inches  excep t  
f o r  t h e  p i t c h  l i n e  speed which i s  measured i n  f t / m i n . )  
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Kubo ( r e f .  6 )  measured s t a t i c  and dynamic gear s t r e s s e s  on s e v e r a l  
h i g h - p r e c i s i o n  spur gear s y s t e m s .  Kubo expressed t h e  dynamic f a c t o r  as t h e  
r a t i o  o f  maximum dynamic t o  t h e  maximum s t a t i c  s t r e s s .  S ince  s t r e s s  i s  p ropor -  
t i o n a l  t o  l o a d ,  Kubo 's  d e f i n i t i o n  o f  dynamic f a c t o r  i s  i d e n t i c a l  t o  t h a t  used 
here .  F i g u r e  12 shows a comparison o f  ( l / K v )  from t h e  AGMA h i g h - p r e c i s i o n  for- 
mula (eq. ( l o ) ) ,  (Wd/W) from Buckingham's f o r m u l a ,  Kubo 's  r e s u l t s ,  and t h e  
r e s u l t s  o f  t h e  computer s i m u l a t i o n  f o r  an i d e n t i c a l  spur  gear p a i r  w i t h  4 mm 
module, 25 t e e t h ,  20" p r e s s u r e  ang le ,  15 mm face w i d t h ,  131.5 kN/m a p p l i e d  
l oad .  and 207 GPa Young's modulus. 

There i s  a good 
s i  mu 1 a t  i on. 

From t h e  f o r e g o  

agreement between Kubo 's  r e s u l t  and t h e  computer 

CONCLUSIONS 

ng r e s u l t s  s e v e r a l  c o n c l u s i o n s  may be s t a t e d :  

1 .  For a c c u r a t e  y made gears ,  t h e  dynamic l o a d  i s  s i g n i f i c a n t l y  a f f e c t e d  
by t h e  c o n t a c t  r a t i o  for i n c r e a s e d  d i a m e t r a l  p i t c h ,  t h a t  i s ,  f o r  h i g h  c o n t a c t  
r a t i o  gears ,  t h e  dynamic l o a d  i s  decreased. 

2 .  The t o o t h  s t i f f n e s s  has a s i g n i f i c a n t  e f f e c t  upon t h e  dynamic l o a d :  
t h e  h i g h e r  t h e  s t i f f n e s s  t h e  l ower  t h e  dynamic l o a d .  
s t i f f n e s s  t h e  h i g h e r  t h e  c r i t i c a l  speed f o r  peak response.  

Also, t h e  h i g h e r  t h e  

3. The dynamic l o a d  g e n e r a l l y  i nc reases  w i t h  t h e  o p e r a t i n g  speed u n t i l  a 
resonance i s  reached. The dynamic l o a d  decreases r a p i d l y  beyond t h e  resonance. 

4. Damping and f r i c t i o n  decrease t h e  dynamic l o a d  w i t h  t h e  most d r a m a t i c  
e f f e c t s  o c c u r r i n g  near  t h e  resonance f r e q u e n c i e s .  

5. The a p p l i e d  l o a d  has a r e l a t i v e l y  m ino r  e f f e c t  upon t h e  dynamic f a c t o r .  

6 .  Tooth  s e p a r a t i o n  -- l e a d i n g  t o  impact  -- occu rs  i n  t h e  doub le  t o o t h  

7. The dynamic f a c t o r  i s  l a r g e s t  for c o n t a c t  p o i n t s  nea r  t h e  t o o t h  t i p .  

c o n t a c t  r e g i o n  s i n c e  t h e  d e f l e c t i o n s  a r e  s m a l l e s t  i n  t h a t  r e g i o n .  

8 .  The dynamic f a c t o r  decreases w i t h  decreases i n  t h e  gear body i n e r t i a .  
S h a f t  moment o f  i n e r t i a  has a min ima l  e f f e c t  upon t h e  dynamic f a c t o r .  
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GEOMETRY OF SYSTEM COMPONENTS AND 
CONDITIONS OF SYSTEM OPERATION 
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FIGURE 2. - FLOW CHART OF COMPUTATIONAL PROCEDURE. 
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