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SUMMARY 

There a r e  severa l  p i t f a l l s  and problems assoc ia ted  w i t h  t h e  success fu l  
des ign  o f  a new gear t ransmiss ion .  
ledge and exper ience o f  severa l  t echn ica l  areas o f  eng ineer ing .  
p i t f a l l s  and problems assoc ia ted  w i t h  a new des ign  a r e  r e l a t e d  t o  an inadequate 
e v a l u a t i o n  o f  severa l  areas such as, the  l u b r i c a t i o n  and c o o l i n g  requi rements,  
complete s t a t i c  and dynamic load ana lys is ,  e v a l u a t i o n  o f  m a t e r i a l s  and heat  
t rea tment  and t h e  l a t e s t  manufactur ing technology. Some o f  t h e  common problems 
o f  t h e  gear des ign  process a re  discussed w i t h  some recommendations made f o r  
a v o i d i n g  these c o n d i t i o n s .  

A new gear des ign  w i l l  r e q u i r e  t h e  know- 
Most o f  t h e  

INTRODUCTION 

Gear problems a r e  a common occurrence i n  t h e  gear i n d u s t r y  and a r e  o f t e n  
t h e  r e s u l t s  o f  improper design, a wrong s e l e c t i o n  o f  m a t e r i a l  f o r  a g i ven  
a p p l i c a t i o n  o r  a l u b r i c a t i o n  system t h a t  was n o t  adequate f o r  t h e  c o n d i t i o n s  
encountered. Many t imes a no ise  or gear v i b r a t i o n  c o n d i t i o n  w i l l  appear as  an 
unexpected problem and may r e q u i r e  cons iderab le  t ime  and expense t o  c o r r e c t .  
There a r e  q u i t e  a number o f  gear consu l tan ts  who a r e  k e p t  busy w i t h  gear prob-  
lems. Not a l l  problems a r e  des ign  r e l a t e d  b u t  may be t h e  r e s u l t  o f  some 
unavo idab le  o r  unexpected system cond i t i on .  I t  i s  always good p r a c t i c e  w i t h  a 
new des ign  t o  have exper ienced engineers o r  consu l tan ts  conduct a des ign  rev iew  
o f  t h e  system. Years o f  exper ience tends t o  a l e r t  one t o  some o f  t h e  more 
common problems assoc ia ted  w i t h  t h e  gear systems. The o b j e c t i v e  o f  t h i s  paper 
i s  t o , p o i n t  o u t  a few o f  t h e  more common problems encountered w i t h  gear systems 
and o f f e r  ways t o  avo id  a t  l e a s t  some o f  them. 

Design Considerat ions 

Sometimes problems a r e  caused by f a i l u r e  t o  s e l e c t  t h e  b e s t  t ype  o f  gear 
f o r  a g i v e n  a p p l i c a t i o n .  
p a r t i c u l a r  gear t ype  may n o t  have been a p p l i e d  d u r i n g  gear s e l e c t i o n .  
impor tan t  parameters should be considered when s e l e c t i n g  a gear t ype  f o r  a 
g i v e n  system. For a p a r a l l e l  a x i s  system, t h e r e  i s  t h e  p o s s i b i l i t y  o f  u s i n g  
spur, h e l i c a l ,  double h e l i c a l ,  o r  o ther  s p e c i a l  types such as Wildhaber Novikov 
gears. D i f f e r e n t  c o n t a c t  r a t i o s  may a l s o  be considered f o r  d i f f e r e n t  
a p p l i c a t i o n s .  

A l l  t he  design cons ide ra t i ons  assoc ia ted  w i t h  a 
Severa l  

Genera l l y  spur gear designs a r e  l i m i t e d  t o  p i t c h  l i n e  v e l o c i t i e s  o f  
50 m/sec (10 000 f t /m in )  o r  lower .  However t h e r e  a r e  a p p l i c a t i o n  where spur  
gears have been operated success fu l l y  a t  over  100 m/sec (20  000 f t / m i n )  which 
shows t h a t  i t  can be done w i t h  t h e  r i g h t  cho ice  o f  des ign  parameters. When 



spur gears a r e  operated over 50 m/sec (10  000 f t /min) problems such as no ise ,  
h i g h  dynamic loads, and a i r  o r  o i l  t r app ing ,  can cause excessive wear o r  
reduced l i f e .  

H e l i c a l  gears a r e  p r e f e r r e d  f o r  use a t  t h e  h ighe r  speeds because t h e r e  i s  
The a i r  a h i g h  t o t a l  con tac t  r a t i o  which reduces t h e  n o i s e  and dynamic loads.  

and o i l  can be pumped o f f  t h e  ends o f  h e l i c a l  gear t e e t h  w i t h o u t  p roduc ing  h i g h  
loads o r  excessive noise.  H e l i c a l  gears have t h r u s t  loads and o v e r t u r n i n g  
moments t h a t  must be accounted f o r .  I n  some l i g h t w e i g h t  a p p l i c a t i o n s  i t  i s  
d i f f i c u l t  t o  reduce the d e f l e c t i o n s  caused by t h e  o v e r t u r n i n g  moment, t o  an 
acceptab le  l e v e l .  Many h e l i c a l  gear designs use t h r u s t  r i n g s  as shown i n  
f i g u r e  1. 
and moment loads so t h a t  t h e r e  a r e  no e x t e r n a l  forces t h a t  r e q u i r e  t h r u s t  
bear ings  and heavy moment suppor t i ng  s t r u c t u r e .  Space should be p rov ided  
between the  end o f  t he  t e e t h  and t h r u s t  r i n g  t o  a l l o w  t h e  o i l  o r  a i r  f rom t h e  
mesh t o  escape e a s i l y .  The t h r u s t  r i n g  should have a . r a d i u s  t o  i nc rease  t h e  
fo rma t ion  o f  an EHD o i l  f i l m  by wedging a c t i o n  between the  t h r u s t  r i n g  and t h e  
ends o f  t h e  gear t e e t h .  

These t h r u s t  r i n g s  when p r o p e r l y  designed can take  t h e  t h r u s t  l oad  

Double h e l i c a l  gears a r e  o f t e n  used t o  e l i m i n a t e  t h r u s t  and moment loads 
o f  s i n g l e  h e l i c a l  gears. A double h e l i c a l  can cause n o i s e  and h i g h  dynamic 
loads i f  n o t  p roper l y  manufactured. A double h e l i c a l  gear w i l l  s h i f t  a x i a l l y  
t o  a d j u s t  f o r  spacing e r r o r  and h e l i x  e r r o r  between the  t w o  s ides o f  t h e  gear. 
I f  these e r r o r s  a re  very l a r g e  t h e  r e s u l t  w i l l  be n o i s e  and h i g h  dynamic loads. 
Because o f  t h i s  c o n d i t i o n  i t  i s  very d i f f i c u l t  t o  manufacture a p l a n e t a r y  gear 
system us ing  double h e l i c a l  gears. As  each p l a n e t  gear t r i e s  t o  a d j u s t  f o r  t h e  
sun gear and r i n g  gear a t  t he  same t ime,  severe v i b r a t i o n  w i l l  be generated. 

Accuracy 

S e l e c t i o n  o f  t h e  r i g h t  gear accuracy f o r  an a p p l i c a t i o n  i s  very impor tan t  
as i t  e f f e c t s  the c o s t  o f  manufactur ing,  t h e  dynamic l oad  and no ise .  The 
a f f e c t  o f  accuracy on dynamic loads and no ise  a r e  inc reased as the  speed i s  
increased. Reference 1 i n d i c a t e s  t h a t  doub l i ng  the speed o f  a gear s e t  
increa'sed t h e  noise l e v e l  by approx imate ly  6 dB. There fore  a moderate t o  h i g h  
speed gear s e t  should have an AGMA t o l e r a n c e  c l a s s  o f  10 t o  13 f o r  l o w  no ise  
l e v e l  and reduced dynamic loads. 

l h e  h ighes t  gear accuracy i s  u s u a l l y  ob ta ined by f i n i s h  g r i n d i n g  on a good 
gear g r i n d e r .  Good q u a l i t y  gears t h a t  a r e  n o t  t oo  hard ( l e s s  than R C  4 5 )  can 
be ob ta ined by shaving. Hard gears ( g r e a t e r  than RC 50) can a l s o  be f i n i s h  c u t  
t o  good accuracy by s k i v i n g  w i t h  a ca rb ide  s k i v i n g  c u t t e r .  

Gear R i m  Thickness Cons idera t ions  

Gears a r e  o f t e n  designed us ing  e m p i r i c a l  methods f o r  some parameters such 

T h i s  p r a c t i c e  has been very  success- 
as r i m  th ickness.  One design p r a c t i c e  t h a t  has been used i s  t o  make t h e  gear 
r i m  th ickness  equal t o  the t o o t h  h e i g h t .  
f u l  f o r  gears t h a t  a re  f a i r l y  smal l  i n  diameter compared t o  t h e  t o o t h  h e i g h t .  
When t h e  gear diameter i s  smal l  t h e  r i m  i s  very  s t i f f  and w i l l  have no low 
frequency v l b r a t i o n  problems. However, when t h e  diameter o f  t h e  gear i s  l a r g e  
compared t o  t h e  t o o t h  h e i g h t  t h e  r i m  becomes much more f l e x i b l e  and i s  s u b j e c t  
t o  low frequency v i b r a t i o n  modes. The increased f l e x i b i l i t y  may a l s o  cause an 
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Inc rease i n  bending s t r e s s  due t o  t h e  gear t o o t h  moment combined w i t h  t h e  r i m  
f l e x u r e .  
cons tan t  r a t i o  f u n c t i o n  o f  r / t  so t h a t  t h e  r i m  th i ckness  t increases  propor -  
t i o n a l l y  t o  t h e  gear r a d i u s  
th i ckness  w i t h o u t  caus ing a l a r g e  increase i n  gear we igh t .  

A b e t t e r  approach t o  determine r i m  th i ckness  would be t o  use a 

r. Webs can be used t o  i nc rease  t h e  e f f e c t i v e  r i m  

Gear Drawing and S p e c i f i c a t i o n s  

There a r e  many cases where a p a r t i c u l a r  gear w i t h  a r e q u i r e d  t o l e r a n c e  and 
m a t e r i a l  c o n d i t i o n  has been requested f rom a gear manufacturer  b u t  t h e  f i n i s h e d  
produc t  was n o t  t h e  same as t h a t  requ i red .  Th is  i s  p r i m a r i l y  t h e  r e s u l t  o f  
inadequate gear drawings and s p e c i f i c a t i o n s .  I t  i s  n o t  enough today t o  send a 
gear drawing w i t h  an AGMA c l a s s  requested and a n o t e  t h a t  says c a r b u r i z e  and 
harden. 

The drawing should i n c l u d e  w i t h  the gear t o l e r a n c e  a p r o f i l e  c h a r t  s i m l l a r  
t o  f i g u r e  2 w i t h  s p e c i f i c a t i o n  on p r o f i l e  m o d i f i c a t i o n  and to le rance .  
drawing should a l s o  have a no te  l i s t i n g  i n s p e c t i o n  r e q u i r e d  and a l i s t  o f  
m a t e r i a l  and heat  t rea tment  s p e c i f i c a t i o n s  which should be a p a r t  o f  t h e  
requi rements.  The m a t e r i a l  and heat  t reatment  s p e c i f i c a t i o n  shoujd be very  
s p e c i f i c  as t o  t h e  t ype  o f  m a t e r i a l ,  m a t e r i a l  c e r t i f i c a t i o n s ,  heat  t rea tment  
w i t h  requi rement  f o r  c e r t i f i c a t i o n  and sample used f o r  check ing t h e  method 
used. I n  a d d i t i o n  t o  a good heat  t reatment  s p e c i f i c a t i o n ,  a good source should 
be se lec ted  t h a t  w i l l  do what i s  requ i red  i n  t h e  s p e c i f i c a t i o n  and p r o v i d e  t h e  
r e q u i r e d  c o n t r o l s  and reco rd  t o  v e r i f y  t h e  procedure. A m a t e r i a l  sample should 
be supp l i ed  w i t h  t h e  f i n i s h e d  gears w i t h  case depth and hardness v e r i f i e d  on 
t h e  sample and a r e p o r t  d e l i v e r e d  w i t h  t h e  gears g i v i n g  a c e r t i f i c a t i o n  o f  a l l  
t h e  r e q u i r e d  c o n d i t i o n s .  

The 

Gear V i b r a t i o n  and Dynamic Loads 

When a gear system i s  designed i t  should be eva lua ted  f o r  dynamic loads 
and resonant  ope ra t i ng  c o n d i t i o n .  There a r e  many t imes when a gear system has 
f a i l e d  because o f  h i g h  dynamic loads from t h e  unexpected v i b r a t i o n  o f  t h e  
systems. I t  i s  u s u a l l y  n o t  enough t o  add a dynamic f a c t o r  per  AGMA 218.01 
( r e f .  2) s ince  these f a c t o r s  a r e  general i n  n a t u r e  and do n o t  a l l o w  f o r  
resonant  c o n d i t i o n s  t h a t  may e x i s t .  A v i b r a t i o n  a n a l y s i s  should be used i f  
a v a i l a b l e  t o  p r e d i c t  v i b r a t i o n  problems. There a r e  severa l  types o f  v i b r a t i o n  
c o n d i t i o n s  t h a t  may be encountered i n  a gear system. There may be s h a f t  v i b r a -  
t i o n ,  gear r i m  o r  web resonant  v i b r a t i o n ,  s h a f t  t o r s o n i a l  v i b r a t i o n  coupled 
w i t h  t h e  gear t e e t h  and housing v i b r a t i o n s .  l h e  gear t ransmiss ion  should be 
eva lua ted  f o r  these v i b r a t i o n  cond i t i ons  b e f o r e  and a f t e r  i t  i s  i n s t a l l e d  i n  
t h e  system. Tes t i ng  o f  t h e  gear system should be accomplished w i t h  adequate 
i n s t r u m e n t a t i o n  t o  show any v i b r a t i o n  problem t h a t  migh t  e x i s t  i n  t h e  o p e r a t i n g  
range. I f  a gear system should happen t o  have a resonance near t h e  o p e r a t i n g  
speed a r a p i d  f a i l u r e  o f  t h e  gears could occur .  F igu re  3 i s  a p l o t  o f  a gear 
system showing one o f  t h e  types o f  resonant c o n d i t i o n  t h a t  cou ld  occur over  a 
speed range. Gears w i t h  f a i r l y  t h i n  r ims a r e  p a r t i c u l a r l y  s u s c e p t i b l e  t o  r i n g  
v i b r a t i o n  modes which can cause h i g h  s t ress  l e a d i n g  t o  f a i l u r e .  Any gear r i n g  
should be checked f o r  n a t u r a l  f requencies and these should be avoided i n  t h e  
o p e r a t i n g  speed range. 
on gear r i n g s  t h a t  have v i b r a t i o n  problems as shown i n  f i g u r e  4. These r i n g s  
a r e  designed t o  r u b  a g a i n s t  t he  gear r i m  a t  a d i f f e r e n t  frequency and thus  

I t  i s  o f t e n  good p r a c t i c e  t o  use v i b r a t i o n  damper r i n g s  
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provide damping. The damping thus provided will considerably reduce the peak 
stresses at the resonant conditions. Sometimes it may be necessary to change 
the weight of a gear to move its resonant vibration away from the gear 
operating speed. 

Gear Life 

When a gear set is designed is it normally required to have a life that 
will be equal or better than the other equipment in the system. The two areas 
of life of concern to the gear designer are the bending fatigue life and the 
surface fatigue life, assuming there is no significant wear. The bending 
fatigue life can be designed for essentially an infinite life by keeping the 
bending stress well below the stress that will give 107 cycles before 
failure, figure 5. 
idler gears the stress should be further reduced by approximately 20 percent. 

In surface fatigue life there is no stress condition that will give 
infinite life. Therefore i n  applications where a large number of cycles are 
accumulated in a short period the stress must be reduced to account for this. 
At higher stress (life to approximately 106 cycles), test data reference 3 
indicates that the life is inversely proportional to stress to the ninth power 
(fig. 6). 
at lower stress levels (above 107 cycles) but there are indications that the 
life in this region is inversely proportional to stress to the 20th power 
(ref. 2, fig. 7) that is 
very expensive to obtain because of the long hours involved in running tests on 
several specimens. 

For reverse bending application such as epicyclic gears and 

L2 = L1 (S1/S2)9. There is insufficient data available 

L2 = L1 (Sl/S2)20. This type of data is 

When long surface fatigue life and moderate to hea\ly loads are required, a 
case hardened gears material must be used. Gear teeth that are below a hard- 
ness of Rockwell C 58 will have short surface fatigue life at maximum Hertz 
stresses above approximately 150 Ksi. 

Mater i a 1 s 

Many times a gear material is selected for an application which does not 
give the required surface durability or bending strength. Some steel materials 
that are adequate for small gears may not heat treat properly when used in a 
larger gear. Some lower alloy steels that will harden well in small sizes will 
remain soft with reduced strength when used for larger gears because it takes 
longer to quench. There is a wide variety of material available to the gear 
designer. Proper selection is required to meet the demand of low cost and 
reliability. Figure 8 from reference 4 gives a general cost level for various 
gear materials. There are many cases when plastic gears will perform very well 
because the loads and temperatures are acceptable. Soft steel gears are used 
for many applications but are generally much larger and weigh more than a com- 
parable case hardened gear. When weight size and reliability are important 
then a case hardened gear is usually the best choice. Most case hardened gears 
require finish grinding after heat treatment. However, nitriding steels can be 
case hardened by nitriding with very little distortion and may not require a 
grlnding operation after heat treatment. 
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Heat Treatment 

Successful  heat  t r e a t i n g  requi res two th ings ,  a good heat  t rea tment  spec i -  
f i c a t i o n  and a heat  t r e a t i n g  source t h a t  w i l l  f o l l o w  t h e  s p e c i f i c a t i o n  and do a 
good j o b  o f  heat  t r e a t i n g  t h e  m a t e r i a l .  A l l  t o o  o f t e n  s p e c i f i c a t i o n s  a r e  n o t  
f o l l o w e d  r i g o r o u s l y  r e s u l t i n g  i n  poor q u a l i t y  heat  t rea tmen t  and s o f t  o r  d i s -  
t o r t e d  gear. Most ca rbu r i zed  and hardened gears r e q u i r e  a good quenching d i e  
t o  p reven t  excessive d i s t o r t i o n .  Larger, and more compl ica ted  p a r t s  r e q u i r e  
more care  i n  des ign ing  t h e  quenching d i e  f o r  bes t  r e s u l t s .  

A t  corners  and sharp p o i n t s  care must be taken i n  c a r b u r i z i n g  and 
n i t r i d i n g  gear t e e t h .  Sometimes these areas w i l l  c rack  because o f  t h e  su r face  
compressure s t r e s s  b u i l t  up i n  t h e  m a t e r i a l  f rom t h e  c a r b u r i z i n g  o r  n i t r i d i n g .  
A t y p i c a l  corner  c rack  i s  shown i n  f i g u r e  9 ( r e f .  5 ) .  Th is  was e l i m i n a t e d  by 
masking the ends and t i p s  o f  t h e  t e e t h  t o  l i m i t  t h e  amount o f  carbon near the 
corner  o f  t he  t o o t h .  The same t ype  o f  t h i n g  can happen on narrow p o i n t e d  gear 
t e e t h  w i t h  n i t r i d i n g .  These t ype  problems can be avoided by masking areas t h a t  
do n o t  r e q u i r e d  hardening such as the ends and o f  t h e  t e e t h  thus reduc ing  the  
corner  s t resses .  

Adequate case depth must be obtained f o r  gears t o  p revent  case c rush ing  
as shown i n  f i g u r e  10. Reference 6 g i v e s  a good t rea tment  o f  case depth f o r  
ca rbu r i zed  gears t o  p revent  case crushing. Genera l l y  t h e  case depth should be 
w e l l  below the  depth  t o  t h e  maximum subsurface shear s t r e s s  t o  p reven t  case 
c rush ing .  

Lubr i  cat4 on 

Many gear system problems have been generated becadse o f  an inadequate 
a p p r e c i a t i o n  o f  l u b r i c a t i o n  methods and requirements f o r  gear lng .  Gears l i k e  
r o l l i n g  element bea r ing  r e q u i r e  a very smal l  amount o f  l u b r i c a n t  f o r  l u b r i c a -  
t i o n ,  however much more l u b r i c a n t  i s  needed f o r  removing heat  f rom the  gears. 
Several  methods a r e  used t o  l u b r i c a t e  and coo l  gears. The m o s t  common i s  
sp lash  l u b r i c a t i o n  when one gear d ips  i n t o  a r e s e r v o i r  o f  o i l  i n  t he  bottom o f  
t he  gearbox and throws t h e  o i l  on to  the  o t h e r  gear and bear ings .  Wi th  t h i s  
method ca re  must be taken t o  assure t h a t  an adequate f l o w  o f  o i l  i s  f e d  t o  t h e  
bear ings  f o r  good c o o l i n g .  I f  t h i s  i s  n o t  done bear ing  f a i l u r e  w i l l  occur 
because o f  i n s u f f i c i e n t  c o o l i n g  and not enough EHD o i l  f i l m .  The m o s t  common 
method used t o  supply o i l  t o  the  bear ing w i t h  the  sp lash  l u b r i c a t i o n  method i s  
t o  p r o v i d e  a channel t o  ca tch  the  o i l  splash and feed i t  t o  the bear ings .  When 
gears opera te  a t  h ighe r  speeds and loads the  sp lash  method o f  l u b r i c a t i o n  and 
c o o l i n g  w i l l  g e n e r a l l y  n o t  p r o v i d e  the c o o l i n g  r e q u i r e d  f o r  t h e  gears. Wi th  
inadequate coo l i ng ,  e a r l y  f a i l u r e  w i l l  occur. The f a i l u r e s  may be due t o  
scor ing ,  wear, sur face  f a t i g u e ,  o r  t oo th  breakage. The main cause f o r  these 
f a i l u r e s  sometimes i s  n o t  recognized as  over temperature o f  t he  gears f rom 
inadequate c o o l i n g .  The f i r s t  i n d i c a t i o n  o f  excessive temperature o f  t h e  gears 
may be s u p e r f i c i a l  p i t t i n g  o r  g r e y  s t a i n i n g  caused by a reduced EHD f i l m  t h i c k -  
ness as t h e  o i l  v i s c o s i t y  i s  reduced. I n  many a p p l i c a t i o n s  the  des igner  w i l l  
use o i l  j e t  l u b r i c a t i o n  w i t h  t h e  o i l  j e t  d i r e c t e d  a t  t h e  i n t o  mesh p o s i t i o n  o r  
a t  t he  o u t  of mesh p o s i t i o n .  Ne i the r  o f  these methods p r o v i d e  the  most e f f e c -  
t i v e  c o o l i n g  of t h e  gears and cou ld  i n  many cases a l l o w  overheat ing  o f  t h e  
gears. The i n t o  mesh method o f  o i l  j e t  l u b r i c a t i o n  w i l l  cons ide rab ly  reduce 
t h e  e f f i c i e n c y  of t he -gears  s ince  the o i l  go ing  i n t o  mesh increases  o i l  
chu rn ing  losses.  The i n t o  mesh and o u t  o f  mesh j e t  l u b r i c a t i o n  method g i ves  
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very  sha l l ow  impingement depth on t h e  gear t e e t h  ( r e f s .  7 and 8) and t h e r e f o r e  
n e i t h e r  method prov ide  good c o o l i n g .  
o i l  j e t  impingement f o r  i n t o  mesh and o u t  of mesh l u b r i c a t i o n .  

F igures  11 and 12 from re fe rence  9 show 

Much b e t t e r  gear t o o t h  c o o l i n g  i s  ob ta ined when t h e  o i l  j e t  i s  d i r e c t e d  
r a d i a l l y  on to  the gears w i t h  adequate j e t  v e l o c i t y .  
re fe rence  10 shows a r a d i a l l y  d i r e c t e d  o i l  j e t  imp ing ing  on a gear t o o t h .  
Here good c o o l i n g  i s  ob ta ined because t h e  o i l  j e t  i s  c o o l i n g  t h e  gear t o o t h  
where t h e  heat  i s  generated. 

F i g u r e  13  f rom 

No1 se 

I n d u s t r y  standards today a r e  r e q u i r i n g  t h a t  gear systems must meet a n o i s e  
s p e c l f i c a t i o n .  
how t o  des ign  gears t h a t  w i l l  opera te  a t  a n o i s e  l e v e l  o f  85 dB o r  l ess .  
Unless s p e c i a l  care i s  taken i n  t h e  des ign  and manufacture o f  t h e  gears, t h e  
n o i s e  l e v e l  may be excess ive.  

These requi rements u s u a l l y  mean t h a t  t h e  des igner  has t o  know 

There a r e  severa l  t h i n g s  t h a t  c o n t r i b u t e  t o  gear no ise .  Some o f  these 
have more e f f e c t  than o thers .  P r o f i l e  v a r i a t i o n s  seems t o  have t h e  g r e a t e s t  
e f f e c t  on gear noise, e s p e c i a l l y  a t  t h e  gear mesh frequency. Spacing e r r o r s ,  
runout ,  l ead  e r ro r ,  poor su r face  f i n i s h ,  t h e  wrong amount o f  p r o f i l e  m o d i f i c a -  
t i o n  w i l l  increase t h e  gear no i se .  Reference 11 descr ibes  how t h e  n o i s e  o f  a 
gear s e t  was reduced 5 dB when p r o f i l e  m o d i f i c a t i o n ,  ( i . e . ,  t i p  r e l i e f )  was 
added t o  an unmodif ied gear se t .  I n c r e a s i n g  load o r  speed w i l l  u s u a l l y  cause 
an i nc rease  i n  gear no i se  ( r e f .  1 ) .  There fore  h i g h  speed gears w i l l  r e q u i r e  
more accuracy and c a r e f u l  p r o f i l e  m o d i f i c a t i o n .  
t h a t  t h e  gear box meet t h e  no ise  requi rement  a t  o p e r a t i n g  l oad  and speed. A 
gear box which i s  very  q u i e t  a t  low loads may become very  n o i s y  a t  f u l l  des ign  
load.  
a t  moderate load.  Th is  gear box was very  q u i e t  a t  l i g h t  l oad  b u t  became ve ry  
n o i s y  a t  moderate loads.  

I t  i s  good p r a c t i c e  t o  r e q u i r e  

F i g u r e  1 4  i s  a v i b r a t i o n  spectrum o f  a double h e l i c a l  gear box o p e r a t i n g  

CONCLUDING REMARKS 

Many o f  the  more common problems t h a t  occur i n  gear t ransmiss ions  can be 
avoided i n  t h e  design and manufac tur ing  process. 
c u l a r  a p p l i c a t i o n  should be se lec ted  and t h e  accuracy requi rements determined 
t h a t  w i l l  g i v e  the des i red  r e s u l t s  w i t h  the  minimum c o s t .  For l i g h t w e i g h t  
des igns r i m  th ickness should be c a r e f u l l y  eva lua ted  f o r  v i b r a t i o n  problems and 
maximum bending s t resses .  

The gear t ype  f o r  t he  p a r t i -  

The drawing and s p e c i f i c a t i o n s  should be s p e c i f i c  and i n c l u d e  a l l  t he  
r e q u i r e d  i n fo rma t ion  t o  assure d e l i v e r y  o f  t h e  c o r r e c t  end produc t .  
and su r face  f a t i g u e  des ign  l i f e  should be adequate f o r  t h e  a p p l i c a t i o n .  

Bending 

The gear ma te r ia l  and heat  t rea tment  a r e  very  impor tan t  t o  t h e  l i f e  and 
c o s t  f o r  a g iven a p p l i c a t i o n  and should be c a r e f u l l y  determined. The l u b r i c a -  
t i o n  system must be designed t o  p r o v i d e  good c o o l i n g  and l u b r i c a t i o n  f o r  t h e  
gears t o  prevent  e a r l y  f a i l u r e .  I n  recen t  years n o i s e  has become an impor tan t  
des ign  cons ide ra t i on  and must be eva lua ted  t o  assure t h a t  t h e  gear system meets 
t h e  requirements. 
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Carefu l  a t t e n t i o n  t o  the  above mentioned des ign f a c t o r s  w i l l  p rov ide  a 
gear system w i t h  l ess  problems and longer l i f e .  
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FIGURE 4 .  - GEAR WITH V IBRATION 
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FIGURE 9. - TYPICAL FRACTURE OF MODIFIED VASCP X-2 GEAR 
TEETH WITH NASA SPECIFIED HEAT TREATMENT AND 

CARBURIZED ON ALL SIDES. 

FIGURE 10. - CASE CRUSHING OF CASE HARDENED 
GEAR TEETH. 



(A )  INTO MESH LUBRICATION FOR VJ > VG, 

(B) INTO MESH LUBRICATION FOR VJ < VG, 

FIGURE 11. - INTO MESH JET LUBRICATION OF GEARS. 



(A) O I L  JET CLEARING P I N I O N  TEETH. (B)  O I L  JET CLEARING GEAR TEETH. 

FIGURE 12. - OIL JET IMPINGEMENT DEPTH. OUT OF MESH! SPEED, 3600rpm: JET PRESSURE. 8 . 3 ~ 1 0 ~  N/M2 ( 1 2 p S i ) .  

FIGURE 13. - RADIAL JET LUBRICATION 5000 rpm O I L  JET PRESSURE 

21 N / C ~  (30psi ). 
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