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Abs t rac t  

L i f e  and r e l i a b i l i t y  models a re  p re -  
sented f o r  p l ane ta r y  oear t r a i n s  w i t h  a  
f i x e d  r i n o  gear, i n p u t  app l i ed  t o  t he  sun 
gear. and ou tpu t  taken from the  o l a n e t  
arm. Fo r  t h i s  t ransmiss ion the i n p u t  and 
Output sha f t s  are c o - a x i a l  and the  i n p u t  
and cu tou t  torques a re  assumed t o  he co- 
a x i a l  n i t h  these sha f t s .  Thrusc and s i d e  
l oad ing  are neglected. The r e l i a b i l i t y  
aodel i s  based on the Y e i b u l l  d i s t r i b u -  
t i o n s  o f  the i n d i v i d u a l  r e 1 i a b i l : t i e s  o f  
the main t r a n s i i s s i o ~  corponents. The 
system model i s  a l s o  a  U e i b u l l  d i s t r : b u -  
t i o n .  Tire l oad  versus l i f e  m d e l  f o r  t he  
system i s  a power r e l a t i o n s h i p  as a re  ti-e 
models f o r  tbe i n d i v i d u a l  camponents. 
The l o a d - l i f e  exponent and bas ic  dynamic 
capac i t y  are jeveloped as func t ions  o f  
the  component capac i t i e s .  The computer 
models a re  used t o  compare th ree  and f o u r  
p lane t .  150 kw (200 horsepower), 5: l  
r educ t i on  t ransmiss ions w i t h  1500 RPR 
i n p u t  speed t o  i l l u s t r a t e  t h e i r  use. 

i n p u t  torque ( I - o l  

s t ressed  volume (ma')  
depth t o  maximum shear s t r e s s  (an) 
cu rva tu re  sum a t  p i t c h  p o i n t  (I/-) 
angular  r o t a t i o n  
maximun shear s t r e s s  (pa) 
p i t c h  l i n e  p ressure  a ~ g l e  

Subscr ip ts  

A p l a n e t  c a r r i e r  o r  arm 
a  f i r s t  l oad  
B p l a n e t  bea r i ng  
b  second l oad  
c  t h i r d  l oad  
r r a d i a l  d i r e c t i o n  
P p l a n e t  gear 
R r i n g  sear  
5 sun gear 
T t r a n s a i  s i  on 
t t a n g e n t i a l  d i r e c t i o n  
10 corresponding 90 percen t  p r o b a b i l i t y  o f  

s u r v i v a l  

No lnnc l a t u ro  I n t r o d u c t i o n  

bas ic  dynamic conaonent c c p a c i t y  (N) 
basf c  dynamic system caoaci t v  (W-m) 
P e i b u l l  exponent 
gear face w id th  (ma) 
fo rce  (It) 
l i f e  i n  m i l l i o n s  o f  conoenent l oad  

cyc l es  
l i f e  i~ m i l  , ions o f  sun Fear r o t a t i o n s  
number o f  p lane ts  
nunher o f  gear t ee th  
l o a d - l i f e  exponent 
gear r ad i us  (mn)  
p robab i l i t y  o f  s u r v i v a l  ( r e  I i a b i l  i ty )  

Recent ly  i n  t he  f i e l d  o f  mechanical 
design, t h e  f ixed- load.  f i x e d - s t r e n g t h  
f a c t o r  o l  s a f e t y  approach t o  l i n  has 
come under cons iderab le  doubt fmM*- 
The .s lue o f  t h i s  f a c t o r  o f  sa fe t y  comes 
under se r ious  ques t i on  when one becomes 
aware of the ac tua l  v a r i a t i o n s  i n  s e r v i c e  
loads and i n  dev ice s t r eng ths  whlch e x i s t  
i n  machinery today. S e l e c t i n g  t h e  wors t  
?oad and t he  weakest u n i t  and b s l n g  a  
f a c t o r  o f  sa fe ty  g rea te r  than u n i t y  leads  
t o  heavy. overdesigned machinery. Us ing 
nominal l oads  and s t r enq ths  leads  t o  the  
poss l  b i  1  i t y  o f  a  s i o n i g i c a n t  underdesign 

m t t T a t  the 1982 AkS S o e c i a \ i s t s 9  f o r  a  l a r g e  poou la t i on  o f  the i n  s e r v i c e  
t l ee t ing  on Rotary Ying Prcnul  s i o n  Systems. - F o r t  Magruder Inn. V i l l i amsburg .  VA, Numbers i n  s u p e r s c r i p t  denote re ferences 
t4ovember 16-18, 1982. a t  the end o f  the paper.  
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devices due t o  t h e  s t a t i s t i c a l  v a r i a t i o n  
i n  the se r v i ce  l o a d  cond i t i ons  and ac tua l  
dev ice s t reng ths .  

A more r e a l i s t i c  approach i s  o f f e red  
by the methods o f  p r o b a b i l i s t i c  mechanical 
design2. I n  p r o b a b i l i s t i c  design. a  p ro -  
posed des ign i s  eva lua ted  i n  terms o f  
s t a t i s t i c a l l y  va r y i ng  l ead  and s t r e n g t h  
c h a r a c t e r i s t i c s  which w r e  n e a r l y  w e e l  
the  s i  t ua t i on .  A s t a t i s t i c a l  o r  p r o b a b i l -  
i s t i c  approach requi rcs knowledge o f  the  
nominal loads a r d  s t r eng ths  as w e l l  as the  
s t a t i s t i c a l  v a r i a t i o n s  i n  each. M t i h  t h l s  
knowledge. the  des igner  should be ab le  t o  
assess the r e l i a b i l i  t y  o r  p r o b a b i l i  t y  o  
s u r v i v a l  o f  the t o t a l  nechan ica l  system$*? 

The u t i l i t y  o f  a  p r o b a b i l i s t i c  ap- 
proach t o  des ign i s  apparent i n  t he  des ign 
o f  a i r bo rne  power t ransmiss ion  systems. 
The requ i rencn ts  oC low weight.  h i g h  power 
dens i t i e s .  and h i g h  speeds must be balanc- 
ed aga ins t  requirements o f  r e l i a b i l i t y ,  
n a i n t a i n a b i l i t y .  and l o n g  mar ,  t i n e  be- 
tween overhauls  (RTBO's). 

Cur ren t l y .  t h e r e  i s  no system proba- 
b i l i s t i c  desian procedure f a r  des ign ing  
l i g h t w e i g h t  geared power t ransmiss ions 
such as those fouad i n  h e l i c o p t e r  d r i v e  
systems. I t  h  s been shown by Lundbers 
and Palmgren!-f. and by Coy, T o r ~ r e n d  
and ~ a , - e t s k ~ o * ~ * ~  t h a i  i o 1 l i r . j  e l e r n t  
bear ings and h i a h  s t r e n g t h  s t e e l  gear 
t e e t h  have f i n i t e  l i v s  under any l e v e l  of  
app l i ed  s t ress .  Tbe s t a t i s t i c a l  aodels  
f o r  the l i v e s  and the c a o a c i t i e s  o f  these 
compon n  f 11 b the Y e i b u l l  d i s t r i b u -  
t i o n 3 * E * l i a * t - 1 8   he f i n i t e  I i ves  o f  
these components a re  due t o  the  na tu re  o f  
p i t t i n a  f a t i g u e  t o  which bo th  bear inos  
and gears are subjected.  Even i n  ca re -  
f u l l y  designed gears and bea r i n f s  where 
the  l u b r i c a t i o n  i s  adequate and t he  serv-  
i c e  loads do n o t  inc rease  unexpectedly.  
p i t t i n g  f a t i g u e  f a i l u r e s  w i l ?  e v e n t u a l l y  
end the u  e f u l  1 i ves  of bo th  bear ings and 
9ears4*5*8-  Thus. ~i t t i n g  f a t i g u e  i s  
the node o f  fa i !u re  on which the  r e l i a b i l -  
i t y  o f  each Lomponent i s  based. 

Shor t  c yc l e  s t a t i c  ove r l oad ing  must 
a l s o  be considered i n  t h e  des ign o f  any 
d r ~ i i ~  t o  min imize s t a r t i i p  and c rash  type 
f a i l u r e s .  However, the s t a t i c  over load  
design cons i de ra t i on  n u s t  be a o p l i e d  i n  
a d d i t i o n  t o  the r e l i a b i l i t y  desian, s ince  
these f a i l u r e s  a re  n o t  by p i t t i n g  f a t i g u e  
and thus a re  n o t  cons idered i n  t h i s  sys- 
tem model. 

I n  t h i s  study, the  Yei b u l l  d i  s t r i  bu- 
t i o n  i s  used t o  descr ibe  the f a i l u r e  spec- 
t rum o f  the u n i t s .  Th is  d i s t r i b u t i o n  of 
p r o b a b i l i t y  o f  f a i l u r e  versus l i f e  a t  a  
g iven load  i s  conno 1 accented f o r  bear- 
i n g  l i e  and i s  be ing  

app l i ed  f o r  o t h e r  c 0 ~ o n e n t s 6 - ~ 0  due t o  
i t s  a b i l i t y  t o  descr ibe  f a i l u r e  d i s t r i -  
bu t i ons  which a n  n o t  normal1 y I f s t r l b -  
uted. It matches component f a i l u r e  t e s t  
da ta  more c l o s e l y  than t h ~  f & v l e r  b e l l  
cu rve  normal d i s t r i b u t i o n  9 due t o  I t s  
a b i l i t y  t o  model skewed d i s t r i b u t i o n s .  

I n  a d d i t i o n  i t  i s  assumed t h a t  t h e  
l o a d  l i f e  r e l a t i o n s h i p  i s  independent o f  
t h i s  f a i l u r e  o m b a b i l i t  versus l i f e  a t  a  
g iven  l o a d   relationship^^^ J Since 
the  l o a d  l i f e  r e l a t i o n s h i p  i s  an i nve r se  
pcwer ~ e l a t i j . n s h i p ,  i t  can  be used to  
c b t a i n  a  weighted average l o a d  f rom t h e  
miss ion  spectrum. I t  i s  t h i s  weighted 
average l o a d  r h i c h  i s  c a l l e d  t he  nominal 
l o a d  o r  se r v i ce  l o a d  o f  t he  t r ansm iss i  

I n  a  p r i o r  p a p e r l l ,  t he  d e r i v a t i o n s  
o f  t he  s p e c i f i c  l o a d  and r e l % a b i l i t y  equa- 
t i o n s  f o r  the  system l i f e  and dynamic 
capac i t y  o f  a  o l ane ta r y  gear r e d u c t i o n  
w i t h  stepped p l ane t s  a r e  presented. I n  
t h i s  paper. these r e l a t i o n s  a re  a p p l i e d  
t o  the  l o s t  comaon subset of  t h i s  t r ans -  
m iss ion  - t h a t  w i t h  s imp le  p l a n e t  gears. 
The k inemat ic  i n v e r s i o n  o f  t he  p l a n e t a r y  
gear r e d u c t i o n  s t ud i ed  i s  t h a t  o f  a  s i n g l e  
p lane  r r r a n y t m s t  w i t h  a  sun, severa l  
s i r n e t s  and a  f i r e d  r i n g  gear. The sun 
i s  the i n s s t  and i t s  s h a f t  i s  co -ax i a l  
w i t %  the p l a n e t  arm's s h a f t  which i s  t he  
ou tpu t .  Both i n p u t  and o u t p u t  sha f ts  a re  
loaded w i t h  pure  torques. 

The r e l i z b i l i  t y  aode l  i s  based on the  
r e l i a b i  l i e s  c f  the  i n c i r i d u a l  gears and 
bear ings  and i s  U e i b u l l  i n  nature.  The 
t ransmiss ion  r e l i a b i l i t y  i s  presented as 
a  system l i f e  f o r  90 pe r cen t  p r o b a b i l i t y  
o f  s u r v i v a l  o f  the  e n t i r e  assembly based 
on corresponding l i v e s  f o r  t he  i n d i v i d u a l  
components. The t ransmiss ion 's  bas i c  
dynamic capac i t y  i s  de f i ned  as t he  i n p u t  
torque which may be app l i ed  f o r  one m i l -  
l i o n  r o t a t i o n s  o f  the i n p u t  sun gear w i t h  
a  90 p e r t e n t  p r o b a b i l i t y  o f  s u r v i v a l .  The 
v a r i a t i o n  o f  l i f e  w i t h  l o a d  f o r  a  g i ven  
r e l i a b i l i t y  i s  modeled w i t h  a  power law 
r e l a t i o n .  Yhen p l o t t e d  on l o g - l o g  coord- 
i n a t e s  the  r e l a t i o n  becows  a  s t r a i g h t  
l i n e .  The r e l a t i o n s h i p  i s  t r e a t e d  as 
be ing  uncoupled f rom the  Y e i b u l l  r e l a t i o n -  
s h i p  df r e l i a b i l i t y  t o  l i f e  a t  a  g iven  
load.4.7,9. The l o a d - l i f e  exponent and 
bas ic  dynamic capac i t y  a re  developed as 
f u n c t i o n s  o f  the  component capaci  t i e s .  

Numerical s t ud i es  o f  a  150 kw (200 
horsepovfer) 5: 1 reduc t i on  t ransmiss ion  
ope ra t i ng  a t  1500 r e v o l u t i o n s  pe r  minute 
i n p u t  speed a r e  presented and discussed. 
Both t h ree  and f o u r  p l a n e t  t ransmiss ions  
a re  cor.sidered. 



Force and Uot ion  Ana l ys i s  -- 

The gear t r a i n  under cons i de ra t i on  
i s  shown i n  f i g .  1  i n  a  th ree  p l ane t  a r -  
rangeacnt. I t  i s  assumed i n  t h i s  model 
t h a t  a l l  the  p la f ,e ts  share t h e  l oad  
equa l l y .  

F ig .  1  P lane ta ry  gear r educ t i on  

F ig .  2 P lanet  gear forces 

The - j o t  loads on t he  components a r e  
shown i n  Fig.  2 which i s  a  f o r ce  diagram 
f o r  a  s i n g l e  p l a n e t  gear. I n  t h i s  f i g u r e  
a re  shown the  gear r a d i i  as w e l l  as the 
f o r ces  a c t i n g  on the  p l a n e t  gear. The 
f o r c e  component a c t i n g  tangent t o  t h e  
p i t c h  c i r c l e ,  Ft,  i s  t he  s a w  f o r  b o t h  
con tac t  w i t h  t h e  sun gear and con tac t  
w i t h  the r i n g  gear and i s :  

where Ti i s  the i n p u t  torque and n  i s  t he  
number o f  p l ane t s  i n  the  t ransmiss ion.  
The normal f o r c e  on the t e e t h  i s  t h i s  l o a d  
d i v i d e d  by the  cos ine o f  the  pressure 
angle. The t s t a !  bea r i ng  l oad  a t  each 
p l a n e t  f o r  t h i s  symmetric p l a n e t  i s  tw i ce  
the t a n g e n t i a l  t o o t h  load:  

& k inemat i c  ana l ys i s  o f  t h i s  p lane-  
t a r y  i s  a l s o  r equ i r ed  t o  determine the 
r e l a t i v e  number o f  l oad  cyc l es  t h a t  each 
conponent sees as the i n p u t  sun r o t a t t s .  
Th is  i s  needed f o r  the f a t i g u e  l i f e  anal  j- 
s i r .  The k inemat ic  ana l ys i s  has been de- 
r i v e d  i n  re fe rence  1 2 .  The r e s u l t s  a re  
presented i n  t a b l e  1, where the r o t a t i o n  
o f  each component i s  g iven  i n  terms o f  the  
r o t a t i o n  o f  the sun gear. A l l  r o t a t i o n s  
a re  take11 i n  the coo rd i na te  f r a w  o f  the  
r i n g  gear which i s  h e l d  f i xed .  Reading 
across i n  the tab le ,  f o r  each o f  t h e  corn- 
ponents i. one ob ta i ns  the terms f o r  t he  
f o l l o w i n g  r e l a t i v e  angular  n o t i o n  expres- 
s i o n  

where A rep resen ts  the arm o r  sp i de r .  

The i t em i zed  angu la r  r o t a t i o n s  i n  
t h i s  t a b l e  can be used t o  r e l a t e  the num- 
ber  o f  l oad  cyc l es  o f  the va r ious  compon- 
en t s  t o  the number of i n p u t  sun r o t a t i o n s .  

Bear ino  R e l i a b i l i t y  and Capaci ty  

The re1  i abi  1  i t y  and capaci t y  o f  the  
p l ane ta r y  assembly i s  a  f u n c t i o n  o f  the  
r e1  i a b i  l i  t i e s  and c a p a c i t i e s  o f  i t s  corn- 
ponents.  These quan t i  t i  s h  e  been w e l l  
de f ined  f o r  the bea r i ngs t *5 * f 3 -  The 
f a t i o u e  l i f e  model p r  posed i n  1947 by 
LundSerg and PalmgrenP i s  s t i l l  t he  com- 
m o n ! ~  accepted theory .  The r e1  i a h i l  i t f  
o f  a  s i n a l e  bea r i ng  can be c a p r r s s r d  1 1 1  

terms o f  i t s  p r o b a b i l i t y  o f  s u r v i v a l ,  5 .  
f o r  a  l i f e  o f  P r o t a t i o n s  by t he  f o l l o w i n g  
r e l a  t i o n  

1 c e 6 V  l o g  5 +t e -h 
z 



where r i s  the c r i t l c a l  shear ing  s t r ess  
beneath the surface. z i s  the depth under 
the sur face t o  the l o c a t i o n  o f  t he  c r i t i -  
c a l  s t ress .  and V i s  s t ressed  volume. The 
exponents a re  determined from e x p e r i w n t a l  
l i f e  t e s t i n g  on groups o f  bear ings  run  
under i d e n t i c a l  c o n d i t i o n s  The Yei bu l  l 
exponent l i s  a measure o f  the  s c a t t e r  i n  
the d is t r i !u t ion  o f  bea r j ng  1 i ves. 

Table 1. Angular r o t i o n  o f  components I n  
terms o f  angu la r  mot ion  o f  sun 
gear 

The above formula f o r  p r o b a b i l i  t y  o f  
s u r v i v a l  r e f l e c t s  the  observed e f f e c t s  o f  
s t ress .  s t r e s s  f i e l d .  and s t r e s s  cyc l es  on 
r e l i a b i l i t ? .  Greater s t ress .  7. decreases 
r e l i a b l l i t  . A more shal low s t r e s s  f i e l d  
a  1  z d e c r e e s  r e i t y  Th is  
i s  t r u e  because i t  i s  expected t h a t  a  
microcrack beg inn ing  a t  a  p o i n t  o f  maximum 
s t r e s s  under the su r face  r equ i r es  some 
t ime t o  propagate t o  the surface f o r  the 
more sh$ l low s t r e s s  f i e l d .  

The s t ressed  volume V i s  a l so  an im- 
p o r t a n t  f a c t o r .  P i  t t l n g  i n i  t i a t i o n  oc- 
curs  near any smal l  s t r e s s  r a i s i n g  imper- 
f e c t i o n  i n  the m a t e r i a l .  The l a r g e r  the 
s t ressed  volume. the  g rea te r  the  l i k e l i -  
haod o f  f r l l u r e .  

Re la t i on  4 i s  b u i l t  around the bas ic  
two parameter u e i b u l l  d i s t r i b u t i o n  r e l a -  
t i o n s h i p  f o r  r e l i a ' i l i t y .  5 .  a s  r f unc t i on  
o f  l i f e ,  p .  Since t h i s  d ~ s t r i b u t i o n  t s  
exponen t ia l  i n  form. d i f f e r e n t  $ l o p e t .  eg r  

u i l l  represen t  distributions w i  t h  d l  f f e r -  
c n t  skews. Thus the  bea r i ng  l i f e  d i s t r i -  
b u t i o n  which has a Ye tbu l l  s lope  o f  1.2 
4s skewed 'o t he  h f g h  end o f  t h e  141. 
reg ion .  As r r e s u l t  - re  bear ings  f a i l  
a t  l i v e s  below the average l l f e  than above 
i t .  An inc rease  i n  the  Y e t b u l l  s lope. e,. 
would reduce t h i s  skewness and produce 8 
s y m r t r i c  d i s t r t b u t i o n .  Even h i g h e r  
values o f  l (above 3.57) produce a d i s -  
t r i b u t i o n  w!th an opposite skew and note 
f a i l u r e s  above the average l i f e .  Thr 
p r o p o r t i o n a l i t y  o f  r e l a t i o n  4 can be r e -  
moved by d i v i d i n g  r ~ l a t i o n  4 by a s i m i l a r  
r e l a t i o n  w i t h  a  s p e c i f i c  r e l i a b i l i t y ,  S- 3, 
o r  p r o b a b i l i t y  o f  s u r v i v a l  o f  90 percen t  
and the corresponding l i f e ,  t o l o  f o r  the  
i d e n t i c a i  c o n d i t i o n  o f  s t r e s s  and geow-  
t y y .  The two p r r r w t e r s  o f  t h e  d i s t r l b u -  
t i o n  a re  now t he  Y e i b u l l  s lope. eg, and 
the l i f e  f o r  90 percen t  s u r v i v a l .  tblO. 
and the  Weibul l  d i s t r i b u t i o n  becomes. 

1  1  t~ l o g  5 = l o g  ( -§) (TI  ( 5 )  
810 

This V e i b u l l  d i s t r i b u t i o n  r e l a t e s  t he  
bea r i ng  l i f e .  Cg, t o  the p r o b a b i l i  t y  
o f  s u r v i v a l  a t  t h a t  l i f e  i n  terms o f  the 
two parameters eg and C e j 3 .  

The r e l a t i o n s h i p  between t he  bea r i ng  
l i f e  and i t s  l oad  f o r  a  90 percen t  prob-  
a b i ! i t y  o f  s u r v i v a l  i s  

where Fg i s  the  nominal l oad  on the 
bear ing.  i s  the l o a d - l i f e  exponent and 
cg i s  thePRasic dynamic capaci t y  o f  a  
s i n g l e  bear ing.  The bas i c  dynamic capa- 
c i t y  i s  de f ined  as the l oad  which may be 
endured by 90 percen t  of  the  bear ings  f o r  
one m i  11 i o n  i nne r  race r e v o l u t i o r . ~  under 
c e r t a i n  ope ra t i ng  cond i t i ons .  

To f a t i l i t a w e  the combinat ion o f  
l i v e s  and c a p a c i t i e s  a f  a l l  the  t r ans -  
m iss ion  components i n t o  a  s i n g l e  l i f e  and 
capaci t y  f o r  the t ransmiss ion,  the  l i v e s  
and the dynamic c a p a c i t i e s  o f  each o f  the 
components m i l  l be expressed i n  terms o f  
i n p u t  sun gear r o t a t i o n s  and i n p u t  sun 
gear torque.  

From Table 1. the  bea r i ng  i n n e r  r o -  
t a t i o n s  a re  g i ven  i n  t e rns  o f  sun r o t a t i ons  
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Using lower  case L ' S  t o  des igna te  
component l i v e s  i n  terms o f  co lponent  
c yc l es  and upper case 1 ' s  t o  des igna te  
component l i v e s  i n  terms o f  i n p u t  sun gear 

(1 3) 

r o t a t t o n s .  Eq. ( 7 )  t ransforms Eq. (5) i n t o  
Where LB t s  the  number o f  m i l l i o n  sun ro- 

1  1  ( R ~ R ~ L 8  ' 0  (a )  t a t i o n s  f o r  which the  bear ing  has t h e  
'09 5 * log 3 Rp(RS + RRJ LBl9 B 

p r o b l b i  1  i t y  of s u r v i v a l  . Ss. 

For  a  90 percent  s u r v i v a l  r a t e  f o r  a  
p l a n e t  bear ing,  SB = .9 and L1 LB10 sun 
gear r o t a t i o n s .  S u b s t i t u t i o n  n t o  
Eq. ( 8 )  y i e l d s :  

as expected from Eq. ( 7 ) .  

To o b t a i n  the  l o a d - l i f e  r e l a t i o n  f o r  
the  bear ing  i n  terms o f  t ransmiss ion  i n -  
p u t  parameters, one can s u b s t i t u t e  the  ex- 
press ions f o r  b e a r i ~ g  l o a d  i n  t e r n s  o f  
i n p u t  torque as g iven  by Eqs. (1.2) i n t o  
Eq. (6 )  and s u b s t i t u t e  a l l  o f  t h i s  i n t o  
Ela. (9': 

The dynamic capac i t y  o f  a  p l ane t  bear ing  
i s  nor  the i n p u t  torque on the  sun 
s h a f t  which may b? app l i ed  w i t h  90 perter* 
o f  the  p l ane ta r y  bear ings s u r v i v i n g  f o r  
one m i l l i o n  sun s h a f t  r e v o l u t i o n s .  From 
f q .  (10) t he  p l ane t  bea r i ng  system 
dynamic capac i t y  o f  T i  = D i s  ob ta ined  
when LglC = 1.0. The r e s u f t  f o r  the 
dynamic capaci t y  i s  

The r e l a t i o n s h i p  between bea r i ng  l i f e  i n  
m i l l i o n s  o f  sun r o t a t i o n s  and app l i ed  sun 
s h a f t  toroue f o r  which 90 percen t  o f  the 
bear ings w i l l  endure i s  g iven  by 

Gear R e l i a b i l i  t y  and Capacl tr 
S ~ r f a c e  f a t i g u e  l i f e  and dynamic 

capac i t y  f o r  r spur gear ha l b en t h e  
sub lec t s  o f  recen t  r t s e a r c d  * 7 * 8 .   his 
research has a p p l i e d  the p r e v i o u s l y  n n -  
t i oned  Lundberg-Palmgren r e l i a b i l i t y  rode1 
t o  spur gears. 

Tests  have shown t h a t  t he  p i t t i n g  
f a t i g u e  l i f e  o f  gears f o l l o w s  t h i s  r e l i -  
a b i l i t y  r e l a t i o n s h i p ,  b u t  w i t h  a  d i f f e r e n t  
V e i b u l l  exponent, e6. than t h a t  f o r  
bear ings.  

where S i s  the  p r o b a b i l i t y  o f  s u r v i v a l  
o f  a  s i n g l e  gear t o o t h  and 1 i s  the  number 
of s t r ess  cyc l es  imposed ov the gear t o o t h  
sur face.  

The l o a d - l i f e  r e l a t i o n s h i p  f o r  a  
s i n g l e  t o o t h  *or  a  90 percen t  p r o b a b i l i t y  
o f  s ~ r v i v a l  i s :  

where F i s  the  t r ansm i t t ed  t angen t i a l  
t o o t h  load  and C t  i s  the bas ic  dynamic 
capac i t y  o f  the  t o o t h  f o r  ope m i l l i o n  l o a d  
cyc l es  which has been developed I n  Re fe r -  
ence 8, 

where f i s  t he  a c t i v e  t o o t h  face width.  
fo i s  the cu r va tu re  sum a t  the  p i t c h  p o i n t  
and t he  cons tan t  B . measured i n  u n i t s  o f  
s t r e s s  (Pa), i s  ba led  on e x p e r i m n t a l  
r e s u l t s  from gear l i f e  t e s t i n g . 8  For case 
hardened A I S I  9310 Vacuum Arc Remelt 
Stee l  gears. 0, = 144 MPa (21,000 a s i ) .  

The fundamental q u a n t i t i e s  t h a t  desc r ibe  As shown i n  Reference 11, t h i s  fund- the r e1  i a b i l i  t y  and 1 I f e  a I s t r i b u t i o n  for amnt.1 t o o t h  relirbil ity eguatton s i n p l e  bear ings and bear ings  t r e a t e d  as for the  dynamic capacity o f  a sfngle t ransmiss ion  comPonents have now been de- t o o t h  on a gear can be combined with termined. F i n a l l y .  the  ~ r o b a b i l t t ~  d i s -  
~ q .  ( 1 )  and t he  k i n e m a t i c  analysis o f  t r i b u t i o n  f o r  the r e l i a b i ? i t ~  o f  a  planet Table 1 t o  produce r e l a t i o n s  for t h e  bear ing  I s  w r i t t e n  as bas fc  dynamic capac i t y  o f  each gear I n  
the t ransmiss ion.  As f o r  the bear ings.  
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t hese  b a s i c  dynamic c a p a c i t i e s  a r e  t h e  
i n p u t s  t o rques  on the sun gear  s h a f t  w h i c t  
may be a p p l i e d  f o r  90 p e r c e n t  s u r v i v a l  
o f  t h a t  component i n  one m i l l i o n  sun s h a f t  
r e v o l u t i o n s .  T h i s  c a p a c i t y  i s :  

f o r  t h e  sbn gear, where C i s  t h e  r e s u l t  
o f  a p p l y i n g  Eq. (16) t o  t f i e  pa ramete rs  
o f  t h e  sun gea r  and i t s  mesh w i t h  a  p l a n e t  
gear.  

For  a  p l a n e t  gear  t h i s  dynamic capa- 
c i t y  becomes: 

where CS i s  t h e  dynamic c a p a c i t y  o f  a  
t o o t h  on t h e  p l a n e t  gear due t o  i t s  mesh 
w i t h  t h e  sun gear and C i s  t h e  dynamic 
c a p a c i t y  o f  a  t o o t h  on !he p l a n e t  gear  du? 
t o  i t s  mesh w i t h  t h e  r i n g  gear.  S ince the  
p l a n e t  gear t e e t h  mesh w i t h  t h e  sun gear 
on one f a c e  and w i t h  t h e  r i n g  gear on the  
o p p o s i t e  face.  these dynamic c a p a c i t i e s  
a r e  independent  o f  each o t h e r .  

F i n a l l y ,  f o r  t he  r i n g  gear,  t h i s  
dynamic c a p a c i t y  becomes: 

Fo r  a l l  t h e  gears ,  t h e  component 
W e i b u l l  exponent,  e ~ ,  and l o a d - l i f e  expo-  
nen t .  p ~ .  remain  unchanged f o r  t h e  r e l a -  
t i o n s h i p s  i n  terms o f  sun gear  t o r q u e  and 
sun s h a f t  r o t a t i o n s .  

Yhus the  r e l a t i o n s h i p  f o r  sun gear  
l i f e  and a p p l i e d  sun s h a f t  t o r q u e  f o r  
wh i ch  90  p e r c e n t  o f  t h e  sun gears  w i l l  
s u r v i v e  i s  now g i v e n  by: 

and t h e  p r o b a b i l i t v  d i s t r i b u t i o n  f o r  t he  
r e l i a b i l i t y  o f  the  sun gea r  can be n r f  t t e n  
as : 

1 l o g  5 = l o g  3 
s I ;io I eG 

where L i s  t h e  number o f  m i l l i o n  sun 
r o t s t i o a s  f o r  whfch  t h e  sun gea r  has t h e  
p r o b a b i l i t y  o f  s u r v i v a l  S S .  

Eqs. (20)  and ( 2 1 )  rre a l s o  v a l i d  
f o r  t h e  p l a n e t  and r i n g  gea rs  w i t h  t h e  
rep lacement  o f  t h e  s u b s c r i p t  5 by t h e  sub- 
s c r i p t  P and R r e s p e c t i v e l y .  

System Re1 i a b i l  i t y  and Capaci t y  

The p r o d u c t  r u l e  r a y  now b e  used t o  
exp ress  the  p r r b a b i l i t y  o f  s u r v i v a l  o f  t h e  
t o t a l  sys tem c o n s i s t i n g  o f  t h e  p l a n e t  
bea r i ngs ,  t h e  sun gear, t h e  p l a n e t  gears  
and t h e  r i n g  gear.  

The p r o b a b i l i t y  d i s t r r  >,.t ion f o r  
t h e  s u r v i v a l  o f  t h e  t o t a l  t r a n s m i s s i o n  
can be o b t a i n e d  by  s u b s t i t u t i n g  Eqs. (13)  
and ( 2 1 )  i n t o  t h e  n a t u r a l  l o g  o f  t h e  
r e c i p r o c a l  o f  Eq. ( 2 2 ) .  

S ince a l l  t h e  component l i v e s  a r e  
coun ted  i n  t h e  same u n i t s  o f  sun r o t a t i o n s ,  
t h i s  c o u n t  i s  now i d e n t i c a l  f o r  a l l  t h e  
components and i s  t h u s  l a b e l e d  as LT i n  
t h e  e x p r e s s i o n  f o r  t h e  p r o b a b i l i t y  o f  s u r -  
v i v a l  ST f o r  t h e  e n t i r e  t r a n s m i s s i o n .  

U n f o r t u n a t e l y .  Eq. ( 2 3 )  i s  n o t  a  
s t r i c t  W e i b u l l  r e l a t i o n s h i p  between System 
l i f e  and sys tem r e l i a b i l i t y .  The equa- 
t i o n  wou ld  r e p r e s e n t  a  t r u e  Weibu l?  d i s t r i -  
b u t i o n  o n l y  i i eB = e6 wh ich  i s  n o t  t he  
case i n  g e n e r a l .  The r e l a t i o n s h i p  o f  
Eq. ( 2 3 )  can be p l o t t e d  on W e i b u l l  
c o o r d i n a t e s  as shown i n  F i g .  3. 

T h i s  d a t a  i s  p l o t t e d  f o r  t h e  case 
o f  a  t h r e e  p l a n e t  t r a n s m i s s i ~ i  as drawn 
i n  F i g .  1 .  I t  i s  f o r  an o u t p u t  speed o f  
300 RPH a t  150 kw (200 horsepower) .  The 
gears  a r e  o f  case hardened A I S I  9310 V ~ C U U ~  
Arc Remelt  S t e e l .  They have a  w i d t h  o f  
51 mm ( 2 . 0  i p c h e s )  and a  module o f  4.23 m r  
( a  d i a m e t r a l  p i t c h  o f  6 i nches -1 ) .  The 
p r e s s u r e  ang le  i s  20 degrees.  The sun 
gear has 24 t e e t h  and a  102 mm ( 4  i n c h )  
p i t c h  d i a m e t e r  w h i l e  t h e  p l a n e t  gears  have 
36 t e e t h  each and p i t c h  d i a m e t e r s  o f  153mm 
( 6  i n c h e s  ) each. The r i n g  has 96 
t e e t h  and a  p i t c h  d i a m e t e r  o f  406 mm 
(l6 inches). The W e i b u l l  exponent  f o r  t h e  
gea rs  i s  2.5 w h ' l e  t he  l o a d - l i f e  f a c t o r  8 f o r  them i s  4.3 . The p l a n e t  b e a r i n g s  a r e  
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75-02 c y l i n d r i c a l  r o l l e r  b e a r i n g s  w i t h  a  
w i d t h  o f  25 am (1 i n c h )  and an o u t s i d e  

89. p d iamete r  o f  130 am (5-118 inches ) .  The 
b a s i c  dynamic c a p a c i t y  o f  t h e  r o l l e r  

IE 
b e a r i n g  i s  81 kN ( i8.2000 pounds). Since t h e  
r e l a t i v e  a n g u l a r  v e l o c i t y  o f  t h e  b e a r i n g  

2 70. o u t e r  r a c e  w i t h  r e s p e c t  t o  t h e  i n n e r  r a c e  
a i s  800 RPF! f o r  t h i s  t ransmiss ion ,  a  con- 

so. p o s i t e  l i f e  ad jus tmen t  f a c t o r  ( i n c l u d i n g  
a~ speed) o f  1.5 i s  used i n  t h i s  a n a l y s i s .  
0 

30. Since t h e  l o a d  i s  f i x e d  r e l a t i v e  t o  t h e  
i n n e r  race  o f  t h e  bea r ing ,  a  l o a d  a d j u s t -  * 

C. 20. ment f a c t o r  o f  1.2 i s  used l3 .  The 
u 

b e a r i n g s '  Y e i b u l l  exponent i s  1.2 and t l l e i r  
l o a d - l i f e  f a c t o r  i s  3.33. 

m 
D Al though  the  p l o t  o f  p e r z e n t  p r o b a b i l -  

i t y  o f  f a i l u r e  versus t r a n s m i s s i o n  l i f e  
i n  hours  i s  n o t  a  s t r a i g h t  l i n e  on We ibu l l  

8- 
I coord ina tes ,  i t  can be approx imated q u i t e  
w reasonab ly  by a  s t r a i g h t  l i n e  r e l a t i o n s h i p .  
0 - = T h i s  s t r a i g h t  1  i n e  a p p r o x i m a t i o n  Can be 
w found u s i n g  t h e  l e a s t  squared e r r o r  ap- 1. , I l l u l l ' l  I 1 I . l . w  I luJlllJ 

0 0  0 
proach o v e r  a  range such as 0.5 2 ST 5 0.91 

2 "f The s l o p e  o f  t h i s  s t r a i g h t  l i n e  approxima- ' N. ' ' ' O t i o n  i s  c a l l e d  t h e  sys tem Y e i b u l l  s l o p e  e l  
0 0 (U d * 

and t h e  system l i f e  o f  t he  s t r a i g h t  l i n e  
app rox ima t ion  a t  ST = 0.9 i s  c a l l e d  t h e  

LIFE (IN 1 0 ~ ~ 3  ~OURSI system 90 p e r c e n t  r e l i a b i l i t y  l i f e .  

The e x a c t  L  l i f e  can be c a l c u l a t e d  
F ig .  3 Three p l a n e t  t r a n s m i s s i o n  by s e t t i n g  ST = 6!9 i n  Eq. ( 2 3 )  and i t e r -  

U e i b u l l  p l o t  a t i n g  f o r  L T ~ O  i n  t h e  s i m p l i f i e d  equa t ion :  

LIFE ( I N  10rw3 HOURS) 

For the  cases s t u d i e d  i n  t h i s  r e -  
search,  t he  d e f i n e d  Wei b u l l  L T ~ O  l i f e  has 
n o t  d i f f e r e d  f r o m  t h e  L l i f e  c a l c u l a t e d  
from Eq. ( 2 4 )  by more ti18 one p e r c e n t .  
S ince t h i s  e r r o r  i s  c o n s i d e r a b l y  l e s s  t h a n  
t h a t  between t e s t  da ta  f o r  t h e  components 
and t h e  r e s u l t i n g  component We ibu l l  l i v e s ,  
i t  i s  f e l t  t h a t  t he  a p p r o x i m a t i o n  i s  
j u s t i f i e d .  When one component i s  weak 
r e l a t i v e  t o  t h e  r e s t  o f  t h e  t r a n s m i s s i o n ,  
t h e  r e l i a b i l i t y  model o f  t h e  e n t i r e  
t r a n s m i s s i o n  and t h e  l e a s t  squares approx-  
i m a t i o n  w i l l  approach t h e  Y e i b u l l  model o f  
t he  weak component. 

For t h i s  s t r a i g h t  l i n e  t r a n s m i s s i o n  
W e i b u l l  cu rve ,  t h e  r e l i a b i l i t y  o f  t h e  
t r a n s m i s s i o n  i s  approx imated by: 

F i g .  4 Three p l a n e t  t r a n s m i s s i o n  and 
component Wei b u l l  p l o t s  



I n  F i g .  4. t h i s  l e a s t  squared e r r o r  
s t r a i g h t  l i n e  Y e i b u l l  c u r v e  i s  p l o t t e d  
f o r  t he  t h r e e  p l a n e t  t r a n s m i s s i o n .  I n  
a d d i t i o n ,  on the  same s e t  o f  c o o r d l n a t e  
axes i s  p l o t t e d  t h e  W e i b u l l  r e 1  a t i o n s h i p s  
f o r  the  two weakest  components i n  t h e  
t ransmiss ion .  These components a r e  t h e  
sun gear and a  p l a n e t  b e a r ~ n g .  By com- 
p a r i n g  F i g s .  3 and 4 one can see t4e  
a s y m p t o t i c  r e l a t i  onsh ips  between t h e  sun 
gear  U e i b u l l  - d i s t r i b u t i o n ,  t h e  b e a r i n g  
W e i b u l l  d i s t r i b u t i o n  and t h e  t r a n s m i s s i o d s  
Y e i b u l l  d i s t r i b u t i o n .  That  t hese  d i s t r i -  
b u t i o n s  a r e  indeed d i f f e r e n t  i s  g r a p h i c a l -  
l y  i l l u s t r a t e d  i n  t h e  c u r v e s  o f  F i g s .  5 
t h r o u g h  7. These a r e  c u r v e s  o f  t h e  p rob -  
a b i l i t y  d e n s i t y  f u n c t i o n s  f o r  t h e  t h r e e  
l i f e  d i s t r i b u t i o n s .  

The b e a r i n g  l i f e  d i s t r i b u t i o n  has t h e  
l o w e s t  W e i b u l l  s l ope .  As a  r e s u l t  i t s  
f r equency  d i  s t r i b u t ' o n  o r  p e r c e n t  p r o b a b i  1- 
i t y  o f  f a i l u r e  p e r  10' hours  i s  skewed t o  
t he  l o w  end o f  i t s  c u r v e  w i t h  an L1O l i f e  
o f  3870 hou rs  r e l a t i v e  t o  t h e  d i s t r i b u t i o n  
shown i n  F i g .  5 .  S ince  the  gear We ibu l l  
s l o p e  i s  t he  h i g h e s t  i n  t h e  t r a n s m i s s i o n ,  
t h e  sun g e a r ' s  l i f e  f r equency  d i s t r i b u t i o n  
i s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  
bea r ings .  As seen i n  F i g .  6. i t  i s  n e a r l y  
a  symmetr ic  d i s t r i b u t i o n .  The L10 l i f e  o f  
t h e  sun gear  i n  t h i s  case i s  810 hours .  
Even though t h i s  l i f e  i s  c o n s i d e r a b l y  l e s s  
than t h e  b e a r i n g ' s  l i f e ,  t h e  f a c t  t h a t  
t h e r e  a r e  t h r e e  b e a r i n g s  i n  t he  t r a n s -  
cn 
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m i s s i o n  and  o n l y  one sun g e a r  h e l p s  t h e  
b e a r i n g s  t o  p u l l  t h e  s y s t e m  W e i b u l l  s l o p e  
down t o  a  v a l u e  o f  2.15 w h i c h  p r o d u c e s  
t h e  skewed s y s t e m  l i f e  d i s t r i b u t i o n  f u n c -  
t i o n  shown i n  F i g .  7. The LIP l i f e  o f  t h e  
t h r e e  p l a n e t  t r a n s m i s s i o n  a t  h i s  power  
l e v e l  i s  6 5 0  h o u r s  a c c o r d i n g  t o  t h e  model  
p r e s e n t e d  i n  t h i s  p a p e r .  

The b a s i c  dynamic  c a p a c i t y  f o r  t h e  
t r a n s m i s s i o n ,  D  , i s  t h e  sun i n p u t  t o r q u e  
r e q u i r e d  t o  p r o i u c e  a  s y s t e m  90 p e r c e n t  
r e l i a b l i t y  l i f e .  L ~ l 0 , o f  one m i l l i o n  sun  
r o t a t i o n s .  By l e t t i n g  ST = 0 . 9  i n  Eq. 
( 2 3 )  and  s u b s t i t u t i n g  Eqs. ( 1 2 )  and ( 2 0 ) .  
one has f o r  L T ~ ~  = 1 ;  

The b a s i c  dynamic  c a p a c i t y  o f  t h e  
t r a n s m i s s i o n  can be f o u n d  by  i t e r a t i n g  
t h i s  e x p r e s s i o n  s i n c e  t h e  component  e x p o -  
n e n t s  and c a p a c i t i e s  a r e  known. I t  can 
a l s o  b e  f o u n d  f r o m  E q .  ( 2 4 )  by d e t e r m i n i n g  
a sequence o f  L ' s  c o r r e s p o n d i n g  t o  a  
sequence o f  i n p u I 1  gun t o r q u e s ,  Ti ' s ,  and  
p l o t t i n g  t h e  n a t u r a l  l o g  t f  T i  v e r s b s  t h e  
n a t u r a l  l o g  o f  L ~ l j .  The v a l u e  o f  T i  
c o r r e s p o n d i n g  t o  iTIO = 1  m i l l i o n  sun 
r o t a t i o n s  i s  t h e  t r a n s m i s s i o n  b a s i c  d y -  
namic c a p a c i t y .  A p l o !  o f  l o g  Ti v e r s u s  
l o q  L i s  shown i~ i  T:g. 8 f r o m  t h e  
t r 8 n m 7 1 g s i o n  example  o f  F i g .  3. The s l o p e  
o f  t h i s  c u r v e  i s  t h e  n ~ g a t i v e  o f  t h e  l o a d  
l i f e  e x p o n e n t  P T  f o r  t h e  t r a n s m i s s i o n .  
The case  shown i s  t h a t  o f  n e a r l y  e q u a l  
l i v e s  and  c a p a c i t i e s  i n  w h i c h  t h e  d e v i a -  
t i o n  f r o m  a  s t r a i g h t  l i n e  r e l a t i o n  i s  
mdx imi  zed.  As f o r  t h e  t r a n s m i  s s i o n  Wei b u l l  
mode l ,  an a p p r o x i m a t e  l o a d - l i f e  c u r v e  i s  
o b t a i n e d  b y  a  l e a s t  s q u a r e s  f i t  o v e r  a  
r a n g e  o f  i n p u t  t o r q u e s  ( i  .e  , 
0.1  DT 5 Ti < DT).  W i  t h  t h i s  a p p r o x i m a -  
t i o n  t h e  l o a a - l i f e  r e l a t i o n  f o r  t h e  s y s -  
tem i s  g i v e n  b y :  

F I ~  t h e  examp:e p l o t t e d  i n  F i g .  8, t h e  
t r a n s m i s s i o n  l o a d  l i f e  e x p o n e n t ,  p ~ .  i s  
4.03 and  t h e  b a s i c  dynamic  c a p a c i t y  i s  
2 . 5 6  kN-m (22 ,650  p o u n d - i n c h e s ) .  

As f o r  t h e  K e i b u l l  mode l .  a  weak com- 
p o n e n t  n i l  1  d o m i n a t e  t h e  t r a n s m i s s i o n  d y -  
namic c a p a c i t y  and t h e  s y s t e m  c a p a c i t y  a n d  
l o a d  l i f e  f a c t ~ r  w i l l  a p p r o a c h  t h a t  o f  t h e  
w e a k e s t  component  . 

LIFE [ I N  10ww3 HOUR31 

F i g .  8. L o a d - l i f e  c u r v e  f o r  t h r e e  p l a n e t  
t r a n s m i s s i o n  

I n  a l l  o f  t h i s  w o r k ,  a  n o m i n a l  l o a d ,  
T i  , has  been imposed  on t h e  t r a n s m i s s i o n  
and  a  t o t a l  r e s u l t a n t  l i f e  has  been c a l -  
c u l a t e d  f o r  t h e  t r a n s m i s s i o n  f o r  a  9 0  
p e r c e n t  p r o b a b i l i t y  o f  s u r v i v a l  L ~ 1 0 .  I n  
a c t u a l  s e r v i c e ,  , h e  t r a n s m i s s i o n  i s  n o t  
o p e r a t e d  a t  a  c o n s t a n t  l o a d .  F o r  s i t u a -  
t i o n s  l i k e  t h i s ,  where  a  m i s s i o n  S p e c t r u m  
o f  l o a d s  and  speeds  i s  p r e s e n t ,  a  method  
o f  p r o p e r l y  summing t h e  f a t i g u e  damage 
done a t  e a c h  l o a d  m u s t  b e  u s e d  t o  a d e q u a t e  
l y  p r e d i c t  t h e  t r a n s m i s s i o n  l i f e .  The 
b e s t  method  f a r  summing t h i s  damage i n  
c a s e s  w h e r e  t h e  sequence  o f  l o a d i n g  i s  
random. a s  i n  a  h e l i c o p t e r  m i s s i o n  s p e c -  
t r u m ,  i s  o f t e n  c a l l e d  M i n e r ' s  R u l e  a l t h c u g h  
i t  was o r i g i n a l l y  p r e s e n t e d  b y  P a l m g r e n  i* 
19249.  T h i s  l i n e a r  c u m u l a t i v e  damage r u l e  
s t a t e s  t h a t  t h e  f r a c t i o n  o f  f a t i g u e  l i f e  
consumed a t  a  g i v e n  l o a d  i s  t h e  r a t i o  o f  
t h e  number o f  c y c l e s  a t  t h a t  l o a d  t o  t h e  
number o f  c y c l e s  t o  f a l l u r e  a t  t h a t  l o a d .  
I n  t e r m s  o f  e l 0  l i v e s  t h i s  r u l e  can b e  
s t a t e d  i s :  

where,  L  . Lb,  and  L  a r e  t h e  s e r v i c e  l i v e s  
a t  l o a d f  Tia, Ti,,. k n d  Tic and  t h e  L10 
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l i v e s  L L and  L a r e  t h e  l i v e s  
f o r  a  9b1j;rcbXQ p r o b a b ) ? ~  t y  o f  s u r v i v a l  
a t  t h o s e  same l o a d s .  The 1  i f e  L T  i s  t h e  
t o t a l  m i s s i o n  l i f e :  

and  t h e  1 l i f e  L i s  t h e  a v e r a g e d  
m i s s i o n  119e f o r  aT48 p e r c e n t  p r o b a b i l i t y  
o f  s u r v i v a l  f o r  t h e  m l s s i o n  s p e c t r u m .  
T h i s  a v e r a g e d  m f s s i  on 1  i f e  c o r r e s p o n d s  t o  
t h e  n o m i n a l  m i s s i o n  l o a d ,  Ti, i n  E q .  ( 2 7 ) .  
U s i n g  E q .  (27) f o r  e a c h  o f  t h e  s e r v i c e  l o a d s .  
and  s u b s t i t u t i n g  i n t o  Eq. ( 2 8 )  y i e l d s :  

( 3 0 )  
F i g .  9 F o u r  p l a n e t  t r a n s m i s s i o n  

S o l v i n g  E q .  ( 3 0 )  f o r  t h e  n o m i n a l  m i s s i o n  
l o a d ,  g i v e s  t h e  w e i g h t e d  a v e r a g e  l o a d ,  T i :  

I--- - 
La + Lb + L C  + ... 

By u s i n g  t h i s  v a l u e  o f  Ti i n  Eq.  ( 2 7 ) .  a  
measure o f  t h e  t o t a l  m i s s i o n  l i f e  can b e  
o b t a i n e d  i n  t e r m s  o f  t h e  a c t u a l  m i s s i o n  
s p e c t r u m .  

T r a n s m i s s i o n  Compar ison  ---.- 

The t h r e e  p l a n e t  t r a n s m i s s i o n  o f  
F i g .  3 was changed t o  a  f o u r  p l a n e t  t r a n s -  g 5. , 
m i s s i o n  w i t h  t h e  same power l o a d s  and corn- - 
p o n e n t s  t o  s t u d y  t h e  r e l a t i v e  l i f e  and r e -  & - 
liability o f  t h e  two t r a n s m i s s i o n s .  The W 
f o l r  p l a n e t  t r a n s m i s s i o n  i s  shown i n  F i g .  9 

- 
and i t s  l i f e  d i s t r i b u t i o n  c u r v e  a t  150 W 
kw (200 h o r s e p o w e r )  i s  shown i n  F i g .  10.  & 1. I 1  1  1 1 1 1 1 1  I I l l l l l l l  

F o r  t h i s  v e r s i o n  o f  t h e  t r a n s m  s s i o c  t h e  . 
U e i b u l l  s l o p e  d r o p p e d  f r o m  2.15 t o  2.05 r, (V v; = d (U d d 
w h i l e  t h e  L10 l i f e  o f  t h e  t r a n s m i s s i o n  i n -  " ' 2  
c r e a s e d  f rom 6 5 0  h o u r s  t o  1610 h o u r s .  As 
n o t e d  i n  F i g s .  5  t h r o u g h  7, t h e  e f t e c t  o f  
d r o p p i n g  t h e  component  l o a d i n g  w.7~ t o  make 
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t h e  sun p e a r  l e s s  c r i t i c a l  i n  t h e  t r a n s -  
m i s s i o n ' ;  s y s t e m  l i f e  a n d t h e  l i f e  o f  t h e  
t r a n s m i s s i o n  g r e a t e r .  T h i s  i s  due t o  F i g .  1 0  F o u r  p l a n e t  t r a q s m i s s i o n  
t h e  l o w e r  W e i b u l l  s l o ~ e  o f  t h e  b e a r i n a  l i f e  b ' e i b u l l  p l o t  
r e l i s b l l i t y  r e l a t i o n s h i p  w i t h  a  g r e a t e r  



c 
Z 100. l 1 l l l lW  1 1 1 1 1 1 1  I IIIIIIM I I I I I I  1 I u 

0 0  0 0 0  0 
O N  I n O N  I n . .  - 0 .  

. c r W  m @ O  0 0 0  0 g?  9% 0 N w o o  0 
- 0  0 0  .-(U In 

0 

LIFE ( I N  1 0 ~ ~ 3  HOURS1 

F i g .  11 L o a d - l i f e  c u r v e  f a r  f o u r  p l a n e t  
t r a n s m i s s i o n  

p e r c e n t a g e  o f  b e a r i n g  f a i l u r e s  i n  t h e  l o w e r  
l i f e  r e g i o n  i n  t h i s  skewed f a i l u r e  d i s t r i -  
b u t i o n  r e l a t i o n s h i p .  D r o p p i n g  t h e  power 
1  eve1 t o  t h e  t h r e e  p l a n e t  t r a n s m i  s s i o n  
has t h e  same d u a l  e f f e c t  o f  i n c r e a s i n g  
t h e  t r a n s m i s s i o n  l i f e  and r e d u c i n g  t h e  
W e i b u l l  s l o p e  t o  t h a t  o f  a  more b e a r i n g  

: .  - .  * , - ,  . 
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o u t p u t  s h a f t s  a r e  assumed t o  b e  c o a x i a l  
w i t h  t h e  a p p l i e d  t o r q u e s  and e a c h  o t h e r ;  
n o  s i d e  l o a d i n g  i s  c o n s i d e r e d .  

The r e 1  i a b i  1  i t y  model  i s  b a s e d  on  
r e l i a b i l i t y  m o d e l s  o f  t h e  b e a r i n g  and g e a r  
mesh components w h i c h  a r e  two dimensional 
W e i b u l l  d i s t r i b u t i o n s  o f  r e l i a b i l i t y  a s  
a  f u n c t i o n  o f  l i f e .  The t r a n s m i s s i o n ' s  
90 p e r c e n t  r e 1  i a b i l  i t y  l l f e  and  b a s i c  
dynamic  c a p a c i t y  a r e  p r e s e n t e d  I n  t e r m s  o f  
i n p u t  sun r o t a t i o n s  and t o r q u e .  Due t o  
t h e  d i f f e r e n t  W e i b u l l  d i s t r i b u t i o n s  f o r  
t h e  b e a r i n g  and  g e a r i n g  components.  t h e  
W e i b u l l  model  f o r  t h e  p l a n e t a r y  t r a n s m i s -  
s i o n  i s  an  a p p r o x i m a t e  m o d e l .  I n  t h i s  
model , t h e  t r a n s m i s s i o n ' s  9 0  p p r c e n t  r e 1  i - 
a b i l i t y  l i f e ,  W e i b u l l  e x p o n e n t ,  b a s i c  
dynamic  c a p a c i t y  and l o a d  1 ; fe  e x p o n e n t  
a r e  p r e s e n t e d .  

R u m e r i c a l  examples  a r e  p r e s e n t e d  f o r  
two  s e p a r a t e  !50 kw ( 2 0 0  h o r s e p o w e r )  
t r a n s n t i s s i o n s  t o  i l l u s t r a t e  t h e  use o f  t h e  
m o d e l .  T h i s  power l e v e l  i s  f o r  a  
n o m i n a l  t r a n s m i s s i o n  i n p u t  t o r q u e  and i n -  
p u t  speed.  An e q u a t i o n  i s  p r e s e n t e d  t o  
o b t a i n  t h i s  w e i g h t e d  a v e r a g e  t o r q u e  From 
t h e  m i s s i o n  s p e c t r u m  t o r q u e s  and  t h e i r  
r e l a t i v e  d u r a t i o n s .  B o t h  t h r e e  and  f c  
p l a n e t  v e r s i o n s  o f  a  5 : l  r e d u c t i o n  t r a  - 
m i s s i o n  a r e  c o n s j d e r e d .  

The r e s u l t s  s:iow t h a t  t h e  e f f e c t  o f  
a d d i n g  a  f o u r t h  p l a n e t  more t h a n  d o u L l e s  
t h e  l i f e  o f  t h e  t r a n s m i s s i o n .  I n  a d d i t i o n ,  
i t  i s  shown t h a t  due t o  t h e  n a t u r e  o f  t h e  
component  l i f e  d i s t r i b u t i o n s ,  r e d u c i n g  t h e  
l o a d i n g  i n  t h e  t r a n s m i s s i o n  makes t h e  
b e a r i n g s  more i m p o r t a n t  i n  t h e  l i f e  c h a r -  
a c t e r i s t i c s  o f  t h e  t r a n s m i s s i o n ,  w h i l e  
i n c r e a s i n g  t h e  l o a d i n g  makes t h e  sun g e a r  
l i f e  more i m p o r t a n t  i n  t h e  o v e r a l l  l i f e  
d i s t r i b u t i o n  o f  t h e  t r a n s m i s s i o n .  

d o m i n a t e d  sys tem.  R e f e r e n c e s  

F i q .  11 i s  t h e  l o a d - l i f e  c u r v e  f o r  
t h e  f o u r  p l a n e t  t r a n s m i s s i o n s .  The b a s i c  
dynamic c a p a c i t y  o f  t h i s  t r a n s m i s s i o n  i s  
3.2 k N - c  28,300 p o u n d - i n c h e s )  as opposed  
t o  t h e  2. 4 6  kN-m (22,650 p o u n d - i n c h e s )  f o r  
t h e  t h r e e  p l a n e t  t r a n s m i s s i o n  w h i l e  t h e  
l o a d  l i f e  f a c t o r  o n l y  changed t o  4.02 f r o m  
4 .03 .  Thus t h e  e f f e c t  o f  i n c r e a s i n g  t h e  
number o f  p l a q e t s  on t h e  l o a d - l i t e  r e -  
l a t i o n s h i p  f o r  t h i s  t r a n s m i s s i o n  i n  o n l y  
t o  i n c r e a s e  t h e  c a p a c i t y  b y  25 p e r c e n t .  
No s i g n i f i c a n t  change i n  t h e  l o a d - l i f e  
f a c t o r  o c c u r r e d .  
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