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ABS TRACT 

E x p e r i m e n t a l  t e s t s  were  p e r f o r m e d  o n  t h e  NASA/  
B e l l  H e l i c o p t e r  T e x t r o n  (BHT) 500-hp a d v a n c e d  t e c h n o l -  
o g y  t r a n s m i s s i o n  ( A T T )  a t  t h e  NASA Lew is  R e s e a r c h  Cen- 
t e r .  The A T T  was a r e t r o f i t  o f  t h e  OH-58C h e l i c o p t e r  
236-kW ( 3 1 7 - h p )  m a i n  r o t o r  t r a n s m i s s i o n ,  u p g r a d e d  t o  
373 kW (500 h p ) ,  w i t h  a d e s i g n  g o a l  o f  r e t a i n i n g  l o n g  
l i f e  w i t h  a minimum i n c r e a s e  i n  cost, w e i g h t ,  and s i z e .  
V i b r a t i o n ,  s t r a i n ,  e f f i c i e n c y ,  d e f l e c t i o n ,  and tempera-  
t u r e  e x p e r i m e n t s  were p e r f o r m e d  and t h e  r e s u l t s  w e r e  

I compared t o  p r e v i o u s  e x p e r i m e n t s  o n  t h e  OH-58A, OH-58C, 
and UH-60A t r a n s m i s s i o n s .  The h i g h - c o n t a c t - r a t i o  g e a r s  
and t h e  c a n t i l e v e r - m o u n t e d ,  f l e x i b l e  r i n g  g e a r  o f  t h e  
A T T  r e d u c e d  v i b r a t i o n  compared t o  t h a t  o f  t h e  OH-58C. 
The A T T  f l e x i b l e  r i n g  g e a r  i m p r o v e d  p l a n e t a r y  l o a d  
s h a r i n g  compared t o  t h a t  o f  t h e  r i g i d  r i n g  g e a r  o f  t h e  
UH-60A t r a n s m i s s i o n .  The A T T  m e c h a n i c a l  e f f i c i e n c y  was 
l o w e r  t h a n  t h a t  o f  t h e  OH-58A t r a n s m i s s i o n ,  p r o b a b l y  
due t o  t h e  h i g h - c o n t a c t - r a t i o  p l a n e t a r y  g e a r s .  

INTRODUCTION 

- 
: 
w 

O v e r  t h e  p a s t  30 y e a r s  t h e  h e l i c o p t e r  has  e v o l v e d  
i n t o  a v a l u a b l e  a i r  v e h i c l e  for  b o t h  m i l i t a r y  and com- 
m e r c i a l  u s e .  The d e s i g n  and p e r f o r m a n c e  r e q u i r e m e n t s  
o f  h e l i c o p t e r s  a r e  c o n t i n u o u s l y  becoming more demand- 
i n g  w i t h  s p e c i f i c  g o a l s  o f  i n c r e a s i n g  l i f e ,  r e l i a b i l -  
i t y ,  and m a i n t a i n a b i l i t y  w h i l e  d e c r e a s i n g  w e i g h t  and 
n o i s e .  H e l i c o p t e r  d r i v e  t r a i n s  and i n  p a r t i c u l a r ,  
t r a n s m i s s i o n s ,  r e q u i r e  advances  i n  s t a t e - o f - t h e - a r t  
t e c h n o l o g y  i n  o r d e r  t o  meet  t h e s e  r e q u i r e m e n t s .  

I n  m o s t  c a s e s  t h e  t e c h n o l o g y  t o  meet  t h e s e  c h a l -  
l e n g e s  has  been p l a c e d  b y  m i l i t a r y  i n t e r e s t s  ( 1 ) .  
C u r r e n t l y ,  t h e  U.S. Army has a w i d e  s p e c t r u m  o f  h e l i -  
c o p t e r s  i n  i t s  i n v e n t o r y  r a n g i n g  f r o m  l i g h t  o b s e r v a -  
t i o n  t o  m e d i u m - l i f t  c a r g o  ( s u c h  as t h e  OH-58, UH-1, 
CH-47, UH-60, and AH-64).  Much o f  t h e  f l e e t  became 
o p e r a t i o n a l  i n  t h e  1 9 6 0 ' s  and have c o n t i n u e d  i n  s e r v -  
i c e  t h r o u g h  s e v e r a l  v e r s i o n s  ( A ,  B, C ,  D s e r i e s )  w i t h  
e a c h  v e r s i o n  p l a c i n g  more demands on  t h e  d r i v e  t r a i n .  
Thus ,  a d v a n c e s  i n  c u r r e n t  d r i v e  t r a i n  d e s i g n s  as w e l l  
as i n n o v a t i v e  new c o n c e p t s  p l a y  an i m p o r t a n t  r o l e  i n  
m e e t i n g  t h e  n e x t - g e n e r a t i o n  r o t o r c r a f t  needs .  

I n  an  e f f o r t  t o  advance h e l i c o p t e r  t r a n s m i s s i o n  
t e c h n o l o g y  NASA L e w i s  R e s e a r c h  C e n t e r  awarded a con-  
t r a c t  t o  B e l l  H e l i c o p t e r  T e x t r o n  ( B H T )  f o r  t h e  d e s i g n ,  
d e v e l o p m e n t ,  and m a n u f a c t u r e  o f  a 373-kW ( 5 0 0 - h p )  
d e m o n s t r a t o r  t r a n s m i s s i o n .  The d e s i g n  emphas is  o f  t h e  
NASA/BHT advanced t e c h n o l o g y  t r a n s m i s s i o n  ( A T T )  was t o  
d e v e l o p  a 373-kW ( 5 0 0 - h p )  v e r s i o n  o f  t h e  OH-58C 236-kW 
( 3 1 7 - h p )  m a i n  r o t o r  t r a n s m i s s i o n  t h a t  w o u l d  have l o n g ,  
q u i e t  l i f e  a t  a min imum i n c r e a s e  i n  cost, w e i g h t ,  and 
space .  T h i s  was a c c o m p l i s h e d  b y  i m p l e m e n t i n g  advanced 
t e c h n o l o g i e s  t h a t  have been d e v e l o p e d  d u r i n g  t h e  l a s t  
decade and m a k i n g  i m p r o v e m e n t s  d i c t a t e d  b y  f i e l d  
e x p e r i e n c e  ( 2 ) .  

on  t h e  e x p e r i m e n t a l  t e s t i n g  p e r f o r m e d  on  t h e  NASA/BHT 
500-hp A T T  and compare t h e  r e s u l t s  t o  p r e v i o u s  e x p e r i -  
ments  o n  t h e  OH-58A, OH-58C, and UH-60A t r a n s m i s s i o n s .  
The t e s t s  were  c o n d u c t e d  i n  t h e  NASA L e w i s  500-hp h e l i -  
c o p t e r  t r a n s m i s s i o n  t e s t  s t a n d ,  c o v e r i n g  a r a n g e  o f  
t o r q u e  and speed c o n d i t i o n s .  V i b r a t i o n  and e f f i c i e n c y  
e x p e r i m e n t s  were  p e r f o r m e d  on t h e  A T T  and compared t o  
t h e  OH-58A and OH-58C. D e f l e c t i o n  and t e m p e r a t u r e  
e x p e r i m e n t s  were  p e r f o r m e d  o n  t h e  A T T  and compared t o  
t h e  OH-58A. R i n g  g e a r  s t r a i n  e x p e r i m e n t s  were p e r -  
f o r m e d  on  t h e  A T T  and compared t o  t h e  UH-60A. 

APPARATUS 

The o b j e c t i v e  o f  t h e  p r e s e n t  s t u d y  i s  t o  r e p o r t  

OH-58 M a i n  Rotor H e l i c o p t e r  T r a n s m i s s i o n s  
The OH-58 i s  a s i n g l e - e n g i n e ,  l a n d - b a s e d  l i g h t  

o b s e r v a t i o n  h e l i c o p t e r .  The h e l i c o p t e r  s e r v e s  b o t h  
m i l i t a r y  (OH-58 K i o w a )  and c o m m e r c i a l  ( B e l l  Model 206 
J e t  R a n g e r )  needs .  The OH-58A m a i n  rotor t r a n s m i s s i o n  
( F i g .  1 )  i s  r a t e d  for  use  a t  an e n g i n e  o u t p u t  o f  201-kW 
( 2 7 0 - h p )  c o n t i n u o u s  power a t  6180 r p m  and 236 kW 
( 3 1 7  h p )  fo r  5 m i n  a t  t a k e o f f .  The t r a n s m i s s i o n  i s  a 
t w o - s t a g e  r e d u c t i o n  g e a r b o x .  For t h e  f i rst s t a g e  t h e  
i n p u t  s h a f t  d r i v e s  a 1 9 - t o o t h  s p i r a l - b e v e l  p i n i o n  g e a r ,  
w h i c h  meshes w i t h  a 7 1 - t o o t h  g e a r .  The b e v e l  p i n i o n  
s h a f t  i s  m o u n t e d  o n  t r i p l e x  b a l l  b e a r i n g s  and one 
r o l l e r  b e a r i n g .  The b e v e l  g e a r  s h a f t  i s  mounted  o v e r -  
h u n g  o n  d u p l e x  b a l l  b e a r i n g s  and o n e  r o l l e r  b e a r i n g .  

1 



A p l a n e t a r y  mesh p r o v i d e s  t h e  second  r e d u c t i o n  
s t a g e .  The b e v e l  g e a r  s h a f t  i s  s p l i n e d  t o  a sun  g e a r  
s h a f t .  The 2 7 - t o o t h  sun g e a r  d r i v e s  t h r e e  3 5 - t o o t h  
p l a n e t  g e a r s .  The p l a n e t  g e a r s  mesh w i t h  a 9 9 - t o o t h  
f i x e d  r i n g  g e a r ,  w h i c h  i s  s p l i n e d  t o  t h e  t o p  c a s e .  The 
p l a n e t  g e a r s  a r e  moun ted  o n  d o u b l e - r o w  s p h e r i c a l  r o l l e r  
b e a r i n g s  and  t h e  b e a r i n g s  a r e  a t t a c h e d  t o  t h e  p l a n e t  
c a r r i e r .  Power i s  t a k e n  out t h r o u g h  t h e  p l a n e t  c a r -  
r i e r ,  w h i c h  i s  s p l i n e d  t o  t h e  m a s t  o u t p u t  s h a f t .  The 
o u t p u t  s h a f t  i s  s u p p o r t e d  b y  a b a l l  b e a r i n g  and  a 
r o l l e r  b e a r i n g .  The o v e r a l l  r e d u c t i o n  r a t i o  o f  t h e  
m a i n  power t r a i n  i s  1 7 . 4 4 : l .  

The 7 1 - t o o t h  b e v e l  g e a r  a l s o  d r i v e s  a 2 7 - t o o t h  
a c c e s s o r y  g e a r .  The a c c e s s o r y  g e a r  r u n s  a n  o i l  pump, 
a n d  l u b r i c a t i o n  i s  s u p p l i e d  t h r o u g h  j e t s  l o c a t e d  i n  t h e  
t o p  and  b o t t o m  c a s e s .  

The OH-58C m a i n  ro to r  t r a n s m i s s i o n  i s  i d e n t i c a l  t o  
t h e  OH-58A w i t h  t h e  e x c e p t i o n  o f  t h e  p l a n e t a r y  a r r a n g e -  
m e n t .  The OH-58C has  f o u r  p l a n e t s ,  compared  t o  t h r e e  
i n  t h e  OH-58A. The p l a n e t  b e a r i n g s  i n  t h e  OH-58C a r e  
d o u b l e  row 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 ,  compared  t o  
s p h e r i c a l  r o l l e r  b e a r i n g s  i n  t h e  OH-58A. The OH-58C 
a l s o  has a d i f f e r e n t  p l a n e t  c a r r i e r  d e s i g n ,  t h a t  b e i n g  
a t w o - p i e c e  c a r r i e r  s t r a d d l e  m o u n t i n g  t h e  p l a n e t  g e a r s .  

500-hp Advanced T e c h n o l o q y  T r a n s m i s s i o n  
The d e s i g n  g o a l  o f  t h e  NASA/Be l l  H e l i c o p t e r  Tex-  

t r o n  (BHT)  500-hp advanced  t e c h n o l o g y  t r a n s m i s s i o n  
(ATT) was t o  u p g r a d e  t h e  OH-58C 236-kW (317-hp )  v e r -  
s i o n  t o  373 kW ( 5 0 0  hp )  w h i l e  r e t a i n i n g  l o n g  l i f e  and  
low n o i s e  w i t h  a min imum i n c r e a s e  i n  cost ,  w e i g h t ,  and  
s i z e .  T h i s  was a c c o m p l i s h e d  b y  i m p l e m e n t i n g  advanced  
t e c h n o l o g y  d e v e l o p e d  d u r i n g  t h e  l a s t  decade  a n d  
i m p r o v e m e n t s  d i c t a t e d  b y  f i e l d  e x p e r i e n c e  ( 2 ) .  

t h e  same number o f  t e e t h  o n  t h e  g e a r s ,  and  t h e  same 
speed  r e d u c t i o n  r a t i o  as  t h e  OH-58C t r a n s m i s s i o n .  The 
advanced  t e c h n o l o g y  componen ts ,  c o n c e p t s ,  and  i m p r o v e -  
men ts  i n c o r p o r a t e d  i n  t h e  ATT a r e :  

( 1 )  H i g h - c o n t a c t - r a t i o  p l a n e t a r y  s p u r  g e a r s  
i n t e n d e d  t o  e n a b l e  h i g h e r  t o r q u e s  t o  be t r a n s m i t t e d  
and  a t  t h e  same t i m e  r e d u c e  n o i s e  a n d  i n c r e a s e  g e a r  
1 i f e .  

( 2 )  A c a n t i l e v e r - m o u n t e d  p l a n e t a r y  r i n g  g e a r  
i n t e n d e d  t o  p r o v i d e  a f l e x i b l e  moun t  f o r  a more  u n i -  
form l o a d  d i s t r i b u t i o n  among p l a n e t s ,  i s o l a t i o n  o f  t h e  
m e s h i n g  t e e t h  from t h e  h o u s i n g  for  n o i s e  r e d u c t i o n ,  a n d  
r e d u c e d  d e b r i s  g e n e r a t e d  due t o  t h e  e l i m i n a t i o n  o f  a 
w o r k i n g  r i n g  g e a r  s p l i n e .  

( 3 )  An o i l  t r a n s f e r  mechan ism d e s i g n e d  i n  t h e  
p l a n e t  c a r r i e r  f o r  i m p r o v e d  l u b r i c a t i o n  t o  t h e  p l a n -  
e t a r y  g e a r  meshes a n d  t h e  sun  g e a r  s p l i n e .  

( 4 )  A s t r a d d l e - m o u n t e d  b e v e l  g e a r  i n t e n d e d  t o  ena-  
b l e  h i g h e r  t o r q u e s  t o  b e  t r a n s m i t t e d  without d e s t r o y i n g  
t h e  t o o t h  c o n t a c t  p a t t e r n s .  

( 5 )  An i m p r o v e d  sun g e a r  s p l i n e  d e s i g n  ( c r o w n  
hobbed and  h a r d e n e d )  r u n n i n g  i n  a b a t h  o f  f l o w t h r o u g h  
o i l  ( p r o v i d e d  b y  t h e  p l a n e t  c a r r i e r )  t o  p r e v e n t  e x c e s -  
s i  v e  w e a r i  ng  . 

( 6 )  C l e a n e r ,  s t r o n g e r  s p i r a l - b e v e l  g e a r  s t e e l  
(VIM-VAR 9 3 1 0 ) .  vacuum c a r b u r i z e d  a n d  s h o t  peened ,  
a l o n g  w i t h  c l e a n e r  b e a r i n g  s t e e l  (VIM-VAR M-50) 
i n t e n d e d  t o  compensa te  f o r  t h e  i n c r e a s e  i n  power  t r a n s -  
f e r  c a p a b i l i t y  o f  t h e  ATT w i t h  n o  d e c r e a s e  i n  g e a r  or  
b e a r i n g  l i v e s .  

The f i n a l  s i z e  and w e i g h t  o f  t h e  ATT a r e  3 .81  cm 
( 1 . 5 0  i n )  t a l l e r  and  6.0 k g  ( 1 3 . 2  I b )  h e a v i e r  t h a n  t h e  
OH-58C ( 1 4  p e r c e n t  a n d  1 1  p e r c e n t ,  r e s p e c t i v e l y )  fo r  a 
5 8 - p e r c e n t  i n c r e a s e  o f  power  from 236  kW ( 3 1 7  h p )  t o  
373 kW ( 5 0 0  h p ) .  T h i s  summar i zes  t o  a d e c r e a s e  i n  
w e i g h t - t o - p o w e r  r a t i o  from 0 . 3 7  l b / h p  f o r  t h e  OH-58C 
t o  0.26 l b / h o  for  t h e  ATT. 

The ATT ( F i g .  2 )  has  t h e  same b a s i c  c o n f i g u r a t i o n ,  

NASA 500-hp H e l i c o p t e r  T r a n s m i s s i o n  T e s t  S t a n d  
The ATT was t e s t e d  i n  t h e  NASA L e w i s  500-ho 

h e l i c o p t e r  t r a n s m i s s i o n  t e s t  s t a n d  ( F i g .  3 ) .  The 
t e s t  s t a n d  o p e r a t e s  o n  t h e  f o u r - s q u a r e  or  t o r q u e -  
r e g e n e r a t i v e  p r i n c i p l e .  M e c h a n i c a l  power i s  r e c i r c u -  
l a t e d  t h r o u g h  a c l o s e d  l o o p  o f  g e a r s  and  s h a f t i n g ,  o n e  
o f  w h i c h  i s  t h e  t e s t  t r a n s m i s s i o n .  I n  t h e  t e s t  s t a n d  
t h e  o u t p u t  o f  t h e  t e s t  t r a n s m i s s i o n  i s  a t t a c h e d  t o  t h e  
b e v e l  g e a r b o x .  The o u t p u t  s h a f t  o f  t h e  b e v e l  g e a r b o x  
p a s s e s  t h r o u g h  a h o l l o w  s h a f t  i n  t h e  c l o s i n g - e n d  g e a r -  
box and  i s  c o n n e c t e d  t o  t h e  d i f f e r e n t i a l  g e a r b o x .  The 
o u t p u t  o f  t h e  d i f f e r e n t i a l  i s  a t t a c h e d  t o  t h e  h o l l o w  
s h a f t  i n  t h e  c l o s i n g - e n d  g e a r b o x .  The o u t p u t  o f  t h e  
c l o s i n g - e n d  g e a r b o x  i s  c o n n e c t e d  t o  t h e  i n p u t  o f  t h e  
t e s t  t r a n s m i s s i o n ,  t h e r e b y  c l o s i n g  t h e  l o o p .  

A 149-kW (200-hp )  v a r i a b l e - s p e e d  d i r e c t - c u r r e n t  
( d c )  motor powers  t h e  t e s t  s t a n d  and  c o n t r o l s  t h e  
speed.  The motor o u t p u t  i s  a t t a c h e d  t o  t h e  c l o s i n g -  
e n d  g e a r b o x .  O n l y  l o s s e s  due t o  f r i c t i o n  a r e  r e p l e n -  
i s h e d  by t h e  motor s i n c e  power  i s  r e c i r c u l a t e d  a r o u n d  
t h e  l o o p .  

An 11-kW (15 -hp )  dc motor p r o v i d e s  t h e  t o r q u e  i n  
t h e  c l o s e d  l o o p .  The motor d r i v e s  a m a g n e t i c  p a r t i c l e  
c l u t c h .  The c l u t c h  o u t p u t  does n o t  t u r n  b u t  e x e r t s  a 
t o r q u e  t h r o u g h  a speed  r e d u c e r  g e a r b o x  and  a c h a i n  
d r i v e  t o  a l a r g e  s p r o c k e t  o n  t h e  d i f f e r e n t i a l  g e a r b o x .  
The t o r q u e  o n  t h e  s p r o c k e t  p u t s  a t o r q u e  i n  t h e  c l o s e d  
l o o p .  The m a g n i t u d e  o f  t o r q u e  i n  t h e  l o o p  i s  a d j u s t e d  
b y  c h a n g i n g  t h e  e l e c t r i c  f i e l d  s t r e n g t h  of t h e  m a g n e t i c  
p a r t i c l e  c l u t c h .  

The t e s t  t r a n s m i s s i o n  i n p u t  and  o u t p u t  s h a f t s  a r e  
e q u i p p e d  w i t h  speed  s e n s o r s ,  t o r q u e  m e t e r s ,  a n d  s l i p  
r i n g s .  T e s t  t r a n s m i s s i o n  l u b r i c a t i o n  i s  s u p p l i e d  b y  a n  
i n t e r n a l  o i l  pump. The t r a n s m i s s i o n  o i l  can  be c o o l e d  
b y  a f l i g h t  h a r d w a r e  a i r - o i l  c o o l e r  moun ted  o n  t h e  
t r a n s m i s s i o n  ( w i t h  f o r c e d  a i r  p r o v i d e d  t o  t h e  c o o l e r )  
or b y  a n  e x t e r n a l  o i l - w a t e r  h e a t  e x c h a n g e r .  An e x t e r -  
n a l  o i l - p u m p i n g  s y s t e m  l o c a t e d  i n  t h e  basemen t  b e l o w  
t h e  t e s t  s t a n d  i s  a l s o  a v a i l a b l e  f o r  t h e  t e s t  
t r a n s m i s s i o n .  

The 149-kW (200-hp )  motor i s  e q u i p p e d  w i t h  a speed  
s e n s o r  and  a t o r q u e m e t e r .  The m a g n e t i c  p a r t i c l e  c l u t c h  
i s  e q u i p p e d  w i t h  speed s e n s o r s  o n  t h e  i n p u t  a n d  o u t p u t  
s h a f t s  a n d  w i t h  t h e r m o c o u p l e s .  A f a c i l i t y  o i l - p u m p i n g  
and  c o o l i n g  s y s t e m  l u b r i c a t e s  t h e  d i f f e r e n t i a l  g e a r b o x ,  
t h e  c l o s i n g - e n d  g e a r b o x ,  a n d  t h e  b e v e l  g e a r b o x .  The 
f a c i l i t y  g e a r b o x e s  a r e  a l s o  e q u i p p e d  w i t h  a c c e l e r o m e -  
t e r s ,  t h e r m o c o u p l e s ,  and  c h i p  d e t e c t o r s  f o r  h e a l t h  and  
c o n d i t i o n  m o n i t o r i n g .  

I n s t r u m e n t a t i o n  a n d  T e s t i n g  P r o c e d u r e  
F i r s t ,  t h e  ATT was i n s t a l l e d  i n  t h e  500-hp t e s t  

s t a n d  w i t h  a min imum amount  o f  i n s t r u m e n t a t i o n .  The 
t r a n s m i s s i o n  was r u n  a t  a v a r i e t y  o f  speed and  t o r q u e  
c o n d i t i o n s  as  recommended b y  BHT as  p a r t  o f  a b r e a k - i n  
p r o c e d u r e .  The speed and  t o r q u e  were g r a d u a l l y  
i n c r e a s e d  u n t i l  f u l l  power  was a c h i e v e d .  Upon comp le -  
t i o n  o f  t h e  b r e a k - i n  t e s t s ,  t h e  ATT was d i s a s s e m b l e d ,  
i n s p e c t e d ,  i n s t r u m e n t e d ,  and  r e i n s t a l l e d  i n  t h e  t e s t  
s t a n d .  V i b r a t i o n ,  s t r a i n ,  e f f i c i e n c y ,  d e f l e c t i o n ,  and  
t e m p e r a t u r e  e x p e r i m e n t s  were  t h e n  p e r f o r m e d  o n  t h e  ATT. 
The e x p e r i m e n t s  were  a l l  r u n  i n d e p e n d e n t l y ,  e x c e p t  for  
t h e  e f f i c i e n c y  a n d  t e m p e r a t u r e  t e s t s ,  w h i c h  were  run a t  
t h e  same t i m e .  

r e d u c t i o n  o f  t h e  ATT v i b r a t i o n  e x p e r i m e n t s  were  p a t -  
t e r n e d  a f t e r  t h e  OH-58A v i b r a t i o n  t e s t s  r e p o r t e d  i n  
R e f .  3 .  Seven p i e z o e l e c t r i c  a c c e l e r o m e t e r s  were  
moun ted  o n  t h e  t r a n s m i s s i o n  h o u s i n g s  ( F i g .  4 ) .  The 
a c c e l e r o m e t e r s  were  p l a c e d  t o  c o v e r  a v a r i e t y  o f  l o c a -  
t i o n s  a n d  a l l  t h r e e  measuremen t  d i r e c t i o n s :  v e r t i c a l ,  

The i n s t r u m e n t a t i o n ,  t e s t i n g  p r o c e d u r e ,  a n d  d a t a  
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l o n g i t u d i n a l ,  and  t r a n s v e r s e .  Each a c c e l e r o m e t e r  p r o -  
duced  a c h a r g e  o u t p u t  p r o p o r t i o n a l  t o  a c c e l e r a t i o n .  
The o u t p u t s  were f e d  t o  c h a r g e  a m p l i f i e r s  t h a t  p r o d u c e d  
a l t e r n a t i n g - c u r r e n t  ( a c )  v o l t a g e s .  The a c  s i g n a l s ,  
w h i c h  r e p r e s e n t e d  a c t u a l  a c c e l e r a t i o n  as  a f u n c t i o n  o f  
t i m e ,  were  r e c o r d e d  o n  m a g n e t i c  t a p e  f o r  l a t e r  
p r o c e s s i n g .  

t h e  ATT t o  i n v e s t i g a t e  l o a d  d i s t r i b u t i o n  i n  t h e  p l a n -  
e t a r y  s y s t e m .  
o f  t h e  ATT c a n t i l e v e r - m o u n t e d  ( f l e x i b l e )  r i n g  g e a r  
( F i g .  5 ( a ) ) .  The gages  measured  s t r a i n  i n  t h e  t a n g e n -  
t i a l  d i r e c t i o n  o n  t h e  r i n g  g e a r  i n d i c a t i n g  hoop  s t r e s s  
l e v e l s .  S t r a i n  gage c o n d i t i o n e r s  p r o v i d e d  t h e  b r i d g e  
c o m p l e t i o n ,  e x c i t a t i o n ,  a m p l i f i c a t i o n ,  and s h u n t  c a l i -  
b r a t i o n .  The c o n d i t i o n e r  o u t p u t  v o l t a g e  r e p r e s e n t e d  
s t r a i n  as  a f u n c t i o n  o f  t i m e  and  was r e c o r d e d  o n  mag- 
n e t i c  t a p e  f o r  l a t e r  p r o c e s s i n g .  S t r a i n  e x p e r i m e n t s  
were n o t  a v a i l a b l e  f o r  t h e  OH-58 s p l i n e - m o u n t e d  ( r i g i d )  
r i n g  g e a r  t o  compare w i t h  t h e  ATT. 
o b t a i n e d ,  h o w e v e r ,  from UH-60A ( 8 l a c k h a w k )  h e l i c o p t e r  
t r a n s m i s s i o n  e x p e r i m e n t s .  These r i n g  g e a r  s t r a i n  t e s t s  
were p e r f o r m e d  i n  t h e  NASA L e w i s  3000-hp h e l i c o p t e r  
t r a n s m i s s i o n  t e s t  s t a n d  (4). S t r a i n  gages were  
i n s t a l l e d  o n  t h e  b a c k  o f  t h e  UH-60A r i g i d - m o u n t e d  r i n g  
g e a r  i n  a s i m i l a r  f a s h i o n  as  t h o s e  o n  t h e  ATT 
( F i g .  5 ( b ) ) .  A b r i e f  d e s c r i p t i o n  o f  t h e  UH-60A t r a n s -  
m i s s i o n  and  t h e  3000-hp t e s t  s t a n d  i s  g i v e n  i n  t h e  
Append i  x .  

t h e  same manner  as  t h e  OH-58A t e s t s  o f  R e f .  5 .  The 
t e s t  t r a n s m i s s i o n  a n d  an o i l - w a t e r  h e a t  e x c h a n g e r  
( u s e d  t o  c o o l  t h e  t r a n s m i s s i o n  o i l  and  m a i n t a i n  i t  a t  
a c o n s t a n t  t e m p e r a t u r e )  were t h e r m a l l y  i n s u l a t e d  t o  
p r o v i d e  a n  a d i a b a t i c  e n c l o s u r e .  P r o v i s i o n s  were  s e t u p  
t o  c o l l e c t  t h e  w a t e r  t h a t  f l o w e d  t h r o u g h  t h e  o i l - w a t e r  
h e a t  e x c h a n g e r .  
and t h e  d i f f e r e n c e  i n  t h e  h e a t  e x c h a n g e r  w a t e r - o u t l e t  
and w a t e r - i n l e t  t e m p e r a t u r e s  were  measured .  From 
t h e s e ,  t h e  h e a t  g e n e r a t i o n  due t o  m e c h a n i c a l  power 
l o s s e s  o f  t h e  t r a n s m i s s i o n  was c a l c u l a t e d .  T r a n s m i s -  
s i o n  e f f i c i e n c y  was d e t e r m i n e d  b y  s u b t r a c t i n g  t h e  power 
l o s s e s  from t h e  measured  i n p u t  power ,  t h e n  d i v i d i n g  b y  
t h e  i n p u t  p o w e r .  The l u b r i c a n t  used  f o r  t h e  ATT e f f i -  
c i e n c y  t e s t s  was t h a t  l a b e l e d  " l u b r i c a n t  code  K "  i n  
R e f .  5 .  L u b r i c a n t  K was a s y n t h e t i c  gas t u r b i n e  
e n g i n e  o i l  w i t h  a v i s c o s i t y  o f  5 c e n t i s t o k e s  a t  99 "C 
( 2 1 0  O F ) .  

f o r m e d  o n  t h e  ATT t o  i n v e s t i g a t e  t h e  movement o f  t h e  
g e a r  u n d e r  l o a d .  A p r o x i m i t y  p r o b e  was moun ted  c l o s e  
t o  t h e  s p i r a l - b e v e l  g e a r  n e a r  t h e  mesh p o i n t  t o  meas- 
u r e  t h e  g e a r  d i s p l a c e m e n t  i n  t h e  v e r t i c a l  d i r e c t i o n  
u n d e r  a v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s  ( F i g .  6 ) .  The 
p r o b e  o u t p u t  s i g n a l  was a v o l t a g e  p r o p o r t i o n a l  t o  t h e  
c l e a r a n c e  b e t w e e n  t h e  p r o b e  and  t h e  g e a r .  The s i g n a l ,  
w h i c h  r e p r e s e n t e d  t h e  c l e a r a n c e  as  a f u n c t i o n  o f  t i m e ,  
was r e c o r d e d  on m a g n e t i c  t a p e  f o r  l a t e r  p r o c e s s i n g .  
I r o n - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  p l a c e d  a t  a v a r i e t y  
o f  l o c a t i o n s  i n  t h e  ATT t o  measure  component  tempera -  
t u r e s  ( F i g .  6 ) .  The rmocoup le  s i g n a l s  o n  t h e  r o t a t i n g  
s p i r a l - b e v e l  p i n i o n  g e a r  ( t h e r m o c o u p l e s  1 a n d  2 )  and  
o n  t h e  r o t a t i n g  p l a n e t  b e a r i n g  ( t h e r m o c o u p l e  10 )  w e r e  
e x t r a c t e d  t h r o u g h  s l i p  r i n g s  o n  t h e  t r a n s m i s s i o n  i n p u t  
and  o u t p u t  s h a f t s ,  r e s p e c t i v e l y .  

The t e s t i n g  p r o c e d u r e  for e a c h  e x p e r i m e n t  was as  
f o l l o w s .  F i r s t ,  a l l  i n s t r u m e n t a t i o n  c h e c k s  on o p e r a -  
t ion,  c a l i b r a t i o n ,  a n d  s e t t i n g s  were  made. N e x t ,  c a l i -  
b r a t i o n  s i g n a l s  were  p l a c e d  on t a p e  (when a p p r o p r i a t e ) .  
A l l  s a f e t y  i n t e r l o c k s  a n d  a u t o m a t i c  shu tdowns  were  
t e s t e d .  The t r a n s m i s s i o n  i n p u t  speed was i n c r e a s e d  t o  
a p p r o x i m a t e l y  3000  r p m  t o  c i r c u l a t e  o i l  t h r o u g h o u t  t h e  
t r a n s m i s s i o n .  The speed  and  t o r q u e  were  t h e n  a d j u s t e d  
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S p i r a l - b e v e l  g e a r  d e f l e c t i o n  e x p e r i m e n t s  were  p e r -  

t o  t h e  d e s i r e d  c o n d i t i o n  f o r  t e s t i n g .  A l l  t r a n s i e n t  
s i g n a l s  were r e c o r d e d  o n  t a p e  and  l a t e r  p r o c e s s e d .  F o r  
t h e  e f f i c i e n c y  t e s t s  t h e  t r a n s m i s s i o n  was r u n  a t  t h e  
d e s i r e d  c o n d i t i o n  u n t i l  t h e  component  t e m p e r a t u r e s  s t a -  
b i  1 i z e d  and  t h e  t r a n s m i s s i o n  r e a c h e d  s t e a d y - s t a t e .  F o r  
each  e x p e r i m e n t  t h e  t e s t i n g  c o n s i s t e d  o f  a m a t r i x  o f  
speed a n d  t o r q u e  c o n d i t i o n s .  In g e n e r a l ,  t h e  t r a n s m i s -  
s i o n  i n p u t  speed v a r i e d  f r o m  50 t o  100  p e r c e n t  o f  i t s  
f u l l - r a t e d  v a l u e  a n d  t h e  t r a n s m i s s i o n  i n p u t  t o r q u e  v a r -  
i e d  from 25 t o  100  p e r c e n t  of i t s  f u l l - r a t e d  v a l u e  f o r  
each  t e s t .  

RESULTS AND DISCUSSION 

The ATT s u c c e s s f u l l y  o p e r a t e d  a t  t h e  f u l l - r a t e d  
d e s i g n  l o a d  ( 3 7 3  kW a t  6180  r p m  t r a n s m i s s i o n  i n p u t  
speed)  d u r i n g  t h e  b r e a k - i n  p e r i o d  and s u b s e q u e n t  v i b r a -  
t i o n ,  s t r a i n ,  e f f i c i e n c y ,  d e f l e c t i o n ,  and  t e m p e r a t u r e  
e x p e r i m e n t s .  Thus ,  t h e  m a j o r  d e s i g n  g o a l  o f  u p g r a d i n g  
t h e  OH-58C t r a n s m i s s i o n  t o  373 kW (500 h p )  was 
a c h i e v e d .  No e n d u r a n c e  t e s t i n g  was p e r f o r m e d  o n  t h e  
ATT and  t h e r e f o r e  n o  comments can  be a d d r e s s e d  r e g a r d -  
i n g  t r a n s m i s s i o n  l i f e .  The p e r f o r m a n c e  o f  t h e  ATT was 
e v a l u a t e d  b y  c o m p a r i n g  t h e  r e s u l t s  o f  t h e  v i b r a t i o n ,  
s t r a i n ,  e f f i c i e n c y ,  d e f l e c t i o n ,  and  t e m p e r a t u r e  e x p e r i -  
men ts  t o  p r e v i o u s l y  c o n d u c t e d  t e s t s  o n  t h e  OH-58A, 
OH-58C, and  UH-60A t r a n s m i s s i o n s .  

V i b r a t i o n  T e s t s  
The ATT t r a n s i e n t  a c c e l e r o m e t e r  o u t p u t s  w e r e  

r e t r i e v e d  f r o m  t a p e  and  f e d  t o  a s p e c t r u m  a n a l y z e r .  
The s p e c t r u m  a n a l y z e r  c o n v e r t e d  t h e  a n a l o g  t i m e  t r a c e s  
t o  d i g i t a l  f o r m a t  a n d  r o u t e d  t h e  s i g n a l s  t o  a c o m p u t e r  
for  r o o t - m e a n - s q u a r e  ( r m s )  a v e r a g e  c a l c u l a t i o n s  as  
d e s c r i b e d  i n  R e f .  3 .  The ATT v i b r a t i o n  e x p e r i m e n t s  
were  compared t o  p r e v i o u s  t e s t s  o n  t h e  OH-58A ( 3 )  and 
OH-58C (not p r e v i o u s l y  r e p o r t e d ) .  The rms a v e r a g e  
a c c e l e r a t i o n s  f o r  t h e  a c c e l e r o m e t e r s  moun ted  o n  t h e  
ATT, OH-58A. and  OH-58C h o u s i n g s  r a n g e d  from 2 t o  
1 1  g ' s  rms f o r  a v a r i e t y  o f  t o r q u e  c o n d i t i o n s  ( F i g .  7 ) .  
These r e s u l t s  were  from t e s t s  r u n  a t  a t r a n s m i s s i o n  
i n p u t  speed o f  6060  r p m  f o r  t h e  OH-58A and  OH-58C. and  
6180  r p m  f o r  t h e  ATT ( 6 0 6 0  rprn i s  t h e  maximum d e s i g n  
speed o f  t h e  t r a n s m i s s i o n  w h i l e  6180  r p m  i s  t h e  o p e r a -  
t i o n a l  l i m i t  s p e e d .  C u r r e n t l y ,  t h e  Army o p e r a t e s  t h e  
OH-58 h e l i c o p t e r s  a t  6180  r p m  for  t h e  a d d i t i o n a l  power  
c a p a b i l i t y ) .  F o r  f i v e  o u t  o f  t h e  seven  a c c e l e r o m e t e r s ,  
t h e  f o u r - p l a n e t  OH-58C h a d  s l i g h t l y  l e s s  v i b r a t i o n  
( a p p r o x i m a t e l y  1 g r m s )  compared t o  t h e  A T T  a t  t h e  
same t o r q u e  l e v e l s  ( a c c e l e r o m e t e r s  1 ,  2 ,  4 ,  5 ,  a n d  6; 
F i g s .  7 ( a ) .  7 ( b ) ,  7 ( d ) ,  7 ( e ) ,  a n d  7 ( f ) ,  r e s p e c t i v e l y ) .  
The OH-58C and  t h e  ATT had  a b o u t  t h e  same l e v e l s  o f  
v i b r a t i o n  a t  t h e  same t o r q u e  c o n d i t i o n s  for t h e  r e m a i n -  
i n g  two a c c e l e r o m e t e r s .  The ATT h a d  ? e s s  v i b r a t i o n  
( 2  t o  3 g ' s  r m s )  t h a n  t h e  t h r e e - p l a n e t  OH-58A a t  t h e  
same t o r q u e  l e v e l s  for  f i v e  o u t  o f  t h e  seven  a c c e l e r o m -  
e t e r s  ( a c c e l e r o m e t e r s  2,  3 ,  4, 6, and  7 ;  f i g s .  7 ( b ) ,  
7 ( c ) ,  7 ( d ) ,  7 ( f ) ,  and  7 ( 9 ) ,  r e s p e c t i v e l y ) .  Based  o n  
t h e  rms a v e r a g e  c a l c u l a t i o n s  of t h e  a c c e l e r a t i o n  t i m e  
t r a c e s ,  t h e  g e n e r a l  t r e n d  was t h a t  t h e  OH-58C t r a n s m i s -  
s i o n  h a d  s l i g h t l y  l e s s  v i b r a t i o n  t h a n  t h e  ATT, a n d  t h e  
ATT h a d  l e s s  v i b r a t i o n  t h a n  t h e  OH-58A. 

The v i b r a t i o n  c o n t r i b u t i o n s  o f  t h e  s p i r a l - b e v e l  
meshes and  p l a n e t a r y  meshes were  d e t e r m i n e d  f o r  t h e  
ATT, OH-58A, and  OH-58C. The c o n t r i b u t i o n s  were  c a l c u -  
l a t e d  u s i n g  power  s p e c t r a l  d e n s i t y  f u n c t i o n s  as 
d e s c r i b e d  i n  Ref .  3 .  F o r  e a c h  a c c e l e r o m e t e r  t h e  
s p i r a l - b e v e l  mesh a n d  p l a n e t a r y  mesh v i b r a t i o n  l e v e l s  
a r e  shown i n  F i g .  8 for t h e  OH-58A and  OH-58C a t  2 2 4  kW 
( 3 0 0  hp )  and  6060  r p m  a n d  t h e  ATT a t  233  kW ( 3 1 3  h p )  
a n d  6180  rpm. The p l a n e t a r y  mesh v i b r a t i o n  l e v e l s  w e r e  
l o w e s t  for  t h e  ATT and  h i g h e s t  for  t h e  OH-58A f o r  
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n e a r l y  a l l  t h e  a c c e l e r o m e t e r s  ( F i g .  8 ( a ) ) .  Thus,  t h e  
number o f  p l a n e t s  ( f o u r  compared t o  t h r e e ) ,  t h e  p l a n e t  
m o u n t i n g  ( s t r a d d l e  compared t o  c a n t i l e v e r ) ,  a n d  t h e  
b e a r i n g  t y p e  ( c y l i n d r i c a l  r o l l e r  compared to s p h e r i c a l )  
s i g n i f i c a n t l y  r e d u c e d  p l a n e t a r y  mesh v i b r a t i o n  when 
c o m p a r i n g  t h e  OH-58C to  t h e  OH-58A a t  a b o u t  f u l l - r a t e d  
power c o n d i t i o n s .  A l s o ,  t h e  h i g h - c o n t a c t - r a t i o  g e a r s  
and  t h e  c a n t i l e v e r - m o u n t e d  r i n g  g e a r  s l i g h t l y  r e d u c e d  
p l a n e t a r y  mesh v i b r a t i o n  when c o m p a r i n g  t h e  ATT a n d  

F o r  n e a r l y  a l l  t h e  a c c e l e r o m e t e r s  t h e  s p i r a l - b e v e l  
mesh v i b r a t i o n  l e v e l s  o f  t h e  ATT and  OH-58C were p r e t t y  
much t h e  same ( F i g .  8 ( b ) ) .  Thus ,  t h e  b e v e l  g e a r  mount-  
i n g  ( s t r a d d l e  or o v e r h u n g )  had  l i t t l e  e f f e c t  o n  v i b r a -  
t i o n  f o r  t h i s  speed and  t o r q u e  c o n d i t i o n .  F o r  f i v e  o u t  
o f  t h e  seven  a c c e l e r o m e t e r s  t h e  s p i r a l - b e v e l  mesh 
v i b r a t i o n  l e v e l s  o f  t h e  OH-58A compared t o  t h e  OH-58C 
were  q u i t e  d i f f e r e n t  ( a c c e l e r o m e t e r s  2 t o  5 ) .  I t  i s  
n o t  known why t h e s e  l e v e l s  were  d i f f e r e n t  s i n c e  t h e  
b e v e l  sys tems  a r e  t h e  same i n  b o t h  t r a n s m i s s i o n s .  

OH-58C. 

1 P l a n e t  Gear  Load  S h a r i n g  
The ATT r i n g  g e a r  s t r a i n  gage s i g n a l s  were 

r e t r i e v e d  from t a p e  and  a n a l y z e d  w i t h  an a n a l o g - t o -  
d i g i t a l  c o n v e r t e r  and  a c o m p u t e r .  T y p i c a l  t r a c e s  o f  
r i n g  g e a r  s t r e s s e s  as a f u n c t i o n  o f  p l a n e t - p a s s  c y c l e s  
a r e  shown i n  F i g .  9 ( a )  where  t h e  ATT o p e r a t e d  a t  373 kW 
(500 hp)  and 6180 r p m  t r a n s m i s s i o n  i n p u t  speed.  The 
r i n g  g e a r  s t r a i n  gage s i g n a l s  f r o m  t h e  UH-60A s t r e s s  
e x p e r i m e n t s  ( 4 )  were r e t r i e v e d  f rom t a p e  and a n a l y z e d  
i n  a s i m i l a r  manner as t h e  A T T ' s .  The r e s u l t s  a r e  
shown i n  F i g .  9 ( b )  f o r  t h e  UH-60A r u n  a t  2109 kW 
(2828 h p )  and  258 r p m  o u t p u t  ro to r  speed.  These were 
t h e  f u l l - r a t e d  powers  and speeds  o f  b o t h  t r a n s m i s s i o n s .  

I n  F i g .  9 ,  t h e  peak  s t r e s s  v a l u e s  were  c o n n e c t e d  
b y  a d o t t e d  l i n e  f o r  each  t r a n s m i s s i o n .  Compare t h e  
t r e n d s  o f  t h e  v a l u e s  o f  t h e  peak  s t r e s s e s  f o r  e a c h  of 
t h e  two t r a n s m i s s i o n s .  The peaks  c o r r e s p o n d  t o  t h e  
m e s h i n g  o f  a p l a n e t  g e a r  w i t h  t h e  r i n g  g e a r  a t  t h e  
l o c a t i o n  o f  t h e  s t r a i n  gage .  The d a t a  were  a n a l y z e d  
u s i n g  50-peak t r a c e s  even  t h o u g h  o n l y  2 0  were p l o t t e d  

1 9 0 . 2  MPa ( 2 7  590 p s i ) .  The s t a n d a r d  d e v i a t i o n  was 
5 .7  MPa ( 8 3 0  p s i ) ,  w h i c h  c o r r e s p o n d e d  t o  a 3 - p e r c e n t  
c o e f f i c i e n t  o f  v a r i a t i o n  ( t h e  c o e f f i c i e n t  o f  v a r i a t i o n  
e q u a l s  t h e  s t a n d a r d  d e v i a t i o n  v a l u e  d i v i d e d  b y  t h e  mean 
v a l u e ,  t i m e s  100). I n  c o m p a r i s o n ,  t h e  UH-60A h a d  a 
mean p e a k  v a l u e  o f  58 .0  MPa ( 8 4 1 0  p s i )  and  a n  8.0-MPa 
( 1 1 6 0 - p s i )  s t a n d a r d  d e v i a t i o n .  T h i s  gave  a 1 4 - p e r c e n t  
c o e f f i c i e n t  o f  v a r i a t i o n .  I n  a d d i t i o n ,  t h e  A T T ' s  m a x i -  
mum p e a k  v a l u e  o b s e r v e d  was 203 .0  MPa ( 2 9  440  p s i ) ,  
a p p r o x i m a t e l y  7 p e r c e n t  above  t h e  mean v a l u e .  The 
UH-60A's  maximum peak  v a l u e  was 7 1 . 0  MPa ( 1 0  300  p s i ) ,  
22 p e r c e n t  above  t h e  mean. Thus,  t h e  ATT h a d  i m p r o v e d  
p l a n e t a r y  l o a d  s h a r i n g  compared t o  t h a t  o f  t h e  UH-60A. 

s u c h  as  sun g e a r ,  p l a n e t  g e a r ,  or  r i n g  g e a r  s t i f f n e s s ,  
number o f  p l a n e t s ,  t y p e  o f  m o u n t i n g ,  e t c .  The ATT a n d  
UH-60A t r a n s m i s s i o n  a r e  q u i t e  d i f f e r e n t  i n  d e s i g n ,  
s i z e ,  a n d  power  c a p a b i l i t i e s ,  a n d  a d i r e c t  c o m p a r i s o n  
o f  t h e  two i s  a n  o v e r s i m p l i f i c a t i o n .  The f l e x i b l e  r i n g  
g e a r  o f  t h e  ATT, however ,  h a d  a s i g n i f i c a n t  r o l e  i n  t h e  
i m p r o v e d  p l a n e t a r y  l o a d  s h a r i n g  compared t o  t h e  r i g i d  
r i n g  g e a r  o f  t h e  UH-60A. The f l e x i b l e  r i n g  g e a r  a l s o  
has a s i g n i f i c a n t  r o l e  i n  d e c r e a s i n g  p o t e n t i a l  o v e r -  
l o a d i n g  caused  b y  uneven  l o a d  d i s t r i b u t i o n  among t h e  
p l a n e t s .  

N o t e  t h e  shape o f  t h e  s t r e s s - c y c l e  c u r v e s  for  t h e  
two t r a n s m i s s i o n s .  The ATT r e s u l t s  i n d i c a t e d  t h e  r i n g  
g e a r  was l o a d e d  i n  a r a t h e r  smooth manner  w h i l e  t h e  
UH-60A r e s u l t s  i m p l i e d  t h e  r i n g  g e a r  h a d  i m p a c t  l o a d i n g  
c h a r a c t e r i s t i c s .  A l s o  n o t e  t h a t  t h e  m a g n i t u d e s  o f  t h e  
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i n  t h e  f i g u r e .  F o r  t h e  ATT t h e  mean peak  v a l u e  was 

P l a n e t a r y  l o a d  s h a r i n g  i s  a f u n c t i o n  of many i t e m s  

ATT peak  s t r e s s e s  were  a b o u t  t h r e e  t i m e s  h i g h e r  t h a n  
t h a t  o f  t h e  UH-60A. T h i s  was e x p e c t e d  due to t h e  t h i n  
w a l l  o f  t h e  ATT r i n g  g e a r ,  t h u s  a l l o w i n g  g r e a t e r  
d e f l e c t i o n s  d u r i n g  l o a d i n g .  F o l l o w - u p  a n a l y t i c a l  s t u d -  
i e s  w i t h  t h e  r i n g  g e a r s  a p p r o x i m a t e d  as i n t e r n a l l y -  
p r e s s u r i z e d ,  t h i n - w a l l e d  c y l i n d e r s  were  p e r f o r m e d .  
These s t u d i e s  p r e d i c t e d  t h a t  t h e  ATT r i n g  g e a r  had  a 
h i g h e r  hoop s t r e s s  v a l u e  t h a n  t h e  UH-60A. T h i s  was 
c o n s i s t e n t  w i t h  t h e  r e s u l t s  from t h e  e x p e r i m e n t a l  
s t r a i n  t e s t s .  

E f f i c i e n c y  T e s t s  

9 7 . 7 3  t o  98 .64  D e r c e n t  f o r  a v a r i e t v  o f  t o r a u e s  and  o i l  
The ATT m e c h a n i c a l  e f f i c i e n c i e s  r a n g e d  from 

t e m p e r a t u r e s  and  6180  rpm t r a n s m i s s j o n  i npu t :  speed 
( F i g .  10). The ATT e f f i c i e n c y  was r e l a t i v e l y  c o n s t a n t  
a t  h i g h e r  t o r q u e  l e v e l s  and d e c r e a s e d  a t  l o w e r  l e v e l s .  
A t  a g i v e n  t o r q u e  t h e  e f f i c i e n c y  i n c r e a s e d  a t  h i g h e r  
o i l  t e m p e r a t u r e s  due t o  t h e  d e c r e a s e  i n  o i l  v i s c o s i t y  
and  d e n s i t y .  The ATT m e c h a n i c a l  e f f i c i e n c i e s  were  
98.51 and 98 .62  p e r c e n t  a t  f u l l - r a t e d  power c o n d i t i o n s  
( 3 7 3  kW (500 h p )  a t  6180 r p m  t r a n s m i s s i o n  i n p u t  speed)  
for o i l - i n l e t  t e m p e r a t u r e s  o f  82 "C (180 " F )  a n d  99  "C 
( 2 1 0  O F ) ,  r e s p e c t i v e l y .  

The l u b r i c a n t  u s e d  for  t h e  t e s t s  was t h a t  l a b e l e d  
code K i n  R e f .  5 .  Shown o n  F i g .  1 0  a r e  t h e  OH-58A 
e f f i c i e n c y  v a l u e s  t a k e n  f r o m  R e f .  5 u s i n g  l u b r i c a n t  K 
and  a t  t h e  OH-58A's  f u l l - r a t e d  power  and speed .  The 
ATT was a p p r o x i m a t e l y  0 . 2 5  p e r c e n t  l e s s  e f f i c i e n t  t h a n  
t h e  OH-58A a t  t h e  same t o r q u e  l e v e l s .  OH-58C e f f i -  
c i e n c y  r e s u l t s  were a v a i l a b l e  ( n o t  p r e v i o u s l y  r e p o r t e d )  
r u n  w i t h  l u b r i c a n t  code D o f  R e f .  5 a t  an o i l - i n l e t  
t e m p e r a t u r e  o f  82  "C (180 O F ) .  The OH-58C m e c h a n i c a l  
e f f i c i e n c y  was 9 8 . 8 4  p e r c e n t  a t  f u l l - r a t e d  power  and 
speed,  compared t o  98 .60  p e r c e n t  f o r  t h e  OH-58A a t  t h e  
same c o n d i t i o n s  and  same l u b r i c a n t  t y p e .  Thus ,  t h e  ATT 
was l e s s  e f f i c i e n t  t h a n  t h e  t h r e e - p l a n e t  OH-58A and  t h e  
OH-58A was l e s s  e f f i c i e n t  t h a n  t h e  f o u r - p l a n e t  OH-58C. 

The cause  o f  t h e  ATT l o w e r  e f f i c i e n c y  i s  b e l i e v e d  
t o  b e  t h e  h i g h - c o n t a c t - r a t i o  p l a n e t a r y  g e a r s .  
ATT d e s i g n  s t u d y ,  BHT r e p o r t e d  a 0 . 3 0 - p e r c e n t  d e c r e a s e  
i n  e f f i c i e n c y  i n  t h e i r  Model  222 p l a n e t a r y  s y s t e m  when 
h i g h - c o n t a c t - r a t i o  g e a r s  were  u s e d  ( 2 ) .  T h i s  l e v e l  o f  
d e c r e a s e  i n  e f f i c i e n c y  was c o n s i s t e n t  w i t h  t h e  
0 . 2 5 - p e r c e n t  d e c r e a s e  i n  e f f i c i e n c y  measured  d u r i n g  t h e  
ATT e x p e r i m e n t s .  A l s o ,  a n a l y t i c a l  s t u d i e s  o n  g e a r  mesh 
power l o s s e s  i n d i c a t e d  h i g h - c o n t a c t - r a t i o  g e a r s  a r e  
g e n e r a l l y  l e s s  e f f i c i e n t  t h a n  s t a n d a r d  g e a r s  ( 6 ) .  The 
r e a s o n  i s  t h e  h i g h e r  g e a r  tooth s l i d i n g  v e l o c i t i e s  o f  
t h e  h i g h - c o n t a c t - r a t i o  tooth. The m a j o r  g o a l  o f  t h e  
ATT d e s i g n ,  however ,  was t o  i m p r o v e  t h e  t r a n s m i s s i o n  
p o w e r - t o - w e i g h t  r a t i o .  One way t h i s  was a c c o m p l i s h e d  
was e m p l o y i n g  h i g h - c o n t a c t - r a t i o  p l a n e t a r y  g e a r  t e e t h .  
The h i g h - c o n t a c t - r a t i o  mesh e n a b l e d  a n  i n c r e a s e  i n  t h e  
mesh power c a p a b i l i t y  f o r  t h e  same s i z e  g e a r s .  T h e r e  
was a s l i g h t  r e d u c t i o n  i n  e f f i c i e n c y  b e l i e v e d  t o  b e  due  
t o  t h e  h i g h - c o n t a c t - r a t i o  g e a r s ,  b u t  t h e  t r a n s m i s s i o n  
as  a w h o l e  m a i n t a i n e d  i t s  r e l a t i v e l y  h igh  m e c h a n i c a l  
e f f i c i e n c y .  

S p i r a l - B e v e l  Gear  D e f l e c t i o n  T e s t s  
The ATT dynamic  p r o x i m i t y  p r o b e  o u t p u t  o f  t h e  

s p i r a l - b e v e l  g e a r  was r e t r i e v e d  from t a p e  and  a n a l y z e d  
w i t h  a n  a n a l o g - t o - d i g i t a l  c o n v e r t e r  and  a c o m p u t e r .  
The o u t p u t  r e p r e s e n t e d  t h e  c l e a r a n c e  be tween  t h e  g e a r  
a n d  t h e  p r o b e .  The i n i t i a l  g e a r - p r o b e  c l e a r a n c e  a t  
z e r o  speed and  l o a d  was r e c o r d e d  a n d  t h e  p r o b e  o u t p u t s  
a t  v a r i o u s  speed and  l o a d  c o n d i t i o n s  were  s u b t r a c t e d  
from t h e  i n i t i a l  c l e a r a n c e  t o  d e t e r m i n e  t h e  d e f l e c t i o n s  
o f  t h e  s p i r a l - b e v e l  g e a r  n e a r  t h e  l o c a t i o n  o f  t h e  mesh. 

The s p i r a l - b e v e l  g e a r  d e f l e c t i o n s  e x h i b i t e d  a l i n -  
e a r  r e l a t i o n s h i p  w i t h  r e s p e c t  t o  a p p l i e d  l o a d  f o r  

From t h e  
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t o r q u e s  i n  t h e  r a n g e  o f  10 t o  100 p e r c e n t  o f  f u l l -  
r a t e d .  T h i s  l i n e a r  r e l a t i o n s h i p ,  h o w e v e r ,  had a 
n o - l o a d  o f f s e t  ( i . e . ,  t h e  c a l c u l a t e d  d e f l e c t i o n - l o a d  
r e l a t i o n s h i p  p r e d i c t e d  a d e f l e c t i o n  a t  z e r o  t o r q u e .  
T h i s  i n d i c a t e d  t h a t  t h e r e  was e x c e s s i v e  c l e a r a n c e  i n  
t h e  s p i r a l - b e v e l  g e a r  a s s e m b l y .  A f t e r  a s l i g h t  amount  
o f  l o a d  was a p p l i e d  o n  t h e  g e a r ,  t h e  c l e a r a n c e  was 
removed and t h e  g e a r  e x h i b i t e d  t h e  l i n e a r  d e f l e c t i o n -  
l o a d  r e l a t i o n s h i p ) .  S u b t r a c t i n g  t h e  n o - l o a d  o f f s e t  
gave  t h e  l i n e a r  r e l a t i o n s h i p  d e p i c t e d  i n  F i g .  11 .  A l s o  
shown i n  t h e  f i g u r e  a r e  t h e  s p i r a l - b e v e l  g e a r  d e f l e c -  
t i o n s  o f  t h e  OH-58A t r a n s m i s s i o n  from R e f .  7 .  The 
OH-58A d e f l e c t i o n  d a t a  a l s o  had  t h e i r  n o - l o a d  o f f s e t  
s u b t r a c t e d  o u t .  N o t e  t h a t  t h e  ATT and  OH-58A had  a b o u t  
t h e  same d e f l e c t i o n - l o a d  r e l a t i o n s h i p .  T h i s  i n d i c a t e s  
t h a t  t h e  s p i r a l - b e v e l  g e a r  d e f l e c t i o n s  i n  t h e  v e r t i c a l  
d i r e c t i o n  n e a r  t h e  mesh p o i n t  were  n o t  a f f e c t e d  b y  t h e  
d i f f e r e n t  b e a r i n g  m o u n t i n g  c o n d i t i o n s  o f  t h e  ATT 
( s t r a d d l e  moun ted )  and  OH-58A ( o v e r h u n g  m o u n t e d ) .  

F u r t h e r  i n v e s t i g a t i o n s  o f  F i g .  11 r e v e a l e d  a 
d e f l e c t i o n - t o r q u e  s l o p e  o f  0 . 5 4 ~ 1 0 - 6  m/N-m. 
p l y i n g  t h e  d e f l e c t i o n - t o r q u e  s l o p e  b y  t h e  b e v e l  g e a r  
mean p i t c h  r a d i u s  o f  3 . 0 5  cm and  t a k i n g  t h e  r e c i p r o -  
c a l  gave  a s t i f f n e s s  v a l u e  o f  6 . 0 7 ~ 1 0 7  N/m 
( 3 5 0  000 l b l i n . ) .  C a l c u l a t i n g  t h e  a x i a l  b e a r i n g  s t i f f -  
n e s s  o f  a s i n g l e  b a l l  b e a r i n g  o f  t h e  g e a r  a s s e m b l y  
u s i n g  t h e  me thods  o f  H a r r i s  ( 8 )  gave  a v a l u e  o f  
4 . 2 4 ~ 1 0 8  N / m  ( 2  400 000 l b / i n . ) .  S i n c e  t h e  c a l c u l a t e d  
a x i a l  b e a r i n g  s t i f f n e s s  v a l u e  was much h i g h e r  t h a n  t h e  
measured  g e a r  a s s e m b l y  v a l u e ,  t h e  b e v e l  g e a r  d e f l e c t i o n  
i n  t h e  v e r t i c a l  d i r e c t i o n  n e a r  t h e  mesh was n o t  p r i -  
m a r i l y  c a u s e d  b y  b e a r i n g  d e f l e c t i o n s .  The g e a r  d e f l e c -  
t i o n s  were  p r o b a b l y  m o s t l y  due t o  g e a r  b o d y ,  g e a r  
s h a f t ,  or h o u s i n g  d e f l e c t i o n s .  T h i s  o f f e r s  a n  e x p l a n a -  
t i o n  why t h e  d e f l e c t i o n s  were n o t  a f f e c t e d  b y  t h e  d i f -  
f e r e n t  b e a r i n g  m o u n t i n g  o f  t h e  ATT and OH-58A. 

M u l t i -  

Component  T e m p e r a t u r e  T e s t s  
The ATT component  t e m p e r a t u r e s  were  r e c o r d e d  d u r -  

i n a  t h e  e f f i c i e n c v  e x D e r i m e n t s .  F i a u r e  12 d e D i c t s  t h e  
t e i p e r a t u r e  surve; a t '  6180  r p m  t r a n i m i  s s i o n  i n p u t  speed 
a n d  t h r e e  d i f f e r e n t  t o r q u e s .  The t r a n s m i s s i o n  was 
e n c l o s e d  w i t h  i n s u l a t i o n  and t h e  r e s u l t s  i n  t h e  f i g u r e  
a r e  f o r  an o i l - i n l e t  t e m p e r a t u r e  o f  82  "C ( 1 8 0  O F ) .  

OH-58A component  t e m p e r a t u r e  d a t a  a r e  a l s o  shown i n  t h e  
f i g u r e  f o r  a t r a n s m i s s i o n  i n p u t  speed o f  6060  rpm.  The 
OH-58A d a t a  were  t a k e n  from e f f i c i e n c y  s t u d i e s  n o t  
p r e v i o u s l y  p u b l i s h e d ,  w i t h  t h e  t r a n s m i s s i o n  i n s u l a t e d  
and  m a i n t a i n e d  a t  an 82  " C  (180 " F )  o i l - i n l e t  
t e m p e r a t u r e .  

The t e m p e r a t u r e s  measured  h i g h e r  for  t h e  ATT com- 
p a r e d  t o  t h e  OH-58A for  n i n e  o u t  o f  t h e  e l e v e n  compo- 
n e n t s  i n s t r u m e n t e d .  T h i s  was e x p e c t e d  because  t h e  ATT 
was o p e r a t i n g  a t  h i g h e r  t o r q u e  v a l u e s  t h a n  t h o s e  of 
t h e  OH-58A. The measured  o i l  f low r a t e s  were  a b o u t  
2 3  l / m i n  ( 6  gpm) f o r  t h e  ATT and a b o u t  19  l / m i n  ( 5  gpm) 
f o r  t h e  OH-58A. The measured  t e m p e r a t u r e s  r a n g e d  from 
7 8  "C ( 1 7 2  O F )  t o  116 "C ( 2 4 1  OF). The h i g h - s p e e d  
b e v e l  p i n i o n  componen ts  had  t h e  h i g h e s t  t e m p e r a t u r e s  
( t h e r m o c o u p l e s  1 t o  6 ) .  The rmocoup les  4 t o  6 were  
moun ted  n e a r  t h e  b e v e l  g e a r  ou t -o f -mesh  l o c a t i o n  t o  
measure  o i l  t e m p e r a t u r e  as i t  was f l u n g  from t h e  g e a r  
mesh. An i n t e r e s t i n g  o b s e r v a t i o n  was t h a t  t h e  ATT 
f l i n g - o f f  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  g e a r  f a c e  
were  r e v e r s e d  compared t o  t h o s e  o f  t h e  OH-58A ( t e m p e r a -  
t u r e s  for  t h e r m o c o u p l e s  4 ,  5 ,  and  6 were i n  a s c e n d i n g  
o r d e r  f o r  t h e  ATT and  d e s c e n d i n g  o r d e r  for  t h e  OH-58A). 
The p l a n e t  b e a r i n g s  ( t h e r m o c o u p l e  1 0 )  measured  low tem- 
p e r a t u r e s  f o r  b o t h  t h e  ATT and  OH-58A. 

SUMMARY OF RESULTS 

E x p e r i m e n t a l  t e s t s  were p e r f o r m e d  o n  t h e  NASA/ 
B e l l  H e l i c o p t e r  T e x t r o n  (BHT) 500-hp advanced  t e c h n o l -  
o g y  t r a n s m i s s i o n  (ATT) a t  t h e  NASA L e w i s  R e s e a r c h  Cen- 
t e r .  The ATT was a r e t r o f i t  o f  t h e  OH-58C h e l i c o p t e r  
236-kW (317-hp )  m a i n  rotor t r a n s m i s s i o n ,  u p g r a d e d  t o  
373 kW (500 h p ) ,  w i t h  a d e s i g n  g o a l  o f  r e t a i n i n g  l o n g  
l i f e  w i t h  a min imum i n c r e a s e  i n  c o s t ,  w e i g h t ,  and s i z e .  
The t e s t s  were c o n d u c t e d  i n  t h e  NASA L e w i s  500-hp h e l i -  
c o p t e r  t r a n s m i s s i o n  t e s t  s t a n d ,  c o v e r i n g  a r a n g e  o f  
t o r q u e  and  speed c o n d i t i o n s .  V i b r a t i o n ,  s t r a i n ,  e f f i -  
c i e n c y ,  d e f l e c t i o n ,  and t e m p e r a t u r e  e x p e r i m e n t s  were  
p e r f o r m e d  and  t h e  r e s u l t s  were compared t o  p r e v i o u s  
e x p e r i m e n t s  o n  t h e  OH-58A, OH-58C, and  UH-60A t r a n s m i s -  
s i o n s .  The f o l l o w i n g  r e s u l t s  were  o b t a i n e d :  

1 .  The ATT s u c c e s s f u l l y  o p e r a t e d  a t  t h e  f u l l - r a t e d  
d e s i g n  l o a d  o f  373 kW ( 5 0 0  h p )  a t  6180  rpm t r a n s m i s s i o n  
i n p u t  speed .  

2 .  Based o n  t h e  o v e r a l l  rms a v e r a g e  a c c e l e r a t i o n  
v a l u e s ,  t h e  OH-58C t r a n s m i s s i o n  had  s l i g h t l y  l e s s  
v i b r a t i o n  t h a n  t h e  ATT, and  t h e  ATT had  l e s s  v i b r a t i o n  
t h a n  t h e  OH-58A t r a n s m i s s i o n .  

3 .  The ATT p l a n e t a r y  mesh v i b r a t i o n  l e v e l s  were  
s l i g h t l y  l o w e r  compared t o  t h o s e  o f  t h e  OH-58C t r a n s -  
m i s s i o n .  Thus,  t h e  h i g h - c o n t a c t - r a t i o  g e a r s  and t h e  
c a n t i l e v e r - m o u n t e d ,  f l e x i b l e  r i n g  g e a r  r e d u c e d  v i b r a -  
t i o n .  The OH-58A p l a n e t a r y  mesh v i b r a t i o n  l e v e l s  were  
h i g h e r  compared t o  t h o s e  o f  t h e  OH-58C t r a n s m i s s i o n .  
Thus, i n c r e a s i n g  t h e  number o f  p l a n e t s  and  s t r a d d l e  
m o u n t i n g  t h e  p l a n e t s  r e d u c e d  v i b r a t i o n .  

4 .  The ATT f l e x i b l e  r i n g  g e a r  i m p r o v e d  p l a n e t a r y  
l o a d  s h a r i n g  compared t o  t h a t  o f  t h e  r i g i d  r i n g  g e a r  
o f  t h e  UH-60A t r a n s m i s s i o n .  

5 .  The ATT m e c h a n i c a l  e f f i c i e n c y  was l o w e r  t h a n  
t h a t  o f  t h e  OH-58A t r a n s m i s s i o n ,  p r o b a b l y  due t o  t h e  
h i g h - c o n t a c t - r a t i o  p l a n e t a r y  g e a r s .  

6 .  The s p i r a l - b e v e l  g e a r  d e f l e c t i o n s  i n  t h e  v e r t i -  
c a l  d i r e c t i o n  n e a r  t h e  mesh p o i n t  were  n o t  a f f e c t e d  b y  
t h e  d i f f e r e n t  b e a r i n g  m o u n t i n g  c o n d i t i o n s  o f  t h e  ATT 
( s t r a d d l e  moun ted )  compared t o  t h e  OH-58A ( o v e r h u n g  
m o u n t e d ) .  

7 .  I n  g e n e r a l ,  t h e  component  t e m p e r a t u r e s  meas- 
u r e d  h i g h e r  f o r  t h e  ATT compared t o  t h e  OH-58A a t  f u l l -  
r a t e d  powers  o f  b o t h  t r a n s m i s s i o n s ,  p r o b a b l y  due t o  t h e  
h i g h e r  t o r q u e  v a l u e s  o f  t h e  ATT. 
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APPENDIX 

UH-60A Main Rotor Transmission 
The UH-60A (Blackhawk) is a double-engine, 

medium-lift cargo helicopter. The UH-60A main rotor 

OUTPUT 

t 

transmission has a twin engine power rating o f  2109 kW 
(2828 hp) at an output rotor speed of 258 rpm. The 
transmission is a three-stage reduction gearbox con- 
sisting of two input modules and one main module. For 
the first reduction stage the two input modules each 
contain a spiral-bevel gear mesh. The second and third 
reduction stage is contained in the main module and 
accomplished by a spiral-bevel mesh and five-planet 
planetary system. The overall reduction ratio is 
81.042:l. A more complete description of the transmis- 
sion is given in Ref. 4. 

NASA 3000-hp Helicopter Transmission Test Stand 

the NASA Lewis 3000-hp helicopter transmission test 
stand. The test stand consists of three regenerative 
power-flow loops (two inputs to the UH-60A transmission 
simulating the twin engine inputs, and a tail rotor 
output), all recirculating through the main rotor out- 
put. Torque through each loop is controlled indepen- 
dently as well as test stand speed. The test stand 
also has the capability of applying forces to the 
transmission output shaft simulating flight lift, 
moment, and drag rotor loads. A more detailed descrip- 
tion of the test stand is given in Ref. 4. 

The UH-60A (Blackhawk) transmission was tested in 

rPLANETARY MESH 

FIGURE 1. - OH-58A HELICOPTER MAIN ROTOR TRANSMISSION. 
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FIGURE 2. - NASAIBELL HELICOPTER TEXTRON 500-HP ADVANCED TECHNOLOGY TRANSMISSION. 
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FIGURE 4 .  - ACCELEROMETER LOCATIONS ON OH-58A, OH-58C. AND 
ADVANCED TECHNOLOGY TRANSMISSION. 
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TECHNOLOGY TRANSMISSION, 
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(b)  RIGID RING GEAR, UH-60A 
TRANSMISSION. 

FIGURE 5. - STRAIN GAGE LOCATIONS ON ADVANCED TECHNOLOGY TRANSMISSION AND UH-60A 
TRANSMISSION R I NG GEARS, 
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FIGURE 6. - PROXIMITY PROBE AND THERMOCOUPLE LOCATIONS IN ADVANCED TECHNOLOGY 
TRANSMISSION (LOCATIONS ALSO APPLY TO OH-58A). 
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( a )  ACCELEROMETER 1. RING GEAR HOUSING. 
- 

I ,e, 
2 4 

(b )  ACCELEROMETER 2, RIGHT TRUNNION MOUNT, 
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- 

(c)  ACCELEROMETER 3. RIGHT TRUNNION MOUNT. 
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( f )  ACCELEROMETER 6. BEVEL P I N I O N  GEAR 

HOUSING. VERTICAL. 

r. 

0 100 200 300 400 500 600 0 100 200 300 400 500 600 
TRANSMISSION INPUT TORQUE, N-M 

t d )  ACCELEROMETER 4, RIGHT TRUNNION MOUNT, (g) ACCELEROMETER 7. LEFT TRUNNION MOUNT. 
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FIGURE 7. - TRANSMISSION VIBRATION LEVELS OF OH-58A, OH-58C. AND ADVANCED TECHNOLOGY TRANS- 
MISSION A T  FULL-RATED SPEED. 
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( b )  SPIRAL-BEVEL MESH VIBRATION LEVELS. 

FIGURE 8. - PLANETARY AND SPIRAL-BEVEL MESH 
VIBRATION LEVELS OF OH-58A. OH-58C. AND 
ADVANCED TECHNOLOGY TRANSMISSION. OH-58A 
AND 0H-58C AT 2 2 4  KW AND 6060 RPM, ATT AT 
233 KW AND 6180 RPM. 
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( a )  FLEXIBLE RING GEAR (ADVANCED TECHNOLOGY TRANS 
MISSION)  AT FULL-RATED POWER. 
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t b )  R I G I D  RING GEAR (UH-60A TRANSMISSION) AT FULL-  
RATED POWER. 

FIGURE 9 .  - RING GEAR STRESS OF ADVANCED TECHNOLOGY 
TRANSMISSION AND UH-60A TRANSMISSION AS AFFECTED 
BY PLANET GEARS PASSING STRAIN GAGES. INDICATING 
LOAD SHARING AMONG PLANETS. 
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236-kW (317-hp) main rotor transmission, upgraded to 373 kW (500 hp), with a design goal of retaining long 
life with a minimum increase in cost, weight, and sue. Vibration, strain, efficiency, deflection, and temperature 
experiments were performed and the results were compared to previous experiments on the OH-58A, OH-58C, 
and UH-60A transmissions. The high-contact-ratio gears and the cantilever-mounted, flexible ring gear of the 
ATT reduced vibration compared to that of the OH-58C. The ATT flexible ring gear improved planetary load 
sharing compared to that of the rigid ring gear of the UH-60A transmission. The ATT mechanical efficiency was 
lower than that of the OH-58A transmission, probably due to the high-contact-ratio planetary gears. 
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