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PREFACE 

The proceedings of the 17th Aerospace ~lechanisms Symposium held a t  the J e t  
Propulsion Laboratory on [lay 5-6, 1983, a r e  in t h i s  NASA Conference Pub1 i ca t ion .  
The symposium was sponsored by the  National Aeronautics and Space Administration, 
the California institute of Technology, and Lockheed Missiles and Space Company, 
Inc. 

The purpose of the  symposium was t o  provide a forum for  the interchange of 
information among those ac t ive  in the f i e l d  of mechanisms technology. To t h a t  
end, 24 papers were presented on aeronautics and space f l i g h t ,  with speciai em- 
phasis on actuators  and aerospace applicat ions f o r  ground support equipment, l a tches ,  
connectors, and other mechanisms fo r  1 arge space s t ruc tu res .  The papers were 
prepared by engineers from a broad aerospace background, including the U.S. 
aerospace industry,  NASA, European, and Asian par t i c ipan t s .  

The e f f o r t s  of the review committee, session chairmen, and speakers con- 
t r ibu t ing  t o  the technical excellence and professional character  o t  the conference 
are  especia l ly  appreciated. 

The use of t rade  names or names of manufacturers in t h i s  publication does 
not cons t i t u t e  an o f f i c i a l  endorsement of such products or  manufacturers, e i t h e r  
expressed o r  implied, by the Nationai Aeronautics and Space Administration. 
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TETHERED SATELLITE CONTROL MECHANISM 

G i l b e r t  M. Kyr ias* 

ABSTRACT 

The t e t h e r e d  s a t e l l i t e  sys tem (TSS), under  development by t h e  Marsha l l  
Space F l i g h t  Cen te r  (MSFC), i s  used f o r  deployment and r e t r i e v a l  of 
ins t rumented  s a t e l l i t e s  from t h e  Space S h u t t l e  o r b i t e r  c a r g o  bay. These 
s a t e l l i t e s  c a n  o p e r a t e  a t  v e r y  low o r b i t a l  a l t i t u d e s  n o t  a t t a i n a b l e  by 
c o n v e n t i o n a l  s a t e l l i t e s .  They c a n  a l s o  o p e r a t e  above t h e  Space S h u t t l e  
( h i g h e r  o r b i t a l  a l t i t u d e s )  when c a l l e d  f o r  by s p e c i f i c  miss ions .  

The concept  of m a i n t a i n i n g  s a t e l l i t e s  a t  low a l t i t u d e  by t e t h e r  a t t achment  
t o  t h e  S h u t t l e  was f i r s t  sugges ted  by P r o f e s s o r  G. Colombo of t h e  Smithsonian 
A s t r o p h y s i c a l  Observatory i n  1974. 

Mart i n  M a r i e t t a  Corpora t ion ,  under  c o n t r a c t  t o  MSFC, i s  developing t h e  
Space S h u t t l e  mechanical  equipment r e q u i r e d  t o  dep loy ,  r e t r i e v e ,  and c o n t r o l  a  
500-kg s a t e l l i t e  o f  approx imate ly  1.4-m d iamete r ,  a t t a c h e d  t o  a  t e t h e r  100 km 
(65 t o  75 m i l e s )  long .  Under a  U.S . - I t a l i an  agreement ,  A e r i t a l i a  was g i v e n  
t h e  r e s p o n s i b i l i t y  of deve lop ing  t h e  f i r s t  s a t e l l i t e .  

The system i n c l u d e s  t h e  s a t e l l i t e  c o n t r o l  mechanism mounted on  a European 
h u t t l e  c a r g o  bay, and 

i n c l u d e s  a t e  u r e  1 i s  a n  a r t i s t ' s  
t h  t h e  Space S h u t t l e  i n  

- and defense-community 
e t h e r e d  s a t e l l i t e  w i l l  

o f  t h e  E a r t h ' s  atmosphere t o o  h igh  f o r  a i r c r a f t  
y ,  t h i s  r e g i o n  i s  
i n £  ormat ion o n l y  i n  
red  s a t e l l i t e  w i l l  be 

t h i s  atmosphere d u r i n g  s e v e r a l  o r b i t s ,  r e t u r n i n g  
o r ldwide  b a s i s .  A p o s s i b l e  c o n f i g u r a t i o n  f o r  t h i s  t y p e  

The f i r s t  m i s s i o n  s e l e c t e d  may be a n  e lec t rodynamic  exper iment .  Th i s  
m i s s i o n  w i l l  u s e  a n  e l e c t r i c a l l y  conduc t ive  s a t e l l i t e  w i t h  t e t h e r  t h a t  w i l l  
c o l l e c t  a n  e l e c t r i c a l  c h a r g e  and f l o w  c u r r e n t  a s  ugh t h e  E a r t h ' s  
magnet ic  f i e l d .  F i g u r e  3 shows t h i s  t y p e  of s a t e  p o s s i b l e  
complement of i n s t r u m e n t s ,  

Many o t h e r  s c i e n c e  exper iments  a r e  planned f o r  t h e  t e t h e r e d  s a t e l l i t e .  It 
i s  expec ted  t h a t  t h e  t e t h e r e d  s a t e l l i t e  w i l l  f i n d  e x t e n s i v e  use  f o r  many y e a r s  
and w i l l  open t h e  door  f o r  development of o t h e r  a p p l i c a t i o n s ,  such a s  t e t h e r e d  
h a b i t a b l e  modules t h a t  c r e a t e  a r t i f i c i a l  g r a v i t y .  

*Martin M a r i e t t a  Denver Aerospace,  Denver, Colorado 
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INTRODUCTION 

When two masses  a r e  l i n k e d  t o g e t h e r  ( t e t h e r e d )  and s e p a r a t e d  a  d i s t a n c e  
a p a r t  i n  space ,  a  g r a v i t y  g r a d i e n t  f o r c e  between t h e  masses e x i s t s ,  c r e a t i n g  
t e n s i o n  i n  t h e  t e t h e r .  The l i n e  o f  f o r c e  p o i n t s  t o  E a r t h ;  t h u s ,  a  g r a v i t y  
g r a d i e n t  s t a b i l i z a t i o n  e x i s t s .  T h i s  p h y s i c a l  law i s  t h e  fundamental  b a s i s  i n  
t h e  o p e r a t i o n  of a t e t h e r e d  s a t e l l i t e .  Whether t h e  s a t e l l i t e  i s  p o s i t i o n e d  
above o r  below t h e  Space S h u t t l e ,  t h e  same r u l e  a p p l i e s - - t e t h e r  t e n s i o n  i s  a  
f u n c t i o n  of s e p a r a t i o n  d i s t a n c e .  When s e p a r a t i o n  i s  s m a l l ,  t e t h e r  t e n s i o n  
w i l l  be n e a r l y  ze ro .  Large s e p a r a t i o n s  w i l l  r e s u l t  i n  h igh t e t h e r  t e n s i o n s .  
When t h e  s a t e l l i t e  i s  i n i t i a l l y  deployed,  o r  i s  c l o s e  t o  t h e  Space S h u t t l e  
d u r i n g  r e t r i e v a l ,  t h e  g r a v i t y  g r a d i e n t  f o r c e  c a n  be a s  low a s  a few grams. 
For p r a c t i c a l  purposes ,  t h i s  f o r c e  i s  t o o  low t o  a f f e c t  s e p a r a t i o n  v e l o c i t y .  

A s  t h e  s a t e l l i t e  moves away from t h e  Space S h u t t l e ,  t h e  s a t e l l i t e  changes  
o r b i t a l  a l t i t u d e .  A s  o r b i t a l  a l t i t u d e  changes ,  s o  does  o r b i t a l  v e l o c i t y .  The 
r e s u l t  i s  t h a t  t h e  s a t e l l i t e  w i l l  move ahead of t h e  Space S h u t t l e  when 
deployed t o  a  lower  a l t i t u d e  and t h e n  t r a i l  behind t h e  Space S h u t t l e  when 
being r e t r i e v e d .  

Low g r a v i t y  g r a d i e n t  f o r c e s  a t  s m a l l  s e p a r a t i o n  d i s t a n c e s ,  coupled w i t h  
t h e  changing o r b i t a l  v e l o c i t i e s  of t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  Space 
S h u t t l e ,  r e q u i r e  i n c r e a s e d  c o n t r o l  s e n s i t i v i t y  d u r i n g  c l o s e - i n  o p e r a t i o n s .  
The c o n t r o l  s e n s i t i v i t y  remains q u i t e  h igh ,  up t o  1-km s e p a r a t i o n .  A t  t h i s  
p o i n t  ( 1  km), t e t h e r  t e n s i o n  w i l l  be abou t  2  Newtons ( 0 . 4 3  l b )  f o r  a  500-kg 
s a t e l l i t e .  The g r a v i t y  g r a d i e n t  t e n s i o n  a t  125-km s e p a r a t i o n  i s  about  250 
Newtons (56 l b ) ,  which w i l L n o t  r e q u i r e  such p r e c i s e  c o n t r o l .  

Requirements f o r  t h e  t e t h e r e d  s a t e l l i t e  c o n t r o l  mechanisms, t h e r e f o r e ,  a r e  
d i c t a t e d  by t e t h e r  and s a t e l l i t e  o r b i t a l  dynamics a s  t h e y  e x i s t  a t  t ime  of 
deployment,  deployment t o  s t a t i o n k e e p i n g  ( a t  o p e r a t i n g  o r b i t ) ,  s t a t i o n k e e p i n g ,  
r e t r i e v a l ,  and docking.  The wide range of o p e r a t i n g  'parameters d i c t a t e  
c h a l l e n g i n g  d e s i g n  requ i rements  f o r  t h e  mechanical  equipment.  T e t h e r  ve loc-  
i t i e s  range from 25 m/h t o  1 0  m / s .  A t  t ime of deployment and b e f o r e  docking,  
t h e  t e t h e r  t e n s i o n  ( g r a v i t y  g r a d i e n t  f o r c e )  w i l l  be abou t  0 . 1  Newton (0 .04 
o z ) ,  w h i l e  e a r l y  r e t r i e v a l  from s t a t i o n k e e p i n g  c a n  produce t e n s i o n s  a s  h i g h  a s  
320 Newtons (72 l b ) .  The h i g h  r e t r i e v a l  t e n s i o n  f o r c e s  a r e  a  r e s u l t  of t h e  
g r a v i t y  g r a d i e n t  f o r c e ,  a c c e l e r a t i o n ,  and aerodynamic d r a g .  

The m i s s i o n  w i l l  be f lown accord ing  t o  a  preprogrammed p r o f i l e  made from a  
computer-predic ted a n a l y s i s  of t h e  t e t h e r  dynamics. The computer o u t p u t  w i l l  
s p e c i f y  t e t h e r  t e n s i o n ,  v e l o c i t y ,  and p o s i t i o n  throughout  t h e  miss ion .  Data 
produced by t h e  mechanisms a t  a  g i v e n  t ime  w i l l  be compared t o  t h e  computer 
v a l u e s  f o r  c o n t r o l  of t h e  system. 

It was deemed i m p r a c t i c a l  t o  depend on n a t u r a l  g r a v i t y  g r a d i e n t  f o r c e s  
below 1.0 Newton (0 .23  l b )  f o r  s a t e l l i t e  c o n t r o l  w i t h i n  t h e  1-km range.  Four 
0.5-Newton i n - l i n e  t e t h e r  t h r u s t e r s  on t h e  s a t e l l i t e  w i l l  augment t e t h e r  
t e n s i o n  d u r i n g  c l o s e - i n  o p e r a t i o n .  P i t c h ,  yaw, and r o l l  t h r u s t e r s  may be 
inc luded  depending on m i s s i o n  requirements .  



The t e t h e r e d  s a t e l l i t e  c o n t r o l  mechanisms d e s c r i b e d  i n  t h i s  paper  a r e  
des igned  t o  be compat ib le  w i t h  t h e  c h a r a c t e r i s t i c s  of a  t e t h e r e d  mass a t t a c h e d  
t o  t h e  Space S h u t t l e  and t o  accommodate a v a r i e t y  of f u t u r e  s a t e l l i t e  m i s s i o n s  
of v a r i o u s  s i z e s ,  w e i g h t s ,  shapes ,  and purposes .  

A major  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of t h e s e  mechanisms i s  t h e  s a f e t y  of 
t h e  Space S h u t t l e  and crew. To preven t  Space S h u t t l e  damage, p r e c a u t i o n s  a r e  
t a k e n  t o  e n s u r e  t h a t  t h e  500-kg s a t e l l i t e  i s  always under c o n t r o l .  Opera t ing  
machinery i n  t h i s  environment r e q u i r e s  c l o s e  a t t e n t i o n  t o  s a f e t y  margins ,  
emergency shutdown, and recovery  procedures .  

TETHERED SATELLITE CONTROL MECHANISMS 

The t e t h e r e d  s a t e l l i t e  c o n t r o l  mechanisms c o n s i s t  of f o u r  major  
subassemblies .  These a r e  shown i n  F i g u r e  4. 
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Figure 4 Tethered Sa te l l i t e  Control Mechanisms 



Reel  Dr ive  Mechanism - T h i s  mechanism s t o r e s  t h e  t e t h e r .  It i s  motor- 
d r i v e n  and i n c l u d e s  a  l e v e l  wind t o  uniformly f e e d  t h e  t e t h e r  t o  t h e  reel. 

Lower Boom Mechanism (LBM) - T h i s  d e v i c e  s e r v e s  two primary f u n c t i o n s :  
( 1 )  i t  measures t e t h e r  l e n g t h  and v e l o c i t y  a s  t h e  t e t h e r  r u n s  th rough  t h e  
mechanism, and ( 2 )  i t  r e a d s  t h e  t e t h e r  t e n s i o n  a t  t h e  reel. It a l s o  p r o v i d e s  
change of d i r e c t i o n  f o r  t h e  t e t h e r  from t h e  r e e l  t o  t h e  upper boom mechanism. 

Deployment Boom - The deployment boom p o s i t i o n s  t h e  upper boom mechanism 
w i t h  s a t e l l i t e  o u t  of t h e  c a r g o  bay. The deployment f u n c t i o n  p l a c e s  t h e  
500-kg s a t e l l i t e  20 m away from t h e  Space S h u t t l e  (producing a  s m a l l  n a t u r a l  
g r a v i t y  g r a d i e n t  f o r c e ) ,  i m p a r t s  a n  i n i t i a l  v e l o c i t y  t o  t h e  s a t e l l i t e  f o r  
deployment, and a l l o w s  f o r  s a t e l l i t e  docking a t  a  s a f e  d i s t a n c e  from t h e  body 
of t h e  Space S h u t t l e .  

Upper Boom Mechanism (UBM) - The UBM s e r v e s  t h r e e  f u n c t i o n s :  ( 1 )  i t  
prov ides  t e t h e r  c o n t r o l  t o  t h e  s a t e l l i t e  a s  t h e  s a t e l l i t e  swings i n  and o u t  of 
p l a n e ;  ( 2 )  i t  r e a d s  t e t h e r  t e n s i o n  i n  t h e  low range d u r i n g  t h e  e a r l y  
deployment and f i n a l  r e t r i e v a l  p a r t s  of t h e  miss ion ;  and ( 3 )  i t  produces  
a d d i t i o n a l  t e t h e r  t e n s i o n  a t  t h e  r e e l  when t e t h e r  t e n s i o n  t o  t h e  s a t e l l i t e  i s  
i n  t h e  low range.  

I n  a d d i t i o n  t o  t h e s e  f o u r  mechanisms r e q u i r e d  f o r  o p e r a t i o n s ,  j e t t i s o n i n g  
d e v i c e s  p rov ide  f o r  emergency e j e c t i o n  of any equipment t h a t  may preven t  
c l o s u r e  of t h e  c a r g o  bay d o o r s .  

F i g u r e  5  shows t h e  g e n e r a l  ar rangement  of t h e  t o t a l  system i n s t a l l e d  on 
t h e  European s p a c e l a b  p a l l e t - .  Launch and l a n d i n g  c o n f i g u r a t i o n  i s  w i t h  t h e  
boom r e t r a c t e d  and t h e  s a t e l l i t e  locked  i n  t h e  r e s t r a i n i n g  r i n g .  S a t e l l i t e  
f l i g h t  c o n f i g u r a t i o n  i s  w i t h  t h e  s a t e l l i t e  l a u n c h  l o c k s  r e l e a s e d  and t h e  boom 
extended.  

Reel  Mechanism 

The reel d r i v e  mechanism c o n s i s t s  of t h e  t e t h e r  s t o r a g e  r e e l ,  t h e  t e t h e r  
level-wind d e v i c e  and a  5-hp d r i v e  motor.  The r e e l  assembly i s  i l l u s t r a t e d  i n  
F i g u r e  6. 

The s i z e  of t h e  r e e l  was determined by t e t h e r  d iamete r  and l e n g t h  
requ i rements  e s t a b l i s h e d  by a  number of c a n d i d a t e  miss ions .  Two t y p e s  of 
t e t h e r ,  c o n d u c t i v e  and nonconduct ive ,  c a n  be used.  Conductive t e t h e r s  
( s t a i n l e s s - s t e e l  o r  copper-core  c a b l e )  are r e q u i r e d  f o r  a l l  m i s s i o n s  w i t h  
e lec t rodynamic  exper iments .  

The t e t h e r  d i a m e t e r  f o r  t h e s e  m i s s i o n s  w i l l  range from 1 .15  mm t o  3.17 mm, 
i n c l u d i n g  i n s u l a t i o n .  Nonconductive (Kevla r )  t e t h e r  d i a m e t e r  i s  1 .70 mm f o r  
s a t e l l i t e s  of t h e  500-kg s i z e .  F i g u r e  7  shows t e t h e r  r e e l  c a p a c i t y  a s  a  
f u n c t i o n  of t e t h e r  d iamete r .  

A l e v e l  wind geared  t o  t h e  r e e l  s h a f t  e n s u r e s  p roper  l a y  of t h e  t e t h e r  on 
t h e  r e e l .  Because t h e  t e t h e r  d i a m e t e r  v a r i e s  f o r  e a c h  m i s s i o n ,  t h e  level-wind 
t r a v e r s e  r a t e  must be v a r i a b l e .  The method f o r  changing t h i s  r a t e  i s  shown i n  
F i g u r e  8. The level-wind r a t e  i s  s e t  by g e a r s  and a  t iming  b e l t  between t h e  
r e e l  s h a f t  and level-wind b a l l  r e v e r s e r .  D i f f e r e n t  change-gear s e t s  a r e  
needed t o  o b t a i n  t h e  d e s i r e d  level-wind r a t e .  
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Figure 8 Reel Mechanisms and Tether Current S l ip  Ring 

F i g u r e  8 a l s o  shows t h e  method used t o  c a r r y  e l e c t r i c a l  c u r r e n t  o u t  of t h e  
conduc t ive  t e t h e r  (e lec t rodynamics  exper iment )  th rough  t h e  r o t a t i n g  r e e l  t o  
t h e  c a r g o  bay s u p p o r t i n g  equipment.  The i n s u l a t e d  conduc t ive  t e t h e r  
t e r m i n a t e s  a t  t h e  s l i p - r i n g  r o t o r .  S l i p - r i n g  b rushes  complete t h e  c i r c u i t  t o  
t h e  s u p p o r t i n g  equipment.  I f  t e t h e r  i n s u l a t i o n  becomes damaged, a  c u r r e n t  
l e a k  could  o c c u r  a t  any c o n d u c t i v e  p o i n t  i n  t h e  mechanism t h a t  i s  n e a r  t h e  
t e t h e r .  To sa feguard  a g a i n s t  a r c i n g ,  a l l  c o n d u c t i v e  s u r f a c e s  n e a r  t h e  t e t h e r  
a r e  p r o t e c t e d  by d i e l e c t r i c  m a t e r i a l  and p u l l e y s  are f a b r i c a t e d  from 
nonconduct ive  m a t e r i a l s .  



The r e e l  i s  d i r e c t - d r i v e n  by a  5-hp permanent magnet dc  motor w i t h  t a c h  
g e n e r a t o r  and b rake .  The motor  w a s  s e l e c t e d  f o r  i t s  wide o p e r a t i n g  range.  A 
t o r q u e  o f  25 f t - l b  a t  2000 rpm i s  r e q u i r e d  d u r i n g  t h e  e a r l y  r e t r i e v a l  p e r i o d  
when maximum t e t h e r  t e n s i o n  may be a s  g r e a t  a s  320 Newtons ( 7 2  l b ) ,  w i t h  
v e l o c i t i e s  a s  h igh  a s  1 0  m / s .  E a r l y  deployment and f i n a l  r e t r i e v a l  r a t e s  a r e  
ve ry  low ( i n  t h e  25-m/h r a n g e ) .  The motor  i s  c a p a b l e  of o p e r a t i n g  a s  low a s  3 
rev /h .  I f  t h e  spoo led  t e t h e r  d i a m e t e r  on t h e  r e e l  i s  0.66 m minimum ( 2 6  i n . ) ,  
a  t e t h e r  v e l o c i t y  a s  low a s  6  m/h i s  p o s s i b l e .  These slow speeds  a r e  
accomplished by supp ly ing  t h e  motor  w i t h  pulse-modulated power. 

During high-horsepower o p e r a t i o n ,  t h e  motor w i l l  g e n e r a t e  more h e a t  t h a n  
c a n  be r a d i a t e d  f rom t h e  motor housing s u r f a c e  when o p e r a t i n g  i n  vacuum. 
T h e r e f o r e ,  t h e  motor must be mounted on  a n  a c t i v e l y  coo led  c o l d  p l a t e ,  a s  
shown i n  F igure  6. During deployment,  t h e  motor w i l l  no t  be d r i v i n g ,  but  w i l l  
be o p e r a t i n g  a s  a  g e n e r a t o r .  The e l e c t r i c a l  energy  g e n e r a t e d  i s  d i s s i p a t e d  
through r e s i s t i v e  h e a t e r s  l o c a t e d  above t h e  primary suppor t  t r u s s  (Fig .  5 ) .  

Lower Boom Mechanism 

F i g u r e  9 i s  a n  exploded view of t h e  lower boom mechanism. The LBM 
r e c e i v e s  t h e  t e t h e r  from t h e  r e e l  mechanism through a  s e t  of f l a t  f a i r l e a d  
r o l l e r s .  A s  t h e  r e e l  mechanism l e v e l  wind t r a v e r s e s  t h e  l e n g t h  of t h e  r e e l ,  
t h e  t e t h e r  a n g l e  changes up t o  +30 deg.  The f a i r l e a d  r o l l e r s  t h a t  a l s o  appear  
on t h e  l e v e l  wind m a i n t a i n  a l ignment  of t h e  t e t h e r  i n t o  t h e  mechanism. 
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Figure 9 Lower Boom Mechanism 

Legend : 

1. F a i r l e a d  R o l l e r s  
2. Measurement Wheel 
3.  P r e s s u r e  Wheel 
4. T e t h e r  C u t t e r  
5. Load C e l l  



The f l a t  p r e s s u r e  wheel  f o r c e s  t h e  t e t h e r  o n t o  t h e  f l a t  measuring wheel,  
e n s u r i n g  no s l i p  r o t a t i o n  a s  t h e  t e t h e r  moves by. The measur ing wheel,  which 
i s  p r e c i s e l y  0.5000 m around,  c o n t a i n s  30 permanent magnets a t  12-deg 
spac ing .  A s  t h e  wheel  t u r n s ,  t h e  magnets a c t i v a t e  t h e  H a l l - e f f e c t  s e n s o r ,  
g e n e r a t i n g  a  v o l t a g e  t h a t  i s  conver ted  i n t o  t e t h e r  v e l o c i t y .  The p u l s e  
c o u n t e r  w i l l  produce i n f o r m a t i o n  from 1 p e r  second t o  60 p u l s e s  p e r  second a s  
t h e  t e t h e r  v e l o c i t y  v a r i e s  from 1 m/min t o  1 0  m / s .  Each p u l s e  from t h e  
H a l l - e f f e c t  d e v i c e  i s  t o t a l e d  t o  supp ly  t e t h e r  l e n g t h  i n f o r m a t i o n .  

T e s t s  conducted on a  breadboard measurement wheel r e s u l t e d  i n  measurement 
a c c u r a c i e s  of 99.83% o v e r  800-m l e n g t h s .  The system shou ld  b e  v e r y  a c c u r a t e  
f o r  b o t h  l e n g t h  and v e l o c i t y  measurements d u r i n g  t h e  f i r s t  s e v e r a l  k i l o m e t e r s  
of deployment,  a t  which t i m e  t h e  o r b i t e r  rendezvous r a d a r  can  be used f o r  
upda tes ;  however, a  computer a l g o r i t h m  w i l l  be r e q u i r e d  t o  compensate f o r  load  
and thermal  s t r e t c h  of t h e  t e t h e r  f o r  l e n g t h  measurements. 

From t h e  measur ing wheel,  t h e  t e t h e r  p a s s e s  o v e r  a grooved p u l l e y ,  under  
t h e  grooved l o a d - c e l l  p u l l e y ,  through t h e  pyro t e t h e r  c u t t e r ,  and i n t o  t h e  
deployment boom t o  accompl i sh  a  d i r e c t i o n  change and t o  produce t e n s i o n  
i n f o r m a t i o n .  The l o a d - c e l l  p u l l e y  i s  a t t a c h e d  t o  a  p i v o t i n g  arm, a l lowing  
f r e e  movement of t h e  l o a d - c e l l  s h a f t .  The l o a d - c e l l  r ead ing  i s  double  t h e  
a c t u a l  t e t h e r  t e n s i o n  due t o  s t r o k e  r e d u c t i o n ,  producing a  h i g h - r e s o l u t i o n  
o u t p u t  s i g n a l .  The 890-Newton (200 l b )  load  c e l l  i s  i d e n t i f i e d  a s  t h e  c o a r s e  
t e n s i o m e t e r ,  because i t s  j o b  i s  t o  e n s u r e  adequa te  t e t h e r  t e n s i o n  f o r  p roper  
spoo l ing  of t e t h e r  on t h e  r e e l .  A c o a r s e  t e n s i o m e t e r  i s  a l s o  needed when t h e  
t e n s i o n  of t h e  deployed t e t h e r  exceeds  t h e  measuring c a p a b i l i t y  of t h e  f i n e  
t e n s i c m e t e r  l o c a t e d  i n  t h e  upper boom mechanism. 

A pyro-operated t e t h e r  c u t t e r  i s  l o c a t e d  i n  t h e  LBM i n  c a s e  emergency 
j e t t i s o n  of t h e  deployment boom i s  r e q u i r e d .  Also,  t h e  LBM i s  thoroughly 
i n s u l a t e d  i n t e r n a l l y  and u s e s  nonconduct ive  p u l l e y s  f o r  e l e c t r i c a l  i s o l a t i o n  
when conduc t ive  t e t h e r s  a r e  i n  use .  

Deployment Boom 

Te lescop ing ,  f u r l a b l e  t u b u l a r -  and l a t t i c e - s t r u c t u r e  booms were e v a l u a t e d  
i n  s e l e c t i n g  t h e  deployment boom d e s i g n .  The l a t t i c e  s t r u c t u r e  boom was 
chosen because  o f  i t s  i n h e r e n t l y  g r e a t e r  s t r e n g t h  margin and h i g h e r  damping 
p r o p e r t i e s .  The boom w i l l  be t h e  con t inuous  longeron  t y p e  stowed i n  a  s p i r a l  
c o n f i g u r a t i o n  w i t h i n  a  c a n i s t e r .  Deployment and r e t r a c t i o n  i s  accomplished by 
f e e d i n g  t h e  c o l l a p s e d  boom through a  motor-dr iven n u t  a t  t h e  c a n i s t e r  o u t l e t .  
T h i s  t y p e  of boom i s  a v a i l a b l e  through manufac tu re r s  w i t h  f l i g h t - q u a l i f y i n g  
exper ience .  

The deployed boom, which e x t e n d s  p a s t  t h e  open c a r g o  bay doors ,  must be 
c a p a b l e  of emergency j e t  t i s o n  i f  r e q u i r e d .  



F i g u r e  1 0  shows t h e  boom c a n i s t e r  mounted i n  t r a c k s  on t h e  p r imary  s u p p o r t  
t r u s s .  The c a n i s t e r  i s  r e s t r a i n e d  by pyro s e p a r a t i o n  n u t s  a t  t h e  bottom of  
t h e  t r u s s ,  w i t h  b a l l  f i t t i n g s  a t  t h e  midpo in t  r i n g  frame t h a t  r e a c t  l a t e r a l  
l o a d s .  On r e l e a s e  of t h e  pyro  n u t s ,  t h e  t o t a l  can i s t e r /boom assembly i s  
e j e c t e d .  Four  n e g a t o r  s p r i n g  motors  p r o v i d e  t h e  a c c e l e r a t i n g  e j e c t i o n  f o r c e ,  
267 Newtons (60  l b )  o v e r  t h e  f u l l  203-cm (80- in . )  t r a c k  t r a v e l .  The c a b l e s  
r e l e a s e  f rom t h e  bottom of t h e  c a n i s t e r  on e j e c t i o n .  F i n a l  boom/can i s t e r  
v e l o c i t y ,  w i t h  s a t e l l i t e  s e a t e d  i n  t h e  docking cone,  i s  approx imate ly  0 .6  m / s ,  
and w i t h o u t  s a t e l l i t e  i s  1 . 3  m / s .  

Suppor t  

F i g w e  10 Boom Canister 

Two e l e c t r i c a l  i n t e r f a c e  c o n n e c t o r s  a r e  l o c a t e d  a d j a c e n t  t o  t h e  pyro- 
t e c h n i c  s e p a r a t i o n  n u t  a s s e m b l i e s .  These sp r ing- loaded ,  non la tched  c o n n e c t o r s  
s e p a r a t e  p a s s i v e l y  when t h e  p y r o t e c h n i c  s e p a r a t i o n  n u t s  a r e  a c t u a t e d  and t h e  
c a n i s t e r  i s  a c c e l e r a t e d  upward. 

Two d u a l - c a r t r i d g e  t e t h e r  c u t t e r s ,  one i n  t h e  lower  boom t e t h e r - c o n t r o l  
mechanism and a n o t h e r  i n  t h e  upper  boom t e t h e r - c o n t r o l  mechanism, a r e  a c t u a t e d  
b e f o r e  a c t i v a t i o n  of t h e  c a n i s t e r - r e l e a s e  s e p a r a t i o n  n u t s .  



Upper Boom Mechanism 

The upper  boom mechanism mounts on t o p  of t h e  deployment boom on a  l a r g e -  
d i a m e t e r ,  double-angular  c o n t a c t  b a l l  b e a r i n g  t h a t  a l l o w s  t h e  mechanism t o  
r o t a t e  +I80 deg w i t h  r e s p e c t  t o  t h e  Space S h u t t l e  c a r g o  bay. A g e a r  motor 
d r i v e s  a p i n i o n  and g e a r  t o  c a u s e  r o t a t i o n .  The s a t e l l i t e  shown i n  F i g u r e  2 
u s e s  a n  aerodynamic s t a b i l i z e r  . f o r  o p e r a t i o n  i n  t h e  upper atmosphere.  T h i s  
s t a b i l i z e r  must be a l i g n e d  w i t h  t h e  Space S h u t t l e  c a r g o  bay t o  a l l o w  t h e  c a r g o  
bay d o o r s  t o  c l o s e ,  t h u s  r e q u i r i n g  s a t e l l i t e  r o t a t i o n  before  l a t c h i n g  i n  t h e  
s a t e l l i t e  s u p p o r t  r i n g .  

F i g u r e  11 i s  a n  open view of t h e  upper boom mechanism. The t e t h e r  e n t e r s  
t h e  upper  boom mechanism from t h e  deployment boom where a second pyro  t e t h e r  
c u t t e r  i s  l o c a t e d  f o r  emergency j e t t i s o n .  The t e t h e r  r i d e s  o v e r  a grooved 
g u i d e  p u l l e y  i n t o  t h e  t e t h e r  g r i p  p u l l e y  assembly.  The purpose  of t h e  g r i p  
p u l l e y  i s  t o  p rov ide  t e t h e r  t e n s i o n  between t h e  upper boom mechanism and t h e  
r e e l  when g r a v i t y  g r a d i e n t  t e n s i o n  d rops  below p r a c t i c a l  t e t h e r - c o n t r o l l i n g  
l i m i t s .  T e s t s  determined t h i s  l i m i t  t o  be about  9 Newtons (2  l b ) .  A 9-Newton 
t e n s i o n  was s u f f i c i e n t  t o  e n s u r e  smooth o p e r a t i o n  through t h e  mechanisms and 
t o  g i v e  a  uniform d i s t r i b u t i o n  of t h e  t e t h e r  on t h e  r e e l .  The g r i p  p u l l e y  
engages when t h e  f i n e  t e n s i o m e t e r  read ing  drops  t o  9 Newtons and d i s e n g a g e s  
when t h e  f i n e  t e n s i o m e t e r  read ing  moves above 9 Newtons. 

F i g u r e  12 i l l u s t r a t e s  t h e  g r i p  p u l l e y  o p e r a t i o n .  The p u l l e y  i s  
c o n s t r u c t e d  o f  two g r i p  p l a t e s  spaced s l i g h t l y  wider  t h a n  t h e  d i a m e t e r  of t h e  
t e t h e r .  Small-diameter i n t e r n a l  shims space t h e  g r i p  p l a t e s  a  predetermined 
d i s t a n c e  from t h e  t e t h e r  bear ing  p l a t e  t o  a l l o w  f o r  g r i p - p l a t e  d e f l e c t i o n .  
The p inch  r o l l e r s  mounted on e c c e n t r i c  s h a f t s  move i n ,  bea r ing  on t h e  g r i p  
p l a t e s ,  which c a u s e  them t o  d e f l e c t  and g r i p  t h e  t e t h e r .  (Note t h e  d e f l e c t i o n  
l i n e . )  T h i s  method produces  l i n e  c o n t a c t  p r e s s u r e  on t h e  t e t h e r  over  a n  a r c  
of approx imate ly  90 deg and a l l o w s  t h e  u n i t  l o a d  t o  remain low w h i l e  
g e n e r a t i n g  a h i g h  t o t a l  l o a d .  F i g u r e  11 shows t h e  g r i p  p u l l e y  w i t h  p inch  
r o l l e r s .  The p inch  r o l l e r s  a r e  worm gear -d r iven  as a  p a i r  by a  gear-motor 
reducer .  A p o t e n t i o m e t e r  i n d i c a t e s  p i n c h  r o l l e r  p o s i t i o n .  

The c a b l e  g r i p  p u l l e y  t h a t  o p e r a t e s  o n l y  d u r i n g  t h e  low t e t h e r  t e n s i o n  and 
low-veloci ty  p o r t i o n  of t h e  m i s s i o n  i s  coupled d i r e c t l y  t o  a  magnet ic  c l u t c h  
t h a t  engages  t h e  d r i v e  motor d u r i n g  o p e r a t i o n .  A d c  t o r q u e  motor i s  used t o  
d r i v e  t h e  g r i p  p u l l e y ;  i t  h a s  a  d c  tachometer  g e n e r a t o r  t o  measure p u l l e y  
v e l o c i t y .  It i s  necessa ry  t o  match t h e  motor speed w i t h  t h e  t e t h e r  v e l o c i t y  
be fore  engaging t h e  t e t h e r  g r i p  p u l l e y  c l u t c h .  

From t h e  g r i p  p u l l e y ,  t h e  t e t h e r  p a s s e s  o v e r  t h e  f i n e  t e n s i o m e t e r  grooved 
p u l l e y .  The t e n s i o m e t e r  assembly c o n s i s t s  of a  t o r s i o n  spr ing- loaded arm 
p i v o t e d  abou t  t h e  c e n t e r  of t h e  g r i p  p u l l e y ,  w i t h  a  f r e e - t u r n i n g  p u l l e y  on t h e  
u n r e s t r a i n e d  end of t h e  arm. The t e t h e r  p a s s e s  o v e r  t h i s  p u l l e y  a s  i t  e x i t s  
from t h e  c a b l e  g r i p  p u l l e y .  The spr ing- loaded t e n s i o m e t e r  arm i s  f r e e  t o  
t r a v e l  th rough  a  90-deg a r c .  A s  t h e  e x t e r n a l  t e t h e r  t e n s i o n  i n c r e a s e s ,  t h e  
spr ing- loaded arm p i v o t s  from t h e  minimum t e n s i o n  p o s i t i o n  t o  t h e  maximum 
t e n s i o n  p o s i t i o n .  A p o t e n t i o m e t e r  w i t h  a  5-arc-min r e s o l u t i o n  i s  used t o  
moni to r  t h e  a n g u l a r  p o s i t i o n  of t h e  t e n s i o m e t e r  arm. The mechanism can  be 
c a l i b r a t e d  a f t e r  assembly t o  compensate f o r  s p r i n g  inaccuracy  and t o  g e n e r a t e  
p r e c i s e  d a t a  o u t p u t  f o r  t h e  r a t e  of t e t h e r  t e n s i o n .  . 



Legend : 
6 .  Pinch R o l l e r s  11. Te the r  Guide R o l l e r s  

1. Te the r  C u t t e r  7. Pinch R o l l e r  Drive & Pu l l eys  
2 .  Guide P u l l e y  8. F ine  Tensiometer 12.  UBM Gear Motor 
3.  Grip P u l l e y  Drive 9.  F ine  Tensiometer Drive 

Motor & Tach Gen Poten t iomete r  13 .  Wire-Wrap Housing 
4 .  Grip P u l l e y  Clu tch  10. F ine  Tensiometer 
5. Grip  P u l l e y  Damper 

Figure 11 Upper Boom Mechanism 



T e t h e r  Bear ing  
P l a t e  

Figure 1 2  Grip Pulley 



F i g u r e  1 3  i l l u s t r a t e s  t h e  s e n s i t i v i t y  of t h e  f i n e  t e n s i o m e t e r .  Large  
a n g l e  changes  a r e  g e n e r a t e d  i n  t h e  low t e n s i o n  r e g i o n ,  p rov id ing  a  
0.0022-Newton r e s o l u t i o n .  A lower  r e s o l u t i o n  of 0.243 Newton i s  provided i n  
t h e  h i g h e r  t e n s i o n  range .  The t e n s i o m e t e r  peaks a t  43.75 Newtons when t h e  arm 
a t t a i n s  a  90-deg p o s i t i o n .  The t o r s i o n  s p r i n g  i s  preloaded t o  0.25 Newton and 
i s  a d j u s t e d  by r o t a t i o n  of t h e  s l o t t e d  p o t e n t i o m e t e r  c o v e r p l a t e .  A v i s c o u s  
damper t h a t  p r o v i d e s  2.8 ~ewton-cm/rad / s  i s  i n c o r p o r a t e d  on t h e  t e n s i o m e t e r  
arm. 

Tensiometer A r m  Angle, deg 

Figure 13  Tensiometer Sens i t iv i ty  

The t e t h e r  e x i t s  from t h e  t e n s i o m e t e r  and p a s s e s  through t h e  g u i d e  p u l l e y  
assembly t h a t  c o n s i s t s  o f  two g u i d e  p u l l e y s  and two f a i r l e a d  r o l l e r s .  The 
f a i r l e a d  r o l l e r s  p rov ide  a  r o l l i n g  s u r f a c e  on which t h e  t e t h e r  may b e a r  a s  t h e  
s a t e l l i t e  and t e t h e r  move o u t  of p lane.  In-plane t e t h e r  motion i s  accommo- 
d a t e d  by t h e  two g u i d e  p u l l e y s  as i n d i c a t e d  i n  t h e  drawing. The t h i r d  gu ide  
p u l l e y  d i r e c t s  t h e  t e t h e r  t o  t h e  t e n s i o m e t e r  i n  a  f i x e d  p lane  and i s  pos i -  
t i o n e d  t o  s e t  t h e  geometry of t h e  t e t h e r  d i r e c t i o n  f o r  p roper  t e n s i o m e t e r  
o p e r a t  ion .  



SATELLITE RESTRAINT AS SEMBLY AND D O C K I N G  CONE 

F i g u r e  14 i l l u s t r a t e s  mechanisms and s t r u c t u r e s  t h a t  accommodate t h e  
s a t e l l i t e  d u r i n g  l a u n c h  r e e n t r y  and docking f e a t u r e s .  

Figure 1 4  Sa te l l i t e  Restraint Assembly and Docking Cone 

The assembly i n c l u d e s  a  s a t e l l i t e  suppor t  r i n g  t h a t  s u p p o r t s  t h e  s a t e l l i t e  
d u r i n g  l aunch ,  o r b i t a l  f l i g h t ,  and r e e n t r y .  The assembly,  which i s  mounted on 
t o p  of t h e  primary suppor t  s t r u c t u r e ,  i n c l u d e s  a n  aluminum s k i n ,  s t r i n g e r s ,  
r i n g  f rame,  and longerons .  Loads o r i g i n a t i n g  a t  t h e  s a t e l l i t e  a r e  r e a c t e d  
i n t o  t h e  upper  r i n g  f rame  and through t h e  s a t e l l i t e  t iedown l a t c h e s .  

The f o u r  s a t e l l i t e  l a t c h i n g  mechanisms s e c u r e  t h e  s a t e l l i t e  
c i r c u m f e r e n t i a l  f l a n g e  t o  t h e  r e s t r a i n t  assembly suppor t  r i n g  frame. The 
l a t c h e s  and r i n g  frame a r e  des igned  w i t h  enough s t r e n g t h  t h a t  on ly  two of t h e  
f o u r  clamps must be a c t i v a t e d  f o r  s a f e  r e e n t r y  o f  t h e  Space S h u t t l e .  



The s a t e l l i t e  docking cone and i t s  suppor t  s t r u c t u r e  a r e  mounted t o  t h e  
end of t he  deployable  boom. It se rves  a s  a  " s o f t  ne s t "  f o r  t h e  s a t e l l i t e  when 
t h e  boom i s  deployed and t e t h e r  t ens ion  ~ a i n t a i n e d ,  and during s a t e l l i t e  
docking. The cone i s  designed t o  accept  docking v e l o c i t i e s  up t o  0.28 m / s .  
The s o f t  docking cone c o n s i s t s  of 48 i n d i v i d u a l  l e a f  sp r ings  f a s t ened  t o  a  
t ubu la r ,  s t r u c t u r a l l y  supported r i n g  frame. The docking cone i s  pos i t i oned  
t o  avoid t e t h e r - l i n e  con tac t  up t o  t h e  maximum t e t h e r  cone ha l f -angles  of 45 
deg. Docking angles  a r e  no t  expected t o  exceed a  20-deg half-cone ang le ,  bu t  
tests a r e  r equ i r ed  t o  d e r i v e  a  maximum s a f e  docking angle .  

The docking cone des ign  approach does no t  r e q u i r e  p r e c i s e  o r i e n t a t i o n  of 
t h e  s a t e l l i t e  dur ing  t h e  docking ope ra t i on .  The s a t e l l i t e  can be  docked w i t h  
any yaw ( r o t a t i o n a l )  o r i e n t a t i o n ,  and any p i t c h  and r o l l  o r i e n t a t i o n  up t o  
approximately 20 deg. Once docking i s  accomplished, automatic  f l i g h t  c o n t r o l  
of t h e  system is  ended and boom r e t r a c t i o n  c o n t r o l  i s  begun. Boom r e t r a c t i o n  
c o n t r o l  involves  a  boom re t rac t ionl te ther-coordinated  r e t r i e v a l  sequence t h a t  
main ta ins  a  20- t o  30-Newton t e t h e r  t ens ion  du r ing  boom r e t r a c t i o n .  A t  a  
p o s i t i o n  of 20 t o  30 m above t h e  cargo  bay, yaw o r i e n t a t i o n  of t h e  sa te l l i t e  
(as  determined by the  p o s i t i o n  of the  magnetometer boom and a e r o s t a b i l i z e r )  
can be  v i s u a l l y  determined. The s a t e l l i t e  can then be proper ly  o r i e n t a t e d  i n  
yaw by commanding r o t a t i o n  of t he  motor-driven cone u n t i l  t h e  a e r o s t a b i l i z e r  
i s  o r i e n t e d  approximately along t h e  l o n g i t u d i n a l  c e n t e r l i n e  of t h e  Space 
S h u t t l e  cargo bay. The boom is  then r e t r a c t e d  u n t i l  t he  s a t e l l i t e  o u t e r  
f l ange  c o n t a c t s  t h e  boom c a n i s t e r  suppor t  r i n g  frame. Continuing r e t r a c t i o n  
of t h e  boom u n t i l  t h e  docking cone disengages from t h e  s a t e l l i t e ,  and main- 
t a i n i n g  t e t h e r  t ens ion  w i l l  cause t h e  s a t e l l i t e  £la-nge t o  proper ly  s e a t  on t h e  
support  r i n g  frame. The fou r  s a t e l l i t e  l a t c h e s  a r e  then  locked,  and the  boom 
i s  f u l l y  r e t r a c t e d .  

CONCLUSIONS 

Pro to type ,  f u l l y  o p e r a t i o n a l  models of each t e t h e r - r e l a t e d  mechanism 
descr ibed  i n  t h i s  paper  were f a b r i c a t e d  and t e s t e d  i n  breadboard f a sh ion .  
Maximum and minimum ope ra t i ng  v e l o c i t i e s  and t ens ions  were s imulated us ing  
a  v a r i e t y  of t e t h e r  m a t e r i a l  and s i z e s .  These tests were performed manually 
(open loop) ,  w i th  no computer c o n t r o l  suppor t  and wi th  t e t h e r  l eng ths  up t o  
1500 m. Phase Two of t h e  TSS p r o j e c t  w i l l  s imu la t e  a  complete miss ion  and 
w i l l  i nco rpo ra t e  automated c o n t r o l .  

The NASA schedule  c a l l s  f o r  t h e  f i r s t  of two demonstrat ion f l i g h t s  t o  
occur i n  e a r l y  1987. One of t h e  demonstrat ion missions w i l l  be  s h o r t  range 
(10 t o  20 km). The o t h e r  demonstrat ion f l i g h t  w i l l  be  f u l l  range (100 km). 
It i s  expected t h a t  o p e r a t i o n a l  t e the red  satel l i tes w i l l  be  flown on t h e  
average of two t i m e s  each yea r  t h e r e a f t e r .  



CONSIDERATIONS ON THE LUBRICATION OF SPACECRAFT MECHANISMS 

by: H. Mervyn Br iscoe*  and Mike  3. Todd** 

1. INTRODUCTION 

The wide v a r i e t y  o f  l u b r i c a t i o n  techniques now a v a i l a b l e  t o  
spacec ra f t  eng ineers  ve ry  o f t e n  makes t h e  cho i ce  o f  an optimum process 
f o r  a  s p e c i f i c  a p p l i c a t i o n  ve r y  d i f f i c u l t  t o  s e l e c t .  The ever 
i n c r e a s i n g  demand f o r  t h e  r e d u c t i o n  o f  cos ts  i n  spacecra f t  eng ineer ing  
has l e d  t o  t h e  u n t h i n k i n g  a p p l i c a t i o n  o f  commercial processes w i t h  t h e  
minimum o f  e i t h e r  i n t e l l e c t u a l  o r  p r a c t i c a l  j u s t i f i c a t i o n ,  and 
sometimes d i s a s t r o u s  r e s u l t s .  

The purpose o f  t h e  paper i s ,  t he re fo re ,  t o  t ry  t o  focus space 
t r i b o l o g y  and t o  propose a number o f  p recep ts  t o  guide designers i n  
i t s  a p p l i c a t i o n .  O f  t h e  many techniques a v a i l a b l e  a l l ,  w i t h o u t  
except ion,  have l i m i t a t i o n s  i n  performance. Two European processes 
w i l l  be d iscussed i n  more d e t a i l  and t h e i r  l i m i t a t i o n s  i d e n t i f i e d .  
Some performance r e s u l t s  on a r e c e n t l y  i n t r oduced  l i q u i d  space 
l u b r i c a n t  w i l l  be given. 

2. APPLICATIONS AND REQUIREMENTS 

Tab le  1 i s  a  non-exhaust ive l i s t  o f  impor tan t  space mechanisms 
w i t h  b r i e f  d e t a i  1s o f  t h e i r  l u b r i c a t i o n  needs i n  which f o u r  broad 
types o f  a p p l i c a t i o n  can be i d e n t i f i e d .  

- low speed s l i d i n g  con tac t  
- h i g h  speed s l i d i n g  con tac t  
- low speed r o l l i n g  con tac t  
- h i gh  speed r o l l i n q  con tac t  

Fo r  each o f  these t h e r e  i s  a  number o f  s o l u t i o n s  but  t h e  
s e l e c t i o n  o f  t h e  optimum w i l l  depend w h o l l y  on t h e  phys i ca l  d e t a i l s  o f  
t h e  mechanism. Which b r i ngs  us t o  t h e  f i r s t  precept  o f  space 
tr i  bology. 

Precept  1 The optimum l u b r i c a t i o n  system f o r  a  space mechanism i s  
an i n t e g r a l  p a r t  o f  t he  mechanism design and no t  a  
process t o  be added when t h e  des ign i s  complete. 

Even today  when space eng ineer ing  i s  more than  twenty  years o l d  
t h e  precept  i s  ignored. The authors  have p e r s o n a l l y  exper ienced two 
ins tances  d u r i n g  t h e  pas t  year  where t h e  l u b r i c a t i o n  system was 
expected t o  make a poor design concept work. 
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3. LUBRICANT CLASSIFICATION 

They may be categorized as: 

DRY 

( a )  Dichalcoqenides ( lamellar  sol i d s )  
(b )  Solid lubricant  composites and t r an s f e r  f i lm lubricants 
( C  Soft metals 

LIQUID 

( a )  Hydrocarbon o i l s  
( b )  Synthetic o i l s  
(4 Greases 

I t  i s  qui te  impossible in a  short  paper t o  review a l l  avai lable  
techniques and processes so the  authors wil l  concentrate on those 
available in  Europe and with which they are most famil iar .  

4. DRY LUBRICANTS 

4.1 Dichalcogenides 

These are a  group of metal compounds which exhibit  a  lamellar 
s t ruc tu re  t o  which current theory a t t r ibu tes  t h e i r  good lubrication 
propert ies.  In f a c t  only a  1 imited number may be classed as 
lubricants,  amongst which are WS2, WSe2, MoS2, MoTe2, NbS2, NbSe2, and 
TaSe2. 

Of these MoS2 has shown i t s e l f  t o  have the best performance in a  
space environment as a  r e su l t  of years of t e s t ing .  I t  has good wear 
charac te r i s t i c s ,  low f r i c t i o n  and in general performs be t t e r  in vacuum 
than in moist a i r .  I t s  coeff ic ient  of f r i c t i o n  i s  load dependent, 
although some recent work has introduced dispute on t h i s  point, and 
ranges from 0.4 t o  lower than 0.1. There i s  a  large l i t e r a t u r e  on MoS2 
and ESA i s  funding a  continuous bibliography on i t s  applicat ions t o  
space prepared by A.R.  Lansdown. (Ref. 1 -5 ) .  

MoS2 may be applied in a  number of ways and those of in te res t  t o  
space engineers are reviewed br ie f ly  below. 



4.1.1 Bonded Films 

A bewi ldering variety of bonded films has been invented, now more 
than 100, b u t  only a few of them have found general commercial 
application. The binders may be organic or inorganic, heat cured or 
simple a i r  drying agents mostly based on cellulose. Some inorganic 
binders based on ceramics require curing temperatures of 1000°C which 
limits the materials to which they can be applied. 

The thickness of a bonded film may commonly be of the order 10gm 
which is  enough to degrade the precision of many high grade 
mechanisms. The debris from the film may also lead to  very er ra t ic  
torque, particularly in roll ing bearings. The control of such 
processes is  very operator dependent which makes i t  d i f f icu l t  t o  
achieve consistently uniform resul ts  and tends t o  preclude their  use 
in c r i t i ca l  mechanisms. The authors would n o t  now use a bonded film in 
an application where high precision was a requirement. 

4.1.2 Burnished Films 

A moderately adherent thin film of MoS2 may be achieved by 
burnishing onto a thoroughly degreased and clean metal surf ace. 
Rubbing with chamois leather or a wire brush, or tumbling in a ball 
mill are established methods of burnishing. I t  is  d i f f icu l t  t o  achieve 
consistent results even when the process is most carefully control 1 ed, 
b u t  the process i s  readily acceptable for very simple single operation 
devices such as latches, hinge pins and pyrotechnics. I t  can be 
applied to  roll ing bearings where the l i f e  i s  a few thousand 
revolutions and loads are moderate. Running-in should be an integral 
part of the process. 

4.1.3 Sputtering 

The most recent technique for  applying MoS2 films is  by 
sputtering, f i r s t  developed by Spalvins and Przybyszewski at NASA 
Lewis Research Centre. Since then a good deal of work on sputtered 
MoS2 in ball bearings has been reported in the USA, chiefly by 
Spalvins ( 6 )  and by Christy and Barnett ( 7 )  and also in Europe by 
Bergman (8 ) .  In Europe the process has been developed and refined both 
at  the Laboratoire Suisse de Recherches Horlogeres (LSRH) and at the 
European Space Tribology Laboratory (ESTL)  in the U . K .  



The very s ign i f i can t  advantage t o  be gained by the process i s  t he  
achievement of a very th in ,  about lym, f i lm strongly adherent and of 
control led composition. However, i t  has been shown by ESTL t h a t  the 
performance of sputtered films varies widely depending upon the  
sput ter ing technique and the  stoichiometry of the film. During the 
past two  years f i lms of MoS2 sputtered by LSRH and ESTL have been 
compared fo r  performances in 42 mm di ameter ball bearings, preloaded 
t o  40N and run a t  100 rpm. Results are discussed in para.4.4. 

4.2 Solid Lubricant Composites and Transfer Film Lubricants 

The number of polymer type materials  f a l l i n g  under t h i s  heading 
i s  now considerable and qui te  beyond the scope of t h i s  paper. 
In pract ice  only a very few are su i t ab le  f o r  use in a space 
environment and in Europe only PTFE,  often f i l l e d  with MoS2 and 
reinforced by glass  f i b r e  polyimide and polyacetal (e.g. Delrin)  are  
commonly used f o r  t h e i r  t r ibological  propert ies.  The disadvantages of 
polymers in a space environment are: 

- high coef f i c ien t  of expansion 
- low load capab i l i ty  
- h i g h w e a r r a t e  
- limited dimensional s tabi  l i t y  
- poor thermal conductivity 

B u t  these are  balanced by the advantages of: 

- cheapness and s impl ic i ty  - low coef f ic ien t  of f r i c t i on  
- low outqassing 

The lubr icat ing action of these polymers and composites may be by 
the t rans fe r  of a f i lm t o  the mating material or they may simply 
provide wear r e s i s t an t  components, b u t  the  two actions should not be 
confused. In consequence they may be used in space e i the r  as the base 
material of one component of a rubbing pai r ,  e.g. gears, or t o  provide 
a t r ans fe r  f i lm t o  lubr icate  a ro l l ing  or s l id inq  metal pair ,  
e.g. ball  bearings. 



PTFE + MoS2 + g lass  f i b r e  has f o r  many years  been used as a  cage 
m a t e r i a l  i n  smal l ,  l i g h t l y  loaded, b a l l  bear inqs.  Th i s  composite has 
been s tud ied  i n  d e t a i l  by Stevens and Todd (Ref.9). Loads must be 
l i m i t e d  t o  ensure t h a t  t h e  H e r t z i a n  con tac t  s t r e s s  does no t  exceed 1.2 
x  103 M N / ~ ~  a t  20°C. The MoS2 appears t o  have t h e  f u n c t i o n  o f  
p reven t i ng  t h e  t r a n s f e r  f i l m  o f  PTFE becominq t o o  t h i c k .  F a i l u r e  i s  
u s u a l l y  by  wear-out o f  t h e  cage, c r e a t i n g  l a r g e  q u a n t i t i e s  o f  deb r i s .  
I n  o s c i l l a t o r y  mot ion a  b u i l d  up o f  t r a n s f e r  f i l m  a t  t h e  end o f  t h e  
arc  o f  t r a v e l  leads t o  excess ive t o r q u e  peaks. I n  a d d i t i o n  t h e  
t h i ckness  o f  t h e  t r a n s f e r r e d  f i l m  can be dependent upon speed o f  
operat  ion.  

Both po l y im ide  and p o l y a c e t a l  have been used f o r  l i g h t l y  loaded 
gears i n  a  space environment r unn ing  aga ins t  s t a i n l e s s  s tee l ,  t i t a n i u m  
o r  aluminium. Work i n  progress a t  ESTL, t o  be repo r t ed  i n  t h e  near 
f u t u r e ,  has shown t h a t  Vespel, a  po ly imide,  g i ves  t h e  lowest wear r a t e  
o f  a l l  polymers t es ted .  Po l yace ta l  f i l l e d  w i t h  carbon f i b r e  has a l s o  
been t e s t e d  and shows lower wear r a t e  than  t h e  u n f i l l e d  polymer bu t  
s t i l l  g rea te r  than  t h e  po ly im ide .  Maximum loads f o r  a l l  these  
m a t e r i a l s  should be l i m i t e d  t o  10 N/mm t o o t h  w id th  f o r  gears o f  
module 1. 

4.3 S o f t  Meta ls  

It has long  been known t h a t  t h e  s o f t  meta ls  such as Ba, Au, Ag, 
Pb, I n  and o the rs  are capable o f  p r o v i d i n q  l u b r i c a t i n g  f i l m s  i n  
c e r t a i n  c i rcumstances. I n  t h i s  paper we s h a l l  con f i ne  ourse lves t o  t he  
use o f  l ead  i n  r o l l i n g  bear ings and gears i n  space. The work was 
i n i t i a t e d  by t h e  Royal  A i r c r a f t  Estab l ishment  i n  t h e  UK i n  t h e  1960 's  
and a ve ry  ex tens ive  t e s t  programme was c a r r i e d  out  by Marconi Space 
and Defence Systems on 19 mm diameter bear ings  a t  3000 rpm, some o f  
which r an  f o r  e leven years.  The programme was extended by ESA t o  
bear ings  o f  90 mm diameter r unn ing  a t  100 rpm and s i x  p a i r s  completed 
more than  60,000 hours w i t hou t  f a i l u r e .  I n  a l l  these t e s t s  t h e  o n l y  
l i m i t a t i o n  was t h e  wear d e b r i s  f rom t h e  lead  bronze cage, and t h e  
search f o r  a  b e t t e r  cage m a t e r i a l  i s  con t i nu i ng .  

The process used by MSDS L td .  was vacuum depos i t i on ,  which made f i l m  
t h i c kness  and adhesion d i f f i c u l t  t o  c o n t r o l ,  so t h e  Agency undertook 
t h e  development o f  an i o n  p l a t i n g  process a t  ESTL. (Ref . lo ,  11, 12) .  



The pre-eminent advantages of an ion plated film over a vacuum 
deposited one are excellent adhesion and close control of thickness, 
0.35 f 0.15gm at ESTL. A t  present only the races of the bearing are 
plated and the film i s  transferred t o  the balls during the running-in 
period in vacuum, which i s  an integral part of the process. Ion 
plating of the balls i s  now possible b u t ,  for most applications seems 
t o  offer 1 i t t l e  advantage. 

Lead lubricated bearings are flying in the OTS and MARECS Solar 
Array Drives and will f l y  in the SADs of ECS, EXOSAT, L-SAT and the 
French SPOT. The bearings of the de-spin mechanism of GIOTTO, the 
European Hal ley 's  Comet probe, will also be lead lubricated. The 
selection of lead in th i s  case was made t o  take advantage of i t s  
immunity from torque changes due to  temperature. The torque at -40°C 
is  vir tual ly  identical to  that at room temperature in a well designed 
system; a performance which no liquid lubricated bearing can equal. 
Torque noise, however, will be higher than an equivalent liquid system 
which was the reason for the f inal  rejection of lead, and a l l  other 
dry film systems, for  the Space Telescope Solar Array Drive, where 
smoothness of operation is  a prime requirement. 

Lead lubricated bearings are finding application in sc ien t i f ic  
instruments and lead lubricated ball screws are flying on Nimbus G.  
A simi lar ball screw has performed very we1 1 at 4°K and demonstrated 
the effectiveness of the process at cryogenic temperatures. Ion plated 
lead i s  now being applied t o  gears although i t  operates better in a 
roll ing than in a sl iding contact. Tests have shown i t  t o  be a very 
effective lubricant for gears of nitrided steel on nitrided 440C steel 
and i t  has been adopted for  the gears of the L-SAT Solar Array Drive. 
Most importantly the process has been fu l ly  established, codified and 
documented at ESTL t o  ensure complete repeatabili ty of film parameters 
and f r ic t ion  and wear characteristics,  and i t  i s  now offered as a 
standard process routinely carried out. 

The pros and cons for lead lubrication may be l is ted as: 

Pro: - excellent adhesion 
- low, consistent and temperature-independent torque 
- very long 1 i fe  under vacuum 
- applicable to  bearings, gears and ball screws 
- usable at cryogenic temperatures 

Con: - flake wear debris from the lead bronze cage can cause 
torque noise problems. ESTL i s  investigating alternative 
materials for cages. 

- operation in a i r  must be limited to  f a i r l y  low speed and 
short duration e.g. 105 revs. at 100 rpm for  a 20mm ID 
bearing. 



4.4 Bearing Torque Characteristics of Solid Lubricant Films in Vacuo. 

With the aim of comparing levels of torque and of torque noise 
from ball bearings under identical conditions, data from ESTL have 
been assembled to  show what is  t o  be expected of the three most common 
lubricants discussed above. 

Table 2 shows the detai ls  of the method of lubricant application, 
the associated cage material, the type, size and preloadinq of the 
ball bearings used in th is  comparison. In a l l  the t e s t s  an arbitrary 
level of torque ten times the i n i t i a l  DC level was chosen t o  represent 
torque "f ai lure". 

4.4.1 Torque Results 

The histories of torque t e s t s  over 2 million revolutions (or 
until torque fa i lure ,  as defined above) are collected in Table 3. As a 
comparison the result  for an unlubricated, b u t  degreased, bearing i s  
included. Very rapid fa i lure  i s  encountered. 

The MoS2-sputtered bearings tended t o  s t a r t  with a moderately 
high torque (20 x 10-4 N m )  b u t  i t  soon f e l l  to  a 6 N m  (a t  
40N preload) where i t  remained unti 1 usually a sudden steep r i se  and 
torque fai lure .  Films sputtered at ESTL and at LSRH Switzerland 
exhibited broadly similar behaviour b u t  bearing lives varied from 
0.7 -3 x 106 revs for films sputtered at ESTL and from 2 - 3.66 x 106 
revs for  films sputtered a t  LSRH. The torque traces were some of the 
smoothest that we have observed and we would now recommend sputtered 
MoS2 where low torque noise i s  important and the l i f e  requirement i s  
not above lo5 revolutions, or equivalent rol led distance. 

The ion-plated,lead-filmed bearings exhibit reasonably steady D C  
(average) torque b u t  there is considerable fluctuation in the 
peak-to peak torque. This la t te r  i s  defined here as the maximum total  
swing of torque either side of zero during slow rotation of the 
bearings in two opposite directions. This bi-directional check of the 
torque was carried out at regular intervals in these tes t s .  For the 
lead film there is  no effect of a previous run at l O O N  preload on the 
torque. None of the lead bearings failed by the above criterion. The 
PTFE-composite caged bearings were considerably more errat ic  in their  
average torque than the lead filmed bearings and the torque was prone 
to  r i s e  quite suddenly over a few thousand revolutions and as quickly 
to  subside. Nevertheless, the peak-to-peak amplitudes of torque were 
less than those of the ion-plated lead, as Table 3 shows. There was a 



d i sce rnab le  e f f e c t  o f  p rev ious  runn ing  a t  low load ( i . e .  below 
c r i t i c a l  s t r e s s )  upon t h e  t o rque  i n  t h e  250N r u n  (above c r i t i c a l ) .  
The bear ings r u n  immediately a t  250N showed h i g h  DC to rque  i n i t i a l l y  
bu t  t h i s  g r a d u a l l y  reduced w i t h  t ime. Such i n i t i a l  h i gh  t o rque  was 
absent i f  t h e  bear ings  had been r u n  a t  s u b - c r i t i c a l  s t r e s s  beforehand 
bu t  t h e r e  were s t i l l  pe r i ods  o f  h i gh  to rque  d u r i n g  t h e  run. For these  
bear ings  lOON p re l oad  caused t h e  c r i t i c a l  H e r t z i a n  s t ress .  

I t  i s  app rop r i a t e  t o  complete t h i s  s e c t i o n  w i t h  t h e  second 
p recep t  o f  space tr i  bology: 

Precept  2: I n  des ign ing  a  space mechanism avoid  making i t s  
ope ra t i on  dependent upon c l o s e  c o n t r o l  o f  t h e  
c o e f f i c i e n t  o f  f r i c t i o n .  

5. LIQUID LUBRICANTS 

The use o f  l i q u i d  l u b r i c a n t s  i n  space i s  no t  new and i t i s  f a i r  
t o  say t h a t  a l l  e a r l y  American s a t e l l i t e s  r e l i e d  upon it. B a l l  Bros. 
were t h e  leaders  i n  t h e  f i e l d  i n  t h e  USA and t h e  move t o  d r y  
l u b r i c a t i o n  has been slow. I n  Europe we went s t r o n g l y  f o r  d r y  
l u b r i c a t e d  systems, l a r g e l y  d r i v e n  by t h e  success o f  t h e  lead system, 
but  a l so  because t h e i r  advantages were c l e a r .  

I n  consequence l i qu i - d  systems i n  Europe have rece i ved  l e s s  
a t t e n t i o n  bu t  have no t  been ignored. A de -sp in  system which has been 
runn ing  under t e s t  i n  vacuum a t  ESTL f o r  more than 7 years  i s  l i q u i d  
l u b r i c a t e d .  The S o l a r  A r ray  D r i v e  f o r  Space Telescope, t h e  Ins t rument  
P o i n t i n g  System and t h e  bear ings o f  t h e  Antenna P o i n t i n g  Mechanism on 
L-SAT, a l l  have l i q u i d  l u b r i c a t e d  bear ings.  

5.1 Hvdrocarbon O i l s  

I n  Europe BP L t d  (U.K) developed, a t  t h e  request  o f  RAE, two 
space o i l s  w i t h  ve r y  low vapour pressure.  

BP 110 i s  a  ve r y  f i n e  c u t  n a t u r a l  hydrocarbon w i t h  a  c la imed 
vapour p ressure  o f  10 - l o  t o r r  o r  lower a t  room temperature.  

BP 135 i s  a  s y n t h e t i c  t r i - e s t e r  w i t h  a  h i ghe r  v i s c o s i t y  index 
t han  BP 110. 



BP. L t d .  further developed two greases upon these o i l s  b u t  of 
quite different formulation from normal greases. (Ref . l 3 ) .  

The thickener is  based on an oleophilic graphite-lead composite 
capable of forming stable semi-solid structures on dispersion in a 
sui table  base f luid.  The proportion of thickener is  17%, which i s  
unusually high, b u t  i t  also provides a marked improvement in the 
extreme pressure and boundary lubricating properties. 

The use of graphite in a space environment is  very unusual since 
i t  i s  well known that graphite in a wholly dry atmosphere acts as an 
abrasive. I n  the case of the BP greases the special method of 
preparing the graphite t o  render i t  oleophilic makes i t  operate in a 
vacuum environment very sat  isf actori ly. 

Both of these o i l s  have been subjected t o  extensive test ing over 
the past seven years and the BP 110 and i t s  grease BP 2110, have been 
shown to give longer bearing lives in vacuum than competitive 
lubricants. In most t e s t s  BP 135 has n o t  equalled the l i f e  achieved by 
BP 110 but has g~ven good resul ts  for many app1ica t io .n~~ and i s  
useful where i t s  higher viscosity index may be an advantage. 

A t  ESTL a de-spin mechanism has been running at 60 rp.m. under 
thermal vacuum conditions for seven years without any change in 
performance. Lubrication i s  achieved by a small quantity (about 5% 
f i l l )  of BP 2110 grease in each bearing combined with Nylasint o i l  
stores charged with BP 110 o i l .  The thermal conditions in the chamber 
are maintained at 20°C whilst the shaft of the mechanism i s  driven 
between -5°C and + 45°C. The performance of th i s  mechanism has been 
excellent with no change in any operating parameter except a small 
r i s e  in motor current attributable t o  magnet deterioration. 

Synthetic Oils 

I n  general, synthetic f luids  usable as space lubricants f a i l  into 
two broad categories:- 

- s i  1 icones 
- fluorinated polyethers. 

I n  the early years of space many s i  1 icones were t r ied as space 
1 ubricants with widely different results.  Their advantages are a high 
viscosity-index, good thermal s t ab i l i t y  and f a i r  t o  good lubricating 
properties, b u t  their  volat i 1 i t y  in space environment may not be 
significantly better than some hydrocarbon o i l s ,  and their  surface 
creep characteristics are notoriously bad. 



Silicones in space have now been displaced by perfluoralkylethers 
such as the Krytox and Fomblin fluids. However, the lubricating 
properties of these fluids are not general and only some of them have 
found application in space. In some applications such as sliprings 
they can lead to excessive wear rates and the formation of polymers. 
However used in the right application th can give excellent 
performance and their extremely low - 10-l3 torr) vapour 
pressures at room temperature makes them most attractive for 
mechanisms with critical cleanliness requirements. 

5.2.1 Fomblin 225 

Probably the most significant addition to space lubricants is a 
polyfluoralkylether manufacturered by Montedison in Milan called 
Fomblin 225. The Fomblin Y series of fluids has been well known in the 
vacuum industry for many years but the introduction of Fomblin Z, 
which has a different chemical structure, was somethinq of a 
breakthrough for space lubrication. The fluid has the very high 

index of 345 and a vapour pressure that is certainly below ii:c?i'i5 torr at room temperature. It is the only oi 1 known to the 
authors which passes the Agency's material out-gassing test, giving 
TML/RML % 0.01/0.01 and cvcM% 0.00. 

The Bray Oil Co. in the USA have for several years distilled the 
Italian raw stock to make Bray 8152, which has been flown on a number 
of USA satellites mostly in the form of a PTFE thickened grease, 
Bray 3L38RP3 and will fly in Space Telescope in the solar array 
development mechanism. 

During the last two years the fluid has been subjected to 
numerous tests at ESTL. 

Bearings of two different conformities are being run at speeds of 
20, 100, 200 and 1400 rpm. Full elasto-hydrodynamic lubrication is 
achieved at about 250 rpm. In the case of low conformity bearings at 
1400 rpm the torque reduces suddenly and torque noise increases after 
a short time indicating the onset of starvation conditions. A black 
deposit has been observed in these bearings which has been identified 
as a polymer. In initial tests the high conformity bearings at 
1400 rpm were accidentally contaminated with a hydrocarbon oi 1 which 
resulted in a good performance but a milky deposit. Repeat tests with 
rigorously pre-cleaned cages are showing similar deterioration in 
average torque and torque noise. This work will be fully reported when 
complete. 



The load carrying capacity of the f luid tested on the Falex 
machine i s  very good, giving a fa i lure  load in excess of 15,500N 
(3500 I b ) .  

In pin and disc t e s t s  to  evaluate i t s  boundary lubricating 
properties i t  has performed equally with K G  80 and BP 110 for wear 
ra te  and coefficient of f r ic t ion .  (Ref.10). 

The conclusion to  date i s  that i t s  use i s  acceptable in low speed 
applications where boundary lubrication i s  required and in Europe i t  
i s  currently being applied t o  the bearings of IPS, Space Telescope 
Solar Array Drive and the L-SAT Antenna Pointing Mechanism. 

For the present the oil  should not be used in sliprings where i t  
may increase the wear rate  and can lead t o  complete fa i lure  by the 
format ion of debris. 

The grease 3L38RP has been used in small gear boxes b u t  data on 
permi ssable tooth loading, shear breakdown or polymer formation i s  
very 1 imited. 

Future use of the oil  under conditions of E H D  lubrication i s  
dependent upon the resul ts  of the ongoing t e s t  programme at ESTL, the 
objective of which i s  to  determine the limits of i t s  range of 
application, I t s  use in optical instruments i s  not excluded b u t  has 
yet t o  be demonstrated by valid t e s t .  

Before any application of th i s  o i l  t o  a space mechanism i s  
contemplated i t  i s  strongly advised to  seek the guidance of ESTL who 
has carried out most of the relevant work. 

THE CODIFICATION OF SPACE LUBRICANT SYSTEMS & PROCESSES 

The behaviour of any tribological systems is governed by a large 
number of factors ,  many of which are d i f f icu l t  t o  control. Material 
properties, b o t h  macro and micro, surf ace condition, presence of micro 
quantit ies of contaminants, system geometry, speed, load, duty cycle 
are only some of the variables. In consequence any lubrication process 
t o  be acceptable for space must be subject to the following precepts:- 



Precept  3: - Any l u b r i c a t i o n  process used f o r  space a p p l i c a t i o n  
must be f u l l y  c o d i f i e d  and documented t o  ensure 
cons i s t en t  repea tab i  1  i t y  o f  performance. 

Precept  4: - The l u b r i c a n t  used must be approved and v a l i d a t e d  
f o r  space t o  a  recognised s p e c i f i c a t i o n  and must 
be source t r aceab le .  

Precept  5 :  - The t e s t  programme t o  determine t h e  performance o f  
t h e  l u b r i c a t i o n  system must reproduce a l l  t h e  
o p e r a t i o n a l  c o n d i t i o n s  o f  du t y  cyc le ,  environment 
and l i f e  t h a t  it w i l l  exper ience i n  t h e  
a p p l i c a t i o n .  

The use o f  a  commercial system f o r  a  space a p p l i c a t i o n  i s  
acceptab le  o n l y  i f  i t  f u l f i l s  these t h r e e  precepts .  The Agency has 
i ssued  a  gu ide t o  t h e  p r e p a r a t i o n  o f  process procedures. (Ref.14).  

7. CONCLUSION 

I n  a t tempt ing  t o  cover t h e  whole f i e l d  o f  space l u b r i c a t i o n  i n  a  
s h o r t  paper t h e  authors  have se t  themselves an imposs ib le  t ask .  Much 
r e l e v a n t  and impor tan t  d e t a i l  has had t o  be omi t ted .  But t h e  purpose 
o f  t h e  paper i s  t o  p rov i de  a  u s e f u l  b r i e f  o v e r a l l  view which w i l l ,  i t  
i s  hoped, g i v e  t h e  n o n - s p e c i a l i s t  a  p i c t u r e  o f  a  h i g h l y  complex 
sub jec t ,  and some guidance i n  t h e  cho ice  and a p p l i c a t i o n  o f  a  
l u b r i c a n t  i n  spacecra f t  mechanisms. 
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TABLE 1 (cont. ) 

from contamination. Low wear 

from contamination. Low and 
consistent electrical noise. 

intermittent 

ry or liquid. Low wear and 
low friction. No contamination 



TABLE 1. ( con t .  ) 

APPLICATION 1 DUTY JLIFE 

Cont inuous 17-10 y r s  
Scanner I o ~ e r a t  i o n  

o p e r a t i o n  a t  
15-60 rpm. 

h 

Booms 
o p e r a t i o n s  

2 )  Deploy and 100 
r e t r a c t .  o p e r a t  i o n s  

a f t e r  l ong  
space s t a y  

S o l a r  A r r a y  1) Deploy o n l y  20 
(Hinges)  o p e r a t i o n s  

2 )  Deploy and 50 
r e t r a c t .  o p e r a t i o n s  

a f t e r  l o n g  
space s t a y  

Antenna Deploy o n l y  20-50 
Deployment o p e r a t i o n s  -- Space exposed 

Thermal 
S o l i d  o r  l i q u i d ,  c o n t r o l l e d  
q u a n t i t y  o f  o i l  o r  grease. 
Low and c o n s i s t e n t  torque.  
Abso lu te  freedom f r o m  
contaminat  ion.  

Space expoosed Dry: 
-40°C t o  +65"C Cons is ten t  f r i c t i o n  over  

tempera tu re  range 

Space exposed Dry: 
Launch v i b r a t i o n  Cons is ten t  f r i c t i o n  over  
loads tempera tu re  range and l i f e .  

No contaminat ion.  
- 

Space exposed Dry .Cons is tent  f r i c t i o n  over 
Thermal temp.range. 
-60°C t o  +80C 

Dry o r  l i q u i d .  Cons is ten t  
Space exposed f r i c t i o n  over temp.range 
Thermal f o r  l ong  l i f e  r e q u i r e d .  
-60°C t o  +80C No contaminat ion.  

Space exposed Dry .Cons is tent  f r i c t i o n  over 
Thermal tempera tu re  range. 
-60°C t o  +80°C 



TABLE 2 

LUBRICANTS A N D  BEARING DATA 

LUBRICANTS 

Sol id  Lubricant Cage Mater i  a1 Method of Application 

PTFE f i l m  PTFE/gl ass  f i  breIMoS2 Film formed by t r ans -  
composi t e  (commerci a1 ly f e r  from the  cage 
ava i l ab le ) .  during bearing 

r o t  a t  i  on. 

1% C / 1 %  Cr s t e e l  RF sputtered f i l m  
(EN31), machined approx. 0.5 micron 
and ground thickness 

A1 1 bearing 
components s p u t t e r  
coated. 

11% Pb t i n  bronze Raceways ion-pl ated 
c a s t  a1 loy with lead t o  
(Commercially avai lable).  thickness between 

0.2-0. 5 gm 
Bal ls  not coated 

BEARING DATA 

Type of bearing 
Size  
Contact angle 
No. of b a l l s  
Ball diameter 
Ball conformity 
Precision 
Axial preloads used 

angu 1 ar  contact  
20mm ID, 42mm O D  
15" 
10 
7.14mm 
1.14 
ABEC 7  or  9 
40N, l O O N  and 250N 



Table 3 .  Torque Results From Bearing Tests (Ail Bearings 
Completed 2 x 106 Revs a t  100-600 RPM Unless S ta ted) .  

1 imit .Periods 

* Bearing l ives  w i t h  MoS2 -sputtered f i lm varied from 0.7 t o  3 x lo6  revs 
f o r  f i  lms sputtered at ESTL t o  3.6 x 106 revs fo r  f i  lms from LSRH, 
Switzerland. 
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SPACE TELESCOPE- SOLAR ARRAY 
PRIMARY DEPLOYMENT MECHANISM 

Donald P. Chandler and Adolph Veit  
Dept. EKR Contraves AG, Zurich,  Switzerland 

ABSTRACT 

This paper desc r ibes  t h e  requirements ,  t h e  des ign ,  and t h e  t e s t  program 
which has been c a r r i e d  out i n  producing t h e  Space Telescope So la r  Array (STSA) 
Primary Deployment Mechanisms (PDM).  The PDM w i l l  be  used t o  r o t a t e  t h e  r o l l e d  
s o l a r  a r r a y  support ing boom from i t s  launch p o s i t i o n  a longs ide  t h e  t e l e scope  
housing, through 90° t o  i t s  use p o s i t i o n .  Af te r  f i v e  years  i n  space t h e  a r r a y  
i s  t o  be r e - r o l l e d  and by use  of t h e  PDM swung back t o  i t s  stowed p o s i t i o n  
alongside t h e  t e l e scope  housing f o r  cap tu re  and r e t u r n  t o  e a r t h  v i a  t h e  Space 
S h u t t l e .  

INTRODUCTION 

A Primary Deployment Mechanism powered by redundant s tepper  motors i s  de- 
veloped f o r  t h e  primary deploy and stow opera t ions  of t h e  Space Telescope So- 
l a r  Array. The mechanism must lock  t h e  a r r a y  boom i n  t h e  deployed p o s i t i o n  and 
have t h e  c a p a b i l i t y  of  r e l e a s i n g  t h e  boom at t h e  end of mission f o r  restowing 
before  capture  and e a r t h  r e t u r n  v i a  t h e  Space S h u t t l e .  Due t o a c o n t i n u a l  growth 
i n  t h e  design load  of t h e  PDM a condi t ion  was reached where t h e  system exh ib i t -  
ed i n s t a b i l i t i e s .  A t  t h i s  point  i n  t h e  program a redesign w a s  made in t roduc ing  
a p l ane t a ry  gear  t r a i n  between t h e  motors and t h e  primary l e v e l  arms. This  re -  
s u l t e d  i n  a very  s t a b l e  system al lowing f o r  even more increase  i n  system load  
i f  requi red .  Three f l i g h t  models (two f l i g h t  and one spa re )  were produced and 
succes s fu l ly  t e s t e d  ( s e e  F ig .  1). Acceptance t e s t i n g ,  bes ides  ambient opera- 
t i o n a l  t e s t s ,  included v i b r a t i o n  and thermal  vacuum t e s t s  wi th  ope ra t iona l  
t e s t i n g  being included i n  t h e  thermal  vacuum environment. 

SYSTEM REQUIREMENTS 

The PDM has been developed t o  comply with t h e  fol lowing bas i c  requi re -  
ment s : 

- withs tand  S h u t t l e  launch and r e t u r n  ope ra t ions .  

- withstand a f i v e  year  o r b i t a l  l i f e t i m e .  



- s t i f f n e s s  i n  t h e  stowed p o s i t i o n  t o  be compatible wi th  an o v e r a l l  
f i r s t  resonance frequency above 25 Hz f o r  t h e  complete a r r a y .  S t i f f -  ' 

ness t o  be a t  l e a s t  equivalent  t o  an EI of 3.6 x l o 4  ~ m 2 .  Th i s  
requirement s h a l l  s t i l l  be m e t  a f t e r  f i v e  years  i n  o r b i t  and r e t u r n  
t o  e a r t h .  

- deploy and stow r a t e s  l e s s  t han  1 deg. / sec .  with f u l l  deploy o r  stow 
i n  l e s s  t han  20 minutes.  

- an a s t ronau t  manual over r ide  i s  t o  be provided f o r  i n -o rb i t  cont in-  
gency opera t  ion .  

- each a r t i c u l a t i o n  t o  be p o s i t i v e l y  d r iven  through i t s  angle  of ro- 
t a t i o n .  

- capable of f i v e  years  i n a c t i v e  deployed condi t ion  i n  space followed 
by c o r r e c t  response t o  restow commands. The system i s  t o  be capable 
of 50 opera t ions  in-orb i t  a f t e r  t h e  f i v e  years  of i n a c t i v e  l i f e t i m e .  

- t h e  a r r a y  boom i s  t o  be independently locked i n  t h e  deployed p o s i t i o n  
with r e l e a s e  f o r  restow by command, o r  manually (by a s t r o n a u t )  t o  
permit a r r a y  r e t r a c t i o n .  

- ground ope ra t ion ,  powered o r  by hand, s h a l l  be poss ib l e  u s ing  a zero- 
G s imula tor .  

- command c a p a b i l i t y  with e i t h e r  o r  both motcrs of t h e  forms: 

s t a r t  - continue deploy 
s t a r t  - continue stow 
s t o p  

- redundant p switches s h a l l  s i g n a l  deployed p o s i t i o n .  

- redundant temperature measurements w i l l  be made a t  each PDM hinge .  

- pass ive  thermal  c o n t r o l  s h a l l  be used. 

- thermal  c o n t r o l  design l i m i t s  of + 6 5 0 ~  and -40°c. 

- system r e l i a b i l i t y  f o r  t h e  f i r s t  two years  of opera t ion  i s  0.9999 and 
no s i n g l e  po in t  f a i l u r e s  which w i l l  endanger t e l e scope  recovery o r  
a f f e c t  a s t ronau t  s a f e t y .  

PROGRAM SEQUENCE 

The p r i n c i p a l  t a s k s  f o r  t h i s  program were: 

- i n t e r p r e t  t h e  system requirements and formulate s e v e r a l  a l t e r n a t e  
s o l u t i o n s .  

- de r ive  a system concept through t rade-of f  s t u d i e s .  

- i d e n t i f y  a r eas  of technologica l  r i s k .  

- develop a "bread-board" model wi th  s u f f i c i e n t  f i d e l i t y  t o  determine 
and s tudy  p o t e n t i a l  problem a r e a s .  



- produce a  high f i d e l i t y  development model of t h e  mechanism, an  ac- 
c u r a t e  dummy load  and a zero-G t e s t  j i g .  

- perform parametr ic  t e s t s  t o  determine system l i m i t a t i o n s :  

I n  p a r a l l e l  with t h e  above an i n t e n s i v e  r e sea rch  program was c a r r i e d  
out t o  e s t a b l i s h  a  s a t i s f a c t o r y  bear ing  l u b r i c a t i o n  system. 

Addi t iona l ly ,  a  q u a l i f i c a t i o n  model was manufactured and succes s fu l ly  
passed q u a l i f i c a t i o n  l e v e l  t e s t i n g .  

F i n a l l y ,  t h r e e  f l i g h t  l e v e l  models were manufactured and each 
succes s fu l ly  passed t h e  acceptance t e s t  program. 

SYSTEM SELECTION 

I n  s e l e c t i n g  a  s u i t a b l e  d r i v e  system s e v e r a l  concepts were developed t o  
s u f f i c i e n t  depth t o  a l low f o r  a t rade-of f  s tudy  t o  be c a r r i e d  ou t .  The system 
f i n a l l y  s e l e c t e d  f o r  development cons i s t ed  of redundant s tepper  motors dr iv-  
ing  an a r r a y  support boom by a  p a i r  of primary and secondary l e v e r  arms. 
This  system disp layed  redundancy with no s ingle-poin t  f a i l u r e s .  Other systems 
i n v e s t i g a t e d  included worm d r i v e s ,  u n i v e r s a l  gear  d r i v e s  and a harmonic d r i v e  
system. 

During t h e  progress  of  t h e  development program t h e  dr iven  load  inc reased  
u n t i l  a po in t  was reached a t  which t h e  system exh ib i t ed  a  tendency t o  become 
uns t ab le .  A t  t h i s  po in t  t h e  s p e c i f i e d  load  had reached twice  t h e  o r i g i n a l  
es t imated load .  A f u r t h e r  s tudy was made which r e s u l t e d  i n  t h e  a d d i t i o n  of  a  
s e t  of p l ane t a ry  gea r s  l o c a t e d  between t h e  motors and t h e  l e v e r  arms. This 
r e s t o r e d  system s t a b i l i t y  and t h e  system subsequently passed a l l  t e s t  r equ i r e -  
ment s. 

TECHNICAL DESCRIPTION 

The PDM assembly c o n s i s t s  of  t h e  fol lowing p r i n c i p a l  components: 

Support Bracket 
Boom Fork 
Boom 
Mot o r  s 
Motor Housing Assembly 
Motor Housing Support Assembly 
P lane ta ry  Gear Assembly 
Lever A r m  System 
Deployed P o s i t i o n  Holding Clamps 
Deployed Pos i t i on  Microswitches 
Thermistor I n s t a l l a t  ion  
Wire Harness 
Manual Drive System 
Cover P l a t e s  
Thermal Control  Provis ions .  



Motors 

The d r i v e  motors f o r  t h e  PDM c o n s i s t  of two s t eppe r  motors. The motors a r e  
independently powered, on ly  one motor being used i n  a normal ope ra t ion  with 
t h e  second motor being provided f o r  redundancy. The two motors a r e  mechani- 
c a l l y  connected t o g e t h e r  i n  a housing wi th  t h e  r o t o r s  d r i v i n g  t h e  primary 
l e v e r  arms through a p l ane ta ry  gear  system. The s t eppe r  motor w i l l  rotatoe 

0 
through approximately 624 i n  r o t a t i n g  t h e  boom through approximately 90 . 
This  opera t ion  r e q u i r e s  about 2080 s t e p s  g iv ing  a s t e p  r e s o l u t i o n  of 0.045' 
(2.68 min) .  With a s t e p  frequency of 4 Hz t h e  t o t a l  t ime f o r  deploy o r  stow 
i s  approximately 8 . 5  min. The s tepper  motors a r e  powered with a nominal 360 m a  
+ 10%. The PDM has been succes s fu l ly  t e s t e d  wi th  a minimum cur ren t  of  310 ma .  - 

Motor Drive Assembly ( s e e  FIG. 2 )  

The s t a t o r  from each s t eppe r  motor i s  i n s t a l l e d  i n t o  a motor housing u n i t  and 
pos i t ioned  wi th  an alignment p i n .  Alignment between two two s t a t o r s  i s  
achieved by means of c o n t r o l  screws r o t a t i n g  each s t a t o r  t o  ob ta in  a p o s i t i o n  
of maximum torque .  The r o t o r s  of t h e  two motors a r e  bo l t ed  t o  t h e  s h a f t  o f  
t h e  d r i v e  u n i t .  Non-magnetic s t a i n l e s s  s t e e l  has been used f o r  t h e  s h a f t  and 
inner  housing t o  minimize thermal  induced loads  on t h e  bear ings .  The motor 
s h a f t  i s  connected t o  t h e  sun gear  which i n  t u r n  d r i v e s  t h e  t h r e e  p l a n e t a r y  
gears .  The p l ane ta ry  gears  a r e  mounted on a d i s c  which r ep laces  t h e  s h o r t  
primary l e v e r  arm on one s i d e  of  t h e  motor housing. The ou te r  o r  r i n g  gear  
which meshes wi th  t h e  p l ane ta ry  gears  i s  b o l t e a  t o  t h e  motor housing. The 
d i s c  on which t h e  p l ane ta ry  gears  a r e  mounted i s  connected by means of  a 
cen te r  s h a f t  t o  t h e  primary l e v e r  arm on t h e  oppos i te  s i d e  of t h e  motor 
housing. The a s t ronau t  i n t e r f a c e  i s  a 7/16 inch  hex f i t t i n g  designed t o  
i n t e r f a c e  wi th  t h e  a s t ronau t  s tandard  t o o l .  For thermal  c o n t r o l  purposes t h i n  
shee t  Aluminum cover p l a t e s  have been adde.d which cover both t h e  motor as- 
sembly and secondary l e v e r  arms a s  w e l l  as t h e  motor bracke t  assembly includ-  
i n g  t h e  e l e c t r i c a l  connectors .  

Bearing Assemblies 

Two s i z e s  of bear ing  were used i n  t h e  design of t h e  PDM, 50 mm and 20 mm bore 
angular  contac t  bear ings  c o n s i s t i n g  o f :  

B a l l s  - Cemented Tungsten Carbide S t e e l  wi th  Tic  coa t ing  
i n  p l ace  of t h e  s tandard  s t e e l  b a l l s  

Races - 52 100 S t e e l  (no su r f ace  t r ea tmen t )  
Cages - Lead Bronze i n  p l ace  of t h e  s tandard  Phenolic cages 

I n  s e l e c t i n g  a bear ing  l u b r i c a t i o n  system seve ra l  methods were inves t iga t ed .  
A comprehensive t e s t  program was performed comparing l e a d ,  MOS2 and T i c ,  with 
t h e  f i n a l l y  s e l e c t e d  system being a s  noted above. 

The bear ing  pre loads  have been def ined  a s  fo l lows:  



- Main Trunnion - T o t a l  Rigid Preload 100 N 

- Secondary Lever Arm/Fork Piece  - Tota l  
F l e x i b l e  Spring Ring Preload 118 N 

- Secondary Lever Arm/Primary Lever A r m  - 
Lever A r m  F l e x i b l e  Preload 50 N each 

- Stepper Motor - Motor Housing F l e x i b l e  
Preload 100 N 

- Center Shaft  - Tota l  F l e x i b l e  Spring 
Ring Preload 124 N 

- Astronaut I n t e r f a c e  - Rigid Mounted, 
No Preload 

F l e x i b l e  sp r ing  r i n g s  a r e  Nickel p l a t e d  s t e e l  w a v y  washers. The reason f o r  
t h e  r i g i d  and f l e x i b l e  bear ing  system i s  b e s t  explained a s  fo l lows:  

Since t h e  bear ings  themselves c o n s i s t  of s t e e l  and t h e  assemblies  t h e y  a r e  
b u i l t  i n t o  a r e  made of  Aluminium, thermal  l oads  a r e  r e spons ib l e  f o r  t h e  worst 
case  load  condi t ions .  I n  t h e  s p e c i f i e d  temperature range from -55O~ t o  80°c 
t h e  d i f f e r e n t i a l  expansion o f  t h e  bear ing  with r e spec t  t o  t h e  surrounding 
Aluminium could reach  va lues  of up t o  0.064 mm. Because on one hand a r a d i a l  
gap of 0.064 mm i s  not  t o l e r a b l e ,  and on t h e  o t h e r  hand, t h e  a x i a l  l o a d  onto  
t h e  bear ing  would be excess ive  i f  most of t h e  d i f f e r e n t i a l  expansion i s  t r a n s -  
formed i n t o  s t r e s s ,  two s t e e l  i n t e r f a c e  r i n g s  a r e  provided between t h e  bear ing  
r aces  and t h e  Aluminum p a r t s .  For t h e  ou te r  bear ing  r a c e ,  t h e  s t e e l  r i n g  i s  
shrunk i n t o  t h e  Aluminum p a r t .  Concerning t h e  inne r  bear ing  r a c e ,  t h e  Aluminum 
a x i s  ( r equ i r ed  only t o  t r a n s f e r  a x i a l  l o a d )  produces a  radiaJ gap wi th  r e spec t  
t o  t h e  s t e e l  bush. Thus t h e  r a d i a l  thermal  expansion of t h e  inner  bea r ing  r a c e  
i s  independent of t h e  r a d i a l  expansion of t h e  Aluminum a x i s .  I n  o rde r  t o  as- 
c e r t a i n  t h a t  a l l  bear ing  b a l l s  maintain con tac t  under a l l  pos s ib l e  l oads  
( e s p e c i a l l y  i n  a  hot  case ,  assuming a  reasonable temperature g rad ien t  between 
t h e  ou te r  r ace  and t h e  inner  o n e ) ,  t h e  bear ing  i s  a x i a l l y  pre tens ioned .  

Deployed Pos i t i on  Holding Clamps 

Af ter  deployment by t h e  PDM t h e  a r r a y  i s  he ld  i n  t h e  deployed p o s i t i o n  by 
sp r ing  loaded b a l l  d e t e n t s  mounted on t h e  ends of t h e  primary l e v e r  arms. Be- 
cause t h e  primary and secondary l e v e r  a r m  c e n t e r  l i n e s  a r e  a l i gned  t o g e t h e r  
i n  t h e  deployed p o s i t i o n  t h e  mechanical advantage of t h e  d r i v e  system i s  maxi- 
mum i n  t h i s  p o s i t i o n .  The sp r ing  f o r c e  of  t h e  b a l l  d e t e n t  i s  e a s i l y  overcome 
during t h e  locking  and unlocking opera t ion .  

Deployed P o s i t i o n  Microswitches 

Redundant s i n g l e  po le  double throw microswitches have been incorpora ted  t o  
provide deployed p o s i t i o n  information t o  t h e  motor power c o n t r o l  e l e c t r o n i c s .  
One switch i s  mounted on each s i d e  of  t h e  motor housing and pos i t i oned  so 
t h a t  when t h e  PDM i s  f u l l y  deployed t h e  primary l e v e r  arms a c t u a t e  t h e  two 
switches.  



Manual Drive 

The PDM incorpora tes  p rov i s ions  f o r  manual ope ra t ion  of t h e  PDM i n  t h e  event  
t h a t  t h e  power opera ted  system f a i l s .  This manual ope ra t ion  has t h e  c a p a b i l i t y  
of e i t h e r  deploying o r  stowing of t h e  a r r a y .  Operation of t h e  manual d r i v e  i s  
performed by a s u i t e d  a s t r o n a u t ,  a hex f i t t i n g  being designed t o  i n t e r f a c e  
with t h e  a s t ronau t  wrench. The PDM can be r o t a t e d  i n  e i t h e r  d i r e c t i o n  and t h e  
r a t e  of  PDM r o t a t i o n  can be c o n t r o l l e d  by t h e  a s t r o n a u t .  

Temperature Measurements 

Two the rmis to r s  a r e  bonded t o  t h e  PDM t o  provide i n  o r b i t  information on t h e  
thermal  g rad ien t s  ac ros s  t h e  PDM. 

Wire Harness Routing and Tie-Down Provis ions  ( see  FIG. 3)  

The s o l a r  a r r a y  power wire  bundle from t h e  So la r  Array Drive (SAD) e n t e r s  t h e  
PDM through t h e  support  b racke t .  A t  t h e  po in t  of e n t r y  t h e  wire  bundle i s  
separa ted  and formed i n t o  two equal  bundles.  These two bundles pass  under t h e  
main t runnion  s h a f t  around t h e  ou t s ide  of t h e  motor housing and thence  down 
t h e  l e n g t h  of t h e  boom t o  t h e  Secondary Deployment Mechanism (SDM) .  The wire  
bundles a r e  he ld  wi th in  two recessed  a reas  on t h e  ou t s ide  of t h e  motor housing 
by metal  c l i p s .  Attachment of  t h e  wire  harness  t o  t h e  boom i s  accomplished by 
means of cable  clamps. 

Thermal I n s u l a t i o n  

Three types  of thermal  i n s u l a t i o n  a r e  used f o r  t h e  PDM. The f i r s t  t y p e  con- 
s i s t s  of s tandard shop p r a c t i c e  m a t e r i a l  su r f ace  f i n i s h e s  such a s  b lack  ano- 
d i z i n g  o r  Alodine1200 S. A second type  of thermal  provis ion  used i s  h igh  r e -  
f l e c t i n g  Aluminium type .  A t h i r d  t ype  of  thermal  provis ion  c o n s i s t s  o f  h igh  
performance mul t i l aye r  i n s u l a t i o n  b l anke t s .  

SYSTEM OPERATION 

Launch Configurat ion ( s e e  F I G .  4) 

The launch conf igu ra t ion  of  t h e  PDM i s  known a s  t h e  stowed p o s i t i o n .  I n  t h i s o  
condi t ion  t h e  c e n t e r  l i n e  of  t h e  PDM boom may be d i sp l aced  a maximum of  91.5 
from t h e  deployed p o s i t i o n .  The t h e o r e t i c a l  maximum displacement of t h e  boom, 
o r  t h e  po in t  a t  which t h e  two l e v e r  arms form a s t r a i g h t  l i n e ,  i s  92.862'. 
Thus dur ing  launch t h e  primary and secondary l e v e r  arms a r e  never i n  a 
s t r a i g h t  l i n e  and t h e r e f o r e  a c t  t o  a s su re  no t r a n s f e r  of  launch induced loads  
i n t o  t h e  E'DM mot.or u n i t .  I n  t h e  stowed conf igura t ion  t h e  PDM and a r r a y  i s  r e -  
s t r a i n e d  by two holding devices  mounted on t h e  t e l e scope  which i n t e r f a c e  wi th  
each end of t h e  SDM. 

Array Release and.Dep1oymen-k ( s e e  FIGS. 5 and 6) 

Af te r  t h e  space t e l e scope  i s  i n  o r b i t  and ready f o r  deployment t h e  t e l e scope  
mounted a r r a y  holddowns a r e  a c t i v a t e d  t o  r e l e a s e  t h e  s o l a r  a r r ay .  Power i s  



t hen  appl ied  t o  e i t h e r  o r  both of  t h e  two PDM s t eppe r  motors,  r o t a t i n g  t h e  
boom at a  def ined  r a t e  u n t i l  t h e  a r r a y  reaches t h e  deployed p o s i t i o n .  A t  t h i s  
t ime t h e  deployed p o s i t i o n  redundant microswitches s i g n a l  t h e  c o n t r o l  e lec-  
t r o n i c s  t o  s t o p  power t o  t h e  motors.  I n  t h i s  deployed p o s i t i o n  t h e  primary 
and secondary l e v e r  a r m  c e n t e r  l i n e s  a r e  superimposed and t h e  b a l l  de t en t  
ensures t h a t  t h i s  p o s i t i o n  i s  maintained.  

Array Stowage 

A t  t h e  end of mission t h e  s o l a r  a r r a y  i s  t o  be r e tu rned  t o  t h e  stowed p o s i t i o n  
This i s  accomplished by energ iz ing  t h e  s tepper  motor t o  r o t a t e  i n  t h e  r eve r se  
d i r e c t i o n .  F i n a l  pos i t i on ing  of t h e  stowed a r r a y  i s  done by a  pull-down device  
mounted on t h e  t e l e scope  and i n t e r f a c i n g  with t h e  SDM. 

SYSTEM MASS 

The measured mass of t h e  de l ive red  u n i t s  i s  approximately 19.75 kgm. 

TEST PROGW 

During t h e  PDM program t h r e e  types  of t e s t s  were c a r r i e d  o u t :  development, 
q u a l i f i c a t i o n  and acceptance.  

Development t e s t s  inc luded:  

Bearings 

I n  p a r a l l e l  with t h e  PDM mechanism development program a sepa ra t e  program was 
i n i t i a t e d  t o  develop a s u i t a b l e  bearing l u b r i c a t i o n  system. Ex i s t i ng  s o l i d  l u -  
b r i c a t i o n  systems proved t o  be u n s a t i s f a c t o r y .  Use of o i l  base l u b r i c a n t s  were 
not s e r i o u s l y  considered because of t h e  s t r i c t  s e a l i n g  requirements  imposed 
wi th  t h e  use of v o l t a i l e  m a t e r i a l s .  A r e sea rch  program was c a r r i e d  out  r e s u l t -  
i n g  i n  a bearing system c o n s i s t i n g  of s tandard  SNFA SEB 20 and EB 50 bear ings  
modified i n  t h e  fol lowing ways: 

- t h e  phenolic cages have been rep laced  with l e a d  bronze cages 

- t h e  s t e e l  b a l l s  have been rep laced  with cemented ca rb ide  b a l l s  
with a  Titanium Carbide ( T ~ c )  coa t ing .  

L i f e  t e s t s  of t h e  bear ing  systems proved s a t i s f a c t o r y  and subsequently passed 
a l l  system t e s t s  wi th  no problems. 

NOTE: For t h e  l u b r i c a t i o n  of gears  wi th in  t h e  PDM t h e  E-metal process  
has been app l i ed .  This  i s  an e l e c t r o l y t i c  process  f o r  Aluminium 
a l l o y s  which produces a hard p r o t e c t i v e  su r f ace  on t h e  gear  t e e t h  
so t h a t  i n  t h i s  a p p l i c a t i o n  no a d d i t i o n a l  l u b r i c a t i o n  i s  requi red .  



PDM ( s e e  FIG. 7 )  

During t h e  developm2nt of t h e  PDM a s i g n i f i c a n t  problem was t h e  s t eady  growth 
of t h e  s p e c i f i e d  load .  As each new l o a d  was imposed a  s e r i e s  of  o p e r a t i o n a l  
t e s t s  was performed t o  r2 -e s t ab l i sh  system performance margins.  The i n i t i a l  
s p e c i f i e d  load  w a s  480 m kg f o r  which t h e  i n i t i a l  design was very  adequate .  

2  
Mid-way through t h e  program t h i s  l o a d  had increased  t o  821 m kg. The system 
s t i l l  funct ioned but  with no margin of  s a f e t y .  A redes ign  was completed add- 
ing  a  p l ane t a ry  gear  t r a i n  between t h e  motors and t h e  primary l e v e r  arms. No 
d i sc repanc ie s  ( i n s t a b i l i t i e s ,  missing s t e p s  e t c . )  occurred dur ing  ope ra t ion  
wi th  t h e  fo l lowing  inpu t s :  

- input  cu r r en t  200 t o  488 m a  
- supply v o l t a g e  1 2  t o  2 8 v  
- motor s t e p  frequency 2.6 t o  LO HZ 

QUALIFICATION AND ACCEPTANCE TESTS 

Q u a l i f i c a t i o n  and acceptance l e v e l  t e s t s  were succes s fu l ly  c a r r i e d  out  i n  
t h e  sequence shown below: 

- bear ing  system ( 4  p a i r s  5000 cyc le s  wi th  maximum allowed 
to rque  = 0.08 Nm and maximum measured to rque  of 0.0095 Nm) 

- ambient func t iona l  and s t a t i c  l o a d  t e s t  
- v i b r a t i o n  (sine-random-sine i n  each of t h e  t h r e e  axes)  
- ambient f u n c t i o n a l  
- thermal  vacuum and acce l e ra t ed  l i f e  t e s t  
- ambient f u n c t i o n a l  
- e l e c t r i c a l  bonding 
- mass and c e n t e r  of  g r a v i t y  measurements. 

For t h e  thermal  vacuum t e s t s  t h e  f l i g h t  conf igura t ion  boom was r ep laced  
with a  s t u b  boom (zero-G cond i t i on )  t o  accommodate t h e  system t o  t h e  l i m i t e d  
space wi th in  t h e  thermal  vacuum chamber. 





FIG. 2: MOTOR DRIVE ASSEMBLY ( 



FIG. 3: I n s t a l l i n g  Dummy Load with PDM Mounted i n  
Zero-G Test  Stand 



FIG. 4: PDM i n  Stowed Pos i t i on  i n  Test  Stand 
( ~ a u n c h  conf igu ra t ion )  



FIG. 5: PDM i n  Deployed P o s i t i o n  



FIG. 6: PDM at Half-Way Position 



FIG. 7 :  PDM During Acceptance Test - Note Wire Harness Routing 
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A  Broadbased Ac tua to r  Concept f o r  S p a c e f l i g h t  A p p l i c a t i o n  

James C. Hammond* 

ABSTRACT 

A  r e c e n t l y  developed e lect romechanica l  a c t u a t o r  has been found t o  be 
appl i c a b l e  t o  a  v a r i e t y  o f  space f l  i g h t  r equ i  rements. Character ized by h i g h  
t o rque  and a  small ou tpu t  s tep  angle,  t h e  dev ice  i s  comprised o f  a  c o a x i a l ,  
symmetr ical  arrangement i n  which a  cup-type harmonic d r i v e  i s  d i r e c t l y  coupled 
t o  a  pancake c o n f i g u r a t i o n  d r i v e  motor. The motor, w i t h  i t s  dual s t a t o r  
d r i v i n g  a  common r o t o r ,  i s  one i l l u s t r a t i o n  o f  t h e  concept o f  S e l e c t i v e  
Redundancy. 

S e l e c t i v e  Redundancy promotes t h e  i dea  t h a t  redundancy, t o  be e f f e c t i v e ,  
must n o t  compromise i nhe ren t  des ign  s i m p l i c i t y  n o r  i n t r oduce  new f a i l u r e  
modes. 

The usefulness of t h e  a c t u a t o r  i s  exemp l i f i ed  by i t s  s e l e c t i o n  f o r  a  broad 
range o f  p o s i t i o n i n g  and d r i v i n g  a p p l i c a t i o n s  i n c l u d i n g  TDRSS Gimbal Dr ives ,  
Space Tel  escope depl oyment and 1  a t c h i  ng machani sms, and Space Telescope 
secondary m i r r o r  d r i v e ,  as w e l l  as o thers .  

INTRODUCTION 

A  r o t a r y  ac tua to r ,  b road l y  a p p l i c a b l e  t o  s p a c e f l i g h t  s e r v i c e  because o f  
i t s  h i g h  performance, a d a p t a b i l i t y ,  and h i g h  r e l i a b i l i t y , h a s  been developed, 
The device, which i s  p roduc ib l e  i n  a  range o f  s i zes ,  de r i ves  re1 i a b i l i t y  f rom 
i t s  i nhe ren t  simp1 i c i t y .  Fu r t he r  increases i n  r e l i a b i l i t y  a r e  achieved by t h e  
i n c l u s i o n  o f  se lec ted  redundant fea tu res .  However, redundancy i s  used o n l y  i n  
those  areas where t h e  des ign i s  no t  compromised by t h e  i n c o r p o r a t i o n  o f  those  
a d d i t i o n a l  fea tu res .  

Ac tua to rs  o f  t h i s  t y p e  have been employed on a  number o f  s p a c e f l i g h t  
programs. D e t a i l s  o f  some o f  these  a p p l i c a t i o n s  a r e  b r i e f l y  discussed. 

THE ROTARY INCREMENTAL ACTUATOR 

The r o t a r y  incrementa l  a c t u a t o r  i s  based on an evo lu t i ona ry  des ign which 
was f i r s t  produced more than  t e n  years ago and has s i n c e  grown i n t o  a f a m i l y  
o f  s tandard ac tua to rs .  These a r e  c u r r e n t l y  be ing  produced i n  var ious  forms by 
Schaef fer  Magnetics under t h e  des igna t i on  Rotary  Incremental  Actuator ,  Types 1 
through 7. 

*Schaef fer  Magnetics, Inc. ,  Chatsworth, C a l i f o r n i a  



Concept 

F igu re  1 shows a  s e c t i o n a l  view of t h a t  f i r s t  a c t u a t o r  as produced f o r  t h e  
Pioneer 10 p l ane ta ry  probe i n  1970. Viewed as s t a t e - o f - t h e - a r t  a t  t h e  t ime,  
i t  i l l u s t r a t e s  t h e  des ign t h i n k i n g  of t h a t  per iod .  

The device, f u n c t i o n i n g  as a  te lescope p o s i t i o n e r ,  i s  r e q u i r e d  t o  have a  
smal l ,  accura te  s t e p  and t h e  a b i l i t y  t o  h o l d  p o s i t i o n  w i t h  power o f f .  A 
v a r i a b l e  re l uc tance  s tepper  motor (15 degree s tep )  i s  used, and i n i t i a l  gear 
r educ t i on  i s  e f f e c t e d  by means of spur gear ing, t hus  m in im iz i ng  i n e r t i a  
r e f l e c t e d  t o  t h e  motor. On t h e  secorld sha f t  i s  a  mechanical d e t e n t i n g  dev ice  
t o  p rov ide  p o s i t i o n  ho ld i ng ,  s i n c e  t h e  VR motor l acks  de ten t  torque. A lso  
f i t t e d  t o  t h i s  sha f t  a r e  a sha f t  angle encoder and a mechanical damper t o  
a s s i s t  i n  c o n t r o l  1  i n g  s tep-and-se t t le  t ime. 

Th is  assembly i l l u s t r a t e s  an e a r l y  a p p l i c a t i o n  of t h e  harmonic d r i v e  speed 
reducer t o  spacef l  i g h t  hardware, (Harmonic d r i v e  i s  a  p r o p r i e t a r y  p roduc t  o f  
t h e  Harmonic D r i v e  D i v i s i o n  o f  USM Corp., Wakefield, Mass.) I t s  ope ra t i ng  
p r i n c i p l e  i s  shown i n  F igu re  3. B r i e f l y ,  t h e  dev ice  uses a  r o t a t i n g  
e l l i p t i c a l  e l  ement ( t h e  wave generator )  t o  produce rhythmic deformat ion of a  
toothed e l a s t i c  member ( t h e  f l  exspl  i ne) r e a c t i n g  aga ins t  a  too thed  r e a c t i o n  
member ( t h e  c i r c u l a r  s p l i n e ) .  D i f f e r i n g  t o o t h  numbers on t h e  meshing elements 
produce reduced ou tpu t  mot ion  w i t h  corresponding m u l t i p l i c a t i o n  o f  torque.  
Ra t ios  between about 6 0 : l  and 200: l  can be achieved i n  a  s i n g l e  pass w i t h  
harmonic d r i ve .  

A f t e r  a  second pass o f  spur gear ing, power f low i n  t h e  dev ice  o f  F i g u r e  1 
i s  through a  f l e x i b l e  coup l i ng  t o  t h e  harmonic d r i v e  wave generator.  The 
Harmonic d r i v e ,  r e f 1  e c t i n g  t h e  t h i n k i n g  o f  t h a t  per iod ,  i s  h e r m e t i c a l l y  
sealed, i n  t u r n  r e q u i r i n g  i t s  f l e x s p l i n e  t o  be grounded aga ins t  r o t a t i o n .  A  
l a r g e  t o r s i o n  s p r i n g  p rov ides  b i a s  t o rque  t o  improve p o s i t i o n i n g  accuracy. 

A f t e r  11 years,  these  ac tua to r s  con t inue  t o  operate on board Pioneer  10 
and 11, now near  t h e  o r b i t  o f  Uranus almost two b i l l i o n  m i l e s  f rom ear th .  
That e a r l y  des ign embodies some a t t r a c t i v e  c h a r a c t e r i s t i c s :  

o  Small ou tpu t  s t ep  
o  Good p o s i t i o n a l  accuracy 
o  High t o r s i o n a l  s t i f f n e s s  
o  Unpowered h o l d i n g  t o rque  

But i t  a l s o  d i s p l a y s  some n o t - s o - a t t r a c t i v e  c h a r a c t e r i s t i c s .  F i r s t  i s  
compl e x i  ty, w i t h  t h e  a t tendant  nega t i ve  impact o f  h i g h  cos t  and reduced 
r e l i a b i l i t y ,  
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R o t a t i o n  o f  t h e  e l l i p t i c a l  wave genera to r  r e s u l t s  i n  
a  g r e a t l y  reduced mot ion a t  t h e  t oo thed  o u t p u t  members 
due t o  d i f f e r e n t i a l  a c t i o n  between t e e t h  on f l e x s p l  i n e  
and c i r c u l a r  spine. 
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A more up- to-date des ign i s  dep i c ted  i n  F i g u r e  2. S t i l l  based on harmonic 
d r i v e ,  i t s  f u n c t i o n  i s  t h e  same as t h e  e a r l y  u n i t .  But a  number o f  changes 
a re  ev iden t :  

o  Spur gear ing e l i m i n a t e d  
o  No de ten t  dev ice  o r  a u x i l i a r y  damper r e q u i r e d  
o  Output s e l f  - suppor t ing  and 1  oad-capabl e  
o  Non-hermetic 

These changes a re  made p o s s i b l e  by t h e  use o f  a  smal l -angle permanent 
magnet s tepper  motor t o  power t h e  ac tua to r ,  and by t h e  a v a i l a  
vapor pressure l i q u i d  l u b r i c a n t s .  P a r t s  count has been reduc 
no 1 oss o f  performance. 

Q u i c k l y  made o 
reached t h e  ' produ 
i n  t h e  des ign evo l  
incrementa l  a c t u a t o r  i s  se 

The concept i s  d e t a i l e d  
a  l a r g e r  permanent magne 
d r i v e ,  and a  l a r g e r  r o t a  

The permanent 
mu1 t i -toothed s t r u  i c  s t r u c t u r e  
t h a t  i s  i n h e r e n t l y  
and t h e  use o f  sama 
d r i v i n g  considerab 
d r i v i n g  t h e  r a t h e r  
r educ t i on  stages a  

The dev ice  employs a  harmonic d r i v e  r a t h e r  than  a  
hermet ic  u n i t  o r  a  f l a t  "pancake' type. The e l l i p t i c a l  wave generator  i s  
d r i v e n  d i r e c t l y  by t h e  motor r o t o r ,  and t h e  f l e x s p l i n e  ou tpu t  member i s  
a t tached  t o  t h e  ou tpu t  f l ange  o f  t h e  ac tua to r .  The c i r c u l a r  s p l i n e  r e a c t i o n  
member i s  a t tached t o  t h e  frame o f  t h e  u n i t .  Th is  i s  t h e  most common speed 
reduc t i on  mode o f  harmonic d r i v e  -- a  l a r g e  reduc t i on  r a t i o  and reversed 
r o t a t i o n  i s  achieved. The motor r o t o r  i s  s i z e d  so t h a t  i t  envelops t h e  
c i r c u l a r  s p l i n e  a t  i t s  o u t e r  per iphery .  

The motor d r i v e s  t h e  harmonic d r i v e  wave genera to r  through a  f l e x i b l e  
coup l ing .  The coup l i ng  now i s  o f  t h e  Oldham type. It o f f e r s  adequate r a d i a l  
accommodation, w i t h  much h ighe r  t o r s i o n a l  s t i f f n e s s  than  a  be l lows o r  s i m i l a r  
t y p e  o f  coup l ing .  The coup l i ng  a l l ows  f o r  s l  i g h t  l a t e r a l  movements o f  t h e  
r o t o r  and wave generator ,  which a r e  due t o  t h e  s l i g h t  b u t  unavoidable 
e c c e n t r i c i t i e s  c rea ted  by t h e  wave generator.  Th i s  f e a t u r e  enables t h e  wave 
generator  t o  be s e l f - c e n t e r i n g  w i t h i n  t h e  f l e x s p l  i n e  and t h e  c i r c u l a r  s p l  ine .  
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The ou tpu t  member i s  l a rge ,  c o n s i s t e n t  w i t h  t h e  performance c a p a b i l i t y  o f  
t h e  device.  The l a rge ,  duplexed ou tpu t  bear ings  a l l o w  t h i s  p a r t  t o  be nested 
over  t h e  cup-type f l e x s p l i n e .  The duplex bea r i ng  p a i r  o f f e r s  good r i g i d i t y  as 
w e l l  as h i g h  l o a d  c a p a b i l i t y ;  so t h a t  l a r g e  c ross -ax i s  moments can be 
r e s i s t e d ,  A f u r t h e r  b e n e f i t  o f  t h i s  geometry i s  t h e  h i g h  degree o f  s t r u c t u r a l  
i n t e g r i t y  a f f o r d e d  t o  i n t e r n a l  members o f  t h e  dev ice.  

Key f ea tu res  o f fe red  by t h i s  arrangement can be c i t e d  as ( a )  a  ve ry  low 
p a r t s  count ,  ( b )  r e l a t i v e l y  open i n t e r n a l  s t r u c t u r e  hav ing  few t i g h t  
c learances,  and; ( c )  because o f  motor  design, a  dev i ce  hav ing  no h i gh  speed 
sha f t s .  A d d i t i o n a l l y ,  a  s h o r t  l o a d  pa th  t o  ground i s  a f f o r d e d  f o r  t h e  moments 
imposed on t h e  ou tpu t  member by overhung loads, and a  s i m i l a r l y  s h o r t  thermal  
pa th  t o  ground i s  p rov i ded  f o r  t h e  f l o w  o f  d i s s i p a t e d  heat  f rom t h e  motor  
s t a t o r .  

Al though aerospace qua1 i t y  harmonic d r i v e  component s e t s  a r e  used, t h e y  
a r e  s tandard s i zes .  F i g u r e  6 i l l u s t r a t e s ,  i n  r e l a t i v e  p ropo r t i on ,  t h e  s i z e  
progess ion o f  dev ices  f rom t h e  Type 1 which uses a  harmonic d r i v e  o f  2.5 cm ( 1  
i n . )  p i t c h  d iameter ,  t o  t h e  Type 7 which uses t h e  2M harmonic d r i v e  component 
se t .  

The a c t u a t o r  descr ibed  here  i s  t h e  most bas i c  form o f  t h e  dev ice.  A 
number o f  v a r i a t i o n s  have been produced t o  meet d i f f e r e n t  requirements.  One 
common d i f f e r e n c e  i s  i n  t h e  s i z e  o f  t h e  ou tpu t  bear ings.  F i g u r e  7 shows a  
b a s i c  Type 5 u n i t ,  and F i g u r e  8 shows t h e  same u n i t  adapted t o  w i t hs tand  very  
l a r g e  overhung loads. I n  t h i s  case, t h e  o u t s i d e  d iamete r  i s  inc reased  a t  t h e  
frame t o  accommodate a  l a r g e r  p a i r  o f  dup lex bear ings.  The ove rs i ze  bear ings  
and seal  a re  l o c a t e d  on t h e  ou tpu t  member where t h e  t o r q u e  l e v e l  i s  ve ry  
h igh .  I n  F i g u r e  9, a  Type 2 u n i t  w i t h  ou tpu t  bear ings  o f  reduced s i z e  i s  
shown, Because t h i s  u n i t  i s  designed f o r  a  pure  t o r q u e  ou tpu t ,  t h e  overhung 
l o a d  c a p a b i l i t y  o f  t h e  l a r g e  duplex bea r i ng  p a i r  i s  no t  needed. I n  t h i s  way, 
f o r  a  s l i g h t  i n c rease  i n  t h e  a x i a l  l e n g t h  o f  t h e  u n i t ,  cons ide rab le  we igh t  i s  
saved. 

F i gu re  10 shows ano ther  embodiment, t h i s  one hav ing  an e c c e n t r i c  b a l l  on 
t h e  ou tpu t  f l ange ,  y i e l d i n g  r e c t i l i n e a r  ou tpu t  mot ion.  I t  a l s o  has feedback 
dev ices  on t h e  motor  s h a f t  as w e l l  as t h e  ou tpu t  sha f t .  

A f e a t u r e  o f  t h e  arrangement, o f  p a r t i c u l a r  i n t e r e s t  because o f  i t s  impact 
on r e l i a b i l i t y ,  i s  t h e  i n c l u s i o n  o f  redundant elements. The des ign  i n  F i g u r e  
10 has redundant motor s t a t o r s ,  redundant po ten t iomete rs ,  and redundant s h a f t  
ang le  encoders. Other components o f  t h e  a c t u a t o r  assembly a r e  n o t  
dup l i ca ted .  They a r e  o f  e s s e n t i a l l y  t h e  same s i z e  and des ign  as i n  a  s i m i l a r  
bas i c  device.  Redundant des ign  has a  f a r  reach ing  impact on performance as 
w e l l  as r e l i a b i l i t y  o f  these  u n i t s ;  and because o f  t h i s ,  t h e  ph i losophy  o f  
redundancy i s  g iven  spec ia l  a t t e n t i o n .  
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Selec t ive  Redundancy 

Se lec t ive  Redundancy i s  a term a p t l y  app l ied  t o  t h e  concept o f  redundancy 
as used i n  t h e  design o f  t h i s  r o t a r y  incremental ac tua tor  fami ly .  Although 
the  term may be new, t h e  concept i s  not. One i l l u s t r a t i o n  can be seen i n  t h e  
frequent requirement f o r  'no system s i n g l e  p o i n t  f a i l u r e  modes.' But, t h e  
attempt t o  t o t a l l y  avoid such f a i l u r e  modes can e a s i l y  lead t h e  designer t o  an 
arrangement o f  p a r t s  which i n  t h e  end i s  d i s t i ngu i shed  more by i t s  complexity 
than by i t s  r e l i a b i l i t y .  I n  devices where t h e  design i s  aimed a t  f u l l  
redundancy, t h e r e  i s  almost always t h e  tendency toward an increased p a r t s  
count. 

There are  a t  l e a s t  two provocat ive quest ions t h a t  should be asked before  
t h e  concept o f  ' r e l i a b i l i t y  v i a  redundancy' i s  appl ied:  (1) a re  the  r e l a t i v e  
f a i l u r e  ra tes  and t h e  p o i n t  o f  load convergence such t h a t  a worthwhi le  
numerical r e l i a b i l i t y  gain i s  rea l i zed?  and (2)  does t h e  s a t i s f a c t i o n  o f  t h e  
'no s i n g l e  p o i n t  f a i l u r e  mode' requirement lead t o  t h e  c rea t i on  o f  a redundant 
load path t h a t ,  i n  i t s e l f ,  i s  more prone t o  f a i l ,  thus f u r t h e r  compounding t h e  
need f o r  a back-up path? 

A r e l i a b i l i t y  b lock diagram o f  t h e  bas ic  elements o f  t he  ac tua tor  i s  shown 
i n  F igure 11. P 1  represents t h e  r e l i a b i l i t y  o f  t he  motor s t a t o r ,  which i s  t h e  
on ly  e l e c t r i c a l  p a r t  present. P2  represents t h e  r e l i a b i l i t y  o f  t h e  motor 
r o t o r ,  P 3  t h e  r e l i a b i l i t y  o f  t h e  harmonic d r i ve ,  and P 4  t he  r e l i a b i l i t y  o f  t h e  
output  stage o f  t h e  device. P4  i s  t h e  output  element through which t h e  load 
i s  dr iven.  

I n  cont ras t ,  a  u n i t  designed t o  be complete ly  redundant i s  shown diagram- 
m a t i c a l l y  i n  F igure  12. This  device was designed by Schaeffer; several have 
been f lown. It uses independent large-angl e steppers w i t h  spur pregear i  ng 
and dual worm gear i n p u t  t o  a d i f f e r e n t i a l ,  w i t h  ou tpu t  taken from t h e  d i f -  
f e r e n t i a l  sp ider  gear c a r r i e r .  Ac tua l l y ,  t h i s  design has many more p a r t s  
than the  newer r o t a r y  actuator ;  b u t  f o r  purposes o f  comparison i t  w i l l  be 
assumed t h a t  i t s  p a r t s  count cou ld  be reduced. Here a l l  o f  the  elements PI 
through P 4  a re  dup l i ca ted  i n  two p a r a l l e l  paths. P 5  represents the  r e l i -  
a b i l i t y  o f  t he  p a r t s  requ i red  t o  achieve t h e  swi tch ing  o f  mechanical power 
when a change from one p a r a l l e l  path t o  the  o the r  occurs ( t h e  d i f f e r e n t i a l  
sp ider  gears). This  branching element i s  n o t  dupl icated,  because i t  appears 
i n  t he  ou tput  load path. 

Actuators represented by both o f  these r e l i a b i l i t y  diagrams have been 
success fu l l y  used i n  o r b i t ,  and n e i t h e r  has su f fe red  f a i l u r e .  A f u r t h e r  
comparison on t h e  bas is  o f  performance i s  as fo l l ows :  
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Rotary  
Redundant Incremental  

Device Ac tua to r  

o  Output Torque 5.1 nt.m (45 1  b - i n )  84.8 nt.m (50 1  b - i n )  
o  Weight 5 k g .  ( 11  Ib . )  1.8 Kg. ( 4  Ib . )  
o  Output Step .025 deg. .0075 deg . 
o  Assembly Man Hours T  T/ 3  
o  Backlash 30 a r c  min. N i  1  

What t h i s  comparison appears t o  show i s  t h a t  redundant design can have a  
s i g n i f i c a n t  p r i c e .  I t s  e f f e c t  on p r e d i c t e d  numerical  r e l i a b i l i t y  i s  power fu l ,  
however; and i t  would be d e s i r a b l e  t o  reap t h e  b e n e f i t s  o f  redundancy w i t h o u t  
compromising t h e  i nhe ren t  s i m p l i c i t y  o f  a  dev ice  l i k e  t h e  r o t a r y  incrementa l  
ac tua to r .  

The r e l i a b i l i t y  diagram o f  F i gu re  13 i l l u s t r a t e s  schemat ica l l y  how t h i s  
has been done. Major  components o f  t h e  dev ice  have about t h e  same f a i l u r e  
ra te .  However, ex te rna l  d r i v e  c i r c u i t r y  i s  assoc ia ted  w i t h  t h e  s t a t o r ,  and 
s i nce  e l e c t r o n i c  components i n  general have h i g h e r  f a i l u r e  r a t e s  than  
mechanical components, t h e r e  i s  good reason t o  want redundant motors 
(redundant motors a1 1  ow redundant d r i v e r s ) .  Al though d r i v e r  e l e c t r o n i c s  a r e  
ex te rna l  t o  t h e  ac tua to r ,  r e l i a b i l i t y  i s  u l t i m a t e l y  a  system concern; and 
system cons ide ra t i ons  make two independent e l e c t r i c a l  systems h i g h l y  
des i  r a b l  e. Therefore,  p r o v i s i o n  o f  s t a t o r  redundancy s i g n i f i c a n t l y  inc reases  
system re1  i a b i l  i t y ,  s i nce  a d d i t i o n a l  mechanical elements a r e  no t  requ i  r ed  t o  
e f f e c t  t h e  t r a n s f e r  o f  power f rom one pa th  t o  t h e  o ther .  F igure  13 shows t h i s  
concept a p p l i e d  t o  t h e  ac tua to r .  Here o n l y  t h e  motor s t a t o r  i s  reproduced i n  
a  p a r a l l e l  path. 

For purposes o f  i l l u s t r a t i o n ,  i t  i s  assumed t h a t  f a i l u r e  r a t e s  f o r  
components 1, 2, 3  and 4  a r e  i d e n t i c a l  w h i l e  t h e  f a i l u r e  r a t e  o f  component 5  
(mechanical sw i t ch ing  means) i s  two t imes  t h a t  f a i l u r e  ra te .  ( I f  component 5  
were an a c t i v e  e lect romechanica l  dev ice  such as a  c l u t c h ,  i t s  f a i l u r e  r a t e  
m igh t  be h i g h e r  than  t h a t  o f  o t h e r  components by as much as 7 X ) .  When system 
r e l i a b i l i t i e s  a r e  computed ( a l l  f o r  t h e  same miss ion  t i m e )  t h e  t h r e e  
approaches i l l u s t r a t e d  above can be compared. F i gu re  14 shows c a l c u l a t e d  
r e l i a b i l  i t i e s  based on t h e  re1 i a b i l  i t y  models (1) .  Here i t  can be seen t h a t  
t h e  f u l l y  redundant approach produces an inc rease  i n  system r e l i a b i l i t y  over  
t h a t  o f  t h e  bas i c  u n i t .  But, S e l e c t i v e  Redundancy i s  seen t o  produce a  r e s u l t  
n e a r l y  as good. Th i s  i s  l a r g e l y  an e f f e c t  o f  t h e  s i m p l i c i t y  o f  t h e  system. 
The hazard posed by t h e  a d d i t i o n a l  element P5 i s  l a r g e  compared t o  t h e  ga ins  
t h a t  can be made by p a r a l l e l i n g  elements, because t h e r e  a r e  r e l a t i v e l y  few 
elements t o  beg in  w i th .  



A = 20 x f p e r  h r .  ( t y p i c a l )  

t = 156 h r .  oper. t i m e  ( t y p i c a l )  

Then A t  = 3.12 X 1 0 ' ~  I 
1. Basic System: 

p (s )  = e - A t .  e - A t e  e - At,, - At  

= e -4 A t  

= .9999875 

2. F u l l  Redundancy: 

P (S )  = ( e  - 4 A t  + 4 ~ t  e -4 ~ t )  -2 ~t I 

3. S e l e c t i v e  Redundancy 

P(s) = ( e  - A t  + ~t e - A t )  -3 A t  

= (1 + A t )  e -4 A t  

= .9999906 

CALCULATED NUMERICAL RELIABILITIES . 1 
FIG. 14 



It should a lso  be noted t h a t  those design compromises requ i red  t o  package 
redundant mechanical components w i t h i n  a  given space and weight 1  i m i  t w i  11 i n  
many cases r e s u l t  i n  t h e  degradat ion o f  i n d i v i d u a l  p a r t  r e l i a b i l i t i e s  (P2, P3, 
P4). L i k e  t h e  a d d i t i o n  o f  new f a i l u r e  modes, t h i s  i s  no t  demonstrably 
s i g n i f i c a n t  i n  terms of numerical p red i c t i on .  The t rend  i s  i n  t h e  wrong 
d i r e c t i o n ,  however, and i s  a  f u r t h e r  argument i n  support o f  Se lec t i ve  
Redundancy. 

This  ana lys is  i s  intended t o  show numer ica l l y  t h a t  t h e  concept o f  
Se lec t i ve  Redundancy i s  an e f f e c t i v e  way t o  achieve system r e l i a b i l i t y  when 
app l ied  t o  devices o f  t h e  s i z e  and scope o f  these r o t a r y  incremental 
actuators.  Se lec t ive  Redundancy does not  e n t a i l  poor ly  def ined r i s k s  and 
combinator ia l  f a i l u r e  modes, and i s  an e s p e c i a l l y  e f f e c t i v e  approach when 
o ther  requirements are  considered together  w i t h  r e l i a b i l i t y .  

Performance and Test ing 

App l ica t ions  o f  t he  Rotary Incremental Actuator  f a l l  i n t o  two broad 
categor ies:  p o s i t i o n i n g  and d r i v i n g .  Construct ion o f  t h e  u n i t s  and t h e  
p r o v i s i o n  o f  accessories and o the r  design d e t a i l s  var ies  accordingly .  

Performance o f  a  Type 5  u n i t  i n  a  d r i v i n g  a p p l i c a t i o n  i s  shown i n  F igure 
15. The torque-speed c h a r a c t e r i s t i c  curve shown here i s  o f  t y p i c a l  shape. 
Since t h e  devices have a  c h a r a c t e r i s t i c a l l y  small s tep angle a t  t h e  motor 
r o t o r  and a  moderately h igh  speed reduct ion  r a t i o  (100 t o  200 t o  1) t h e  speeds 
achieved are  not  extremely high. Torque output i s  high, however. The curve 
shows torque ava i l ab le  f o r  s t a r t - s t o p  operat ion.  Higher angular ra tes  can be 
achieved i n  slew mode operat ion i n  which t h e  pu lse  r a t e  i s  s t a r t e d  low and 
ramped up t o  the  operat ing ra te .  Not shown by t h e  curve i s  t h e  unpowered o r  
passive detent  torque o f  t h e  u n i t  which a l l  such permanent magnet devices 
have. Unpowered and powered d r i v i n g  torque can be t raded o f f  t o  opt imize t h e  
u n i t  f o r  s p e c i f i c  app l ica t ions ,  depending on t h e  r e l a t i v e  importance o f  
ho ld ing  torque. 

Performance o f  a  Type 5  u n i t  i n  a  p o s i t i o n i n g  a p p l i c a t i o n  i s  shown i n  
F igure  16. I n  t h i s  t e s t ,  groups o f  400 steps were app l ied  t o  a  u n i t  having an 
output  s tep angle o f  .00013 rad (.0075 degrees), t o  produce .0524 rad, ( 3  
degree) nominal d i  sp l  acements. Actual measured output pos i t i ons  o f  t h e  u n i t  
a re  shown t gether w i t h  ca l cu la ted  er rors .  The t y p i c a l  e r r o r  i s  on t h e  order  
o f  73 x l o m 9  rad (15 arc  seconds). E r ro rs  shown p r i m a r i l y  r e f l e c t  harmonic 
d r i v e  p o s i t i o n i n g  accuracy, s ince motor p o s i t i o n i n g  accuracy i s  g r e a t l y  
demagni f i e d  and t h e  harmonic d r i v e  i s  essent i  a1 l y  f r e e  o f  back1 ash. 

Stepper motors as a  c lass  a re  s e n s i t i v e  t o  the  i n e r t i a  o f  t he  d r i v e n  
load. The permanent magnet stepper used i n  t h e  Type 5  ac tua tor ,  however, i s  
somewhat l e s s  i n e r t i a - s e n s i t i v e ,  due p r i m a r i l y  t o  t he  l a r g e  a i r  gap rad ius  and 
small s tep  increment. Torque- to - iner t ia  r a t i o  a t  the  motor r o t o r  i s  g rea ter  
than w i t h  a  convent ional l a r g e  angle stepper, and peak k i n e t i c  energy of t he  
r o t o r  du r ing  stepping i s  less.  F igure 17 shows a  l a r g e  i n e r t i a  thermal vacuum 
load t e s t  f a c i l i t y .  The s h a f t  extending v e r t i c a l l y  from the  vacuum chamber 
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can be f i t t e d  w i t h  a  number o f  i n e r t i  1  masses on t h  r a d i a l  arms, t o  ach ieve 5 i n e r t i a s  w e l l  i n  excess o f  13 6 kg.m.' (1009 s l u g  f t  ). The i l l u s t r a t i o n  
shows an i n e r t i a  o f  474 kg.m.' (350 s l u g  f t  ) be ing  d r i v e n  by a  Type 5  
a c t u a t o r  under t e s t  mounted i n s i d e  t h e  chamber. The u n i t  w i l l  r ep roduc ib l y  
s t a r t  and s top  t h e  i n e r t i a ,  a t  0.039 rad  p e r  sec. (300 pu lses p e r  sec.), and 
w i t h  a  ramped pu l se  r a t e  can d r i v e  t h e  i n e r t i a  a t  angu la r  r a t e s  up t o  0.17 r a d  
p e r  sec (1300 pulses p e r  second). 

APPLICATIONS OF THE ROTARY INCREMENTAL ACTUATOR 

The ac tua to r s  a r e  used i n  a  broad range o f  app l i ca t i ons .  Types 1, 2, and 5  
have been b u i l t  and d e l i v e r e d  i n  numerous forms, and Types 3  and 6 have been 
proposed o r  a r e  i n  development. 

The low end o f  t h e  s i z e  spectrum i s  represented by t h e  Type 1 a c t u a t o r  
shown i n  F igu re  18. Th i s  u n i t  i s  used f o r  p o s i t i o n i n g  a  scan m i r r o r  on 
Dynamics Exp lo re r .  It weighs j u s t  over  0.45 kg. (1 Ib. ) ,  i n c l u d i n g  an 
i n t e g r a l  po ten t iometer  and p o s i t i  on-sensi ng sw i t ch  assembly. Step angle i s  
0.0022 rad. ( . I25 degrees),  w i t h  worst-case p o s i t i o n i n g  accuracy o f  about 
3  x l o m 4  rad, ( 1  minute o f  a r c ) .  I t s  unpowered de ten t  t o rque  i s  used t o  h o l d  
t h e  ou tpu t  s t a b l e  d u r i n g  power-of f  per iods.  Th i s  i s  a  good example o f  
S e l e c t i v e  Redundancy. A  s i n g l e  motor i s  incorpora ted ,  and a  s i n g l e  
po ten t iometer  element i s  used. P o s i t i o n  sensing switches, however, a r e  deemed 
t o  have s i g n i f i c a n t l y  h i g h e r  f a i l u r e  p o t e n t i a l ,  and a r e  t h e r e f o r e  dup l i ca ted .  

A l a r g e r  u n i t ,  used f o r  bo th  p o s i t i o n i n g  and d r i v i n g ,  i s  represented by t h e  
TDRSS Gimbal D r i v e  Assembly. F i gu re  19 shows a  view o f  t h e  TDRSS spacecraf t .  
These 1.8 kg. ( 4  Ib . )  Type 5  u n i t s  a r e  used i n  two-ax is  a r rays  t o  p o s i t i o n  t h e  
l a r g e  umbrella-shaped h i g h  ga in  antennas and t h e  ground l i n k  antenna. This 
a p p l i c a  i o n  requ i res  t h e  ac tua to r s  t o  d r i v e  an i n e r t i a  l oad  o f  57 kg.m. (42 E s l u g  f t  ) a t  a  speed of 0.005 r d. p e r  sec. (35 pu lses per  sec).  Required 
p o s i t i o n i n g  accuracy i s  7  x  1 0 - I  rad  (2  mi n  24 sec .) . The unpowered h o l d i n g  
t o rque  o f  11.3 nt.m. (100 i n c h - l b s )  minimum i s  r e l i e d  upon t o  ma in ta i n  
p o i n t i n g  o f  t h e  antennas d u r i n g  a c t u a t o r  unpowered per iods.  These u n i t s  a r e  
e l e c t r i c a l l y  redundant, and performance f i g u r e s  a r e  based on ope ra t i on  o f  one 
motor. P o s i t i o n  feedback i s  p rov ided  by i n t e g r a l  redundant potent iometers .  

A  v a r i a t i o n  o f  t h e  Type 5  a c t u a t o r  w i t h  overs ized  ou tpu t  bear ings was 
dep i c ted  e a r l i e r  (F i gu re  8). The a p p l i c a t i o n  o f  t h i s  u n i t  i s  on t h e  ERBE 
program (TRW, under NASA c o n t r a c t  NAS 1-15900). The e n t i  r e  ERBE ins t rument  on 
t h e  spacecra f t  i s  b o t h  supported and po in ted  i n  azimuth by t h e  ou tpu t  member 
o f  t h i s  4 kg. ( 9  lb . )  Bc tua to r .  Th d r i v e n  i n e r t i a  represented by t h e  5 i ns t rument  i s  27 kg.m. (20 s l u g  f t  ) and t h e  mass o f  t h e  ins t rument  package 
i s  11.3 kg. (25 1  bs). No un load ing  l a t c h e s  a r e  used a t  launch, so t h a t  t h e  
a c t u a t o r  ou tpu t  stage c a r r i e s  a1 1  i n e r t i a l  loads. 

These ac tua to r s  a r e  used e x t e n s i v e l y  on t h e  Space Telescope mainframe f o r  
h i gh  g a i n  antenna deployment, f o r  ope ra t i on  o f  t h e  main ape r tu re  door, and f o r  
l a t c h i n g  o f  t h e  h i g h  ga in  antennas, t h e  main ape r tu re  door, and t h e  s o l a r  
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a r ray  panels. The h inge  and l a t c h  assembl ies used f o r  these t asks  were 
developed by Lockheed M i s s i l e s  and Space Company under NASA Cont rac t  NAS 
8-32697 (2 ) .  Type 5  ac tua to r s  t o  power these  u n i t s  a r e  supp l i ed  t o  a  common 
s p e c i f i c a t i o n  which i s  w r i t t e n  t o  cover  t h e  worst  case o f  t h i s  s e t  o f  u t i l i t y  
app l i ca t i ons .  Motors a r e  redundant, and t h e  dev ices a r e  requ i red ,  w i t h  t h e  
ope ra t i on  o f  one motor on ly ,  t o  meet t h e  f o l l o w i n g  s p e c i f i c a t i o n s :  t o rque  
56.5 nt.m. (500 i n - l b s )  minimum, ope ra t i ng  speed 0.03 rad. pe r  sec (300 8 2 pu lses  pe r  second) maximum, d r i v e n  i n e r t i a  474.5 kg.m (350 s l u g  f t ), 
unpowered de ten t  t o rque  11.3 nt.m. (100 i n - l bs . )  minimum/62.2 nt.m. (550 i n -  
1  bs ,) maximum. (Maximum backd r i  ve t o rque  i s  1  i m i  t e d  i n  o rde r  t o  i n s u r e  EVA 
manual re-stow c a p a b i l i t y ) .  F i gu re  20 shows t h e  a c t u a t o r  assembled i n  a  
t y p i c a l  h inge  d r i v e  assembly, and F igu re  2 1  shows a  l a t c h  assembly. 

Another Type 5  a p p l i c a t i o n  on Space Telescope i s  found i n  t h e  O p t i c a l  
Telescope Assembly (OTA), where an a r r a y  o f  s i x  Type 5  ac tua to r s  a r e  used t o  
suppor t  and t o  p o s i t i o n  t h e  secondary m i r r o r .  These u n i t s ,  r e f e r r e d  t o  
e a r l i e r ,  have an e c c e n t r i c  b a l l  on t h e  ou tpu t  f l ange  i n  o rde r  t o  conver t  t h e  
ou tpu t  r o t a r y  mot ion i n t o  l i n e a r  mot ion. Because o f  t h e  very smal l  angu la r  
ou tpu t  increment o f  t h e  dev ice  and t h e  smal l  e c c e n t r i c i t y  o f  t h e  b a l l  r e l a t i v e  
t o  t h e  cen te r  o f  r o t a t i o n ,  gn ext remely  f i n e  r e c t i l i n e a r  ou tpu t  s t ep  i s  
achieved -- about 0.5 x  10' m (19 mic ro inches)  pe r  step. Motors i n  t h i s  
dev ice  a r e  redundant, and t h e  accessory dev ices ( b o t h  potent iometers  and 
o p t i c a l  p o s i t i o n  encoders) a r e  a l s o  redundant. Potent iometers a r e  spec ia l  
u n i t s  l oca ted  i n  t h e  r e a r  cover and a r e  d r i v e n  by a  q u i l l  s h a f t  which extends 
a x i a l l y  through t h e  dev ice.  Op t i ca l  encoders p rov ide  feedback o f  motor r o t o r  
p o s i t i o n .  Al though t h e  system c o n t r o l  l oop  i s  c losed  through ex te rna l  
devices, t h e  combinat ion o f  o p t i c a l  encoders and potent iometers  p rov ides  
unique p o s i t i o n  i n f o r m a t  each o f  t h  ' ondary m i  r r o r  d r i v e s .  

I n c l u d i n g  some o t h e r  dev ices o f  a  d i f f e r e n t  gener ic  type, t h e  t o t a l  count  
o f  Schaef fer  Magnetics ac tua to r s  on board Space Telescope reaches 58. 

It appears t h a t  f u t u r e  a p p l i c a t i o n s  o f  r o t a r y  incrementa l  ac tua to r s  w i l l  
cover  much t h e  same spectrum as those o f  t h e  recen t  past,  w i t h  spec ia l  
i n t e r e s t  i n  d r i v i n g  l a r g e r  i n e r t i a s  and p o s i t i o n i n g  loads i n  f i n e r  
increments. Harmonic d r i v e s  a r e  a v a i l a b l e  i n  s i zes  l a r g e r  than  t h e  2M s i ze ,  
and t h e r e  i s  no i n h e r e n t  upper 1  i m i t  on t h e  s i z e  i n  which t h e  smal l  -angle 
s tepper  motor can be b u i l t .  F ine  incrementa l  p o s i t i o n i n g  c a p a b i l i t y  i s  
i m p l i c i t  i n  t h e  design, w i t hou t  p re -gear ing  o r  o t h e r  a u x i l i a r y  mechanisms, and 
w i t hou t  t h e  need f o r  added e l e c t r o n i c  compl e x i  t i e s  t o  e f f e c t  m ic ro -s tepp i  ng. 
It i s  be l i eved  t h a t  these  c h a r a c t e r i s t i c s  make t h i s  r o t a r y  ac tua to r  t y p e  as 
a t t r a c t i v e  a  cand ida te  f o r  t h e  i n c r e a s i n g l y  demanding s p a c e f l i g h t  requi rements 
o f  tomorrow as i t  i s  f o r  t h e  a p p l i c a t i o n s  o f  today. 
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THE LINEAR BOOM ACTUATOR DESIGNED FOR TKE GALILEO SPACECRAFT 

Edgar  F. Koch* 

SUMMARY 

The G a l i l e o  s p a c e c r a f t  (S /C)  is  d e s i g n e d  t o  b e  a  J u p i t e r  
o r b i t e r  l a u n c h e d  b y  t h e  S h u t t l e / C e n t a u r  s y s t e m  i n  1986. T h e  
s p a c e c r a f t  d i f f e r s  f r o m  p a s t  JPL s p a c e c r a f t  i n  t h a t  i t  i s  n o t  
t h r e e - a x i s  s t a b i l i z e d  b u t  is  a d u a l - s p i n  des ign .  A despun s e c -  
t i o n  c o n t a i n s  some o f  t h e  s c i e n c e  i n s t r u m e n t s  and camera  s y s t e m ,  
w h i l e  t h e  s p u n  s e c t i o n  c o n t a i n s  a n t e n n a ,  p r o p u l s i o n ,  a n d  p o w e r  
g e n e r a t i o n  sys t ems .  Power is s u p p l i e d  by t w o  R a d i o a c t i v e  Thermo- 
e l e c t r i c  G e n e r a t o r s  (RTG's), e a c h  o f  which  is mounted a t  t h e  end 
o f  a l o n g  boom. A t h i r d  boom mounts  a magnetometer .  (See  F i g u r e  
1.) N u t a t i o n  o f  t h e  s p i n n i n g  s p a c e c r a f t  i s  c o n t r o l l e d  by  a n  
a r t i c u l a t e d  a t t a c h m e n t  of t h e  m a g n e t o m e t e r  boom t o  t h e  s p a c e -  
c r a f t .  Booms t h a t  m o u n t  t h e  RTG's a r e  h i n g e d  a t  t h e  s p a c e c r a f t  
and r e s t r a i n e d  f rom r o t a t i n g  t o  a go0 p o s i t i o n  w i t h  t h e  s p i n  a x i s  
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(Z) by a  s u p p o r t  s t r u t .  The s u p p o r t  s t r u t  i s  made  up  o f  a 
f o l d i n g  s e c t i o n  ( f o r  l aunch  c o n f i g u r a t i o n  r e a s o n s ) ,  some s t r a i g h t  
s e c t i o n s ,  and  t h e  L i n e a r  Boom A c t u a t o r  (LBA). ( S e e  F i g u r e  2.) 
V a r y i n g  t h e  l e n g t h  o f  t h e  LBA v a r i e s  t h e  l e n g t h  o f  t h e  s u p p o r t  
s t r u t ,  t h e r e b y  c o n t r o l l i n g  t h e  d i s t a n c e  o f  t h e  RTG mass from t h e  
s p i n  ax i s .  Changing t h e  p o s i t i o n  of a n  RTG mass r e l a t i v e  t o  t h e  
s p i n  a x i s  c o n t r o l s  t h e  wobble o f  t h e  s p a c e c r a f t .  One LBA i s  used 
on each RTG boom s u p p o r t  s t r u t  t o  p rov ide  both  r e q u i r e d  d e g r e e s  
o f  freedom needed f o r  wobble c o n t r o l .  

CONFIGURATION 

F i g u r e  2. Suppor t  S t r u t  Deployment V i e w  

LBA REQUIREMENTS 

Because t h i s  a c t u a t o r  is t o  be used on a f l i g h t  s p a c e c r a f t ,  
as opposed t o  a ground-based a p p l i c a t i o n ,  t h e r e  is a comprehen- 
s i v e  set of requ i rements .  F i r s t ,  o f  course ,  t h e  a c t u a t o r  must  be  
c a p a b l e  of p o s i t i o n i n g  and h o l d i n g  t h e  load.  I n i t i a l l y  t h e  l o a d  
was p r e d i c t e d  t o  be 4448 N (1000 l b )  bu t  w i t h  subsequen t  space-  
c r a f t  c o n f i g u r a t i o n  changes t h e  l o a d  h a s  been g r e a t l y  reduced t o  
a c o n s t a n t  t e n s i l e  p u l l  o f  1477 N ( 3 3 2  l b )  d u e  t o  c e n t r i f u g a l  
f o r c e .  L e s s e r  c o m p r e s s i v e  l o a d s  o f  1317 N (296 c e n t r i f u g a l  l b )  
may be exper ienced  d u r i n g  l a u n c h  and deployment. 



Exper ience on t h e  Voyager s p a c e c r a f t  emphasized t h e  need f o r  
r e d u n d a n c y .  A c c o r d i n g l y ,  t h i s  a c t u a t o r  m u s t  h a v e  t h e  maximum 
redundancy p o s s i b l e .  

L i f e  r e q u i r e m e n t s  were d e f i n e d  by t h e  10.16 t o  15.24 cm ( 4  
t o  6 i n . )  t o t a l  l i n e a r  t r a v e l  e x p e c t e d  d u r i n g  t h e  f i v e - y e a r  
f l i g h t  d u r a t i o n .  

L i n e a r  r a n g e  r e q u i r e d  o f  t h e  a c t u a t o r  w a s  se t  a t  p l u s  a n d  
m i n u s  5.08 cm ( e . 0  i n . )  t o  a c c o m o d a t e  c o n f i g u r a t i o n  c h a n g e s ,  
a l t h o u g h  t h i s  l i n e a r  range i s  n o t  expec ted  t o  be used i n  f l i g h t .  
S i n c e  t h e  a c t u a t o r  w i l l  be used i n  a d i g i t a l  sys tem,  and because 
f i n e  p o s i t i o n  c o n t r o l  was needed, s t e p p e r  m o t o r s  similar t o  t h o s e  
u s e d  on  a  Voyager  a c t u a t o r  w e r e  i n d i c a t e d .  Maximum a l l o w a b l e  
power was set a t  5 watts a t  30  VDC. O v e r a l l  l e n g t h ,  we igh t ,  and 
b a c k l a s h  w e r e  t o  be  h e l d  t o  a minimum w i t h  no s p e c i f i c a t i o n s  
app l ied .  O v e r a l l  l e n g t h  was i m p o r t a n t  due t o  t h e  mounting con- 
f i g u r a t i o n  i n  c o n c e r t  w i t h  t h e  f o l d i n g  s t r u t s  f o r  e a c h  boom. 
I n t e r c h a n g e a b i l i t y  between a c t u a t o r s  was r e q u i r e d ;  however, in -  
t e r c h a n g e a b i l i t y  was c a r r i e d  f u r t h e r  i n  t h a t  a l l  p a r t s  a n d / o r  
matched s u b a s s e m b l i e s  are in te rchangeab le .  

Redundan t  r e a d o u t  o f  boom a n g l e s  t o  0.1 d e g r e e s  was a l s o  
r e q u i r e d .  

S y s t e m s  e n g i n e e r s  i n d i c a t e d  t h a t  a g e a r  t r a i n  r a t i o  o f  
a p p r o x i m a t e l y  5000 t o  1  i n  combinat ion w i t h  a screw lead of 0.318 
cm (0.125 i n . )  would  b e  c o m p a t i b l e  w i t h  a minimum s t e p  s i z e  
r e q u i r e d  o f  0.10 pm ( s t e p  s i z e  1.537 x 10-7 in . ) .  

M a g n e t i c  f i e l d s  a b o u t  t h e  a c t u a t o r  w e r e  t o  be h e l d  t o  5  nT 
a t  a 1.0 m d i s t a n c e ,  because  o f  t h e  magnetometer on board. 

B e c a u s e  a n y  p a r t s  t h a t  m i g h t  come l o o s e  d u r i n g  l a u n c h  
v i b r a t i o n  c o u l d  become l o d g e d  i n  t h e  s h u t t l e  b a y  d o o r  h i n g e s ,  
s h u t t l e  s a f e t y  r e q u i r e d  t h a t  a l l  a c t u a t o r  p a r t s  h a v e  r e d u n d a n t  
a t t a c h m e n t s  and t h a t  t h e  m a t e r i a l s  be ana lyzed  f o r  launch s t r e s s  
and c r a c k  s e n s i t i v i t y .  S t r u c t u r a l  s a f e t y  f a c t o r  of t h e  a c t u a t o r  
w a s  t o  b e  s e t  a t  f o u r .  

The G a l i l e o  s p a c e c r a f t ,  assuming i t  makes f i v e  o r b i t s  i n  t h e  
v i c i n i t y  o f  J u p i t e r ,  w i l l  r e c e i v e  a n  e s t i m a t e d  lo6  r a d s  o f  
r a d i a t i o n  from h igh  energy p r o t o n s  and e l e c t r o n s .  A l l  p a r t s  and 
l u b r i c a t i o n  must be e i t h e r  capab le  o f  w i t h s t a n d i n g  t h i s  r a d i a t i o n  
d i r e c t l y  o r  s h i e l d e d  t o  r e d u c e  t h e  r a d i a t i o n  l e v e l  t o  a l e v e l  
w i t h i n  its c a p a b i l i t y .  E l e c t r o n i c  components change t h e i r  e l e c -  
t r i c a l  c h a r a c t e r i s t i c s  under r a d i a t i o n ,  w h i l e  l u b r i c a n t s  harden. 



The q u a l i f i c a t i o n  and  f l i g h t  t e m p e r a t u r e  r a n g e s  were 
e s t a b l i s h e d  e a r l y  i n  t h e  development as: 

-40 t o  +75OC f o r  q u a l i f i c a t i o n ,  and 

-20 t o  + 5 5 O ~  f o r  f l i g h t .  

V i b r a t i o n  l e v e l s  were l i k e w i s e  e s t a b l i s h e d  e a r l y  i n  t h e  
d e v e l o p m e n t  p e r i o d  a s  8 G f s  r m s  q u a l i f i c a t i o n  l e v e l  and  5.8 G I s  
rms f l i g h t .  

The a b o v e  l i s t  o f  r e q u i r e m e n t s  i s  a b r i e f  summary o f  t h e  
m a j o r  r e q u i r e m e n t s  and  h a s  o m i t t e d  much o f  t h e  d e t a i l .  W i t h  
t h e s e  major r e q u i r e m e n t s  i n  mind, t h e  f o l l o w i n g  d e s i g n  concep t  
was fol lowed t o  a s u c c e s s f u l  conc lus ion .  

DESIGN CONCEPT 

A f t e r  s e v e r a l  p r e l i m i n a r y  starts t h e  d e s i g n  approach shown 
on F i g u r e  3 was developed. The low to rque  redundant  g e a r  t r a i n  
d e s i g n  is  s i m i l a r  t o  t h e  Scan P l a t f o r m  Actua to r  f o r  t h e  Voyager 
s p a c e c r a f t  i n  t h a t  t h e  motors  are s i m i l a r ,  s t e e l  s p u r  g e a r s  are 
used,  and porous s l e e v e  b e a r i n g s  impregnated w i t h  l u b r i c a n t  are 
used w i t h  a few excep t ions .  B a l l  b e a r i n g s  a r e  used i n  t h e  m o t o r s  
and po ten t iomete rs .  Output from one g e a r  t r a i n  d r i v e s  t h e  r i n g  
g e a r  of a p l a n e t a r y  s t a g e  w h i l e  ou tpu t  from t h e  o t h e r  g e a r  t r a i n  
d r i v e s  t h e  sun gear.  An i m p o r t a n t  f e a t u r e  o f  t h i s  d e s i g n  must  be 
p o i n t e d  o u t  h e r e :  t h e  m a g n e t i c  d e t e n t  o f  t h e  m o t o r s  when d e -  
e n e r g i z e d  i n  c o n c e r t  w i t h  t h e  g e a r  t r a i n  a d v a n t a g e  h o l d s  t h e  
a s s o c i a t e d  g e a r  t r a i n  from c o a s t i n g  o r  be ing  back-driven. T h i s  
f e a t u r e  e l i m i n a t e s  t h e  need f o r  e i t h e r  a brake o r  a c l u t c h .  Also 
w i t h  t h e  ba l l  sc rew locked up, one g e a r  t r a i n  cannot  back-dr ive  
t h e  o ther .  Other  s t r o n g  p o i n t s  f o r  t h i s  a c t u a t o r  d e s i g n  are t h e  
many ways i n  which i t  can be opera ted :  

1. Each motor can be o p e r a t e d  s i n g l e -  o r  two-phase. 

2. M o t o r s  c a n  be  u s e d  s i n g l y  o r  i n  p a i r s .  C a r e  m u s t  b e  
o b s e r v e d  t o  o p e r a t e  m o t o r s  i n  o p p o s i t e  d i r e c t i o n s  i f  
u s e d  i n  p a i r s ;  o t h e r w i s e ,  t h e r e  w i l l  be  no o u t p u t  
movement. 

The G a l i l e o  s p a c e c r a f t  is  des igned  t o  o p e r a t e  t h e  a c t u a t o r  
s i n g l e - p h a s e ,  one m o t o r / a c t u a t o r  a t  a time. 

Some a c t u a t o r  d e s i g n  c o n s t a n t s  f o l l o w :  

B a l l  screw T = PL/2~re 



TOTAL GEAR RATIO: 5164.7895 

DUAL POWER TRAIN: 

COMMON PLANETARY REDUCTION: 

44 88 --jy( 1 +z) = 6.9473 SUN DRIVEN 

88 44 m( 1 1-88) = 6.9473 RING DRIVEN 

POTENTIOMETER GEAR TRAIN: 

32 360 = 344.42 POT 
33*4479 ROTATION 

PINTLE EXTENDS WHEN: 
1. MOTOR B1 ROTATES CCW 

AND 52 DE-ENERGIZED 
2. MOTOR B2 ROTATES CW 

AND B1 DE-ENERGIZED 

Figure  3. Mechanical Schematic 

where 

T = torque t o  d r i v e  

P = l oad  

e = e f f i c i e n c y  (approximately 0.9) 

L = pitch/3600 = 0.3175 cm (0.125 i n . )  

Motor max torque  a t  100 PPS = 0.00127 Nm (0.18 i n .  ounce) 

Motor min d e t e n t  torque = 0.00113 Nm (0.16 i n .  ounce) 

Gear t r a i n  e f f i c i e n c y  approx 0.8 



The 3  p l a n e t  g e a r s  d r i v e  t h e  b a l l  s c r e w .  R e a r i n g s  f o r  t h e  
p l a n e t a r y  s t a g e  a r e  a l l  j o u r n a l  t y p e  b e a r i n g s .  

The b a l l  s c r e w  c o n v e r t s  t h e  r o t a r y  movement t o  l i n e a r  move- 
m e n t  a t  t h e  r a t e  o f  0.318 cm (0 .125 i n . )  p e r  o n e  r o t a t i o n .  T h e  
b a l l  s c r e w  h a s  a t o t a l  c a p a b i l i t y  o f  10.16 cm ( 4  i n . )  o r  3 2  
t u r n s .  

Feedback p o t e n t i o m e t e r s  a r e  d r i v e n  f rom a n  e x t e n s i o n  o f  t h e  
b a l l  s c r e w  s h a f t  t h r o u g h  a 33 .45/1  a n t i - b a c k l a s h  g e a r e d  g e a r  
t r a i n .  T o t a l  r o t a t i o n  o f  t h e  p o t e n t i o m e t e r  i s  344.h0 f o r  t h e  32 
t u r n s  o f  t h e  b a l l  s c r e w .  A v a i l a b l e  e l e c t r i c a l  r o t a t i o n  o f  t h e  
p o t e n t i o m e t e r  i s  347O. 

A s  c an  be  s e e n  f rom t h e  above  d i s c u s s i o n  and t h e  s c h e m a t i c ,  
t h e  c e n t r a l  key  e l e m e n t  o f  t h e  a c t u a t o r  is t h e  complex,  one -p iece  
b a l l  s c r e w  a s s e m b l y ,  which  i n c l u d e s  t h e  p l a n e t a r y . s p i d e r  and t h e  
p o t e n t i o m e t e r  d r i v e .  (See  F i g u r e  4.) 

F i g u r e  4.  B a l l  Screw Assembly 

The  m e t h o d  o f  d r i v i n g  t h e  r i n g  a n d  s u n  g e a r s  o f  t h e  
p l a n e t a r y  g e a r  s t a g e  i s  unique.  Eoth  g e a r s  ( r i n g  and s u n )  a r e  a t  
l e a s t  d o u b l e  t h e  w i d t h  r e q u i r e d  by t h e  p l a n e t a r y  s t a g e  i n  o r d e r  
t h a t  t h e  l a s t  g e a r  o f  t h e  p o w e r  t r a i n s  c o u l d  d r i v e  t h e  r i n g  
a n d / o r  s u n  g e a r s  by  t h e  same g e a r  t r a c k .  T h i s  a l s o  s e r v e s  t o  
improve  t h e  L/D r a t i o  f o r  t h e  p l a i n  b e a r i n g s ,  and makes f a b r i c a -  
t i o n  easier. T h i s  a r r a n g e m e n t  a l s o  r e s u l t e d  i n  bo th  g e a r  t r a i n s ,  
i n  c o m b i n a t i o n  w i t h  t h e  p l a n e t a r y  s t a g e ,  b e i n g  e x a c t l y  t h e  same 
r a t i o  (5164.7895/1) .  



T r a v e l  l i m i t s  h a v e  b e e n  i n c o r p o r a t e d  as a p a r t  o f  t h e  b a l l  
sc rew d r i v e  by machining s t o p s  on bo th  ends  o f  t h e  b a l l  sc rew n u t  
t h a t  e n g a g e  w i t h  s i m i l a r  s t o p s  a t  e i t h e r  end  o f  t h e  b a l l  s c r e w .  
I n  s o  d o i n g ,  t h e  s t o p s  o n l y  h a v e  t o  s t o p  t h e  power  g e a r  t r a i n s  
and s t a l l  t h e  d r i v i n g  m o t o r .  The f o r c e  i s  much l e s s  t h a n  
s t o p p i n g  t h e  l i n e a r  mot ion  o f  t h e  b a l l  s c r e w  and is  no t  suscep-  
t i b l e  t o  jamming. 

The a b o v e  a r r a n g e m e n t  o f  p a r t s  r e s u l t s  i n  a  v e r y  c o m p a c t  
d e s i g n  o f  a c c e p t a b l e  l e n g t h .  K e e p i n g  t h e  o v e r a l l  l e n g t h  down 
r e q u i r e d  t h e  e l i m i n a t i o n  of  u n i v e r s a l  j o i n t s  and t e l e s c o p i n g  t h e  
b a l l  screw and o u t p u t  tube. However, a s  was s t a t e d  b e f o r e ,  t h i s  
a r r a n g e m e n t  r e q u i r e d  a g r e a t  d e a l  o f  d e s i g n  c o m p l e x i t y  i n  o n e  
e lement .  

The hous ing  f o r  t h e  a c t u a t o r  m a i n t a i n s  a p o s i t i v e  p r e s s u r e  
o f  3.4475 ~ / c m ~  ( 5  p s i g )  of  G N ~  a n d  i n c o r p o r a t e s  m o u n t i n g  
p r o v i s i o n s  f o r  a t t a c h m e n t  t o  t h e  s p a c e c r a f t .  T h i s  e n c l o s u r e ,  
w i t h  p o s i t i v e  GN2 p r e s s u r e ,  p r o t e c t s  t h e  p o t e n t i o m e t e r  from h a r d  
vacuum, i n h i b i t s  l u b r i c a t i o n  m i g r a t i o n  a n d  e v a p o r a t i o n ,  a n d  
e l i m i n a t e s  t h e  e n t r y  o f  F l o r i d a  s a l t  a i r .  

M a t e r i a l s  s e l e c t i o n  f o r  v a r i o u s  e l e m e n t s  was based on many 
f a c t o r s .  The s t ee l  g e a r s  u s e  15-5PH CRES, w h i c h  i s  a f i n e -  
g r a i n e d ,  h e a t - t r e a t a b l e  s t a i n l e s s  s t e e l ,  r e a d i l y  a v a i l a b l e ,  t h a t  
h a s  b e e n  u s e d  w i t h  s u c c e s s  o n  Voyager  i n  t h e  same  a p p l i c a t i o n .  
The f i rs t  gear a n d  p i n i o n  f r o m  t h e  m o t o r ,  b e c a u s e  i t  r o t a t e s  a s  
a n  i d l e r  o n  a s t e e l  s h a f t ,  i s  h a r d e n e d  b e r y l l i u m  c o p p e r .  T h i s  
makes  a  d i s s i m i l a r  metal b e a r i n g  c o m b i n a t i o n  w h i c h  d o e s  n o t  
r e a d i l y  c o l d  w e l d  o r  g a l l .  P l a n e t  g e a r  s h a f t s  and  s u n  g e a r  a re  
made f r o m  m a n g a n e s e - s i l i c o n e  b r o n z e  p e r  SAE CA674 f o r  r e a s o n s  
s im i l a r  t o  t h e  a b o v e ;  good b e a r i n g  m a t e r i a l  r o t a t i n g  i n  
a s s o c i a t i o n  w i t h  hardened s t a i n l e s s  s t e e l .  

The g e a r  t r a i n  c a s e  i s  made f rom p u r e  b e r y l l i u m  f o r  two 
reasons .  The p r i m a r y  r e a s o n  i s  t h e  match ing  o f  t h e r m a l  e x p a n s i o  
c h a r a c t e r i s t i c s  o f  t h e  s t e e l  ( 1 1 . 3 9 ~ 1 0 - ~  c m / ~ r n / ~ c ,  6.33 x  10  -g  
in . / in . /OF)  a n d  t h e  b e r y l l i u m  ( 1  0 . 8 0 ~ 1  o ' ~  ~ m / c r n / ~ c ,  6.00 x 
in./in./OF). The secondary  r e a s o n  is  t h e  w e i g h t  advan tage  (1.854 
g /cm3 o r  0.067 l b / i n e 3 ) .  

J o u r n a l  b e a r i n g s  f o r  t h e  i n d i v i d u a l  g e a r  s h a f t s  o t h e r  t h a n  
t h o s e  m e n t i o n e d  a b o v e  a r e  made f r o m  s e l f - l u b r i c a t i n g  s i n t e r e d  
bea r ings .  These b e a r i n g s  a r e  made from a  combina t ion  of  b ronze  
and  i r o n  p o w d e r s  and c h a r g e d  w i t h  l u b r i c a n t .  The r i n g  g e a r  
r o t a t e s  i n  a b e r y l l i u m  pocket and i s  bo th  d r y  and w e t  l u b r i c a t e d .  
The b a l l  s c r e w  n u t ,  o f  c o u r s e ,  r i d e s  o n  s t a i n l e s s  s t ee l  b a l l s .  
The tube  t h a t  e x t e n d s  from t h e  a c t u a t o r  was chosen t o  be t i t a n i u m  
(MIL-T-9047) because  o f  i t s  low h e a t  c o n d u c t i v i t y ,  l i g h t  w e i g h t ,  
and h igh  s t r e n g t h .  



L u b r i c a t i o n  a t  f i r s t  was t o  be s i l i c o n e  o i l  and g r e a s e  (F-50 
a n d  G-300); h o w e v e r ,  a f t e r  a n a l y s i s  o f  a Voyager  a c t u a t o r  
anomaly, i t  was decided t o  change t o  a t e f l o n  d e r i v a t i v e  sys tem 
of o i l  and g r e a s e  ( p e r f l u o r i n a t e d  p o l y e t h e r  8152 o i l  and 3L-38-1 
g r e a s e ,  w h i c h  h a s  b e t t e r  s t a y i n g  p o w e r  and  b e t t e r  l u b r i c i t y ) .  
The o i l  i s  u s e d  t o  i m p r e g n a t e  a l l  t h e  p o r o u s  b e a r i n g s  a n d  t h e  
g r e a s e  is used on t h e  b a l l  sc rew,  r i n g  g e a r ,  p l a n e t  g e a r  s h a f t s ,  
and  a l l  g e a r  meshes .  WOW r i n g s  a re  a l s o  l u b r i c a t e d  w i t h  t h e  
g rease ,  I n  a d d i t i o n  t o  t h e  o i l  and g r e a s e  sys tem,  t h e  r i n g  g e a r  
O.D., t u b e  O.D. and  t h e  f i r s t  g e a r  i d l e r  s h a f t  ( s h a f t  /I6 a n d  1 0  
on  F i g u r e  3 )  are i o n  p l a t e d  w i t h  molybdenum d i s u l f i d e  t o  a  t h i c k -  
n e s s  o f  1500 t o  2500 A' (angstroms).  I d l e r  s h a f t  and p l a n e t  g e a r  
s h a f t s  w e r e  a l s o  p r o v i d e d  w i t h  a m i n o r  f l a t  t h e  l e n g t h  o f  t h e  
b e a r i n g  s u r f a c e  ( a p p r o x i m a t e l y  20% o f  t h e  p r o j e c t e d  a r e a )  f o r  
l u b r i c a n t  f low o r  d e b r i s  relief. S t e e l  and bronze p a r t s  were a l l  
s p e c i f i e d  t o  h a v e  a n  e i g h t  m i c r o - i n c h  (0.203 pm) f i n i s h  i n  t h e  
b e a r i n g  and /or  r e l a t i v e  mot ion areas. (See F i g u r e s  5 ,  6 ,  and 7.) 
The Voyager  a n o m a l y  r e f e r r e d  t o  a b o v e  was t h e  s t i c k i n g  o f  t h e  
i n s t r u m e n t  p l a t f o r m  on t h e  Voyager s p a c e c r a f t  as i t  was p a s s i n g  
S a t u r n  i n  1981. Th is  anomaly h a s  been ana lyzed  as a d e p l e t i o n  of 
l u b r i c a n t  between an  i d l e r  s h a f t  and g e a r  w i t h  subsequent  g a l l i n g  
and s i z i n g  o f  g e a r  t o  s h a f t .  

A 
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F i g u r e  5. Ac tua to r  Cross  S e c t i o n  View 
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F i g u r e  6.  Power Gear T r a i n  

F i g u r e  8 shows  t h e  method o f  p r e s s u r i z i n g  t h e  a c t u a t o r  w i t h  
GN2. A s p e c i a l  s e a l e d  f i x t u r e  w a s  d e s i g n e d  t o  t h r e a d  o n t o  t h e  
e n d  o f  t h e  a c t u a t o r  t u b e  w i t h  p r o v i s i o n s  f o r  a n  "0" r i n g - s e a l e d  
s c r e w d r i v e r  s h a f t  and p r e s s u r i z i n g  p o r t .  The s c r e w d r i v e r  is used  
t o  b a c k  o f f  t h e  v e n t  s c r e w  t o  a l l o w  p r e s s u r e  t o  e n t e r  t h e  
a c t u a t o r  hous ing ,  af ter  which  t h e  v e n t  s c r e w  is  c l o s e d .  The v e n t  
s c r e w  is a l s o  s e a l e d  by a n  "0" r i n g .  

FABRICATION 

F a b r i c a t i o n  o f  a c t u a t o r  p a r t s  and a s s e m b l y  was more o r  less 
s t r a i g h t f o r w a r d  w i t h  a f ew n o t a b l e  e x c e p t i o n s .  I n s t e a d  o f  f a b r i -  
c a t i n g  a n  e n g i n e e r i n g  model first f o r  e v a l u a t i o n  and t h e n  b u i l d -  
i n g  t h e  f l i g h t  mode l s ,  a l l  p a r t s  f o r  bo th  e n g i n e e r i n g  and f l i g h t  
mode l s  were  f a b r i c a t e d  a t  t h e  same time. The e n g i n e e r i n g  model 
was t h e n  a s s e m b l e d  and t e s t e d ,  a f ter  which  t h e  f l i g h t  mode l s  w e r e  
assembled .  B e r y l l i u m  p a r t s  f a b r i c a t i o n  was a problem due  t o  t h e  
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t o x i c  n a t u r e  o f  t h e  b e r y l l i u m  d u s t .  B e r y l l i u m  p a r t s  had t o  b e  
machined t o  w i t h i n  a few thousands  o f  an  i n c h  of f i n a l  d imens ions  
and  t h e n  c h e m i c a l l y  e t c h e d  t o  r e m o v e  a c r a z e d  s u r f a c e  f r o m  t h e  
c u t t i n g  o p e r a t i o n s .  T h i s  improved t h e  s t r e n g t h  c h a r a c t e r i s t i c s  
o f  t h e  metal. S i n t e r e d  b u s h i n g s  m a c h i n e d  on  t h e  O.D. t o  p r e s s  
f i t  t o l e r a n c e s ,  c l e a n e d ,  a n d  l u b r i c a n t  i m p r e g n a t e d  w e r e  t h e n  
p r e s s e d  i n  place .  Matching p a r t s  o f  t h e  g e a r  f rame assembly  were 
t h e n  mounted  t o g e t h e r ,  and  s h a f t  a n d  g e a r  c e n t e r  l i n e s  b o r e d  
t h r o u g h  t h e  b e a r i n g s  t o  +- 0.0001 in . '  t o l e r a n c e s  o n  b o t h  t h e  
b e a r i n g  d i a m e t e r s  a n d  t h e  c e n t e r - t o - c e n t e r  d i s t a n c e s .  ( S e e  
F i g u r e  9 . )  

F i g u r e  9. Bery l l ium Gear Case P a r t s  

A l l  m a c h i n i n g  o f  s t e e l  g e a r s ,  b e r y l l i u m  p a r t s ,  a l u m i n u m  
h o u s i n g ,  e t c .  was a c c o m p l i s h e d  a t  JPL o r  l o c a l  m a c h i n e  s h o p s .  
The o n l y  d i f f e r e n c e  between t h e  e n g i n e e r i n g  model and t h e  f l i g h t  
models is  t h a t  t h e  g e a r  frame i n  t h e  e n g i n e e r i n g  model was made 
from aluminum i n s t e a d  o f  be ry l l ium.  The aluminum g e a r  frame was 
used a s  a f i r s t  a r t i c l e  and se t -up  p i e c e  f o r  t h e  f a b r i c a t o r s .  
T h i s  d i f f e r e n c e  i n  m a t e r i a l  r e s t r i c t e d  o n l y  u s a g e  o f  t h e  
eng ineerng  model i n  t e m p e r a t u r e  c o n t r o l  and the rmal  t e s t  runs.  

TEMPERATURE CONTROL 

O r i g i n a l l y  t h e  d e s i g n  o f  t h e  a c t u a t o r  c a l l e d  f o r  r e s i s t i v e  
h e a t e r s  o f  t h e  same w a t t a g e  consumption a s  t h e  motors,  w i t h  t h e  
i d e a  t h a t  when t h e  motors  are on t h e  h e a t e r s  would be o f f .  T h i s  
would  k e e p  p o w e r  c o n s u m p t i o n  l e v e l  d u r i n g  o p e r a t i o n s ;  however, 



p o w e r  was a t  a p r e m i u m  a n d  a d d i t i o n a l  w e i g h t  was t o l e r a b l e .  
T h e r e f o r e  t h e  r e s i s t i v e  h e a t e r s  were removed and t w o  R a d i o a c t i v e  
H e a t e r  U n i t s  (RHU1s) w e r e  i n s t a l l e d  i n  t h e  t w o  smal l  a l u m i n u m  
e n c l o s u r e s  on t h e  o u t s i d e  of t h e  a c t u a t o r  hous ings .  These  u n i t s  
w i l l  e a c h  p r o v i d e  o n e  w a t t  i n  t h e  f o r m  o f  h e a t .  The  R H U t s  i n  
c o n j u n c t i o n  w i t h  a b l a n k e t  i n s t a l l e d  around t h e  LBA w i l l  keep  t h e  
t e m p e r a t u r e  o f  t h e  a c t u a t o r  be tween  -15 and +50°c. (See  F i g u r e  
10.) O p e r a t i o n  o f  t h e  LBA m o t o r s  w i l l  add a b o u t  3.5 w a t t s  t o  t h e  
p a c k a g e  a n d  r a i s e  t h e  t e m p e r a t u r e  a p p r o x i m a t e l y  5 o C / h o u r  o f  
o p e r a t i o n .  

ANNULAR GAP BETWEEN 
LBA AND TUBE BLANKETS PROTECTIVE COVE 

I I LBA BLANKET 

FREE LENGTH HU LOCATIONS 
OF FIBERGLASS 

F i g u r e  1 0.  A c t u a t o r  I n s u l a t i o n  S c h e m a t i c  

TESTING AND RESULTS 

T e s t i n g  t h e  LBA t o  4 4 4 8  N ( 1 0 0 0  l b )  w o u l d  b e  a p r o b l e m  i f  
t h a t  much f o r c e  or w e i g h t  h a d  t o  b e  l o a d e d  o n  a n d  o f f  o f  a n  
a c t u a t o r  t e s t  h o l d e r  o r  p l a t f o r m ;  t h e r e f o r e  a f i x t u r e  w a s  d e -  
s i g n e d  w h e r e b y  t h e  a c t u a t o r  c o u l d  p u l l  a g a i n s t  i t s e l f  t h e r e b y  
s p r i n g i n g  t h e  f i x t u r e .  (See  F i g u r e  11.) Motor  A was  s t e p p e d  a t  
a s l o w  rate ( 5  PPS) i n  a r e t r a c t i n g  d i r e c t i o n  u n t i l  t h e  l o a d  c e l l  
r e a d  1000 l b  on  t h e  r e a d o u t  i n s t r u m e n t a t i o n ,  t h e n  r e l a x e d  back  t o  
z e r o ;  t h i s  was d o n e  t h r e e  times, c o u n t i n g  t h e  r e q u i r e d  p u l s e s  
e a c h  time. The a v e r a g e  number o f  p u l s e s  were t h e n  programmed t o  
1 0 0  PPS t o  e n s u r e  t h a t  t h e  t o r q u e  a s s o c i a t e d  w i t h  t h e  h i g h e r  
p u l s e  r a t e  w a s  s u f f i c i e n t  t o  l i f t  t h e  l o a d .  T h e r e  i s  a p p r o x i -  
m a t e l y  a 1 5  - 20% r e d u c t i o n  i n  t o r q u e  by i n c r e a s i n g  t h e  p u l s e  
rate f rom 90 t o  100 PPS; t h i s  p r o v i d e s  a  t o r q u e  pad. S p a c e c r a f t  
u s a g e  w i l l  b e  a t  9 0  PPS. T h i s  t e s t  l i f t e d  t h e  l o a d  w i t h  no  
d i f f i c u l t y  e v e n  a t  l o w  v o l t a g e .  N e x t  t h e  1 0 0 0 - l b  l o a d  w a s  i n -  
c r e a s e d  t o  1200 l b  (5338 N)  a t  t h e  100 PPS rate, p r o v i n g  t h a t  t h e  
a c t u a t o r  c o u l d  p o s i t i o n  a 1000-1b load .  



Figure 11. Stress  Test Stand 
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The n e x t  s t e p  w a s  t o  r e d u c e  t h e  l o a d  f r o m  5 3 3 8  N ( 1 2 0 0  l b )  
t o  4448  N ( 1 0 0 0  l b )  by e x t e n d i n g  t h e  a c t u a t o r  and  c h e c k i n g  f o r  
o v e r d r i v i n g  o r  c o a s t i n g  when t h e  a c t u a t o r  was de-energized a t  t h e  
4448 N (1000 l b )  l o a d  p o i n t  w i t h  no d i f f i c u l t y .  The l o a d  showed 
no t e n d e n c y  t o  b a c k - d r i v e  t h e  g e a r  t r a i n  a n d  m o t o r .  The a b o v e  
t e s t  w a s  t h e n  r e p e a t e d  u s i n g  t h e  m o t o r  B, p r o v i n g  t h a t  t h e r e  i s  
no d i f f e r e n c e  i n  o p e r a t i o n  between motor A o r  motor B and t h e i r  
a s s o c i a t e d  g e a r  t r a i n s .  

Checking t r a v e l  from s t o p  t o  s t o p  r e q u i r e d  10.269 cm (4.043 
i n . )  o f  t r a v e l ,  o r  a  t o t a l  o f  6 6 8 , 2 0 9  m o t o r  s t e p s ,  e a c h  o f  w h i c h  
was  1.5368487 x  10-5 cm (6 .0505854 x  l o m 6  in . ) .  T h i s  t e s t ,  a s  
w e l l  as a  c a l i b r a t i o n  t e s t  f o r  e v e n t u a l  usage  d u r i n g  f l i g h t ,  was 
c o n d u c t e d  w i t h  444.8 N ( 1 0 0  l b )  u s i n g  t h e  c a l i b r a t i o n  f i x t u r e  
p i c t u r e d  on F i g u r e  12. 

Power  d i s s i p a t e d  i s  i n  t h e  r a n g e  o f  3  t o  5  wat ts  d e p e n d i n g  
on t e m p e r a t u r e ,  v o l t a g e  and i n i t i a l  r e s i s t a n c e .  

O v e r a l l  l e n g t h  i s  4 3  cm (16.93 i n . ) ;  t h e  w e i g h t  i s  2.35 k g  
(5 .18  l b ) ;  d i a m e t e r  a t  t h e  l a r g e s t  p o i n t  i s  10.03 cm (3.95 in . ) .  

The m a g n e t i c  f i e l d  a t  1  m e t e r  was h i g h  d u e  t o  t h e  u s e  o f  
m a g n e t i c  s t e e l s  i n  b o t h  b a l l  s c r e w  and  r i n g  g e a r .  T h i s  t e s t e d  
o u t  a t  c l o s e  t o  1 0  nT w h e r e  a maximum o f  5 nT was  s p e c i f i e d ;  
however, a w a i v e r  h a s  been approved a l l o w i n g  up t o  15 nT. 

Q u a l i f i c a t i o n  env i ronmenta l  t e s t i n g  o f  a c t u a t o r  s e r i a l  #002 
c o n s i s t e d  o f  1 4 4  h o u r s  a t  75OC a n d  2 4  h o u r s  a t  - 4 O O C  i n  
a t m o s p h e r i c  l a u n c h  c o n d i t i o n s .  Af te r  t h e  above env i ronmenta l  ex- 
p o s u r e s ,  complete  f u n c t i o n a l  t e s t i n g  was r e p e a t e d .  

L i f e  t e s t i n g  c o n s i s t e d  o f  a s e r i e s  o f  c y c l e s  o f  v a r y i n g  
l e n g t h  w i t h  t h e  a c t u a t o r  mounted i n  t h e  C a l i b r a t i o n  F i x t u r e  as i n  
F i g u r e  12  and loaded  w i t h  22.675 kg  (50 lb).  T o t a l  t r a v e l  d u r i n g  
t h i s  t e s t  was 609.6 cm ( 2 4 0  in . ) .  The m e t h o d  o f  m o n i t o r i n g  t h e  
a c t u a t o r  d u r i n g  t h e  t e s t  i s  s h o w n  i n  F i g u r e  13.  V o l t a g e  was 
v a r i e d  between a b o u t  12 and 22 VDC i n  s t e p s  o f  one v o l t ,  r ecord-  
i n g  t h e  t i m e  i t  t o o k  t o  move t h e  a c t u a t o r  t u b e  w e i g h t s  0.1 27 cm 
(0.050 in . ) .  A s  t h e  v o l t a g e  w a s  i n c r e a s e d ,  t h e  m o t o r  m i s s e d  
fewer s t e p s ,  a n d  t h e  p o i n t s  f o r m e d  a  s l o p i n g  l i n e  u n t i l  t h e  
v o l t a g e  was  h i g h  enough t h a t  t h e  motor  no l o n g e r  missed s t e p s ,  i n  
w h i c h  c a s e  t h e  l i n e  became h o r i z o n t a l .  P l o t t i n g  t h e s e  p o i n t s  
gave two s t r a i g h t  l i n e s  w i t h  s h a r p  i n t e r s e c t i o n .  Should t h e  gear 
t r a i n  wear  o r  l u b r i c a n t  d i s a p p e a r  and t o r q u e  i n c r e a s e ,  t h e  time 
w o u l d  i n c r e a s e  a n d  d i s p l a c e  t h e  i n t e r s e c t i o n .  T h r o u g h o u t  t h e  
l i f e  t e s t  t h e  observed i n t e r s e c t i o n  d i d  n o t  i n c r e a s e  by as much 
as  0.25 VDC. 



F i g u r e  12. C a l i b r a t i o n  T e s t  S t and  
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DC VOLTAGE 

F i g u r e  13. Motor B Ac tua to r  S e r i a l  /I001 
Engineer ing  Actua to r  

STATUS 

Weight, power, and l e n g t h  r e s t r i c t i o n s  have been met w i t h  a 
redundant  g e a r  t r a i n  c o n t a i n i n g  no brake o r  c l u t c h .  Four models  
have been b u i l t  and t e s t e d :  One e n g i n e e r i n g  model; one q u a l i f i -  
c a t i o n / s p a r e  model; and two  f l i g h t  models. Although t h e  f l i g h t  
l o a d  ( t e n s i l e )  is n o t  expec ted  t o  be g r e a t e r  t h a n  approx imate ly  
1557 N (350 l b ) ,  t h e  e n g i n e e r i n g  model was t e s t e d  t o  5338 N (1200 
l b )  a n d  t h e  f l i g h t  m o d e l s  t o  2224  N ( 5 0 0  I b ) .  A l l  m o d e l s  are 
a w a i t i n g  sys tem test  and s p a c e c r a f t  assembly.  

ACKNOWLEDGEMENTS 

The r e s e a r c h  d e s c r i b e d  i n  t h i s  p a p e r  w a s  p e r f o r m e d  by t h e  
Jet  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  o f  Technology, 
P a s a d e n a ,  C a l i f o r n i a ,  u n d e r  a c o n t r a c t  w i t h  t h e  N a t i o n a l  Aero- 
n a u t i c s  and Space Admin is t ra t ion .  The a u t h o r  w i s h e s  t o  thank  R. 
Wendlandt f o r  h i s  d i l i g e n t  e f f o r t  d u r i n g  t h e  assembly and test  o f  
t h e  a c t u a t o r s .  



POLARIZER MECHANISM FOR THE 
SPACE TELESCOPE FAINT OBJECT SPECTROGRAPH 

Mark D. Thulson* 

ABSTRACT 

T h i s  paper  d e s c r i b e s  t h e  p o l a r i z e r  mechanism f o r  t h e  Space Te lescope  
F a i n t  Objec t  Spec t rograph .  T h i s  d e v i c e  w i l l  a l l o w  s p e c t r o p o l a r i m e t r i c  
measurements of f a i n t  a s t r o n o m i c a l  o b j e c t s .  The mechanism employs a  
un ique  arrangement  t o  meet f u n c t i o n a l  r equ i rements  i n  a  compact package 
and w i t h  o n l y  one a c t u a t o r .  D e t a i l e d  t o l e r a n c e  a n a l y s i s  and a  v a r i e t y  of 
t e s t s  i n d i c a t e  t h a t  t h e  p o l a r i z e r  i s  c a p a b l e  o f  a c c u r a t e  and r e l i a b l e  
performance.  

INTRODUCTION 

The p o l a r i z e r  mechanism f o r  t h e  F a i n t  Objec t  Spec t rograph  (FOS) w i l l  
a l l o w  t h e  Space Te lescope  t o  o b t a i n  s p e c t r o p o l a r i m e t r i c  d a t a  on f a i n t  
a s t r o n o m i c a l  o b j e c t s .  Measurements made u s i n g  t h i s  d e v i c e  w i l l  be  q u i t e  
u s e f u l  t o  a s t ronomers  s t u d y i n g  a  wide v a r i e t y  of phenomena, e s p e c i a l l y  
w i t h  t h e  e x t e n s i o n  i n t o  t h e  f a r  u l t r a v i o l e t  made p o s s i b l e  by t h e  Space 
Te lescope .  

The FOS, shown i n  F i g u r e  1, h a s  two d i s t i n c t  l i g h t  p a t h s  and d i g i c v n  
photon coun t ing  d e t e c t o r s .  One d e t e c t o r  i s  r e d  s e n s i t i v e  (1800-8000 A) 
and t h e  o t h e r  i s  b l u e  s e n s i t i v e  (1150-5000 A ) .  

S p e c t r o p o l a r i m e t r i c  d a t a  i s  o b t a i n e d  by i n t r o d u c i n g  a  Wol las ton  
p r i sm and wavep la te  i n t o  e i t h e r  of  t h e  l i g h t  p a t h s .  The Wol las ton  p r i sm 
forms two d i s p e r s e d  images i n  o p p o s i t e  s e n s e s  of  p o l a r i z a t i o n  a t  t h e  
d e t e c t o r .  The wavep la te  i s  r o t a t e d  w i t h  r e s p e c t  t o  t h e  s t a t i o n a r y  p r i sm 
t o  a n a l y z e  f o r  l i n e a r  and c i r c u l a r  p o l a r i z a t i o n .  For  b e t t e r  coverage o f  
t h e  spect rum,  two w a v e p l a t e s  w i t h  d i f f e r e n t  r e t a r d a t i o n s  a r e  used ,  e a c h  
w i t h  i t s  own Wollas ton pr ism.  

blECHANISM DESCRIPTION 

The p o l a r i z e r  mechanism must be a b l e  t o  do t h e  f o l l o w i n g :  

- p l a c e  e i t h e r  of t h e  Wol las ton /wavep la te  p a i r s  i n  e i t h e r  of t h e  
l i g h t  p a t h s ;  

- r o t a t e  each  wavep la te  w i t h  r e s p e c t  t o  i t s  Wol las ton  pr ism;  and 
- l e a v e  bo th  l i g h t  p a t h s  s i m u l t a n e o u s l y  c l e a r  when t h e  p o l a r i z e r  i s  

n o t  i n  use .  

The mechanism u s e s  a n  arrangement which accomplishes  t h e s e  
requ i rements  w i t h  a  s i n g l e  a c t u a t o r  and i n  a  compact package. The two 
Wol las ton  p r i sms  a r e  f i x e d  t o  a  drum which a l s o  c o n t a i n s  two h o l e s  t o  
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c l e a r  t h e  o p t i c a l  p a t h s  ( s e e  F i g u r e  2).  The wavep la tes  a r e  mounted i n  
r o t a t i n g  c y l i n d e r s  i n s i d e  t h e  drum and ahead of t h e  pr isms.  Each of 
t h e s e  c y l i n d e r s  h a s  a  1 6  t o o t h  g e a r  c u t  i n t o  i t s  o u t s i d e  d iamete r .  Both 
of t h e s e  g e a r s  mesh w i t h  a  s t a t i o n a r y  17  t o o t h  g e a r  l o c a t e d  on t h e  drum's 
a x i s  of r o t a t i o n .  

R o t a t i n g  t h e  drum about  i t s  c e n t e r l i n e  a l l o w s  e i t h e r  Wollas ton/  
wavep la te  p a i r  t o  be i n s e r t e d  i n t o  e i t h e r  o p t i c a l  p a t h ,  o r  b o t h  p a t h s  t o  
be c l e a r e d  s imul taneous ly .  Turning t h e  drum 3600 r o t a t e s  t h e  Wol las ton  
p r i s m  3600, and t h e  waveplate  17/16 t i m e s  a s  much, o r  382.5". The n e t  
e f f e c t  of one r o t a t i o n  of t h e  drum, t h e n ,  i s  t o  r o t a t e  t h e  wavep la te  
22.50. S i x t e e n  r e v o l u t i o n s  of t h e  drum r e t u r n s  t h e  o p t i c a l  e lements  t o  
t h e i r  o r i g i n a l  p o s i t i o n s .  

The drum i s  d r i v e n  through a two s t a g e ,  1 0 5 : l  g e a r  t r a i n  by a 900 
permanent magnet s t e p p e r  motor a s  shown i n  F igure  3. The motor i s  d r i v e n  
a t  50 p u l s e s  p e r  second (750 RPM). T h i s  means t h a t  one 22.5' increment  
o f  t h e  wavep la te  t a k e s  8 .4  seconds .  

Two e i g h t - b i t  p i n  c o n t a c t  encoders  p rov ide  p o s i t i o n  feedback.  The 
encoders  are g e a r e d  i n  such  a  way ( s e e  F i g u r e  4 )  t h a t  a motor s t e p  
advances  encoder  A 3.05 c o u n t s  and encoder B 3.09 coun ts .  I n  16 
r e v o l u t i o n s  of t h e  drum, encoder  A r o t a t e s  80 t i m e s  and encoder  B 8 1  
t imes ,  b r i n g i n g  both  back t o  t h e i r  s t a r t i n g  p o i n t .  A s  a r e s u l t ,  e a c h  of 
t h e  6,720 s t e p s  of t h e  motor r e q u i r e d  t o  complete  1 6  r e v o l u t i o n s  of t h e  
drum i s  a s s o c i a t e d  w i t h  a  unique combinat ion of b i t s  from t h e  encoders .  
The f a c t  t h a t  motor s t e p s  a r e  s e p a r a t e d  by s l i g h t l y  more t h a n  t h r e e  
c o u n t s  g u a r a n t e e s  t h a t d t h e  o u t p u t s  a r e  unambiguous. 

P o s i t i o n a l  accuracy o f  t h e  o p t i c a l  e lements  i s  determined by t h e  
a c c u r a c y  o f  t h e  motor ' s  p o s i t i o n  p l u s  any e r r o r  i n  t h e  g e a r  t r a i n .  The 
d e s i g n  i n c l u d e s  s e v e r a l  f e a t u r e s  t o  minimize t h i s  e r r o r .  F i r s t ,  s p r i n g  
loaded  a n t i b a c k l a s h  g e a r s  a r e  used wherever p o s s i b l e .  The 210 t o o t h  g e a r  
i s  a  c o n v e n t i o n a l  a n t i b a c k l a s h  g e a r  w i t h  two e x t e n s i o n  s p r i n g s .  The 1 8  
t o o t h  p i n i o n  i n  t h e  second s t a g e  i s  a s p e c i a l  a n t i b a c k l a s h  g e a r  which i s  
pre loaded  by a s m a l l  t o r s i o n  s p r i n g  mounted i n s i d e  t h e  g e a r .  

Space does  n o t  pe rmi t  t h e  1 6  t o o t h  waveplate  g e a r s  t o  be a n t i b a c k -  
l a s h .  The f i x e d  1 7  t o o t h  g e a r  cannot  be ,  because  i t  i s  engaged by b o t h  
wavep la te  g e a r s .  The a n g u l a r  p o s i t i o n  of t h e  wavep la te ,  however, i s  n o t  
as c r i t i c a l  a s  t h a t  of t h e  Wol las ton  prism. C o n t r o l  of c e n t e r  d i s t a n c e  
and runout  t o  minimize back lash  l i m i t s  t h i s  e r r o r  t o  a n  a c c e p t a b l e  range.  

Second, a l l  g e a r  r a t i o s  a r e  i n t e g r a l .  As a r e s u l t ,  when t h e  
mechanism r e t u r n s  t o  a  p r e v i o u s  p o s i t i o n ,  a l l  t h e  same g e a r  t e e t h  a r e  i n  
c o n t a c t  and any e r r o r s  r e s u l t i n g  from g e a r  t o l e r a n c e s ,  bea r ing  r u n o u t ,  
and s o  on a r e  r e p e a t a b l e .  T h i s  a l s o  means t h a t  ex t remely  h i g h  p r e c i s i o n  
g e a r s  a r e  n o t  r e q u i r e d  - AGIA Q10 g e a r s  are s u f f i c i e n t l y  a c c u r a t e .  

T h i r d ,  ABEC 7P b e a r i n g s  a r e  used throughout  and comparable 
t o l e r a n c e s  a r e  main ta ined  on a l l  hous ings  and s h a f t s .  T h i s  minimizes  



c l e a r a n c e s  between b e a r i n g s  and housings  o r  s h a f t s  and t h e  r e s u l t i n g  
a n g u l a r  e r r o r s .  

F i n a l l y ,  t h e  b e a r i n g s  a r e  p re loaded  a x i a l l y  t o  e l i m i n a t e  c l e a r a n c e  
w i t h i n  t h e  b e a r i n g s  themselves .  Th i s  i s  done w i t h  b e l l e v i l l e  washers  f o r  
t h e  r o t a t i n g  drum bear ings ,  a  wave s p r i n g  washer f o r  t h e  i n t e r m e d i a t e  
s h a f t ,  and compress ion s p r i n g s  f o r  t h e  wavep la te  b e a r i n g s .  The u s e  of 
s p r i n g s  accomodates the rmal  changes  w i t h o u t  l a r g e  changes  i n  p r e l o a d .  

I n  t h e  e v e n t  of a  f a i l u r e ,  a c t i v a t i o n  of a  h o t  w i r e  p i n p u l l e r  a l l o w s  
two t o r s i o n  s p r i n g s  t o  r o t a t e  t h e  mechanism comple te ly  o u t  of t h e  o p t i c a l  
p a t h s  t o  t h e  p o s i t i o n  shown i n  F igure  5, a l l o w i n g  con t inued  u s e  of t h e  
remainder of t h e  FOS. The h o l e s  engaged by t h e  p i n  a r e  match d r i l l e d  a t  
assembly t o  g u a r a n t e e  p roper  a l ignment .  A s  a  f u r t h e r  p r e c a u t i o n  a g a i n s t  
b ind ing  of t h e  p i n ,  t h e  b o l t s  which a t t a c h  t h e  p i n p u l l e r  t o  t h e  mechanism 
a r e  l e f t  .025 t o  .076 mm ( .001  t o  .003 i n c h )  l o o s e  t o  a l l o w  t h e  p i n  t o  
f r e e l y  a l i g n  i t s e l f  w i t h  t h e  h o l e .  

The e n t i r e  assembly i s  a t t a c h e d  by s i x  #6-32 screws t o  a  f i t t i n g  
which i s ,  i n  t u r n ,  bonded t o  two g r a p h i t e  epoxy t u b e s  t h a t  a r e  p a r t  of 
t h e  FOS o p t i c a l  bench. Laminated shims a t  t h e s e  s i x  p o i n t s  a l l o w  any 
ad jus tment  r e q u i r e d  f o r  i n i t i a l  a l ignment .  F i g u r e  6  shows t h e  p o l a r i z e r  
a f t e r  i n s t a l l a t i o n  i n t o  t h e  FOS. 

MATERIALS AND LUBRICATION 

A l l  g e a r s  a r e  416 s t a i n l e s s  s t e e l ,  h e a t  t r e a t e d  t o  a  ha rdness  of 
Rockwell C32. A f t e r  f i n a l  machining,  t h e  g e a r s  a r e  c a s e  hardened t o  a  
dep th  of 5 t o  1 0  y m  ( .0002 t o  .0004 i n c h )  by a  n i t r i d i n g  p r o c e s s ,  
r e s u l t i n g  i n  a s u r f a c e  ha rdness  of Rockwell RC 60 t o  70. The hardened 
s u r f a c e  w i l l  minimize g e a r  wear d u r i n g  t h e  l i f e  of t h e  mechanism. Any 
wear would r e s u l t  i n  p o s i t i o n a l  e r r o r s  a s  w e l l  a s  t h e  g e n e r a t i o n  o f  
p a r t i c l e  con tamina t ion .  

By u s i n g  t h e  n i t r i d i n g  p r o c e s s ,  t h e  g e a r s  c a n  be c u t ,  t h e n  hardened,  
t h u s  e l i m i n a t i n g  t h e  need f o r  f i n a l  g r i n d i n g  of t h e  t e e t h .  Dimensional 
changes  a r e  w e l l  w i t h i n  t h e  t o l e r a n c e s  f o r  AGMA Q10 g e a r s .  The f a c t  t h a t  
t h e  hardened c a s e  i s  s o  s h a l l o w  a l l o w s  t h e  g e a r s  t o  be d r i l l e d  and reamed 
where r e q u i r e d  f o r  p inn ing  a t  assembly.  

The b e a r i n g s  a r e  440C s t a i n l e s s  s t e e l .  A l l  o t h e r  major  p a r t s  are 
aluminum t o  s a v e  weight .  A l l  non-funct ional  s u r f a c e s  a r e  coa ted  w i t h  
f l a t  b l a c k  po lyure thane  p a i n t  t o  mimize o p t i c a l  r e f l e c t i o n .  

The b e a r i n g s  and g e a r s  a r e  l u b r i c a t e d  w i t h  Braycote  3L-38RP g r e a s e .  
The s h a f t  abou t  which t h e  mechanism r o t a t e s  when t h e  p i n p u l l e r  i s  
a c t i v a t e d  i s  l u b r i c a t e d  by MoS2 w i t h  a n  impinged b inder .  

REPEATABILITY ANALYSIS 

Some of t h e  more c r i t i c a l  r equ i rements  f o r  t h e  p o l a r i z e r  have t o  do 
w i t h  t h e  r e p e a t a b i l i t y  of t h e  a n g u l a r  p o s i t i o n  of t h e  o p t i c a l  e lements .  



Two k i n d s  of a n g u l a r  e r r o r  a r e  p o s s i b l e  - 1 )  r o t a t i o n  abou t  t h e  o p t i c a l  
a x i s ,  o r  €32; and 2)  r o t a t i o n  abou t  a n  a x i s  p e r p e n d i c u l a r  t o  t h e  o p t i c a l  
a x i s ,  o r  8x and 8y ( t i l t ) .  E i t h e r  of t h e s e  can  r e s u l t  i n  b o t h  motion of 
t h e  image a t  t h e  d e t e c t o r  and e r r o r s  i n  p o l a r i z a t i o n  measurements. 

To i n s u r e  t h a t  t h e s e  requ i rements  would be m e t ,  a  d e t a i l e d  t o l e r a n c e  
a n a l y s i s  was performed p r i o r  t o  f a b r i c a t i o n  of t h e  mechanism. For a  
p a r t i c u l a r  r equ i rement ,  a l l  of t h e  p o t e n t i a l  e r r o r  s o u r c e s  were 
i d e n t i f i e d  and t h e i r  e f f e c t  on a n g u l a r  p o s i t i o n  c a l c u l a t e d .  Root sum 
square  a d d i t i o n  of t h e s e  c o n t r i b u t o r s  r e s u l t e d  i n  a p r e d i c t e d  maximum 
e r r o r .  

The l a r g e s t  s i n g l e  s o u r c e  of e r r o r  i n  8z f o r  e i t h e r  t h e  Wollas ton 
pr isms o r  wavep la tes  i s  t h e  s t e p p e r  motor.  I ts  a c t u a l  p o s i t i o n  i s  
s p e c i f i e d  t o  be w i t h i n  +5% of a  s t e p ,  o r  4-4.50, of i t s  nominal 
p o s i t i o n .  The r e s u l t i n g  e r r o r  i n  €42 f o r  t h e  ~ o l i a s t o n  p r i sms ,  t h e n ,  i s  
+4.50/105 = +2.57 a r c  min. - - 

Most of t h e  remainder of t h e  e r r o r  i n  8z  a r i s e s  from bear ing  t o  
housing and b e a r i n g  t o  s h a f t  c l e a r a n c e .  Th is  c l e a r a n c e  c a n  i n d u c e  e r r o r  
i n  two ways. F i r s t ,  mot ion of a  g e a r  a long  a  l i n e  p a s s i n g  through t h e  
c e n t e r s  of t h e  mat ing  g e a r s  changes t h e  c e n t e r  d i s t a n c e .  Th is  r e s u l t s  i n  
r o t a t i o n  of t h e  g e a r  which i s  r e l a t e d  t o  t h e  p r e s s u r e  a n g l e .  Motion i n  a  
d i r e c t i o n  p e r p e n d i c u l a r  t o  a  l i n e  through t h e  c e n t e r s  a l s o  r e s u l t s  i n  
r o t a t i o n  of t h e  g e a r .  The r e s u l t a n t  of t h e s e  two components cannot  
exceed a n  amount determined by t h e  maximum t o t a l  c l e a r a n c e  i n  t h e  
s u p p o r t i n g  b e a r i n g s .  

The a n a l y s i s  d i v i d e s  t h e  t o t a l  p o s s i b l e  motion o f  each g e a r  between 
t h e s e  two components i n  s u c h  a way a s  t o  maximize t h e  r o t a t i o n a l  e r r o r  i n  
q u e s t i o n .  Bear ing runout  i s  a l s o  i n c l u d e d  i n  t h e  same way t o  account  f o r  
t h e  p o s s i b i l i t y  t h a t  t h e  o u t e r  r a c e  r o t a t e s  w i t h  r e s p e c t  t o  t h e  housing 
o r  t h e  i n n e r  r a c e  w i t h  r e s p e c t  t o  t h e  s h a f t .  

The e r r o r  i n  82 f o r  t h e  wavep la tes  i s  somewhat l a r g e r  t h a n  t h a t  f o r  
t h e  Wollas ton pr isms.  T h i s  i s  because of t h e  e x t r a  p a i r  of b e a r i n g s  
invo lved  and t h e  back lash  i n  t h e  waveplate  g e a r  meshes. 

R e p e a t a b i l i t y  e r r o r  f o r  8x and 8y ( t i l t )  of t h e  Wollas ton pr isms a r e  
c a l c u l a t e d  from t h e  c l e a r a n c e s  and runout  of t h e  b e a r i n g s  which s u p p o r t  
t h e  r o t a t i n g  drum. T i l t  o f  t h e  wavep la tes  a l s o  i n c l u d e s  t h e  e f f e c t  of 
t h e  wavep la te  b e a r i n g s  and manufactur ing t o l e r a n c e s  f o r  p e r p e n d i c u l a r i t y  
between t h e  waveplate  mounting s h o u l d e r  and b e a r i n g  l a n d s .  

Tab le  1 summarizes t h e  r e q u i r e d ,  p r e d i c t e d ,  and measured v a l u e s  f o r  
ex ,  8y and 82 f o r  t h e  Wol las ton  pr isms and wavep la tes .  P r e d i c t e d  and 
measured v a l u e s  compare f a v o r a b l y ,  and b o t h  a r e  w e l l  w i t h i n  t h e  
requirements .  



PROBLEMS AND SOLUTIONS 

Minimal problems were encountered d u r i n g  assembly,  bu t  one became 
obvious .  I n t e r f e r e n c e  between two of t h e  motor mounting screws and t h e  
mounting b r a c k e t  p reven ted  f u l l  r o t a t i o n  of t h e  mechanism when t h e  
p i n p u l l e r  was o p e r a t e d  ( s e e  F i g u r e  4 ) .  Two s m a l l  m o d i f i c a t i o n s  s o l v e d  
t h i s  problem. F i r s t ,  s t r e s s  a n a l y s i s  showed t h a t  t h r e e  screws were more 
t h a n  adequa te  t o  mount t h e  motor,  s o  one was removed. Second, a  s m a l l  
a r e a  was machined from t h e  mounting b r a c k e t  t o  c l e a r  t h e  o t h e r  
i n t e r f e r i n g  screws.  

TESTING 

F u n c t i o n a l  tests were performed t o  v e r i f y  t h a t  t h e  p o l a r i z e r  
performed a s  expec ted .  These t e s t s  inc luded  r e p e a t e d l y  o p e r a t i n g  t h e  
motor a  s p e c i f i e d  number of s t e p s ,  t h e n  r e a d i n g  t h e  two encoders .  The 
encoders  c o n s i s t e n t l y  produced r e l i a b l e  and r e p e a t a b l e  d a t a .  

F u r t h e r  t e s t i n g  v e r i f i e d  t h a t  t h e  p o l a r i z e r  c o u l d  be o p e r a t e d  c l o s e d  
l o o p ,  a s  i t  w i l l  be i n  t h e  FOS. Here t h e  mechanism i s  commanded t o  a  
p o s i t i o n  and t h e  encoders  a r e  r e a d  t o  d e t e r m i n e  when i t  h a s  a r r i v e d .  
T h i s  a l s o  worked r e l i a b l y .  

O p t i c a l  t e s t s  were performed t o  measure image motion and 
p o l a r i z a t i o n  measurement e r r o r s .  These t e s t s  i n d i c a t e  t h a t  e r r o r s  a r e  
w e l l  w i t h i n  r e q u i r e d  v a l u e s  and t h a t  t h e  p o l a r i z e r  i s  c a p a b l e  of 
e x c e l l e n t  performance .l 

The mechanism was a l s o  t e s t e d  under random v i b r a t i o n  w i t h  no 
problems. 

CONCLUSION 

At t h i s  w r i t i n g  (December 1982) t h e  p o l a r i z e r  h a s  been i n s t a l l e d  
( a l o n g  w i t h  t h e  o t h e r  mechanisms, o p t i c s ,  and d e t e c t o r s )  i n t o  t h e  FOS. 
The e n t i r e  FOS i s  p r e s e n t l y  undergoing thermal  vacuum t e s t i n g .  
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DESIGN OPTIMIZATION OF HIGH-PERFORMANCE ELECTRODYNAMIC 
ACTUATORS FOR USE I N  A  CRYOGENICALLY COOLED TELESCOPE 

J.-N. Aubrun, K.  R. L o r e l l ,  and K. P. S i l v e i r a *  

INTRODUCTION 

Subs tan t i a l  improvements i n  i n f r a r e d  sensor technology, t h e  a b i l i t y  t o  des ign 
o p t i c s  s u i t a b l e  f o r  use a t  c ryogen ic  temperatures, and t h e  advent o f  Space S h u t t l e  
opera t ions  have spurred t h e  development o f  t h e  S h u t t l e  I n f r a r e d  Telescope F a c i l i t y  
(SIRTF) [Ref. 11. SIRTF, ope ra t i ng  a t  c ryogen ic  temperatures, w i l l  be f l o w n  as a  
shu t t le -a t tached  payload f o r  miss ions up t o  14 days. '  One o f  t h e  unique advantages 
o f  a  coo led  i n f r a r e d  te lescope  observ ing  above t h e  e a r t h ' s  atmosphere i s  i t s  a b i l i t y  
t o  d e t e c t  and measure ex t reme ly  f a i n t  ob j ec t s .  Th i s  a b i l i t y  i s  f u r t h e r  enhanced by  
us i ng  a  technique c a l l e d  space chopping. Space chopping r equ i r es  t he  te lescope  
secondary m i r r o r  t o  execute a  r a p i d  back-and-forth mot ion  i n  a  p a t t e r n  c l o s e l y  
approx imat ing a  square wave. Th is  motion, performed a t  f requenc ies  between 10 and 
40 Hz w i t h  ampl i tudes r ang ing  f rom 5 t o  45 arcminutes, pe rm i t s  a  cont inuous compari- 
son o f  an o b j e c t - f i e l d  c o n t a i n i n g  background r a d i a t i o n  o n l y  w i t h  a  nearby f i e l d  con- 
t a i n i n g  background r a d i a t i o n  p l u s  source r a d i a t i o n .  By c o l l e c t i n g  da ta  f rom b o t h  
o b j e c t  f i e l d s  and s u b t r a c t i n g  t h e  r e s u l t a n t  outputs ,  t h e  s ignal - to-no ise r a t i o  o f  
ve r y  weak sources i s  s u b s t a n t i a l l y  improved. 

The requi rements p laced  on t h e  secondary m i r r o r  a c t u a t i o n  system by  space chop- 
p i n g  a re  e s p e c i a l l y  d i f f i c u l t  t o  meet. I d e a l l y ,  of course, t h e  m i r r o r  should exe- 
c u t e  a  p e r f e c t  square wave, e x h i b i t  no overshoot  o r  j i t t e r ,  and be ab le  t o  opera te  
over a  wide range o f  f requenc ies  and ampl i tudes. The ac tua to r s  must be compact 
enough t o  f i t  behind t h e  secondary m i r r o r  w h i l e  deve lop ing  s u f f i c i e n t  f o r c e  t o  
r a p i d l y  acce le ra te  and dece le ra te  t h e  m i r r o r .  I n  add i t i on ,  t h e  power t o  opera te  t h e  
ac tua to r s  must be min imized because any hea t  d i s s i p a t e d  i n s i d e  t he  te lescope  must 
be removed by  t h e  c o o l i n g  system, which has a  l i m i t e d  capac i t y .  

I n  t h e  sec t i ons  t h a t  f o l l o w ,  an ana l ys i s  and o p t i m i z a t i o n  o f  a  m i r r o r - ac tua to r  
system f o r  large-excursionlhigh-frequency chopping i s  developed. The r e s u l t s  of 
t h i s  ana l ys i s ,  combined w i t h  l a b o r a t o r y  measurements o f  a  p ro to t ype  ac tua to r  operat -  
i n g  a t  c ryogen ic  temperatures, a l l ow  performance p r e d i c t i o n s  t o  be made f o r  a  r e a l  
system u t i l i z i n g  t h i s  technology. 

PERFORMANCE CRiTERIA AND POTENTIAL ADVANTAGES OF ELECTRODYNAMIC ACTUATORS 

The performance c r i t e r i a  f o r  t h e  SIKTF secondary m i r r o r  a re  as f o l l o w s :  

r 20 Hz, 90 percen t  du t y  c y c l e  chop 
r *24 arcmin ampl i tude 
r 1000 g-cm2 m i r r o r  i n e r t i a  
r Reac t ion less  des ign 
r Energy d i s s i p a t i o n  o f  t 200  mW 
r Actua to r  dimensions n o t  t o  exceed secondary m i r r o r  envelope 

These pose ex t reme ly  cha l l eng ing  problems f o r  t h e  c o n t r o l  system des igner .  The 
usual  requi rements o f  aerospace systems f o r  sma l l  s i ze ,  l i g h t  weight,  and low power 
are augmented by t h e  need t o  generate f o r ces  on t h e  o rde r  o f  50 t o  100 N  i n  a  t ime  
frame o f  o n l y  200 t o  600 us. 

E lect rodynamic ac tua to r s  are d i f f e r e n t i a t e d  f rom t h e  e lect romagnet ic  v a r i e t y  
(Ref.  2 )  by  t h e i r  l ack  o f  a  f i x e d  magnetic f i e l d  (see F igs .  1 and 2 ) .  By us i ng  two 
c o i l s  t o  generate t h e  i n t e r a c t i v e  magnet ic f i e l d s ,  e lect rodynamic ac tua to r s  a re  

"Lockheed M i s s i l e s  & Space Company, Co., Pa lo  A1 t o  Research Labora to ry ,  Pa lo  A1 t o  
C a l i f o r n i a .  
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F i g .  1 E l e c t r o m a g n e t i c  A c t u a t o r  F i g .  2 E lec t rodynamic  A c t u a t o r  D e t a i l  
Cutaway View 

capab le  o f  d e l i v e r i n g  s u b s t a n t i a l l y  more f o r c e  t h a n  an e l e c t r o m a g n e t i c  d e v i c e  o f  
comparable s i z e .  T h i s  i s  p o s s i b l e  because h i g h e r  f l u x  c o n c e n t r a t i o n s  can be ob- 
t a i n e d  u s i n g  e lec t romagne ts ,  v e r y  sma l l  gaps, and s p e c i a l  c o r e  geometry and mater -  
i a l  t o  f o c u s  f i e l d  e f f e c t s .  

Two c h a r a c t e r i s t i c s  o f  e l e c t r o d y n a m i c  a c t u a t o r s ,  t h e  c o m p a r a t i v e l y  l a r g e  i n e r t i a  
o f  t h e  moving p o r t i o n  and t h e  a d d i t i o n a l  power r e s u l t i n g  f rom t h e  use o f  two c o i l s  
( r a t h e r  t h a n  t h e  s i n g l e  c o i l  i n  an e lec t ro -magne t i c  machine) a r e  p o t e n t i a l  d isadvan-  
tages  f o r  t h e  SIRTF a p p l i c a t i o n .  Given t h e  per formance c r i t e r i a ,  t h e  q u e s t i o n s  t o  
be answered are :  

r Cou ld  any a c t u a t o r ,  w i t h  p h y s i c a l  l y  r e a l  i z a b l e  d imens ions ,  p roduce  t h e  f o r c e  
r e q u i r e d ?  

@ What i s  t h e  opt imum a c t u a t o r - l i n k a g e  geometry,  g i v e n  t h e  s i z e  and i n e r t i a -  
c a n c e l l i n g  c o n s t r a i n t s  on  t h e  m i r r o r - a c t u a t o r  sys tem? 

@ What i s  t h e  p r e d i c t e d  e n e r g y  d i s s i p a t i o n  o f  t h e  proposed d e s i g n  under  SIRTF 
o p e r a t i o n  c o n d i t i o n s ?  

DEVELOPMENT OF AN ANALYTICAL MODEL FOR ACTUATOR OPTIMIZATION 

The r e l a t i o n s h i p  between t h e  p h y s i c a l  parameters  used t o  d e s c r i b e  t h e  geometry 
of a  g e n e r i c  m i r r o r - a c t u a t o r  system a r e  shown i n  F i g .  3. A  r e a l  system would, o f  
course,  have two a c t u a t o r s  t o  p r o v i d e  symmetr ic i n e r t i a  c a n c e l l a t i o n .  The a n a l y s i s  
i s  somewhat s i m p l i f i e d ,  however, b y  assuming t h e  use o f  a  s i n g l e  a c t u a t o r .  

The c o n t r o l  system parameters  a and 8, wh ich  a f f e c t  t h e  d e s i g n  o f  t h e  a c t u a t o r ,  
a r e  i l l u s t r a t e d  i n  F i g s .  4 and 5. The r a t i o  o f  t h e  t o t a l  t r a n s i t i o n  t i m e  t i  t o  t h e  
t i m e  d u r i n g  which t h e  a c t u a t o r  i s  used t o  a p p l y  a  f o r c e  t~ ( f o r  e i t h e r  acce le ra -  
t i o n  o r  d e c e l e r a t i o n )  i s  d e f i n e d  as a.  The d u t y  c y c l e ,  o r  pe rcen tage  o f  a  t o t a l  
chop c y c l e  d u r i n g  wh ich  t h e  m i r r o r  i s  a c t u a l l y  a v a i l a b l e  t o  t h e  o p t i c a l  system, i s  
d e f i n e d  as 8. Together  a and 8  r .epresent i m p o r t a n t  t r a d e o f f  parameters  i n  b o t h  t h e  
d e s i g n  o f  t h e  m i r r o r - a c t u a t o r  system and t h e  o v e r a l l  p h i l o s o p h y  o f  t h e  t e l e s c o p e  
system. F i g u r e  5 demonst ra tes  t h e  impact  on t h e  a c t u a t o r  r e q u i r e m e n t s  o f  an 11 per -  
c e n t  decrease i n  d a t a - t a k i n g  c a p a b i l i t y  d u r i n g  a  20-Hz chop (8  changed f r o m  0.9 t o  



Fig. 3 Secondary Mirror Actuator 

Fig. 4 Transition Period Detail Fig. 5 Effect of Duty Cycle Variation 

0.8). The force required to accelerate the mirror decreases by a factor of 
almost 10, thus placing substantially lower demands on actuator performance and 
power consumption. 

Relations (1) through (8) were derived by analyzing the requirements for mirror 
acceleration/deceleration, inertia cancellation, and linkage geometry of the mirror 
and actuator system. Defining ec, V ,  and y respectively as the mirror chopping amp- 
litude, the chopping frequency, and the actuator gear ratio Rc/R2, the following 
re1 ations are found: 

bal anci ng 
condition: 

force 
required: 



f o r c e  
a v a i l a b l e :  

The q u a n t i t y  (Ka/6a)  i s  t h e  r a t i o  o f  t h e  f o r c e  developed per  u n i t  a c t i v e  area o f  t h e  
p o l e  p ieces t o  t h e  mass per  u n i t  area o f  t h e  po le 'p ieces .  The es t imate  o f  a v a i l a b l e  
ac tua to r  f o r c e  modeled i n  Eq. (4 )  i s  a  h i g h l y  s i m p l i f i e d  approx imat ion and i s  heav- 
i l y  dependent on core  m a t e r i a l  and geometry. 

The simultaneous s o l u t i o n  o f  (2 )  and (4 )  r e q u i r e s  t h a t :  

Ka/sa > RIC, 

The ac tua to r  mass i s  t hen  g i ven  by 

R e s i s t i v e  losses i n  t h e  ac tua to r  may be c a l c u l a t e d  f rom t h e  bas ic  r e l a t i o n s h i p  
f o r  energy d i s s i p a t i o n  i n  a  r e s i s t o r  

Th is  leads t o  t h e  express ion  f o r  t h e  average power d i s s i p a t e d  by  a pu lse-actuated 
system 

8 PE = - v ~ i ~  t 3 max A  

Assuming t h a t  t h e  r e s i s t a n c e  R i s  a  f u n c t i o n  o f  t h e  s i z e  o f  t h e  po l e  p iece  ( a  
l a r g e r  p o l e  p iece  w i l l  r e s u l t  i n  a  longer  w ind ing  and hence a  h igher  r es i s t ance ) ,  
then Eq. ( 7 )  may be w r i t t e n  as 

4  2 PE = R1maimax a ( l  - 8 )  

where R '  i s  t h e  r e s i s t a n c e  per  u n i t  mass o f  t h e  p o l e  p iece.  

The mechanical energy impar ted t o  t h e  m i r r o r l a c t u a t o r  system can a l so  be ca lcu -  
l a t e d  as w e l l  as t h e  r e s u l t a n t  power. However, t h e  va lue  o f  t h e  mechanical power 
(and hence t h e  p o t e n t i a l  d i s s i p a t i o n  o f  energy) i s  severa l  o rders  o f  magnitude l e s s  
t han  t h e  t y p i c a l  va lues ob ta ined  f o r  e l e c t r i c a l  energy losses  and so w i l l  n o t  be 
cons idered here. 

PARAMETRIC OPTIMIZATION OF ACTUATOR REQUIREMENTS 

From Eq. (6)  i t  can be seen t h a t  a  minimum va lue  f o r  ma (and thus f o r  f r )  w i l l  
be achieved when 

R1 = (Ka/6a)/2C, 

The ac tua to r  mass w i l l  be i n  t h i s  case 



and thus t h e  op t ima l  gear r a t i o :  

F i n a l l y ,  t h e  f o r c e  r e q u i r e d  f rom t h e  ac tua to r  i s :  

Equat ion (12) can be ob ta ined  e i t h e r  by s u b s t i t u t i n g  t h e  va lue o f  ma i n  (10)  i n -  
t o  t h e  f o r c e  a v a i l a b l e  model i n  ( 4 )  o r  by s u b s t i t u t i o n  i n  ( 2 )  w i t h  R 1  f rom ( 9 ) .  
Th is  i s  poss i b l e  because we have assumed t he  f o r c e  r e q u i r e d  fr equal t o  t h e  f o r c e  
a v a i l a b l e  fa. 

F igu res  6 and 7  d i s p l a y  t h e  r e s u l t s  o f  c a l c u l a t i o n s  t o  de te rmine  a c t u a t o r  pe r -  
formance requi rements as a  f u n c t i o n  o f  t h e  parameters 8 and Ka/sa.  I n  a l l  o f  these 
c a l c u l a t i o n s ,  a = 0.33. Th is  va lue min imizes t h e  e l e c t r i c a l  power i n  (8) when ma i s  
p rov ided  by (10) .  

F ig .  6 Optimal Mass (ma) and Lever F i g .  7  Force Required (Fa)  and Power 
Arm (R1) Versus Ka/sa D i ss i pa ted  (PE) Versus Ka/sa 

Three values o f  Ka/sa, 150, 200, and 250 m/s2 have been h i g h l i g h t e d  i n  F igs .  6 
and 7. These va lues represen t  t h e  range o f  Ka/sa t o  be expected f rom we1 1  designed 
e lect rodynamic ac tua to r s  and thus  i 1  l u s t r a t e  t h e  r e g i o n  f rom which des ign s e l e c t i o n s  
can be made f o r  t h e  dependent va r i ab l es .  

I n  Fig.  6 t h e  changes i n  ac tua to r  po le-p iece mass ma and ac tua to r  arm l e n g t h  R 1  
are p l o t t e d  versus Ka /sa  f o r  t h r e e  values o f  d u t y  c y c l e  B .  It i s  c l e a r  f rom bo th  
se ts  o f  curves t h a t  t o  achieve a  B = 0.9 w i l l  r e q u i r e  an ac tua to r  i n  t h e  250-mls2 
c lass .  A  compromise des ign i n  which B = 0.85 ( s l i g h t  degradat ion i n  chopping per-  
formance a t  20 Hz)  w i t h  Ka/sa = 200 mls2 i n d i c a t e s  a  r equ i r ed  mass o f  75 g a t  a  
r a d i u s  o f  4.2 cm. 

I n  F ig .  7, t h e  changes i n  r equ i r ed  f o r c e  Fa and d i s s i p a t e d  e l e c t r i c a l  power PE 
are shown as f u n c t i o n s  o f  K a / s a .  The assumptions o f  ec = 24 arcmin, v = 20 Hz, and 
R 1  = 60521kg were made f o r  these c a l c u l a t i o n s .  The d i f f i c u l t y  o f  meet ing t h e  
B = 0.9 requirement i s  ve ry  apparent. Even f o r  a  s ta te -o f - the -a r t  design, a  f o r c e  
o f  55 N d i s s i p a t i n g  54 W would be requ i red .  For  a  more e a s i l y  designed a c t u a t o r  
w i t h  a  K a / s a  = 150 mls2, t h e  r equ i r ed  f o r c e  and d i s s i p a t e d  power a re  85 N and 131 W 
r e s p e c t i v e l y .  These va lues a re  t oo  l a r g e  by a  f a c t o r  o f  3. The improvement ob ta ined  by  



s e t t i n g  = 0.85 i s  dramatic,  assuming a  200-m/s2 design. The power d i s s i p a t e d  
drops t o  25 W w h i l e  ma = 70 g and Fa = 17 N. 

ACTUATOR EXPERIMENT VAL IDAT ION 

P r e l i m i n a r y  l a b o r a t o r y  experiments were conducted [Ref. 33 t o  v a l i d a t e  t h e  con- 
cepts  and des ign o f  t h e  SIRTF secondary m i r r o r  and i t s  a c t u a t o r ( s ) .  Tests were 
conducted on t h e  ac tua to r  t o  v e r i f y  f o r c e  l e v e l s  ,and power consumption a t  o r d i n a r y  
and c ryogen ic  temperatures. The e lect rodynamic ac tua to r  chosen f o r  t h e  t e s t  had n o t  
been s p e c i a l l y  opt imized;  thus t h e  ac tua l  performance i s  below t h e  SIRTF requ i r e -  
ments. However, t h e  r e s u l t s  are r e a d i l y  s ca l ab l e  t o  an ac tua l  SIRTF des ign and 
s u f f i c i e n t  t o  demonstrate f e a s i b i l i t y .  Moreover, t h e  techniques developed f o r  these 
t es t s ,  p a r t i c u l a r l y  a t  cryogenic  temperatures, c o n s t i t u t e  a  s o l i d  bas i s  f o r  design- 
i n g  f u t u r e  t e s t s  o f  t h e  f u l l y  actuated secondary m i r r o r .  

MEASUREMENT PRINCIPLES 

Force Measurements 

Force measurements are made us i ng  a  technique s i m i l a r  t o  t h a t  o f  t h e  b a l l i s t i c  
pendulum. Th i s  p a r t i c u l a r  method has two advantages: f i r s t ,  t h e  ac tua to r  i s  oper- 
a t i n g  i n  a  mode s i m i l a r  t o  t h e  ac tua l  mode and, second, i t  i s  s imp le  t o  implement 
and accura te  r e s u l t s  can be obta ined.  A  s h o r t  c u r r e n t  pu lse  (200 t o  1200 us)  i s  
sent  t o  t h e  ac tua to r  c o i l s ,  communicating a  c e r t a i n  amount o f  k i n e t i c  energy t o  t h e  
system, which g r a d u a l l y  loads up t h e  s p r i n g  system c o n s t i t u t e d  by  t h e  p i v o t  and t h e  
g r a v i t y  f i e l d .  The maximum ampl i tude d e f l e c t i o n  emax i s  thus a  measure o f  t h e  f o r c e  
app l i ed  t o  t he  ac tua to r .  To q u a n t i f y  these p r i n c i p l e s ,  t he  dynamic model shown i n  
F i g .  8 i s  used. The ac tua to r  i s  mounted v e r t i c a l l y ,  w i t h  i t s  CG below t h e  f l e x  
p i v o t ,  and t h e  equat ions o f  mot ion are g i ven  by: 

where I i s  t h e  ac tua to r  i n e r t i a  about t he  p i v o t ,  k  i s  t he  p i v o t  sp r i ng  constant ,  M 
i s  t h e  t o t a l  mass o f  t h e  moving p a r t ,  a  i s  t h e  p o s i t i o n  o f  t h e  cen te r  o f  mass, g  i s  
t h e  a c c e l e r a t i o n  due t o  g rav i t y ,  F i s  t h e  e lect rodynamic f o r c e  generated between t h e  
po l e  p ieces a t  a  d i s t ance  r f rom t h e  p i v o t ,  and e  i s  t h e  d e f l e c t i o n  angle. 

For  a  pu l se  o f  s h o r t  d u r a t i o n  ~ t ,  i t  can be shown t h a t  t h e  average f o r c e  F  i s :  

F = ( e  I r ~ t )  z ] I ( k + M g a )  max (14) 

The q u a n t i t i e s  I and k  + Mga are f i r s t  de r i ved  f rom t h e  measured n a t u r a l  f requenc ies  
o f  o s c i l l a t i o n  o f  t h e  ac tua to r  i n  t h e  f o l l o w i n g  cases: ( 1 )  nominal p o s i t i o n ,  and 
( 2 )  nominal p o s i t i o n  w i t h  added mass m  a t  d i s t ance  d  f rom t h e  p i v o t .  

Ac tua to r  Force C o e f f i c i e n t  

The f o r c e  produced by t h e  e lect rodynamic ac tua to r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  p roduc t  o f  t h e  cu r ren t s  i n  t h e  r o t o r  ( i l )  and s t a t o r  ( i 2 )  c o i l s :  

F  = k i i  
F 1 2  

where t h e  c o e f f i c i e n t  k~  i s  expressed i n  Newtons per  square Ampere. Because o f  
t h e  c o i l  inductance, s a t u r a t i o n  o f  t he  power a m p l i f i e r s  d r i v i n g  t h e  c o i l s ,  and o t h e r  
n o n l i n e a r i t i e s ,  t h e  pu l se  shapes a re  u s u a l l y  n o t  square, e s p e c i a l l y  f o r  sho r t  dura- 
t i o n s .  The measurements g i v e  an average va lue  o f   FA^, and t h e  f o r c e  c o e f f i c i e n t  i s  
determined by  t h e  formula:  



I n  these s tud ies ,  t h e  maximum achievable F i s  more impor tan t  f o r  t h e  des ign than  
t h e  ac tua l  va lue  of k ~ ,  b u t  l i n e a r  and s a t u r a t i o n  ranges must be assessed f o r  sca l -  
ab i  1  i t y  and e x t r a p o l a t i o n  t o  d i f f e r e n t  designs. 

Power Measurement P r i n c i p l e  

The e l e c t r i c a l  power d i s s i p a t e d  i n  t h e  ac tua to r  i s  o f  p r ima ry  concern f o r  t he  
SIRTF design, and accura te  measurement i s  e s s e n t i a l .  The method chosen here i s  
p u r e l y  e l e c t r i c a l .  A general  c i r c u i t  model f o r  one of t h e  ac tua to r  c o i l s  i s  shown 
i n  Fig.  9. The main c o n s t i t u e n t s  o f  t h i s  c i r c u i t  are t h e  inductance L, t he  r e s i s t -  
ance R, and an i n d u c t i o n  vo l tage  e, which inc ludes  t h e  i n t e r a c t i o n s  o f  t h e  c o i l  w i t h  
t he  o t h e r  p a r t  o f  t he  ac tua to r  and o t h e r  k i nds  o f  losses.  

F ig .  8 Dynamic Model 

I 8' - RESISTIVE LOSSES 

4 MECHANICAL POWER & OTHER LOSSES TOTAL = 1 POWER 

Fig.  9 Power Measurement 

Measuring the  i n p u t  vo l t age  V and c u r r e n t  i i n  t he  c o i l s  leads t o  an eva lua t i on  
o f  t he  t o t a l  energy f e d  t o  t h e  system du r i ng  t h e  i n t e r v a l  ~ t ,  

The r e s i s t i v e  losses a re  ob ta ined  by 

0 

The energy ba lance r e q u i r e s  t h a t  

where Ee rep resen ts  n o n r e s i s t i v e  losses. It i s  thus  seen t h a t  measurements o f  V, i, 
and R can be used t o  determine t h e  energy losses i n  t he  ac tua to r  and thus t he  heat  
generated. 



As shown p rev i ous l y ,  s ince  t h e  pu l se  shapes a re  n o t  square i t  i s  necessary t o  
per form an ac tua l  i n t e g r a t i o n  over  some p e r i o d  o f  t ime  ~t d u r i n g  which t h e r e  i s  
e l e c t r i c a l  a c t i v i t y  p resen t  i n  t h e  system. ( T h i s  t i m e  may i n  f a c t  s i g n i f i c a n t l y  
exceed t h e  o r i g i n a l  pu l se  w id th  o f  t h e  i n p u t  t o  t h e  power a m p l i f i e r s . )  Thus, each 
va lue determined f o r  ET, ER, etc., rep resen ts  t h e  energy pe r  pu lse ,  and t h e  average 
power i s  then  c a l c u l a t e d  by  m u l t i p l y i n g  these va lues by  t h e  number o f  pu lses  pe r  
second. 

DATA ACQUISITION AND PROCESSING 

The ac tua to r  dynamic c h a r a c t e r i z a t i o n  and t h e  f o r c e  and power measurements were 
performed us i ng  a  s o p h i s t i c a t e d  d i g i t a l  da ta  a c q u i s i t i o n  and p rocess ing  system i n -  
v o l v i n g  an STIIDEC 11-23 microprocessor,  AID and DAC i n t e r f a c e s ,  a  separate d i g i t a l  
f requency generator,  a  pu lse  generator  and power a m p l i f i e r s ,  and a da ta  a n a l y s i s  
so f tware  package (VAMP). Th i s  system i s  used i n  two d i f f e r e n t  modes (F ig .  10):  

( 1 )  A  slow mode i n  which t h e  ac tua to r  i s  pu lsed  every  5 o r  10 s  and t h e  da ta  a re  
taken a t  a  200-Hz sampl ing r a t e .  

(2 )  A  f a s t  mode i n  which t h e  ac tua to r  i s  pu lsed a t  a  200.1-Hz r a t e  b y  an inde-  
pendent f requency generator  t r i g g e r i n g  t h e  pu l se  generator .  The 11-23 i s  
s t i l l  t a k i n g  da ta  a t  200 Hz and, because o f  t h e  s l i g h t  d i f f e r e n c e  i n  f r equ -  
encies, t h e  equ i va l en t  ( o r  v i r t u a l )  sampl ing t ime  i s  about 2.5 us. 

CRYOGENIC MEASUREMENTS SETUP 

These measurements are made us i ng  a  he l ium dewar as shown i n  F i g .  11. A sma l l  
window a l lows  a  l a s e r  beam t o  be r e f l e c t e d  f r om  a  m i r r o r  a t tached  t o  t h e  ac tua to r .  
The r e f l e c t e d  beam i s  de tec ted  by a  l i n e a r  photosensor whose ou tpu t  i s  t hus  propor-  
t i o n a l  t o  t h e  ac tua to r  r o t a t i o n  angle e. The c u r r e n t  i n t o  and vo l t age  across t h e  
c o i l s  a re  p icked  up o u t s i d e  o f  t h e  dewar, near t h e  connector.  Thermistors  a re  g lued  
t o  va r ious  p a r t s  o f  t h e  ac tua to r  and i n t e r n a l  f i x t u r e s  t o  determine t h e  l o c a l  tem- 
peratures.  Power da ta  a re  acqu i red  i n  a s h o r t  b u r s t  t o  m in im ize  hea t  d i s s i p a t i o n ,  
which would o therw ise  be s i g n i f i c a n t  f o r  200-Hz opera t ions .  Because o f  t h e  s h o r t  
t ime  a v a i l a b l e  a t  low temperature due t o  t h e  l i m i t e d  c a p a c i t y  and i n s u l a t i o n  o f  t h e  
dewar, a l l  t h e  va r ious  measurements a re  s t o red  i n  memory t o  be processed and s t u d i e d  
1  a te r .  

ACTUATOR 

0.2 HZ 
FORCE - 

MEASUREMENTS 

A C Q U I S I T I O N  

-. 

POWER 

MEASUREMENTS 
TEMPERATURE MI ASIIItLMEt4TS 

F ig .  10 Data A c q u i s i t i o n  and F ig .  11 Cryogenic Measurements 
Process ing System V a r i a t i o n  

EXPERIMENTAL RESULTS 

Data were taken a t  o r d i n a r y  temperature and a t  temperatures around 16 K. I n  
bo th  cases t h e  ac tua to r  was i n s t a l l e d  i n s i d e  t h e  dewar, except  f o r  p r e l i m i n a r y  
measurements o f  m a s s l i n e r t i a  p rope r t i e s .  



M a s s I I n e r t i a  P r o p e r t i e s  

The ac tua to r  under t e s t  was found t o  have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

k  = 0.69 N-mlrad Mga = 2.95 x  N-mlrad I = 1.60 x  10-4 kg-m2 

The va lue  o f  r ( a p p l i c a t i o n  p o i n t  o f  t h e  e lect rodynamic f o r c e )  i s  0.0212 m. 

Force Measurements 

These measurements were taken f o r  commanded pu l se  leng ths  o f  400, 600, and 1200 
us a t  room temperature and a t  500 and 600 us a t  cryogenic  temperatures. A t y p i c a l  
da ta  se t  f o r  t h e  c ryogen ic  runs i s  shown i n  F ig .  12. Values f o r  t he  ac tua to r  f o r c e  
c o e f f i c i e n t  were found t o  be i n  t h e  range o f  0.3 t o  0.6 ~ 1 ~ 2 .  F i g .  13 p l o t s  t h e  
r e1  a t i o n s h i p  between t h e  c a l c u l a t e d  va lues and those measured exper imenta l  l y .  The 
assumption o f  Ka/sa = 100 m/s2 f o r  t h i s  a c t u a t o r  appears t o  be s u b s t a n t i a l l y  co r -  
r e c t  based on t h e  f i d e l i t y  o f  t h e  computed va lues i n  F ig .  13. 
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F ig .  12 To ta l  I n p u t  Power ( V I )  and F ig .  13 Ac tua to r  Force f o r  Var ious 
R e s i s t i v e  Losses ( i 2 )  a t  Pulse Lengths 
Cryogenic Temperatures 
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Data were taken w i t h  t h e  ac tua to r  cooled t o  below LN2 temperature (E-core a t  
60 K  and C-core a t  16 K). The r e s u l t s  of these  t e s t s  are summarized i n  Table 1: 

E-CORE RT 68 Y 200 400 600 800 1000 1200 
C-CORE 47 1E % PULSE LENGTH W E C )  

Table 1 POWER DISSIPATION 

Measurements o f  t h e  C-core and E-core w ind ing  r e s i s t a n c e  i n d i c a t e d  a  drop o f  
approx imate ly  a  f a c t o r  o f  10 f rom room temperature values. However a  f a c t o r  o f  100 

117 

Pulse Length 
( P S I  

500 

600 

Average To ta l  Power ( W )  
Per 1200 ps 

C-Core 

2.785 

1.544 

Average i 2  ( ~ 2 )  
Per 1200 us 

E-Core 

4.653 

5.970 

C-Core 

3.541 

5.083 

E-Core 

4.886 

6.692 



t o  150 was expected a t  16 K (Ref .  4 ) .  To v e r i f y  t h e  assumpt ion o f  g r e a t l y  i n c r e a s e d  
c o n d u c t i v i t y ,  a  separa te  t e s t  was conducted i n  wh ich t h e  comp le te  E- and C-cores 
o f  a  disassembled PPM a c t u a t o r  were c o o l e d  d i r e c t l y  i n  an LHe b a t h  u n t i l  t h e y  s t a -  
b i l i z e d  a t  4.2 K. These da ta ,  summarized i n  Tab le  2, s u p p o r t  t h e  c l a i m  t h a t  subs tan -  
t i a l l y  lowered r e s i s t i v i t y  w i l l  occu r  a t  SIRTF secondary  m i r r o r  o p e r a t i n g  tempera- 
t u r e s ,  even w i t h o u t  t h e  use o f  h i g h - p u r i t y ,  annea led copper  w i r e .  

Data f rom Tables 1 and 2  and F i g .  12 may now be combined t o  show f o r c e  genera ted  
and t h e  a s s o c i a t e d  ene rgy  d i s s i p a t i o n  ( T a b l e  3 ) .  

Tab le  2  RESISTIVITY 

Tab le  3 GENERATED FORCE AND ENERGY LOSS 

P r e d i c t e d  Performance f o r  SIRTF A c t u a t o r s  

Commanded 
P u l s e  Leng th  

( v ~ )  

500 

600 

S ince  b o t h  t h e  f o r c e  F genera ted  b y  t h i s  t y p e  o f  a c t u a t o r  and t h e  r e s i s t i v e  
l o s s e s  a r e  a  f u n c t i o n  o f  i 2 ,  t h e  average power d i s s i p a t i o n  Pave i s  t h u s  p r o p o r t i o n a l  
t o  F. T h i s  s c a l i n g  r e l a t i o n  was used w i t h  d a t a  f r o m  Tab le  3  t o  o b t a i n  t h e  r e s u l t s  
i n  Tab le  4. Note t h a t  even a t  a  90 p e r c e n t  d u t y  c y c l e ,  t o t a l  power d i s s i p a t i o n  i s  
l e s s  t h a n  150 mW. 

Tab le  4  POWER DISSIPATION 

Force 
Generated 

(N) 

2.91 

3.32 

T o t a l  i 2 ~  Energy 
Loss (E+C Cores) p e r  P u l s e  

( J )  

1.55 x 10-4 

2.16 x 10-4 

Duty Cyc le  
(500 U / S  P u l s e )  

B = 0.85 (85  p e r c e n t )  
a = 0.33 

B = 0.90 ( 9 0  p e r c e n t )  
a = 0.33 

Fo rce  L e v e l  Requi red 
( 2 0  Hz a t  45 arcmin  

amp1 i t u d e )  (N) 

17  

65 

Average Power D i  s s i p a t e d  
b y  R e s i s t i v e  Losses 

Ka/6a = 200 ms2 (W) 

0.036 

0.132 
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CONTROL OF LARGE THERMAL DISTORTIONS 
I N  A CRYOGENIC WIND TUNNEL 

John C. ~ u s t a f s o n *  

ABSTRACT 

The Nat iona l  Transonic  F a c i l i t y  (NTF) i s  a  r e c e n t l y  completed research 
wind tunne l  capable o f  ope ra t i on  a t  temperatures down t o  89K ( 1 6 0 ° ~ )  and 
pressures up t o  9 x  l o 5  pa (9  atmospheres) t o  ach ieve Reynolds numbers 
approaching 120,000,000. Wide temperature excurs ions  combined w i t h  t he  
p r e c i s e  a l ignment  requirements o f  the  tunnel  aerodynamic su r faces  imposed 
unique c o n s t r a i n t s  on t h e  mechanisms suppor t ing  t h e  i n t e r n a l  s t r u c t u r e s  o f  
t h e  tunne l .  The ma te r i  a1 s e l e c t i o n s  su i  tab1 e  f o r  t h i s  appl i c a t i o n  were 
a1 so l i m i t e d .  A genera l  design ph i losophy  o f  u t i l  i z i n g  a s i n g l e  f i x e d  
p o i n t  f o r  each l i n e a r  degree o f  freedom and gu id i ng  t h e  expansion as 
r e q u i r e d  was adopted. These suppor t  systems a l l o w  thermal expansion t o  
t a k e  p lace i n  a  manner t h a t  min imizes t h e  development o f  t h e r m a l l y  induced 
s t resses  w h i l e  m a i n t a i n i n g  s t r u c t u r a l  a1 i gnment and r e s i s t i n g  h i gh  aerody- 
namic loads. 

Typ i ca l  o f  t h e  suppor t  mechanisms a re  t he  p re l oad  b racke ts  used i n  
t h e  fan shroud system and t h e  Watts l i n k a g e  used t o  suppor t  t he  upstream 
nace l l e .  The design o f  these mechanisms along w i t h  t h e  bas ic  design r e q u i r e -  
ments and t h e  c o n t r a i n t s  imposed by t he  tunnel  system are  d iscussed i n  d e t a i l .  

INTRODUCTION 

The Nat iona l  Transonic F a c i l i t y  (NTF) i s  a  r e c e n t l y  completed c ryo-  
gen ic  and h i gh  pressure wind tunne l  a t  t h e  NASA Langley Research Center 
capable o f  o p e r a t i n  a t  temperatures i n  t he  range o f  89K ( 1 6 0 ° ~ )  and a t  B pressures t o  9 x  10 pa ( 9  atmospheres). Th is  f a c i l i t y  i s  capable o f  
produc ing Reynolds numbers i n  t h e  range o f  120,000,000 by us ing  c ryogen ic  
n i t r o g e n  as t h e  t e s t  f l u i d  and w i l l  p r ov i de  a  marked inc rease  i n  c a p a b i l i t y  
t o  accu ra te l y  s imu la te  t h e  f u l l  sca le  aerodynamics o f  c u r r e n t  and f u t u r e  
a i r c r a f t  w i t h  smal l  sca le  models. The tunnel  i s  a  r e c i r c u l a t i n g  t ype  w i t h  
a  number o f  i n t e r n a l  s t r u c t u r e s  t o  c o n t r o l  and c o n d i t i o n  t h e  f l o w  th rough  
t h e  t e s t  sec t ion .  The i n t e r n a l  s t r u c t u r e s  exper ience wide temperature 
swings s ince  they  a re  exposed t o  t h e  cryogenic  n i t r ogen .  The tunnel  
pressure s h e l l  i s  i n t e r n a l l y  i n s u l a t e d  and i s  o n l y  exposed t o  t h e  o u t s i d e  
ambient temperature.  The des ign o f  t he  mechanisms t o  support  these i n t e r -  
na l  s t r u c t u r e s  from t h e  tunne l  pressure s h e l l  and s t i l l  accommodate t h e  
thermal and pressure induced re1 a t i  ve displacements between t h e  she1 1  and 
t h e  i n t e r n a l s  was one o f  t h e  c r i t i c a l  problems t o  be so lved i n  t h e  f a c i l i t y  
design. 
*NASA Langley Research Center, Hampton, V i r g i n i a  



This  paper d iscusses t h e  problems assoc ia ted  w i t h  t h e  s t r u c t u r a l  design, 
r e s u l t i n g  from thermal expansion, f o r  t h e  e n t i r e  f a c i l i t y  and t h e  general  
des ign approach used t o  deal w i t h  it. As t y p i c a l  examples, t h e  des ign  o f  
t h e  suppor ts  f o r  two o f  t h e  major i n t e r n a l  s t r u c t u r e s ,  t h e  fan shroud 
system and t he  upstream nace l l e ,  a re  examined i n  d e t a i l .  The m a t e r i a l  
s e l e c t i o n  c r i t e r i a  and t he  c o n s t r a i n t s  imposed by ope ra t i ona l  cons ide ra t i ons  
a re  i nc l uded  i n  t he  d iscuss ion.  The f i n a l  s o l u t i o n s  and t h e  major  problems 
exper ienced i n  implement ing these designs a re  reviewed i n  d e t a i l ,  

BACKGROUND 

The p r imary  requirement f o r  dynamic s i m u l a t i o n  o f  an a i r c r a f t  a t  
t r a n s o n i c  speeds, by a  model i n  a  wind tunne l ,  i s  t he  matching o f  t h e  
Reynolds and Mach numbers. Whi 1  e  o b t a i n i n g  t h e  requ i  r ed  Mach number has 
r e a d i l y  been ach ievab le  i n  e x i s t i n g  f a c i l i t i e s ,  gene ra t i ng  f u l l  s ca le  
Reynolds numbers on sca l  e  model s  has been a  cons iderab ly  more d i  f f i c u l  t 
task .  

As a  r e s u l t ,  over  t he  pas t  t h r e e  decades e x i s t i n g  wind t unne l s  have 
been unable t o  a c c u r a t e l y  s imul a t e  t h e  c h a r a c t e r i s t i c s  o f  t he  p r o g r e s s i v e l y  
h i ghe r  performance a i r c r a f t  t h a t  were be ing developed, F igure  1. 

As e a r l y  as 1920 i t  was recognized t h a t  t he  Reynolds number i n  a wind 
tunne l  cou ld  be c o n t r o l l e d  by va r y i ng  t he  temperature o f  t h e  work ing 
f l u i d . ( l )  Dens i t y ,  v i s c o s i t y  and t h e  speed o f  sound a re  a l l  temperature 
dependent and tend  t o  inc rease  t he  Reynolds number as t h e  temperature 
decreases, t h e  e f f e c t  be ing  most pronounced below 180K ( 3 2 4 O ~ )  as shown i n  
F i gu re  2. 

C u r r e n t l y  t h e  NASA Langley Research Center i s  i n  t h e  process o f  a c t i -  
v a t i n g  t h e  Na t i ona l  Transonic  F a c i l i t y  which i s  designed t o  ach ieve f u l l  
s ca le  Reynolds numbers i n  t h e  t r a n s o n i c  regime and p rov i de  a  more accura te  
f l i g h t  s i m u l a t i o n  i n  t h e  wind tunnel  t e s t i n g  of t he  nex t  genera t ion  o f  a i r -  
c r a f t .  (See F i g u r e  3 )  The tunne l  i s  a  r e c i r c u l a t i n  t ype  ope ra t i ng  over  a  
temperature range of 89K (160°R) t o  339K (6100R).(~!  Cryogenic n i t r o g e n  i s  
used as a  work ing f l u i d  f o r  t h e  low temperature regime w h i l e  d r y  a i r  i s  used 
f o r  t he  ambient case. The general  des ign goals  a re  g iven i n  Table  1 w i t h  t he  
o v e r a l l  s i z e  and c o n f i g u r a t i o n  shown i n  F i gu re  4. To min imize t h e  energy 
consumption assoc ia ted  w i t h  c o o l i n g  t h e  tunne l  system t o  t he  c ryogen ic  s t a t e  
and t o  permi t  more r a p i d  changes i n  t h e  work ing gas temperature,  t h e  t unne l  
i n s u l a t i o n  system i s  on t h e  i n t e r n a l  su r face  of the  pressure s h e l l ,  F i gu re  5. 
Th i s  causes t he  tunne l  pressure s h e l l  t o  remain a t  near ambient temperature 
w h i l e  t h e  temperature of t h e  i n t e r n a l  s t r uc tu res ,  which a re  supported by 
t h e  pressure she1 1  , are  near t h e  f l o w  stream temperature.  

Accommodating Thermal Expansions 

The design o f  l a r g e  s t r u c t u r e s  such as NTF must, i n  general ,  i n c o r -  
p o r a t e  some p r o v i s i o n  f o r  thermal expansion between supports.  For 



i ns tance  i t  i s  necessary t o  accommodate t h e  seasonal and d a i l y  temperature 
induced dimensional  changes o r  s t resses.  Whi le i t  appears t h a t  l a r g e  
dimensions a re  t h e  r o o t  o f  t h e  problem, combining t h e  equat ions d e f i n i n g  
t h e  modulus o f  e l a s t i c i t y  and t h e  expansion o f  a  m a t e r i a l  under temperature 
show otherwise.  As an example, t h e  t e n s i l e  s t r e s s  generated by changing 
t h e  temperature o f  a  bar  f i x e d  a t  bo th  ends can be de f i ned  by 

a = E a A T  

where a = t e n s i l e  s t r e s s  
E = modulus o f  e l a s t i c i t y  
a = l i n e a r  c o e f f i c i e n t  o f  thermal expansion 

AT = change i n  temperature from t h e  s t r e s s - f r e e  s t a t e  

It f o l l o w s  t h a t  f o r  p a r t s  o f  any s i ze ,  manufactured from m i l d  s t e e l  o r  
annealed a1 uminum a l l o y s ,  a  temperature s h i f t  o f  50K (90°R) w i l l  generate 
s t resses  on t h e  o rder  o f  6.89 x  l o 7  fl/rn2 (10,000 p s i )  o r  about h a l f  o f  t h e  
des ign a l l owab le  s t resses.  L o g i c a l l y  then, i t  i s  most e f f i c i e n t  t o  a l l o w  
t h e  thermal expansion t o  t ake  place, more o r  l e s s ,  un res t ra ined .  

The approach used i n  t h e  NTF des ign  i s  t h e  c l a s s i c  one o f  p r o v i d i n g  a 
s i n g l e  f i x e d  p o i n t  o f  at tachment a long a g iven  a x i s  and l e t t i n g  t h e  s t r u c -  
t u r e  deform as f r e e l y  as p o s s i b l e  away from t h e  anchor po in t .  Typ ica l  o f  
t h i s  approach i s  t h e  s i n g l e  p o i n t  anchor ing o f  t h e  pressure shel 1  a t  t h e  
t r a n s f e r  case, F i gu re  4, and t h e  use o f  p i v o t i n g  suppor ts  o f  t he  t ype  shown 
i n  F i gu re  6  a t  o t he r  ground anchors. 

The i n t e r n a l  s t r u c t u r e s  a re  supported from t h e  i n n e r  pressure s h e l l  
w a l l .  Attachment p o i n t s  between t h e  var ious  i n t e r n a l s  and t he  suppo r t i ng  
s h e l l  a re  l o c a t e d  where a f u n c t i o n a l  requirement d i c t a t e s  a  f i x e d  r e l a -  
t i o n s h i p  between t h e  two s t r u c t u r e s .  Thermal growth away from these 
at tachment p o i n t s  i s  guided t o  ma in ta i n  c r i t i c a l  a l ignments  between t h e  
i n t e r n a l  components and pressure shel 1  s t r u c t u r e .  Th is  insures  t h a t  aero- 
dynamic f l o w  qua1 i t y  i s  ma in ta ined  regard1 ess o f  t h e  ope ra t i ng  temperature.  

MATERIALS 

M a t e r i a l  s e l e c t i o n  on t h e  NTF p r o j e c t  was seve re l y  l i m i t e d .  The bas i c  
c r i t e r i a  u t i l i z e d  f o r  m a t e r i a l  screening was a Charpy notch toughness va lue  
i n  excess o f  34 Joules (25  f o o t  pounds). The m a t e r i a l  a l s o  had t o  meet t h e  
requi rement  imposed by t h e  ASME Pressure Vessel Code. 

Table 2 i s  a  l i s t  o f  t h e  p r imary  s t r u c t u r a l  m a t e r i a l s  chosen f o r  use 
i n  t h e  NTF. The use o f  two types o f  5000 s e r i e s  a1 uminum a1 l o y s  was 
d i c t a t e d  by an upper s e r v i c e  temperature l i m i t  o f  339K (610°R) f o r  t h e  
5083 a1 l oy .  The use o f  5083 was d e s i r a b l e  because o f  i t s  s u p e r i o r  
s t r e n g t h  p r o p e r t i e s  i n  t h e  annealed cond i t i on .  However, temperatures f rom 
t h e  fan t o  t h e  cool  i n g  c o i l s  w i l l  r i s e  t o  366K ( 6 5 9 0 ~ )  d u r i n g  ambient 
temperature tunne l  runs n e c e s s i t a t i n g  t he  use o f  5454 f o r  aluminum 



s t r u c t u r e s  i n  t h i s  sec t i on  o f  t h e  tunne l .  Whi le 5454 has a  lower  a1 lowab le  
des ign s t r ess ,  i t  i s  no t  s u s c e p t i b l e  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  a t  
temperatures above 339K (610°R). 

Desp i t e  t h e  i n t e r n a l  i n s u l a t i o n  the' shel 1  i s  r e q u i r e d  t o  w i t hs tand  
exposure t o  t h e  cryogenic  env i  ronment , i n c l u d i n g  p o s s i b l y  a  d i  r e c t  con tac t  
w i t h  l i q u i d  n i t r ogen .  A d d i t i o n a l  cons ide ra t i ons  o f  f a b r i c a t i o n  ease and 
t h e  requ i  rement f o r  a  50 y e a r  f a t i g u e  l i f e  r e s u l t e d  i n  t h e  cho ice  o f  304 
s t a i n l e s s  s t ee l  f o r  t h e  shel  1  m a t e r i a l .  

Aluminum was se lec ted  over  s t e e l  f o r  t h e  p r imary  i n t e r n a l  s t r u c t u r e s  
t o  reduce weight,  i nc rease  thermal c o n d u c t i v i t y  and min im ize  thermal capa- 
c i t y .  I n  o rder  t o  ma in ta i n  t h e  thermal s t resses  w i t h i n  a l l owab le  l i m i t s ,  
t h e  system cool  down t ime  had t o  be c o n t r o l l e d .  Even w i t h  t h e  optimum 
m a t e r i a l  se l ec t i ons ,  t h i s  t i m e  cou ld  no t  be reduced t o  l e s s  than approxima- 
t e l y  8  hours. 

INTERNAL STRUCTURE TO SHELL ATTACHMENTS 

As noted e a r l i e r ,  f o r  ope ra t i ona l  cos t  cons ide ra t i ons ,  t h e  tunne l  
p ressure  s t e e l  s h e l l  i s  i n s u l a t e d  from t h e  f l o w  stream and t h e  i n t e r n a l  
s t r u c t u r e s  s t a b i l i z e  a t  t h e  f l o w  stream temperature.  I n  o p e r a t i o n  t h i s  
r e s u l t s  i n  a  temperature d i f f e r e n t i a l  between t h e  s h e l l  and i n t e r n a l s  o f  
appa ren t l y  205K ( 3 7 0 ° ~ )  and can r e s u l t  i n  l a r g e  r e l a t i v e  mot ions between 
i n i t i a l l y  ad jacen t  p o i n t s  on t h e  two s t r uc tu res .  

I n  general  , a1 1 connect ions between t h e  i n t e r n a l  s t r u c t u r a l  e l  ements 
and t h e  s h e l l  p rov i de  f i x i t y  i n  o n l y  one l o c a l  l i n e a r  d i r e c t i o n .  Moments 
on t he  gross s t r u c t u r e s  a re  r e s t r a i n e d  by couples generated by opposing 
suppor ts  on e i t h e r  s i de  o f  t h e  s t r u c t u r e .  Local r o t a t i o n s  a t  t h e  suppor ts  
w i l l  occur due t o  uneven temperature d i s t r i b u t i o n s  as t h e  system t r a n s i t i o n s  
f rom ambient t o  i t s  i n i t i a l  ope ra t i ng  se tpo in t .  These r o t a t i o n s  are s imp ly  
a1 lowed t o  occur s ince  t hey  w i l l  e s s e n t i a l l y  d isappear as thermal 
e q u i l i b r i u m  i s  reached p r i o r  t o  system s t a r t  up. 

Th i s  approach does no t  d i r e c t l y  address t he  problem o f  s t resses  i n t e r -  
na l  t o  t he  s t r u c t u r e  caused by non-uni form temperature p r o f i  1  es "dur ing  
thermal t r a n s i t i o n s .  These a re  c o n t r o l l e d  o p e r a t i o n a l l y  by a  f i v e  hour 
s t r u c t u r a l  c o n d i t i o n i n g  cool  down t o  approx imate ly  117K (210°R). Opera t iona l  
temperature v a r i a t i o n s  o f  t h e  f l ows t ream are then r e s t r i c t e d  t o  a  change i n  
temperature o f  48K (890R). Since these ope ra t i ona l  swings cannot be 
p red i c t ed ,  t h e  des ign c a l c u l a t i o n s  assume t h a t  an ins tantaneous change i n  
t h e  gas temperature equal t o  t h e  f u l l  ope ra t i ona l  temperature swing can 
occur  a t  anyt ime w i t h i n  t h e  l i m i t s . ( 3 )  (See F igu re  7) 

Th i s  des ign approach o f  l e t t i n g  t he  s t r u c t u r e  deform f r e e l y  reduces 
bo th  t h e  comp lex i t y  of t he  thermal s t r e s s  ana l ys i s  and t h e  magnitude o f  t he  
t unne l  s t resses.  The t r a n s i e n t  cases o f  cooldown and t he  48K (86OR) opera- 
t i o n a l  temperature swing became t h e  dominant concern i n  t h i s  area. 



Determina t ion  o f  t h e  f i n a l  s t r e s s  l e v e l s  was done by super imposing t he  
mechan ica l l y  generated s t r e s s  d i s t r i b u t i o n  over t h e  thermal t r a n s i e n t  
s t r e s s  d i s t r i b u t i o n s .  

FAN CONTAINMENT SHROUD ASSEMBLY 

The fan containment shroud shown i n  F i gu re  8  i s  one o f  t h r e e  sec t i ons  
o f  a  s i x t y  f o o t  shroud assembly l o c a t e d  i n  t h e  fan reg ion  o f  t he  tunne l .  
Th i s  p a r t i c u l a r  s e c t i o n  forms t h e  o u t e r  su r f ace  o f  t h e  f l o w  annulus,  p ro -  
v i des  t h e  outboard at tachments f o r  t h e  f a n  i n l e t  and e x i t  f l o w  c o n t r o l  
vanes and, as t h e  name imp l i es ,  p rov i des  p r o t e c t i o n  f o r  t h e  t unne l  p ressure  
vessel  i n  t he  event o f  separa t ion  o f  a  fan b lade from the  d r i v e  d i sc .  
Table 3 summarizes t h e  p e r t i n e n t  dimensions, loads,  and design requi rements  
o f  t h i s  s t r u c t u r e .  

The shroud i s  supported from t h e  tunnel  w a l l  which i s  r e i n f o r c e d  f o r  
t h e  h i gh  loads i n  t h i s  r eg ion  by ex te rna l  r i ngs .  To deal w i t h  t h e  combined 
t h r u s t  and t o r s i o n a l  ope ra t i ng  loads  on t he  shrouds and c o n c u r r e n t l y  a l l o w  
thermal expansion o f  t h e  shroud assembly, independant r a d i a l  and a x i a l  
suppor t  systems a re  u t i l i z e d .  Each system prov ides  l o c a l  suppor t  a long  one 
l i n e a r  a x i s  and a l l ows  r e l a t i v e  freedom o f  mot ion i n  t h e  o t h e r  two or thogonal  
axes. 

Thrust  Support  

I n  ope ra t i on  t h e  abso lu te  pressure i n s i d e  t h e  shroud assembly increases 
from t h e  upstream t o  downstream end. To prevent  r e c i r c u l a t i o n  between t h e  
shroud and t he  s h e l l  w a l l  t h i s  f l o w  path was sealed o f f .  It i s  t h i s  seal  
requ i rement  which generates t h e  m a j o r i t y  o f  t he  f o r c e  on t h e  shroud and 
r e s u l t s  i n  a  ne t  f o r c e  t end ing  t o  d r i v e  t h e  shroud upstream. A s i n g l e  
bulkhead seal i s  used on t he  upstream end and t h i s  prov ides t he  s i n g l e  
f i x e d  a x i a l  suppor t  p o i n t  f o r  t h e  shroud, F igure  9. 

To i n s u r e  t he  a l ignment  d u r i n g  non-operat ing c o n d i t i o n s  a  se t  o f  f o u r  
pre loaded b racke ts  are p laced around t h e  c i rcumference o f  t he  s h e l l .  Each 
b racke t  p rov ides  an i n i t i a l  f o r c e  o f  89 kN (20,000 l b s )  aga ins t  t he  sea l ,  and 
t h e  sha l low angle  o f  t h e  l i n e  o f  a c t i o n  prec ludes any apprec iab le  change i n  
loads  due t o  a  r a d i a l  d i s p l  acement of t he  shroud r e l a t i v e  t o  t h e  she1 1. 

Radia l  Support 

I n  t h e  c o l d  c o n d i t i o n  t h e  c lea rance  between t he  r o t a t i n g  blades and 
t h e  shroud i s  designed t o  be l e s s  than 1.8 mm (.070 i n ) .  Th is  requi rement  
d i c t a t e d  a  suppor t  design t h a t :  

1. Prov ides f o r  r a d i a l  adjustment of t he  s t r u c t u r e  p o s i t i o n  a t  i n s t a l l a -  
t i o n  i n  ext remely  small increments.  



2. I s  s u f f i c i e n t l y  r i g i d  t o  m a i n t a i n  a1 ignment under o p e r a t i o n a l  l o a d s .  

3. A l l ows  r a d i a l  t he rma l  expans ion b u t  m a i n t a i n s  t h e  a l i gnmen t  o f  t h e  
shroud c e n t e r l i n e  t o  t h e  b l a d e  r o t a t i o n a l  a x i s  as t h e  expans ion t a k e s  
p lace .  

The r o t a t i o n a l  and dead l o a d s  f rom t h e  shroud assembly a r e  t r a n s f e r r e d  
b y  t h r e e  s e t s  o f  r a d i a l  keys on t h e  shroud i n t o  ma tch ing  p r e l o a d  b r a c k e t s  
b o l t e d  t o  pads f a b r i c a t e d  on t h e  p ressu re  s h e l l .  Each s e t  i s  composed o f  
f o u r  assembl i e s ,  F i g u r e  10, 1 oca ted  symmetr ica l  l y  around t h e  c i r c u m f e r e n c e  
o f  t h e  shroud. The two b r a c k e t s  on t h e  h o r i z o n t a l  r e a c t  o n l y  v e r t i c a l  
f o r c e s  and t h e  two on t h e  v e r t i c a l  r e a c t  o n l y  h o r i z o n t a l  f o r c e s .  

The keys on t h e  shroud a r e  11.43 cm (4.5 i n )  t h i c k  aluminum p l a t e s  
f i t t e d  between a d j a c e n t  r e i n f o r c i n g  r i n g s  on t h e  o u t s i d e  o f  t h e  shroud 
assembly. The p l a t e s  a r e  f i t t e d  i n t o  2.54cm (1 i n )  deep s l o t s  machined 
i n t o  t h e  r i n g  webs and m a i n t a i n e d  i n  p o s i t i o n  by t h r o u g h  b o l t s .  

The b r a c k e t s ,  F i g u r e  11, a r e  a  welded s t r u c t u r e  f a b r i c a t e d  f rom 9 p e r -  
c e n t  n i c k e l  s t e e l .  The l o a d s  a r e  t r a n s m i t t e d  i n t o  t h e  s h e l l  p r i m a r i l y  
t h r o u g h  a  15.2 cm (6 i n )  d iamete r  shear p i n .  The c o n f i g u r a t i o n  i s  unsym- 
m e t r i c a l  w i t h  t h e  h e a v i e r  s i d e  p o s i t i o n e d  t o  r e s i s t  t h e  dead l o a d s  o f  t h e  
shroud assembl i es. V e r t i c a l  and h o r i z o n t a l  a1 i gnment o f  t h e  shroud i s  
p r o v i d e d  by oppos ing A286 s t a i n l e s s  s t e e l  screws t h r e a d e d  i n t o  t h e  b r a c k e t  
arms. The screws r e a c t  i n t o  t h e  key t h r o u g h  s e l f  a l i g n i n g  pucks. The 
m o t i o n  o f  t h e  pucks o v e r  t h e  key s u r f a c e  i s  r e s t r a i n e d  o n l y  by s l i d i n g  
f r i c t i o n  and a1 lows  t h e  r a d i a l  and a x i a l  d e f o r m a t i o n  o f  t h e  shroud t o  occu r  
r e l a t i v e l y  unimpeded. To m i n i m i z e  t h e  s l i d i n g  f r i c t i o n  and p r o v i d e  a  
semblance o f  l u b r i c a t i o n  t h e  pucks have a  r e i n f o r c e d  f l u o r o c a r b o n  pad 
bonded t o  t h e  s l  i d i n g  su r face .  

The b r a c k e t  i t s e l f  i s  exposed t o  t h e  gas tempera tu re  o f  t h e  t u n n e l .  
To m i n i m i z e  l o c a l  c o l d  s p o t s  on t h e  s h e l l ,  t h e  b r a c k e t  i s  separa ted  f rom 
t h e  s h e l l  pad by machined f i b e r g l a s s  r e i n f o r c e d  p o l y e s t e r  spacers.  The 
spacers  a r e  s e l e c t i v e l y  machined t o  c o r r e c t  f o r  t h e  re1 a t i  v e l y  coa rse  
t o l e r a n c e s  on t h e  "as welded" s h e l l  pad and a r e  used as an a c c u r a t e  
r e f e r e n c e  s u r f a c e  f o r  t h e  b r a c k e t  l o a d  b e a r i n g  assembl ies .  The shear p i n  
i s  a l s o  t h e r m a l l y  i s o l a t e d  f rom t h e  s h e l l  by  b e i n g  t o t a l l y  encased i n  a  
1  oad b e a r i n g  f i  be rg1  ass  envelope.  

The design,  whi 1  e  s t r a i g h t f o r w a r d  i n  appearance, proved t o  be more 
d i f f i c u l t  t o  implement t h a n  expected. The a l i g n m e n t  o f  t h e  shroud t o  t h e  
c e n t e r l i n e  o f  t h e  r o t a t i n g  fan ,  as no ted  e a r l i e r ,  i s  c r i t i c a l  because o f  
t h e  1  i m i  t e d  c l e a r a n c e  t o  t h e  b l  ade t i ps. Once a1 i gned , t h e  suppor t  system 
must  m a i n t a i n  t h i s  a l i g n m e n t  over  a1 1  o f  t h e  the rma l  e x c u r s i o n s  and 
o p e r a t i n g  loads.  These c r i t e r i a  were met by  p r e l o a d i n g  t h e  b r a c k e t  arms t o  
a  l e v e l  i n  excess o f  i n - s e r v i c e  loads.  T h i s  i n s u r e s  t h a t  t h e  e n t i r e  
b r a c k e t  i s  f u l l y  i n v o l v e d  and t h e  e f f e c t i v e  s t i f f n e s s  o f  each b r a c k e t  i s  
m a i n t a i n e d  a t  a  r e q u i r e d  v a l u e  i n  excess of 1.4 x  lo8 N/m (8 x  lo5 l b / i n ) .  



I n i t i a l  c losed  form a n a l y s i s  i n d i c a t e d  t h a t  t h e  b racke t  s t i f f n e s s  
would be on t he  o rde r  of 3.5 x  l o 9  N/m (20 x  106 1  b / i n ) .  The r e s u l t s  were 
h i g h l y  ques t ionab le  s ince  t h e  geometry o f  t h e  b racke t  does no t  meet t h e  
l e n g t h  t o  depth r a t i o s  assumed i n  t h e  s tandard beam equat ion.  A f i n i t e  
element a n a l y s i s  was a1 so made which p r e d i c t e d  a  much lower  s t i f f n e s s  
p r i m a r i l y  due t o  f l e x i n g  o f  t he  bottom p l a t e .  The d i f f i c u l t y  here was 
c o r r e c t l y  model i n g  t o  account f o r  t h e  c o n t r i b u t i o n  o f  t he  mount ing b o l t s ,  
t h e  shear p i n ,  f i b e r g l a s s  spacers and t h e  s h e l l  mount ing pad t o  t h e  o v e r a l l  
s t i f f n e s s .  

Pre load re1 i e f  du r i ng  cooldown r e s u l t i n g  f rom t h e  d i f f e r e n t i a l  expan- 
s i on  between t h e  aluminum key and t h e  s tee l  b racke t  was a l s o  a  concern. 
Th is  imposed a  minimum d e f l e c t i o n  o f  .25 mm (.01 i n )  between t he  two 
b racke t  l e g s  be fo re  any p re l oad  was app l ied ,  Depending on t h e  b racke t  
s t i f f n e s s ,  t he  t o t a l  p re load  cou ld  inc rease  t o  t h e  p o i n t  t h a t ,  under 
c e r t a i n  l o a d i n g  cond i t i ons ,  s t resses  i n  t he  weld r o o t  cou ld  approach des ign 
a1 1  owabl es. 

Th is  prompted a  change i n  weld f i l l e r  a l l o y  f rom AWS s p e c i f i c a t i o n  
ENiCrFe-3 ( no rma l l y  used f o r  9  percent  n i c k e l  on NTF) t o  s p e c i f i c a t i o n  
ENiCrMo-3 which has an u l t i m a t e  s t rengh  i n  excess o f  t he  base m a t e r i a l .  A 
r i g o r o u s  program o f  NDT weld i n s p e c t i o n  and pos t  weld machining o f  the  
f i l l e t s  t o  remove p o t e n t i a l  s t r e s s  r i s e r s  was a1 so imposed. 

F i n a l l y  a  t e s t  program was i n i t i a t e d  on t h e  tunne l  s i t e  t o  determine 
t h e  ac tua l  load, d e f l e c t i o n ,  and r o o t  area s t r a i n  r e l a t i o n s h i p  i n  t h e  
b racke t ,  F igure  12. The r e s u l t s  showed an e f f e c t i v e  sp r i ng  cons tan t  o f  
1.2 x  l o 9  N/m (7  x l o 6  I b / i n ) ,  which was adequate bu t  cons iderab ly  lower  
than  expected. A 1  arge p a r t  o f  t h e  d e f l e c t i o n  occur red  i n  t h e  base as 
p r e d i c t e d  i n  t h e  f i n i t e  element ana l ys i s .  

The combined p re l oad  ( thermal  and ope ra t i ona l  l oad )  was set  a t  3.3 x  
l o 3  N  (73,000 l b )  and t h e  s t r a i n  measured a t  t h e  weld r o o t  f o r  t h i s  pre-  
load. S t r a i n  gages were then mounted a t  t he  same r e l a t i v e  l o c a t i o n  on t h e  
remainder o f  t h e  b racke ts  and t h e  s t r a i n  measurement dup l i ca ted  t o  se t  t h e  
p re load  as t h e  ' f i n a l  i n s t a l  l a t i o n  step. 

UPSTREAM NACELLE 

The upstream nace l l e ,  F i gu re  13, forms t h e  i n n e r  aerodynamic su r f ace  
o f  t h e  f l o w  annulus. It houses t he  main r a d i a l  bea r i ng  f o r  t he  fan s h a f t ,  
t h e  bear ing  l u b r i c a t i o n  supply  l i n e s ,  t h e  i n l e t  gu ide vane ac tua to r  and i t s  
hydrau l  i c  system. To avo id  cryogenic  temperatures on t he  1  u b r i c a t i o n  and 
h y d r a u l i c  systems, t h e  i n t e r n a l  volume i s  i n s u l a t e d  and mainta ined a t  292 K 
( 5 2 5 O ~ )  o r  above. 

The upstream n a c e l l e  i s  an L shaped t u b u l a r  she1 1  s t r u c t u r e  beg inn ing  
as a  con i ca l  shape j u s t  downstream o f  t he  n i t r o g e n  i n j e c t i o n  assembly, 
F i gu re  14, and t e r m i n a t i n g  a t  t h e  aerodynamic f a i r i n g s  on t h e  fan blades. 



The general  dimensions and loads a re  g iven i n  Table 4. Here a lso ,  t h e  
n a c e l l e  loads  a re  r e s i s t e d  by independent suppor t  systems each p r o v i d i n g  a  
s i n g l e  f i x e d  p o i n t  f o r  t h e  t h r e e  l i n e a r  axes. 

Thrust  Loads 

The t h r u s t  loads are t h e  main aerodynamic fo rces  and a re  reac ted  i n  
two places. Thrus t  i n  t h e  X d i r e c t i o n ,  F igure  4, i s  towards t h e  fan i n  t h e  
f a n  l e g  and i s  reac ted  a t  t h e  t r a n s f e r  case s t r u c t u r e  by p i v o t i n g  b racke ts  
which a l l o w  r a d i a l  motion. Thrus t  i n  t h e  Y d i r e c t i o n  i s  removed a t  t h e  
co rner  by an " I n v a r "  t h r u s t  l i n k  reac ted  by t h e  tunne l  p ressure  shel 1, 
F i gu re  13. 

Radial  Loads 

Radia l  suppor t  i,s p rov ided  i n  t h r e e  l o c a t i o n s .  A t  t he  t r a n s f e r  case 
a  se t  o f  b racke ts  s i m i l a r  i n  concept t o  t h a t  d iscussed f o r  t h e  shroud a re  
used. A d d i t i o n a l  v e r t i c a l  suppor ts  were needed near t h e  co rner  and near 
t h e  nose t o  e l i m i n a t e  t h e  o v e r t u r n i n g  moment a t  t he  t r a n s f e r  case. The 
suppor ts  must c ross  t h e  f l o w  stream i n  t h i s  area t h a t  r e q u i r e s  a  des ign 
hav ing a  low f l o w  blockage and an aerodynamic shape t o  mimimize f l o w  
d is tu rbance .  I n  a d d i t i o n  t h e  suppor ts  must p rov i de  s u f f i c i e n t  r i g i d i t y  t o  
r a i s e  t he  n a c e l l e  f i r s t  mode frequency above 15 hz and a l l o w  independent 
thermal expansion o f  t h e  shel 1  and nace l le .  

The f i r s t  two requirements a re  most e f f i c i e n t l y  met by t ens ion  members 
between t he  s h e l l  and t h e  n a c e l l e  bu t  r i g i d  at tachment would no t  meet t h e  
requi rement  f o r  f r e e  thermal expansion. The s o l u t i o n  was t o  use a  Watts 
l i n k a g e  f o r  a  suppor t  as shown schema t i ca l l y  i n  F i gu re  15. A t  t he  co rner  
t h e  mechanism i s  b u i l t  i n t o  t h e  t u r n i n g  vanes. I n  t h e  upstream s e c t i o n  o f  
t h e  n a c e l l e  t h e  l egs  have l ead ing  and t r a i l i n g  edge f a i r i n g s  a t tached  t o  
reduce t u r b u l  ance. Only v e r t i c a l  suppor t  i s  p rov ided  s i nce  t h e  nacel  1  e  
s t r u c t u r e  i n  t h i s  area i s  s u f f i c i e n t l y  r i g i d  t o  r e a c t  aga ins t  any hor i zon-  
t a l  bending moments. 

The Watts l i n k a g e  i s  a t tached  t o  t he  n a c e l l e  by a  p i v o t  through a  
suppor t  beam a t  t h e  n a c e l l e  center1 ine.  Th is  a1 lows t he  n a c e l l e  t o  f r e e l y  
expand and c o n t r a c t  r a d i a l  ly .  Seal s  a re  i nco rpo ra ted  around t h e  v e r t i c a l  
members where necessary t o  prevent  i n t r u s i o n  of t he  c o l d  f l o w  stream i n t o  
t h e  heated environment i n s i d e  t he  nace l l e .  With t he  p i v o t  a t  t h e  cen te r ,  
t h e  tunnel  shel 1  i s  a1 lowed t o  expand/cont ract  independent o f  t h e  n a c e l l e  
w i t h  no e f f e c t  on t h e  a l ignment  of t h e  n a c e l l e  t o  t he  c e n t e r l i n e .  
Maintenance o f  a1 ignment i s  p red i ca ted  on a  uni form r a d i a l  change o f  t he  
tunne l  s h e l l .  Th i s  c o n d i t i o n  i s  reasonably we l l  met by hav ing t h i s  s e c t i o n  
o f  t he  tunnel  enclosed i n  a  h i g h  bay equipment area. H o r i z o n t a l  mot ions 
o f  t he  n a c e l l e  r e l a t i v e  t o  t h e  tunne l  w a l l  are  accommodated by t h e  use o f  
a  sphe r i ca l  s e l f  a l i g n i n g  bea r i ng  a t  each end o f  t h e  v e r t i c a l  l e g  a t t a c h -  
ments, F i gu re  16. 



M a t e r i a l  s e l e c t i o n  i s  based s o l e l y  on s t r e n g t h  and s t i f f n e s s  s i n c e  t h e  
r a d i a l  freedom o f  t h e  system w i l l  o b v i o u s l y  accommodate changes i n  l e g  
l e n g t h .  The e n t i r e  Wat ts  l i n k a g e  s t r u c t u r e  i s  304 s t a i n l e s s  s t e e l  excep t  
f o r  t h e  p i v o t  p i n s  wh ich  a r e  A286 s t a i n l e s s  s t e e l .  The aerodynamic 
f a i r i n g s  a r e  6061 aluminum a t t a c h e d  t o  t h e  l e g s  w i t h  s l i p  f i t t i n g s  t o  
accommodate t h e  the rma l  expansion.  

D u r i n g  i n s t a l l a t i o n  a  s l i g h t  p r e l o a d  i s  b u i l t  i n  t o  t a k e  up f a b r i c a -  
t i o n  looseness i n  t h e  v a r i o u s  p i v o t  p o i n t s .  

Concl u d i n g  Remarks 

Suppor t  systems u t i  1  i z i n g  p r e l  oaded b r a c k e t s  and Watts 1  i n k a g e  mechan- 
s ims have been a p p l i e d  t o  a  l a r g e  h i g h l y  loaded s t r u c t u r e  o p e r a t i n g  o v e r  a  
w ide  tempera tu re  range. These systems have been c o n f i g u r e d  t o  a l l o w  r e l a -  
t i  v e l y  unimpeded the rma l  expans ions and s t i  11 meet c l o s e  a1 ignment r e q u i  r e -  
ments ove r  t h e  o p e r a t i o n a l  t empera tu re  and l o a d  range. 
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Table 1. General Design Goals 

Maximum Reynolds Number 

Mach Number Range 

Opera t ing  Pressure Range 

Opera t ing  Temperature Range 

I n p u t  Power 

Opera t ing  Medium 

Test  S e c t i o n  S i z e  

120,000,000 a t  Mach 1 

.1 t o  1.2 

5.72 x  l o 4  t o  8.27 x  105 pa 

(8.3 t o  130 p s i a )  

lo7 Watts (130,000 Hp) 

N i t r o g e n  

2.5 m x  2.5 m (8.2 ft. x 8.2 f t )  

Tab1 e  2. Pr imary  S t r u c t u r a l  M a t e r i a l  s  

Fer rous Non-Ferrous 

304 S t a i n l e s s  S t e e l  5083-0 A1 umi num 

A286 S t a i n l e s s  S t e e l  * 5454-0 A1 umi num 

9% N i c k e l  S t e e l  2024-T4 A1 umi num* 

I n v a r  36 6061-T6 Aluminum* 

* P r i m a r i l y  used as f a s t e n i n g  m a t e r i a l  s  



Table 3. Fan Containment Shroud Dimensions and Loads 

Length 

I n s i d e  Diameter 

S I  U n i t s  Engl i s h  U n i t s  

Wall  Thickness 5.09 cm 2.0 i n  

M a t e r i a l  

Weight 

5454 a1 umi num 

196000 N 44,000 l b  

Diameter Change Over Temp 2.64 cm 1.04 i n  

Minimum Fan B lade Clearance 1.8 mrn .07 i n  

Maximum Thrus t  Load 1.1 x lo6  r4 246,420 l b  

Maximum Torque about a x i s  4.26 x l o 6  Nm 3.13 x l o 6  
ft 1b 

Maximum D i f f e r e n t i a l  P ressure  1.52 x 105 Pa 22 p s i a  

Tab le  4. Upstream N a c e l l e  Dimensions and Loads 

O v e r a l l  Length A1 ong Center1  i n e  13.7 m 45 f t  

Maximum D i  ameter 4.63 m 15.2 f t  

Dead Load On System 2.5 x l o5  N 55,240 l b  

T h r u s t  Load Z D i r e c t i o n  1.08 x l o6  N 242,650 1 b  

T h r u s t  Load X D i r e c t i o n  1.56 x l o 6  N 350,600 1 b  

Thermal Mo t ion  Z Ax is  3.47 cm 1.37 i n  

Thermal Mo t ion  X A x i s  3.88 cm 1.53 i n  

Moments X A x i s  2.79 x l o 3  Nm 2.05 x l o 3  ft l b  

Y Axis  5.22 x l o 5  Nm 3.84 x l o 5  ft ,b 

M a t e r i  a1 

Z Ax is  5.36 x l o 4  Nm 3.94 x 104 f t  1b 

5083-0 A1 umi num 
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Figure  1.- F l i g h t  Reynolds numbers f o r  e x i s t i n g  and 
p ro j ec t ed  a i r c r a f t  compared wi th  t h e  c a p a b i l i t y  
of e x i s t i n g  wind tunnels .  
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Figure  2.-  Cryogenic tunnel  concept 
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F i g u r e  3.- F l i g h t  Reynolds numbers f o r  e x i s t i n g  and 
p r o j e c t e d  a i r c r a f t  compared w i t h  t h e  c a p a b i l i t y  
o f  t h e  N a t i o n a l  Transon ic  F a c i l i t y .  
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Figure 4.- Plan view of t u n n e l  c i r c u i t  showing p e r t i n e n t  
dimensions and components - N a t i o n a l  Transon ic  F a c i l i t y .  
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Figure 5.- Typical sec t ions  of the  i n t e r n a l  
i n s u l a t i o n  system. 

Figure 6.-  Tunnel s h e l l  support legs.  
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Figure  7.- Thermal f o r c i n g  func t ion  cooldown and 
ope ra t ing  temperature change. 

Figure 8.- Fan Containment Shroud 
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Figure 9.- Seal assembly and thrust brackets for 
the fan contamination shroud. 

Figure 10.- A fan shroud radial support set. 
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Figure 11.- A fan shroud bracket assembly. 



Figure  12.-  Fan shroud b racke t  p re load  t e s t  se tup .  
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Figure  13.- Upstream Nace l le  Configurat ion.  
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Figu re  14.-  The upstream n a c e l l e  viewed from t h e  
N i n j e c t o r  assembl ies ,  
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Figu re  15.- Watts l i nkage  schematic .  
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Figure 16.- The Watts linkage leg attachment 
to the tunnel shell. 
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lWKLUATION OF SCANNING EARTH SENSOR P.IEcHANISM 
ON EKJGINEERING TEST SATEL;LITE IV 

Masami Ikeuchi*, Yasufumi Wakabayashi*, Yoshiaki Ohkami** 
Takashi Kids**, Takeo Ishigaki***, and Mikio Matsumto*** 

ABSTRACT 

This paper describes the results of the analysis and the evaluation of 
flight data obtained from the horizon sensor test project conducted jointly 
by National Aerospace Laboratory and National Space Wvelopment Agency of 
Japan and manufactured by Matsushita Research Institute,Tokyo,Inc. 

The rotary mechanism of the scanning earth sensor composed of direct 
drive motor and bearings using solid lubricant is operated satisfactorily. 

The transmitted flight data from Japanese Engineering Test Satellite IV 
have been evaluated in comparison with the design value and the rotary mech- 
anism is forecasted to be used for a practical satellite. 

INTRODUCTION 

A scanning earth sensor (called I-IOST as abbreviation of Horizon Sensor 
with Turning head) was originally designed as a roll/pitch attitude sensor 
of three-axis stabilized spacecraft. The HOST is one of the experimental 
equipments mounted on the Engineering Test Satellite IV (ETS-IV or 'Kiku 3') 
which was launched on February 11, 1981 from Tanegashim Space Center of 
National Space Development Agency of Japan into a transfer orbit with 
initial apogee and perigee heights of 36000 km and 223 km respectively and 
with inclination angle of 28.5 degrees. 

In comparison with other earth sensors such as the radiation balance 
type and edge-track type, this conical scanning earth sensor is considered 
to be one of the main practical earth sensors for low and middle altitude 
because of its wide acquisition range and little influence to attitude 
change of spacecraft, but it is difficult to design its rotating mechanism, 
control its quality, and assure its reliability in general. 

The ETS-IV spacecraft is spin-stabilized with nominal spin rate of 60 
rpm and the nominal spin axis direction is perpendicular to the earth equa- 
torial plane. The HOST has been tested not only as a horizon crossing 
indicator for spinning spacecraft, but also as a scanning earth sensor wit5 
the scanning axis parallel to the spinning axis. 
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The experimental items of the HOST are a s  follows. 

1. Performance change of rotating mechanism a t  space environment 

2. Characteristic change of infrared optoelectronics i n  a space 
environment 

3. Data acquisition a t  infrared input energy 

4. Function and performance of a t t i tude  angle measurement by the 
HOST 

The HOST has been operated during the primary mission term and the extended 
mission terms. 

This paper describes the rotating mechanism of t h i s  HOST and the data 
analysis and evaluation of the f l i g h t  experiments i n  the operating duration. 

DESClUPTION OF THE HOST 

The HOST consists of three major components which a re  two rotary heads 
(HD1, HD2; Figure 1) and one electronic package. Each rotary head is mounted 
t o  both sides of the ETS-IV perpendicular t o  its spin axis  direction. HD1 is 
on the spacecraft spin axis  but HD2 is offset  from its spin axis by 0.9 meters. 
For this reason, HD2 is  affected by a centrifugal force of approximately 3.5 G 
towards the rad ia l  direction. 

Each rotary head consists of an antireflection coated Ge lens, a pyro- 
e l ec t r i c  infrared detector w i t h  an opt ical  bandpass f i l t e r ,  a signal pre- 
amplifier and a motor for  a rotating metal mirror. This rotary mechanism is 
composed of bearings using sol id lubricant (Rulon C) and three phase d i rec t  
drive motor (DD motor) using phase locked loop (PILL) control. The rotor 
magnet material of the DD motor is an anisotropic strontium fe r r i t e .  

The horizon crossing period of the instantaneous f i e l d  of view (IFOV) is 
determined by detecting infrared radiation from the 1 4  t o  16 urn C02 band using 
a narrow IFOV (about 1 . 4  degrees) conical scan with a cone angle of 120 degrees 
and rotating r a t e  of 60 rp. Pitch and r o l l  angles are  measured by using two 
conical scanning rotary heads. 

The motors of ei ther  head can be turned on and off separately. When the 
motor is on, the t o t a l  scanning speed is approximately (60+60) r p  a t  nominal 
spin r a t e  and when it is o f f ,  it reduces t o  about 60 rpm, which is spacecraft 
spin rate .  

The dimension and the weight of each rotary head a re  160 m x 230 mn, 3.2 
kg respectively. 



ROTARY MECHANISM 

Figure 3 shows the structure of the HOST rotary head. The scanning 
mirror and the hollow shaft  are driven by a three phase DD motor with a 
quartz stabilized PLL control which is t o  be a t  a constant rotation speed. 

Bearing mechanism 

A bearing mechanism has a preload structure t o  inner ring as  shown i n  Fig- 
ure 2 and has two angular ba l l  bearings using a sol id lubricant (Rulon C) 
retainer. This mechanism's merits are tha t  it is small, easy t o  assemble and 
provides a wide distance of work p i n t s  between two bearings. In order t o  
minimize the precession caused by the HOST head rotation, clearance f i t  
around two bearings was t o  be a s  small a s  possible. 

Lubrication 

An angular contact b a l l  bearing is adopted and polymer composites having se l f  
lubrication are used w i t h  a retainer (Table 1). Lubrication is performed 
when a lubricant is transferred t o  a b a l l  surface from a retainer by rotating 
bearings and is then transferred t o  a raceway of inner and outer rings from 
the b a l l  surface. The most powerful reason why o i l  i s  not used is because 
the infrared optical  system would be contaminated by the o i l  evapra t ion  
and adhesion. The reason why sol id lubricant is  used is because it is less 
vola t i le  and less influenced by the large temperature changes and radio- 
ac t iv i ty  of a space environment; t h i s  is important because of the HOST'S 
rotating par ts  which a re  exposed. bbS2 is a good lubricant in  vacuum, but 
the ground t e s t  data i n  the a i r  indicates it is not good because of weakness 
t o  moisture. Rulon C is a composite type lubricant of f iber  reinforced 
PTFE (teflon) containing lead oxide (Pb304) and has been used i n  the Apollo 
Project of NASA. 

This sol id lubricant is characterized a s  follows. 

1, Less contamination t o  the infrared optical  system by means of low 
vapor pressure 

2. Radiation res i s t iv i ty  

3. Fitness for  use on the ground i n  the a i r  

4. Comparative high load res i s t iv i ty  

GROUND TEST 

An Engineering Model (EM) , Protof l igh t  Model (PM) and Flight We1 
( F M )  of the HOST have been developed i n  turn, and the t e s t  levels of PM 
and FM are Qualified Test level  ( Q T )  and Acceptance Test level ( A T )  re- 
spectively (Table 2 ) .  Both HD1 and HD2 of the HOST-F'M have been operated 
20 hours i n  a i r  and 110 hours i n  vacuum i n  the test a t  the factory, the 
acceptance t e s t  for  each head and the inspection a t  the launching site. 



It is confirmed that the masured data were of no difference between in the 
air and in vacuum of 1 o'~ Pa. 

At higher temperature, the average mtor torque will be larger, but the 
torque fluctuation will still be the same level. At larger acceleration, 
both the average motor torque and the torque fluctuation have larger values 
(Table 3 ) .  Stability of the operation is ccmparatively good for a short 
term (several tens of hours ), but variations of the average motor torque 
and the phase jitter are 2.5 x Nam, k0.076 deg.pp (f1.2 x 10-6 N-m 
when converted to torque), respectively, for a long term (several months). 

OPERATING TEST ON THE SPACM;rRAFT 

The operating test periods of the rotary mechanism on the ETS-IV are 
as follows. 

1. Mission term ( February 1981 - May 1981 ) 

o Continuous operating test ( several tens of hours 

Function test 

2. =tended mission term ( May 1981 - February 1982 

o Continuous operating test ( several hundreds of hours ) 

o Eclipse test 

3 .  Extended mission term ( second ) ( February 1982 - August 1982 ) 

0 Continuous operating test ( several thousands of hours ) 

O Test in maneuvers of the spacecraft 

The accumulated operating hours amount to about 4,500 hours for HDI, and 
about 4,000 hours for HD2 till August 1982. The orbital total hours includ- 
inq nonoperating time amount to about 18 months. The test is continuing. 

DATA ACQUISITION 

The data acquisition from the E;TS-TV spacecraft is transmitted to the 
ground station by the PCM telemetry. The data of the motor coil current 
and jitter output are acquired once about 2 seconds and once about 32 sec- 
onds respectively. The variation within a short t* can not be therefore 
observed. 

Average mtor torque 

The HD1 has been operated through about 4,500 hours in the temperature range 
from -34°C to 20°C and its average mtor torque is stable at the value of 



4 % 8 x N - m  (including iron loss ). The HD2 has been operated through 
about 4,000 hours i n  the temperature range from -32°C t o  25°C and i ts  aver- 
age motor torque varied from 1.10 x lom5 t o  2.65 x loq5  N.m but these per- 
formance values were w e l l  within the l i m i t  value of 5 x N - m  (Figure 4 ) .  
A s  HD2 is under stationary acceleration of &ut 3.5 GI its average m t o r  
torque is considered t o  be increased especially a t  high temperature i n  
addition t o  the acceleration. 

Wtor torque fluctuation 

The motor torque fluctuations for  H D 1  i n  the period of 20 % 30 min. were 
observed a few times a t  the beginning of t h i s  t e s t  schedule, but these 
phenomena were s m a l l  and stabi l ized during the extended mission term. 
The fluctuations of the motor c o i l  current a re  coincident w i t h  the data 
from the jitter (AC component) (Figure 5 ) .  There w e r e  no periodic motor 
torque fluctuations fo r  HD2. A s l ight  increase of its motor torque 
fluctuation was found a t  the middle of t h i s  test schedule, but this fluc- 
tuation was s table from tha t  time on. The variations of these data are 
shown i n  Figure 5. 

ANALYSIS AND EVALUATION OF BEAFUNGS 

Table 4 shows the evaluation resul ts  of the average motor torque and 
the motor torque fluctuation including the ground test data. The iron loss  
is excepted from the average motor torque. The data of the motor torque 
fluctuation are obtained from the motor c o i l  current output (AC component). 

The average motor torque for  H D 1  varied once o r  twice from the ground 
test data, and the periodic variations were observed i n  the motor torque 
fluctuation for  H D 1  which was not found i n  the ground test data. The 
average motor torque and the motor torque fluctuation for  HD2 a re  the 
proper values based on the ground t e s t  data. 

Concerning the bearings using solid lubricant, temperature and accel- 
eration factors rmke these characteristics change mainly i n  the ground 
test and loading test on the spacecraft. Adhesion t h a t  is  doubtful espe- 
c i a l ly  i n  high vacuum ( 10-6 % 10-11 Pa ), is not a dominant factor t o  the 
solid lubrication i n  case of slow revolution and l i g h t  load such as  the 
HOST, but mechanical scratch on the raceway is considered t o  be a dominant 
factor mainly due t o  fr ict ion.  

A s  for  the motor torque fluctuation, ripple variations occurred, then 
subsided. This was not abnormal and was observed during the function t e s t  
of the same type of bearings i n  the HOST. For the cases which used solid 
lubrication, the motor  torque could be a t t r i b u t d  to the f ine differences 
i n  the adhesive s t a t e  of the lubricant, mechanical contact s ta te ,  mechani- 
c a l  accuracy, and surface roughness. Therefore, it is necessary t o  under- 
stand the lubrication properties and t o  choose the lubrication wisely. 



Regarding the motor revolution accuracy, the  phase j i t t e r  has a slight- 
l y  large value of about 0.8 deg.pp (max.) i n  contrast w i t h  the nominal 
value of 0.2 degmpmp. 

Encoding necessary for  obtaining the chord width is  the time measure- 
ment because the ETS-IV is a spinning spacecraft. This requirement i s  not 
essential  i f  an opt ical  encoder is adopted for  practical use. 

There were tm unexpected events t h a t  occurred t o  the m t o r s  of H D l  and 
HD2. F i rs t ,  b t h  H D 1  and HD2 w e r e  stopped rotating three times by means 
of operating the current l imi t te r  for  hours i n  the continuous operating 
tes t .  Second, the  motors w e r e  not driven i n  the long period eclipse test 
when H D 1  and HD2 were exposed t o  low tmperature below the designed value. 
In  both cases, the motors of HD1 and HD2 w e r e  recovered and normally 
operating a f t e r  these events. These events w e r e  unaccountable by means of 
no data acquisition when the events were occurred. 

Long period eclipse test 

A long period eclipse test has been performed during the extended mission 
term t o  investigate the characteristics of the rotary mechanism a t  the  
large temperature change. This test has been a lso  performed t o  investigate 
the temperature change r a t e  dependence of the rotary mechanism by contin- 
uously rotating the m t o r  fo r  the eclipse of 90 min. period over maximum 
eclipse time on the geostationary o rb i t  (about 72 min. 1. It is shown t h a t  
HD1 is hardly affected by the temprature change ra te  of 21°C/hr. and HD2 
has large values of the average m t o r  torque of 1.3 .L 2.2 x N.m and 
the motor torque fluctuation of 1.3 x 10-5 N-m by the temperature change 
ra te  of 13"C/hr., but a PLL cycle s l i p  does not occur f o r  HD2. 

Test i n  maneuvers of the spacecraft 

m e u v e r s  of the spacecraft have been carried out for  the purpose of the  
interference test by the Sun t o  the infrared optoelectronics. The m t o r  fo r  
JD1 was operating i n  these maneuvers and the  characteristics w e r e  observed 
i n  case of vibrations. The m t o r  character is t ics  did not change and had a 
good operation before/in/after the maneuvers. 

EVALUATION OF CYTHER LUBRICATION 

The long l i f e  study of the HOST (HOST-LL) was performed in addition t o  
the lubrication resul t s  of the HOST. Several so r t s  of retainers were 
attached t o  the same type bearings of the HOST (a  part of bearings have a 
raceway of inner and outer ring and ba l l s  sputtered with W 2 )  and a l i f e  
test was performed w i t h  a revolution of 2,000 rpm and preload of" 5 kg i n  
high vacuum .L Pa) and atmospheric pressure. The resul t s  show 
that  the bearings using Rulon E have a small average f r ic t ion  torque and 
are good fo r  the l i f e  t e s t  over 1,000 hours. Rulon E is  composed of PTFE 
and MoS2. The bearings assembled along with a Rulon E retainer and a race- 
way of inner and outer ring and bal l s  sputtered by r"loS-2 (0.5 % 1.0 urn) a re  



stable a t  s m a l l  f r i c t ion  torque ( 4  c 5 x N-m) and m a l l  f r i c t ion  loss  
of retainer.  So these bearings exceed the  target  t o t a l  revolution of 1.6 
x lo8 ,  which is equivalent t o  the l i f e  of the HOST-LI; over 5 years. 

It is concluded that  about one-third of the HOST'S average f r ic t ion  
torque w i l l  occur, given the structure of the HOST-LL and a preload of 2 kg 
 able 1) . 

The f r i c t ion  torque contains d i s p e r ~ i v e  fluctuation and r ipple fluctu- 
ation and so on. These fluctuation sources are mainly considered t o  be 
retainers from the test describe3 above (Figure 6 ) .  It i s  necessary t o  
investigate the following items more clearly. 

1. Shape and s i ze  of retainers 

2.  Processing of retainers  

3. Uneven materials of retainers 

4. Roughness and shape of raceway and bal ls  

It is also necessary t o  investigate bearings sufficiently for  the l i m i t  
value and design l i f e .  

CONCLUSION 

Some problems are  l e f t  unsolved for  now, but the rotary mechanism 
system of the HOST has reached the expected goal through the mission term 
and the extended mission term. It is shown tha t  the rotary mechanism 
system using sol id lubricant is adequate for  space applications. 

1. T. Kida e t  a l .  Proc. of the 13th International Symposium on 
Space Technology and Science (1982) 

2.  Y. Wakabayashi et a l .  M A A  Guidance and Control Conference, San 
Diego (1982) 



Table 1. Bearings specifications and structure of the HOST and the HOST-LL 

Table 2. Test level of the HOST rotary head 



Table 3. Ground test results for the HOST-FBl 

a) The data with the exception of iron loss ( 2 x 1 0-6 M-m ) 
b) The data from the HOST jitter output 
c) Thrust direction ( 1 G / earth qravity ) 
d) Radial direction ( 1 G / earth gravity ) 
e) Room temperature in the air 
f) Radial direction 

Table 4. Evaluation d.ata for the HOST bearings 

Ground. test 

Mission term 

Long period test 

Eclipse test 

unit ; x lom6 N * m  

a) The data with the exception of iron loss ( 2 x N*m ) 
b) Pleasured value at the stationq acceleration ( 3.5 G ) 



Figare 1. E.otary head of the  HOST 

Figure 2. bfethd of preload 





Eclipse 

Operatin9 time ( hours ) 

F i v e  4. Changes of the averaqe motor torque 

Operatin? time ( hours ) 

Figure 5. Chanqes of the mtor torque fluctuation 
( * mark shows the data of fluctuation) 
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SECURING MECHANISM FOR THE DEPLOYABLE COLUMN OF 
THE HOOP/COLUMN ANTENNA 

E l v i n  L. Ahl, J r .  
* 

ABSTRACT 

The Column Longeron La t ch  (CLL) was designed and developed as t h e  
secu r i ng  mechanism f o r  t h e  deployable ,  t e l escop ing  c o l  umn o f  t h e  
Hoop/Column antenna. The column i s  an open l a t t i c e  s t r u c t u r e  w i t h  t h r e e  
longerons as t h e  p r i n c i p a l  l oad-bear ing  members. It i s  d i v i d e d  i n t o  
t e l e s c o p i n g  sec t i ons  t h a t  a re  deployed a f t e r  t h e  antenna i s  p laced i n  e a r t h  
o r b i t .  The CLL p rov i des  a  means t o  a u t o m a t i c a l l y  l o c k  t he  longeron sec t i ons  
i n t o  p o s i t i o n  d u r i n g  deployment as w e l l  as a  means o f  un lock ing  t h e  sec t i ons  
when t h e  antenna i s  t o  be restowed. The CLL i s  a  fou r -bar  lsnkage mechanism 
us ing  t h e  over-center  p r i n c i p l e  f o r  l o ck i ng .  It u t i  1  i z e s  t h e  r e l a t i v e  
movement o f  t h e  longeron sec t i ons  t o  a c t i v a t e  t he  mechanism d u r i n g  antenna 
deployment and restowing.  The CLL des ign  i s  one o f  t h e  f i r s t  mechanisms 
developed t o  meet t h e  res tow ing  requirements o f  f u t u r e  spacec ra f t  which 
w i l l  u t i l i z e  t h e  STS r e t r i e v a l  c a p a b i l i t y .  

INTRODUCTION 

The Na t i ona l  Aeronau t i cs  and Space A d m i n i s t r a t i o n  c u r r e n t l y  has a  
program f o r  development o f  Large Space S t r u c t u r e  Technology (LSST). Some 
f u t u r e  spacec ra f t  such as t h e  Hoop/Column antenna and t he  Space S t a t i o n  
w i l l  be so l a r g e  t h a t  t hey  w i l l  have t o  be e i t h e r  assembled i n  o r b i t  o r  
deployed once they  a r e  c l e a r  o f  t h e  STS cargo bay. One o f  t h e  Langley 
Research Center (LaRC) programs i s  t h e  development o f  concepts f o r  
dep loyab le  l a r g e  space s t r u c t u r e s .  

The Hoop/Column antenna concept, as shown i n  F i gu re  1, has been 
s e l e c t e d  as a  focus f o r  development o f  a l l  system d i s c i p l i n e s  and i s  be ing  
designed as a  candidate S h u t t l e  cargo. The antenna, p o s s i b l y  as l a r g e  as 
122 meters  (400 f t )  i n  diameter,  w i t h  t h e  e l e c t r o n i c  feed system suspended 
on an 85 meter  (279 f t )  column, w i l l  be s t o red  i n  t h e  STS cargo bay. It 
w i l l  be deployed w h i l e  i n  o r b i t  and then restowed f o r  STS e n t r y l l a n d i n g .  

The main column f o r  antenna deployment i s  composed o f  23 i n t e r n a l l y -  
nested t e l escop ing  sec t ions .  Each sec t i on  has t h r e e  longerons spaced 120° 
a p a r t  w i t h  a  CLL l o c a t e d  a t  t h e  end o f  t he  longerons. There a re  a  t o t a l  o f  
63 i d e n t i c a l  CLL's i n  t h e  column. A servo motor l o c a t e d  i n  t h e  cen te r  bay 
a p p l i e s  a  t e n s i l e  f o r c e  t o  cab les t h a t  a re  threaded through each se t  o f  
longerons,  as seen i n  F i g u r e  2, t o  e f f e c t  deployment. The same servo-motor 
may be used f o r  r e t r i e v a l  by p u l l i n g  on a  s i n g l e  cab le  t h a t  i s  threaded 
th rough  t he  cen te r  o f  t h e  column and i s  a t tached  t o  t h e  t o p  column sec t ion .  
* 
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REOUIREMENTS 

It i s  r e q u i r e d  t h a t  t h e  antenna column s e c t i o n s  be s e q u e n t i a l l y  l o c k e d  
d u r i n g  e x t e n s i o n  and un locked  d u r i n g  t h e  res tow o p e r a t i o n .  Each o f  t h e  
l ongerons  when dep loyed must c a r r y  a  compress ive  l o a d  o f  up t o  1114 N  
(250 l b ) .  The CLL was des igned t o  f i t  w i t h i n  t h e  19.05 mm (0.75 i n )  
d iamete r  l ongeron .  The des ign  l o a d  f o r  t h e  CLL components was t a k e n  t o  be 
2304 N (515 l b ) .  T h i s  l o a d  was deve loped f rom t h e  l ongeron  compress ive  
f o r c e  o f  1114 N  (250 l b )  p l u s  334 N  (75 l b )  l a t c h  marg in  i n  t h e  l o c k e d  
p o s i t i o n  t o  a l l o w  f o r  some t o l e r a n c e  b u i l d u p  and t o  p r o v i d e  column r i g i d i t y .  
The 1447 N  (325 l b )  f o r c e  on t h e  l a t c h e d  mechanism and t h e  CLL l a t c h i n g  
geometry genera tes  a  maximum f o r c e  o f  2004 N  (450 l b )  a t  t h e  i n s t a n t  t h e  
mechanism passes t h e  c e n t e r  p o i n t .  An a d d i t i o n a l  f a c t o r  o f  1.15 was super -  
imposed t o  a l l o w  f o r  a  f a c t o r  o f  s a f e t y  r e s u l t i n g  i n  t h e  d e s i g n  l o a d  capa- 
b i l  i t y  f o r  t h e  CLL o f  2305 N  (515 l b ) .  S t a i n l e s s  s t e e l  (17-4 PH) was 
s e l e c t e d  f o r  t h e  CLL t e s t  components t o  accommodate t h e  d e s i g n  l o a d s  i n  t h e  
sma l l  s i  zed package. 

OPERATION 

Deployment o f  column s e c t i o n s  i n i t i a t e s  t h e  r o t a t i o n  o f  t h e  a c t u a t o r  
arm t h a t  i s  ex tended i n t o  t h e  hous ing  a t  t h e  base o f  each longeron.  As 
l o n g e r o n  B and C move r e l a t i v e  t o  l ongeron  A, t h e  CLL r e s t r a i n i n g  and 
a c t u a t o r  arms r o t a t e  as shown i n  F i g u r e  3. The a c t u a t o r  arm t h e n  r o t a t e s  
i n t o  an o v e r - c e n t e r  p o s i t i o n ,  l o c k i n g  t h e  l i n k a g e  i n t o  p o s i t i o n .  A f t e r  
l a t c h i n g  o v e r - c e n t e r  f u r t h e r  r o t a t i o n  i s  s topped when s u r f a c e  A  o f  t h e  
r e s t r a i n i n g  arm mates w i t h  s u r f a c e  R o f  t h e  a c t u a t o r  arm i n  F i g u r e  3. I n  
t h e  a c t i o n  o f  l o c k i n g ,  t h e  s tops  o f  l ongerons  A  and B merge i n t o  p o s i t i o n  
engag ing two g u i d e  p ins ,  wh ich  f o r c e  a1 ignment and p r o v i d e  shear r e s t r a i n t .  

The b e l l e v i l l e  s p r i n g  washers and p i s t o n  housed a t  t h e  t o p  o f  each 
longeron ,  see l o n g e r o n  A  i n  F i g u r e  3, a r e  an i n t e g r a l  p a r t  o f  t h e  l a t c h i n g  
system. As t h e  r e s t r a i n i n g  arm swings toward t h e  l o c k e d  p o s i t i o n ,  i t  
d r i v e s  t h e  p i s t o n  a g a i n s t  t h e  washers caus ing  them t o  compress. I n  genera l ,  
o v e r - c e n t e r  mechanisms r e l y  on t h e  f o u r - b a r  l i n k a g e  t o  d e f l e c t  when moving 
t o  an o v e r - c e n t e r  p o s i t i o n .  The c l a s s i c  approach was unaccep tab le  f o r  t h e  
CLL because t h e  sma l l  s i z e  caused e x c e s s i v e  s t r e s s  i n  t h e  p i n s  and l i n k a g e .  
I n  t h e  CLL des ign ,  t h e  b e l l e v i l l e  s p r i n g  washers absorb  most o f  t h e  d e f l e c -  
t i o n s  and s e r v e  t o  l i m i t  t h e  maximum f o r c e  necessary  t o  l a t c h .  The 
r e s u l t i n g  p r e l o a d  o f  s p r i n g  and a c t u a t o r  arms i s  s e t  t o  p r o v i d e  a  r i g i d  
column f o r  t h e  expected e x t e r n a l  l oads .  

The s i n g l e  c a b l e  a t t a c h e d  t o  t h e  t o p  column s e c t i o n  r e t r i e v e s  t h e  
column. The bo t tom o f  each l o n g e r o n  s t r i k e s  t h e  extended a c t u a t o r  arm, as 
seen i n  F i g u r e  4, u n l a t c h i n g  t h e  CLL. T h i s  process i s  c o n t i n u e d  u n t i l  a l l  
s e c t i o n s  a r e  res towed t o  t h e i r  o r i g i n a l  p o s i t i o n s .  



ANALYSIS 

Three a n a l y t i c a l  models were used i n  t h e  a n a l y s i s  o f  t he  CLL. A k i n e -  
ma t i c  model was used t o  develop t h e  l e n g t h  and p i v o t  l o c a t i o n s  o f  t h e  f o u r  
bar  l i nkage .  The l i n k s  and p i ns  were s i zed  by c losed  form mathematical  
express ions developed from f o r c e  and moment diagrams. F i n a l  ly ,  a  f i n i t e  
element model o f  t h e  r e s t r a i n i n g  arm was generated t o  a l l o w  a  more accura te  
c a l c u l a t i o n  o f  t he  s t resses  i n  t h i s  element, s ince  t h i s  was i d e n t i f i e d  as 
t h e  most c r i t i c a l l y  loaded l i n k  f rom the  p rev ious  c losed  form s o l u t i o n s .  

The k inemat ic  model o f  CLL i s  shown i n  F i gu re  5. Dur ing deployment, 
l i n k  BC ac tua tes  t h e  four -bar  l i n k a g e  c o n s i s t i n g  o f  BD, DE, EF, and FB. 
Dur ing  restow, l i n k  AB ac tua tes  t h e  f ou r -ba r  l i nkage .  L inks  DB, DE, and GH 
are  loaded i n  compression w h i l e  l i n k s  EF and FG r e a c t  bending loads.  L i n k s  
FH and FB a re  loaded i n  t ens i on  t o  r e a c t  the  bending and compression loads. 
The l i n k a g e  i s  cen te red  when angle  I, between 1  i n k s  BD and ED, equal s  180°. 
Fu r t he r  coun te rc lockw ise  r o t a t i o n  o f  DB i n t o  an over-center ,  l ocked  p o s i -  
t i o n  decreases angle  I t o  1650, p o i n t  G t r a v e l s  i n  a  p o s i t i v e  y - a x i s  d i r e c -  
t i o n  .25 mm (.010 i n )  as angle  I changes from 1800 t o  165.Z0. The 
b e l l e v i l l e  s p r i n g  washers prevent  a  sharp inc rease  i n  t h e  s t resses  i n  t h e  
r e s t r a i n i n g  arm d u r i n g  t h e  over -cen te r  t r a v e l  o f  t he  CLL. The perpen- 
d i c u l a r  d i s t ance  t o  p o i n t  D f rom a  l i n e  j o i n i n g  p o i n t  E t o  p o i n t  B  equals  
.86 mm (.034 i n ) .  Th i s  d i s t ance  represen ts  t h e  margin o f  s a f e t y  f o r  t h e  
CLL a g a i n s t  acc i den ta l  restow. P o i n t  G e x e r t s  a  maxirnum compression f o r c e  
o f  2004 N (450 I b s )  on t h e  be1 l e v i l  l e  spr f  ng washers when angle  I equal s  
180°. 

A1 1 components o f  t h e  CLL were analyzed by c losed form so1 u t i ons .  
Forces, moments, f ree  body diagrams and load, shear, and moment diagrams 
were generated. As a  r e s u l t  o f  t h e  a n a l y s i s  t h e  p i ns  were r e q u i r e d  t o  be 
3.17 mm ( . I25 i n )  i n  diameter.  The maximum f o r c e  a t  p o i n t  C and A respec- 
t i v e l y ,  as shown i n  F i g u r e  5, t o  l a t c h  and u n l a t c h  t he  CLL was c a l c u l a t e d  
t o  be 150 N (33 l b ) .  

The r e s t r a i n i n g  arm was f u r t h e r  analyzed by a  f i n i t e  element model as 
a  check on t h e  c losed  form s t r e s s  s o l u t i o n  because i t  i s  the  most h i g h l y  
s t ressed  l i n k  and has a  complex shape. The maximum bending s t r e s s  o f  454 x  
l o 6  Pa (66,000 p s i ) ,  shown i n  F i gu re  6, occurs when angle  I, from F i g u r e  5, 
equals  180°. Th i s  s t r e s s  i s  w i t h i n  15 percen t  o f  t he  s t r e s s  p r e d i c t e d  by 
t h e  c losed form s o l u t i o n .  The steady s t a t e  s t r ess ,  when t he  CLL i s  
l a t ched ,  i s  289 x  l o 6  Pa (42,000 p s i ) .  Corresponding d e f l e c t i o n s  a t  p o i n t  
A from F igu re  5 a re  127 x l o m 3  mm (.005 i n )  when angle  I equals  180° and 
76.2 x l o w 3  mm (.003 i n )  when la tched.  

Four t e s t s  were conducted i n  develop ing t h e  CLL. A compression t e s t  
o f  the  t o p  housing, p i s t on ,  and b e l l e v i l l e  s p r i n g  washer assembly was 
necessary t o  develop requ i r ed  p re load  c a p a b i l i t y  shown i n  F i gu re  7. A  
compression t e s t  was conducted on t h e  t o t a l  l a t c h  assembly t o  s imu la te  t h e  



deployed column l o a d i n g  c o n d i t i o n ,  shown i n  F i gu re  8. Two t e s t s  were 
conducted t o  c o n f i r m  t h e  column longeron loads necessary t o  l a t c h  and 
u n l a t c h  t h e  CLL shown i n  F i g u r e  9  and 10. 

The compression t e s t  o f  t h e  t o p  housing, p i s t on ,  and b e l l e v i l l e  s p r i n g  
washer assembly was conducted t o  determine t h e  number and combinat ion o f  
washers r equ i r ed  t o  o b t a i n  a  p i s t o n  p re load  o f  1447 N (325 1  b)  w i t h  t he  CLL 
l a t c h e d  w h i l e  l i m i t i n g  t h e  maximum p i s t o n  l oad  t o  2004 N (450 I b ) .  The 
combinat ion o f  11 b e l l e v i l l e  s p r i n g  washers shown i n  F i gu re  7  gave t he  
r e q u i r e d  l oad  c o n d i t i o n s  w i t h  a  p i s t o n  s t r o k e  o f  0.58 mm (.023 i n ) .  

The compression t e s t  o f  t h e  l a t c h  assembly gave t h e  p re load  and t h e  
s t r a i n  i n  t h e  r e s t r a i n i n g  arm. As a  l oad  was app l ied ,  t h e  d i s t ance  
between t h e  s top  d i s t ance  A was measured. A t  a  l o a d  o f  1438 N (323 1  bs) ,  
a  gap was obta ined,  and t h e  t e s t  was stopped. The gap s i g n i f i e d  t h a t  t h e  
p re l oad  o f  t h e  l a t c h  had been obtained. The steady s t a t e  s t r a i n  i n  t he  
r e s t r a i n i n g  arm was measured a t  1.25 x  10-3 cor responding t o  258 x  106 Pa 
(37,500 p s i ) .  Th is  d i f f e r e d  from t h e  f i n i t e  element model r e s u l t s  by o n l y  
11 percent .  

The l a t c h i n g  l oad  was determined by t e s t ,  shown i n  F i g u r e  10, t o  be 
850 N (190 I b ) .  Th is  i s  s i x  t imes  t he  value p r e d i c t e d  by c a l c u l a t i o n s .  
The l a r g e  var iance  i s  a t t r i b u t e d  t o  a  h i gh  f r i c t i o n  l oad  between t h e  
1  oading longeron and t h e  t e s t  housing assembly, and t h e  f r i c t i o n  between 
l i n k s  and p ins.  However t h e  peak s t r a i n  i n  t h e  r e s t r a i n i n g  arm was 1.76 x  

which represen ts  a  s t r e s s  o f  363 x l o 6  Pa (52,800 p s i ) .  Th is  s t r e s s  
i s  20 percent  lower  than t h e  peak s t r ess  p r e d i c t e d  by t h e  f i n i t e  element 
ana l ys i s .  The u n l a t c h i n g  l o a d  was determined by t e s t ,  shown i n  F i g u r e  9, 
t o  be 530 N (119 l b ) ,  which i s  over  t h r e e  t imes t he  c a l c u l a t e d  value. Th is  
d i f f e r e n c e  i s  a t t r i b u t e d  t o  f r i c t i o n  between p i n s  and l i n k s .  

CONCLUSIONS 

The t e s t  data v e r i f i e d  t h e  a n a l y s i s  w i t h  t he  excep t ion  o f  t h e  l a t c h i n g  
and un1 a t c h i n g  loads. These d i f f e r e n c e s  a re  a t t r i b u t e d  t o  excess ive f r i c -  
t i o n  i n  t he  t e s t  setup. A m o d i f i c a t i o n  t o  t h e  l a t c h  assembly t e s t  housing 
i s  be ing made f o r  r e t e s t i n g  o f  t h e  deployment loads. A m o d i f i c a t i o n  may be 
made t o  t h e  a c t u a t o r  arm t o  reduce t h e  l a t c h i n g  and u n l a t c h i n g  loads.  
Based on t h e  design, a n a l y s i s  and t e s t s ,  t h e  CLL des ign shows good poten- 
t i a l  f o r  a  s o l u t i o n  t o  t h e  l a t c h  and un la t ch  problem o f  a  dep loyab le  space 
system where a  restow c a p a b i l i t y  i s  requi red.  
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ABSTRACT 

The e r a  of r e t r i e v i n g  and /or  s e r v i c i n g  s a t e l l i t e s  i n  o r b i t  h a s  
mandated t h a t  e x t e n d a b l e  e lements ,  such a s  t h o s e  used t o  deploy s o l a r  
a r r a y s ,  thermal  r a d i a t o r s ,  cornrnunications a n t e n n a s ,  i n s t r u m e n t s  and 
numerous o t h e r  appendages have i n h e r e n t  i n  t h e i r  d e s i g n  a  h i g h l y  r e l i a b l e  
r e t r a c t i o n  c a p a b i l i t y .  Throughout t h e  p a s t  y e a r  a s t r u c t u r a l  mast  has  
been developed which d u r i n g  and a f t e r  f u l l  deployment produces  a  s u p p o r t i n g  
s t r u c t u r e  w i t h  t h e  c h a r a c t e r i s t i c s  o f  a  h i g h  bending moment c a p a b i l i t y ,  
h i g h  s t i f f n e s s  and, p a r t i c u l a r l y  impor tan t  f o r  i n s t r u m e n t  deployment,  a  
h i g h  degree  of p o s i t i o n  r e p e a t a b i l i t y  and t o r s i o n a l  r i g i d i t y .  These 
f e a t u r e s  have been accomplished w h i l e  p r o v i d i n g  a n  e a s i l y  r e t r a c t a b l e  mast 
w i t h  a  h i g h  l i f e  c y c l e  c a p a b i l i t y .  S i n c e  t h e s e  p r o p e r t i e s  a r e  c o n s i s t e n t  
throughout  t h e  f u l l  range o f  deployed l e n g t h s ,  p a r t i a l  deployments o r  
r e t r a c t i o n s  can be u t i l i z e d  f o r  check-out,  b a l a n c e ,  f i n e  tun ing  o r  whatever  
o t h e r  r e a s o n  may be deemed n e c e s s a r y  f o r  o p e r a t i o n  modes o r  s p a c e c r a f t  
s t a b i l i t y .  

INTRODUCTION 

The mas t ,  shown i n  F i g u r e s  1 h 2 t o  be d i s c u s s e d ,  i s  of a t r i a n g u l a r  
c r o s s - s e c t i o n  and i s  formed by t h e  i n t e r l o c k i n g  o f  t h r e e  i d e n t i c a l  s t r i p s  
of m a t e r i a l  a long  t h e i r  common edges .  The i n t e r l o c k i n g  of t h e  edges  i s  
ach ieved  by a  meshing o f  a  s e r i e s  o f  socke t - type  i n s e r t s  permanently 
a t t a c h e d  t o  r o l l e d  t a b s  a l t e r n a t e l y  spaced a long  t h e  l e n g t h  o f  each s t r i p  
of material. I n  t h e  stowed c o n f i g u r a t i o n ,  t h e  m a t e r i a l  is  unlocked and 
is t h e r e f o r e  v e r y  f l e x i b l e .  T h i s  a l l o w s  g r e a t  packaging freedom s i n c e  
t h e  t h r e e  s e p a r a t e  s t o r a g e  s p o o l s  of m a t e r i a l  can  b e  l o c a t e d  remote  and 
i n  any o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  l o c k i n g  s t a t i o n  w i t h i n  t h e  mechanism. 
The packages  f o r  a g iven  m a s t  can  t h e r e f o r e  r a n g e  from a l o n g  c y l i n d r i c a l  
c o n f i g u r a t i o n  t o  a f l a t  r e c t a n g u l a r  one. Because t h e  s t r i p s  of material 
are locked  t o g e t h e r  i n s i d e  t h e  deployment mechanism, a f u l l y  formed m a s t  
e x i t s  t h e  mechanism and t a k e s  a l l  e x t e r n a l  l o a d i n g  r e g a r d l e s s  of deployed 
l e n g t h .  T h i s  paper  w i l l  c o v e r  t h e  d e s i g n  requ i rements ,  d e s i g n  ph i losophy ,  
f a b r i c a t i o n  methods and test methods and r e s u l t s  f o r  a s p e c i f i c  model mast .  
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REQUIREMENTS 

The d e s i g n  ph i losophy  behind t h e  development o f  t h e  mast was t o  s e l e c t  
a  number of  d e s i r a b l e  f e a t u r e s ,  e s t a b l i s h  many a s  h a r d  c r i t e r i a  and m a i n t a i n  
t h e  o t h e r s  a s  g o a l s  which would be  s t u d i e d  and t r aded-of f  a s  t h e  program 
progressed  through t h e  d e s i g n ,  b u i l d  and t e s t  s t a g e s .  

Those f e a t u r e s  c o n s i d e r e d  a s  ha rd  c r i t e r i a  were:  

Highly  r e l i a b l e  
Ex tendab le  and r e t r a c t a b l e  
Long l i f e  c y c l e  c a p a b i l i t y  
High s t r e n g t h  and t o r s i o n a l l y  r i g i d  
P r o v i d e  s t r e n g t h  and s t i f f n e s s  th roughout  t h e  e n t i r e  deployment/  
r e t r a c t i o n  o p e r a t i o n  
Prov ide  a c c u r a t e  and r e p e a t a b l e  t i p  p o s i t i o n  a l ignment  a t  any 
extended l e n g t h  
Thermally c o n t r o l l a b l e  
Packaging f l e x i b i l i t y  w i t h  a  minimum boom p loy  l e n g t h  

Those f e a t u r e s  c o n s i d e r e d  p r e f e r a b l e  b u t  a s  a  g o a l  were:  

E l i m i n a t i o n  o f  s h a r p  edges  
Ease  o f  manufac tu re  f o r  c o s t  purposes  
Adaptable  t o  u s e  w i t h  v a r i o u s  m a t e r i a l s ,  i . e . ,  non-magnetic, 
low o u t g a s s i n g ,  e t c .  
A d a p t a b i l i t y  f o r  p o s i t i v e  boom d r i v e  ( n o t  f r i c t i o n  d r i v e )  
L igh twe igh t  boom 
Adapt t o  a  wide temp range  
Unlimited ex tended  l e n g t h  s e l e c t i o n  
E l i m i n a t e  e x p e n s i v e  h e a t  t r e a t  o p e r a t i o n s  
E a s i l y  expand boom s i z e  w i t h o u t  i n c r e a s i n g  deployment mechanism 
complexi ty  

DESIGN APPROACH 

A f t e r  r ev iewing  numerous c o n c e p t s ,  i t  was de te rmined  t h a t  t o  s a t i s f y  
most of  t h e  c r i t e r i a  t h e  mast shou ld  f i t  t h e  f o l l o w i n g  d e s c r i p t i o n :  

E q u i l a t e r a l  t r i a n g l e  mast c o n f i g u r a t i o n  . Elements  s t o r e d  i n  an  unlocked c o n f i g u r a t i o n  . Locking method a l o n g  edges  and i n t e r n a l  t o  t h e  formed mast  . Close  t o l e r a n c e  l o c k i n g  p i n  . I d e n t i c a l  c o n f i g u r a t i o n  f o r  each e lement  o f  t h e  mast 

The f i r s t  c h o i c e  o f  m a t e r i a l  f o r  development and proof of  concept  was 
beryl l ium-copper .  T h i s  was chosen f o r  a  number o f  r e a s o n s  i n c l u d i n g  f a m i l i a r -  
i t y  w i t h  m a t e r i a l  from p r e v i o u s  programs, non-magnetic f o r  i n s t r u m e n t  a p p l i -  



c a t i o n s ,  r e l a t i v e l y  inexpens ive  f o r  development work and a v a i l a b i l i t y .  

The n e x t  s t e p  was t o  deve lop  a  method, f o r  i n t e r l o c k i n g  t h e  i n d i v i d u a l  
s t r i p s  o f  m a t e r i a l .  The l o c k i n g  d e v i c e s  had t o  have t h e  c a p a b i l i t y  o f  b e i n g  
f l e x i b l e  enough t o  wrap around t h e  s t o r a g e  s p o o l  when i n  t h e  stowed c o n f i g -  
u r a t i o n  and y e t  b e  s t i f f  and s t r o n g  enough t o  t a k e  bending and t o r s i o n a l  
l o a d s  when t h e  mast  was dep loyed .  The s e l e c t e d  d e s i g n  was t o  u t i l i z e  a  
s e r i e s  of  t a p e r e d  cone type  of  f i t t i n g s  a t t a c h e d  w i t h i n  r o l l e d  t a b s  l o c a t e d  
a long  t h e  l e n g t h  of each  s t r i p  of  m a t e r i a l .  These n e s t e d  f i t t i n g s  a l o n g  t h e  
f u l l  l e n g t h  o f  t h e  deployed mast  become t h e  load  c a r r y i n g  p a t h  of  t h e  mas t .  
The r o l l e d  t a b s  were  l o c a t e d  s o  t h a t  t h e y  would b e  i n t e r n a l  t o  t h e  formed 
mas t ,  t h u s  c r e a t i n g  a  smooth e x t e r n a l  s u r f a c e  which would pose  no major  
d e t e r r e n t  t o  p o t e n t i a l  EVA a c t i v i t y  i n  t h e  v i c i n i t y  o f  a  deployed s t r u c t u r e .  

A  c o n s c i e n t i o u s  e f f o r t  was made th roughout  t h e  i n t e r l o c k i n g  edge de- 
velopment t o  keep each  e lement  i d e n t i c a l  t o  t h e  o t h e r s .  T h i s  was done 
mainly  t o  m a i n t a i n  t h e  commonality of  p a r t s  and t h e r e f o r e  keep t h e  manu- 
f a c t u r i n g  c o s t s  a s  inexpens ive  a s  p o s s i b l e .  As a  r e s u l t  of  t h i s  e f f o r t ,  we 
were a b l e  t o  meet t h a t  o b j e c t i v e .  

Because r e s u l t s  on p r e v i o u s  programs w i t h  c o a t i n g s  and o t h e r  methods 
f o r  c o n t r o l l i n g  the rmal  d i s t o r t i o n s  have proven our  u n d e r s t a n d i n g  o f  t h e  
problems and o u r  a b i l i t y  t o  cope w i t h  them, i t  was dec ided  t o  f o r e g o  any  
d e m o n s t r a t i o n  of  t h e s e  t e c h n o l o g i e s  on t h i s  program a t  t h i s  t ime .  

ELEMENT FABRICATION 

The f o l l o w i n g  manufac tu r ing  method h a s  been fo rmula ted  f o r  p roduc ing  60 
inch  l e n g t h s  of  e l e m e n t s  which a r e  s u f f i c i e n t  f o r  proof  o f  concept  and pro- 
p e r t i e s  t e s t i n g  purposes .  T h i s  method i s  f a i r l y  s imple ,  r e l a t i v e l y  inexpen- 
s i v e ,  and v e r y  s i m i l a r  t o  a  p r o j e c t e d  p r o d u c t i o n  type  o p e r a t i o n .  To d a t e ,  
t e s c  samples have been f a b r i c a t e d  i n  bo th  2 i n c h  and 4 inch  s i z e s  (measured 
l e n g t h  o f  each  l e g  of  t r i a n g l e ) .  The f o l l o w i n g  m a t e r i a l s  a r e  u t i l i z e d  f o r  
t h e  v a r i o u s  components of t h e  mas t :  

Element s i d e s  - 7 m i l .  b e r y l l i u m  copper  . F i t t i n g s  - 3/16  inch  d i a m e t e r  s t a i n l e s s  s t e e l  . Bond - T i n  l e a d  a l l o y  s o l d e r  

The mast w a l l  segments have been f a b r i c a t e d  from f l a t ,  r i b b o n  t y p e ,  
Be Cu m a t e r i a l .  They have a n  i d e n t i c a l  a l t e r n a t i n g  edge t a b  d e s i g n  t h a t  i s  
punched w i t h ' c o n t r o l l e d  h i g h  t o l e r a n c e  s p a c i n g  and a l ignment .  A f t e r  p re -  
shap ing  t h e  t a b s  i n t o  a  f u l l  round tube  form, t h e  e n t i r e  w a l l  segment l e n g t h  
i s  h e a t  t r e a t e d  t o  a  f i n a l  f u l l  s t r e n g t h  c o n d i t i o n .  I n t e r l o c k i n g  f i t t i n g s ,  
f a b r i c a t e d  from s t a i n l e s s  s t e e l ,  a r e  t h e n  i n s e r t e d  i n t o  each  of  t h e  r o l l e d  
t a b s .  These p a t e n t e d  f i t t i n g s  form t h e  pr imary i n t e r l o c k  between t h e  mast  
w a l l  segments .  They a r e  h e l d  i n t o  p o s i t i o n  w i t h i n  t h e  r o l l e d  t a b  by f l a n g e s  
l o c a t e d  a t  each end and,  i n  a d d i t i o n ,  e a c h  of  t h e  t a b s  i s  secured  a l o n g  t h e  
open seam w i t h  a  r e s i s t a n c e  s o l d e r  j o i n t .  A t  t h i s  p o i n t ,  t h e  t h r e e  w a l l  seg- 



ments a r e  r eady  f o r  i n t e r l o c k i n g  i n t o  a  t r i a n g u l a r  mas t .  

The measured we igh t  of  a  4 i n c h  wide t r i a n g u l a r  mast  i s  .54 l b / f t .  
No a t t e m p t  was made t o  make t h e  i n i t i a l  mast  c o n f i g u r a t i o n  we igh t  e f f i c e n t .  
However, i t  was r e a l i z e d  t h a t  s i g n i f i c a n t  l i g h t e n i n g  cou ld  be e f f e c t e d ,  
w i t h o u t  s i g n i f i c a n t l y  r e d u c i n g  mechan ica l  p r o p e r t i e s ,  through a  p a t t e r n  o f  
c i r c u i a r ,  t r i a n g u l a r  o r  o t h e r  c u t o u t s  between t h e  t r i a n g u l a r  apexes .  

MECHANICAL TESTS 

Mechanical  t e s t  performed on t h e  mast  specimens c o n s i s t  o f  a p p l i c a t i o n s  
of  t o r s i o n a l  and l a t e r a l  l o a d i n g s .  A  f i x e d - f r e e  c o n d i t i o n  was s i m u l a t e d  by 
embedding one end o f  t h e  mast  i n  Cerrobend a s  shown i n  F i g u r e  3. 



F i g u r e  5 



TORQUE TEST 

4;' WIDE X 0.007" THICK BeCu WALL , 3/16'' DIA STAINLESS INSERTS 

LOAD (LBS @ 56.75 INCHES) 

F i g u r e  7 



T e s t i n g  of  t h e  mast  under t o r s i o n a l  and l a t e r a l  l o a d i n g  c o n d i t i o n s  was con- 
duc ted  a s  shown i n  F i g u r e s  4 and 5 r e s p e c t i v e l y .  The t e s t  r e s u l t s  c l e a r l y  
show t h a t  t h e  4 i n c h  wide by 56 i n c h  long  mast  specimen i s  c a p a b l e  of t o r -  
s i o n a l  f o r c e s  g r e a t e r  t h a n  100 i n .  l b s .  and l a t e r a l  f o r c e s  of g r e a t e r  t h a n  
400 f t .  l b s .  F i g u r e s  6 and 7 p r e s e n t  r ecorded  l o a d - d e f l e c t i o n  d a t a .  

CYCLE ALIGNMENT TEST 

A p r e l i m i n a r y  deployment a l i g n m e n t / c y c l e  t e s t  h a s  been performed w i t h  a  
2 i n c h  wide t r i a n g u l a r  mast sample.  The mast sample was c y c l e d  from a  
motor ized  deployment u n i t .  T h i s  u n i t ,  a l t h o u g h  des igned  f o r  d e m o n s t r a t i o n  
purposes  and f a b r i c a t e d  from p l e x i g l a s s ,  produced s u f f i c i e n t  c o n t r o l  of  t h e  
sample mast  f o r  o p t i c a l  measurements o f  t h e  t i p  p o s i t i o n  a t  s e v e r a l  ex tended  
l e n g t h s .  The mast  \;as extended v e r t i c a l l y  under no load c o n d i t i o n s  and 
measurements t a k e n  between e x t e n d l r e t r a c t  c y c l e s  numbering 65 through 7 5 .  

Measurements o f  .005 i n c h  maximum v a r i a n c e  i n  bo th  x  and y a x i s  were  
recorded  a t  t h e  f u l l  extended t i p  p o s i t i o n  of 36 i n c h e s .  T h i s  e q u a t e s  t o  a  
r e p e a t a b l e  s t a t i c  a l ignment  of  .008 d e g r e e .  The t e s t  s e t  up i s  shown i n  
F i g u r e  8. 

F i g u r e  8 



DESIGN EVOLUTION 

F i n a l l y ,  a f t e r  a l l  t h e  concepts  have been eva lua ted  and thought ou t ,  
t h e  r e a l  proof i s  i n  t he  f a b r i c a t i o n  and t e s t i n g  of  t h e  hardware. Tolerances 
t h a t  a r e  too  t i g h t  r e s u l t  i n  a  mast t h a t  i s  d i f f i c u l t  t o  lock and would 
probably cause jamming of a  mechanism. I f  t h e  t o l e r a n c e s  a r e  t oo  l oose ,  t h e  
t o r s i o n a l  r i g i d i t y  and bending movement c a p a b i l i t y  i s  compromised. Some of 
t he  problems encountered dur ing  t h e  development a r e  hereby presen ted .  

These problems were i d e n t i f i e d  du r ing  d e s t r u c t i v e  t e s t i n g  o r  a s  a  r e s u l t  
of t e s t  f a i l u r e  mode a n a l y s i s .  The i n t e r l o c k i n g  f i t t i n g s  o r i g i n a l l y  had a  
s t ackab le  s t r a i g h t  t ubu la r  form and were secured i n t o  t he  c u r l e d  t a b s  a long 
the  edges of  t he  Be Cu wa l l  by a  s e r i e s  of  spot  welds.  These f i t t i n g s  were, 
a t  t h a t  t ime, f a b r i c a t e d  from b r a s s  a l l o y  because of t he  d e s i r a b i l i t y  t o  
u t i l i z e  a s  l i t t l e  magnetic m a t e r i a l s  a s  p o s s i b l e  and because b r a s s  i s  ea sy  t o  
machine and easy  t o  spo t  weld. Tes t  r e s u l t s  of t he se  mast samples showed 
t h a t  t h e  spot  welds had f a i l e d  under t e s t  loads .  A s  a  r e s u l t ,  a  s t r u c t u r a l  
adhesive,  3M2216A/BY was then s e l e c t e d  t o  r ep l ace  t he  spot  welds.  Tes t  r e -  
s u l t s  of  t he se  mast samples showed t h a t  t h e  f a i l u r e  occurred a s  a  r e s u l t  of 
compression y i e l d i n g  of  t h e  b r a s s  f i t t i n g s  and y i e l d i n g  of t h e  f i t t i n g  bond- 
ing  agent .  The f i t t i n g s  were t hen  redesigned.  Flanges were added a t  each  
end t o  provide primary sheer  support  and p o s i t i o n i n g  wi th in  t he  t a b .  Also,  
t he  f i t t i n g  m a t e r i a l  was changed from b r a s s  t o  s t a i n l e s s  s t e e l  and a  s o l d e r  
a l l o y  was s e l e c t e d  t o  secure  t he  cu r l ed  t abs .  To d a t e ,  t e s t i n g  has  demon- 
s t r a t e d  t h a t  t h i s  i s  a  succes s fu l  des ign  combination. 

CONCLUSIONS 

The mast development has  met a l l  t h e  major c r i t e r i a  e s t a b l i s h e d  a t  
program i n i t i a t i o n .  The r e s u l t s  presented v e r i f y  t h a t  a  high bending 
moment, h igh  s t i f f n e s s ,  t o r s i o n a l  r i g i d i t y  and a  h igh  degree of pos i t i on ing /  
r e p e a t a b i l i t y  can be incorpora ted  i n t o  a  dep loyab le / r e t r ac t ab l e  u n i t .  
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CANNON LAUNCHED ELECTROMECHANICAL CONTROL 
ACTUATION SYSTEM DEVELOPMENT 

JAMES G. JOHNSTON* 

ABSTRACT 

The evo lu t ion  of an electromechanical  c o n t r o l  ac tua t ion  system (EM-CAS) 
from t r a d e  s tudy  r e s u l t s  through breadboard test and high-g launch demon- 
s t r a t i o n  t e s t s  is summarized i n  t h i s  r e p o r t .  Primary emphasis i s  on 
design,  development, i n t e g r a t i o n  and t e s t  of t h e  gear  reduct ion  system. 

INTRODUCTION 

Future smal l  m i s s i l e s  w i l l  l i k e l y  use  i n f r a r e d  (IR) o r  r ada r  frequency 
seekers  and are expected t o  ope ra t e  over increased  ranges.  S i ze ,  weight ,  
and bandwidth l i m i t a t i o n s  of pneumatic c o n t r o l  a c t u a t i o n  systems w i l l  
almost c e r t a i n l y  compromise t h e  design of t h e  m i s s i l e  system and n e c e s s i t a t e  
a c l o s e  examination of p o s s i b l e  CAS a l t e r n a t i v e s .  

Trade s t u d i e s  conducted a t  Mart in  Mar i e t t a  Aerospace during 1981 f o r  a 
D i rec t  F i r e  P r o j e c t i l e  Study r e s u l t e d  i n  i d e n t i f y i n g  t h e  electromechanical  
c o n t r o l  a c t u a t i o n  system (EM-CAS), shown i n  F igure  1, a s  t h e  most l i k e l y  
candida te  f o r  improved performance a t  lower weight and c o s t  compared t o  
pneumatic and hydrau l i c  systems. Proper s e l e c t i o n  of gear ing  and gear  
r a t i o s  t o  match load  requirements t o  t h e  dc motor c h a r a c t e r i s t i c s  was 
important i n  opt imizing t h e  system. 

During t h e  l a s t  h a l f  of 1981, Martin Mar i e t t a  undertook a program t o  
design and f a b r i c a t e  a breadboard electromechanical  a c t u a t o r  which success- 
f u l l y  proved performance f e a s i b i l i t y .  

The 1982 CAS development program was the  d i r e c t  r e s u l t  of CAS Trade 
S tudies ,  breadboard development, and computerized performance s imula t ion  
completed i n  1981. The long range o b j e c t i v e  is  t o  develop a b a s e l i n e  
design f o r  a family of small  m i s s i l e  e lectromechanical  con t ro l  ac tua t ion  
systems. S p e c i f i c  o b j e c t i v e s  f o r  1982 were: 

1. To e s t a b l i s h  and optimize the  component p a r t s  and assembly con- 
f i g u r a t i o n  of a prototype EM-CAS. 

2 .  To demonstrate t h e  performance c a p a b i l i t y  of t h e  prototype CAS 
i n  l abo ra to ry  t e s t s .  

3 .  To demonstrate t h e  s u i t a b i l i t y  of t h e  pro to type  CAS f o r  smal l  
m i s s i l e  a p p l i c a t i o n s  by exposure t o  a high-g launch environment. 

During 1982, a pro to type  EM-CAS f o r  a 155 mm cannon launched p r o j e c t i l e  
was designed, f a b r i c a t e d ,  t e s t e d ,  and c a n i s t e r  launched a t  temperatures 
from -45°F t o  +145OF a t  9000 t o  10,000g's a c c e l e r a t i o n  wi th  exce l l en t  
r e s u l t s .  S e l e c t i o n  of gear  reducer  types  and r a t i o s  was of primary 
importance i n  ensur ing  hardness  t o  withstand h igh  a c c e l e r a t i o n  and ensur ing  
a h igh  e f f i c i e n c y  gear  t r a i n  t o  minimize energy consumption from the  m i s s i l e  
b a t t e r y  system. Reducer t r a d e  s t u d i e s  comparing spur  gear ,  b a l l  screws, 
worm gea r s ,  s p i r o i d  gea r s  and gear  combinations were made with a compromise 
of a c c e t e r a t i o n  hardness ,  energy consumption, and complexity t o  opt imize 
product ion c o s t .  Design of t h e  dc servomotor and brake,  a s  w e l l  a s  packaging 
t h e  e l e c t r o n i c s ,  was a l s o  inf luenced by t h e  h igh  a c c e l e r a t i o n  hardness  
requirements.  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -. - - - - . . .-. . . 
*Martin Mar i e t t a  Aerospace, Orlando, F lo r ida  



Figure  1. EM-CAS 

The a b i l i t y  of an EM-CAS t o  meet t h e  requirements of s m a l l  guided pro- 
j e c t i l e s  has  been demonstrated through d e t a i l e d  a n a l y s i s ,  computer simu- 
l a t i o n ,  breadboard t e s t i n g ,  and f i v e  pro to type  10,000g c a n i s t e r  launches.  
Breadboard t e s t i n g  us ing  motors from 3 vendors demonstrated t h a t  t h e  
EM-CAS could meet bandwidth and s lew r a t e  requirements f o r  a t y p i c a l  
s m a l l  m i s s i l e  (155 mm). Power a n a l y s i s  and bench t e s t s  demonstrated 
t h a t  power requirements a r e  not  p r o h i b i t i v e  f o r  a d i r e c t  d r i v e  servo- 
motor EM-CAS. 

Overa l l ,  an EM-CAS us ing  a samarium coba l t  servomotor w i l l  compete 
favorably  wi th  pneumatic and hydrau l i c  systems because of i t s  inhe ren t  
s i m p l i c i t y ,  reduced weight and envelope, and increased  bandwidth (over 
pneumatic). Cost s t u d i e s  i n d i c a t e  t h a t  t h e  EM-CAS w i l l  a l s o  b e  p r i c e  
competi t ive.  

BREADBOARD DEVELOPMENT 

The o b j e c t i v e s  of breadboard development were t o  e s t a b l i s h  EM-CAS 
technology and expand and v e r i f y  t h e  EM-CAS d a t a  base.  To meet t h e s e  
o b j e c t i v e s ,  t h e  breadboard was designed wi th  maximum f l e x i b i l i t y  f o r  



accept ing  d i f f e r e n t  motors and gear  reducer  con f igu ra t ions  (spur  gear ,  
worm gears ,  b a l l  screws, e t c . )  whi le  incorpora t ing  t a i l o r e d  e l e c t r o n i c s .  

The mechanical assembly showh i n  Figure 2 c o n s i s t s  of e x i s t i n g  p ro j ec t -  
i l e  p i t c h  s h a f t  f i n ,  bear ing ,  and feedback poten t iometer ;  a s  we l l  a s  a 
t ens ion  sp r ing  loading  f i x t u r e  and a d j u s t a b l e  mounting b racke t s  which 
accept  d i f f e r e n t  motors and gear  reducers .  

Figure 2.  Mechanical Assembly 

Tes t s  were performed on two brush motors (Simmonds P rec i s ion  and In land  
Motors) and one b rush le s s  motor (MPC). Gear r a t i o s  were s e l e c t e d  f o r  each 
motor based on motor speedl torque  c a p a b i l i t y  and on a compromise between 
output  load and frequency response. Tes t s  were run  f o r  each motor t o  f i n d  
frequency response,  s t e p  response,  and s t a l l  torque.  Frequency response 
of 22 t o  29 Hz, f i n  r a t e s  of 500 degrees per  second, and s t a l l  torques 
up t o  31.4 Nm (278  i n  l b )  were demonstrated. 

EM-CAS PROTOTYPE REQUIREMENTS 

EM-CAS pro to type  requirements,  p r imar i ly  based on 155 mm p r o j e c t i l e  
s p e c i f i c a t i o n s ,  a r e  summarized i n  Table I. Using these  pro to type  
requirements ,  dc  motorlbrake requirements were e s t a b l i s h e d  (Table 11). 

EM-CAS SYSTEM DESCRIPTION 

A photograph of t h e  electromechanical  a c t u a t o r  f o r  a 155 mm cannon 
launched p r o j e c t i l e  i s  shown i n  F igure  1. Three independent a x i s  of c o n t r o l  
( p i t c h ,  yaw p l u s  r o l l ,  and yaw minus r o l l )  r e q u i r e s  t h r e e  motor and gear 
t r a i n  combinations. For expediency, s i m p l i c i t y ,  and lower c o s t ,  i t  was 
decided t h a t  a l l  t h r e e  motor and gear  reducers  a r e  i d e n t i c a l  even 



Table  I. P r o t o t y p e  Requirements 

Stall Torque (min per fin) 6.22 Nm (55 in lb) 
Loaded Rate (5.09 Nm per fin min) 120 deglsec 
Shaft Deflection-Yaw/Roll Axes - + 22 deg 

Pitch Axis + 17 deg 
Duty Cycle D~ration(-25~F to +145'~)- 

(all fins) 
Command 

Environment 
Temperature (soak) -25 
Set Back 

Lateral 

Radial 

Table  11. Torque Moto 

Parameter 
Torque (rated)* 
Current (armature 
Voltage (armature 
Speed (rated)* 
Maximum Applied 
Armature Voltage 

Maximum Applied 
Armature Current I 16.7A (16.7 amps) 

Torque constant* K tm 0.0162 Ny/A(2.3& in o7/dm ) 
Rotor Inertia (max) J B 21.2g cm (3x10- in oz-sec ) 
Armature Resistance R: 2.1&(2.1 ohms) 
at 25%C 

Coulomb Friction (max) T c 0.00752 Nm (1.064 in oz) 
Envelope (motor and brake) 3.175 cm 0 x 7.62 cm long 

(1.25 in 0 x 3 in long) 
Brake Torque 

Ib 0.071 Nm (10 in oz static dynamic) 
Brake Voltage (dc) 

vb 30 + 5V (30 + 5 volts) 
Brake Reaction Time (max) 

B 0.010 sec (0.010 sec) 
Brake Current (max) (25°C) IB 0.150A ( .I50 ampsi 
Brake Inertia (max) 8 2 

J~ 

1.13g crn (0.16~10- in oz-sec ) 
Environment - As per Table I 
*Worst case tolerances and temperatures 

thotlgh t h e  p i t c h  a x i s  requ i rements  were e s s e n t i a l l y  t w i c e  t h e  y a w l r o l l  
a x i s .  The f i n s ,  f i n  s h a f t  and b e a r i n g  arrangements ,  feedback p o t e n t i o -  
mete r s ,  b a t t e r y  l o c a t i o n ,  and a l l  o t h e r  u s e a b l e  p a r t s  t h a t  could  b e  
r e t a i n e d  from a p r i o r  155 mm missile system were used.  The s p u r  g e a r /  
worm g e a r  combinat ion was s e l e c t e d  f o r  t h e  g e a r  r e d u c e r  because  of bread- 
board demons t ra t ion ,  ha rdness ,  a v a i l a b i l i t y ,  low c o s t ,  and o t h e r  l e s s e r  
t r a d e  s t u d y  c r i t e r i a .  

The e l e c t r o n i c s  was packaged i n  t h e  a f t  end of t h e  c o n t r o l  hous ing  due 
t o  envelope and s t r u c t u r a l  c o n s t r a i n t s  and because  a l a r g e  i n h e r e n t  h e a t  
s i n k  i s  a v a i l a b l e .  Photographs  of t h e  major  components and t h e  complete  
assembly w i t h  f i n s  f o l d e d  are shown i n  F i g u r e s  3 and 4.  



Figure  4. EM-CAS E lec t ron ic s  End w i t h  F ins  Folded 



GEAR REDUCER 

The gear  reducer  c o n s i s t s  of a 3.89/1 aluminum spur  gearbox (F igure  5 )  
which d r i v e s  a worm gear  segment w i t h  a two-threaded hardened s t e e l  worm. 
The o v e r a l l  gear  r a t i o  from motor s h a f t  t o  f i n  output  s h a f t  i s  194.4411. 

Figure 5. Gear Reducer 

A l l  spur  gea r s  a r e  2024-T4 aluminum, AGMA-12 p r e c i s i o n  from P i c  Gear 
Corp, The worms and worm gea r s  were purchased from Reliance Gear Co., 
L td .  Worm gear  m a t e r i a l  i s  QQ-S-763 c l a s s  10 s t e e l  (440B), and t h e  worm 
i s  h e a t  t r e a t e d  1117 s t e e l .  

The gearbox was designed t o  provide f l e x i b i l i t y  i n  changing gear  r a t i o  
and t o  minimize backlash on t h e  output  worm s h a f t .  Gearbox r a t i o s  from 211 
t o  711 a r e  f e a s i b l e  pe rmi t t i ng  s e l e c t i o n  of o v e r a l l  reducer  r a t i o s  from 
10011 t o  35011. A gearbox r a t i o  of 3.8911 (194.4411 o v e r a l l )  has  proven 
optimum f o r  t h e  s e l e c t e d  motor. 

The bear ings  (KP3AL and KP3A) used i n  t h e  gearbox were s tandard  air- 
c r a f t  b a l l  bea r ings  suppl ied  by TRW. The KP3A bear ing  w a s  i n s t a l l e d  t o  
c a r r y  t h e  forward and a f t  t h r u s t  loads  of t h e  worm s h a f t  i n  a d d i t i o n  t o  
r a d i a l  loads .  Any a x i a l  movement of t h e  worm s h a f t  t r a n s l a t e s  d i r e c t l y  
i n t o  backlash on t h e  output  f i n  s h a f t .  To minimize a x i a l  movement, t h e  
s h a f t  w a s  shimmed t i g h t l y  on each s i d e  of t h e  KP3A t h r u s t  bear ing ,  and 
t h e  bear ing  was i n s t a l l e d  wi th  a 0.0178 mm (0.0007 i n )  mean t i g h t  f i t  
i n  t h e  aluminum housing and a 0.0076 mm (0.0003 i n )  mean t i g h t  f i t  on t h e  
s t e e l  s h a f t s .  Th i s  i n s t a l l a t i o n  reduced i n t e r n a l  bear ing  a x i a l  move- 
ment from 0.076 rnm (0.003 i n )  t o  0.013 mm (0.0005 i n )  as demonstrated by 
t e s t s .  Addi t iona l  assurance of minimizing worm s h a f t  a x i a l  movement was 
obtained by i n s t a l l i n g  a d.isk s p r i n g  beneath t h e  KP3AL gearbox bear ing  
and pre-loading t h e  worm s h a f t  t o  68 Kg (150 l b )  of t h r u s t  load.  

Addi t iona l  i n v e s t i g a t i o n  t o  minimize backlash considered t h e  r equ i r ed  
gear  p r e c i s i o n  and c e n t e r l i n e  l o c a t i o n  to le rance .  Resul t s  of t h i s  a n a l y s i s  
a r e  shown i n  Figure 6 where f i n  backlash i s  p l o t t e d  aga ins t  a x i s  c e n t e r  
t o l e r ance  f o r  AGMA-10, AGMA-12, and AGMA-14 gears .  Maximum backlash 
t o l e r a t e d  by t h e  a c t u a t o r  f i n  s h a f t  was e s t ab l i shed  a t  0.25 degree.  



This  a n a l y s i s  assumes no p lay  i n  t h e  gear  s h a f t  bear ing .  A s  a r e s u l t  of 
t h i s  a n a l y s i s ,  AGMA-12 gea r s  and 0.051 mrn (0.002 i n )  a x i s  c e n t e r  t o l e r a n c e  
were se l ec t ed .  

F igure  6 .  Cen te r l i ne  Tolerance 
E f f e c t s  on Backlash 

0 I I I 
0 0.05 0.1 0.15 

CENTER-TO-CENTER TOLERANCE (MM) 

The spur  gears  and worm gear  s e t  a r e  l u b r i c a t e d  w i t h  FEL-PRO C l O O  
grease  which conta ins  s t a b i l i z e d  molybedinum d i s u l f i d e  and l e a d  i n  an 
organic  v i scus  c a r r i e r .  The b a l l  bear ings  were suppl ied  presea led  and 
prepackaged wi th  l u b r i c a n t  conforming t o  MIL-G-23827. 

Gear Reducer Trade 

A t r a d e  s tudy  of va r ious  gear  reducers  w a s  made f o r  t h e  purpose of  
designing t h e  cheapest  a c t u a t o r  which is  capable of ope ra t ing  f o r  a mini- 
mum of 70 seconds a t  t h e  s p e c i f i e d  duty cyc l e s  and us ing  an e x i s t i n g  
system b a t t e r y .  Resu l t s  of t h i s  t r a d e  s tudy  are shown i n  Table 111. 

The s i n g l e  worm, t h e  lowest  c o s t  and l e a s t  e f f i c i e n t  reducer ,  w i l l  on ly  
g ive  58 seconds of f l i g h t  dura t ion .  The double-threaded worm w i l l  provide 
70 t o  82 seconds of f l i g h t  du ra t ion  and c o s t s  s l i g h t l y  more than t h e  s i n g l e  
worm. The four-threaded worm concepts  o f f e r  l i t t l e  increased  f l i g h t  dura- 
t i o n  t o  j u s t i f y  t h e  c o s t  i nc rease .  The s p i r o i d  gear  concept g ives  l e s s  
du ra t ion  f o r  a h ighe r  p r i c e ;  however, i t  has t h e  p o s i t i v e  f e a t u r e  of almost 
zero backlash. The spur/Bevel  gear  w i l l  achieve t h e  same f l i g h t  du ra t ion  
a s  t h e  b a l l  screw (max of 85 t o  88 seconds) f o r  a lower c o s t ;  however, 
i t  probably cannot be packaged i n  t h e  a v a i l a b l e  envelope. The b a l l  screw 
is  too  expensive and w i l l  probably n o t  withstand t h e  10,000g se tback  
launch loads .  Cost and h i g h  packaging r i s k  e l imina te s  t h e  spur /bevel  
gear from f u r t h e r  cons idera t ion .  For t hese  reasons,  t h e  double-threaded 
worm w a s  s e l e c t e d  f o r  t h e  EM-CAS prototype.  



Table 111. Reducer Trade 

OTHERGEARS 0 26458M 0 26458M 0 26458M 0 26458M 0 26458M 0 26458M 0 26458M 
(96 dP1 196 dPI I96 dP1 I96 dP1 

RATIO NOMINAL 20011 20011 20011 20011 
30011 25011 40011 25011 

0476 0658 0680 0680 
(1 051 I 1  451 (1 501 I 1  501 

$168 5205 $250 $205 

+63 +lo0 +145 + lo0 

MAXIMUM MOTOR INMI 0 124 0 1074 0 2304 0 1023 
TORQUE (IN 02 )  (17 54) (15 21 132 61 11448) 

738 639 1371 609 

BATTERY ENERGY 86621 79361 105221 76861 
7324 7100 10383 7068 

DURATION MIN ISEC) 

BACKLASH -MAX IDEGI 026 0 3  

10,WOg SENSITIVE VERY HIGH LOW LOW LOW LOW LOW 

Gear Reducer Efficiency Analysis 

Gear efficiency prediction is inexact because surface finish, lubri- 
cant, temperature, rubbing speed, accuracy of teeth, and installation all 
influence gear effectiveness in transferring power from one gear to the 
other. 

According to Mark's Engineering Handbook, the efficiency of worm gear- 
ing is approximately (dependent on thread angle ($) and coefficient of 
friction (f)) as follows: 

Efficiency, E = tan $ 
(1- £tan$) $=ThreadHelixAngle 
tan $ + f f = Coefficient of Friction 

Friction data from several sources using different lubricants indi- 
cate that friction factors for hard steel rubbing on hard steel with pres- 
sures of 2.76 x lo6 KPa (400 KSI) are 0.058 for graphite and 0.033 for 
molydisulfide. A grease consisting of molydisulfide and graphite was 
selected for this application. 

For cylindrical worm gears (EM-CAS type) tion of friction 
coefficient with rubbing speed for a carburi und steel worm and 
phosphor bronze gear was shown to vary from 3 for rubbing speeds 
from 12 to 254 cm/sec. 

Using friction coefficient of 0.03 to 0.08 as boundaries, worm gear 
efficiency is plotted versus helix angle ($) in Figure 7. Breadboard test 
data for two different helix angles (4'46' and 9'28') are also shown for 
comparison. Based on this data, EM-CAS worm gear efficiency of 60 percent 
to 80 percent is predicted. 

Schematically, the gear train consists of four spur gears driving a 
worm gear set as shown in Figure 8. Assuming worm gear efficiencies pre- 
dicted in Figure 7, overall gear reducer efficiency (from motor input to 
aerodynamic fin output) is predicted to vary with motor speed from 50 to 
40 percent. 



Gear Reducer E f f i c i ency  Tes t  Resu l t s  

Gear reducer  e f f i c i e n c y  t e s t s  were made t o  determine t h e  e f f e c t i v e n e s s  
of t h e  reducer  i n  t r ansmi t t i ng  power t o  t h e  aerodynamic f i n .  Separa te  tests 
had t o  be  made on t h e  dc motor, dc motor/gearbox, and EM-CAS t o  determine 
reducer l o s s e s  and s e p a r a t e  t hese  l o s s e s  i n t o  gearbox (spur  gear)  and worm 
gear  components. These t e s t s  were made using t h e  dynamometer t e s t  s e tup  
shown i n  F igure  9 and t h e  EM-CAS t e s t  f i x t u r e .  

Motor torque-speed performance wi th  and without gearbox a r e  compared 
i n  Figure 10. The gearbox e f f i c i e n c y  curve,  a l s o  shown, was der ived  from 
t h i s  t e s t  da t a  and p l o t t e d  a g a i n s t  motor torque. Conclusions derived from 
t h i s  d a t a  i n d i c a t e s  t h a t  a t  h igh  torque (low motor speed) ,  gearbox e f f i c i e n -  
cy (NGB) approaches 92 percent ,  a s  p red ic t ed ,  and reduces a s  torque 
decreases .  

To e s t ima te  worm gear  e f f i c i e n c y ,  i t  was necessary t o  ope ra t e  t h e  com- 
p l e t e  CAS under d i f f e r e n t  load  condi t ions  and s u b t r a c t  t h e  f i n  s h a f t  bear- 
i ngs  and gearbox l o s s e s .  Resu l t s  of t hese  t e s t s  a r e  p l o t t e d  i n  F igure  11 
showing t h a t  o v e r a l l  reducer  e f f i c i e n c y  i s  h ighly  dependent on worm gear  
e f f i c i e n c y  and t h a t  worm gear  e f f i c i e n c y  i s  34 percent  lower than  p red ic t ed  
from a n a l y s i s  and breadboard t e s t  da t a .  Deta i led  in spec t ion  of t h e  worm 
and worm gear  hardware revealed worm su r face  f i n i s h  rougher than  20 micro- 
inch  (RMS) and worm gear  t oo th  su r f ace  f i n i s h  rougher than  65 microinch 



Figure 9. Dynamometer Test Set Up 
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Figure 10. Gearbox Efficiency 
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(RMS). This compares w i t h  t h e  breadboard worm and worm gear  f i n i s h e s  which 
a r e  smoother than 20 microinch (RMS). Tes t  d a t a  found i n  l i t e r a t u r e  i nd i -  
c a t e s  t h a t  t h e  f r i c t i o n  c o e f f i c i e n t  can inc rease  from 80 percent  t o  300 per-  
cen t  a s  s u r f a c e  f i n i s h  changes from 2 t o  65 microinch (RMS). Therefore,  
rough su r f ace  f i n i s h  is  t h e  most l i k e l y  reason f o r  t h e  observed low e f f i -  
ciency of t h e  worm gear .  

DC MOTOR AND BREAK ASSEMBLY 

The dc motor and brake  assembly was designed, f a b r i c a t e d ,  t e s t e d  and 
suppl ied by Inland Motors, Div is ion  of Kollmorgan Corp. A photograph of 
t he  disassembled u n i t  i s  shown i n  F igure  12 .  The complete u n i t  c o n s i s t s  
of a dc brush motor assembly and a brake assembly. The dc motor assembly 
c o n s i s t s  of t h r e e  main subassemblies:  armature,  f i e l d ,  and brush r i n g .  

F igure  12. Disassembled ~ o t o r / B r a k e  Assembly 

The armature ( r o t o r )  assembly i s  made of t h i n  lamina t ions  t o  reduce 
eddy c u r r e n t  e f f e c t s  a t  h igh  speeds and are bonded toge the r  t o  form t h e  
armature core  which i s  i n s u l a t e d  and wound wi th  heavy i n s u l a t i o n  magnet 
wire .  

The f i e l d  assembly ( s t a t o r )  is t h e  s t a t i o n a r y  o u t s i d e  case  of t h e  
motor. Four r a d i a l l y  o r i e n t e d  samarium c o b a l t  magnets a r e  bonded t o  a co ld  
r o l l e d  s t e e l  yoke s e c t i o n  and he ld  phys i ca l ly  i n  p l a c e  on a l l  fou r  s i d e s  by 
shoulders .  

A very  smal l  commutator diameter w a s  chosen f o r  t h i s  a p p l i c a t i o n  t o  
provide f o r  b e t t e r  commutation a t  t h e  h igher  ope ra t ing  speeds. I n  a d d i t i o n ,  



four cartridge brushes are used to provide better high speed commutation. 
The four brush housings, in addition to the two EM1 capacitors, and wiring 
and shielding connections, are molded into a plastic housing which is 
sandwiched between the stator housing and spacer (aft bearing support). 
The rotor is mounted on two special load transfer bearings which limit 
ball load due to "set back" and "set forward" launch accelerations. 

The brake consists of an armature, clapper, spring and housing assem- 
bly. The brake is failsafe which engage~~when power is off. The brake dis- 
engages the clapper from the armature when greater than 20 volts is applied 
to the brake coil. The brake will engage when this voltage reduces to ap- 
proximately 5 volts. 

The motor is designed to be pilot centered and flange mounted with 
four screws. Actual torquelspeed test data on Inland Motor SIN 15 is 
plotted in Figure 13. For this motor, torque constant (KT) measures 0.01674 
Nmlamp (2.37 in ozlamp). 

TORQUE (NM) IN OZ) 

Figure 13. Motor ~orquelspeed Characteristics 

ELECTRONICS 

The electronics package was designed, fabricated, assembled, and 
tested by Martin Marietta and consists of four shaped printed wiring fiber- 
glass boards, an aluminum heat sink, and the required electronic components. 

The first printed wiring board (PWB) is a two-layer board and carries 
the pitch, yaw plus roll (Y&R) and yaw minus roll (Y-R) command and feed- 
back amplifiers. Error voltage is produced by summing the guidance com- 
mands with feedback position voltage. 

The second PWB is a two-layer board and carries the dynamic leadllag 
compensation amplifiers and the voltage limiting amplifiers. 

PWB number 3 is a two-layer board and is attached to the aluminum heat 
sink which provides mounting for the four sets of complimentary pair of PNP 
and NPN Darlington power transistors. The board also provides capacitors 
to minimize crossover distortion and provides the circuitry to the power 
transistors. 

The fourth PWB is a six-layer board and provides the amplifier for the 
summing junction currents proportional to commands and motor feedback cur- 
rents proportional to motor speed. Phase lead compensation is provided for 
the phase lag due to the motor armature inductive lag. 



CAS BENCH TESTS 

Performance Tests 

Performance tests were conducted to demonstrate compliance with the 
requirements. Low efficiency of the worm gear impacted the pitch axis in 
stall torque performance and the yawlroll axes in frequency response perform- 
ance. Both problems were solved by increasing electrical current limits in 
all three axes. A performance summary of the pitch and yawlroll axis is 
listed in Table IV. 

Table IV. Performance Summary 
EM-CAS AXIS 

ITEM REQUIREMENT PITCH YAW+kOLL YAW-ROLL COMMENTS 
STALL TORQUE (NM) 12.44 13.68 P i t c h  

(NM) 6.22 9.89 9.89 Yaw/Roll 
LOADED RATE (DEG/SEC) 120  264 357 385 
FREQ. RESPONSE (HZ) 

AR = -3 dB 1 2 . 1 H z  1 8 H z  1 7 . 5 H z  1 7 . 5 H z  
@Lag = -75O 14.32Hz 1 8 . 0  Hz 18 .0  Hz 

-80" 1 2 . 1  HZ 17.5Hz 

The required stall torque is 6.22 ~m/fin (55 in lb per fin) or 12.4 Nm 
pitch (110 in lb pitch). To eliminate the effects of inertia, stall torque 
was measured by imposing a slow triangle wave command into the EM-CAS elec- 
tronics. For a pitch current limit increase of 50 percent, pitch axis 
stall torque increased 50 percent from 9.125 Nm (80.7 in lb) to 13.68 Nm 
(121 in lb). 

Minimum loaded vane rate performance requirements are 120 deglsec at 
5.088 ~m/fin (45 in lb per fin)(l0.18 Nm pitchlfin). The EM-CAS demon- 
strated 264 deglsec in pitch and 357 deglsec in the yawlroll axes. 

The ability of each actuator to follow triangle, square, and sine waves 
is evident in Figure 14. Very little backlash is displayed with the 
triangle and sine waves as the actuator crosses the zero axis. Note also 
that closed loop position error is very small. The zero overshoot shown 
in the square wave indicates damping close to critical which is also 
indicated in frequency response data. 

Higher performance from the EM-CAS is possible by increasing current 
limits and gains; however, this increased performance requires additional 
battery power which reduces flight duration. 

EM-CAS Battery Test 

A series of tests on the EM-CAS were performed using energy supplied 
by a standard 1 718-inch diameter by 5 314-inch long thermal battery. 
Twelve tests were run: three ambient, five cold (-25OF), and four hot 
(+145OF). The purpose of these tests was to verify that the existing 
standard thermal battery could provide sufficient energy to operate the 
EM-CAS with simulated worst case flight duty cycles for a minimum of 70 
seconds. 

Other required loads were simulated with a 20 ohm resistor, and the 
three motor brakes released and held during tests using the B+ cell. 

Eleven of these tests were performed with the initial electronic pack- 
age which had the original current limits. One final battery test was 
conducted with the increased current limits required to meet stall torque 
and frequency response requirements. 



TRIANGLE STEP SINE 

EM-CAS M 3  (1.0 HZ) DATE 12-01-82 LOAD * 0.147 NMIDEG PER FIN 

Figure 14. Response after Electronic Mod. 

A comparison of average battery terminal voltage minimums for ambient, 
cold and hot soak conditions is shown in Table V. Battery terminal voltage 
minimums for the final battery test (high current limits) are shown in the 
last column of Table V. 

Table V. Average Minimum Voltage/~ime Conditions 
TIME (SEC) AMBIENT COLD HOT FINAL TEST 

*70 to 100 see maximum current i s  supplied by the negative (-B) c e l l .  



It i s  concluded from these  s e r i e s  of t e s t s  t h a t  t h e  e x i s t i n g  thermal 
b a t t e r y  has s u f f i c i e n t  capac i ty ,  even a t  h igh  c u r r e n t  l i m i t s ,  t o  ope ra t e  
t h e  EM-GAS f o r  t h e  r equ i r ed  f l i g h t  du ra t ion .  

MISCELLANEOUS TESTS 

Miscellaneous tests during development t o  minimize f a i l u r e  r i s k  in-  
cluded bear ing  t h r u s t  and "slop" i n v e s t i g a t i o n s ,  and a hydrogen embr i t t l e -  
ment s tudy.  

A t h r u s t  load  test on t h e  KP3A bea r ing  s e l e c t e d  t o  support  t h e  worm 
s h a f t  was conducted t o  show bear ing  o p e r a b i l i t y  a f t e r  a 50 percent  t h r u s t  
overload was imposed. A s  i n s t a l l e d  i n  t h e  EM-GAS gearbox, t h e  bear ing  
showed accep tab le  ope ra t ion  a f t e r  1000 percent  of  recommended t h r u s t  l oad  
had been imposed, and t h e  unsupported bear ing  withstood up t o  400 percent  
of recommended t h r u s t  load  before  f a i l u r e .  

Hence, t h e  s e l e c t e d  KP3A bear ing  w i l l  s a f e l y  c a r r y  t h e  1020 pound 
t h r u s t  load  during launch without damage and w i l l  provide e f f e c t i v e  CAS 
opera t ion  a f te rwards .  

Measurements were made on e i g h t  KP3A bear ings  t o  e s t a b l i s h  r e l a t i v e  
a x i a l  displacement between inne r  and o u t e r  bear ing  r aces  f o r  e s t ima t ing  
bear ing  e f f e c t s  on backlash. Axial  displacement on t h e  f r e e  bear ings  v a r i e d  
from 0.051 t o  0.102 mm (0.002 t o  0.004 i n ) .  The bear ings  were then  pressed  
i n t o  an  aluminum housing and a x i a l  displacement w a s  aga in  measured. Resu l t s  
show t h a t  bear ing  a x i a l  displacement a f t e r  p re s s ing  was l e s s  than  0.0127 mm 
(0.0005 i n )  i n  a l l  measurements. These r e s u l t s  showed t h a t  a l l  bear ings  
suppor t ing  t h e  worm s h a f t  must be pressed  i n t o  t h e i r  r e s p e c t i v e  housings t o  
minimize backlash.  

Standard hydrogen embri t t lement  t e s t s  were performed on M4 and M6 
me t r i c  screws which had been hea t  t r e a t e d  a f t e r  p l a t i n g .  

CANNON LAUNCH TESTS 

A t o t a l  of f i v e  EM-GAS u n i t s  were c a n i s t e r e d  and exposed t o  t h e  gun 
launch environments a s  l i s t e d  i n  Table V I .  Three u n i t s  (MI, M2 and M 3 )  were 
assembled by Mart in  Mar i e t t a .  Two assemblies  (Dl and D2) were produced by 
Diehl  GmbH & Go., West Germany. The p i t c h  a x i s  gearbox wi th  a Lucas motor,  
assembled by Diehl ,  was present  i n  t h e  M 1  u n i t .  The Y+R and Y-R axes had 
Mart in  Mar i e t t a  gearboxes and In land  motors. 

Table V I .  Can i s t e r  Launch Tes t  Summary 
Setback 

Date Unit Temp. Acceleration 
Unit Launched O F gs Post Launch Results 
M1 7-16-82 Ambient 9,356 Circuit Card Spacers Failed 
Dl 8-18-82 -45OF 10,058 No Structural Anomalies 
M2 8-18-82 -45OF 10,084 Circuit Card Screws Failed 
D2 9-09-82 +145"F 9,960 No Structural Anomalies 
M3 9-09-82 +145OF 9,900 No Structural Anomalies 

A l l  f i v e  83.5 Kg (184 l b )  p r o j e c t i l e s  were launched and parachutes  
recovered a t  t h e  Redstone Arsenal i n  Hun t sv i l l e ,  Alabama, us ing  t h e  203 mm 
(8 i n )  cannon. 

Hardware f a i l u r e s  i n  t h e  f i r s t  and t h i r d  t e s t s  were a t t r i b u t e d  t o  
per imeter  screws on t h e  h e a t  s i n k  which were too  long. The package was 
loose  and f r e e  t o  move on t h e  four  per imeter  screws during se tback  acce l -  
e r a t i o n .  The phenolic  spacers  i n  t h e  f i r s t  launch absorbed t h e  se tback  



shock and failed. The substitution of aluminum spacers produced a more 
efficient joint which was capable of transmitting the circuit card inertia 
to the two M5 screwhead shoulders with subsequent tensile fracture. With 
the shorter length screws installed in the last tests, no further failure 
occurred. 

PROBLEMS ENCOUNTERED AND SOLVED 

Mechanical and electronic problems encountered and solved during devel- 
opment are summarized in Table VII. Excessive shaft axial clearance coupled 
with bearing clearances made the actuator pitch axis sensitive to limit 
cycle. This appeared as backlash to the actuator and when the shaft was 
properly shimmed, the problem disappeared. 

Table VII. Problems Encountered and Solved 
Problem Solution 

Excessive Shaft Axial Clearance Redesigned Shaft Retainer to Accept 
Shims 

Collar Flange Interference with Chamfered Housing 
Housing 

Rubbing Segment Gear Rollpin Installed Shorter Pin Flush with Bottom 
Motor Wiring/Cover Interference Special Cutouts in Gearbox Covers 
Phenolic Bushing Failure Changed Material to Aluminum 
Electronic Package Screw Failure Reduced Perimeter Screw Lengths to Prevent 

Blind Hole Bottoming 
Low Gear Reducer Efficiency Increased Motor Current Limit 
PWB Numbers 1 and 2 Cross Talk Added Grounded Copper Shield to M1, Circuit 

Changes on M2 and up Eliminated Require- 
men t 

PWB Numbers 2, 3 and 4 Conduc- Hard Wired Correctly and Epoxied in Place 
tor Errors 

Heat Sink Grounding Added Grounding Screw 
Darlington Transistor Noise Added Filter Capacitor and Epoxied to PWB 
Sensitivity Number 3 

Heat Sink Screw Head Position Added Cutouts in Heat Sink 
Inspection 

Low Bandwidth in Current Added R-C Intergrator in Feedback 
Amplifier Circuit (Epoxied in Place) 

Spacer Frame Component Inter- Spacer Frame Modification 
f erence 

The phenolic bushing failure on the first cannon launch was solved by 
using an aluminum material, and the screw failure on the third launch was 
solved by using shorter perimeter screws and confirming proper seating by 
visual inspection. 

Cross talk between boards, conductor errors and grounding problems were 
finally solved by circuit changes and hardwiring. Conductor and component 
modifications were epoxied to the printed wiring board after checkout, and 
survived the cannon accelerations very well. Circuit changes had to be 
made to balance outputs and increase current limits for stall torque and 
bandwidth requirements. 

CONCLUSIONS 

Specific 1982 objectives were achieved as follows: 
1. The assembly configuration and components of a prototye EM-CAS were 

established and optimized. 
2. The performance capability of the prototype EM-CAS was demonstrated in 

laboratory tests. 



3.  The pro to type  EM-CAS f o r  small  m i s s i l e  high-g a p p l i c a t i o n s  was demon- 
s t r a t e d  by exposure of 5 s e p a r a t e  u n i t s  t o  10,000g launch environment 
us ing  t h e  203 mm cannon a t  MICOM i n  Hun t sv i l l e ,  Alabama. 

I n  a d d i t i o n  t o  s p e c i f i c  o b j e c t i v e s ,  t h e  fol lowing was demonstrated: 
1. 1 2  thermal b a t t e r y  t e s t s ,  (4  ho t ,  5 co ld  and 3 ambient) ope ra t ing  

t h e  EM-CAS f o r  g r e a t e r  than  83 seconds under worst-case duty c y c l e ,  
were performed. 

2.  The EM-CAS i s  1 4  percent  l i g h t e r  and 20 percent  smal le r  than  t h e  
p re sen t  pneumatic CAS. 

3 .  Cost s t u d i e s  show t h a t  t h e  EM-CAS w i l l  be c o s t  competi t ive wi th  t h e  
pneumatic CAS. 
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TWO HUNDRED PASSAGE THBE-WAY VALVE - FRACTION COLLECTOR 

Jay  L. Keffer* 

ABSTRACT 

Th i s  paper d e s c r i b e s  t 
used t o  d i r e c t  flow of sepa 
t o  e i t h e r  a  c o l l e c t i o n  t r a y  
dc gear  motor d r i v i n g  twin  
s i l i c o n e  rubber  septum, whe 
i n  a  c o l l e c t i o n  t r a y .  The 
o p t i c a l  l i m i t  switches.  Th a t i c a l l y  by a n  
e l e c t r o n i c s  c o n t r o l  monitor ing module. 

INTRODUCTION 

Th i s  f r a c t i o n  c o l l e c t o r  i s  p a r t  of a  b i o l o g i c a l  m a t e r i a l s  p rocess ing  u n i t  
t h a t  by 1987 is scheduled t o  l e a d  t o  commercial market ing of new medicines  
unobta inable  without  t h e  b e n e f i t  of zero-g. The process ing  u n i t  i s  c a l l e d  t h e  
Continuous Flow E lec t rophores i s  System (CFES) and i s  c u r r e n t l y  being opera ted  
i n  t h e  middeck of t h e  Space S h u t t l e  (F igure  1). While no t  new, t h e  e l e c t r o -  
pho re s i s  p rocess  has  been g r e a t l y  improved by a  cont inuous flow arrangement 
y i e l d i n g  h igher  p u r i t y  and g r e a t e r  q u a n t i t i e s  of c e r t a i n  p r o t e i n s  by separa-  
t i n g  them from o t h e r  b i o l o g i c a l  m a t e r i a l s .  Although many of t h e  p r o t e i n s  a r e  
o b t a i n a b l e  on e a r t h ,  t h e  processes  used a r e  s o  l i m i t e d  by g r a v i t y  t h a t  only 
r e sea rch  q u a n t i t i e s  a r e  a v a i l a b l e .  I n  space,  however, away from t h e  adve r se  
e f f e c t s  of g r a v i t y ,  it may be  p o s s i b l e  t o  o b t a i n  t h e s e  p r o t e i n s  i n  t h e  quant i -  
t i e s  and p u r i t i e s  needed t o  e f f e c t i v e l y  treat d i s e a s e s .  

E l ec t rophores i s  p rocess ing  involves  t h e  s e p a r a t i o n  of b i o l o g i c a l  mate- 
r i a l s  from t h e i r  surrounding medium by pass ing  a  f l u i d  between w a l l s  a c r o s s  
which an e l e c t r i c a l  p o t e n t i a l  has  been e s t a b l i s h e d  (F igure  2 ) .  D i f f e r e n t  
c e l l s  t a k e  on d i f f e r e n t  charges  and move t o  d i f f e r e n t  p o s i t i o n s  a c r o s s  t h e  
column a s  t h e  medium i s  pumped upward. These c e l l s ,  w i l l  s t a b i l i z e  i n  s p e c i f i c  
s t reams,  where they w i l l  b e  c o l l e c t e d  by 197 c o l l e c t i o n  tubes ,  each l ead ing  t o  
a  needle  mounted i n  t h e  f r a c t i o n  c o l l e c t o r .  

The S h u t t l e  middeck process ing  u n i t  c o n s i s t s  of t h r e e  modules: t h e  F l u i d s  
System Module (FSM), which i s  t h e  l a r g e s t  of t h e  t h r e e ,  t h e  E l e c t r o n i c s  Cont ro l  
and Monitoring Module (ECMM), and t h e  Sample S torage  Module (SSM). The f r a c -  
t i o n  c o l l e c t o r  is l o c a t e d  a t  t h e  t op  of t h e  FSM. 

REQUIREMENTS 

The func t ion  of t h e  f r a c t i o n  c o l l e c t o r  i s  t o  d i v e r t  a l l  f low through 197 
tubes  from t h e  s e p a r a t i o n  column t o  e i t h e r  a was te  t ank  o r  t o  a c o l l e c t o r .  
The t o t a l  f low r a t e  is  less than  100 ml/min a t  a system p re s su re  t h a t  i s  less 
than  70.3 gms/cm2 (one ps ig )  . Flu id  v i s c o s i t i e s  g r e a t e r  t han  water bu t  less 
than  g l u e  i s  t o  be expected. Dead volumes a r e  minimized t o  prevent  a r e a s  
where b i o l o g i c a l  growth could occur .  F i n a l l y  it should be  i n e r t  t o  t h e  biolog-  
i c a l  p roducts  t o  prevent  contamination. 

*McDonnell Douglas As t ronau t i c s  Company, S t .  Louis ,  Missouri  



FIGURE 1 MIDDECK ELECTROPHORESIS SYSTEM 
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COLLECTION 

FLUID 

CONTINUOUS FLOW ELECTROPHORESIS SEPARATES THE SAMPLE 
INTO INDIVIDUAL PARTICLE STREAMS. 

FIGURE 2 THE ELECTROPHORESIS SYSTEM 

TRADE STUDIES 

Each of t h e  des ign  concepts  considered f o r  t h e  f r a c t i o n  c o l l e c t o r  in-  
volved t h e  u s e  of an  a r r a y  of 197 needles  pene t r a t ing  a s e l f - s e a l i n g  septum 
ma te r i a l .  It is  necessary  f o r  t h e  septum m a t e r i a l  t o  r e s e a l  under system 
p res su re  a f t e r  t h e  needles  a r e  r e t r a c t e d .  To v e r i f y  t h i s  septum va lv ing  con- 
cept  f o r  u s e  i n  t h e  e l e c t r o p h o r e s i s  process  middeck f l i g h t  u n i t ,  development 
t e s t s  were performed t o  s e l e c t  t h e  b e s t  need le  configurat ion/septum m a t e r i a l  
combination t h a t  r e q u i r e s  t h e  l e a s t  pene t r a t ion  and r e t r a c t i o n  f o r c e s  and h a s  
t h e  bes t  s e a l i n g  q u a l i t i e s .  I n  a d d i t i o n ,  a  need le  con f igu ra t ion  t h a t  mini- 
mizes t h e  p o s s i b l i i t y  of septem cor ing  was of primary importance t o  prevent  
septum leakage  and t o  ensure  a l l  needles  cont inue  t o  f low even a f t e r  s ep ta  
pene t r a t ion .  

The s e l e c t e d  need le  con f igu ra t ion  i s  a 20 gauge c losed  p e n c i l  po in t  
s i n g l e  s i d e  p o r t  arrangement (Figure 3 ) .  The s i d e  po r t  i s  a  s l o t  t h a t  pro- 
v ides  f o r  a  g r e a t e r  f low a r e a  than  a  round p o r t  without  compromising t h e  
needle  s t r e n g t h  due t o  a  reduced cross-sec t ion .  The cone po in t  a l i g n s  t h e  
f o r c e s  through t h e  need le  c e n t e r l i n e  t o  ensure  t h e  need le  w i l l  p e n e t r a t e  
s t r a i g h t  through t h e  s e p t a  without  s t r ay ing .  I n  a d d i t i o n ,  t h i s  s i d e  ported 
arrangement is  se l f - c l ean ing  wi th  no dead volume. 

The s e l e c t e d  septum m a t e r i a l  i s  a  30 durometer medical grade  s i l i c o n e  
rubber .  The maximum p e n e t r a t i o n  f o r c e  was measured a t  771 grams (1.7 pounds) 
per  needle  on a  s i n g l e  needle  t e s t  a t  a  r a t e  of f i v e  c y c l e s  per  minute. The 
r e t r a c t i o n  f o r c e s  were no t  s i g n i f i c a n t l y  d i f f e r e n t  s i n c e  most of t h e  f o r c e  i s  
spent  overcoming f r i c t i o n  between t h e  need le  and t h e  s e p t a  ma te r i a l .  

It w a s  discovered l a t e r  i n  t h e  development c y c l e  t h a t  mul t ip ly ing  t h e  
pene t r a t ion  f o r c e  from a s i n g l e  need le  test t imes 197 needles  i s  no t  a t r u e  
r e p r e s e n t a t i o n  of t h e  t o t a l  f o r c e  requi red  t o  p e n e t r a t e  t h e  septum m a t e r i a l  
wi th  a n  a r r a y  of 197 need le s  s imultaneously.  In s t ead ,  a  f a c t o r  of two should 



FIGURE 3 SELECTED NEEDLE CONFIGURATION 

be applied t o  t h e  ca lcu la ted  f o r c e  using t h e  method above. It is  theorized 
t h a t  t h e  add i t iona l  f o r c e  can be a t t r i b u t e d  mostly t o  t h e  v a r i a t i o n s  i n  
needle s t r a igh tness  and needle pa ra l l e l i sm causing i n t e r a c t i v e  fo rces  a s  they 
a r e  forced through t h e  septum mater ia l .  

SYSTEM DESCRIPTION 

Operation of t h e  f r a c t i o n  c o l l e c t o r  (Figure 4) r equ i res  t h e  a s t ronau t  t o  
i n s e r t  o r  remove c o l l e c t o r  c a s s e t t e s .  Other opera t ions  a r e  handled auto- 
mat ica l ly  by t h e  ECMM. The procedure is t o  open t h e  access door t o  t h e  
c o l l e c t o r  a r e a  by turning two quar ter  t u r n  l a t c h e s ,  i n s e r t  a c a s s e t t e  by en- 
gaging t h e  two guide r a i l s  and pushing t h e  c a s s e t t e  i n  u n t i l  t h e  b a l l  plunger 
f a l l s  i n t o  place. A d e f i n i t e  snapping a c t i o n  is  f e l t  a t  t h i s  point .  The 
access  door is then closed and latched.  When t h e  ECMM determines t h a t  
c o l l e c t i o n  is  t o  t ake  p lace  t h e  motor is  energized forc ing t h e  septum m a t e r i a l  
on top  of ' t he  c a s s e t t e  aga ins t  t h e  septum mate r i a l  on t h e  bottom of t h e  waste 
manifold e f f e c t i n g  a s e a l  (Figure 5). Fur ther  upward t r a v e l  fo rces  t h e  a r r a y  
of 197 needles through t h i s  s t a c k  of septum mate r i a l  i n t o  individual  pockets i n  
t h e  casse t t e .  When t h e  mechanism reaches top  dead cen te r  an o p t i c a l  l i m i t  
switch is  t r ipped t o  s top  t h e  motor. The mechanism w i l l  remain i n  t h i s  p o s i t i o n  
f o r  a predetermined amount of time, usua l ly  about 10-12 minutes as t h e  c a s s e t t e  
is  being f i l l e d ,  then t h e  motor is energized again  forc ing t h e  waste manifold 
down causing t h e  needles t o  withdraw from t h e  c a s s e t t e .  The l a s t  p a r t  of t h e  
downward s t r o k e  i s  used t o  provide a gap between t h e  c a s s e t t e  and t h e  waste 
manifold t o  f a c i l i t a t e  c a s s e t t e  removal and t o  s e a t  t h e  waste manifold a g a i n s t  
four s t acks  of four  b e l l e v i l l e  washers. A t  bottom dead cen te r  another  o p t i c a l  
l i m i t  switch w i l l  s t o p  t h e  motor. A t  t h i s  time, t h e  ECMM w i l l  prompt t h e  
as t ronaut  t o  remove the  c a s s e t t e  and p lace  it back i n t o  t h e  SSM. 

The f r a c t i o n  c o l l e c t o r  c o n s i s t s  of a welded aluminum s t r u c t u r a l  frame 
supporting four  guide s h a f t s ,  t h e  d r i v e  mechanism, t h e  ca r r i age  assembly, a 
septum plug/spacer assembly, t h e  waste manif o ld ,  t h e  needle head, t h e  197 
passage connect, two s i d e  l a t c h e s ,  and f i n a l l y  a c o l l e c t o r  c a s s e t t e  t h a t  
r equ i res  as t ronaut  handling f o r  i n s e r t i o n  and removal. 
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FIGURE 4 FRACTION COLLECTOR 
The d r i v e  mechanism (Figure  6) i nc ludes  a  28-volt dc  gearmotor w i t h  a  

reduct ion  r a t i o  of 941/1. This  motor i s  capable  of d e l i v e r i n g  2424 newtons 
(545 pounds) of v e r t i c a l  f o r c e  a t  a  r a t e  of f i v e  c y c l e s  per  minute a t  t h e  
maximum moment arm of one cent imeter  (.393 inch ) .  A t  s t a l l  torque,  6494 
newtons (1460 pounds) of v e r t i c a l  f o r c e  is suppl ied  by t h e  motor a t  t h e  
maximum moment arm. The motor has  a p in ion  gear  mounted on t h e  d r i v e  s h a f t  
t h a t  engages a l i n e  of t h r e e  o the r  p in ions  of equal  d i ame t r i c  p i t c h  t o  d r i v e  
twin cams. With t h i s  gear ing  arrangement, t h e  cams move i n  oppos i t e  r o t a -  
t i o n a l  d i r e c t i o n s  t o  keep t h e  appl ied  f o r c e  symmetric about t h e  four  1.27 cen- 
t ime te r  (one h a l f  inch)  diameter guide s h a f t s .  The cams a r e  e x t r a  l i g h t  duty 
a i r c r a f t  bea r ings  mounted o f f  c e n t e r  t o  provide  a t o t a l  s t r o k e  of 1.99 c e n t i -  
meters ( .785 inch) .  



The v e r t i c a l  
through two oblon 
s ide- to-s ide  a s  i 
of c o l l e c t o r  ca s se  
d a t e ,  only 2.54 c e  
the re fo re ,  a  spacer  IS 

bronze bear ings  a r e  l oca t ed  nd a r e  spaced 6.10 
cen t ime te r s  (2.40 inches)  ap se bronze bear ings  a r e  
porous and a r e  s a  

The septum plug/spacer  assembly se rves  two purposes. F i r s t ,  it occupies  
t h e  space necessary  so t h a t  a  2.54 cent imeter  (one inch) h igh  c a s s e t t e  can be 
accommodated. Second, i t  con ta ins  a  mechanism c o n s i s t i n g  of two s c i s s o r  j acks  
t h a t  r a i s e s  a  f l a t  platform wi th  200 ,953 cent imeter  (3 /8  inch)  square sili- 
cone rubber closed c e l l  sponge pads t h a t  engage t h e  needle  pene t r a t ions  i n  t h e  
septum m a t e r i a l  l oca t ed  on t h e  bottom of t h e  waste  manifold. Th i s  i s  done by 
manually r o t a t i n g  two knobs loca t ed  on t h e  f r o n t  of t h e  spacer  assembly. Th' 
was necessary  a s  a n  insurance  po l i cy  t o  prevent  water seepage dur ing  launch 
and r een t ry .  It w a s  expected t h a t  773 gms/cm2 (11 p s i )  would b e  experience 
during launch due t o  t h e  water head, t h e  launch g ' s ,  and t h e  random v i b r a t i o n  
environment i n  t h e  S h u t t l e  middeck. The spacer  con ta ins  a b a l l  plunger t o  g i v e  
a  p o s i t i v e  i n d i c a t i o n  t h a t  t h e  c o l l e c t o r  c a s s e t t e  i s  i n  p o s i t i o n  and proper ly  
a l igned  beneath t h e  a r r a y  of 197 needles .  

The waste  manifold is  a shallow rec t angu la r  shaped s t a i n l e s s  s t e e l  pan 
wi th  a  bol ted  on l i d  t h a t  c o l l e c t s  t h e  flow from a l l  197 tubes  and d i r e c t s  
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FIGURE 6 FRACTION COLLECTOR DRIVE MECHANISM 

t h a t  flow t o  a waste  tank  when sample c o l l e c t i o n s  a r e  no t  being made. Both 
t h e  bottom and top  of t h e  waste manifold have an  a r r a y  of 200 .476 cen t ime te r s  
(3116 inch) diameter  ho le s  covered over by a s h e e t  of bonded on 30 durometer 
medical grade  s i l i c o n e  rubber septum. One needle  passes  through t h e  manifold 
i n  each of t h e  197 holes .  Three ho le s  are no t  used. The s e l f  s e a l i n g  char- 
a c t e r i s t i c s  of t h e  septum on t h e  unders ide  of t h e  manifold w a s  improved by 
i n j e c t i n g  1000 c e n t i s t o k e  s i l i c o n e  f l u i d  i n  t h e  volume of each of t h e  ho le s  
and captur ing  it wi th  t h e  septum on t h e  unders ide  and a .079 cent imeter  
(1132 inch) t h i c k  bonded on s i l i c o n e  rubber shee t  on t h e  in s ide .  The top  
s i d e  septum which is sandwiched between two meta l  s h e e t s  provides a dynamic 
s e a l  around each of t h e  needles .  The needles  a r e  never pu l l ed  out  of t h i s  
septum during opera t ion .  The top  meta l  s h e e t  provides  a c o n i c a l  lead- in  f o r  
each of t h e  needles  t o  f a c i l i t a t e  needle  i n s t a l l a t i o n .  

The needles  head (F igure  7) provides a mount f o r  each need le  assembly. 
An a l i g n i n g  t o o l  w a s  used when i n s t a l l i n g  t h e  needles  i n t o  t h e  need le  head t o  
ensure  they were a l l  p a r a l l e l .  The jam n u t s  were l e f t  l o o s e  enough t o  provide  
freedom of movement of t h e  needle  of about + 10' and then  was locked in p l a c e  
wi th  RTV 730 m a t e r i a l ,  Th i s  was done t o  any i n t e r a c t i o n  between t h e  
need le  due t o  nonpara l le l i sm o r  s t r a i g h t n e s s  v a r i a t i o n s  t h a t  might cause a 
sideward f o r c e  of t h e  needle  i n  t h e  rubber r e s u l t i n g  i n  leakage. Th i s  proved 
t o  be a necessary and a ve ry  important s t e p  i n  t h e  assembly procedure. 
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A connect /disconnect  i s  provided i n  t h e  197 tubes  between t h e  s e p a r a t i o n  
column and t h e  f r a c t i o n  c o l l e c t o r  t o  f a c i l i t a t e  r emova l / i n s t a l l a t i on  of e i t h e r  
u n i t .  The connect i s  8.26 cent imeters  (3.25 inches)  i n  diameter and c o n s i s t s  
of two mating s t a i n l e s s  s t e e l  ha lves  t h a t  a r e  keyed toge ther  wi th  dowel p i n s  
t o  ensure  proper c o n t i n u i t y  of each tube. A t h i n  ,079 cent imeter  (1/32 inch)  
gasket i s  placed between t h e  halves.  The gasket  s e a l s  both t o  t h e  o u t s i d e  and 
around each of t h e  197 ho le s .  This  assembly is  he ld  toge the r  wi th  a marman 
V-band clamp. Each tube  was placed through t h e  connect t o  t h e  i n t e r f a c e  p l ane  
and then a l l  were bonded i n  p l ace  wi th  H a r t e l  two p a r t  epoxy. This  arrange-  
ment reduced t h e  dead volume t o  near  ze ro  and a l s o  minimized metal  c o n t a c t  
wi th  t h e  b u f f e r  s o l u t i o n .  

The two s i d e  l a t c h e s  (F igure  8) provide two func t ions .  F i r s t ,  they  p u l l  
t h e  waste manifold o f f  of t h e  needles  on t h e  down-stroke. Second, they  l o c k  
t h e  manifold down when t h e  cams reach  bottom dead cen te r .  This  prevents  t h e  
manifold from g e t t i n g  exc i t ed  during t h e  v i b r a t i o n  environment of launch and 
r een t ry .  

Each l a t c h  c o n s i s t s  of a r a t c h e t ,  which i s  bol ted  t o  t h e  waste manifold,  
a pawl, t h a t  i s  f r e e  t o  r o t a t e  about a clamp-up bushing on t h e  c a r r i a g e  
assembly and a fulcrum, t h a t  f o r c e s  t h e  pawl t o  r o t a t e  on t h e  down-stroke. 

The r a t c h e t  has  two su r f aces .  On t h e  up-stroke t h e  pawl e l e v a t e s  and 
r o t a t e s  up t o  t h e  top  s u r f a c e  of t h e  r a t c h e t .  On t h e  down-stroke t h e  pawl 
p u l l s  a g a i n s t  t h e  r a t c h e t  fo rc ing  t h e  waste  manifold off  of t h e  needles .  
During t h e  l a s t  p a r t  of t h e  downward motion t h e  pawl is forced t o  r o t a t e  o f f  
of t h e  top  s u r f a c e  of t h e  r a t c h e t  t o  t h e  bottom sur face ,  by t h e  fulcrum, 
providing a gap between t h e  waste manifold and t h e  c o l l e c t o r  c a s s e t t e  f a c i l i -  
t a t i n g  removal and i n s e r t i o n  of t h e  c a s s e t t e .  The cams cont inue  t o  r o t a t e  
u n t i l  bottom dead c e n t e r  is  reached at which t ime t h e  pawls p u l l  t h e  waste  
manifold a g a i n s t  fou r  s t a c k s  of fou r  b e l l e v i l l e  washers. This  provides t h e  
clamp-up f o r c e  requi red  t o  hold t h e  waste  manifold dur ing  launch and r e e n t r y  
dynamic environments . 
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The c o l l e c t o r  c a s s e t t e  (F igure  9) resembles a n  egg ca r ton  c o n s i s t i n g  of 
a molded medical grade polyvinyl  c h l o r i d e  bladder  w i th  200 ind iv idua l  pockets 
i n  a 10  by 20 a r r a y  covered wi th  a polycarbonate  shee t  t h a t  i s  bonded t o  t h e  
r i d g e s  around t h e  opening of each of t h e  pockets.  The assembly is  then 
covered wi th  a shee t  of septum m a t e r i a l  t h a t  is  bonded i n  p l ace  s e a l i n g  around 
each pocket.  These pockets  a r e  evacuated p r i o r  t o  use. Each pocket ho lds  
about 2.5ml of f l u i d .  A machined aluminum frame provides  t h e  g r i d  work f o r  
each of t h e  pockets .  The frame a l s o  has rails on a l l  four  s i d e s  t h a t  e i t h e r  
engage t h e  c a r r i a g e  assembly o r  t h e  SSM where t h e  c a s s e t t e s  a r e  s to red  when 
not  i n  use.  The bottom of t h e  c a s s e t t e  frame i s  covered by a shee t  of 
hydrophobic m a t e r i a l  which i s  he ld  i n  p l ace  by a bo l t ed  on aluminum shee t  wi th  
200 holes .  A s  t h e  pockets  a r e  being f i l l e d  t h i s  hydrophobic m a t e r i a l  w i l l  
ven t  t h e  d i sp l aced  a i r  but prevent any water  from passing through. 

SAFETY ASPECTS 

Severa l  s t e p s  were taken t o  ensure t h e  s a f e t y  of t h e  a s t r o n a u t  whi le  
i n t e r f a c i n g  wi th  t h e  c o l l e c t o r .  The f r a c t i o n  c o l l e c t o r  i s  rendered inoperable  
when e i t h e r  t h e  a c c e s s  door i s  opened o r  when t h e r e  i s  no c a s s e t t e  i n  place.  
This  is  accomplished by a plunger swi tch  sensing t h e  door p o s i t i o n  and a 
micro-switch wi th  a r o l l e r  l e a f  t h a t  engages a camrned s u r f a c e  on t h e  c a s s e t t e  
gu ide  r a i l .  I n  a d d i t i o n ,  t h e  needle  p o i n t s  a r e  no t  'exposed t o  t h e  a s t ronau t  
when he i s  i n s e r t i n g  o r  removing a c a s s e t t e ,  bu t  a r e  i n s i d e  t h e  waste  manifold 
dur ing  t h i s  ope ra t ion .  
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CONCLUSIONS 

A two hundred passage three-way v a l v e  has  been developed t h a t  c o l l e c t s  
t h e  b i o l o g i c a l  f r a c t i o n s  from t h e  cont inuous  f low e l e c t r o p h o r e s i s  system. 
The f o r c e s  r equ i r ed  t o  d r i v e  a n  a r r a y  of 197 20-gauge need l e s  through a s t a c k  
of septum m a t e r i a l  (.313 i n c h  t h i c k )  is  approximately two times t h e  s i n g l e  
need l e  f o r c e  times 197. 
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ABSTRACT - 

The Nutation Damper System i s  a three  function mechanism designed fo r  
the Galileo Spacecraft ,  a  spin s tab i l i zed  deep-space probe t o  
Jup i te r .  By damping the  movement of a large deployable science boom 
acting as an outboard pendulum, the nutation damper rapidly 
s t ab i l i z e s  the spacecraft  from dynamic i r r e g u l a r i t i e s .  

The system includes the  boom deployment device and the  ultra-low 
f r i c t i on  boom hinge. This paper describes the  mechanism, the  degree 
t o  which f r i c t i o n ,  s t i c t i o n  and l o s t  motion have been eliminated, and 
the unique t e s t  methods t ha t  allow i t s  performance t o  be measured. 

INTRODUCTION 

The Galileo spacecraft  i s  the f i r s t  large ,  spin-s tabi l ized space 
probe designed by J e t  Propulsion Laboratory and i s  intended t o  be the  
most s t ab le  science platform ever sent in to  deep space. This 
s t a b i l i t y  i s  in part  delivered by the act ive  nutation damping of the  
c r a f t  by a large deployable science boom acting as an outboard 
pendulum. This pendulum action of the  deployable science boom i s  
provided by a special ized zero f r i c t i o n  boom hinge, and the damping 
i s  produced by coupling the  boom t o  the  spacecraft  bus with the  
Nutation Damper ( e s s e n t i a l l y  a f l igh t -qua l i f i ed  f l u i d  shock 
absorber). The damper, hinge and science boom deployment s t r u t  are  
the three  elements t h a t  compose the Nutation Damper System. 

Spacecraft Dynamics 

Figures 1 and 2 help t o  i l l u s t r a t e  the difference between spacecraft  
wobble and nutat ion.  Wobble i s  due t o  the  spacecraft  being 

*The research described in t h i s  paper was performed by the  J e t  Propulsion 
Laboratory, Cal i fornia  I n s t i t u t e  of Technology, under contract  with the  
National Aeronautics and Space Administration. 
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F i g u r e  2. Spacecra f t  N u t a t i o n  Only  (No Wobble) 

dynam ica l l y  unbalanced, such t h a t  t h e  s p i n  ( o r  p r i n c i p a l  a x i s )  i s  no t  
c o i n c i d e n t  w i t h  t h e  Z  ax i s  o f  t h e  spacec ra f t .  On t h e  o t h e r  hand, 
n u t a t i o n  i s  t h e  a c t i o n  o f  t h e  s p i n  a x i s  o f  t h e  spacec ra f t  c i r c u l a t i n g  
i n  a  "cone" about a  d e s i r e d  s p i n  ax i s .  Th i s  a c t i o n  t akes  p l a c e  when 
t h e  spacec ra f t  i s  d i s t u r b e d  by  o u t s i d e  f o r ces  such as a t t i t u d e  
c o r r e c t i o n  maneuvers, f u e l  s losh,  o r  i f  t h e  main engine t h r u s t  v e c t o r  
does no t  pass d i r e c t l y  a long t h e  p r i n c i p a l  a x i s .  F i g u r e  3 shows how 
t h e  sc ience boom w i l l  a c t  as an outboard pendulum under t h e  a c t i o n  of 
t h e  n u t a t i n g  spacec ra f t  i f  i t  i s  a l lowed t o  p i v o t  a t  i t s  base. By 



F i g u r e  3. Boom O s c i l l a t i o n  Wi th  N u t a t i o n  

damping t h e  mot ion  o f  t h e  boom, t h e  t i m e  f o r  t h e  spacec ra f t  t o  r e t u r n  
t o  t h e  des i r ed  s p i n  a x i s  i s  g r e a t l y  reduced. T h i s  damping o f  
spacec ra f t  n u t a t i o n  p rov ides  an u l t r a - s t a b l e  p l a t f o r m  i n  i n e r t i a l  
space f o r  t h e  sc ience  ins t ruments ,  a l l o w i n g  sc ience da ta  t o  be 
gathered w i t h i n  minutes a f t e r  spacec ra f t  a t t i t u d e  changes. 

What Was Reaui r ed  ? 

The system engineers ,  when cons ide r i ng  s t a b i  1  j t y  problems w i t h  t h e  
spacecra f t ,  asked f o r  a  pendulum w i t h  2  commandable h inge  s p r i n g  
r a t e s  and excurs ions .  A l though a  v a r i e t y  o f  spacec ra f t  models were 
c o n f i g u r e d  over  t h e  years,  t h i s  pendulum ( t h e  sc ience boom) 
e v e n t u a l l y  was r e q u i r e d  t o  have about i t s  h inge a  normal c r u i s e  
s p r i n g  r a t e  o f  335 N-m/rad (247 f t - l b / r a d )  w i t h  a  maximum excu rs i on  
of f 6 degrees. A  commandable s t i f f e r  s p r i n g  r a t e  o f  2000 N-m/rad 



(1475 f t - l b l r a d )  w i t h  a  maximum excurs ion  o f  f 2 degrees was t o  be 
used du r i ng  o r b i t a l  i n s e r t i o n  engine burns.  The s t i f f e r  s p r i n g  r a t e  
would compensate f o r  boom sag d u r i n g  t h r u s t  b y  l i m i t i n g  t h e  movement 
a t  t h e  base o f  t h e  boom. Again a f t e r  numerous c o n f i g u r a t i o n  changes, 
t h e  damping cons tan t  o f  t h e  boom e v e n t u a l l y  converged t o  2455 N-m- 
sec l r ad  (1800 f t - l b - s e c l r a d ) .  Because t h e  mechanism was t o  be a  
s i l i c o n e  f l u i d  f i l l e d  damper and t h e  damping-constant was no t  an 
ex t reme ly  c r i t i c a l  va lue ,  a  t o l e r a n c e  o f  + loo% and -50% was se lec ted .  
The +loo% t o l e r a n c e  a l lowed room f o r  w i t h i n - s p e c i f i c a t i o n  damping 
f u n c t i o n  over  an env i ronmenta l  temperature range, and would p r o v i d e  a  
1  arger  dampi ng-constant  t a r g e t  d u r i  ng development . The -50% t o l e r a n c e  
p rov ided  w i t h i n - s p e c i f i c a t i o n  redundancy t o  t h e  mechanism. 

The movement o f  t h e  boom was r e q u i r e d  t o  have a b s o l u t e l y  ze ro  
backlash. The excurs ions  o f  t h e  boom d u r i n g  98% o f  t h e  l i f e  o f  t h e  
spacecra f t  w i l l  f a 1  1 below 4.4 mrad (114 degree) and thus  f u l l  
damping i s  r e q u i r e d  i n  t h a t  t r a v e l .  Also, t o  i n s u r e  t h e o r e t i c a l  
pendulum a c t i o n  o f  t h e  boom i n  t h i s  t r a v e l  range near  zero s t i c t i o n  
(break-out  f o r c e )  i s  a  must, and thus  u l t r a - l o w  f r i c t i o n  i s  a  des ign 
d r i v e r .  The spacec ra f t  requ i rement  was f o r  s t i c t i o n  t o rque  o f  t h e  
boom ( t h e  minimum to rque  f o r  movement o f  t h e  boom) t o  be l e s s  t han  
.039 N-m ( - 3 5  i n - l b )  about t h e  h inge.  Therefore,  t h e  major  des ign  
e f f o r t  was toward t h i s  goa l .  

D e s c r i p t i o n  o f  t h e  Mechanism 

F igu re  4  i s  a  s e c t i o n a l  v iew o f  t h e  deployment s t r u t  component o f  t h e  
mechanism. The s t r u t  c o n s i s t s  o f  a  l a r g e  compressed deployment s p r i n g  
t o  p u l l  t h e  sc ience  boom up i n t o  p o s i t i o n .  Due t o  i t s  s i ze ,  t h i s  
s p r i n g  was f a b r i c a t e d  ou t  o f  t i t a n i u m  w i r e  t o  save weight .  The 
outboard end o f  t h e  s t r u t  has a  Dow Corning 510 s i l i c o n e  f l u i d  f i l l e d  
chamber, and a  boss on t h e  deploy r o d  i n s i d e  t h i s  chamber ac t s  as a  
f l u i d  o r i f i c e  t o  p r o v i d e  damped movement. T h i s  damper l i m i t s  t h e  
speed o f  t h e  boom w h i l e  a l l o w i n g  a  l a r g e  deployment f o r c e  marg in  (see  
F igu re  5 ) .  The deployment r o d  i s  guided by  moly- impregnated Vespel 
bushings and sealed b y  O-r ings on each end o f  t h e  f l u i d  chamber. An 
inboard  and outboard f e l t  w iper  excludes any p o s s i b l e  d i r t  
con tamina t ion  t o  t h e  O-r ings.  Boom deployment i s  h a l t e d  smoothly b y  
an E l g i l o y  rebound sp r i ng ,  t h u s  l i m i t i n g  t h e  d e c e l e r a t i o n  f o r ces .  
Vespel l a t c h  f i n g e r s  a t  t h e  outermost end o f  t h e  r o d  p reven t  any 
bounce-of f .  Wi th  18,000 c e n t i s t o k e  f l u i d ,  t h e  maximum p ressu re  i n  t h e  
chamber d u r i n g  deployment i s  3.4 MPa (480 p s i g ) .  

The s i l i c o n e  f l u i d  i n  t h e  deploy damper i s  volume and temperature 
compensated f rom - 60" C t o  + 65" C by  t h e  a d d i t i o n  o f  a  s e r i e s  o f  
evacuated n i c k e l  be l l ows  i n s i d e  t h e  deploy r od .  T h i s  chamber i s  O- 
r i n g  sealed and connected t o  t h e  damper chamber by  an o r i f  i c e  t h rough  
t h e  w a l l  o f  t h e  r od .  The be l lows  ac t  as an accummulator by  
compressing o r  expanding as t h e  f l u i d  i s  heated o r  coo led .  Th i s  i s  
accomplished by f i l l i n g  t h e  deploy damper i n  a  vacuum chamber a t  t h e  
ho t  temperature.  I n  a d d i t i o n ,  a  s t r i p  hea te r  and temperature 
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Figure 6. Nutation Damper System Prototype 



8 mm (5116 i n c h )  
i n g  t h e  boom i s  

t o  a  p o s s i b l e  boom 

d  cab le  assembly 

o s c i l l a t i n g  p ressure  
t h e  s i l i c o n e  f l u i d  i s  

temperature t ransducer  assemblies, each con ta in i ng  f o u r  
s e r i e s / p a r a l l e l  r e s i s t i v e  hea te rs  and two temperature t ransducers.  
The dampi ng-const ant changes approx imate ly  30% over t h i  s  temperature 







Figure 9. (a) Nutation Damper--Cruise Mode 

(b) Nutation Damper--High Spring Rate 
Mode Engaged 



rotating by engagement to  an antirotation rod. Both the acme screws 
and the antirotation rod pass through clearance holes in the main 
frame. Any contact would cause boom f r i c t ion  since the screws and rod 

of each n u t .  

dual -dri ve actuator pr 

mechanism. Since the mechanism i 
25 seconds, the motor assembly i s  stalled against the non-jamming 
stops for the additional time. A telemetry switch indicates high 
spring ra te  mode engaged. 

Measurement of Performance 

Characteri sing the per ed here posed a 
particular problem. 0 
performance were quali 
the t e s t s  l i s ted  below. 

Helium Leak 
NDA Dynamic St ic t  
Temp/Vol Compensa 
Dynamic Sprin 
Life 
Damping (Sta t  
High Temp No-L 
Deploy Time v 
Spring Tube S 
Bondi ng Shear 

Most of these t e s t s  were f a i r l y  conventional methods of proof tes t ing 
performance such as vertical  hinge-line deployment t e s t s  or O-ring 
breakaway f r ic t ion  t e s t s ,  and will no t  be covered in th i s  paper. 
However, the ultra-precise demands of the system required the 
development of new t e s t  methods. Of particular interest  i s  the 
dynamic test ing of nutation damper and boom hinge s t i c t ion ,  dynamic 
spring ra te  versus s t a t i c  spring ra te  t e s t s ,  and dynamic versus 
"s tat ic"  damping t e s t s .  



The n u t a t i o n  da 
p o s s i b l e  b y  h  
per f  ormi ng mu 
f a b r i c a t i o n  t 
Also, honing 
o v e r s i z e  was 
suppor t  i ng t h  
t h e  system had t o  be measured as i t  was go ing  t o  be operated; t h a t  
i s ,  dynamical l y  a t  v e r y  smal l  d e f l e c t i o n s .  Though breakaway f r i c t i o n  
was measured by adding o r  s u b t r a c t i n g  weight  t o  t h e  v e r t i c a l l y  
mounted dev ice  u n t i l  i t  moved, t h e  v e r y  ac t  o f  how t h e  we igh t  was 
added v a r i e d  t h e  r e s u l t s .  The end r e s u l t  o f  t h e  program was t o  
develop a  dynamic method t h a t  was repea tab le .  What was done was t o  
d r i v e  t h e  n u t a t i o n  damper w i t h  a  c a l i b r a t e d  t o rque  motor o f  we1 1  
def ined c u r r e n t  ve rsus  t o rque  c h a r a c t e r i s t i c s .  By f a b r i c a t i n g  an 
e l e c t r i c a l  d r i v e  source t h a t  p rov i ded  a  s i n u s o i d a l  decaying o r  
ascending c u r r e n t  i n p u t  t o  t h e  motor,  and p l o t t i n g  t h a t  c u r r e n t  t r a c e  

f o l l o w  t h e  c u r r e n t  t r a c e .  

t u r e  on m i n i a t  en t  bear ings.  Dynamic 
n  t h e  complete p  w i t h o u t  t h e  n u t a t i o n  

n  was immeasurable. The 
m f rom t h e  p i v o t  and a  

t a r g e t  f o r  a  non-con tac t ing  l i n e a r  t ransducer  was mounted a t  t h e  end 
o f  t h e  beam about 65cm f rom t h e  p i v o t .  By changes i n  an R-F f i e l d ,  
t h e  t ransducer  measured t h e  movement o f  t h e  t a r g e t  t o  a  r e s o l u t i  
.002mm (.0001 i n c h )  and t h u s  measured t h e  damper o s c i l l a t i o n s  t o  
r e s o l u t i o n  o f  .0007mm (.00003 i n c h  .) As t h e  c h a r t  r eco rde r  t r a c  
F i g .  11 shows, t h e  s t i c t i o n  t h r e s h o l d  f o r  t h e  damper on t h e  down 
sweep i s  f a i r l y  e v i d e n t  as ,017 N-m ( - 1 5  i n - l b . )  O p t i m i z a t i o n  o f  t h e  
mechanism i s  shown by  t h e  f a c t  t h  l e v e l  i s  n e a r l y  
i d e n t i c a l  on t h e  upsweep a1 so. 

When t h e  same t e s t  method was used t o  measure t h e  s t i c t i o n  l e v e l  o f  
t h e  h i nge  cab le  wrap assembly a t  room and c o l d  temperature ( l e s s  t han  
- l O o O ~ ) ,  unexpected problems were encountered. Normal l y ,  t e s t i n g  a t  
t h i s  c o l d  a  temperature i s  performed i n  a  vacuum chamber i n  an 
env i ronmenta l  l a b .  However, because t h e  h inge  and cab le  assembly had 
n e a r l y  zero i n t e r n a l  damping o f  i t s  own i t  was suscep t i b l e  t o  



Figure 10. Stiction Torque Test Set-up--Nutation Damper 
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DAMPER STICTION 
OVERCOMES MOTOR 

F i g u r e  11. Sample Data--Dynamic S t i c t i o n  Tes t  

o s c i l l a t i o n s  due t o  o t h e r  sources. F i r s t  i t  was seen t h a t  t h e  vacuum 
and l i q u i d  n i t r o g e n  pumps a t tached  t o  t h e  chamber upset t h e  t e s t .  
When a  r u n  was performed w i t h  a l l  pumps i n  t h e  v i c i n i t y  swi tched o f f ,  
i t  was d iscovered  t h a t  t h e  e n t i r e  b u i l d i n g  v i b r a t e d  a t  a  h i ghe r  l e v  
than  t h e  t o rque  t h a t  was be ing  measured. By moving t h e  t e s t i n g  bac 
t o  t h e  b u i l d i n g  where t h e  n u t a t i o n  damper t e s t s  were pe 
sucess fu l  t e s t  se t -up  was developed. 

The h i nge  hardware was suspended by  f i b e r g l a s s  thermal  i s o l a t o r s  i n  
an i n s u l a t e d  aluminum box t h a t  had c learance  openings f o r  t h e  
i s01  a to rs ,  a  f i b e r g l a s s  motor d r i v e  s h a f t ,  thermocouple w i r es  and 
l i q u i d  and gaseous n i t r o g e n  l i n e s  ( F i g .  12 ) .  A frame h o l d i n g  t h e  





torque motor, 1  i  near transducer and the  thermal 1  y  i  sol ated hi nge 
assembly was mounted t o  the building supers t ructure  through rubber 
vibration i so l a to r s .  Two copper cold p la tes  mounted on the  ins ide  
walls of the  box were l iquid nitrogen fed in s e r i e s ,  and the box was 
purged with cold gaseous nitrogen off t he  top of the  L N 2  tank. After 
10 hours of cooling, temperatures as low as -135 '~  were achieved in 
the  s t ruc tu re  with absolutely no icing problems. This was no easy 
f e a t ,  as previous t o  t h i s  set-up t e s t s  were r a r e ly  performed a t  l e s s  
than -40 '~  in the  atmosphere. 

The t e s t  runs were performed a f t e r  hours with a l l  a i r  conditioning 
equipment i n  the  building shut down. The s e n s i t i v i t y  of the t e s t  was 
such t ha t  i t  could be seen on the chart recorder when a  truck drove 
by the  building. Driving the  hinge as a  pendulum, the  maximum 
resolution of the hinge o sc i l l a t i on  was 2 . 7  a rc  seconds, The 
s t i c t i o n  of t he  hinge cable assembly was never ac tua l ly  measured. 
The displacement t r a ce  f o r  the hinge would follow the motor current  
t r ace  unt i l  both were l o s t  in d i the r ,  the  background noise or the  
l imi t  of the mechanical and e l ec t r i c a l  set-up. Therefore, the  
s t i c t i o n  level had t o  be a t  most l e s s  than the  di ther  l eve l .  This 
level was between .0007 N-m and .0002 N-m ( .0062 and .0018 in-1 b s . ) ,  
depending on how much the  chart  recorder input was amplified. 

Dynamic Spring Rate 

Jus t  as the dynamic s t i c t i o n  was measured on the  nutation damper, the  
dynamic spring r a t e  a t  small def lec t ions  could be measured a lso .  By 
scaling the  chart  recorder t o  resolve the  high current motor input a t  
the  s t a r t  of the  down sweep t e s t s ,  the  displacement versus force  
(calcula ted from motor torque input t o  the pendulum) of the  
damperlpendulum f lexure  combination would be shown. This would be an 
important piece of data  as s t a t i c  spring r a t e  t e s t ing  i s  a ra ther  
inexact procedure when small deflect ions are  used. By mounting the  
damper ve r t i c a l l y  and measuring the  displacement of the frames as 
weight was added or subtracted,  the  spring r a t e  was readi ly  
ca lcula ted.  B u t  as the  magnitude of the  weight was reduced f o r  
smal l e r  and smal l e r  def lec t ions ,  the resu l t ing  displacement varied 
tremendously. Though in the 6mm t o  25mm range the  average spring 
r a t e  or the  damper was 2.8 Nlcm (32 l b s l i n ) ,  when deflect ions of l e s s  
than .89mm ( .035 inch) were used the calculated spring r a t e  would 
vary from .18 Nlcm t o  6.73 Nlcm ( 2  t o  76 Ib l i n .  ) This was a  haunting 
problem even when the weight used was l iquid  siphoned to  a  cup on the  
damper in as v ibra t ionless  a  method as possible.  By the dynamic 
method the spring r a t e  of the damper i s  expected t o  be much more 
consis tent .  By measuring the  dynamic spring r a t e  of the  pendulum and 
then the  pendulumlnut at ion damper t e s t  set-up, the  dynamic spring 
r a t e  of the nutation damper will be resolved. As the damper has t o  
be empty of s i l i cone  f l u id  f o r  t h i s  t e s t ,  i t  wil l  be performed the  
next time the  damper i s  disassembled. 



Dynamic Dampi ng Val ue 

A t  the  time 3f t h i s  wri t ing,  t h e  dynamic damping t e s t  has not been 
performed. The damping value of the  nutation damper was i n i t i a l l y  
s e t  by " s t a t i c "  damping t e s t s ;  t h a t  i s ,  displacing the  center  frame 
of t he  ve r t i c a l l y  held damper and recording the  displacement versus 
time to  return t o  the i n i t i a l  posi t ion.  By mathematically curve- 
f i t t i n g  the damping constant can be calculated.  However, t h i s  method 
of measuring the  damping value i s  in no way s imi lar  t o  the  function 
of the device. I t  i s  possible t ha t  the  actual dynamic damping 
cha rac t e r i s t i c s  would be d i f fe ren t  in the + .89mm (.035 inch) 
o sc i l l a t i on  a t  .O1 hertz predicted service  of the  device. Therefore, 
t e s t s  are being prepared in which the damper wi l l  be driven by a 
motor a t  these values and the  dampi ng-constant wi 11 be cal cul ated.  
By measuring the velocity of the  damper in re la t ion  t o  the  force  
input t o  the  damper frame, the  damping-constant i s  calculable.  
Since, by def in i t ion ,  damping i s  the  force t ha t  i s  in-phase b u t  
opposite in d i rect ion t o  the  velocity of the object ,  t h i s  data  can be 
recorded concurrently on magnetic tape and manipulated by a computer 
t o  d i r ec t l y  output the  damping-constant . 

Conclusions 

Though the  spacecraft  requirements were severe in terms of the  
required precision of the  Nutation Damper System, the  design of the 
mechanism was i n i t i a l l y  promised as a "best e f f o r t . "  I t  was not 
known what performance level could be obtained. Some development was 
t r i a l -and-e r ro r ,  b u t  the design changed l i t t l e  throughout the  
program. The noteworthy achievement was being able t o  r e l i a b l y  gauge 
the performance of a mechanism by innovative t e s t  methods, allowing 
ultra-low f r i c t i o n  levels  t o  be resolved and separated from damping 
cha rac t e r i s t i c s .  These t e s t  methods showed t h a t  t h e  Nutation Damper 
System will surpass the performance level required. 

The device i s  current ly  scheduled t o  complete qua l i f i ca t ion  level 
vibrat ion and low temperature vacuum soak t e s t s  in ea r ly  1983 and 
wil l  be delivered t o  perform in the  spacecraft system t e s t i ng  in mid- 
1983. The Gal i l e o  spacecraft  i s  scheduled t o  be launched t o  Jup i te r  
in May 1986. 
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PRACTICAL SMALL-SCALE EXPLOSIVE SEAM WELDING 

Laurence J. ~ e m e n t *  

ABSTRACT 

A small-scale explosive seam welding process has been developed t h a t  can 
s i g n i f i c a n t l y  con t r ibu te  t o  remote metal jo in ing  operat ions under hazardous 
o r  inaccess ib le  condit ions,  such a s  nuclear  r e a c t o r  r e p a i r  and assembly of  
s t r u c t u r e  i n  space. This paper descr ibes  t h i s  explosive seam welding process 
i n  terms of joining p r i n c i p l e s ,  va r i ab les ,  types of j o i n t s  c rea ted ,  capab i l i -  
t i e s ,  and app l i ca t ions .  Very small q u a n t i t i e s  o f -exp los ive  i n  a ribbon con- 
f i g u r a t i o n  a r e  used t o  c r e a t e  narrow ( l e s s  than  0.5 inch) ,  long-length, 
uniform, hermet ica l ly  sea led  j o i n t s  t h a t  exh ib i t  parent  metal p rope r t i e s  i n  a 
wide v a r i e t y  of  metals ,  a l loys ,  and combinations. The p r a c t i c a l i t y  of  t h i s  
process has been demonstrated by i t s  current  acceptance, a s  well  a s  i t s  
c a p a b i l i t i e s  t h a t  a r e  super ior  i n  many app l i ca t ions  t o  t h e  un ive r sa l ly  
accepted joining processes,  such a s  mechanical f a s t ene r s ,  fus ion  and r e s i s -  
tance  welding, and adhesives. 

INTRODUCTION 

The demand i s  increas ing  f o r  h ighly  r e l i a b l e ,  remote, metal jo in ing  pro- 
cesses  f o r  hazardous o r  inaccess ib le  opera t ions ,  such a s  nuclear  r e a c t o r  
r e p a i r s  o r  assembly of s t r u c t u r e  i n  Earth o r b i t  o r  space. The NASA Langley 
Research Center-developed explosive seam welding process i n  c rea t ing  narrow, 
long-length, uniform j o i n t s  can con t r ibu te  s i g n i f i c a n t l y  t o  joining opera- 
t i o n s ,  due t o  many c a p a b i l i t i e s  t h a t  exceed t h e  un ive r sa l ly  accepted jo in ing  
processes,  such a s  mechanical f a s t ene r s ,  swaging, fusion welding, so lder ing ,  
and adhesives. The purpose of t h i s  paper i s  t o  present  t h i s  process i n  terms 
of t h e  jo in ing  p r i n c i p l e s  and va r i ab les ,  types of j o i n t s ,  c a p a b i l i t i e s ;  and 
cu r ren t  and p o t e n t i a l  app l i ca t ions .  

EXPLOSIVE J O I N I N G  PRINCIPLES 

Explosive welding produces meta l lurg ica l  bonds t h a t  a r e  impossible t o  
achieve by any o t h e r  jo in ing  process.  The explosive welding process i s  
accomplished by a high-veloci ty,  angular  c o l l i s i o n  of metal p l a t e s ,  which 
ef faces  t h e  oxide f i lms  on both sur faces  t o  allow in tera tomic  (e lec t ron  
sharing) l inkups through Van d e r  Waal forces .  (See References 1, 2, and 3 . )  
The angular c o l l i s i o n  and parameters a r e  shown i n  Figure 1. The severa l  

* NASA Langley Research Center,  Hampton, VA 23665. 
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m i l l i o n  p s i  explos ive  p re s su re  on t o p  o f  t h e  f l y e r  p l a t e  produces v e l o c i t i e s  
i n  t h e  p l a t e  of  s e v e r a l  thousand f e e t  p e r  second. On impact, t h e  k i n e t i c  
energy i s  converted t o  skin-deep ( l e s s  than  0.001 inch)  mel t s ,  which a r e  
s t r i pped  from t h e  s u r f a c e s  and squeezed out  by t h e  c los ing  angle.  The c l o s e s t  
analogous m e t a l l u r g i c a l  bonding process  i s  vacuum bonding i n  which s u r f a c e  
oxides a r e  mechanically removed under hard vacuum t o  allow in t e ra tomic  
l inkups .  Two explos ive  jo in ing  processes  now e x i s t ,  c ladding and seam 
welding. 

The explos ive  cladding process  (Reference 1)  u t i l i z e s  bulk explos ives ,  
such a s  dynamite o r  n i t roguanid ine ,  t o  c r e a t e  an explos ive  p re s su re  i npu t  
t h a t  t r a v e l s  a t  a v e l o c i t y  of approximately 4000 t o  10,000 f t / s e c  t o  c r e a t e  
t h e  angular  c o l l i s i o n .  The loose-powder explos ive  i s  l i t e r a l l y  shoveled onto 
t h e  f l y e r  p l a t e ,  which is spaced i n  p a r a l l e l  t o  t h e  base p l a t e .  For example, 
i n  Reference 1, 175 pounds of dynamite was used i n  c l add ing ' a  0.125-inch 
t h i c k ,  4- by & f o o t  l ead  shee t  t o  a 0.25-inch t h i c k  s t e e l  p l a t e .  Explosive 
cladding is l i m i t e d  t o  approximately 10-foot  l eng ths ,  due t o  t h e  i n a b i l i t y  t o  
maintain t h e  c o l l i s i o n  parameters.  

The explosive seam welding process  (References 2 and 3) d i f f e r s  from 
cladding i n  t h e  explos ive  used and t h e  angular  c o l l i s i o n  mechanisms. The 
explosive used is cons iderably  more powerful,  cyclotr imethylene-tr ini tramine 
(RDX), which is  encased i n  a lead-sheathed u r ibbon , f t  a s  shown i n  Table I .  
The explosive load i s  measured i n  g r a i n s  p e r  f o o t  (7000 g r a i n s  pe r  pound), 
and has a v e l o c i t y  of  explos ive  propagat ion of  26,000 f t / s e c .  The p l a t e s  a r e  
i n i t i a l l y  separa ted  and t h e  ribbon explosive i s  taped t o  t h e  f l y e r  p l a t e .  On 
i n i t i a t i o n  of t h e  explosive,  t h e  cen te r  p o r t i o n  o f  t h e  f l y e r  p l a t e  i s  bent ,  
a s  shown i n  Figure 2, t o  produce angular  c o l l i s i o n s  on both s i d e s .  The 
r e s u l t i n g  j o i n t  i s  h igh ly  uniform and l e s s  than  0 .5  inch  i n  width. A s  a com- 
pa r i son  o f  e f f i c i ency ,  a 175-pound quan t i t y  o f  RDX could produce a continuous 
j o i n t  i n  0.125-inch aluminum 49,000 f e e t  long. With an approximate weld 
width of  0.25 inch,  t h e  t o t a l  weld a r e a  would be over 1020 square f e e t ,  as 
compared t o  t h e  32 square  f e e t  i n  t h e  cladding opera t ion .  

SEAM WELDING VARIABLES 

The fol lowing explos ive  welding v a r i a b l e s  must be optimized f o r  every 
jo in ing  conf igu ra t ion  (References 2 and 3 ) :  

1. P l a t e  m a t e r i a l s  
2. P l a t e  t h i ckness  
3 .  Explosive q u a n t i t y  
4. Standoff  ( p l a t e  s epa ra t ion )  
5. Sur face  f i n i s h  and c l e a n l i n e s s  
6. Mechanical shock 

Metal a l l o y s ,  condi t ions ,  and th ickness  p re sen t  a wide range of  d e n s i t y ,  
mass, hardness ,  and m a l l e a b i l i t y .  These v a r i a b l e s  d i r e c t l y  inf luence  t h e  
quan t i t y  of  explos ive  necessary  t o  bend and a c c e l e r a t e  t h e  p l a t e s  t o  achieve  



explosive jo in ing .  A s  t h e  above v a r i a b l e s  increase ,  more explosive i s  
necessary.  

A p l a t e  s tandoff  o r  separa t ion  i s  requi red  t o  achieve t h e  h igh-veloc i ty ,  
angular  c o l l i s i o n .  The amount of s tandoff  can be a s  l i t t l e  a s  0.010 inch ,  
t h e  maximum ( t o  minimize mater ia l  deformation and energy losses  i n  bending) 
i s  0.025 inch.  This s tandoff  can be achieved by shimming, f i x t u r i n g ,  o r  
machining. Any convenient shim may be used, including masking t ape .  A notch 
can be machined i n  t h e  su r face  o f  e i t h e r  o r  both p l a t e s .  The p l a t e s  can be 
configured t o  present  a p a r a l l e l  i n t e r f a c e ,  o r ,  t o  maximize e f f i c i ency ,  an 
angular i n t e r f a c e  ( inver ted  "V") can be machined i n t o  one o r  both p l a t e s ;  
t h a t  i s ,  So angular  faces ,  s loping  from t h e  center  of t h e  des i r ed  jo in ing  
i n t e r f a c e  outward t o  a depth of 0.015 t o  0.020 inch.  An example of t h e  
l a t t e r  approach fol lows i n  t h e  app l i ca t ions  sec t ion .  

Surface c l e a n l i n e s s  and smoothness must be c a r e f u l l y  managed t o  achieve 
explosive jo in ing  success.  The p r o p e r t i e s  of  s u b s t a n t i a l  amounts of  oxide 
f i lms ,  such a s  r u s t  o r  t h a t  on aluminum a l l o y s ,  a3  well  a s  water,  grease,  o r  
o i l ,  prevent t h e  explosive jo in ing  process.  I ron a l l o y s  must be polished and 
degreased t o  remove m i l l  s c a l e  and corros ion-protec t ive  greases;  100 g r i t  
emory paper and an alcohol  wipe, o r  o t h e r  so lvent  t h a t  leaves no depos i t  on 
drying, i s  adequate. S t a i n l e s s  s t e e l  a l l o y s  need only degreasing. Pure 
aluminum has a minimal oxide f i lm,  r equ i r ing  only degreasing. However, t h e  
aluminum a l l o y s  develop oxide f i lms  t h a t  prevent jo in ing .  These oxide f i lms  
have considerably d i f f e r e n t  p rope r t i e s  than t h e  parent  metal. These oxide 
f i lms  a r e  dependent on manufacturing processes and environmental exposure. 
Chemical e tching  t o  remove t h e  oxide f i lms  allows r e l i a b l e  bonding under 
labora tory  ambient over a several-week period.  Since explosive joining i s  a 
"skin deep" process (0.001 inch pene t ra t ion ) ,  su r face  scra tches  more than  
0.003 inch deep prevent jo in ing .  A su r face  f i n i s h  of 32 rms assu res  complete 
bonding. The su r face  f i n i s h e s  on v i r t u a l l y  a l l  shee t  metal s tock a r e  smoother 
than 32 r m s .  

The mechanical shocks generated by t h e  explosive pressure  used t o  
acce le ra t e  t h e  p l a t e s  and t h a t  generated on impact a r e  t h e  most damaging 
inf luence  i n  t h e  explosive jo in ing  process.  The r e l a t i v e  amplitude and 
inf luence  i s  dependent on ma te r i a l s  and s t r u c t u r a l  configurat ion.  These sliock 
waves can not  only damage s e n s i t i v e  s t r u c t u r e  i n  the  area  of t h e  process, 
but can a c t u a l l y  des t roy  a bonded j o i n t  immediately a f t e r  i t s  c rea t ion .  Shock 
waves can be reduced by p lac ing  add i t iona l  s t r u c t u r e  i n  t h e  bond a rea .  This  
add i t iona l  s t r u c t u r e  can be a p l a t e  on t h e  opposi te  s i d e  of a jo in ing  process 
( a n v i l ) ,  o r  clamping p l a t e  s tock j u s t  outboard of t h e  joining process.  Once 
t h e  j o i n t  has been made, t h e  add i t iona l  s t r u c t u r e  i s  removed. Adequate shock 
absorpt ion can be achieved i n  t h e  s t r u c t u r e  t o  be joined, p a r t i c u l a r l y  i n  
t h i c k e r  ma te r i a l s .  

TYPES OF JOINTS 

Four d i f f e r e n t  types of l a p  j o i n t s  and tube jo in ing  have been demon- 
s t r a t e d ,  us ing  explosive seam welding. 



The four j o i n t  types a r e  shown i n  Figure 3 .  The d i s s imi la r - th i ckness  
j o i n t  was described e a r l i e r .  The s imi lar - th ickness  j o i n t  is  crea ted  by 
placing explosive ribbons on both s i d e s  o f  t h e  separated p l a t e s .  The r ibbons 
a r e  simultaneously i n i t i a t e d  by one b l a s t i n g  cap. The explosive pressures  
a r e  exact ly  balanced. The sandwiched-butt j o i n t  combines t h e  above two 
approaches t o  accomplish a b u t t  j o i n t .  The s c a r f  j o i n t  (Reference 4) i s  
crea ted  by s h i f t i n g  t h e  longi tudinal  axes of t h e  explosive ribbon t o  c r e a t e  
unbalanced fo rces .  The p l a t e s  a r e  bent i n t o  a x i a l  alignment and joined i n  a 
s i n g l e  operat ion.  

One se tup  f o r  explosive seam welding t o  accomplish tube  plugging i s  
shown i n  Figure 4. Cyl indr ica l  plugs a r e  machined t o  provide an "inverted V,"  
angular i n t e r f a c e ,  and a r e  i n s e r t e d  i n t o  t h e  tube.  The explosive r ibbon i s  
wrapped around t h e  ou t s ide  circumference, opposi te  t h e  inve r t ed  V,  and 
i n i t i a t e d .  

Tube jo in ing  i s  accomplished i n  t h e  se tup  shown i n  Figure 5. Following 
tube  i n s e r t i o n ,  t h e  explosive i s  i n i t i a t e d  by t h e  b l a s t i n g  cap ind ica ted .  
The inner  tube i s  driven i n t o  t h e  o u t e r  tube t o  accomplish t h e  jo in ing  
mechanism. The anv i l  r i n g  prevents  d i s t o r t i o n  of  t h e  female tube.  Con- 
verse ly ,  t h e  o u t e r  tube (without t h e  a n v i l  r ing)  could be wrapped with explo- 
s i v e  and driven i n t o  t h e  male t o  accomplish t h e  jo in ing  mechanism. The 
V-notch can be machined i n t o  e i t h e r  tube,  o r  p a r t i a l l y  i n  both. 

CAPABILITIES 

The fol lowing i s  a general  desc r ip t ion  of t h e  c a p a b i l i t i e s  o f  t h e  explo- 
s i v e  seam welding process. 

1. Performs under hazardous condi t ions  - This process can be used i n  
h o s t i l e  environments o r  condit ions t o  reduce r i s k s  t o  personnel and f a c i l i -  
t i e s .  The explosive ma te r i a l s  (a  number of d i f f e r e n t  types a r e  a v a i l a b l e  
with d i f f e r e n t  c h a r a c t e r i s t i c s )  and jo in ing  process have a low s e n s i t i v i t y  t o  
environments, such a s  nuclear  r a d i a t i o n ,  t o x i c  atmospheres, i n e r t  gases,  
vacuum, hot  (+450°F) and cold (-320'~) temperatures, and h igh- in tens i ty  l i g h t  
and sound. The recommended approach would be t o  i n s t a l l  t h e  explosive 
ma te r i a l s  on t h e  s t r u c t u r e  t o  be joined, p r i o r  t o  i n s e r t i o n  i n t o  t h e  hazard- 
ous environment o r  condit ion.  

2 .  Remote - This process has t h e  c a p a b i l i t y  of hands-on opera t ion  t o  
separa t ion  d i s t ances  of  miles .  A t o t a l l y  confined explosive seam welding 
process has been developed, a s  shown i n  Figure 6 (Reference 5).  The explo- 
s i v e  ribbon i s  placed i n s i d e  a f l a t t e n e d  s t e e l  tube  with closed end f i t t i n g s ,  
which accommodate t h e  i n i t i a t o r  and i n i t i a t i n g  method. On i n i t i a t i o n ,  t h e  
explosive pressure  i s  coupled through t h e  tube wall  t o  accomplish t h e  welding 
mechanism, and t h e  explosive products a r e  contained within t h e  tube.  This 
method not  only allows hands-on opera t ion ,  but prevents  t h e  contamination of 
surrounding a reas  by t h e  explosive products.  Long-distance opera t ion  can be 
achieved by transmission of command s i g n a l s  t o  se l f -conta ined  rece iv ing  u n i t s  



which i n i t i a t e  t h e  explos ive  mounted on t h e  s t r u c t u r e  t o  be joined.  This 
t ransmiss ion  approach i s  r o u t i n e l y  app l i ed  t o  o r b i t a l  and deep-space 
func t ions .  

3 .  Simpl i c i ty  - Once t h e  explos ive  jo in ing  parameters  have been e s t ab -  
l i s h e d ,  t h e  s e tup  becomes p u r e l y  mechanical. Minimal t r a i n i n g  i s  r equ i r ed ,  
t y p i c a l l y  l e s s  than  e i g h t  hours .  

4 .  Mater ia l  p repa ra t ion  - Machining, po l i sh ing ,  and/or chemical degreas-  
i ng  and c leaning  a r e  comparable t o  o t h e r  j o in ing  processes .  The explos ive  
r ibbon and b l a s t i n g  cap a r e  simply taped o r  bonded t o  t h e  m a t e r i a l s  t o  be 
j oined . 

5. High-strength,  f a t i g u e - r e s i s t a n t  j o i n t s  - This  i s  a cold-working pro- 
ce s s  which does n o t  a f f e c t  t h e  pa ren t  metal p r o p e r t i e s .  The a r e a  of  t h e  
me ta l lu rg i ca l  bond can be c rea t ed ,  through p r e s e l e c t i o n  o f  j o in ing  v a r i a b l e s ,  
t o  exceed t h e  s t r e n g t h  of  t h e  m a t e r i a l  th icknesses  by a cons iderable  margin. 
The r e s u l t i n g  j o i n t s  g r e a t l y  exceed t h e  f a t i g u e  s t rength  ( tens ion- tens ion  and 
f l e x u r a l )  o f  fusion-welded j o i n t s  (Reference 6 ) .  

6.  A b i l i t y  t o  j o i n  a wide v a r i e t y  o f  meta ls  and a l l o y s  - Table I1 l i s t s  
t h e  metals  and range of th icknesses  i n  which 100% s t r e n g t h  j o i n t s  can be 
obtained ( ~ e f e r e n c e s  2 and 3 ) .  The p l a t e s  t o  be joined-were placed i n  
p a r a l l e l  (except a s  no ted) ,  separa ted  by 0.015 inch .  

7.  A b i l i t y  t o  j o i n  metal  combinations - This  process  can m e t a l l u r g i c a l l y  
j o i n  a wide v a r i e t y  o f  metal  combinations, as well  a s  d i f f e r e n t  tempers and 
condi t ions .  Table 111 provides  a summary. 

8 .  A b i l i t y  t o  j o i n  very  t h i n  m a t e r i a l s  t o  very  t h i c k  m a t e r i a l s  - The 
h ighes t  e f f i c i e n c i e s  i n  t h i s  process  a r e  achieved, u s ing  very  t h i n  f l y e r  
p l a t e s  t o  t h i c k  base p l a t e s .  Thin m a t e r i a l s  a r e  most respons ive  t o  acce l e ra -  
t i o n ,  a s  we l l  a s  bending t o  achieve t h e  necessary h igh-ve loc i ty  angular  c o l -  
l i s i o n .  Furthermore, t h e  t h i c k  base p l a t e s  quick ly  d i s s i p a t e  d e l e t e r i o u s  
shock waves. The th i ckness  of  t h e  f l y e r  p l a t e  i s  l i m i t e d  by i t s  a b i l i t y  t o  
r e s i s t  being crushed and pinched o f f  (0.001 inch  i n  s t e e l ,  0.010 inch  i n  
aluminum). There is  no upper l i m i t  on base p l a t e  t h i ckness .  

9 .  A b i l i t y  t o  j o i n  a wide range of  lengths  and tube  diameters  - The mini- 
mum length  t h a t  can be joined by t h i s  process  i s  approximately 0.040 inch;  
t h e r e  i s  no long-length l i m i t a t i o n .  The explos ive  r ibbon i s  r o u t i n e l y  manu- 
f ac tu red  i n  s eve ra l  hundred-foot lengths .  The r ibbon can be s p l i c e d  with no 
l o s s  i n  e f f i c i ency .  The minimum tube  diameter t h a t  can be joined by t h i s  
process  i s  approximately 0.040 inch  with no upper diameter l i m i t .  

10. A b i l i t y  t o  j o i n  complex shapes - This  process  can j o i n  a wide v a r i e t y  
of shapes from f l a t  s tock  t o  i r r e g u l a r  shapes t o  tubes  ( c y l i n d r i c a l  and non- 
c y l i n d r i c a l ) .  The explos ive  r ibbon i s  h igh ly  f l e x i b l e  and can be shaped t o  
conform t o  a wide v a r i e t y  of  contours .  Shaping l i m i t s  a r e :  a bend r a d i u s  of 



0.063 inch  on t h e  r ibbon ' s  f l a t  su r f ace ,  and approximately a l - i nch  r a d i u s  t o  
shape t h e  r ibbon on i t s  edge, maintaining a s i n g l e  p lane .  

11. J o i n t  un i formi ty  and r e l i a b i l i t y  - The j o i n t s  c r ea t ed  by t h i s  process  
e x h i b i t  a high degree o f  phys ica l  un i formi ty ,  i n  terms of  t h e  p l a t e  su r f aces ,  
a r eas ,  and th i cknesses  worked by t h e  explos ive  p re s su re ,  bond i r e a s ,  and j o i n t  
s t r e n g t h s .  The r ibbon i s  manufactured t o  exac t ing  aerospace s tandards ;  t h e  
explos ive  load i n  t h e  r ibbon v a r i e s  l e s s  t han  5% down t h e  length .  The p l a t e  
su r f aces  a r e  p ro t ec t ed  from l ead  embedment by masking o r  double-backed tape .  
The p l a t e  t h i cknesses  o f  s o f t e r  metals  a r e  reduced by approximately 0.005 inch  
by t h e  explos ive  p re s su re .  Once t h e  jo in ing  v a r i a b l e s  a r e  e s t ab l i shed ,  t h e  
r e s u l t i n g  j o i n t  v a r i a t i o n s  a r e  caused by m a t e r i a l  p repa ra t ion  and machining 
and s tock  uni formi ty .  

12.  I n s p e c t a b i l i t y  - The j o i n t s  can be  eva lua ted  nondes t ruc t ive ly ,  u s ing  
u l t r a s o n i c  techniques,  such a s  t hose  descr ibed  i n  Reference 7. S ince  t h e  
su r f aces  and th i cknesses  o f  t h e  j o i n t s  a r e  h igh ly  uniform, t h e  bond a r e a s  can 
be p r e c i s e l y  loca ted .  

13. Hermetical ly  s ea l ed  j o i n t s  - The me ta l lu rg i ca l  bond c rea t ed  by t h i s  
process  has demonstrated abso lu t e  s e a l i n g  a b i l i t y .  No leaks  were d e t e c t e d  
? l e s s  t han  1 x lo-' c c / sec  of helium a t  one atmosphere d i f f e r e n t i a l  p re s su re ,  
o r  t h e  in s t rumen t ' s  s e n s i t i v i t y  l i m i t )  on a 12-inch diameter aluminum j o i n t ,  
before  and a f t e r  p r e s s u r i z a t i o n  t o  100 p s i  d r y  n i t rogen .  A s u r f a c e  f i n i s h  o f  
32 rms i s  r equ i r ed .  

14 .  Tooling - No t o o l i n g  i s  r equ i r ed ,  provided t h e  v a r i a b l e s  a r e  con- 
t r o l l e d .  However, t h e  p l a t e s  can be pos i t i oned  by f i x t u r i n g ,  o r  removable 
"anvi l s f1  can be used t o  maximize jo in ing  e f f i c i e n c y  by reducing deformations 
and absorbing shock waves, as descr ibed  i n  t h e  explos ive  seam welding 
v a r i a b l e s  s e c t i o n .  

15. Rapid ope ra t ion  - The explos ive  r ibbon can be i n s t a l l e d  quick ly ;  t h e  
i n s t a l l a t i o n  can be mechanized and automated. On i n i t i a t i o n  o f  t h e  explos ive ,  
t h e  jo in ing  process  proceeds a t  a v e l o c i t y  o f  26,000 feet /second.  

16. Low input-energy requirements  - The explos ive  r ibbon produces a l l  
t h e  energy necessary  t o  c r e a t e  a j o i n t .  Typical  e l e c t r i c  b l a s t i n g  caps,  used 
t o  i n i t i a t e  t h e  explosive,  r e q u i r e  approximately 0 .1  j ou le  (wat t - sec) .  A 
number of  o t h e r  aerospace approaches f o r  i n i t i a t i o n  can be used, such as 
mechanically ac tua t ed  percussion pr imers  (us ing  human, hydraul ic ,  pneumatic, 
o r  e l e c t r i c a l  energy sources) ,  explos ive  t r a n s f e r  l i n e s ,  o r  l a s e r s .  Each 
i n i t i a t i o n  method has  i t s  unique advantages and disadvantages i n  terms o f  
c o s t ,  a v a i l a b i l i t y ,  s a f e t y ,  and system e f f e c t s .  

17. Balanced f o r c e s  - The explos ive  jo in ing  se tups  can be configured t o  
produce opposing explos ive  inpu t s  t o  minimize o r  e l imina te  o f f s e t t i n g  f o r c e s .  
For example, p l ac ing  explos ive  r ibbons  on both s i d e s  of a s t r u c t u r e  (with 
simultaneous i n i t i a t i o n ) ,  and c y l i n d r i c a l  j o i n t s  would genera te  symmetr ical ly  
opposed fo rces .  



18. Sa fe ty  - The RDX explos ive  r ibbon cannot be i n i t i a t e d  by r o u t i n e  
handling and c u t t i n g  by personnel  o r  e l e c t r i c a l  i npu t s  (Reference 3 ) .  Other 
explosive m a t e r i a l s ,  such a s  dipicramide,  a r e  a v a i l a b l e ,  t h a t  a r e  i n s e n s i t i v e  
t o  r i f l e  f i r e  and l i gh tn ing .  Dipicramide i s  s t a b l e  t o  4 5 0 ' ~  f o r  50 hours ,  
and w i l l  burn with low energy output ,  bu t  w i l l  n o t  de tona te .  Simple proce-  
dures  on c o n t r o l l i n g  personnel a c c e s s i b i l i t y ,  handl ing,  and s t o r a g e  w i l l  p r e -  
c lude p o t e n t i a l  hazards.  E l e c t r i c  b l a s t i n g  caps must u se  e l e c t r i c a l  s h i e l d -  
ing,  grounding, and f a i l  s a f e  f i r i n g  systems. The explos ive  products  ( lead  
fragments,  p re s su re  wave, and ca rbon-pa r t i c l e  smoke) can be e a s i l y - c o n t a i n e d  
by seve ra l  cubic- foot  volume sh i e ld ing .  Since only  small  q u a n t i t i e s  of  
explosive a r e  used, t h e  explos ive  p re s su re  a t t e n u a t e s  t o  l e s s  than  one p s i  
wi th in  t h e  first f o o t  of  d i s t a n c e  from t h e  source.  

APPLICATIONS 

Small-scale  explos ive  seam welding has been accepted f o r  one major 
app l i ca t ion .  Although jo in ing  problems a r e  v i r t u a l l y  unl imi ted ,  a  number of  
o t h e r  p o t e n t i a l  j o in ing  app l i ca t ions  t h a t  t a k e  advantage o f  t h e  unique capa- 
b i l i t i e s  o f  t h i s  process  a r e  presented  here .  

Present  a p p l i c a t i o n  - The f i r s t  major a p p l i c a t i o n  i n  which sma l l - s ca l e  
explosive seam welding w i l l  be used (scheduled f o r  1985) i s  i n  t h e  r e p a i r  o f  - 
f o i r  nuc lea r  r e a c t o r s  i n  Canada l ~ e f e r e n c e  7 ) .  A t o t a l -  of 390 f u e l  channels  
must be removed and rep laced  i n  each r e a c t o r .  Th i s  process  was developed and 
demonstrated i n  s i x  months t o  make t h e  f i n a l  j o i n t  on t h e  r e a c t o r  f a c e  f o r  
each f u e l  channel.  A 30 g ra ins / foo t  r ibbon w i l l  b e  double-backed t a p e  t o  t h e  
i n t e r n a l  c i rcumference o f  t h e  end f i t t i n g  attachment r i n g  (Figure 7)  w i th  t h e  
r ibbon centered  on t h e  machined "V." An e l e c t r i c a l  b l a s t i n g  cap w i l l  t hen  be 
i n s t a l l e d  on t h e  b u t t e d  i n t e r f a c e  of  t h e  r ibbon.  The f u e l  channel wi th  
attachment r i n g  w i l l  then  be i n s e r t e d  i n t o  t h e  r e a c t o r ,  p o s i t i o n i n g  t h e  
attachment r i n g  oppos i t e  t h e  bellows f l ange  s l eeve ,  a s  shown. The r e s u l t i n g  
j o i n t  has twice  t h e  bond a rea  necessary  t o  support  t h e  f a i l  s t r e n g t h  o f  t h e  
0.030-inch wal l  t h i ckness  tube .  This  l a r g e  bond a r e a  compensates f o r  t h e  
known range of v a r i a b l e s ,  such a s  s u r f a c e  f i n i s h  and d i ame t r i ca l  mismatches 
t o  0.060 inch .  One j o i n t  was subjec ted  t o  100 thermal cyc l e s  o f  560 '~  t o  
ambient wi th  no l o s s  i n  s t r e n g t h .  The use  of  t h i s  process ,  i n s t e a d  o f  a  
r o b o t i c  fus ion  welder,  i s  a n t i c i p a t e d  t o  reduce personnel  r a d i a t i o n  exposure 
from 11.43 man-rems t o  0.7 man-rem, and reduce r e a c t o r  downtime from 78 hours  
t o  1 . 6  hours .  

P o t e n t i a l  a p p l i c a t i o n s  - P o t e n t i a l  a p p l i c a t i o n s  may inc lude  p i p e l i n e s ,  
s e a l i n g  of  ves se l s ,  and assembly o f  l a r g e  space s t r u c t u r e s .  

This  process  could be used i n  j o in ing  and s e a l i n g  th in-wal led  tub ing .  
For thick-walled tub ing ,  t h e  primary loads  could be c a r r i e d  through bo l t ed  
f langes ,  and t h e  j o i n t  sea led  with an explos ive ly  joined i n t e r n a l  s l eeve .  
Tubes could be plugged by us ing  closed-end cy l inde r s ,  joined t o  t h e  i n t e r n a l  
diameter o f  t h e  tube .  



Vessels could be remotely capped and sealed,  a s  shown i n  Figure 8 ,  f o r  
d isposal  of hazardous wastes o r  t o  prevent contamination of  mate r i a l s .  A s  an 
example of the  l a t t e r ,  a sample from t h e  surface of another p lanet  could be 
returned t o  Earth. An attempt t o  br ing a sealed sample from t h e  moon f a i l e d  
on t h e  Apollo program, using mechanical s e a l s .  

Remote assembly of l a rge  space s t r u c t u r e s  could be accomplished, using 
the  concept shown i n  Figure 9. The explosive ribbon would be i n s t a l l e d  i n s i d e  
the  c losed,conical ly  domed cyl inder .  The cone would a s s i s t  i n  guiding and 
i n s e r t i n g  the  mating cyl inder ,  which i s  p a r t  of a second s t ruc tu re .  The 
closed volume would f u l l y  contain t h e  explosive products. 

A second space appl ica t ion could be the  e rec t ing  and r i g i d i z i n g  of  
e rec tab le  s t ruc tu res ,  a s  shown i n  Figure 10. A 13-column s t r u c t u r e  can be 
erected by shortening the  length o f  t h e  cen t ra l  telescoping tubes. When 
erected t o  the  des i red  shape, t h e  telescoping tubes would be joined. Again, 
the  s t r u c t u r e  would contain the  explosive products. 

Space assembly of continuous large-area s t ruc tu res  may be des i rab le .  
Figure 11 shows an 18-inch diameter cy l indr ica l  model i n  which a l l  t h e  
0.040-inch aluminum (bulkheads, deck, and ou te r  cylinder)  was explosively 
joined t o  subst ructure .  

CONCLUDING REMARKS 

The demand i s  increasing f o r  highly r e l i a b l e ,  remote metal joining pro- 
cesses f o r  hazardous o r  inaccess ib le  operat ions.  This paper descr ibes  a 
small-scale explosive seam welding process i n  terms of joining p r inc ip les ,  
var iables ,  types o f  j o i n t s  created,  c a p a b i l i t i e s ,  and appl ica t ions .  

Explosive welding requires  a high-velocity angular c o l l i s i o n  of explo- 
s i v e l y  driven p l a t e s  t o  break up and ef face  t h e  p l a t e s t  oxide f i l m s  t o  allow 
interatomic linkups. Explosive seam welding u t i l i z e s  lead-sheathed, small- 
quanti ty,  explosive ribbons t h a t  have been loaded with severa l  d i f f e r e n t  
q u a n t i t i e s  of explosive t o  c r e a t e  narrow ( l e s s  than 0.5 inch),  long-length, 
uniform jo in t s .  Explosive quant i ty  i s  t a i l o r e d  t o  the  metal a l l o y t s  proper- 
t i e s ,  a s  well a s  thickness.  Other va r iab les  include p l a t e  separa t ion methods, 
surface f i n i s h  and c leanl iness ,  and t h e  mechanical shock created by t h e  
explosive pressure input and p l a t e  impact. 

Four d i f f e r e n t  types of l a p  j o i n t s  and tube joining have been demon- 
s t r a t e d .  The c a p a b i l i t i e s  of t h i s  process include: remote operat ion under 
hazardous conditions, 100% of parent metal proper t ies ,  jo in  a wide v a r i e t y  of 
metals,  a l loys ,  and combinations (including s t e e l  from 0.001 t o  0.050 inch 
and aluminum from 0.010 t o  0.187 inch) ,  simple operat ions,  uniform, inspect-  
able,  hermetical ly sealed j o i n t s  and f a s t ,  s a f e  operat ions.  

The current  appl ica t ion of  t h i s  process i s  t o  make 390 s t e e l  tube j o i n t s  
i n  each of four  ac t ive  nuclear  r eac to r s .  This process has the  po ten t i a l  f o r  



many hazardous and inaccess ib le  opera t ions ,  inc luding assembly of s t r u c t u r e  
i n  space. 

The current  development and acceptance of t h i s  small-scale explosive 
seam welding process has ind ica ted  t h a t  t h i s  process  i s  indeed p r a c t i c a l  and 
has many c a p a b i l i t i e s  t h a t  a r e  supe r io r  i n  many app l i ca t ions  t o  t h e  univer-  
s a l l y  accepted jo in ing  processes,  such a s  mechanical f a s t e n e r s ,  fus ion  and 
r e s i s t a n c e  welding, and adhesives.  
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TABLE 1 

Cross-sectional Dimensions of Linear Ribbon RDX Explosive 

Explosive Load, Thickness, Width, 
grains/foot inch inch 

Thickness I I 
Lead sheath 



TABLE I I 

Like Metals J o i n a b l e  by Explosive Seam Welding 
(100% S t reng th  J o i n t s )  

Metal Range of Thickness ( inch)  

a .  I r o n / s t e e l  
Low-carbon t o  300 and 400 s t a i n l e s s  

b.  Aluminum - any f u l l y  annealed a l l o y  0.010 t o  0.188 
and a l l  age and work-hardened a l l o y s  
except 2024 and 7075 

c .  Copper/brass 0.010 t o  0.150 

*d . Titanium (Ti-6AR-4Va) 0.005 t o  0.050 

" ~ a c h  p l a t e  prebent  5' - 

TABLE I11 

Metal Combinations Jo inab le  by Explosive Seam Welding 

a .  Low-carbon t o  s e r i e s  300 and 400 s t a i n l e s s  s t e e l  a r e  
j o inab le  i n  any combination 

b. A l l  aluminum a l l o y s  and condi t ions  a r e  j o inab le  t o  
any o t h e r  a l l o y  and condi t ion ,  except a combination 
o f  2024-T3, T4, e t c .  and 7075-T3, T6, e t c .  

c .  Any combination of  copper,  aluminum, and b ra s s  can be 
j oined 
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Figure 1.- High-velocity angular collision of metal plates in an explosive 
welding operation. 
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Figure 2 . -  Mechanisms involved in small-scale explosive seam welding process. 
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Figure 3.- Small-scale explosive seam welded joints. 
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Figure 4.- Setup for explosive welding of 6061-T6 aluminum plug in 6061-T6 tube. 
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Figure 5.- Small-scale explosive seam \<elding setup for tubes. 
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Figure 6 . -  Method f o r  achieving a t o t a l l y  confined smal l -scale  explos ive  seam weld. 
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Figure 7 . -  Setup f o r  e x ~ l o s i v e  seam welding of  nuclear  r e ac to r  tubu la r  j o i n t .  
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Figure 8.- Approach for closing and hermetically sealing a vessel. 
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Figure 9 . -  Concept f o r  t o t a l l y  confined, remote jo in ing  o f  s t r u c t u r e  i n  space.  
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Figure 10.-  Concept f o r  t o t a l l y  confined, remote r i g i d i z i n g  of an e r e c t a b l e  
s t r u c t u r e .  



Figure 11.- Photograph of an 18-inch diameter model o f  a space s t a t i o n  type  s t r u c t u r e  f a b r i c a t e d  by 
explosive seam welding; t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  model i s  shown on t h e  l e f t .  



THE MANNED MANEUVERING UNIT 
FLIGHT CONTROLLER ARM 
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ABSTRACT 

The Manned Maneuvering Unit (MMU) and i t s  support  equipment provide an 
ex t r aveh icu l a r  a s t r o n a u t  mob i l i t y ,  and t h e  a b i l i t y  t o  work ou t s ide  t h e  
conf ines  of the  S h u t t l e  Orb i te r  payload bay. The MMU design requirements a r e  
based on t h e  h igh ly  succes s fu l  Skylab M-509 maneuvering u n i t .  Design of  t he  
MMU was s t a r t e d  a s  an R&D e f f o r t  i n  A p r i l  1975 and F l i g h t  Hardware des ign  was 
s t a r t e d  i n  August 1979 t o  suppor t  a pos s ib l e  requirement f o r  in-space 
i n spec t ion  and r e p a i r  of Orb i te r  thermal p r o t e c t i o n  t i l e s .  Subsequently,  t h e  
q u a l i f i c a t i o n  t e s t  and product ion a c t i v i t i e s  were slowed, and the  c u r r e n t  
p ro jec ted  e a r l i e s t  f i r s t  f l i g h t  i s  now STS-11 i n  January ,  1984. 

The MMU propuls ion  subsystem provides  complete redundancy with two 
i d e n t i c a l  "systems". Each system con ta in s  a  high p re s su re  gaseous n i t r o g e n  
tank, an i s o l a t i o n  va lve ,  a  r e g u l a t o r ,  and twelve 1.7 l b f  (7.5 N) t h r u s t e r s .  
The t h r u s t e r s  a r e  packaged t o  provide the  crew member six-degree-of-freedom 
con t ro l  i n  response t o  commands from t r a n s l a t i o n a l  and r o t a t i o n a l  hand 
c o n t r o l l e r s .  The MMU c o n t r o l  and e l e c t r i c a l  subsystems a r e  a l s o  redundant and 
provide t h r u s t e r  l o g i c ,  power condi t ion ing  and d i s t r i b u t i o n ,  and hea t e r  
power. An automatic  r a t e  s t a b i l i z a t i o n  mode i s  a l s o  a v a i l a b l e  f o r  t he  t h r e e  
r o t a t i o n a l  axes .  As t h e  o r i g i n a l  program schedule  was s h o r t ,  ex t ens ive  u se  of  
"off- the-shelf"  components and proven assembly techniques were used. Included 
with t he  MMU i s  i t s  a i rbo rne  suppor t  equipment, t h e  F l i g h t  Support s t a t i o n  
( FSS) , t h a t  provides  f o r  t he  propuls ion  subsystem recharge  c a p a b i l i t y  and 
a c t i v a t i o n  of s epa ra t i on  nu t s  u s ing  gas from the  O r b i t e r  GN2 environmental 
c o n t r o l  system. A l l  mechanisms have been designed and t e s t e d  t o  ensure  proper  
opera t ion  w i t h i n  a s t r o n a u t  app l i ed  f o r c e  c a p a b i l i t i e s  during and a f t e r  
exposure t o  s eve re  a c o u s t i c  and thermal environments. The most complicated of  
t he se  mechanisms i s  the  f l i g h t  c o n t r o l l e r  arm. 

This  paper d i s c u s s e s  t h e  MMLJ c o n t r o l  arm requirements ,  design,  and 
developmental h i s t o r y .  



INTRODUCTION 

The MMU is based on t h e  M-509 maneuvering u n i t ,  flown i n s i d e  t h e  O r b i t a l  
Work Shop f o r  14 hours  by f i v e  a s t r o n a u t s  on t h e  two Skylab m i s s i o n s .  
Subsequent t o  t h e  Skylab program Mar t in  M a r i e t t a  r e c e i v e d  a  c o n t r a c t  from 
NASA-Johnson Space Center  (JSC) i n  A p r i l  1975, t o  perform technology s u r v e y s ,  
concep tua l  d e s i g n ,  p r e l i m i n a r y  d e f i n i t i o n ,  and d e s i g n  o f  an  MMU f o r  t h e  Space 
S h u t t l e  Program. Also  inc luded  was t h e  d e s i g n ,  f a b r i c a t i o n  o f  p r o t o t y p e  hand 
c o n t r o l l e r s ,  and high f i d e l i t y  mockups o f  t h e  MMU and FSS. Amendments t o  t h e  
c o n t r a c t  r e s u l t e d  i n  t h e  development of t h e  c o n t r o l  laws;  d e s i g n  and 
breadboarding of t h e  c o n t r o l  e l e c t r o n i c s ;  d e s i g n ,  f a b r i c a t i o n ,  and t e s t i n g  of 
p r o p u l s i o n  components such a s  t h e  t h r e e  t h r u s t e r  module (TRIAD), r e g u l a t o r ,  
and i s o l a t i o n  v a l v e ;  and e s t a b l i s h m e n t  o f  t h e  i n t e r f a c e s , o f  t h e  MMU and FSS 
with  t h e  a s t r o n a u t ,  E x t r a v e h i c u l a r  M o b i l i t y  Uni t  (EMU), and O r b i t e r .  The 
development e f f o r t  provided t h e  sound t e c h n i c a l  b a s e  f o r  t h e  d e s i g n  and 
development of t h e  MMU and FSS f o r  S h u t t l e  use .  

F u l l  s c a l e  development o f  t h e  MMU s t a r t e d  i n  August 1979 t o  s u p p o r t  a  
Space S h u t t l e  thermal  p r o t e c t  i o n  t i l e  i n s p e c t i o n  and r e p a i r  m i s s i o n  under 
c o n t r a c t  t o  JSC. The MMU can a l s o  suppor t  Space S h u t t l e  o p e r a t i o n s  i n v o l v i n g  
payload i n s p e c t i o n ,  s e r v i c i n g ,  and r e p a i r ;  a i d  i n  l a r g e  s t r u c t u r e  
c o n s t r u c t i o n ;  and perform emergency rescue .  The MMU i s  a  s e l f - c o n t a i n e d  
system c o n s i s t i n g  o f  power, c o n t r o l ,  p r o p u l s i o n ,  s t r u c t u r e  and mechanisms, and 
thermal  subsystems des igned  f o r  Astronaut  E x t r a v e h i c u l a r  A c t i v i t y  (EVA). Key 
f e a t u r e s  a r e  shown i n  F i g u r e  1. E l e c t r i c a l  power i s  provided by redundant  
s i l v e r - z i n c  b a t t e r i e s  w i t h  a  normal ou tpu t  o f  750 W h  a t  16.8 Vdc. The c o n t r o l  
subsystem c o n t a i n s  t h r e e  major e lements ,  two hand c o n t r o l l e r s  and a  C o n t r o l  
~ l e c t r o n i c s  Assembly (CEA). They o p e r a t e  t o g e t h e r  p r o v i d i n g  s i g n a l s  t o  t h e  
p r o p u l s i o n  subsystem a l lowing  r o t a t i o n a l  and t r a n s l a t i o n a l  motion.  The CEA 
c o n t a i n s  gyros  f o r  au tomat ic  a t t i t u d e  hold and c i r c u i t r y  t o  c o n v e r t  hand 
c o n t r o l l e r  d e f l e c t i o n s  t o  t h r u s t e r  v a l v e  commands. The MMU s t r u c t u r e  i s  
assembled u s i n g  aluminum frames and s k i n .  Mechanisms a r e  provided f o r :  t h r e e  
arm p o s i t i o n s  and arm l e n g t h  ad jus tment  o f  f i v e  i n .  (127mm) t o t a l  t o  
accommodate d i f f e r e n t  s i z e  a s t r o n a u t s  from a  f i v e  p e r c e n t i l e  female,  t o  a  95 
p e r c e n t i l e  male;  and a t tachment  t o  the  EMU primary l i f e  suppor t  sys tem 
(PLSS).  Thermal c o n t r o l  i s  provided u s i n g  w h i t e  p a i n t  on t h e  o u t s i d e  and 
h e a t e r s  on s e l e c t e d  components. The CEA h e a t  i s  r e j e c t e d  by r a d i a t i o n  from 
MMU a f t  pane l s  t h a t  a r e  covered wi th  s i l v e r i z e d  t e f l o n .  

The F l i g h t  Support  S t a t i o n  (FSS), :shown i n  F i g u r e  2 ,  i s  a p i e c e  o f  air- 
borne s u p p o r t  equipment which w i l l  b e  s t r u c t u r a l l y  a t t a c h e d  t o  f i t t i n g s  i n  t h e  
O r b i t e r  payload bay (F ig .  3 ) .  It prov ides  f o r  s t o r a g e  of t h e  MMU when n o t  i n  
use ;  a l l o w s  t h e  a s t r o n a u t  t o  don and dof f  t h e  MMU u s i n g  h a n d r a i l s  and 
a d j u s t a b l e  f o o t  r e s t r a i n t s ;  p rov ides  a n  i n t e r f a c e  f o r  and c o n t r o l  o f  t h e  
O r b i t e r ' s  GN2 environment c o n t r o l  supply  gas  f o r  r e c h a r g i n g  o f  t h e  MMU; and 
i n t e r f a c e s  wi th  t h e  O r b i t e r ' s  power and i n s t r u m e n t a t i o n  system w h i l e  p r o v i d i n g  
h e a t e r  power f o r  t h e  MMU and FSS. 

The f u n c t i o n  o f  t h e  MMU arm i s  t o  s i t u a t e  t h e  hand c o n t r o l l e r s  i n  a  
p o s i t i o n  where t h e i r  o p e r a t i o n  c a n  be  achieved w i t h o u t  d i s c o m f o r t  t o  t h e  
s u i t e d  crewmember. 



( a )  Manned Manuevering Unit (b) EMU and PLSS (c)  MMU Latched t o  PLSS 

Figure 1. Manned Manuevering Unit EVA System 
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F i g w e . 2 .  MMU FZight Support Station 

Figure 3. MMU Storage Location i n  Orbiter for Launch and Reentry 



REQUIREMENTS 

The b a s i c  requirement  o f  t h e  arm mechanisms d e s i g n  was t h a t  i t s  t h r e e  main 
mechanisms be p r o h i b i t e d  from o p e r a t i n g  o u t  o f  sequence.  

The a r m  must be capab le  o f  b e i n g  p l a c e d  i n  t h r e e  p o s i t i o n s  : "LAUNCH" t h e  
arm i s  f u l l y  f o l d e d  back a g a i n s t  t h e  MMU body t o  permit  t h e  MMU t o  p a s s  
through t h e  o r b i t e r  a i r l o c k ,  and t o  w i t h s t a n d  t h e  space s h u t t l e  launch 
v i b r a t i o n  environment ;  "WORK" i s  when t h e  arm i s  p o s i t i o n e d  82 deg below 
h o r i z o n t a l  t o  a l l o w  t h e  a s t r o n a u t  a c c e s s  t o  work a t  a  w o r k s i t e .  "FLIGHT" t h e  
arm i s  p o s i t i o n e d  30 deg below h o r i z o n t a l ,  p o s i t i o n i n g  t h e  hand c o n t r o l l e r s  
f o r  comfor tab le  o p e r a t i o n .  

When the  crewmember o p e r a t e s  t h e  "LAUNCH" l o c k s  (See F i g  4 )  t o  r e l e a s e  t h e  
arm from t h e  "LAUNCH" p o s i t i o n ,  t h e  arms, when r e l e a s e d ,  must a u t o m a t i c a l l y  
move i n t o  the  "WORK" p o s i t i o n ,  t h e n  be f r e e  t o  r o t a t e  t o  t h e  "FLIGHT" p o s i t i o n  
wi thout  o p e r a t i n g  a d d i t i o n a l  l a t c h e s .  

I n  a d d i t i o n , t o  enab le  o p e r a t i o n  of t h e  MMU by crewmembers i n  t h e  s i z e  
range from 5 p e r c e n t i l e  female t o  95 p e r c e n t i l e  male,  t h e  arm l e n g t h  must be 
capab le  o f  being a d j u s t e d  up t o  5 i n .  i n  h a l f  inch  increments .  T h i s  
requirement  a l s o  n e c e s s i t a t e d  t h a t  f o r c e s  r e q u i r e d  t o  o p e r a t e  any mechanism be  

b i l i t y  o f  t h e  5 p e r c e n t i l e  female. 

Launch 
P o s i t l o n  

Work 
P o s i t i o n  

Swlnging  Llnk 

Launch  Lock 
Flight - 
P o s r t l o n  

Figure  4 .  Swing ing  L ink  Operations 



DESIGN 

When t h e  a r m  design was i n i t i a t e d  a p o t e n t i a l  f l i g h t  requirement f o r  t h e  
MMU t o  support  o r b i t e r  t i l e  in spec t ion  and r e p a i r  a c t i v i t i e s  was n i n e  months 
away. F l i g h t  hardware m a t e r i a l s  and hardware were i n  s h o r t  supply a t  t h i s  
t ime,  causing d e l i v e r y  l e a d  times t h a t  were d i f f i c u l t  t o  meet. An a t t i t u d e  
of des igning  wi th  on-the-shelf hardware had t o  be adopted, sometimes caus ing  
such occurrences a s  machining s imple b o l t s  i n  small  q u a n t i t i e s .  

The temperature requirements precluded t h e  use  of wet l u b r i c a n t s  so t h a t  
su r f ace  t rea tment  dry l u b r i c a n t s  had t o  be employed. To ensure t h e r e  was no 
danger of co ld  weld w i t h i n  t h e  moving p a r t s  of t he  mechanisms (assuming t h e  
dry l u b r i c a n t  had f a i l e d ) ,  t h e  m a t e r i a l s  of any p a r t s  con tac t ing  wh i l e  
moving were very  d i s s i m i l a r ,  e . g . ,  a CRES plunger i n  an aluminum housing. 

An e a r l y  des ign  review demanded t h a t  a l l  uses  of snap-rings and o t h e r  
sp r ing  r e t a i n i n g  devices  be de l e t ed  from t h e  design.  This  n e c e s s i t a t e d  
des igning  s p e c i a l  h inge  p in  r e t e n t i o n  devices  i n  very small  s i z e s ,  having 
double locking  f e a t u r e s .  

The e x t e r n a l  envelope of t h e  arm had been determined by crew eva lua t ion  
wi th  e a r l y  mockups. This  c r o s s  s e c t i o n  envelope cons i s t ed  of a 3.75 i n .  
wide by 2.00 i n .  r ec t ang le .  P r i o r i t y  had t o  be given i n  t h i s  space  t o  two 
0.7 i n .  d i a  wi r ing  harnesses .  Telescoping t h e  arm t o  meet t h e  arm l eng th  
adjustment requirement f u r t h e r  deple ted  t h e  envelope, making t h e  remaining 
space f o r  l a t c h  mechanisms very  c o n s t r i c t e d .  

The requirement t o  prec lude  o u t  of sequence ope ra t ion  of t h e  mechanisms 
made f o r  a  formidable chal lenge.  The worst  of t h e s e  was t h e  requirement 
t h a t  when the  f l i g h t  l a t c h  is  operated t o  l e t  t h e  arm down out  of "FLIGHT" 
p o s i t i o n ,  f u r t h e r  ope ra t ion  of t h i s  l a t c h  could n o t  permit t h e  arm t o  t r a v e l  
beyond t h e  "WORK" pos i t i on .  I f  t h e  arm should t r a v e l  pas t  t h e  "WORK" p o s i t i o n  
wi th  a  s u i t e d  a s t r o n a u t  locked i n t o  t h e  MMU, h i s  r e s t r i c t e d  reach  might n o t  
permit him t o  reach t h e  arm and r e t u r n  i t  t o  t h e  "FLIGHT" pos i t i on .  To 
f u l f i l l  t h i s  design requirement,  t h e  p a r t  known a s  t h e  "swinging l i n k , "  
which c o n t r o l s  arm movement between t h e  t h r e e  requi red  p o s i t i o n s  of t h e  arm, 
was c rea t ed  ( see  Fig. 4 ) .  

The arm l eng th  adjustment  requirement n e c e s s i t a t e d  t h e  u s e  of some form 
of s l i d i n g  a c t i o n  t h a t  was compact, e a s i l y  moved, and prohib i ted  exces s ive  
l a t e r a l  o r  v e r t i c a l  movements between t h e  arm s e c t i o n s .  Cam fol lower r o l l e r  
bear ings  were s e l e c t e d .  Unfortunately,  t h e  m a t e r i a l  from which commercial 
bear ings  a r e  manufactured does n o t  a l low t h e i r  u s e  i n  temperatures  a s  low a s  
t h e  arm requirements.  Therefore,  a  r o l l e r  design us ing  approved m a t e r i a l s  
was developed, employing dry  l u b r i c a n t s  without  needles  o r  b a l l s .  

When t h e  arm l e n g t h  i s  ad jus t ed ,  t h e  l eng th  of t h e  e l e c t r i c a l  harnesses  
has t o  a d j u s t  accordingly.  The f i r s t  design f o r  t h e  management of t h e s e  
harnesses  assumed t h a t  i t  would be necessary f o r  a  tens ion  load t o  be main- 
t a ined  on them t o  ensure  they would r e t r a c t  i n t o  t h e  MMU s i d e  tower when t h e  
arm l eng th  w a s  reduced. When f l i g h t  hardware was a v a i l a b l e  f o r  eva lua t ion  
it was found t h a t  t h e  harnesses  were s u f f i c i e n t l y  s t i f f  t o  enable  them t o  



be pushed without buckl ing,  making t h e  tens ion  mechanism unnecessary. The 
present  design provides a  180 deg loop i n  t h e  harness  which r o l l s  back and 
f o r t h  i n s i d e  t h e  MMU s i d e  tower when t h e  arm l eng th  i s  ad jus t ed .  

I f  t h e  crewmember i n  p repa ra t ion  t o  don t h e  MMU, f i n d s  he  cannot r e l e a s e  
t h e  arm from t h e  launch p o s i t i o n  he has an  a l t e r n a t i v e  known a s  t h e  arm 
r e l e a s e  contingency plan.  The launch l o c k  housing is  held i n t o  t h e  h inge  
f i t t i n g  by four  s p e c i a l  b o l t s  w i th  hexagonal heads which a r e  f l u s h  w i t h  t h e  
MMU sidetower e x t e r n a l  sk ins .  A dedicated MMU contingency t o o l  is  provided 
i n  t h e  form of a  r a t c h e t  d r i v e  socket .  Using t h i s  t o o l  t h e  crewmember i s  
a b l e  t o  remove t h e  fou r  b o l t s ,  which r e l e a s e s  t h e  launch lock  assembly. 
This a c t i o n  i s  a s s i s t e d  by a  tens ion  sp r ing  a t t ached  t o  t h e  launch lock  which 
p u l l s  t h e  launch lock  c l e a r ,  f r e e i n g  t h e  arm f o r  r o t a t i o n  t o  t h e  f l i g h t  
pos i t i on .  To maintain t h e  arm i n  t h e  f l i g h t  p o s i t i o n  h o l e s  i n  t he  s i d e  of 
t h e  arm and t h e  hinge f i t t i n g  permit t h e  i n s e r t i o n  of a p i p  p in ,  thus  
enabl ing t h e  MMU t o  s t i l l  be  flown. 

The f i n a l  arm des ign  is a complicated mechanism designed t o  meet com- 
p l i c a t e d  requirements.  Early i n  t he  des ign  it was recognized t h a t  no 
mat te r  how t h e  p a r t s  were dimensioned, necessary  to l e rances  would not  
permit guaranteed assembly. It w a s  f o r  t h i s  reason t h a t  pee l ab le  shims 
were introduced i n t o  t h e  design and o the r  modes o f  adjustment  were employed 
where poss ib l e .  Even so ,  assembly proved t o  be a  lengthy ,  p r e c i s e  e x e r c i s e  
us ing  a  b u i l d  p lan  document which was very d e t a i l e d  i n  i t s  s t e p  by s t e p  
sequence. This  assembly sequence w a s  i n t e r r u p t e d  on s e v e r a l  occasions by 
p a r t s  n o t  going toge the r  a s  intended due t o  t o l e r a n c e  stackup. Due t o  t h e  
complexity i t  was no t  always poss ib l e  t o  make a  change i n  t h e  most d e s i r a b l e  
manner without  causing problems f u r t h e r  on i n  t h e  assembly. 

ANOMALIES 

During crew t r a i n i n g  i t  was found t h a t  t h e  arm could be  locked i n t o  an  
unwanted fou r th  pos i t i on .  This problem w a s  caused by t h e  automatic  push o u t  
device  which k i cks  t h e  arm from "LAUNCH" p o s i t i o n  t o  "WORK" p o s i t i o n  coupled 
with t h e  crewmember tendency no t  t o  r e l e a s e  the  launch l a t c h  be fo re  t h e  a r m  
pendulum a c t i o n  t r i e d  t o  put  t h e  arm i n  a  v e r t i c a l  pos i t i on .  This  caused t h e  
launch l a t c h  t o  engage t h e  launch pos i t i on  and t h e  " f l i g h t "  l a t c h  t o  engage 
the  f l i g h t  p o s i t i o n ,  locking  t h e  a r m  i n  a  p o s i t i o n  midway between "WORK" and 
"FLIGHT" pos i t i ons .  (See Figure 5.) 

Changes were made t o  minimize t h e  chances of engaging t h i s  p o s i t i o n  and, 
i f  engaged, make it easy t o  g e t  ou t  o f .  

The arm was c y c l i c a l l y  t e s t e d  t o  more than 1 . 5  l i f e t i m e s  (3000 c y c l e s ) .  
P o s t t e s t  i n spec t ions  found t h a t  t h e  PTFE impregnated hard anodized m a t e r i a l  
which had been used t o  provide lub r i ca t ed  su r f aces  on aluminum had shown very  
l i t t l e  s i g n s  of wear; however, t h i s  was no t  t h e  c a s e  wi th  t h e  spray-on types  
of dry f i l m  lube  working i n  l i n e  con tac t  on s t a i n l e s s  s t e e l .  



L a t c h  

L a t c h  

L a t c h  

'A' 

L a t c h  'A' 
L a t c h  'B ' 
L a t c h  ' C '  

 LAUNCH'^^ 'WORK' l a t c h  L a t c h  'A' 
'IJORK' t o  'FLIGHT' l a t c h  

Launch P o s i t i o n  
\ h e n  t h e  arm is  i n  t h e  'LAUNCH' 
p o s i t i o n ,  l a t c h e s  'B' and 'C' a r e  
n o t  o p e r a b l e .  With t h e  a s t r o n a u t  
f a c i n g  t h e  IQtU, a c t u a t i o n  of  l a t c h  
'A' r e l e a s e s  t h e  arm which a u t o m a t i c a l l y  
moves i t  i n t o  t h e  'WORK' p o s i t i o n .  

F l i g h t  P o s i t i o n  
l a e n  t h e  arm i s  i n  t h e  'FLIGHT' 
p o s i t i o n  l a t c h  'A' is  n o t  o p e r a b l e .  
L a t c h  'C'  is  now f r e e  t o  a l l o w  arm 
t o  b e  ex tended  t o  t h e  d e s i r e d  l e n g t h  
u s i n g  a p e r t u r e  i n  t o p  o f  arm t o  
r e a d  i n d i c a t o r .  

Work P o s i t i o n  
t h e n  t h e  arm is i n  'WORK' p o s i t i o n  
l a t c h  'C'  i s  n o t  o p e r a b l e .  With 
t h e  a s t r o n a u t  l o c k e d  i n t o  t h e  PEIU 
t h e  arm i s  p u l l e d  up i n t o  'FLIGHT' 
w i t h o u t  t h e  need t o  o p e r a t e  any 
l a t c h e s ;  t h e  arm w i l l  a u t o m a t i c a l l y  
l o c k  i n t o  'FLIGHT' p o s i t i o n .  

La tch  

L a t c h  
L a t c h  

F l i g h t  P o s i t i o n ,  Extended 
When t h e  arm i s  i n  t h e  'FLIGHT' 
e x t e n d e d  p o s i t i o n ,  l a t c h e s  'A' 
and ' B '  a r e  n o t  o p e r a b l e .  Note: 
It i s  o n l y  i n  t h e  'FLIGHT' p o s i t i o n  
t h a t  t h e  arm l e n g t h  c a n  b e  a d j u s t e d .  

Re tu rn  t o  F l i g h t  P o s i t i o n  
Opera t ing  l a t c h  ' C '  a l l o w s  arm t o  be  r e t r a c t e d .  Only when i t  i s  f u l l y  r e t r a c t e d  
d i e s  l a t i h  'B '  become o p e r a t i v e .  Latch 'A' is  s t i l l  n o t  o p e r a b l e .  

Return t o  Work P o s i t i o n  
Opera t ing  l a t c h  ' B '  a l l o w s  t h e  a r m  t o  be  pushed down i n t o  'WORK' p o s i t i o n .  
Note:-If when i n  t h e  work s t a t i o n ,  l a t c h  'B '  i s  o p e r a t e d ,  t h e  arm cannot  
be  pushed down toward t h e  'LAUNCH' p o s i t i o n .  La tch  ' C '  i s  a g a i n  n o t  oper-  
a b l e .  (To r e t u r n  t o  f l i g h t  p o s i t i o n  a g a i n  t h e  arm when l i f t e d  a u t o m a t i c a l l y  
l o c k s  i n t o  'FLIGHT' p o s i t i o n ) .  

Return t o  Launch P o s i t i o n  
With t h e  a s t r o n a u t  f a c i n g  t h e  MMU, o p e r a t i o n  of l a t c h  'A '  p e r m i t s  t h e  arm 
t o  be  pushed i n t o  'LAUNCH' p o s i t i o n ,  where  it a u t o m a t i c a l l y  l o c k s .  Again 
l a t c h e s  ' B '  and ' C '  are n o t  o p e r a b l e .  

F i g u r e  5. A r m  Opera t ion  



F i g u r e  6. P4P4U Arm Exploded Vieu 

CONCLUSION 

The f i n a l  des ign  c o n s i s t e d  of approximately  150 machined p a r t s ,  n o t  
i n c l u d i n g  hardware and s p r i n g s .  ( s e e  Fig .  6.) 

The arm has now s u c c e s s f u l l y  completed a l l  f u n c t i o n a l ,  the rmal ,  and 
v i b r a t i o n  t e s t i n g ;  and some of t h e  f l i g h t  hardware h a s  been d e l i v e r e d  



LATCH FITTINGS FOR THE 
SCIENTIFIC INSTRUMENTS ON THE SPACE TELESCOPE 

Jan D. Dozier* and Everett Kaelber*" 

ABSTRACT 

Latch fittings which kinematically mount the replaceable scientific instru- 
ments onto the Space Telescope must maintain precise alignment and thermal sta- 
bility for on-orbit observations. Design features which are needed to meet 
stringent criteria include the use of ceramic isolators for thermal and elec- 
trical insulation, materials with different coefficients of thermal expansion 
for athermalization, precision manufacturing procedures, and extremely tight 
tolerances. A specific latch fitting to be discussed is a ball-and-socket 
design. In addition, testing, crew aids, and problems will be covered. 

INTRODUCTION 

Latch fittings for the scientific instruments (SI) and fine guidance 
sensors (FGS) on the Space Telescope are mechenisms which structurally support 
the instruments during launch and orbital operations. Designed to allow 
on-orbit replacement of an SI or FGS, the latch fittings must maintain precise 
registration of the instruments, provide alignment and stability during scien- 
tific observations, and minimize thermal conductance. 

The latch fittings mount each SI or FGS onto the graphite-epoxy focal 
plane structure (FPS) of the ST in a statically determinate manner. Each of 
the four axial SI's is mounted with three latch fittings (Figure l ) ,  the 
radial SI is mounted with three latc5 fittings (Figure 2), and each of the 
three Fine Guidance Sensors (FGS) is mounted with four latch fittings 
(Figure 3). Every latch fitting consists of one half mounted to the FPS and 
one half mounted to the SI (or FGS). Accounting for mirror image designs, 
there are a total of 20 different latch configurations. 

The stringent alignment and functional requirements of the SI latch 
fittings make their design, manufacture, assembly, and qualification a chal- 
lenging and unique engineering task. This paper will discuss design require- 
ments of the latch fittings, the general design features needed to meet these 
requirements, a specific latch fitting of a complex design, verification and 
qualification testing, and problems. 

*National Aeronautics and Space Administration, George C. Marshall Space 
Flight Center, Alabama 

*+:Perkin-Elmer, Danbury, Connecticut 



DESIGN REQUIREMENTS 

The design driver for the SI latch fittings is the stringent align- 
ment requirement. The instrument position during initial alignment must 
be known within 10 pm. If the instrument is replaced, the alignment must 
be repeated within 15 pm. Furthermore, during scientific observation, the 
twenty-four hour stability requirement for the latch fittings is that the 
SI alignment must be maintained to within .0013 arc second. Alignment and 
stability are verified by analysis. 

In order to minimize heat loss between the SI and the FPS, the mount 
point conductance for each latch half must be less than 0.050 ~att/'~. Con- 
ductance is verified by analysis. Distortion due to thermal deformation of 
an instrument or the FPS may also induce a moment across a latch fitting interface. 
Therefore, the maximum residual moment, or breakaway torque of a latch fitting, 
is restricted. The maximum breakaway torque for each latch fitting is deter- 
mined by test. 

Structurally, the latch fittings are designed to support the instruments 
and to withstand the shuttle launch and landing loads. For the stress analysis, 
a factor of safety of 1.4 is used on ultimate strength and 1.1 is used on yield 
strength. Strength is verified with a static load test on each mated latch 
fitting. Dynamic tests of all-up SI simulators and latch fittings are used to 
verify mechanical integrity. These tests will be discussed later. 

Other design requirements include crew systems compatability and con- 
straints on physical dimensions and weight. 

DESIGN FEATURES 

Each latch fitting is designed to take loads in one, two, or three dir- 
ections so that the instrument is supported with a statically determinate 
system. Therefore, a set of latch fittings kinematically mounts each SI or 
FGS with six degrees of freedom. 

The thermal paths between the FPS and SI must be isolated to meet the 
alignment requirement and the .050 IJattl0c conductance requirement. There- 
fore, a common design feature of the latch fittings is the use of glass-mica 
to insulate the attachment bolts and shear pins. Machined inserts are used to 
insulate the attachment bolts and injection molds are used to surround each 
shear pin. Because of the brittle nature of the glass-mica ceramic, it is 
capable of compression loading only. Therefore, shear load paths must be 
separated from the tension/compression load paths and the design of the latch 
fittings becomes complex. Thermal load paths for a typical fitting are shown 
in Figure 4. Additional thermal requirements are met using materials with low, 
yet compatible, coefficients of thermal expansion. 



Two of t h e  l a t c h  f i t t i n g s ,  p o i n t  A of t h e  r a d i a l  S I  and FGS, and p o i n t  A 
of t h e  a x i a l  S I ,  a r e  designed t o  t ake  loads  i n  t h r e e  d i r e c t i o n s .  Although of 
d i f f e r e n t  d e t a i l  con f igu ra t ions ,  each of t h e s e  l a t c h  f i t t i n g s  i s  b a s i c a l l y  a  
ball-and-socket design.  Rota t ion  9f  t h e  b a l l  is  r e s t r i c t e d  by t h e  space 
l i m i t a t i o n ,  and i t  is  se l f - a l ign ing .  The 440C s t a i n l e s s  s t e e l  b a l l  i s  mach- 
ined t o  a  s p h e r i c i t y  w i t h i n  1 pm (40 p-in.)  Each of t hese  l a t c h  f i t t i n g  des igns  
is  ac tua ted  wi th  a  rod which can be torqued and untorqued by an a s t r o n a u t  dur- 
i ng  a n  on-orbi t  mission. The a x i a l  S I  po in t  A l a t c h  has t i t an ium jaws which 
c lose  on t h e  b a l l  when a  60 NI:I (44 f t - l b )  to rque  i s  appl ied .  During manufac- 
t u r i n g ,  t hese  jaws a r e  clamped, then thermally aged and s t a b i l i z e d  f o r  one 
week before  f i n a l  machining t o  a  s p h e r i c i t y  w i th in  1 pm. The c l ea rance  between 
the  b a l l  and jaws is 2  ym on t h e  diameter and t h e  maximum moment t r ansmi t t ed  
i s  l e s s  than 31 Nm (23 f t - l b )  when preloaded. Po in t  A of t h e  r a d i a l  S I  and 
FGS is  a  b a l l  captured wi th  a threaded rod and sea t ed  wi th  a  60 Nm (44 f t - l b )  
torque.  This  l a t c h  f i t t i n g  w i l l  l a t e r  be  discussed i n  d e t a i l .  

Po in t  B of  the  a x i a l  S I  is  designed t o  t ransmi t  loads  i n  two d i r e c t i o n s  
and a p p l i e s  a  3560 N (800 pound) preload along t h e  l o n g i t u d i n a l  a x i s  of t h e  
a x i a l  SI .  This l a t c h  f i t t i n g  has a  l a r g e  s p r i n g  a t  t h e  a f t  end of t h e  i n s t r u -  
ment which a p p l i e s  t h e  preload through a  l inkage  mechanism. A threaded actua-  
t i o n  rod a p p l i e s  a  10 Nm (90 in- lb)  torque and enables  an a s t r o n a u t  t o  engage 
t h e  f i t t i n g .  The maximum r e s i d u a l  moment allowed ac ros s  po in t  B i s  54 Nm 
(40 f  t - lb )  . 

Switches f o r  crew a i d  i n d i c a t o r  l i g h t s  a r e  l oca t ed  on each r a d i a l  S I  and 
FGS po in t  A l a t c h ,  a x i a l  S I  p o i n t  A l a t c h ,  and on t h e  a x i a l  S I  g u i d e r a i l .  
These l i g h t s  t e l l  t h e  a s t r o n a u t  when t h e  b a l l  i s  sea t ed  i n  i t s  socke t ,  when t o  
begin torquing ,  o r  when t h e  pre load  has been appl ied .  

The remaining l a t c h  f i t t i n g s  t ake  load  i n  one o r  two d i r e c t i o n s  only and 
do n o t  t ransmi t  moments. Bas i ca l ly ,  t h e  design i s  a  s e l f - a l i gn ing  c y l i n d e r  
which r e g i s t e r s  a g a i n s t  a  f l e x u r e  w i t h i n  a  mating r ecep tac l e .  A s p h e r i c a l  
stem is  sprayed wi th  aluminum oxide coa t ing  and c y l i n d r i c a l  s h e l l s  of 440C 
s t a i n l e s s  s t e e l  a r e  clamped around t h e  b a l l  w i th  a  r e t a i n i n g  r i n g .  The c l ea r -  
ance between t h e  s h e l l s  and t h e  b a l l  a l lows  a  Z0 r o t a t i o n ,  thus  g iv ing  t h e  b a l l  
i t s  s e l f - a l i g n i n g  c a p a b i l i t y .  This  cy l inde r  i s  i n s e r t e d  i n t o  a  r ec t angu la r  
t i t an ium r e c e p t a c l e  and r e g i s t e r s  a g a i n s t  a  15-5 Ph s t e e l  f l exu re .  Thus, t h e  
load pa th  is  along t h e  l i n e  of con tac t  between t h e  b a l l  and t h e  f l exu re .  A l l  
of t hese  types  of l a t c h  f i t t i n g s  a r e  pas s ive ,  i n  t h a t  they become engaged when 
t h e  a c t i v e  f i t t i n g s  a r e  torqued and l a t ched .  

SPECIFIC DESIGN 

A complex l a t c h  f i t t i n g  design i s  t h a t  of po in t  A of t h e  r a d i a l  S I  and 
FGS. A s  descr ibed  e a r l i e r ,  t h i s  ball-and-socket design takes  load  i n  t h r e e  
or thogonal  d i r e c t i o n s .  The f i t t i n g  i s  l i gh twe igh t ,  y e t  s t rong  enough t o  meet 
t h e  s t r e n g t h  c r i t e r i a .  It a l s o  enables  on-orbi t  instrument  removal and 
i n s t a l l a t i o n  by an a s t r o n a u t ,  and r e a l i g n s  t h e  new instrument  t o  extremely 



close tolerances. Thermal conductance and electrical resistance requirements 
are also included in the design. 

The 24-hour stability requirement combined with the space limitation of 
the FPS hub forces complexity into the fitting design. Governed by the 24- 
hour stability requirements, the allowable thermal expansion between the radial 
SI and the FPS is .5 vm (19 u-in.). Thus, an athermalized design is required 
and, as shown in Figure 5, consists of nested parts of titanium, Invar, and 
aluminum. The thermal growth of the titanium base and the Invar stem is counter- 
acted by the growth of the aluminum cover. Aluminum or Invar shims are used 
for adjustments at the final assembly. Athermalization of the FPS half of the 
fitting is analytically determined, but can be verified with an interferometer. 

The Ti-6A1-4V titanium ball depicted in Figures 5 and 6 is able to 
swivel 2O and the clearance between the ball and its titanium housing is 
1-1.5 vm (40-60 y-in.) on the diameter. By referring to Figure 7, it can be 
seen that vertical load taken by the ball is transmitted to the Invar stem and 
aluminum cover through a center bolt, then to the titanium base through the 
stiff axis of three stcel flexures. Each flexure has only one attachment bolt 
per end, necessitating a tapered interference fit to react the moment. One end 
of the flexure is attached to the titanium base and the other end attaches to 
the aluminum cover. Therefore, these flexures are designed to deflect outward 
under distortion resulting from the different coefficients of thermal expansion 
between aluminum and titanium. Radial load taken by the ball is transferred to 
the titanium base with shear slugs. As shown in Figures 5 and 6, these shear 
slugs consist of a glass-mica insert bonded to a self-aligning set of spherical 
washers. Any remaining "kick" load is taken up by the weak axes of the three 
flexures. 

A threaded rod inserted into the ball engages the fitting when a 60 Nm 
(44 ft-lb) torque is applied. Springs between the ball and the SI half of the 
fitting apply 1245 N (280 Ibs) of preload to ensure that the ball remains 
registered to the upper half of its housing. 

TESTING 

Factors of safety used by Marshall Space Flight Center for untested flight 
hardware are 2.0 for ultimate strength and 1.25 for yield strength. However, 
structural verification by test is required if the 1.4 and 1.1 factors of 
safety are used for ultimate strength and yield strength, respectively. The 
test criteria were chosen for the SI latch fittings in order to conserve 
weight and to reduce complexity in design. Each mated latch fitting configura- 
tion is statically tested to loads equivalent to shuttle laucch or landing. 
Before the test, baseline dimensions are measured and strain gages are applied 
at locations determined by the brittle lacquer technique. A functional test 
is performed after exposure to 1.0 times the limit load. After applying 1.1 
times the limit load, measurements are taken to determine the degree of perma- 
nent yielding. After the latch fitting is tested to 1.4 times the limit load, 
it is disassembled and inspected for cracks. 



A dynamic t e s t  i s  conducted on each a x i a l  S I ,  r a d i a l  S I ,  and FGS confi-  
gura t ion ,  wi th  t h e i r  r e spec t ive  l a t c h  f i t t i n g s  mounted. The most severe  load  
case i s  simulated by a  s e r i e s  of t r a n s i e n t  shock s p e c t r a  and random v i b r a t i o n  
t e s t s  f o r  each a x i s .  From these  t e s t s ,  alignment and s t i f f n e s s  d a t a  a r e  
obtained,  a s  w e l l  a s  information on t h e  mechanical i n t e g r i t y  of t he  l a t c h  
f i t t i n g s .  

Crew a i d s  a c c e s s i b i l i t y  and func t iona l  requirements of the  l a t c h  f i t t i n g s  
a r e  t e s t e d  i n  Marshall  Space F l i g h t  Center ' s  Neut ra l  Buoyancy Simulator.  F u l l  
s c a l e  mock-ups of t h e  ST a r e  placed i n  a  l a r g e  water  tank,  where weight lessness  
is simulated by t h e  buoyant e f f e c t  of t h e  water .  The a s t r o n a u t s  then  remove 
and i n s t a l l  instruments  i n  a  s imulated zero g environment. Fur ther  information 
on these  t e s t s  is  given i n  NASA Technical Memorandum 82485 ("Space Telescope 
Neutral  Buoyancy Simulat ions - The F i r s t  Two Years," Fred G. Sanders,  June 1982). 

PROBLEMS 

Glass-Mica ( In  j e c t i o n  molded) 

I n j e c t i o n  molded glass-mica surrounds a  knurl2d s t e e l  p i n  and i s  molded 
i n t o  a  t i t an ium base.  The glass-mica i s  i n j e c t e d  a t  276 MPa (40,000 p s i )  and 
760 '~  ( 1 4 0 0 ° ~ ) ,  r e q u i r i n g  ex tens ive  t o o l i n g ,  I n i t i a l  samples exh ib i t ed  "kni t"  
l i n e s  i n  t h e  d i r e c t i o n  of t h e  flow, a t  t h e  p o i n t  of i n j e c t i o n ,  and a t  t h e  
junc tu re  where t h e  m a t e r i a l  flowed around t h e  p in .  These k n i t  l i n e s  appeared 
a s  cracks and contained some machining o i l ,  causing contamination. The k n i t  
l i n e s  were v i r t u a l l y  e l imina ted  by a  change i n  t h e  s t r e s s  r e l i e f  cyc le .  This  
cyc le  cons is ted  of i nc reas ing  and decreasing t h e  temperature a t  38OC ( 1 0 0 ° ~ ) /  
hour. Machining o i l  was e l imina ted  from t h e  process  and t h e  bases  were baked 
out  t o  reduce contamination. 

Also, t he  glass-mica was loose  a t  t h e  t i t an ium base i n t e r f a c e  a f t e r  t h e  
bases  were s t r e s s - r e l i eved .  This looseness  could have cont r ibu ted  t o  m i s -  
alignment of t h e  instrument .  Looseness which exceeded t h e  alignment e r r o r  
budget t o l e r ance  w a s  brought w i th in  to l e rance  by vacuum impregnating t h e  g lass -  
mica i n t e r f a c e s  w i th  t h e  epoxy. 

Glass-Mica (Bar s tock )  

Bolt  i s o l a t o r s  and shear  s l u g s  a r e  machined from ba r  s tock  glass-mica. 
During assembly and during t h e  s t r e n g t h  t e s t s ,  t h i s  glass-mica was found t o  
be very b r i t t l e ,  e s p e c i a l l y  under po in t  loads .  T ighter  con t ro l  of c o p l a n a r i t y  
and p a r a l l e l i s m  t o  t h e  drawings of t h e  b o l t  i s o l a t o r  bear ing  su r f aces  has  
reduced t h e  occurrenceof f r a c t u r e  dur ing  assembly. However, a  redes ign  of t h e  
shear  s l u g s  was necessary.  The o r i g i n a l  design has a  s e t  screw t igh ten ing  a 
f l a t  washer a g a i n s t  t h e  end of a  glass-mica c y l i n d e r ,  whereas, the  redesigned 
shear  s l u g  has a  s e t  screw which bea r s  on a  s e t  of s p h e r i c a l  washers t h a t  a r e  
bonded t o  t h e  glass-mica cy l inder .  This s e l f - a l i gn ing  f e a t u r e  prevents  t h e  
s e t  screw from p o i n t  loading  t h e  glass-mica. 



Aluminum Oxide 

Aluninum oxide i s  used t o  coa t  some of t h e  s p h e r i c a l  s u r f a c e s  i n  o rde r  t o  
reduce f r i c t i o n .  The use of l i q u i d  l u b r i c a t i o n  is  seve re ly  r e s t r i c t e d  because 
of p o t e n t i a l  contamination. I n t e r i o r  b a l l s  i n  t h e . s e l f - a l i g n i n g  c y l i n d e r s  
( a x i a l  S I  p o i n t  C ,  r a d i a l  SI  po in t s  B and C,  FGS p o i n t s  B ,  C ,  and D) and t h e  
se l f - a l i gn ing  captured b a l l s  ( a x i a l  S I  po in t  B y  a x i a l  S I  p o i n t  A, and r a d i a l  
SI  and FGS po in t  A) were plasma sprayed wi th  aluminum oxide: 

During t h e  dynamic tests, p i eces  of t h e  aluminum oxide on t h e  s u r f a c e  of 
t he  a x i a l  S I  po in t  A 440C s t a i n l e s s  s t e e l  b a l l  chipped o f f .  These broken p i eces  
were ab ra s ive  and severe ly  g a l l e d  t h e  mating t i t an ium j a w s .  A redes ign  was 
t h e r e f o r e  necessary  and, a t  t h i s  w r i t i n g ,  i s  underway. The proposed design c o a t s  
t he  t i t an ium jaws wi th  a  tungs ten  ca rb ide l coba l t  ma te r i a l .  The aluminum oxide 
coa t ing  has been de l e t ed  from t h e  po in t  A b a l l  des igns ,  which now use  an uncoated 
s t e e l  b a l l .  

Gal l ing  

The s e l f - a l i g n i n g  s t e e l  cy l inde r s  which r e g i s t e r  a g a i n s t  a 15-5 Ph f l e x u r e  
a l s o  bear  a g a i n s t  a t i t an ium base. During the  v i b r a t i o n  environment of t h e  
dynamic t e s t s ,  t h e  s t e e l  cy l inde r s  s eve re ly  g a l l e d  t h e  t i t an ium s u r f a c e  and 
a l s o  g a l l e d  t h e  15-5 Ph s t e e l  sur face .  This  g a l l i n g  is  unacceptable  i f  t h e  
alignment e r r o r  budget i s  t o  be met. Therefore,  t he  t i t an ium and 15-5 Ph bear- 
ing  s u r f a c e s  a r e  now coated wi th  a  tungs ten  ca rb ide l coba l t  m a t e r i a l .  These 
coated l a t c h  f i t t i n g s  v 7 i l l  be subjec ted  t o  more dynamic t e s t i n g  be fo re  t h e  
proposed design i s  accepted. 

Residual moment 

The r e s i d u a l  moment, o r  breakaway torque,  a t  t h e  a x i a l  S I  p o i n t s  A and 
B l a t c h  f i t t i n g s  was o r i g i n a l l y  l imi t ed  t o  22 Nm (16 f t - l b s ) .  When t e s t e d ,  
t h e  f i t t i n g s  t ransmi t ted  much higher  torques.  Therefore,  l u b r i c a n t  w a s  added 
t o  t h e  b a l l  s u r f a c e  t o  f u r t h e r  reduce f r i c t i o n .  I n  a d d i t i o n ,  t h e  pre load  a t  
po in t  B ?$as reduced from 4893 N (1100 l b s )  t o  3560 N (800 l b s ) .  Af t e r  a n  eval-  
ua t ion  by each s c i e n t i f i c  instrument  con t r ac to r ,  an inc rease  i n  r e s i d u a l  moment 
a t  each f i t t i n g  was approved. The a x i a l  S I  po in t  A l a t c h  f i t t i n g  r e s i d u a l  
moment i s  now a  maximi~m of 31 Nm (23 f t - l b )  and t h e  a x i a l  SI  po in t  B l a t c h  
f i t t i n g  has a  maximum r e s i d u a l  moment of 54 Nm (40 f t - l b ) .  
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ABSTRACT 

THE DESIGN AND DEVELOPMENT OF A MOUNTING AND JETTISON ASSEMBLY FOR 
THE SHUTTLE ORBITER ADVANCED GIMBAL SYSTEM 

Edward S. Korzeniowski 

SPERRY FLIGHT SYSTEMS 
Phoenix, Arizona 

This paper describes the requirements, design, development, 
and qualification of the mounting and jettison assembly (MJA) 
which serves as the base structure for the advanced gimbal 
system (AGS) developed for NASA, Marshall Space Flight 
Center, for use during shuttle missions. 

An engineering model of the MJA has been built and 
subjected to the following testing: stiffness and modal 
characterization, sine and random vibration, and a jettison 
function and energy release. A qualitative summary of the 
results and the problems encountered during testing, together 
with the design solutions, i s  presented. 



ADVANCED GIMBAL SYSTEM - OVERALL DESCRIPTION 

The AGS i s  a th ree-ax is  p o i n t i n g  system t h a t  w i l l  be used t o  p o i n t  
experimental payloads (e.g., a  telescope) 'ranging i n  mass from 500 t o  7200 kg 
t h a t  could span one s h u t t l e  p a l l e t  o r  the  e n t i r e  cargo bay. Fig. 1 i s  a 
drawing o f  t he  AGS f l i g h t  design. The AGS i s  shown i n  F ig  2 i n  a payload 
p o i n t i n g  mode, mounted on a s h u t t l e  spacelab p a l l e t ,  and i n  t h e  launch/ 
landing c o n f i g u r a t i o n  i n  Fig. 3. 

The mechanical system i s  composed o f  a payload mounting s t r u c t u r e  (PMS), 
th ree  gimbals, and a MJA. The PMS i s  a 12.7 cm (5- inch)  t h i c k ,  2-meter 
(78.7-inch) diameter honeycomb s t r u c t u r e  t h a t  provides t h e  payload mechanical 
i n t e r f a c e  as we l l  as thermal i s o l a t i o n  o f  t he  payload. Three-axis p o i n t i n g  
c a p a b i l i t y  t o  w i t h i n  +1/2 arcsec i s  provided by the  th ree  gimbals (brushless 
dc torque motors) : an e l e v a t i o n  and l a t e r a l  gimbal (each 34 N-m (25 f t - 1  b ) )  
and a r o l l  gimbal (13.6 N-m (10 f t - l b ) ) .  This paper focuses on t h e  MJA t h a t  
forms the  base s t r u c t u r e  f o r  t h e  AGS. I t s  main func t i ons  are t o  prov ide 
launch/ landing load decoupl ing and j e t t i s o n  c a p a b i l i t i e s .  

MJA REQUIREMENTS 

The fundamental MJA requirements are t o  prov ide:  1) s t i f f n e s s  f o r  
p o i n t i n g  performance, 2) redundant j e t t i  son system, and 3) 1 aunch/l andi ng 
load decoupl i ng (separa t ion  mechanism). The MJA has been designed t o  meet 
these requirements under the  f o l  lowing cons t ra in t s :  

8 Weight : <75 kg (165 1 b )  

0 Size: 43 cm (17- in  ; 41 cm ( 

0 S t i f f n e s s :  Meet syste g performance requ i  rements 

0 J e t t i s o n  Energy Release t o  Payload: Minimize 

@ Operating L i f e :  F i f t y  missions o f  9 days du ra t i on  each 

0 Vibra t ion :  Shu t t l e  1 aunch environment 

0 Thermal : Shu t t l e  thermal environment 

@ Load Decoupling: Pro tec t  t he  AGS gimbals du r ing  launch and land ing  

0 Alignment: Mainta in i n i t i a l  a1 ignment t o  w i t h i n  +15 arcmin 









ENGINEERING MODEL MJA OVERALL DESCRIPTION 

The MJA conta ins both the  separat ion mechanism and j e t t i s o n  system. The 
engineering model AGS i s  shown i n  Fig. 4;,Fig. 5 i s  a  cutaway view o f  t he  
engineering model MJA. The actual  launch and land ing  separat ion ( 3  cm 
nominal ) i s  prov ided by the  separat ion mechanism which has the  f o l l o w i n g  
components: l i n e a r  actuator ,  p u l l  down rods, ca tch  p la te ,  and spr ing  seat 
assemblies, which are  p r i m a r i l y  loca ted  i n  t he  upper h a l f  o f  t he  MJA. 
Separation occurs between the  MJA and gimbal f l  anges. Launch11 andi ng gimbal 
c o n s t r a i n t  i s  provided by the  c a n t i l e v e r  beam. The j e t t i s o n  system i s  
py ro techn ica l l y  a c t i v a t e d  and i s  loca ted  i n  t he  lower h a l f  o f  t h e  MJA. I t s  
main func t i on  i s  t o  completely sever a l l  physical  t i e s  t o  the  shu t t l e .  
J e t t i s o n  system components (Fig. 6)  a re  j e t t i s o n  clamp, b o l t  ex t rac to r ,  
separat ion nut ,  cable c u t t e r ,  and t h e  j e t t i s o n  i n t e r f a c e  ( c u r v i c  coupl i n g )  . 
ENGINEERING MODEL JETTISON SYSTEM DESCRIPTION 

The AGS i s  a  two f a i l u r e  t o l e r a n t  system. As such, t h e  j e t t i s o n  system 
i s  a  l a s t  r e s o r t  sa fe t y  backup t o  be used i n  t h e  event t h a t  t h e  payload 
cannot be restowed f o r  re-entry .  During a  j e t t i s o n  sequence, t h e  f i r s t  
a c t i o n  would be t o  c u t  t he  AGS e l e c t r i c a l  harness. Once microswi tch 
conf i rmat ion  has been received t h a t  t h e  harness has been cu t ,  t h e  j e t t i s o n  
i n t e r f a c e  pre load would be released. The s h u t t l e  would then back away f rom 
the  payload. A minimum energy t r a n s f e r  requirement i s  c r i t i c a l  s ince t h e  AGS 
can be i n  any p o i n t i n g  o r i e n t a t i o n  when f a i l u r e  occurs. Any payload c,g. 
o f f s e t  w i  11 r e s u l t  i n  payload tumbl ing when je t t i soned ,  t h e  degree o f  which 
i s  dependent on t h e  amount o f  energy t rans fe r red .  

The most d e s i r a b l e  j e t t i s o n  operat ion would completely c u t  a1 1  phys ica l  
t i e s  and t r a n s f e r  zero energy t o  t h e  j e t t i s o n e d  payload so t h a t  j e t t i s o n  i s  
c o n t r o l l e d  and t h e  s h u t t l e  can s imply back away. This c o n d i t i o n  i s  very  hard 
t o  meet i n  actual  p r a c t i c e  since the re  i s  always some recoverable s t r a i n  
energy associated w i t h  t h e  sudden re lease o f  t he  pre load a t  t he  j e t t i s o n  
i n te r face .  Every e f f o r t  has been made t o  minimize t h e  energy t r a n s f e r r e d  t o  
the  j e t t i s o n e d  payload. 

E l e c t r i c a l l y  ac t i va ted  pyrotechnic devices are used i n  t h e  j e t t i s o n  
system t o  a t t a i n  re1 i a b l  e  r a p i d  re1 ease. Dual NSI-1 i n i t i a t e d  pyrotechnic 
devices manufactured by Space Ordnance Systems are used i n  t h e  engineering 
model j e t t i s o n  system. Three clamplnut separator devices along w i t h  b o l t  
ex t rac to rs  p rov ide  t h e  requ i red  preload across t h e  cu rv i c  coupl i ng ( j e t t i  son 
i n t e r f a c e )  and two cable c u t t e r s  a re  used t o  sever t h e  AGS e l e c t r i c a l  
harness. (See Figs. 5 and 6.) 



Fig. 4 Advanced Gimbal System - Engineering Model (No Roll Gimbal) 
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Fig. 6 Engineering Model Jettison System Components 
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Torsional s t i f fness  a t  the je t t ison interface was a design driver. A 
curvic coupling, which i s  widely used between turbine rotors t o  transmit high 

he je t t ison interface. The s t i f fness  requirements 
ce as proven by extensive test ing,  

LOPMENT PROBLEMS AND SOLUTIONS 

cient t o  physically disconnect the je t t ison interface. A single large cable 
cut ter  was incorporated into the design t o  handle the f l igh t  harness and 
a1 1 ow for future growth. 



Fig. 7 Engineering Model - Jettison Test Setup 



Fig. 8 MJA Flight Design 



The engineering model MJA was modif ied t o  s imulate t h e  f l i g h t  conf igura-  
t i o n ,  and t h e  j e t t i s o n  t e s t  was repeated w i t h  a  j e t t i s o n  energy re lease o f  
0.01 N-m which i s  considerably lower than t h e  engineering model design. The 
reduc t i on  i s  due t o  t h e  slower way i n  which t h e  Marman clamp re leases t h e  
i n t e r f a c e .  The Marman clamp r e t a i n e r  bands (Fig. 8) move r a d i a l l y  away from 
t h e  MJA tube and s l i d e  along the  MJA tube f langes thereby absorbing some of 
t he  re1 eased energy. 

SEPARATION MECHANISM DESCRIPTION 

The AGS payload i s  secured t o  t h e  Spacelab p a l l e t  w i t h  a  system o f  
clamps and s t r u t s  which a t tach  t o  p a l l e t  hard points .  The MJA i s  a l so  
attached t o  p a l l e t  hard p o i n t s  through i t s  own separate support s t ruc tu re .  
(See Fig. 3.) As such, t h e  r e s u l t a n t  AGS/payl oad/pal l e t  assembly c o n s t i t u t e s  
a  s t a t i c a l l y  indeterminate s t r u c t u r e  w i t h  t h e  AGS gimbal bearings i n  t h e  
pr imary load path. The AGS separat ion mechanism provides a  means o f  
decoupl ing t h e  AGS gimbals dur ing  launch and land ing  t o  r e l i e v e  these s t a t i c  
loads and t o  con t ro l  dynamic loads t h a t  a re  app l ied  t o  t h e  AGS caused by 
g r a v i t a t i o n a l  , quas i - s ta t i c  acce lera t ion ,  v i b r a t i o n ,  and thermal e f f e c t s .  
Decoupling i s  accomplished by  t h e  separat ion mechanism i n  con junc t ion  w i t h  
t h e  c a n t i l e v e r  beam mechanism which p a r t i a l l y  cons t ra ins  t h e  AGS gimbals. 
The c a n t i l e v e r  beam i s  s ized t o  ensure t h a t  t h e  a l lowab le  gimbal bear ing 
loads are no t  exceeded and t h a t  minimum launch/ landing s t r u c t u r a l  frequency 
(35 Hz) i s  maintained across the  separat ion mechanism. During launch and 
landing,  t h e  separat ion mechanism l i n e a r  ac tua to r  i s  extended and t h e  gimbal 
and MJA f langes are  separated a  nominal 3  cm. 

F ig.  9 shows the  o v e r a l l  separat ion mechanism operat ion. If t h e  base o f  
t he  MJA i s  considered t o  be f i xed ,  t r a n s l a t i o n s  o f  t h e  payload are  accommo- 
dated by t h e  c a n t i l e v e r  beam mechanism as fo l l ows :  

2-Axis: T rans la t i on  o f  t he  gimbal f lange r e l a t i v e  t o  t h e  c a n t i l e v e r  

X-Axis: Rota t ion  o f  t he  spher ica l  bear ing r e l a t i v e  t o  t h e  gimbal f lange 

Y-Axis: Rota t ion  o f  t h e  spher ica l  bear ing about t h e  c a n t i l e v e r  beam 

Rotat ions o f  t he  payload about t h e  X, Y o r  Z axes are accommodated by  
combinations o f  t he  above motions p lus  r o t a t i o n s  about t h e  AGS gimbals. 
(Note: The gimbals are f r e e  t o  r o t a t e  du r ing  launch and landing.) 



PAYLOAD 

SEPARATION 
EXAGGERATED 

2-Axis Payload Translation X-Axis Payload Translation 
Accommodation by Translation Accommodation by Rotation 
at Cantilever of Spherical Bearing in 

Gimbal Flange 

Y-Axis Payload Translation Accommodation by Rotation of the Spherical Bearing 
About the Cantilever and Tipping of the Gimbal Flange 

Fig. 9 AGS Separation Mechanism Operation 



The AGS separat ion mechanism i s  made up o f  a  l i n e a r  actuator ,  p u l l  down 
rods, spher ica l  bearings, ca tch  p la te ,  s p r i  ng seat assembl ies ,  two f l  anges, 
and a  gimbal 1  aunchl l  andi ng c o n s t r a i n t  device ( c a n t i  1  ever) .  (See Figs. 8 and 
11.) Functions o f  these components are as fo l l ows :  

t~ Linear  Actuator  - The l i n e a r  a c t u a t o r ' s  main f u n c t i o n  i s  t o  p rov ide  
t h e  j o i n i n g  f o r c e  ( s e t  a t  600 l b )  t o  main ta in  a  preload across the  two 
p la tes  (MJA and gimbal f langes)  t o  p rov ide  s t r u c t u r a l  r i g i d i t y  f o r  
po in t ing .  The l i n e a r  ac tua to r  i s  a  28 v o l t  dc redundant b a l l  screw 
ac tua tor  made by Sperry E l e c t r o  Components i n  North Carol i n a  and has a  
s t roke o f  approximately 6.4 cm (2.5 inches).  

@ Pu l l  Down Rods - The p u l l  down rods a re  f i x e d  t o  t h e  gimbal f lange i n  
spher ica l  bearings and pass through s i m i l a r  spher ica l  bearings i n  t h e  
MJA f lange. The spr ing  seat assemblies are  f i x e d  t o  t h e i r  lower ends. 

e Catch P la te  - The ca tch  p l a t e  i s  f i x e d  t o  t h e  end o f  t h e  l i n e a r  
ac tua to r  s h a f t  and t ransmi ts  t h e  ac tua to r  j o i n i n g  fo rce  t o  t h e  p u l l  
down rods by pushing on t h e  sp r ing  seat assemblies. 

@ Spring Seat Assemblies - The spr ing  seat assemblies are  f i x e d  t o  t h e  
1  ower end o f  t h e  p u l l  down rods and a re  made up o f  two nested spr ings 
i n  a  spr ing  cup assembly. Adjustment c a p a b i l i t y  i s  prov ided t o  s e t  
preload. The ca tch  p l a t e  impacts t h e  i n t e g r a l  r u l o n  on t h e  sp r ing  
seat assembly sur face t h a t  compresses t h e  spr ings t o  p rov ide  the  
precal i brated p r e l  oad. This spr ing  p r e l  oad arrangement a1 1  ows f o r  
v a r i a t i o n  due t o  thermal growth and assembly to le rance stack up and 
a lso a l lows f o r  a  reduc t ion  i n  t h e  ac tua to r  mic roswi tch  s top  s e t t i n g  
to1 erances. 

@ Flanges (MJA and gimbal) - The launch l land ing  separat ion occurs 
between these two p lates.  The gimbal f l ange  prov ides t h e  t o p  anchor 
p o i n t  f o r  t he  p u l l  down rods, and t h e  MJA f l ange  prov ides spher ica l  
bear ing guides and an alignment mechanism t o  r e a l i g n  t h e  two f langes 
d u r i  ng the  j o i  n i  ng sequence. 

t~ Cant i lever  - A 1.9 cm (314 inch)  diameter c a n t i l e v e r  serves t o  
r e s t r a i n  t h e  gimbals dur ing  launch/ landing. It i s  f i x e d  t o  t h e  MJA 
f lange and r i d e s  i n  a  spher ica l  bear ing f i x e d  i n  t he  gimbal f l ange  
t h a t  serves t o  prevent r e l a t i v e  p lanar  t r a n s l a t i o n  between the  two 
f langes. The spher ica l  bear ing i s  a1 so constra ined by p ins  and r o l l e r  
bearings so t h a t  r o t a t i o n  about t he  X-axis i s  constra ined and r o t a t i o n  
about t h e  Y-axis i s  permit ted. 



OPERATION 

Separation for Launch/Landing 

The engineering model AGS i n  t he  launch/ landing c o n f i g u r a t i o n  i s  shown 
i n  Fig. 10. The l i n e a r  ac tua tor  i s  extended and pos i t i ons  t h e  ca tch  p l a t e  i n  
t h e  f u l l  extend p o s i t i o n  (6.4 cm (2.5 i nch )  o f  t r a v e l ) .  This a l lows t h e  two 
f langes t o  be separated by t h e  payload clamp system so t h a t  t h e  MJA s ide  o f  
t he  separat ion mechanism can be d isp laced r e l a t i v e  t o  t h e  gimbal s ide  w i t h i n  
a  6  cm sphere about t h e  3  cm nominal pos i t i on .  This r e l a t i v e  mot ion i s  
accommodated by r o t a t i o n s  about t h e  AGS gimbals and a  t i p p i n g  about t h e  Y- 
ax i s  o f  t he  gimbal f lange r e l a t i v e  t o  t h e  MJA f lange. The c a n t i l e v e r  
cons t ra ins  +X and +Y t r a n s l a t i o n  p lus  r o t a t i o n  about t h e  X-axis w h i l e  
a1 lowing +Z t r a n s l a t i o n  and r o t a t i o n  about t h e  Y- and Z-axes. 

For  j o i n i n g ,  t h e  ac tua tor  i s  r e t r a c t e d  and p u l l s  on t h e  ca tch  p la te ,  
The ca tch  p l a t e  makes contact  w i t h  t h e  sp r ing  seat assemblies which r e a l i g n  
the  two f langes about Z. A p rec i s ion  alignment and torque r e s t r a i n t  i s  
prov ided by an a1 ignment core t h a t  guides t h e  a1 ignment about Z (a1 ignment i n  
+X  and +Y i s  provided by t h e  c a n t i l e v e r )  w i t h i n  t h e  l a s t  p o r t i o n  o f  ac tua to r  
t r a v e l .  The sp r ing  seat assembly nested spr ings are compressed thereby 
appl y i  ng t h e  p r e l  oad between t h e  f 1  anges . 
SEPARATION MECHANISM DEVELOPMENT PROBLEMS AND SOLUTIONS 

The b iggest  change i n  the  design occurred w i t h  t h e  a d d i t i o n  o f  an 
op t iona l  r o l l  gimbal ( t h e  i n i t i a l  con t rac t  c a l l e d  f o r  a  two gimbal AGS, 
e leva t i on  and l a t e r a l ) .  The r o l l  gimbal added another degree o f  freedom 
( r o t a t i o n  about t he  X-axis) t h a t  had t o  be constrained. As a  so lu t i on ,  t h e  
c a n t i l e v e r  spher ica l  bearing was pinned a1 ong the  Y-axis and t h e  p ins  were 
supported w i t h  r o l l  e r  bear i  ngs. This a1 1  owed t h e  cant i 1 ever bea r i  ng 
c a r t r i d g e  design t o  be v a r i a b l e  so t h a t  a  pinned c a r t r i d g e  assembly cou ld  be 
used i n  t h e  t h r e e  gimbal system and an unpinned c a r t r i d g e  assembly cou ld  be 
used i n  t h e  two gimbal system. 

Flatness between the  MJA and gimbal f langes reduced s t i f f n e s s  across t h e  
i n t e r f a c e .  The i n i t i a l  design u t i l i z e d  a  f u l l  contact  sur face which warped 
when o ther  components were i n s t a l l e d  and t h e  pre load appl ied. As a  s o l u t i o n ,  
both p l a t e s  were r e l i e v e d  i n  t h e i r  centers which l e f t  an ou te r  contac t  r i n g  
approximately 1.5 cm wide. Preload across t h i s  i n te r face  was a l s o  increased 
from 300 t o  600 pounds. 



Fig. 10 Engineering Model AGS - LaunchILanding Configuration 





PROTOFLIGHT SEPARATION MECHANISM DESIGN CHANGES 



Fig. 12 Y-Axis Vibration Test Setup at Marshall Space Flight Center 
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ROLLING BEAM UMBILICAL SYSTEM 

ABSTRACT 

The d e c i s i o n  t o  make t h e  Centaur v e h i c l e  a Space T ranspo r ta t i on  System 
(STS) payload meant t h a t  new ground suppor t  equipment p r o v i s i o n s  a t  Launch Pads 
Pads 39A and 39B were requ i red .  These new equipment p r o v i s i o n s  were needed 
t o  s e r v i c e  t h e  Centaur v e h i c l e  w h i l e  i t  was i n s t a l  l e d  i n  t h e  O r b i t e r ' s  pay- 
l oad  bay p r i o r  t o  launch. Th i s  paper descr ibes t he  des ign o f  a  new r o l l i n g  
beam u m b i l i c a l  system (RBUS) be ing  added t o  t he  pad f i x e d  s e r v i c e  s t r u c t u r e  
(FSS) i n  o rde r  t o  p rov ide  t he  p r imary  f unc t i ons  o f  1  i q u i d  hydrogen (LH2) f i l l ,  
d ra in ,  and vent.  The c a r r i e r  p l a t e  i t s e l f  i s  a  Government-furnished equipment 
i t e m  and o f  necess i t y  became a  T-0 d isconnect .  Th i s  permi ts  qu i ck  o f f l o a d i n g  
i n  t h e  event  o f  an a b o r t  p r i o r  t o  l i f t - o f f .  I n  a d d i t i o n  t o  t h e  r o l l i n g  beam 
s t r u c t u r e ,  mechanisms, and f l u i d  l i n e s ,  i t  was necessary t o  des ign  and b u i l d  
a  c a r r i e r  p l a t e  s i m u l a t o r  t o  suppor t  e a r l y  development t e s t i n g  o f  t he  mast 
a t  t h e  Launch Equipment Tes t  F a c i l i t y  a t  Kennedy Space Center. 

The RBUS i s  designed t o  be compat ible w i t h  t h e  r o t a t i n g  se rv i ce  s t r u c t u r e  
(RSS) t o  t h e  ex ten t  t h a t  t h e  u m b i l i c a l  may be deployed w i t h  t h e  RSS mated w i t h  
t h e  vehicle.  It i s  a l s o  designed t o  c l e a r  t h e  RSS as the  RSS r o t a t e s  back out 
o f  t h e  way. A c c e s s i b i l i t y  t o  t h e  O r b i t e r  a f t  compartment v i a  t h e  50-1 door 
had t o  be maintained. 

The RBUS c o n s i s t s  o f  an u m b i l i c a l  assembly t h a t  supports t he  c a r r i e r  
p l a t e  on t h e  end o f  a  t r u s s  beam ex tend ing  f rom a  ca r r i age  assembly t h a t  
t r a n s l a t e s  on double r a i l s  by means o f  crane t r a c k  wheels. A  porch s t r u c t u r e  
was added t o  t h e  FSS t o  mount t h e  i n c l i n e  p o r t i o n  o f  t h e  assembly t h a t  con- 
t a i n s  t h e  r a i l s .  A  s u i t a b l e  s to rage  l o c a t i o n  on t h e  FSS d i c t a t e d  a  6-degree 
i n c l i n e  up t o  t h e  Centaur i n t e r f a c e  l oca ted  on t h e  p o r t  s ide  o f  t h e  O r b i t e r  i n  
e s s e n t i a l l y  t he  same l o c a t i o n  as t he  p rev ious  T-4 i n t e r f a c e  on t h e  p o r t  side. 
The r o l l i n g  beam t r a v e l s  a d is tance  o f  11 m (36 f t )  t o  the  stowed p o s i t i o n  i n  
t h e  FSS. Power f o r  acce le ra t i on  o f  t he  r o l l i n g  beam assembly i s  p rov ided  by a  
dropweight assembly. A l i n e a r  d i s k  brake decelerates the r o l l i n g  beam t o  i t s  
parked o r  stowed pos i t i on .  Upon i n i t i a l  mot ion o f  the  car r iage ,  the  r o l l i n g  
beam separates i t s e l f  f rom the  ground supply l i n e s  as we l l  as f rom the veh i -  
c le.  Th i s  was d i c t a t e d  by the  l o n g  r e t r a c t  distance. Th is  paper presents  
impor tant  design approaches considered but  not  used, i n  addi  t i  on t o  desc r i  b i  ng 
t h e  r o l l i n g  beam, which i s  i n  t h e  process o f  be ing  implemented. 

Th i s  RBUS was des i  gned by P lann i  ng Research Corporat ion,  Systems Serv ices  
Company under c o n t r a c t  t o  NASA's Kennedy Space Center i n  F lo r i da .  

*Bemis C, Tatem, J r, , Plann ing  Research Co rpo ra t i  on, Kennedy Space Center, 
F l o r i d a  



INTRODUCTION 

I n  e a r l y  1981, an ex tens i ve  t r a d e  study was conducted t o  determine t h e  
best approach t o  t a k e  t o  p rov i de  f o r  t h e  STSICentaur LH2 s e r v i c i n g  r equ i r e -  
ments. Numerous concepts were prepared, a'nd t h e  ones cons idered most promi s -  
i n g  are:  

a. T a i l  s e r v i c e  mast (TSM) w i t h  Centaur s e r v i c e  added 

b. RBUS 

c. TSM mounted reusable  pay load umbi li ca l  mast 

d. TSM mounted expendable pay1 oad umbi 1 i ca l  mast 

TSM Wi th  Centaur Se rv i ce  Added. Necessary a d d i t i o n a l  l i n e s  would be 
added t o  t h e  e x i s t i n g  TSM's c a r r i e r  p l a t e s  as dep ic ted  i n  f i g u r e  1. L ines  
would be rou ted  down t h e  s e r v i c e  masts as shown i n  f i g u r e  2. An o v e r r i d i n g  
disadvantage o f  t h i s  approach was i t s  adverse e f f e c t  on O r b i t e r  f l i g h t  weight  
f o r  t h e  LH2 s e r v i c e  funct ions.  

RBUS. An e l e v a t i o n  view o f  t h i s  approach i s  shown i n  f i g u r e  3 and i s  - 
descr ibed  i n  more d e t a i l  i n  t h i s  paper. The o v e r r i d i n g  advantage o f  t h i s  
approach i s  t h a t  i t  i s  l oca ted  on t h e  FSS w i t h  no impact on t h e  Veh i c l e  
Assembly B u i l d i n g  (VAB) o r  t h e  mobi le  launcher  p la t fo rm.  

TSM Mounted Reusable Payload U m b i l i c a l  Mast. An e l e v a t i o n  view o f  t h i s  
approach i s  shown i n  f i g u r e  4. Th i s  system i s  s i m i l a r  t o  a s h o r t  r o l l i n g  beam 
except i t  r e t r a c t s  i n t o  a hardened hous ing mounted on t o p  o f  t he  TSM. The 
c a r r i a g e  moves on a smal l  t rack .  Dropweight i n i t i a t i o n  would be by a t r i g g e r  
ac tua ted  by t h e  TSM dropwei ght. The TSM would r e q u i r e  s t r u c t u r a l  a d d i t i o n s  t o  
support  t h e  added weight and b l a s t  l oad  due t o  added s a i l  area o f  t he  pay load  
u m b i l i c a l  mast. The i n s t a l l a t i o n  has major impact on VAB p la t f o rms  as w e l l  as 
t h e  RSS. 

TSM Mounted Expendable Pay1 oad Umbi 1 i c a l  Mast. The c a r r i e r  p l a t e  suppor t  
i s  s i m i l a r  t o  t h e  r o l l i n g  beam, bu t  a r o t a t i n g  mast w i t h  counterweight  i s  used 
t o  r e t r a c t  t h e  c a r r i e r  p l a t e  pas t  t h e  v e h i c l e  1 i f t - o f f  d r i f t  curve. Lanyards 
pene t ra te  t h e  t o p  o f  t h e  TSM and use t h e  TSM dropweights f o r  t h e  normal re -  
t r a c t i o n .  Th is  approach i s  dep i c t ed  i n  f i g u r e  5. Th is  approach was r u l e d  ou t  
because o f  closeness t o  t h e  O r b i t e r  w ing and impact on t h e  VAB. 

The conc lus ion  o f  these s tud ies  was t h a t  t h e  RBUS approach was se lec ted  
t o  per fo rm t h e  t a s k  o f  p r o v i d i n g  LH2 s e r v i c e  f o r  t h e  STSICentaur a t  Launch 
Pads 39A and 39B. The des ign o f  t h e  p ro to t ype  RBUS was j u s t  completed a t  t h e  
t ime  o f  submission o f  t h i s  paper. Th i s  p ro to t ype  i s  t o  be t e s t e d  a t  t h e  
Launch Equipment Tes t  F a c i l i t y  t h i s  summer. 

ROLLING BEAM DESCRIPTION 

Ma jo r  assemblies o f  t h e  se l ec ted  RBUS i nc l ude :  
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Figure 5. Payload Umbilical Mast - Expendabl e-El evation View 



a. STSICentaur r o l l i n g  beam assembly ( f i g u r e  6 )  

b. U m b i l i c a l  c a r r i e r  p l a t e  assembly ( f i g u r e  7 )  

c. Dropweight tower assembly ( f i g u r e  8 )  

I n s t a l l a t i o n  o f  t h i s  equipment a t  t he  Launch Equipment Tes t  F a c i l i t y  f o r  
t e s t  e v a l u a t i o n  and development p r i o r  t o  d e l i v e r y  t o  Launch Complex 39A i s  
shown i n  f i g u r e  9. A d e s c r i p t i o n  o f  t he  cryogenic  supply system i s  beyond t h e  
scope o f  t h i s  paper. 

Umbi 1  i c a l  Assembly. The umbi 1  i ca l  assembly cons i s t s  o f  the  ground ca r -  
r i e r  p l a t e  ( supp l i ed  by Rockwell I n t e r n a t i o n a l  ) suppo r t i ng  l i n k s ,  t h e  LH2 f i  11 
and d r a i n  vacuum-jacketed (VJ) f l e x  l i n e ,  and t h e  LH2 vent VJ f l e x  1  ine. The 
l i n k s  w i l l  be equipped w i t h  b a l l  j o i n t s  t o  permi t  s i de - t o - s i de  mot ion as w e l l  
as up and down. These l i n k s  support  t he  c a r r i e r  p l a t e  a f t e r  disconnect, The 
u m b i l i c a l  assembly inc ludes  t he  hockey s t i c k  d isconnect  lanyards and t h e  
s t a t i c  lanyards t o  prevent  r o t a t i o n  o f  the ground c a r r i e r  p l a t e  towards t h e  
O r b i t e r  a f t e r  disconnect. 

R o l l  i n g  Beam Assembly. The r o l l i n g  beam assembly cons is ts  o f  a  tapered 
t r u s s  beam. One end o f  t he  beam supports t he  u m b i l i c a l  assembly. The o t h e r  
end o f  t he  beam i s  b o l t e d  t o  t h e  ca r r i age  assembly. The c a r r i a g e  assembly 
con ta ins  wheels t h a t  capture t h e  c a r r i a g e  t o  t h e  r a i l s .  The c a r r i a g e  assembly 
con ta ins  a  ground separat ion p l a t e  t o  support  t h e  c a r r i a g e  mounted c ryogen ic  
l i n e  qu i ck  disconnects,  t h e  c a r r i e r  p l a t e  purge disconnect,  and the var ious  
hazardous gas sensing l i n e  disconnects. The LH2 fill and d r a i n  l i n e s  make a 
180-degree t u r n  f rom t h e  beam t o  l i n e  up i n  t he  c a r r i a g e  w i t h  the ground 
separa t ion  p la te .  

L i n e a r  Brake. A l i n e a r  brake ac t s  on a  f r i c t i o n  p l a t e  mounted t o  t h e  
c a r r i a g e  t o  s top  t h e  r o l l i n g  beam assembly. The brake system inc ludes  gu ide  
r o l  l e r s  i n  f r o n t  o f  t he  brake. The brake cons is ts  o f  two s p r i  ng-actuated 
ca l  i p e r - d i  sk-type u n i t s  t h a t  a re  pneumati c a l  l y  re t rac ted .  

I n c l i n e  Assembly. The i n c l i n e  assembly se ts  t he  r o l l i n g  beam on a  6- 
degree angle necessary t o  i n t e r f a c e  w i t h  t h e  O r b i t e r  and p rov ide  stowage ca- 
p a b i l i t y  upon r e t r a c t  w i t h i n  t h e  FSS. I n  a d d i t i o n  t o  the  l i n e a r  brake de- 
s c r i b e d  above, t he  i n c l i n e  con ta ins  f i n a l  overrun s top  energy absorbers de- 
s igned f o r  11,340 k g  (25,000 l b )  over a  d i s tance  o f  0.472 m  (18.6 i n ) .  The 
i n c l i n e  assembly supports t he  s t a t i c  h a l f  o f  t he  ground separat ion p l a t e  f o r  
t h e  LH2 f i l l  and d r a i n  l i n e s  and the  gaseous hydrogen vent l i ne .  A pneumati- 
c a l  l y  powered winch prov ides t he  c a p a b i l i t y  t o  l i f t  t h e  r o l l  i n g  beam up t h e  
i n c l i n e .  Upper guide r a i l  and r o l  l e r s  1  i m i t  c a r r i a g e  sway. S t a i r s  and access 
p l a t f o rms  are p rov ided  on t h e  i n c l i n e ,  g i v i n g  access t o  t he  r o l l i n g  beam i n -  
c l  ud ing  umbi 1 i ca l  and ground separa t ion  p la tes.  Cool i n g  water nozzles and 
p i p i n g  w i l l  be mounted t o  t h e  i n c l i n e  t o  p r o t e c t  t h e  u m b i l i c a l  c a r r i e r  p la te .  
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Figure 8. STSICentaur Rolling Beam Dropweight Tower Assembly 





Dropwei ght  Tower. The dropwei ght  tower con ta i  ns t h e  dropwei ght, drop- 
weight 1  i f t i  ng winch, energy absorbers, k i n e t i c  and s t a t i c  sheaves and cables,  
and cab le  s lack  takeup weight,  bungee, and pu l ley .  Cable l eng th  i s  ad jus ted  
a t  t h e  attachment t o  t h e  cab le  s lack  takeup weights and pu l leys .  The main 
dropweight c a b l e ' i s  rou ted  through sheaves t o  t h e  ca r r i age  a t t a c h  p o i n t  on t h e  
i n i t i a t i n g  arm, which w i l l  be descr ibed l a t e r .  To permi t  l i f t i n g  the  drop- 
weight,  t h e  ca r r i age  end o f  t h e  main cable i s  secured e i t h e r  t o  t he  c a r r i a g e  
o r  t o  t h e  i n c l i n e  s t r u c t u r e  a t t a c h  p o i n t  ( f o r  weight l i f t i n g  only). 

Porch Assembly. The porch assembly prov ides the  necessary ex tens ion  o f  
t h e  FSS t o  support  t h e  r o l l i n g  beam assembly i n  p o s i t i o n  t o  se rv i ce  t h e  
Centaur payload i n  t h e  O r b i t e r  payload bay. 

Disconnect Mechanisms. The d isconnect  mechanisms schematic i s  shown i n  
f i q u r e  10. A l a t c h  mechanism ho lds  t he  r o l l i n g  beam i n  O r b i t e r  mated p o s i t i o n  
on-the i n c l i n e  p r i o r  t o  launch w i t h  t h e  dropweight app l y i ng  s t a t i c  t ens ion  t o  
t h e  dropweight cable. The dropweight cab le  i s  a t tached t o  t h e  i n i t i a t i n g  arm 
mounted i n  t h e  carr iage.  Th is  i n i t i a t i n g  arm f i r s t  mot ion a c t i v a t e s  t he  hock- 
ey s t i c k  re lease  lanyards and then  t r ansm i t s  t h e  a c c e l e r a t i n g  f o r c e  o f  t h e  
dropwei ght t o  t h e  c a r r i  age. A redundant re1 ease mechani s~n t r i  ggers t h i s  ac- 
t i on .  Pr imary re lease  i s  by a py ro techn ic  b o l t  w i t h  dual charges. E i t h e r  o f  
these d i scha rg ing  w i  11 separate t h e  py ro techn ic  b o l t  and re lease t he  i n i t i  a t -  
i n g  arm. I f  t h e  py ro techn ic  b o l t  does not  separate, an overcenter  mechanism 
w i l l  be re leased by a l anya rd  t h a t  i s  a c t i v a t e d  by c a r r i e r  p l a t e  lower l e v e r  
extension, which takes p lace  as t he  Space S h u t t l e  veh i c l e  l i f t s .  The i n i t i a l  
p ro to type  r o l l  i ng beam w i  11 i nco rpo ra te  a py ro techn ic  b o l t  s imu la to r  t h a t  i s  
re leased by a gaseous n i t r o g e n  pressure supply. 

I n i t i a t i n g  Arm. The i n i t i a t i n g  arm and i t s  assoc ia ted py ro techn ic  re-  
lease arm a r e  t h e  hea r t  o f  t he  re lease mechanism, as they coord ina te  and con- 
t r o l  t h e  f unc t i ons  o f  dropwei ght  tens ion,  py ro techn ic  release, hockey s t i c k  
a c t i v a t i o n ,  and mechanical secondary re1 ease. The t r i  gger t h a t  mates w i t h  t h e  
py ro techn ic  re lease  arm i s  a  be1 1 crank at tached t o  t h e  overcenter  l inkage. 
The l anya rd  a c t i o n  t o  break t h i s  l i n kage  over  cen te r  w i  11 re lease the  t r i g g e r  
and permi t  r o l l i n g  beam a c t i o n  t o  s t a r t  i n  t h e  event t h e  redundant py ro techn ic  
b o l t  f a i  1s t o  discharge. 

DESIGN CRITERIA 

P e r t i n e n t  design c r i t e r i a  f o r  t h e  RBUS are g iven i n  t a b l e  1. A f t e r  
s e r v i n g  t h e  f u n c t i o n  o f  l oad ing  LH2 on to  t h e  Centaur payload, t he  r o l l  i n g  beam 
must remain mated w i t h  t h e  O r b i t e r  u n t i l  1  i f t - o f f  t o  p rov ide  f o r  qu ick o f f -  
l o a d i n g  i n  t h e  event o f  a  launch abor t  requirement. The s i gna l  t o  s t a r t  t he  
r e t r a c t i o n  sequence o f  t he  r o l l i n g  beam i s  i n i t i a t e d  a t  s o l i d  rocke t  boos te r  
i g n i t i o n .  W i t h i n  l e s s  than 3 s  f rom t h e  r e c e i p t  o f  t h i s  s igna l ,  the  r o l l i n g  
beam i s  t o  be r e t r a c t e d  t he  necessary 11 m (36 f t )  o f  i n c l i n e  d i s tance  and i s  
s t o r e d  w i t h i n  t h e  i n c l i n e  s t r u c t u r e  where i t  i s  sprayed w i t h  c o o l i n g  wate r  t o  
p r o t e c t  i t  f o r  t h e  next requi  red 'launch. 
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Table 1. RBUS Design C r i t e r i a  

Sub jec t  

Beam r e t r a c t  d i  s tance 
A c c e l e r a t i o n  d i  s tance 
Coast d i s t ance  
Dece le ra t i on  d i s t ance  
Overrun d is tance  
R o l l  i ng beam we igh t  
R o l l  i ng beam mate r i  a1 
F a c t o r  o f  s a f e t y  - dynamic members 
F a c t o r  o f  s a f e t y  - s t a t i c  members 
Beam r e t r a c t  t ime  
A c c e l e r a t i o n  G's 
Dece le ra t i on  G's  ( d i s k  brakes o n l y )  

D ropwei ght:  
R o l l i n g  beamldropweight t r a v e l  r a t i o  
D ropwei gh t  t r a v e l  
D ropwei gh t  energy absorp t ion  
R o l l i n g  beam module 

R o l l i n g  beam i n c l u d i n g  u m b i l i c a l  
I n c l i n e  
Porch 
To ta l  weight  t o  be t r a n s p o r t e d  

Brake t y p e  
Brake f o r c e  
Normal c o e f f i c i e n t  o f  f r i c t i o n  
E s t i m a t e d c o e f f i c i e n t  o f  f r i c t i o n  
v a r i a t i o n  
F i n a l  s top  overrun 
F i n a l  s top  overrun f o r c e  
I n c l i n e  angle  
Urnbi 1  i c a l  t y p e  
Coo l i ng  p r o v i s i o n  (wa te r )  
Umbi li c a l  re lease  - p r imary  

Umbi 1  i c a l  re lease  - secondary 

U m b i l i c a l  re lease  - t e r t i a r y  

R o l l i n g  beam re lease  - pr imary  
R o l l i n g  beam re lease  - secondary 

C r i t e r i a  

11.7 m  (38.3 f t )  
6.1 m (20.0 f t )  
3.0 m (10.0 f t )  
2.5 m ( 8.3 f t )  
0.46 m ( 1.5 f t )  

4,990 k g  (11,000 l b )  
ASTM A36 
2.0 minimum on y i e l d  
AISC c r i t e r i a  
<3.0 s  
<l. 0 
<2.5 (normal ) 
<5.0 (abnormal ) 

2  t o  1 
3  m (10 f t )  
2X(14,062 kg)X 0.41 m  
90% s t a t u s  we igh t  

4,990 k g  (11,000 l b )  
15,876 k g  (35,000 7b) 

8,618 k g  (19,000 l b )  
29,484 k g  (65,000 l b )  
L i n e a r  d isk  
11,340 k g  (<25,000 l b )  
0.30 
0 . 2 5 t 0 0 . 3 0  

Energy absorber 
2X(5,670 k g )  
6.00 degrees 
TSM approach 
1,782 l / m i n  (500 gal /min) 
Lanyard re1 ease 
Col 1  e t  ope ra t i on  normal 
Hockey s t i c k  a c t i  vates c o l l  e t  
Lanyard re1 ease 
Col 1  e t  f a i  1  ed 
Hockey s t i c k  breaks c o l l  e t  shear p i n  
Lanyard re1 ease 
Hockey s t i c k  f rozen  
Tension breaks c o l l e t  shear p i n  
Py ro techn i c  b o l t  
Lanyard re1 ease o f  mechanical t r i g g e r  
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DEPLOYMENT AND lV2LEASE MECHANISMS 
ON THE SWEDISH SATELLITE, VIKING 

Stefan Eriksson, Saab-Space AB, Link?ping, Sweden 

1. ABSTRACT 

Two mechanism types are presented, a rigid boom system and a "hold 
and release" mechanism for spherical sensors. Both mechanisms have been 
designed, developed and tested by Saab-Space AB, Linkzping, Sweden for 
the VIKING project under a contract from the Swedish Space Corporation. 

2. INTRODUCTION (Ref. Fig. 1) 

VIKING is a Swedish scientific satellite to be launched together with 
the SPOT remote sensing satellite by the Ariane Launcher, presently sche- 
duled for late 1984. Its aim is to study a number of physical parameters 
in the auroral zones of the magnetosphere. The payload consists of five 
main experiments. Participating scientist groups come from Sweden, 
Denmark, Norway, Canada, United States of America, West Germany, England 
and France. Two of the experiments require the spacecraft magnetic 
influence to be minimized at their sensors. These two sensors are a three 
axes magnetometer and a loop antenna, located at the tips of the two 
radial stiff booms. 

Two other experiments use six spherical probes (a= locm), includ- 
ing innerlouter tips, for electric field measurements. These probes are 
mounted on four wire booms which can each be deployed to a length of 40 m 
in the satellite's spin plane, and on two tubular-element booms which can 
be deployed 4 m each, parallel to the spin axis. Until deployment is 
called for, these probes are to be stowed by Hold and Release Mechanisms 
(HRM) 

Below the requirements of the radial stiff booms and the HRMs are 
summarized. Their design, performances and test programs are described in 
detail. 

3 .  STIFF RADIAL BOOMS 

3.1 Summary of requirements 

The design requirements can be summarized as follows: 

Launch Mode (stowed) 

Sine vibration, all three axes 5 -  100Hz 8.0gmax 
Random vibration, all three axes 2 20 - 2000 Hz 0.3 g /HZ max 



Deployment Mode 

Spin r a t e  
Release 
Deployment shock (on boom t i p )  
Temperature 

Deployed Mode 

Boom l a t e r a l  d e f l e c t i o n  
Boom t o r s i o n a l  d e f l e c t i o n  

8.5 t o  14.5 rpm 
pyrotechnic device  
max 50 g  
-30' t o  +80°c 

wi th in  a  cone angle  of 0.1' 
+ 0.2' t o r s i o n a l  angle  - 

3.2 Detai led d e s c r i p t i o n  (Ref. Fig. 2 and Fig.  3 )  

Boom Design 

The r i g i d  boom system c o n s i s t s  of two i d e n t i c a l  booms symmetrically 
mounted. The deployable boom element i s  an aluminium tube  O.D. 53 mm, 
th ickness  1.5 mm and a  l eng th  of 1385 mm. The l imi t ed  space a v a i l a b l e  i n  
t h e  launcher  adapter  and t h e  f a c t  t h a t  t h e  boom has t o  be stowed along- 
s i d e  t h e  payload deck,have s e t  t h e  boom length.  Aluminium is  a l s o  used f o r  
t h e  t i p  sensor  mounting f l ange  and the  hinge p a r t ,  both welded t o  t h e  
tube. The o the r  hinge p a r t  i s  designed a s  a  s epa ra t e  u n i t ,  fas tened  t o  a  
t ubu la r  l e v e l l i n g  beam which i s  mounted on the  payload deck. A t i t an ium 
s h a f t  i n  two flanged bushings forms the  hinge. The bushings have a  rein-  
forced P.T.F.E. l i n e r  ma te r i a l  a s  l u b r i c a n t .  The hinge a l s o  inc ludes  t h e  
locking mechanism: two beryl l ium copper l e a f  sp r ings  l a t c h i n g  independent- 
l y  on two con ica l  t i t an ium locking pins .  These p ins  a r e  designed wi th  a  
s lope ,  g iv ing  a smooth l a t ch ing .  Between the two spr ing  b lades  a  t i t an ium 
b o l t  a c t s  as a  s t o p ,  t ak ing  t h e  c o l l i s i o n  load a t  locking.  The boom i s  
stowed alongside the  payload deck on two supports  having a  d e l r i n  so l e .  
The support  n e a r e s t  t o  t he  hinge is  e leva ted  with re ference  t o  t he  ou te r  
support .  The boom i s  fur thermore stowed by means of a  "hold down" wire  
t i gh ten ing  t h e  boom on t o  t h e  ou te r  support .  The boom i s  thus  preloaded t o  
p r o t e c t  t he  bushings i n  t he  hinge from heavy v ib ra t ion .  The preloading 
a l s o  a i d s  i n  l i f t i n g  t h e  boom o f f  t h e  supports .  

Depl o p e n t  

Deployment of t he  booms i s  i n i t i a t e d  by ordinance c u t t i n g  of t he  
hold down wires .  The c u t t i n g s  a r e  e f f ec tua t ed  by e l e c t r o  explos ive  
g u i l l o t i n e s  through which t h e  hold down wires  pass.  Nominal s p i n  r a t e  f o r  
boom deployment i s  11.5 rpm but  t h e  boom system has  been t e s t e d  i n  t h e  
requi red  s p i n  r a t e  range from 8.5 rpm t o  14.5 rpm. The c e n t r i f u g a l  f o r c e  



generated by the  s a t e l l i t e  s p i n  provides t he  booms with deployment ener- 
gy. A t  nominal sp in  r a t e ,  deployment t akes  2.0-2.2 seconds. When t h e  boom 
has locked i n t o  t h e  deployed p o s i t i o n  the  t i t an ium s t o p  b o l t  t akes  t h e  
load and t h e  boom i s  de f l ec t ed .  A t  t h e  r e t u r n  bending t h e  two l e a f  
sp r ings  t r a n s f e r  t h e  load v i a  t h e  two locking p ins .  Since no damping 
device  i s  used and t h e  deployment only uses  a d i s c r e t e  amount of energy 
t h e  boom w i l l  o s c i l l a t e  u n t i l  t h e  whole energy i s  d i s s ipa t ed .  The o s c i l -  
l a t i o n  has a frequency of ~7 Hz. During t h i s  o s c i l l a t i o n  t h e  two l e a f  
sp r ings  work t h e i r  way down f u r t h e r  on t o  t he  locking p ins  a s  t h e  locking 
p in  ang le  a c t i n g  a g a i n s t  t h e  l e a f  sp r ing  i s  s e t  below t h e  f r i c t i o n  ang le  
f o r  t h e  mating sur faces .  

Wiring 

The power and s i g n a l  cab le s  a r e  routed i n s i d e  the boom and t i e d  down 
t o  t h e  tube  with b ra s s  wires  a t  15  cm spacings.  Through the  hinge a f l a t  
cab le  i s  f e d  wi th  a f r e e  loop l eng th  of 1 4  cm i n  order  t o  lower 
t h e  wir ing torque. The two boom c a b l e s  conta in :  

magnetometer 5 coax ia l  cab le s  RG 178 
1 twis ted  p a i r  0.25 mm 

loop  antenna boom 1 coax ia l  cab le  RG 178 
5 s i n g l e  cab le s  0.25 mm 2 

Mathematical Model 

A mathematical model f o r  boom deployment was developed. It was used 
f o r  des ign  purposes t o  e s t ima te  t h e  deployment loads.  The model i s  s i m -  
p l i f i e d  t o  two i d e n t i c a l  booms deployed symmetrically. Counter torques 
from f r i c t i o n ,  cab l ing  and l a t c h i n g  were considered. The a v a i l a b l e  energy 
f o r  boom deployment i s  t h e  energy d i s s i p a t e d  when the  spinning s a t e l l i t e  
changes i t s  moment of i n e r t i a  dur ing  boom deployment. This  energy i s  

I W 2 
P = I  x ( l - < ) x -  T d i s s  p 2 (1) 

where Tdiss i s  d i s s i p a t e d  energy 

I moment of i n e r t i a  p r i o r  t o  boom deployment 
P 

'a 
moment of i n e r t i a  a f t e r  boom deployment 

w s a t e l l i t e  s p i n  p r i o r  t o  boom deployment 
P 



3 . 3  Boom Tes t s  

Four types of t e s t s  were c a r r i e d  out  t o  eva lua t e  t h e  boom system 
performance. F i r s t l y ,  deployment t e s t s  have been conducted on a spin-  
ning t a b l e .  Secondly, t h e  hinge has  been t e s t e d  s e p a r a t e l y  i n  a vacuum 
chamber. A t h i r d  t e s t  has been conducted t o  determine the  boom wir ing  
performance wi th  regard t o  torque l o s s  changes due t o  s to rage  and extreme 
temperatures.  F i n a l l y ,  v i b r a t i o n  t e s t s  have been performed. 

Deployment t e s t s  

Deployment t e s t s  were performed with the  booms mounted on a spinning 
t a b l e ,  with a mounting p l a t e  having t h e  same moment of i n e r t i a  a s  t h e  
s a t e l l i t e  i t s e l f ,  and wi th  t h e  s p i n  t a b l e  d r i v e  decoupled ju s t  be fo re  
deployment. Thus t h e  boom deployment was adequately simulated and t h e  
i n t e r a c t i o n  of t h e  bodies  a t  locking was no t  d i s tu rbed .  To minimize s p i n  
r a t e  decrease  caused by f r i c t i o n ,  t h e  s p i n  t a b l e  bearings were a x i a l l y  
off-loaded by means of two support wi res  from t h e  c e i l i n g .  The two booms 
were a l s o  supported a t  CG l o c a t i o n  t o  unload t h e i r  weight i n  t he  g- f ie ld .  
A l l  d a t a  a c q u i s i t i o n  equipment was placed on the  r o t a t i n g  t a b l e  t o  avoid 
s l i p  r i n g  arrangements. The main parameters recorded were: t he  bending 
moment a t  t he  boom r o o t ,  t h e  t i p  mounted experiment acce l e ra t ion ,  t h e  
deployment angle ,  t h e  l a t c h  sp r ing  movement and t h e  s p i n  r a t e .  The t e s t s  
were performed a t  t h r e e  s p i n  r a t e s :  11.5 rpm which is  the  nominal sp in  
r a t e ,  8.5 rpm and 14.5 rpm. After  each func t iona l  t e s t  an alignment check 
was performed . 

Separate  hinge t e s t  

During the  development phase a detached hinge was t e s t e d  i n  a vacuum 
chamber. Deployment was e f f ec tua t ed  by means of a pendulum s t r o k e  o u t s i d e  
the  chamber. The counter  torque from f r i c t i o n  and l a t ch ing  was measured 
i n  t he  a x i s  from t h e  pendulum t o  t h e  hinge i n s i d e  t h e  chamber. As  t h e  
hinge was cooled and heated,  t h e  e f f e c t s  of d i f f e r e n t  temperatures and 
temperature g r a d i e n t s  over t h e  bushings were s tudied .  

Wiring t e s t  

A test r i g  f o r  the  study of t he  wir ing through t h e  hinge was manufac- 
tu red .  It cons is ted  of an e l e c t r i c  motor f o r  s imulated deployment wi th  
means of measuring deployment angle  and counter  torque with hinge equiva- 
l e n t  wiring. The counter  torque changes due t o  s to rage  of t he  boom i n  
stowed p o s i t i o n  and due t o  t he  extreme wir ing temperatures a n t i c i p a t e d  
were a l s o  s tudied .  



Vibra t ion  t e s t  

For mounting t h e  booms on t h e  v i b r a t o r ,  a f i x t u r e  shaped a s  a seg- 
ment of t h e  payload deck was used.This f i x t u r e  was a l s o  used f o r  mounting 
on t h e  s p i n  t a b l e .  Thus t h e  boom could be moved back t o  t he  s p i n  t a b l e  i n  
stowed p o s i t i o n  f o r  a func t iona l  t e s t .  

3.4 Test  Resu l t s  

During t h e  func t iona l  t e s t s  t h e  boom bending moment a t  t he  boom roo t  
was recorded. The r e s u l t s  a r e  presented i n  f i g  4. The maximum recorded 
bending moment a t  14.5 rpm deployment s p i n  r a t e  was 378 Nm. The designed 
u l t i m a t e  load was s e t  a t  1100 Nm, which r e su l t ed  i n  a s a f e t y  f a c t o r  of 
2.9. The bending moment, 378 Nm, corresponds t o  an experimental a c c e l e r a t i o n  
of 24 g. A t  nominal s p i n  r a t e  deployment t he  a c c e l e r a t i o n  was 18 g. A 
t y p i c a l  i n t e r a c t i o n  of t h e  booms a f t e r  locking i s  shown i n  f i g  5. 

An alignment check was a l s o  performed a f t e r  each t e s t  and the  def lec-  
t i o n s  were a s  fol lows:  

Boom l a t e r a l  d e f l e c t i o n  wi th in  aocone angle  of 0.05' 
Boom t o r s i o n a l  d e f l e c t i o n  max 0.05 

From t h e  h inge  vacuum t e s t  and t h e  wi r ing  r i g  test an  energy budget 
i s  deduced a s  follows. The va lues  presented a r e  t he  maximum obtained.  
(Ref f i g  6 )  

Energy consumed ( J )  

Action 
Pre-locking Locking ~emp./Temp.gradient 
phase phase (Oc) 

- Bear ing/shaf t  f r i c t i o n  0.60 0.05 -30/10 

- Harness work 

- Latch work 

- Latch-locking p ins  f r i c t i o n  0.40 N/A 

T o t a l  Energy Consumed 1.5 J 



The f i g u r e s  r ep re sen t  one boom; thus  a  t o t a l  energy of 3.0 J i s  
needed f o r  t he  boom system. The equat ion(1)  given i n  3 . 2  y i e l d s  t h e  lowest  
s p i n  r a t e  l i m i t  f o r  a  f e a s i b l e  l a t c h i n g ,  which i s  5.9 rpm. The s a f e t y  
f a c t o r  on energy t o t h e  predic ted  lowest deployment sp in  r a t e ,  8.5 rpm, i s  
2.1. 

During v i b r a t i o n  t e s t s  t he  experiment u n i t  experienced an o v e r a l l  RMS 
l e v e l  of 6 g. The magnetometer boom conf igu ra t ion  resonance frequency a t  
35 Hz showed a peak va lue  of 46 g a t  t he  magnetometer l o c a t i o n .  

3.5 Problems encountered 

Since the  v i b r a t i o n  l e v e l  a t  t he  magnetometer boom resonance f r e -  
quency during t h e  prel iminary t e s t s  was q u i t e  high,  a  1.5 mm rubber  
i s o l a t o r  was i n s e r t e d  a t  t he  mounting f lange .  This measure reduced the  
peak va lue  by a f a c t o r  of 1.7. 

Af te r  the  prel iminary t e s t s  a  l a r g e r  s a f e t y  f a c t o r  on energy l o s s  was 
requested.  Measures were taken t o  minimize t h e  energy d i s s i p a t i o n  dur ing  
deployment and l a t ch ing .  Decreased width of t h e  l e a f  spr ings  and ad jus t -  
ment of t h e  locking p ins  s lope  r e s u l t e d  i n  a smoother l a t ch ing .  

A change i n  the  payload deck was found necessary a f t e r  the  deployment 
t e s t s ,  because t h e  boom v ib ra t ed  a f t e r  r e l e a s e  and bounced a g a i n s t  a  HRM. 
For p ro t ec t ion  of t he  HRM a L-profi le  wi th  a  p l a s t i c  ma te r i a l  on the  edge 
was introduced.  The boom now bounces a g a i n s t  t h e  p r o f i l e  and t h e  v ibra-  
t i o n  is  damped. 

4 .  HOLD AND RELEASE MECHANISM 

4.1 Summary of requirements 

Stowed Condition 

Sine v i b r a t i o n ,  a l l  t h r e e  axes 5 - 100Hz 1 0 . 0 g m a x  
Randomvibrat ion,  a l l  t h r e e  axes 2 0 -  2000Hz 18.1g2RMS 
Resonance frequency 100 Hz min 0.3 g /HZ max 
No sensor  movement 



Release Mode 

Temperature -30' t o  +80°c 
Swing of sensor a t  r e l e a s e  wi th in  a cone angle  of 10' 
Switch i n d i c a t i o n  a t  completed armpair deployment 

4.2 Deta i led  d e s c r i p t i o n  (Ref .  Fig.  7 )  

The Hold and Release Mechanism (HRM) i s  used t o  hold the  sensor i n  
stowed p o s i t i o n  u n t i l  t h e  wire  boom and a x i a l  boom deployment i s  i n i t i a -  
ted .  Ten seconds before  boom deployment s t a r t s ,  sensor  r e l e a s e  is ef fec-  
t ua t ed .  The HRM c o n s i s t s  of a mounting bracke t  and two moveable arm- 
p a i r s .  The mounting bracket  i s  designed a s  a f l a t  beam reaching out over 
t h e  edge of t he  payload deck. The axes of t h e  two armpairs r o t a t e  i n  
bear ings  s i m i l a r  t o  those used i n  the  s t i f f  boom hinges.  Armpair 
deployment i s  e f f ec tua t ed  by means of preloaded t o r s i o n  spr ings .  A wire  
i s  used f o r  t i gh ten ing  t h e  armpairs around the  sensor  rods .  The wire  is 
fas tened  i n  t h e  armpairs and passing through an e l e c t r o  explos ive  gu i l l o -  
t i n e  i n  i t s  housing. The holding f o r c e  i s  s e t  when the  g u i l l o t i n e  housing 
i s  pul led  towards t h e  bracke t .  

A s t r a i n  gauge, which i s  used t o  measure the  holding f o r c e ,  i s  glued 
t o  a beam on one of t h e  armpairs .  Each arm i s  set with 50 N aga ins t  t h e  
sensor  t i p .  The pads (made of d e l r i n )  holding the  rods  have c y l i n d r i c a l  
grooves f o r  p o s i t i o n  of t h e  sensor  rods. On t h e  sensor  o u t e r  rod a cy- 
l i n d r i c  p in  ( = 1 mm) i s  used t o  prevent t he  sensor  from r a d i a l  and 
r o t a t i o n a l  movements. The p i n  i s  placed i n  a t r a c k  i n  one of t h e  ou te r  
pads. Two micro switches a r e  mounted on top of t h e  bracket  f o r  i n d i c a t i o n  
of f u l l  armpair deployment. The HRM f o r  t he  two a x i a l  t ubu la r  element 
booms i s  no t  descr ibed i n  d e t a i l  but i s  similar t o  the  u n i t  presented 
above. 

4.3 HRM t e s t s  

Release t e s t  

-6 The r e l e a s e  t e s t  was conducted i n  a vacuum chamber ( l x  10 t o r r )  
with a hea t ing /cool ing  arrangement. Three r e l e a s e  t e s t s ,  wi th  a 1 0 ' ~  
temperature g rad ien t  over t he  bearings a t  -30°c, +25O~ and +80°c, were 
performed on each u n i t .  The e f f e c t  of temperature was s tud ied  by compar- 
i n g  t h e  deployment time f o r  each r e l e a s e  t e s t .  During t h e  test t h e  HRM 
was v e r t i c a l l y  mounted such t h a t  the  sensor  dummy used could be s tudied  
w i t h  regards  t o  s i d e  fo rces .  The parameters recorded i n  t hese  t e s t s  were: 
r e l e a s e  i n i t i a t i o n  ( s t r a i n  gauge vol tage  d rop ) ,  armpair deployment angles  
(poten t iometers ) ,  switch i n d i c a t i o n  a t  f u l l y  deployed armpairs and the  
sensor  dummy movement. The sensor  dummy movement was recorded by the  use 
of a small  pick up c o i l  mounted on the  rod t i p  of t he  dummy. A l a r g e r  



sending c o i l  induced a  vol tage  v a r i a t i o n  propor t iona l  t o  t he  swing of t h e  
dummy. 

Vibra t ion  t e s t  

The HRM was t e s t e d  t o  t he  l e v e l s  spec i f i ed .  Dur ing , these  tests a 
sensor  mass dummy was a t tached .  Af te r  v i b r a t i o n  t e s t ,  a  r e l e a s e  t e s t  was 
performed. 

4.4 Tes t  Resu l t s  

N g  s i g n i f i c a n t  changes due t o  bear ing  temperatures  of -30 '~  t o  +80°c, 
o r  10 C temperature g rad ien t s  over bea r ings ,  were found during t h e  r e l e a s e  
t e s t s .  The deployment times f o r  a l l  t e s t s  s tayed wi th in  t h e  i n t e r v a l  50- 
60 m s .  A t  r e l e a s e , t h e  sensor  swing s tayed wi th in  a cone angle  of 5' f o r  
four  u n i t s .  Larger swings were recorded f o r  t h e  l a s t  u n i t  due t o  an unin- 
t e n t i o n a l  t o r s i o n a l  preloading of t h e  wire  boom cable ,  caused by t h e  test 
s e t  up. 

4.5 Problems encountered 

During t h e  prel iminary t e s t  two major problems were d e a l t  with. One, 
t h e  resonance frequency of t he  mounting bracke t  was 60 Hz f o r  t h e  f i r s t  
HEX design.  By adding a  box shaped s t i f f e n e r  t h e  resonance frequency was 
increased  t o  130 Hz. Two, a  number of d i f f e r e n t  designs of t he  pads hold- 
i ng  t h e  sensor  from r o t a t i o n a l  and r a d i a l  movements were t e s t e d  i n  v i -  
b ra t ion .  The design chosen i s  such t h a t  t h e  wear i n t h e  d e l r i n  pads du r ing  
v i b r a t i o n  i s  low. This w i l l  minimize t h e  sensor  swing a f t e r  r e l e a s e .  

5. CONCLUSION 

The two mechanisms descr ibed above have succes s fu l ly  passed t h e i r  
q u a l i f i c a t i o n  and f l i g h t  acceptance t e s t s  and meet t he  requirements.  They 
a r e  p re sen t ly  being in t eg ra t ed  with t h e  V I K I N G  s a t e l l i t e .  
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DESIGN OF THE GALILEO REMOTE SCIENCE POINTING ACTUATORS 

F r e d r i c k  W. Osborn* 

ABSTRACT 

T h i s  paper  d e s c r i b e s  t h e  two a c t u a t o r s  developed f o r  p o i n t i n g  t h e  
r e m o t e  s c i e n c e  i n s t r u m e n t s  from t h e  s p i n n i n g  G a l i l e o  s p a c e c r a f t .  
Deta i l s  o f  t h e  k e y  e l e m e n t s  a re  p r e s e n t e d  t o g e t h e r  w i t h  t h e i r  
d e s i g n  f e a t u r e s  and deve lopmenta l  d i f f i c u l t i e s .  Four t e c h n i q u e s  
used f o r  power and s i g n a l  t r a n s f e r  a c r o s s  t h e  a c t u a t o r s t  r o t a t i n g  
j o i n t s  a r e  a l s o  d i scussed .  

INTRODUCTION 

The G a l i l e o  m i s s i o n  t o  i n v e s t i g a t e  t h e  p l a n e t  J u p i t e r  a n d  
i t s  s a t e l l i t e s  w i l l  u s e  t h e  dua l - sp in  s p a c e c r a f t  shown i n  F i g u r e  
1. A m a j o r  p o r t i o n  o f  t h i s  s p a c e c r a f t ,  t h e  r o t o r ,  w i l l  s p i n  
c o n t i n u o u s l y  a t  3.15 r e v o l u t i o n s  p e r  m i n u t e  t o  p r o v i d e  g y r o -  
s c o p i c a l l y  s t a b i l i z e d  an tenna  p o i n t i n g  t o g e t h e r  w i t h  a r o t a t i n g  
base  f o r  t h e  sky-sweeping f i e l d s  and p a r t i c l e s  exper iments .  In-  
s t r u m e n t s  which must be p o i n t e d  f o r  r emote  s e n s i n g ,  i n c l u d i n g  t h e  
i m a g i n g  s y s t e m ,  w i l l  b e  c a r r i e d  on a n o n - s p i n n i n g ,  o r  s t a t o r ,  
p o r t i o n  of  t h e  G a l i l e o  O r b i t e r  s p a c e c r a f t .  A Sp in  Bear ing  Assem- 
b l y  (SBA) w i l l  m e c h a n i c a l l y  a n d  e l e c t r i c a l l y  c o u p l e  t h e s e  s p u n  
and despun O r b i t e r  s e c t i o n s  t o  p e r m i t  i n s t r u m e n t  p o i n t i n g  around 
t h e  s p a c e c r a f t  nc lockw a x i s .  The Scan A c t u a t o r  Subassembly (SAS) 
w i l l  coup le  t h e  remote  s c i e n c e  s c a n  p l a t f o r m  t o  t h e  despun s t a t o r  
t o  p rov ide  i n s t r u m e n t  p o i n t i n g  i n  t h e  ttconew a x i s .  

S i n c e  achievement  o f  t h e  m i s s i o n  remote  s c i e n c e  o b j e c t i v e s  
is  v e r y  dependent  on t h e  r e l i a b l e  o p e r a t i o n  o f  t h e s e  two mecha- 
n isms,  t h e y  c o n t a i n  redundan t  e l ements .  T o t a l  redundancy was n o t  
p o s s i b l e ,  however, s o  t h e i r  development  r e q u i r e d  e x t e n s i v e  ana ly -  
sis and t e s t i n g  t o  i n s u r e  s u c c e s s f u l  m i s s i o n  complet ion.  Both o f  
t h e  a c t u a t o r s ,  and t h e i r  a s s o c i a t e d  e l e c t r o n i c s ,  were  developed 
by t h e  Space Systems Uni t  of  S p e r r y  F l i g h t  Systems,  Phoenix, AZ, 
under a c o n t r a c t  w i t h  t h e  J e t  P r o p u l s i o n  Laboratory .  

A l t h o u g h  t h e  t w o  a c t u a t o r s  a r e  v e r y  d i s s i m i l a r  i n  
c o n f i g u r a t i o n ,  t h e i r  key d e s i g n  e l e m e n t s ,  d e s c r i b e d  b e l o w ,  a r e  
v e r y  much a l i k e .  

* G u i d a n c e  and C o n t r o l  S e c t i o n ,  J e t  P r o p u l s i o n  L a b o r a t o r y ,  
C a l i f o r n i a  I n s t i t u t e  o f  Technology, Pasadena,  CA. 
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F i g u r e  1. G a l i l e o  S p a c e c r a f t  

SPIN BEARING ASSEMBLY CONFIGURATION 

The SBA, F i g u r e  2, h a s  a f a i r l y  complex s t r u c t u r e  because  i t  
must p r o v i d e  a spun mounting f o r  t h e  400 newton r e t r o p r o p u l s i o n  
e n g i n e  a n d  a p a t h  f o r  i t s  f u e l  l i n e s  i n  a d d i t i o n  t o  p r o v i d i n g  
mechanical  and e l e c t r i c a l  c o u p l i n g  between r o t o r  and s t a t o r .  T h i s  
e n g i n e  s p i n s  w i t h  t h e  r o t o r  s o  t h a t  any  t h r u s t  v e c t o r  m i s a l i g n -  
ment w i l l  be  averaged o u t  d u r i n g  t h e  l o n g  J u p i t e r  o r b i t  i n s e r t i o n  
burn.  An e n g i n e  s u p p o r t  a s s e m b l y  i s  t i e d  t h r o u g h  t h e  c e n t r a l  
e n g i n e  s u p p o r t  t u b e  and  a t o p  c a p  t o  t h e  SBA o u t e r  c a s e .  T h i s  
c a s e  is mounted a t  t h e  s p a c e c r a f t  r o t o r  s p i n  a x i s  by s t r u t s  which 
b o l t  t o  t h e  c e n t r a l  and l o w e r  c a s e  f l a n g e s .  

Midway between t h e  o u t e r  c a s e  and t h e  c e n t r a l  e n g i n e  t u b e  i s  
a c o n c e n t r i c  despun t u b e  whose end f l a n g e  s u p p o r t s  t h e  s p a c e c r a f t  
s t a t o r  a f t e r  f l i g h t  deployment. A duplex  b e a r i n g  p a i r  i n  t h e  SBA 
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encoder  is  t h e  p r i m a r y  r o t a t i n g  a x i a l  l o a d  t r a n s f e r  pa th  between 
t h e  s p a c e c r a f t  r o t o r  and s t a t o r .  I n n e r  and o u t e r  b e a r i n g s  a t  t h e  
a f t  end of t h e  SBA m a i n t a i n  t h e  c o n c e n t r i c i t y  between t h e  c a s e ,  
t h e  d e s p u n  t u b e ,  and  t h e  e n g i n e  t u b e .  T h e s e  a f t  b e a r i n g s  a r e  
mounted  i n  s l i d i n g  s l e e v e s  s o  t h e y  c a n n o t  c a r r y  a x i a l  l o a d s .  
They are  p r e l o a d e d  by s e t s  o f  c o i l  s p r i n g s  w h i c h  m a i n t a i n  a 
r e l a t i v e l y  c o n s t a n t  p r e l o a d  i n  t h e  p resence  o f  t h e  r a d i a l  t h e r m a l  
g r a d i e n t s  w h i c h  e x i s t  d u r i n g  p o r t i o n s  o f  t h e  m i s s i o n .  A more  
d e t a i l e d  d e s c r i p t i o n  o f  t h e  b e a r i n g s  and t h e i r  l u b r i c a t i o n  sys tem 
i s  provided below. 

The a n n u l a r  v o l u m e  b e t w e e n  t h e  d e s p u n  t u b e  and  t h e  e n g i n e  
t u b e  c o n t a i n s  a s t a c k  o f  23  r o t a r y  t r a n s f o r m e r s  and  4  s l i p  r i n g  
m o d u l e s  w h i c h ,  t o g e t h e r  w i t h  t h e i r  a s s o c i a t e d  w i r i n g ,  p r o v i d e  
e l e c t r i c a l  power and s i g n a l  t r a n s f e r  between t h e  s p a c e c r a f t  r o t o r  
and s t a t o r .  I n  t h e  a n n u l a r  space  between t h e  despun t u b e  and t h e  
o u t e r  c a s e  are t w o  r e d u n d a n t  b r u s h l e s s  DC t o r q u e  m o t o r s  and  a n  
o p t i c a l  encoder  f o r  r o t o r / s t a t o r  r e l a t i v e  p o s i t i o n  sens ing .  

O b v i o u s l y ,  t h e  c o m p l e x i t y  o f  t h e  S p i n  B e a r i n g  A s s e m b l y  
c r e a t e d  some d i f f i c u l t  d e s i g n  and assembly cha l l enges .  

SPIN BEARING ASSEMBLY CHARACTERISTICS 

The SBA i s  0.75 m (29.5 i n )  l o n g ,  t h e  case d i a m e t e r  i s  0.22111 
(8.6 i n ) ,  a n d  i t  w e i g h s  31.2 k g  (68.9 l b ) .  A l l  m a j o r  s t r u c t u r a l  
e l e m e n t s  a r e  t i t a n i u m .  Each m o t o r  c a n  p r o v i d e  a t o r q u e  o f  4.5 
Nm. The d r a g  t o r q u e  i s  a p p r o x i m a t e l y  0.5 Nm (4.4 i n - l b ) ,  p r i -  
m a r i l y  from t h e  s l i p  r ings .  Torque r i p p l e  must be less t h a n  0.01 
Nm e x c e p t  w i t h i n  d i s c r e t e  f requency  bands where i t  is  a l lowed  t o  
r ise t o  0.08 Nm. R i p p l e  t o r q u e  m u s t  be  l i m i t e d  t o  m i n i m i z e  
e x c i t a t i o n  o f  t h e  s p a c e c r a f t  r o t o r  f l e x i b l e  modes. 

R o t a r y  t r a n s f o r m e r s  a l l o w  2 3  c h a n n e l s  o f  d i g i t a l  d a t a  
t r a n s f e r  a t  800 k i l o b i t s / s e c o n d  and t h e r e  a r e  48 s l i p  r i n g s  f o r  
power and low f requency  d a t a  t r a n s f e r .  

The 1 6 - b i t  o p t i c a l  e n c o d e r  p r o v i d e s  a d i g i t a l  g r e y  c o d e  
o u t p u t  w i t h  a p o s i t i o n  r e s o l u t i o n  o f  96 m i c r o - r a d i a n s  ( 2 0  a r c -  
seconds)  . 

SCAN ACTUATOR SUBASSEMBLY CONFIGURATION 

The SAS, F i g u r e  3 ,  i s  n o t  as  c o m p l e x  as  t h e  SBA. I ts  m a i n  
h o u s i n g  m o u n t s  on t h e  s i d e  o f  t h e  s p a c e c r a f t  d e s p u n  s t a t o r  a n d  
c o n t a i n s  t h e  o p t i c a l  encoder  p o s i t i o n  sensor .  On a hol low s h a f t ,  



Figure  3. Scan Actuator  Configurat ion 

e x t e n d i n g  f rom t h e  h o u s i n g ,  are  two  b e a r i n g s  which  s u p p o r t  t h e  
SAS r o t o r .  These  b e a r i n g s  a r e  s p r i n g  l o a d e d  by a d i aph ragm 
wi th in  t h e  ro tor .  The honeycomb scan  p la t form,  wi th  i ts sc i ence  
i n s t rumen t s ,  is bol ted  t o  t h e  r o t o r  f langes.  A 200-wire F l e x i b l e  
C i r c u i t  Assembly (FCA) i s  l o c a t e d  w i t h i n  t h e  h o l l o w  s h a f t  t o  
f u r n i s h  e l e c t r i c a l  power and s i g n a l  t r a n s f e r  between t h e  s t a t o r  
and t h e  s c a n  p l a t f o r m .  An FCA i n n e r  s h a f t  d r i v e s  t h e  e n c o d e r  
r o t o r  through a coupl ing diaphragm. This  FCA s h a f t  is  supported 
a t  one end by t h e  e n c o d e r  b e a r i n g s  and a t  t h e  o t h e r  end by t h e  
SAS r o t o r  end p l a t e .  Two r e d u n d a n t  b r u s h l e s s  DC t o r q u e  m o t o r s  
d r i v e  t h e  SAS r o t o r  f o r  s c a n  p l a t f o r m  p o i n t i n g .  R o t a t i o n  i s  
l i m i t e d  t o  210° by s t o p s  on t h e  case  and t h e  lower  r o t o r  flange. 

SCAN ACTUATOR SUBASSEMBLY CHARACTERISTICS 

The SAS i s  0.35 m (13.8 in . )  l o n g ,  t h e  l o w e r  r o t o r  f l a n g e  
d i a m e t e r  i s  0.26 m (10.3 i n . ) ,  and i t  we ighs  10.4 kg (22.9 lb.). 
A l l  ma jo r  s t r u c t u r a l  e l e m e n t s  a r e  b e r y l l i u m .  Each o f  t h e  
r e d u n d a n t  m o t o r s  c a n  p r o v i d e  a  t o r q u e  o f  1.0 Nm. The a v e r a g e  



d r a g  t o r q u e  i s  0.04 N m  (5.7 oz-in.) .  Dahl p a r a m e t e r s  w e r e  
e s t a b l i s h e d  f o r  s y s t e m  pe r fo rmance  m o d e l i n g  a t  low t r a c k i n g  
ra tes ,  and  a  maximum t o r q u e  s t i f f n e s s ,  u, o f  85 Nm/rad (12 ,000  
oz- in . / rad)  was measured on t h e  SAS,engineering development u n i t .  

A s  i n  t h e  SBA, t h e  16 b i t  o p t i c a l  encoder provides  a  d i g i t a l  
g rey  code output  w i t h  a  p o s i t i o n  r e s o l u t i o n  of  96 micro-radians 
(20 arc-seconds) .  

BEARING AND LUBRICATION SYSTEM 

C e r t a i n l y  t he  key e lements  i n  t h e  long  term r e l i a b i l i t y  o f  
t h e  a c t u a t o r s  a r e  t h e  bear ings and t h e i r  l ub r i ca t i on .  A l l  bear- 
i n g s  a r e  ABEC Grade 7T wi th  AFBMA Grade 5  ba l l s .  Rings are 52100 
chrome a l l o y  s t e e l ,  b a l l s  a r e  440C s t a i n l e s s  s t ee l .  The b a l l  
s e p a r a t o r s ,  chosen  f o r  a  low and c o n s i s t e n t  d r a g  t o r q u e ,  a r e  
TEFLON t o r o i d s .  The l a r g e  SBA b e a r i n g s  have  a 11.43 cm (4.75 
in . )  b o r e ,  a  1.27 cm (0.5 in . )  c r o s s  s e c t i o n ,  w i t h  0.635 cm (0.25 
in . )  b a l l s .  A l l  SBA b e a r i n g s  o p e r a t e  w i t h  a  22.7 kg (50  lb . )  
preload a t  a 20° con tac t  angle  f o r  t h e  encoder duplex p a i r  and a  
30° con tac t  ang le  f o r  t he  s p r i n g  loaded a f t  bearings.  The i n n e r  
SBA b e a r i n g  h a s  a  5.08 cm (2.0 i n . )  b o r e  and t h e  same c r o s s  
s e c t i o n  and b a l l  s i z e  as t h e  l a r g e r  bearings.  

The SAS r o t o r  b e a r i n g s  have  a  10.16 cm (4.0 i n . )  b o r e ,  a  
1.27 cm c r o s s  s e c t i o n ,  with 0.635 cm ba l l s .  They ope ra t e  w i th  a  
18.1 kg (40  l b . )  p r e l o a d  a t  a 30° c o n t a c t  a n g l e .  The SAS e n c o d e r  
s e p a r a t e d  d u p l e x  p a i r  h a s  a  5.08 cm (2.0 in . )  b o r e ,  a  0.635 cm 
c r o s s  s e c t i o n ,  w i t h  0.32 cm (0.25 in . )  b a l l s  and t h e y  r u n  w i t h  a  
9 kg (20  lb.)  p r e l o a d  a t  a 30° c o n t a c t  a n g l e .  A l l  o f  t h e  f l i g h t  
bear ings  were suppl ied  by the  S p l i t  B a l l  Bearing Div is ion  of  MPB 
Corporation, Lebanon, New Hampshire. 

A l l  o f  t he  bear ings  r ece ive  a t r i c r e s y l  phosphate p r e t r e a t -  
ment fol lowed by l u b r i c a t i o n  wi th  Kendal KG-80 o i l .  This  l u b r i -  
c a n t  was  c h o s e n  f o r  i t s  r a d i a t i o n  r e s i s t a n t  q u a l i t i e s  and i t s  
succes s fu l  performance h i s t o r y  i n  numerous s i m i l a r  app l i ca t i ons .  
Each b e a r i n g  c a v i t y  c o n t a i n s  a n  a c r y l i c  copo lymer  (MICROWELL) 
l u b r i c a n t  r e s e r v o i r  which provides  a  s a c r i f i c i a l  vapor supply t o  
m i n i m i z e  t h e  l o s s  r a t e  o f  t h e  b e a r i n g  o i l  t h r o u g h  t h e  0.018 cm 
(0.007 in.) bear ing  c a v i t y  gaps. Sperry F l i g h t  Systemst l ub r i ca -  
t i o n  l o s s  a n a l y s i s  p r e d i c t s ,  a s  t he  wors t  case,  t h a t  a t  l e a s t  65% 
of t h e  bear ing  l u b r i c a n t  w i l l  remain a t  t h e  end of  a seven-year 
mission.  

A bear ing  des ign  v e r i f i c a t i o n  u n i t ,  us ing  f l i g h t  q u a l i t y  SBA 
p a r t s ,  was  b u i l t  and s u b j e c t e d  t o  f l i g h t  u n i t  v i b r a t i o n  and  
thermal-vacuum t e s t  environments. It ran,  i n  vacuum, a t  Sper ry  



f o r  a b o u t  o n e  y e a r  p r i o r  t o  s h i p m e n t  t o  t h e  Je t  P r o p u l s i o n  Lab- 
o r a t o r y ,  where i t  c o n t i n u e s  t o  run. Bear ing d r a g  to rque ,  abou t  
0.06 N m  (8.0 o z - i n ) ,  h a s  b e e n  r e l a t i v e l y  s t a b l e ,  as h a v e  t h e  
b e a r i n g  t o r q u e  r i p p l e  c h a r a c t e r i s  t i c s .  S i n c e  t h e  SAS b e a r i n g s  
and  l u b r i c a t i o n  s y s t e m  a r e  v e r y  s i m i l a r  t o  t h e  SBA, t h e  t e s t  i s  
a l s o  f u r n i s h i n g  conf idence  i n  t h e  r e l i a b i l i t y  of t h e  SAS design.  

Bear ing sys tem d e s i g n  r e q u i r e d  d i f f i c u l t  t r a d e o f f s  between 
good b e a r i n g  d e s i g n  p r a c t i c e ,  t h e  " z e r o n  t o r q u e  d e s i r e s  o f  t h e  
p o i n t i n g  c o n t r o l  sys tem d e s i g n e r s ,  and t h e  s t i f f n e s s  r e q u i r e m e n t s  
o f  t h e  s p a c e c r a f t  s t r u c t u r a l  a n a l y s i s  g roup .  The b e a r i n g s  a r e  
v e r y  l i g h t l y  l o a d e d  i n  s p a c e ,  y e t  t h e y  m u s t  c a r r y  s i g n i f i c a n t  
l o a d s  d u r i n g  s h u t t l e  l aunch  and env i ronmenta l  tests. The a f t  SBA 
b e a r i n g s  approach t h e i r  stress l i m i t  d u r i n g  s i n e  v i b r a t i s n  tests 
a t  t h e  " h e a r t  s toppingt1  r e t r o p r o p u l s i o n  eng ine /eng ine  tube  c r o s s  
a x i s  r e s o n a n c e .  Lead times f o r  h i g h  q u a l i t y  b e a r i n g s  a l w a y s  
p r e s e n t  f a b r i c a t i o n  s c h e d u l e  problems. Some b e a r i n g  d e l i v e r i e s  
were de layed  by a c h l o r i n e  c o r r o s i o n  problem which was t r a c e d  t o  
t h e  t r i c h l o r o e t h y l e n e  used t o  c l e a n  p a r t s  p r i o r  t o  t h e  TCP treat- 
ment. 

TORQUE MOTORS 

S p e r r y  Electro-Components o f  Durham, NC, s u p p l i e d  t h e  two- 
p h a s e ,  2 4  p o l e ,  b r u s h l e s s  DC t o r q u e  m o t o r s  f o r  t h e  SAS and  t h e  
SBA. T o r q u e  c o n s t a n t  f o r  t h e  SAS m o t o r s  i s  1.27 N m / A  (0.94 f t -  
lb/A) and f o r  t h e  l a r g e r ,  h e a v i e r  SBA motors  i t  i s  5.29 Nm/A (3.9 
ft-lb/A). Both u t i l i z e  samarium c o b a l t  magnets. 

I n d i v i d u a l  m o t o r s  i n  a p a i r  are r o t a t i o n a l l y  o r i e n t e d  t o  
minimize  t h e  magne t ic  cogging t o r q u e  and e x t e r n a l  magne t ic  f i e l d  
o f  t h e  c o m b i n a t i o n .  Even w i t h  t h i s  c a n c e l l a t i o n ,  t h e  e x t e r n a l  
f i e l d  of t h e  SBA p a i r  exceeded t h e  10 nano- tes la  maximum a l low-  
a b l e  r a d i a l  f i e l d  a t  one meter, s o  t h e  SBA w i l l  r e q u i r e  e x t e r n a l  
compensation. S p a c e c r a f t  f i e l d s  m u s t  be  t i g h t l y  c o n t r o l l e d  t o  
p r e c l u d e  i n t e r f e r e n c e  w i t h  t h e  measurement o f  e x t e r n a l  f i e l d s  by 
t h e  G a l i l e o  magnetometer. 

OPTICAL ENCODERS 

O p t i c a l  e n c o d e r s  a r e  u s e d  i n  b o t h  a c t u a t o r s  t o  s u p p l y  
p o s i t i o n  i n f o r m a t i o n  t o  t h e  s y s t e m  c o n t r o l  c o m p u t e r  and  f o r  
t o r q u e  motor commutation. These encoders  were s u p p l i e d  by BE1 
E l e c t r o n i c s ,  Inc. o f  Maumelle, AR. The SAS encoder ,  F i g u r e  4 ,  i s  
a d i r e c t  d e s i g n  d e r i v a t i v e  o f  t h e  e n c o d e r s  u s e d  i n  t h e  S h u t t l e  
Remote Manipu la to r  System (Canadarm). Its b i g  b r o t h e r ,  t h e  SBA 
e n c o d e r  shown i n  F i g u r e  5 ,  h a s  a  l a r g e r  c e n t e r  b o r e  t o  f i t  o v e r  
t h e  SBA despun tube.  
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Figure 4. SAS Optical  Encoder Cross Section 





Redundant  e l e c t r o - o p t i c s  assembl ies ,  pos i t ioned  180° a p a r t  
around the  g l a s s  code d i s c ,  a r e  used t o  read t h e  16-bi t  p o s i t i o n  
i n f o r m a t i o n .  P o s i t i o n  r e s o l u t i o n ,  as men t ioned  ea r l i e r ,  is 96 
m i c r o - r a d i a n s  (20 a r c - s e c o n d s )  and t h e  a l l o w a b l e  peak- to-peak  
e r r o r ,  a t  t h e  code  t r a n s i t i o n s ,  i s  120 m i c r o - r a d i a n s  ( 2 5  a r c -  
seconds) . 

Achieving t h e  code d i s c  r a d i a l  s t a b i l i t y  needed t o  meet t h i s  
peak- t o -peak  e r r o r  r e q u i r e m e n t  proved  t o  be d i f f i c u l t ,  t ime 
consuming ,  and ,  o f  c o u r s e ,  e x p e n s i v e .  P i e c e  p a r t s  f o r  t h e  
i n i t i a l  engineer ing  development encoders  were machined from 41 0  
CRES t o  save  schedule  time. This  m a t e r i a l ,  t h e  bear ing  m a t e r i a l ,  
and the  g l a s s  used f o r  t he  code d i s c  have f a i r l y  c l o s e l y  matched 
c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i o n  and t h e  B E 1  p r o c e d u r e  f o r  
mounting t h e  g l a s s  d i s c  on t h e  r o t o r  hub worked normally. F l i g h t  
encoder p i ece  p a r t s  were machined from t i t an ium f o r  t h e  SBA and 
bery l l ium f o r  t h e  SAS. These changes were made t o  reduce weight  
and t o  ma tch  t h e  o t h e r  s t r u c t u r a l  e l e m e n t s  of  t h e  a c t u a t o r s .  
S t a b l e  code  d i s c  moun t ing  f o r  t h e  t i t a n i u m  SBA e n c o d e r s  was  
f a i r l y  easy  but g e t t i n g  a  SAS code d i s c  t o  remain s t a b l e  through- 
o u t  t h e  t h e r m a l  e n v i r o n m e n t  r e q u i r e d  many a t t e m p t s ,  w i t h  
a t t e n d a n t  schedule  s l i p s .  I n  r e t r o s p e c t ,  i t  probably would have 
been b e t t e r  t o  have  changed t h e  g l a s s  m a t e r i a l ' t o  a c h i e v e  a 

ermal c o e f f i c i e n t  match. 

SIGNAL AND POWER TRANSFER 

complex, and o f t e n  c o n f l i c t i n g ,  mechanical requi rements  
imposed on t h e  SAS and SBA a r e  complicated by t h e  added r equ i r e -  
ments imposed on them because they a r e  a l s o  an i n t e g r a l  p a r t  o f  
t h e  s p a c e c r a f t  e l e c t r i c a l  c a b l i n g  sys t em.  A s  s u c h ,  t h e y  mus t  
provide r o t a t i n g  e l e c t r i c a l  c i r c u i t  pa th s  f o r  28 VDC power; 2.4 
kHz, 50 V, square wave power; low vo l t age  d i g i t a l  l o g i c  power and 
s i g n a l s ;  high frequency d i g i t a l  bus da t a ;  t empera ture  t r ansduce r  
s i g n a l s ;  gyro reba lance  loop  s i g n a l s ;  and pyro f i r i n g  c i r c u i t s .  
Each o f  t h e s e  c i r c u i t  t y p e s  comes w i t h  i t s  own r edundancy ,  
s h i e l d i n g  and i s o l a t i o n ,  and e l e c t r i c a l  parameter  requirements .  
I n  t o t a l ,  t he  c a b l i n g  system requ i r ed  200 wires through t h e  SAS 
and 96 through t h e  SBA. 

FLEXIBLE CIRCUIT ASSEMBLY 

Because  o f  i t s  l i m i t e d  r o t a t i o n ,  t h e  SAS c a n  u s e  f l e x i b l e  
c i r c u i t  t apes  t o  provide t h e  requi red  c i r c u i t  paths. This  Flex- 
i b l e  C i r c u i t  Assembly (FCA), F i g u r e  6 ,  was s u p p l i e d  by t h e  
Electro-Tech Corporation of Blacksburg, VA. It con ta in s  fou r ,  50 
w i r e ,  e t c h e d  c o p p e r  c i r c u i t  t a p e s  m a n u f a c t u r e d  f rom DuPont 
PYRALUX W A / K  copper-clad l amina t e  and cover sheet .  The t apes  a r e  
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F i g u r e  6. SAS F l e x c a p s u l e  Cross  S e c t i o n  

a r r a n g e d  i n  p a i r s  w i t h  one  p a i r '  wound c l o c k w i s e  and  t h e  o t h e r  
c o u n t e r c l o c k w i s e  t o  m i n i m i z e  s p r i n g  t o r q u e  effects .  Maximum 
a l l o w a b l e  t o r q u e  t o  r o t a t e  + 105O i s  0.02 Nm (3.0 oz-in.). 

C r o s s - c o u p l i n g  i s  m i n i m i z e d  by t h e  ass ignment  of c i r c u i t s  
w i t h i n  t h e  t a p e s .  A c i r c u i t  " h i g h n  h a s  i t s  r e t u r n  p a t h  on  t h e  
same t r a c e  i n  t h e  a d j a c e n t  t a p e  l a y e r  and  t h e  h i g h s  a n d  r e t u r n s  
a l t e r n a t e  a c r o s s  each tape.  The maximum a l l o w a b l e  c a p a c i t a n c e  o f  
a n y  t race  t o  t h e  FCA r o t o r  and  s t a t o r  i s  1 2 5  p i c o - f a r a d s .  The 
maximum pickup a l lowed  i n  a  c i r c u i t  p a i r  is 250 m i l l i v o l t s  when 
a n  a d j a c e n t  p a i r  i s  e x c i t e d  w i t h  a 1 0 0  v o l t  p e a k - t o - p e a k ,  2.4 
kHz, s q u a r e  wave w i t h  a 0.5 micro-second rise and f a l l  time. 

Two-foo t  w i r e  p i g t a i l s  e x t e n d  f r o m  t h e  FCA s t a t o r  e n d  f o r  
connec t ion  t o  t h e  SAS back p l a t e  connec tors  d u r i n g  SAS assembly.  
P i g t a i l s  on t h e  r o t o r  end t e r m i n a t e  a t  s c a n  p l a t f o r m  i n s t r u m e n t  
connectors .  These p i g t a i l s  c o n t a i n  a v a r i e t y  o f  wire t y p e s  and 
s i z e s  i n c l u d i n g  #24,  %26, a n d  t 2 8  AWG i n  s i n g l e  w i r e s ,  t w i s t e d  
p a i r s  and t r i p l e t s ,  s h i e l d e d  and unsh ie lded ,  w i t h  two d i f f e r e n t  
i n s u l a t i o n  types.  Keeping t r a c k  o f  a l l  t h e s e  wires through t h e  



assembly p r o c e s s  and h a n d l i n g  t h i s  mu1 t i - l imbed  d e v i c e ,  w i t h o u t  
damaging w i r e s ,  were major  t a sks .  

ROLL RINGS 

I n  i t s  i n i t i a l  d e s i g n  s t a g e s ,  t h e  SBA u s e d  t h e  S p e r r y  r o l l  
r i n g s  t o  a c c o m p l i s h  p o w e r  a n d  s i g n a l  t r a n s f e r  b e t w e e n  t h e  t w o  
s e c t i o n s  o f  t h e  s p a c e c r a f t .  These unique dev ices ,  i l l u s t r a t e d  i n  
F i g u r e  7 ,  c o n s i s t  o f  i n n e r  a n d  o u t e r  r i n g s  ( w h i c h  a re  much l i k e  
b e a r i n g  r a c e s )  w i t h  a t h i n  c i r c u l a r  f l e x u r e  r o l l i n g  between them 
a s  they  r o t a t e .  F l e x u r e  and r i n g  c r o s s - s e c t i o n a l  c u r v a t u r e s  are 
d e s i g n e d  s o  t h a t  t h e  f l e x u r e  r o l l s  on  i t s  o u t e r  e d g e s  p r o v i d e  
redundant  c o n t a c t  p o i n t s  and a small amount of wip ing  a c t i o n  t o  
k e e p  t h e  s u r f a c e s  c l e a n .  P r e d i c t e d  d r a g  t o r q u e  f o r  a s t a c k  o f  
100 r o l l  r i n g s  was 0.01 Nm, c e r t a i n l y  a d e s i r a b l e  a t t r i b u t e  f o r  a 
p o i n t i n g  a c t u a t o r .  

A s  t h e  r o l l  r i n g  development and t e s t  p rogressed ,  a  s e r i e s  
o f  problems occurred.  F i r s t ,  o b t a i n i n g  uniform p l a t i n g s  on t h e  
r i n g s  and  f l e x u r e s  w i t h  a d e q u a t e  a d h e s i o n  was d i f f i c u l t .  A s  
t h e s e  p l a t i n g  problems were  r e s o l v e d  and a s  s i g n i f i c a n t  amounts 
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o f  r o l l i n g  t e s t  t ime a c c u m u l a t e d ,  f l e x u r e  b r e a k a g e  began.  
F l e x u r e  s t r e s s  i s  d e t e r m i n e d  by a  t r a d e - o f f  b e t w e e n  d e s i r e d  
f l e x i b i l i t y ,  c o n t a c t  p r e s s u r e ,  and f a t i g u e  l i f e .  S p e r r y  had used 
p u b l i s h e d  f a t i g u e  stress d a t a  which proved t o  be i n a d e q u a t e  f o r  
t h e  f l e x u r e  c o n f i g u r a t i o n .  They i n i t i a t e d  a  s e r i e s  o f  f l e x u r e  
f a t i g u e  t e s t s  which f u r n i s h e d  t h e  d a t a  n e c e s s a r y  f o r  a s u c c e s s f u l  
f l e x u r e  d e s i g n  t r a d e o f f .  

M e a n w h i l e ,  many o f  t h e  u n i t s  t e s t e d  c o u l d  n o t  m e e t  t h e  
e l e c t r i c a l  i n t e r r u p t i o n  r e q u i r e m e n t s  o f  t h e  d i g i t a l  d a t a  t r a n s f e r  
system. Devices  which were e l e c t r i c a l l y  q u i e t  w h i l e  runn ing  i n  
a i r  became n o i s y  after a per iod  o f  o p e r a t i o n  i n  a  vacuum. I n f o r -  
m a t i o n  was o b t a i n e d  i n  a l i t e r a t u r e  s e a r c h  which showed t h a t  t h e  
c o e f f i c i e n t  of f r i c t i o n  b e t w e e n  u n l u b r i c a t e d  g o l d  s u r f a c e s  i n -  
c r e a s e s  d r a m a t i c a l l y  i n  a vacuum. T h i s  l e d  t o  an  e x p l a n a t i o n  f o r  
t h e  random m o m e n t a r y  i n t e r r u p t i o n s .  A s  t h e  c o n t a c t  s u r f a c e s  
c l e a n e d  up d u r i n g  vacuum o p e r a t i o n ,  t h e  f l e x u r e  could c l i m b  o u t  
of i ts normal t r a c k ,  t h e r e b y  l o s i n g  i t s  redundant  c o n t a c t  a t  one 
edge. T h i s  u n s t a b l e  c o n d i t i o n  would c o n t i n u e  u n t i l  t h e  edge i n  
c o n t a c t  encountered some s u r f a c e  anomaly, which would c a u s e  i t  t o  
s k i d  back i n t o  its normal t r ack .  During t h e  s k i d ,  c i r c u i t  i n t e r -  
r u p t i o n s  could  occur ,  p a r t i c u l a r l y  i f  t h e  anomaly was some f o r m  
of  s u r f  a c e  con tamina t ion .  

The obvious  answer  was t o  l u b r i c a t e  t h e  r o l l  r i n g s ,  f o l l o w -  
i n g  t h e  p r a c t i c e  i n  gold-on-gold s l i p  r i n g  technology. Lubr ica-  
t i o n  was t r i e d ,  s u c c e s s f u l l y ,  bu t  t h i s  l e d  t o  a d i f f i c u l t  s i t u a -  
t i o n .  W i t h  t h e  r o l l  r i n g s  u n l u b r i c a t e d ,  l i f e  tes ts  c o u l d  b e  
a c c e l e r a t e d .  W i t h  l u b r i c a t i o n ,  t h e y  c o u l d  n o t ,  and  i t  was n o t  
p o s s i b l e  t o  a d e q u a t e l y  p r o v e  t h e  r e l i a b i l i t y  o f  a l u b r i c a t e d  
e l e c t r i c a l  c o n t a c t  i n  t h e  time a v a i l a b l e .  

Due t o  t h e  r e c u r r i n g  problems w i t h  t h e  r o l l  r i n g s ,  a  backup 
development e f f o r t  had been i n i t i a t e d  u t i l i z i n g  proven d r y  l u b e  
s i l v e r  s l i p  r i n g s  and r o t a r y  t r a n s f o r m e r s  and i n  December 1980 a n  
SBA d e s i g n  change was d i r e c t e d .  

S p e r r y  h a s  c o n t i n u e d  d e v e l o p m e n t  o f  t h e  r o l l  r i n g s  w i t h  
t h e i r  own f u n d s .  The o r i g i n a l  l u b r i c a t e d  d e v i c e s  a re  s t i l l  
running,  w i t h  e x c e l l e n t  e l e c t r i c a l  c h a r a c t e r i s t i c s .  Steady pro- 
g r e s s  h a s  been made i n  r e s o l v i n g  t h e  problems i n h e r e n t  i n  runn ing  
r o l l  r i n g s  u n l u b r i c a t e d .  I n  t h e  a u t h o r ' s  op in ion ,  t h e s e  d e v i c e s  
w i l l  e v e n t u a l l y  p r o v i d e  a s i g n i f i c a n t  i m p r o v e m e n t  i n  r o t a t i n g  
e l e c t r i c a l  j o i n t  technology. 

SLIP R I N G S  

The SBA c o n t a i n s  4 s l i p  r i n g  and brush block a s s e m b l i e s  w i t h  
12 equa l  width  r i n g s  i n  each  module. Two p a r a l l e l e d  b rushes  r i d e  



on  e a c h  r i n g ,  a b o u t  180" a p a r t ,  t o  p r o v i d e  c o n t a c t  r e d u n d a n c y .  
Two d i f f e r e n t  s i z e  b r u s h  t i p s  a re  u s e d ,  o n e  r a t e d  a t  3  a m p e r e s  
p e r  brush p a i r ,  t h e  o t h e r  a t  0.4 amperes  p e r  pa i r .  Each o f  t h e  4 
brush block a s s e m b l i e s  c o n t a i n s  a d i f f e r e n t  mix o f  h igh  and low 
power b rush  p a i r s  t o  g i v e  31 high and 17 low power p a t h s  th rough  
t h e  SBA. 

The d e s i g n  u s e s  d r y  lube  s i l v e r - o n - s i l v e r  technology which 
h a s  b e e n  p r o v e n  i n  many s p a c e  a p p l i c a t i o n s .  B r u s h  t i p s  a re  
molded  f r o m  85% s i l v e r ,  12% m o l y d i s u l p h i d e ,  and  3% g r a p h i t e .  
R i n g s  are p l a t e d  up,  s t a r t i n g  w i t h  c o p p e r ,  f o l l o w e d  by f i n e  
s i l v e r ,  w h i c h  i s  t h e n  c o v e r e d  w i t h  h a r d  s i l v e r .  R i n g  a n d  b r u s h  
block a s s e m b l i e s  were s u p p l i e d  by t h e  Elect ro-Tech Corpora t ion  o f  
Blacksburg,  VA. 

T h e r e  w e r e  t w o  m a j o r  c o n c e r n s  i n  t h e  a p p l i c a t i o n  o f  s l i p  
r i n g s  i n  t h e  SBA. The first was t h e  amount and t h e  c h a r a c t e r i s -  
t i c s  o f  t h e  wear d e b r i s  genera ted  d u r i n g  t h e  11-mi l l ion  revo lu-  
t i o n ,  7-year  m i s s i o n  l i f e .  Excess d e b r i s ,  c o n t a i n i n g  l o n g  s i l v e r  
s l i v e r s ,  c o u l d  g e n e r a t e  i n t e r n a l  s h o r t s  o r  a r c i n g  w h i c h  w o u l d  
cause  s p a c e c r a f t  sys tem f a i l u r e s .  S e v e r a l  measures  were t a k e n  t o  
r e d u c e  t h i s  c o n c e r n .  F i r s t ,  a l l  i n t e r i o r  c o n d u c t i v e  s u r f a c e s  
were c o v e r e d  w i t h  i n s u l a t i n g  m a t e r i a l s  t o  b l o c k  s h o r t s  t o  t h e  
s p a c e c r a f t  s t r u c t u r e .  Nex t ,  p h y s i c a l  and  e l e c t r i c a l  c i r c u i t  
i s o l a t i o n  was prov ided  which w i l l  a l l o w  con t inued  o p e r a t i o n  o f  
t h e  s p a c e c r a f t  s y s t e m s  i n  t h e  p r e s e n c e  o f  r i n g  t o  r i n g  s h o r t  
c i r c u i t s .  Then, an  a c c e l e r a t e d  l i f e  test was r u n  t o  d e m o n s t r a t e  
t h a t  t h e  h a r d  s i l v e r  r i n g  s u r f a c e  d i d  n o t  t e n d  t o  g e n e r a t e  l o n g  
s l i v e r s .  After 13.5 m i l l i o n  r e v o l u t i o n s ,  t h e  l o n g e s t  s l i v e r  
found i n  t h e  d e b r i s  was 0.076 cm (0.03 in.) long. T o t a l  q u a n t i t y  
o f  d e b r i s  f o r m e d  a n d  b r u s h  t i p  w e a r  ra tes  c l o s e l y  m a t c h e d  t h e  
r e s u l t s  r e p o r t e d  f rom s e v e r a l  o t h e r  sources .  

The second major  concern was t h a t  t h e  brush t i p s  might  l i f t  
u n d e r  l a u n c h  v i b r a t i o n ,  c a u s i n g  c i r c u i t  i n t e r r u p t i o n s  a n d  t h e  
p o t e n t i a l  f o r  r i n g  s u r f a c e  and brush t i p  damage. Brush p r e s s u r e s  
were set at t h e  h i g h  end o f  i n d u s t r y  s t a n d a r d  p r a c t i c e  and e a r l y  
module t e s t i n g  showed t h a t  t h e  b rushes  would no t  l i f t .  

When t h e  e n g i n e e r i n g  d e v e l o p m e n t  SBA was t e s t e d ,  b r u s h  
bounce  d i d  o c c u r  d u r i n g  b o t h  s i n e  a n d  random v i b r a t i o n  i n p u t s .  
T e s t s  a n d  a n a l y s i s  d i s c l o s e d  a n  u n f o r t u n a t e  c o m b i n a t i o n  o f  
r e s o n a n c e s  i n  t h e  e n g i n e  t u b e ,  t h e  d e s p u n  t u b e ,  and  t h e  b r u s h  
l e a f  s p r i n g s  which could  cause  both  o f  t h e  redundant  b rushes  t o  
l i f t  s imul taneous ly .  Ex tens ive  brush bounce tests were performed 
which demons t ra ted  t h a t  t h e  c o n t a c t  s u r f a c e s  would no t  be damaged 
and  t h e  b r u s h  t i p s  would  n o t  c h i p  o r  f r a c t u r e  u n d e r  s u s t a i n e d  
v i b r a t i o n .  S p a c e c r a f t  s y s t e m s  u s i n g  t h e  s l i p  r i n g s  were  reviewed 
and  some c h a n g e s  w e r e  made t o  a l l o w  c o n t i n u e d  o p e r a t i o n  w i t h  
momentary c i r c u i t  i n t e r r u p t i o n s .  S h u t t l e  l aunch  v i b r a t i o n  d a t a  



was a n a l y z e d  a  
r a n g e  be tween  
o . o ~ ~ G ~ / H z .  A t  

nd t h e  random v i b r a t i o n  t e s t  r e q u i r e m e n t  i n  t h e  
100 Hz t o  1  kHz was r educed  f r o m  0.1 G ~ / H Z  t o  
t h i s  t e s t  l e v e l  brush bounce d i d  not occur. 

ROTARY TRANSFORMERS 

Rotary t r ans fo rmer s  a r e  used f o r  d i g i t a l  d a t a  t r ansmis s ion  
b e t w e e n  t h e  s p u n  a n d  d e s p u n  s e c t i o n s  o f  t h e  s p a c e c r a f t .  
P r e l i m i n a r y  d e s i g n  o f  t h e s e  d e v i c e s  was pe r fo rmed  a t  t h e  J e t  
P r o p u l s i o n  L a b o r a t o r y  w i t h  S p e r r y  F l i g h t  S y s t e m s  making  t h e  
d e s i g n  r e f i n e m e n t s  n e c e s s a r y  f o r  t h e i r  a p p l i c a t i o n  i n  t h e  SBA. 

Transformer cons t ruc t ion  i s  shown i n  F igure  8. Assembly of 
t h e  i n n e r  and o u t e r  t r a n s f o r m e r  s e c t i o n s  i s  s i m i l a r .  Ten t u r n  
c o i l s  o f  4/36 A W G  wire a r e  wound on c e r a m i c  bobbins .  These  
bobbins a r e  placed between two manganese-zinc f e r r i t e  h a l f  c o r e s  
which a r e  cemented i n t o  t i t a n i u m  c o r e  holders.  Assembly t o o l i n g  
ma in t a in s  c o n c e n t r i c i t i e s  whi le  the cement j o i n t s  a r e  cured. I n  

-4 b-- 0.05 cm (0.02 in) 

bL 4.51 cm (1.78 in) A * T O  (t 

Figure  8. Rotary Transformer Cross Sec t ion  



t h e  u n a s s e m b l e d  c o n d i t i o n  t h e  b o b b i n s  a n d  c o r e s  are q u i t e  f r a -  
g i l e ,  r e q u i r i n g  c a r e f u l  packaging and hand l ing ,  bu t  once assem- 
b l e d ,  t h e y  a r e  much l e s s  s u s c e p t i b l e  t o  damage. T r a n s f o r m e r  
c o r e s  (MN-31) were s u p p l i e d  by C e r a m i c  M a g n e t i c s  o f  F a i r f i e l d ,  
N J ,  and  t h e  c o i l  w i n d i n g s  by S t a n d a r d  I n d u s t r i e s  o f  La M i r a d a ,  
CA . 

R o t a r y  t r a n s f o r m e r s  h a v e  many c h a r a c t e r i s t i c s  w h i c h  make 
them i d e a l  d i g i t a l  s i g n a l  t r a n s f e r  devices .  There i s  no wear o r  
t o r q u e  d rag ,  t h e y  are q u i t e  i n s e n s i t i v e  t o  a x i a l  o r  r a d i a l  m i s -  
a l i g n m e n t s ,  and t h e y  a r e  h i g h l y  r e l i a b l e .  T h e i r  p r i m a r y  d i f f i -  
c u l t y  i s  a s s o c i a t e d  w i t h  t h e  d e s i g n  o f  t h e  d r i v e r  a n d  r e c e i v e r  
c i r c u i t s  r e q u i r e d  t o  couple  d a t a  a c r o s s  t h e  magne t ic  gap. Mecha- 
nism d e s i g n e r s  p r e f e r  a wide gap t o  min imize  t o l e r a n c e  s t a c k u p  
problems,  w h i l e  c i r c u i t  d e s i g n e r s  p r e f e r  a narrow gap t o  r e d u c e  
l e a k a g e  inductance.  The G a l i l e o  r o t a r y  t r a n s f o r m e r  r a d i a l  gap is  
0.05 cm (0.02 in.). The r e s u l t i n g  nominal e l e c t r i c a l  p a r a m e t e r s ,  
i n c l u d i n g  e f f e c t s  o f  t h e  t w i s t e d  s h i e l d e d  l e a d  w i r e ,  is shown i n  
T a b l e  1. 

TABLE 1. Rota ry  Transformer E l e c t r i c a l  Paramete rs  

W I N D I N G  MEASUREMENT 
FREQUENCY 

TEST PARAMETER INNER-SPUN OUTER-SPUN 

Open C i r c u i t  Impedance Phase Angle 395 Ohms 370 Ohms 800 kHz 
84O 85 O, 

Open C i r c u i t  Impedance Phase Angle 33 ohms 34 O h m s  80  kHz 
75O 76O 

S h o r t  C i r c u i t  Impedance Phase Angle 76 Ohms 76 Ohms 800 kHz 
8 3 O  83' 

DC R e s i s t a n c e  3.52 O h m s  3.54 Ohms N/ A 

Resonant Frequency 1.46 MHz 1.66 MHz N/ A 
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ABSTRACT 

A t h r e e  a x i s  c o n t r o l l e d  magnetic bear ing  and i t s  a p p l i c a t i o n  t o  a momentum 
wheel a r e  descr ibed .  The four  divided s t a t o r s  provide a momentum wheel 
with high r e l i a b i l i t y ,  low weight ,  l a r g e  angular  momentum s to rage  capac i ty ,  
and gimbal con t ro l .  Those c h a r a c t e r i s t i c s  a r e  d e s i r a b l e  f o r  spacec ra f t  at- 
t i t u d e  c o n t r o l .  

INTRODUCTION 

Momentum wheels a r e  widely employed f o r  a t t i t u d e  c o n t r o l  of s a t e l l i t e s  be- 
cause t h e  c o n t r o l  s y s t e m i s  simple and h igh ly  r e l i a b l e .  For example, accord- 
ing  t o  t h e  p i t c h  a t t i t u d e  e r r o r  sensed by c e r t a i n  a t t i t u d e  sensors ,  t h e  
wheel s p i n  r a t e  i s  changed so  t h a t  t h e  spacec ra f t  may c o r r e c t  t h e  a t t i t u d e  
e r r o r  around t h e  p i t c h  a x i s .  A t  t h e  same t ime ,  t h e  l a r g e  angular  momentum 
s t o r e d  i n  t h e  wheel pas s ive ly  s t a b i l i z e s  t h e  ro l l /yaw motions. 

Although t h e  system is simple and r e l i a b l e ,  it does no t  meet t h e  r equ i r e -  
ment of high r o l l  a t t i t u d e  accuracy. For t h a t  purpose, p r e c i s e  a c t i v e  
r o l l  a t t i t u d e  c o n t r o l  may be des i r ed .  The momentum wheel mounted on a 
gimbal mechanism might be one of t h e  candida tes  (Re f .4 ) .  An example i s  
seen i n  F ig .1  where t h e  momentum wheel is supported by two p a i r s  of  
bearings whose r o t a t i n g  axes a r e  u s u a l l y  p a r a l l e l  wi th  r o l l  o r  yaw a x i s  of 
t h e  spacec ra f t .  The two gimbal t o rque r s  provide t h e  ro l l /yaw a t t i t u d e  con- 
t r o l .  However, t h e  mechanically suspended gimballed momentum wheel has t h e  
disadvantages of i t s  l a r g e  s i z e  and mass, a s  w e l l  a s  of t h e  d is turbance  
torques a t  t h e  gimbal bear ings .  



momentum wheel 

Fig. 1 Conventional gimballed momentum wheel 

gne  t 

Fig. 2 Magnetic bearing with active axial/gimbal control 



But t h e  magnet ica l ly  suspended momentum wheel i s  expected t o  be used a s  an  
a t t i t u d e  c o n t r o l  device.  As t h e  magnet ica l ly  suspended r o t o r  has no con- 
t a c t s  wi th  s t a t o r s ,  t h e  d i f f i c u l t  problems such a s  abras ion ,  f r i c t i o n a l  
d i s tu rbances ,  l u b r i c a t i o n  i n  a vacuum environment, e t c .  have been elim- 
i n a t e d ,  and long l i f e t i m e  and h igh  accuracy a r e  achieved. 

I n  add i t i on ,  t h e  r o t o r  i s  a b l e  t o  tilt (g imbal l ing)  i t s  sp in  a x i s  w i th in  a  
c learance  between t h e  r o t o r  and t h e  s t a t o r .  Though t h e  gimbal angles  might 
be r a t h e r  s m a l l  ( 1 . 0 d e g r e e a t  mos t ) ,  such v e r n i e r  a t t i t u d e  e r r o r  c o r r e c t i o n  
i s  s u f f i c i e n t  i f  it i s  used wi th  some o t h e r  course  a t t i t u d e  c o n t r o l  devices  
such a s  t h r u s t e r s  o r  magnetic t o rque r s  (Ref.  1). Above a l l ,  t h e  r o t o r  gim- 
b a l l i n g  without any con tac t s  means t h a t  it does not  r e q u i r e  heavy mechani- 
c a l  gimbal frames seen i n  F ig .  1. and t h e r e  a r e  no f r i c t i o n a l  d i s tu rbances .  

A magnetic bear ing  has t o  s t a b i l i z e  f i v e  degrees of freedom of t h e  r o t o r :  
one a x i a l ,  two gimbal and two r a d i a l  motions. But t h e  f i v e  a c t i v e  c o n t r o l  
mechanisms make t h e  system complex and l e s s  r e l i a b l e .  The magnetic bea r ing  
t o  be descr ibed  i n  d e t a i l  has  t h r e e  a c t i v e  c o n t r o l l e r s ,  an a x i a l  and two 
gimbal ones.  Two r a d i a l  motions of t h e  r o t o r  a r e  pas s ive ly  s t a b i l i z e d  by 
t h e  h e l p  of samarium coba l t  permanent magnets (Ref .  1 , 2 ) .  

BEARING CONTROL MECHANISM 

Figure 2  i s  a  schematic i l l u s t r a t i o n  of t h e  t h r e e  a x i s  c o n t r o l l e d  magnetic 
bear ings .  The s t a t o r  i s  composed of four  equiva len t  segments, each of which 
has t h e  a c t i v e  a x i a l  p o s i t i o n  c o n t r o l  and pas s ive  r a d i a l  s t a b i l i t y .  

Figure 3  shows t h e  magnetic f l u x  flows i n  t h e  bear ing .  I n  each segment, 
t h e r e  a r e  t h r e e  f l u x  loops :  t w o o f t h e  permanent magnets and one of  t h e  con- 
t r o l  c u r r e n t .  Consider t h e  segment of r i g h t  hand s i d e  of F ig .  3 ( a ) :  The 
f l u x  of t h e  permanent magnets flows clockwise i n  t h e  upper loop,  whi le  it 
flows counterclockwise i n  t h e  lower loop.  On t h e  o t h e r  hand, t h e  f l u x  of 
t h e  c o n t r o l  cu r r en t  may have a l t e r n a t i n g  d i r e c t i o n ,  so t h a t  t h e  b iased  f l u x  
d e n s i t i e s  a t  t h e  i nne r  two gaps may be modulated by t h e  c o n t r o l  c u r r e n t s .  
When t h e  c o n t r o l  f l u x  i s  counterc lockwise , for  example, t h e  f l u x  d e n s i t y  i n  
t h e  upper inner  gap become dense, whi le  it becomes w e a k e r i n t h e  lower i n n e r  
gap, and v i c e  versa .  The unbalanced f l u x  d e n s i t i e s  genera te  t h e  c o n t r o l  
f o r c e  t o  r a i s e  o r  lower t h e  r o t o r .  



( a )  a x i a l  c o n t r o l  mode ( b )  gimbal c o n t r o l  mode 
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Figure 3 ( a )  i n d i c a t e s  t h e  a x i a l  c o n t r o l  mechanism of t h e  magnetic bea r ing .  
The c o n t r o l  c u r r e n t s  i n  t h e  c o n t r o l  c o i l s  Cx+ and Cx- y i e l d  t h e  c o a x i a l  
f l u x  flows. The two unbalanced a x i a l  fo rces  d r i v e  t h e  r o t o r  i n  a n  a x i a l  
d i r e c t i o n .  I n  t h e  Fig. 3 ( b ) ,  however, each c o n t r o l  f l u x  has an oppos i t e  
d i r e c t i o n  a t  t h e  inner  gaps so t h a t  t h e  two unbalanced a x i a l  f o r c e  become 
a gimbal c o n t r o l  to rque .  

The a c t i v e  a x i a l  and gimbal c o n t r o l  e l e c t r o n i c s  i s  seen i n  F ig .  4. Four 
a x i a l  p o s i t i o n  sensors  a r e  l oca t ed  beneath t h e  r o t o r .  Summing up t h e  f o u r  
sensor  outputs  y i e l d s  an average a x i a l  displacement of t h e  r o t o r  ( z ) ,  and 
s u b t r a c t i o n  of t h e  outputs  between t h e  oppos i t e  s i d e s  y i e l d  two t i l t i n g  
(gimbal)  angles  0x and By. These t h r e e  s i g n a l s  ex,  0y and z a r e  phase com- 
pensated then  d i s t r i b u t e d  t o  t h e  four  c o n t r o l  c o i l s  i n  order  t o  c o r r e c t  t h e  
p o s i t i o n  e r r o r s  of t h e  r o t o r .  

MECHANICAL DESIGN OF THE MAGNETIC MOMENTUM WHEEL 

I n  o rde r  t o  s t a b i l i z e  t h e  a t t i t u d e  o f  a b iased  momentum s p a c e c r a f t ,  a l a r g e  
amount of angular  momentum s to rage  c a p a c i t y  w i t h a l i g h t  weight i s  r equ i r ed .  
This requirement is  f u l f i l l e d  by a h igh  s p i n  r a t e  and a f lywheel  w i t h  a 
l a r g e  iner t ia-mass r a t i o .  I n  a d d i t i o n ,  t h e  wheel must have s u f f i c i e n t  
s t i f f n e s s  t o  endure t h e  heavy a c c e l e r a t i o n  dur ing  launch. 

I n  t h e  c a s e  of a mechanically supported wheel, c a r e f u l  l u b r i c a t i o n  des ign  
and assembly must be  done i n  order  t o  meet t h e  severe requirement of re -  
l i a b i l i t y .  The magnetic suspension has removed t h e  burden. But t h e  des ign  
of t h i s  t y p e  of magnetic bear ing  w a s  no t  so  easy s i n c e  t h e  s t a t o r  was d i -  
vided i n t o  four  segments each of which had a complex conf igu ra t ion  wi th  
var ious  m a t e r i a l s :  samarium c o b a l t ,  s o f t  i r o n ,  s t a i n l e s s  i r o n  and damping 
copper. To ensure t h e  accura te  machining and assembling, many j i g s  were 
prepared. 

A c ros s  s e c t i o n ,  a photograph and an assembly drawing o f t h e  magnetic gim- 
b a l l e d  momentum wheel a r e  shown i n  F igs .  5 t o  7 .  A spoked f lywheel  des ign  
provided a h igh  iner t ia-mass r a t i o .  Five p a i r s  of spokes connected t h e  
wheel r i n g  and t h e  cen te r  hub. The wheel r i n g ,  t h e  spokes and t h e  c e n t e r  
hub were machined out of one super  duralximin block so  t h a t  t h e  number of 
wheel p a r t s  w a s  decreased.  That a l s o  made t h e  wheel easy t o  assemble and 
h lghly  r e l i a b l e  and reduced t h e  weight.  But t h e  machining became more d i f -  
f i c u l t  and it took much more time. 



Even a s  t h e  c e n t r i f u g a l  f o r c e  became a hoop s t r e s s  i n  t h e  t h i c k  wheel r i n g ,  
those  t h i n  spokes would we l l  s u s t a i n  t h e  load  a t  a h igh  s p i n  r a t e .  I n  
order  t o  bear  t h e  l a r g e  a x i a l  a c c e l e r a t i o n  during launch  and t h e  gimbal re -  
a c t i o n  to rques ,  t h e  spokes had t h e  form of t h i n  b l ades  and t h e  two spokes 
a r e  connected i n  t h e  middle a s  was seen i n  t h e  f i g u r e s  t o  i nc rease  t h e  
resonance frequency. 

The basep la t e  i s  no t  on ly  a mechanical i n t e r f a c e  between t h e  wheel and t h e  
spacec ra f t  bu t  a l s o  a r e f e rence  of t h e  angular  momentum vec to r  s i n c e  t h e  
four  p o s i t i o n  sensors  placed on t h e  p l a t e  d e t e c t s  t h e  t i l t i n g  (gimbal) an- 
g l e s  of t h e  s p i n  a x i s .  As t h e  base p l a t e  i s  f i x e d  t o  t h e  spacec ra f t  d i r e c t -  
l y ,  t h e  alignment of t h e  momentum vec to r  i s  accu ra t e .  

A b rush le s s  DC motor whose s t a t o r  c o i l s  were composed of t h i n  copper f i l m s ,  
i n s u l a t e d  and formed by f i b e r  r e in fo rced  p l a s t i c s  i s  seen i n  F ig .  7 .  Three 
c o i l s  were laminated around a cy l inde r  f o r  each t h r e e  phases.  The t o t a l  
nine c o i l s  had 1 .8  mm i n  t h i ckness .  The t h i n  s t a t o r  c o i l  and s m a l l  perma- 
nent  magnets, which y i e l d  s u f f i c i e n t  magnetic f i e l d  t o  genera te  d r i v e  
to rques ,  made t h e  motor cons iderably  compact. The motor phase angle  was 
i d e n t i f i e d  by t h e  t h r e e  commutation sensors ,  which a l s o  played a r o l e  of 
tachometer whose output  was 24 pu l se s / r ev .  

The performances of t h e  momentum wheel a r e  a s  fol lows.  

Maximum Angular Momentum 

Maximum Speed 

Maximum Gimbal Angle 

Maximum Motor Drive Torque 

Maximum Gimbal Reaction Torque 

Weight (wi thout  e l e c t r o n i c s )  

Bearing Power consumption 
( z e r o  gimbal p o s i t i o n )  

Motor Power consumption 
(maximum to rque )  

Supply Voltage Bearing 
Motor 

70 N m s  

10,000 r p m  

0 . 5  deg. 





Fig. 6 Magnetically suspended gimballed momentum wheel 



Fig. 7 Assembly drawing of the magnetic wheel 



CONCLUSION 

A magnetic bearing with a new mechanism, active axiallgimbal control and 
passive radial centering, was proposed. The magnetic bearing had suitable 
characteristics for attitude control of biased momentum spacecraft since 
it had l i g h t  weight and gimbal con t ro l .  

In applying the magnetic bearing to the momentum wheel, some philosophy 
about the mechanical design was described. The magnetically suspended 
gimballed momentum wheel displayed small  s i z e ,  l a r g e  angular  momentum 
storage capacity and high reliability. 
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HINGE LATCH MECHANISM 

John C.  Walker* 

ABSTRACT 

The d e v i c e  d e s c r i b e d  i n  t h i s  paper i s  a modular h i n g e  l a t c h  mechanism. 
It i s  used to  l a t c h  and p re load  f o u r  motor ized h i n g e s  a f t e r  t h e i r  deploy- 
men t . The paper  d e s c r i b e s  des ign  requiremen ts , hardware development and 
i n i t i a l  t e s t i n g  of t h i s  h i n g e  l a t c h  module. A s p e c i a l  e f f o r t  h a s  been made t o  
cover  t h e  des ign  phi losophy i n c o r p o r a t e d  i n t o  t h i s  hardware.  

INTRODUCTION 

T h i s  l a t c h  meets t h e  hinge- lock requirements  f o r  a l a r g e  space  s h u t t l e -  
flown s a t e l l i t e .  The s a t e l l i t e  h a s  two s o l a r  pane l s  and one an tenna  which a r e  
deployed a f t e r  i t  disembarks from t h e  s h u t t l e .  A schemat ic  o f  t h e  s a t e l l i t e ' s  
stowed and deployed con£ i g u r a t i o n s  is shown i n  F i g u r e  1. 

Each of t h r e e  types  of h i n g e s  is  equipped wi th  a l a t c h  mechanism des igned  
t o  r e l i a b l y  clamp t h e  h i n g e s  s h u t  under  a l l  combinations of dynamical ly  in -  
duced load ing .  Upon command, t h e  l a t c h  must a l s o  unclamp, a l lowing  t h e  anten-  
n a  and s o l a r  pane l s  to  be res towed.  The l a t c h  mechanism is  modular and common 
t o  t h e  t h r e e  h i n g e  types .  I n s t a l l a t i o n  of t h e  l a t c h  module i n  each h i n g e  t y p e  
i s  i l l u s t r a t e d  i n  F i g u r e  2. An adjus tment  a l lows t h e  p re load  t o  be customized 
f o r  each h inge .  Before  b e i n g  i n s t a l l e d  i n  f l i g h t  hardware,  each module i s  
c a l i b r a t e d  i n  a f i x t u r e  such t h a t  t h e  a c t u a l  p re load  genera ted  by t h e  d e v i c e  
i s  measured by a s t r a i n  gauge. 

The l a t c h  mechanism i s  a double  over -cen te r  four-bar  l inkage .  P re load  i s  
genera ted  by d r i v i n g  t h e  l i n k a g e  i n t o  a l a t c h e d  p o s i t i o n  where a s p r i n g  beam 
i s  d e f l e c t e d .  The crank l i n k  i s  d r i v e n  i n t o  a d j u s t a b l e  e c c e n t r i c  s t o p s  by a 
r e v e r s i b l e  motor/gearbox. The ad jus tments  a l low c o n t r o l  of a c r i t i c a l  d e s i g n  
paramete r ,  over -cen te r  d i s t a n c e .  While over  c e n t e r  i n  t h e  l a t c h e d  p o s i t i o n ,  
t h e  p re load  genera ted  a t  t h e  l a t c h  t i p  keeps t h e  l i n k a g e  b i a s e d  a g a i n s t  i t s  
s t o p .  While over  c e n t e r  i n  t h e  un la tched  p o s i t i o n ,  a compression s p r i n g -  
p lunger  assembly p rov ides  t h e  b i a s  f o r c e .  

Latched and u n l a t c h e d  l i n k a g e  p o s i t i o n s  a r e  sensed by microswi tches .  The 
swi tch  modules a r e  a d j u s t e d  r e l a t i v e  t o  t h e  e c c e n t r i c  s t o p s  t o  y i e l d  2.54 mm 
( . l o 0  i n )  t r i p  a rmmot ion .  

*Bal l  Aerospace Systems D i v i s i o n ,  Boulder ,  Colorado 



The l a t c h  mechanism i s  e l e c t r o n i c a l l y  and mechanical ly  redundant  - w i t h  
t h e  excep t ion  o f  the  gearbox. Dry f i l m  l u b r i c a t i o n  is  used on t h e  l i n k a g e  and 
gearbox, wi th  Bray O i l  Company 3L38RP g r e a s e  used on t h e  motor b a l l  b e a r i n g s .  
A l i g h t w e i g h t ,  compact des ign  was achieved through t h e  use  of 6A1-4V t i t a n i u m  
and Carpen te r  Custom 455 s t a i n l e s s  s t e e l .  

REQUIREMENTS 

The g e n e r a l  des ign requirements  f o r  t h i s  d e v i c e  c o n s i s t  o f :  

o Temperature:  -54°C t o  +71°C (-65°F t o  +159.€i0~)  

Humidity: 0-100% RH nonopera t ing  mode f o r  up t o  f i v e  days  
0-55% RH d u r i n g  s t o r a g e  

e E l e c t r i c a l :  21-35 Vdc power f o r  motors and swi tches  

e Switches:  Latched and u n l a t c h e d  p o s i t i o n  i n d i c a t o r s  

o S t r e s s  F a c t o r s  1.5 on U l t i m a t e  T e n s i l e  S t r e n g t h  
of S a f e t y :  1.2 on Yie ld  S t r e n g t h  

o F a s t e n e r s :  A l l  f a s t e n e r s  employ means of p o s i t i v e  l o c k i n g  

a Outgass ing:  M a t e r i a l s  t o  meet requirements  of NASA JSC SP- 
R-0022 

e Redundancy : A l l  e l e c t r i c a l  and mechanical  dev ices  s h a l l  b e  
redundant ,  w i t h  t h e  excep t ion  of t h e  gearbo 

e Drive Torque: S t a t i c  d r i v e  t o r q u e  under worst-case c o n d i t i o n s  
s h a l l  b e  twice  t h e  maximum load 

s Minimum Pre load :  S o l a r  Array Hinge (SAH) 3343 N (752 l b )  
Antenna Inboard Hinge (AIH) 1879 N (422 l b )  
Antenna Outboard Hinge (AOH) 1467 N (330 l b )  

LINKAGE - SPRING BEAM 

The l a t c h  mechanism c o n t a i n s  a double  over-cen t e r  four-bar  l i n k a g e .  
Linkage hardware i s  i l l u s t r a t e d  i n  F i g u r e  3.  P re load  is genera ted  by d r i v i n g  
t h e  l i n k a g e  i n t o  a p o s i t i o n  where a s p r i n g  beam i s  d e f l e c t e d .  Being b i a s e d  
o v e r  c e n t e r  w h i l e  i n  t h e  l a t c h e d  p o s i t i o n  a l lows preload to be main ta ined  w i t h  
t h e  motor power o f f .  The over -cen te r  a c t i o n ,  whi le  i n  t h e  un la tched  p o s i t i o n ,  
e l i m i n a t e s  t h e  need f o r  a motor b rake .  The h i g h  mechanical  advantage produced 
when t h e  l i n k a g e  goes o v e r  c e n t e r  minimizes t h e  s i z e  of t h e  motor /gearbox 
r e q u i r e d  to  d r i v e  t h e  mechanism. 



Linkage design was optimized on a  computer. F ina l  l inkage geometry 
maximizes mechanical advantage nea r  t he  la tched  over-cen t e r  p o s i t i o n .  Con- 
s t r a i n i n g  the  design was t h e  requirement t h a t  t he  same l a t c h  m d u l e  must f i t  
i n t o  a l l  t h r ee  h inge  types.  A computer p l o t  of mechanical advantage v s .  c rank  
angle i s  shown i n  F igure  4. Once the  l inkage  is  def ined ,  t he  motor/gearbox 
torque requirement is a  func t ion  of the  l a t c h  beam sp r ing  r a t e  and the  pre load  
requirement.  The beam s p r i n g  r a t e  i s  found by s e t t i n g  a  beam d e f l e c t i o n  which 
is  " large" (10x1 r e l a t i v e  t o  thermal expansion e f f e c t s .  The worst-case 
thermal expansion change i n  latch-beam t o  l a t c h - t i p  pos i t i on  i s  .05 mm 
(.002 i n ) .  Thus, the  latch-beam d e f l e c t i o n  was s e t  to  .50 mm (.020 i n ) .  This  
s e t s  a  sp r ing  r a t e  s i n c e  t h e  preload a s soc i a t ed  with t h i s  d e f l e c t i o n  i s  known 
f o r  each h inge .  Small beam d e f l e c t i o n s  r e q u i r e  lower d r i v e  torques s i n c e  t h e  
preload is being generated i n  t he  h igh  mechanical advantage s e c t i o n  of t h e  
1 inkage a c t  ion. 

Beam d e f l e c t i o n  i s  s e t  with an a d j u s t a b l e  l a t c h  t i p .  The t i p  has  a  
s p h e r i c a l  r a d i u s  such t h a t  i t  may accommodate +,I deg of misalignment. The 
maximum pul l - in  c a p a b i l i t y  of t he  l a t c h  is  12.7 mm (.50 i n ) .  

The l i nkage  uses  redundant journa l  bear ings  throughout . The connect ing 
l i n k  and l e v e r  l i n k  bear ing  p ins  a r e  f r e e  t o  r o t a t e  i n  e i t h e r  of t h e i r  
bushings.  The c r anksha f t  i s  mounted i n  two p a i r s  of conc 

MOTOR 

The d r i v e  motor i s  a  r e v e r s i b l e  dc torque motor with samarium c o b a l t  mag- 
n e t s .  The motor is  s i z e d  t o  d e l i v e r  a  minimum of ,325 N*m (2.90 in- lb) ,  which 
is  twice t he  maximum s t a t i c  load.  The motor d e l i v e r s  t h i s  a t  minimum v o l t a g e  
( 2 1 ~ )  and maximum temperature (+71°c). The motor was s e l ec t ed  f o r  i t s  h igh  
motor cons t an t  (Km). This  means i t  i s  very  e f f i c i e n t  a t  tu rn ing  e l e c t r i c a l  
input  power i n t o  mechanical ou tput  torque. The ac tua t ion  t i m e  requirement 
d i c t a t e d  torque to  be  more important than power i n  t h i s  app l i ca t i on .  The 
samarium c o b a l t  magnets c o n t r i b u t e  t o  t he  h igh  motor cons tan t  and a r e  insen-  
s i t i v e  to  demagnetization during high c u r r e n t  pu l se s .  Motor redundancy i s  
achieved by mounting two motors on one s h a f t .  The primary ope ra t i ng  mode uses  
one motor a t  a  t i m e .  A summary of t he  motor 's  ope ra t i ng  c h a r a c t e r i s t i c s  i s  
given i n  Table 1. 

GEARBOX 

High motor torque allows the  use of a  s ing le -s tage  gearbox. A s i n g l e -  
s t a g e  gearbox is d e s i r e a b l e  because i t  minimizes s i z e ,  weight and complexity.  
The motor pinion is can t i l eve red  o f f  t he  motor s h a f t  while  the ou tput  gear  i s  
can t i l eve red  o f f  t he  l inkage  c rankshaf t .  The gearbox output  gear  i s  i n t e g r a l  
with the  c rankshaf t .  The c rankshaf t  d r i v e s  t he  crank l i n k  through an i n v o l u t e  
s p l i n e .  



The g e a r s  were des igned p e r  AGMA s t a n d a r d s .  Spur g e a r i n g  was chosen f o r  
h i g h  e f f i c i e n c y  and jam-free o p e r a t i o n .  Gear mesh c h a r a c t e r i s t i c s  a r e  l i s t e d  
i n  Table  2. 

Peak load ing  on t h e  d r i v e  t r a i n  o c c u r s  when t h e  motor d r i v e s  t h e  c rank  
l i n k  i n t o  t h e  un la tched  e c c e n t r i c  s t o p .  The e f f e c t s  of motor t o r q u e  and i n -  
e r t i a l  load ing  a r e  combined i n  t h e  dynamic s imula t ion  of F i g u r e  5. Th i s  
s i m u l a t i o n  assumes t h a t  t h e  motor i s  runn ing  a t  maximum no-load speed when i t  
impacts t h e  s t o p .  To keep d r i v e  t r a i n  s t r e s s e s  a t  an a c c e p t a b l e  l e v e l ,  t h e  
o u t p u t  g e a r  h a s  been des igned  t o  a c t  as a  t o r s i o n  s p r i n g .  The peak dynamic 
load  was reduced from 75.7 N-m (670 in - lb )  t o  44.7 N*m (396 i n - l b )  through 
t h i s  cush ion ing  e f f e c t .  

The gear  too th  s t r e s s e s  due t o  t h i s  load  a r e :  

Tooth S t r e n g t h  (Motor P in ion  Bending s t r e s s e s )  
e Actua l  849 MePa (123,160 p s i )  
e Allowed 1379 M*Pa (200,000 ~ s i )  (suit = 1 . 5 )  
o Margin 0.08 

Tooth ~ u r a b i l i t y  ( ~ e s h  Contac t  S t r e s s e s )  
e Actua l  2065 M*Pa (299,500 p s i )  
1) Allowed 2637 M*Pa (382,500 p s i )  (Sy = 1 . 2 )  
(P Margin 0.06 

I n  o r d e r  t o  endure  h i g h  c o n t a c t  s t r e s s  wi thou t  p i t t i n g ,  t h e  g e a r s  a r e  be ing  
case-hardened to  RC 60 minimum w i t h  t h e  i o n i t r i d e  p rocess .  The c a s e  dep th  
w i l l  b e  .08-.12 m (.003-.005 i n )  t o  e n s u r e  s u b s u r f a c e  s h e a r  s t r e s s e s  w i l l  n o t  
f l a k e  t h e  c a s e  o f f .  

SWITCH MODULE 

Each l a t c h  mechanism c o n t a i n s  two swi tch  modules. One i n d i c a t e s  when t h e  
l i n k a g e  (c rank  l i n k )  i s  in  t h e  l a t c h e d  p o s i t i o n  whi le  t h e  o t h e r  i n d i c a t e s  t h e  
u n l a t c h e d  crank l i n k  p o s i t i o n .  Two microswitches  a r e  mounted i n  each swi tch  
module f o r  redundancy. One t r i p  arm a c t u a t e s  both  microswitches  when t h e  
c rank  l i n k  h a s  depressed  t h e  c o n t a c t  b u t t o n  2 . 5 4 m  ( . I 0 0  i n ) .  The micro- 
swi tch  t r i p  p o i n t s  a r e  i n d i v i d u a l l y  a d j u s t e d  r e l a t i v e  to  t h e  t r i p  arm. 
Redundant compression s p r i n g s  b i a s  t h e  t r i p  arm a g a i n s t  an a d j u s t a b l e  down 
s t o p .  F i g u r e  6  i l l u s t r a t e s  how t h e s e  components a r e  con£ i g u r e d .  

MATERIAL AND LUBRICANTS 

The s t r u c t u r a l  components used i n  t h e  l a t c h  mechanism a r e  made from 
6A1-4V t i t a n i u m .  This a l l o y  was chosen because  of i t s  c o r r o s i o n  r e s i s t a n c e  
and s t rength- to-weight  r a t i o .  Ti tanium acounts  f o r  approximately  39% o f  t o t a l  
l a t c h  module weight .  The more h i g h l y  s t r e s s e d  components a r e  made of pas- 
s i v a t e d  Carpen te r  Custom 455 c o r r o s i o n - r e s i s  t a n t  s t e e l .  These components in- 



c l u d e  , the g e a r s ,  l i n k s ,  s t o p s  and j o u r n a l  b e a r i n g s .  The s t e e l  is  h e a t  t r e a t e d  
t o  t a i l o r  i t s  s t r e n g t h  v s .  toughness  p r o p e r t i e s  f o r  each a p p l i c a t i o n .  
Custom 455 accounts  f o r  approximately  25% of  t h e  t o t a l  l a t c h  module we igh t .  
The c l o s e  match ( w i t h i n  20%) in  thermal  expansion c o e f f i c i e n t s  between t h e s e  
two m a t e r i a l s  keeps b e a r i n g  c l e a r a n c e s  and gear-mesh backlash r e l a t i v e l y  con- 
s t a n t .  The bu lk  of t h e  remaining module weight  (31%) i s  made up of t h e  
v a r i o u s  m a t e r i a l s  used i n  t h e  d r i v e  motor. The t o t a l  l a t c h  module we igh t  is  
62.3 N (14.0  l b ) .  

Two b a s i c  l u b r i c a n t  types  a r e  used i n  t h e  l a t c h  module. A d r y ,  bonded 
l u b r i c a n t  i s  t h e  p r e f e r r e d  type f o r  i n t e r m i t t e n t l y  opera ted  d e v i c e s  which must 
s u r v i v e  long nonopera t ing  p e r i o d s .  Th is  is because  i t  h a s  a  low e v a p o r a t i o n  
r a t e  and no s u r f a c e  c reep .  For a p p l i c a t i o n s  wi th  low t o t a l  t r a v e l  and mod- 
e r a t e  c o n t a c t  s t r e s s e s ,  B a l l  Aerospace Systems u s e s  a  bonded molybdenum d i -  
sulphide-based d r y  l u b r i c a n t .  Th i s  l u b r i c a n t  h a s  been used a t  a l l  l a t c h  
module moving i n t e r f a c e s  excep t  t h e  motor b a l l  b e a r i n g s  and b r u s h e s .  The 
motor b a l l  b e a r i n g s  u s e  a  molybdenum disulphide-based g r e a s e  t o  endure  t h e  
h i g h  c o n t a c t  s t r e s s e s  encountered h e r e .  The motor b rushes  a r e  made of a  
si lver/molybdenum d i s u l p h i d e  m a t e r i a l ,  S t a c k p o l e  SM 476. Th is  m a t e r i a l  h a s  
been t e s t e d  t o  twice  t h e  r e q u i r e d  l a t c h  motor l i f e  and found t o  wear o n l y  
.018 mm (.0007 i n )  a t  each brush block.  

DEVELOPMENT PROBLEMS AND SOLUTIONS 

Thermal E f f e c t s  on Pre load  

Thermal e f f e c t s  s t r o n g l y  i n f l u e n c e  d r i v e  requirements  and wors t -case  
load ing .  Because of t h e  over -cen te r  l i n k a g e ' s  mechanical  advantage c h a r a c t e r -  
i s t i c s ,  t h e  d r i v e  to rque  requirement  i s  minimized by d e c r e a s i n g  t h e  p r e l o a d  
s p r i n g  d e f l e c t i o n .  That  d e f l e c t i o n  must n o t  be made so smal l  t h a t  thermal  
expansion/con t r a c  t i o n  causes  l a r g e  p r e l o a d  v a r i a t i o n s .  Thermal expans ion1  
c o n t r a c t i o n  e f f e c t s  on p re load  must be  accounted f o r  i n  t h e  nominal p r e l o a d  
s e t t i n g  and i n  wors t -case  s t r u c t u r a l  l o a d i n g ,  as i n d i c a t e d  i n  Tab le  3 .  

Peak Drive  T r a i n  Loading 

When t h e  crank l i n k  i s  d r i v e n  i n t o  t h e  "hard" e c c e n t r i c  s t o p s ,  l o a d s  
o c c u r  which a r e  much h i g h e r  than t h e  motor ' s  s t a l l  torque.  A s i n g l e  s t a g e ,  
low r e d u c t i o n  gearbox i n c r e a s e s  t h i s  peak load ing  s i n c e  gearbox s t i f f n e s s  i s  
p r o p o r t i o n a l  to  t h e  i n v e r s e  square  of g e a r  r a t i o .  To lower s t r e s s e s  t o  an 
a c c e p t a b l e  l e v e l  ( a  41% r e d u c t i o n )  t h e  o u t p u t  g e a r  i s  designed t o  a c t  a s  a  
cushion between t h e  motor r o t o r  i n e r t i a  and t h e  e c c e n t r i c  s t o p s .  

P re load  Spr ing  S e l e c t i o n  

A s i g n i f i c a n t  weight  reduc t ion  was brought  about by u s i n g  t h e  mounting 
s t r u c t u r e  i t s e l f  a s  t h e  dominant s p r i n g .  P re load  i s  genera ted  i n  t h i s  d e v i c e  
through t h e  d e f l e c t i o n  of a  s p r i n g .  I n i t i a l l y ,  t h e  l e v e r  l i n k  was des igned  as  



t he  dominant sp r ing  i n  t h i s  system. Choosing the  l e v e r  l i n k  drove the  sp r ing  
r a t e  requirements of t h e  hinge-to- la tch mounting s t r u c t u r e  up i n  o r d e r  t o  
achieve the  des i r ed  d e f l e c t i o n .  This  increased  h inge  weight.  

CONCLUSIONS 

This  mechanism achieves a l l  h inge  l a t c h  design requirements with a com- 
pac t  modular u n i t .  The h inge  l a t c h  module has  a ca l cu l a t ed  r e l i a b i l i t y  of 
.9997 f o r  i t s  design l i f e .  Design philosophy s t r e s s e s  redundancy where 
redundancy does n o t  overcomplicate  the  design o r  v a s t l y  i nc rease  t h e  p a r t s  
count.  The u s e  of e a s i l y  a c c e s s i b l e  adjustments  on c r i t i c a l  performance 
parameters y i e l d s  increased  machinabi l i ty  and lower c o s t .  Computer automation 
of the  l inkage  a n a l y s i s  (which would have been done g raph ica l ly )  allowed 
Design Engineering the  time to  opt imize l a t c h  performance. Design response t o  
changes in  h inge  l a t c h  requirements is  a l s o  g r e a t l y  enhanced through t h i s  
au tomat ion. 

Development t e s t i n g  of  t he  h inge  l a t c h  module i s  under way. I n i t i a l  
t e s t i n g  has  s u b s t a n t i a t e d  the  computer p r e d i c t i o n s  of preload genera t ion  and 
d r i v e  torque requirements  a s soc i a t ed  with a givetl preload s e t t i n g .  The 
development t e s t  h inge  l a t c h  module i s  shown i n  F igure  7. 
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Table 1 
MOTOR OPERATING CHARACTERISTICS 

MOTOR TYPE 
MAGNETS 
MOTOR CONSTANT 
RESISTANCE 
MAXIMUM NO-LOAD SPEED 
TORQUE CONSTANT 
BACK EMF CONSTANT 
ROTOR INERTIA 
WEIGHT 

DC TORQUE WITH BRUSHES 
SAMARIUM COBALT 
.209 NornIJ Watt (29.6 in-ozlJ Watt 
5 48 
25.2 rad/s (241 rpm) 
1.54 N*m/A (218 in-oz/A) 
1.54~1 (radls 1 2 .I25 mm0Kg.s (.I73 in-oz-s ) 
22N (5.0 lb) 

Table 2 
GEAR MESH CHARACTERISTICS 

TOOTH TYPE 
TOOTH FORM 
AGMA QUALITY NUMBER 
PRESSURE ANGLE 
DIAMETRAL PITCH 
GEAR RATIO 
CENTER DISTANCE 
MINIMUM FACE WIDTH 

SPUR GEARS 
FULL DEPTH INVOLUTE 
Q7A 
25 deg 
48 
17.833:l 
59.8 m (2.354 in) 
7.04 mm (-277 in) 

Table 3 
PRELOAD VARIATION DUE TO THERMAL EXPANSION 

AND INSTRUMENTATION UNCERTAINTIES 

Required Min imum Nomin a1 Maximum 
Preload Preload Preload (22"~) Preload 

SAH 3340N (752 lb) 4010N (902 lb) 4420N (993 lb) 4990N (1120 lb) 

AIH 1880N (422 lb) 2250N (507 lb) 2390 (537 lb) 2550N (574 lb) 

AOH 1468N (330 lb) 1760N (396 lb) 1830N (412 lb) 1900N (428 lb) 



STOWED 

ANTENNA 
INBOARD 

OUTBOARD 
HINGE 

DEPLOYED 
A/N 2972 

Figure 1 Stowed and Deployed Hinge Configurations 
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ANTENNA INBOARD HINGE 

ANTENNA OUTBOARD 

SOLAR ARRAY HINGE 

Figure 2 Latch Module Installations 



GEARBOX 

MOTOR ASSEMBLY 

UNLATCHED POSITION 

Figure 3 Hinge Latch Module 
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INVERSE 
MECHANICAL 
ADVANTAGE 

INVERSE MECHANICAL ADVANTAGE VS. CRANK ANGLE 

FULL LINKAGE TRAVEL 

CRANK ANGLE (DEG) 

Figure 4 Linkage Mechanical Advantage 



CRANKSHAFT TORQUE LOAD VS. TIME 

LOADS INDUCED WHEN LINKAGE IS DRIVEN INTO STOP 

TORQUE 
LOAD 
(IN-LB) 

Figure 5 Dynamic Loading 
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SCREW, 
HARD STOP 

TRIP 
ARM 

F i g u r e  6 Switch Module 
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Figure 7 Development Test Latch Module 



THE EVOLUTION OF A RELEASE-ENGAGE MECHANISM 
FOR USE ON THE ORBITER 

John Calvert* 

ABSTRACT 

The Release-Engage Mechanism (REM) is designed to secure a deployable payload in the 
orbiter during launch and to enable the payload to be released, deployed, and reattached for 
re-entry. 

This paper presents the following: (1) the initial design concepts of the Release-Engage 
Mechanism; (2) the problems encountered during assembly, (3) the abnormalities that occurred 
during vibration testing, (4) the incompatibility of the Remote Manipulator System and REM 
operation, and (5) the resulting modifications to the REM that assured its successful perform- 
ance on two Shuttle flights. 

The requirements for this mechanism provided many new and unique design problems, 
one of which was a connection that could safely secure a large payload during launch but could 
be easily separated upon reaching orbit. The basic concept selected was to insert and retract a 
pin from a matching hole in mating pieces. The hole was an integral part of a supporting struc- 
ture. The pin was attached to the payload. The mechanical action of inserting and retracting 
the pin was accomplished by motors and driving linkages that were part of the supporting 
structure. 

The mechanism also had to  have an operational capability compatible with the Remote 
Manipulator System (RMS). The RMS was used to deploy, maneuver, and berth the payload. 
When the initial concepts for the REM were being conceived, RMS operational data was not 
available. 

ORIGINAL REQUIREMENTS 

The original requirement for the Release-Engage Mechanism (REM) was for it to  be 
used with the Induced Environmental contamination Monitor (IECM). The IECM is a deployable 

*NASA George C. Marshall Space Flight Center, Alabama. 



scientific package that will detect and map contaminants in and around the cargo bay of the 
orbiter. The IECM takes data while attached to the orbiter and while being maneuvered by the 
Remote Manipulator Arm. The IECM is rectangular, 1.23 meters (48.5 inches) long, 0.85 meters 
(33.5 inches) wide, by 0.77 meters (30.57 inches) high, and weighs 370 kilograms (8 16 pounds). 

The REM has three interfaces: ( I )  structural interface with the IECM; (2) structural 
interface with the orbiter support structure, in this case the development flight instrumentation 
pallet; and (3) operational capability of the Remote Manipulator System (RMS). The positional 
accuracy of the RMS was +5 centimeters in any axis from a given point and one degree of rota- 
tion about any axis. 

The IECM/REM Assembly was designed for the following load requirements: 

IECM/REM LOAD FACTORS 

x +4.5 -0.4 

ORIGINAL DESIGN CONCEPT 

The design concept selected for development (figures la, 1 b, and 2) had the following major 
design features: ( I )  two deployable rails, forward and aft, bolted to the payload (each rail had 
two structural pins, one round and one square); (2) motors, gear train and linkages which pro- 
vided the latching and securing force for the payload; (3) an electrical feed-through system for 
the payload; and (4) the center frame or mounting structure. The center frame provided the 
four mating holes (nut plates) for the structural pins on the deployed rails. The center frame also 
provided a large flat surface area used in berthing the payload. Five position indicator switches 
were included as a design feature of the center frame. When actuated, these switches indicated 
that the payload was in a ready-to-be-latched positi 

DESIGN CONSIDERATIONS 

The structural pin-nut plate interface was of primary concern during the initial design 
effort. This interface provided the structural load path between the payload and Shuttle during 
launch and re-entry. It  also had to  be capable of separating and remating in orbit. Figure 3 
shows the structural pins in the nut plates with the IECM installed. 

Clearances between the pin and nut plate had to  be kept small to minimize shock loads 
to the payload during vibration testing and launch and to provide a firm load path between the 
payload and orbiter. 

It was realized that unnecessarily small clearances between the pin and nut plate would 
require the four pins to be manufactured, assembled, and maintained in near-perfect alignment 
so the pins could be mated with their respective nut plates. The alignment problem was com- 
plicated by the requirement that the payload and rails must be deployed in orbit, subjected to 



a changing thermal environment and, therefore, configuration distortion outside the orbiter bay. 
The four pins had to remain in alignment so they could be re-inserted into their respective holes 
for re-entry. A clearance of 0.02 millimeter (0.0008 inch) was selected. The transfer of metal 
between the pin and nut plate during vibration was also of concern. 

The material selected for the initial pin-nut plate design was chrome-plated, 4130 steel 
heat-treated to 160 ksi for the pin and 301 stainless steel for the nut plates. Two different 
shapes for the structural pins were selected, one cylindrical and one square. The cylindrical shape 
could transmit load in two directions. The square pin, when mated with a rectangular hole, 
would allow for uneven thermal expansion/contraction between the payload and REM center 
frame in a horizontal or x-axis direction. A 0.16 centimeter (0.06 inch) gap was allowed. The 
0.02 millimeter (0.0008 inch) clearance was maintained in the vertical or z-axis direction. A 
0.32 centimeter (0.125 inch) gap between the aft deployable rail and its mating nut plates was 
specified to allow for the payload contraction in the y-axis direction. 

The mating or sliding surfaces of the pin and nut plate were highly polished to reduce 
friction forces and make the latchlunlatch smooth. No lubrication was used between the sliding 
surfaces of the structural pin and nut plate. 

The berthing procedure for the deployed payload was for the RMS to place the sliding 
surfaces or three feet of the deployed rails on the designated areas of the center frame (figure 1) 
and slide the rails against the side fence and forward into a ready-to-latch position. At this time, 
the five ready-to-latch switches would give an indication that the payload was within 0.25 
centimeter (0.1 inch) of the desired position. A latch command could then be given. The above 
procedure was required to allow the RMS to position the pins into the required alignment to 
enter the nut plates. The latching action, a forward movement of 3.5 centimeters, mated the pins 
into the nut plates and also made the electrical feed-through connection for the payload. 

The gear train (figure 4) has redundant motors driving through a series of spur gears, a 
differential and worm/worm gear final drive. The gear train has a reduction of 28 12 to 1. A 
motor torque of 2.4 kg-cm (34 in-oz) produces an output torque of 3 1.8 kg meters (230 f t  lbs). 
The motors have an integral spring-loaded brake that prevents the latching system from being 
back-driven, although the final worm/worm gear absorbs much of the back-drive load. The gears 
are lubricated with Brayco grease 3L-38RP. The gear train is thermally isolated, and heaters are 
used to keep the grease from solidifying. The heaters assure that the gear train will operate at 
low temperatures. The gear train rotates a bell crank. This movement, transmitted through a 
solid adjustable link-and-latch link, pushed the pins on the forward rail into their mating holes. 
Figures 5a and 5b show the latching linkage in unlock and lock positions, respectively. The 
latchlunlatch indicator switches serve two purposes: (1) they indicate to the REM operator the 
status of the payload and (2) they automatically cut power to the gear train motor when the 
bell crank reaches the desired position. The adjustable link provides the means of equalizing 
the pre-load between the round and square pin. 

During a study made of the locking linkage kinematics, it was noted that the two latch 
links rotated different amounts for the same bell crank rotation (figure 6a). A close examination 
revealed that one latch link traveled approximately 0.5 centimeter farther than the other during 
latchlunlatch operations. This uneven travel resulted in only one latch link being in contact 



during latchlunlatch operations. An adjustment was available so that each latch link would 
apply equal force when the payload was in the latched position. Because of the spacing of the 
structural pins and aligning restraints provided by the center frame, this uneven movement was 
not a problem. 

After assembly, the unit with the IECM installed was subjected to three axes of vibration 
testing. A latch/unlatch cycle was attempted between each axis of testing. The structural pins 
could not be retracted from their mating nut plates after each vibration test. A fine black 
powder was generated by the chrome-plated pins abrading the stainless steel nut plates. The 
powder generated was enough to close the 0.02 millimeter (0.0008 inch) gap between the pin 
and nut plate and cause binding. The problem was corrected by increasing the gap to 0.076 
millimeter (0.003 inch) and by adding Brayco 3L-38RP grease to the interface. The vibration 
tests were then successfully completed. 

During a thermal vacuum test to determine the REM lower operational temperature, it 
was found that, at temperatures below - 1 2 5 ' ~ ~  the grease used on the structural pins solidified 
to such a degree that an unlatch/latch operation could not be performed. At the time the 
thermal vacuum test was performed, this operational temperature was acceptable. 

To determine if the RMS could perform the berthing procedure for the payload described 
earlier and place the payload in the required ready-to-latch position, the REM was shipped to 
Johnson Space Center for testing in the Manipulator Development Facility (MDF). The berthing 
procedure required the RMS to place the payload and deployed rails on the surface of the REM, 
and while maintaining contact with the REM surface with the three berthing feet, move the 
payload 15.2 centimeters (6 inches) in the x-direction, and then, upon making contact with the 
side fence, move the payload 15.2 centimeters (6 inches) in the y-direction. The berthing 
procedure was performed by the RMS operator viewing the operation on two closed circuit 
television monitors. 

Several problems were iden en the payload 
deployed by the RMS was constrained from movement in one direction, accurate control of the 
payload could not be maintained in the other direction. With the RMS arm in some positions, 
and the payload constrained in one direction, a command to move in one direction would result 
in payload movement in the opposite direction. As stated, the payload had to be moved 30.5 
centimeters while maintaining contact with the three berthing feet on the center frame surface. 
This requirement for constrained movement and the friction force of the feet sliding on the 
center frame surface transmitted to the RMS made this procedure undesirable. Complicating the 
procedure further, the feet could not be seen by the television cameras with the payload 
installed. This made the movement of the payload into the required latching position difficult. 
The close positioning, 0.25 centimeter (0.1 inch) required to close the ready-to-latch switches 
was also very difficult and sometimes impossible to obtain. 

- Several times during berthing attempts, the payload rails would be placed into positions 
so that the rails would hang up and could not be freed by the RMS operator. This prevented 
the payload from either being locked up with the REM or from being moved away for another 



berthing attempt. Successful berthing of the payload was sometimes achieved, but it was not a 
smooth nor consistent operation. When berthing and lock up could be achieved, the average time 
required was approximately 30 minutes. 

As a result of these tests, it was decided changes must be made to the REM hardware 
which would (1) remove all possibility of payload hang up during the berthing process, (2) pro- 
vide highly visible markings on the REM that could be used by the RMS operator for orientation 
of the payload, (3) increase the payload capture range of the REM, and (4) expedite the 
berthing process. 

A new method of berthing was also required. Instead of having to move the payload 
along the surface of the REM, a straight down motion of the payload would be attempted. This 
motion was easier to accomplish with the RMS, and the hardware changes would enhance this 
method. 

The unit was shipped back to MSFC where the following design changes were made to 
the REM: (1) four "Y" guides were mounted to the center frame; (2) guide rods were attached 
to the deployed rails; (3) ready-to-latch switches were included to give an indication that the 
payload was ready to  be latched over a 0.6 centimeter range; and (4) pin and nut plate lead-in 
configurations were changed to increase the permissible misalignment for a successful latch-up. 
The original configuration of the REM is shown in figure 2. Figures 7a and 7b show the con- 
figuration after modification. 

guides were desired b r two reasons. 
The 10 centimeter opening at the top of the "Y" guides would provide a large target for the 
rods on the deployed rails when the RMS operator attempted to berth the payload. As the pay- 
load was moved close to the center frame, the physical restraint of the "Y" guide placed the 
payload in the desired position for latch-up. The second reason for the rod and "Y" guide was 
for visibility. Alternating light and dark horizontal stripes, equally spaced and at equal distances 
above the center frame surface, were painted on the "Y" guides. The outboard ends of the rods 
were also striped for better visibility. The height reference of the horizontal stripes was an 
important aid and improved the berthing procedure. The physical restraint of the "Y" guides 
was both an advantage and disadvantage. The advantage was that, with the rods in the confines 
of the "Y" guide while maintaining a plane parallel to the center frame, the payload would be 
placed in a position that successful latch-up would be achieved. The disadvantage was that the 
frictional force generated by contact of the rod on the surface of the "Y" guide had to be 
overcome by the RMS. This surface on the "Y" guide was coated with Emralon 334, a dry 
lubricant, to minimize the frictional force. 

The original type of switch selected to give a ready-to-latch indication was also changed. 
The original switch would provide an indication only when the berthing feet were positioned 
to within 0.25 centimeter of the surface of the center frame. This was a very stringent require- 
ment on the RMS operator. Also, the actuation arm of the switch was deformed during the 
Johnson Space Center testing. Therefore, a larger and stronger switch having a 0.6 centimeter 
indication capability was selected, and redundant switches were provided. 



The original blunt nose design of the pin and nut plate is shown in figure 6b. The 
redesign of the pin and nut plate is shown in figures 6c, 8a, and 8b. This redesign in configura- 
tion allowed the pin to be out of alignment with the mating hole approximately 1 centimeter 
and still be guided into the hole by the latching motion. 

Also shown on figure 8b is a new configuration for the latch link. Figures 5a and 5b 
show the original configuration. The monoballs that were originally the contact between latch 
link and deployable rails were also the primary area of hang-up for the deployable rails. A hook 
on the deployable rails had thin fingers that could become lodged between the separate mono- 
balls and could not be removed by the RMS operator. This area was totally invisible to the RMS 
operator. The latch links were replaced by a solid latch line. In addition to removing the hang-up 
potential of the monoballs, a conical shape was specified on the top surface that would provide 
a guiding surface for the hook as it was brought down vertically into ready-to-latch position 
(figure 8b). 

After the new configuration was vibration tested, the REM was shipped back to Johnson 
Space Center for further testing in the MDF. These tests indicated that the added aids and larger 
capture range of the REM made it compatible with RMS capability. In addition to the testing at 
JSC in the manipulator docking facility, berthing tests using a flight-type of arm were conducted 
at SPAR, the Canadian manufacturer of the RMS. This testing also indicated that the RMS and 
the REM were compatible for joint operations on a mission. 

The last modification required on the IECM REM before flight was to allow operational 
capability down to -200°F. As stated earlier, the grease applied to the structural pins solidified 
at -125"F, making operation at lower temperatures impossible. Several dry lubricants were con- 
sidered before NPI 425 was selected for testing. After the lubricant was applied, the pins were 
burnished to remove all excess. Vibration testing was again perfonned and the REM operated 
satisfactorily. The thermal vacuum test was successfully accomplished at a temperature of 
-2 10°F. 

Three REMS have been built, the first for qualification testing. The second unit was 
flown with the IECM on STS3 and STS4. It was not operated on STS3 because of the failure 
of an aft bulkhead camera and the RMS elbow camera, which were needed to safely berth the 
IECM. However, the unit was satisfactorily operated on STS4. 

The third unit was flown on STS3 with the Plasma Diagnostic Package, which was 
deployed and berthed three times on this flight. The PDP/REM is scheduled to be flown again 
aboard Spacelab 2. 

The IECMIREM has been operated through two cycles in flight and the PDP unit through 
three cycles. The average time required to berth a payload has been approximately six minutes, 
with one berthing of the PDP being accomplished in four minutes. 

A fourth REM is being designed for a GSFC payload, SPARTAN, a 1134 kg (2500 lb) 
payload to be launched in July 1984. 





O R I G I N A L  CONCEPT 

Figure 1 b. REM with Payload Deployed. 
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Figure 1. View o f  Launch Pad 



d i r e c t i o n s .  The kee l  r e s t r a i n t  r eac t s  t r u n n i o n  loads i n  t h e  Y d i r e c t i o n  b u t  
a l l ows  f r e e  movement i n  t h e  X and Z d i r e c t i o n s .  

The p r imary  O r b i t e r  f i t t i n g  i s  f irmly a t tached  t o  t h e  longeron beam, 
w h i l e  t h e  secondary f i t t i n g  i s  a l lowed t o  s l i d e  i n  t h e  X d i r e c t i o n  only. The 
t r u n n i o n  i n t e r f a c e  w i t h  t h e  O r b i t e r  longeron f i t t i n g s  i s  a  s p l i t  sphe r i ca l  
b e a r i n g  t o  a l l o w  s l i g h t  angu la r  misal ignment o f  t h e  t r u n n i o n  due t o  d e f l e c -  
t i o n ,  etc.  Th i s  s p l i t  bea r i ng  i s  prevented f rom r o t a t i n g  ou t  o f  i t s  hous ing 
by a  smal l  p i n  t h a t  w i l l  shear w i t h  a  13,344-N (3 ,000- lb f )  load. The bore  
su r f ace  o f  t h e  b e a r i n g  has a  Te f l on  c o a t i n g  t o '  reduce f r i c t i o n  f rom s l i d i n g  
mot ion  and t o  p r o t e c t  t h e  p o l i s h e d  t runn ion ,  which has a  d i a m e t r i c a l  c lea rance  
o f  0.003 t o  0.010 cm (0,001 t o  0.004 in ) ,  

The O r b i t e r  kee l  f i t t i n g  i s  a t tached  t o  t h e  bot tom o f  t h e  O r b i t e r  pay load  

i n  e f f e c t  t o  
ng. F i n a l l y ,  t h e  

be ing  a b l e  t o  see e i t h e r  
sensi  ng, 

t h e  O rb i t e r .  It 
t h e  br idge,  and 

s  mechanisms p ro -  
g  suppor t  beams 
gs t h a t  a re  t h e  

he t r a n s f e r  t o  t h e  
t a b l e  once t h e  

a t fo rm (an e n t i r e l y  
h  t h e  pay load)  a t  
t h e  two s t r u c t u r e s  

ava i  1  able. Thi's c l e a r l y  i n d i c a t e d  t h  
f i t t i n g .  I 

DESIGN DETAILS 

The dec i s i on  t o  c r e a t e  a  new genera t ion  o f  ground f i t t i n g s  t o  p reven t  
damage t o  t h e  O r b i t e r  and t r unn ions  c a r r i e d  an a d d i t i o n a l  l i s t  o f  r e s t r a i n t s  
and requirements t h a t  had t o  be met. The new f i t t i n g s  had t o  be capable o f  
be ing  a t tached  as c l o s e  as 70 cm (27.56 i n )  apa r t  v e r t i c a l l y  anywhere a l ong  
t h e  16,154-m ( 5 3 - f t )  l o n g  suppor t  beams i n  10-cm (3.94- in)  increments. The 



Figure 2. Payload Ground Handling Mechanism Assembled 



maximum s t a t i c  l o a d  requirement per  p r imary  f i t t i n g  was 173,472 N (39,000 l b f )  
i n  t h e  X d i r e c t i o n  concurrent  w i t h  f71,168 N (t16,000 l b f )  i n  t h e  Z d i r e c -  
t i o n .  The secondary p o s i t i o n  o n l y  had t h e  f71,168-N ( f  16,000-1 b f )  r e q u i  rement 
i n  t h e  Z d i r e c t i o n .  

The new f i t t i n g s  had t o  prec lude damage t o  t h e  po l i shed  f i n i s h  o f  t h e  
t runn ion .  Such damage would change t h e  c o e f f i c i e n t  o f  f r i c t i o n  and cause 
h ighe r  Y - Y  loads d u r i n g  f l i g h t .  

Since we a re  d e a l i n g  w i t h  c l a s s  100,000 c lean rooms, the  f i t t i n g s  cou ld  
n o t  cause contami nat ion. S ince some pay1 oads a l s o  conta ined so l  i d  r ocke t  pro-  
pe l  l a n t  and 1  i q u i d  ox id i ze rs ,  t h e  f i t t i n g s  had t o  meet r e s t r i c t i v e  hazardous- 
area requirements. 

Design s a f e t y  margins f o r  s t r e n g t h  had t o  be 3 t o  1 on y i e l d .  F u r t h e r  
r e s t r i c t i o n s  decreed no poss ib l e  attachment t o  t h e  O r b i t e r  i n  any manner 
except t h e  i n s e r t i o n  o f  t h e  t runnion.  Clearances had t o  be mainta ined between 
t h e  ground equi  pment qu i  prnent i n c l  ud i  ng t h e  robot  arm (remote 
manipul a t o r  system), s, etc, on t h e  Orb i t e r .  

I t  was a1 so des i  r e  he f i t t i n g s  designed f o r  use on e i t h e r  s i d e  
o f  t he  pay load ( n o t  1  hand o n l y ) .  The l o a d  exe r ted  on t h e  t r u n -  
n i o n  had t o  be known i n  a d d i t i o n  t o  t h e  t r u n n i o n  p o s i t i o n  and amount o f  move- 
ment. Mot ion had t o  be l i n e a r ,  a l l o w i n g  f i n e  adjustment i n  any d i r e c t i o n  
w i t h o u t  any u n i n t e n t i o n a l  movement i n  t h e  o t h e r  two axes. The new f i t t i n g s  
were a l s o  requ i red  t o  be compat ib le  w i t h  t h e  remain ing e x i s t i n g  PGHM, The new 
100.33-cm (39.5-in) c a n t i  l e v e r  f rom t h e  face  o f  t h e  payload f i t t i n g  suppor t  
beam was g r e a t e r  than  f o r  t h e  o l d  f i t t i n g s  [was 45.72 cm (18 i n ) ]  bu t  had t o  
be kep t  reasonable t o  min imize t h e  h i ghe r  moments and t h e  r e i n f o r c i n g  re -  
quired. F i n a l l y ,  t h e  new des ign had t o  be completed; t h e  p ro to t ype  u n i t  had 
t o  be b u i l t  and tes ted ;  and t h e  20 p roduc t i on  f i t t i n g s  had t o  be f a b r i c a t e  
tes ted ,  and d e l i v e r e d  t o  meet t h e  launch schedule w h i l e  s t a y i n g  w i t h i n  t h e  
budget. 

The ground f i t t i n g s  were separated i n t o  two designs accord ing t o  func- 
t i o n  ( f i g u r e s  3  th rough 6) :  a  pr imary f i t t i n g  t h a t  had t o  support  a  173,472-N 
(39,000-1 b f )  v e r t i c a l  l oad  combined w i t h  a  271,168-N (f16,OOO-lbf) h o r i z o n t a l  
load, and a  secondary f i t t i n g  t h a t  had t o  support  a  f71,168-N (+16,000-lbf) 
h o r i z o n t a l  1  oad. The pr imary f i t t i n g  requ i red  p r e c i s e l y  c o n t r o l  1  ed 1  i n e a r  
mot ion c a p a b i l i t y  i n  a l l  t h r e e  perpend icu la r  axes f o r  al ignment under load. A 
c a n t i l e v e r e d  h o r i z o n t a l  t r u n n i o n  suppor t  beam was supported on r o l l e r s  and 
ad jus ted  h o r i z o n t a l l y  aga ins t  t h e  l oad  w i t h  a  double-act ing h y d r a u l i c  c y l i n -  
der. Th is  system was enclosed i n  a  housing t h a t  was a l lowed t o  move on ly  
v e r t i c a l  l y  by a  second s ing1 e -ac t ing  h y d r a u l i c  cy l inder .  This housing was l o -  
ca ted  w i t h i n  another  s t r u c t u r e  t h a t  con ta ined  bo th  t h e  l a t e r a l  movement mech- 
an i  sm and t h e  means o f  attachment a t  va r ious  v e r t i c a l  l o c a t i o n s  as needed. 
The secondary f i t t i n g  conta ined a h o r i z o n t a l  l y  p o s i t i o n e d  doubl e - a c t i  ng hy- 
d r a u l i c  c y l i n d e r  t h a t  h e l d  and p r e c i s e l y  moved t h e  payload i n  t h e  Z ( i n - o u t )  
d i r e c t i o n  b u t  a1 lowed f r e e  movement v e r t i c a l l y  and l a t e r a l l y  through use o f  
un i ve rsa l  and w r i s t  j o i n t s .  L i m i t i n g  loads t o  t h e  ' s e n s i t i v e  O r b i t e r  e l  ements 
was achieved by use of a  gas accumulator i n  t h e  h y d r a u l i c  system ( f i g u r e  7). 
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The cy l i nde rs  could e x e r t  t he  requ i red  ho ld ing  forces and needle valve pos i -  
t i o n i n g  but  s t i  11 be s o f t  and y i e l d i n g  t o  1  i m i t  these loads du r ing  Orb i te r  mo- 
t i o n s  and/or mismatch du r ing  i n s t a l l a t i o n .  

The keel  i n s t a l  1  a t i  on requi  red a  ho r i zon ta l  movement a1 1  owance combined 
w i t h  a  load l i m i t a t i o n .  This was accomplished by a l l ow ing  the  c los ing  l a t e r a l  
l o a d  on t h e  payload keel  ( f rom t h e  O r b i t e r  keel f i t t i n g )  t o  d e f l e c t  t he  h o r i -  
zonta l  cy l inders.  Once t h e  keel was locked, the payload was rea l igned l a t e r -  
a l  l y  w i t h  t h e  primary f i t t i n g  l a t e r a l  adjustment mechanism. 

The pr imary requirements t h a t  guided t h e  design were t h a t  t he  f i t t i n g  be 
able t o  move l i n e a r l y  i n  t h e  X, Y, and Z d i r e c t i o n s  and t h a t  t h e  load be 
t r a n s f e r r e d  t o  the  O r b i t e r  w i thout  damaging the  spher ica l  bushing shear pins. 
A hyd rau l i c  system was designed t h a t  would not  only  prov ide the  fo rce  t o  sup- 
p o r t  and move the  load but, by us ing  a  gas accumulator i n  the  system, would 
a l so  prov ide a  l o a d - r e l i e f  sp r i ng  t o  l i m i t  t h e  i n t e r f a c e  loads and a l l ow  
s e l f - a l i  gnment dur ing  i n s t a l  l a t i on .  This  created a  s o f t  hyd rau l i c  system 
( ra the r  than a  hard, r i g i d  system) t h a t  could l i m i t  the  i n t e r f a c e  loads and 
move w i t h  t h e  O r b i t e r  motion. F igure  7  shows a  schematic o f  t h e  hydrau l ic  
system f o r  moving one hyd rau l i c  c y l i n d e r  i n  one d i rec t i on .  The accumulator 
gaseous n i t rogen  (GN2) f i l l  valve i s  used t o  precharge the  gas accumulators t o  
a  value t h a t  depends on t h e  sp r ing  constant required. To assume t h e  load, t h e  
fill n ed le  valve i s  opened, a l l ow ing  l i q u i d  from t h e  2 . 0 6 8 ~ 1 0 ~ - ~ / m ~  (3,000- f 1  b f / i n  ) supply system t o  en te r  both t h e  accumulator and cy l inder .  The pres- 
sure increases, compressing the  gas and b u i l d i n g  up f o r c e  on t h e  face o f  the  
c y l i n d e r  p i s t o n  u n t i l  t h e  pressure t imes the  p i s t o n  area i s  s u f f i c i e n t  t o  
r a i s e  the  load. A t  t h i s  po in t ,  t he  pressure o f  t h e  compressed gas i s  t he  same 
as t h e  pressure on t h e  face o f  t h e  piston. Any a d d i t i o n a l  l i q u i d  in t roduced 
i n t o  t h e  system w i  11 on ly  move the  p i s t o n  a t  constant pressure ( t h e o r e t i c a l -  
l y ) .  Any increase o r  decrease o f  load on the  p i s t o n  rod w i l l  unbalance t h e  
f o r c e  across t h e  p i s t o n  face. As t h e  p i s t o n  moves t o  balance the  force, it 
e i t h e r  compresses o r  expands t h e  gas s l i g h t l y  u n t i l  t he  new pressure t imes t h  
p i s t o n  area equals t h e  new force. The change o f  f o r c e  d i v ided  by t h e  amount 
o f  movement i t  causes i s  t h e  sp r ing  constant. High-point bleeds are used t o  
b leed a i r  out  f o r  good spr ing- ra te  ca l i b ra t i on .  Varying the  damper needle 
valve w i l l  vary t h e  dynamic response o f  t he  system by vary ing t h e  f l ow  r a t e  
between t h e  accumulator and the  cy l inder .  Opening the  r e t u r n  needle valve 
w i l l  lower t h e  load by a l l ow ing  t h e  pressur ized 1  i q u i d  t o  escape t o  the  cen- 
t r a l  reservoi r .  A pressure gage reads out i n  l b f / i n 2  gage, and the  transducer 
feeds data t o  a  d i g i t a l  readout t h a t  d isp lays  values i n  Ibf. This system i s  
repeated f o r  each o f  t he  th ree  powered d i r e c t i o n s  on a  pr imary f i t t i n g  and 
each o f  t h e  two powered d i r e c t i o n s  on a  secondary f i t t i n g .  The cen t ra l  hy- 
d rau l  i c  system cons is ts  o f  redundant pumps, t he  c e n t r a l  reservo i r ,  and cont ro l  
panel. Haskel 1  a i  r - d r i  ven pumps were selected due t o  t h e i r  successful i ndus- 
t r i a l  record o f  running on p l a i n  deionized water a t  h igh  pressures. Here, 
they are used w i t h  5% l u b r i c a n t  i n  t he  water and a t  lower pressure, which 
should y i e l d  h igh  r e l i a b i l i t y .  (Water i s  used because i t  i s  no t  l i k e l y  t o  
damage a  payload i f  sp i l l ed . )  



The p r imary  f i t t i n g  holds t h e  p o l i s h e d  payload pr imary t r u n n i o n  on a  
l i n e r  made o f  7076-T6 aluminum coated w i t h  Lear  S i e g l e r  Fabro id  G2 T e f l o n  
bea r i ng  m a t e r i a l  t o  p r o t e c t  t h e  t r u n n i o n  f rom damage by s t e e l  par ts .  The 
Te f l on  was added a f t e r  t e s t s  showed g a l l i n g  of t h e  aluminum and t r a n s f e r  o f  
aluminum t o  t h e  t r u n n i o n  surface. 

The t r u n n i o n  suppor t  beam i s  2.54 cm (1  i n )  wide t o  f i t  t h e  area on t h e  
t r u n n i o n  a1 l o c a t e d  t o  ground hand1 i ng. Depth under t h e  t r u n n i o n  was min imi  zed 
t o  avo id  i n t e r f e r e n c e  w i t h  O r b i t e r  at tachments 19.89 cm (7.83 i n )  below t h e  
t runn ion ,  and t h i s  r equ i red  heat t rea tment  o f  A I S I  4340 s t e e l  t o  meet t h e  
3- to-1 marg in  on y i e l d .  The beam i s  c a n t i l e v e r e d  f o r  c learance t o  t h e  O r b i t e r  
f i t t i n g s  and i s  supported by a  17.78-cm ( 7 - i n )  cam r o l l  bear ing  below and two 
p r e c i s i o n  a i r c r a f t  cam r o l l e r s  a t  t h e  t o p  r e a r  t o  support  t h e  X load. To meet 
t h e  o v e r a l l  h e i g h t  l i m i t a t i o n ,  t h e  beam was tapered a t  t he  rear. 

A l l  r o l l e r s  bear  on wear p l a t e s  t h a t  a r e  shimmed t o  p rov ide  t r u e  l i n e a r  Z 
motion. The Z l o a d  i s  taken  by a  doub le -ac t ing  h y d r a u l i c  c y l i n d e r  a t tached  t o  
t h e  p r o t r u s i o n  on t h e  t r u n n i o n  support  beam over  t h e  17.78-cm (7 - i  n )  r o l l e r .  
Pinned ends on t h e  c y l i n d e r  prevent  moments on t h e  c y l i n d e r  rod t h a t  would 
s i d e  l o a d  t h e  seals.  The t r u n n i o n  suppor t  beam, suppor t ing  r o l l e r s ,  and hy-  
d r a u l i c  c y l i n d e r  a r e  a l l  s t r u c t u r a l l y  supported by t h e  i n n e r  housing. Th i s  
i n n e r  housing, which serves t o  p rov ide  t h e  l i n e a r  X d i r e c t i o n  motion, i s  sup- 
p o r t e d  on t h e  s i n g l e -  (upward) a c t i n g  h y d r a u l i c  c y l i n d e r  t h a t  has a  machined 
sphe r i ca l  bea r i ng  cap on t h e  rod  end t o  reduce s i d e  loads on t h e  seals. Four 
more a i r c r a f t  bear ings,  two pe r  s ide, a r e  l o c a t e d  t o  t r a v e l  i n  t h e  v e r t i c a l  
guideways a t tached t o  an o u t e r  housing. The c y l i n d e r  was l oca ted  as c l ose  t o  
t h e  payload as poss moment c a r r i e d  by t h e  X r o l -  
l e r s ,  which were sp l e  t o  min imize t h e i r  s i z e  and 
reduce o v e r a l l  h e i  g 

L a t e r a l  s t a b i  1  a ted  wear s t r i p s  and a d j u s t a b l e  
bear ing  pads t h a t  a r e  l o c a t e d  between t h e  t r u n n i o n  support  beam and i n n e r  
housing and between t h e  i n n e r  and o u t e r  housings. The ou te r  housing p rov ides  
t h e  o v e r a l l  enc losure  and t h e  means o f  attachment t o  t h e  support  beam a t  t h e  
des i r ed  l o c a t i o n  by us ing  shear p i n s  through bo th  c l e v i s  ears and suppor t  
beams on each s i d e  o f  t h e  f i t t i n g .  These p ins ,  h i g h  s t r eng th  f o r  minimum 
s i ze ,  a r e  f i n i s h e d  t o  16 root-mean-square t o  p rov ide  a  s l i d i n g  su r f ace  w i t h  
t h e  Garlock DU Tef lon-coated i n s e r t  bea r i ng  sleeves t h a t  l i n e  t h e  at tachment 
ho les  on t h e  f i t t i n g  support  beam. 

The w i d t h  between t h e  c l e v i s  ears  i s  2.54 cm (1 i n )  wider  than  t h e  l u g  on 
t he  beam, which a l l ows  t h e  f i t t i n g  t o  be moved i n  t h e  l a t e r a l  (Y-Y) d i r e c t i o n  
f1.27 cm (20.5 i n )  by s l i d i n g  t h e  p i n  through t h e  bear ing  sleeves. Th i s  i s  
accomplished by u s i n g  a  coarse- thread manual screw t h a t  i s  l oca ted  d i r e c t l y  
below t h e  shear pins.  Th is  screw can be mounted on e i t h e r  s i de  o f  t h e  f i t -  
t i n g ,  depending on a c c e s s i b i l i t y ,  and w i l l  push o r  p u l l  t he  f i t t i n g  l a t e r a l l y  
on t h e  sleeves. One screw i s  l o c a t e d  on each pr imary t r u n n i o n  f i t t i n g .  Thus, 
t o  move a  payload l a t e r a l l y ,  t h e  screws t o  bo th  f i t t i n g s  are operated s imu l -  
taneously.  A 0.64-cm (0.25-in) in-and-out  f r e e - s l  i d i n g  t r a v e l  i s  des i  yned 
i n t o  each screw. Th is  prevents  a  screw on one s i de  from b i n d i n g  up t h e  screw 
on t h e  o t h e r  i f  they  are er roneously  t u rned  a t  a  d i f f e r e n t  r a t e  o r  i n  



d i f f e r e n t  d i r e c t i o n s .  The lower  r e a r  p o r t i o n  o f  t h e  o u t e r  housing a l s o  has 
Tef lon rub  pads t h a t  bear aga ins t  t h e  f r o n t  su r face  o f  t h e  suppor t  beam lugs. 

The X adjustment p rov ides  a range o f  movement o f  up 2.54 cm ( 1  i n )  and 
down 5.08 cm ( 2  i n )  f rom t h e  n u l l  pos i t i on .  Th is  a l l ows  t h e  f i t t i n g  t o  be 
lowered 5.08 cm (2 i n )  t o  c l e a r  t h e  h a l f  d iameter  C4.13 cm (1.625 i n ) ]  o f  t h e  
t r u n n i o n  f o r  wi thdrawal.  

r d e r  t o  p r o t e c t  t h e  payload and t h e  O r b i t e r  f rom c 

e x t r a  damping a l lowed t h e  

STS-5 payloads were i n s t a l l e d  by t h e  new f i t t i n g s  w i t hou t  problems. 
F i n a l  cos t  was w i t h i n  t h e  o r i g i n a l  budget est imate. 



Figure 8. Primary Fitting During Development Tests 



Figure 9. Primary Fitting 
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Figure 10. Secondary Fitting During Development Tests 
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F igu re  11. Secondary and Pr imary  F i t t i n g s  on T e s t  Stand 
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