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PREF'ACE 

The proceedings of the 14th Aerospace  Mechanisms  Symposium  held  at 
Langley  Research  Center on May 1-2,  1980, are  in  this  NASA  Conference  Publi- 
cation. The symposium  was  co-sponsored by the National Aeronautics  and Space 
Administration,  the  California  Institute  of  Technology,  and  Lockheed  Missiles 
& Space  Company, Inc. 

The  purpose  of  the  symposium was  to provide  a  forum  for  the  interchange 
of information  among  those  active  in  the  field  of  mechanism  technology. To 
that  end, 26 papers  were  presented on aeronautics  and  space  flight,  with  spe- 
cial emphasis  on  actuators  and  aerospace  applications for ground  systems. The 
papers  were  authored by engineers  from  a  broad  aerospace  spectrum  including  the 
U . S .  aerospace  industry,  the  university  community,  NASA,  and  several  European 
participants. 

The  efforts of the  review  committee,  session  chairmen,  and  speakers  con- 
tributing  to  the  technical  excellence  and  professional  character  of  the  confer- 
ence  are  especially  appreciated. 

The use  of trade  names or names  of  manufacturers in this  publication  does 
not  constitute  an  official  endorsement  of  such  products  or  manufacturers,  either 
expressed or implied, by the National Aeronautics  and Space Administration. 
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MECHANISMS TO DEPLOY THE TWO-STAGE IUS FROM THE SHUTTLE CARGO  BAY^ 
H. Theron Haynie, PE 

Boeing  Aerospace Company 

SUMMARY 

The I n e r t i a l  Upper S tage  (IUS) i s  a two-stage or t h r e e - s t a g e   b o o s t e r  
u s e d   t o   t r a n s p o r t   s p a c e c r a f t   f r o m   t h e   s p a c e   s h u t t l e   o r b i t   t o   s y n c h r o n o u s   o r b i t  
o r  on an i n t e r p l a n e t a r y   t r a j e c t o r y .  The mechanisms d i s c u s s e d   i n   t h i s   p a p e r  
were des igned   spec i f i ca l ly   t o   pe r fo rm  the   two-s t age  IUS r e q u i r e d   f u n c t i o n s  
wh i l e   con ta ined   w i th in   t he   ca rgo   bay   o f   t he   space   shu t t l e   du r ing   t he   boos t  
phase   and   whi le   in  a low  Ear th   o rb i t .   This   paper   descr ibes   the   requi rements ,  
c o n f i g u r a t i o n ,   a n d   o p e r a t i o n   o f   t h e  mechanisms  with  particular  emphasis  on 
t h e  tilt a c t u a t o r   a n d   t h e  mechanism fo r   decoup l ing   t he   ac tua to r s   du r ing   boos t  
t o   e l i m i n a t e   r e d u n d a n t   l o a d   p a t h s .  

IWTRODUCTION 

The mechanisms r e q u i r e d   t o   f u n c t i o n   d u r i n g   t h e   s p a c e   s h u t t l e   o r b i t e r  
boost  and IUS sepa ra t ion   s equence   were   des igned   and   s e l ec t ed   t o  meet t he   cha l -  
lenge  of  remote  deployment. The environment i s  hos t i l e   and   exceeds   t he   capa -  
b i l i t i e s   o f  many o f   t h e   m a t e r i a l s   c o n s i d e r e d   s t a n d a r d   i n   t h e   a i r c r a f t   i n d u s t r y .  

The IUS cradle   assembly i s  the  airborne  support  equipment  (ASE),  which 
in t e r f aces   be tween   t he  IUS f l i g h t   v e h i c l e   a n d   t h e   s p a c e   s h u t t l e   o r b i t e r   c a r g o  
bay. The c r a d l e   s t r u c t u r e   c o n s i s t s   o f  (1) an a f t  support   f rame  that   provides  
s u p p o r t   s t r u c t u r e   f o r  IUS X ,  Y ,  Z ,  Mx and Mz loads   and  ( 2 )  a forward  support  
frame t h a t   p r o v i d e s   s u p p o r t   f o r  IUS Y and Z loads   dur ing   boos t .  A k e e l   p i n  
between the   forward  frame and  the IUS c a r r i e s   t h e  Y loads  and may be  loaded a t  
deployment  due t o   t h e r m a l   d i s t o r t i o n s   o f   t h e   o r b i t e r .  The af t  frame  pivots  
during  deployment t o   e l e v a t e   t h e  IUS ou t   o f   t he   shu t t l e   ca rgo   bay .  All mechan- 
isms are a par t   o f   these   two  major   s t ruc tura l   e lements .   F igure  1 shows t h e  
s p a c e   s h u t t l e   a n d  i t s  r e l a t i o n s h i p   t o   t h e  IUS cradle  assembly. 

After orb i t   has   been   ach ieved ,   the   forward  frame l a t c h e s  are opened t o  
a l l o w   t h e  a f t  frame tilt a c t u a t o r s  (AFTA) t o   e r e c t   t h e  IUS and i t s  p a y l o a d   t o  
a checkou t   pos i t i on   and ,   f i na l ly ,   t he   s epa ra t ion   pos i t i on .  The Super*Zip2 
l i nea r   exp los ive   f r ac tu re s   t he   suppor t   s t ruc tu re ,   a l l owing   s e l f -dep loymen t  
s p r i n g   a s s e m b l i e s   t o   e j e c t   t h e  IUS and i t s  payload a t  a v e l o c i t y   t h a t  i s  
adequate t o   o b t a i n  a safe s e p a r a t i o n   d i s t a n c e   b e f o r e   f i r i n g   t h e  IUS first- 
s tage   boos t   motor .  

lWork performed  on  contract  F04701-78-C-0040, HQ. Space  Divis ion (AFSC). 
2Lockheed Missiles and  Space Company. 
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DESIGN REQUIREMENTS 

Allmechanisms share c e r t a i n   g e n e r a l   r e q u i r e m e n t s  relative t o   t h e   s p a c e  
environment,  such as t h e   f o l l o w i n g :  

a. 

b.  

C .  

a. 

e .  

f .  

e -  

a. 

b.  

C .  

a. 

e. 

f .  

g. 

h. 

Complete 100 f l i g h t s  and last f o r  10 y e a r s .  

O p e r a t e   i n   z e r o   g r a v i t y .  

Surv ive   t empera tures  as low as -84Oc (-120OF). 

Have an opera t ing   tempera ture   range   of  -23OC t o  +52OC  (-1OOF t o  +l25OF). 

Provide  redundancy  for  any  operating mechanism. 

Be contained  within  the  a l lowable  payload  dynamic  envelope.  

Use materials and f i n i s h e s   t h a t  w i l l  no t   ou tgas .  

T i l t  sys tem  spec i f ic   des ign   requi rements   a re :  

R o t a t e   t h e   a f t  frame at  a n   a n g u l a r   r a t e   o f   1 2  - + 6 degrees   per   minute .  

E l e v a t e   t h e  IUS t o  29O fo r   checkou t   and   t o  58O f o r   s e p a r a t i o n .  

P r o v i d e   t h e   c a p a b i l i t y   t o   e l e v a t e  the  IUS t o  90'. 

R e t r a c t   t h e   a f t  frame to t h e  s towed   pos i t i on   w i th   t he  IUS a t t ached .  

R e t r a c t   t h e  af t  frame t o   t h e   l a n d i n g   l o c k   p o s i t i o n  (-6O) wi thou t   t he  I U S  
a t t ached .  

Provide  redundant   dr ive  systems.  

No i n t e n t i o n a l   l o a d   p a t h s   d u r i n g   b o o s t .  

Decouple a f a i l e d   d r i v e   s y s t e m .  

AFT FRAME TILT ACTUATOR 

Ro ta t ion   o f   t he  IUS a b o u t   t h e   t r u n n i o n   i n   t h e   a f t   s u p p o r t   f r a m e  i s  
powered  by t h e  a f t  frame tilt a c t u a t o r  (AFTA), a n  e l e c t r i c a l l y   d r i v e n   j a c k  
screw. The des ign  i s  similar t o  the t h r u s t   v e c t o r   c o n t r o l   a c t u a t o r   d e s c r i b e d  
i n   r e f e r e n c e  1. The power is provided  by a r e v e r s i b l e   r a r e - E a r t h  dc t o r q u e  
motor  and  tachometer  mounted  directly t o  a r e c i r c u l a t i n g   b a l l   n u t .  The con- 
t r o l l e r   e l e c t r o n i c s  are mounted  on t h e  a f t  support   frame. The opera t ion   per -  
formance c h a r a c t e r i s t i c s  and the   ac tua to r   a s sembly   a r e  shown i n   f i g u r e   2 .  
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The lower  curve  of   the  performance  diagram  descr ibes  the worst   case 
r e s i s t ance   t o rques .   These   i nc lude   t runn ion   f r i c t ion ,   e l ec t r i ca l   cab le   bend-  
i n g   b e t w e e n   t h e   s h u t t l e   a n d   t h e  aft frame, IUS k e e l   p i n   f r i c t i o n   a n d  two 
u m b i l i c d   p l u g   l a n y a r d s .  The curve shows a margin i n   e x c e s s   o f  1 as requ i r ed  
b y   s p e c i f i c a t i o n  DOD-A-83577A(USAF). Cable  bending  loads  and  umbil ical   p lug 
f o r c e s   h a v e   b e e n   v e r i f i e d   i n   f u l l   s c a l e   d e v e l o p m e n t   t e s t s .   K e e l   p i n   f r i c t i o n  
t e s t   r e s u l t s  are shown i n   t a b l e  1 and  cable   bending  loads are shown i n   t a b l e  2. 

The AFTA sys tem  cons is t s   o f   the   j ackscrew,   motor ,   t achometer ,   po ten t io-  
meter ,   and   e lec t ronic   cont ro l   assembly .  The hollow  machined  screw i s  98.8 cm 
(38.9 i n )   l ong   and  i s  supported on both  ends  by  guide  bushings.  The b a l l   n u t  
i s  suppor ted   to   the   hous ing   by  a combination radial a n d   t h r u s t   b a l l   b e a r i n g s .  
P o s i t i o n   c o n t r o l   f o r  power o f f  miss ion   func t ions  i s  provided  by  two  meshing 
l o c k   g e a r s   t h a t  mesh wi th  a g e a r   i n t e g r a l  wi.th t h e   b a l l   n u t .  With so l eno ids  
unpowered ,   re turn   spr ings   ins ide   the   so lenoids   ho ld   the   lock   gears   in  mesh 
w i t h   t h e   b a l l   n u t   g e a r .  When energized,   the   solenoids   withdraw  two  gears   f rom 
t h e   b a l l   n u t   g e a r ,   a l l o w i n g   t h e   t o r q u e   m o t o r   t o   d r i v e .  The locking   gears   oper -  
a te   independent ly   and  w i l l  perform  their   lock-unlock  funct ion  even i f  one  sole- 
noid f a i l s  t o   o p e r a t e .  

The l e a d   o f   t h e   b a l l   s c r e w  i s  .254 cm (0.10 i n )  and t h e  normal   ro ta t iona l  
r a t e   o f   t h e  b a l l  nu t  i s  18 r /min.  A l inear   po ten t iometer   and   wiper   p rovide  
p o s i t i o n   i n f o r m a t i o n   a n d   s w i t c h   s i g n a l s   t o   t h e   c o n t r o l l e r .  A tachometer  pro- 
v i d e s   t h e   r a t e  data t o   t h e   c o n t r o l l e r .  The rod   end   of   the   ac tua tor   connec ts  
t o  a slip-ring  assembly  mounted on t h e  a f t  frame. 

SLIP R I N G  

The s l i p   r i n g  shown coupled t o   t h e  AFTA i n  f i g u r e  3 p r o v i d e s   t h e  means t o  
decouple   the AFTA dur ing   boos t .  The requirement   resul ts   f rom  the  two-stage 
a f t  frame  mounting t o   t h e   s h u t t l e   c a r g o   b a y   l o n g e r o n s .  A 1.83 m ( 6  f t )  long  
spreader   spr ing  supports   each  end of t h e  a f t  f r ame .   Def l ec t ions   o f   t he   sp r ing  
would c r e a t e  a load   pa th   t h rough   t he  AFTA i f  coupled  during  boost or l anding .  

An engage  pin  mounted  within  the af t  f r ame   s t ruc tu re  i s  spr ing  loaded  and 
o f f s e t  from t h e   m a t i n g   h o l e   i n   t h e   s l i p   r i n g .  A s  t h e   s p r e a d e r   s p r i n g   d e f l e c t s  
under IUS o s c i l l a t i o n s  i n  boost ,   the   engage  pin moves a l o n g   t h e   s l i p   r i n g  
approaching  but   never   enter ing  the  engage  hole .  A redundant   load  path  through 
t h e  tilt a c t u a t o r  i s  avoided. 

Engagement  of t h e   a c t u a t o r  and s l i p   r i n g   t o   t h e  a f t  frame t o   e r e c t   f o r  
launch Of t h e  IUS i s  accomplished when t h e   a c t u a t o r  i s  e x t e n d e d   u n t i l   t h e  
mating  hole  i s  a l igned   wi th   the   engage   p in .  A s i g n a l  a t  t h e  crew s t a t i o n  con- 
firms engagement. 

The tilt ac tua to r   and   s l i p - r ing   sys t em i s  completely  redundant.  The p r i -  
mary AFTA i s  l o c a t e d  on t h e   r i g h t - h a n d   s i d e   o f   t h e   s h u t t l e  w i t h  the  a l t e r n a t e  
system  located on t h e  l e f t   s i d e  on the   oppos i te   end  of the af t  support   frame. 
Dur ing   ope ra t ion   o f   t he   p r imary   ac tua to r ,   t he   a l t e rna te   sys t em  engage   p in  
s l i d e s   a l o n g   t h e   a l t e r n a t e  sliD r i n g ,   n e v e r   a l i g n i n g   w i t h   t h e   e n g a g e   h o l e .  A 
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f a i l u r e   o f   t h e   p r i m a r y   a c t u a t o r   s y s t e m   s t o p s   t h e   e r e c t i o n   c y c l e   a n d  w i l l  
r e q u i r e   t h e   a s t r o n a u t   t o   r e m o t e l y   e x t e n d   t h e   a l t e r n a t e   a c t u a t o r   u n t i l  the  
a l t e r n a t e   e n g a g e   p i n   e n t e r s   t h e  s l i p  r i n g   h o l e .  A t  t h a t  time, t h e   p i n   p u l l e r  
of t he   phmary   sys t em i s  f i r e d ,   u s i n g  two NSI c a r t r i d g e s   t o   r e l e a s e   t h e   p r i -  
mary a c t u a t o r  from t h e  a f t  frame. A s p r i n g   c a r t r i d g e   r o t a t e s   t h e   p r i m a r y  
ac tua tor   ou t   o f   engagement   to   p revent   any   phys ica l   in te r fe rence  as t h e   a f t  
f r a m e   r o t a t e s   b a c k   t o   l o c k   f o r   l a n d i n g .  

KEEL PIN EXTRACTOR SPRING 

Dur ing   t he   e r ec t ion   cyc le   o f   t he  IUS from t h e   s h u t t l e ,   t h e   k e e l   p i n  a t  
the   forward   f rame  to  IUS i n t e r f a c e  must be withdrawn. This  i s  normally a 
s i m p l e   m a t t e r   u n l e s s   t h e   s h u t t l e  has assumed a d is tor ted   shape   because   o f  
d i f f e r e n t i a l   h e a t i n g   o f   t h e  two s ides   o f   t he   ca rgo   bay .  The r e s u l t i n g  Y l oads  
on t h e   k e e l   p i n   c o u l d   o v e r l o a d   t h e  tilt a c t u a t o r   s i n c e  t h i s  f r i c t i o n  i s  
a p p l i e d  a t  a moment arm of  about  3.35 m (11 f t )  from t h e  a f t  frame p ivo t .  

The k e e l   p i n  i s  shown i n   f i g u r e   3 .  The p i n  i s  machined  from 4330M s t e e l  
and  chrome p l a t e d .  The I S kee l   p in   socke t  i s  machined  from 6A1-4V t i t a n i u m  
anc   coa ted   w i th   V i t ro lube   d ry   f i lm   l ub r i can t .   Se l ec t ion   o f  t h i s  m a t e r i a l  
combination was made a f t e r   comple t ion   o f  a s i m u l a t e d   k e e l   p i n   f r i c t i o n   t e s t  
summariz:d on t a b l e  1. The t e s t   o b j e c t i v e  was t o   f i n d   m a t e r i a l s  w i t h  a consis-  
t e n t   c o 2 f f i c i e n t   o f   f r i c t i o n   o f   l e s s   t h a n  0 . 1  a t  ve ry  low l o a d s .  The o b j e c t i v e  
was no t   me twhich   r e su l t ed   i n  a d e c i s i o n   t o   d e s i g n  a s p r i n g  assist  system t o  
ensu re   success fu l   kee l   p in   ex t r ac t ion   unde r   t he   wors t   expec ted   kee l   p in   s ide  
l o a d s .  The s p r i n g  has 4 c o i l s   r a t e d  a t  445 N each (100 l b f )  , I n  terms of af t  
frame r o t a t i o n  moment a p p l i e d  a t  an arm of 3.35 m ,  w e  have  5330 N.m (47174 l b f .  
i n ) .   T h i s  moment w i l l  overcome a k e e l   p i n   i n i t i a l   s i d e   l o a d   o f  4450 N (1000 l b f )  
w i t h  a margin  of 1 i 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  i s  0.2 or l e s s .  The k e e l   p i n  
i s  d isengaged   a f te r   2 .3  cm (0 .90  i n )  of t r a v e l .  The s p r i n g   l e a v e s   t h e  IUS a f ie r  
about 3 cm o f   t r a v e l   a n d  i s  not   reac t iva ted   th roughout   the   remainder  of  t h e  
mission.  

Y 

DEPLOYMENT  SYSTEM  DESCRIPTION 

The block  diagram  and  t ime  l ine of f i g u r e  4 i s  a schemat i c   desc r ip t ion  
of the  system. The  power con t ro l   pane l  i s  mounted i n   t h e   s h u t t l e  crew s t a t i o n '  
and  contains  a l l  c o n t r o l   s w i t c h i n g   e x c e p t   t h e   p a y l o a d   r e t e n t i o n   l a t c h   a c t u a t o r  
(PRLA) which  remains on t h e   s h u t t l e  A6  panel .  The power c o n t r o l   u n i t   a n d   t h e  
two AFTA c o n t r o l l e r s   a r e   l o c a t e d  on t h e  ASE c r a d l e  a f t  support   frame. 

I n  a t y p i c a l   m i s s i o n   a f t e r   t h e   s p a c e   s h u t t l e  i s  i n   o r b i t ,   t h e   f l i g h t  crew 
o r i en t s   t he   shu t t l e   and   opens   t he   ca rgo   bay  doors. The primary AFTA i s  extended 
until t h e   s l i p   r i n g  engage   p in   en te r s  i t s  mating  hole  and s i g n a l s  engagement. 
The l a t c h e s  on the  forward  support   f rame are opened  and  the IUS s p a c e c r a f t  i s  
e l eva ted   t o   an   ang le   o f  29 degrees   fo r   comple t ion   o f   t he   spacec ra f t   e l ec t r i ca l  

2Nat iona l   Process   Indus t r ies  
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checkout   th rough  the   IUS- to-shut t le   umbi l ica l   cab les .  After v e r i f i c a t i o n   o f  
spacec ra f t   f l i gh t   r ead iness ,   t he   c r ew  d i sconnec t s   t he   umbi l i ca l   p lugs   and   t he  
u m b i l i c a l   c a b l e   t r a y  moves  away from t h e  IUS f o r  deployment  clearance. 

The AFTA i s  again  extended  to   an  IUS-spacecraf t   angle   of  58 degrees   wi th  
the   space   shu t t l e   cen te r ,   t he   Supe r*Zip  i s  f i r e d ,   t h e  IUS s e p a r a t e s   s t r u c t u r a l l y  
from t h e   a f t   s u p p o r t   f r a m e ,   a n d   t h e   s e p a r a t i o n   s p r i n g s   p r o v i d e   t h e   i m p u l s e   t o  
s e p a r a t e   t h e  IUS from t h e   s p a c e   s h u t t l e .  

Once s e p a r a t e d ,   t h e  AFTA i s  r e t r a c t e d   t o   r e t u r n   t h e  a f t  support  frame t o  
i t s  o r i g i n a l   p o s i t i o n   p l u s  6 deg rees   t o   engage   l and ing   l ock ing   p ins   and   t o  
c a p t u r e   t h e   u m b i l i c a l  boom t o  a l a t c h   l o c a t e d  on the  forward  support   f rame.  The 
p i n   p u l l e r  i s  f i r e d   t o   d i s e n g a g e   t h e  AFTA and   e l imina te  a redundant  load  path.  
The payload   bay   doors   a re   c losed   for   reen t ry  or r epos i t i on ing   o f   t he   space  
s h u t t l e   f o r   o p e r a t i o n   w i t h   o t h e r   p a y l o a d s .  

The tilt mechanism  system  contains  buil t- in  redundancy  by  providing  two 
a c t u a t o r s ,  two c o n t r o l l e r s ,  two  power s u p p l i e s ,  two  switching  systems,  and  two 
slip r i n g  mechanisms. 

CONCLUDING REMARKS 

The AFTA and s l i p   r i n g  mechanisms  meet the es tab l i shed   des ign   requi rements  
f o r   o p e r a t i o n   i n  a n e a r   E a r t h   o r b i t .  

A t e s t  program i s  planned to   ga in   conf idence   t ha t   t he   sys t em w i l l  
successfu l ly   per form as r equ i r ed .  The IUS and a f t   suppor t   f r ame  w i l l  be 
s t a t i c a l l y   b a l a n c e d   a b o u t  a s i n g l e   t r e e  and  s l i n g   s u p p o r t .  A counterweight 
w i l l  e x a c t l y   b a l a n c e   t h e   t e s t   a r t i c l e .  During t h e   r o t a t i o n   t e s t ,   m e a s u r e m e n t s  
w i l l  be made t o   v e r i f y   t h a t   t h e   r e q u i r e d   d r i v e   m a r g i n s   a r e   p r e s e n t .  
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TABLE 1.- KEEL PIN FRICTION  TEST 

M A T E R I A L / F I N I S H  DYNAMIC * 
(TEST CONDUCTED AT ROOM TEMPERATURE) F R I C T I O N   C O E F F I C I E N T  

1333 

.31 2000 TITANIUM/CANADIZE  AGAINST 4130 STL/CHROME 

.29 

2667 

1300 .16 

- 

TITANIUM/VITROLUBE  AGAINST 15-5 PH/VITROLUBE .15 2000 

2667 

1300 

.17 

.14 2000 

.14 

2667 .15 

1300 .22 

TITANIUM/EVERLUBE 620 AGAINST 4130 STL/CHROME 2000 .24 

2667 .28 

1300 .19 

2000 .23 
2667 .23 

T I T A N I u M / v I T R O L U B E   A G A I N S T  4130 STL/CHROME 
(SELECTED) 

TITANIUM/PLASMA SPRAYED Cr202 AND EVERLUBE 620 

AGAINST 4130 STL/CHROME 

* CONSTANT VELOCITY OF .38 Cm/sec. 

TABLE 2.-  ELJXTRICAL CABLE  TORQUE TESTS 

UMBIL ICAL   CABLE  IN   BENDING (90' TO 0') U M B I L I C A L   C A B L E   I N   T O R S I O N  

ANGLE TORQUE (-51'C), id-m T@RQUE ( 2 l 0 c ) ,  4.m TORQUE (-51°C), N . m  *TORQUE  (21'C), I4.m 

22.5' 3.8 1.4 4.1 1.7 

45' 5.0 1.4 3.6 1.4 

67.5' 6.2 3.1 3.3 2.6 

90' 6.2 3.1 3.3 1.9 

POWER AND CONTROL  CABLE  BENDING 

ANGLE I TORQUE ( H O C ) ,  N - n l T O R Q U E  (-51'C)f N - m l  TORQUE ( 2 1 ' C f  N.m ITORQUE  ( -S l 'Cf  N.m 
# 

0' 15.6 17.6 -1.4 -6;8 

30' 5 .4  7.5 19.0 1.4 -. . 
60' 3.4 4.2 20.3 3.4 

90' 1.4 12.9 29.8 12.9 
-~ ~ 

ERECT  CYCLE 0' TO 90' A RESTOW CYCLE 90' - 0' *1 N . m  = .73756 l b f - f t  
~~~~~ ~ ~ ~ ~ 
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x 

Figure 1.- IUS airborne  support  equipment. 

DC  TORQUE  MOTOR 7 A 

\ 

TACHOMETER 

7 GEARS 
TORQUE  OUTPUT 

N" "'m 400 4 6 * lbf-in x lo3  

200 2 

T I L T  ANGLE - DEGREES 
30 60 90 

Figure 2.- Tilt  actuator  and performance characteristics. 
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Figure 3.- T i l t  mechanisms. 
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Figure 4.- Block diagram  and  time line  description of deployment  system. 
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MANNED MANEWERING UNIT LATCHING MECHANISM* 

Charles  S. Al l ton  
NASA Johnson  Space  Center 

INTRODUCTION 

The Manned Maneuvering  Unit (MMU) is  a thrus te r   type   p ropuls ion   device   which  i s  
be ing   deve loped   t o   p rov ide   maneuver ing   capab i l i t y   fo r   an   a s t ronau t   i n   t he   nea r  
v i c i n i t y   o f   t h e   S h u t t l e   s p a c e c r a f t .  The dev ice  is worn  on the   a s t ronau t ' s   back  
jus t   behind   the   Por tab le   L i fe   Suppor t   Sys tem (PLSS) backpack as shown i n   f i g u r e  
1. The MMU can   p rope l   t he  wearer i n  a n y   o f   t h r e e   t r a n s l a t i o n a l   d i r e c t i o n s   ( f o r e  
and a f t ,   l e f t  and r i g h t ,   a n d  up  and down) and  any  of t h r e e   r o t a t i o n a l   d i r e c t i o n s  
( p i t c h ,   r o l l ,  and  yaw).  With t h i s   m a n e u v e r a b i l i t y ,   a n   a s t r o n a u t   c a n  move away 
from  the  spacecraf t   beyond  the  reach of s h o r t   t e t h e r s   w i t h o u t   r e l y i n g  on  un- 
manageably  long  l i fe l ines .   This   f reedom w i l l  permit   carrying  out   numerous  tasks  
such as rendezvous  and  inspection of o r b i t i n g  satell i tes as d e p i c t e d   i n   f i g u r e  2. 

Such t a s k s  w i l l  b e   f e a s i b l e   o n l y  if the  MMU can  demonstrate   an  acceptable   degree 
of s a f e t y  and r e l i a b i l i t y   i n   p e r f o r m i n g  i t s  missions.  But  even  more c r i t i ca l  
t h a n   r e l i a b i l i t y   d u r i n g  a mission is t h e   a b i l i t y   t o  remove t h e  MMU when t h e  
mission i s  over .   This  i s  d u e   t o   t h e   f a c t   t h a t   t h e   s p a c e c r a f t   h a t c h e s  are n o t  
l a r g e  enough fo r   an   a s t ronau t   t o   pas s   t h rough   wh i l e   wea r ing   t he  MMU. The at-  
tachment  latching  mechanism  must release w i t h   f a i l s a f e   r e l i a b i l i t y   s o   t h a t  re- 
en t ry   t o   t he   spacec ra f t   can   be   accompl i shed  when b rea th ing  a i r  i n   t h e  PLSS is 
expended. 

I n   a d d i t i o n   t o   t h e  demanding  requirement   to   both  re ta in   and release t h e  MMU 
w i t h   f a i l s a f e   r e l i a b i l i t y ,   t h e   l a t c h i n g  mechanism is requi red   to   per form i ts  
function  under  adverse  environmental   conditions.   Temperature  ranges  encoun- 
t e r e d   i n   o r b i t   f o r c e   t h e  mechanism to   accep t   d imens iona l   va r i a t ions   due   t o  
d i f f e r e n t i a l   e x p a n s i o n  a t  a l l  MMU/PLSS in t e r f aces .   The rma l   d i f f e rences   a l so  
n e c e s s i t a t e  some c o n t r o l  of h e a t   t r a n s f e r  ra tes  th rough   t he   i n t e r f ace   po in t s .  
The hard vacuum  of space   permi ts   co ld   weld ing   or   increased   adhes ion  of p a r t s  
i n   con tac t .   V ib ra t ion   and   impac t   du r ing   ope ra t ion   t end   t o  wedge c lamping   par t s  
more t i g h t l y   t o g e t h e r .   I n   a d d i t i o n ,   t h e   a s t r o n a u t  i s  conf ined   to  a restrictive 
space   su i t   wh ich  limits hand  and a r m  movements  and f i e l d  o f   v i s ion .  

DESCRIPTION OF LATCHING MECHANISM 

The l a t c h i n g  mechanism  which  has  been  developed  to  overcome  the  difficult ies 
described  above i s  a spring-loaded cam segment  with a v a r i a b l e   r a t i o   p u l l e y  and 
c a b l e  release. The  spring-loaded cam segment i s  f u n c t i o n a l l y  similar t o   a n  

*A p o r t i o n   o f   t h i s  work - t h e  release a c t u a t o r  - w a s  performed  under  contract  
t o  Pan  American  by M r .  Sonne L. Hooper. 
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ordinary  household  door   la tch.  As shown i n   f i g u r e  3,  it  is mounted i n   t h e  "LT 
and retracts a g a i n s t  a t o r s i o n   s p r i n g  when a s t r i k e r   p l a t e   o n   t h e  PLSS moves 
pas t .  As t h e  PLSS approaches i t s  p r o p e r   p o s i t i o n ,   t h e   c o n t a c t   s u r f a c e   o f   t h e  
segment r o t a t e s   i n t o   t h e   s t r i k e r   p l a t e   u n t i l   c o n t a c t  i s  made, locking   the  PLSS 
i n   p l a c e .   S i n c e   t h e   c o n t a c t  surface of  the  segment i s  cammed, some v a r i a t i o n  
i n  relative p o s i t i o n  of s t r i k e r   p l a t e  and  segment is allowed.  This  permits rea- 
sonab le   t o l e rances  i n  the  manufacture   of   both PLSS and MMU whi l e  s t i l l  providing 
the   needed   r ig id i ty   be tween  the  two u n i t s  when they are connected. The take-up 
c h a r a c t e r i s t i c   o f   t h e  cam s u r f a c e  i s  impor t an t   i n   ma in ta in ing   comple t e   i n t e r -  
changeab i l i t y  among a l l  PLSS u n i t s  and a l l  "U u n i t s .  

The s t r i k e r   p l a t e ,   d e t a i l e d   i n   f i g u r e  4 ,  is a hardened   rec tangular   b lock   wi th  
a n  open-ended s l o t   f a c i n g   f o r w a r d .  One s t r i k e r   p l a t e  i s  mounted i n  each   s ide  
of   the PLSS i n  a recess i n   t h e   s i d e   f a c e .  The c o n t a c t   s u r f a c e  is machined a t  
t h e   a p p r o p r i a t e   a n g l e   t o  make c o n t a c t   w i t h   t h e  cam segment   contac t   sur face .  The 
s t r ike r   p l a t e / cam  segmen t   i n t e r f ace   func t ions  as a r e t e n t i o n  mechanism t o   p r e -  
v e n t  relative motion  of  the PLSS i n  a forward   d i rec t ion   and   in   the   s ide- to-s ide  
and up-and-down d i r e c t i o n s .  The PLSS is s e a t e d   a g a i n s t   a n  "U s u r f a c e  a t  i t s  
back   face  so t h a t   t h e   s t r i k e r   p l a t e   d o e s   n o t   h a v e   t o   p r o v i d e   r e t e n t i o n   o f   t h e  
PLSS f o r  backward  movement. 

The release a c t u a t o r   c o n s i s t s  of a v a r i a b l e   r a t i o   p u l l e y   c o n n e c t e d  by a c a b l e  
t o   t h e  cam segment. The v a r i a b l e   r a t i o   f e a t u r e  is achieved   by   bo l t ing   toge ther  
two separate   pul leys ,   each  of   which  has  a cammed drum s u r f a c e  as shown i n   f i g u r e  
5. The p u l l e y   r a t i o s  are such  that   an  approximate  f ive- to-one  mechanical   ad-  
v a n t a g e   e x i s t s  a t  the   beginning  of t h e  release a c t i o n   t o   g i v e   t h e   a s t r o n a u t  
extra f o r c e   f o r   d i s e n g a g i n g   t h e  cam segment i n  case it  i s  jammed. When t h e  
i n i t i a l   f r i c t i o n   h a s   b e e n  overcome  and f a s t   r o t a t i o n  of  the cam segment i s  de- 
s i r e d ,   t h e   v a r i a b l e   r a t i o   d e c r e a s e s   s m o o t h l y   u n t i l  i t  reaches  approximately one- 
to-one.  This  provides  more travel of   the cam segment for   each  increment   of  act- 
uat ion  motion.  The c o n f i g u r a t i o n  a t  the  beginning  and  end  of  the release motion 
is shown s c h e m a t i c a l l y   i n   f i g u r e  6. I t  can   be   s een   t ha t   t he   t angen t   po in t  of 
t h e   c a b l e  on t h e   d r i v e r  cam is a t  a d i s t a n c e  r l  f r o m   t h e   c e n t e r   a n d   t h a t   t h i s  
d i s t a n c e  is roughly f ive times t h e   d i s t a n c e   r 2   o f   t h e   t a n g e n t   p o i n t  of t he   cab le  
on   t he   d r iven  cam a t  the  beginning of r o t a t i o n .  A t  t he   end   o f   t he   ro t a t ion ,  
d i s t a n c e s  r1 and r are approximately  equal.  

Figure 7 shows the   comple t e   l a t ch ing  mechanism wi th  cam segment  and  variable 
r a t i o   p u l l e y .   A l s o  shown are t h e  small p u l l e y ,   t h e   t e n s i o n e r   l i n k ,   a n d   t h e   p u l l  
r i ng   wh ich   ac tua t e s   t he  release. The small p u l l e y   l o c a t e d   n e a r   t h e  cam segment 
serves o n l y   t o   t u r n   t h e   c a b l e .  The t ens ione r   l i nk   l oca t ed   be tween   t he  small 
pul ley   and   the  cam segment   permits   the cam segment to   be   dep res sed   w i thou t   l o s s  
of t ens ion  on t h e   r e t r a c t i o n   c a b l e .  The t e n s i o n e r   l i n k   h a s  i t s  own t o r s i o n  
sp r ing  so t h a t  i ts  motion i s  independent of t he  cam segment. The r e t r a c t i o n  
c a b l e  is c o n n e c t e d   d i r e c t l y   t o   t h e   t e n s i o n e r   l i n k ,   n o t   t h e  cam segment. The 
cam segment   can   ro ta te   back   th rough  the   t ens ioner   l ink   wi thout  moving i t  b u t  
when t h e   t e n s i o n e r   l i n k  is r e t r a c t e d  by t h e   r e t r a c t i o n   c a b l e  i t  p u l l s   t h e  cam 
segment  along  with i t .  Thi- i s  s i g n i f i c a n t  when t h e  PLSS i s  i n   t h e   p r o c e s s   o f  
e n t e r i n g   t h e  MMU. A t  t h a t  t i m e ,  t h e  cam segment  can  be  depressed  back  out of 
t h e  way w i t h o u t   c r e a t i n g   s l a c k   l o o p s   i n   t h e   r e t r a c t i o n   c a b l e .  

2 
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The p u l l   r i n g   l o c a t e d   n e a r   t h e   v a r i a b l e  ra t io  p u l l e y  i s  s i z e d   t o  receive t h e  
a s t ronau t ' s   g loved   f i nge r .  A ramped relief pocke t   beh ind   t he   pu l l   r i ng   p rov ides  
a gu ided   c l ea rance   su r f ace   fo r  easier access and a l s o   p e r m i t s   t h e   p u l l   r i n g   t o  
be   par t ia l ly   recessed   to   min imize   inadver ten t   snagging .  The b a c k   s i d e   o f   t h e  
p u l l   r i n g  is a t t a c h e d   t o  two pu l l   cab le s   wh ich   ma in ta in   t he   ho r i zon ta l   a l i gn -  
ment   of   the   r ing when i t  r e t u r n s   t o  i t s  s e a t e d   p o s i t i o n .  To receive t h e  two 
p u l l   c a b l e s ,  two d r i v e r   p u l l e y s  are u s e d   o n   t h e   v a r i a b l e   r a t i o   p u l l e y   r a t h e r  
t han  one.  However, on ly   one   d r iven   pu l ley  is r equ i r ed .  The v a r i a b l e   r a t i o  
p u l l e y  is spring  loaded  by a t o r s i o n   s p r i n g  so t h a t   t h e   p u l l   r i n g   r e t u r n s   t o  
i t s  s e a t e d   p o s i t i o n .  

A complete   la tching  mechanism  with a l l  the  above  described  components is i n s t a l -  
l ed   on   each   s ide   o f   the  MMU. Both  mechanisms  must  be  engaged t o   s e c u r e   t h e  "U 
for   opera t ions   and   bo th   segments  would  normally  be  disengaged  to release t h e  MMU. 
If one  mechanism  should j a m  o r   f a i l   i n  any way t o  release, t h e   a s t r o n a u t   c a n  
s t i l l  remove the  "U by r e l eas ing   on ly   one  mechanism  and r o l l i n g   o u t  of t h e  MMU 
i n  a s ide- to-s ide   ro ta t ion ,   bypass ing   the  jammed l a t c h .  

This r o l l o u t   o p t i o n  i s  only  one of several des ign   precaut ions   t aken   to   reduce  
the   r i sk   o r   t he   consequences   o f  a p o s s i b l e  j a m  a t  t h e  cam s e g m e n t / s t r i k e r   p l a t e  
i n t e r f a c e .   O t h e r   p r e c a u t i o n s   i n c l u d e   t h e   v a r i a b l e   r a t i o   p u l l e y  release actua-  
to r ,   hard   spr ing   bear ing   po in ts ,   and  a nonstandard set  of material s e l e c t i o n  
cri teria.  The v a r i a b l e   r a t i o   p u l l e y ,   d e s c r i b e d  earlier,  a t tempts   to   mechanical-  
l y  overcome a j a m  a f t e r  i t  occur s .   Hard   sp r ing   bea r ing   po in t s  are mounted i n  
t h e  MMU where  the  back  s ide  of   the  PLSS makes con tac t .   These   bea r ing   po in t s  re- 
main s t a t i o n a r y   u n d e r   n o r m a l   c l a m p i n g   l o a d s ,   b u t   y i e l d   s l i g h t l y   i f  a maximum 
es t ab l i shed   l oad  is  reached   due   t o   t he rma l   expans ion   o r   v ib ra t ion .   Th i s   y i e ld -  
i n g   e f f e c t i v e l y  limits the   bu i ldup  of f o r c e s  a t  t h e  cam s e g m e n t / s t r i k e r   p l a t e  
i n t e r f a c e .  Material s e l e c t i o n  w a s  c a r r i e d   o u t   w i t h   t h e   o b j e c t i v e  of precluding 
excess ive   adhes ion   or   co ld   weld ing   of   the  cam segment t o   t h e   s t r i k e r   p l a t e .  

MATERIAL SELECTION 

Adhesion  or  cold  welding is a concern   s ince   the  cam segment  and s t r i k e r   p l a t e  
are i n   d i r e c t   c o n t a c t   w i t h   e a c h   o t h e r ,   l o a d e d   w i t h  a subs t an t i a l   c l amping   fo rce ,  
and   r equ i r ed   t o   s epa ra t e  by t a n g e n t i a l   s l i d i n g .   C a n d i d a t e  materials were chosen 
which were expected  to   have some re s i s t ance   t o   co ld   we ld ing .  The s u s c e p t i b i l i t y  
to   co ld   weld ing  i s  determined  by  such  parameters as hardness ,   mel t ing   po in t ,  
s h e a r   s t r e n g t h ,   e f f e c t  of c o a t i n g s   a n d   c o r r o s i o n   f i l m s ,   e f f e c t  of a l l o y i n g  ele- 
ments ,   response  to   load,   and  response  to   contact   durat ion.  Once t h e   c a n d i d a t e  
materials were s e l e c t e d ,   t h e y  were s u b j e c t e d   t o   f r i c t i o n   t e s t i n g   i n   v a r i o u s  com- 
b i n a t i o n s .   F r i c t i o n   t e s t i n g  w a s  n e c e s s a r y   s i n c e  a h i g h   c o e f f i c i e n t  of f r i c t i o n  
between cam segment  and s t r i k e r   p l a t e  would cons t i tu te   an   adhes ion   problem.  

R e s u l t s   o f   t h e   f r i c t i o n   t e s t i n g  are cha r t ed  on f i g u r e  8 where   coe f f i c i en t s  of 
f r i c t i o n  are p l o t t e d   f o r   e i g h t  materials in   s ix ty - fou r   combina t ions .  Each com- 
b i n a t i o n   c o n s i s t s  of a p a i r   o f  materials, one  of  which  would  be  used  for  the 
cam segmen t   and   t he   o the r   fo r   t he   s t r i ke r   p l a t e .  A s  the  graph  shows,   coeff i -  
c ients   ranged  f rom  0.18  to  0.47. The h i g h e r   v a l u e s  were undes i rab le   because  
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they would r e s u l t   i n   h i g h e r   f o r c e s   r e q u i r e d   t o   d i s e n g a g e   t h e  cam segment. Ex- 
tremely  low  values,  however, were a l so   undes i r ab le   s ince   coe f f i c i en t s   app roach-  
i n g  0.10  would r e s u l t  i n  a tendency   for   the  cam segment t o   s l i p   o u t   o f   t h e  
l a t ched   pos i t i on .   Th i s   s l i ppage  would  be  due t o  a small t a n g e n t i a l  component 
of the  c lamping  force  which  occurs   on a ramped s u r f a c e .  A c e r t a i n  amount of 
s u r f a c e   f r i c t i o n  is n e c e s s a r y   t o   h o l d   t h e  cam segment i n   p l a c e .   F r i c t i o n  co- 
e f f i c i e n t s   w i t h i n   t h e   r a n g e   0 . 1 8   t o  0.20 were cons idered   idea l   and ,  as can b e  
seen  f rom  the  graph,   15  pairs   of  materials f e l l   w i t h i n   t h e   i d e a l   r a n g e .  

To f u r t h e r   n a r r o w   t h e   f i e l d   o f   c a n d i d a t e   p a i r s   o f  materials, o the r   des ign  con- 
s i d e r a t i o n s  were used i n  a d d i t i o n   t o   t h e   a d h e s i o n   o r   f r i c t i o n   c h a r a c t e r i s t i c s .  
These   cons idera t ions   inc luded   thermal   conduct iv i ty ,   weight ,   machinabi l i ty ,   cos t ,  
and wear. Of these   f ac to r s ,   on ly   t he rma l   conduc t iv i ty   p roved   t o   have   any  rea l  
i n f l u e n c e  - t h i s   d u e   t o  a concern  over  thermal  leakage  between  the "X and  the 
PLSS. O t h e r   i n t e r f a c e   p o i n t s  are i n s u l a t e d   t o  some e x t e n t ,   b u t   t h e  cam segment/ 
s t r i k e r   p l a t e   c o n t a c t   s u r f a c e   h a s   t o   b e   m e t a l - t o - m e t a l   c o n t a c t .  A low thermal 
c o n d u c t i v i t y   f o r  a t  least one member o f   t h e   p a i r  is an   advantage   in   reducing  
thermal  leakage  problems. Of t h e   c a n d i d a t e  materials, t i tanium  had a s i g n i f i -  
c a n t l y   l o w e r   c o n d u c t i v i t y   a n d   t h e   f r i c t i o n   t e s t i n g  showed tha t ,   u sed  as s t r i k e r  
p l a t e  material, t i t a n i u m  was a member of several p a i r s  i n  t h e   i d e a l   r a n g e .  The 
cam segment material, s t a i n l e s s  steel  17-4 PH, was se l ec t ed   based  on f a c t o r s  
enhanc ing   t he   r e s i s t ance   t o   co ld   we ld ing .  

OBLIQUE ENTRY WEDGING PROBLEM 

Although no in s t ances   o f   co ld   we ld ing ,   adhes ion   o r   f r i c t ion   have   occu r red  as 
y e t ,  a wedging  problem was recognized  ear ly   in   the  development   of   the  cam seg- 
ment. A s  i l l u s t r a t e d   i n   f i g u r e  9,  a n   o b l i q u e   e n t r y   i n t o   t h e  MMU c a n   r e s u l t   i n  
only  one cam segment  engaging a t  f i r s t .   F u r t h e r   e n t r y   r e q u i r e s   r o t a t i o n  of   the 
PLSS i n   t h e   c l o c k w i s e   d i r e c t i o n   w h i c h   r e s u l t s   i n  wedging.  This  could  prevent 
adequate  engagement  of  the  opposite cam segment  or i t  c o u l d   r e s u l t   i n   t o o   g r e a t  
a clamping  force a t  t h e  wedged s i d e  of t h e  PLSS. 

The problem was overcome  by t h e   a d d i t i o n   o f   h a r d   s p r i n g s   t o   t h e   b e a r i n g   p o i n t s .  
The s p r i n g s  l i m i t  t h e  wedge f o r c e   t h a t   c a n   b e   b u i l t  up a t  the  end  of  the PLSS 
pos i t ion ing   mot ion .  A s  mentioned earlier, t h e   h a r d   s p r i n g   b e a r i n g   p o i n t s  were 
found   t o   a l so  serve as clamping  load limiters f o r   t h e r m a l   e x p a n s i o n   o r   v i b r a t i o n  
induced  wedging  act ion,   but   they were o r i g i n a l l y   a d d e d   t o   s o l v e   t h e   o b l i q u e  
e n t r y  wedging  problem. 

MECHANISM TESTING 

The oblique  entry  wedging  problem was d i scove red   du r ing   rou t ine  tests on a two- 
dimensional mockup o f   t he   l a t ch ing  mechanism. E x t e n s i v e   t e s t i n g   i n   t h e   f o r m   o f  
h i g h e r   f i d e l i t y  mockups has   a lso  been  conducted  in   order   to   thoroughly  evaluate  
the   func t ion ing   o f   t he  mechanism. A h i g h   f i d e l i t y  MMU mockup has  been  manufac- 
tured  which  contains  cam segments made o f   t h e   c o r r e c t  material and several 
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prototype PLSS u n i t s  exist w h i c h   h a v e   s t r i k e r   p l a t e s   a l s o  of t h e   c o r r e c t  mate- 
rial. These  uni ts   have  been f i t  and   func t ion   t e s t ed   u s ing   bo th  test  s u b j e c t s  
a n d   a s t r o n a u t s   i n   s p a c e s u i t s   i n   d o n n i n g   a n d   d o f f i n g  tests. Ambient cond i t ions  
cons is ted   o f   normal   ear th  a i r  pressure,   temperature ,   and  gravi ty  i n  most cases, 
b u t  some t e s t i n g   h a s   b e e n   d o n e   i n   s i m u l a t e d   z e r o   g r a v i t y .  

Two methods are a v a i l a b l e   f o r   s i m u l a t i n g   t h e   w e i g h t l e s s   a s p e c t s   o f   z e r o   g r a v i t y .  
One is f l i g h t   i n  a s p e c i a l l y   r i g g e d  KC-135 a i r c r a f t   a l o n g  a p a r a b o l i c   f l i g h t  
pa th   and   the   o ther  is underwater   neutral   buoyancy  tes t ing.  The l a t c h i n g  mech- 
anism  has   been  tes ted by bo th   me thods .   In   t he   a i r c ra f t ,   pe r iods   o f   nea r   ze ro  
g r a v i t y  are l i m i t e d   t o  30-45 seconds  but  a f a i r l y  realj-stic donning   or   dof f ing  
procedure  can  be  completed. Vacuum and  temperature   condi t ions  such as would  be 
found i n   o r b i t  are no t   s imu la t ed   on   t he  aircraft .  Underwater  neutral  buoyancy 
t e s t i n g  is c a r r i e d   o u t   i n  a l a r g e  water tank   wi th   spec ia l   underwater   vers ions  
of   the "U and PLSS. There is no t i m e  l i m i t a t i o n  on t h e s e  tests, b u t   f r i c t i o n  
c h a r a c t e r i s t i c s  are n o t  realist ic wi th   the   sur rounding  water a c t i n g  as a possi-  
b l e   l u b r i c a n t .  And some f lu id   d rag   can   be   expec ted   to  a l t e r  s l i g h t l y   t h e  dyna- 
mics of  moving pa r t s   such  as s p r i n g   r e t u r n s .  In  a d d i t i o n ,  vacuum and  tempera- 
t u r e   c o n d i t i o n s  are a g a i n   n o t   s i m u l a t e d   i n   u n d e r w a t e r   t e s t i n g .  

I n   f a c t ,  no t e s t i n g   h a s  as yet   been  done  which  does  s imulate   the  hard vacuum o r  
the  extreme  temperatures   which  would  be  present   in   orbi t .  However, a l l  t e s t i n g  
and  evaluat ion of t h e   l a t c h i n g  mechanism  which  has  been  conducted  thus  far  has 
been   cons idered   successfu l .  The c u r r e n t  materials may be  changed i f   f u r t h e r  
t e s t i n g   i n d i c a t e s  a r i s k  of   adhesion  problems  under   orbi ta l   condi t ions.  

CONCLUSION 

The astronaut/Manned  Maneuvering  Unit   interface  has  presented a cha l l eng ing  
set of   requirements   for  a l a t c h i n g  mechanism. The mechanism  must  hold re l i -  
ably  and release on demand t o   a v o i d   j e o p a r d i z i n g   t h e   s a f e t y  of t h e   a s t r o n a u t .  
It  m u s t  perform i ts  func t ion   under   adverse   envi ronmenta l   and   opera t iona l   condi -  
t i ons .  The spr ing  loaded cam segmen t   w i th   va r i ab le   r a t io   pu l l ey  release actua- 
tor   has   been  developed  to  meet t h e s e  demanding  requirements. To preclude j a m -  
ming  of t h e  mechanism spec ia l   p recaut ions   have   been   taken   such  as spr ing   loaded  
b e a r i n g   p o i n t s   a n d   c a r e f u l   s e l e c t i o n   o f  materials t o  resist cold  welding. The 
mechanism has   successfu l ly   passed  a number  of tests which p a r t i a l l y   s i m u l a t e d  
o r b i t a l   c o n d i t i o n s .  
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PORTABLE  LIFE SUPPORT \ SYSTEM  (PLSS) 

MANNED 
MANEUVERING 

UNIT (MMU) 

ASTRONAUT  MMU  DONNED 

Figure  1.- Manned Maneuvering  Unit. 

F igure  2.- Opera t iona l   use  of t h e  Manned Maneuvering  Unit. 
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TOP VIEW 

CAM SEGMENT 

7.3 cm 
(2.88 IN.) 

OFFSET CENTER 
OF CURVATURE 

OF  CONTACT 
SURFACE 

PIVOT CENTER 

CAM SEGMENT 

Figure 3. - Cam segment. 

PLSS 

STRIKER PLATE 

Figure  4.- S t r i k e r  plate. 
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CAMMED DRUM 

CABLE ATTACHMENT” 

DRIVER PULLEY 

CABLE ATTACHMENT 

PULLEY FLANGE 

PIVOT 
CENTER 

DRIVEN PULLEY 

Figure  5.- Re lease   ac tua to r   d r ive r  and d r i v e n   p u l l e y s .  
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‘2  ‘2 
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Figure  6.- R e l e a s e   a c t u a t o r   r a t i o   v a r i a t i o n .  
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VARIABLE RATIO PULLEY 

TENSIONER 
LINK 

CAM  SEGMENT 
SMALL  PULLEY 

Figure 7.- Latching  mechanism  with  re lease  actuator .  
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MATERIAL  COMBINATION 64 

NO. 3 NO. 1 = SST 17-4 PH  (SEGMENT)/TITANIUM  (STRIKER) 
NO. 2 = SST 440 c (SEGMENT);SST  440 c .(STRIKER) 

NO: 15 ' N?. 3 = ALUMINUM  (SEGMENT)/ALUMINUM  (STRIKER) 
I 
I 

NO. 15 = SST 17-4 PH  (SEGMENT)/SST  440 C (STRIKER) 

Figure 8.- F r i c t i o n   c o e f f i c i e n t s  of mater ia l   combina t ions .  
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DIRECTION OF TRAVEL OF PLSS 

I I  REQUIRED ROTATION 

%I 

WEDGE POINTS ARlNG POINT 

Figure  9.- Wedging problem due t o  ob l ique  entry. 
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ORBITER DOOR CLOSURE  TOOLS 

William R. Acres 
Lyndon B. Johnson  Space  Center 

SUMMARY 

Safe   reent ry   o f   the   Shut t le   Orbi te r   requi res   tha t   the   payload  bay  doors 
be  c losed and secu re ly   l a t ched .   S ince  a malfunct ion  in   the  door   dr ive  or   bulk-  
head   la tch  sys tems could make safe   reent ry   imposs ib le ,   the   requi rement   to   p ro-  
v ide   t oo l s   t o   manua l ly   c lose  and secure  the  doors  has  been  implemented.  These 
t o o l s  would disconnect  a disabled  door   or   la tch  c losure  system and c l o s e  and 
secure  the  doors   i f   the   normal   system  fai led.  The too ls   requi red   to   per form 
these   t asks   have   evolved   in to  a set t h a t   c o n s i s t s   o f  a t u b i n g   c u t t e r ,  a winch, 
a l a t c h i n g   t o o l ,  and a b o l t   e x t r a c t o r .  

Use of t h e   t o o l s   r e q u i r e s   t h a t  a crewmember enter   the  payload bay i n  a 
p r e s s u r i i e d   s u i t  and manually  complete  door  closure.  Therefore, i t  i s  h i g h l y  
des i r ab le   t ha t   t he   t oo l s   be   ope rab le   w i th  one hand,   l eav ing   the   o ther   f ree   for  
p o s i t i o n i n g  and for   counterac t ing   the   force   requi red   to   opera te   the   too l .  
Cont ro ls ,   handgr ips ,   opera t ing   forces ,  and  procedures  must a l l  be  within  the 
c a p a b i l i t i e s  of a p a r t i a l l y   r e s t r a i n e d ,   s u i t e d  crewmember i n  a zero-g  environ- 
ment. The e x t r a v e h i c u l a r - a c t i v i t y  (EVA) door  closure  tools  designed,  developed, 
and tested  at   the  Johnson  Space  Center  meet  these  requirements.  

INTRODUCTION 

The complex  payload  bay  door  system  (fig. 1) was d i s c u s s e d   i n   d e t a i l  a t  
the  13th  Aerospace  Mechanisms Symposium i n  a r e p o r t   e n t i t l e d  "Space S h u t t l e  
Orbi ter   Payload Bay Door Mechanisms" ( r e f .  1). A review  of   that   report  w i l l  
help  to   understand  the  need and use  of  the EVA t o o l  se t .  

The payload  bay  doors  are  closed by a dr ive   sys tem  tha t  moves the  doors  
t o  a des igna ted   pos i t i on  by two actuator   systems,  one on e i t h e r   s i d e  of  the 
payload  bay.  Each  system  drives  one  18.3-meter (60  foot)   door  and cons i s t s   o f  
an   e lec t romechanica l   ac tua tor   tha t   d r ives   s ix   gear   boxes   in te rconnec ted  by 
torque  tubes. The gear box output is t ransmi t ted   th rough  dr ive   l inkage   to   the  
door as shown i n   f i g u r e  2. 

The forward  edges of the  doors  are  connected  to  the  bulkhead by l a t c h  
mechanisms  mounted on the  doors and mating  hook  rol lers  mounted on the  bulk- 
head ( f i g .  3 ) .  The l a t c h  mechanisms c o n s i s t  of a right-hand and a lef t -hand 
gang  of  four  latches,  one on each   door ,   t ha t   ope ra t e   s equen t i a l ly .  Each  gang 
o f   l a t ches  is dr iven by an e lec t romechan ica l   ro t a ry   ac tua to r .  The a f t  edges 
of the  doors are secured   to  the af t   bu lkhead   in  a manner similar to   t ha t   u sed  
on the  forward  edge  except  that  a f o r e / a f t   s h e a r  t ie  a t  e a c h   l a t c h ,   i d e n t i f i e d  
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as a p a s s i v e   r o l l e r   i n   f i g u r e  4 ,  is  used   to   cont ro l   the   d i s tance   be tween  the  
door and the  bulkhead. 

During  normal  operation,  each  door is  closed by the  door   dr ive  system  to  
within  5 .1   cent imeters  (2 inches)  of  the number 1 bulkhead  la tch.  The ganged 
l a t c h e s  are a c t i v a t e d  and provide a z i p p e r i n g   e f f e c t  whereby  the number 1 
l a t c h   f i r s t  engages  the  door and then   pu l l s  it to  a pos i t ion   wi th in   reach   of  
t he  number 2 l a t c h .  The number 2 l a t ch   con t inues   t o   pu l l   t he   door   fu r the r  
c l o s e d   u n t i l  it is within  the  reach of the number 3 l a t c h  and so on u n t i l   a l l  
fou r   l a t ches   have   fu l ly   c losed  and secured  the  doors. 

A f a i l u r e   i n  any actuator   system  could  require  a manual ope ra t ion   u s ing  
one o r  more  of the   too ls   descr ibed   in   th i s   paper   to   comple te   the   door   c losure  
and l a t ch ing   p rocess .  The bas ic   types  of f a i l u r e s   t h a t   c o u l d   o c c u r ,   t h e  
causes ,  and  the  required EVA a c t i o n s  are d e s c r i b e d   i n   t a b l e  I. 

TUBING CUTTER 

In   the   event   the   door   d r ive  sys tem f a i l s  such  that   the   door   can  nei ther  
be  opened  or  closed,  the  upper or lower   d r ive   tubes   ( f ig .  2) mus t  be  discon- 
nected from the  door  to  al low  manual  door  closure.   Cutting  these  six  tubes 
has  proved  to  be  the  quickest and e a s i e s t  way to  accomplish  this  task.  

Design c r i t e r i a   r e q u i r e d   t h a t   t h e   c u t t e r  be operable   wi th  one  hand,  be 
i n s t a l l e d  on a tube   tha t  is a t t ached  a t  both  ends,  and be   ab le   t o   cu t  a tube 
t h a t  i s  5.0 cent imeters   (1 .97  inches)   f rom an o b s t r u c t i o n .  The c u t t e r  must  be 
ab le   to   cu t  a tube  that   ranges  from 1.27 t o  2.54 cen t ime te r s  (0.500 t o  1 .OOO 
inch)   ou ts ide   d iameter  and is  made of 718 Inconel  with a w a l l  t h i ckness  of 
0.16 centimeter  (0.063  inch) and with a hardness  from 36 t o  38 RC. I t  m u s t  
a l so   wi ths tand   s ide   loads   in t roduced  by a crewmember i n  zero-g  condi t ions.  

Designing a c u t t i n g  wheel t h a t  would sa t i s fy   these   requi rements   p roved   to  
be a r ea l   cha l l enge .  The m a t e r i a l   s e l e c t e d  was A I S 1  Type 0 t o o l  steel  heat-  
t r ea t ed   t o  60 RC. Various  cut t ing  angles  and wheel t h i cknesses  were t r i e d  un- 
t i l  a combinat ion  that   could  withstand  the  s ide  loads and the   cu t t i ng   l oads  was 
found . 

The t u b i n g   c u t t e r   ( f i g .  5 )  c o n s i s t s  of the  housing,  the body t h a t  con- 
t a i n s  two f i x e d   r o l l e r s ,  a sp r ing - loaded   ro l l e r ,  and the  cut t ing  wheel lscrew 
ratchet   assembly.  The body is  turned  in  one d i rec t ion   wi th in   the   hous ing  by 
three  pawls  mounted  in  the  housing. By a l in ing   openings   in   the   hous ing  and 
the  body,  the  tool  can  be  installed  anywhere  along  the  tube.  The t o o l  is  
r e t a i n e d   i n   p o s i t i o n  by a sp r ing - loaded   ro l l e r   un t i l   t he   cu t t i ng  wheel  can  be 
forced   aga ins t   the   tube  by the   sc rew  ra tche t .  Once a load i s  app l i ed  on the 
cutt ing  wheel,   the  handle on the  housing is ra tche ted   back  and fo r th ,   caus ing  
the  body to   turn  around  the  tube.   After   the  body has made one complete  revolu- 
tion  around  the  tube,  the  cutting  wheel is again  advanced  against   the  tube 
with  the  screw  ra tchet .   This   procedure is  continued  unti l   the  tube  has  been 
cu t .  



After   the  tube i s  c u t ,   t h e   t o o l  is  removed from the  tube and reset f o r  
the  next  cut by a l in ing   the   openings   in   the   hous ing  and  body, revers ing   the  
c o n t r o l   l e v e r ,  and r e t r a c t i n g   t h e   c u t t i n g  wheel with  the screw r a t c h e t   u n t i l  
the  next  tube  to  be  cut w i l l  move i n t o   p o s i t i o n   i n   t h e   t o o l .  The c o n t r o l  
l e v e r  is  r e t u r n e d   t o   t h e   o r i g i n a l   p o s i t i o n  and t h e   c u t t i n g  wheel i s  forced 
against   the  second  tube by the  screw  ra tchet .   This   procedure is  repeated 
u n t i l  a l l  s i x   d r i v e   t u b e s  on the  affected  door  have  been  cut.  The door i s  
then  ready  to  be  manually  closed by using  the  winch  to  pull   the  disabled  door 
t o  a p o s i t i o n  where the  bulkhead  la tching  system  can  be  actuated.  

WINCH 

Two EVA winches,  one  mounted  to  each  bulkhead,  are  provided  to  manually 
c lose   the   doors   to  a p o s i t i o n  where  the  bulkhead  latching  system  can  be  ac- 
t ua t ed   o r   t he   t h ree -po in t   l a t ch   t oo l   can   be   i n s t a l l ed .  

The winch  assembly ( f i g .  6 )  is made  up of a housing, a r e e l ,  a r a t c h e t  
handle ,  and a mounting  adapter. The housing  encloses  the reel  and the mecha- 
nism t h a t   t u r n s  and c o n t r o l s  it. A rope  guide  assembly  mounted on the  housing 
guides  the  rope  over a s e t  of r o l l e r s   t o   p r e v e n t   f r a y i n g .  The mounting  adapter 
a l so   a t taches   to   the   hous ing .  A r e e l  powered by a negator  spring  houses  7.3 
meters   (24  feet)  of  0.95-centimeter  (0.375  inch)  diameter  Kevlar  rope  with a 
hook at tached  to   the  f ree   end.  Load is t ransmi t ted   to   the  reel and rope by 
the   ra tche t   handle   th rough a gear  system. A r a t c h e t   c o n t r o l   l e v e r   s e l e c t s   t h e  
func t ion  of the  ra tchet   between  the  handle  and gear  system and has   reverse ,  
n e u t r a l ,  and  engage p o s i t i o n s .  A second  ra tchet   system  controls  movement  of 
the reel;  ra tche t - in ,   ra tche t -out ,   ree l -out ,  and gear-release  funct ions  can 
be   se lec ted   wi th  i t s  cont ro l   handle .  The complete  winch  assembly i s  a t t ached  
to  the  bulkhead  handrails by the  adapter.  

Af t e r   a l l   appa ren t   obs t ruc t ions   t o   f r ee   door  movement have  been  removed, 
the crewmember routes  the  rope  over  the number 4 hook r o l l e r  and a t t aches   t he  
rope  hook  to  the number  4 l a t c h   b e l l c r a n k   a t   t h e  t i p  of  the  door. The rope 
can  be  pulled  from  the  winch  with a 4.45-newton  (1  pound)  force by p lac ing   the  
control   handle   momentar i ly   to  GEAR RELEASE to   r e l ease   t he   l oad  on the reel  
r a t c h e t  and then  to  REEL OUT, and  moving the   r a t che t   con t ro l   l eve r   t o   t he  NEU- 
TRAL p o s i t i o n .  The rope  can  be  extended  but will n o t   a u t o m a t i c a l l y   r e t r a c t  
w i th   t he   con t ro l s   i n   t h i s   pos i t i on .  When the crewmember returns   to   the  winch,  
s lack   rope  i s  a u t o m a t i c a l l y   r e t r a c t e d  by p lac ing   the   cont ro ls   to  RATCHET OUT 
and NEUTRAL. A load of 2669 newtons (600 pounds)  can  be  applied on the  rope 
by p l ac ing   t he   con t ro l s   t o  RATCHET I N  and ENGAGE and e i ther   c ranking   or   rache t -  
ing  the  ra tchet   handle .  When tha t   l oad  is reached, a torque limiter incorpora- 
ted   in   the   handle   a l lows  i t  to   "col lapse"  approximately 15O. This is  v e r i f i e d  
by misalinement  of  indicator  marks on the  handle and a l s o  by f ee l ing   t he   hand le  
suddenly  give way. I f   t h i s   o c c u r s ,   t h e  crewmember f i n d s   t h e   o b s t r u c t i o n   t o  
door movement, removes it, and completes  closing  the  door.  

The rope  can  be  safely  extended  under  load by p l a c i n g   t h e   c o n t r o l s   i n  
the RATCHET OUT and ENGAGE p o s i t i o n s  and applying a load on the   r a t che t   hand le  
and then   r e l eas ing  it. This   a l lows  the  reel   to   back up one tooth of i ts  

21 



r a t che t .   Repea t ing   t h i s   p rocess  will extend  the  rope  unt i l   the   load  has   been 
re li eved . 

After   the   door   has   been   fu l ly   c losed  by t h i s  method,  the  bulkhead  latch- 
ing  system is ac tua ted   to   secure   the   door ,   the   rope  hook is  removed from the  
l a t c h   b e l l c r a n k ,  and the rope i s  comple t e ly   r e t r ac t ed  by p l ac ing   t he   con t ro l s  
i n   t h e  RATCHET OUT and NEUTRAL pos i t ions .   I f   the   bu lkhead   la tch ing   sys tem 
works  properly,   the crewmember r e tu rns   t o   t he  crew  module. 

THREE-POINT LATCH TOOL 

I f  a gang  of l a t c h e s  on e i t h e r  end  of  one  or  both  doors f a i l s   t o   comple t e  
door  closure,  the  door  must be secured  to  the  bulkhead by  some o the r  means. 
The th ree -po in t   l a t ch   t oo l  was des igned   for   th i s   purpose .   E ight  of these 
tools  (enough  to  bypass two gangs  of l a t c h e s )  w i l l  be   ca r r i ed  on t h e   f i r s t  
O r b i t e r   f l i g h t .  

D e s i g n   c r i t e r i a   f o r   t h i s   t o o l   r e q u i r e d   t h a t   t h e   t o o l  must f i t  a l l  16 
l a t ches ,   mus t   be   ab l e   t o   be   i n s t a l l ed  and c l o s e  a door   that  is  5.1  centime- 
ters ( 2  inches)  open with  the number 1 l a t c h  hook 37O or  more from  being 
c losed ,  m u s t  wi ths tand   des ign   reent ry   loads  on the   l a t ch ,  must  transmit  these 
loads   i n to   t he   l a t ch   p ivo t   po in t s   w i th  similar magnitudes and d i r e c t i o n s   a s  
the  latch  mechanisms, and  must r e t a i n   i t s e l f   i n   p o s i t i o n  while being  used by 
the crewmember. 

The t h r e e - p o i n t   l a t c h   t o o l   ( f i g .   7 )   c o n s i s t s   o f  a frame  of two p a r a l l e l  
p l a t e s ,  a compensator  that   pivots  in  the  frame and a t t aches   t o   t he   nu t ,  a 
screw  turned by a r a t c h e t ,  and a be l l c rank .  The ra tche t   handle   h inges   to  con- 
serve s towage space. The fo rce   r equ i r ed   t o   r e t a in   t he   t oo l   i n   p l ace  is sup- 
p l i e d  by a spr ing-loaded  te lescoping  pivot   held  in   the  compressed  posi t ion 
by a release catch.  The t r i g g e r   t o   r e l e a s e   t h i s   c a t c h  is  mounted on the 
handle ,   requi r ing   tha t   the   rod   tha t   re leases   the   ca tch   a l so   h inge  a t  the same 
p o i n t  as the  handle. The ca t ch   a l so   i nco rpora t e s  a means t o  lock   the   ra tche t  
h a n d l e   o f f s e t  300 on e i t h e r   s i d e  of t h e   t o o l   t o   a i d   i n   i n s t a l l i n g   t h e   t o o l .  
Releas ing   the   t e lescoping   p ivot   a l so   re leases   the   ra tche t   handle   pos i t ion ing  
lock;  however, a p o s i t i o n   r e l e a s e   b u t t o n  i s  provided   to   repos i t ion   the   handle  
in   t he   des i r ed   pos i t i on .  

The t o o l  i s  i n s t a l l e d  by f i r s t   s t r a i g h t e n i n g   t h e   h a n d l e  and o f f s e t t i n g  it 
t o   t h e   d e s i r e d   s i d e   ( f i g .   7 ( a ) ) .  The hook portion  of  the  frame is  f i t t e d  on 
t h e   l a t c h  hook p ivo t   sha f t   ( f i g .   7 (b ) )   w i th   t he   f r ame   p l a t e s   s t r add l ing   t he  
l a t c h  hook,  which may be   i n  any p o s i t i o n   g r e a t e r   t h a n  37O from  the  closed  posi- 
t i o n .  The frame i s  t h e n   r o t a t e d   u n t i l  it con tac t s   t he   be l l c r ank   p ivo t .  The 
te lescoping   p ivot  is r e l e a s e d   ( f i g .   7 ( c ) ) ,   f o r c i n g   t h e   t o o l   b e l l c r a n k   a g a i n s t  
the hook r o l l e r ,  and the  nut   forces   the  compensator   against   the   bel lcrank 
p i v o t .   I n   t h i s   c o n f i g u r a t i o n ,   t h e   t o o l  w i l l  h o l d   i t s e l f   i n   p o s i t i o n   w h i l e   t h e  
crewmember extends  the  screw by means of t h e   r a t c h e t   u n t i l  a fo rce  i s  exer ted 
on the hook r o l l e r ,   c l o s i n g  and secu r ing   t he   door   ( f i g .   7 (d ) ) .  
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one t o o l  is  i n s t a l l e d  on   each   l a t ch   i n   t he   d i sab led  gang in the  same man- 
n e r ,   s t a r t i n g   w i t h  number 1 and proceeding  in   order   to   the number 4 l a t c h ,  
c losing  the  door  a t  each  posi t ion  before   proceeding  to   the  next   la tch.   After  
i n s t a l l i n g   t h e  last  requi red   th ree-poin t   l a tch   too l ,   the  crewmember is ready 
t o   e n t e r   t h e  crew module. 

BOLT EXTRACTOR 

I f   t h e   a c t u a t o r   o f  a gang  of  bulkhead  latches  fails   such  that  a l a t c h  
hook prevents   instal la t ion  of   the  three-point   la tch  tool ,   the   gang  l inkage 
must  be  disconnected  from  the  disabled  actuator.  The b o l t   e x t r a c t o r   ( f i g .  8) 
was des igned   fo r   t h i s   t a sk .  

The l i nkage  i s  a t tached   to   the   ac tua tor   th rough a c l e v i s   j o i n t   u s i n g  a 
shoulder   bo l t  as the connecting  pin.  Removal of t h e   b o l t  is  r e q u i r e d   t o   d i s -  
connect  the  l inkage. A force  can  be  expected  to  be  transmitted  across  the 
j o i n t  a t  the time of removal. 

The b o l t   e x t r a c t o r   c o n s i s t s  of  an  expanding  frame t h a t   s t r a d d l e s   t h e  
c l e v i s ,  a s o c k e t   t h a t   t u r n s   t h e   b o l t ,  and  an e x t r a c t o r   t h a t   p u l l s   t h e   b o l t  
f r e e   a f t e r   t h e   n u t  is  removed. To o p e r a t e   t h e   t o o l ,   t h e   n u t   r e t a i n i n g   s l o t   i n  
the  frame is f i t t ed   comple t e ly  on the  nut and he ld   in   p lace   whi le   the   too l  i s  
squeezed a t  p o i n t s  A and B. This   compresses   the  f rame  unt i l   the   socket  con- 
t ac t s   t he   bo l thead .  With p r e s s u r e  s t i l l  be ing   app l i ed   a t   po in t s  A and B, t he  
bol thead  socket   handle  is  turned   to   a l ine   the   socke t   wi th   the   bo l thead  and the 
t o o l   c a n   b e   f u l l y   i n s t a l l e d  on the  bol thead.  

The nut   re ta iner   keeps   the   nu t  from turning and a l so   ho lds  i t  aga ins t   t he  
c l e v i s  while the   bo l t  i s  unscrewed. When the   bo l t   th reads   have   c leared   the  
nut ,   the   bol thead  has   been  pushed  into  the  socket  p a s t  the   ex t rac tor   hooks .  
The b o l t  removal r a t c h e t  i s  then  ra tcheted  back and f o r t h   t o   f o r c e   t h e   e x t r a c -  
t o r  away from  the  c levis  and pul l   the   bo l t   ou t .  The t o o l  will then   s l i p   o f f  
t h e   c l e v i s  and the  bol t   can  be removed from  the  socket. 

Three   bo l t   ex t r ac to r s  will be  taken on S h u t t l e   f l i g h t s ,   n o r m a l l y  making 
it unnecessary  to reset the   t oo l   fo r   fu r the r   u se .  The tool  can  be reset i n  
f l i g h t  i f  required,   however,  by holding  the  frame a t  po in t  A and l i f t i n g  up on 
t h e   r a t c h e t   l a t c h e s  and p o i n t  B simultaneously.  The reset d i s k  is  turned   to  
move t h e   e x t r a c t o r  and socket   in to   pos i t ion   aga ins t   the   upper   par t  of the 
frame. The same procedure is  followed  to remove  any o the r   bo l t s   necessa ry   t o  
prepare   the   l a tch   sys tem  to   accept   the   th ree-poin t   l a tch   too l .  

With the   r equ i r ed   bo l t s  removed  from t h e   c l e v i s   j o i n t s ,   t h e   l a t c h   g a n g s  
can  be  manually moved to   ro ta te   the   l a tch   hooks ,   thus   a l lowing   the   th ree-poin t  
l a t c h   t o o l   t o   b e   i n s t a l l e d  and  door c losure  to   be  completed.  
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TEST  PROGRAM 

Each  of the  door  closure  tools  has  undergone a period  of  development  and 
e v a l u a t i o n  by  crewmembers  and NASA o f f i c i a l s  and has   repeatedly  been  used  with 
success   in   the   Neut ra l  Buoyancy F a c i l i t y  a t  the  Johnson  Space  Center. The 
f l i gh t   t oo l s   have   been   de l ive red  and are r e a d y   f o r   t h e   f i r s t   S h u t t l e   f l i g h t .  

CONCLUDING REMARKS 

The door   d r ive  and bulkhead  latch  systems are re l iab le   mechanica l   sys-  
tems; however, l i k e  any mechanical  system,  they are s u b j e c t  to malfunct ions 
that   could  cause  an  unsafe   reentry of t h e   O r b i t e r .   T h i s   s e t  of backup  door 
c l o s u r e  tools provides   the  extra   degree of s a fe ty   needed   fo r   t he   Shu t t l e  Pro- 
gram. 
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TABLE I.- DOOR CLOSURE  FAILURES 

. " 

Type o f   f a i l u r e  

One or  both  doors w i l l  
n o t   c l o s e  

Bulkhead la tch   sys tem 
f a i l s   w i t h   t h e  
l a t c h  hook g r e a t e r  
than 37 from the  
c losed   pos i t i on  

Bulkhead l a t ch   sys t em 
f a i l s   w i t h   t h e  
l a t c h  hook less 
than 37' from  the 
c losed   pos i t i on  

Cause 

Door dr ive  system 
f a i l u r e  

Door dr ive   sys tem 
f a i l u r e  and jam 

Latch   ac tua tor  
f a i l s   o r  jams 

Latch   ac tua tor  
f a i l s   o r  jams 

.... . 

A c t  i o n  

Attach  the  winch  hook  to  the 
a f f ec t ed   door  and  manually 
c lose   the   door .   Actua te   the  
bulkhead  la tch  system. 

" - . 

Cut t h e   s i x   d r i v e   t u b e s  on t h e  
a f f e c t e d   d o o r   w i t h   t h e   t u b i n g  
c u t t e r  and  manually  close  the 
door  using  the  winch.  Actuate 
the  bulkhead  la tch  system. 

I n s t a l l   t h e   t h r e e - p o i n t   l a t c h  . 
t o o l  on the  end  of  the  af- 
f e c t e d   d o o r   s t a r t i n g   w i t h   t h e  
number 1 la tch .   Proceed   in  
o r d e r   t o   t h e  number 4 l a t c h ,  
c los ing   the   door  a t  each 
pos i t ion   before   p roceeding  
t o   t h e   n e x t   l a t c h .  

" ~ 

Remove the  connector   bol t   f rom 
t h e   a c t u a t o r   l i n k a g e   w i t h  
the   bo l t   ex t r ac to r .   Manua l ly  
backdrive  the  la tch  hooks un- 
til the   t h ree -po in t   l a t ch  
too l   can   be   i n s t a l l ed  on t h e  
number 1 la tch ;   p roceed   in  
o r d e r   t o   t h e  number 4 l a t c h ,  
c los ing   t he   door  a t  each 
pos i t ion   before   p roceeding  
t o   t h e   n e x t   l a t c h .  

___ ~ 
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RADIATOR DEPLOY LATCH 

Figure  1. - Payload  bay  door  system  (from  ref.  1) . 

PAYLOAD  BAY 
DOOR HINGE 

SECTION A-A DOOR-CLOSED 
DRIVE  LINKAGE SWITCH 

MODULE  ON 
BULKHEAD 

SUPPORT  BEARING PAYLOAD  BAY 

I \ 
ROTARYGEAR POWER LJ-A TORQUE  DOOR-OPEN 
ACTUATOR WITH DRIVE  UNIT \ SHAFT b 88-DEG 
TORQUE  LIMITER (2 MOTORS)  COUPLING (18 PLACES)  SWITCH 
(6 PLACES) (36 PLACES) (2 PLACES) 

\ 

Figure  2.- Payload  bay  door   dr ive  system  ( f rom  ref .  1). 
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GANGED  LATCHES 
MOUNTED  TO  DOOR  FRAME 

LATCH  NO. 2 
ACTIVE  LATC 
MECHANISM  LATCH NO. 1 

PASSIVE ROLLE 
ON BULKHEAD  READY-TO-LAT 

SWITCH  MODU 
ON BULKHEAD 

Figure  3 . -  Forward   bu lkhead   c i rcu lar   l a tch   sys tem  ( f rom  re f .  1). 

PASSIVE ROLLER 
ON  BULKHEAD 

ACTIVE  LATCH  MECHANISM LATCH NO. 1 

ACTUATOR (2 MOTORS) 

Figure  4.- Af t   bu lkhead   c i r cu la r   l a t ch   sys t em  ( f rom  r e f .  1) . 



SPRING-LOADED SCREW RATCHET 

CUTTING  WHEEL PAWL (3 PLACES) 

CONTROL 
””- LEVER 

Figure  5.- Tubing   cu t t e r .  

F igu re  6.- Winch. 
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FRAME7 
RELEASE  CATCH 

r COMPENSATOR / 

R A T C H E T   H A N D L E  

BELLCRANK 
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ORBITER EMERGENCY CREW ESCAPE  SYSTEM 

William W. Lofland 
Lyndon B. Johnson  Space  Center 

SUMMARY 

Two conven t iona l   e j ec t ion  seats have   been   i nco rpora t ed   i n to   t he   f i r s t  two 
Orb i t e r   veh ic l e s   t o   p rov ide   t he   c r ew  wi th   emergency   e j ec t ion   capab i l i t y   du r ing  
t h e   f l i g h t  test programs. To avoid  extensive  development and test c o s t s ,  ex- 
i s t i n g   e j e c t i o n  seats were s e l e c t e d  and minimum modi f i ca t ions  were made t o  ac- 
commodate t h e   O r b i t e r   a p p l i c a t i o n .  The new components  and mod i f i ca t ions  were 
q u a l i f i e d  a t  t he  component l e v e l ,  and a minimum s l e d  tes t  program was conducted 
t o   v e r i f y   t h e   O r b i t e r   i n s t a l l a t i o n  and val idate   the  s ix-degree-of-freedom  anal-  
y s i s .  The system  performance was c e r t i f i e d  and t h e   o r b i t a l   f l i g h t  t es t  capa- 
b i l i t y  was e s t a b l i s h e d  by a n a l y s i s .  

INTRODUCTION 

The O r b i t e r   i n c o r p o r a t e s  an " intact   abort"   phi losophy.   Problems  during 
launch   tha t  compromise the   mi s s ion   success   o r   s a fe ty  w i l l  r e s u l t   i n   t e r m i n a t i o n  
of the   normal   f l igh t   p lan  and r e t u r n  of t he   Orb i t e r   t o   t he   l aunch  s i t e  runway 
or   another   designated  cont ingency runway.  The O r b i t e r  i s  a high-technology 
a i r c r a f t   o p e r a t i n g   i n  a range  of  extreme  environments  and w i l l  have a crew  of 
only two f o r   t h e   f i r s t  few f l i g h t s .   T h e r e f o r e ,  i t  i s  prudent and p r a c t i c a l   t o  
i nco rpora t e  an i n d i v i d u a l  emergency  crew  escape c a p a b i l i t y   t o   p r o t e c t   a g a i n s t  
those   p roblems  or   fa i lures   tha t   might   render   the   Orbi te r   incapable   o f   l anding  
s a f e l y  on a runway. 

O r i g i n a l l y ,   e j e c t i o n  seats were added t o   t h e   f i r s t   O r b i t e r   v e h i c l e   t o   p r o -  
v i d e   e s c a p e   c a p a b i l i t y   o n l y   f o r   t h e   h o r i z o n t a l   f l i g h t  test  program.  Off-the- 
s h e l f   e j e c t i o n   s e a t s  were t o  be   used;   however ,   before   the i r   se lec t ion ,  it was 
d e c i d e d   t o   p r o v i d e   e s c a p e   c a p a b i l i t y   f o r   p o r t i o n s   o f   t h e   o r b i t a l   f l i g h t  t es t  
program t o  be  conducted  with  the  second  Orbiter.  The e j e c t i o n  seats w i l l  p r i -  
mar i ly   enhance   c rew  safe ty   dur ing   the   f i r s t   demonst ra t ions   o f   l aunch  and  land- 
ing .   Fo l lowing   t he   o rb i t a l   f l i gh t  test  programs,  the seats w i l l  be   replaced 
w i t h   o p e r a t i o n a l  seats similar to   those   in   commerc ia l  a i r  t r a n s p o r t   v e h i c l e s .  

The o r b i t a l   f l i g h t  test r equ i r emen t   l ed   t o   t he   s e l ec t ion   o f   t he   e j ec t ion  
seat used i n   t h e  SR 71 a i r c ra f t   because   o f  i t s  demonst ra ted   h igh-a l t i tude  
c a p a b i l i t y .   T h i s   e j e c t i o n  seat had  been q u a l i f i e d   f o r   v e l o c i t i e s  of 230 m/sec 
(450 knots   equiva len t  a i r  speed)   fo r   t he  A i r  Fo rce   app l i ca t ion  and  had demon- 
s t r a t e d   e j e c t i o n   c a p a b i l i t y  a t  speeds   g rea te r   than  Mach 3 a t  an a l t i t u d e   o f  
24 kilometers  (78 000 f e e t ) .   T h e s e   c a p a b i l i t i e s   e x c e e d   t h e   o r b i t a l   f l i g h t  
test environments   for   ascent   and  reentry  below  approximately 30.5 k i lome te r s  
(100 000 f e e t ) .   E a r l y   c e n t r i f u g e  tests proved  the crewman must  be  posit ioned 
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i n  a t i l t ed - fo rward   a t t i t ude   du r ing   a scen t   t o   r each  and see a l l  the   requi red  
c o n t r o l s  and d i s p l a y s  ; however ,   dur ing   e jec t ion ,   phys io logica l  limits r e q u i r e  
the  seat to   be   i n   t he   no rma l   a f t   pos i t i on .   A l though   t he   s e l ec t ed  seats would 
p r o v i d e   e s c a p e   c a p a b i l i t y   f o r   t h e   h o r i z o n t a l   f l i g h t  test and the   en t ry   por -  
t i o n s   o f   t h e   o r b i t a l   f l i g h t  test programs,   the   resu l t s   f rom  the   cen t r i fuge  
tes t  n e c e s s i t a t e d   t h e   a d d i t i o n   o f  a back-angle   device  to   support   launch and 
a scen t .   Orb i t e r   f l aunnab i l i t y  and t o x i c i t y   r e q u i r e m e n t s   a l s o   n e c e s s i t a t e d  a 
few material changes. 

The e j e c t i o n  seat had  been q u a l i f i e d   t o  A i r  Force  requirements and in- 
s t a l l e d   i n   t h e i r   a i r c r a f t   f o r  some time. The A i r  F o r c e   q u a l i f i c a t i o n   o f   t h e  
b a s i c  seat was accepted as s a t i s f a c t o r y   f o r   t h e   O r b i t e r   a p p l i c a t i o n .  The 
energy   t ransfer  and sequencing  system and t h e   m o d i f i c a t i o n s   t o   t h e   e j e c t i o n  
s e a t s  were  each  qualified dt the component l e v e l  and in  breadboard tests. 
F ina l ly ,   the   comple te   sys tem  opera t ion  was v e r i f i e d  and the  six-degree-of- 
freedom (DOF) analysis  program was va l ida t ed   du r ing  a minimum s l e d  tes t  pro- 
gram.  The  crew escape  system was t h e n   c e r t i f i e d  by e v a l u a t i o n  of  t h e   r e s u l t s  
of the six-DOF analysis.   Likewise,   system  performance  under  adverse  condi- 
t i o n s  and dur ing   ascent  was e s t a b l i s h e d   u s i n g   t h i s   a n a l y s i s .  

SYSTEM  DESCRIPTION 

S ince   t he   Orb i t e r  was no t   des igned   spec i f i ca l ly   t o  accommodate e j e c t i o n  
s e a t s ,   s e v e r a l   u n i q u e   f e a t u r e s  had t o   b e   i n c o r p o r a t e d   t o   f a c i l i t a t e   t h e  
C r e w  Escape   Sys t em  in s t a l l a t ion   ( f ig .  1 ) .  A s t r u c t u r e  was added  between t h e  
f l o o r  and the   ce i l ing   o f   the   inner  crew s t a t i o n   t o   s u p p o r t   t h e   e j e c t i o n  
ra i l s .  Both t h e   i n n e r   s t r u c t u r e  and the   ou ter   sk in   mus t   be   severed ,   wi thout  
in jur ing   the   c rew,  and then   t h rus t   c l ea r   be fo re   t he  seats are e j e c t e d .  To 
allow e j e c t i o n  a t  h i g h e r   a l t i t u d e s ,  an A i r  Fo rce - type   p re s su re   su i t  was 
i n c l u d e d   f o r   t h e   o r b i t a l   f l i g h t  tests and the   suppor t ing   ven t i l a t ion  and 
oxygen  supply was i n c o r p o r a t e d   i n t o   t h e   O r b i t e r .  

The O r b i t e r  Crew Escape  System  consis ts   of   e ject ion seats;  t h e   e j e c t i o n  
e s c a p e   s u i t ;   g u i d e   r a i l s  and suppor t   s t ruc tures ;   the   escape-panel   severance  
and je t t i son   sys tem;   and   the   energy   t ransfer  and sequencing  system.  Operation 
of  the  escape  system is accomplished  through  state-of-the-art   pyrotechnic de- 
v i c e s ,  many of  which are   off   the   shelf   or   only  s l ight ly   modif ied  for   the 
O r b i t e r   a p p l i c a t i o n .  The pre-e jec t ion   func t ions   o f   c rew  pos i t ion ing   ( inc lud-  
ing  the  back-angle  change) and r e s t r a i n t  and the   pos t - e j ec t ion   func t ions  of 
drogue  deployment,   seat/man  separation, and main  parachute  deployment  are 
accomplished  through a self-contained  gas-operated  pyrotechnic  system. The 
energy   t ransfer  and sequencing   sys tem  cont ro ls   the   e jec t ion   f rom  the   Orbi te r  
and consis ts   of   shielded  mild  detonat ing  cord (SMDC), conf ined   de tona t ing  
cord (CDC) i n i t i a t o r s ,  time de lays ,   i nne r  and outer  panel  severance  systems, 
t h r u s t e r s ,   s a f e  and arm sequencers ,  and gas   genera tors .  A schematic  of  the 
C r e w  Escape  System is shown i n   f i g u r e  2. 
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Ejec t ion   Sea t  

A c o n v e n t i o n a l   e j e c t i o n   s e a t  from t h e  SR 71 a i r c r a f t  was procured   of f   the  
she l f   for   use   in   the   Orbi te r .   This   sys tem  inc ludes   the   rocke t   ca tapul t ,   sea t  
a d j u s t m e n t   a c t u a t o r ,   s u r v i v a l   k i t   c o n t a i n e r ,  crew r e s t r a i n t ,   s t a b i l i z a t i o n  
drogue  parachute ,   recovery  parachute ,  and O r b i t e r   i n t e r f a c e  components. To 
accommodate t h e   u n i q u e   a p p l i c a t i o n   i n   t h e   O r b i t e r   o f   l a u n c h i n g   i n   t h e   v e r t i c a l  
p o s i t i o n ,   r e m a i n i n g   i n   o r b i t a l   f l i g h t   f o r  some t i m e ,  and t h e n   g l i d i n g   t o  a 
more o r   l e s s   c o n v e n t i o n a l   l a n d i n g ,   t h e   e j e c t i o n  seat had t o   s a t i s f y   t h e   r e -  
quirements   for   posi t ioning  of   the  crew  while   f i t t ing  in  a l i m i t e d   s p a c e   i n   t h e  
Orbi ter .   These  requirements ,   together   with  considerat ions  of   mater ia l  flamma- 
b i l i t y  and t o x i c i t y   f o r   s p a c e c r a f t   a p p l i c a t i o n s ,   n e c e s s i t a t e d   t h e   f o l l o w i n g  
changes   to   the   bas ic   e jec t ion  seat. 

1. A two-position  seat-back  subsystem was added to   p rov ide  a crewman 
back  angle  of 2 O  forward of v e r t i c a l  (XO ax i s )   fo r   l aunch   t o   improve   r each  and 
v i s i o n .  The seat   back was mechanized t o   r e t u r n   t o   t h e   a f t   p o s i t i o n   a u t o m a t i -  
c a l l y   b e f o r e   e j e c t i o n   o r   m a n u a l l y   f o r   t h e   o n - o r b i t  and  approach-and-landing 
mission  phases.  

2. The e j e c t i o n   s e a t   v e r t i c a l   a d j u s t m e n t  was changed t o  be  compatible 
wi th   Orb i t e r   phys i ca l  and anthropometr ic   requirements .  

3. The cushions  were  revised  to  improve  comfort and pos i t i on ing   du r ing  
prelaunch and launch  but s t i l l  s a t i s f y   e j e c t i o n   s a f e t y   r e q u i r e m e n t s .  

5 .  Parachute  holddown s t r a p s  and surv iva l   k i t   fo rward-edge  holddown 
c l i p s  were  added to   reduce  upward movement of the   sea t   occupant   dur ing   the  
prelaunch and launch  phases. 

6 .  The t iming of the  seat  drogue  deployment and  of  seat/man  separation 
was changed t o  improve s t a b i l i z a t i o n  and s e a t / m a n   s e p a r a t i o n   t r a j e c t o r i e s .  

7. O i l  damping was added t o   t h e  crew p o s i t i o n i n g   i n e r t i a l   r e e l   t o   r e d u c e  
acce le ra t ion   du r ing   r epos i t i on ing .  

8. To improve  ascent   survivabi l i ty ,   the   aneroids   were  changed  to   ini t i -  
a t e   t h e   l o w - a l t i t u d e  mode below 3 ki lometers  (10 000 f e e t )   r a t h e r   t h a n   a t  4.5 
kilometers   (15 000 f e e t ) .  

A s u r v i v a l   k i t ,  packaged i n  a f i b e r g l a s s  box assembly, i s  i n s t a l l e d   i n  
t h e   e j e c t i o n   s e a t  pan. The s u r v i v a l   k i t   c o n t a i n s  an  emergency  supply  of 
b rea th ing  oxygen i n   t h e  back  compartment  and  worldwide  survival  equipment i n  
t h e   f r o n t  compartment. 

The O r b i t e r   e j e c t i o n   s e a t   h a s  two  modes of ope ra t ion   t ha t   a r e   au tomat i -  
c a l l y   s e l e c t e d  by the  aneroids   depending on a l t i t u d e .   I f   e j e c t i o n   o c c u r s  
below 3 kilometers  (10 000 f ee t ) ,   s ea t /man   s epa ra t ion  and  main  parachute 
deployment   occur   immedia te ly   a f te r   separa t ion   f rom  the   Orbi te r .   I f   e jec t ion  
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occurs  above 3 k i lome te r s  (10 000 f e e t ) ,   s e a t / m a n   s e p a r a t i o n  i s  i n h i b i t e d  and 
t h e  crewman descends.  on a drogue  parachute   to  3 k i l o m e t e r s  (10 000 f e e t )  a l t i -  
tude,  at which time sepa ra t ion   occu r s  and the  main  parachute  deploys.  The se- 
quence   of   events   dur ing   e jec t ion  i s  shown i n   t a b l e  I. For  emergency  ground 
e g r e s s ,   e i t h e r   t h e . f l i g h t  crew or   t he   g round  crew c a n   j e t t i s o n   t h e   e s c a p e   p a n e l s  
w i t h o u t   e j e c t i n g   t h e  seats. 

The s a l i e n t   f e a t u r e s  of t h e   O r b i t e r   e j e c t i o n  seat are shown i n   f i g u r e  3 .  

Ejec t ion   Escape   Su i t  

The e j e c t i o n   e s c a p e   s u i t  (EES) i s  a modif ied  off- the-shelf  A i r  F o r c e   f u l l -  
p r e s s u r e   s u i t .  The A i r  Force  unit   has  been  modified by adding  medical moni- 
t o r i n g  of  the crewman and a n t i - g   p r o t e c t i o n   f o r   t h e   e n t r y   p h a s e   o f   t h e   o r b i t a l  
f l i g h t  tes t  program. 

The EES ( f i g .   4 )   c o n s i s t s  of a torso  assembly,   separable   helmet ,   g loves,  
r e t a ine r   a s sembly ,   u r ine   co l l ec t ion   sys t em,   an t i -g   p ro t ec t ion ,  and  biomedical 
monitoring. The s u i t   h a s   s e p a r a t e   b r e a t h i n g  and v e n t i l a t i o n   g a s   i n l e t s ,   e a c h  
with  independent  plumbing  and  ducting  systems. When the   he lme t   v i so r  i s  down, 
a dual  demand brea th ing   regula tor   suppl ies   b rea th ing   oxygen   to   the   he lmet   face  
area, which i s  separa ted   f rom  the  rest o f   t he   su i t   a s sembly  by the   f ace   ba r -  
rier. V e n t i l a t i o n   a i r  is  supp l i ed   t o   t he   t o r so   a s sembly   fo r  body cooling  dur- 
i n g   p r e s s u r i z e d   c a b i n   f l i g h t .  The d i f f e r e n t i a l   p r e s s u r e  i s  c o n t r o l l e d  by a 
va lve   t ha t   r egu la t e s   t he   exhaus t  of t h e   v e n t i l a t i o n  a i r  from  the EES. This 
v a l v e   a l s o   c o n t r o l s   t h e   p r e s s u r e   a f t e r   e j e c t i o n ,  and  makeup p r e s s u r e   f o r   t h e  
exhausted a i r  comes from  the  oxygen  that   escapes  from  the  face area b a r r i e r  
i n to   t he   t o r so   a s sembly .  

Su i t   ven t i l a t ion   sys t em. -  Two ven t i l a to r   a s sembl i e s ,   e ach   i nc lud ing  a com- 
p r e s s o r ,   t h e   a s s o c i a t e d   e l e c t r o n i c s ,  and a check  valve,  are enc losed   in  a hous- 
ing  located  immediately  behind  each  e ject ion seat .  Cond i t ioned   a i r  i s  pul led 
from  the  environmental   control   l i fe-support   system  duct   and  discharged  f rom 
each  compressor  into a common manifold  assembly. Two mani fo ld   d i scharge   por t s  
are each  connected  to a plenum located  under   each  e ject ion  seat .   Each plenum 
i n   t u r n  i s  connec ted   t o   t he   p re s su re   su i t  by a f l e x i b l e   h o s e   t h a t   s u p p l i e s   t h e  
v e n t i l a t i o n  a i r .  The a i r  f lows   t h rough   t he   su i t   t o   p rov ide  body coo l ing  and 
then i s  re turned   to   the   cab in   a tmosphere .   E i ther   vent i la tor   assembly   can   pro-  
v ide   adquate   cool ing   for   the  crew. 

Regulated  oxygen  system.- The r egu la t ed  oxygen  system  uses a dual  oxygen 
r egu la to r   t o   conve r t   t he  5860-kN/m2 (850 p s i )  oxygen t o   t h e  414- t o  620-kN/m2 
(60  to  90 p s i )  oxygen r e q u i r e d   f o r   t h e   r e s s u r e   s u i t  and t h e   a n t i - g   s u i t .  The 
regulator   assembly  a lso  has   an 862-kN/mg (125   p s ig )   r e l i e f   va lve  downflow  from 
the   r egu la to r .  The r egu la t ed  oxygen i s  de l ivered   to   mani fo lds   loca ted  on the  
r i g h t   s i d e  of   the r a i l  s u p p o r t   s t r u c t u r e  and   t hen   t h rough   t he   su rv iva l   k i t   t o  
the EES. 
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Guide Rai ls  and Support   Structures  

S i n c e   t h e   O r b i t e r  i s  p r i m a r i l y   d e s i g n e d   t o   o p e r a t e   s i m i l a r l y   t o  a commer- 
c i a l  a i r  t r a n s p o r t   w i t h   f o u r  crewmembers  on t h e   f l i g h t   d e c k ,   t h e   f l i g h t   d e c k  
area i s  open  and t h e r e  i s  no  bulkhead  on  which t o  mount t h e   e j e c t i o n  seat 
guide ra i l s  i n   t h e   c o n v e n t i o n a l  manner.  Therefore, a s p e c i a l   s u p p o r t   s t r u c -  
t u r e   w i t h   i n t e g r a l   g u i d e  r a i l s  ( f i g .  5) was i n c o r p o r a t e d   t o   p r o v i d e   e j e c t i o n  
seat support   dur ing  normal   operat ions and guidance   dur ing   e jec t ion .   This  
s t r u c t u r e   a l s o   t r a n s m i t s   b o t h   t h e   n o r m a l   f l i g h t   l o a d s  and the   loads   f rom  the  
p a n e l   j e t t i s o n  and e j e c t i o n   i n t o   t h e   O r b i t e r   s t r u c t u r e .  Components  from t h e  
py ro techn ic   sys t em,   t he   i n t e r f ace  w i r e  ha rness   fo r  seat adjustment  power, 
communications,  biomedical  monitoring,  the  oxygen  system  manifold,  suit  venti- 
la t ion  system  blowers ,   and  duct ing are a l s o  mounted  on t h i s   s t r u c t u r e .  

Escape  Panel  Severance and J e t t i s o n  

The o u t e r   s t r u c t u r e   o f   t h e   O r b i t e r  i s  d e s i g n e d   t o   c a r r y   f l i g h t   l o a d s ;  i t  
a l so   p rovides  a mounting  surface  for   the  thermal   protect ion  system t i les .  The 
pressure   vesse l   tha t   p rovides   the   habi tab le   workspace   and   l iv ing  area f o r   t h e  
crew is  suppor t ed   w i th in   t he   ou te r   s t ruc tu re  of the  Orbi ter .   This   arrangement  
does  not   provide  the  normal   canopy  or   hatch  arrangements   to   faci l i ta te  emer- 
gency  ground egress   o r   e jec t ion .   Therefore ,  a panel   severance and j e t t i s o n  
system was inco rpora t ed   t o   cu t   open ings   i n   t he   su r f aces   above   each  seat and 
t h r u s t   t h e   p a n e l s   c l e a r  of t h e   O r b i t e r   d u r i n g  emergency  procedures. The es- 
cape  panels are shown i n   f i g u r e  6 .  

The o u t e r   s t r u c t u r e  i s  severed by mi ld   de tona t ing   fuse  (MDF) as i s  done 
i n  numerous o t h e r   a i r c r a f t  and s p a c e c r a f t   a p p l i c a t i o n s .  The MDF system  severs  
the   pane l   p r imar i ly  by shock   e f f ec t s .  To protect  the  crew  from  dangerous  hot 
gases   and   deb r i s ,   t he   i nne r   s t ruc tu re  i s  severed by an  expanding  tube  assembly 
(XTA). The XTA c o n s i s t s  of  one s t r a n d  of MDF encased i n   l e a d  and i n s e r t e d   i n  
a s t a i n l e s s   s t e e l   t u b e .  The  assembly i s  f l a t t e n e d  and f i t t e d   t o   t h e   s t r u c t u r e  
around  each  inner  panel,  and the  voids   around  the XTA are f i l l e d   w i t h   s i l i c o n e  
rubber. Upon f i r ing ,   t he   t ube   expands  and severs  the  panel  from  the  crew mod- 
u l e  s t r u c t u r e   i n  a prescr ibed  sect ion  around  each  panel .  The XTA i s  r e t a i n e d  
i n   t h e   s u p p o r t   s t r u c t u r e  by s t a i n l e s s  s teel  s t r a p s   t h a t  do n o t   i n h i b i t  i t s  ex- 
pans  ion. 

As the   pane ls  are s e v e r e d ,   t h r u s t e r s  mounted  between  each seat support  
s t r u c t u r e  and the   i nne r   pane l s   p rov ide   p ropu l s ion   fo r   j e t t i son   o f   t he   pane l s .  
Both  cabin  pressure  and  aerodynamic  forces assist  pane l   j e t t i son   unde r  some 
cond i t ions .  The ene rgy   app l i ed   t o   t he   i nne r   pane l s  by t h e   t h r u s t e r s  i s  t r ans -  
mi t t ed   t o   t he   ou te r   pane l s   t h rough  a system  of   a t tenuator   pads  and  cable   a t ten-  
u a t o r s  as shown i n   f i g u r e  6 .  The expended t h r u s t e r   b a r r e l  i s  removed  from t h e  
e j e c t i o n   p a t h  by t h e   t h r u s t e r   r e t r a c t o r  and gu i l lo t ines   s eve r   t he   pane l - to -  
Orb i t e r   w i re   ha rnesses .  The escape  panels  are a u t o m a t i c a l l y   j e t t i s o n e d   d u r i n g  
eject ion  but   can  be  manual ly   je t t isoned  f rom  the  center   console   or   the   lower 
r i g h t   s i d e  o f   t h e   O r b i t e r   f o r  emergency  ground eg res s .  
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Energy  Transfer  and Sequencing  System 

The ene rgy   t r ans fe r  and sequencing   sys tem  cont ro ls   the   sequencing  and 
i n i t i a t i o n  of  each  element  of  the C r e w  Escape  System.  The i n i t i a t i o n   s i g n a l  
is t ransmi t ted   to   the   var ious   e lements  by the   energy   t ransfer   sys tem,   which  
uses  SMDC between  f ixed  paths and CDC be tween   e l emen t s   r equ i r ing   r e l a t ive  mo- 
t ion.   Both  the SMDC and t h e  CDC use  MDF f o r   t r a n s m i s s i o n   o f   t h e   i n i t i a t i o n  
s i g n a l .   S i n c e   t h e   e j e c t i o n   s e a t   i n c o r p o r a t e s  a ho t -gas   sys tem,   in i t ia tors  
and hot -gas   genera tors   a re   used   to   t ransmi t   the   s igna l   to  and  from t h e   s e a t  
system.  Through-bulkhead i n i t i a t o r s   t r a n s m i t   t h e  signal between  the  pressur- 
i zed  and unpressurized  compartments, and  one-way t r ans fe r   dev ices   p reven t   t he  
i n i t i a t i o n  of t h e   e j e c t i o n  seat when t h e   e s c a p e   p a n e l s   a r e   j e t t i s o n e d   w i t h  
e i t h e r  of  the  manual  controls.  

The ene rgy   t r ans fe r   sys t em  p rov ides   t he   i n i t i a t ion   s igna l s   t o   t he  Crew 
Escape  System  elements so f a s t   t h a t   s e v e r a l  of   the  operat ions  cannot   be com- 
p le ted   wi thout   addi t iona l   t ime  de lays .   One-ha l f - second  de lay   in i t ia tors  are 
inc luded   t o   de l ay   t he   e j ec t ion   o f   t he   r i gh t   s ea t   t o   a l l ow  t ime   fo r   t he   j e t t i -  
soned  panels   to   c lear ;   another  i s  inc luded   t o   de l ay   t he   e j ec t ion  of t h e   l e f t  
s e a t   t o   a v o i d   c o l l i s i o n   w i t h   t h e   r i g h t   s e a t .   S a f e  and arm sequencing  devices  
a re   p rov ided   t o   ensu re   t ha t   t he   e scape   pane l s   have   been   j e t t i soned   be fo re   t he  
ac tua t ion   of   the   e jec t ion   sea ts .   These   sequences   requi re  a pyro technic   input  
from the   energy   t ransfer   sys tem and  a mechanica l   s igna l   f rom  the   ro ta t ing  
i n n e r   p a n e l   b e f o r e   t h e   i n i t i a t i o n   s i g n a l  i s  t r a n s m i t t e d   t o   t h e   e j e c t i o n   s e a t  
propulsion  system. 

TEST PROGRAM 

To reduce  development  costs,  maximum u t i l i z a t i o n  of   off- the-shelf  compo- 
nents  was made throughout   the Crew Escape  System. Where n e c e s s a r y ,   e x i s t i n g  
items were  modified  to  meet  the  Orbiter  requirements;   only as a l a s t   r e s o r t  
were new i tems  developed.   For   example,   the   basic   e ject ion  seat  i s  used i n   t h e  
SR 71 a i r c r a f t  and t h e  one-way t r a n s f e r   d e v i c e  is  used i n   t h e  F-14 a i r c r a f t ,  
but   the   inner   panel  XTA severance  system was deve loped   fo r   t he   Orb i t e r .  Maxi- 
mum use   o f   p rev ious   t es t   da ta  and q u a l i f i c a t i o n  test exper ience  w a s  made i n  
t h e   c e r t i f i c a t i o n  of t h e   O r b i t e r  Crew Escape  System.  The new hardware and t h e  
modi f ied   ex is t ing   hardware   were   f i r s t   qua l i f ied   a t   the  component l e v e l  and then 
po r t ions  of the  system were ope ra t ed   i n   b readboard   t e s t s .   F ina l ly ,   t he   i n s t a l -  
l a t i o n  of the  system was v e r i f i e d   i n  a minimum s l e d   t e s t  program. 

The e j e c t i o n   s e a t s ,   r a i l   s u p p o r t   s t r u c t u r e s ,   o v e r h e a d   p a n e l   s t r u c t u r e s ,  
and ene rgy   t r ans fe r  and sequencing   sys tem  were   ins ta l led   in  a s l e d   v e h i c l e  
t ha t   s imu la t ed   t he   Orb i t e r  crew  module. The system was t h e n   r e a l i s t i c a l l y  
tes ted   th roughout   the   Orbi te r   ve loc i ty   range .  The s l e d   t e s t  program cons i s t ed  
o f   t he   fo l lowing   t e s t s .  

1. Two p a n e l - j e t t i s o n   t e s t s   u s i n g   p r e v i o u s l y   s e v e r e d   p a n e l s  

2. One panel   severance and j e t t i s o n   t e s t  
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3. One dua l - e j ec t ion  test wi th  a complete  system a t  z e r o   v e l o c i t y  

4. Four  dynamic tests a t  v a r i o u s   v e l o c i t i e s   t h r o u g h o u t   t h e   f l i g h t  enve- 
lope  ( two  complete   dual-eject ion tests and two s i n g l e - e j e c t i o n   t e s t s )  

The s l e d  test program v e r i f i e d   t h e   i n s t a l l a t i o n  and opera t ion   of   the  C r e w  
Escape  System i n   t h e   O r b i t e r .  The six-DOF analysis   developed t o  predict   sys-  
t e m  performance w a s  upda ted   du r ing   t he   s l ed  tes t  program  such  that: it gave ex- 
ce l l en t   co r re l a t ion   be tween   t he   p red ic t ed  and actual  system  performance. As 
a r e s u l t ,   t h e  six-DOF a n a l y s i s   w a s - v a l i d a t e d   d u r i n g   t h i s  program. 

PERFORMANCE 

The c a p a b i l i t i e s   o f   t h e  C r e w  Escape  System  during  each  phase  of  the  or-  
b i t a l   f l i g h t  test program were e s t a b l i s h e d   u s i n g   t h e  six-DOF analys is .   Dur ing  
a scen t ,   t he  plumes  from the   Space   Shut t le   main   engines  (SSME) and t h e   s o l i d  
rocket   booster   engines  and reasonable   deviat ion  of   the  Orbi ter   f rom i t s  nominal 
t r a j e c t o r y   i n   p i t c h ,   r o l l ,  and yaw were considered.  Based on t h i s   a n a l y s i s ,  
the  system will provide   escape   capabi l i ty  from approximately 3 seconds   a f t e r  
launch  to   about  3 . 7  k i lome te r s  (12 000 f e e t )   a l t i t u d e .  From approximately 
3 . 7  t o  9 kilometers  (12 000 t o  30 000 f e e t ) ,   t h e  crew w i l l  i n t e r s e c t   t h e  SSME 
plumes a t  a locat ion  where  the  temperature   and/or   dynamic  pressure  exceed 
human l imits.  From approximately 9 t o  30 .5  kilometers  ( 3 0  000 t o  100 000 
f e e t ) ,   t h e  crew w i l l  pass  through  the  plumes a t  a locat ion  where  the  environ-  
ment i s  acceptable .   During  descent ,   escape  capabi l i ty   exis ts   f rom  approxi-  
mately 3 0 . 5  k i lome te r s  (100 000 f ee t )   t h rough   l and ing  and r o l l o u t .  The esti- 
mated  and  demonstrated  ejection seat c a p a b i l i t i e s   f o r   t h e   o r b i t a l   f l i g h t   t e s t  
a scen t  and r e e n t r y   c o n d i t i o n s  are shown i n   f i g u r e  7 .  

This   ana lys i s   cons idered   adverse   Orbi te r  body rates about a nominal tra- 
j ec to ry   bu t   d id   no t   cons ide r   such   f ac to r s   a s   t he   ac tua l  body r a t e  r e s u l t i n g  
from  anomalies,   vehicle  breakup and explosion,   or   engine-out   condi t ions.  When 
anomalous vehicle  performance i s  cons idered ,   the   per formance   capabi l i t i es  w i l l  
change. 

CONCLUDING REMARKS 

The O r b i t e r  C r e w  Escape  System, i n i t i a l l y   i n s t a l l e d   t o   p r o v i d e   e s c a p e  ca- 
p a b i l i t y   d u r i n g   h o r i z o n t a l   f l i g h t ,   h a s  made maximum use  of  existing  components 
and p r io r   qua l i f i ca t ion   p rog rams .  The system  has   been  qual i f ied a t  t h e  compo- 
n e n t   l e v e l  and v e r i f i e d  a t  the   sys t em  l eve l ,  and the   ana lys i s   has   been   va l i -  
dated.  The a n a l y s i s   i n d i c a t e s   t h a t   t h e   s y s t e m   a l s o   o f f e r s   s u b s t a n t i a l   e s c a p e  
sys t em  capab i l i t i e s   du r ing   po r t ions   o f   t he   a scen t   phase  and  of  the  descent 
and l a n d i n g   p h a s e s   d u r i n g   t h e   o r b i t a l   f l i g h t  program. 
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TABLE I.- ESCAPE  SYSTEM SEQUENCEa 

Time from 
i n i t i a t i o n ,  

s ec 

0.0 

0.5 

0.7 

0.95 

1 . 2  

1.5 

1.8 

2.1 

3 . 6  

11.5 

Sequence  of  events  below 
3 km (10 000 f t )  

D-ring pul led ,   escape   pane ls  
j e t t i s o n ,   s h o u l d e r   h a r n e s s  
r e e l  and f o o t   a c t u a t o r s  
r e t r a c t ,   b a c k   p o s i t i o n e r  
r e t r a c t s ,   f a c e p l a t e   h e a t e r  
a c t i v a t e d  

Sequence r s   i gn i t e   t he   ca t apu l t  

Drogue gun deploys  drogue 
parachute  

Drogue  parachute   ful l   open 

Rocket  burns  out 

S e p a r a t i o n   o c c u r s ;   l a p   b e l t  
r e l e a s e s ;   s h o u l d e r   s t r a p s ,  
f o o t   c a b l e s ,  and  D-ring 
c a b l e   c u t ;   s e p a r a t o r  
a c t u a t e s  

Upper drogue   parachute   r i se rs  
c u t  

Drogue gun deploys  main  para- 
chute  

Main p a r a c h u t e   f u l l  open 

Lower drogue   parachute   r i se rs  
cu t  

Sequence of events  above 
3 km (10 000 f t )  

Same 

Same 

Same 

Same 

Same 

S e p a r a t i o n   i n i t i a t o r  armed but 
blocked by aneroid  device 

Lower drogue   parachute   r i se rs  
cu t  

Anero id   unb locks ,   i n i t i a t ing  
complete   separat ion  sequence,  
deploying  main  parachute 
0.6 s e c   l a t e r  and c u t t i n g  
upper  drogue  parachute 
r i s e r s   a f t e r  0.3 sec  

+he  seqyence shown i s  f o r   t h e   r i g h t   s e a t ;   t h e   s e q u e n c e   f o r   t h e   l e f t   s e a t  
i s  t h e  same except   there  i s  an  0 .5-sec  t ime  delay  before   the  sequencers   igni te  
t he   ca t apu l t .  

%lu r ing   l aunch   on ly ;   a l r eady   r e t r ac t ed   du r ing   r een t ry .  
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L FOOT RETRACTION CABLES 

Figure 1.- G e n e r a l  arrangement of the C r e w   E s c a p e   S y s t e m .  
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Figure 2.- C r e w  Escape System schematic. 
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1 2 3  4 1 SEAT GUIDE RAIL 8 SHOULDER HARNESS 

2 DROGUE PARACHUTE 

3 DROGUE PARACHUTE GUN 

4 DROGUE PARACHUTE PIN 

5 LEAK DETECTOR ANEROID- 
ACTUATED  INITIATOR 

6 PARACHUTE GUN SAFETY CAP 

7 PARACHUTE GUN SAFETY PIN 

9 

10 

11 

12 

13 

14 

15 

16 

17 18 

19 

20 

21 

22 

23 

24 

25 

MANUAL PARACHUTE DEPLOY RING 

SEAT VENT  AIR HOSE 1102 ONLY1 

INERTIA  REEL LOCK 

SECONDARY EJECTION T.HANDLE 

LEG GUARD 

EJECTION DRING 

SAFETY  PIN 

FOOT  RETENTION CABLES 

FOOT RAMPS 

EMERGENCY OXYGEN PRESSURE INDICATOR 

FOOT RETENTION CABLE CUTTER 12) 

SEAT VERTICAL ADJUSTMENT SWITCH 

SURVIVAL  KIT RELEASE 

SCRAMBLE HANDLE 

EMERGENCY OXYGEN  HANDLE (GREEN APPLE) 

MAIN PARACHUTE ARMING CABLE 

TWO-POSITION BACK 

19 18  16  17 
, .  . .  

26 TWO-POSITION SEAT.BACK MANUAL CONTROL 

Figure 3.- Orbiter ejection seat. 

FACEPLATE/VISOR 
MICROPHONE 

VISOR  LOCK 

ORINK  PORT 

HELMET  LOCK 

LIFE  PRESERVER  UNIT 

SUIT PRESSURE CONTROLLER 

HELMETOXYGEN HOSES 
(DISCONNECTS) 

LAPBELT  FITTING  (D-RING) 

GLOVES 

ANTI-G  SUIT  HOSE/T.CONNECTOR 

POCKETS 

FACE  BARRIER 

OXYGEN  CUT.OFF  VALVE  (FLOW 
STOPS WHEN  FACEPLATE IS OPEN1 
ANTISUFFOCATION  VALVE 
NECKRING 
KOCH  FITTINGS 

COMMUNICATIONSCABLE 

HELMET  HOLODOWN 

VENT HOSE FITTING 

BIOMEDICAL  CABLE/CONNECTOR 

ANT1.G SUIT  CONTROL 

LEATHER  SAFETY  FLYING  BOOTS 

Figure 4.- Ejection escape s u i t  (modified Air Force  pressure s u i t ) .  
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PANEL 
THRUSTER 

THRUSTER 
RETRACT/ 
LOCK 
(HIDDEN)- 

GUILLOTINE 
(OV102 ONLY) 

SEQUENCER 

ESCAPE PANEL  THRUSTER 
INSTALLATION 

SEAT RAIL SUPPORT STRUCTURE 

SEAT  TO 
CATAPULT 
BALLISTIC 

CATAPULT 
BALLISTIC  CATAPULT 

ROCKET  CATAPULT/SEAT  INTERFACE 
(DROGUE  PARACHUTE  BRIDLE  AND 
COVER OMITTED FOR CLARITY) 

SEAT  ROCKET  CATAPULT  INSTALLATION 

Figure 5.- Guide r a i l s  and   suppor t   s t ruc ture .  
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DUAL MDF 

SEVERANCE  PLANE  OUTER  HINGE 

ESCAPE PANEL 

STAINLESS 
PANEL LEFT PANEL ASSEMBLY 

SINGLE MDF LEAD 
(DUAL  INlTlATlONl 

EW MODULE) 

SEVERANCE  PLA 

ASSEMBLY IX 

INNER (CREW MODULE1 ESCAPE PANEL  SEVERANCE SYSTEM 

TAl 

ESCAPE PANELS 

Figure 6.- Escape panel  severance and jettison system. 
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Figure 7.- E jec t ion  seat c a p a b i l i t y .  
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FLUID CIRCULATING PUMP  OPERATED BY SAME INCIDENT 

SOLAR ENERGY WHICH HEATS ENERGY COLLECTION FLUID' 

E a r l  R. Co l l in s  
J e t  Propuls ion  Laboratory 

C a l i f o r n i a   I n s t i t u t e   o f  Technology 

ABSTRACT 

This  p a p e r  d e s c r i b e s  how a c o n c e p t   o r   i d e a   f o r  a solar-powered pump f o r  
spacec ra f t  may b e   a p p l i e d   t e r r e s t r i a l l y   t o   r e d u c e   o r   e l i m i n a t e   t h e   n e e d   f o r  
f o s s i l - f u e l   g e n e r a t e d   e l e c t r i c i t y   f o r   d o m e s t i c   s o l a r   h o t  water systems. A 
breadboard  prototype  model w a s  c o n s t r u c t e d   u t i l i z i n g   b i m e t a l s   t o   c o n v e r t  
thermal   energy  into  mechanical   motion by  means  of a t o g g l e   o p e r a t e d   s h u t t e r  
mechanism.  Although i t  d id   no t  meet expec ted   thermal   e f f ic iency ,   the   p ro to-  
type  model w a s  su f f i c i en t   t o   demons t r a t e   t he   mechan ica l   concep t .  

INTRODUCTION 

I f  a domest ic   hot  water system  has a roof top   so la r   thermal   energy  
c o l l e c t o r ,  i t  w i l l  l i k e l y   r e q u i r e  some method o r  means f o r  pumping t h e   s o l a r  
hea t ed   f l u id   t o   t he   hea t   exchange r ,   s to rage   t ank ,   o r   o the r   work -ex t r ac t ing  
d e v i c e .   E x i s t i n g   f l u i d  pumps are usua l ly   opera ted  by e l e c t r i c i t y   w h i c h  i s  
generated  mainly by b u r n i n g   f o s s i l   f u e l s .  Most pumps r equ i r e   on ly  a small 
amount of e l e c t r i c a l  power t o   o p e r a t e   t h e   i n d i v i d u a l   c o l l e c t o r s .  However, 
i n  v i ew  o f   t he   expec ted   i nc rease   i n   roo f top   so l a r   ene rgy   co l l ec to r s ,   t he  
t o t a l   a n n u a l  power consumption i n   t h e   a g g r e g a t e  may become s i g n i f i c a n t l y  
l a r g e  enough to   warran t   cons ider ing   any  means of   reducing   the   need   in  
the  United States f o r  scarce c o s t l y   f o s s i l   f u e l   g e n e r a t e d  e lec t r ica l  power. 

A f low  diagram  for  a roof top   so la r   thermal   energy   co l lec t ion   sys tem i s  
shown i n   F i g u r e  1. A d e s i r e d  power source  would be   t he  same i n c i d e n t   s o l a r  
energy  which is ,  du r ing   day l igh t   hour s ,   i r r ad ia t ing   and   hea t ing   t he   f l u id   i n  

IThis   paper   presents   one  phase  of   research  conducted a t  t h e  Jet  Propuls ion 
Labora to ry ,   Ca l i fo rn ia   In s t i t u t e   o f   Techno logy ,   unde r   Con t rac t  NAS7-100, 
sponsored  by  the  National  Aeronautics  and  Space  Administration. 

47 



t h e   r o o f t o p   c o l l e c t o r .   I n  a t y p i c a l   i n s t a l l a t i o n ,   t h e   s o l a r   h e a t e r  i s  
mounted h igher   than   the   s torage   t ank ,   and   the  pump is e s s e n t i a l   t o  move t h e  
ho t  water, which i s  less dense  than  the  cold water, t o   t he   hea t   exchange r  
(eg,  room h e a t e r ) ,   t o   t h e   s t o r a g e   t a n k ,   o r   t o   a n o t h e r   h e a t - e x t r a c t i n g   d e v i c e  
(eg,  air c o n d i t i o n i n g   u n i t ) .  

SYMBOLS AND ABBREVIATIONS 

Values   and   ca lcu la t ions  are given i n   b o t h   t h e   I n t e r n a t i o n a l  System (SI )  
and US Customary  units.  

D d e f l e c t i o n  of e l emen t   i n  c m  ( i n . )  

m s p e c i f i c   d e f l e c t i o n  

P l o a d   o r   f o r c e   i n  N (oz f )  

AT tempera ture   change   in  K (OF) 

t t h i c k n e s s  of  element i n  cm ( i n . )  

KD S s t r i p   d e f l e c t i o n   c o n s t a n t  p e r  K ( O F )  

K P S  

d 
0 

s t r i p   t o r q u e   c o n s t a n t ,  N/m2 (oz / in .  ) 2 

diameter  of d i s k   i n  cm ( i n . )  

d diameter  of h o l e   i n   d i s k   i n  cm ( i n . )  
i 

BACKGROUND OF PLJMT CONCEPT 

A pumping sys tem,   o r ig ina l ly   conce ived  as an  aerospace method f o r  
c i r c u l a t i n g  a c o o l i n g   f l u i d   t o   c o n t r o l   t e m p e r a t u r e s   w i t h i n   e l e c t r o n i c   b a y s  
of o u t e r   p l a n e t   s p a c e c r a f t ,  may b e   t e r r e s t r i a l l y   a p p l i e d   ( i n   a c c o r d a n c e   w i t h  
t h e  NASA Technology  Ut i l iza t ion   Program)   to   domest ic   so la r   ho t  water 
i n s t a l l a t i o n s .  

The bas i c   concep t   unde r ly ing   t he   so l a r  pumping system w a s  not   using 
e lec t r ica l  energy ,   bu t   ins tead   conver t ing   the   hea t   energy   ob ta ined   f rom 
sunl ight   in to   mechanica l  work or   k ine t ic   energy .   For   space   purposes ,  i t  w a s  
n e c e s s a r y   f o r   t h e   s p a c e c r a f t   c o o l a n t   f l u i d   t o   b e   r o u t e d   b e t w e e n   t h e   i n t e r i o r  
of t he   e l ec t ron ic   bay  and the   t he rma l   r ad ia to r  on t h e  shadow s i d e  of t h e  
s p a c e c r a f t .  The spacecraf t   approach ,  as eva lua ted  and  adopted, was an  a l ter-  
nating  thermodynamic  cycle  operation  in  which a hea t   absorber  is f irst  
exposed to   solar   energy  and  then  shielded  (cooled)   f rom Sun energy i n   o r d e r  
to   p roduce  a rec iproca t ing   mot ion   or   mechanica l   work .  The spacecraf t   concept  
provided a s e l f - s t a r t i n g  demand pumping  system  completely  independent  of  the 



convent iona l   onboard   spacecraf t  power systems  which were s u b j e c t e d   t o   w i d e l y  
va ry ing  power requirements  and demands.  The concept as proposed  for  a 
terrestrial dev ice  w i l l  r e s u l t   i n  an automated system ( i . e . ,  when t h e  water i s  
being  heated,  i t  i s  being pumped; and,  conversely,  when i t  is  no t   be ing   hea t ed ,  
i t  is n o t   b e i n g  pumped). A device of t h i s   t y p e   c o u l d   o p e r a t e  a pump from  the 
same i n c i d e n t   s o l a r   r a d i a t i o n   t h a t  i s  h e a t i n g   t h e  water f o r  a domest ic   so la r  
water h e a t e r .  The descr ipt ion  below  fol lows  the  or iginal   concept   proposed 
as a s o l u t i o n   t o   t h e   o u t e r   p l a n e t   s p a c e c r a f t   i n t e r n a l   t e m p e r a t u r e - c o o l i n g  
c i rcu la t ion   problem.  

DESIGN THEORY AND APPROACH 

The s o l a r  pump c o n c e p t   e s s e n t i a l l y  i s  an   appl ica t ion   (Reference  1) 
based  upon  the  difference  in   radiant   energy  between a thermal   hea t   source  
and a thermal   cold  s ink,   which may be  one  and  the same a t  d i f f e r e n t  times. 
This  may be  understood i f  t h e  pump is thought of as a s ink   be ing   exposed   to  
a source .   Then ,   a f te r   the   absorp t ion   of   hea t  , t h e  pump is a l t e r n a t i v e l y  
considered as the   hea t   sou rce .  The concep t   o r   i dea   fo r   u s ing   t he   t he rma l  
difference  between  source  and  s ink  posed  three  problems:  f i r s t ,  developing 
a sys tem  to   conver t   the   rad ian t   energy   to   mechanica l   energy;   second,   se lec t ing  
a s u i t a b l e  material for   the   source-s ink;   and   th i rd ,   p rovid ing  a method f o r  a 
s e l f - s t a r t i n g   c o n t r o l   o f   t h e   s o u r c e - s i n k .  The f i r s t  problem  involves ,   of  
c o u r s e ,   t h e   f a c t   t h a t   h e a t  as a form  of  energy  obeys  the  principle  of 
energy  conservation  and may be   t r ans fe r r ed   i n to   mechan ica l  work  (and 
v i c e   v e r s a ) .  The s y s t e m   t o   c o n v e r t   h e a t   i n t o  work  makes use  of  the 
t ransformation  accomplished by h e a t i n g  a material and  causing  the material t o  
do  work as i t  expands.   Several  materials were considered  for   the  energy  con-  
vers ion   source-s ink   un i t ,   such  as s o l i d s ,   l i q u i d s ,  and  gases  used  singly,  
hybridized,  and, when a p p r o p r i a t e ,  combined with  the  change of state.  
Examples of substances  considered are a l coho l ,   pa ra f f in ,   F reon ,  ammonia,  and 
b ime ta l s .  

The s e l e c t i o n  of a material was c l o s e l y   a s s o c i a t e d   w i t h   t h e   c o n s i d e r a t i o n  
of a mechanica l   conf igura t ion .  Among the   conf igu ra t ions   eva lua ted  were 
bellows, Bourdon t u b e s ,   h e l i x e s ,   s p r i n g s ,  sp i r a l  c o i l s ,  U- and  S-shapes,  and 
others  which  produce  mechanical  motion as a r e su l t   o f   changes   i n   t empera tu re  
e i t h e r   d i r e c t l y   o r   i n d i r e c t l y .  A t h e r m o s t a t i c   b i m e t a l  was se l ec t ed   because  
of i t s  hea t   f l ow  cha rac t e r i s t i c s ,   t he rma l   p rope r t i e s   (Tab le  1, Reference 2) , 
mechan ica l   con f igu ra t ions   o r   shapes ,   t he   ava i l ab i l i t y   o f   t he  material, and 
the   conven ience   fo r   f ab r i ca t ing  a breadboard  prototype  model.  The  most 
impor t an t   cha rac t e r i s t i c   o f   t he rmos ta t i c   b ime ta l  is  t h a t  i t  b e n d s   o r   d e f l e c t s  
propor t iona l ly   wi th   t empera ture   change   wi th in  a broad   opera t ing   range   ( i . e . ,  
t he   b ime ta l  i s  a l i n e a r   t r a n s d u c e r ) .  Such a bimetal   temporar i ly   changes  shape 
when h e a t  i s  absorbed  and reverts t o   t h e   o r i g i n a l   s h a p e  when cooled.  Another 
broadly   usefu l   p roper ty   o f   thermosta t ic   b imeta l  i s  i ts  a b i l i t y   t o   d e v e l o p  a 
f o r c e  when d e f l e c t i o n  i s  i n h i b i t e d .  A bimetal   e lement   thus  can  produce  both 
f o r c e  and def lect ion  and  thereby  perform  mechanical   work.  
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The t h i r d   o r   c o n t r o l  
toggle  device  which  would 
of   the  source-s ink  system 

problem w a s  solved  by  developing an over-the-center 
p r o v i d e   s e l f - s t a r t i n g   a n d   f u l l - o n / f u l l - o f f   c y c l i n g  
f i e l d s  of v i e w .  

PUMP  SYSTEM  FUNCTION 

The mechanica l   approach   for   conver t ing   hea t   energy   in to   rec iproca t ing  
m o t i o n   u t i l i z e s  a series of   b imeta l   e lements   tha t  are a l t e r n a t e l y  
exposed   to   and   sh ie lded   f rom  sunl ight .  The b imeta l   e lements  w i l l  change 
shape when heated by t h e  Sun ,   t hen   r e tu rn   t o   t he i r   o r ig ina l   shape  when cooled. 
For t h i s   a p p l i c a t i o n ,   t h e  Sun is  the   sou rce ;   t he  pump elements  are the   s ink .  
A s  t h e  pump e lements   cool ,   they  are now t h e   s D u r c e   r a d i a t i n g   t h e   s o l a r   h e a t  
previously  absorbed.  Thus,   the pump becomes a s ink-source   o r   source-s ink ,  
as t h e   s i t u a t i o n  may b e ,   a n d   t h e   a l t e r n a t i o n s  create a rec iproca t ing   mot ion  
t h a t   c o u l d  power a pump. 

From a f u n c t i o n a l   s t a n d p o i n t ,   s i n c e   t h e   d e v i c e   c o n v e r t s   t h e   h e a t  from 
so la r   r ad ia t ion   d i r ec t ly   i n to   r ec ip roca t ing   mechan ica l   mo t ion ,   t he   work ing  
cyc le  may be  def ined as composed of a power s t roke   and  a r e t u r n   s t r o k e .  
During  the power s t r o k e   t h e  pump elements  p i l e  is exposed  to   the  heat   source,  
t h e r e b y   r e s u l t i n g   i n  i t s  expansion. The  power s t roke   pe r fo rms   t h ree   func t ions :  
p rovides  power f o r   t h e  pump, pre loads   the   shut te r   escapement  mechanism,  and 
s t o r e s   e n e r g y   f o r   t h e   r e t u r n   s t r o k e .  A t  the   end  of   the power s t r o k e ,   t h e  
shutter  escapement  mechanism releases, t h e r e b y   s h u t t e r i n g   t h e   s o l a r   r a d i a t i o n  
from  the pump e l e m e n t s   p i l e   a n d   i n i t i a t i n g   t h e   r e t u r n   s t r o k e .   D u r i n g   t h e  
r e t u r n   s t r o k e ,   t h e  pump p i l e   r a d i a t e s  i t s  h e a t ,   r e t u r n s   t o  i t s  i n i t i a l   p o s i -  
t i o n ,   t r i g g e r s   t h e   s h u t t e r s   e s c a p e m e n t  mechanism,  and commences the   cyc le   aga in .  

CONFIGURATION 

The solar-powered pump developed a t  t h e  Jet  Propuls ion  Laboratory,  
Pasadena ,   Cal i forn ia ,  i s  composed  of a series o f   b ime ta l l i c   d i sk   e l emen t s   o r  
u n i t s  mounted  on a metal sp ind le   o r   b ra s s   rod   ( s ee   F igu re  2 ) .  The s p i n d l e  
i s  the  heat-into-motion  rod  onto  which are p laced   the  Bellevil le u n i t s  made 
o f   t he rmos ta t i c   b ime ta l   i nd iv idua l ly  formed i n   t h e   s h a p e   o f   B e l l e v i l l e   s p r i n g s  
(Figure 3)  wi th   t he  low expanding   s ide  on the   concave   s ide .  The d i s k s  are 
ins ta l led   a l te rna t ing   on   the   rod ,   concave   to   concave   and   convex   to   convex .  
The pe r ime te r s   o f   ad j acen t   d i sks  may be   welded   or   snapped   toge ther   wi th   c l ips  
t o  form uni ta ry   e lements .  The l e f t  end of t he   d i sk   a s sembly  i s  anchored   to  
a f i x e d   r i g i d  pump sys t em  f r ame   s t ruc tu re ,   and   t he   r i gh t  is  secured   to  a 
l o c k i n g   c o l l a r  on t h e   s l i d i n g   s p i n d l e   o r   d r i v e   r o d   a d j a c e n t   t o   t h e   r e t u r n  
spr ing   ( see   F igure  4 ) .  The d iameter   o f   the   ho le   ( see   F igure  3) i n   t h e  
B e l l e v i l l e   d i s k ,   0 . 9 5 3  c m  (0 .375   i n . ) ,   a l l ows  enough c l ea rance ,  and t h e   d i s k  
hole   has   been  deburred  so as  t o   s l i d e   f r e e l y  upon t h e   c e n t e r   s l i d e   r o d   o r  
sp ind le .  
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The  action  of  the disk pile  assembly  is  such  that  straight  line  recipro- 
cating  motion is effectively  gotten  from  the  expansion  and  contraction  of  the 
circular  bimetalic  element  units.  The  thermal  deflection  of  the  disk  pile 
assembly  may  be  determined  for  the  entire  solar  power  unit. In order  to  pro- 
vide  a  force  of  26.7  N  (newton) (96 ozf)  over  a  temperature  range  of  338.7  K 
(1500F)  to  366.5 K (2000F)  and  assuming  the  specific  deflection  m is 0.5 to 
provide  for  a  minimum  bimetal  volume  the  thickness  of  each  disk t may  be 
calculated,  where  K s is  138.6  x 10- /K (0.000076/oF), Kps 
(100 000 000 ozf/in ), AT  is  27.8  K (50°F), and P  is  26.7  N  (96  ozf): 3 7 is  4.31 X lolo N/m2 

I P 
t = , I  

= 0.0903  cm  (0.0355  in.) 

The  thermal  deflection  per  each  0.0903-cm  (0.0355  in.)  thick  disk  under 
the  design  force  may  be  calculated  from 

KDsAT (d: - di)m 
D per  disk = 

5t 

For  the  breadboard  prototype  model, do is  3.81  cm  (1.5  in)  and di is 
0.95  cm  (0.375  in.).  Therefore,  D = 0.00573  cm  (0.00226  in.)  per  disk. 

If  the  design  total  deflection  for  the  stacked  disk  assembly  is  0.76  cm 
(0.3  in.),  then  the 

Total  deflection  required 

Deflection  per  disk 
Total  number  of  disks = 

- - 0.76  cm 
0.00573  cm 

= 133  disks. 

The  straight-line  reciprocating  motion  drive  rod  slides  and  actuates  both 
a  diaphram  pump  system  and an over-the-center  toggle  flip-flop  system  which 
controls  the  shutter-drive  for  temperature  cycling,  and  compresses  a  return 
spring. 



A s  d i scussed   i n   des ign   t heo ry   and   approach ,   t he  pump is a l t e r n a t e l y  a 
s i n k  and  then a source .   Th i s   t empera tu re   a l t e rna t ing   cyc le  i s  c o n t r o l l e d   o r  
produced  by a movable   aper ture   shut te r / sh ie ld   a r rangement  shown i n   F i g u r e  5. 
A p e r t u r e   s h u t t e r   c o n t r o l  i s  maintained  by  the  over- the-center   toggle   device,  
w i t h   t h e   d r i v e   r o d   o r   s l i d e   b a r   p r o v i d i n g   i n p u t   t o   t h e   t o g g l e  arm a t t a c h e d   t o  
t h e   i n t e r c o n n e c t e d   r e f l e c t o r   s u r f a c e s .  The over- the-center   toggle   device 
p rov ides   fu l l -on / fu l l -o f f   cyc l ing   w i thou t  a dead  zone. The s h u t t e r   r e f l e c -  
t o r s  are open t o   t h e   f u n c t i o n   r e q u i r e d   ( i . e .  , absorb   o r  reject hea t ) ,   and   t hey  
w i l l  c o n t i n u e   t h a t   f u n c t i o n   u n t i l  reversal. Delay  due t o  wear o r   i n c r e a s e   i n  
h y s t e r e s i s  w i l l  be  accommodated  by t h e   o v e r t r a v e l   i n h e r e n t   i n   t h e   d e s i g n .  The 
a p e r t u r e   s h u t t e r l s h i e l d   h a s  a p a r a b o l i c   c r o s s   s e c t i o n  of p o l i s h e d   s t a i n l e s s  
s teel  ( sh im  s tock)   for  a r e f l e c t i v e   s u r f a c e .  The s h u t t e r   r e f l e c t o r  
i n   t h e  o p e n   h e a t i n g   ( s o l i d   l i n e s )   p o s i t i o n  i s  r e c e i v i n g   s o l a r   h e a t   a n d   d i r e c t -  
i n g  i t  t o   t h e   b i m e t a l  Bellevil le d i s k s .  The s h u t t e r s   i n   t h e   c o o l i n g  
p o s i t i o n   ( d o t t e d   l i n e s )  act as a thermal   insu la tor   f rom  the  Sun and  serve as a 
r e f l e c t o r  t o  r e - r ad ia t e   hea t   f rom  the   p i l e .  The i n s u l a t i o n  i s ,  i n   f a c t ,  a poly- 
urethane  Styrofoam-type material which, when i n   t h e   s h u t t e r e d   c o o l i n g   p o s i t i o n ,  
b locks   i ncoming   r ad ia t ion   t o   t he   d i sk   p i l e   a s sembly   so   t ha t  i t ,  i n   r a p i d l y  
coo l ing ,  becomes a source   o f   hea t .  The t empera tu re   d i f f e ren t i a l   causes   t he  
B e l l e v i l l e  material t o   c o n t r a c t  and   expand ,   r e su l t i ng   i n  work  motion. 

PROTOTYPE BREADBOARD MODEL 

The J P L  pro to type   breadboard   model   conta ins   132   d i sks ,   3 .81  cm (1.5 i n . )  
i n   d i ame te r ;   each  are f r e e   s l i d i n g  on a b r a s s   s l i d e   b a r   w h i c h   a c t u a t e s  a 
diaphragm pump. The o ther   end   of   the   sp indle   bar  i s  a t t a c h e d   t o   t h e   t o g g l e  
mechanism t h a t   d r i v e s   t h e   s h u t t e r   r e f l e c t o r s .  The d i s k   s t a c k  w a s  preloaded 
w i t h  a r e t u r n   s p r i n g   c a l c u l a t e d   t o   r e t u r n   t h e  mechanism t o   t h e   c o l d   p o s i t i o n  
and to   p rov ide  pumping a c t i o n  on t h e   r e t u r n   c y c l e .  The r e f l e c t o r s  are of 
a modif ied  vee- t rough  type  with a parabol ic   shape .  The r o t a t i o n a l   a x i s  w a s  
l oca t ed   t h rough   t he   l ong i tud ina l   cen te r  of g r a v i t y  of e a c h   r e f l e c t o r   h a l f .  
The  breadboard  model w a s  configured  with  an  opening  aper ture   12.7 cm (5 i n . )  
wide  and  45.7 c m  (18  in . )   long.  

PERFORMANCE ANALYSIS 

The a n a l y s i s  of t h e  Belleville d isk   thermopi le   incorpora ted   the   parameters  
of pump requ i r emen t s ,   t ogg le   and   r e f l ec to r   ope ra t ion ,  and  mechanical   eff ic ien-  
cies based on a n t i c i p a t e d   f r i c t i o n   l o s s e s .  The breadboard  model was con- 
s t r u c t e d   t o   p r o v i d e  a proof  of  concept  demonstration.  While  the  model  did 
demonstrate   the  thermal  powered togg le   ac tua t ed   cyc l ing   ope ra t ion ,  i t  f e l l  
s h o r t  of the   ana ly t ica l   per formance ,   p rovid ing   bu t   ha l f   the   ou tput   expec ted .  
A disassembly   and   inspec t ion   revea led   severa l  of t h e   d i s k s   l o c k i n g  up r a t h e r  
t h a n   s l i d i n g  on the   sp ind le   d r ive   rod ,   r educ ing   t he  pump's  performance. 

Figures  4 and 5 show side  and  end  views  of  the  breadboard  model. The 
small model-size  prototype  contained a l l  pr imary  e lements   descr ibed  together  



with  an  associated  diaphragm-type  water  pump  mounted  on  one  end  and  driven  by 
the  slide  spindle  bar.  Operating  at  a  frequency of one  complete  cycle 
every 40 minutes,  the  model  demonstrated  the  mechanical  concept. 

CONCLUSION 

The  pumping  concept,  as  originally  proposed  for  maintaining  thermal 
equilibrium  within  a  spacecraft,  has  possible  wide  terrestrial  application. 
As  demonstrated  by  a  breadboard  prototype  model,  the  integration  of  the 
solar-powered  pump  within  a  domestic  solar  hot  water  system  may  be  a  desir- 
able  method  for  pumping  heated  water  from  roof-mounted  collectors  to  the 
storage  tanks,  reducing  or  eliminating  America's  need  for  fossil-fuel  gener- 
ated  energy  for  this  facility. It is  felt  that  further  R&D  will  improve  the 
model's  performance. 
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TABLE 1. PROPERTIES OF CHACE THERMOSTATIC BIMETALS~ 

Type  Useful  Maximum  Deflection  Constant  Torque 
Deflection Sensitivity Through  Maximum Constant 
Range K Range K Sensitivity  Range Strips 

Chase /I2400 200 to 644  255 to 4 2 2  .00001386 4 . 3  x 10 
10 

(-100 to 7 0 0 )  ( 0  to 300)  ( .0000076)  (100 000 000) 

a Selected  from  Reference 2. 

53 



ENERGY SOURCE 

INCIDENT I 

1 THERMAL 
ROOF TO P SO I A R  

CO  LLECTOR 

SOLAR 
HEATED 
FLU ID 

TYPICAL ELECTRICAL 

SOURCE 
POWER 

HEATED HEATED 
FLUID FLUID 

(*) GENERATOR F l ( q  
Figure 1.- Flow diagram for rooftop solar thermal energy collection system. 
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Figure 2.- Bimetallic disks linked together 
and  joined to a  spindle. 
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Figure 3 .  - Bellwil le  spring  disk  deflection. 
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Figure 4 . -  Thermal pump s ide  view, shutters removed. 
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THE ECCENTUATOR - A N E W  CONCEPT ZbJ ACTUATION 

Robert  G.  Musgrove 
Vought Corporat ion 

ABSTRACT 

A new c o n c e p t   i n   a c t u a t i o n   f o r   a e r o s p a c e  mechanisms is  presented.   This  
a c t u a t o r ,   c a l l e d   a n   E c c e n t u a t o r ,   f e a t u r e s   u n i q u e   o u t p u t   c h a r a c t e r i s t i c s ,  
i n s t a l l a t i o n  and   envelope   e f f ic ienc ies ,   and   re la t ive   s impl ic i ty .  The 
ac tua to r   can  be  powered by e i t h e r   h y d r a u l i c   o r   m e c h a n i c a l   i n p u t s .   P o t e n t i a l  
a p p l i c a t i o n s  of the   Eccentua tor   and   deve lopment   e f for t s  are d iscussed .  

INTRODUCTION 

The new ac tua t ion   concept  was d i scove red   du r ing   r e sea rch   fo r  methods of 
a c t u a t i n g   v a r i a b l e  camber s u r f a c e s  on supe rc r i t i ca l   w ings .  The s u p e r c r i t i c a l  
con tour   i n   t he   r eg ion  of t h e   c o n t r o l   s u r f a c e   h i n g e   l i n e  i s  th inne r   t han  a 
c o n v e n t i o n a l   a i r f o i l   c o n t o u r .  The a f t   a i r   l o a d i n g  of t h e   s u p e r c r i t i c a l  
contour   causes   l a rge   h inge  moments on t h e   c o n t r o l   s u r f a c e s .  The t h i n  
contours   and  large  hinge moments coupled  with  an  aerodynamic  requirement  to 
keep  both  the  upper   and  lower  surfaces   f ree   f rom  protuberances  created a need 
for   an   ac tua t ion   sys tem  which   d id   no t   reso lve   the   h inge  moments with a f o r c e  
c o u p l e   p a r a l l e l   t o   t h e   s u r f a c e   r e f e r e n c e   p l a n e .  The ac tua t ion   sys t em  a l so  
had t o  be mechan ica l ly   and   hydrau l i ca l ly   s t i f f  and  have good pos i t i on ing  
r e s o l u t i o n .  

An a t t r a c t i v e   p o s s i b i l i t y   f o r   s u c h  a system w a s  a bent  beam s i t u a t e d  
a long   t he   su r f ace   r e fe rence   p l ane  and   suppor ted   in   the  wing by a two bear ing  
socket .   Rota t ion  of the   bent  beam in t h e  wing  socket would cause   angular  
motion of t h e   f r e e   e n d  of t h e  beam about a h inge   l ine .  Nowever, a t tachment  
of t h e   f l a p   t o   t h e   f r e e   e n d  of t h e  beam wi th   an   accep tab le   bea r ing   s t ruc tu re  
presented a problem. The f r e e  end of t h e  beam not   only moved i n   a n   a r c u a t e  
mot ion   about   the   h inge   l ine ,   bu t  it a l s o  had la te ra l   mot ion   a long   the   h inge  
l i ne .   P rev ious   u se  of bent beam a c t u a t o r s  employed r o l l e r s  on the  beam i n  
s p a n w i s e   t r a c k s   i n   t h e   f l a p   t o  accommodate t h i s  l a t e r a l  motion. 

The  Eccentuator is a bent beam ac tua tor   tha t   compensa tes   for   the  l a t e r a l  
motion of t h e  beam wi th   an   eccen t r i c   bea r ing  on the  support   end of t h e  beam. 
A unique  indexing  gear  arrangement  employed  with  the  bent beam and t h e  
e c c e n t r i c   b e a r i n g   k e e p s   t h e   f r e e   e n d  of t h e  beam i n  a p lane   normal   to   the  
h inge   l i ne .  Not only  does  the  bent   beam/eccentr ic   bear ing  combinat ion  resul t  
i n   p l ana r   a r cua te   mo t ion ,   bu t   t he   a r cua te   mo t ion  is  twice t h a t   a c h i e v a b l e  by 
r o t a t i n g   t h e   b e n t  beam a lone .  

The E c c e n t u a t o r   a c t u a t o r   e x h i b i t s   l o a d   c a r r y i n g   c a p a b i l i t i e s  much l i k e  a 
s t r a igh t ,   f i xed -end  beam between  the  f lap  and  the  wing.  For small s u r f a c e  
de f l ec t ion   ang le s ' a round  2 4 0 ,  t he   Eccen tua to r  carries 90%-100% of the   h inge  
moment through i t s  s t ruc tu ra l   e l emen t s   depend ing  on t h e   d e f l e c t i o n   p o s i t i o n .  
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The  remaining 10%-0% hinge moment is reac t ed  by an   ac tua t ion   sys tem.   This  
reduced  actuat ion  force  requirement  is  a r e s u l t  o f   t he   i nhe ren t   va r i ab le  
mechan ica l   advan tage   i n   t he   Eccen tua to r .  The Eccentuator   system  can  there-  
f o r e  be  thought of as var iab le   geometry   s t ruc ture .  

The large  inherent   mechanical   advantage  which  resul ts  i n  a low a c t u a t i o n  
requirement   a l lows several unique   ac tua t ion   concepts .  A small i n t e g r a l  
ro t a ry   hydrau l i c   ac tua to r   can  be placed  between  the two  moving pa r t s   and  
a p p l y   a c t u a t o r   f o r c e s   d i r e c t l y   t o   t h e   l o a d   c a r r y i n g  members. For  mechanical 
dr ive  systems,   the  inherent   mechanical   advantage  reduces  the  load  on  the 
d r i v e   g e a r s   a l l o w i n g   t h e s e   t o  be smaller. The inherent   mechanical   advantage 
r educes   t he   e f f ec t  of g e a r   f r e e p l a y  on the   su r f  ace. 

The drawing i n   f i g u r e  1 i l l u s t r a t e s  a bas ic   s ing le-ended   hydraul ic  
Eccentua tor .  The eccen t r i c   suppor t   bea r ing  is  c a l l e d  a carrier. The 
indexing   r ing   gear  is  mounted onto  the  grounded  support   housing  while   the 
indexing  gear  i s  f i x e d   t o   t h e  beam. 

CONCEPT SIMPLICITY 

The  drawing i n   f i g u r e  2 i l l u s t r a t e s   t h e   b a s i c   m o t i o n  of t he   Eccen tua to r .  
In   f igure   2 (a)   the   mot ion   genera ted  by r o t a t i n g   t h e  beam a lone  i s  shown.  The 
angu la r   ou tpu t  i s  twice t h e  beam bend angle .  The l a t e ra l  motion  along  the 
h i n g e   l i n e  i s  a l so   no ted .   F igu re   2 (b )  shows t h e  carrier loca t ion   w i th  
r e s p e c t   t o   t h e   h i n g e   l i n e   a n d   i l l u s t r a t e s   w i t h  a t h e o r e t i c a l   s t r a i g h t  beam 
t h e   e f f e c t  on a beam of r o t a t i n g   t h e  carrier i n   t h e   o p p o s i t e   d i r e c t i o n   f r o m  
t h a t  of t h e  beam. The f r e e  end of t h e   t h e o r e t i c a l  beam  moves i n   t h e  same 
a n g u l a r   d i r e c t i o n  as the   ben t  beam, but   the l a t e ra l  movement i s  i n   t h e  
o p p o s i t e   d i r e c t i o n .  The e c c e n t r i c   b e a r i n g   c e n t e r l i n e  i s  d isp laced   f rom  the  
carrier c e n t e r l i n e   s u c h   t h a t  i t  gene ra t e s   an   ang le   w i th   r e spec t   t o   t he  
car r ie r  c e n t e r l i n e   e q u a l   t o   t h e  bend angle  of t h e  beam. F igure   2 (c)  
i l l u s t r a t e s   t h a t  when the  bent  beam i s  combined w i t h   t h e   c a r r i e r ,  and the  two 
a r e   r o t a t e d   i n   o p p o s i t e   d i r e c t i o n s ,   t h e  carrier 's  l a t e ra l  displacement 
compensates  for  the  beam's l a t e r a l  displacement  and  the  angular  motion  adds 
t o  produce a to t a l   p l ana r   angu la r   d i sp l acemen t  of fou r  times t h e  beam bend 
angle .  

ENVELOPE EFFICIENCY 

One  of t h e   p r i n c i p a l   f e a t u r e s  of the   Eccentua tor   concept  is  i t s  
i n s t a l l e d   e n v e l o p e   e f f i c i e n c y .   F i g u r e  3 compares  the  Eccentuator 
i n s t a l l a t i o n   w i t h   t h a t  of a l i n e a r   a c t u a t o r   i n  a f l a p   c o n f i g u r a t i o n .  The 
Eccentua tor  i s  centered   about   the   h inge l ine   and  l i e s  a l o n g   t h e   c e n t e r l i n e  of 
the  contour.  Hinge moments are resolved  normal  to  the  wing reference p lane  
r a t h e r   t h a n  pa ra l l e l  t o   t h e   r e f e r e n c e   p l a n e   a s   i n  most ac tua t ion   concepts .  
The moment arm is t h e r e f o r e   n o t  a func t ion  of t h e  wing th i ckness .  
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ACTUATION LOADS 

The b a s i c   s t r u c t u r a l   a d v a n t a g e  of the   Eccentua tor  is  t h a t   t h e   h i n g e  
moment of t h e  moving s u r f a c e  i s  t r a n s f e r r e d   t o   t h e   s u p p o r t i n g   s t r u c t u r e  
p r imar i ly   t h rough   s t ruc tu re .  The p o s i t i o n i n g   a c t u a t o r   t h e r e f o r e  must react 
only  a sma l l   pe rcen t  of the   load .  The f l a p   h i n g e  moment (MH) i s  reso lved  as 
shown i n   f i g u r e  4 ,  i n t o  a couple  load on t h e   f l a p  end of t h e  beam and t r ans -  
fe r red   in   bending   th rough  the  beam t o  a . reac t ion   couple   on   the   suppor t   s ide .  
The coup le   r eac t ion  on t h e  beam  by t h e  carrier in   t he   mid - t r ave l   pos i t i on  
shown is no t   on   t he   cen te r l ine  of the  Eccentuator   assembly by t h e  amount of 
e c c e n t r i c i t y   i n   t h e  carrier.  Th i s   eccen t r i c   l oad ing   causes  a r o t a t i o n a l  
to rque  on t h e  beam i n  one d i rec t ion   and   an   equal   and   oppos i te   to rque   on   the  
carrier.  The ac tua t ion   t o rque  (MA) on e i t h e r   t h e  beam o r  carrier is  

Where: 8 = beam bend angle  

fl = ro ta t ion   angle   f rom  mid- t rave l   pos i t ion  

When t h e  beam is in   t he   mid - t r ave l   pos i t i on ,   t he   ac tua t ion   t o rque  
requirements  are g r e a t e s t .  A t  t he   ac tua to r   t r ave l   ex t r emes   where  fl i s  900, 
the   ac tua t ion   to rque   requi rements   d iminish   to   zero .  S m a l l  beam bend ang le s ,  
such as 60 which  produce  actuator   outputs  of 2 4 0 ,  r e q u i r e  a maximum a c t u a t i o n  
torque on both   the  beam and  the carrier of only  approximately  one  tenth of 
the  hinge moment. A s  the   Eccentua tor  is pos i t ioned  away from  the  mid-travel 
s e t t i n g ,   t h e   a c t u a t i o n   t o r q u e   r e q u i r e m e n t   d e c r e a s e s   f o r  a given  hinge moment. 

INHERENT MECHANICAL ADVANTAGE 

The reduced  actuat ion  torque  requirements  are a r e s u l t  of an   inherent  
mechanical   advantage.   This   mechanical   advantage  var ies   f rom a maximum value 
of i n f i n i t y  a t  t h e   a c t u a t o r   t r a v e l   e x t r e m e s   t o  a minimum value  a t  t he  
mid- t rave l   pos i t ion .  The inherent  mechanical  advantage i s  c a l c u l a t e d  by t h e  
fol lowing  equat ion:  

1 Mechanical  Advantage = t a n  8 cos 0 

From t h i s   r e l a t i o n  it  can be seen  that   the   mechanical   advantage  doubles ,  
from i t s  minimum value  a t  mid-travel ,  when t h e  beam and carrier have  been 
r o t a t e d  600 f rom  the   mid - t r ave l   pos i t i on .   Fu l l   ac tua to r   t r ave l   and   an  
in f in i t e   mechan ica l   advan tage   occu r  a t  900 r o t a t i o n  from  mid-travel .   Figure 
5 is a typ ica l   mechanica l   advantage   curve   for  a 6 degree beam bend  angle. 

This   inherent   mechanica l   advantage   can   be   appl ied   to   reduce   the   input  
torque  requirement  a t  t h e   t r a v e l   e x t r e m e s  when encounter ing  a cons t an t   h inge  
moment load ,   o r   p roduce   an   ever   increas ing   ou tput   to rque ,   wi th  a cons t an t  
input   to rque ,  as t h e   a c t u a t o r  i s  pos i t ioned  away from  center .  



OUTPUT MOTION CHARACTERISTICS 

The ou tpu t   de f l ec t ion   ang le  ( f3 ) as a f u n c t i o n  of t h e   r o t a t i o n   o f  
e i t h e r   t h e  beam o r   t h e  carrier i s  given by the   fo l lowing   equat ion  of motion: 

6 = 28 (1 - s i n  0) ( 3 )  

Large  angular  motion of t h e  beam and carrier'  a t  the   ends  of t r a v e l  
produce l i t t l e  output  motion.  Therefore,   avoidance of t h e s e  areas of very 
large  mechanical   advantage w i l l  not   produce  s ignif icant   output   motion  loss .  

DRIVE SYSTEMS 

The  Eccentuator  can be a c t u a t e d  by a n   i n t e g r a l   h y d r a u l i c   a c t u a t o r   o r  by 
e x t e r n a l  power sources   through a unique  gear   dr ive  system.  Figure 6 
i l l u s t r a t e s   t h e s e  two drive  systems.  Both of these   sys tems  opera te  on t h e  
ac t ion- reac t ion   pr inc ip le   where   the   force   tha t   p roduces   the   to rque   to   tu rn  
t h e  beam a l so   p roduces   t he   t o rque   t o   t u rn   t he  carr ier .  

Hydraul ic   Eccentuator  

The hydraul ic   Eccentua tor  is  produced by i n c o r p o r a t i n g  a r o t a r y  
hydrau l i c   ac tua to r   be tween   t he  beam and  the carr ier  as shown i n   f i g u r e   6 ( a ) .  
The beam becomes t h e   s h a f t  of t h e   a c t u a t o r  and  has  one of the  vanes  a t tached.  
The carr ier  ex tens ion   forms   the   ac tua tor   hous ing   wi th  a vane. 

S e c t i o n  A-A of f i g u r e   6 ( a )  shows t h a t   i n t r o d u c t i o n  of f l u i d   u n d e r  
pressure   in to   the   ac tua tor   hous ing   be tween  the   vanes   p roduces  a f o r c e  on t h e  
beam vane  and  an  equal  and  opposite  force on t h e  carrier.  The hydrau l i c  
Eccentuator  produces a s u r f a c e   i n s t a l l a t i o n  which is  ve ry   s t i f f   hydrau -  
l i c a l l y .  The s u r f a c e   h y d r a u l i c   s t i f f n e s s  is  a f u n c t i o n  of the   square  of t h e  
mechanical  advantage  between  the  surface  and  the  hydraulic  chamber.   Thus,  a 
24 degree  output   Eccentuator   with i t s  1 O : l  inherent  mechanical  advantage w i l l  
appear   to   be  100 times as s t i f f  as it  would  be i f   t h e   a c t u a t o r  were ope ra t ing  
d i r e c t l y  on the   h inge   l i ne .   S ince   t he   ro t a ry   ac tua to r  is  one   t en th   t he   s i ze  
r equ i r ed  a t  t h e   h i n g e   l i n e ,   t h e   s t i f f n e s s   i n c r e a s e   o f f e r e d  by the   Eccentua tor  
over a r o t a r y   a c t u a t o r  is approximate ly   t enfo ld .   This   fac tor   increases  as 
the   mechan ica l   advan tage   i nc reases   fo r   pos i t i on  away 
s e t t i n g .  

Mechanical  Eccentuator 

The p re fe r r ed   mechan ica l   sys t em  u t i l i ze s  a gear  
g e a r  mounted  on t h e  car r ie r  as shown i n   f i g u r e   6 ( b ) .  
as a p lane tary   sys tem  wi th   the   p in ion   gear   be ing   the  
g e a r   r a t i o  i s  the  product  of the  inherent   mechanical  

from  the  mid-travel 

on t h e  beam and a p in ion  
The g e a r  set  ope ra t e s  

sun  gear .  The system 
advantage  and  that  of 

the   p lane tary   gear  set  as follows: 

Gear R a t i o  = I n h e r e n t  Mech  Adv x (- Ng 
NP 

Ng = Number of g e a r   t e e t h  

+ 1) 

Where: 

60 

Np = Number  of p i n i o n   t e e t h  



The inherent   mechanica l   advantage   ampl i f ies   the   sys tem  gear   ra t io   and  
min imizes   t he   e f f ec t  of any  gear   f reeplay on t h e   d r i v e n   s u r f a c e .  

Other  mechanical  systems are i n d i c a t e d  by t h e   f a c t   t h a t   r o t a t i o n  of 
e i t h e r   t h e  beam o r   t h e  carrier w i l l  t r a n s m i t   o p e r a t i o n a l   t o r q u e   t o   t h e   o t h e r  
member though  the  indexing  gears .   Driving  through  only  one  par t   requires  
i n p u t t i n g  twice as much to rque  as is  requi red   by   the   p refer red   sys tem 
descr ibed   above   s ince   the   to rque  of t h e  beam and  the  carrier are a d d i t i v e .  

INSTALLATION FLEXIBILITY 

The   Eccentua tor   can   be   ins ta l led   in  a number  of d i f f e ren t   con f igu ra -  
t i o n s .  The t h r e e  shown i n   f i g u r e  7 d i f f e r   w i th   each   o the r   on ly  a t  the   h inge  
l i n e   b e a r i n g  on t h e   f i x e d   s t r u c t u r e  s i d e .  The arrangement i n   f i g u r e   7 ( a )  
shows t h e   s t r u c t u r e   s i d e   h i n g e l i n e   b e a r i n g   t o  be a p a r t  of t he  carrier.  
Another  bearing  between  the carr ier  and t h e  beam, which i s  skewed t o   t h e  
outer   bear ing ,   a l lows   the  beam t o   r o t a t e   a s  well as p ivo t   w i th in   t he  
s t r u c t u r e .  

The c o n f i g u r a t i o n   i n   f i g u r e   7 ( b )   a l l o w s   t h e  beam t o   r o t a t e  and  pivot by 
use  of a sphe r i ca l   bea r ing .  

The conf igu ra t ion  of f i g u r e   7 ( c )   p r o v i d e s   t h e  same f u n c t i o n s   a s   t h e  two 
above,   and  a l lows  for   the  e l iminat ion of one  bearing on the  beam. The hinge 
s t r u c t u r e  on e i t h e r   s i d e  of t h e  beam provides   the  loadpath  f rom  the  support  
s t r u c t u r e   r e a c t i o n   t o   t h e   f l a p  beam reac t ion   bear ing .  The e l imina t ion  of t h e  
bear ing  on t h e   s t r u c t u r e   s i d e   a l l o w s   t h e  beam t o  be l a r g e r   i n   t h e   h i g h  
bending  load  area.  The a c t u a t i o n   f r i c t i o n   a s s o c i a t e d   w i t h   t u r n i n g   t h e  beam 
i s  reduced. 

The c o n c e p t s   i n   f i g u r e  7 (a )   and   (b)  a r e  s t ruc tu ra l   h inges   and  a hinge 
is no t   r equ i r ed   fo r   t he   su r f ace .  

CONFIGURATION FLEXIBILITY 

The  Eccentuator  concept  discussed  has  been  that  of a s ingle-ended  basic  
Eccentua tor .  Two of t h e s e   b a s i c   u n i t s   c a n  be jo ined  a t  t h e   p i v o t   p o i n t   t o  
form a double-ended  Eccentuator.  These two concepts  are d e p i c t e d   i n   f i g u r e  8. 
The double-ended  unit  w i l l  a l low twice as much d e f l e c t i o n  as a single-ended 
un i t   w i th   t he  same design beam angle.  This  double-ended  arrangement  allows 
the   hydraul ic   Eccentua tor   to   have   dua l   hydraul ic   chambers ,   each  of which  can 
d r i v e   t h e   u n i t   f u l l - t r a v e l   w i t h   h a l f  of t h e   l o a d   c a p a b i l i t y .  

Shown i n   f i g u r e  8 a r e   m u l t i p l e   u n i t s .  The  tandem  arrangement  has two 
beams and a common carr ier .  This  system  has two h inge   l i nes .   Mul t ip l e   h inge  
l i nes   can   be   ach ieved   w i th   mu l t ip l e  carriers and  beams. 

CAPABILITIES 

The  double-ended  hydraulic  Eccentuator  with a design  angle  of 6 degrees  
( 4 8  degrees   to ta l   ou tput   mot ion)   can   opera te   aga ins t  a 4868.5 newton-meter 
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(100000  lb- in)   ul t imate  moment load  and  be  housed  within  an  estimated 
cy l ind r i ca l   enve lope  10.4 cm (4 .1   i n )   i n   d i ame te r   and  43 cm (17 i n )   l o n g .  
The envelope w i l l  i n c r e a s e   i n   s i z e  as t h e   d e s i g n   d e f l e c t i o n   a n g l e   i n c r e a s e s  
because of the  necessary  growth of t h e   r o t a r y   a c t u a t o r .  The double-ended 
Eccentua tor   has  a p r a c t i c a l   a n g u l a r   m o t i o n   c a p a b i l i t y  of  around 90 degrees .  

A single-ended  mechanical  Eccentuator  with  an  output  angle of 64 degrees  
has   been  prototyped  for   commercial   use .  However, t o   t ake   advan tage  of t h e  
inherent  mechanical  advantage of t h e   E c c e n t u a t o r   t o   r e d u c e   t h e   s i z e  of t h e  
d r i v e   s y s t e m   a n d   t h u s   t h e   i n s t a l l e d   e n v e l o p e   i n   a n   a i r c r a f t ,   t h e   d e s i g n  
output   angle   should be l imi t ed   t o   a round  30 d e g r e e s   f o r  a s ing le-ended   un i t  
and 60 degrees   for   the  double-ended  Eccentuator .  The Eccentuator   concept  
o f f e r s  numerous t rade-off  parameters wh ich   a l low  t a i lo r ing   t he   des ign   t o  
var ious   requi rements .  

INSTALLATION ADVANTAGES 

T y p i c a l   i n s t a l l a t i o n  of a mechanica l   Eccentua tor   in  a l ead ing   edge   f l ap  
a p p l i c a t i o n  i s  i l l u s t r a t e d   i n   f i g u r e  9. I n   t h e   f l a p  up p o s i t i o n   t h e  
Eccentuator  i s  i n   a n   o v e r c e n t e r   p o s i t i o n  and a l l  of t he  cruise f l i g h t   l o a d s  
are  t r ansmi t t ed   t h rough   t he   s t ruc tu ra l   e l emen t s  of t he   Eccen tua to r   l eav ing  
the   gear   d r ive   sys tems  un loaded .   This   condi t ion   a l so   occurs   in   the   f lap  down 
p o s i t i o n .  

F igu re  10 i l l u s t r a t e s  a typ ica l   double-ended   hydraul ic   Eccentua tor   in  a 
t r a i l i n g  edge   sur face   appl ica t ion .  The Eccentua tor  is  in   t he   mid - t r ave l  
p o s i t i o n   i n   t h e   c o n t r o l   s u r f a c e   n e u t r a l   p o s i t i o n .  A s  d e f l e c t i o n  of t h e  
su r face   occu r s  on e i t h e r   s i d e  of n e u t r a l ,   t h e   E c c e n t u a t o r ' s   v a r i a b l e   i n h e r e n t  
mechanica l   advantage   increases   the   in tegra l   ro ta ry   hydraul ic   ac tua tor   ou tput  
as the   a i r loads   i nc rease .   Th i s   cha rac t e r i s t i c   a l l ows   t he   Eccen tua to r   t o  be 
des igned   to   lower   ac tua t ing   loads   than   the   normal  maximum d e f l e c t i o n  
a i r l o a d s .  

CONCLUDING REMARKS 

S tudies   have   found  the   Eccentua tor   to  be a p p l i c a b l e   t o  many o t h e r  
a c t u a t i o n   p r o b l e m s   o n   a i r c r a f t   i n   a d d i t i o n   t o   t h e   t h i n  wing sur faces .   Other  
aerospace mechanisms  on missiles, he l i cop te r s   and   space   veh ic l e s   a l so   p re sen t  
a p p l i c a t i o n   o p p o r t u n i t i e s .  The j o i n t s  of s p a c e   a n d   i n d u s t r i a l   r o b o t s  have 
been i d e n t i f i e d  as p o t e n t i a l   u s e s   f o r   t h e   E c c e n t u a t o r .  Many a g r i c u l t u r a l   a n d  
i n d u s t r i a l   a p p l i c a t i o n s  have  been  forecast .  

A working  model of a double-ended  hydraulic  Eccentuator  has  been  modeled 
i n  both a uni t   sur face   and  a rudde r   app l i ca t ion .  It is  demonstrated by us ing  
pressurized  Freon.  An e l ec t r i c  motor  powered Eccentua tor  missile f i n   c o n t r o l  
model   demonst ra tes   e lec t ro-mechanica l   opera t ion .   Vehic le   s teer ing   wi th  a 
manual  Eccentuator  system  has  been  modeled  and  prototyped on a l a t e  model 
au tomobi le .   Other   appl ica t ions  are b e i n g   e i t h e r  modeled o r   p r o t o t y p e d   i n   t h e  
process  of deve loping   the   Eccentua tor   concept   in to  a mature   actuat ion  system 
t h a t  w i l l  meet t h e  demanding  requirements of t he   ae rospace   i ndus t ry .  
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Figure 1.- Single-ended  Eccentuator. 
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Figure  2.- Eccentuator   kinematics .  
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Figure 3.- Installation  envelope efficiency. 
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Figure 4.- Actuation  loads analysis. 

64 



Design  Angle e = 6 O  

Mechanical 
Advantage 

90 60 30 0 30 60 90 

Beam  Rotation, 9 (degrees) 

Figure  5.- Inherent  mechanical  advantage.  
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Figure  6.- Drive  Systems. 
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Figure 7.- Installation flexibility. 
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Figure 8.- Configuration flexibility. 
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Figure 9.- Leading  edge  installation. 

Figure 10.- Trailing  edge  installation. 
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THE  ACTUATED  LATCH P I N  AND ITS DEVELOPMENT 

PATRICK J .  LAWLOR 

I n s t i t u t e   f o r   I n d u s t r i a l  Research & Standards. 

DUBLIN,  IRELAND. 

ABSTRACT 

An a c t u a t e d   l a t c h   p i n  has  been  developed t o  meet the  need f o r  a reusable 
lock ing  dev ice.  The u n i t  can  funct ion as a p i n   p u l l e r   o r  as a p i n  pusher 
l a t c h .   I n i t i a l   p r o t o t y p e   t e s t i n g   d e m o n s t r a t e d   t h e   f e a s i b i l i t y  of t h e  
dev ice   w i th   the   un i t   be ing   d r iven   f rom a 28 V d.c.  supply and using- 15 W t o  
d r i v e  a 12  mm diameter  p in  through a s t r o k e   o f  10 mn w i t h  a s ide  load  o f  100 N 
i n  120 ms. 

High wear r a t e s   w i t h   t h e  MOS2 l u b r i c a t i o n  on the   ba l l sc rew and  angular 
contact   bear ings have n e c e s s i t a t e d   t h e   r e d u c t i o n   i n   t h e   d u t y   c y c l e  from 1000 
c y c l e s   i n   a i r  and vacuum t o  100 i n   a i r  and 1000 i n  vacuum. 

REASON FOR  DEVELOPMENT 

The Actuated  Latch Pin (ALP) has  been  developed t o  meet the  need f o r  a 
reusab le   lock ing   dev ice   su i tab le   fo r  use i n  a hard vacuum o f   t h e   o r d e r  of 
10-7 t o r r .   C u r r e n t l y ,   l o c k i n g  and  unlocking  devices  which  need  to be 
r e m o t e l y   c o n t r o l l e d   u t i l i z e   p y r o t e c h n i c s   t o   a c h i e v e  movements; however, these 
components  have several  drawbacks  including one o r  two shot  operat ions  and 
t h e   i n a b i l i t y   t o  be repos i t i oned  once ac t iva ted .  

S p e c i f i c a l l y   t h e  development o f   t h e  ALP was i n i t i a t e d  by the  European 
Space Research  and  Technology  Centre (ESTEC) as there  was a need f o r  a 
dev i ce   t o   res t ra in   t he   p i s ton   o f   t he   pneumat i c   e jec t i on   sys tem of the  Spin 
Up and E j e c t i o n  Mechanism (S.U.E.M.), which was t o  be used to   launch 
spacelab  sub-sate l l i tes.   Th is   dev ice was t o   r e t r a c t   t o   p e r m i t   f i r i n g   o f  
t h e   p i s t o n  and t o   e x t e n d   t o   l o c k   t h e   p i s t o n   a f t e r  i t  had  been re t rac ted .  

SPECIFICATION 
The ALP requirements  were  based on the  ESTEC s p e c i f i c a t i o n  and the  major  
requirements  are  tabulated i n  Table 1. 

A c lose   look   a t   the   spec i f i ca t ion   revea led   severa l   po ten t ia l   p rob lem  a reas .  
The.basic  requirement o f  mass, envelope, power s t reng th  and s ide   l oad  
i n d i c a t e d   t h a t   h i g h   e f f i c i e n c y  components would  be  required and it was 
doubt fu l  i f  indeed  th is   cou ld  be achieved. However, t he   ma jo r   po ten t i a l  
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problem related t o  the duty  cycle o f  r u n n i n g  i n  a i r  and a vacuum and only 
being  allowed to  use dry  lubricants.  Therefore,  there was a requirement 
for  a dry  lubricant which could  perform i n  a i r  and a vacuum. Since  the 
wear ra tes  on lead  lubricated components are  very h i g h  i n  a i r ,  i t  was 
decided that  another form of dry  lubrication would be necessary.  After 
discussions w i t h  several  manufacturers and the  National  Centre of Tribology 
a t  Risley, England, i t  was decided that  the MOS2 sputtered  process should 
be used as  the 1 ubricant . (See ref .  1 . ) 

TABLE 1 .-. ALP FUNCTIONAL REQUIREMENTS 

Mass 

Envelope 

Stroke 

Retraction Force 

Side  force  sensitivity 

Duty Cycle - Ground 
Orbit 

A1 i gnment 

Ultimate  Strength 

Proof Strength 

Power 

Voltage 

Time t o  Retract 
, or Extend. 

500 gms 

34 mm x 34 mm x 80 mm 

10 nm repeatable t o  0.1 mm 

25 N over whole of travel above any f r ic t ion  

Meet requirements w i t h  side  load of 100 N 

10,000 cycles i n  a i r  
1,000 cycles i n  vacuum harder  than torr 

Maintained w i t h  i t s  nominal axis w i t h i n  
+ 0.05 degrees under all  conditions 

Greater  than lo5 Nm 
Rad 

1.8 x 10 N Radial  fo rce  on p i n  t o p  

1 x lo4 N Radial force on p i n  top 

Operating power n o t  t o  exceed 15 W 
Average power not t o  exceed 1 W 

4 

2 8 V  5 4 V d c  

120 ms 
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CONCEPTUAL DESIGN 

There  were  several  possible ways of   achieving  the  design  requirement  but  
two  approaches  were  singled  out  for more detai led  study,  these  were 
so leno id   and  motor   ba l l sc rew  conf igura t ions .   In i t ia l l y ,   the   so leno id  
c h a r a c t e r i s t i c s   l o o k e d   e m i n e n t l y   s u i t a b l e   f o r   t h e   d e s i g n   b u t  on c l o s e r  
i nspec t i on  it was found  that   several   major  problems  would have t o  be 
overcome i f  a sa t i s fac to ry   des ign  was t o  be achieved. These problems  were 
assoc ia ted   w i th   the   s ize ,   we igh t  and  power  consumption o f  a so lenoid  dev ice 
which  would meet t h e   f o r c e   c r i t e r i a   o f   t h e   s p e c i f i c a t i o n .  There  were 
add i t iona l   p rob lems  o f   cos t  and  t imescale  quoted  by  several  manufacturers 
and  these  were  outside  the scope o f   t h e  ALP cont rac t .  

The motor   ba l l sc rew  conf igura t ion   looked more a t t r a c t i v e   i n  terms o f  
meet ing  the power requi rements  but   the  problems  o f   swi tch ing  the  motor   o f f  
and a c t u a l l y   s t o p p i n g   t h e   d e v i c e   a t   t h e  end o f   i t s   s t r o k e  had t o  be over- 
come. The approach of solving  these  problems was t o  use  reed  switches, 
po t ted  i n  a s u i t a b l e  compound, t o   a c t  as the   sw i tch ing  and i n d i c a t i n g  
device and t o  use  buf fers   to   absorb  the  surp lus  energy  a t   the  end  o f   the 
s t r o k e   t o   p r e v e n t  bounce. 

FIRST PROTOTYPE DEVELOPMENT 

Desc r ip t i on  

The f i r s t   p r o t o t y p e   c o n s i s t e d   o f  a smarium coba l t  permanent  d.c.  motor 
d r i v i n g  a p r e c i s i o n   b a l l s c r e w   t o  move t h e   l a t c h   p i n   i n   o r   o u t   ( f i g .   1 ) .  
The d i r e c t i o n   o f   t h e   l a t c h   p i n   i s  a func t ion   o f   the   app l ied   vo l tage 
p o l a r i t y .  The l a t c h   p i n   s l i d e s  on a d r y   p l a i n   b e a r i n g   w i t h   p i n   r o t a t i o n  
being  prevented  by a gu ide  located i n  the  nose  cap. 

Detent   act ion was by  permanent  magnets  which moved w i t h   t h e   p i n  and  were l o -  
ca ted   a t  each  end. L o c a t e d   a t   e i t h e r  end of   the  s t roke  path  are  reed  swi tches 
which  serve  the  dual   funct ion  o f   ind icat ing  la tch  p in   s ta tus  and  act ing as a 
1 imi t swi tch   fo r   the   motor .  

The complete mechanism i s   l o c a t e d  i n  a s ta in less   s tee l   hous ing .  The end 
cap i s  adapted to   enab le  a s i m p l e   t o o l   t o  be  used f o r  manual over r ide .  The 
nose  cap i s  threaded t o  enable  the ALP t o  be  screwed i n t o  a s u i t a b l e  
housing. However, a l t e r n a t i v e  nose  cap  designs  could  be  evolved  for 
var ious   mount ing   con f igura t ions .   E lec t r i ca l  power i s   s u p p l i e d   v i a  an 
external   socket.  

Operat ion 

When e x t e n d   o r   r e t r a c t   i s   s e l e c t e d   t h e   m o t o r   r o t a t e s   a p p r o x i m a t e l y   s i x  
times  and peak ve loc i t y   o f   t he   mo to r   i s   abou t  3600 r.p.m. 

Tes t ing  

Tes t   resu l t s   ach ieved   w i th   t he  f i r s t  p ro to type   a re   t abu la ted   i n   Tab le  2. 
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TABLE 2. - FIRST PROTOTYPE TESTING 

Test  

Ground Duty 10,000 cyc les  

Sample Func t ion ing   Tes t  

Stroke - Movement (No s ide load 

Stroke - R e p e a t i b i l i t y  

Retaining  Force 

Peak Power 

Pass i ve   Sens i t i v i t y - l oca t i on  

Passive  Sensi ti v i  ty-Movement 

Retract ion  Force 

Operating Time - Re t rac t i on  

Operat ing Time - Extension 

Alignment - Angle,  degrees 
L inear  

7 

Resu l t  Spec i f i ca t i on   Ta rge t  

ALP Funct ional  
f o r  10,000 
cyc les  

ALP Functioned 

ALP func t i on ing  
ALP meeting 
performance 
requirements 
a f t e r   c y c l i n g  

ALP Funct ion ing 

6.78 mm 

0.1 mm 0.5 mm 

10 mm 

44.7 N 2.5 N 

L i m i t e d   t o  14 W I 15 W 
~~~ ~ ~ ~ 

0.645 mm 

No movement 0.01 mm 

1.0 mm 

37.7 N 

113 msec 120 msec 

< 0.02 
< 0.005 mm <-O. 005 mm I <+O. 05 
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PROBLEMS WITH FIRST PROTOTYPE 

De tent  

During init ial   functioning testing i t  became apparent  that permanent 
magnet detents were not  suitable  as i t  was found impossible t o  a l ign  a l l  
the magnets simultaneously. Also, the p i n  which was to  prevent  rotation 
caused a considerable  increase i n  f r ic t ion  when a side load was imposed. 
Thus ,  a further development was carried  out and a cantilever s p r i n g  detent, 
which located on a Delrin  housing, was chosen.  This  Delrin  housing also 
incorporated  the a n t i - r o t a t i o n  device.  This  set-up proved highly  successful 
w i t h  a retaining  force of 30 N being  achieved.  This approach i s  currently 
incorporated i n  the  design. 

Energy Absorbing Devi ce 

There was a requirement for  the ALP to move t h r o u g h  a distance of 10 mm a n d  
be repeatable t o  w i t h i n  0 .1  mrn w i t h  a side l o a d  o f  100 N. The maximum 
energy i n p u t  t o  the ALP was related t o  t h a t  energy  required t o  achieve 
performance w i t h  sideload. The problem then arose  as t o  how t o  dissipate 
this energy when the  side load was removed. I t  was decided t o  remove the 
surplus energy w i t h  an energy  absorbent  material. A t  this time,  several 
materials have  been t r ied and the  best  results have  been achieved w i t h  a 
f i brous nyl on. 

ENGINEERING MODEL 

The engineering model  was constructed u s i n g  components  of a type suitable 
fo r  use i n  a vacuum. Modifications found necessary d u r i n g  testing of the 
f i r s t  prototype were also  incorporated. 

Basic  Test Requi rement 

The engineering model t e s t  programme  was to   consis t  of t es t ins  i n  a i r  and 
clocking up 1000 cycles and then testing i n  a vacuum of 10-7 t o r r  and inter-  
face  temperature of -300 C t o  60° C .  

Test Programme i n  Air 

Testing was conducted i n  a clean room of c lass  100,000 w i t h  a mean tempera- 
ture of 200 C and relat ive humidity of 45%. 
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PROBLEMS WITH  ENGINEERING MODEL 

Energy Absorbing Device 

As the  results i n  Table 3 indicate t h e  improved energy absorbing device 
d i d  not meet the  full  requirements. However, further  investigations  are 
going on t o  t r y  and f i n d  a sui table  space qualifiable  material which will 
meet this requirement. 

Brush  Gear Failure 

After   the  ini t ia l   tes t ing,   the  ALP was s e t  u p  for   cycl ic   tes t ing.  The 
cycle time was s e t   t o  10 seconds. The cycle  operation was s e t  i n  motion 
and proceeded without f au l t   un t i l  710 cycles had been clocked up; then 
the ALP ceased to  function.  Tests on the  drive  electrics and switch  gear 
indicated  that  they were functioning  satisfactorily.  Thus ,  i t  was 
decided to  strip down the ALP for  investigation. On strip down i t  was 
revealed  that one of the motor brushes had broken of f .  The brush gear 
and broken off b r u s h  were  removed a n d  sent t o  ESTEC for a failure  investig- 
ation. The result ing  failure  investigation  report  has been sent  to  the motor 
manufacturer f o r  comment, b u t  a t  t h i s  time none has been received. 

Failure o f  MOS2 Lubrication on the Ball screw 

The ALP was reassembled w i t h  another  set  of brush  gears and cyclic  testing 
continued af ter   ini t ia l   funct ional   tes t ing.   After  100 extra  cycles  the 
retraction and extension  times  started  to  increase.  Further running showed 
t h a t  the  rate of slow down was accelerat ing.   Ini t ia l ly  i t  was t h o u g h t  
that   the brush gear was again  causing  trouble so the ALP was stripped 
down and the space qual i f iable  motor was replaced w i t h  the  standard  prototype 
motor. This combination was then run b u t  the resu l t s  showed  no improvement. 
The ballscrew was then removed  and t e s t s  showed that   the   f r ic t ion i n  the 
ballscrew had increased. This increase i n  f r i c t ion  was not determined 
quantitively b u t  a comparison t e s t  was carried  out  to compare the  ballscrew 
ab i l i t y   t o  back-dri ve i t s e l f .  A study of the bal lscrew under a microscope 
a t  x 40 magnification showed indications of  wear on the  lubricative  surface. 
T h u s ,  i t  was decided to  return  the bal lscrew to  the manufacturer for  
investigation. 

Test Res u l  t s  
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TABLE 3 . -  ENGINEERING MODEL  TEST  RESULTS 

TEST 
. "_ .~ . 

." . - . . .. " 

Simple   f unc t i on ing   t es t  

Stroke - Movement 
~ I ~~. 

- Repeati b i  1 i ty 
" " 

Retaining  Force 

Peak Power - 1 s t  10 ms 

a f t e r  10 ms 
. ". " ." "~ 

Average Power f o r  
s t roke  

P a s s i v e   S e n s i t i v i t y  - 
Loca ti on 
P a s s i v e   S e n s i t i v i t y  - 
Movement 

I Retract ion  Force 

Operating Time - Re t rac t i o l  

- Extension I1 II 

A1 i gnmen t Angle 

. ""_ ~- ~ ~ 

SPECIFICATION TARGET 

ALP func t ion ing  

10 mm 

0.1 mm 

2.5 N 

15 W 

15 W 

- 

15 W 
" 

1.0 mm 

No movement 

25 N 

120 ms 

120 ms 

e 0.05' 

< 0.05 mm 

- 

1 No s ide load 

* Instantaneous Power 
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MANUFACTURERS  REPORT 

The manufacturers   ind icated  that  MOS2 sput te red   coa t  had  worn away along 
t h e   r o l l i n g   a r e a   o f   t h e   b a l l   t o   t h e   t h r e a d ,   i . e .   t h e r e  was me ta l   t o   me ta l  
contact .  It was a lso  suggested  that  a poss ib le   cause  o f   the   inc reased 
f r i c t i o n   w i t h i n   t h e   b a l l s c r e w  was the  breakaway d e b r i s   o f  MOS2. They 
a l s o   p o i n t e d   o u t   t h a t   t h e  MOS2 coat   th ickness of 0.2  micrometre was 
compat ib le   wi th   the  ba l lscrew  sur face  f in ish  which had a C.L.A. of 0.05 
t o  0.1 micrometre  and  the  balls  which  had a C.L.A. of  0.02 micrometre. 

IMPLICATIONS OF FAILURES 

The f a i l u r e s   i n c u r r e d   d u r i n g   t h e   d e s i g n   o f   t h e  ALP were  catast rophic  i n  
na tu re ;   t hus ,   sa t i s fac to ry  answers  must  be  found to   account   for  them. The 
b rush   gea r   f a i l u re   i s   be ing   t ho rough ly   i nves t i ga ted  and it i s  hoped t h a t  
t he  cause  of t h e   f a i l u r e  will be ascer ta ined.  However, t h e   f a i l u r e   o f  
the  MOS2 sput te red   coa t ing   leads  one t o  wonder i f  t h i s  approach i s   s u i t a b l e  
fo r   t he   t ype   o f   du ty   cyc le   requ i red   by   t he  ALP, i.e., o f  r e l a t i v e l y   h i g h  
speed and opera t ion  i n  a i r  and i n  vacuum. Some researchers  ( re f .  2 )  have 
obtained good resu l t s   under   l abo ra to ry   cond i t i ons ,   bu t   t he re  was  some 
doubt  as  to  the  performance a t   h i g h  speeds  and o p e r a t i o n   i n   a i r .  Thus, 
it would be p e r t i n e n t   f o r   t h e s e   a r e a s   t o  be   i nves t i ga ted   f u r the r  as 
c e r t a i n l y   t h e r e   i s  a requ i remen t   f o r  a lubr ica t ion   techn ique)   wh ich  will- 
meet  the  requi rements  as  spec i f ied  for   the ALP. 

NEXT STEP I N  ALP  DEVELOPMENT 

Af te r   d iscuss ions   w i th  ESA and the  Nat ional   Tr ibo logy  Centre,   Ris ley,  it 
was dec ided  tha t   the  number of cyc les   spec i f ied   fo r   the  ALP  was t o o  
g rea t   cons ider ing   the   du ty   cyc le  and the  environment. Thus, ESA decided 
t o   r e l a x   t h e  number o f   c y c l e s   f r o m  1000 t o  100 cycles i n   a i r   w h i l e  
r e t a i n i n g  1000 cyc les  i n  a vacuum. 

They a l so   dec ided   t ha t   t he   ba l l  s o f  the  ba l   lscrew  should a1 so be coated 
w i t h  MOS2. 
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RECOMMENDATIONS FOR FURTHER ALP DEVELOPMENT 

Future  trends i n  Space  Technology indicate  that  reusable components must 
now be designed. The ALP i s  a  fundamental mechanism  which meets this 
c r i t e r i a  and should find  use i n  a considerable number of varied 
functions. The current work was aimed a t  developing a locking  device of 
a particular  size.  However, the ALP design could be t h o u g h t  of i n  terms 
of a family o f  devices  covering a range of s izes .  A fur ther   interest ing 
development would be the  incorporation of a stepper motor. T h i s  would 
add  an inching  capability t o  the  device which  would considerably  increase 
i t s  usefulness  as i t  could be used t o  control  other components such as 
valves,   etc.  T h u s  i t  can be seen tha t   fur ther  development  of the 
mechanism i s  essential   as i t  f u l f i l l s  a  fundamental  requirement and can be 
considered a basic  reusable  building block i n  the   f ie ld  of space 
mechanisms. 

The shortcoming of the MOS2 lubrication  process  indicates  that  further work 
be carried o u t  as  there is  cer ta inly a requirement  for improvement i n  this 
area. 
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Figure 1.- First  prototype. 



BALL  BEARING  VERSUS  MAGNETIC  BEARING  REACTION 

AND MOMENTUM  WHEELS  AS  MOMENTUM  ACTUATORS 

W. Auer 
TELDIX  GmbH 
Heidelberg 
Germany 

SUMMARY 

For  the  attitude  control  of  satellites,  momentum  actuators  with  different 
bearing  technologies  are  available.  After a short  familiarization  with  the  sub- 
ject, an attempt  is  made to establish a guideline  for  the  selection  of  the 
suitable  momentum  actuators o r  momentum  actuator  configurations  to  meet  given 
mission  goals  with  high  reliability  and  low  cost. 

INTRODUCTION 

For  3-axis  body  stabilized  satellites,  momentum  actuators  serve,  for 
instance,  as a means  of  averaging  out  periodical  disturbance  torques,or  to  turn 
a spacecraft so as  to  pinpoint  its  instruments  accurately  to  different  objects. 
Common to all  applications  is  the  goal  to  save  fuel  and  employ  as  far  as  possi- 
ble  electrical  energy  generated  from  the  sun's  radiation. 

The  discussion  about  the  relative  merits  of  different  bearing  approaches 
and  technologies  of  momentum  actuators  gained  has  high  interest.  To  establish 
a basis,  some  examples of ball  bearing  and  magnetic  bearing  momentum  actuators 
are  first  described,  together  with  some  typical  specifications. 

MOMENTUM  ACTUATORS 

Designs,  Configurations  and  Performance 

For  the  following  designs  and  configurations  the  main  parameters  are  shown 
in  table I: 

1. Ball  Bearing  Momentum  Wheel,  BBMW 

2. Ball  Bearing  Reaction  Wheel,  BBRW 

3. Magnetic  Bearing  Momentum  Wheel, MBllW 5, with 5 actively  controlled 
degrees  of  freedom 

4 .  Magnetic  Bearing  Momentum  Wheel,  MBMW 1, with 1 actively  controlled 
degree  of  freedom 

5. Magnetic  Bearing  Reaction  Wheel,  MBRW 2, with 2 actively  controlled 
degrees  of  freedom 
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6 .  Magnetic  Bearing  Reaction  Wheel,  MBRW 1, with 1 actively  controlled 
degree of freedom 

7. T-Configuration: 1 Momentum  Wheel + 1 Reaction  Wheel  with  their  spin 
axes  perpendicular  to  each  other 

8. V-Configuration: 2 Momentum  Wheels  with an angle on the  order  of 
20 deg  between  their  spin  axes 

9. A-Configuration: 2 Momentum  Wheels + 1 Momentum  Wheel  with  cw/ccw 
running  capability,  spin  axis  in  the  plane  of  the  two  others  and 
perpendicular  to  their  momentum  vector  sum 

10. Tripod-Configuration: 3 Reaction  Wheels  with  orthogonal-oriented 
spin  axes 

11. Quadruple-Configuration: 4 Reaction  Wheels, 3 of which  are 
orthogonally  oriented,  the  4th  inclined  to  each  of  the 3 

12. Double  Gimbal  Momentum  Wheel, DGMW, with 1 or 2 Momentum  Wheels 
mounted in  a gimbal  system. 

For 1: Flight  proven  BBMW  designs  of  different  suppliers  are  available. 
Modern  concepts  need  no  load  relief  or  caging  mechanisms  to  survive  launch 
loads.  Wheels  equipped  with  well  preloaded  and  lubricated  ball  bearing  pairs 
and  automatic  lubrication  applicators  achieve  a  life  of  more  than  7  years  with 
a 2% failure  probability.  The  conservatively  calculated  fatigue  life  of 
properly  lubricated  bearing  pairs  for  a 1% failure  probability  is  more  than 
20 years. No zero  g - 1 g and  slew  rate  problems  should  be  expected  (ref. 1). 
Figure 1 shows  the  cross  section  of  a  BBMW. 

For 2: BBRW'S are  also  offered  by  different  suppliers.  Newer  designs 
avoid  any  kind  of  caging o r  load  relief  mechanisms.  By  appropriate  bearing  and 
lubrication  selection, an adequate  lubrication  film  can  be  achieved  even  at 
very  low  speeds.  Typically,  at  normal  room  temperatures,  balls  and  races  are 
already  separated  by  the  lubricant  at 1 revolution  per  second.  Therefore,  long 
life  with  high  probability is the  consequence. A problem  may  be  the  step in 
the  reaction  torque  caused  by  friction when the  speed is crossing  zero.  Fig- 
ure 2 gives an example  of  a  BBRW,  which  may  be  equipped  with an ac  asynchronous 
or a  brushless  dc  motor. 

For 3 :  Magnetic  bearings  have  been  well known for  many  years. Due to  the 
slogan  "no  contact  between  moving  and  nonmoving  members,  therefore  no  wear," 
one  is  inclined  to  expect  a  high  lifetime  with an extremely  high  reliability. 

Table I shows  reliability  figures  for  a  complete  wheel  with 5 actively  con- 
trolled  degrees  of  freedom,  including  motor  and  nonredundant  bearing  electronics 
of 93%, with  redundant  bearing  electronics  of 98% for  a  7-year  life  (ref. 2). 

The  stiffness  of an MBMW 5 around  the  lateral  axes is comparable  with  that 
of a BBMW. A distinct  advantage  could  be  the  possibility  of  tilting  the 
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momentum  vector  of  the  rotor  simply  by  adding  signals  to  the  corresponding 
control  loops.  This  "vernier  gimballing"  capability  may  be  used  for  fine 
pointing  or  oscillation  (nutation)  damping  of a  spacecraft. In figure 3, an 
MBMW 5 developed  for COMSAT is  shown.  The  emergency  ball  bearings  are  able  to 
withstand  launch  loads  without  caging. 

For 4 :  Two main  approaches  of  a  mainly  passive MBMW 1 are  known.  One 
utilizes  radial  repulsive  forces  of  permanent  magnet  rings,  and  the  other 
secondary  radial  forces  generated  by  axial  attracting  magnets  (refs. 3 and 4 ) .  
Despite  the  fact  that  only  one  control  loop  (along  the  spin  axis)  is  necessary, 
the  reliability  of a complete  wheel,  including  motor  and  bearing  electronics,  is 
only on the  order  of 96% for  a  7-year  life.  This  can  be  raised  to 99% with 
redundant  bearing  electronics. 

Because  of  the  low  stiffness  of  these  bearings  about  lateral  axes,  the 
transfer of rotational  energy  of  a  wheel to the  body of a  satellite - resulting 
in  nutational  motions - is  possible  and  must  be  counteracted  by  adequate  means 
(ref. 5). 

For 5: One  design  for  an MBRW 2 is shown in  figure 4 .  Actively  controlled 
are  the  two  lateral  degrees  of  freedom.  This  approach  offers  simple  assembly 
procedures  and a  low  volume. 

The  reaction  torque  noise  and  ripple  as  well  as  the  zero  speed  crossing 
are  mainly  influenced  not  by  the  bearing  but  by  the  motor. 

For 6: The  design  of an MBRW 1 is  similar  to  that  of  an MBMW 1 but  the 
means for nutation  damping  are  less  sophisticated.  The  reaction  torque  charac- 
teristic  is  the  same  as  with  the MBRW 2 .  

For 7: This  configuration  offers  active  spacecraft  attitude  control  along 
2 axes  and,  in  a  sequence,  probably  also  about 3 axes. 

To  achieve  higher  reliability  figures,  a  TT-configuration  is  generally 
necessary. 

For 8: This  configuration  has  essentially  the  same  attitude  control  per- 
formance  and  reliability as the  T-configuration;  therefore,  a  VV-configuration 
must  also  be  taken  into  consideration. 

For 9: In the  A-configuration,  only 2 out  of 3 wheels  are  in  operation, 
and these  actively  control 2 axes  of  a  spacecraft. 

The  primary  mode  is  identical  with  that  of  the  V-configuration.  If  one 
of the  momentum  wheels  fails,  the  third  momentum  wheel  which  is  capable  of 
running  in  cw/ccw  direction,  is  switched  on  in  the  appropriate  sense  of  rotation 
to  maintain  the  momentum  vector sum direction. 

For 10: This  system  is  able  to  control  a  spacecraft  actively  about  all 
3 axes.  Under  steady  state  conditions,  all 3 reaction  wheels  operate  at  speeds 
near  to  or  at  zero.  Therefore,  this  system  belongs  to  the  ''zero  momentum 
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systems."  For  high  pointing  accuracy  performance  MBRW'S  could  be  advantageous, 
but BBRW'S also  allow  good  results  when  they are  kept  spinning  at  low  speed 
during an  observation  period. 

For 11: This  configuration  is  also a zero  momentum  system.  Normally, 
all 4 wheels  are  running  at a moderate  speed,  which  offers  high  pointing 
accuracy. 

If  one  out  of  the 4 wheels  fails,  the  speeds of the  other  wheels  are 
adjusted  to  maintain a zero  momentum  system. 

For 12: This  configuration  is  especially  suited  for  3-axis  active  control 
of geosynchronous  spacecraft. 

Figure 5 shows an example.  Two  momentum  wheels,  which  could  be  operated 
at  the  same  time,  are  mounted  in a gimbal  system.  The  gimbal  axes  could  be 
driven  by  motors  (or  torquers).  Both  gimbal  axes  are  equipped  with  two  motors 
and  pick-offs.  Therefore,  this  system  is  redundant  along  all 3 axes. 

MISSION  AND  MOMENTUM  ACTUATORS 

After  this  brief  description  of  the  different  momentum  actuators,  an 
attempt  will  be  made  to  relate  their  capabilities  to  mission  and  budgetary 
requirements.  Two  mission  types  are  taken  into  account:  communication/tv 
satellites  and observation/navigation/research satellites. 

Communication/TV  Satellites 

These  satellites  are  assumed  to  be  of  the  geostationary  type. 

First  of a l l ,  the  pointing  accuracy  required  should  be  treated  as a func- 
tion  of  mass  for  different  actuators  (fig. 6). The  nominal  values  for 
SYMPHONIE,  OTS,  INTELSAT V, ECS  and  TV-SAT  are  indicated. 

It  is  evident  that  from a mass  point of view the  MBMW 1 has  no  advantage 
over  the  respective  BBMW. On the  contrary,  special  measures  against  nutational 
instability  must  be  considered.  The  MBMW 5 shows  as  a  benefit a higher  point- 
ing  accuracy  potential,  essentially  that of the  DGMW.  It  should be born  in 
mind,  however,  that a  DGMM  has  a  ginballing  capability  of  about 50 times 
that  of  an  MBMhJ 5 (about 7.5 deg  to 0.17 deg). 

Other  interesting  relationships  can  be  deduced  from  figure 7. For a 
1 degree-of-freedom  system (1 DOF)  it  is  interesting  to  compare  the  BBMW  cost 
trends  with  those  of  the MBMW with  and  without  redundant  electronics.  One 
MBMW with  redundant  electronics  costs  about  the  same  as  two  BBMW'S,  but  the 
reliability  of  the  first  one  is so low  that  generally  two  MBMW'S  would  be 
needed. 
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The 2 DOF approaches, A ,  T, TT, V and  VV  configurations  allow  the  follow- 
ing  interpretation.  Single T and V arrangements  should  not  be  taken  into  con- 
sideration  because  reliability  is so low.  The A configuration  and  the T T / W  
configuration  are  comparable in reliability,  but  the  costs  of  the  latter  are 
higher. 

In the A configuration  the  nominal  total  angular  momentum  can  vary 
between 1 and 2 depending on which 2 wheels  out  of  the 3 are  in  operation. 
This  is, of course,  not  the  case  with  the TT/W configuration  where  the  nominal 
total  angular  momentum  is  the  same  in  the  primary  and  redundant  mode. 

A 3 DOF control can be  achieved  with 1 DGMW or  with 1 or 2 MBMW 5.. A 
certain  compensation  for  the  higher  cost  and  the  lower  reliability  of  the 
2-MBMW 5 solution  could  be  the  higher  potential  of  attitude  accuracy. 

In figure 8 an  attempt  is  made  to  estimate  the  mass  of  different  actuator 
assemblies  for  different  classes of satellites  represented  by  their  masses. 
For  communication  satellites of up  to  the  1000-kg  class  the 2 BBMW  configuration 
is  most  suitable.  If,  however,  a  higher  pointing  accuracy is required,  and/or 
only a  limited  north/south  station  keeping  capability  is  implemented,  the 
A BBMW  configuration  can  meet  the  specifications. 

For  TV  satellites  of  up  to  the 2000-kg class, the  most  attractive  configu- 
ration  seems  to  be  the DGMW approach.  The  MBMW  arrangements  result  in  a  higher 
mass, but  offer a  higher  angular  momentum  capability. 

The DGMW and  the  MBMW 5 can  both  provide  active  damping of satellite 
oscillations. 

Observation/Navigation/Research Satellites 

For  these  satellites,  reaction  wheel  arrangements  are  of  interest. 

A good  overall  view,  giving  the  reliability/cost  relation, is shown  in 
figure 9 for 3 ,  4 and 6 BBRW'S,  and  MBRW'S  with  and  without  redundant  elec- 
tronics.  For  the 2 to 5 N.m/s  reaction  wheel  class,  somewhat  higher  cost  of 
MBRW's  compared  with  BBRW'S  is  assumed. 

It  is  interesting  to  note  that a  quadruple  configuration  of 4 MBRW'S  with 
redundant  electronics  gives  a  higher  reliability  than  can  be  achieved  with 
redundant  tripod  configurations  of 6 BBRW'S. 

Of  course,  reaction  wheel  configurations  also  may  be  employed  in  communica- 
tion  satellites. 

CONCLUSIONS 

After  weighing  the  essential  parameters  it  is  believed  that  the  following 
selection  guide  can  be  proposed: 
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For eommunication  satellites: 

With  0.2-deg  pointing  accuracy: 
2 BBMW's,  parallel  spin  axes 

With  0.1-deg  pointing  accuracy: 
3 BBMM's A configuration,  or 
4 BBRW's  quadruple,  or 
4 MBRW'S  quadruple  (with  redundant  electronics) 

For  TV  satellites  of: 

Medium  mass: 
1 DGMW, or 
4 BBRW'S, o r  
4 MBRW's  (with  redundant  electronics) 

High  mass: 
The  same  as  medium  mass  plus MBMIJ configurations 

For observation/navigation/research satellites: 

Short  time  missions: 
3 BBRW' s 
3 MBRW' s 

Long  time  missions: 
4 BBRW' s 
4 MBRW'S  (with  redundant  electronics) 

The  comparison  between  ball  bearing  and  magnetic  bearing  momentum  actuators 
shows  that  given  mission  requirements  can  be  economically  met  by  employing  the 
ball  bearing  technology  without  decreasing  reliability  and  lifetime. 

However,  for  some  special  mission  requirements,  such as "zero  friction  at 
zero  speed,"  fine  pointing  (met  by  vernier  gimballing),  and/or  active  damping, 
magnetic  bearings  may  be  advantageous. 

This  makes  evident  that  magnetic  bearing  technology  will  not  replace  ball 
bearing  technology  for  momentum  actuators,  but  will  supplement  it  for  some 
special  mission  requirements. 
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TABLE 1.- MOMENTUM ACTUATORS 
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Figure 1.- Cross section of a BBMW. 

Figure 2.- Cross section of a BBRW. 
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Figure 3 . -  Cross section of an MBMW 5. 

Figure 4.- Cross section of an MBRW 2. 
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Figure  5.- Cross s e c t i o n  of a DGMW. 
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Figure  6.- Poin t ing   accu racy   and   r e l a t ed   ac tua to r  mass. 
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CENTRIFUGAL  REGULATOR  FOR  CONTROL  OF  DEPLOYMENT 

RATES  OF  DEPLOYABLE  ELEMENTS 

J. C.  Vermalle 
Aerospatiale 

ABSTRACT 

Centrifugal  brakes  or  clutches are currently  used in  a number  of  mecha- 
nisms.  This  paper  describes  the  requirements,  design,  and  performance  of  a 
centrifugal  regulator  aimed  at  limiting  deployment  rates  of  deployable 
elements. 

This  mechanism,  which  uses  centrifugal  force  to  produce  friction  of  studs, 
has  been  designed,  manufactured,  and  tested  to  specification  for  the  IUE  (see 
I I  Acknowledgement")  solar  array. 

INTRODUCTION 

Deployment  of  the  IUE  solar  array  is  characterized  by  a  complex  motion 
which  can  be  broken  into  elementary  rotations  and  translation. 

The  deployment  is  initiated  by  a  pyrotechnic  device,  and  the  various 
operations  are  fulfilled in automatic  sequence  to  final  lockup. The motion is 
controlled  by a  centrifugal  regulator  driven  by  a  cable  continuously  pulled  out 
throughout  all  phases  of  deployment. 

This  solution was selected  in  view  of  the  following  factors: 

1. Limiting  end  of  travel  shocks  to  values  compatible  with  mechanical 
strength  of  the  frame  and  spacecraft  attachment 

2. Low sensitivity  to  the  operating  temperature  range  (in  contrast  to  a 
hydraulic  system,  which  is  sensitive  to  the  variation  of  viscosity) 

3 .  Good  cleanliness  and, in particular, low outgassing  without  seal 
problems 

4 .  Availability of a  large  number o f  parameters  which  are  easily  adjustable 
during  tests 
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MAIN  REQUIREMENTS OF THE  DESIGN 

The  main  requirements  of  the  design  are  given in the  following  table: 

Unwound  length, m .  . . . . . . . . . . . . . . . . . . . . . .  
Nominalload, N .  . . . . . . . . . . . . . . . . . . . . . . .  
Maximum  load,  N . . . . . . . . . . . . . . . . . . . . . . . .  
Operating  threshold,  N . . . . . . . . . . . . . . . . . . . .  
Temperature  range,  OC . . . . . . . . . . . . . . . . . . . . .  
Mass including  cable  and  attachment,  kg . . . . . . . . . . . .  

Nominal  unwinding  cable  rate  (corresponding  to  10°/sec),  mm/sec 

Passive  mechanism 

. . . .  0.75 . . . .  40 . . . .  100 . . . .  36 . . . .  2 

. -75 < T < 75 

. . . .  0.15 

DESCRIPTION 

General  Description 

A general  description  of  the  centrifugal  regulator  is  given in figures 1, 
2, and 3 .  The overall  mechanism  is  comprised  of 4 distinct  functional  parts in 
a  machined  housing: 

1. The  centrifugal  brake  device,  which  checks  the  payout  of  the  cable 

2. The  reducing  gear,  which  produces  the  spin  rate  necessary  for  the 
braking  device 

3 .  The  payout  device,  which  allows  the  unwinding of the  cable 

4 .  The  locking  device,  which  prevents  untimely  unwinding 

The  centrifugal  regulator is set  into  operation  by  a  threshold  tension  of 
the  cable  which  unlocks  the  mechanism  and  allows  unwinding.  The  pulley  of  the 
windout  device  drives  the  centrifugal  brake  with  the  help  of  the  reducing  gear. 

The  centrifugal  force  pushes  aside  weights  that  produce  friction  of  the 
studs  in  a  cylindrical  housing. 

Centrifugal  Braking  Device 

The  centrifugal  braking  device  (fig. 3)  revolves  within  a  cylindrical  bore 
through  the  housing;  the  bore's  walls  serve as  a braking  track  for  the  device 
which  consists  of 

1. One  flail,  rotating  idly  about  the  driving  axis 

2. Two  weights  hinged  to  the  flail  equipped  with  friction  studs 

3 .  One  spring  for  return  of  the  weights 

4 .  One  drive  bar  pinned on to  the  axis  and  directly  acting on the  weight 
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Pressure of the  brake  blocks  upon  the  braking  track is the  result  of  three 
combined  forces: (1) centrifugal  force on the  weights, (2) driving  torque,  and 
(3) counteraction  by  the  spring. 

Reducing  Gear 

This is of  two  stages  and  gives an overall  multiplication  ratio of 
6.5 X 6.5 = 42.25 .  

The Windout  Device 

This  consists of a  helical  throat  pulley in which  the  cable  is  held  within 
the  throats  by a  cylindrical  shell  integrated  to  the  housing. A slot  allows 
windout  for  the  cable. 

The windout  device  is  linked  to  the  driving  hub  of  the  reduction  gear 
through  a  torsion  spring  lodged  within  the  pulley.  This  spring,  which  provides 
flexible  linkage, is aimed  at  limiting  cable  tension  as  well  as  dynamic  loads 
transmitted  to  the  regulating  device. A cable-guide  bogie  allows  the  windout 
for  various  positions  of  the  cable. 

The  Blocking  Device 

The  blocking  device is intended  to  avoid  untimely  unwinding  of  the  cable. 
It  blocks  the  centrifugal  brake  when  the  cable's  tension is below  the  operating 
threshold. This  acts  through  axial  pressure  of  the  primary  gear's  shaft on the 
spindle  of  the  braking  device.  Such  pressure  is  applied  by  a  torsion  spring, 
producing  differential  rotation of both  driving  hub  and  shaft. 

The axial  motion is initiated  by a  pin  engaged  through  the  two  helical 
slots of the  hub. A s  soon as the  applied  torque  exceeds  the  value of the 
spring's  initial  tension,  the  device  releases  the  centrifugal  brake. The reduc- 
tion  gear is then  driven  from  stop  position  of  the  spin  at  the  end  of  the 
helical  slots. A s  soon  as the  cable's  tension  is  slackened,  the  spring's 
action  causes  immediate  blocking  of  the  centrifugal  regulator. 

TEST  RESULTS 

During  tests,  the  plastic  bearing was replaced  by  bronze  pads  because 
expansion  of  the  plastic  led  to  excessive  clearance  with  respect  to  the  toothed 
gears. The nominal  unwinding  cable  rate  was  obtained  by  adjustment  of  the 
weight  return  spring. 

The mechanism  behaved  well  at  qualification  temperature  and  vibrations. 
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PERFORMANCE 

The  main  performance  data  are  given in the  following  table: 

Unwinding length', m . . . . . . . . . . . . . . . . . . . . . . . . . .  0.75 
Operating  threshold, N . . . . . . . . . . . . . . . . . . . . . . . . .  2 
Nominal  load,  N . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 
Maximum  load,  N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 
Nominal  cable  payout  rate,  mm/sec . . . . . . . . . . . . . . . . . . . .  36 
Nominal  brake  rotation  rate,  rad/sec . . . . . . . . . . . . . . . . . .  60 
Operating  temperature,  OC . . . . . . . . . . . . . . . . . . .  -75 < T < 120 
Mass, kg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.135 

I T 0  control  the  deployment  speed  of  the  Aerospatiale  designed GSE solar 
array,  the  length of the  cable  has  been  increased  to 6 m  in  the  same  housing. 
All  other  characteristics  are  identical. 

CONCLUDING REMARKS 

The  reason  for  interest in centrifugal  regulators  is  obvious  since  they 
allow  the  deployment  control  of  solar  arrays,  antennas,  booms  and  telescopic 
booms  actuated  by  springs,  compressed  gas,  etc. . . .  

A most  attractive  aspect  is  that  all  the  mechanical  characteristics  are 
packaged  within  a  very  small  volume  and  mass (0.135 kg). 

The  use of the  mechanism  allows (1) mass  saving,  the  deployment  sequence 
not  being  considered as a  determinating  calculation  case,  and (2) very  good 
reliability,  since  the  safety  factor  is  not  a  compromise  between  the  minimum 
energy  needed  for  deployment  and  the  maximum  acceptable  end  of  travel  shock. 

In  addition,  a  large  number  of  parameters  are  easily  adjustable,  including 
(1) diameter of pulley, (2) weight  of tip  masses, (3 )  calibration of  weight 
return  spring,  and ( 4 )  calibration of initial  tension  for  threshold  spring. 

Many  adaptations  of  the  mechanism  can  be  envisaged.  These  include 
(1) increase  of  the  energy  absorbed  by  increasing the  cable  length  or  the 
nominal  and  maximum  loads  and (2) modification of the  cable  payout  rate. 
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Figure 1.- General view of centrifugal  regulator.  
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Figure 2.- Cross-sectional view of centrifugal  regulator.  
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Figure  3 . -  Cent r i fuga l   r egu la to r   b rak ing   dev ice .  
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MECHANISMS  OF UK RADIOMETERS  FLOWN  ON  NIMBUS 5 AND 6 

WITH  PARTICULAR  REFERENCE  TO  BEARINGS,  PIVOTS AND LUBRICATION 

H. Hadley 
Rutherford  and  Appleton  Laboratories 

Science  Research  Council  U.K. 

STJMMARY 

The  mechanisms  incorporated  in  these  two  experiments  which  were  launched 
on  Nimbus 5 in 1972 and on Nimbus 6 in 1975 are  currently  still  working  per- 
fectly. The  experiments  described  are  vertical  sounding  infrared  radiometers 
mainly  for  measurement  of  temperature  profiles.  Both  use  dry  lubricants. 

The  Nimbus 5 Radiometer  includes  a  rotating  chopper  driven  via  a  carbon 
fibre-acetal  resin  gearwheel.  The  driving  motor  runs  at 2000 rpm  and  has 
completed  over 7 x l o 9  revolutions.  Four  gear  driven  filter  wheels  powered  by 
stepper  motors  have  each  completed 2 x l oe  changes.  The  input  calibration 
mirror  mechanism  and  its  field  of  view  compensation  mechanisms  are  also 
described. All 25 ball  races  used in the  experiment  are  of  the  film  trans- 
fer  type. 

The  Nimbus 6 Radiometer  includes  two  cells.  Each  contains  a  piston  sup- 
ported  on  diaphragm  springs  and  driven  electromagnetically  to  modulate  the 
pressure  of  CO2  gas  in  the  optical  path.  The  pistons  are 6 cm in diameter 
with a  stroke  of 1 cm  and  are  driven  at  their  mechanical  resonant  frequency 
of = 15 Hz.  The  calibrating  mirrors  rotate  periodically  to  view  a  target, 
Earth,  and  space,  with  the  earth  view  scanned  along  the  satellite  track. 
The  support  pivots  are  synthetic  sapphire  ring  stones  with  separate  end  thrust 
stones.  The  problems  of  mounting  these  stones  to  withstand  vibration  loads  is 
described. 

INTRODUCTION 

The  two  experiments  described in this  paper  are  infrared  vertical 
sounding  instruments  to  measure  the  temperature  profiles  of  the  atmosphere. 
They  were  devised  by  the  Department  of  Atmospheric  Physics,  Oxford  Univer- 
sity,  under  Professor J. T. Houghton  with  the  engineering  design  and  project 
management  support  being  provided  by  the  Rutherford  Laboratory  of  the  Science 
Research  Council.  The  flight  models  were  made  by  Marconi  Space  and  Defence 
Sys  tems . 

These  experiments  are  of  interest  since  they  all  involve  some  innovation 
in  the  use  of  lubricants  in  small  mechanisms  in  space  and  have  proved  highly 
successful  in  application.  At  the  time  of  writing,  they  are  all  still 
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working as p e r f e c t l y  as when they  were launched.   These  lubricat ion  aspects  are 
the   u se   o f   ca rbon- f ib re  acetal r e s i n   g e a r s   i n   t h e   S e l e c t i v e  Chopper  Radiometer 
(SCR) on Nimbus  5 (launched  1972)  and  the  use  of  synthetic  sapphire  r ing and 
thrus t   bear ings   in   the   Pressure   Modula ted   Radiometer  (PMR) on Nimbus 6 (laun- 
ched  1975). A companion  paper  (ref.  1) descr ibes   the  mechanisms  used  on  the 
Stratospheric  and  Mesospheric  Sounder (SAMs) on Nimbus 7 (launched  1978) i n  
w h i c h   l e a d   l u b r i c a t e d   r e c i r c u l a t i n g   b a l l  screws are used.  

NIMBUS 5 SCR  MECHANISMS 

Th i s   expe r imen t   ( r e f .  2) i s  a 16   channe l   ve r t i ca l ly   sound ing   r ad iomete r  
( X  = 1 5  u m  t o  100'pm) and i t s  8 main  channels   measure  the  temperature   prof i le  
of   the  a tmosphere up t o  45 km i n   h e i g h t .  A s  shown i n   f i g u r e  1, the  incoming 
r a d i a t i o n  i s  d i r e c t e d   b y   t h e   c a l i b r a t i o n   m i r r o r   t o  a 13-cm-diameter o f f - ax i s  
parabolo id   mir ror   and   focused  to p y r o e l e c t r i c   d e t e c t o r s .   I n t e r p o s e d   b e f o r e  
t h e   d e t e c t o r  i s  a doub le   s ided   r e f l ec t ing   chopper  s e t  a t  45O which  chops  and 
d i r e c t s   t h e   f i e l d   o f  view (FOV) i n t o  two pa ths ;  a d i c h r o i c  beam s p l i t t e r  i s  
p l a c e d   i n   e a c h   p a t h   t o   f e e d  4 d e t e c t o r s   i n   t o t a l   a n d   i n   f r o n t   o f   e a c h  
d e t e c t o r  i s  a f o u r   p o s i t i o n   f i l t e r   w h e e l ,   t h u s   p r o v i d i n g   t h e   1 6   c h a n n e l s .  A 
view t o   s p a c e  i s  arranged  opposi te   the  chopper  so  t h a t  when the  through  view 
i s  chopped  the rear f ace   o f   t he   chopper   d i r ec t s   t he   de t ec to r  view t o   s p a c e  
and when the  through  view i s  c lear  t h e   o t h e r   d e t e c t o r s  look to   space   th rough 
the  chopper  gap.  The  chopper i s  12.7-cm-diameter  0.25-cm-thick  aluminium, 
diamond c u t  and  gold  plated  with 2 cut-outs  of 90' and i s  d r i v e n   a t  1200 rpm 
t o   g i v e  a  40-Hz s i g n a l  chopped  between  atmosphere  and  space. 

Chopper 

The dr iv ing   motor  i s  a s t anda rd  400-Hz,  8000-rpm hys te re s i s   mo to r  
(Muirhead  Type  llM18F1) bu t   w i th   t he   bea r ings   r ep laced   by  'rBarTemp" bea r ings  
(Barden  Corpn.)  which are deep   groove   ins t rument   ba l l   bear ings   wi th  a cage of 
g l a s s   f i b r e   r e i n f o r c e d  PTFE loaded  with MoS2. The b a l l s   t r a n s f e r   t h e   l u b r i -  
ca t ing   f i lm  f rom  the   cage   to   the   raceways .  The motor i s  dr iven  f rom  the 
s p a c e c r a f t  100-Hz two-phase  supply a t  2000 rpm, t h u s   r e q u i r i n g  a gear  reduc- 
t i o n .  A s t a i n l e s s  steel gear  i s  coupled  by a s p l i n e d   d r i v i n g   p l a t e   w i t h  
the   ou t r igge r   bea r ing   suppor t ing  a flywheel  of "Heavimet"  (Tungsten-copper 
a l loy)   to   compensa te   the   angular  momentum of   the  chopper   disc .  The 60T mesh- 
ing   gea r  i s  made of  chopped  carbon f i b r e  (25%)  and  "Delrin" (Du Pon t ' s  acetal  
homopolymer  of  formaldehyde) i n  which   the   carbon  f ib re  l imits t h e  wear and the  
"De l r in"   p rov ides   t he   l ub r i ca t ion .   See   f i gu re  2 and r e f e r e n c e  3 .  This  chop- 
per  was r o t a t i n g   d u r i n g   l a u n c h   t o   p r e v e n t   " B r i n e l l i n g "   o f   t h e   b a l l  race t r a c k s .  

The two phase  motor  windings are e a c h   s p l i t   i n t o  two ha lves  and each i s  
powered independen t ly   t o   g ive   comple t e   r edundancy   and   i n   f ac t   once   up   t o   speed  
the  motor w i l l  run  on  one  of i t s  four   windings.  The f u l l  power d i s s i p a t e d  i s  
6 watts. 

F i l t e r  Wheels 

The f i l t e r   w h e e l s  are a l so   gea r   d r iven   f rom  s t eppe r   mo to r s   t o   r educe   t he  
e f f e c t s  of i n e r t i a  so t h a t  a 90' motion   of   the   f i l t e r   wheel   can   be   comple ted  
a c c u r a t e l y   i n  less than  150 m s  and  repeated  every  second  allowing a s i g n a l  
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i n t e g r a t i o n   p e r i o d  of  820 m s .  The f o u r   f i l t e r s  on  each  wheel are g lued   i n to  
t i t an ium  ho lde r s  and set  into  an  a luminium  wheel   with  the  outer  r i m  support-  
i n g   t h e   t e e t h   o f  a s tandard  machine  cut   delr in   gear   wheel .  Two s i z e s  of  wheel 
are used,  each  with 120 t e e t h  40 DP and 48 DP. The l a rges t   whee l   suppor t s   fou r  
gas cells  wi th  a 0.3-cm path  length  between  2.3-cm-diameter  germanium windows 
f i l l e d   w i t h  C02 a t  v a r i o u s   p r e s s u r e s  up t o  a maximum of 350  mbar.  The 
permanent-magnet 90° s tepper   motors  are IMC t ype  011-804-1 (IPIC Magnetics 
Corpn.)  which is  a s p a c e   q u a l i f i e d  component u s ing  "BarTemp" bear ings.  To 
t h e   s h a f t  is  clamped a 15 t o o t h   s t a i n l e s s  steel  p in ion ,   thus   p rovid ing  a pro- 
gramme of 8 s teps .   These   s teps  are a t  10-ms i n t e r v a l s   w i t h   t h e  l a s t  p u l s e  
de l ayed   t o  20 m s  and  quadrature  damping  applied  by a negative  impedance cir-  
cu i t .   Th i s ,   ' t oge the r   w i th   t he   i ne r t i a s   and   o the r   sys t em  pa rame te r s ,   c a l cu la -  
t i o n s  and  measurements, is shown i n   r e f e r e n c e  4. The f o u r   f i l t e r   w h e e l s  are 
d r i v e n   i n  s t e p ,  and  should  any f i l t e r   b e   o u t   o f   p o s i t i o n  a t  the   beginning   of  
t h e  4-second cyc le ,   they  a l l  w a i t  u n t i l   t h e  l a te  f i l t e r   c a t c h e s  up. To 
do t h i s ,  a slow  stepping  sequence is a p p l i e d   t o   a n y   f i l t e r   w h e e l   n o t   i n   t h e  
number one p o s i t i o n ,   P o s i t i o n i n g  i s  by opto- t ransducers   f rom  re f lec t ing   t racks  

Each f i l t e r  wheel i s  encased i n  an   i so thermal   t empera ture   cont ro l led  
shroud  and  f igure 3 shows  one  of the smaller wheels  with  the  cover and inpu t  
p o r t  removed. 

Ca l ib ra t ion   Mi r ro r  

The c a l i b r a t i o n   m i r r o r  i s  a plane,  diamond-cut,  aluminium  mirror  of 
e l l i p t i c a l  form,  20 cm x 1 4  cm,  se t  a t  45O t o   t h e   n a d i r .  It r o t a t e s  90° t o  
v i ew  an   i n t e rna l   b l ack  body  and then a f u r t h e r  180° t o  view  space.   This 
.occurs  twice p e r  o r b i t .  The dr ive  motor  is a 90° stepper   motor ,   type I M C  015- 
802,  which i s  e n e r g i s e d   w i t h   t r i a n g u l a r  waveforms to   p rov ide  a smooth  torque 
and t o  l i m i t  t h e   c u r r e n t  demand f rom  the   spacecraf t   supply   to   the   permi t ted  
r a t e  of r ise.  This  assembly i s  a l so   p ivoted   about  i t s  c e n t r e  of g r a v i t y  so 
t h a t   t h e   m i r r o r  i s  ab le   to   scan   backwards   a long   the   l ine  of t he   spacec ra f t  
motion so t he  same f i e l d  of  view i s  seen by each f i l t e r   f o r   t h e  4 seconds 
necessary.  The r e tu rn   s can   t akes   p l ace   du r ing   t he  150 m s  of t h e   l a s t   f i l t e r  
change. The p ivot   bushes   tha t   suppor t   th i s   assembly   a re  made of "Vespell'  type 
SP3 (Du Pon t ' s   po ly imide   r e s in ) .  The f i e l d  of  view  compensation  mechanism 
i s  a long arm connected  to  a l inear   motor   producing  0 .75  mirror  movement. 
This   motor   consis ts  of a f e r r i t e   r i n g  permanent  magnet  with  pole  pi.eces and 
c o i l ,  as i n  a loudspeaker ,   wi th  two coi l -support   d iaphragm  spr ings of be ry l l i um 
copper  and a f lex ib le   bery l l ium  copper   connec t ion   to   the   l ever  arm. The c o i l  
i s  suppl ied  with  the  appropriate   sawtooth  waveform and i t s  movement i s  
monitored  by means  of r edundan t   s e t s   o f   ga l l i um  a r sen ide   l i gh t   sou rces  and 
s i l i c o n   d i o d e   d e t e c t o r s ,  as are a l l  t h e   o t h e r  mechanisms  used i n   t h e s e   r a d i o -  
meters. The p o s i t i o n  of t h e   c a l i b r a t i o n   m i r r o r   i n   t h e   d e - e n e r g i s e d   p o s i t i o n s  
i s  held  by  the  normal   'detent '  of t he   s t eppe r   mo to r   a s s i s t ed  by  permanent 
magnet p a i r s  and, in   the   ex t reme  pos i t ions   o f   normal   ver t ica l   v iewing   and   space  
viewing,   the   detent   magnets  are o f f s e t   t o   h o l d   t h e   m i r r o r   a g a i n s t   f i x e d   s t o p s .  
(See f i g .  4 f o r  a sec t iona l   v i ew of t h e   m i r r o r  and i t s  FOV compensation). 

0 

Some  25 b a l l   r a c e s  were used on th i s   r ad iomete r  a l l  "BarTemp" types  used 
w e l l  wi th in   the   manufac turers   recomendat ions  and a l l  pre-loaded  by  separate 
c o i l   s p r i n g s   o r   i n   t h e   c a s e  of the  motors   by  spr ing  washers .  The pre-loads 
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are between 1-2N. The a p p l i c a t i o n  of   these   bear ings  i s  a l s o   w e l l   w i t h i n   t h e  
p e r f o r m a n c e   g u i d e   f o r   s e l f   l u b r i c a t i n g   b e a r i n g s   i n  air  p u b l i s h e d   i n  1976  by 
the   Nat iona l   Cent re  05 Tribology a t  Ris ley .   (Ref .   5 ) .  

The  complete  radiometer i s  31  x 20 x 43 cm,  weighs 1 4  kg,  and  consumes 15 
watts. It i s  suspended  under   the  spacecraf t   and w a s  q u a l i f i e d  by v i b r a t i o n  
t e s t i n g   t o   7 . 5  (5 Hz t o  2000 Hz) s i n e  wave  and 15g r m s  (20 Hz t o  2000 Hz) 
random (0.11  g'  /Hz). A s e p a r a t e   e l e c t r o n i c s  module,  15 x 1 7  x 22 cm,  weighing 
5 kg  provides  the power c o n v e r t e r s  and   the   e lec t ronic   d r ive   sys tems.   This  
radiometer   has  now completed 60 000 hours of opera t ion   (over  2 x lo8 f i l t e r  
movements p e r  wheel  and 7 x lo9  revolutions  of  the  copper  motor,   which  must 
b e   a p p r o a c h i n g   t h e   t h e o r e t i c a l   p r e d i c t a b l e   b a l l  race l i f e  ( r e f .   6 ) .  

NIMBUS 6 PRESSURE MODULATOR RADIOMETER MECHANISMS 

This   instrument  i s  a l s o  a ve r t i ca l   sound ing   r ad iomete r   w i th  2 channels 
t o  measure  the  temperature   prof i le   of   the   a tmosphere  f rom 40 km - 60 km 
(channel  1)  and 60 km t o  90 km (channel 2 ) .  Each  channel  has i t s  own pres-  
sure  modulated c e l l  and  cal ibrat ion  mirror   system  and  measurements  are con- 
f i n e d   t o   t h e   1 5  pm band.  (Ref. 7 ) .  

Cal ibrat ion  Mirror   System 

The c a l i b r a t i o n   m i r r o r s   o p e r a t e   i n  a similar manner t o   t h a t  of the SCR 
ins t rument   except   the   mir ror  i s  only 7 x 5 cm and i s  mounted d i r e c t l y   o n t o  
t h e   s h a f t  of an IMC 008-845 s tepper   motor .  The image  motion com e n s a t i o n  of 
t h e  SCR instrument  was extended t o  give a d i r e c t i o n  of  view _+ 15 from  the 
n a d i r   a l o n g   t h e   d i r e c t i o n  of f l i g h t ;   T h i s   i n t r o d u c e s  a va ry ing   Dopp le r   sh i f t  
which va r i e s   t he   op t i ca l   dep th   and ,   hence ,   t he   a l t i t ude   be ing   sounded .  The 
mechanism f o r   t h i s  i s  a n   a c t u a t o r   c o n s i s t i n g  of a curved  fixed  magnet  with a 
moving c o i l  which  can move over   an  arc  of. 2 7 . 5  and i s  restrained  mechanic-  
a l l y   o n l y  a t  i t s  end s t o p s .  An induc t ive   pos i t i on   p i ck -o f f   s igna l s   t he  
a c t u a t o r   t o   f o l l o w  a saw-tooth ramp waveform. The t i m e  f o r  a s ing le   dopp le r  
scan i s  85 seconds. 

g 

0 

The p ivo t   bea r ings   fo r   t h i s   mo t ion   were  a problem. "BarTemp'l bea r ings  
need a l a r g e r  movement f o r   t h e   b a l l s   t o   l a y  down a lubr ica ted   t rack ,   po ly im-  
ide   r e s in   s l eeve   bea r ings   t ended   t o   j udde r   fo r   such  small slow  movements,  and 
s u i t a b l e   f l e x u r a l   p i v o t   b e a r i n g s   r e q u i r e  more  power a t   t h e   e x t r e m e s  of motion 
than   the   ac tua tor   could   g ive .  

However, tests were done  on a p o s s i b l e   f l e x i - p i v o t  as had  also  been  done 
p r e v i o u s l y   f o r   t h e  SCR m i r r o r   p i v o t s ,   b u t   a g a i n   t h e   v i b r a t i o n   l o a d s  were too 
g r e a t .  If l a r g e r   f l e x i - p i v o t s  were used ,   t he   sp r ing   l oads   t o   be  overcome 
would  need  more  power than  could  be  provided  f rom  the  dr ive  servo.  The 
l imi t a t ion   w i th   c ros sed   sp r ing   f l ex i -p ivo t s  i s  t h e i r   r i g i d i t y   t o   a x i a l   l o a d s  
which   cause   the   spr ing   leaves   to   buckle .  One  way t o  overcome this   problem 
w i t h o u t   u s i n g   s t i f f e r ,   s t r o n g e r   f l e x i - p i v o t s  i s  t o   r e l i e v e   t h e   p i v o t   o f  a l l  
axial  loads  or   to   c lamp  during  launch.  

The d e c i s i o n ,   a f t e r  much t e s t i n g ,  was t o   u s e   s y n t h e t i c   s a p p h i r e   r i n g  
bea r ings   w i th   s epa ra t e   t h rus t  end s t o n e s .  However fo r   t hese   t o   w i ths t and  
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vibration  testing,  they  had  to be pressed  into a titanium  ring,  mounted in 
silicon  rubber,  and  off-loaded so that  metal-metal  contact  occurred  within 
0.01 cm of  movement. The 0.2-cm-dia  shaft  of  the  bearing is  a hard  stainless 
steel,  since  normal  stainless  steels  are  not  hard  enough  to  stand  the  wear. 
9% Chromium  stainless  steel  (Firth-Vickers  520B  Hardness  Rockwell  C46)  was 
found  to  be  suitable.  Hardened  AIS1 440 stainless  steel  would  also  be  suit- 
able.  This  worked  very  smoothly  with  minimum  power  from  the  servo  system 
(See  Fig. 5 and  Ref. 8). The end  stones  were  fixed,  with  the  shaft  ends  radi- 
used  to 0.4 cm  and  polished  with 0.005 cm axial  clearance.  The  ring  stones 
were 0.5 cm 0.d.  and  0.125 cm thick. The  bore  was  not  parallel  but  olive 
shaped  (radius,  0.2  cm),  which  allows  for  misalignment  and  the  removal  of 
wear  debris. The shafts  were  lapped  to  fit so that  they  could  be  angled  3O 
min  to 5' max.  (i.e. clearances  of  3  to 8 vm). The  total  weight  supported 
was  0.15 kg, and  test  vibration  levels  were 10 g (sinusoidal)  and  13.4 g 
r.m.s.  (random  excitation). 

Pressure  Modulated  Cell 

This  is a very  elegant  concept  compared  to  the  mechanics  of  the  selective 
chopper  radiometer.  Instead  of a rotating  chopper, a piston  is  driven  up  and 
down  modulating  the  pressure  of  C02  in a cell.  To  change  the  mean  pressure, 
the  temperature of  a  molecular  sieve is  changed,  instead  of  switching  cells 
in  front  of  the  detector.  The  cylinder  and  cell  are  made  of  titanium 130 
which  has  excellent  outgassing  characteristics  and  is  sufficiently  hard to 
allow  good  permanent  seals  using  0.05-cm-diameter  gold ' 0 '  ring  seals  on 
demountable  flanges.  The  piston  is 6-cm dia  and is made of  titanium  679  which 
has 11% tin  and  does  not  scuff  or  pick  up  the  titanium 130 of  the  cylinder. 
The  radial  clearance  is 0.005 cm  and  the  total  stroke  is 1 cm.  The  mechanical 
arrangement  is  shown  also  in  Fig. 5 with  the  piston  mounted  on a shaft  with a 
permanent  magnet  set  in  the  centre  and  flat  beryllium  copper  spider  springs 
of  constant  stress  cross  section  providing  the  support.  The  tail  end  of  the 
shaft  carried a position  pick-off  ferrite  rod,  and  the  position  was  sensed  by 
an  externally  mounted  coil.  Drive  electromagnets  outside  the  cylinder  are 
servo  controlled  to  drive  the  piston  at  constant  amplitude  at  its  mechanical 
resonant  frequency  of  about 15 Hz. 

The  pressure  control  is  achieved  by  thennostating a  small  quantity ( 2 g m )  
of molecular  sieve  material  which  will  absorb  C02  (a  zeolite  from  Union 
Carbide  type 4A XH/2). The  equilibrium  pressure  above  the  sieve  is  only 
a  function  of  temperature  for a  given  filling  of  CO2,  for  the  volume  and 
quantity  of  sieve  material  chosen.  The  pressure  in  channel 1 (1-cm-long  cell) 
is  changed  from 0.5 mbar  at  3OoC  to 3 mbar  at  80°C  and in channel  2  (6-cm-long) 
cell)  is 1 to 6 mbar  over  these  temperatures.  Five  values  can be selected on 
command. A position  of  maximum  temperature  was  switched  in  during  launch  to 
provide  maximum  damping  to  the  piston  system  from  vibration  and  the  spring 
stops  are  shaped  to  progressively  limit  the  spring  movement  and  thereby  change 
the  natural  frequency  once  the  1-cm  amplitude  has  been  exceeded. 

The  measurement  of  gas  pressure  is  deduced  from  the  frequency  of  oscil- 
lation  of  the  piston  assembly  which  changes  by  nearly  10%  per  mbar  pressure 
change. A 10 bit  counter,  reset  every 32 seconds , allows  the  data  system  to 
record  this  to  1%  accuracy. 
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The complete PMR radiometer  is 23 x  18  x 41 cm, is  made  integral  with 
its  electronics  module,  weighs 13 kg, and  consumes 5 watts.  This  unit is 
mounted  inside  the  sensory  ring  of  the  spacecraft so the  vibration  levels  are 
only 50% of the SCR levels. It has  completed  over 4 years  operation  in  orbit 
and is  operating  perfectly,  but  recently  data  have  only  been  recorded  periodi- 
cally as an economy in ground  control  and  data  handling. At present,  however, 
it is  operating  continually  for  comparison  with  the  Nimbus 7 SAMs instrument. 

CONCLUSION 

In  the  design  of  these  experiments we have  conscientiously  avoided  the 
use of  oil  or  grease to reduce  the  risk  of  contamination  of  optical  components. 
For  the  chopper  gearbox,  a  design  using  labyrinth  seals  with  a  grease  lubri- 
cant  was  tested,  but  it  was  not  satisfactory  in  this  respect. 

The  use  of  ball  races  with  film  transfer  lubrication  from  the  cage  (such 
as the  i'BarTemp''  types) has  proved  ideal  in  these  experiments  where  they  are 
used well  within  the  guidelines. The  life of  nearly  1O1O  revolutions  in 
the  chopper  gearbox  is  outstanding  for  any  lubricant.  The  limitation of the 
lubricating  method  means  that  angular  rotation  to  lay  down  a  track  must  exceed 
30' or so. 

For  limited  movements,  diaphragm  springs  and  flexible  connections  have 
given  very  good  service. The  design,  however,  must  incorporate  mechanical  stops 
to  prevent  distortion  of  the  joint  under  working,  launch,  and  test  conditions 
and  stress so that  the  fatigue  life  is  many  times  the  experiment  lift. 

The  use  of  jewel  bearings  as  pivots  has  been  demonstrated  and,  over  the 
4 years  in  orbit,  each  mirror  has  totalled  nearly  one  million  scans  of  15O  total 
movement.  However,  the  friction  of  these  stone  ring  bearings is greater  than 
that  of  film  transfer  bearings  and  should  be  considered  only  where  use of the 
latter  is  not  possible. 

COMPONENT SUMMARY 

Hysteresis  motor  Muirhead  Ltd  Type  llM18F1,  2ph., 

Film  Transfer  Bearings  Barden  Corpn.  "BarTemp"  instrument 

Carbon  Fibre-Delrin M E  Parnborough(original1y)Production now at  AERE  for 

"Vespel"  SP3  E.I.  du  Pont  de  Nemours  Polyimide  self-lubricating 

Stepper  Motors  IMC  Magnetics  Corpn.  Permanent  Magnet 90° 

Sapphire  Jewel  Bearings  Fred  Lee & Co(Coventry)Ltd  Ring  Stones  and  thrust 

Opt0  transducers  Texas  Instruments  Ltd  Gallium  Arsenide  Source  TIL23 

LINDE  Molecular  Sieve  Union  Carbide  Corpn.  East  4A  XH/2 A" dia  beads  (sodium 
"Heavimet"  heavy  alloy  Osram(GEC)  Wembley  Middx  Copper-Tungsten,  Density 18 

Beckenham,  Kent 400 Hz,  split  winding. 

Bracknell,  Berks b a1 1 bearings 

AERE Harwell , Oxon Contract  stock  for  ESTEC 

Wilmington, DE 19898 resin  material  (loaded) 

Maywood,  Calif.  90270 Stepper  Motors  (Size  8,11&15) 

Coverrtry. CV4  9BJ stones  (Stockist) 

Slough,  Berks Silicon  light  sensor  LS616 

Chicago  Indiana  46312 metal alumino-silicate) 
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Figure  1.- Selec t ive   chopper   rad iometer  on Nimbus 5 .  
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/ 
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Figure  2.- Chopper  gearbox for  S.C.R. 

108 



.R. (eng.  model  with  cover  removed). 

F igure  4.- C a l i b r a t i o n   m i r r o r  mechanism for  S.C.R. 
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Figure  5.- Pressure  modulator   radiometer   (one channel only)  on Nimbus 6. 
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TRIPLE-AXIS  COMMON-PIVOT ARM WRIST  DEVICE 

FOR MANIPULATIVE  APPLICATIONS 
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SUMMARY 

A new concept i n  manipulator development t o  overcome the "weak wrist  
syndrome" i s  presented  in  this paper and i s  known as a Trip1 e-Axis Common- 
P i v o t  Arm Wrist (TACPAW). I t  contains  the usual torque motors for  actuation, 
tachometers for measuring r a t e  and resolvers f o r  position measurements. 
Furthermore , i t  provides  three  degrees of freedom, i .e.  pitch, yaw , and rol l  , 
in a single  manipulator  joint. The advantages of t h i s  development are 
increased  strength, compactness and simp1 i f icat ion of  controls. Designed to 
be compatible  with  the  protoflight  manipulator arm (PFMA), the  joints of 
TACPAN are  back-driveabl e with - + 90' r o t a t i o n  in  pitch, - + 45' in yaw and 
continuous  roll  in  either  direction  while  delivering 20.5 N-m ( 1 5  f t - l b )  
torque  in each of  the  three movements. 

BACKGROUND 

Mechanical manipulator arms terminating i n  some type of  mechanical hand 
or  gripping  device  (end-effector)  are comnonly  employed on space  vehicles for 
performing planetary  explorations,   satell i te and space shuttle  operations,   as 
well as on 'Earth-bound'  robotic assembly or  manufacturing  device. 

During the  past  several  years an increased e f fo r t  in  manipulator  design 
has been directed.  chiefly  to  the guidance and control  systems, w i t h  some  work 
in  the  area of actual hardware design. I t  should  not be forgotten, however, 
t h a t  the  degree of joint  sophistication  directly  influences  the  degree  of 
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control  sophistication. Because of the h i g h  level of control-guidance 
research i n  the  years 1973-1975, w i t h  l i t t l e  o r  no concern for   the  joint  
research and design, a "weak wrist syndrome" appeared on the  scene.  Past 
j o i n t  design  resulted  in  several  configurations of small  physical  shape w i t h  
externally  applied  drives and mechanisms; these  nullify  the  objective of 
improved v i s i b i l i t y  around the  joint  which i s   c ruc ia l   for  space work, 
especially i n  the shadow-side where auxiliary  illumination is  required.  (See 
Figures 1 and 2.  ) 

In many present-day  designs of manipulator  arms,  the  wrist-joint  confia- 
uration has been simplified  to  the  degree t h a t  n o t  three b u t  two motions occur 
i n  the   wris t   jo int ,  w i t h  the t h i r d  motion supplied by the  shoulder  (see  Figure 
3 ) ,  or completely  ignored. For those arms t h a t  have three  degrees  of freedom 
i n  the  wrist  joint,  the  actual  configurations produce,  in some instances, a 
very  bulky j o i n t  w i t h  external  wire  loops and n o t  p r o v i d i n g  the needed 
v i s ib i l i t y .  

The design e f for t   re la t ing  t o  wris t   jo ints ,   therefore ,  needs to be 
directed t o  conformity o f  sound kinematic  manipulator  design,  elimination of 
wiring  harnesses  as  loops  outside  the j o i n t ,  and reduction of physical  lengths 
(distances) between axes  of rotation; one such effort  is  the  Triple-Axis 
Common-Pivot Arm Wrist (TACPAW). 

DESIGN CONCEPT 

The third  rule of good kinematic  manipulator  design s ta tes  t h a t  
" the  las t   three degrees of freedom of the 
manipulator  shall be as  close  as  possible t o  
the  terminus  (end-effector) and shall have 
mutually  perpendicular  axes. 'I 

To comply with th i s   ru le  and t o  meet the  specific  design  criteria of a FFTS 
(Free Flying Tel eoperator System) configuration which can be tested  in a TOBE 
(tel  eoperator experiment on shut t le )  program, the  concept  of TACPAW was born 
as  an application of the  three-axis system of a sphere. 
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In keeping the  center  as a fixed  pivot  point ( w i t h  the X-plane a s   i t s  
platform),  the  total freedom of motion re la t ive   to  this pivot  point can be 
observed.  (See  Figure  4a. ) T h u s ,  a1 lowing rotation  about  the Z-axis  produces 
YAW, about  the Y-axis creates PITCH, and about  the X-axis ROLLis accomplished; 
hence, three  degrees of freedom, three axes mutually  perpendicular and zero 
physical  distance between these  axes   ( this   la t ter  item provides for   s implif i -  
cation of the mathematical location of a point on the  terminus work sphere). 

The immediate question now i s  how to  implement this concept into an 
actual  piece of  hardware. To create  the YAW motion, a disc segment, which is  
solidly  attached t o  the lower arm and hence considered a fixed body, will 
a1 1 ow two hemispheres (coup1 ed together)  to  rotate about  t he i r  common ( Z )  axis 
which i s  a l s o  the  axis of the  disc.  (See  Figure 4b  . )  

1 

Another she1 1 can  be made to  move around the  init ial   sphere t o  supply the 
PITCH motion. A f la t   sur face ,  provided on each of the  hemispheres,  allows for 
linking  the two hemispheres together i n t o  a single  unit  and establishes a 
pivot  axis  for  the  pitch motion.  (See  Figure  4c.) Around t h i s  p i v o t  ( Y )  axis ,  
a body B as shown in  Figure 4 d ,  can provide  the second degree of freedom 
pitch motion. Thus the YAW (X-axis) and PITCH (Y-axis) motions a r e   a t  r i g h t  
angles  to each other and the  third  (X-axis) motion, i . e .  ROLL, can now be 
obtained  easily: a body rotating  about or within p a r t  B. 

This  concludes  the TACPAW concept, which has been fully  disclosed and i s  
patented under U.S. Patent Nr 4,068,763, issued  to  J.C.  Fletcher (NASA), 
invention by Leendert Kersten and James D.  Johnston, on January 1 7 ,  1978. 
(See a1 so Reference 1 .  ) 

'The  two hemispheres were ( l a t e r  in  the development stage) changed t o  a 
'marriage I of two  cy1 inder ha1 ves (Figure 5) .  
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DESIGN AND DEVELOPMENT OF TACPAM 

To demonstrate  the f eas ib i l i t y  of the  concept, a wooden, fu l l - s ize ,  mock- 
u p  was  made and i s  shown i n  Figure 6 .  

Issuance of Contract NAS8-31897 required  the  analysis and design of the 
prototype TACPAW. 

Task Description 
To produce and manufacture a new manipulator wrist required  the  establish- 

ment of design  cr i ter ia ,   specif icat ions and preparations  of a l l  necessary 
detail  and assembly drawings, w i t h  the added s t ipu la t ion   tha t   th i s   wr is t   sha l l  
be  made compatible w i t h  existing  manipulators ESAM and PFMA a t   t h e  Marshall 
Space Flight  Center. 

This resulted  in  the  necessity for the  following  steps  to be taken t o  
compl ete  the  task: 

1 .  design of a new drive  system,  other  than shown i n  the  patent, 
b u t  w i t h i n  the framework of the  conceptual  configuration 

2.  inclusion of tack-generators,  resolvers, and brakes w i t h i n  
the  established  configuration 

3. design  of  the w i r i n g  harnesses such, t ha t   a l l  wiring  will be 
internal whenever  and wherever possible;  this  required 
u t i l i za t ion  of the  reliable  "polytwist"  slipring  assemblies 
t o  avoid  looping for  the  reduction of noise-levels and 
elimination of line-breakage 

4. establishment o f  a simulated  mathematical model for  reference 
i n  thermal behavior 

performance Characteri  sti  cs and Requirements 
The unique  design of TACPAW shall  allow  for  the  following  characteristics 

in motion: 
a: YAW approx. - + 45' (90' total  = 1 . 6  r a d )  
b: PITCH approx. 2 90' (180' to ta l  = 3.2 rad) 
c: ROLL continuous ei ther   direct ion 
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The drive system employs a back-driveable  gear  train  (Figure 7 ) ,  allowing 
for a 20.5 N-m (15  ft-lb)  torque  delivery i n  each of the j o i n t  movements. 
W i t h i n  the 1 imits of  the  gear too th  strength,  the  anticipated maximum torque 
is  designed for  35 N-m (25  ft-1 b ) .  

Thermal analysis shows that   for   ful l   solar  exposure the u n i t  may 
exceed the  functional  parameters of the  internal components., Therefore, f u l l  
exposure i n  a fixed  position  should be avoided  through shielding or rotation 
in  space. The cold  environment i n  shadow positions  require  the  addition of 
heaters t o  s tabi l ize   the work ing  range of  component temperatures. These 
conditions  prevail  for  the  entire arm and are  therefore n o t  unique t o  the 
wrist  design o r  i ts   configuration. The hardware design and interfacing of 
parts and  components  were detailed i n  Phase I of the  investigation. 

BUILDING THE PROTOTYPE TACPAW 

A continuation of contract NAS8-31897 required  the  actual  manufacturing 
of the  previously  established  parts and  the complete assembly of a l l  components 
in a prototype of the  manipulator  wrist TACPAW. Aside from the  stock  items, 
such as  the DC torque  motors,  resolvers,  brakes,  tack  generators,  wiring 
connectors,  etc. , a l l  machined p a r t s  were produced locally  (Lincoln, Nebraska) 
by a tool and die firm. The assembly  of the  various components  and the 
fabrication of the w i r i n g  harnesses were performed by students i n  the  depart- 
ment of engineering mechanics a t  the  University of Nebraska. (See  Figures 8, 
9,  10 and 1 1 . )  

The addition of a full   rotational  sl ipring  in  the  roll  mode allows  for a 
total  of 21 terminal  leads; 10 of  which are  for  signal  transmission, 9 for  
power transmission and 2 for  the  control of the  end-effector;  see  Figure 1 2  
where i t  i s  t o  be noted that  these 21 leads  are  terminated i n  the  adapter  ring 
by  means of a polarized MDBl-21  Cannon connector. 
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A full   description  of  parts and components can be found  i n  NAS8-31897 
(August  1977) report   as  we1 1 as the November 1978 report  (Phase I I ) .  

W i t h  the unique capabil i ty  o f  producing a torque of ( a t   l e a s t )  20.5 N-m 
(1 5 f t - l b )  i n  each of the jo in t s ,   ye t  weighing  only 9 kg (20 lbs )  and 
measuring some 355 mm (14  inches), the TACPAW wrist  configuration is  
recommended f o r   a l l  sizes of remote controlled  manipulation. . 

be recognized 
capabi l i t ies  
joint-weight. 
capabi l i t ies  

The Earth-bound capabi l i t ies   are   a lso  extremely  interest ing.   I t  should 
however that  the  gravitational environment  reduces the  torque 

in  the "outward"  motions by a f ac to r   equ iva len t   t o   l i f t  the 
W i t h  the over  design  of a maximum 35 N-m (25 ft-1 b )  torque 

i n  the "outward"  motions by a fac tor   equiva len t   to   l i f t ing   the  
prostet ics ,  medical  equipment (scanner  positioning),  industrial  robotic 
applications,  high-risk or high-danger  environmental  task  performances, 
del icate  and precise placement of  assembly  components, e tc .  Some streamlining 
of the  outside  cosmetics, due to   d i f fe ren t   se lec t ion  of poly-twist 'modules i n  
the yaw-axis, i s   ea s i ly  accomplishable and will   greatly enhance the looks of 
the new wrist TACPAW. 

REFERENCE 

1 .  1975 NASA/ASEE Summer Faculty  Fellowship Research Program - Final 
Administrative  Report. B E R .  Rep. No. 199-94, U n i v .  of Alabama, 
Sept. 1975. (Available  as NASA TM X-72500.) 
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Figure 1.- NASA‘s application of the Rancho Antropomorphic  Manipulator 
(RA”Ml.2) for test  purposes as a  Space A r m  Manipulator ( S A M ) .  
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Figure 2.- The Rancho Antropomorphic Manipulator (RA”M12) being  evaluated 
for  space  applications. The primary  objectives of such t e s t s   a r e   fo r  
guidance and control  studies,   not work-load evaluations. 

Figure 3.- The Extendable S t i f f  Arm Manipulator (ESAM) being  tested a t  
Marshall Space Flight  Center. The wrist joint  provides  only  Pitch 
and R o l l  where the shoulder must provide  the Yaw motion. 
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I 

a. The t r i p l e   a x i s  

/ _"" 

1- 

concept .  

b. Implementing the  c o n c e p t   t o   e s t a b l i s h  yaw motion 
abou t   t he  Z - a x i s .  

F igure  4.- The tr iple axis concept  and i ts  implementation. 
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c.   Providing  the  pi tch  motion  about   the  Y-axis .  

w 

d.  Completing  the  concept by c r e a t i n g  a cont inuous   ro l l   mot ion  
about  the  X-axis.  

F igure  4. - Concluded. 
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Figure  5.- The evo lu t ion  f r o m  sphe r i ca l   shape  t o  t h e  more  volumous 
d o u b l e   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 

Figure  6.- A concept  mock-up of TACPAW t o   i l l u s t r a t e   f e a s i b i l i t y .  

121 



Figure  7.- The back-d r iveab le   gea r   t r a in  (1OO:l reduct ion)   p roduces  
a 20.5 N-m t o r q u e ,   w h i l e   p r e l o a d i n g   i n   b o t h   r o t a t i o n a l   d i r e c t i o n s  
enables  a nea r   ze ro   back la sh .  
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Figure  8.- Major  components  of t he   p r imary  embodiment for   comple te  
yaw and p a r t i a l   p i t c h   m o t i o n .  



c 

Figure  9.- The assembled  primary  embodiment  complete  with  wiring  harnesses.  
(The s l i p r i n g s  on i e f t  and r i g h t  and   co inc id ing   wi th   p i tch   ax is   a re  
longer   than   requi red  as a r e s u l t  of an   "of f - the-she l f"   purchase . )  

F igure  10.- Var ious   componen t s   fo r   t he   p rov i s ion   o f   p i t ch   mo t ion   p r io r  
t o  complete  assembly. The d r i v e   f o r   t h e   r o l l  is also i n   t h i s  
secondary  embodiment. 
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Figure  11.- Preassembly   par t s  of t h e   f i n a l  embodiment t o   c r e a t e  
c o n t i n u o u s   r o l l .  The l o w e r   r i g h t   c o r n e r  shows t h e  2 1  l ead  
slipring. 

Figure  12.-  The completed TACPAW (on test  s t a n d )  as d e l i v e r e d  t o  NASA NSFC. 
Note t h e  2 1  l ead   t e rmina t ion  on t h e  a d a p t e r   r i n g .  
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DESIGN AND DEVELOPMENT  OF THE QUAD REDUNDANT 
SERVOACTUATOR  FOR THE SPACE SHUTTLE SOLID ROCKET BOOSTER 

THRUST VECTOR CONTROL 

Jamas M. Lominiick 
Marsha l l   Space   F l igh t   Center  

SUMMARY 

The i n t e n t  of t h i s   p a p e r  is  t o   d e s c r i b e   t h e   d e s i g n   o f   t h e   s e r v o a c t u a t o r  
used   for   th rus t   vec tor   cont ro l   o f   the   Space   Shut t le   Sol id   Rocket   Boos ter .  To 
accompl i sh   t h i s ,  a d e s c r i p t i o n  of t h e   d e s i g n  and theory   o f   opera t ion  i s  accom- 
panied by h ighl ights   f rom  the   deve lopment   and   qua l i f ica t ion  test programs. 
S p e c i f i c   d e t a i l s  are presented  concerning  major   anomalies   that   occurred  during 
t h e  t es t  programs  and  the  correct ive  courses  of ac t ion   pursued .  

INTRODUCTION 

The National  Aeronautics  and  Space  Administration  (NASA)/Marshall  Space 
F l igh t   Cen te r  (MSFC) i n   H u n t s v i l l e ,  Alabama,   has   had   respons ib i l i ty   for   the  
des ign ,   deve lopmen t ,   f l i gh t   qua l i f i ca t ion   t e s t ing   and   p rocuremen t   o f   t h rus t  
v e c t o r   c o n t r o l  (TVC) s e r v o a c t u a t o r s   f o r  many l a rge   space   veh ic l e s .   These   app l i -  
ca t ions   inc luded  a l l  s t ages   o f   t he   Sa tu rn  I,  I B ,  and V vehiciles,  Space  S h u t t l e  
Main Engine (SSME) ground tests, and the   Space   Shut t le   Sol id   Rocket   Boos ter  
(SRB) . 

With the   Space   Shut t le  came t h e   f i r s t  demand f o r  a TVC s e r v o a c t u a t o r   w i t h  
some degree of  redundancy. A three-channel   vers ion w a s  deve loped   for   the  SSME 
TVC ground t e s t ing .   Th i s   des ign   posses sed   s e rvova lve   bypass   capab i l i t y   and  a 
r e t u r n   t o   n u l l  mechanism. Out  of t h i s   c o n f i g u r a t i o n   e v o l v e d   t h e   f i n a l   d e s i g n  
f o r   t h e  SRB TVC servoac tua tor .   This   des ign   bas ica l ly   encompasses   . four   se rvo-  
va lve   channe l s   t o  create a f a i l -ope ra t e ,   f a i l -ope ra t e   r edundancy  scheme i n  
those   components   suscept ib le   to  common contamination  and e lectr ical  f a i l u r e s .  

Not on ly   d id   t he   Space   Shu t t l e  create a demand for   redundancy,  it a l s o  
demanded an   ac tua to r   des igned   fo r  a 20-mission  l ifetime.  Furthermore,   the 
v ib ra t ion   env i ronmen t   fo r   each   mi s s ion  w a s  t o   b e  more h o s t i l e   t h a n   a n y  of t h e  
s ing le-miss ion   Sa turn  series TVC se rvoac tua to r s .  Added to   t hese   r equ i r emen t s ,  
t h e  SRB TVC servoac tua tor   mus t   absorb   sp lashdown  loads   and   remain   l eakproof   in  
t h e  saltwater environment. 



DESIGN AND PERFORMANCE CRITERIA 

Ob j ect ives 

Two SRB's are a t t a c h e d   t o   t h e   S p a c e   S h u t t l e   e x t e r n a l   t a n k   t o   p r o v i d e  
p r imary   t h rus t   du r ing   t he   f l i gh t   a scen t   phase .  To p rov ide  TVC o f   t h e   b o o s t e r ,  
two s e r v o a c t u a t o r s  are a t t a c h e d   t o   t h e   o u t b o a r d   s i d e  of each  of  the SRB'S as 
shown i n   f i g u r e  1. These   ac tua tors  are mounted i n   t h e  "tilt" and  "rock"  planes 
which are a t  7i/4 r a d s  (45 deg) t o   t h e   s h u t t l e   p i t c h   a x i s .  The b a s i c   o b j e c t i v e s  
were t o   p r o v i d e   r e q u i r e d   t h r u s t   v e c t o r   g i m b a l l i n g  and rate c a p a b i l i t y   a g a i n s t  
loads  imposed  by  the SRB nozz le .   Unl ike   the   f ixed   p ivot   po in t   g imbal   bear ing  
o f   Sa tu rn   veh ic l e   eng ines ,   t he  SRB nozz le  is  a t t a c h e d   t o   t h e   S o l i d   R o c k e t  Motor 
(SRM) by a f l e x  seal gimbal  bearing  which is pro tec ted   by   an   ab la t ive   boot .  
Th i s   des ign   no t   on ly   i n t roduced   t he   complex i ty   o f   l oca t ing   t he   nozz le   p ivo t  
p o i n t ,   b u t   a l s o  imposed t h e   h i g h   r e s t r a i n i n g   t o r q u e s   c h a r a c t e r i s t i c  o f   t h e   f l e x  
seal and t h e   p r o t e c t i v e   b o o t .  A last  and  very  important   pr imary  object ive w a s  
t o   p rov ide   t he   h ighes t   deg ree   o f   r edundancy   a t t a inab le   w i th in   t he   g iven  
r e s t r a i n t s  of  weight,   envelope,  cost   and  scheduling. 

Performance  Requirements 

P h y s i c a l   s i z i n g   o f   t h e   a c t u a t o r  w a s  d i c t a t e d  by t h e   f l e x i b l e   b e a r i n g  and 
boot   nozz le   res t ra in ing   to rque .   These   loads   coupled   wi th   the   requi red   g imbal  
rates, nozz le / s t ruc ture   dynamics  and in s t a l l a t ion   geomet ry   s i zed   t he   ma in  
p i s t o n  area and bas i c   l oop   ga in   o f   t he   sys t em.  Computer s imula t ions  were used 
t o  s i z e  a dynamic pressure   feedback  (DPF) mechanism. From t h i s  mechanism, t h e  
l o a d   d i f f e r e n t i a l   p r e s s u r e  i s  sensed  and  shaped t o   s t a b i l i z e   t h e   f i r s t   r e s o n a n t  
mode of the   g imbal led   nozz le  mass and a t tach ing   compl iances .   Funct iona l ,   envi -  
ronmental   and  dynamic  requirements  pertinent  to  the SRB TVC s e r v o a c t u a t o r  
design are summarized in Tables  I, I1 and 111. 

DESCRIPTION AND OPERATION 

General 

The TVC s e r v o a c t u a t o r  i s  a f o u r   c h a n n e l   p r o p o r t i o n a l   c o n t r o l   d e v i c e   t h a t  
o p e r a t e s   n o r m a l l y   a f t e r   o n e   o r  two c h a n n e l   f a i l u r e s .   T h e s e   f a i l u r e s   o r i g i n a t e  
f r o m   t h e   d r i v e   e l e c t r o n i c s   o r   w i t h i n   t h e   s e r v o a c t u a t o r   c o n t r o l   c h a n n e l s .  
F igu re  2 shows an  assembly  drawing  of  the TVC se rvoac tua to r ,   and   f i gu re  3 shows 
the  redundant  components  and  feedback. From these   f igures   the   major   components  
can  be  located.   These  major  components are: four   se rvovalves   (convent iona l  
to rque   motor /nozz le- f lapper   f i r s t   s tage   wi th   second  s tage   spool ) ;   four   d i f fe r -  
e n t i a l   p r e s s u r e   t r a n s d u c e r s ;   f o u r   i s o l a t i o n  valves; f o u r  dynamic pressure   feed-  
back  modules;   mechanical  posit ion  feedback  mechanism; power s t age   spoo l ;  main 
p i s t o n ;   t r a n s i e n t   l o a d   r e l i e f  mechanism; hydraul ic   supply   swi tch ing  and p r e f i l -  
t r a t i o n  valve (not  shown)  and the  lock  and  manual  bypass valve (not  shown).  The 
servovalves  are a r r a n g e d   i n  a "V-4" conf igu ra t ion .   F igu re  4 shows a gene ra l  
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servoac tua tor   b lock   d iagram.   F igure  5 c o n t a i n s   t h e   s i m p l i f i e d   l i n e a r  mathemat- 
i ca l  block  diagram  with  the  four   servovalves  lumped in to   one   channe l   w i th   t he  
power valve. The parameter l ist of t a b l e  I11 t o g e t h e r   w i t h   f i g u r e  5 d e f i n e   t h e  
b a s i c   l i n e a r   m a t h e m a t i c a l  model   o f   the   se rvoac tua tor .   F igures  2 through 5 can 
be   u sed   i n   con junc t ion   w i th   t he   fo l lowing   d i scuss ion   t o   unde r s t and   t he   bas i c  
system  operat ion.  

Normal Operation 

Two pres su re   sou rces ,   p r imary   (P l )  and  secondary  (P2), are  suppl ied  f rom 
s e p a r a t e   a u x i l i a r y  power u n i t s  (APU) t o   p o r t s  on t h e  main  actuator  body. From 
t h e s e   p o r t s ,   t h e   f l u i d   e n t e r s  a d u a l   f u n c t i o n ,   t h r e e - p o s i t i o n   h y d r a u l i c   s u p p l y  
s w i t c h i n g   a n d   p r e f i l t r a t i o n  valve. Manual e x t e r n a l   p o s i t i o n i n g   t o   t h e   p r e f i l -  
t r a t i o n  mode a l lows   f l u sh ing   ac t ion   fo r   bo th   P1   and  P2 p res su re   sou rces   wh i l e  
bypass ing   the  c r i t i ca l  valve components   with  potent ia l ly   contaminated  f luid.  
In   the   normal  mode of o p e r a t i o n ,  a compress ion   sp r ing   and   d i f f e ren t i a l  area 
a l low  source   P1   (wi th   bo th  P1  and P2 p r e s e n t )   o r   s o u r c e  P2 (with P2 only  pre-  
s e n t )   t o   p a s s  on t o   t h e   s e r v o a c t u a t o r .  With  normal  supply  source  P2,  supply 

swi t ch ing  w i l l  occur when P1  drops  to  1.413 x lo7  + 1.034 x 10 N/m (2050 _+ 
150 p s i ) .  Recovery  of  source  P1 to   1 .689  x lo7 + 1.034 x 10 N / m  (2450 2 150 
p s i )  w i l l  c a u s e   t h e   v a l v e   t o   r e v e r t   t o   t h e   n o r m a l  mode of   operat ion.  

6 2 
- 
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From the   supp ly   swi t ch ing   va lve ,   h igh   p re s su re   f l u id  i s  r o u t e d   d i r e c t l y  
t o   t h e  power v a l v e  and  simultaneously  through a r e p l a c e a b l e  10 micron  (nominal) 
f i l t e r   t o   t h e   r e d u n d a n t   s e c t i o n s  of   the   se rvoac tua tor   ( se rvovalves ,  valve p res -  
s u r e   t r a n s d u c e r s ,   a n d   i s o l a t i o n   v a l v e s ) .  

F i l t e r e d   f l u i d  is s u p p l i e d   t o   t h e   f o u r   s e r v o v a l v e s ,   w h i c h  are of t h e  two- 
s tage   mechanica l   feedback   type   un i t s .  The f i r s t   s t a g e   c o n s i s t s  of a 0.226 Nm 
(2   in .   lb)   torque  motor   and a c o n v e n t i o n a l   f o u r - l e g   o r i f i c e   b r i d g e .  Two f i x e d  
o r i f i c e s  and a movable   f lapper   posi t ioned  between two nozz le s  make up t h e   o r i -  
f i c e   b r i d g e .  A c losed   cen te r   spoo l   w i th   p re s su re   f eedback   t o  a s t u b  area on 
e i the r   end   o f   t he   spoo l  make up the   second  s tage .   This   p ressure   feedback  
reduces  the  servovalve  pressure  gain  and  minimizes   force  f ight   between  valves  
as t h e y   d r i v e   t h e  power valve spool .   Second-stage  spool   posi t ion is mechan- 
i ca l ly   f ed   back   t o   t he   t o rque   mo to r   t h rough  a wire spr ing  e lement   extending 
f r o m   t h e   f l a p p e r   i n t o  a groove  on  the  spool.  The feedback  torque i s  propor- 
t i o n a l   t o   s p o o l   p o s i t i o n .  

Command i n p u t   c u r r e n t s   t o   t h e   t o r q u e   m o t o r s   c a u s e   t h e   f l a p p e r   t o   r o t a t e ,  
c r ea t ing   an   imba lance   i n   t he   o r i f i ce   b r idge .   Th i s   imba lance   p roduces  a n e t  
d r i v i n g   f o r c e  on the   s econd   s t age   spoo l   o f   each   s e rvova lve   c r ea t ing   an   ou tpu t  
d i f f e r e n t i a l   p r e s s u r e .   T h e s e   o u t p u t s  are f o r c e  summed o n   t h e   l a r g e  power spool .  
Movement of t h i s   s p o o l  meters f low  to   t he   ma in   p i s ton   and   con t ro l s   p i s ton   ve loc -  
i t y .  The  power s p o o l   p o s i t i o n  is mechanica l ly   fed   back   to   the   to rque   motors  
through wire sp r ings   ex tend ing   f rom  the   f l appe r s   t o   g rooves  on t h e  power. spoo l .  
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The l o a d   d i f f e r e n t i a l   p r e s s u r e  is deve loped   ac ross   t he   po r t s   o f   t he  power 
valve spoo l  as a func t ion   o f   ac tua to r   l oad   and   spoo l   pos i t i on .   Th i s   d i f f e r -  
e n t i a l   p r e s s u r e  i s  fed  back  through  four   dynamic  pressure  feedback  modules   to  a 
set  of   nozz les   d i rec ted   on to   the   f lappers   o f   each   se rvovalve .   These   ne tworks  
provide a f requency   sens i t ive- load  damping feedback   s igna l .  The system  remains 
s t i f f  a g a i n s t  s t a t i c  l o a d s   a n d   d i s s i p a t e s   e n e r e   c r e a t e d   b y   t h e   r e s o n a n t  fre- 
quency  of   the  nozzle   and  s t ructure .  

The.main power p i s t o n  i s  l o c a t e d   o n   t h e   a c t u a t o r   c e n t e r l i n e .  Two bear- 
i ngs ,   one   i n   t he   ac tua to r   body   and   t he   o the r   i n   t he   cy l inde r ,   gu ide   t he   p i s ton  
rod. The p i s t o n   p o s i t i o n  is sensed  mechanically by a " sc i s so r s - l i ke"  mechanism 
consis t ing  mainly  of  two elements   pinned  together   producing  four   ends.  Two ends 
o f   t he   s c i s so r s   a s sembly  are s p r i n g   l o a d e d   t o   r i d e   a n   i n t e r n a l   c o n i c a l  cam 
loca ted   w i th in   t he   p i s ton   rod .   Wi th  one  end pivoted  f rom a r i g i d   p o i n t   o n   t h e  
ac tua to r   body ,   t he   fou r th   end  becomes t h e   o u t p u t  member. Motion  of t h e   p i s t o n  
causes   the  feedback  assembly  to   open  and  c lose  causing movement  of t h e   o u t p u t  
member p ropor t iona l   t o   p i s ton   pos i t i on .   Through  a l i nkage ,   t he   ou tpu t   o f   t he  
s c i s s o r s  mechanism d r i v e s  two s p r i n g   l o a d e d   c a g e s   r e s u l t i n g   i n  a nega t ive   feed-  
back   t o rque   t o   t he   s e rvova lve   f l appe r s .  The r e s u l t  i s  p i s ton   pos i t i on   p ropor -  
t i o n a l   t o   s e r v o v a l v e   i n p u t .  

A hydrau l i c   l ock  valve l o c a t e d   i n   t h e   a c t u a t o r  body l o c k s   t h e   p i s t o n   i n  
a f i x e d   p o s i t i o n   i n   t h e   a b s e n c e   o f   h y d r a u l i c   p r e s s u r e .  When sys tem  pressure  

exceeds 4.14 x 10 N / m  (600   p s i ) ,  a sp r ing   l oaded   spoo l  moves a l l o w i n g   f l u i d   t o  
pass   f rom  the power valve ou tpu t   po r t s   t h rough   t he   l ock  valve t o   t h e   p i s t o n .  

6 2  

To absorb   the  water impact   loads  during  splashdown,  a l a r g e   t r a n s i e n t  
l o a d   r e l i e f   v a l v e  i s  loca ted   wi th in   the   p i s ton   assembly .   This  valve senses   t he  
t rans ien t   load   pressure   across   the   p i s ton   and   opens   to   bypass   f low  through  the  

p i s t o n  when t h e   l o a d   d i f f e r e n t i a l   p r e s s u r e   t r a n s i e n t   e x c e e d s  2.48 x 10 N / m  
(3600 p s i ) .  The v a l v e   h a s   a n   i n t e g r a t i n g  mechanism inco rpora t ed   t o   p reven t  open- 

the  a t taching  s t ructure/SRB  nozzle   f rom  splashdown  loads.  

7 2  

* i n g   f o r  s t a t i c  o r  low  f requency   loads .   This   device   p ro tec ts   the   ac tua tor   and  

Also l o c a t e d   w i t h i n   t h e   a c t u a t o r  are two mon i to r ing   dev ices ,   t he   p i s ton  
pos i t i on   and   l oad   p re s su re   t r ansduce r s .  The s c i s s o r s  mechanism moves t h e   f r e e  
end  of a c a n t i l e v e r e d  beam ins t rumen ted   w i th   s t r a in   gages   t o   conve r t   p i s ton  
p o s i t i o n   i n t o  a p r o p o r t i o n a l   o u t p u t .  The l o a d   p r e s s u r e   t r a n s d u c e r   s e n s e s   t h e  
d i f f e r e n t i a l   p r e s s u r e   o u t p u t   o f   t h e  power va lve .  

Redundancy Management 

The primary  purpose  of  redundancy  within  the SRB TVC s e r v o a c t u a t o r  i s  t o  
e l i m i n a t e   c a t a s t r o p h i c   a c t u a t o r   b e h a v i o r   r e s u l t i n g   f r o m   i n - l i n e   c o n t r o l  com- 
ponent   fa i lures .   Inc luded  are f a i l u r e s   w i t h i n   t h e   c o m p u t e r ,   c o n t r o l   e l e c t r o n -  
ics and  the  servoactuator   redundant   components .   Not   included are f a i l u r e s  of 
simplex  servoactuator  components  for  which  redundancy w a s  no t   p rac t i ca l .   These  
i n c l u d e   t h e  power valve,   main  pis ton,   mechanical   posi t ion  feedback  mechanism 
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a n d   t h e   t r a n s i e n t   l o a d   r e l i e f  valve. Such  components w e r e  t h e r e f o r e   d e s i g n e d  
f o r  optimum r e l i a b i l i t y .  These  simplex  components u t i l i z e   l a r g e   d r i v i n g   f o r c e s  
and  from  past   experience  have a record   o f   p roven   re l iab i l i ty .   In   the   redundant  
c o n t r o l  components, t h e   s e r v o a c t u a t o r   c a n   t o l e r a t e  two f a i l u r e s   w i t h   n o   s i g n i f -  
i can t   degrada t ion   in   per formance .  

A c t u a t o r   f a i l u r e s  are g e n e r a l l y   t h e   r e s u l t s  of f lu id   contaminat ion   which  
c a u s e s   r e s t r i c t e d   o r i f i c e s   a n d / o r   e x c e s s i v e   s p o o l   s t i c t i o n .  To execu te   t he  
r e d u n d a n t   c a p a b i l i t i e s   o f   t h e   s e r v o a c t u a t o r ,   d i f f e r e n t i a l   p r e s s u r e   t r a n s d u c e r s  
are used i n   c o n j u n c t i o n   w i t h  a remote  computer,  the  Ascent  Thrust  Vector Con- 
t r o l l e r  (ATVC), t o   d e t e c t   a n d   i s o l a t e   o f f e n d i n g   s e r v o v a l v e s .  The t r a n s d u c e r s  
s e n s e   t h e   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   o u t p u t   p o r t s   o f   e a c h   s e r v o v a l v e .  
B a s i c a l l y ,   t h e   t r a n s d u c e r  i s  a s p r i n g   c e n t e r e d   p i s t o n   w i t h  a Linear   Var iab le  
Di f f e ren t i a l   T rans fo rmer  (LVDT) c o i l  moun ted   concen t r i c   t o   t he   p i s ton .  The 
p i s t o n   d r i v e s   t h e  LVDT probe   to   p roduce   an   ou tput   vo l tage   p ropor t iona l   to   the  
d i f f e r e n t i a l   p r e s s u r e .  

E x t e r n a l   t o   t h e   s e r v o a c t u a t o r ,   t h e  ATVC mon i to r s   t he   s igna l s   f rom  these  
t r ansduce r s .  Here, t h e   ' ' f a i l u r e   d e t e c t i o n ,   i s o l a t i o n  and  recovery" (FDIR) l o g i c  
de t e rmines   t he   s t a tus   o f   t he   i nd iv idua l   s e rvova lves .   I f   t he   ou tpu t   p re s su re  

of a given  servovalve  exceeds  1.52 x lo7  +_ 1 . 3 8  x 10 N/m (2200  2200  psi)  a 
timer is s t a r t e d .   S h o u l d   t h e   d i f f e r e n t i a l   p r e s s u r e   r e m a i n   a b o v e   t h i s  level f o r  
120 m s ,  t h a t   p a r t i c u l a r   c h a n n e l  i s  i s o l a t e d  f rom  the   sys tem  by   te rmina t ing   the  
ou tpu t  of the   se rvovalve .  To accompl i sh   i so l a t ion ,  a so l eno id   ope ra t ed   i so l a -  
t i o n  valve ( o n e   p e r   c h a n n e l )   i n t e r n a l   t o   t h e   s e r v o a c t u a t o r  i s  u t i l i z e d .  Ener- 
g i z i n g   t h e   s o l e n o i d   r e s u l t s   i n   t h e   a p p l i c a t i o n   o f   s y s t e m   p r e s s u r e   t o   t h e   e n d  
of a sprhng  loaded  spool.  The s p o o l  i s  d r iven  t o  a pos i t ion   which   b locks   the  
se rvova lve   ou tpu t   p re s su re   f rom  one   s ide  of the   se rvovalve   and   connec ts   the  
o t h e r   s i d e   t o   b o t h   p o r t s  on t h e  power va lve   normal ly   d r iven  by the   s e rvova lve  
i n   q u e s t i o n .  Thus,   control  of t he   o f f end ing   s e rvova lve   and   fo rce   f i gh t  among 
v a l v e s  a re  e l imina ted .  

6 2  

DEVELOPMENT AND QUALIFICATION  TEST PROGRAM 

Development t e s t i n g  of t h e  SRB TVC s e r v o a c t u a t o r  w a s  accompl ished   jo in t ly  
by the  servoactuator   vendor   and MSFC.  To ve r i fy   t he   des ign   approach ,  a two- 
phase  development test  program w a s  devised  and  conducted a t  t h e   f a c i l i t i e s  of 
the   vendor .   Phase   one   cons is ted   o f   component   and   subassembly   tes t ing   to   ver i fy  
performance, l i f e  and r e l i a b i l i t y .  The  components  and  subassemblies  undergoing 
the  vendor  conducted  development tests were: 4 se rvova lves ;  8 DPF modules; 1 2  
s e r v o v a l v e   d i f f e r e n t i a l   p r e s s u r e   t r a n s d u c e r s ;   h y d r a u l i c   s u p p l y   s w i t c h i n g  valve; 
hydrau l i c   l ock  valve; 4 s o l e n o i d   i s o l a t i o n  valve a s s e m b l i e s ;   t r a n s i e n t   l o a d  
r e l i e f   v a l v e ;   a n d   t h e  power valve assembly.  These  elements were s u b j e c t e d   t o  
the   l i fe ,   envi ronmenta l ,   func t iona l   and   per formance  cr i ter ia  of MSFC document 
16A03000 (SFU3 TVC Electro-Hydraulic  Servoactuator  Design  and  Procurement  Spec- 
i f i ca t ion ) .   Pe r fo rmance  w a s  v e r i f i e d  by de termining   pressure   ga ins ,   feedback  
l o o p   g a i n s ,   s t a b i l i t y ,   f r i c t i o n  levels, l i n e a r i t y ,   n u l l   s h i f t s ,   p r e s s u r e   s w i t c h -  
i n g  levels and  leakage.  Phase two ver i f ied   the   per formance   of  a complete 
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servoactuator   assembly,   the   development  test uni t .   Al though  representa t ive   o f  
t h e   d e l i v e r a b l e   a c t u a t o r ' s   f u n c t i o n a l   d e s i g n ,   t h e   d e v e l o p m e n t  test u n i t   f a b r i -  
c a t i o n  was n o t   r e s t r i c t e d   t o   p r o d u c t i o n   u n i t   t o o l i n g ,   m e t h o d s   o r  NASA q u a l i t y  
c o n t r o l .  Two o b j e c t i v e s  were met with  the  development  test u n i t .   F i r s t ,   t h e  
design  approach w a s  p roven   t o  meet the   func t iona l   and   per formance   requi rements  
of 16A03000; and  second,  an  acceptance test procedure (Moog r e p o r t  MR A-2237) 
appl icable   to   p roduct ion   hardware  w a s  developed. 

The f i r s t   p r o d u c t i o n   u n i t   o f   f l i g h t   c o n f i g u r a t i o n  w a s  t h e   e n g i n e e r i n g  
test u n i t  (S/N 001). Th i s   s e rvoac tua to r  w a s  d e l i v e r e d   t o  MSFC and w a s  sub jec t ed  
t o  a " p r e q u a l i f i c a t i o n "  tes t  program.  The tests c e n t e r e d   a r o u n d   t h e   v i b r a t i o n  
environment  imposed  by 16A03000. Previously,   no  complete  SRB s e r v o a c t u a t o r  had 
b e e n   s u b j e c t e d   t o   t h e s e   v i b r a t i o n   r e q u i r e m e n t s   ( s e e   T a b l e   1 1 ) .  The eng inee r ing  
test u n i t  w a s  p e r i o d i c a l l y  removed t o   t h e  dynamic i n e r t i a   s i m u l a t o r  and  load- 
flow test bench a t  MSFC t o   v e r i f y   t h a t   p e r f o r m a n c e  cr i ter ia  were maintained as 
s p e c i f i e d .  The  purpose  of   this  test program w a s  t o   d e t e c t  and  modify  any  defi- 
c ient   e lements   and  thus  minimize  problems  with  the  formal   qual i f icat ion test 
program t o   f o l l o w .  

Two s e r v o a c t u a t o r s  (S/N's 005  and 008) were des igna ted   t o   unde rgo   t he  
f o r m a l   q u a l i f i c a t i o n  test program as s p e c i f i e d   i n  MSFC's "SRB TVC In-House 
Q u a l i f i c a t i o n  Test Procedure' '  (MSFC document MTCP-CC-SRB-529). A t  p r e s e n t   t h e s e  
tests s imula t ing  20 missions are approximately 5 percent   complete .  

Ano the r   e f fo r t ,   wh ich   began   p r io r   t o   and   runs   pa ra l l e l   w i th   t he   t hese  
tests, ve r i f i e s   pe r fo rmance   o f   t he   s e rvoac tua to r   w i th  a h o t   f i r e d  APU. These 
tests are being  conducted a t  t h e  MSFC v e r i f i c a t i o n  test  s t a n d .   I n i t i a l l y ,  
t h e s e  tests were conducted  without  an active ATVC t o   v e r i f y   c o m p a t i b i l i t y  of 
t h e  APU and   t he   s e rvoac tua to r .   Cur ren t ly ,   t hese  tests are u t i l i z i n g   a n  active 
ATVC, wh ich   i n t eg ra t e s   t he  APU a n d   s e r v o a c t u a t o r   w i t h   t h e   f a i l u r e   d e t e c t i o n ,  
i d o l a t i o n  and   r ecove ry   l og ic   i n   t he  ATVC. The o b j e c t i v e   o f   t h e s e  tests is  t o  
ve r i fy   t he   t o t a l   sys t em  pe r fo rmance .  

A t  Thiokol 's   Wasatch  Divis ion,   the  SRB motor w a s  s t a t i c  test f i r e d   i n   t h e  
horizontal   posi t ion.   Four   development  SRM's (DM1 through DM4) and t h r e e   q u a l i -  
f i c a t i o n  SRM's (QM1 through QM3) were t o   b e   t e s t e d .  A l l  test  SRM's have  been 
f i r e d  as of mid February  1980. Two s e r v o a c t u a t o r s  (S /N 's  006 and 007) were used 
f o r  DM3 through QM3. SRB s e r v o a c t u a t o r s  were n o t   a v a i l a b l e   f o r   t h e  DM1 and DM2 
f i r i n g s .  A test plan  for  each  development  motor s ta t ic  test w a s  j o i n t l y   a g r e e d  
upon  by t h e  SRB vendor  and MSFC. Each test  p l an   f ea tu red   un ique  and e x t e n s i v e  
test d u t y   c y c l e s   f o r   b o t h   t h e  t i l t  and  rock  actuators .   Various  ampli tudes  of  
s i n e  wave, ramp and s t e p  commands were i n p u t   t o   t h e   s e r v o a c t u a t o r s .  A frequency 
response   for   each  s ta t ic  f i r i n g  test w a s  conducted  on  the t i l t  s e r v o a c t u a t o r ,  
spanning  the  frequency  range  from 0.2 t o  20 Hz a t  an  ampli tude of +6 percent   o f  
t o t a l   s t r o k e .  The commands were d e l i v e r e d   t o   t h e   s e r v o a c t u a t o r   t h r o u g h   t h e  ATVC, 
however, t h e  FDIR l o g i c  w a s  no t  active. These s t a t i c   f i r i n g  tests enabled test- 
i n g  of t he   s e rvoac tua to r   w i th   t he   f l i gh t   t ype   ma t ing   s t ruc tu res .   Thus ,   fo r   t he  
f i r s t  time t h e   f i r s t  mode r e sonance   o f   t he   f l i gh t   t ype  SRB nozz le   and   a t tach ing  
s t r u c t u r e  w a s  de te rmined .   For   the   f ina l  SRB S t a t i c  T e s t  (QM-3), a small 
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hydraul ic   accumulator  w a s  i n s t a l l e d   i n   t h e  Rock Servoac tua tor   f lu id   supply  
l i n e .  The frequency  response  normally  conducted  on  the tilt system w a s  con- 
duc ted   on   the  Rock Se rvoac tua to r .  The e f fec ts   o f   the   accumula tor   on   the  pump 
a n d   h y d r a u l i c   l i n e  modes observed  on  pr ior  tests were i n v e s t i g a t e d .  

DEVELOPMENT AND QUALIFICATION  PROBLEMS 

General 

I n   g e n e r a l ,   t h e  SRB TVC servoac tua tor   deve lopment   and   qua l i f ica t ion   pro-  
g rams   have   been   r e l a t ive ly   t roub le   f r ee .  The pr ior   development  of t h e  SSME TVC 
ground test se rvoac tua to r   by   t he  same vendor  and MSFC are main ly   respons ib le .  
Although  the SSME ground test  se rvoac tua to r   u sed   t h ree   con t ro l   channe l s ,  many 
of t h e  components  shared common des igns .  

Most problems were of a r o u t i n e   n a t u r e  and r equ i r ed   min ima l   e f fo r t s   t o  
analyze  and  implement  corrective  action.  Such  problem areas inc lude :   excess ive  
spoo l   f r i c t ion ;   imprope r   f r equency   r e sponse ;   mee t ing   t he   r equ i r ed   l i nea r i ty  and 
ga in   c r i t e r i a ;   ad jus tmen t   o f   f eedback   ga ins ;   and   ex te rna l   and   i n t e rna l   l eakage  
and seal  problems.  These  problems are of a r e l a t i v e l y  t r i v i a l  n a t u r e  and w i l l  
no t   be   dea l t   w i th .  The i n t e n t  of t h i s   s e c t i o n  i s  to   add res s   t he   t h ree   mos t  
s ign i f icant   anomal ies   encountered   dur ing   the   deve lopment   and   qua l i f ica t ion   pro-  
grams.  These three  problem areas were deemed "most s ign i f i can t "   because   o f   t he  
l e v e l  of  concern  and e f fo r t   devo ted   t o   t he   p rob lems '   na tu res ,   ana lyses  and 
s o l u t i o n s .  

End of S t r o k e   I n s t a b i l i t y  

A major  problem w a s  d e t e c t e d   d u r i n g   t e s t i n g  of the  development test u n i t .  
A considerable  vendor  and NASA e f f o r t  w a s  expended to   de te rmine   the   p roblem 
roo t   cause  and  recommended cour se   o f   ac t ion .  

Simply s t a t e d ,  a c h a t t e r i n g   o r   o s c i l l a t i o n  a t  a frequency  of 45 Hz w a s  
observed as t h e   p i s t o n  w a s  moved i n t o   o r   o u t   o f   t h e   s t r o k e   e x t r e m i t i e s .  The 
o s c i l l a t i o n s   o c c u r r e d   d u r i n g   o p e r a t i o n a l  modes only when t h e   p i s t o n  came w i t h i n  

5 .1  x  10-4m (0.02 in . )   o f   the   end   of   s t roke   (ex tend   or  retract d i r e c t i o n )   a n d  
physical ly   bot tomed on t h e   c y l i n d e r   e n d .  The resu l tan t   response   o f   the   se rvo-  
a c t u a t o r   o u t p u t   d i f f e r e n t i a l   p r e s s u r e  w a s  a 45 Hz squa re  wave wi th   ampl i tude  
vary ing   f rom  zero   to   fu l l   sys tem  pressure .   Super imposed  upon t h i s   b a s i c  wave 
w a s  a higher   f requency (1000 Hz) r e s u l t i n g  from  the  l ine  dynamics  of several 
o i l   s u p p l y i n g   p a s s a g e s .   D r i v i n g   t h e   p i s t o n   h a r d e r   i n t o   t h e   s t o p s   c a u s e d   t h e  
o s c i l l a t i o n   t o  cease. The o s c i l l a t i o n   o c c u r r e d   a l s o   i n  a nonopera t iona l  mode 
when t h e   a c t u a t o r  w a s  p re s su r i zed   w i th   t he   mid - s t roke   l ocks   i n s t a l l ed .   Th i s  
l o c k  i s  an   ex te rna l   sh ipp ing   and   hand l ing   dev ice   t ha t   mechan ica l ly   ho lds   t he  
p i s t o n   i n   t h e   n u l l   p o s i t i o n .   S i n c e   t h e   m i d - s t r o k e   l o c k s  are always  removed 
fo r   ope ra t ion ,   t h i s   cond i t ion   posed   no   p rob lem.  

I". ___ 
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The development test unit w a s  i n s t r u m e n t e d   w i t h   p r e s s u r e   t r a n s d u c e r s   i n  
a l l  areas where   p ressure   t rans ien ts   could   be   p roduced   by  the o s c i l l a t i o n s .  
High   pressure   sp ikes  were d e t e c t e d  a t  the  ends  of  several long, small passage- 
ways t e r m i n a t i n g   w i t h  small re s t r i c t ions .   H igh   f r equency   sp ikes  were recorded 

i n   e x c e s s  of 6.895 x 10 N/m (10,000 p s i ) .  To e l i m i n a t e  these s p i k e s ,   o r i f i c e s  
were i n s t a l l e d   i n   t h e   l i n e s   o f   t h e   f o u r   s e r v o v a l v e s   a n d   m a i n   c y l i n d e r   d i f f e r -  
e n t i a l   p r e s s u r e   t r a n s d u c e r s .  

7 2  

An inherent   high  loop  gain  around  the  dynamic  pressure  feedback loop a t  
the end of s t r o k e  w a s  d e t e r m i n e d   t o   b e   t h e   r o o t   c a u s e   o f   t h e   o s c i l l a t i o n s .  The 
g a i n   o f   t h i s   l o o p   i n c l u d e s   t h e   a c t u a t o r - o i l   s t i f f n e s s  as w e l l  as the  dynamics 
o f   t he  DPF mechanism,  servovalves  and  power valve. F i g u r e  5 shows the   s imp l i -  
f ied   l inear   b lock   d iagram  of   the   nominal   se rvoac tua tor   wi th  a l l  four   se rvovalves  
lumped in to   one   channel .   Table  I11 def ines   t he   a s soc ia t ed   pa rame te r s .  When 
o p e r a t i n g   n o r m a l l y ,   t h e   a c t u a t o r   p i s t o n  ac t s  as a n e a r   i d e a l   i n t e g r a t e r ,  con- 
v e r t i n g  power v a l v e   f l o w   i n t o   p i s t o n   p o s i t i o n .  When t h e   p i s t o n   p h y s i c a l l y  
bo t toms   aga ins t   t he   cy l inde r   end ,   t he   e r ro r   s igna l   f rom  the   p i s ton   pos i t i on  
feedback i s  d r i v e n   t o   z e r o .  Under t h e s e   c o n d i t i o n s ,   f i g u r e  6 becomes the   r ep re -  
sen ta t ive   b lock   d iagram  of   the   sys tem.  The d i f f e r e n t i a l   p r e s s u r e   o u t p u t  of t h e  
p i s t o n   t h e n  becomes a f u n c t i o n   d i r e c t l y  of   the   f lu id   bu lk   modulus  (B ) and 

i n d i r e c t l y  of t h e   l i n e  volume (V ) from t h e  power v a l v e   t o   t h e   a c t u a t o r   c y l i n -  

d e r .  The q u a n t i t y  "B /Volt = 7.384 x 10l2 N/m /m (17,550 p s i / i n .  ) r e s u l t i n g   i n  

a n  open  loop  gain of 493 sec f o r   f i g u r e  6 .  This   ga in  i s  more   than   suf f ic ien t  
t o   d r i v e   t h e   l o o p   u n s t a b l e .  

0 

0 2 3  3 
0 -1 

S e v e r a l   f a c t o r s   c o n t r i b u t e   t o   t h i s   i n s t a b i l i t y .   T h e s e  are the   h igh  f l o w  
g a i n  of t h e   t o t a l  valve as sembly ,   r e l a t ive ly   h igh  DPF loop   ga in   and   the   f re -  
quency   response   o f   the   th ree   s tage  valve c o n f i g u r a t i o n .  A t  t he   h igh   ga in  
encountered a t  t h e  end  of s t roke ,   the   se rvovalve   dynamics  are not   adequate   to  
ma in ta in   s t ab i l i t y .   Th i s   p rob lem w a s  never  encountered on the   Sa tu rn   veh ic l e s '  
s e rvoac tua to r s .   Th i s  i s  a t t r i b u t e d   t o  more common use of  two s tage   se rvovalves  
and  lower DPF ga ins  on t h e   S a t u r n   v e h i c l e s .  

Attempts were made t o   i n t r o d u c e  damping  by  adding  piston  bypass  flow a t  
t h e  end  of   s t roke.  The la rge   f low  quant i ty   requi red ,   combined   wi th   the  com- 
p l e x i c y   a n d   r e d u c e d   o v e r a l l   r e l i a b i l i t y ,  made th i s   approach   unacceptab le .  
Because  of t h e   m o d i f i c a t i o n   d i f f i c u l t i e s   e n c o u n t e r e d ,  tests were conducted a t  
MSFC t o   e s t a b l i s h   t h e   e f f e c t s   o f   t h e   o s c i l l a t i o n  on t h e  SRB and a s s o c i a t e d  
s t ruc tu re .   These  tests v e r i f i e d   n o   d e t r i m e n t a l   e f f e c t s  were imposed  by t h e  
o s c i l l a t i o n s  upon t h e  SRB, t h e   a t t a c h i n g   s t r u c t u r e   a n d   t h e   a c t u a t o r   i t s e l f .  A t  
t h e   v e n d o r ' s   f a c i l i t y   t h e   s e r v o a c t u a t o r  w a s  c y c l e d   i n  and  out  of  the  ends of 
s t r o k e   f o r  two hours   with  no  detectable   change  ; . in   performance.  

Because  of t h e   d i s c r e t e   o c c u r r e n c e   o f   t h e   o s c i l l a t i o n   w i t h i n   t h e  last  5.1 

x m (0 .02  i n . )  of t he   end   o f   s t roke   and   t he   ben ign   de t r imen ta l   e f f ec t s ,  a 
r edes ign   o f   t he   s e rvoac tua to r  was n o t   j u s t i f i e d .  A m o d i f i c a t i o n   t o   t h e   f l i g h t  
ATVC w i l l  limit c u r r e n t  commands t o   t h e   s e r v o v a l v e s   s u c h   t h a t   t h e   s e r v o a c t u a t o r  
w i l l  n o t   b e   d r i v e n   i n t o   t h e  end  of  stroke.  
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Posi t ion  Feedback Cam F a i l u r e  

D u r i n g   p r e q u a l i f i c a t i o n   v i b r a t i o n   t e s t i n g  on t h e   e n g i n e e r i n g  test u n i t  
(S/N 001) a t  MSFC, a f a i l u r e  of t he   p i s ton   pos i t i on   f eedback  c a m  occurred. 
When t h e   f a i l u r e   o c c u r r e d ,   t h e   s e r v o a c t u a t o r  w a s  undergoing  the  boost  random' 
v i b r a t i o n   i n p u t   t o   t h e   r o d   ( n o z z l e )  end  of t h e   l o n g i t u d i n a l  axis. The c a m  f r a c -  
t u r e d   a r o u n d   t h e   t o t a l   p e r i p h e r y  a t  t h e  small end   of   the   conica l   sec t ion   where  
t h e  cond  blends  into  the  end  f lange.  A c r o s s   s e c t i o n  of t h e  cam is  shown i n  
f i g u r e  2. A new c a m  was instrumented w i t h  s t r a i n   g a g e s  and  accelerometers  and 
i n s t a l l e d   i n t o   t h e   s e r v o a c t u a t o r .  

U s i n g   t h e   d a t a   c o l l e c t e d   i n   s u b s e q u e n t  tests, a f a t i g u e   f a i l u r e   a n a l y s i s  
w a s  performed  by MSFC. p:ersonnel. A f in i t e   e l emen t   mode l  w a s  u t i l i z e d   a n d  showed 

a maximum stress of 3.158 x 10 N/m (4580 p s i )  on t h e   i n n e r   r a d i u s   o f   t h e  cam. 
The stresses were shown t o   b e  low away from t h e   r a d i u s .  The f a i l e d  cam w a s  
made from 6061 aluminum  which w a s  hard  anodized. The S-N d i ag rams   fo r   t h i s  
material showed t h a t   t h e   f a t i g u e   s t r e n g t h  w a s  reduced  approximately 40 percen t  
by  anodizing. T e s t  d a t a  showed the  cam/support   to   have a high Q r e sonan t   f r e -  
quency  of 1400 Hz. Th i s  mode, c o u p l e d   w i t h   t h e   r e d u c t i o n   i n   t h e   f a t i g u e   c h a r -  
acterist ics of t h e  material, w a s  shown t o   r e s u l t   i n  a f a t i g u e   f a i l u r e   o f   t h e  
cam. 

.2 

An a n a l y s i s   b y  MSFC'S Materials and  Processes  Laboratory w a s  made of   the 
fa i led   par t .   Examinat ion  of t h e   f r a c t u r e   s u r f a c e  showed tha t   contac t   be tween 
f r a c t u r e   h a l v e s   o c c u r r e d   d u r i n g   l o n g i t u d i n a l   o s c i l l a t i n g   a p p l i e d  stress. A 
m e t a l l u r g i c a l   c r o s s   s e c t i o n   o f   t h e  cam f r a c t u r e  showed t h a t   i n i t i a t i o n   p r o b -  
ab13   occur red   i n   t he   ha rd   anod ize  a t  the   i nne r   r ad ius   mach ined   t r ans i t i on   po in t  
between  the cam cone  and  end. The f rac ture   then   propogated   th rough  the   paren t  
metal. S u s c e p t i b i l i t y  of t h i s  material a n d   c o n f i g u r a t i o n   t o   f a t i g u e   i n d u c e d  
f a i l u r e  w a s  fu r the r   exempl i f i ed   by   t he   p re sence   o f   mu l t ip l e   l ong i tud ina l   c r acks  
i n   t h e   h a r d   a n o d i z e .  It w a s  recommended t h a t   t h e  material be  changed t o  a h igh  
s t r e n g t h  material such as A-286 s t a i n l e s s  steel. 

The cam w a s  redes igned   us ing  A-286 s t a i n l e s s  steel  wi th   o the r   mod i f i ca -  
t i ons .   Re ta in ing   gu ides  were added t o   p r e v e n t   t h e  small s e c t i o n   f r o m   s i g n i f i -  
c a n t  movment should a f a i lu re   occu r .   Secondary   r e t en t ion  w a s  a l s o  implemented 
t o   h o l d   t h e  cam i n   t h e   p i s t o n .  The new cam design w a s  t h e n   t e s t e d   t o   t h e  
v i b r a t i o n  cr i ter ia  with  no  problems  encountered. 

S e r v o v a l v e   D i f f e r e n t i a l   P r e s s u r e   D r i f t  

The SRB s ta t ic  test f i r i n g s  a t  Thiokol ' s   Wasa tch   Div is ion   fac i l i ty   iden-  
t i f i d d  a s e r v o v a l v e   d i f f e r e n t i a l   p r e s s u r e   d r i f t  phenomenon not  observed  on 
previous tests. The problem was d e t e c t e d  on t h e  DM-3 s ta t ic  test ar t ic le ,  t h e  
f i r s t  SRB development  motor f i r i n g   w i t h   f l i g h t   c o n f i g u r a t i o n  TVC s e r v o a c t u a t o r s  
i n s t a l l e d .  The o u t p u t   n u l l   d i f f e r e n t i a l   p r e s s u r e s  of a l l  s e r v o v a l v e s   d r i f t e d  
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w i t h  t i m e ,  s t a r t i n g  a t  n e a r   z e r o   a n d   i n c r e a s i n g   t o   t h e   4 . 1  x lo6 - 5.5 x 10 6 

N/m (600-800 psi)   range  toward  the  end  of   the 120 sec d u r a t i o n   f i r i n g s .  
R e f e r r i n g   t o   t h e   l a y o u t   o f   f i g u r e  3 ,  v a l v e s  "A" and "C" d r i f t e d   w i t h  a p o s i t i v e  
p o l a r i t y   w h i l e  valves "B" and "D" d r i f t e d   w i t h  a n e g a t i v e   p o l a r i t y .  

2 

Af t e r   obse rvance   o f   t h i s  phenomenon, review of p rev ious  tests from  the 
v e r i f i c a t i o n  test s t a n d  a t  MSFC revea led  similar behavior .  A number o f   s p e c i a l  
tests were conducted  on MSFC's i n e r t i a   s i m u l a t o r  and   f low  bench   to   a t tempt  
r e p r o d u c t i o n   o f   t h e   p r e s s u r e   d r i f t .  However, t h e s e  tests, u s i n g   t h e   f a c i l i t y  
hydrau l i c   supp ly   sou rce   w i th  a l a r g e   r e s e r v o i r ,   e x h i b i t e d   n o   p r e s s u r e   d r i f t  
w i t h  t i m e .  A f t e r  review o f   t h e   v a r i o u s  tests, it became apparent   tha t   every  
test  conducted   wi th   the  APU supply ing   hydraul ic   f lu id   p roduced  similar servo- 
valve p r e s s u r e   d r i f t s .  

The d r i f t   c h a r a c t e r i s t i c s  were analyzed  and  ver i f ied  by test and   ana lys i s  
t o   b e  a f u n c t i o n   o f   t h e  time rate of   change  of   hydraul ic   f luid  temperature .  
The ra te  of f lu id   t empera ture   change  is  d i r e c t l y   r e l a t e d   t o   t h e  power d i s s i p a -  
t i o n   i n   t h e   h y d r a u l i c   f l u i d  and t h e   t o t a l   h y d r a u l i c   f l u i d  volume. The  power 
d i s s i p a t i o n   i n   t h e   h y d r a u l i c   f l u i d  i s  a func t ion   o f   t he  commanded du ty   cyc le .  
The f l u i d  volume i n   t h e  SRB TVC system i s  approximately  26.5 liters (7 g a l ) .  
S i n c e   t h e   f l u i d  is i n   d i r e c t   c o n t a c t   w i t h   t h e  power va lve   body ,   i nc reases   i n   t he  
f l u i d   t e m p e r a t u r e   c a u s e s   t h e  aluminum  power v a l v e  body t o  expand a t  a d i f f e r e n t  
rate than  the  cage  assembly  and s teel  power spool .  The d i f f e rence   i n   expans ion  
of   the power valve body wi th   r e spec t   t o   t he   cage   a s sembly   causes   an   e r ro r   t o rque  
on t h e   f l a p p e r   a s s e m b l y .   T h i s   e r r o r   t o r q u e   r e s u l t s   i n  a pressure   ou tput   f rom 
each  of  the  servovalves.  The expansion  causes  valves A and C t o  move i n   t h e  
d i r e c t i o n   o p p o s i t e   t o  valves B and D.  Thus t h e   o u t p u t   d i f f e r e n t i a l   p r e s s u r e s  
of valves A and C d r i f t   w i t h  a p o l a r i t y   o p p o s i t e   t o   t h a t   o f  valves B and D. The 
summation o f   t h e s e   d i f f e r e n t i a l   p r e s s u r e s  w a s  a lways   zero   (wi th in   the  power 
s p o o l   f r i c t i o n   f o r c e   l e v e l s )  a t  any  given time. T h e r e f o r e ,   t h e  power spool  and 
m a i n   a c t u a t o r   p i s t o n   p o s i t i o n s  were una f fec t ed  by t h e   p r e s s u r e   d r i f t .  

S i n c e   t h e s e   d i f f e r e n t i a l   p r e s s u r e   o u t p u t s  are sensed   and   u t i l i zed  by t h e  
ATVC f o r   f a i l u r e   d e t e c t i o n  and i s o l a t i o n ,   t h e   i m p a c t  of t h e   p r e s s u r e   d r i f t  
phenomenon w a s  i n v e s t i g a t e d .  It was confirmed  by  the ATVC vendor   t ha t   t he  mag- 
n i t u d e s  and rates of t h e   p r e s s u r e   d r i f t s   o b s e r v e d  were w e l l  w i th in   des ign   t o l -  
erances.  The development  motor s t a t i c  f i r i n g  tests a n d   e x t e n s i v e   t e s t i n g  a t  
MSFC showed t h e   p r e s s u r e   d r i f t s   t o   b e   v e r y   p r e d i c t a b l e   w i t h   n o   d e t r i m e n t a l  
e f f e c t s  on system  performance.  Also,   the  servoactuator test  d u t y   c y c l e s  were 
much more severe t h a n   t h o s e   e x p e c t e d   i n   f l i g h t .   T h e r e f o r e ,  a r edes ign  w a s  n o t  
deemed necessary.  
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CONCLUDING REMARKS 

As of  January 1, 1980, t he   des ign  and  development  of  the SRB TVC servo- 
a c t u a t o r  is complete. The engineer ing  test uni t   has   undergone a 20-mission 
f l i g h t   v i b r a t i o n  test program a t  MSFC with  miniminal   redesign.  A number  of 
v e r i f i c a t i o n  tests a t  MSFC wi th   ho t - f i r ed  APU's have  been  successful ly  com-. 
pleted.   Four  SRB's equipped   wi th   f l igh t   type   se rvoac tua tors   have   been  s ta t ic  
test f i r e d   w i t h  no f a i l u r e s .  The f i n a l   q u a l i f i c a t i o n  test motor (QM-3) w a s  
test  f i r e d   i n  mid February 1980. With  the  formal   20-mission  qual i f icat ion 
test program  presently  underway, i t  appea r s   t ha t   t he   p re sen t   con f igu ra t ion  
w i l l  b e   t h e   f i n a l   f l i g h t   v e r s i o n  of t h e  SRB TVC se rvoac tua to r .  
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TABLE I. DESIGN AND PERFORMANCE'REQUIREMENTS 

O p e r a t i n g   f l u i d  

System  pressure,  N/m ( p s i )  

Burst  p re s su re ,  N/m ( p s i )  

Proof   pressure,  N/m ( p s i )  

Weight, N ( l b )  

Length a t  n u l l ,  m ( i n .  ) 

Rated   i npu t   s igna l ,  A (mA) 

Stroke ,  m ( i n . )  

P i s t o n   e f f e c t i v e  area, m (in. ) 

Moment arm, m ( i n . )  

Output   force,  maximum, N ( l b )  

Rated  load , N ( l b )  

Rate a t  raced  load,  m / s  ( i n . / s e c )  

Frequency  response: 

2 
2 

2 

2  2 

Bandpas s , Hz 
Phase   l ag  a t  1 Hz, rad  (deg) 

Load 1st mode resonant   f requency,  Hz 

I n t e r n a l   l e a k a g e ,  m / s  (gpm) 

In te rsys tem  leakage ,  m / s  (gpm) 

N u l l   s h i f t ,  A (mA) 

Hys te re s i s ,  A (rnA) 

Threshold,  A (mA) 

N u l l   b i a s ,  m ( i n . )  

Pressure   ga in :  

3 

3 

Servovalve,  N / m  /A (psi/mA) 2 

Power va lue ,  N / m  /A (psi/mA) 
2 

Temperature  operating  range, K (OF) 

Water p res su re ,  N / m  ( p s i )  

Water en t ry   p re s su re ,  N / m  ( p s i )  2 

2 

~~ ~ " ~~~~ ~~ ~ 

MIL-H-83282 

2,068 x lo7 - 2,241 x lo7 (3000-3250) 

5.602 x lo7  (8125) 

3.361 x lo7 (4875) 

1.446 X lo3 (325) 

1.346  (53) 

- + 5  x (250) 

- + 1.626 x  10-1 (+6.4) - 
2.085 x (32.32) 

1.819  (71.6) 

467,000  (105,000) 

2.818 x lo5 (63,360) 

0.151 - 0.212  (5.95-8.33) 

2.5 - 3.5 
0.349  (20) 

13.8 

1.893 X (3) 

2.145 x (0.034) 

2.37 x (2.37) 

1.15 X10-3 (1.15) 

5 x (0.5) 

1.397 x (0.055) 

3.447 x l o 9  + 8.619 x 10 
(500 + 125) 

3.448  x.10lo  (5000) 

266.5 t o  338.7  (20 t o  150) 

4.895 x lo5 ( 7 1 )  

8 
- 

- 

1.069 x lo6  (155) 
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TABLE 11. DESIGN AND TEST VIBRATION REQUIREMENTS 

Criteria 

Vehicle 
dynamics 

F l i g h t  random 

L i f t o f f  
random 

Boost 
random 

Re-entry 
random 

~ 

Input  
Source 

Nozzle 

A f t   s k i r t  

Nozzle 

Aft s k i r t  

A f t   s k i r t  

Nozzle 

A f t   s k i r t  

- ~ ~ ~~ 
~~ 

Axis 
"" ~~ 
~~ 

Radia l  
Tangent ia l  
Longi tudina l  

Radia l  
Tangent ia l  
Longi tudina l  

A l l  

Radia l  
Tangent ia l  
Longi tudina l  

Radia l  
Tangent ia l  
Longi tudina l  

Radia l  
Tangent ia l  
Longi tudina l  

Radia l  
Tangent ia l  
Longi tudinal  

Level 

3.7 g peak 
3.7 g peak 
2.4 g peak 

3.7 g peak 
3.7 g peak 
1.0 g peak 

26.5 g rms 

5.0 g rms 
6.3  g rms 
6.3 g rms 

6.1 g rms 
9.2 g r m s  
9.2 g rms 

14.7 g rms 
14.4 g rms 
14.4 g rms 

. .. 

11.2 g rms 
12.7 g rms 
12.7 g r m s  

~ ~~~~ 

Tota l   exposure  t i m e ,  
sec/axis 

~~ 

120 

150 

2640 

250 

8 80 

660 

660 



TABLE 111. SRB TVC SERVOACTUATOR PARAMETERS 

Symbol 

I C  

K~~ 

% 
5 
w 

50 

51 

52 

0 
0 

w 1 

0 2 
A 

KT 

% 
J 

B 

'6 
d 

H 

T 

K 
P 

P 

BO 

vO 

QV 

D e s c r i p t i o n  

Command i n p u t   c u r r e n t  

Torque  motor   gain 

Valve f l o w  ga in  

Valve  parameters  

Valve parameters 

Valve  parameters  

Valve  parameters  

Value parameters 

Value  parameters  

Valve  parameters  

Valve   parameters  

A c t u a t o r   p i s t o n  area 

Tota l   sys tem  compl iance  

Load compliance 

Gimballed moment of i n e r t i a  

N o z z l e   v i s c o u s   f r i c t i o n  

N o z z l e   r e s t r a i n i n g   t o r q u e   g a i n  

Moment arm 

P o s i t i o n   f e e d b a c k   g a i n  

DPF time c o n s t a n t  

DPF g a i n  

Effec t ive   bu lk   modulus  

Effective  end  volume 

Power v a i v e   f l o w  

Uni t s  

A (d) 
N-m ( i n .  -1b I d )  
m 3 /SIN-m (C i s / in . - lb )  

-1 

- 
-1 

- 
s- 
- 
- I  

m 2  ( i n  . I  
N / m  ( l b l i n . )  

N / m  ( l b / i n . )  

N - m / s 2  ( l b - in . - sec  ) 

N - m / s  ( in . - lb-sec)  

N-m/rad ( i n . - l b / r a d )  

m ( i n . )  

N-m/m ( i n . - l b / i n )  

2 

2 

S 

N-m/pascal   ( in . - lb/psi)  

2 
N / m  ( p s i )  

m3 ( i n .3 )  

m I s  (C i s )  3 

Value 

t0.05  (250) 

4.519  (0.04) 

0.212  (1460) 

0.7 

1571 

0.47  1 

310.1 

0.4 

1189.1 

0.502 

2880.1 

2.085 x (32.32) 

3.003 x lo7 (171,500) 

3.387 X lo7 (193,400) 

1.491 x lo4 (1.32 x lo5 

6.56 x l o 4  (580,590) 

3.39 x lo6 (30 x 10 6 ) 

1.819  (71.6) 

1.392  (0.313) 

0.125 

2.524 x (1.54 x 

1.034 x lo9 (150,000) 

1.4 x (8 .5)  

5.57 x (+340) 
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Figure 1.- SRB TVC servoactuator/nozzle  installation. 

SERVOVALVES  A & C 
ROTATED  INTO  SECTION 
FOR  CLARITY MECHANICAL 

FEEDBACK 
SPRING  CAGE 

SERVOVALVES B & D 
ROTATED  INTO  SECTION 
PLANE  FOR  CLARITY 

VALVE  COVER 
TRANSIENT  LOAD  RELIEF  VALVE 

MECHANICAL 

ATTACH  SCISSORS  MECHANISM 

PISTON  POSITION  INTERNAL  FEEDBACK  CAM 
ROD END 

TRANSDUCER 

Figure 2.- SFU3 TVC servoactuator  assembly. 
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Figure 3 . -  SRB TVC servoactuator redundancy and feedback mechanisms. 
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Figure 4.- SRB TVC servoactuator  simplified  block diagram. 
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Figure 5.- SRB TVC servoactuator  linear  mathematical  block  diagram. 
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A PRECISION BEARING GIMBAL SYSTEM FOR 
THE TEAL RUBY  PROGRAM 

Charles  H. Lowry, System  Project  Manager 
Teal Ruby Experiment 

Rockwel l   In te rna t iona l  
Space  Systems Group 

Sea l  Beach, C a l i f o r n i a  

SUMMARY 

The Teal Ruby Experiment  employs a p rec i s ion   bea r ing   g imba l   sys t em  tha t  
a l lows  i t  t o  stare a t  p o i n t s   o n   t h e   e a r t h   w h i l e   i n   o r b i t .   T h i s   p a p e r  
descr ibes   tha t   g imbal   sys tem  and   po in ts   ou t   p roblems  encountered ,   ana ly t ica l  
t o o l s  and test methods   used ,   and   da ta   appl icable   to   users   o f  similar systems. 

INTRODUCTION 

The Teal Ruby Experiment (TRE) is an   ea r th -o rb i t i ng   i n f r a red   s enso r .  
The TRE program i s  b e i n g   c a r r i e d   o u t  by  Rockwell   Internat ional   Corporat ion,  
Space  Systems Group.  The  program is sponsored  by  the  Defense Advanced 
Research   Pro jec ts  Agency  and  managed  by the  Department  of  the A i r  Force-- 
Headquarters,   Space  Division.  The P80-1 spacec ra f t   p rov ides  a s t a b l e   o r b i t -  
i n g   p l a t f o r m   f o r   t h e  TRE sensor .  

The ob jec t ives   o f   t he  TRE are (1)   to   demonst ra te   tha t   coopera t ive  air- 
c raf t   can   be   de tec ted   f rom space wi th   an   i n f r a red - type   s enso r ,  (2)  t o  
e s t a b l i s h  a g l o b a l   d a t a   b a s e   i n   s e v e r a l   i n f r a r e d   s p e c t r a l   b a n d s   t h a t  w i l l  
b e   u s e f u l   i n   d e f i n i n g   f u t u r e  space surve i l lance   sys tems,   and  (3 )  t o  demon- 
s t ra te ,  i n  space,   mosaic   infrared  sensor   technology.  

The TRE sensor   mosa ic   foca l   p lane   de tec ts   in f ra red   energy   rad ia ted   to  
space   f rom  the   ea r th   i n   s eve ra l   spec t r a l   bands .  The f o c a l   p l a n e   a n d   i n t e r i o r  
o p t i c s   o f   t h e   t e l e s c o p e  are  cooled   to   c ryogenic   t empera tures  by a s o l i d   c r y o -  
gen  system,  which i s  in t eg ra l   t o   t he   s enso r   a s sembly .   Three   e l ec t ron ic   boxes  
mounted  on  the P80-1 spacec ra f t   func t iona l ly   suppor t   t he   s enso r   a s sembly .  
Figure 1 shows t h e  TRE mounted  on t h e  P80-1 s p a c e c r a f t ;   f i g u r e  2 shows t h e  
sensor  equipment  arrangement. 

The TRE has  a p o i n t i n g   c a p a b i l i t y   i n   b o t h   t h e   i n - t r a c k   ( l i n e   o f   f l i g h t )  
and  cross- t rack axes of   the   sensor .  The point ing  control   system,  under  
d i r ec t ion   o f   s to red   t ime- t agged  commands, f i x e s   t h e   l i n e   o f   s i g h t   o n   a n  
e a r t h - f i x e d   p o i n t  by us ing   spacec ra f t - supp l i ed   ephemer i s ,   a t t i t ude ,   and  
angu la r  rate d a t a .  
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(GIMBALED SENSOR ASSEMBLY)  EARTH  SHIELD 

Figure 1.- Teal Ruby Experiment  mounted on P80-1 spacec ra f t   i n   s towed   pos i t i on .  

,SIGNAL 

Figure 2.- Teal Ruby Experiment. 
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In   the   nominal   " s tep-s ta re"   opera t iona l  mode, t h e   p o i n t i n g   c o n t r o l  
sys t em  d i r ec t s   t he   expe r imen t   t o  stare a t  a ground po in t  and   ho ld   tha t   po in t  
f ixed   whi le   the   g imbal   mot ion   compensa tes   for   bo th   spacecraf t   and   ear th  
motion.  This stare ope ra t ion  may be   repea ted  several times dur ing  a s i n g l e  
da t a   ga the r ing   pe r iod .  

The TRE, mounted  on t h e  P80-1 spacec ra f t ,  i s  c a r r i e d   i n t o  low e a r t h  
o r b i t  by the   Space   Shu t t l e .   Af t e r   e j ec t ion   f rom  the   o rb i t e r   pay load   bay ,  
t h e   s p a c e c r a f t  i s  boosted by t h e  P80-1 p r o p u l s i v e   s t a g e s   t o  a f i n a l   o r b i t  
a l t i t u d e  of  approximately 740 km (400 nmi).  Launch is  schedu led   fo r  l a t e  
1981. 

GIMBAL SYSTEM  REQUIREMENTS 

The TRE gimbal  system  must meet s t r i n g e n t   s t r u c t u r a l  and  dynamic 
requirements   under   varying  condi t ions.  Maximum loading   occurs   dur ing   launch  
and  boost. To save weight ,   the   sp indle  i s  a l l o w e d   t o   d e f l e c t   s i g n i f i c a n t l y  
under   boost   loads,   but   no  bear ing  "Brinel l ing"  or   other   roughness  i s  t o l e r a b l e  
t h a t   c o u l d   r e s u l t   i n   e x c e s s i v e   g i m b a l i n g   n o i s e   d u r i n g   o n - o r b i t   o p e r a t i o n s .  
Minimizing  the random noise   content   of   the   gimbal   system is e s s e n t i a l   t o  
avoid  per turbat ing  and  obscuring  the  sensor   data .  

Af t e r   t he  TRE reaches   opera t iona l   o rb i t ,   the   g imbal   sys tem  represents  
a r e l a t i v e l y   s t i f f  mount f o r   t h e   s e n s o r  and i s  requi red   to   per form  for  a 
year wi th  low torque   and   low  noise ,   wi th   s ign i f icant   t empera ture   d i f fe r -  
e n t i a l s   a c r o s s   t h e   b e a r i n g s ,  and  with  bearing  temperatures as low as 160 K. 

To f a c i l i t a t e   t h e   s t e p - s t a r e   o p e r a t i o n a l  mode, the  sensor   gimbal   system 
must  have two degrees  of  freedom  through  the  excursion  ranges  necessary  to 
accommodate t h e   r e q u i r e d   f i e l d  of view. Table I shows gimbal  requirements 
i n  terms of  excursions,   torques,   and  accuracy. The 200-arc-second  accuracy 
shown conver t s   t o  a 0.7-km accuracy a t  a po in t  on t h e   e a r t h ' s   s u r f a c e .  

The torque  budget i s  shown i n   t a b l e  I1 fo r   on -o rb i t   ope ra t ion .   Th i s  
t a b l e   a l l o c a t e s   t h e   a v a i l a b l e   t o r q u e  from the  motors   into  (1)   torque  used  to  
move t h e   s e n s o r   t o  i t s  excursion  extremes  and (2)  margin. The margin  values  
include  accelerat ion  torque  plus   cont ingency  torque  to   overcome  any  possible  
app l i ed   ex te rna l   l oads ,   such  as loads  caused by l o o s e   i n s u l a t i o n .  Wire 
ha rness   f l ex ing  may a id   o r   h inder   g imbal ing ,   depending  on the  gimbal  
p o s i t i o n  a t  t h e  time and t h e   d i r e c t i o n  of t r a v e l .  

GIMBAL SYSTEM  CONFIGURATION 

The gimbal  system  arrangement i s  shown i n   f i g u r e  3 .  To enab le   t he  TRE 
t o   p a i n t  a t  t a r g e t s  on   the   ear th ,   the   sensor  i s  mounted  on a gimbal  system 
tha t   p rov ides  two degrees   of   f reedom  for   motion.   This   system  consis ts   of  
the  following  major  components: 

In- t rack  spindle   assembly 

Cross-track  trunnion  assembly 
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Yoke s t ruc tu re   a s sembly  

Torque  motor  and  resolver  assemblies 

Rate gyro  assemblies 

Bearing  assemblies  

The spindle   assembly  provides  a low- f r i c t ion   ro t a t ing   suppor t   fo r  
a t t a c h i n g   t h e   s e n s o r   t o   t h e   s p a c e c r a f t   i n  a c a n t i l e v e r e d   f a s h i o n .  The 
s p i n d l e  i s  supported  by two duplex ,   p re loaded   pa i r s  of angular   contac t  
b a l l   b e a r i n g s .   S p i n d l e   r o t a t i o n  i s  con t ro l l ed   w i th  a motor-resolver  assembly, 
ra te  gy ro ,   and   con t ro l   e l ec t ron ic s .  

TABLE I.- GIMBAL REQUIREMENTS 

C h a r a c t e r i s t i c  

Gimbal  freedom  (deg)  operating 

Gimbal posit ion  (deg)  stowed 

Gimbal ra te  (deg/s)  

Motor torque,  nominal (N-cm) 

Point ing  accuracy  (arc-s)  

Rate accuracy   (a rc-s / s>  

*Total  P80-1/TRE budget 

In   Track  

+80 t o  “60  

-90 

- + 1  

144 

200* 

0.52* 

Cross  Track 

+ 10 

0 

+ 1  

15 0 

200* 

0.52* 

- 

- 

TABLE 11.- TORQUE BUDGET 

Torque  Source 

B e a r i n g   f r i c t i o n  

Wire harness   f lex ing  

I Margin 

I T o t a l  

In  Track (N-cm) 

2 1  

15 

10 8 

144 

Cross  Track (N*cm) 

1 4  

7 

12 9 

15 0 
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YOKE  STRUCTURE 
ASSEMBLY 

MOTOR  AND  RESOLVER 
ASSEMBLY 

Figure  3 . -  Gimbal system  arrangement. 

The yoke i s  a U-shaped s t r u c t u r e   t h a t   a t t a c h e s   t o   t h e   s p i n d l e  a t  t h e  
base  of   the  U. Trunnions  extending  f rom  the  sensor   gir th   r ing are accepted 
by cross - t rack   bear ings   loca ted  a t  the   ends   o f   the   yoke   s t ruc ture .   This  
trunnion-to-bearing  attachment  of  the  sensor  to  the yoke provides   the  second 
degree  of  freedom  for  the  sensor  to  enable  cross-track  viewing.  Cross-track 
motion is  s i m i l a r l y   c o n t r o l l e d   w i t h  a motor-resolver  assembly, ra te  gyro,  and 
c o n t r o l   e l e c t r o n i c s .  

GIMBAL SYSTEM DESIGN 

P r imary   a t t en t ion  i s  given  here   to   the  design  phi losophy  of   the  spindle  
system,  which is similar to   t ha t   o f   t he   c ros s - t r ack   sys t em.  

The s p i n d l e   b e a r i n g   i n s t a l l a t i o n   i n   t h e   o u t b o a r d  P80-1 at tachment  is 
shown i n   f i g u r e  4 .  The sp ind le ,  made from  Inconel 718, i s  hollow i n   t h e  
cen te r   fo r   w i r ing   t o   pas s   t h rough ,   i n t e rconnec t ing   t he  P80-1 and TRJZ. The 
90-mm i n t e rna l   d i ame te r   bea r ings  are h e a t e d   t o  121OC (250OF) so t h a t   t h e y  
can   be   s l ipped   over   the   sp indle   shaf t ,   then   a l lowed  to   cool   and   cont rac t  
t h e r e  when proper ly   pos i t ioned .  Next, a lock   nu t  i s  torqued up to   app ly  a 
compressive  load  between  the  inner races. The o u t e r  races are clamped 
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BOTTOM RETAINER 

MOTOR  RESOLVER 

'SPINDLE SHAFT 

Figure 4.- 90-mm b e a r i n g   i n s t a l l a t i o n .  

between t h e   t o p   r e t a i n e r ,   m o u n t i n g   f l a n g e ,  and  bottom retainer. Pee lab le  
shims are posi t ioned  between  the  top  re ta iner   and  mounting  f lange  to   control  
t h e  maximum gap or   in te r fe rence   be tween  the   ou ter  races and t h e   t o p  
r e t a i n e r .  

The des ign   and   d imens ions   o f   t h i s   i n s t a l l a t ion  limit looseness  so t h a t  
no   "Br ine l l ing"   occurs   dur ing   boos t   v ibra t ion .  The maximum gap  between  the 
o u t e r  race o f   t he   t op   bea r ing   and   t he   t op   r e t a ine r  i s  0.0127-mm (0.0005-in.), 
and  the maximum gap  between t h e   o u t e r   r a c e s  and the  mounting  f lange fs 
0.0102 t o  0.0152 mm (0.0004 t o  0.0006 i n . ) .  

On o r b i t ,   t h e   s p i n d l e  i s  cooled by i t s  thermal   p roximi ty   to   the   sensor  
body.  Thus, t he   bea r ings   sh r ink  from the i r   l aunch   conf igura t ion   d imens ions  
and a looseness   deve lops   in   the  two areas mentioned  above,  al lowing  the 
o u t e r  races t o  " f loa t . "  The pre load   spr ings  now come i n t o   p l a y   t o  keep the  
prescr ibed  value  of  311 N (70 l b )  on   t he   bea r ings   fo r  smooth,  iow-friction 
operat ion  during  gimbal ing.  

The b e a r i n g   i n s t a l l a t i o n  i n  the   inboard  P80-1 l o c a t i o n  is shown i n  
f i g u r e   5 .  It  is similar t o   t h e   o u t b o a r d   i n s t a l l a t i o n   e x c e p t   t h a t   t h e s e  
bear ings  have  an 80-mm in te rna l   d i ame te r .  No t h r u s t   l o a d s  are taken by t h e  
inboard   bear ings ,   and   aga in   the   mount ing   f lange   f ree ly   f loa ts  relative t o  
the   ou te r   bea r ing  races a f t e r   t e m p e r a t u r e s   s t a b i l i z e  on o r b i t .  
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Figure 5.- 80-mm b e a r i n g   i n s t a l l a t i o n .  

The bearings  themselves are of a p rec i s ion   des ign  and are f a b r i c a t e d  
by the   Fafn i r   Bear ing  Company f o r   t h e  TRE program. The material i s  440C 
and t h e   l u b r i c a t i o n  i s  app l i ed  by a unique  process  developed by Hughes 
A i r c r a f t   f o r   s p a c e c r a f t   g i m b a l   b e a r i n g s .  1 

A d r y   l u b r i c a n t  w a s  chosen  to  meet low-temperature  requirements  and  to 
minimize  outgassing.  Similarly,  a minimum th ickness ,  maximum adhes ion   lubr i -  
can t  w a s  needed to   ensu re  low  torque  and  noise. The lub r i can t   sys t em 
s e l e c t e d  was molybdenum d i s u l f i d e ,   a p p l i e d  by an  RF s p u t t e r i n g   p r o c e s s .  The 
l u b r i c a n t   f i l m   t h u s   a p p l i e d  is approximately  1200  angstroms  thick.  It i s  
burnished  and  run  in ,   and  then  the  torque  and  noise  are cha rac t e r i zed .  

ASSEMBLY 

During  assembly,  parts are p l a c e d   i n   t h e i r  relative loca t ions   and  
allowed  to  "soak"  to a cons t an t   t empera tu re   fo r  24 hours.  Handling i s  
minimized t o  a v o i d   t h e   e f f e c t s   o f  body hea t   and   resu l t ing   expans ion  and 
d is tor t ion .   Al l   g imbal   sys tem  assembly   takes   p lace   in  a 100,000-level 
clean.room  and  assemblers wear l in t - f r ee   g loves .   F requen t   u se   o f  a vacuum 
during  assembly  removes  any  loose  dry  lub  or  other  contaminates.  

'Christy, R . I . ,  and Barne t t ,  G.C.:  Sput te red  MOS2 Lubrication  System  for 
Spacecraf t  Gimbal Bearings.  Hughes A i r c r a f t  Company, 
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The s p i n d l e  w a s  assembled several times a t  Rockwell t o   suppor t   va r ious  
TRE and P80-1 tests. The recorded  torque i n  t h e   b e a r i n g s   v a r i e d   s i g n i f i -  
c a n t l y  when measured a t  d i f f e r e n t  times. Tests and  analyses  were conducted 
tci b u i l d  a d a t a   b a s e l i n e   a n d   t o   i d e n t i f y   s i g n i f i c a n t   c o n t r i b u t o r s   t o  
i n c r e a s e s   i n   t o r q u e .  

Early  assembly act ivi t ies  revea led   tha t   the   p rocess   o f   hea t - shr inking  
t h e  inner race o f   t h e   b e a r i n g s   o n t o   t h e   s p i n d l e   s h a f t   d i d   n o t   g r e a t l y   a f f e c t  
the  bear ing  torque.   There w a s  a g e n e r a l   i n c r e a s e   i n   t o r q u e  as a func t ion  
of time, however, a f t e r   t h e   b e a r i n g s  were removed  from t h e i r   p r o t e c t i v e  
bags   and   ins ta l led .   This   e f fec t   appeared   to   be  a combination  of  contamina- 
t ion  and  a tmospheric   moisture .   There were a l so   appa ren t   con t r ibu t ions   f rom 
asymmetrical   loads  induced by an  accumulat ion of component tolerances  and 
p re load   va r i a t ions .  

An example  of how to rque   va r i ed   t h roughou t   t he   h i s to ry  of a set of 
80-mm bear ings  i s  shown below.  Bearing pairs  were p re loaded   i n  a l l  cases. 

Sequence  Torque (N' cm) 

1. A s  o r i g i n a l l y   a c c e p t e d  a t  Fafn i r  
( n o t   i n s t a l l e d )  

2.  I n i t i a l  test  a t  Aerospace  Corp. 
( n o t   i n s t a l l e d )  

3 .  E a r l y   i n s t a l l a t i o n  on  spindle  

4 .  Repeat  of test a t  Aerospace  Corp. 
( n o t   i n s t a l l e d )  

5. F lushed ,   d r ied ,   and   re ins ta l led  on 
s p i n d l e  

4.2 

4.9 

29-44 

1 4 . 0  

7.3 

An ana lys i s   o f   t hese   da t a  showed tha t   t he   t o rque   d id   no t   change  
s ignif icant ly   between  sequence 1 and 2;  a change of this   magni tude  could 
b e   a t t r i b u t e d   t o   d i f f e r e n t  tes t  se tups .  The change  from  sequence 2 to 3,  
however, was due   p r imar i ly   t o  a combination  of (1) mois ture  and contamination 
p lus  ( 2 )  asymmetrical l o a d s   i n d u c e d   i n   i n s t a l l a t i o n .  The e f f e c t s   o f   m o i s t u r e  
and  contamination were i s o l a t e d  by  sequence 4 ,  which   t e s t ed   t he   bea r ings   i n  
t he  same conf igu ra t ion  as sequence 2 .  The d i f f e r e n c e   i n   t h e   s e q u e n c e  3 
torque (29-44)  and  the  sequence 4 torque ( 1 4 )  w a s  a t t r i b u t e d   l a r g e l y   t o  
asymmetrical l o a d i n g   i n   i n s t a l l a t i o n .   T h i s  anomaly w a s  analyzed  and 
corrected,   and  sequence 5 showed a r e t u r n   t o   l o w   t o r q u e   w i t h   i n s t a l l a t i o n  
discrepancies   resolved-- the  bear ings  having  been  f lushed  and  dr ied.  
Separate  tests were r u n   t o   f u r t h e r   i s o l a t e   t h e   e f f e c t s   o f   p r e l o a d ,   m o i s t u r e ,  
and  contamination. 
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Figure 6 . -  Effec ts   o f   p re load   on   to rque .  

PRELOAD  TESTS 

Since  assembly  tolerances  can  cause  excessive  bearing  preload, i t  w a s  
necessary  to   determine and unde r s t and   t he   e f f ec t s  of preload on bear ing  
torque.  Tests w e r e  run  on t h e  80-mm and 90-mm bear ings   immedia te ly   a f te r  
c leaning  and drying.  The r e s u l t s ,  shown i n   f i g u r e  6 ,  i n d i c a t e  a l inear 
i n c r e a s e   i n   t o r q u e  as  a func t ion  of pre load   wi th in   the   range   tes ted .  
Nominal preload  provided by the   sp r ings  is 245 N (55   l b )   fo r   t he  80-mm 
bearings  and 311 N (70 l b )   f o r   t h e  90-mrn bear ings.   These  data  were used 
in   ana lyz ing   t he   r e l a t ive   con t r ibu t ions   o f   a s sembly   va r i a t ions .  

MOISTURE  TESTS 

The e f f e c t s  of  moisture  and  contamination were of p r imary   i n t e re s t  
because  they  could become extreme as a func t ion  of time and  usage 
p r i o r   t o   l a u n c h .  A series of tests w a s  conduc ted   t o   i so l a t e   t he   con t r ibu -  
t i o n  of  moisture.  The following  sequence of a c t i v i t i e s   t o o k   p l a c e   u n d e r  
con t ro l l ed  tes t  cond i t ions .  

1. I n s t a l l   b e a r i n g s  on a sp ind le ;   run   base l ine   t o rque  tests. 

2 .  Expose sp indle   to   85-percent   re la t ive   humidi ty   for  up t o  
e igh t   days ,   conduc t ing   i n t e rmi t t en t   t o rque  tests, u n t i l  
torque  reaches a cons t an t   l eve l .  

3 .  Bake o u t   s p i n d l e   i n  a dry  oven a t  121OC (250'F) u n t i l   t o r q u e  
reduces   to  a cons tan t   lower   l eve l .  

The data   f rom  these tests i n d i c a t e   t h e  maximum and minimum t o r q u e   t o   b e  
expected  from a set of bear ings   wi th  maximum and minimum moisture .  

A r e l a t e d  test series w a s  then  conducted to de te rmine   i f   bea r ings   d ry  
o u t   i n  a space environment. 

1. Conduct base l ine   t o rque  tests. 
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2. Reintroduce  moisture as i n   s t e p  2 ,  above. 

3 .  I n s t a l l   s p i n d l e   i n  a vacuum  chamber  and con t ro l   bea r ing  
t empera tu re   t o   app rox ima te   on -o rb i t   l eve l s .  

4 .  Conduct  torque tests a f t e r   p r e s c r i b e d  time increments   to  
v e r i f y   t o r q u e   r e d u c t i o n   t o   b u d g e t  levels.  

These   da ta   d ic ta te   the   degree   to   which   a tmospher ic   mois ture   can   be  
to l e ra t ed   i n   t he   bea r ings   p r io r   t o   l aunch   and ,   conve r se ly ,   t he   deg ree  of 
pro tec t ion   requi red   to   min imize   mois ture   accumula t ion .  The d a t a  from these  
tests are being  evaluated  and w i l l  be   presented a t  t h e  symposium. 

STRUCTURAL ANALYSIS AND TEST 

Analysis  of  the  gimbal  assembly  from a s t r u c t u r a l   s t a n d p o i n t  was 
i n i t i a t e d   e a r l y   i n   t h e   d e s i g n .  The sp indle   assembly   in  i t s  can t i l eve red  
loading   condi t ion  w a s  t h e  most cr i t ical  area of a n a l y s i s ;  and the   bea r ings  
were i d e n t i f i e d  as t h e  most c r i t i ca l  s t ruc tu ra l   e l emen t s   w i th in   t he  
assembly. 

Rockwell  used a unique  program  to   predict   bear ing stresses fo r   bo th  
r i g i d  and f l e x i b l e   s p i n d l e   s h a f t  and housing.  Parametric  analyses  gave 
i n s i g h t s   i n t o   t h e   s e n s i t i v i t y  of bear ing  stresses t o   s u c h   f a c t o r s  as 
e l emen t   s t i f fnes s   and   i n s t a l l a t ion   mi sa l ignmen t .  

Load tests were conducted   wi th   the   sp indle   ins ta l led  on the  
a c t u a l   f l i g h t   s p a c e c r a f t ,  L i m i t  loads  were a p p l i e d   t o   t h e   s p i n d l e   i n  
th ree   axes .  To pass t h i s  test the  spindle  assembly  had  to  remain  unr 
damaged,  and bea r ing   no i se  had to   be   w i th in   p re sc r ibed  limits. Af te r  
t h e   s p i n d l e  w a s  l o a d e d   i n   t h i s  s t a t i c  test ,  the   bea r ings  were removed, 
and t h e   t o t a l   a s s e m b l y  was inspec ted .  No d i sc repanc ie s  were noted,  and 
bea r ing   no i se   d id   no t   i nc rease   f rom  the   p re t e s t  levels. 

The tes t  was then   repea ted  a t  1.25 times l i m i t  loads .  The 
c r i t e r i o n   f o r   t h i s  test w a s  t h a t  no  permanent  deformation  could  occur; 
t h e r e  w a s  no n o i s e   c r i t e r i o n .  The assembly  passed  the t es t ,  b u t   t h e  
bea r ing   no i se   d id   i nc rease   above   t he   l eve l   a l l owed   i n   t he   no i se   budge t .  

NOISE TESTING 

An essent ia l   e lement   in   min imiz ing   da ta   d i s turbances   induced  by 
t h e   s e n s o r   i t s e l f  i s  c o n t r o l  of t he   no i se   sou rces   t ha t   cause   l i ne -o f -  
s i g h t  j i t ter .  One of the   sources  of no i se   t ha t  must be  monitored and 
con t ro l l ed  is roughness in   t he   g imba l   bea r ings  from  contamination, 
ch ipped   dry   lube ,   "Br ine l l ing"   o f   the   ba l l s  and races, e tc .  

Before  and a f t e r   v i b r a t i o n  and s t a t i c  l o a d   t e s t i n g ,   n o i s e  tests 
were run on preloaded sets of bea r ings .   Bas i ca l ly ,  a s e n s i t i v e   t o r q u e  
test was conducted  while   the  bear ings were r o t a t e d   s e v e r a l  times. The 
torque   da ta  were then   run   th rough  nar rowband  f i l t e rs   to   de te rmine   the  
ene rgy   l eve l   i n   t he   no i se   ve r sus   f r equency .   These   da t a  were then  used 

152 



Figure 7.- Bearing  noise .  

i n   t h e  TRE servo  dynamic  math  model t o   v e r i f y   t h a t   t h e   r e s u l t i n g   l i n e -  
of -s ight  j i t t e r  w a s  acceptab le .   F igure  7 shows a t y p i c a l  power spectral  
d e n s i t y   p l o t   f o r   t h e  90-mm bear ings .  

Noise   t es t ing   on   the  Teal Ruby program v e r i f i e d   t h a t   q u a l i f i c a t i o n -  
l e v e l  random v i b r a t i o n  and l i m i t - l e v e l  s t a t i c  loads do not   apprec iab ly  
a f f ec t   no i se ,   bu t   bea r ing   con tamina t ion   i nc reases   t he   no i se   l eve l  
s i g n i f i c a n t l y  . 

CONCLUDING REMARKS 

Proper  use of  contemporazy  design  principles  and  fabrication 
techniques  can  produce a gimbal  system  capable of suppor t ing  a p r e c i s i o n -  
point ing,   low-weight ,   low-noise   sensor .   Cleanl iness ,   moisture   control ,  
and control of component t o l e rances  are e s s e n t i a l  to minimizing  adverse 
e f f e c t s  . 





FUEL/HYDRAULIC TRANSFER  VALVE  IMPROVES 
RELIABILITY  OF  ATLAS SPACE LAUNCH VEHICLE 

M. Ogman 
General  Dynamics  Corporation - Convair  Division 

SUMMARY 

The  Atlas  FueVHydraulic  transfer valve (FHV) design is enhancing  the  Atlas  space vehicle launch 
reliability without a major redesign. The  concept  represents a rational  evolutionary design change. 
General  Dynamics  Convair Division has designed a fuel/hydraulic  transfer valve to permit  controlled 
interfacing with the RP-1 fuel  supply.  The design satisfies primary  goals  such  as  fuel  and oil isolation 
before  launch in order  to use existing ground  support  and  airborne  hardware  and  procedures.  The 
valve will operate only after  the vehicle has been  committed  to  launch.  Hydraulic  system  function will 
be  maintained if the valve fails to  function. Valve operation is mechanical and  interfaces  only with the 
propulsion system. 

BACKGROUND 

The  Atlas vehicle has  two  independent  hydraulic systems, one  for  each  stage, used to provide 
power for  thrust vector control  and  to  the engine propellant  utilization system. As a first  generation 
missile designed primarily  as a high priority  weapons delivery system, no  consideration was  given for 
designing redundancy  features  into  the  hydraulic system. As a weapon  system vehicle, its development 
and  operational flight  record was tarnished by occasional  hydraulic  system  failures  attributed to 
system leakage. 

The changeover from  a  weapons  system  to a space  launch vehicle placed greater  emphasis on 
vehicle reliability. The  hydraulic system reliability was improved by critical analysis, design im- 
provements,  generous  testing,  and  tender loving care. 

The  Atlas vehicle carries at lifto‘ff approximately 47.3 cubic  meters (12,500 gallons) of RP-1 fuel 
and  the  hydraulic systems carry 0.001 1 cubic meters (0.3 gallons)  of reserve hydraulic  fluid.  Leakage 
of  the  hydraulic fluid in flight in excess of reserve capacity  could result in a costly mission failure.  The 
concept  of  tapping  the RP-1 fluid  as  an  “infinite” reservoir for  the  hydraulic system  became attrac- 
tive. System reliability can be increased to permit the  hydraulic system to become leak-tolerant.  An 
estimated 50% of the  previous  hydraulic system flight failures  (and mission losses) would  have  been 
prevented if the  concept  had been utilized. 

CONCEPT 

The  fuel/hydraulic  transfer valve design uses a diaphragm  to  isolate  hydraulic  and RP-1 fluids.  A 
ram is  used to  rupture  the  diaphragm.  This event can  only  occur when the engines are ignited and high- 
pressure RP-1 fluid is generated.  The high-pressure RP-1 fluid is ported  to  the  ram which then  ruptures 
the  diaphragm.  The  subsequent  interface  attainment between  low  pressure RP-1 and  hydraulic  fluid 
thus  makes  the  “infinite”  supply of RP-1 available to  the hydraulic system. With  zero  system  inflight 
leakage,  the  hydraulic  system  functions on a low  mixture of RP-1 in  hydraulic  fluid. If a leak is 
manifested,  system  function will continue  as RP-1 flows into  the  hydraulic system. 
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PREVIOUS  DEVELOPMENT 

Air Force funds-were  made available in 1967-68 to design and develop a similar interface valve to 
the subject valve. The major difference between the  two designs  was that  the earlier version had a 
design feature  that would not allow inflight interfacing of RP-1 fuel with hydraulic fluid under any  cir- 
cumstances except  when a system leak developed. The valve would function by sensing an  infight 
pressure loss in  the  return  or low pressure system circuit. 

A valve  was designed, developed, and tested to demonstrate  the concept feasibility. The 
diaphragm-design configuration was the  major hurdle to overcome. After starting with no experience, 
a satisfactory diaphragm configuration was attained. System tests using surplus flight hardware 
demonstrated all program objectives, but  the program was  cancelled without implementation. For- 
tunately,  the data was  used to design the current valve now in flight service. 

HYDRAULIC SYSTEM DATA 

Number of independent systems: two (one for each stage) 
Operating pressures (nominal) 

High pressure: 205 ATM (3,015 psia) 
Return or low pressure: 5.3  ATM (80 psia) 

Hydraulic pump flow (variable, engine driven): 
Booster: 0-1.45 x 10 -3 m3/sec  (0-23 gpm) 
Sustainer: 0-0.50 x 10 - m3/sec (0-8 gpm) 

Hydraulic fluid: MIL-H-5606, (hydrocarbon - red color) 
Fuel: RP-1 per MIL-R-25576 
Function: 

Booster  system: Provide power to engine nozzle thrust vector servoactuators 
Sustainer system: Provide power to engine nozzle thrust vector servoactuators and 

engine propellant control system 

OBJECTIVES AND CONSTRAINTS 

The task objective was to design, test,  and integrate a valve into three existing Atlas vehicle con- 
figurations requiring three  different installation versions. Fortunately,  the three vehicle hydraulic 
systems  used common hardware and functioned identically. This allowed the designer to create a com- 
mon valve  design and envelope with port fitting configuration differences to accommodate unique in- 
stallation requirements. 

The Atlas SLV-3D model is manufactured  for NASA under a Lewis  Research Center managed 
contract.  The Atlas SLV-3A and E/F models were manufactured  and subsequently modified for  the 
U.S. Air Force Space Division  use. The U.S. Air Force Space Division and NASA jointly provided the 
design and testing funds  for  the valve  basic  design.  All  agencies participated in preliminary and critical 
design  reviews. 

The prime technical objectives were: 
1.  To increase booster and sustainer hydraulic system reliability by utilizing RP-1 fuel as  a 

ready reserve fluid in the event of a hydraulic system leak to maintain system function: 
A. With any size return system leak. 
B. With a limited leak in the pressure system. 

2. To maintain hydraulic system function if the FHV valve does not activate. 
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3. To achieve program  economy by utilizing a wholly mechanical system and avoiding a more 
costly electrical system. 

Design Objectives Achieved: 
A. System reliability has been increased. 
B. No pyrotechnic devices or electrical interfaces were used.. 
C. The FHV valve uses high-pressure fuel to activate the valve.  Valve integration 

between hydraulic and propulsion systems is not  affecting  either system 
‘performance. 

D. Prior to vehicle launch,  there is zero  leakage of hydraulic or RP-1  fluids into 
the alien system. 

E. Interface  of  RP-1  fuel  and  hydraulic fluid occurs  only when the vehicle is com- 
mitted to launch.  This  occurs  for: 

1. Atlas E/F vehicles: at initiation of “Engine Start” sequence. 
2. Atlas SLV vehicles: at vehicle release (Post  Engine  Start). 

F. Valve design makes  maximum use of design features of the “emergency fuel 

In  Design Objective E.1 abcve,  the  E/F vehicle is a  nonrestrained  launch  concept. The 
vehicle  will liftoff when engine  thrust exceeds vehicle weight. No launch abort is possible. The SLV 
vehicle, being of an earlier design, is restrained to  the launcher  until  engine  thrust  has increased to a 
steady state level. The vehicle is then  automatically released for flight after satisfying all launch  control 
monitor  functions.  During  the  interim  period between engine start  and  “launch release” an  abort 
capability exists. The problem  presented  here is twofold: (1) how to delay valve operation  past  the 
engine start transient for  E/F  and SLV vehicles, and (2) how to allow an  abort event for SLV vehicles 
without  activating the valve. 

In Design Objective E.2,  the use of a  pyrotechnic device to trigger the  FHV valve with high 
pressure  fuel would have been ideal,  but  this  introduces an electrical interface.  This  concept was drop- 
ped because the  E/F vehicle would have required an electrical relay box to fire the pyrotechnic  squib. 
The qualification cost of the relay box and lot control costs of the squibs would have exceeded 
allocated  funds. 

valve” design developed in 1967-68. 

HOW THE FHV VALVE  FUNCTIONS 

See Figure 1. A  diaphragm is  used to isolate  RP-1  fuel from hydraulic  fluid.  The  diaphragm is 
ruptured by high pressure  RP-1 that is only  available  upon engine ignition.  When  the  diaphragm rup- 
tures, low pressure  RP-1 and hydraulic fluid interface. The  RP-1  pressure is greater than  the hydraulic 
return  pressure by the  amount of the  RP-1  head  pressure in the vehicle tank  (about 0.4 atm, 6 psid). 
With no hydraulic system leakage, the hydraulic  return  pressure will rise to equalize with RP-1 
pressure. The small extra  volume of RP-1 is accommodated by the  airborne hydraulic reservoir and  no 
further mixing occurs. In case of an external  leak in the hydraulic system, RP-1  fuel will flow into  the 
hydraulic system and be  directed to hydraulic pump inlet to maintain system pressure and flow. System 
function will be  maintained with any size leak in the  return  portion of the circuit  upstream of the FHV 
valve and  a limited leak in the pressure circuit. 

In  the event the  diaphragm  inadvertently  does  not  rupture at lift off,  the hydraulic system will 
function  as if the  FHV valve does not exist. The  airborne reservoir will maintain  sufficient pump inlet 
pressure to feed the  pump fluid. 

In  order to satisfy the requirement to actuate  the FHV valve after  the engine  transient  phase, a 
timing restrictor, is installed in the high-pressure RP-.l line at  the engine thrust  chamber.  This line nor- 
mally contains  no fluid and is at atmospheric pressure. At  engine start, RP-1 is metered into  the line 
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and pressure builds up thermodynamically until the ram overcomes diaphragm  rupture resistance. The 
metering creates sufficient time delay for  the engine start  transient to be completed before the 
diaphragm will rupture. Imposing a time delay prior to diaphragm rupture is more critical for SLV 
vehicles  which have abort capabilities:‘ The  diaphragm must not break prior to  run oui of time allotted 
for an  abort period while at  the same time minimizing the time wherein the FHV valve is not activated 
while airborne. See Figure 2. Because of  the many variables  involved in calculation of the thermo- 
dynamic pressure rise in  the timing circuit coupled with no meaningful data associated with some of 
those variables, the size of the timing restrictor was determined by making reasonable assumptions for 
calculation purposes. 

Flight data revealed that  the valve  was activated early, but still within acceptable limits. What had 
transpired, was a race between the run out of the  abort timer and  the diaphragm rupture event. By 
design, the  abort timer was to run  out  a  fraction of a second prior to  the diaphragm rupture. Any abort 
during the  abort period would maintain the diaphragm structurally intact and thereby maintain isola- 
tion between propulsion and hydraulic systems. In reality, a  photo finish occurred. 

FHV  VALVE  DESIGN FEATURES 

The valve detail elements are shown in Figure 3. The simplicity of the valve  design contributed to 
its successful performance. A short  stroke  ram is the only moving part. Dual seals  with an in-between 
vent  in the body assure no intermixing of fuel or hydraulic fluid because  of seal leakage. The same 
dual seal is also employed on the  diaphragm. 

A filter is located in the hydraulic section which  allows hydraulic fluid to pass through its core 
without filtration. RP-1 fuel allowable contamination content is greater than  that allowed for  the 
hydraulic system. Consequently all RP-1 entering the hydraulic system  is filtered. 

Between the low-pressure fuel port  and  the diaphragm is installed a fine mesh screen. Its  function 
is to prevent particles, generated when the diaphragm ruptures,  from entering the fuel system. 

The diaphragm design  is  basically a V-groove cut 360  degrees in the interior wall end of cup 
design. The  “shear” thickness of the V-groove  is controlled dimensionally. This control consists of 
physical dimensions, surface finish condition and anodize thickness. The choice of  5059H116 
aluminum material was primarily based on its excellent corrosion characteristics. All diaphragms are 
leak  checked  with helium. Lot test consists of 2 out of 10 units being subjected to  rupture tests. The 
allowable rupture force is 5,782 N (1,300 lb) to 7,606 N (1,710  Ib). 

The original diaphragm rupture force tolerance requirements were not  met. This  was anticipated 
and  our design concept allowed  us to open the tolerance in either direction. One lot of diaphragms fail- 
ed rupture tolerance limits. This was baffling since  all machining tolerances were satisfied. A metallur- 
gical  analysis of the V-groove  revealed differences between thin coat anodize thicknesses of the failed 
and acceptable lots. This was a surprise as it  was assumed that  the anodized strength capability was in- 
significant. As a consequence,  anodized  thickness was subsequently controlled. 

Diaphragm seal and  structural integrity loss  by accidental or unrecognized means was addressed 
during the design  review phase. The problem was not so much a gross diaphragm rupture, but rather 
detection of a small leak. A gross rupture by pressure was remote as it  would require approximately 
115.6 atm (1,700 psid) to rupture  the unit. Neither the low-pressure fuel or hydraulic return systems 
during factory or site checkout or in launch status are capable of such pressure magnitudes. 

In order to detect a potential small leak,  a  port was  designed into  the low pressure fuel section to 
allow for leak inspection. With no fuel tanked, it  was simple to open the port  cap  and inspect for 
hydraulic fluid. With fuel tanked, it  was difficult to detect hydraulic fluid in fuel, since both fluids are 
hydrocarbons and red in color. This was  resolved  by  using infrared spectrophotometer analysis to 
detect hydraulic oil in RP-1 fluid. Hydraulic oil has a viscosity improver compound  and hydraulic fluid 
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is detectable as low as a half-percent in fuel. Fluid  samples  were taken on  about 20 installed valves until 
sufficient confidence was gained to eliminate sample tests. 

The ever-present potential of human  error did occur at  the component level. A technician failed to 
follow prescribed testing procedures and managed to burst a diaphragm. This has been the only 
adverse incident to date. 

The restrictor check  valve function is to minimize the back flow of RP-1 fluid in the event an ex- 
ternal leak occurs in the  return system upstream of the valve. 

As installed in the system, the FHV valve  is located as close to the hydraulic pumps as existing 
vehicle hardware would permit in order to reduce the  amount and length of tubes connecting between 
the FHV valve and  the pump. The low pressure RP-1 connection to the FHV valve  is  self  bleeding  with 
the vehicle erected in the vertical position. 

FLIGHT EXPERIENCE 

The inflight performance of the hydraulic systems  is monitored by low pressure (return)  and high 
pressure transducers via telemetry. Any gross leak manifestation would  be  revealed  by a pressure loss. 

To  date, 14 vehicles or 28 valves have been flown. All  valves have activated properly and all 
hydraulic system functions were satisfactory. We have  experienced no gross hydraulic system  leaks 
during inflight operation. 
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Figure 1.- System schematic w i t h  FHV valve. 

R I E  - SEC 

Figure 2.- FHV valve  timing  curve. 
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Figure 3 . -  FHV design details. 
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KU BAND  DEPLOYED  ASSEMBLY  AND  GIMBAL* 

T. E. Deal 
Hughes  Aircraft  Company 

SUMMARY 

Requirements  for  Shuttle  Orbiter  missions  to  locate  satellites  for  ser- 
vicing  and  to  communicate  when  out of touch  with a  direct  ground  link  are 
satisfied  by a Ku Band  deployed  antenna  system  providing  an  integrated  radar 
and  communications  function. 

The  deployed  assembly  comprises  that  portion of the  system  that  stows  in 
the  limited  space  between  the  Shuttle  door  radiators  and  the  payload  volume 
for  launch  and  landing,  and  is  deployed  out  from  the  Shuttle  during  orbit  to 
provide  near  spherical  coverage  by a 91.44 cm ( 3 6  inch)  diameter  antenna. 
Unique  features  of  the  gimbal  assembly  are: 

Edge  mounted  antenna  to  minimize  stowage  volume  in  Shuttle  and 
maximize  gain 

0 Unique  two-axis  housing  and  shaft  arrangement  to  accommodate  two 
runs  of  waveguide  and 55 electrical  conductors  without  requiring 
slip  rings 

0 Maximum  use  of  aluminum  in  gimbal  structure  to  reduce  costs 

Lubricant  chosen  to  survive  earth  and  space  environments. 

BACKGROUND 

Obtaining a good  RF  gain  margin  without  using  parametric  amplifiers  led 
to  the  selection  of a 91.44 cm (36  inch)  diameter  antenna  reflector  for  the 
Ku Band  system.  With  this  baseline  antenna  size,  an  edge  mounted  gimbal 
configuration was selected  from a tradeoff  study  of  the  three  configurations 
shown  in  Figure 1 .  The  edge  mount  was  the  clear  winner  when  weight,  ,trunnion 
obscuration,  peak  power,  and  stowage  considerations  were  compared.  Distur- 
bance  torques  due  to  Shuttle  accelerations  are  negligible;  therefore,  a  cen- 
tered  load  is  not  an  operational  constraint.  To  test  the  antenna  in a 1 g 
field,  a  counterbalance  or  offloading  device  would  be  required  for  any of the 
three  configurations.  This  testing  is  simplified  with  the  edge  mount. 

* 
This task. was  performed  under  contract  to  Rockwell  International,  Space . 
Systems  Division. 
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ANGULAR  COVERAGE.  The  angular  coverage  requirements  call  for  maximum 
field  of  view  for TDRS communication  and  unrestricted  coverage  of  all  points 
within 60 degrees  of  Shuttle  zenith  for  radar  rendezvous.  Obscuration  caused 
by  the  gimbal  trunnion  is  minimized  by  locating  the  primary  axis so that  the 
obscuration  cone  falls within the  Shuttle  body  area.  The  antenna  is  deployed 
as  far  from  the  Shuttle  body  and  as  high  and  far  forward  as  possible  to  decrease 
overall  obscuration  presented  by  the  Shuttle. 

Ability  to  deploy  the  antenna  is  dependent  upon  the  amount  of  volume 
available  for  stowage  and  the  Shuttle  hardware  that  the  deployed  assembly  must 
clear.  The  allocated  volume  is  in  the  forward  part  of  the  payload  bay  between 
the  cabin  bulkhead  and  the  Remote  Manipulator  Boom. A 7.62 cm (3  inch)  static 
clearance  between  the  door  radiators  and  the  payload  envelope  is  required. A 
full  scale  mockup,  shown  in  Figure 2, was  constructed  to  verify  fit. 

Ideally,  the  deployment  hinge  would  be  canted so that  the  antenna  is  swung 
up  and  out  into  an  optimum  location.  However,  stowage  considerations  and  inter- 
ference  problems  involving  the  boom  and  the  integral  Deployed  Electronics  Assem- 
bly  (DEA)  prevent  the  use of a  canted  hinge.  With  the  vertical  hinge,  optimi- 
zation  with  respect  to  angular  coverage  and  obscuration  was  accomplished  by 
canting  the  gimbal  mount  on  the  structure. A beneficial  byproduct of the  edge 
mounted  antenna  is  that  the  location  of  the  antenna  beam  center  varies  as  a 
function  of  the  line  of  sight.  The  antenna  literally  looks  around  the  corner 
from  the  fixed  gimbal  axis  intercept  coordinate  position,  thus  increasing  total 
coverage.  With  the  pole  axis  pointed  outboard,  more  favorable  coverage  is 
attained  and  ample  clearance  between  the  antenna  sweep  volume  and  the  vehicle  is 
provided.  Figure 3 shows  the  coverage  achieved  by  the  selected  design. 

DEPLOYMENT AND STRUCTURE.  The  deployed  assembly  shown  in  Figure 4 con- 
sists  of  a  structural  frame  that  attaches  to  the  Rockwell  hinge,  together  with 
the  DEA  and  gimbal  antenna  assembly  that  attach  to  the  frame. 

Figure 5 shows  details of the  structural  frame  and the DFA  mounting.  Orig- 
inally,  a  simple  tubular  boom to connect  the  gimbal to the  hinge,  with the DEA 
strapped  alongside,  was  considered.  However,  it  was  difficult  to  keep  the  boom 
and  box  within  the  prescribed  stowage  envelope  without  resorting to a  less  than 
optimum boom diameter  with  undesirable  sharp  bends.  The  selected  open  frame 
configuration  takes  advantage of the  structural  properties  of  the 0.635 cm 
(one-fourth  inch)  thick  thermal  radiator  that  is  part  of  the  DEA. 

ENVIRONMENTS.  In  addition to standard  environments  associated  with  space 
vehicles,  the Ku Band  Deployed  Assembly  (DA) must also  be  designed to withstand 
the  unusual  environment  of  multiple  re-entry  as  well  as  aircraft  type  ground 
environments.  Also,  since  the  Shuttle is a  manned  space  vehicle,  the  constraints 
on  flammability  and  toxicity  apply. 

Materials  and  processes  were  carefully  screened,  therefore, to assure 
survival  and  continued  operation. To avoid  galvanic  corrosion,  sealing  against 
humidity  was  required  at  each  interface  where  steel  screws  contacted  aluminum 
parts.  Sliding  closures  were  employed  together  with  dessicant  filled  filter 
ports.  Humidity  tests  were  conducted  to  evaluate  operational  characteristics 
of bearing  dry  film  lubricant. 
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Thermal  environment  carried  one  unique  aspect.   The  location  of  the DA on 
t h e   S h u t t l e   p l a c e s  it j u s t  above  and  ahead  of   the  Shut t le   door   radiators .   These 
r a d i a t o r s  are concave  and  covered  with  highly  specular   s i lvered  tef lon.   In  
o r b i t ,   w i t h   t h e   s u n  30 degrees  behind  and 30 d e g r e e s   t o   t h e   r i g h t  of S h u t t l e  
zen i th ,   t he  DA i s  p l a c e d   i n   t h e   f o c u s   o f   f a i r l y   e f f i c i e n t   c o l l e c t o r s .   T h e r e -  
f o r e ,   t h e  DA is covered   wi th   s i lvered   te f lon   which   no t   on ly   rad ia tes   hea t   f rom 
t h e  DA i t s e l f ,   b u t   a l s o  rejects the   i n t ense   hea t   l oad  from t h e   S h u t t l e   d o o r  
r ad ia to r s .   Re l i e f  w a s  granted  by NASA t o   a s s u r e   t h a t   t h i s   s u n   a n g l e  would n o t  
be   ma in ta ined   fo r  a long  per iod  of  time. 

GIMBAL PACKAGE 

The gimbal  packaging  arrangement is  shown i n   F i g u r e  6 .  The pr imary   ax is  
gimbal  housing is f i x e d   r e l a t i v e   t o   t h e   s u p p o r t i n g   s t r u c t u r e ,  and i t s  motor  and 
bea r ing   sys t em  ro t a t e s   t he   i nne r  T-shaped sha f t   t h rough  a f u l l  360 degrees  
stop-to-stop. The secondary  axis   gimbal   motor   and  bear ing  system  rotates  i t s  
housing,   to   which  the  antenna  supports  are at tached,   around  the  upper   branch 
o f   t he  T s h a f t  a minimum of  165  degrees  stop-to-stop. Gimbal limits on t h i s  
secondary  axis  are set simply by s iz ing  the  housing  cutout   which  must  clear t h e  
T sha f t .   Fo r   t he   p r imary   ax i s ,   a s su r ing   t he   fu l l  360 degree  range  without  a 
b l i n d   s p o t  a t  t h e  end  of t r a v e l   r e q u i r e d   t h e   i n c o r p o r a t i o n  of a t o g g l e   s t o p   t o  
a l low a 1 degree minimum overlap.  

Se lec t ion  of t he  more conven t iona l   f i xed   hous ing   ro t a t ing   sha f t   con f igu ra -  
t i o n   f o r   t h e   i n n e r   a x i s  would involve  the  complexi ty   of   exi t ing  the  waveguide 
run  between  the  axes  and  routing  the  waveguide  to a j u n c t u r e   w i t h   t h e   i n n e r  
g imba l   ro t a ry   j o in t .   Fu r the r ,   t he  service c a b l e s   t h a t  must c r o s s   t h e   a x e s  would 
have   t o  make a similar e x i t  and  have t h e i r  service loops mounted e x t e r n a l l y   w i t h  
s e v e r a l  special  g u i d e s ,   r e s t r a i n t s ,  and supports   to   provide  proper   gimbal   f ree-  
dom. The T sha f t   con f igu ra t ion   a l lows  a much s imple r   wavegu ide ,   ro t a ry   j o in t ,  
and cable   packaging  to   be  used by al lowing  the  whole  arrangement   to  move toge the r  
a c r o s s   t h e   a x i s   j u n c t i o n .   I n t e r n a l   c a b l e   b r e a k o u t s  are also  avoided.   Cabl ing 
which  passes  through  the  gimbal,  shown i n   F i g u r e  7 ,  is a p r i n t e d   c i r c u i t   f l a t  
r i bbon   t ha t  carries 55 conductors (20  shielded  groupings)  and two RG 178  c o a x i a l  
l eads .  The T sha f t   con f igu ra t ion   a l so   a l lows  a s t i f f e r  and s impler   antenna 
at tachment   than would be   ach ievable   wi th   wide ly   separa ted   shaf t   ends .   S ince  
t h e   s h a f t   e n d s  are not  exposed in   t h i s   a r r angemen t ,   t he   hous ing   ends  are c losed  
of f   to   p rovide   envi ronmenta l   p ro tec t ion .  The only  open  space  through  which 
contaminat ion  could  enter  is t h e  area a t  the   sha f t   j unc tu re   where   t he   i nne r  axis 
housing is c u t  away to   a l low  g imbal   f reedom.   In   th i s  area, a seal i s  provided 
around  the  bearings,   and a l l  other   axis   equipment  is  p l a c e d   i n   e n c l o s u r e s  beyond 
the   bear ings .  The enc losures  are e q u i p p e d   w i t h   d e s s i c a n t   f i l l e d   f i l t e r e d  open- 
i n g s   t o   a l l o w   t h e   i n f l o w  of a i r  t o   b y p a s s   t h e   b e a r i n g s   d u r i n g   S h u t t l e   d e s c e n t  
and t h u s   p r o t e c t   t h e   o v e r a l l   c l e a n l i n e s s  level o f   t he  mechanism i n t e r i o r .  

Two prec i s ion   angu la r   con tac t   bea r ings ,   l ub r i ca t ed  by d r y   f i l m   l u b r i c a n t ,  
support   the   gimbal   axes .  One o f   t he   bea r ings   i n   each  set h a s   t h e   o u t e r  race 
mounted onto  a d iaphragm  spr ing   to   p rovide   ax ia l   compensa t ion   wi th   t empera ture .  
This  arrangement is a proven Hughes design  used  on several despin  assemblies  
b u i l t   f o r   l o n g   l i f e  communications satellites. The s p r i n g  mounted bear ing  is  
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located  at  the  opposite  end  of  the  shaft  from  the  rotary  joint  and  encoder, 
precluding  dimensional  change of these  critical  gaps. 

Bearing  lubrication  for  this  application  has  been  selected  from  the 
standpoint of successful  operation  in  a  space  mission  over  the  temperature 
range  and  also  from  the  standpoint  of  the  ground  environment  to  which  the 
gimbals  will  be  subjected. An evalyation  test  conducted  in  July 1977 showed 
that  bearings  ion  plated  with 1500 A  of 99 percent  pure  commercial  grade  lead 
provided  the  best  and  most  uniform  performance  when  tested  between  several 
cycles  of  humidity  exposure. 

The  gimbal  motors  are 17.78 cm ( 7  inch)  diameter,  full  rotation,  perma- 
nent  magnet  brush  dc  motors.  High  torque  motors  are  required  to  achieve  the 
400 degree/sec2  accelerations  associated  with  the  radar  search  spiral  scan. 
The  incremental  shaft  angle  encoders, 4096 counts  per  revolution  together  with 
an  index  pulse,  use  light  emitting  diode  sources  and  photo  transistor  sensors. 
The  basis  for  selection  of  these  components  is  given  in  Table 1. 

SERVO  CONTROL. A Rate  Sensor  Assembly  (RSA)  containing  two  rate  integra- 
ting  gyros  (RIGS)  is  mounted  on  the  gimbal  output.  With  the  primary  axis  gyro 
mounted  on  the  secondary  axis  output,  this  gyro  measures  the  true  line  of 
sight  rather  than  the  primary  axis  gimbal  rate.  This  causes  a  scale  factor 
change  as  a  function  of  secondary  look  angle  that  must  be  compensated  for  to 
achieve  servo  stability.  Loop  closure  electronics  for  the  two  RIGs  are  loca- 
ted  within  the  RSA  package.  This  location  minimizes  noise  in  the  high  band- 
width  loop  that  might  be  picked  up  on  the 9.6 meter  long  cable  between  the 
electronics  and  the  DA.  The  RSA  package  is  also  temperature  controlled  to 
assure  stable  operation. 

A  feature  of  the  design  worth  noting  is  the  absence  of  tachometers.  By 
using  the  RIGs  to  provide  rate  damping  signals,  adequate  servo  performance 
can  be  achieved  without  the  cost  and  weight  penalty  of  tachometers. 

Another  prominent  feature of the  servo  design  is  the  coordinate  conver- 
sion  requirement.  Since  the  trunnion  axis  is  not  aligned  with  the  Shuttle 
X-axis,  commanded  designate  angles  are  generated  in  Shuttle  pitch  and  roll  and 
must  be  transformed  into  gimbal  coordinates  for  execution.  Conversely,  the 
gimbal  angles  and  LOS  rates  must  be  transformed  into  Shuttle  pitch  and  roll 
equivalents  for  astronaut  readout.  It  is  also  necessary  to  transform  slew 
commands,  since  a  nominal  pitch  slew  actually  requires  the  combined  motion of 
both  gimbal  axes.  The  coordinate  conversions  are  performed  by  the  control 
logic  microprocessor,  thus  eliminating  the  need  for  bulky  resolver  chains. 

GIMBAL LOCK SYSTEM.  Multiple  launch  and  re-entry  use  of  the DA calls 
for  a  reuseable  gimbal  lock  system.  The  system  consists  of  two  DC  gearhead 
servo  motors  mounted  on  the  stationary  housing  of  the  primary  axis  that  rotate 
V wedges  into  blocks  located  under  the  two  structural  members  extending  below 
the  secondary  axis  housing.  This  configuration  is  shown  in  Figure 8 .  
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A single  motor-driven  lock  was  originally  planned;  however,  attempting 
to  lock  both  axes  at  a  single  point  was  not  workable.  The  restricted  volume 
around  the  gimbal  due  to  the  antenna  size  and  angular  coverage  requirements 
did  not  allow  a  pinning  or  grasping  type of lock. 

CONCLUSION 

The  Shuttle DA gimbal  hardware  was  selected  from  proven  technology,  pack- 
aged  to  accommodate  Shuttle  stowage  and  use.  Other  mechanisms  with  the 
assembly--an RF polarization  switch  and  waveguide  switch--were  also  designed 
to  use  state of the  art  components. 
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TABLE 1. Ku BAND  ANTENNA POSITIONER 
~ 

I tem 

Axis location 

Motor type 

Position 
readout 

Rate feedback 

Options 

Edge mount' 

Yoke mount 

DC brush torquer* 

DC  brushless torquer 

Stepper motor 

Resolver 

Incremental encoder* 

Absolute encoder 

Separate tachometer 

Use position readout  rate 
of change' 

Advantages 

0 Lighter weight 
0 Better stowage fit 
0 Better  deployed  pole location 
0 Lowest  cost 
0 Lowest trunnion obscuration 

0 Less 1 g unbalance 
0 More  conventional  approach 

0 Simpler  electronics 
0 Well proven 
0 Self commutating 
0 Less friction than dc  brush 

torquer 

0 Lowest  power 
0 Lightest  weight 

0 Absolute position indication 
0 Long life elements 

0 Digital output  compatibility 
0 No >3600 ambiguity 
0 Small  cable bundle 
0 Interrogation capability reduces 

LED use 

0 Conventional 

0 Eliminates  component 

~ 

Disadvantages 

0 Unbalance in 1 g field 
0 Load inertia variation 

0 Complex structure 
0 Difficult stowage 
0 Higher  system weight 
0 Higher  cost 

0 Brush friction 
0 Ripple torques 

0 Requires  resolver 

0 Speed limitation in raster 
0 Gear train wear 
0 Stepping  dynamics in track 

0 Complex  electronics 
0 >3600 ambiguity 
0 Complex wiring 

0 LED degradation 
0 Requires initial setting 

0 Multiple parallel bits requires 

0 >3600 ambiguity 

0 Additional component 
0 Additional cabling 
0 None 

large wire  bundle 

Selected  design 
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a) EDGE MOUNT bl  HALF YOKE c) FULL YOKE 

Figure 1.- G i m b a l  configurat ions  considered,  showing 
trunnion  half-angle  obscuration. 

Figure 2.- Deployed  assembly mockup. 
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Figure  3.- Right antenna  obscurat ion  and  gimbal  
c h a r a c t e r i s t i c s   b a s e d  on 91.44 cn (36  inch1 
d iameter   an tenna  beam. 

/ \. \ X 576 
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+ 180° FROM ZENlT 
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Figure 4.- Deployed mechanism assembly. 
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Figure 5.- S t r u c t u r a l  frame and DEA mounting. 

ANGULAR-CONTACT 

SPRING 

Figure 6.- Antenna gimbal. 
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Figure 7.- Flat ribbon cable. 

Figure 8.- Dual gimbal lock. 
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EMERGENCl IN-FLIGHT EGRESS OPENING FOR  GENERAL AVIATION AIRCRAFT 

Laurence J. Bement 
NASA Langley Research Center 

SUMMARY 

In support of a stall/spin research program at the National Aeronautics 
and Space Administration (NASA), Langley Research Center (LaRC),  an emergency 
in-flight egress system is being installed in a light general aviation air- 
plane. The airplane has no provision for egress on the left side. A left-side 
egress opening would greatly enhance the pilot's ability for  bailout,  particu- 
larly in a right spin. To avoid a major structural redesign for a mechanical 
door,  an  add-on 11.2-kg  (24.6-1b) pyrotechnic-actuated system was developed to 
create an opening in the existing structure. The  skin of the airplane will be 
explosively severed ar'ound the side window, across a central stringer, and down 
to the floor, creating an opening of approximately 76 by 76 cm (30 by 30 in.). 
The severed panel will be jettisoned at an initial velocity of approximately 
13.7  m/sec (45 ft/sec). System developaent included a total of 68 explosive 
severance tests on aluminum material using small samples, small and  full-scale 
flat-panel aircraft structural mock-ups,  and an actual aircraft fuselage. 
These tests proved explosive sizing/severance margins, explosive initiation, 
explosive product containment, and system dynamics. This technology is 
applicable to any aircraft of  similar  construction. 

INTRODUCTION 

Airplanes, upon stalling, may begin a rotating, sinking motion called a 
spin. Stall/spin  is a prime causal factor in fatal general aviation accidents. 
Several light airplanes are being spin tested at NASA-LaRC in an effort to 
improve the stall/spin characteristics of this class of  airplanes. These air- 
planes are equipped with tail-mounted spin recovery parachute systems in the 
event that the spinning cannot be stopped by the normal airplane controls. If 
both the airplane controls and the recovery parachute fail to stop the spin, 
the pilot  would have to abandon the airplane. One airplane currently being 
readied for spin testing has a single door on the right side with no  option for 
egress on the left side. Bailout would require the pilot to move across the 
aircraft to open the existing door, possibly against centrifugal loads; this is 
a difficult task at  best. A left-side egress opening would minimize the pilot's 
bailout effort and time. 

A pyrotechnic-actuated egress opening was developed because it proved to 
be more advantageous than a mechanical system on the basis of structural mod- 
ification, performance, and the potential for  success. A mechanical system 
would require considerable structural modification and reanalysis to incorpo- 
rate a door and release mechanisms. A pyrotechnic approach would be an add- 
on system,  based on previous experience gained in the F-111 and B-1 escape 
modules. 
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The pyrotechnic system developed in this effort uses a small-quantity, 
fully contained, explosive-shaped charge to sever and jettison a left-side 
panel f r m  the airplane. The system is initiated mechanically by a bell crank 
pulled by the pilot. From that point, the  system  functions automatically. 
The design and developnent capitalized on existing pyrotechnic technology, 
materials, and components, and emphasized proving all aspects of functional 
performance. This proof of performance was accomplished analytically and 
functionally to show margins of capability greater than  the force,  strength, 
or energy required. 

This paper describes the design, developnent, and functional testing of 
the pyrotechnic-actuated emergency in-flight egress opening for a NASA-LaRC 
general aviation research airplane. 

APPARATUS 

This section describes the off-the-shelf components that were qualified 
under previous aerospace programs and the test fixtures used  in this program. 

Flexible Linear-Shaped Charge (FLSC) 

FLSC has been widely applied by the aerospace community in such applica- 
tions as rocket vehicle staging and aircraft escape systems. Figure 1 shows a 
transverse cross section of FLSC. The  materials used in this application are 
hexanitrostilbene I1 (organic-precipitated HNS 11) explosive ( 3 . 1 9  g/m 
(15 grains/ft)) in a silver sheath. This explosive can only be initiated by 
a high explosive input (greater than 5 . 5  x 7 O9 N/m2 (800 000 psi) ) ; it cannot 
be initiated by gunfire, lightning, electromagnetic-induced radiation, or phys- 
ical  handling. It will burn  in a fire,  but cannot achieve its cutting func- 
tion. On initiation, the material detonates at a linear velocity of 7250 m/sec 
(23  800 ft/sec) , generating 2 .0  x l o 1  N/m2 ( 3  x 1 O6 psi) . The expanding gases 
and sheath materials are focused in the chevron to effect a metal penetration 
and  deformation/breaking  action. 

FLSC Booster Tips 

To assure reliable initiation of the FLSC and to seal the exposed explo- 
sive at the ends of the six lengths of FLSC, booster tips were installed. These 
tips are cups ( 4 . 8 3  mm (0.  190 in.)  i.d., 8 . 8 9  mm ( 0 . 3 5  in.) height) stamped 
fran 0.15-nun (0.006-in.) 302 stainless steel condition A) and loaded with 
hexanitrostilbene I (HNS I) at 2 .20  x 1 O8 N/m 1 (32  000 psi) to a height of 
3.87 nrm (0.150 in.). The  cups were potted on the ends of the FLSC with a non- 
solvent structural adhesive (Scotch-Weld Brand Structural Adhesive 221 6 B/A1 ) . 

Product of 3M Cmpany. 
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Lanyard-Actuated Detonator 

The detonator used to init iate  the FLSC is shown i n  figure 2. A 1.27-ap 
(0.5-in.) stroke compresses the  linear  spring  to 89 N (20 l b f )  resistance  at  
release of the  sear. The fir ing pin assembly is driven  into  the  percussion 
primer to   ini t ia te  the  lead azide/HNS I explosive  materials i n  the  output cup. 
The lead  azide  provides an interface  to develop the  initiation flame to  a 
detonation wi th in  a 2.54-man (0.1-in.) column to properly init iate  the HNS I, 
which i n  turn  init iates an FISC booster tip. 

Manifolds 

To properly  locate,  secure, and protect  the FLSC booster tips, four 
6061-T6 aluminum manifolds were attached  to  the s k i n  and aircraft  structures, 
one  above and below the  central  stringer  at  the forward and aft  extremities of 
the  egress  area. The a f t  manifolds  contained a  close-tolerance groove t o  
secure  the  tips. However, the forward manifolds  contained  not  only a groove 
bu t  also  a threaded port  to  receive  the lanyard-actuated  detonators a t  the 
correct  relative  position  to  the  tips (minimum gaps of 0.50 mm (0.020 i n . ) )  to 
assure  reliable  explosive  initiation. 

Internal Containment Development Fixture 

To develop the  internal  structure  required  to  contain  the  explosive  blast 
of the FLSC, a  test  fixture was developed that would demonstrate performance 
margins. The fixture was  an exact mock-up  of a  typical  aircraft  structure, 
b u t  to demonstrate a containment margin, the  explosive  load was increased to 
150 percent of the  required amount  and the mock-up  of the aircraf t  s k i n  th ick-  
ness was increased  to  prevent any severance and venting of the  explosive  pres- 
sure.  Further,  the  internal  free volume w i t h i n  the containment structure,  as 
well  as  the  clearances of the FLSC to  the  structure, were reduced to  the mini- 
mums expected i n  the aircraft .  

Small-Panel Test  Fixture 

Wood-framed panels, measuring 45.7 by 45.7 cm (18 by 18 in . )  were  used as 
mock-ups of aircraft-representative  structures  for  explosive severance tests. 
The  mock-up s k i n  was attached  to the frame, and the  representative  full-scale 
structural elements, wi th  explosive components,  were  mounted to  the s k i n .  

Full-scale, f lat-panel test   f ixtures . - Two full-scale,  light-airplane 
structures were  mocked-up i n  wood-framed, flat-panels  to  evaluate  the  egress 
system performance. A l l  materials (Alclad 2024-T4), material  thicknesses 
(1.02 m (0.04 i n . ) ) ,  and structural  layouts,  including  a 3.175-m (0.125-in.) 
t h i c k  plexiglass window,  were  mocked-up. A 3.8-cm (1.5-in.) square-mesh stain- 
less  wire (0.5 m (0.020 i n . )  thick) was used on the second tes t   to  prevent  the 
plexiglass from  moving internally. A caaplete assembly, except for  the  initia- 
tion system, was tested. 
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Aircraft fuselage test fixture.- A center section  of a typical airplane 
fuselage was  modified to simulate the end application research-airplane struc- 
ture as closely as possible, as shown in figure 3. 

The research-airplane structure is fabricated from 1.02-m (0.04-in.) 
Alclad 2024-T4  aluminum. The fuselage skin  panels  are  made  up  of flat stock, 
overlapping above and below the window and just  above  the floor at the 
stringers. The depth of the formed channel frames, stringers, and  ribs is 
3.8 cm (1.5  in.). The frames are  made  up of flat stock mounted  on the ribs in 
the central fuselage area. The 0.317-cm  (0.125-in.) thick plexiglass window 
has an aperture of approximately 38.1  by  76.2 cm (1 5 by 30 in.) . The major 
difference in the simulation was in  the depth of frames, stringers, and ribs. 
The research-airplane depth is 3.81 cm (1.5  in.) and the test-fuselage depth 
was 6.35 cm (2.5  in.). 

Final aircraft-designed containment, as well as  the  wire  mesh of the window 
and  initiation-system hardware, was used. The explosive severance was initi- 
ated by dropping a weight to actuate the control handle through a cable/pulley . 
sys tern. 

A plexiglass witness panel was mounted inboard of the internal containment 
system at a distance of 21.6 cm (8.5  in.) from the mid-waterline (center 
stringer) of the egress opening. Dynamic pressure was monitored by two trans- 
ducers mounted on the plexiglass panel in the proximity of the expected loca- 
tion of the pilot's head  in the experimental airplane. One transducer was 
mounted 5.1 cm (2.0  in.) aft of the forward internal containment, and the other 
was 20.3 cm (8.0  in.)  aft. High-speed cameras (400 and 4000 pps) filmed the 
system operation and dynamics from the front,  side, and rear. 

PROCEDURE 

The description of the development of the egress system can be logically 
broken into six  phases: system selection/developnent considerations; materials 
selection/system qualification; initiation-system development; explosive sever- 
ance and containment developent; full-scale, flat-panel tests; and aircraft 
fuselage mock-up test. 

System Selection/Developnent Considerations 

A mechanical or pyrotechnic system could provide the required egress open- 
ing. The selection and developnent of this emergency in-flight egress system 
were  based on the following: 

1. Minimizing structural impact to the aircraft 

2. Minimizing pilot effort and response time to actuate 

3. Minimizing system weight 

4. Maximizing egress opening area 
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5. Minimizing pilot egress interference 

6. Providing  jettisoning force of  egress panel 

7. Providing passive, law-maintenance system 

8. Providing  maximum system reliability 

Materials Selection/System Qualification 

The pyrotechnic materials and techniques used in this  egress system were 
selected on the basis of  previous aerospace design experience and previously 
qualified components and systems. 

Initiation-System Development 

The initiation subsystem was designed and developed with  safety considera- 
tions paramount. The selection and development of the initiation system were 
based on  the following characteristics: 

1. Independent system, isolated frun  onboard  systems 

2. Manageable actuation force 

3. Fully  secure in flight 

4. Additional  safetying  measures on the ground 

5. Positive "stops" to assure that the actuation is complete 

6. Accessibility and reliability 

The  complete initiation subsystem actuator (no detonators) was mounted on 
a flat-plate breadboard to evaluate the actuation forces required to overcme 
internal static and kinetic friction. The 89-N (20-lbf) maximum resistive 
force of the lanyard-actuated detonator was applied to the cable, and  the pull 
forces necessary to overcome  friction  were measured. 

Explosive  Severance and Containment  Developnent 

The development of the explosive severance technology progressed through 
several phases: 

1. Size the flexible linear-shaped charge and determine  severance perfor- 
mance margins under worst-case conditions  (a double thickness  of aluminum and 
increasing the thickness beyond the expected limits). Also, determine the cut- 
ting performance  of  the FLSC and booster-cup combination inside the manifolds. 
Past experience indicated that any foreign  material  such  as  potting in the 
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chevron area of the FLSC,destroys the  cutting  efficiency. Tests were conducted 
on double-thickness plates (1.01 6 on 1.01 6 mn (0.040 on 0.040 in.)  ) . 

2. Develop  an external containment system to  contain  the  explosive  products 
outside  the  fuselage and provide  a jettisoning  force  to the  severed  panel. A 
demonstration of the development was  made by using  small-panel test  fixtures. 

3. Develop a method  of severing  the  central  stringer i n  t h e  egress  area. 
Again, small-panel test   f ixtures were  used t o  demonstrate the  local-area 
performance . 

4. Develop a method  of containing  the  explosive  products  inside  the  fuse- 
lage,  assuring  a performance margin. By us ing  the  internal containment devel- 
opment fixture  described i n  t h e  Apparatus section, containment tes ts  were 
conducted under worst-case conditions of: 

a. 150 percent of the  required  explosive  load was used, 3.19 g/m 
(1 5 grains/ft) RDX (cyclotrimethylenetrinitramine) instead of 2.1 3 g/m 
(1 0 gr ains/f t) 

b. No explosive  pressure  venting 

c. Minimum volumes 

d. F i l l i n g  the volume wi th  closed-cell,  flexible foam (used to  
preclude  contamination of the containment volume) 

e. Proximity of the FLSC to  the  aircraft and containment structure 

Full-scale,  Flat-Panel  Tests 

To develop an understanding of system-level performance, tes ts  were  con- 
ducted on the  full-scale,  flat-panel  test mock-ups described i n  the Apparatus 
section. Performance parameters to be evaluated were complete severance, 
neatness/uniformity of severed  edges, effect on aircraft  structure during 
severance, capability of the containment structure  (particularly  at  the 
stringer)  to  stop  explosive  products  internally,  jettison  velocities and 
dynamics  of the severed panel, and capability of the window  mesh to prevent 
internal  entry of the plexiglass window fragments on panel jettison. 

Aircraft Fuselage Mock-up Test 

To demonstrate the  final system design,  a  full-scale  aircraft  fuselage 
mock-up tes t  was conducted. T h i s  t e s t  included actuating  the mechanical i n i -  
tiation subsystem w i t h  both detonators  installed, the f inal  design of the con- 
tainment system (particularly  at  the  stringers) with closed-cell foam to pre- 
vent volume contamination, and the 3.8-cm (1.5-in.) protective wire mesh  on the 
inside of the window to prevent  the  plexiglass from  moving internally.  Inter- 
nal  explosive  debris and pressure were monitored wi th  a  plexiglass panel  across 
the  entire  egress  area. 
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System Selection/Developaent Considerations 

Two candidate egress systems could meet the considerations outlined in the 
Procedure  section - mechanical and  pyrotechnic. 

The mechanical system approach would require a large structural modifica- 
tion and design effort to incorporate a door frame and door. This would be 
followed by a release system, such as pulling hinge pins and actuating the 
latches, which could require considerable pilot effort and time. The released 
door may then require (according to flight conditions) manual and aerodynamic 
jettison.  Finally, a considerable effort may be required to validate the 
structural design of the modified aircraft under the high-stress,  spin-pullout 
conditions. 

The pyrotechnic system approach would use a flexible linear-shaped charge 
(FLSC) to sever the existing skin and  structure, following proven principles, 
applications, and  materials. A minimal aircraft modification could be 
expected, that is, attaching the explosive and containment to  the existing 
structure. A pyrotechnic system would require little effort to initiate and, 
as a completely independent energy source,  would produce a highly responsive 
severance and jettisoning capability. Since the expected structural changes 
would be  minimal, no new load paths or structural analysis would be expected or 
necessary. Based on these considerations, the pyrotechnic system was selected 
for developaent . 

Materials Selection/System Qualification 

The flexible linear-shaped charge (FLSC) has been applied to several aero- 
space systems, including the F-111  (ref. 1) and the B-1 aircraft, in which the 
cockpit is severed from the fuselage. The FLSC materials, organic-precipitated 
hexanitrostilbene (HNS 11) in a silver sheath, were developed specifically for 
thermal and age stability (ref. 2 ) ;  applications include the F-14,  F-16, and 
AH-1G (Cobra) aircraft. The booster tip materials, EINS I in a steel cup, are 
applied almost universally to aircraft explosive transfer systems. The 
lanyard-actuated detonator was qualified for the F-14,  F-15, and the Space 
Shuttle Orbiter. The capability of the FLSC to withstand severe environments 
is demonstrated by its many applications. The functional qualification was 
based on component and system developnent, emphasizing performance margins 
described in subsequent sections. 

Initiation-System Developaent 

The initiation system developed in this effort is shown in figure 4. A 
400 rotational stroke of the handle assembly (9.9 cm (3.9 in.)) produces 
4.95 cm (1.95  in.) pulley rotation and cable withdrawals. The cables thread 
through guide tubes to provide 90° redirected pulls on  the lanyards of the 
detonators. Since a 1.27-an (0.5-in.) stroke is required to actuate the 
detonator, a margin of at least 3 to 1 exists. Each cable is fitted with a 
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c l e v i s  f o r k  to adapt to the   de tona tor   and  a bal l  which is captured  by a plate 
on   the   pu l ley .  The cable l eng ths  were a d j u s t e d  to prevent   s imultaneous 
engagement/actuation of the   de tona tors ,   which   would   resu l t   in  twice the  load.  

S a f e t y   f e a t u r e s  were inco rpora t ed   i n   t he   sys t em to p reven t   i nadve r t en t  
system ac tua t ion   on   t he   g round   and   i n   f l i gh t .  The handle  and  pulley  assembly 
is secured to the  mounting plate by a ba l l - re lease   bayonet   sa fe ty   p in  for 
ground  safety.  An aluminum shear p in ,   aga in   s ecu r ing   t he   hand le   and   pu l l ey  
assembly to t h e  mounting plate, p reven t s   i nadve r t en t   ac tua t ion   w i thou t   t he  
s a f e t y   p i n  for f l igh t .   Fur thermore ,   the  left-side cover posts (fig.  4) act as 
motion stops; the  upper-post  stop p reven t s  forward motion of the  handle,   and 
the  lower post provides  a stop to  assure t h a t   f u l l   a c t u a t i o n   h a s  occurred. A 
cover plate protects the   en t i r e   pu l l ey   a s sembly   and   cab le / tube   ends .  The 
en t i r e   a s sembly  is mounted  on  the forward f rame  bes ide   the  pilot, j u s t  a f t  of 
the   ins t rument   console .  The handle is pos i t i oned   j u s t   above  the lower 
extremity and 2.54 cm (1.0  in.) a f t  of the ins t rument   pane l .  

The in i t ia t ion-sys tem  breadboard   revea led   tha t  t he  3.175-mm (0.125-in.) 
diameter ,  pure-aluminum shea r   p in   shea red  a t  137.9 N (31 l b f ) .  Furthermore, 
t h e  static f r i c t i o n   o f  either cable   (pre loaded  to 89 N ( 2 0   l b f ) )   r e q u i r e d   o n l y  
93 N (21 l b f )  a t  the   hand le .   Ac tua l   f r i c t ion  loads w i l l  be much less i n   t h e  
system,  s ince an 89-N (20-lbf) load w i l l  occur   only a t  maximum stroke of   the  
detonator,   which  occurs  dynamically.  

Explosive  Severance  and  Containment  Development 

The 68 explos ive  tests are b r i e f l y   o u t l i n e d   i n  table I to  e s t a b l i s h   t h e  
explosive  severance  and  containment  approaches  and  performance  margins.  The 
resul ts   of   the   explosive  s iz ing  and  performance  comparisons are shown i n  
table 11. In   de t e rmin ing   t he  a b i l i t y  to sever   double-skin  thicknesses ,  t h e  
FLSC, composed of 2.125 g/m (1 0 g r a i n s / f t )  RDX (cyclotrimethylenetrinitramine) , 
could  sever/break  the 1.01 6- on  1 .60-m (0.040- on  0.063-in.)  aluminum, which 
provides  a performance  margin  of 58 percent .  Furthermore, a 131-percent  margin 
is achieved by using  an HNS I1 FLSC of 3.188 g/m (15   g ra ins / f t )   i n s t ead  of 
t h e  2.125 g/m RDX, resu l t ing   in   an   overa l l   per formance   margin   approaching  
1 00 per cent .  

I n   e v a l u a t i n g  t h e  performance  of t h e  booster tip/FLSC combination  under 
manifolds,  it was determined tha t  t h e   i n c r e a s e d   q u a n t i t y  of explosive  (due to  
the  t ips) e a s i l y   r u p t u r e d  a s i n g l e   s k i n   t h i c k n e s s  and,  with  minimal  potting, 
could   rup ture  t w o  sk in   t h i cknesses .  An a l r e a d y   i n i t i a t e d  tear would progress  
through the  r e l a t i v e l y  short lengths  where FLSC p e n e t r a t i o n  did not  occur.  

The e f f e c t i v e n e s s  of the  external   containment   approach  in   the  small-panel  
tests is shown i n   f i g u r e s  5  and 6. The no-containment tes t  (fig.   5)  produced 
ragged   edges   ( la rge   def lec t ions)   on  both the   s eve red   pane l   and   t he  aircraft 
s k i n  mock-up. The containment test ( f i g .  6) produced smooth, neat   edges on 
both the  pane l   and   t he   a i r c ra f t   sk in .   A l though  the containment- tes t   panel  
weighed  near ly   three times as much, no loss i n   j e t t i s o n   v e l o c i t y   o c c u r r e d  com- 
pared  with t h e  no-containment test. The ex terna l   conta inment  is a 1.60-m 
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(0.063-in.)  thick cold-rolled steel cove rp la t e  (3.81 cm (1.50 in . )  wide, as 
r equ i r ed ) ,  separated f rm the   sk in   by  a 3.15-m (0.125-in.)  aluminum-plate 
.standoff. The  bent-down p o r t i o n  closes the  cavi ty   and  smooths  the  surface,  
reducing  aerodynamic  drag.  The  cavity  between  the steel and   t he   sk in  was 
necessary  to  assure adequa te   de f l ec t ion   o f  a double- thickness   skin to allow 
reliable severance/fracture .  A 1.60-mm (0.063-in.) cav i ty   a l lowed  on ly  
partial severance. The f i n a l   d e s i g n  of the   ex te rna l   conta inment  is shown 
i n   f i g u r e  7 on   t he  aircraft  fuse l age  mock-up of the   egress   sys tem.  

To r e l i a b l y  sever t h e   c e n t r a l   s t r i n g e r ,  two leng ths  of explos ive  were 
used. One l eng th  was l a i d   a l o n g   t h e   s k i n ,   t h r o u g h  a h o l e   i n   t h e  stringer 
( i n s i d e   t h e  bend r a d i u s  of the  channel) ,   and across t h e   l e g  of the  channel;  
t h e   o t h e r   l e n g t h  was laid around  the   s t r inger   and   matched   in to  common booster 
tips a t  each end. This  arrangement  introduced two problems: de termining   the  
r e l i a b i l i t y  of severing  the  double- thickness  material ( s t r inge r   and   sk in )   w i th  
the   l a rge r   s t andof f  to avoid the   s t r i nge r   r ad ius ,   and   de t e rmin ing  how t o  manage 
t h e   s t r u c t u r a l  damage and  deformation  caused  by  the  doubled  quantity of explo- 
s ive .   Severa l  tests w i t h   l a r g e r   s t a n d o f f s   t h a n   r e q u i r e d   i n d i c a t e d   s u f f i c i e n t  
ene rgy   ex i s t ed  to sever  and tear t h e  material with  an  adequate  margin.  The 
doubled  quant i ty  of explos ive  required doubl ing   the   s t ruc tura l   a t tachment  bolts 
(2.54-cm (1  .O-in.) cen ters )   and   us ing  steel in t e rna l   con ta inmen t   s t ruc tu re   on  
the  severed  panel .  

The in t e rna l   con ta inmen t   s t ruc tu re  to protect t h e  pi lot  from exp los ive  
products  is shown i n   f i g u r e  8. The c r o s s - s e c t i o n a l   l i n e s   i n d i c a t e   t h e  loca- 
t ions   o f   subsequen t   s t ruc tu ra l  views. 

The p r inc ip l e s   o f  t h e  in te rna l   explos ive   conta inment  are shown i n   f i g u r e  9 
( s e c t i o n  A-A). The s k i n  is severed by t h e   e x p l o s i v e ,   c a u s i n g   t h e   s t r u c t u r e  to 
t h e   r i g h t  to be j e t t i s o n e d  downward wi th   the   pane l .  The explos ive  products are 
con ta ined   w i th in   t he   f r ee  volume formed by t h e   s t r i n g e r ,   t h e   a n g l e  t o  t h e   r i g h t ,  
and  the  cover  channel.  A cover  channel is used to  prevent  a l e f t  r o t a t i o n  of 
the   cover  plate  and   s t r inge r   due  to the   exp los ive   p re s su re .  The t w o  cover 
plates above the   channel   s t i f fen   the   channel   and   cover   the   gaps  a t  the  cover-  
channel   in te r faces .  The re inforcement   angle   p revents   shear ing  damage from t h e  
close proximity  of   the   explosive.  The closed-cell foam (95-percent a i r )  pre- 
vents   contaminat ion  of   the free volume. If t h i s  volume were f i l l e d   w i t h  water 
(no foam), considerable   deformation of the   conta inment   s t ruc ture   could   occur ,  
poss ib ly   caus ing  pilot  in jury .  

The same approach as described above is shown i n   f i g u r e  10 ( s e c t i o n  B-B), 
except  a cover   angle   a t tached to t h e  aircraft  ribs is used to p r e v e n t   r o t a t i o n  
r a the r   t han  a channel.  The cover   angle  is curved to  m a t c h   t h e   a i r c r a f t  con- 
tou r .  The s e v e r e d / j e t t i s o n e d   p o r t i o n   o f   t h e   s t r u c t u r e  is below t h e   s t r i n g e r .  

F igure   11   ( sec t ion  C-C) and   f i gu re  8 show t h e  complicated welded s t a i n l e s s -  
steel containment   s t ructure   used a t  t h e  forward and a f t  s e c t i o n s   o f   t h e   c e n t r a l  
s t r i n g e r .  The s t r u c t u r e   a t t a c h e s  to the  frames above  and below t h e   s t r i n g e r .  
I n  order to m a i n t a i n   a n   i n t e r n a l   f r e e  volume to d i s s ipa t e   t he   exp los ive   ene rgy  
o f   t he   f l ex ib l e   l i nea r - shaped   cha rge   a round   t he   s t r i nge r ,   t he   s t ruc tu re   had  to  
project i n b o a r d   i n t o   t h e  c o c k p i t .  Also, t h i s   s t r u c t u r e  had to accomodate t h e  
pos t -assembly   ins ta l la t ion   o f   the   de tona tors   and   in i t ia t ion-cable   gu ide   tubes .  

181 



An approach similar to s e c t i o n  B-B is shown i n   f i g u r e   1 2   ( s e c t i o n  D-D) , 
except t h a t   t h e  cover a n g l e  is a t t ached  to t h e  frame. Furthermore,   there  is no 
need for a reinforcement   angle;  t he  explos ive  was no t  mounted a g a i n s t   t h e  frame. 

Fu l l - sca l e  , Flat-Panel  Tests 

The full-scale, f l a t -pane l  tests confirmed a number of sys tem  pr inc ip les  
as well as de tec t ing   sys tem problem areas. The explos ive ly   severed  edges of 
t h e   s k i n   a n d   j e t t i s o n e d   p a n e l  were smooth and  uniform. The  dynamics of t h e  
severed  panels  were uniform  and predictable. The  panel was smoothly released 
and   p i tched .hor izonta l ly :   the  base of the panel  swung  upward i n  the  d i r e c t i o n  
of motion. However, the   ex te rna l   con ta inmen t   s t ruc tu re   and   sk in   de t ached  fran 
the p a n e l   i n  the areas beneath  the  doubled FLSC a r o u n d   t h e   c e n t r a l   s t r i n g e r ,  
a l lowing  explosive  gaseous  products  to e n t e r  t h e  fuse lage .  

The gases ,   c r ea t ed   on   de tona t ion  of the   exp los ive ,   sha rp ly  load t h e   e n t i r e  
area wi th in   t he   i n t e rna l   exp los ive   con ta inmen t ,   caus ing   t he   sk in  to deflect 
between the  bolt at tachments  to exhaus t   the   gases .  These gases  are h igh ly  
v i s i b l e  as flame and smoke. The flame is a secondary  burning of the   unreac ted  
carbon  on  mixing w i t h  t h e  a i r .  The flame d u r a t i o n   i n   b o t h  tests was approxi- 
mately 21 msec, an u n l i k e l y   i g n i t i o n  source of even t h e  most r e a c t i v e  materials. 

The mani fo ld   a t tachments   and   the   p lex ig lass  window r e t e n t i o n  were inade- 
qua te   on  t h e  f i r s t  test and were corrected on t h e  second test. The manifolds  
( a t t ached   on ly   t h rough   t he   sk in )  pulled loose; at tachments   through  the frame 
prevented  detachment.  The window broke up  due to panel/frame  oilcanning, 
t o s s i n g   s e v e r a l  pieces inboard.  A 3.8- by 3.8-an (1.5-  by  1.5-in.) wire mesh 
was s t r e t c h e d  across t h e  window and  a t tached to the   i n t e rna l   con ta inmen t   s t ruc -  
t u r e  to  e l i m i n a t e   i n t e r n a l  debris. 

The j e t t i s o n  ca,pabilities demonst ra ted   in  t h e  f l a t -pane l  tests (small and 
f u l l  scale) are summarized i n   t a b l e  111. Although the  system  weight  increased, 
t h e  amount of energy   de l ivered  per uni t   weight  was c o n s i s t e n t .  

Aircraft Mock-up Test 

Figures 13 and 1 4  show t he   nea t ,   p red ic t ab le ,   s eve red  edges of t h e   s k i n  
and  the frame around  the  opening  created by t h e  in te rna l   conta inment .  No 
i n t e r n a l   d e b r i s  was de tec t ed  by the  wi tness   pane l  or high-speed camera cover- 
age  (4000 pps). The i n t e r n a l  pressures measured were 34.5 kN/m2 (5  psi) and 
17.7 kN/m2 (2.5 psi)  wi th  a dura t ion   of  less than  1 . O  msec. These  pressure 
l e v e l s  compare favorably  with  measurements made on   the  B r i t i s h  a i rc raf t  Jet 
Provost  Mk.5, which  employs  an  explosive  cord-actuated  overhead-canopy  sever- 
ance  system.  Measurements a t  the  c h e s t   l e v e l   o f  dummies ind ica t ed   p re s su res  
of 50.3 to  11 7 kN/m2 (7.3 to 1 7  psi) .  However, p r e s s u r e   l e v e l s  a t  t he  d m y  
ears ( i n s i d e  the helmet) were approximately 26.2 kN/m2 (3.8 psi)  . 

The flame d u r a t i o n   a n d   j e t t i s o n   v e l o c i t y  were considerably  improved by 
the  rom temperature-vulcanizing (RTV) compound app l i ca t ion   on   t he   ex te rna l  
containment. The a c t u a l   d u r a t i o n   o f   t h e  flame was less than  5 msec. The 
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improvement  of the  containment   prevented  carbon particle and a i r  mixing  and 
burn ing .   Fur thermore ,   the   j e t t i son   ve loc i ty  (table 111) increased  28 percent  
due to  t h e  improved s e a l i n g  of the  explosive-gas   pressure wave. The severed 
panel  weighed 6.62 kg (14.6 l b )  and  achieved a v e l o c i t y  of 13.7 m/sec 
(45 ft/sec) . 

The severed  panel  was comple t e ly   i n t ac t ,   excep t  for t h e  window, fol lowing 
t h e  test ( f i g s .  15 and  16) .  The wire mesh prevented  any window fragments fran 
e n t e r i n g   t h e   f u s e l a g e .  The  frame created by the   ex te rna l   con ta inmen t  was 
smooth  and  uniform,  and t h e   s k i n  was s e c u r e l y   a t t a c h e d   i n  a l l  areas. 

CONCLUSIONS 

A pyrotechnic-ac tua ted ,   in - f l igh t   egress   opening   has   been   deve loped   and  
q u a l i f i e d   f o r   u s e   i n  a l i g h t ,   g e n e r a l   a v i a t i o n   r e s e a r c h   a i r p l a n e .   T h i s   s y s t e m  
w i l l  a l l m  t h e  pilot  to bail o u t   f r a n   t h e   l e f t  side of the   a i rp l ane .  

The egress   system is simple and  highly  responsive,   requir ing  minimal  air- 
p lane   modi f ica t ions  to incorpora te .  A c o m p l e t e ,   f u l l - s c a l e   a i r c r a f t   f u s e l a g e  
mock-up demonst ra ted   the   ab i l i ty   o f   the   sys tem to create an  opening  of  approx- 
imate ly  76 by 76 cm (30  by 30 i n . ) ,   i nc lud ing   t he  window, i n   t h e   c a b i n  side. 
The total  system  weight was 11.17 kg (24.6 l b ) .  The opening was created by 
small-quant i ty   explosives   ( f lexible   l inear-shaped  charge)   which  severed  and 
j e t t i s o n e d  a 6.62-kg (14 .6- lb)   por t ion   o f   the   fuse lage   sk in   and   s t ruc ture  a t  a 
ve loc i ty   o f  13.7 m/sec (45 ft/sec). The explos ive  products are contained,  
p re sen t ing  no debris or sound/pressure  hazard to t h e  pilot. Furthermore,   the  
opening created is neat  and  smooth,   presenting a min ima l   i n t e r f e rence   po ten t i a l  
to  t h e   p i l o t  on egress .  

System r e l i a b i l i t y   h a s  been  demonstrated by previous  aerospace system 
a p p l i c a t i o n s  and  by f u n c t i o n a l  tests. The pyrotechnic  components  and  perfor- 
mance p r i n c i p l e s  have  been qua l i f i ed   on   a i r c ra f t   sys t ems   such  as the  F-111 and 
B-1 escape modules. A l l  funct ional   parameters   have  been tested for t h i s  appl i -  
c a t i o n  to  demonstrate   substant ia l   performance  margins  (a g r e a t e r   c a p a b i l i t y  
than  required to accomplish  the desired f u n c t i o n ) .  The  system w i l l  require no 
maintenance,   except   for  a 5-year  replacement  cycle  on  the  detonator.  

This   egress   system  technology is a p p l i c a b l e  to a n y   a i r c r a f t  of similar 
cons t ruc t ion .  
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TABLE I .- EXPLOSIVE DEVELOP"J! TESTS 

Explosive  sizing/severance tests . . . . . . . . . . . . . . . . . . . . . .  23 

Manifold  developnent . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

Containment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

Small-scale mock-ups . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

Full-scale  mock-ups: 
 flat.........................^^^^^.^^=. 2 
A i r c r a f t .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Total test specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 

TABLE 11.- EXPLOSIVE SEVERANCE TESTS AND COMPARISON 

(a)  Explosive  severance tests 

Explosive, g/m (grains/ft)  

1 .488   (7)  RDX 

2.125  (10) RDX 
..... _" . -. . . .  - -. "_ :. - ,  ". t 1 . 6 0  on 1 . 6 0  

Yes 

N o  Yes Yes 

No 

- ... - ........ -.  -. . 

(b) Explosive  severance comparison (2024-T4 tapered  plates) 

2.125 g/m (10 grains/ft)  RDX w i l l  cut 1 .53  mm (0.0602 in . )  131 -percent 
3.188 g/m (15 grains/ft)  HNS I1 w i l l  cut 2.00 mm (0.0788 in.)   increase I 
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TABLE 111.- PANEL JETTISON  COMPARISONS 

I 

Type test 

Small-scale 
(no  containment) 

Small-scale 
(with  containment) 

F i r s t  mock-up 
( f l a t  panel) 

Second mock-up 
( f l a t  panel) 

Fuselage mock-up 

Weight of 
severed  panel 

k g  (Ib) 

0.34  (0.76) 

1.00  (2.2) 

3.40  (7.5) 

5.94  (13.1) 

6.62  (14.6) 

Velocity of 
severed  panel 
m/sec (f t/sec) 

Energy  per uni t   weight  
of severed  panel 
J/kg (f  t - lbf / lb)  

48.2  (15.9) 

53.2  (17.9) 

57.2  (18.9) 

94.0  (31.4) 
I 
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+ (0.20 5 n 0 8  i n . )  -I 
Figure 1 .- Cross  sect ion of s i lver-sheathed HNS I1 

f lexible   l inear-shaped  charge.  

A C T U A T I O N   D I R E C T I O N  

t 
C O M P R E S S I O N  S P R I N G  
7 0   N / C H  ( 4 0  L B / I N . )  

R E L E A S E   S E A R  
( 1 . 2 7 - c ~  ( . 5  IN.) S T R O K E )  

A S S E M B L Y  
F I R I N G   P I N  

P E R C U S S I O N  
P R I M E R  

O U T P U T  CUP 

Figure 2.- Cross s e c t i o n  of lanyard-actuated  detonator. 
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I NTERXAL LEG 

. I , . . . . . 

. . . , . . .  . .  
, ." I . .  .I. ,,. ... 1.. ...t I it  

Figure 3.- Internal view  of aircraft  fuselage mock-up. 

L-80-114 
Figure 4.- Mechanical init iation system. 
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I 

Figure  5.- Small-panel  severance test w it 
L-80-115 

h no external   containment .  

L-80-116 
Figure  6.- Small-panel  severance test  wi th   ex te rna l   conta inment .  
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Figure 7.- External view of fuselage mock-up  of  egress  system. 

r' 'f3 

Figure 8.- Internal view  of fuselage mock-up  of  egress  system. 
(Section views  indicate  subsequent illustrations.) 
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REINFORCEMENT  ANGLE 
16- CM 6061-T6 SPRING-STEEL  CLIP 

ON  EXPLOSIVE 

,315-CM 2024-T4 

CLOSED-CELL  FOAM 
(,063 IN.) 

Figure 9.- A-A and inverted A-A cross section of internal containment. 

REINFORCEMENT  ANGLE 

. 16-CM 6061-T6 
( -063 INJ 

COLD-ROLLED  STEEL 

CLOSED-CELL  FOAM 
- 1 6 - c ~  6061-T6 

,315-CM 2024-T4 1 
(-125 INJ ib (1.5 I N )  

~ 3 .8  CM --A 

Figure 10.- B-B cross section of internal containment. 
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(.OK3 IN.) 
.lK-CH COLD-ROLLED 

CLOSED-CELI 

SK 

STEEL 

. FOAM 

I N I T I A T O R  MANIFOLD 

BOOSTER TIPS 

F L E X I B L E   L I N E A R  
SHAPED CHARGE 

STEEL 

Figure 11.- C-C cross s e c t i o n  of in te rna l   conta inment .  

FRAME 

. ,16- CM 6061-T6 
(,063 IN.) 

. -  . . . .  . .. 

315 -CM 2024-T4 
(,125 IN.) 

C L O S E D - C E L L   F O A M   , ~ ~ - ~ M C O L D - R O L L E D   S T E E L  

(,063 IN.) 

7 
S P R I N G   S T E E L   C L I P  

ON E X P L O S I V E  

Figure  12.- D-D and   inver ted  D-D cross s e c t i o n  of in t e rna l   con ta inmen t .  

192 



193 



Figure 15.- External  view of severed  panel.  

L-80-122 
Figure 16.- Internal  view of severed  panel.  
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A SPIN-RECOVERY PARACHUTE SYSTEM FOR LIGHT 

GENERAL-AVIATION  AIRPLANES 

Charles F. Bradshaw 
Langley  Research  Center 

SUMMARY 

A tail-mounted  spin-recovery  parachute system has been designed and 
developed by the NASA Langley Research Center for  use on l i g h t  general- 
aviation  airplanes. The system was designed for  use on typical  airplane con- 
figurations,  including low-wing, high-wing, single-engine and twin-engine 
designs. A mechanically  triggered  pyrotechnic  slug gun is used to   forcibly 
deploy  a pilot  parachute which extracts  a bag that deploys  a ring-slot s p i n -  
recovery  parachute. The total  system weighs 8.2 kg (18 lb) .  System design 
factors included  airplane wake effects  on parachute deployment, prevention of 
premature  parachute deployment, positive  parachute  jettison, compact size,  
low weight,  system re l i ab i l i t y ,  and p i lo t  and ground-crew safety.  Extensive 

t o  qualify  the system. The recovery  parachute ground tes t s  were conducted 
has been  used successfully i n f l i g h t  17 times. 

INTRODUCTION 

Although spin-recovery  parachute systems have  been used for many years 
when conducting  spin t e s t s  on l i g h t  airplanes,  the  design,  testing, and 
i n - f l i g h t  use of these systems are not thoroughly documented. As a resul t  of 
the lack of design  information, test  guidelines, and feedback from actual 
f l i g h t  use, accidents  continue  to occur d u r i n g  spin  evaluation  tests. These 
accidents have  been attr ibuted t o  improper parachute geometry and deployment 
and je t t ison  fa i lures .  

The NASA Langley Research  Center is currently  conducting  a comprehensive 
research program t o  improve the  stall /spin  characterist ics of general- 
aviation  airplanes  (ref. 1 ) .  As p a r t  of this program, an emergency s p i n -  
recovery  parachute system was designed and developed for use on the  tes t  
airplanes d u r i n g  spin  tests.  Small-scale model tes t s   ( re f .  2 )  have  been per- 
formed t o  determine  the  parachute geometry required for spin  recovery of a 
typical  single-engine low-wing airplane. U t i l i z i n g  the model data,  a t a i l -  
mounted spin-recovery  parachute system ( f i g .  1 )  was designed, tested, and 
instal led on the  corresponding  full-scale  spin-research  airplane. The system 
incorporates many safety  features and stresses  simplicity t o  ensure h i g h  
r e l i a b i l i t y  without redundancy and excessive weight. The system can be 
adapted to  various  airplanes,  provided  the  parachute  size and riser  lengths 
are  varied  accordingly. 

Design features of the system and i ts  components are  presented. 
Parachute s i z i n g ,  loads  estimation, deployment technique,  attachment and 
release mechanism,  and cockpit  controls  are  described. Ground and f l i gh t  
tests  are  described  to  provide  guidelines  for  qualifying  a  spin-recovery 
parachute system for  use on  an airplane. A typical deployment load  time 
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history is presented  for a f l a t  s p i n  recovery, and f l i g h t  resul ts   are  compared 
w i t h  qual i f icat ion  tes t   resul ts  and design  estimates. 

TEST AIRPLANE 

The NASA general-aviation  stall/spin program includes sp in  t e s t s  of 
several  different  airplanes;  therefore, a spin-recovery  parachute system was 
designed that could be adapted to   different  1 ight-airpl ane configurations. 
The single-engine, low-wing airplane shown i n  f igure 2 was the f irst  t o  be 
f i t t e d  w i t h  this system. This airplane has two spin modes - a moderately 
f l a t  mode  and a f l a t  unrecoverable mode.  The recovery system design, 
instal la t ion,  and testing  are  described us ing  this a i r c ra f t  as an example. 

SYSTEM DESCRIPTION AND DESIGN  REQUIREMENTS 

Spin-Recovery Parachute 

Geometry.- A ring-slot  parachute was selected  for  the  spin-recovery 
parachute because i t  has a low opening shock, a high degree of r e l i ab i l i t y ,  
good s tab i l i ty   (osc i l la t ions   l ess  than - +loo),  low weight, and  low b u l k .  

The parachute geometry necessary  for  airplane spin recovery was deter- 
mined  from t e s t s  of a dynamically  scaled model i n  the Langley s p i n  tunnel 
( re f .  2 ) .  A 3.2-m-(10.5 f t )  diameter  parachute canopy w i t h  a drag coefficient 
of 0.5, suspension line  length of 3.2 m (10.5 f t ) ,  and riser  length of 2.9 m 
(9.5 f t )  was selected because i t  provided a r a p i d  recovery  without  excessive 
size. 

Operating environment.- The conditions under which the  spin-recovery 
parachute must function were defined by the  airplane spin modes as  determined 
from spin-tunnel model t e s t s  and the  selection of  1500 m (5000 f t )  as  the 
minimum altitude  for  parachute deployment. These conditions, were: 

Deployment a1 t i  tude 1500 m (5000 f t )  
Descent r a t e  34 t o  52 m/sec 

(112 t o  170 f t / sec)  
Airplane rot ation  rate 360/sec to  200°/sec 
Dynamic pressure 622 t o  1436  Pa 

(13 t o  30 l b / f t 2 )  

Loads.- The spin-recovery  parachute geometry and operating environment 
were used to  estimate  the recovery-system limit  loads. The direction of the 
force  vector produced by the  parachute may vary  considerably due to  the  spin 
rate,  descent  rate, and at t i tude of the  airplane d u r i n g  the deployment. 
Therefore, for design  purposes, the limit parachute  load  envelope was repre- 
sented by a moving force  vector,  the end of which described a semiellipsoid 
as   i l lustrated i n  f igure 3. For recovery system design  (ultimate)  loads,  the 
limit loads were multiplied by a safety  factor of 1.5. 

A strain-gage load l i n k  ( f i g .  4 )  was installed i n  the  spin-recovery 
parachute r i s e r   t o  measure the  actual  parachute  loads d u r i n g  deployment and 
spin recovery. The 1 i n k  was  a1 so used to  measure loads d u r i n g  ground and 
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f l i g h t  deployment tes t s .  To instal l   the  load l i n k ,  loops were sewn to  the 
r i s e r   t o  provide a parallel  b u t  shorter  path  through  the  load l i n k .  If  the 
l i n k  failed,  the  continuous  riser would carry the parachute  load. The link 
was wired to  an onboard instrumentation system  through a connector p lug  on 
the  parachute  support  structure. A t  parachute  jettison,  the plug  disconnects 
from the  socket. 

Deployment  method.- One of the more important factors  to  consider when 
selecting  the deployment method for  the  pilot  parachute and the  spin-recovery 
parachute is the wake effect  above and behind a sp inning  airplane. In 
general,  the wake i s  nonuniform, has less  than  free-stream dynamic pressure, 
and i n  some areas, has airflow  reversal. Any of these  conditions may cause 
d i f f icu l ty  i n  inflation or may actually  prevent  inflation of the  parachute. 
Therefore,  careful  consideration was given to  the  selection of the  parachute 
deployment method i n  order t o  avoid these  detrimental  effects. 

The spin-recovery  parachute is deployed by the  l ine-f i rs t  method. A 
pilot  parachute  extracts  the deployment bag  from the  parachute  support  struc- 
ture,  deploying f i rs t  the  r iser,  then  the  suspension  lines, and f inal ly   the 
recovery-parachute canopy. This method provides a clean  separation of the 
deployment bag from the  airplane and insures  that  inflation of the s p i n -  
recovery  parachute  occurs away from the  airplane. The possibi l i ty  of the 
parachute  fouling on the  airplane is thereby  reduced, and effects  of the 
airplane wake  on the  parachute  are minimized. The parachute  snatch load  
(force imposed by acceleration of canopy mass a t  ful l   l ine   s t re tch)  is  also 
reduced  because the canopy inf la tes   af ter   the   r iser  and suspension lines  are 
fu l ly  extended. 

P i l o t  Parachute 

Geometry.- The pilot  parachute must produce the  force  required  to deploy 
the  spin-recovery  parachute from the deployment bag i n  a positive and orderly 
manner. Past  experience ( r e f .  3) indicated  that a p i l o t  parachute should be 
sized  to provide an i n i t i a l  acceleration of 39.2 t o  58.8 m/sec2 ( 4  t o  6 g) on 
the deployment bag at  the m i n i m u m  expected dynamic pressure. Based on th i s ,  
a 0.9-m-(3 f t )  diameter,  8-gore,  vane-type, s o l i d ,  no-spring p i lo t  parachute 
w i t h  low porosity canopy material and line  length of 0.9 m (3 f t )  was 
selected. This type  pilot  parachute has a h i g h  drag coefficient and a small 
area, which resulted i n  a small  packing volume. The pilot-parachute  bridle 
line,  including an energy  absorbing  loop, was selected t o  be 8.8 m (29 f t )  
long t o  avoid effects  of the  airplane wake. 

Deployment  method.- To insure  reliable  pilot-parachute deployment 
regardless of the deployment method used, the  pilot  parachute should be 
ejected rearward away from the  airplane wake. Three deployment methods 
( re f .  3 )  were considered: a spring-loaded system, a mortar  system, and a 
deployment-gun system. The deployment-gun method was selected  for this 
application because it had lower reaction  loads than a comparable mortar, i t  
provided a more positive deployment of the  pilot  parachute  than a spring 
system, and a re l iab le  deployment gun was readily  available from a comnercial 
source . 
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The gun project i le  (slu ) is  attached  to  the  pilot  parachute by a short 
retainer line (figs. 1 and 57. When the gun i s  f i red,  the project i le   pul ls  
the  pilot  parachute and bridle line out t o  i ts  fu l l  length. Excess project i le  
energy is expended by tearing  out  stitching i n  a loop instal led between the 
p i l o t  parachute and i ts  br id le  1 ine ( f i g .  6 ) .  The  energy  absorbing loop was 
added d u r i n g  developmental tes t ing as a simple means  of eliminating  excess 
s lug  energy to  prevent sp r ing  back o f  the slug which could  foul  the p i lo t  
parachute. 

Dep 1 oyment Gun 

The parachute deployment gun ( f i g .  6 )  used i n  the spin-recovery system 
is a b a l l i s t i c  device used by the U.S. Air Force to   forcibly deploy a person- 
nel  parachute. I t  has undergone extensive  qualification  tests,   is  f l i g h t  
qualified,  and is manrated. I t  has proven to  be highly  re1  iable and has many 
ground-hand1 i n g  safety  features. The gun is mechanically  triggered by 
pulling on a cable w i t h  a force of 53.4 t o  155.7 N (12 t o  35 l b ) ,  whereby the 
in i t ia l   cab le  movement cocks a f i r i n g  p i n  and continued  cable movement 
releases  the f i r ing  p in .  The f i r ing pin  impacts the primer of  an explosive 
cartridge which ignites and f i res   the  project i le .  The 0.37-kg (0.81 l b )  pro- 
jecti le  leaves  the gun barrel   a t  a muzzle velocity of 46 t o  67  m/sec (150 t o  
220 f t / s ec ) ,  and a peak recoil  force of 8967 N (2016 1b) i s  developed. After 
10 firings the gun is completely  refurbished. A safety p i n  is installed i n  
the  cable assembly to  lock out  inadvertent  cable movement and insure  safety 
of the deployment gun while on the ground. 

Airplane  Installation 

Support structure.- The deployment bag containing the parachutes,  the 
deployment gun,  and the mechanism for  attaching and jettisoning  the spin- 
recovery  parachute  are mounted t o  the  support  structure,  as shown i n  figure 1. 

Overall s ize  and projected  side  area of the support  structure were kept 
as small as possible  to minimize aerodynamic effects  which might  al ter  the 
basic  airplane spin modes. A parachute r i s e r  tunnel ( f i g .  1 )  was incorporated 
i n  the  design t o  minimize changes i n  the  airplane  inertias due to  the added 
mass of the  recovery system. The r i s e r  tunnel  allowed  the  recovery-system 
center of gravity t o  be placed  closer t o  the  airplane  center of gravity, b u t  
placed  the  parachute  riser  exit  far enough a f t  of the empennage to  keep the 
r i s e r  from coming i n  contact w i t h  the   ta i l .  This design  provided  the maximum 
moment  arm through which the  antispin  parachute  force could act d u r i n g  the 
spin recovery and used the  tunnel  rather t h a n  the  latch  to  react  vertical and 
side  loads from the  parachute. The support  structure was designed such that  
when the bag mounting pins are  pulled,  the bag is f ree  of the  support  struc- 
ture  and automatically  separates due to  the  centrifugal  force produced by the 
s p i n .  

Deployment bag.- The deployment bag and parachute system components are 
shown i n  f igure 5. The  bag  was designed to  provide an orderly and re l iable  
deployment of the  spin-recovery  parachute. The  bag is constructed of 203.5 
g/m2 (6 oz/yd2) nylon fabric  reinforced w i t h  4448-N (1000 l b )  t e s t  nylon 
t ape  and is divided  into  three  separate compartments: r i s e r  and suspension 
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I -  

l ine  compartment, spin-recovery  parachute canopy compartment, and p i lo t  
parachute and bridle compartment, 

The spin-recovery  parachute canopy is stored i n  an accordion-fold manner 
i n  the middle compartment. Locking flaps  separate  the canopy from the  r iser  
and suspension-line compartment and prevent  the canopy  from deploying until  
the   r i se r  and suspension l ines   are   ful ly  extended. The r i s e r  and suspension 
l ines  are stowed on a l ine  stow f lap  w i t h  rubber retainer bands and packed i n  
the  front compartment. 

The pilot  parachute and bridle  are packed i n  the   af t  compartment w i t h  
the  bridle  at tached  to  the  aft  end  of the bag. Two r i p  cords  are  attached t o  
the  pilot  parachute  bridle for mounting the deployment bag to  the  support 
structure. A 89-N (20 l b )  t e s t  break  cord between the bag  and the apex  of 
the  spin-recovery  parachute canopy provides  for  extension of the canopy and 
separation of the  pilot  chute and  bag before canopy inflation. 

Closure f l a p s  a t  each end  of the bag seal off  the deployment bag  and 
protect  the  parachutes from  damage. Nylon cords  laced th rough  mouth  t i e  
loops  are used t o  lock the ends of the bag closed.  Steel knife l ine  cut ters  
on the  projecti le  retainer  l ine and parachute r i s e r  sever  the  cords t o  open 
the bag ends d u r i n g  the deployment sequence. 

The packed deployment bag is 38 cm (15 i n . )  long and 13 cm (5  i n . )  in 
diameter and is mounted t o  the  support  structure by loops made from shock 
cord which are  attached  to  the  outside of the bag. The loops  pass  through 
holes i n  the  support  structure and are held i n  place by the mounting pins on 
the two r ip  cords  attached to  the  pilot  parachute  bridle as shown i n  f igure 7. 
The mounting p i n s  are  pulled when the  pilot  chute and bridle  l ine  are f u l l y  
extended by the deployment-gun s l u g  d u r i n g  the deployment sequence. 

Atta-chment and release mechanism.- The spin-recovery  parachute r i s e r   i s  
attached  to  the  airplane by the  attachment and release mechanism  shown in 
f igure 8. This  device is mounted i n  the forward p a r t  of the  support  struc- 
ture  w i t h  the  latch a t  the forward end  of the  riser  tunnel. The  mechanism is 
mechanically  operated by cables  that  are connected to  a control handle i n  the 
cockpit. T h i s  mechanism is a c r i t i ca l  item i n  the  overall system design 
because i t  attaches  the  parachute  riser t o  the  airplane,  releases  the 
parachute  after sp in  recovery, and automatically  releases  the  parachute i n  
the event of inadvertent deployment d u r i n g  take-off  or  landing. 

Automatic release of the  parachute is accomplished by setting  the 
mechanism lock arm  and clamp i n  the  jet t ison  posit ion,  while  maintaining the 
latch i n  the  closed  position w i t h  a small shear p i n  as shown i n  f igure  8(a) .  
The shear p i n  provides  sufficient  force  to  prevent  the  latch from v i b r a t i n g  
open i n  flight  before i t  is actually locked  closed  prior t o  s p i n n i n g  the 
airplane. If the  parachute  should  deploy  inadvertently on take-off  or 
landing,  the  parachute  load  shears  the p i n  and the  parachute  automatically 
separates from the airplane. A tension sp r ing  provides a force of 22 N (5  
l b )  t o  hold the clamp i n  the  jet t ison  posit ion u n t i l  the mechanism is 
manually  locked. 
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Prior  to  entering a stall/spin  condition, the lock arm  and clamp are  set  
i n  the locked position by the  pilot  by applying  tension i n  cable A ( f i g .  8 ( b ) )  
thus locking  the  spin-recovery  parachute to  the  airplane. A s p r i n g  locking 
c l i p  prevents the lock arm from opening due to  vibration. The lock arm  and 
latch each close  separate  microswitches when the  riser  shackle is properly 
locked t o  the airplane. Both switches must close  to  illuminate an indicator 
l i g h t  ( f i g .  9 )  i n  the  cockpit  verifying  to  the  pilot  that  the  spin-recovery 
parachute is properly  locked t o  the  airplane. 

After deployment and spin recovery,  the  parachute is jettisoned by 
moving the lock arm to  the  jet t ison  posit ion by applying  tension i n  cable B 
( f i g .  8 ( c ) ) .  The parachute load severs  the  shear p i n  and pulls the  latch 
open. As the  shackle  pulls  out of the  latch,  the  parachute load  causes a 
rapid  acceleration of the  latch, swinging i t  against a lead  stop  that deforms 
to  dissipate  the  latch energy. This energy  absorber was required  to reduce 
the  large  inertia load imposed on the  leg of the  latch by the  rapid  decelera- 
t i o n  of the  latch when i t  contacts  the mechanism housing. The lead  energy 
absorber  is  replaced  after each system deployment. 

Cockpit  Controls 

Arrangement.- Two separate and distinct  cockpit  controls, a deployment 
handle and arm/jettison handle ( f i g .  9), are used to  operate  the spin- 
recovery  parachute system. A I'D-ring" deployment handle is located between 
the  pi lot ' s   legs  a t  the  front of his  seat, and a spherical  arm/jettison 
handle is  located immediately t o  the r i g h t  of the  pilot .  The controls  are 
positioned so that  they can be reached and operated  easily by the  pilot  under 
a l l  spin conditions. 

Deployment handle.- The deployment handle is similar t o  that  used for  
actuating  aircraft   ejection  seats.   I t  can  be reached w i t h  ei ther hand  and 
requires a p u l l  force of 27 t o  31 N (6 t o  7 l b )  and a travel of about 5.3 cm 
(2.1 i n . )  t o   f i r e   t h e  deD1o.yment gun. The handle is connected  throuqh a 
bell crank t o  the deployment gun by  means of  cables. The bell crank was sized 
t o  provide an acceptable deployment-handle trave7 and p u l l  force. Metal 
t u b i n g  was used as a cable  guide t o  route  the  cable from the  bell crank 
through the  fuselage t o  the deployment gun. A safety p i n  is installed t o  
lock o u t  the deployment handle d u r i n g  take-off, l a n d i n g ,  and  when on the 
ground. 

Arm/jettison  handle.- The arm/jettison handle i s  connected to  the 
attachment and release mechanism  by cables A and B i n  figure 8. The handle 
moves i n  a fore-and-aft  direction. For take-off, l a n d i n g ,  and ground opera- 
tions, the handle is  positioned a f t  i n  the  jettison  position.  This unlocks 
the attachment and release mechanism so the  spin-recovery  parachute will 
separate from the  airplane if inadvertently deployed. 

Prior t o  i n i t i a t i n g  a spin maneuver, the  arm/jettison handle i s  moved 
forward and to   the  lef t   in to  a locking  detent. This arms the system by 
locking  the  attachment and release mechanism  which is verified by i l lumina-  
t ion of an "armed" indicator l i g h t  on the  instrument  panel.  If  the spin- 
recovery  parachute is used t o  recover  the  airplane,  jettison is accomplished 
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by  pushing  the  arm/ jet t ison  handle  forward and t o   t h e   s i d e   t o   c l e a r   t h e  
detent  and then   pu l l i ng   rea rward   w i th  a f o r c e  of 22 t o  44 N (5  t o  10 l b ) .  

System  Deployment Sequence 

P r i o r   t o   s p i n   e n t r y ,   t h e   p a r a c h u t e   i s   l o c k e d   t o   t h e   a i r p l a n e   b y   p u t t i n g  
the   a rm/ je t t i son   hand le   ( f i g .  9) i n   t h e  "armed" pos i t i on .  The spin-recovery 
parachute  system  ( f ig.   1)  i s   a c t i v a t e d   b y   p u l l i n g   t h e  deployment  handle ( f i g .  
9)  i n  the  cockpi t .   Th is   mechanica l ly   t r iggers  the  deployment  gun ( f i g .  5), 
f i r i n g   t h e   p r o j e c t i l e   w h i c h   s t a r t s   t h e  system  deployment sequence. The sp in  
recovery  parachute-system  deployment sequence i s  shown i n   f i g u r e  10. 

SYSTEM  TESTING AND QUALIFICATION 

To assure  system r e l i a b i l i t y ,  a comprehensive q u a l i f i c a t i o n   t e s t  program 
was performed  which  included  stat ic  load,  ground  deployment,   a i rp lane  taxi  
deployment, and f l i g h t  deployment  tests. 

S t a t i c  Load  Tests 

The parachute  support  structure,  along  with  the  attachment and re lease 
mechanism, was s t a t i c a l l y   l o a d e d   t o   v e r i f y   t h a t   t h e y   w o u l d   w i t h s t a n d   t h e  
limit loads and function  properly  under  such  loads. The parachute  attachment 
and re lease mechanism was operated  under  load t o  determine  the  forces 
r e q u i r e d   o f   t h e   p i l o t   t o   o p e r a t e   t h e  mechanism and t o   v e r i f y   p r o p e r   j e t t i s o n  
opera t ion  up t o   t h e  limit design  load on the   r i ser   shack le .   Bo th   the  magni- 
tude and d i rec t ion   o f   the   sp in - recovery   parachute   loads   ( f ig .  3 )  were 
simulated. 

Ground  Deployment  Tests 

Deployment tests   f rom a moving  t ruck  provided a check of the  deployment 
sequence w i t h  dynamic p ressure   ac t ing  on the  parachutes. To avoid  the wake 
area  behind  the  vehicle,  the  recovery  system was suspended 2.4 m (8 f t )   f r o m  
t h e   s i d e   o f   t h e   v e h i c l e   b y  means  of a boom, as  shown i n   f i g u r e  11. Tests were 
performed  at dynamic pressures  of  294 Pa (6.1 l b / f t * )   t o  919 Pa (19.6 l b / f t 2 ) ,  
t h e  maximum a t ta inab le   w i th   t he   veh ic le   mov ing   i n to   t he  wind. Time, dynamic 
pressure, and parachute  load  were  recorded  onboard  the  truck.  High-speed 
cameras on the   t ruck  and i n  a chase  hel icopter  f i lmed  the  deployment sequence 
f o r   r e v i e w   o f   t h e   t e s t   i n   s l o w   m o t i o n .  

The f i r s t  two  deployments  from  the  moving  truck showed t h a t   a f t e r   t h e  
p r o j e c t i l e   s t r e t c h e d   o u t   t h e   p i l o t   p a r a c h u t e   b r i d l e   l i n e ,  it sprang back w i t h  
t h e   p o t e n t i a l   o f   f o u l i n g   t h e   p i l o t   p a r a c h u t e .   A d d i t i o n a l   t e s t s  were de f ined 
t o  develop a method of   expending  excess  pro ject i le   energy  through a smooth, 
s low   dece le ra t i on   t o   e l im ina te   t he   sp r ing  back. T h i s   l e d   t o   t h e   i n c o r p o r a t i o n  
of the  previously  descr ibed  st i tched  energy-absorber  loop.  Several  com- 
b i n a t i o n s   o f   t h r e a d   s i z e ,   s t i t c h i n g   p a t t e r n ,  and loop  leng th  were  tested. 
The f i n a l   c o n f i g u r a t i o n   ( f i g .  12) was tested  four   t imes from the  moving 
t ruck .  I n  two of   these  tests ,   the  system was dep loyed   rea rward   pa ra l l e l   t o  
t h e   d i r e c t i o n   o f   t r a v e l ,  and f o r   t h e   l a s t  two  tests,  the  system was deployed 
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pointed  upward  at a 450 angle  and  perpendicular to the  direction  of travel. 
The system  functioned  properly  in  all  deployments. 

Airplane  Taxi  Test 

An  airplane  taxi  test  provided  the  first  operational  checkout  of  the 
complete  spin-recovery  parachute  system and controls and  provided  pilot 
familiarization  with  the  system  prior  to  flight  test. The system  was 
deployed  with  the  airplane  taxiing  down  a  runway at a speed  that  produced  the 
minimum  design  dynamic  pressure (622 Pa (13 lb/ft2)). The deployment  was 
filmed by wing-tip  cameras  and  from a  chase  helicopter.  An  instrumentation 
system  onboard  the  airplane  was  used  to  record  parachute  load  and  airplane 
response.  Results  duplicated those of  deployments  from  the  moving  truck. 

F1 ight  Deployment  Test 

As the  final  step in qualifying  the  spin-recovery  system  for  flight  use, 
the system  was  deployed  twice in level  flight. These tests  provided  the 
opportunity  to  check  system  deployment at  minimum  design  dynamic  pressure  and 
to check  system  integrity  near  maximum  design  dynamic  pressure.  Parachute 
deployment  loads  and  airplane  response  were  recorded  onboard  the  airplane. 
The deployments  were  filmed  from  wing-tip  cameras  and  from  a  chase  helicopter. 
Both  level flight  deployments  exhibited  opening  loads  similar  to  those 
experienced in ground  tests. 

OPERATING  EXPERIENCE 

Deployment in a Spin 

To date,  the  spin-recovery  system  has  been  used 17 times  to  recover  the 
airplane  from  otherwise  unrecoverable  spins.  Sixteen  of  these  were  recoveries 
from  a  flat spin; one was a  recovery  from  a  steep spin. 

After  the  first  deployment  of  the  parachute  to  recover  the  airplane  from 
a spin,  the  attachment  and release mechanism  latch  fractured  when  the  para- 
chute was  jettisoned. The failure did  not  effect  the jettison  function of 
the parachute,  but  replacement  of  the  broken  latch  was  necessary.  This 
failure was  duplicated in ground  tests by unlocking  the  latch  with a dead 
weight  suspended  from  the  riser  and  shackle  that  was  equivalent to the 
parachute  load  at  the  time  of  jettison.  When  the  latch was  unlocked,  the 
riser  shackle  pulled  the  latch  open  and  swung it against  the  body of the 
attachment  and release mechanism,  causing  the  latch to fracture.  Previous 
load  and jettison  tests  had  utilized a hydraulic  jack  to  apply  the  load, 
resulting in different  loading  because  the  force  accelerating  the  shackle  was 
rapidly  reduced  to  zero  after  the  latch  was  unlocked.  Use  of a less  brittle 
material  for  the  latch  and  addition  of  the  previously  described  lead  energy 
absorber in the  attachment  and  release  mechanism  eliminated  the  fracture 
problem. 

Figure 13 presents a typical  load  time  history  of a deployment  to 
recover  the  airplane  from  a  flat  spin. The spin-recovery  parachute  stopped 
the spin  within  two  turns  after  the  deployment  gun  was  fired.  Most  notable 

202 



from the load  plot  is the  absence  of  the  large  opening  load peak that  charac- 
terized  the  ground  and  level flight  deployment tests.. The maximum  load 
occurred  just  prior to jettison,  with  the  airplane  and  parachute  moving  at 
terminal  velocity. The maximum  vertical  and  side  loads  produced by the 
parachute  during  deployment  and  recovery  did  not  exceed  the  vertical  and  side 
loads  produced by the  parachute  oscillations in the terminal  velocity dive 
prior  to  jettison. Loads  measured  during  steep  and flat spin  recoveries  were 
found to be  much  lower  than  the  estimated  load  values  used to design the 
system. The open  parachute  was  very  stable in the  wake  of  the  airplane, 
providing  a  smooth  stable  glide. 

CONCLUDING  REMARKS 

A highly dependable  spin-recovery  parachute system  has  been  developed 
and qualified  for  light  general-aviation  airplanes. The design,  testing,  and 
use  of  the  system  have  been  described. The system  has  been  used  to  recover a 
general-aviation  research  airplane  from 1 steep and 16 flat  spins  that  were 
otherwise unrecoverable. The deployment-gun  method  used  to  deploy  the  pilot 
parachute  was  effective in avoiding  the  airplane  wake  and  provided  positive 
pilot-parachute  inflation. The ring-slot  parachute  proved  satisfactory for 
spin  recovery,  had  low  deployment  loads,  and  was  very  stable in the  wake  of 
the airplane. Due to  high dynamic  pressure and parachute  oscillations,  the 
maximum  normal  and  longitudinal  parachute  loads  occurred  just  prior to jet- 
tison. The  flight  deployment  data  indicated  that  the  spin-recovery  parachute 
limit  loads  used  for  design  purposes  were  conservative. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
February 29, 1980 
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Figure 2.-  Spin  research  a i rplane.  Dimensions a r e   i n  m ( f t ) .  
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Figure 3.- Spin-reqovery  parachute 
limit-load  envelope. 

Figure 4.- Strain-gage  load- 
l i n k   i n s t a l l a t i o n .  
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Figure 5.-  Deployment bag  and parachute  system  components.  (Not t o  s ca l e . )  
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Figure  6.- Parachute  deployment  gun. 

F igure  7.- Deployment  bag  mounted  support  structure. 
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Figure 8.- Spin-recovery  parachute  attachment and release mechanism. 

Figure 9.- Arrangement of cockpit   controls.  
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Figure 10.- Spin-recovery parachute  system  deployment sequence. 

208 



PITOT  STATIC P 

CAMERA 

RECOVERY SUPPORT BOOM 
SYSTEM 

rQENERATOR :, ' 

Figure 11.- Truck  used  €or  deployment t e s t s .  

. 5 c m  (. 19F (7 2.75 stitcheslin.)  stitcheslcm 

/ 2.5 cm (1.0 in.) WIDE  DACRON  TAPE 
- 3 ROWS, STITCH  TYPE 308 

NYLON THREAD, S I Z E  E 
BREAK STRENGTH, 37.8 N (8.5 Ib )  

209 cm 
(82.3 in.) 

Figure 1 2 . -  P ro jec t i le   energy   absorber   de ta i l .  (Not t o   s c a l e . )  

DEPLOYMENT  BAG OFF 

x 10 2 

L 

S P I N  CHUTE  FULL  OPEN 
TERMINAL VELOC I T Y  

CHUTE  STRA I GHT 
BEHIND  A IRPLANE 

CHUTE J E l l l   S O N  

0 1 2 3 4  5 6 7 
TIME, sec 

Figure 13.- Typical   parachute   load t i m e  h i s tory   for   recovery  from f l a t   s p i n .  

209 

t 
" 



I 



F100 EXHAUST  NOZZLE AREA CONTROL 

MECHANISM 

Joseph R. Koziin 
Design Project Engineer 

Pratt & Whitney  Aircraft  Group 
Government Products  Division 

SUMMARY 

The  current  production FlOO Turbofan  Engine  exhaust nozzle area  control  mechanism  represents  a 
highly  developed  mechanical  device  comprised of three  basic  elements: (1) a power driven  primary nozzle 
area  setting  system, (2) a  balance  beam or pressure  load  balanced  convergent nozzle system,  and (3) an 
aerodynamically  adjusting or floating  divergent nozzle system.  Installed  in  the  twin  engine F-15 and  in  the 
single  engine F-16 aircraft  (figure l ) ,  these  systems  have  been  called  upon  to  operate over  a  wide  range of 
environmental  conditions.  Design  requirements  have  been  modified  as  a  result of accumulated  operational 
experience and  changing  mission  requirements  in  both  single  and  twin  engine  aircraft  configurations. 
Durability  and life cycle  cost improvement  without  sacrifice  to  weight or performance  are  the  dominant 
design  goals today. 

INTRODUCTION 

The convergent/divergent  exhaust nozzle of the FlOO Turbofan  Engine  (figure 2) functions  primarily  to 
accelerate  exhaust  gases  and  maximize  propulsive  thrust. A second and very important  function of the 
nozzle is to  minimize  transient  pressure  fluctuations  within  the  engine  flowpath  system  in  order  to  maintain 
internal  aerodynamic  stability  through  scheduled low pressure  rotor  speed  control.  Thirdly,  the  exhaust 
nozzle design must  integrate well into  the  installed  aircraft  configuration  to  minimize  propulsion  depleting 
drag forces. In  addition,  the nozzle mechanical  system  must provide  reliable  operation in a  sometimes 
hostile  environment  (see  figure 3) with  internal  metal  surface  temperatures  approaching 1477 K (2200°F) 
and  external  skin  temperatures  up  to 477 K (400°F) while simultaneously  being  subjected to  nonuniform or 
asymmetrical  external flowfield  pressures and  aircraft  maneuver  loadings.  To  accommodate  these 
requirements  in  an  advanced  high  performance  production  engine,  the FlOO incorporates  a  sophisticated 
exhaust nozzle area  control  mechanism. 

This  paper  highlights  details of the FlOO Nozzle Mechanism  design,  placing  particular  emphasis  upon 
the evolution of design  constraints or drivers  from  initial  concept  through  current  operational  deployment. 
A kinematic  description of the  area control  mechanism  is given, and  several  environmental  constraints 
which  complicate  the  normal  mechanism  design process are  discussed. 

THE  EXHAUST  NOZZLE MECHANISM 

Three  basic  elements  comprise  this  mechanical  system: (1) a  power driven  primary  (convergent) nozzle 
area  setting  system; (2) a  balance  beam or pressure  load  balanced  convergent  nozzle  system:  and (3) an 
aerodynamically  adjusting or floating  divergent  system.  These  systems  have  been  described  by  Reference 1. 

Primary nozzle throat  area  (Aj)  control  is  achieved  through  an  exhaust  nozzle  control  system  which 
senses  critical  engine  operating  parameters  (inlet  temperature,  burner  pressure,  fan  rotor  speed, power lever 
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angle),  integrates  these  into a nozzle area  requirement  and  transmits a nozzle  positioning command  to  an 
air motor. The  air motor powers two 0.8 cm (0.3 in.) dia flex cables  which  rotate at a  maximum  speed of 
20,000 rpm. Aft or downstream of the two airmotor  cables  is a series of five  equally  spaced  ball screw 
actuators which extend  and  retract,  in a synchronized  system  through  interconnecting  drive  cables (see 
figure 4). The ball  screw actuators  have a stroke of 18.5 cm (7.3 in.)  including  adjustment.  Retraction  opens 
the nozzle and extension closes. The  actuator rod  extensions act together  through a set of curved  links  (Link 
1, figure 5) to axially  position a synchronizing  ring  which  is  supported  in  each  degree of freedom  except 
axially  by a bearing and  track  system  within  the nozzle support  structure  (see figure 6). Axial degree of 
freedom is controlled  by the  actuators. A bellcrank  and  linkage  system is activated by Long Links  (Link 2, 
figure 5) connected to  the synchronizing  ring.  These  transform the  linear motion of the  extended  actuator 
rods  into  a  variable  diameter hoop of connecting  links  (Short  Links  3  and 4, figure 5) that bring the nozzle 
system  into  equilibrium  after  changing nozzle throat  area.  Each Long Link  transmits motion and loading to 
a  bellcrank  attached  to  the  outer  post on each of the Convergent Nozzle Flaps.  The  bellcrank  rotation drives 
the two tangentially aligned Short  Links  connecting  the  bellcrank of one flap  to  each of the  adjacent 
Convergent  Flaps. When  connected  to  all  bellcranks  and  flaps,  the  short  links form a 360 degree  contiguous 
hoop  loading element which is set  into  radial position  by  synchronized  bellcrank rotation. 

The balance  beam or pressure load balanced  convergent nozzle section is comprised of a  series of 
Balance  Flaps  connected  to  the Convergent Flaps  through  a series of hinged joints.  The Convergent Flaps 
pivot about  their  fulcrum  points or support hinges. The  Balance  Flaps  are  supported  at  their forward  end 
by an interconnecting  hoop of links.  Internal  pressure vessel loadings are  reacted  out of the  Balance  Flap on 
the forward  hoop of links and  at  the rear  hinge. The hinge  loads transferred from the  Balance  Flap  react 
upon  the Convergent Flap forward  hinge to  counterbalance  the  internal  pressure  induced  turning  moments 
imposed on the Convergent Flap  System.  Since  it is not  practical  to  null  the  resulting  unbalanced  moment 
for all  operating  conditions,  some  actuator  loading is required to  maintain  equilibrium  as well as overcome 
system  friction. Spaces between both  balance  and convergent  flaps are  sealed  by a series of floating  seal 
segments  which  maintain  internal pressures and minimize  leakage.  Figure 7 shows the  schematic 
loadsheactions for this  system. 

The floating or divergent  nozzle  element is a  self-adjusting nozzle expansion  ratio  mechanism 
providing distinct  limits a t  either of two area  ratio  extremes (Low Mode and High  Mode) for each  primary 
nozzle area  setting.  Both  internally  and  externally  induced  static  pressures  combine  to produce  floating 
divergent  section  static  equilibrium at either of the two area  ratio  extremes or a t  some  intermediate position 
within the float  range. The  relationship between Ae/Aj, or the  area  expansion  ratio, is controlled by the 
pressure  balancing  parameters  acting  upon  a four bar  linkage (figures  7 and 8). The linkage is comprised o f  
(1) Convergent Flap, (2) Divergent  Flap,  (3)  Mode Strut,  and (4) Nozzle Support  Structure.  The Mode 
Struts each  pivot  in  a slotted  bracket  attached  to  the  rear of the Nozzle Support  Structure. 

HIGHLIGHTS/FEATURES 

Welght 

The FlOO exhaust nozzle system weighs approximately 159 Kg (350 lb), or about half of that for the 
TF30 PlOO engine exhaust nozzle, a  similar  thrust class  engine of 1960's vintage  used to power the F l l l  
aircraft.  Extensive  design  trades were made before choosing a cooled inner  flowpath  configuration  with 
titanium  structural  flaps  as opposed to  an uncooled system  with  heavier  higher  temperature  capability 
superalloys  such  as  INCO 718 and Waspaloy. TF30  operational experience was factored  into  that  trade- 
study process. The result  was the  current FlOO balance  beam  concept  with  a  sealed  and cooled inner  gas 
path surface,  permitting  extensive use of titanium  structure for both  Balance  and Convergent  Flaps. Further 
significant  weight  improvements over the TF30 were made possible through use of the  airmotor  driven ball 
screw actuators  as opposed to  the TF30's  hydraulic  system and  through use of the balance  beam  concept 
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which greatly  reduced  actuation  load  requirements. The TF30 blow in door ejector and  tail  feather concept 
for reduced  installed  drag was not used in  the FlOO in favor of the  integral  floating divergent nozzle system. 

Since  aircraft  center of gravity  location  is highly sensitive to nozzle weight, weight remains  a 
significant  consideration in FlOO nozzle design  modifications, even today. 

Bellcrank System 

Positive throat positioning, nozzle stability  and  minimum  actuation  system loading  is  enhanced by 
placement of the bellcrank  actuation  system  near the nozzle throat.  This minimizes throat changes due  to 
pressure  loading and  temperature changes, and reduces actuation  system loads. 

The Balance Flap 

The purpose of the Balance  Flap, as mentioned  earlier, is to minimize actuator loads  required to vary 
nozzle throat  area.  The  Balance  Flap  functions  to  counterbalance gas loads and  moments  acting on the 
convergentldivergent  portion of the nozzle. The forward end of the  Balance  Flap is connected to  each 
adjacent  flap by a  link  with a spherical  bearing at each  end,  thereby  forming  a  contiguous hoop. (See figures 
7 and 9.) 

Convergent Flap 

This  element is the major structural  flap in the nozzle. Its  primary  function is to provide variable 
throat  area  (Aj).  This is accomplished by pivoting the flap from the  static  structure  and varying the 
convergence angle of the  flap. Convergence angle is varied by the  actuation  system through the bellcrank 
and linkages  described  above.  (See  figure 5.) 

Divergent Flap 

. The Divergent Flap forms the divergent  portion of the nozzle and provides for complete  internal 
aerodynamic  expansion over a wide range of operating  conditions. The flap  positions itself in low, high or 
intermediate mode  depending upon gas pressures and system  friction  loadings.  (See figures 7 and 8.) 

External Flap and Mode Strut 

The  External  Flap  acts  as  the  external  aerodynamic contour which is exposed when installed in the 
respective aircraft.  External loadings, both  static  and  dynamic,  are therefore highly dependent on specific 
aircraft flowfield conditions. A separate  strut  (Mode  Strut) is used to  limit  the  resultant divergent  section 
position to two extremes - High or  Low Mode - or to some intermediate or floating position between those 
extremes. The Mode Strut is the  structural  support link for the divergent nozzle section  during  all  operating 
conditions  except when operating in the float  range. For relative F-15 and F-16 flight envelope float 
characteristics  see  figure 10. Figure 9 shows the  External  Flap  relationship  to Mode Strut  and Divergent 
Flap. 

Statlc  Structure 

The  static Nozzle Support  Structure or nozzle case (see figure 6)  is the major structural  element of the 
balanced  beam nozzle. The forward end is flanged and connects the nozzle system  to  the  rear of the 
cantilevered  Augmentor  Duct. The  center, section of the  static  structure  supports  the  actuator  and 
Synchronizing  Ring track  loads while forming an aerodynamic  external  surface. The  aft  end of the  static 
structure  supports  both  the forward ends of the divergent Mode Struts  and  the forward ends of the  External 
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Flaps.  This  section  incorporates  two rings  which support  the  flap  system  by  transferring  radial loads into 
hoop  loads and axial  loads  into  the  support  case. (Rings  A and  B, figure 6.) 

Flap  Liners/Seals 

To  maintain  internal pressurization and avoid hot  exhaust  gas  radial  outward flow through the nozzle 
flap system,  a series of seals  and  flap  liners  are  utiliied.  These  seals  (Balance, Convergent and Divergent 
elements)  are hinged  together  axially (see figure 9) to overlap  and fill the  gaps between the hinged internal 
flap  system.  The Convergent  Section  liners create  the  coolant flow passage. 

ENVIRONMENTAL  CONSTRAINTS 

The FlOO Exhaust Nozzle is a convergent/divergent system.  Exhaust gases from fan and core engine 
flow streams mix in the Augmentor  Duct,  are  further  heated  to  temperatures  approaching  stoichiometric 
during  Augmentor  operation,  and  discharge from the  rear of the  Augmentor  into  the Convergent Nozzle 
Section. The Convergent,  Nozzle  accelerates the  internal gases to a  choked flow  or sonic velocity condition 
at  its  minimum  area constriction, Aj, located at   the convergent  section aft  end. From the choke  plane area 
Aj, a  partially  constrained  aerodynamic  expansion  takes  place  to  further  accelerate  the  exhaust gases 
through the Divergent  Nozzle  Section.  Aircraft  aerodynamic flowfields pass  rearward over the exposed 
engine External Nozzle Flaps  contour  to join  with  engine exhaust gases aft of the Divergent  Section exit 
plane, Ae. Internal  aircraft  nacelle airflows pass from the engine  inlet  duct region aft in the  cavity between 
engine and  airframe  to  discharge  rearward  through openings  in the  Divergent Nozzle Section,  External 
Nozzle Flap  Section, or through Nozzle Support  to Air Frame  seal openings. These airflow systems comprise 
the  fundamental  aerodynamic  loading  environments  in which the  exhaust nozzle mechanism  must  operate. 
It is an extremely  complex flow condition and  the resulting  pressure  loads  are  hard to predict. 

Further  environmental  constraints  in  the nozzle system  are imposed  by  mechanical  loadings due  to 
aircraft  maneuvers (g’s and gyro’s) and  system  vibrations fed by rotor induced  harmonics  and  installed 
acoustical  excitations. 

In  order to control  rotor  speed and  maintain  internal engine  aerodynamic  stability a t  all  operating 
conditions  within the specified  flight  envelope, the nozzle mechanical  system  must be  extremely  quick in 
response to engine  control system  command. Response rate  cannot  be  compromised by a  sluggish design 
which is not  tolerant of all  combinations of integrated  system  loading  constraints.  The FlOO nozzle 
capability  includes excursions  from  full  open to full closed, or the reverse, in less than one  second  elapsed 
time.  This high response rate  is fully  compatible  with  the very short  engine accelerationldeceleration 
capability  required for high performance. The FlOO engine  accelerates from idle to full intermediate power 
in  only 2.2 seconds and  the nozzle must  be  compatible. 

Mechanical  friction  effects  play  a  major role in the  total  system design.  Increased  friction  loadings 
generally aid  in  damping  induced  vibratory responses, while at  the  same  time reducing  system  operational 
life due  to  increased wear rates.  Heavy wear can  result in a loose system which could become more 
susceptible  to  structural  fatigue  and  distress.  Fits, clearances, and wear resistant  coatings therefore  become 
critical  design  concerns in a  highly  functional  and  durable nozzle mechanism  design.  Trade-offs  had to  be 
made between an extremely  “loose”  system  with  benefits of high response rate  and  adaptability  to 
manufacturing  tolerance  variation; versus  a “tight”  system  with lower response rate  due  to higher  system 
friction, and minimized flow leakage. The resulting  production FlOO nozzle configuration is a  compromise 
between the two  extremes. 
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Under  conditions of asymmetric  pressure  (see figure ll) and  maneuver  loading where the nozzle can 
become ovalized or distorted,  several design  considerations  are  introduced.  From a mechanisms design point 
of view, the  most obvious  is the  distortions  under loading  conditions  which  could  override the  simple 
kinematic  model  through which  design link  loadings  are derived.  Special  consideration must  also be given 
to linkage  stability  in  all  actuating  environments while in a distorted  nozzle  condition. Also, aerodynamic 
excitations of External  Flaps  are of particular concern  since this  portion  is exposed not only to engine 
acoustics but  aircraft flows as well. A transonic  high "G" turn with nozzle in the float  range  could  present 
a  severe  mechanisms  design  point,  for  example. 

The FlOO nozzle mechanical  system was initially  designed  with a power driven  two  position  Divergent 
Section. The originally  qualified and produced power driven  configuration was attractive from a  durability 
standpoint, providing  excellent  Divergent System  stability  but  at a  higher weight and cost. After 
performance,  cost and weight trades were redone and a  successful  redesign and  test  program  completed,  the 
current  floating  system was incorporated.  Aerodynamically actuated  systems  that have  reversal of load 
must go through  a  null  state where the  sum of the loads  acting on the system is zero. In  the region near zero 
loading, small cyclic loads  can  drive  the  system  into  vibration or instability which can  produce  accelerated 
wear or structural  damage from  high inertia  loads.  The two-position  Divergent  Section  Actuator  restricted 
the system  freedom by providing  positive  stabilizing  loads at  the Low and  High  Mode  extremes while 
eliminating  float  range  positioning. 

Successful  flight and sea level static  testing of the YF100, and  the FlOO floating nozzles, resulted in 
removal of the Divergent Exhaust Nozzle Control and  actuation  system in favor of the floating  Divergent 
Nozzle. This  basic  change in design  resulted in a  savings of 10.4 Kg (24 tb) of engine  weight,  significantly 
reduced the engine  cost, and  introduced  a new design  trade-off for future  balanced  beam nozzles. 

WEAR AND DIRT ACCUMULATION 

Wear and  dirt  accumulation  can  act in conjunction  with  system  friction to  further  complicate  the 
nozzle mechanism. As stated above, a worn, or  loose nozzle might  have  a  faster response rate  due  to reduced 
system  friction, while sacrificing  leakage and some  degree of system  damping  and  inviting increased 
hardware  fatigue  and  distress.  Dirt  acts  in  the  same way as  increased  system  friction to  inhibit  system 
response time  and  increase  mechanism loadings. 

Most of the FlOO nozzle mechanism  joints  utilize  uniballs (figure 5).  Radial  clearance is such  that 
either  dirt or surface  spalling  can  accumulate  to  jam  the  uniball  driving motion and  generate wear in the 
attaching pin and sleeve members.  These  conditions  are  further  aggravated by the high local environmental 
temperatures  (up  to 561  K/550°F)  which limit  lubrication  to  a  dry film approach.  Coatings  to  seal  out 
foreign materials  and corrosives in  these  environments  and to provide  increased  durability  are being 
successfully  developed  in an on-going  challenge to extend  joint service life. Several  promising  choices such 
as Nickel-Boron are  currently  being  studied on a life cycle cost trade  basis. 

Another  example of wear  problem is at the  External Nozzle Flap  attachment hinge joints where  pins 
and retaining  rings  fretted.  High  speed F-15 flight movies recentiy showed an  External  Flap  pounding mode 
of vibration  not previously  identified.  Initial nozzle design  requirements  called for a  symmetrical  external 
static flowfield loading. Later  reduced  scale model test  data were obtained from wind tunnel  testing.  The 
design static loads were then modified but  kept  symmetrical.  Further  instrumented  testing in F-15  flight 
indicated  significant  static  load  increase  and a non-uniform flowfield. Of particular significance was speed 
brake  deployment effects. Later,  intrumented  testing  in  the F-16 showed even  higher  loadings. The design 
loadings  history to  date is given in  figure 12. Dynamic  data  acquisition is now in the F-15  flight  test  plan for 
1980 since it is likely that  operational  dynamic  loads  have exceeded the original  design  allowables. 
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The  External  Flaps  are  themselves a classic  example of advantages  and  disadvantages of system 
looseness and friction.  When loose in  an  unstable  external  aerodynamic  environment,  the hinges  pound  and 
wear  until looseness becomes excessive enough  to  eliminate effective  friction  damping.  Service life can  then 
be  substantially  reduced  through  impact  loading.  Shaker  rig  tests of External  Flaps  with  simulated  flap 
support  systems  (figure 13) are  currently  being  conducted at GPD for durability  testing  in  conjunction  with 
the  forthcoming  measured F-15 dynamic  flight test data.  Results will be  evaluated  against  the  most  recent 
design  improvements  to  upgrade  the  durability of the  External  Flap  System. 

ENGINE/AIRFRAME INTEGRATION EFFECTS 

An integrated  propulsion  system  is  subjected  to  the  constraints of the  installed  environment. For the 
FlOO engine, the  environments  within  which  the  exhaust nozzle mechanism  must perform  differ 
significantly  between the F-16  single  engine  installation  and  the F-15 twin  engine  configuration  (figure 1). 
Close engine  location and  spacing  to  minimize  overall  installed  afterbody  drag,  as  in  the  case of the F-15 
(Reference  2),  can  result  in  extraordinary  and  unstable  engine  external  flap  environments,  as well as 
increased  sensitivity  to  engine-to-engine  and  engine-to-airframe  acoustical  excitations. 

TRADE-OFF  FACTORS 

The self positioning  exit  area  system  resulted  from design  trade-off  studies  to provide  a desirable 
balance  between  weight,  cost  and  performance. 

Weight and c.g. concerns were and  continue  to  be  the  prime  driver  in  the design and  optimization of 
the FlOO exhaust nozzle mechanism.  These  concerns  conflict  with  a  pure  durability  approach which might 
favor  a  heavier  system.  Tradeoffs  between  durability,  weight,  cost  and  performance  are  continually  made  in 
attempt  to  further  increase  system life. Current  efforts  are focused  on reducing nozzle mechanism wear and 
increasing  overall life without  sacrificing  weight or cost  objectives. An extensive  laboratory wear  rig and 
coatings  evaluation  program  is  under way and  all  system  fits  and  clearances  have  been  reevaluated  to 
optimize  damping  and  minimize  wear.  A  further  objective of these  efforts  is  to  maintain  or  improve nozzle 
response  capability  while  reducing  system life cycle cost. 

CONCLUDING REMARKS 

The FlOO nozzle area  control  mechanism was initially  designed  to  operate  in  a  symmetrical 
aerodynamic  loading  environment.  A  series of design and  development  iterations followed which  produced 
a  current  production  configuration  which  is highly tolerant of the  sometimes severely  compromised 
kinematic  symmetry.  Further  dynamic  and  static  flight  test  data will be  obtained  and  reduced  during 1980 
in  an on-going  program to  further  understand  and  optimize  the  installed  system. 
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Figure 1.- Rear views of F-15 and F-16 aircraft showing FlOO orientation. 

Figure 2.- FlOO turbofan - highlighting  nozzle  mechanism. 
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Figure  3 . -  F l O O  nozz le   dur ing  test stand run. 
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Figure  4.-  Ex te rna l  duct and nozzle  view. 
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Figure 7.- Free body diagram of flap and mode s t r u t  elements. 
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Figure 8.- Four bar l inkage and a r e a   r a t i o   r e l a t i o n s h i p s .  
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Figure 9.- F l O O  exhaust   nozzle   s t ructural  components. 
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Figure 10.- F l O O  f l oa t ing   nozz le  F-16 f loat   envelope compared t o   t h e  
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Figure  11.- E x t e r n a l   f l o w   f i e l d   p r e s s u r e   c o e f f i c i e n t  ( C p )  d i s t r i b u t i o n .  
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Figure  12 . -  Ex te rna l  flap d e s i g n   l o a d i n g s   h i s t o r y .  
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Figure  13.- E x t e r n a l   f l a p   s h a k e r  test .  
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AIRPLANE WING LEADING  EDGE  VARIABLE  CAMBER FLAP 

' James  B. Cole 
Boeing  Commercial  Airplane  Company 

SUMMARY 

A design  solution to an  aerodynamic  high  lift  problem  was  effected by the  application of 
"flexible skin" and  "dynamic  structure"  concepts.  Mechanisms  and  structures  were 
invented to implement  these  concepts  and  provide  the  desired  solution. 

The  paper  covers  the  following  subject  matter: 1) Problem  Solved 2) Scope 3) Definition 
4) Invention  and  Design  Evolution 5) Flexible  Skin  Technology 6) Actuation  Scheme 
7) Vibration  and  Flutter  Considerations 8) Operating  Experience 9) Applications  and 
Usage 10) Concluding  Remarks. 

PROBLEM  SOLVED 

This  paper  deals  with  the  invention  and  design of an  aerodynamic  high  lift  device  which 
provided a solution to an aircraft   performance  problem.  The  performance  problem in 
general   was  that  of converting a high  speed  cruise  airfoil  into a low speed  aerodynamic 
shape   tha t  would provide  landing  and  take-off  characteristics  superior to those  available 
with  contemporary  high  lift  devices.  More  specifically,  the  need  was  for  an  improved 
wing  leading  edge  device  that  would complement   the high l if t   performance of a triple 
slotted  trailing  edge  flap.  The  solution  provided  was  the  invention of the  wing  leading 
edge  variable  camber  flap. 

SCOPE 

This  paper  will  deal  primarily  with  the  mechanical  and  structural  aspects of the  var iable  
camber  flap  and  will  present  the  aerodynamic  performance  aspects  only as they  re la te  to 
the  invention  and  design of the  device.  

DEFINITION 

What is a variable  camber  flap?  For  the  purposes of this  paper, a variable  camber  f lap  is  
the  patented  device  which  was  invented  and  designed  for use on the  Boeing 747 airplane. 

In order to eliminate  any  misunderstanding  regarding  the  term  "variable  camber" as 
applied to this   device,   the   term is used to descr ibe   the   camber   change   tha t   occurs  to t h e  
flap  panel as it is extended  from  i ts   relatively  f lat   shzpe,  when  stowed as par t  of the   wing  
lower  surface to its fully  cambered  shape  in  the  extended  high  lift  position,  and  not to 
describe a change in camber   a f te r  it is extended to its operating  position. In other  words 
this  device is a two  posit ion  device  that   does  not  have  the  abil i ty to vary its camber   once 
it is extended.  This  lat ter  feature,   however,  is. very   a t t rac t ive   f rom  an   aerodynamic  
standpoint,  and an invention  which  provides  such a fea ture  is described in Pa ten t  No. 
4,159,089 Three  Position  Variable  Camber  Flap.  This  paper,  however,  will  be  restricted to 
the two  position  concept. 
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INVENTION  AND  DESIGN  EVOLUTION 

The  quotation  from Plato, "Necessity is the  mother  of  invention,"  certainly  applies to this  
invention.  It  was  invented to satisfy  an  aerodynamic  need.  The  need  was  for a leading 
edge  device  that   was  more  powerful  than  the  familiar  ' leading  edge slat and  Krueger  flap. 

- (See  Figures 1 and 2.) Such a device  was  needed to complement  the  powerful  747  tr iple 
slotted  trail ing  edge  f laps  in  order to provide  an  airfoil  configuration  that  would  have a 
sufficiently high coefficient of l i f t  to meet  landing  and  take-off  requirements.   Exactly 
what  was  required to accomplish  this  was  not  initially  clear.  However,  the  shortcomings 
of t h e  slat and  Krueger  flap  were  pretty  well  known,  and it was  fe l t   that   the   correct ion  of  
these  should  result in a configurat ion  that   would  improve  the  wing  s ta l l   character is t ics  at 
high  angles  of  attack.  The  needed  improvements  were as follows:  (See  Figure 3.) 

1. A contour  with a larger  leading  edge  nose  radius  whose  shape is similar to a 

2. Good  extension to provide  an  increase  in  wing  area. 
3. Elimination of any  breaks  or  cut-outs on the  wing  leading  edge  upper  surface. 

In evaluating  these  improvements  and  experimenting  with  various  mechanical  concepts it 
became  evident   that  a new  approach  would  be  required  in  order to provide  an  increase  in 
the  upper  surface  camber.   The  slat   and  the  Krueger  f lap  are  essentially  devices  that  
deploy  rigid  sections of the  wing  leading  edge  structure  which  do  not  have  adequate 
camber   or   the   r ight   camber   when  they  are   deployed as high  lift  devices.  Some  means of 
tailoring  the  camber of these  surfaces  was  needed. If t he   shape  of the   sur face   was  to b e  
changed, it followed  that  the  surface  skin  would  have to be  flexible. If the  skin  was 
flexible, a means of shaping  and  supporting it would  be  required.  Some  sort of dynamic 
structure  that  would  simultaneously  support  the  skin  and  control its camber  was  required. 
These  "flexible  skin"  and  "dynamic  structure"  concepts  could  be  applied to ei ther  a s la t  or 
Krueger  f lap;  however,   the  f lap  seemed to be a more  promising  candidate  for  the 
following  reasons: 1) It  doesn't  produce a break  in  the  upper  wing  surface. 2) There is no 
loss in  the  overall   chord of the  f ixed  wing  structure as with a slat. 3) The  cambering  and 
support  mechanisms  for a flap  would  penetrate  the  lower  surface of an  airfoil ,   while  the 
mechanism  for a slat   would  penetrate  the  cri t ical   upper  surface,   creating  potential   air  
flow  separation  problems. 4) A f lap is rotated  into  position  providing  good  relative 
motion  for  mechanism  slaving  purposes. A s la t  is essentially  translated  into  position 
providing  little  slaving  motion  potential. 

A process of design, test and  evaluate  was  init iated in an  effor t  to turn  the  "flexible  skin" 
and  "dynamic  structure"  concepts  into a hardware  design  that   would  not  only  solve  the 
aerodynamic  problem,  but  also  would  be  structurally  sound, safe and  reliable.  Figures 4 
through 7 show  some of these  designs.  They  are  only a portion of the  designs  involved  in 
this   effor t ,   but   they  are   representat ive of the  design  evolution.  Out of this   effor t   cer ta in  
requirements  and  cri teria  were  established.  (See  Figure 8.) The  following is a list of 
these: 

logarithmic  spiral. 

1. The  flexible  skin  panel  camber  must  not  exceed  the  limits  imposed by t h e  
combination of bending  strength,  fatigue  strength  and  stiffness  requirements. 

2. Good  extension  and  nose  radius  requirements  are  best  met by combining a 
flexible  skin  panel  with a separate  folding  nose  structure.  
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3. 

4. 

5 .  
6 .  

7. 

8. 

9. 
10. 

11. 

12. 

In order to produce  and  maintain a given  aerodynamic  shape  the  f lexible 
panel   thickness   must   be  ta i lored  and  the  panel   curvature   must .   be   control led 
by at  least  3 spanwise  supports. 
The  panel  must  be  positively  supported  throughout its extension  and  retrac- 
tion  cycles. 
The  panel  should  not  be  part of the  support  load  path. 
The  support   mechanism  should  not  f lex  the  skin  panel to a tighter  bend  radius 
during  extension  than  the  bend  radius at full  extension  in  order to prevent 
reduction of its fat igue life. 
The  kinematics of the  "dynamic  structure"  mechanism  must  simultaneously 
posit ion  and  camber  the  f lap  panel  while  rotating  the  folding  nose  into its 
extended  position to sat isfy  the  aerodynamic  angle ,   gap  and  shape 
requirements. 
The  kinematics  must  move  the  f lap  panel  parallel  to the  undersurface of t h e  
wing  during  initial  extension to ensure a good  panel  fair  and  prevent seal 
damage. 
The  actuator   must   be  capable  of rotating  the  f lap  approximately 135'. 
The  flap  mechanism  must  provide  maximum  flap  extension  without 
penetrating  the  wing  nose  structure  which  contains a thermal  anti-icing  duct. 
The  kinematic  solution  and  flap  geometry  should  be  developed so t h a t   t h e  
same  flap  hardware  can  be  used  on as much of the  wing  span as possible  in 
order to reduce  fabricating  and  maintenance costs. 
The  retracted  f lap  mechanism  must f i t  into  and  be  compat ible   with  the  f ixed 
leading  edge  structure  and  must  accommodate  the  systems  passing  through 
this  area  (electrical ,   f lap  drive,   controls,   anti-icing, etc). 

Figure 9 shows  the  mechanism  that  evolved to fulfill  the  "dynamic  structure"  concept. 
This  mechanism, in conjunction  with a flexible  skin  panel  and  folding  nose,  was  able to 
meet   a l l  of the  foregoing  requirements  and  cri teria.   This  mechanism  consists  essentially 
of three  four-bar  mechanisms  in a series  arrangement.  In addition,  there is a crank  arm 
and  link  which  program  the  motion of the  center  f lap  panel  support .   The  f irst   four-bar 
mechanism  consists of those  members  connected at points A, B, C and D, the  second at 
points. B, E, H and G, and  the  third at H, K, M and N. The  crank  arm  is   par t  of t h e  
member GHJK which  is  one  solid  part,  and  the  center  link  is JL. 

The  kinematic  solution  for  this  mechanism  was  obtained  primarily by using  graphical 
techniques  in  conjunction  with a computer  program.  The  computer  program  is  essential 
for a precise  solution  and  for  the  contour  matching  process  that  is  required to adapt   one 
common  mechanism to an  ever-changing  wing  surface.  This  process  consists of solving 
for   the  coordinates  of points A, D and C so tha t   the   pane l   a t tachment   po in ts  F, L and N 
will   cause  the  f lap  panel to fair  with  the  lower  wing  surface.  This  obviously  .is a very 
important   economic  feature   s ince  i t   a l lows  one  common  mechanism to be  used  in a 
number of places  along  the  wing  span.  On  the  747  the  same  mechanism is used  in 20 
different  locations.  This  would  increase to 40 if the  same  f lap  chord  length  was  used  for  
all  20 variable  camber  flaps.  Such  economies  are  not  possible  with a slat or Krueger  f lap 
because, as previously  stated,   they  are  devices  that   deploy  r igid  structural   sections of t h e  
wing  whose  cross  sections  constantly  vary. 
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A kinematic  solution by computer  alone is certainly  possible,   but  the  constraints  imposed 
by the   s t ruc tura l   enve lope   a re   no t   exac t   and ,   therefore ,   the   number  of solutions is almost 
limitless.  The  problem of defining  constraints  for a computer  program is the  most  
difficult   for  l inkage  points  in  the  retracted  posit ion.  As can be  seen  in  Figure 9 t h e  
mechanism is confined  in a very  compact area. The  only  points  that   can  be  defined 
exac t ly   a re   po in ts  F, L and  N in the  extended  posit ions.  All o the r   po in t s   a r e   f r ee  to move 
within  the  limits  imposed by: 1) the  structural   envelope;  2)  interference  with  other 
members; 3) size of the  members;   and 4) the  l imits  imposed  by  kinematic  requirements 
6 ,  7, 8 and 9. 

Needless to say, a grea t   dea l  of kinematic  visibility is required  in  order to work  out a 
satisfactory  solution. I t  is needed  not  only  in  the  extended  and  retracted  positions,  but 
also throughout  the  cycle. A computer  combined  with a cathode  ray  tube  display  can 
provide  this  visibility;  however,  computer  simulation of panel  flexing is very  difficult. 
Graphical  solutions  not  only  provide  the  required  visibility,  but  with  modeling  techniques 
the  simulation of skin  panel  flexing is easily  accomplished.  Graphical  solutions in this  
application  are  also  more  economical  from  both a time  and  equipment  standpoint. 
However,  once a solution is established, its conversion  into a computer  program is a must 
for  the  reasons  previously  stated. 

FLEXIBLE SKIN TECHNOLOGY 

A  separate  paper is required to make a rigorous  presentation of this  subject. For this  
reason,  only  the  highlights of the  problem  involved  and its solution  will be discussed. 
The  problem  essentially  consists of finding a mater ia l   and its dimensional  proportions  that 
will  satisfy  the  previously  stated  bending  strength,  fatigue  strength  and  stiffness 
requirements  imposed  on a flexible  skin  panel by air  loads,  bending  loads  and  aerodynamic 
shape. 

In the  retracted  posit ion  the  skin  panel  st iffness  ( thickness  and  modulus of elasticity)  must 
be  sufficiently  high to prevent   def lect ions  that   exceed  aerodynamic  smoothness  
requirements  when  the  panel is exposed to cruise  airloads. In the  extended  posit ion  the 
panel  thickness  (t)  and  modulus of elasticity (E) must  be  sufficiently low and  the  bend 
radius (R) sufficiently  high so that   the   resul t ing  bending  s t ress  (s) does   no t   exceed   the  
allowable  fatigue  strength of the  panel  material .   This  is   reflected by the  equat ion 

s = Et/2R. (1) 
At   the   same  t ime  th i s  stress should  be  higher  than  the  stress  imposed by air  loads in t h e  
extended  position to prevent  distortion of the  aerodynamic  shape.  To  compound  the 
problem,  the  panel  thickness  proportions  must  be  tailored to produce  the  desired 
aerodynamic  shape.  This  shape is obtained by varying  the  thickness  ( t)  in accordance  with 
the  equat ion 

which is derived  from  the  equation 
R = EI/M 

where  (R) is the  radius  of the   e las t ic   curve ,   the   moment  of inertia  I  = t /12 for a one  unit 
wide  strip  and  the  bending  moment M = Fx  where  (F) is the   force   ac t ing  on the  panel  at a 

t = (12  RFx/E) 1/3 (2) 

(3) 3 
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distance (x) from  the  support  point.  The  force  (F) is determined  from  the  transposed 
equation (2) 

F = E t  /12Rx 3 (4) 
where  the  thickness   ( t )  at the   c r i t i ca l  section (smallest  radius  of  curvature) is determined 
by the  allowable fatigue stress,  Eq (I) .  

The  best   material   evaluated  for  this  application  was a solid  epoxy  fiberglass  laminate 
where, as a rule of thumb,  the  panel  thickness  was  not  less  than  1/100th of the  bend 
radius. This  material  and  the  foregoing  dimensional  tailoring  were  successful  in  solving 
the  strength  and  st iffness  problems of the  flexible  skin  panel. 

ACTUATION  SCHEME 

The  means of actuating  the  multiple  four-bar  mechanism  was  init ially  an  i tem of concern 
because  l inear  actuators  in  the  form of ei ther  a hydraulic  cylinder or ball   screw  were no8 
able  to provide  adequate  rotation of the  main  support   member ABG. The 135 
requirement  is a great   deal  of rotation  for a l inear  actuator  acting on a simple  crank  arm. 
The  moment  arms at the  ends of a 135' c rank   a rm  s t roke   a r e  so small   that   the   resul t ing 
loads  are  impractical  to  handle.  On  previous  Boeing  aircraft  the  high  lift  devices  were 
actuated  with  l inear  actuators,   but it was  apparent  that  a departure  was  needed  for  this 
application.  The  solution  was a rotary  actuator  as shown  in  Figure 10. This  actuator is a 
planetary  gear  box  with  an  approximate 240:l gear  reduction.  The  adoption of this  new 
actuator  for this  application  turned  out to b e  a blessing in disguise  since its compact  
design  and  high  torque  resulted  in  both a space  saving  and  significant  weight  reduction. 

VIBRATION AND  FLUTTER  CONSIDERATIONS 

Because of the  many  joints  in  the  f lap  support   mechanism  plus  the  high  degree of 
extension  and  air  loading,  vibration  and  flutter  were  items of initial  concern. To satisfy 
this  concern,  both  laboratory  and  flight tests were  conducted on the  var iable   camber  
flaps.  These tests had a very  happy  ending  and  revealed  some  unanticipated  virtues of t h e  
design. 

Vibration tests were  conducted in the  laboratory by attaching  shaker  pots to the   f lap  
s t ructure  in order to determine  i ts   natural   frequency.  The  frequency  band  was  very 
broad,  with no critical  peaks.  The  dampening effect was  provided by the  f lexible 
fiberglass  panel  which acts as a large  spring  under  tension.  This  spring  tension  preloads 
the  joints of the  linkeage  mechanism,  thereby  removing  any  play  due  to  tolerances  and 
wear. In the  re t racted  posi t ion,   the   panel   spr ing effect is replaced by preloading  the 
mechanism  against  up-stops. 

Flight tests were  conducted on a Boeing 707 by replacing  the  Krueger  f laps  between  the 
engines  with  variable  camber  flaps.  The  Krueger  flaps  outboard of the   engine   were   l e f t  
intact  for  comparison  purposes.  These tests confirmed  the  laboratory tests and 
demonstrated  their   freedom  from  vibration  and  f lutter.   The  variable  camber  f laps 
demonstrated  excellent  stabil i ty  under  al l   f l ight  conditions  tested,   including  stall .   Their  
stability  was  visibly  superior to that   of   the   Krueger   f laps .  

During  these  flight tests the  f lap  and  wing  surfaces   were  tuf ted  in   order  to observe   the  
aerodynamic  flow of the   a i r .  Air flow  separation  occurred on the  Krueger  f laps  and, of 
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course,  on  the  wing at very  high  angles  of  at tack,  but  there  was  no  separation  on  the 
variable  camber  f laps  even at s ta l l ,   a t tes t ing to their  superior  aerodynamic  shape. 

OPERATING  EXPERIENCE 

Because of the  l imited  nature  of this   paper ,   the   operat ing  experience  wil l   be   confined to  
the  following  comments: 

The  747  has  been in operation  over  12  years.  The  overall  operating  performance of t h e  
flap  mechanism  and  structure  has  been  excellent.  

Because  over  one  thousand  bearings  are  used in the  747  variable  camber  flap  mechanisms, 
a self-lubricating  bearing  design  was  adopted in place of one  requiring  grease  fittings  for 
periodic  lubrication.  The  self-lubricating  feature is provided by a TFE  (tetro- 
fluorethylene)  fabric  liner.  Because of some  early  unsatisfactory  experience  with  TFE 
bearings it was felt that   they  might   not   provide  the  required  service  l i fe .   However ,   these 
bearings  have  given  excellent  service to date  with  l i t t le  or  no  replacement  required.  We 
feel  the  following  two  i tems  have  contributed to this  good  performance: 1) a low  bearing 
stress  design;  and  2)  the  elimination of cyclic  loading  from  vibration  and  flutter  provided 
by the  flap  panel  camber  preload. 

APPLICATION  AND  USAGE 

The  variable  camber  flap is in use  on  the  following  aircraft: 

All Boeing  747  models 
Boeing  YC-14  prototype 

It   was  incorporated in the  following  aircraft   designs: 

Boeing B- 1 design  proposal 
Boeing  727-300  design  proposal 
Boeing  7N7  design  proposal 
Boeing 7x7  design  proposal 

Because of the  emphasis  on fuel  economy it is not  being  used  on  the  initial  models of t h e  
Boeing  757  and  767  airplanes,  but it  may  be  used  on  short-field  versions of these   a i rc raf t  
if Boeing  decides to offer   them at a la ter   date .  

CONCLUDING  REMARKS 

The  wings of a bird are   beaut i ful   examples  of the  "flexible  skin"  and  "dynamic  structure" 
concepts. If we  can  approach  their  sophistication  and  reliability in the  design of future  
aerodynamic high lift  devices,  then,  perhaps,  we  will  realize  the  aerodynamic  versatility 
required to successfully  combine  high  and  low  speed  flight. 
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Figure 1.- Wing leading  edge slat. 
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Figure 2.- Wing leading  edge  f lap.  



INCREASED  WING  AREA G 
CAMBERED SPAR 
UPPER 
SURFACE 

FRONT 

" 

FLAP 

SLAT 

LLARGE NOSE RADIUS 

Figure 3. -  Aerodynamic inprOVeEIentS. 

- "" " 

FRONT 
CONTOUR  RIB SPAR 

-FLEXIBLE SKIN PANEL 

Figure 4.- Flexible Krueger f lap.  

23 2 



Figure 5.- Flexible ICrUeger flap. 

Figure 6.- Flexible Krueger flap. 
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Figure 10.- Variable camber f lap  w i t h  rotary  actuator. 
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ABSTRACT 

In  the  construction  of  large  space  systems,  the  installation  of  mission 
equipment  and  payloads  on  structural  platforms  poses  a  serious  challenge  to 
space  construction  operations.  For  such  operations,  attachment  mechanisms  are 
required  that  promote simple.and quick  mate  and  demate  capabilities  and  provide 
a  rigid  connection  during  mission  operations.  While  under  contract to  the 
National  Aeronautics  and  Space  Administration  (NASA),  Rockwell  International 
has  designed,  constructed,  and  tested  such  a  mechanical  attachment  adapter 
in  NASA's  Neutral  Buoyancy  Simulator  (NBS)  at  Marshall  Space  Flight  Center, 
Huntsville,  Alabama.  The  adapter  was  included  in  a  simulation  program  that 
investigated  techniques  for  assembling  erectable  structures  under  simulated 
zero-g  conditions  by  pressure-suited  subjects in  a simulated  EVA  mode.  The 
adapter  was  utilized  as  an  interface  attachment  between  a  simulated  equipment 
module (SEM) and  one  node  point  of  a  tetrahedral  structural  cell.  The  mating 
performance  of  the  adapter, a self-energized  mechanism,  was  easily  and  quickly 
demonstrated  and  required  little  effort on the  part  of  the  test  subjects. 

INTRODUCTION 

In the  study  of  large  space  systems,  initial  emphasis  has  been  placed  on 
beams  and  joining  concepts  for  various  structural  configurations.  Since  equip- 
ment  installations  are  considered  basic  and  routine  operations  even  on  the 
earliest  of  missions  utilizing  large  space  structures,  interface  concepts  must 
be  generated to promote  "easy"  mate  and  demate  capabilities  with  positive 
verification  in  the  orbital  environment. 

An operational  concept  for  installing  mission  equipment on  a  large  space 
platform  was  investigated  by  Rockwell  International  during  a  study  of  Erectable 
Large  Space  Systems  for  Langley  Research  Center.  A  subsequent  effort  by  Rockwell 
while  under  contract  to  Langley  Research  Center  and  Marshall  Space  Flight  Center 
concerned,  among  other  objectives,  the  design  of  a  self-energized  mechanical 
adapter  that  could  function as the  interface  between  mission  equipment  and 
structure. 

This  paper  discusses  the  fundamental  requirements  of  such  mechanical 
interfaces  and  presents  two  concepts  considered  during  the  study.  One  of  the 
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concepts  underwent a proof-of-concept  design,  and a p r o t o t y p e   u n i t  was f a b r i -  
ca ted   and   tes ted .  The des ign  w i l l  be   descr ibed ,   a long   wi th   the  test and i ts  
r e s u l t s  

FUNDAMENTAL  REQUIREMENTS 

The main func t ion   o f   t he   adap te r  i s  t o   p r o v i d e  a s t r u c t u r a l l y  sound 
i n t e r f a c e  between  any two a s s e m b l i e s .   F o r   i l l u s t r a t i o n ,  l e t  us  assume t h e  
a s sembl i e s   o f   i n t e re s t  are a l a r g e   s p a c e   t r u s s   p l a t f o r m   s t r u c t u r e  and m i s -  
sion  equipment made up of  individualized  modules,  as shown i n   f i g u r e  1. The 
adap te r  i s  the   s t ruc tu ra l   connec t ion   t ha t   coup les   each  module to   the   p la t form.  
I n   t h a t   f u n c t i o n ,   t h e   a d a p t e r  must  be r i g i d  and  capable   of   support ing  loads 
imposed on i t  throughout   the   l i fe   o f   the   miss ion .   These   inc lude  impact  l oads  
d u r i n g   c o n s t r u c t i o n ,   o r b i t   t r a n s f e r   l o a d s ,  and opera t iona l   loads   caused  by 
dynamic  modules. 

The adap te r   mus t   a l so   s a t i s fy  several important   operat ional   requirements  
and   fea tures .  A simple  and  easy engagement  mechanism on the   adap te r  i s  essen- 
t i a l  t o   f a c i l i t a t e  i t s  attachment manually  or  remotely.  The i n i t i a l   i n s e r t i o n  
must  be f o r g i v i n g   i n  terms of  al ignment  and  orientation,  but  once  engaged,  the 
at tachment   must   be  r igid  and  provide a specif ic  o r i e n t a t i o n   ( c l o c k i n g )   i n  a l l  
th ree   axes .  The adap te r  must a l so   p rov ide  a p o s i t i v e   i n d i c a t i o n  of  engagement, 
and a disengagement  capabili ty  for  contingency  and  maintenance  operations.  

MISS ION 

SEPARATION 

MISSION  EQUIPMENT  (TYP) 

Figure  1. Represen ta t ive   S t ruc tu re  
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DESIGN  CONCEPTS 

To sa t i s fy   the   fundamenta l   requi rements ,  two adapter   concepts  were 
genera ted   dur ing   the   des ign   of   the  test hardware. The concepts ,  a b a l l -  
docket   adapter   and a self-energized  screw  adapter ,  were sub jec t ive ly   eva lua ted ,  
and  the l a t te r  emerged as t h e   b e s t   c a n d i d a t e   f o r   f u r t h e r   d e t a i l   d e s i g n .  Both 
concepts  are descr ibed  i n  t h i s   s e c t i o n ,   a l o n g   w i t h   d i s c u s s i o n s   o f   t h e i r   o p e r a -  
t i o n a l   f e a t u r e s   t h a t  had a bea r ing   on   t he   f i na l   s e l ec t ion .  It should  be 
emphas ized   tha t ,   a l though  the   fo l lowing   d i scuss ions   and   i l lus t ra t ions  show t h e  
female ha l f   o f   t he   adap te r  as par t   o f   an   e rec tab le   s t ruc ture   node   un ion ,  i ts  
a p p l i c a t i o n  i s  by no means l i m i t e d   t o  a n o d e   p o i n t   o r   t o   t h e   e r e c t a b l e  
s t r u c t u r e .  

B a l l  Socket  Adapter 

The f i r s t   a d a p t e r   c o n c e p t   t o   b e   c o n s i d e r e d   f o r   t h e  test i s  based  on a 
b a l l   s o c k e t   j o i n t   d e s i g n   d e v e l o p e d   f o r   t h e   j o i n i n g   o f   s t r u c t u r a l   e l e m e n t s  
du r ing   space   cons t ruc t ion   ( r e fe rence   1 ) .  The main advantage of t h e   b a l l  
s o c k e t   j o i n t  was i t s  ope ra t iona l  ease which w a s  v e r i f i e d   d u r i n g  ground 
simulations  involving  both  remote  and EVA assembly  techniques  ( references 
2 and 3 ) .  The b a l l   s o c k e t   a d a p t e r ,   i l l u s t r a t e d   i n   f i g u r e  2 ,  is  e s s e n t i a l l ?  
a probe  drogue  coupling  where  the  probe i s  pa r t   o f   t he  module  and the  drogue 
i s  incorpora ted   wi th in   the   cav i ty   o f   the   node   un ion .  

The probe is engaged i n  a two-s tep   l a tch ing   procedure .   F i r s t ,  as t h e  
module is  posit ioned  "over"  the  node  union and slowly  "lowered"  into  posi-  

F igure  2.  Ball Socket  Adapter 
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tion,  the  ball  end  of  the  probe  engages  the  drogue  and  its  latches. In the 

tapered  shell  of  the  probe  into  the  cavity  of  the  union  and  effect  a  rigid 
interface.  The  motors  could  be  torque-limited  and  reversible so that  dis- 
engagement  would  be  effected, if warranted.  Power  for  the  motors  could  be 
supplied  by  the  manipulator  or  by EVA astronauts  through  hand  tools,  depending 
on  which  module  installation  method is employed. 

' second  step,  the  drogue's  redundant  motors  are  activated  to  drive  the 

The  two-step  engagement  operation  of  the  ball  socket  adapter  is  an 
advantage.  However,  it  requires  external  power  which  is  not  easily  supplied 
by  either  the.manipulator  or  EVA  astronauts.  While  disengagement  of  the 
tapered  shell  can  be  achieved,  the  ball  disengagement  is  a  more  difficult  task 
because  of  its  inaccessibility. 

Self-Energized  Mechanical  Adapter 

This  adapter  is  a  self-energized  coupling  that  promotes  the  quick  attach- 
ment  of  relatively  large  modules  on  the  surface  of  a  large  space  platform.  The 
active  half of the  coupling,  which  drives  an  Acme  threaded  screw,  forms  a  part 
of  the  module.  The  other  half  incorporates  a  receiving  nut  into  a  structural 
union  which  represents  a  node  point  on  the  surface  of  a  truss-configured  space 
platform.  As  depicted  in  figure 3 ,  the  energy  source  for  the  adapter  is  a  set 
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Figure 3 .  Self-Energized  Adapter 
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of two c l o c k   s p r i n g s   t h a t   d r i v e   t h e  Acme threaded screw i n t o   t h e   r e c e i v i n g   n u t  
on the  mating  union. The screw is  he ld   i n   t he   ene rg ized   pos i t i on   by  a r a t c h e t  
u n t i l   t r i g g e r e d  by t h e   i n s e r t i o n   o f   t h e   a d a p t e r   i n t o  its union  and  the  applica- 
t i o n   o f  a s l igh t   compress ive   fo rce  on it .  

To d isengage   the   adapter ,  a square-nosed  speed  wrench  can  be  inserted  into 
a socket  a t  e i t h e r  end  of  the screw sha f t   t o   r ewind   t he  screw; th i s   d i sengages  
the   adapter   and   reenerg izes  i t  a t  t h e  same time. 

This c o n c e p t   f u l f i l l s  most  of  the  requirements  that  are expec ted   i n   such  
a device.   Therefore,  i t  w a s  s e l e c t e d   f o r   i n c l u s i o n   i n   t h e  test. A d e t a i l e d  
des ign   and   opera t iona l   descr ip t ion   of   the   adapter  i s  p r e s e n t e d   i n   t h e   n e x t  
s ec t ion .  

DESIGN AND OPERATION 

The module half of   the   adapter  is a probe  that   houses  a l l  t h e  active 
components t o   e n e r g i z e  and d r i v e   t h e   p r o b e   i n t o  a r ig id   a t tachment   wi th   the  
s t r u c t u r a l   p l a t f o r m .  A photograph of the   adapter   p robe  and t h e  module i s  
shown i n   f i g u r e  4 .  The major a c t i v e  components of the  probe are: 

F igure  4 .  Simulated Equipment  Module (SEM) 
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0 Two c lock   spr ings   which   provide   the   energy   for   the   adapter .  The 
o u t s i d e   l i p s  of bo th   spr ings  are anchored  to  a s i n g l e  engagement  pin. 
I n t e r n a l l y ,   b o t h   s p r i n g s   i n t e r f a c e   w i t h  a r o t a t i n g   a r b o r .  

0 An a r b o r   t h a t   r o t a t e s   f r e e l y  on   Tef lon   journa ls .   Externa l ly ,  i t  
inco rpora t e s  a g r o o v e   f o r   c a p t u r i n g   t h e   i n t e r n a l   l i p s  of t h e  two clock 
sp r ings .  On one  end,  there are s i x   t e e t h   f o r   e n g a g i n g   t h e   r a t c h e t .  
I n t e r n a l l y ,  i t  con ta ins  a s p l i n e   t o   c o u p l e   w i t h   t h e  screw s h a f t   i n  
t o r s ion   on ly .  The screw s h a f t  is free t o   s l i d e   a x i a l l y .  

0 A r a t c h e t   t h a t   r e t a i n s   t h e   a r b o r   i n   t h e   e n e r g i z e d   p o s i t i o n   u n t i l  
t r i gge red .  It accepts t h e   a r b o r   t e e t h  and  prevents   the  arbor   f rom 
ro ta t ing   i n   t he   c lockwise   d i r ec t ion   on ly .   Three   p ins  are a t t a c h e d   t o  
the   r a t che t   wh ich   p ro t rude   t o   t he   l ead ing  end of t h e   a d a p t e r .  The 
ra tche t   p ins   form a p a r t  of t h e   t r i g g e r  mechanism. 

e An  Acme screw which is  p a r t i a l l y  engaged i n   a n   a d a p t e r   n u t .  It 
f e a t u r e s  a c e n t r a l   f l a n g e   t o   c o n t r o l  i t s  t r a v e l  by bear ing   aga ins t   an  
adapter   housing  internal   shoulder ,   and a sp l ined  end tha t   couples ,  
t o r s i o n a l l y   o n l y ,   w i t h . t h e   a r b o r   s p l i n e .  

The p la t form  ha l f  of t he   adap te r  i s  a union   tha t  accepts the   p robe   ha l f .  
The un ion   f ea tu re s  a s lo t   to   accept   the   adapter   hous ing   a l ignment   p in ,   th ree  
t r i g g e r   p i n s   t h a t   a l i g n   w i t h   t h e   r a t c h e t   p i n s   a n d  a c a p t i v e   f l o a t i n g   n u t   t o  
accept   the   sc rew when t r i g g e r e d .  

Opera t iona l ly ,  a module   wi th   an   energ ized   adapter   a t tached  is brought   to  
the  node  point  and  "lowered"  into i t .  As t he   adap te r   gu ide   p in   r i des   ove r   t he  
l i p  of the  union,  the  module i s  r o t a t e d   u n t i l   t h e   p i n  "drops1' i n t o  i t s  s l o t   a n d ,  
i n   t h e   p r o c e s s ,   t h e   t r i g g e r   p i n s  are a l i g n e d   w i t h   t h e   r a t c h e t   p i n s .  A s l i g h t  
compressive  force  on  the  module  causes   the  t r igger   pins   to   depress   the  ra tchet  
p ins  which  disengage  the  ratchet  from  the  arbor.  A t  t h a t   p o i n t ,   t h e   s t o r e d  
ene rgy   i n   t he   c lock   sp r ings  i s  r e l eased  by r o t a t i n g   t h e   a r b o r   a n d ,   i n   t u r n ,   t h e  
screw. Since   the  screw is  a l r e a d y   p a r t i a l l y  engaged i n   t h e   a d a p t e r   n u t ,  i t  
d r i v e s   i t s e l f   t h r o u g h   t o   t h e   c a p t i v e   u n i o n   n u t   u n t i l   t h e   f l a n g e  on the  screw 
s h a f t  seats i t s e l f   i n s i d e   t h e   a d a p t e r .  A t  t h a t   p o s i t i o n ,   s u f f i c i e n t   r e s i d u a l  
energy   remains   in   the   spr ings   to   assure  a p o s i t i v e  engagement a t  a l l  times. 

TEST METHOD 

The mechanical  adapter was t e s t e d   i n   t h e   N e u t r a l  Buoyancy Simulator (NBS) 
a t  Marshall  Space  F l igh t   Center ,   Huntsv i l le ,  Alabama, as a po r t ion  of the  Large 
Space  Systems  Erectable  Structures Assembly S imula t ions   i n   wh ich   an   en t i r e  
t r u s s   c e l l  was constructed  under   s imulated  zero-g  condi t ions.  A s  a f i n a l   t a s k  
of t he   cons t ruc t ion ,  a simulated  equipment  module (SEM) w a s  i n s t a l l e d  a t  t h e  
node of t h e   t r u s s   c e l l .  The SEM was a t tached  by the  self-energized  mechanical  
adapter   descr ibed  herein.  Two pressure-su i ted  test s u b j e c t s   i n  a simulated 
EVA mode manipulated  the SEM i n t o   p o s i t i o n ,   o r i e n t e d  i t ,  and   inser ted  i t  t o  
t h e   p o i n t   w h e r e   i n s t a l l a t i o n  was e f f e c t e d .  The assembled tes t  a r t i c l e  is shown 
i n   f i g u r e  5. 
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Figure  5. Assembled Test Article 

RESULTS 

I n   t h e   i n i t i a l  series of tests, ope ra t iona l  a n d   d e s i g n   d i f f i c u l t i e s  
sur faced   which   resu l ted   in   unsa t i s fac tory   per formance   of   the   adapter .   Af te r  
m o d i f i c a t i o n ,   t h e   a d a p t e r   o p e r a t e d   s a t i s f a c t o r i l y ,  and repeated tests showed 
tha t   the   a t tachment  of  equipment t o  a s t ructural   p la t form  could  be  performed 
by EVA s u b j e c t s   i n  less than 35 seconds.  The r e l a t ive ly   ea sy   a t t achmen t  w a s  
r i g i d  and  permanent,  and  imposed no undue  loads  on  the  structure.  

The f i r s t   d i f f i c u l t y  w a s  encoun te red   i n   a t t empt ing   t o   o r i en t   and   l eve l  
t h e  SEM relat ive t o  i t s  mat ing   un ion .   In   per forming   tha t   t ask ,   the   ac t ions   o f  
t he  tes t  s u b j e c t s  seem uncoordinated.   Figure 6 i l l u s t r a t e s   t h e   l e v e l i n g  
d i f f i c u l t y ,  which w a s  e l imina ted   in   subsequent  tests by  adding a work s t a t i o n  
ad jacea t   t o   t he   node  of t h e   t r u s s  c e l l .  

Once l e v e l i n g  w a s  achieved,   the  test s u b j e c t s  were u n a b l e   t o   t r i g g e r   t h e  
adapter .  When r e p e a t e d   a t t e m p t s   r e s u l t e d   i n  pa r t i a l  engagements a t  b e s t ,   t h e  
adap te r  w a s  modified to  the   conf igu ra t ion  shown i n   f i g u r e  7. The major 
co r rec t ive   ac t ions   i nc luded   t he   fo l lowing :  

1. The i n t e r f a c i n g   s u r f a c e s  of the  union  and  the  adapter  were recon- 
f i g u r e d   t o  a con ica l   shape   t o   e l imina te  a suspected  binding  of   the 
o r i g i n a l   s t e p p e d   c y l i n d r i c a l   s u r f a c e s .  
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2. The  captive  receiving  nut  was  slightly  countersunk  to  accept 
misalignment  of  the  screw,  and  shortened  slightly  to  allow  the  screw 
to  protrude  through  it  for  visual  verification  of  engagement. 

3. The  ratchet  wave  washer  was  replaced  by  three  softer  compression 
springs  to  bring  the  triggering  force  from  178N (40 lb) down  to 
124N (11 lb) . 

After  modification,  another  series  of  tests  was  conducted in which  the 
module  was  satisfactorily  and  reliably  attached  with  relative  ease. 

Disengagement  of  the  adapter  by  EVA  subjects  was  another  objective  of  the 
tests. The task  required  one  subject  to  insert  a  square  nose  speed  wrench  into 
a  socket  at  the  end  of  the  screw  and  rewind  it  until  the  probe  disengaged.  The 
initial  attempt  indicated  that  the  subjects  were  unable  to  reach  the  adapter 
from  outside  the  cell,  and  consequently,  could  not  disengage  it. 

CONCLUSIONS 

The  self-energized  mechanical  adapter  is  a  feasible  concept  for  the 
structural  attachment  of  mission  equipment  or  subsystems to a  large  platform. 
However,  improvements  in  its  disengagement  features  will  be  required  before 
the  adapter  can  be  productively  used. 

Another  important  finding  is  that  equipment to be  operated  in  the  foreign 
environment  of  space  must  be  tested  and  refined  under  simulated  space 
conditions  to  verify  the  equipment  configuration. 
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AUTOMATED BEAM BUILDER 

Walter K.  Muench 
Grumman Aerospace  Corporation 

Bethpage, New York 11714 

SUMMARY 

With   an   eye   on   the   fu ture ,  NASA has  been  funding  study  and  development 
c o n t r a c t s   t o   d e t e r m i n e   t h e   f e a s i b i l i t y   o f   c o n s t r u c t i n g   l a r g e   v o l u m e ,   l i g h t  
w e i g h t   s t r u c t u r e s   i n   s p a c e .   T h i s  would inc lude   deployable ,   e rec tab le   and  
f a b r i c a t a b l e   s p a c e   s t r u c t u r e s ,   d e p e n d i n g  upon t h e   s i z e   o f   t h e   s t r u c t u r e   t o  
be  constructed  and i t s  u l t i m a t e   u t i l i z a t i o n .  One such  approach, space f a b r i -  
c a t i o n   o f   l a r g e  space s t ruc tu res ,   has   been   unde r   s tudy  by several  aerospace  
companies .   Ear ly   in  1977, Grumman Aerospace  Corporation w a s  awarded a c o n t r a c t  
(Ref. 1) to   design,   develop,   manufacture   and t e s t  a machine  which  would  auto- 
mat ica l ly   p roduce  a bas i c   bu i ld ing   b lock  aluminum beam (Fig .  1). This   paper  
d i s c u s s e s   t h e   r e s u l t s   o f   t h a t   e f f o r t   a n d   t h e  work  which s t i l l  cont inues   today ,  
inc luding  : 

e Aluminum B e a m  Builder ,   which w a s  completed  and  delivered  to NASA- 
MSFC in   Oc tobe r ,  1978 

e Composite B e a m  Builder,   for  which  technology  development i s  s t i l l  
underway. 

I N T R O D U C T I O N  

In-house  s tudy  effor ts  a t  Grumman d u r i n g   t h e   e a r l y  1970's i n d i c a t e d   t h a t  
a machine  which  could  automatically  produce beams i n   s p a c e  would be a l i k e l y  
c a n d i d a t e   r e q u i r e m e n t   f o r   c o n s t r u c t i o n   o f   l a r g e   s p a c e   s t r u c t u r e s ,   s u c h  as a 
s o l a r  power s a t e l l i t e .  Fur ther   s tudy   under  a seven  month  contract   wi th  NASA 
(Ref. 2 )  i n d i c a t e d   t h a t   n e a r - t e r m   f e a s i b i l i t y   d e m o n s t r a t i o n   o f   s u c h  a machine 
which  would  produce  aluminum  beams w a s  poss ib le .   Next ,  a compet i t ion  w a s  he ld  
t o   b u i l d   s u c h  a machine,  and Grumman was named the  winner .  The  work  performed, 
i n c l u d i n g   d e s i g n i n g ,   d e v e l o p i n g ,   m a n u f a c t u r i n g   a n d   t e s t i n g   o f   t h e   f i r s t   g r o u n d  
demonstrat ion aluminum "beam bui lder" ,  i s  d i s c u s s e d   i n  some d e t a i l  below. 

When t h e   e f f o r t   a s s o c i a t e d   w i t h   t h i s  aluminum beam b u i l d e r  w a s   w e l l  under- 
way, r ecogn i t ion   o f   t he   need   fo r  a machine  which  would  produce  composite beams 
encouraged  us t o  s tar t  i n v e s t i g a t i n g   t h e   t e c h n o l o g i c a l   d e v e l o p m e n t   n e c e s s a r y   t o  
d o   t h i s .  Grumman has   been   conduc t ing   va r ious   s ign i f i can t  c r i t i c a l  process  de- 
velopment tests from mid-1977 t o   t h e   p r e s e n t  t i m e .  These are a l s o   d i s c u s s e d  
below. U 
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ALUMINUM BEAM BUILDER 

T h e   a p p r o a c h   t o   p r o v i d i n g  a g round   demons t r a t ion   mach ine   en ta i l ed  two 
s i g n i f i c a n t   s t e p s ,  i . e . :  

e Design  and  Development - s e v e r a l   a p p r o a c h e s   t o   s o l v i n g   p r o b l e m s   a s s o -  
c i a t e d   w i t h   v a r i o u s   s u b s y s t e m s  were i n v e s t i g a t e d ,   i n c l u d i n g :  

- B e a m  c a p  forming 

- Brace s t o r a g e ,   d i s p e n s i n g   a n d   t r a n s p o r t i n g  

- Beam component   fas ten ing  

- Beam c u t - o f f  

a 1"Inufacture  and Test - problems,   encountered   and   so lved ,  were a l s o  
a s s o c i a t e d   w i t h   s e v e r a l   s u b s y s t e m s ,   i n c l u d i n g :  

- B e a m  cap   ro l l   f o rming   mach ine ry  

- Brace dispensing  mechanisms 

- C o n t r o l   d e v i c e s .  

DESIGN AND DEVELOPMENT 

B a s i c   t o   t h e   d e s i g n   o f   t h e  beam b u i l d e r  was t h e  i d e a   t h a t   t h e   m a c h i n e  
must   be  capable  of t r ans fo rming   h igh   dens i ty ,   l ow  vo lume  material  b r o u g h t   i n t o  
s p a c e   i n t o   l i g h t w e i g h t ,   h i g h   v o l u m e   s t r u c t u r a l  beams i n   s p a c e .   I d e a l l y ,   t h i s  
wou ld   app ly   t o   t he   p roduc t ion   o f  a l l  t h e   s t r u c t u r a l  members to   be  formed  and 
a s s e m b l e d   t o   f a b r i c a t e  a beam. T h e r e f o r e ,   i n i t i a l   d e s i g n   c o n c e p t s   i n c l u d e d  
s i x   m a c h i n e   c o m p o n e n t s   t o   f a b r i c a t e   t h e  beam componen t s ,   t h ree   t o   con t inuous ly  
form  the  beam c a p s   a n d   t h r e e   w i t h   a p p r o p r i a t e   c u t - o f f   a n d   h a n d l i n g   d e v i c e s   t o  
f o r m   t h e   b r a c e s   a n d   b r i n g   t h e m   i n t o   a s s e m b l y   p o s i t i o n .   C o s t   r e s t r a i n t s   a n d  
t h e   d e s i r e   t o   h a v e   t h e   d e m o n s t r a t i o n   m a c h i n e   f i t   w i t h i n   t h e   O r b i t e r   p a y l o a d  
b a y   a c c o u n t e d   f o r   t h e   p r e s e n t   c o n f i g u r a t i o n   o f   t h e  beam b u i l d e r :   t h r e e   c a p  
forming   machines   and   preformed  brace   s torage ,   d i spens ing   and   handl ing   devices  
(F ig .  2 ) .  

B e a m  Cap Forming 

Two approaches   t o   fo rming   t he   open  beam cap shown i n   F i g .  1 were con- 
s i d e r e d :   r o l l   f o r m i n g   a n d  s t e p  pressing.   Development  tests were conducted 
u t i l i z i n g   a v a i l a b l e   p r o d u c t i o n   e q u i p m e n t   ( F i g s .  3 and 4 ) .  Both  approaches 
formed  acceptable   caps.   However ,  i t  became clear t h a t   w h i l e   t h e   r o l l   f o r m i n g  
r e q u i r e d   m o r e   t o o l i n g ,   t h e   l e n g t h   w i t h i n   w h i c h   t h e  beam cap  could  be  formed 

248 



was c o n s i d e r a b l y  less t h a n   t h a t   o f   t h e   s t e p   p r e s s ,   w i t h  i ts  f i n i t e   f o r m i n g  
s t a t i o n   l e n g t h s   a n d   r e q u i r e d   s t e p   t o   s t e p   t r a n s i t i o n   z o n e .  

Brace S t o r a g e ,   D i s p e n s i n g   a n d   T r a n s p o r t i n g  

The i n i t i a l   a p p r o a c h  w a s  t o   h a v e   t h e   b r a c e   s t o r a g e ,   d i s p e n s i n g   a n d   t r a n s -  
p o r t i n g  a l l  per formed  in   one   package   (F ig .  5 ) .  T h e   c o n c e p t   h a d   t h e   e n t i r e  
package  moving t o   t h e   b r a c e   f a s t e n i n g   p o s i t i o n ,   p i c k i n g   o f f   o n e   b r a c e   a n d  cam- 
ming it  i n t o   p o s i t i o n  on t h e  beam c a p   f o r   t h e   c l a m p   a n d   f a s t e n i n g   m e c h a n i s m   t o  
hold i t  w h i l e   t h e   e n t i r e   p a c k a g e   r e t r a c t e d   t o  i t s  clear p o s i t i o n .  A t  t h e  PDR 
( p r e l i m i n a r y   d e s i g n   r e v i e w ) ,  i t  was d e c i d e d   t h a t  i t  w o u l d   b e   u n d e s i r a b l e   t o  
have   t hese   packages   ( t h ree   ve r t i ca l   and   t h ree   d i agona l   b race   cann i s t e r s )   mov ing  
d u e   t o   t h e i r  mass. T h e r e f o r e ,  a s e p a r a t e   p i v o t i n g ,   p i c k - u p   a n d   t r a n s p o r t i n g   d e -  
v i c e  was developed  (Fig.  6 ) .  The f igu re   on ly   shows  two arms on   the   deve lopment  
c a n n i s t e r ,   a l t h o u g h   t h e   p l a n  w a s  t o   h a v e   f o u r  arms i n   o r d e r   t o   a s s u r e   p o s i t i v e  
b r a c e   g r i p p i n g   a n d   t r a n s p o r t a t i o n .  

Mechaniza t ion   of   the   concept  as i t  d e v e l o p e d   a n d   t h e   d e s i r a b i l i t y   t o  
e i t h e r   r e l o a d   o r   r e p l a c e   e m p t y   c a n n i s t e r s   l e d   u s   t o   c o n s i d e r   a n o t h e r   a p p r o a c h  
(F ig .  7 ) .  T h i s   f i n a l   a p p r o a c h   d i v o r c e d   t h e   t r a n s p o r t a t i o n   f u n c t i o n   f r o m   s t o r -  
age   and   d i spens ing .   T ranspor t a t ion  i s  now accomplished by a s e p a r a t e   b r a c e  
g r ipp ing   and   ca r r i age   mechan i sm  (F ig .  8 )  wh ich   has   s imp l i f i ed   ove ra l l   mechan i -  
za t ion   o f  a l l  b r a c e   s t o r a g e  a n d   d i s p e n s i n g   f u n c t i o n s .  

F a s t e n i n g  B e a m  Components 

A number  of a p p r o a c h e s   t o   f a s t e n i n g   t h e   b r a c e s   t o   t h e   c a p s   t o   c o n s t r u c t   t h e  
1 m beam were e x p l o r e d ,  some s imply  on pape r   and   o the r s   by   deve lopmen t   t e s t ing .  
C o n c e p t s   w h i c h   r e q u i r e d   p r e - f i n i s h e d   h o l e s   a n d   i n s e r t i o n   o f   r i v e t s ,   s c r e w s   o r  
o t h e r  similar f a s t e n i n g   d e v i c e s  were e l imina ted   due   t o   i nhe ren t   a l i gnmen t   p rob -  
lems which   cou ld   ex i s t ,   depend ing   upon   t he   s i ze   o f   t he  p a r t s  be ing   assembled .  
Concepts  which  would r e s u l t  i n  metal v a p o r i z a t i o n ,   s u c h   a s   e l e c t r o n  beam o r  
l a s e r   w e l d i n g ,  were a l so   e l imina ted .   Concepts   which   involved   punching   or   punch  
and  bending were a t t e m p t e d   a n d   e l i m i n a t e d   f o r   o n e   o f  two r e a s o n s :  (1) t h e y  
p r o d u c e d   d e b r i s   ( s e l f - p i e r c i n g   r i v e t s   o r   s c r e w s )   o r  ( 2 )  t h e   f a s t e n i n g   t e c h -  
n i q u e   p r o d u c e d   c r a c k i n g   i n   e i t h e r   t h e   b r a c e   o r   c a p  material  a t  t h e   f a s t e n i n g  
points   (punch  and u p s e t  i n  a f a s h i o n  similar t o  a grommet o r   t a b   a n d   b e n d ) .  
U l t r a son ic   we ld ing   (F ig .  9 )  and r e s i s t a n c e   s p o t   w e l d i n g   ( F i g .  1 0 )  seemed t o   b e  
t h e   o n l y   r e a d i l y   a v a i l a b l e   a p p r o a c h e s   w h i c h   s a t i s f i e d  a l l  d e s i g n   c o n d i t i o n s .  
U l t r a s o n i c   w e l d i n g   y i e l d e d   i n c o n s i s t e n t   r e s u l t s   a n d  w a s  t he re fo re   abandoned .  

Development t e s t s  of series r e s i s t a n c e   s p o t   w e l d i n g   ( F i g .   1 1 )   g a v e   c o n -  
s i s t e n t ,   p r e d i c t a b l e  resu l t s ,  which   led   to   the   c lamp  and   weld   mechanisms  u t i -  
l i z e d   i n   t h e   m a c h i n e   ( F i g .  1 2 )  and shown c o n c e p t u a l l y   i n   F i g .   1 3 .  Each p a i r  of 
e l e c t r o d e s  i s  a c t u a t e d   i n d i v i d u a l l y   b y  a s e p a r a t e l y   d r i v e n  cam w i t h i n   e a c h   w e l d  
block.  To minimize  peak  power,   each p a i r  of   welds  is made s e q u e n t i a l l y   a f t e r  a 
set  of b races   has   been   c l amped   i n  p lace ,  f i r s t   t h e   v e r t i c a l s  a n d   t h e n   t h e   d i -  
a g o n a l s ,   t o   c o m p l e t e   e a c h  beam bay. 
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B e c a u s e   t h e   p e a k   p o w e r   r e q u i r e d   f o r   r e s i s t a n c e   w e l d i n g   e x c e e d s   t h e   p e a k  
power c a p a b i l i t y  of t h e   O r b i t e r ,  a sepa ra t e   power   supp ly  w i l l  b e   r e q u i r e d ,  un- 
less a n o t h e r  less demanding   fas ten ing   approach  i s  d e v e l o p e d .   T h i s   p o s s i b i l i t y  
is p r e s e n t l y   b e i n g   e x p l o r e d .  

Beam Cut-off 

The f i r s t   a p p r o a c h   a t t e m p t e d   t o   p r o v i d e  beam c u t - o f f   o n c e   t h e   d e s i r e d  
l e n g t h   h a d   b e e n   f a b r i c a t e d  was a s i m p l e  s i n g l e   s h e a r   d e v i c e   ( F i g .   1 4 ) .   T h i s  
p r o v e d   t o   b e   u n a c c e p t a b l e ,   s i n c e  i t  p r o d u c e d   s e v e r e   r i p p l i n g   o f   t h e  beam end 
away f r o m   t h e   c u t t i n g   e d g e .   ( T h i s   r i p p l i n g   w o u l d   i m p a i r   t h e   i n s t a l l a t i o n   o f  a 
beam end   t r i pod  dused t o   a t t a c h   o n e  beam t o   a n o t h e r ,  as w e l l  as p r o v i d i n g  a 
p o s s i b l e   s a f e t y   h a z a r d   t o   t h e   a s t r o w o r k e r   a s s e m b l i n g   t h e  beams o r   i n s t a l l i n g  
equipment  on  them.) 

The s o l u t i o n ,   a l t h o u g h  i t  d i d   p r o d u c e   d e b r i s ,  was a double   shear   mechanism 
w h i c h   n o t   o n l y s l i c e d c l e a n l y   t h r o u g h   t h e   c a p   b u t   a l s o   c a u g h t   t h e   d e b r i s  i n  a 
s e l f - c o n t a i n e d   s t o r a g e   b o x   ( F i g .  15). 

MANUFACTURE AND TEST 

C o n s i d e r i n g   t h e   c o m p l e x i t y   o f   t h e   m a c h i n e ,   t h e   a c t u a l   m a n u f a c t u r e   o f   t h e  
d e t a i l   p a r t s  and  assembly  of   the beam b u i l d e r ,  as w e l l  as i t s  p reaccep tance   de -  
bugg ing   and   t e s t ing ,   wen t   ve ry  w e l l .  The re  were, however, several areas i n  
which  problems  did  occur ,  as  d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

B e a m  Cap Roll   Forming  Machinery 

T h e   l o w e r   r i g h t   r o l l i n g  m i l l  (when l o o k i n g  a t  the   mach ine   f rom  the  mate- 
r i a l  feed  end)   produced beam caps   wi th   p ronounced   f lange   waviness .   Al though 
s t r u c t u r a l   c o m p r e s s i v e   l o a d  tests d e m o n s t r a t e d   t h a t   t h i s   w a v i n e s s  was n o t   d e t r i -  
m e n t a l   t o   t h e   s t r e n g t h   o f   t h e  p a r t ,  i t  w a s  s t i l l  c o n s i d e r e d   u n a c c e p t a b l e   s i n c e  
t h e   o t h e r  two  machines were p roduc ing  beam c a p s   w i t h o u t   w a v i n e s s .  No amount  of 
a d j u s t m e n t   o f   t h e   r o l l   t o o l i n g   o r   s u b s e q u e n t   w e l d   b l o c k   s h u n t   b a r s   w h i c h   g u i d e  
t h e  beam c a p s   t h r o u g h   t h e   b r a c e   f a s t e n i n g   s e c t i o n   o f   t h e  beam b u i l d e r   e l i m i n a t e d  
t h e   p r o b l e m .   F i n a l l y ,  a l l  t h e   r o l l   f o r m   t o o l i n g   f r o m   t h e   t h r e e   r o l l i n g  mills 
were removed  and  shipped  back t o   t h e   m a n u f a c t u r e r   f o r   c o m p a r a t i v e   m e a s u r e m e n t s  
on a f o r m i n g   s t a t i o n   b y   f o r m i n g   s t a t i o n   b a s i s .  I t  was f o u n d   t h a t   t h e   r o l l   t o o l -  
i n g   f r o m   t h e   l o w e r   r i g h t   r o l l i n g  m i l l  w a s  s l i g h t l y   d i f f e r e n t   f r o m   t h a t   o f   t h e  
o t h e r  two r o l l i n g  mills, a l t h o u g h  i t  w a s  s t i l l  w i t h i n   t h e   m a n u f a c t u r e r ' s   t o l e r -  
ances. The t o o l i n g  w a s  reworked t o  ma tch   p rec i se ly ,   and  since i t s  reinstalla- 
t i o n  i n  t h e  beam b u i l d e r ,  i t  has g i v e n  no f u r t h e r   p r o b l e m s .  

Brace Dispensing  Mechanisms 

I n  t h e   o r i g i n a l   b r a c e   s t o r a g e   a n d   d i s p e n s i n g   d e v i c e   ( F i g .  5) t h e r e  was a 
t e n d e n c y   t o   p i c k   o f f   m o r e   t h a n   o n e   b r a c e   f r o m  time t o  time. T h i s  was so lved  
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by ca re fu l   des ign   and   p l acemen t   o f   b race   space r s   wh ich   ma in ta in   b race   f l ange  
a l i g n m e n t   a n d   a l s o   t r a n s m i t   t h e   s t a c k i n g   s p r i n g   l o a d   t h r o u g h   t h e   s t a c k   o f   b r a c e s  
t o   t h e   r e t a i n i n g / p i c k - o f f   s u r f a c e  of the p r e s e n t   h e l i c a l   b r a c e   d i s p e n s e r   ( F i g .  7 ) .  

P r e s e n t l y ,   t h e r e  are  o c c a s i o n s  when a b r a c e   f a i l s   t o   d i s p e n s e .  It has   been  
determined tha t  t h i s   h a s   b e e n   c a u s e d   b y   i m p r o p e r   i n s t a l l a t i o n   o f   t h e   b r a c e s  when 
l o a d i n g   t h e   c a n n i s t e r .  Care m u s t   b e   t a k e n   t o   a s s u r e   t h a t  a l l  b r a c e s  are prop- 
e r l y   s t a c k e d   a n d   a l i g n e d ,   a n d   f r e e   w i t h i n   t h e   c a n n i s t e r ,  i . e . ,  c lear  o f   t h e   d i s -  
p e n s i n g   h e l i x   d r i v e   r o d   a n d   n o t   b o u n d   a g a i n s t   a n y   o f   t h e   b r a c e   g u i d e   s u r f a c e s  
w i t h i n   t h e   c a n n i s t e r .  

Con t ro l   Dev ices  

The re  a re  1 7 3  o p e r a t i o n a l   d e t e c t i o n   d e v i c e s   l o c a t e d   t h r o u g h o u t   t h e   m a c h i n e  
t o   m o n i t o r   e v e r y   f u n c t i o n   o f   t h e   m a c h i n e .  They p r o v i d e  s tar t  a n d   o p e r a t i o n  
c o m p l e t e   s i g n a l s   t o   t h e   m a c h i n e  as  t h e  beam cap is  r o l l e d   f o r   o n e   b a y   l e n g t h   o f  
1.5 m and   s topped ,  braces are d i s p e n s e d   a n d   t r a n s p o r t e d   i n t o   p l a c e ,   c l a m p e d   a n d  
w e l d e d   ( f i r s t  the ver t icals  a n d   t h e n   t h e   d i a g o n a l s ) ,  w i t h  e a c h   s e q u e n c e   r e p e a t e d  
u n t i l   t h e  preprogrammed  length  of beam i s  produced,   cut-off   and  the  next  beam 
s t a r t e d .  Of t h e s e   d e v i c e s ,  1 6 2  are  l i m i t  s w i t c h e s ,   w i t h   t h e   r e m a i n d e r   b e i n g  
e n c o d e r s ,   t a c h o m e t e r s ,   p h o t o - o p t i c a l   d e t e c t o r s   a n d   e l e c t r i c a l   p u l s e   s e n s o r s .  
The limit s w i t c h e s  a re  a l l  a l i k e .   W i t h   r e g a r d   t o   s i z e ,   t h e y  a re  small  enough t o  
f i t  w i t h i n   t h e   l i m i t e d   s p a c e   a v a i l a b l e   i n  a mechanism,  such as t h e   b r a c e   c l a m p  
and   weld   device .   They   provide   no   d i f f icu l ty   where   p ro tec ted   wi th in   the   par t icu-  
l a r  mechanism  with  which  they are  a s s o c i a t e d ,   b u t   w h e r e   t h e y  a re  exposed  and 
s u b j e c t   t o   a c c i d e n t a l  damage  by t e c h n i c i a n s   s e r v i c i n g   t h e  beam b u i l d e r ,   t h e y  
have  been a s o u r c e  of  beam b u i l d e r   m a l f u n c t i o n .   A l t h o u g h   o n e   c a n   o v e r r i d e  a 
m a l f u n c t i o n   i n d i c a t e d  by t h e   c o n t r o l   c o m p u t e r   d u r i n g   , o p e r a t i o n ,  i t  i s  s t i l l  a 
source   o f   concern .  Where p o s s i b l e ,   s h i e l d i n g   h a s   b e e n   p r o v i d e d   t o   p r o t e c t   t h e  
mos t   vu lne rab le  limit swi tches .   This   has   min imized   the   p roblem  but   has   no t  
e l i m i n a t e d  i t .  Under c o n s i d e r a t i o n  i s  t h e   p o s s i b l e   r e p l a c e m e n t   o f   t h o s e  limit 
switches which are  st i l l  s u b j e c t   t o  damage   by   l a rge r   un i t s ,  ei ther pho to -op t i -  
c a l   o r   m a g n e t i c   p r o x i m i t y   s w i t c h e s ,   w h e r e   p o s s i b l e ,   t o   e l i m i n a t e   t h i s   t r o u b l e -  
some p r o b l e m   a l t o g e t h e r .  

COMPOSITE BEAM BUILDER 

A s  t h e   d e v e l o p m e n t   e f f o r t s   a s s o c i a t e d   w i t h   t h e   a l u m i n u m  beam b u i l d e r  were 
n e a r i n g   c o m p l e t i o n ,   a t t e n t i o n  was focused  on  what  i t  w o u l d   t a k e   t o   m o d i f y   t h e  
des ign   o f   t he   p r imary   mach ine   subsys t ems   i n   o rde r   t o   p roduce   compos i t e   beams .  
T h i s  new d e v e l o p m e n t   e f f o r t   f o c u s e d   o n   t h r e e  i tems, as n o t e d   i n   F i g .  1 6 ,  w h i l e  
the   remain ing   subsys tems w e r e  c o n s i d e r e d   t o   b e   u s a b l e  as  i s  o r   w i t h   s l i g h t  modi- 
f i c a t i o n   t o   h a n d l e   t h e  new material. 

Beam Cap Processing  Development 

In  mid-1977,  work  began w i t h  a b r u t e   f o r c e   a p p r o a c h  of t r y i n g  t o  r o l l  form 
a graphite/polyethersulfone laminate us ing   t he   a luminum beam cap  development  
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t o o l i n g   w i t h   h e a t e r s   a d d e d   t o   s o f t e n   t h e   t h e r m o p l a s t i c   c o m p o s i t e   t o   f o r m i n g  
t e m p e r a t u r e   ( F i g .   1 7 a ) .   F i g u r e   1 7 d   s h o w s   t h e   r e s u l t   o f   t h e s e   e f f o r t s .  Disas- 
t r o u s ¶   b u r n t   t o a s t   a p t l y   d e s c r i b e  the . p r o d u c t ,   b u t  a t  the same time, much was 
l e a r n e d ;   s u c h   t h i n g s  as t e m p e r a t u r e   c o n t r o l   ( p o l y e t h e r s u l f o n e   s o f t e n s  a t  abou t  
26OoC and  has  a fo rming   r ange   be fo re  i t  b e g i n s   t o   s u b l i m a t e   o f   a b o u t   1 0 ° C ) ,  
b e n d   z o n e   h e a t i n g   ( h e a t i n g   t h e   w h o l e   p a r t   r e s u l t e d   i n   s e v e r e   r i p p l i n g   a n d   d e -  
f o r m a t i o n )   a n d   s p e e d   c o n t r o l   b e t w e e n   s t a t i o n s   ( t h e   p a r t   m u s t   b e   k e p t   i n   t e n s i o n  
as i t  passes t h r o u g h   t h e  m i l l  t o   p r e v e n t   a n y   r i p p l i n g   o r   f o l d i n g   i n   t h e   b e n d  
a r e a ) .  

Fol lowing a t h o r o u g h   e v a l u a t i o n   o f   t h e   r e s u l t s ,  w e  d e c i d e d   t o  work  with a 
lower   forming   tempera ture  material t h a t   a l s o  had a broader   working  range.   The 
material s e l e c t e d  w a s  g r a p h i t e l a c r y l i c   w h i c h   f o r m s  a t  14OoC w i t h  a 3OoC range .  
The s e l e c t i o n   p r o c e s s   a n d   c r i t e r i a  are  d i s c u s s e d   f u r t h e r   b e l o w   ( s e e  Material 
E v a l u a t i o n ) .   S t i l l   r e c o g n i z i n g   t h e   n e e d   f o r   h i g h e r   w o r k i n g   t e m p e r a t u r e  mate- 
r i a l ,  o u r   i n t e n t  w a s  " t o  crawl b e f o r e  w e  walk  and  walk  before  w e  run".  Using 
the same machine p r e v i o u s l y   u s e d   b u t  now m o d i f i e d   t o   p r o v i d e  some t e m p e r a t u r e  
c o n t r o l ,   h e a t i n g   a l o n g   t h e   b e n d   z o n e   o n l y   a n d   w i t h  a u n i f o r m   d r i v e   ( F i g .   1 7 b ) ,  
e n c o u r a g i n g   r e s u l t s  were o b t a i n e d   ( F i g .   1 7 d ) .   A l t h o u g h   t h e r e  was n o t a b l e  
f l a n g e   r i p p l i n g   a n d  some t w i s t ,  as w e l l  as s k e w i n g   o f   t h e   f i n i s h e d   p a r t ,  w e  
were encouraged   enough  to   ask   corpora te   management   for   funding   to   des ign   and  
b u i l d  a compos i t e   s t ruc tu ra l   componen t   fo rming   p rocess   deve lopmen t   t oo l ,   s ince  
w e  had  been  tying  up a p i ece   o f   p roduc t ion   mach ine ry   w i th   ou r   expe r imen t s   (F ig .  
17a and  b) .  

Having   rece ived  a go-ahead,   the   machine w a s  d e s i g n e d   a n d   b u i l t   ( F i g .   1 7 c ) .  
F i g u r e   1 7 d   s h o w s   t h e   r e s u l t s .   A f t e r   h a v i n g   s u c c e s s f u l l y   f o r m e d  a good g r a p h i t e l  
a c r y l i c   c a p  we t r i e d  graphitelpolethersulfone o n c e   a g a i n .  An a c c e p t a b l e   p r o d u c t  
r e s u l t e d   ( F i g .  18 ) .  W i t h   t h e   c o m p o s i t e   i n d u s t r y   s u p p l y i n g   c o n t i n u o u s   s t r i p  
s t o c k   ( n o t   a v a i l a b l e  a t  t h e  time o f   w r i t i n g   t h i s   p a p e r )  w e  h o p e   t o   r e p o r t   o n  
s u c c e s s f u l  graphite/polyethersulfone beam c a p   p r o d u c t i o n  a t  t h e  symposium. 

Fastening  of   Composi te  Beam Components 

A s  work  on beam c a p   p r o c e s s i n g   b e g a n   t o   p r o g r e s s   s a t i s f a c t o r i l y ,   d e v e l o p -  
ment e f f o r t   o n   f a s t e n i n g   b r a c e s   t o  beam caps began. Many approaches  were con- 
s i d e r e d ;   t h o s e   l i s t e d   i n   F i g .  1 9  were s u b j e c t e d   t o   l i m i t e d   d e v e l o p m e n t   t e s t i n g  
a n d   e v a l u a t i o n .   B r i e f l y :  

e U l t r a s o n i c  Weld - J o i n t  was a c c e p t a b l e   b u t   t h e   u l t r a s o n i c   v i b r a t i n g  
horn   t ended  t o  b o r e  a h o l e   i n   t h e   p a r t .   P a c k a g i n g   p r e s e n t e d  a problem 
d u e   t o   t h e   h o r n  s i z e .  Power consumption w a s  h i g h e r   t h a n   t h e   o t h e r  
p r o c e s s e s   i n v e s t i g a t e d .  

e RF Welding - J o i n t   a p p e a r e d   t o   b e   g o o d .   A r c i n g   o f   t h e   l a m i n a t e   t o   t h e  
test  f i x t u r e  away  from t h e   j o i n t   b e i n g  made i n d i c a t e d  a p o t e n t i a l l y  
d i f f i c u l t  material  q u a l i t y   c o n t r o l   p r o b l e m .  

e Stap l ing   (Co ld )  - Jo in t   p roduced  w a s  e x c e l l e n t .  However, u n c o n t r o l l a b l e  
d e b r i s  w a s  produced. 
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e Stapling (Hot) - Heating the parts  at  the  fastening location eliminated 
the debris problem  and still produced an excellent  joint. Size and 
shape of the staple cartridge presents  a  packaging  problem. 

a Adhesive - Joint  produced  was  good.  Outgassing may be a  problem (no 
measurements were attempted  at  this time). 

e Induction Weld - Excellent joint was produced. Induction currents heat 
the  part  at the joint interface until the resin melts and fuses to- 
gether. Packaging presents no problem and  power consumption is ex- 
tremely  low. RFI may  be  a problem, although this is still to be in- 
vestigated. 

Material Evaluation 

As discussed earlier, our  first composite processing development efforts 
met with somewhat disastrous results. After  reviewing  our goals, we decided 
to  try some alternate approaches. The material to be  investigated had  to 
satisfy  the  following simple requirements: 

Structurally  sound  in  a space environment,  including vacuum, thermal 
and radiation exposure 

No outgassing during forming in space or during its operational life- 
time 

Simple to preprocess into the  required strip stock laminate 

Long  ground storage life 

Easy  to  handle. 

Thermoplastics seemed  to  satisfy  these general requirements (Ref. 3 ) .  (Thermo- 
sets  present  strip laminate processing, storage and handling  problems since 
they  have  to remain in their  uncured state until formed.) Figure 20 shows the 
thermoplastic composite materials which were evaluated.  Acrylic was selected 
because it not  only  met  our structural baseline  (strength  and modulus of  elas- 
ticity to be as close to  or  better than that  of  aluminum)  but also because it 
is a resin system which lends itself to continuous  preprocessing  of graphite 
and strip laminate production, including: 

e Monomer/polymer  blend  liquid  at  room  temperature 

e Excellent  fiber  wetting characteristics 

e Monomer and  polymer are readily available - in tank car quantities, 
if required 

e Monomer and polymer are relatively low in cost - a factor which makes 
them attractive for research, development, and production. 
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The other materials tested  did not, in general, meet the performance re- 
quirements. For example: 

0 Structural - much lower strength and modulus of  elasticity than desired 

0 Preprocessing - poor fiber wetting. Press forming of strip stock re- 
quired, thus limiting length available. 

Woven graphite was chosen as the fiber medium because it is readily  avail- 
able and  easy  to handle. When processed as a graphitelacrylic composite, it 
gives good strength and stiffness properties and also forms easily. 

The thermal performance of this  particular composite is also quite good 
for passive structure in low earth  orbit (Fig. 21). Through testing, we  have  dem- 
onstrated  that  though  the strength of  the material begins  to fall off  somewhat 
at the  elevated temperature, compressive load  testing at room temperature indi- 
cated a load carrying  capability 180% greater  than aluminum at room temperature 
and 120% at the elevated  temperature. The coefficient  of thermal expansion  of 
this woven graphitelacrylic  is 10% of  that  of aluminum.  Recent  electron bom- 
bardment  testing  in  Grumman's  Van de Graff facility has indicated  that  the  mate- 
rial  would have about  a  forty year life  in low earth  orbit (LEO). Ultraviolet 
exposure  testing  is still to be  conducted. 

While the  graphitelacrylic satisfies the structural requirements for a 
passive structure (one which carries non-heat generating or radiating  compo- 
nents or experiments), there still exists a  need for a composite which could 
operate in  a  higher temperature regime. Work has therefore been  continued with 
determining  the forming process  parameters  associated with graphite/polyether- 
sulfone  laminates. The preliminary results have been  encouraging (Fig. 18) ,  al- 
though  further  study is required. 

CONCLUSION 

The automatic fabrication of  basic  building  block aluminum beams has been 
ground demonstrated with the aluminum  beam  builder now operating  at NASA-MSFC. 

The automatic fabrication of basic  building block composite beams  still  is 
to be  demonstrated. Machine elements, composite beam  cap  forming and brace to 
cap  fastening  have  been  ground  demonstrated. A composite beam  builder still 
needs to  be constructed. 

TO date, composite efforts  have  demonstrated  the  need  for real improve- 
ments in basic thermoplastic composite processing in order to obtain better 
fiber wetting and continuous laminate strip stock. Short (1 to 3 m), press 
formed strips have been used for .process development and demonstration pur- 
poses,. but the real need is for a  continuous strip up to 300 m long (the beam 
builder storage reel capacity). Material suppliers have been given this chal- 
lenge. 
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Further  effort is required  to  improve  the  structural  characteristics,  ease 
of  preprocessing  and final forming of graphite  reinforced  thermoplastics. 
Other  resin  systems  and  graphite  fiber  orientations  need  to  be  examined. The 
performance  of  these  materials  in  both  vacuum  and  radiation  environments  also 
needs to  be  determined. 

Finally,  once all ground  feasibility  tests  have  been  completed  and  the 
choice  has  been  made  between  aluminum  and  composite  for  the  first  space  flight 
demonstration,  a  flight  beam  builder  will  be  built and  integrated  aboard the 
Orbiter  and a  still to  be  determined  mission  flown  (Fig. 22). 

REFERENCES 

1. Space  Fabrication  Demonstration  System. Rep.  no. NSS-SFDS-RP013, Grumman 
Aerospace  Corp.,  Mar. 15, 1979.  (Available  as  NASA  CR-161286.) 

2. Space  Fabrication  Techniques.  Rep.  no.  NSS-SF-RP004, Grununan Aerospace 
Corp.,  Dec. 15, 1976.  (Available  as  NASA  CR-150202.) 

3. Lubin, G . ,  Marx, W., Poveromo, L., "Reinforced  Thermoplastic  Composites 
for Space Beam Fabrication,"  SPI  Reinforced  Plastics/Composites  Institute, 
34th  Annual  Conference,  New  Orleans,  Louisiana,  February 1979. 

255 



SECTION  A-A  SECTION B-B BA 

WGT = 2.2 KgIl.5m BAY 
TEST  LOAD = 6760N  (COMPRESSION  FAILURE)  TYPICAL  TERMINATING 

TRIPOD - BOTH  ENDS 

"I:- 

TRIANGULAR  GIRDER 

Figure  1.- Basic bu i ld ing   b lock  1 m beam. 

RAW MATERIAL  FEED SPOOL 

ANSFORMER 

OT  WELDER 
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'COMPUTER CONTROL  CONSOLE 

I I 

Figure  2.-  Aluminum beam b u i l d e r .  



Figure 3 . -  Rolling m i l l  with 1 m beam cap  forming tools. 

Figure 4.- Step press 1 m beam cap  forming. 
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Figure 5.- Brace storage and dispensing device. 

Figure 6.- Brace pivoting pick-up transport arm. 
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I 
PICK-OFF HELIX DRIVE RODS 

Figure 7.- Final brace storage  and  dispensing device. 

Figure 8.- Brace  gripping  and  carriage 
mechanism. 

(SONOBOND) 

Figure 9.- Ultrasonic weld sample. 
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Figure 10.- Resistance spot welded brace 
to cap. 

OUTBOARD 

INBOARD 

Figure 12.- Clamp  and  weld block 
mechanism. 

Figure 11.- Series resistance  spot 
welding development set-up. 

ELECTRODE  PAIRS 

SHUNT  BAR 

Figure 13.- Series resistance spot 
weld schematic. 
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BEAM 
CAP 

Figure 14.- Single  edge  shear 
cut-off schematic. 

I I 

Figure 15.- Double edge shear 
cut-off mechanism. 

USE AS IS: 
0 STRUCTURE 
0 MATERIAL  FEED 
0 BRACE  STORAGE 
0 COMPUTER 
0 POWER CONDITIONING 

MINIMAL  MODIFICATION:  DEVELOPMENT  REQUIRED: 
0 SOFTWARE 

BRACE HANDLING 
CUT-OFF 
CONTROLS 

0 CAP  FORMING 
0 BRACE  FASTENING 
0 MATERIALS 

~~~ ~ ~ ~~ ~~ 

Figure 16.- Composite beam builder  technology development. 

26 1 



a) EARLY  APPROACH - 1977 b) REQUIREMENTS  EVALUATION - 1978 

APPROACH - 1977 

STATUS - 1979 
GRIACRYLIC 

REQUIREMENTS 
EVALUATION - 1978 
GRIACRYLIC 

c )  CURRENT  STATUS - 1979 d) RESULTS 

Figure 17.- Composite beam cap forming  process  development and results. 

RECENT  RESULTS - 10179 

I I 

Figure 18.- Graphite/polyethersulfone beam cap sample. 
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METHOD 

ULTRASONIC  WELD 

R F  WELDING 

STAPLING  (COLD) 

STAPLING  (HOT) 

ADHESIVE 

INDUCTION  WELD 

RESULT 

ACCEPTABLE 

LIMITED SUCCESS 

LIMITED SUCCESS 

EXCELLENT 

GOOD 

EXCELLENT - 

PROBLEM 

POWER SIZE 

ARCING 

DEBRIS 

SIZE 

OUTGASSING 

RFI 

RECOMMENDATION STATUS 

DROP 

- DROP 

- DROP 

- 

MORE WORK (BACK-UP) ON HOLD 

MORE WORK (BACK-UP) 

NAS8-32472 MORE WORK (PRIME) 

ON HOLD 

Figure 19.- Composite  fastening process development  summary. 

I PHYSICAL/MECHANICAL  PROPERTIES I 
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Figure 20.- Thermoplastic materials requirements  evaluation. 
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Figure 21.- Graphite/acrylic thermal  gradient in low earth orb i t .  
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GRAVITY  GRADIENT  RADIOMETER 

BEAM I B  UILDER 

TRIBEAM  PLATFORM 

~~ ~ ~~ 

F i g u r e  22.- E a r l y   O r b i t e r  beam b u i l d e r   m i s s i o n   p o s s i b i l i t i e s .  
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THE MAGSAT MAGNETOMETER BOOM 

James F .   Smola ,   Wade  E .  R a d f o r d ,   a n d   M a r c u s  H .  R e i t z  
T h e   J o h n s   H o p k i n s   U n i v e r s i t y  

A p p l i e d   P h y s i c s   L a b o r a t o r y  

SUMMARY 

A c o n t i n u i n g   r e q u i r e m e n t  e x i s t s  f o r   l i g h t w e i g h t   e x t e n d a b l e  
s t r u c t u r e s   t h a t   c a n   p r e c i s e l y   p o s i t i o n   m a g n e t i c a l l y   s e n s i t i v e  
i n s t r u m e n t s   s a f e   d i s t a n c e s   f r o m   m a g n e t i c   s o u r c e s   i n  a s p a c e c r a f t .  
P r e s e n t e d   h e r e i n  i s  a b r i e f   d e s c r i p t i o n   o f   o n e   s u c h   d e v i c e  - The 
MAGSAT M a g n e t o m e t e r  Boom S y s t e m  - a n d   a n   o v e r v i e w   o f   t h e   m a j o r  
a r e a s  o f  c o n c e r n   t h a t   p l a y e d   d o m i n a n t   r o l e s   i n  i t s  d e v e l o p m e n t .  
W e i g h t ,   p a c k a g i n g   v o l u m e ,   t h e r m a l   d i s t o r t i o n ,   m e c h a n i c a l  m i s a -  
l i g n m e n t s  , d i m e n s i o n a l   i n s t a b i l i t y ,   l a u n c h   e n v i r o n m e n t s ,   a n d   l o w  
t e m p e r a t u r e   f u n c t i o n i n g  w e r e  a r e a s  t h a t   p r e s e n t e d   s o m e   f o r m i d -  
a b l e   o b s t a c l e s .   T h e   w a y s   i n   w h i c h   t h e s e   o b s t a c l e s  were  d e a l t   w i t h  
a r e  o f f e r e d   h e r e   t o   t h o s e   i n v o l v e d   i n   t h e   d e v e l o p m e n t   o f  s i m i l a r  
a e r o s p a c e   m e c h a n i s m s   w i t h   e q u a l l y   r e s t r i c t i v e   r e q u i r e m e n t s .  

INTROllUCTION 

T h e   n e e d   f o r  a s i m p l e ,  l i g h t w e i g h t ,   p r e c i s e l y   a l i g n a b l e ,  
v i r t u a l l y   d i s t o r t i o n - f r e e ,   e x t e n d a b l e   s t r u c t u r e   c a p a b l e  o f  o v e r -  
c o m i n g   t h e   s t i f f n e s s   o f   s i z e a b l e   m u l t i c o n d u c t o r   e l e c t r i c a l   c a b l -  
i n g   a r o s e   d u r i n g   t h e   d e v e l o p m e n t   o f   t h e  T R I A D  ( 1 9 7 2 )  S a t e l -  
l i t e  b y   t h e   J o h n s   H o p k i n s   U n i v e r s i t y ' s   A p p l i e d   P h y s i c s   L a b o r a t o r y .  
S i m i l a r   d e v i c e s  - a l l  o f   w h i c h   u t i l i z e d   t h e   s c i s s o r s   c o n c e p t  - 
were  d e v e l o p e d   f o r  G E O S - C  ( 1 9 7 5 )   a n d  T I P  I1 a n d  111 ( 1 9 7 5 ,   1 9 7 6 ) .  
T h e   e x p e r i e n c e   a c q u i r e d   d u r i n g   t h e s e   p r o g r a m s   p r o v i d e d   t h e   b a c k -  
g r o u n d   t h a t  w a s  n e c e s s a r y   f o r   t h e   u n d e r t a k i n g   t h a t   b e c a m e   t h e  
MAGSAT M a g n e t o m e t e r  Boom. 

M A G S A T ' S  ( M a g n e t i c   F i e l d   S a t e l l i t e )   m i s s i o n  w a s  t o   p r o v i d e  
g l o b a l   v e c t o r   m a g n e t i c   f i e l d   d a t a   w h i c h   w o u l d   b e   u s e d   t o  c r e a t e  
n e w   m a p s   o f   t h e   e a r t h ' s   m a g n e t i c   f i e l d   a n d   t o   d e t e c t   l a r g e  s c a l e  
a n o m a l i e s   i n   t h e   m a g n e t i c   f i e l d   f o r   u s e   i n   p l a n n i n g   r e s o u r c e  
e x p l o r a t i o n   s t r a t e g y .  Data c o l l e c t e d   d u r i n g   t h e   s p a c e c r a f t ' s   l o w  
a l t i t u d e   p h a s e   f o l l o w i n g  5 m o n t h s   o f   e x p e c t e d   l i f e   p r i o r   t o  r e -  
e n t r y ,  w a s  t o   b e   e s p e c i a l l y   d e s i r a b l e   f o r   t h e  l a t t e r  o b j e c t i v e .  
I n  a d d i t i o n   t o   t h e s e   p r i n c i p a l   o b j e c t i v e s ,   t h e   d a t a  w a s  t o   b e   u s e d  
f o r   c o r e / m a n t l e   s t u d i e s ,   m a g n e t o s p h e r i c   a n d   i o n o s p h e r i c   r e s e a r c h ,  
m a r i n e   a n d   o t h e r   s t u d i e s .  
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Measurements  of  the  three  vector  components  of the earth's 
magnetic  field  were  the  task  of  an  ultrastable,  high  accuracy 
vector  magnetometer  and  a  pair of star  cameras.  Providing  redun- 
dancy  and  an  independent  confirmation of total  field  magnitude 
were the  roles of a  companion  instrument--a  scalar  magnetometer. 

Magnetic  contamination  of  the  magnetometer  sensors  was 
avoided by locating  the  fairly  magnetic  star  cameras on an op.ti- 
cal  bench  in  the  spacecraft  instrument  module (I/M). The  sensors 
of  both  magnetometers  were  mounted  on  a  platform  with  passive  and 
active  temperature  control,  which  was  attached to the end of  the 
magnetometer  boom.  Upon  command  the  boom  was to uncage and  dis- 
place  the  sensor  platform  6  meters  distant  from  the (I/M). To 
satisfy  requirements  imposed by an  Attitude  Transfer  System (ATS) 
which  measured  vector  magnetometer  tilt  relative to the  star 
cameras,  the  boom  was to maintain the platform  position  such that 
the center of an  ATS  plane mirror,  precTsely  attached to the  back- 
side of the  vector  magnetometer  sensor,  remained  within  a  21.91  cm 
(+0.75 in) square  target  zone.  This  zone  was  centered  on  an  opti- 
cal  axis  defined  by  an  ATS  infrared  light  beam  emanating  from  the 
I/M. In  addition  the  plane  mirror  was to remain  orthogonal to 
the optical  axis  within 3 arc  minutes. (See ref. 1.) 

SYSTEM  DESCRIPTION 

Figure 1 illustrates  the MAGSAT  spacecraft's  operational 
configuration.  Shortly  after injection  into  a 96.76O inclination, 
3 5 2  km by 561  km  sun synchronous  orbit, the spacecraft  was  three- 
axis  stabilized  with its  Z-axis  near  the  orbit  normal  and  the 
magnetometer boom trailing  aft.  This  orientation  was  maintained 
by an attitude  control  system  consisting of a  reaction  wheel  with 
an  infrared  horizon  scanner,  a  three-axis  magnetic  torquing  sys- 
tem,  a  pitch  axis  gyro  system  for  pitch  rate  sensing,  an  attitude 
signal  processor  for  semi-autonomous  roll/yaw  control,  momentum 
wheel  dumping  and  pitch  loop  dynamics  compensation, and a  second 
adjustable  boom  for  aerodynamic  trimming. 

The  magnetometer  boom  system  consisted of a 14 link  scissors 
boom,  a  three  axis  gimbal and the  sensor  platform (S/P). The S / P  
was  connected to the I/M  electrically  with  multiconductor  cabling 
that was  routed  through the interior  of  each  boom link. Two 
independent  pyrotechnically  actuated  caging  systems  were used to 
contain  and  protect the boom and S/P in  their  stowed  configurations 
during launch. The  three-axis  gimbal  located  at the boom  base 
provided the boom  with  pitch,  yaw, and roll  capabilities of + 2 O ,  
+ 2 O ,  - and +5O for  ATS  acquisition.  The  drivers  for  each  gimbal 
actuator,  consisting of a  491  cycle  square  wave  inverter  powering 

- 
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2 p h a s e   s y n c h r o n o u s - h y s t e r e s i s   g e a r m o t o r s   c o u p l e d   t o   g e a r b o x e s ,  
p r o v i d e d   a v e r a g e   p i t c h ,   y a w ,   a n d   r o l l   s c a n  r a t e s  o f  33 a r c   s e c / s e c .  
A p a i r   o f   t e n s i o n   s p r i n g s   a t t a c h e d   t o   t h e   d r i v e   b a s e   a n d  I / M  s t r u c -  
t u r e   e l i m i n a t e d  a l l .  u n r e s t r a i n e d   p l a y   i n   t h e   g i m b a l   a c t u a t o r  
a d j u s t i n g  sc rews .  R o t a r y   p o t e n t i o m e t e r s   g e a r e d   t o   t h e   o u t p u t  
s h a f t s   o f   e a c h   o f   t h e s e   g e a r b o x e s  were c a l i b r a t e d   t o   g i v e  S / P  
a n g u l a r   o r i e n t a t i o n .   ( S e e   F i g u r e  2.J 

T h e   b o o m   d r i v e   c o n s i s t e d   o f  a r i g h t   a n d   l e f t   h a n d e d   b a l l  screw 
w h i c h  w a s  s i m i l a r l y   d r i v e n .  A r o t a r y   p o t e n t i o m e t e r   g e a r e d   t o   t h e  
o u t p u t   s h a f t   o f   t h e   g e a r b o x  w a s  c a l i b r a t e d   t o   g i v e  boom l e n g t h  
d u r i n g   d e p l o y m e n t .   C o n f i r m a t i o n  o f  t o t a l   e x t e n s i o n  w a s  g i v e n   b y  a 
s e c o n d   p o t   m a d e   o f   n o n - m a g n e t i c  m a t e r i a l s  a n d   p i n n e d   t o   o n e   o f   t h e  
boom h i n g e s   c l o s e s t   t o   t h e  S / P .  T o t a l   r u n o u t  t ime w a s  a b o u t  2 0  min.  

W e i g h t   a n d   t h e r m a l   d i s t o r t i o n   d i c t a t e d   t h e   u s e   o f   g r a p h i t e  
e p o x y   f o r   t h e  boom l i n k s .   T h e   b a s i c   l i n k  w a s  0 . 9 4  m e t e r s  ( 3 7 . 1 2 5  
i n )   l o n g   a n d   m e a s u r e d  1 . 0 7  cm x 5 . 0 8  c m  ( 0 . 4 2  i n  x 2 . 0 0  i n )   i n  
c r o s s e c t i o n .   M a g n e s i u m   f i t t i n g s   w e r e   f a s t e n e d   t o   t h e   e n d s   a n d  
t h e   c e n t e r   o f   e a c h   l i n k   w i t h  a s e m i - r i g i d   e p o x y   t o   p r e v e n t   i n t e r -  
f a c e   c r a c k i n g   d u e   t o   d i f f e r e n t i a l   e x p a n s i o n .   E a c h   l i n k  w a s  a 
h o l l o w   b o x   w i t h  a . 0 7 6  cm ( 0 . 0 3 0  i n )   t h i c k  w a l l  a n d  w a s  c o v e r e d  
i n t e r n a l l y   a n d   e x t e r n a l l y   w i t h   a n   a l u m i n u m   f o i l   m o i s t u r e   b a r r i e r .  
( T h e   h y g r o s c o p i c   n a t u r e   o f   g r a p h i t e   e p o x y  i s  a s o u r c e   o f   d i m e n -  
s i o n a l   i n s t a b i l i t y ) .  A f i n a l   w r a p p i n g   o f   a l u m i n i z e d   K a p t o n *   w i t h  
a n   a l u m i n u m   o x i d e   o v e r c o a t  w a s  a d d e d   f o r   t e m p e r a t u r e   c o n t r o l .   T h e  
l i n k s  were h i n g e d   t o   e a c h   o t h e r   w i t h   p i n s   t h a t   w e r e   f o r c e d  
t h r o u g h   c o m p l i a n t   u n d e r s i z e d   b u s h i n g s   w h i c h   p e r m i t t e d   r o t a t i o n ,  
b u t   e l i m i n a t e d  a l l  u n r e s t r a i n e d   m e c h a n i c a l   s i d e   p l a y .  

T h e   a l u m i n u m   f o i l e d ,   g r a p h i t e   e p o x y   S I P   w a s   a t t a c h e d   t o   t h e  
t i p  o f   t h e  boom t h r o u g h  a h o l l o w   g r a p h i t e   e p o x y ,   b o x - l i k e   s p a c e r  
a n d  a " f i g u r e - e i g h t "   m e c h a n i s m   t h a t   e n a b l e d   t h e  S I P  t o   t r a n s l a t e  
w h i l e   m a i n t a i n i n g  i t s  a t t i t u d e   n o r m a l   t o   t h e  boom a x i s  a s  t h e  
boom e x t e n d e d .   A t t a c h e d   t o   t h e  S I P  w i t h  a k i n e m a t i c   s u s p e n s i o n  
w a s  t h e   t e m p e r a t u r e   c o n t r o l l e d   v e c t o r   m a g n e t o m e t e r   b a s e  (VMB) 
w h i c h   i n   t u r n   h a d   a t t a c h e d   t o  i t  t h e   v e c t o r   m a g n e t o m e t e r   s e n s o r ,  
t h e   r e m o t e   p l a n e   a n d   d i h e d r a l  ATS m i r r o r s ,   a n d  a p r e c i s i o n   s u n  
s e n s o r .   T h e   k i n e m a t i c   s u s p e n s i o n   p r o v i d e d  a c o m p l i a n t   m o u n t  
f o r   t h e  V M B  a n d   i s o l a t e d  i t  f r o m   t h e r m a l l y   i n d u c e d   s t r u c t u r a l  
d i s t o r t i o n s   t h a t   w o u l d   b e   d e t r i m e n t a l   t o   t h e   a l i g n m e n t   o f   t h e  
v e c t o r   m a g n e t o m e t e r   a n d   t h e   r e m o t e   m i r r o r s .   T h e   s c a l a r   m a g n e t o -  
meter  w a s  a t t a c h e d   t o  a 1 . 2 7  c m  ( 0 . 5 0  i n )   t h i c k   e p o x y g l a s s   t h e r m a l  
i s o l a t o r   w h i c h  w a s  f a s t e n e d   t o   t h e   s i d e   o f   t h e   g r a p h i t e   e p o x y  
s p a c e r .  

T h e   w e i g h t   b r e a k d o w n   f o r   t h e  boom s y s t e m  i s  shown i n   T a b l e  1. 

* K a p t o n ,   p o l y i m i d e   f i l m   m a n u f a c t u r e d   b y  E .  I .  d u P o n t  
d e N e m o u r s   a n d  Co. I n c .  
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AREAS OF M A J O R  C O N C E R N  

A l t h o u g h   t h e   p r e c i s i o n   s c i s s o r s  boom w a s  a f l i g h t - p r o v e n   c o n -  
c e p t ,   t h e   r e m o t e ,   p r e c i s e l y   a l i g n e d  S / P  w a s  n o t .   M a g n e t i c   c o n -  
s i d e r a t i o n s   d i s a l l o w e d   e l e c t r i c a l l y   p o w e r e d   a d j u s t i n g   m e c h a n i s m s  
a t  t h e  S / P  e n d .   C o n s e q u e n t l y  S / P  t i l t  a d j u s t m e n t s   c o u l d   o n l y   b e  
a c h i e v e d   b y   g i m b a l l i n g   t h e  boom a t  i t s  b a s e   w h i c h   c a u s e d   t h e  S / P  
t o   t r a n s l a t e .   T h i s   s i d e   e f f e c t   c o u p l e d   w i t h   t h e  A T S ' S   n a r r o w  
f i e l d   o f   v i e w   s e v e r e l y   l i m i t e d  t i l t  a d j u s t i n g   c a p a b i l i t y .   F o r  
t h i s   r e a s o n   c o n s i d e r a b l e   e n g i n e e r i n g   a n a l y s i s   a n d   t e s t i n g  were 
n e c e s s a r y   t o   d e m o n s t r a t e   t h a t   t h e  SCOUT l a u n c h   e n v i r o n m e n t ,   u n -  
c a g i n g ,   d e p l o y m e n t ,   t h e r m a l   d i s t o r t i o n s   a n d   a t t i t u d e   c o n t r o l   d i s -  
t u r b a n c e s   w o u l d   n o t   c o m p r o m i s e   t h e   a b i l i t y   t o   a c h i e v e   t h e   p r e c i s e  
a l i g n m e n t s   t h a t  were  r e q u i r e d .  

T h e   d i s c u s s i o n   t h a t   f o l l o w s   f o c u s e s   o n   t h r e e   m a j o r  a r e a s  o f  
c o n c e r n   t h a t   r e c e i v e d   c o n s i d e r a b l e   a t t e n t i o n .  

C O N T R O L  OF THERMAL DISTORTION 

T h e   r e q u i r e m e n t   h e r e  was t o  limit i n i t i a l  boom t h e r m a l   d i s -  
t o r t i o n - d u e   t o   b r o a d s i d e   s o l a r   i l l u m i n a t i o n  - s u f f i c i e n t l y   t o   p e r -  
m i t  a c q u i s i t i o n   o f   t h e  ATS r e m o t e   m i r r o r s   b y   g i m b a l l i n g   t h e  boom 
a t  i t s  b a s e .   A l t h o u g h   t h e   g i m b a l s  were a d j u s t a b l e  + 2 O  i n   p i t c h  
and   yaw  and  + 5 O  i n   r o l l ,   a n y   t i l t i n g   o f   t h e  boom a t - i t s  b a s e  
w o u l d   t r a n s l a t e  as  w e l l  a s  r o t a t e   t h e   r e m o t e   m i r r o r s .   S i n c e   t h e  
t a r g e t   z o n e  w a s  5 1 . 9 1  c m  ( + 0 . 7 5  i n )   s q u a r e ,   a n y   m i r r o r   t i l t i n g  
t h a t  was n e c e s s a r y   f o r   a c q u i s i t i o n   h a d   t o   b e   a c h i e v e d   w i t h i n  0.33O 
o n c e   t h e   m i r r o r s   e n t e r e d   t h e   t a r g e t   z o n e .   T h i s   m a d e   t h e   i n i t i a l  
t i l t  a n g l e   o f   t h e   m i r r o r s   a n d   d i r e c t i o n   o f  t i l t  e x t r e m e l y i m p o r -  
t a n t .   I f ,   f o r   i n s t a n c e ,   t h e   m i r r o r s  were p e r f e c t l y   c e n t e r e d   w i t h -  
i n   t h e   t a r g e t   z o n e   i n i t i a l l y ,   a c q u i s i t i o n   w o u l d   h a v e   t o   b e   a c h i e v -  
e d   w i t h i n  0 . 1 6 0  o r  9 . 6  a r c   m i n .  

The  +3 a r c   m i n   r e q u i r e m e n t   o n   m i r r o r   a n g l e   l i m i t e d   t h e  
p e r m i s s i b l e   t r a n s v e r s e   o f f s e t   o f  boom t i p   p o s i t i o n   t o  + 0 . 5 1  cm 
(+0 .20  i n )   f o r   s i m p l e   m e c h a n i c a l   m i s a l i g n m e n t   a n d  " 0 . 2 7  c m  
(TO.10 i n )   f o r   m i s a l i g n m e n t s   c a u s e d  by t h e r m a l   d i s t o r t i o n .  I t  
w a s  i m p o r t a n t   t h e n   t h a t   t h e   s y s t e m  w a s  f r e e  o f  p l a y   a n d   t h a t  
t h e  boom e l e m e n t s  were  made   of   some m a t e r i a l  t h a t  was v i r t u a l l y  
immune t o   t h e r m a l   d i s t o r t i o n .   ( A c t i v e   t e m p e r a t u r e   c o n t r o l  w a s  
r u l e d   o u t   b e c a u s e   o f   t h e   c o m p l e x i t y   r e q u i r e d   t o   i m p l e m e n t  i t  i n  
t h e  t ime t h a t  w a s  a v a i l a b l e ,   a n d   l a c k   o f   s u f f i c i e n t   e l e c t r i c a l  
p o w e r ) .  

- 

T h e   t h e r m a l   p r o b l e m   n a r r o w e d   t h e   f i e l d   o f  m a t e r i a l s  down t o  
a v e r y   f e w .   T h e   g o a l  w a s  t o   f i n d  a m a t e r i a l  w h o s e   c o e f f i c i e n t  
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o f   t h e r m a l   e x p a n s i o n   ( C T E )   w o u l d   r e m a i n   v e r y   c l o s e   t o   z e r o   o v e r  a 
t e m p e r a t u r e   r a n g e   o f  O°C t o  4 O o C .  O n c e   o t h e r   c o n s i d e r a t i o n s   s u c h  
as  w e i g h t ,   s t r e n g t h ,   s t i f f n e s s   a n d   a v a i l a b i l i t y  were t h r o w n  i n ,  
t h e   o n l y  m a t e r i a l  t h a t   r e m a i n e d   s u i t a b l e  w a s  g r a p h i t e   f i b e r   r e i n -  
f o r c e d   p l a s t i c   ( g r a p h i t e   e p o x y ) .  

D e s i g n   a n a l y s i s   c o n c l u d e d   t h a t   g r a p h i t e   e p o x y  GY 70/X30 
( c o - c u r e d   f o i l ,  0 ,  5 4 ,   - 5 4 ,  - 5 4 ,  5 4 ,  0 ,  f o i l )   w o u l d   b e   t h e   o p t i m u m  
s e l e c t i o n .   T h e   a v e r a g e  CTE f o r   t h e  1 4  l i n k s   i n   t h e  MAGSAT boom 
w a s  + 0 . 3 4  x 1 0 - 6 / O C .  

T h e   t h e r m a l   c o a t i n g   s e l e c t e d   t o   c o n t r o l   l i n k   t e m p e r a t u r e s  
a n d   t e m p e r a t u r e   g r a d i e n t s   i n   t h e   p r e s e n c e   o f   t h e   s o l a r   a n d   e a r t h  
i n f r a r e d   e n v i r o n m e n t s  w a s  v a p o r   d e p o s i t e d   a l u m i n u m   w i t h   a n   A 1 2 0 3  
o v e r c o a t   o n  a K a p t o n   s u b s t r a t e .  I t  w a s  a t t a c h e d   t o   t h e   a l u m i n u m  
m o i s t u r e   b a r r i e r   w i t h   a n   a c r y l i c ,   p r e s s u r e   s e n s i t i v e   a d h e s i v e .  
T h e   c o a t i n g s  0.11/0.16=0.69 r a t i o   o f   s o l a r   a b s o r p t a n c e   t o   i n f r a r e d  
e m i t t a n c e  w a s  c h o s e n   t o   g i v e   l i n k   e q u i l i b r i u m   t e m p e r a t u r e s   c l o s e  
t o  25OC. T h i s   t e m p e r a t u r e  w a s  d i c t a t e d   b y   t h e  f a c t  t h a t  a l l  mech- 
a n i c a l   a l i g n m e n t s   w o u l d   b e   d o n e   a n d   c h e c k e d  a t  r o o m   t e m p e r a t u r e .  

T h e r m a l   d i s t o r t i o n  t e s t s  c o n d u c t e d   i n   t h e  NASAIGSFC s o l a r  
s i m u l a t o r   o n  a f o u r   l i n k   v e r s i o n   o f   t h e   f l i g h t  boom p r o v i d e d  
t e m p e r a t u r e   d a t a   t h a t  w a s  f e d   i n t o  a NASTRAN m o d e l  o f  t h e  t e s t  
b o o m .   T i p   d e f l e c t i o n s   i n   p i t c h ,   y a w   a n d   r o l l   t h a t   e v o l v e d  were  
t h e n   c o m p a r e d   a g a i n s t   t h o s e   m e a s u r e d   d u r i n g   t h e  t e s t .  S a t i s -  
f a c t o r y   c o r r e l a t i o n s   g a v e  a h i g h   d e g r e e  o f  c o n f i d e n c e   i n   t h e  
NASTRAN m o d e l   o f   t h e   f l i g h t  boom w h i c h  w a s  t h r e e  t i m e s  a s  l o n g .  
T h i s   m o d e l   i n d i c a t e d   t h a t   t h e   t r a n s v e r s e   a n d   a n g u l a r   d i s p l a c e -  
m e n t s   o f   t h e  S / P  d u e   t o  boom t h e r m a l   d i s t o r t i o n   w o u l d   b e  w e l l  
w i t h i n   t h e  ATS a l l o w a b l e   r a n g e .  

U N C A G I N G ,  SEPARATION, A N D  EXTENSION 

T h e   f a c t   t h a t   t h e  b o o m   a n d   s e n s o r   p l a t f o r m  w e r e  t o  t r a i l  
b e h i n d   t h e  I / M  a n d   b a s e   m o d u l e   i n   o r b i t   m a d e   s t o w i n g   f o r   l a u n c h  
r a t h e r   e l a b o r a t e .  To p r e s e r v e   m e c h a n i c a l   a l i g n m e n t s   a n d   t o   p r e -  
v e n t   t h e  7 . 0 3  k g   ( 1 5 . 5   l b )  S I P  f r o m   t r a n s m i t t i n g   s i z e a b l e   l a u n c h  
l o a d s   i n t o   t h e   m o r e   d e l i c a t e  boom s t r u c t u r e ,   t w o   i n d e p e n d e n t  
c a g i n g   s y s t e m s  were  p r o v i d e d .   T h e  S I P  w a s  h e l d   s e c u r e l y   b y   t w o  
s e p a r a t e   c h a i n s   o f   l a t c h e s   e a c h   c o n s i s t i n g   o f   t h r e e   l a t c h e s   i n t e r -  
c o n n e c t e d   b y   t w o   p u l l r o d s .   P y r o t e c h n i c   p i s t o n - t y p e   a c t u a t o r s  were 
u s e d   t o   o p e n   e a c h   l a t c h   c h a i n   b y   c o m m a n d .  

A s e c o n d   c a g i n g   s y s t e m   c o n s i s t i n g  o f  t w o   " T - r o d s "   s t r a p p e d  
t h e   f o l d e d  boom l i n k s   a n d   d r i v e   b a s e   s e c u r e l y   t o   t h e  v e r t i c a l  
b u l k h e a d   o f   t h e  I/M. T h e   l o w e r   e n d s   o f   t h e s e   T - r o d s  w e ' r e  i n s e r t e d  
i n t o   a n c h o r   p o s t s   t h a t  w e r e  m o u n t e d   t o   t h e  same v e r t i c a l   b u l k h e a d .  
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Two p y r o t e c h n i c a l l y   a c t u a t e d   p u l l r o d s   b e n e a t h   t h e   d r i v e   b a s e   p i n n e d  
e a c h   T - r o d   t o  i t s  a n c h o r   p o s t .  An a d j u s t a b l e   n u t  a t  t h e   o t h e r   e n d  
o f   e a c h   T - r o d  w a s  t h e n   t o r q u e d   t o   p r e l o a d   t h e   f o l d e d  boom a t  two 
p o i n t s  0 . 5 9  m ( 2 3 . 2 5  i n )   a p a r t   t o   1 0 6 7 . 6   n t  ( 2 4 0  l b s ) .   T h e   p r e -  
l o a d  w a s  r e q u i r e d   t o   k e e p   t h e  boom l i n k s   a n d   g i m b a l   a c t u a t o r s   f r o m  
c h a t t e r i n g   a n d   t o   p r e v e n t   t h e   l i n k s   a n d   d r i v e   b a s e   f r o m   r o l l i n g  
o v e r   w h e n   s u b j e c t e d   t o   s i d e   l o a d s   d u r i n g   v i b r a t i o n   t e s t i n g   a n d  
l a u n c h .  Boom u n c a g i n g   p r e c e d e d  S / P  u n c a g i n g   i n   t h e  boom d e p - l o y -  
m e n t   s c e n a r i o .  

T h e   s t o w e d   s y s t e m   a b o u n d e d   w i t h   p o t e n t i a l   h a n g u p s .   M u l t i -  
l a y e r   i n s u l a t i o n   i n   r e g i o n s   o f   t i g h t   c l e a r a n c e   a n d   e x t r e m e l y   c o l d  
t e m p e r a t u r e s  a t  s e p a r a t i o n   g a v e   g r e a t   c a u s e   f o r   c o n c e r n .   E i g h t  
1 5 0  ohm 7 . 5  w a t t  r e s i s t o r s  were  a t t a c h e d   t o   t h e   d r i v e   b a s e   t o  
p r o v i d e   a b o u t  1 5  w a t t s  o f   h e a t   w h i c h   k e p t   t h e   d r i v e   m e c h a n i s m   i n  
a t e m p e r a t u r e   r a n g e   t h a t   w o u l d   p r e v e n t  i t  f r o m   l o a d i n g   u p   a n d  
p o s s i b l y   s e i z i n g   d u e   t o   d i f f e r e n t i a l   c o n t r a c t i o n .   T h e   h e a t   a l s o  
k e p t   t h e   d r i v e   l u b r i c a n t s   i n   a n   a c c e p t a b l e   o p e r a t i n g   r a n g e .  

S i n c e   t h e  boom s y s t e m  w a s  l o c a t e d   i n   a n   e x t e r n a l   c a v i t y   w h i c h  
w a s  s h a d o w e d   f r o m   t h e   s u n   p r i o r   t o   u n c a g i n g   n o t  much   more   cou ld  
b e   d o n e   s i m p l y   t o   k e e p   c e r t a i n  p a r t s  f r o m   g r o w i n g   v e r y   c o l d .  
T e m p e r a t u r e   p r e d i c t i o n s   f o r   l i n k   e n d s   t h a t   p r o t r u d e d   f r o m   t h e   c a v -  
i t y  w e r e  a s  l o w  a s  - 7 O O C .  T e l e m e t r y   i n d i c a t e d   t h a t   c a v i t y   s i d e  
w a l l  t e m p e r a t u r e s   d r o p p e d   t o  - 6 O C  w h i l e   t h e   d r i v e   b a s e   d r o p p e d  
t o  - l O ° C  a t  t h e  t i m e  o f   h e a t e r   t u r n   o n .   A f t e r  1 0 0  m i n u t e s   o f  
p r e h e a t i n g   t h e   d r i v e   b a s e   t e m p e r a t u r e   r e a c h e d   1 3 O C ,  a f t e r  w h i c h  
t h e  S / P  w a s  u n c a g e d .  Boom e x t e n s i o n   f o l l o w e d .  

E a r l y   i n   t h e   d e v e l o p m e n t   e f f o r t   t h e r e  w a s  g r e a t   c o n c e r n   o v e r  
t h e   a b i l i t y  o f  t h e  boom t o   o v e r c o m e   t h e   s t i f f n e s s   o f   t h e   m u l t i -  
c o n d u c t o r   c a b l i n g   t h a t  was r o u t e d   t h r o u g h   t h e   i n t e r i o r  o f  e a c h  
boom l i n k   a n d   a c r o s s   1 6   h i n g e s .   T h i s   c a b l e   c o n s i s t e d   o f  5 2  
e l e c t r i c a l   c o n d u c t o r s   i n s u l a t e d   w i t h   D u r a d - c o a t e d   T e f l o n *   a n d  
w o v e n   i n t o  a f l a t p a c k .  Two s u c h   f l a t p a c k s   r a n   b e t w e e n   t h e  S / P  a n d  
I / M .  W i t h  s o  much c a b l i n g   p r e s e n t ,  i t  was f e a r e d   t h a t   c a b l e  
s t i f f n e s s   w o u l d   b e c o m e  a c r i t i c a l   f a c t o r  a t  t e m p e r a t u r e s  a s  l o w  
a s  - 7 O O C .  C o l d   t e m p e r a t u r e  t e s t s  d e m o n s t r a t e d   t h a t   t h e   i n c r e a s e d  
s t i f f n e s s   o f   t h e   c a b l e  was m a n a g e a b l e .   T o r s i o n   s p r i n g s   o p e r a , t i n g  
a t  e a c h   l i n k   p i v o t  were o f   s u f f i c i e n t   c a p a c i t y   t o   o v e r c o m e   c o l d  
c a b l e   s t i f f n e s s  a s  w e l l  a s  h i n g e   f r i c t i o n a l   m o m e n t s .  

* D u r a d ,   f l u o r o c a r b o n   p o l y i m i d e ,   m a n u f a c t u r e d   b y   H a v e g  
I n d u s t r i e s ,   W i n o o s k i ,   V e r m o n t  
T e f l o n ,   t e t r a f l u o r o e t h y l e n e ,   m a n u f a c t u r e d   b y   E . I . d u P o n t  
deNemours  Co. I n c .  
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PRE-LAUNCH MECHANICAL ALIGNMENTS 

T h e   o b j e c t i v e   h e r e  w a s  t o   b r i n g   t h e   r e m o t e   m i r r o r s   m o u n t e d   o n  
t h e   S / P   i n t o   t h e   f i e l d s   o f  v i e w  o f   t h e  ATS p i t c h / y a w   a n d   r o l l   o p t i -  
c a l  h e a d s   a n d   t h e n   t o   b r i n g   t h e m   i n t o   t h e  l i n e a r  r e g i o n   o f   t h e  
ATS b y   f i n e   a d j u s t m e n t .  How t h i s  w a s  t o   b e   a c c o m p l i s h e d   w i t h  a 
6 . 0 2  m s e p a r a t i o n   b e t w e e n   t h e m  w a s  n o t   i m m e d i a t e l y   a p p a ' r e n t  a t  
t h e   o u t s e t .  A w a y   h a d   t o   b e   f o u n d   t o   e l i m i n a t e   t h e   o n e - g   b i a s  
w h i c h   w o u l d   o v e r w h e l m   a n y   b o o m   s y s t e m   b i a s e s  t h a t  m i g h t   b e   p r e s e n t .  

T h e   i d e a   t h a t   t u r n e d   o u t   t o   b e   t h e   b e s t   o f   t h o s e   p r o p o s e d  w a s  
o n e   t h a t   u t i l i z e d  a p a i r   o f   6 : 1  m l o n g  w a t e r  t r o u g h s  - F i g u r e  3 .  
S p e c i a l l y   d e s i g n e d   f l o a t s   w i t h   g i m b a l l e d   p u l l e y s  were a t t a c h e d   t o  
t h e  boom l i n k   p i v o t s .   T h e   i d e a   h e r e  w a s  t o   s i m u l a t e  a z e r o - g  
c o n d i t i o n   i n  a p l a n e   p a r a l l e l   t o   t h e   p l a n e   o f   t h e  w a t e r .  R e m o t e  
m i r r o r   t r a n s v e r s e   a n d / o r   a n g u l a r   o f f s e t   c o u l d   t h e n   b e   c o r r e c t e d   b y  
g i m b a l l i n g   t h e   b o o m  a t  i t s  b a s e   a n d / o r   i n t r o d u c i n g   s h i m s  a t  t h e  
VMB-S/P i n t e r f a c e .   T h e  b o o m   s y s t e m  w a s  i n s t a l l e d   i n  a s p e c i a l  
f i x t u r e   w h i c h  w a s  a t t a c h e d   t o  a r o t a r y   t a b l e ,   t h e   p u r p o s e   o f  
w h i c h  w a s  t o   r o t a t e   t h e  boom i n t o  i t s  p i t c h   a n d   y a w - p l a n e s   f o r  
o r t h o g o n a l   p l a n e   z e r o - g   m e a s u r e m e n t s   a n d   a d j u s t m e n t s .   W i t h   t h e   a i d  
o f   a n   a u t o r e f l e c t i n g   t e l e s c o p e ,  a t h e o d o l i t e ,   a n d   n u m e r o u s   m i r r o r s  
t o   m e a s u r e   t h e   t r a n s v e r s e   a n d   a n g u l a r   o f f s e t   o f   t h e   p l a n e   r e m o t e  
m i r r o r ,   t h e   d a t a   i n   T a b l e  2 w a s  g e n e r a t e d .  

T e s t s  I a n d  V w e r e  t h e   b a s e l i n e   a n d   f i n a l  t e s t s .  T e s t s  I1 
t h r o u g h  I V  ( n o t   s h o w n )  w e r e  p e r f o r m e d   t o   c h e c k   a l i g n m e n t   r e p e a t -  
a b i l i t y   f o l l o w i n g   n u m e r o u s  boom e x t e n s i o n s   a n d   r e t r a c t i o n s ,   r e m o v a l  
o f   t h e  b o o m   f r o m   a n d  i t s  r e i n s t a l l a t i o n   i n   t h e   f l o t a t i o n   s y s t e m ,  
a n d   v i b r a t i o n   t e s t i n g .   T h e s e  t e s t  r e s u l t s   i n d i c a t e d   t h a t   e r r o r s  
i n t r o d u c e d   b y   t h e  t e s t  s y s t e m  were s l i g h t   a n d   t h a t   t h e   a l i g n e d  
b o o m   s y s t e m   h a d   s u f f i c i e n t   m a r g i n   t o   a c c o m m o d a t e   t h e   r e m o t e   m i r r o r  
t i l t i n g   a n d   d i s p l a c e m e n t   t h a t   c o u l d   b e   e x p e c t e d   f r o m   t h e r m a l l y  
i n d u c e d   s t r u c t u r a l   d i s t o r t i o n s .   F o l l o w i n g   t h i s   t h e  b o o m   s y s t e m  
w a s  i n s t a l l e d   i n   t h e  I / M  a n d   a l i g n e d   f o r   f l i g h t .  

The   boom w a s  e x t e n d e d   f r o m  1 . 5 2  m t o   f u l l o u t   a n d   b a c k   3 0  t i m e s  
d u r i n g   a - l i g n m e n t   t e s t i n g  a t  r o o m   t e m p e r a t u r e   a n d   n e v e r   e x h i b i t e d  
a n y   f u n c t i o n a l   a b n o r m a l i t i e s   w h a t s o e v e r .   C o m p l e t e   r e t r a c t i o n s  
were  n o t   e a s i l y   a c h i e v a b l e   d u e   t o   l i m i t a t i o n s   i m p o s e d   b y   t h e  
f l o t a t i o n   s y s t e m .   C o n s e q u e n t l y   o n l y  1 0  t o t a l   e x t e n s i o n s   a n d  re-  
t r a c t i o n s  w e r e  p e r f o r m e d .  

OPERATIONAL PERFORMANCE 

MAGSAT w a s  l a u n c h e d   o n  30 O c t  7 9 .  By 1 N o v   7 9   t h e   s p a c e c r a f t  
a t t i t u d e  w a s  s t a b i l i z e d   a n d  a t  2 3 : 2 7 : 5 3 U T ,   f o l l o w i n g   S / P   u n c a g i n g ,  
t h e   m a g n e t o m e t e r   b o o m  w a s  e x t e n d e d .   T e l e m e t r y   i n   t h e   f o r m   o f  
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p o t e n t i o m e t e r   r e a d o u t s  - c o n v e r t e d   t o  boom l e n g t h  - o f   t h e   d r i v e  
screw r o t a t i o n s   a n d   t h e   a n g l e   b e t w e e n   t h e  l a s t  h i n g e d  s e t  o f   l i n k s ,  
i n d i c a t e d   t h a t   t h e  boom e x t e n d e d   p r o p e r l y .   T h e   f i n a l   r e a d i n g s  were 
p r a c t i c a l l y   i d e n t i c a l   t o   t h e   r e a d i n g s   o b t a i n e d   d u r i n g   t h e   d e p l o y -  
m e n t  t e s t s .  ATS t e l e m e t r y   s u r p r i s i n g l y   i n d i c a t e d   t h a t   t h e   r e m o t e  
m i r r o r s  were  w i t h i n   s i g h t   o f   t h e  ATS o p t i c a l   h e a d s .   T h i s   o b v i a t e d  
t h e   n e e d   f o r   e x t e n s i v e   g i m b a l   s e a r c h i n g   f o r  ATS a c q u i s i t i o n .   T h e  
f o l l o w i n g   d a y   s l i g h t   g i m b a l   a d j u s t m e n t s  were  m a d e   t o   b r i n g   t h e  r e -  
m o t e   m i r r o r s   i n t o   t h e   l i n e a r   r a n g e   o f   t h e  ATS. S u b s e q u e n t   g i m b a l  
a d j u s t m e n t s  were u n n e c e s s a r y .  

F i g u r e  4 - o n e   o r b i t   o f   d a t a  2 8  d a y s   i n t o   m i s s i o n   l i f e  - shows  
ATS r o l l ,   p i t c h ,   a n d  y a w   a n g l e s  r e l a t i v e  t o   o r b i t a l  t i m e  a n d  boom 
l i n k   t e m p e r a t u r e s  a s  m e a s u r e d   b y   t h e r m i s t o r s   a t t a c h e d   d i r e c t l y  
o p p o s i t e   o n e   a n o t h e r   o n  a boom l i n k .   T h e   p l o t s   i n d i c a t e   t h a t   t h e  
r e m o t e   m i r r o r s  were  o s c i l l a t i n g   s l i g h t l y   i n   p i t c h ,   y a w ,   a n d   r o l l ,  
b u t  w e l l  w i t h i n   t h e  +180 a r c  s e c  p i t c h   a n d   y a w   a n d   2 3 0 0   a r c  s ec  
r o l l   l i m i t a t i o n s   o f   t h e  A T S .  T h e s e   o s c i l l a t i o n s   h a d   p e r i o d s  
a p p r o x i m a t e l y   e q u a l   t o   t h e   s p a c e c r a f t   o r b i t a l   p e r i o d .   I n t e r e s t i n g -  
l y   t h e  boom l i n k   t e m p e r a t u r e s   e x h i b i t e d   t h i s  same c h a r a c t e r i s t i c .  
T h e   v a r i a t i o n s   i n   t e m p e r a t u r e s  were c a u s e d  p r i m a r i l y  b y   t h e   o n c e  
p e r   o r b i t   c o n i n g   o f   t h e   s o l a r   v e c t o r .   T h e i r   m a g n i t u d e s  were  f u n c -  
t i o n s   o f   t h e  boom l i n k   a n g l e  r e l a t i v e  t o   t h e   s u n   w h i c h  w a s  e s t a b -  
l i s h e d   b y   t h e   l i n k   a n g l e   r e l a t i v e   t o   t h e  boom a x i s   a n d   t h e   s e a s o n a l  
v a r i a t i o n   o f   t h e   s o l a r   v e c t o r .   T h e   n e a r   c y c l i c a l   c o i n c i d e n c e   o f  
t h e s e   c u r v e s   l e d   t o   t h e   i n f e r e n c e   t h a t   t h e  boom w a s  b e i n g   t h e r -  
m a l l y   e x c i t e d  a t  t h e   o r b i t a l   f r e q u e n c y .  

B u l k   t e m p e r a t u r e s   r a n   s o m e w h a t   h o t t e r   t h a n   e x p e c t e d .   T h e  
d e s i g n   g o a l  - a b o u t  25OC - w a s  e x c e e d e d   b y   t e m p e r a t u r e s   t h a t   r a n  
as  h i g h  a s  32OC e a r l y   i n t o   m i s s i o n   l i f e .   T w e n t y - f o u r   a n d   4 3   d a y s  
l a t e r ,  r e a d i n g s  a s  h i g h  a s  38.6OC  and  40.5OC were  o b s e r v e d   a n d  
w e r e  r e p r e s e n t a t i v e   o f  a g e n e r a l   u p t r e n d   t h a t   s t a r t e d   s h o r t l y   a f t e r  
boom e x t e n s i o n .   T h i s  i s  s y m p t o m a t i c   o f   d e g r a d a t i o n   i n   t h e   l i n k  
t h e r m a l   c o n t r o l   s u r f a c e .  

H o t - t o - c o l d   s i d e   t e m p e r a t u r e   d i f f e r e n c e s   c y c l e d   w i t h   b u l k  
t e m p e r a t u r e s   a n d   t y p i c a l l y   f e l l   i n t o   t h e   2 . O o C   t o  2.5OC r a n g e .  
A n a l y s i s   p r e d i c t e d  a r a n g e   o f   4 . O o C   t o   4 . 6 O C .  

.. 
C O N C L U D I N G  REMARKS 

T h e   a b i l i t y   o f   t h i s  boom s y s t e m   t o   m a i n t a i n   t h e   p r e c i s e  
p o s i t i o n   a n d   a n g u l a r   i n c l i n a t i o n   r e q u i r e d   o f   t h e   s e n s o r   p l a t f o r m  
i s  a n   e n d o r s e m e n t   o f   t h e   c o n c e p t   a n d   t h e   s p e c i a l   p r e c a u t i o n s   t h a t  
were  e x e r c i s e d   t o   g u a r a n t e e  i t s  s u c c e s s f u l   u t i l i z a t i o n .  
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TABLE 1 - BOOM SYSTEM WEIGHT BREAKDOWN 

L i n k   S t r u c t u r e   2 . 7 2   k g  
D r i v e  A s s ' y   2 . 9 3  
G i m b a l   A c t u a t o r s  ( 3 )  3 . 0 9  
C a g i n g   S u b s y s t e m s  1 . 1 3  

9 . 8 7  kg 
I n v e r t e r s  ( 2 )  0 . 6 2  
E l e c t r i c a l  S u b s y s t e m   0 . 7 6  

1 . 3 8  k g  

S e n s o r   P l a t f o r m   A s s ' y   7 . 0 3  
Boom C a b l e   2 . 7 2  

9 . 7 5   k g  

6 . 0 0  l b s  
6 . 4 5  
6 . 8 2  
2 . 5 0  

2 1 . 7 7  l b s  

1 . 3 7  
1 . 6 8  
3 . 0 5   l b s  

1 5 . 5 0  
6 . 0 0  

2 1 . 5 0   l b s  

T A B L E  2 - A L I G N M E N T  TEST  RESULTS 

T E S T  M I R R O R  M I R R O R  TRANSVERSE SUM  OF POSITION 
N O .  T I L T  POSITION DISPLACEMENT OFFSET A N D  

ANGLE (1) OFFSET ( 2 )  TO C O R R E C T  T R A N S V E R S E  
( a r c  m i n )  (cm) M I R R O R  TILT DISPLACEMENT ( 3 )  

( c m )   ( c m )  

A .  R o t a r y   T a b l e  a t  0' ( P i t c h )  
I +. 7 5  0 -. 1 2 8  
V + 1 . 1 2  0 +. 1 9 1  

B .  R o t a r y   T a b l e  a t  180° ( P i t c h )  
I +l. 8 7  +. 0 6 4  + . 3 1 7  
V - 4 . 1 2  +. 1 2 8  -. 6 9 9  

C .  R o t a r y   T a b l e  a t  90°   (Yaw)  
I + 3 . 7 5  0 +. 6 3 5  
V - 1 . 1 2  +. 3 8 1  -. 1 9 1  

D .  R o t a r y   T a b l e  a t  270°   (Yaw)  

-. 1 2 8  
+. 1 9 1  

+. 381 -. 5 7 1  

+. 6 3 5  
+. 1 9 1  

- 4 . 8 7  + . 1 2 8  - . 8 2 6  -. 6 9 9  
- . 7 5   + . 1 9 1   - . 1 2 7   + . 0 6 4  

M i r r o r  i s  n o r m a l   t o  ATS o p t i c a l  a x i s  when t i l t  a n g l e  
i s  0 . 0  a r c  m i n .  

M i r r o r  i s  c e n t e r e d   o n  ATS o p t i c a l   a x i s   w h e n   p o s i t i o n  
o f f s e t  i s  0 . 0  c m .  

O p e r a t i o n   o f   t h e   p i t c h   ( o r   y a w )   g i m b a l   t o   p r o d u c e  a 
d i s p l a c e m e n t   o f   t h i s   m a g n i t u d e   r e d u c e s  t i l t  a n g l e   t o  
z e r o   a n d  l e a v e s  t h i s   p o s i t i o n   o f f s e t .   S i z e   o f   t a r g e t  
z o n e   f o r   p o s i t i o n   o f f s e t  i s  + 1 . 9 1  c m  i n   b o t h   p i t c h  
a n d   y a w .  
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Figure  1.- MAGSAT o r b i t a l   c o n f i g u r a t i o n .  

276 

-. , . .. . , 



I' - 

Figure  2.-  Magnetometer boom system. 
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Figure 3.- MAGSAT boom  flotation system. 
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DRAWER DRIVE FOR SPACE SHUTTLE VACUUM  CANISTER^ 

Kenneth E. Werner 
Genera l   E lec t r i c  Company 

Re-entry  Systems  Division 

SUMMARY 

A s l id ing   d rawer   t ype   can i s t e r  w a s  des igned   t o   con ta in  LDEF experiments 
which  require  vacuum s torage   before   and  a f te r  space  exposure. The e las tomer ic  
seals r equ i r e   h igh   c los ing   l oads  which are gene ra t ed   t h ru  camming l e v e r s  and 
t r a n s m i t t e d   t h r u  a sp r ing   l oaded   p re s su re   p l a t e .   Lubr i ca t ion  w a s  provided  by 
var ious   d ry   sur face   coa t ings .   Higher   than   expec ted   f r ic t ion   requi red  some 
redesign a f te r  which the  assembly  functioned  well  and provided good s e a l i n g .  

INTRODUCTION 

A conceptua l   s tudy   for  a Vacuum Exposure  Control  Canister (VECC)  f o r  NASA's 
Space  Shut t le  Long Durat ion  Exposure  Faci l i ty  (LDEF) r e s u l t e d   i n   t h e   s l i d i n g  
drawer   concept   depic ted   in   f igure  1. The experiment i s  c a r r i e d   i n  a t r a y  or 
drawer  which upon c l o s i n g ,   s l i d e s   i n t o   t h e  Vacuum chamber  and the  "drawer-front" 
seals a g a i n s t   t h e   f a c e   o f   t h e  chamber. The en t i re   assembly  i s  d e s i g n e d   t o  
occupy  one t h i r d  of an LDEF experiment  frame  and t o  a 15.2-cm (6- in . )   depth .  
The assembly  measures  83.8 x 41.3 x 15 .2  cm; t h e  chamber i s  37.5 x 37.6 x 9 .5  cm; 
while  the  experiment  drawer  measures  35.6 x 34.0 x 4.8 cm deep. The app l i ca t ion  
r equ i r e s   t ha t   t he   d rawer  may be  opened  and  closed  several times i n   t h e  
prepara t ion ,   exposure ,   and   eva lua t ion   of  an experiment.   This  requirement 
e l i m i n a t e d   t h e   u s e   o f   m e t a l l i c  or ceramic   sea l ing   e lements   in   favor   o f  
e las tomer ic   sea l ing   e lements ,   desp i te   the  knowledge t h a t   s u c h  seals could  not  
maintain a hard  space vacuum i n   t h e  chamber. It w a s  also decided  that   . the  
prototype  design  phase would inc lude  a f u l l   s c a l e   e v a l u a t i o n   o f   t h r e e   c a n d i d a t e  
"Gasko-Seal" des igns  as manufactured  by  Parker  Seal.  

SPECIAL  DESIGN  REQUIREMENTS 

I n   a d d i t i o n   t o   t h e   u s u a l   a e r o s p a c e   d e s i g n   c o n s t r a i n t s   t h e   f o l l o w i n g  
requirements w e r e  s p e c i a l   t o   t h e  LDEF and VECC usages.  

'Work performed  under  contract  NAS-1-14375 
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General  Requirements 

The un i t  must  meet t h e  Space Shuttle  environment  which was  found t o  be 
t ;ypical   of   aerospace  f l ight .  The most s ignif icant   s ingle   requirement  i s  
t h a t   t h e  mechanism  must funct ion a t  ambient  conditions, i n  a hard vacuum 
at 1 g ,  and a f t e r   l ong   pe r iods  i n  a hard vacuum at zero  g. This means t h a t  
a l l  s l i d i n g  members must be   p rovided   wi th   lubr ica t ion   tha t  w i l l  be  sustained 
for   long   per iods  i n  space vacuum. The other  general  requirement  impacting 
the  design i s  t h a t  nonmagnetic ma te r i a l s  be  used i n  t h e  mechanism and 
s t r u c t u r e .  

Specific Requirements 

Space 

The t o t a l  volume f o r  t h e  VECC sounds large; however t h e  upper  9.5 ern of  the 
t o t a l  he ight  o f  15.2 cm is occupied by t h e  vacuum chamber o r  is swept  out by t h e  
drawer motion. The mechanism  must o p e r a t e   i n  t he  lower  5.7 cm. The space  under 
t he  chamber must  house t h e  motor w i t h  gear ing  and t h e  mechanism i n  t h e  c losed  
pos i t i on   a long  w i t h  a l l  electrical  connectors  and wiring, t h e  programmer, 
s u p p o r t   s t r u c t u r e  and  an  experiment data wire trough. 

Sea ls  and  Loads 

The candida te  seals are shown i n   f i g u r e  2 a long  w i t h  t h e  face plate  
conf igura t ion .  The seals, v a r i a n t s   o f  Parker Seal's "Gasko Seal" des ign ,  a l l  
are embedded d i r e c t l y   i n t o  t h e  seal p l a t e ,  rather than  being fabricated i n t o  a 
separate carrier piece as is o f t e n  practiced. The in t eg ra l   des ign   approach  
e l imina te s   an   ex t r a  leak path.  The s i n g l e  and  double seals were carried t h r u   t o  
tests, whi le  t h e  doub le   l i pped   s ing le  seal was dropped  on the recommendation 
tha t  t h i s  seal o f f e r e d  no sealing  advantage  and  sometimes is t roubled  by gases 
trapped  between the  l i p s .  A l l  t h e  seal conf igu ra t ions  were t o   u s e  Parker 
V720-75 compound, which i s  a va r i an t  of DuPont "Viton'l'fluorocarbon  and i s  
cons ide red   t o   p rov ide  the  best vacuum sea l ing .  

The r e q u i r e d   f o r c e   t o   c l o s e  t h e  seal is a func t ion   o f  seal geometry  and t h e  
seal material characteristics. The gasko seal des ign   r equ i r e s  t h a t  the seal is 
compressed so t h a t  it occupies  a very  high percentage   o f  t he  volume a v a i l a b l e   i n  
t h e  seal groove. The Viton is a very  tough material which resists being 
compressed i n t o  a confined  groove. Whereas t h e  pre l iminary   des ign   of  t he  drawer 
d r i v e  was based on a more t y p i c a l   c l o s i n g   l o a d   o f  6130 N / m  ( 3 5  l b / i n )  of s e a l ,  
t h e  Viton  gasko-seal   combinat ion  requires  a load  of  20,315 N/m (116 l b / i n c h ) .  
T h i s  s i g n i f i c a n t   i n c r e a s e   o f   d e s i g n   l o a d   r e q u i r e d  a re- thinking  of  t he  d r i v e  
design.  Although a low  power d r ive   t a rge ted  a t  25 watts w a s  d e s i r a b l e ,   t h i s  
requirement was n o t  hard.  A firmer l i m i t a t i o n  was t h e  s p a c e   a v a i i g b l e   f o r  the  
motor. This  cond i t ion  is somewhat a l l e v i a t e d  by a loose   r equ i r emen t   fo r   c lo s ing  
and  opening time. I n i t i a l l y  t h e  des ign  was targeted toward the  3-4 minute 
range, b u t  any time wi th in  ha l f  an  hour was acceptable. Energy was more 
c r i t i ca l  than time. 
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SEAL EVALUATION 

The program  plan was t o   e v a l u a t e  t h e  seals a t  t h e  earliest p o s s i b l e  date 
while  the  des ign   and   f ab r i ca t ion   o f  the  remainder of the u n i t  were i n   p r o g r e s s .  
Accordingly the  chamber, face p l a t e ,  and p r e s s u r e   p l a t e   a s s e m b l i e s  were designed 
first. Face   p l a t e s  as shown i n   f i g u r e  2 were fabricated w i t h  blank faces and 
s h i p p e d   t o  t h e  seal manufacturer  where t h e  grooves were cut   and  seals molded. 
The  chamber was designed and fabricated wi th  a t h i c k  bottom which could  be la ter  
mod i f i ed   t o  mount and  accommodate t h e  drawer dr ive   e lements .  The p r e s s u r e   p l a t e  
assembly  including t h e  stacks o f   B e l l e v i l l e  washer s p r i n g s  were designed. 
Ind iv idua l   sp r ings  were loaded   t o  a recommended 6 7 %   o f   d e f l e c t i o n   t o  t h e  f l a t  
state. The washers were stacked i n   p a r a l l e l   t o   p r o v i d e  t h e  necessary  load  and 
t h e s e  stacks were u s e d   i n  series t o   p r o v i d e  a de f l ec t ion   j udged   necessa ry   fo r  
good l o a d   d i s t r i b u t i o n .  The t o t a l  seal l o a d   f o r  t h e  s i n g l e  seal is 18,237 N 
(4100 l b s )  and   fo r  t h e  double seal 36,474 N (8200 l b s ) .  Nomind   l oca t ion   fo r   t he  
three s p r i n g  stacks had been established i n  the e a r l y   d e s i g n  release. An 
examina t ion   o f   de f l ec t ions   i n  t h e  face p l a t e   r e v e a l e d  tha t  t h e  ends deflected 
well i n   e x c e s s   o f  t he  a l lowable  .008 cm (.OO3 i n c h )   f l a t n e s s   t o   a s s u r e  good 
s e a l i n g .  Side stacks o f   sp r ings  were i n t r o d u c e d   t o   c l o s e l y  match t h e  
d i s t r i b u t i o n   o f  t h e  app l i ed  sp r ing   l oad  w i t h  t h e  seal loading.  A breadboard 
p res su re  p la te  was made up f o r  seal eva lua t ion   t e s t ing .   F igu re  3 shows t h e  
s p r i n g  stack arrangements  used  and t h e  t i e  bo l t ed  test se tup .  The b e l l e v i l l e  
s p r i n g s  were l u b r i c a t e d  w i t h  dry  film MoS2 t o   a v o i d   b i n d i n g  between i n d i v i d u a l  
washers. The t i e  b o l t s  were t i g h t e n e d   t o   p r o v i d e  t h e  computed s p r i n g  
d e f l e c t i o n s .  The face p l a t e s  - chamber face gap was measured  before  loading  and 
was found t o  conform t o   t h e   s e a l   h e i g h t   t o l e r a n c e  .061 t o  .066 cm ( . 0 2 4  t o  .026 
i n ) .  When loaded,  t he  d e s i g n   f u l l y  satisfied t h e  seal manufacturer ' s  
recommendations t h a t  t h e  seal p l a t e  faces sha l l  be c losed   wi th in  .008 cm (.003 
i n ) .  

Helium leak rate  t e s t i n g  is shown i n  f igure 4. S i x  tests were run   us ing  
two s i n g l e  seal face p l a t e s  and  one  double seal p l a t e .  Leak rates were obta ined  
as fo l lows  : 

Leak Rate 
SCC/Sec (He) 

Run No. Seal Plate SIN S i n g l e  Seal Double  Seal 

51 
52 
53  
54 
D l  
D2 

4.28 x 10-5 

5.17 X 10-5 
5.38 x 10-5 

4.13 x 10-5 
3.56 X 10-5 
5.74 X 10-5 

Although t h e  double seal tests took up t o  5 0   m i n u t e s   t o   a r r i v e  a t  s t eady  
s t a t e   w h i l e  it took up t o  17 m i n u t e s   f o r   t h e   s i n g l e   s e a l s ,   t h e   s t e a d y  s ta te  
leak rates show no   s ign i f i can t   d i f f e rence .   In   t he   app l i ca t ion ,   t he   s t eady  
s ta te  leak rate is the s i g n i f i c a n t   c r i t e r i o n .   A c c o r d i n g l y ,  a l l  subsequent work 
was w i t h  t h e  s i n g l e  seal which r equ i r ed  a 18,237 N (4100 l b )  r a t h e r   t h a n  a 
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36,474 N (8200 lb )   c lo s ing   l oad .   These  tests v a l i d a t e d   t h e   p r e s s u r e   p l a t e   a n d  
spr ing  s tack  design  and  demonstrated seal leak rates compat ib le   wi th   p red ic t ions .  

MECHANISM DESIGN 

The design  approach w a s  dr iven  by  the  duty  cycle .  The drawer must traverse 
i t s  fu l l  l e n g t h ,  33.3 cm (13.1 i n c h e s ) ,  at a very  nominal  loading,  overcoming 
o n l y   f r i c t i o n  and i n   t h e   f i n a l  .439 cm (.173 i n c h e s ) ,   t h e   l o a d   i n c r e a s e s   t o   t h e  
f i n a l   v a l u e   o f   1 8 , 2 3 7  N (4100   l b ) .   Th i s   sugges t s  a d r ive   o f  modest l oad  
c a p a b i l i t y   t o  traverse t h e   d i s t a n c e  and  which then   ope ra t e s  a load   mul t ip ly ing  
mechanism t o   d e v e l o p   t h e   h i g h   t e r m i n a l   l o a d .  The b a s i c   d r i v e   c o n s i s t s   o f  a gear  
motor  driving  an Acme lead  screw  engaging a t runn ion   nu t .  The n u t   d r i v e s   t h e  
t r a y   t h r u  a p a i r   o f   a c t u a t i n g  arms as shown i n   F i g u r e  5 .  These  arms are h e l d   i n  
disengaged  posi t ion  by  la tches .  A s  the   d rawer   approaches   the   c losed   pos i t ion  
t h e   o p e r a t i n g  arms p a s s   t h r u  an  opening i n  a r e a c t i o n   p l a t e ,  and  then are 
unlatched so t h a t   f u r t h e r  movement o f   t h e   t r u n n i o n   n u t   r o t a t e s   t h e   a c t u a t o r  
arms. The t r u n n i o n   n u t   a n d   s l i d e   b l o c k s   s l i d e   i n   t h e  arms, and a cam s u r f a c e  on 
each   ac tua t ing  a r m  b e a r s   a g a i n s t  a r e a c t i o n   s u r f a c e  on t h e   r e a c t i o n   p l a t e .  The 
a c t u a t o r  arms are mounted t o   t h e   p r e s s u r e   p l a t e  by   suppor t   f i t t i ngs   wh ich   pu l l  
t h e   p r e s s u r e   p l a t e  home. Trade   of fs   inc lude   gear   ra t io ,   l ead   sc rew  p i tch   and  
diameter ,  Acme n u t   v s .   b a l l   n u t ,  and l e v e r   r a t i o .  A b a l l   n u t  was r e j e c t e d  as 
being  too  bulky  and  unnecessary.  Low f r i c t ion   coa t ings   p romised   h igh   e f f i c i ency  
o f   t he   d r ive .  A l o a d   l i m i t e d  7/16-12 Acme lead   sc rew w a s  used af ter  a n a l y s i s  
of   shaf t   resonance  f requencies  showed t h a t   h e a v i e r   s h a f t s  s t i l l  resonated   wi th in  
t h e  60-300 Hz vibr .a t ion  requirement .  A 218.4:1  commercial  gear  motor  with a 
nominal 13 RPM no  load  speed  and a s t a l l  torque  of  .7l N o m  (100 oz! in . )  w a s  
chosen t o  match the   loads   and   provide  a c los ing  or opening t i m e  of approximately 
12  minutes .  The chosen  motor  performance was cha rac t e r i zed  by t e s t  and  found t o  
c l o s e l y  match c a t a l o g   d a t a .  It w a s  f o u n d   t h a t   t h i s   m o t o r   o f f e r e d  good 
performance  while   the  cost   of   purchasing it  and  modifying it fo r   space   ope ra t ion  
was much l e s s   t h a n   f o r   p u r c h a s i n g  an  aerospace  motor. 

The a c t u a t i n g  arms were d e s i g n e d   t o   g i v e   t h e  maximum r a t i o   c o n s i s t e n t   w i t h  
t h e  geometry  constraints ,   which  proved  to   be 5 : l .  Th i s   t r ade   o f f   i nvo lved   t he  
H e r t z   s t r e s s  at t h e  camming su r face .  The r ad ius   o f   t he   su r f ace  w a s  kept  as 
l a r g e  as p o s s i b l e ,   b u t  a t  2.54 cm (1.0 i n .  ) , t h e   H e r t z  stress was 1,275,000  kPa 
(185 ,000   p s i )   fo r   t he   doub le  seal  and  896,000  kPa  (130,000 p s i )   f o r   t h e   s i n g l e  
seal .  This stress in  combination  with  the  requirement  for  non-magnetic 
materials posed a problem  which w a s  solved by f a b r i c a t i n g   t h e  arms and t h e  
r e a c t i o n   p l a t e   o f   ~ 2 8 6  s t ee l .  

I n   t h e   v e r t i c a l   p l a n e   t h e   s u p p o r t   f i t t i n g s   p u l l  on t h e   p r e s s u r e   p l a t e  at a 
l i n e  below t h e   c e n t e r   o f   t h e   s e a l i n g   f o r c e s ,   c r e a t i n g  a moment of  2083 N o m  
( 1 8 , 4 5 0   l b f - i n  ) .  This  moment i s  r e a c t e d   o u t   t h r u   t h e   p r e s s u r e   p l a t e  arms as 
shown at  R1 and R2 i n   f i g u r e  6. These arms were o r i g i n a l l y   e n v i s i o n e d  as 
l ightweight  support   and  guiding members, b u t   t o   c a r r y   t h e   l a r g e  moment, t hey  
were  beefed  up  and  provided  with  react ion  surfaces .  The t o p   o f   t h e   f a r  end  of 
each a r m  s l i d e s  on the   bo t tom  o f   t he  vacuum chamber.,  and a s h e l f  a t  t h e   p r e s s u r e  
p l a t e  end  engages a mating  shelf  on the   r eac t ion   p l a t e .   Th i s  engagement occurs  
j u s t   p r i o r   t o  seal c losu re .  
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I n   a d d i t i o n   t o   t h e   d r a w e r  dr ive,  trigger type  mechanisms were designed  and 
b u i l t  t o  o p e r a t e   s h a d e s   w h i c h   p r o t e c t   t h e   e l a s t o m e r i c  seals from s t r o n g   s o l a r  
r ad ia t ion   wh i l e   t he   d rawer  is i n  t h e   f u l l y  open pos i t ion   dur ing   space   exposure .  
These  appear i n  Fig.  1. 

A programmer was a l s o   d e v e l o p e d   t o  control the   ope ra t ion  of the   un i t .   This  
component appears  i n  f i g u r e  6 .  Although it requ i r ed  a c o n s i d e r a b l e   e f f o r t  it i s  
n o t   d i s c u s s e d   f u r t h e r   i n   t h i s   p a p e r .  

MATERIALS AND FRICTION COATINGS 

The s t r u c t u r e   u s e d  aluminum t o  a maximum degree. Nuts,   cap screws, and 
va r ious   p ins ,  slide blocks  and small s l i p p e r s  are of  300 series CRES. The h igh  
stress members, i.e., the   t runn ion   nu t ,   d r ive  screw, t h e   a c t u a t o r  arms and  the 
r e a c t i o n   p l a t e  are a l l  of A286. T h i s   a l l o y   p r o v i d e s   t h e   n e c e s s a r y   s t r e n g t h   i n  
a nonmagnetic material ,- and it i s  t h e  least  expensive  and  most  readily 
a v a i l a b l e  material meet ing  these  requirements .  

For   the VECC t o  be used  convenient ly ,  it is r e q u i r e d   t h a t  a l l  s l i d i n g  
s u r f a c e s  be self lubricated.  The need t o   o p e r a t e  a f t e r  extended  space  exposure 
fur ther   emphas izes   the   need   for   re la t ive ly   permanent   lubr ica ted  surfaces. Dry 
f i l m  MoS2 and a number of p ropr i e t a ry   su r f ace   t r ea tmen t s  were used. These 
were va r ious  grades o f  f lTuframll ,  "Nedox" and "Hi-T-Lube" developed  by  General 
Magnaplate  Corporation. Tufram is a form  of  anodize  impregnated  with  Teflon. 
Nedox is a form o f  n i c k e l  plate   impregnated  with  Teflon,   and H i  T - is a dry  
f i l m  lubr icant   deve loped   for   t empera tures  above 587 K ( 6 0 0 ~ ~ ) .  The design w a s  
r ev iewed   w i th   t he   i n t en t   o f   choos ing   f i n i shes  so t h a t   i n   e a c h   s l i d i n g   c o n t a c t  a 
r e l a t i v e l y   h a r d   s u r f a c e  bears a g a i n s t  a r e l a t i v e l y   s o f t   s u r f a c e .  

A few o f   t h e   m a j o r   p a r t s   a n d   t h e   f i n i s h e s   u s e d  are as fol lows:  

Lubr icant   Sur faces  

Component Material Surf  ace 

Drive Worm A286 Hi-T-LUBE 

Trunnion Nut A286 NEDOX SF-2 

S l i d e r   B l o c k s  304 CRES NEDOX SF-2 

Actuator  A r m s  A286 Hi-T-LUBE 

Reac t ion   P l a t e  A286 NEDOX SF-2 

Guide  Sl ipper  

Rail 

7075-T65 1 
aluminum 

606 1 -T4 
aluminum 

TUFRAM  H-2 

TUFRAM L-4 

Thickness 
Cl?l 

.0013 

.0018 

.0013 

.0013 

.0013 

.0025 

.0038 
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The dr ive   per formance  was predic ted  on the  basis of a 70% lead screw 
e f f i c i e n c y  which is approx ima te ly   equ iva len t   t o  a c o e f f i c i e n t   o f   f r i c t i o n   o f  
0.15. A torque  margin of 1.01 was a v a i l a b l e   f o r  the double seal and 3.02 f o r  
t he  s i n g l e  seal. 

Adapting the  moto r   fo r  space ope ra t ion  was a s e p a r a t e   e f f o r t .  The 
manufac tu re r   p rov ided   s i l ve r   g raph i t e   b rushes   and   t hen  t h e  gearbox was 
l u b r i c a t e d  w i t h  a high vacuum grease con ta in ing  MoS2. 

SYSTEM TESTS 

The complete VECC was assembled and   opera t ion   of   var ious   e lements  
attempted. The seal shades were a d j u s t e d   t o  accommodate asymmetric t o l e r a n c e  
b u i l d  up. The drawer suspens ion   s l i ppe r s   and  rails appea red   t o   func t ion  well. 

The first ser ious   t rouble   deve loped  when t r y i n g   t o   u n l o c k  the a c t u a t o r  arm 
latches. They d i d  not   unlock;  rather when t h e  adjustment  screws contac ted  t h e  
r e a c t i o n  plate ,  t h e  dr ive  motor  s ta l led.  After some t i n k e r i n g  wi th  adjustment ,  
i t  became ev iden t  t h a t  t h e  t r o u b l e  was more fundamental .   Geometrically,  t h e  
latch looks good  and w i t h  t h e  Olowll  nominal f r i c t i o n   e x p e c t e d   i n  a l l  p a r t s  i t  
should work very  well. Accordingly,  i t  breezed t h r u  a l l  the  e n t i r e   d e s i g n  
review gamut wi thout  a c a r e f u l   f o r c e   a n a l y s i s .   I n   a c t u a l   o p e r a t i o n ,  t h e  low 
f r i c t i o n   s u r f a c e s  are e f f e c t i v e ,   b u t   f r i c t i o n  is s t i l l  o f  a s i g n i f i c a n t   v a l u e .  
T h i s  fact  coupled wi th  t h e  moment arm r a t i o   o f  t h e  t r u n n i o n   n u t   t o  t h e  la tch p i n  
approximating 12:l made t h e  force on t h e   l a t c h  p in  so  h i g h   t h a t   t h e   l a t c h  could 
not  s l ide  o f f  t h e  pin.  The latches were replaced by a s i n g l e  l a t c h  a r m  as shown 
i n   f i g u r e  7, w h i c h   o p e r a t e s   s a t i s f a c t o r i l y .  

The g e n e r a l   l e v e l   o f   f r i c t i o n   p r o v e d  higher  than  predicted inc lud ing  t h e  
d r i v e  screw f r i c t i o n .   I n   c y c l i n g  t h e  u n i t ,  t he  dr ive  motor  was dragged down t o  
near  s t a l l  be fo re  t h e  a c t u a t o r  arm contac ted  t h e  s h u t   o f f  swi t ch .  Th i s  
demonstrated t h a t  t h e  ava i lab le   motor   to rque  was margina l .   For tuna te ly ,  a 
higher  torque  motor was a v a i l a b l e ,  which could eas i ly  f i t  i n t o  t h e  design  and 
t h i s  was la ter  incorpora ted .  

Leak t e s t i n g   o f  t h e  chamber when c losed  by t h e  VECC drawer dr ive   p roduced  
leak rates e q u a l   t o   t h o s e   o f  the earlier t i e  b o l t  tests. The u n i t  was cycled 
th ru  more than  50 complete  openings  and  closings,   demonstrating t h e  d u r a b i l i t y  
of  the design  and t h e  seals. The u n i t  has s i n c e   s u c c e s s f u l l y  passed 
e n v i r o n m e n t a l   t e s t i n g   t o  Space S h u t t l e  l e v e l s ,  and s e v e r a l   u n i t s  have  been b u i l t  
f o r   u s e  on LDEF. 
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FACE PLATE DRIVE SCREW 

CHAMBER EXPERIMENT TRAY 

Figure 1.- Sliding  tray  Vacuum  Experiment  Control Canister. 

" . 
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SEE VIEW A 
B 
C SECTION D-D 

MOLD - k M O L D  &MOLD 

VIEW A VIEW B VIEW  C 

Figure 2.- Face plate. Dimensions are in centimeters. 
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32 TOTAL 4 IN 
DETAIL E DETAIL  F 

DETAl L C DETAIL  D 

ASSHOWN 
PER STACK 

FACE PLATE FACE PLATE 
DETAl L C DETAIL  D  DETAl L C DETAl  L  D 
G1 ONLY G2 ONLY 

16 TOTAL 2 IN 
DETAl  L C DETAIL  D 

DETAIL E DETAIL  F a SERIES 
12 TOTAL 

PER  STACK 

DETAIL E 
G1 ONLY 

DETAIL  F SECTION  A-A SECTION  B-B 
G2 ONLY (DOUBLE  SEAL) (SINGLE  SEAL) 

02 MAX AFTER COMPRESSION 

.300 + .005 ALL AROUND 
(AFTER COMPRESSION)  FOR G1&  62 

.026 (REF) BEFORE  COMPRESSION 

@ (DOUBLE  SEAL) 

@ (SINGLE  SEAL) 

.395 (BEFORE  COM 
.447 (BEFORE  COMPRESSION)  FOR G1 ONLY 

Figure 3 . -  Spring stacks and test setup. 



Figure 4.-  VECC leak  ra te  tes t  Configuration  (cannister  enclosed  for  helium f i l l ) .  
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b\- 

FACE PLATE 

PRESSURE PLATE 

LOCKED  POSITION  OPEN  POSITION 

BOTTOM  VIEW 

Figure 5.- Tray drive  design. 
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FACE PRESSURE 
PLATE PLATE 

SEAL  FORCE 
CHAMBER 
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Figure 6.- Tray and chamber support. 
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Figure 7.- VECC bottom view. 
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DESIGN  OF  AN ATMOSPHERIC  SOUNDING  RADIOMETER 
FOR  THE  GOES METEOROLOGICAL  SATELLITE  SYSTEM* 

Robert G. Jensen 

Santa  Barbara  Research  Center 
Goleta,  California 

ABSTRACT 

Each  of  the U. S .  Geostationary  Operational  Environmental 
satellites (GOES) has as  the principal  on-board  sensor a spin-scan 
radiometer  called a "VISSR"  (Visible  Infrared  Spin  Scan  Radio- 
meter). An  advanced  version  of  the  VISSR  will  add a vertical 
dimension to the  instrument's  infrared  atmospheric  images  through 
the  addition  of a rotating  filter  wheel  and  an  oscillating  cal- 
ibration  shutter.  The  following  presentation  gives  an  overview 
of  the  radiometer  design  with a close l o o k  at  the  filter  wheel 
and  calibration  shutter  mechanisms and their  pre-flight  test 
performance. 

INTRODUCTION 

Six  VISSR'S  have  been  placed  in  synchronous  orbits  at 
various  locations  around  the  world.  From  their  geostationary 
orbital  positions,  the  VISSR  instruments  sense  energy rad-iated 
from  earth  in  the  broad-band  visible  and  infrared  spectrums,  thus 
enabling  ground-based  operational  terminals to produce  day  and 
night  pictures of the  earth's  cloud  cover. 

An  advanced  version  of  the  VISSR  called a VAS  (VISSR  Atmos- 
pheric  Sounder)  is  now  under  development  and  will  be  flown  on 
future  GOES  spacecraft.  With  the  addition of  twelve  selectable 
narrow-band  filters  and  more  precise  in-flight  calibration  of 
the  infrared  detectors,  the  VAS  will  provide  increased  data to 
help  determine  the  earth's  atmospheric  temperature  and  water 
vapor  distribution. 

*The  work  reported  in  this  paper  was  conducted  at  Santa  Barbara 
Research  Center,  Goleta,  California,  under  contracts  NAS5-21139 
and  NAS5-20769  sponsored by the  National  Aeronautics  and  Space 
Administration. 
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I I I  , . _... 

VAS SYSTEM  DESCRIPTION 

The  completed  VAS  Scanner  is  shown  in  Figures 1 and 2, while 
a cross  section of  the  scanner  is  shown  in  Figure 3 .  For 
purposes  of  discussion,  the  instrument  can  be  divided  into  three 
major  subassemblies: 

- Telescope  (Three-Mirror  System  apd  Scanner  Housing) 

- Aft  Optics  Assembly  (Visible  Light  Sensing  Devices) 

Radiative  Cooler (Infrared  Sensing  Detectors) 

The  VAS  Telescope  Assembly  is a lightweight,  all  beryllium 
structure  consisting  of a scan  mirror,  primary  mirror  and  second- 
ary  mirror  mounted  in a cylindrical  housing.  The  plane  scan 
mirror is mounted  at 45." to the  scanner  spin  axis  and  is 
elliptically  shaped so as to reflect  collected  energy  into  the 
4 0  cm  diameter  entrance  aperture  of  the  Ritchey-Chretien  primary 
and  secondary  mirrors.  In  scanning  the  earth  from  North to South, 
the  scan  mirror  is  servo-positioned  through  1820  steps (0.192 
mr/step) by the  twin  torque-motor  drives  which  support it. East- 
West  scanning  is  provided by the 100 rpm  spacecraft spin. 

Mounted  just  behind  the  telescope is  the  Aft  Optics  Assembly. 
Energy  collected in the  visible  spectral  region  is  focused  on a 
fiber  optics  array  and  transmitted  from  the  telescope  focal  plane 
to  eight  photomultiplier  tubes  mounted  radially  on  the  Aft  Optics 
Plate.  The  Aft  Optics  assembly  contains a lens  system  which 
relays  the  infrared  spectral  energy  from  the  telescope  focal 
plane  through  the  optical  bandpass  filters  and  on to the  infra- 
red detectors  located  in the Radiative  Cooler  at  the  rear of  the 
instrument.  The  calibration  shutter  and a blackbody  reference 
source  are  also  contained  in  the  Aft  Optics  Assembly  as  well  as 
focusing  gear-motor  mechanisms  which  can  be  stepped to reposition 
the  Visible  and  IR  optical  elements  axially. 

A passive  radiative  cooler  is  used to cool  the  long-wave- 
length  detectors  of  the  infrared  channels to a controlled  tempera- 
ture  of 95°K for  optimum  detector  performance.  The  Cooler  Assem- 
bly consists  of  an  external  sunshield,  first  stage  cooler and a 
second  stage  cooler  with  the  latter  supporting  the  evacuated 
infrared  detector  package.  Each  stage  of  the  cooler  is  thermally 
isolated  from  its  surroundings  and  is  cooled by a honeycomb  high- 
emissivity  radiator  which  views  space.  The  satellite  subpoint 
resolution  varies  from 0.9 km in  the visible  channels to 6.9 km 
in  the  infrared. 
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FILTER  WHEEL  ASSEMBLY 

Filter  Wheel  Design  Requirements 

As  mentioned  earlier,  the  expanded  infrared  data  acquisi- 
tion  capabilities  of the  VAS  system  are  made  possible  mainly  by 
the  addition of twelve  optical  filters  within the Aft  Optics 
Assembly.  When  operated in the  infrared  atmospheric  "sounding" 
mode,  the  instrument  scans  the  earth  scene  from  West  to  East  with 
one of  the  twelve  filters  in  the  optical  beam.  The  same  scan 
line  is  then  retraced  on  the  next  spacecraft  spin  with  the 
second  filter  in  the  optical  beam  and s o  on  for  all  twelve  fil- 
ters. The  scan  mirror  is  then  stepped  from  North to South to the 
next  scan  line  and  the  filter  sequencing  is  repeated. 

In  keeping  time  with  the 100 rpm  spacecraft  spin  rate  and to 
allow  some  time  for  detector  calibration,  any  one  of  the  filters 
must  be  inserted  in  the  optical  beam  and  settled  within a 350 
milli-second  allotted  time  period  for  each  spacecraft  spin. 
Power  consumption  must  be  less  than 5 watts.  The  flat  filters 
must  be  parallel to each  other  within 0.5 mrad.  Additionally,  the 
mechanism  which  holds  and  positions  the  filters  must  withstand 
the  environmental  requirements  of  launch  vibration  induced by 
the  Thor  Delta  3914  booster  vehicle  and  then  operational  tempera- 
ture  extremes  of  -15OC to +45OC  in  space  vacuum.  All  functional 
elements  must  be  dual  redundant s o  as to have  high  reliability 
over  the  five  year  operational  design  life of  the  instrument. 

Filter  Wheel  Design  Description 

An  11.2  cm  diameter  magnesium  wheel  provides  accurately 
machined  cells  for  the  circular  filters  with a minimal  moment 
of inertia(2.8 x newton-meter-sec2  total  including filters). 

The  wheel  is  mounted  on a shaft  which  is  suspended  between 
two  preloaded  duplex  bearing  pairs  mounted  in  series  such  that 
if  either  bearing  set  fails,  the  other  set  will  still  turn  freely. 
The  bearings  are  dry-lubricated by a molydisulfide  film  on  all 
contacting  surfaces  and  teflon-impregnated  retainers.  Wheel 
positioning  is  accomplished  using a direct  drive  six-pole  brush- 
less  torque  motor  together  with a 5-bit optical  position  encoder. 

A second  similar motor(mounted in  tandem  with  first) is 
normally  used  as a tachometer to assist  in  the  control  loop  for 
settling  the  wheel  in  any  given  filter  position.  This  second 
motor  can  be  driven  together  with the first,  thereby  doubling  the 
available  torque  should  this  failsafe  measure  ever  become . 
necessary  to  move a particular  filter  into  the  optical  beam. 
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The  mechanism  arrangement  can be seen in the  cross  section  and 
photograph  shown in Figures 4 and 5 .  Since  the  different-mass 
filters  are  arranged  around  the  wheel  for  best  mechanical . 

balance,  the  electronic  drive  logic  must  step  the  wheel  back  and 
forth  in a complicated  sequence  which  depends  on  filter  wave- 
length.  However,  the  maximum  single-step  rotation  is  never  more 
than 180'. The  filter  wheel  acceleration  and  deceleration  rate 
is then  approximately 1000 rad/sec2  with a peak  velocity  of  20 
rad/sec.  The  wheel  and  housing  external  surfaces  are  finish- 
coated  with  high  emittance  flat  black  and  low  emittance  gold  for 
purposes  of  filter  thermal  control. 

Filter  Wheel  Problem  Areas 

During  testing  of  an  engineering  model  filter  wheel  assem- 
bly, two  problems  arose,  one  in  the  motor  design  and  one  in  the 
position  encoder. 

The  tandem  redundant  motor  concept  led to the  development  of 
a torque  motor  which  could be used  for  both  the  primary  drive and 
the  tachometer.  Ease  of  production  and  simplicity  of  electronic 
drive  circuitry  were  both  reasons  for  pursuing a single  inter- 
changeable  motor  design.  The  6-pole,  2-phase  torquer  provided  12 
magnetic  detents  for  holding  the  wheel  in  any  position  without 
power.  In  order  for  the  drive  motor to step  the  wheel, it needed 
to  have a torque  sensitivity  high  enough and with the proper 
angular  distribution to overcome the  unpowered  detent  torque  of 
both  motor  rotors.  Although  the  motor  performance  was  specified 
in  order to achieve  tandem  operation,  the  motor  manufacturer  was 
unable to meet  the  specified  torque  sensitivity  curves  and  as a 
result,  the  engineering  model  motors  would  not  drive  the  wheel 
reliably  between  certain  filter  positions. A new  motor  was  built 
which had the  twelve  stator  pole  pieces  skewed  at  an  angle to the 
motor  axis  but  with  the  rotor  pole  pieces  still  aligned  axially 
(Figure 6 ) .  By skewing  the  stator  pole  pieces,  the  magnetic  flux 
from  each  rotor  pole  piece  is  spread  among  several  stator  pole 
pieces  and  the  unpowered  magnetic  detent  is  reduced to nearly  zero 
with a negligible  reduction  in  powered  torque  sensitivity.  The 
combination o f  a primary  drive  motor  with  skewed  stator  poles  and 
a tachometer  motor  with  straight  stator  poles  (original  design) 
resulted  in a tandem  pair  with a total  magnetic  detent  torque 
that  was  half  of  what  it  was  originally  yet  still  retaining  the 
double  total  powered  torque  required  for  failsafe  operation. 

The  position  encoder  problem  arose  during  radiation  testing 
intended to simulate  radiation  exposure  in  space.  The  encoder 
consists  of 12  light-emitting-diode / phototransistor  pairs  and a 
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t h i n   i n t e r v e n i n  m e t a l  d i s c   w i t h   c u t o u t s  i n  5 t r a c k s .  When e x -  
p o s e d   t o  a 1 ~ 1 0 ~  r a d   d o s e   o f   C o b a l t  6 0  r a d i a t i o n ,   t h e   o u t p u t   o f  
t h e  LED'S w a s  r e d u c e d   t o  a l e v e l  which r e n d e r e d   t h e   e n c o d e r   i n -  
o p e r a b l e .   C o r r e c t i o n   o f  t he  p r o b l e m  w a s  a c h i e v e d   b y   a d d i n g  a 
r a d i a t i o n   s h i e l d   m a d e  o f  t a n t a l u m   a r o u n d   t h e   e n t i r e   e n c o d e r  a r e a .  
There w e r e  n o   f a i l u r e s   o f   t h i s   k i n d   a f t e r   s u b s e q u e n t   r a d i a t i o n  
t e s t s .  

F i l t e r   W h e e l   T e s t i n g  

Once t h e   d r i v e   m o t o r   p r o b l e m s  were s o l v e d   u s i n g   t h e   e n g i n e e r -  
i n g   m o d e l ,  a s e c o n d   f i l t e r   w h e e l   a s s e m b l y  w a s  b u i l t   u s i n g  a l l  new 
p a r t s .   T e s t i n g   o n   t h i s   " r e l i a b i l i t y   m o d e l "   s t a r t e d   w i t h   q u a l i -  
f i c a t i o n   v i b r a t i o n   e x p o s u r e   f o l l o w e d   b y  a f u n c t i o n a l   c h e c k - o u t   a n d  
t h e n   l o n g - t e r m   o p e r a t i o n   i n  a v a c u u m   c h a m b e r .  An o p e r a t i o n a l  
e x t r e m e  w a s  s i m u l a t e d   w h e r e i n   t h e   f i l t e r   w h e e l  w a s  a u t o m a t i c a l l y  
s t e p p e d   b a c k   a n d   f o r t h   1 8 0 '   r a t h e r   t h a n   i n   t h e   n o r m a l   f i l t e r  
s e q u e n c e .   C o n t i n u a l  2 4  h o u r   o p e r a t i o n   a c c e l e r a t e d   t h e   d u t y   c y c l e  
t o   a b o u t  4 t i m e s  t h a t   w h i c h   w o u l d   e v e r   b e   e x p e r i e n c e d   i n   s p a c e .  
T h i s  t e s t  w a s  a l l o w e d   t o   c o n t i n u e   f o r  a s i m u l a t e d   s p a c e   l i f e t i m e  
o f   e l e v e n   y e a r s .   P e r i o d i c   m e a s u r e m e n t s   o f   t h e  t i m e  r e q u i r e d   f o r  
e a c h  s t e p  w e r e  u s e d   t o g e t h e r   w i t h   m e a s u r e m e n t s   o f   r o l l i n g   a n d  
s t a t i c   b e a r i n g   t o r q u e   t o   e v a l u a t e   b e a r i n g   l i f e   e x p e c t a n c y .  Bear- 
i n g   t o r q u e   i n c r e a s e d   w i t h  t i m e  f o r   b o t h   t h e   i n n e r   a n d   o u t e r   b e a r -  
i n g  s e t s  a s  shown i n   F i g u r e  7 .  I n t e r e s t i n g l y ,   t h e   s t a t i c   t o r q u e  
r e q u i r e d   t o   t u r n   e a c h   b e a r i n g   s e p a r a t e l y   d i d   n o t   e q u a l i z e   w i t h  
t i m e  b u t   r a t h e r   e x h i b i t e d  a l e a p f r o g   i n c r e a s e  a t  f i r s t   a n d   t h e n  a 
l a r g e   d i f f e r e n c e   f o r   t h e   d u r a t i o n   ( F i g u r e  7 ) .  A f t e r   a p p r o x i m a t e l y  
7 m i l l i o n   c y c l e s   o f   t h e   f i l t e r   w h e e l ,   t h e   s t i c t i o n   i n   t h e   l a r g e r  
o u t e r   b e a r i n g s   r o s e   s u b s t a n t i a l l y  s o  t h a t   t h e   i n n e r   b e a r i n g s   w e r e  
t u r n i n g   n e a r l y  a l l  o f   t h e  t i m e .  

T h e   b e a r i n g   t o r q u e   i n c r e a s e s  were a t t r i b u t e d   t o   t h e   f o r m a -  
t i o n   o f  sma l l  bumps i n   t h e   r a c e w a y   l u b r i c a n t s  a s  t h e   t e f l o n  r e -  
t a i n e r  m a t e r i a l  b e c a m e   u n e v e n l y   d i s t r i b u t e d   o n   c o n t a c t i n g   s u r -  
f a c e s .   O n c e   t h e   l a r g e   b e a r i n g  s e t  b e c a m e   s t u c k   i n  a p a r t i c u l a r  
s p o t ,   t h e   r e p e a t e d   v i b r a t i o n   c r e a t e d  b y   o p e r a t i o n   o f   t h e  s m a l l  
b e a r i n g s   c a u s e d   t h e   l a r g e   b e a r i n g s   t o   b e c o m e   i n c r e a s i n g l y   m i r e d  
i n   t h a t   s p o t .   A l t h o u g h   t h e   s t e p  t i m e  i n c r e a s e d   w i t h   t h e   b e a r i n g  
s t i c t i o n ,  i t  n e v e r   e x c e e d e d  250  m i l l i s e c o n d s ,   a n d   s i n c e   t h e  t e s t  
l a s t e d   m o r e   t h a n   d o u b l e   t h e   d e s i g n   l i f e t i m e ,  no  r e d e s i g n  w a s  
n e c e s s a r y   a n d   t h e   s u b s e q u e n t   f l i g h t   m o d e l   a s s e m b l i e s  w e r e  b u i l t  
e x a c t l y   l i k e  t h e  r e l i a b i l i t y   m o d e l .  
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CALIBRATION  SHUTTER  ASSEMBLY 

Shutter  Design  Requirements 

In-flight  radiometric  calibration  of  the  scanner's  infrared 
detectors  is  required  for  each  spacecraft  spin. A heated  conical 
blackbody  mounted  within  the  Aft  Optics  Assembly  serves  as a con- 
stant-temperature IR reference  source  when  viewed by the  detec- 
tors  through a 4 5 "  reflective  mirror.  Since 100% field-of-view 
coverage  is  required  for  calibration,  the 2 x 3.5 cm  rectangular 
mirror  must  be  completely  inserted  into  the  optical  beam  within 
50 msec,  maintain  blockage  for 3 3 . 3  msec, and  then  be  com- 
pletely  removed  in 50 msec  prior to earth  view.  After  sur- 
viving  the  launch  vibration  mentioned  earlier,  the  shutter  mirror 
mechanism  must  operate  continuously  in  the  same  environment  as 
the  filter  wheel  with  minimal  power  consumption  and  must  not  block 
the  optical  beam  whenever  power  is  removed. 

Shutter  Design  Description 

Since  shutter  power  consumption  was to be  minimized,  the 
design  concept  evolved  around  mounting  the  mirror on a torsional 
spring s o  that  it  would  oscillate  at a natural  frequency  in  time 
with  the  spacecraft spin. Then  only a slight  amount  of  input 
power  would  be  required  from a drive  motor to maintain  the  ampli- 
tude and to occasionally  correct  frequency  for  spacecraft  spin 
rate  variations. 

As  shown  in  the  photographs  and  cross  section  in  Figures 8, 
9 and 10, two  flex  pivot  devices  are  mounted  in  series to provide 
the  proper  spring  rate  at  sufficiently  small  deflection  amplitude 
to insure  nearly  infinite  spring  life.  The  rotor  of a two-pole 
brushless  torque  motor  is  coupled to the  oscillating  mirror 
portion  of  the  mechanism.  Attached to the  same  arm  as  the  mirror 
is a chopper  flag  which  actuates a 2-bit optical  encoder  for 
amplitude and  frequency  control.  The  shutter  was  designed to 
oscillate  at  twice  the  satellite  rotation  frequency to meet the 
insertion  timing  requirement  without  increasing  the  oscillation 
amplitude or swing  radius  beyond  those  allowed by  the  available 
space  within  the  VAS  Aft  Optics  area.  Shutter  mirror  motion is 
then  expressed  as 

'rn = 18"sin 2 ( e s  - 5-17"] 
where 8 is  mirror  position  and 8 is  satellite  angular  position 
relative to earth  nadir.  Static  balancing  of  the  rotating  mass  is 
accomplished by simply  changing  the  thickness  of a counterbalance 
weight. 

m S 
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Precise  adjustment  of  the  shutter  natural  frequency  is  then 
accomplished by adding  thin  rings  to  the  shutter  hub,  thereby 
increasing  the  moment  of  inertia  of  the  oscillating  portion in 
accordance  with  the  torsional  pendulum  relationship: 

where  f = frequency 

K = total  spring  rate 

J = polar  moment  of  inertia 

The  rings  are  mounted so as to have  no  effect  on the static  bal- 
ance of  the shutter  arm. 

Shutter  Problem  Areas  and  Testing 

A major  oversight  was  made  in the mathematical  analysis of 
the  dynamic  forces  acting  on  the  shutter  during  operation  in  the 
spinning  scanner.  The  shutter  assembly  is  mounted  in  the  scanner 
about 7 centimeters  off  the  scanner  spin  axis.  Since  the 
Scanner's optical  axis  is  nearly  coincident  with  the  spin  axis, 
the  shutter  mirror  moves  on and  off  the  spin  axis  in  a  plane  that 
is  tilted 4 5 "  to the  spin  axis.  When  the  scanner  is  spinning, 
three  types  of  dynamic  forces  affect  the  sinusoidal  shutter  arm 
mot  ion : 

1. Centrifugal  force  on  the  shutter  arm C G  resulting  from 
static  imbalance. 

2 .  Forces  resulting  from  Coriolis  acceleration  of  the 
shutter  mass  as it moves  in  a  rotating  inertial  reference 
frame. 

3 .  Forces  that  are  the  result of any  inertial  imbalance in 
the  shutter  arm. 

Static  balancing  of  the  shutter  arm  reduces  the  effects  of  the 
centrifugal  force to negligible  levels.  The  analysis  also  showed 
that  since  the  shutter  oscillates  in  one  plane,  the  Coriolis 
forces  always  act  on  the  arm  in  a  direction  intersecting  the 
shutter  rotation  axis,  thereby  producing  no  torque  about  the 
shutter  axis.  The  analysis  stopped  at  that  point,  and  conse- 
quently  the  first  shutter  assembly  was  built  with  a 6:l imbalance 
ratio  between  the  principle  non-polar  moments of inertia of the 
shutter arm. The  unit  worked  fine  until  the  scanner  was  spun, 
and  then  shutter  motion  was  uncontrollable  at  spin  rates  over 3 0  
rpm  due to the  inertial  imbalance. 
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C o r r e c t i v e   a c t i o n  w a s  a c c o m p l i s h e d   b y   r e d i s t r i b u t i n g   t h e  
mass a l o n g   t h e   s h u t t e r  a r m  b y  m a t e r i a l  d e n s i t y   c h a n g e s   a n d   t h e  
a d d i t i o n   o f   t w o   i n e r t i a l   b a l a n c e   w e i g h t s  a t  9 0 "  t o   t h e   a x i s   o f  
t h e   s h u t t e r  a r m .  I n e r t i a l   b a l a n c e   b e t w e e n   t h e   t w o   p r i n c i p l e  
axes w a s  t h e r e b y   a c h i e v e d ,   a n d  a r e t r o f i t t e d   u n i t   o p e r a t e d   f l a w -  
l e s s l y   t h r o u g h o u t   t h e  maximum e l e c t r o n i c   c o n t r o l   r a n g e   w i t h  
s c a n n e r   s p i n  r a t e s  r a n g i n g   f r o m   8 0 - 1 2 0  RPM. 

J u s t  a s  w i t h   t h e   F i l t e r   W h e e l   A s s e m b l y ,  a " r e l i a b i l i t y  
m o d e l ' '   o f   t h e   s h u t t e r   a s s e m b l y  w a s  b u i l t   a n d   t e s t e d   i n   t h e   l a b o r a -  
t o r y .   A f t e r   b e i n g   s u b j e c t e d   t o   t h e   l a u n c h   v i b r a t i o n   e n v i r o n -  
m e n t ,   t h e   s h u t ' t e r  w a s  p l a c e d   i n  a v a c u u m   c h a m b e r   a n d   a l l o w e d   t o  
o p e r a t e   o n  a r e a l - t i m e  b a s i s   f o r  a p e r i o d   o f  3 y e a r s .   P e r i o d i c  
m e a s u r e m e n t s   o f   s p r i n g  r a t e  a n d   n a t u r a l   f r e q u e n c y   s h o w e d   n o  
c h a n g e .   S i n c e   t h e   s h u t t e r   a s s e m b l y  i s  a r e s o n a n t - f r e q u e n c y  
d e v i c e ,   n o   a c c e l e r a t i o n   o f   t h e  t e s t  i s  p o s s i b l e   a n d  i t  w i l l  
t h e r e f o r e   c o n t i n u e   u n t i l   f i v e   y e a r s   o f   o p e r a t i o n   h a v e   b e e n  
a c c u m u l a t e d .  

C O N C L U D I N G  REMARKS 

I n   r e t r o s p e c t ,   t h e   b a s i c   d e s i g n   a p p r o a c h  w a s  s o u n d   f o r   b o t h  
t h e  F i l t e r  W h e e l   a n d   C a l i b r a t i o n   S h u t t e r   a s s e m b l i e s .   I f   r e q u i r e -  
m e n t s  a r i s e  i n   t h e   f u t u r e   f o r   l o n g e r   m e c h a n i s m   l i f e t i m e ,   s o m e  
c h a n g e s  w i l l  h a v e   t o   b e   m a d e   t o   i m p r o v e   t h e   F i l t e r   W h e e l   b e a r i n g  
l u b r i c a t i o n .   R e s e a r c h   h a s   a l r e a d y   b e e n   p e r f o r m e d   o n   t h e   b e a r i n g  
l u b r i c a t i o n   s c h e m e   i n   t h e   s c a n   m i r r o r   d r i v e s   w h e r e   t h e  p a r t i a l  
r o t a t i o n  c re 'a tes  a b e a r i n g  " b u m p "   p r o b l e m   m u c h   m o r e   r a p i d l y   t h a n  
i n   t h e   F i l t e r   W h e e l   A s s e m b l y .   P e r h a p s  a t h i n n e r  RF s p u t t e r   c o a t -  
i n g   o f   m o l y d i s u l f i d e   w o u l d   r e d u c e   t h e   t e f l o n   t r a n s f e r  r a t e  a n d  
t h e r e b y   i m p r o v e   F i l t e r   W h e e l   b e a r i n g   l o n g e v i t y  a s  i t  d i d   i n   t h e  
s c a n   m i r r o r   d r i v e s .  

T h e   C a l i b r a t i o n   S h u t t e r   d e s i g n   c o n c e p t  w a s  a d o p t e d   f o r   u s e  
i n  t w o   s h u t t e r   a s s e m b l i e s   i n   t h e   T h e m a t i c  M a p p e r  i n s t r u m e n t s  now 
u n d e r   d e v e l o p m e n t   f o r   t h e   L a n d s a t   p r o g r a m .  An i m p r o v e m e n t  t o  
t h e  VAS d e s i g n  w a s  made i n   t h e   T h e m a t i c   M a p p e r   S h u t t e r s   b y  
s u p p o r t i n g   t h e   o s c i l l a t i n g  mass b e t w e e n   t w o   s i d e - m o u n t e d   f l e x  
p i v o t s   r a t h e r   t h a n   i n  a c a n t i l e v e r   a r r a n g e m e n t  a s  i n  V A S .  T h i s  
p r e v e n t s   b e n d i n g   l o a d s   f r o m   b e i n g   e x e r t e d   o n   t h e   p i v o t s   b y   t h e  
d r i v e   m o t o r   a n d   a f f o r d s   b e t t e r   c o n t r o l   o f   t h e   r o t o r - s t a t o r  a i r  
g a p .   A l t h o u g h   t h i s   d e s i g n  was c o n s i d e r e d   f o r  VAS, t h e  VISSR 
r e t r o f i t   r e q u i r e m e n t   l e f t   i n s u f f i c i e n t   s p a c e   f o r   t h e   b u l k i e r  
s i d e - m o u n t   f l e x   p i v o t s .  

T h r e e  VAS S y s t e m s  a r e  c u r r e n t l y   b e i n g   b u i l t .   T h e   f i r s t   o f  
t h e s e   h a s   s u c c e s s f u l l y   c o m p l e t e d  a l l  o f   t h e   s c a n n e r - l e v e l  a c c e p t -  
a n c e  t e s t s  a n d  i s  now b e i n g   i n s t a l l e d   o n   t h e  G O E S  I D '  s p a c e c r a f t .  
L a u n c h   o f   t h e  G O E S  ID' i s  s c h e d u l e d   f o r   A u g u s t   o f   1 9 8 0   w i t h  GOES 
' E '  a n d  GOES I F '   f o l l o w i n g  a t  s i x - m o n t h   i n t e r v a l s .  
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Figure 1.- VAS Scanner. 
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Figure 2.- VAS mounting i n  GOES spacecraft. 
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BLACKBODY  REFERENCE 
FILTER  WHEEL 

C A L I B R A T I O N   S H U T T E R  
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INFRARED  DETECTORS 

C O O L E R   S H I E L D  

P H O T O M U L T I P L I E R   T U B E S  
( V I S I B L E   L I G H T )  

S E C O N D A R Y   M I R R O R  

P R I M A R Y   M I R R O R   M O U N T I N G   P L A T E  

Figure 3 . -  VAS schematic cross  section, 

Figure 4.- Fil ter  wheel assembly. 
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Figure 7.- Fi l ter  wheel l i f e  test  - bearing  torque vs. accumulated  operation. 

Figure 8.- Cal ibrat ion  shut ter   assembly.  
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Figure 9.- Cal ibrat ion  shut ter   assembly.  
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Figure 10.- Cal ibra t ion   shut te r   schemat ic  cross sec t ion .  
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A POLARIMETER  FOR  THE  HIGH  RESOLUTION 

ULTRAVIOLET SPECTROMETER/POLARIMETER 

John A .  Calvert 
George  C.  Marshall Space  Flight  Center 

INTRODUCTION 

The  High  Resolution  Ultraviolet Spectrometer/Polarimeter (HRWSP) is  an 
experiment  to  be  launched  aboard  the  Solar  Max  Mission  sometime in early  1980. 
The HRWSP will  allow  the  study  of  active  solar  regions  through  ultraviolet 
polarimetry  and  spectroscopy.  The  polarization  capability,  along  with  other 
modifications,  was  added  to an existing  engineering  model  of  the  OSO-8  High 
Resolution  Spectrometer. 

The  High  Resolution  Ultraviolet Spectrometer/Polarimeter is  depicted  in 
Figure 1. The  polarimeter ( X wave  plate)  is  shown  enclosed  by  a  heavy  line. 

This  paper  will  deal  specifically  with  the  mechanical  design,  testing, 
and  operation  of  the  polarimeter  for  the HRWSP. 

DESIGN  REQUIREMENTS 

The  design  requirements  of  the  polarimeter  were  established  by  the 
scientific  optical  objectives  of  the  experiment.  The  polarization  of  the 
light  is  accomplished  by a  rotating  magnesium  fluoride  quarter  wave  plate. 
The  quarter  wave  plates  are  rotated  in  22%-degree  steps  about  an  axis  coinci- 
dental  with  the  light  beam. A s  the  light  beam  passes  through  the  wave  plate, 
the  transformation  that  occurs  can  be  expressed  by  mathematical  equations. 
By having  the  wave  plates  calibrated,  the  data  obtained  from  solar  flares  can 
be  analyzed  and  meaningful  information  provided  to  the  investigators.  The 
polarimeter  has  two  wave  plates  with  different  optical  characteristics  to 
provide  both  redundancy  and  versatility. A four-mirror  polarizer  was  added 
behind  one  wave  plate to provide  additional  polarization. 

MECHANICAL  DESIGN 

The  polarimeter  mechanical  design  was  required  to  provide  three  positions 
for  the  wave  plates:  either  one  of  the  wave  plates in the  light  path  or  both 
wave  plates  out  of  the  light  path.  When  the  wave  plate  is in the  light  path, 
rotation  in  22%-degree  steps  is  necessary.  To  provide  the  quality  of  data 
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required,  the  centerline  of  rotation of the  wave  plates  was  not  to  be  over 
1.8 mm from  centerline  of  the  light  path;  and  the  deviation  from  the  desired 
22%-degree  rotation of the  wave  plates  was  to  be  less  than 4 degree. 

In addition  to  the  above  optical  criteria,  the  design  was  required  to: 

1. Provide  mechanical  and  electrical  redundancy; 

2. Have  low  electrical  power  usage; 

3 .  Maintain  cleanliness  for  wave  plates  and  other  optics in the 
experiment; 

4 .  Fit  into an existing  cavity  (12.7  cm  wide x 11.4 cm  long x 8.9 
cm  high) ; 

5. Operate  intermittently  for  one  year  in  space;  and 

6. Provide  a  data  feedback  system to indicate  wave  plate  position 
and  rotation. 

DESCRIPTION 

The  polarimeter  is  shown  in  artist's  conception in Figures 2 and 3. 

WAVE  PLATE  ROTATION  SYSTEM 

The  quarter  wave  plates  are  two  layers of magnesium  fluoride  optically 
bonded  together  to a total  thickness of .600 mm and  an  open  diameter  of  7.0mm. 
The  plates  arc  fragile  and  cannot  be  easily  handled  alone. A  structural 
holding  ring  was  designed to provide  a  safe  method  of  handling  and  a  means  of 
securing  the  wave  plates  into  the  barrel  assembly.  The  complete  wave  plate- 
holding  ring  assembly  is  shown in Figure 4 .  The  holding  ring  was  made  of  a 
non-outgassing  plastic  material .051 mm thicker  than  the  recess  in  the  barrel. 
This  additional  thickness  insured  that  the  quarter  wave  plates  were  securely 
held,  and  vibration  would  not  cause  the  plates  to  move.  After  initial  instal- 
lation  and  rotational  alignment  of  the wave  plates,  the  plastic  holding  rings 
and  keeper  rings  were  drilled  for  installation  of  an  alignment  pin so the  wave 
plate  assemblies  could  be  removed  and  reinstalled  precisely. 

The  limited  volume  available  to  house  the  polarimeter  dictated  the  use  of 
small  stepper  motors  (Figure 5).  The  available  running  torque of 44.6 cm-gm 
(.62 oz-in)  and  precision  optical  alignment  requirements  made a  precision 
gear  mesh,  low  friction  system  mandatory.  Four  motors,  as  depicted  by 
Figure 5, were  used in the  polarimeter. 
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Each  of  the  two  wave  plate  rotation  systems  consisted  of  a  stepper  motor 
driving  through  a 96 pitch, 31 tooth  spur  gear  pinned  to  its  shaft  and  the 
barrel  assembly  (Figure 4) with  a  96  pitch, 124 tooth  spur  gear.  Both  barrel 
assemblies  and  their  respective  drive  motors  were  held  by  a  single  machined 
aluminum  housing.  This  housing  gave  the  best  opportunity  for  maintaining  the 
tolerances  required  for  proper  gear  tooth  operation  and  also  for  maintaining 
the  alignment  required  for  the  optics,.  This  design  approach  required  close 
tolerancing  and  precision  machining  operations;  but  because  of  the  limited 
volume  available  for  the  polarimeter,  there  was  no  space  available  for  adjust- 
ments  if  separate  assemblies  had  been  used. 

The  wave  plates  had  to  be  rotated  (one  direction  only) in 22%-degree 
steps af 7.8  steps/second  with  data  being  taken  while  the  wave  plates  were  at 
rest. It was  required  that  the  plates  complete  one  rotation  every  two  seconds. 
The  step  pulse  width of the  wave  plate  rotation  motor  was 23 milliseconds, 
and  oscillation  of  the  plate  was  to  be  less  than % degree  after 20 milli- 
seconds.  The  usual  procedure  of  sending  a  pulse  to  the  motors  and  allowing 
the  friction  to  damp out the  oscillations  of  the  wave  plate  required  too  much 
of the  time  allocated  for  each  step. A special  control  circuit  was  designed 
so that  after  the  motor  steps  the  motor  windings  were  shorted  to  make  use  of 
viscuous  damping  caused  by  the  generated EMF. This  gave  two  improvements  to 
the  design:  it  shortened  the  step-oscillation  time  and  also  gave  a  more 
repeatable  positioning of the  wave  plates.  During  design  of  the  barrel 
assembly,  the  inertia  was  kept  as  low  as  possible  to  help  in  the  damping of 
the  oscillations  and  to  decrease  the  time  to  step  the  wave  plates.  During 
assembly of the  barrel  assembly  into  the  machined  housing,  care  was  taken  to 
have  the  minimum  preload  possible  on  rotational  bearings  to  give  stability  but 
have  minimum  friction  possible. 

WAVE PLATE  POSITIONING  SYSTEM 

As  indicated  previously,  the wave plate  positioning  system  has  three 
positions:  wave  plate  "A"  in  the  light  path,  both  wave  plates  out  of  the  light 
path,  and  wave  plate "B" in  the  light  path. The  insertion-retraction  system 
is  capable  of  placing  either  wave  plate  into  or  out  of  the  light  beam. 

The  system  has  two  stepper  motors  (Figure 5) identical  to  the  wave  plate 
rotation  motors,  both  driving  through  a 31 tooth  spur  gear  to  a 124 tooth 
spur  gear.  One  stepper  motor  is  fixed  to  the  support  plate,  the  other  is 
movable  about  the  worm  gear  (Figures 2 and 3 ) .  For  the  movable  motor  to 
operate,  the  worm  gear  and  supporting  shaft  are  held  fixed  by  the  magnetic 
detent  of  the  stepper  motor  and  the  non-backdrive  characteristic  of  a  single 
thread  worm.  The  movable  motor  is  pulsed 140 steps  at  a  rate  of  15.625  steps/ 
second  and,  through  a 280:l total  gear  reduction  (4:l  spur  gear,  70:l  worm 
gear),  the  movable  motor  and  worm  move 5 450 around  the worm gear.  Depending 
upon  motor  rotation  direction,  either  wave  plate  will  be  placed  into  the 
light  path.  The  outer  assembly  rotates  about  the  supporting  shaft on four 
bearings.  For  the  fixed  motor  to  operate,  the  outer  rotational  assembly  was 
fixed  to  the  worm  gear;  and  the  fixed  motor  rotated  the  worm  gear,  supporting 
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shaft,  and  rotational  assembly  as  a  unit.  The  supporting  shaft  rotated  in 
bearings in the  support  posts  at  either  end  of  the  shaft. 

This  arrangement  had  the  advantage  of  mechanical  redundancy  (either  motor 
could  place  either  wave  plate  into  the  light  path  without  having  to  backdrive 
the  other;  and  completely  separate  sets  of  bearings  were  provided  for  each 
mode  of  operation)  without  having  to  have  a  differential  in  the  drive  system. 

The  method of operation  of  the  insertion-retraction  motors  was  to  select 
either  motor  for  operation,  designate  direction  of  rotation,  and  the  elec- 
tronics  would  send 140 pulses  at  a  rate  of  15.6  steps/second  to  the  designated 
motor.  This  would  place  the  selected  wave  plate  into  the  light  path. A feed- 
back  system,  to  be  discussed  later,  would  then  send  a  signal  to  indicate  the 
wave  plate  was  in  the  proper  position.  The  signal  also  served  as  a  redundant 
cutoff  in  case  of  electronic  malfunction,  and  more  than 140 step  commands 
were  given. 

The  insertion-retraction  motors  (IRM)  did  not  have  the  non-oscillating 
requirements  of  the  wave  plate  rotation  motors,  but  more  torque  was  required. 
Also the IRM was  to  be  operated  only  a  short  period  of  time,  so  electrical 
power  consumption  was  not  as  important  a  consideration.  For  these  reasons  a 
pulse  width  of .030 second was used. This  gave  more  assurance  that  a  step 
would  not  be  missed,  and  the  wave  plates  would be in position  for  data  taking. 

Both  the  wave  plate  rotational  system  and  the  insertion-retraction  system 
had  a  method  of  position  feedback  (reference  Figures 2 and 3 ) .  Each  wave 
plate  had  rotational  sensors  that  indicated  once  per  revolution.  The  sensors 
were  photodiodes  and  phototransistors. A hole  was  provided  in  the  spur  gear 
on the  barrel  assembly  for  the  phototransistor  to  sense  the  light  emitted  by 
the  photodiode.  The  photodiode  is  pulsed  rather  than  powered  constantly  to 
provide  additional  electrical  power  savings.  The  insertion-retraction  posi- 
tion  sensors  were  required  to  provide  a  one  motor  step  resolution so the  wave 
plates  could  be  positioned  to  within 1.8 mm (one  step  accuracy)  about  the 
optical  light  path.  The  position  plate  is  fixed  to  the wave  plate  holder 
machining. It has  one  slot .2 mm wide  in  the  center  to  correspond  to  the 
out  of  light  path  position.  On  each  side  of  the  position  plate  a  sharp  edge 
is  used  for  reference. An edge  was  used  as  it  allowed  fitting  at  assembly  to 
achieve  the  minimum  possible  deviation  from  the  light  path.  The  low  light 
level  of  the  photodiode  and  the  small  hole ( .2 mm diameter)  in  the  mask  re- 
quired  the  phototransistor  be  placed  as  close  as  possible  to  the  photodiode. 

LUBRICATION 

The  cleanliness  requirements of the  optics  made  the  lubrication an 
important  design  consideration.  Any  coating  of  the  optics  due  to  outgassing 
would  reduce  the  ultraviolet  light  throughput  of  the  wave  plates.  Both  gears 
and  bearings  were  lightly  loaded,  but  the  bearings  and  spur  gears  of  the  wave 
plate  rotational  system  had  a  possible 6.3 x  lo7  cycle  lifetime  requirement. 
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Tests  were  conducted  to  compare  low  outgassing  grease and.also dry  lubri- 
cant. It was  found  the  grease  contaminated  the  optics  and  could  not  be  used. 
The  dry  lubricant  was  applied  to all bearings  and  all  spur  gears. It was 
still  necessary  to  shield  the  optics  from  line of sight  relationship  to  the 
open  spur  gears  to  prevent  any  dry  lubricant  which  might  separate  during 
operation  from  being  deposited  onto  the  optics. 

The  worm-worm  gear  interface  was  a  special  consideration.  Dry  lubri- 
cation  was  not  considered  satisfactory  because of the  sliding  action of the 
gears.  The  worm  gear  was  manufactured  from  polyimide so no  lubrication  would 
be  required.  An  anti-backlash  worm was  considered,  but  because  of  the  added 
friction  and  low  torque  available  from  the  motors,  it  was  not  used. 

PROBLEMS  ENCOUNTERED  DURING  DEVELOPMENT  TESTING 

1. It was  found  that  the  insertion-retraction  system  would  not  operate 
consistently.  The  unit  would  operate  satisfactorily  one  afternoon,  then  the 
next  morning  with  the  same  electrical  configuration  the  unit  would  not  give 
consistent  operation.  After  investigation  it  was  found  the  polyimide  worm 
gear  was  hydroscopic,  and  an  increase  of  humidity  over 50% would  cause  inter- 
ference  between  the  worm  and  worm  wheel.  The  qualification  unit  was  installed 
into  a  thermal-humidity  chamber  and  tested  for  both  temperature  and  humidity 
tolerance. It was  found  that  within 2 20' C. (specified  design  temperatures) 
and  below 30% relative  humidity,  no  problems  were  encountered  with  the 
insertion-retraction  system.  Humidity  in-flight  will  not  be  a  problem. 

2. The  thickness of the  dry  lubricant  applied  to  the  spur  gears  was 
also  a  problem.  The  added  thickness  of  the  lubricant  and  the  build-up  of 
dry  lubricant  between  the  spur  gear  teeth  caused  binding  between  the  spur 
gears.  This  problem  was  solved  by  brushing  the  spur  gears  with  a  soft  wire 
brush  and  removing  all  dry  lubricant  except  a  thin  film. Due to  the  light 
loading  of  the  gears,  no  breakdown  of  the  lubricant  was  experienced. 

CONCLUSION 

Three  complete  units  of  the  polarimeter  have  been  built,  one  prototype 
and  two  flight  units.  The  prototype  unit  was  used  for  development  and 
qualification  testing.  One  flight  unit  was  delivered  to  GSFC in January  of 
1978 for  integration  into  the  flight  experiment.  The  flight  polarimeter  has 
undergone  system  testing  (vibration,  vacuum,  and  optical  alignment)  and  has 
met  design  requirements  to  this  date. 
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Figure 1.- Block diagrams of HRWSP. 

Figure 2.- Polarimeter, showing movable motor side. 
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Figure 3.- Polarimeter,  showing fixed motor side. 
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THE DESIGN AND APPLICATION OF AN ANTENNA  POSITIONER MECHANISM 

FOR INTELSAT-V  SERIES  COMMUNICATION  SATELLITE 

Big  Szeto 
Ford  Aerospace  and  Communication  Corporation 
Western Development  Laboratories  Division 

SUMMARY 

A two-axis  Antenna  Positioner  Mechanism (APM) has been designed  and 
qualified  for  use on the  Intelsat-V  series  communication  satellite. The 
APM  will  be  used  for  positioning of Spot  Beam  Reflectors  during  the  seven 
year mission. 

INTROWCTION 

In operation,  the  EastlWest  Spot  Beam  Reflectors on the  Intelsat-V 
series  counnunication satellite are required  to  satisfy; i) Initial  precise- 
pointing  to particular  earth  locations; ii) Repositioning  and  pointing 
to different  earth  locations as traffic  changes  dictate  during  the  seven 
years mission. 

Two 2-axis  Antenna  Positioner  Mechanisms are utilized  in  fulfilling 
these  requirements. The APM  is  specifically  designed,  developed  and 
tested by Ford  Aerospace  and  Communication  Corporation,  Western  Develop- 
ment  Laboratories  Division (FACC). 

The APM is comprised of three  components  which  consist of one  center 
pivot and two  linear  actuators  rather  than an integral  two-axis  gimbal 
design. The step  resolution of the  APM  can  be  adjusted as  required  with 
the  present  design, at a  step  resolution of 0.002865 degrees. 

In this  paper,  the  design  philosophy  and  considerations,  test  program 
and  test  results  are  discussed.  Also,  some  major  problems  encountered 
during  the  course of testing  along  with  their  resolutions  are  detailed. 

GENERAL  DESCRIPTION 

The APM  which is shown in Figure 1  consists of three  components 
which are: 
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a. One  Center  Pivot: A passive  universal  joint  device  which  is  capable 
of movement  about  two  orthogonal  axes in  the  same plane. 

b. Two Linear  Actuators: Two linear  actuators  are  located  at  a  distance 
of 25.4 cm (10 inches)  and 90° apart  from  each  other.  Each  actuator 
can  be  moved  independently  and  linearly to provide  rotary  motion 
when  coupled  with  the  center  pivot.  The  linear  actuator  consists of 
a  stepper  motor  driving  a  jack-screw  system  which  is  supported  by 
a  pair  of  ABEC-7  ball  bearings,  ball  joints  at  structure  interface 
and  reflector  interface  and  a  linear  potentiometer  for  position 
telemetry. 

The schematic  arrangement  of  these  components i s  illustrated  in  Figure 2. 

The  components of the  APM  are  mounted  to  the  same  spacecraft  structure 
at  one  end  while  the  other  interface  is  connected  via  the  spot  beam 
reflector  to  formulate  the  two-axis  configuration. In operation,  the 
actuators  will  be  moved,  one  at  a  time,  to  locate  the  reflector  at  any  location 
within  the  design  constrained  pattern.  For  this  particular APM, the 
pattern  is  bounded  within  a  square  of 6.4 degrees  which  results 
in  a  square of 12.8O beam  motion. The location of the  reflector  is  fed  back  to 
ground  via  telemetry  through  the  voltage  readout of  a linear  potentiometer. 

DESIGN  PHILOSOPHY  AND  CONS1  DERATION 

The APM  is  designed,  fabricated  and  tested  to  satisfy  the  primary 
and  derived  requirements  as  listed  below: 

a.  Operational  during  the 7 year  mission  time. 

b. Operational  at  extreme  temperatures  ranging  between -85OC and +66OC 
with  non-operating  temperature  ranging  between -180°C and  +lOOOC. 

c .  Withstand  high  launch  loads  without  detrimental  effect on the  perfor- 
mance. 

d. Minimum  weight. 

In the  initial  design  stage,  two  design  concepts  were  studied  and 
traded  off  against  each  other.  These  two  concepts  were 1) APM and 
2) Integral  two-axis  gimbal  mechanism  which  utilized  gear  train  to  obtain 
high  output torque.  The APM  concept  was  chosen  because  of  the  following 
reasons: 

a.  Higher  load  capacity  with  same  mass  property. 
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b.   S impl ic i ty   in   des ign .  

c. S i m p l i c i t y   i n   f a b r i c a t i o n .  

d. S impl i c i ty   i n   a s sembly ,  

Linear  Actuator  Design 

The e x t e r n a l   a c t u a t o r   c o n f i g u r a t i o n  i s  shown i n   F i g u r e  1. The 
a c t u a t o r   c o n s i s t s   o f  a s tepper   motor   dr iving a power screw  which i s  supported 
by a p a i r   o f  ABEC-7 b a l l   b e a r i n g s .  The  power screw as i t  t u r n s   d r i v e s  a 
mating  nut up and down i n  a l inear   mot ion .  Ball j o i n t s  are u t i l i z e d  a t  
r e f l e c t o r   i n t e r f a c e   a n d   s t r u c t u r e   i n t e r f a c e   t o   a l l o w   p i v o t a l  movements 
r equ i r ed   fo r   s e l f - a l ignmen t .   So l id   l ub r i ca t ion ,  Molybdenum Disu l f ide ,  
i s  used   on   the   ba l l   bear ings ,   ba l l   jo in ts ,   sc rew-nut   in te r face   and   o ther  
rubbing   in te r faces   to   p rovide  low f r i c t i o n   c o e f f i c i e n t .  The major  design 
areas and   cons idera t ions  a r e  desc r ibed   i n   t he   fo l lowing   pa rag raphs :  

a .  Driving  Motor: A s tepper   motor  i s  used   to   p rovide   d r iv ing   mot ion .  
This  motor  provides more than  three-to-one  running  torque  margin  over 
the   opera t ing   tempera ture   range;   a l so ,   de ten t   to rque  i s  p rov ided   t o  
prevent   any   po ten t ia l   back   dr iv ing   in   one  "g" condi t ion.   This   motor  
i s  a dua l ,   s epa ra t e ly  wound permanent  magnet  motor to   provide  redun-  
dancy  with a s t e p   s i z e   o f  1.8 degrees .  The s tepper   motor  was chosen 
over  a DC motor  because o f  r e l a t i v e   s i m p l e   c o n t r o l   e l e c t r o n i c s   r e q u i r e d .  
This  motor i s  des igned   and   bu i l t  by  American E lec t ron ic s ,   Inc .  

b.  Linear  Motion Area: The h e a r t   o f   t h e   l i n e a r   m o t i o n  i s  a jack  screw 
p r i n c i p l e .  An ACME threaded power screw which i s  supported  by a 
p a i r   o f   b a l l   b e a r i n g s  i s  connec ted   to   the   motor ' s   shaf t ,  a mating 
power nut i s  moved i n  an up-and-down l inear   motion  through a l i n e a r   g u i d e .  
F o r   t h i s   p a r t i c u l a r   d e s i g n ,  a p i t ch   o f  0.254 cm (0 .1   inch)  i s  used. 
Thus, f o r  each s t e p  of  t he   mo to r ,   t he   l i nea r  movement i s  0.00127 cm 
(0.0005  inch) ,   wi th  a corresponding  angular  motion o f  0.002865 
degree.  T h e  choice of t h e  ACME threaded  system  over a b a l l  Screw 
system i s  based on; i )   L i g h t e r   w e i g h t ;   i i )  Less volume  and i i i )  
s i m p l i c i t y   i n   d e s i g n .  

c .   Se l f - a l ign ing   p ivo t s  a t  t h e   r e f l e c t o r   i n t e r f a c e  and   the   s t ruc ture  
i n t e r f a c e  are provided to a l low  ro ta ry   mot ion .   Spher ica l   bear ings   a re  
used   fo r   t h i s   pu rpose .  

d .   Pos i t ion   Ind ica t ion :  The approximate   pos i t ion   o f   the   re f lec tor  i s  fed  
back   to   t e lemet ry  by means of   the  vol tage  readout   of  a l i n e a r   p o t e n t i o -  
meter. Th i s   po ten t iome te r   has   ve ry   h igh   r e so lu t ion   w i th   t he   l i nea r i ty  
being + 0.35%. It i s  designed  and  fabr icated by Vernirech,  a d i v i s i o n  
of   Verni t ron  Corporat ion.  
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e. 

f. 

Lubrication  Scheme:  Because of extreme  temperature  requirements, 
especially  at  the  cold  end  (-85OC  operating,  -180OC  non-operating) , 
solid  lubrication  is  used  throughout  the  actuator  and  preferred  over 
liquid  lubrication.  Molybdenum  Disulfide, MOS2, is  used. 

Materials  Selection  and  Compatibility: The materials  chosen  for  the 
actuator are based on; i) Light  weight; ii) High  strength  and 
iii) Similar  thermal  expansion  coefficients.  Titanium  Alloy, Ti-6 
AL-4VY is used  for main structure,  with 440C stainless  steel  for 
bearing  materials  and 17-4  PH stainless  steel  for  other  interfacing 
parts  with  Titanium. 

Center Pivot 

The center  pivot  external  configuration  is  shown in Figure 1. The 
center  pivot  is  a  passive  two-orthogonal-axis  gimbal.  Each  axis of move- 
ment  is  supported  by  two  spherical  bearings  which are lubricated  with 
MOS2. The usage of spherical  bearings  over  ball  bearings  and  roller 
bearings  is  because of compact  size  yet  very  high load  carrying  capability. 

QUALIFICATION  ENVIRONMENTS AND TEST PROGRAM 

Qualification  Environment 

The APM was designed  to  withstand the following  qualification  environ- 
ment s : 

a.  Barometric  Pressure:  Between  sea  level  and  1  x  torr. 

b.  Random  Vibration:  22.6  grms  in  three  orthogonal  axes,  for 4 minutes 
per  axis. 

d. Temperatures:  Operating: - 8 5 O C  to  +66OC 

Non-Operating: -180OC to  +lOO°C 

Qualification  Test  Program 

The A€" has been  qualified by  means of a qualification  test  program 
which  included  the  following  test  sequence: 
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a.  Initial  functional  test. 

b. Random  vibration - non-operating. 

c. Static  load  test - non-operating. 

d. Post  vibration  functional  test. 

e. Thermal  vacuum  test. 

f. Final  functional  test. 

The step  resolution  and  potentiometer  voltage  resolution  were  tested  in 
each  functional  test  to  detect  any  discrepancy. 

TEST  RESULTS  AND  DISCUSSION 

Typical  results on step  resolution  and  potentiometer  voltage  resolutior 
for  different  test  conditions are shown  in  Figures  3  and 4 respectively. 
The  variations o f  these  results are presented in  Tables  1  and 2. 

Step  Resolution 

The  measurement  of  step  resolution  is  from  the  actual  angle of move- 
ment  which  is  obtained  by  making  optical  measurements. The  results  show 
that  the  change of the  actual  angle  of  movement  at  different  environments 
is  by  no  more  than  3.7%. It indicates  a  well  repeated  movement of the 
APM at  different  environmental  conditions. 

Potentiometer  Voltage  Resolution 

The potentiometer  voltage  resolution  as  shown  in  Figure 4 and  Table 2 
shows  a  greater  variation  than  the  actual  step  resolution. The maximum 
variation  at  different  environments  is 13.5%. This  high  variation  is 
attributed to  the  induced  misalignment  within  the  potentiometer  due  to  the 
assembly  which  creates  non-uniform  friction  at  different  conditions.  This 
result  indicates  that  the  voltage  output  per  step  should  be  used  as a 
guide  and  approximation  only.  For  precise  usage  of  the  potentiometer 
voltage  output,  calibration  during  the  ground  test  is  incorporated. A 
better  indication of the  utilization of the  potentiometer is a l s o  tested 
as  hysteresis  and  repeatability  as  described  below  in  the  other  test 
results. 
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O t h e r   T e s t   R e s u l t s  

Other   measurements   have  been  performed  on  the APM. A few o f   t hese  
r e s u l t s  a re  d e s c r i b e d   h e r e :  

a .  R e p e a t a b i l i t y   a n d   H y s t e r e s i s :   T h i s  tes t  i s  to   measu re   t he   ang le  
r e p e a t a b i l i t y   o f   t h e  APM u s i n g   t h e   p o t e n t i o m e t e r   v o l t a g e  as r e f e r e n c e .  
The a c t u a t o r  i s  i n i t i a l l y  s e t  a t  n o m i n a l   l o c a t i o n   w i t h   t h e   v o l t a g e  
and   ang le  as a r e f e r e n c e .  The a c t u a t o r  i s  t h e n  moved the   whole  
o p e r a t i n g   r a n g e   i n   a n  upward o r  downward d i r e c t i o n   a n d   r e t u r n e d   t o  
t h e   o r i g i n a l   v o l t a g e   r e a d i n g .  The a c t u a l   a n g l e  i s  measured  and 
compared t o   t h e   r e f e r e n c e   a n g l e   w i t h   t h e   a n g l e   d i f f e r e n c e   b e i n g  
r e p e a t a b i l i t y   a n d   h y s t e r e s i s .   T h e  maximum d e v i a t i o n   h a s   b e e n   f o u n d   t o  
b e   w i t h i n  1 .5  arc  minutes .  

b.   Backlash:  This  measurement i s  t o   f i n d   t h e   i n h e r e n t   b a c k l a s h   o f   t h e  
APM when r e v e r s i n g   t h e   d i r e c t i o n   o f  movement.  The maximum has   been  
found t o  b e  1 . 7  arc minutes .  

c .  Motor  Redundant  Operation:  Motor  redundant  operation  has  been 
p e r f o r m e d   s a t i s f a c t o r i l y   u n d e r   d i f f e r e n t   e n v i r o n m e n t a l   c o n d i t i o n s .  

d .   Weight :   Weight   of   the  APM i s  measured t o   b e  3.45  Kilograms. 

PROSLEMS AND RESOLUTIONS 

I n   t h e   c o u r s e  of  t e s t i n g ,  two major   p roblems  sur faced   which   requi red  
some redes ign   o f   t he   ac tua to r   and   po ten t iome te r .   These   p rob lems   and   t he i r  
r e s o l u t i o n s   a r e   d e s c r i b e d   b e l o w .  

Jamming  Problem 

A f t e r   v i b r a t i o n ,   t h e   l i n e a r   a c t u a t o r  was found   t o   be   s tuck   a t   one  
p a r t i c u l a r   l o c a t i o n   i n   t h e   l i n e a r   r a n g e   w h i c h  w a s  away f r o m   t h e   p o s i t i o n  
d u r i n g   v i b r a t i o n .   A f t e r   e x t e n s i v e   e v a l u a t i o n ,   t h e   c a u s e s  of  the   p roblem 
were de termined   to   be :  

a .  The s u r f a c e   f i n i s h  a t  t h e   r u b b i n g   i n t e r f a c e   b e t w e e n   t h e  power n u t  
a n d   l i n e a r   g u i d e  was not  smooth  enough. 
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b. The l u b r i c a t i o n   f i l m  w a s  t oo   t h in .  

c. The  rubbing  interface  between  the power nut   and   l inear   gu ide  w a s  used 
bo th   t o   cons t r a in   l i nea r   mo t ion   and   p rov ide  dynamic load   car ry ing  
c a p a b i l i t y .  

d.  The material f o r  power nu t   and   l i nea r   gu ide  was t h e  same (Ti-6 A L - 4 V ) .  
Thus, when t h e   l u b r i c a t i o n   f i l m   b r e a k s  down, g a l l i n g   a c t i o n  i s  
introduced  and jamming ac t ion   occu r s .  

The r e so lu t ions   o f   t h i s   p rob lem were: 

a.  Create a ve ry  smooth su r face   f i n i sh   fo r   t he   i n t e r f ace   be tween   t he  
power nut  and  guide. 

b.  Apply a much t h i c k e r   l u b r i c a t i o n   f i l m  a t  t h e   i n t e r f a c e .  

c .   Separa te   the   load   car ry ing   func t ion  from the  moving i n t e r f a c e  by 
c r e a t i n g  a new l o a d   c a r r y i n g   i n t e r f a c e .  

d. Change t h e  material o f   t h e   g u i d e   t o   s t a i n l e s s  s t ee l  so  tha t   any  
p o t e n t i a l   g a l l i n g   e f f e c t  i s  minimized. 

With the   i nco rpora t ion  of the  above  changes,   the A P M  has   success fu l ly  
pas sed   t he   qua l i f i ca t ion  t e s t .  

Po Lent iometer  Problem 

Af te r   v ib ra t ion ,   t he   po ten t iome te r   i nd ica t ed   an   open   c i r cu i t  a t  t h e  
v ibra ted   loca t ion   even   though  the   ac tua l  movement o f   t he  APM w a s  normal when 
measured  by an   op t ica l   ins t rument .   This   p roblem  has   been   d iagnosed  as: 

a. The material o f   t h e   r e s i s t a n c e   s u b s t r a t e   w i t h i n   t h e   p o t e n t i o m e t e r  
w a s  made o f   p l a s t i c  material. 

b. This material was indented a t  t h e   r e p e a t e d   h a m e r i n g   a c t i o n  by t h e  
wipe r   du r ing   v ib ra t ion   and   open   c i r cu i t  a t  t h i s   l o c a t i o n  i s  c rea t ed .  

This   open   c i rcu i t   p roblem was s o l v e d   b y   r e p l a c i n g   t h e   p l a s t i c   s u b s t r a t e  
with  ceramic material. 

CONCLUSIONS 

The two axis   Antenna  Posi t ioner  Mechanism (AF") has   been   success fu l ly  
q u a l i f i e d   f o r   u s e   t o   p r e c i s e l y   p o s i t i o n   t h e   s p o t  beam r e f l e c t o r s  on t h e  
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Intelsat-V series  communication  satellite. 

The APM has been tested  und-er  extreme  dynamic  and  environmental 
conditions  and  the  results  indicate  good  correlation  between  the  actual 
data  and  the design  analyses. 

The APM has been designed  and  developed for this  particular  applica- 
tion. However, this A€" can be used for other  applications as well, such 
as one axis motion. Higher and  lower  step  resolution can be obtained 
by  adjusting  the  corresponding  distance.  With  the  same  design,  the 
measurement  accuracy  can be increased  by  tightening  controls on the 
tolerances of the  parts. 
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TA3LE  1 - VARIATION IN STEP  RESOLUTION 

Description 

5.3% Maximum  variation  in  same  functional  test. 

' Variatior 

Maximum  variation  in  the  same  location. 3.7% 

IMaximum  variation  from  theoretical  value. I +1.7% 

I I -3.6% 

TABLE 2 - VARIATION  IN  POTENTIOMETER  VOLTAGE  RESOLUTION 

Description 

17.7% Maximum  variation  in  same  functional  test. 

Variation 

Maximum  variation  in  the  same  location. 13.5% 1 
IMaximum  variation  from  theoretical  value. I +11.3% I 

I 
I -11% 1 



Linea r   ac tua to r  #1 L i n e a r   a c t u a t o r  # 2  

Figure  1.- Two-axis an tenna   pos i t i one r  mechanism. 

ACTUATOR 
LINEAR 

NO. 1 

Figure  2.- APM schematic  arrangement.  
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THE MFXHANISMS O F  THE SAMs EXPERIMENT FLOWN ON NIMBUS 7 

WITH PARTICULAR  REFERENCE TO THE 2 AXIS  SCANNING MIRROR 

H. Hadley 
Rutherford  and  Appleton  Laboratories 

Science  Research  Council U.K. 

SUMMARY 

The S t r a t o s p h e r i c  and  Mesospheric  Sounder (SAMs) experiment  on Nimbus 7 
which w a s  launched  in   October   1978  includes a 2 axis scanning  mirror  and 7 
pressure  modulator  cells .  The SAMs experiment is  a limb  sounding  instrument 
t o  measure  the  temperature   prof i le  and  minor c o n s t i t u e n t s  of the  atmosphere.  
The l imb  scan  requires  small mi r ro r   s t eps   ove r  a 30 r ange ,   wh i l e   t he   s can   i n  
azimuth is i n   l a r g e r   s t e p s   o v e r  a 150  range. The mi r ro r  i s  p lane ,  20 c m  i n  
diameter ,  and  of zero  expansion  glass-ceramic.  It  is  supported on two tilt  
t a b l e s ,   f i t t e d  one on the   o ther ,   wi th   the   axes  a t  r i g h t   a n g l e s .  The angle  
of t i l t  i s  ad jus ted  by  means of r e c i r c u l a t i n g   b a l l  screws which are ion  
p l a t e d   w i t h   l e a d   f o r   l u b r i c a t i o n  and dr iven  by s tepper   motors .  

The s e v e n   g a s   f i l l e d  ce l l s  are each  pressure  modulated by a 3 cm diameter ,  
0.3 c m  s t r o k e   p i s t o n  which is  'supported by  diaphragm  springs and d r iven  
e lec t romagnet ica l ly  a t  the  system's   mechanical   resonant   f requency.  The mean 
p r e s s u r e   o f   t h e   f i l l i n g   g a s ,  which is the   a tmospher ic   cons t i tuent   be ing  meas- 
ured,  is changed  by varying  the  temperature  of a su i t ab le   mo lecu la r   s i eve .  

INTRODUCTION 

This   paper   descr ibes   the mechanisms  of an   in f ra red   rad iometer   ca l led   the  
S t r a t o s p h e r i c  and  Mesospheric  Sounder (SAMs), which is f l y i n g   i n  Nimbus 7 and 
which w a s  devised by the  Department of Atmospheric  Physics - Oxford Un ive r s i ty  
under  Professor J. T .  Houghton. It is a development  from t h e  Nimbus 6 Pressu re  
Modulated  Radiometer  which is d e s c r i b e d   i n  a companion paper  (Ref. 1). The 
Rutherford  Laboratory of the  Science  Research  Council   provided  the  engineering 
des ign ,   t he  mechanisms  and t h e  management f o r   t h i s   p r o j e c t .  The sensor  
housing and e l e c t r o n i c s   u n i t  w a s  made by Br i t i sh   Aerospace  (Dynamics  Group). 

The pressure  modulator   technique,  more c o r r e c t l y   c a l l e d   g a s   c o r r e l a t i o n  
s p e c t r o s c o p y ,   u s e s   c e l l s   f i l l e d   w i t h  CO2 for  the  temperature  measurement,  
based upon t h e  known d i s t r i b u t i o n  of CO2 in   the   a tmosphere .  With the  temper- 
a t u r e   a c c u r a t e l y  known, o t h e r  cells f i l l ed   w i th   gases   wh ich  are c o n s t i t u e n t s  
of the  atmosphere and s tab le   under   p ressure   modula t ion  w i l l  provide a s i g n a l  
which is r e l a t e d   t o   t h e i r   p r e s e n c e   i n   t h e   a t m o s p h e r e .   T h i s   l e a d s   t h e  way t o  
a fu r the r   f ami ly  of  instruments  to  measure  the  ozone  chemistry of t h e  atmos- 
phere,  water vapour ,   methane  and  var ious  pol lutants   such as carbon  monoxide. 
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To ob ta in   t he   h ighes t   r e so lu t ion ,   t he   sound ing   i n s t rumen t   shou ld   l ook  
through  the   l imb  of   the   a tmosphere   to   deep   space ,  (i .e.,  p a r a l l e l   t o   t h e  
horizon)  so  t h a t   t h e   p a t h   l e n g t h  is very  long  and  the s l ice  th ickness   be ing  
observed i s  as t h i n  as poss ib l e .  The SAMs i n s t rumen t   does   t h i s  and has  7 
pressure  modulator cel ls  f i l l e d   w i t h  6 d i f f e r e n t   c o n s t i t u e n t s .   ( S e e   F i g .  1 
and  Ref. 2) .  

THE SAMs SCANNING REQUIREMENT 

To scan  the  l imb  of  the  atmosphere  from a satel l i te  a t  a height  of  1000 
km, a pa th   l ength   o f  3700 km t o   t h e   t a n g e n t  i s  requi red .  A 10  km sl ice  of 
the  a tmosphere  requires  a f i e l d  of  view  of  0.16O,  which i s  extended  by a f a c t o r  
of 10   i n   az imuth .  The l imb  scan  s tep i s  h a l f   t h i s ,   r e q u i r i n g  a movement of t h e  
mi r ro r  of 0.04O. I n   t o t a l ,  a movement of 1.5O is  required  for   complete   cover  
of the  a tmosphere,   including a view t o   s p a c e   f o r   c a l i b r a t i o n   p u r p o s e s .   T h i s  
movement i s  doubled t o   a l l o w   f o r   u n c e r t a i n t i e s   i n   t h e   o r b i t  and a t t i t u d e  
achieved. 

The limb  scan  must  be  normal t o  t h e   d i r e c t i o n   o f   f l i g h t  and t h e r e f o r e  is  
g r e a t l y   a f f e c t e d   b y   t h e   r o l l   e r r o r  and t h e   r o l l  rate of t h e   s p a c e c r a f t .  The 
e r r o r  is  l i k e l y   t o   b e  more than 3 times t h e   s t e p   s i z e   s p e c i f i e d .  However, 
p r o v i d e d   t h e   r o l l  rate is  s low  enough,   the   exper iment   i t se l f ,   us ing  i t s  CO2 
reference   channel ,  is  a b l e   t o  measure  the  tangent  height  of i ts f i e l d  of  view 
t o  an  accuracy  of  0.1 km over   the  range 43 - 47 km, and is s u f f i c i e n t l y  
accu ra t e  down t o  30 km. I f   t h e   s c a n  is who l ly   ou t s ide   t h i s   r ange   t hen   t he  
r o l l  rate determines how o f t e n   t h e   m i r r o r  is moved w i t h i n   t h i s   r a n g e  and i ts  
p o s i t i o n  measured i n   o r d e r   t o  make a check. 

The s c a n   i n   t h e   a z i m u t h   d i r e c t i o n  i s  a doppler  scan  and image  motion 
compensation of ? 15O, r equ i r ing  a mirror  motion  of 2 7.5O over a per iod  of 
250 seconds.  This  motion  must  be  very  smooth  and  continuous  or i n   s t e p s  
a t  2 second  in te rva ls   be tween  s igna l   in tegra t ions ,   which  makes t h e  mechanism 
similar t o   t h a t  of the  l imb  scan  system. The s t e p  ra te  requi red  is  thus  125 
s t eps ,   t o t a l l i ng   150   ( i . e . ,   O . lZO/s t ep   w i th  a f lyback  rate t h e   f a s t e s t   p o s s i b l e ) .  
When no doppler   scan i s  commanded, only  complete  scans are r equ i r ed   w i th   t he  
mi r ro r   f ac ing   t he   ha l f  way o r   z e r o   p o s i t i o n .  

The SAMs Scanning  Mirror 

The scanning  mirror  i s  a "Zerodur"   (s imilar   to  CER-VIT) glass-ceramic 
p lane   mir ror  20 cm i n   d i a m e t e r ,  1.5 c m  t h i c k  a t  i t s  suppor t   r i ng  and hollowed 
out  a t  i ts  rear f a c e   t o  weigh  only 450 gm. The f l a t n e s s   t o l e r a n c e   r e q u i r e -  
ment  of 2 f r i n g e s  (Na) pe r  cm is  n o t   d i f f i c u l t   t o   a c h i e v e .  The support  
arrangement is  3 s e c t o r s  of i nva r .  Each i s  b o l t e d   w i t h  3 screws and s i l i c o n e  
rubbe r   bushes   t o   t he   i n s ide  of t he   mi r ro r   suppor t   r i ng  and then  moulded i n  
p l a c e   w i t h   s i l i c o n e   r u b b e r ,   f i l l i n g   t h e  0.05 c m  gap l e f t   f o r   t h i s   p u r p o s e .  
The i n v a r   s e c t o r s   c a r r y  3 r a d i a l   t i t a n i u m   p i n s  (1200 spacing) ,   each  burnished 
wi th  MoS2 and  clamped t o  a t h i c k  aluminium  tube f i t t e d   w i t h  a small c learance  
i n s i d e   t h e   i n v a r   s e c t o r s ,   t h u s   f o r m i n g  a kinematic  mount. The cur ing  of t h e  
s i l i c o n e   r u b b e r   d i s t o r t s   t h e   f l a t n e s s  by  one o r  two f r i n g e s   p e r  cm b u t   t h e  
f i n a l  assembly  can  be  repolished  before  gold  coating  without any d i f f i c u l t y .  
The complete  mirror  weighs 600 gm. 
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. .  
Scanning  Mirror Mechanism 

The two axis mi r ro r  mechanism cons is t s   o f  two t i l t i n g   t a b l e s ,  one 
mounted  on  top  of  the  other,  with  the main p i v o t s  a t  r i g h t   a n g l e s   t o   e a c h  
o t h e r  as shown in  f i g u r e s  2 and 3. The mir ror  carrier is an inve r t ed  
t r i angu la r   f r ame ,   t op  hung  from two p i v o t s  a t  t h e   c o r n e r s  and a j a c k  
screw a t  the  lower  apex. The s t a t i o n a r y   n u t  of t h e   j a c k  screw is  f l e x i b l y  
coup led   t o   t he  carrier and t h e  screw is d r iven  by a s tepper   motor ,  moving 
the   nu t   a long   t he  screw and a d j u s t i n g   t h e  tilt angle.  The dr iving  motor  i s  
connec ted   t o   t he  screw v ia  a s i n g l e  dog  and is  thus  readily  removable.  The 
motor i s  supported by p i v o t s   t o  an intermediate   f rame  which  a lso  supports   the 
o t h e r   h a l f  of t he   t op  hung pivots  mentioned  above. The limb  scan moving 
assembly  weighs  1.7  kg. 

The intermediate  frame,  which is t h e   t o p  of the  second tilt  t a b l e ,  is sup- 
por ted  by t runnions   on   one   s ide ,   wi th   the   t runnion   base   f ixed   to   the   rad iometer  
housing. The o t h e r   s i d e  of t h e  frame  supports  the  nut  of  the  second  jack 
screw,   while   the  dr iving  motor  is  suppor ted   f rom  the   s t ruc ture   in  a similar 
manner t o   t h a t  of the  l imb  scan,  thus  providing  the  azimuth  or  doppler  scan. 
The weight of t h i s  moving assembly i s  3.4  kg. 

A l l  the   p ivots   used  are Bendix  Flexural   Pivots   Cant i lever   Ser ies   (crossed-  
l e a f   s p r i n g   f l e x i - p i v o t s ) ,   w i t h   t h e   t o p  hung  and t runnion  pivots   being  1 .59 c m  
(5 /8   i n . )   d i a . ,  100-kg zero   def lec t ion   load   un i t s .   For   the   l imb  scan   loads  
and d e f l e c t i o n s  , these   un i t s   have  a l i f e  of over  107  cycles and for   the   az imuth  
scan  loads,   2 .5  x l o 5  cycles,   which is  many yea r s  a t  the  duty  cycle   envisaged.  
The sp r ing  rate f o r   t h e   p a i r  i s  3 Nm/radian. The motor   support   p ivots  are 1.27 cm 
(1 /2   i n . )   d i a . ,  64-kg zero   def lec t ion   load   wi th   1 .5   Nm/radian /pa i r .  The nut  
p i v o t s  are 1.27 c m  d i a .  6.4-kg zero   def lec t ion   load   wi th   0 .2   Nm/radian /pa i r .  
The l a t te r  were o r i g i n a l l y   s p e c i f i e d   t o   b e   t h e  same type  as the   motor   p ivots ,  
b u t  a t  t h e  maximum az imuth   angle   the   twis t ing   load  on t h e   n u t  w a s  s u f f i c i e n t  
t o   back   d r ive   t he   j ack  screw aga ins t   t he   de t en t   t o rque  of the  motor. The 
small load   capac i ty  of t h e   n u t   p i v o t s  i s  no t  a problem  s ince  loads  greater  
than  10  kg  or so w i l l  cause  the  motor   to   back  dr ive.  A l l  t he  1 . 2 7  cm p i v o t s  
were mounted in   bushes   a r ranged  so t h a t   r a d i a l   m o t i o n  w a s  l i m i t e d   t o   0 . 0 1  cm. 
The main  1.59 cm d i a .   p i v o t s  were clamped a t  one  end wi th  a key a t  t h e   o t h e r  
end  and burnished  with MoS2, which  allowed axial motion  with a PTFE t h r u s t  
washer  between  the two housings.  The  key-ways were spark   e roded   in to   the  
t h i c k e r  w a l l s  of t he   f l ex i -p ivo t .   Th i s   des ign  relieves t h e   p i v o t s  of a l l  
axial loadings  which would cause   t he   sp r ing   l eaves   t o   buck le .   In   add i t ion ,  
pegs   ad jacen t   t o   t he   j ack  screws e n t e r   s l o t s   w i t h   c l e a r a n c e s  of 0.03 cm a t  
the   pos i t ion   chosen   for   the   l aunch   conf igura t ion .  The p i v o t s  are assembled 
s o  t h a t   t h e i r   z e r o   d e f l e c t i o n   p o s i t i o n   o c c u r s  a t  t h i s   l a u n c h   p o s i t i o n ,  which 
is about 40% of maximum t r a v e l .   V i b r a t i o n   t e s t i n g   f o r  a l l  pro to type  
mechanisms w a s  20 g s i n e  wave and 13.4 g r m s  random  (0.09g  /Hz), w i t h   t h e   s i n e  
wave level  reduced  to  6.7 g f o r   t h e   c o m p l e t e   f l i g h t   s e n s o r   u n i t   b u t   w i t h   t h e  
same random e x c i t a t i o n  level. 

2 

Mirror  Mechanism - Jack  Screw  and  Nut 

The l imb  scan  step  of 0.04O us ing   the   longes t  lever arm p o s s i b l e   r e s u l t e d  
i n  a s t ep   s i ze   o f . abou t   0 .15  mm s o  t h a t  8 s t e p s  from a 45O stepper  motor would 
g ive  a p i t c h  of 1.25 mm (o r  0.05 i n ) .  Ball screws are a v a i l a b l e   f o r   t h e s e  



pitch  dimensions,   and  a lso  s tandard screw t h r e a d s   p r o v i d e   t h i s   p i t c h   i f   n u t s  
o f   s e l f   l u b r i c a t i n g  materials are used. 

Tests were c a r r i e d   o u t  on a b a l l  screw w i t h   t h e  screw s h a f t  and nu t  
burnished  with MoS2, b u t   t h i s  w a s  n o t   s a t i s f a c t o r y .  An ESRO repor t   t hen  
ava i lab le   conf i rmed  tha t  i t  could  not  meet t h e   l i f e t i m e   r e q u i r e d   , ( r e f e r e n c e  3 ) .  
A number  of s e l f   l u b r i c a t i n g   p l a s t i c  materials were t e s t e d  and t h e   b e s t  
r e s u l t s  and the   lowes t   to rque  were obtained  using PB03 loaded  with  47.5% PTFE 
by weight  and  2.5% MoS2 by  weight.   This material a v a i l a b l e  from  Yorkshire 
Chemicals is a loaded  aromatic  polybenzoxazole.   This would  work as a second 
choice  using two ha l f   nu ts ,   spr ing   loaded ,   wi th   due   a l lowance   for  wear and 
thermal  expansion compared t o   s t a i n l e s s  steel. 

The so lu t ion   adopted  w a s  t o   u se   1 .25  m p i t c h   b a l l   s c r e w s   ( t y p e  ED5131 
V501 from RMB Switzerland),   which  use two h a l f   n u t s   i n  a housing,   each  with 1% 
t r a c k s  of 1 mm s t a i n l e s s  steel  b a l l s  (440  C).  The h a l f   n u t s  are machined  from 
beryll ium  copper  (hardness  Rockwell  C39-44) s ince   they   cannot   have   the i r  
tracks  ground. Each ha l f   can   be   ro t a t ed  and   locked   aga ins t   the   o ther   to  
r educe   back la sh   t o  a spec i f i ed   va lue .  The s h a f t  i s  s t a i n l e s s  steel  (440)  and 
is l e a d   c o a t e d   t o   p r o v i d e   l o n g   l i f e   l u b r i c a t i o n .  The disadvantage  of   lead 
coa t ing  is t h a t  a l l  t e s t i n g  must  be  done e i t h e r   i n  vacuum or   wi th  a d ry  
n i t r o g e n   p u r g e ,   s i n c e   i n  a i r  oxidat ion  occurs .   For   each axis of the   scanning  
mi r ro r  a cumulative maximum t o t a l  of 1 hour   u se   i n  a i r  f o r   s e t t i n g  up  and 
adjustment  checks w a s  allowed. 

Lead l u b r i c a t i o n  of b a l l  races fo r   space   u se  is  w e l l  e s t a b l i s h e d   u s i n g  
e l e c t r o p l a t i n g   o r  vacuum deposi t ion  of   lead  onto  the  raceways  ( ref .  4 )  so ESTL 
(European  Space  Tribology  Laboratory) w a s  asked i f   t h e y   c o u l d   a p p l y   t h e i r   i o n  
p l a t i n g   t e c h n i q u e   t o   t h e   b a l l  screw t o   g i v e  a coa t ing  of l e a d   0 . 3   t o  0.6 urn 
t h i c k   t o   t h e  screw thread.  We were cons ider ing   coa t ing   the   nu t  as w e l l  as t h e  
screw, b u t   t h e   n u t  material (Berylco 33-25) i s  a good bear ing  material. Also 
r e f e r e n c e   t o  some other  development work then   be ing   comple ted   in   the  UK ( r e f .  
5)  showed t h a t   t h e   t o r q u e  is increased  by about a f a c t o r  of two wi th   t he   nu t  
and screw p l a t e d  compared wi th   t he  screw only.  

The i o n   p l a t i n g   p r o c e s s  a t  ESTL R i s l e y   u s e s   o i l   f r e e  vacuum pumps and 
g ives  a f i n a l   c l e a n   t o   t h e  screw by ion  bombardment f o r  a period  of 30  mins 
fol lowed  by  lead  evaporat ion  for  1 minute. The throwing power  of t h e  method 
is h igh   because   the   p la t ing  is  done a t  a p res su re  of  -1Pa(-7.6pm Hg) of argon. 
With t h e  screw i n  a h o r i z o n t a l   p o s i t i o n   u n d e r   t h e   e l e c t r o d e ,  i t  w a s  found 
t h a t   d u e   t o   g a s   s c a t t e r i n g   t h e   t h i c k n e s s  limits spec i f ied   could   be   ach ieved  
wi thou t   t he   necess i ty  of r o t a t i n g   t h e  screw i n t o  a second  180°  position. 
Dummy s h a f t s  were c o a t e d   t o   e s t a b l i s h   t h e  optimum i o n   c u r r e n t ,  times and 
acce lera t ing   po ten t ia l ,   whi le   e lec t ron   probe   ana lys i s   p rovided   the   th ickness  
measurements. I f   t h e   d e s i g n  had  been a b l e   t o   a l l o w  a 1 . 5  c m  l eng th  of  screw 
which was no t   t r ave l l ed   by   t he   nu t  when i n   s e r v i c e ,  it would  have  been  possible 
t o   c o a t  an  assembled b a l l  screw u n i t   w i t h   t h e   n u t  moved t o   t h e  unused p o r t i o n  
and  masked o f f .   I n   o u r  case t h e   s h a f t  and nu t  had t o   b e   r e t u r n e d   t o  RMB i n  
Switzer land  for   reassembly.  

Af t e r   r ea s sembly   t he   ba l l  screws f e l t  lumpy,  rough  and ' g r i t t y '   w i t h   p e a k  
to rque   f i gu res  of  2.8 mNm (28 gcrn) and minimum f igures   o f   0 .2  mNm (2  gcrn). 
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Afte r   runn ing   i n  a i r  s l o w l y   f o r  10 complete travels of t h e   n u t  up  and down t h e  
screw in   an   un loaded   condi t ion ,   the   to rques  were reduced to   an   ave rage  of less 
than  0.4 Nm ( 4  gcm) with  peaks  reduced  by a t  least 2 bu t   w i th  little d i f f e r -  
ence   i n   t he   ac tua l   ' f ee l '   o f   t he   a s sembl i e s .  S.ome b lack  powder (no  doubt   lead 
and lead  oxide)   could  then  be  seen on t h e  screw. A l l  work w a s  done  under Class 
100  c lean   condi t ions ;  and i t  is a f a u l t  i n  the   des ign  that space   d id   no t   a l low 
t h e   b a l l  screws t o  o p e r a t e   i n s i d e  of be l lows   o r   t e l e scop ic   t ubes   s ince  i t  is  
a p r ime   des ign   r equ ' i r emen t   t o   p ro t ec t   t he   ba l l  screw from  external  contaminat-  
ion  and  from wear debr i s   f rom  the   bear ing   assembl ies .   Unfor tuna te ly   one   un i t  
w a s  damaged a f t e r   i n i t i a l   u s e  by being jammed by a sliver of 'So l i thane '  com- 
pound used   t o   l ock  access panel  screws, and t h e   u n i t   a l l o c a t e d   t o  a l i f e  test 
program w a s  i n s t a l l e d   i n  i ts p lace .  

These   ba l l  screws can  be  suppl ied  with  backlash as l i t t l e  as 2 pm. For 
the   above   use   the   backlash   spec i f ied  w a s  10  pm s ince   t he   sp r ing   l oad ing  of t h e  
main f lexi-pivots   over   the  l imb  scan  range,   where i t  mat te red ,  w a s  a l l  i n   o n e  
d i r e c t i o n   t o   t a k e  up   any   c learance .   This   p rovided   repea tab i l i ty   o f   each   s tep  
pos i t i on .  The 3' l imb  scan movement r e q u i r e d   f r o m   t h i s   b a l l  screw w a s  extended 
by a f u r t h e r  2O so t h a t  a quas i -ve r t i ca l   ea r th   v i ew  pos i t i on   ( ac tua l ly  700 t o  
t h e   l o c a l   e a r t h   v e r t i c a l )   c o u l d   b e   s e l e c t e d .   T h i s  is a s i n g l e  commanded 
p o s i t i o n  and  no  scanning i s  r e q u i r e d   o v e r   t h i s   a d d i t i o n a l  movement. 

Stepper  Motor 

The requi rement   for   the   s tepper   motor  is: 45O pe r   s t ep ;   runn ing   t o rque  a t  
40 steps  per  second  0.085 Nm (1.2 oz i n )  min; s t a l l  torque  0.127 Nm (1.8 oz i n )  
min; zero  input  detent  torque  from  permanent magnet r o t o r  a t  least  0.02Nm 
(0.3 oz i n )   t o  resist f l ex i -p ivo t   l oads   p lus   no rma l   g rav i ty   l oads   du r ing  a l l  
test  o r i e n t a t i o n s .  The r o t o r   i n e r t i a   p l u s   t h e   b a l l  screw i n e r t i a  i s  t h e  
major component  of t he   acce le ra t ing   t o rque ,  and  motors are a v a i l a b l e   w i t h   r o t o r  
i n e r t i a s  of less than   1 .2  gm cm2.  The  above r a t i n g s  are based  upon a 24 v o l t  
4 phase  system. The mi r ro r  must b e   a b l e   t o   s t e p  a t  least  4 l imb   s t eps   ( i . e . ,  
ha l f  a r ev  of the   sc rew)   in   175  m s  i n c l u d i n g   s e t t l i n g  t i m e .  

Two motors m e t  these  requirements  and were t e s t e d ,   b u t   t h e  more e f f i c i e n t  
motor of t h e  two (65  ohms/phase compared t o  30 ohms/phase)  had a d i f f e rence   o f  
about 3 O  between  the  energised and the   non-energ ised   de ten t   pos i t ions ,   and   th i s  
movement occurred a t  t h e  end  of t h e  1 7 5  m s  per iod .  The other  motor w a s  there-  
f o r e  used (IMC 011-869)  and , suppl ied   wi th  'BarTemp' bea r ings  and s p r i n g  wash- 
ers t o   p r o v i d e  some preload and d i f f e r e n t i a l   e x p a n s i o n   t a k e  up. No axial load 
is c a r r i e d  by the  motor  because of t he   d r iv ing   dogs   coup l ing   t he   sha f t   t o   t he  
screw.  Thrust of t h e  screw i s  ca r r i ed   by  a preloaded  duplex 'BarTemp' 
bear ing  a t  the  motor  end  of  the screw. 

Mir ror   Pos i t ion   Cont ro l  

The p o s i t i o n  of t h e   m i r r o r  is  monitored  in   each axis by  means of a l i n e a r  
v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r  (LVDT) coupled  a longside  each  bal l   screw.  
The maximum and minimum limits of travel are cont ro l led   by   op to t ransducers  
wi th   mechanica l   s tops   ou ts ide   these  l i m i t s .  The limb LVDT is connected  to  a 
14   b i t   t r i p l e - s lope   i n t eg ra t ion   t ype   ana logue - to -d ig i t a l   conve r t e r   and ,  when 
co r rec t ed   aga ins t   t he  LVDT'S t empera tu re   coe f f i c i en t ,   g ives  a sys tem  reso lu t ion  
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of 7 x r ad ians  (1.5 arc s e c s )   i n   m i r r o r   p o s i t i o n  (i.e.,  1/100th  of a 

sk'z);adians ( 1  arc min)  independent of tempera ture   over   the   range  10 t o  
20oc. 

The azimuth LVDT is a s imple r   sys t em  to   g ive  a r e s o l u t i o n  of 2 .5  x 

The scan is c o n t r o l l e d   i n   e a c h  axis by stored  programs  which  can  be 
loaded   i n to  a memory by  ground c o n t r o l ,  and a back-up mode a l lows   the  
mechanism t o   r e s p o n d   t o   s i n g l e   s t e p   r e l a y  commands. The  program i n s t r u c t i o n s  
are converted fo " s t ep  and settle" pu l ses   t o   t he   s t eppe r   mo to r s   unde r   con t ro l  
of c lock   s igna l s ,  and the  l imb  motion  can  be set t o  any   pos i t i on   w i th in   t he  
3O range   or  down t o   t h e   e a r t h  view op to -con t ro l l ed   s top .   Pe r iod ica l ly  
( u s u a l l y   t e n  times p e r   o r b i t ) ,   t h e   m i r r o r  i s  d r i v e n   t o   t h e   o t h e r  end  of t h e  
scan   fo r  a s p a c e   c a l i b r a t i o n  and t h e   d r i v e  is l imi ted   by   the   op t0   s top .   Should  
any s t e p s   b e   l o s t ,   t h e   c o n t r o l  w i l l  reset c o r r e c t l y   t o   t h i s   p o s i t i o n .   F u l l  
t r ave l   excur s ions  are a l so   i n t roduced   t o   even   ou t   t he   l ead   coa t ing .   Scans  
always commence a t  t h e  end  of t h e  1.8 second   s igna l   i n t eg ra t ion   pe r iod ,  and 
i f   t h e  number of s t e p s  is such   tha t   they   exceed   0 .2   seconds ,   then   the   da ta  
from t h e   n e x t   p e r i o d ( s )  is ignored. The b lock   d iagram  for   these   cont ro ls  i s  
shown i n   f i g u r e  4 which is a schematic  of  the  complete  radiometer.  

PRESSURE  MODULATED CELLS 

The SAMs rad iometer   incorpora ted  7 p r e s s u r e   m o d u l a t o r   c e l l s   f i l l e d   w i t h  
6 d i f f e r e n t   g a s e s   o p e r a t i n g   w i t h  mean p res su res  up t o  60 mbar. The des ign  i s  
a development  of t h e  Nimbus 6 PMR u n i t s .  However, t he   h ighe r   p re s su res  demand 
a more e f f i c i e n t   d r i v e   s y s t e m ,  s o  a moving co i l   w i th   an   i n t e rna l   r i ng   pe rmanen t  
magnet no t   un l ike  a loud   speake r   d r ive   un i t  is  used.  With  the  higher  pressures,  
a smaller head path  can  be  used so  tha t   compress ion   r a t io s  of  up t o  3 are 
obta inable .  The p i s t o n s  are 3 c m  d i a   a n d  a peak  s t roke  of   0 .3  c m  i s  requi red .  
The d r i v e   s h a f t  is supported  by two beryll ium  copper  diaphragm  springs  but  the 
cons tan t  stress spr ings   used   before  do n o t   p r o v i d e   s u f f i c i e n t   r a d i a l   s t i f f n e s s  
s o  t h a t   t h e   r e d u c t i o n   i n   r a d i a l   w i d t h  is l i m i t e d   t o  a r a t i o  of 2 : l  (max. t o  
min.) and t h i s ,   w i t h  a r a d i a l  gap a t  t h e   p i s t o n  of 0.005 c m ,  a l lows   the  ce l l s  
to   ope ra t e   no rma l ly   fo r   bench   t e s t ing   w i th   t he   cy l inde r   ax i s   ho r i zon ta l .  

The pressure  modulator  assembly is shown i n   s e c t i o n   i n   f i g u r e  5. An 
e x t e n s i o n   t o   t h e   s h a f t   t h a t  carries t h e   p i s t o n  and t h e   c o i l  is  seen,  which 
carries a sof t   i ron   s lug .   This   ex tens ion   passes- in to   the   end   p la te   where  i t  
is surrounded  with a co i l   sys tem  which   cons t i tu tes  a d i f f e r e n t i a l   t r a n s f o r m e r  
p o s i t i o n   s e n s o r .   O s c i l l a t i o n  is maintained a t  constant  amplitude  and at t h e  
resonant  frequency,  which  varies  from 25 Hz ( evacua ted )   t o  50 Hz (40 mbar 
p re s su re ) ,  by a con t ro l   l oop   coup led   t o   t he   pos i t i on   s enso r .  The loop  can 
a l so   be   swi t ched   i n to  a negat ive  feedback mode t o   i n h i b i t   p i s t o n   m o t i o n   s i n c e  
up t o   t h r e e  PMCs are i n   t h e  same o p t i c a l   p a t h   t o  a s i n g l e   d e t e c t o r  and  only 
one is  measured a t  a t i m e .  The mean gas   p ressure  is  aga in   cont ro l led   by  
molecular   s ieve material  w i th   t he   t he rmos ta t   s e t t i ngs   con t ro l l ed  by the  
program con t ro l   un i t .   P i s ton   f r equency  is  used t o   m o n i t o r   c y l i n d e r   p r e s s u r e  
and i s  measured  and  telemetered t o  1 p a r t   i n  6000. The var ious   gases   used  
demanded extensive  development   to   determine  the  choice  of   adhesives  and 
materials t h a t  w i l l  no t   ou tgas ,  w i l l  not   absorb,  and w i l l  no t   cor rode   wf th  
t h e   i n d i v i d u a l   f i l l i n g   g a s .   M o l e c u l a r  sieve materials had t o   b e  found t h a t  
wi th  a volume  of a few cm3 ( 2   t o  6 gms) would g ive   t he   p re s su res   r equ i r ed  
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f o r   t h e   v a r i o u s   g a s e s   w i t h i n  a temperature  range  of 3OoC t o  100°C. F i n a l l y ,  
each  assembled PMC has   an   ex tens ive   schedule   o f   bakeout ,  vacuum pumping, l e a k  
t e s t i n g  and f i l l i n g .  

OTJ3ER COMPONENTS 

The o the r  mechanisms i n c l u d e d   i n   t h i s   r a d i o m e t e r  are a v i b r a t i n g   r e e d  
chopper   dr iven  by  redundant   pairs   of   piezo-electr ic  ceramic p l a t e s  and 
covering  10% of t h e  view. A small b lack  body t a r g e t  is swi fched   i n to   t he  
focus   o f   the   p r imary   op t ics  by m e a n s  of a 900 s tepper   motor  (IMC 008-845) 
wi th  a sp r ing  and  powered r e t u r n .  The cooler  door release l a t c h e s  are 
operated by ro t a ry   so l eno ids .  The  Sensor and e l e c t r o n i c s  module  weighs 
26 kg  and  consumes  25 w a t t s .  

CONCLUSION 

Nimbus 7 w a s  launched  on 24 October  1978 and now a f t e r   1 4  months t h e  
SAMs mechanisms are still  o p e r a t i n g   f a u l t l e s s l y .  The mi r ro r  w a s  opera ted  
only   in   the   l imb  scanning  mode f o r   t h e   f i r s t   s i x  months  and  then  the  azimuth 
scan w a s  o p e r a t e d   f o r   t h e   f i r s t  time apa r t   f rom  the   cen te r ing   ope ra t ion   a f t e r  
launch. The r e p e a t a b i l i t y  and p r e c i s i o n  of t h e   m i r r o r  movement has  exceeded 
our   expectat ions  and meets i t s  s p e c i f i c a t i o n  more than  adequately.  

The l imb  scan  has now executed  over 30 mi l l ion   s teps   mos t ly   over  a 25% 
leng th  of t h e   b a l l   s c r e w .  The use  of ion-plated  lead as a s o l i d   l u b r i c a n t  
f o r   u s e   i n   s p a c e ,   p a r t i c u l a r l y   f o r   r e c i r c u l a t i n g   b a l l  screws o r   f o r   b a l l  
r a c e s   f o r   r o t a t i o n   o v e r  s m a l l  angles ,   has   been  proved  sat isfactory  provided 
t h a t   o c c a s s i o n a l   e x c u r s i o n s   t o   t h e  maximum l i m i t s  are made t o  even  out  , the 
lead  coat ing.  

The use   o f   c rossed   spr ing   f lex i -p ivots   has   been   demonst ra ted ,   bu t   the  
design must i nco rpora t e   mechan ica l   s tops   t o  l i m i t  motion  under  launch  and 
test condi t ions .   Vibra t ion   loads  a t  launch  must   be  accurately  predicted  or  
the  chosen  pivots   must   be  very  conservat ively  ra ted,  w e l l  w i t h i n   t h e  manu- 
facturers  recommendations. The f a t i g u e   l i f e t i m e  must  be many times t h e  
experiment l i f e   r e q u i r e d .  It may be   necessa ry   t o  clamp the   p ivo t s   du r ing  
launch  or   otherwise  off   load any axial loads   f rom  the   f lex i -p ivots .  
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Figure 1.- St ra tospher ic  and  mesospheric  sounder  on Nimbus 7 .  

Figure 2.-  Scanning mirror mechanism f o r  SAMs (uncoated  and  on v i b r a t i o n   j i g ) .  
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Figure  3(a).-  Details of limb scan movement. 
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Figure 4.- Block schematic of SAMs radiometer. 
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Figure 5.- Pressure modulating  cylinder  €or SAMs. 
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