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Abs t rac t  

The need f o r  adding deployable  i n e r t i a  booms t o  t h e  San Harco D/L 
s p a c e c r a f t  developed from a c r i t i c a l  s p i n  s t a b i l i t y  and weight margin 
problem which became apparent  when t h e  f l i g h t  s p a c e c r a f t  was we l l  i n t o  t h e  
f i n a l  i n t e g r a t i o n  phase. Avai lable  o p t i o n s  reduced t o  e i t h e r  desp in  o f  t h e  
systeln followed by deployment a t  reduced speed o r  deployment a t  t h e  f i n a l  
s t a g e  s p i n  r a t e  of  approximately 115 rpm. Spinning deployment i n v o l v e s  
t r a n s i t i o n  t o  a lower energy s t a t e  which t h ?  deployment mechanism must 
accommodate. The c o n f i g u r a t i o n  d i c t a t e d  t h a t  t h e  add-on boom u n i t s  a t t a c h  
t o  e x i s t i n g  p i t c h  and yaw a x i s  i n t e r f a c e s  and fo ld  back wi thin  a 
r e s t r i c t i v e  hea t  s h i e l d  envelope. 

A s  a s i n g l e  a x i s  h inge des ign could n o t  accomnodate high-speed deployment, 
concepts where t h e  boom hinge assembly can a l s o  r o t a t e  about  t h e  s p a c e c r a f t  
r a d i a l  p i t c h  o r  yaw a x i s  were s t u d i e d  i n  depth.  Th i s  paper d e s c r i b e s  t h e  
a n a l y t i c a l  s imulat ion o f  deployment dynamics o f  t h e s e  2-axis concep t s  a s  
we l l  a s  t h e  evo lu t ion  o f  p r a c t i c a l  d e s i g n s  f o r  t h e  add-on boom u n i t s .  

With t h e  boon f r e e  t o  swing back i n  response  t o  C o r i o l i s  f o r c e s  a s  w e l l  a s  
outwards i n  response t o  c e n t r i f u g a l  f o r c e s ,  t h e  k inemat ics  o f  motion a r e  
complex bu t  admit t h e  p o s s i b i l i t y  o f  absorbing aepioyment energy i n  
f r i c t i o n a l  o r  o the r  damping d e v i c e s  about t h e  r a d i a l  a x i s ,  where l a r g e  
amplitude motions can occur and where t h e  des ign envelope a l lows  s o r e  
a v a i l a b l e  volume. 

411 accep tab le  range can be define.1 f o r  f r i c t i o n a l  damping f o r  any given 
s p i n  r a t e .  Inadequate damping a l lows  boom motions which s t r i k e  t h e  
s p a c e c r c f t ;  excess ive  damping may c a u s e  t h e  boom t o  swing o u t  and l a t c h  
with damaging violence .  The accep tab le  range is a des ign  parameter and 
must accommoddte sp in  r a t e  t o l e r a n c e  and a l s o  t h e  t o l e r a n c e  and 
i x p e a t a b i l i t y  o f  t h e  damping mechanisms. 

In t roduc t ion  

The San Marco D/L is t h e  l a t e s t  of  a s e r i e s  o f  s p a c e c r a f t  i n  an 
i n t e r n a t i o n a l  coopera t ive  program invo lv ing  NASA and t h e  I t a l i a n  Centro 
Ricerce Aerospazial? ( C R Z ) .  The s p a c e c r a f t  is to  be launched by a Scout 
rocke t  from a s i t e  o f f  t h e  e a s t  c o a s t  o f  Afr ica  wi th  t h e  primary miss ion 
being t o  s tudy t h e  e q u a t o r i a l  region upper atmosphere. The s p a c e c r a f t  is 
l a r g e r  than i ts  predecessors  and s i ~ i l a r  i n  genera l  c o n f i g u r a t i o n ,  having a 
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quasi -spher ica l  l igh twe igh t  o u t s r  s h e l l  coupled v ia  load s e n s o r s  t o  a r i g i d  
and comparatively massive c e n t r a l  body to  eva lua te  atmospheric drag.  It 
c o n t a i n s  o t h e r  s c i s n t i f i c  i n s t r u s e n t s ,  is s p i n  s t a b i l i z e d ,  and h a s  4 wire 
antennae which deploy r a d i a l l y ,  p l u s  t w o  "STEMn t y p e  antennae which extend 
along t h e  sp in  axis .  

I t  w i l l  a l s o  have dep layab le  i n e r t i a  booms which a r e  needed because of  a 
c r i t i c a l  s p i n  s t a b i l i t y  and weight margin problem which became apparen t  
when t h e  f l i g h t  s p a c e c r a f t  was well  i n t o  t h e  f i n a l  i n t e g r a t i o n  phase. The 
evo lu t ion  o f  t h i s  problem and t h e  development o f  t h e  add-on boom u n i t s  
intended t o  so lve  it a r e  t h e  s u b j e c t s  of t h i s  paper. 

A l l  San Marco s p a c e c r a f t  needed a so-called t r i a x i a l  mass ba lance  t o  
accommodate t h e  primary d r a g  balance  experiment. me mass c e n t e r s  o f  t h e  
inner  body and o u t e r  s h e l l  must both be e s s e n t i a l l y  c o i n c i d e n t  with each 
o t h e r  and wi th  t h e  geometric c e n t e r  and t h e  c e n t e r  of p r e s s u r e  o f  tile o u t e r  
s h e l l .  Also, t h e  p roduc t s  of i n e r t i a  about a l l  3 r e f e r e n c e  Pxes o f  t h e  
drag balance  experiment, and e s p e c i a l l y  about t h e  s p a c e c r a f t  s p i n  a x i s ,  
must b e  minimized. Reference 1 d i s c u s s e s  t h e  s u b j e c t  of t r i a x i a l  
b a h n c i n g .  ?pin balance  of  t h e  s p a c e c r a f t  about t h e  s p i n  a x i s  o f  t h e  f i n a l  
s t a g e  booster  is a concur ren t  requirement ,  complicated by t h e  l o g i s t i c  
sequence t h a t  t h e  s p a c e c r a f t  is balanced i n  Rome, I t a l y ,  t h e  booster  is 
balanced i n  Wallops I s l a n d ,  V i r g i n i a ,  and they  a r e  never  mated and a l i g n e d  
u n t i l  f i n a l  assembly a t  t h e  e q u a t o r i a l  launch s i t e ,  where ba lance  of t h e  
f i n a l  assembly cannot  be done. 

There is a l s o  t h e  b a s i c  s p i n  s t a b i l i t y  requirement t h a t  t h e  s p i n  a x i s  be  a 
a a j o r  p r i n c i p a l  a x i s  wi th  moment o f  i n e r t i a  g r e a t e r  than p i t c h  o r  yaw axes. 
In  t h i s  case ,  an e x t r a  i n e r t i a  r a t i o  margin was needed t o  accommodate t h e  
s p i n  a x i s  antenna ex tens ion ,  but  some o f f s e t t i n g  margin reduc t ion  r e s u l t s  
from r a d i a l  wire antenna deployment. The mission sequence is s p i n  up, 
booster  i g n i t i o n ,  burn o u t ,  s e p a r a t i o n ,  c o a s t ,  r a d i a l  boom deployment ( i n  
st.ages) and f i n a l l y  s p i n  a x i s  boom ex tens ion ,  wi th  s p i n  s t a b i l i t y  needed 
throughout t h e  sequence. 

Evolution o f  t h e  Problem 

As t h e  f l i g h t  s p a c e c r a f t  i n t e g r a t i o n  becane r e l a t i v e l y  complete,  weight aad 
moment of i n e r t i a  measurements were mado with d i s c o n c e r t i n g  r e s u l t s ,  The 
projected weight was more than expected and allowed l i t t l e  margin below 
maximum v e h i c l e  c a p a b i l i t y  f o r  t h e  planned o r b i t .  U s o ,  t h e  p ro jec ted  
moment of i n e r t i a  r a t i o  was unfavorable  and could not  be c o r r e c t e d  by 
adding mass wi thin  t h e  weight margi,, ,  o r  wi th in  t h e  o u t e r  s h e l l ,  a s  t h e  
inner  body was a densely  packed conf igura t ion .  Furthermore,  mass noment 
checks showed cons ide rab le  s t a t i c  unbalance ;bout a l l  3 axes  and dynamic 
s p i n  balance about any a x i s  had no t  y e t  been done. 

It was f e l t  on t h e  b a s i s  o f  e a r l i e r  San Marco exper ience  t h a t  up t o  4 
percent  of t o t a l  s p a c e c r a f t  weight should be budgeted f o r  t r i a x i a l  
balancing and even with an i n e r t i a l l y  f a v o r a b l e  moment of i n e r t i a  r a t i o  
t h i s  would have made t h e  weight margin very c r i t i c a l .  



Avai lable  o p t i o n s  were cons ide red ,  and, o t h e r  than  unacceptable  expedi , .~ ts  
such a s  removing experiments from t h e  s p a c s c r a f t ,  reduced t o  developing 
add- n deployable  i n e r t i a  boom u n i t s  a t t ached  t o  t h e  e x i s t i n g  p i t c h  and yaw 
a x i s  handling f i x t u r e  i n t e r f a c e s .  These 4 booms would f o l d  back w i t h i n  t h e  
r e s t r i c t i v e  h e a t  s h i e l d  envolope and might r e q u i r e  a p re l iminary  yo-yo 
despin  dev ice  i n  o r d e r  to  s u r v i v e  deployment. 

This  would c o r r e c t  t h e  i n e r  t i a  r a t t o  problem. The baldnce problem was t o  
b e  reconsidered a f t e r  making s p i n  balance  measurements about  a l l  3 axes  so 
t h a t  t h e  e x t e n t  t o  which necessa ry  c o r r e c t i o n s  could be v e c t o r t a l l y  
combined w i t h i n  t h e  o u t e r  s h e l l  envelope could be  evaluated.  

Thinking on boom d e s i g n s  r a p i d l y  po la r i zed  t o  e i t h e r  a s imple ,  s i n g l e  h inge  
a x i s  des ign which would need a yo-yo device ,  or more s o p h i s t i c a t e d  i d e a s  
with m u l t i p l e  h inge a x i s  degrees  o f  freedom, f r i c t i o n a l  energy absorb ing  
devices ,  and complex deployment dynamics which might no t  need a yo-yo or 
which would a t  l e a s t  s u r v i v e  i f  t h e  yo-yo d i d  n o t  work. It was decided t o  
proceed wi th  both  concepts  i n  p a r a l l e l  and w i t h  d e t a i l e d  des lgn o f  t h e  
"simple born," pending b e t t e r  r e s o l u t i o n  o f  t h e  a c t u a l  weight margin a f t e r  
balancing.  

a f t e r  more s p a c e c r a f t  i n t e g r a t i o n ,  r e v i s e d  weight and moment o f  i n e r t i a  
measurements and t h e  first s p i n  ba lance  measurements were performed. 
Various s t r a t e g i e s  f o r  unbalance c o r r e c t i o n  were t r i e d  wi th  due 
cons ide ra t ion  for p r a c t i c a l  l i m i t a t i o n s  on where t h e  s t r u c t u r e  allowed 
weights t o  be loca ted .  The most obvious c o r r e c t i o n  cons ide r ing  mass noment 
and product o f  i n e r t i a  components s e p a r a t e l y  and c o r r e c t i n g  by adding 
weights  a t  s t r u c t u r a l l y  convenient  l o c a t i o n s ,  needed about 9 Kg. Vector 
conbinat ion of t h e s e  compocents reduced t h e  weight r equ i red  t o  6.2 Kg a t  
t h e  expense of  more inconvenient  p o s i t i o n i n g  of  c o r r e c t i o n  weig5ts.  

Meanwhile, an a d d i t i o n a l  c o n s t r a i n t  was impmed on t h e  boom design.  It had 
been determined t h a t  t h e  degree  o f  shading t h a t  t h e  deployed booms would 
cause  t o  t h e  s o l a r  c e l l  pane l s  was acceptable .  flowever, t h e  r a d i a l  
deployed p o s i t i o n  of 2 o f  t h e  booms would v i o l a t e  t h e  requ i red  f i e l d  o f  
view o f  a major onboard experiment, and it was requ i red  t h a t  t h e  booms be  
skewed 7 degrees  i n  t h e  pitch/yaw plane.  This  could be done,  but  added 
some weight t o  t h e  boom s t r u c t u r e  due t o  t h e  need for a wedge shaped 
at tachment f l a n g e ,  and n e c e s s i t a t e d  t h e  development o f  new s p a c e c r a f t  
handling d e v i c e s  and procedures.  

The q u e s t i c n  o f  s p a c e c r a f t  handl ing l o g i s t i c s  and boom alignment m e r i t s  
d i s c u s s i o n  a s  a s e p a r a t e  bu t  r e l a t e d  problem a rea .  The San Marco is 
balanced us ing  s t u b  a r b o r s  a t t ached  to t h e  boos te r  i n t e r f a c e  and t o  a dummy 
forward i n t e r f a c e ,  f o r  t h e  s p i n  a x i s ,  o r  t o  a c c u r a t e  or thogonal  h o l e s  i n  
t h e  s t r u c t u r e  f o r  t h e  p i t c h  and yaw axes. These p i t c h  and yaw i n t e r f a c e  
h o l e s  have two o t h e r  func t ions .  They a r e  used t o  screw i n  r a d i a l  l i f t i n g  
handle b a r s  for  s p a c e c r a f t  l i f t i n g  and r o t a t i o n .  They a r e  a l s o  used t o  
a t t a c h  t h e  add-on i n e r t i a  boom u n i t s  o r  r a t h e r  t h e  at tachment f l a n g e s  f o r  
t h e  booms. 

F igure  1 shows a s e c t i o n a l  view o f  t h e  boom attachment t o  t h e  s p a c e c r a f t .  
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Figure 1. Boom Attachment to Spacecraft 
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F i g u r e s  2, 3, and 4 show o t h e r  f e a t u r e s  of t h e  boom system. The f l a n g e  
which is t h e  a c t u a l  i n t e r f a c e  t o  t h e  s p a c e c r a f t  is wedge-shaped and skews 
t h e  boom 7 degrees .  Before t h e  f l a n g e s  a r e  i n s t a l l e d ,  t h e  r a d i a l  th readed  
h o l e s  i n  t h e  s p a c e c r a f t  s t r u c t u r a l  frame a r e  used to  a t t a c h  and a c c u r a t e l y  
a l i g n  t h e  balancing a r b o r s  and a l s o  to  i n s e r t  r a d i a l  hand les  f o r  s p a c e c r a f t  
l i f t i n g  and p i t c h  r o t a t i o n .  The boom f l a n g e s  a r e  t o  be i n s t a l l e d  and 
a l igned  a f t e r  ba lanc ing ,  but  t h e r e  is a need f o r  hand l ing  about  a l a t e r a l  
a x i s  a f t e r  t h e  boom f l a n g e s  a r e  i n s t a l l e d  and a l igned  and t h e  o r i g i n a l  
handles  cannot  be used because o f  t h e  7 degree  skew, s o  new handles  a r e  
needed, made wi th  a 7 degree  skew and to  f i t  i n t o  t h e  s o c k e t s  for t h e  boom 
hubs. The boom hubs and booms can be removed from t h e  f l a n g e  sock2 t s  and 
a r e  a l igned  and secured by angled set screws a c c e s s i b l e  through h o l e s  i n  
t h e  s p a c e c r a f t  o u t e r  s h e l l .  Thus, t h e  booms can and must b e  assembled 
and/or removed w i t h  t h e  o u t e r  s h e l l  i n  p lace  s i n c e  t h e  o u t e r  hubs a r e  
l a r g e r  than  t h e  h o l e s  i n  t h e  o u t e r  s h e l l .  

The s p a c e c r a f t  ba lancing requirements  make it necessary  t h a t  t h e  deployed 
p o s i t i o n  of t h e  booms be c o n t r o l l e d  a s  a c c u r a t e l y  a s  p o s s i b l e  and be 
r e p e a t a b l e  a f t e r  s e v e r a l  test deployments and t h e  f i n a l  f l i g h t  deployment. 
A l i m i t  o f  3 mn d e v i a t i o n  o f  boom t i p  l o c a t i o n  from nominal, i n  any 
d i r e c t i o n ,  was e s t a b l i s h e d  a s  t h e  p r a c t i c a l  l i m i t  of f e a s i b l e  manufacturing 
t o l e r a n c e  c o n t r o l  f o r  s l ender  booms almost  a meter long. A s  t h e  d e s i r e d  
c o n t r o l  of r e s i d u a l  unbalance implied no more than 1 mm t i p  l o c a t i o n  
d e v i a t i o n ,  it is necessary  t o  a c c u r a t e l y  measure and/or c o n t r o l  t h e  t i p  
al ignment t o  t h i s  l e v e l  of accuracy a s  a mass p roper ty  s t a t u s  inpu t .  Tip  
al ignment c o n t r o l  is t o  be by shims under t h e  boom at tachment  f l anges ;  
t h e r e f o r e ,  t h e  f l a n g e s  should n o t  be removed a f t e r  alignment. !3oom 
d e f l e c t i o n  due t o  g r a v i t y  is to  be considered o r  negated dur ing  boom t i p  
al ignment opera t ions .  The boom t i p  l o c a t i o n  requirements ,  a s  well a s  t h e  
need f o r  min imh boom weight,  were important  des ign  f a c t o r s  f o r  t h e  booms. 

Analys is  of Baom Deployment Dynaraics 

The c o n f i g u r a t i o n  d i c t a t e d  t h a t  t h e  i n e r t i a  booms be  fo lded  down t o  9 
degrees  p a s t  v e r t i c a l ,  skewed back 15 degrees  t o  c l e a r  t h e  s p a c e c r a f t  
umbi l i ca l  t u n n e l ,  and t h a t  t h e  deployed booms be i n  t h e  pitch-yaw p lane  b u t  
skewed 7 degrees  from r a d i a l  i n  t h e  d i r e c t i o n  of  spin .  A l l  booms were t o  
b e  0.835 m long,  with a t i p  mass t o  be  a s  r equ i red  f o r  mass p r o p e r t y  
c o n t r o l ,  b u t  n o t  expected t o  exceed 1 Kg. The pre-deployment s p i n  r a t e  
would be approximately 115 rpm without  yo-yo despin  o r  38 rpm i f  a yo-vo 
were used. In  e i t h e r  event ,  deployment would reduce t h e  s p i n  r a t e  by about  
10 pe rcen t  and impose C o r i o l i s  f o r c e s  dur ing  deploymetlt a s  well a s  h igh  
s t r e s s e s  a t  lock-in t o  deployed p o s i t i o n .  

Spinning deployment invo lves  t r a n s i t i o n  t o  a lower energy s t a t e ,  wi th  
conservat ion o f  angular  momentum, and a s  it became a p p r r e n t  t h a t  a s i n g l e  
h inge des ign could not  wi ths tand high-speed deployment,, c o n c e p t s  where t h e  
boom hinge assembly could a l s o  r o t a t e  about another  a x i s  o r thogona l  t o  t h e  
h inge a x i s  were s t u d i e d  i n  depth. Th i s  second a x i s  a s  we l l  a s  t h e  h inge 
a x i s  would have t o  be skewed 7 degrees  from t h e  s p a c e c r a f t  r a d i a l  a x i s  t o  
accommodate deployed p o s i t i o n  requirements ,  
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Figure 2. Inertia Boom Assembly 
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Figure 3 .  T i p  Mass Restraint Bracket 



Figure 4 .  Assembly for Boom Test ing 



With t h i s  second degree  o f  angular freedom, t h e  boom would be  f r e e  to  swing 
back s u b j e c t  t o  C o r i o l i s  f o r c e s  a s  we l l  a s  outward i n  response  t o  
c e n t r i f u g a l  f o r c e s .  The dynamics o f  t h e  r e s u l t i n g  boom motion d u r i n g  
deployment a r e  complex and admit t h e  p s s i b i l i t y  o f  absorbing deployment 
energy i n  f r i c t i o n a l  o r  o t h e r  damping dev ices  about t h e  axes  o f  bo th  
degrees  o f  angular  f r e e b m .  The second a x i s ,  o r thogona l  t o  t h e  h inge a x i s ,  
o f f e r e d  t h e  p o t e n t i a l  f o r  l a r g e  amplitude motion wi th  consequent h igh  
energy d i s s i p a t i o n  a s  wel l  a s  more a v a i l a b l e  volume f o r  damping d e v i c e s  
wi thin  t h e  c o c s t r a i n t s  of  t h e  des ign  envelope. 

Computer Simulat ion o f  t h e  2-Axis Boom Deployment Concept 

Computer s imula t ion  programs used t o  s tudy  high-speed San Yarco b o o m  
deployment dynamics have evolved i n  both  f i d e l i t y  and c a p a b i l i t y .  The 
unders tanding of  t h e  problem achieved v i a  t h e s e  s imula t ions  has  l e a d  t o  t h e  
2-axis boom deployment concept.  

In  o rda r  t o  avoid d e r i v i n g  and computer coding equa t ions  of  motion, t h e  
g e n e r a l  purpose computer programs N-B9D2 (Reference 2) and DISCOS 
(Reference 3 )  were u t i l i z e d .  These programs a l low t h e  s p a c e c r a f t  t o  be 
modeled a s  a c e n t r a l  r i g i d  body wi th  4 r i g i d  or f l e x i b l e  appendages. The 
programs au tomat ica l ly  s e t  up t h e  complete set of  non l inea r  e q u a t i o n s  o f  
motion t a k i n g  i n t o  account a l l  gyrodynamic i n t e r a c t i o n  e f f e c t s  wi th  no 
smal l  angle  assumptions used. Our t a s k  was t o  d e f i n e  t h e  deployment 
mechanism i n  a farm compat ib le  wi th  s imula t ion  program needs and 
l i m i t a t i o n s .  Severa l  models f o r  t h i s  mechanism were developed. Each new 
mechanism model added a degree  o f  s imula t ion  f i d e l i t y  and c a p a b i l i t y  n o t  
p rev ious ly  p resen t .  

The i n i t i a l  z-axis  boom deployment concept i n v e s t i g a t e d  c o n s i s t e d  o f  a 
c o n i c a l  plunger l a t c h  with a s t i f f  p r e s t r e s s e d  s p r j n g  a c t i n g  a s  a boom 
deployment a c t u a t o r .  It was reasoned t h a t  i f  t h e  p r e s t r e s s  l e v e l  i n  t h e  
s p r i n g  could be s e t  high enough, adverse  C o r i o l i s  e f f e c t s  could  be overcome 
and l a t c h i n g  would be achizved.  The N-BOD2 model f o r  t h i s  concept  
c o n s i s t e d  of  a c e n t r a l  r i g i d  body wi:h 4 i d e n t i c a l  p o i n t  connected r i g i d  
booms. Each boom had 2 degrees  o f  r e l a t i v e  freedom and was symmetr ica l ly  
placed i n  a p lane  normal t o  t h e  s p i n  a x i s  around t.he s p a c e c r a f t  pe r imete r .  
The l a t c h i n g  mechanism was modeled a s  a c o n s t a n t  magnitude t o r q u e  always 
a c t i n g  i n  t h e  d i r e c t i o n  which a i d s  deployment. The s i m u i a t i o n  was 
i n i t i a l i z e d  wi th  a s p i n  r a t e  of  115 rpm and wi th  a l l  4 booms stowed 
p a r a l l e l  t o  t h e  s p i n  a x i s .  These were s imul taneously  r e l e a s e d  with z e r o  
i n i t i a l  v e l o c i t y  a t  time zero .  The only nongyroscopic load on t h e  system 
was t h a t  a s s o c i a t e d  with t h e  a c t u a t o r  s p r i n g  i n  t h e  l a t c h i n g  mechanism. 
Computer s i m u l a t i o n s  revea led  t h a t ,  t o  overcome C o r i o l i s  e f f e c t s  and t o  
i n s u r e  t h a t  t h e  booms would no t  swing back and s t r i k e  t h e  s p a c e c r a f t ,  
s p r i n g  y e s t r e s s  had t o  be s e t  a t  a  l e v e l  beyond t h a t  which could be  
obta ined i n  t h e  space a v a i l a b l e  wi th  o b t a i n a b l e  m a t e r i a l s .  It was f u r t h e r  
determined t h a t  i f  l a t c h i n g  orcured b e f o r e  a s i g n i f i c a n t  amount of system 
energy could be d i s s i p a t e d ,  t h e  booms had t h e  p o t e n t i a l  t o  e i t h e r  b reak  off 
o r  be permanently deformed. 

In a d d i t i o n  t o  uncovering f l aws  i n  i n i t i a l  des ign concepts ,  t h e s e  N-BOD2 



s i m u l a t i o n s  provided  u s  w i t h  a  c l e a r e r  uude r s t and ing  o f  boom deployment 
dynamics. Yost i m p o r t a n t l y ,  it was noted  t h a t  t h e  i n t e r a c t i o n  o f  
c e n t r i f u g a l  and C o r i o l i s  e f f e c t s  %ended t o  produce a r e s u l t a n t  boom motion 
which, t o  an obse rve r  on t h e  s p a c e c r a f t ,  appeared  a s  approximate  
c rescent -shaped p a t t e r n s  t r a c e d  by each  boom t i p .  

I n i t i a l l y ,  t h e  c r e s c e n t  r a d i u s  i z  l a r g e  w h i l e  t h e  boom o s c i l l a t e s  nea r  t h e  
s p a c e c r a f t ,  t h e n  a s  t h e  sys tem d i s s i p a t e s  energy th rough  v a r i o u s  damping 
mechanisms c r e s c e n t  r a d i u s  r educes ,  and t h e  boom approaches  t h e  f u l l y  
deployed s t a t e .  From t h i s  o b s e r v a t i o n ,  it was reasoned t h a t  if t h e  
deployment mechanism was frsc t o  r o t a t e  abou t  t h e  a x i s  d e f i n e d  by t h e  f u l l y  
deployed boom, t h e  back and f o r t h  c i -cscent  shaped swinging  motion c o u l d ,  s o  
t o  s a y ,  b e  cap tu red .  Then i f  a  b r a k i n g  mechanism couid be des igned  t o  
i n h i b i t  t h i s  r o t a t i o n a l  mot ion ,  s i g n i f i c a n t  amounts o f  energy  cou ld  be  
d i s s i p a t e d  th rough  damping p r i o r  t o  l a t c h i n g .  The n e t  r e s u l t  would be less 
v i o l e n t  boom motion w i t h  a c c e p t a b l e  l a t c h i n g  loads .  The 2-axis  boom 
deployment concept ,  d i s c u s s e d  h e r e i n ,  i s  t h e  outgrowth  o f  t h e s e  i n i t i a l  
i d e a s  r e f i n e d  to  accommodate sys tem d e s i g n  and s c h e d u l i n g  c o n s t r a i n t s .  

The b r a k i n g  mechanism e n v i s i o n e d  may be c o n c e p t u a l i z e d  a s  a  b rake  o f  t h e  
f r i c t i m  d i s c  s t a c k  t y p e  s i m i l a r  t o  a  peda l  o p e r a t e d  b i c y c l e  b r a k e  b u t  
d i m e n s i o n a l l y  a d j u s t e d  t o  f i t  i n t o  a v a i l a b l e  space.  By p r e s e t t i n g  b rake  
p r e s s u r e  b e f o r e  l aunch ,  t h e  amount o f  dampifig d e s i r e d  cou ld  be  c o n t r o l l e d .  
S e v e r a l  s i m u l a t i o n  r u n s  were made t o  de t e rmine  a t  whac l e v e l  t h e  b r a k i n g  
p r e s s u r e  should  be set  a t  t o  minimize 1a t ch i r . g  !.oads, r e s u l t a n t  boom 
e l a s t i c  de fo rma t ion ,  and h inge  c o n s t r a i n t  l o x i s .  As a by-product o f  t h e  
numerous r u n s  made, a  measure o f  parameter  S C ~ S ~ ;  i:i:ty was a l s o  de t e rmined ;  
c r u d e  s e t t i n g s  were found t o  be  adequate .  

Computer s i m u l a t i o n  cf t h i s  mechanism d e s i g n  was achieved v i a  u s e  o f  t h e  
computer program DISCOS. DISCOS p rov ided  t h e  a b i l i t y  t o  ex tend  modeling 
c a p a b i l i t y  t o  i t x l u d e  t h e  e f f e c t s  o f  appendage f l e x i b i l i t y  w i t h o u t  
i n t r o d u c i n g  any s m a l l  a n g l e  o r  sma l l  d isp lacement  assumptions.  Boom 
f l e x i b i l i t y  was cons ide red  t o  be a parameter  which cou ld  n o t  be ignored .  
I t  was reasoned t h a t  t h e  i n t e r p l a y  between t h e  t i p  mass a t t e m p t i n g  t o  
dominate boom t i p  deployment dynamics and t h e  mechanism a t t e m p t i n g  t o  
dominate boom r o o t  deployment dynamics would r e s u l t  i n  s i g n i f i c a n t  e l a s t i c  
de fo rma t ion ;  it d i d .  

The DISCOS model f o r  t h i s  series o f  s i m u l a t i o n  programs c o n s i s t e d  o f  a  
c e n t r a l  r i g i d  body w i t h  9 i d e n t i c a l  e l a s t i c  beams symmet r i ca l ly  l o c a t e d  
around t h e  oe r ime te r .  Each beam had b o t h  d i s t r i b u t e d  mass and a t i p  mass. 
Three  d e g r e e s  o f  e l a s t i c  freedom were assumed: 2 bending  modes, 1 f o r  e a c h  
o r t h o g o n a l  bending d i r e c t i o n ,  and 1 t o r s i o n a l  mode. The DISCOS i n p u t  
s p e c i f i c a t i o n  f o r  t h e  booms c o n s i s t e d  of  a  lumped parameter  model. It 
d e f i n e d  b o t h  mass d i s t r i b u t i o n  and modal d i sp l acemen t .  F i r s t  clamped-free 
bending and f i r s t  t o r s i o n a l  modes o f  o s c i l l a t i o n  were used .  S t i f f n e s s  was 
d e f i n e d  by p r o v i d i n g  modal f r e q u e n c i e s .  A l l  r u n s  assumed t h a t  b o t h  bending 
f r e q u e n c i e s  were e q u a l ,  t h i s  impl ied  booms wi th  symmetric c r o s s  s e c t i o n .  
The t o r s i o n a l  f requency was v a r i e d  f o r  a  few r u n s  t o  de t e rmine  i f  l a r g e  
ampl i tude  bending cou ld  induce  s i g n i f i c a n t  t o r s i o n a l  r e s p o n s e ;  it d i d  nob. 
Modal damping could and was a l s o  inc luded .  It was inc luded  p r i m a r i l y  t o  



g e t  r i a  o f  t h e  h igh  f requency t r a n s i e n t  r e sponse  which masked s t e a d y  s t a t e  
performance c h a r a c t e r i s t i c s ,  The damping v a l u e s  used were c o n s i s t e n t  w i t h  
what one  would expec t  t o  obse rve  f o r  l a r g e  ampl i tude  o s c i l l a t i o n s .  

The 2-axis deployment mechanism was modeled as a 2-axis  gimbal  w i t h  
a p p r o p r i a t e  damping models s p e c i f i e d  about  each  a x i s .  One gimbal a x i s  was 
d e f i n e d  p a r a l l e l  t o  t h e  f u l l y  deployed boom a x i s ;  motion about  t h i s  a x i s  is 
i n t e n t i o n a l l y  damped by t h e  b r a k i n g  mechanism p r e v i o u s l y  d i s c u s s e d .  The 
o t h e r  gimbal a x i s ,  t h a t  is t h e  boom deployment a x i s ,  was f i x e d  i n  t h e  boom 
normal t o  its l o n g i t u d i n a l  a x i s .  Motion abou t  t h i s  a x i s  was s u b j e c t  t o  d r y  
f r i c t i o n  taken  i o  be p r o p o r t i o n a l  t o  t h e  c o n s t r a i n t  t o r q u e  a c t i n g  about  t h e  
a x i s  normal t o  b o t h  gimbal axes .  A Dahl f r i c t i o n  model was a c t u a l l y  used  
f o r  t h e  d e s c r i p t i o n  o f  damping about  both  axss ;  t h a t  is, below a 
p r s - d e f i n e d  breakaway t o r q u e  t h e  Dahl f r i c t i o n  model is a s i m p l e  l i n e a r  
s p r i n g  dashpot .  Beyond t h i s  p o i n t  d r y  f r i c t i o n  a s s o c i a t e d  w i t h  s l i d i n g  
t a k e s  p l a c e .  T h i s  t y p e  o f  f r i c t i o n  model is  e x t e n s i v e i y  ussd t o  model 
f r i c t i o n  a s s o c i a t e d  w i t h  sys tems c o n t a i n i n g  b a l l  o r  r o l l e r  bea r ings .  It is 
a l s o  a p p r o p r i a t e  f o r  t h e  2-axis  boom deployment r~~echanism. 

A s  i n  t h e  e a r l i e r  series o f  N-39D2 s i m u l a t i o n  runs ,  i n i t i a l  s p i n  rate was 
s e t  a t  115 rpm wi th  booms r e l e a s e d  from t h e i r  stowed p o s i t i o n  wi th  z e r o  
i n i t i a l  v e l o c i t y  a t  time zero .  System pa rame te r s  were v a r i e d  from run t o  
run i n  an a t t empt  t o  f i n d  t h e  v a l u e  o f  breakaway t o r q u e  f o r  t h e  b r a k i n g  
mechanism which would minimize c o n s t r a i n t  l o a d s  on t h e  gimbal ,  boom e l a s t i c  
de fo rma t ion ,  and t h e  p o t e n t i a l  o f  t h e  boom swinging back o n t o  t h e  
s p a c e c r a f t .  The n e t  c o n c l u s i o n s  reached from t h i s  s e r i e s  o" ?.  1s was t h a t  
i t  was p o s s i b l e  t o  r educe  c o n s t r a i n t  l o a d s  and t h e  p o t e n t i a i  - .. boom swing 
back t o  a c c e p t a b l e  l e v e l s ;  however, e l a s t i c  deformat ion  could n o t  be 
reduced t o  t h e  p o i n t  where no permanent deformat ion  could  be  a s s u r e d .  

F u r t h e r  s i m u l a t i o n  runs  r evea led  t h a t  t h e r e  was ano the r  f law i n  i n i t i a l  
d e s i g n  concep t s .  The a t t empt  t o  minimize boom p l u s  t i p  mass weight  l e a d  t o  
t h e  placement of a s  much e x t r a  mass a s  p o s s i b l e  i n  t h e  t i p ,  t h u s ,  weakening 
t h e  boom. Th i s ,  s o  t o  s a y ,  caused a c o n f l i c t  between t h e  t i p  mass 's  
a t t e m p t  t o  dominate boom t i p  deployment and t h e  mechanismls a t t e m p t  t o  
dominate boom r o o t  deployment. The r e l a t i v e l y  weak boom e f f e c t i v e l y  
al lowed bo th  ends t o  a c t  i ndependen t ly  w i t h  t h e  boom accommodating v i a  
l a r g e  ampl i tude  deformat ion .  Making u s e  o f  t h i s  new unde r s t and ing ,  r u n s  
were made w i t h  no t i p  mass and i n c r e a s e d  boom mass per  u n i t  l eng th .  The 
n e t  r e s u l t  was t h a t  t h e  mechanism a t  t h e  boom r o o t  dominated t o t a l  boom 
deployment and o v e r a l l  performance was a c c e p t a b l e .  

Other sys tem pa rame te r s  were a l s o  v a r i e d  d u r i n g  t h e  c o u r s e  o f  t h e  s t u d y ,  
suc?  a s  t h e  f r i c t i o n  c o e f f i c i e n t  a s s o c i a t e d  w i t h  motion about  t h e  
dep lcyncn t  a x i s  and i n i t i a l  r e l e a s e  p o s i t i o n .  These r u n s  l e a d  t o  
i n t u i t i v e l y  obv ious  c o n c l u s i o n s ,  i n c r e a s e d  f r i c t i o n  i n  t h e  deployment h i n g e  
h 5 l p s  wh i l e  r e l e a s e  from a p o s i t i o n  o t h e r  t han  p a r a l l e l  t o  t h e  s p i n  a x i s  
h a s  no s i g n i f i c a n t  e f f e c t  on o v e r a l l  deployment performance. 

Some t y p i c a l  computer o u t p u t  p l o t s  a r e  appended a s  F i g u r e s  5, 6, 7,  8, and 
9 and a r e  anno ta t ed  a s  t o  s i g n i f i c a n c e  and i n t e r p r e t a t i o n .  The end 
p roduc t s  o f  a l a r g e  number o f  computer runs  were some l i m i t i n g  d e s i g n  



c r i t e r i a  and a much b e t t e r  unde r s t and ing  o f  deployment dynamics, 

L imi t ing  c a s e s  a r e  o f  i n t e r e s t  and c o n t r i b u t e  t o  unde r s t and ing  t h e  
s i t u a t i o n .  With no f r i c t i o n ,  a n g u l a r  o s c i l l a t i o n s  c o n t i n u e  r e p e t i t i v e l y  
wi thout  damping, and t h e  boom would never l a t c h .  On t h e  o t h e r  hand, i f  
breakaway f r i c t i o n  t o r q u e  exceeds  t h e  maximum induced C o r i o l i s  t o r q u e  then  
t h e r e  is no s l i d i n g  abou t  t h e  f r i c t i o n  t o r q u e  a x i s ,  and aga in  t h e r e  is no 
energy d i s s i p a t i o n .  T h i s  c a s e  a c t u a l l y  r e v e r t s  t o  t h e  s imp le  s i n g l e  h inge  
boom design-the boom swings o u t  about  t h e  h inge  a x i s ,  and a l l  t h e  
deployment energy h a s  t o  be d i s s i p a t e d  a t  l a t ch - in  excep t  f o r  any 
d i s s i p a t i o n  due t o  h inge  a x i s  f r i c t i o n .  

These c o n s i d e r a t i o n s  l e d  t o  a d e s i g n  o p t i o n  which is o e i n g  cons ide red  a t  
t h e  time o f  w r i t i n g .  The booms would be  des igned  t o  s l i p  abou t  t h e  
Ccrislis t o r q u a  a x i s  a t  a r e l a t i v e l y  h igh  breakaway t o r q u e  l e v e l ,  based  on 
an i t ~ i t i a l  s p i n  r a t e  o f  abou t  115 rpm, However, t h e  f l i g h t  sys tem would 
have a yo-yo des igned  t o  r educe  s p i n  r a t e  t o  38 rpm. Tf t h e  yo-yo worked, 
t h e  booms would deploy  a s  a s imp le  s i n g l e  h inge  boom, a s  t h e  C o r i o l i s  
t o r q u e  would n o t  be h igh  enough t o  c a u s e  s l i p p i n g .  The booms would be 
des igned t o  deploy  a s  s i n g l e  h inge  booms, a t  38 rprn. However, i f  t h c  yo-yo 
f a i l e d  t o  d e s p i n  t h e  system, deployment would occur  a t  115 rpm, r ~ r i o l i s  
t o r q u e s  w i l l  c a u s e  s l i p p i n g  and ene rgy  d i s s i p a t i o n ,  and t h e  booms would 
have a t  l e a s t  an enhanced chance of  s u r v i v a l  f o r  t h i s  yo-yo f a i l u r e  mode. 

S c a l e  Hodel S t u d i e s  

A 1/9 s c a l e  dynamic model was m i l t  t o  demons t r a t e  and e v a l u a t e  t h e  %-axis  
boom deployment concept .  If had 2 opposed booms w i t h  freedom t o  r o t a t e  
about  t h e  h inge  a x i s  and a r a d i a l  a x i s ,  w i t h  a d j u s t a b l e  t o r q u e  f r i c t i o n  
b rakes  on t h e  r a d i a l  : C o r i o l i s )  a x i s .  There was no deployed p o s i t i o n  
l a t c h ,  b u t  t h e r e  was a d e v i c e  t o  s p i n  up and hold t h e  booms i n  a fo lded  up 
p o s i t i o n  and then  r e l e a s e  them t o  deploy .  

The model was spun up and deployed a t  s e v e r a l  speeds  and t o r q u e  b r a k e  
s e t t i n g s ,  i n c l u d i n g  essentially no f r i c t i o n  and f r i c t i o n  h igh  enough t o  
s t o p  C o r i o l i s  s l i p p i n g  s o  t h a t  t h e  booms deployed a s  s i n g l e  h inge  a x i s  
booms. Yigh-speed movies were made o f  some o f  t h e s e  model deployments,  and 
review o f  them provided an i n t e r e s t i n g  c o n f i r m a t i o n  o f  t h e  g e n e r a l  r e s u l t s  
o f  t h e  a n a l y t i c a l  s t u d i e s .  

With no r e s i s t a n c e  t o  C o r i o l i s  s l i p p i n g ,  t h e  booms perform wi ld  g y r a t i o n s ,  
i n c l u d i n g  whipping back a s  f a r  a s  t h e  h i n g e s  a l l o w ,  conf i rming  t h a t  
c o l l i s i o n s  wi th  t h e  s p a c e c r a f t  envelope  could  occur  w i t h  inadequa te  
damping. With h igh  f r i c t i o n  s o  t h a t  t h e r e  is no C o r i o l i s  s l i p p i n g ,  t h e  
booms swing o u t  r a p i d l y  abou t  a s i n g l e  h inge  a x i s ,  and f l a p  r e p e t i t i v e l y ,  
s i n c e  t h e  model h a s  no l a t c h e s .  With i n t e r m e d i a t e  f r i c t i o n ,  t h e  booms 
r e a c h  a r a d i a l l y  deployed p o s i t i o n  wi thou t  e x c e s s i v e  g y r a t i o n s ,  b u t  t h e  
model d id  n o t  a l l ow a c c u r a t e  f r i c t i o n a l  matching o f  t h e  2 opposed booms s o  
t h e i r  mot ions  were n o t  i n  phase. Fur thermore ,  t h e  model had r a t h e r  s t i f f  
booms; and, hence ,  it was n o t  possible to  demons t r a t e  a d v e r s e  e l a s t i c  
de fo rma t ion  p r e d i c t i o n s .  



Boom L a t c h i n g  Cons idoua t ions  

The i n e r t i a  booms have t o  l a t c h  i u t o  an a c c u r a t e l y  c o n t r o l l e d  d e ~ l o y e d  
l o c a t i o n  because  o f  t h e  s p a c e c r a f t  mass p r o p e r t y  r equ i r emen t s .  However, 
t h e  l a t c h  a l s o  has  t o  accommodate high l e v e l s  o f  snergy  a t  l a t c h  i n .  In  
o t h e r  words, t h e  booms l a t c h  i n  f a s t  and hard .  

An a c u t e  a n g l e  c o n i c a l  p lunger  l a t c h ,  w i t h  a  s t i f f  s p r i n g  a c t u a t o r ,  mee t s  
t h e  needs f o r  a c c u r a t e  p o s i t i o n i n g  and r a p i d  a c t u a t i o n ,  though imposed 
l o a d s  a r e  h i g h ,  on bo th  t h e  l a t c h  and t h e  boom. 

From t h e  p 9 i n t  o f  view o f  high-speed deployment c a p a b i l i t y ,  t h e  t y p e  o f  
d e t e n t  d e v i c e  which can  swing o v e r  c e n t e r  and d i s s i p a t e  energy  i n  damped 
o s c i l l a t i o n s  was a t t r a c t i v e .  However, it d i d  n o t  seem f e a s i b l e  t o  d e s i g n  a  
d e v i c e  o f  t h i s  t y p e  wi th  a c c e p t a b l e  p o s i t i o n i n g  accu racy  o r  t o  f i t  w i t h i n  
t h e  a v a i l a b l e  d e s i g n  envelope  o r  t o  a t t empt  such  a d e s i g n  w i t h i n  t h e  
developmenta l  t ime span  d i c t a t e d  by t h e  miss ion  schedule. 

C u r r e n t  S t a t u s  of Boom Deployment 

The l a t c h i n g  c o n s i d e r a t i o n  and o t h e r  a s p e c t s  3f t h e  s u b j e c t  sys tem 
exempl i fy  a  dilemma which is commom i n  ae rospace  mechanism d e s i g n .  We had 
t o  come up,  ve ry  q u i c k l y ,  w i th  a  d e s i g n  which could  be r e t r o f i t t e d  w i t h i n  a  
mandated s c h e d u l e  and which would do t h e  job accept -ab ly  and r e l i a b l y .  We 
could  n o t  a f f o r d  t h e  l uxu ry  o f  s e a r c h i n g  f o r  a  s o l u t i o n  which may have been 
optimum and p e r f e c t ,  bu t  t o o  l a t e .  We a l s o  had t o  s t a r t  d e s i g n  and make 
development  d e c i s i o n s  b e f o r e  a l l  t h e  des ign  pa rame te r s  were known o r  
unde r s tood .  The c u r r e n t  boom d e s i g n  s t a t u s  is shown i n  t h e  appended 
F i g u r e s  1 t h rough  4. 

F i g u r e  1 shows t h e  angled  boom a t t achmen t  f l a n g e  w i t h  t h e  boom hub i t i s e r t e d  
i n t o  a  s o c k e t  and s e c u r e d  w i t h  angled  set sc rews  a f t e r  r o t a t i n g  abov t  t h e  
hub a x i s  t o  a l i g n  t h e  fo lded  boom t i p s  i n t o  t h e  b o o s t e r  c r a d l e s .  The booms 
a r e  fo lded  down abou t  9 d e g r e e s  p a s t  v e r t i c a l  a s  w e l l  a s  angled  back  15 
d e g r e e s  t o  avoid  t h e  s p a c e c r a f t  u m b i l i c a l  t u n n e l .  Thus, t h e  c r a d l e s  a r e  
o r i e n t e d  15 d e g r e e s  from the boom f l a n g e  mounting axes .  When t h e  
s p a c e c r a f t  s e p a r a t e s  from t h e  b o o s t e r ,  t h e  booms a r e  p u l l e d  up  o u t  o f  t h e  
c r a d l e s  and a r e  t hen  f r e e  t o  deploy .  The assembly is  s p i n n i n g  a t  
s e p a r a t i o n ,  a t  38 rpm i f  t h e  yo-yo works, o r  a t  115 rpm i f  it does  n o t .  
When t h e  boom r e a c h e s  a  deployed  p o s i t i o n ,  a  spr ing- loaded  c o n i c a l  p lunge r  
is  pushed i n t o  a  s o c k e t  i n  t h e  hub, l a t c h i n g  t h e  boom i n t o  an a c c u r a t e l y  
a l i g n e d  deployed  p o s i t i o n .  I f  e x c e s s i v e l y  h igh  C o r i o l i s  t o r q u e s  a r e  
developed due t o  h igh  s p i n  r a t e ,  t h e  hub is p o t e n t i a l l y  f r e e  t o  s l i p ,  
depending on t h e  s e t  screw t o r q u e ,  d i s s i p a t i n g  some energy.  T h i s  s l i p p i n g  
would n o t  a f f e c t  t h e  deployed  boom p o s i t i o n  bu t  o n l y  i t s  a n g u l a r  
o r i e n t a t i o n  abou t  t h e  hub a x i s .  

The boom h a s  a  t u b u l a r  i nne r  s e c t i o n ,  c o n t a i n i n g  t h e  p lunger  and s p r i n g ,  
and an o u t e r  s e c t i o n  wi th  a  v i d e  f l a t  c r o s s  s e c t i o n  (0.75 i n c h e s  wide and 
0.39 i n c h e s  deep ) .  The c o n i c a l  t i p  is to engage and s e p a r a t e  f'rom t h e  
c r a d l e .  The boom is t i t a n i u m  and des igned  a s  a  d i s t r i b u t e d  mass u n i t  t o  
match t h e  expec t ed  nominal i n e r t i a  c o n t r o l  r equ i r emen t s .  However, i t  has  a  



s e r i e s  ~f p i l o t  holes in  t he  outer s ec t ion ,  t o  eclarge a s  l igh ten ing  holes  
o r  t o  accommodate mounting small s lugs  of high densi ty  tungsten a l l o y ,  a s  
may be required for  f i na l  balance and/or i n e r t i a  t r im,  

dpdate of t he  Current S t a tus  of Boom Development 

The foregoing has described the  subjec t  ongoing development up t o  t h e  time 
of  writiag. An appropriate updating supplement h i l l  be ava i iab le  L" the 
19th Aerospace Mechanisms Synposium. 
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COHPUTER SIHULATION PLOTS 

The fo l lowing  series o f  f i g u r e s  i l l u s t r a t e  system dynamics o f  t h e  San Narco 
s p w e c r a f t  from boom r e l e a s e  th rough  l a t c h  i n .  

F i g u r e  5 shows t h e  t o t a l  energy o f  t h e  s p a c e c r a f t  system. From 0.0 seconds  
L . 11 0.47 seconds ,  energy  d e c r e a s e  is a t t r i b u t e d  to  f r i c t i o n a l  damping i n  
t h e  deployment mechanism. %ergy i n c r e a s e s  between 0.47 and 0.54 seconds  
when t h e  p r e s t r e s s e d  s p r i n g  i n  +.he c o n i c a l  p lunger  s n a p s  t h e  boom i n t o  its 
f u l l y  deployed p o s i t i o n .  Af ter  t h a t  time, energy loss is from t h e  v i s c o u s  
damping a s s o c i a t e d  wi th  boom bending.  

F i g u r e  6 is t h e  s p i n  r a t e  o f  t h e  main body. It beg ins  a t  35 rpm (3.98 
r a d / s e c )  and d e c r e a s e s  a s  t h e  booms deploy.  A t  f u l l  deployment (0.54 s e c ) ,  
its speed v a r i e s  between s t e a d y  s t a t e  and s l i g h t l y  above s t e a d y  s t a t e ,  a s  
t h e  booms' motion settles.  

I n  F i g u r e  7,  a boornfs i n i t i a l  deployment a n g l e  is 30 degrees .  4s t h e  booms 
a r e  r e l e a s e d ,  t h e  a n g l e  r educes  t o  z e r o  d e g r e e s  which is its f u l l y  deployed 
p o s i t i o n .  

F i g u r e s  !3 and 9 show c o n s t r a i n t  t o r q u e  a t  t h e  boom's hinge.  I n  F i g u r e  8 9  

t h e  t o r q u e  normal t o  t h e  deployment p l ane  is shown. It is z e r o  u n t i l  l a t c h  
i n  occ--s. T h e r e a f t e r ,  t h e  deployment mechanism resists motion,  and a 
c o n s 2 . a i n t  t o r q u e  is c r e a t e d .  

C o r i o l i s  e f f e c t s  cause  t o r q u e s  i n  t h e  deployment p l ane  i F i g u r e  9 ) .  Upon 
boom r e l e a s e ,  c o n s t r a i n t  t o r q u e s  a r e  immediately appa ren t  a s  t h e  deployment 
mechanism resists motion normal t o  t h e  deployment plane.  
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