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ABSTRACT 

t-  

'3 

q 

S i m u l a t e d  m e t e o r o i d  i m p a c t  t e s t s  w e r e  c o n d u c t e d  on an expandab l e ,  
e l a s t i c  r e c o v e r y ,  f o u r - l a y e r  c o m p o s i t e  m a t e r i a l  p r o p o s e d  f o r  f l ight  
t e s t i n g  in a d u m m y  a i r l o c k  c o n f i g u r a t i o n  a b o a r d  a NASA S-IVB O r b i t a l  
Workshop .  The  t e s t s  w e r e  c o n d u c t e d  to ob ta in  the  b a l l i s t i c  l i m i t  of the  
s t r u c t u r e  and to d e t e r m i n e  i ts  b e h a v i o r  d u r i n g  s i m u l a t e d  m e t e o r o i d  
p e r f o r a t i o n  wh i l e  e n c l o s i n g  a t yp i ca l  o x y g e n - r i c h  s p a c e c r a f t  a t m o s p h e r e .  
S p h e r i c a l  a l u m i n u m  p r o j e c t i l e s  at a v e l o c i t y  of about  20, 000 f t / s e c  w e r e  
u s e d  on the t e s t s ,  and p e r f o r a t i o n  o c c u r r e d  fo r  p r o j e c t i l e  m a s s e s  
g r e a t e r  than  about  0 .004  gm.  The  r e s i s t a n c e  of the  s t r u c t u r e  to p e r -  
f o r a t i o n  was  not a f f e c t e d  by the  p r e s e n c e  of oxygen  at 5 p s i a  b e h i n d  the  
t e s t  s a m p l e  excep t  u n d e r  c e r t a i n  cond i t i ons  in wh ich  the  s t r u c t u r e  was  
c o m p r e s s e d  by the  gas  p r e s s u r e  t o g e t h e r  wi th  the  c l a m p i n g  a r r a n g e -  
m e n t  u s e d  to f a s t e n  the  s a m p l e  to the  t e s t  tank.  The  c o m b u s t i o n  f ron t  
w h i c h  e x i s t s  i n s ide  a v e s s e l  c o n t a i n i n g  a h igh c o n c e n t r a t i o n  of oxygen  
when  the  v e s s e l  is p e r f o r a t e d  by a h i g h - s p e e d  p r o j e c t i l e  was  p h o t o g r a -  
p h i c a l l y  r e c o r d e d .  

This document is subject to special export controls 
and each transmittal to foreign governments or [oreisn 
nationals may be made only with prior approval of 
Air Force Aero-Propulsion Laboratory(APFT), Wright- 
Patterson AFB, Ohio 45433. 
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SECTION I 
INTRODUCTION 

As s p a c e c r a f t  cab ins  b e c o m e  l a r g e r  and c r e w  s i z e  i n c r e a s e s ,  it 
b e c o m e s  i m p r a c t i c a l  to r e q u i r e  the  d e c o m p r e s s i o n  of the  e n t i r e  v e h i c l e  
to p e r m i t  e g r e s s  o r  i n g r e s s  m a n e u v e r s .  T h e r e f o r e ,  an a i r l o c k  s y s t e m  
wil l  be u t i l i z e d  to e l i m i n a t e  the  d e c o m p r e s s i o n  and c o m p r e s s i o n  c y c l i n g  
of the  c o m p l e t e  s p a c e c r a f t  cabin .  

The  u s e  of l i gh twe igh t  expandab le  m a t e r i a l s  in the  c o n s t r u c t i o n  of 
the  a i r l o c k  has  been  p r o p o s e d  to c o n s e r v e  weight  and s t o r a g e  v o l u m e  
d u r i n g  launch.  The  a i r l o c k  would r e m a i n  in a s towed  c o n f i g u r a t i o n  unt i l  
c o m p l e t i o n  of the  l aunch  phase .  The  a i r l o c k  could  then  be d e p l o y e d  to 
i ts  o p e r a t i o n a l  expanded  conf igu ra t ion ,  which  would be m a i n t a i n e d  by 
i n h e r e n t  r ig id i ty ,  c h e m i c a l  r i g i d i z a t i o n ,  o r  o t h e r  m e c h a n i c a l  m e a n s .  

One m a t e r i a l  u n d e r  c o n s i d e r a t i o n  fo r  u se  in an a i r l o c k  is an expand-  
able,  e l a s t i c  r e c o v e r y ,  f o u r - l a y e r  c o m p o s i t e  m a t e r i a l  f a b r i c a t e d  by the  
G o o d y e a r  A e r o s p a c e  C o r p o r a t i o n  (GAC). This  m a t e r i a l ,  in a d u m m y  a i r -  
l ock  conf igu ra t ion ,  is s c h e d u l e d  fo r  f l ight  t e s t i n g  on a NASA Apol lo  
A p p l i c a t i o n s  P r o g r a m  (AAP) S-IVB Orb i t a l  Workshop .  H o w e v e r ,  p r i o r  to 
f l ight  t e s t ing ,  it was  d e s i r e d  to p r o v i d e  l a b o r a t o r y  s i m u l a t i o n  of m e t e o r o i d  
impac t  upon the  c o m p o s i t e  s t r u c t u r e .  

Th is  r e p o r t  p r e s e n t s  the  r e s u l t s  of t h e s e  s i m u l a t e d  m e t e o r o i d  impac t  
t e s t s .  The  t e s t s  w e r e  c o n d u c t e d  to obta in  the  b a l l i s t i c  l i m i t  of the  s t r u c -  
t u r e  and to d e t e r m i n e  its b e h a v i o r  du r ing  s i m u l a t e d  m e t e o r o i d  p e r f o r a t i o n  
wh i l e  e n c l o s i n g  a typ ica l  o x y g e n - r i c h  s p a c e c r a f t  a t m o s p h e r e .  The t e s t s  
w e r e  conduc t ed  in AEDC Impac t  Range  S-2 ( A r m a m e n t  T e s t  Cel l ,  H y p e r -  
b a l l i s t i c  ($2)) of the  von K a r m a n  Gas D y n a m i c s  F a c i l i t y  (VKF). 

SECTIONII 
APPARATUS 

2.1 LAUNCHER AND RANGE 

Range  S-2 inc ludes :  (1) a t w o - s t a g e  l a u n c h e r ,  (2) a b l a s t  tank  into 
wh ich  m u z z l e  g a s e s  expand and in which  the  p r o j e c t i l e  is s e p a r a t e d  f r o m  
the  sabot ,  (3) a c o n n e c t i n g  tube a long which  v e l o c i t y  m e a s u r i n g  shadow-  
g r a p h s  a r e  loca ted ,  and (4) a t a r g e t  tank w h e r e  the  t e s t  s p e c i m e n  is 
i m p a c t e d  by the  p r o j e c t i l e .  F i g u r e  1, Appendix  I, is a s k e t c h  of the  c o m -  
p l e t e  r a n g e  with i den t i f i ca t ion  of each  of the  m a j o r  c o m p o n e n t s .  A c o m -  
p l e t e  d e s c r i p t i o n  of the  range ,  inc lud ing  i n s t r u m e n t a t i o n ,  is g iven  in 
Ref.  1. 



A E D C - T R - 6 9 - 1 4  

2.2 PROJECTILE AND SABOT 

All p r o j e c t i l e s  u s e d  on t h e s e  t e s t s  w e r e  b a s i c a l l y  type  2017 a l u m i -  
n u m  s p h e r e s ,  r a n g i n g  in d i a m e t e r  f r o m  1/32 to 1/8 in. In s o m e  c a s e s  
it was  d e s i r a b l e  to l a u n c h  a m a s s  s l i gh t ly  l e s s  than  tha t  of a 1 / 1 6 - i n .  - 
d i a m  s p h e r e .  In t h e s e  i n s t a n c e s  m a s s  was  r e m o v e d  f r o m  one s i de  of 
the  1 / 1 6 - i n .  - d i a m  s p h e r e  un t i l  the  d e s i r e d  p r o j e c t i l e  m a s s  was  ob t a ined .  
Thus ,  t h e s e  p r o j e c t i l e s  w e r e  not t r u e  s p h e r e s ,  s i n c e  one  s i de  was  
f l a t t e n e d .  H o w e v e r ,  t h i s  m i n o r  s h a p e  c h a n g e  was  e x p e c t e d  to be  of no 
c o n s e q u e n c e  in the  t e s t  r e s u l t s .  

The  p r o j e c t i l e s  w e r e  a d a p t e d  to the  l a u n c h e r  by m e a n s  of a f o u r -  
p i e c e ,  s a w - t o o t h e d ,  L e x a n  ® sabot .  A r i f l e d  l a u n c h  tube  (1 t u r n  in 10 ft) 
was  u s e d  to s e p a r a t e  the  sabot  q u a r t e r s  f r o m  the  p r o j e c t i l e  by m e a n s  of 
the  s p i n - g e n e r a t e d  f o r c e s .  

4i 

2.3 TEST MATERIAL DESCRIPTION 

The  e x p a n d a b l e  s t r u c t u r e  m a t e r i a l  u n d e r  i n v e s t i g a t i o n  was  a f o u r -  
l a y e r  c o m p o s i t e  of f l e x i b l e  m a t e r i a l s ,  shown s c h e m a t i c a l l y  in F ig .  2 
and  d e s c r i b e d  by G o o d y e a r  (Ref.  2) as  fo l lows :  

P r e s s u r e  B l a d d e r  - The  p r e s s u r e  b l a d d e r  is a l a m i n a t e  of t h r e e  (3} 
ind iv idua l  s e a l a n t  l a y e r s  wi th  an i n n e r  l a y e r  of 0 . 3 - r a i l  a l u m i n u m .  
T h e  i n n e r  s e a l a n t  l a y e r  is a l a m i n a t e  of ny lon  f i l m - c l o t h .  Th i s  
l a y e r  is b o n d e d  wi th  p o l y e s t e r  a d h e s i v e  to a s e c o n d  l a y e r  of c l o s e d -  
c e l l  E P T  f o a m  1/16 in. th ick .  The  o u t e r  s e a l a n t  is a ny lon  f i l m -  
c lo th  l a m i n a t e  c o a t e d  wi th  a p o l y e s t e r  r e s i n .  The  to ta l  we igh t  of 
the  b l a d d e r  c o m p o s i t e  is 0. 159 ps f  and is i n d e p e n d e n t  of d e s i g n  
p r e s s u r e .  

S t r u c t u r a l  L a y e r  - The  f i l a m e n t  wind ing  m a n u f a c t u r i n g  p r o c e s s  is 
u t i l i z e d  f o r  the  s t r u c t u r a l  l a y e r  and p r o v i d e s  n e a r  the  o p t i m u m  in 
l i g h t w e i g h t  load  c a r r y i n g  f l e x i b l e  s t r u c t u r e .  The  s t r u c t u r e  l a y e r  
wi l l  be wound u t i l i z i n g  a s t r a n d  of t h r e e  0. 0036- in .  s t a i n l e s s  s t e e l  
w i r e s  i n t e r l a c e d  wi th  a r a y o n  y a r n  in a wind ing  p a t t e r n  of 32 hoop 
f i l a m e n t s  and 29 l o n g i t u d i n a l  f i l a m e n t s  p e r  inch.  

M i c r o m e t e o r o i d  B a r r i e r  - M i c r o m e t e o r o i d  p r o t e c t i o n  is a c h i e v e d  
by a 1- in .  l a y e r  of f l e x i b l e  p o l y e s t e r  f o a m .  F l e x i b l e  f o a m  of 
1 .2  p s f  d e n s i t y  has  b e e n  s e l e c t e d  as a s u i t a b l e  b a r r i e r  m a t e r i a l ,  
b a s e d  on h y p e r v e l o c i t y  p a r t i c l e  i m p a c t  t e s t s .  Whi le  the  p r i m a r y  

r 
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func t ion  of the  f o a m  would  be  to ac t  as  a m i c r o m e t e o r o i d  b a r -  
r i e r ,  it a l so  s e r v e s  as  a d e p l o y m e n t  aid.  D u r i n g  p a c k a g i n g ,  the  
f o a m  l a y e r  would  be  c o m p r e s s e d  to about  10 p e r c e n t  of i ts  o r i g i n a l  
t h i c k n e s s  and r e s t r a i n e d  by the  p a c k a g i n g  c a n i s t e r .  Upon d e p l o y -  
m e n t  in o rb i t ,  t he  c a n i s t e r  would  be  r e l e a s e d  and the  e l a s t i c  r e -  
c o v e r y  c h a r a c t e r i s t i c s  of the  f o a m  would  help  s h a p e  the  a i r l o c k  to 
i ts  fu l ly  expanded  v o l u m e .  

O u t e r  C o v e r  L a y e r  - The  o u t e r m o s t  l a y e r  of the  c o m p o s i t e  wa l l  
s t r u c t u r e  e n c a p s u l a t e s  the  wa l l  to p r o v i d e  a s m o o t h  b a s e  f o r  the  
a p p l i c a t i o n  of a t h e r m a l  coa t ing .  I n a s m u c h  as  the  o u t e r  c o v e r  
wou ld  e n c a p s u l a t e  the  c o m p o s i t e  wal l ,  it would  s e r v e  as  an a id  in 
p a c k a g i n g  the  s t r u c t u r e  p r i o r  to l aunch .  By a v a c u u m  t e c h n i q u e ,  
the  wal l  t h i c k n e s s  cou ld  be  c o m p r e s s e d  f r o m  t h e  fu l ly  e x p a n d e d  
t h i c k n e s s  to about  1 / 4 - i n . ,  s u i t a b l e  f o r  fo ld ing  and s u b s e q u e n t  
p a c k a g i n g  in the  c a n i s t e r .  A p a s s i v e  t h e r m a l  c o n t r o l  c o a t i n g  would  
be  app l i ed  to m a i n t a i n  m a t e r i a l  t e m p e r a t u r e  wi th in  a c c e p t a b l e  
l i m i t s .  
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2.4 TEST CONFIGURATIONS 

The  t e s t  p r o g r a m  can  be  d iv ided  into two m a i n  p h a s e s  as  fo l lows :  

P h a s e  I - B a l l i s t i c  l i m i t  t e s t s  

P h a s e  II - T e s t s  in the  p r e s e n c e  of a s p a c e c r a f t  a t m o s p h e r e  

The  t e s t  r e q u i r e m e n t s  f o r  P h a s e  I r e q u i r e d  no s p e c i f i c  a d d i t i o n a l  t e s t  
h a r d w a r e  o t h e r  than  tha t  r e q u i r e d  to s u p p o r t  the  t a r g e t  s a m p l e  in a 
p l a n e  n o r m a l  to the  p r o j e c t i l e  l i ne  of f l ight .  The  t a r g e t  s a m p l e s  (12 in. 
s q u a r e )  w e r e  l i gh t l y  s u p p o r t e d  on the  e d g e s  and u n s u p p o r t e d  at the  r e a r  
s u r f a c e .  The  a d d i t i o n a l  t e s t  h a r d w a r e  r e q u i r e d  fo r  P h a s e  II i n c l u d e d  a 
t ank  to c o n t a i n  the  t e s t  a t m o s p h e r e ,  a gas  c h a r g i n g  s y s t e m  f o r  th i s  t ank ,  
and a d e v i c e  f o r  c l a m p i n g  the  t a r g e t  s a m p l e  onto the  end of the  t ank .  

A t e s t  t ank  3 ft in d i a m e t e r  by 5 ft long  was  u s e d  on the  f i r s t  f i ve  
sho t s  in P h a s e  II. Th i s  t e s t  t ank  was  not a v a i l a b l e  f o r  the  r e m a i n i n g  
sho t s  in P h a s e  II, wh ich  w e r e  c o n d u c t e d  at  a l a t e r  da te ,  so a s m a l l e r  
( 2 - f t - d i a r n  by  3 . 5 - f t - l o n g )  t ank  was  u s e d  in i ts  p l a c e .  The  t e s t  a t m o s -  
p h e r e  in the  t ank  was  oxygen  at a p r e s s u r e  of 5 p s i a  (--260 t o r r ) .  
C h a r g i n g  of the  t e s t  t ank  was  a c c o m p l i s h e d  a f t e r  the  t ank  was  e v a c u a t e d  
to a low p r e s s u r e ,  t y p i c a l l y  about  1 t o r r .  The r a n g e  p r e s s u r e  ( o u t s i d e  
the  t e s t  t ank)  was  m a i n t a i n e d  at about  1 t o r r  d u r i n g  e a c h  shot .  

3 
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It was  n e c e s s a r y  fo r  the  t a r g e t  s p e c i m e n  to be a t t a c h e d  to the  up- 
r a n g e  end of the  t e s t  tank  in a m a n n e r  which  would p r e v e n t  gas  l e a k a g e  
t h r o u g h  the  tank  opening .  It was d e t e r m i n e d  that  s e a l i n g  could  be 
ob ta ined  by c l a m p i n g  the  t e s t  s p e c i m e n  to the  tank wal l  if a s m a l l  quan-  
t i ty  of RTV 892 a d h e s i v e  w e r e  u s e d  b e t w e e n  the  back  of the  s p e c i m e n  
and the  t ank  wall .  T h r e e  d i f f e r e n t  c l a m p i n g  a r r a n g e m e n t s  w e r e  u s e d  in 
th i s  p h a s e  of t e s t i ng ,  as  shown in Fig .  3. In e a c h  case ,  a c l a m p i n g  r ing  
was u s e d  to p r o v i d e  a u n i f o r m  p r e s s u r e  on the  f ron t  of the  s p e c i m e n .  

The  f i r s t  c l a m p i n g  a r r a n g e m e n t  (Fig .  3) was  u s e d  with 1 2 - i n . - s q u a r e  
t a r g e t  s p e c i m e n s .  It should  be r e c o g n i z e d  that  the  p o l y u r e t h a n e  f o a m  
d i r e c t l y  u n d e r  the  c l a m p i n g  r ing  was g r e a t l y  c o m p r e s s e d ,  as shown in 
F ig .  4. The  t a r g e t  a r e a  i n s ide  the  c l a m p i n g  r i n g  was a l so  c o m p r e s s e d  
s l igh t ly .  F u r t h e r ,  it can  be o b s e r v e d  in Fig.  3 that  an o v e r p r e s s u r e  of 
5 p s i a  beh ind  the  t a r g e t  s p e c i m e n  could  r e s u l t  in add i t i ona l  c o m p r e s s i o n  
of the  t a r g e t  a r e a  i n s ide  the  c l a m p i n g  r ing,  s i n c e  the  o u t e r  s u r f a c e  of the  
t a r g e t  s p e c i m e n  is s o m e w h a t  r e s t r a i n e d  by the  r ing .  

The  s e c o n d  c l a m p i n g  a r r a n g e m e n t  (Fig. 3) was  p r o v i d e d  to e l i m i n a t e  
c o m p r e s s i o n  of the  p o l y u r e t h a n e  f o a m  and s t r e s s i n g  of the  o u t e r  l a y e r  of 
the  t a r g e t  s p e c i m e n .  The  t a r g e t  s p e c i m e n  was m o d i f i e d  by r e m o v i n g  the  
o u t e r  l a y e r  and f o a m  l a y e r  f r o m  al l  excep t  the  c e n t e r  a r e a  ( 6 - i n . - d i a m )  
of the  t a r g e t ,  as  shown in F ig .  5. The  c l a m p i n g  r ing  he ld  only  the  s t r u c -  
t u r a l  l a y e r  and the  p r e s s u r e  b l a d d e r .  Thus ,  the  p o l y u r e t h a n e  f o a m  and 
the  o u t e r  l a y e r  w e r e  e s s e n t i a l l y  f r e e  of r e s t r a i n t s .  

The  t h i r d  c l a m p i n g  a r r a n g e m e n t  (Fig.  3) was  u s e d  to p r o v i d e  v e r i -  
f i c a t i on  of d i f f e r e n c e s  in the  impac t  b e h a v i o r  o b s e r v e d  with the  f i r s t  two 
c l a m p i n g  a r r a n g e m e n t s .  A s m a l l e r  c l a m p i n g  r i n g  was used ,  so that  
c o m p r e s s i o n  was aga in  app l i ed  to the  f o a m  l a y e r .  

P 

SECTION III 
TEST RESULTS 

3.1 BALLISTIC LIMIT TESTS 

The f i r s t  p h a s e  of t e s t i n g  was  c o n d u c t e d  to d e t e r m i n e  the  b a l l i s t i c  
l i m i t  of the expandab le  s t r u c t u r e s  m a t e r i a l .  T h e s e  t e s t s  w e r e  con-  
duc t ed  o v e r  a v e l o c i t y  r a n g e  f r o m  14, 000 to 21 ,000  f t / s e c .  The  p r e s -  
e n c e  o r  a b s e n c e  of t a r g e t  p e r f o r a t i o n  was d e t e r m i n e d  by v i s u a l  i n s p e c -  
t ion i m m e d i a t e l y  fo l lowing  each  shot .  E x a m p l e s  of s e c t i o n e d  t a r g e t s  
showing  i m p a c t  d a m a g e  a r e  p r e s e n t e d  in F ig .  6. F o r  t e s t s  at c o n d i t i o n s  
v e r y  c l o s e  to the  b a l l i s t i c  l im i t ,  it was  p o s s i b l e  to iden t i fy  a t e s t  r e s u l t  
d e n o t e d  as " i n c i p i e n t "  p e r f o r a t i o n .  Th i s  d e s c r i p t i o n  was  u s e d  fo r  t h o s e  

D 
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t e s t s  fo r  wh ich  it was  ev iden t  tha t  t a r g e t  p e r f o r a t i o n  a l m o s t  o c c u r r e d  
o r  j u s t  b a r e l y  o c c u r r e d ,  as  e v i d e n c e d  by a so f t en ing  of the  r e a r  s u r -  
f a c e  of the  t a r g e t  o r  a m i n u t e  p inho le  t h r o u g h  the  r e a r  s u r f a c e .  

T h e s e  r e s u l t s  a r e  t a b u l a t e d  in T a b l e  I, Append ix  II, and p l o t t e d  in 
F ig .  7. It a p p e a r s  tha t  p e r f o r a t i o n  of the  t e s t  s p e c i m e n  c a n  be e x p e c t e d  
at  the  v e l o c i t i e s  t e s t e d  if the  m a s s  of the  a l u m i n u m  s p h e r e  is g r e a t e r  
than  a p p r o x i m a t e l y  0 .004  gm.  The  r a n g e  of v e l o c i t i e s  was  not  l a r g e  
enough  to iden t i fy  a v e l o c i t y  e f fec t  on the  b a l l i s t i c  l i m i t  in the  p r e s e n t  
t e s t s .  

3.2 SPACECRAFT ATMOSPHERE TESTS 

The  s e c o n d  p h a s e  of t e s t i n g  was  c o n d u c t e d  with  the  s p e c i m e n  
a t t a c h e d  to the  tank.  T e s t s  w e r e  c o n d u c t e d  with oxygen  at 5 p s i a  in- 
s i de  the  tank,  beh ind  the  t e s t  s p e c i m e n .  O t h e r  t e s t s  w e r e  c o n d u c t e d  
wi thout  gas  p r e s s u r e  in the  tank.  The  r e s u l t s  of a l l  P h a s e  II t e s t s  
a r e  t a b u l a t e d  in T a b l e  II and p lo t t ed  in F ig .  8. 

The  t e s t  r e s u l t s  f o r  t h o s e  sho t s  u s i n g  c l a m p i n g  a r r a n g e m e n t  No. 1 
wi th  oxygen  i n s ide  the  t e s t  t ank  (Fig .  8) i nd i ca t ed  an a p p a r e n t  d e c r e a s e  
in the  b a l l i s t i c  l i m i t  of the  t a r g e t  s p e c i m e n ,  when  c o m p a r e d  wi th  the  
b a l l i s t i c  l i m i t  r e s u l t s  fo r  P h a s e  I (F ig .  7). On the  b a s i s  of the  one  shot  
(No. 59) wh ich  was  c o n d u c t e d  with a v a c u u m  in the  t e s t  t ank  and wh ich  
did  not r e s u l t  in p e r f o r a t i o n ,  t h i s  b a l l i s t i c  l i m i t  d e c r e a s e  was  a t t r i b u t e d  
to the  p r e s e n c e  of the  gas  i n s ide  the  t e s t  tank.  

At th i s  poin t  in the  t e s t  p r o g r a m ,  the  o r i g i n a l  supp ly  of t a r g e t  
s p e c i m e n s  f u r n i s h e d  by GAC had b e e n  expended .  H o w e v e r ,  the  m e c h a -  
n i s m  by wh ich  the  p r e s e n c e  of gas  i n s ide  the  t e s t  t ank  a f f e c t e d  the  b a l -  
l i s t i c  l i m i t  r e m a i n e d  to be d e t e r m i n e d .  An add i t i ona l  supp ly  of t a r g e t  
s p e c i m e n s ,  in the  c o n f i g u r a t i o n  shown in F ig .  5, was  f u r n i s h e d  by GAC 
f o r  u s e  in f u r t h e r  t e s t i n g  to iden t i fy  th i s  m e c h a n i s m .  

Clamping arrangement No. 2 (unrestrained front surface) was used 
for tests conducted with oxygen at 5 psia inside the test tank, as well as 
for other tests conducted with a vacuum in the test tank. The test re- 
sults (Fig. 8) for both tank conditions indicate a ballistic limit in agree- 
ment with that obtained for the Phase I tests (Fig. 7). These results 
demonstrate that the presence of oxygen behind the target specimen has 
no direct effect on the damage mechanism of the test material during 
impact. Furthermore, these results suggest that the decreased resist- 
ance to perforation obtained with the first clamping arrangement was 
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only an i n d i r e c t  r e s u l t  of the  p r e s e n c e  of gas  i n s ide  the  tank,  w h e r e b y  
the  gas  p r e s s u r e  was  able  to s i gn i f i c an t l y  c o m p r e s s  the  foam l a y e r  of 
the  t a r g e t  s p e c i m e n .  

In o r d e r  to d e m o n s t r a t e  c o n c l u s i v e l y  the  e f fec t  of f o a m  l a y e r  c o m -  
p r e s s i o n  on t a r g e t  p e r f o r a t i o n ,  four  sho t s  w e r e  m a d e  u s i n g  c l a m p i n g  
a r r a n g e m e n t  No. 3 (Fig .  3). B e c a u s e  of the  add i t i ona l  c o n s t r a i n t  p r o -  
v i d e d  by the  s m a l l e r  open ings  in the  c l a m p i n g  p l a t e  and tank  wall ,  the  
m e c h a n i c a l  c o m p r e s s i o n  of the  f o a m  l a y e r  n e a r  the  v i c i n i t y  of impac t  
was m u c h  g r e a t e r  fo r  th i s  a r r a n g e m e n t  than  f o r  c l a m p i n g  a r r a n g e m e n t  
No. 1. T h e r e f o r e ,  whi le  the  gas  p r e s s u r e  could  p r o v i d e  a s i gn i f i c an t  
add i t i ona l  amount  of c o m p r e s s i o n  in the  f i r s t  a r r a n g e m e n t ,  it p r o v i d e d  
l i t t l e  add i t i ona l  c o m p r e s s i o n  in the  t h i r d  a r r a n g e m e n t .  T a r g e t  p e r -  
f o r a t i o n  o c c u r r e d  on al l  four  of t h e s e  sho t s  (Fig.  8), two of which  w e r e  
m a d e  with a v a c u u m  in the  t e s t  tank,  even  though  the  p r o j e c t i l e  m a s s  
was f a r  be low the  b a l l i s t i c  l i m i t  p r e v i o u s l y  ob t a ined  fo r  u n c o m p r e s s e d  
t a r g e t s .  

The  r e s u l t s  of t h e s e  t h r e e  g roups  of t e s t s  in P h a s e  II, when  ex-  
a m i n e d  t o g e t h e r ,  i nd i ca t e  that  the  r e s i s t a n c e  of the  t a r g e t  m a t e r i a l  to 
p e r f o r a t i o n  by a s i m u l a t e d  m e t e o r o i d  is not  d e c r e a s e d  by the  p r e s e n c e  
of a t yp i ca l  s p a c e c r a f t  a t m o s p h e r e  beh ind  the  t e s t  s a m p l e .  The  
a n o m o l o u s  r e s u l t s  ob t a ined  wi th  the  f i r s t  t a r g e t  c l a m p i n g  a r r a n g e m e n t  
can  be s a f e ly  a t t r i b u t e d  to the  c o m p r e s s i o n  of the  f o a m  l a y e r  by the  gas  
p r e s s u r e  i n s ide  the tank  when such  a c l a m p i n g  a r r a n g e m e n t  is u sed .  

l b  

t 

3.3 IMPACT.INITIATED COMBUSTION FRONT 

The p e r f o r a t i o n  of the  wal l  of a v e s s e l  by a h y p e r v e l o c i t y  p r o j e c t i l e  
wi l l  p r o d u c e  an e x p l o s i v e - l i k e  r e a c t i o n  i n s ide  the  t ank  if the  t ank  con-  
t a in s  an o x y g e n - r i c h  a t m o s p h e r e .  S tudies  (Refs .  3 t h r o u g h  10) have  
shown that  the  e x t r e m e l y  hot f r a g m e n t s  of p r o j e c t i l e  and wal l  m a t e r i a l s  
r a p i d l y  u n d e r g o  a c h e m i c a l  r e a c t i o n  with the  oxygen  in the  i m m e d i a t e  
v i c i n i t y  of the  p e r f o r a t i o n ,  p r o d u c i n g  a c o m b u s t i o n  f ron t  which  p e n e t r a t e s  
into the  tank.  Th i s  v io l en t  r e a c t i o n  is a c c o m p a n i e d  by a bz;il l iant f l a s h  of  
l ight  and an i n t ense  l e v e l  of sound.  The  c o m b u s t i o n  f ron t  and a c c o m p a n y -  
ing hot p a r t i c l e s  a r e  p o t e n t i a l  ign i t ion  s o u r c e s  f o r  o t h e r  c o m b u s t i b l e  
m a t e r i a l  i n s ide  the  tank.  

R e c e n t  s t u d i e s  c o n d u c t e d  fo r  NASA (Ref. 11) have  shown that  t he  
p r e s e n c e  of a l o w - d e n s i t y ,  h igh ly  c o m b u s t i b l e  m a t e r i a l  such  as  po ly -  
u r e t h a n e  f o a m  as an i n t e g r a l  p a r t  of the  v e s s e l  wal l  can  i n c r e a s e  the  
d u r a t i o n  and s e v e r i t y  of the  r e a c t i o n  beyond  that  o b t a i n e d  fo r  a m e t a l l i c  
wall .  Secondly ,  and p e r h a p s  m o r e  s e r i o u s l y ,  the  f o a m  m a t e r i a l  wh ich  
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s u r r o u n d s  the  po in t  of impac t  can igni te  as  a r e s u l t  of the  impac t ,  
c a u s i n g  a f i r e  to s p r e a d  and b u r n  a long  the  t ank  wall .  S ince  the  ex-  
p a n d a b l e  s t r u c t u r e  m a t e r i a l  u n d e r  s tudy con ta ins  a l a r g e  v o l u m e  of 
p o l y u r e t h a n e  foam,  and s i n c e  the  m a t e r i a l  wil l  e n c l o s e  an o x y g e n - r i c h  
a t m o s p h e r e  in i ts  space  app l i ca t i ons ,  p r o v i s i o n s  w e r e  m a d e  on t h e s e  
t e s t s  fo r  p h o t o g r a p h i c  o b s e r v a t i o n  of the  r e a c t i o n  in s ide  the  t e s t  t ank  
when  p e r f o r a t i o n  o c c u r r e d  with oxygen  i n s ide  the  tank.  

C a m e r a  c o v e r a g e  on the  f i r s t  g roup of P h a s e  II sho t s  ( those  u t i l i z i n g  
c l a m p i n g  a r r a n g e m e n t  No. 1) was  o b t a i n e d  t h r o u g h  a s ide  po r t  in the  t e s t  
t ank  i m m e d i a t e l y  beh ind  the  u p s t r e a m  tank  f lange ,  so that  the  u p r a n g e  
edge  of the  f i e ld  of v i ew  was about 6 in. beh ind  the  r e a r  of t he  t e s t  
s a m p l e .  C a m e r a  c o v e r a g e  on the  r e m a i n i n g  sho t s  was  o b t a i n e d  t h r o u g h  
a r e a r  p o r t  in the  t e s t  tank,  l ook ing  d i r e c t l y  at t he  i n s ide  s u r f a c e  of the  
t e s t  s a m p l e .  A I 6 - m m  F a s t a x  @ c a m e r a  was used ,  and the  f r a m i n g  r a t e  
d u r i n g  the  event  r a n g e d  f r o m  "3600 to 4500 f r a m e s  p e r  s econd .  Typ ica l  
p h o t o g r a p h i c  r e s u l t s  a r e  p r e s e n t e d  in Fig .  9. All  l u m i n o s i t y  i n s i d e  the  
t e s t  t ank  r e s u l t e d  f r o m  the  p h e n o m e n a  a s s o c i a t e d  wi th  p e r f o r a t i o n  of the  
expandab le  s t r u c t u r e  m a t e r i a l  in the  p r e s e n c e  of oxygen.  

The  f i r s t  t h r e e  f i l m  c l i p s  in F ig .  9 w e r e  r e c o r d e d  t h r o u g h  the  s ide  
po r t  f o r  impac t  of p r o j e c t i l e s  of t h r e e  d i f f e r e n t  s i z e s  at the  s a m e  n o m i -  
na l  ve loc i ty •  about 20, 000 f t / s e c .  The  v o l u m e  and r e l a t i v e  i n t e n s i t y  of 
the  e v e n t s  r e c o r d e d  on t he  f i l m  i n c r e a s e  wi th  i n c r e a s i n g  p r o j e c t i l e  m a s s .  
The  c o m p l e t e  d u r a t i o n s  of the  even t s  on t h e s e  t e s t s ,  of which  only  the  
in i t i a l  p o r t i o n s  a r e  shown in the  f i l m  cl ips•  w e r e  t y p i c a l l y  b e t w e e n  10 and 
20 m s e c .  The  t h i r d  f i l m  cl ip  r e p r e s e n t s  an o r d e r  of m a g n i t u d e  i n c r e a s e  
in p r o j e c t i l e  m a s s  o v e r  tha t  fo r  the  f i r s t  two f i l m  c l ip s .  The  f i e ld  of v i e w  
in the  t h i r d  f i l m  cl ip,  which  was  l i m i t e d  by p o r t  s i ze ,  was  about  11 in. 
The  s t r e a k s  which  a p p e a r  in the  f i r s t  f r a m e  of the  t h i r d  f i l m  c l ip  p r o b a b l y  
r e s u l t  f r o m  high  v e l o c i t y  m e t a l l i c  p a r t i c l e s  f r o m  the  p r o j e c t i l e  and t e s t  
s p e c i m e n .  The  b i l l o w i n g  c louds  which  fo l low a r e  typ ica l  of the  r e s u l t s  
when a l o w - d e n s i t y  m a t e r i a l  such  as  p o l y u r e t h a n e  f o a m  is p r e s e n t  in the  
wal l  s t r u c t u r e .  

The fourth film clip in Fig. 9 is typical of those recorded through 
the rear port of the test tank. Impact conditions were similar to those 
which produced the first two film clips. The image size on the fourth 
film clip is small because the distance from the event to the camera was 
about twice as great as that for the side-view configuration. 

The h a z a r d s  a s s o c i a t e d  wi th  m e t e o r o i d  p e r f o r a t i o n  into an oxygen -  
r i c h  e n v i r o n m e n t  can be s e p a r a t e d  into two g roups ;  s p e c i f i c a l l y ,  t h o s e  
h a z a r d s  wh ich  could  i n c a p a c i t a t e  an occupan t  ( l ight  f l a sh ,  sound  i n t e n s i t y  
l eve l ,  o v e r p r e s s u r e ) ,  and t h o s e  which  p r o d u c e  d a m a g e  to the  s p a c e c r a f t  
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i t se l f .  Th i s  l a t t e r  g roup  i n c l u d e s  l o s s  of p r e s s u r i z a t i o n ,  i m p a c t  
d a m a g e  of s p a c e c r a f t  c o m p o n e n t s ,  igni t ion  and b u r n i n g  of wa l l  i n s u l a -  
t ion  m a t e r i a l s ,  and s e c o n d a r y  f i r e s  i n i t i a t ed  by hot f r a g m e n t s .  L i t t l e  
is known about  the  " s h o c k "  h a z a r d s  to an a s t r o n a u t ,  and the  p r e s e n t  
t e s t s  w e r e  not e x t e n s i v e  enough  to p r o v i d e  c l a r i f i c a t i o n  in th i s  a r e a .  
N e i t h e r  w e r e  t h e s e  t e s t s  su f f i c i en t  to p r o v i d e  a w e a l t h  of i n f o r m a t i o n  
c o n c e r n i n g  p o t e n t i a l  d a m a g e  to an e x p a n d a b l e  s t r u c t u r e s  v e h i c l e .  How-  
e v e r ,  it m a y  be  s i g n i f i c a n t  tha t  ign i t ion  and b u r n i n g  of the  t e s t  s p e c i -  
m e n  m a t e r i a l s  did not  o c c u r  on any of the  t e s t s  c o n d u c t e d  in the  p r e s -  
e n c e  of oxygen .  Th i s  does  not i m p l y  tha t  ign i t ion  and b u r n i n g  of the  
p o l y u r e t h a n e  f o a m  would  not o c c u r  u n d e r  o t h e r  i m p a c t  c o n d i t i o n s ;  in 
Ref.  11 it w a s  found tha t  ign i t ion  and b u r n i n g  cou ld  be  e x p e c t e d  when  
the  p r o j e c t i l e  k i n e t i c  e n e r g y  was  g r e a t e r  t han  a c e r t a i n  t h r e s h o l d  va lue .  
The  p r o j e c t i l e  e n e r g y  in the  p r e s e n t  t e s t s  was  a p p a r e n t l y  s o m e w h a t  be -  
low the  t h r e s h o l d  v a l u e  a p p l i c a b l e  in the  p r e s e n t  c a s e ,  if, in fac t ,  such  
a t h r e s h o l d  e x i s t s  fo r  the  s t r u c t u r e  s tud ied .  

SECTION IV 

SUMMARY 

The  i m p a c t  t e s t s  c o n d u c t e d  on s a m p l e s  of the  e x p a n d a b l e  s t r u c t u r e s  
m a t e r i a l  i n d i c a t e  tha t  c o m p l e t e  p e r f o r a t i o n  of the  t e s t  s p e c i m e n  can  be  
e x p e c t e d  at the  v e l o c i t i e s  t e s t e d  if the  m a s s  of the  a l u m i n u m  p r o j e c t i l e  
is g r e a t e r  than  a p p r o x i m a t e l y  0. 004 gin.  The  r e s i s t a n c e  of the  s t r u c t u r e  
to p e r f o r a t i o n  is not a f f e c t e d  by the  p r e s e n c e  of oxygen  at 5 p s i a  b e h i n d  
the  t e s t  s a m p l e .  C e r t a i n  a n o m o l o u s  r e s u l t s  o b t a i n e d  in the  p r e s e n c e  of 
5 p s i a  oxygen  a r e  a t t r i b u t e d  to the  c o m p r e s s i o n  of t he  f o a m  l a y e r  of the  
s t r u c t u r e  by the  gas  p r e s s u r e .  The  c o m b u s t i o n  f r o n t  wh ich  e x i s t s  when  
a v e s s e l  c o n t a i n i n g  a h igh c o n c e n t r a t i o n  of oxygen  is p e r f o r a t e d  by a 
h i g h - s p e e d  p r o j e c t i l e  was  p h o t o g r a p h i c a l l y  r e c o r d e d .  A g r e a t e r  u n d e r -  
s t a n d i n g  of the  h a z a r d s  a s s o c i a t e d  with  th i s  i m p a c t - i n i t i a t e d  c o m b u s t i o n  
f ron t  wi l l  r e q u i r e  a d d i t i o n a l  t e s t i n g .  

W 
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TABLE I 
BALLISTIC LIMIT TEST RESULTS 

) 

I 
Aluminum Projectile Target Perforation I 

Shot 
No. Diameter, Velocity, 

Mass, gm No 
in. f t / s e e  

25 
26 
27 
29 

31 
32 
33 
34 

35 
36 
37 
38 

39 
40 
42 
43 

44 
45 
46 
47 

48 
49 
50 

1 /16  
I 

1/32 

3/14 
1/16 Mod. * 

0.0054 
0.0051 
0.0054 
0.0052 

0.0005 
0.0007 
0.0006 
0.0008 

0.0026 
0.0025 
0.0041 
0.0045 

0.0038 
0.0041 
0.0045 
0.0045 

0.0041 
0.0036 
0.0038 
0.0041 

0.0041 
0.0045 
0.0035 

20,600 
18,450 
16,200 
14,000 

20,000 
20,000 
20,000 
19,400 

19,800 
20,000 
20,000 
19,900 

20,100 
17,500 
16,200 
17,500 

18,000 
19,650 
17,700 
20,700 

21,000 
20,000 
16,800 

Y e s  Incipient  

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

*Mass  Removed  f r o m  One Side of Sphere  
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t e s t i n g  i n  a dummy a i r l o c k  c o n f i g u r a t i o n  a b o a r d  a NASA S-IVB O r b i t a l  
W o r k s h o p .  The t e s t s  w e r e  c o n d u c t e d  t o  o b t a i n  t h e  b a l l i s t i c  l i m i t  o f  t h e  
s t r u c t u r e  a n d  t o  d e t e r m i n e  i t s  b e h a v i o r  d u r i n g  s i m u l a t e d  m e t e o r o i d  
p e r f o r a t i o n  w h i l e  e n c l o s i n g  a t y p i c a l  o x y g e n - r i c h  s p a c e c r a f t  a t m o s p h e r e .  
S p h e r i c a l  a l u m i n u m  p r o j e c t i l e s  a t  a v e l o c i t y  o f  a b o u t  2 0 , 0 0 0  f t / s e c  w e r e  
u s e d  on  t h e  t e s t s ,  a n d  p e r f o r a t i o n  o c c u r r e d  f o r  p r o j e c t i l e  m a s s e s  
g r e a t e r  t h a n  a b o u t  0 . 0 0 4  gm. The  r e s i s t a n c e  o f  t h e  s t r u c t u r e  t o  p e r -  
f o r a t i o n  was  n o t  a f f e c t e d  by  t h e  p r e s e n c e  o f  o x y g e n  a t  5 p s i a  b e h i n d  t h e  
t e s t  s a m p l e  e x c e p t  u n d e r  c e r t a i n  c o n d i t i o n s  i n  w h i c h  t h e  s t r u c t u r e  was  
c o m p r e s s e d  by t h e  g a s  p r e s s u r e  t o g e t h e r  w i t h  t h e  c l a m p i n g  a r r a n g e m e n t  
u s e d  t o  f a s t e n  t h e  s a m p l e  t o  t h e  t e s t  t a n k .  The c o m b u s t i o n  f r o n t  w h i c h  
e x i s t s  i n s i d e  a v e s s e l  c o n t a i n i n g  a h i g h  c o n c e n t r a t i o n  o f  o x y g e n  when  
t h e  v e s s e l  i s  p e r f o r a t e d  by a h i g h - s p e e d  p r o j e c t i l e  was  p h o t o g r a -  
p h i c a l l y  r e c o r d e d .  

T h i s  d o c u m e n t  i s  s u b j e c t  t o  s p e c i a l  e x p o r t  c o n t r o l s  and  e a c h  t r a n s m i t t a l  
t o  f o r e i g n  g o v e r n m e n t s  o r  f o r e i g n  n a t i o n a l s  may be  made o n l y  w i t h  p r i o r  
a p p r o v a l  o f  A i r  F o r c e  A e r o - P r o p u l s i o n  L a b o r a t o r y  (APFT),  W r i g h t -  
P a t t e r s o n  AFB, O h i o  4 5 4 3 3 .  
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K E Y  W O R O S  m m 
R O L E  W T  R O L E  W T  R O L E  W T  

m e t e o r o i d s  

i m p a c t  t e s t s  

p a s s a g e w a y s  

s t r u c t u r e s ,  e x p a n d a b l e  

a r t i f i c i a l  s a t e l l i t e s  

manned s p a c e c r a f t  

s p a c e  s t a t i o n s  

p a r k i n g  o r b i t s  

h y p e r v e l o c i t y  p r o j e c t i l e s  

c o m b u s t i o n  

f i r e  h a z a r d s  

n o i s e  ( sound )  

l i g h t  ( v i s i b l e  r a d i a t i o n )  

b r i g h t n e s s  
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