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SECTION 1 

PROGRAM ACCOMPLISHMENTS 

T h i s  impact  l i m i t e r  c o n t r a c t  h a s  brought  about  a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  knowledge of impact technology.  The technology improvement was 
o r i e n t e d  toward l a r g e  45-inch d iameter  b a l s a  s p h e r e s  impact ing a t  h i g h  
speeds .  P r i o r  t o  t h e  program t h e  s t z t e - o f - t h e - a r t  had only  progressed  t o  
22 i n c h  d i a m e t e r  spheres  impacted a t  v e l o c i t i e s  up t o  250 f t / s e c .  The 
major  accomplishments which r e s u l t e d  from t h i s  program a r e :  

(1) A t e s t  system was developed t o  s u c c e s s f u l l y  impact 
300 l b  45-inch d i a m e t e r  spheres  a t  v e l o c i t i e s  up 
t o  426 f t l s e c .  The t e s t  system i n c l u d e d :  a unique 
a i r  gun f a c i l i t y  capable  of p r o p e l l i n g  1000-lb 
p r o j e c t i l e s  a t  speeds up t o  500 f t / s e c  and devel -  
oped t r a i l i n g  wire i n s t r u m e n t a t i o n  which s u r v i v e s  
impact .  T h i s  t e s t  system can be a s u b s t a n t i a l  
c o n t r i b u t o r  i n  f u t u r e  impact technology e f f o r t s .  

(2) The c a p a b i l i t y  t o  f a b r i c a t e  b a l s a  s p h e r e s  was 
e x t r a p o l a t e d  i n  s i z e  from a 2 - f t  d iameter  t o  a 
4 - f t  d i a m e t e r .  The t o o l i n g  t e c h n i q u e s  u t i l i z e d  
a r e  a l s o  a p p l i c a b l e  t o  a l t e r n a t e  m a t e r i a l s  and 
w i l l  a l l o w  even f u r t h e r  e x t r a p o l a t i o n  of s i z e .  

(3) S u r v i v a l  l e v e l s  of payloads i n  b a l s a  s p h e r e s  were 
demonstrated a t  a v e l o c i t y  of 365 f t / s e c  w i t h  
a c c e l e r a t i o n  levels  maintained under 4000 g .  
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SECTION 2 

TEST FACILITY 

The t a s k  r e q u i r e d  of t h e  t e s t  system was t o  provide  c o n t r o l l e d  impacts  of  
l a r g e  b a l s a  t es t  spheres  (45 inch  d iameter ,  300 l b s )  a t  v e l o c i t i e s  up t o  
500 f t / s e c  p r o v i d i n g  impact a c c e l e r a t i o n  d a t a .  I n  a d d i t i o n  t h e  impact a r e a  
r e q u i r e d  s u r f a c e  i n t e r c h a n g e s  ranging  from r i g i d  t o  powdered m a t e r i a l s .  I n  
t h e  i n v e s t i g a t i o n  of f a c i l i t i e s  which would accomplish t h e  requi rements  
t h e r e  was no known i n s t a l l a t i o n  which could m e e t  t h e  c r i t e r i a .  Rocket s l e d  
t e s t  f a c i l i t i e s  were cons idered  and(with s p e c i a l  developments of  payload 
s e p a r a t i o n  from t h e  s 1 e d ) t e s t i n g  could be f e a s i b l e  f o r  r i g i d  s u r f a c e s .  The 
h o r i z o n t a l  f a c i l i t y  possessed i n h e r e n t  d i f f i c u l t i e s  w i t h  powdered non- 
cohes ive  s u r f a c e  t a r g e t s  (sand) .  

There were a few i n s t a l l a t i o n s  i n  t h e  country t h a t  had developed s u c c e s s f u l  
pneumatic t e s t  systems f o r  a 500 f t / s e c  v e l o c i t y  b u t  t h e y  were p r i m a r i l y  i n  
t h e  6- inch  d iameter  s i z e  r a n g e .  
t h e  t e s t  specimen a c t i n g  a s  t h e  p i s t o n  and p r o j e c t i l e .  
t y p e  g e n e r a l l y  s u f f e r e d  development pa ins  i n  r e l a t i o n  t o  high speed v a l v i n g  
and i n s t r u m e n t a t i o n  c a b l i n g .  Once t h e  f a c i l i t i e s  were developed and i n s t r u -  
menta t ion  problems so lved  pneumatic t e s t  f a c i l i t i e s  have proven t o  be h i g h l y  
r e l i a b l e ,  and r e l a t i v e l y  low c o s t  p e r  t e s t .  The d e c i s i o n  was made t o  t a c k l e  
t h e  problem w i t h  a unique f a c i l i t y  w i t h  a s u b s t a n t i a l  sca le -up  of e x i s t i n g  
s t a t  e - of - t h e  - a r t  . 

These were i n  p r i n c i p a l  a blow gun w i t h  
F a c i l i t i e s  o f  t h i s  

The c o n f i g u r a t i o n  n e c e s s a r y  f o r  a v a r i a t i o n  of impact t a r g e t  m a t e r i a l s  i s  
a v e r t i c a l  gun s h o o t i n g  down i n t o  a t a r g e t  m a t e r i a l  p i t .  
schemat ic  i n  F i g u r e  2 - 1  shows t h e  b a s i c  e lements  of t h e  t e s t  f a c i l i t y .  
t a r g e t  m a t e r i a l  p i t  i s  a 10 f t  deep 15 f t  X 15 f t  c o n c r e t e  l i n e d  c a v i t y  
which c o n t a i n s  t h e  seismic b lock  impact s u r f a c e .  The p i t  w a l l  p r o v i d e s  
t h e  f o u n d a t i o n  f o r  t h e  gun and h a n d l e s  t h e  q u a r t e r  o f  a m i l l i o n  pounds of 

The t e s t  f a c i l i t y  
The 
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gun r e a c t i o n  l o a d s .  With t h e  rebound ne t  (F igure  2-2) and t h e  deep p i t  
w a l l s , p r o t e c t i o n  i s  provided  a g a i n s t  high speed impact d e b r i s .  Also l o c a t e d  
i n  t h e  impact p i t  a r e  a f a s t e x  camera and speed t r a p  b r e a k  wire (F igure  2-3) .  
The a i r  gun i s  mounted d i r e c t l y  above t h e  impact a r e a  on a c rosshead  l o c a t e d  
23 f t  above t h e  ground suppor ted  by "H" beam l e g s .  
v a l v i n g  i s  l o c a t e d  above t h e  crosshead whi le  t h e  gun b a r r e l  and specimen 
a r e  l o c a t e d  below ( F i g u r e  2-4).  A photo of  t h e  gun ( F i g u r e  2-5) d u r i n g  t h e  
a c t u a l  f i r i n g  r e v e a l s  t h e  cloud which obscures  t h e  b a r r e l .  T h i s  cloud 
propagates  d i r e c t l y  behind t h e  p r o j e c t i l e  and hampers h i g h  speed photo- 
g r a p h i c  s t u d i e s  of impact .  It i s  caused by t h e  expanded low tempera ture  
n i t r o g e n  condensing m o i s t u r e  i n  t h e  atmosphere.  The n i t r o g e n  banks which 
charge  t h e  gas  chamber a r e  shown i n  the  foreground.  

The g a s  chamber and 

2 . 1  AIR GUN DESCRIPTION 

The A i r  Gun i s  b a s i c a l l y  a v e l o c i t y  g e n e r a t o r  des igned  t o  accept  a r e l a t i v e l y  
l a r g e  t e s t  i t e m  and t o  a c c e l e r a t e  t h e  i t e m  t o  a t e r m i n a l  v e l o c i t y  of  560 f t /  
sec.  The payload a c t s  a s  a p i s t o n  i n  a long  c y l i n d r i c a l  b a r r e l  w i t h  a i r  
p r e s s u r e  p r o v i d i n g  a c c e l e r a t i o n  f o r c e s  through t h e  b a r r e l  l e n g t h .  A 325,000 
in3  t a n k  s t o r e s  compressed n i t r o g e n  a t  up t o  135 p s i  p r o v i d e s  t h e  energy  
s o u r c e .  It i s  n e c e s s a r y  t o  employ a r e l a t i v e l y  l a r g e  f low a r e a  v a l v e  system 
t o  r e l e a s e  t h e  gas  volume i n  adequate  q u a n t i t y  t o  m a i n t a i n  a h i g h  g a s  pres -  
s u r e  on t h e  t e s t  p r o j e c t i l e .  The i n l e t  passageway i s  54.0 i n .  i n  d i a m e t e r .  
The e f f e c t i v e  a c c e l e r a t i o n  s t r o k e  i s  132 i n .  w i t h  a 45.63 i n .  d i a m e t e r  b a r r e l .  

The g a s  i s  conta ined  w i t h i n  t h e  chamber by a l a r g e  f l a t  s e a t  v a l v e  s e a t i n g  
d i r e c t l y  a c r o s s  t h e  o r i f i c e .  The lower s u r f a c e  of t h e  s e a l  head c o n t a i n s  
a c i r c u l a r  rubber  s e a l  r i n g  which makes c o n t a c t  w i t h  t h e  t o p  s u r f a c e  of t h e  
o r i f i c e  t u b e  f l a n g e .  A t u b u l a r  s t e e l  s h a f t  i s  a t t a c h e d  t o  t h e  t o p  o f  t h e  
s e a l  head and e x t e n d s  through t h e  gas  chamber and i n t o  t h e  main v a l v e  
c y l i n d e r .  The v a l v e  open p i s t o n  i s  l o c a t e d  on t h i s  s h a f t .  It p r o v i d e s  t h e  
f o r c e  t o  r a i s e  t h e  s e a l  head 18.0 i n .  i n  approximately .612 sec. The two 
s i d e  v a l v e s  provide  h i g h  p r e s s u r e  gas  t o  a c t i v a t e  t h e  v a l v e  open p i s t o n .  
When t h e  s e a l  head i s  opened it  i s  a c c e l e r a t e d  r a p i d l y  upward and must be 
s topped .  A d e c e l e r a t i o n  meter ing  p i n  i s  a t t a c h e d  t o  t h e  t o p  of t h e  main 
v a l v e  p i s t o n  w i t h i n  a w a t e r  r e s e r v o i r .  After an  upward t r a v e l  of approx- 
imate ly  18.0 i n .  t h e  m e t e r i n g  p i n  e n t e r s  an  o r i f i c e  c a u s i n g  a w a t e r  m e t e r i n g  
p r o c e s s  t o  o c c u r  t o  d e c e l e r a t e  t h e  main v a l v e .  

The s i d e  v a l v e  which a c t i v a t e s  t h e  sequence c o n t a i n s  t h e  h i g h  p r e s s u r e  g a s  
chamber and a q u i c k  opening v a l v e .  The q u i c k  opening v a l v e  which o p e r a t e s  
i n  .001 s e c  i s  contil ined by a h y d r a u l i c  l o c k .  The h y d r a u l i c  l o c k  i s  vented  
by a s o l e n o i d  v a l v e  t h e r e b y  r e l e a s i n g  the v a l v e  p i s t o n .  

T h i s  v a l v e  system p r o v i d e s  two major  f e a t u r e s :  the  f i r i n g  e v e n t  i s  o p e r a t e d  
remotely w i t h i n  m i l l i s e c o n d s  a l lowing  c o o r d i n a t i o n  w i t h  i n s t r u m e n t a t i o n  and 
photography.  The main v a l v e  o p e r a t e s  f a s t  enough t o  reduce gds i n l e t  l o s e s  
and p r o v i d e s  e f f i c i e n t  energy  t r a n s f e r  t o  o b t a i n  h i g h  sphere  v e l o c i t i e s .  
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FIGURE 2-4 AIR GUN 
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A motor-winch assembly p r o v i d e s  t h e  means of  l i f t i n g  t h e  t e s t  sphere  i n t o  
t h e  breech .  It i s  a t t a c h e d  t o  one s i d e  of t h e  c r o s s  head .  A s h a f t  e x t e n d s  
a c r o s s  t h e  o r i f i c e  t u b e  c o n t a i n i n g  a p u l l e y  which d i r e c t s  t h e  l i f t i n g  c a b l e  
down a t  t h e  c e n t e r  of t h e  b a r r e l .  The Sphere i s  main ta ined  i n  p o s i t i o n  by a 
s h o r t  c a b l e  f u s e  l i n k  which b r e a k s  a t  approximately 500 l b s  f o r c e  provided 
by t h e  i n l e t  g a s  p r e s s u r e .  

2.2 GUN THEORETICAL VELOCITY EXPRESSION 

A r e l a t i o n s h i p  of p r o j e c t i l e  v e l o c i t y  with t h e  gun s e t  p r e s s u r e  and p r o j e c -  
t i l e  weight i s  e s s e n t i a l  t o  p r e d i c t i n g  performance w i t h  minimum t r i a l  and 
e r r o r .  The fundamental  e q u a t i o n  denotes  an  energy ba lance  w i t h  t h e  work 
done by t h e  expanding gas  e q u a l  t o  t h e  k i n e t i c  energy of t h e  t e s t  p r o j e c t i l e .  
The work done by t h e  g a s  i s  a d i r e c t  f u n c t i o n  of  t h e  p r e s s u r e  d i r e c t e d  upon 
t h e  payload and t h e  s t r o k e .  The p r e s s u r e  i s  opera ted  on by a breech  volume 
v o i d  and f u r t h e r  by pay load movement. These p r e s s u r e  d r o p s  can  be accounted 
f o r  by t h e  g a s  laws f o r  i s e n t r o p i c  expansion of g a s .  The fundamental  energy 
e q u a t i o n  f o l l o w s  : 

WORK BY EXPANDING GAS - WORK AGAINST ATMOSPHERIC PRESSURE = PROJECTILE 
K I N E T I C  ENERGY 

J P ( s ) A d s - P  A = - -  1 w v2  
A 2 g  

Where : 

P ( s )  = Funct ion  of p r e s s u r e  r e l a t i o n  t o  payload movement 

A = B a r r e l  a r e a  - 1590 i n  2 

S = Payload d isp lacement  - 132 i n  

PA = Atmospheric P r e s s u r e  - 14.7 p s i  

W = Payload Weight l b s  

g = A c c e l e r a t i o n  of g r a v i t y  - 32.2 f t / s e c  

V = Payload v e l o c i t y  f t / s e c  

The p r e s s u r e  r e l a t i o n s h i p  of t h e  breech  p r e s s u r e  wi th  s t r o k e  i s  e s t a b l i s h e d  
by t h e  i s e n t r o p i c  expans ion  of  g a s .  
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0 
V 

Vo + A'S  :. P (s) = Po [ 

Where : 

P = P r e s s u r e  of gas above payload be fo re  payload moves. 
0 

V = Volume of a i r  i n  t a n k  p l u s  breech v o i d  
= 325,000 i n 3  + 35,000 i n 3  
= 360,000 i n 3  

0 

Vs = T o t a l  volume a t  any s t r o k e  

The r e l a t i o n s h i p  of t h e  t a n k  set  p re s su re  i s  a l s o  e s t a b l i s h e d  by t h e  i s e n -  
t r o p i c  expans ion  of gas .  

'tank 1 .4  1 
0 

0 
= ' s e t  ( v 

325,000 1 . 4  
' se t  P = (  

0 360,000 

P = .870 Pset 

S u b s t i t u t i n g  (3) i n t o  (2) 

0 

"0 1 . 4  
P(S> = -870 Pset c v + As 

0 

S u b s t i t u t i n g  (4) i n t o  (1) 

(3) 

( V + A s  1 )154 ds]-[Pa A]= 2 g  V2 ( 5 )  
S 

1 . 4  Pset A Vo 
0 

I n t e g r a t i o n  and s u b s t i t u t i o n  of  c o n s t a n t s  r e s u l t s  i n  t h e  fo l lowing  e x p r e s s i o n :  

V = 232 
w x 10 
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Where : 

V = P r o j e c t i l e  v e l o c i t y  - f t / s e c  

P, = Absolute  set p r e s s u r e -  p s i a  

W = P r o j e c t i l e  weight - l b s  

T h i s  e q u a t i o n  i s  p r e s e n t e d  i n  F i g u r e  2-6 w i t h  a p l o t  of gun gage p r e s s u r e  
v e r s u s  v e l o c i t y  wi th  t h r e e  d i f f e r e n t  payload w e i g h t s ,  Actua l  t e s t  d a t a  i s  
p l o t t e d  on t h i s  curve  showing e x c e l l e n t  c o r r e l a t i o n .  The t es t  p o i n t s  a r e  
a l l  w i t h i n  5 p e r c e n t  of  t h e  t h e o r e t i c a l  c u r v e .  

2.3 INSTRUMENTATION 

An acce lerometer  and breakwire  speed t r a p  were used t o  measure impact 
d e c e l e r a t i o n  and speed r e s p e c t i v e l y .  High speed motion p i c t u r e  coverage 
was s u p p l i e d  t o  g i v e  photographic  d a t a .  

The acce lerometer  i n s t r u m e n t  package c o n s i s t e d  of a c y l i n d r i c a l  s t e e l  p l a t e  
t o  which were mounted a mechanical t e r m i n a t i o n  f o r  t h e  s i g n a l  c a b l e  and an 
Endevco Model 226lM6 a c c e l e r o m e t e r .  The ins t rument  package was mounted 
i n t o  an aluminum b a l l a s t  p l a t e  w i t h i n  the  maple payload v i a  a 3 - i n .  diam- 
e t e r  a c c e s s  h o l e  provided through t h e  upper l i m i t e r  h a l f .  USS Amergraph 
Type 4-H-219-B e lec t ro-mechanica l  c a b l e  was used t o  supply  power and c a r r y  
s i g n a l s  from t h e  acce lerometer .  The c a b l e  i s  armored w i t h  double  reverse 
l a y e r s  of  performed h i g h  s t r e n g t h  s t ee l  w i r e  and h a s  a r a t e d  b r e a k i n g  
s t r e n g t h  o f  o v e r  4000 l b s .  The c a b l e  w a s  r o u t e d  from t h e  ins t rument  pack- 
age t o  t h e  t o p  of t h e  s p h e r e ,  t h e n  t o  t h e  bot tom of a s h e e t  aluminum r i n g  
which was bonded t o  t h e  s u r f a c e  of t h e  sphere a t  about l a t i t u d e  45'. 
Seven t u r n s  of t h e  c a b l e  were layed on the c o i l  form i n  a c lockwise s e n s e  
and l i g h t l y  bonded t o  i t .  Twenty f ee t  of c a b l e  were l e f t  f r e e  f o r  connec- 
t i o n  t o  t h e  t e s t  f a c i l i t y  i n s t r u m e n t a t i o n  system ( F i g u r e  2-7). 

A s  t h e  l i m i t e r  t r a v e l s  downward, the i n s t r u m e n t a t i o n  c a b l e  pays o u t  from 
i t s  c o i l e d  p o s i t i o n  on t h e  l i m i t e r .  T e n s i l e  l o a d s  i n  t h e  i n s t r u m e n t a t i o n  
c a b l e  a r e  r e a c t e d  o u t s i d e  of the blowgun system v i a  guide and p u l l e y  systems.  
A 10 f t  l e n g t h  of  1 / 2 - i n c h  nylon l i n e  i s  used a s  a b u f f e r  t o  smooth t r a n -  
s i e n t  shock  l o a d s  which could o t h e r w i s e  r e s u l t  i n  c a b l e  f a i l u r e  a t  t h e  
r i g i d  anchor  p o i n t .  

Impact speed was determined from t h e  t ime i n t e r v a l  r e q u i r e d  f o r  t h e  specimen 
t o  b r e a k  two wires  spaced 1 7 . 3  f t  a p a r t .  One breakwire  was t i e d  a c r o s s  t h e  
blowgun muzzle and t h e  o t h e r  was l o c a t e d  about  3 f t  above t h e  impact t a r g e t .  
A s  each w i r e  was broken,  an e l e c t r i c a l  c i r c u i t  was i n t e r r u p t e d .  The break-  
w i r e  e v e n t s  and acce lerometer  d a t a  were recorded on an  o s c i l l o g r a p h  w i t h  a 
t i m e  base of 10 m i l l i s e c o n d s / i n .  u s i n g  CEC7-326 galvanometers  which have a 
f l a t  f requency  range from 0-3000 H, and l i n e a r  phase response .  
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High-speed motion p i c t u r e  cameras were p laced  (1) a t  t h e  gun breech  t o  
record  c a b l e  dynamics, (2) a t  t h e  ground l e v e l  t o  r e c o r d  t h e  a c t i o n  of t h e  
l i m i t e r  a s  i t  l e a v e s  t h e  blow gun muzzle, and (3) a t  t h e  t a r g e t  level  t o  
r e c o r d  t h e  impact dynamics. 

2.4 TEST SYSTEM DEVELOPMENT TESTS I 
The t e s t  system exper ienced  c o n s i d e r a b l e  development p a i n s .  The problems 
were c o n c e n t r a t e d  i n  two primary a r e a s ;  t h e  a i r  gun v a l v e  and t h e  i n s t r u -  
menta t i o n  c a b l e .  

The e v o l u t i o n  of  t h e  s o l u t i o n  of t h e  problems were through t e s t  f i r i n g  of 
dummy p r o j e c t i l e s .  There were 15 dummy s h o t s  made p r i o r  t o  o b t a i n i n g  a 
complete t e s t  system. T h i s  r e q u i r e d  c o n s i d e r a b l e  e x p e n d i t u r e  of  t i m e  and 
money t o  c r e a t e  p r o j e c t i l e s ,  conduct t e s t s ,  t e a r  down and r e p a i r  t h e  gun, 
d iagnose  problems and d e s i g n  s o l u t i o n .  There were t h r e e  k i n d s  of t e s t  
p r o j e c t i l e s  u t i l i z e d ;  plywood d i s k s ,  plywood s p h e r e s  and f i b e r g l a s s  s p h e r e s . .  
( F i g u r e s  2-8, 2-9,  and 2-10). The plywood dummies were q u i t e  r e p r e s e n t a -  
t i v e  whi le  t h e  f i b e r g l a s s  u n i t s  were s t r u c t u r a l l y  unsound f a i l i n g  a t  l aunch .  

The a i r  gun exper ienced  f o u r  problems of a major n a t u r e  each  of which re- 
q u i r e d  complete teardown of t h e  machine a t  d i f f e r e n t  t i m e s  a long t h e  pro- 
gram. The i n i t i a l  problem was t h a t  t h e  h i g h  p r e s s u r e  a i r  r e s e r v o i r  was t o o  
s m a l l  t o  open t h e  v a l v e  a t  h igh  v e l o c i t y  s h o t s .  T h i s  was c o r r e c t e d  by 
adding an a d d i t i o n a l  t a n k  on t h e  s i d e  v a l v e .  T h i s  c o r r e c t e d  t h a t  problem 
b u t  caused a new one;  w i t h  t h e  added tank  t h e  s i d e  v a l v e  suppor t  a t tachment  
was inadequate  and had t o  be beefed up. Cont inua l  problems were had w i t h  
t h e  s i d e  v a l v e  housing s e a l  due t o  p inching  a t  assembly. A r e d e s i g n  c o r -  
r e c t e d  t h e  problem. The main v a l v e  p i s t o n  s e a l  a l s o  r e q u i r e d  i n t e r m i t t a n t  
rep lacement .  Due t o  t h e  massive s i z e  of t h e  equipment even s e a l  r e p l a c e -  
ments were a major  o p e r a t i o n  r e q u i r i n g  c ranes  and heavy h a n d l i n g  equipment.  

Superimposed on t h e  a i r  gun problems was a program t o  e s t a b l i s h  a t r a i l i n g  
w i r e  c o n f i g u r a t i o n  which would s u r v i v e  a t  500 f t / s e c  . A g r e a t  many wire 
systems were at tempted p r i o r  t o  t h e  s u c c e s s f u l  system developed.  The funda- 
menta l  e lements  i n  t h e  ins t rument  w i r e  system were t h e  ins t rument  w i r e ,  t h e  
t e t h e r ,  t h e  c a b l e  r e s t r a i n e r  and t h e  cable  p l a y o u t .  The p h y s i c a l  d e t e r r a n t s  
t o  s u c c e s s  were a i r  b l a s t ,  p r o j e c t i l e  a c c e l e r a t i o n ,  c a b l e  s h i p p i n g ,  gun 
b a r r e l  a b r a s i o n ,  and w i r e  i n e r t i a l .  I n  a l l  c a s e s  t h e  c a b l e  was stowed and 
played o u t  from t h e  p r o j e c t i l e .  Each of t h e  systems t r i e d  succumbed t o  
one o r  t h e  combinat ion of t h e  f o r c e s  i n  t h e  system. 

The f i n a l  s o l u t i o n  conta ined  e lements  which c o u n t e r a c t e d  t h e  prev ious  
p i t f a l l s .  The b a s i c  w i r e  was a f o u r  wire conductor  mounted i n  t h e  c e n t e r  
of a two-layered s t e e l  c a b l e  shroud.  The s t e e l  c a b l e  p r o t e c t e d  a g a i n s t  
a b r a s i o n  l o a d s .  It was stowed i n  a c y l i n d r i c a l  c o n f i g u r a t i o n  bonded t o  an 
aluminum h o l d i n g  r i n g .  T h i s  accomplished two t h i n g s ,  t h e  c a b l e  s t a y e d  on 
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FIGURE 2-8 45-INCH PLYWOOD DISC PROJECTILE 
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F I G U R E  2-9 4 5 - I N C H  PLYWOOD SPHERE PROJECTILE 
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t h e  p r o j e c t i l e  th rough t h e  a c c e l e r a t i o n  and a i r  b l a s t ;  and played o u t  
e v e n l y .  Due t o  weight t h e  c a b l e  i n e r t i a  and shock l o a d s  were of concern 
and t h i s  was handled by a t t a c h i n g  t h e  c a b l e  t o  a nylon bungee cord .  

The s o l u t i o n  appears  v e r y  l o g i c a l  i n  r e t r o s p e c t .  However, i s o l a t i n g  and 
s o l v i n g  t h e  problems was f i e r c e  and r e q u i r e d  q u i t e  a b i t  of t e s t  sampling 
t o  deduce. A summary of t h e  i n s t r u m e n t a t i o n  t e s t  c o n f i g u r a t i o n  and r e s u l t  
i s  shown i n  F i g u r e s  2-11, 2-12, 2-13, 2-14 and 2-15. 
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SECTION 3 

BALSA SPHERE DESIGN AND FABRICATION 

o m n i - d i r e c t i o n a l  impact p r o t e c t i o n  f o r  an i n t e r n a l  s p h e r i c a l  payload.  
S ince  b a l s a  has  g r a i n  o r i e n t e d  p r o p e r t i e s  i t  i s  n e c e s s a r y  t h a t  t h e  s p h e r e s  
be c o n s t r u c t e d  w i t h  r a d i a l l y  o r i e n t e d  g r a i n  t o  achieve  o p t i m a l  m a t e r i a l  
e f f i c i e n c y .  T h i s  r e q u i r e s  a sphere  c o n s t r u c t e d  of smal l  segments.  I n  
a d d i t i o n ,  t h e s e  segments must be developed i n  a p r e c i s e  geometr ic  form f o r  
p r o p e r  assembly i n t o  a s p h e r i c a l  shape .  The b a s i c  geometry i s  d i s c u s s e d  
e a r l y  i n  t h e  f o l l o w i n g  s e c t i o n .  Subsequent s e c t i o n s  d i s c u s s  i n  d e t a i l  t h e  
f a b r i c a t i o n  and assembly methods developed t o  provide  an i n t e g r a l  package 
of payload and l i m i t e r .  A p i c t o r i a l  o f  t h e  complete assembly sequence i s  
shown i n  F i g u r e  3-1. 

3 . 1  LIMITER DESIGN 

It was a d e s i g n  requirement  t h a t  t h e  s p h e r i c a l  b a l s a  wood impact l i m i t e r  
be f a b r i c a t e d  such t h J t  t h e  maximum angular  d i f f e r e n c e  between t h e  g r a i n  
and t h e  r a d i u s  v e c t o r  never  exceeds 15 degrees .  A second requirement  re- 
l a t e s  t o  t h e  maximum saw c u t  depth  requi red  t o  f a b r i c a t e  each segment; 
t h i s  could  n o t  exceed 13 inches  t o  a l l o w  u t i l i z a t i o n  of t h e  s p e c i a l l y  
purchased 32 i n c h  d i a m e t e r  c i r c u l a r  saw which r e p r e s e n t s  t h e  maximum s i z e  
a c c e p t a b l e  t o  achieve  t h e  r e q u i r e d  p r e c i s i o n  c u t s .  A f u r t h e r  c o n s t r a i n t  
was t o  minimize f a b r i c a t i o n  and assembly c o s t s  by manufactur ing t h e  l i m i t e r  
o u t  of a minimum number of d i f f e r e n t  d e t a i l  b l o c k s .  The f i r s t  two r e q u i r e -  
ments d i c t a t e  t h 3 t  t h e  prev ious  method of c o n s t r u c t i o n  u t i l i z e d  f o r  Ranger 
( a n  icosahedron  o f  20 t r i s e c t e d  t e t r a h e d r o n s ,  see F i g u r e  3-2) i s  n o t  
a c c e p t a b l e ,  s i n c e  i t  would produce a maximum o f f - r a d i a l  g r a i n  o r i e n t a t i o n  
of  18.7 d e g r e e s ,  and would r e s u l t  i n  a depth of c u t  requirement  ( f o r  a 
45-inch d i a m e t e r )  unacceptab le  t o  s t a t e - o f - t h e - a r t  equipment.  
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FIGURE 3-2 

T U  - SECTED TETRAHEDRON 

The e l i m i n a t i o n  of t h i s  method of c o n s t r u c t i o n  a l s o  e l i m i n d t e d  any p o s s i -  
b i l i t y  of assembling t h e  impact l i m i t e r s  from i d e n t i c a l  b l o c k s .  The geom- 
e t r y  of  a s p h e r i c a l  s u r f a c e  d i c t a t e s  t h a t  t h e  s i x t y  p i e c e s  (20 t r i - s e c t e d  
t e t r a h e d r o n s )  from which t h e  Ranger l i m i t e r s  were c o n s t r u c t e d  i s  t h e  maxi- 
mum number of i d e n t i c a l  p i e c e s  which can be assembled i n t o  a s p h e r e .  Thus, 
t o  reduce  t h e  maximum o f f - r a d i a l  g r a i n  o r i e n t a t i o n t o  l ess  t h a n  15' and re- 
duce t h e  d e p t h  of c u t  requi rements .  The l imi t e r s  f o r  t h i s  program were 
c o n s t r u c t e d  from 180 segments of two t y p e s .  The approach i s  i l l u s t r a t e d  
i n  F i g u r e s  3-1 and 3-3. The completed s p h e r i c a l  l i m i t e r  c o n t a i n s  120 p i e c e s  
of type  Itatt  and 60 p i e c e s  of t y p e  "b" block.  The b a s e s  of  t h e  "a" p i e c e s  
a r e  s p h e r i c a l  i s o c e l e s  t r i a n g l e s ;  t h e s e  are  assembled t o  form a hexagonal  
base  t o  which t h e  c o r n e r  "b" segments a r e  added t o  make a t e t r a h e d r o n  f o r  
subsequent  assembly i n t o  an icosahedron .  T h i s  d e s i g n  approach produces an 
impact l i m i t e r  w i t h  a maximum of 13 .97  degrees  o f f - r a d i a n  g r a i n  o r i e n t a -  
t i o n .  It p o s s e s s  an  a d d i t i o n a l  advantage o v e r  o t h e r  180 segment d i v i s i o n s  
i n  t h a t  i t  i s  composed e n t i r e l y  of t h r e e - s i d e d  p i e c e s  t h u s  r e q u i r i n g  a 
minimum of s u r f a c e  c u t s .  
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3 . 2  LIMITER GEOMETRY 

The geometry of t h e  segments forming the  t e t r a h e d r o n  from which t h e  20 s i d e d  
icosohedron i s  c o n s t r u c t e d  i s  shown i n  F igure  3-4.  The c o n f i g u r a t i o n  was 
evolved by " s l i c i n g  o f f  t h e  corners"  of  t h e  (rounded) t e t r a h e d r o n  shown i n  
F i g u r e  3-4 t o  form a r e g u l a r  hexagon on t h e  s p h e r i c a l  s u r f a c e .  T h i s  spher -  
i c a l  hexagon was t h e n  subdivided i n t o  six i d e n t i c a l  p i e c e s  by dropping  a r c s  
from t h e  hexagons geometr ic  c e n t e r  (0 '  , F i g u r e  3-4)  t o  i t s  ver t ices .  
geometr ius  of  t h e  two r e s u l t i n g  segment t y p e s  a r e  shown i n  F i g u r e s  3-5 and 
3-6.  I n  each  c a s e ,  t h e  geometry i s  presented  i n  r e l a t i o n  t o  t h e  c e n t e r  of 
an i n s c r i b e d  r i g h t  c i r c u l a r  cone whose a x i s  forms t h e  c e n t e r  of  r o t a t i o n  
f o r  t h e  raw b l o c k  machining f i x t u r e  (See Paragraph  3 . 3 ) .  The maximum o f f -  
r a d i a l  g r a i n  a n g l e s  o f  t h e  two b a s i c  d e t a i l  b l o c k s  a r e  a s  fo l lows:  

The 

I n n e r  T e t r a h e d r a l  Segment 13.97 d e g r e e s  
Corner T e t r a h e d r a l  Segment 13.11 d e g r e e s  

3 . 3  SEGMENT FABRICATION 

The geometry of  t h e  two c o n f i g u r a t i o n s  of d e t a i l  b a l s a  wood b locks  was 
achieved i n  two s t a g e s .  The b a s i c  raw m a t e r i a l  b l o c k  was f i r s t  h e l d  i n  a 
f i x t u r e ,  and p a r t e d  w i t h  a b i a s  saw c u t  performed on a s t a n d a r d  band saw. 
Next, t h e  u n f i n i s h e d  d e t a i l  b l o c k  was placed i n  an  indexing  f i x t u r e  and a l l  
t h r e e  p r e c i s i o n  c u t s  made w i t h  a t r a v e l i n g  c i r c u l a r  saw. A Rodgers r a d i a l  
saw u t i l i z i n g  a 32-inch d iameter  c a r b i d e  t i p p e d  c i r c u l a r  saw b l a d e  was 
purchased f o r  t h i s  t a s k .  It provided a 13 depth  of c u t  with a h o r i z o n t a l  
c u t t i n g  s t r o k e  of 36- inches .  The saw and f i x t u r e  a r e  shown i n  F i g u r e  3 -7 .  
F i n a l  manufacture  of  t h e  p i e c e s  i s  accomplished by i n s t a l l i n g  t h e  s p l i t  
b a l s a  b l o c k  i n  a h o l d i n g  f i x t u r e  which r o t J t e s  t h e  p a r t  about t h e  a x i s  of 
a r i g h t  c i r c u l a r  cone i n s c r i b e d  i n  t h e  d e f i n e d  segment. The s e l e c t i o n  of 
t h i s  a x i s  of r o t a t i o n  ( c o i n c i d e n t  w i t h  t h e  nominal g r a i n  d i r e c t i o n )  d i c t a t e s  
t h a t  t h e  d i h e d r a l  angle  of each s i d e  r e l a t i v e  t o  t h e  base  i s  i d e n t i c a l .  
Thus,  t h e  c u t t i n g  of  each  segment i s  accomplished by o r i e n t i n g  t h e  f i x t u r e  
a x i s  a t  a f i x e d  a n g l e  (q, F i g u r e  3-8) r e l a t i v e  t o  t h e  d i r e c t i o n  of saw 
b l a d e  motion and proceeding  through t h r e e  s u c c e s s i v e  sawing and r o t a t i o n a l  
indexing  o p e r a t i o n s .  The a n g l e q i s  set once f o r  each  t y p e  of segment and 
i s  e q u a l  t o  t h e  h a l f  angle  o f  t h e  r i g h t  c i r c u l a r  cone i n s c r i b e d  i n  t h e  
segment.  

Experience h a s  c l e a r l y  demonstrated t h a t  t h e  s u c c e s s  of t h e  subsequent  
t e t r a h e d r o n  and hemisphere assembly o p e r a t i o n s  i s  d i r e c t l y  dependent upon 
t h e  s u r f a c e  f i n i s h  and d imens iona l  accuracy obta ined  i n  t h e  aforementioned 
sawing o p e r a t i o n .  The s u r f a c e  f i n i s h  of t h e  segment was c o n t r o l l e d  by t h e  
r i g i d i t y  and t r a v e l  r a t e  of t h e  t r a v e r s i n g  saw head and t h e  speed and g r i n d  
of t h e  saw b l a d e ;  t h e  d imens iona l  accuracy was c o n t r o l l e d  by t h e  q u a l i t y ,  
r i g i d i t y  and accuracy of t h e  t o o l i n g .  
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The s u r f a c e  f i n i s h  on t h e  segments was e x c e l l e n t  and t h e  a n g u l a r  geometry 
was c o n t r o l l e d  t o  w i t h i n  0.004 i n c h e s  i n  15 i n c h e s  o f  l e n g t h .  Thus, accur -  
a t e  mat ing of t h e  segments i n  t h e  t e t r a h e d r o n  assembly was a s s u r e d .  The 
completed b a l s a  segments a r e  shown i n  F igure  3 - 9 .  

3 . 4  TETRAHEDRON AND HEMISPHERE ASSEMBLY 

The b a l s a  segments were then  placed i n t o  a t e t r a h e d r o n  hold ing  f i x t u r e .  A 
.005-inch maximum g l u e l i n e  was obta ined  w i t h  a combinat ion of  vacuum bag 
c u r i n g  and t h e  mechanical  h o l d i n g  f i x t u r e .  The mat ing  s u r f a c e s  of t h e  
t e t r a h e d r a l  segments were f i r s t  coa ted  with the Epon 828/Epocast 985 r e s i n  
system and t h e n  mated i n  t h e  assembly f i x t u r e  a s  shown i n  F i g u r e  3-10. It 
i s  e s s e n t i a l  t h a t  t h e  s i d e  s u r f a c e s  o f t h e  assembly a r e  smooth t o  p e r m i t  
a c c u r a t e  assembly of t h e  hemisphere and minimize r e s i n  c o n t e n t .  T h e r e f o r e ,  
e x t e n s i v e  c a r e  was t a k e n  t o  a c c u r a t e l y  mate t h e  edges of t h e  t e t r a h e d r a l  
segments.  A s  shown i n  t h e  photo,  t h e  v i s i b l e  edges of  t h e  f i r s t  s i x  seg-  
ments were a l i g n e d  f i r s t  and then  t h e  l a s t  t h r e e  i n n e r  segments moved i n t o  

I t h e i r  f i n a l  p o s i t i o n .  

A f t e r  a l l  segments were i n  p l a c e ,  uniform p r e s s u r e  from mechanical  clamps 
was a p p l i e d  t o  t h e  top  o f  each segment. Then a hard vacuum was a p p l i e d  
f o r  f o u r  h o u r s  t o  c u r e  t h e  r e s i n .  Twenty t e t r a h e d r o n  assembl ies  a r e  used 
i n  each  impact l i m i t e r  s p h e r e .  

The sphere  i s  b u i l t - u p  from two independent ly  assembled and machined " h a l f -  
icosahedron" sub-assembl ies .  These l a t t e r  sub-assemblies  a r e  b u i l t - u p  from 
e i g h t  f u l l  t e t r a h e d r o n  assembl ies  and two s p l i t  t e t r a h e d r o n  assembl ies  i n  
t h e  f o l l o w i n g  manner: 

(1) A t r i a l  assembly of t h e  p i e c e s  i s  made on a l a r g e  
f l a t  s u r f a c e  t a b l e .  

(2)  A f t e r  c o a t i n g  a l l  bond s u r f a c e s  w i t h  a d h e s i v e ,  t h e  
base  p i e c e s  (two f u l l  t e t r a h e d r o n s  and f o u r  s p l i t s )  
forming t h e  e q u a t o r i a l  s e c t i o n  of  t h e  hemisphere 
a r e  assembled t o  form a r i n g .  

(3)  A p i e c e  of PVA t a p e  i s  t i e d  around t h e  b J s e  of t h e  
r i n g  t o  prevent  any l a r g e  movement of  t h e  p a r t s .  

( 4 )  The remainder  of t h e  segments a r e  added t o  com- 
p l e t e  t h e  hemisphere andsur faces  a r e  covered w i t h  
p e r f o r a t e d  PVA f i l m  and b l e e d e r  c l o t h  a s  n e c e s s a r y .  

(5)  A vacuum bag i s  i n s t a l l e d  o v e r  t h e  assembly, and 
s e a l e d  t o  t h e  t a b l e  and a vacuum of 3 t o  5 i n c h e s  
i s  p u l l e d  
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FIGURE 3 - 9  COMPLETED BALSA SEGMENTS 
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FIGURE 3-10 TETRAHEDRON ASSEMBLY 

3-  13 



( 6 )  While under  t h e  l i g h t  vacuum, t h e  i n d i v i d u a l  
segments a r e  wal tzed  back and f o r t h  u n t i l  a 
uniform f i t  i s  o b t a i n e d  between a l l  t h e  p a r t s .  

(7) A vacuum of 27 t o  29 inches  i s  p u l l e d  and t h e  
assembly i s  cured f o r  1 2  h o u r s .  A vacuum i s  
main ta ined  a t  a l l  t i m e s .  

(8) A f t e r  c u r e  and i n s p e c t i o n ,  t h e  p a r t  i s  t r a n s -  
f e r r e d  t o  t h e  shop f o r  t h e  c o n t o u r  o p e r a t i o n .  

To complete t h e  f i n a l  hemisphere c o n f i g u r a t i o n  t h e  bonded subassembly i s  
r o u t e d  t o  t h e  Machine Shop f o r  two f i x t u r e d  o p e r a t i o n s  c o n s i s t i n g  of  a 
combined f a c i n g  and 15-inch I D  contour  bore followed by a 45-inch d i a m e t e r  
s p h e r i c a l  r a d i u s  of t h e  e x t e r i o r  s u r f a c e .  These s u r f a c e s  a r e  g e n e r a t e d  by 
t h e  s u b s t i t u t i o n  of a v e r y  h i g h  speed motor-dr iven r a d i u s e d  c a r b i d e  c u t t e r  
f o r  t h e  normal s i n g l e - p o i n t  t o o l .  The d imens iona l  accuracy of t h e  two 
s p h e r i c a l  r a d i i  c o n t r o l l e d  by p r e c i s i o n  f o l l o w e r  t e m p l a t e s  mounted on t h e  
56-inch Giddings and L e w i s  v e r t i c a l  t u r r e t  l a t h e .  T h i s  machine t o o l  i s  
equipped w i t h  a 360-degree Minneapolis-Honeywell e l e c t r i c a l - h y d r a u l i c  
t r a c i n g  u n i t  t o  permit  ex t remely  c l o s e  t o l e r a n c e  work. The s u r f a c e  f i n -  
i s h e s  r e s u l t i n g  from t h i s  technique  r e q u i r e  l i t t l e  o r  no hand f i n i s h i n g .  
The o p e r a t i o n  i s  shown i n  F i g u r e  3-11. 

3 . 5  INNER PAYLOAD 

The 15-inch d i a m e t e r  i n n e r  payload was r e q u i r e d  t o  have a d e n s i t y  of  50 t o  
60 l b / f t  and p o s s e s s  s u f f i c i e n t  s t r u c t u r a l  i n t e g r i t y  t o  res is t  any perma- 
n e n t  deformat ion  from impact .  It was a d d i t i o n a l l y  r e q u i r e d  t o  house t h e  
a c c e l e r o m e t e r  r e q u i r e d  t o  measure t h e  d e c e l e r a t i o n  t ime h i s t o r y  of  impact .  

3 

The payload was c o n s t r u c t e d  of a hard  maple wood p o s s e s s i n g  t h e  s p e c i f i e d  
d e n s i t y  c h a r a c t e r i s t i c s .  F a b r i c a t i o n  was accomplished by lamina t ing  a 
15- inch  b l o c k  from 1 t o  2 inch  t h i c k  blocks l a i d  a t  90 d e g r e e s  t o  e a c h  other 
i n  t h e  manner of  plywood. T h i s  b l o c k  was t h e n  turned t o  t h e  s p e c i f i e d  
15- inch  d i a m e t e r .  

The payload was c o n s t r u c t e d  of maple with an aluminum b a l l a s t  p l a t e  a t  its 
c e n t e r .  The l a t t e r  allowed t h e  payload t o  achieve  t h e  p r o p e r  weight  (approx- 
i m a t e l y  50 pounds) and provided a mounting s u r f a c e  f o r  a t tachment  of t h e  
i n s t r u m e n t a t i o n .  F a b r i c a t i o n  was accomplished by l a m i n a t i n g  a b lock  from 
1 t o  2 i n c h  thick, 90 degree  pie-shaped segments,  w i t h  t h e  seams of succes-  
s i v e  l a y e r s  d i s p l a c e d  90 d e g r e e s  f o r  added s t r e n g t h .  T h i s  b lock  was t h e n  
turned  t o  t h e  s p e c i f i e d  15-inch diameter  and a r a d i a l  a c c e s s  provided t o  
i t s  center for i n s t a l l a t i o n  of  i n s t r u m e n t a t i o n  ( a  matching r a d i a l  h o l e  was 
a l s o  provided i n  t h e  upper  l i m i t e r  h a l f ) .  
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FIGURE 3-11 MACHINING BALSA HEMISPHERES 
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3 . 6  EXTERNAL COVER 

An e x t e r n a l  c o v e r  was provided f o r  t h e  l i m i t e r  t o  (1) prevent  l o s s  o f  
m o i s t u r e ,  (2) i n c r e a s e  impact s t r e n g t h ;  (3 )  prevent  l o s s  of b a l s a  s e c t i o n s  
d u r i n g  pr imary impact ;  and ( 4 )  provide  a b r a s i o n  r e s i s t a n c e  f o r  s l i d i n g  
impacts .  

The cover  was c o n s t r u c t e d  from f o u r  l a y e r s  of 8181 f i b e r g l a s s  c l o t h  
impregnated w i t h  an Epon 8281985 r e s i n  system. The m a t e r i a l  was a p p l i e d  
t o  t h e  hemispheres  one l a y e r  a t  a t i m e  ( a s  a s i n g l e  p iece)  and t h e n  draped 
i n t o  p o s i t i o n  by t h e  use  of a s e r r a t e d  squeegees.  

3 . 7  MOISTURE CONTENT 

It was a d e s i g n  requirement  t h a t  t h e  nominal m o i s t u r e  c o n t e n t  of  t h e  b a l s a  
wood s p h e r e  be reduced from i t s  n a t u r a l  8 p e r c e n t  l eve l  t o  2 + 1 p e r c e n t  
p r i o r  t o  t e s t  i n  o r d e r  t o  maximuze t h e  s p e c i f i c  energy  a b s o r p t i o n  c a p a b i l -  
i t y  of t h e  m a t e r i a l .  

A ser ies  of  sample t es t s  conducted by Philco-Ford e a r l y  i n  t h e  l i m i t e r  
f d b r i c a t i o n  phase e s t a b l i s h e d  t h a t  smal l  b a l s a  samples covered w i t h  a f o u r  
l a y e r  f i b e r g l a s s  cover  gave up m o i s t u r e  almost a s  r a p i d l y  a s  non-covered 
b a l s a  when s u b j e c t e d  t o  a hard  (30 inch)  vacuum and 120°F. I n  a d d i t i o n ,  
i t  was determined th- l t  a t  ambient c o n d i t i o n s  t h e  f o u r  l a y e r  f i b e r g l a s s  
cover  s p e c i f i e d  i n  t h e  Phi lco-Ford d e s i g n  was adequate  t o  m a i n t a i n  t h e  
b a l s a  m o i s t u r e  c o n t e n t  a t  2 + 1 p e r c e n t  f o r  what was l a t e r  e s t a b l i s h e d  t o  
be a p e r i o d  of a t  l e a s t  s i x  months. 
t i v e  c o n t r o l  o f  t h e  f i n a l  assembly mois ture  c o n t e n t  could  be achieved by 
d r y i n g  t h e  assembled and covered sphere  i n  a 120°F vacuum environment.  

It was t h e r e f o r e  concluded t h a t  p o s i -  

This  method of  m o i s t u r e  r e d u c t i o n  was appl ied  t o  t h e  f i r s t  impact l i m i t e r  
assembled (S/N #l) : t h e  r e s u l t s  were u n s u c c e s s f u l .  The sphere  was p laced  
i n  a vacuum bag a t  120'F f o r  162 hours  with no a p p r e c i a b l e  l o s s  i n  weight .  
It was t h e n  moved t o  a BEMCO Alt i tude-Temperature  Chamber where a h a r d e r  
vacuum of  .46 mm Hg was a p p l i e d  a t  120OF f o r  s i x  h o u r s .  Again t h e r e  was 
no r e d u c t i o n  i n  weight .  Thus, a t  t e s t  the S/N #l sphere  mois ture  c o n t e n t  
remained a t  a nominal 8 p e r c e n t .  

The m o i s t u r e  c o n t r o l  procedure was a l t e r e d  f o r  SIN # 2 .  A f t e r  t h e  hemis- 
pheres  were covered ,  but  b e f o r e  f i n a l  assembly, they  were placed i n  a 
vacuum bag a t  120°F. A f t e r  64 h r s  only  1.1 p e r c e n t  m o i s t u r e  had been 
removed. 
and a vacuum v a r y i n g  between 1 and 3 mm Hg a p p l i e d .  There was no m o i s t u r e  
t r a p  between t h e  chamber and t h e  compressor. Hence t h e  water  contaminated 
t h e  o i l  and reduced t h e  e f f i c i e n c y  of t h e  chamber; d u r i n g  t h e  46 h r s  i n  
t h e  BEMCO, t h e  o i l  was changed twice t o  m a i n t a i n  t h e  hdrd  vacuum c o n d i t i o n .  
During t h i s  p e r i o d  3.5 p e r c e n t  was removed from each hemisphere.  Removal 
of t h e  m o i s t u r e  r e s u l t e d  i n  a shr inkage  of  t h e  SIN #2  hemispheres .  The 

The hemispheres  were t h e n  placed i n  t h e  BEMCO Chamber a t  120'F 
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i n t e r n a l  d i ame te r  was reduced from 15 i n .  t o  about  14.80 i n . ,  and t h e  
o u t e r  d i ame te r  from 45 i n .  t o  about  44.75 i n .  Accord ingly ,  t h e  b a l s a  
volume o f  a hemisphere was reduced from 1 3 . 3  f t 3  t o  about  13.0 f t 3  and t h e  
c i rcumference  o f  t h e  sphe re  was reduced by 0 . 8  i n .  The sh r inkage  a l s o  
r e s u l t e d  i n  s l i g h t  pucke r ing  of t h e  covers  o v e r  t h e  s u r f a c e  of t h e  
hemispheres .  

To reduce  the  cover  de fo rma t ion  and d ry ing  t ime ,  t h e  moi s tu re  c o n t r o l  
procedure  was f u r t h e r  a l t e r e d  f o r  t h e  SIN 83 sphere  assembly. The mois- 
t u r e  c o n t r o l  procedure  was a l t e r e d  f u r t h e r  f o r  SIN #3. A f t e r  t h e  
hemispheres  were machined, t hey  were placed i n  t h e  BEMCO a t  120'F and a t  
a vacuum v a r y i n g  between 1 and 3 d g .  A t o t a l  of about  6 p e r c e n t  mois- 
t u r e  was removed from each  hemisphere du r ing  t h e  f i r s t  40 h r s  i n  t h e  chamber. 
These hemispheres  a l s o  shrunk du r ing  the m o i s t u r e  c o n d i t i o n i n g .  The i n t e r -  
n a l  d i ame te r  was reduced t o  14.88 i n . ,  t h e  o u t e r  d i ame te r  t o  44.78 i n . ,  and 
t h e  hemisphere b a l s a  volume t o  13 .2  f t 3 .  

A f t e r  mo i s tu re  c o n d i t i o n i n g  t h e  S/N #3 hemispheres  were placed i n  vacuum 
bags u n t i l  t h e  cove r s  w z e  i n s t a l l e d .  No m o i s t u r e  re -er ; te red  t h e  wood 
d u r i n g  t h i s  pe r iod  of 69 h r s .  During cover  assembly i t  was noted  t h a t  t h e  
f i r s t  c o a t  of r e s i n ,  a p p l i e d  b e f o r e  t h e  f i r s t  f i b e r g l a s s  l a y e r ,  was r e a d i l y  
absorbed by t h e  wood. About 2 l b s  of r e s i n  i n  e x c e s s  of  t h a t  normal ly  used 
i n  t h e  cove r  assembly were consumed on each hemisphere.  

A f t e r  c o v e r  assembly,  S i l i c a  Gel was placed i n  t h e  c a v i t y  o f  each  hemis- 
phere  and t h e  exposed b a l s a  was s e a l e d  wi th  po lye thy lene  s h e e t i n g .  F i n a l  
assembly proceeded i n  accord  w i t h  s e c t i o n  28. 

It should be noted t h a t  f o r  each  sphe re  t h e  amount of moi s tu re  t o  be 
removed was determined by t h e  removal of f o u r  small  sample c o r e s  a t  90° 
p o s i t i o n s  on t h e  e q u a t o r i a l  s u r f a c e  o f  t h e  unassembled hemispheres .  These 
c o r e s  were weighed, d r i e d  a t  250°F + 50F f o r  1 2  h r s ,  and re-weighed t o  
e s t a b l i s h  t h e  moi s tu re  c o n t e n t  of txe wood immediately p r i o r  t o  t h e  de- 
m o i s t u r i z a t i o n  p r o c e s s i n g .  The c o r e s  were t h e n  bonded i n t o  t h e i r  o r i g i n a l  
p o s i t i o n  b e f o r e  f i n a l  assembly proceeded. 

An a d d i t i o n a l  problem which occurred  and caused g r e a t  d i f f i c u l t y  d u r i n g  t h e  
f i n a l  assembly p rocess  was t h e  d i s t o r t i o n ,  minor s w e l l i n g  and warpage which 
appeared  on t h e  i n n e r  h e m i s p h e r i c a l  and e q u a t o r i a l  s u r f a c e s  of t h e  b a l s a  
f o l l o w i n g  moi s tu re  c o n d i t i o n i n g .  Th i s  impaired t h e  p r e c i s e  f i t  p rovided  
f o r  t h e  i n t e r n a l  s p h e r i c a l  payload dur ing  machining.  Fo r  t h i s  r eason  t h e  
m o i s t u r e  c o n d i t i o n i n g  o f  t h e  S/N #4 Sphere was e l i m i n a t e d  t o  a l l o w  develop-  
ment o f  a n  independent  s o l u t i o n  t o  t h e  cover  d e s i g n  and bond problems whih  
a r o s e  d u r i n g  t h e  f i r s t  t h r e e  t e s t s .  

No s p l i t t i n g  o f  b a l s a  du r i rg  o r  a f t e r  mois ture  c o n d i t i o n i n g  of t h e  f i r s t  
t h r e e  s p h e r e s  was observed .  

A summary of t h e  r e s u l t s  of mois ture  c o n d i t i o n i n g  i s  shown i n  Table  3-1. 
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3.8 FLAAL LIMITER ASSEMBLY 

The f i n a l  assembly o p e r a t i o n  c o n s i s t s  of bonding t h e  s p h e r i c a l  wooden 
payload i n t o  t h e  matched l i m i t e r  h a l v e s ;  bonding t h e  e q u a t o r i a l  l i m i t e r  
s u r f a c e s  t o g e t h e r ;  and f i n a l l y  p l a c i n g  a band around t h e  p a r t i n g  l i n e .  

I n s t a l l a t i o n  of  t h e  payload and bonding of  t h e  l i m i t e r  h a l v e s  was performed 
a s  a s i n g l e  s t e p .  The payload was f i r s t  l i g h t l y  sanded and c leaned  w i t h  
M.E.K. A l l  s u r f a c e s  t o  be j o i n e d  were t h e n  coa ted  w i t h  an  excess of adhe- 
s i v e  t o  account  f o r  any minor mismatching o f  mat ing p a r t s  and t h e  p i e c e s  
assembled i n t o  t h e i r  r e s p e c t i v e  p o s i t i o n s .  
was t h e n  p laced  around t h e  p a r t i n g  l i n e  and t h e  e n t i r e  assembly i n s t a l l e d  
i n t o  a vacuum bag f o r  t h e  d u r a t i o n  of t h e  room tempera ture  c u r e .  

An e q u a t o r i a l  b l e e d e r  c l o t h  

The e q u a t o r i a l  bond f o r  formed by f o u r  8 - i n .  wide s t r i p s  of  epoxy impreg- 
n a t e d  g l a s s  c l o t h .  T h i s  i n  t u r n  was covered w i t h  a l a y e r  of  p e r f o r a t e d  
PVA fol lowed by s e v e r a l  l a y e r s  of  b l e e d e r  c l o t h .  A l l  were h e l d  i n  p l a c e  
by a wrapping o f  PVA t a p e .  It was t h e n  a g a i n  vacuum bagged and c u r e d .  

The hemisphere and payload a r e  shown i n  F i g u r e  3 - 2 .  

3 . 9  DESIGN IMPROVEMENTS I N  SPHERE NO. 4 

The f i r s t  t h r e e  b a l s a  s p h e r e s  were c o n s t r u c t e d  i n  p a r a l l e l ,  a s  p r e v i o u s l y  
d e s c r i b e d ,  p r i o r  t o  t h e  commencement o f  t e s t .  Conversely,  t h e  S/N #4 b a l s a  
sphere  was o n l y  c o n s t r u c t e d  t o  t h e  machined hemisphere s t a g e  a t  t e s t  
i n i t i a t i o n ;  t h e  c o v e r  had n o t  been i n s t a l l e d  n o r  had t h e  f i n a l  assembly 
o p e r a t i o n  been conunitted. T h i s  allowed d e s i g n  improvements t o  be made i n  
t h e  f i n a l  s p h e r e s '  assembly procedures  and m a t e r i a l s  based on o b s e r v a t i o n s  
of t h e  f i r s t  t h r e e  t e s t s .  The two b a s i c  o b s e r v a t i o n s  noted were: 

(1) The payload had s e p a r a t e d  from t h e  b a l s a  s e a t .  
A s u b s t a n t i a l  amount of bond a r e a  on t h e  sphere  
d i d  not deve lop  s t r e n g t h  equal  t o  t h a t  o f  t h e  
b a l s a .  Thus, improving the t o t a l  bond s t r e n g t h  
and a r e a  could  r a i s e  t h e  payload s e p a r a t i o n  
t h r e s h o l d  l e v e l s  t h e r e b y  improving  l i m i t e r  
performance . 

( 2 )  The e x t e r i o r  f i b e r g l a s s  cover exper ienced  mul- 
t i p l e  t e a r s  d u r i n g  impact of t h e  s p h e r e .  The 
t e a r  s t r e n g t h  of  t h e  cover  was found t o  be v e r y  
low once s t a r t e d .  

A s  a r e s u l t  o f  t h e s e  o b s e r v a t i o n s  sample t e s t s  were conducted t o  s e e k  
improvement i n  payload bonding and cover  t e a r  r e s i s t a n c e .  
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The fo l lowing  changes were inco rpora t ed  i n t o  t h e  payload bond p r o c e s s .  
The payload was roughed w i t h  No. 60 sand paper  and c leaned  wi th  M.E.K. A 
new adhes ive  system u t i l i z i n g  EPON 828 r e s i n  - Versamide 140 h a r d e n e r  was 
i n c o r p o r a t e d .  T h i s  was used d i l u t e d  as  a pr imer  f o r  b o t h  t h e  payload and 
t h e  b a l s a  s u r f a c e s  and u n d i l u t e d  a s  t h e  f i n a l  adhes ive .  An excess  r e s i n  
puddle  was p laced  i n  t h e  b a l s a  s e a t  p r i o r  t o  assembly t o  avoid entrapment  
of a i r  and t h e  hemispheres  were i n s t a l l e d  t o  t h e  payload independen t ly  t o  
a s s u r e  a sound j o i n t .  

The cove r  was changed t o  a tougher  m a t e r i a l  and r e s i n  t o  i n c r e a s e  t e a r  
resistance while s t i l l  m a i n t a i n i n g  r easonab le  t e n s i l e  s t r e n g t h .  A two- 
l a y e r  nylon c l o t h  and u re thane  r e s i n  cover of approximate ly  e q u a l  weight  
t o  t h e  p r e v i o u s  cove r  was i n s t a l l e d .  The c l o t h  m a t e r i a l  was b a l l i s t i c  
nylon 34163 manufactured by J. P. S tevens .  This m a t e r i a l  had poor  d r a p e  
q u a l i t i e s  and a segmented cover  was r equ i r ed .  S ix  segments on each hemis- 
phere  and on e q u a t o r i a l  band was used .  
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SECTION 4 

BALSA SPHERE TEST PROGRAM 

4 . 1  TEST REPORT ON SERIAL NOS. 1, 2 ,  AND 3 BALSA SPHERES 

4.1.1 ABSTRACT 

Three 45- inch  d i ame te r  b a l s a  impact l i m i t e r s  were impacted a g a i n s t  t h e  r e i n -  
forced  c o n c r e t e  se i smic  b lock  a t  speeds  of 426,  365 and 378 f t / s e c  r e spec -  
t i v e l y .  The p r o g r a m e d  t e s t  v e l o c i t i e s  were m e t  with the  pneumatic a c c e l -  
e r a t o r  f a c i l i t y .  Ins t rumented  d a t a  on v e l o c i t y  and a c c e l e r a t i o n  was ob ta ined  
f o r  a l l  t e s t s .  The peak impact a c c e l e r a t i o n  was 6200, 4000, 3900 g respec-  
t i v e l y  f o r  each t e s t .  Payload impact p r o t e c t i o n  was demonstrated a t  speeds  
of  365 and 378 f t / s e c  whi le  t h e  payload bottomed o u t  and was damaged a t  
4 2 6 f t l s e c .  Based on t h e  Phi lco-Ford  a n a l y t i c a l  model s u r v i v a l  was expec ted  
t o  378 f t / s e c .  

Assoc ia t ed  w i t h  a l l  impacts ,  even those  where a f u l l  impact p r o t e c t e d  
s u r v i v a l  o c c u r r e d ,  was t h e  complete  s e p a r a t i o n  of  t h e  b a l s a  l i m i t e r  from 
t h e  pay load .  An a t t empt  was made t o  de te rmine  t h e  p o s s i b l e  causes  o f  t h i s  
phenomenon. An analysis o f  t h e  payload cannonbal l ing  and t h e  cove r  s t r e n g t h  
i n d i c a t e d  t h e s e  a s  p o s i t i v e  c o n t r i b u t i v e  causes  of  b a l s a  l i m i t e r  break-up.  
The s p e c u l a t i o n  i s  s t r o n g  t h a t  wi th  improved payload bonding and cover 
s t r e n g t h  the s u r v i v a l  impact level  of t h e  payload can be r a i s e d  above t h e  
demonst ra ted  l e v e l s .  

4 .1 .2  SPECIMEN DESCRIPTION 

The 45- inch  d i a m e t e r  s p h e r i c a l  t e s t  specimens were c o n s t r u c t e d  of  9 l b / f t  
b a l s a  wood su r round ing  a 50 l b ,  15 i n .  d i ame te r ,  l amina ted  mdple payload 
w i t h  an  a c c e l e r o m e t e r  i n s t rumen t  package a t  t he  geometr ic  c e n t e r .  

3 
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Each s p h e r e  was c o n s t r u c t e d  i n  accordance w i t h  Aeronut ronic  Drawing SK25461 
t o  p r o v i d e  a c o n f i g u r a t i o n  w i t h  a b a l s a  g r a i n  o f f - r a d i a l  o r i e n t a t i o n  of  n o t  
more t h a n  15 d e g r e e s .  Hemispheres were b u i l t - u p  from 90 segments o f  two 
t y p e s .  These segments were f i r s t  assembled i n t o  t e n  9-elementY t e t r a h e d r a l  
subassembl ies ,  and t h e n  assembled i n t o  h a l f - i c o s a h e d r o n  a s s e m b l i e s .  These 
p e i c e s  were n e x t  p r e c i s i o n  machined i n t o  hemispheres  i n  a 5 2  i n .  Giddings 
and Lewis v e r t i c a l  t u r r e t  l a t h e  i n  p r e p a r a t i o n  f o r  f i n a l  assembly. The 
f i n a l  assembly procedure u t i l i z e d  on each sphere  was, however, s l i g h t l y  
d i f f e r e n t  due  t o  t h e  i n - l i n e  development of  a s a t i s f a c t o r y  approach t o  
d e m o i s t u r i z a t i o n .  

On t h e  S / N  #l sphere  t h e  f i b e r g l a s s  cover  ( c o n s i s t i n g  of  f o u r  l a y e r s  of 
f i b e r g l a s s  c l o t h  and Epon 828/Epocast 985 Resin) was i n s t a l l e d  on t h e  hemi- 
s p h e r e s  p r i o r  t o  d e - m o i s t u r i z a t i o n .  The covered hemispheres  were t h e n  
bonded t o  t h e  payload and a f o u r  l a y e r  f i b e r g l a s s  band a p p l i e d  t o  t h e  equa- 
t o r i a l  j o i n t .  The completed assembly was t h e n  placed w i t h i n  a vacuum bag 
and h e l d  a t  130'F f o r  seven days i n  an u n s u c c e s s f u l  a t t e m p t  t o  withdraw t h e  
e x c e s s  m o i s t u r e  through t h e  cover  ( t h i s  had been achieved s u c c e s s f u l l y  w i t h  
samples).  The assembled sphere was then  removed from t h e  vacuum bag and 
placed i n  a vJcuum chamber a t  450 p p r e s s u r e  and 1400F f o r  a n o t h e r  s i x  hours  
i n  a f u r t h e r  a t tempt  t o  withdraw mois ture .  This  a l s o  was u n s u c c e s s f u l .  
Thus, a t  t e s t  t h e  sphere m o i s t u r e  c o n t e n t  remained a t  8 p e r c e n t .  

The cover  was i n s t a l l e d  on t h e  S/N # 2  hemispheres  i n  a manner s i m i l a r  t o  
S / N  #l. 
i n  a 140'F vacuum chamber p r i o r  t o  assembly o n t o  t h e  payload.  
i n  a s h r i n k a g e  of t h e  i n s i d e  d i a m e t e r  of t h e  l i m i t e r  t o  14.80 i n .  (from 
15.00 i n . )  and i n  warpage of  t h e  e q u a t o r i a l  p l a n e .  These f a c t o r s  s e v e r e l y  
hampered f i t  and a d v e r s e l y  a f f e c t e d  bond l i n e  t h i c k n e s s  d u r i n g  t h e  f i n a l  
s t a g e s  of assembly. 

However, t h e  d e - m o i s t u r i z a t i o n  was performed o v e r  a f i v e - d a y  p e r i o d  
T h i s  r e s u l t e d  

On t h e  S / N  #3 l i m i t e r ,  d r y i n g  o f  t h e  hemispheres was accomplished i n  40 h r s  
( a t  1400F i n  a vacuum) by performing d e - m o i s t u r i z a t i o n  p r i o r  t o  c o v e r  i n s t a l -  
l a t i o n .  
d i a m e t e r  and f u r t h e r  aggravated warpage of t h e  e q u a t o r i a l  p l a n e .  It should 
a l s o  be noted t h a t  m u l t i p l e  changes of t h e  vacuum pump o i l  were r e q u i r e d  i n  
a l l  c a s e s  t o  achieve  t h e  ck-mois tur iza t ion  d e s c r i b e d .  

T h i s  a g a i n  r e s u l t e d  i n  a shr inkage  t o  a 14.88 i n .  of t h e  l i m i t e r  i n s i d e  

4 . 1 . 3  TEST RESULTS 

Table  4 - 1  p r e s e n t s  a summary of  measured d a t a .  Motion p i c t u r e  coverage 
i n d i c a t e d  t h a t  a l l  t h r e e  l i m i t e r s  l e f t  t h e  gun n o z z l e  w i t h  no d i s c e r n a b l e  
damage, t i p - o f f  o r  s p i n .  No rebound was seen .  Breech camera coverage gave 
no d a t a  f o r  S/N #2 and S/N #3 due t o  dense w a t e r  c l o u d s  from t h e  a c c e l e r a -  
t i o n  g a s  chamber. Breech camera coverage f o r  S/N #l i n d i c a t e d  normal c a b l e  
a c t i o n .  T a r g e t  a r e a  impact covesage gave no d a t a  f o r  S/N #2 due t o  a dense  
w a t e r  c l o u d  around t h e  p r o j e c t i l e .  No impact d a t a  were obtd ined  f o r  S / N  #1 
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due t o  camera f a i l u r e .  By us ing  a back- l igh ted  t echn ique ,  6 - 1 / 2  m i l l i -  
seconds of photo d a t a  were obta ined  f o r  S / N  #3. The impact a c t i o n  was 
observed u n t i l  t h e  specimen had appa ren t ly  come t o  rest and t h e  c rushed  up 
f l a t  one l i m i t e r  d i ame te r ,  bu t  no break-up of t h e  l i m i t e r  was seen  b e f o r e  
t h e  e n t i r e  scene was obscured by t h e  water c loud .  The c rush  s t r o k e  could 
no t  be  e s t i m a t e d  w i t h  any accuracy from t h e  f i l m s  because t h e  t o p  of  t h e  
b a l l  was obscured by fog .  

F igu re  4-1 i s  a t r a c i n g  of t h e  osc i l l og ram ob ta ined  from t h e  S/N #2 t e s t .  
The peak shock l e v e l  was i n d i c a t e d  a s  6200 g ,  b u t  r easonab le  smoothing of  
t h e  d a t a  t o  d i scoun t  s t r u c t u r a l  r i n g i n g  of t h e  in s t rumen t  package would 
y i e l d  a v a l u e  c l o s e r  t o  5000 g .  
t h e  t r a c e  goes o f f  s c a l e  i n  a downward d i r e c t i o n )  probably  due t o  a momen- 
t a r y  s h o r t  c i r c u i t  between one power lead  and one s i g n a l  l e a d  i n  t h e  i n s t r u -  
menta t ion  c a b l e .  

A t  3-112 m i l l i s e c o n d s  a f t e r  f i r s t  c o n t a c t ,  

F igu re  4-2 i s  a t r a c i n g  of t h e  osc i l l og ram ob ta ined  from t h e  SIN #3 t e s t .  
The peak shock level  was i n d i c a t e d  a s  4000 g .  

F igu re  4-3 i s  a t r a c i n g  of t he  osc i l l og ram ob ta ined  from t h e  S/N #l t e s t .  
The peak shock l e v e l  was i n d i c a t e d  a s  3900 g.  The d a t a  was d e f i n i t e l y  de-  
graded by i n t e r m i t t e n t  s h o r t  c i r c u i t s  between acce le romete r  s i g n a l  l e a k  and 
the  power r e t u r n  l e a d ,  t h e  presence  o f  which was v e r i f i e d  d u r i n g  p o s t - t e s t  
i n s p e c t  i on .  

F igu re  4-4 compares t h e  impact shock d a t a ,  from which can be  seen  a d e f i n i t e  
s i m i l a r i t y  i n  shape.  

4.1 .4  DISCUSSION AND ANALYSIS 

a .  Test #l (S/N # 2 ) .  An i n t e g r a t i o n  of t h e  d e c e l e r a t i o n  exper -  
i e n c e  by t h e  SIN #2 sphere  du r ing  i t s  426 f t / s e c  impact r e v e a l s  t h a t  t h e  
l i m i t e r  absorbed a v e l o c i t y  increment  of approximate ly  260 f t / s e c  p r i o r b  
bot toming.  Thus upon complet ion o f  t h e  l i m i t e r  S r o k e  t h e r e  remained 166 
f t / s e c  of r e s i d u a l  k i n e t i c  energy which masked t h e  i n t e r p r e t a t i o n  of  any 
norma1 f a i l u r e  modes which mav have been Dresen t .  

Based on t h e  i n t e g r a l  o f  t h e  recorded d e c e l e r a t i o n  curve t h e  v e l o c i t y  a t  
which s u r v i v a l  would have been expected i s  392 f t / s e c ,  v i z . ,  

2 112 
] V = [ ( 4 2 6 ) 2  - (166 )  

Based on P h i l c o - F o r d ' s  s i m p l i f i e d  a n a l y t i c a l  model (which assumes no payload 
breakaway and which n e g l e c t s  s t o p  mass e f f e c t s  and shock wave energy  d i s s i -  
p a t i o n )  t h e  p r e d i c t e d  s u r v i v a l  v e l o c i t y  would be 378 f t / s e c ,  v i z .  ) 
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3 (1 - 3 1 n Y  + 3 / 2 w  ( 2  - 3 Y 0 +  Y o )  ] } v =  2 (3 0 8 1  ( 1 - Q )  C 1 - Y 0  0 

Where 

0 = 1500 p s i  
0 

= b a l s a  d e n s i t y  = 9 l b / f t  3 
p 1  

3 = "payload densi ty"= 88 l b / f t  ( c o n s e w a t i v e  ; assuming 50 pcf 
p p  i n c r e a s e s  v e l o c i t y  c a p a b i l i t y  5 percent )  

r 
y = P L- 7.5 = *334  P R 22.5 

r 
y =o- - Yp (1 - E) + c = .334 ( . 8 )  + .2 = .467 

0 R 

S u b s t i t u t i n g ,  

1500 + 1 4 4 ) ( 3 2 . 2 ) { ( 1 . 9 ) [ 1  - ( . 1 0 1 ) ( 3 . 2 6 )  + .15 ( 2 . 0  - 1 . 4 +  . l o ) ]}  V 2 =  ( 
(3)  (9) L 1  - ( . 0 3 7 ) ( - 8 . 8 ) ]  

V = 378 f t / s e c  

It i s  a p p a r e n t  t h a t  based on t h e  d e c e l e r a t i o n  d a t a  ( and t h e  a n a l y t i c a l  
model) t h a t  t h e  426 f t / s e c  impact  c o n d i t i o n  f o r  t h e  f i r s t  t e s t  sphere  exceed- 
ed t h e  l imi t e r  v e l o c i t y  c a p a b i l i t i e s  by 9 p e r c e n t .  
e x c e s s  energy  c o n d i t i o n  of 18 p e r c e n t .  For t h i s  r e a s o n  any e v a l u a t i o n  of 
t e s t  r e s u l t s  i n  terms of c o n t r i b u t o r y  f a i l u r e  mechanisms i s  not  v a l i d  s i n c e  
i t  i s  n o t  e v i d e n t  which f a i l u r e s  were p a r t  o f  t h e  "normal f a i l u r e  model" and 
which were a t t r i b u t a b l e  t o  e x c e s s i v e  impact v e l o c i t y .  

T h i s  corresponds t o  an 

b.  T e s t  # 2  (S/N # 3 )  and Test #3  (S/N #l). The n e x t  two t e s t s  were 
conducted a t  v e l o c i t i e s  c o n s i s t e n t  w i t h  the p r e d i c t i o n s  of T e s t  #l and t h e  
a n a l y t i c a l  model (Table  4-0. Const ruc t ion  of t h e  s p h e r e s  was i d e n t i c a l  
w i t h  t h e  e x c e p t i m  t h a t  t h e  S/N #3 l i m i t e r  c o n t a i n e d  2 p e r c e n t  m o i s t u r e  
while t h e  S / N  #l l i m i t e r  conta ined  8 percent  m o i s t u r e .  From a l l  p h y s i c a l  
e v i d e n c e  t h e  f a i l u r e  exper ienced  by both spheres  upon impact was q u i t e  
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similar  i n  n a t u r e  ( F i g u r e s  4-1 t h r u  4-4 ) .  A normal 80 p e r c e n t  s t r o k e  
f o o t p r i n t  was i n c u r r e d ;  peak d e c e l e r a t i o n s  were l i m i t e d  t o  a n  a c c e p t a b l e  
4000 g ' s ,  however, i n  both c a s e s  a c a t a s t r o p h i c  s p l i t t i n g  o f  t h e  l i m i t e r  
occurred  sometime d u r i n g  t h e  d e c e l e r a t i o n  s t r o k e  which r e s u l t e d  i n  t h e  
disgorgment of t h e  payload and the breaking  up of  t h e  l i m i t e r  and i t s  
a s s o c i a t e d  cover  t o  numerous p i e c e s .  It was a p p a r e n t  t h a t  an immediate 
cause  of t h i s  f a i l u r e  was (1) s p l i t t i n g  o f  t h e  e x t e r i o r  f i b e r g l a s s  c o v e r ,  
and (2) t h e  presence  of an i n f e r i o r  bond between t h e  p a y l o a d  and t h e  b a l s a .  
S i n c e  t h e s e  a r e  f a c t o r s  t o  which d e s i g n  improvements may be a p p l i e d  ( a s  
opposted t o  the b a l s a  wood whose i n h e r e n t  s t r u c t u r e  i s  f i x e d )  i t  i s  expedi -  
t i o u s  t o  c o n s i d e r  t h e  e lements  which c o n t r i b u t e d  t o  t h e i r  f a i l u r e .  

(1) E x t e r i o r  Cover F a i l u r e .  The e x t e r i o r  f i b e r g l a s s  cover  s p l i t  
c a t a s t r o p h i c a l l y  d u r i n g  impact .  It i s  suggested t h a t  t h i s  occur red  a s  a 
r e s u l t  of payload breakaway (cannon-bal l ing)  d u r i n g  t h e  d e c e l e r a t i o n  s t r o k e .  
It i s  surmised t h a t  t h i s  breakaway (and consequent  cover  s p l i t t i n g )  
occurred  p r i o r  t o  t h e  4000 g peak i n  the  d e c e l e r a t i o n  s t r o k e ,  s i n c e  l o a d s  
o f  t h i s  peak magnitude would have r e s u l t e d  i n  l o c a l  c r o s s - g r a i n  c r u s h i n g  
o f  t h e  b a l s a  wood i n  t h e  e q u a t o r i a l  reg ion  o f  the  l i m i t e r  and t h e r e  was no 
c r u s h i n g  of  t h i s  n a t u r e  i n  ev idence .  

(2)  Payload Breakaway. The evidence s u p p o r t i n g  payload breakaway 
i s  s u b s t a n t i a l .  F i g u r e  4-5 p r e s e n t s  the impact l i m i t e r  geometry. A photo- 
graph of  what appears  t o  be segment a-b-c (based on geometry a t  p o i n t  a) 
from t h e  S/N #3 t e s t  s p h e r e  i s  shown i n  t h e  background of Photo 66-3933. 
A s i m i l a r  p i e c e  f o r  t h e  S/N #l t e s t  sphere i s  shown i n  Photo 66-4051. 
(Photographs a r e  i n  t h e  a t tachments  o f  Sec t ion  4 . 1 . 5 ) .  It i s  r e v e a l e d  t h a t  
t h e r e  i s  complete c r u s h i n g  on t h e  i n s i d e  o f  t h e  l i m i t e r  ( a d j a c e n t  t o  t h e  
payload) b u t  none on t h e  o u t s i d e  (which i s  presumably w i t h i n  t h e  crushed 
f o o t p r i n t ) .  I n  a d d i t i o n ,  a measurement of t h e  segment confirms t h a t  t h e  
l e n g t h  of t h e  uncrushed p o r t i o n  (8 i n . )  cor responds  e x a c t l y  with t h e  d i s -  
t a n c e  a-b of F i g u r e  4-5 .  Thus a . p r i o r i  p h y s i c a l  ev idence  i s  p r e s e n t e d  t h a t  
t h e  payload ' 'cannonballed" forward i n  t h e  l i m i t e r  (and s p l i t  t h e  cover)  
p r i o r  t o  t h e  t i m e  t h e  f o o t p r i n t  extended p a s t  p o i n t  ' a '  o f  F i g u r e  4-5 .  

L e t  u s  c o n s i d e r  n e x t  t h e  t h e o r e t i c a l  payload d e c e l e r a t i o n  l o a d s  t o  i n i t i a t e  
payload breakaway. 
v e r t i c a l  component of  t h e  p a r a l l e l  g r a i n  c o n t r i b u t i o n  t o  t h e  r e s i s t i n g  
f o r c e  on t h e  payload element d cp i s  

R e f e r r i n g  a g a i n  t o  F igure  4-5 i t  may be seen  t h a t  t h e  

2 
d FV = m oo R s i n  tp cos  (p d cp 

P 0 

I n t e g r a t i n g  between l i m i t s  'p = 0 and 'p = (Pb and s e t t i n g  e q u a l  t o  t h e  peak 
i n e r t i a l l o a d s  imposed by t h e  payload during impact we o b t a i n  an e x p r e s s i o n  
f o r  Cpb which when so lved  d e f i n e s  t h e  r e q u i r e d  minimum b e a r i n g  a r e a  a t  t h e  
base of t h e  payload t o  avoid breakaway; t h u s ,  
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o r  

s u b s t i t u t i n g  

2 -  - 50 lb)  (4000)  s i n  
zpb in) (7.5)2 (1500) 

s o l v i n g  

Examination of Photos  66-3981 and 66-4048 ( s e e  S e c t i o n  4 . 1 . 5 )  r e v e a l s  t h a t  
f o r  t h e  two t e s t  payloads i n  q u e s t i o n  bonding may w e l l  have been a b s e n t  i n  
t h e  30 d e g r e e  r e g i o n  ex tending  below t h e  e q u a t o r .  Thus, i t  can be s t a t e d  
t h a t  c o n d i t i o n s  s u f f i c i e n t  t o  w a r r a n t  payloads breakaway were p r e s e n t .  

(3) Consequences of Payload Breakaway. A t  l o a d s  s u f f i c i e n t  t o  cause  
payload breakaway (and i n t e r n a l  c rush ing  of  t h e  b a l s a  wood) a hoop s t ress  
i s  induced i n  t h e  lower p o r t i o n  of  t h e  l i m i t e r  which i s  s u f f i c i e n t  t o  cause  
r u p t u r e .  

Assume t h a t  t h e  maximum normal s t rees  which can be imposed on t h e  cover  i s  
e q u a l  t o  the compression c r u s h  s t r e n g t h  of t h e  b a l s a .  I f  we t h e n  i g n o r e  
any s u p p o r t  i n  s h e a r  from a d j a c e n t  elements (which appears  j u s t i f i e d  based 
on t h e  m u l t i p l e  r a d i a l  s h e a r p l a n e  f a i l u r e s  found i n  t h e  l i m i t e r  f o l l o w i n g  
impact) we o b t a i n  t h e  fo l lowing  c i r c u m f e r e n t i a l  load d i s t r i b u t i o n  i n  t h e  
cover: 
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1 
Since  i t  h a s  been e s t a b l i s h e d t h a t  t h e  payload breaks  away, t h e n  t h e  hoop 
t e n s i o n  l o a d s  may be assumed t o  be a s  d e s c r i b e d  by t h i s  f u n c t i o n .  Hence, 
t h e  hoop stress i n  t h e  c o v e r  a s  a f u n c t i o n  of  cp i s  

2 c0 % s i n  cp 
" =  

T t 

Assuming an u l t i m a t e  t e n s i l e  s t r e n g t h  f o r  f i b e r g l a s s  of  30,000 p s i  and 
s o l v i n g  f o r  CP we o b t a i n  t k a n g l e  above which r u p t u r e  w i l l  o c c u r .  

.035 6 o r  'p = 11' 2 - - ( 30,000) ( . 0 4 )  = 
" R T  (1500) (22.5) 

s i n  cp = 
0 

Thus, even n e g l e c t i n g  t h e  s e v e r e  bending s t r e s s e s  and accompanying t e a r s  
which occur  i n  t h e  c o v e r  a t  t h e  edge of  the f o o t p r i n g  due t o  t h e  s h a r p  bend 
r a d i u s  formed we have e s t a b l i s h e d  t h a t  s u f f i c i e n t  c o n d i t i o n s  e x i s t  t o  i n i -  
t i a t e  r u p t u r e  of t h e  c o v e r .  Once a t e a r i n g  h a s  been i n t i a i t e d  t h e r e  i s  
v e r y  l i t t l e  t o  s t o p  i t s  propagaion,  s i n c e  t h e  m a t e r i a l  possess  i n h e r e n t l y  
low t e a r  r e s i s t a n c e .  

d .  Bond F a i l u r e .  Propagat ion  of  t h e  cover  i n i t i a t e d  f a i l u r e  i s  
aggrava ted  by t h e  presence  of  a poor bond between the  payload and t h e  l i m i t e r .  
I n  t h e  absence o f  t h i s  bond any lo s s  o f  cover  c o n t i n u i t y  r e s u l t s  i n  t h e  com- 
p l e t e  d i s i n t e g r a t i o n  o f  t h e  l imi te r  a s  was exper ienced  i n  t h e  s u b j e c t  t e s t s .  
While i t  i s  f e l t  t h a t  t h e  q u a l i t y  o f  t h i s  bond i s  n o t  c r i t i c a l  t o  payload 
s u r v i v a l  i t  i s  thought  t h e  bond p l a y s  an  i m p o r t m t  p a r t  i n  m a i n t a i n i n g  l i m i -  
t e r  i n t e g r i t y .  

The payload and l i m i t e r  s u r f a c e s  were f i t  checked and thoroughly c l e a n e d  
w i t h  compressed a i r  and MEK p r i o r  t o  assembly. Assembly was performed i n  
a vacuum bag under one atmosphere of  p r e s s u r e  u s i n g  what was cons idered  t o  
be an e x c e s s  o f  r e s i n .  T h e i n f e r i o r  q u a l i t y  bond which r e s u l t e d  can only  
be e x p l a i n e d  i n  r e t r o s p e c t  a s  be ing  t h e  r e s u l t  of a combinat ion of t h e  
f o l l o w i n g  c o n t r i b u t o r y  f a c t o r s :  

D i s t o r t i o n  of t h e  i n n e r  hemisphere and e q u a t o r i a l  
s u r f a c e s  of t h e  l i m i t e r  due  t o  d e - m o i s t u r i z a t i o n .  
T h i s  r e s u l t e d  i n  a poorer  t h a n  average f i t  f o r  t h e  
assembly and i n c r e a s e d  the e x c e s s  r e s i n  requi rement .  
The importance of t h i s  f a c t o r  i s  evidenced by t h e  
SIN #l l i m i t e r  which was assembled wi thout  de -  
m o i s t u r i z a t i o n ;  i t  showed no excess  r e s i n  i n  t h e  
bond l i n e  fo l lowing  t e s t .  

(2) The presence  of dynamic "peel"  l o a d s  a t  t h e  r e s i n  
i n t e r f a c e  d u r i n g  impact .  
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(3) Inadequate  roughening o r  s u r f a c e  t r e a t m e n t  of  t h e  
maple payload t o  achieve  t h e  r e q u i r e d  adherence .  

( 4 )  Entrapment o f  a i r  i n  t h e  bond l i n e  d u r i n g  mating 
of  t h e  s p h e r i c a l  p a r t s .  This  c o u l d  r e s u l t  i n  
e i t h e r  a d r y  s p o t  w i t h i n  t h e  bond l i n e  o r  a d r i v -  
i n g  o u t  of t h e  r e q u i r e d  excess  r e s i n  d u r i n g  
vacuum bagging.  

(5) The i n a b i l i t y  of one atmosphere of p r e s s u r e  t o  
d r i v e  e x c e s s  r e s i n  from the system through a 15 i n .  
long bond l i n e  d u r i n g  t h e  f i n a l  assembly vacuum bag 
p r o c e s s .  

4 .1 .5  POST TEST SPHERE EXAMINATION 

Photographs were t a k e n  of t h e  impact b a l s a  segments a f t e r  each t e s t .  The 
p i e c e s  were g a t h e r e d ,  reassembled,  and arranged so  t h a t  t h e  f a i l u r e s  modes 
would be recorded .  T h i s  a l lows  comparison from t e s t  t o  t e s t  and p r o v i d e s  
v i s u a i  i n f o r m a t i o n  t o  t h o s e  who had n o t  witnessed t h e  t e s t .  Some p o s t u l a -  
t i o n s  of  improvements may come l o n g  a f t e r  t h e  p r e s e n t  program. The impacted 
sphere  photographs a r e  p r e s e n t e d  i n  t h e  fo l lowing  o r d e r :  

a .  

b .  

C. 

T e s t  #l (S/N #2) 

Photo  66-3886 
Photo  66-3887 

T e s t  #2 (SIN #3. 

Balsa  S h e l l  Fragments 
Payload Impacted Surface  

Photo  66-3981 
Photo  66-3982 
Photo  66-3983 
Photo  66-3932 
P h o t o  66-3933 
Photo  66-3934 
Photo  66-3935 
Photo  66-3936 
Photo  66-3937 
P h o t o  66-3938 

Payload Top V i e w  
Payload Impacted Surf a c e  
Balsa  S h e l l  Fragment 
Arranged Crushed Balsa  Segments 
Balsa  Segments w i t h  I n t e r n a l  Crushing 
Upper Hemisphere Reassembled Top View 
Upper Hemisphere Reassembled I n t e r n a l  V i e w  
Payload Cavi ty  Uper Hemisphere 
Crushed Balsa  
Upper Hemisphere Reassembled Side  V i e w  

T e s t  #3 (S/N #l) 

P h o t o  66-4089 
Photo  66-4090 
P h o t o  66-4091 
Photo  66-4048 

Balsa  S h e l l  Fragments 
Payload Top View 
Payload Bottom V i e w  
Payload Impacted S u r f a c e  
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Photo 66-4049 Arranged Crushed Balsa Segments 
Photo 66-4050 Payload Cavity Upper Hemispheres 
Photo 66-405 1 Balsa Segment with Internal Crushing 
Photo 66-4052 Payload Top Surface 
Photo 66-4054 Upper Hemisphere Reassembled Left 
Photo 66-4056 Upper Hemisphere Reassembled Right 
Photo 66-4057 Upper Hemisphere Reassembled Bottom 
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P h o t o  66-3933 Balsa Segments with I n t e r n a l  Crushing 
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4 . 2  TEST REPORT ON SERIAL NO. 4 BALSA SPHERE 

4 . 2 . 1  TEST RESULTS 

Impact L i m i t e r  S/N # 4  w i t h  hardwood payload and shock i n s t r u m e n t a t i o n  l e f t  
t h e  blowgun muzzle a t  374 f t / s e c  and impacted a g a i n s t  a r e i n f o r c e d  c o n c r e t e  
seismic b lock .  The l i m i t e r  s t r u c t u r e  s tayed  i n t a c t ,  l i m i t i n g  t h e  shock 
d e c e l e r a t i o n  o f  t h e  i n t e r n a l  ins t rument  package t o  4320 g .  The specimen 
exper ienced  a p a r t i a l l y  e l a s t i c  rebound which was s u f f i c i e n t  t o  c a r r y  i t  
back up t o  t h e  gun muzzle .  The average rebound speed ove r  the 1 0 - f t  in te r -  
v a l  j u s t  below t h e  gun muzzle was computed from motion p i c t u r e  d a t a  a s  
approximate ly  38 f t / s e c .  Table  4-11 p r e s e n t s  a summary of  t h e  impor tan t  
d a t a .  

TABLE 4-11 

SUMMARY OF TEST DATA 

Date  of T e s t :  28 January  1967 I 
Specimen : Large  Impact L i m i t e r  S /N  #4 

Gross Weight: 342 l b s  

Peak Acce le ra t ion :  290 g 

Peak D e c e l e r a t i o n :  4320 g 

Speed a t  Impact :  374 f t l s e c  

Impact F o o t p r i n t :  43 i n .  d i ame te r  

High-speed motion coverage was provided a t  t he  blow-gun b reech ,  ground lei 2 1 ,  
and t a r g e t  l eve l .  No d a t a  were ob ta ined  from t h e  breech  camera due t o  t h e  
p re sence  o f  a dense wa te r  c loud  ob ta ined  from t h e  a d i a b a t i c  c o o l i n g  of  p r e s -  
s u r i z e d  n i t r o g e n  gas  below i t s  dew p o i n t .  The ground l e v e l  camera d a t a  i n d i -  
c a t e d  t h a t  t h e  p r o j e c t i l e  l e f t  t h e  blowgun muzzle wi thou t  any d i s c e r n a b l e  
t i p - o f f  o r  s p i n  r a t e .  The rebounding p r o j e c t i l e  was a l s o  recorded  a s  hav ing  
an ave rage  speed of  38 f t / s e c  ove r  t h e  1 0 - f t  i n t e r v a l  j u s t  b e f o r e  'it s t r u c k  
t h e  gun muzzle .  The t a r g e t - l e v e l  camera recorded  t h e  impact e v e n t ,  bu t  t h e  
dense  w a t e r  c loud  obscurred  t h e  specimen from camera v iew b e f o r e  t h e  impact 
had been completed.  There were no f a i l u r e s  recorded by any of  t h e  t h r e e  
camreas.  
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F i g u r e  4-6 i s  a t r a c i n g  of  t h e  osc i l logram o b t a i n e d  d u r i n g  t h e  t e s t .  The 
a c c e l e r a t i o n  t i m e - h i s t o r y  i s  approximately t r i a n g u l a r  having  a peak v a l u e  
of  4320 g and a d u r a t i o n  o f  seven m i l l i s e c o n d s .  The s h o r t  d u r a t i o n  d i s c o n -  
t i n u i t y  which o c c u r s  a t  t = +9 m i l l i s e c o n d s  i s  a t t r i b u t e d  t o  a momentary 
c a b l e  f a u l t .  It does n o t  obscure d a t a  s i n c e  t h e  impact had' been completed 
by t h a t  t i m e  

4 . 2 . 2  SPECIMEN DESCRIPTION I 
The d e s i g n  improvements d i s c u s s e d  i n  S e c t i o n  3 . 9  of t h i s  r e p o r t  were i n t r o -  
duced i n t o  t h e  f a b r i c a t i o n  of t h e  s u b j e c t  S/N #4 t e s t  s p h e r e .  

The f i n a l  sphere  assembly was performed us ing  t h e  Epon 828/Versamid 140 
r e s i n  system i n  a 1 t o  1 r a t i o  by weight .  T h i s  r e s i n  system was s e l e c t e d  
f o r  i t s  demonstrated c a p a b i l i t y  t o  r e s i s t  dynamic p e e l  l o a d s  i n  e x c e s s  of  
t h e  s t r e n g t h  of t h e  i n t e r n a l  maple payload (and t h e  b a l s a  wood). The 
i n t e r n a l  payload was f i r s t  f i t  checked using co lored  c h a l k  t o  a s c e r t a i n  t h e  
l o c a t i o n  of any h igh  s p o t s ;  t h e s e  were removed by sanding of t h e  b a l s a .  The 
payload was t h e n  h i g h l y  abraded w i t h  sandpaper;  t h e  i n t e r i o r  b a l s a  wood and 
payload s u r f a c e s  thoroughly c leaned  wi th  compressed a i r ;  and t h e  payload 
t r e a t e d - w i t h  MEK. A l l  mat ing s u r f a c e s  were t h e n  s e a l e d  wi th  a 20 p e r c e n t  
n o n - v o l a t i l e  pr imer  m i x t u r e  of  8281140 r e s i n  and MEK. T h i s  was allowed t o  
c u r e  f o r  2 t o  12  h r s .  1 
I n s t a l l a t i o n  of  t h e  payload sphere  was accomplished i n  two s t e p s .  F i r s t  
r e s i n  was puddled i n  t h e  i n v e r t e d  upper  b a l s a  hemisphere.  The payload was 
t h e n  s lowly lowered i n t o  p o s i t i o n  and t h e  e x c e s s  r e s i n  allowed t o  f low o u t  
and be wiped away a t  t h e  e q u a t o r .  The assembly ( l e s s  upper  hemisphere) was 
t h e n  loaded w i t h  a 500 l b  weight  and allowed t o  c u r e  o v e r n i g h t .  P r i o r  t o  
i n s t a l l a t i o n  of t h e  upper hemisphere f o u r  (approximately 1/8 i n . )  r a d i a l  ~ 

grooves were provided i n  t h e  hemispheres '  e q u a t o r i a l  p lane  t o  p r o v i d e  a 
f l o w  p a t h  f o r  e x t r a c t i o n  of e x c e s s  resin. The lower hemisphere was t h e n  
i n s t a l l e d  i n  a manner i d e n t i c a l  t o  t h e  upper hemisphere.  An e x c e l l e n t  f i t  
was a c h i e v e d ;  on ly  two pounds of r e s i n  were r e q u i r e d  f o r  t h e  f i n a l  assembly 
p r o c e s s .  T h i s  r e p r e s e n t s  an average glue l i n e  of less t h a n  0.020.  

The c o v e r  was i n s t a l l e d  on t h e  assembled sphere  i n  t h r e e  s t e p s .  The 
e x t e r i o r  was f i r s t  s e a l e d  w i t h  t h e  d i l u t e  828/140 r e s i n  system. Next t h e  
s u r f a c e  was coa ted  w i t h  t h e  Adiprene L-160 (100 pts)/MOCA (11 p t s )  Urethane 
adhes ive  system and t h e  b a l l i s t i c  nylon cover  segments p laced  i n t o  p o s i t i o n  
and c o a t e d  w i t h  a d d i t i o n a l  r e s i n  a s  r e q u i r e d .  It was found t h a t  t h e  heavy 
gauge m a t e r i a l  s e l e c t e d  was extremely d i f f i c u l t  t o  work; t h i s  r e q u i r e d  each 
cover  l a y e r  t o  be a p p l i e d  i n  13 p i e c e s  w i t h  2- in .  o v e r l a p s .  The p a t t e r n  
c o n s i s t e d  of  6 pie-shaped segments ( t o p  and bottom) and an 18- in .  wide equa- 
t o r i a l  band.  It i s  thought  t h a t  t h e  s e l e c t i o n  of a more l o o s e  weave d r a p a b l e  
f a b r i c  could  s i g n i f i c a n t l y  reduce t h e  p i e c i n g  o v e r l a p s  and consequent ly  
w e i g h t  o f  each c o v e r  l a y e r .  The f i r s t  cover  l a y e r  t o g e t h e r  w i t h  t h e  bAlsa 
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pr imer  weighed 19 l b s .  The second and f i n a l  c o v e r  l a y e r  which was a p p l i e d  
i n  an i d e n t i c a l  manner weighed 10 l b s .  This compares wi th  approximate ly  
23 l b s  f o r  t h e  p rev ious  f o u r - l a y e r  f i b e r g l a s s  cove r  system. 

4 .2 .3  POST MOTRUM EXAMINATION 

The c o n d i t i o n  o f  t h e  t e s t  sphe re  fo l lowing  impact i s  documented i n  t h e  photos  
i n  F i g u r e s  4 - 7 ,  4 -8  and 4 - 9 .  The sphe re  had rebounded through t h e  t r a p  
fo l lowing  impact and was found r e s t i n g  on t h e  c losed  n e t  a s  shown i n  F i g u r e  
4 - 7 .  
n i f i c a n t  f e a t u r e s :  

A p o s t  motrum examinat ion  of t h e  sphere r evea led  t h e  fo l lowing  s i g -  

The l i m i t e r / p a y l o a d  assembly was i n  one p i e c e .  

The payload had broken away from t h e  l i m i t e r  and 
cannon-bal led" forward i n  t h e  b a l s a  sometime 

p r i o r  t o  comple t ion  of t h e  d e c e l e r a t i o n  s t r o k e .  
( F i g u r e  4 - 8 ) .  

1 1  

The e x t e r i o r  cove r  was t o m  away i n  t h e  v i c i n i t y  
o f  t h e  f o o t p r i n t  ( F i g u r e  4 - 9 ) .  

M u l t i p l e  v e r t i c a l  s p l i t s  were p r e s e n t  i n  t h e  cover .  
(F igu re  4 - 7 ) .  They extended from t h e  p e r i p h e r y  of  
t h e  f o o t p r i n t  t o  a p o i n t  about  300 above t h e  equa- 
t o r .  The improved t e a r  r e s i s t a n c e  of t h e  redes igned  
cover  appeared t o  h v e  prevented  a f u l l  180' prop- 
o g a t i o n  of t h e  t e a r s  and t h e  accompanying complete 
d i s i n t e g r a t i o n  of t h e  l i m i t e r .  

There were r a d i a l  segments o f  b a l s a  a t  t h e  p e r i p h e r y  
of  t h e  f o o t p r i n t  which were crushed on  t h e  o u t s i d e ,  
and t h e  i n s i d e ,  bu t  no t  a t  t h e  c e n t e r  (ev idence  of 
cannon-ba l l ing)  (F igu re  4-8) . 
The b a l s a  segments w i t h i n  t h e  f o o t p r i n t  had a 
p h y s i c a l  appearance s i m i l a r  t o  t h a t  of p i e c e s  from 
p rev ious  t e s t s .  It appeared t h a t  a l a r g e  p o r t i c n  
o f  t h e  wood a t  t h e  pe r iphe ry  o f  t h e  f o o t p r i n t  i n c u r -  
red  l a t e r a l  c rush ing  only ( t h e  wood f i b e r s  t e n d i n g  
t o  bend outward r a t h e r  than i n c u r  any a x i a l  c r u s h ) .  

The bond of t h e  payload t o  the  b a l s a  was e x c e l l e n t .  

The bond of t h e  cove r  t o  t h e  b a l s a  was e x c e l l e n t .  
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4 . 3  WEIGHT SUMMARY 

Table 4-111 summarizes the weight elements of the test spheres S/N 411 to 
S/N 414. 
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