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PROTECTION OF SPACECRAFT FROM 
METEOROIDS AN6 ORBITPlL DERRIS 

A.  P. Fraas 

ABSTRACT 

T h i s  r e p o r t  presents a review o f  i n f o r m t i o n  on t h e  
inc idence o f  meteoroids and s o l i d  deb r i s  i n  o r b i t a l  space, 
t h e  damaging e f f e c t s  o f  these ma te r ia l s ,  and t h e  p r i n c i p l e s  
t h a t  may he used t o  design p r o t e c t i v e  s h i e l d s  f o r  o r b i t i n g  
spacecra f t .  The r e p o r t  was prepared as p a r t  o f  a c u r r e n t  
Oak Ridge Na t iona l  Labora tory  e f f o r t  t o  develop and eva lua te  
conceptual designs of space power systems. 

1. INTROOUCTION 

The poss i  b i  1 i t y  o f  a meteoroid puncture o f  t he  r a d i a t o r  (normal l y  
t h e  l a r g e s t  and most vu lne rab le  component o f  space power p l a n t s )  has 
been o f  great  concern s ince  t h e  i n i t i a t i o n  o f  work on space power 
p lan ts .  A s u b s t a n t i a l  amount o f  exper imental  and a n a l y t i c a l  work was 
c a r r i e d  out between 1959 and 1970 (Refs. 1 4 )  which culminated i n  t h e  
design c r i t e r i a  presented i n  Refs. 4 and 5. L i t t l e  a t t e n t i o n  was given 
t o  t h e  problem i n  t h e  1970s, but t h e r e  has been renewed i n t e r e s t  d u r i n g  
t h e  past 2 years, f o r  example, t h e  s tud ies  i nc luded  i n  Refs. 7 and 8 
w i t h  which t h e  w r i t e r  was associated. Dur ing  these l a t t e r  s tud ies ,  a 
b r i e f  review i n d i c a t e d  t h a t  developments s ince  1970 have been c o n s i s t e n t  
w i t h  t h e  c r i t e r i a  given i n  Refs. 4 and 5, except t h a t  so much spacec ra f t  
d e b r i s  has been accumulat ing i n  near -ear th  o r b i t s  t h a t  i t  now represents 
a much g rea te r  hazard than meteoroids o f  n a t u r a l  o r ig in .9 -12  I n  view o f  
these changes, t h i s  document was prepared t o  p rov ide  f a i r l y  cornprehen- 
s l v e  background i n f o r m a t i o n  t h a t  w i l l  g ive pe rspec t i ve  t o  these problems 
as w e l l  as p rov ide  i n f o r m a t i o n  needed i n  t h e  c u r r e n t  Oak Ridge Na t iona l  
Labora tory  (ORNL) e f f o r t  on space power p l a n t  design, eva lua t ion ,  and 
development. 
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2. INCIDENCE OF METEOROIDS AND ORBITAL DEBRIS 

ORNL m e t e o r i t e  damage s tud ies  performed i n  the e a r l y  1 9 6 0 ~ 2 ~ ~  were 
based on data f o r  t h e  inc idence o f  meteoroids as a f u n c t i o n  o f  p a r t i c l e  

s i z e  prov ided by F. I. Whipple o f  t he  Smithsoni*an As t rophys ica l  Labora- 
t o r y .  Subsequent da ta  have genera l l y  conf i rmed these es t imates  f o r  
meteoroids o f  small  s i z e  but show a lower inc idence f o r  those of l a r g e  
s ize,  f o r  example, a f a c t o r  o f  t e n  lower inc idence o f  meteoroids w i t h  
masses o f  -1 g. This  d i f f e r e n c e  i s  shown g r a p h i c a l l y  i n  Fig.  1 where 
t h e  da ta  f rom Ref. P i s  superimposed on t h e  c u r r e n t  Na t iona l  Aeronaut ics 
and Space A d m i n i s t r a t i o n  (NASA) re fe rence design curve from Kef. 4 t h a t  
was f i r s t  recommended i n  1969. I). J.  Kess le r  o f  NASA conf i rmed t h a t  t h e  
exper imental  da ta  accumulated th rough 1985 show t h a t  t h e  inc idence of 
e x t r a t e r r e s t r i a l  meteoroids i s  w i t h i n  a f a c t o r  o r  two o f  t h e  NASA r e f -  
erence design curve i n  F ig .  1, except i n  the  f i n e  dust p a r t i c l e  s i z e  
range. Kess le r  s t a t e s  t h a t  meteor ic  p a r t i c l e s  o f  s i z e  l e s s  than 
10-12 g, c a l l e d  beta meteoroids, e x h i b i t  a space d e n s i t y  t h a t  r e s u l t s  i n  
an inc idence increase o f  up t o  ten  t imes t h e  values taken from Fig.  1. 
E v i d e n t l y  t h e  curve i n  F i g .  1 should cont inue f u r t h e r  upward t o  the  l e f t  
as a s t r a i g h t  l i n e  be fo re  l e v e l i n g  o f f .  Whi le t h i s  m o d i f i c a t i o n  i s  i m -  
p o r t a n t  w i th  regard  t a  t h e  e ros ion  o f  o p t i c a l  sur faces  ( n o t i c e a b l e  dete- 
r i o r a t i o n  o c c u r r i n g  over a few months), these p a r t i c l e s  a re  t o o  l i g h t  
and t h e  consequent e ros ion  r a t e  too  low t o  damage most spacec ra f t  
surfaces. 

The cumulat ive i n f l u x  o f  meteoroids i s  less f o r  h ighe r  o r b i t s  
because o f  t h e  reduced tendency o f  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  t o  
concent ra te  t h e  me teo r i c  m a t e r i a l .  Th i s  e f f e c t  i s  shown i n  Fig .  2. 

The v e l o c i t y  of meteoroids v a r i e s  w ide ly .  Geocent r i c  meteoroid 
v e l o c i t i e s  have been observed i n  a range from -10 t o  -75 km/s, w i t h  a 
h i g h  p r o b a b i l i t y  t h a t  t h e  v e l o c i t i e s  w i l l  range from 10 t o  30 km/s. The 
meteoro id  v e l o c i t y  d i s t r i b u t i o n  i s  shown i n  F i g .  3. 

It became ev iden t  i n  t h e  l a t e  1970s t h a t  spacecra f t  d e b r i s  i n  l ow  
e a r t h  o r b i t s  was becoming a more ser ious  t h r e a t  than e x t r a t e r r e s t r i a l  
meteoroids.9- l2 F i g u r e  4 d e p i c t s  a 1978 es t imate  o f  t h e  problem. 
According t o  Kess le r ,  however, t h e  da ta  a v a i l a b l e  by e a r l y  1985 i n d i c a t e  
t h a t  t h e  i nc idence  o f  t h i s  d e b r i s  i n  t h e  s i z e  range below a few 
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cent imeters  i s  i n c r e a s i n g  a t  a r a t e  mich grea te r  than p r o j e c t e d  i n  1978 
and has a l ready  reached the level p r e d i c t e d  for  1995 (see F i g .  4 ) .  One 
such se t  o f  da ta  was presented as a r e s u l t  o f  a recent  s tudy conducted 
by the  Massachusetts I n s t i t u t e  of Technolog.y's L i n c o l n  i a b c r a t o r y ,  which 

employed o p t i c a l  te lescopes t o  look f o r  o b j e c t s  i n  t h e  s i z e  range above 
1 cm.13 

Another se t  o f  data showing a h igh  inc idence o f  spacecra f t  d e b r i s  

i s  emerging f rom t h e  c u r r e n t  examinat ion o f  t h e  So lar  Max S a t e l l i t e ,  
which was removed f rom low e a r t h  o r b i t  i n  A p r i l  1984 u s i n g  t h e  space 
s h u t t l e .  An -2.5-m* sample o f  m u l t i l a y e r e d  thermal i n s u l a t i o n  has 
p rov ided  an abundance o f  s o l i d  p a r t i c l e  impact i n fo rma t ion .  The ou te r  
l a y e r  i s  0.05-mm-thick alriininum f o i l  backed up w i t h  17 l a y e r s  o f  Kapton, 
each w i t h  a very t h i n  c o a t i n g  o f  aluminum r e f l e c t i v e  i n s u l a t i o n .  The 
t o t a l  t h i ckness  o f  t h i s  i n s u l a t i o n  c o n f i g u r a t i o n  i s  4 . 2 5  mm. A 
m ic roscop ic  examinat ion revealed t h a t  many t i n y  c r a t e r s  i n  t h e  o u t e r  
l a y e r  o f  t h e  aluminum were made by t h e  impact ion  o f  f l a k e s  o f  p a i n t .  
One i n c i d e n t  p a r t i c l e  o f  unknown o r i g i n  penet ra ted  t h e  o u t e r  l a y e r  o f  
aluminum l e a v i n g  a 0.9-mm-diam hole,  and cont inued through a l l  1 7  l a y e r s  
o f  i n s u l a t i o n .  4 microscop ic  s tudy o f  t h e  p a r t i c l e s  t rapped i n  t h e  
thermal i n s u l a t i o n  w i l l  y i e l d  va luab le  s t a t i s t i c a l  data on t h e  cha rac te r  

o f  t h e  f i n e  p a r t i c l e s  encountered. Note t h a t  t h e  r e l a t i v e  v e l o c i t y  a t  
t h e  t ime  of impact was genera l l y  milch lower  f o r  o r b i t i n g  spacecra f t  
d e b r i s  than f o r  e x t r a t e r r e s t r i a l  p a r t i c l e s .  This  cou ld  r e s u l t  i n  t h e  
energy re leased on impact no t  be ing  s u f f i c i e n t  t o  vapor ize t h e  i n c i d e n t  
p a r t i c l e  e 

The Long D u r a t i o n  Experiment F a c i l i  ;y i s  a 14- f t -d iam, 3 0 - f t - l o n g  
s a t e l l i t e  weighing 8000 l b  on which 1008 exper imenta l  t r a y s  a r e  mounted 
t o  c o l l e c t  da ta  on t h e  inc idence,  chem c a l  composit ion, and i s o t o p i c  
concen t ra t i on  of bo th  meteor ic  m a t e r i a l  and spacecra f t  deb r i s .  Th i s  
system was p laced i n t o  o r b i t  by a space s h u t t l e  i n  A p r i l  1984 and was 
scheduled t o  be r e t r i e v e d  d u r i n g  a space s h u t t l e  f l i g h t  i n  March 1985. 

John L o r i a  o f  NASA i s  respons ib le  f o r  t h e  program and s t a t e d  t h a t  t h e  
s a t e l l i t e  w i l l  remain i n  o r b i t  f o r  an a d d i t i o n a l  year  because t h e  
r e t r i e v a l  f l i g h t  was canceled. An a d d i t i o n a l  yea r  w i l l  be requ i red  
subsequent t o  r e t r i e v a l  t o  analyze a d  r e p o r t  t h e  i n f o r m a t i o n  o b t a i  ned. 



Two NASA p r o j e c t s  designed t o  y i e l d  f u r t h e r  da ta  on t h e  inc idence 
of spacec ra f t  d e b r i s  i n  low e a r t h  o r b i t  a r e  proposed. The f i r s t  w i l l  
employ two te lescopes o f  about 30-cm aperture,  which w i l l  be mounted a t  
oppos i te  ends of t h e  space s h u t t l e  t o  pe rm i t  t r i a n g u l a t i o n  measurements 
o f  both p o s i t i o n  and v e l o c i t y  o f  t h e  p a r t i c l e s  observed. Data w i l l  be 
accumulated con t inuous ly  over t h e  l-week f l  i ght. The experiment w i  11 
a v o i d  t h e  l i m i t a t i o n s  imposed by a i r  a b e r r a t i o n  i n  o p t i c a l  observa t ions  
t h a t  are ground-based and sRould p r o v i d e  good s t a t i s t i c a l  data on 
o r b i t i n g  p a r t i c l e s  i n  t h e  s i z e  range from 0.1 t o  1 cm ( t h e  s i z e  range of 
g rea tes t  i n t e r e s t  i n  space power p l a n t  design).  A proposed fo l l ow-on  
p r o j e c t  w i l l  i n v o l v e  a s i m i l a r  experiment mounted on an o r b i t i n g  
s a t e l l i t e  designed t o  accumulate da ta  f o r  about 1 year. Kess le r  
es t imates  t h a t  t h i s  f a t t e r  experiment w i l l  be launched i n  about 
10 years. 
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3 .  ~A~~~~~ EFFECTS OF METEOROIDS AND DERRIS 

Systematic a n a l y s i s  and experiments on t h e  p e n e t r a t i o n  o f  d u c t i l e  
p l a t e s  by h igh  v e l o c i t y  p r o j e c t i l e s  began w i t h  c l a s s i c  s t u d i e s  c a r r i e d  
ou t  by Krupp I n d u s t r i e s  i n  Germany over a century  ago. Comparative 
experiments i n  Krupp machine shops revealed t h a t  t h e  energy r e q u i r e d  t o  
mechan ica l l y  punch a h o l e  i n  a s t e e l  p l a t e  was equal t o  t h e  product of 
t h e  u l t i m a t e  shear s t r e n g t h  o f  t he  p l a t e  m a t e r i a l ,  t h e  area o f  t h e  w a l l  
o f  t he  ho le  punched, and t h e  th ickness  o f  t h e  p l a t e .  Krupp's b a l l i s t i c s  
t e s t s  showed t h a t  t h e  same bas ic  r e l a t i o n  app l ied ;  t h a t  i s ,  t h e  loss i n  

k i n e t i c  energy o f  t h e  p r o j e c t i l e  was e s s e n t i a l l y  equal t o  t h e  product o f  
t h e  u l t i m a t e  s t r e n g t h  of t h e  p l a t e ,  t h e  p l a t e  th ickness ,  and t h e  area of 
t h e  w a l l  o f  t h e  ho le  punched by t h e  p r o j e c t i l e .  Th is  r e l a t i o n  was found 
t o  g ive good c o r r e l a t i o n  o f  exper imental  da ta  f o r  a wide range o f  pro- 
j e c t i l e  c a l i b e r s  and v e l o c i t i e s  and a wide range o f  armor p l a t e  a l l o y s .  

The muzzle v e l o c i t y  o f  t h e  Krupp guns o f  t h a t  day was f a r  below t h e  
son ic  v e l o c i t y  i n  s t e e l .  Work performed more r e c e n t l y  has shown t h a t  
t h e  mechanics o f  t he  impact event are q u i t e  d i f f e r e n t  when t h e  p ro jec -  

t i l e  v e l o c i t y  exceeds t h e  sonic v e l o c i t y  o f  the t a r g e t  m a t e r i a l .  Th i s  
s i t u a t i o n  i s  termed t h e  " h y p e r v e l o c i t y  impact" regime, where t h e  impact 
pressure so f a r  exceeds t h e  s t r e n g t h  o f  t h e  t a r g e t  m a t e r i a l  t h a t  i t  
behaves as i f  i t  were a l i q u i d .  The damage from h y p e r v e l o c i t y  impact i s  
spread over a much l a r g e r  area o f  t he  t a r g e t  sur face  and takes t h e  form 
o f  a hernispherical c r a t e r  i n  s u f f i c i e n t l y  t h i c k  ta rge ts .  Whi le t h e  
c r a t e r  formed has a diameter f o u r  o r  more t imes the  p r o j e c t i l e  diameter,  
t h e  depth o f  p e n e t r a t i o n  f o r  v e l o c i t i e s  immediately above t h e  speed o f  
sound i n  the t a r g e t  m a t e r i a l  might be on ly  25% o f  t h a t  f o r  v e l o c i t i e s  
t h a t  are j u s t  a l i t t l e  lower than t h e  son ic  v e l o c i t y  i n  t h e  t a r g e t  mate- 
r i a l  because t h e  p e n e t r a t i o n  mechanisms are comple te ly  d i f f e r e n t  f o r  

these two regimes. For subsonic v e l o c i t i e s  i n  t h e  t a r g e t  v a t e r i  a1 , t h e  
p r o j e c t i l e  momentum goes i n t o  punching a ho le about the  diameter o f  t he  
p r o j e c t i l e ,  whereas i n  t h e  course of a hypersonic impact, bo th  the  pro- 
j e c t i l e  and t a r g e t  m a t e r i a l  i n  the impact zone are l i q u i f i e d  o r  vapor- 
i z e d  and b l a s t e d  away from t h e  t a r g e t  by a v i o l e n t  pressure wave. The 
e f f e c t  i s  much l i k e  t h a t  o f  a l i q u i d  d r o p l e t  f a l l i n g  i n t o  a pool o f  
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water  except t h a t  a c r a t e r  remains i n  t h e  s o l i d  i n s t e a d  o f  b e i n g  f i l l e d  
i n  by r e t u r n i n g  l i q u i d .  

Target  p e n e t r a t i o n  t e s t s  i n  the hypersonic regime can be accom- 
p l i s h e d  e i t h e r  by u s i n g  very h i g h  v e l o c i t y  p r o j e c t i l e s  o r  by u s i n g  t a r -  
get  m a t e r i a l s  w i t h  r e l a t i v e l y  low a c o u s t i c  v e l o c i t y .  Consider ing t h a t  
p r o j e c t i l e  v e l o c i t i e s  f o r  a high-powered r i f l e  r a r e l y  exceed 1000 m/s  
and t h i s  i s  on ly  20% o f  t h e  sonic  v e l r , - i t y  i n  s t e e l ,  i t  i s  easy t o  
understand why t h e  l a t t e r  approach was most o f t e n  taken. Tests i n  t h e  
h y p e r v e l o c i t y  regime are most e a s i l y  accomplished w i t h  a t a r g e t  m a t e r i a l  
such as lead, which has a sonic  v e l o c i t y  o f  1250 m/s as compared w i t h  
5100 m/s f o r  aluminum and 5160 m/s f o r  i r o n .  Copper p rov ides  an i n t e r -  
mediate candidate w i t h  a v e l o c i t y  o f  sound o f  3700 m / s .  F i g u r e  5 shows 
a s e c t i o n  through a hemispher ica l  c r a t e r  formed i n  a l e a d  t a r g e t  by t h e  
h y p e r v e l o c i t y  impact o f  a l.0-cm aluminum sphere a t  a v e l o c i t y  o f  
2020 m/s (6630 f t / s ) .  The c r a t e r  diameter i s  4.2 cm, and t h e  depth i s  
1.8 cm, o r  about h a l f  t h e  c r a t e r  diameter.  A f a i r l y  h i g h  r i m  was formed 
around t h e  edge o f  t h e  c r a t e r  because o f  t h e  d u c t i l i t y  o f  t h e  t a r g e t  
m a t e r i a l  P r o p o r t i o n a l l y ,  a much grea ter  rim i s  produced than i s  seen 
around moon c r a t e r s  o r  t h e  l a r g e  meteor c r a t e r  i n  Arizona, which were 
formed i n  b r i t t l e  rock.  The d u c t i l e  metal f lows p l a s t i c a l l y  i n  reg ions 
where t h e  s t resses  f a l l  between t h e  y i e l d  p o i n t  and t h e  u l t i m a t e  shear 
s t ress .  Considerable t e ~ t i n g l ' + - ~ B  performed w i t h  a wide v a r i e t y  o f  

p r o j e c t i l e  m a t e r i a l s  and sizes, t a r g e t  m a t e r i a l s ,  and p r o j e c t i l e  v e l o c i -  
t i e s ,  has y i e l d e d  r e s u l t s  c o n s i s t e n t  w i t h  those sketched i n  Fig.  5. 

Valuable i n s i g h t s  i n t o  t h e  behavior  of t h e  m a t e r i a l  i n  t h e  impact 
zone have been obta ined from a computer a n a l y s i s  descr ibed i n  Ref. 19. 
F i g u r e  6 shows f o u r  stages i n  t h e  course o f  events o f  an impact o f  an 
aluminum b a l l  on a t h i n  aluminum p l a t e  a t  75Qn m/s. The small  arrows 
shown i n  t h e  f i g u r e  a r e  v e l o c i t y  vectors  t h a t  i n d i c a t e  t h e  movement o f  
m a t e r i a l  i n  t h e  impact zone a t  each p a r t i c u l a r  p o i n t  i n  t ime. The 
d i s t r i b u t i o n  of  mass, a x i a l  momentum, and k i n e t i c  energy o f  t h e  d e b r i s  
e j e c t e d  from t h e  impact zone i s  presented i n  F ig .  7 .  A comparison o f  
s i m i l a r  r e s u l t s  f o r  p r o j e c t i l e  v e l o c i t i e s  of 7.5 and 15 km/s i s  pre-  
sented i n  F ig .  8. The b u l k  o f  d e b r i s  i n  low e a r t h  o r b i t s  t h a t  might  
impact on space power p l a n t s  w i l l  impact a t  v e l o c i t i e s  bracketed by t h e  
p r o j e c t i l e  v e l o c i t i e s  i n  t h i s  f i g u r e .  
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F i g .  5. Sect ion  through lead t a r g e t  showing c r a t e r  l e f t  by impact 
o f  l.0-cm-diam aluminum p r o j e c t i l e  s t r i k i n g  a t  2020 m/s (6630 f t / s ) .  
(Tes t  by R .  $1. E iche lberger ,  B a l l i s t i c s  Research Labora tory ,  Aberdeen, 
MD). 
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Fig .  6. C a l c u l a t e d  v e l o c i t y  
aluminum b a l l  w i t h  v e l o c i t y  o f  7.5 

f i e l d s  r e s u l t i n g  f rom impact o f  an 
km/s on t h i n  aluminum p1 ate. ( a ) ,  

( b ) ,  (c) ,  and ( d )  show, r e s p e c t i v e l y ,  c'ross s e c t i o n  o f  the m a t e r i a l s  and 
v e l o c i t y  vectors  a t  impact and a t  per iods  o f  0.12, 0.32, and 0.80 us 
a f t e r  impact. Source: M. H. Wagner and K. H. Kreyenhagen, "Review o f  
the l l ~ d r o - E l a s t i c - P l a s t i c  Code Analyses as Related t o  t h e  H y p e r v e l o c i t y  
P a r t i c l e  Impact Hazard," Ppoccxdinge of %e Comet Halkey Micrometeoroid 
Razard Workshop, Moordwi jk, Netherlands, 18-19 Apr i  1, 1979, European 
Space Agency, ESA-SP-153. 
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Fig.  7. D i s t r i b u t i o n  o f  mass, a x i a l  momentum, and k i n e t i c  energy 
of d e b r i s  e j e c t e d  from impact o f  aluminum b a l l  w i t h  v e l o c i t y  o f  7.5 km/s 
on t h i n  aluminum p l a t e .  Source: M. H. Wagner and K. Y. Kreyenhagen, 
"Review o f  t h e  H y d r o - E l a s t i c - P l a s t i c  Code Analyses as Related t o  t h e  
Hypervel o c i  t y  P a r t i c l e  Impact Hazard,') Ppoceadings of %e Comet Hatley 
Micrometeoroid Hazard Workshop, Naordwijk, f lether lands, 18-19 A p r i l ,  
1979, European Space Agency, ESA-SP-153. 
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Fig.  8. Comparison o f  computed p r o p e r t i e s  o f  d e b r i s  e j e c t e d  from 
impacts a t  7.5 and 15 km/s. Source: M. H. Wagner and K. H. Kreyen- 
hagen, "Review o f  t h e  H y d r o - E l a s t i c - P l a s t i c  Code Analyses as Related t o  
t h e  Hyperve loc i ty  P a r t i c l e  Impact Hazard," Proceedings of ?'%e Comet 
Hatley Micrometeoroid Hazard Workshop, Noordwi j k  , Netherlands, 18-19 
A p r i l ,  1979, European Space Agency, ESA-SP-153. 
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Computer c a l c u l a t i o n s ,  such as those shown I n  F ig.  6, d i s c l o s e  t h a t  

enormous pressures are developed a t  the i n s t a n t  o f  impact. The h e a t i n g  
assoc ia ted  w i t h  t h e  a d i a b a t i c  compression o f  t h e  i n a t e r i a l  i n  t h e  impact 
zone may be s u f f i c i e n t  t o  melt  o r  even vapor ize p a r t  o r  a l l  of the 
p r o j e c t i l e  and/or t a r g e t  m a t e r i a l  i n  t h e  zone. Uata presented i n  
Kef. 19 show t h e  impact pressure as a f u n c t i o n  o f  v e l o c i t y  f o r  stoney 
p r o j e c t i l e s  w i t h  t h r e e  d e n s i t i e s  i n  c o l l i s i o n  w i t h  two t a r g e t  m a t e r i a l s ,  
aluminum and s t e e l .  P l o t s  o f  these da ta  a re  shown i n  Fig .  9, a long w i t h  
t h e  v e l o c i t y  reg ions where m e l t i n g  and v a p o r i z a t i o n  w i l l  accur i f  h a l f  
t h e  k i n e t i c  energy i n  the  p r o j e c t i l e  i s  conver ted i n t o  heat in t h e  pro-  
j e c t i l e  m a t e r i a l .  The lower  l i m i t  f o r  each r e g i o n  represents  t h e  ve loc-  
i t y  l e v e l  a t  which m e l t i n g  o r  v a p o r i z a t i o n  would be i n i t i a t e d ,  w h i l e  t h e  
upper l i m i t  i n d i c a t e s  t h e  l e v e l  a t  which c a w l e t e  r n e l t i n y  o r  vapor iza-  
t i o n  would t a k e  place. 

An impor tan t  f a i l u r e  mode i s  found f o r  t a r g e t  p l a t e  th icknesses 
in te rmed ia te  between t h e  t h i c k  p l a t e  considered i n  F i g .  5 and t h e  t h i n  
p l a t e  o f  F ig .  6. I n  t h i s  i n t e r m e d i a t e  reg ion  t h e  shock wave r e f l e c t e d  
from the  r e a r  sur face  o f  t h e  t a r g e t  as a r a r e f a c t i o n  wave may induce 
such severe t e n s i l e  s t resses  t h a t  s u b s t a n t i a l  p ieces may spa11 from t h e  
r e a r  fdce, l e a v i n g  a r e l a t i v e l y  l a r y e  diameter shal low c r a t e r .  Depend- 
i n y  on t h e  p l a t e  m a t e r i a l  and th ickness,  f i s s u r e s  may extend through t h e  
reg ion  between t h e  hemispher ica l  c r a t e r  on t h e  f r o n t  face and t h e  
s p a l l e d  c a v i t y  on t h e  r e a r  face o f  t h e  p l a t e .  Consequently, e x t r a  
th ickness  must be prov ided i n  t h e  design o f  t h e  w a l l  of a system t h a t  
must w i t h s t a n d  a g iven impact t h r e a t  and remain l e a k t i y h t .  

Because o f  t h e  y rea t  v a r i e t y  of p r o p e r t i e s  o f  p r o j e c t i l e  and t a r g e t  
m a t e r i a l s ,  it has not  y e t  been p o s s i b l e  t o  c o r r e l a t e  them a l l  on a 
p u r e l y  t h e o r e t i c a l  bas is .  E f f o r t s  t o  r a t i o n a l i z e  e m p i r i c a l  c o r r e l a t i o n s  
have fo l lowed t h r e e  d i f f e r e n t  courses. One course advocated by B j o r k  i n  
1960,20 was based on the  premise t h a t  the volume o f  t h e  c r a t e r  produced 
i n  t h i c k  t a r y e t s  i s  p r o p o r t i o n a l  t o  t h e  momentum of t h e  i n c i d e n t  pro- 
j e c t i l e ;  thus,  t h e  p e n e t r a t i o n  would vary as t h e  cube r o o t  o f  t h e  
momentum. A f t e r  a l l o w i n g  a f a c t o r  of 1.5 t o  determine t h e  th ickness  f o r  
i n c i p i e n t  p e n e t r a t i o n  and an a d d i t i o n a l  term t o  a l l o w  f o r  v a r i a t i o n s  i n  
t h e  p r o j e c t i l e  dens i ty ,  B jo rk  proposed t h e  f o l l o w i n g  r e l a t i o n  f o r  t h e  
p e n e t r d t i o n  of s t e e l  t a r y e t s :  
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F i g .  9. Shock pressures as f u n c t i o n  o f  p r o j e c t i l e  v e l o c i t y  f o r  
stoney p r o j e c t i l e s  impac t ing  on aluminum and s t e e l  (da ta  f rom 
Ref .  19) .  The e f f e c t s  o f  convers ion o f  h a l f  t h e  k i n e t i c  energy i n  the 
i n c i d e n t  p r o j e c t i l e  i r l t o  h e a t i n g  o f  t h e  p r o j e c t i l e  m a t e r i a l  a r e  a l s o  
shown 6 
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= 0.909 ( m  v p  (pp/7.86)0*3 9 
t s  P 

where 
t, = th ickness  f o r  i n c i p i e n t  p e n e t r a t i o n  o f  s t e e l ,  cm; 
mp = mass o f  p r o j e c t i l e ,  g; 

V = p r o j e c t i l e  v e l o c i t y ,  km/s; 
= p r o j e c t i l e  densi ty ,  g/cm3. 

pP 

T h i s  r e l a t i o n  Mas used t o  es t imate  t h e  th ickness  o f  t h e  armor f o r  
p r o t e c t i o n  of  r a d i a t o r s  i n  t h e  UKNL designs o f  t h e  e a r l y  1960s. 

Var ious a u t h o r i t i e s  (e.y., K.  L. E i c h e l b e r y e r  and J. H. Kineke o f  
t h e  Ball  i s t i c s  Research Labora tory  d t  Aberdeen) have favored niakiny t h e  
c r a t e r  volume p r o p o r t i o n a l  t o  t h e  k i n e t i c  enerqy o f  t h e  p r o j e c t i l e .  
F o l l o w i n g  t h i s  approach, Eq. ( 2 )  fram a recent  paper by Kineke21 can be 
employed and rearranged t o  y i v e  an e x p l i c i t  express ion f o r  t h e  t a r g e t  
th ickness  f o r  i n c i p i e n t  penet ra t ion .  Using t h e  same symbols and u n i t s  
as i n  E q .  (1) g ives t h e  f o l l o w i n y :  

where 
= u l t i m a t e  s t r e n g t h  o f  t h e  t a r g e t  m a t e r i a l ,  Pa 

(e.g., 3.76 x 108 f o r  aluminum and 1.97 x 109 f o r  s t a i n l e s s  

s t e e l )  

Note t h a t  t h i s  equat ion  i s  s i m i l a r  t o  E q .  ( l ) ,  except t h a t  t h e  t h i c k n e s s  
o f  t h e  armor var ies  as t h e  t w o - t h i r d s  power o f  t h e  p r o j e c t i l e  v e l o c i t y ,  
and t h e  u l t i m a t e  s t r e n y t h  o f  t h e  t a r g e t  m a t e r i a l  i s  i n c l u d e d  as a major 
f a c t o r .  

A t h i r d  r e l a t i o n  proposed by F i s h  and Summers a t  t h e  Seventh Hyper- 
v e l o c i t y  Impact Symposium has been w ide ly  used.16 This etnpi r i c a l  equa- 
t i o n  i s  s i m i l a r  t o  Eq. (21, bu t  t h e  exponents were i i i od i f ied  t o  o b t a i n  a 

b e t t e r  fit t o  a wide v a r i e t y  of t e s t  data, arid terms were added t o  
i n c l u d e  t h e  e f f e c t s  of t h e  d e n s i t y  and d u c t i l i t y  of t h e  t a r g e t  mate- 
r i a l .  Th is  m o d i f i c a t i o n  y i e l d e d  t h e  f o l l o w i n g  r e l a t i o n :  
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where 
= d u c t i l i t y  o f  t a r g e t  ma te r ia l ,  f ;  

pt = d e n s i t y  o f  t a r g e t  r i ia ter ia l ,  y/cm3. 
Et 

U t h r r  syiiibols a re  t h e  same as f o r  Eq. (1 ) .  
A r e v i e d  o f  these and o the r  emp i r i ca l  r e l a t i o n s  was performed a t  

NASA (see Kef. 18) l e a d i n g  t o  t h e  s e l e c t i o n  o f  Eq. ( 4 )  [which i s  very 
s i m i l a r  t o  Eq. ( 3 ) ]  t o  es t imate  t a r g e t  t h i ckness  f o r  i n c i p i e n t  penetra-  
t i o n .  

where the  symbols are as de f i ned  p rev ious l y ,  and K 1  depends on t h e  
phys ica l  p r o p e r t i e s  o f  t he  t a r g e t .  Typ ica l  values f o r  K1 are  presented 
i n  Table 1. Note t h a t  t h e  e f f e c t s  o f  t h e  dens i ty ,  d u c t i l i t y ,  and 

u l t i m a t e  s t r e n g t h  o f  t h e  t d r y e t  i i i d te r ia l  are i nc luded  i n  K 1  f o r  Eq. ( 4 ) .  

Examination o f  E q .  ( 4 )  and Table 1 revea ls  t h a t  t h e  th i ckness  o f  
t he  armor f o r  i n c i p i e n t  pene t ra t i on  i s  main ly  a Func t ion  o f  the pro-  
j e c t i l e  mass and v e l o c i t y  and i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  cho ice  of 
ina ter ia l  f o r  t he  reg ion  o f  i n t e r e s t  i n  space power p l a n t  design. I n  
v i e w  of t h i s ,  Table 2 dnd Fig.  l U  present  c a l c u l a t e d  th icknesses  o f  a 
eyv i  ca l  ina ter ia l  ( Z U 2 4 - T 3  aluini num a1 1 oy) reyu i  red t o  p r o t e c t  ayai  n s t  
p e n e t r a t i o n  by meteoroids hav ing  a t y p i c a l  dens i t y  o f  U.5 y/cm3. 
Table 3 p rov ides  c o r r e c t i o n  f a c t o r s  f o r  use w i t h  F i g .  10 t o  o b t a i n  t h e  
corresponding th icknesses f o r  o the r  coinbinations o f  p r o j e c t i l e  and 
t a r g e t  ma te r ia l s .  

Equations (1)-(4) d i f f e r  s i g n i f i c a n t l y ,  bu t  t h e  ex ten t  t o  which 
these d i f f e r e n c e s  a f f e c t  t h e  c a l c u l a t e d  th i ckness  o f  t h e  armor i s  no t  
e x p l i c i t l y  c lea r .  To i n v e s t i g a t e  t h i s  mat ter ,  F i y .  11 was prepared f o r  
a rep resen ta t i ve  s e t  o f  cond i t i ons  (1.0-g meteoroids, hav ing  a dens i t y  
o f  U.S g/cm3, s t r i k i n g  a 2024-T3 aluminum t a r g e t ) .  Note t h a t  t h e  spread 
i s  about &SO% and t h a t  E q .  (4 )  y ives  some o f  t h e  h ighe r  values f o r  t h e  
armor th icknesses.  For t h i s  reason i t  should be considered one o f  t h e  
more co f lserva t ive  approaches. I n  app ra i s iny  F i y .  11, i t  seems l i k e l y  
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Tab le  1. Constants f o r  t h r e s h o l d  
penetration o f  a s i n g l e  p l a t e  

at 25'C 

M a t e r i a l  K 1  Basis 

A1 umi nurn all l o y s  
2024-T3 
2 024 -T4 0.54 V isua l  
7075-T6 0.57 Pressure 
6061-TS 

S t a i n l e s s  s t e e l s  

0.32 Pressure A I S 1  316 
17 4 PH annealed 0.38 Pressure 

LA 141-A 0.80 Pressure 

Nb-1Zr 0.34 Pressure 

Magnesium l i t h i u m  

Niobium alloys 

Table 2. The e f f e c t s  o f  meteoro id inass and r e l a t i v e  
impact v e l o c i t y  on t h e  th ickness,  tin, 

o f  alurni num a1 loy t a r g e t s  f o r  
t h r e s h o l d  p e n e t r a t i o n  

Thickness, cm 

Re 1 a t  i ve ve l  oc i t y  , km/s 5 10 30 50 

Meteroid mass, g 
1 .ouo 2.08 3.81 9.95 15.6 

0.100 0.92 1.69 4.43 6.92 

0.01u 0.41 0.75 1.Y7 3.08 

0.001 0.18 0.33 0.88 1 . 3 7  

Meteoroid density = 0.5 g/cm3; K 1  f o r  aluminum = 0.57. 
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R E L A T I V E  VELOCITY lkmis) 

F i g .  10. E f f e c t  o f  r e l a t i v e  impact v e l o c i t y  on thickness o f  alum- 
i n i m  2024-T3 requ i  red f o r  t h r e s h o l d  p e n e t r a t i o n  by rneteoroi ds w i t h  
d e n s i t y  o f  0.5 g/cm3. (Calculated f ro in E q .  4.) 
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Table 3. R a t i o  of the t h r e s h o l d  p e n e t r a t i o n  thickness f o r  
var ious t a r g e t  and p r o j e c t i l e  m a t e r i a l s  t o  t h a t  w i t h  

an aluminum t a r g e t  and a p r o j e c t i l e  w i t h  d e n s i t y  
o f  0.5 y/cma 

Tar get mat e r i a 1 

Stainless 
A 1  urni num steel  Ni o b i  um 

P r o j e c t i l e  m a t e r i a l  (K1 = U.57) (K1 = 0 .32)  (K1 = 0.34) 

Meteoro id (0.5 y/cm3) 1 .0u 0.56 0.60 

Plastic (1.U y/cm3) 1-12 U.63 0.67 

A 1  uini num (2.77 g/crn3) 1.33 0.7s 0.79 

S t a i n l e s s  s t e e l  ( 8  .U y/cm3) 1.59 0.89 0.95 

Tungsten (19.2 j/cm3) 1.84 1-03 1.10 
Niobium (8.58 g/cm3) 1.61 0.9u 0.96 
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F i g .  11. E f f e c t  o f  p r o j e c t i l e  v e l o c i t y  and c a l c u l a t i o n a l  model on 
est imated th ickness o f  aluminum 2024-T3 p l a t e  requ i red  For i n c i p i e n t  
p e n e t r a t i o n  by meteoro id w i t h  mass of 1 g and d e n s i t y  o f  0.5 g/crn3. 
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t h a t  p a r t  o f  the d i f f e r e n c e s  between t h e  f u n c t i o n s  i s  caused by t h e  
d i f f e r e n c e s  i n  t h e  " f a c t o r  o f  sdfety 'b  a p p l i e d  t o  t h e  p e n e t r a t i o n  data t o  
o b t a i n  t h e  "miniinurn th ickness"  f o r  r e s i s t i n g  penet ra t ion .  It should 
a l s o  be mentioned t h a t  i n  c a l c u l a t i n g  the t d r g e t  th ickness  from Eq. 1 ,  

which i s  f o r  s t e e l ,  a c o r r e c t i o n  was a p p l i e d  t o  o b t a i n  the t h i c k n e s s  f o r  
aluininurn. This  was done by m u l t i p l y i n y  t h e  th ickness  yiven by E q .  1. by 
t h e  r a t i o  o f  t h e  p e n e t r a t i o n  constants  y iven f o r  d i f f e r e n t  m a t e r i a l s  i n  
Table 1 ( i n  t h i s  case 0.57/0.32). This y ives almost t h e  same c o r r e c t i o n  
f a c t o r  as was recornmended by t3jot-k i n  1959. 

I n  a comprehensive parametr ic  study conducted far NASA i n  1984 by 
J. R .  Wetch of Space Power, Inc., Eq. 4 o f  Kef. 8 (a 1968 NASA r e p o r t )  
was mod i f ied  t o  i n c l u d e  more recent  data and y i e l d e d  t h e  f o l l o w i n y  
expression: 

where 
t, = armor th ickness,  crn; 
yr = room temperature c r a t e r i n g  c o e f f i c i e n t ;  

a = r e a r  sur face  damage t h i c k n e s s  f a c t o r ;  
= meteoro id averaye dens i ty ,  g/cm3; 

pa = arinor dens i ty ,  g/cm3; 

V p  = meteoro id average v e l o c i t y ,  kmJs ;  

Ca = sonic  v e l o c i t y  i n  t h e  arinor, km/s; 
E = armor e a r t h  s h i e l d i n y  f a c t o r ;  
a = meteoro id f l u x  constant ;  

pP 

A, = vu lnerab le  area, rn2; 

Po  = des ign p r o b a b i l i t y  of no c r i t i c a l  damaye; 
t = i i i iss ion tiine, s; 

n = damage f a c t o r  f o r  o b l i q u e  impact; 
e = p e n e t r a t i o n  constant ;  
6 = meteoro id f l u x  constant;  
T = arinor temperature, K; 

Tr = room temperature, K .  



As i n  Kef. 6 ,  a curve s i m i l a r  t o  F ig .  1 was approximated w i t h  an 
emp i r i ca l  expression, and t h i s  emp i r i ca l  express ion f o r  t h e  inc idence of 
rneteoroids as a f u n c t i o n  o f  t h e i r  I ~ M S S  was combined w i t h  an e m p i r i c a l  
equat ion f o r  p e n e t r a t i o n  s i m i l a r  t o  E q .  ( 2 )  t o  y i e l d  Eq. ( 5 ) .  Equat ion 
( 5 )  was then  used i n  a computer model designed t o  d e f i n e  t h e  weights  of 
r a d i a t o r s  f o r  a wide v a r i e t y  o f  systems and cond i t ions ,  and has been 
i nc luded  here because i t  could prove use fu l  f o r  l a t e r  s tud ies .  Th is  
equat ion  is so complex t h a t  no e f f o r t  t o  r a t i o n a l i z e  i t  w i l l  be made 
here other than t o  say t h a t  t h e  r a t i o n a l i z a t i o n  can be c a r r i e d  out  by 

u t i l i z i n g  i n f o r m a t i o n  presented above. Fur ther ,  a s i i n i l a r  but less  

complex equat ion was developed by John C. rYoyers a f t e r  he reviewed a 
d r a f t  of t h i s  r e p o r t ,  That equat ion,  w i t h  i t s  d e r i v a t i o n ,  has been 

i nc luded  i n  t h e  Appendix. 
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4 PROTECTIVE KIBMPEHS 

As e a r l y  as 1947, Whipple p o i n t e d  out t h a t  t h e  shock wave associ -  
a ted  w i t h  t h e  impact o f  a meteoroid on even a very t h i n  bumper would 
s h a t t e r  t h e  meteoroid, p a r t i c u l a r l y  i n  v iew o f  t h e  f a c t  t h a t  most 
meteoroids are a porous, stoney m a t e r i a l  and t h e r e f o r e  a r e  n o t  only 
b r i t t l e  but  q u i t e  f r a n y i b l e .  Th is  e f f e c t  would be p a r t i c u l a r l y  pro-  
nounced i f  p a r t  of t h e  bumper were complete ly  vapor ized by t h e  impact, 
so t h a t  expansion of t h e  c loud o f  vapor would d isperse  t h e  d e b r i s  o f  t h e  
meteoroid.  The impact o f  t h e  c loud on t h e  p r o t e c t e d  s t r u c t u r e  would no t  
induce ser ious  s t resses  o r  damage i f  it were d i s t r i b u t e d  over a wide 
area o f  t h e  u n d e r l y i n g  s t r u c t u r e  by u s i n g  a r e l a t i v e l y  l a r y e  separa t ion  
d is tance.  This  approach was considered i n  design s tud ies  a t  both ORNL 
and NASA i n  1959,3 and an ex tens ive  t e s t  program was conducted by 
NASA. One o f  t h e  more impor tant  r e s u l t s  o f  t h i s  e f f o r t  was t h e  des ign 
and t e s t i n g  o f  a bumper system i n  a s a t e l l i t e  i n  t h e  l a t t e r  1970s- The 
r e s u l t s  of t h i s  experiment showed t h a t  t h e  type  o f  bumper design t h a t  
was t e s t e d  would serve t o  reduce t h e  weight o f  t h e  meteoro id p r o t e c t i o n  
system by a f a c t o r  o f  -6.9 (Ref. 22). 

The problems posed by t h e  design o f  bumpers are  more complex than 
those i n v o l v e d  i n  p r e v e n t i n g  p e n e t r a t i o n  d u r i n g  h y g e r v e l o c i t y  impact. 
Valuable i n s i g h t s  and h e l p f u l  d e s i g n  i n fo r rna t ion  a r e  presented i n  
Kef. 5, but  t h e  new problems posed by t h e  h igh inc idence o f  spacecra f t  
d e b r i s  r a i s e  quest ions no t  t r e a t e d  t h e r e -  R e l a t i v e l y  l i t t l e  new e x p e r i -  
mental i n f o r m a t i o n  on l a b o r a t o r y  t e s t s  o f  bumpers has emerged s i n c e  
p u b l i c a t i o n  o f  Kef -  5 i n  1970. The bu lk  o f  s o l i d  p a r t i c l e  impact da ta  
obta ined w i t h  l i g h t  gas yuns extends on ly  up t o  v e l o c i t i e s  o f  10 km/s. 
F o r t u n a t e l y ,  t h i s  i s  i n  t h e  r i g h t  rdnye f o r  t h e  r e l a t i v e  v e l o c i t i e s  o f  
the  spacecra f t  d e b r i s  t h a t  i s  o r b i t i n g  i n  raughly  t h e  same d i r e c t i o n  as 
most spacecra f t  bu t  i s  below t h e  lower l i m i t  o f  t h e  range f o r  both 
e x t r a t e r r e s t r i a l  meteoroids and p a r t i c l e s  t h a t  might be launched i n  
r e t r o y r a d e  o r b i t s  i n  a t t a c k s  on s a t e l l i t e s .  Th is  i s  impor tan t  because 
i n  t h e  low r e l a t i v e  v e l o c i t y  reg ion  much o f  t h e  i n c i d e n t  p a r t i c l e  i s  n o t  
vapor ized (see F i g .  9 ) ,  and exper iments show t h a t  p a r t i c l e s  e m i t t e d  f rom 
an impact w i t h  a bumper may be l a r g e  enough t o  damage t h e  sur face  t h a t  
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t h e  bumper was designed t o  p r o t e c t  i r r e s p e c t i v e  o f  t h e  separa t i on  d i s -  

tance. On t h e  o t h e r  hand, f o r  r e l a t i v e  v e l o c i t i e s  o f  29 km/s o r  more, 
t h e  i n c i d e n t  p a r t i c l e  may be ctmpletely vapor ized by t h e  bumper, and t h e  
r e s u l t i n g  plasma w i l l  expand r a p i d l y  so t h a t  t he  p r a h a b i l i L y  o f  damaging 
a p ro tec ted  sur face  wil l  f a l l  o f f  r a p i d l y  w i t h  t h e  separa t ion  d i s tance  
between t h e  bumper and t h e  sur face  i t  i s  designed t o  p r o t e c t .  The 
a v a i l a b l e  exper imenta l  d a t a  do no t  appear t o  he adequate t o  eva lua te  
some i n t e r e s t i n g  p o s s i b i l i t i e s  i n  t h i s  reg ion.  Un fo r tuna te l y ,  i t  i s  
exceedingly  d i f f i c u l t  t o  produce p r o j e c t i l e  v e l o c i t i e s  >I2 km/s i n  con- 
t r o l l e d  experiments. The problems are  so fo rmidab le  t h a t  up t o  the  t i m e  
o f  t h i s  w r i t i n g  no v i a b l e  t e s t  system has been demonstrated. 

'The f i r s t  s tep  i n  ana lyz ing  t h e  e f f e c t s  o f  a bumper i s  t a  cons der  
t h e  exchange o f  momentum and energy when t h e  p r o j e c t i l e  s t r i k e s  t h e  
bumper. Some exper imenta l  data i n d i c a t e  t h a t  t he  c o l l i s i o n  i s  i n e  as- 
t i c ,  and t h a t  the mass o f  the p r o j e c t i l e  and t h e  s l u g  punched ou t  af t h e  

bumper emerge from t h e  c o l l i s i o n  a t  e s s e n t i a l l y  t h e  same v e l o c i t y .  The 
r e d u c t i o n  i n  p r o j e c t i l e  v e l o c i t y  as determined from momentum considera-  
t i o n s  r e s u l t s  i n  a loss o f  k i n e t i c  energy t h a t  is  grea te r  than t h e  
k i n e t i c  energy impar ted t o  t h e  s l u g  o f  m a t e r i a l  punched f rom t h e  
bumper. Th is  energy appears as heat. Q u a n t i t a t i v e l y ,  t h i s  "excess 
energy' '  i s  g iven by a s imp le  d e r i v a t i o n  as: 

where 
E,, = energy appear ing a t  heat, J 

m = mass of p r o j e c t i l e ,  kg; 
iiib = mass o f  s l u g  p i~nched  f rom bumper, kg; 

P 

V = v e l o c i t y  o f  p r o j e c t i l e ,  m / s .  

Whi le  the d i s t r i b u t i o n  o f  t h i s  heat i s  uncer ta in ,  t h e r e  are  i n d i c a -  
t i o n s  t h a t  roughly  one-hal f  appears i n  t h e  p r o j e c t i l e ,  and the  remainder 
i s  i n  the m a t e r i a l  punched from the bumper. Assuming t h i s  t o  be t h e  
case, Table 4 and F ig.  12 were prepared t o  show t h e  thermal enerqy i n p u t  
t o  both t h e  p r o j e c t i l e  and t h e  bumper as a f u n c t i o n  of t h e  p r o j e c t i l e  
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Table 4. Kinet ic  energy dissipated as thermal energy i n  meteoroid c o l l i s i o n s  

between the meteoroid and the slug punched from the bumper 
with a bumper. This heat energy was assumed t o  be divided equal ly  

- 
Eneryy Energy t o  Eneryy t o  

dissipated meteoroid bumper mass mass veloci ty  energy 111 

1 .oo 0 -01 5,000 12,500 0.0099 123.76 62 6,188 
1 .00 0.01 7,000 24,500 0.0099 242.57 121 12 , 129 
1 .oo 0.01 10,000 50,000 0.0099 495.05 248 24,752 
1 .oo 0.01 15,000 112,500 0.0099 1,113.86 557 55,693 
1 .00 0.01 20,000 200,000 0.0099 1,980.20 990 99,010 
1 .00 0.02 5,000 12,500 0.0196 245.10 123 6,127 
1 .00 0.02 7,000 24,500 0.0196 480.39 240 12,010 
1 .oo 0.02 10,000 50,000 0.0196 980.39 490 24,510 
1 .oo 0.02 15,000 112,500 U ,0196 2,205.88 1,103 55 , 147 
1 .oo 0.02 20,000 200,000 0.0196 3,921.57 1,961 98,039 
1 .QO 0.05 5 ,U00 12,500 0.0476 595.24 298 5,952 
1 .oo 0.05 7,000 24,5Do 0.0476 1,166.67 583 11,667 
1 .00 0.05 10,000 50,000 0.0476 2,380.95 1,190 23,810 
1 .oo 0.05 15,000 112,500 0.0476 5,357.14 2,679 53,571 
1 .oo 0.05 20,000 200,000 0.0476 9,523.81 4,762 95,238 
1 .OD 0 .I 5,000 12,500 0.0909 1,136.36 568 5,682 

11.136 1.00 0.1 7,000 24,500 0.0909 2.227.27 1,114 
1 .00 0.1 10.000 50.000 0 .0909 4,545.45 2,273 22,727 
1 .00 0.1 15,000 112,500 0.0909 10,227.27 5,114 51,136 
1 .00 0.1 20,000 200,000 0.0909 18,181.82 9,091 90 .go9 

'b Meteoroid Bumper R e l a t i v e  Meteoroid 

( 9 )  ( 9 )  (in/ s 1 ( J )  mp + mb ( J )  ( J / ¶ )  ( J / g i  

- _I_ 
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F i g .  12. E f f e c t  o f  impact v e l o c i t y  on r e s i d u a l  energy appear ing as 
heat i n  p r o j e c t i l e  and debr is  f rom the  bumper assuming an i n e l a s t i c  
c o l l i s i o n  and an equal d i v i s i o n  o f  t h e  heat  between t h e  two. 
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i n c i d e n t  ve loc i t y  f o r  ratios o f  e j e c t e d  bumper mass t o  projectile mass 
rang iny  from 0.01 t o  0.10. The n o t a t i o n  on Fig,  12 i n d i c a t e s  t h e  
reg ions  where m e l t i n g  o r  v a p o r i z a t i o n  might occur. Whi le t h e r e  I s  no 
n o t a t i o n  on t h e  curves f o r  S i Q 2 ,  BeO, A 1 ~ 0 3 ~  MyO, and SjC, i t  happens 
t h a t  t h e i r  s p e c i f i c  heats  a re  such t h a t  t h e  s c a l e  i n  j o u l e s  p e r  gram i s  
about t h e  same as t h a t  f o r  t h e i r  temperature r i s e  i n  deyrees Ce ls ius  up 
t h e  p o i n t  where v a p o r i z a t i o n  or  decomposi t ion occurs, t h a t  i s ,  i n  t h e  
range o f  1800 t o  2 1 0 0 O C .  

Other  data t h a t  are u s e f u l  i n  e v a l u a t i n g  t h e  perforinance p o t e n t i a l  
o f  bumpers are  presented i n  Table 5 and Fig.  13. F igure  13 shows t h e  
temperature o f  t y p i c a l  metals as a f u n c t i o n  of t h e  heat i n p u t  up t o  t h e  
p o i n t  o f  complete vapor iza t ion .  These curves reveal  why Fig.  12 i nd i -  
ca tes  t h a t  t h e  p r o j e c t i l e  v e l o c i t y  r e q u i r e d  t o  vapor ize an i r o n  bumper 
i s  lower than f o r  an aluminum bumper f o r  t h e  same mass o f  metal per  u n i t  
area o f  bumper. Note t h a t  t h e  inost e a s i l y  vapor ized metals l i s t e d  i n  
Table 5 are lead, bismuth, t i n ,  s i l v e r ,  p lat inum, and gold, which 
i m p l i e s  t h a t  one o f  these metals should be considered f o r  use i n  
bumpers, and t h a t  a l l o y s  (such as s o l d e r  a l l o y s )  can be developed t h a t  
have s i y n i f i c a n t l y  b e t t e r  c h a r a c t e r i s t i c s  f o r  bumpers than pure metals. 
I f  a bumper i s  used t o  p r o t e c t  t h e  manifolds f o r  a r a d i a t o r ,  t h e  
i n a t e r i a l  chosen should have bo th  a f a i r l y  h i g h  m e l t i n g  p o i n t  and n o t  t o o  
h i y h  a vapor pressure ( t o  avoid excessive loss o f  m a t e r i a l  i n t o  t h e  h i g h  
vacuum of space). 

Some p e r t i n e n t  r e s u l t s  from l i g h t  gas yun exper iments (Kef. 5) a re  
presented i n  Fig.  14. These curves show t h a t  i f  a bumper i s  employed, 
t h e  p e n e t r a t i o n  o f  t h e  second p l a t e  i s  i n s e n s i t i v e  t o  t h e  p r o j e c t i l e  
v e l o c i t y  f o r  v e l o c i t i e s  between 5 and 10 km/s. Accompanyiny data i n d i -  
c a t e  t h a t  t h e r e  i s  no i n c e n t i v e  t o  employ a s e p a r a t i o n  d i s t a n c e  between 
the  bumper and t h e  p r o t e c t e d  sur face  y r e a t e r  than 20 t imes t h e  d iameter  
of the  p r o j e c t i l e .  However, both of these observat ions appear t o  t h e  
w r i t e r  t o  be a p p l i c a b l e  on ly  t o  the  v e l o c i t y  range covered i n  t h e  
experiments. The r a t i o n a l e  f o r  t h i s  view i s  t h a t  when t h e  bumper i s  
penet ra ted  a t  r e l a t i v e l y  low h y p e r v e l o c i t i e s ,  t h e  diameter o f  t h e  
a f f e c t e d  r e g i o n  i n  t h e  bumper i s  p o s s i b l y  double the p r o j e c t i l e  diam- 
e t e r .  Note t h a t  t h e  diagrams o f  F ig .  6 show severe d i s t o r t i o n  o f  t h e  
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Table 5. Phys ica l  p r o p e r t i e s  o f  some t y p i c a l  metals t h a t  might 
by used as armor o r  bumpers f o r  spacecraf t  

Metal  Atomic 
weight 

M e l t i n g  
p o i n t  
( "Cl  

Maynesium 
L i t h i  urn 
Bery l  1 i um 
A1 umi n m  
T i  t a n  i urn 
C hromi urn 
Cadmi um 
I r o n  
Cobalt  
N icke l  
Copper 
Zinc 
N iob i  urn 
Molybdenum 
S i  1 ver  
Tungsten 
T i n  
Rhenium 
P1 a t  i num 
Go1 d 
Bismuth 
Lead 

24.3 
6.9 
9.01 
27 
47 .9 
52 
112.4 
55.8 
58.9 
58.7 
63.5 
65.4 
93 
96 
108 
184 
118.7 
186 
195 
197 
209 
207 

650 
179 
1278 
660 
1675 
1890 
32 1 
1535 
1492 
1453 
1083 
420 
2468 
2610 
96 1 
3410 
232 

1769 
1063 
27 1 
327 

3180 

B o i l i n g  Heat o f  , Heat o f  
p o i n t  f u s i o n  v a p o r i z a t i o n  
( " C )  ( k c a l / y  m o l ) ,  ( k c a l / g  m o l )  

-.-__lll 

1090 2.14 31.5 
1317 1.10 32.5 
2970 2.34 68 .O 
2467 2.57 67.9 
3260 4.50 102.5 
2482 3.50 73 .a 
765 1.48 32.2 
3000 3.30 84.6 
2900 3.70 93 .o 
2732 4.21 89.6 
2595 3.12 72 "8 
906 1.60 27.4 
4927 6.40 166.5 
5560 6.60 142 .O 
2212 2.65 61.6 
5927 8.42 197 .O 
2270 1.72 68 .O 
5627 8 .oo 178.0 
3827 4.70 112 "1  
2966 3.05 82 .O 
1477 2.51 42.6 
1737 1.22 42.4 

Enthalpy ( J / g )  above 0°C 

-I_I-- _- 
Magnesium 
L i t h i u m  
Bery l  1 ium 
A1 umi num 
T i  t a n  i urn 
Chromi um 
Cadmi um 
Iron 
Cobalt  
N icke l  
Copper 
Zinc 
Niobium 
Molybdenum 
S i  1 ver 
Tungsten 
T i n  
Rheni  um 
P1 a t i  num 
Go1 d 
Bismuth 
Lead 

- 
762 
749 

2,405 
598 

1,069 
1,339 

85 
88 7 

1,071 
774 
440 
210 
7 89 

1,036 
242 
55 1 
56 
558 
264 
142 
39 
54 

_ I _ ~  

1.131 
1,417 
3,493 
996 

1,462 
1,621 
140 

1,135 
1,334 
1,074 
64 1 
312 

1,077 
1,324 
345 
743 
117 
7 38 
365 
20 7 
89 
78 

1,739 
6,182 
9,005 
2,941 
2,695 
2,174 
257 

2,355 
2,305 
1,996 
1,393 
531 

1.929 
2,417 
704 

1,166 
764 

1.190 
7 36 
494 
299 
298 

7,166 
25,903 
40,605 
13,471 
11,655 
8.052 
1,457 
8,703 
8,9 16 
8,387 
6,194 
2,285 
9,426 
8,611 
3,092 
5,649 
3,163 
5,197 
3,143 
2,237 
1,152 
1,155 

P C P C 

( c a l / g  0°C t o  moi)  mp ( c a l / g  "p t o  mol) bp 

6 "80 
6.9 
4.05 
5 .84 
7.3 
8.8 
7.1 
7.7 
10.1 
7.47 
6.16 
7 .81 
7.1 
9.1 
6.5 
7.1 
6.9 

6.96 
6.28 
7.1 
R .1 

7 .a 

Sound 
v e l o c i t y  

(m/s)  

5,910 

12,890 
6,890 
6,560 

6,400 
6 , 220 
5,910 
5,250 

2,580 
6,250 
3,940 
5,750 

2,950 
2,950 
1,800 
1.250 

8.02 
6 e 9  
7.01 
6.94 
8.9 
11.6 
7.1 

11.1 
9.7 
10.1 
7.5 
7.01 
7.7 
8.5 
7.4 
7.4 
9 
a .2 
a .4 
7.1 
8.7 
7.7 
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F i g .  13 (a ) .  Temperature r i s e  above 0°C as f u n c t i o n  o f  heat i n p u t  
f o r  t y p i c a l  metals. Data p l o t t e d  f r o m  Table  5. 
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F i g .  13 ( h ) .  Temperature r i s e  above O°C as f u n c t i o n  o f  heat i n p u t  
f o r  t y p i c a l  metals. Q a t a  p l o t t e d  f r o m  T a b l e  5. 
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OBLIQUE IMPACT 

NORMAL IMPACT 
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VELOCITY (kmis) 

NOTES: 

NUMBERS ON NORMAL IMPACT CURVE SHOW THE VARIATION OF DEBRIS WlTH 
VELOCITY 

1 .  INTACT PROJECTILE 

2 .  

3. 

TIGHT CLUSTER OF RELATIVELY LARGE FRAGMENTS OF PROJECTILE AND SHIELD 

DEBRIS IN SHAPE OF ELONGATED BUBBLE WITH SURFACE COMPOSED OF NUMEROUS 
SMALL SOLID PARTICLES OF PROJECTILE AND SHIELD 

4. DEBRIS CONSISTING OF: 

A. ELONGATED BUBBLE COMPOSED OF VERY SMALL SOLID PARTICLES, 
MINUTE DROPS OF MELTED METAL, AND METAL VAPOR 

A FEW SOLID FRAGMENTS WHICH ARE LARGER AND SLOWER THAN 
THE BALANCE OF DEBRIS 

B. 

F i g .  14. Schematic d e s c r i p t i o n  showing bo th  t h e  p e n e t r a t i o n  resis- 
tance o f  a t a r g e t  and t h e  cha rac te r  o f  the debr i s  vary as a f u n c t i o n  o f  
t h e  v e l o c i t y  f o r  aluminum p r o j e c t i l e s  and aluminum a l l o y  bumpers and 
t a r g e t s .  Source: Meteopoid Lkmage Assessment, NASA SP-8042, Na t iona l  
Aeronaut ics and Space Admin i s t ra t i on ,  May 1970. 



36 

bumper i n  t h i s  r e y i o n  dur ing  impact. K e l a t i v e l y  l a r y e  frayiments a re  
t o r n  o f f  t he  bumper f rom ou ts ide  the  noinindl edge o f  the  hole,  and these 
become a major source o f  p o t e n t i a l  darnage t o  t h e  u n d e r l y i n g  surface. 
This  i s  e s p e c i a l l y  t h e  case i f  t h e  v e l o c i t y  o f  t h e  fragments i s  
s u f f i c i e n t l y  below t h d t  o f  t h e  p r o j e c t i l e  so t h a t  i t  f a l l s  i n  t h e  h igh  
subsonic reg ion  where the  depth o f  p e n e t r a t i o n  can be grea ter  than i n  
t h e  hypersonic  rey ion.  

F o r  very h igh  p r o j e c t i l e  v e l o c i t i e s  such as those p r o j e c t e d  t o r  t h e  
v i c i n i t y  of the H a l l e y ’ s  Comet encounter ((3.9.) 57 krn/s), both t h e  
p r o j e c t i l e  and t h e  bumper should be vaporized i r r e s p e c t i v e  of t h e  
m a t e r i a l s  invo lved.  An i n t e r e s t i n g  t reatment  o f  t h i s  reg ion  i s  p re -  
sented i n  Kef. 23,  but  some o f  t h e  conclus ions drawn apply on ly  t o  t h e  
spec ia l  case t rea ted ,  t h d t  i s ,  t o  a p a i r  o f  i n f i n i t e  p la tes .  These 
conc lus ions  p r o b a b l j  a re  not  a p p l i c a b l e  t o  t h e  more complex y e o m t r y  of 

concen t r i c  c y l i n d r i c a l  s h e l l s  i n  which t h e  bumper s h e l l  d iameter  may be 
severa l  t imes t h a t  o f  t h e  r a d i a t o r  vapor man i fo ld  i t  i s  desiyned t o  
p r o t e c t .  

Usefu l  design data f o r  s i n g l e  o r  dual elernent sh ie lds  t o  p r o t e c t  
against  very h igh  v e l o c i t y  (57 kin/s) impacts by t y p i c a l  comet traginents 
a re  y iven i n  Kef. 21 f o r  an assumed p a r t i c l e  d e n s i t y  o f  d.8 g/cm3. This  
study was c a r r i e d  out by t h e  B a l l i s t i c s  Kesearch Laboratory  d t  t h e  
Aberdeen Prov ing  Ground o f  t h e  U.S. Army; hence the  approach and nornen- 
c l a t u r e  used are  somewhat d i t f e r e n t  f rom t h e  usrial p r a c t i c e  i n  t h e  space 
community. I n  p a r t i c u l a r ,  they d e f i n e  two cases ( i  .e., one-element and 
two-element s h i e l d s )  and a n a l y t i c a l l y  eva lua te  c o n d i t i o n s  t h a t  would 
l ead  t o  i n c i p i e n t  p e n e t r a t i o n  i n  each case. Thus, these two cases co r -  
respond t o  t h e  cases considered above, w i t h  o r  w i thou t  a bumper. The 
geometr ica l  arranyement and nomenclature used f o r  ana lys i s  o f  t h e  
systems w i t h  s i n g l e  and dual s h i e l d s  a re  shown i n  t i g s .  15 and 16. The 
s p a c i n g  between t h e  t w o  elements was taken as approx imate ly  twenty t imes 
the  diameter o f  t he  i n c i d e n t  p a r t i c l e .  F igu re  17 shows est in ia ted masses 
af comet frayments f o r  i n c i p i e n t  p e n e t r a t i o n  o f  t h e  s i n y l e  element 
sh ie lds .  t i g u r e  18 shows t h e  e f f e c t i v e n e s s  o f  a bumper. I n  t h i s  case a 
l-mm-thick bumper, o r  f i r s t  s h i e l d  element, p r o t e c t s  t h e  base surface, 
o r  second s h i e l d  element s u f f i c i e n t l y  t o  prevent  i t s  p e n e t r a t i o n  by 
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Fig. 15. Geometrical arrangement and nomenclature for ana lys i s  o f  
s i n g l e  impact sh ie ld .  Source: J .  H. Kineke, Jr., "Probe P r o t e c t i o n  
Against  Cometary Meteoroid Attack,'' pp. 77-83 i n  Proceedings of fie 
Come& Hattey M-tcronmeteoroid Huaard Wopkshop, Noordwi jk, Nether l  ands, 
18-49 A p r i l ,  1979, European Space Agency, ESA-SP-153. 
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F i g .  16. Geometrical arrangement and nomenclature f o r  a n a l y s i s  o f  
a dual impact sh ie ld .  The spacing between t h e  two elements o f  t h e  
s h i e l d  was taken as approximately 20 t imes t h e  diameter o f  t h e  pro- 
j e c t i l e .  Source: J .  H. Kineke, Jr., "Probe P r o t e c t i o n  Against  Cometary 
Meteoroid Attack," pp. 77-83 i n  Proceedings of The Comet HaZZey 
Micrometsoroid Hazard Workshop, Nosrdwi jk,  Nether l  ands, 18-19 Apr i  1, 
1979, European Space Agency, ESA-SP-153. 
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F i g .  17. Est imated mass M o f  comet fragment rcqui l-ed fo r  i n c i p i e r l t  
p e n e t r a t i o n  o f  var ious  m o n o l i t h i c  s h i e ? d  m a t e r i a l s  as f u n c t i o n  o f  s h i e l d  
th ickness  T f o r  a s i n g l e  element sh ie ld .  Source: (1. Y. Kineke, Jr., 
"Probe P r o t e c t i o n  Against  Cometary Meteoro id Attack," pp. 7 7 4 3  i n  
Proceedings of The Comet Hatley &ficrometeoroid Hazard Vorkshop, 
Noordwi j k ,  Netherlands, 18-19 Apri  1, 1979, European Space Agency, ESA- 
SP-153 
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FRAGMENT: SHIELDED AREA: 
V, = 57,OOO m / s  A = 1.23 m2 
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TOTAL THICKNESS: T = T1 + T2 (m) 

F i g .  18. Est imated mass M o f  comet fragment r e q u i r e d  for th reshold  
p e n e t r a t i o n  o f  s i n g l e  element and two element s t e e l  s h i e l d s  as f u n c t i o n  
o f  t o t a l  th ickness  of s h i e l d ( s ) .  Source: J.  H. Klineke, Jr . ,  "Probe 
P r o t e c t i o n  Against Cometary M e t e o r o i d c k , "  pp. 77-83 i n  Procssdings 
of The Comet Bcz'ltey M-icromteoPoid Huaurd Workshop, Noordwi j k ,  
Netherlands,  18-19 A p r i l ,  1979, European Space Agency, ESA-SP-153. 



fragments up t o  1000 t imes heav ie r  than those t h a t  would pene t ra te  t h e  

same t o t a l  t h i ckness  i n  the  form o f  a s i n g l e  sh ie ld .  
F igu res  19-21, a l s o  reproduced from Ref. 21, show r e s u l t s  o f  ca lsu-  

l a t i o n s  o f  t h e  e f f e c t  of impacts o f  comet fragments on two-element 
s h i e l d s  i n  which t h e  f i r s t  s h i e l d  element (bumper) c o n s i s t s  o f  1.0 
steel  t i t an ium,  and aluminum, respect ive!y .  I n  each case curves are 

prov ided f o r  f o u r  d i f f e r e n t  m a t e r i a l s  f o r  t h e  second, o r  base, arinor 

p l a t e .  These f o u r  m a t e r i a l s  f o r  each s e t  o f  curves a re  440C s t a i n l e s s  
s t e e l ,  t i t a n i u m ,  aluminum, and Kev la r  ( t h i s  i s  t he  epoxy-impregnated, 
m u l t i l a y e r e d  c l o t h  composite used i n  armored ves ts ) .  Note t h a t  alurniniim 
g ives somewhat l i g h t e r  s h i e l d s  than t h e  o the r  two meta ls ,  bu t  t h a t  
Kev la r  sh ie lds  a re  much 1 i g h t e r  than t h e  alurni num. Un fo r tuna te l y ,  t h e  
Kev la r  would no t  be s u i t a b l e  f o r  t h e  p r o t e c t i o n  o f  a red-hot r a d i a t o r  
f o r  a nuc lear  e l e c t r i c  space power p lan t .  

The use o f  a p l a s t i c ,  o r  composite, bumper seems promis ing  because 
t h e  p l a s t i c  w i l l  vapor ize a t  much lower  impact v e l o c i t i e s  than any 
metal.  However, i t  may no t  be s u i t a b l e  f o r  use w i t h  h igh- temperature 
r a d i a t o r s .  I f  a l a r g e  c l e a r  p l a s t i c  bubble were i n f l a t e d  around t h e  
r a d i a t o r ,  i t s  e q u i l i b r i u m  temperature would depend upon i t s  t r a n s m i t -  
tance i n  t h e  i n f r a r e d  r e g i o n  toge the r  w i t h  i t s  e m i s s i v i t y .  The l i m i t e d  
data a v a i l a b l e  f o r  c l e a r  p l a s t i c s  make t h i s  approach d o u b t f u l  f o r  the  
h i  gh-temperature r a d i a t o r s  now b e i n g  considered because t h e  p l a s t i c  
bubble would have t o  be unreasonably l a r g e  t o  ma in ta in  i t s  temperature 
a t  a s u i t a b l e  l e v e l ,  making t h e  bumper weight  excessive. Th is  concept 
should be examined f u r t h e r ,  however, i n  the  hope of f i n d i n g  a p l a s t i c  
i n a t e r i  a? w i t h  s u f f i c i e n t l y  f avo rab le  p roper t i es .  
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F ig .  19. Est imated mass M o f  comet fragment r e q u i r e d  f o r  t h r e s h o l d  
p e n e t r a t i o n  o f  var ious  s h i e l d  m a t e r i a l s  as f u n c t i o n  o f  s h i e l d  th i ckness  
T2 f o r  o p e r a t i o n  w i th  a 1.0-mm-thick bumper o f  s t a i n l e s s  steel. 
Source: J. H. Kineke, Jr., "Probe P r o t e c t i o n  Against  Cometary Meteoroid 
At," pp. 77-83 i n  Proceedings of The Comet RaZley Micrometeo.roid 
Hazard Workshop, Noordwi jk, Netherlands, 18-19 A p r i l  , 1979, European 
Space Agency, ESA-SP-153 . 
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F ig .  20. Est imated mass M o f  comet fragment requ i red  f o r  t h resho ld  
pene t ra t i on  o f  var ious s h i e l d  m a t e r i a l s  as f u n c t i o n  o f  s h i e l d  th i ckness  
T2 f o r  ope ra t i on  w i t h  a 1.0-rnm-thick bumper o f  t i t a n i u m .  Source: 
J .  ti. Kineke, Jr., "Probe P r o t e c t i o n  Against Cometary Meteoro id Attack," 
pp. 77-83 i n  Proceedings of f i e  Cornet Halley Mierom&mnvid Hazalad 
Workshop, Noordwi jk,  Nether1 ands, 18-19 Apr i  1, 1979, European Space 
Agency, ESA-SP-153. 
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Fig.  21. Estimated mass M of comet fragment r e q u i r e d  f o r  threshold 
p e n e t r a t i o n  o f  various s h i e l d  m a t e r i a l s  as funct ion o f  s h i e l d  thickness 
T2 f o r  operat ion w i t h  a 1.0-mm-thick bumper o f  aluminum, (1. H. 
Kineke, J r . ,  "Probe P r o t e c t i o n  Against Cometary M e t e o r o i m c k , "  Q Q .  
77-83 i n  Procssdings of %a Comet HaElsy Micrometeoroid Huzard Wo~kshop, 
Noordwi jk, Netherlands,  18-19 A p r i l  1979, European Space Agency, 

Source: 

ESA-SP-153. 
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5 .  CONCLUSION 

S u f f i c i e n t  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  t h e  p r e l i m i n a r y  ana lys i s  of 
conceptual impact s h i e l d  designs. F u r t h e r  exper imental  r e s u l t s  are 
bad ly  needed, however, t o  pe rm i t  a thorough j o b  o f  e v a l u a t i n g  the  e f f e c -  
t i v e n e s s  o f  bumpers f o r  p r o t e c t i o n  aga ins t  s o l i d  p a r t i c l e  impacts I n  t h e  
v e l o c i t y  range from 10 t o  30 km/s. It i s  p a r t i c u l a r l y  impor tan t  t o  
o b t a i n  da ta  on t h e  e f f e c t s  o f  bo th  bumper and p r o j e c t ' l l e  m a t e r i a l  on t h e  
s i z e  o f  fragments produced, t h e i r  v e l o c i t i e s ,  and t h e  cone angles o f  t he  
shower of fragments and/or gas produced d u r i n g  t h e  s o l i d  p a r t i c l e  impact 
on the bumper. Although t h e  v e l o c i t y  o f  sound i n  s t e e l  run5 approx j -  
mate ly  6 km/s (see Table 51, t h e  v e l o c i t y  o f  sound i n  p l a s t i c s  runs 2 t o  
3 km/s. T h i s  should be s u f f i c i e n t  t o  vapor ize  t h e  s l u g  punched from a 
p l a s t i c  bumper. Impact s t u d i e s  of p l a s t i c  and/or composite bumpers a t  
low hypersonic v e l o c i t i e s  would g r e a t l y  inc rease 
s h i e l d  design. Experiments should be performed t o  
o f  sur face  coat ings  on t h e  bumper t o  ma in ta in  bumper 
thermal l i m i t s  o f  t h e  p l a s t i c  and/or composite mater 

the f l e x i b i l i t y  o f  
i n v e s t i g a t e  t h e  use 
tempe r a t  u res w i t h i  n 
als.  
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EST MATION 0 

John C. Ployers 

1. INTRODUCTION 

Dur ing  i t s  useful  l i f e t i m e ,  a v e h i c l e  i n  e a r t h  o r b i t  probably  w i l l  
be impacted by many meteoroids.  The number o f  impacts depends upon t h e  
p a r t i c l e  f l u x ,  t h e  exposed v e h i c l e  area, and t h e  d u r a t i o n  o f  t h e  v e h i c l e  
miss ion.  The l i k e l i h o o d  o f  p e r f o r a t i o n  of a v i t a l  component by any one 
o f  these impacts depends upon t h e  massg v e l o c i t y ,  and d e n s i t y  o f  t h e  
impact ing  p a r t i c l e  and t h e  th ickness  and p h y s i c a l  p r o p e r t i e s  o f  t h e  
t a r g e t  m a t e r i a l .  The p r o b a b i l i t y  o f  t h e  v e h i c f e ' s  s u f f e r i n g  c r i p p l i n g  
damage f rom meteoro id p e r f o r a t i o n  i s  then a f u n c t i o n  o f  a l l  these 
f a c t o r s .  The f o l l o w i n g  methodology permi ts  t h e  e s t i m a t i o n  o f  t h i s  prob-  
ab i  l i  ty, u t i  l i z i  ng avai  l a b l e  i n f o r m t i  on. 

2. BASIC INFORMATION 

The near-Earth average meteoro id f l u x  (number o f  p a r t i c l e s ,  o f  mass 
equal t o  o r  g r e a t e r  than rn grams, per  square meter-second) can be e s t i -  
mated f rom t h e  model developed by Cour-Palais:4 

This f l u x  my be c o r r e c t e d  f o r  t h e  e f f e c t s  o f  defocus ing by t h e  E a r t h ' s  
g r a v i t a t i o n a l  f i e l d  and s h i e l d i n g  by t h e  Ear th  by a p p l y i n g  t h e  f o l l o w i n g  
m u l t i p l i c a t i v e  f a c t o r s  t o  P+ obta ined from t h e  above model. The de- 
focus ing  f a c t o r ,  G,, was presented by F ig.  2 in t h e  body o f  the r e p o r t  
and my  be represented by t h e  express ion 
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G, = 0.568 + 0.432fR , 

where 

R = o r b i t  rad ius  i n  u n i t s  o f  Earth r a d i i  
= (6378 + H)f6378 where M i s  o r b i t a l  a l t i t u d e ,  km. 

The Ear th  s h i e l d i n g  f a c t o r  E i s  determined from t h e  r e l a t i o n s h i p  

E = (1 + cos 6 ) / 2  , 

where 8 i s  h a l f  t h e  angle subtended by the  Ear th  as viewed from o r b i t ,  
o r  

8 = a r c s i n  [6378/(6378 + H ) ]  . 
The p r o b a b i l i t y  of any given p a r t i c l e  having a g iven v e l o c i t y  was 

presented i n  Fig.  3 i n  t h e  body o f  t h e  r e p o r t  f o r  3 km/s i n t e r v a l s .  I t  
i s  assumed t h a t  t h i s  v e l o c i t y  d i s t r i b u t i o n  i s  independent o f  p a r t i c l e  
mass. Values f o r  t h e  p r o b a b i l i t y  o f  each v e l o c i t y  i n t e r v a l  and t h e  
cumulat ive p r o b a b i l i t y  f o r  v e l o c i t y  be ing equal t o  o r  y r e a t e r  than t h e  
v e l o c i t y  i n t e r v a l  a r e  t a b u l a t e d  i n  Table A l .  

The th ickness  of a g iven m a t e r i a l  f o r  i n c i p i e n t  p e n e t r a t i o n  by an 
impact ing  p a r t i c l e  i s  est imated by E q .  4 from t h e  body of t h e  r e p o r t :  

where 

t. = th ickness,  cm, 
K1 = constant  determined from Table 1 i n  body o f  r e p o r t  f o r  

m = mass of p a r t i c l e ,  g 9  

m a t e r i a l  o f  i n t e r e s t ,  

P 
= d e n s i t y  o f  p a r t i c l e ,  g l c l n 3 ,  

OP 
V = p a r t i c l e  v e l o c i t y ,  km/s. 
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The r e l a t i o n s h i p  f o r  t h i c k n e s s  f o r  i n c i p i e n t  p e n e t r a t i o n  g iven i n  
Eq, A2 may be transposed, t o  p r o v i d e  t h e  mass (ml) o f  a p a r t i c l e  hav ing 
t h e  c a p a b i l i t y  o f  p e n e t r a t i n g  a w a l l  o f  g iven th ickness  when i m p a c t i n g  
a t  a g iven v e l o c i t y ,  as fo l lows,  

T h i s  d e f i n i t i o n  of "1 may then be s u b s t i t u t e d  f o r  m i n  Eq. A 1  t o  y i e l d  

an express ion for  t h e  f l u x ,  N t i ,  of  p a r t i c l e s  hav ing mass equal t o  o r  
g r e a t e r  than t h e  l e t h a l  mass f o r  t h e  g iven v e l o c i t y ,  Vi. ( T h i s  does I_ not  
mean t h a t  a l l  p a r t i c l e s  represented 4y t h i s  f l u x  va lue a r e  a t  or above 
t h e  g i  ven ve l  o c i  t y  .) The r e s u l  ti ng express i  on, i ncl ud i  ng t h e  c o r r e c t i  on 
f o r  t h e  E a r t h ' s  s h i e l d i n g  and g r a v i t a t i o n a l  f i e l d ,  i s  

Values o f  Nt a r e  c a l c u l a t e d  from t h i s  express ion f o r  a l l  o f  t h e  22 
v e l o c i t y  i n t e r v a l s  taken f rom Table AI. 

A net  f l u x  increment i s  then c a l c u l a t e d  f o r  each v e l o c i t y  i n t e r v a l  
and m u l t i p l i e d  by t h e  p r o b a b i l i t y  t h a t  t h e  v e l o c i t y  o f  a g iven p a r t i c l e  

w i l l  be equal t o  o r  g r e a t e r  than t h e  i n t e r v a l  m idpo in t  v e l o c i t y .  Th is  
product  i s  t h e  l e t h a l  f l u x  increment,  Nli, assoc ia ted  w i t h  t h e  v e l o c i t y  
i n t e r v a l  V i .  For t h e  lowest  v e l o c i t y  i n t e r v a l ,  t h e  net  f l u x  increment 
i s  equal t o  N t l  as determined from t h e  above expression, represent ing  

a l l  p a r t i c l e s  hav ing mass equal t o  o r  g rea ter  than t h e  l e t h a l  mass f o r  
t h i s  v e l o c i t y ,  For subsequent i n t e r v a l s ,  t h e  n e t  f l u x  increment i s  t h e  
f l u x  c a l c u l a t e d  from t h e  above expression less t h e  f l u x  c a l c u l a t e d  f o r  
t h e  precedi  ng v e l o c i t y  i n t e r v a l  and represents  on ly  t h e  p a r t i c l e s  t h a t  
have l e t h a l  mass a t  t h e  c u r r e n t  v e l o c i t y .  I n  o t h e r  words, 

5 1  = N t l  p1 ' 
and f o r  subsequent i n t e r v a l s ,  

. 
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A l l  o f  the l e t h a l  f l u x  increments a re  then summed t o  p rov ide  t h e  t o t a l  

l e t h a l  f l u x ,  Nit. The su a t i o n  may be c a r r i e d  out  as f o l l o w s .  

The term w i t h i n  brackets  when evaluated from t h e  values g iven i n  
Table Al, has t h e  va lue 16754. S u b s t i t u t i n g  t h i s  back i n t o  t h e  above 
express ion f o r  t o t a l  l e t h a l  f l u x  r e s u l t s  i n  t h e  f o l l o w i n g .  

The p r o b a b i l i t y  o f  impact on t h e  v e h i c l e  o r  on one o f  i t s  v i t a l  
components by n o r  fewer l e t h a l  (by v i r t u e  o f  combined mass and 
v e l o c i t y )  p a r t i c l e s  d u r i n g  t h e  miss ion l i f e t i m e  i s  determined from t h e  
Poisson formula 

P = exp ( 4 , t A T )  C (NltAT)'./r! , 
r = o  ( hzn) 

P(hSn) = p r o b a b i l i t y  o f  impact by n or  fewer l e t h a l  p a r t i c l e s ,  

Nlt 
A 
T = miss ion l i f e t i m e ,  s. 

= l e t h a l  p a r t i c l e  f l u x ,  par t ic les/m2-s,  
= vehi c l  e o r  component exposed area m* , 

Note t h a t  t h e  summation term represents  t h e  f i r s t  n + 1 terms o f  t h e  
Maclaur in  s e r i e s  t h a t ,  i f  c a r r i e d  t o  an i n f i n i t e  number o f  terms, equals 

exp(NltAT). Thus, t h e  p r o b a b i l i t y  o f  fewer than an i n f i n i t e  number of 
l e t h a l  p a r t i c l e  impacts i s  1.0. 

One a p p l i c a t i o n  f o r  Eq. A4 i s f o r  t h e  case where a hi gh probabi li t y  

o f  no l e t h a l  impacts on a given component i s  requi red.  I n  t h i s  case, 
n = 0, t h e  summation term = 1, and 
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S u b s t i t u t i n g  for Nit From E q .  A3 and s o l v i n g  f o r  t h e  r e q u i r e d  th ickness,  

If, due t o  redundancy i n  t h e  design of a component, one or  more 
l e t h a l  impacts a r e  t o l e r a b l e ,  E q .  A4 m y  be used t o  determine t h e  prob- 
a b i  1 i t y  t h a t  no more than a speci  f i  ed number of p e n e t r a t i  ans w i  11 occur.  
However, t h e  d i r e c t  s o l u t i o n  f o r  t h e  th ickness  r e y u i r e d  t o  p rov ide  a 
des i  red  probabi  1 i t y  becomes i ncreas i  n g l y  d i  f f i  c u l t  as t h e  number o f  
a l l o w a b l e  p e n e t r a t i o n s  increases, An i t e r a t i v e  method may be used 
ins tead,  where t h e  va lue o f  th ickness  i n  Eq. A3 i s  changed systernat i -  

c a l l y  u n t i l  Eq. A4 y i e l d s  t h e  d e s i r e d  p r o b a b i l i t y  o f  n o r  fewer penetra- 
t i ons. 

An a1 t e r n d t f  ve method t h a t  prov ides a conserva t i  ve ( l a r g e r )  es t1  - 
mate o f  t h e  t h i c k n e s s  r e q u i r e d  t o  p r o v i d e  a des i red  l e v e l  o f  p r o b a b i l i t y  
t h a t  n o r  fewer p e n e t r a t i o n s  w i l l  occur i s  developed as f o l l o w s .  

As p r e v i o u s l y  noted, Eq. A4 i s  o f  t h e  form 

r = O  

where N l tAT  i s  rep laced by x and t h e  summation term represents  the f i r s t  
n + 1 terms o f  t h e  Mac laur in  i n f i n i t e  s e r i e s  f o r  ex. The sum o f  a l l  t h e  
remain ing terms o f  t h e  ser ies ,  R, i s  as f o l l o w s .  

where y i s  not  e a s i l y  determined b u t  l i e s  between 0 and x. The upper 
bound o f  R, then, i s  found by l e t t i n g  y = x o r  
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The general form of the Poisson formula then becomes 

P 2 e-x(ex - R) 
I 

>_ - 1 - C X R  

> l - e  -x e x  x (n  + 

1 I l - x  ( n  + l ) / ( n  + I ) !  . 
+ I ) !  - 

S u b s t i t u t i n g  back N l t A T  f o r  x ,  

S u b s t i t u t i n g  f o r  N l t  as de f ined i n  Eq. A 3  and s o l v i n g  f o r  the  requ i red  
th ickness  t o  p r o v i d e  t h e  des i  red probabi  1 i t y  o f  n o r  fewer penet ra t ions ,  

4. APPLICATION OF METHODOLOGY 

1. Assume t h a t  a space v e h i c l e  t o  be o r b i t e d  a t  an a l t i t u d e  o f  200 km 
f o r  5 years inc ludes  a c r i t i c a l  component hav ing an exposed area of 
10 m*. The component i s  f a b r i c a t e d  from Nb - 1 Z r  ( K 1  = 0.341, and a 

0.99 p r o b a b i l i t y  o f  zero p e n e t r a t i n g  meteoro id impacts i s  desired, A 
meteoro id d e n s i t y  o f  0.5 g / c d  i s  assumed. What wall th ickness  i s  
requi  red  t o  meet t h i  s reyu i  rement ? 

G, = 0.568 + 0.432 x 6378/ (6378 + 200) 

= 0.987 , 
E = (1 + cos { a r c s i n  [6378/(6378 t ZOO)]]) / 2  

= 0.622 , 
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Using E q .  A5,  

t = 1.134 x 10-3 x 0.34 x 0.50.167 x (10 x 5 x 8760 

x 3600 x 8.978 x 0.622/-ln 0,9 

= 0.530 cm 

2. Assume t h a t  a m u l t i p l e - h e a t - p i p s  r a d i a t o r  panel on a v e h i c l e  t o  be 
o r b i t e d  a t  an a l t i t u d e  o f  200 km has an exposed vu lne rab le  area of 
100 m2 and i s  cons t ruc ted  o f  Nb-1 Z r .  Due t o  redundancy i n  design, t en  
o f  t h e  independent heat p ipes can be s a c r i f i c e d  t o  p e n e t r a t i o n  d u r i n g  
t h e  5-year miss ion  l i f e t i m e  w i t h o u t  i m p a i r i n g  miss ion  e f f e c t i v e n e s s .  
What tube th i ckness  i s  r e q u i r e d  t o  p r o v i d e  a 0.99 p r o b a b i l i t y  t h a t  no 
more than t e n  pene t ra t i ons  w i l l  occur? 

Values f o r  Ge, E, and p a r t i c l e  d e n s i t y  are t h e  same as i n  t h e  f i r s t  
example. Using E q .  A6 t o  determine an upper bound f o r  th ickness ,  

t 5 1.134 x 10-3 x 0.34 x 0.50*167 - 
x {[(I - 0.99) x 11!]1/11/(0.987 x 0.622 x 100 

x 5 x 8760 x 3600) ) -0 -*903  

t 5 - 0.194 cm . 
An i t e r a t i v e  s o l u t i o n  of Eqs. A3 and A4 yie lds  a requ i red  th ickness  o f  
0.173 cm, i n d i c a t i n g  an ove res t ima t ion  o f  t h i ckness  by us ing  E q .  A6 o f  
approx imate ly  12%. 

Table A2 presents bo th  t h e  exzc t  solution,, us ing  Eqs. A3 and 84, 
and t h e  approximate s o l u t i o n ,  us ing  Eq. A6,  f o r  t h e  th i ckness  r e q u i r e d  
t o  p rov ide  a 0.99 p r o b a b i l i t y  t h a t  fewer than up t o  30 pene t ra t i ons  w i l l  
occur d u r i  ng the  m i  s s i  on. The magnitude o f  t h i ckness  ove res t ima t ion  by 
Eq. A6 i s  i n d i c a t e d  by t h e  th i ckness  r a t i o s  i nc luded  i n  t h e  tab le .  The 
e r r o r  inc reases  w i t h  number o f  a l l owab le  pene t ra t i ons ,  from 12% a t  10 
l e t h a l  h i t s  t o  16% a t  20 h i t s  and t u  19% a t  30 h i t s .  

Such an e v a l u a t i o n  o f  r e q u i r e d  th ickness  versus degree o f  des ign  

redundancy i s  a key p a r t  o f  mass o p t i m i z a t i o n  o f  components t h a t  can i n -  

co rpo ra te  redundancy through para1 l e 1  and independent c i  r c u i  t r y .  
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5. CONSIDERATION OF THE DEBRIS PROBLEM 

Debris t h a t  may impact the v e h i c l e  i s  i n  an e a r t h  o r b i t  having t h e  

same a l t i t u d e  as t h e  v e h i c l e  a t  t h e  i n s t a n t  o f  encounter. I f  both  t h e  
v e h i c l e  o r b i t  and t h e  d e b r i s  o r b i t  a r e  c i r c u l a r ,  the  two bodies have 
i d e n t i c a l  s c a l a r  v e l o c i t y .  E c c e n t r i c i t y  i n  e i t h e r  o r b i t  w i l l  cause t h e  
s c a l a r  v e l o c i t i e s  t o  d i f f e r  from one another.  I n  e i t h e r  case, though, 
t h e  r e l a t i v e  v e l o c i t y  between t h e  two bodies has on ly  a smal l  ear th -  
v e r t i c a l  component and c o n s i s t s  p r i m a r i l y  of the  vec tor  sum o f  t h e i r  
v e l o c i t y  components normal t o  e a r t h  v e r t i c a l .  

The o r i g i n  o f  p a r t i c l e s  o f  d e b r i s  i s  var ied,  i n c l u d i n g  m a t e r i a l  
shed by o r b i t i n g  veh ic les  and fragments f ram c o l l i s i o n s  between o r b i t i n g  
bodies and between o r b i t i n g  bodies and meteoroids.  As a r e s u l t ,  t h e i r  
d i r e c t i o n s  o f  t r a v e l  w i t h i n  t h e  v e h i c l e ' s  o r b i t a l  s h e l l  a r e  no t  w e l l  
def ined.  However, because many v e h i c l e  launches a r e  i n  an e a s t e r l y  
d i r e c t i o n ,  i t  i s  l i k e l y  t h a t  much o f  t h e  d e b r i s  i s  t r a v e l i n g  as  a cur -  
r e n t  w i t h  a broadly  de f ined eastward s e t ,  Therefore,  t h e  l i k e l i h o o d  o f  
a p u r e l y  head-on impact between a d e b r i s  p a r t i c l e  and an o r b i t i r l g  
v e h i c l e  i s  low. (An except ion i s  t h e  c o l l i s i o n  between a v e h i c l e  and 
d e b r i s  when bo th  a r e  i n  p o l a r  o r b i t . )  

Determi n a t i o n  o f  t h e  probabi  li t y  of t h e  v e h i c l e  undergoi ng no inore 
than some number o f  p e n e t r a t i n g  c o l l i s i o n s  w i t h  d e b r i s  p a r t i c l e s  d u r i n g  
t h e  d u r a t i o n  o f  i t s  m iss ion  depends upon knowing t h e  d i s t r i b u t i o n  o f  
p a r t i c l e  t r a v e l  d i r e c t i o n s  and t h e  i n c l i n a t i o n  o f  the  v e h i c l e ' s  o r b i t a l  
plane. Because i n f o r m a t i o n  i s  l a c k i n g  on p a r t i c l e  d i r e c t i o n ,  and se lec-  
t i o n  o f  the v e h i c l e  o r b i t a l  p lane i s  based on t h e  in tended mission, no 
general  s o l u t i o n  i s  p o s s i b l e  a t  t h e  present.  However, a worst  case can 
be hypothesized where t h e  d i r e c t i o n  o f  p a r t i c l e  t r a v e l  w i t h i n  t h e  o r b i -  
t a l  s h e l l  i s  completely randomg w i t h  as many p a r t i c l e s  t r a v e l i n g  i n  one 
d i r e c t i o n  as i n  any o ther  d i r e c t i o n .  An a n a l y s i s  of t h a t  case f o l l o w s .  

D e f i n i n g  t h e  d i r e c t i o n  o f  p a r t i c l e  t r a v e l ,  0 ,  as zero when i n  a 
d i r e c t i o n  oppos i te  t o  t h a t  o f  v e h i c l e  t r a v e l ,  t h e  r e l a t i v e  v e l o c i t y  
between the v e h i c l e  and a p a r t i c l e  i s  determined by 

v, = 4 2  vo 41 + cos 0 * 
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where Vo i s  o r b i t a l  v e l o c i t y .  The i r p a c t i n g ,  01" r e l a t i v e ,  v e l o c i t y  t hen  

v a r i e s  from 2 Vo f o r  Q o f  O*, t o  '1.414 V, for  8 o f  goo, t o  Vo f o r  ~a of 
120°, and t o  zero f o r  Q o f  180°. I f  t h e  d e b r i s  p a r t i c l e s  have uni form 
s p a t i a l  d i s t r i b u t i o n ,  t h e  r a t e  o f  impac t  by p a r t i c l e s  t r a v e l i n g  i n  a 
given d i r e c t i o n  should be p r o p o r t i o n a l  t o  t h e  r e l a t i v e  v e l o c i t y ,  V,, of 
t h e  p a r t i c l e s  w i t h  respec t  t o  t h e  veh ic le .  Th i s  means, u n f o r t u n a t e l y ,  
t h a t  t h e  frequency o f  impact w i th  p a r t i c l e s  hav ing  h i g h  r e l a t i v e  
v e l o c i t y ,  and t h e r e f o r e  h i g h  damage p o t e n t i a l ,  i s  h ighe r  than f o r  par-  
t i c l e s  having low r e l a t i v e  v e l o c i t y .  

R e l a t i v e  v e l o c i t y  and t h e  f r a c t i o n  o f  t o t a l  impacts f o r  d e b r i s  
p a r t i c l e s  t r a v e l i n g  i n  d i f f e r e n t  d i r e c t i o n s  r e l a t i v e  t o  the  pa th  of t h e  
v e h i c l e  a r e  t a b u l a t e d  i n  Table A3 for an o r b i t a l  a l t i t u d e  o f  200 km 
( o r b i t a l  v e l o c i t y  of 7.8 km/s). From these values, t he  p r o b a b i l i t y  d i s -  
t r i b u t i o n  o f  r e l a t i v e  v e l o c i t y  g iven  i n  Table A4 i s  determined, u s i n g  
v e l o c i t y  increments o f  2 km/s. 

The d e b r i s  f l u x  presented i n  Fag. 4 f o r  t h e  yea r  2020 i s  taken t o  
represent  t h e  s i t u a t i o n  f o r  t he  near f u t u r e ,  s ince  i n d i c a t i o n s  a re  t h a t  
l e v e l s  p r e d i c t e d  f o r  t h e  yea r  1995 a l ready  have been reached. The 
s t r a i g h t - l i n e  p o r t i o n  o f  t he  2020 model can be represented by 

or  

Th is  equat ion,  combined w i t h  Eq. A2 and t h e  v e l o c i t y  p r o b a b i l i t y  values 
from Table A 4  i n  a manner s i m i l a r  t o  t h a t  used i n  the  development of E q .  

A 3 ,  y i e l d  t h e  f o l l o w i n g  express ion  f a r  t h e  t o t a l  d e b r i s  l e t h a l  f l u x .  

where 

pd = d e n s i t y  o f  d e b r i s  p a r t i c l e ,  g/cm3. 
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The t o t a l  d e b r i s  l e t h a l  f l u x  i s  added t o  t h e  t o t a l  meteoro id l e t h a l  
f l u x  as g iven by Eq. A3 t o  y i e l d  the f o l l o w i n g  express ion f o r  t h e  grand 
t o t a l  l e t h a l  f l u x  from b o t h  types  o f  p a r t i c l e s .  

I t e r a t i v e  s o l u t i o n s  of Eq- A4, a f t e r  s u b s t i t u t i n g  t h i s  express ion f o r  
the  grand t o t a l  l e t h a l  f l u x  f o r  'Hit, y i e l d  th icknesses requl red t o  pro-  
v i d e  a 0.99 p r o b a b i l i t y  of no more than var ious  numbers of p e n e t r a t i o n s  
d u r i n g  a 5-year miss ion  as shown i n  Table A5. The d e n s i t y  of d e b r i s  
p a r t i c l e s  was assumed t o  he 2.7 g/cm3, corresponding t o  aluminum. 

A mod i f ied  ana lys is ,  assuming t h a t  no d e b r i s  p a r t i c l e s  a r e  t r a v e l -  
i n g  i n  a d i r e c t i o n  w i t h i n  45" o f  head-on w i t h  t h e  vehic le ,  y i e l d e d  
r e q u i r e d  th icknesses as g iven i n  the  t h e  t h i r d  column o f  Table AS.  It 

i s  noteworthy t h a t  t h i s  r a t h e r  severe m o d i f i c a t i o n  t o  t h e  assumed d i  rec- 
t i o n  o f  d e b r i s  t r a v e l  r e s u l t s  i n  a r e d u c t i o n  i n  th ickness  o f  only 13%. 

Comparison of th icknesses g i ven  i n  Table A5, f o r  bo th  t h e  worst-  

case and t h e  mod i f ied  assumptions o f  p a r t i c l e  t ravel ,  t o  those i n  
Table A2  i n d i c a t e s  t h a t  d e b r i s  p a r t i c l e s  my be a much g r e a t e r  t h r e a t  t o  
s u r v i  vabi li ty  than meteoroids. Armori ng o f  l a r g e  areas t o  such t h i c k -  
nesses as those i n  Table A5 would be p r o h i b i t i v e  fs-am a mass s tandpoint ,  
making t h e  use o f  bumpers impera t ive .  



Ta bl  e A 1  , Probabi 1 i ty-vel oc i  t y  
d i s t r i b u t i o n  fa r  meteorites 

( taken  from Fig.  3) 

P 
Probabi 1 i ty o f  

vln f 

( km/s 1 v = vmp 5 %, 
Mi dpgi n t  
vel oci t y  Probabi 1 i t y  o f  

10.5 
13.5 
16.5 
19.5 
22.5 
25.5 
28.5 
31.5 
34.5 
37.5 
40.5 
43.5 
46.5 
49.5 
52.5 
55.5 
58.5 
61.5 
64.5 
67.5 
70.5 
73.5 

0.046 
0.254 
0.257 
0.140 
0.093 
0.056 
0.047 
0.030 
0,019 
0.012 
0.010 
0.006 
0.004 
0 . 003 
0.002 
0.003 
0.004 
0 e 004 
0.003 
0.003 
0.003 
0 c 001 

1 .000 
0.954 
0.700 
0.443 
0.303 
0,210 
0.154 
0.107 
0.077 
0.058 
0.046 
0.036 
0.030 
0.026 
0.023 
0.021 
0,018 
0.014 
0.010 
0.087 
0.004 
0.0101 
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Table A2. E s t i  ted t h i ckness  t o  p rec lude more 
than a s p e c i f i e d  number o f  p e n e t r a t i n g  h i t s n  

Thickness Thickness 

H i t s  (Eqs. A3, A4) (Eq. A6) RaPi o 
( c d  (cm) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27  
28 
29 
30 

1.034 
0.473 
0.346 
0.288 
0.253 
0.230 
0.213 
0.200 
0.189 
0.180 
0.173 
0.166 
0.161 
0.156 
0.152 
0.148 
0.144 
0.141 
0.138 
0.135 
0.133 
0.130 
0.128 
0.126 
0.124 
0.122 
0.121 
0.119 
0.118 
0,116 
0.115 

1.036 
0.480 
0.357 
0,302 
0.269 
0.247 
0.231 
0.21Q 
0.209 
0.201 
0.194 
0.188 
0.182 
0.178 
0.173 
0.170 
0.166 
0.163 
0.160 
0.157 
0.155 
0.152 
0.150 
0.148 
0.146 
0.144 
0.143 
0.141 
0.140 
0,138 
0,137 

1.002 
1.014 
1.032 
1.048 
1.063 

1.085 
1.096 
1.105 
1.113 
1.120 
1 e 126 
1.132 
1.137 
1.142 
1.147 
1.151 
1.155 
1 .l!% 
1.162 
1 .l66 
1.169 
1,172 
1.174 
1.177 
1,180 
1.182 
1.184 
1.186 
1.188 
1.190 

1.n75 

=Target m a t e r i a l  - Niobium-1 Z r  
O r b i t  a l t i t u d e  - 200 km 
P a r t i c l e  d e n s i t y  - 0.5 g/crn3 
Ta r g e t  a rea - 100 m2 
Miss ion  l i f e  - 5 years 
P r o b a b i l i t y  t h a t  number of h i t s  w i l l  n o t  be exceeded - 
0.99. 
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Table A3.  R e l a t i v e  v e l o c i t y  and f r a c t i o n  
06 t o t a l  impacts  f o r  debris p a r t i c l e s  

t p a v e l i n g  i n  d i f f e r e n t  d i  recticansa 

Thetah V e l o c i t y  Fra c t i  on 
degrees (km/s 1 of t o t a l  

e, 
5 

10 
15 
28 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
I30 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 

15.60 
15.59 
15.54 
15*47 
15.36 
15.23 
15.07 

14.66 
14.41 
14.14 
13.84 
13.51 
13.16 
12.78 
12.38 
11.95 

14.88 

11.58 
11.03 
10.54 
10.03 
9.50 
8.95 
8.38 
7.80 
7.20 
6-59 
5.97 
5.34 
4.69 
4.84 
3.38 
2.71 
2.04 
1.36 

0.00 
0.68 

0.0427 
0.0427 
0.0425 
0.0423 
0.0421 
0.0417 
0.0412 
0.0407 
0.0401 
0.0395 
0.0387 
0.0379 
0.0370 
0.0360 
0.0350 
0.0339 
0.0327 
0.0315 
0.0302 
0.0288 
0.0275 
0.0260 
0.0245 
0.0229 
0 .0214 
0.0197 
0.0180 
0.0163 
0.0146 
0.0128 
0.0111 
0,0092 
0.0074 
0 0056 
0.0037 
0.0019 
0.0000 

aAt  o r b i t a l  a l t i t u d e  o f  200 km 
( o r b i t a l  v e l o c i t y  = 7.8 km/s ) .  

b h e t a  equals 180" when d i r e c t i o n  of  
p a r t i c l e  t r a v e l  i s  same a s  v e h i c l e  d i r e c -  
t i o n  o f  t r a v e l  . 
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Tab1 e A4. Probabi l i  ty-vel oci t y  di  s t r i  bution 
f o r  debr i  sa 

mP 9 

M i  dpoi n t  
vel oci t y  

(km/s 1 

V 

Probabi l i  t y  o f  
v = v  

mp 

Probabi 1 i t y  of 
= rnp v > v  

1 
3 
5 
7 
9 

11 
1 3  
15 

0.006 
0,022 
0.055 
0.059 
0.073 
0.151 
0.180 
0.454 

1.000 
0.994 
0.972 

0.917 
0.858 
0.785 
0.634 
0.454 

aFor 2 kmjs veloc i ty  i nterval  s. 
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Table W5. Est imated th i ckness  t o  p rec lude more 
than a s p e c i f i e d  number o f  p e n e t r % t i n g  

h i t s  by meteoroids and d e b r i s  

Modi f i eA 
th ickness’  

(cm) 

0 
1 
2 
3 

4 
5 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

10.421 
3.105 
1.914 
1.439 
1.181 
1 .017 
0.902 
0.817 
0.751 
0.698 
0.655 
0.618 
0.587 
0.559 
0.536 
0.514 

9.030 
2.692 
1.660 
1.248 
1.024 
0.882 
0.783 
0.710 
0.653 
0.607 
0.569 
0.537 
0.510 
0.486 
0.466 
0.447 

aTarget m a t e r i a l  - Niobium-1 Zr 
O r b i t  a l t i t u d e  - 200 km 
P a r t i c l e  dens i t y ,  g/cms: meteoroid - 0.5 

d e b r i s  - 2.7 
Target area - 100 m* 
Miss ion  l i f e  - 5 years 
P r o b a b i l i t y  t h a t  number of h i t s  w i l l  n o t  be 
exceeded - 0.99. 

bAssurni ng u n i f o r m  d i s t r i b u t i o n  o f  p a r t i c l e  

‘Assuming no p a r t i c l e s  t r a v e l  i n  d i  r e c t i o n  
t r a v e l  d i  r e c t i  on. 

w i t h i n  45” o f  head-on w i t h  t h e  veh ic le .  
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