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ABS1 K A C l  

Wh i le  f i r e  s a f e t y  has always had ma jo r  a t t e n t i o n  i n  t h e  p l a n n i n g  and conduct  o f  s p a c e c r a f t  oper -  
a t i o n s ,  t h e  approach t o  a permanent o r b i t i n g  f a c i l i t y ,  t h e  Space S t a t i o n ,  w i l l  p l a c e  even g r e a t e r  
demands on f i r e  p r e v e n t i o n  and c o n t r o l .  On t h e  one hand, t h e  l o n g  d u r a t i o n  and c o m p l e x i t y  o f  t h i s  
p r o j e c t  c a l l s  f o r  more s t r i n g e n t  f i r e  s a f e t y  measures. On t h e  o t h e r  hand, t h e  Impor tance o f  making 
t h e  Space S t a t i o n  a c c e s s i b l e  t o  a v a r i e t y  o f  users c a l l s  f o r  s i m p l i f i e d  and f l e x i b l e  f i r e  c o n t r o l s .  
l h e  paper rev iews  t h e  s t a t e - o f - t h e - a r t  i n  f i r e  sa fe ty ,  d e s c r i b i n g  t h e  fundamentals o f  m i c r o g r a v i t y  
combust ion  and t h e  a p p l i c a t i o n s  t o  f i r e  d e t e c t l o n .  f i r e  ex t i ngu ishmen t ,  m a t e r i a l  assessment, and 
s p a c e c r a f t  atmospheres. F u t u r e  needs i n  research, techno logy ,  and s tandards  a r e  i d e n t i f i e d .  These 
i n c l u d e  a b e t t e r  unders tand ing  o f  m i c r o g r a v i t y  combustion, nove l  f i r e  c o n t r o l  techno logy ,  and use o f  
methods d e r i v e d  f rom a i r c r a f t  and undersea exper ience.  

I N l R O D U C l  I O N  

l h l s  paper d i scusses  t h e  s t a t e - o f  t h e - a r t  i n  f i r e  c o n t r o l  t echn iques  and i d e n t i f i e s  i m p o r t a n t  
i s s u e s  f o r  c o n t i n u i n g  research .  techno logy ,  and s tandards .  The h i s t o r i c  approaches t o  f i r e  s a f e t y  
i n  t h e  U.S. space program has a l r e a d y  been revlewed b r i e f l y  by t h e  a u t h o r  (Re f .  1 ) .  The g rowth  o f  
space a c t i v i t i e s  produced more complex hardware and m iss ions .  and the  need f o r  f i r e  s a f e t y  p r o t e c t i o n  
grew a c c o r d i n g l y .  Whereas Mercury,  Gemini, and A p o l l o  r e l i e d  on t h e  spacecrew t o  m o n i t o r  p o t e n t i a l  
f i r e  hazards,  t h e  S h u t t l e  i n c o r p o r a t e s  smoke d e t e c t o r s ,  p l u s  f i x e d  and p o r t a b l e  f i r e  e x t i n g u i s h e r s  
(Re f .  2 ) .  M a t e r i a l  assessments have l i k e w i s e  grown f rom s imp le  f l a m m a b i l i t y  c r i t e r i a  t o  a s e t  o f  
m a t e r i a l  t e s t  codes and a l t e r n a t i v e s .  c h i e f  o f  which I s  t h e  NASA Handbook NHE 8060.18. a document 
s u b j e c t  t o  p e r i o d i c  r e v i s i o n  (Ref .  3 ) .  The Space S t a t i o n .  a permanent ly  i n h a b i t e d  l ow  e a r t h  o r b i t  
f a c i l i t y  Imposes new demands on f i r e  s a f e t y  (Refs.  4 and 5 ) .  The Space S t a t i o n  w i l l  accommodate a 
c rew o f  v a r i o u s  s k i l l s  engaged i n  c o n s t r u c t i o n  and maintenance, s c i e n t i f i c  exper iments ,  and commer- 
c i a l  t echno logy  development.  Crew a c t i v i t i e s  w i l l  I n c l u d e  p e r i o d s  o f  o r d i n a r y  l i v i n g ,  housekeeping, 
and r e c r e a t i o n .  The Space S t a t i o n  must serve  as a s e l f - c o n t a i n e d  community s i n c e  rescue i s  many days 
away. Thus, t h e  Space S t a t i o n  may c a l l  f o r  improved and i n n o v a t i v e  f i r e  s a f e t y  s t r a t e g i e s .  as com- 
pared t o  p r e v i o u s  space f l i g h t  programs. I t  I s  impor tan t ,  however, t o  make the  Space S t a t i o n  as 
a c c e s s i b l e  as p o s s i b l e  t o  a v a r i e t y  o f  use rs .  To meet these  c o n f l i c t i n g  needs, f i r e  s a f e t y  measures 
must s t r i v e  f o r  s i m p l i c i t y ,  f l e x l b i l l t y ,  g e n e r a l i z a t i o n ,  and c o s t  e f f e c t i v e n e s s ,  w i t h o u t  compromising 
human o r  s t r u c t u r a l  s a f e t y  c r i t e r i a .  

What i s  sought i n  s a f e t y  ana lyses  i s  t h e  m i n j m l z a t i o n  o f  r i s k  o r  p o t e n t i a l  f o r  harm. The i d e a l  
s a f e t y  model would y i e l d  a zero  p r o b a b i l i t y  o f  any damage o r  I n j u r y  i n  the  s p a c e c r a f t .  A p r a c t i c a l  
o r  b a s e l i n e  goa l ,  however, i s  a s l i g h t  b u t  f i n i t e  p r o b a b i l i t y  o f  damage o r  i n j u r y .  l i m i t e d  t o  an  
occu r rence  t h a t  would n o t  impede t h e  s p a c e c r a f t  o p e r a t l o n  (Re f .  6 ) .  T h i s  c r i t e r i o n  a p p l i e d  t o  f i r e  
s a f e t y  can be i n t e r p r e t e d  i n  terms o f  t h e  hazard r e v l e w  by Peercy e t  a l .  ( R e f .  7 ) .  The f i r s t  l i n e  
o f  f i r e  de fense  i s  "des ign  t o  p rec lude" ,  wh ich  I m p l l e s  t h a t  a t  a l l  t imes two o f  t he  e lements  o f  the  
f a m i l i a r i t y  f i r e  t r i a n g l e  ( i . e . ,  f u e l ,  o x i d a n t ,  and i g n i t i o n  source)  a r e  exc luded.  I t  I s  obv ious  
t h a t  f o r  t h e  b a s e l i n e  s a f e t y  goa l  f o r  s p a c e c r a f t  t h i s  s t r a t e g y  I s  i m p r a c t i c a l ;  i t  i s  even u n d e s i r -  
a b l e ,  f r o m  t h e  s t a n d p o i n t  o f  user  a c c e s s i b i l i t y .  I n s t e a d  a second-order  de fense a p p l i e s .  "des ign  t o  
c o n t r o l " .  For f i r e  s a f e t y ,  t h i s  s t r a t e g y  i nc ludes  t h e  usua l  f i r e  s a f e t y  elements o f  d e t e c t i o n ,  
ex t i ngu ishmen t ,  m a t e r i a l  assessment, f lammable m a t e r i a l  s to rage,  compar tmen ta l i za t i on ,  and so on. 

s a f e t y  techno logy .  The fundamentals rev iew  i s  an update  o f  m a t e r i a l  p resen ted  t o  the  JANNAF S a f e t y  
and Env i ronmenta l  P r o t e c t i o n  Subcommittee (SEPS) i n  1984 (Ref .  8 ) .  F i r e  s a f e t y  techno logy ,  t h e  
e s s e n t i a l  j n g r e d i e n t  o f  a f i r e  c o n t r o l  s t r a t e g y ,  i s  rev lewed i n  a d l s c u s s l o n  o f  c u r r e n t  and f u t u r e  
needs i n  f i r e  d e t e c t i o n ,  ex t i ngu ishmen t ,  m a t e r i a l s ,  and atmospheres I n  s p a c e c r a f t .  Much o f  t h i s  
m a t e r i a l  i s  based on the  f i n d i n g s  o f  a 1986 F i r e  S a f e t y  Workshop h e l d  a t  t h e  NASA Lewis Research 
Center  ( r e p o r t  i n  p r o g r e s s ) .  

T h i s  paper covers  f i r e  s a f e t y  fundamentals ( m i c r o g r a v i t y  combust ion)  and t h e  a p p l i c a t i o n  o f  f i r e  

*Approved f o r  p u b l i c  re lease ;  d i s t r i b u t i o n  i s  u n l i m i t e d  
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M I C R O G R A V I I Y  C O M B U S l l O N  AND F I R €  S A F t l Y  

- F I R E  __. I N  TH-€ SPACE ENVIRONMENT 

A s  no ted  e a r l i e r ,  t he  s i m p l i f i e d  c o n d i t i o n s  f o r  f i r e  a r e  t h e  e x i s t e n c e  o f  t h e  t h r e e  elements o f  
f u e l ,  o x i d a n t ,  and an i g n i t i o n  source .  The combust ion process  u s u a l l y  takes  p l a c e  i n  t h e  gas phase. 
l h e  i g n i t i o n  and p ropaga t ion  o f  a f i r e  i n v o l v e  t h e  i n t e r p l a y  o f  p rocesses :  these i n c l u d e  the  genera 
t i o n  o f  gaseous f u e l ,  f u e l  a i r  m i x i n g ,  hea t  r e l e a s e  f rom t h e  combust ion  r e a c t i o n ,  and hea t  t r a n s f e r  
t o  a d j a c e n t  m a t e r i a l  t o  genera te  a d d i t i o n a l  gJseous f u e l .  These processes a r e  d e s c r i b e d  u s i n g  
energy,  momentum, and mass t r a n s p o r t  equa t ions .  I n  normal g r a v i t y ,  t h e  major  d i s t i n g u i s h i n g  charac-  
t e r i s t i c  o f  t h i s  coupled system i s  t h e  d e n s i t y  d r i v e n  f l o w  caused by the  buoyancy o f  t he  r a p i d l y  
heated  gases. I n  o r b i t i n g  s p a c e c r a f t ,  t h e  n e t  a c c e l e r a t i o n  due t o  g r a v i t y  i s  o f  t h e  o r d e r  o f  
t imes normal g r a v i t y .  i n  t h i s  m i c r o g r a v i t y  env i ronment ,  buoyancy induced f l o w  i s  n e g l i g i b l e .  

_ _  M I C R O G R A V I I Y -  COMBUSTION E X P E R I M E N I Z  

I t  i s  n o t  s u r p r i s i n g  t h a t  combust ion research  has shown g r e a t  i n t e r e s t  i n  t h e  m i c r o g r a v i t y  
env i ronment  because t h i s  e l i m i n a t e s  a major  t r a n s p o r t  mechanism, expos ing  the  s u b t l e  aspec ts  o f  p r e s -  
sure ,  i n e r t i a ,  v i s c o s i t y ,  and s u r f a c e  t e n s i o n  f o r c e s .  Researchers have dev i sed  v a r i o u s  exper imen ta l  
techn iques  t o  s imu la te  m i c r o g r a v i t y .  Buoyancy Induced f l o w  can be reduced by s i m p l y  b a l a n c i n g  t h e  
d e n s i t i e s  o f  gaseous components, a method used t o  s tudy  f l ame less  combust ion  ( s m o l d e r i n g )  i n  porous  
media ( R e f .  9 ) .  The c e n t r i f u g e  i s  a f a m i l i a r  d e v i c e  t o  i n c r e a s e  a c c e l e r a t i o n ,  and f l ame spread 
r e s u l t s  as a f u n c t i o n  o f  i nc reased  g r a v i t y  may be e x t r a p o l a t e d  i n  s p e c i a l  cases toward  a m i c r o g r a v i t y  
l i m i t .  

Wh i l e  t h e  purpose o f  many m i c r o g r a v i t y  combust ion  exper iments  has been the  b e t t e r  unders tand ing  
of  combust ion fundamentals,  t he  a p p l i c a t i o n s  t o  s p a c e c r a f t  f i r e  s a f e t y  have n o t  been neg lec ted .  For  
f i r e - s a f e t y  exper iments ,  t he  most common m i c r o g r a v i t y  s i m u l a t i o n  techn ique  i s  f r e e  f a l l .  F r e e - f a l l  
systems i n c l u d e  drop tubes, i n  wh ich  f u e l  samples f a l l ,  and d rop  towers,  i n  wh ich  comple te  exper iment  
packages f a l l .  P r a c t i c a l  d rop  towers ,  o f  course ,  can r a r e l y  exceed a hundred meters  i n  h e i g h t .  and 
thus  they p r o v i d e  on ly  a few seconds o f  f r e e  f a l l .  For  l o n g e r  l ow  g r a v i t y  exposure t imes o f  m inu tes ,  
sounding r o c k e t s  w i t h  d a t a  t e l e m e t r y  have been used. A p r a c t i c a l  compromise i n  t e s t  t ime  a g a i n s t  
c o s t  i s  i n  t h e  use o f  an  a i r p l a n e  f l y i n g  a K e p l e r i a n  o r  b a l l i s t i c  f l i g h t  pa th .  An a i r p l a n e  t e s t  
f a c i l i t y  p r o v i d e s  m i c r o g r a v i t y  exposures f o r  up t o  30 sec w i t h  t h e  advantages o f  l a r g e  exper iment  
packages and t h e  p o t e n t i a l  f o r  a t t e n d e d  t e s t i n g .  

combust ion d a t a  p e r t i n e n t  t o  f i r e  s a f e t y .  The s m a l l e r  o f  t h e  two f a c i l i t i e s ,  d e s c r i b e d  i n  a r e p o r t  
by Andracch io  and A y d e l o t t  ( R e f .  10) .  i s  a tower t h a t  p r o v i d e s  2.2 sec o f  f r e e  f a l l  t h rough  a d r o p  
o f  24 m. The exper iment  package i s  con ta ined  w i t h i n  a massive box t h a t  a c t s  as a d r a g  s h i e l d .  Three 
sp i kes  ex tend ing  below the  d rag  s h i e l d  absorb  t h e  d e c e l e r a t i o n  f o r c e  upon f a l l i n g  i n t o  an a e r a t e d  
sand p i t .  The exper iment package f a l l s  f r e e l y  w i t h i n  t h e  d rag  s h i e l d  d u r i n g  the  d rop .  The l a r g e r  
d rop  tower f a c i l i t y  p rov ides  a f r e e  f a l l  f o r  5.2 sec th rough a d rop  o f  132 m. The 6.1 m-d iameter  
s h a f t  i s  evacuated t o  1 3  Pa (100 pm o f  mercury )  t o  e l i m i n a t e  the  need f o r  a d r a g  s h i e l d  around t h e  
exper iment  v e h i c l e .  A d e s c r i p t i o n  o f  t h i s  f a c i l i t y  and i t s  a p p l i c a t i o n  t o  f l u i d  management research  
was desc r ibed  by A y d e l o t t ,  e t  a l .  i n  a paper a t  t h e  1984 JANNAF SEPS meet ing  (Re f .  1 1 ) .  Reported 
g r a v i t a t i o n a l  a c c e l e r a t i o n s  i n  b o t h  f a c i l i t i e s  a r e  o f  t h e  o rde r  o f  10-5  g.  
o r d e r s  o f  magnitude b e t t e r  than m i c r o g r a v i t i e s  ach ieved i n  o t h e r  f a c i l i t i e s  and f l i g h t s .  

Tes ts  conducted i n  the  two NASA Lewis d rop  towers have been the  major  source  o f  m i c r o g r a v i t y  

T h i s  i s  one t o  t h r e e  

l h e  i d e a l  f a c i l i t y  f o r  m l c r o g r a v i t y  research  i s ,  o f  course ,  an o r b i t i n g  s p a c e c r a f t .  One impor 
t a n t  F i r e  s a f e t y  t e s t  was t h e  Sky lab  Exper iment  M 479 on Zero G r a v i t y  F l a m m a b i l i t y ,  conducted Febru-  
a r y  1974 and repo r ted  by Kimrey (Re fs .  4 and 1 2 ) .  I n  these exper iments ,  specimens o f  a l u m i n i z e d  
My la r ,  Nylon, po lyure thane foam, T e f l o n ,  and paper were i g n i t e d  i n  a 65 p e r c e n t  oxygen atmosphere. 
The s tudy  compared bu rn ing  r a t e s  and t h e  v i s u a l  appearance o f  l ow  g r a v i t y  f lames t o  co r respond ing  
measurements i n  normal g r a v l t y .  The ex t i ngu ishmen t  o f  f lames by v e n t i n g  t o  t h e  o u t s l d e  vacuum o f  
space was a l s o  observed. 

cornbustion o f  premixed and d i f f u s i o n  mlxed gases, l i q u i d  d r o p l e t s ,  and v a r i o u s  s o l i d  samples o f  
paper,  p l a s t i c s ,  and w i r e  i n s u l a t i o n .  Exper imen ta l  parameters have i n c l u d e d  the  s i z e  and o r i e n t a t i o n  
o f  samples and t h e  pressure  and oxygen c o n t e n t  o f  t he  atmosphere. R e s u l t s  were g e n e r a l l y  i n t e r p r e t e d  
f r o m  h igh -speed  v i s u a l  and s c h l i e r e n  photography ,  w i t h  r e f e r e n c e  t o  co r respond ing  normal g r a v i t y  
r e s u l t s .  T y p i c a l  gaseous d i f f u s i o n  f lames under normal g r a v i t y  and m i c r o g r a v i t y  a r e  i l l u s t r a t e d  i n  
t h e  photographs o f  F ig .  1 .  l h e  fo rm o f  t h e  m i c r o g r a v i t y  f l ame i s  c l e a r l y  d i f f e r e n t  than t h a t  o f  t he  
co r respond ing  normal g r a v i t y  f lame.  The example shows an u n d e r v e n t i l a t e d  methane a i r  f l ame  ( l i m i t e d  
d i f f u s i o n  o f  o x i d a n t ) ,  wh ich  i s  e longa ted  w i t h  a f i n i t e  w i d t h  a t  t h e  f l ame t i p .  Such f lames have 
been observed, on occasion, t o  grow and e x t i n g u i s h  d u r i n g  t h e  t i m e  p e r i o d  o f  t he  f r e e  f a l l  t e s t s .  
For  t e s t s  w i t h  o the r  hydrocarbons o r  d i f f e r e n t  f u e l - f l o w  r a t e s ,  s p h e r i c a l  o v e r v e n t i l a t e d  m i c r o g r a v i t y  
f lames have been observed ( R e f .  13 ) .  

Reported s tud ies  f r o m  t h e  NASA Lewis m i c r o g r a v i t y  s i m u l a t i o n  f a c i l i t i e s  have covered those on 
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SP_ACECRAFT t IKE HAZARDS 

l h e  r e s u l t s  o f  t h e  m i c r o g r a v i t y  combust ion exper iments  have p rov ided  some unders tand ing  o f  where 
p o t e n t i a l  f i r e  ha7ards may a r i s e .  I n  some respec ts ,  t h e  s p a c e c r a f t  env i ronment  a l l e v i a t e s  f i r e  
hazards ;  i n  o t h e r  respec ts ,  i t  aggravates  hazdrds. l h e  s t a t e  o f  knowledge a p p l i c a b l e  t o  m i c r o g r a v i t y  
f i r e  s a f e t y  I s  s t i l l  p r i m i t i v e ;  and l o n g  d u r a t i o n ,  l a r g e r  s c a l e  space exper iments  a r e  c l e a r l y  neces 
s a r y  f o r  i n t e r p r e t i n g  and p r e d i c t i n g  these e f f e c t s .  

A comparison o f  normal g r a v i t y  and m i c r o g r a v i t y  combust ion  i n d i c a t e s  t h a t  i n  some i n s t a n c e s  
t h e r e  i s  e l t h e r  no change o r  a r e d u c t i o n  i n  the hazard  o f  m i c r o g r a v i t y  f lames.  Bu rn ing  r a t e s  o f  most 
s o l i d  m a t e r i a l s  appear t o  be lower  under m i c r o g r a v i t y  un less  f o r c e d  c o n v e c t i o n  f l o w s  a r e  p r e s e n t .  
The low g r a v i t y  f lames a r e  more y e l l o w  and orange i n  c o l o r  t han  co r respond ing  normal g r a v i t y  f lames,  
i n d i c a t i n g  t h a t  t hey  a r e  s o o t i e r  and c o o l e r .  The f lames show l e s s  " n o i s e "  and lower  f l u c t u a t i o n s  
t h a n  comparable normal g r a v i t y  f lames,  and, as no ted  e a r l i e r ,  under some c o n d i t i o n s  t h e  f lames may 
e x t i n g u i s h .  

I n  c o n t r a s t .  t h e r e  a r e  o t h e r  aspec ts  o f  m i c r o g r a v i t y  combust ion  t h a t  i m p l y  an i nc reased  l e v e l  
o f  f i r e  hazards .  A l though  t h e  r e q u i r e d  energy t o  I g n i t e  p r a c t l c a l  m a t e r i a l s  remains t h e  same as i n  
normal g r a v i t y  ( R e f .  1 2 ) ,  i n  m i c r o g r a v i t y ,  w i t h o u t  c o n v e c t i v e  hea t  l osses ,  t o t a l  i n c i d e n t  energy  may 
be reduced. Also.  t h e  absence o f  convec t i on ,  f o r  example, cannot  be assumed i n  an i n h a b i t e d  space 
c r a f t .  Wh i le  buoyancy o r  n a t u r a l  c o n v e c t i o n  i s  n o t  p r e s e n t ,  t h e  s p a c e c r a f t  v e n t i l a t i n g  system p r o  
v i d e s  f o r c e d  convec t i on ,  wh ich  may enhance low g r a v i t y  f l ame spread. Haggard i n v e s t i g a t e d  d i f f u s i o n  
f lames I n  t h e  2.2 sec d r o p  tower w i t h  a d i f f u s i o n  f l ame tube  surrounded by an a i r  annulus ( R e f .  14 ) .  
Among t h e  r e s u l t s  were t h e  f i n d i n g s  t h a t  minimum a i r  f l o w s  o f  10  cm/sec c o u l d  p reven t  nlethdne I l ame 
e x t i n g u i s h m e n t  i n  m i c r o g r a v i t y .  

C e r t a i n  m a t e r i a l s  tend t o  m e l t ,  b o i l ,  and s p u t t e r  when b u r n i n g  i n  m i c r o g r a v i t y .  G lobu les  o f  h o t  
m a t e r i a l ,  i n s t e a d  o f  f a l l i n g  t o  t h e  f l o o r ,  may d r i f t  t o  i g n i t e  a d j a c e n t  su r faces .  Kimzey ( K e f .  12) 
observed t h i s  phenomenon w i t h  Ny lon  samples, and l a t e r  Olson and Sotos con f i rmed  t h i s  behav io r  s tudy  
i n g  Ny lon  V e l c r o  (Ref .  15) .  

M i c r o g r a v l t y  f lames,  w h i l e  c o o l e r  t h a n  cor respond ing  normal g r a v i t y  f lames,  may be more r a d i a n t  
due t o  t h e  c o n c e n t r a t i o n  o f  soo t  p a r t i c l e s .  This c o u l d  i n c r e a s e  t h e  dangers o f  f l a s h o v e r s  and f i r e  
spread t o  a d j a c e n t  su r faces  th rough  r a d i a n t  heat t r a n s f e r .  F i n a l l y ,  f lammable f u e l  a i r  m i x t u r e s  
caused by  ae roso ls .  sprays ,  s p i l l s ,  and d u s t  accumula t ions  may p e r s i s t  f o r  l o n g  p e r i o d s  o f  t i m e  i n  
m i c r o g r a v i t y .  p o s l n g  a s e r i o u s  f i r e  hazard .  Such p a r t i c l e  c louds  a r e  a l s o  dangerous i n  normal g rav  
I t y ,  b u t  t hey  tend  t o  d l s p e r s e  r a p i d l y  th rough buoyancy o r  s e t t l i n g .  

_C U_R R E-NT M ~ R O ~ f & A V  lIv C_MBUSTJ-ON RE_SE-AECH 

On-go ing  m i c r o g r a v i t y  research  p r o j e c t s  a re  s t i l l  o r i e n t e d  toward t h e  fundamental  sc iences  o f  
combust ion  processes .  I n  a p r a c t l c a l  sense, however, t hese  s t u d i e s  can c o n t r i b u t e  t o  s p a c e c r a f t  f i r e  
s a f e t y  by e s t a b l i s h i n g  accep tab le  l e v e l s  o f  m a t e r i a l  f l a m m a b i l i t y  and d e t e r m i n i n g  t h e  i g n i t i b i l i t y  
and e x t i n c t i o n  c h a r a c t e r i s t i c s  o f  f lammable m a t e r i a l s .  

lwo ground-based m l c r o g r a v j t y  experlrnents a r e  p a r t i c u l a r l y  r e l e v a n t  t o  s p a c e c r a f t  f i r e  s a f e t y .  
One 'IS t h e  c o n t l n u a t i o n  o f  a s e r i e s  o f  s o l l d  specimen f l a m m a b l l l t y  s t u d i e s .  The c u r r e n t  p r o j e c t ,  t o  
be  conducted  I n  t h e  NASA Lewis d rop  towers  and L e a r j e t  a l r p l a n e .  w i l l  i n v e s t l g a t e  m i c r o g r a v i t y  com- 
b u s t i o n  under l ow  speed f o r c e d  f l o w .  Thus the exper imen ta l ,  sma l l  s c a l e  combust ion t u n n e l  d u p l i c a t e s  
t h e  c o n d i t i o n s  o f  v e n t i l a t l o n  I n  a spacec ra f t .  A second p r o j e c t  i s  t h e  a n a l y s i s  o f  and exper iments  
on t h e  m i c r o g r a v i t y  combust ion o f  porous m a t e r i a l s ,  t y p i c a l  o f  foam cush ions  used i n  a i r c r a f t  and 
s p a c e c r a f t .  Such m a t e r i a l s  a r e  p rone t o  smolder ing.  wh ich  i s  non f lam ing  combust ion  t h a t  may p e r s i s t  
a f t e r  apparent  ex t i ngu ishmen t .  

l h r e e  combust ion exper iments  p lanned f o r  t h e  S h u t t l e  were d e s c r i b e d  by Sacks teder  a t  t h e  1984 
JANNAF StPS Workshop (Re f .  E ) .  Wh i le  t h e  Cha l lenger  d i s a s t e r  has de layed t h e  S h u t t l e  f l i g h t s  and 
made t h e  m a n i f e s t  da tes  u n c e r t a i n ,  t h e  recogn ized impor tance  o f  t h e  combust ion  exper iments  makes 
t h e i r  r e s c h e d u l i n g  v e r y  l i k e l y .  The exper iments,  i l l u s t r a t e d  I n  F i g s .  2 t o  4 ,  a r e  t h e  S o l i d  Su r face  
Combust ion Exper iment  (SSCE), t h e  P a r t i c l e  Cloud t x p e r i m e n t  Combustion (PCCL), and t h e  D r o p l e t  Com 
b u s t i o n  Exper iment  (DCE). l h e  SSCC ( F i g .  2)  p r o v i d e s  a comparison o f  m i c r o g r a v i t y  t o  normal g r a v i t y  
f l ame spread t h a t  e v e n t u a l l y  may serve  toward d e v e l o p i n g  a s tandard  f l a m m a b i l i t y  t e s t  f o r  s p a c e c r a f t  
m a t e r i a l  acceptance. The P C C t  ( F l g .  3)  i n v e s t i g a t e s  t h e  f i r e  hazards o f  s t a b l e  s o l i d  a i r  suspen 
s i o n s ,  a c o n d i t i o n  un ique  t o  m i c r o g r a v i t y .  I n  t h e  appara tus ,  each c y l i n d e r  c o n t a i n s  a m i x t u r e  o f  
suspended p a r t i c u l a t e s ,  l n l t i a l l y  l ycopod ium powder ( u n i f o r m  d iamete r  moss spores)  and a i r .  l h e  
p h y s i c a l  arrangement o f  t h e  exper iment  has had t o  address  t h e  problems o f  w a l l  adhes ion  due t o  s t a t i c  
charges ,  s e a l i n g  o f  f l o w  pa ths ,  and o p t i c a l  measurement techn iques .  The OCE ( F i g .  4 )  I s  a more f u n  
damental  exper iment ,  i n v o l v i n g  t h e  b u r n i n g  of a f r e e l y  f l o a t i n g  d r o p l e t  p o s i t i o n e d  by oppos ing  
r e t r a c t a b l e  hypodermic need les ,  b u t  i t  a l s o  promises even tua l  a p p l i c a t i o n  t o  f i r e  s a f e t y  knowledge. 
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l h e  development o f  techno logy  t o  p r e c l u d e  o r  c o n t r o l  f i r e  ha /a rds  i n  s p a c e c r a f t  a r i s e s  i n  p a r t  
f r o m  new a p p l i c a t i o n s  o f  combust ion sc ience  and i n  p a r t  f rom a d a p t a t i o n  o f  e x i s t i n g  ground and a i r  
c r a f t  f i r e  c o n t r o l  measures. l h i s  s e c t i o n  desc r ibes  t h e  s t a t e  o f  t h e - a r t  and p e r c e i v e d  needs i n  f i r e  
d e t e c t i o n ,  ex t ingu ishn ie r i t ,  m a t e r i a l s  assessment and a tmospher i c  c o n t r o l .  

_F IHF. DE1 tC110N 

l n c i p i e r i t  f i r e s  can be i d e n t i f i e d  by t h e i r  s i g n a t u r e s ,  o r  t h e  changes i n  t h e  env i ronment  f rom a 
"normal "  c o n d i t i o n .  l h e s e  s i g n a t u r e s  may i n c l u d e  p r e s s u r e  r i s e ,  tempera ture  r i s e ,  p a r t i c l e  concen 
t r a t i o n ,  thermal  or v i s i b l e  r a d i a t i o n ,  chemica l  spec ies  p o p u l a t i o n ,  o r  comb ina t ions  o f  these f a c t o r s .  
l h e  f i r e  d e t e c t o r  must be c a r e f u l l y  p o s i t i o n e d  f o r  e f f e c t i v e  t r a n s p o r t  o f  t h e  s i g n a t u r e  i n f o r m a t i o n  
f r o m  t h e  a f f e c t e d  areas t o  the  d e t e c t o r .  I t  must a l s o  ana lyze  t h e  s i g n a t u r e  f o r  a p p r o p r i a t e  a c t i o n .  
Rapid and s e n s i t i v e  a c t u a t i o n  o f  t h e  sensor i s  c r i t i c a l ,  b u t  t h i s  a l s o  i m p l i e s  i n c r e a s i n g  p o s s i b i l i  
t i e s  f o r  a " f a l s e  a la rm,"  wh ich  i s  c l e a r l y  u n d e s i r a b l e .  Fur thermore ,  i n  t h e  enc losed modules of  
s p a c e c r a f t ,  t h e  d e t e c t i o n  o f  some noncombust ion c o n d i t i o n s  
c a t a l y t i c  decompos i t ion  i s  a l s o  e s s e n t i a l .  

F i r e  d e t e c t i o n  dev i ces  thus  work on t h e  genera l  p r i r i c  
i c a l  speci.es, and p a r t i c l e  d e t e c t i o n .  I n  the  e a r l i e s t  U . S  
unnecessary s i n c e  the a s t r o n a u t s  f u n c t i o n e d  as d e t e c t o r s .  
c r a f t  modules became t o o  l a r g e  and complex f o r  r e l i a n c e  on 
d e t e c t o r  was a rad iometer ,  s e n s i t i v e  t o  u l t r a v i o l e t  r a d i a t  
t o  OH r a d i c a l s  generated by a f i r e .  l h e  S h u t t l e  uses  n i n e  
a r e  analoaous t o  commercial smoke d e t e c t o r s .  oDera t i nq  on 

such as ove rhea t ing ,  smolder ing .  an3 

p l e s  o f  t empera tu re  r i s e ,  r a d i a t i o n ,  chem 
manned s p a c e c r a f t ,  f i r e  sensors were 

Beg inn ing  w i t h  t h e  Sky lab  p r o j e c t ,  space- 
human o b s e r v a t i o n s .  l h e  Sky lab  f i r e  
on a t  l e s s  than 270 nm, wh ich  responded 
i o n i z a t i o n -  t y p e  d e t e c t o r s  ( F i g .  5 ) .  l h e s e  
he p r i n c i D l e  t h a t  smoke D a r t i c l e s  impede 

t h e  m o b i l i t y  o f  a i r  i o n s  i n  a chamber, chang ing  t h e  c i r r e n t  l e v e l  t o  t r i g g e r  an a la rm.  
S h u t t l e ,  f o r c e d  a i r  f ans  a t  each d e t e c t o r  p r o v i d e  a f l o w  p a t h  t o  i n s u r e  t h e  t r a n s p o r t  o f  smoke p a r t i  
c l e s  t o  t h e  d e t e c t o r  ( R e f .  2 ) .  

For  t h e  

New des igns  for s p a c e c r a f t  f i r e  sensors i n c o r p o r a t e  a v a r i e t y  o f  d e t e c t i o n  techn iques .  DeMeis 
ment ions  i n f r a r e d  d e t e c t o r s  f o r  f lames and c o a x i a l  w i r e  d e t e c t o r s  f o r  o v e r h e a t i n g  ( R e f .  4 ) .  I n  t h e  
f u t u r e ,  f i r e  d e t e c t i o n  i n  s p a c e c r a f t  must l o o k  f o r  r a p i d  response, l o c a l i z e d  i d e n t i f i c a t i o n  o f  haz 
a rds ,  and l i g h t  weight sensors.  M u l t i p l e  p a t t e r n  r e c o g n i t i o n  methods w i l l  sense i n c i p i e n t  f i r e s  
th rough  a combina t ion  o f  independent  s i g n a t u r e s  t o  m i n i m i z e  f a l s e  a la rms.  
i n d i v i d u a l  components may be i d e n t i f i e d  by v o l a t i l e  chemica l  c o a t i n g s  t o  r e l e a s e  i n d i c a t o r s  t o  p r o  
v i d e  r e c o g n i / d b l e  s igna tu res .  An a l t e r n a t i v e  means o f  f i r e  d e t e c t i o n ,  whose va lue  i n  m i c r o g r a v i t y  
i s  be ing  de termined,  i n v o l v e s  a condensat ion  n u c l e i  d e t e c t o r ,  wh ich  coun ts  smoke p a r t i c l e s  by con 
densed wa te r  d r o p l e t s  around each p a r t i c l e  ( R e f .  1 6 ) .  For  t h e  l o n g  d u r a t i o n  Space S t a t i o n .  a means 
o f  c a l i b r a t i n g  f i r e  o r  smoke d e t e c t o r s  i n  s i t u  w i l l  be necessary .  U n d e r l y i n g  a l l  o f  these techno logy  
goa ls  i s  t he  need f o r  more b a s i c  research  on t h e  i d e n t i f i c a t i o n  o f  f i r e  s i g n a t u r e s  o f  s p a c e c r a f t  
m a t e r i a l s  i n  m i c r o g r a v i t y .  

Overhea t ing  problems w i t h  
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F i r e s  a r e  e x t i n g u i s h e d  th rough  s e v e r a l  p h y s i c a l  and chemica l  means. The b u r n i n g  m a t e r i a l s  can 
be removed, t h e  ox idan t  can be i n e r t e d ,  t h e  r e a c t i o n  can be coo led ,  o r  t h e  r e a c t i o n  can be c h e m i c a l l y  
i n h i b i t e d .  l h e  Mercury and Gemini s p a c e c r a f t s  had wa te r  a v a i l a b l e ,  b u t  t hey  had no systems d e d i c a t e d  
s o l e l y  f o r  f i r e  e x t i n g u i s h i n g .  
t a i n e d  water  and a c e l l u l o s e  g e l  t h a t  formed a foam when sprayed. The 100 p e r c e n t  oxygen atmosphere 
o f  t h e  e a r l y  spacec ra f t s  aggravated  t h e  f l a m m a b i l i t y  o f  most m a t e r i a l s ,  and t e s t s  showed t h a t  wa te r  
was t h e  o n l y  e f f e c t i v e  e x t i n g u i s h a n t .  I n  t h e  more c o n v e n t i o n a l  atmospheres o f  r e c e n t  s p a c e c r a f t ,  
ha logenated  hydrocarbon f i r e  e x t i n g u i s h e r s  a r e  supp l i ed .  For  t h e  S h u t t l e  ( F i g .  5 ) ,  t h e r e  a r e  b o t h  
f i x e d  and p o r t a b l e  f i r e  e x t i n g u i s h e r s .  I m p o r t a n t  f e a t u r e s  i n  t h e  S h u t t l e  c a b i n  a r e  des igna ted  p o r t s  
i n  t h e  i n s t r u m e n t  panels t o  i n s e r t  a p o r t a b l e  f i r e  e x t i n g u i s h e r  n o z z l e  i f  i t  i s  necessary  t o  c o n t r o l  
a f i r e  w i t h i n  t h e  i ns t rumen t  rack .  

The A p o l l o  s p a c e c r a f t  had a hand h e l d  f i r e  e x t i n g u i s h e r ,  wh ich  con 

l h e  use o f  halogenated hydrocarbon (Ha lon )  f i r e  e x t i n g u i s h e r s  i n  t h e  S h u t t l e  i s  based on t h e  
h i s t o r y  o f  t h e  use o f  t hese  e x t i n g u i s h e r s  i n  a i r c r a f t .  A comprehensive r e v i e w  o f  t h i s  c l a s s  o f  f i r e  
e x t i n g u i s h i n g  agents was t h e  s u b j e c t  o f  a 1973 symposium ( R e f .  1 7 ) .  l h e  most w i d e l y  used ha logenated  
compound i s  Ha lon  1301 (b romot r i f l uo ron ie thane ,  CF3Br), wh ich  a c t s  as a combust ion  i n h i b i t o r  by 
g e n e r a t i n g  bromine atoms t o  r e a c t  w i t h  t h e  OH r a d i c a l s  t o  s t o p  t h e  combust ion c h a i n  r e a c t i o n .  Ha lon  
1301 i s  an e f f e c t i v e  e x t i n g u i s h a n t  i n  volume c o n c e n t r a t i o n s  up t o  6 p e r c e n t ,  b u t  i t  i s  n o t  as u s e f u l  
f o r  deep seated  f i r e s  where c o o l i n g  o f  t h e  r e a c t i n g  gases i s  r e q u i r e d .  Another n e g a t i v e  aspec t  o f  
t h e  use o f  Ha lon  1301 i s  t h e  t o x i c i t y  and co r ros i veness  o f  t h e  ha logen a c i d s ,  HBr and H F ,  wh ich  a r e  
formed as decompos i t ion  p roduc ts .  In open spaces, these p r o d u c t s  a r e  e a s i l y  d i spe rsed ,  b u t  i n  a 
s p a c e c r a f t ,  atmospher ic con tamina t ion  a f t e r  even minor  f i r e s  i s  a g r e a t  concern .  The agent  i t s e l f ,  
when leaked  o r  d ischarged ( i t  i s  a gas a t  normal c o n d i t i o n s ) ,  can a l s o  be t o x i c .  
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Recent rev iews  on s p a c e c r a f t  ope ra t i ons  (Ref.  4 ,  f o r  example) have recommended g r e a t e r  a t t e n t i o n  
t o  f i r e  e x t i n g u i s h a n t s  o t h e r  than t h e  Ha lon  1301. Some agents ,  such as d e i o n i z e d  o r  sprayed w a t e r ,  
n i t r o g e n ,  and carbon d i o x i d e  a r e  a l r e a d y  proven i n  ground p r a c t i c e s ;  y e t  t h e i r  e f f e c t i v e n e s s  i n  space 
i s  unknown. For an u n c o n t r o l l a b l e  f i r e ,  space o f f e r s  the o p t i o n  o f  v e n t i n g .  I n  the  Space S t a t i o n ,  
t h e  c rew c o u l d  abandon a module, ven t  i t  s l o w l y  t o  e x t i n g u i s h  t h e  f i r e ,  and u l t i m a t e l y  r e t u r n  t o  the  
module a f t e r  r e p r e s s u r i z d t i o n  and c leanup.  Again, u n d e r l y i n g  a l l  o f  the  techno logy  goa ls  i s  t he  need 
f o r  f u r t h e r  i n v e s t i g a t i o n  o f  the  p e c u l i a r i t i e s  o f  f l ame  p ropaga t ion  and e x t i n c t i o n  i n  m i c r o g r a v i t y .  

M AJ E R I AI, S ASS F: 5SME-Nl 

M a t e r i a l s  f o r  usage i n  i n h a b i t e d  spacec ra f t s  have always been s t r i c t l y  c o n t r o l l e d .  l h e  
100 p e r c e n t  oxygen atmosphere o f  the  e a r l y  spacec ra f t  c r e a t e d  a hazardous s i t u a t i o n  i n  wh ich  few 
m a t e r i a l s ,  even me ta l s ,  a r e  t r u l y  nonf lammable.  The s t r i n g e n t  m a t e r i a l s  requ i rements  ac ted  as a 
c a t a l y s t  f o r  the  c r e a t i v e  i n v e n t i o n  and development o f  "space age" m a t e r i a l s .  l h e  1911 Conference 
on M a t e r i a l s  f o r  Improved F i r e  S a f e t y  (Re f .  18) was a fo rum f o r  the  r e v i e w  o f  t he  p rog ress  i n  non 
m e t a l l i c  s t r u c t u r a l  m a t e r i a l s ,  foams, and i n s u l a t i o n s ,  as w e l l  as a r e v i e w  o f  t he  new f l m m a b i l i t y  
t e s t i n g  and acceptance procedures .  M a t e r i a l s  sc reen ing  i n v o l v e s  the  v e r i f i c a t i o n  of  t he  a c c e p t a b i l  
i t y  of  t h e  b u l k  m a t e r i a l  f o l l o w e d  by q u a l i f i c a t i o n  t e s t i n g  i n  s p e c i f i c  c o n f i g u r a t i o n s .  F l a m n i a b i l i t y  
t e s t s  adapted  f o r  s p a c e c r a f t  i n c l u d e d  conven t iona l  f l a s h  p o i n t  t e s t s  as w e l l  as un ique upward propa 
g a t i o n ,  downward p ropaga t ion ,  d r i p  i g n i t i o n ,  sho r t  c i r c u i t  i g n i t i o n ,  and a u t o  i g n i t i o n  t e s t s .  

C u r r e n t  s p a c e c r a f t  have l e s s  ha7ardous atmospheres than e a r l i e r  s p a c e c r d f t  ( sea  l e v e l  a i r ) ,  b u t  
f i r e  s a f e t y  measures th rough m a t e r i a l s  c o n t r o l  a re  s t t l l  i m p e r a t i v e .  A t  p r e s e n t ,  NATA imposes t h e  
t l d m m a b i l i t y  and o f f g a s s i n g  requ i rements  o f  the NHB 8060.18 handbook ( R e f .  3 )  I n  a d d i t i o n  t o  o t h e r  
documented s p e c i f i c a t i o n s  on s t r e n g t h ,  c o r r o s i o n  r e s i s t a n c e ,  and vacuum p e r m e a b i l i t y .  M a t e r i a l  con 
t r o l  p rocedures  a r e  th rough computer iLed t r a c k i n g  systems, w i t h  r e v i e w  o f  app rova ls  and wa ive rs .  

l h e  l o n g  d u r a t i o n  h a b i t a t i o n  and the  w ide  range o f  l i v i n g  and work ing  a c t i v i t i e s  i n  the  5pace 
S t a t i o n  w i l l  expand t h e  range o f  d e s i r e d  m a t e r i a l s  on board .  Not  o n l y  must i n v e n t o r i e d  m a t e r i a l s  be 
cons ide red ,  b u t  a l s o  ex t raneous i tems o r  contraband. Papers, books, t i l m s ,  r e c r e a t i o n a l  i t ems .  non 
i s s u e  c l o t h i n g  i t ems ,  and souven i r s  w i l l  be brought on board .  Secured, f i r e  r e s i s t a n t  s to rage  a r m s  
f o r  pe rsona l  i tems may be the  o n l y  p r a c t i c a l  approach. 

l h e  a i m  o f  p resen t  day f l a m m a b i l i t y  t e s t i n g  i s  t o  p r o v i d e  u s e f u l  measurements t h a t  can be i n t e r  
p r e t e d  on t h e  b a s i s  o f  t h e  u n d e r l y i n g  chemica l  and p h y s i c a l  p r i n c i p l e s .  M a t e r i a l  t e s t s ,  o f  neces 
s i t y ,  a r e  u s u a l l y  on sma l l  s c a l e  samples. The t e s t s  serve  t o  p r e d i c t  f u l l  s c a l e  behav io r  t o  gu ide  
t h e  u l t i m a t e  q u a l i t y  assurance us ing ,  as f a r  as p o s s i b l e ,  s tandard iLed  methods and procedures .  
H i l a d o  has assessed v a r i o u s  f i r e  response t e s t  methods f o r  s u i t a b i l i t y  i n  sc reen ing  aerospace mate 
r i a l s  ( R e f .  1 9 ) .  Severa l  recommended c a l o r i m e t r y  methods, i n t r o d u c e d  by the  N a t i o n a l  Bureau o f  
S tandards ,  Fac to ry  Mutua l  Research, Oh io  S t a t e  U n i v e r s i t y ,  and Arapaho Chemicals,  use s t a n d a r d i i e d  
chambers t o  de termine hea t  r e l e a s e  r a t e s ,  oxygen consumption, smoke r e l e a s e ,  and t o x i c  vapor genera 
t i o n  t o  c h a r a c t e r i z e  m a t e r i a l s .  l h e  advantage o f  t h e  use o f  s tandard iLed  i n d u s t r y  methods f o r  f i r e  
5 a f e t y  i s  t h e  o p p o r t u n i t y  t o  g e n e r a l i z e  techniques w i t h  p r e c i s i o n  l i m i t s  de termined f r o m  i n t e r  
l a b o r a t o r y  c o o p e r a t i v e  t e s t i n g .  For the  5pace S t a t i o n ,  expans ion  o f  t he  NASA methods o f  NHLI 8060.18 
t o  i n c l u d e  t h e  genera l t zed  procedures  w i l l  a s s i s t  users  by a l l o w i n g  more s i m p l i f i e d  and conven ien t  
s c r e e n i n g  o f  research  and housekeeping m a t e r i a l s .  

l h e  l o n g - d u r a t i o n  o p e r a t i o n  o f  t he  Space S t a t i o n  demands a t t e n t i o n  t o  t i m e  r e l a t e d  f l a m m a b i l i t y  
t e s t i n g ,  wh ich  would a l l o w  f o r  d e t e r i o r a t i o n  and a g i n g  o f  m a t e r i a l s .  The un ique low g r a v i t y  e n v i r o n  
ment makes s p e c i a l i z e d  t e s t i n g  necessary ,  i n c l u d i n g  methods a p p r o p r i a t e  t o  de te rm ine  spontaneous 
i g n i t i o n  and low tempera ture  combust ion ( smo lde r ing ) .  S ince  p r a c t i c a l  m a t e r i a l  t e s t i n g  i n  m i c r o  
g r a v i t y  i s  ve ry  d i f f i c u l t ,  t h e  goa l  of spacec ra f t  m a t e r i a l s  assessment i s  t o  deve lop  s t a t i s t i c a l  o r  
c o r r e c t i v e  techn iques  t h a t  can be  used t o  i n t e r p r e t  normal g r a v i t y  f l a m m a b i l i t y  t e s t  r e s u l t s  i n  v iew  
o f  t h e  more ( o r  l e s s ,  perhaps)  s t r i n g e n t  c r i t e r i a  f o r  m i c r o g r a v i t y .  Addi t i o r i a l  research  p r o j e c t s  i n  
m i c r o g r a v i t y  shou ld  address the  concerns f o r  spontaneous i g n i t i o n ,  low tempera ture  combust ion  (s inol  
d e r i n g ) ,  and changes i n  m a t e r i a l  f l a m m a b i l i t y  w i t h  ag ing ,  a l l  m a t t e r s  o f  p a r t i c u l a r  i rnportance f o r  
t he  Space S t a t i o n .  

SPACF-CRAF-T ATMOSPIjEREA 

l h e  con f idence  o f  ground exper ience  would seem t o  f a v o r  the  r e t e n t i o n  o f  a sea l e v e l  oxygen 
n i t r o g e n  atmosphere i n  s p a c e c r a f t .  Never the less ,  research  has shown t h a t  a l t e r n a t i v e  atmospheres can 
have advantages f o r  f i r e  s a f e t y .  These a r e  atmospheres t h a t  i n h i b i t  cornbust ion and y e t  suppor t  human 
l i f e .  Tab le  I shows s tandard  a tmospher ic  values a t  seve ra l  a l t i t u d e s .  On t h e  ground, humans can 
a c c l i m a t e  i n  permanent s e l t l e m e n t s  a t  a l t i t u d e s  a t  l e a s t  as h i g h  as 7800 m ( 9 7 0 0  f t ) ,  t he  a l t i t u d e  
o f  Q u i t o ,  Ecuador. Thus, human a c t i v i t i e s  a re  f e a s i b l e  over  a range o f  a tmospher ic  p ressu res  f rom 
be low 7 1  t o  100 pe rcen t  o f  sea l e v e l ,  cor respond ing  t o  oxygen p a r t i a l  p ressu res  o f  16 t o  21 kPa. The 
amount o f  n i t r o g e n  o r ,  w i t h i n  l i m i t s ,  the  t o t a l  p r e r s u r e  o f  t h e  atmosphere i s  i m m a t e r i a l  f o r  human 
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sustenance. For combustion, on t h e  o t h e r  hand, an atmosphere i s  r e q u i r e d  w i t h  a minimum concen t ra  
t i o n ,  o r  mole percent ,  o f  oxygen. l h e  presence o f  n i t r o g e n  a f f e c t s  combust ion  because combust ion  
energy i s  used t o  heat the i n e r t  atmosphere, c o o l i n g  and p o s s i b l y  quench ing  t h e  f lame.  

A s  a consequence t o  these d i f f e r e n c e s  i n  a tmospher ic  e f f e c t s ,  i t  i s  e v i d e n t  t h a t  atmospheres 
w i t h  p a r t i a l  p ressures  accep tab le  f o r  humans, b u t  w i t h  reduced mole f r a c t i o n s  o f  oxygen, c o u l d  reduce 
f i r e  ha7ards i n  spacec ra f t .  l h i s  use o f  a m o d i f i e d  Spacecra f t  atmosphere had been proposed about  
20 y r  ago based on s imp le  f l ame-sp read  t e s t s  ( R e f .  20 ) .  A f u r t h e r  a p p l i c a t i o n  o f  t h i s  p r i n c i p l e  i s  
t h e  p roposa l  o f  n i t r o g e n  f l o o d i n g  t o  combat f i r e  emergencies i n  submarines, where t o t a l  p r e s s u r e  i s  
i nc reased  t o  suppress f i r e s  by l o w e r i n g  the  oxygen c o n c e n t r a t i o n  w h i l e  r e t a i n i n g  t h e  l i f e  s u p p o r t i n g  
oxygen p a r t i a l  p ressure  (Re f .  21).  

c o n s t i t u e n t .  Hel ium, l o n g  used as t h e  d i l u e n t  i n  d i v i n g  atmospheres, appears t o  i n h i b i t  i g n i t i o n ,  
b u t  i t  promotes t h e  spread of  e s t a b l i s h e d  f i r e s .  
hea t  per  mole.  S tud ies  by researchers  such as Hugget t  (Ref .  22) have proposed the  s u b s t i t u t i o n  o f  
f l u o r i n a t e d  hydrocarbons, such as carbon t e t r a f l u o r i d e ,  C F 4 ,  f o r  a t  l e a s t  p a r t  o f  t h e  n i t r o g e n  i n  
a f i r e - s a f e  atmosphere. l h e  f l u o r i n a t e d  hydrocarbons n o t  o n l y  suppress f l ame spread by t h e i r  h i g h  
s p e c i f i c  hea t ,  b u t  can produce r e a c t i o n  i n h i b i t i n g  spec ies  analogous t o  t h e  a c t i o n  o f  Ha lon  1301 
e x t i n g u i s h a n t .  l hese  ha logenated  gases appear t o  be p h y s i o l o g i c a l l y  i n e r t ,  b u t  con f idence  i n  t h e i r  
usage must be demonstrated by l o n g  te rm t e s t i n g .  

F i r e  S a f e t y .  A group o f  p a r t i c i p a n t s  proposed t h r e e  a l t e r n a t i v e  s p a c e c r a f t  atmospheres, judged t o  
p r o v i d e  a more f i r e  safe env i ronment ,  f o r  s c i e n t i f i c  i n v e s t i g a t i o n  and techno logy  development.  l h e s e  
atmospheres, i n  t h e  p r i o r i t y  g i v e n ,  a r e :  

A l t e r n a t i v e s  t o  reduced oxygen atmospheres a r e  those w i t h  gases o t h e r  than  n i t r o g e n  as t h e  i n e r t  

D e s i r a b l e  f i r e  suppress ion  r e q u i r e s  a h i g h  s p e c i f i c  

A v e r y  i n t e r e s t i n g  s e t  o f  suggest ions  has come f rom t h e  1986 NASA Lewis Workshop on S p a c e c r a f t  

( 1 )  150 kPa t o t a l  p ressu re  (1 .5  a tm) ;  12 mol oxygen; n i t r o g e n  d i l u e n t ;  
( 2 )  100 kPa t o t a l  p r e s s u r e  (1 .0  a tm) ;  and minimum oxygen c o n c e n t r a t i o n ;  n i t r o g e n  d i l u e n t ;  
( 3 )  atmospheres w i t h  d i l u e n t s  o t h e r  than  n i t r o g e n .  

lhe  f i r s t  recommendation i s  an  atmosphere t h a t  r e t a i n s  the  sea l e v e l  p a r t i a l  p ressu re  o f  oxygen. 
l h e  mole pe rcen t  o f  oxygen, however, i s  low enough t h a t  f i r e  ha7ards shou ld  be g r e a t l y  reduced. 
U n f o r t u n a t e l y ,  t h e  h ighe r  t o t a l  p ressu re  may c a l l  f o r  more complex and h e a v i e r  s p a c e c r a f t  s t r u c t u r e s .  
l h e  second recommendation avo ids  t h i s  t o t a l - p r e s s u r e  d i f f i c u l t y .  A minimum oxygen mole f r a c t i o n  o f  
16 p e r c e n t  would correspond b o t h  t o  s tandard  e a r t h  c o n d i t i o n s  a t  2200 m (7200 f t )  a l t i t u d e  ( l a b l e  1 )  
and t h e  usua l  c a b i n  atmosphere i n  l o n g - r a n g e  commercial  a i r c r a f t .  l h e  t h i r d  recommendation i s  based 
on t h e  i n n o v a t i v e  s u b s t i t u t e  d i l u e n t  p roposa ls  j u s t  d iscussed,  b u t  t h i s  a l t e r n a t i v e  i s  t h e  l e a s t  
l i k e l y  f o r  c o n s i d e r a t i o n  because o f  unknown c o s t ,  comp lex i t y ,  and human response f a c t o r s .  

A I R C R A F  I AN0 UNOtHWAi  t R  A N A L O G l F S  

I t  i s  obv ious  t h a t  s p a c e c r a f t  f i r e  s a f e t y  techno logy  must recogn ize  t h e  research  and methods 
e s t a b l i s h e d  f o r  b u i l d i n g  codes and, more p a r t i c u l a r l y ,  f o r  a i r c r a f t  and underwater  s a f e t y .  Cer- 
t a i n l y ,  t h e r e  i s  need for con t inued  and expanded use o f  t h e  a n a l o g i e s  f r o m  these n e i g h b o r i n g  spheres 
o f  t echno logy .  

The a i r p l a n e  opera t i ng  env i ronment  has obv ious  d i f f e r e n c e s  f r o m  t h a t  o f  s p a c e c r a f t .  l h e s e  a r e  
normal g r a v i t y ,  some access t o  t h e  e x t e r n a l  atmosphere, and s h o r t - t e r m  p o s s i b i l i t i e s  f o r  escape and 
rescue.  Never the less ,  many o f  t h e  s p a c e c r a f t  f i r e  techn iques  i n  r i s k  management, f i r e  d e t e c t i o n ,  
ex t i ngu ishmen t ,  and m a t e r i a l s  assessment can be t r a c e d  t o  a i r c r a f t  f i r e  c o n t r o l s .  For example, t h e  
r e v i e w  by B o t t e r i  on a i r c r a f t  f i r e  s a f e t y  (Ref .  23) d i scusses  a i r c r a f t  t echn iques  on f a i l u r e  c r i -  
t e r i a ,  f i r e  d e t e c t i o n ,  Halon e x t i n g u i s h e r s ,  and i n e r t  gas g e n e r a t i o n .  Some of t hese  have been 
adapted o r  a r e  under c o n s i d e r a t i o n  f o r  s p a c e c r a f t .  F i r e  d e t e c t i o n  and ex t i ngu ishmen t  i n  a i r c r a f t  has 
been d i scussed  i n  more d e t a i l  by Waldman (Re f .  24 ) .  The S p e c i a l  A v i a t i o n  F i r e  and Exp los ion  Reduc 
t i o n  (SAFLK)  Adv iso ry  Committee Repor t  i n c l u d e s  a number o f  recommendations t h a t  c e r t a i n l y  a p p l y  t o  
s p a c e c r a f t  as w e l l  as t o  a i r c r a f t  ( R e f .  25 ) .  I n  b r i e f ,  p e r t i n e n t  s e c t i o n s  o f  t h e  r e p o r t  r e f e r  t o  
t o x i c  and smoke hazards,  chemica l  p roduc t  d e t e c t i o n ,  an ima l  t e s t i n g ,  t o x i c i t y  s tandards ,  and m a t e r i a l  
r a t i n g s .  

Underwater technology would appear t o  p r o v i d e  f u r t h e r  o p p o r t u n i t i e s  f o r  s p a c e c r a f t  f i r e  s a f e t y  

O f  course, t h e  submarine con ten ts  a r e  under normal g r a v i t y ,  and t h e  i n t e r n a l  p r e s -  
a n a l o g i e s  s i n c e  submarines opera te  i n  a h o s t i l e  e x t e r n a l  env i ronment  w i t h  s e l f - c o n t a i n e d  e n v i r o n  
menta l  c o n t r o l s .  
su re  i s  l e s s  than t h e  e x t e r n a l  atmosphere. 
r e v i e w  p u b l i s h e d  over  20 y r  ago d iscusses  a tmospher ic  contaminant  c o n t r o l  i n  s p a c e c r a f t  by ana logy  
t o  submarine procedures (Re f .  26 ) .  
o f  t h e  q u e s t i o n  o f  con taminat ion  and t o x i c i t y  f o l l o w i n g  a f i r e  o r  p y r o l y s i s .  T h i s  s u b j e c t  o f  human 
e f f e c t s  was covered i n  t h e  1986 NASA Lewis Spacec ra f t  F i r e  Sa fe ty  Workshop, b u t  i t  l i e s  o u t s i d e  t h e  
scope o f  t h i s  paper .  

T h i s  makes leakage r a t h e r  than  v e n t i n g  a hazard .  A 

Atmospher ic c o n t r o l  has d i r e c t  a p p l i c a t i o n  t o  f i r e  s a f e t y  because 
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F i r e  suppress ion  techn iques  d iscussed by Carhar t  and F i e l d i n g  f o r  submarines (Re f .  27) a l s o  
i n c l u d e  methods under c o n s i d e r a t i o n  f o r  spacec ra f t ,  namely Ha lon  systems, water  foams, carbon 
d i o x i d e ,  and n i t r o g e n .  l h e  n i t r o g e n  f l o o d i n g  techn ique f o r  l a r g e  f i r e s ,  a l r e a d y  no ted ,  was proposed 
f o r  submarines des igned f o r  h i g h  p ressu re  conta inment .  l h e  method, however, cannot  be d i sm issed  as 
c o m p l e t e l y  u n s u i t a b l e  f o r  s p a c e c r a f t .  A pressure  i n c r e a s e  o f  no more than 60 kPa may be s u f f i c i e n t ,  
a c c o r d i n g  t o  Ref.  21. 

CON C 1.U D I N C R t MA R KS 

l h i s  paper has p resen ted  the  progress  and needs o f  f i r e  s a f e t y  a p p l i c a b l e  t o  human crew space 
c r a f t ,  w i t h  some emphasis on the  requ i rements  f o r  t he  Space S t a t i o n .  Fu tu re  s p a c e c r a f t  f i r e  s a f e t y  
s t u d i e s  seek s o l u t i o n s  t o  two a p p a r e n t l y  c o n t r a d i c t o r y  p rob lems:  the  need f o r  more s t r i n g e r i t  mea 
sures  because o f  t he  l ong  d u r a t i o n  and comp lex i t y  o f  t he  Space S t a t i o n  m iss ions ,  and the  need f o r  
l e s s  s t r i n g e n t  measures t o  encourage s c i e n t i f i c  and commercial  usage i n  the  same m i s s i o n s .  l h i s  
paper has p resen ted  the  s t a t e - o f  t h e - a r t  i n  the u n d e r l y i n g  m i c r o g r a v i t y  combust ion f i e l d  and i r :  t ech  
no logy  developments i n  f i r e  d e t e c t i o n ,  ex t ingu ishment ,  m a t e r i a l  assessment, and s p a c e c r a f t  almo 
spheres.  For  f u t u r e  work, i t  appears t h a t  t he  emphasis w i l l  c o n t i n u e  on combust ion fundamentals t o  
e s t a b l i s h  r e l a t i o n s h i p s  f o r  f i r e  p ropaga t ion  and e x t i n c t i o n  i n  t h e  s p a c e c r a f t  env i ronment .  

A f u r t h e r  r e s u l t  o f  the  r e v i e w  o f  spacec ra f t  f i r e  s a f e t y  i s  the  recogr i i  
g e n e r a l i z e d  and f l e x i b l e  s tandards  and methods. The a t t a i n m e n t  o f  t h i s  goa l  
c o o p e r a t i v e  s h a r i n g  o f  a i r c r a f t  and underwater i n f o r m a t i o n  and a d a p t a t i o n  o f  
l h e r e  i s  a s t r o n g  promise  o f  g r e a t e r  invo lvement  o f  p r o p u l s i o n  s a f e t y  e x p e r t  
t he  p a r t i c i p a t i o n  o f  the  JANNAF members. 

REF t R E N C t  S 

i o n  o f  t he  need f o r  more 
i s  g r e a t l y  a s s i s t e d  by 
e x i s t i n g  knowledge. 
se, as e x e m p l i f i e d  by 

1. Friedman, R . ;  and Sacks teder ,  K . R . :  Science and l e c h n o l o g y  Issues  i n  Spacec ra f t  F i r e  S a f e t y .  

2. K u b i c k i ,  D.J.: F i r e  P r o t e c t i o n  and Rescue P lann ing  f o r  t he  NASA Space S h u t t l e .  F i r e  J . ,  

A I M  Paper A I A A  87-0467. Jan. 1987. 

v o l .  75 ,  no. 4 .  J u l y  1981, pp. 34 -40 ,  127-128. 

3. F l a m m a b i l i t y ,  Odor, and O f f g a s s i n g  Requirements and ' l es t  Procedures i n  Environments l h a t  Suppor t  
Combustion. 

4 .  DeMels, R . :  
pp. 26-29 .  

5. Peercy.  R.L. 
S tudy ,  Vo l .  

6. Peercy,  R.L. 
Advanced Des 

7 .  Raasch, R . F .  
S tudy ,  V o l .  

NASA 1 M-  84066, - 1  981 . 
S a f e t y  I n  t h e  Space S t a t i o n .  Aerospace America, v o l .  24, no. 5 ,  May 1986, 

J r . ;  Raasch, R . F . ;  and Rockof f ,  L . A . :  Space S t a t i o n  C r e w  S a f e t y  A l t e r n a t i v e s  
- F i n a l  Summary Repor t .  NASA C R  3854, 1985. 

J r . ;  and Raasch, R . F . :  Threat S t r a t e g y  l e c h n l q u e :  A System S a f e t y  l o o 1  f o r  
gn. J. Spacecr. Rockets,  v o l .  23, no. 2, Mar . -Ap r .  1986, pp. 200 206. 

Peercy, R.L., J r . ;  and Rockof f ,  L.A.:  Space S t a t i o n  Crew S a f e t y  A l t e r n a t i v e s  
I - Th rea t  Development. NASA CR-3855, 1985. 

8. Sacks teder .  K.H.: M i c r o g r a v i t y  Combustion Sc ience and A p p l i c a t i o n s  Program a t  t he  NASA l e w i s  
Research Center .  Space Opera t i ons :  Problems, I ssues ,  and Programs Re la ted  t o  Man i n  Space, 
D.S. Egg les ton ,  ed.,  C P I A  PUB 415, Chemical P r o p u l s i o n  I n f o r m a t i o n  Agency, 1985, pp. 265 286. 

9 .  Dosarijh, S . ;  Pe terson,  J. ;  Fernandez Pe l l o ,  A . C . ;  and Pagni ,  P.J. :  Buoyancy E f f e c t s  on 
Smolder ing  Combustion. I A F  Paper 85 289, Oct.  1985. 

10 .  Andracch io ,  C . R . ;  and A y d e l o t t ,  J.C.: Comparison of  Flame Spread ing  Over Th in  F l a t  Sur faces  i n  

11 .  A y d e l o t t ,  J.C.; Carney, M.J. ;  and Hochstein,  J . I . :  NASA Lewis Research Center I.ow G r a v i t y  F l u i d  
Management Technology Program. Man's Permanent Presence i n  Space, A I A A .  1985. ( A l s o ,  NASA 
1 M -  87145) 

Normal G r a v i t y  and Weigh t lessness  i n  an  Oxygen Environment.  NASA 1M X 1992, 1970. 

12. Kimzey, J.H.: Sky lab  Exper iment M479 Zero G r a v i t y  F l a m m a b i l i t y .  Proceedings o f  t he  l h i r d  Space 
Process ing  Symposium on Sky lab  R e s u l t s ,  V o l .  I ,  NASA 1 M  X-70252, 1974, pp. 115 130. 

13 .  Haggard, J.B.,  J r . ;  and Cochran, 1- 
Env i ronment .  Combust. S c i .  Techno 

14 .  Haggard, J.B.,  J r . :  Forced and Na 
1P-1841, 1981. 

H. :  S tab le  Hydrocarbon D i f f u s i o n  Flames i n  a We igh t less  
., v o l .  5, 1972, pp. 291-298. 

u r a l  Convec t ion  i n  L a m i n a r - J e t  D i f f u s i o n  Flames. NASA 

7 



15. Olson, S . L . ;  and Sotos,  R . G . :  Combustion of  V e l c r o  i n  Low G r a v i t y .  NASA IM 88910, 1981. 

16 .  B r i c k e r ,  R . W . :  l e s t  R e s u l t s  f rom Comparat ive E v a l u a t i o n  o f  a Conder isdt ion N u c l e i  F i r e  De tec to r  
NASA C R  3814, 1985. 

11 .  C h r i s t i a n ,  W.J.; and Wands, R . C . ,  eds . :  A p p r a i s a l  o f  Halogendted F i r e  F x t i n y u i s h i n g  Agents .  
N a t i o n a l  Academy o f  Sciences, Washington, 1912. 

18 .  Bo lge r ,  P . H . ,  ed.: Conference on M a t e r i a l s  f o r  Improved F i r e  S a f e t y .  NASA S P  5096, 1911. 

19. H i l a d o ,  C.J.: F i r e  Response l e s t  Methods f o r  Aerospace M a t e r i a l s .  J .  F i r e  F l a m m a b i l i t y ,  Vo l .  9, 
Apr.  1978, pp. 211-728. 

20. McAlevy, R . F . ,  111; and Magec, R.S. :  A C r i t e r i o n  f o r  Space Capsule t i r e  IHa/drd M i n i m i z d t i o n .  
J. Spacecr.  Rockets, v o l .  4, no. 10, Oct.  1961, p.  1390. 

21. Gann, R . G . ,  e t  a l . :  Suppress ion  o f  F i r e s  i n  Conf ined Spaces by N i t r o g e n  P r e s s u r i 7 a t i o n :  111 
E x t i n c t i o n  L i m i t s  f o r  L i q u i d  Pool  F i r e s .  Combust. S c i .  Techno l . ,  v o l .  18.  no. 5 6, 1918, 
pp. 155 163. 

no. 1, Feb. 1913, pp. 140 142. 
22. I i ugge t t ,  C . :  H a b i t a b l e  Atmospheres Which Do Not Suppor t  Combustion. Combust. t lame,  v o l .  70, 

23. B o t t e r l ,  8.P.: A i r c r a f t  F i r e  P r o t e c t i o n  l echno logy .  A i r c r a f t  F i r e  S a f e t y .  AGAHD C P  166, 1915, 
pp. 18 -1  t o  18  15. 

24. Waldman, J . J . :  A i r c r a f t  F i r e  and Overheat D e t e c t i o n  and F-x t ingu ishment .  SAL Paper 800672,  Apr.  
1980. 

25. Enders, J.H.; and Wood, E . C . :  F i n a l  Repor t  o f  the  Spec ia l  A v i a t i o n  F i r e  and F x p l o s i o n  Reduct ion  
( S A F t H )  Adv lsory  Committee, Vo l .  I .  F A A  ASF 80 4 VOL 1 ,  June 1980. 

26. S o l i t a r i o ,  W . A . ;  B i a l e c k i .  A . ;  and laubach,  G . € . :  An Approach t o  l r a c e  Corilaminant C o n t r o l  f o r  
a Spacec ra f t  Atmosphere. Chemical Eng ineer ing  Techniques i n  Aerospace, D.J. S imk in ,  ed. ,  Chem. 
Eng. Prog. Symp. S e r i e s ,  v o l .  60, no. 52, 1964, pp. 188 198. 

. I .  

8 



A l t i t u d e  

4000 
4843 

6000 
1000 
8000 
8222 
9000 

T o t a l  p ressu re  Oxygen p a r t i a l  Comments 

k Pa 

4.47 

Percen t  o f  
sea l e v e l  

21 - 2 3  
18.83 
16.65 
16.21 
14.69 
12.92 
11 - 5 1  
11 - 3 2  

9 .89  
8.61 
1 .47  
7.23 
6.45 

100 
89 
78 
1 6  
69 
61 
54 
53 
47 
41 
35 
34 
30 

No tes :  a. Oxygen p a r t i a l  p r e s s u r e  c a l c u l a t e d  a t  
g e o p o t e n t i a l  a l t i t u d e s  shown based on 
i n v a r i a n t  c o m p o s i t i o n  o f  20.94 mol (vel)$ o f  
oxygen. 

c o r r e s p o n d i n g  t o  e a r t h  a l t i t u d e  and 
commerc ia l  f l l g h t  a c c l i m a t i z a t i o n .  

b. P r a c t i c a l  minimum oxygen p a r t i a l  p r e s s u r e  

c .  P r e s e n t  space s u i t  p r e s s u r e ,  s u p p l i e d  w i t h  
100 p e r c e n t  oxygen. 

d .  Proposed f u t u r e  space s u i t  p r e s s u r e .  Oxygen 
c o n t e n t  c o u l d  range f r o m  29 mol % ( b  l i m i t )  
t o  38 mol % (sea l e v e l  p a r t i a l  p r e s s u r e .  

FIGURE 1.  - EXAMPLES OF GAS JET DIFFUSION FLAnES I N  NORHAL (EARTH) GRAVITY 
AND I N  MICROGRAVITY. 
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FIGURE 2. - SOLID SURFACE COMBUSTION EXPERIMENT APPARATUS. TO STUDY FLAME 
SPREAD OVER SOLID SPECIMENS I N  SHUTTLE FLIGHTS. 

COMBUSTION 

PHOTOGRAPHY 

FIGURE 3. - PARTICLE CLOUD COMBUSTION EXPERIMENT FIGURE 4. - DROPLET COMBUSTION EXPERINENT 
APPARATUS, TO STUDY F L M  PROPAGATION AND EXTINC- BURNING OF SPHERICAL L I Q U I D  DROPLETS I N  

FLIGHTS. 
TION I N  PARTICULATE-AIR MIXTURES I N  SPACECRAFT 

FIRE SUPPRESSION 

\ EXTINGUISHER 
‘\(TYPICAL \ OF 31hg4‘~- 

APPARATUS. 
SPACECRAFT 

TO STUDY 
FLIGHTS. 

L SMOKE DETECTORS LPORTABLE FIRE 
(TYPICAL OF 11) EXTINGUISHER 

(TYPICAL) 

FIGURE 5. - F I R E  PROTECTION I N  THE SHUTTLE CABIN. 
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