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FOREWORD 

F i r e  s a f e t y  has always had a h i g h  p r i o r i t y  i n  t h e  p l a n n i n g  and o p e r a t i o n  
o f  human s p a c e c r a f t  m iss ions .  Wi th  t h e  des igns under way f o r  a permanent ly  
i n h a b i t e d  Un i ted  S ta tes  o r b i t i n g  f a c i l i t y ,  t h e  NASA Space S t a t i o n ,  new issues  
o f  f i r e  s a f e t y  must be addressed. These i n v o l v e ,  on the  one hand, more s t r i n -  
gent  requi rements because o f  t h e  long- - te rm h a b i t a t i o n  o f  t h e  Space S t a t i o n  
and, on t h e  o t h e r  hand, more f l e x i b l e  requi rements because o f  t h e  goa l  o f  
a c c e s s i b i l i t y  t o  a v a r i e t y  o f  users .  Thus t h e  cha l l enge  t o  spacec ra f t  f i r e  
s a f e t y  p lanners  i s  t o  meet these p o t e n t i a l l y  c o n t r a d i c t o r y  o b j e c t i v e s  w i t h o u t  
compromising bas i c  human o r  s t r u c t u r a l  s a f e t y .  

The purpose o f  t h e  workshop documented i n  t h i s  p u b l i c a t i o n  was t o  rev iew  
t h e  c u r r e n t  knowledge i n  f i r e  s a f e t y  and t o  a s s e s s  t h e  needs r e l e v a n t  t o  space- 
c r a f t .  The coopera t i on  o f  t h e  au thors  and t h e  o t h e r  p a r t i c i p a n t s  i n  sha r ing  
t h e i r  knowledge i n  t h e  papers and t h e  d i s c u s s i o n  forums i s  most app rec ia ted .  
The chairman a l s o  acknowledges the  suppor t  o f  t he  e d i t o r ,  Jan ice  Margle, o f  
t h e  Pennsylvania S t a t e  U n i v e r s i t y ,  Ogontz Campus, i n  condenslng t h e  minutes o f  
t h e  d i s c u s s i o n  forums and o r g a n i z i n g  t h i s  p u b l i c a t i o n .  

I hope t h a t  t h i s  m a t e r i a l  w i l l  p rove  t o  be i n f o r m a t i v e  and u s e f u l  t o  many 
readers .  

Rober t  Friedman 
Workshop Chatrman 
NASA Lewis Research Center 
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E X E C U T I V E  SUMMARY 

Th is  p u b l i c a t i o n  con ta ins  t h e  p r e s e n t a t i o n s  and f i n d i n g s  o f  t h e  Spacecra f t  
F i r e  S a f e t y  Workshop h e l d  a t  t h e  NASA Lewis Research Center ,  August 20-21, 
1986. The workshop c o n s i s t e d  o f ,  f i r s t ,  a symposium w i t h  10 o r i g i n a l  survey 
papers r e l a t i n g  t o  f i r e  s a f e t y .  Fol low'lng t h e  symposium were f i v e  s imul taneous 
forums, which d iscussed a p p l i c a t i o n s  o f  f i r e  s a f e t y  p r i n c i p l e s  t o  spacec ra f t  
and recommended i ssues  f o r  f u r t h e r  s t u d i e s .  

Review Papers 

Techniques f o r  f i r e  d e t e c t i o n .  - The purpose o f  a f i r e  d e t e c t o r  i s  t o  
p r o v i d e  t h e  e a r l i e s t  warn ing o f  an unwanted f i r e ,  balanced a g a i n s t  t h e  avo 
ance o f  f a l s e  a larms.  The d e t e c t o r  responds t o  f i r e  s igna tu res ,  which a r e  
env i ronmenta l  deDartures f rom norma1 c o n d i t i o n s  i n d i c a t i v e  o f  f i r e s .  S iqn  

d- 

- 

t u r e s  a r e  b r o a d l y  c l a s s i f i e d  acco rd ing  t o  c a t e g o r i e s  o f  heat ,  smoke, and"1 igh t  
( o r  r a d i a t i o n ) ;  and t h e  a p p l i c a t i o n  o f  f i r e  d e t e c t o r s  must cons ide r  n o t  o n l y  
t h e  response t o  t h e  s igna tu res  b u t  a l s o  the  t ime-dependent t r a n s p o r t  o f  t h e  
s i g n a t u r e  mass o r  energy t o  t h e  d e t e c t o r .  Common and advanced types  o f  de tec-  
t o r s ,  t h e i r  p r i n c i p l e s  and a p p l i c a t i o n s ,  a r e  i l l u s t r a t e d  and d iscussed i n  t h e  
paper. 
a p p l i c a t i o n  c o s t ,  response, and o t h e r  f a c t o r s .  The p r e d i c t i o n  o f  f i r e  growth 
th rough a n a l y t i c a l  model ing i s  a modern p r a c t i c e  t h a t  i s  i n v a l u a b l e  i n  match- 
i n g  f i r e  d e t e c t o r s  t o  a n t i c i p a t e d  f i r e  hazards. 

The s e l e c t i o n  o f  a d e t e c t o r  and a d e t e c t i n g  system depends on t h e  

F i r e - r e l a t e d  s tandards and t e s t i n g .  - U n t i l  r e c e n t l y ,  f l a m m a b i l i t y  t e s t  
methods tended t o  be e m p i r i c a l  procedures,  n o t  f i r m l y  r o o t e d  i n  an understand-  
i n g  of t h e  f i r e  sc ience.  Dur ing  t h e  l a s t  decade, however, bench-sca le  t e s t s  
based on p h y s i c a l  and chemlcal phenomena have been dev ised f o r  sys temat ic  and 
s tandard i zed  p r e d i c t i o n  o f  f u l l - s c a l e  f i r e  behav io r .  New-generat ion t e s t s ,  
proposed o r  adopted by s tandards o r g a n i z a t i o n s ,  eva lua te  i g n i t i b i l i t y ,  f lame 
spread, and heat  and p roduc t  g e n e r a t i o n  r a t e s .  The t e s t s  use improved s imula-  
t i o n  apparatus,  f o r  example t h e  NBS Cone C a l o r i m e t e r ,  wh ich  can de termine 
q u a n t i t a t i v e  i g n i t i o n ,  heat  re lease,  and smoke g e n e r a t i o n  r a t e s .  F o r  t h e  
s p e c i a l  needs o f  spacec ra f t  (as  c o n t r a s t e d  t o  conven t iona l  b u i l d i n g  and s t r u c -  
t u r a l  t e s t  methods), nonambient oxygen concen t ra t i ons ,  v a r i o u s  t o t a l  atmos- 
p h e r i c  p ressures ,  and low g r a v i t y  may a l l  i n f l u e n c e  t h e  s t r a t e g y  o f  t e s t i n g  
and t h e  i n t e r p r e t a t i o n  o f  r e s u l t s .  
methods must o f  n e c e s s i t y  assess m a t e r i a l  f l a m m a b i l i t y  a t  ambient p ressu re  and 
g r a v i t y  l e v e l s ,  b u t  f u t u r e  t e s t  methods w i l l  be expected t o  focus on fundamen- 
t a l  p r i n c i p l e s  r e l a t e d  t o  t h e  space env i ronment .  

Present  NASA and o t h e r  aerospace t e s t  

F i r e  ex t i nsu i shmen t  and i n h i b i t i o n  i n  spacec ra f t  env i ronments.  - Ext rapo-  
l a t i o n  o f  t e r r e s t r i a l  f i r e  p r o t e c t i o n  exper ience t o  s p a c e c r a f t  s i t u a t i o n s  
demands a thorough s c i e n t i f i c  unders tand ing  o f  t h e  e x t i n g u i s h i n g  mechanisms. 
The c o n f i n e d  volume, a r t i f i c i a l  atmosphere, and l a c k  o f  buoyancy f o r c e s  i n  low 
g r a v i t y  a l l  i n f l u e n c e  t h e  f i r e  behav io r  and t h e  suppress ion  techn iques  i n  
s p a c e c r a f t .  The c u r r e n t  aerospace e x t i n g u i s h a n t ,  a ha logenated hydrocarbon, 
Halon 1301, p resen ts  t h e  se r ious  t e c h n o l o g i c a l  problem o f  removal o f  halogen- 
a c i d  contaminants  i n  t h e  c a b i n  atmosphere a f t e r  a f i r e .  
o f  a l t e r n a t i v e  e x t i n g u i s h a n t s  must be assessed a g a i n s t  t h e  e f f i c i e n c y  o f  Halon 

The c leanup advantages 
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1301. For e l e c t r o n i c  equipment compartments, an i n e r t i n g  mechanism, such as 
onboard n i t r o g e n  genera t i on ,  would be p r e f e r a b l e  t o  r e l i a n c e  on e x t i n g u i s h a n t s .  
A v igorous  argument i s  p resented  f o r  c o n s i d e r a t i o n  o f  l i q u i d  water  sprays as 
f i r e  e x t i n g u i s h e r s ,  which, i n  p r i n c i p l e  and a p p l i c a t i o n ,  o f f e r  promise f o r  
p r a c t i c a l  use i n  t h e  s p a c e c r a f t  env i ronment .  

I n e r t i n g  and atmospheres. - The s p a c e c r a f t  c a b i n  i s  an example o f  an 
enc losed capsu le  s u p p o r t i n g  humans i n  an exceed ing ly  h o s t i l e  environment, 
analogous i n  many respec ts  t o  submarines and deep-sea e x p l o r a t i o n  vesse ls .  
Research and exper ience show t h a t  human l i f e  can be sus ta ined f o r  extended 
p e r i o d s  i n  an atmosphere w i t h  low oxygen c o n c e n t r a t i o n s  t h a t  i n h i b i t  combus- 
t i o n .  A c o n s i d e r a b l e  body o f  da ta  e x i s t s ,  a l b e i t  taken i n  normal g r a v i t y ,  
t h a t  e s t a b l i s h e s  oxygen i n d i c e s  f o r  common m a t e r i a l s ,  t h a t  i s ,  t h e  l owes t  con- 
c e n t r a t i o n  o f  oxygen t o  suppor t  combustion. For  most m a t e r i a l s ,  a smal l  
r e d u c t i o n  i n  oxygen c o n c e n t r a t i o n  i s  s u f f i c i e n t  t o  i n s u r e  n o n f l a m m a b i l i t y .  
Th i s  p r i n c i p l e  can be a p p l i e d  t o  l ong - te rm h a b i t a t i o n  and t o  emergency e x t i n -  
guishment o f  f i r e s  by f l o o d i n g  w i t h  an i n e r t  gas, such as n i t r o g e n .  

F i r e - r e l a t e d  med ica l  sc ience.  - Crews must i n h i b i t  o r  e x t i n g u i s h  f i r e s  
q u i c k l y  i n  spacec ra f t ,  because t h e  t rea tmen t  o f  f i r e  v i c t i m s  may r e q u i r e  medi- 
c a l  s k i l l s  and s u p p l i e s  t h a t  exceed t h e  c a p a b i l i t i e s  and resources i n  t h e  
spacec ra f t .  Exposure t o  ove rhea t ing  can be l e t h a l  w i t h i n  a s h o r t  p e r i o d  o f  
t ime .  More l i k e l y  hazards a r e  t h e  smoke and t o x i c  gases generated by even 
minor  f i r e s .  Carbon monoxide i s  t h e  most common adverse combustion p roduc t ,  
b u t  s y n t h e t i c  polymers i n  s p a c e c r a f t  may genera te  cyanides,  ha logen a c i d s ,  
ammonia, and o t h e r  t o x i c  p roduc ts .  Other  f i r e .  i n j u r i e s  can r e s u l t  f rom over -  
p ressu re  and s t r u c t u r a l  f a i l u r e  caused by exp los ions  th rough i g n i t i o n  o f  
r e a c t i v e  gaseous p roduc ts .  Med ica l  sc ience a p p l i c a b l e  t o  s p a c e c r a f t  f i r e  
s a f e t y  shou ld  s tudy  p e r m i s s i b l e  l i m i t s  o f  exposure t o  t o x i c  substances based 
on human menta l  a c u i t y  and judgment t e s t s  t o  i n c l u d e  the  psychology o f  escape. 
The s t r a t e g y  o f  f i r e  s a f e t y  th rough  t h e  use o f  a reduced-oxygen atmosphere has 
much promise,  b u t  I t s  imp lementa t ion  r e q u i r e s  a d d i t i o n a l  m e d i c a l - r e l a t e d  
research  on human e f f e c t s  i n  unusual atmospheres. 

A i r c r a f t  f i r e  s a f e t y  research .  - A l though a i r c r a f t  f i r e  s a f e t y  problems 
a r e  more d i v e r s i f i e d  than those a n t i c i p a t e d  i n  spacec ra f t ,  t h e  space f i e l d  can 
b e n e f i t  f r om t h e  exper ience and improvements ga ined f rom a i r c r a f t  techn iques .  
A i r c r a f t  f i r e  t h r e a t s  i n v o l v e  a v a r i e t y  o f  m a t e r i a l s  and o p e r a t i n g  e n v i r o n -  
ments. The major  f i r e  hazard may a r i s e  f rom t h e  s to rage  and usage o f  low-  
f l a s h - p o i n t  and kerosene- type f u e l s .  The dangers f rom f u e l  f i r e s  have l e d  t o  
s t u d i e s  and a p p l i c a t i o n s  i n  f u e l  t ank  p r o t e c t i o n  and i n e r t i n g ,  c r a s h - f i r e  p r o -  
t e c t i o n ,  armament and e x p l o s i o n  p r o t e c t i o n ,  heat -absorb ing  f u e l s  (endothermic 
f u e l s ) ,  and improved-proper ty  h y d r a u l i c  f l u i d s .  Engine compartments and 
n a c e l l e s  employ advanced concepts i n  f i r e  d e t e c t i o n  and automated e x t i n g u i s h i n g  
systems, a l l  wor thy  o f  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  a d a p t a t i o n .  F i r e  s tandards 
f o r  m a t e r i a l s ,  d e t e c t i o n ,  ex t ingu ishment ,  and escape i n  a i r c r a f t  cab ins  a l s o  
p r o v i d e  ana log ies  f o r  c o n s i d e r a t i o n  i n  s p a c e c r a f t  f i r e  c o n t r o l  measures. 

Space S t a t i o n  i n t e r n a l  env i ronmenta l  and s a f e t y  concerns.  - The proposed 
U.S.  SDace S t a t i o n  w i l l  p resen t  un ique problems i n  f i r e  s a f e t y  because o f  i t s  
l o n g  l i f e t i m e ,  l i m i t e d  resources ,  hazardous opera t  
v a r y i n g  s k i l l s .  The Space S t a t i o n  w i l l  c o n s i s t  o f  
compr is ing  h a b i t a t i o n ,  l a b o r a t o r y ,  and supply  modu 
f i r e  i s  countered th rough  methodology d e r i v e d  f rom 

ng c o n d i t i o n s ,  and crew o f  
d i f f e r i n g  p r o t e c t e d  volumes, 
es. The major  t h r e a t  o f  
t h e  p rev ious  U.S. manned 
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s p a c e c r a f t  p r o j e c t s ,  techn iques  t h a t  p r o v i d e  l i m i t e d  precedents o r  p a t t e r n s  o f  
growth.  A l though des igns a r e  a c t i v e l y  proceeding,  t h e  means o f  f i r e  detec-  
t i o n ,  ex t ingu ishment ,  and escape i n  t h e  Space S t a t i o n  a r e  s t i l l  t o  be d e t e r -  
mined i n  d e t a i l .  The paper d iscusses  c u r r e n t  and p o t e n t i a l  techn iques  
a p p l i c a b l e  t o  t h e  Space S t a t i o n ,  w i t h  some i n d i c a t i o n s  o f  t h e i r  advantages and 
d isadvantages.  I t  i s  l i k e l y  t h a t  a combina t ion  o f  f i r e  d e t e c t i o n  and e x t i n -  
guishment methods w i l l  be used i n  t h e  d i v e r s e  modules o f  t h e  Space S t a t i o n .  
The concept  o f  module v e n t i n g  f o r  u n c o n t r o l l a b l e  f i r e s  o r  p o s t - f i r e  a tmospher ic  
c leanup must be cons idered as an a l t e r n a t i v e  means o f  f i r e  c o n t r o l .  

M i c r o g r a v i t y  combustion fundamenta ls .  - I n  normal g r a v i t y ,  f i r e  spreads 

Th is  n a t u r a l  convec t i on  i s  absent  i n  m i c r o g r a v i t y  ( t h e  low g r a v i t y  
t o  a l a r g e  e x t e n t  th rough t h e  b u l k  d e n s i t y  g r a d i e n t s  c r e a t e d  by t h e  r a p i d  heat  
re lease .  
i n  o r b i t i n g  s p a c e c r a f t ) ,  a l t hough  b u l k  f l u i d  and energy t r a n s p o r t  con t i nues  
th rough d i f f u s i o n ,  r a d i a t i o n ,  p ressu re  g r a d i e n t s ,  and f o r c e d  convec t i on  (ven- 
t i l a t i o n ) .  The s i m p l i f i c a t i o n  o f  t h e  combustion process by removal o f  t h e  
g r a v i t y  f o r c e  has mo t i va ted  l o w - g r a v i t y  combustion research  i n  o rde r  t o  under- 
s tand t h e  s u b t l e t i e s  o f  n o r m a l - g r a v i t y  f lame spreading.  f o r  f i r e  s a f e t y  con- 
s i d e r a t i o n s ,  t h e  r o l e  o f  t h e  l o w - g r a v i t y  environment i s  ambiguous. On t h e  one 
hand, m i c r o g r a v i t y  f lame spread may be l e s s  than cor respond ing  n o r m a l - g r a v i t y  
f lame spread because o f  l i m i t e d  o x i d a n t  d i f f u s i o n  and poor  combustion e f f i -  
c i ency .  On t h e  o t h e r  hand, m i c r o g r a v i t y  combustion may be enhanced by t h e  
a c t i o n  o f  o t h e r w i s e  weak f l o w  f i e l d s  i n  t h e  s p a c e c r a f t  atmosphere, by r a d i a l  
e x p u l s i o n  o f  m e l t i n g  m a t e r i a l s ,  and by inc reased r a d i a t i o n  f r o m  sooty  f lames.  
Ground-based l o w - g r a v i t y  t e s t i n g  i s  i n d i s p e n s a b l e  t o  t h e  unders tand ing  o f  
m i c r o g r a v i t y  combustion. For t h i s  purpose, s p e c i a l i z e d  f a c i l i t i e s  i n c l u d e  
d rop  towers and K e p l e r i a n - o r b i t  a i r p l a n e  t r a j e c t o r i e s .  

Spacec ra f t  m a t e r i a l  f l a m m a b i l i t y  t e s t i n s  and c o n f i g u r a t i o n s .  - NASA has 
imposed s t r i c t  f l a m m a b i l i t y  requ i rements  on a l l  s p a c e c r a f t  m a t e r i a l s ,  as p ro -  
v ided  i n  a handbook on t e s t  procedures.  
o r  c o n f i g u r a t i o n s  i s  based on a f o r m a l i z e d  des ign  process f o r  t r a c k i n g  and 
c o n t r o l .  Rea l ism i n  t h e  approach t o  m a t e r i a l  s a f e t y  r e q u i r e s  t h e  adop t ion  o f  
a ph i l osophy  t h a t  (1) an i g n i t i o n  source e x i s t s ,  and ( 2 )  any f i r e  t h a t  s t a r t s  
s h a l l  be s e l f - e x t i n g u i s h i n g  w i t h i n  a s h o r t  d i s t a n c e .  I n e v i t a b l y  some f lam-  
mable m a t e r i a l s  ( a s  d e f i n e d  by t h e  s t r l c t  t e s t  procedures)  must be accepted 
onboard t h e  s p a c e c r a f t .  To conform t o  t h e  approva l  ph i l osophy ,  such m a t e r i a l s  
a r e  e i t h e r  w i d e l y  spaced i n  smal l  q u a n t i t i e s  o r  s t o r e d  i n  nonflammable con- 
t a i n e r s .  The s p e c i a l  problem o f  e l e c t r o n i c  dev ices  and w i r i n g  i s  approached 
by compar tmen ta l i za t i on ,  f i r e  b a r r i e r s ,  o r  i n e r t i n g .  Ma jor  concerns f o r  t h e  
near  f u t u r e  a r e  those of f i n d i n g  a l t e r n a t i v e s  f o r  t h e  Halon 1301 e x t i n g u i s h a n t  
and s u b s t i t u t e s  f o r  t h e  p resen t  f lammable m a t e r i a l s  i n  c l o t h i n g ,  foams, and 
paper. 

The acceptance o f  des igns,  m a t e r i a l s ,  

I g n i t i o n  and combustion o f  me ta l s  i n  oxygen. - Meta ls  a r e  n o r m a l l y  more 
d i f f i c u l t  t o  i g n i t e  than  f lammable gases and nonmetals because me ta l s  have 
h i g h e r  d e n s i t i e s ,  thermal  c o n d u c t i v i t i e s ,  and i g n i t i o n  temperatures.  I n  
s p a c e c r a f t ,  however, t h e  presence o f  oxygen i n  l i f e - s u p p o r t  systems and i n  
combina t ion  w i t h  f u e l s  f o r  p r o p e l l a n t  systems can l e a d  t o  c a t a s t r o p h i c  meta l  
i g n i t i o n  and meta l -oxygen combustion. 
su r faces  can a c t  as a b a r r i e r  t o  i g n i t i o n .  The i g n i t i o n  process i s  thus  n o t  
o n l y  i n f l u e n c e d  by t h e  t y p e  o f  me ta l  b u t  a l s o  by t h e  p h y s i c a l  n a t u r e  o f  t h e  
ox ide ,  dynamic c o n d i t i o n s  ( i m p a c t ) ,  and oxygen pressure .  Meta ls  can bu rn  as 
e i t h e r  vapors o r  l i q u i d s ,  depending on t h e  me ta l  b o i l i n g  p o i n t  and t h e  f l ame 

The o x i d e  c o a t i n g  t h a t  adheres t o  meta l  
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temperature.  I n  low g r a v i t y ,  combustion o f  meta ls  as l l q u i d s  o r  vapors may be 
i n f l u e n c e d  by t h e  e l i m i n a t i o n  o f  convec t i ve  f l ows  t h a t  cou ld  detach mo l ten  
masses o r  vapors,  exposing f r e s h  meta l  sur faces .  I n  any case, meta l  f l r e s  
generate more hea t  per  u n i t  volume than conven t iona l  f i r e s ,  and they  a r e  b e s t  
c o n t r o l l e d  by s t r i c t  p r e v e n t i o n  o f  i g n i t i o n  r a t h e r  than by a t tempts  a t  e x t i n -  
guishment. 

D iscuss ion  Forums 

F i r e  d e t e c t i o n  and i g n i t i o n .  - The genera l  f i n d i n g s  o f  t h i s  forum can be 
summarized i n  t h e  s i n g l e  s tatement  t h a t  r a p i d  d e t e c t i o n  o f  i n c i p i e n t  hazards 
i s  i m p e r a t i v e .  Thus ove rhea t ing ,  a p recu rso r  t o  i g n i t i o n ,  should be de tec ted ,  
perhaps th rough  i n d i c a t o r  c o a t i n g s  on c r i t i c a l  equipment. Hazard d i s c r i m i n a -  
t i o n  can be a i d e d  by m u l t i p l e  sens ing  t o  i d e n t i f y  t h r e a t s  and a v o i d  f a l s e  
alarms th rough  p a t t e r n  l o g i c ,  o r  by sensing i n  severa l  l o c a t i o n s  th rough  a 
common d e t e c t o r  system. More s p e c i f i c  i n f o r m a t i o n  on hazards i n  t h e  Space 
S t a t i o n ,  wh ich  w i l l  have u n i n h a b i t e d  as w e l l  as i n h a b i t e d  modules, must be 
prov ided.  The recommendations f o r  research  and technology f rom t h i s  fo rum a r e  

( 1 )  Study o f  d e t e c t i o n  o f  overheated and smolder ing components, w i t h  
emphasis on t h e  development o f  h e a t - s e n s i t l v e  coa t ings  

( 2 )  Improvement o f  sens ing  systems, and i n c o r p o r a t i o n  o f  m u l t i p l e  f i r e -  
s i g n a t u r e  d e c i s i o n  so f tware  

( 3 )  Development o f  c e n t r a l  d e t e c t o r  systems f o r  command o f  l o c a l i z e d  
sens ing  s t a t i o n s  

( 4 )  Study o f  f i r e  s i g n a t u r e s  expected i n  low g r a v i t y  and nonstandard 
atmospheres 

( 5 )  I n v e n t o r y  o f  s p a c e c r a f t  equipment and procedures t o  a n t i c i p a t e  
hazards and l o c a t e  sensors 

F i r e  ex t i ngu ishmen t .  - The genera l  f i n d i n g s  o f  t h i s  forum cover  b o t h  fun -  
damental research  needs and a p p l i e d  techno logy  needs. I n  fundamentals, f u r t h e r  
s t u d i e s  o f  c h a i n - r e a c t i o n  models I n  t h e  r o l e  o f  ex t ingu ishment  a r e  e s s e n t i a l ,  
p a r t i c u l a r l y  t hose  d i r e c t e d  toward l o w - g r a v i t y  env i ronments,  deep-seated and 
smolder ing  combustion. I n  a p p l i c a t i o n s ,  a l t e r n a t i v e s  t o  t h e  p resen t  Halon 
1301 e x t i n g u i s h a n t  a r e  d e s i r a b l e ,  w i t h  t h e  emphasis on water  and n i t r o g e n .  
The c leanup o f  i n h a b i t e d  areas t o  remove p o s t - f i r e  res idues  and atmospher ic  
p o l l u t a n t s  I s  a n e g l e c t e d  aspec t  o f  f i r e  c o n t r o l .  The recommendations f o r  
research  and techno logy  f r o m  t h i s  forum a r e  

( 1 )  Fundamental research  on combustion and suppress ion i n  m i c r o g r a v i t y  and 
space-unique env i ronments 

( 2 )  T e s t i n g  and e v a l u a t i o n  o f  cand ida te  e x t i n g u i s h a n t s  

( 3 )  Development o f  s p e c i f i c  ex t ingu ishment  and i n e r t i n g  techn iques  f o r  
hazardous areas o f  t h e  s p a c e c r a f t  
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(4) Planning for post-fire atmospheric cleanup 

(5) Establishment of cooperative working groups to pursue analogies 
I between space and submarine research 

1 Human responses to combustion products and inert atmospheres. - The 
general findings of this forum can be summarized in the statement that further 
investigative and statistical information on human hazards in enclosed envi- 
ronments must be obtained. Human standards for tolerance of atmospheric con- 
taminants from all sources need to be Improved. Material standards for fire 
safety should include the determination of pyrolytic generation of toxic 
products as well as absolute flammabjlity. The forum concurs with the view 
that low-oxygen I'fire-safe" atmospheres may be suitable to support human 

that is, the tendency to overlook fire rules and bring contraband on board 
spacecraft. The recommendations for research and technology from this forum 
are 

1 

; 
I 

I 

I activities. Finally, the forum notes that one must recognize human failings, 

( 1 )  Revision of material acceptance standards to test toxicology of 
emission products 

(2) Emphasis on human responses in establishing fire safety policies 

(3) Study of combustion, pyrolysis, and extinguishment products expected 
in microgravity 

(4) Update of human tolerance limits to pollutants and reduced-oxygen 
atmospheres 

(5) Designation and training of at least one spacecraft crewmember as a 
fire marshal on each mission 

Spacecraft materials and confiqurations. - The general findings of this 
forum center on the need for improved material assessments for the long-life 
Space Station. New concerns should include material aging and changes, non- 
vlslble combustlon or smoldering, and the proper containment o f  hazardous 
materials. Particular problems, such as the increased flammability in the 
enriched-oxygen spacecraft atmosphere prlor to an extravehicular activity, 
must be recognized. 
established knowledge in aircraft and ground fire safety to spacecraft. The 
recommendations for research and technology from this forum are 

The forum also notes the importance of the application of 

( 1 )  Further flammability testing in low-gravity environments 

(2) Further testing on overheating and product generation from common 
materials 

(3) Further long-term material testing to include aging effects 

(4) Establishment of data banks to share and correlate space, aircraft, 
and ground fire models 

I 

i 

Selection of spacecraft atmospheres. - The general findings of this forum 
are that research on spacecraft cabin atmospheres is warranted, first, to 
develop fire-safe atmospheres and, second, to learn about contamination from 

I 
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f i r e  ex t ingu ishment .  Three a l t e r n a t i v e  f i r e - s a f e  atmospheres a r e  proposed. 
The f i r s t - p r i o r i t y  recommendation i s  an inc reased t o t a l  p ressure  oxygen- 
n i t r o g e n  atmosphere, which has a near-normal oxygen p a r t i a l  p ressure  b u t  a 
reduced oxygen mole f r a c t i o n .  The second i s  a sea - leve l  t o t a l  p ressu re  oxygen- 
n i t r o g e n  atmosphere, w i t h  a reduced oxygen p a r t i a l  p ressu re  and mole f r a c t i o n .  
The t h i r d  i s  an o x y g e n - d i l u e n t  atmosphere, where t h e  i n e r t  component i s  a 
h igh -hea t -capac i t y  gas (carbon t e t r a f l u o r i d e  i s  an example). On t h e  t o p i c  o f  
p o s t - f i r e  a tmospher ic  contaminat ion ,  t h e  forum notes t h e  advantages o f  water  
over  Halons and o t h e r  common e x t i n g u i s h i n g  agents.  Other t o p i c s  o f  forum d i s -  
cuss ion  a r e  f i r e  spread th rough  v e n t i l a t e d  f o r c e d  convec t ion ,  e f f e c t s  o f  a l t e r -  
n a t i v e  atmospheres on equipment performance, and i s o l a t i o n  and i n e r t i n g  o f  
h i g h - r i s k  volumes. The recommendations f o r  research  and technology f rom t h i s  
forum a r e :  

(1)  Research and techno logy  programs on t h e  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  
c a b i n  atmospheres 

( 2 )  Research on combust ion,  p y r o l y s i s ,  and smolder ing  i n  a l l  atmospheres 

( 3 )  Es tab l i shment  o f  da ta  banks t o  c o l l e c t  knowledge on f ’ i r e  behav io r  i n  
unusual  env i ronments 

( 4 )  F u r t h e r  research  on atmospher ic  contarn ina t ion  by e x t i n g u i s h a n t s  
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I N 7  RODUCT I O N  

I t  i s  recogn ized t h a t  ove rhea t ing ,  f i r e ,  exp los ion ,  and t h e  r e s u l t i n g  
byproduc ts  can be extreme hazards i n  i n h a b i t e d  s p a c e c r a f t .  W i th  des igns  under- 
way f o r  a permanent ly  i n h a b i t e d  o r b i t i n g  f a c i l i t y ,  t h e  NASA Space S t a t i o n ,  new 
i ssues  o f  f i r e  s a f e t y  must be addressed ( r e f s .  1 t o  3 ) .  The Space S t a i o n  must 
serve  as a s e l f - c o n t a i n e d  community, w i t h  hope o f  rescue many days away. The 
Space S t a t i o n  w i l l  accommodate a crew w i t h  va r ious  s k i l l s  engaged i n  cons t ruc -  
t i o n  and maintenance, s c i e n t i f i c  exper iments,  and commercial techno logy  deve l -  
opment, as w e l l  as 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 a l  a c t i v i t i e s .  
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 compared t o  p rev ious  space f l i g h t  programs. On t h e  o t h e r  hand, 
i t  i s  i m p o r t a n t  t o  make t h e  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  users .  Acco rd ing l y ,  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 i b i l i 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 .  

The p r imary  emphasis i n  p a s t  human-crew space m iss ions  has been on f i r e  
p r o t e c t i o n  th rough  c o n t r o l  and s e l e c t i o n  o f  onboard m a t e r i a l s  ( r e f .  4 ) .  l h e  
u n d e r l y i n g  ph i l osophy  i s  t h a t  i g n i t i o n  sources w i l l  e x i s t ,  b u t  f i r e s  must be 
s e l f - l i m i t i n g  w i t h i n  a s h o r t  d i s t a n c e  f rom t h e i r  i g n i t i o n  p o i n t s  ( r e f .  5 ) .  
N o n - s e l f - e x t i n g u i s h i n g  m a t e r i a l s  b rought  onboard s p a c e c r a f t  (paper ,  c l o t h i n g ,  
f o r  example) must be made f i r e - l i m i t i n g  by spacing o f  m a t e r i a l s  o r  conta inment  
i n  f i r e - r e s i s t a n t  enc losures .  For t h e  Space S t a t i o n ,  and t o  some e x t e n t  t h e  
S h u t t l e  O r b i t e r ,  r i g i d  m a t e r i a l  and c o n f i g u r a t i o n  c o n t r o l s  a r e  n o t  s u f f i c i e n t  
f o r  f i r e  s a f e t y .  F i r e  d e t e c t i o n  and suppress ion  measures must be i n c o r p o r a t e d  
i n t o  p resen t  and f u t u r e  des igns .  

A t t e n t i o n  t o  t h e  p a r t i c u l a r  needs o f  s p a c e c r a f t  f i r e  s a f e t y  da tes  t o  t h e  
e a r l y  space p r o j e c t s  ( r e f .  6 ) .  More r e c e n t  a t t e n t i o n  has i n v o l v e d  t h e  NASA 
Lewis Research Center ,  where programs have i n c l u d e d  research  on m i c r o g r a v i t y  
( l o w - - g r a v i t y )  combust ion and p r o p e l l a n t  s a f e t y ,  and management o f  an aerospace 
s a f e t y  da ta  i n s t i t u t e .  The Lewis Research Center cooperated w i t h  t h e  NASA 
Johnson Space Center f o r  a s p a c e c r a f t  f i r e  s a f e t y  r e v i e w  i n  March 1984.  The 
p r i n c i p a l  ques t i ons  l e a d i n g  t o  t h i s  rev iew  were those o f  enr iched-oxygen atmos- 
phere hazards and e x t i n g u i s h e r  t o x i c i t y  i n  s p a c e c r a f t  cab ins ,  b u t  t h e  meet ing  
expanded t h e  themes t o  cover  l o w - g r a v i t y  combustion, f i r e  c o n t r o l ,  and med ica l  
sc ience.  The r e v i e w  f i n d i n g s  were i n f o r m a l  and unpub l ished.  However, t h e  
recommendations f o r  f u r t h e r  i n q u i r y  i n t o  s e l e c t e d  f i r e - s a f e t y  t o p i c s ,  i m p e l l e d  
by t h e  needs o f  t h e  deve lop ing  Space S t a t i o n  program, s t i m u l a t e d  t h e  o rgan iza -  
t i o n  of a second rev iew .  T h i s  meet ing,  t h e  NASA Spacec ra f t  F i r e  S a f e t y  Work- 
shop, was h e l d  a t  t h e  NASA Lewis Research Center on August 20-21, 1986. 

The workshop program was d i v i d e d  i n t o  two s e c t i o n s .  The f i r s t  s e c t i o n  
was a day - long  symposium on s u b j e c t s  r e l a t i n g  t o  f i r e  s a f e t y ,  fundamenta l  and 
a p p l i e d ,  and t o  t h e  s p a c e c r a f t  env i ronment .  The second s e c t i o n  was a s e t  o f  
f i v e  s imul taneous d i s c u s s i o n  forums on t h e  r e l e v a n t  t o p i c s  o f  f i r e  d e t e c t i o n ,  
: i r e  ex t ingu ishment ,  human responses, s p a c e c r a f t  m a t e r i a l s ,  and s p a c e c r a f t  
atmospheres. The workshop leaders  and p a r t i c i p a n t s  c o u l d  a t t e n d  any fo rum o f  
t h e i r  cho ice .  Each forum p rov ided  an o p p o r t u n i t y  t o  d i scuss  t h e  a p p l i c a t i o n  
o f  f i r e  s a f e t y  p r i n c i p l e s  t o  s p a c e c r a f t  needs, t h e  problems a n t i c i p a t e d  i n  t h e  
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Space S t a t i o n ,  and t h e  recommendations f o r  f u t u r e  research,  technology,  and 
s tandards .  

Th is  p u b l i c a t i o n  i s  a summary o f  t h e  NASA Lewis Spacecra f t  F i r e  Sa fe ty  
Workshop, c o n s i s t i n g  o f  t h e  10 papers and t h e  minutes o f  t he  d i s c u s s i o n  forums. 
The papers a r e  f u r n i s h e d  by the  va r ious  au thors  as expanded ve rs ions  o f  t h e  
o r a l  p r e s e n t a t i o n s  g i v e n  a t  t h e  workshop. Occasional i n c o n s i s t e n c i e s  between 
t h e  papers rep resen t  genu ine ly  d i f f e r i n g  p o i n t s - o f - v i e w  i n  t h e  f i r e - s a f e t y  
f i e l d .  The d i s c u s s i o n  forum chapters  a r e  based on a consensus o f  t h e  p a r t i c i -  
p a n t s '  d i s c u s s i o n  as w r i t t e n  by t h e  workshop e d i t o r  f rom documents submi t ted  
by t h e  forum leaders .  

A condensat ion  o f  t h e  workshop recommendations i s  i n c l u d e d  i n  a r e c e n t  
paper on s p a c e c r a f t  f i r e  s a f e t y  ( r e f .  7 ) .  
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TECHNIQUES FOR F I R E  D E T E C T I O N  

R ichard  W .  Bukowski 
Center f o r  F i r e  Research 

N a t i o n a l  Bureau o f  Standards 

I N T R O D U C T I O N  
I 

The purpose o f  a f i r e  d e t e c t o r  i s  t o  p r o v i d e  t h e  e a r l i e s t  warn ing p o s s i b l e  
I o f  t h e  ou tbreak  o f  an unwanted f i r e  so t h a t  a p p r o p r i a t e  a c t i o n s  t o  m i t i g a t e  

t h e  consequences o f  t he  f i r e  can be taken.  These a c t i o n s  g e n e r a l l y  i n c l u d e  
t h e  evacuat ion  o f  occupants a t  r i s k  t o  a sa fe  a rea  and t h e  i n i t i a t i o n  o f  e x t i n -  
guishment a c t i v i t i e s ,  e i t h e r  au tomat ic  o r  manual. S ince  f i r e s  and the  t h r e a t  
posed by them grow r a p i d l y ,  e a r l i e r  ex t ingu ishment  means t h a t  t h e  t h r e a t  and 
p o t e n t i a l  f o r  damage f rom t h e  f i r e  i s  min imized.  

Balanced a g a i n s t  t h e  d e s i r e  f o r  r a p i d  a c t i v a t i o n  i s  t h e  need t o  min imize  
f a l s e  a larms,  which d i s r u p t  normal a c t i v i t i e s  and erode conf idence i n  t h e  
d e t e c t i o n  system. De tec to rs  t h a t  " c r y  w o l f "  t o o  o f t e n  a r e  e i t h e r  i gno red  o r  
d isconnected ,  r e s u l t i n g  i n  t h e  p o t e n t i a l  f o r  d i s a s t e r .  I n  an e a r l y  1 9 7 0 ' s  
r e p o r t  on A i r  Force a i r c r a f t  engine n a c e l l e  f i r e  d e t e c t o r s  ( r e f .  e ) ,  Fox 
r e p o r t e d  t h a t  about  83 pe rcen t  o f  t h e  alarms rece ived  were f a l s e  and 50 pe rcen t  
o f  t h e  f i r e s  were n o t  de tec ted .  The l a t t e r  was r e l a t e d  t o  t h e  former i n  t h a t  
t h e  h i g h  f a l s e  a l a r m  r a t e  caused t h e  crews t o  d i sconnec t  t h e  d e t e c t o r s  i n  o rde r  
t o  meet f l i g h t  read iness  o b j e c t i v e s .  I n  commercial b u i l d i n g  systems, F r y  
( r e f .  9)  and Bukowski ( r e f .  10) b o t h  r e p o r t e d  f a l s e  t o  r e a l  a la rm r a t i o s  o f  
1 4 : l  f o r  smoke d e t e c t o r s  i n  t h e  Un i ted  Kingdom and t h e  Un i ted  S ta tes ,  
r e s p e c t  i v e l  y . 

The ba lance between e a r l y  warn ing and minimum f a l s e  a larms r e q u i r e s  t h a t  
t h e  d e t e c t o r  s e l e c t e d  be matched t o  t h e  a p p l i c a t i o n  i n  terms o f  t h e  c h a r a c t e r -  
i s t i c s  o f  t h e  expected f i r e s  and t h e  o p e r a t i n g  env i ronment .  An a n a l y s i s  of 
t h e  combust ib le  m a t e r i a l s  and p o t e n t i a l  i g n i t i o n  sources w i t h i n  a space t o  be 
p r o t e c t e d  can p r o v i d e  i n s i g h t  i n t o  t h e  expe8ted " f i r e  s i g n a t u r e s "  t h a t  w i l l  be 
produced. Tak ing i n t o  account  t h e  c h a r a c t e r i s t i c s  o f  t h e  space t h a t  w i l l  
i n f l u e n c e  t h e  t r a n s p o r t  o f  these p roduc ts  f rom t h e  combustion s i t e  t o  t h e  
d e t e c t o r  l o c a t i o n  and t h e  response o f  t h e  d e t e c t o r  t y p e  s e l e c t e d  a l l o w s  the  
p r e d i c t i o n  o f  performance. F i n a l l y ,  t h e  v u l n e r a b i l i t y  o f  t h e  space (and i t s  
con ten ts  and occupants)  should be analyzed t o  de termine t h e  maximum f i r e  s i z e  
t h a t  can be s a f e l y  t o l e r a t e d  i n  o r d e r  t o  e s t a b l i s h  t h e  d e t e c t i o n  goal  r e q u i r e d  
t o  p r o v i d e  a s a f e  c o n d i t i o n  w i t h o u t  be ing  o v e r l y  s e n s i t i v e .  

The purpose o f  t h i s  paper i s  t o  p r o v i d e  an overv iew o f  t h e  bases f o r  such 
an a n a l y s i s .  F i r s t ,  t h e  b u r n i n g  process i s  d iscussed i n  t e r m s  o f  t h e  produc-  
t i o n  o f  t h e  " f i r e  s i g n a t u r e s "  no rma l l y  assoc ia ted  w i t h  d e t e c t i o n  dev ices .  
These i n c l u d e  convected and r a d i a t e d  thermal  energy, p a r t i c u l a t e s ,  and gases. 
Second, t h e  t r a n s p o r t  processes assoc ia ted  w i t h  t h e  movement o f  these f rom the  
f i r e  t o  t h e  d e t e c t o r ,  a long  w i t h  t h e  impor tan t  phenomena which cause t h e  l e v e l  
o f  these s i g n a t u r e s  t o  be reduced, a r e  descr ibed.  T h i r d ,  t h e  o p e r a t i n g  char -  
a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  types o f  d e t e c t o r s ,  which i n f l u e n c e  t h e i r  

I 

, 
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response t o  t h e  s i g n a l s ,  a r e  presented.  F i n a l l y ,  v u l n e r a b i l i t y  a n a l y s i s  u s i n g  
p r e d i c t i v e  f i r e  model ing techniques w i l l  be d iscussed as a means t o  e s t a b l i s h  
the necessary response o f  t h e  d e t e c t i o n  system t o  p r o v i d e  t h e  l e v e l  o f  p r o t e c -  
t i o n  r e q u i r e d  i n  t h e  a p p l i c a t i o n .  

F I R E  SIGNATURES 

F i r e  d e t e c t o r s  sense t h e  presence o f  f i r e  by responding t o  changes i n  
t h e i r  l o c a l  env i ronment  t h a t  a r e  i n d i c a t i v e  o f  a f i r e  w i t h i n  t h e i r  assoc ia ted  
area o f  coverage. The goa l  i s  t o  s e l e c t  c o n d i t i o n s  f o r  sens ing t h a t  appear as 
c a r l y  as p o s s i b l e  and t h a t  a r e  p resen t  a t  l e v e l s  s u f f i c i e n t l y  above those a t  
normal, n o n f i r e  c o n d i t i o n s  t o  m ln im lze  f a l s e  a la rms.  These changes o f  cond i -  
t i o n s  a r e  c a l l e d  f i r e  s i g n a t u r e s .  Var ious f i r e  c o n d i t i o n s  may produce d i f f e r -  
en t  f i r e  s i g n a t u r e s ,  s o  optimum d e t e c t o r  system des ign  r e q u i r e s  t h a t  t h e  
d e t e c t o r  types s e l e c t e d  must be matched t o  t h e  hazard p resen t .  

Heat 

Combustion i s  e s s e n t i a l l y  an exothermic,  gas-phase chemical  r e a c t i o n .  
Gaseous f u e l s  combust by b r e a k i n g  bonds i n  t h e  f u e l  molecules,  f o rm ing  o t h e r  
chemical  spec ies and r e l e a s i n g  thermal  energy. For s o l i d  o r  l i q u i d  f u e l s ,  
some o f  t h e  thermal  energy i s  needed t o  produce t h e  phase change t o  a gas 
b e f o r e  t h e  a c t u a l  combustion takes p l a c e .  Th is  r e q u i r e d  energy i s  t h e  hea t  o f  
g d s i f i c a t i o n .  The n e t  remain ing  energy then goes t o  i n c r e a s e  t h e  tempera ture  
o f  the gases and a i r  l e a v i n g  t h e  combustion zone. Th is  h o t  gas r i s e s  due t o  
buoyancy t o  t h e  c e i l i n g  and spreads r a d i a l l y  outward i n  a c e i l i n g  j e t .  The 
t m y e r a t u r e  and v e l o c i t y  o f  t h i s  c e i l i n g  j e t  govern t h e  heat  t r a n s f e r  r a t e  t o  
t h e r m d l l y  a c t i v a t e d  d e t e c t o r s  l o c a t e d  on t h e  c e i l i n g .  

Smoke 

I n  t e r m s  o f  f i r e  d e t e c t i o n ,  smoke r e f e r s  t o  s o l l d  o r  l i q u i d  p a r t i c l e s  
re leased  d u r i n g  combustion. The s o l i d s  a r e  c l u s t e r s  o f  carbonaceous spheru les  
formed w i t h i n  t h e  f u e l  r i c h  p o r t i o n s  o f  t h e  f lame i n  a process s i m i l a r  t o  
p o l y m e r i z d t i o n .  Vapors can condense on a s o l i d  core ,  y i e l d i n g  a l i q u i d  covered 
smoke p a r t i c l e .  l h i s  condensat ion  process r e q u i r e s  t h a t  t h e  tempera ture  be 
below t h e  v a p o r i z d t i o n  tempera ture  w h i l e  t h e  vapor c o n c e n t r a t i o n  i s  s t i l l  h i g h .  
I n  smolder ing  combustion, e s s e n t i a l l y  a l l  t h e  smoke i s  i n  t h e  fo rm o f  condensed 
vapors. l h i s  i s  why the  smoke f rom smolder ing  appears l i g h t  c o l o r e d  ( t h e  
l i q u i d  i s  l a r g e l y  wa te r )  and t h e  smoke f rom f l a m i n g  i s  dark  ( m o s t l y  carbon) .  
l h i s  a l s o  means t h a t  t h e  p a r t i c l e  s i z e  f rom smolder ing  i s  l a r g e r  than f rom 
f lami  ng. 

L i g h t  

Flames r a d i a t e  l i g h t  energy over  a broad spectrum. R a d i a t i o n  i n  t h e  
v i s i b l e  and i n f r a r e d  comes l a r g e l y  f rom thermal  energy r a d i a t i n g  f rom t h e  c a r -  
bon p a r t i c l e s  w i t h i n  t h e  f lame.  l h i s  i s  why a hydrogen f lame, which con ta ins  
no carbon, i s  i n v i s i b l e .  U l t r a v i o l e t  r a d i a t i o n  comes l a r g e l y  f rom OH r a d i c a l s ,  
and the  t h e r m a l l y  broadened OH r a d l a t i o n  e x p l a i n s  why a l c o h o l  f lames and p re -  
mixed gas f lames appear b l u e .  
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Transpor t /Losses 

, 

Once produced by t h e  f i r e ,  t h e  f i r e  s i g n a t u r e  must t r a v e l  t o  t h e  d e t e c t o r  
t o  produce a response. Depending on t h e  s igna tu re ,  t h i s  t r a n s p o r t  process 
takes t ime,  and losses  can occur  t h a t  f u r t h e r  de lay  response. An unders tand ing  
o f  t h i s  process can h e l p  t o  s e l e c t  optimum d e t e c t o r  placement and t y p e  f o r  t h e  
f a s t e s t  response t o  t h e  hazard.  

l h e  r i s i n g  plume above a f i r e  e n t r a i n s  c o o l  a i r ,  which reduces t h e  temper- 
a t u r e  and d i l u t e s  t h e  p a r t i c u l a t e  c o n c e n t r a t i o n .  Once t h e  plume c o n t a c t s  the  
c e i l i n g ,  heat  t r a n s f e r  reduces t h e  temperature f u r t h e r ,  b u t  p a r t i c u l a t e  losses  
t o  t h e  c e i l i n g  a r e  g e n e r a l l y  sma l l .  When t h e  c e i l i n g  j e t  reaches t h e  d e t e c t o r ,  
t h e  thermal  i n e r t i a  o f  a heat  d e t e c t o r  r e s u l t s  i n  a de lay  i n  response, b u t  a 
smoke d e t e c t o r  w i l l  respond immedia te ly  i f  t h e  p a r t i c u l a t e  c o n c e n t r a t i o n  i s  
h i g h  enough. Th is  i s  t h e  p r imary  reason why smoke d e t e c t o r s  respond f a s t e r  
than heat  d e t e c t o r s  f o r  most f i r e s .  

W i th  f lame d e t e c t o r s ,  t h e  l i g h t  energy t r a v e l s  i n  a s t r a i g h t  l i n e  a lmost  
i n s t a n t a n e o u s l y .  S ince  t h e  f i r e  i s  r a d i a t i n g  i n  a l l  d i r e c t i o n s ,  t h e  i n t e n s i t y  
f a l l s  o f f  as t h e  square o f  t h e  d i s t a n c e  f rom t h e  f i r e  t o  t h e  d e t e c t o r  and may 
be a t t e n u a t e d  by any smoke p a r t i c l e s  i n  t h e  r a d i a n t  beam. The key t h i n g  t o  
remember about  f lame d e t e c t i o n  i s  t h a t  t h e  d e t e c t o r  must be a b l e  t o  "see" t h e  
f lame d i r e c t l y ,  a l t h o u g h  i n f r a r e d  energy w i l l  r e f l e c t  f r o m  su r faces  a t  a 
reduced l e v e l .  

HEAT D E T E C T I O N  

Heat d e t e c t o r s  a r e  t h e  o l d e s t  t y p e  o f  au tomat ic  f i r e  d e t e c t i o n  dev i ce .  
l h e y  began w i t h  t h e  development o f  au tomat ic  s p r i n k l e r  heads i n  t h e  1860 's  and 
have con t inued  t o  t h e  p resen t  w i t h  a p r o l i f e r a t i o n  o f  d i f f e r e n t  types  o f  
dev ices .  A s p r i n k l e r  can be cons idered a combined e x t i n g u i s h i n g  d e v i c e  and 
h e a t - a c t i v a t e d  f i r e  d e t e c t o r  when t h e  s p r i n k l e r  system i s  p r o v i d e d  w i t h  water  
f l o w  i n d i c a t o r s  t i e d  i n t o  t h e  f i r e  a la rm c o n t r o l  u n i t  system. These water  
f l o w  i n d i c a t o r s  d e t e c t  e i t h e r  t h e  f l o w  o f  water  t h rough  t h e  p ipes  or t h e  sub- 
sequent p ressu re  drop  upon a c t u a t i o n  o f  t h e  system and a u t o m a t i c a l l y  sound an 
a l a r m  as t h e  water  i s  be ing  p u t  on t h e  f i r e .  

E l e c t r i c a l  heat  d e t e c t o r s ,  wh ich  o n l y  sound an a l a r m  and have no e x t i n -  
g u i s h i n g  f u n c t i o n ,  a r e  a l s o  used. Heat d e t e c t o r s  a r e  t h e  l e a s t  expensive f i r e  
d e t e c t o r s ,  have t h e  l owes t  f a l s e  a l a r m  r a t e  o f  a l l  f i r e  d e t e c t o r s ,  b u t  a r e  
a l s o  t h e  s lowes t  i n  d e t e c t i n g  f i r e s .  Heat d e t e c t o r s  a r e  b e s t  s u i t e d  f o r  f i r e  
d e t e c t i o n  i n  smal l  c o n f i n e d  spaces where r a p i d l y  b u i l d i n g ,  h i g h  heat  o u t p u t  
f i r e s  a r e  expected and i n  o t h e r  areas where ambient c o n d i t i o n s  would n o t  a l l o w  
t h e  use o f  o t h e r  f i r e  d e t e c t i o n  dev ices  o r  where speed o f  d e t e c t i o n  o r  l i f e  
s a f e t y  a r e  n o t  t h e  pr ime c o n s i d e r a t i o n .  One example o f  t h i s  would be l ow  va lue  
p r o t e c t i o n  where f i r e  cou ld  cause minimum damage t o  t h e  s t r u c t u r e  o r  c o n t e n t s .  
Heat d e t e c t o r s  may be thought  o f  as d e t e c t i n g  f i r e s  w i t h i n  minu tes  o f  i g n i t i o n .  

Heat d e t e c t o r s  respond t o  t h e  convected thermal  energy o f  a f i r e  and a r e  
g e n e r a l l y  l o c a t e d  a t  o r  near  t h e  c e i l i n g .  They may respond e i t h e r  a t  a 
p redetermined f i x e d  temperature o r  a t  a s p e c i f i e d  r a t e  o f  tempera ture  change. 
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I n  genera l ,  h e a t  d e t e c t o r s  a r e  designed t o  sense a p r e s c r i b e d  change i n  a 
p h y s i c a l  o r  e l e c t r i c a l  p r o p e r t y  o f  a m a t e r i a l  when exposed t o  h e a t .  

F ixed-Temperature Detec tors  

F i xed - tempera tu re  d e t e c t o r s  a r e  designed t o  a la rm when t h e  temperature o f  
t h e  o p e r a t i n g  element reaches a s p e c i f i e d  p o i n t .  l h e  a i r  temperature a t  t h e  
t i m e  o f  o p e r a t i o n  i s  u s u a l l y  h i g h e r  than t h e  r a t e d  temperature due t o  t h e  
thermal  i n e r t i a  o f  t h e  o p e r a t i n g  elements.  F i xed - tempera tu re  heat  d e t e c t o r s  
a r e  a v a i l a b l e  t o  cover  a wide range o f  o p e r a t i n g  temperatures r a n g i n g  f rom 
5 1  " C  ( 1 3 5  O F )  and up. H igher  temperature d e t e c t o r s  a r e  necessary s o  t h a t  
detection can be p rov ided  i n  areas t h a t  a r e  no rma l l y  sub jec ted  t o  h i g h  ambient 
( n o n f  i r e )  temperatures.  

E u t e c t i c  m e t a l s ,  a l l o y s  o f  b ismuth,  lead ,  t i n ,  and cadmium, which m e l t  
r a p i d l y  a t  a p redetermined temperature,  can be used as o p e r a t i n g  elements f o r  
heat  d e t e c t i o n .  l h e  most contmon such use i s  t h e  f u s i b l e  element i n  an a u t o  
m d t i c  s p r i n k l e r  head. Fus ing  o f  t h e  element a l l o w s  water  t o  f l o w  i n  t h e  sys-  
tem, which t r i g g e r s  an a la rm by v a r i o u s  e l e c t r i c a l  o r  mechanical  means. A 
e u t e c t i c  meta l  may be used i n  one o f  two ways t o  a c t u a t e  an e l e c t r i c a l  a la rm 
c i r c u i t .  l h e  s i m p l e s t  method i s  t o  p l a c e  t h e  e u t e c t i c  element i n  s e r i e s  w i t h  
a no rma l l y  c l o s e d  c i r c u i t .  Fus ing  o f  t h e  meta l  opens the  c i r c u i t  t o  t r i g g e r  
a n  a la rm.  l h e  second method employs a e u t e c t i c  meta l  as a s o l d e r  t o  secure a 
s p r i n g  under t e n s i o n .  When the  element fuses,  t h e  s p r i n g  a c t i o n  i s  used t o  
c l o s e  c o n t a c t s  and sound an a la rm.  Devices u s i n g  e u t e c t i c  m e t a l s  cannot  be 
r e s t o r e d .  € i t h e r  t h e  dev i ce  o r  i t s  o p e r a t i n g  element must be r e p l a c e d  f o l l o w  
i rig opcr a t i on. 

F r a n g i b l e  g l a s s  b u l b s  s i m i l a r  t o  those used f o r  s p r i n k l e r  heads have been 
usc'd t o  a c t u a t e  a l a r m  c i r c u i t s .  l h e  b u l b ,  which c o n t a i n s  a h i g h  vapor p ressu re  
l i q u i d  arid a smal l  a i r  bubb le ,  i s  used as a s t r u t  t o  r r ia in ta in  a n o r m a l l y  opcri 
5w iLr t i ing  c i r c u i t .  When exposed t o  heat ,  t h e  l i q u i d  expands, compressing the  
d i r  bubb le .  When the  bubb le  i s  comp le te l y  absorbed, Lhere i s  a r a p i d  i nc rease  
i n  p ressure ,  s h a t t e r i n g  t h e  b u l b  and a l l o w i n g  the c o n t a c t s  t o  c l o s e .  l h e  
d o s i r e d  temperature r a t i n g  i s  ob ta ined  by c o n t r o l l i n g  t h e  s i L e  of t h e  a i r  
bubb le  r c l d t i v c  t o  t h e  amount o f  l i q u i d  i n  thc  b u l b .  

A s  art a l t e r n a t i v e  t o  spot  t y p e  f i x e d  tentperdturc d e t e c t i o n ,  v a r i o u s  nteth 
o d r  o f  con t inuous  l i n e  d e t e c t i o n  hdve bccn developed. One type o f  l i n e  detec 
t o r  uses a p a i r  o f  s t e e l  w i r e s  i n  a no rmd l l y  opcn c i r c u i t .  I he  conductors  a r e  
i r i s u l a t e d  f r o m  each o t h e r  by a the rmop las t i c  o f  known f u s i n g  temperdture.  l h e  
w i r e s  a r e  under t e n s i o n  and h e l d  t o g e t h e r  by a bra ided shedth t o  fo rm a s i n g l e  
c a b l e  assembly ( f i g .  1 ) .  When t h e  d e s i g n  Lemperdtuie i s  reachcd, the i n s u l a  
t i o n  m e l t s ,  c o n t a c t  i s  made, and an a la rm i s  generdted.  F o l l o w i n g  an a la rm,  
t h e  fused s e c t i o n  o f  t h e  c a b l e  must be r e p l a c e d  t o  r e s t o r e  the  system. 

a f a c t o r  ( f i g .  2 ) .  7he 
separated f rom t h e  tube 
m a t e r i a l .  Under normal 
o l d )  f l o w s  i n  t h e  c i r c u  
semiconductor decreases 

A s i m i l a r  a l a r m  dev ice  u t i l i z i n g  a semiconductor m a t e r i a l  and a s t a i n l e s s  
s t e e l  c a p i l l a r y  tube has been developed f o r  use where mechanical  s t a b i l i t y  i s  

c a p i l l a r y  tube c o n t a i n s  a c o a x i a l  c e n t e r  conductor  
w a l l  by a temperature -sensi  t i v e  g l a r s  senticonduc t o r  
c o n d i t i o n s .  a smal l  c u r r e n t  ( i . e . .  be low a la rm t h r e s h -  
t .  A s  t h e  tempera ture  r i s e s ,  t h e  r e s i s t a n c e  o f  the 
a l l o w i n g  more c u r r e n t  f l o w  and t r i g g e r i n g  t h e  a larm.  
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Bimeta l s  a r e  used f o r  t h e  o p e r a t i n g  elements o f  seve ra l  types o f  f i x e d -  
I t empera ture  d e t e c t o r s .  When a sandwich o f  two meta ls  hav ing  d i f f e r e n t  c o e f f i -  

c i e n t s  o f  thermal  expansion i s  heated, d i f f e r e n t i a l  expansion causes bending 

c loses  a n o r m a l l y  open c i r c u i t .  The low expansion meta l  commonly used i s  
I I n v a r ,  an a l l o y  o f  36 p e r c e n t  n i c k e l  and 64 pe rcen t  i r o n .  Severa l  a l l o y s  o f  

manganese-copper-nickel,  n icke l -chromium- i ron  o r  s t a i n l e s s  s t e e l  may be used 
f o r  t h e  h i g h  expansion component o f  a b i m e t a l  assembly. 

b i m e t a l  snap d i s c .  Some dev ices  use b i m e t a l  s t r i p s  p laced  d i r e c t l y  i n  t h e  
a l a r m  c i r c u i t .  As  t h e  s t r i p  i s  heated i t  deforms i n  t h e  d i r e c t i o n  o f  i t s  con- 
t a c t  p o i n t .  The w i d t h  o f  t h e  gap between t h e  con tac ts  determines t h e  o p e r a t i n g  
temperature.  The w ide r  t h e  gap, t h e  h i g h e r  t h e  o p e r a t i n g  p o i n t .  Drawbacks t o  
t h i s  t y p e  o f  d e v i c e  a r e  i t s  l a c k  o f  r a p i d  p o s i t i v e  a c t i o n  and i t s  s u s c e p t i b i l -  
i t y  t o  f a l s e  a larms f rom v i b r a t i o n  o r  j a r r i n g ,  p a r t i c u l a r l y  as t h e  r a t e d  tem- 
p e r a t u r e  i s  approached, f o r  example, d u r i n g  pe r iods  o f  t r a n s i e n t  h i g h  ambient 
temperatures t h a t  a r e  below t h e  a l a r m  p o i n t .  

I 

l o r  f l e x i n g  towards t h e  meta l  hav ing  t h e  lower  expansion r a t e .  Th is  a c t i o n  
, 

1 

I 

I B ime ta l  d e t e c t o r s  a r e  g e n e r a l l y  o f  two types,  t h e  b i m e t a l  s t r i p  and t h e  

f 

l h e  o p e r a t i n g  element o f  a snap-d isc dev i ce  i s  a b i m e t a l  d i s c  formed i n t o  
a concave shape i n  i t s  uns t ressed c o n d i t i o n  ( f i g .  3 ) .  A s  t h e  d i s c  i s  heated, 
t h e  s t resses  developed cause i t  t o  reve rse  c u r v a t u r e  suddenly and become con- 
vex.  Th is  p rov ides  a r a p i d  p o s i t i v e  a c t i o n ,  which a l l o w s  t h e  a l a r m  con tac ts  
t o  c lose .  The d i s c  i t s e l f  i s  n o t  u s u a l l y  p a r t  o f  t h e  e l e c t r i c a l  c i r c u i t .  
Snap-disc dev ices  a r e  n o t  as s e n s i t i v e  t o  f a l s e  o r  i n t e r m i t t e n t  a larms as the  
b i m e t a l  s t r i p s  desc r ibed  above. 

A d i f f e r e n t  a p p l i c a t i o n  o f  t h e  thermal  expansion p r o p e r t i e s  o f  meta ls  i s  
found i n  t h e  r a t e  compensation d e t e c t o r s ,  which use meta ls  o f  d i f f e r e n t  thern ia l  
expansion r a t e s  t o  compensate f o r  s low changes i n  tempera ture  w h i l e  respond ing  
w i t h  an a l a r m  f o r  r a p i d  r a t e s  o f  tempera ture  r i s e  and a t  a f i x e d  maximum tem- 
p e r a t u r e  as w e l l .  For a f u r t h e r  d i s c u s s i o n  o f  t h i s  dev ice ,  see t h e  s e c t i o n  on 
Combination De tec to rs .  

A l l  thermal  d e t e c t o r s  u s i n g  b i m e t a l  o r  expanding meta l  e lements have t h e  
d e s i r a b l e  f e a t u r e  o f  au tomat ic  r e s t o r a t i o n  a f t e r  o p e r a t i o n  when t h e  ambient 
tempera ture  drops below t h e  o p e r a t i n g  p o i n t .  

Rate-o f -R ise  De tec to rs  

One e f f e c t  t h a t  a f i r e  has on t h e  sur round ing  env i ronment  i s  t o  genera te  
a r a p i d  i n c r e a s e  i n  a i r  tempera ture  i n  t h e  a rea  above t h e  f i r e .  Whi le  f i x e d - -  
tempera ture  hea t  d e t e c t o r s  must w a i t  u n t i l  t h e  gas tempera ture  near  t h e  c e i l i n g  
reaches o r  exceeds t h e  des ignated  o p e r a t i n g  p o i n t  b e f o r e  sounding an a larm,  
t h e  r a t e - o f - r i s e  d e t e c t o r  w i l l  f u n c t i o n  when t h e  r a t e  o f  tempera ture  change 
exceeds a predetermined va lue,  t y p i c a l l y  around 8.3 " C  ( 1 5  " F )  per  minu te .  
De tec to rs  o f  t h e  r a t e - o f - r i s e  t ype  a r e  des igned t o  compensate e i t h e r  mechan- 
i c a l l y  o r  e l e c t r i c a l l y  f o r  normal changes i n  ambient tempera ture  t h a t  a r e  
expected under n o n f i r e  c o n d i t i o n s .  

The inc reased  p ressu re  o f  gas when heated i n  a c losed  system can be used 
t o  genera te  a mechanical  f o r c e  t h a t  w i l l  opera te  a l a r m  c o n t a c t s  i n  a pneumatic 
f i r e  d e t e c t i o n  dev i ce .  I n  a comple te ly  c losed  system, a c t u a t i o n  w i l l  occur  
s t r i c t l y  f r o m  a s low change i n  ambient temperature,  rega rd less  o f  t h e  r a t e  o f  
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temperature change. l h e  pneumatic d e t e c t o r s  i n  use today p r o v i d e  a smal l  
opening t o  v e n t  t h e  p ressu re  t h a t  b u i l d s  up d u r i n g  s low changes i n  temperature.  
7he vents  a r e  s i z e d  so t h a t  when t h e  temperature changes r a p i d l y ,  such as i n  a 
f i r e  s i t u a t i o n ,  t h e  p ressu re  change exceeds t h e  v e n t i n g  r a t e  and t h e  system i s  
p r e s s u r i z e d .  These systems a r e  g e n e r a l l y  s e n s i t i v e  t o  r a t e s  o f  tempera ture  
r i s e  exceeding 8.3 "C ( 1 5  O F )  p e r  minu te .  The p ressu re  i s  conver ted  t o  mechan- 
i c a l  a c t i o n  by a f l e x i b l e  diaphragm. A genera l i zed  schematic o f  a pneumatic 
heat  d e t e c t i o n  system i s  shown i n  f i g u r e  I .  

Pneumatic h e a t  d e t e c t o r s  a r e  a v a i l a b l e  f o r  b o t h  l i n e  and spot  a p p l i c a -  
t i o n s .  The l i n e  systems c o n s i s t  o f  meta l  t u b i n g  i n  a l o o p  c o n f i g u r a t i o n  
a t tached  t o  t h e  c e i l i n g  o f  t h e  area  t o  be p r o t e c t e d .  € x c e p t  where s p e c i f i c a l l y  
approved, U n d e r w r i t e r s '  L a b o r a t o r i e s  r e q u i r e s  t h a t  l i n e s  o f  t u b i n g  be spaced 
n o t  more than 9.1 m ( 3 0  f t )  a p a r t  and t h a t  no s i n g l e  c i r c u i t  exceed 305 m 
(1000 f t )  i n  l e n g t h .  Zoning can be achieved by s e l e c t e d  s i t i n g  o f  l i n e s  o r  by 
i n s u l a t i n g  those p o r t i o n s  o f  a c i r c u i t  t h a t  pass th rough areas f r o m  which a 
s i g n a l  i s  n o t  d e s i r e d .  

For s p o t  a p p l i c a t i o n s  and i n  smal l  areas where l i n e  systems m igh t  r iot  be 
a b l e  t o  genera te  s u f f i c i e n t  p ressures  t o  a c t u a t e  t h e  a la rm c o n t a c t ( ,  t ieat  c o l  
l e c t i n g  a i r  chambers o r  r o s e l t e s  a r e  o f t e n  used. l h e s e  u n i t s  a c t  l i k e  a spot  
t y p e  d e t e c t o r  by p r o v i d i n g  a l a r g e  volume o f  a i r  t o  be expanded a t  a s i n g l e  
1 o c a t i  on .  

The pneumatic p r i n c i p l e  i s  a l s o  used t o  c l o s e  c o n t a c t s  w i t h i n  s p o t  detec 
t o r s  o f  t h e  combined r a t e - o f -  r i s e / f i x e d -  temperature t y p e .  l h e s e  dev i ces  a r e  
d iscussed i n  t h e  f o l l o w i n g  s e c t i o n .  

Combinat ion D e t e c t o r s  

Severa l  dev ices  a r e  a v a i l a b l e  t h a t  use more than one o p e r a t i n g  mechanirm 
and w i l l  respond t o  m u l t i p l e  f i r e  s i g n a l s  w i t h  a s i n g l e  u n i t .  l h e  combina t ion  
d e t e c t o r s  may be des igned t o  a l a r m  e i t h e r  f r o m  any one o f  s e v e r a l  f i r e  s i g n a l s  
o r  o n l y  when a l l  t h e  s i g n a l s  a r e  p resen t  a t  p redetermined l e v e l s .  

Severa l  h e a t  d e t e c t i o n  dev ices  a r e  a v a i l a b l e  t h a t  ope ra te  on b o t h  the  
r a t e - o f - r i s e  and f i x e d - t e m p e r a t u r e  p r i n c i p l e s .  The advantage o f  u n i t s  such as 
these i s  t h a t  t h e  r a t e - o f - r i s e  elements w i l l  respond q u i c k l y  t o  r a p i d l y  d e v e l -  
o p i n g  f i r e s ,  w h i l e  t h e  f i x e d - t e m p e r a t u r e  elements w i l l  respond t o  s l o w l y  
deve lop ing  smolder ing  f i r e s  when t h e  des ign  a l a r m  temperature i s  reached. 7he 
most common t y p e  uses a vented hemispher i ca l  a i r  chamber and a f l e x i b l e  d i a -  
phragm f o r  t h e  r a t e - o f - r i s e  f u n c t i o n .  The f i x e d - t e m p e r a t u r e  element may be 
e i t h e r  a b i m e t a l  s t r i p  ( f i g .  5 )  o r  a l e a f  s p r i n g  r e s t r a i n e d  by a e u t e c t i c  meta l  
( f i g .  6 ) .  When t h e  des igned o p e r a t i n g  temperature i s  reached, e i t h e r  t h e  
b i m e t a l  s t r i p  f l e x e s  t o  t h e  c o n t a c t  p o i n t  o r  t h e  e u t e c t i c  meta l  fuses ,  r e l e a s -  
i n g  t h e  s p r i n g  which c l o s e s  t h e  c o n t a c t s .  

A second d e v i c e  t h a t  can be c l a s s i f i e d  as combina t ion  r a t e - o f - r i s e / f i x e d -  
temperature i s  t h e  ra te -compensat ion  d e t e c t o r .  l h i s  d e t e c t o r  uses a m e t a l  
c y l i n d e r  c o n t a i n i n g  two m e t a l  s t r u t s .  l h e s e  s t r u t s  a c t  as the  a l a r m  c o n t a c t s  
and a r e  under compression i n  a n o r m a l l y  open p o s i t i o n  ( f i g .  - 1 ) .  l h e  o u t e r  
s h e l l  i s  made o f  a m a t e r i a l  w i t h  a h i g h  c o e f f i c i e n t  o f  thermal  expansion, 
u s u a l l y  aluminum, w h i l e  t h e  s t r u t s ,  u s u a l l y  copper,  have a lower  expansion 
c o e f f i c i e n t .  When exposed t o  a r a p i d  change i n  temperature,  t h e  s h e l l  expands 
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r a p i d l y ,  r e l i e v i n g  t h e  f o r c e  on t h e  s t r u t s  and a l l o w i n g  them t o  c lose .  Under 
s l o w l y  i n c r e a s i n g  temperature c o n d i t i o n s  bo th  t h e  s h e l l  and s t r u t s  expand. 
l h e  c o n t a c t s  remain open u n t i l  t h e  c y l i n d e r ,  which expands a t  a g r e a t e r  r a t e ,  
has e longated  s u f f i c i e n t l y  t o  a l l o w  them t o  c l o s e .  Th is  c l o s u r e  occurs a t  t h e  
f i x e d - t e m p e r a t u r e  r a t i n g  o f  t h e  dev i ce .  

1 he rnioe 1 ec t r i c De t ec t o r s  

Var ious t h e r m o e l e c t r i c  p r o p e r t i e s  o f  meta ls  have been s u c c e s s f u l l y  a p p l i e d  
i n  dev ices  f o r  heat  d e t e c t i o n .  Opera t ion  i s  based e i t h e r  on t h e  g e n e r a t i o n  o f  
a v o l t a g e  between b i m e t a l l i c  j u n c t i o n s  ( thermocouples)  a t  d i f f e r e n t  tempera- 
t u r e s  o r  v a r i a t i o n s  i n  r a t e s  o f  r e s i s t i v i t y  change w i t h  temperature.  

These s p o t - t y p e  dev ices ,  which opera te  i n  t h e  v o l t a g e - g e n e r a t i n g  mode, 
use two se ts  o f  thermocouples. One s e t  i s  exposed t o  changes i n  t h e  atmos- 
p h e r i c  tempera ture  and the  o t h e r  i s  n o t .  Dur ing  p e r i o d s  o f  r a p i d  temperature 
change assoc ia ted  w i t h  a f i r e ,  t h e  temperature o f  t h e  exposed s e t  inc reases  
f a s t e r  than t h e  unexposed s e t  and a n e t  p o t e n t i a l  i s  generated.  l h e  v o l t a g e  
i n c r e a s e  assoc ia ted  w i t h  t h i s  p o t e n t i a l  i s  used t o  ope ra te  t h e  a la rm c i r c u i t .  

SMOKE D E l ' t C 1  I O N  

Smoke d e t e c t o r s  a r e  more c o s t l y  than heat  d e t e c t o r s  b u t  p r o v i d e  cons ide r -  
a b l y  f a s t e r  d e t e c t i o n  t imes arid subsequent ly  h i g h e r  f a l s e  a la rm r a t e s  due t o  
t h e i r  i nc reased  s e n s i t i v i t y .  Whi le  smoke d e t e c t o r s  a r e  ve ry  e f f e c t i v e  f o r  
l i f e  s a f e t y  a p p l i c a t i o n s ,  they  a r e  a l s o  more d i f f i c u l t  t o  l o c a t e  p r o p e r l y ,  
s i n c e  a i r  c u r r e n t s ,  which m igh t  a f f e c t  t h e  d i r e c t i o n  o f  smoke f l o w ,  must be 
taken i n t o  c o n s i d e r a t i o n .  

Smoke d e t e c t o r s  a r e  c l a s s i f i e d  acco rd ing  t o  t h e i r  o p e r a t i n g  p r i n c i p l e  and 
a r e  of two main types :  i o n i z a t i o n  and p h o t o e l e c t r i c .  Smoke d e t e c t o r s  ope ra t -  
i n g  on t h e  p h o t o e l e c t r i c  p r i n c i p l e  g i v e  somewhat f a s t e r  response t o  t he  
p roduc ts  generated by f i r e s  o f  low energy ( smo lde r ing )  as these f i r e s  g e n e r a l l y  
produce l a r g e  q u a n t i t i e s  o f  v i s i b l e  ( l a r g e r  p a r t i c l e )  smoke. Smoke d e t e c t o r s  
u s i n g  t h e  i o n i z a t i o n  p r i n c i p l e  p r o v i d e  somewhat f a s t e r  response t o  f i r e s  o f  
h i g h  energy (open f l a m i n g )  as these f i r e s  produce t h e  s m a l l e r  smoke p a r t i c l e s  
t h a t  a r e  more e a s i l y  de tec ted  by t h i s  t ype  o f  d e t e c t o r .  

Smoke d e t e c t o r s  should be used t o  p r o t e c t  areas o f  h i g h  va lue  and areas 
where l i f e  s a f e t y  and f a s t  response t imes a r e  d e s i r e d .  Smoke d e t e c t o r s  can 
opera te  w i t h i n  seconds o f  f i r e  i g n i t i o n .  

Smoke d e t e c t o r s  a r e  a l s o  i n s t a l l e d  i n  r e t u r n  a i r  duc ts  o f  v e n t i l a t i n g  
( H V A C )  systems i n  l a r g e  b u i l d i n g s  t o  p reven t  r e c i r c u l a t i o n  o f  smoke th rough 
t h e  H V A C  system f rom a f i r e  w i t h i n  t h e  b u i l d i n g .  Upon d e t e c t i o n ,  t h e  a s s o c i -  
a ted  c o n t r o l  system i s  des igned t o  a u t o m a t i c a l l y  shu t  down t h e  c i r c u l a t i n g  
b lowers  o r  t o  change them over  t o  a smoke exhaust  mode. Smoke-act ivated 
dev ices  a r e  a l s o  used t o  a u t o m a t i c a l l y  c l o s e  smoke doors i n  l a r g e  b u i l d i n g s  i n  
o r d e r  t o  l i m i t  t h e  spread o f  smoke i n  case o f  f i r e .  Th i s  may be done w i t h  
separa te  c o r r i d o r - c e i l i n g  mounted smoke d e t e c t o r s  connected t o  
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e l e c t r i c a l l y - o p e r a t e d  ho ld -open  dev ices on t h e  doors o r  smoke d e t e c t o r s  t h a t  
a r e  b u i l t  i n t o  t h e  door c l o s u r e  u n i t s  themselves. 

I o n i z a t i o n  De tec to rs  

I o n i z a t i o n  chambers have been used f o r  many years as l a b o r a t o r y  i n s t r u -  
ments f o r  d e t e c t i n g  m ic roscop ic  p a r t i c l e s .  I n  1939 E r n s t  M e i l i ,  a S w i s s  phys- 
i c i s t ,  developed an i o n i z a t i o n  chamber dev i ce  f o r  t h e  d e t e c t i o n  o f  combus t ib le  
gases i n  mines ( r e f .  1 1 ) .  The major  breakthrough i n  t h e  f i e l d  r e s u l t e d  f r o m  
M e i l i ' s  i n v e n t i o n  o f  a s p e c i a l  co ld-cathode tube, which would a m p l i f y  t h e  sma l l  
s i g n a l  produced by t h e  h i g h  impedance d e t e c t i o n  c i r c u i t  s u f f i c i e n t l y  t o  t r i g g e r  
an a l a r m  c i r c u i t .  T h i s  reduced t h e  e l e c t r o n i c s  r e q u i r e d  and r e s u l t e d  i n  a 
p r a c t i c a l  d e t e c t o r .  I n  most models today, t h e  co ld -ca thode  tube has been 
rep laced  w i t h  s o l i d  s t a t e  c i r c u i t r y ,  which f u r t h e r  reduces t h e  s i z e  and c o s t .  

The b a s i c  d e t e c t i o n  mechanism o f  an i o n i z a t i o n  d e t e c t o r  c o n s i s t s  o f  an 
a lpha  o r  b e t a  r a d i a t i o n  source i n  a chamber c o n t a i n i n g  p o s i t i v e  and n e g a t i v e  
e l e c t r o d e s .  Alpha r a d i a t i o n  sources a r e  commonly americ ium-241 o r  radium-226, 
and t h e  s t r e n g t h  o f  t h e  sources g e n e r a l l y  range f rom 2000 t o  3 000 000 d i s -  
i n t e g r a t i o n s  pe r  second (0 .05  t o  80 p C i ) .  The a lpha  r a d i a t i o n  i n  t h e  chamber 
i o n i z e s  t h e  oxygen and n i t r o g e n  molecules i n  t h e  a i r  between t h e  e l e c t r o d e s  
caus ing  a sma l l  c u r r e n t  ( o f  t h e  o r d e r  o f  10-11 A )  t o  f l o w  when v o l t a g e  i s  
a p p l i e d  ( f l g .  8 ) .  

When a smoke a e r o s o l  e n t e r s  t h e  chamber, i t  reduces t h e  m o b i l i t y  o f  t h e  
i o n s ,  and t h e r e f o r e  t h e  c u r r e n t  f l o w  between t h e  e l e c t r o d e s  ( f i g .  9 ) .  The 
r e s u l t i n g  change i n  t h e  c u r r e n t  i n  the  e l e c t r o n i c  c i r c u i t  i s  used t o  t r i g g e r  
an a l a r m  a t  a predetermined l e v e l  o f  smoke i n  t h e  chamber. The i o n i z a t i o n  
chamber d e t e c t o r  r e a c t s  t o  b o t h  v i s i b l e  and i n v i s i b l e  components o f  t h e  p rod -  
u c t s  o f  combust ion.  I t  responds b e s t  t o  p a r t i c l e  s i z e s  between 0.01 and 
1 . 0  pm. 

Depending on t h e  placement o f  t h e  a lpha  source, two types o f  chambers, 
u n i p o l a r  o r  b i p o l a r ,  may be produced. A u n i p o l a r  chamber i s  c r e a t e d  by u s i n g  
a t i g h t l y  c o l l i m a t e d  a lpha  source p laced  c l o s e  t o  t h e  n e g a t i v e  e l e c t r o d e ,  thus 
i o n i z i n g  o n l y  a sma l l  p a r t  o f  t h e  chamber space ( f i g .  1 0 ) .  W i th  t h i s  c o n f i g .  
u r a t i o n ,  most o f  t h e  p o s i t i v e  i o n s  a r e  c o l l e c t e d  on t h e  cathode, l e a v i n g  a 
predominance o f  n e g a t i v e  i o n s  f l o w i n g  through t h e  chamber t o  t h e  anode. The 
b i p o l a r  chamber has t h e  a lpha  source c e n t r a l l y  l o c a t e d  so t h a t  t h e  e n t i r e  
chamber space i s  s u b j e c t  t o  i o n i z a t i o n  ( f i g .  1 1 ) .  The u n i p o l a r  chamber i s  
t h e o r e t i c a l l y  a u n i p o l a r  and b i p o l a r  chamber i n  s e r i e s  ( f i g s .  10 and 1 2 ) .  
l h a t  i s ,  t h e r e  i s  a p u r e l y  u n i p o l a r  s e c t i o n  and a s e c t i o n  which c o n t a i n s  i o n s  
o f  b o t h  p o l a r i t i e s .  

A comparison o f  t h e  r e l a t i v e  m e r i t s  o f  t h e  two types o f  chamber des ign  
i n d i c a t e s  t h a t  t h e  u n i p o l a r  chamber has approx ima te l y  t h r e e  t imes t h e  s e n s i -  
t i v i t y  o f  t h e  b i p o l a r  c o n f i g u r a t i o n .  The reason f o r  t h e  i nc reased  s e n s i t i v i t y  
i s  b e l i e v e d  t o  be due t o  t h e  f a c t  t h a t  t h e r e  i s  l e s s  l o s s  o f  i o n  c a r r i e r s  by 
recombinat ion,  1.e.  n e u t r a l i z a t i o n  o f  i o n s  of  o p p o s l t e  s igns ,  which occurs i n  
t h e  b i p o l a r  chamber. l h i s  r e s u l t s  i n  a h i g h e r  s i g n a l - t o - n o i s e  r a t i o  and a 
s t r o n g e r  a l a r m  s i g n a l  t o  t h e  a m p l i f i e r  c i r c u i t .  

l h e  a l a r m  s i g n a l  i n  an i o n  chamber d e t e c t o r  i s  generated by a v o l t a g e  
s h i f t  a t  t h e  j u n c t i o n  between a r e f e r e n c e  c i r c u i t  and t h e  measur ing chamber. 

16 



l h e  v o l t a g e  s h i f t  r e s u l t s  f rom a c u r r e n t  decrease i n  the  measur ing chaiiiber 
when p roduc ts  o f  combust ion a r e  p resen t .  l h e  r e f e r e n c e  c i r c u i t  may bc e i t h c r  
e l e c t r o n i c  o r  a second i o n  chamber o n l y  p a r t i a l l y  open t o  the  atniosptiere 
( f i g .  1 3 ) .  These c i r c u i t s  a r e  r e f e r r e d  t o  as s i n g l e  chamber and dua l  chamber, 
r e s p e c t i v e l y .  The dua l  chamber has an advantage i n  t h e  r e d u c t i o n  o f  f a l s e  
alarms due t o  changes i n  ambient c o n d i t i o n s .  l h e  r e f e r e n c e  chamber w i l l  tend 
t o  compensate f o r  s low changes i n  temperature,  p ressure ,  and h u m i d i t y .  

I t  should be no ted  t h a t  some i o n  chamber d e t e c t o r  des igns a r e  s u b j e c t  t o  
changes i n  s e n s i t i v i t y  w i t h  v a r y i n g  v e l o c i t y  o f  a i r  e n t e r i n g  t h e  sampl ing 
chamber. De tec to rs  w i t h  u n i p o l a r  chamber des igns move s l i g h t l y  away f rom a la rm 
as v e l o c i t y  inc reases  and a r e  t h e  most s t a b l e  over  wide v a r i a t i o n s  i n  a i r f l o w .  
De tec to rs  w i t h  b i p o l a r  chamber des igns move toward a la rm as v e l o c i t y  inc reases ,  
and some may s h i f t  s u f f i c i e n t l y  i n  the  more s e n s i t i v e  d i r e c t i o n  t o  t r i g g e r  a 
f a l s e  a la rm.  Care must be taken t o  choose the  a p p r o p r i a t e  des ign  f o r  t h e  area  
t o  be superv ised.  

l e s t s  have i n d i c a t e d  t h a t  i o n  chamber d e t e c t o r s  a r e  n o t  s u i t a b l e  f o r  use 
i n  a p p l i c a t i o n s  where h i g h  ambient r a d i o a c t i v i t y  l e v e l s  a r e  t o  be expected.  
The e f f e c t  o f  r a d i a t i o n  i s  t o  reduce t h e  s e n s i t i v i t y .  Tests  a l s o  i n d i c a t e  
t h a t  f a l s e  a larms can be t r i g g e r e d  by t h e  presence o f  ozone o r  ammonia. 

l o n  chamber d e t e c t o r s  a r e  a v a i l a b l e  f o r  b o t h  i n d u s t r i a l  and domest ic use. 
Models a r e  produced f o r  b o t h  s i n g l e  s t a t i o n  and system a p p l i c a t i o n s .  Power 
supp ly  requ i rements  va ry  f rom 240 and 120 V ac o r  6 t o  24  V dc f o r  use w i t h  
f i r e  a l a r m  systems t o  b a t t e r y  powered u n i t s  u s i n g  9 t o  13.5 V dc f o r  res iden -  
t i a l  use. 

P h o t o e l e c t r i c  Detec tors  

The presence o f  suspended smoke p a r t i c l e s  generated d u r i n g  t h e  combust ion 
process a f f e c t s  t h e  p ropaga t ion  o f  a l i g h t  beam pass ing  th rough t h e  a i r .  l h i s  
e f f e c t  can be u t i l i z e d  t o  d e t e c t  t h e  presence o f  a f i r e  i n  two ways: 
( 1 )  a t t e n u a t i o n  o f  t h e  l i g h t  i n t e n s i t y  over  t h e  beam p a t h  l e n g t h ,  and 
( 2 )  s c a t t e r i n g  o f  t h e  l i g h t  b o t h  i n  t h e  fo rward  d i r e c t i o n  and a t  v a r i o u s  ang les  
t o  the  beam pa th ,  

The theo ry  o f  l i g h t  a t t e n u a t i o n  by ae roso ls  d i spe rsed  i n  a medium i s  
desc r ibed  by t h e  Lambert--Beer Law. I t  s t a t e s  t h a t  t h e  a t t e n u a t i o n  o f  l i g h t  i s  
an e x p o n e n t i a l  f u n c t i o n  o f  t h e  beam p a t h  l e n g t h  ( l ) ,  t h e  c o n c e n t r a t i o n  o f  
p a r t i c l e s  ( c ) ,  and t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  p a r t i c l e s  ( k ) .  Th i s  
r e l a t i o n s h i p  i s  expressed as f o l l o w s  ( r e f .  1 2 ) :  

- k c l  I = I e  
0 

where I i s  t h e  t r a n s m i t t e d  i n t e n s i t y  a t  l e n g t h  1 and Io i s  t h e  i n i t i a l  
( c l e a r  a i r )  i n t e n s i t y  o f  t h e  l i g h t  source.  

Smoke d e t e c t o r s  t h a t  u t i l i z e  a t t e n u a t i o n  c o n s i s t  o f  a l i g h t  source, a 
l i g h t  beam c o l l i m a t i n g  system, and a p h o t o s e n s i t i v e  c e l l  ( f i g .  1 4 ) .  I n  most 
a p p l i c a t i o n s ,  t h e  l i g h t  source i s  an incandescent  b u l b ,  b u t  l a s e r s  and l i g h t  
e m i t t i n g  d iodes  (LED's)  a r e  a l s o  used i n  newer p h o t o e l e c t r i c  ae roso l  d e t e c t o r s .  
L i g h t  e m i t t i n g  d iodes  a r e  a r e l i a b l e  l o n g  l i f e  source o f  i l l u m i n a t i o n  w i t h  low 
c u r r e n t  requ i rements .  Pulsed L E D ' s  can genera te  s u f f i c i e n t  l i g h t  i n t e n s i t y  
f o r  use i n  d e t e c t i o n  equipment. 

17 



The p h o t o s e n s i t i v e  d e v i c e  may be e i t h e r  a p h o t o v o l t a i c  o r  p h o t o r e s i s t i v e  
c e l l .  The p h o t o v o l t a i c  c e l l s  a r e  u s u a l l y  se len ium o r  s i l i c o n  c e l l s ,  which 
produce a v o l t a g e  when exposed t o  l i g h t .  These have t h e  advantage t h a t  no 
b i a s  v o l t a g e  i s  needed, bu t ,  i n  most cases, t h e  o u t p u t  s i g n a l  i s  low and an 
a m p l i f i c a t i o n  c i r c u i t  i s  r e q u i r e d .  These u n i t s  a la rm when t h e  p h o t o c e l l  o u t p u t  
i s  reduced by a t t e n u a t i o n  o f  t h e  l i g h t  as i t  passes th rough t h e  smoke i n  t h e  
atmosphere between t h e  l i g h t  source and the  p h o t o c e l l .  P h o t o r e s i s t i v e  c e l l s  
change r e s i s t a n c e  as t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  v a r i e s .  Cadmium s u l -  
f i d e  c e l l s  a r e  m o s t  commonly employed. These c e l l s  a r e  o f t e n  used as one l e g  
o f  a Wheatstone b r i d g e ,  and an a la rm i s  t r i g g e r e d  when t h e  v o l t a g e  s h i f t  i n  t h e  
b r i d g e  c i r c u i t  reaches a predetermined l e v e l  r e l a t e d  t o  t h e  l i g h t  a t t e n u a t i o n  
d e s i r e d  f o r  a larm.  

I n  p r a c t i c e ,  most l i g h t  a t t e n t u a t i o n  o r  p r o j e c t e d  beam smoke d e t e c t i o n  
systems a r e  used t o  p r o t e c t  l a r g e  open areas and a r e  i n s t a l l e d  w i t h  t h e  l i g h t  
source a t  one end o f  t h e  area t o  be p r o t e c t e d  and t h e  r e c e i v e r  ( p h o t o c e l l / r e l a y  
assembly) a t  t h e  o t h e r  end. I n  some a p p l i c a t i o n s ,  t h e  e f f e c t i v e  beam p a t h  
l e n g t h  i s  inc reased by t h e  use o f  m i r r o r s .  P r o j e c t e d  beam d e t e c t o r s  a r e  gen- 
e r a l l y  i n s t a l l e d  c l o s e  t o  t h e  c e i l i n g ,  where the  e a r l i e s t  d e t e c t i o n  i s  p o s s i b l e  
and f a l s e  a larms r e s u l t i n g  f rom i n a d v e r t e n t  b reak ing  o f  t h e  beam a r e  min imized.  

A l though most systems employ a l o n g  p a t h  l e n g t h  and s e p a r a t i o n  o f  t h e  
l i g h t  source and t h e  r e c e l v e r ,  t h e r e  a r e  spo t - t ype  d e t e c t o r s  which opera te  by 
l i g h t  a t t e n u a t i o n .  One such u n i t  uses a 0.19-m ( 7 . 8 - i n . )  l i g h t  p a t h  w i t h  a 
sealed r e f e r e n c e  chamber and an open sampl ing chamber, each c o n t a i n i n g  a photo-  
c e l l .  Presence o f  smoke i n  t h e  sampl ing chamber r e s u l t s  i n  a v o l t a g e  r e d u c t i o n  
f rom i t s  se len ium p h o t o c e l l ,  which i s  measured by a b r i d g e  c i r c u i t  c o n t a i n i n g  
t h e  p h o t o c e l l  f r om t h e  r e f e r e n c e  chamber ( f i g .  1 5 ) .  

' Ihere a r e  seve ra l  problems assoc ia ted  w i t h  p r o j e c t e d  beam d e t e c t i o n .  
S ince  these dev ices  a r e  e s s e n t i a l l y  l i n e  d e t e c t o r s ,  smoke must t r a v e l  f r o m  t h e  
p o i n t  o f  g e n e r a t i o n  i n t o  t h e  p a t h  o f  t h e  l i g h t  beam. Th is  may take  t i m e  and 
a l l o w  t h e  f i r e  t o  deve lop  headway b e f o r e  t h e  a la rm i s  sounded. I n  a d d i t i o n ,  
f o r  l a r g e  p r o t e c t e d  areas where l o n g  beam p a t h  l e n g t h s  a r e  necessary, cons id -  
e r a b l e  smoke must be generated i n  any smal l  segment o f  t h e  beam i n  o rde r  f o r  
s u f f i c i e n t  a t t e n u a t i o n  t o  be achieved.  Two common ways o f  i n c r e a s i n g  t h e  sen- 
s i t i v i t y  o f  t h e  system a r e  by t h e  use o f  m u l t i p l e  beams o r  r e f l e c t i n g  m i r r o r s  
t h a t  would pass t h e  beam th rough  t h e  smoke more than once. F i n a l l y ,  con t inuous  
exposure t o  l i g h t  can damage o r  a c c e l e r a t e  t h e  ag ing  o f  p h o t o c e l l s ,  r e s u l t i n g  
i n  inc reased maintenance and p o s s i b l e  system f a i l u r e .  

S c a t t e r i n g  r e s u l t s  when l i g h t  s t r i k e s  ae roso l  p a r t i c l e s  i n  suspension.  
Sca t te red  l i g h t  reaches i t s  maximum i n t e n s i t y  a t  an ang le  o f  about  27"  f rom 
t h e  p a t h  o f  t h e  beam i n  b o t h  t h e  fo rward  and backward d l r e c t i o n s  and t h e  
s c a t t e r e d  l i g h t  i n t e n s i t y  i s  a t  a minimum i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  the  
beam path .  The i n t e n s i t y  o f  s c a t t e r e d  l i g h t  i s  a l s o  r e l a t e d  t o  p a r t i c l e  s i z e  
and t h e  wavelength o f  t h e  i n c i d e n t  l i g h t .  Th i s  i n t e n s i t y ,  as desc r ibed  by 
R a y l e l g h ' s  theo ry  f o r  p a r t i c l e s  w i t h  d iameters  l e s s  than 0.1 t i m e s  t h e  wave- 
l e n g t h  o f  t h e  i n c i d e n t  l i g h t ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square o f  t he  
p a r t i c l e  volume and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f o u r t h  power o f  t h e  wave- 
l e n g t h .  The theo ry  o f  s c a t t e r i n g  f o r  l a r g e r  p a r t i c l e s ,  f rom 0.1 t o  4 t imes 
the  wavelength o f  t h e  i n c i d e n t  l i g h t ,  has been d e f i n e d  by Mie. These t h e o r i e s  
o f  l i g h t  s c a t t e r i n g  a r e  v a l i d  o n l y  f o r  i s o t r o p i c  s p h e r i c a l  p a r t i c l e s  and a r e  
ve ry  complex. However, smoke p a r t i c l e s  f rom a f i r e  c o n s i s t  o f  a nonhomogeneous 
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m i x t u r e  o f  p a r t i c l e s ,  wh ich  a r e  o f t e n  n e i t h e r  s p h e r i c a l  no r  i s o t r o p i c ,  and 
s c a t t e r i n g  i n t e n s i t i e s  must be determined e m p i r i c a l l y  f o r  each ae roso l  m i x t u r e .  

I Smoke d e t e c t o r s  u t i l i z i n g  t h e  s c a t t e r i n g  p r i n c i p l e  ope ra te  on t h e  fo rward  
s c a t t e r i n g  o f  l i g h t  which occurs when smoke p a r t i c l e s  e n t e r  a chamber o r  l a b y -  
r i n t h .  The presence o f  smoke w i l l  i n c r e a s e  t h e  fo rward  s c a t t e r i n g  o f  l i g h t  
f rom 10 t o  1 2  t i m e s ,  b u t  t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  w i l l  decrease as 

p h o t o c e l l s  used i n  these d e t e c t o r s  may be e i t h e r  p h o t o v o l t a i c ,  o r  p h o t o r e s i s -  
t i v e .  T y p i c a l  component c o n f i g u r a t i o n s  a r e  shown i n  f i g u r e  16. These u n i t s  
a r e  o f  t he  spot  type  and may be used as s i n g l e  s t a t i o n  dev ices  w i t h  s e l f -  
con ta ined  power supp ly  and a l a r m  o r  as p a r t  o f  an i n t e g r a t e d  system w i t h  remote 
power supp ly ,  a larm,  and z o n e - i n d i c a t i n g  hardware. 

I 

I t h e  ang le  between t h e  beam p a t h  and t h e  p h o t o c e l l  i nc reases  beyond 27" .  'The 

FLAME DETECT I ON 

Flame d e t e c t o r s  o p t i c a l l y  sense e i t h e r  t h e  u l t r a v i o l e t  ( U V )  o r  i n f r a r e d  
( I R )  r a d i a t i o n  g i v e n  o f f  by f lames o r  g low ing  embers. Flame d e t e c t o r s  have 
t h e  h i g h e s t  f a l s e  a la rm r a t e  and the  f a s t e s t  d e t e c t i o n  t imes o f  any t ype  o f  
f i r e  d e t e c t o r .  D e t e c t i o n  t imes f o r  f lame d e t e c t o r s  a r e  g e n e r a l l y  measured i n  
m i l l i s e c o n d s  f rom f i r e  i g n i t i o n .  

Flame d e t e c t o r s  a r e  g e n e r a l l y  o n l y  used ' i n  h i g h  hazard areas such as f u e l  
l o a d i n g  p l a t f o r m s ,  i n d u s t r i a l  process areas,  hyperba r i c  chambers, h i g h  c e i l i n g  
areas ,  and any o t h e r  areas w i t h  atmospheres i n  which exp los ions  o r  ve ry  r a p i d  
f i r e s  may occur .  Flame d e t e c t o r s  a r e  " l i n e  o f  s i g h t "  dev ices  as they  must be 
a b l e  t o  "see"  t h e  f i r e ,  and they  a r e  s u b j e c t  t o  be ing  b locked by o b j e c t s  p laced 
i n  f r o n t  o f  them. However, t h e  i n f r a r e d  t ype  o f  f lame d e t e c t o r  has some capa- 
b i l i t y  f o r  d e t e c t i n g  r a d i a t i o n  r e f l e c t e d  f rom w a l l s .  I n  genera l ,  t h e  use of 
f lame d e t e c t o r s  i s  r e s t r i c t e d  t o  "No Smoking" areas o r  anywhere where h i g h l y  
f lammable m a t e r i a l s  a r e  s t o r e d  o r  used. 

Infrared Detec tors  

I n f r a r e d  d e t e c t o r s  b a s i c a l l y  c o n s i s t  o f  a f i l t e r  and lens  system t o  screen 
o u t  unwanted wavelengths and focus  t h e  incoming energy on a p h o t o v o l t a i c  o r  
p h o t o r e s i s t i v e  c e l l  s e n s i t i v e  t o  t h e  i n f r a r e d .  I n f r a r e d  r a d i a t i o n  can be 
de tec ted  by any one o f  seve ra l  p h o t o c e l l s  such as s i l i c o n ,  l e a d  s u l f i d e ,  
i nd ium a rsen ide ,  and l e a d  se len ide .  The most commonly used a r e  s i l i c o n  and 
l e a d  s u l f i d e .  These d e t e c t o r s  can respond t o  e i t h e r  t h e  t o t a l  I R  component of 
t h e  f lame a l o n e  o r  i n  combina t ion  w i t h  f lame f l i c k e r  i n  t h e  f requency  range o f  
5 t o  30 H z .  

I n t e r f e r e n c e  f rom s o l a r  r a d i a t i o n  i n  t h e  i n f r a r e d  r e g i o n  can be a major  
problem i n  t h e  use of i n f r a r e d  d e t e c t o r s  r e c e i v i n g  t o t a l  I R  r a d i a t i o n  s i n c e  
t h e  s o l a r  background i n t e n s i t y  can be cons ide rab ly  l a r g e r  than  t h a t  o f  a f lame 
s i g n a l  f rom a smal l  f i r e .  Th i s  problem can be p a r t i a l l y  r e s o l v e d  by choosing 
f i l t e r s  which exc lude a l l  I R  except  i n  t h e  2.5 t o  2.8 pm and/or 4.2 t o  4 . 5  pm 
ranges. These rep resen t  a b s o r p t i o n  peaks f o r  s o l a r  r a d i a t i o n  due t o  t h e  p res -  
ence o f  C02 and water  i n  t h e  atmosphere. 
t o  be used i n  l o c a t i o n s  s h i e l d e d  f rom t h e  sun, such as i n  v a u l t s ,  t h i s  

I n  cases where t h e  d e t e c t o r s  a r e  
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l h e  combina t ion  o f  UV IH sens ing  has been appl ' led t o  a p p l i c a t i o n s  i n  a i r -  
c r a f t  and hyperba r i c  chamber f i r e  p r o t e c t i o n .  l h e s e  complex dev ices  a l a r m  
when t h e r e  i s  a predetermined d e v i a t i o n  f r o m  the  p r e s c r i b e d  ambient UV 1K d i s  
c r i m i n a t i o n  l e v e l  i n  c o n j u n c t i o n  w i t h  a s i g n a l  f rom a cont inuous  w i r e  overhvdt  
d e t e c t o r ,  the  a n a l y s i s  b e i n g  per formed by an onboard min icomputer .  

SUBMICHOML I t R  P A R I  1CI-E COUNl LNC [IF. I t C 1  O H S  

f i l t e r i n g  i s  n o t  necessary.  Another approach t o  t h e  s o l a r  i n t e r f e r e n c e  prob-  
lem i s  t o  employ two d e t e c t i o n  c i r c u i t s .  One c i r c u i t  i s  s e n s i t i v e  t o  s o l a r  
r a d i a t i o n  i n  t h e  0.6 t o  1 . 0  pm range and i s  used t o  i n d i c a t e  t h e  presence o f  
s u n l i g h t .  l h e  second c i r c u i t  i s  f i l t e r e d  t o  respond t o  wavelengths between 
2 and 5 pm. A s i g n a l  f r o m  t h e  s o l a r  sensor c i r c u i t  can be used t o  b l o c k  t h e  
o u t p u t  f rom t h e  f i r e  sens ing  c e l l ,  g i v i n g  the  d e t e c t i o n  u n i t  t h e  a b i l i t y  t o  
d i s c r i m i n a t e  a g a i n s t  f a l s e  a larms f rom s o l a r  sources. l h i s  i s  o f t e n  r e f e r r e d  
t o  as a " two c o l o r "  system. For  most a p p l i c a t i o n s ,  f lame f l i c k e r  sensor c i r -  
c u i t s  a r e  p r e f e r r e d  s i n c e  t h e  f l i c k e r  o r  modu la t i on  c h a r a c t e r i s t i c  o f  f l a m i n g  
combust ion i s  n o t  a component o f  e i t h e r  s o l a r  o r  man-made i n t e r f e r e n c e  sources.  
l h i s  r e s u l t s  i n  an improved s i g n a l  t o  n o i s e  r a t i o .  l h e s e  d e t e c t o r s  use 
f requency s e n s i t i v e  a m p l i f i e r s  whose i n p u t s  a r e  tuned t o  respond t o  an a l t e r -  
n a t i n g  c u r r e n t  s i g n a l  i n  t h e  I l a m e  f l i c k e r  range ( 5  t o  30 H z ) .  

Flame d e t e c t o r s  a r e  des igned f o r  volume s u p e r v i s i o n  and may use e i t h e r  a 
f l x e d  o r  scanning mode. l h e  f i x e d  u n i t s  c o n t i n u o u s l y  observe a c o n i c a l  volume 
l i m i t e d  by t h e  v iew ing  a n g l e  o f  t h e  lens system and t h e  a la rm t h r e s h o l d .  l h e  
v i e w i n g  angles range f rom 1 5  t o  110"  f o r  t y p i c a l  commercial u n i t s .  One scan- 
n i n g  d e v i c e  has a 120-m ( 4 0 0  f t )  range arid uses a m i r r o r  r o t a t i n g  a t  6 rpm 
th rough 360" h o r i z o n t a l l y  w i t h  a 100" v iewir iq  a n g l e .  l h e  m i r r o r  s tops  when a 
s i g n a l  i s  r e c e i v e d .  l o  screen o u t  t r a n s i e n t s ,  t h e  u n i t  a larms o n l y  i f  t h e  
s i g n a l  p e r s i s t s  f o r  1 5  sec.  

l h e r e  a r e  a l s o  d e t e c t o r s  o f  t h i s  type  designed t o  respond t o  pass ing  
sparks o r  f lame f r o n t s  i n  p i p i n g  such as i n  t e x t i l e  m i l l s .  l h e  d e t e c t o r  looks  
f o r  g low ing  l i n t  f i b e r s  i n  a i r  d u c t i n g ,  which m i g h t  cause f i r e s  i n  t h e  down 
st ream f i l t e r s .  The d e t e c t o r  t u r n s  on a water  spray,  which e x t i n g u i s h e s  the 
g low ing  f i b e r  b e f o r e  i t  reaches t h e  f i l t e r .  O f  course,  these d e t e c t o r s  would 
n o t  c o n t a i n  t h e  f l i c k e r  c i r c u i t .  

U l t r a v i o l e t  Ue tec to rs  

l h e  u l t r a v i o l e t  component o f  { lame r a d i a t i o n  i s  a l s o  used f o r  f i r e  de tec  
t i o n .  The sens ing  element may be a s o l i d  s t a t e  dev i ce  such a s i l i c o n  c a r b i d e  
o r  aluminum n i t r i d e ,  o r  a g a s - f i l l e d  tube i r r  which the  gas i s  i o n i z e d  by UV 
r a d i a t i o n  and becomes conduct ive ,  thus sounding t h e  a la rm.  l h e  o p e r a t i n g  
wavelength range o f  UV d e t e c t o r s  i s  i n  t h e  0 . 1 7  t o  0 .30  pm r e g i o n  and i n  t h a t  
r e g i o n  they a r e  e s s e n t i a l l y  i n s e n s i t i v e  t o  b o t h  s u n l i g h t  and a r t i f i c i a l  l i g h t .  
l h e  UV d e t e c t o r s  a r e  a l s o  volume d e t e c t o r s  and have v i e w i n g  ang les  f r o m  90" o r  
l e s s  t o  180" .  

Dur ing  t h e  e a r l i e s t  stages o f  thermal  decomposi t ion,  i n  t h e  p y r o l y s i s  o r  
precombust ion s tage,  l a r g e  numbers o f  submicrometer s i z e  p a r t i c l e s  a r e  p r o -  
duced. I h e s e  p a r t i c l e s  f a l l  l a r g e l y  i n  t h e  s i z e  range between 0.005 and 
0.02 pm. A l though ambient c o n d i t i o n s  no rma l l y  f i n d  such p a r t i c l e s  i n  
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concen t ra t i ons  f rom seve ra l  thousand pe r  cub ic  cen t ime te r  i n  a r u r a l  area t o  
seve ra l  hundred thousand per  cub ic  cen t ime te r  i n  an i n d u s t r i a l  area, t h e  p res -  
ence o f  an i n c i p i e n t  f i r e  can r a i s e  the  submicrometer p a r t i c l e  c o n c e n t r a t i o n  
s u f f i c i e n t l y  above t h e  background l e v e l s  t o  be used as a f i r e  s i g n a l .  

Condensat ion n u c l e i  a r e  l i q u i d  o r  s o l i d  submicrometer (0.001 t o  0.1 pm) 
p a r t i c l e s  which can a c t  as t h e  nuc leus f o r  t he  f o r m a t i o n  o f  a water  d r o p l e t .  
By  use o f  an a p p r o p r i a t e  techn ique,  submicrometer p a r t i c l e s  can be made t o  a c t  
as condensat ion n u c l e i  on a one p a r t i c l e - o n e  d r o p l e t  bas is ,  and the  concent ra -  
t i o n  o f  p a r t i c l e s  i s  measured by p h o t o e l e c t r i c  methods. A mechanism f o r  pe r -  
f o rm ing  t h i s  f u n c t i o n  i s  shown schemat i ca l l y  i n  f i g u r e  17. An a i r  sample 
c o n t a i n i n g  submicrometer p a r t i c l e s  i s  drawn th rough a h u m i d i f i e r  where i t  i s  
b rought  t o  100 pe rcen t  r e l a t i v e  h u m i d i t y .  The sample then passes t o  an expan- 
s i o n  chamber where t h e  p ressu re  i s  reduced w i t h  a vacuum pump. Th is  causes 
condensat ion o f  water  on t h e  p a r t i c l e s .  The d r o p l e t s  q u i c k l y  reach a s i z e  
where they  can s c a t t e r  l i g h t .  l h e  dark  f i e l d  o p t i c a l  system i n  t h e  chamber 
w i l l  a l l o w  l i g h t  t o  reach t h e  p h o t o m u l t i p l i e r  tube o n l y  when t h e  water  d r o p l e t s  
a r e  p r e s e n t  t o  s c a t t e r  l i g h t .  The o u t p u t  v o l t a g e  f rom t h e  p h o t o m u l t i p l i e r  
t ube  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number o f  d r o p l e t s  ( i . e . ,  t h e  number o f  
condensat ion  n u c l e i )  p resen t .  

The system uses a mechanical  v a l v e  and s w i t c h i n g  arrangement t o  a l l o w  
sampl ing f rom up t o  4 d e t e c t i o n  zones w i t h  as many as 10  sampl ing heads per  
zone. Each zone i s  sampled once pe r  second f o r  1 5  sec. A l l  f o u r  zones a r e  
sampled each minute .  The system i s  n o m i n a l l y  s e t  t o  a l a r m  a t  concen t ra t i ons  
exceeding 8x10 l1  p a r t i c l e s  per  cub ic  meter ,  a l t hough  i t  i s  p o s s i b l e  t o  s e l e c t  
d i f f e r e n t  t h resho lds  f o r  each zone depending on t h e  background n o i s e  and t h e  
s e n s i t i v i t y  r e q u i r e d .  I t  i s  a l s o  p o s s i b l e  t o  have t h e  s e n s i t i v i t y  va ry  f o r  
c o n d i t i o n s  d i f f e r i n g  w i t h  t ime  o f  day. The system des ign  i s  such t h a t ,  w i t h  
the  maximum sample t r a v e l  d i s t a n c e  f rom t h e  most remote sampl ing head, f i r e  
w i l l  be de tec ted  w i t h i n  2 min o f  t h e  t i m e  t h e  p roduc ts  o f  combust ion f i r s t  
reach a sampl ing head. 

SLLEClION OF DETCLCTORS 

When l a y i n g  o u t  a f i r e  d e t e c t i o n  system, t h e  des ign  eng ineer  must keep i n  
mind t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  d e t e c t o r  t y p e  as they  
r e l a t e  t o  the  area  p r o t e c t e d .  Such f a c t o r s  as t ype  and q u a n t i t y  o f  f u e l ,  pos- 
s i b l e  i g n i t i o n  sources, ranges o f  ambient c o n d i t i o n s ,  and va lue  o f  t h e  p r o t e c -  
t ed  p r o p e r t y  a r e  c r i t i c a l  i n  t h e  p roper  des ign  o f  t h e  system. I n t e l l i g e n t  
a p p l i c a t i o n  o f  d e t e c t i o n  dev ices  u s i n g  such f a c t o r s  w i l l  r e s u l t  i n  t h e  maximi-  
z a t i o n  o f  system performance. Tab le  I i s  a summary o f  f i r e  d e t e c t o r  a p p l i c a -  
t i o n  c r i t e r i a  as they  a r e  d iscussed i n  t h i s  s e c t i o n .  

Heat d e t e c t o r s  have t h e  lowest  c o s t  and f a l s e  a l a r m  r a t e  b u t  a r e  t h e  s low- 
e s t  i n  response. S ince  hea t  tends t o  d i s s i p a t e  f a i r l y  r a p i d l y  ( f o r  smal l  
f i r e s ) ,  hea t  d e t e c t o r s  a r e  b e s t  a p p l i e d  i n  c o n f i n e d  spaces, o r  d i r e c t l y  over  
hazards where f l a m i n g  f i r e s  c o u l d  be expected. Heat d e t e c t o r s  a r e  g e n e r a l l y  
i n s t a l l e d  on a g r i d  p a t t e r n  a t  e i t h e r  t h e i r  recommended spac ing  schedule o r  a t  
reduced spac ing  where beams o r  j o i s t s  may impede t h e  spread o f  t h e  h o t  gas 
l a y e r ,  f o r  f a s t e r  response. The o p e r a t i n g  tempera ture  o f  a hea t  d e t e c t o r  i s  
u s u a l l y  s e l e c t e d  a t  l e a s t  14 "C ( 2 5  O F )  above t h e  maximum expected ambient 
tempera ture  i n  t h e  a rea  p r o t e c t e d .  Pneumatic hea t  d e t e c t i o n  systems have a 
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t l ~ ~ v i c e  known a s  a "b lower  h e a t e r  compensator," which i s  used t o  p reven t  f a l s e  
alarms due t o  t h e  sharp i n i t i a l  heat  f rom c e i l i n g - m o u n t e d  u n i t  h e a t e r s .  

Smoke d e t e c t o r s  a r e  h i g h e r  i n  c o s t  than h e a t  d e t e c t o r s  b u t  a r e  f a s t e r  i n  
responding t o  f i r e s .  Due t o  t h e  g r e a t e r  s e n s i t i v i t y  o f  these d e t e c t o r s ,  f a l s e  
alarri is can be more f r e q u e n t ,  e s p e c i a l l y  i f  t h e  d e t e c t o r s  a r e  n o t  p r o p e r l y  
l o c a t e d .  Smoke d e t e c t o r s  do n o t  have a s p e c i f i c  space r a t i n g  except  f o r  a 9-rn 
( 3 0  f t )  niaximum g u i d e  d e r i v e d  f rom t h e  UL f u l l - s c a l e  approva l  t e s t s  wh ich  they  
must pass. G r i d  t y p e  i n s t a l l a t i o n  l a y o u t s  a r e  u s u a l l y  n o t  used, s i n c e  smoke 
l r a v e l  i s  g r e a t l y  a f f e c t e d  by a i r  c u r r e n t s  i n  t h e  p r o t e c t e d  area .  l h u s ,  smoke 
d e l e c t o r s  a r e  u s u a l l y  p l a c e d  by e n g i n e c r i n g  judgment based on p r e v a i l i n g  con- 
d i  t i o n s .  

S ince  smoke does r iot  d i s s i p a t e  as r a p i d l y  as h e a t ,  smoke d e t e c t o r s  a r e  
b o l t e r  s u i t e d  t o  t h e  p r o t e c t i o n  o f  l a r g e ,  open spacer than heat  d e t e c t o r s .  
5mokc d e t e c t o r s  a r e  more s u b j e c t  t o  damage by c o r r o s i o n ,  d u s t ,  and environmen 
t ( i1  r x l remes  than t h e  s i m p l e r  h e a t  d e t e c t o r s  because srnoke d e t e c t o r s  c o n t a i n  
c . l c c t r o r i i c  c i r c u i t r y .  l h e y  a l s o  consume power, so the ricirnticr o f  snioke d e t e c -  
t o r s  which cdn be connected t o  a c o n t r o l  u n i t  may bc 1 i rn i I rv l  hy the powcr 
supp ly  capabi  1 i t y .  

P h o t o e l e c t r i c  smoke d e t e c t o r s  a r e  p a r t i c u l a r l y  s u i  l , i t ) l c  where smolder ing  
f i r e s  o r  f i r e s  i n v o l v i n g  low temperatures p y r o l y s i s  of I 'VC w i r c  i r i s u l a t i o n  niay 
b c l  expected.  I o n i L a t i o n  smoke d e t e c t o r s  a r e  p a r t i c u l a r l y  s u i l a h l e  wherc f larn 
i n g  f i r e s  i n v o l v i n g  any o t h e r  m a t e r i a l s  would bc t h e  c n s e .  l h e  p a r t i c l c  (our i  
Ler d e t e c t o r  responds t o  a l l  p a r t i c l e  s i z e s  e q u a l l y ,  s o  i t  may bc used w i t h o u t  
r e g a r d  t o  the  type o f  f i r e  expected. lhese systems, howcvcr, a r e  f a i r l y  
expensive and complex t o  i n s t a l l  and mai r i ta in .  l h e  d c r i y n  and l a y o u t  o f  Lhe 
s m p l i n g  tubes i s  c r i t i c a l  and must be done by someone f a m i l i a r  w i l h  t h e  
cqu i pmcri t . 

Flame d e t e c t o r s  a r e  ex t remely  f a s t  responding b u t  w i l l  a l a r m  t o  any source 
o f  r a d i d t i o n  i n  t h e i r  s e n s i t i v i t y  range, s o  f a l s e  a la rm r a t e s  a r e  h i g h  i f  they 
a r e  i m p r o p e r l y  a p p l i e d .  f lame d e t e c t o r s  a r e  u s u a l l y  used i n  h y p e r b a r i c  cham 
b c r s  arid f lammable m a t e r i a l  s t o r a g e  areas where no f lames o f  any s o r t  a r e  
a1 lowab le .  

Flame d e t e c t o r s  a r e  " l i n e  o f  s i g h t "  dev ices ,  so c a r e  must be taken t o  
erisure t h a t  t h e y  can " s e e "  t h e  e n t i r e  p r o t e c t e d  area  and t h a t  t h e y  w i l l  n o t  be 
a c c i d e n t a l l y  b locked by s tacked m a t e r i a l  o r  equipment.  l h e i r  s e n s i t i v i t y  i s  a 
f u n c t i o n  o f  f lame s i z e  and d i s t a n c e  f rom t h e  d e t e c t o r ,  and some d e t e c t o r s  can 
be a d j u s t e d  t o  i g n o r e  a smal l  f lame a t  f l o o r  l e v e l .  l h e i r  c o s t  i s  r e l a t i v e l y  
h i g h ,  b u t  they  a r e  w e l l  s u i t e d  f o r  areas where e x p l o s i v e  o r  f lammable vapors 
o r  dus ts  a r e  encountered as t h e y  a r e  u s u a l l y  a v a i l a b l e  i n  ' ' exp los ion  p r o o f "  
hous i rigs . 

F I R E  M0Df.I-S 

Over t h e  p a s t  decade, cons ide rab le  p rogress  has been made i n  unders tand ing  
t h e  processes o f  f i r e .  Whi le  t h e r e  i s  s t i l l  much t o  be learned,  t h e  c u r r e n t  
unders tand ing  i s  such t h a t  f a i r l y  accu ra te  p r e d i c t i o n s  o f  t h e  impact  o f  a f i r e  
i n  a compartment can be made u s i n g  computer s i m u l a t i o n  techn iques .  l h e s e  f i r e  
models can p r e d i c t  t h e  p r o d u c t i o n  and d i s t r i b u t i o n  o f  energy and mass w i t h i n  
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a s e r i e s  o f  i n t e r c o n n e c t e d  compartments over  t ime ,  and t h e  e f f e c t  o f  exposure 
t o  these combustion p roduc ts  on occupants, equipment, and t h e  s t r u c t u r e  i t s e l f .  
Thus, one p o s s i b l e  use o f  these models i s  t o  e v a l u a t e  t h e  response o f  d e t e c t i o n  
dev ices  r e q u i r e d  t o  p r o v i d e  t h e  d e s i r e d  l e v e l  o f  s a f e t y  t o  occupants o r  c r i t i -  
c a l  equipment w i t h o u t  be ing  so s e n s i t i v e  t h a t  excess ive  f a l s e  a larms a r e  
exper ienced.  

De tec to r  
t y p e  

Heat 
Smoke 
F lame 
P a r t i c l e  

l h e  concept  o f  d e s i g n i n g  a d e t e c t i o n  system such t h a t  i t  responds p r i o r  
t o  t h e  f i r e  reach ing  a s p e c i f i e d  energy r e l e a s e  r a t e  was r e c e n t l y  i n t r o d u c e d  
i n t o  the  N a t i o n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n  Standard on D e t e c t i o n  Devices 
( 7 2 € ) .  H e r e ,  a model was used t o  develop a s e t  o f  curves f o r  d e t e c t o r  a c t i v a -  
t i o n  as a f u n c t i o n  o f  i n s t a l l e d  spacing f o r  v a r i o u s  c e i l i n g  h e i g h t s ,  f i r e  
g rowth  r a t e s ,  and d e t e c t o r  c h a r a c t e r i s t i c s  (e .g . ,  thermal  t ime  c o n s t a n t ) .  The 
des igne r  dec ides on a f i r e  s i z e  (energy  o u t p u t )  a t  a c t i v a t i o n  f o r  t h e  a n t i c i -  
pa ted  f i r e  w i t h i n  t h e  p r o t e c t e d  space and determines t h e  d e t e c t o r  spac ing  
necessary f o r  t h e  a c t u a l  compartment c e i l i n g  h e i g h t .  

Response Fa lse  a l a r m  Cost A p p l i c a t i o n  
speed r a t e  

s1  ow Low Low Conf ined spaces 
Fas t  Med i um Medium Open o r  c o n f i n e d  spaces 

Very f a s t  H igh  H igh  Flammable m a t e r i a l  s to rage  
Fas t  Med i um High Open spaces - h i g h  va lue  
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STEEL WIRES 
/I 

h 
CELLOPHANE 1 

F i g u r e  1. - I - i n e - t y p e  f i r e  d e t e c t i o n  c a b l e  u s i n g  i n s u l a t e d  p a r a l l e l  w i r e s .  

I M P R EG N ATED GLASS 
SE M I CON DUCTOR 

/ 
/ 

f 
STEEL CAPILLARY TUBE 

F i g u r e  2.  - L i n e - t y p e  f i r e  d e t e c t i o n  c a b l e  u s i n g  a g l a s s  semiconductor .  
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NORMALLY OPEN 
ALARM CONTACTS 

CONTACT C 
SPRl N 

NONCONDUCTING RETAINING RING 
STA NDO FF 

SNAP' DISC 

F i g u r e  3. - B imeta l  snap-d isc heat  d e t e c t o r .  

ALARM CONTACTS - EXPANDING 
DI A PH R AGM 

VENT ORIFICE-- 

I # 

i 

F i g u r e  4 .  - Pneumat ic- type heat  d e t e c t o r .  

y-T----- 
BiM€TAl S W P  044SS H€MISPHERE 

F i g u r e  5 .  - Rate of  r i s e  f i x e d - t e m p e r a t u r e  d e t e c t o r  u s i n g  a b i m e t a l  e lement.  
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F i g u r e  5 .  - Rate of  r i s e  f i x e d - t e m p e r a t u r e  d e t e c t o r  u s i n g  a b i m e t a l  e lement.  
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/ALARM CONTACTS 

- D I A P H R A G M  

-SPRING 

EUTECTIC METAL 

F i g u r e  6. - Rate of r i s e  f i x e d -  temperature d e t e c t o r  u s i n g  a e u t e c t i c  m e t a l .  

r C Y L I N D R I C A L  OUTER SHELL 

EL ECTR I C A L  
WIRES 

LSTRUTS ‘-CONTACTS 

F i g u r e  7 .  - Rate- compensat ion d e t e c t o r .  

co 

oc 

ALPHA S O U R C E  

f - i g u r e  8 .  . I o n i z a t i o n  o f  chamber a i r  space. 
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Figure 9. - Effect o f  aerosol in ionized chamber. 
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S P A C E  C H A R G E  

A -  
Figure 10. - Unipolar ion chamber. 

P +  

A -  
Figure l l .  -- Bipolar ion chamber. 



bipolar unipolar 

F i g u r e  12 .  . IJn ipo la r  i o n  chamber c o n s i s t i n g  o f  t h e o r e t i c a l  u n i p o l a r  and 

b i p o l a r  i o n  charribers i n  ser' ies. 

C O L D  C A T H O D E  T U B E  

REFERENCE CHAMBER 

SAMPLING CHAMBER 

F i g u r e  13. - C o n f i g u r a t i o n  o f  a dua l  i o n  chamber d e t e c t o r .  

LENS 
n A 

IJ 
LIGHT 
SOURCE 

F i g u r e  1 4 .  - Beam-type l i g h t  a t t e n u a t i o n  smoke d e t e c t o r .  
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aosw CHAMBER, 1NCAN)ESCPCT LAMP 

SELENIUM CELL SMOKE CHAMBER 'LENS 

F i g u r e  1 5 .  - Spot- type l i g h t  a t t e n u a t i o n  smoke d e t e c t o r .  

PHOTOCELL 
FORWARD SCATTERING I SIDE SCATTERING 

LIGHT 

STANDBY STANDBY' 'u 

ALARM ALARM 

F i g u r e  16. - L i g h t - s c a t t e r i n g  smoke d e t e c t o r s .  

F i g u r e  1 7 .  - Schematic o f  condensat ion n u c l e i  p a r t i c l e  d e t e c t o r .  
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I N 1  HODUC'I  10N 

'Ihe s t a t e  o f  t h e  a r t  i n  t h e  f l a m m a b i l i t y  t e s t i n g  has been chanying 
r a p i d l y .  I n  t h i s  paper ,  t h e  progress  i n  devc lop ing  g e n e r a l  t e s t  methods f o r  
s o l i d  m a t e r i a l s  and p roduc ts  exposed t o  an e x t e r n a l  f i r e  w i l l  he rev iewed,  t h e  
s p e c i a l  requ i rements  p e r t i n e n t  t o  env i ronments o f  concern t o  NASA w i l l  be 
examined, and some i n d i c a t i o n s  f o r  p o s s i b l e  d i r e c t i o n s  f o r  f u t u r e  t e r t  method 
developments w i l l  be g i v e n .  

F I  AMMAUlI.1 I Y  t N G l N C t R I N G  ' ILSlS 

F l a m m a b i l i t y  t e x t s  developed i n  the  1950 's  and t h e  1960 's  tended t o  be o f  
a very  ad hoc n a t u r e .  l y p i c a l l y ,  sonie problem m a t e r i a l s  were i d e n t i f i e d ,  arid 
a program was 1aIJnchCd t o  e l i m i n a t e  t h e i r  use by f i n d i n g  some t e s t ,  o f t e n  o f  a 
Llunsen b u r n e r  type ,  wh ich  would f a i l  some o f  them, w h i l e  a l l o w i n g  more d e s i r  
a b l e  m a t e r i a l s  t o  pass .  I n  those t i m e $ ,  t h i s  was a reasonab le  course  o f  
a c t i o n ,  s i n c e  t h e  u n d e r l y i n g  cornbustion p h y s i c s  and chemis t r y  were l a r g e l y  
unknown. Most o f  t h e  e x i s t i n g  t e s t s  on the  books a r e  s t i l l  o f  t h i s  ph i l osophy .  
l h e  l a t e s t  conipi l a t i o n ,  f o r  example, by t h e  Americdn S o c i e t y  f o r  l e s t i n g  arid 
M a t e r i a l s  (ASIM) l i s t s  10 d i s t i n c , t  f 1aritrn~ihi1ity t e s t  methods, most o f  them o f  
t h i s  ad hoc n a t u r e  ( r e f .  1 3 ) .  Recent ly ,  howcvor, the  ph i l osophy  o f  d e s i g n i n g  
p roper  t e s t s  has changed c o n s i d e r a b l y .  I t  i s  L(ikeri t h a t  a u s e f u l  t e s t  i s  a 
f u l l  s c a l e  f i r e  t e s t ,  where the t e s t  a r t i c l e  i s  i i i b j e c t  t o  a w o r s t  des ign  c a s e  
s c e n a r i o .  l h e  r e s u l t s  can u s u a l l y  be in te rpre l ,ed  f a i r l y  d l r e c t l y .  S tandard i  
z a t i o n  o f  such a t e s t  i s  r io t  n e c e s s a r i l y  d t s i r a b l e ,  r i n c e ,  by d e f i n i t i o n ,  i t  
must i n c o r p o r a t e  p r o j e c t  s p e c i f i c  f e a t u r c r .  Noncthc less ,  ASIM has seen f i t  l o  
e s t a b l i s h  b o t h  a g u i d e  ( r e f .  1 4 )  and a s landnrd  ( r c f .  1 5 )  f o r  room f i r e  t e s t r .  

I n  most i n s t a n c e s  o f  f i r e  s a f e t y  eng inee r ing ,  f u l l  s c a l e  t e s t i n g  i s  n o t  
a p p r o p r i a t e ,  and s u i t a b l e  bench s c a l e  t e s t s  must be sought .  I t  can now be seen 
t h a t  bench-sca le  t e s t s  can be used t o  s e r v e  a t  l e a s t  t h r e c  d i f f e r e n t  purposer :  

( 1 )  P r e d i c t i o n  o f  expected f u l l - s c a l e  behav io r  

( 2 )  Q u a l i t y  c o n t r o l  assurance i n  manu fac tu r ing  

( 3 )  Guidance i n  p roduc t  development 

The advances o f  t h e  l a s t  1 5  years o r  so i n  f i r e  p h y s i c s  and chemis t r y  have 
enabled a sys temat i c  approach t o  be taken f o r  p roduc ing  t e s t s  s u i t a b l e  t o  rnect 
o b j e c t i v e  ( 1 ) .  1-he s teps  r e q u i r e d  a r e  as f o l l o w s :  

( 1 )  l d e n t i f y  t h e  govern ing  p h y s i c a l  and chemical  p r i n c i p l e s  o f  the  pheriom 
enon t o  be measured. 
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( 2 )  Design a cand ida te  bench-sca le  t e s t  us ing  these p r i n c i p l e s .  

( 3 )  l d e n t i f y  t h e  range, b e s t  t o  wors t ,  of r e l e v a n t  f u l l - s c a l e  p roduc t  
behav io rs  and assemble specimens hav ing  those expected t r a i t s .  

( 4 )  Assemble a d a t a  base by t e s t i n g  t h i s  range o f  specimens a t  f u l l  s c a l e  
and ga ther  da ta  u s i n g  i ns t rumen ts  a p p r o p r i a t e l y  designed t o  measure t h e  govern-  
i n g  p h y s i c a l  and chemical  phenomena. 

( 5 )  Conduct bench-sca le  t e s t s ,  v a r y i n g  e m p i r i c a l l y  those f e a t u r e s  o f  f i r e  
behav io r  t h a t  cannot  be ass igned known cons tan t  va lues .  

( 6 )  Attempt t o  c o r r e l a t e  t h e  bench-sca le  r e s u l t s  a g a i n s t  t h e  f u l l - - s c a l e  
d a t a  base. 

( 7 )  S e l e c t  those bench-sca le  t e s t  p r o t o c o l  f e a t u r e s  t h a t  lead  t o  t h e  b e s t  
c o r r e l a t i o n  w i t h  t h e  f u l l - s c a l e  da ta .  

Examples i l l u s t r a t i n g  the  d e t a i l s  o f  such a procedure have been pub l i shed  
f o r  de te rm ln ing  t h e  r a t e s  o f  heat  r e l e a s e  o f  u p h o l r t e r e d  f u r n i t u r e  ( r e f s .  1 6  
and 17) and b o t h  t i m e  t o  f l a s h o v e r  ( r e f .  16) and r a t e  o f  heat  r e l e a s e  ( r e f .  18) 
f o r  combust ib le  w a l l  l i n i n g  m a t e r i a l s .  

O b j e c t i v e  ( 2 ) ,  t e s t s  f o r  q u a l l t y  c o n t r o l  ( Q C ) ,  t r a d i t i o n a l l y  c o n s t i t u t e d  
a very  l a r g e  f a m i l y  o f  t e s t s .  Here t h e  requi rements a r e  t h a t  the  t e s t  must be 
h i g h l y  s e n s i t i v e  t o  smal l  v a r i a t i o n s  i n  the specimen's p h y s i c a l  o r  chemical  
p r o p e r t i e s ,  t h a t  i t  be w e l l  repea tab le ,  and t h a t  i t  be s imp le  and inexpens ive  
t o  conduct .  The s t r i n g e n t  r u l e s  o f  v a l i d i t y  t h a t  a re  r e q u i r e d  o f  a t e s t  f o r  
o b j e c t i v e  ( 1 )  a r e  n o t  r e q u i r e d .  A much loose r  requ i rement  f o r  v a l i d i t y  here  
i s  mere ly  t h a t  most p r o d u c t i o n - l i n e  changes, which can p o s s i b l y  occur  i n  manu 
f a c t u r i n g  t o  a f f e c t  t he  f l a m m a b i l i t y  o f  the  specimen, should be r e f l e c t e d  i n  a 
s t a t i s t i c a l l y  s i g n i f i c a n t  d e v i a t i o n  i n  the  t e s t ' s  r e s u l t s .  l h e  ASlM standards 
c o n t a i n  a ve ry  l a r g e  number o f  examples o f  these types o f  t e s t s .  Because o f  
i t s  a p p l i c a t i o n  t o  t h e  aerospace i n d u s t r y  (e .g . ,  t h e  turopean Space Agency 
adopted i t  f o r  q u a l i f y i n g  Group I m a t e r i a l s  ( r e f .  1 9 ) ) ,  one example, t h e  L i m i t  
i n g  Oxygen Index  (1-01) l e s t  ( r e f .  20) ,  i s  d iscussed here .  

7he LO1 t e s t  i n v o l v e s  t h e  c a n d l e - l i k e  b u r n i n g  o f  a r o d  o f  p l a s t i c  mate 
r i a l .  l h e  apparatus i s  s u p p l i e d  w i t h  an a d j u s t a b l e  oxygen/n i t rogen f l o w  m i x  
t u r e ;  t h e  t e s t  r e q u i r e s  t h a t  t h e  minimum c o n c e n t r a t i o n  o f  oxygen be found f o r  
which t h e  specimen w i l l  c o n t i n u e  b u r n i n g  downward w i t h o u t  f lame e x t i n c t i o n .  
S ince  the  r e s u l t s  a r e  quoted as an oxygen c o n c e n t r a t i o n ,  t h e  r e s u l t s  have 
w i d e l y  been i n t e r p r e t e d  t o  suggest t h a t  a m a t e r i a l  w i l l  n o t  bu rn  i n  a g i v e n  
atmosphere i f  i t s  1-02 i s  g r e a t e r  than t h e  oxygen c o n c e n t r a t i o n  i n  t h a t  atmo 
sphere. Such, o f  course,  i s  n o t  t h e  case a t  a l l .  A number o f  t h e o r e t i c a l  
analyses o f  t h e  method have been made ( r e f s .  21 t o  2 3 ) .  These show t h a t  t h e  
LO1 value,  f a r  f rom r e f l e c t i n g  a genera l  p r o p e r t y  o f  t he  m a t e r i a l ,  s imp ly  
determlnes t h e  oxygen c o n c e n t r a t i o n  f o r  which l am ina r ,  downward, a g a i n s t  t he -  
wind f lame spread ceases i n  the  absence o f  e x t e r n a l  hea t ing .  l h e  t e s t ,  i n  
f a c t ,  has n o t h i n g  t o  do w i t h  b u r n i n g  r a t e s  a t  a l l ,  b u t  i s  a f lame spread t e s t  
o f  a very  s p e c i f i c  geometry, w i t h  da ta  u n l i k e l y  t o  be a p p l i c a b l e  t o  d i f f e r i n g  
geometr ies.  I t  has become understood w i t h i n  t h e  f i r e  p r o t e c t i o n  eng ineer ing  
community t h a t  t h e  t e s t  should n o t  be used t o  p r e d i c t  a c t u a l  f i r e  hazard con- 
d i t i o n s ,  b u t  i t  may be a s a t i s f a c t o r y  q u a l i t y  c o n t r o l  t e s t ,  due t o  i t s  h i g h  
s e n s i t i v i t y .  
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l e s t s  f o r  o b j e c t i v e  ( 3 ) ,  guidance i n  p roduc t  development, do n o t ,  i n  p r i n -  
c i p l e ,  need t o  be s tandard i zed ,  s i n c e  they  a r e  t o  be used o n l y  i n t e r n a l l y  
w i t h i n  an o r g a n i z a t i o n .  I n  p r a c t i c e ,  however, i n d u s t r y  tends t o  use p u b l i s h e d  
A S I M  and o t h e r  s tandard  t e s t s .  The requi rements f o r  a good development t e s t  
a r e  somewhat d i f f e r e n t  than those f o r  a QC t e s t .  A good development t e s t  must 
n o t  show crossovers i n  r a n k i n g  o f  m a t e r i a l s  o r  p roduc ts ,  when compared t o  f u l l -  
s c a l e  behav io r .  I t s  s e n s i t i v i t y  i s  o f  l e s s  concern, however, s i n c e  m inu te  
performance d i f f e r e n c e s  would p robab ly  n o t  make i t  w o r t h w h i l e  t o  redes ign  a 
s y s  tern. 

l h e r e  have n o t  been any comprehensive s t u d i e s  t o  determine which e x i s t i n g  
f l a m r n a b i l i t y  t e s t s  a r e  s u i t a b l e  f o r  QC o r  p roduc t  development purposes. T h i s  
t ype  of  guidance i s  u s u a l l y  developed w i t h i n  a g i v e n  i n d u s t r y  on t h e  b a s i s  o f  
exper ience .  I t  must be emphasized, however, t h a t  i t  i s  never p ruden t  t o  use a 
t e s t  method as a bench-sca le  means o f  assess ing t h e  f u l l - s c a l e  hazard s o l e l y  
on t h e  basis o f  i t s  good h i s t o r y  o f  performance as a QC o r  development t e s t .  

M O D t H N  C O N C € P  I S OF T E S l  ME'I HOD DEVELOPMENT 

The unders tand ing  o f  f i r e  development i n  compartments has been advancing 
s u b s t a n t i a l l y  i n  t h e  l a s t  decade, t o  t h e  p o i n t  now t h a t  t h e r e  a r e  genera l  p u r -  
pose computer codes f o r  p r e d i c t i n g  f i r e  development (e.g. ,  r e f s .  2 4  and 2 5 ) .  
l h e s e  codes have been based on an e l u c i d a t i o n  o f  t h e  p h y s i c s  o f  t h e  f i r e  p r o -  
cess ( r e f .  2 6 ) .  The process has t h r e e  major  components t h a t  need t o  be 
eva lua ted :  

( 1 )  I g n i t i o n  

( 2 )  Flame spread 

( 3 )  Bu rn ing  and p r o d u c t  g e n e r a t i o n  r a t e s  

I g n i t i o n  

I g n i t i o n  he re  w i l l  be assumed t o  be f rom an e x t e r n a l  source o f  hea t  o r  
f i r e .  I n  some d e s i g n  cases ,  a unique i g n f t l o n  source w i l l  be seen t o  e x i s t .  
I n  many o t h e r  cases, t h e  substance can be i g n i t e d  f r o m  s e v e r a l  d i f f e r e n t  e x t e r -  
n a l  events .  I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  t h e r e  a r e  t h e o r i e s  a v a i l a b l e  t h a t  
can be used t o  e x p l a i n  an i g n i t i o n  t h a t  comprises a u n i f o r m  h e a t i n g  o f  a p l a n a r  
f a c e  ( e . g . ,  r e f .  2 7 ) .  The model ing o f  i g n i t i o n  f r o m  a concen t ra ted ,  p o i n t  
source i s  d i f f i c u l t  and has n o t  been so l ved  ( r e f .  28 ) .  A Bunsen bu rne r  r e p r e -  
sents  a concen t ra ted ,  nonun i fo rm source; thus da ta  o b t a i n e d  f r o m  Bunsen bu rne r  
t e s t s  a r e  n o t  r e a d i l y  usab le  i n  modern f i r e  p r o t e c t i o n  e n g i n e e r i n g  des igns .  
A s  an a d d i t i o n a l ,  p r a c t i c a l  c o n s i d e r a t i o n ,  some m a t e r i a l s ,  which s h r i n k  o r  m e l t  
upon h e a t i n g ,  can o f t e n  pass a Bunsen bu rne r  t e s t  by r e t r e a t i n g  f r o m  t h e  f i r e ,  
y e t  t hey  can show s e r i o u s  i g n i t i o n  p r o p e n s i t i e s  i n  a c t u a l  f i r e  exper ience.  

I n  a d d i t i o n  t o  t h e  geometr ic  c o m p l e x i t y ,  a s p e c i f i c a t i o n  has t o  be made 
whether a p r i m a r i l y  r a d i a n t  o r  a p r i m a r i l y  c o n v e c t i v e  hea t  source i s  t o  be 
u t i l i z e d .  Hermance ( r e f .  29)  has urged t h a t  r a d i a t i v e  sources be s e l e c t e d  due 
t o  t h e  consequent " a b i l i t y  t o  s e l e c t  t h e  heat  f l u x  a p p l i e d  . . .  independen t l y  o f  
a l l  o t h e r  env i ronmen ta l  parameters:  namely, p ressu re ,  i n i t i a l  temperature,  and 
chemical  compos i t i on  o f  t h e  gas phase." I n  most cases, a l s o ,  a w e l l - c a l i b r a t e d  
r a d i a n t  source i s  e a s i e r  t o  d e v i s e  than  a c o n v e c t i v e  one, and r e s u l t s  a r e  
e a s i e r  t o  ana lyze .  
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t o r  such reasons, the  l n t e r n a t i o n a l  Organ iza t i on  f o r  S t a n d a r d i z d t i o n  (ISO) 
adopted a r a d i a n t  exposure method as ' i t s  i g n i t i b i l i t y  t e s t  ( r e f .  30 ) .  A S I M  
l i s t s  a number o f  Bunsen burner  type t e s t s ,  b u t  no u n i f o r m  f l u x  i g n i t i b i l i t y  
methods, p e r  se .  There i s  one A S l M  method, E906 ( r e f .  3 l ) ,  wh ich  can be used 
t o  nieasure r a d i a n t  i g n i t i b i l i t y ;  u n f o r t u n a t e l y  t h e  h e a t i n g  f l u x e s  a r e  n o t  w e l l  
c o n t r o l l e d  t h e r e .  l h e r e  i s  a l s o  a new proposed A S l M  method, P-190 ( r e f .  32), 
which  i s  p r i m a r i l y  a h e a t  r e l e a s e  r a t e  method, b u t  which uses a cone h e a t e r  
s i m i l a r  t o  the  IS0 method, p roduc ing  a h i g h l y  u n i f o r m  f l u x  d i s t r i b u t i o n  over  
t h e  specimen s u r f a c e .  Recent work ( r e f .  33) has shown t h a t  t h i s  method leads  
t o  u s e f u l ,  h i g h - q u a l i t y  i g n i t i o n  da ta ,  a l t hough  t h e  u l t i m a t e  g o a l  o f  complete 
apparatus independence o f  r e s u l t s  may never be achieved w i t h  r e a l  i n s t r u m e n t s .  

Flame Spread 

S o l i d  m a t e r i a l s  may be i g n i t e d  a t  a p o i n t ,  o r  t h e y  may be i g n i t e d  over  a 
l a r g e  exposed area ;  nonethe less ,  i n  most f i r e s  t h e r e  i s  a p e r i o d  where m a t e r i a l  
n o t  y e t  i n v o l v e d  i n  f i r e  g e t s  p r o g r e s s i v e l y  i n v o l v e d  by f lame spread. Thus, 
i t  i s  i m p o r t a n t  t o  be a b l e  t o  c h a r a c t e r i z e  t h i s  p rocess .  Flame spread has 
t r a d i t i o n a l l y  been measured i n  t h e  A S l M  E84 t u n n e l  ( r e f .  34 ) .  l h e  E 8 4  t u n n e l  
i s  a 1 a r g e . s c a l e  i ns t rumen t ;  many o t h e r  A S l M  t e s t s  and a l s o  t e s t s  such a s  t h e  
Federa l  A v i a t i o n  A d m i n i s t r a t i o n  t e s t  F A R  25.853 ( r e f .  35) a r e  s m a l l  Bunsen 
burr ier  t e s t s  where t h e  spread o f  f lame i s  observed. R e s u l t s  f rom these types 
of  t e s t s  a r e  g i v e n  as r a t i n g s  on a r b i t r a r y  sca les  and cannot  be ana lyzed w i t h i n  
t h e  c u r r e n t  day mode l ing  c a p a b i l i t i e s .  Lack ing  t h i s  model ing,  such d a t a  cannot  
be r e i n t e r p r e t e d  i n  t h e  c o n t e x t  of a new d e s i g n  geometry.  

Newer t e s t s  f o r  f lame spread a r e  b e i n g  developed. An example i s  t h e  
l n t e r n a t i o n a l  M a r i t i m e  Organ iza t i on  (IMO) f lame-spread t e s t  ( f i g .  1, r e f .  36).  
t h e  behav io r  o f  wh ich  has been analyzed acco rd ing  t o  t h e o r y  ( r e f .  37) .  I t  
shou ld  be noted,  however, t h a t  t h e  f u l l  i n c o r p o r a t i o n  o f  a p p r o p r i a t e  f lame-  
spread f e a t u r e s  i n t o  f i r e  models i s  d i f f i c u l t ,  a l t hough  a t tempts  a r e  b e i n g  made 
f o r  w a l l s  and f o r  u p h o l s t e r e d  f u r n i t u r e  i tems ( r e f .  38) .  

Bu rn ing  and Product  Genera t ion  Rates 

I h e  t h i r d  combust ion behav io r  t h a t  must be cons idered i s  t h e  b u r n i n g  r a t e .  
I n  o l d c r  l i t e r a t u r e  t h i s  i s  sometimes confused w i t h  what i s  nowadays desc r ibed  
a s  f lame spread r a t e .  Bu rn ing  r a t e  i s  t h e  mass l o s s  r a t e  o f  a specimen when 
i t  i s  F u l l y  i g n i t e d ,  w i t h  f lame spread h a v i n g  covered i t s  e n t i r e  f a c e .  The 
u n i t s  a r e  t y p i c a l l y  expressed as k g / d  s .  Product  g e n e r a t i o n  r a t e s  i n c l u d e  
a number o f  r e l a t e d  p r o p e r t i e s ,  which a r e  d i s t i n g u i r h e d  by b e i n g  p r o p o r t i o n a l  
t o  the  specimen mass l o s s  r a t e .  l i ea t  r e l e a s e  r a t e  (kW) can be viewed as t h e  
p roduc t  o f  t h e  mass l o s s  r a t e ,  t i m e r  t h e  ins tan taneous e f f e c t i v e  h e a t  o f  corn 
h u s t i o n  ( k J / k g ) ,  a l t h o u g h  i t  i s  n o t  d e s i r a b l e  t o  measure i t  i n  t h a t  manner. 
Somctiriios, a l s o ,  t h e  t e r m  b u r n i n g  r a t e  i s  used t o  mean heat ,  i n s t e a d  o f  mass 
l o s5  r a t e .  Besides h e a t ,  t h e  combust ion p roduc ts  generated i n c l u d e  v a r i o u s  
gases  o f  i n t e r e s t  f o r  t o x i c i t y  de te rm ina t ions ,  and a l s o  s o o t  and smoke. 

'Iho c a r l i e s t  bench s t a l e  i ns t rumen t  f o r  r a t e  o f  heat  r e l e a s e  measurement 
was the A 5 I M  t.906, developed i n  t h e  l a t e  1 9 6 0 ' s .  Th is  i ns t rumen t  i s  based on 
a d i r e c t  nit\asuremerit o f  s e n s i b l e  en tha lpy  and i s  s u b j e c t  t o  s u b s t a n t i a l  e r r o r s ,  
r i n c e  a d i a b a t i c  C o n d i t i o n s  a r e  n o t  ma in ta ined.  l t  a l s o  l a c k s  means o f  measur- 
i r iq the  spccirncn mass. A m a j o r  b reak through occur red  i n  t h e  197O's,  when t h e  
p r i n c i p l e  o f  oxygen consumption ( r e f .  39)  was developed. l h i s  p r i n c i p l e  a l l o w s  
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r a t e  o f  hea t  r e l e a s e  t o  be determined i n d i r e c t l y  by m o n l t o r i n g  oxygen concen- 
t r a t i o n s  and f l ows  and has p rov ided  a much more r e l i a b l e  techn ique f o r  use i n  
bo th  f u l l - s c a l e  and bench-sca le  f i r e  t e s t i n g .  For bench-scale t e s t i n g ,  t h i s  
p r i n c i p l e  has been i n c o r p o r a t e d  i n t o  t h e  Cone Ca lo r ime te r  ( r e f .  4 0 ) .  The Cone 
Ca lo r ime te r  ( f i g .  2 ) ,  i n  a d d i t i o n  t o  be ing  a proposed ASTM t e s t  method 
( r e f .  32) ,  a l s o  has been s e l e c t e d  as t h e  apparatus f o r  a proposed IS0 r a t e  o f  
heat  r e l e a s e  s tandard .  

Over t h e  l a s t  two decades, smoke has been m o s t  commonly measured by u s i n g  
the  NBS Smoke Chamber method ( r e f .  41) .  Th i s  has been cons idered t o  be the  
b e s t  s tandard  on t h e  books, b u t  i t s  l i m i t a t i o n s -  l i m i t e d  f l u x  range, no h o r i -  
z o n t a l  o r i e n t a t i o n ,  no mass m o n i t o r i n g  d u r i n g  t h e  t e s t ,  and t h e  i n a b i l i t y  t o  
p r o p e r l y  t e s t  h e a v i e r  samples- have shown a need f o r  a newer techn ique.  Such 
a techn ique has been developed, i n  t h e  fo rm o f  a smoke e x t i n c t i o n  beam f o r  t h e  
Cone Ca lo r ime te r  ( f i g .  3, r e f .  40) .  Th i s  new techn ique e l i m i n a t e s  these Smoke 
Chamber shor tcomings.  l h e  f r a c t i o n  o f  specimen mass conver ted  t o  soot  mass i s  
a q u a n t i t y  t h a t  i s  r e l a t e d ,  b u t  n o t  redundant, t o  t h e  smoke e x t i n c t i o n  measure- 
ment. Thus, f o r  research  purposes, t h e  Cone Ca lo r ime te r  i s  a l s o  equipped w i t h  
a g r a v i m e t r i c  soo t  measuring system. 

Progress i s  be ing  made a t  a r a p i d  pace i n  c h a r a c t e r i z i n g  t h e  f i r e  t o x i c i t y  
o f  m a t e r i a l s  by t h e  use o f  an a p p r o p r i a t e l y  s p e c i f i e d  s e t  o f  gas measurements 
( r e f .  42) .  For o b t a i n i n g  t h e  r e l e v a n t  combustion gas da ta ,  t h e  e f f o r t s  a t  NBS 
a r e  focused on u s i n g  the  Cone C a l o r i m e t e r .  Th is  techn ique i s  s t i l l  under 
development, however, so recommended procedures a r e  n o t  y e t  f i n a l i z e d .  

THE € F F € C l S  OF VARIARI-€S OF SPECIAL INTEREST TO NASA 

Oxygen Concen t ra t i on  

I g n i t i o n  o f  s o l i d s  f rom r a d i a n t  h e a t i n g  may be understood most r e a d i l y  as 
o c c u r r i n g  a t  a t ime  when t h e r e  i s  a c r i t i c a l  r a t e  o f  p y r o l y s i s  p roduc ts  l e a v i n g  
t h e  s u r f a c e  ( r e f .  43) .  Th i s  r a t e  i s  t y p i c a l l y  seen t o  be about  1 t o  
4x10-3 kg/m2-s i n  i g n i t i o n s  under normal oxygen c o n d i t i o n s  and i s  presumed t o  
correspond t o  t h e  lower  flammable l i m i t  be lng  a t t a i n e d  f o r  t h e  m i x t u r e  above 
t h e  s u r f a c e  o f  t h e  m a t e r i a l .  I t  i s  reasonable t o  suppose t h a t  v a r y i n g  oxygen 
c o n c e n t r a t i o n s  would change t h e  minimum p y r o l y s a t e  g e n e r a t i o n  c o n d i t i o n  by 
r e f l e c t i n g  t h e  new f u e l  vapor c o n c e n t r a t i o n  r e q u i r e d  a t  t h e  new oxygen va lue .  

Exper imenta l  work i n  t h i s  a rea  has been l a r g e l y  c o n f i n e d  t o  s t u d i e s  o f  
s o l i d  r o c k e t  p r o p e l l a n t s .  A t heo ry  by McAlevy e t  a l .  ( r e f .  4 4 )  suggests t h a t  
t h e  i g n i t i o n  t ime  t i  n should depend on t h e  oxygen mass f r a c t i o n  mox 
t o  t h e  minus t w o - t h i r g s  power; however h i s  exper imenta l  r e s u l t s  show t h a t  t h e  
dependence i s  o f  t h e  o rde r  o f  t h e  minus 1.2 t o  1 . 5  power o f  t h e  oxygen mass 
f r a c t i o n .  

Kumar and Hermance ( r e f .  4 5 )  a l s o  conducted a t h e o r e t i c a l  s tudy  o f  p r o p e l -  
l a n t  i g n i t i o n .  Eva lua ted  f o r  v a r i o u s  m a t e r i a l  p r o p e r t i e s ,  t h e i r  r e s u l t s  t y p i -  
c a l l y  show t h a t  i g n i t i o n  t ime  depends on oxygen mass f r a c t i o n  t o  t h e  minus 1 t o  
2 power f o r  mass f r a c t i o n s  g r e a t e r  t han  0.20. For lower  oxygen mass f r a c t i o n s ,  
i g n i t i o n  t i m e  i s  independent o f  oxygen mass f r a c t i o n .  

l h e  s o l i d  p r o p e l l a n t  s t u d i e s ,  however, c h a r a c t e r i z e d  heterogeneous sys- 
t e m s ,  where an o x i d i z e r  i s  a l r e a d y  mixed i n  w i t h  t h e  f u e l .  For  a c c i d e n t a l  
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f i r e s ,  t h e  condensed phase w i l l  most l i k e l y  be pure  f u e l ,  w i t h  no o x i d i z e r  
admix tu re .  A t h e o r e t i c a l  a n a l y s i s  o f  t h i s  case by Kashiwagi ( r e f .  46) showed 
t h a t  f o r  oxygen mass f r a c t i o n s  below 0.20, t h e r e  i s  a s u b s t a n t i a l  v a r i a t i o n  o f  
i g n i t i o n  t jmes,  b u t  t h a t  t h e  a c t u a l  r e l a t i o n s h i p  i s  s t r o n g l y  dependent on t h e  
exac t  i g n i t i o n  c r i t e r i o n  chosen. For h i g h e r  oxygen mass f r a c t i o n s ,  however, 
I g n i t i o n  t ime  was seen t o  be o n l y  ve ry  s l i g h t l y  dependent on oxygen f r a c t i o n ,  
d ropp ing  about  10 p e r c e n t  as t h e  mass f r a c t i o n  goes f rom 0.23 t o  1.00. 

Flame spread over  s o l i d  combust ib les  can take  p l a c e  i n  seve ra l  d i f f e r e n t  
domains o f  behav io r ,  t h e  d e t a i l s  o f  which w i l l  n o t  be rev iewed here.  The 
e f f e c t s  o f  oxygen c o n c e n t r a t i o n ,  however, have been o f  concern f o r  q u i t e  some 
t ime.  I n  an e a r l y  r e v i e w  ( r e f .  47). Magee and McAlevy found t h a t  f o r  seve ra l  
geomet r i ca l  and f l o w  arrangements, t h e  f lame spread v e l o c i t y  V was r e l a t e d  
t o  t h e  oxygen mole f r a c t i o n  Yo, i n  a power law r e l a t i o n s h i p ,  w i t h  V o f  
t h e  o rde r  o f  Y o x  squared. I n  a more r e c e n t  examinat ion  o f  t h i s  dependency, 
Fernandez-Pel lo  and H i rano  ( r e f .  48) found t h a t  i t  ho lds  o n l y  f o r  l a r g e  Y o x  
va lues .  For lower  oxygen concen t ra t i ons ,  t h e  dependence o f  t h e  f lame spread 
r a t e  on oxygen mass f r a c t i o n  becomes p r o g r e s s i v e l y  g r e a t e r ,  approaching an 
i n f i n i t e - s l o p e  asymptote a t  t h e  Yo, va lue  a t  which e x t i n c t i o n  occurs .  I n  
an exper imenta l  s tudy  o f  f lame spread over  paper specimens, Frey and T ' i e n  
( r e f .  49) found a dependency, i n  t h e i r  case, t o  t h e  f i r s t  power o f  Y o x  a t  
h i g h  Y O X  va lues ,  and a s i m i l a r l y  i n c r e a s i n g  power-law dependency a t  low 
oxygen va lues.  A l t e n k i r c h  has suggested ( r e f .  50) t h a t  oxygen f r a c t i o n  i s  
among t h e  v a r i a b l e s  wh ich  may be s u c c e s s f u l l y  c o r r e l a t e d  by t h e  use o f  t h e  
Damkohler number. 

The e f f e c t s  o f  oxygen l e v e l  on t h e  mass l o s s  r a t e  m" have been s t u d i e d  
i n  d e t a i l  by Tewarson ( r e f s .  51 and 52) and Santo ( r e f .  53 ) .  For  some mate- 
r i a l s ,  they  found a d i r e c t ,  l i n e a r  r e l a t i o n s h i p  between Y o x  and t h e  b u r n i n g  
r a t e .  Th is  r e l a t i o n s h i p  remains l i n e a r  down t o  t h e  l owes t  Y O X  v a l u e  a t  wh ich  
combustion i s  sus ta ined ,  b u t  t h e  r e l a t i o n s h l p  has an o f f s e t ,  t h a t  i s ,  

m II = aYox - b 

For  o t h e r  m a t e r i a l s ,  i n c l u d i n g  ones showing c h a r r i n g ,  however, t h i s  l i n e a r  
r e l a t i o n s h i p  l e v e l e d  o f f  a t  h i g h e r  Yo, va lues .  

T o t a l  Pressure 

S i m i l a r l y  as f o r  oxygen e f f e c t s ,  t h e  t o t a l  p ressu re  i s  expected t o  a f f e c t  
t h e  i g n i t i b i l i t y  o f  a m a t e r i a l  i n d i r e c t l y  by i t s  e f f e c t  on t h e  lower  f lammable 
l i m i t .  For many m a t e r i a l s ,  over  a f a i r l y  wide range o f  p ressures ,  t h e  lower  
f lammable l i m i t  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by t o t a l  p ressu re  ( r e f .  5 4 ) .  The 
e a r l y  p r o p e l l a n t  s t u d i e s  o f  McAlevy e t  a l .  ( r e f .  44) showed a t h e o r e t i c a l  
dependence o f  i g n i t i o n  t i m e  t o  t o t a l  p ressu re  P t o t  t o  t h e  minus 1.44 power, 
w h i l e  cor respond ing  exper imenta l  measurements gave a dependence t o  t h e  minus 
1.77 power. 

Very s i m i l a r  r e s u l t s  a r e  a l s o  r e p o r t e d  by Kumar and Hermance ( r e f .  45) .  
The work o f  Beyer and Fishman ( r e f .  55 )  suggests t h a t  t h e  p ressu re  dependence 
becomes smal l  a t  l ow  hea t  f l u x e s  (such as m igh t  be expected f r o m  an a c c i d e n t a l  
f i r e ) ,  p rov ided  t h e  va lue  o f  P t o t  i s  n o t  a l s o  low. 
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I n  a more comprehensive s tudy,  Shannon ( r e f .  56) ob ta ined  d e t a i l e d  i g n i -  
t i o n  t ime  p l o t s  f o r  a number o f  p r o p e l l a n t s ,  c o v e r i n g  a wide range o f  p ressures  

law. Ins tead,  f o r  P t o t  g r e a t e r  than about  200 kPa ( 2  a tm),  t h e r e  was 
n e g l i g i b l e  e f f e c t  on t i g n .  For P t o t  l e s s  than 2 atm, however, t h e  nega- 
t i v e  exponent was i n c r e a s i n g l y  g r e a t e r  f o r  lower  va lues o f  The exper-  
iments o f  Kashiwagi e t  a l .  on b o t h  pu re  f u e l s  and on p r o p e l l a n t s  ( r e f .  5 7 )  
i n d i c a t e  a behav io r  a t  ve ry  l a r g e  va lues o f  P t o t  (>20 atm) where, i n s t e a d  
o f  becoming independent  o f  P t o t ,  t h e  i g n i t i o n  t imes va ry  i n v e r s e l y  acco rd ing  
t o  t o t a l  p ressu re .  O h l e m i l l e r  and Summerfield ( r e f .  58) ,  i n  a s j m i l a r  s tudy ,  
a l s o  show a con t inued  dependence o f  t j g n  on P t o t ,  even a t  h i g h  P t o t  
va lues.  

l and heat  f l u x e s .  The e f f e c t s  o f  p ressu re  were n o t  w e l l  represented  as a power 

P t o t .  

I 

I The work o f  b o t h  Kashiwagi ( r e f .  57) and O h l e m i l l e r  ( r e f .  58) suggests 
t h a t  a combined c o r r e l a t i o n  o f  t h e  e f f e c t s  o f  oxygen f r a c t i o n  and t h e  t o t a l  
p ressu re  should n o t  be sought i n  t h e  use o f  02 p a r t i a l  p ressu re  as a c o r -  
r e l a t i n g  v a r i a b l e ,  un less  o n l y  t h e  regime o f  l a r g e  mox and P t o t  va lues  
i s  cons idered and o n l y  approx imate r e s u l t s  a r e  sought. 

Magee and McAlevy ( r e f .  47) found t h a t  f o r  t h i c k  f u e l s  t h e  f lame spread 
v e l o c i t y  was p r o p o r t i o n a l  t o  s l i g h t l y  h i g h e r  than t h e  1 /2  power o f  t h e  t o t a l  
p ressure .  For t h i n  f u e l s ,  however, t h e  pressure  e f f e c t  was ve ry  t i n y ,  be ing  
about  t o  t h e  0.1 power. Frey and T ' i e n ,  again,  s t u d i e d  t h e  v a r i a b l e s  over  a 
w ide r  range ( r e f .  4 9 )  and found a 0.1 power dependence o n l y  f o r  t h i n  f u e l s  a t  
h i g h  ( i n  comparison t o  t h e  l i m i t i n g  p ressu re  a t  e x t i n c t i o n )  p ressures  and 
spread ing  v e r t i c a l l y  down. For h o r i z o n t a l  spread t h e  exponent was h i g h e r ,  b u t  
was n o t  unique, t h e r e  be ing  a s t r o n g  c o u p l i n g  between oxygen f r a c t i o n  and t o t a l  
p ressu re  e f f e c t s .  I n  b o t h  cases, s i m i l a r l y  as f o r  t h e  oxygen f r a c t i o n  e f f e c t ,  
t h e  dependence on t h e  t o t a l  p ressu re  became much g r e a t e r  as t h e  p ressu re  was 
lowered towards t h e  e x t i n c t i o n  va lue .  Fernandez-Pe l lo  and H i rano  ( r e f .  48)  
found t h a t  over  a l i m i t e d  range e x t i n c t i o n  cou ld  be represented  by a cons tan t  
va lue  o f  P t o t  x Yo,, t h a t  i s ,  a cons tan t  p a r t i a l  p ressu re  o f  oxygen. 
Ou ts ide  o f  t h l s  l i m i t e d  range, however, such a s i m p l i f i c a t i o n  d i d  n o t  h o l d .  

Tes t  i ns t rumen ts  f o r  measuring b u r n i n g  r a t e s  have n o t  t y p i c a l l y  been b u i l t  
t o  a l l o w  p ressu re  t o  be v a r i e d .  A p r e s s u r e  mode l ing  program conducted  a t  Fac-  
t o r y  Mutual  Research a few years ago ( r e f .  59)  produced r e s u l t s  showing t h a t  
over  a c e r t a i n  range o f  t e s t  v a r i a b l e s ,  a dependence o f  t h e  mass l o s s  r a t e  was 
acco rd ing  t o  t h e  t w o - t h i r d s  power o f  t o t a l  p ressure .  Th is  has n o t  been a p p l i e d  
i n  p r a c t i c a l  m a t e r i a l s  t e s t i n g .  

Grav l  t y  

L i m i t e d  exper iments have suggested t h a t  t h e  i g n i t i b i l i t y  o f  a m a t e r i a l  i s  
n o t  s i g n i f i c a n t l y  a f f e c t e d  by a lowered g r a v i t y  o r  by m i c r o g r a v i t y  c o n d i t i o n s  
( r e f .  60) .  T h i s  i s  i n  agreement w i t h  t h e  f i n d i n g s  o f  S t reh low and Reuss 
( r e f .  61) ,  who concluded t h a t  g r a v i t y  had b u t  a minor  e f f e c t  on t h e  lower  l i m i t  
o f  f l a m m a b i l i t y .  

Experiments by Klmzey ( r e f .  60), Schre ihans ( r e f .  62) ,  and A l t e n k i r c h  
( r e f s .  50 and 63) suggest t h a t  as f a r  as f lame spread i s  concerned, f o r  g r a v i -  
t a t i o n a l  va lues  much g r e a t e r  than t h a t  on ea r th ,  t h e r e  i s  n e g l i g i b l e  e f f e c t  o f  
g r a v i t y .  For g r a v i t y  l e v e l s  equal  t o  e a r t h ' s  g r a v i t y ,  t h e r e  i s  some d i sag ree -  
ment whether t h e  dependence i s  s i g n i f i c a n t  o r  n o t  ( r e f .  63 ) .  A t  m i c r o g r a v i t y  

37 



l e v e l s ,  however, i t  i s  e v i d e n t  t h a t  f lame spread r a t e s  may be reduced by an 
o rde r  o f  magnitude o r  more ( r e f .  60 ) .  

Some very  e a r l y  exper iments ( r e f .  64) i n d i c a t e d  t h a t ,  once i g n i t e d ,  a 
m a t e r i a l  i s  l i k e l y  t o  bu rn  even th rough p e r i o d s  o f  we igh t lessness .  H a l l ' s  
s tudy  suggested t h a t  b u r n i n g  was i n  some sense a c c e l e r a t e d  d u r i n g  w e i g h t l e s s -  
ness ( r e f .  64) .  I n  genera l ,  e x t e n s i v e  s t u d i e s  have n o t  been made o f  t h e  
e f f e c t s  o f  g r a v i t y  on b u r n i n g  r a t e s .  For smal l  i tems,  where c o n v e c t i v e  e f f e c t s  
dominate, i t  would be expected t h a t  t h e  b u r n i n g  r a t e  would f o l l o w  S p a l d i n g ' s  
B-number theo ry  ( r e f .  65) .  Th is  theory ,  f o r  example, p r e d i c t s  t h a t  t h e  b u r n i n g  
r a t e  o f  a smal l  sphere w i l l  be p r o p o r t i o n a l  t o  t h e  1/4 power o f  g. The b u r n i n g  
o f  l a r g e r  i tems tends t o  be dominated by r a d i a t i v e  t r a n s f e r .  
o f  g r a v i t y  a r e  much s m a l l e r  and i n d i r e c t .  The o n l y  g r a v i t y  e f f e c t  w i  
t h e  soo t iness  o f  t h e  f lames o r  t h e  shapes o f  t h e  r a d i a t i n g  bodies a r e  
t h i s ,  o f  course,  i s  p o s s l b l e .  

Here t h e  e f f e c t s  

PRESENT PROCEDURES USED FOR TES1-ING SPACECRAFT COMPONENTS 

1 be i f  
a f f e c t e d ;  

m a r i l y  A t  NASA, t h e  f l a m m a b i l i t y  o f  s p a c e c r a f t  m a t e r i a l s  i s  assessed p r  
u s i n g  t h e  methods o f  NHB 8060.16 ( r e f .  4 ) .  
methods, b o t h  f u l l - s c a l e  and bench-scale,  f o r  t h e  f l a m m a b i l i t y  t e s t i n g  o f  s o l i d  
m a t e r i a l s .  The f u l l - s c a l e  procedures i n c l u d e  a s e c t i o n a l  mockup ( T e s t  10)  and 
a f u l l  c a b i n  mockup ( l e s t  1 1 ) .  Both t e s t s  a r e  i g n i t e d  u s i n g  an e l e c t r i c a l l y  
t r i g g e r e d  s o l i d  i g n i t o r .  Dench-scale procedures i n c l u d e  an upward p r o p a g a t i o n  
t e s t  ( T e s t  1 ) ,  a l e s s  severe downward p ropaga t ion  t e s t  ( T e s t  2 ) .  a supplemen- 
t a r y  t e s t  f o r  f l a s h  and f i r e  p o i n t  ( T e s t  3 ) ,  and s p e c i a l  t e s t s  f o r  e l e c t r i c a l  
w i r e  i n s u l a t i o n  ( T e s t  4) and p o t t i n g  compounds ( T e s t  5 ) .  Tes t  1 uses specimens 
6.3 cm wide by 30 cm l o n g  and i g n i t e d  a t  t h e  bo t tom by e i t h e r  a s o l i d  i g n i t o r  
( f o r  oxygen-en r i ched  atmospheres) o r  a Bunsen bu rne r .  A specimen i s  accep tab le  
i f  i t  meets maximum burn  t ime  and bu rn  l e n g t h  c r i t e r i a .  Specimens wh ich  f a i l  
these c r i t e r i a  may be q u a l i f i e d  under Tes t  2, which r e l o c a t e s  t h e  i g n i t o r  t o  
t h e  top  o f  t h e  specimen and does n o t  p r o v i d e  s p e c i f i c  c u t o f f  c r i t e r i a .  I n  a l l  
these Handbook t e s t s ,  t h e  t e s t  i s  t o  be conducted a t  t h e  atmosphere which con- 
s t i t u t e s  t h e  wors t - case  c o n d i t i o n .  

Th is  Handbook p rov ides  s e v e r a l  

The European Space Agency (ESA) i n i t i a l l y  adopted a s e t  o f  bench-sca le  
t e s t  procedures ( r e f .  19)  t h a t  a r e  somewhat d i f f e r e n t  f rom those o f  NASA. The 
€SA b a s i c  t e s t  was t h e  L i m i t i n g  Oxygen Index  t e s t .  Whi le  t h i s  i s  d i f f e r e n t  
f r o m  t h e  upward b u r n i n g  Tes t  1 o f  NHB 8060.16, t h e  ESA method proceeded i n  an 
analogous f a s h i o n  by d e s c r i b i n g  a downward p ropaga t ion  t e s t  f o r  m a t e r i a l s  t h a t  
do n o t  pass the  b a s i c  t e s t ,  and by supplement ing w i t h  a s p e c i a l  w i r e  i n s u l a t i o n  

o f  m a t e r i a l s  ( r e f .  66) .  
I t e s t .  C u r r e n t l y ,  however, ESA i s  u s i n g  t h e  NASA procedures f o r  a c t u a l  t e s t i n g  

I POSSIBLE F U l U R E  D I R E C l I O N S  

I t  i s  l i k e l y  t h a t  t h e  i n t e n s i v e  development o f  new t e s t  methods and f i r e  
des ign  procedures go ing  on i n  t h e  area  o f  f i r e  p r o t e c t i o n  f o r  b u i l d i n g s  w i l l  
have some impact  on t h e  s t a t e  o f  t h e  a r t  o f  f i r e - s a f e  des ign  i n  t h e  aerospace 
env i ronment .  Such a p p l i c a t i o n s  w i l l  n o t  be a d i r e c t  use o f  des ign  procedures 
developed f o r  b u i l d i n g s ,  s i n c e  these t a k e  i n t o  account n e i t h e r  t h e  s p e c i a l  
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envi ronments o f  concern i n  space m iss ions  nor  t h e  r e q u i r e d  c r i t e r i a .  The p r i n -  
c i p l e s  themselves, however, may w e l l  be i n t r o d u c e d  i n t o  newer genera t i ons  o f  
s p a c e c r a f t  s tandards .  Th is  can be expected because t h e  new g e n e r a t i o n  o f  t e s t s  
coming i n t o  use i n  t h e  b u i l d i n g  i n d u s t r y  a r e  n o t  conceived o f  as ded ica ted  
"w idget  t e s t e r s "  b u t ,  r a t h e r ,  a r e  i n tended  t o  focus on t h e  fundamental p roper -  
t i e s  o f  m a t e r i a l s  as they  r e l a t e  t o  f l a m m a b i l i t y .  The most e s s e n t i a l  o f  these 
p r i n c i p l e s  f o r  bench-sca le  t e s t i n g  i n c l u d e  t h e  requ i rements  f o r  

( 1 )  P lanar ,  t h e r m a l l y  t h i c k  specimens 

( 2 )  The t e s t i n g  o f  composites as composites, i n s t e a d  o f  t e s t i n g  i n d i v i d u a l  
l a y e r s  

( 3 )  S imu la ted  f i r e  exposure t o  c o n s i s t  o f  a un i fo rm,  a d j u s t a b l e  r a d i a n t  
f l u x  

( 4 )  Design o f  t e s t s  t o  g i v e  one-d lmensional  heat  t r a n s f e r  

( 5 )  Oesign o f  apparatus such t h a t  specimens do n o t  m e l t  o u t  o f  h o l d e r  o r  
r e t r e a t  f rom t h e i r  i g n i t i o n  sources 

( 6 )  7he measurement o f  heat ,  spec ies,  soo t  and smoke on a pe r -g ram b a s i s  

( 7 )  Use o f  oxygen consumption f o r  measur ing heat  r e l e a s e  r a t e s  

( 8 )  The s e l e c t i o n  of b o t h  i r r a d i a n c e  c o n d i t i o n s  and t e s t  t imes t o  p r e d i c t  
f u l l -  s c a l e  da ta  

( 9 )  The focus  on p r e d i c t i n g  vo lume- in teg ra ted  f u l l - s c a l e  v a r i a b l e s  (e.g. ,  
hea t  r e l e a s e  r a t e )  i n s t e a d  o f  p o i n t  v a r i a b l e s  (e.g., tempera ture  a t  a g i v e n  
s t a t i o n )  

39 



7 Acotylono-air pilot 

............. 

, ':R a dl a n t.', 
280mm 

. . . . . . .  

. . . . . . . .  . . . . . . .  ... I I'-i 750mm 

Figure 1. - International Maritime Organization flame spread apparatus. 
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Figure 2. - Cone Calorimeter. 
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F I R E  EXTINGUISHMENT AND I N H I B I T I O N  I N  SPACECRAFT ENVIRONMENTS 

John de R i s  
Fac to ry  Mutual  Research 

BACKGROUND 

The conf inement  o f  personne l  f o r  l o n g  p e r i o d s  o f  t i m e  i n  t h e  r e l a t i v e l y  
smal l  volumes o f  s p a c e c r a f t  i n t r o d u c e s  seve ra l  un ique hazards, i n  p a r t i c u l a r :  
( 1 )  t h e  cont inuous  accumula t ion  o f  t r a s h ,  which m igh t  suppor t  combustion; 
( 2 )  t h e  e x t e n s i v e  use o f  f i r e - r e t a r d e d  m a t e r i a l s ,  wh ich  once i g n i t e d  tend  t o  
produce ve ry  t o x i c  p roduc ts  cjf combustion; and ( 3 )  t h e  need t o  r a p i d l y  d e t o x i f y  
t h e  c a b i n  atmosphere immedia te ly  f o l l o w i n g  a f i r e  s i n c e  ( a )  personne l  escape 
i s  i m p r a c t i c a l ,  ( b )  v e n t i n g  t o  space w i t h  p r o v i s i o n  f o r  rep lacement  o f  t h e  
c a b i n  atmospheres i n c u r s  a severe des ign  we igh t  p e n a l t y ,  ( c )  t o x i c  p roduc ts  o f  
combustion tend t o  be h i g h l y  c o r r o s i v e ,  and ( d )  t h e  ass igned s p a c e c r a f t  m i s s i o n  
must presumably be con t inued .  

I n  a d d i t i o n ,  t h e  use o f  an a r t i f i c i a l  atmosphere i n e v i t a b l y  i n t r o d u c e s  
u n c e r t a i n t y  as t o  t h e  ambient oxygen c o n c e n t r a t i o n ,  wh ich  s t r o n g l y  i n f l u e n c e s  
t h e  p o t e n t i a l  f i r e  hazards.  M a t e r i a l s  and ex t ingu ishment  methods must be 
t e s t e d  under worst -case c o n d i t i o n s  cor respond ing  t o  t h e  maximum oxygen concen- 
t r a t i o n .  F i g u r e  1 ( f r o m  r e f .  67) shows t h e  s t r o n g  i n f l u e n c e  o f  ambient oxygen 
c o n c e n t r a t i o n .  Flame temperatures,  m a t e r i a l  i g n i t i b i l i t y ,  and b u r n i n g  r a t e s  
depend p r i m a r i l y  on t h e  ambient oxygen concen t ra t i on ;  hence combust ion d a t a  a r e  
c o r r e l a t e d  by t h e  h o r i z o n t a l  zones i n  t h e  f i g u r e ,  d e f i n e d  by l i m i t s  o f  mole 
p e r c e n t  oxygen. Human b r e a t h i n g  e f f e c t i v e n e s s ,  however, depends p r i m a r i l y  on 
t h e  p a r t i a l  p ressu re  o f  oxygen, rep resen ted  by t h e  broken l i n e s  i n  f i g u r e  1 ( a  
normal atmosphere has 21-kPa oxygen p a r t i a l  p r e s s u r e ) .  A s  a r e s u l t  one c o u l d  
n o t i c e a b l y  decrease f i r e  hazards by m a i n t a i n i n g  t h e  p a r t i a l  p ressu re  o f  oxygen 
cor respond ing  t o  t e r r e s t r i a l  c o n d i t i o n s ,  w h i l e  i n c r e a s i n g  t h e  p a r t i a l  p r e s s u r e  
o f  n i t r o g e n  t o  some h i g h e r  va lue ,  perhaps t o  200 t o  300 kPa ( 2  o r  3 atm).  The 
dependence on t o t a l  p ressu re  ( a t  low t o t a l  p ressu res )  i n d i c a t e d  i n  f i g u r e  1 i s  
p r i m a r i l y  due t o  changes i n  buoyancy f o r c e s  pe r  u n i t  volume. F o r t u n a t e l y ,  t h e  
r e d u c t i o n  o f  buoyancy f o r c e s  tends t o  reduce f i r e  hazards, because l e s s  ambient  
o x i d a n t  i s  drawn i n t o  t h e  f lame zone f o r  suppor t  of combustion. 

The v i r t u a l  e l i m i n a t i o n  o f  buoyancy f o r c e s  i n  a m i c r o g r a v i t y  env i ronment  
i n t r o d u c e s  i m p o r t a n t  fundamental changes i n  combustion mechanism - even though 
a g e n t l e  breeze i s  u s u a l l y  p resen t  f o r  v e n t i l a t i o n  purposes. 
i m p r a c t i c a l  t o  p e r f o r m  m a t e r i a l  acceptance t e s t s  (and p e r f o r m  r e a l i s t i c  f i r e  
suppress ion  t e s t s )  i n  a m i c r o g r a v i t y  env i ronment .  A s  a r e s u l t  we must r e l y  on 
a thorough t h e o r e t i c a l  and conceptua l  unders tand ing  o f  f i r e  behav io r  mechanisms 
when e x t r a p o l a t i n g  our  t e r r e s t r i a l  expe r ience  t o  s p a c e c r a f t  c o n d i t i o n s .  T h i s  
demands a c o n t i n u i n g  b a s l c  research  e f f o r t  t o  p r o v i d e  a f i r m  s c i e n t i f i c  founda- 
t i o n  f o r  any proposed e x t r a p o l a t i o n s .  For  example, t h e  reduced f l u i d  f l o w  
r a t e s  under m i c r o g r a v i t y  c o n d i t i o n s  r e s u l t  i n  l onger  f l o w  res idence  t imes ,  
p robab ly  reduc ing  t h e  e f f e c t i v e n e s s  o f  e x t i n g u i s h i n g  agents such as Halon 1301 
t h a t  a c t  by s l o w i n g  gas-phase k i n e t i c  r e a c t i o n  r a t e s .  These l o n g e r  f l o w  r e s i -  
dence t imes may a l s o  a l l o w  f o r  more soo t  f o r m a t i o n  and g r e a t e r  f r a c t i o n a l  r a d i -  
a n t  hea t  t r a n s f e r  under m i c r o g r a v i t y  c o n d i t i o n s .  Halon 1301, when i n t r o d u c e d  
i n t o  gaseous hydrocarbon f u e l s ,  i s  known t o  s t r o n g l y  encourage s o o t  f o r m a t i o n  

I t  i s  c l e a r l y  
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and probably increase the radiant heat transfer from the flames. While this 
augmented radiant heat transfer may tend to quench the flames, it i s  also 
likely to increase the soot and carbon monoxide output; and it may induce 
higher overall burning rates If the fire is large enough to be controlled by 
radiant heat transfer to the pyrolyzing solid fuel. These issues clearly 
demand further fundamental research. 

As we approach the 21st century, activities in space will become increas- 
ingly routine. People will demand higher level of safety from unwanted fires. 
Even today astronauts receive very little fire safety training. Future manned 
spacecraft missions will be of longer duration, be likely to have more objec- 
tives, and be expected to survive accidental fires. Terrestrial fire-safety 
experience dictates that unwanted ignitions will occur and that the most diffi- 
cult situations will be associated with unexpected fire scenarios. Presumably, 
all anticipated hazards can be controlled by careful design. Thus our major 
challenge at this time is to choose and develop a suitable general purpose 
fire-fighting technology that can be used to handle unexpected hazards with 
relatively little personnel training. Meanwhile, we should actively pursue the 
relatively easier challenges of designing specific fire protection measures for 
clearly identified hazards. 

ELECTRONIC EQUIPMENT 

Spacecraft generally have a lot of electronic equipment, which presents a 
likely source of fire ignition due to overheated components. Such equipment 
is generally in modularized compartments to insure its reliability and protect 
it from outside electrical, mechanical, and thermal disturbances. In general, 
one needs to gain access to the compartment interior only when there is a 
clearly identified faulty component that must be replaced or repaired. All 
other access generally occurs through panel controls, gauges, and connectors. 
Nowadays, terrestrial computers are sometimes fire-protected by installing 
self-contained automatic Halon 1301 canister extinguishers within the computer 
cabinet. Halon 1301, however, introduces severe toxicity and corrosion prob- 
lems. Instead, It might be much more desirable to inert the atmosphere within 
the compartments through use of an onboard nitrogen inert gas generation system 
(OBIGGS), using molecular sieve or permeable membrane techniques to provide 
continuous purging. The compartments would have to be sealed and possibly pro- 
vided with suitable heat exchangers. Thls approach would prevent ignition and 
reduce its concomitant damage, cleanup, and potential corrosion hazards. It 
would also minimize any fire-induced outgaslng of halogens from circuit boards 
and cable insulation. The sealing of electronic compartments would be quite 
advantageous in terms of reducing corrosion problems within the compartment due 
to attack by extinguishing agents or products of combustion from fires taking 
place outside the compartment. 

GENERAL-PURPOSE FIRE EXTINGUISHMENT 

It is essential for spacecraft to be provided with a general-purpose fire 
extinguishing system that i s  capable of handling a very broad range of fire 
threats both in terms of origin and magnitude. The choice of extinguishing 
system needs to be made as soon as possible to allow time for technology devel- 
opment tailored to spacecraft environments. 
tems include water sprays, dry powder, foam, C02 or N2 inerting, and Halon 1301. 

Present day general-purpose sys- 
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Dry powder and water-based foam p resen t  d e f i n i t e  c leanup problems i n  a 
spacec ra f t  and w i l l  n o t  be d iscussed f u r t h e r  here .  

I Gaseous I n e r t i n g  

N i t r o g e n  i n e r t i n g  has t h e  advantage over  carbon d i o x i d e  i n e r t i n g  o f  n o t  
r e q u i r i n g  onboard s to rage  of an a d d i t i o n a l  gas. N i t r o g e n  a l s o  i n t r o d u c e s  fewer  
p h y s i o l o g i c a l  e f f e c t s .  It, t h e r e f o r e ,  has d e f i n i t e  p o t e n t i a l .  Recent ly ,  t h e  
U.S. Navy has t e s t e d  N 2 - p r e s s u r i z a t i o n  as a method f o r  combating submarine 
f i r e  hazards and has found i t  t o  be q u i t e  e f f e c t i v e .  F i g u r e  1 suggests t h a t  
f o r  deep-seated f i r e s  i n v o l v i n g  g low ing  combustion ( i n c o m p l e t e  combust ion) ,  
oxygen c o n c e n t r a t i o n  must be g r e a t l y  reduced th rough e x t e n s i v e  i n e r t i n g .  Cur- 
r e n t l y ,  t h e  U.S. Navy i s  n o t  a c t i v e l y  p u r s u i n g  t h i s  approach because t h e  
onboard s to rage  o f  e x t r a  n i t r o g e n  i n c u r s  a cons ide rab le  we igh t  p e n a l t y .  Carbon 
d i o x i d e  would have an even g r e a t e r  we igh t  p e n a l t y ,  and we s h a l l  n o t  cons ide r  
i t  f u r t h e r  here.  Th is  leaves o n l y  Halon 1301 and water -sprays  as cand ida te  
f i r e  f i g h t i n g  agents,  wh ich  we s h a l l  now cons ide r  i n  more d e t a i l .  

I 

I 

Ha lon 1301 (Bromot r i f luoromethane,  CF3Br) 

Halon 1301 I s  a nonflammable gas t h a t  chemica l l y  i n h i b i t s  gas-phase com- 
b u s t i o n  by r e l e a s i n g  bromine atoms, wh ich  can repea ted ly  scavenge OH r a d i c a l s  
necessary f o r  combustion. On a pound-for-pound bas i s ,  i t  i s  t y p i c a l l y  two-and- 
a - h a l f  t imes more e f f e c t i v e  than carbon d i o x i d e  as a f i r e - e x t i n g u i s h i n g  agent .  
I t  i s  e f f e c t i v e  a t  a v o l u m e t r i c  c o n c e n t r a t i o n  o f  6 p e r c e n t  a g a i n s t  l i q u i d - f u e l  
(C lass  8 )  and e l e c t r i c a l  (C lass  C )  f i r e s  as w e l l  as most s u r f a c e  f i r e s  i n v o l v -  
i n g  o r d i n a r y  combust ib les  (C lass  A ) .  I t  i s  i n e f f e c t i v e  a g a i n s t  deep-seated 
(C lass  A )  f i r e s  because i t  does n o t  d i r e c t l y  c o o l  t h e  s o l i d  f u e l  and does n o t  
c h e m i c a l l y  impede g low ing  combustion r e a c t i o n s .  Such g low ing  r e a c t i o n s  a r e  
l e s s  i m p o r t a n t  because they  do n o t  spread r a p i d l y  and can be e x t i n g u i s h e d  w i t h  
sma l l  amounts o f  wa te r  once a f i r e  i s  o the rw ise  under c o n t r o l .  

Halon 1301 i t s e l f  i s  noncor ros i ve .  I t  i s  a l s o  t h e  l e a s t  t o x i c  o f  t h e  
va r ious  types o f  Halons a t  t h e i r  e q u i v a l e n t  f i r e  f i g h t i n g  c o n c e n t r a t i o n s .  How- 
ever, t h e  p roduc ts  o f  combustion f rom f i r e s  be ing  suppressed by Halons a r e  
h i g h l y  t o x i c  and c o r r o s i v e .  Th is  means t h a t  one must ach ieve  r a p i d  f i r e  sup- 
p r e s s i o n  and make p r o v i s i o n  f o r  immedia te ly  c l e a n i n g  up t h e  atmosphere a f t e r  a 
f i r e .  Th i s  I s  a v e r y  d i f f i c u l t  t e c h n o l o g i c a l  t a s k  i n  a s p a c e c r a f t  env i ronment ,  
where one does n o t  have ready access t o  a supp ly  o f  f r e s h  a i r  f o r  seve ra l  v o l -  
ume changes w h i l e  f l u s h i n g  t h e  p roduc ts  o u t  o f  an occupied cab in .  I f  t h e  pe r -  
sonnel c o u l d  r e t r e a t  t o  a secure area  o f  t h e  spacec ra f t ,  t h e  t a s k  would be made 
e a s i e r  by v e n t i n g  a l l  t h e  contaminated atmosphere t o  o u t e r  space; however, a l l  
components o f  t h e  s p a c e c r a f t  would have t o  be des igned t o  w i t h s t a n d  a f u l l  
vacuum. 

The most f o r m i d a b l e  o b s t a c l e  t o  t h e  use o f  Halon 1301 i s  t h e  t o x i c i t y  of 
t h e  agent  i n  i t s  o r i g i n a l  "nea t "  s t a t e .  Numerous s t u d i e s  ( r e f s .  68 t o  71) have 
been made on i t s  t o x i c i t y ,  l e a d i n g  t o  t h e  recommendations summarlzed i n  t a b l e  I 
( r e f s .  68 and 71 t o  7 3 ) .  Reference 69 s t a t e s :  "Three h e a l t h y  male v o l u n t e e r s  
were exposed t o  Halon 1301 i n  a con t ro l l ed -env i ronmen t  chamber f o r  t h e  purpose 
o f  m o n i t o r i n g  t h e l r  p h y s i o l o g i c a l  and s u b j e c t i v e  responses t o  a s e r i e s  o f  Halon 
1301 gas c o n c e n t r a t i o n s  rang ing  f rom 1000 p a r t s  per  m i l l i o n  t o  7.1 p e r c e n t  f o r  
p e r i o d s  o f  30 minu tes .  The f i r s t  untoward responses were observed t o  occur  
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d u r i n g  exposure t o  4.3 pe rcen t  and 4.5 pe rcen t .  These c o n s i s t e d  o f  a sensa t ion  
o f  l igh t -headedness  and d i z z i n e s s  accompanied by a f e e l i n g  o f  euphor ia  occur -  
r i n g  w i t h i n  2 minu tes  o f  exposure. Exposure t o  4.5 pe rcen t  f o r  10 minu tes  
r e s u l t e d  i n  an impa i rment  i n  t e s t s  o f  ba lance i n  one o f  t h e  t h r e e  s u b j e c t s .  A 
second s u b j e c t  ev idenced m i l d  impai rment  when exposed f o r  an a d d i t i o n a l  20 min-  
u t e s .  Exposure t o  7.1 pe rcen t  produced m i l d  changes i n  t e s t s  o f  ba lance i n  one 
i n d i v i d u a l  and severe impai rment  i n  a second s u b j e c t  who concomi tan t l y  e x p e r i -  
enced a decrement i n  eye-hand c o o r d i n a t i o n .  I n  t h e  w e l l - l i g h t e d  env i ronmenta l  
chamber a l l  s u b j e c t s  demonstrated t h e i r  a b i l i t y  t o  s a f e l y  e x i t  over  a 1-minute 
p e r i o d  f r o m  t h e  contaminated zone. No untoward c a r d i o v a s c u l a r  responses were 
observed. The untoward p h y s i o l o g i c a l  and s u b j e c t i v e  responses observed were 
s h o r t - l i v e d  f o l l o w i n g  c e s s a t i o n  o f  exposure." 

I t  i s  c l e a r  f r o m  these s t u d i e s  t h a t  a s p a c e c r a f t  would have t o  be p r o v i d e d  
w i t h  some means f o r  c h e m i c a l l y  c l e a n i n g  Halon 1301 f r o m  t h e  atmosphere f o l l o w -  
i n g  t h e  ex t i ngu ishmen t  o f  a smal l  f i r e .  The a u t h o r  i s  unaware o f  any such 
a v a i l a b l e  techno logy  f o r  t h i s  purpose. I t  i s  f o r  t h i s  reason t h a t  t h e  U.S. 
Navy has n o t  s e r i o u s l y  cons idered u s i n g  Halon 1301 f o r  suppress ing  submarine 
f i r e s .  

Water Sprays 

Water sprays a r e  e f f e c t i v e  a g a i n s t  f i r e s  i n v o l v i n g  o r d i n a r y  s o l i d  combus- 
t i b l e s  (C lass  A ) ,  l i q u i d  f u e l s  (C lass  8 ) ,  and e l e c t r i c a l  f i r e s  (C lass  C) .  On 
a pound- for -pound b a s i s ,  water  hand-held ex t i n ' gu i she rs  a r e  about  as e f f e c t i v e  
as Halon 1301 e x t i n g u i s h e r s  f o r  s u r f a c e  f i r e s  and much more e f f e c t i v e  f o r  deep- 
seated f i r e s .  L i q u i d  water  e x t i n g u i s h e s  f i r e s  p r i m a r i l y  by c o o l i n g  t h e  vapor-  
i z i n g  f u e l .  Water a l s o  coo ls  t h e  f i r e  zone and sur round ings  as w e l l  as p r o v i d -  
i n g  some smother ing  o f  t h e  f i r e .  

P o r t a b l e  hand-held e x t i n g u i s h e r s  p roduc ing  s o l i d  streams a r e  n o t  recom- 
mended f o r  Class 8 and Class C f i r e s .  A s h o r t  s o l i d  s t ream o f  water  can 
s p l a t t e r  a p o o l  o f  l i q u i d  f u e l  and m igh t  conduct  e l e c t r i c i t y  when i n  c o n t a c t  
w i t h  a h i g h  v o l t a g e .  However, s o l i d  streams a r e  ve ry  u s e f u l  when one wishes 
t o  p r o j e c t  t h e  wa te r  over  l o n g  d i s tances .  S o l i d  streams o f  c i t y - w a t e r  (con-  
t a i n i n g  e l e c t r i c a l l y  conduc t ing  i o n s )  p resen t  a d e f i n i t e  shock hazard when used 
w i t h i n  f o u r  f e e t  o f  h i g h  v o l t a g e  (600 V )  equipment. Sprays a r e  n o t  hazardous. 
Shock hazards o f  accumulated water  c o u l d  presumably be s i g n i f i c a n t l y  reduced by 
use o f  a d e i o n i z i n g  water  f i l t e r .  

F ine  sprays o f  wa te r  can be remarkably  e f f e c t i v e  a g a i n s t  v igo rous  f i r e s  
i n  compartments. The U.S. Navy ( r e f .  74) has e x t i n g u i s h e d  f u l l y  developed 
l i q u i d  hexane and heptane f i r e s  i n  0.8-m2 ( 9 - f t 2 )  and 2.2-m2 ( 2 4 - f t 2 )  
pans w i t h i n  6- by 6- by 3-m (20-  by 20- by 1 0 - f t )  enc losures  w i t h i n  9 sec a t  a 
water  a p p l i c a t i o n  r a t e  o f  1.3 l / s e c  ( 2 0  ga l /m in ) .  Fac to ry  Mutual  Research has 
demonstrated s i m i l a r  r a p i d  ex t i ngu ishmen t  i n  i t s  bed room- f i re  t e s t  s e r i e s .  
Apparent ly ,  t h e  v igo rous  spray i n j e c t i o n  causes t h e  f i n e  drops t o  be d e p o s i t e d  
on a l l  exposed su r faces  p r e v e n t i n g  f u r t h e r  f u e l  p y r o l y s i s .  Ex t ingu ishment  
occurs b e f o r e  enough water  m i s t  c o u l d  accumulate i n  t h e  gas volume t o  render  
i t  noncombust ib le .  One would need t o  have one mass u n i t  o f  l l q u i d  water  m i s t  
f o r  each t h r e e  mass u n i t s  o f  a i r  t o  reduce t h e  r e s u l t a n t  e q u i l i b r i u m  f l ame tem- 
p e r a t u r e  t o  below 1500 K, which i s  around t h e  tempera ture  necessary t o  p r e v e n t  
gaseous combustion. Tes t  obse rva t i ons  i n d i c a t e  e x t i n c t i o n  occurs  w i t h  f a r  l e s s  
wa te r .  Genera l l y ,  one needs an o r d e r  o f  magnitude l e s s  water  i f  t h e  wa te r  i s  
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used f o r  d i r e c t  c o o l i n g  o f  t h e  p y r o l y z i n g  o r  v a p o r i z i n g  su r face .  F i n e  sprays 
a r e  l e s s  e f f e c t i v e  f o r  s h i e l d e d  f i r e s ,  a l t hough  they  do c o o l  t h e  sur round ings  
and a l l o w  access f o r  manual ex t ingu ishment .  

< The most s i g n i f i c a n t  advantages o f  water  sprays f o r  s p a c e c r a f t  f i r e  e x t i n -  
guishment a r e  t h e  absence o f  adverse t o x i c o l o g i c a l  e f f e c t s ,  t h e  n a t u r a l  scrub-  
b i n g  a c t i o n  o f  wa te r  drops i n  c l e a n i n g  t h e  atmosphere, t h e  ease o f  agent  
c leanup u s i n g  t h e  s p a c e c r a f t  v e n t i l a t i o n  system d e h u m i d i f i e r ,  t h e  smal l  mass 
o f  agent  needed, and t h e  f a c t  t h a t  ample l i q u i d  water  i s  a l r e a d y  a v a i l a b l e  on 
t h e  s p a c e c r a f t  f o r  o t h e r  purposes so  t h a t  l i t t l e  we igh t  p e n a l t y  i s  i n v o l v e d  f o r  

recovers  f u l l  f u n c t i o n a l i t y  a f t e r  t h e  l i q u i d  water  d r i e s  o u t .  A s  d iscussed 
e a r l i e r ,  i t  m igh t  be d e s i r a b l e  t o  keep s p a c e c r a f t  e l e c t r o n i c  equipment i n  
sealed i n e r t  gas c o n t a i n e r s  t o  avo id  t a k i n g  t h e  equipment even t e m p o r a r i l y  o u t  
o f  s e r v i c e .  

1 f i r e  p r o t e c t i o n .  E l e c t r o n i c  equipment sub jec ted  t o  water  sprays g e n e r a l l y  
1 

I 

l h e  use o f  water  sprays i n  m i c r o g r a v i t y  env i ronments i n t r o d u c e s  a v a r i e t y  
o f  s c i e n t i f i c  i s s u e s .  There i s  a v a s t  l i t e r a t u r e  on t h e  behav io r  o f  l i q u i d  
sprays .  Computer models a r e  a v a i l a b l e  ( r e f s .  7 5  and 76) f o r  c a l c u l a t i n g  spray 
dynamics w i t h  and w i t h o u t  g r a v i t y .  These models f o l l o w  i n d i v i d u a l  t y p i c a l  d rop  
t r a j e c t o r i e s  and i n c l u d e  e f f e c t s  o f  t u r b u l e n c e  on t h e  gas - f l ow  dynamics. A 
s u i t a b l e  water  p ressure ,  spray angle,  and o r i f i c e  d lameter  need t o  be chosen 
t o  p r o v i d e  t h e  d e s i r e d  nozz le  w a t e r - f l o w  r a t e  and drop  d iameter  l e a d i n g  t o  
r a p i d  d e p o s i t i o n  o f  water  on exposed f u e l  sur faces .  I t  migh t  be d e s i l - a b l e  t o  
employ a hose l i n e  w i t h  an a d j u s t a b l e  n o z z l e  s i m i l a r  t o  t h a t  o f  a garden hose 
t o  c o n t r o l  t h e  water  f l o w  r a t e  and th row d i s t a n c e  o f  t h e  spray .  

I t  would be u s e f u l  t o  employ these computer models t o  s tudy  t h e  e f f e c t s  
o f  w a t e r - f l o w  r a t e ,  d rop  s i ze ,  and spray momentum on t h e  speed and u n i f o r m i t y  
o f  water  d e p o s i t i o n  on s h i e l d e d  and unsh ie lded su r faces  w i t h  and w i t h o u t  t h e  
presence o f  f o r c e d  v e n t i l a t i o n .  Very f i n e  drops can be c a r r i e d  by t h e  genera l  
gas mo t ion  beh ind  s h i e l d e d  sur faces ,  b u t  they  w i l l  s e t t l e  o u t  ( o r  be f l u n g  o u t )  
more s l o w l y .  Large drops tend t o  t r a v e l  i n  more s t r a i g h t  l i n e s ,  d i r e c t l y  
impac t ing  unsh ie lded  sur faces  w i t h  l i t t l e ,  i f  any, water  reach ing  s h i e l d e d  su r -  
f aces .  The spray i t s e l f  can genera te  cons ide rab le  gas mo t ion .  I t  would be 
i n t e r e s t i n g  t o  know whether  t h e r e  i s  an optimum d r o p - s i z e  range l e a d i n g  t o  
r e l a t i v e l y  f a s t  and u n i f o r m  s u r f a c e  d e p o s i t i o n .  I n  p a r t i c u l a r ,  one would l i k e  
t o  know how t h i s  optimum d rop  s i z e  depends on t h e  presence o r  absence o f  g rav -  
i t y .  Conclus ions drawn f rom such a mathemat ica l  s tudy  c o u l d  c e r t a i n l y  p r o v i d e  
i n s i g h t  u s e f u l  i n  s e l e c t i n g  a p r a c t i c a l  s p a c e c r a f t  water  spray f i r e  p r o t e c t i o n  
system. 

l h e  U.S. Navy f a v o r s  t h e  use o f  f i n e - d r o p  water  sprays f o r  submarine f i r e  
p r o t e c t i o n  and i s  c u r r e n t l y  deve lop ing  a f i x e d - n o z z l e  h igh -p ressu re  system 
( r e f .  7 4 ) .  The needs and c o n s t r a i n t s  o f  NASA a r e  q u i t e  s i m i l a r  t o  those  o f  t h e  
U.S. Navy. I t  i s  recommended t h a t  NASA s e r i o u s l y  cons ide r  t h e  a d o p t i o n  t o  a 
hose l i n e  and water  spray f o r  i t s  genera l -purpose f i r e  p r o t e c t i o n  needs. 

CONCLUSIONS 

I t  i s  e s s e n t i a l  t h a t  NASA deve lop  a comprehensive approach t o  f i r e  e x t i n -  
guishment and i n e r t i n g  i n  s p a c e c r a f t  env i ronments.  E l e c t r o n i c  equipment m i g h t  
r e a d i l y  be p r o t e c t e d  th rough  use o f  an onboard i n e r t  gas g e n e r a t i n g  system 

I (OBIGGS). The use o f  Halon 1301 p resen ts  se r ious  t e c h n o l o g i c a l  cha l l enges  f o r  
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agent c leanup and removal o f  t h e  t o x i c  and c o r r o s i v e  p roduc ts  o f  combust ion.  
N i t r o g e n  p r e s s u r i z a t i o n ,  w h i l e  e f f e c t i v e ,  p robab ly  p resen ts  a s e r i o u s  we igh t  
p e n a l t y .  The use o f  l i q u i d  water  sprays appears t o  be the  most e f f e c t i v e  
approach t o  genera l -pu rpose  s p a c e c r a f t  f i r e  p r o t e c t i o n .  

O r g a n i z a t i o n  Concen t ra t i on ,  Time 
v o l  % 

OSHA 0.1 8 hr /day , 
40 hr/wk 

NFPA( 1 2 A )  up t o  7 15 min 
7 t o  10 1 min 

10 t o  1 5  30 s e t  
>15 0 

FAA Product  o f  p e r c e n t  - < l o  
and minutes 

U . S .  A i r  Force 6 5 min 

Reference 

7 2  

73 

71 

68 

48 



\ @ SLIGHTCOMBUSTION 

\ NOCOMBUSTION 

\150 kPa  O X Y G E N  

0 0.4 0.8 1.2 1.6 2.0 

TOTAL PRESSURE, MPa 

Figure 1. - Varying degrees o f  combustion in an oxygen-nitrogen atmosphere 

(ref. 67). 
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I INLW I 1NG AND AlMOSPHkHkS 

i Homer W .  Carhar t  
Naval Hesearch Labora tory  

l h e  o l d  aphor ism t h a t  an atmosphere t h a t  w i l l  s u s t a i n  a f i r e  w i l l  a l s o  
s u s t a i n  l i f e ,  and v i c e  versa,  has been h e l d  as f a c t  f o r  a l ong ,  l o n g  t ime .  
F o r t u n a t e l y ,  t h i s  i s  n o t  t r u e .  F i r e s  a r e  dependent p r i m a r i l y  on t h e  concent ra -  
t i o n  o f  oxygen, whereas l i f e  i s  dependent on t h e  p a r t i a l  p ressu re  o f  oxygen. 

I '1he t w o  a r e  n o t  synonymous. Be fo re  d i s c u s s i n g  t h i s  i n  more d e t a i l ,  l e t  us 
f i r s t  cons ide r  t h a t  man seems t o  be ever  more determined t o  encapsu la te  h i m s e l f  
and then p l a c e  t h e  capsu le  i n  exceed ing ly  h o s t i l e  ( i f  n o t  immedia te ly  l e t h a l )  
sur round ings ,  be i t  a submarine, a space capsule,  o r  even a h i g h - f l y i n g  a i r -  
c r a f t .  Examples o f  t h r e e  o f  these capsules and t h e i r  i n t e r n a l  env i ronments a r e  
g i v e n  i n  Table 1. 

I 

1 

I 

l h e  f a t a l  A p o l l o  f i r e  i n  1967 i n  100 pe rcen t  oxygen l a s t e d  o n l y  about  
1 5  sec ( r e f .  7 7 ) .  F i r e s  i n  submarines a r e  comparable t o  those we exper ience  
ou rse l ves  every  day, t h e  atmosphere b e i n g  e s s e n t i a l l y  a i r ;  b u t  i n  t h e  case o f  
Seal-ab, t h e  aquanauts, wan t ing  t o  smoke, c o u l d  n o t  even s t r i k e  a match 
( r e f .  78) .  A l l  t h r e e  o f  these atmospheres suppor ted l i f e  f o r  extended p e r i o d s  
( t h e  p a r t i a l  p ressu res  o f  oxygen b e i n g  c l o s e  t o  t h e  same), y e t  f rom a f i r e  
s t a n d p o i n t ,  t h e  f i r s t  was a lmost  e x p l o s i v e  and t h e  l a s t  would n o t  even suppor t  
a t tempted combustion. From t a b l e  I i t  i s  apparent  t h a t  f i r e  i s  dependent on 
t h e  pe rcen t  o f  oxygen, whereas l i f e  i s  dependent on t h e  p a r t i a l  p ressu re  o f  
oxygen. 

I t  f o l l o w s ,  then,  t h a t  i n  an i n h a b i t e d  capsu le  I t  shou ld  be p o s s i b l e  t o  
e x e r c i s e  a c e r t a i n  amount o f  w i l l f u l  c o n t r o l  over  f i r e  and s t i l l  m a i n t a i n  hab- 
i t a b i l i t y  by p roper  s e l e c t i o n  o f  t h e  compos i t i on  o f  t h e  atmosphere. Th is  leads  
t o  two concepts i n  t h e  c o n t r o l  o f  f i r e s  i n  c o n f i n e d  spaces by c o n t r o l l i n g  atmo- 
spher i c  compos i t ion :  t h e  f i r s t ,  t o  lower  t h e  o v e r a l l  p o t e n t i a l  hazard by main- 
t a i n i n g  t h e  p e r c e n t  oxygen i n  t h e  capsu le  below t h a t  o f  a i r ,  and t h e  second, 
t o  p r o v i d e  f o r  t h e  emergency ex t i ngu ishmen t  o f  a f i r e  by sudden f l o o d i n g  w i t h  
n i t r o g e n .  For b o t h  cases we a r e  ve ry  f o r t u n a t e  t h a t  f i r e s  a r e  much more s e n s i -  
t i v e  t o  changes i n  c o n c e n t r a t i o n  o f  oxygen than peop le  a r e  t o  changes i n  p a r -  
t i a l  p ressu re  o f  oxygen. Th is  a l l o w s  f o r  c o n s i d e r a b l e  f l e x i b i l i t y  i n  use and 
c o n t r o l  o f  t h e  atmosphere. 

F i g u r e  1 shows t h e  b u r n i n g  r a t e  o f  paper ( h e l d  h o r i z o n t a l l y )  as a func -  
t i o n  o f  oxygen c o n c e n t r a t i o n  ( r e f s .  79 and 80).  and f i g u r e  2 shows t h a t  o f  a 
l i q u i d  f u e l  (kerosene)  a t  t w o  d i f f e r e n t  t o t a l  p ressures  ( d a t a  f r o m  unpub l ished 
s tudy  by R. C o r l u t t ,  U n i v e r s i t y  o f  Washington) .  F i g u r e  3 shows t h e  e f f e c t  o f  
t o t a l  p ressu re  on b u r n i n g  o f  paper a t  t h r e e  d i f f e r e n t  oxygen l e v e l s  ( r e f .  80). 
I t  can be seen f rom the steepness o f  t h e  l i n e s  i n  f i g u r e s  1 and 2 t h a t  b u r n i n g  
r a t e  i s  indeed ve ry  oxygen s e n s i t i v e ,  whereas f i g u r e  3 shows t h a t  t o t a l  p res -  
sure  has a much l e s s e r  e f f e c t .  S l i g h t  changes i n  oxygen c o n c e n t r a t i o n  a l s o  
impact  on f i r e  parameters o t h e r  than b u r n i n g  r a t e ,  f o r  example, r a t e  o f  h e a t  
r e l e a s e  and maximum f lame temperature,  i n d u c t i o n  t ime,  minimum i g n i t i o n  temper- 
a t u r e ,  and f l a m m a b i l i t y  l i m i t s  ( r e f .  81) .  



The concept  o f  Oxygen Index ( i . e . ,  t h e  lowest  c o n c e n t r a t i o n  o f  oxygen t h a t  
w i l l  j u s t  b a r e l y  suppor t  combustion o f  a g i v e n  m a t e r i a l )  i s  a l s o  invoked.  Some 
m a t e r i a l s  t h a t  m i g h t  bu rn  a t  21 pe rcen t  oxygen, t h e  sea - leve l  a i r  concen t ra -  
t i o n ,  m igh t  n o t  a t  lower  va lues ( c f .  t a b l e  11) .  

I t  has been shown by many exper imenters  ( r e f s .  82 and 83) t h a t  hydro-  
carbons (e.g. ,  g a s o l i n e )  w i l l  n o t  burn  below 12 t o  14 pe rcen t  oxygen. I f  t h e  
14-percent  va lue  i s  s e l e c t e d  ( i . e . ,  7 pe rcen t  l e s s  than t h e  21 pe rcen t  o f  a i r ) ,  
t h e  argument can be made t h a t  i f  one were t o  lower  t h e  oxygen c o n c e n t r a t i o n  t o  
say 19 pe rcen t  i n  a c losed  env i ronment ,  t h i s  m igh t  rep resen t  a 2/7 d rop  i n  
oxygen e f f e c t i v e n e s s ,  rough ly  30 pe rcen t .  Does t h i s  mean we cou ld  g e t  a 
30-percent  p r o t e c t i o n  i n  f i r e  spread, hea t  re lease,  e t c . ?  Th is  i s  a s u r p r i s -  
i n g l y  l a r g e  e f f e c t  c o n s i d e r i n g  how l i t t l e  we changed t h e  pe rcen t  o f  oxygen.1 

On t h e  o t h e r  hand, as shown i n  t a b l e  111, man i s  s u r p r i s i n g l y  t o l e r a n t  o f  
changes i n  p a r t i a l  p ressu re .  Granted t h a t  a sudden change, f o r  example, f r o m  
sea l e v e l  t o  3700 m, m igh t  cause "mountain s ickness"  i n  uncond i t i oned  people,  
a d a p t a b i l i t y  t o  change i s  s t i l l  s u r p r i s i n g l y  f a s t .  

Th is  leads  t o  t h e  two concepts mentioned e a r l i e r :  ( 1 )  l ong - te rm p r o t e c -  
t i o n  and ( 2 )  emergency ex t ingu ishment .  A t  t h e  Naval Research Labora to ry ,  f o r  
p a r o c h i a l  reasons, we have proposed t h a t  submarines opera te  c o n t i n u o u s l y  a t  
19 pe rcen t  oxygen ( - l - a tm t o t a l  p ressu re )  o r  s l i g h t l y  below, r a t h e r  than  t h e  
maxlmum 21 pe rcen t  p e r m l t t e d  now. The reason f o r  choosing 19 pe rcen t  i s  some- 
what a r b i t r a r y  -- i t  i s  based on c i g a r e t t e s  s t i l l  b e i n g  a b l e  t o  smolder some- 
what. Thus, t h e  crew would n o t  have t o  f o r e g o  smoking. A f t e r  a l l ,  a 
smolder ing  c i g a r e t t e  i s  a l s o  a f i r e ,  and a t  lower  oxygen l e v e l s  i t  t o o  goes 
ou t ,  w i t h  i n t e r e s t i n g  p s y c h o l o g i c a l  e f f e c t s  on t h e  crew ( c f . ,  t h e  f i r s t  sen- 
tence i n  t h i s  paper ) .  For nonsmoking crews i n  o t h e r  capsules,  t h e  1 9 - p e r c e n t -  
oxygen r e s t r i c t i o n  would n o t  app ly .  That 19 pe rcen t  oxygen i s  q u i t e  accep tab le  
t o  submarine crews has been shown r e p e a t e d l y  by submarines o p e r a t i n g  under t h i s  
c o n d i t i o n  f o r  s t r e t c h e s  o f  24 h r  o r  l onger ,  o f t e n  w i t h o u t  t h e  crews be ing  aware 
o f  I t .  Th is  I s  documented by t h e  atmosphere h a b i t a b i l i t y  l ogs  o f  o p e r a t i n g  
submarines. 

The bo t tom l i n e  I s  t h a t  we can indeed s low f i r e s  down markedly  by d i l u t i n g  
t h e  atmosphere w i t h  an i n e r t  gas, such as n i t r o g e n ,  as l o n g  as we s tay  w i t h i n  
p h y s i o l o g i c a l l y  accep tab le  l e v e l s .  Th i s  buys t ime,  i f  n o t h i n g  e l s e ,  and c o u l d  
s p e l l  t h e  d i f f e r e n c e  between an i n c i d e n t  and a d i s a s t e r .  

I n  connec t ion  w i t h  t h e  concept  o f  sudden ex t ingu ishment ,  our  Labora to ry  
has proposed a system t h a t ,  i n  t h e  event  o f  a runaway f i r e  i n  a submarine, w i l l  
dump 50 kPa (0 .5  atm) o f  n i t r o g e n  suddenly i n t o  t h e  compartment ( r e f .  8 4 ) .  
Table I V  shows t h e  concept .  Adding 0.5-atm n i t r o g e n  r a i s e s  t h e  t o t a l  p ressu re  
t o  1.5 atm. The c o n c e n t r a t i o n  o f  oxygen drops t o  14 pe rcen t ,  b u t  t h e  p a r t i a l  
p ressu re  o f  oxygen s tays  t h e  same. As  s t a t e d  e a r l i e r ,  14 pe rcen t  oxygen i s  i n  
t h e  b a l l  park  f o r  t h e  oxygen index  f o r  hydrocarbons ( r e f .  82) .  and many o t h e r  
combust ib les ,  so t h e  f i r e  should go o u t .  However, exper imen ta t i on  has shown 
t h e r e  i s  a marked s c a l i n g  e f f e c t  ( r e f .  85), as seen i n  f i g u r e  4, b u t  even 
Class 6 ( l i q u i d  f u e l )  f i r e s  a r e  ex i ngu ished  a t  about a t o t a l  p ressu re  i n c r e a s e  

1 I t  i s  recogn ized t h a t  s c i e n t  
t h e  i n t e r e s t i n g  f a c t  i s  t h a t  what 

I numbers o u t  (e .g. ,  f i g s .  1 and 2 ) .  

f l c a l l y  t h i s  i s  spu r ious  reason ing ,  b u t  
i m i t e d  da ta  a r e  a v a i l a b l e  tend t o  bear these 
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I 
o f  0.7 atm i n  l a r g e  chambers. I n  our  d i v i n g  community t h i s  i s  e q u i v a l e n t  t o  

c a t i o n s  i s  t h a t  t h e  tankage needed t o  c a r r y  t h i s  e x t r a  n i t r o g e n  would add 
we igh t  t o  a capsu le .  An advantage, however, i s  t h a t ,  un less  ve ry  t o x i c  f i r e  

been demonstrated u s i n g  r a t s  as  t e s t  s u b j e c t s  i n  a chamber i n  which a s i z e a b l e  
j e t  f u e l  f i r e  was e x t i n g u i s h e d  w i t h  n i t r o g e n  w i t h  no ill e f f e c t s  on the  r d t s  
( r e f .  86) .  F o r t u n a t e l y ,  o r  no t ,  we must recogn ize  t h a t  t h e  phys iq logy  o f  r n t s  
and humans i s  n o t  t h a t  d i f f e r e n t ,  s o  we should be a b l e  t o  e x t r a p o l a t e  the5e 

I o n l y  about  6.7 m ( 2 2  C t )  o f  water .  l h e  p e n a l t y  f o r  t h i s  system i n  space appli 

I gases a r e  produced, t h e  crew cou ld  s t i l l  l i v e  i n  t h i s  atmosphere. l h i s  has  

I 
~ 

I 

~ 

I r e s u l t s  t o  humans. 
t 

1 

I 

Iwo  very  s i g n i f i c a n t  problems we have demonstrated w i t h  f i r e s  i n  c o n f i n e d  
spaces a r e  t h a t  f i r e s  g e t  o u t  o f  hand ve ry  much f a s t e r  than i n  more normal 
env i ronments and t h a t  temperatures q u i c k l y  reach l e t h a l  l e v e l s  ( r e f .  87 ) .  
F i g u r e  5 shows d a t a  f o r  h u l l  i n s u l a t i o n  f i r e s  i n  a 325-11-13 chamber. l h e  con-  

I t r a s t  between open and c losed  ha tch  opera t i ons  i s  very  r e a l ,  and c e r t a i n l y  a i r  
temperatures o f  700 t o  800 " C ,  even f o r  a few seconds, a r e  q u i c k l y  l e t h a l .  
(Most p rev ious  and e x t e n s i v e  "c losed1'  f i r e  exper iments have n o t  been per formed 
i n  h e r m e t i c a l l y  sea led  compartments and, t h e r e f o r e ,  we have been c o n s i s t e n t l y  
m i s l e d  about  t h e  t r u e  f e r o c i t y  o f  such f i r e s ) .  

I 

Capsule 

Apol l o  
Submarine 
Sealab I1 

I t  must be emphasized, o f  course, t h a t  a l l  these exper iments and d i s c u s -  
s ions  a r e  based on normal g r a v i t y .  What the e f f e c t s  o f  low g r a v i t y  would be 
remains t o  be determined.  

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

kPa atm kPa atm 

30 0 . 3  100 30 0.3 
100 1.0 21 20 .2 
710 7.0 4 30 . 3  

v o l  x press  u r  eb 

a F ~  res  depend on minimum oxygen concen t ra t i ons .  
bHuman l i f e  depends on minimum oxygen p a r t i a l  

p ressure .  
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1ABLt 11. - OXYGLN I N D I C E S  

Oxygen p a r t i a l  p ressu re  

k Pa a t m  

F i l t e r  paper . . . . 18.2 
Co t ton  . . . . . . . 18.6 
Rayon . . . . . . . . 18.9 
Sugar . . . . . . . . 22.0 
Red oak . . . . . . . 22.7 
Wool . . . . . . . . 23.8 
3 / 4 . i n .  plywood . . . 24.3 
3 / 8 - i n .  plywood . . . 29.2 

E l e v a t i o n  

m I f t  

7ABI-k 111. - OXYGEN PARlIAL PRESSURE I N  INHABIILD ATMOSPHERES 

Capsule Oxygen, 
p ressu re  v o l  % 

kPa atm 

S t a r t  101 1 .0  21 

F i n a l  a152 a1.5  14 
Add N2 51 .5 - -  

Oxygen p a r t i a l  
p res  sure  

kPa atm 

20 0.2 

20 .2 
- -  -. - 

~~ 

A p o l l o ,  t a k e o f f  mode 
A p o l l o ,  f l i g h t  mode 
Sea l e v e l  
Denver, Colorado 
Q u i  t o ,  Ecuador 
La f'az, B o l i v i a  
P ikes  Peak, Colorado 

110 
30 t o  37 

21 
18  
1 5  
14 
13 

'1.09 
0.3 t o  0.37 

.21 

.175 

.15 

.134 

.123 

_ _ - -  
_ .  . - 

0 
1520 
2800 
3660 
4300 

- - - - - -  
- -I- - ~ 

0 
5 000 
9 300 

12 000 
14 100 

5 4  



PERCENT OXYQEN 

F i g u r e  1. - Burn ing  r a t e  o f  paper as a f u n c t i o n  o f  oxygen c o n c e n t r a t i o n  a t  
101 kPa (1 atm).  

h 

c .- 
E 

m 

Conc.  Or (%I 

F i g u r e  2.  - Burn ing  r a t e  o f  kerosene as a f u n c t i o n  o f  oxygen c o n c e n t r a t i o n .  
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F i g u r e  3. - Burn ing  r a t e  of paper as a f u n c t i o n  o f  oxygen c o n c e n t r a t i o n  arid 
p ressure .  

l o 0 l  80 
a 
Y 

w 
3 
(I) 
(I) 
w 
u 
u 
w 
9 
0 
N 
Z 

a 

a 

a 

F i g u r e  4 .  
f i r e s  I n  

2o  t 
0 I I 1 I I I I I I 

1 2 3 4 5 6  283 284 285 

C H A M B E R  VOLUME. m 3  

N i t r o g e n  overpressure  nececsary t o  e x t i n g u i s h  Class  A and Class  B 
v a r i o u s -  s i  zed chdnibcrs. 
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800" - 11426 'F) 

-0 -  1 JUNE 81 TEST CLOSED HATCH; GAS BURNER 

- 0 -  1 JULY 81 TEST CLOSED HATCH: POOL FIRE 

-+- 17 SEPT 81 TEST CLOSE0 HATCH; POOL FIRE 

-a- 7 DEC 81 TEST OPEN HATCH; POOL FIRE 

11292") 

(1112") 

-0- 30 J U N  82 TEST CLOSED HATCH; CLASS A FIRE 

-A- 29 JULY 82 TEST 

19320) p 5000 
0 & 

5 2 
b- 1752") L- 400" - 

1572") 

(392") 

1212") 

o 20 40 60 80 io0 IM 140 160 180 200 m 240 260 280 300 m 

TIME ( s e d  

SKIN BREAKS DOWN 

WATER BOILS 
3RD DEG BURNS 

3 Figure 5. - Temperature histories i n  v a r i o u s  tests I n  352-m chamber. 
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NS8-12525 

i FIR€-RELATkD MEDICAL SCIENCE 

Douglas R. K n i g h t  
Naval Submarine Med ica l  Research Labora to ry  

Space crews must q u i c k l y  e x t i n g u i s h  i n - f l i g h t  f i r e s  i n  o r d e r  t o  p reven t  
s e r i o u s  burns and smoke i n h a l a t i o n .  Otherwise,  f i r e  v i c t i m s  may r e q u i r e  medi- 
c a l  s k i l l s  and s u p p l i e s  t h a t  exceed t h e  c a p a b i l i t i e s  and resources  o f  t h e  s u r -  
v i v i n g  crewmembers. 

Man's e f f o r t s  t o  combat o r  escape f i r e s  a r e  u s u a l l y  f u t i l e  when f lames 
deve lop  i n  oxygen- r ich  atmospheres, f o r  t h e  s imp le  reason t h a t  l e t h a l  tempera- 
t u r e s  a r e  produced w i t h i n  60 sec o f  t h e  onset  o f  combustion ( r e f s .  88 t o  9 0 ) .  
€ven i n  an atmosphere o f  20 pe rcen t  oxygen - 80 pe rcen t  n i t r o g e n ,  dangerous 
tempera tures  can evo lve  i n  an a s t o u n d i n g l y  s h o r t  p e r i o d  o f  t ime .  Ear th-based 
eng ineer ing  s t u d i e s  ( r e f .  91)  have shown t h a t  t h e  t h r e s h o l d  tempera ture  f o r  
s k i n  i n j u r y  develops w i t h i n  30 t o  90 sec o f  i g n i t i o n ,  depending on t h e  c o n f i g -  
u r a t i o n  o f  t h e  t e s t  chamber. H igh  temperatures evo lve  more q u i c k l y  when t h e  
f i r e  chamber i s  sea led  than  when i t s  hatches a r e  open t o  ambient a i r .  T h i s  i s  
shown i n  f i g u r e  1, which p l o t s  s e l e c t e d  d a t a  f rom f i g u r e  5 o f  t h e  p reced ing  
r e p o r t  I n e r t i n g  and Atmospheres. The d i f f e r e n c e  i n  s k i n  i n j u r y  between 30 sec 
o f  exposure (ha tches  c losed)  and 90 sec o f  exposure (ha tches  open) c o u l d  mean 
t h e  d i f f e r e n c e  between death  and s u r v i v a l  o f  t hose  f i g h t i n g  t h e  f i r e .  

B r i e f  exposures t o  f i r e  may be l e t h a l  w i t h i n  1 t o  5 min  when t h e  ambient 
tempera ture  exceeds 200 " C  ( f i g .  2 ) .  The p o s t u l a t e d  mechanism o f  death,  hyper-  
t he rm ia ,  i s  l e t h a l  t o  t e s t  an ima ls  when r e c t a l  o r  hea r t -b lood  tempera ture  
exceeds 42.5 "C. The f i n a l  cause o f  death  i s  e i t h e r  c i r c u l a t o r y  f a i l u r e ,  f r o m  
v e n t r i c u l a r  f i b r i l l a t i o n ,  o r  agonal c o l l a p s e  o f  b lood  p ressu re  ( r e f .  92) .  

Inadequate r e s p i r a t o r y  p r o t e c t i o n ,  space s ickness ,  and pan ic  may p re -  
d ispose crewmembers t o  i n c a p a c i t a t i o n ,  i n j u r y ,  and death  by smoke i n h a l a t i o n .  
Smoke inhalation has been a leading cause o f  death in victims o f  urban fires 
( r e f s .  93 and 94 ) .  Massive exposures may i n t e r f e r e  w i t h  l u n g  f u n c t i o n  when 
smoke p a r t i c l e s  mix  w i t h  s e c r e t i o n s  t o  p l u g  t h e  a i rways .  Otherwise,  p a r t i c u -  
l a t e s  a c t  as i r r i t a n t s ,  obscure v i s i o n ,  and induce pan ic  ( r e f .  95 ) .  F i r e -  
f i g h t e r s  have been exposed t o  a number o f  ha rmfu l  gases i n  smoke, i n c l u d i n g  
carbon monoxide, a c r o l e i n ,  h y d r o c h l o r i c  a c i d ,  and o t h e r  a s p h y x i a n t s / i r r i t a n t s  
( t a b l e  I). Smoke s u f f o c a t e s  v i c t i m s  s i n c e  i t  i s  d e f i c i e n t  i n  oxygen and con- 
t a i n s  h i g h  c o n c e n t r a t i o n s  o f  carbon d i o x i d e  ( r e f s .  96 and 97 ) .  However, c a r -  
bon monoxide accounts f o r  t h e  m a j o r i t y  o f  deaths o c c u r r i n g  w i t h i n  s i x  hours o f  
exposure t o  c e l l u l o s i c  f i r e s .  It asphyx ia tes  t h e  body by b l o c k i n g  oxygen's  
r e a c t i o n s  w i t h  hemoglobin and c e l l u l a r  p r o t e i n s .  Hydrogen cyan ide ,  a l s o  an 
asphyx ian t ,  has n o t  been a p r e v a l e n t  cause o f  e a r l y  deaths ( r e f .  98) .  A c r o l e i n  
i s  cons idered t o  be t h e  most s e r i o u s  i r r i t a n t  found i n  smoke, because o f  i t s  
po tency  i n  p roduc ing  i n t o l e r a b l e  l a c r i m a t i o n  and nasa l  i r r i t a t i o n  ( r e f s .  95 
and 96 ) .  The r e l e a s e  o f  a c r o l e i n  depends on f i r e  tempera ture  and f u e l  compo- 
s i t i o n  ( r e f .  98) .  

Spacec ra f t  i n t e r i o r s  may c o n t a i n  s y n t h e t i c  po lymers t h a t  y i e l d  h i g h  con- 
I c e n t r a t i o n s  o f  t o x i c  gases when burned. There i s  a l r e a d y  an account  o f  t h e  
1 r e l e a s e  o f  l e t h a l  c o n c e n t r a t i o n s  o f  n i t r o g e n  d i o x i d e  f rom x- ray  f i l m  burned i n  
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t h e  C leve land C l i n i c  f i r e  ( r e f s .  95 and 98 ) .  Halogenated a c i d s ,  such a s  h y d r o -  
c h l o r i c  a c i d ,  may a c t  as s t r o n g  sensory i r r i t a n t s  when re leased by t h e  combus-- 
t i o n  o f  ha logenated polymers.  Isocyanates ,  ammonia, and cyanides have been 
produced b y  t h e  b u r n i n g  o f  n i t rogenous  polymers.  

Any f lame m i g h t  cause an e x p l o s i o n  by i g n i t i n g  r e a c t i v e  suhsldnces ( e . g . ,  
p r o p e l l a n t  fumes) t h a t  accumulate i n  s p a c e c r a f t  atmospheres ( r e f .  9 9 ) .  l i s s u e s  
t h a t  l i n e  g a s - f i l l e d  spaces i n  t h e  body a r e  p a r t i c u l a r l y  v u l n e r a b l e  t o  i n j u r y  
by b l a s t  waves ( t a b l e  1 1 ) .  Consequent ly,  t h e  l u n g  may s u s t a i n  s u f f i c i e n l  dani- 
age t o  impede oxygenat ion  o f  hemoglobin and r e l e a s e  bubbles o f  a i r  i n t o  t h e  
a r t e r i a l  b l o o d  s t ream ( r e f .  100) .  The bubbles i n t e r f e r e  w i t h  h e a r l  arid b r a i n  
a c t i v i t y  by o b s t r u c t i n g  n u t r i e n t  b l o o d  f l o w  th rough  t h e  t i s s u e s .  More f r e -  
q u e n t l y ,  however, b l a s t  waves cause s e r i o u s  i n j u r y  by t o s s i n g  t h e  body a g a i n s t  
f i r m  su r faces  o r  r e l e a s i n g  h i g h  -speed f ragments t h a t  p e n e t r a t e  t h e  t i s s u e s .  

S t r u c t u r a l  f a i l u r e s  i n  b u r n i n g  b u i l d i n g s  can impede t he  niovenient o f  v i c  - 
t i m s  o r  i n j u r e  f i r e f i g h t e r s ;  b u t  i n  t h e  w e i g h t l e s s  c o n d i t i o n s  o f  space t r a v e l ,  
weakened s t r u c t u r e s  would n o t  s h i f t  as a r e s u l t  o f  g r a v i L ( i t i o n a 1  f o r c e s .  

l h e  t i m e - o f  - u s e f u l  - f u n c t i o n  i n d i c a t e s  how l o n g  v i c t i m s  have t o  escape a 
f i r e  b e f o r e  t h e i r  o n l y  hope f o r  s u r v i v a l  i s  rescue ( r e f .  9 3 ) .  MediLal  s c i e n -  
t i s t s  have s t u d i e d  t h e  a b i l i t y  o f  exper imenta l  an ima ls  t o  escape f i r e s  a s  a 
b i o l o g i c a l  end - p o i n t  o f  combust ion t o x i c o l o g y  t e s t s .  For  example, t o x i c  gases 
may impose one o r  more forms o f  hypoxia,  which i m p a i r  an imal  c o o r d i n a t i o n .  
Overwhelming i r r i t a t i o n  o f  t h e  eyes and a i rways  may a l s o  i m p a i r  escape 
( r e f .  98) .  But ,  combust ion p roduc ts  can d i m i n i s h  menta l  a c u i t y  and degri ide 
human judgment b e f o r e  t h e r e  i s  overwhelming i r r i td t  i o n  arid neuromuscular 
i n c o o r d i n a t i o n .  Rather  t h a n  s t u d y i n g  t h e  escape behav io r  o f  an imals ,  why n o t  
e v a l u a t e  t h e  e a r l y  e f f e c t s  o f  smoke i n h a l a t i o n  on human perforrriance? 

Spacec ra f t  f i r e  s a f e t y  may be improved by t h e  use o f  a f i r e  r e t a r d a n t  
atmosphere i n  occupied spaces. Low concen t ra t i ons  o f  oxygen can p r o t e c t  
humans f r o m  f i r e  damage b y  r e d u c i n g  t h e  r a t e  and spread o f  combust ion,  b u t  
c a r e  must be t a k e n  t o  a v o i d  t h e  hypox ic  e f f e c t s  o f  oxygen -1can atmospheres. 
Crews c o u l d  l i v e  and work i n  11 pe rcen t  oxygen i f  ba ro i i i e t r i c  p ressu re  were 
a d j u s t e d  t o  m a i n t a i n  t h e  p a r t i a l  p ressu re  o f  oxygen (Po?) above 16 kPa 
(0.16 atm) ( f i g .  3 ) .  E leven pe rcen t  oxygen shou ld  p r e v c n t  most types  o f  f i r e s ,  
s i n c e  15 p e r c e n t  oxygen r e t a r d s  t h e  combust ion o f  paper  and 13 p e r c e n t  oxygen 
e x t i n g u i s h e s  pentane f lames ( r e f s .  89, 91, and 101) .  S t u d i e s  a t  t h e  Naval 
Submarine Medica l  Research Labora to ry  a r e  d e f i n i n g  ( a )  a safe ,  minimum 
a t  normobar ic  p ressures ;  ( b )  a maximum baromet r i c  p ressu re  f o r  use w- i thout  
r i s k  o f  n i t r o g e n  narcos is /decompress ion s ickness ;  and ( c )  t h e  h e a l t h  e f f e c t s  
o f  b r e a t h i n g  t r a c e  l e v e l s  o f  atmosphere contaminants  i n  low c o n c e n t r a t i o n s  o f  
oxygen. l o  date ,  t h e  r e s u l t s  i n d i c a t e  t h a t  seated humans can p e r f o r m  menta l  
t a s k s  i n  atmospheres c o n t a i n i n g  11.5 pe rcen t  oxygen. A l though t h i s  s t r a t e g y  
o f  f i r e  s a f e t y  i s  under  c o n s i d e r a t i o n  f o r  submarines, i t  c o u l d  be adapted t o  
s p a c e c r a f t  once o p e r a t i o n a l  procedures d e f i n e  a maximum hyperba r i c  p ressure  
and f i r e  research  d e f i n e s  t h e  e f f e c t s  o f  reduced oxygen c o n c e n t r a t i o n s  on com- 
b u s t i o n  i n  l o w - g r a v i t y  env i ronments.  A d d i t i o n a l  research  i s  necessary t o  
d e f i n e  man's t o l e r a n c e  o f  f i r e - i n e r t  atmospheres i n  t h e  space s t a t i o n .  

Po2 

60 



GLOSSARY 

I A N E M I C  H Y P O X I A  - a d e f i c i e n c y  o f  oxygen due t o  reduced c o n t e n t  o f  hemoglobin 
(e.g., hemorrhage) o r  i n h i b i t i o n  o f  oxygen uptake by hemoglobin (e .g. ,  t h e  
a c t i o n  o f  carbon monoxide). 

A S P H Y X I A  ( S U F F O C A T L O N )  - t h e  consequence o f  hypox ia  combined w i t h  an i n c r e a r e d  

B R O N C H O C O N S l R I C T O R  - a gas t h a t  induces r e s i s t a n c e  t o  a i r  f l o w  th rough t h e  

t e n s i o n  o f  carbon d i o x i d e  i n  t h e  b lood  and t i s s u e s .  

I r e s p i r a t o r y  passages, e i t h e r  by consequences o f  nerve  s t i m u l a t i o n  o r  r e l e a s e  
o f  h i s tam ine  (e.g., ammonia, s u l f u r  d i o x i d e ) .  

o f  c e l l u l a r  r e s p i r a t i o n  (e.g., t h e  a c t i o n  o f  hydrogen cyan ide ) .  

I 
H I S T O l O X I C  H Y P O X I A  - t h e  b lockade o f  oxygen u t i l i z a t i o n  caused by  t h e  p o i s o n i n g  

H Y P E H I H E R M I A  - an abnorm 

H Y P O X I A  - t h e  f a i l u r e  o f  
o f  oxygen. 

H Y P O X I C  ( A R T t R I A L )  H Y P O X  
i n  a r t e r i a l  b lood,  due 
gas, ( b )  abnormal l u n g  
a r t e r i a l  stream. 

l l y  h i g h  body tempera ture .  

t i s s u e s ,  f o r  any reason, t o  r e c e i v e  an adequate supp ly  

A - t h e  consequence o f  reduced oxygen t e n s i o n / c o n t e n t  
t o  ( a )  low p a r t i a l  p ressu re  o f  oxygen i n  b r e a t h i n g  
f u n c t i o n ,  o r  ( c )  shun t ing  o f  venous b lood  i n t o  

I R R I T A N T  - a gas t h a t  i n f l a m e s  t i s s u e s  by d i r e c t  c o n t a c t ,  o r d i n a r i l y  t h e  
su r faces  o f  s k i n  and mucous membranes. 

PULMONARY I R R I T A N l  - a gas t h a t  s t i m u l a t e s  sensory nerves i n  t h e  l ower  
r e s p i r a t o r y  t r a c t  and causes pulmonary edema (e.g., n i t r o g e n  ox ides ) .  

R E S P I R A T O R Y  I R R I I A N T  - a gas t h a t  a c t s  as a S E N S O R Y  I R R I l A N l ,  PULMONARY 
I R R I T A N T ,  and B R O N C H O C O N S T R I C T O R  (e.g., c h l o r i n e ) .  

SENSORY IRRITANT - a gas t h a t  s t i m u l a t e s  sensory nerves i n  t h e  face  and upper  
r e s p i r a t o r y  t r a c t ,  caus ing  d i s c o m f o r t  and s low ing  o f  t h e  v e n t i l a t i o n  r a t e  
(e.g., a c r o l e i n ,  H C 1 ) .  

SMOKE - a complex m i x t u r e  o f  t h e  a i r b o r n e  s o l i d  and l i q u i d  p a r t i c u l a t e s  and 
gases evo lved when a m a t e r i a l  undergoes p y r o l y s i s  o r  combustion. The 
compos i t i on  o f  smoke depends on t h e  c o n d i t i o n s  o f  combustion. 

S T A G N A N T  ( C I R C U L A T O R Y )  H Y P O X I A  - a d e f i c i e n c y  o f  oxygen caused by t h e  s low ing  
o f  b lood  f l o w  th rough  t i s s u e s .  
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TABLE 1. - COMBUSl I O N  P R O D U C l S  ENCOUN1tKE.D BY URBAN 

F I R € f  I G H l  ERS 

ppm 

0.1 
.1 
.2 

1 
5 

1000 
20 

- 2  

[The da ta  were t a b u l a t e d  f rom r e f .  96.1 

PI 
mg/m3 

IDLHd ( 3 0  min)  

14 5 
4 50 

10 50 
200 100 

5 000 1 500 
1 7 5  2 000 

7 5  000 50 000 
18 000 - - -  - 

Combustion 
p roduc t  

I € f f e c t  

~- 

A c r o l e i n  
HCN 

HC 1 
co  
Benzene 

P a r t i c u l a t e s  

NO2 

co2 

Overpressure 

k Pa 

:xposure, 
n 

p s i  

30 t o  100 
350 

>200 
>500 

5 000 
20 000 

100 000 
- - - - - - - - 

Ruptured ear  drum 
l i n y  hemorrhages i n  l u n g  
I s o l a t e d  hemorrhage i n  lung 
1-050, boggy lung,  emphysema 
Death 

a h m e d i a t e  danger t o  l i f e  o r  h e a l t h  (IDLH) i s  t h e  
c o n c e n t r a t i o n  f r o m  which an unpro tec ted  worker m i g h t  
escape w i t h i n  30 min w i t h o u t  i r r e v e r s i b l e  h e a l t h  
e f f e c t s  o r  any p h y s i o l o g i c  e f f e c t s  t h a t  would impede 
escape. 

bShor t -  t e rm l e t h a l  c o n c e n t r a t i o n  (SlLC) i s  a 10-min 
exposure l i m i t .  

>3 5 >5 
80 t o  110 1 2  t o  16  

110 t o  210 70 t o  30 
320 t o  310 46 t o  50 
690 t o  830 100 t o  120 

'TABLE. 11. - E S l I M A l t D  B I -ASl  EFFF-C1S I N  MAN 

[Adapted f rom r e f .  100.1 
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Figure 1 .  - Effect o f  chamber configuration on air temperature in submarine 
hull insulation fires (ref. 91). 
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Temperature- time relationship for heat injuries (ref. 92). 
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Figure 3. - Human life-support zones and flame retardant atmospheres. 
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A I R C R A F I  FIRL SAT-LlY RESLAKCH 

B e n i t o  P. B o t t e r i  
A i r  Force Wr igh t  Ae ronau t i ca l  L a b o r a t o r i e s  

Aero P ropu ls ion  Labora to ry  

I N T R O O U C 1  LON 

A i r c r a f t  systems i n h e r e n t l y  possess a v a r i e t y  o f  p o t e n t i a l  f i r e  and 
e x p l o s i o n  hazards,  which f rom t i m e  t o  t i m e  c o n t r i b u t e  t o  equipment and p r o p -  
e r t y  damage and/or  personnel  i n j u r i e s  and f a t a l i t i e s .  H i s t o r i c a l l y ,  a i r c r a f t  
mishaps have f r e q u e n t l y  t r i g g e r e d  i n t e n s e  research  and eng ineer ing  e f f o r t s  
d i r e c t e d  a t  improv ing  s e l e c t e d  aspects  o f  t h e  o v e r a l l  f i r e  p r o t e c t i o n  problem. 
For  m i l i t a r y  a i r c r a f t ,  t h e  f i r e  and e x p l o s i o n  damage and l o s s  exper iences i n  
combat, such as i n  southeas t  As ia  i n  t h e  l a t e  1960 's  and e a r l y  197O's, p r o -  
v ided  a d d i t i o n a l  impetus f o r  t h e  enhancement o f  s u r v i v a b i l i t y  under va r ious  
h o s t i l e  t h r e a t  o p e r a t i o n a l  env i ronments.  ' loday's c i v i l  and m i l i t a r y  a i r c r a f t  
a r e  exemplary b o t h  i n  performance c a p a b i l i t y  and o v e r a l l  system s a f e t y ,  o f  
which f i r e  s a f e t y  i s  a key i n g r e d i e n t .  
a r e  l a r g e l y  more d i v e r s i f i e d  than  those a n t i c i p a t e d  w i t h  s p a c e c r a f t ,  p e r  se, 
i t  i s  i n tended  t h a t  by r e v i e w i n g  key aspects  o f  r e c e n t  a i r c r a f t  f i r e  s a f e t y  
research  a c t i v i t i e s ,  t h e  genera l  ph i l osophy  o f  approach, i f  n o t  t h e  s p e c i f i c  
r e s u l t s ,  c o u l d  c o n t r i b u t e  t o  t h e  i d e n t i f i c a t i o n  and r e s o l u t i o n  o f  s p a c e c r a f t  
f i r e  hazard concerns.  

A l though a i r c r a f t  f i r e  s a f e t y  problems 

N A l U H t  OF 1HE PROBLEM 

l h e  a i r c r a f t  f i r e  and e x p l o s i o n  t h r e a t  i s  complex and d i v e r s i f i e d ,  i n v o l v - -  
i n g  a v a r i e t y  o f  m a t e r i a l s  ( f u e l ,  engine and h y d r a u l i c  o i l s ,  i n t e r i o r  cab in  
m a t e r i a l s ,  me ta l s ,  e t c . ) ,  wh ich  a r e  sub jec ted  t o  a broad span o f  n a t u r a l  and 
induced o p e r a t i n g  env i ronment  c o n d i t i o n s  and p o t e n t i a l  exposure t o  a number o f  
i g n i t i o n  sources.  The l a t t e r ,  f o r  example, can i n c l u d e  e l e c t r i c a l  a r c s  and 
sparks, f r i c t i o n  sparks,  h o t  sur faces ,  and open f lames.  I n  t h e  case o f  m i l i -  
t a r y  a i r c r a f t ,  combat o p e r a t i o n s  i n t r o d u c e  s i g n i f i c a n t  a d d i t i o n a l  means f o r  
f i r e / e x p l o s i o n  i n i t i a t i o n .  
t u r e  n e c e s s i t a t e s  " e a r l y "  and "heavy" emphasis on f i r e  p r e v e n t i o n ,  supplemented 
as necessary by f i r e  hardening,  d e t e c t i o n ,  ex t i ngu ishmen t / suppress ion ,  and 
c o n t r o l  measures. 

Achievement o f  an e f f e c t i v e  f i r e  p r o t e c t i o n  pos-  

A V I A l  I O N  FUELS 

I n  add ress ing  t h e  a i r c r a f t  f i r e  s a f e t y  i ssue ,  p r i o r i t y  a t t e n t i o n  must be 
g i v e n  t o  t h e  f u e l  onboard because o f  i t s  l a r g e  q u a n t i t y ,  w i d e l y  d i spe rsed  d i s -  
t r i b u t i o n ,  and r e l a t i v e l y  h i g h  f i r e / e x p l o s i o n  hazards.  Tab le  I summarizes 
t y p i c a l  p r o p e r t i e s  o f  m i l i t a r y  j e t  f u e l s  t h a t  a r e  deployed o p e r a t i o n a l l y  o r  
a r e  undergoing research  and development ( R & D ) .  A low f l a s h  p o i n t ,  v o l a t i l e  
f u e l ,  JP-4, i s  s t i l l  l a r g e l y  u t i l i z e d  by t h e  m i l i t a r y  because o f  wor ldwide  
a v a i l a b i l i t y  and per formance c o n s i d e r a t i o n s .  A kerosene f u e l  s i m i l a r  t o  com- 
m e r c i a l  J e t  A-1 f u e l ,  JP-8, i s  u t i l i z e d  i n  t h e  U n i t e d  Kingdom and i s  be ing  
cons idered f o r  NAlO-wide use i n  t h e  ve ry  near  f u t u r e .  The JP-8 f u e l ,  l i k e  
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JP-5, which i s  u t i l i z e d  by t h e  Navy f o r  s a f e r  a i r c r a f t  ope ra t i ons  o f f  o f  c a r -  
r i e r s  because o f  i t s  h i g h e r  f l a s h  p o i n t ,  o f f e r s  cons ide rab le  s a f e t y  advantage. 
A i r  Force f u e l  R&D a c t i v i t i e s  have r e c e n t l y  focused on t h e  use o f  (1)  a l t e r -  
n a t e  sources such as o i l  shale,  t a r  sands, and coa l  l i q u i d s  as a means f o r  
a s s u r i n g  f u t u r e ,  secure, domest ic  supp ly  o f  acceptab le  q u a l i t y  j e t  f u e l s ;  as 
w e l l  as ( 2 )  t h e  development o f  a h i g h  d e n s i t y ,  naphthenic-based f u e l  ( r e f e r r e d  
t o  as JP-8X) o f f e r i n g  a v o l u m e t r i c  energy d e n s i t y  up t o  15 pe rcen t  g r e a t e r  
t han  JP-4. 

Fo r  m i l i t a r y  a i r c r a f t ,  g u n f i r e / p r o j e c t i l e  impacts  can induce b o t h  u l l a g e  
exp los ions  and d r y  bay f i r e s .  The genera t i on  o f  f lammable f u e l - a i r  m i s t s  
w i t h i n  t h e  f u e l  t ank  as a r e s u l t  o f  p r o j e c t i l e  p e n e t r a t i o n  a l s o  renders low-  
v o l a t i l i t y  f u e l s  v u l n e r a b l e  t o  i g n i t i o n ;  a l though,  i n  genera l ,  t h e  f i r e  hazard 
i s  cons idered t o  be l e s s  w i t h  t h e  h i g h e r  f l a s h  p o i n t  f u e l s .  Dur ing  a i r c r a f t  
c rash  s i t u a t i o n s ,  s i m i l a r  e x t e r n a l  d i s p e r s i o n  o f  f u e l  i n  a i r  can occu r  as a 
r e s u l t  o f  f u e l  t a n k  r u p t u r e  and s t r u c t u r a l  f a i l u r e .  The l a t t e r  renders  low-  
v o l a t i l i t y  f u e l s  s u s c e p t i b l e  t o  i g n i t i o n  and a r a p i d  f i r e b a l l - f l a m e  spread 
response, the reby  compromising crew and passenger s a f e t y  under what i n  some 
ins tances  would have been an impac t -su rv i vab le  s i t u a t i o n .  Over t h e  years ,  
v a r i o u s  approaches have been i n v e s t i g a t e d  t o  render  j e t  f u e l s  sa fe .  Most 
r e c e n t l y ,  t h e  ma jo r  e f f o r t  i n  t h i s  a rea  has been th rough  a c o o p e r a t i v e  program 
between t h e  U n i t e d  S t a t e s  and t h e  Un i ted  Kingdom t o  de termine t h e  f e a s i b i l i t y  
o f  deve lop ing  a n t i m i s t i n g  f u e l s  u s i n g  a B r i t i s h - d e v e l o p e d  a n t i m i s t i n g  kerosene 
( A M K )  a d d i t i v e  i n  a J e t  A,  l o w - v o l a t i l i t y ,  f u e l .  T h i s  program progressed t o  
t h e  f u l l - s c a l e  t e s t i n g  s tage i n v o l v i n g  a c o n t r o l l e d  impact  demonst ra t ion  w i t h  
a Boeing 720 a t  Edwards AFB, C a l i f o r n i a  i n  1984. The Boeing 720 f l e w  success- 
f u l l y  u s i n g  t h e  t r e a t e d  f u e l ;  however, t h e  degree o f  f i r e  p r o t e c t i o n  p r o v i d e d  
by t h e  AMK f u e l  was judged t o  be inadequate f o r  t h e  Federa l  A v i a t i o n  Adminis- 
t r a t i o n  ( F A A )  t o  proceed w i t h  r u l e  making a t  t h e  p r e s e n t  t ime .  The FAA spon- 
sored a Fuel  S a f e t y  Workshop i n  t h e  f a l l  o f  1985 t o  h e l p  shape a f u t u r e  program 
o f  a c t i v i t y  i n  t h i s  a rea .  The d e t a i l s  o f  t h e  p lanned f u t u r e  program have n o t  
been o f f i c i a l l y  announced. 

A i r  Force f u e l  R&D a c t i v i t i e s  a r e  c u r r e n t l y  a l s o  f o c u s i n g  on t h e  needs 
o f  f u t u r e  superson ic  and hyperson ic  v e h i c l e s .  
t i o n  t o  t h e  usua l  d e s i r e d  performance p r o p e r t i e s ,  a f u e l  w i l l  need t o  p r o v i d e  
a h i g h  hea t -s ink  c a p a b i l i t y .  A t y p i c a l  f u e l  hea t . - s ink  requ i rement  t r e n d  f o r  
high-Mach f l i g h t  v e h i c l e s  i s  d e p i c t e d  i n  f i g u r e  1.  C u r r e n t  o p e r a t i o n a l  hydro-  
carbon f u e l s  o f f e r  o n l y  a h a l f  MJ/kg ( s e v e r a l  hundred B t u / l b )  h e a t - s i n k  capa- 
b i l i t y .  One approach be ing  cons idered i s  t o  use an endothermic f u e l .  A 
t y p i c a l  scheme i s  represented  by t h e  dehydrogenat ion o f  methy lcyc lohexane 
( f i g .  2 ) ,  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  t o l u e n e  and hydrogen and o f f e r i n g  a 
t o t a l  hea t  s i n k  o f  app rox ima te l y  4 . 4  MJ/kg (1900 B t u / l b ) .  A c t u a l l y ,  t h e  A i r  
Force sponsored much research  i n  t h i s  a rea  i n  t h e  1960 's  and i s  moving ahead 
w i t h  t h i s  techno logy  o p p o r t u n i t y  once aga in .  Obv ious ly ,  a number o f  o t h e r  
cand ida te  f u e l s  e x i s t s ,  as shown i n  t a b l e  11, i n c l u d i n g  c ryogen ic  hydrogen. 
Var ious  system s a f e t y  i ssues ,  i n c l u d i n g  f i r e  s a f e t y ,  w i l l  need t o  be addressed 
as progress  towards t h e  a c t u a l  system a p p l i c a t i o n  o f  these f u e l s  i s  made. 

Fo r  these  a p p l i c a t i o n s ,  i n  add i -  

A I R C R A F l  FUEL SYSTEM EXPLOSION PROTECTION 

I n  a i r c r a f t  f u e l  systems, by and l a r g e ,  t h rough  t h e  a p p l i c a t i o n  o f  appro-  
p r i a t e  f i r e / e x p l o s i o n  p r e v e n t i o n  measures, normal o p e r a t i o n  mishap p o s s i b i l i -  
t i e s  have been adequate ly  min imized.  I n  t h e  case o f  m i l i t a r y  systems, t h e  
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combat scenar io  has n e c e s s i t a t e d  i n c o r p o r a t i o n  o f  a d d i t i o n a l  f i r e  and e x p l o s i o n  
p r o t e c t i o n  measures. Cur ren t  p r a c t i c e  i n c l u d e s  t h e  use o f  r e t i c u l a t e d  p l a s t i c  
foam e x p l o s i o n  suppressants  ( i . e . ,  p o l y e s t e r  and p o l y e t h e r  po l yu re thane  
foams); b romot r i f l uo romethane  (CF3Br, Halon 1301) i n e r t i n g  on a p a r t - t i m e  
bas i s ;  and l i q u i d  n i t r o g e n  i n e r t i n g  f o r  f u l l - t i m e  p r o t e c t i o n .  Ma jor  c u r r e n t  
R&D e f f o r t  i s  d i r e c t e d  towards t h e  development o f  an onboard i n e r t  gas 
g e n e r a t i o n  system (OBIGGS) w i t h  f i r s t  l i k e l y  a p p l i c a t i o n  t o  be on t h e  C-17 
a i r c r a f t  c u r r e n t l y  under development f o r  t h e  A i r  Force by McDonnell-Douglas. 
Research i s  c o n t i n u i n g  by t h e  A i r  Force f o r  t h e  development o f  more e f f i c i e n t  
a i r  separa t i on  membranes f o r  OBIGGS t o  enable a p p l i c a t i o n  t o  f i g h t e r  a i r c r a f t ,  
as w e l l  as t o  reduce subsystem we igh t  p e n a l t y  f o r  t h e  l a r g e r  a i r c r a f t .  Actu-  
a l l y ,  t h e  c u r r e n t  OBIGGS techno logy  i s  ve ry  c o m p e t i t i v e  w i t h  o t h e r  s t a t e - o f -  
t h e - a r t ,  f u l l - t i m e  f u e l  t ank  e x p l o s i o n  p r o t e c t i o n  systems, and compared t o  
LN2, i t  o f f e r s  c o n s i d e r a b l e  advantage i n  wor ldwide  l o g i s t i c a l  independence. 
References 102 t o  111 p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  on t h e  above approaches 
as w e l l  as on some o f  t h e  e l e c t r o s t a t i c  hazard problems encountered o p e r a t i o n -  
a l l y  w i t h  r e t i c u l a t e d  foams. Wi th  respec t  t o  t h e  l a t t e r ,  i n d u s t r y  e f f o r t s  a r e  
underway t o  deve lop  a more conduc t i ve  r e t i c u l a t e d  b a f f l e  foam, w i t h  an accept -  
a b l e  p roduc t  l i k e l y  t o  be a v a i l a b l e  ve ry  soon. 

I 

HYDRAULIC F I-UI DS 

I n  t h e  area  o f  a i r c r a f t  h y d r a u l i c  systems, t h e  preponderance o f  f i r e  p rob-  
lems has been exper ienced w i t h  m i l i t a r y  a i r c r a f t ,  wh ich  f o r  years  employed a 
pe t ro leum-base h y d r a u l i c  f l u i d  (MIL-H-5606). By comparison, c i v i l  exper ience 
w i t h  t h e  more f i r e - r e s i s t a n t  phosphate -es te r - t ype  h y d r a u l i c  f l u i d  has been ve ry  
f a v o r a b l e .  Because o f  performance and m a t e r i a l s  c o m p a t i b i l i t y  reasons, t h e  
phospha te -es te r - t ype  f l u i d  i s  n o t  accep tab le  f o r  m i l i t a r y  a i r c r a f t .  Recent ly ,  
m i l i t a r y  a i r c r a f t  have been c o n v e r t i n g  t o  MIL-H-83282, a s y n t h e t i c  hydrocarbon 
w i t h  a much h i g h e r  f l a s h  p o i n t  temperature,  which i s  t o t a l l y  accep tab le  i n  
e x i s t i n g  o p e r a t i o n a l  a i r c r a f t  systems. S ince  t h e  m id - l970 ' s ,  t echno logy  e f f o r t  
has a l s o  been f o c u s i n g  on t h e  development o f  a nonflammable h y d r a u l i c  f l u i d  f o r  
f u t u r e  advanced m i l i t a r y  a i r c r a f t  a p p l i c a t i o n s .  Th is  techno logy  ( r e f s .  112 t o  
119) has progressed t o  t h e  s e l e c t i o n  o f  a C T F €  (chlorotrifluoroethylene) f l u i d  
f o r  use i n  a 55-MPa ( 8 0 0 0 - p s i )  system, and t h e  f l u i d  i s  scheduled f o r  demon- 
s t r a t i o n / v a l i d a t i o n  i n  t h e  near  f u t u r e .  Table 111 summarizes s e l e c t e d  p roper -  
t i e s  o f  c u r r e n t  and cand ida te  nonflammable h y d r a u l i c  f l u i d s  as w e l l  as t h e  
f i r e  p r o p e r t i e s  goa ls  t h a t  were e s t a b l i s h e d  i n  1975 f o r  t h e  sc reen ing  o f  can- 
d i d a t e  m a t e r i a l s .  

PROPULSION INSTALLATIONS 

P r o p u l s i o n  i n s t a l l a t i o n s  have i n h e r e n t l y  been t r e a t e d  as h i g h  f i r e - t h r e a t  
areas;  consequent ly ,  a w e l l  e s t a b l i s h e d  f i r e  p r o t e c t i o n  eng ineer ing  c a p a b i l i t y  
e x i s t s .  Much o f  t h i s  c a p a b i l i t y  evo lved f rom t h e  e a r l i e r  days when f u l l - s c a l e  
eng ine /nace l l e  f i r e  t e s t s  were conducted by t h e  CAA i n  I n d i a n a p o l i s ,  I nd iana ,  
and subsequent ly  by t h e  F A A  a t  t h e  A t l a n t i c  C i t y ,  New Jersey  t e s t  f a c i l i t i e s .  
l e s t i n g  was conducted i n  suppor t  o f  b o t h  m i l i t a r y  and c i v i l  a p p l i c a t i o n s .  To 
my knowledge, t h e  o n l y  ongoing t e s t i n g  o f  t h i s  t y p e  i s  a t  t h e  FAA f a c i l i t y  f o r  
t h e  A i r  Force u t i l i z i n g  a s u r p l u s  F-111 a i r c r a f t  fuselage/TF30 engine as  t h e  
t e s t  a r t i c l e .  T h i s  t e s t i n g  i s  f o c u s i n g  on j e t  f u e l  i g n i t i o n  f i r e  d e t e c t i o n  
and f i r e  e x t i n g u i s h i n g  agent  c o n s i d e r a t i o n s  under a broad range o f  a i r  mass- 
f l o w  v e n t i l a t i o n  r a t e s  and tempera ture  c o n d i t i o n s  r e p r e s e n t a t i v e  o f  t o d a y ' s  
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t u r b o f a n  engine i n s t a l l a t i o n s  i n  m i l i t a r y  a i r c r a f t .  A t  t h e  same t ime,  a t  t h e  
Aero P ropu ls ion  Labora tory ,  s i m i l a r  t e s t s  a r e  be ing  performed i n  an engine 
n a c e l l e  f i r e - t e s t  s i m u l a t o r  f o r  t h e  purpose o f  e s t a b l i s h i n g  comparat ive f i r e  
p r o t e c t i o n  performance t r e n d s .  The engine n a c e l l e  s i m u l a t o r  was developed a 
few years ago as a p lanned a l t e r n a t i v e  t o  f u l l - s c a l e  t e s t i n g  because o f  t h e  
h i g h  c o s t  and f u t u r e  genera l  n o n a v a i l a b i l i t y  o f  a c t u a l  advanced engines f o r  
conduct  o f  p o t e n t i a l l y  d e s t r u c t i v e  f i r e  t e s t i n g .  

Wi th  rega rd  t o  engine compartment f i r e  and overheat  d e t e c t i o n ,  modern 
a i r c r a f t  a r e  l a r g e l y  equipped w i t h  cont inuous-e lement ,  h e a t - s e n s i t i v e - t y p e  
systems ( i . e . ,  pneumatic and e l e c t r i c a l  r e s i s t a n c e  t y p e s ) .  These systems p ro -  
v i d e  l i n e  coverage and r e q u i r e  5 t o  15 sec f o r  response. Dual l oop  coverage 
has been i n c o r p o r a t e d  i n  c e r t a i n  i ns tances  t o  reduce p a s t  f a l se -warn ing  p r o b -  
lems. For  advanced f l i g h t  v e h i c l e s ,  d e t e c t i o n  systems w i l l  r e q u i r e  h i g h  r e l i -  
a b i l i t y ,  q u i c k  response, and t h e  a b i l i t y  t o  d i s c r i m i n a t e  more c l e a r l y  between 
f i r e  and overheat  c o n d i t i o n s .  The l a t t e r  w i l l  n e c e s s i t a t e  more emphasis on 
o p t i c a l  sensors ( u l t r a v i o l e t ,  i n f r a r e d  t y p e s )  i n t e g r a t e d  w i t h  cont inuous  e l e -  
ment systems. It should be p o i n t e d  o u t  t h a t  ve ry  l i t t l e  R&D i s  c u r r e n t l y  i n  
p rogress  i n  t h i s  a rea .  A few years ago, an advanced u l t r a v i o l e t  a i r c r a f t  f i r e  
d e t e c t i o n  system was developed f o r  t h e  A i r  Force ( r e f .  120) and i n s t a l l e d  i n  
an F-111 a i r c r a f t  a t  t h e  Sacramento A i r  L o g i s t i c s  Center, McC le l l an  AFB, 
C a l i f o r n i a ,  f o r  f l i g h t  t e s t  e v a l u a t i o n .  The p lanned e v a l u a t i o n  was success- 
f u l l y  accomplished; t h e  system s t i l l  remains i n s t a l l e d  and i s  pe r fo rm ing  
s a t i s f a c t o r i l y .  

Ex t ingu ishment  o f  engine compartment f i r e s  i s  p r e s e n t l y  accomplished by 
means o f  f i x e d  systems employing halogenated hydrocarbon agents .  No ma jo r  
t e c h n o l o g i c a l  advancement has been made i n  t h i s  a rea  i n  r e c e n t  years .  Ha lo -  
genated f i r e  e x t i n g u i s h i n g  agents t h a t  were researched m a i n l y  i n  t h e  1940 's  t o  
e a r l y  1960 's  and used on a i r c r a f t  a r e  i n d i c a t e d  i n  t a b l e  I V .  P resent  day 
p re fe rence  i s  f o r  Halons 1301 and 1211, which o f f e r  t h e  b e s t  combina t ion  o f  
performance, low t o x i c i t y  hazard, and reasonable a v a i l a b i l i t y / c o s t .  The 
Boeing Company has r e c e n t l y  completed a f a v o r a b l e  i n v e s t i g a t i o n  o f  t h e  f i r e  
e x t i n g u i s h i n g  per formance p o t e n t i a l  o f f e r e d  by v a r i o u s  n i t r o g e n - e n r i c h e d  a i r  
(NEA)  m i x t u r e s  as an a n c i l l a r y  f u n c t i o n  o f  OBIGGS ( r e f .  102 ) .  Use o f  NEA f o r  
con t inuous  p u r g i n g  o f  e l e c t r o n i c  c a b i n e t s  and f i r e  c o n t r o l  onboard s p a c e c r a f t  
would a l s o  appear t o  m e r i t  c o n s i d e r a t i o n .  

A I R C R A F I  POST-CRASH/ INTERIOR C A B I N  F I R E S  

l h e  a i r c r a f t  s u r v i v a b l e  impact ,  pos t - c rash  f i r e  scenar io  and t h e  c l o s e l y  
i n t e r t w i n e d  i n t e r i o r  c a b i n  f i r e  problem have r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  
i n  r e c e n t  years ,  b o t h  on a n a t i o n a l  and i n t e r n a t i o n a l  b a s i s  ( r e f s .  121 t o  127). 
l h e  pos t - c rash  f i r e  scenar io  i s  a d i f f i c u l t  one t o  contend w i t h .  The e n v i r o n -  
ment r a p i d l y  d e t e r i o r a t e s  f rom thermal ,  chemical ,  and v i s i b i l i t y  v iewpo in ts .  
Tox ic  and i r r i t a n t  p roduc ts  generated have r a p i d  d e b i l i t a t i n g  e f f e c t s .  The 
t r a u m a t i c  s i t u a t i o n  makes b r e a t h - h o l d i n g  e s s e n t i a l l y  imposs ib le  and p a i n  t h r e s -  
ho lds  a r e  r a p i d l y  reached. The c a b i n  can become a t o t a l l y  l e t h a l  env i ronment .  
Th is  a l s o  i s  t r u e  o f  ramp and i n - f l i g h t  f i r e s  i f  t h e  f i r e  source i s  l a r g e  
enough. Time, measured i n  seconds, i s  a key f a c t o r  'n  s u r v i v a l .  

Approaches f o r  enhancing t h e  c rash  wor th iness  o f  t h e  a i r c r a f t  i n c l u d e  t h e  
use o f  c r a s h - r e s i s t a n t  f u e l  tanks  where f e a s i b l e ,  p r o t e c t i o n  o f  f u e l  system 
components, development o f  f i r e - s a f e  f u e l s ,  i n c r e a s i n g  t h e  f i r e  wor th iness  o f  
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i n t e r i o r  m a t e r i a l s ,  improv ing  i n t e r i o r  emergency l i g h t i n g ,  and p r o v i d i n g  more 
I f i r e - r e s i s t a n t  escape s l i d e s .  The b u l k  o f  t h e  a c t i v i t y  i n  these areas has 

been pursued by t h e  FAA and NASA. Sarkos ( r e f .  127) p rov ides  an e x c e l l e n t  
summary o f  e f f o r t s  d i r e c t e d  toward improv ing  a i r c r a f t  i n t e r i o r  s a f e t y .  The 
work i n  t h e  l a t t e r  a rea  o b v i o u s l y  should have d i r e c t  a p p l i c a b i l i t y  t o  t h e  
s p a c e c r a f t  f i r e  s a f e t y  problem, p a r t i c u l a r l y  where use o f  a n o r m a l - a i r  h a b i t a -  
b l e  atmosphere i s  p lanned.  

Wi th  rega rd  t o  ex t ingu ishment  o f  f i r e s  w i t h i n  a i r c r a f t  i n t e r i o r  compart- 
ment areas,  f i r s t - a i d  f i r e  e x t i n g u i s h e r s  employing Halon 1211 (CF2BrC1) f i r e  
e x t i n g u i s h a n t  a r e  now be ing  u t i l i z e d  by bo th  m i l i t a r y  and c i v i l i a n  a i r c r a f t  
because o f  i t s  s u i t a b i l i t y ,  t o  some degree, f o r  a l l  c l asses  o f  combust ib les ,  
e x c l u d i n g  meta l  f i r e s .  Se lec ted  h i g h e r  hazard areas,  such as g a l l e y s  and 
r e f u s e  b i n s  w i t h i n  l a v a t o r i e s ,  i n  c e r t a i n  cases have been equipped w i t h  f i x e d  
f i r e  e x t i n g u i s h i n g  systems u s u a l l y  o f  t h e  Halon 1301 (CF3Br) t y p e .  
Halon f i r e  e x t i n g u i s h a n t s  i n  oxygen-enr iched and hyperba r i c  chambers depends 
i n  p a r t  on t h e  e x t e n t  o f  oxygen enr ichment  and should be c a r e f u l l y  and i n d e -  
penden t l y  assessed f o r  each a p p l i c a t i o n .  Depending on t h e  r a p i d i t y  o f  f i r e  
ex t i ngu ishmen t  a c t i o n ,  d i f f e r e n t  degrees o f  agent  p y r o l y s i s  can be exper ienced.  
Consequently, i n  assess ing  t h e  o v e r a l l  t o x i c i t y  hazard, c o n s i d e r a t i o n  must be 
g i v e n  t o  b o t h  t h e  byproducts  formed by t h e  f i r e  and t h e  e x t i n g u i s h a n t  u t i l i z e d .  
Removal o f  p o t e n t i a l l y  t o x i c  byproducts  f rom t h e  s p a c e c r a f t  atmosphere a f t e r  
e f f e c t i n g  f i r e  c o n t r o l  w i l l  a l s o  r e q u i r e  s p e c i a l  a t t e n t i o n  i n  o r d e r  t o  resume 
sa fe ,  normal ope ra t i ons .  

I 

Use o f  

CONCLUDING REMARKS 

I n  summary, d u r i n g  t h e  p a s t  15 years ,  ve ry  s i g n i f i c a n t  p rogress  has been 
made toward  enhancing a i r c r a f t  f i r e  s a f e t y  i n  b o t h  normal and h o s t i l e  (combat) 
o p e r a t i o n a l  env i ronments.  I have a t tempted t o  touch  on most o f  t h e  major  
aspects  o f  t h e  a i r c r a f t  f i r e  s a f e t y  problem and n e c e s s a r i l y  have had t o  l i m i t  
t h e  depth  o f  coverage. The techno logy  o f  a i r c r a f t  f i r e  p r o t e c t i o n ,  a l t hough  
n o t  d i r e c t l y  a p p l i c a b l e  i n  a l l  cases t o  t h e  p o t e n t i a l  s p a c e c r a f t  f i r e  scenar-  
i o s ,  neve r the less  does p r o v i d e  a s o l i d  founda t ion  t o  b u i l d  upon. Th is  i s  p a r -  
t i c u l a r l y  t r u e  o f  t h e  e x t e n s i v e  research  and t e s t i n g  p e r t a i n i n g  t o  a i r c r a f t  
i n t e r i o r s '  f i r e  s a f e t y  and t o  OBIGCS, bo th  o f  which a r e  s t i l l  a c t i v e  areas o f  
i n v e s t i g a t i o n .  
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F i g u r e  1 .  - T y p i c a l  f u e l  h e a t - s i n k  r e q u i r e m e n t  t r e n d  f o r  high-Mach-number 
f l i g h t  v e h i c l e s .  
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METHYLCYCLOHEXANE TOLUENE HYDROGEN .......................................... 
COOLING CAPABILITY M J l k g  OF FUEL 

SENSIBLE HEAT (MCH.  1 5 - 5 4 O o C )  

H E A T  OF R E A C T I O N  A T  5 4 0 ° C  

SENSIBLE HEAT (PRODUCTS, 5 4 0 - 7 3 0 ° c )  
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TOTAL 4 . 4 3  
- 

F i g u r e  2 .  -. Endothermic d e h y d r o g e n a t i o n  o f  m e t h y l c y c l o h e x a n e  ( M C H ) .  
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i SPACE STA710N INT€RNAL ENVIRONMENlAL AND S A F t l Y  CONCERNS 
~ 

Matthew B. Cole 
NASA Lyndon B .  Johnson Space Center 

Space s t a t i o n s  o f  t h e  f u t u r e  w i l l  have many areas o f  concern i n v o l v i n g  
I s a f e t y .  The n a t u r e  o f  t h e  o p e r a t i o n  o f  space s t a t i o n s  w i l l  r e q u i r e  t h a t  s a f e t y  
I be o f  paramount impor tance t o  ensure crew s u r v i v a b i l i t y  and m i s s i o n  c o n t i n u i t y .  

Space s t a t i o n s  w i l l  be des igned as ou tpos ts  on a new f r o n t i e r :  space. l h i s  
, f r o n t i e r  i s  hazardous and u n f o r g i v i n g .  Mis takes i n  t h e  o p e r a t i o n  o f  a space 
l s t a t i o n  o r  t h e  p r e d l c t i o n  o f  c o n d i t i o n s  and hazard scenar ios  cou ld  have very  
, s e r i o u s  consequences. Space s t a t i o n s  w i l l  have l o n g  l i f e t i m e s ,  l i m i t e d  capa- 

b i l i t y  f o r  rescue, ex t remely  hazardous o p e r a t i n g  env i ronments,  crewmembers who 
w i l l  n o t  be a s t r o n a u t s ,  and a complex s e t  o f  o p e r a t i n g  procedures.  The p o s s i -  
b i l i t y  f o r  mishaps t o  occur  i s  ve ry  r e a l .  

SPACE STA1 LON MODULES 

Space s t a t i o n s  w i l l  r e q u i r e  some t y p i c a l  k inds  o f  occupancies w i t h i n  t h e i r  
i n d i v i d u a l  modules t o  be f u n c t i o n a l .  The f i r s t  bas i c  k i n d  o f  module t h a t  w i l l  
be found i s  a h a b i t a t i o n  module. Th is  module w i l l  c o n t a i n  t h e  l i v i n g  space 
f o r  t h e  crew. The crewmembers w i l l  p repare  and e a t  t h e i r  meals i n  t h e  h a b i t a -  
t i o n  module. F a c i l i t i e s  f o r  persona l  hygiene and r e c r e a t i o n  and e x e r c i s e  w i l l  
p robab ly  be found i n  t h e  h a b i t a t i o n  module. Space t o  s t o r e  the  persona l  
be long ings  o f  t h e  crew and s u p p l i e s  necessary f o r  d i n i n g  w i l l  be found here .  

A second k i n d  o f  module occupancy t h a t  w i l l  be t y p i c a l l y  found i n  space 
s t a t i o n s  i s  one o r  more l a b o r a t o r y  modules. The purpose o f  space s t a t i o n s ,  
t h e  advancement o f  sc ience and technology,  w i l l  r e q u i r e  e x t e n s i v e  f a c i l i t i e s  
t o  p e r f o r m  exper iments o f  many types i n  t h e  m i c r o g r a v i t y  o f  space. A s  w i t h  
l a b o r a t o r y  f a c i l i t i e s  on e a r t h ,  t h e r e  w i l l  be hazardous processes and chemi- 
c a l s  used j n  l a b o r a t o r i e s  on space s t a t i o n s ,  and t h e  p r o b a b i l i t y  f o r  mishaps 
t o  occur  i s  app rec iab le .  L a b o r a t o r i e s  w i l l  r e q u i r e  c a r e f u l  des ign  and c o n t r o l  
t o  a c h i e v e  s a f e  o p e r a t i o n s .  

A t h i r d  k i n d  o f  module t h a t  w i l l  l i k e l y  be found on f u t u r e  space s t a t i o n s  
i s  a supp ly ,  o r  l o g i s t i c s ,  module. Th is  module w i l l  be used t o  s t o r e  consuma- 
b l e s  r e q u i r e d  f o r  t h e  o p e r a t i o n  o f  a space s t a t i o n .  
f a c i l i t i e s  on e a r t h ,  m a t e r i a l s  t h a t  a r e  i n c o m p a t i b l e  w i t h  each o t h e r  may be 
s t o r e d  s i d e  by s ide .  The s t r i c t  c o n f i g u r a t i o n  c o n t r o l  requ i rements  f o r  space- 
c r a f t  w i l l  p r o v i d e  c o n t r o l s  and safeguards f o r  these types of s to rage,  b u t  t he  
e x i s t e n c e  o f  i n c o m p a t i b l e  m a t e r i a l s  near one another  inc reases  t h e  p r o b a b i l i t y  
o f  a mishap. 

A s  w i t h  some s to rage  

F i g u r e  1 i n d i c a t e s  a p o s s i b l e  arrangement o f  t he  NASA Space S t a t i o n  
modules. The modules i n  t h i s  f i g u r e  a r e  connected t o g e t h e r  by nodes and tun-  
n e l s .  Two o f  t he  modules a r e  connected toge the r  i n  a c i r c u l a r  arrangement, 
w i t h  the  o t h e r  two a t tached  t o  t h i s  c i r c u l a r  t r a c k .  

F i g u r e  2 i s  a p o s s i b l e  arrangement o f  t he  i n s i d e  c ross  s e c t i o n  o f  one of 
t h e  modules. Maximum advantage o f  space i s  used i n  t h i s  arrangement. l h e  
i n s i d e s  o f  t h e  module n e x t  t o  t h e  o u t e r  w a l l s  a r e  used f o r  t h e  l o c a t i o n  o f  
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avionics, equipment, and storage areas. The habitable spaces are contained 
within a square cross section inside the module. 

MODULE HAZARDS 

Safety concerns In the internal environment fall into several broad cate- 
gories. Radiation is more intense in the environment of space, in both its 
ionizing and nonionizing forms. Ionizing radiation will take the form of gamma 
rays, x-rays, and high-energy charged par icles. Nonionizlng radiation that 
will be found in the internal environment will probably consist of ultraviolet 
rays from viewing ports in the module hul s and beams from the experimental 
use of lasers in the laboratory modules. 

Toxic substances will be used In the operating systems of the Space 
Station and in the laboratory experiments. The threat of an inadvertent release 
of a toxic gas, liquid, or solid will always be present. The effects of such a 
leak in a space station will be compounded by the nature of the Space Station's 
location and design. The Space Station will need real-time detection and 
analysis systems to detect the accidental release of toxic substances. Real- 
time analysis is needed to allow the crew to decide on a course of action to 
neutralize the leak. 

Emergency decontaminatlon apparatus will be needed for personnel working 
in laboratory modules. Emergency containment kits are available today for use 
in laboratories; this same type of approach could be adapted for use in a 
microgravity environment. Self-contained emergency shower devices and eyewash 
devices could also be developed for use on Space Station. Apparatus specifi- 
cally tailored for decontamination of personnel exposed t o  particular sub- 
stances could be provided on an as-needed basis. 

Toxic chemicals in the internal atmosphere are not the only crew threat. 
diological organisms and particulate matter in the internal atmosphere present 
health threats to the crew. In the microgravity of space, large particulate 
matter does not automatically fall to the floor of a compartment. Particulate 
matter of any size will follow the flow of the mechanical ventilation in a 
module. Particulates with diameters larger than 150 pm present an irritation 
problem to the crewmembers. Biological organisms will always be present. If 
they find internal atmospheric conditions suitable for growth, they can reach 
populations that present health threats to the crew. Control of the internal 
atmospheric humidity, temperature, food storage and disposal, and steriliza- 
tion and filtering of the internal atmosphere will reduce the probability of 
illness due to biological organisms. 

Crew injuries and illnesses are particularly serious matters due to the 
remoteness of the Space Station. Crew expertise and training to treat injur- 
ies and Illnesses will be a necessity. Medical supplies will be necessary to 
handle anticipated problems. 

finally, there is the threat of fire or explosion. Fire or explosion 
will result in additional threats due to their aftereffects. Fire or explosion 
will do damage to the spacecraft system in which It occurs. Crew response is 
required to control the threat; this presents the threat of injury to the crew. 
After the fire or explosion threat has been controlled, there is the problem 
o f  internal atmospheric contaminants. Fire is perhaps one of the most credible 
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t h r e a t s ,  t h e  most l i k e l y  t o  occur .  There a r e  many aspects  t o  t h i s  phenom- 
enon which must be i n c o r p o r a t e d  i n t o  t h e  des ign  o f  Space S t a t i o n .  

H I S l O R I C  S P A C € C R A F l  F I R E  PRO1 ECTION 

There have been a v a r i e t y  o f  f i r e  p r o t e c t i o n  methodologies a p p l i e d  t o  U.S. 
1 manned s p a c e c r a f t  s i n c e  t h e  Mercury program. A c l e a r  and d i s t i n c t  p a t t e r n  has 

n o t  emerged. 

The Mercury and Gemini s p a c e c r a f t  were ve ry  smal l  i n  r e l a t i o n  t o  t h e  Space 
I S h u t t l e  O r b i t e r  o f  today.  The Mercury capsu le  con ta ined  one person;  t h e  Gemini 

capsu le  con ta ined  two persons. F i r e  d e t e c t i o n  on these s p a c e c r a f t  was accom- 
p l i s h e d  v i a  t h e  sensory p e r c e p t i o n  o f  t h e  crew. There were no systems designed 
s p e c i f i c a l l y  f o r  f i r e  suppress ion,  b u t  t h e  food r e h y d r a t i o n  gun on these space- 
c r a f t  conce ivab ly  cou ld  have been used f o r  t h i s  purpose had i t  been necessary. 

I 

I 

The A p o l l o  s p a c e c r a f t  was cons ide rab ly  l a r g e r  than  Mercury and Gemini. 
The A p o l l o  Command and S e r v i c e  Module (CSM) accommodated a crew o f  t h r e e .  
A f t e r  t h e  ascent  phase o f  t h e  m iss ion ,  t h e  a c c e l e r a t i o n  couches t o  wh ich  t h e  
a s t r o n a u t s  were s t rapped cou ld  be f o l d e d  up and o u t  o f  t h e  way. Dur ing  t h e  
l u n a r  l a n d i n g  m iss ions  t h e  A p o l l o  CSM was accompanied by t h e  Lunar Module (LM) 
The LM c o u l d  h o l d  two persons.  

F i r e  d e t e c t i o n  on t h e  A p o l l o  CSM and LM was a g a i n  l e f t  t o  t h e  sensory 
p e r c e p t i o n  o f  t h e  crew. There were no s p e c i f i c  smoke d e t e c t i o n  schemes, 
a l t hough  t h e  p o s s i b i l i t y  o f  u s i n g  a condensat ion  n u c l e i  f i r e  d e t e c t i o n  system 
was cons idered ( r e f .  128). 

F i r e  suppress ion  on t h e  A p o l l o  s p a c e c r a f t  was p r o v i d e d  v i a  seve ra l  means. 
I n  The CSM, t h e  p r imary  means o f  f i r e  suppress ion  was a p o r t a b l e  foam f i r e  
e x t i n g u i s h e r .  The food r e h y d r a t i o n  gun a l s o  had a f l o w - c o n t r o l  spray n o z z l e  
and was u t i l i z e d  as a backup f i r e  suppress ion  system. I n  t h e  A p o l l o  Lunar 
Module, t h e  f i r e  suppress ion  system was t h e  food r e h y d r a t i o n  gun. 

The use o f  s t r i c t  m a t e r i a l s  f l a m m a b i l i t y  c o n t r o l  requ i rements  came i n t o  
be ing  d u r i n g  t h e  A p o l l o  e ra .  
t h e  f l a m m a b i l i t y  o f  m a t e r i a l s  were then more f u l l y  understood.  

The e f f e c t s  o f  oxygen--enr iched atmospheres on 

l h e  Sky lab  program was conducted i n  t h e  e a r l y  1970 's  as an o r b i t i n g  work- 

I t  had a dock ing  adapter  t o  wh ich  t h e  
shop. Sky lab  c o n s i s t e d  o f  an upper s tage o f  a Sa tu rn  boos te r  r o c k e t  t h a t  had 
been conver ted  f o r  manned use i n  space. 
A p o l l o  CSM was be r thed .  Sky lab  was t h e  f i r s t  U.S. manned s p a c e c r a f t  t h a t  was 
t o o  l a r g e  t o  r e l y  on t h e  sensory p e r c e p t i o n  o f  t h e  crew f o r  f i r e  d e t e c t i o n .  
F i r e  d e t e c t i o n  was accomplished by t h e  use o f  l i n e - o f - s i g h t  u l t r a v i o l e t - t y p e  
f i r e  d e t e c t o r s .  F i r e  suppress ion  on Sky lab  c o n s i s t e d  o f  p o r t a b l e  foam f i r e  
e x t i n g u i s h e r s .  A schematic d iagram o f  one o f  these 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 s  shown i n  f i g u r e  3. These f i r e  e x t i n g u i s h e r s  had a removable n o z z l e  so t h a t  
t h e  foam c o u l d  be d ischarged th rough  b u i l t - i n  openings i n  t h e  a v i o n i c s  pane ls  
i n  t h e  event  o f  a f i r e  I n  t h e  a v i o n i c s .  F i g u r e  4 ( r e f .  129) shows t h e  l oca -  
t i o n s  of t h e  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 n  Sky lab  and t h e  es t ima ted  crew 
t r a n s l a t i o n  t imes.  
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The Space S h u t t l e  O r b i t e r  i n  use today can accommodate a c r e w  o f  e i g h t  
persons. The c r e w  cab in  c o n s i s t s  o f  t w o  areas o f  h a b i t a b l e  space: t h e  f l i g h t  
deck and t h e  middeck. 

F i r e  d e t e c t i o n  on t h e  Space S h u t t l e  O r b i t e r  i s  p rov ided  by t h e  use o f  
i o n i z a t i o n  smoke d e t e c t o r s  l o c a t e d  i n  t h e  c r e w  cab in  and the  a v i o n i c s  bays. 
F i g u r e  5 ( r e f .  130) shows t h e  l o c a t i o n s  o f  these smoke d e t e c t o r s .  These smoke 
d e t e c t o r s  have a s e l f - c o n t a i n e d  f a n  t o  draw c a b i n  a i r  i n t o  them f o r  sens ing  
purposes. 

The Space S h u t t l e  O r b i t e r  uses p o r t a b l e  and f i x e d  Halon 1301 systems f o r  
f i r e  suppress ion.  The agent  s to rage  c o n t a i n e r s  f o r  bo th  f i x e d  and p o r t a b l e  
systems a r e  s i m i l a r ,  t h e  d i f f e r e n c e  be ing  t h a t  t h e  f i x e d  systems a r e  remote ly  
d ischarged f rom a c o n t r o l  panel  on t h e  f l i g h t  deck. The f i x e d  f i r e  suppres- 
s i o n  systems on t h e  Space S h u t t l e  O r b i t e r  a r e  l o c a t e d  i n  t h e  t h r e e  fo rward  
a v i o n i c s  bays. F i g u r e  6 ( r e f .  130) shows t h e  l o c a t i o n  o f  t h e  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 n  t h e  crew cab in .  A s  was t h e  case i n  Sky lab,  t h e  n o z z l e  on t h e  
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 s  compat ib le  w i t h  f i r e  p o r t s  (open ings)  i n  t h e  
pane ls .  The agent  nozz le  can then be i n s e r t e d  i n t o  an opening i n  t h e  i n s t r u - -  
ment pane ls  and t h e  agent  d ischarged t o  e x t i n g u i s h  f i r e  behind t h e  ' instrument 
pane ls .  The 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  can a l s o  be d ischarged th rough t h e  
openings i n  t h e  a v i o n i c s  bays shown i n  f l g u r e  7 ( r e f .  130) i n  case t h e  f i x e d  
f i r e  suppress ion  systems i n  t h e  a v i o n i c s  bays f a ' l l .  

M I C R O G R A V I T Y  F I R E  B E H A V I O R  

The h i s t o r y  o f  f i r e  p r o t e c t i o n  on manned U.S. s p a c e c r a f t  i n d i c a t e s  t h a t  
t h e r e  has been no c l e a r  p a t t e r n  o f  agreement on what i s  i d e a l .  To p r e f a c e  a 
d l s c u s s i o n  o f  what i s  i d e a l  f o r  f i r e  d e t e c t i o n  and suppress ion  i n  a m i c r o -  
g r a v i t y  env i ronment ,  i t  i s  necessary t h a t  t h e  d i f f e r e n c e s  i n  f i r e  behav io r  
between normal and m i c r o g r a v i t y  be d iscussed.  

Combustion i n  a normal (one-g)  env i ronment  i s  d r i v e n  by convec t i on  due t o  
g r a v i t y - i n d u c t e d  buoyancy. Hot smoke i s  d r i v e n  up and away f rom a d i f f u s i o n  
f lame.  I n  m i c r o g r a v i t y ,  t h e r e  a r e  min ima l  buoyancy f o r c e s ;  p roduc ts  o f  com- 
b u s t i o n  a r e  n o t  f o r c e d  away f rom t h e  d i f f u s i o n  f lame ( r e f .  131) .  

Under ca lm c o n d i t i o n s  i n  a m l c r o g r a v i t y  env i ronment ,  t h e  spread o f  t h e  
f lame f r o n t  i s  s lower  than i n  normal g r a v i t y .  Calm c o n d i t i o n s  a r e  seldom 
encountered I n  t h e  usua l  crew space i n  a spacec ra f t ,  however. Due t o  o t h e r  
l i f e  suppor t  c o n s i d e r a t i o n s  and t h e  need t o  p r o v i d e  c o o l i n g  a i r  f o r  e l e c t r o n i c  
equipment, f o r c e d  a i r f l o w  i s  p rov ided  th roughout  t h e  h a b l t a b l e  space. Th is  
f o r c e d  a i r f l o w  w i l l  i n c r e a s e  and d e f i n e  t h e  d i r e c t i o n  o f  f lame spread i n  a 
m l c r o g r a v i t y  env i ronment .  V e l o c i t i e s  o f  a i r f l o w  exceeding some t h r e s h o l d  
va lue  may even h e l p  p reven t  t h e  occur rence o f  d i f f u s i o n  f lames.  

S P A C t  S l A T I O N  MAlERIALS ACCEPTANCE 

U n l i k e  f a c i l i t i e s  on Ear th ,  c o n t r o l  o f  a l l  o f  t h e  m a t e r i a l s  t h a t  a r e  used 
f o r  c o n s t r u c t i o n  and t h a t  a r e  p laced i n  a manned s p a c e c r a f t  i s  a normal proce-  
dure.  Each m a t e r i a l  i n  a manned s p a c e c r a f t  must meet c u r r e n t  N a t i o n a l  Aero- 
n a u t i c s  and Space A d m i n i s t r a t i o n  (NASA) f l a m m a b i l i t y  c r i t e r i a  ( r e f .  4 ) ,  o r  i t s  
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1 program managers. 
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use must be eva lua ted  and judged t o  be accep tab le  by a c o n t r o l l i n g  group of 

M a t e r i a l s  f l a m m a b i l i t y  c o n t r o l  i n  Space S t a t i o n  w i l l  p robab ly  be accom- 
p l i s h e d  by u s i n g  s tandards s i m l l a r  t o  t h e  c u r r e n t  s tandard  used f o r  t h e  Space 
S h u t t l e  O r b i t e r .  A l though t h e  c r i t e r i a  f o r  m a t e r i a l s  f l a m m a b i l i t y  acceptance 
a r e  t o o  l e n g t h y  t o  d i scuss  here,  t h e r e  a r e  f o u r  bas i c  t e n e t s  t h a t  app ly .  

! M a t e r i a l s  a r e  c a t e g o r i z e d  by t h e i r  use and placement i n  t h e  spacec ra f t .  More 

env i ronment  as t h e  crew. M a t e r i a l s  a r e  t e s t e d  f o r  f l a m m a b i l i t y  c h a r a c t e r i s -  
I s t r i n g e n t  requ i rements  a r e  l e v i e d  on m a t e r i a l s  t h a t  a r e  p laced  i n  t h e  same 

I t i c s  i n  t h e  same atmosphere(s) which they  w i l l  encounter  i n  t h e  spacec ra f t .  
f F i n a l l y ,  m a t e r i a l s  a r e  t e s t e d  i n  t h e i r  end- i tem c o n f i g u r a t i o n .  

Some e s s e n t i a l  m a t e r i a l s  a r e  n o t  a b l e  t o  pass t h e  c u r r e n t  NASA flamma- 
b i l i t y  c r i t e r i a .  These m a t e r i a l s  i n c l u d e  some c l o t h i n g ,  v a r i o u s  persona l  
hygiene a r t i c l e s ,  paper ,  and food.  Avo id ing  l a r g e  c o n c e n t r a t i o n s  o f  these 
m a t e r i a l s  th rough  good housekeeping p r a c t i c e s  i s  one way o f  l o w e r i n g  t h e  r i s k  
o f  f i r e  i n  t h e  s p a c e c r a f t .  

SPACECRAFT F I R E  DETECTORS 

F i r e  d e t e c t i o n  on t h e  Space S t a t i o n  cou ld  be accomplished i n  seve ra l  ways. 
I o n i z a t i o n - t y p e  smoke d e t e c t o r s ,  such as a r e  used on t h e  Space S h u t t l e  O r b i t e r ,  
c o u l d  be used f o r  t h i s  purpose. These d e t e c t o r s  r e a c t  b e s t  t o  p a r t i c l e s  i n  
t h e  0.1 t o  0.3 pm d iameter  range ( r e f .  132). T h i s  s i z e  range o f  p a r t i c l e s  i s  
produced by f l a m i n g  combustion. I o n i z a t i o n - t y p e  smoke d e t e c t o r s  tend n o t  t o  
r e a c t  w e l l  t o  p a r t i c l e s  w i t h  d iameters l a r g e r  than  0.3 pm. 

P h o t o e l e c t r i c - t y p e  smoke d e t e c t o r s  a r e  another  p o s s i b i l i t y .  These de tec-  
t o r s  r e a c t  b e s t  t o  p a r t i c l e s  l a r g e r  than  0.3 pm ( r e f .  132). 

A method o f  smoke d e t e c t i o n  u s i n g  a condensat ion n u c l e l  counter  such as 
was considered during the Apollo program would be feasible on Space Station. 
The condensa t ion -nuc le i  f i r e  d e t e c t o r  (CNFD) uses a Wi lson  Cloud Chamber i n  
i t s  o p e r a t i o n .  Smoke-laden a i r  i s  drawn i n t o  t h e  CNFD by a sampl ing pump and 
i s  passed th rough  a d e v i c e  w i t h  water  t o  p r o v i d e  c l o s e  t o  100 pe rcen t  r e l a t i v e  
h u m i d i t y  i n  t h e  a i r  sample. The p ressu re  i n  t h e  chamber i n  which t h e  sample 
i s  l o c a t e d  i s  t hen  suddenly reduced by a vacuum pump. The m o i s t u r e  I n  t h e  
then  supersa tu ra ted  a i r  w i l l  condense on n u c l e i  p resen t  i n  t h e  a i r  sample, such 
as p a r t i c u l a t e s  f r o m  smoke. I n  t e s t s  conducted by B r i c k e r  ( r e f .  1331, t h e  
CNFD was found t o  be f a s t e r  t han  e i t h e r  i o n i z a t i o n  o r  p h o t o e l e c t r i c  smoke 
d e t e c t o r s .  The CNFO reac ted  w e l l  t o  b o t h  v i s i b l e  f lames and t o  smoke f rom 
smolder ing  p l a s t i c s  a f t e r  t h e  p l a s t i c s  smoke had been passed th rough  a d e v i c e  
t o  f u r t h e r  p y r o l i z e  i t  i n t o  s m a l l e r  p a r t i c l e s .  

The CNFD t y p e  o f  d e t e c t i o n  system i s  n o t  immedia te ly  ready f o r  use i n  a 
m l c r o g r a v i t y  env i ronment .  
h u m i d i f y  t h e  a i r  samples. 
f i c u l t  t o  use i n  a m i c r o g r a v i t y  env i ronment  than  o t h e r  methods. 
more maintenance i n v o l v e d  i n  t h e  CNFD o p e r a t i n g  system. 

The CNFO u t i l l z e s  water  i n  i t s  o p e r a t i n g  system t o  
T h i s  makes t h i s  d e t e c t i o n  method somewhat more d i f -  

There i s  a l s o  
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The i n t e r n a l  atmosphere i n  Space S t a t i o n  w i l l  be k e p t  as f r e e  f rom pa r -  
t i c u l a t e s  as p o s s i b l e  f o r  va r ious  h e a l t h  and o p e r a t i n g  reasons. The concent ra -  
t i o n  o f  p a r t i c u l a t e s  I n  t h e  i n t e r n a l  atmosphere w i l l  be mon i to red  by t h e  use 
o f  a p a r t i c l e  coun te r .  S ince  bo th  smolder ing and v i s i b l e  combustion produce 
h i g h  concen t ra t i ons  o f  p a r t i c l e s ,  i t  may a l s o  be f e a s i b l e  i n  t h e  Space S t a t i o n  
t o  use a p a r t i c l e  c o u n t i n g  system f o r  a smoke d e t e c t i o n  method. 

Commercial ly a v a i l a b l e  o p t i c a l - t y p e  p a r t i c l e  counters  today can measure 
p a r t i c l e s  w i t h  d iameters  as smal l  as 0.3 pm, much the  same as p h o t o e l e c t r i c  
smoke d e t e c t o r s .  Commercial ly a v a i l a b l e  condensa t ion -nuc le i  counters  can 
measure p a r t i c l e s  as smal l  as 0.01 urn. l h e  condensat ion-nuc le i  p a r t i c l e  
counters  use a l c o h o l  as t h e i r  condensat ion f l u i d ,  however, so t h e i r  use i n  a 
manned s p a c e c r a f t  p resen ts  a t h r e a t  i n  i t s e l f .  

W i th  the  t h r e a t  o f  f i r e  f r o m  a f lammable l i q u i d  t h a t  may be used i n  a 
Space S t a t i o n  l a b o r a t o r y ,  t h e  use o f  u l t r a v i o l e t  o r  i n f r a r e d  f i r e  d e t e c t o r s  
must be cons idered.  Both types o f  d e t e c t o r s  a r e  l i n e  o f  s i g h t  dev ices ;  t h a t  
i s ,  t h e r e  must be a c l e a r  p a t h  between t h e  f i r e  and t h e  d e t e c t o r .  They b o t h  
d e t e c t  e lec t romagne t i c  emiss ions f rom f lames.  

U l t r a v i o l e t  f i r e  d e t e c t o r s  can be adve rse l y  a f f e c t e d  by ext raneous emis- 
s ions  o f  e lec t romagne t i c  r a d i a t i o n  c l o s e  t o  the  u l t r a v i o l e t  p o r t i o n  o f  t h e  
spectrum. These emiss ions can l n c l u d e  x - rays  and microwaves. I n f r a r e d  f i r e  
d e t e c t o r s  can be a f f e c t e d  by hea t -p roduc ing  dev ices  w i t h i n  a space s t a t i o n .  
Ovens w i t h  h igh - tempera tu re  h e a t i n g  elements and v iew ing  p o r t s  may cause 
i n f r a r e d  f i r e  d e t e c t o r s  t o  a larm.  

I n  l i n e  w i t h  p r e v i o u s l y  mentioned s a f e t y  concerns r e g a r d i n g  chemical  con- 
tam ina t ion ,  a r e a l - t i m e  i n f r a r e d  atmospher ic  a n a l y s i s  dev i ce  i s  a p o s s i b i l i t y  
f o r  f i r e  d e t e c t i o n .  Th is  type  o f  dev i ce  would d e t e c t  gases f rom combustion 
such as carbon monoxide, hydrogen f l u o r i d e ,  o r  hydrogen cyan ide .  

De tec to r  Systems 

Any d e t e c t i o n  scheme w i l l  do no good i f  i t  i s  n o t  des igned t o  be i n  t h e  
p a t h  o f  smoke t r a n s p o r t  f rom a f i r e .  The l a c k  o f  n a t u r a l  convec t i on  i n  t h e  
m i c r o g r a v i t y  o f  space makes t h e  l o c a t i o n  o f  t h e  d e t e c t o r  a c r i t i c a l  f a c t o r  i n  
Space S t a t i o n .  A p o s s i b l e  approach i s  t o  l o c a t e  t h e  smoke d e t e c t i o n  dev ices  
i n  t h e  env i ronmenta l  c o n t r o l  and l i f e  suppor t  system (ECI-SS) a i r  c i r c u l a t i o n  
duc ts .  Smoke o r  p a r t i c u l a t e s  generated by combustion would be c a r r i e d  by t h e  
f o r c e d  a i r f l o w  th rough a d u c t  t o  t h e  smoke d e t e c t o r .  Care must be exe rc i sed  
i n  t h i s  arrangement t o  have smoke d e t e c t i o n  dev ices  l o c a t e d  so as t o  be a b l e  
t o  e a s i l y  l o c a t e  t h e  source o f  an a la rm i n  duc ts  t h a t  a r e  man i fo lded  t o g e t h e r  
Man i fo lded duc ts  w i l l  r e q u i r e  more d e t e c t o r s .  

A f t e r  t h e  smoke d e t e c t i o n  method has been chosen f o r  Space S t a t i o n ,  t he  
d e c i s i o n  as t o  how i t s  i n p u t / o u t p u t  o p e r a t i o n  w i l l  be c o n f i g u r e d  must be made. 
The annunc ia t i on  o f  t h e  a la rm must g e t  t h e  c r i t i c a l  i n f o r m a t i o n  t o  t h e  crew as 
q u i c k l y  as p o s s i b l e .  Th i s  i n f o r m a t i o n  should i n c l u d e  t h e  f a c t  t h a t  a d e t e c t o r  
has gone i n t o  an a la rm c o n d i t i o n ,  t h e  l o c a t i o n  o f  t h e  ac tua ted  d e t e c t o r ,  and 
t h e  spread o f  t h e  f i r e  o r  i t s  p roduc ts .  The a c t u a t i o n  o f  a smoke d e t e c t o r  
should be i n d i c a t e d  by b o t h  a u d i b l e  and v i s u a l  means i n  Space S t a t i o n .  I n f o r -  
ma t ion  concern ing  t h e  a l a r m  should be a v a i l a b l e  v i a  commands t o  an onboard 
computer system. V i s i b l e  means should be p rov ided  w i t h i n  an i n d i v i d u a l  module 
t o  e a s i l y  l o c a t e  any smoke d e t e c t o r  t h a t  i s  i n  an a la rm c o n d i t i o n .  
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A l l  f i r e  d e t e c t i o n  dev ices  respond t o  some f i r e  s i g n a t u r e .  These i n c l u d e  

duced by c o n t r o l l e d  phenomena, however, making t h e  t a s k  o f  d e t e c t i n g  hazardous 
u n c o n t r o l l e d  f i r e  more d i f f i c u l t  and s u b j e c t i n g  f i r e  d e t e c t i o n  systems t o  f a l s e  
o r  i n a d v e r t e n t  a larms.  The goa l  o f  a f i r e  d e t e c t i o n  system i s  t o  i n d i c a t e  w i t h  
a h i g h  degree o f  con f idence  t h a t  a f i r e  has occur red .  F a l s e  a larms must be 
min imized t o  p reven t  l o s s  o f  crew p r o d u c t i v i t y  and a l e r t n e s s .  The goa l  can 
thus be ach ieved by choos ing  good i n i t i a l  d e t e c t i o n  t h r e s h o l d s  f o r  f i r e  s igna-  
t u r e s  and by hav ing  t h e  c a p a b i l i t y  t o  a d j u s t  t h e  t h r e s h o l d s  as o p e r a t i n g  con- 

a r e  a l s o  needed t o  i ndependen t l y  c o n f i r m  t h e  e x i s t e n c e  o f  hazardous f i r e  

I 
I v i s i b l e  and i n v i s i b l e  p a r t i c l e s ,  combustion gases, i n f r a r e d  and u l t r a v i o l e t  
I spec t ra ,  heat ,  and p ressu re  i nc rease .  Many o f  these s i g n a t u r e s  a r e  a l s o  p ro -  
1 

I 

I d i t i o n s  and exper ience i n d i c a t e .  M u l t i p l e ,  independent  d e t e c t i o n  techn iques  

I c o n d i t i o n s .  

SPACE STATION F I R E  SUPPRESSION 

F i r e  suppress ion  on Space S t a t i o n  i s  a l s o  n o t  e a s i l y  accompljshed w i t h  
j u s t  one method. To e f f e c t i v e l y  cover  c r e d i b l e  f i r e  scenar ios ,  b o t h  f i x e d  and 
p o r t a b l e  f i r e  suppress ion  systems a r e  needed on a space s t a t i o n .  

Gaseous E x t i n g u i s h a n t s  

Gaseous agent  f i r e  suppress ion  systems may be des igned f o r  e i t h e r  t o t a l  
f l o o d i n g  o f  a module o r  f l o o d j n g  o f  equipment o r  s to rage  racks  w i t h i n  a module. 
I n  e i t h e r  case, o v e r p r e s s u r i z a t i o n  o f  a module may occur  and must be cons idered 
i n  t h e  des ign  o f  a f i r e  suppress ion  system. Module overpressure  v e n t i n g  may 
be r e q u i r e d  d u r i n g  f i r e  suppress ion  agent  d ischarge.  

Gaseous f i r e  suppress ion  agents a r e  very  easy t o  hand le  i n  t h e  mic rograv-  
i t y  o f  space. Bromot r i f luoromethane,  o r  Halon 1301 as i t  i s  commonly c a l l e d ,  
i s  one ve ry  e f f e c t i v e  gaseous e x t i n g u i s h i n g  agent .  I t  c h e m i c a l l y  i n h i b i t s  
chemical  c h a i n  r e a c t i o n s  i n  t h e  combustion process t o  e x t i n g u i s h  f i r e .  Con- 
c e n t r a t i o n s  r e q u i r e d  f o r  ex t i ngu ishmen t  o f  f i r e s  i n  e l e c t r i c a l  components a r e  
i n  t h e  range o f  7 pe rcen t  by volume ( r e f .  134) .  

The use o f  Halon 1301 would r e q u i r e  t h e  l e a s t  amount o f  agent  s to rage  
space and p ressu re  among t h e  v a r i o u s  f e a s i b l e  gaseous agents .  Halon 1301 can 
be s t o r e d  a t  <4 MPa (600 p s i ) .  
a t e  c leanup o f  t h e  area  o r  su r faces  i n  c o n t a c t  w i t h  t h e  Halon o r  f i r e .  

The use o f  Halon 1301 would r e q u i r e  no immedi- 

Disadvantages o f  Halon 1301 i n c l u d e  t h e  t o x i c i t y  and co r ros i veness  o f  i t s  
decompos i t ion  p roduc ts  and o f  t h e  agent  i t s e l f .  Halon 1301 may be i ncompa t i -  
b l e  w i t h  c e r t a i n  elements o f  t h e  ECLSS on a space s t a t i o n .  The most e f f e c t i v e  
method o f  agent  removal a f t e r  d i scha rge  would be module v e n t i n g .  

Carbon d i o x i d e  i s  ano ther  gaseous f i r e  suppress ion  agent  t h a t  may be 
f e a s i b l e .  I t  e x t i n g u i s h e s  combustion by d isp lacement  o f  oxygen i n  t h e  atmos- 
phere. Concen t ra t i ons  o f  carbon d i o x i d e  i n  t o t a l  f l o o d i n g  system a p p l i c a t i o n s  
f o r  e l e c t r i c a l  hazards on e a r t h  r e q u i r e  carbon d i o x i d e  c o n c e n t r a t i o n s  o f  
50 p e r c e n t  ( r e f .  135) .  Th i s  rep resen ts  more mass t h a t  must be c a r r i e d  i n t o  
o r b i t .  Atmospheres o f  t h i s  compos i t i on  a r e  f a t a l  t o  humans. 

The use o f  carbon d i o x i d e  on a f i r e  would a l s o  r e q u i r e  no c leanup o f  t h e  
area  con tac ted  by t h e  e x t i n g u i s h a n t .  Carbon d i o x i d e  d i s c h a r g i n g  o n t o  equipment 
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would p resen t  a l ow- tempera tu re  thermal  shock t o  t h e  equipment be ing  impinged 
upon. Storage pressures o f  carbon d i o x i d e  a r e  h i g h e r  than Halon 1301. Carbon 
d i o x i d e  i s  s t o r e d  i n  gaseous and l i q u i d  fo rm on e a r t h  a t  pressures up t o  
6 MPa (900 p s i ) .  

Removal o f  carbon d i o x i d e  a f t e r  d i scha rge  would f i r s t  r e q u i r e  p a r t i a l  
v e n t i n g  o f  t h e  module. A f t e r  t h e  module has been p a r t i a l l y  vented, t h e  r e s i -  
dua l  carbon d i o x i d e  c o u l d  be removed by t h e  carbon d i o x i d e  s e p a r a t i o n  c a p a b i l  
i t y  o f  t h e  ECLSS. Al though smal l  c o n c e n t r a t i o n s  o f  carbon d i o x i d e  c o u l d  be 
removed by t h e  ECLSS, h i g h  c o n c e n t r a t i o n s  o c c u r r i n g  i n  a s h o r t  t i m e  may be a 
p o t e n t i a l  problem w i t h  t h e  carbon d i o x i d e  s e p a r a t i o n  c a p a b i l i t y  o f  t h e  ECLSS. 

The use o f  carbon d i o x i d e  t o  f l o o d  equipment racks appears t o  be more 
p o s s i b l e  than a t o t a l  f l o o d i n g  system f o r  a module. The amount o f  module 
v e n t i n g  r e q u i r e d  t o  p r e v e n t  o v e r p r e s s u r i z a t i o n  would be l e s s .  1-he impact  t o  
the ECLSS would a l s o  n o t  be as s i g n i f i c a n t .  

N i t r o g e n  i s  another  i n e r t i n g  gas t h a t  may be used as a f i r e  suppress ion 
agent .  I t  has t h e  same b a s i c  e x t i n g u i s h i n g  c h a r a c t e r i s t i c s  and problems as 
carbon d i o x i d e .  I f  module v e n t i n g  upon d i scha rge  o f  t h e  n i t r o g e n  i s  used t o  
p r e v e n t  ove rp ressu re  c o n d i t i o n s ,  t h e  c o n c e n t r a t i o n s  r e q u i r e d  f o r  f i r e  suppres 
s i o n  would be f a t a l  t o  humans w ’ l t h in  the des ign  d i scha rge  volume. 

Removal o f  n i t r o g e n  a f t e r  i t s  d i scha rge  would a g a i n  r e q u i r e  p a r t i a l  v e n t -  
i n g  o f  a module, w i t h  oxygen b e i n g  added a f t e r  t h e  p a r t i a l  v e n t i n g  t o  r e s t o r e  
t h e  normal a tmospher ic  composi t ion.  

Use o f  f i x e d  gaseous f i r e  suppress ion systems f o r  f l o o d l n g  equipment and 
s t o r a g e  racks  i n  a module would r e q u i r e  a lower  q u a n t i t y  o f  suppress ion agent 
than  a t o t a l  f l o o d i n g  system f o r  a module. l h i s  method would a l s o  reduce t h e  
r i s k  o f  a s p h y x i a t i o n  t o  crewmembers, as i t  i s  n o t  l i k e l y  t h a t  persons would be 
p r e s e n t  i n s i d e  a s t o r a g e  o r  equipment r a c k .  

There a r e  a l s o  d lsadvantages t o  t h e  f l o o d i n g  o f  equipment and s t o r a g e  
racks w i t h  gaseous agents.  An e x t e n s i v e  agent p i p i n g  network would be 
r e q u i r e d .  The l o c a t i o n  o f  t h e  i n d i v i d u a l  rack  i n  which t h e  f i r e  had occu r red  
must be known. I f  r a c k  f l o o d i n g  i s  used, means must be developed t o  p r e v e n t  
t h e  m i x i n g  and subsequent d i l u t i o n  o f  t h e  gaseous suppress ion agent w i t h  
module a i r  f rom o u t s i d e  t h e  rack.  The f o r c e d  a i r f l o w  through t h e  rack  must be 
stopped and t h e  rack  must be sealed f r o m  t h e  module p r i o r  t o  agent d i scha rge .  
S e a l i n g  t h e  racks p r i o r  t o  agent d i scha rge  would a l s o  h e l p  reduce t h e  spread 
o f  p roduc ts  o f  combustion. 

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  c o u l d  be used w i t h i n  t h e  h a b i t a b l e  space f o r  
f i r e  suppress ion.  These 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  c o u l d  use t h e  same gaseous 
agents as t h e  f i x e d  f i r e  suppress ion systems. Removal o f  t h e  f i r e  suppress ion 
agent a f t e r  d i s c h a r g e  f r o m  a p o r t a b l e  e x t i n g u i s h e r  would be somewhat s i m p l e r  
due t o  t h e  l e s s e r  q u a n t i t i e s .  Removal o f  Halon 1301 would s t i l l  have t o  be 
accomplished by v e n t i n g  t h e  module t o  vacuum. 

C o n s i d e r a t i o n  must be g i v e n  t o  t h e  r e a c t i o n  f o r c e  t h a t  would occur  due t o  
d i scha rge  o f  t he  agent  f r o m  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 .  The r e a c t i o n  f o r c e  
f r o m  a f i r e  e x t i n g u i s h e r  u s i n g  Halon 1301 would be l e s s  than  t h a t  o f  an e x t i n -  
g u i s h e r  u s j n g  carbon d i o x i d e  o r  n i t r o g e n  because o f  t h e  lower  agent s to rage  
p ressu re .  
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I 
A l though use o f  each of t h e  aforement ioned gaseous f i r e  suppress ion agents 

r e q u i r e s  a t  l e a s t  some v e n t i n g  o f  a module, o p e r a t i o n a l  procedures a f t e r  t h e  
occurrence o f  a f i r e  may a l s o  d i c t a t e  t h a t  t h e  module atmosphere be vented t o  
vacuum due t o  t h e  produc ts  o f  combustion a lone.  

I Gaseous f i r e  suppress ion agents a r e  success fu l  t o  v a r y i n g  degrees i n  
e x t l n g u i s h i n g  f i r e  i n  o r d i n a r y  c e l l u l o s i c  o r  s o l i d  n o n m e t a l l i c  m a t e r i a l s .  
Halon 1301 i s  t h e  most e f f e c t i v e  gaseous f i r e  suppress ion agent  o f  t h e  ones 

h i g h e r  c o n c e n t r a t i o n s  and longer  t i m e  i n  c o n t a c t  w i t h  t h e  combustion area  t o  

I f o r  e x t i n g u i s h i n g  f i r e s  i n  o r d i n a r y  combust lb le  m a t e r i a l s .  F i r e  e x t i n g u i s h e r s  
on e a r t h  u s i n g  gaseous agents a r e  des igned ma in l y  f o r  use on flammable l i q u i d s  
and energ ized e l e c t r i c a l  equipment f i r e s .  

t 
I mentioned f o r  use on f i r e s  i n  o r d i n a r y  combust ib le  m a t e r i a l s ,  b u t  i t  r e q u i r e s  
~ 

I be e f f e c t i v e .  Carbon d i o x i d e  and n i t r o g e n  a r e  l e s s  e f f e c t i v e  than Halon 1301 

, 

Water and Foam 

S ince gaseous f i r e  suppress ion  agents a r e  n o t  e f f e c t i v e  i n  t h e  e x t i n g u i s h -  
ment o f  f i r e s  i n  o r d i n a r y  combust ib le  m a t e r i a l s ,  t h e  use o f  a backup f i r e -  
suppress ion  system u s i n g  water  o r  water-based foam should be cons idered on 
Space S t a t i o n .  Such a system cou ld  t a k e  t h e  fo rm o f  e i t h e r  a p o r t a b l e  e x t i n -  
gu i she r  o r  a hose and f l o w  c o n t r o l  n o z z l e  connected t o  t h e  onboard water  sup- 
p l y .  A system u s i n g  a foam agent  would be e f f e c t i v e  on b o t h  f l a m i n g  and 
s u r f a c e  combustion. Foam would adhere t o  t h e  s u r f a c e  on which i t  was p laced.  
Cleanup procedures would i n v o l v e  w i p i n g  t h e  foam f rom t h e  area  o f  a p p l i c a t i o n .  

The use o f  water  i n  a f i r e  suppress ion system would be f e a s i b l e  i f  a means 
t o  p reven t  t h e  i n t r o d u c t i o n  o f  l a r g e  amounts o f  f r e e - f l o a t i n g  water  i n  a space 
s t a t i o n  were developed. Th is  c o u l d  be done by hav ing  a sponge a p p l i c a t o r  on 
t h e  end o f  t h e  water  hose o r  t h e  use o f  a r i g i d  conta inment  box t h a t  cou ld  be 
p laced  over  t h e  f i r e  a rea  and i n t o  which t h e  water  would then  be d ischarged.  

Complete Vent ing  

A s  a l a s t  r e s o r t ,  v e n t i n g  a module t o  t h e  vacuum o f  space as a means o f  
f i r e  ex t i ngu ishmen t  c o u l d  be used. The d e p r e s s u r i z a t i o n  r a t e  would be a con- 
s i d e r a t i o n  t o  p reven t  v i o l e n t  r u p t u r e  o f  c losed  c o n t a i n e r s .  
a l s o  i n c r e a s e  t h e  r a t e  o f  f lame spread o f  t h e  f i r e .  The p o s s i b i l i t y  e x i s t s  
t h a t  i f  t h e  f i r e  were near  t h e  o u t l e t  f o r  v e n t i n g  a module, t h e  f lame would 
f o l l o w  t h e  v e n t i n g  gases and damage t h e  v e n t i n g  o u t  p i p i n g  and v a l v e ( s ) .  
R e p r e s s u r i z a t i o n  o f  t h e  a f f e c t e d  module may n o t  be p o s s i b l e  a f t e r  t h e  v e n t i n g  
o p e r a t i o n .  

Ven t ing  would 

F I R E  SAFETY I N  HYPERBARIC CHAMBERS 

Space s t a t i o n s  may have hyperba r i c  chambers f o r  use i n  t r e a t i n g  va r ious  
types  o f  decompression s ickness  t h a t  may occur  d u r i n g  crew e x t r a v e h i c u l a r  
a c t i v i t y  ( E V A ) .  C a p a b i l i t y  t o  p r o v i d e  up t o  600 kPa ( 6  atm) o f  p ressu re  w i t h  
v a r i n g  percentages of oxygen, i n c l u d i n g  some t h a t  a r e  oxygen-enriched w i t h  
r e s p e c t  t o  normal a tmospher ic  compos i t ion ,  may be r e q u i r e d  f r o m  a med ica l  
s t a n d p o i n t .  F i r e  d e t e c t i o n  and suppress ion  systems s p e c i f i c a l l y  des igned f o r  
an oxygen-enriched env i ronment  w i l l  have t o  be p rov ided  f o r  a hyperba r i c  
chamber on Space S t a t i o n .  F i r e  d e t e c t i o n  cou ld  be e i t h e r  smoke o r  f lame 
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e i t h e r  smoke o r  f lame d e t e c t o r s .  Flame d e t e c t o r s  o f  e i t h e r  the  u l t r a v i o l e t  o r  
i n f r a r e d  t ype  would p r o v i d e  t h e  f a s t e s t  response. 

F i r e  suppress ion  i n  an oxygen-enr iched env i ronment  i s  a more compl ica ted  
m a t t e r  than t h e  cho ice  o f  d e t e c t i o n  methods. O f  g r e a t  impor tance i s  t h e  f a c t  
t h a t  t h e  occupants o f  t h e  chamber cannot e a s i l y  l eave  the  con f ines  o f  t he  
chamber. The f i r e  suppress ion  agent  chosen must be non tox i c  and m in im ize  the  
p r o d u c t i o n  o f  t o x i c  decomposi t ion produc ts .  Halon 1301 has been t e s t e d  f o r  
use i n  an oxygen-enr iched env i ronment  by Kimzey (NASA Manned Spacecra f t  Center 
I n t e r n a l  Note,  Oct.  1967) .  He concluded t h a t  Halon 1301 i s  n o t  e f f e c t i v e  f o r  
e x t i n g u i s h i n g  f i r e  i n  pure  oxygen atmospheres. Halon 1301 i n  o t h e r  oxygen- 
en r i ched  atmospheres must be c a r e f u l l y  eva lua ted  f o r  e f f e c t i v e n e s s  and t o x -  
i c i t y  due t o  decompos i t ion  byproduc ts  and concen t ra t i ons  r e q u i r e d  f o r  f i r e  
ex t ingu ishment .  

The use o f  carbon d i o x i d e  f o r  a f i r e - s u p p r e s s i o n  agent  would p r e s e n t  an 
a s p h y x i a t i o n  hazard t o  t h e  chamber occupants.  N i t r o g e n  cou ld  be added w i t h o u t  
d i s p l a c i n g  t h e  e x i s t i n g  oxygen f o r  f i r e - s u p p r e s s i o n  purposes. Water would a l s o  
be f e a s i b l e  f o r  use as a f i r e - s u p p r e s s i o n  agent  i n  a hyperba r i c  chamber i n  a 
m i c r o g r a v i t y  env i ronment .  A system such as t h i s  would u t i l i z e  a ded ica ted  
water  supp ly  tank  c o n t a i n i n g  water  a t  a p ressu re  s u f f i c i e n t l y  h i g h e r  than t h e  
h y p e r b a r i c  chamber so t h a t  an e f f e c t i v e  spray p a t t e r n  cou ld  be achieved f r o m  
t h e  d i scha rge  nozz les .  The d i scha rge  nozz les  would be des igned f o r  t h r e e -  
d imens iona l  impingement. Water f l o w  d e n s i t i e s  cou ld  be based on requ i rements  
f o r  oxygen-enr iched atmospheres a t  n o r m a l - g r a v i t y  c o n d i t i o n s .  Cleanup and 
conta inment  equipment and procedures would be necessary f o r  a f i r e  suppress ion  
system u s i n g  water .  

F I R E  CONlROL PROCEDURES 

A f t e r  t h e  f i r e  d e t e c t i o n  and suppress ion systems have been des igned and 
b u i l t  and Space S t a t i o n  i s  o p e r a t i o n a l ,  t h e  problem o f  "what t o  do when f i r e  
occu rs "  becomes one f o r  humans t o  s o l v e .  A Space S t a t i o n  crew w i l l  have t o  be 
tho rough ly  t r a i n e d  t o  cope w i t h  f i r e  emergencies. 

A f t e r  a f i r e  has been de tec ted ,  adequate means must be p rov ided  t o  a l e r t  
t h e  crew t h a t  a f i r e  i s  i n  p rogress .  The crew must then be a b l e  t o  i n t e r p r e t  
s i g n a l s  f rom t h e  f i r e  d e t e c t i o n  system t o  l o c a t e  t h e  f i r e  q u i c k l y .  Upon 
l o c a t i n g  t h e  f i r e ,  t h e  crew must have a good idea  o f  what t h e  f i r e  i n v o l v e s  
and how much o f  a t h r e a t  i t  appears t o  be. The crew must pe r fo rm tasks  such 
as donning emergency a i r  b r e a t h i n g  appara tus ,  s h u t t i n g  o f f  a i r f l o w  t o  t h e  
a f f e c t e d  equipment, and d i s c o n n e c t i n g  e l e c t r i c a l  power t o  t h e  a f f e c t e d  equ ip-  
ment i f  deemed a p p r o p r i a t e .  The method o f  ex t ingu ishment  must be dec ided upon. 
Should a f i x e d  o r  p o r t a b l e  gaseous agent  system be used? Perhaps a water-based 
system would be b e t t e r .  The agent  must then be e f f e c t i v e l y  a p p l i e d .  A f t e r  
t he  f i r e  has been ex t i ngu ished ,  t h e  f i r e  area and i t s  e f f e c t s  must be c leaned 
up. F i n a l l y ,  normal ope ra t i ons  must be r e s t o r e d .  

The tasks  r e q u i r e d  t o  comp le te l y  handle a f i r e  on e a r t h  a r e  u s u a l l y  done 
by seve ra l  d i f f e r e n t  e n t i t i e s .  I n  Space S t a t i o n ,  t h e  crew w l l l  have t o  hand le  
a l l  o f  t h e  tasks  Invo lved ;  t h e i r  l i v e s  w i l l  depend on i t .  
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Slarboard Keel 

F i g u r e  1 .  - Sketch o f  Space S t a t i o n  module arrangement. 

F i g u r e  2 .  - I n t e r i o r  space i n  Space S t a t i o n  module. 
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S P R A Y  S I M U L T A N E O U S L Y -  

A C T U A T E D  VALVES 

SPRING-LOADED 
E X P A N S I O N  

V A L V E  - 

F i g u r e  3 .  

F O A M  AGENT 
B E L L O W S  

E X P A N S I O N  G A S  

L l O U E F l E D  
E X P A N S I O N  G A S  

- S k y l a b  f i r e  e x t i n g u i s h e r .  

+ Y  
/ 

H E A V Y  A R R O W S  P O I N T  T O  

E X T I N G U I S H E R  L O C A T I O N S  

NOTE: ROUND TRIP 01 FFERENCE 
IS .8 MIEI.  ( 4 8  SECONDS) 

F i g u r e  4 .  - S k y l a b  f i r e  e x t i n g u i s h e r  l o c a t l o n s  and e s t i m a t e d  crew t r a n s l a t i o n  t i m e s .  
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F i g u r e  5 .  - S h u t t l e  crew cab in  and a v i o n i c s  bay f i r e  p r o t e c t i o n .  
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F l g u r e  6. - S h u t t l e  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 .  

86 



Avionics bays 
no. 1 and no. 2 

AVIONICS B A I  NO. 18 

no. 3A and no. 38 

Note 
0 FIRE PORTS PROVIDE 

ACCESS TO AVIONICS BAYS 

PORTABLE FIRE EXTINGUISHER 
NOZZLE 

0 FIRE PORTS SIZED TO FIT 

FIRE PORT/GUIOE @ ITYPlCALl 

Personal hygiene station 

F i g u r e  7 .  - F i r e  e x t i n g u i s h e r  p o r t s  I n  t h e  S h u t t l e  cab in .  
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M I C R O G R A V I T Y  COMBUSl I O N  FUNDAMENTALS 

K u r t  R .  Sacksteder 
NASA Lewis Research Center 

INTHOOUCI LON 

Sys temat ic  i n v e s t i g a t i o n  o f  fundamental and a p p l i e d  combustion phenomena 
has been a c t i v e l y  pursued f o r  a number o f  decades. These e f f o r t s  have u s u a l l y  
been mot i va ted  by t e c h n o l o g i c a l  need i n  such d i v e r s e  areas as ground and a i r  
t r a n s p o r t a t i o n ,  e l e c t r i c a l  power p roduc t i on ,  and f i r e  p r e v e n t i o n .  N a t u r a l l y  
a l l  such work has been done I n  t h e  g r a v i t a t i o n a l  env i ronment  o f  t h e  Ear th ,  and 
an accoun t ing  o f  g r a v i t a t i o n a l  i n f l u e n c e ,  w h i l e  sometimes n e g l i g i b l e ,  has usu- 
a l l y  been r e q u i r e d .  The growth o f  manned presence i n  t h e  l o w - g r a v i t y  env i ron -  
ment o f  E a r t h  o r b i t  has p rov ided  a new t e c h n o l o g i c a l  need f o r  d i r e c t e d  
cornbustion research  r e l a t e d  t o  spacec ra f t  f i r e  s a f e t y  and a t  t h e  same t i m e  has 
p rov ided  t h e  means t o  pursue fundamental and a p p l i e d  combustion research  i n  a 
l o w - g r a v i t y  env i ronment .  

The e a r l i e s t  work i n  l o w - g r a v i t y  combustion i n  t h e  Un i ted  S ta tes  was 
r e l a t e d  t o  t h e  assessment o f  f i r e  hazards i n  spacec ra f t  ( r e f .  131). The f l am-  
m a b i l i t y  o f  c e r t a i n  t e s t  m a t e r i a l s  and t h e  e f f e c t i v e n e s s  o f  seve ra l  cand ida te  
f i r e - e x t i n g u i s h i n g  agents were eva lua ted  i n  a qu iescen t ,  l o w - g r a v i t y  env i ron -  
ment. Based on t h e  r e s u l t s  o f  these qu iescen t  chamber t e s t s ,  m a t e r i a l -  
sc reen ing  t e s t  s tandards were e s t a b l i s h e d  f o r  s p a c e c r a f t  m a t e r i a l  s e l e c t i o n  
( r e f .  4 ) .  Other  e a r l y  work i n  l o w - g r a v i t y  combustion was o f  more fundamental 
c h a r a c t e r ,  concerned more g e n e r a l l y  w i t h  u s i n g  t h e  l o w - g r a v i t y  env i ronment  t o  
s i m p l i f y  t h e  phys i cs  o f  n o r m a l - g r a v i t y  phenomena. Work o f  t h i s  s o r t  was pu r -  
sued i n  t h e  area  o f  premixed gases ( r e f s .  136 t o  139) ,  unpremixed gases 
( r e f s .  140 t o  143) ,  s o l i d - f u e l  f lame spreading ( r e f s .  144 t o  146) ,  d r o p l e t  
combustion ( r e f .  147) ,  d i spe rsed  f u e l s  ( r e f .  148 ) ,  l i q u i d  poo l  f i r e s  ( r e f .  
149) ,  and smolder ing  ( r e f .  150) .  

Advances i n  t h e  f l u i d  mechanics o f  combustion have l e d  us f i r m l y  t o  t h e  
conclusion that the equations describing energy, momentum, and mass balances, 
and chemical  r e a c t i o n  r a t e s  a r e  coupled.  Changes i n  t h e  body f o r c e ,  o r  g r a v i -  
t a t i o n a l  terms i n  t h e  equat ions  d e s c r i b i n g  f l u i d  mot ion ,  r e s u l t  i n  changes t o  
t h e  coupled terms i n  t h e  o t h e r  system equat ions ,  which, i n  t u r n ,  aga in  i n f l u -  
ence t h e  f l u i d  mot ion .  Were t h e  equat ions  uncoupled, body f o r c e  changes i n  
t h e  momentum balance would a f f e c t  o n l y  t h e  s o l u t i o n  f o r  f l u i d  mot ion ,  and t h e  
o t h e r  processes would be una f fec ted .  Thus w h i l e  l o w - g r a v i t y  combustion 
research  i s  a u s e f u l  t o o l  f o r  unders tand ing  n o r m a l - g r a v i t y  a p p l i c a t i o n s ,  c a r e  
must be taken t o  a v o i d  o v e r g e n e r a l i z i n g  t h e  i n t e r p r e t a t i o n s  o f  l o w - g r a v i t y  
exper imen ta l  r e s u l t s .  C a r e f u l  mode l ing  work i s  an i n d i s p e n s a b l e  c o r o l l a r y  
e f f o r t  t o  combustion exper imen ta t i on ,  i n  o rde r  t o  c o r r e c t l y  app ly  t h e  r e s u l t s  
f rom one g r a v i t a t i o n a l  env i ronment  t o  another .  

The a p p l i c a t i o n  t o  s p a c e c r a f t  f i r e  s a f e t y  o f  our  unders tand ing  o f  t h e  
p h y s i c a l  and chemical  processes t h a t  dominate combustion I n  low g r a v i t y  i s  
somewhat e a s i e r  t o  ach ieve .  Hazard a n a l y s i s ,  and f i r e  d e t e c t i o n  and I n t e r v e n -  
t i o n  s t r a t e g i e s  can be d e r i v e d  more d i r e c t l y  f rom l o w - g r a v i t y  r e s u l t s .  On t h e  
o t h e r  hand, as a p r a c t i c a l  m a t t e r  t h e  sc reen ing  o f  m a t e r i a l s  f o r  use i n  space- 
c r a f t  must be per formed I n  ground-based, n o r m a l - g r a v i t y  l a b o r a t o r i e s .  Funda- 
menta l  l o w - g r a v i t y  combustion research  i s  thus  e s s e n t i a l  u n t i l  a knowledge o f  
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t h e  fundamental processes i n v o l v e d  i s  adequate t o  e s t a b l i s h  a we l l -unders tood  
r e l a t i o n s h i p  between l o w - g r a v i t y  exper iments and ground-based m a t e r i a l  
sc reen ing  t e s t s .  

What f o l l o w s  i s  a b r i e f  summary o f  some o f  t h e  impor tan t  p h y s i c a l  p roc -  
esses i n v o l v e d  i n  l o w - g r a v i t y  combustion. Whi le  d i s c u s s i o n  i s  g e n e r a l l y  
l i m i t e d  t o  t h e  processes i n v o l v e d  i n  t h e  combustion o f  con t inuous ,  s o l i d ,  non- 
m e t a l l i c  f u e l s ,  much o f  t h e  reason ing  presented  can be a p p l i e d  t o  o t h e r  f u e l  
t ypes  and c o n f i g u r a t i o n s .  To t h e  e x t e n t  t h a t  t h e  c o n t r i b u t i n g  mechanisms a r e  
known and understood i n  va r ious  f i r e  scenar ios ,  s t r a t e g i e s  can be developed t o  
r e t a r d  o r  p reven t  t h e i r  p rog ress .  A s  l o w - g r a v i t y  f i r e  scenar ios  may r e q u i r e  
t h e  c o n s i d e r a t i o n  o f  some mechanisms no rma l l y  cons idered as hav ing  secondary 
impor tance,  some of these mechanisms may i n  t h i s  c o n t e x t  be i n v e s t i g a t e d  i n  
some d e t a i l  f o r  t h e  f i r s t  t i m e .  The va lue  o f  such knowledge i s  accentua ted  i n  
s p a c e c r a f t  f i r e  p l a n n i n g  because o f  t h e  h i g h  c o s t  o f  f i r e  s a f e t y  p r o v i s i o n s  
and t h e  even h i g h e r  c o s t  o f  f a l l u r e .  

COMBUSl I O N  MECHANISMS 

The i g n i t i o n  and p ropaga t ion  o f  a f l r e  i s  an i n t e r p l a y  o f  r a t e  processes 
i n c l u d i n g  t h e  g e n e r a t i o n  o f  f u e l  vapor, one o r  more f u e l - a i r  m i x i n g  
mechanisms, heat  r e l e a s e  f rom t h e  chemical r e a c t i o n ,  and t h e  a l l o c a t i o n  o f  
t h a t  hea t  t o  f u e l  genera t i on ,  m ix ing ,  and d i s s i p a t i o n .  

Fuel  Generat' lon 

Fuel  g e n e r a t i o n  r e f e r s  t o  t h e  d e l i v e r y  o f  f u e l  t o  t h e  v i c i n i t y  o f  the 
f lame zone, which i s  most o f t e n  l o c a t e d  i n  t h e  gas phase. I n  t h e  b u r n i n g  o f  
s o l j d  o r  l i q u i d  f u e l s ,  t h e  g e n e r a t i o n  o f  f u e l  i s  g e n e r a l l y  some combina t ion  o f  
chemical  decomposi t ion,  o r  p y r o l y s i s ,  and a phase change, such as evapora t i on ,  
s u b l i m a t i o n ,  o r  m e l t i n g  and evapora t i on .  The phase change i n v o l v e s  s u b s t a n t i a l  
expansion o f  t h e  f u e l  and thereby  i n f l u e n c e s  t h e  gas-phase f l o w  f i e l d .  Con- 
t r i b u t i o n s  t o  t h e  f l o w  f i e l d  f r o m  f u e l  g e n e r a t i o n  can be q u a s i - s t e a d y  o r  p re -  
c i p i t o u s  and c h a o t i c ,  and they  a r e  g e n e r a l l y  d i f f i c u l t  t o  ana lyze .  

Fuel  g e n e r a t i o n  a l s o  i n v o l v e s  an energy exchange between t h e  phases. 
L a t e n t  heats  assoc ia ted  w i t h  phase changes and p y r o l y s i s  r e a c t i o n s  a c t  as n e t  
heat  s i n k s  w i t h  r e s p e c t  t o  t h e  p ropaga t ing  f lame.  The feedback mechanisms o f  
heat  t o  t h e  f u e l  s u r f a c e  g e n e r a l l y  i n c l u d e  conduct ion ,  convec t i on ,  and r a d i a -  
t i o n ,  and they  a r e  compl ica ted  by t h e  presence o f  soo t  i n  t h e  gas phase and 
f u e l  c h a r r i n g  on t h e  su r face .  For purposes o f  f i r e  ex t ingu ishment ,  t he  
feedback l oop  o f  f u e l  g e n e r a t i o n  and heat  t r a n s f e r  t o  t h e  s u r f a c e  may be t h e  
m o s t  i m p o r t a n t  focus  o f  i n t e r v e n t i o n  s t r a t e g i e s .  

M i  x i  ng 

The f u e l - a i r  m i x i n g  mechanisms i n  t h e  p ropaga t ion  o f  f lames a r e  i n  each 
case a combina t ion  of b u l k  f l u i d  mo t ion  a c t i n g  i n  t h e  presence o f  t h e  d i f f u s i o n  
o f  f u e l  vapors, oxygen, i n e r t  gases, and combustion p roduc ts .  Bu lk  f l u i d  
mo t ion  can be induced by seve ra l  mechanisms, i n c l u d i n g  buoyancy-dr iven  ( d e n s i t y  
g r a d i e n t )  f l ows ,  e x t e r n a l l y  imposed, f o r c e d  (p ressu re  g r a d i e n t )  f l o w s ,  and t h e  
f l ows  assoc ia ted  w i t h  the  p y r o l y s i s / v a p o r i z a t i o n  o f  t h e  condensed-phase f u e l  
(mass a d d i t i o n ) .  The spread o f  t h e  f lame i n t o  reg ions  c o n t a i n i n g  f r e s h  f u e l  
and a i r  and t h e  f l ows  d r i v e n  by su r face  t e n s i o n  g r a d l e n t s  o f  mo l ten  f u e l  can 
a l s o  c o n t r i b u t e  t o  t h e  m i x i n g  process.  I n  o rde r  f o r  a f lame t o  e x i s t  and 
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propagate,  t h e  aggregate m i x i n g  mechanisms must be e f f e c t i v e  t o  m a i n t a i n  a 
zone o f  f lammable f u e l - a i r  m i x t u r e  near enough t o  t h e  e x i s t i n g  f lame t o  be 
c o n t i n u o u s l y  i g n i t e d .  

C o n c e n t r a t i o n - g r a d i e n t  d i f f u s i o n  o f  spec ies on a mo lecu la r  l e v e l  i s  t h e  
I most fundamental o f  t h e  f u e l - a i r  m i x i n g  processes, where in  f u e l  vapors f r o m  

t h e  v i c i n i t y  o f  t h e  f u e l  s u r f a c e  g r a d u a l l y  i n t e r m i n g l e  w i t h  t h e  oxygen supp ly  
away f rom t h e  su r face .  The process i s  r e l a t i v e l y  s low compared t o  t h e  heat  
r e l e a s e  r a t e s  r e q u i r e d  t o  s u s t a i n  t h e  f u e l  g e n e r a t i o n  process.  I n  t h e  absence 
o f  a d d i t i o n a l  m i x i n g  mechanisms, t h e  presence o f  i n e r t  gases and gas-phase 
combustion p roduc ts  r e t a r d  d i f f u s i v e  m i x i n g  o f  f u e l  and oxygen s t i l l  f u r t h e r ,  

I 
1 

1 
1 such t h a t  t h e  f u e l  vapors and oxygen must d i f f u s e  th rough a g e n e r a l l y  t h i c k -  
1 en ing  l a y e r  o f  c h e m i c a l l y  i n a c t i v e  species t o  s u s t a i n  adequate m i x i n g  r a t e s .  

I h u s  systems dependent s o l e l y  upon d i f f u s i o n  as t h e  m i x i n g  process would gen- 
e r a l l y  f a i l  t o  s u s t a i n  a f lame.  

I n  n o r m a l - g r a v i t y  f i r e s  l a r g e  d e n s i t y  g r a d i e n t s  a r e  c rea ted  by r a p i d  heat  
r e l e a s e  i n  t h e  f lames.  Under t h e  i n f l u e n c e  o f  g r a v i t y  these d e n s i t y  g r a d i e n t s  
cause s u b s t a n t i a l  n a t u r a l - c o n v e c t i o n  o r  buoyancy-dr iven f l ows ,  which o f t e n  
e n t i r e l y  overwhelm o t h e r  f u e l - a i r  m i x i n g  processes. The c o u p l i n g  o f  buoyancy 
t o  heat  r e l e a s e  r a t e s ,  o t h e r  m i x i n g  mechanisms, and chemical  r e a c t i o n  r a t e s  
makes these f l o w s  d i f f i c u l t  t o  ana lyze .  As  a r e s u l t ,  p rogress  i n  t h e  under- 
s tand ing  o f  n o r m a l - g r a v i t y  f i r e  spread ing  has been th rough  t h e  imp lementa t ion  
o f  f u l l - s c a l e  t e s t i n g  o f  a v a r i e t y  o f  c o n f i g u r a t i o n s .  Removal o f  t h e  g r a v i t a -  
t i o n a l  i n f l u e n c e  i n  t h e  s tudy  o f  f i r e s  t h a t  m igh t  occur  i n  a s p a c e c r a f t  
exchanges t h i s  one m i x i n g  mechanism, which i s  d i f f i c u l t  t o  ana lyze ,  f o r  o t h e r ,  
more s u b t l e  mechanisms, o n l y  one o f  which i s  mo lecu la r  d i f f u s i o n .  The i d e n t i -  
f i c a t i o n  and e v a l u a t i o n  o f  these s u b t l e t i e s  have d i r e c t  a p p l i c a t i o n  i n  t h e  
a n a l y s i s  o f  l o w - g r a v i t y  f i r e s .  

Ground-based, l o w - g r a v i t y  exper iments have shown how smal l  f l u i d  d i s t u r b -  
ances a f f e c t  t h e  pe rce i ved  f l a m m a b i l i t y  o f  a m a t e r i a l .  An e a r l y  approach t o  
qu iescen t  f lame-spread ing  t e s t s  i n  d rop  towers was t o  r e s e r v e  t h e  l i m i t e d  low- 
g r a v i t y  t i m e  ( l e s s  than 6 sec) f o r  f lame p ropaga t ion  and t o  i g n i t e  t h e  t e s t  
samples b e f o r e  t h e  drop  re lease .  F l u i d  mot ion  generated by buoyancy d u r i n g  a 
n o r m a l - g r a v i t y  i g n i t i o n ,  a l t h o u g h  i n  decay a f t e r  t h e  d r o p  r e l e a s e ,  o f t e n  p e r -  
s i s t s  th roughout  t h e  drop  t e s t  and cannot  be i gno red .  Samples i g n i t e d  a f t e r  
t h e  drop  r e l e a s e  i n  qu iescen t  f lame-spread ing  t e s t s  show reduced f lame-spread 
r a t e s  up t o  moderate l e v e l s  o f  oxygen con ten t  i n  t h e  a i r  when compared t o  t h e  
predrop i g n i t i o n  t e s t s .  Whi le  i n s t r u c t i v e  f rom a p rocedura l  p o i n t  o f  v iew,  
the  comparison o f  these two methods a l s o  i n d i c a t e s  t h e  impor tance o f  f l u i d  
mot ion,  wh ich  i s  l e s s  e n e r g e t i c  than buoyancy-induced mot ion,  t o  l o w - g r a v i t y  
f lame spread ing .  

The i n f l u e n c e  o f  f o r c e d  e x t e r n a l  f l o w s  on f lame-spread ing  r a t e s  has been 
s t u d i e d  e x t e n s i v e l y  i n  normal g r a v i t y .  I n  t h e  most genera l  terms, an 
e x t e r n a l l y  imposed f l o w ,  when a c t i n g  as a m i x i n g  enhancement mechanism o r  as 
an a i d  t o  heat  t r a n s f e r  t o  t h e  f u e l  su r face ,  i nc reases  f lame p ropaga t ion  r a t e s .  
A s  t h e  s t r e n g t h  o f  t h e  f o r c e d  f l o w  inc reases ,  however, i t  can serve  as a hea t  
s i n k  mechanism and r e t a r d  f lame spread ing .  S i m i l a r l y ,  t h e  f o r c e d - f l o w  i n f l u -  
ence vanishes as i t s  s t r e n g t h  approaches t h a t  o f  t h e  buoyancy-induced f l o w  
p resen t  i n  a l l  such t e s t s .  A l though a d i s c u s s i o n  o f  these obse rva t i ons  i s  
incomple te  w i t h o u t  i n c l u d i n g  t h e  c o n v e c t i v e  heat  t r a n s f e r  e f f e c t  o f  t h e  f l o w ,  
t h e  f u e l - a i r  m i x i n g  aspec t  o f  ve ry  low-speed (sub-buoyant )  f l o w s  i s  n o t  ' addressed a t  a l l  i n  these exper iments.  V e n t i l a t i o n  o f  s p a c e c r a f t  cab ins  f o r  
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l i f e - s u p p o r t  purposes p rov ides  such low-speed f l o w s ,  and i t s  p o t e n t i a l  impact  
on l o w - g r a v i t y  f l a m m a b i l i t y  I s  a s u b j e c t  o f  c u r r e n t  research  a c t i v i t y .  

The momentum assoc ia ted  w i t h  t h e  p y r o l y s i s / v a p o r i z a t i o n  o f  f u e l  a t  t h e  
su r face  must be i n c l u d e d  as a m i x i n g  process i n  t h e  a n a l y s i s  o f  f u e l s  b u r n i n g  
i n  qu iescen t  l o w - - g r a v i t y  env i ronments.  The s t r e n g t h  o f  t h i s  mechanism i s  a 
p r o p e r t y  o f  t h e  f u e l  m a t e r i a l  and i s  r e l a t e d  t o  t h e  l a t e n t  heat  r e q u i r e d  t o  
genera te  t h e  f u e l  vapor and t h e  behav io r  o f  t h e  f u e l  su r face  d u r i n g  t h e  f u e l  
g e n e r a t i o n  process.  Low-grav i ty  exper iments i n  f lame spreading have shown 
t h a t  t h i s  f l u i d  mo t ion  a c t i n g  t o g e t h e r  w i t h  d i f f u s i o n  can s u s t a i n  p ropaga t ing  
f lames I n  the  absence o f  o t h e r  m i x i n g  mechanisms. The qu iescen t  exper iments 
conducted t o  da te  have shown t h a t ,  f o r  t h e  s imp le  paper samples examined, 
s t a b l e  f lames can be sus ta ined  o n l y  a t  h i g h e r  oxygen concen t ra t i ons  than a r e  
r e q u i r e d  t o  burn  t h e  same m a t e r i a l  i n  normal g r a v i t y .  D e t a i l e d  model ing o f  
t h e  process has r e q u i r e d  t h e  i n c l u s i o n  o f  t h e  e f f e c t s  o f  a su r face  f u e l  " j e t "  
i n  o rde r  t o  p r e d i c t  a c c u r a t e l y  t h e  f lame shapes observed i n  t h e  exper iments.  

Other m a t e r i a l s ,  hav ing  e n t i r e l y  d i f f e r e n t  processes govern ing  t h e  r e l e a s e  
o f  gaseous f u e l  f rom t h e  condensed- fue l  su r face ,  may e x h i b i t  a s t r o n g e r  i n f l u -  
ence o f  t h e  f u e l  j e t  on t h e  f lame.  Some bu rn ing  p l a s t i c  m a t e r i a l s  m e l t ,  t hen  
b o i l ,  a t  t h e  su r face .  Experiments conducted a t  low g r a v i t y  on t h e  b u r n i n g  o f  
n y l o n  Ve lc ro  samples have shown p r e c i p i t o u s  re lease  o f  f u e l  vapor f rom bubbles 
o f  mo l ten  p l a s t i c  ( r e f .  1 4 6 ) .  This  mechanism o f  f u e l  r e l e a s e  and m i x i n g  ran-  
domly i n j e c t s  f u e l  vapors i n t o  t h e  f lame and renders n y l o n  samples, mounted 
w i t h o u t  a heat  s i n k  s u b s t r a t e ,  f lammable i n  moderate oxygen c o n c e n t r a t i o n s  a t  
low g r a v i t y .  The b u r s t i n g  o f  bubbles i n  mo l ten  f u e l s  has a l s o  been shown t o  
e j e c t  smal l  p a r t i c l e s  o f  b u r n i n g  m a t e r i a l  f rom t h e  su r face .  These p a r t i c l e s  
m igh t  a l s o  serve  as a d d i t i o n a l  i g n i t i o n  sources f o r  remote f u e l  l o c a t i o n s .  
Other p l a s t i c  samples such as s labs  o f  po ly rne thy lmethacry la te  ( P M M A )  fo rm a 
char  on t h e  mo l ten  f u e l  s u r f a c e  t h a t  a c t s  t o  i n h i b i t  t h e  v a p o r i z a t i o n  o f  f u e l .  
Thus t h e  s u r f a c e  behav io r  o f  b u r n i n g  m a t e r i a l s  may become a m a t e r i a l  c h a r a c t e r -  
i s t i c  t o  be cons idered i n  t h e  e v a l u a t i o n  o f  f i r e  hazards i n  a l o w - g r a v i t y  
env i ronment .  

Qu iescen t  exper iments per formed a t  low g r a v i t y  have a l s o  shown t h a t  non- 
f l a m i n g  combustion o r  smolder ing  may occur  a t  t h e  s u r f a c e  o f  exposed m a t e r i a l s  
i n  l o w  g r a v i t y .  Samples t h a t  have seemed t o  e x t i n g u i s h  d u r i n g  l o w - g r a v i t y  
t e s t s  have r e i g n i t e d  upon t h e  resumpt ion o f  t h e  g r a v i t a t i o n a l  i n f l u e n c e s  a t  
t h e  end o f  t h e  t e s t .  Thus t h e  d i s t i n c t i o n  between t h e  p ropaga t ion  o f  a f lame 
and e x t i n c t i o n  may n o t  be as c l e a r  i n  t h e  l o w - g r a v i t y  env i ronment  as i t  gener-  
a l l y  i s  i n  normal g r a v i t y .  

F i n a l l y ,  m i x i n g  o f  f u e l  vapor generated a t  t h e  s u r f a c e  w i t h  t h e  su r -  
round ing  a i r  can be accomplished by t h e  p ropaga t ion  o f  t h e  f lame a long  t h e  
f u e l  su r face .  For f u e l s  r e q u i r i n g  r e l a t i v e l y  smal l  amounts o f  energy f o r  f u e l  
genera t i on ,  t h e  f lame can race  ahead o f  t h e  accumula t ion  o f  combustion produc ts  
and i n t o  a c o n t i n u i n g  supp ly  o f  f r e s h  oxygen. 

The r e l a t l v e  impor tance o f  the va r ious  m i x i n g  mechanisms, i n c l u d i n g  rnolec- 
u l a r  d i f f u s i o n ,  t h e  presence o f  f o rced  f l o w ,  f u e l  i n j e c t i o n  f rom the  su r face ,  
and t h e  spread ing  of t h e  f lame i n t o  a f r e s h  a i r  supp ly ,  i s  determined by the  
p r o p e r t i e s  o f  t h e  f u e l  and t h e  env i ronment  i n  which i t  i s  bu rn ing .  These r e l -  
a t i v e  i n f l u e n c e s  a r e  n o t  w e l l  understood and a r e  wor thy  o f  a d d i t i o n a l  s tudy .  
S ince f u e l  p r o p e r t i e s  can de termine t h e  dominant m i x i n g  mechanism, t h e  
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I c l a s s i f i c a t i o n  o f  f lammable m a t e r i a l s  by m i x i n g - r e l a t e d  p r o p e r t i e s  may become 
l a u s e f u l  t o o l  i n  s p a c e c r a f t  f i r e  p r e v e n t i o n  and c o n t r o l .  

Heat Release 

The r a t e  o f  hea t  r e l e a s e  f r o m  p ropaga t ing  f lames i s  determined by t h e  
chemical  energy c o n t e n t  o f  t h e  f u e l ,  t h e  r a t i o  o f  vapor i zed  f u e l  t o  t h e  a v a i l -  
a b l e  oxygen a t  t h e  f lame,  and t h e  r a t i o  o f  t h e  t i m e  t h e  r e a c t a n t s  a r e  i n  t h e  
v i c i n i t y  o f  t h e  f l ame t o  t h e  t i m e  r e q u i r e d  f o r  t h e  r e a c t a n t s  t o  r e a c t .  
o n l y  a narrow range o f  f u e l - a i r  r a t i o s  w i l l  be f lammable, t h e  l o c a t i o n  where 
flammable m i x t u r e s  occur  and t h e  res idence  t i m e  o f  t h e  f lammable m i x t u r e  i n  
t h e  f lame zone depend l a r g e l y  upon t h e  f u e l - a i r  m i x i n g  process.  Thus t h e  
energy r e l e a s e  i n  a p r o p a g a t i n g  f lame i n  low g r a v i t y  i s  c o n t r o l l e d  l a r g e l y  by 
t h e  l o w - g r a v i t y  f l u i d  mechanics. 

S ince 

I 

Heat D i s t r i b u t i o n  

The l o c a t i o n  o f  t h e  f lame r e l a t i v e  t o  t h e  f u e l  and, t o  a l e s s e r  e x t e n t ,  
t h e  shape o f  t h e  f lame e s t a b l i s h  t h e  boundary c o n d i t i o n s  f o r  t h e  a c t i v e  mech- 
anisms o f  hea t  t r a n s f e r  f r o m  t h e  f lame.  I n  t h e  gas phase, conduc t ion  f r o m  t h e  
f lame normal t o  t h e  f u e l  s u r f a c e  and p a r a l l e l  t o  t h e  s u r f a c e  i n  t h e  d i r e c t i o n  
o f  f lame spread must be considered i n  t h e  a n a l y s i s  o f  t h e  f u e l - g e n e r a t i o n  
feedback system. The temperature g r a d i e n t s  t h a t  d r i v e  conducted heat  i n  t h e  
gas phase are,  i n  genera l ,  d i s t o r t e d  by convec t i on .  Conduct ion o f  heat  i n  t h e  
s o l i d  phase can a l s o  p l a y  a s i g n i f i c a n t  r o l e .  For f u e l s  appear ing i n  e n g i -  
n e e r i n g  c o n f i g u r a t i o n s ,  t h e r e  o f t e n  e x i s t s  a hea t  conduc t ion  p a t h  normal t o  
t h e  f u e l  s u r f a c e ,  which p r o v i d e s  a d i s s i p a t i o n  mechanism. Depending upon t h e  
f u e l  t h i c k n e s s ,  hea t  conduc t ion  through t h e  f u e l  i n  t h e  d i r e c t i o n  o f  f lame 
spread can a l s o  p a r t i c i p a t e  i n  t h e  f u e l - g e n e r a t i o n  feedback system. 

The p a r t i c i p a t i n g  mechanisms i n  t h e  f l o w  f i e l d  determine t h e  impor tance 
o f  c o n v e c t i v e  hea t  t r a n s f e r .  The r o l e  o f  convec t i on  i s  ambiguous, s i n c e  i t  
can p r o v i d e  b o t h  a mechanism t o  d i s t r i b u t e  a d d i t i o n a l  hea t  t o  t h e  f u e l  s u r f a c e  
and a mechanism t o  c a r r y  heat  away f rom t h e  system. When viewed as a d e p a r t u r e  
f r o m  d i f f u s i o n - c o n t r o l l e d  f l ame spreading, t h e  c o n v e c t i n g  f l o w  f i e l d ,  added t o  
a f lame sp read ing  i n  l ow  g r a v i t y ,  almost i n v a r i a b l y  w i l l  enhance t h e  f lamma- 
b i l i t y  o f  m a t e r i a l s .  Exper imenta l  comparisons o f  normal and l o w - g r a v i t y  hea t  
c o n v e c t i o n  i n  f l ame sp read ing  a r e  n o t  y e t  a v a i l a b l e .  A n a l y s i s  o f  c o n v e c t i o n  
i n  t h e  low-speed f l o w s  assoc ia ted  w i t h  l o w - g r a v i t y  f l ame sp read ing  i s  thus a 
p r e r e q u i s i t e  t o  an unders tand ing  o f  f i r e  scenar ios  and t h e  development o f  p re -  
v e n t i o n  and c o n t r o l  s t r a t e g i e s .  

The r o l e  o f  r a d i a t i v e  t r a n s p o r t  i n  l o w - g r a v i t y  f lame spreading i s  a l s o  
n o t  w e l l  understood. The o p t i c a l  dep th  o f  s m a l l - s c a l e  l a b o r a t o r y  f lames t h a t  
have been observed i n  l o w - g r a v i t y  exper iments i s  sma l l  enough t o  d i s r e g a r d  
c o n t r i b u t i o n s  o f  r a d i a t i v e  t r a n s p o r t  t o  t h e  f u e l  s u r f a c e .  On t h e  o t h e r  hand, 
t h e  r o l e  o f  r a d i a t i o n  may be prominent  i n  d i s s i p a t i v e  l osses  f r o m  t h e  f u e l  
su r face .  The behav io r  of  t h e  f u e l  m a t e r i a l  s u r f a c e  i n  t h e  combust ion e n v i r o n -  
ment, f o r  example, t h e  appearance o f  a s u r f a c e  char  l a y e r ,  w i l l  determine t h e  
i n f l u e n c e  o f  t h i s  mechanism. 

LOW-GRAVITY RESEARCH FACILITIES 

Ground-based, l o w - g r a v i t y  t e s t i n g  has been i n d i s p e n s i b l e  i n  t h e  s tudy  o f  
t h e  behav io r  o f  m i c r o g r a v i t y  combustion. I n  a d d i t i o n  t o  p r o v i d i n g  d a t a  on 
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l o w - g r a v i t y  behav io r ,  these f a c i l i t i e s  have p rov ided  v a l u a b l e  i n s i g h t  i n t o  t h e  
t r a n s i t o r y  behav io r  o f  systems. The response o f  a dynamic system t o  s t e p  
o r  gradua l  changes i n  body f o r c e s  can be used t o  e x p l o r e  t h e  t i m e ' s c a l e s  
of  t h e  v a r i o u s  p a r t i c i p a t i n g  mechanisms. I n  a d d i t i o n ,  r e v e l a t i o n s  such 
as t h e  demonst ra t ion  o f  t h e  i n f l u e n c e  o f  low-speed f l o w s  on m a t e r i a l  flamma- 
b i l i t y  have been o b t a i n e d .  

Two c l a s s e s  o f  ground-based, l o w - g r a v i t y  research  f a c i l i t i e s  a r e  a v a i l -  
a b l e :  d r o p  towers o r  tubes,  and s p e c i a l l y  equipped a i r c r a f t  t h a t  f l y  s h o r t -  
d u r a t i o n ,  f r e e - f a l l  t r a j e c t o r i e s .  The c h o i c e  o f  f a c i l i t y  f o r  a p a r t i c u l a r  
exper iment  depends upon t h e  e lapsed t i m e  and t h e  l e v e l  o f  reduced a c c e l e r a t i o n s  
r e q u i r e d  f o r  t h e  exper iment .  

Drop towers and d r o p  tubes a r e  t r u l y  ground-based f a c i l i t i e s  t h a t  s i m p l y  
p r o v i d e  an unobs t ruc ted  v e r t i c a l  space i n  which an exper imenta l  apparatus can 
f r e e - f a l l .  True f r e e - f a l l  i s  approached by e l i m i n a t i n g  aerodynamic d r a g  on 
t h e  f a l l i n g  exper iment  e i t h e r  by evacua t ing  t h e  drop  pathway o r  by su r round ing  
t h e  apparatus w i t h  a d r a g  s h i e l d ,  which p e r m i t s  t h e  apparatus t o  f r e e - f a l l  
w i t h i n  t h e  more s l o w l y  f a l l i n g  s h i e l d .  R e l a t i v e  a c c e l e r a t i o n s  w i t h i n  t h e  
f a l l i n g  exper iments a r e  t y p i c a l l y  l e s s  t h a t  t imes normal E a r t h  g r a v i t y  
(one g) ,  w h i l e  t e s t  t imes o f  no more than 6 sec a r e  a v a i l a b l e .  Exper iment 
c o n t a i n e r s  a r e  dece le ra ted  g r a d u a l l y  a t  t h e  end o f  t h e  t e s t  f o r  reuse.  Drop 
f a c i l i t i e s  u s l n g  t h e  drop  s h i e l d  techn ique can p r o v i d e  up t o  10 exper iments 
p e r  day. 

L o w - g r a v i t y  a i r c r a f t  p r o v i d e  s i g n i f i c a n t l y  l o n g e r  t e s t  t imes,  g e n e r a l l y  
up t o  about  30 sec. The low g r a v i t y  i s  ob ta ined  by e x e c u t i n g  a p a r a b o l i c  
t r a j e c t o r y  maneuver. The maneuver c o n s i s t s  o f  a d i v e  t o  g a i n  a i rspeed,  f o l -  
lowed by a p u l l u p  and a n u l l i n g  o f  aerodynamic and p r o p u l s i o n  f o r c e s  t o  ach ieve  
a f r e e - f a l l  over  a p a r a b o l i c  hump. F i n a l l y ,  t h e  a i r c r a f t  I s  p u l l e d  up i n t o  
l e v e l  f l i g h t .  The l o w - g r a v i t y  t e s t  t i m e  i s  b racketed  between p e r i o d s  o f  about  
2 g ' s  assoc ia ted  w i t h  t h e  p u l l u p s .  Exper iments a t tached  d i r e c t l y  t o  t h e  a i r -  
f rame exper ience min  mum a c c e l e r a t i o n s  t h a t  a r e  t y p i c a l l y  about  10-2 g, w h i l e  
s e l e c t e d  exper iments can be a l l o w e d  t o  f l o a t  w i t h i n  a l a r g e  a i r c r a f t  t o  o b t a i n  
somewhat reduced min  mum a c c e l e r a t i o n s .  Depending upon t h e  a i r c r a f t  and t h e  
t r a j e c t o r y  sequence, up t o  40 l o w - g r a v i t y  exper iments can be per formed d u r i n g  
a s i n g l e  f l i g h t .  
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Houston Operat ions 

BACKGROUND 

A s  a r e s u l t  o f  t h e  A p o l l o  AS204 f i r e ,  NASA made a commitment t o  t h e  
Congress t h a t  t h e  agency would be aware o f  t h e  t y p e  and q u a n t i t y  o f  each mate- 
r i a l  i n  t h e  h a b i t a b l e  a rea  o f  manned s p a c e c r a f t .  NASA a l s o  committed t o  con- 
d u c t  f l a m m a b i l i t y  t e s t s  on m a t e r i a l  and c o n f i g u r a t i o n  t o  v e r i f y  t he  f i r e  s a f e t y  
o f  manned space v e h i c l e s .  Major  p o i n t s  r e s u l t i n g  f rom i n v e s t i g a t i o n s  were t o  
( 1 )  c o n t r o l  t h e  launch environment ( i . e . ,  c o n t r o l  oxygen c o n c e n t r a t i o n ) ,  
( 2 )  have onboard a f i r e  e x t i n g u i s h i n g  system, ( 3 )  have a s tandard  and con- 
t r o l l e d  s e t  o f  f l a m m a b i l i t y  requ i rements ,  and ( 4 )  conduct  c o n f i g u r a t i o n  and 
f u l l - s c a l e  f l a m m a b i l i t y  t e s t s .  

S ince  t h e  AS204 f i r e ,  NASA has had o t h e r  acc iden ts  t h a t  caused a reeva lu -  
a t i o n  o f  m a t e r i a l s  f l a m m a b i l i t y  i n  h i g h - p r e s s u r e  oxygen systems. The f i r s t  
was t h e  A p o l l o  13 i n c i d e n t ,  which was an i n - f l i g h t  f i r e  i n  a c ryogen ic  p res -  
sure  vesse l  t h a t  r e s u l t e d  j n  t h e  vesse l  r u p t u r e  and caused an a b o r t  o f  a l u n a r  
l a n d i n g  m iss ion .  The second i n c i d e n t  was a S h u t t l e  ground t e s t ,  where an 
E x t r a v e h i c u l a r  M o b i l i t y  U n i t  oxygen f i r e  des t royed a t e s t  u n i t  and a spacesu i t  
and s e r i o u s l y  i n j u r e d  a t e c h n i c i a n .  

PRESENT REQUIREMtNTS AND TRACKING 

As  a r e s u l t  o f  these acc iden ts ,  NASA has imposed s tandard  f l a m m a b i l i t y  
requ i rements  on a l l  s p a c e c r a f t  m a t e r i a l .  The requ i rements  a r e  p r e s c r i b e d  a t  
Leve l  I (NASA H Q )  v i a  NHB 8060.18 ( r e f .  4 ) .  A t  Leve l  I 1  ( S T S  Program O f f i c e )  
JSC 07/00, v o l .  X ,  paragraph 3.5.2.1, s t a t e s  " M a t e r i a l s  and processes s h a l l  be 
s e l e c t e d  i n  accordance w i t h  JSC-S€-R-0006." Th is  document imposes t h e  NHB 
8060.1 requ i rements  i n  a d d i t i o n  t o  o t h e r  m a t e r i a l s  requ i rements  such as c o r -  
r o s i o n ,  s t r e s s  c o r r o s i o n ,  f r a c t u r e  c o n t r o l ,  age l i f e ,  and vacuum s t a b i l i t y .  
l h e  JSC-S€-R-0006 a l s o  r e q u i r e s  t h a t  each element and major  c o n t r a c t o r  p repare  
a m a t e r i a l s  c o n t r o l  and v e r i f i c a t i o n  p l a n .  The O r b i t e r  p r o j e c t  p l a n  i s  i n  JSC 
11739 " S h u t t l e  O r b i t e r  P r o j e c t  M a t e r i a l s  C o n t r o l  and V e r i f i c a t i o n  Program 
Management Procedures. 

l h e  m a t e r i a l  c o n t r o l  procedures f o r  t h e  O r b i t e r  a r e  accomplished by the  
M a t e r i a l s  Ana lys i s  T rack ing  and C o n t r o l  ( M A T C O )  system. Th is  system i s  essen- 
t i a l l y  a c e n t r a l  computer ized system where a l l  m a t e r i a l s  used i n  t h e  O r b i t e r  
i n  b o t h  t h e  o r i g i n a l  des ign  and t h e  a s - b u i l t  des ign  (changes by M a t e r i a l  Review 
( M R ) ,  D iscrepancy Repor ts  ( D R ' s ) ,  and Tes t  and Checkout Procedures ( T C P ) )  a r e  
recorded.  l h e  documentat ion requ i rements  t racked  by MA'ICO i n c l u d e  m a t e r i a l  
usage, f l a m m a b i l i t y  a c c e p t a b i l i t y ,  t o x i c i t y ,  age l i f e ,  vacuum s t a b i l i t y ,  and 
f l u i d  c o m p a t i b i l i t y  a c c e p t a b i l i t y .  Th i s  system assures t h a t  a l l  m a t e r i a l s  a r e  
rev iewed,  approved, and have t h e i r  wa ivers  t racked.  F i g u r e  1 has a f l o w  d i a -  
gram f o r  t h i s  procedure.  
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The ph i losophy NASA uses i n  f i r e  p r e v e n t i o n  i s  ( 1 )  assume an i g n i t i o n  
source e x i s t s  and a f i r e  can s t a r t ,  and ( 2 )  r e q u i r e  t h a t  any f i r e  once s t a r t e d  
s h a l l  be s e l f - e x t i n g u i s h i n g  w i t h i n  a s h o r t  d i s t a n c e .  Th is  i s  accomplished i n  
t h e  des ign  by a s s u r i n g  t h a t  exposed m a t e r i a l s  a r e  s e l f - e x t i n g u i s h i n g  as a 
m a t e r i a l  o r  when t e s t e d  i n  the  use c o n f i g u r a t i o n .  Flammable m a t e r i a l s  must be 
stowed i n  a nonflammable c o n t a i n e r ,  have f i r e  breaks a long  t h e  m a t e r i a l  t o  
p reven t  p ropagat ion ,  o r  be p r o t e c t e d  w i t h  a f l a m m a b i l i t y  b a r r i e r .  There i s  
a l s o  e x t e n s i v e  use o f  f i r e  breaks as w e l l  as p roper  housekeeping d u r i n g  t h e  
m i  s s i  on. 

M a t e r i a l  and c o n f i g u r a t i o n  t e s t i n g  f o r  t h e  S h u t t l e  i s  ma in l y  a t  30 pe rcen t  
oxygen c o n c e n t r a t i o n  a t  70 kPa (10.2 p s i a ) .  Th i s  i s  t h e  worst -case atmosphere 
d u r i n g  a m i s s l o n  and occurs 10  h r  p r i o r  t o  an e x t r a v e h i c u l a r  a c t i v i t y  (space 
wa lk ) .  The p ressu re  i s  reduced f rom the  nominal  101 kPa ( 1 4 . 7  p s i a )  and the  
oxygen c o n c e n t r a t i o n  i s  i nc reased t o  30 pe rcen t  f o r  med lca l  reasons t o  p r e v e n t  
the  "bends" d u r i n g  an EVA.  

l h e  nominal  atmosphere i s  101 kPa (14.7 p s i a )  w i t h  a 23.8 mass-percent  
oxygen c o n c e n t r a t i o n .  However, t h e  maximum oxygen c o n c e n t r a t i o n  t h a t  can occur  
b e f o r e  t h e  Caut ion  and Warning system w i l l  i n i t i a t e  an a la rm i s  25.9 p e r c e n t .  
NASA has t e s t e d  many m a t e r i a l s  a t  t h e  23.8-, 25.9-, and 30-percent-oxygen 
l e v e l s  f o r  t h e  S h u t t l e  program. I n  a d d i t i o n ,  NASA has a l a r g e  da ta  base a t  
100 pe rcen t  oxygen a t  35 kPa ( 5  p s i a )  and 115 kPa (16.5 p s i a ) .  l h e  da ta  i n  
f i g u r e  2 show how f l a m m a b i l i t y  o f  m a t e r i a l  i s  a f f e c t e d  by percentage o f  oxygen 
f o r  those m a t e r i a l s  t h a t  would be cons idered f o r  spacec ra f t  a p p l i c a t i o n s .  
l h i s  may rep resen t  t h e  whole p o p u l a t i o n  o f  m a t e r i a l s .  

FLAMMABILITY CONlROL I N  P R A C T I C E  

One method used i n  t h e  S h u t t l e  v e h i c l e  t o  reduce f l a m m a b i l i t y  i s  t o  con- 
t r o l  spac ing o f  f lammable m a t e r i a l s  such as Ve lc ro  and w i r e  t i e s .  The V e l c r o  
'IS f lammable, b u t  NASA has a spacing requ i rement  t h a t  a l l  Ve lc ro  usage should 
be n o t  more than 25 cm2 ( t y p i c a l l y  2 by 2 i n . )  and each p i e c e  must be sepa- 
r a t e d  by 5 cm ( 2  i n . )  f rom each o t h e r  p i e c e  i n  t h r e e  d imensions.  The w i r e  t i e  
spac ing  s t a t e s  t h a t  a l l  w i r e  t i e s  must be 5 cm ( 2  i n . )  a p a r t  un less  a nonf lam- 
mable t i e  such as Tef lon-coated  g l a s s  t i e s  a r e  used. 

Flammable m a t e r i a l s  must be stowed i n  nonflammable c o n t a i n e r s  such as 
meta l  boxes o r  t h e  po lycarbonate  stowage boxes used i n  t h e  O r b i t e r .  Other 
nonflammable bags may be used, such as bags made o f  doub le  l a y e r  Nomex ( a t  
l e a s t  230 g/m ( 7 . 5  oz/yd) each) w i t h  a l e f l o n - c o a t e d  g lass  f a b r i c  i n  between. 
NASA used Te f lon -coa ted  b e t a  c l o t h  f o r  stowage bags i n  Apo l l o ,  b u t  these were 
n o t  d u r a b l e  enough f o r  a reuse v e h i c l e  l i k e  t h e  S h u t t l e .  Nonflammable bags 
f o r  wet stowage have been made by making a bag o u t  o f  two l a y e r s  o f  Nomex 
f a b r i c  (230 g/m ( 7 . 5  oz /yd) )  w i t h  an i n s i d e  l a y e r  o f  neoprene-coated ny lon .  

The i n s i d e  o f  t h e  O r b i t e r  i s  a d d i t i o n a l l y  p r o t e c t e d  f rom a major  f i r e  by 
compartmentat ion o f  t h e  e l e c t r o n i c s .  For example, t h e  many e l e c t r o n i c  areas 
a r e  each i n  t h e i r  own compartment t o  m in im ize  t h e  spread o f  a f i r e .  Each com- 
par tment  has e i t h e r  f i r e  e x t i n g u i s h e r  nozz les  f rom the  c e n t r a l  f i r e  e x t i n g u i s h -  
i n g  system o r  has f i r e  e x t i n g u i s h e r  access p o r t s  i n  f r o n t  o f  t h e  panel  f o r  t he  
hand-held f i r e  e x t i n g u i s h e r  t o  be used t o  p u t  o u t  a f i r e .  I n  a d d i t i o n ,  w i r e  
bundles a r e  rou ted  I n  t r a y s  when exposed t o  t h e  cab in  t o  ensure t h a t  the  w i r e  
bundles cannot  be damaged. 
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NASA has used seve ra l  techniques t o  p r o t e c t  f lammable m a t e r i a l s  o r  compo- 

Examples i n c l u d e  wrapping p l a s t i c s  w i t h  aluminum tape as a f i r e  b a r r i e r .  Th i s  

c a l c u l a t o r s ,  and o t h e r  hand-held dev ices .  A lso  employed a r e  nonflammable 
s leeves made o f  be ta  c l o t h  o r  double l a y e r s  o f  Nomex, nonflammable coa t ings ,  
e t c .  

I nen ts  t h a t  must be used e i t h e r  i n  t h e  des ign  o r  t he  opera t i ons  o f  t h e  S h u t t l e .  

I has been used on many smal l  o f f - t h e - s h e l f  i tems such as power screwdr ivers ,  

There have been over  30 t e s t s  on e l e c t r o n i c  "b lack  boxes".  These range 
f rom h e r m e t i c a l l y  sea led  u n i t s  b a c k f i l l e d  w i t h  an i n e r t  gas t o  a i r - c o o l e d  
e l e c t r o n i c  boxes. Most o f  those made o f  a nonflammable c o n t a i n e r  passed the  
c o n f i g u r a t i o n  t e s t .  Those t h a t  f a i l e d  had flammable m a t e r i a l s  on t h e  o u t s i d e  
o r  used ure thane foam i n  t h e  box w i t h  a l a r g e  v o i d  space. The boxes t h a t  were 
a i r  coo led  had t o  meet t h e  f o l l o w i n g  c o n d i t i o n s  t o  pass a c o n f i g u r a t i o n  t e s t  
( i . e . ,  no f lames o u t s i d e  t h e  box) :  ( 1 )  have a i r  f l ows  below 3.7 m/sec 
(12  f t / s e c )  o r  above 9 m/sec (30  f t / s e c ) ,  ( 2 )  have t h e  vent  ho les  covered w i t h  
a s t e e l  screen o f  100 mesh o r  g r e a t e r ,  and ( 3 )  assure t h a t  t h e  f l o w i n g  a i r  d i d  
n o t  c r e a t e  a "chimney e f f e c t "  by hav ing  a s t r a i g h t  p a t h  f rom t h e  i n l e t  t o  
o u t l e t .  

I 
1 

FUTURE NF.LDS 

There a r e  s t i l l  some f l a m m a b i l i t y  problem areas o r  a p p l i c a t i o n s  t h a t  c o u l d  
be improved. One o f  t h e  areas t h a t  cou ld  be improved i s  t h e  f i r e  e x t i n g u i s h e r .  
The p resen t  e x t i n g u i s h e r  medium i s  Halon 1301. Th is  m a t e r i a l  has seve ra l  
shor tcomings,  i n c l u d i n g  (1) t h e  p roduc ts  produced i n  f i g h t i n g  a f i r e  a r e  c o r -  
r o s i v e  t o  e l e c t r o n i c s  and a r e  t o x i c ,  ( 2 )  i t  has l i m i t e d  e f f e c t i v e n e s s  above 
33 p e r c e n t  oxygen concen t ra t i on ,  ( 3 )  i t  r e q u i r e s  c a r e  i n  usage t o  ensure t h a t  
s u f f i c i e n t  q u a n t i t y  i s  p u t  on t h e  f i r e .  

The water  emuls ion system used on A p o l l o  was very  e f f e c t i v e ,  b u t  t h e r e  
was always t h e  concern about  water  on e l e c t r i c a l  systems. 

Other areas t h a t  c o u l d  use some i n n o v a t i o n  a r e  ( 1 )  c l o t h i n g  f o r  t h e  crew 
d u r i n g  t h e  miss ion ,  ( 2 )  nonflammable foams f o r  cushions,  and ( 3 )  paper and 
cardboard f o r  f l i g h t  da ta  f i l e s  and cuecards.  
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I G N I T I O N  PROPERTIES OF METALS 

Dur ing  t h e  o x i d a t i o n  o f  meta ls  t h a t  precedes i g n i t i o n ,  t h e  p roduc ts  adhere 
t o  t h e  meta l  su r faces  as s o l i d  o x i d e  coa t ings .  I f  t h e  o x i d e  coa t ings  a r e  tough 
and imperv ious  t o  oxygen, they  can i n h i b i t  f u r t h e r  o x i d a t i o n  and subsequent 
i g n i t i o n  o f  me ta l s .  For example, t h e  i g n i t i o n  temperatures o f  meta ls  have been 
observed t o  remain unchanged o r  even inc rease  as oxygen p ressu re  i s  inc reased 
( r e f .  151) .  Oxide coa t ings  can a f f e c t  t h e  i g n i t i o n  temperatures o f  meta ls  by 
changing t h e  o v e r a l l  o x i d a t i o n  k i n e t i c s  o f  t h e  meta ls  and/or a c t i n g  as a phys- 
i c a l  b a r r i e r  s e p a r a t i n g  t h e  unreac ted  p o r t i o n s  o f  t h e  meta l  f rom t h e  surround-  
i n g  oxygen ( r e f .  152). 

The e f f e c t s  o f  o x i d e  c o a t i n g s  on t h e  o x i d a t i o n  o f  meta ls  a r e  complex, and 
e n t i r e  t e x t s  have been w r i t t e n  on t h e  s u b j e c t  ( r e f s .  153 and 154) .  Laurendeau 
( r e f .  151) c a t e g o r i z e d  o x i d e  coa t ings  as e i t h e r  be ing  p r o t e c t i v e  o r  nonprotec-  
t i v e .  O x i d a t i o n  r a t e s  f o r  meta ls  t h a t  f o rm p r o t e c t i v e  c o a t i n g s  a r e  dependent 
on e l e c t r i c  f i e l d - i n d u c e d  t r a n s p o r t  o f  meta l  i o n s  th rough n- o r  p- o x i d e  c o a t -  
i n g ,  oxygen d i f f u s i o n  a long  pores i n  ox ide  coa t ings ,  and o t h e r  mechanisms 
( r e f .  155) .  Meta ls  t h a t  f o rm n o n p r o t e c t i v e  ox ide  coa t ings  a c t  as i f  they  have 
f r e s h  meta l  su r faces ,  and t h e  o x i d a t i o n  r a t e s  a r e  dependent on p h y s i c a l  and/or 
chemical  a d s o r p t i o n  o f  oxygen on t h e  meta l  su r face .  I n  genera l ,  o x i d a t i o n  
r a t e s  f o r  meta ls  t h a t  fo rm p r o t e c t i v e  o x i d e  coa t ings  a r e  s lower  and l e s s  
dependent on p r e s s u r e  than o x i d a t i o n  r a t e s  f o r  m e t a l s  t h a t  f o r m  n o n p r o t e c t i v e  
ox ide  c o a t i n g s  ( r e f s .  152 and 155) .  

I n  t h e  case o f  o x i d e  c o a t i n g s  a c t i n g  as p h y s i c a l  b a r r i e r s ,  t h e  i g n i t i o n  
p r o p e r t i e s  o f  z inc  p r o v i d e  an e x c e l l e n t  example. The o x i d e  c o a t i n g  produced 
by z i n c  encapsulates t h e  unreacted z inc ,  s e p a r a t i n g  i t  f rom t h e  sur round ing  
oxygen. A s  t h e  tempera ture  i s  inc reased i n  a s t a t i c  system, t h e  vapor p res-  
sure  o f  z inc  w i l l  e v e n t u a l l y  exceed t h e  s t r e n g t h  o f  t h e  o x i d e  c o a t i n g .  The 
o x i d e  c o a t i n g  f a i l s ,  r e l e a s i n g  z inc  vapor, which immedia te ly  i g n i t e s  w i t h  t h e  
su r round ing  oxygen. I n c r e a s i n g  t h e  sur round ing  oxygen p ressu re  r e q u i r e s  a 
g r e a t e r  vapor p ressu re  o r  temperature t o  f a i l  t h e  o x i d e  c o a t i n g ,  wh ich  r e s u l t s  
i n  an apparent  i nc rease  i n  t h e  z inc  i g n i t i o n  temperature.  I n  a s t a t i c  system, 
aluminum w i l l  i g n i t e  when t h e  m e l t i n g  tempera ture  o f  i t s  ox ide  i s  ach ieved.  
The i g n i t i o n  temperature o f  aluminum as oxygen p ressu re  i s  inc reased remains 
e s s e n t i a l l y  cons tan t ,  s i n c e  t h e  m e l t i n g  temperature o f  t h e  o x i d e  i s  independ- 
e n t  o f  p ressure .  

Dynamic c o n d i t i o n s  t h a t  a r e  c h a r a c t e r i s t i c  o f  many i g n i t i o n  s i t u a t i o n s  
can compromise t h e  p r o t e c t i v e n e s s  o f  t h e  ox ide  c o a t i n g s  and cause a decrease 
i n  t h e  temperatures o r  energy i n p u t s  r e q u i r e d  f o r  i g n i t i o n .  For example, t h e  
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i g n i t i o n  temperature o f  aluminum determined i n  s t a t i c  bomb t e s t s  was a p p r o x i -  
ma te l y  2100 K ( r e f .  151), whereas, i n  f r i c t i o n a l  h e a t i n g  t e s t s  where samples o f  
aluminum were rubbed t o g e t h e r ,  aluminum i g n i t e d  a t  temperatures below 700 K 
( r e f .  156).  Another example i s  aluminum samples t h a t  were impacted w i t h  s i n -  
g l e  s t a i n l e s s  s t e e l  p a r t i c l e s  ( r e f .  157) .  The t o t a l  k i n e t i c  energy o f  t h e  
p a r t i c l e s  was l e s s  t h e n  0 . 8  J ,  and o n l y  a smal l  p o r t i o n  o f  t h i s  energy was 
conver ted  t o  heat .  The r e s u l t s  i n d i c a t e d  t h a t  aluminum i g n i t e d  a t  b u l k  tem- 
p e r a t u r e s  below 650 K .  I t  i s  b e l i e v e d  t h a t  d u r i n g  t h e  impact  process t h i n  
f i b e r s  o f  f r e s h  aluminum meta l  were produced, which i g n i t e d  and caused combus- 
t i o n  o f  t h e  e n t i r e  samples. Thus, i t  i s  i m p o r t a n t  t h a t  t h e  source o f  t h e  
energy s t i m u l u s  be c a r e f u l l y  cons idered t o  a s c e r t a i n  t h e  e f f e c t s  t h e  s t i m u l u s  
w i l l  have on t h e  p r o t e c t i v e n e s s  o f  o x i d e  c o a t i n g s .  

An inc rease  i n  oxygen pressure  has, f o r  many years,  been viewed as caus- 
i n g  an i n c r e a s e  i n  t h e  p o t e n t i a l  f o r  meta ls  t o  i g n i t e .  Tests  conducted a t  t h e  
NASA Whi te  Sands l e s t  F a c i l i t y  ( W S T I ) ,  i n  which meta ls  were rubbed a g a i n s t  
themselves i n  oxygen, have r e v e a l e d  t h a t  i n c r e a s i n g  oxygen pressure  does n o t  
always i nc rease  t h e  p o t e n t i a l  f o r  i g n i t i o n .  I t  i s  b e l i e v e d  t h a t  t h e r e  e x i s t s  
s p e c i f i c  p ressures ,  above which, convec t i ve  heat  l o s s  due t o  t h e  h i g h e r  oxygen 
d e n s i t y  w i l l  overcome t h e  p o t e n t i a l  i nc rease  i n  t h e  o x i d a t i o n  r a t e  a f f o r d e d  by 
t h e  i n c r e a s e  i n  oxygen pressure .  Test  r e s u l t s  have shown t h a t ,  once a s p e c i -  
f i c  oxygen p ressu re  was exceeded, g r e a t e r  r a t e s  o f  f r i c t i o n a l  energ ies  were 
r e q u i r e d  f o r  i g n i t i o n  o f  m e t a l s  as p ressure  was increased ( r e f .  1 5 6 ) .  Other 
t e s t  r e s u l t s  have i n d i c a t e d  t h a t  as oxygen pressure  was increased d u r i n g  t h e  
r u b b i n g  process,  t h e  b u l k  sample e q u i l i b r i u m  temperatures decreased. These 
r e s u l t s  suppor t  t h e  b e l i e f  t h a t  inc reases  i n  convec t i ve  h e a t  l o s s  as p ressu re  
i s  i nc reased  can r a i s e  t h e  energy requi rements f o r  i g n i t i o n  o f  me ta l s  o r  lower  
t h e i r  i g n i t i o n  p o t e n t i a l s .  l e s t i n g  has a l s o  i n d i c a t e d  t h a t ,  when m e t a l s  were 
exposed t o  a r u b b i n g  process and oxygen p ressu re  was increased,  m e t a l s  such as 
carbon s t e e l  e x h i b i t e d  a decrease i n  t h e i r  b u l k  i g n i t i o n  temperature,  whereas 
o t h e r  m e t a l s  such as Monel showed b u l k  i g n i t i o n  temperatures independent o f  
p ressure .  I t  i s  b e l i e v e d  t h a t  these r e s u l t s  r e f l e c t  t h e  a b i l i t y  o f  c e r t a i n  
m e t a l  o x i d e s  t o  r e t a i n  t h e i r  p r o t e c t i v e n e s s  even under dynamic c o n d i t i o n s .  A 
t e s t  e f f o r t  a t  WSTF i s  p r e s e n t l y  b e i n g  conducted t o  de termine i f  s i m i l a r  p r e s -  
s u r e  e f f e c t s  observed I n  t h e  f r i c t i o n a l  h e a t i n g  t e s t s  a r e  a l s o  c h a r a c t e r i s t i c  
o f  o t h e r  i g n i t i o n  sources, such as i g n i t i o n  o f  meta ls  by impact  o f  p a r t i c l e s  
e n t r a i n e d  i n  f l o w i n g  oxygen a t  h i g h  v e l o c i t i e s .  

COMBUS 1 I O N  PROPER1 I E S  OF M t l  ALS 

Meta ls  can b u r n  as e i t h e r  vapors o r  l i q u i d s .  T h i s  appears t o  be r e l a t e d  
t o  t h e  b o i l i n g  p o i n t s  and f lame temperatures o f  m e t a l s .  A comparison o f  these 
p r o p e r t i e s  i s  l i s t e d  i n  t a b l e  I f o r  aluminum t h a t  burns as a vapor and i r o n  
t h a t  burns as a l i q u i d .  1-he f lame temperatures o f  m e t a l s  a r e  l i m i t e d  by 
en tha lpy  c o n s i d e r a t i o n s  a t  t h e  meta l  o x i d e  b o i l i n g  p o i n t s  ( r e f .  152) .  

I n  b u r n i n g  o f  b u l k  meta ls  such as s o l i d  meta l  rods ,  measur ing burn  propa 
g a t i o n  r a t e s  ( V )  can a i d  i n  t h e  unders tand ing  o f  t h e  combust ion p r o p e r t i e s  o f  
m e t a l s .  Meta l  rods i n  a v e r t i c a l  p o s i t i o n  and i g n i t e d  a t  t h e  t o p  (downward 
p ropaga t ion )  e x h i b i t  V I S  which were g e n e r a l l y  g r e a t e r  t h a n  V i s  f o r  t h e  same 
m e t a l  rods l g n i t e d  a t  t h e  bo t tom (upward p ropaga t ion ) .  The e f f e c t  f o r  t h e  
l a r g e r  V ' s  observed f o r  downward propagat ions  was a t t r i b u t e d  t o  h o t  mo l ten  
mass (produced f rom combust ion)  t h a t  had d r i p p e d  down t h e  rods and preheated 
o r  i g n i t e d  t h e  unreac ted  p o r t i o n s  o f  t h e  rods ( r e f .  158) .  I n  t h e  case o f  
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upward propagat ions ,  t h e  h o t  mo l ten  masses a t tached  themselves t o  t h e  bo t tom 
o f  t h e  rods and were h e l d  by su r face  t e n s i o n .  A s  t h e  s i z e  o f  t h e  mol ten  masses 
inc reased,  t h e  we igh t  o f  t h e  mol ten  masses e v e n t u a l l y  exceeded t h e  f o r c e  o f  t h e  
s u r f a c e  t e n s i o n  h o l d i n g  t h e  mol ten  masses t o  t h e  rods .  The mol ten  masses 
detached f rom t h e  rods and dropped away f r o m  t h e  rods .  
t o  suppor t  combustion o f  t h e  rods was l i m i t e d  t o  t h e  c r o s s - s e c t i o n a l  area a t  
t h e  mo l ten  mass/rod at tachment  p o i n t s .  

Heat t r a n s f e r  r e q u i r e d  \\ 
\ 

Much has been learned about  t h e  o v e r a l l  combustion process o f  b u l k  meta ls  
by s t u d y i n g  t h e  upward bu rn  p ropaga t ion  o f  s o l i d  meta l  rods .  The t r a n s f e r  o f  
heat ,  r e q u i r e d  t o  suppor t  combustion o f  t h e  rod, i s  b e l i e v e d  t o  occur a t  t h e  
i n t e r f a c e  where t h e  mol ten  mass a t taches  i t s e l f  t o  t h e  rod .  Temperature d i f -  
fe rences  generated by t h e  h o t  mo l ten  mass and t h e  r e l a t i v e l y  c o l d e r  s o l i d  rod  
a r e  b e l i e v e d  t o  cause convec t i on  c u r r e n t s  i n  t h i s  r e g i o n  and p r o v i d e  t h e  domi- 
nan t  mechanism f o r  heat  t r a n s f e r  ( r e f .  159) .  A l l  o t h e r  heat  t r a n s f e r  pa ths  
such as r a d i a t i o n  o r  conduct ion  w e r e  cons idered t o  be n e g l i g i b l e .  

Detachment o f  mo l ten  masses f rom t h e  rod  appeared t o  have very l i t t l e  
e f f e c t  on t h e  V observed f o r  m i l d  s t e e l  t h a t  burns as a l i q u i d  ( r e f .  160) .  
However, i n  t h e  case o f  aluminum, which burns as a vapor, V was observed t o  
be h i g h l y  dependent on t h e  detachment o f  t h e  mol ten  mass ( r e f .  158) .  The V 
appeared t o  be a t  a maximum d u r i n g  t h e  i n i t i a l  growth o f  t h e  mol ten  mass. A t  
some p o i n t  i n  t h e  growth  o f  t h e  mol ten  mass, V decreased t o  a sma l le r  va lue  
and cont inued a t  t h i s  s m a l l e r  va lue  u n t i l  detachment o f  t h e  d r o p l e t  aga in  
occurred;  t h e  c y c l e  then repeated i t s e l f .  The decrease i n  V was a t t r i b u t e d  
t o  t h e  f o r m a t i o n  o f  vapor aluminum bubbles as t h e  mo l ten  mass temperature 
reached t h e  b o i l i n g  p o i n t  o f  aluminum. These vapor bubbles were b e l i e v e d  t o  
have lowered t h e  hea t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  mo l ten  mass/rod boundary 
l a y e r .  The f o r m a t i o n  o f  vapor bubbles p robab ly  a l s o  hastened t h e  detachment 
o f  t h e  mo l ten  mass by l o w e r i n g  t h e  su r face  t e n s i o n  o f  mo l ten  mass. 

As  t h e  d iameters  o f  t h e  rod  were inc reased,  V decreased f o r  meta ls  t h a t  
bu rn  as l i q u i d s  and vapors ( r e f s .  158 and 161) .  The decrease i n  V was 
a t t r i b u t e d  t o  g r e a t e r  conduc t i ve  heat  l o s s  th rough t h e  rod  as compared t o  t h e  
i n c r e a s e  i n  hea t  generated by combustion as t h e  d iameter  o f  t he  rods w e r e  
i n c r e a s e d .  

l h e  e f f e c t s  o f  i n c r e a s i n g  oxygen p ressu re  on V aga in  depended on whether 
t h e  me ta l s  bu rn  as l i q u i d s  o r  vapors.  Meta ls  t h a t  burn  as l i q u i d s  e x h i b i t e d  
i nc reases  i n  V as p ressu re  was increased,  and t h i s  was a t t r i b u t e d  t o  t h e  
i n c r e a s e  i n  t h e  o x i d a t i o n  r a t e  ( r e f s .  160 and 162) .  However, i n  the  case o f  
aluminum t h a t  burns as a vapor, V was observed t o  i nc rease ,  decrease, and 
then  i n c r e a s e  as p ressu re  was increased ( r e f s .  158 and 161) .  Sato e t  a l .  
( r e f .  158)  a t t r i b u t e d  t h i s  v a r i a t i o n  i n  V t o  t h e  combina t ion  o f  an i n c r e a s e  
i n  t h e  b o i l i n g  temperature o f  aluminum and an i nc rease  i n  t h e  h e a t i n g  r a t e  o f  
t h e  mo l ten  mass. Both these e f f e c t s  w i l l  change t h e  t i m e  r e q u i r e d  t o  reach 
t h e  b o i l i n g  p o i n t  o f  aluminum. 

POSSIBLE E F F E C I S  O F  Z k R O  GRAVIIY ON IGNI'IION AND COMUUSlION 

P R O P t H  I I t S  OF Mk 1 A I  S 

The e f f e c t s  o f  zero g r a v i t y  on the  i g n i t i o n  c h a r a c t e r i s t i c  o f  meta ls  w i l l  
p robab ly  be sma l l ,  s i n c e  many o f  t h e  i g n i t i o n  sources observed i n  r e a l  systems 
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i n v o l v e  dynamic c o n d i t i o n s ,  such as f r i c t i o n a l  h e a t i n g  produced i n  r u b b i n g  
processes, impact  o f  p a r t i c l e s ,  and a d i a b a t i c  compression i g n i t i o n  o f  o i l  o r  
so f t -goods ,  which i n  t u r n  i g n i t e  meta ls  ( k i n d l i n g  c h a i n ) .  S ince  t h e  p r e -  
i g n i t i o n  o x i d a t i o n  p roduc ts  a r e  s o l i d s ,  convec t i ve  mass t r a n s f e r  near  t h e  meta l  
sur faces  does n o t  appear t o  be i m p o r t a n t  i n  t h e  o x i d a t i o n  k i n e t i c s  i n  normal 
g r a v i t y ,  and thus  t h e  e l i m i n a t i o n  o f  g r a v i t y  should have no e f f e c t .  However, 
i n  s t a t i c  systems where heat  t r a n s f e r  due t o  f r e e  convec t i on  i s  i m p o r t a n t ,  
changes i n  t h e  i g n i t i o n  process may occur  when g r a v i t y  i s  e l i m i n a t e d .  

~ A1 uml num I r o n  

Meta l  m e l t i n g  temperature,  K 932 1860 
Meta l  b o i l i n g  temperature,  K 2720 31 60 
Oxide m e l t i n g  temperature,  K 2323 1700 ( FeO) 

1900 (Fe3O4) 
Oxide b o i l i n g  temperature,  K 3800 2070 (FeO) 

3690 (Fe3O4) 
Flame temperature,  K 3300 3000 

Combustion t e s t s  per formed i n  normal g r a v i t y  may n o t  be i n  some cases 
adequate f o r  d e s c r i b i n g  t h e  combust ion p r o p e r t i e s  i n  zero  g r a v i t y .  I n  s t a t i c  
systems under normal g r a v i t y ,  d i f f e r e n c e s  a r e  observed f o r  upward and downward 
b u r n i n g  o f  meta ls ,  and e l i m i n a t i o n  o f  g r a v i t y  w i l l  most l i k e l y  produce l a r g e  
changes i n  these combust ion p r o p e r t i e s .  For example, i n  zero g r a v i t y ,  t h e  
mo l ten  mass w i l l  n o t  de tach  and f a l l  away f r o m  t h e  r o d  as observed i n  upward 
propagat ion ,  and t h e  mo l ten  mass w i l l  n o t  d r i p  down t h e  rods as observed i n  
downward p ropaga t ion .  I n  zero  g r a v i t y ,  t h e  mo l ten  mass w i l l  p robab ly  c o n t i n u e  
t o  grow a t  t h e  s u r f a c e  o f  meta l ,  and t h e  e f f e c t i v e  a rea  f o r  heat  t r a n s f e r  may 
inc rease  f r o m  t h a t  observed i n  upward p ropaga t ion  i n  normal g r a v i t y .  However, 
e l i m i n a t i o n  o f  g r a v i t y  w i l l  e l i m i n a t e  t h e  convec t i ve  c u r r e n t s  a t  t h e  i n t e r f a c e  
boundar ies,  and heat  t r a n s f e r  may have t o  occur  by some s lower  mechanisms such 
as conduc t ion  o r  r a d i a t i o n .  I n  t h e  case o f  meta ls  t h a t  burn  as vapors,  i t  i s  
u n c l e a r  a t  t h i s  t i m e  how t h e  vapor bubbles i n  t h e  mo l ten  mass w i l l  behave. 

I n  dynamic systems, many o f  t h e  e f f e c t s  t h a t  zero g r a v i t y  may have on t h e  
combust ion p r o p e r t i e s  o f  m e t a l s  may be smal l  compared t o  t h e  dominant e f f e c t s  
t h e  dynamic c o n d i t i o n s  w i l l  have on t h e  combust ion process.  

When i g n i t i o n  and combust ion o f  meta ls  a r e  compared, combust ion appears 
t o  be i n h e r e n t l y  more s u s c e p t i b l e  t o  t h e  e f f e c t s  o f  zero  g r a v i t y ;  and, i f  
t e s t i n g  i n  z e r o  g r a v i t y  i s  p lanned, combust ion t e s t s  should be c a r r i e d  o u t  
f i r s t  as opposed t o  i g n i t i o n  t e s t s .  
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FORUM 1 - F I R E  DETECTION AND I G N I T I O N  

General F ind ings  and Conclus ions 

Any f i r e  t h a t  occurs i n  a s p a c e c r a f t  must be cons idered ex t remely  hazard- 
ous. Hence, t h e  p r i n c i p a l  goa l  o f  f i r e  d e t e c t i o n  onboard s p a c e c r a f t  i s  t h e  
sensing o f  impending a b n o r m a l i t i e s  p r i o r  t o  combustion. Moreover, i f  a f i r e  
does s t a r t  onboard, t h e  f i r e  d e t e c t i o n  system must be capable o f  p r o v i d i n g  a 
very  r a p i d  response. A t  t h e  same t ime,  f a l s e  a larms,  which may prove d i s r u p -  
t i v e  t o  t h e  m iss ion ,  must be min imized.  

Many f a i l u r e s  beg in  w i t h  ove rhea t ing  o f  components. To d e t e c t  t h i s  con- 
d i t i o n ,  a proposed techn ique i n v o l v e s  t h e  c o a t i n g  o f  components w i t h  m ic ro -  
encapsulated i n d i c a t o r  chemicals .  These coa t ings  a r e  o f  such a n a t u r e  t h a t  an 
i n d i c a t o r  i s  r e leased  when a component reaches a tempera ture  i n d i c a t i v e  o f  
abnormal o p e r a t i o n .  Any substance, as l o n g  as i t  i s  n o n t o x i c ,  noncor ros i ve ,  
and capable o f  be ing  de tec ted  by chemical  o r  b i o l o g i c a l  sensors, i s  s u i t a b l e .  
l h e s e  c o a t i n g s  may a l s o  produce c o l o r  changes, which a i d  i n  l o c a t i n g  s p e c i f i c  
components i n  need o f  r e p a i r .  Th i s  techn ique needs a l s o  t o  be adapted t o  t h e  
d e t e c t i o n  o f  n o n v i s i b l e  combustion, o r  smolder ing,  which may occur i n  foamed 
m a t e r i a l s  a t  r e l a t i v e l y  low temperatures.  

Regard less o f  whether f i r e  d e t e c t i o n  systems sense ove rhea t ing  o r  whether 
they  sense i n c i p i e n t  f i r e s ,  t h e  requ i rement  f o r  r a p i d  response t o  smal l  sources 
i m p l i e s  t h e  need f o r  r e l a t i v e l y  l a r g e  numbers o f  sensors w i t h  h i g h  s e n s i t i v i t y .  
These a r e  needed t o  m in im ize  t h e  t ime  r e q u i r e d  t o  t r a n s p o r t  t h e  abnormal con- 
d i t i o n  ( f i r e  s i g n a t u r e )  f rom t h e  combustion source t o  t h e  d e t e c t o r .  Th i s  i s  
p a r t i c u l a r l y  c r i t i c a l  i n  m i c r o g r a v i t y  where buoyant convec t i on  i s  nonex is ten t ,  
a l t hough ,  due t o  v e n t i l a t i o n  systems, f o r c e d  convec t i on  may be p resen t .  

One way o f  i n c r e a s i n g  t h e  amount o f  i n f o r m a t i o n  a v a i l a b l e  t o  t h e  onboard 
f i r e  d e t e c t i o n  system w i t h o u t  i n c r e a s i n g  t h e  p r o b a b i l i t y  o f  f a l s e  a larms i s  t o  
employ a system o f  sensors t h a t  responds t o  seve ra l  d i f f e r e n t  f i r e  s i g n a t u r e s .  
These s i g n a t u r e s  can then be conver ted  i n t o  ana log  s i g n a l s  and sent  t o  a p roc -  
essor  t h a t  recogn izes  p a t t e r n s  i n d i c a t i v e  o f  a f i r e .  Such ana log  f i r e  de tec -  
t i o n  systems w i t h  d e c i s i o n  a l g o r i t h m s  i n  t h e  c e n t r a l  p rocessor  a r e  c u r r e n t l y  
under development f o r  use i n  b u i l d i n g s  i n  Europe and Japan. 

For t h e  development o f  a p p r o p r i a t e  sensors, p a r t i c u l a r l y  i n  t h e  case o f  
i n c i p i e n t  f i r e s ,  a da ta  base o f  t h e  f i r e  s igna tu res  (gases, p a r t i c u l a t e s ,  and 
r a d i a t i o n )  re leased  by t h e  m a t e r i a l s  w i t h i n  t h e  s p a c e c r a f t  i s  necessary.  I t  
i s  i m p o r t a n t  t h a t  t h i s  da ta  base a l s o  i n c l u d e  f i r e  s i g n a t u r e s  f o r  combustion 
i n  nonstandard atmospheres and f o r  low- tempera ture  "smolder ing '1  p y r o l y s i s  o r  
combustion. 

M i n i m i z i n g  s i g n a t u r e  t r a n s p o r t  t i m e  r e q u i r e s  a l a r g e  number o f  sensors.  
Those p r e s e n t l y  i n  use a r e  r e l a t i v e l y  heavy. 
d e t e c t o r  has a mass o f  over  1 kg. To a v o i d  a s e r i o u s  we igh t  p e n a l t y ,  m ic ro -  
sensors a r e  needed. 
such sensors has been developed by H. Woh l t j en  a t  t h e  Naval Research 
Labora to ry  ( r e f .  163) .  

For example, t h e  S h u t t l e  f i r e  

The techno logy  t h a t  may have t h e  p o t e n t i a l  t o  p r o v i d e  
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An alternative to individual microsensors is the use of a single sensor 
head, or central analytical system, to sample the spacecraft atmosphere at a 
number of locations. Such a system would scan a large number of individual 
tubes in order to pinpoint the location of the source to as small an area as 
possible. Detection systems employing "tube bundles" have been studied for 
use in underground mines where sensitive analytical equipment is housed in a 
protective environment. The use of fiber optics technology for these detec- 
tion systems as well as for data and communication systems will not only 
reduce weight but will also reduce the potential for electrical fires. 

In all cases, the information relayed to the crew should be as localized 
as possible in order to identify the source of the problem. Thus, signals 
should be annunciated both at the affected device or rack and at the central 
command and control station. 

Finally, in addition to the hazard assessment o f  the spacecraft itself, 
each experiment package within the spacecraft should undergo analysis to iden- 
tify associated fire hazards as well as their detection and suppression. 
Special precautions should be taken with potential sources such as phase-change 
materials and lasers. Storage of significant quantities of combustibles, 
including trash, should also be covered by automatic detection and suppression 
systems. 

Recommendations for Research and Technology 

(1) Research and engineering studies should be conducted on the detection 
of overheating and low-temperature smoldering. One approach i s  the investiga- 
tion of microencapsulated coatings for individual components, a technique pro- 
posed in the past, although no practical systems exist at present. 

(2) Better sensing systems need to be developed. These systems need to 
react to fire signatures, that i s ,  the patterns of chemical, physical, or bio- 
logical responses that are distinguishable from normal operating conditions. 
These systems require decision software in the central processor to respond to 
incipient fires while at the same time rejecting false alarms. 

( 3 )  Advanced technological development is needed on central detector sys- 
tems with multiple sampling tubes and ports in order to reduce mass penalties. 

( 4 )  ?he engineering requirements of recommendation 2 indicate the need 
for more indepth studies of thermal and chemical fire signatures of spacecraft 
materials. It is important that this data base incorporate the unique aspects 
o f  microgravity and nonstandard atmospheres anticipated in spacecraft 
envi ronments. 

(5) Finally, all spacecraft equipment and procedures and all experimental 
packages and procedures should be thoroughly reviewed and inventoried to iden- 
tify potential ignition sources. This inventory can serve not only to mini- 
mize potential ignition hazards, but also to identify sensor, sampllng, and 
extinguishment locations for fire control. 
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FORUM 2 - F I R E  EXTINGUISHMENT 

General F ind ings  and Conclus ions 

Manned s p a c e c r a f t  m iss ions  o f  t h e  f u t u r e  w i l l  be o f  l onger  d u r a t i o n  and 
w i l l  i n c l u d e  a g r e a t e r  range o f  s c i e n t i f i c  o b j e c t i v e s  i n  a d d i t i o n  t o  o r d i n a r y  
d a l l y  work ing  a c t i v i t i e s .  For  these miss ions ,  i t  can be assumed t h a t  unwanted 
i g n i t i o n s  w i l l  occur  even though l a r g e - s c a l e  f i r e s  appear u n l i k e l y .  

The fo rum determined t h a t ,  a l t hough  successfu 
r e a d i l y  be p r o v i d e d  f o r  c l e a r l y  i d e n t i f i e d  hazards 
no logy  f o r  t h e  unexpected f i r e  hazards w i l l  p resen 
f i r e  p r o t e c t i o n  system w i l l  need t o  be designed t o  
i n a t e  t h e  atmosphere, and assure  con t inued  success 
p r i o r i  t i  e s  . 

f i r e  s a f e t y  des igns  can 
t h e  development o f  t ech -  
t h e  g r e a t e s t  cha l l enge .  A 

e x t i n g u i s h  f i r e s ,  decontam- 
o f  ass igned m i s s i o n  

Fundamental research  needs a r e  such t h a t  models o f  chemical  r e a c t i o n s  
o c c u r r i n g  i n  d i f f u s i o n  f lames need t o  be extended t o  l o w - v e l o c i t y  m i c r o g r a v i t y  
env i ronments (e .g. ,  l ow  f l u i d  s t r a i n  r a t e s ) .  Rapid p rogress  has been made i n  
t h e  t h e o r e t i c a l  unders tand lng  o f  t h e  chemis t ry  o f  premixed f lames, i n c l u d i n g  
t h e  e f f e c t s  o f  spec ies  d i f f u s i o n .  Th is  knowledge now r e q u i r e s  a p p l i c a t i o n  t o  
t h e  d i f f u s i o n  f lame c h a r a c t e r i s t i c s  o f  f i r e s  i n  m i c r o g r a v i t y .  T h e o r e t i c a l  
models a r e  needed. These models a r e  c r u c i a l  t o  ex tend ing  our  unders tand ing  o f  
earth-based exper iments  t o  c o n d i t i o n s  i n  space, c o n d i t i o n s  which cannot  be 
reproduced i n  t h e  l a b o r a t o r y  because o f  buoyancy e f f e c t s .  

Bas ic  research  i s  a l s o  needed i n  unders tand ing  t h e  chemis t r y  o f  g low ing  
o r  smolder ing  combustion. Halon e x t i n g u i s h a n t s  a r e  r e l a t i v e l y  i n e f f e c t i v e  
a g a i n s t  deep-seated f i r e s ,  which a r e  u s u a l l y  suppressed o n l y  by d i r e c t  c o o l i n g  
o r  r e d u c t i o n  o f  a v a i l a b l e  oxygen f o r  s u f f i c i e n t  t i m e  t o  a l l o w  t h e  r e a c t i n g  
s u r f a c e  t o  c o o l  be low i t s  c r i t i c a l  combustion temperature.  I t  i s  n o t  c l e a r  
whether t h e r e  e x i s t s  some gaseous agent  t h a t  can suppress t h e  deep-seated 
r e a c t i o n s  t h e r m a l l y  r a t h e r  than  c h e m i c a l l y .  The problem o f  c o n t r o l l i n g  deep- 
seated combustion may a l s o  t u r n  o u t  t o  be c r i t i c a l  f o r  t h e  f i r e  s a f e t y  o f  
a c t i v a t e d  carbon f i l t e r s ,  which a r e  t y p i c a l l y  used f o r  a i r  p u r i f i c a t i o n  sys- 
tems onboard s p a c e c r a f t .  

Techno log ica l  development needs a r e  such t h a t  t h e  cho ice  o f  an e x t i n -  
guishment system w i l l  need t o  be made e a r l y  i n  t h e  des ign  process t o  a l l o w  f o r  
development o f  systems t a i l o r e d  t o  t h e  spacec ra f t  env i ronment .  I t  i s  essen- 
t i a l  t h a t  t h i s  techno logy  p r o v i d e  t h e  s p a c e c r a f t  w i t h  a genera l -purpose f i r e  
ex t i ngu ishmen t  system capab le  o f  h a n d l i n g  a ve ry  broad range o f  f i r e  t h r e a t s  
i n  terms o f  b o t h  o r i g i n  and magnitude. 

General-purpose f i r e - e x t i n g u i s h i n g  systems proposed f o r  s p a c e c r a f t  employ 
suppress ion  agents such as Halons 1301 and 1211, C02, N2,  H20 l i q u i d  and H20 
gas, and t h e  p e r f l u o r o c a r b o n s  CF4, C3F8, e t c .  The S h u t t l e  system has 
Halon 1301 a v a i l a b l e .  I n  a t e r r e s t r i a l  environment, Halons t y p i c a l l y  
e x t i n g u i s h  f lames by reduc ing  h y d r o x y l  r a d i c a l  concen t ra t i ons ,  caus ing  
r e a c t i o n  t imes  t o  i n c r e a s e  r e l a t i v e  t o  f l o w  t imes.  T h i s  mechanism, however, 
i s  p robab ly  l e s s  e f f e c t i v e  f o r  t h e  l onger  f l o w  t imes c h a r a c t e r i s t i c  o f  m i c r o -  
g r a v i t y  env i ronments.  I n  these env i ronments,  t h e  Halons may e x t i n g u i s h  
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hydrocarbon d i f f u s i o n  f lames by i n c r e a s i n g  s o o t  f o r m a t i o n  l e a d i n g  t o  r a d i a n t  
ex t ingu ishment .  

A l t e r n a t i v e  gaseous systems u s i n g  C02 and N2 a r e  be ing  cons idered f o r  
t h e  f u t u r e ,  a l t hough  these systems have t h e  drawbacks d iscussed i n  t h e  paper 
by deRis.  The use o f  f i n e  d r o p l e t - s i z e  water  sprays f o r  genera l -purpose 
s p a c e c r a f t  f i r e  ex t ingu ishment  should be exp lo red .  On a per-uni t -mass b a s i s ,  
water  is about as e q u a l l y  e f f e c t i v e  as Halon 1301 f o r  s u r f a c e  f i r e s  and i s  
much more e f f e c t i v e  f o r  deep-seated f i r e s .  I t  i s  r e a d i l y  a v a i l a b l e  onboard 
t h e  spacec ra f t  and does n o t  i n t r o d u c e  t o x i c i t y  problems. Agent c leanup can be 
e a s i l y  achieved w i t h  d e h u m i d i f i e r s  i n  the  v e n t i l a t i o n  system, and un invo lved  
e l e c t r o n i c  equipment can be p r o t e c t e d  f rom t h e  agent by compar tmen ta l i za t i on .  
Moreover, a l t hough  water  sprays do n o t  conduct e l e c t r i c i t y ,  t h e  p o s s i b i l i t y  o f  
shock hazard th rough any mass o f  accumulated water  can be min imized by u s i n g  
de ion i zed  water .  A s  an added p recau t ion ,  i t  may a l s o  be d e s i r a b l e  t o  p u t  h i g h  
v o l t a g e  cab les  i n s i d e  sealed grounded c o n d u i t s .  

Spacec ra f t ,  i n  genera l ,  have a l a r g e  amount o f  e l e c t r o n i c  equipment 
onboard. Th is  equipment i s  i n h e r e n t l y  a p o t e n t i a l  hazard f r o m  ove rhea t ing ,  
which may genera te  t o x i c  p roduc ts  as w e l l  as p r o v i d e  an i g n i t i o n  source. 
A l though such equipment i s  g e n e r a l l y  i n s t a l l e d  i n  modu lar ized  compartments, 
t h e  use o f  e x t i n g u i s h e r s  u s i n g  Halon poses t h e  added d i f f i c u l t  t a s k  o f  deve lop-  
i n g  and i n s t a l l i n g  equipment capable o f  removing n o t  o n l y  t h e  p roduc ts  o f  com- 
b u s t i o n  f rom t h e  enc losed atmosphere o f  t h e  spacec ra f t ,  b u t  t h e  Halons as w e l l .  

System m a l f u n c t i o n s  due t o  p o s t - f i r e  c o r r o s i o n ,  thought  t o  be caused by 
a c i d s  con ta ined  i n  t h e  p roduc ts  o f  combustion, may su r face  seve ra l  days o r  
even months a f t e r  a f i r e .  A l though severa l  companies o f f e r  p r o p r i e t a r y  smoke- 
damage c leanup s e r v i c e s ,  t h e r e  i s  doubt as t o  whether t h i s  new techno logy  i s  
adaptab le  t o  s p a c e c r a f t  a p p l i c a t i o n s .  l h e  problems o f  p o t e n t i a l  c o r r o s i o n  
damage, however, w i l l  remain p a r t i c u l a r l y  acu te  as l o n g  as t h e  space community 
con t inues  t o  r e l y  on Halon 1301 as a f i r e  suppress ion agent  and as l o n g  as 
t h e r e  i s  con t i nued  r e l i a n c e  on halogens i n  c a b l e  i n s u l a t i o n s  and p l a s t i c s .  

S t rong  c o n s i d e r a t i o n  should be g i v e n  t o  i n e r t i n g  t h e  ambient gas w i t h i n  
the  e l e c t r o n i c  compartments as w e l l  as i n  o t h e r  u n i n h a b i t e d  h i g h - r i s k  areas.  
Whi le  seve ra l  i n e r t  gases a r e  cand ida tes ,  t h e  most f e a s i b l e  i s  n i t r o g e n -  
en r i ched  a i r  generated by an onboard i n e r t  gas genera t i on  system (OBIGGS). A 
mo lecu la r  s ieve ,  o r  permeable membrane, cou ld  p r o v i d e  a cont inuous  purge o f  
sealed compartments equipped w i t h  s u i t a b l e  heat  exchangers. Manual v e n t i n g  t o  
the  vacuum o f  o u t e r  space should a l s o  be cons idered.  I n  an extreme emergency, 
t h i s  method cou ld  be used t o  r a p i d l y  d ispose o f  absorbed c o r r o s i v e  gases. 

C e r t a i n  areas o f  t h e  s p a c e c r a f t  may have e s p e c i a l l y  hazardous atmospheres, 
f o r  example, t h e  hyperba r i c  and oxygen-enr iched chambers. These w i l l  undoubt- 
e d l y  r e q u i r e  a d d i t i o n a l  r e g u l a t i o n  w i t h  respec t  t o  c o n t e n t .  Spec ia l  cons ide r -  
a t i o n  o f  t h e  ex t ingu ishment  agent t y p e  and d i s t r i b u t i o n  may be r e q u i r e d  i n  
these areas.  

I t  i s  e s s e n t i a l  t o  comple te ly  remove a l l  t o x i c  gases f rom t h e  i n h a b i t e d  
I f  Halons a r e  used f o r  f i r e  ex t ingu ishment ,  areas immedia te ly  a f t e r  a f i r e .  

they  must a l s o  be removed. A f o r m i d a b l e  t e c h n o l o g i c a l  cha l l enge  i s  t h e  
development o f  s u i t a b l e  a i r  c l e a n i n g  equipment t o  handle t h i s  t a s k .  I f  s u i t a -  
b l e  c leanup equipment cannot be developed, o r  i f  t h e  t o t a l  amount o f  t o x i c  
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produc ts  exceeds t h e  a v a i l a b l e  c a p a c i t y  o f  t h e  equipment, then personnel  must 
e x i t  t h e  contaminated areas immedia te ly .  Meanwhile, temporary vacuum depres- 
s u r i z a t i o n  o f  t h e  abandoned module would h e l p  ensure e l i m i n a t i o n  o f  c o r r o s i v e  
gases adsorbed on su r faces .  A l l  e l e c t r o n i c  components would, however, have t o  
be se lec ted  t o  w i t h s t a n d  pro longed exposure t o  vacuum. 

C o o r d i n a t i o n  o f  f i r e  s a f e t y  e f f o r t s  w i t h  o t h e r  o r g a n i z a t i o n s  should be 
encouraged. For example, t h e  s i m i l a r i t i e s  between f i r e  s a f e t y  problems i n  
submarines t o  those i n  s p a c e c r a f t  f o rm t h e  groundwork f o r  m u t u a l l y  advanta- 
geous c o o p e r a t i v e  e f f o r t s  between t h e  Navy and NASA. Cons ide ra t i on  should 
a l s o  be g i v e n  t o  the  es tab l i shmen t  o f  a Spacec ra f t  F i r e  P r o t e c t i o n  Standards 
Committee under t h e  auspices o f  t h e  N a t i o n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n .  
L a s t l y ,  p a r t i c u l a r l y  d i f f i c u l t  t e c h n o l o g i c a l  cha l lenges  m igh t  be bes t  reso lved  
th rough t h e  f o r m a t i o n  o f  work ing  groups I n  o rde r  t o  t a k e  advantage o f  t h e  
t e c h n i c a l  e x p e r t i s e  a l r e a d y  a v a i l a b l e  i n  e x i s t i n g  o r g a n i z a t i o n s .  

Recommendations f o r  Research and Technology 

(1)  A fundamental research  program i s  needed. T h i s  program should be 
d i r e c t e d  a t  o b t a i n i n g  a good s c i e n t i f i c  unders tand ing  o f  b o t h  t h e  combustion 
behav io r  o f  combust ib le  m a t e r i a l s ,  i n c l u d i n g  smolder ing,  and t h e  e f f e c t i v e n e s s  
o f  va r ious  f lame suppressants  i n  m i c r o g r a v i t y .  

( 2 )  App l i ed  t e s t i n g  and e v a l u a t i o n  a r e  r e q u i r e d .  These a r e  needed t o  
e s t a b l i s h  t h e  r e l a t i v e  performance c a p a b i l i t i e s  o f  p romis ing  cand ida te  f i r e  
e x t i n g u i s h a n t s  I n  s p a c e c r a f t  atmospheres o f  i n t e r e s t  under m i c r o g r a v i t y  cond i -  
t i o n s .  
foam, and pe r f l uo roca rbons  (CF4, c 3 f 8  and h i g h e r  m o l e c u l a r - w e i g h t  compounds). 

Candidate agents should i n c l u d e  Halons 1301 and 1211, C02, N2, water ,  

( 3 )  Spec ia l  e x t i n g u i s h i n g  techn iques  a r e  needed i n  s p e c i f i c  areas o f  t he  
s p a c e c r a f t .  These i n c l u d e  t h e  need f o r  t h e  development o f  onboard n i t r o g e n  
i n e r t  gas g e n e r a t i o n  systems ( O B I G G S )  u t i l i z i n g  mo lecu la r  s i e v e  o r  permeable 
membrane techn iques  t o  p r o v i d e  cont inuous  p u r g i n g  o f  e l e c t r o n i c  compartments 
and o t h e r  n o r m a l l y  u n i n h a b i t e d  h i g h - r i s k  areas.  Other s p e c i a l  f i r e  p r o t e c t i o n  
needs a r e  i n  t h e  areas o f  t h e  spacecra f t /space s t a t i o n  t h a t  m u s t  perfodically 
be u t i l i z e d  as oxygen-enr iched hyperba r i c  chambers. 

( 4 )  Spec ia l  p rep lann ing  o f  p o s t - f i r e  atmosphere p u r i f i c a t i o n  i s  needed. 
I n  a d d i t i o n  t o  e f f e c t i v e  f i r e  detection/extinguishment, p r o v i s i o n s  must a l s o  
be made f o r  i s o l a t i o n  o f  i n d i v i d u a l  s p a c e c r a f t  compartments, l o c a l  de -energ i -  
z a t i o n  o f  e l e c t r i c a l  power, v e n t i n g  o f  v i t i a t e d  atmospheres, and even tua l  
r e s t o r a t i o n  o f  a sa fe ,  b r e a t h a b l e  atmosphere. 

( 5 )  Because o f  t h e  s i m i l a r i t y  o f  t h e  f i r e  s a f e t y  problems assoc ia ted  w i t h  
submarine and s p a c e c r a f t  systems, a c l o s e r  work ing  i n t e r f a c e  between t h e  Navy 
and NASA should be e s t a b l i s h e d  t o  f o s t e r  t h e  development o f  an enhanced f i r e  
p r o t e c t i o n  c a p a b i l i t y .  Cons ide ra t i on  should a l s o  be g i v e n  t o  t h e  e s t a b l i s h -  
ment o f  a government - indus t ry  f i r e  p r o t e c t i o n  s tandards committee and, where 
r e q u i r e d ,  t e c h n o l o g i c a l  work ing  groups. 
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FORUM 3 - HUMAN RIlSPONSES 10 C O M B U S l I O N  PRODUCTS 

AND I N E R l  ATMOSPHERIlS 

General F ind ings  and Conclus ions 

The s tudy  o f  human responses t o  f i r e  hazards onboard s p a c e c r a f t  seeks a 
fundamental s ta tement  on t h e  ph i l osophy  o f  spacec ra f t  f i r e  s a f e t y .  The proba-  
b i l i t y  and n a t u r e  o f  a c c i d e n t a l  f i r e s  i n  a m i c r o g r a v i t y  environment a r e  
unknown. The approach t o  f i r e  conta inment  i s  somewhat vague. The r e a l  ques- 
t i o n  i s  whether a s t r i c t  f i r e  p r e v e n t i o n  p o l i c y  i s  needed o r  whether f i r e  con- 
t r o l ,  i n  v iew o f  t h e  m i c r o g r a v i t y  environment, i s  s u f f i c i e n t .  

I n  o rde r  t o  address t h e  aforement ioned concerns, much can be gained by 
c o l l a t i n g  s a f e t y  p o l i c i e s ,  t e c h n i c a l  r e p o r t s ,  and case s t u d i e s  on t h e  h i s t o r i e s  
o f  f i r e - r e l a t e d  i n c i d e n t s  onboard spacec ra f t ,  a i r c r a f t ,  and submarines. A t ten .  
t i o n  should focus on t h e  da ta  f rom a c t u a l  f i r e s  and "near  m i s s e s . "  The da ta  
cou ld  be used t o  m i t i g a t e  p o t e n t i a l l y  c a t a s t r o p h i c  s i t u a t i o n s .  They cou ld  
p rove t o  be b e n e f i c i a l ,  n o t  o n l y  f rom an eng ineer ing  s t a n d p o i n t ,  b u t  a l s o  f rom 
a human response p e r s p e c t i v e .  The c o l l a t e d  i n f o r m a t i o n  m igh t  i n d i c a t e  t h e  
performance o f  s p a c e c r a f t  l i f e - s u p p o r t  systems d u r i n g  and a f t e r  f i r e s .  I t  
m igh t  a l s o  h e l p  t o  e s t a b l i s h  a b a s e l i n e  f o r  onboard atmospheres f o r  s p e c i f i c  
miss ions ,  i n f o r m a t i o n  t h a t  cou ld  p rove c r u c i a l  i n  t h e  e a r l y  d e t e c t i o n  o f  
i n c i p i e n t  f i r e s .  

Tes t  r e s u l t s  o f  m a t e r i a l s  i n  f i r e s  onboard commercial a i r c r a f t  have shown 
t h a t  s y n t h e t i c  polymers may y i e l d  p roduc ts  o f  combustion t h a t  a r e  s u b s t a n t i a l l y  
d i f f e r e n t  than those produced by t h e  same m a t e r i a l s  burned i n  c o n t r o l l e d  l a b -  
o r a t o r y  s e t t i n g s .  These r e s u l t s ,  t h e r e f o r e ,  p o i n t  t o  t h e  need f o r  t e s t i n g  o f  
s p a c e c r a f t  m a t e r i a l s  i n  f u l l - s c a l e ,  ear th-based l a b o r a t o r i e s .  The produc ts  
generated by p y r o l y s i s ,  o r  smolder ing  combustion, an occurrence which may take  
p l a c e  even i n  s o - c a l l e d  i n e r t  atmospheres, must a l s o  be i n v e s t i g a t e d .  

There i s  s a t i s f a c t o r y  ev idence  a v a i l a b l e  f r o m  earth-based s t u d i e s  t o  i n d i  
c a t e  t h a t  reduced oxygen atmospheres s u f f i c i e n t  t o  s u s t a i n  l i f e  w i l l  r e t a r d  
combustion. The lower  p ropaga t ion  r a t e s  w i l l  a l s o  a l l o w  f i r e f i g h t e r s  more 
t i m e  t o  b r i n g  f i r e s  under c o n t r o l .  Consequently, these nonstandard atmos- 
pheres,  as d iscussed i n  forum 5 ,  need t o  be s t u d i e d  by med ica l  s c i e n t i s t s  i n  
o rde r  t o  i d e n t i f y  t h e  minimum oxygen concen t ra t i ons  r e q u i r e d  by humans t o  p e r -  
form l o n g - t e r m  s c i e n t i f i c  d u t i e s  e f f e c t i v e l y .  

I n e r t  atmospheres may n o t  be p r a c t i c a l  f o r  a l l  areas o f  t h e  s p a c e c r a f t ;  
thus ,  more must be l ea rned  about  the  t o x i c  e f f e c t s  o f  bo th  combustion and 
p y r o l y s i s  p roduc ts  i n  m i c r o g r a v i t y .  P a r t i c u l a r  med ica l  a t t e n t i o n  must be p a i d  
t o  t h e  t o x i c i t y  o f  ha logenated f i r e  e x t i n g u i s h a n t s  and t h e i r  r e a c t i o n  p roduc ts .  

P y r o l y s i s ,  smolder ing,  o r  minor  f i r e s ,  even i f  they  occur  r a r e l y ,  w i l l  
c o n t r i b u t e  t o  t h e  background Contaminants found i n  t h e  s p a c e c r a f t  env i ronment .  
Over a p e r i o d  o f  t ime,  these contaminants  w i l l  accumulate i n  t h e  enc losed e n v i -  
ronment o f  a permanent ly  deployed spacec ra f t .  E f f e c t i v e  c leanup procedures f o r  
these gases a r e  ques t i onab le .  The i n h a l a t l o n  o f  these contaminant  gases may 
degrade t h e  judgement and task-per formance a b i l i t y  o f  t h e  crew b e f o r e  i t  
i m p a i r s  t h e l r  a b i l i t y  t o  escape f rom a f i r e .  S ince  t h i s  I s  an i m p o r t a n t  
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o p e r a t i o n a l  concern, work must be done t o  determine t h e  e f f e c t  o f  combustion 
and e x t i n g u i s h a n t  p roduc ts  on human performance i n  bo th  normal and m ic ro -  
g r a v i t y  environments. 

E f f e c t i v e  s tandards and to le rances  fo r  human sub jec ts  a r e  l a c k i n g .  The 
b i o l o g i c a l  end p o i n t s  f r e q u e n t l y  used f o r  combustion t o x i c o l o g y  t e s t s ,  namely 
neuromuscular i n c o o r d i n a t i o n ,  sensory i r r i t a t i o n ,  and escape behav io r  o f  
t r a i n e d  an imals ,  may be i n a p p r o p r i a t e  f o r  e x t r a p o l a t i o n  t o  humans c o n f i n e d  i n  
a s p a c e c r a f t  env i ronment .  

s t  
ca 

F i n a l l y ,  a l t hough  m a t e r i a l s  and procedures onboard spacec ra f t  a r e  
r i c t l y  regu la ted ,  pas t  exper ience c i t e s  i ns tances  whereby m a t e r i a l s  were 
r r i e d  onboard by crewmembers i n  v i o l a t i o n  o f  f i r e  s a f e t y  p o l i c i e s .  More- 

over ,  as m iss ions  i nc rease  i n  d u r a t i o n  t o  90 days, o r  l onger ,  t h e  " v e h i c u l a r "  
spacec ra f t  w i l l  become an " a p a r t m e n t - f a c t o r y "  capsu le .  Boredom may t h r e a t e n  
any f i r e  s a f e t y  program based on w r i t t e n  r e g u l a t i o n s  and sound l o g i c .  There- 
f o r e ,  d e s p i t e  t h e  dangers o f  p e r m i t t i n g  h i g h l y  combust ib le  m a t e r i a l s  onboard 
t h e  spacec ra f t ,  t he  need f o r  s u p p o r t i v e  r e c r e a t i o n  may r e q u i r e  acceptance o f  

t he  v e h i c l e  h a b i t a t .  
i g h t  f i r e s .  They 
conduc t ing  d r i l l s  
t h e  use o f  w e l l -  
c f i r e  scenar ios .  

books; movie f i l m s ,  and o t h e r  flammable m a t e r i a l s  w i t h i n  
A s  a r e s u l t ,  a l l  crewmembers w i l l  need t o  be t r a i n e d  t o  
w i l l  a l s o  need t o  m a i n t a i n  t h e i r  f i r e - f i g h t i n g  s k i l l s  by 
d u r i n g  a c t u a l  m iss ions .  Consequently, t h i s  w i l l  r e q u i r e  
d e f i n e d  o p e r a t i n g  procedures based on examples o f  s p e c i f  

Recommendations f o r  Research and Technology 

(1) NASA document NHB 8060.16, "F lammab i l i t y ,  Odor, and Of fgass ing  
Requirements and T e s t  Procedures f o r  M a t e r i a l s  i n  Environments t h a t  Suppor t  
Combustion," ( r e f .  4 )  should be r e v i s e d  t o  i n c l u d e  t h e  requ i rements  f o r  rev iew-  
i n g  s p a c e c r a f t  m a t e r i a l s  f o r  t h e  t o x i c o l o g y  o f  t h e i r  combustion o r  p y r o l y s i s  
p roduc ts .  A wide v a r i e t y  o f  c o n t r i b u t o r s  t o  t h i s  document should be sought 
f r o m  o u t s i d e  NASA. 

( 2 )  The p o l i c i e s ,  l i t e r a t u r e ,  and exper iences p e r t a i n i n g  t o  f i r e  s a f e t y  
should be rev iewed t o  e s t a b l i s h  t h e  c o n d i t i o n s  r e l a t i n g  t o  i n c i p i e n t  f i r e s ,  
l i f e  suppor t  systems and hazards, and t h e  e f f e c t  on human responses. 

( 3 )  F u r t h e r  research  and technology a r e  needed on t h e  combustion, p y r o l y - -  
s i s ,  and f i r e  ex t ingu ishment  p roduc ts  expected under m i c r o g r a v i t y  c o n d i t i o n s .  

( 4 )  B i o l o g i c a l  research  and human c l i n i c a l  s t u d i e s  a r e  needed t o  estab-- 
l i s h  responses t o  reduced oxygen concen t ra t i ons  and nonstandard atmospheres. 
They a r e  a l s o  needed t o  e s t a b l i s h  accep tab le  l ong - te rm to le rances  t o  p o l l u t a n t s  
i n  t h e  conf ined atmosphere o f  t h e  s p a c e c r a f t .  

( 5 )  F i r e  f i g h t i n g  s k i l l s  o f  a l l  crewmembers must be promoted. On every 
m lss ion ,  one crewmember should be des ignated  as t h e  m i s s i o n ' s  f i r e  marsha l .  
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FORUM 4 - SPACECRAFT MAltRIALS AND C O N F l G U R A l I O N S  

General F ind ings  and Conclus ions 

l h e  forum p a r t i c i p a n t s  agreed t h a t  a wea l th  o f  m a t e r i a l  and c o n f i g u r a t i o n  
acceptance s tandards has been developed th roughout  t h e  space program. The new 
genera t i on  o f  human space m iss ions ,  however, demands new approaches as w e l l  as 
changes t o  e x i s t i n g  s a f e t y  requ i rements .  The Space S t a t i o n  presents  an even 
g r e a t e r  cha l l enge  t o  des igners  and manufac turers .  I t  i s  t o  be used f o r  20 t o  
30 years and, thus ,  r e q u i r e s  rugged hardware capable o f  w i t h s t a n d i n g  even t h e  
most dangerous s i t u a t i o n s .  

The a lmost  permanent n a t u r e  o f  t h e  Space S t a t i o n  suggests t h a t  s t r u c t u r a l  
o r  component ag ing  may be o f  concern.  S tud ies  need t o  be i n i t i a t e d  i n  b o t h  
normal and m i c r o g r a v i t y  c o n d i t i o n s  t o  de termine t h e  e f f e c t s  o f  ag ing  on mate- 
r i a l  f l a m m a b i l i t y .  I n c l u d e d  i n  t h e  s t u d i e s  should be c o n s i d e r a t i o n  o f  t h e  
e f f e c t s  on m a t e r i a l s  exposed over  the  years t o  normal wear, c lean ing ,  and con- 
t i n u e d  exposure t o  s o l v e n t s .  

Changes o t h e r  than m a t e r i a l  ag ing  can be expected d u r i n g  t h e  u s e f u l  l i f e -  
t i m e  o f  t h e  Space S t a t i o n .  For example, manufac turers  o c c a s i o n a l l y  make what 
a r e  cons idered t o  be minor  changes i n  t h e i r  p roduc ts .  These changes may, how- 
ever ,  have major  e f f e c t s  on f l a m m a b i l i t y  l i m i t s  o f  t h e  m a t e r i a l s .  Th i s  l s  a 
problem t h a t  t h e  des igner  as w e l l  as t h e  m a t e r i a l s  eng ineer  must bear  i n  mind. 

The c u r r e n t  NASA m a t e r i a l  s e l e c t i o n ,  e v a l u a t i o n ,  and c o n t r o l  c r i t e r i a  a r e  
desc r ibed  i n  NHB 8060.16 ( r e f .  4 ) .  These t e s t i n g  s tandards a r e  a p p l i c a b l e  t o  
a l l  p o r t i o n s  o f  t h e  s p a c e c r a f t .  Never the less ,  t h e  major  emphasis i s  on t h e  
crew cab in .  T h i s  i s  because t h i s  a rea  has an oxygen-enr iched atmosphere on 
occas ion  and because t h e  o t h e r  areas a r e  o n l y  cons idered f lammable d u r i n g  
ground o p e r a t i o n s  and d u r i n g  a s h o r t  p e r i o d  o f  t i m e  w h i l e  l aunch ing  and 
land ing .  

howe 
w i t h  
t h a t  
t o  a 
b a r r  

t i o n  

There a re ,  o f  course,  f lammable m a t e r i a l s  in t h e  S h u t t l e  pay load.  These, 
e r ,  a r e  i s o l a t e d  and should n o t  pose a t h r e a t .  The f lammable m a t e r i a l s  
n t h e  main decks are ,  f o r  t h e  most p a r t ,  con ta ined  i n  nonflammable boxes 
have been t e s t e d  o r  analyzed t o  i n s u r e  they  a r e  i ncapab le  o f  c o n t r i b u t i n g  
major  f i r e .  Other flammable m a t e r i a l s  a r e  i s o l a t e d  o r  separated by f i r e  
e r s  I n  o rde r  t o  p reven t  es tab l i shmen t  o f  p ropaga t ion  pa ths .  

S ince  NHB 8060.18 covers conven t iona l  f l a m m a b i l i t y  o f  m a t e r i a l s ,  a ques- 
t h a t  a rose  seve ra l  t imes a t  t h e  Spacec ra f t  F i r e  S a f e t y  Workshop concerned 

t h e  c o n t r o l  o f  n o n v i s i b l e  combustion, o r  smolder ing.  l h e  requ i rements  I n  NHB 
8060.16 s t a t e  t h a t  a m a t e r i a l  o r  c o n f i g u r a t i o n  cannot smolder f o r  more than 10 
min. However, i t  was f e l t  t h a t  more c o n s i d e r a t i o n  should be g i v e n  t o  t h e  
p o t e n t i a l  problem o f  smolder ing  i n  t h e  spacecaf t  env i ronment  i t s e l f .  F u r t h e r -  
more, these t e s t s  should recogn ize  t h e  p o t e n t i a l  e v o l u t i o n  o f  t o x i c  p roduc ts  
d u r i n g  noncombustive ove rhea t ing .  A p a r t i c u l a r  example I s  t h e  known degrada- 
t i o n  o f  p o l y t e t r a f l u o r e t h y l e n e ,  which may be used i n  power c a b l e  i n s u l a t i o n s .  

F l a m m a b i l i t y  t e s t s  a r e  based on a wors t -case atmosphere i n  t h e  s p a c e c r a f t  
A t  p resen t  t h e  S h u t t l e  atmosphere i s  e s t a b l i s h e d  a t  two l e v e l s  d u r i n g  i t s e l f .  

o r b i t a l  o p e r a t i o n s .  l h e  normal l e v e l  i s  t h e  s e a - l e v e l  c o n d i t i o n  o f  101 kPa 
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(14.7 p s i a )  w i t h  21 mole-percent  oxygen. The oxygen-enr ched l e v e l  i s  70 kPa 
t o t a l  p ressure  w i t h  30 mole-percent  oxygen. The l a t t e r  s used 12 t o  24 h r s  
p r i o r  t o  an E x t r a v e h i c u l a r  A c t i v i t y  ( E V A ) .  This  precond t i o n i n g  i s  necessary 

t h e  sudden p ressu re  change f r o m  c a b i n  t o  s p a c e s u i t .  Mob l i t y  o f  the hand 
, t o  a v o i d  t h e  b u i l d u p  o f  n i t r o g e n  bubbles i n  body t i s s u e s  ( t h e  bends) caused by I 

j o i n t s  w i t h i n  t h e  EVA s u i t  p r e s e n t l y  l i m S t  t h e  spacesu i t  p ressure  t o  30 kPa I 
ma in ta ined by a 100-percent  oxygen atmosphere. I 

I 

The forum S e l e c t i o n  o f  Spacec ra f t  Atmospheres d iscussed atmospheres o f  
reduced-oxygen mole f r a c t i o n s  t h a t  a r e  capable o f  suppor t i ng  human a c t i v i t i e s  
w h i l e  decreas ing  m a t e r i a l  f l a m m a b i l i t y .  The atmosphere recommended would have 
a t o t a l  p ressu re  of 150 kPa ( 2 2  p s i a )  and an oxygen mole f r a c t i o n  o f  0.12. 
S ince  t h e  Space S t a t i o n  i s  c u r r e n t l y  designed f o r  a maxlmum work ing  p ressu re  
o f  140 kPa ( 2 0  p s i a )  and a b u r s t i n g  pressure  o f  165 kPa (24 p s i a ) ,  i n c r e a s i n g  
t h e  normal t o t a l  p ressu re  t o  150 kPa (22  p s i a )  would r e q u i r e  major  s t r u c t u r a l  
changes and a l a r g e  we igh t  i n c r e a s e .  I n  a d d i t i o n ,  most exper iments onboard 
t h e  Space S t a t i o n  a r e  designed f o r  an atmosphere approx imat ing  s e a - l e v e l  con 
d i t i o n s  o f  101 kPa (14.7 p s i a )  and 20.9 mole-percent  oxygen. Never the less ,  
t h e  techno logy  f o r  such i n n o v a t i o n s  I n  f u t u r e - g e n e r a t i o n  spacec ra f t  shou ld  be 
exp lored .  

The forum p a r t i c i p a n t s  d iscussed o t h e r  hazards t h a t  m igh t  occur  d e s p i t e  
s t r l c t  adherence t o  m a t e r i a l s  and c o n f i g u r a t i o n  s tandards .  A broken o r  damaged 
l i n e ,  o r  p i e c e  of hardware, may a l l o w  gases o r  f l u i d s  i n t o  t h e  h a b i t a b l e  a rea  
of  t h e  s p a c e c r a f t .  F u t u r e  des igns  should assure t h a t  l i n e s  c a r r y i n g  hazardous 
gases o r  f l u i d s  be r o u t e d  o u t s i d e  t h e  h a b i t a b l e  area.  

F i n a l l y ,  t h e  fo rum expressed i t s  concern t h a t  t h e  e x p e r t i s e  developed i n  
s p a c e c r a f t  and a i r c r a f t  f l a m m a b i l i t y  w i l l  be l o s t  i f  t h e  personne l  now a c t i v e  
i n  t h i s  a rea  r e t i r e  o r  leave.  There i s  s t r o n g  sent iment  t h a t  t h e  space 
research  and d e s i g n  community be asked t o  make a determined e f f o r t  t o  docunierit 
t h e  " lessons  l e a r n e d . "  T h i s  i n f o r m a t i o n  i f  compi led and pub l i shed  would ensure 
t h a t  t h e  " t r i c k s  o f  t h e  t r a d e "  a r e  documented and t h a t  t h e  same mis takes  a r e  
n o t  repeated.  Fur thermore,  ana log ies  between f i r e - s a f e  m a t e r i a l s  and c o n f i g u  
r a t i o n  p r a c t i c e s  e s t a b l i s h e d  f o r  a i r c r a f t  should be pursued i n  terms o f  
s p a c e c r a f t .  

Recommendations f o r  Research and lechno logy  

(1)  F lammab i l i t y  t e s t i n g  on s p a c e c r a f t  m a t e r i a l s  and c o n f i g u r a t i o n s  
should be conducted i n  l o w - g r a v i t y  env i ronments i n  o r d e r  t o  understand i g n i  
t i o n  and f lame spread i n  v a r i o u s  assembl ies and c o n f i g u r a t i o n s  i n  a d d i t i o n  t o  
t h e  e f f e c t i v e n e s s  o f  assoc ia ted  f i r e  suppress ion systems. Spontaneous combus 
t i o n  i n  low g r a v i t y  should a l s o  be s t u d i e d .  

( 2 )  F u r t h e r  t e s t i n g  should be conducted on nonburn ing p y r o l y s i s  o f  coninion 
m a t e r i a l s .  These t e s t s  should d e f i n e  n o t  o n l y  t h e  t o x i c  gases t o  which t h e  
crew m i g h t  be exposed b u t  should a l s o  i n d i c a t e  what t y p e  o f  gases may be necded 
t o  be removed by t h e  l i f e  suppor t  system. Assuming gas a n a l y s i s  equipnierit i s  
onboard, t h e  d a t a  c o u l d  be used i n  a f i r e  d e t e c t i o n  system capable o f  l o o k i n g  
f o r  those gases p e c u l i a r  t o  t h e  b u r n i n g  o r  smolder ing  o f  ma jor  m a t e r i a l s  used.  
7he d a t a  c o u l d  a l s o  be used t o  de termlne whether c e r t a i n  equipment i s  over 
h e a t i n g  and i s  about  t o  f a i l .  

I 
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(3) The updating of flammability information should include studies on 
the effect of aging o f  materials on flammabillty not only in normal gravity 
but in microgravity as well. 

( 4 )  Flammability models created for aircraft should be expanded to 
jnclude Space Station flammability hazards. In addition, past practices and 
current knowledge in aircraft and spacecraft material flammability should be 
compiled and reviewed to establish a documented data bank. 
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FORUM 5 - SELECTION OF SPACECRAFT ATMOSPHERES 

General F ind ings  and Conclus ions 

The d i s c u s s i o n  on s e l e c t i o n  o f  s p a c e c r a f t  atmospheres concen t ra ted  on 
t h r e e  main t o p i c s :  f i r e - s u p p r e s s a n t  atmospheres f o r  l ong - te rm opera t i on ,  
impact  o f  e x t i n g u i s h a n t s  on atmospheres, and f i r e  behav io r  i n  unusual 
env i ronments.  

The use o f  an I n e r t ,  o r  f i r e - s u p p r e s s a n t ,  atmosphere i s  a r e l a t i v e l y  easy 
way t o  reduce f i r e  hazards.  I n  s p a c e c r a f t  t h i s  may be accomplished by reduc- 
i n g  t h e  mole f r a c t i o n  ( o r  p e r c e n t )  o f  oxygen t o  below t h a t  o f  normal a i r .  I n  
c o n t r a s t ,  i n c r e a s i n g  t h e  mole f r a c t i o n  o f  oxygen can i n c r e a s e  t h e  f i r e  hazard 
p o t e n t i a l .  Thus, t h e r e  i s  r e a l  concern over  t h e  p resen t  p r a c t i c e  o f  u s i n g  
oxygen c o n c e n t r a t i o n s  above 21 mole pe rcen t  i n  s p a c e c r a f t .  Moreover, as no ted  
i n  t h e  forum Spacec ra f t  M a t e r i a l s  and C o n f i g u r a t i o n s ,  t h e  s p a c e c r a f t  atmos- 
phere o f  30 mole-percent  oxygen a t  70 kPa (10  p s i a )  needed i n  p r e p a r a t i o n  o f  
e x t r a v e h i c u l a r  a c t i v i t i e s  p resen ts  a h i g h l y  dangerous s i t u a t i o n  even a t  t h i s  
low t o t a l  p ressure .  

The fo rum cons idered t h r e e  o p t i o n s  f o r  f i r e - s u p p r e s s a n t  atmospheres 
accep tab le  f o r  s u s t a i n i n g  l i f e .  The f i rst ,  a t o t a l  p ressu re  o f  150 kPa 
(1 .5  atm) and a mole f r a c t i o n  o f  oxygen o f  0.12, has a p a r t i a l  p ressu re  o f  
oxygen o f  18 kPa, e q u i v a l e n t  t o  t h a t  a t  an a l t i t u d e  o f  1350 m (4400 f t ) ,  and i s  
as c l o s e  t o  a "combustion f r e e "  atmosphere as p o s s i b l e  w i t h i n  t h e  c o n s t r a i n t s  
o f  s u s t a i n i n g  human l i f e .  Some p a r t i c i p a n t s  f e l t  t h a t  t h e  t o t a l  p ressu re  
should be r a i s e d  as h i g h  as p o s s i b l e  t o  guarantee a h a b i t a b l e  f i r e - s a f e  atmos- 
phere w i t h  a minimum oxygen mole f r a c t i o n .  There a r e  f o r m i d a b l e  eng ineer ing  
drawbacks t o  be addressed w i t h  t h e  use o f  t h i s  atmosphere, such as s t r u c t u r a l  
s t r e n g t h ,  ma jor  eng inee r ing  redes igns ,  dock ing,  i s o l a t i o n  o f  compartments i n  
t h e  capsu le ,  development o f  a i r  l ocks ,  e t c .  Thus, a second o p t i o n  m igh t  be a 
t o t a l  p ressu re  o f  100 kPa (1 atm) and as low a mole f r a c t i o n  o f  oxygen as i s  
necessary t o  meet t h e  p h y s i o l o g i c a l  requi rements needed f o r  o p e r a t i o n  o f  t h e  
Space S t a t i o n .  The forum agreed t h a t  t h e  oxygen mole f r a c t i o n  o f  t h l s  atmos- 
phere should be no l e s s  t h a t  0.16. Th is  i s  e q u i v a l e n t  t o  t h e  p a r t l a l  p ressu re  
a t  an a l t i t u d e  o f  2300 m (7500 f t ) ,  which i s  t h e  normal p r e s s u r i z a t i o n  l e v e l  
i n s i d e  h i g h - a l t i t u d e  commercial a i r l i n e r s .  I t  i s  recogn ized t h a t  t h i s  atmos- 
phere i s  n o t  as "combustion f r e e "  as t h e  f i r s t  o p t i o n ,  b u t  i t  i s  s t i l l  much 
s a f e r  t han  t h e  c u r r e n t  s p a c e c r a f t  atmosphere f rom a f i r e  s t a n d p o i n t .  
t h i s  oxygen p a r t i a l  p ressu re  has served as t h e  b a s i s  f o r  o t h e r  s t u d i e s ,  i n c l u d -  
i n g  t h e  paper by K n i g h t  on human responses, which i s  p resented  e lsewhere i n  
t h i s  p u b l i c a t i o n . )  

(Note:  

A t h i r d  o p t i o n  proposed by t h e  forum c a l l s  f o r  a h a b i t a b l e  atmosphere 
c o n t a i n i n g  i n e r t a n t s  o t h e r  than n i t r o g e n .  
i n  an atmosphere c o n t a i n i n g  79 pe rcen t  n i t r o g e n  and a l though  we have much 
exper ience w i t h  t h i s  atmosphere b o t h  p h y s i o l o g i c a l l y  and I n  terms o f  f i r e  
behav io r ,  o t h e r  i n e r t a n t s  should be cons idered.  
was used i n  SeaLab, does n o t  p resen t  a s i g n i f i c a n t  advantage f rom a f i r e  
s t a n d p o i n t .  The same a p p l i e s  t o  argon, another  i n e r t  gas. However, I f  gases 
w i t h  c o n s i d e r a b l y  h i g h e r  mo lar  s p e c i f i c  heats  than n i t r o g e n  a r e  used, t h e  
quenching e f f e c t  o f  these i n e r t a n t s  pe rm i t s  use o f  h i g h e r  mole f r a c t i o n s  o f  
oxygen w h i l e  y i e l d i n g  t h e  same b e n e f i t s  as n i t r o g e n  w i t h  r e s p e c t  t o  f i r e  

A l though l i f e  on e a r t h  has evo lved 

Helium, f o r  example, which 



suppression. Gases such as C F 4 ,  SF6, and C2F6 have been studied 
for this purpose (ref. 164). Even though the forum felt their use in space- 
craft may not be feasible, the participants stressed the need for further 
investigatlon of these gases. Also, it should be noted that the use o f  dilu 
ents other than nitrogen may eliminate the need for high-oxygen conditioning 
prior to extravehicular activities. 

Diluents that are also extinguishants, such as C02 and CF3Br (Halon 
1301), are considered too toxic for use at the concentrations required for 
fire protection. For example, the concentration of C02 required is approx- 
imately 40 percent, which is lethal. The halogenated extinguishant, Halon 
1301, is toxic, and it is known that Halon systems develop slow leaks. lhese 
extinguishants may be used if the contaminated spacecraft atmosphere is vented 
to space and the original atmosphere reconstituted. Although this i s  an 
extreme means of fire extinguishment, it is highly effective. 

lhe use of deionized water as an extinguishant also needs t o  be explored. 
However, consideration must be given to the electrical equipment which might 
be rendered inoperable after soaking in water or other liquid extinguishants. 

Extinguishment i n  itself has drawbacks. Foremost is the contamination of 
the spacecraft atmosphere by suppressant residues or reaction products. Hence, 
it is inherently better to prevent fires by inertlng rather than to fight fires 
after they start. 

Flnally, the forum expressed concern over the paucity of information on 
the impact o f  unusual environments on both fires and physiological behavior 
and response. Of particular concern in connection with spacecraft were the 
following topics: 

(1) €ffect of unusual atmospheres on fires and physiology, including use 
of diluent gases other than N2 (e.g., C F 4 ,  SF6, etc.) 

(2) Effect of unusual atmospheres on spacecraft equipnient 

( 3 )  Fire behavior with forced air circulation at microgravity conditions 

( 4 )  Effect of 02 concentration on flaming and smoldering combustion 

(5) Establishment of different atmospheres In dlfferent spacecraft 
modules (e.g., normal oxygen, low oxygen) 

( 6 )  Isolation of high fire risk areas in order that they may be totally 
inerted or extinguished with water, for example 

It i s  the opinion of the forum that these areas need to be addressed by a 
vigorous long-term research and development program that will ach'leve suffi 
cient basic understanding of the phenomenology involved to allow design and 
performance of spacecraft at maximum efficiency and minimum risk from fire. 
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Recommendations f o r  Research and Technology 

( 1 )  Research and technology programs should be conducted on t h e  adapta- 
t i o n  and imp lementa t ion  o f  t h e  t h r e e  f i r e - s u p p r e s s a n t  atmospheres suggested by 
t h i s  forum, namely 

( a )  Twelve pe rcen t  02 a t  150 kPa ( 1 . 5  atm) t o t a l  p ressu re  

( b )  S i x t e e n  pe rcen t  02 a t  100 kPa ( 1 . 0  atm) t o t a l  p ressu re  ( o r  t h e  
l owes t  02 mole f r a c t i o n  t h a t  i s  p h y s i o l o g i c a l l y  accep tab le )  

( c )  Atmospheres w i t h  h i g h - s p e c i f i c - h e a t  d i l u e n t s  

( 2 )  More genera l  research  i s  needed on t h e  e f f e c t s  o f  unusual e n v i r o n -  
ments, i n c l u d i n g  the  atmospheres proposed i n  recommendation 1,  on combustion, 
combustion p roduc ts ,  and human phys io logy .  Research should i n c l u d e  i n v e s t i g a -  
t i o n s  o f  p y r o l y s i s  and smolder ing  combustion ( i . e . ,  combustion t h a t  may occur 
even I n  i n e r t  atmospheres). 

( 3 )  I n  a d d i t i o n  t o  proposed research,  a da ta  bank should be e s t a b l i s h e d  t o  
c o l l a t e  knowledge on f i r e  behav io r  i n  unusual env i ronments (e .g. ,  i n e r t  
atmospheres, m i c r o g r a v i t y ,  e t c . ) .  

( 4 )  F u r t h e r  research  i s  war ran ted  on con tamina t ion  o f  t h e  spacec ra f t  
atmosphere by e x t i n g u i s h a n t s  as w e l l  as on t h e  procedure o f  i s o l a t i o n  and 
ven t ing .  
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