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SUnHARr 
Since f i r e  p revent ion  i n  spacecraf t  i s  never assured (minor  f i r e  i n c i d e n t s  have, i n  f ac t ,  

occurred) ,  a second- l ine defense of f i r e  ext inguishment i s  e s s e n t i a l .  
equipped w i t h  water  and foam f o r  ex t i ngu i sh ing  agents. The present  S h u t t l e  c a r r i e s  Halon 1301, 
desp i t e  i t s  w e l l  known environmental and reac t i on- p roduc t  problems. I f  an ex t i ngu i she r  were d i s -  
charged dur ing a Shu t t l e  f l i g h t ,  t he  spacecra f t  would immediate ly  be re tu rned  t o  Ea r th  for  clean-  
up of the  atmosphere and af fected surfaces. For t h e  f u t u r e  U . S .  Space S t a t i o n  Freedom, the  
s p e c i f i e d  agents a re  carbon d i ox i de  i n  t h e  U.S. l a b o r a t o r i e s  and n i t r o g e n  i n  t he  hyper:?ric 
(decompression) chamber. 
t i o n s  i s  from t h e  l ow- g rav i t y  (m i c rog rav i t y )  environment, which minimizes buoyant, n a t u r a l -  
convect ive flows and pro found ly  i n f l uences  ext inguishment agent e f f ec t i veness ,  d i spe rsa l  
and p o s t - f i r e  cleanup. 
m i c rog rav i t y ,  t h e  f i r e - supp ress ion  problems a n t i c i p a t e d  i n  f u t u r e  spacec ra f t ,  and research needs 
and oppor tun i t ies .  

E a r l y  spacecra f t  were 

The major cha l lenge t o  spacec ra f t  f i r e  ext inguishment des ign  dnd opera- 

The paper d iscusses t he  exper ience and knowledge o f  ext inguishment i n  

INTRODUCTION 
A spacecraf t  i n  low-ear th  o r b i t ,  such as t h e  U.S. S h u t t l e ,  experiences a f r e e - f a l l  

cond i t i on ,  an environment popu la r l y  c a l l e d  zero g r a v i t y ,  b u t  more c o r r e c t l y  termed m ic rog rav i t y  
because s l i g h t  r es i dua l  acce le ra t ions  or d is tu rbances  are  always present .  The s t rong,  upward 
buoyant f low o f  h o t  combustion products observed i n  normal g r a v i t y  i s  g r e a t l y  reduced i n  low- 
g r a v i t y  f i r e s ,  thus a f f e c t i n g  the  mass and energy t r a n s p o r t  t o  t he  f lame zone and t he  r e s u l t i n g  
f i r e  c h a r a c t e r i s t i c s  ( re f .  1 ) .  M i c r o g r a v i t y  f i r e s  i n  s t i l l  a i r  thus tend t o  be c o o l e r  and 
s o o t i e r  than those i n  normal g r a v i t y  and tend t o  spread s l ow l y .  
f i r e s  under low-speed convec t ive  f l ow  ( v e n t i l a t i o n ,  f o r  example) have been observed i n  paper- fue l  
t e s t s  t o  have g rea te r  f l ammab i l i t y  l i m i t s  and flame-spread r a t e s  than those i n  corresponding 
normal g r a v i t y  ( r e f .  2 ) .  
g r a v i t y  may r e a d i l y  t r a n s i t i o n  t o  f laming  combustion, due t o  reduced heat  losses ( r e f .  3).  

f i r e s  i n  spacecraf t .  
access and penet ra te  (smoldering f i r e s  i n  waste con ta i ne rs ,  f o r  example). 
oxygen-d i lu t ion  e f fec t i veness  o f  agents may be reduced by t he  n e g l i g i b l e  n a t u r a l  convect ion and 
reduced mass and energy t r anspo r t  ra tes .  
mass, volume, and energy l i m i t a t i o n s  can a l so  p resent  fo rmidab le  problems i n  the design o f  
e f f e c t i v e  agent s torage and de ' i ve r y  systems. 
guishment i s  c r i t i c a l  i n  space, t o  p revent  bo th  immediate and long- term t o x i c  and co r ros i ve  
hazards. 

The scope o f  t h i s  paper i s  the  rev iew of spacec ra f t  f i r e - supp ress ion  concepts and 
p rac t i ces ,  cover ing past  and present  spacecraf t  techniques,  a p p l i c a b l e  f i nd ings  i n  systems 
analyses and m ic rog rav i t y  combustion sc ience ,  proposed systems f o r  t he  p r imary  human-creu space 
miss ion  of the  f u tu re ,  t he  U.S. Space S t a t i o n  Freedom, and research  needs and oppo r tun i t i es .  

On t he  o t h e r  hand, m i c rog rav i t y  

Furthermore, o t h e r  s t u d i e s  suggest ?hat  smolder ing ma te r i a l s  i n  low 

Several problems a r i s e  i n  p reven t i ve  f i r e  suppression or i n  ext inguishment o f  es tab l i shed 

The f lame- coo l ing  and 
Probable f i r e  scenar ios i n c l u d e  f i r e  s i t u a t i o n s  t h a t  a re  d i f f i c u l t  t o  

The same changes i n  t r a n s p o r t  r a t e s  p lus  t he  s t r i c t  

F i n a l l y ,  complete p o s t - f i r e  cleanup a f t e r  e x t i n -  
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BACKGROUND 
While mater ia ls  f o r  spacecraft should meet defined standards o f  low f lammabi l i ty ,  many com- 

mon flammable mater ia ls ,  such as co t ton  towel ing ,  paper products, f i l m s ,  sealants, and Velcro 
tabs, have no e f fec t ive  subst i tu tes .  
c i f y i ng  inventory con t ro l  and f i r e- p ro tec ted  storage. 
sources are precluded, breakdowns of common equipment, such as heaters, e l e c t r i c a l  components, 
and f r i c t i o n  devices, can provide p o t e n t i a l  i g n i t i o n  energy ( re f s .  1 and 4). 
occurrence of minor f i r e  inc idents  must be considered, and the second- line p ro tec t i on  of f i r e  
detect ion and extinguishment i s  essent ia l  f o r  spacecraf t  f i r e  sa fe ty  (refs. 1 and 5 ) .  

While experience has shown t h a t  present p ro tec t i on  on the Shut t le  i s  adequate, there i s  
growing a t t e n t i o n  t o  the  improvement o f  f i r e  safety through research and technology. 
analyses and experiments on micrograv i ty  combustion science have strengthened the understanding 
and po ten t i a l  app l ica t ions o f  t h i s  f i e l d  (ref .  6). 
outs ide the  space f i e l d  also inf luence the  technology o f  space ( the phasing out  o f  Halon 1301 use 
i s  a good example, r e f .  7 ) .  
extended dura t ion  missions o f  the Shu t t l e  and Space S ta t i on  Freedom demands improvements and 
innovations i n  f i r e  safety, due t o  the complex nature of the ant ic ipated designs and operations 
( r e f .  8). 

The e a r l i e s t  U.S. human-crew spacecraf t  had no dedicated systems f o r  f i r e  ext inguishing.  
I n  the 100 percent-oxygen atmosphere o f  t h e  Apo l lo  spacecraft, the water-metering dispenser used 
fo r  d r i nk ing  and f reeze-dr ied food r e c o n s t i t u t i o n  served as an emergency f i r e  ex t ingu isher  
( f i g .  1). 
tunate because the  l a t e r  Skylab t e s t s  o f  Kimzey demonstrated the d i f f i c u l t y  o f  c o n t r o l l i n g  and 
d i r e c t i n g  water sprays i n  space ( r e f .  9). 
which was included i n  the p ro tec t i on  system of the o r i g i n a l  U.S. space s t a t i o n  p r o j e c t ,  Skylab 
( f i g .  2) .  
The f l u i d - f l o w  behavior o f  t he  ex t ingu isher  was demonstrated i n  space bu t  not  i t s  f i r e - f i g h t i n g  
capab i l i t i es .  

Micrograv i ty  Laborator ies),  a Halon 1301 system i s  provided. 
por tab le  ext inguishers plus f i x e d  f i r e  ex t ingu ishers  i n s t a l l e d  i n  each o f  th ree e lec t ron i c  bays 
( f i g .  3). 
t o  i n t e r n a l  f i r e s .  
purposes. 

The Halon 1301 f i r e- ex t i ngu ish ing  system design on the  Shut t le  i s  an adaptat ion o f  systems 
used e f f e c t i v e l y  i n  the  cargo bays and o t h e r  locat ions of a i r c r a f t .  While ex terna l  environmental 
contamination i s  immaterial i n  o r b i t i n g  spacecraf t ,  t he  use o f  Halon extinguishment creates long- 
term problems of t o x i c  contamination and cor ros ion from the  hydrogen ha l i de  reac t i on  products, 
which are not e a s i l y  removable by the  spacecraf t  environmental-control system. Immediately a f t e r  
the discharge o f  an ex t ingu isher  on the  Shut t le ,  however, a mission must be terminated and 
returned t o  ear th  w i t h i n  a few o r b i t s .  
Shutt le,  because p o s t - f i r e  cleanup can be accomplished on the ground. 
i n  a permanent o r b i t ,  the long-term atmospheric contamination and component cor ros ion problems 
from the react ion  products cannot be ignored. 

current  operat ional  space s ta t i on ,  t he  Soviet  M i r .  

The i r  use i s  permi t ted i n  spacecraft through waivers spe- 
Furthermore, wh i l e  obvious i g n i t i o n  

Thus, the 

F i r s t ,  

Second, changes i n  f i r e - s a f e t y  prac t ices  

F i n a l l y ,  and perhaps most impor tant ly ,  t he  approaching era of the 

This water gun was never needed f o r  f i r e  extinguishment i n  space; t h i s  may be f o r -  

The Apol lo program a lso  developed a foam ext ingu isher ,  

This ex t ingu isher  generated a mixed-phase agent propel led by Freon and n i t rogen gases. 

In the cur rent  U.S. Shu t t l e  and i t s  inhab i ted labora tory  payloads (Spacelab and the f u t u r e  
The Shut t le  system consists o f  

Ports i n  the  instrument panels permit  the i n s e r t i o n  of ex t ingu isher  nozzles f o r  access 
The ext inguishers have been discharged i n  space on ly  fo r  demonstration 

Thus, no s u b s t i t u t e  agent i s  under considerat ion f o r  the 
For Space Sta t ion  Freedom 

The review by B lu th  ( r e f .  10) noted t h a t  there  i s  a f i r e - ex t i ngu ish ing  system i n  the only 
A recent NASA i n s p e c t i o n - t r i p  repor t  (Lof tus,  
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J.P.. e t  a l . .  unpubl ished,  December 1989) i d e n t i f i e s  t he  agent as a foam, perhaps s i m i l a r  t o  t he  
agent used i n  t h e  U.S. Skylab. A f i r e  on t h e  e a r l i e r  Sa lyu t  7 r equ i red  bo th  the d ischarge  o f  an 
e x t i n g u i s h e r  and v e n t i n g  o f  t h e  cab in  atmosphere. 
s t a t i o n  was rep len i shed  by a subsequent supply f l i g h t .  Two minor i nc i den t s  t h a t  occurred i n  t h e  
U.S. S h u t t l e  miss ions  were bo th  t h e  r e s u l t  o f  s h o r t  c i r c u i t s  t h a t  caused overheat ing o f  w i r e  
i n s u l a t i o n  and b r i e f  smoldering. I n  each i n c i d e n t ,  t h e  abnormal cond i t i ons  were immediately 
observed by t h e  crew, and t he  i n c i p i e n t  f i r e  was suppressed by deenergiz ing t he  app rop r i a te  c i r -  
c u i t s .  The f i r e  d e t e c t o r s  d i d  n o t  actuate,  nor was a f i r e  ex t i ngu i she r  discharged. 

The atmosphere o f  t he  un inhab i ted  space 

SELECTION OF EXTINGUISHING AGENTS FOR SPACE 
For spacecra f t  use, ex t i ngu i sh ing  agents must meet a s t r i c t  se t  o f  phys i ca l  requirements i n  

a d d i t i o n  t o  t h e  e f fec t i veness  o f  f i r e  suppression. 
t r a d e o f f  s t ud ies  t o  eva lua te  candidate ex t i ngu i sh ing  agents f o r  spacecraf t  use, based on assess- 
ments o f  q u a l i f i c a t i o n s .  

For  t h e  p r e l i m i n a r y  design o f  Freedom, a t r a d e - o f f  study ( O p f e l l ,  J. :  F i r e  De tec t i on  and 
F i r e  Suppressian Trade Study, A I l i e d - S i g n a l  Aerospace Co. r epo r t ,  unpublished, September 1985) 
ranked f o u r  cand ida te  agents, carbon d i ox i de ,  Halon 1301, water, and n i t rogen,  on t h e i r  response 
t o  a range o f  t y p i c a l  f i r e  s i t u a t i o n s  (NFPA Class A, B,  and C ,  f o r  example). The study assigned 
weights t o  19 a t t r i b u t e s  f o r  agent eva lua t ion .  
r i s k  ( f rom use o f  t h e  agent) ,  r e l i a b i l i t y ,  accommodation t o  Freedom, developmental cos t ,  i n i t i a l  
cos t ,  and crew usage. 
s u p e r i o r i t y ,  perhaps because t h e  use of many a t t r i b u t e s  d i l u t e d  t he  s e n s i t i v i t y  o f  t he  ana lys is .  
A gene r i c  system s tudy ,  based on a 1987 t h e s i s  by Sheridan ( re f .  ll), examined requirements f o r  
two spacec ra f t  scenar ios ,  ext inguishment o f  a l o c a l i z e d  fire (NFPA Class A, 8 ,  o r  C)  and suppres- 
s i o n  o r  exp los i on  p reven t i on  of a l a r g e  hydrogen f i r e  (poss ib ly  from env i ronmenta l - con t ro l  system 
leakage). For  t h e  l o c a l i z e d  f i r e ,  t he  study ranked CO,, N2, dry chemicals, foam, Halon 1301, and 
de ion ized  water  f o r  e f f ec t i veness ,  t o x i c i t y ,  system cos t  and mass, and t echn i ca l  readiness.  For  
t h e  l a r g e  f i r e ,  t h e  s tudy  l i m i t e d  the  candidates t o  CO,, N,, and Halon 1301 and s u b s t i t u t e d  module 
p re-sure  b u i l d u p  f o r  t o x i c i t y .  
fo: t he  l o c a l i z e d  f i r e  and Halon 1301 f o r  t he  l a r g e  f i r e .  A recent  ana lys is  by Reuther ( r e f .  12) 
evaluated cand ida te  agents o f  water, n i t r ogen ,  Halon 1301, carbon d iox ide ,  and foam f o r  a l o c a l -  
i z e d  spacecra f t  f i r e  scenar io  o f  smoldering, w i t h  respec t  t o  seven c r i t i c a l  requirements, as w e l l  
as flame-zone r a d i a t i o n  ef fects.  The study a l s o  se lec ted  N, 
f o r  a scena r i o  o f  atmospheric i n e r t i n g  t o  p revent  exp los ion  o f  a major  hydrogen leak  and f i r e ,  
a l though t h i s  cho ice  was a hypothesis because t h e r e  were i n s u f f i c i e n t  da ta  f o r  an e f f e c t i v e  
ana l ys i s .  

Tab le  1 i s  a summary o f  r e l evan t  s e l e c t i o n  f ac to r s  f o r  t he  t h ree  p r i n c i p a l  ex t ingu ishants ,  
Halon 1301, CO,, and N,. Gaseous agents such as these have obvious advantages f o r  d e l i v e r y  under 
space cond j t i ons .  I n  t he  past ,  as noted, l i q u i d  water  and mixed-phase agents have been s p e c i f i e d  
f o r ,  if n o t  a c t u a l l y  used in, e a r l y  spacecraf t ;  and research proponents cont inue t o  urge research 
on nongaseous agents, such as water  and mixed-phase foams ( re f .  8 ) .  

There have been several  system analyses o r  

As examples, the  h ighes t-we igh t  a t t r i b u t e s  were 

The se lec ted  agent, carbon d i ox i de ,  was on t h e  bas is  o f  a s l i g h t  numer ical  

The r e s u l t s  o f  t h e  Sheridan ana lys is  were the  s e l e c t i o n  o f  CO, 

The p r e f e r r e d  agent was again CO,. 

EXPERIMENTAL STUDIES ON FIRE SUPPRESSION I N  LOU GRAVITY 
Ea r l y  Tests 

The o r i g i n a l  concern o f  s tud ies  o f  f i r e  suppression f o r  spacecra f t  'was p r i m a r i l y  f o r  T i r e  
c o n t r o l  i n  enriched-oxygen atmospheres and not necessa r i l y  f o r  l o a - g r a v i t y  c o n t r o l .  Neuste in 
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e t  a l .  ( r e f .  13) developed a nozzle design i n  1968 that  generated a hol low cone of n i t rogen  ( o r  
helium) t o  exclude oxygen from a f i r e  zone f o r  extinguishment i n  an enriched-oxygen, m ic rog rav i t y  
atmosphere. While some f lammabi l i ty  t e s t s  were  conducted i n  low-grav i ty ,  parabol ic a i rp lane  
f l i g h t s ,  extinguishment t e s t s  on burning c l o t h  samples were conducted on l y  under normal-gravi ty 
condi t ions.  Kimzey ( re f .  9) conducted an extensive s e t  o f  f i r e  experiments i n  a combustion 
chamber w i t h  a 60 percent-0, atmosphere on the U.S. space s t a t i o n  Skylab i n  1974. 
recen t l y ,  these t e s t s  were the on ly  combustion-related study conducted i n  a spacecraft. In t he  
course o f  t h i s  study, Kimzey attempted t o  terminate some tes ts  through two means of ex t ingu ish-  
ment, vent ing t o  vacuum and water sprays, w i t h  discouraging resu l ts .  The vacuum vent ing in ten-  
s i f i e d  the f i r e  through forced convection before ext inguishing i t .  The water spray broke up i n t o  
i s o l a t e d  drop le ts .  Only a few d rop le ts  struck the burning mater ia l ,  and they tended t o  s c a t t e r  
t he  f laming mater ia l  ra the r  than ex t ingu ish the f l ame .  

U n t i l  

Studies w i t h  Halon 1301 
With the  i n t roduc t i on  o f  Halon 1301 as the ext inguishing agent i n  the Shutt le,  smal l- scale 

t e s t s  were conducted on the e f fec t iveness o f  t h i s  agent a t  t he  NASA Lewis Research Center 
(Haggard, J.B.: unpublished data, May 1975). 
ex t ingu ishment- l imi t  boundaries f o r  ce l l u lose  fue l s  a t  normal g rav i t y .  
encompassed t h e  two Shu t t l e  cond i t ions :  a normal atmosphere of 21 percent 0, i n  N, ( a i r ) ,  and a 
prebreathing atmosphere p r i o r  t o  an ex t raveh icu lar  a c t i v i t y  o f  40 percent 0, ( cu r ren t l y  30 
percent) i n  N, a t  a reduced t o t a l  pressure. 
spread represented the nominal f l ow  o f  Shu t t l e  ven t i l a t i on .  
f lows probably augmented the forced f low. 
imposed a i r  v e l o c i t y  even a t  normal g rav i t y .  
reach maxima around 20 cm/s a i r  v e l o c i t y ,  where the greatest  concentrat ion o f  agent i s  required.  
There i s  an i n t e r e s t i n g  comparison o f  these boundaries t o  recent micrograv i ty  resu l t s  showing 
t h a t  f lammabi l i ty  l i m i t s  and flame-spread ra tes  also reach maxima over a range o f  8 t o  20 cm/s 
opposed-flow v e l o c i t i e s  ( r e f .  2). 
extinguishment maxima inf luenced by low- ve loc i ty  opposed flows, has y e t  t o  be developed. 

f r e e - f a l l ,  drop-tower experiments. 
It shows t h a t ,  f o r  normal-pressure atmospheric a i r ,  only about h a l f  t he  quan t i t y  of agent i s  
requ i red f o r  extinguishment i n  micrograv i ty  compared t o  t h a t  i n  normal g rav i t y .  A t  t he  low- 
to ta l- pressure ,  enriched-oxygen cond i t i on ,  more agent i s  required f o r  extinguishment, and the 
m ic rog rav i t y  quan t i t y  i s  only s l i g h t l y  less than t h a t  i n  normal g rav i t y .  In cont ras t  t o  these 
s o l i d - f u e l  f i nd ings ,  Ronney ( r e f .  14) found l i t t l e  d i f fe rence i n  Halon 1301 extinguishment l i m i t s  
between quiescent micrograv i ty  and normal-gravi ty,  upward-burning cases, for t he  combustion of 
premixed methane-air mixtures. 

Figure 4 shows the experimental r e s u l t s  o f  
The t e s t  condi t ions 

An a i r  flow o f  11-cm/s v e l o c i t y  opposed t o  the f lame 
Na tu ra l l y  occurr ing buoyant a i r  

The extinguishment l i m i t s  are very sens i t i ve  t o  the  
Figure 5 indicates t h a t  extinguishment boundaries 

The micrograv i ty  counterpart t o  f i g u r e  5 ,  t ha t  i s ,  t he  map of 

The c i t e d  studies also included s t i l l - a i r  microgravi ty extinguishment l i m i t s  obtained i n  
Table 2 i s  a comparison o f  r e s u l t s  from a ser ies of tes ts .  

Studies w i t h  Other Gaseous Extinguishants 
Micrograv i ty  t e s t s  under a i r - d i l u t i o n  atmospheres s e r v e  t o  estimate n i t rogen extinguishment 

requirements. 
th in-paper  fue l s  i n  normal g r a v i t y .  
31 mole percent N, t o  the o r i g i n a l  a i r  atmosphere. 
o f  2 1  percent 0, i n  microgravi ty.  
suppress the  paper flame i n  low g r a v i t y .  

Olson ( r e f .  15) reported an i g n i t i o n  l i m i t  o f  16 mo l  % 0, for  downward burning o f  
This i s  equivalent t o  N, suppression by the add i t i on  o f  

The same t e s t  ser ies  showed an i g n i t i o n  l i m i t  
Hence, only a t r i v i a l  add i t i on  o f  n i t rogen t o  a i r  would 
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Figure 6 shows experimental results on the effect of several diluent atmospheres on 
microgravity flame-spread rates and flame-extinction limits, providing an estimate of the 
effectiveness of the diluents as extinguishing agents (ref. 16, with recent additions by Diet- 
rich). 
21 kPa (the air value) diluted with inert gas to reach the stated 0, concentrations. Although 
the extinction limits shown are at differing total pressures (which may have only secondary 
effects on results), they are reasonable indicators of agent effectiveness. For example, roughly 
half the molar quantity of carbon dioxide (dilution to 33 percent 02) accomplishes extinguishment 
compared to the quantity of N, (dilution to 21 percent 0,). 

The results shown are for tests under atmospheres with fixed 0, partial pressures of 

FIRE-EXTINGUISHHENT PROPOSALS FOR THE SPACE STATION FREEDOM 
The focus of the U.S. space program is on the development of the Space Station Freedom, a 

multi-purpose community to be placed in a permanent low-Earth orbit for scientific, earth- 
obrr:-lation, vehicle-tending, and commercial activities. A major objective of Freedom is to pro- 
vide the environment for scientific and commercial research and developmental operations at a 
relatively large scale under microgravity. 
safety in Freedom is evident, due to the complexity of the spacecraft and its operations, the 
varied human and unattended activities proposed, and its long-term mission demanding fire control 
in place (refs. 4 and 8). 

of the fire-suppression system is generally established. 
system in Freedom falls under the Environmental Control and Life Support system (ECLSS). 
laboratory, habitation, and logistics modules under the responsibility of the United States, the 
preferred extinguishing agent is carbon dioxide, supplied from common storage o r  from portable 
extinguishers. Figure 7 is a representation of the laboratory module, which will be composed of 
four rack arrays around a central corridor. The extinguishing agent is stored in two redundant 
tanks in separate rack locations, interconnected to deliver CO, to any of  the racks, the general 
arrays, o r  the corridor. 
rack. The CO, agent is dispensed from a perforated tube to flood the rack upon actuation, 
through either a remotely controlled o r  a manual valve. A port in the fire detection and 
suppression panel permits insertion o f  a portable extinguisher nozzle, if necessary. 

to tb? surrounding atmosphere. The small-scale tests o f  Kimzey (ref. 9 )  have already demonstra- 
ted that venting provides sufficient forced convection to increase the fire burning rate, a 
process that may continue for several minutes before the overall oxygen content is reduced. The 
gaseous supplies of Freedom are limited to slightly more than the quantity needed to support one 
evacuation and subsequent resupply cycle. Thus, venting to the environment is likely to be 
considered only as a last resort for an uncontrollable fire. 

o f  its unusual design features (Heitzman, J.; and Overmyer, C.: Space Station Freedom Contingency 
Operations Scenarios, HcDonnell Douglas Astronautics unpublished report, April 1990). Freedom is 
an international program, and two of the laboratory modules are the responsibilities of the Euro- 
pean Space Agency (ESA) and Japan. 
laboratories. In contrast to the centralized COz system for tne U.S. modules, the ESA laboratory 
specifies a Halon 1301 system, with individual supply bottles at each rack. The Japanese 
laboratory specifies a CO, system, also with individual bottles. 

The need for greatly improved approaches to fire 

Uhile many of the features of Freedom are still subject to change, the preliminary design 
The fire detection and suppression sub- 

For the 

Figure 8 shows the proposed agent delivery arrangement in a typical 

An obvious and often suggested technique to control major fires in space is through venting 

Fire safety, including fire-suppression provisions, on Freedom is also influenced by some 

Table 3 lists the fire-suppression proposals for the three 

Each international partner is 
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proceeding independently i n  i t s  share o f  t he  design, bu t  eventua l ly  some commonality of t he  f i r e -  
suppression systems must be devised. 
management system f o r  alarm and reaction. 
automated and manual decis ions fo r  ex t ingu isher  ac tua t i on  are y e t  t o  be determined. 
automatic agent re lease upon a fa lse  alarm o r  t r i v i a l  i nc iden t  may be as disastrous as a delayed 
manual response t o  an alarm. Furthermore, a f i r e  may damage the  automated data management 
system, forc ing the  dependence on manual response. 

used t o  cond i t ion  crew members f o r  an ex t raveh icu lar  a c t i v i t y  o r  t o  t r e a t  possible decompression 
sickness fo l lowing such an a c t i v i t y .  Because of t he  h i g h  pressure of several  atmospheres and the 
human occupation o f  the chamber, the preferred agent f o r  t h i s  chamber i s  n i t rogen  t o  be dispensed 
by f looding,  t o  avoid t o x i c  e f f e c t s  o f  carbon d iox ide  i n  l a rge  quan t i t i es .  

A l l  o f  the modules w i l l  be interconnected through the data 
The degree o f  automation and the  tradeoffs between 

Clear ly ,  

An addi t iona l  design issue i n  Freedom i s  the hyperbar ic chamber, located i n  an a i r  lock,  

CONCERNS AND RESEARCH NEEDS I N  SPACECRAFT FIRE EXTINGUISHMENT 
Carbon Dioxide Se lec t ion  

As already noted, NASA and i t s  prime cont rac tor ,  Boeing Aerospace, p re fe r  carbon d iox ide 
While an unpublished 1985 t rade- o f f  f o r  the Freedom i n t e r n a l  module f i r e - ex t i ngu ish ing  agent. 

study concluded t h a t  CO, showed a s l i g h t  s u p e r i o r i t y ,  o the r  q u a l i t a t i v e  f a c t o r s  promote i t s  
se lec t ion  convincingly.  The 
agent i s  removable from the atmosphere by the e x i s t i n g  Environmental Control  and L i f e  Support 
System (ECLSS). Competing systems w i th  N,, water, and Halons a l l  suffer disadvantages of mass 
pena l t ies ,  e l e c t r i c a l  conduc t i v i t y ,  d i f f i c u l t y  of d ispers ion,  o r  t o x i c  byproducts, as appl icable.  
Carbon d iox ide systems do requ i re  a l a r g e r  storage mass than Halon 1301 due t o  the lower agent 
e f f i c iency,  but a CO, system may have a lower o v e r a l l  cost. 

F i r s t ,  l o c a l  concentrations of CO, in a f i r e  zone 
may approach 20 mol %, which i s  by f a r  a t o x i c  concent ra t ion  espec ia l ly  i n  combination w i t h  a low 
concentration o f  carbon monoxide. Careful con t ro l  o f  t h e  discharge i n t o  racks can prevent 
excessive leakage o f  agent i n t o  the general volume o f  t h e  module. For t h i s  reason, as mentioned, 
n i t rogen i s  p re fer red fo r  p ro tec t i on  o f  the inhab i ted hyperbar ic chamber. The second drawback i s  
t h a t ,  i n  the u n l i k e l y  event o f  a major f i r e ,  stores o f  CO, may be i n s u f f i c i e n t .  This may be a 
fac tor  i n  the se lec t i on  of Halon 1301 i n  the  Sheridan ana lys is  f o r  the scenar io o f  a l a rge  
hydrogen f i r e  ( ref .  11). The p r o b a b i l i t y  of a combustible gas accumulation i n  Freedom from a 
leak i n  ECLSS processing, re leas ing hydrogen o r  methane byproducts, i s  smal l ,  however, f o r  i t  
requires m u l t i p l e  f a i l u r e s  o f  containment, gas sensors, and ECLSS performance monitors. 

Microgravity Extinguishment Research 

Carbon d iox ide ex t ingu ish ing systems can use proven technology. 

Two drawbacks t o  CO, usage are noted. 

P rac t i ca l  considerat ions of agent storage, d ispers ion,  and p o s t - f i r e  cleanup i n  low g r a v i t y  
are se lec t ion  factors as important as ex t ingu ish ing e f fec t iveness.  
Freedom i s  t o  be q u a l i f i e d  i n  p r i o r  ground t e s t s  f o r  both e f fec t iveness and r e l i a b i l i t y .  
Unfortunately, the c o r r e l a t i o n  o f  the normal-gravi ty q u a l i f i c a t i o n  t o  the  eventual low-grav i ty  
performance i s  unknown, and appropr iate experiments are c r i t i c a l l y  needed. 

Reuther ( r e f .  12) and Youngblood and S e i s e r  ( r e f .  17) both propose experiments i n  a combus- 
t i o n  chamber where a smal l-scale f i r e  i s  i n i t i a t e d  and then ext inguished w i t h  candidate agents t o  
measure the e f f i c i e n c y ,  delay t i m e ,  ef fects of fue l  type,  l i k e l i h o o d  t o  r e i g n i t e ,  and react ion  
products f o r  low-grav i ty  extinguishment. Reuther suggests a f l ow  system w i t h  mu l t i p le  can is ters  
o f  smoldering carbon f o r  the experiment. Youngblood and Seiser suggest a sample-exchange system 

The prototype CO, system f o r  
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f o r  s o l i d  f ue l s  i n  a qu iescent  o r  a f lowing atmosphere. 
t o  i n v e s t i g a t e  a v a r i e t y  of gaseous o r  l i q u i d - s p r a y  (water) agents. 
i n i t i a t e d  i n  sounding r o c k e t  o r  a i r p l a n e  f r e e - f a l l  f a c i l i t i e s ,  p r i o r  t o  space f l i g h t  experiments. 

E i t h e r  experiment proposal i s  designed 
These s tud ies  can be 

Youngblood and Vedha-Nayagam ( r e f .  18) a l s o  i d e n t i f y  f u r t h e r  app l ied  research and techno- 
logy  development i n  t h e  f i e l d  o f  space extinguishment. 
research on e x t i n g u i s h e r  performance i n  i nhab i t ed  hyperbar ic  chambers, app l ied  technology on 
h igh- capac i ty  envi ronmental  c lean-up units f o r  p o s t - f i r e  app l i ca t i ons ,  and development o f  innova- 
t i v e  space f i r e  p r o t e c t i o n ,  such as f i r e  b lanke ts .  

Suggested p r o j e c t s  i nc l ude  s p e c i f i c  

CONCLUDING REHARKS 
Th is  paper i s  a rev iew o f  pas t ,  present ,  and proposed techniques f o r  f i r e  suppression i n  

spacecraf t .  
v ided  w i t h  f i r e  p r o t e c t i o n  i n c l u d i n g  ex t ingu ishers .  The l ow- g rav i t y  environment i n  o r b i t i n g  
s p a c e c n f t  i n f l uences  combustion, hea t  t r anspo r t ,  and mass t r anspo r t ,  g r e a t l y  a f f e c t i n g  e x t i n -  
guishment agent e f f e c t i v e n e s s ,  s to rage,  d ispers ion ,  and c lean .  ' 7  system performance. The 
inc reas ing  complex i ty  a n t i c i p a t e d  w i t h  the  advent of t h e  U.S. ce S t a t i o n  Freedom a l so  compl i-  
cates t he  issues o f  spacec ra f t  f i r e  ext inguishment. The cur re : .  a p p l i c a t i o n  o f  Halon 1301 agent 
i n  the  S h u t t l e  i s  j u s t i f i e d  by t h e  na tu re  o f  t he  sho r t - t e rm  miss ions,  bu t  a l t e r n a t i v e  agents a re  
essen t i a l  f o r  Freedom. C lea r l y ,  cont inued research and technology a c t i v i t i e s  should be d i r e c t e d  
toward secur ing  knowledge o f  t he  unusual fea tu res  o f  f i r e s  i n  space f o r  a p p l i c a t i o n  t o  p r a c t i c a l ,  
e f f e c t i v e ,  and conse rva t i ve  spacecra f t  f i r e  suppression systems. 

U h i l e  f i r e  events may be o f  low p r o b a b i l i t y ,  present  human-crew spacecraf t  a re  pro-  
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Figure 1 .-Apollo waterdispenser fire extinguisher. 

Figure 2.-Apollo Skylab loam fire extinguisher. 
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