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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. 
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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 
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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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