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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  
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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 )  
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7 Acotylono-air pilot 
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Figure 1. - International Maritime Organization flame spread apparatus. 
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Figure 2. - Cone Calorimeter. 
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