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COMBUSlION OF VELCRO IN LOW G R A V I T Y  

Sandra L. Olson and Raymond G. Sotos 
N a t i o n a l  Aeronaut ics and Space A d m i n i s t r a t i o n  

Lewis Research Center  
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SUMMARY 

An exper imen ta l  program was conducted t o  i n v e s t i g a t e  t h e  l o w - g r a v i t y  
b u r n i n g  c h a r a c t e r i s t i c s  o f  n y l o n  and Nomex V e l c r o  f a s t e n i n g  tapes i n  an atmo- 
sphere o f  30-percent oxygen, 70-percent n i t r o g e n  a t  a 70-kPa pressure.  
t e s t s  were conducted u s i n g  t h e  NASA Lewis Research Center Zero G r a v i t y  F a c i l -  
i t y .  The t e s t  r e s u l t s ,  as documented by  high-speed cameras, i n d i c a t e  t h a t  
b o t h  n y l o n  and Nomex bu rn  i n  low g r a v i t y  f o r  t h e  f u l l  5.18-sec t e s t  t i m e  b u t  
t h a t  Nomex burns l e s s  v i g o r o u s l y  than ny lon .  Nylon m e l t s  as i t  burns, whereas 
Nomex forms a s o l i d  char .  Ny lon a l s o  s p u t t e r s  b u r n i n g  d r o p l e t s  as i t  burns.  
l h u s ,  f r o m  these l i m i t e d  t e s t s ,  i t  appears t h a t  Nomex Ve lc ro  i s  l e s s  hazardous 
t h a n  n y l o n  V e l c r o  f o r  s p a c e c r a f t  a p p l i c a t i o n s .  
r e s i d u a l  gas v e l o c i t i e s ,  and by analogy s p a c e c r a f t  a i r  c i r c u l a t i o n ,  can e n -  
hance t h e  l o w - g r a v i t y  combustion. 

The 

% 
I 

The r e s u l t s  a l s o  show t h a t  

INlHOOUC'I  I O N  

F i r e  s a f e t y  on s p a c e c r a f t  ha5 always been a ma jo r  concern t o  NASA. l h e  
c r i t e r i a  f o r  s e l e c t i n g  and e v a l u a t i n g  m a t e r i a l s  f o r  use i n  s p a c e c r a f t  a r e  v e r y  
s t r i c t .  The c u r r e n t  t e s t  methods are desc r ibed  i n  NASA Document NHB 8060.16, 
" F l a m m a b i l i t y ,  Odor, And Of fgass ing  Requirements And l e s t  Procedures Fo r  
M a t e r i a l s  I n  Environments l h a t  Support. Combustion" ( r e f .  1 ) .  These t e s t s  a r e  
performed a t  normal E a r t h  g r a v i t y .  
acceptance t e s t i n g  a t  low g r a v i t y .  However, n o r m a l - g r a v i t y  t e s t i n g  o f  mater-  
i a l s  f o r  s p a c e c r a f t  i s  j u s t i f i e d ,  i n  p a r t ,  by t h e  e a r l y  s t u d i e s  ( r e f s .  2 t o  8 )  
t h a t  compared normal-  and l o w - g r a v i t y  combust ion processes. l h e s e  s t u d i e s  
showed t h a t  i n  each case t h e  n o r m a l - g r a v i t y  combustion presented t h e  more 
severe f i r e  hazard.  I n  low g r a v i t y ,  f lame p ropaga t ion  was slow, and i n  some 
cases f lames would s e l f  e x t i n g u i s h .  These few t e s t  r e s u l t s  have been g e n e r a l -  
i z e d  t o  t h e  e x t e n t  t h a t  t h e r e  i s ,  perhaps, a tendency t o  assume r o u t i n e l y  t h a t  
a l o w - g r a v i t y  f i r e  hazard can be s a t i s f a c t o r i l y  assessed w i t h  t h e  use o f  
normal - g r a v i t y  t e s t s .  

It i s  n o t  p o s s i b l e  t o  conduct r o u t i n e  

However, t h e r e  i s  concern now t h a t  l o w - g r a v i t y  f i r e s  may be more hazard- 
ous t h a n  was p r e v i o u s l y  es t ima ted .  I n  s p e c i a l  i ns tances ,  t h e  l a c k  o f  g r a v i t y  
may a c t u a l l y  a s s i s t  i n  f i r e  propagat ion r a t h e r  than  i n h i b i t i n g  i t .  An example 
i s  t h e  case where a b u r n i n g  l i q u i d  o r  mo l ten  m a t e r i a l  e j e c t s  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  which would then  f l o a t  f r e e l y  i n  t h e  l o w - g r a v i t y  e n v i r o n -  
ment. 
t i o n  t o  o t h e r  m a t e r i a l s  f a r  f rom t h e  source o f  t h e  f i r e .  l o  look anew a t  
f i r e s  i n  low g r a v i t y ,  NASA Lewis has begun a l o w - g r a v i t y  exper imenta l  program 
t o  s tudy  t h e  combustion o f  s o l i d  m a t e r i a l s .  

These b u r n i n g  p a r t i c l e s  cou ld  be c a r r i e d  by momentum o r  by a i r  c i r c u l a -  

Nylon and Nomex V e l c r o  were chosen f o r  s tudy  i n  o r d e r  t o  compare r e s u l t s  
t o  t h e  Sky lab exper iment  s t u d y i n g  the b u r n i n g  o f  a p i e c e  o f  n y l o n  i n  65 -pe rcen t  
oxygen a t  36 kPa ( r e f .  8 ) .  l h e  m a t e r i a l  burned f o r  10  minutes,  43 seconds, 



and mot ion  p i c t u r e s  o f  t h e  combustion showed an a g i t a t e d  p u l s a t i n g  f lame t h a t  
became more a g i t a t e d  as t i m e  passed. 
atmosphere t o  vacuum, t h e  b u r n i n g  i n t e n s i f i e d  because o f  t h e  gas movements. 
l h i s  was i n  c o n t r a s t  t o  t h e  s teady and s e l f - e x t i n g u i s h i n g  l o w - g r a v i t y  combus- 
t i o n  o f  o t h e r  nonmeta l l i c  specimens. 
and because t h e  Ve lc ro  m a t e r i a l  p r e s e n t l y  used on t h e  s h u t t l e  i s  an i n v a l u a b l e  
a s s e t  t o  t h e  as t ronau ts  i n  space, t h e  Johnson Space Cen te r  requested NASA 
Lewis t o  conduct a t e s t  program t o  e v a l u a t e  t h e  r e l a t i v e  f i r e  hazards o f  n y l o n  
and Nomex Velcro i n  an a c t u a l  l o w - g r a v i t y  environment.  
much l o n g e r  wear l i f e  b u t  Nomex V e l c r o  i s  t h e  l e s s  f lammable m a t e r i a l  as 
determined f rom normal -g rav i  t y  t e s t s .  

Dur ing  t h e  ex t i ngu ishmen t  by  v e n t i n g  t h e  

Because o f  t h i s  s t r a n g e  f lame b e h a v i o r  

Nylon V e l c r o  has a 

T h i s  paper p resen ts  t h e  r e s u l t s  o f  exper iments conducted i n  t h e  NASA 
Lewis Zero G r a v i t y  F a c i l i t y  on t h e  b u r n i n g  o f  n y l o n  and Nomex V e l c r o  i n  low 
g r a v i t y .  The goal o f  t hese  exper iments was t o  determine whether V e l c r o  burn- 
i n g  i n  low g r a v i t y  would s p u t t e r  b u r n i n g  d r o p l e t s  t h a t  c o u l d  i g n i t e  surround-  
i n g  m a t e r i a l s .  T h i s  r e p o r t  i s  organized i n t o  f i v e  s e c t i o n s .  The f i r s t  sec- 
t i o n  desc r ibes  t h e  t e s t  c o n d i t i o n s  and exper iment  c o n f i g u r a t i o n ,  t h e  second 
d e s c r i b e s  t h e  t e s t  m a t e r i a l s  used, and t h e  t h i r d  d e t a i l s  t h e  sequencing o f  t h e  
t e s t s  and t h e  t e s t  m a t r i x .  The f o u r t h  and f i f t h  s e c t i o n s  p r e s e n t  and d i s c u s s  
t h e  t e s t  r e s u l t s .  
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EXPLRIMLNlAL COMBUSl ION APPARATUS 

l h e  NASA Lewis Zero G r a v i t y  F a c i l i t y  i s  i l l u s t r a t e d  i n  f i g u r e  1 .  A 
complete d e s c r i p t i o n  o f  t h e  f a c i l i t y  can be found i n  t h e  appendix o f  r e f e r -  
ence 5. The 5.18 sec o f  reduced g r a v i t y  i s  ob ta ined  by a l l o w i n g  t h e  e x p e r i  - 
ment t o  f r e e - f a l l  i n  a vacuum th rough  a d i s t a n c e  o f  131.7 m. The es t ima ted  
n e t  g r a v i t y  l e v e l  exper ienced by t h e  exper iment  package i s  t imes  t h a t  
o f  normal Ea r th  g r a v i t y .  The combustion package i n  which t h e  exper iments were 
performed i s  shown i n  f i g u r e  2. W i t h i n  t h e  drop frame i s  a s t a i n l e s s - s t e e l  
be l l -shaped experiment chamber w i t h  an i n t e r n a l  volume o f  app rox ima te l y  
0.1 m3 (100 l i t e r s ) .  A mo t ion  p i c t u r e  camera o p e r a t i n g  a t  100 frames/sec 
was used t o  photograph t h e  b u r n i n g  sample con ta ined  i n  t h e  exper iment  
chamber. A t i m i n g  l i g h t  genera to r  recorded c a l i b r a t i o n  marks on t h e  f i l m  a t  
0.1 -sec i n t e r v a l s .  

W i t h i n  the combustion chamber, t h e  sample h o l d e r  shown i n  f i g u r e  3 was 
designed t o  support  t h e  V e l c r o  sample and t h e  two m i r r o r s  t h a t  p r o v i d e  m u l t i -  
p l e  views o f  the f lame w i t h  a s i n g l e  camera. 
a l l  t e s t s ,  b u t  t h e  bot tom m i r r o r  was added a f t e r  t h e  f o u r t h  t e s t  i n  o r d e r  t o  

sample. l h e  l i g h t  mounted t o  t h e  r i g h t  o f  
nated t h e  chamber t o  r e c o r d  t h e  h o l d e r  on 

The s i d e  m i r r o r  was p resen t  i n  

v iew  t h e  observed f lames below t h e  
t h e  sample i n  t h e  photograph i l l u m  
f i l m  p r i o r  t o  i g n i t i o n .  

The t e s t  samples were mounted 
p o r t e d  t h e  sample and p rov ided  an 

on a f i b r o u s  ceramic s u b s t r a t e  which sup- 
n s u l a t i n g  back ing  t o  m in im ize  hea t  l osses .  
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l h e  s u b s t r a t e  was clamped t o  t h e  r e c t a n g u l a r  m e t a l l i c  h o l d e r  th rough  f o u r  
e x t e n s i o n  tabs .  
t h e  sample. 
w i t h  a 1.1-Q r e s i s t a n c e .  The i g n i t o r  w i r e  covered t h e  e n t i r e  s u r f a c e  o f  t h e  
sample i n  m u l t i p l e  l oops .  T h i s  was t o  i n s u r e  t h a t  t h e  sample would be q u i c k l y  
and u n i f o r m l y  i g n i t e d  o v e r  t h e  e n t i r e  su r face .  l 'he i g n i t o r  was powered by 
28 V f o r  5 sec i n  a l l  t e s t s .  

Th i s  des ign  p e r m i t t e d  a maximum gas f l o w  around a l l  s i des  o f  
The i g n i t i o n  source was a heated 0.8-mm-diameter Nichrome w i r e  

l h e  t e s t  atmosphere was 30-percent oxygen, 70-percent n i t r o g e n  a t  a 
70-kPa p ressu re .  From a f i r e  s a f e t y  pe rspec t i ve ,  t h i s  atmosphere i s  t h e  most 
hazardous atmosphere r e g u l a r l y  used on t h e  s h u t t l e .  It i s  t h e  atmosphere 
e s t a b l i s h e d  f o r  p r e c o n d i t i o n i n g  p r i o r  t o  e x t r a v e h i c u l a r  a c t i v i t i e s  t o  reduce 
t h e  t i m e  a s t r o n a u t s  must p r e b r e a t h  i n  t h e i r  spacesu i t s .  l h e  t e s t  c o n f i g u r a -  
t i o n  d e s c r i b e d  h e r e i n  rep resen ts  an at tempt  t o  maximize t h e  m a t e r i a l  flamma- 
b i l i t y  c h a r a c t e r i s t i c s  i n  o r d e r  t o  eva lua te  t h e  worst-case f i r e  hazard o f  t h e  
m a t e r i a l .  Th i s  i s  i n  accordance w i t h  t h e  approach used i n  NHB 8060.18 
( r e f .  1 ) ,  a l t hough  no s tandard t e s t  c o n f i g u r a t i o n  o r  method i s  desc r ibed  i n  
t h a t  document f o r  l o w - g r a v i t y  t e s t s .  

l E S 1  MA'IEHIALS 

The m a t e r i a l s  used i n  these  t e s t s  were V e l c r o  hook and p i l e  f a s t e n e r  
tapes ( f i g .  4 )  made o f  n y l o n  and Nomex. l h e  o n l y  chemical  d i f f e r e n c e  between 
n y l o n  and Nomex i s  t h a t  t h e  Nomex monomer has a c h l o r i n e  atom r e p l a c i n g  a 
hydrogen atom i n  t h e  n y l o n  monomer. 
i m p o r t a n t  i n t e r m e d i a t e  i o n s  produced d u r i n g  combustion, t h e  c h l o r i n e  a c t s  as a 
f i r e  i n h i b i t o r  and t h u s  Nomex i s  considered a f i r e  r e t a r d a n t  m a t e r i a l .  

Because t h e  c h l o r i n e  atom r e a c t s  w i t h  

l h e  V e l c r o  i s  produced by t h e  manufacturer  ( r e f .  9)  i n  5.08-cm- ( 2 - i n . - )  
wide t a p e  w i t h  an adhesive-coated backing. Samples f o r  t e s t i n g  were c u t  t o  be 
5.08 cm ( 2  i n . )  square. The Ve lc ro  tapes were woven w i t h  a 0.16-cm ( l / l 6 - i n . )  
se lvage on each edge. Both t h e  ny lon  and Nomex hook tapes were made o f  
0.017-mm- ( 6 . 5 - m i l - )  d iameter  n y l o n  monof i laments.  l h e  n y l o n  hook tape  used 
n y l o n  hooks w i t h  ove r  62 hooks/cm2 (400 hooks/ in .2)  on a n y l o n  base. 
Nomex hook tape  a l s o  used n y l o n  hooks spaced about  50 hooks/cm2 (340 hooks / i n .2 )  
b u t  on a Nomex base. Nylon was used by t h e  manu fac tu re r  t o  make t h e  a c t u a l  
hooks f o r  t h e  Nomex hook tape  because Nomex hooks do n o t  wear w e l l  under 
repeated use. The n y l o n  and Nomex p i l e  tapes c o n s i s t e d  o f  u n i f o r m l y  d i s t r i b -  
u ted  loops i n  n y l o n  and Nomex, r e s p e c t i v e l y .  The adhesive back ing  used f o r  
t h e  n y l o n  Ve lc ro  was a permanent o r  p r e s s u r e - s e n s i t i v e  adhesive.  l h e  adhesive 
back ing used f o r  t h e  Nomex Ve lc ro  was a f i r e - r e t a r d a n t  adhesive.  

The 

l h e  i m p o r t a n t  d i f f e r e n c e  i n  t h e  two m a t e r i a l s  i s  t h e i r  wear l i f e t i m e .  
Nylon V e l c r o  has a l i f e t i m e  o f  ove r  10,000 uses whereas Nomex V e l c r o  has a 
l i f e t i m e  o f  o n l y  about 1200 uses because o f  f a s t e r  breakage o f  t h e  loops i n  
t h e  Nomex p i l e  tape.  F o r  d u r a b i l i t y ,  n y l o n  i s  t h e  more d e s i r a b l e  m a t e r i a l .  

TES'I PROCkOUHtS 

P r i o r  t o  each t e s t  t h e  sample and i g n i t o r  w i r e  were mounted on t h e  h o l d e r  
and p l a c e d  w i t h i n  t h e  exper iment  chamber. 
evacuated and f i n a l l y  f i l l e d  w i t h  the  t e s t  atmosphere. l h e  exper iment  package 

The exper iment  chamber was then  
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was loaded into the drop position, and the facility vacuum chamber was sealed 
and evacuated. In all tests the ignition was initiated in normal Earth grav- 
ity. 
accumulate enough melted material to maximize the probability of observing 
sputtering of molten material during the low-gravity test time (5 .18 sec). 
After a specified normal-gravity delay time, the package was released to 
create a low-gravity environment. 

This was done to establish uniform burning of the entire sample and to 

A delay time of 10 sec was chosen for the first four tests, each with a 
different material. Prior normal-gravity tests indicated that within 10 sec 
each material would ignite and establish uniform burning over the entire 
sample long enough to accumulate a substantial amount of molten material. 
However, the low-gravity flames observed with the four materials were diffi- 
cult to analyze because they were strongly distorted by residual normal- 
gravity buoyancy-induced flows. 
movements, the delay time was decreased to 5 sec so that the experiment pack- 
age was released just after the igniter wire was turned off. 
two tests with this delay time showed even more drastic flame disturbances. 
For the remaining tests the delay time was shortened to 3 sec, which was 
determined to be the minimum delay time based on the normal-gravity tests. 
For each material in normal gravity, it took 3 sec to achieve a uniform com- 
bustion of the sample even though the igniter remained on for 5 sec. lhe 
tests performed with this delay time did show greatly reduced flame disturb- 
ances from residual gas flows. 

In an attempt to reduce these residual gas 

The subsequent 

len low-gravity experiments were performed with the four 
the three normal-gravity ignition delay times. The test cond 
ten tests are listed in table I .  Eight of the ten tests were 
remaining two tests extinguished on entering low gravity beca 
wire lifted off the surface of the sample. 

materials and 
tions for the 
successful; the 
se the ignitor 

The only data recorded during these tests were color motion pictures of 
the flames from ignition to just after impact of the experiment package. 
While the results are therefore qualitative in nature, some important conclu- 
sions may be derived from the tests. A composite film of the test rerults is 
available from the NASA Lewis Research Center (Film Serial MPD 1678).  

RE S U L'I S 

All the materials burned for the full 5.18 sec of low-gravity test time. 
O f  the four materials tested with the 10-sec delay, the Nomex pile (test 1) 
had the least vigorous burning characteristics. Near the end of the 5 sec of 
low-gravity the Nomex pile flame had dimmed to a very faint small blue flame 
with intermittent flashes o f  yellow. Since this demonstrated that the Nomex 
pile is the slowest burning and potentially the least hazardous of the four 
materials, the remaining tests were confined to the other materials. 
Nomex hook flames (test 2) were roughly twice as large and much sootier than 
the Nomex pile flames and also appeared to be growing brighter and larger near 
the end of the test time. 

The 

Both of the nylon materials showed much more energetic burning character- 
istics than the Nomex materials. The nylon pile (test 3 )  had large bright 
flamelets emerging from the flame zone, and the flames were strongly affected 
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by eddy gas mot ions r e s u l t i n g  from t h e  n o r m a l - g r a v i t y  i g n i t i o n .  
hook combust ion ( t e s t  4 )  behaved i n  a s i m i l a r  way, and two b u r n i n g  d r o p l e t s  o f  
mo l ten  m a t e r i a l  were observed being e j e c t e d  f r o m  t h e  f lame zone as a r e s u l t  o f  
t hese  f l a m e l e t s .  
p i l e ,  an o b s e r v a t i o n  a l s o  made f o r t h e  Nomex m a t e r i a l s .  

The n y l o n  

The n y l o n  hook combustion was much s o o t i e r  t han  t h e  n y l o n  

Because t h e  n y l o n  m a t e r i a l s  were v e r y  d i s t u r b e d  by eddy gas mot ions 
caused by t h e  n o r m a l - g r a v i t y  i g n i t i o n ,  t hese  m a t e r i a l s  were t e s t e d  aga in  w i t h  
a d e l a y  t i m e  o f  5 sec i n  an at tempt  t o  reduce t h e  buoyancy-induced gas f l o w s  
( t e s t s  5 and 6 ) .  Reducing t h e  delay t ime ,  i n s t e a d  o f  subduing t h e  f l o w ,  had 
t h e  o p p o s i t e  a f f e c t .  A g r e a t e r  q u a n t i t y  o f  f u e l  vapor was seen t o  f l o w  f r o m  
t h e  f u e l  su r face ,  caus ing t h e  f lame t o  s w e l l  t o  a much l a r g e r  s i z e  than  i n  t h e  
p r e v i o u s  t e s t s .  It appeared t h a t  the i nc reased  f lame s i z e  was caused by t h e  
e l i m i n a t i o n  o f  5 sec o f  no rma l -g rav i t y  c o n v e c t i v e  c o o l i n g  o f  t h e  i g n i t e r  w i r e  
a f t e r  i t  was de-energized. 
sample t o  vapor i ze  d u r i n g  t h e  e a r l y  p a r t  o f  t h e  exper iment.  
however, d i d  n o t  appear u n t i l  l a t e  i n  t h e  t e s t  t ime ,  and t h e y  were n o t  as 
l a r g e  o r  as f r e q u e n t  as t h e y  were w i t h  t h e  10-sec d e l a y  t ime .  It i s  though t  
t h a t  t h e  s h o r t e r  n o r m a l - g r a v i t y  burn t i m e  reduced t h e  amount o f  mo l ten  mater-  
i a l  a v a i l a b l e  as t h e  f lames went i n t o  low g r a v i t y .  Again, t h e  hook was much 
s o o t i e r  t h a n  t h e  p i l e .  

l h e  very h o t  i g n i t o r  w i r e  caused much o f  t h e  
The f l a m e l e t s ,  

l h e  remain ing t e s t s  were performed w i t h  a 3-sec delay.  Th is  d e l a y  t i m e  
showed some f lame s i z e  i nc rease  b u t  t o  a much s m a l l e r  degree than  was t h e  case 
f o r  t h e  5-sec d e l a y  because t h e  f lame was o n l y  p r e s e n t  i n  normal g r a v i t y  f o r  a 
ve ry  s h o r t  t ime .  
h e a t i n g  and i g n i t i o n  o f  t h e  sample. l h e  t e s t  o f  n y l o n  p i l e  was performed 
t w i c e  ( t e s t s  9a and 9b) b u t  i n  bo th  i ns tances  t h e  i g n i t e r  w i r e  l i f t e d  o f f  t h e  
sample s u r f a c e  on e n t e r i n g  low g r a v i t y  and caused t h e  sample t o  quench. Fo r  
t h e  n y l o n  hook t e s t  7 t h e  w i r e  p a r t i a l l y  l i f t e d  o f f  t h e  sur face,  c a r r y i n g  a 
smal l  p i e c e  o f  sample w i t h  i t .  l h a t  smal l  b u r n i n g  b i t  o f  m a t e r i a l  d r i f t e d  
s l o w l y  away f rom t h e  w i r e  and broke i n t o  s m a l l e r  fragments b e f o r e  b u r n i n g  
comp le te l y .  

Thus, most o f  t h e  i g n i t o r  w i r e  h e a t i n q  went i n t o  t h e  p r e -  

The t e s t  o f  n y l o n  hook tape  w i t h  a 3-sec d e l a y  was much l e s s  d i s t u r b e d  by 
gas f l o w s  around t h e  sample than  the p r e v i o u s  t e s t s .  
r a d i c ;  t h a t  i s ,  f u e l  vapors coming f rom t h e  f u e l  su r face  would d i f f u s e  away 
f r o m  t h e  s u r f a c e  and then  i g n i t e  i n t o  a moving f lame f r o n t .  Each f lame f r o n t  
l a s t e d  approx ima te l y  0.5 sec and propagated 2 o r  3 cm b e f o r e  e x t i n g u i s h i n g .  A 
s h o r t  t i m e  l a t e r  ano the r  f lame f r o n t  would propagate i n  a d i f f e r e n t  d i r e c t i o n .  

The f lames were spo -  

l e s t  7 o f  t h e  Nomex hook tape was o f  p a r t i c u l a r  i n t e r e s t  because i n  t h i s  
t e s t  no r e s i d u a l  gas movements were observed. I he  f lame propagated above t h e  
sample as a s i n g l e  hemispher ica l  f r o n t .  l h i s  t e s t  t hus  b e s t  rep resen ts  a 
z e r o - g r a v i t y  f lame i n  a comp le te l y  qu iescen t  environment.  
gated f o r  a lmost  3 sec a t  approx imate ly  1.5 cm/sec. l h e  f lame f r o n t  t hen  
faded f rom orange t o  red  and then disappeared f rom view. There was, however, 
a con t inued  low l e v e l  o f  combustion a t  t h e  f u e l  su r face  g e n e r a t i n g  f u e l  
vapors.  When t h e  c o n c e n t r a t i o n  of  f u e l  and o x i d i z e r  a t  t h e  l a s t  v i s i b l e  
p o s i t i o n  o f  t h e  hemispher i ca l  f lame f r o n t  reached t h e  f l a m m a b i l i t y  l i m i t ,  a 
t h i n  f lame f r o n t  o u t l i n e d  t h a t  hemisphere again.  
r a t e  o f  f lame f r o n t  p ropaga t ion  was c o n t r o l l e d  by t h e  r a t e  o f  d i f f u s i o n  o f  
f u e l  and/or o x i d i z e r  t o  t h a t  reg ion.  

l h e  f lame propa- 

l h u s ,  i t  appeared t h a t  t h e  
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DISCUSSION 

The f lame i n t e n s i t y  and shape a t  any t i m e  d u r i n g  t h e s e  t e s t s  was most 
s t r o n g l y  i n f l u e n c e d  by t h e  d i r e c t i o n  and s t r e n g t h  of t h e  r e s i d u a l  buoyancy- 
induced gas movements. The development o f  t h e  hemispher i ca l  f lame f r o n t  i n  
t h e  absence o f  r e s i d u a l  gas movements i s  shown i n  f i g u r e  5 f r o m  t e s t  8 w i t h  
Nomex hook tape .  
sample edge-on i s  a t  t h e  cen te r ,  w i t h  two m i r r o r  v iews a t  t h e  l e f t  and bottom. 
I n  c o n t r a s t ,  f i g u r e  6 shows t h e  same Nomex hook m a t e r i a l  i n  t e s t  2, where t h e  
l o n g e r  i g n i t i o n  de lay  t i m e  i n  n o r m a l - g r a v i t y  promoted r e s i d u a l  gas movements. 
Again t h e  d i r e c t  edge-on v iew i s  i n  t h e  c e n t e r  and t h e  s i n g l e  m i r r o r  v iew i s  
a t  t h e  l e f t .  The f l o w  p a s t  t h e  sample caused t h e  f lame t o  i n t e n s i f y  a t  t h e  
p o i n t  where t h e  f l o w  f i r s t  con tac ted  t h e  b u r n i n g  sample. 
v e l o c i t i e s  were est imated where p o s s i b l e  by  t r a c k i n g  g l o w i n g  s o o t  p a r t i c l e s  
b e i n g  c a r r i e d  along i n  t h e  f l o w .  
1 2  cm/sec. 

In t h i s  s e r i e s  o f  s t i l l  photographs t h e  d i r e c t  v iew o f  t h e  

The r e s i d u a l  gas 

The measured v e l o c i t i e s  were f rom 5 t o  

Fo r  t h e  t e s t s  w i t h  ny lon ,  b o i l i n g  t h e  n y l o n  sample was s t i m u l a t e d  by t h e  
r e s i d u a l  gas f l o w .  The gaseous n y l o n  bubbles i g n i t e d  as t h e y  l e f t  t h e  s u r f a c e  
and appeared as f l a m e l e t s ,  which would s p u r t  o u t  f r o m  t h e  f lame zone. I n  a 
few i n s t a n c e s  these e r u p t i o n s  b roke  o f f  a smal l  d r o p l e t  o f  t h e  l i q u i d  f u e l ,  
which then  separated f rom t h e  f lame zone a t  h i g h  v e l o c i t i e s .  F i g u r e  7 f r o m  
t e s t  4 shows a s e r i e s  o f  photographs of n y l o n  hook b u r n i n g  i n  low g r a v i t y  
under  t h e  i n f l u e n c e  o f  s t r o n g  r e s i d u a l  gas f l o w s .  A l i q u i d  d r o p l e t  i s  shown 
e j e c t i n g  f r o m  t h e  f u e l  s u r f a c e  i n  f i g u r e  7 ( c ) .  A l though t h e  v e l o c i t i e s  were 
d i f f i c u l t  t o  measure because o f  t h e  three-d imensional  t r a j e c t o r i e s  o f  t h e  
d r o p l e t s ,  a l l  v e l o c i t i e s  were h i g h e r  than  30 cm/sec. 1-hese d r o p l e t s  con t inued  
t o  bu rn  v i g o r o u s l y  u n t i l  t h e  f u e l  was comp le te l y  consumed. 
because o f  t h e  h igh  e j e c t i o n  v e l o c i t i e s  observed, t h a t  l a r g e r  d r o p l e t s  c o u l d  
t r a v e l  v e r y  f a r  f rom t h e i r  source b e f o r e  be ing  consumed. 

It i s  p o s s i b l e ,  

l h e  b o i l i n g  phenomenon observed w i t h  t h e  n y l o n  m a t e r i a l s  i s  s i m i l a r  t o  
t h a t  observed by Kashiwagi ( r e f .  10) i n  PMMA and PE samples. I n  h i s  e x p e r i -  
ments he no ted  t h a t  bubbles b u r s t  t h rough  t h e  h i g h l y  v i scous  me l ted  polymer 
v e r y  v i o l e n t l y  and f r e q u e n t l y  caused vapor j e t s  t o  extend a few cen t ime te rs  
o u t  f rom t h e  me l t  s u r f a c e .  l h e s e  j e t s  o f  gaseous f u e l  a l s o  th rew mo l ten  
m a t e r i a l  i n t o  the  gas phase. He concluded t h a t  t h e  bubbles comprised a sub-  
s t a n t i a l  mechanism o f  mass t r a n s p o r t  f rom t h e  s o l i d  i n t o  t h e  gas phase. 
A d d i t i o n a l l y ,  he noted t h a t  i n c r e a s i n g  t h e  oxygen c o n c e n t r a t i o n  o f  t h e  s u r -  
round ing  atmosphere s i g n i f i c a n t l y  reduced t h e  m e l t  v i s c o s i t y  near  t h e  su r face ,  
which enhanced the  bubble t r a n s p o r t .  

?he n y l o n  p i l e  m a t e r i a l  burned l e s s  v i g o r o u s l y  t h a n  t h e  n y l o n  hook m a t e r -  
i a l  and formed less soot .  l h e s e  tendencies a r e  most l i k e l y  due t o  t h e  d i f f e r -  
e n t  c o n f i g u r a t i o n s  o f  t h e  two m a t e r i a l s .  The p i l e  i s  i n  t h e  fo rm of ve ry  f i n e  
f i b e r s  which a re  packed ve ry  t i g h t l y  t o g e t h e r ,  whereas t h e  hook i s  i n  t h e  f o r m  
o f  much t h i c k e r  and more w i d e l y  spaced b r i s t l e s .  
t h e  l e s s  homogenous f u e l  and o x i d a n t  environment i n  t h e  hook c o n f i g u r a t i o n  
promotes more r a p i d  m i x i n g  w h i l e  c r e a t i n g  nonuni form f u e l - r i c h  and f u e l - l e a n  
zones. 
same t i m e  promot ing s o o t  p r o d u c t i o n  i n  t h e  f u e l - r i c h  zones. 

It can be speculated t h a t  

l h i s  can a l l o w  increased m i x i n g  and more v igo rous  b u r n i n g  w h i l e  a t  t h e  

Only t h e  nylon-based m a t e r i a l s  showed a tendency t o  b o i l  and t o  e j e c t  
m a t e r i a l .  The Nomex p i l e ,  which i s  t h e  o n l y  one of  t h e  f o u r  m a t e r i a l s  t e s t e d  
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made comp le te l y  of Nomex, d i d  n o t  show any f l a m e l e t s  a t  i t s  l e a d i n g  edge. The 
Nomex m a t e r i a l  formed a c h a r  as i t  burned r a t h e r  than  a m e l t ,  a f u r t h e r  i n d i -  
c a t i o n  t h a t  t h e  f l a m e l e t s  observed w i t h  t h e  n y l o n  a r e  caused by b o i l i n g  t h e  
me l ted  n y l o n .  l h e  Nomex hook d i d  have f l a m e l e t s  a t  t h e  l e a d i n g  edge o f  t h e  
m a t e r i a l ,  because t h e  hooks o f  t h e  Nomex hook sample were a c t u a l l y  made o f  
ny lon ,  b u t  t hese  f l a m e l e t s  were sma l le r  t han  those  observed w i t h  t h e  m a t e r i a l s  
made comp le te l y  o f  n y l o n .  Th is  may be due t o  t h e  c o m b u s t i o n - i n h i b i t i n g  e f f e c t  
o f  t h e  Nomex base. 

These s t u d i e s  i n d i c a t e d  t h a t  t he  Nomex m a t e r i a l  i s  c l e a r l y  s u p e r i o r  t o  
n y l o n  w i t h  r e s p e c t  t o  f i r e  s a f e t y .  Furthermore, t h e  s t u d i e s  a l s o  showed t h a t  
t h e  r e l a t i v e l y  s low f lame propagat ion i n  low g r a v i t y  does n o t  n e c e s s a r i l y  
p r o v i d e  a s a f e t y  f a c t o r  f o r  f l a m m a b i l i t y  hazard assessments made f r o m  normal-  
g r a v i t y  t e s t s .  F i r s t ,  a i r  c i r c u l a t i o n  i n  i n h a b i t e d  s p a c e c r a f t  modules can 
supp ly  f r e s h  o x i d i z e r  t o  t h e  f l ame as w e l l  as remove t h e  p roduc ts  o f  combus- 
t i o n .  The v e l o c i t i e s  o f  t h e  a i r  mot ions on t h e  i n h a b i t e d  s p a c e c r a f t  a r e  
t y p i c a l l y  8 t o  20 cm/sec ( r e f .  11). These a i r  c u r r e n t s  a r e  as g r e a t  o r  
g r e a t e r  t h a n  t h e  r e s i d u a l  gas movements i n  these  t e s t s  which were observed t o  
i n t e n s i f y  and spread t h e  f lames. Second, f l ame p ropaga t ion  by mass t r a n s f e r  
o f  b u r n i n g  m a t e r i a l ,  as evidenced by t h e  n y l o n  t e s t s ,  poses a d i s t i n c t  hazard 
i n  low g r a v i t y .  

CONCLUDlNG REMARKS 

An exper imen ta l  program was conducted t o  i n v e s t i g a t e  t h e  l o w - g r a v i t y  
b u r n i n g  c h a r a c t e r i s t i c s  o f  n y l o n  and Nomex V e l c r o  f a s t e n i n g  t a p e  i n  an atmo- 
sphere o f  30-percent oxygen, 70-percent n i t r o g e n  a t  a 70-kPa p ressu re  u s i n g  
t h e  NASA Lewis Research Center  Zero G r a v i t y  F a c i l i t y .  The f o u r  m a t e r i a l  
sample t ypes  were Nomex hook and p i l e  and n y l o n  hook and p i l e .  l h e  o t h e r  
parameter v a r i e d  was t h e  l e n g t h  o f  t he  i g n i t i o n  i n d u c t i o n  p e r i o d  b e f o r e  t h e  
l o w - g r a v i t y  t e s t  was i n i t i a t e d .  

It was observed t h a t  a l l  t h e  m a t e r i a l s  t e s t e d  burned f o r  t h e  f u l l  5 sec 
o f  low g r a v i t y .  Nomex p i l e  appeared t o  be t h e  l e a s t  f lammable m a t e r i a l  
because t h e  f lames were weakening near t h e  end o f  t h e  t e s t .  l h e  Nomex hook, 
a l t h o u g h  p a r t i a l l y  c o n s t r u c t e d  of  nylon, a l s o  showed a reduced f l a m m a b i l i t y .  
l h e  n y l o n  m a t e r i a l s  i n  t h r e e  o f  seven t e s t s  were observed t o  e j e c t  b u r n i n g  
m a t e r i a l  away from t h e  f u e l  source. I n  two ins tances  these  b u r n i n g  d r o p l e t s  
had a s u b s t a n t i a l  v e l o c i t y  which, had t h e y  n o t  been sma l l  and thus  s h o r t -  
l i v e d ,  would have c a r r i e d  them f a r  from t h e  f u e l  source. 

Gas f l o w  around t h e  b u r n i n g  m a t e r i a l  ve ry  s t r o n g l y  i n f l u e n c e d  t h e  n a t u r e  
o f  t h e  combustion. Fo r  those  t e s t s  where gas f l o w  was v e r y  weak, t h e  f lames 
were c o r r e s p o n d i n g l y  weaker. The gas f l o w s  were t h e  p r i m a r y  source o f  t h e  
v e r y  v igo rous  combustion a t  t h e  l ead ing  edge o f  t h e  f l ame f rom which t h e  
b u r n i n g  d r o p l e t s  o r i g i n a t e d .  

l h u s ,  t h e  t e s t s  i n d i c a t e d  t h a t ,  q u a l i t a t i v e l y ,  Nomex V e l c r o  i s  a l e s s  
hazardous m a t e r i a l  t han  n y l o n  Ve lc ro  f o r  use i n  s p a c e c r a f t .  The t e s t s  a l s o  
showed t h a t  t h e  g e n e r a l l y  s low l o w - g r a v i t y  f lame p ropaga t ion  can be enhanced 
by r e s i d u a l  gas f l o w s  and by mass t r a n s f e r  f rom t h e  b u r n i n g  m a t e r i a l s .  Fu r -  
t h e r  research  on t h e  e f f e c t  o f  spacec ra f t  a i r  c i r c u l a t i o n  on s o l i d  m a t e r i a l  
f l a m m a b i l i t y  i s  needed. 
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TABLE I .  - SUMMARY OF LOW-GRAVITY 
COMBUSTION TESTS 

T e s t  

1 
2 
3 
4 

5 
6 

7 
8 

a9a 
a9b 

Mat e r i  a 1 

Nomex p i l e  
Nornex hook 
Nylon p i l e  
Nylon hook 

Nylon p i l e  
Nylon hook 

Nylon hook 
Nomex hook 

Nylon p i l e  
Nylon p i l e  

aUns ucces s f  u 1 

ED-IO&-lI 

FIGURE 1. - CUTAWAY OF NASA LEWIS RESEARCH CENTER ZERO GRAVITY 
FACILITY.  

Delay  
t i m e ,  

sec 

10 
10 
10 
10 

5 
5 

3 
3 

3 
3 

FIGURE 2 .  - DROP PACKAGE WITH EXPERIMENT CHAMBER. 
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FIGURE 3.  - VELCRO SAMPLE HOLDER. 

F IGURE 4. - VELCRO TAPE COMPONETS. 
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(A )  TIME, t, 0 . 6 6  SEC. (B) TINE, 1. 0.86 SEC. 

(C)  TIME. t. 1 . 0 6  SEC. 

# 

(E) TIME, t .  1 . 4 6  S E C .  

(D) TIME. t. 1 .26  SEC. 

(F) TIME. 1 ,  1 . 6 6  SEC. 

FIGURE 5. - NOMEX HOOK DURJNG TEST 8 DEVELOPING AS HEMISPHERICAL FLAME I N  ABSENCE OF RESIDUAL GAS. 
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OF POOR QUALITY 

(A)  T1ME.t. 0.56 S E C .  ( B )  TIME. t. 0.93 SEC 

(C) TIME. t. 1.60 S E C .  (D) TIME. t, 1 . 8 4  S E C .  

(E)  TIME, t, 2.29 SEC. (F) TIME, t. 3.01 S E C .  

FIGURE 6. - NOMEX HOOK DURING TEST 2 DEVELOPING NONSYMMETRICALLY DUE TO RESIDUAL GAS FLOWS AROUND THE SAMPLE. 
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( A )  TIME. t. 4.99 SEC. (B) TIME, t. 5.00 SEC. 

(C) TIME, t. 5.01 SEC (D) TIME. t, 5.02 SEC. 

(E)  TIME. t. 5.03 S E C .  (F )  TIME. t .  5.04 S E C .  

FIGURE 7. - NYLON HOOK DURING TEST 4 EJECTING A BURNING DROPLET OF MOLTEN NYLON. 

13 . 
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