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ABSTRACT 

The comparison of a tmospheres  for  f ire prevention given in NASA CR-891 
repor ted  the initial work completed for this project  (ref.  1). 
specimens were  selected and new t e s t  da ta  presented in the re ference ,  
which helped to evaluate the re la t ive  effect of a tmosphere  composition on 
burning rate and ignition phenomena. 
completed that p e r m i t  a bet ter  understanding of the effects of null gravity,  
elevated gravity (up to 5 g ' s ) ,  and ventilation r a t e  on a tmosphere  selection 
f r o m  a f i r e  prevention standpoint. An analytical  cor re la t ion  was completed 
and an equation presented for extrapolating t e s t  data  f r o m  one gravity level 
to another for the cotton cloth specimen tested.  
to  obtain the null-gravity data  and a 10-ft rad ius  centrifuge was used to obtain 
controlled elevated-gravity data.  
a r e  considered representa t ive  of those that could be encountered during 
vehicle ground checkout, launch, entry,  and spaceflight. Additionally, new 
data  w e r e  obtained to pe rmi t  (1) the comparison of neon diluent f r o m  a f i r e  
prevention aspect  to hel ium and nitrogen, ( 2 )  the evaluation of the p re -  
ignition and post-ignition decomposition products of the t e s t  specimen for 
application to f i r e  detection, and ( 3 )  the evaluation of the potential of iner t  
gaseous nitrogen and hel ium for their  individual fir e extinguishing capability. 

Baseline t e s t  

The effort was continued and tes t s  w e r e  

A KC-135  a i r c ra f t  was used  

The spec t rum of gravity levels evaluated 
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INTRODU 'C TION 

A vehicle designer  normal ly  se lec ts  the cabin a tmospher ic  composition and 
p r e s s u r e  level  based on e i ther  one o r  a combination of design requirements  
that  involve human physiology, low-weight penalty, f ire prevention, cost ,  
hardware  availability, and compatibility requi rements  imposed by other  vehicle 
sys tems.  NASA CR 891 ( re f  l ) ,  p resents  analysis and new t e s t  data that can 
be used to evaluate some  of the engineering trade-offs required in a tmosphere 
selection. The subjects included in the above NASA repor t  a r e  

(1) Comfort  zone 

( 2 )  Leakage 

(3)  Airlock s y s t e m  

(4) Atmospheric  supply 

(5) The effect of a tmosphere  selection on component heat  and m a s s  t r a n s -  
f e r  as  well  as life support  s y s t e m  penalty 

( 6 )  F i r e  prevention. 

New f i r e  prevention t e s t  data  were  required and obtained to augment that p r e -  
viously reported.  It was not the principal purpose of this study to evaluate 
ma te r i a l s  but to f i l l  in gaps where information was  required to  help determine 
the relative effects of a tmosphere  composition, p r e s s u r e  level, ventilation 
ra te ,  and gravi ty  level  on f lame propagation r a t e  and ignition phenomena. 
Additionally, ma te r i a l  decomposition products w e r e  analyzed for  possible f i r e  
detector  application, and nitrogen and hel ium w e r e  each  evaluated for  f i r e  put- 
out capability. 
sections entitled the following: 

Resul ts  of t e s t s  and supporting da ta  a r e  presented in the 

(1)  S u m m a r y  

( 2 )  T e s t  P rocedures  

( 3 )  Effects of Atmosphere Composition and Gravity Level on Ignition 

(4) Effects of Atmosphere Composition and Gravi ty  on Burning Rate 

(5) Conclus ions. 
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Section 1 

SUMMARY 

Pre l imina ry  s tudies  of f lame propagation in  var ious typical spacecraf t  
a tmospheres  w e r e  per formed under Contract  NASw-1371 and reported in ref.  1. 
These studies w e r e  per formed on s tandardized t e s t  specimens consisting of 
cotton cloth s t r i p s ,  insulated wi re s ,  and w i r e  bundles. Data included flame 
propagation r a t e s ,  ignition t empera tu res ,  and ignition t imes  under standardized 
conditions. Various a tmospher ic  compositions that w e r e  tes ted included pure  
oxygen, oxygen-helium, and oxygen-nitrogen. Most of the data were  taken a t  
l g  but some p re l imina ry  5-  to 8 - s e c  null-gravity tests w e r e  per formed i n  
an Aero Commander type a i r c ra f t .  

During the reported t e s t s ,  additional data on f lame propagation w e r e  obtained 
to provide a be t te r  understanding of the problem. Tes t s  were  continued using 
cotton cloth s t r i p s ,  insulated wi re s ,  and w i r e  bundles that  were  used previously. 
In addition to helium and nitrogen a s  diluents,  neon-oxygen atmospheres  were  
tes ted.  
and a t  accelerat ions of 3g and 5g on a centrifuge. 
between f r e e  and forced convection. 
chemical  analyses  w e r e  conducted to de te rmine  the decomposition products 
produced by combustion of the cotton cloth s t r i p s ,  and a method was devised 
fo r  extinguishing f i r e s  in an oxygen a tmosphere  with gaseous hel ium o r  
nitrogen. 

Data w e r e  obtained in null gravi ty  for  15 to 20 s e c  in a K C - 1 3 5  a i r c r a f t  
Comparisons were  also made 

In addition to t e s t s  on f lame propagation, 

The resu l t s  of these  tes t ing p rograms  may be summar ized  a s  follows: 

(1) The ignition t empera tu re  i s  essent ia l ly  independent of the amount 
and naturb of a tmosphere  diluent but i s  dependent on oxygen par t ia l  
p r e s  s u r e  and ma te r i a l  type. For example,  the ignition tempera ture  
was lowered f r o m  63OOC at 3 .5-ps ia  oxygen pa r t i a l  p r e s s u r e  to 55OoC 
a t  5 -ps ia  pure  oxygen for a cotton cloth specimen.  
that  minimum ignition t empera tu re  was affected v e r y  l i t t le  by gravi ty  
and forced ventilation. F o r  cotton cloth, the ignition t empera tu re  
was 650°C f 2OoC fo r  a l l  total  p r e s s u r e s  f r o m  5 ps ia  to 14. 7 ps ia  
with a 3 .5 -ps i a  oxygen par t ia l  p r e s s u r e  in  both the nitrogen-oxygen 
and helium-oxygen mixtures .  
would be advisable to inc rease  ignition t empera tu re  by lowering the 
oxygen par t ia l  p r e s s u r e  to a minimum. 

Tes ts  indicated 

F r o m  a f i r e  prevention standpoint it 

( 2 )  Ignition energy requi rements  w e r e  g rea t e r  in a tmospheres  with 
increas ing  hel ium pa r t i a l  p r e s s u r e s  and constant oxygen par t ia l  p r e s  - 
s u r e s ,  but w e r e  not mater ia l ly  changed in  nitrogen-oxygen mixtures  
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when nitrogen pa r t i a l  p r e s s u r e s  were  var ied.  
the varying the rma l  conductivity of the mixture  and indicates i nc reas -  
ing the rma l  l o s s e s  f r o m  the igni ter  as  the hel ium concentration 
inc reases .  

This co r re l a t e s  with 

(3)  The addition of 1 .5 -ps i a  nitrogen to 3. 5 -ps ia  pure oxygen had only a 
minor  effect in reducing the sp read  of f i r e .  
s u r e  of nitrogen was increased  to 3 .  5 ps ia  did a sizable reduction in 
the burning r a t e  occur .  This  a g r e e s  with the t e s t s  by Klein ( r e f .  2 )  which 
also indicated that  the f i r s t  addition of a diluent had only a minor  effect 
on the react ion r a t e  a s  compared with the burning r a t e  in  pu re  oxygen. 

Not until  the par t ia l  p r e s -  

(4) In null gravity,  the burning r a t e  was close to z e r o  for  mos t  of the 
a tmospheres  tes ted.  
no rma l  a i r  a s  an atmosphere.  
p resented  in  Table I below. 

Self-extinguishment did occur  in one t e s t  with 
Typical null-gravity burning r a t e s  a r e  

(5 )  Burning r a t e s  in z e r o  g a r e  v e r y  low because oxygen i s  supplied to the 
f lame only by diffusion. 
extinguished i tself  in null gravi ty  when no forced  convection was p re -  
sent.  
gravi ty  when no convection was present .  
collected around the char  f ront  and formed a spher ica l  f lame. 
f i r e  dec reased  in intensity and, in  one tes t ,  extinguished. Extraneous 

Tes t s  indicated that  a f i r e  in  normal  a i r  

Char propagation fo r  the cotton cloth was also v e r y  slow in null 
Gases  result ing f r o m  the  f i r e  

The 

Table I 

BURNING RATES O F  COTTON CLOTH STRIPS AT NULL GRAVITY 

Total P r e s s u r e  

3 .  5 ps ia  

5 . 0  ps ia  

7 . 0  

14.7 ps ia  

Composition 

100% o2 

100% o2 

5070 02, 50% He 

Normal  Air 

Burning Rate,  in. / s e c  

0 . 0 3 9  

Not measu red  because burning 
was not in s t ra ight  l ine 

0 . 0 8 1  

0.043 

0.052 

0 .046  

Self- extinguishing 
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accelerat ions frequently c rea ted  enough momentary  convection to 
cause  the  accumulated mass of gases  to burn up. This was mos t  
pronounced during the null-gravity experiments  with pur e oxygen. 

( 6 )  The increased  f r e e  convection c rea ted  by higher gravity level 
accelerated the burning r a t e  of the cotton cloth specimens.  
i nc rease  between 3 and 5g was much l e s s  than that between 1 and 3g. 
There  appeared to be l i t t le  difference,  f r o m  a burning r a t e  standpoint 
among the selected atmospheric  composition for a null-gravity con- 
dition if no convection is present .  However, the higher convection 
r a t e s  that  could be c rea ted  by the thermal control  sys tem,  produced 
during ground checkout a s  well  a s  during high-g launch or  entry con- 
ditions, mus t  be considered in the materials selection p rogram.  
These considerations also apply when selecting the atmospheric  
composition and procedures  used  during different miss ion  phases.  
is recommended that forced ventilation be used  to  s imulate  f r e e  
convection for elevated-g conditions in  ma te r i a l s  tes t s .  A 75-fpm 
forced convection r a t e  i s  a good design value for testing mos t  
ma te r i a l s  that  a r e  considered to be f lammable.  

The 

It 

(7)  New burning rate t e s t  data  w e r e  obtained for neon-oxygen atmospheric  
mixtures .  The neon-oxygen t e s t  points for 5 ps ia ,  7 psia ,  with 
3. 5-psia  oxygen p r e s s u r e  fe l l  in between the values for nitrogen- 
oxygen and helium-oxygen, as would be expected based on relat ive 
gas  the rma l  conductivity. 
in pure oxygen at 5 psia  was nearly 5 t imes  that of air at 14. 7 psia.  
At 5-ps ia  total  p r e s s u r e  with 3. 5 -ps ia  oxygen par t ia l  p re s su re ,  the 
ra t io  was reduced to 4. 5 for helium-oxygen, 3 .  9 for neon-oxygen, and 
3. 7 for nitrogen-oxygen. At  7-  psia  total  p r e s s u r e s ,  the ra t ios  
became 3 . 4  for H e / 0 2 ,  3 .0  for Ne /02 ,  and 2. 5 for  N 2 / 0 2 .  

The burning r a t e  of cotton cloth specimens 

(8) Overloaded e lec t r ica l  w i re s  took the longest to smoke and/or  burn 
through in helium-oxygen mixtures ,  as compared to nitrogen-oxygen 
and neon-oxygen mixtures .  Shortest  t imes  w e r e  observed in p u r e  
oxygen. 

(9 )  Effects of diluents (helium, neon and nitrogen) o r  smoking and burri- 
through t ime  of overloaded wi re s  w e r e  magnified when the wi re s  
w e r e  bundled. 

(10) The decomposition products of cotton cloth other than H20, C02 ,  and 
CO w e r e  low molecular  weight aldehydes, organic  acids ,  and benze- 
noid r ing compounds. These compounds were  produced in quantities 
la rge  enough to be detected by seve ra l  s enso r s .  
in f ra red  sensor  can potentially detect  these  and all hydrocarbons by 
sensing for  the carbon-hydrogen bond and the carbon-carbon double 
bond. 
for degradation products adaptable to rapid f i r e  detection unit design. 

Nitrogen o r  hel ium diluent will potentially be aboard mos t  long- 
duration miss ion  spacecraf t  as p a r t  of the a tmospher ic  supply sys tem.  

A two-wavelength 

The ma te r i a l s  fo r  each par t icular  spacecraf t  mus t  be analyzed 

( 1  1) 
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Therefore ,  gaseous nitrogen or  hel ium w e r e  individually evaluated 
for  putting out a sma l l  cotton cloth f i r e .  
after the f lame was suppressed.  It i s  recommended that additional 
t e s t s  be completed with a broader  range  of ma te r i a l s ,  using ine r t  
diluent for extinguishing small f i r e s .  Additionally, a combination of 
gaseous ine r t  diluents followed by minimal  water  spray  for quenching 
should be evaluated. Liquid nitrogen may be good for suppressing 
the f lame and quenching the f i r e  for  absolute put-out and should be 
evaluated . 

The cloth samples  smoked 

Recommendations 

The duration of t r u e  ze ro  gravity was intermit tent  during the KC-135 flights, 
yielding typically spans of 3 to 5 sec .  
tion z e r o  g to confirm the data  and conclusions of the KC-135 testing. The 
following a r e a s  a r e  of fundamental importance to the safety of manned space 
operations and should be investigated in sub-orbi ta l  o r  Earth-orbi ta l  flight: 

Tes t s  are requi red  i n  muchlonger  du ra -  

Ignition, ignition flash, combus tion, and self-  extinguishment of 
var ious ma te r i a l s ,  with and without forced convection. 

Correlat ion of spher ica l  f lame growth and self-  extinguishment to 
a tmospher ic  composition and m a t e r i a l  type. 

Evaluation i f  var ious extinguishing techniques, par t icular ly  water  
and i n e r t  gas methods.  

Inf ra red  studies of the ze ro -g  flame envelope to  aid in the 
confirmation of mathematical  models.  

6 



Section 2 

TEST CONDITIONS AND PROCEDURES 

The effects of a tmospher ic  composition, a tmospher ic  p re s su re ,  ventilation 
r a t e  and gravity leve l  on burning r a t e  and ignition w e r e  evaluated. Addition- 
ally, t e s t  spec imen ma te r i a l  decomposition products  applicable for  possible  
f i r e  detection were  analyzed as well as the effectiveness of cabin a tmosphere  
supply ine r t  diluent a s  a f i r e  extinguishing agent. 

The t e s t  ma te r i a l s  and procedures  for determining the relat ive effect of cabin 
atmosphere selection on burning r a t e  and ignition tempera ture  w e r e  established 
and repor ted  in detail  in NASA CR-891 ( r e f .  1 ) .  The t e s t  conditions, t e s t  
equipment and procedures  previously repor ted  a r e  reviewed. 
apparatus  and procedures  a r e  a lso descr ibed.  

New t e s t  

Tes t  Specimen 

Cotton cloth and insulated wire  w e r e  selected to de te rmine  the effects of . 
a tmosphere  and gravity on ignition t ime and burning phenomena. 
used was Fl ight-Tex Grade A (MIL-C-5646C). 
x 8 in.  t rea ted  w i t h  f lame re t a rdan t  along the 8-in. edges to produce s t ra ight  
l ine burning. 
was measured  a s  the r a t e  of a f lame or  char propagation along the cloth. 
s h a r p  separat ion of the char  and the unburned cloth allowed for ease  of 
measu remen t  of the burning ra te .  

The cloth 
The cloth samples  w e r e  2 in. 

The samples  w e r e  ignited a c r o s s  one end and the burning r a t e  
The 

A s e r i e s  of t e s t s  was a l so  conducted to  de te rmine  the ignition and burning 
phenomena that could be expected f r o m  a single overloaded insulated wi re  
either alone o r  in a wi re  bundle. 
given in  re f .  1. 
that  would smoke and burn f ree ly  when overloaded. 
the observation and record ing  of differences existing between a tmospher ic  
compositions. The th ree  t e s t  w i r e s  used  for  pre l iminary  tes t ing were  
(1)  a 20-gage wi re  withwhite Teflon insulation, Douglas specification 7869679 
Class  A, nickel-plated Teflon wire ;  (2 )  a 20-gage wi re  with red  T F E  insula-  
tion produced by Hi Temp Wire G o . ,  Monrovia, California;  and (3) a 20-gage 
wire  insulated with c r o s s  -linked polyalkene and polyvinyledene flouride,  
produced by the Raychem Corp. 
of the insulation. In both ins tances ,  the insulation cur led ,  peeled off, and 
dropped to the bottom of the flask,  without any smoke formation. By contrast ,  
overloading the third wi re  resu l ted  f i r s t  in heavy smoke formation followed 
seconds l a t e r  by the burnthrough of the w i r e  i tself .  Since both phenomena 
w e r e  readi ly  reproducible,  this w i r e  was selected f o r  u se  for  future  tes ts .  

The insulated wi re  selection procedure  i s  

This  readi ly  permi t ted  
It was  n e c e s s a r y  to  se lec t  a w i re  insulation combination 

The f i r s t  two wi re s  tes ted showed no burning 
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The cotton cloth specimen was used throughout a l l  burning r a t e  t e s t s  to 
provide a comparison showing the re la t ive  effects of a tmosphere composition, 
a tmosphere p r e s s u r e ,  ventilation r a t e  and gravity level  on burning r a t e  and 
ignition phenomena. A single insulated wire  and an insulated wire  in a bundle 
configuration w e r e  selected and tes ted  in l g  to show the f i r e  re tardat ion 
effects of the different a tmosphere  mixtures  and compositions.  

Tes t  Conditions 

The t e s t s  were  conducted in a tmospheres  typical of those proposed for space-  
c ra f t  cabin usage.  
pure oxygen a t  3 .  5 ps ia  and 5 ps ia ,  and two gas  mixtures  of oxygen with a 
par t ia l  p r e s s u r e  of 3 .  5 added to e i ther  helium, neon o r  nitrogen diluent 
resul t ing in total  p r e s s u r e s  of 5, 7 ,  and 10 psia. 

Atmosphere compositions included no rma l  a i r  a t  14. 7 psia,  

The re la t ive  burning r a t e  t e s t s  using cotton cloth were  performed at null 
gravity,  l g ,  3g,  and 5g. The gravity levels  w e r e  selected a s  mos t  r e p r e -  
sentative of spaceflight, launch and entry conditions. 
conditions for which burning r a t e  data  was  obtained a r e  shown inTable 11. 

The spec t rum of t e s t  

Burning r a t e  measu remen t s  f?r the cotton cloth were  taken with forced venti- 
lat ion a t  50 fpm in null gravity and a t  l g .  
single w i r e  t e s t s  were  conducted at l g  with f r e e  convection only. The forced 
convection of 50 fpm was  del ivered f r o m  two posit ions.  One s e r i e s  of t e s t s  
had the airflow perpendicular to the cotton cloth specimen,  and the other 
para l le l  to the cotton cloth in  the direct ion of burning. 
cal ibrated to  del iver  50 fpm for  each sepa ra t e  a tmospher ic  composition and 
p r e s s u r e  level when located 6 in. away f r o m t h e  specimen.  

The insulated wi re  bundle and 

The blowers w e r e  

Tes t  Equipment 

Ignition t empera tu re  t e s t  apparatus .  - - Analysis  indicates  that  ignition 
t empera tu re  should be a unique number f o r  each m a t e r i a l  and atmospheric  
composition. Therefore ,  if the ignition t empera tu re  f o r  the test ma te r i a l  
is  known then this  p a r a m e t e r  can be s e t  f o r  the null-gravity flights, thus 
eliminating one ve ry  important  var iable .  Ignition t empera tu re  t e s t s  w e r e  
conducted using a 4-in. x 4. 5-in. x 1/4- in ,  thick copper hot plate and a 
4, 000-cu-ft-volume Space Cabin Simulator fo r  containing the atmospheric  
mixture  and g a s  p r e s s u r e  requi red  f o r  the tes t .  
F igu re  1. 

The t e s t  setup is  shown in 

Burning r a t e  t e s t  apparatus .  
r a t e  t e s t s  w e r e  placed in 72- l i te r  pyrex  f l a sks  to de te rmine  the 
effect  of a tmospheric  composition and p r e s s u r e  on ignition and burning. 

- -  The cotton cloth spec imens  for  burning 
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Figure  2 shows the t e s t  apparatus  for  cotton cloth tes t s .  
of the 72-l i ter  f l a sks  ensured  that the a tmospher ic  oxygen remained sub- 
stantially constant throughout the tes t .  

The l a rge  volume 

The tes t  apparatus  used in  testing the insulated wi re  specimen i s  i l lustrated 
in Figure 3.  A 12-in. length of w i re  was installed in the c i rcu i t  between the 
two low-res i s tance  copper t e rmina l s .  
of 1 . 0  to 1. 5V was used. The a tmospher ic  composition and p r e s s u r e  level 
conditions previously used for  cotton cloth t e s t s  w e r e  repeated for the wi re  
insulation tes t .  Nitrogen, helium, and neon were  used  as  diluents. The 
des i red  atmosphere was established within the bell jar af ter  placing the 
selected w i r e  in t e s t  posit ion,  as shown in F igure  3. The par t ia l  p r e s s u r e  of 
oxygen was kept constant a t  3 .  5 p s i a ,  while total  p r e s s u r e s  f r o m  4. 1 to 
14. 7 p s i a  w e r e  produced by the addition of helium, neon, or nitorgen. In the 
case  of pu re  oxygen, the requi red  amounts of oxygen w e r e  introduced into an 
evacuated bell  j a r .  The experiment  was then activated by applying 50A to the 
e lec t r ica l  wire .  
density and burnthrough had been repor ted .  

A constant c u r r e n t  of 50A a t  a voltage 

This input was maintained until t ime  readings of smoke 

The same  Raychem e lec t r i ca l  wi re  used for  the testing of individual w i re s  
was also used in the prepara t ion  of wi re  bundles. Each bundle consisted of 
seven wires ;  the cur ren t -car ry ing  wire  was 12 in. long, the other s ix  wi re s  
w e r e  1 / 8  in. sho r t e r  a t  each end. The cu r ren t  car ry ing  wire  was located a t  
the per iphery of the bundle r a the r  than i t s  center .  
ments  indicated that  the position in the bundle of the cu r ren t - ca r ry ing  wi re  
greatly affects the burning cha rac t e r i s t i c s  of the en t i re  unit. 
position was selected because it permit ted the g r e a t e s t  a r e a  contact with 
the atmosphere.  A l l  measu remen t s  taken during these  t e s t s  were  identical  
to the s ingle-wire  t e s t  procedure.  

A few exploratory experi-  

The per iphera l  

Null-gravity and elevated-gravity t e s t  equipment. - -  The various gravi ty  
levels were  achieved in  t h r e e  ways. One g was obtainable, of course ,  i n  
the laboratory.  Controlled gravi ty  levels 'of 2 to 5 g ' s  were  produced by a 
10-ft radius  centrifuge,  a s  shown i n  F igu re  4. 
flying Kepler ian t r a j ec to r i e s  of about 20 s e c  each in a KC-135 a i r c ra f t  a s  
shown in  F igure  5. The e leva ted  and null-gravity t e s t s  were  per formed to 
de te rmine  the relative burning r a t e  of the cotton cloth specimens i n  different 
a tmosphere compositions specified under  the design conditions. 
f lasks  w e r e  used  in  the tests. 

Null gravi ty  was achieved by 

The 72-l i ter  

F igure  6 shows the support  and the cotton cloth spec imen for  the null-gravity 
t e s t s .  
ends of the g r i d ' s  c r o s s  pieces .  
the cloth a t  the left end. The blower shown provided forced  convection a t  
50 fpm, when required,  and was cal ibrated for  all the a tmospheres  used.  
F igu re  7 shows the sample  in the test f ixture .  

A s ta in less  s t ee l  w i re  gr id  supports  the cloth impaled on the upturned 
The Nichrome ignition wire  i s  underneath 

The l a r g e  volume f lask 
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Figure 3. Bell Jar and Wire Test Apparatus 
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Figure 5. KC-I35 Aircraft used for NuIIGravity Testing 
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Figure 7. Cloth Specimen in Null-Gravity Test Fixture 
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(72- l i te r )  was again used to prevent a substantial  change in a tmosphere 
composition during burning. 
EP) high-speed 16-mm motion p ic ture  c a m e r a  with a wide-angle lens .  
mechanical  acce le romete r  and an e lec t r ic  t i m e r  w e r e  in the field of the 
c a m e r  a .  

The t e s t  f ixture  incorporated a Milliken (DPM-4/ 
A 

Combustion products  sampling apparatus .  -- Figure  8 shows the sampling 
unit that was used  to collect  cotton cloth pke-ignition and post-ignition 
products of combustion p r i o r  to intermixing. A b e l l  jar baseplate  was 
modified to accept two sample collection uni ts .  
mounted as shown. 

The cloth spec imen was 

Cotton cloth samples  were  burned in space  cabin a tmospheres  to allow collec- 
tion and analysis of the products  of pyrolysis  p r i o r  to ignition, and of combus- 
tion subsequent to ignition. 
baseplate,  the a tmosphere  was p repa red ,  and the igniter w i re  was energized. 
Two tubes w e r e  placed direct ly  above the cloth for sample  collection. 
tubes passed  through the baseplate  to evacuated 1 - l i t e r  gas  bottles, which 
perF, i t ted sample  collection f r o m  the reduced p r e s s u r e  bell j a r  a tmosphere.  
The pre-ignition sample  bottle was opened when the smoke evolution reached 
a prede termined  r a t e  (visually observed) .  The no rma l  t ime was 3 s e c  for  a 
1035OC igniter wi re .  The bottle used fo r  post-ignition samples  was opened 
when combustion was a lmos t  complete to allow collection of the products a t  
maximum concentrations.  
used  for evacuation and allowed collection of the samples  in hypodermic 
syr inges fo r  introduction into a gas  chromatograph. 
of the compounds p resen t  was accomplished by analyzing the sample with 
two different chromatographic  columns, each operated a t  5OoC and 100°C, 
thereby providing four elution t imes  per  compound. 

A cloth specimen was mounted close to the 

The 

A septum assembly  attached to each bottle was 

Posi t ive identification 

Iner t  gas flooding apparatus .  - -  A s e r i e s  of t e s t s  was per formed to  evaluate 
the effectiveness of s eve ra l  techniques of f i r e  extinguishment by i n e r t  gas 
flooding. Horizontal 2-in,  x 8-in. cotton cloth specimens were  ignited in  
pure  oxygen a tmospheres  at 3 . 5  and 5 psia ,  in  a bell  jar, shown in  F igure  9 .  
Iner t  gas was admitted into the bell  j a r ,  a imed both indirect ly  and d i rec t ly  
at the burning cloth. The nozzle a s sembly  shown in F igure  9 provided the 
mos t  rapid extinguishment. 
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RUBBER SEPTUM FOR 
HYPODERMIC SAMPLING 

I 

PRE-IGNITION SAMPLING TUBE 

Figure 8. Decomposition Products Collection Apparatus 
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Figure 9. Inert Gas Flooding Test Apparatus 
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Section 3 

E F F E C T S  O F  ATMOSPHERE COMPOSITION AND 
GRAVITY LEVEL UPON IGNITION 

Analysis indicated that ignition tempera ture  should be a unique number for  
each m a t e r i a l  and a tmosphere  composition. 
essent ia l ly  independent of the amount and na ture  of a tmosphere diluent but i s  
dependent on oxygen pa r t i a l  p r e s s u r e ,  as shown in F igure  10. The ignition 
t empera tu re  of cotton cloth decreased  as the oxygen pa r t i a l  p r e s s u r e  in the 
a tmosphere  was increased .  F o r  example,  the ignition t empera tu re  was 
lowered f r o m  63OoC a t  3 .5  ps ia  oxygen par t ia l  p r e s s u r e  to 55OoC a t  5 ps i a  
pu re  oxygen for  the cloth sample tested.  
it would be advisable to i n c r e a s e  ignition t empera tu re  by lowering the oxygen 
pa r t i a l  p r e s s u r e  to a minimum. The power requi red  to r each  the ignition 
tempera ture  is not significantly higher in ambient s e a  level air than in pu re  
oxygen a tmospheres  at 3 .5  and 5 psia .  The power input requi red  to r e a c h  
the same operating t empera tu re  i s  considerably g r e a t e r  using helium a s  a 
diluent than when using nitrogen. 

The ignition t empera tu re  is 
., 

F r o m  a f i r e  prevention standpoint, 

Tes t s  indicated that min imum ignition tempera ture  is dependent on the type 
of mater ia l .  The minimum ignition tempera ture  i s  affected very  l i t t le  by 
gravity and forced  ventilation. F o r  cotton cloth, the ignition tempera ture  
was 650°C f 10°C and f o r  the insulated wire  7OO0C rt 2OoC for  all typical 
p r e s s u r e s  f r o m  5 ps ia  to 14.7 ps i a  with a 3.5-psia  oxygen pa r t i a l  p r e s s u r e  
in both nitrogen-oxygen and helium-oxygen mixtures .  The establ ishment  of 
ignition t empera tu re  de te rmines  one important  pa rame te r  for  the null-gravity 
tes t s .  

Gravity indirect ly  affects heat  t r ans fe r  r a t e  through bouyancy forces .  
ever ,  gravity should have no effect upon ignition tempera ture  ( re f .  l ) .  
Convective velocity and gas p r e s s u r e  will  influence the heating r a t e  and 
dilute the combustible gas  but should have very  l i t t le  effect upon the ignition 
tempera ture .  
ences  between no convection in null  gravity and f r e e  convection a t  l g  i s  
relatively sma l l  ( re f .  3 ) .  

How- 

Kimzey a l so  recognized that the ignition phenomena differ-  

The effect of increased  gravity on ignition t ime is shown in  Table 111. 
values a r e  shown for the different a tmospheric  compositions. 
the gravity level  and 50-fpm ventilation r a t e  at l g  on ignition t ime was 
minimal ,  as shown on Table  111. 
cantly increased  a t  elevated g ' s  and for  the forced ventilation case  because 
of the cooling effect of the convective fo rces .  

The 
The effect of 

Ignition t ime w a s  expected to be signifi- 

However, the constant 

21 



0 2 4 6 8 10 12 14 16 

PRESSURE, PSlA 

Figure 10. Ignition Temperature of Cotton Cloth and Insulated Wire 

22 



Table I11 

THE E F F E C T  O F  GRAVITY UPON THE TIME TO 
IGNITE COTTON CLOTH 

A t m o m h e r e  

P r e s s u r e  

3. 5 ps ia  

5. 0 ps ia  

5. 0 p s i a  

5. 0 p s i a  

7. 0 p s i a  

7. 0 ps ia  

Compo sition 

O2 

O2 

O2 

O2 

N2 

O2 

O2 

N2 

He 

He 

Wire 
remp. 
(OC) 

1035 

1035 

880 

1035 

880 

1035 

Egnition 
Temp. 
(OC) 

630 

551 

650 

641 

65 3 

65 0 

Average Igniti 

F r e e  
Convection 

7 . 5  

5 . 5  

8. 1 

6.  6 

LO. 2 

6. 3 

3 g  

5 . 5  

5 . 3  

6 . 7  

6. 0 

8. 0 

6. 7 

6. 0 

4 .3  

7 .2  

5 .3  

8. 8 

5 . 8  

1 Time  (seconds '  

50 F P M  Forced  
Convection at  1g 

7 .0  

5 . 2  

7 . 0  

6. 2 

9 . 4  

6. 0 

resupply of ' 'fresh oxygen" probably overcame the cooling effects. Table I11 
p resen t s  additional comparison of the effect of f r e e  and forced convection on 
ignition t ime for var ious a tmospher ic  compositions and p r e s  s u r e  levels.  

Ignition a t  l g  and above i s  charac te r ized  by the appearance of f lame and t& 
disappearance of smoke. When this occur s  in null gravity without forced 
convection, i t  i s  accompanied by a flash,  which i s  attr ibuted to the rapid 
burning of the visible cloud of combustibles that a r e  r e l eased  when the 
specimen i s  heated.  
in Og, a s  very  l i t t le  convection is p re sen t  to d i spe r se  them. F igure  11 
shows the ignition f lash  occurr ing  in  oxygen, helium-oxygen, and nitrogen- 
oxygen. 
in 0. 025 to 0. 032 sec .  

These  combustibles accumulate around the heated a r e a  

The film f r a m e s  a r e  1/64 sec apa r t .  The total  ignition f lash  occur s  

F la sh  ignition of the combustible gases  resu l ted  for oxygen, helium-oxygen, 
nitrogen-oxygen, and neon-oxygen mixtures  in near ly  all tes t s  when forced 
convection was not present .  
higher gravity levels .  

The ignition f lash was m o r e  confined a t  the 
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Section 4 

EFFECTS OF ATMOSPHERE COMPOSITION AND 
GRAVITY LEVEL ON BURNING RATE 

One-g cotton cloth t e s t s  and pre l iminary  null-gravity flight t e s t s  i n  an 
Aerocommander  were  completed and reported in ref .  1 for  both the helium- 
oxygen and nitrogen-oxygen atmospheric  compositions.  The t e s t  p rocedure  
developed in ref. 1 es tabl ished a common tes t  specimen that could be used 
to evaluate the effect of a tmosphere  composition and gravity leve l  on burning 
rate. The information repor ted  below p resen t s  the additional i t ems  requi red  
to augment the previously completed tes t s :  

0 The effect of null gravity and elevated gravity on the burning r a t e  
of the s tandard cotton cloth specimen. 

0 The effect of neon diluent on burning r a t e  in l g  a s  compared  to 
hel ium o r  nitrogen. 

0 The measu remen t  of the degradation products  of the cotton cloth, 
o ther  than CO, C 0 2  and H20,  that  could possibly be used for a 
fire warning system. 

0 The evaluation of the effectiveness of nitrogen and hel ium gas  
forced  spray  a s  a f i r e  extinguishing agent. 

Burning Rate of Cotton Cloth a t  Nu l l  Gravity and Elevated Gravity 

F igu res  1 2  and 13 i l lus t ra te  the effect of gravity level  f r o m  that n e a r  z e r o  
to a 5-g level  on cotton cloth burning ra te .  Convection inc reases  with 
increased  gravity,  resul t ing in higher  burning r a t e s  fo r  each sepa ra t e  
a tmospher ic  composition and p r e s s u r e  level.  
about the 3-g leve l  could be used as a c r i t e r i a  in design. A 50-fpm forced 
ventilation pa ra l l e l  to the cloth in null gravity produced a burning r a t e  near ly  
equal to a free-convection 1-g case  for  3 .5 -ps i a  pu re  oxygen, a s  shown in 
F igu re  14. 

The burning r a t e  levels  a t  

F igu re  15 i l l u s t r a t e s  the relat ive effect of gravity level  f r o m  null gravi ty  
to five t imes  gravity on cotton cloth relat ive f lame height in a 5-ps ia  environ- 
ment  of pu re  oxygen; nitrogen-oxygen with 3 .5-ps ia  oxygen pa r t i a l  p r e s s u r e  
and helium-oxygen with 3 .5 -ps i a  pa r t i a l  p r e s s u r e  of oxygen. F igu re  16 for  
5-psia  nitrogen-oxygen in null  gravity shows the d isappearance  of the 
l l luminous flame" that occu r red  for  tes t  a tmospheres  when t rue  z e r o  g was 
achieved. The f lame is bright and globular in F igu re  16a but becomes 
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Figure 12. The Effect of Gravitv uaon the Burnino Rate in Nitrooen-Oxvoen Mixtures 
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Figure 13. The Effect of Gravity upon the Burning Rate in Helium-Oxygen Mixtures 
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sma l l e r  and d immer  in  F igu res  16b, 16c, and 16d a s  gravity level  approaches 
near  zero.  
the short  per iod of t ime in null  gravity. 

The char  line propagated but no visible f lame could be seen for 
The photographs a r e  1 / 4  s e c  apar t .  

F r e e  convection aids diffusion in supplying oxygen to the flame in gravity. 
At the high gravity levels ,  t he re  i s  an accentuation of the difference between 
the densit ies of the hot gases  f rom the f i r e  and the cold gases  of the f r e e  
atmosphere,  resul t ing in higher convective r a t e s  and flame propagation r a t e s  
than at  lg ,  a s  shown in Table IV. 

Combustion is a combination of heat t r ans fe r  and m a s s  t r ans fe r  p rocesses .  
If convection i s  present ,  the m a s s  t r ans fe r  p rocess  i s  aided. This convec- 
tion may be self-generated in  a no rma l  gravity field, supporting rapid 
combustion. However, in null gravity,  f r e e  convection does not occur ,  
convection stops,  and the hot combustible gases  t rave l  by expansion in  all 
directions f r o m  the hot portion of the specimen. 
a t tempts  to diffuse f r o m  the f ree  atmosphere into the combustion zone, i t  
i s  opposed by the hot gases  that expand outwardly f r o m  this zone. These 
hot gases  contain both the hot unreacted gases  f r o m  the specimen and the 
hot combustionproducts.  
cannot come in contact with oxygen until this confrontation takes place.  
region a t  which this occur s  is the flame front.  
gases  inc reases ,  the f lame front i s  pushed away f r o m  the specimen. 
then appears  a s  a f i e r y  sur face  that surrounds the expanding volume of hot 
gases .  
supplied only by diffusion. 

When an oxygen molecule 

The unreacted gases  a r e  s t i l l  p resent  because they 
The 

As  the volume of the hot 
It 

This spher ica l  f lame i s  cha rac t e r i s t i c  where available oxygen i s  

The propagation r a t e  of a f lame w a s  very  low in null gravity. 
cotton cloth n e a r  null gravity were between 8 and 18% of those for the same 
atmosphere in lg .  The experimentally determined null-gravity propagation 
r a t e s  a r e  given in Table V. 
f r o m  the propagation r a t e s  of the char  f ronts ,  as the f lame envelope was 
invisible. 
did not move in  zero  g. 
edges of the specimen as i t  moved. 
gases  burned a t  the f i r s t  extraneous accelerat ion,  consuming the en t i re  
sample.  

The r a t e s  for  

The burning r a t e s  were  measu red  ent i re ly  

The r a t e  for  5-ps ia  oxygen is not stated because the char  front 
The spherical  f lame extended rapidly, char r ing  the 

During this tes t ,  the en t i re  m a s s  of 

F o r  each atmosphere tested,  there  was a leveling off of the inc rease  in 
propagation r a t e  when the gravity level  r o s e  above 3g. 
no significant i nc rease  w a s  noted. 
in each atmosphere and the condition of 5-ps ia  100% 0 2  a t  5 g  was most  
severe ,  being 10 to 20 t imes  the zero-g r a t e s  a t  the var ious atmospheres .  

Beyond this point, 
The r a t e s  exhibited a t  5 g  were the highest 

One-g o r  elevated-gravity t e s t s  can be used to help pred ic t  null-gravity and 
forced ventilation effects upon burning r a t e  of most  ma te r i a l s  without 
undergoing the expense of null-gravity t e s t s .  
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Table IV  

THE E F F E C T  O F  GRAVITY UPON BURNING RATE O F  COTTON CLOTH 

Atmosphere  

P r e s  sur e 

3 . 5  ps ia  

5. 0 p s i a  

5 . 0  p s i a  

5. 0 p s i a  

7. 0 ps ia  

7. 0 ps ia  

Composition 

100% 

100% 

70% 

3 0% 

7 0% 

3 0% 

50% 

5 0% 

50% 

50% 

O2 

O2 

O2 

O2 

N2 

O2 

O2 

N2 

He 

He 

0. 039 

.L .L .b .,. .,. .'. 

0.081 

0.043 

0. 052 

0. 046 

Burning Rate (in. / s e c )  

0.46 

0. 50 

0 .44  

0.37 

0.34 

0. 25 

3g 

0. 70 

0. 78 

0.57 

0.59 

0.48 

0 .44  

5g 

0.70 

0. 83 

0. 60  

0.62 

0.48 

0.44 

Relative Burning Rate  of Cotton Cloth in Neon Diluent a t  1 g 

The  new t e s t  data for  a tmosphe res  containing neon diluent is compared  to  
a tmospheres  containing nitrogen and helium. As shown in F igu re  17, the 
burning r a t e  of the horizontally positioned cotton cloth, with t rea ted  edges 
fo r  s t ra ight  line burning, in oxygen at  5 ps ia  i s  nea r ly  5 t imes  that in  air 
a t  14. 7 psia.  At the s a m e  total p r e s s u r e ,  the ra t io  is  reduced to 4. 25 for 
helium-oxygen, 3 .  9 for neon-oxygen, and 3 . 7  for  nitrogen-oxygen with 
3.5 ps ia  pa r t i a l  p r e s s u r e  of oxygen. F i g u r e  18 p r e s e n t s  the burning r a t e s  
data for  a tmosphe re  compositions evaluated a t  1g. F igu re  14 shows the 
effect  on burning of 50 fpm of forced ventilation that i s  horizontal  to the 
cloth. 
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Table V 

NULL-GRAVITY BURNING RATES O F  COTTON CLOTH 

Atmospheric  
Compo s i  t i  on 

~ ~ 

5. 0 p s i a  O2 

3.5 ps i a  O2 

3.5 ps i a  O2 

1.5 ps i a  He 

3. 5 ps i a  O2 

1. 5 p s i a  N2 

3 . 5  p s i a  O2 

3 .5  p s i a  He 

2 

2 

3.5 ps i a  0 

3 .  5 ps i a  N 

Propagation 
Rate (in. / s e c )  

~ 

4 .L .L .,. .,. .,. 

0. 039 

0.081 

0.043 

0. 052 

0.046 

0.50 

0.46 

0.44 

0.37 

0.34 

0. 25 

ROg’Rlg 

- -  

0.085 

0. 184 

0.116 

0.153 

0.184 

It  can be seen  f r o m  F igure  14 that forced convection produces increased  
burning r a t e s  and that the curves  of the r a t e s  for  each diluent-oxygen 
mixture  follow the s a m e  t r ends  for  f r e e  and fo rced  convection in lg .  
convection produces an  upward shift of the curves,  but did not substantially 
affect the curve  shapes.  

Forced  

The burning r a t e  va r i e s  with the oxygen p a r t i a l  p r e s s u r e ,  a s  shown in 
F igu re  19. P u r e  oxygen and air a r e  depicted in F igu re  1 9  because they 
represented  ex t r eme  c a s e s  for  space cabin a tmospheres .  It can be seen 
that,  a s  the total  p r e s s u r e  i n c r e a s e s  for  a constant a tmospher ic  composition, 
the burning r a t e  i nc reases  accordingly. The slope of the a i r  curve i s  the 
s a m e  a s  that for  pure  oxygen, suggesting that  the effect upon the burning 
ra te ,  of increas ing  the total  p r e s s u r e  of any mixture  i s  equivalent to that 
of increas ing  the total  p r e s s u r e  of pu re  oxygen over  the same  range. 
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Figure 19. Effect of Increased Pressure upon the Burning Rate 

The burning r a t e s  a r e  lower when a diluent i s  added to a pu re  oxygen 
atmosphere.  This  has  been attr ibuted to the diluent absorbing heat  f r o m  
the f lame that would have otherwise heated m o r e  oxygen for the f i re .  
Huggett ( r e f .  4) suggests  a correlat ion between gas  compositions and the 
f lame propagation r a t e s  through the m o l a r  heat  capaci t ies  of the gas  mix- 
tu re s .  
in Table VI along with the burning r a t e  and the m o l a r  heat capacity with 
respec t  to oxygen. 
that mus t  be added to the gas  mixture  to heat  a mol  of oxygen, 1 Co. An 
inc rease  in  the diluent concentration causes  this value to r i s e ,  indicating 
that m o r e  heat  i s  needed to sustain burning a t  the s a m e  ra t e  o r  that  the 
burning r a t e  i s  decreased  when the amount of available heat  i s  fixed. 
found that the heat  capacity p e r  mole of oxygen was strongly related to the 
f lame spread  r a t e  on a sur face .  
mens  also showed a correlat ion with the heat  capacity of the a tmosphere ,  
a s  shown in F igu re  20. 
that found by Huggett. 

The mola r  heat  capaci t ies  of the var ious a tmospheres  tes ted appear  

The m o l a r  heat  capacity is defined a s  the amount of heat 

Huggett 

The burning r a t e s  of the cotton cloth speci-  

The r eg res s ion  on a semi- log graph i s  s imi l a r  to 

It may be noted f r o m  TableVI that the new burning r a t e  data for  neon-oxygen 
fal ls  between those of helium-oxygen and nitrogen-oxygen. 
be expected since neon has  a heat  capacity equal to that of helium, but a 
the rma l  conductivity c lose r  to that of ni t rogen,  

This  r e su l t  can 

The combined effect can be 
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Gas 
Compo sition 

3.5 ps ia ,  

100% o2 

5. 0 ps ia ,  

100% o2 
70/30 0 2 / H e  

70/30 0 2 / N e  

70/30 OZ/N2 

7. 0 psia ,  

50/50 0 2 / H e  

50/50 0 2 / N e  

50/50 0 2 / N 2  

10. 0 ps ia ,  

35/65 OZ/He 

35/65 0 2 / N e  

35/65 0 2 / N z  

14. 7 ps ia ,  

AIR 

Table  VI 

HEAT CAPACITY O F  GAS MIXTURES 

Heat  Capacity 
ca l /mole  OC 

7 .0  

7 . 0  

6 . 4  

6 . 4  

7 . 0  

6. 0 

6. 0 

7 . 0  

5 .7  

5 . 7  

7 . 0  

7 . 0  

He  at C apa ci  t 
ca l /mo le  o2 .yC 

7 .0  

7.0 

9.2 

9. 2 

10 .0  

1 2 . 0  

12 .0  

14. 0 

16. 2 

16. 2 

20.0 

33.3 

1 -g Flame 
Propagat ion Rate, 

in. / s e c  

0.46 

0.49 

0.43 

0.39 

0.37 

0.35 

0.30 

0. 25 

0.27 

0.22 

0. 17 

0.10 
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Figure 20. Correlation of Burning Rates in Different Atmospheres 
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seen  in  F igure  18, when the burning r a t e  i s  plotted against  percent  oxygen 
in  the atmosphere.  It can be seen  that the f i r s t  additions of diluent to pu re  
oxygen did l i t t le  to reduce f lame propagation. 
tion was increased  to 50% did a sizable reduction in  burning r a t e  occur .  
T e s t s  by Klein (ref .  2 )  a l so  indicated that the f i r s t  addition of diluent had 
only a minor  effect on the react ion r a t e  as compared with the burning ra te  
of pu re  oxygen. 

Not until the diluent concentra-  

Analysis of Degradation Products  of Cotton Cloth 

Analysis of the degradation products  of cotton cloth confirmed the p re sence  
of low molecular  weight aldehydes and organic  acids  a s  a lso was reported by 
Litt le ( ref .  5).  
tion 2.  The products ,  other  than H20,  CO and C O z ,  p r i o r  to and subsequent 
to ignition for  the cotton cloth specimens a r e  shown below. 
l is ted a r e  those that were  found to be p re sen t  in quantit ies of 100 ppm o r  
more .  
of a suitable f i r e  warning system. 

The t e s t  p rocedures  and apparatus  was presented  in  Sec-  

The compounds 

The re  i s  sufficient amount of these  ma te r i a l s  to allow rapid response 

Combus tion Products  

P r e  -Ignition P o s  t-Ignition 

A c et  ald e hy d e Is0 -vale r aldehyde 

Methyl Ethyl Ketone Toluene 

Acrolein Isopropyl Alcohol 

One potential f i r e  detection concept i s  a two-wavelength inf ra red  senso r  for  
sensing a generation of hydrocarbons above the no rma l  background level. 
All  combustible organics  can be detected by sensing fo r  the carbon-hydrogen 
bond, on an IR wave-length of 3 . 4 5 ~  , and for  the carbon-carbon double bond 
a t  7. Op. 
able for detection by means  of a f i r e  sensor .  
var ious types of m a t e r i a l s  used aboard a spacecraf t ,  a comprehensive study 
should be per formed on the m a t e r i a l s  used in each spacecraf t  during i t s  
design per iod to se lec t  a f i r e  sensing and warning system. 

The compounds that have been identified for  cotton cloth a r e  sui t -  
However, because of the 

Burning of Insulated Wire in  Neon Diluent a t  1 g 

The insulated single wire  and a single insulated wire  in  a bundle were  tes ted 
and the r e su l t s  descr ibed in ref.  1. 
effect of neon a s  a diluent a s  compared to the previously reported helium 
and nitrogen diluent data. 
insulated wire  a s  that tes ted and repor ted  in ref .  1 had to be used and var ied 

N,ew data were  obtained to evaluate the 

The data f r o m  a new batch of the same  type 
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in most  instances in  burnthrough t ime  because of a minute difference in 
thickness.  Tes t s  were  repeated for the en t i re  spec t rum of a tmospheric  
compositions to p e r m i t  a m o r e  exact comparison of the neon data. The 
burnthrough of the insulation on the single wire  with neon diluent near ly  
f a l l s  in between the values for  helium and nitrogen diluent, a s  shown in 
F igure  21. 

It can be seen that the choice of diluent has  a significant effect on smoke 
development and burnthrough on an overloaded e lec t r ica l  wire. 
requi red  for  a t e s t  wi re  to begin to smoke and burn through in helium-oxygen 
atmosphere i s  considerably g rea t e r  than in nitrogen-oxygen atmosphere 
because of hel ium's  higher conductivity. 
to i ts  t he rma l  conductivity and normal ly  fel l  between the low conductivity 
value of nitrogen-oxygen and the high conductivity value of helium-oxygen. 

The t ime 

Neon-oxygen t imes  were  relat ive 

In the presence  of 3 .5  ps i a  of pure  oxygen, the overloaded e lec t r ica l  wire  
began to smoke and burn a lmost  simultaneously.  As the total  p r e s s u r e  of 
the a tmospher ic  mixture  i n c r e a s e s  by adding nitrogen, the t ime in te rva l  
between smoking and burnthrough a r e  even m o r e  pronounced in helium- 
oxygen a tmospheres .  When wi re s  were  in bundles,  the t ime to smoke and 
burnthrough was g rea t e r  than under all conditions tes ted  with single wi re s  
( r e f .  1 ) .  

Analytical Correlat ion of Burning Rate Data 

Equations were der ived to desc r ibe  the burning r a t e  data of the cotton clot !3 

specimen tes ted in a horizontal  position. 
F igu res  12 and 13. 
and (2 )  are  applied to var ia t ions in gravi ty  level  and var ia t ions in  a tmospher ic  
compos ition respectively.  

The equation (1) used the data from 
Equations (1)  Equation ( 2 )  used the data f r o m  F igure  18. 

The equations p e r m i t  the extrapolation of data within 570 o r  l e s s  of actual 
t e s t  values a t  conditions of l g  o r  higher.  
was assumed to be z e r o  in the derivation of the equation and therefore  will  
d i sagree  in  some instances with the ac tua l  measu remen t s .  
r ep resen t s  the second quadrant of an  el l ipse,  and is  usable  to extrapolate 
data f r o m  a gravity level  to another for  the same  a tmospher ic  composition. 
The equation i s  a s  follows: 

The burning r a t e  in null gravity 

Equation (1)  

2 R =  R maxJ2 GGmax -G 

Gmax 

where 

R = des i red  propagation r a t e  (in. / s e c )  

R = the max imum ra t e  (in. / s e c )  measu red  a t  g rnax 

= the maximum gravity level  ( g ' s )  to be encountered 

m a x  

Gmax 

G = the gravity leve l  ( g ' s )  under consideration 
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Rmax i s  dependent upon the ma te r i a l  being burned, however,  it  a l so  var ies  
with atmospheric  composition and the maximum gravity level of concern.  The 
inc rease  of the burning rate with gravity is l e s s  pronounced a t  elevated-gravity 
levels,  with l i t t le  change between the 3-g and 5-g values and no significant 
r a t e  of increase  above 5g for the cotton cloth specimen. Therefore ,  5g was 
used for Gmax and if the 5-g r e s t r a in t  is observed,  the Rmax becomes R5g. 
This value may be closely approximated if the 1-g r a t e  is known. The r e l a -  
tionships of the 5-g r a t e  to the 1-g r a t e  a r e  a s  follows: 

For  pure 0 2  and N 2 - 0 2  

- 
R5g - 1 .64  R i g  

For  He - 0 2  

- 
R5g - 1g 

1 .44  R 

Equation ( 1 )  can be reduced to a m o r e  useable  form:  R = 6RmaxJ where b is 
a gravity factor ,  given in the table below f o r  each g level:  

g -  
0 
1 
2 
3 
4 
5 

0 
0 .  6 
0 . 8  
0 .  92  
0 .98  
1 . 0  

Equation ( 2 )  descr ibes  a downwardly opening parabola,  with i t s  center offset 
f r o m  the origin which fitted the curves of F igure  18. 
used  to predict ,  for the horizontal  cotton cloth specimen,  the effect of a tmos-  
phere on burning ra te .  

This equation can be 

The expression in equation f o r m  is a s  follows: 

= Constant 
p 0 2  

= Rmax - ( X  - 1 ) 2  

G = Constant 

where  

R = des i red  propagation r a t e  (in.  / s e c )  

2 
= the maximum rate (in. / s e c )  exhibited in pure 0 Rm ax 

X = the oxygen concentration in the a tmosphere  as  a decimal  
f ract ion 

The equation co r re l a t e s  closely with experimental  data ,  except when the 
oxygen concentration was below 0.4; par t icular ly  for a helium diluent. 
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The constraint ,  

x = 0 . 4  

was applied to the equation, which was then reduced to a m o r e  useable  fo rm:  

R = uRmax P = constant 
O2 

G Constant 

x 2 0 . 4  

is tabulated for  different oxygen concentrations:  

%02 = 100 90 80 70 60  50 40 30 

x =  1 . 0  1 . 0  0 . 8  0 . 7  0.6 0 . 5  0 . 4  0 . 3  

u =  0 0 . 0 1  0 .02  0 .09  0.  16 0.  25 0 . 3 6  0 .49 

The correlat ion of the calculated data with the t e s t  resu l t s  is good. 
average e r r o r  was about 2-1/27,, 
constant and diluent is added to change the oxygen fract ion,  the equation per -  
mi t s  the calculation of values that can be used to compare  the effect of diluent 
upon the burning r a t e .  

The average  
Since the oxygen par t ia l  p r e s s u r e  is kept 

It appears  possible,  f r o m  the curve  matching previously presented,  that equa- 
tions can be wri t ten to extrapolate the burning r a t e  data  for different mater ia l s  
tes ted  in 1-g to higher-g conditions. Some t e s t  points may be requi red  for the 
new ma te r i a l s  at simulated higher-g levels to augment 1-g data for the a tmos-  
pheric  composition and p r e s s u r e  level of in te res t .  
develop the equation for a specific ma te r i a l  and condition. Fo rced  ventilation 
r a t e  can be used  to s imulate  the higher-gravity levels.  
convection burning r a t e  t e s t  data were  equivalent to t e s t  data obtained on the 
centrifuge with f r e e  convection at about the 1- 1 / 2 -  to 1 -3 /4-g  level of O2 and 
N2 - O2 a tmospheres  and between the 3-g  and 4-g level  for He-02.  

The da ta  are requi red  to  

The 1-g 50-fpm forced 

Effectiveness of Iner t  Diluent as a Fire Extinguishing Agent 

Several  cursory  tes t s  w e r e  completed to evaluate small amounts of gaseous 
nitrogen and helium for  their  ability to extinguish small f ires.  These  gases  
w e r e  evaluated because they a r e  the two mos t  commonly proposed atmospheric  
diluents. 
acceptable oxygen par t ia l  p r e s s u r e  i s  maintained in the cabin. 

Also, neither of these  gases  is harmful  to the c rew as long as 

A special  nozzle was designed and used in the supply of the ine r t  diluent and 
is shown in F igu re  22. The nozzle was necessa ry  to prevent  oxygen within 
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Figure 22. Inert Gas Flooding Nozzle 

the bell jar f r o m  feeding the f i re .  The entrained a tmospher ic  oxygen was 
c a r r i e d  away f r o m t h e  f i r e ,  along the outside of the cone, and the burning 
cloth was blanketed with i n e r t  gas and res idua l  combustion products when the  
cone was centered. 
nozzle at a dis tance of 4 to 6 in. f r o m  the cloth. 

A f i r e  was  typically extinguished in 2 or 3 sec  with the 

In near ly  every tes t  the specimen smoked after the f i re  was extinguished. 
quenching agent may be requi red  when forced  convection i s  p re sen t  to augment 
the  gaseous i n e r t  diluent spray .  
s e r v e  the  purpose.  
be minimized by f i r s t  putting out the f i r e  with the ine r t  diluent. 

A 

Either liquid nitrogen or water could probably 
The amount of water  exhausted into the a tmosphere  could 

It is recommended that further t e s t s  be completed on l a rge r  specimens than 
the 16-sq-in. patches of cloth used. Liquid nitrogen and gaseous ine r t  diluent 
followed by a water  quench should be evaluated. 
entirely sat isfactory,  then a l te rna te  ma te r i a l s  should be evaluated in 
extinguishing f i r e  t e s t s .  

If a procedure proves 
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Section 5 

CONCLUSIONS 

Major conclusions derived f r o m  the completed t e s t s  a n d a a l y s e s  on the effects 
of a tmosphere selection and gravity level on burning r a t e  and ignition phen- 
omena are  given in subparagraphs below. 
a l so  presented on ine r t  diluents for f i r e  putout and pre-ignition combustion 
products for possible application to f i r e  detection. 

Additionally, u s  eful information is 

The increased  f r e e  convection c rea ted  by the higher gravity level 
significantly accelerated the burning r a t e  of the cotton cloth t e s t  
specimens until it  reached  near  the 3 -g  val;e. 
5 g ' s  the burning r a t e  curves  began to level  out. Above 5 g ' s  the 
curves  began to approach a constant value. The burning r a t e  a t  
5 g ' s  in nitrogen-oxygen at equivalent p r e s s u r e  levels was about 
1. 64 t imes that a t  l g .  
oxygen. The burning r a t e s  measu red  in KC-135 a i r c ra f t  null- 
gravity tests w e r e  8% to 18% o€ test values conducted at l g  for  
equivalent a tmosphere  compositions and p r e s s u r e  levels.  The 
measurable  burning r a t e s  in null-gravity tes t s  var ied f r o m  0 . 0 3 9  in.  / 
s e c  to 0.081 in.  / sec .  

In between 3 and 

A ra t io  of 1 .44 was obtained for helium- 

Burning r a t e s  for z e r o  g w e r e  very low because oxygen i s  only 
supplied to the f lame by diffusion. 
extinguished itself in null gravity when no forced convection was 
present  and when the amount of diluent was on the order  of that  
experienced in a tmospheric  a i r .  

Tes t s  indicated that a f i r e  

Char f ront  t rave l  on cotton cloth was a l so  very slow in null gravity 
when no convection was present .  With no convection, the gases  
resul t ing f r o m  a f i r e  accumulated around the char  f ront  and 
formed a spher ica l  f lame.  The f i r e  decreased  in intensity and, 
in s eve ra l  tests,  self-extinguished. 
c rea ted  enough momentary convection to cause  the m a s s  of gases  
to burn up. 
experiments  with pure  oxygen. 

Extraneous accelerat ions 

This was mos t  pronounced during the null gravity 

Data f r o m  forced  convection t e s t s  a t  1-g (50 f p m  paral le l  to the 
cloth) ma tch  data  taken for equivalent a tmospher ic  composition and 
p r e s s u r e  levels in the 1. 5 -  to 1.  75-g  range,  without forced con- 
vection, for  pure oxygen and nitrogen-oxygen atmospheres .  A 
test point using 50 fprn of forced ventilation pa ra l l e l  to the cloth 
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specimen in null gravity a t  3 .  5-ps ia  pure oxygen matches a 1-g 
point for the s a m e  a tmosphere  with f r e e  convection. 
of eight data points with forced ventilation in null gravity was 
usable.  It is recommended that fur ther  tests be conducted in null 
gravity with ventilation. 

Only one 

There  appears  to  be l i t t le  difference f r o m  a burning r a t e  standpoint 
on the selected a tmospher ic  composition for  a null-gravity condi- 
tion i f  no convection is present .  However, the higher convection 
r a t e s  that  could be c rea ted  by the the rma l  control sys t em o r  that 
produced during ground checkout, a s  well  a s  high-g launchor  r e - e n t r y  
conditions, mus t  be consider ed in the materials and atmospheric  
selection program.  It i s  recommended that forced ventilation be 
used to s imulate  f r e e  convection for  elevated-g conditions in 
ma te r i a l s  tes t s .  A 75-fpm forced convection r a t e  is a good design 
value for  testing mos t  ma te r i a l s  that a r e  considered to be flammable.  

(5) New burning r a t e  t e s t  data w e r e  obtained for neon-oxygen atmospheric  
mixtures .  The neon-oxygen tes t  data for  5 psia,  7 psia,  and higher 
p r e s s u r e  levels fe l l  in between the values for  nitrogen-oxygen and 
helium-oxygen, as would be expected, based on relat ive the rma l  
conductivity. Neon re ta rded  the ignition m o r e  than nitrogen, but 
less  than helium. F o r  example,  for  7-psia  total p r e s s u r e  with 
3 .  5-psia oxygen, an atmosphere with a nitrogen diluent exhibits a 
t ime to ignition for cotton cloth of 6 .  3 s ec .  
to 6. 7, s e c ,  and with helium to 10. 2 s ec ,  f o r  a constant power 
ignition source.  The burning r a t e  in a neon diluent a tmosphere i s  
l e s s  than that for helium, but m o r e  than that for  nitrogen. F o r  the 
7-psia  total p r e s s u r e  a tmosphere ,  the 1-g burning r a t e  for cotton 
cloth with a hel ium diluent i s  0 .  35 in. / s e c ,  for neon, 0. 30 in. / s e c ,  
and for nitrogen, 0 .  25 in. / s e c .  

With neon it i nc reases  

( 6 )  The times to smoking and burnthrough of e lectr ical ly  overloaded 
insulated wi re  in a neon diluent a tmosphere  also fel l  between the 
values recorded  for  nitrogen and hel ium diluent for a tmospheres  of 
equivalent p r e s s u r e s .  For example,  a 7-psia  a tmosphere with 
3 .  5-psia  oxygen and 3 .  5-psia  diluent exhibits a wi re  burnthrough 
t ime of 21  s e c  for  a nitrogen diluent, 29 s e c  for  neon, and 34. 5 s e c  
for helium. 

( 7 )  The gravity level appeared to have no significant influence upon the 
ignition tempera ture ,  but i t  did affect the t ime to ignition. At 
increased  gravity levels ,  the t ime  to ignition of cotton cloth is  
generally reduced about 10 to 20%. F o r  example,  the ignition t ime 
in 5. 0-psia  oxygen is reduced f r o m  5. 5 s e c  at l g ,  to 5. 3 s e c  at 3g, 
and to  4. 3 s e c  a t  5g. This compares  to a 5. 2 -sec  ignition time for 
50-fpm forced convection in 5 psia  O2 at lg .  
i s  accompanied by a flash,  which i s  attr ibuted to the rapid burning 
of the combustibles that  accumulate  around the ignition source  in 
the absence of f r e e  o r  forced convection. 

Ignition in null gravity 
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(8) A sma l l  f i r e  was extinguished with an iner t  diluent gas used a s  the 
extinguishing agent. 
cone of iner t  gas prevented oxygen resupply to the f i re .  The cloth 
samples  smoked after the f lame was suppressed .  
that additional t e s t s  be completed with a broader  range of ma te r i a l s ,  
using iner t  diluent for putting out sma l l  f i r e s .  
nation of gaseous ine r t  diluent followed by minimal  water spray for 
quenching should be evaluated. In this instance,  liquid nitrogen i s  
considered to have a good potential for  both suppressing the f lame 
and quenching the f i r e  for absolute put-out. 

Testing in l g  demonstrated that a divergent 

It is recommended 

Additionally, a combi- 

( 9 )  The cotton cloth t e s t  specimens emitted acetaldehyde, methyl ethyl 
ketone, and acrolein pr ior  to ignition in sufficient quantities (above 
100 ppm) to be sensed  by f i r e  detection sys t ems .  
products,  i. e. , iso-valdraldehyde, toluene, and iso-propyl alcohol 
a r e  a lso detectable.  
spacecraf t  ma te r i a l  mus t  be considered in the design of a rapid 
f i r e  detection unit. 

Post-ignition 

The degradation products of each par t icular  

Other pertinent data  a r e  presented below to provide background 
information. 
p rog ram repor ted  in re f .  1 and a r e  augmented in many instances 
with new data.  

These a r e  abs t rac ted  f r o m  the f i r s t  par t  of the t e s t  

( 1 0 )  The ignition t empera tu re  of a ma te r i a l  i s  essentially independent of 
the amount and na ture  of the atmospheric  diluent, but it is dependent 
upon the oxygen par t ia l  p r e s s u r e  and ma te r i a l .  

(11)  The addition of 1. 5-psia  nitrogen to 3. 5-psia  pure oxygen had only 
a minor effect in reducing the sp read  of f i r e .  Not until the par t ia l  
p r e s s u r e  of nitrogen was increased  to 3 .  5 psia did a s izable  reduc-  
tion in the burning r a t e  occur .  This ag rees  with the tes ts  by Klein, 
which also indicated that the f i r s t  addition of a diluent had only a 
minor effect on the react ion r a t e  a s  compared with the burning r a t e  
in pure oxygen. 

(12 )  The t e s t s  in l g  indicated that  hel ium diluent r e t a rded  ignition better 
than either nitrogen o r  neon diluent, but the f i r e  propagated fas te r  
in helium diluent af ter  ignition. 

Neon diluent data  fe l l  in between that for nitrogen and helium diluent 
for both insulated wi re  and cotton cloth t e s t s .  

(13)  Burning t imes  decreased  for  all of the gas mixtures  in 50 fpm forced 
convection. However, the diluent tended to  have a grea te r  re la t ive  
re ta rd ing  effect  under forced convection than under f r e e  convection 
conditions. 
f lame front.  

This was caused by the diluent car ry ing  heat f r o m  the 

(14) The power requi red  to r each  the ignition t empera tu re  is not signifi- 
cantly higher in ambient s e a  level a i r  than in pure  oxygen a tmospheres  
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a t  3 .  5 and 5 psia.  
operat ing tempera ture  i s  considerably g rea t e r  using hel ium a s  a 
diluent than when either neon o r  nitrogen i s  used. F o r  example,  
5070 m o r e  power i s  requi red  to ignite cotton cloth samples  in a 
7 -ps ia  total  p r e s  su r  e a tmosphere containing equal concentrations 
of helium-oxygen than in nitrogen-oxygen mixtures .  

The power input requi red  to r e a c h  the s a m e  

(15) The presence  of an iner t  diluent, once ignition occur red ,  reduced 
the f lame propagation r a t e  of m o s t  of the cotton cloth samples  tes ted 
a t  a l l  gravity levels .  
reducing the burning r a t e  than either helium or neon with and without 
forced  convection. 

Nitrogen diluent had a g rea t e r  effect on 
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