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FOREWORD 

The s t u d i e s  desc r ibed  i n  t h i s  ' report  were performed dur ing  the  

per iod 15  March - 15  October 1968 on NASA Con t rac t  NAS 12-623 a t  t h e  

Fac to ry  Mutual Research Corporation. Three s c i e n t i f i c  papers  a r e  i n  

p repa ra t ion  a t  t h i s  t i m e .  Abs t r ac t s  o f  two papers  have been submitted 

f o r  p r e s e n t a t i o n  a t  t h e  1969 meeting o f  t h e  C e n t r a l  S t a t e s  Sect ion - 
The Combustion I n s t i t u t e  t o  be held March 18-19, 1969 i n  Minneapolis,  

Minnesota : 

(i) U .  Bonne: "Radiative Ex t inc t ion  of D i f fus ion  Flames" 

( i i )  S. A t a l l a h ,  U. Bonne and J. N. deRis "Fires  i n  Spacec ra f t  

Environmen ts" 

The t h i r d  paper  w i l l  cover  t he  t h e o r e t i c a l  a s p e c t s  of ze ro -g rav i ty  

combustion and i s  being prepared by J. N. deRis. 
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AB ST RACT 

A theorectical model was presented to describe combustion in a zero 
gravitational field, 
mass conservation of such a system were solved by assuming: 

The differential equations describing energy and 

1 .  Very fast reaction rates. 
2.  Stoichiometric combustion at the reaction zone. 
3. Radiative heat losses proportional to the rate of heat 

4 .  Flat fuel surface. 
release by combustion. 

Expressions were derived for the burning rate of the fuel, the flame 
temperature and position and other combustion parameters. A criterion for 
the flammability of a fuel in a zero-g field was also derived. The impli- 
cations of this model were discussed. 

An upper limit for flame extingvishment time was found by calculating 
the time necessary for a laminar cliffuagon flame to cool  below the 
ignition temperature by radiation only, A flat diffusion flame burner 
was constructed and used to estimate the extinguishment time, Satisfactory 
agreement was obtained when compared with the extinguishment time for 
paraffin as found in experiments performed in aircraft traversing zero-g 
curves. Other methods for simulating zero-g in the laboratory were 
suggested, 

Equations predicting the temperature and pressure rise due to a fast de- 
veloping fire in an enclosure were derived. 
of solid materials were postulated and used t o  predict temperature and 
pressure variation with time. 
data and with the A p o l l o  accident pressure record. Both sources indicate 
that a burning model leading to an exponential increase of burning rate 
with time is the most appropriate, 

Several models for the burning 

The results were compared with experimental 

Previous work on the self-heating of wire bundles was reviewed. The 
derivations were extended to the case of a sheathed wire bundle. Recom- 
mendations for further work on bundles consisting of  different wires 
carrying varying loads were made. 
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1 XNTRODUCTION 

The use of high oxygen concen t r a t ions  i n  manned s p a c e c r a f t  coupled 

wi th  p h y s i c a l  r e s t r i c t i o a s  on t h e  movement and e g r e s s  of occupants p r e s e n t  

a f i r e  hazard u n l i k e  any encountered normally on E a r t h ,  I n  a d d i t i o n ,  t h e  

behavior  of f i r e s  under an abnormal g r a v i t a t i o a a l  f i e l d  i s  n o t  csmpletely 

understood.  This i s  p a r t i c u l a r l y  t rue during weight lessness  t h e  d u r a t i o n  

of which i s  u s u a l l y  the longes t  pe r iod  i n  c u r r e n t  s p a c e f l i g h t s .  

Since it is  impossible t o  remove non-flammable m a t e r i a l s  from t h e  

space cab in  completely ( foQd ,  human h a i r  and sk in  a r e  combustible) one 

can only t r y  t o  reduce these  csmbust ibles  t o  a minimum, Furthermore, 

one cannot completely e l i m i n a t e  thermal energy sources .  The need f o r  

e l e c t r i c  energy t o  power communication, r e f r i g e r a t i o n  and o t h e r  dev ices  

p r e s e n t s  t h e  o t h e r  l i n k  needed t o  i n i t i a t e  t h e  combustion process .  

The main purpose of  t h i s  s tudy  was t o  cons ide r  combustion i n  zero 

g r a v i t y  t h e o r e t i c a l l y  and t o  a t t empt  t o  s imula t e  i t s  e s s e n t i a l  f e a t u r e s  

i n  t h e  l abora to ry .  I n  a d d i t i o n ,  t h e  temperature and p r e s s u r e  r i s e  due t o  

a f i r e  i n  an e n c l w u r e  and the s e l f - h e a t i n g  of e l e c t r i c  wire bundles were 

t o  be i n v e s t i g a t e d .  
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2 .  COMBUSTION AT ZERO-G 

2 . 1  In f luence  of G r a v i t a t i o n a l  Forces on F i r e s  

A space veh ic l e  experiences s h o r t  d u r a t i o n s  of high-g f o r c e s  du r ing  

launch and r e -en t ry .  An o r b i t i n g  Vehicle i s  e s s e n t i a l l y  a t  zero-g, while  

a veh ic l e  on t h e  luna r  s u r f a c e  experiences one-sixth of t h e  g r a v i t a t i o n a l  

f o r c e  p r e s e n t  on Earth.  I n  s tudying f i r e  hazards  within space v e h i c l e s ,  

t h e  r o l e  t h a t  g r a v i t a t i o n a l  f o r c e s  p l a y  i n  the  combustion processes  have 

t o  be considered.  The r a t e  of burning and t h e  composition of combustion 

products  a r e  governed t o  a l a r g e  extent; by the  r a t e  a t  which these  

products  a r e  removed from the  burning s u r f a c e .  This  r a t e ,  i n  t u r n ,  i s  

dependent on buoyant fo rces  which r e s u l t  from d e n s i t y  d i f f e r e n c e s  i n  the  

g r a v i t a t i o n a l  f i e l d .  

I n  comparison wi th  work on f lammabil i ty  i n  oxygen enriched atmos- 

phe res ,  combustion under a g r a v i t a t i o n a l  fo rce  o t h e r  than t h a t  on Ea r th ,  

has  received very l i t t l e  a t t g n t i o n .  The reason f o r  t h i s  i s  t h a t  i t  i s  

r a t h e r  d i f f i c u l t  and inconvenient t o  reproduce high,  low o r  zero-g i n  

the  l abora to ry .  High-g can be generated i n  a c e n t r i f u g e  bu t  t he  apparatus  

must be l a r g e  enough t o  c o n t a i n  the  necessa ry  in s t rumen ta t ion ,  Flamma- 

b i l i t y  experiments performed a t  A t l a n t i c  Research Corporation (l) i n  a 

c e n t r i f u g e  have shown t h a t  an i n c r e a s e  i n  g i n c r e a s e s  the  upward r a t e  of 

f i r e  spread on v e r t i c a l  s u r f a c e s  of s o l i d  combustibles.  This e f f e c t  was 

most pronounced between one and s ix -g  bu t  n o t  much beyond s ix-g.  The 

average h e a t  f l u x  and h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  flame inc reased  

s lowly,  T h e o r e t i c a l l y ,  t hese  should vary with f o r  laminar flames 

and goo4  f o r  t u r b u l e n t  flames. The temperature l e v e l s  and p r o f i l e s  and 

t h e  flame h e i g h t  were n o t  s i g n i f i c a n t l y  a f f e c t e d  a t  high-g.  
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Low-g can be produced by al lowing a mass t o  f a l l  f r e e l y  while 

connected t o  a sma l l e r  counterweight through a p u l l e y  system (Atwood 

machine). Again, t he  s i z e  of t he  appa ra tus  m u s t  be l a r g e  i f  long dura-  

t i o n  s t e a d y  s t a t e  obse rva t ions  a r e  d e s i r e d .  Such an appa ra tus  was used 

by Kumagai and Isoda ( 2 y 3 )  t o  s tudy  the  burning r a t e  of l i q u i d  f u e l  

d r o p l e t s  a t  low-g. These resvlts agree wi th  what one would expect by 

e x t r a p o l a t i n g  high-g d a t a .  

Zero-g experiments on Earth employing f r e e  f a l l  ( 2 , 3 )  a r e  aga in  

l i m i t e d  i n  d u r a t i o n  by the  h e i g h t  of f a l l  (1 second f o r  a 4.9m f a l l ,  

2 seconds f o r  a 19.6m f a l l ) .  A i r c r a f t  t r a v e l l i n g  i n  zero-g cnrves have 

been employed (4,536) t o  g i v e  between 1 2  and 28 seconds. 

a r e  s t i l l  t oo  s h o r t  t o  make such q u a n t i t a t i v e  obse rva t ions  as  the r a t @  

of burning,  i g n i t i o n  and flame temperatures  and t h e  composition of 

combustion p roduc t s ,  Consequently, zero-g t e s t s  have, t hus  f a r ,  been 

e s s e n t i a l l y  l i m i t e d  t o  q u a l i t a t i v e  obse rva t ions  and photography. I d e a l  

zero-g combustion experiments would r e q u i r e  an o r b i t i n g  s a t e l l i t e .  A 

s e r i e s  of a hundred zero-g f lammabil i ty  t e s t s  i s  planned a s  one of t h e  

experiments t a  be performed on the  Multi-Dock Adapter of t he  O r b i t a l  

Workshop which i s  p a r t  of t h e  Apollo Applicat ion Program ( 7 ) .  

These times 

Because of t h e  d i f f i c u l t y  and expense i n  performing t r u e  zero-g 

experiments and because of t h e  l ack  of infqrmation i n  t h i s  a r e a ,  an 

a t t empt  has  been made t o  s imula t e  the  e s s e n t i a l  phenomena occur r ing  during 

zero-g combustion by t h e o r e t i c a l  and experimental  modeJs 

a r e  desc r ibed  i n  the  fol lowing paragraphs.  

These a t t empt s  
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2 . 2  Mathematical Model 

2.2.1 

Figure 1 shows a s i m p l i f i e d  t h e o r e t i c a l  model of c m b u s t i o n  a t  

zero-g.  Because of t h e  absence af c o n v e c t i m ,  the  flame moves away from 

the f u e l  and toward t h e  ozygen. Meanwhile, tbe f u e l  bed absorbs h e a t  a s  

i t s  temperature r i s e s  toward the  vapgr i za t ion  temparagure of t he  f u e l ,  

Tvap. 

products  by conduction and r a d i a t i o n .  The excess energy which i s  n o t  

The f u e l  bed r e c e i v e s  energy from t h e  flame and t h e  h o t  combustion 

absorbed by the f u e l  bed se rves  t o  vaporize the  f u e l ,  The f u e l  vapor 

d i f f u s e s  toward t h e  flame f r o n t ,  whsre the  f u e l  r e a c t s  with t h e  a v a i l a b l e  

axygen. The concen t r a t ion  of f u e l  and oxygen a r e  ze ro  a t  the flame. 

(This  imp l i e s  an i n f i n i t e l y  f a s t  r e a c t i o n  r a t e . )  

A s  t i m e  i n c r e a s e s ,  t he  flame moves f u r t h e r  away €rom the f u e l  bed 

and t h e  c h a r a c t e r i s t i c  d i f f u s i p n  lepgrh for f u e l  and oxygen i n c r e a s e s .  Thus, 

t h e  concen t r a t ion  and temperatdre g r a d i e n t s  decrease and consequent ly ,  

t h e  combustion r a t e  dec reases .  

2,2.2 Formulation of the Governing D i f f e r e n t i a l  E q u a t i w s  

Gas Phase 

The s i n g l e  g l o b a l  r e a c t i o n ,  t ak ing  p l a c e  a t  the flame f r o n t  i s  

9 ' ~  (Fuel)  -k Ql0 (Oxygen) -,+ (Product #l) -k v'' (Product #2) + H e a t  
p2 

where \)Ii and 9'li a r e  the  u s u a l  s t o i c h i o m e t r i c  c o e f f i c i e n t s .  

Define Q as the h e a t  r e l e a s e d  by the combustion of . Y ' ~  moles of 

f u e l  with vfo moles of oxygen, 

T t  w i l l  be assumed t h a t  a cons t an t  f r a c t i o n  x of the h e a t  r e l e a s e d  

by combustion w i l l  be i n  t h e  E Q r m  of r a d i a t i o n ,  The combustion of 

MF 3' grams of f u e l  w i l l  thus  r e s u l t  i n  e)c. Q r a d i a t i v e  h e a t  r e l e a s e .  F 
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I f  t h e  gases  a r e  assumed t r a n s p a r e n t ,  and t h e  f u e l  bed has an e m i s s i v i t y  

E , then the  r a d i a n t  h e a t  received by t h e  f u e l  bed i s  ( 1 / 2 )  G 7 Q f o r  t he  

combustion of  MF 

d i r e c t e d  toward t h e  f u e l  bed. 

grams of fyiel. Only h a l f  of t h i s  r a d i a t i o n  i s  

A Lewis number, Le = h / (  e C p D ) ,  of  u n i t y  i s  assumed, s i n c e  the  

molecular p rocesses  of thermal d i f f u s i o n  and mass d i f f u s i o n  a r e  s i m i l a r .  

The time-dependent one-dimensional thermal  energy equa t ion  i s  

where 4''iem i s  t h e  r a t e  of thermal energy r e l e a s e d  by combustion p e r  

u n i t  volume, and 4yAd = X tl'! 
p e r  u n i t  volume .gc 

i s  the  n e t  r a t e  of r a d i a t i v e  h e a t  loss  
chem 

The time-dependent one-dimensional s p e c i e  equat ions a r e  

where Yi(y,t)  i s  the  mass concen t r a t ion  of s p e c i e  "i", and Tnl;l' i s  t he  

mass r a t e  of formation of s p e c i e  "i" p e r  u n i t  volume. 

Now cons ide r  the dimensionless  func t i an :  

where I, i s  the h e a t  of vapor i za t iop  of t h e  f u e l ,  while T, and Yo, 

a re  r e s p e c t i v e l y  the  ambient temperature and oxygen concen t r a t ion  a t  

* Since convect ive h e a t  l o s s e s  due t o  d e n s i t y  g r a d i e n t s  a r e  absen t  a t  
zero-g the on ly  energy loss mechanism, bes ides  conduction i s  r a d i a t i o n .  
I n  o rde r  t o  f a c i l i t a t e  t he  s o l u t i o n  of t he  energy equa t ion ,  t he  n e t  
r a d i a t i v e  h e a t  l o s s  i s  approximated by . 
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i n f i n i t y .  For convenieqce ql has been def ined so  a$ t o  be z e r o  a t  

i n f i n i t y .  

w i th  u n i t y  Lewis nvmber, ope has  

By combining the  energy equat ion and oxygen ppecie equat ion 

The r i g h t  hand s i d e  of t h i s  equa t ion  i s  ze ro  because the h e a t ,  

i s  r e l e a s e d  i n t o  t h e  temperature  f i e l d  when u n i t  mass o f  9 ",(l,, - x ) 

Mo *Io 

oxygen i s  consumed. 

S i m i l a r  1 y , con s i d e r  t h e  d imen 8 i on  l e  s s funct ion 

By combining the  s p e c i e  equat ions f o r  f u e l  and oxygen, one hils 

= o  

The r i g h t  hand of t h i s  equat ion i s  a l s o  zero, because MB ' l>lF grams 

of f u e l  a r e  consumed with Mo $ l o  grams of oxygen. 

The c o n t i n u i t y  equa t ion  provides  

Since the v e l o c i t y ,  v, i s  always much l e s s  than t h e  speed of sound, 

one can asqume t h a t  t h e  p r e s s u r e  i s  c o n s t a n t  and ignore t h e  momentum 
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equa t ion .  Assuming t h a t  t he  chemical r e a c t i o n  does p Q t  s i g n i f i c a n t l y  

i n c r e a s e  the  number of moles, the equa t ion  o f  s t a t e  a t  a c o o s t a n t  

p r e s s u r e  provides  

Fuel  Bed 

Assuming c o n s t a n t  p r o p e r t i e s  of the f u e l  bed, the conduction 

equa t i an  i s  

where the convectian ( i , e .  middle) term d e s c r i b e s  the  slow motion Qf 

t h e  f u e l  bed toward the  s t a t i o n a r y  vaporizing f u e l  s u r f a c e .  This  term 

i s  r e l a t i v e l y  n e g l i g i b l e ,  

Conservation of mass a t  t h e  f u e l  s u r f a c e  implies  t h a t  

Thus, i n  terms of the dimenpionless temperature 

The above f u e l  bed conduction equat ion becomes 

Boundary Con? i t  ions  

(p, and p2 a r e  def ined so t h a t  

9, and 8,- 0 a s  y-00 o r  t--+ 0 
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Also q3 i s  de f ined  s o  t h a t  

At t h e  vaporizing s u r f a c e ,  t he  temperature of both the  gas and the  

f u e l  bed w i l l  be q u i t e  c l o s e  t o  the  b o i l i n g  p o i n t  of t he  f u e l ,  Tvap. 

Noting t h a t  t h e r e  i s  n o  oxygen immediately above t h e  f u e l  s u r f a c e ,  one 

has 

1 and 

B = -  

where B i s  commonly c a l l e d  the mass t r a n s f e r  d r i v i n g  "force",  

A t  t h e  f u e l  bed s u r f a c e  t h e  r a t e  of f u e l  vapor i za t ion  i s  

p r o p o r t i o n a l  to t h e  

t h e  mass f l u x  from t h e  s u r f a c e  

h e a t  t r a n s f e r  t o  the  s u r f a c e .  I f  ( q v > y = o  i s  

where L i s  t he  h e a t  of vapor i za t ion  of t h e  f u e l  (presumed c o n s t a n t ) ,  

and R1 (t) is t h e  n e t  r a d i a n t  h e a t  t r a n s f e r  received by the  s u r f a c e ,  

I n  terms of and p3, t h i s  equat ion becomes 1 
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The f i n a l  f u e l  s u r f a c e  boundary cond i t ion  d e s c r i b e s  how t h e  f u e l  

s u r f a c e  masf; flux ( e  v)y=o i s  c a r r i e d  by bu lk  f low (convect ion)  and 

d i f f u s i o n  i n t o  t h e  gas  phase.  Thus 

9r i n  terms of (P2 

.II 

Except f o r  t he  s p e c i f i c a t i o n  of t h e  r a d i a t i v e  h e a t  t r a n s f e r  term 

R1 ( t ) ,  the  formula t ion  i s  now complete.  

( 4 ) ,  (6), (7), (8), and ( l o ) ,  wi th  t h e  i n i t i a l  cond i t ions  (11) and (12), 

and t h e  boundary cond i t ions  (11-16) form a w e l l  s e t  problem f o r  t h e  f i v e  

The f i v e  governing equa t ions  

2.2 3 Solu t ion  

These equat ions  and boundary cond i t ions  can be  cons ide rab ly  s impl i -  

f i e d  by t h e  fol lowing s i m i l a r i t y  t r ans fo rma t ion  which a l s o  t ransforms 

the  temperature  dependent d e n s i t y ,  c o n d u c t i v i t y  and d i f f u s i v i t y  t o  

t h e i r  ambient va lues .  

L e t  
Y 



and 

The l a s t  equa t ion  d e f i n e s  the  dimensionless mass t r a n s f e r  n (T) 

which, t o g e t h e r  with rl (T), w i l l  be shown t o  be independent of 7 . 
Using equat ions ( 7 ) ,  (17) and (19) one o b t a i n s  

and 

c 

Using t h e  cha in  r u l e ,  t h e  gas-phase equa t ions  ( 4 )  and ( 6 )  become 

where i s  assumed cons t an t  and equa l  t o  . Again, a 

u n i t  Lewis number, A* . = 1 i s  assumed. 
%o - 

f y P  

The f u e l  bed equa t ion ,  ( l o ) ,  becomes 
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a p3 + r1 ( T )  - - 

The i n i t i a l  cond i t ions  and boundary cond i t ions  (11 t o  16) become 

r e s p e c t i v e l y  

(3 Pl 
a t  2 n (r) =- 

The e a s i e s t  way t o  solve these  equat ions i s  t o g u e s s  f irst  t h a t  

'PI (&T), cQ2 c r ; , n  9, ( L V Y  n (r) and r1 (7) a r e  a l l  

independent  of T , and then v e r i f y  t h a t  t h e  s o l u t i o n  s a t i s f i e s  t h e  

o r i g i n a l  r dependent problem. 

The s o l u t i o n  of Eq. ' s  ( 2 2 ) ,  i gnor ing  t h e i r  time dependence i s  
-6 

; €or  i = 1 , 2  e r f c  ( 5  - n )  
Q(i, = qi (0) e r f c  ( - n )  

where t h e  boundary c o n d i t i o n  equat ion (24 ) ,  has  been used. I n  

p a r t i c u l a r , u s i n g  the  boundary c o n d i t i o n  equat ion (27 ) ,  one has 

'p3. ( 5 )  = -  B e r fc  ( $ ,  - n )  
e r f c  ( - n) 
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S i m i l a r l y  , 

(P,(S) 

t h e  s o l u t i o n  t o  equat ion  (23) ,  w i th  equa t ions  (25) and (26) 

r 

Rate  of Fuel  Vapor iza t ion  

S u b s t i t u t i n g  equa t ions  (31) and (32) i n t o  equat ion  (28) ,  one 

a r r i v e s  a t  t h e  mass t r a n s f e r  r e l a t i o n s h i p  

is 

(32) 

T h i s  important  equat ion  r e l a t e s  the  mass t r a n s f e r  n t o  t h e  mass t r a n s f e r  

d r i v i n g  "force'1 B y  t h e  r a d i a t i v e  h e a t  t r a n s f e r  rl and t h e  thermal  d r a i n  

of t h e  f u e l  bed. 

The l a s t  ( i . e .  t h e  thermal  d r a i n )  t e r m  oan be s i m p l i f i e d  by n o t i n g  

t h a t  ' cpw l i e s  between and loe2  f o r  almost a l l  types  of  
x w  'e'w cp 

s o l i d  o r  l i q u i d  f u e l s .  F o r  n ' n o t  t o o  l a r g e  r e l a t i v e  t o  u n i t y ,  

equat ion  (33) i s  

Th i s  s i m p l i f i c a t i o n  impl ies  t h a t  t h e  term ew cpw vw - a T  i n  equat ion  
a 7  

(91,  which term desc r ibes  t h e  slow motion of  t he  f u e l  bed toward t h e  

vapor iz ing  s u r f a c e ,  i s  n e g l i g i b l e .  
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The func t ion  q2 ( 5 )  can be c a l c u l a t e d  by s u b s t i t u t i n g  equat ion 

(30) i n t o  equat ion (29) and then us ing  eqyat ion (33) t o  e v a l u a t e  92 (0). 

F 1 ame Temp e r a  t u r  e 

A t  t h e  flame ( y  = y o r  = rf), t h e  f u e l  vapor and oxygen 
f 

concen t r a t ions  a r e  z e r o .  Therefore ,  equa t ions  (3) and (30) provide 

P 

i 

where Tf  i s  the  flame temperature.  

I n  a d d i t i o n ,  equa t ions  (5) and (30) provide 

Combining equat ions (36) and (37), one o b t a i n s  

Using equat ion (35) f o r  q 2  ( 0 ) ,  t he  flame temperature becomes 
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where equat ion (20)  has  been used f o r  r The numerator of  equat ion 

(38) i s  t h e  n e t  h e a t  r e l e a s e d  i n t o  the  gas-phase temperature f i e l d  while  

u n i t  mass of f u e l  i s  burned. The denominator i n d i c a t e s  the t o t a l  mass 

of gas i n t o  which t h i s  h e a t  i s  depos i t ed  when u n i t  mass of f u e l  i s  burned. 

Flame P o s i t i o n  

1' 

I n v e r t i n g  equat ion (17) one has  

Sf 

= 2  JG 1 ew, d ?  
Q yf 

Now using equa t ions  (8) and (3) t h i s  becomes 
P 

which can be i n t e g r a t e d  t o  o b t a i n  

i 

One s e e s ,  from t h i s  equa t ion ,  t h a t  t he  d i s t a n c e  between the  flame and 

f u e l  bed i n c r e a s e s  d i r e c t l y  wi th  c. 
can determine Gf from equat ion (37) us ing  the value of 

equa t ion  (35). 

To e v a l u a t e  y numerical ly ,  one f 
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Burning Rate a t  t h e  Flame 

Define -I$ a s  the  r a t e  p e r  u n i t  a r ea  wi th  which f u e l  i s  consumed 

a t  t h e  flame s h e e t .  From equat ion  (2 )  one o b t a i n s  

yf+ yf+ 

yf -  Yf- 

Using equat ion  ( 1 7 ) t o  t ransform y t o  5 and then i n t e g r a t i n g ,  one 

o b t a i n s ,  (no t ing  t h a t  YF (I ) i s  cont inuous)  

9 2  
o r ,  i n  terms of 

e n 

Flame Radia t ion  

It was assumed i n  t h e  formula t ion  t h a t  t he  r a d i a t i o n  i s  p r o p o r t i o n a l  

t o  t h e  r a t e  of  combustion, 

p e r  u n i t  volume 4'" - - ')c <;Aem = , - . Therefore ,  t h e  r a t e  of  

r a d i a n t  energy r e l e a s e  p e r  u n i t  flame a r e a ,  equa l s  

That  i s  t h e  r a t e  of r a d i a n t  energy r e l e a s e  
- 2 Q&II ? 

MF V ' F  rad 
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o r ,  u s ing  equat ion  (40) 

I f  t h e  gases  a r e  t r a n s p a r e n t ,  and i f  h a l f  of t he  r a d i a t i o n  i s  d i r e c t e d  

toward t h e  f u e l  bed, then  t h e  r a d i a t i v e  h e a t  t r a n s f e r  rece ived  by t h e  

f u e l  bed per  u n i t  a r e a ,  R1 ( t ) ,  w i l l  be 

where i s  t h e  e m i s s i v i t y  of  t h e  f u e l  bed. Thus 

Equation (43) shows t h a t  rl i s  independent of t i m e .  This  v e r i f i e s  

our  assumption made i n  the  paragraph fol lowing equat ion  (21) ,  s i n c e  

from equat ion  (33 )  we a l r e a d y  know t h a t  n i s  independent of t i m e  i f  r 

i s  a l s o  independent o f  t i m e .  

2.2.4 Summary and Conclusions 

1 

The t r a n s i e n t  problem was formulated and then  transformed t o  a 

s i m i l a r i t y  problem. 

dependent p r o p e r t i e s  ( d e n s i t y ,  d i f f u s i v i t y  and conduc t iv i ty )  t o  t h e i r  

ambient va lues .  By assuming t h a t  t h e  flame r a d i a t i o n  i s  p r o p o r t i o n a l  t o  

t h e  ra te  of combustion, i t  was p o s s i b l e  t o  so lve  f o r :  t h e  r a t e  of mass 

t r a n s f e r ,  (ev),=, = n em& , equat ion  (33 ) ;  t h e  flame temperature ,  

Tf ,  equa t ion  (38); t h e  flame n o s i t i o n ,  y f ,  equa t ion  (39);  t h e  r a t e  o f  

f u e l  consumption a t  t h e  flame, &"IF$ equa t ion  ( 4 0 ) ;  and finally t h e  

r a d i a t i v e  h e a t  t r a n s f e r ,  R1 ( t ) ,  equa t ion  (42) .  

This  t raqsformat ion  a l s o  converted t h e  temperature  
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The preQious equa t ions  show t h a t :  yf i n c r e a s e s  wi th  the square r o o t  

of t ime; Tf  i s  c o n s t a n t ;  and ( Q V ) ~ = ~ ,  s, and R1 ( t )  dec rease  i n v e r s e l y  

wi th  t h e  square r o o t  of t ime,  

i n t u i t i v e l y  expect  w i th  t h e  approximation of 4'" 
Sec t ion  2.2.2. 

These r e s u l t s  a r e  what one might 

rad = Fci;;,, made i n  

A c o n s i d e r a t i o n  of equat ion ( 3 3 )  shows t h a t  i f  n) 0 ,  a flame w i l l  

propagate  away from the  f u e l  bed. However, i f  n 4 0  , no flame w i l l  

occur because t o o  much h e a t  i s  absorbed by t h e  f u e l  bed i n t e r i o r .  It 

can a l s o  be seen frotn eq.  (33)  t h a t  the c r i t i c a l  c o n d i t i o n ,  n = 0 ,  occurs 

when 

When 

i . e .  

B z  

much 

n = 0 t h e r e  w i l l  be no mass t r a n s f e r ,  and thus no r a d i a t i o n  

rl = 0. The c r i t i c a l  c o n d i t i o n  becomes 

For most f u e l s  burning i n  a i r ,  the  term 'P (Tvap-Ta ) i s  g e n e r a l l y  

sma l l e r  than t h e  mass t r a n s f e r  d r i v i n g  "force" B .  Thus, t he  
L 

c r i t i c a l  cond i t ion  i s  approximately 

Th i s  l a s t  equat ion should provide an e s t ima te  of t he  f lammabil i ty  of 

f u e l s  i n  a z e r o  g r a v i t y  f i e l d .  

Equation ( 3 4 )  was used t o  c a l c u l a t e  t h e  mass t r a n s f e r  number, n ,  

f o r  s e v e r a l  t y p i c a l  l i q u i d  f u e l s  burning a t  ze ro  g i n  pure oxygen a t  
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1 / 3  atm and i n  a i r  a t  1 atm. 

a f i r s t  approximation. L a t e r ,  it was included f o r  one p a r t i c u l a r  f u e l .  

The r a d i a t i o n  t e r m ,  rl, was neg lec t ed  a s  

The c a l c u l a t i o n s  showed t h a t ,  when r a d i a t i o n  i s  n e g l e c t e d ,  a l coho l s  

ranging between cH3OH and CqHgOH, and p a r a f f i n s  ranging between CB4 and 

CgH18 should burn ( i . e .  n> 0) i n  t h e  pure oxygen atmosphere. On t h e  

o t h e r  hand, no a l c o h o l s  w i l l  burn ( i . e .  n(0) i n  a i r  a t  1 atmosphere 

wh i l e  p a r a f f i n s  f a l l i n g  between cH4 and C5H12 w i l l  burn.  

A t y p i c a l  value f o r  n = 0.59 was c a l c u l a t e d  f o r  C2H50H i n  pure 02 

a t  1 / 3  atm. By employing the  d e f i n i t i o n  of n a s  given i n  equat ion (21 ) ,  

t he  f u e l  vapor i za t ion  r a t e  a t  t h e  s u r f a c e ,  ( g  v ) ~ = ~ ,  becomes 

(It should be pointed out  t h a t  time t begins  a f t e r  i g n i t i o n  had a l r e a d y  

occurred by some mechanism such a s  a high energy p u l s e . )  

The e f f e c t  of i nc lud ing  t h e  r a d i a t i o n  t e r m  on t h e  burning r a t e  was 

It was assumed t h a t  20% of the s t u d i e d  f o r  CgH18 i n  pure 02 and 1 / 3  atm. 

chemical energy l i b e r a t e d  is  r a d i a t e d  and t h a t  50% of t h i s  energy went 

back t o  the  f u e l  bed. The r e s u l t  was a s l i g h t  decrease i n  n from 0.26 

t o  0,24. This implied t h a t  h e a t  t r a n s f e r  by conduction back t o  t h e  f u e l  

was a s l i g h t l y  more e f f i c i e n t  mechanism than r a d i a t i o n .  However, when 

100% of t he  r a d i a t i o n  was assumed t o  go back t o  t h e  f u e l ,  t h e  value of n 

inc reased  t o  .475, This  would be expected s i n c e  the  t o t a l  h e a t  t r a n s f e r  

back t o  the  f u e l  had been d e f i n i t e l y  inc reased .  

There a r e  no experimental  d a t a  with which t o  compare the p r e d i c t e d  

burning r a t e s .  A s  pointed ou t  e a r l i e r ,  t h i s  t heo ry  i s  s t r i c t l y  
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a p p l i c a b l e  t o  a f l a t  f u e l  where the  dominant ex t ingu i sh ing  mechanism i s  

t h e  thermal d r a i n  from t h e  flame i n t o  the  cold f u e l  bed i n t e r i o r .  

Rumagai and I s o d a ' s  (273) experiments,  f o r  i n s t a n c e ,  were l i m i t e d  t o  

small s p h e r i c a l  d r o p l e t s  which reach thermal equ i l ib r ium very e a r l y  i n  

t h e  combustion process  and thus o f f e r  minimal thermal d r a i n  from the  

flame. Thus, it, i s  n o t  s u r p r i s i n g  t o  no te  t h a t  both heptane and e t h y l  

a l c o h o l  d r o p l e t s  d i d  burn i n  a i r  a t  1 atm while  t h i s  t heo ry  p r e d i c t s  

t h a t  t hey  do n o t .  
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2 .3 .1  Previous Work 

Q u a l i t a t i v e  obse rva t ions  o f  small f i r e s  under a c t u a l  ze ro  g r a v i t y  

(6) 
I 

cond i t ions  were r epor t ed  by Kimzey e t ' a1(5) ,  H a d 4 )  and Stevens e t  a1 . 
Kimzey photographed t h e  combustion of d i f f e r e n t  p i e c e s  of polymers 

and p a r a f f i n  du r ing  s h o r t  pe r iods  o f  we igh t l e s sness  i n  a i r p l a n e  f l i g h t s  of 

p a r a b o l i c  t r a j e c t o r y ,  

t h a t  a f t e r  a v i s i b l e  e x t i n c t i o n  of t he  flame a t  0.84 seconds a f t e r  

i g n i t i o n  and a per iod o f  4.25 seconds of darkness ,  t h e  flame reappeared. 

This was due t o  e i t h e r  a r e t u r n  t o  g r a v i t y  o r  t h e  c o l l i s i o n  o f  t h e  com- 

b u s t i o n  chamber w i t h  t h e  a i r c r a f t  w a l l .  

H i s  c i n e  f i l m  of t he  combustion o f  p a r a f f i n  showed 

Stevens e t  a1c6) burned small samples (3.2 x 0.6 x 0.3cm) of 

polyethylene i n  pure and d i l u t e d  oxygen atmospheres (a t  256-569 nun Hg) 

i q  t h e  same combustion chqmber used by Kimzey. The t imes f o r  burnout 

under ze ro  g r a v i t y  cond i t ions  were found t o  be roughly 50% h i g h e r  than 

i n  normal g r a v i t y .  This r e s u l t  ag rees  q u a l i t a t i v e l y  w i t h  r e s u l t s  obtained 

by Kumagai and I soda  (2y3) who measured burning r a t e s  i n  a i r  o f  suspended 

f u e l  d r o p l e t s  (n-heptane and e t h y l  a l c o h o l ) ,  flame diameters  and h o t  gas  

diameters  i n  g r a v i t a t i o n a l  f i e l d s  varying between zero and one-g, produced 

i n  a f a l l i n g  chamber. They found t h a t ,  r e g a r d l e s s  of t h e  g r a v i t a t i o n a l  

f i e l d  s t r e n g t h ,  t he  known r e l a t i o n s h i p  between t h e  mass burning rate and 

t h e  d r o p l e t  diameter f o r  d i f f u s i o n  flames i s  v a l i d .  

m = & d  (45) 

Where & = mass burning r a t e  (g/s) 

d =i f q e l  drop diameter (cm) 

o( = p r o p o r t i o n a l i t y  c o n s t a n t ,  

This  means t h a t  t h e  related expres s ion  f o r  the dec rease  of d r o p l e t  

s i z e  w i t h  time a l s o  holds .  

2 2  do d = k t  
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do = i n i t i a l  f u e l  drop diameter  (cm) 

2 k = f u e l  evapora t ion  cons t an t  (cm /s ) .  

However, k was found t o  i n c r e a s e  cons ide rab ly  when g r a v i t y  v a r i e d  

Values f o r  n-heptane and e t h y l  a l c o h o l  were respec- from zero t o  one-g. 

t i v e l y  0.0049 and 0.0046 cm /s a t  zero-g and 0.010 and 0.0075 cm2/s  a t  

one-g . 
2 

Kumagai and Isoda made an a t t empt  t o  measure the v i s i b l e  flame 

diameter  and the  diameter of t h e  h o t  gas sphere.  Whereas t h e  flame 

diameter  reached a maximum a f t e r  about  0.5 seconds ( t h e  f r e e  f a l l  h e i g h t  

was on ly  5m), t h e  h o t  gas  d i a m e t e r  as observed by s c h l i e r e n  photography 

increased i n i t i a l l y  as t h e  square r o o t  of time and l a t e r  a t  slower rates.  

For d r o p l e t  s i z e s  of O.lcm, the  flame diameter  had inc reased  t o  2cm 

a f t e r  0 .1  second. 

Cocran(8) i s  p repa r ing  experiments a t  NASA-Lewis f o r  s tudying t h e  

behavior  o f  low momentum f u e l  j e t  d i f f u s i o n  flames and t h e  f lammabil i ty  

c h a r a c t e r i s t i c s  of va r ious  m a t e r i a l s  under zero-g cond i t ions .  Two 

drop towers are a v a i l a b l e  f o r  zero-g s imula t ion .  One i s  26m h igh  and i s  

used f o r  p re l imina ry  experiments and t h e  o t h e r  i s  152m h igh  equipped wi th  

pumping f a c i l i t i e s  s o  t h a t  f r e e  f a l l  can be s t u d i e d  i n  vacuum. The 

maximum period of we igh t l e s sness  a v a i l a b l e  w i t h  t h e  152m drop tower i s  

e l even  seconds.  No s t u d i e s  a r e  under way o r  planned a t  t h i s  t i m e  f o r  

determining flame extinguiShment t i m e  o r  maximum flame th i ckness .  

Obviously, s t e a d y  s t a t e  combustion of a f l a t  s u r f a c e  i s  not  

p o s s i b l e  i n  t h e  absence of n a t u r a l  convect ion.  The i n c r e a s i n g  th i ckness  

of  t h e  l a y e r  of combustion products  which s e p a r a t e s  t he  f u e l  from t h e  

surrounding ox idan t  i n c r e a s e s  t h e  time f o r  t h e  d i f f u s i o n  mixing process 

of a s t o i c h i o m e t r i c  u n i t  of f u e l  and ox idan t .  When t h e  rate of energy 

loss  due t o  r a d i a t i o n  and t o  conduction outweighs t h e  r a t e  of energy 
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release by combustion, the flame w i l l  be ex t ingu i shed .  The de te rmina t ion  

of t h e  f a c t o r s  governing the c h a r a c t e r i s t i c  s e l f - ex t ingu i shmen t  time 

and t h e  th i ckness  of t h e  f i n a l  l a y e r  of h o t  gases  having a temperature 

j u s t  below the  i g n i t i o n  temperature i s  of s p e c i a l  i n t e r e s t  t o  t h e  space- 

c r a f t  f i r e  hazard.  

Kumagai and Isoda had n e i t h e r  enough f u e l  nor time f o r  measuring 

t h e  f i n a l  flame th i ckness  and extinguishment t ime. On the  o t h e r  hand, 

small p e r t u r b a t i o n s  du r ing  we igh t l e s sness  may have prolonged t h e  l i f e t i m e  

of t he  flame during Kimzey's experiments w i thou t  being v i s i b l e  t o  t h e  

c i n e  camera. 

The remainder of t h i s  s e c t i o n  i s  devoted t o  a d e s c r i p t i o n  of 

t h e o r e t i c a l  and experimental  models which were employed t o  s imula t e  

the  e s s e n t i a l  phenomena occur r ing  du r ing  zero-g combustion. 

2.3.2 Radia t ive  Cooling of D i f f u s i o n  Flames 

2.3.2.1 I n t r o d u c t i o n  

The mathematical  model descr ibed i n  s e c t i o n  2.2 p r e d i c t e d  t h a t  

during zero-g combustion of a f l a t  s u r f a c e ,  the temperature o f  a non- 

r a d i a t i v e  flame should remain cons t an t  w i t h  time. This w a s  a l s o  t r u e  f o r  

a flame i n  which t h e  r a t e  of r a d i a t i v e  energy r e l e a s e  was p r o p o r t i o n a l  

t o  t h e  r a t e  of combustion energy gene ra t ion .  These concepts a r e  physi-  

c a l l y  u n r e a l i s t i c .  The r a t e  o f  r a d i a t i o n  should i n c r e a s e  w i t h  time i n  the  

i n i t i a l  s t a g e s  of t he  combustion process due t o  a n  i n c r e a s e  i n  t h e  product 

gas  l a y e r  t h i ckness  w h i l e  t h e  flame temperature should decrease.  

Because of t he  importance of t he  r a d i a t i v e  coo l ing  process  of 

combustion products  during zero-g burning,  t h e  extinguishment t imes of 

d i f f u s i o n  flames due t o  r a d i a t i o n  a lone  were c a l c u l a t e d .  These provide 

a n  upper l i m i t  f o r  extinguishment time s i n c e  t h e  presence of conduction 

he lps  speed t h e  extinguishment p rocess .  Two cases  were considered: 

(i) Cooling of a s e m i - i n f i n i t e  h o t  gas l a y e r  o f  cons t an t  t h i ckness  

(ii) Cooling of a f l a t - d i f f u s i o n  flame o f  i n c r e a s i n g  th i ckness .  
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The reason t h a t  t h e  second c a s e  w a s  considered w a s  t h a t  a f l a t  

s t eady  s t a t e  d i f f u s i o n  flame can be used t o  s imula t e  zero-g combustion 

q u i t e  e f f e c t i v e l y ,  The t r a n s i e n t  combustion process  p r e s e n t  i n  zero-g 

i s  replaced by a p rogres s ive  change i n  th i ckness  i n  t h e  v e r t i c a l  

d i r e c t i o n  brought about by t h e  same p h y s i c a l  d i f f u s i o n  mechanism present  

i n  zero-g t r a n s i e n t  f lames.  This i s  d i scussed  f u r t h e r  i n  paragraph 2 . 3 . 2 . 3 .  

I n  both cases, t h e  r a d i a t i n g  gases  were assumed t o  be composed 

-6 e n t i r e l y  of C02, H20 and a reasonable  q u a n t i t y  of s o o t  equa l  t o  10 

volume f r a c t i o n .  

by us ing  the  methods descr ibed by H o t t e l  and Sarofim"). 

The e m i s s i v i t y  o f  t h e  gaseous mixture ,  eg, w a s  found 

The s o o t  

e m i s s i v i t y ,  cs , wascalculated from t h e  r e l a t i o n  (9) 

1 
( 4 7 )  

c V 

Where K 

f 

I, = flame th i ckness  (cm) 

T = flame temperature (OK) 

=" 5.2 cmcl OK-' recommended f o r  a pure carbon s o o t  

= volumetr ic  f r a c t i o n  occupied by t h e  s o o t  p a r t i c l e s  
V 

Assuming g ray  gas  behavior ,  t h a t  K i r c h o f f ' s  Law a p p l i e s  and t h a t  s o o t  

p a r t i c l e s  are n o n - r e f l e c t i v e ,  t h e  t o t a l  e m i s s i v i t y  of t h e  flame, E f ,  was 

c a l c u l a t e d  by t h e  equat ion (It?) 

Tf = 1 - Ef = 7 7  = (1 - E  ) (1 -f> 
g s  g 

o r  €f = € g  +€s  - f g  € s  

Where Tf = t r a n s m i s s i v i t y  o f  t h e  flame 

rg = t r a n s m i s s i v i t y  of t h e  gas  

r = t r a n s m i s s i v i t y  o f  t he  s o o t  
S 
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The energy balance f o r  a h o t  gas  l a y e r  which i s  r a d i a t i n g  h e a t  t o  

t h e  surroundings i s  

dT 4 4  
AL C e- = 2 G f C ( T  - To) A 

P d t  

2 Where A = a r e a  of one f a c e  o f  t h e  flame (cm ) 

T, = temperature of t h e  surroundings (OK) 

The t i m e  r equ i r ed  by t h e  l a y e r  t o  c o o l  from TI t o  T2 can be found by 

i n t e g r a t i o n .  
T 1  

dT cp  e 
t =  J 4 4  2 EfCT(T - To> 

T2 

(49) 

The t i m e  r equ i r ed  by t h e  h o t  combustion products  o f  a s t o i c h i o -  

m e t r i c  mixture  of CH4 and oxygen a t  1 a t m  t o  cool  dawn from an i n i t i a l  

temperature  of 3000 K t o  an  a r b i t r a r y  low v a l u e  of 500°K ( i . e .  below t h e  

i g n i t i o n  temperature) w a s  c a l c u l a t e d  f o r  d i f f e r e n t  t h i cknesses .  The 

s o l u t i o n  o f  equa t ion  (49)  required g r a p h i c a l  i n t e g r a t i o n  because o f  t h e  

dependesce of C p ,  v ,  cf on temperature and of Ef on flame th i ckness  L. 

A t y p i c a l  g r a p h i c a l  i n t e g r a t i o n  i s  shown i n  Figure 2. 

were repeated f o r  a C3H8 - 02 mixture and f o r  a plat inum s h e e t .  

i n s p e c t i o n  o f  t h e  r e s u l t s  which are p resen ted  i n  Figure 3 ,  the  fol lowing 

obse rva t ions  can be made: 

0 

These c a l c u l a t i o n s  

Upon 

(i) For the  same t h i c k n e s s ,  t h e  change i n  composition between 

one hydrocarbon and ano the r  does no t  a f f e c t  t h e  rate of temperature 

decrease apprec iab ly ,  

(ii) A s  expected, l onge r  coo l ing  t i m e s  a r e  necessary f o r  gas 

l a y e r s  of g r e a t e r  o p t i c a l  t h i ckness .  For o p t i c a l l y  t h i n  l a y e r s ,  one 

would expect  coo l ing  t imes t o  b e  on ly  dependent on t h e  p r o b a b i l i t y  of 

spontaneous emission f o r  t h e  d i f f e r e n t  molecular  s t a t e s  involved and n o t  
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Fig. 2 Determination of the time, t, required for cooling of a 1 cm 
thick layer of CH4-02 Flame product gases. 
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on t h e  l a y e r  t h i ckness .  The much longer  coo l ing  times r equ i r ed  by 

plat inum a r e  c o n s i s t e n t  w i t h  i t s  much h i g h e r  volumetr ic  s p e c i f i c  h e a t .  

(iii) The cool ing t i m e  is mainly determined by t h e  r a d i a t i v e  

p r o p e r t i e s  of t h e  l a y e r  a t  low temperatures .  

r a d i a t e d  t o  t h e  surroundings w h i l e  coo l ing  from 3000°K t o  500 K i s  

roughly equa l  t o  t h e  energy r a d i a t e d  a t  800°K during t h e  same period of 

t i m e  . 

Thus, t h e  t o t a l  energy 

0 

( iv)  The magnitude o f  t h e  c a l c u l a t e d  times i n d i c a t e  t h a t  t h e  

r e su l t s  are amenable t o  experimental  v e r i f i c a t i o n .  

A s  s t a t e d  ear l ie r ,  t h e  f l a t  laminar d i f f u s i o n  flame can be used 

e f f e c t i v e l y  t o  s imula t e  zero-g combustion. A burner  of t h i s  t ype  

employs unburned f u e l  and o x i d i z e r  flowing i n  a v e r i c a l  upward d i r e c t i o n  

w i t h  t h e  flame a t  the interfacAl?’The flow f i e l d  d i s t o r t i o n  introduced by 

buoyancy does no t  a l t e r  the d i f f u s i v e  mixing o f  f u e l  and ox idan t  appreci-  

ab ly .  

thus s imula t ing  zero-g combustion. However, u n l i k e  the  model descr ibed 

i n  t h e  previous paragraph, a f l a t  d i f f u s i o n  flame w i l l  have an i n c r e a s i n g  

th i ckness  due t o  d i f f u s i o n  and accumulation of combustion products  and a 

flame temperature which decreases  w i t h  he igh t .  Before d e s c r i b i n g  t h e  

experiments w i t h  f l a t  d i f f u s i o n  flames,  i t  i s  necessary t o  cons ide r  a 

more r e a l i s t i c  model f o r  r a d i a t i v e  coo l ing  from such a flame. 

Combustion products  accumulate between t h e  f u e l  and oxidant  sources  

A t h e o r e t i c a l  model resembling a f l a t  ( l a b o r a t o r y )  d i f f u s i o n  flame 

was considered.  It should be r e i t e r a t e d  t h a t  t h i s  model a l s o  d e s c r i b e s  

t h e  t r a n s i e n t  zero-g d i f f u s i o n  flame. The fol lowing assumptions were 

mad e : 

(i) A s e m i - i n f i n i t e  amount of ox idan t  flowing upwards p a r a l l e l  

t o  and unmixed w i t h  a s e m i - i n f i n i t e  stream o f  gaseous f u e l .  
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( i i )  A f t e r  i g n i t i o n ,  a f l a t  d i f f u s i o n  flame i s  ob ta ined ,  t h e  

th i ckness  of which i n c r e a s e s  w i t h  h e i g h t  according t o  the r e l a t i o n  

L = J V  

2 

V 
where t = - (s) 

z = h e i g h t  (cm) 

v = average v e l o c i t y  w i t h i n  t h e  flame (cm/s) 

2 D, = mass d i f f u s i v i t y  i n  t h e  surroundings (cm /s)  

( i i i )  A Lewis  number equa l  t o  one. S ince  t h i s  number i s  t h e  

r a t i o  o f  thermal t o  mass d i f f u s i v i t y ,  t h e  th i ckness  L w i l l  d e s c r i b e  

t h e  temperature as well as t h e  combustion p roduc t s  l a y e r  t h i ckness .  

( i v )  A s  soon as t h e  f u e l  and ox idan t  e n t e r  the l a y e r ,  t h e  

h e a t  o f  combustion i s  r e l eased  and used t o  h e a t  t h e  l a y e r  uniformly. 

An o v e r a l l  h e a t  balance can be w r i t t e n  f o r  a d i f f e r e n t i a l  element 

of t h e  flame a t  a he igh t  z ,  where t h e  flame th i ckness  i s  L and the  

temperature i s  T.  

t 

e cp L (T - T ~ )  dA = H (eL dA) - dA 2 &  C (T4 - T$) d t  
0 

L 

o r  
L 

H 2 
T = (To +-) - - (... (T4 - T$) d t  

Qcp L 0 
cP 

H 
S u b s t i t u t i n g  f o r  To -I--+ t h e  a d i a b a t i c  flame temperature Tf and 

CP 
r e w r i t i n g  equat ion (50) i n  a form s u i t a b l e  f o r  numerical  s o l u t i o n ,  one 

a r r i v e s  a t  n 

- - -  - 
where !?, E, e, Cp,  L a r e  average values  f o r  t h e  gases  i n  element A z 

corresponding t o  time i n t e r v a l  A t .  

(50). 
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1.8 

-1 
and D n F  Tn 

Pn - Tn 

r~ roughly a cons t an t  c& 
-0.1 The product  7 d q  i s  p r o p o r t i o n a l  t o  Tn . This term w a s  t hus  

Pn n 
considered a cons t an t  i n  t h e  numerical  i t e r a t i v e  procedure used t o  s o l v e  

equat ion (51). 

S t a r t i n g  w i t h  t h e  a d i a b a t i c  flame temperature  T f ,  a temperature T1 

i s  c a l c u l a t e d  a f t e r  t i m e  t has e lapsed by t r i a l  and e r r o r .  This  i s  done 1 
by e s t i m a t i n g  a T 

~ ~ c i  ,/- f o r  c a l c u l a t i n g  s. Consecutive temperatures T are 

between T 1 1 and Tf and an  average gas  l a y e r  t h i ckness  
- 

Kl 

obtained i n  a similar manner. The procedure i s  s i m p l i f i e d  by p l o t t i n g  

Tn v s  tn cont inuously i n  o r d e r  t o  a r r i v e  a t  b e t t e r  f i r s t  e s t i m a t e s  of 

T by success ive  e x t r a p o l a t i o n .  The r e s u l t i n g  curves were found t o  
n+1 

be r e l a t i v e l y  independent of t h e  i t e r a t i o n  s t e p  s i z e s  ( t  

were va r i ed  between 10 and 10 . P l o t s  showing the decrease i n  

temperature w i t h  time (corresponding t o  h e i g h t )  f o r  CH4mO2 and CHq-Air 

f l a t  flames are p resen ted  i n  F igu res  4 and 5 ,  F igu re  6 shows t h e  

v a r i a t i o n  of t h e  flame th i ckness  w i t h  t i m e  (he igh t )  w h i l e  Figure 7 

/tn) which 
1 / 4  "*1 

r e p r e s e n t s  t he  v a r i a t i o n  of t h e  ra te  o f  thermal r a d i a t i o n  w i t h  t i m e .  

A comparison of F igu res  4 and 5 i n d i c a t e s  t h a t  t h e r e  i s  l i t t l e  

d i f f e r e n c e  between t h e  t imes (0.65 s in 02 va.-0,25 s in a i r  ) taken t o  

reach ZOOOOK when one might! expect  v i s i b l e  flame extinguishment.  The 

curves were continued t o  about 500°K a t  which most normal s o l i d  f u e l s  

are d i f f i c u l t :  t o  i g n i t e .  Figure 6 shows t h a t  t h e  ..final flame product  

l a y e r  t h i ckness  a t  t h a t  temperature i s  of t h e  o r d e r  of  10 cm. Figure 7 

shows t h e  expected course of r a d i a t i v e  losses from t h e  flame which 
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begins at low rates because of the small initial radiating thickness, 

increases to a maximum and then decreases as the influence of decreasing 

temperature predominates over the increasing gas layer thickness. 
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2.3.3 Experimental  Study of  Radiant  Ex t inc t ion  of  F l a t  Di f fus ion  Flames 

2.3.3.1 I n t r o d u c t i o n  

The f l a t  d i f f u s i o n  flame which can be sus t a ined  between p a r a l l e l  

upward flows of f u e l  and oxidant  p r e s e n t s  an e f f e c t i v e  means f o r  

s imula t ing  t h e  e s s e n t i a l  phenomena occur r ing  du r ing  zero-g combustion. 

Although t h e  presence of g r a v i t y  d i s t o r t s  t h e  i n i t i a l  uniform flow f i e l d  

because o f  the  h o t  c e n t r a l  f lame, t h e s e  buoyancy e f f e c t s  a r e  measurable 

and do n o t  a l t e r  t h e  b a s i c  fue l -ox idan t  d i f f u s i v e  mixing process .  

2.3.3.2 Desc r ip t ion  of  Apparatus 

A f l a t  d i f f u s i o n  flame burner  was cons t ruc t ed  from s h e e t  meta l  wi th  

a Pyrex g l a s s  f r o n t  t o  permit  observa t ion .  A diagram of  t h e  bu rne r  wi th  

an approximate s c a l e  and a photograph of t h e  appara tus  a r e  shown i n  

F igures  8 and 9. Porous meta l  p l a t e s  were used t o  e l imina te  turbulence  

of t h e  ensuing f u e l  and oxidant  s t reams.  Nitrogen was employed a s  a 

s h i e l d  g a s ,  The dimensions of  t he  appa ra tus  were chosen so  t h a t  t h e  

n i t r o g e n  c h a r a c t e r i s t i c  d i f f u s i o n  l eng th  was about  7 c m .  S ince  t h e  

d i f f u s i o n  l eng th  Xcl: fi and Dm4-~2 a t  1800% i s  about 2.25 cm2/s, t he  

a l lowable  observa t ion  time was of t h e  o rde r  of 10  seconds.  This  per iod  

was much longer  than t h e  expected flame ext inguishment  t ime. 

Care had t o  be taken i n  o rde r  t o  i n s u r e  t h e  s t a b i l i z a t i o n  of t h e  

flame. The fol lowing procedures  were found t o  improve s t a b i l i z a t i o n :  

1. An approximately s t o i c h i o m e t r i c  f low of f u e l  and o x i d i z e r  were 

used t o  o b t a i n  a v e r t i c a l  flame. 

2. Nearly i d e n t i c a l  f low v e l o c i t i e s  were used on bo th  s i d e s .  

3 .  Bet t e r  s t a b i l i z a t i o n  was obtained when both  t h e  f u e l  and 

o x i d i z e r  gases  had about  t h e  same r a d i a t i o n  absorb ing  

c h a r a c t e r i s t i c s .  Th i s  was achieved by i n j e c t i n g  a smal l  

amount of C02 i n t o  t h e  o x i d i z e r  s t ream. 
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4 .  

5 ,  

6 .  

2 .3 .3 .3  

Flow v e l o c i t i e s  g r e a t e r  than  2.5 c m / s  had t o  be used i n  o r d e r  

t o  avoid excess ive  deformation of t h e  f low f i e l d  due t o  

en t ra inment  of co ld  gases  i n t o  t h e  c e n t r a l  flame zone. A t  

lower v e l o c i t i e s ,  an  undes i r ab le  c i r c u l a t i o n  f low p a t t e r n  was 

e s t a b l i s h e d .  

The upper l i m i t  on v e l o c i t y  was s e t  by t h e  a v a i l a b l e  gas 

supply,  t h e  f i n i t e  h e i g h t  of  t h e  chamber and ehe d e s i r e  t o  have 

a laminar  flame. 

A h o r i z o n t a l  metal  screen placed n e a r  t h e  exhaust  (see F ig .  8 )  

was found t o  reduce undes i r ab le  r e c i r c u l a t i o n  p a t t e r n s  The 

presence of two sc reens  p a r a l l e l  t o  t he  flame was found t o  

improve t h e  s t a b i l i t y  of t he  flame cons iderably .  The con t r ibu -  

t i o n  o f  t hese  sc reens  i n  s t a b i l i z i n g  the  laminar  flame outweighs 

t h e i r  d e t r i m e n t a l  e f f e c t  on t h e  thermal  r a d i a t i o n  and mass 

d i f f u s i o n  r a t e s .  

Expe r imen t a  1 Resu l t s  

A flame s i m i l a r  t o  t h a t  shown i n  F ig .  10 was used t o  e s t ima te  t h e  

r a d i a t i v e  ext inguishment  t i m e .  

CH4, 38 c m 3 / s  C3H8 and 320 crn3/s N2. 

440 cm3/s a i r  and 25 c m 3 / s  C02. 

on each s i d e .  

The f u e l  s t ream cons i s t ed  of  87 cm3/s 

The oxidant  s t ream composition was 

The s h i e l d  gas  cons i s t ed  o f  200 cm3/s N2 

With a n  i n l e t  a r e a  of  98 cm2 on each s i d e ,  t he  average 

l i n e a r  v e l o c i t y  of f u e l  and oxidant  s t reams was - 4 . 6  c m / s .  

yancy causes  en t ra inment  i n  both  t h e  perpendicular  a s  w e l l  

a s  t h e  flame p lane  i t s e l f ,  t h e  flame tends  t o  become h i g h e r  i n  t h e  

c e n t e r .  Thus, an average flame h e i g h t  had t o  be es t imated .  Assuming 

t h a t  t h e  co ld  gas  l i n e a r  v e l o c i t y ,  vo, was inc reased  by a f a c t o r  

Tflame/Troom26 due t o  expansion i n  t h e  flame, and us ing  the  measured 
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average flame h e i g h t  of 1 2  cm, an  eFtinguishment time o f  a b w t  0,5 second 

was obtained.  Probably,  a more r igo rous  method f o r  ima t i ng  flame 

v e l o c i t y  (such a s  the p a r t i c l e  t r a u k  method) should have beeq used, b q t  

t h e  f i n a l  r e s u l t  could n o t  have been a l t e r e d  very much. 

2 . 3 . 3 . 4  Discussion of P e s u l t s  

Considering the r e l a t i v e  crudeness of the meanwements, i t  i s  f e l t  

t h a t  a comparison with Kimzey's ( 5 )  va luss  of 0 , 8 4  seqond f o r  ex t ingu i sh -  

ment of p a r a f f i n  i n  a i q  a t  1 atm and 1.16 second i n  02 

q u i t e  s a t i s f a c t o r y .  Kirnzey's photographs ind icace  t h a t  he wae unable t o  

e l i m i n a t e  convection completely,  Convection c u r r s n t s  tend t o  i n c r e a s e  

extinguishment time by i n t r o d w i n 8  f r e s h  oxygen. I n  a d d i f i a n ,  the 

presence of t h e  h o t  i g n i t o r  wire (which c o o l s  mpch s lawer  than the  flame) 

i n  c o n t a c t  with t h e  r e l a t i v e l y  s o l d  p a r a f f i q  may have inc reased  the 

a t  1/3 atm i s  

flame extinguishment t ime. 

Kimzey's p a r a f f i n  flamea e x h i b i t e d  maximum b r i g h t n e s s  a f t e r  about 

-44 second from i g n i t i o n ,  

model desc r ibed  i n  paragraph 2 . 3 . 2 - 3  and F i g .  7 ,  

Such a mavimum i s  pred ic t ed  by the t h e o r e t i c a l  

A f a c t o r  t h a t  cannot be overlooked i s  t he  i n f l u e n c e  of t h e  geometric 

shape of t he  flame an i t s  r a d i a t i v e  p r o p e r t i e s .  Rincey's flames were f o r  

s p h e r i c a l  f u e l s .  

t hus  may a c c e l e r a t e  e x t i n c t i m  

2 . 3 . 3 . 5  Recommendations 

Energy l o s s  by r a d i a t i o n  can amur i n  a11 d i r e c t i o n s  and 

These p re l imina ry  r e s u l t s  show f b a t  i n to rma t ion  about t he  behavior 

of d i f f u s i o n  flames under cond i t ions  of zerowg can bs obtained i n  t h e  

l abora to ry .  I f  more q u a n t i t a t i v e  r e s u l t s  are d e s i r e d ,  a c c u r a t e  measure- 

m e n t s  should be made of t h e  flame v e l o c i t y ,  temperature ,  t h i ckness ,  gas 

compositiQn and thermal r a d i a t i o n .  
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It i s  recommended t h a t  t h e  Apollo App l i ca t ions  Program cons ide r  t he  

p o s s i b i l i t y  of i nc lud ing  a number of t e s t s  with f l a t  combustible s u r f a c e s  

t o  check the adequacy of t h e  t h e o r e t i c a l  models proposed i n  t h i s  s tudy .  

2.3.4 Other Methods f o r  Simulat inp Zero-G 

The absence of convect ion c u r r e n t s  and t h e  gene ra t ion  and accumula- 

t i o n  of p a r t i a l l y  combusted products  nea r  t h e  burning s u r f a c e  a r e  the  

two fundamental f e a t u r e s  o €  a zero-g f i r e .  The f e a s i b i l i t y  of reproduc- 

ing t h e s e  f e a t u r e s  by two o t h e r  methods was i n v e s t i g a t e d  b u t  n o t  c a r r i e d  

beyond a p re l imina ry  experimental  s t a g e ,  Most of t he  s t u d y  was devoted 

t o  t h e  f l a t  d i f f u s i o n  flame burner  which promised more q u a n t i t a t i v e  d a t a  

w i t h i n  t h e  a v a i l a b l e  time. The o t h e r  methods were: 

a .  The a p p l i c a t i o n  of an e l e c t r o s t a t i c  f i e l d  t o  t h e  flame: 

A flame c o n s i s t s  of n e u t r a l  molecules,  atoms and f r e e  r a d i c a l s ,  

p o s i t i v e  and nega t ive  ions and e l e c t r o n s .  The ion  concen t r a t ion  of a 

pre-mixed flame i s  of t h e  o r d e r  of l o w 5 %  wi th  t h e  number of p o s i t i v e  ions 

roughly equa l  t o  the  number of e l e c t r o p s ,  t h e  nega t ive  ions  c o n s t i t u t i n g  

on ly  a n e g l i g i b l e  f r a c t i o n  of t be  nega t ive  charge c a r r i e r s .  The " ion ic  

wind" generated when a flame i s  placed i n  an e l e c t r o s t a t i c  f i e l d  has 

been a s c i e n t i f i c  c u r i o s i t y  f o r  t he  p a s t  t h r e e  c e n t u r i e s .  

d id  the p o s s i b i l i t y  of applying these  e f f e c t s  t o  engineer ing advantage 

occur  t o  r e sea rch  s c i e n t i s t s .  T t  i s  g e n e r a l l y  be l i eved  t h a t  the " i o n i c  

wind" i s  generated because of c o l l i s i o n s  between t h e  r e l a t i v e l y  heavy 

Only r e c e n t l y  

p o s i t i v e  ions  and the n e u t r a l  s p e c i e s  when t h e  flame i s  placed i n  an 

e l e c t r o s t a t i c  f i e l d .  These f o r c e s  can d i s t o r t  t h e  shape of t h e  flame 

cons ide rab ly ,  I f  t he  e l e c t r i c  f i e l d  were app l i ed  i n  such a manner t h a t  
(12 1 

t h e  " ion ic  wind" cance l s  t h e  upward motion of t h e  flame due t o  convection , 

then t h e  absence of g r a v i t y  w i l l  be approximately s imulated.  Two 

o b j e c t i o n s  have been r a i s e d  concerning t h i s  approach. One i s  t h a t  t h e  
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e l e c t r o s t a t i c  f i e l d  w i l l  not: cance l  t he  convect ion c u r r e n t s  i n  the 

unionized a i r  o r  cold combustion gases  surrounding t h e  flame. The o t h e r  

i s  t h a t  t h e  e l e c t r o s t a t i c  f i e l d  may a l t e r  t he  k i n e t i c s  of t h e  r e a c t i o n s  
(13) 

i n  t h e  f l a m e + *  Nakamura's experiments,  however, showed t h a t  n e i t h e r  t he  

number of i o n s  nor  t h e  e x t e n t  of e x c i t a t i o n  of r a d i c a l s  i n  the  flame was 

a f f e c t e d  by the  app l i ed  f i e l d  except  f o r  a p h y s i c a l  displacement .  (14) 

b.  The second method f o r  s imula t ing  combustion du r ing  we igh t l e s s -  

nes s  i s  t o  a l low buqning t o  t ake  p l ace  along the  bottom su r face  of t h e  

m a t e r i a l .  The h o t  and thus  l i g h t e r  combustion products  w i l l  accumulate 

n e a r  t h e  s u r f a c e  and any oxygen needed t o  support  t h e  combustion process  

w i l l  have t o  d i f f u s e  through t h i s  l a y e r .  This aga in  reproduces the  

e s s e n t i a l  f e a t u r e s  of zero-g combustion and t h e  t h e o r e t i c a l  model 

desc r ibed  i n  Sec t ion  2.2, 

These two methods deserve f u r t h e r  c o n s i d e r a t i o n  i n  any f u t u r e  s t u d i e s  

on t h e  s imula t ion  of combustion during ze ro -g rav i ty .  
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3 .  TEMPERATURE AND PRESSURE RISE DUE TO A FIRE 

I N  AN ENCLOSURE 

3 . 1  I n t r o d u c t i o n  

An uncon t ro l l ed  f a s t  combustion process  t a k i n g  p l a c e  i n  a n  unvented 

enc losu re  may r e s u l t  i n  temperatures and p r e s s u r e s  which cannot be 

t o l e r a t e d  by t h e  walls o r  c o n t e n t s .  Regardless of whether t h i s  

enc losu re  is  a h e r m e t i c a l l y  sealed e l e c t r o n i c  box, a l a b o r a t o r y  

combustion t e s t  g l a s s  jar ,  a space v e h i c l e  o r  a hype rba r i c  chamber, 

an a c c i d e n t a l  f a s t  developing f i r e  may r e s u l t  i n  d i s a s t r o u s  consequences. 

It i s  t h e  o b j e c t i v e  o f  t h i s  s e c t i o n  t o  cons ide r  a11 p o s s i b l e  models f o r  

the burning process  w i t h i n  an  enc losu re  con ta in ing  ao excess of ox idan t  

and to  develop the  equa t ions  d e s c r i b i n g  t h e  v a r i a t i o n  of temperature 

and p r e s s u r e  w i t h  t ime, The r e s u l t s  p r e d i c t e d  by these  equa t ions  w i l l  then 

be examined i n  t h e  l i g h t  o f  t h e  few a v a i l a b l e  experimental  data. 

3 . 2  Condit ions Leading t o  a F i r e  i n  an  Enclosure 

The presence of an  adequate supply of f u e l ,  ox idan t  ( u s u a l l y  oxygen) 

and thermal energy is a p r e r e q u i s i t e  f o r  t h e  i n i t i a t i o n  of a f i r e .  

The e a s e  of i g n i t i o n  o f  a f u e l  depends upon s e v e r a l  f a c t o r s  among which 

a r e  i t s  i g n i t i o n  temperature ,  chemical composition, geometric shape and 

s p a t i a l  d i s t r i b u t i o n .  

The ra te  o f  burning of s o l i d  combustible materials has been shown t o  

i n c r e a s e  sha rp ly  w i t h  an  i n c r e a s e  i n  oxygen concentration'" I ,  and w i t h  

the  t o t a l  p r e s s u r e  
(16 1 . C e r t a i n  materials t h a t  do no t  i g n i t e  i n  a i r  burn 

(17) r e a d i l y  as t h e  oxygen c o n c e n t r a t i o n  i s  inc reased  . In  a d d i t i o n  t o  changes 

i n  t h e  flame spread r a t e ,  t h e  i g n i t i o n  temperature  i s  lowered s i g n i f i -  

c a n t l y  when t h e  t o t a l  p r e s s u r e  o r  t h e  concen t r a t ion  of  0 i s  inc reased  (18) Y 2 
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while equ i l ib r ium flame temperatures  i n  pure oxygen atmospheres a r e  always 

h i g h e r  t han  those  i n  a i r ,  because o f  t h e  absence of d i l u e n t .  Furthermore,  

s t o r a g e  i n  pure oxygen f o r  prolonged pe r iods  of t i m e  has  an  unpred ic t ab le  

but s i g n i f i c a n t  e f f e c t  on t h e  ra te  o f  burning of c e r t a i n  materials (15) . 

Thermal energy necessary t o  i n i t i a t e  a f i r e  could come from an o u t s i d e  

source,  such as by ove rhea t ing  due t o  a surge i n  an  e l e c t r i c  w i r e ,  

c o n t a c t  w i t h  a h igh  temperature o b j e c t ,  r a d i a n t  energy from ano the r  

f i r e ,  e t c . ,  o r  may be generated w i t h i n  t h e  f u e l  by a slow r e a c t i o n  w i t h  

the  ox idan t  s o  t h a t  t h e  r a t e  o f  hea t  gene ra t ion  exceeds the  rate of 

h e a t  l o s s  t o  the  surroundings ( a u t o - i g n i t i o n ) .  

Since t h e  use  of pu re  oxygen o f f e r s  t h e  g r e a t e s t  hazard i n  space a p p l i -  

c a t i o n s ,  t h e  a n a l y s i s  and equat ions below have been developed f o r  a pure 

oxygen atmosphere. However, t h e  equat ions can be ve ry  e a s i l y  modified 

t o  account f o r  t h e  presence of o t h e r  d i l u e n t s .  

3 . 3  Temperature and P res su re  Dependence on Mass Burnt i n  an  Ad iaba t i c  

Enclosure : 

Combustion i n  an  a d i a b a t i c  enclosure produces t h e  maximum p o s s i b l e  temp- 

e r a t u r e s  and p res su re .  The d e r i v a t i o n  below assumes complete mixing and 

i d e a l  gas behavior .  I n  the  r e a c t i o n  

h h CC Hh OX + (c  + 6 - $ 02---ecC02 + 7 H20 
h 
4 2  

M grams of a t y p i c a l  o rgan ic  f u e l ,  CcHhOx, r e a c t  w i t h  (c + - - 5 ) moles 

of O2 t o  produce ( C  

i g n i t i o n ,  t h e  t o t a l  

N to ta1  = N o 2  - 

= w  -I- 
O2 

h 
2 

+ -  ) moles of product  gases .  

number o f  moles p r e s e n t ,  

A t  any t i m e  a f t e r  

w i l l  be N t o t a l ,  

- m (c + F  h x  - z) + E  m ( c  + ? )  h 
M 

m h  x E ( T ; + F )  
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where M = molecular  weight of CcHhOx 

m = mass of CcHhO, bu rn t  by t h a t  t i m e  (g).  

N 
02 = number o f  moles of oxygen i n i t i a l l y  p r e s e n t  (g-mole), 

An energy balance a f t e r  t i m e  t from i g n i t i o n  can be w r i t t e n  f o r  t h i s  

enc losu re  w i t h  no h e a t  losses t o  t h e  wall o r  t o  the con ten t s  of t h e  

enc losu re .  This  would be approximately the  case  during a very f a s t  

combus t i o n  p rocess .  

1 dm dm z Ho M d t  

- 
= Cp \ No2 +: (t + :) 

= d d t  {cp [ NO2 + 

(T-To) - - 

where Ho = h e a t  of  combustion of  CcHhOxat To ( ca l /g )  
.". - 
Cp 

T = temperature of t h e  gas  a t  t i m e  t (%) 

T, = i n i t i a l  temperature ( OK) 

= average s p e c i f i c  hea t  o f  a11 gases  i n  the  enclosure 
(cal/g-moIe OC)  

I n t e g r a t i n g  equa t ion  0 2 )  g ives  
r 

Equation ( 5 3 )  can a l s o  be der ived by t ak ing  an  o v e r a l l  energy balance 

on t h e  a d i a b a t i c  enc losu re .  

The corresponding equa t ion  r e l a t i n g  p r e s s u r e  ,P ,  t o  the t o t a l  mass 

b u r n t  ,my can b e  de r ived  from equa t ion  ( 5 3 )  and t h e  gas l a w s .  Assuming 

p e r f e c t  behavior  

Po v = No2 To ( 5 4 )  

(55 1 



where Po = i n i t i a l  p r e s s u r e  o f  t h e  enc losu re  ( a t m )  

3 R = gas cons t an t  (atm cm /g-moIe OK) 

V = volume o f  enc losu re  (cm ) 3 

Combining equat ions (53, 54 and 55), one o b t a f p s  
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For example, when 20 g of c e l l u l o s e  (CgH1005) i s  b u r n t  a d i a b a t i c a l l y  

i n  a 125 l i t e r  chamber i n i t i a l l y  a t  1 a t m  and 3OO0K and con ta in ing  pure 

oxygen, a t h e o r e t i c a l  f i n a l  temperature of 2163OK and a p r e s s u r e  of 9.33 

atmospheres can be c a l c u l a t e d .  I n  p r a c t i c e ,  t hese  temperatures and 

p r e s s u r e s  are never achieved because o f  h e a t  l o s s e s  t o  t h e  con ten t s ,  

walls and t o  t h e  o u t s i d e .  

I n  o r d e r  t o  f i n d  t h e  v a r i a t i o n  o f  temperature  and p r e s s u r e  w i t h  t i m e ,  a 

model f o r  burning which g ives  t h e  dependence of burning rate , rh , on 

t i m e  i s  needed. Since 

m = f i d t  

0 

(57) 

simple s u b s t i t u t i o n  i n t o  equat ions ( 53 and 56 ) of t h e  a p p r o p r i a t e  

r e l a t i o n s h i p  between A and time w i l l  y i e l d  t h e  d e s i r e d  equat ions.  

3.4 V a r i a t i o n  o f  Burning Rate w i t h  Time 

The burning rate of a s o l i d  depends on i t s  geometric shape and s p a t i a l  

d i s t r i b u t i o n .  Simple models f o r  burning are p o s t u l a t e d  below w i t h  t h e i r  

corresponding dependence of burning rate on t ime. 

i l l u s t r a t e d  i n  f i g u r e  11. 

The models are a l s o  

a .  Constant burning rate: 

m = kl (58 1 
Two examples where a cons t an t  rate of burning i s  obtained are: 

(i) A t h i n  combustible r e c t a n g u l a r  s h e e t  i g n i t e d  along one 
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Fig. 11 - SIMPLE MODELS FOR BURNING 
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The s h e e t  is  t o t a l l y  cwsumed behind the flame and edge. 

t h e  l e n g t h  of t h e  Elape f r o n t  is always cons t an t .  

(ii) A f u e l  having a c o n s t a n t  c r o s s  s e c t i o e  burning downwards 

a s t e a d y  s t a t e .  

b.  L inea r  dependence of burning rate on t i m e !  

(59) & = k 2 t  

A l i n e a r  dependence of burning rate on t i m e  i s  ob ta ined  i n  the  

fol lowing examples: 

(i) A t h i n  combustible s h e e t  i g n i t e d  a t  the  c e n t e r  w i t h  the  

flame f r o n t  expanding i p  a l l  d i r e c t i o n s .  The area between 

t h e  flame and t h e  i g n i t i o n  p o i n t  is  t o t a l l y  consumed. 

(ii) The same as a ( i )  above b u t  where t h e  th i ckness  of the 

material i s  l a r g e  enough s o  t h a t  t he  a r e a  behind t h e  

flame cont inues t o  burn.  

c .  Burning rate dependent on the square of t i m e :  

( 6 0 )  
2 m = k 3 t  

This  corresponds t o  combustion a long  t h e  s u r f a c e  o f  a t h i c k  

f u e l  where the  flame f r o n t  i s  expanding a t  a cons tan t  l i n e a r  r a t e  

i n  a l l  d i r e c t i o n s  as i n  b ( i )  !above b u t  where t h e  area between 

t h e  flame f r o n t  and t h e  i g n i t i o n  point: cont inues t p  burn,  

Equation (60) i s  t rve f o r  t u r b u l e n t  f lames on ly ,  (For 

laminar flames equa t idn  (59) i s  a p p l i c a b l e ) ,  

d .  Exponential  dependence on t i m e :  

The worst  p o s s i b l e  case  f o r  burning occurs  when t h e  f u e l  and 

oxygen are uniformly d i s t r i b u t e d  and when t h e  oxygen can ga in  

access t o  a l l  element$ of t h e  f u e l  a t  a cons t an t  predetermined 

rate c 19) 
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I n  t h i s  ca se  

m = moe k5t  o r  

which reduces t o  equat ion (61) above upon d i f f e r e n t i a t i o n .  

Another way of a r r i v i n g  a t  the  same expres s ion  is  t o  cons ide r  a system 

c o n s i s t i n g  o f  s e v e r a l  f u e l  elements each be ing  similar t o  t h a t  des- 

c r ibed  under c above. A f r a c t i o n  o f  t h e  t o t a l  h e a t  generated ? o( , 
goes i n t o  evaporat ing more f u e l  i . e ,  

d B = s  dA 
( 6 3 )  

where Q = rate of hea t  g e n e r a t i o n  (cal/s) 

A = a r e a  b u r n t  (cm ) 2 

Cppr (TVap 7 To) = energy r equ i r ed  pe r  u n i t  s u r f a c e  a r e a  t o  
raise f u e l  temperature t o  vapor i za t ion  
( ca 1 / cm* 

But s i n c e  Q /v m(t) 

and i ( t )  H A(t )  f o r  t h e  model descr ibed under paragraph c above 

then A ( t )  = kg aAlt) 
d t  

which a g a i n  l eads  t o  equa t ion  (61) .  

A t h i r d  way of a r r i v i n g  a t  t h e  same r e s u l t  i s  t o  s a y  t h a t  t h e  rate of 

evaporat ion and even tua l  burning of a f u e l  i n  an a d i a b a t i c  enc losu re  is 

p r o p o r t i o n a l  t o  the  t o t a l  h e a t  con ten t  of t h e  enc losu re  which, i n  t u r n ,  

i s  dependent on t h e  t o t a l  amount o f  f u e l  b u r n t  up t o  t h a t  t i m e ,  i . e .  

where Q = h e a t  con ten t  of enc losu re  (cal) 

Regardless of t h e  method of d e r i v a t i o n ,  t h i s  model assumes t h a t  an  

i n i t i a l  small f i r e  consumes a mass mo by one o f  t he  o t h e r  mechanisms 
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descr ibed i n  a, b o r  c above be fo re  i t  grows e x p o n e n t i a l l y  ( i . e .  

a t  t = O ,  m=mo). 

Denison e t  a1 (20)in experiments w i t h  denim o v e r a l l s  b u r n t  i n  oxygen 

atmospheres. 

t he  whole s u r f a c e  i n  t h e  manner desc r ibed  by model b ( i )  above, a f t e r  

which edges of s l e e v e s  and t r o u s e r  l e g s  began t o  burn.  

seconds,  30% of  the  o v e r a l l s  was burning and a t  11.3 seconds,  t h e  whole 

s u r f a c e  w a s  engulfed by i n t e n s e  flames.  

This behavior  has  been observed experimental ly  by 

Within 0.6 second a f t e r  i g n i t i o n ,  a flame had swept ove r  

A f t e r  7.5 

It should be pointed o u t  t ha t  t h e  burning r a t e  of a mixture  of com- 

b u s t i b l e s  having d i f f e r e n t  conf igu ra t ions  would be extremely d i f f i c u l t  

t o  p r e d i c t  from the  burning r a t e s  of the i n d i v i d u a l  components, 

The f a s t  burning, h igh  h e a t  g e n e r a t i n g  combustible w i l l  be  a c o n t r o l l i n g  

f a c t o r  c o n t r i b u t i n g  towards a gene ra l  i n c r e a s e  i n  t h e  burning rates of 

a d j a c e n t  combustibles.  On t h e  o t h e r  hand, t h e  presence o f  a flame 

r e t a r d i n g  agent  i n  one combustible may i n h i b i t  t h e  rate o f  burning of 

ano the r  h i g h l y  combustible element. 

3.5  Comparison of Experimental  Data w i t h  T h e o r e t i c a l  P r e d i c t i o n s  

With a l l  t h e  experimental  s t u d i e s  t h a t  have been performed on t h e  

f lammabil i ty  of materials i n  oxygen enriched atmospheres, ve ry  l i t t l e  

d a t a  are a v a i l a b l e  i n  t h e  l i t e r a t u r e  on the v a r i a t i o n  of enc losu re  

temperature and p r e s s u r e  during combustion. A number of s t u d i e s  have 

been performed by B o t t e r i ( B ) ,  bu t  t h e  p e r t i n e n t  d a t a  has not  been 

e x t r a c t e d  from reco rde r  c h a r t s  y e t .  

v s .  time i s  a v a i l a b l e  f o r  t h e  combustion of a s t o i c h i o m e t r i c  amount 

of c o t t o n  i n  an oxygen f i l l e d  chamber, 45.25  l i ters  i n  volume a t  h a l f  an  

atmosphere. This p l o t  i s  reproduced i n  f i g u r e  1 2 .  

Only one of h i s  p l o t s  of p r e s s u r e  

(28 1 
Another sou rce  of d a t a  w a s  t he  record of t h e  Apollo 2 0 4  space cab in  f i r e  . 
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A p l o t  of cab in  p r e s s u r e  versus  t i m e  i s  reproduced i n  f i g u r e 1 3 .  

The r e l a t i o n  between p r e s s u r e  and mass b u r n t  as p r e d i c t e d  by equa t ion  

(56 ) w a s  p l o t t e d  f o r  each case. (See f i g u r e s  14 and 15 ). The a c t u a l  

t i m e  taken t o  r each  a given p r e s s u r e  w a s  read from t h e  experimental  

p l o t s  ( f i g s ,  12 and 13 ) w h i l e  the  m a s s  bu rn t  t o  reach t h a t  p r e s s u r e  

w a s  read from f i g s . 1 4  & '15. The dependence of m a s s  bu rn t  on time w a s  

found by p l o t t i n g  m vs .  t on log-log and semi-log paper ( f i g u r e s  1 6  and 

17). It was found t h a t  t he  exponen t i a l  model gave an e x c e l l e n t  f i t .  

The equa t ions  d e s c r i b i n g  t h i s  dependence were 

B o t t e r i  

0 . 3 5 t  
m = 0 . 3 . e  

0 .35 t  
& = 0.105 e 

(65) 
Apollo a c c i d e n t  

0.39t 
m = 3.1 e 

0 .39t  
r;Z = 1 .21  e 

It w a s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s lopes  of t hese  two l i n e s  are 

roughly the  same. The s l o p e  i s  r e l a t e d  t o  t h e  f r a c t i o n  o f  chemical 

energy generated w i t h i n  the  chamber which goes i n t o  hea t ing  t h e  f u e l  

t o  i t s  vapor i za t ion  temperature  as shown by the equat ion (63).  This  

f r a c t i o n  i s  appa ren t ly  t h e  same i n  b o t h  cases .  On the  o t h e r  hand, 

t h e  value of: mo depends on t h e  s c a l e  of  the  experiment and the s i z e  of 

t h e  i g n i t i o n  source .  

I t  should a l s o  b e  noted t h a t ,  under t h e  assumptions made i n  t h i s  

d e r i v a t i o n  ( a d i a b a t i c ,  non-condensing p roduc t s ,  e t c . ) ,  on ly  a small 

m a s s  i s  t h e o r e t i c a l l y  needed t o  burn exponen t i a l ly  i n  o r d e r  t o  achieve 

the  p r e s s u r e s  a c t u a l l y  reached i n  bo th  systems, About 110 and 2 . 2  

grams need t o  have bu rn t  i n  the Apollo cabin and i n  B o t t e r i ' s  chamber 

r e s p e c t i v e l y  b e f o r e  the  p r e s s u r e  reached a maximum value.  
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Apparently,  du r ing  the  i n i t i a l  s t a g e s  of t h e  combustion p rocess  i n  a n  

oxygen enriched atmosphere, t h e  r e a c t i o n  i s  so f a s t  t h a t  t h e  system does 

follow t h e  assumptions made i n  the d e r i v a t i o n s .  However, a t  a c e r t a i n  

p o i n t ,  h e a t  l o s s e s  t o  t h e  w a l l  and c o n t e n t s ,  water vapor condensation on 

t h e  cold walls and t h e  d i l u t i o n  of oxygen w i t h  combustion products  

become s i g n i f i c a n t l y  l a r g e ,  so that  even though the  combustible c o n t e n t s  

cont inue t o  burn,  t h e  p r e s s u r e  begins  t o  drop. 

The escape of gases  from the Apollo v e h i c l e  due t o  wall f a i l u r e  was 

ano the r  major f a c t o r  i n  reducing t h e  p r e s s u r e .  Obviously, h e a t  l o s s e s  

t o  t h e  walls and c o n t e n t s  and d i l u t i o n  o f  oxygen were more important 

f a c t o r s  i n  B o t t e r i ' s  s m a l l  chamber than i n  t h e  much l a r g e r  Apollo v e h i c l e .  

3 , 6  Recomendat ions 

F u r t h e r  work i n  t h i s  area is  needed t o  v e r i f y  t h e o r e t i c a l  p r e d i c t i o n s ,  

The fol lowing f a c t o r s  should be i n v e s t i g a t e d :  

(i) E f f e c t  of c o n f i g u r a t i w  ( s e e  f i g u r e  11) on the  temperature 
and p r e s s u r e  v a r i a t i o n  w i t h  time. 

(ii) E f f e c t  of t h e  s i z e  and shape of t h e  enc losu re  on t h e  va lue  
o f  mo i n  equat ion (62).  

(iii) E f f e c t  of oxygen c o n c e n t r a t i o n  and t o t a l  p r e s s u r e  on mo. 
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4 .  FIRE HAZARD QF&m BUNDWA 

4.1 Introduction 

Wire bundles are widely used in spacecraft. Since ignition temperatures 

of materials are generally lower in oxygeg Btmospheres and because of 

the absence of convection currents in zero gravity flights, it is quite 

possible for the temperature within the bundle to rise to a dangerous 

level due to heat accumulation. The purpose of this section i s  to 

review previous work on this subject, to extend previous work to the 

case 9f a sheathed bundle and to recommegd areas where further study 

is needed. 

4.2 Previous Work 

The general solution of the temperature profile in a wire bundle is not 

easily attainable because of the complexity 9f the wire distribution. 

In addition, there i s  usually a lack of information concerning current 

distribution in the bundle. In general, all previous work has been 

limited t o  homogeneous bundles consisting of similar wires carrying 

similar loads. 

Jakob (23) assumed that the same amount af heat i s  developed in each 

representative volume and that the rqsistivity is the same throughout the 

bundle. 

of the bundle as in a homogeneous medium the thermal conductivity of 

which is equivalent to that of a mixture of the materials in the bundle. 

But because the heat generated by the electric current i s  proportional 

to the resistance, which in turn is dependent on temperature, more heat 

per unit volume is produced at the warmest place inside the bundle than 

just below the surface where it is relatively cooler. 

bundle, he found that the temperature profile can be expressed by ane 

The heat developed in such a body is aonducted tQ the surface 

For a non-sheathed 
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equation involving Bessel functions. 

where T = temperature at the surface (OK) 
6 

S = radius of bundle (cm) 

r = radial distance of a point in the cylinder (cm) 

m,n = constants defined by the equation: $!- = m + nT 
q"' 

k = overall thermal conductivity of the bundle (cal/cm OK) 

= rate of heat energy developed per unit volume (cal/cm3s) 

Using the same assumptions of Jakob, Higgin~('~)solved the temperature 

distribution in a rectangular electric wire bundle. Higgins' solution 

f o r  the temperature distribution is given by the equation: 

n 

2a,2b = dimensions of rectangular bundle (cm) 

x, Y = coordinates of point under consideration with reference 
to origin at center of bundle (cm) 

Mi = T(zi-l)/Za 3 i = l Y 2 ? 3 , . .  

N i  = T(Zj-l)/Zb . , j = 1 , Z y 3 , . .  
IC; = N j ' C  2 2 

Schach and Kid~ell(~5) solved the problem for the cylindrical horizontal 

homogeneQus bundle by a numerical procedure and performed experiments to 

determine the heat transfer coefficient for convection and radiation from 

the surface, as well as to check their numerical solution. 
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4 . 3  Sheathed Wire Bundles 

Most w i r e  bundles  employed i n  space v e h i c l e s  are sheathed f o r  p r o t e c t i o n  

a g a i n s t  mechanical e ros ion .  

such a shea th  on t h e  temperature  d i s t r i b u t i o n  w i t h i n  t h e  bundle.  

The a n a l y s i s  below cons ide r s  t h e  e f f e c t  of 

The bundle i s  a g a i n  assumed t o  c o n s i s t  of a l a r g e  number of similar 

c a b l e s  having a uniform load.  Consider a long c y l i n d r i c a l  w i r e  bundle of 

mean thermal conduc t iv i ty  k 

shea th  having a thermal conduc t iv i ty  k2 and o u t s i d e  r a d i u s  b.  

t h e  d i f f e r e n c e  between t h e  temperature  of any po in t  and t h a t  of t h e  

and r a d i u s  a which i s  surrounded by a 1 

L e t  B be 

environment, To 

i . e ,  @ = T - T o  

Two d i f f e r e n t i a l  equat ions i n  c y l i n d r i c a l  coord ina te s  w i t h  and without  

h e a t  gene ra t ion  govern t h e  temperature d i s t r i b u t i o n  w i t h i n  t h e  bundle 

and i n  t h e  s h e a t h ,  r e s p e c t i v e l y .  

Here ol i s  t h e  temperature d i f f e r e n c e  between any po in t  i n  t h e  bundle 

and t h e  environment w h i l e  8, i s  t h e  corresponding d i f f e r e n c e  f o r  t h e  

shea th .  I f  the r e s i s t a n c e  v a r i e s  l i n e a r l y  wi th  temperature ,  t h e  volu-  

metric rate of h e a t  g e n e r a t i o n  becomes a l i n e a r  f u n c t i o n  of temperature ,  

I l l  
i . e .  

q = qo (1 +am 

where q0 = t h e  h e a t  generated p e r  u n i t  volume p r u n i t  t i m e  
a t  r e f e r e n c e  temperature  To (cal/cm 3 s) 

o( = cons tan t  

S u b s t i t u t i n g  equa t ion  (70)  i n t o  (68) gives 

d rz r d r  
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Equations (71) and (69) can be easily solved to give 

where (3 = kl 
A1, B1, A2, B2 = constants 

The two constants in each equation have to be determined by the application 

of appropriate boundary conditions. These are: 

at r = O  
dr 

The worst case encountered in space applications is during zero gravity 

flight when heat losses from the surface of the bundle are due to con- 

duction and radiation only. 

Define A by the equation h, + hr 

k2 
x =  

2 0  where hc = a heat transfer coefficient for conduction (cal/cm s K) 

hr = a heat fransfer coefficient for radiation (cal/cm2s OK) 

de2 Then at r = b 
- +x8, = 0 
dr 

These four boundary conditions are sufficient to determine the four con- 

stants in equations(72) and (73). The final temperature profiles in the 

bundle and in the sheath are: 

- ] ( 7 4 )  
1 8, =; ' .I-- 
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4.4 Recommendations . 
I n  p r a c t i c e ,  w i r e  bundles c o n s i s t  of c a b l e s  of d i f f e r e n t  materials and 

r a d i i  and c a r r y  non-uniform loads.  Thus t h e  a n a l y t i c a l  methods desc r ibed  

above are not  a p p l i c a b l e  t o  t h i s  complex problem. A numerical  technique 

such as t h e  r e l a x a t i o n  method w i l l  have t o  be employed i n  t h i s  case. 

It i s  recommended t h a t  t h e  fol lowing systems which are l i s t e d  i n  

i n c r e a s i n g  o rde r  of d i f f i c u l t y  be s t u d i e d  t h e o r e t i c a l l y  and e x p e r i -  

mental ly  : 

(i) A bundle c o n s i s t i n g  of uniform wires b u t  w i t h  one 
non-cen t r a l ly  loca t ed  w i r e  c a r r y i n g  a l a r g e r  c u r r e n t  
t han  t h e  remainder. 

( i i )  A bundle of  uniform wires c a r r y i n g  v a r i a b l e  c u r r e n t s .  

(iii) A bundle of d i f f e r e n t  wires each ca r ry ing  t h e  same c u r r e n t .  

( i v )  A bundle of d i f f e r e n t  w i re s  c a r r y i n g  d i f f e r e n t  c u r r e n t s .  
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