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T h i s  i n v e s t i , p t i o n  f o r i n s  >art of' ;z grogranune o f  
r e s e a r c h  i n t o  f l a i e  propagat ion  phenomena i n  syotems i n  yhich  t h e  
*as phase i s  nccor!i-:,anled by a p h y s i c a l l y - d i s t r i b u t e d  l i q u i d  phase 
4e.g. spray  , foar.1 or f i l i n  ) which p l ays  some y r t ,  e i t h e r  ar; a 
f u e l  o r  as a su'i);)i*eaEcuit, iri.  t h e  conbust ion process .  In  the  
p r e s e n t  insta.nce t h e  ob jrsct was t o  ex;rr!iii?c t h e  cxtcil t  t o  which 
t h e  i'1anlmabilil;y rsJ1i;e o f  a methane-air .  mixture  i s  r e s t r i c t e d  by 
i n c l u s i o n  i n  matcr Pecans o f  def ined  p r o p e r t i e s .  So far  as we 
a re  aware this  s u b j e c t  , iiad n o t  p rev ious ly  been s t u d i e d ,  excelit 
f o r  Some p r e l i m i n n r g  e;:per.irnents (as y e t  unpubl ished)  cn ix i ed  o u t  
a t  t h e  Safe ty  i n  I:!ines j2esear.c.h z s t ab l i shmen t  a t  Uuxto.n, i?hglanil, 
tlirou.211 ~ / h i c h  t h o  ] ? i * ~ b l ~ ! ~  : f i r s t  came t o  our  a t t e n t i o n .  The 
i x ' l u e n c e  o f  1i:ater Vapour upon t h e  f l m f m a b i l  ' t r:::n;:o of r:iet!lz.ne 
i n  air. h ~ s  beon L i tud ieq -y  Coward 
:;hniil:mn L- j ; mil y:illett j) lins exan.iineil tilt e i ' i cc t  of viater 
spr ' ay  on the  f l c ~ : u ~ i a b i l i t y  o f  bu tane  i n  air. 

f l m n a b i l i t y  range vias sought  were VJetnesstt  and. bubble s i z e .  
lf!'letnesall wad clefivied by ai i n v e r s e  f u n c t i o n ,  t he  11ex;2ansion 
r a t i o " ,  vrliich xa3 t a k e n  t o  be the  r a t i o  of t h e  voluiiie of c ce r -  

i n  q u m t i t y  o f  fo:ll:i -bo the  volume o f  l i q u i d  t h e r e i n .  A n  ob jec t  
t h e  [ ~ ~ ~ ~ ~ ; ~ ~ ~ ~ i ~ ! i ( - ; ~ . i ~ ~ . , l  l!iethod o f  Xoam gene ra t ion  x i s  t o  I-:-ttain uni-  

form bubble-s ize  th7'or.giiout any p a r t i c u l a r  foam m d -  tlie s i z e  ~rnq 
def ined  by a i;icwi : i imie t e r .  

C l e a d a l l t l r  and by Yea1:r C 

The f o m i  p r o p e r t i e s  w i t h  which correlation of t h e  
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h e i g h t  before  tui-ning i n t o  t h e  . h o r i z o n t a l  f l a r m a b i l i t y  t e s t i n g  
tube.  This cons i s t ed  of a perspex tube  29 i n .  i n t e r n a l  d iameter  
and some 4 f t .  long  which was ,cont inuous ly  ro t a t edabou t  i t s  a x i s  
s o  as to ,minimise  dra inage  from the ' roan t r a v e l l i n g  a long  it ,  
P o w  emerging f rom t h e  end of t h e  tube  f e l l  i n t o  an open waste 
r e c e i v e r .  

a t  any t ime by applying 9 one-inch coa l  gas  flame t o  t h e  open 
end and see ing  ' n h e t h e r  o r  n o t  flame would propagate  throughout  
t h e  con ten t s  of the  tube.  The products  of  p ropagat ion ,  i f  any, 
were swept ou t  by t h e  oncoming foam. in  r e a d i n e s s  f o r  ano the r  
t e s t .  The r a t e  o f  f10W of foam along t h e  tube  d i d  riot exceed 
1. cm/sec. whereas t h e  minimum r a t e  of flame propagat ion  was 
1 2  cm/sec. The :C101.v of  foaiii d i d  n o t ,  t h e r e f o r e ,  i n t e r f e r e  with 
' f l a m m a b i l i t y  t e s t i n g .  

The foam p r o p e r t i e s  were measured on samples' emergin& 
from the  end o f  t h e  tube.  Sxpansion r a t i o  was measured by allow- 
i n g  a knovm volume o f  foam t o f a l l  i n t o  a measuring v e s s e l  con- 
t a i n i n g  a l a y e r  o f  hexanol as sepa rab le  foam -breaker ,  and 
measuring t h e  volume o f  t h e  aqueous l i q u i d  formed, Bubble s i z e  
was measured by a l lowing  t h e  foam t o  f a l l  i n t o  a f la t -bot tomed 
perspex r e c e i v e r  con ta in ing  a t h i n  l a y e r  of t h e  d e t c r g e n t  so lu-  
t i o n .  The foani \"1a3 photographed through t h e  bottom of this 
r e c e i v e r ,  which vias inec r ibed  y i t h  a cm. s c a l e ,  and a f t e r  s u i t a b l e  
enlargement o'r t h e  p l a t e ,  t h e  mean diamet.er of  some 250 bubbles 
vias found by rneasureraent . 
d i s t i l l e d  water  o f  V e r l a n k r o l "  ( L a n k r o  Chemical9 L t d . ,  Eccles, ,  
Xanchester ,  2ni;land) and ,had  a s u r f a c e  t e n s i o n  o f  26.3 dynes/om. 
a t  20°C, as measured by i the  c a p i l l a r y  r i s e  method. 

The e::pansion r a t i o  o f  t he  f o x d  could be c o n t r o l l e d  by 
t h e  g m  flow (bubbl ing)  r a t e  and a l s o  by vary ing  the h e i g h t  of 
t h e  fo 'm drai ,nage column. Bubble s i z e  was p r i m a r i l y  co .n t ro l led  
by t h e  mesh o f  the copper gauze through {which bubbl ing t o o k  p l a c e ,  
b u t  'was also inf luenced  hy t h e  g a s  f l o w  r a t e .  &proximate ranges 
of v a r i a t i o n  a v a i l a b l e  f o r  s a t i s f a c t o r y  use  were: expansion r a t i o  
20 t o  1500; bubble cli,ameter 1 t o  4.5 mm. 

Wi%h a gauze a p p r o p r i a t e  t o  the bubble s i z e  r e q u i r e d ,  t h e  a i r  
f l o : ' ~  was ad jua tcd  t o  g ive  approximately the d e s i r e d  expansion ' 

r a t i o .  Methane -,vas t h e n  added t o  t h e  gc4.s stretun and i t s  f lovi  
r a t e  ad jus ted  t o  g ive  a l b i t  n i x t u r e  i n  t h e  foam, 3s judged by 
repeated.  f l w x n a b i l i t y  t e s t s .  Samples o f  foain were t h e n  taken 
f o r  measurerwut of p r o p e r t i e s  and t h e s e  v~ere recorded  a g a i n s t  
t h e  1iroi.t gas mixture  composition as determined from t h e  f l o w  
meter  readings .  

I n f l a n m a b i l i t y  of t h e  foam i n  t h e  tube  could be t e s t e d  

The d.etergent s o l u t i o n  cons i s t ed  o f  a 1% s o l u t i o n  i n  

"he method of  conductin,b an experiment 1 ; ~ s  as f o l l o w s .  

Resu l t s .  
I n  the :tbseiice of f o a x ,  t h e  ilarilIi1ability l imits of t h e  
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methane i n  a i r  i n  t h e  h o r i z o n t a l  tube were 5.41 &nd 13..94 vox.-$, 
I n  t h e  presence .of Xom t h e s e  were narrowed t o  v a r y i n g  ,degrees .  
The narrowing was i n  g e n e r a l  i nc reased  with decreas ing  bubble 
s i z e .  The e f f e c t  of va ry ing  expansion r a t i o  (R) waci however 
somewhat complex. It i s  i l l u s t r a t e d  by a few f i g u r e s  i n ,  t h e  
accorapanyiiig t a b l e ,  b u t  may be sunirnarised a8 followo: 

(1) Por va lues  of  li between 1500 ( t h e  h i g h e s t , u s e d )  an$ about,.. 
3 0 0 ,  t h e  flamniable range  narrowed with decreaoin$ H ( i nc reas ing ,  
we tness ) ,  and a t  500-250 reached a minirnum, which f o r  t h e  s m a l l o r  
bubble s i z e s  e o u n t e d  t o  coinplete suppression.  

( 2 )  F o r  value3 o f  H between 300 en& 70, t h e  flarumhble range 
widened aga in ,  Teaching a maximum u t  about t h e  l a t t e r  va lue .  

( 3 )  %'or va lues  of 11 below 70, t h e  flanuiable range aga in  con- 
t r a c t e d  with inc rees i r ig  wetness  and with R about 20 ,  flartie prop- 
a g a t i o n  crensecl. 

I n  r e g i o n s  (1) and ( 2 )  t h e  flariie f r o n t  was almost f l z t  
and v e r t i c a l .  :,'itii t h e  d r i e s t  foams i n  r eg ion  (l), a d e f i n i t e  . .  
gap appeared between t h e  f lame-front  and t h e  c o l l a p s i n g  foam 
ahead. I n  b o t h  r e g i o n s  sp ray  a r i s i n g  f'roln t h e  c o l l a p s i n g  foam 
could be seen  i n  and. n e a r  t h e  fla!ae-front.  

, 

I n  reg ion  ( 3 ) ,  t h e  passage o f  t h e  flame d i d  no t  r e s u l t  
i n  complete d e s t i w c t i o n  of  t he  foam. Kernels  of flame t r a v e l l e d  
independent ly  o f  one a n o t h e r ,  l eav ing  behind cons ide rab le  al-nounty 
of unconsumed f o a n .  

A convincing demdnst ra t ion  of t h e  ex i s t ence  o f  r eg ions  
(1) and ( 2 )  could be provided by al lowing an i n i t i a l l y  non- 
flammable 9 0 m  of e::pansion r a t i o  about 300, mean bubble size 
1.50 nun. con ta in ing  a 95: methane-air  mix ture ,  t o  d r a i n  f o r  a.bout 
20 sec .  by st'oppin;i; the r o t a t i o n  of the  tube ,  p r i o r  t o  i g n i t i o n .  
The upper and l o a e r  h a l v e s  o f  t h e  foaui could then  be i g n i t e d  
s e p a r a t e l y  .an!! would propagate  flame independent ly  l eav ing  un- ' 
consurned a c e n t r a l  l c y e r  yome 2 cm. t h i c k .  Due t o  dra inage ,  t h e  
u p p e r  and loser l a  e r o  had liloved r e s p e c t i v e l y  i n t o  i?egiono (1) 
(clrg ) and ( 2 )  (wety , l e a v i n g  t h e  c e n t r a l  l a y e r  non-flammable 
between t h e  two r eg ions .  

Discuss ion .  

The f s c t  t h a t  t h e  limits of  f lnuunabi l i ty  i n  foams o f  f i x e d  
bubble s i z e ,  bu t  varying expansion r a t i o ,  a r e  g e n e r a l l y  s y m e t r i - .  
c a l  abou5 the s t o i c h i o m e t i c  iiiethane-air mix ture ,  and converge upon 
i t  when :convergence occurs, suggest.; t h ~ t  t l z e  princip:::l f u n c t i o n  
of' t i l e .  foar:i i s  t o  a b s o r b  t h e  w a i l a b l e  e n e q g  i n  t k i ?  mi::ture. >'.or 
flame propsga t ion  t o  coi.:tinv.e, s o w  o f  t energy ye leaned  by 
mi::tLIre burriirig i n  one bubble muot be uead t o  rup'hme -the 'iTi!',lla oT' 
t h e  bubble and DO :gein :.:cceos t o  unburnt  mixture  i n  ad jacen t  
bubble::. The h e a t  t r a n s f e r r e d  l'roiii t h e  e : i is t in  I' Plnriic f r o n t  
towards the  .unburn t  iiii::-ture t h u s  r e l eased  w i l l  be shared by such 
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Selec ted  va lues  of lower and upper  f l a m m a b i l i t y  l i m i t s  (v01.-$) 
methane i n  air i n  foam of va ry ing  expansion r a t i o ,  b u t  approxi- 
mately constsnt bubble diameter = 1.5 - 1.8 nun. 

Expansion ratio 
38.5 
5 3 . 3  
82.6 

130 
189 
217 
273 
321 
438 
598 
692 
878 
a, (dry) 

Lower l i m i t  
7.87 
7.50 
7-29  
7.44 
8.24 
8-77  
9.43 
9.35 
9.04 
8.72 
7.56 
7.48 
5.41 

Kxpansion r a t i o  
37.8 
43.1 
79.3 

12 6 
179 
262 
280 
325 
436 
586 
701 

( d r y )  

Upper l i m i t  
11.55 
11.93 
11.94 
11.68 
10.57 

9.66 
9.50 
9.68 
9.92 

10.86 
11.19 

1 3  94 


