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The Effec t  of Powders on Premixed Hydrocarbon-Air Combustion* 
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Stanford Research I n s t i t u t e ,  blenlo Park, C a l i f o r n i a  

I. Introduct ion 

I t  has  long been known t h a t  f i n e l y  powdered salts such as NaIiCO, can be used 
to  ext inguish  f i r e s  o r  to prevent i g n i t i o n  of combustible gaseous mixtures. Vari- 
ous s t u d i e s  (Ref.  I) of combustion i n h i b i t i o n  have revealed t h a t  powdered mater ia l s  
v a r y  widely i n  t h e i r  a b i l i t y  to  i n h i b i t  combustion, t h a t  a l k a l i  metal  salts a r e  
genera l ly  e f f e c t i v e  i n h i b i t o r s ,  and t h a t  t h e  e f f e c t i v e n e s s  of a t  l e a s t  some powders 
is proport ional  t o  t h e  specific sur face  a r e a  of t h e  mater ia l  (Ref.  2) .  The ava i l -  
a b l e  d a t a  do n o t  p e r m i t  i d e n t i f i c a t i o n  of t h e  s i g n i f i c a n t  processes  which r e s u l t  
i n  i n h i b i t i o n .  The present  s tudy of combustion i n h i b i t i o n  by f i n e l y  divided pow- 
ders was undertaken i n  order  to e l u c i d a t e  the mechanism of flame i n h i b i t i o n .  

11. Experimental Details and R e s u l t s  

A. Materials 

C.P. CHI, C3H8, NE,, and A from the Matheson Co., i n d u s t r i a l  grade 0, , commercial 
dry N, from General Dynamics Corp. Compressed labora tory  air was dried p r i o r  t o  
use  by passage through a bed of granular  CaC1, . 
f ineness  t o  be used a s  received; most, however, required some size reduction. 
These were w e t  mil led w i t h  acetone i n  a small labora tory  h a l l  m i l l .  Af te r  mil l ing,  
t h e  powder was f i r s t  air  d r i e d  under a hea t  lamp t o  remove the bulk of the  acetone 
and then oven dr ied  a t  about l l O ° C .  The dry powder cake w a s  pulver ized by b r i e f  
b a l l  m i l l i n g  and then s ieved through a 250 o r  a 325 mesh s t a i n l e s s  s t e e l  screen. 
Most of t h e  t e s t  powders w e r e  used without  f u r t h e r  treatment.  

Milled powders contained a wide range of p a r t i c l e  s i z e s .  Two methods of s i z e  
s e p a r a t i o n  were t r ied ,  s i e v i n g  and gas e l u t r i a t i o n .  Attempted s i e v i n g  by means of 
micromesh screens was unsuccessful  because the screens plugged quickly.  G a s  e lu-  
t r i a t i o n  with d r y  N, w a s  i n e f f i c i e n t  and slow except a t  high gas flow rates. 
Some s ize  reduct ion could be obtained but  not  a s  much a s  des i red .  
gas  e l u t r i a t i o n  was used only f o r  s p e c i a l  pu rposes  and not  a s  a standard procedure. 

B. The Dispersal  of Powder in a Combustible Gas 

b u s t i b l e  gas mixtures which performed adequately f o r  most cases .  The powder 

Various gases were used a s  obtained from commercial sources.  These included 

A l l  the  powders used were C.P. anhydrous mater ia l s .  Sane were of s u f f i c i e n t  

Consequently, 

A d i spers ing  devtce was assembled f o r  t h e  in t roduct ion  of powders i n t o  con- 
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generator  (Fig.  1) cons is ted  of a Pyrex c y l i n d e r  ( 6  c m  1.d.) f i t t e d  a t  each end 
with l a r g e  rubber s toppers .  The generator  was provided with f i v e  jets through 
which gas could e n t e r  the  system, a four-bladed p r o p e l l e r  t o  a g i t a t e  t h e  powder 
bed, and an e x i t  tube f o r  t h e  gas-powder mixture.  The p r o p e l l e r  w a s  d r iven  by a 
1500 RPM electric motor, 
an opening of about 1 mm i n  diameter. 
der  concentrat ions,  was made from brass  tubing with a hemispherical  cap through 
which f i v e  holes  0.015 inch i n  diameter had been d r i l l e d .  One of these  holes  was 
on t h e  a x i s  of the  tube, the  o ther  four  were arranged symmetrically around it. 
The gas emerging from these  holes  was very e f f e c t i v e  i n  picking up powder from t h e  
powder bed. 

In  order t o  introduce t h e  powder i n t o  the  gas  mixture a s teady flow of pre- 
mixed f u e l  and oxid izer  of known composition from a convent ional  gas  handling sys- 
t e m  w a s  s p l i t  by means of needle  valves  i n t o  t w o  streams; one passed d i r e c t l y  to 
the  v e r t i c a l  output  tube of the  powder generator ,  and the  o t h e r  entered the powder 
generator  through t h e  g l a s s  jets. The concent ra t ion  of powder i n  the  f i n a l  mixture 
could bq changed by varying the  r e l a t i v e  amounts of t h e  t w o  gas streams up t o  t h e  
point  when a l l  of t h e  gaseous mixture passed through t h e  generator .  I f  even higher  
powder concentrat ions were desired,  i t  was aga in  necessary t o  s p l i t  t h e  gas flow, 
t h i s  t i m e  i n t o  a f r a c t i o n  which entered t h e  genera tor  through the four  g l a s s  j e t s  
and t h e  remainder through t h e  metal jet. In t h i s  manner i t  was poss ib le  t o  obta in  
powder concentrat ions up t o  about 10% by weight of the  gas flow. 

Four of the  gas j e t s  were made from g l a s s  tubing and had 
The f i f t h  jet, used only to obta in  high pow- 

C. Measurement of t h e  E f f e c t  of Powder on Combustion 

The e f f e c t i v e n e s s  of the  powder was determined from t h e  change i n  flame propa- 
ga t ion  v e l o c i t y  a s  measured i n  t h e  apparatus  shown i n  Fig. 1. A long g l a s s  cy l in-  
der, about 2 cm i n  diameter, was i n s e r t e d  a s h o r t  d i s t a n c e  Into t h e  generator .  The 
gas-powder mixture from t h e  generator  flowed v e r t i c a l l y  upward through the  tube and 
w a s  vented t o  the  atmosphere a t  t h e  top. Af te r  a s teady  flow of gas-powder mixture 
had been es tab l i shed ,  t h e  powder output  w a s  measured by c o l l e c t i n g  on a g l a s s  f i l -  
ter paper* t h e  powder conten t  of t h e  gases.  A c o l l e c t i o n  t i m e  of 30 o r  60 seconds 
was usuaWy s u f f i c i e c t  t o  e v e  a weighable amount of powder on t h e  f i l t e r .  
weight concentrat ion of powder i n  t h e  gas was c a l c u l a t e d  f r a n  the  c o l l e c t i o n  t i m e ,  
t h e  weight of c o l l e c t e d  powder, and the  flow r a t e  of t h e  gas stream. Immediately 
a f t e r  a powder sample had been co l lec ted ,  t h e  flow of gas  was stopped, the damper 
valve closed, t h e  side vent  opened t o  the  atmosphere, t h e  top of t h e  tube capped 
with a rubber stopper,  and the  mixture i g n i t e d  by spark.  The time required f o r  
the  flame to  t r a v e l  between two f ixed  poin ts  on t h e  tube w a s  measured by photo- 
tubes.  The phototube signals w e r e  displayed on an osc i l loscope  f a c e  and photo- 
graphed by Polaroid camera. The average propagation ve loc i ty  of t h e  flame was 
c a l c u l a t e d  from the  known d i s t a n c e  between the  phototubes and the measured t i m e  
of transit. 

The 

In the  absence of powder the  flames were approximately hemispherical  i n  shape; 
a f t e r  the  f i r s t  few inches of t r a v e l ,  they moved through t h e  tube a t  an apparent ly  
uniform r a t e .  S l i g h t  t i l t i n g  of t h e  flame was sometimes observed. The presence 
of powder a t  times r e s u l t e d  i n  i r r e g u l a r  flame shapes.  Because t h e  propagation 
v'elocity v is r e l a t e d  t o  flame speeds by v = S A f / A t  (where Af = t h e  area of 
t h e  flame and A t  = cross-sec t iona l  a r e a  of the  tube) ,  these  per turba t ions  of flame 
shape a r e  a source of e r r o r .  In extreme c a s e s  t he  flames w e r e  extremely long and 
highly t i l t e d ,  a s  a r e s u l t  of nonuniform powder d i s t r i b u t i o n  i n  t h e  tube. 

* 
l i n e  Safe ty  Appliance Co. 
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D. Measurement of Particle S i z e  and of S p e c i f i c  Surface Area 

Speci f ic  sur face  area of  t h e  experimental  powders was measured by an o p t i c a l  
method (Ref. 3). 
of acetone contained i n  an  o p t i c a l  cel l  and t h e  o p t i c a l  dens i ty  of t h e  mixture 
measured. The total s p e c i f i c  a r e a  of the  powder, A*, was c a l c u l a t e d  from t h e  

About 20 mg o f  powder was thoroughly dispersed in  about 300 ml 

-41n EL 
2cl  

approximate r e l a t i o n  
A* = 

where si = the  Initial o p t i c a l  transmission; c = t h e  powder concent ra t ion  in 
gms/cc, and 1 = o p t i c a l  path length  ( 5  c m  i n  this case). 

When s i z e  a n a l y s i s  was des i red ,  t h e  o p t i c a l  dens i ty  w a s  recorded f o r  a per iod 
of t i m e  s u f f i c i e n t  f o r  s e t t l i n g  of t h e  powder suspension. The d i s t r i b u t i o n  of 
p a r t i c l e  sizes can be der ived  from t h e  c h a r t  record of -1nC vs. time (Refs. 3 
and 4) .  

described. The average p a r t i c l e  s ize ,  d , is defined by Eq. 2 
The s p e c i f i c  s u r f a c e  da ta  l i s t e d  i n a b l e  I were obtained in t h e  manner 

6 - 
d = -  

PA* 
where p is the  dens i ty  of :he powder material. One gram of powder conta in ing  
only p a r t i c l e s  of diameter d 
a c t u a l  powder. S i z e  a n a l y s i s  revea led  t h a t  d is only a crude measure of powder 
f ineness .  A l l  powders l i s t e d  i n  Table I, even the  coarse  ones, contained a sub- 
s t a n t i a l  number of particles w i t h  diameters  of only 2 o r  3 microns. For example, 
the  weight-dis t r ibut ion of NaF p a r t i c l e s  passed through a maximum at about 3 . 5 ~  
although d = 6 . 5 ~ .  i 

Comparison of t h a t  data w i t h  surface data f o r  the  powder i n i t i a l l y  present  i n  t he  
generator  revealed l i t t l e  o r  no  d i f f e r e n c e  f o r  f i n e  powders (A* = 10,000 cma/gm). 
For c o a r s e  powders t h e  m a t e r i a l  c o l l e c t e d  at  t h e  burner tube w a s  f i n e r  than t h e  
o r i g i n a l  powder charge.  
e x t e n t  as an  e l u t r i a t i o n  device.  
per  c e n t  of the i n i t i a l  powder charge i n  t h e  generator  was used i n  a r e l a t e d  series 
of measurement. 

would have the-same sur face  a r e a  as one gram of t h e  

The d a t a  i n  Table I r e f e r  t o  samples c o l l e c t e d  a t  t h e  e x i t  of the  flame tube. 

I t  appears  that  t h e  genera tor  also functioned to some 
To avoid e r r o r  from such e l u t r i a t i o n  only a few 

E. The E f f e c t  of Powders on Premixed Flames 

CH4-air combustion. About 5 w t  of CaF, , talc, CaCO, , or Ca(OE), was 
requi red  t o  reduce by lO$ t h e  speed a t  which a s to ich iometr ic  
propagated through a tube.  
to  account f o r  that  degree of reduct ion .  
powders tes ted ,  NaF ~ N s C l  N a B r  , CuCl K,SO, , N W O ,  KECO, and 
Na,CO, 
cates chemical i n t e r f e r e n c e  w i t h  the combustion process. 

n i f i c a n t  reduct ion  in the propagation v e l o c i t y  of a s to ich iometr ic  
These fol lowing f e a t u r e s  should be noted: 
when expressed i n  mg/cc is very nearly the same a s  t h e  weight f rac t ion ;  (b) t h e  
s c a t t e r  i n  t h e  d a t a  is p r i m a r i l y  due to per turba t ions  of flame shape; ( c )  t h e  
ratio of flame area  t o  tube, a p a r t  froan e r r a t i c  per turbat ions,  increases  f rom 
about 2 a t  zero  i n h i b i t o r  concent ra t ion  t o  about 4 a t  concentrat ions corresponding 
t o  p o i n t s  on the  nearly h o r i z o n t a l  p o r t i o n  of the curve; ( d )  the  powder concentra- 
t i o n  corresponding to t h e  i n t e r s e c t i o n  of t h e  dot ted  s t r a i g h t  l i n e s  may be used a s  
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Several  of t h e  powders t e s t e d  were n o t  e f f e c t i v e  i n h i b i t o r s  of premixed 

CB,-air flame 
Beat  and momentum l o s s  by the  flame are s u f f i c i e n t  

On t h e  o t h e r  hand, t h e  remainder of the 

were e f f e c t i v e  i n h i b i t o r s  of CB,-air combustion to  a degree which ind i -  

A s  shown i n  Fig.  2, r e l a t i v e l y  l i t t l e  Na,CO, is requi red  to produce a sig* 
CB4-air flame. 

( a )  the  weight concentrat ion of powder 
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8 measure of i n h i b i t o r  e f f ec t iveness .  The lower t h i s  c r i t i ca l  concentration, t h e  
more e f f e c t i v e  t h e  i n h i b i t o r .  For  f i n e  Na,CO, t h i s  i n t e r c e p t  concent ra t ion  is 
about 0.6 at $whereas f o r  the coa r se r  Na,CO, 
1.1 $. 
d e r s  ind ica t e s  that powder e f f e c t i v e n e s s  is approximately propor t iona l  t o  s p e c i f i c  
s u r f a c e  area. 

AS shown i n  Fig. 3, similar r e s u l t s  were obta ined  us ing  NaHCO, . Because of 

t h e  i n t e r c e p t  concent ra t ion  is about 
Comparison of t hese  va lues  with t h e  s p e c i f i c  su r face  area of t h e  two pow- 

flame per turba t ions  f o r  low concen t r a t ions  of 
d e r  e f f ec t iveness  and A* could  not  be  determined wi th  p rec i s ion ;  However, a s i z e  
e f f e c t  is c l e a r l y  ev ident .  In  view of t he  f a c t  t h a t  NaHCO, decomposes t o  Na,CO, 
a t  r e l a t i v e l y  low temperature, it is probable that  t h e  observed e f f ec t iveness  of 
NaHCO, mere ly  r e f l e c t s  t h e  e f f e c t i v e n e s s  of Na,CO, . The d a t a  shown i n  Figs. 2 
and 3 are cons i s t en t  with t h i s  i n t e r p r e t a t i o n .  The e f f e c t  of KHCO, , A* = 12,400 
c m a / g n ,  on propagation ve loc i ty  is shown i n  Fig. 4. Comparison wi th  t h e  da t a  f o r  
NaHCO, , A* = 11,900 c m 2 / g r c ,  r evea l s  t h a t  KHCO, powder is twice a s  e f f e c t i v e  a s  
NaHCO, powder. It  is noteworthy t h a t  KHCO, has been found t o  b e  twice as effec- 
t i v e  as- NaHCO, as a f i r e  ex t ingu i she r  ( R e f .  5 ) .  Because both NaACO, and KHCO, 
decompose r ead i ly  to  t h e  r e spec t ive  carbonates,  the  e f f e c t i v e  i n h i b i t o r  i n  both 
cases is probably t h e  a l k a l i  carbonate.  The e f f e c t i v e n e s s  of NaHCO, f o r  non- 
s to ich iometr ic  CH4-air mixtures ((XI4 from 8 t o  12 '$ by volume) was comparable 
with or s l i g h t l y  g r e a t e r  than f o r  t h e  s to i ch iomet r i c  flame. 

The e f f e c t  of NaBr , N a C l  , NaF, CuCl , and K,S04 on s to i ch iomet r i c  CH,-air  
flames was also measured. P r e c i s e  r e s u l t s  w e r e  obtained f o r  NaCl and CuCl 
(F igs .  5 and 6 ) .  Qua l i t a t ive ly  N a B r ,  NaF, and K,S04 were also e f f e c t i v e  i n h i b -  
itors, but  because of extreme f l m e  i n s t a b i l i t y  p r e c i s e  d a t a  could  no t  b e  obtained. 
This i n s t a b i l i t y  is apparent ly  a s soc ia t ed  with poor d i s p e r s i b i l i t y  of t h e  powder. 

Flame i n h i b i t i o n  by d i spe r sed  powder is a f f e c t e d  by o x i d i z e r  Concentration. 
A S to ich iometr ic  CH4-0, flame d i l u t e d  with N, so t h a t  O,/(O, + N,) = 0.25 
requi red  1.7 w t  5 of f i n e  to reduce the l i n e a r  speed from 142 c m / s e c  t o  
the  i n t e r c e p t  po in t  which i n  t h i s  case occurs a t  about 20 c m / s e c .  The inc rease  i n  
powder requirement r e f l e c t s  p r imar i ly  t h e  h igher  i n i t i a l  propagation ve loc i ty .  
Support  f o r  t h i s  view is provided by another  experiment us ing  a CH,-O,-A mixture 
with a n  i n i t i a l  propagation v e l o c i t y  very nea r ly  t h e  same as t h a t  f o r  a s to i ch i -  
ometric CH,-air flame, 65 cm/sec. The e f f e c t i v e n e s s  of KHCO, i n  t he  t w o  cases 
was much the  same, about 0.6 w t  $ powder. I n  con t r a s t ,  t h e  presence of about one 
pe r  cent by volume of CHJCL i n  a s to i ch iomet r i c  CH4-air mixture  cons iderably  
reduced the  e f f ec t iveness  of Ns,CO, al though t h e  CH,Cl i t s e l f  has  very l i t t l e  
e f f e c t  on t he  i n i t i a l  propagation v e l o c i t y  of t t e  mixture ( s e e  Fig. 7 ) .  

t h e  fue l .  
t he  propagation v e l o c i t y  of a s to i ch iomet r i c  
20 cm/sec, cunpared t o  about 1 w t  $ f o r  a s to i ch iomet r i c  mixture of t h e  
same i n i t i a l  propagation ve loc i ty .  The noncarbonaceous system NH,-0,-N2 was 
found t o  be only s l i g h t l y  a f f e c t e d  by powdered NaHCO, . For a near  s to i ch iomet r i c  
composition with an  ox id ize r  concent ra t ion  O,/(O, + N,) = 0.4,  two w t  '$ of 
NaIiCO,, A* = 11,980 cm2/gm, only reduced propagation v e l o c i t y  from 62 cm/sec t o  
52 *cm/sec. 

111. The Temperature His tory  of Small P a r t i c l e s  Exposed t o  a Premixed Flame 

During passage through a flame t h e  ind iv idua l  p a r t i c l e s  of a d ispersed  powder 
w i l l  b e  heated and may p a r t i a l l y  evaporate.  The h e a t  t r a n s f e r r e d  from t h e  flame 
gases  t o  the  p a r t i c l e s  may not  r ep resen t  a s i g n i f i c a n t  thermal d r a i n  on the  flame, 

NaHCO, , t h e  r e l a t i o n ~ b e t w e e n  pow- 

Na,C03 

The e f fec t iveness  of Na,CO, ( o r  NaHCO,) w a s  found t o  vary with t h e  na tu re  of 
About 2.5 w t  '$ of Na,C03, A* = 10,800 cm2/gm, was requi red  t o  reduce 

C,H,-air flame f r o p  80 cm/sec t o  
CH4-0,-N, 
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but  t h e  evaporated material may e f f e c t  the  combustion reac t ions ,  Two problems must 
be considered: the  degree of hea t ing  of small p a r t i c l e s  by the flame, and t h e  
ex ten t  of evaporation r e s u l t i n g  from t h i s  heating. The two problems are coupled 
and i n  t h e i r  e n t i r e t y  are extremely d i f f i c u l t  t o  solve.  However, with some simpli- 
fy ing  assumptions i t  is p o s s i b l e  t o  obta in  s o l u t i o n s  which are adequate  f o r  our pur- 
poses. (' 

The actual temperature p r o f i l e  through a premixed flame is replaced by t h e  
p r o f i l e  shown i n  Fig. 8,  which has been divided i n t o  t h r e e  zones: a preheat  zone. 
i n  which t h e  temperature of t h e  unburned gas  r i s e s  exponent ia l ly  with dis tance,  a 
r e a c t i o n  zone i n  which t h e  temperature  rises l i n e a r l y  with dis tance,  and a post- 
combustion zone of uniform tempersture .  The assumed temperature p r o f i l e  has  been 
terminated a t  a d e f i n i t e  p o s i t i o n  
occurs  i t  must occur where t h e  r e a c t i o n  rate is high, t h a t  is, i n  o r  near  the vis-  
i b l e  flame. 
over a d is tance  l a r g e  compared wi th  the th ickness  of the v i s i b l e  flame. P a r t i c l e s  I1 

i n  the region x > 6 may a f f e c t  t h e s e  processes  and w i l l  eventua l ly  reach thermo- 
dynamic equi l ibr ium with t h e  h o t  combustion gases.  In t h i s  analysis ,  however, the 
region x > 8 w i l l  no t  be considered.  In addi t ion,  because t h e  observed sensi-  
t i v i t y  of flame speed to t h e  presence of some powders is f a r  greater than can be 
accounted f o r  by h e a t  l o s s  a lone,  t h e  e f f e c t  of t h e  powder on 
flame temperature, has been neglected.  

temperature p r o f i l e  has t h e  form (Ref.  6) 

I 

x = 6 ,  because where s t rong  chemical inh ib i t ion  

The r e a c t i o n s  which take p lace  i n  the  pos t  flame gases do so gradual ly  

Ta, t h e  ad iaba t ic  

I n  t h e  preheat zone t h e  r e a c t i o n  rate is taken t o  b e  zero. Consequently, the 

T. - T IC*.  sx\ 

where pi = t h e  i n i t i a l  gas d e n s i t y  

T1 = t h e  gas  temperature a t  a poin t  x 
Ti = t h e  i n i t i a l  gas  temperature 

To = an i g n i t i o n  temperature 

c = -  t h e  average heat capac i ty  of the  gas 

A = t h e  average thermal conduct iv i ty  of the  gas 

S = t h e  flame speed 

The prehea t  zone ends a t  t h e  p o i n t  x = 0 ,  where T = T For mathematical con- 
venienc e To is taken as t h e  average of Ti and the adfibatic flame temperature- 
'Sa. The q u a n t i t i e s  c and A should be values  averaged over t h e  temperat-me"'. 
i n t e r v a l  - Ti. Because c and A a l s o  appear i n  c a l c u l a t i o n s  f o r  th'e reac- 
t i o n  zone,T?t is more convenient  t o  e v a l u a t e  c and A at To a n d 6 s e  those 
values  f o r  both the preheat  and t h e  r e a c t i o n  zones. , 

and can be represented by the  express ion  

- 

.*' 

,/" 
The gas  temperature i n  t h e  r e a c t i o n  zone i n c r e a s e s  l i n e a r l y  from To t o  Ta 

where 6 = - A . Equation 4 is t h e  tangent t o  Eq. 3 at the  p o i n t  x = 0 .  As 
shorn in  Fig.cPi  8, a e  parameter  6 is t h e  th ickness  of t h e  r e a c t i o n  zone, 
about 0 .2  mm f o r  a s t o i c h i o m e t r i c  CH,-air flame. 

. In  both the  preheat  and the r e a c t i o n  zones t h e  time r a t e  of temperature in- 
c r e a s e  of nonevaporating s p h e r i c a l  p a r t i c l e  has been represented by Eq. 5. 
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dT 
s s s d t  p'c V - = Zrrd A(T1 - T) 

where Vs = volume of the particle 

d = diameter of the particle 

T1 = the gas temperature 

T = the particle temperature 

c = specific heat of the particle material 

ps = density of the particle 
5 

The most important assumptions implied by Eq. 5 are: 

(1) The thermal conductivity of the particle material is very large, con- 
sequently the temperature within the particle is uniform and equal to 
the surface temperature 

The course of particle heating may be regarded as a succession of incre- 
mental steady states 

The Nusselt number for heat transfer equals 2. 

( 2 )  

( 3 )  
These plausible assumptions simplify the mathematical problem but may introduce 
some error. The first of these assumptions is the least serious. A rigorous 
treatment of a related problem, the temperature history of a small particle of 
similar physical properties suddenly immersed in a large quantity of a hot gas, 
indicated that no significant error resulted from the assumption of uniform parti- 
cle temperature. 

A certain length of time is required to attain a steady state for either heat 
transfer or di'ffusion. For heat transfer, a measure of this time is the quantity 
i2/2CY, where a is some characteristic distance, and CY is the thermal diffusiv- 
ity of the gas. Similarly, for diffusion a measure of the time is the quantity 
la/2D where D is the diffusion constant of the evaporating material through the 
surrounding medium. For this problem a and D are of comparable magnitude, a 
few cma/sec. The characteristic distance a may be taken as the radius of the 
particle. For particles with radii less than 5 microns the time required for 
attainment of a steady state (for either diffusion or heat transfer) is found to 
be less than lo-' sec, compared to the transit time through the flame greater than 
lo'* s e c .  
or no error. 

when using a value of two for the Nusselt number. 
heat transfer is taken into consideration. For the very small pwticles with which 
we are concerned this is probably the case. 

The velocity of a particle being swept along by a moving gas will always dif- 
fer from that of the gas itself. The importance of this lag can be estimated by 
c-omparing the relaxation time associated with velocity lag to the transit time 
of-the particle through the flame. 

by the expression r = where r = radius of the particle, p = density 

of the particle, q = viscosity of the surrounding gas. This time T is the 
time required for a particle initially at rest in a quiescent gas to agcelerate 
as a consequence of gravitational pull to (1 - $1 of the terminal velocity. 
lag time T was evaluated for various values of r, with p = 2 gms/cc, and 
q = 490 ppoyses (this value of q corresponds to air at about 1000°C).  For 

It may be concluded that the steady state assumption involves little 

The applicability of the steady state assumption for heat transfer is implied 
In addition, only conductive 

The relaxation time for velocity lag is given 
2rZp 

v 911 

The 

6 
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18. 

r = lp, T. = 0.9 x sec, and f o r  r = Sp, T~ = 2.3 x , ~ O - ~  sec. The transit 
t i m e s  of ixterest are i n  the range 
is not a se r ious  pe r tu rba t ion  f o r  s m a l l  p a r t i c l e s  (r - 1 o r  2p) b u t  w i l l  occur t o  
some ex ten t  fo r  l a r g e r  p a r t i c l e s  (r * Sp) . The e f f e c t  of v e l o c i t y  lag aril1 be t o  
lengthen the t i m e  of exposure of t h e  p a r t i c l e  t o  the  flame. The rate of h e a t  
t r a n s f e r w i l l  not b e  s i g n i f i c a n t l y  a f f ec t ed  because of t h e  low Reynolds number 
a s soc ia t ed  with small p a r t i c l e s  and t h e  r e l a t i v e l y  l o w  gas v e l o c i t i e s  used. In  
these  semi-quant i ta t ive  c a l c u l a t i o n s  the  e f f e c t  of evaporation on drop and hea t  
t r a n s f e r  i s  not taken i n t o  account. 

to  10'' sec. It appears t h a t  ve loc i ty  l a g  

Equation 5 may be  conver ted  t o  a form involv ing  d i s t ance  r a t h e r  than t h e  by 
means of t h e  r e l a t i o n  

dT - dT - = v -  
d t  .dx - 

where v i s  the average v e l o c i t y  of t h e  gas-powder mixture. The use  of a s i n g l e  
average ve loc i ty  f o r  bo th  gas and powder r equ i r e s  t h a t  t h e  p a r t i c l e s  b e - a l l  enough 
t o  fo l low t h e  gas flow. 

The i n t e g r a l  of Eq. 6 for values  of  x < 0 is given by 

where 
12 

@ =  - 
v c Ps da 

Based on t h e  conserva t ion  of mass equation t h e  average flow ve loc i ty  of t he  gas- 
powder mixture, v , is approximately equal  t o  4s f o r  near-stoichiometric a,- 
a i r  flames. For values  of x > 0 ,  t h e  integral of Eq. 6 is  given by 

and a t  x = 6 ,  
- 
r 

( 9) 

( 10) 
L 

The p a r t i c l e  temperature wi th in  t h e  r eac t ion  zone is seen t o  depend on t h e  product 
parameter 06 and on t h e  dimensionless d i s t ance - ra t io  x/6. 
ture a t  t h e  end of t h e  r e a c t i o n  zone is a func t ion  of 06 alone. 

The p a r t i c l e  tempera- 

has  been ca l cu la t ed  as a func t ion  of p a r t i c l e  s i z e  f o r  
t hese  s p e c i f i c  values:  csps = 213 and 1, v = 4s , h = 2 x lo-' ca l  cm-' sec" 
deg-', p .  = 1 x lo-' gus cm", c = 1/4 cal  gm-l deg-' , and S = 40, 25, 
15, and l b  c m  sec-' . The c i t e d  va lues  f o r  c ps are app l i cab le  t o  NaCl and 
NaF, r e spec t ive ly .  It  is clear from the var ia? ion  of T w i t h  p a r t i c l e  s i z e  
(F ig .  9) t h a t  t h e  degree of p a r t i c l e  hea t ing  can  b e  grea? and t h a t  p a r t i c l e  t e m -  
pe ra tu re  can  rise high enough t o  r e s u l t  i n  evaporation of ma te r i a l s  no t  u s u a l l y -  
cons idered  v o l a t i l e .  

The temperature Tw 

i n  an isothermal system the s teady  state molar rate of flow, eM, of material 
M d i f f u s i n g  away from a s p h e r e  of r ad ius  r may be represented  by 

@M = - 41r D r n h  (1 - 2 ) ( 11) 
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I 

where n = . total molar concentration 

n, = molar concentration of "I" at the surface of the sphere 

D = diffusion constant of "M" 
If the ratio nl/n << 1, Eq. 11 may be approximated by 

QM = 47r Drn, 

Relative to unevaporated material the enthalpy flow 
flow, qL associated with the molar 

$* , is given by 
qL = 4 7 ~  Dm,L ( 13) 

where L is the molar heat of evaporation. In a nonisothermal systeq such as a 
flame,the material diffusing away frm a particle will be further heated as it dif- 
fuses. This enthalpy increase, however, is small compared with L which is about 
40 to 50 kcal/mole for the materials we will consider and, therefore, it will be 
neglected. The diffusion and heat transfer processes are then coupled only at the 
surface of the particle. As in the case of heat transfer alone, it is assumed 
that steady state expressions can be used to describe the rate at which mass and 
heat are transferred. 

Evaporation (an endothermic process) is limited by, and can proceed only to, 
the extent that heat is provided to maintain the process. The rate of conductive 
heat transfer, q? from the flame gases to the particles is given by 

q = 2Tdh (T, - T) ( 14) 
Initially, q > > vL, and both the particle temperature and n, increase. Eventu- 
ally there may arrive a time when 
having begun at that time. 
primarily in evaporation and only secondarily in an Increase In particle tempera- 
ture. This temperature increase is not thermally significant but is important in 
that nl is a strongly varying function of particle temperature. The temperature 
at which evaporation may be considered to have begun can be obtained by equating 
Eqs. 13 and 14. 

q = $ and evaporation may be regarded as 
Further addikion of heat to a particle will result 

h (T, - T) = nl L D ( 15! 
The quantity n, is related to particle temperature by 

n, = A e  ,L/RT 

Equation 16 when substituted in Eq. 15 r sults in 
A e-L7'RT D r, 

h T , - T  = 

The initial evaporation temperature is that temperature 
4, 9, and 17 (for 

By graphical methods T was determined as a function of particle size for 
NaCl and NaF . The necesszry thermodynamic data were obtained from Ref. 7 and 
used to derive expressions of the type Eq. 16 for n, . For NaCl these date 
W ~ I Z  used: B.P. = 1738OK, L at B.P. = 41 kcal/mole, D = 4 cma/sec. The 
quantity nl was represented by 

For NaF these data were used: B.P. = 1977'K, L = 48 kcal/mole, D = 4 cm2/sec, 
and n1 was represented by 

In both cases the diffusion constant D is an estimated value. 

Te consistent with Eqs. 
x > 0 ) .  

n, = 0.924 x ZO-8900/T moles/cc (18) 

n, = 1.12 x 10-~o140o/T moles/cc ( 19) 

a 



The va r i a t ion  of Te ( i n i t i a l )  with p a r t i c l e  size was determined graphica l ly .  
Because S and r e n t e r  i n t o  t h e  parameter 0 i n  t h e  same way, once T is 
shown a s  a func t ion  of p a r t i c l e  s i z e  f o r  a given flame speed, 
ca l cu la t ed  as a func t ion  of s ize  f o r  o the r  flame speeds. For e i t h e r  NaCl or NaF 
t h e  i n i t i a l  evaporation temperature increases  with increas ing  p a r t i c l e  s i z e  up t o  a 
maximum value, Te(max) . The temperature of an  evapora t ing  p a r t i c l e  cannot exceed 
(a l though i t  w i l l  reach) T (rnax) a t  x = 6 unless  t h e  p a r t i c l e  evaporates com- 
p l e t e l y  dur ing  passage thro&h t h e  flame. For  N a C 1 ,  T (max) = 148OoK, and f o r  
NaF, Te( max) = 1650'K. 

w i l l  decrease  i n  size a t  a rate described by t h e  express ion  

T can regd i ly  be 

Equation l2 impl ies  t h a t  a p a r t i c l e  evaporating under steady s ta te  condi t ions  

( 2 0 )  

where M = molecular w t  of material. 

A s i m i l a r  s teady  state express ion  can be derived for a p a r t i c l e  evaporating i n  a 
flame 

I n  Eq. 21, n, has been e l imina ted  by means of Eq. 15. Time . i s  measured from the  
onse t  of evaporation as previous ly  defined. Let x be t h e  poin t  i n  the  flame 
corresponding t o  t h i s  t i m e .  In t h e  cases-we w i l l  cznsider,  x > 0.  This d i s t ance  
w i l l  be t r ave r sed  in a t i m e  

e 
T = 6 - xe)/v.  

where dw = diameter of t h e  p a r t i c l e  a t  x = 6 

- 
(T, - T) = t h e  average temperature d i f f e r e n c e  between t h e  gas 

and t h e  p a r t i c l e  i n  the  l n t e r v a l  6 - xe . - - 
Further,  v = 4S, and a f t e r  s u b s t i t u t i o n  f o r  T and v and some manipulation, 
Eq. 22 can be transformed i n t o  Eq. 23, a form s u i t a b l e  f o r  determining the  degree 
of evaporation. 

The parameter (96)0 is the va lue  of 96 appropr i a t e  t o  do and t o  an assumed 
value of t h e  flame speed. The q u a n t i t y  1 - can  be  obta ined  from a graph of 
(T ,  - Te)i as a func t ion  of (OS),, t h e  va lue  6 of and Eq. 4. The quant i ty  

(T ,  - T) 
x = x 
(Ti -eT ) = 550'K. e f  

may be taken without s i g n i f i c a n t  error a s  t h e  average of (T, - T ) a t  
For NaCl, (T, - T ) = 720°K and fog h a p ,  and (T, - Te)f a t  x = 6 . 

e f  
Proceeding as ind ica ted ,  we calculated t h e  f r a c t i o n a l  degree of evaporation, 

SdO = 'i, 7 ' cons tan t  f o r  a given  degree of evaporation. Consequently, the  va r i -  
a t i o n  of 
t h e  v a r i a t i o n  is known f o r  a s i n g l e  flame speed. 

f o r  o the r  s e l ec t ed  values of x . For t h e  purpose of demonstrating t h a t  s m a l l  

4v3 

f 

f o r  NaCl and NaF. The r e s u l t s  are shown i n  Fig. 10. The product 

with p a r t i c l e  size f o r  acy  flame speed can be e a s i l y  obtained once 

The ca l cu la t ion  of degree  of evaporation c a r r i e d  out f o r  x = 6 can be done 
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t 
i 

P a r t i c l e s  of ma te r i a l s  such as NaCl and NaF w i l l  p a r t i a l l y  evapora te  dur ing  
passage through a flame, t he  r e s u l t s  shown i n  Fig. 10 f o r  x = 6 are sufficient. .  

The mathematical ana lys i s  j u s t  descr ibed  can  only be success fu l ly  appl ied  t o  
m a t e r i a l s  f o r  which t h e r e  is a v a i l a b l e  a r e l a t i o n  between t h e  vapor p re s su re  and 
t h e  temperature of t h e  material. Substances such as Na,CO, which decompose 
dur ing  evaporation cannot be t r ea t ed .  
eral  such materials w a s  determined i n  t h e  fo l lowing  way. A small quan t i ty  of 
material w a s  fused by flame onto  t h e  end of a platinum w i r e  u n t i l  a small  bead 
about 1 mm i n  diameter had been formed. The bead and wire were suspended i n  a 
Meker burner flame about 1 c m  above t h e  primary cones. 
measured from the appearance of c o l o r  i n  t h e  flame gases t o  t h e  disappearance of 
t h a t  color. The r e s u l t s  of such measurements a r e  shown i n  Table 11. 

NaF and Na,CQ, have roughly t h e  same v o l a t i l i t y .  Consequently, t h e  degree of 
evapora t ion  derived f o r  NaF can  be expected t o  apply roughly t o  Na,CO,. a s  w e l l .  
Next, K&O, is seen t o  be about t w i c e  as v o l a t i l e  as Na,CO,. This is also about 
t he  same as the  ra t io  of i n h i b i t i o n  e f f ec t iveness  f o r  these  t w o  ma te r i a l s .  Lastly,  
a l l  t he  test substances except Na,CO, are more v o l a t i l e  than NaF and small  par- 
t icles of these  substances would be expected t o  evaporate during passage through a 
flame t o  an  even g r e a t e r  e x t e n t  than NaF p a r t i c l e s  of t he  same s i z e .  Powders 
of a l l  bu t  t w o  of t h e  materials l i s t e d  i n  Table 11 were tested experimentally and 
found t o  be e f f e c t i v e  i n h i b i t o r s  of CH,-air  combustion. Materials which were not  
e f f e c t i v e  inh ib i to r s ,  talc, CaCO,, Ca(OH), ,  and CaF, are not v o l a t i l e  at  t h e  
flame temperatures encountered i n  our system and would not  be  expected t o  evaporate 
t o  a s i g n i f i c a n t  ex ten t  dur ing  passage through a CH,-air flame although CaCO, 
and Ca(OB), might decompose t o  CaO.  I t  appears t h a t  evaporation and i n h i b i t i o n  
e f f ec t iveness  a r e  companions and t h a t  t h e  observed i n h i b i t i o n  is due to  evaporated 
materials. With inc reas ing  flame temperature some of these  l e s s  v o l a t i l e  materials 
may e x h i b i t  a higher degree of e f f ec t iveness .  

IV. Discussion 

Therefore,  t h e  r e l a t i v e  v o l a t i l i t y  of sev- 

By stopwatch, t he  t i m e  w a s  

Consideration of t h e  d a t a  i n  Table I1 revea l s  a number of i n t e r e s t i n g  f a c t s .  

The t h e o r e t i c a l  a n a l y s i s  presented i n  Sec t ion  111 revealed t h a t  a s i g n i f i c a n t  
amount of evaporation w i l l  occur f o r  those  powders which were found t o  be e f f e c t i v e  
i n h i b i t o r s .  
t h e  powder p a r t i c l e s  and on t h e  v o l a t i l i t y  of t he  material. The c a l c u l a t e d  r e s u l t s  
f o r  NaCl and NaF shown i n  Fig.  10 i n d i c a t e  a high degree of evapora t ion  by t h e  
end of t h e  r eac t ion  zone. The average e x t e n t  of evaporation i n  t h e  r e a c t i o n  zone 
w i l l  be lower. For a11 but t h e  very f i n e s t  powders t h e  degree of evaporation f o r  
t he  spectrum of p a r t i c l e  sizes present  i n  t h e  powder i s  probably much l e s s  than 
one. 
e f f e c t i v e n e s s  and s p e c i f i c  su r face  area. An inc rease  i n  s p e c i f i c  su r face  a rea  w i l l  
r e s u l t  i n  g r e a t e r  f r a c t i o n a l  evaporation. Evaporation can, of codkse, b e  completed 
i n  t h e  pos t  flame gases, bu t  w e  are not  concerned with t h a t  region -- only  with t h e  
r e a c t i o n  zone i t s e l f .  

The ex ten t  of evapora t ion  w i l l  depend on t h e  temperature h i s t o r y  of 

Under such condi t ions  one would expect a p ropor t iona l i t y  between powder 

Two e s s e n t i a l  t a sks  remain: t o  i d e n t i f y  the  spec ie s  r e spons ib l e  f o r  inh ib i -  

The condensed material w i l l  evapora te  a t  high temperatures 
t i o a a n d  the  reac t ions  involved. To t h a t  end, cons ider  f i r s t  t h e  r e l a t i v e l y  
simple case of NaC1. 
p r imar i ly  a s  NaCl molecules. The NaCl i n  d i f f u s i n g  through t h e  ho t  r eac t ion  
gases  may be converted t o  Na by r eac t ions  such as 

( 24) H + NaCl  -P N a  = HC1 

Experimental observation of flames i n  which Na and C 1  w e r e  both present  i nd i -  
cates t h a t  t he  conversion w i l l  not be  complete (Ref.  8 ) .  Consequently, both N a  
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and NaCl must b e  accepted as major spec ie s  involv ing  N a  . Traces of NaOH can 
also be present,  as w e l l  as minute concent ra t ions  of sodium hydride o r  sodium 
oxides.  However, t he  oxides  have never been observed spec t roscop ica l ly  i n  flames 
which a l s o  contained sodium (Ref.  9). Inasmuch as only  minute concent ra t ions  are 
requi red  t o  give observeable emission spec t ra ,  t he  presence of s i g n i f i c a n t  quanti-  
t ies of t hese  compounds i s  unl ike ly .  AS f a r  as NaCl is concerned, t h e  major 
spec ie s  t o  consider are’ N a  and N a C l .  

decomposition. Depending on t h e  circumstances one may i n i t i a l l y  have N a ,  Na,O, 
Na,O,, etc. The i n i t i a l  spectrum of products i n  t h e  course  of d i f f u s i n g  away 
from the  p a r t i c l e  w i l l  be a l t e r e d .  The major spec ie s  t o  b e  expected a t  some dis- I 

t ance  from the  p a r t i c l e  is t h e  N a  atom. The presence of ch lo r ine  spec ies  i n  the  
gas w i l l  convert  a por t ion  of that sodium i n t o  NaCl . The observed decrease  i n  
powder e f f ec t iveness  a s  obse rved%in  the  presence of Na,CO, powder and CH3C1 
( s e e  Fig. 7 )  i nd ica t e s  t h a t  NaCl i s  r e l a t i v e l y  i n a c t i v e  and that i n h i b i t i o n  i s  
as soc ia t ed  with t h e  sodium atom. By impl ica t ion  t h e  o v e r a l l  e f f ec t iveness  of a 
sodium compound depends not  on ly  on v o l a t i l i t y  but also on t h e  a v a i l a b i l i t y  of the  
atom a f t e r  evaporation. By analogy o ther  a l k a l i  metal compounds would behave s i m i -  
l a r l y .  The a b i l i t y  t o  i n h i b i t  combustion i s  probably not  limited t o  the  a l k a l i  
metal atoms i n  view of t h e  similar r e s u l t s  obtained with N a C l  and @Cl:  The two 
are of comparable v o l a t i l i t y  and both would y i e l d  some metal atoms, N a  i n  t h e  one 
c a s e  and Cu i n  the o ther .  Further,  both Pb(C2Hs) and Fe( CO) s t rong ly  
i n h i b i t  hexane-air flames (Ref.  10).  A metal atom mechanism may be  ope ra t ive  i n  
those cases  too, although both  Fe and Pb may be p a r t i a l l y  converted t o  oxides 
or hydroxides. 

presence of metal atoms. A number of poss ib le  mechanisms w e r e  considered. Of 
these, t h r e e  were found to  b e  c o n s i s t e n t  with t h e  obtained r e s u l t s .  

I t  is poss ib l e  t ha t  metal atoms increase  t h e  rate of recombination of the  
r a d i c a l s  d i r e c t l y  associated w i t h  f lame propagation - H, 0 , and OH. Recombi- 
na t ion  r eac t ions  l i m i t  t h e  concen t r a t ion  of r a d i c a l s  i n  the  flame and in su re  t h e i r  
removal i n  the  post flame gases.  Consequently, an i nc rease  i n  recombination r a t e  
can be expected t o  reduce flame speed. N a  , which w e  w i l l  use a s  
an example, can a f f e c t  recombination rate by a c t i n g  as a t h i r d  body which is e f f i -  
c i e n t  i n  absorbing a po r t ion  of t h e  energy of recombination. 

Consider next t h e  more complicated case of Na,C03 which evaporates w i t h  I 

i 

The second task  i s  t o  i d e n t i f y  a mechanism of i n h i b i t i o n  which depends on the  

A m e t a l  such as 

H + OH + N a  -+ H,O + Na* ( 25) 
H i H + N a  - H, + Na* ( 26) 

O t O + N a  -. 0, i N a * .  ( 27) 
The e f f i c i ency  of Na as a t h i r d  body i n  r eac t ions  25 and 26 has  been measured in  
flame gases  (Ref. 11) bu t  is no t  g r e a t e r  than t h a t  of o the r  flame components pres- 
e n t  i n  f a r  l a r g e r  concent ra t ions .  Therefore, l i t t l e  d i r e c t  e f f e c t  can be expected. 
However, Na  does remove a t  l eas t  50 k c a l  of energy, t h e  e x c i t a t i o n  energy for 
t h e  t r a n s i t i o n  Na( *S) --c Na*( *P) . This e x c i t a t i o n  energy may then be r ad ia t ed  as 
l i g h t  or degraded i n t o  hea t  by c o l l i s i o n  with o the r  molecules. On t h e  o the r  hand, 1 

such t h i r d  bodies a s  the product molecules H20, H,, o r  0, may absorb a l l  or a 
por t ion  of t h e  energy r e l e a s e d  i n  recombination r eac t ions  of t h e  type shown i n  i 

Eqs. 25, 26, and 27. Such molecules with excess energy may be of unusual chemical 
r e a c t i v i t y .  However, i n  t h e  case of v ib ra t iona l ly  exc i t ed  product molecules c o l l i -  1 

s i o n s  w i t h  o the r  molecules w i l l  lead t o  r a p i d  loss of t h i s  energy. The mechanism 
c i t e d  cannot be d e f i n i t e l y  r u l e d  out  on the  bas i s  of our present  knowledge about 
t he  state of e x c i t a t i o n  of t h e  products r e s u l t i n g  from recombination r eac t ions .  

11 
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, A metal such as .  N a  can a l s o  a l t e r  a rate of recombination by a two-step 
Process l i k e  t h a t  shown formal ly  i n  Eqs. 28 and 29. 

A + N a i M  -. A - N a + M  ( 28) 
B + A - N a  -t A - B i N a  ( 29) 

i n  which A and B a r e  H, 0, and OH, and M is a t h i r d  body. The c o l l i s i o n -  
s t a b i l i z e d  complex Na-A need not be a major spec ie s  but i t  must have a s u f f i -  
c i e n t  l i f e t i m e  t o  react with B .  Such a mechanism has  r e c e n t l y  been advanced a s  
an explana t ion  of third-body e f f i c i e n c i e s  and negat ive  temperature c o e f f i c i e q t s  
(Refs.  12 and 13) .  I f  t h e  product molecule Na-A does su rv ive  t h i s  length  of 
t i m e  and i f  r eac t ion  29 is  exothermic, t h e  rate of r e a c t i o n s  28-29 r e l a t i v e  t o  
the  d i r e c t  recombination 

w i l l  be about equal t o  t h e  r a t i o  
t h i s  mechanism t h e  c i t e d  r a t io  must accord ingly  be known. 

one-atmosphere s to i ch iomet r i c  C H 4 - a i r  flame are known (Ref.  14). 

A + B + M  + A - B + M  (30) 

Na/B.  In  o rde r  t o  eva lua te  t h e  f e a s i b i l i t y  of 

The equi l ibr ium mole f r a c t i o n s  of H, OH, 0 i n  t h e  pos t  flame gases  of a 

Ta = 2214'K 

H = 3.57 x 10-4 
Equilibrium Mole F rac t ion  OH = 27.8 x loe4 i o = 2.11 x 

In  t h e  flame zone i t s e l f  t h e  mole f r a c t i o n s  of t hese  t h r e e  s p e c i e s  are undoubtedly 
much higher, consequently t h e  c i t e d  va lues  r ep resen t  lower l i m i t s .  The concentra- 
t i o n  of Na i n  an i n h i b i t e d  flame can  be es t imated  from t h e  d a t a  shown i n  Fig. 2 
f o r  f i n e  About 0.003 mg/cc reduces propagation v e l o c i t y  by about ha l f  of 
t he  o r i g i n a l  value.  The mole f r a c t i o n  of N a  corresponding t o  t h a t  concen t r a t ion  
is about 1 .5  x lo-'. 
lo$, t h e  mole f r a c t i o n  of Na i n  t h e  gas w i l l  be 1.5 x A h ighe r  degree of 
evaporation i s  un l ike ly  i n  view of t h e  p r o p o r t i o n a l i t y  between s p e c i f i c  su r face  
a rea  and powder e f f ec t iveness .  Comparison of t h e  mole f r a c t i o n  of N a  i n  t h e  
flame with t h e  lower l i m i t  va lues  fo r  H ,  OH,, and 0 i n d i c a t e s  t h a t  t h e  ra t io  
Na/B I n  t h e  pos t  flame gases, t h e  
degree of evaporation i s  much higher and t h e  concen t r a t ion  of r a d i c a l s  lower. I n  
t h a t  region the  mechanism is  a f e a s i b l e  one, although it is appa ren t ly  not  f e a s i b l e  
i n  t h e  r eac t ion  zone un le s s  t h e  estimates of concent ra t ion  are badly i n  e r r o r .  

* * Fina l ly ,  N a  may d e a c t i v a t e  e n e r g e t i c a l l y  exc i t ed  s p e c i e s  such as 0, , CO,, 
C, , The concen t r a t ion  i n  t h e  flame of each of t h e  c i t e d  spec ie s  i s  
not known but is probably low. These spec ie s  may i n  a d d i t i o n  be  sideshow perform- 
ers not d i r e c t l y  involved i n  flame propagation. Consider f o r  i n s t a n c e  C," and 
C$. Emission i n t e n s i t i e s  from C," and CH" i nc reases  wi th  the  add i t ion  of 
bromine i n h i b i t o r s  (Ref.  15),  although flame speed decreases .  Both C," and CH* 
a r e  apparent ly  un re l a t ed  t o  flame speed. On t h e  o t h e r  hand, emission i n t e n s i t y  of 
OH*; decreases  wi th  inc reas ing  concent ra t ion  of bromine i n h i b i t o r  (Ref .  15) . How- 
ever, i s  deexci ted  on v i r t u a l l y  every c o l l i s i o n  with flame gases (Ref. 1 6 ) .  
Consequently, a minor c o n s t i t u e n t  can have l i t t l e  f u r t h e r  i n f luence  on t h e  deac t i -  
va t ion  o f .  O@. The decrease  i n  emission i n t e n s i t y  is probably a s soc ia t ed  with a 
diminution i n  t h e  rate of production of 
r a t h e r  than i t s  removal by r e a c t i o n  with HEr (Ref.  1 5 ) .  . 

Na,CO,. 

I f  t h e  average degree of evapora t ion  i n  t h e  flame is  about 

i n  the  flame is  probably much less than one. 

* CH", OH* . 

OH* 

OH* upon t h e  a d d i t i o n  of an i n h i b i t o r  

r 

' I  
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24. 

I n h i b i t i o n  can r e s u l t  from t h e  deac t iva t ion  of C h * .  The r e a c t a n t s  necessary 
t o  form CO,* a r e  present  i n  t h e  flame, such as * 

( 31) 
I 

0 + co - co, 
Moreover, 
c i t y  change assoc ia ted  with t h e  r a d i a t i v e  t r a n s i t i o n  (Ref. 17), 

CO,* is  metas tab le  with r e spec t  t o  r ad ia t ion  because of t h e  mul t ip l i -  

C0,*(3r) -. CO,( 'C) + hv . ( 32) 

Excited 
as those shown (Ref. 17) 

CO,* can t h e r e f o r e  exis t  f o r  a t i m e  and be a v a i l a b l e  f o r  r e a c t i o n s  such 

co,* + 0, -b co, + 0 + 0 (33) 

CO," + 0, - co, + 0, ( 34) 

o,* i. co + coz + 0 ( 35) 

?+ 

Oxygen atoms produced by r e a c t i o n s  33 and 35 may by f u r t h e r  r e a c t i o n  produce 
and OH. 

H 

I f  N a  '(or o the r  metal a t o m )  i s  p resen t  i n  t h e  flame t h e  deexc i t a t ion  rsac- 
t i o n  

c%*( '7d + N a (  'S) -P CO,( 'C) + Na*( ,p) 

could remove the  energy r equ i r ed  f o r  r e a c t i o n  33. The e x c i t a t i o n  energy of Na*(*P) 
may be r ad ia t ed  or eventua l ly  degraded i n t o  thermal energy by c o l l i s i o n .  
exc i t ed  0, formed i n  r e a c t i o n  34 can also l o s e  i ts  energy of e x c i t a t i o n  by colli- 
with N a ,  expec ia l ly  i f  t h e  0, is only v i b r a t i o n a l l y  exc i t ed  (Ref. 18).  Tbis  
mechanism of inh ib i t i on ,  t h e  removal of e x c i t a t i o n  energy by metal atoms, provides 
a q u a l i t a t i v e  explana t ion  f o r  metal  i nh ib i t i on .  So f a r  as know, it is cons i s t en t  
with f a c t .  CO,* be  an important in te rmedia te  i n  
t h e  combustion of hydrocarbons. 

The * 

The mechanism does r e q u i r e  t h a t  

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9 .  
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T a b l e  I 
S P E C I F I C  AREA OF POmERs USED 

Q P o w d e r  A*( cma/gm) 

talc 12,600 2.4 
c a (  OH) 9,000 2.9 

- 
caco, 2,000 ’ ‘11 ‘ 
NaBr 2,000 9 > 

caF2 3,500 5.4 

CUCl 3,000 5.7 

KaS04 5,200 4.3 
Na?ICO, 7,760 3.5 

E O 3  12,400 2.2 
Na2C0, 4,940 4.9 

10,800 2.2 

N a F  3,300 6.5 

NaCl  4,500 6 .O 

NaHCO, 11,900 2.3 

- 6 
Na,CO, 

P d =  

= average particle diameter 
p = dens i ty  of m a t e r i a l  
A+ = s p e c i f i c  surface area . 

Table I1 

RELATIVE VOLATILITY OF VARIOUS SOLIDS 

Substance T ( S e c )  B.P. (OK) 

N a X  - 1  1577 
KC1 - 2  1680 
CUCl - 2  1639 
NaBr  - 2  1666 
NaCl  3 1738 
K2c03 7 .... 

10 .... 
11 .... 
16 .... 

Li,CO, 
NaF 13 1977 
Na2C0, 

r = l i f e t i m e  of 1 mm bead of m a t e r i a l  when 
exposed t o  a Meker f l a m e  
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