
I. I n t  rociuct Lon 

The presence of a t o m  and rree radicals i n  a methane-air flame 
Drocuces not only carbon Ciioxidi': and water b u t  a l so  a l a rge  number of 
t r a c e  const i tuents  i n  part .-per-nil l ion and part -per-bi l l ion concentra- 
t i o n  l eve l s .  These include the oxides of nitrogen, unsaturated hy- 
drocarbons, and p a r t i a l l y  oxygenated species.  This paper w i l l  discuss 
the  e f f e c t s  of flame chemistry on ethylene and the oxides of nitrogen. 
It w i l l  be shown t h a t  similarities d o  e x i s t  i n  the formation of these 
s9ecies i n  flames a t  atmospheric pressure, but  the dissimilarities are 
of 5vcn g rea t e r  i n t e r e s t  than the  similarities. I n  pa r t i cu la r ,  ethy- 
lent? i s  found i n  much higher concentrations i n  the flame than NO and 
YO2 desp i t e  t h e  f a c t  that it i s  thermodynamically unst.able whereas the 
ni t rogen oxides are not.  

Studies of the react ions of nitrosen, n i t r i c  oxide, and oxygen at 
hish ternperatwe ind ica t e  that the formation and disappearance of 
n i t r i c  oxide, t h e  pri.mar;r oxide of nitrogen found i n  flames and f l u e  
prx?.ucts, occLir a t  ver.7 low rates.' With the add i t iona l  f a c t  that, i n  

Kauhan, F. an: Gecker, L. J., "Seventh Symposium ( In t e rna t iona l )  
on Combust ion, Butterworths, London, 57 (1958 ) . 

t h e  methane-air flame and i;.s hot reac t ion  products, where there i s  
usually l i t t l e ,  i f  any, oxur:;en as such, it i s  apparent tha t  the occur- 
rence of the oxides of nitroTen are d u e  t o  processes involving t h e  re- 
a c t i o n  intermediates of  the fuel-oxygen react ion.  Details of such 
elementary processes are not known. The evidence obtained from studies  
on hydrogen-nitric oxide and hydrocarbon-nitric oxide flames indicates  
t h a t  i f  any n i t r i c  oxide e x i s t s  i n  t h e  react ion products, it i s  i n  
equilibrium amounts' ( t h a t  i s ,  7:rith nitroqen and oxygen). 

' i!clfhard, Y. G. and Parker, W. G . ,  " F i f t h  3rmposim ( In t e rna t iona l )  
on Corrbustion," Reinhold, 71'- (1355;:. 

3 oen.;:al pat torn of' :c;dr.ozarbori oxidation i n  flames has been 
_. ,__ . ._ --,:;-,,:el;; :-,;;<iief &'t:hol;-:- - .r.ar,;.- of the  , ( ; t a i l ed  reazt ions remain t o  
:=cr 1dr:ntified and reaswed .' 
_._. 

It has been incicated" t h a t  i n  oxygen-rich 
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sa tura ted  hydrocarbon flames, hydrocarbons lower than the  i n i t i a l  f u e l  
a r e  formed through t h e  reac t ion  sequence . / 

4 OH + C, -, H20 + C n '2n+l 'n-1 H2n-2 + ''3 

This i s  the  case when t h e  i n i t i a l  r ad ica l  formed i s  higher than ethyl ,  
the CHs rad ica l  being s p l i t  off t o  form the  next lower o le f in .  In  t h e  
methane-air flame, however; ethylene and other  C2 species  are expected 
t o  arise as a result of the  recombination of methyl r ad ica l s  

From this point o f  view, ethylene formation i n  flames might, be expected 
t o  follow the pat tern of the  cracking reac t ion  of methane. However, 

it must be noted, as will be emphasized i n  t h i s  paper, t h a t  the rate 
of formation and decay of ethylene (as w e l l  as the oxides of ni t rogen)  
cannot be considered as merely a pure pyrolysis  o r  d i r e c t  t h e m 1  re- 
ac t ion ,  t he  chemistry o f  combustion grossly in t e r f e r ing  and competing 
with these  mechanisms. 

11. Experimental 

pressure burner. The burner, schematically depicted i n  Figure 1, con- 
sists of a long v e r t i c a l  tube, approximately 3/4 inch i n  diameter, 
through which various methane-air mixtures are fed, surrounded by a 
larger annular region providing a secondary feed t o  the  flame. By 
means of batch-sampling with a quartz microprobe' and ana lys i s  with a 

This work w a s  car r ied  out w i t h  a large,  single-port  atmospheric 

See Reference 3, Chapter 9. 

Varian Aerograph series 1200 Chromatographic unit  (employing a flame- 
ion iza t ion  de tec to r ) ,  concentration p r o f i l e s  f o r  t he  various f l a t  
methane-air flames were obtained. A batch sampling time of about 15 
Seconds was used in most cases.  The ad jus tab le  quartz probe was con- 
nected t o  the  sampling and de tec t ion  loop by means of Teflon-tubing. 
The diameter of t h e  porous p l a t e  burner w a s  5.2 cm. Aeration of  the 
primary mixture w a s  varied from 84% t o  100% t o  120% of t h e  s toichio-  
metr ic  a b  required f o r  combustion. Primary mixture flow r a t e s  were 
varied from 1 5  t o  30 SCF per hour, and secondary air flow r a t e s  were 
varied from 10 t o  20 SCF per hour. 
of molecular s i eve / s i l i ca  g e l  column. 
were separated'from o the r  flame products by means of a column of 
Poropak-5 (50-80 mesh). 
52OC t o  ensure good peak readout. 
methane was employed in the  study with no fu r the r  pur i f ica t ion .  

NO and NOn were separated by means 
Ethylene concentration prof i les  

The columns were operated a t  a temperature Of 
Matheson Ultra-High Pur i ty  grade 



139 7 

III. Results an6 T'iscussion 
\ 

\ 

A. Oxiccs of I\Iitroqcn 

The format.ion of t h i  o s idcs  of nitro;;t.n i n  methane-air flames i s  
frequnntl:: considt.r-3-d as a s idc reac t ion  of t.li~? combustion process; 
the  oxides i'ormiq b e c a a c  air i s  heatdd t o  a hi<h i;ornperature. Tlic 
data presented here ind ica t e s  that  t h i s  i s  not the case. 

Figurcs 2 and 3 anc Tab12 1 i n d i c a t e  t ha t  NO2 i s  found i n  t h e  
"preheat" 3r t ransport  region between t h e  surface of t hc  f l a t  flame 
burner and the flame. The concentration of NO2 incrc?a.ses from zero 
t o  as much a s  10 spm over t h i s  1 mm dis tance.  ( I n  inost cases, a l l  
reported concentrations are reproducible t o  w i t h i n  k1 ppm. ) 

af te r  t h e  flame snoi:r both a n  increase i n  the t o t a l ,  NO + NO2, and a 
 an^:-‘ i n  t ! : ~  r a t i o  between these two species.  For a stoichiometric 
x t h a n e - a i r  flame with a secondary stream of a i r  the Concentrations are 
'7.5 ?,pm of NO2 ana 0 ppm of' NO a t  a height of 0 . 1  c m .  A t  a height of 
1.1 CE (about 1 . 0  ern above the flame), the concentrations along the  
cen te r l ine  of the burner have become 2 . 0  ppm of NO2 and 11.0 pprn of 
?IO. The dccrc-ase i n  t he  concentration of NOa i s  5 .5  ppm while t h e  in- 
zrease i n  MO i s  1 1 . 0  ppm. Both Figures 1 and 2 i nd ica t e  that t h e  bulk 
species (ni t rogen oxides) concentrations are e s s e n t i a l l y  constant in 
t h e  region above the flat flame. 

Beyond t h i s '  "f'lame zone" the ;inal r a t i o  of NO t o  NO2 i s  s t rongly 
affected by the conditions i n  the  
For example, i n  a stoichiometric flame t h e  NOe i s  observed in increase 
from about 2 ppm a t  a height o f  1.1 em t o  almost 5 ppm at 3.6 cm above 
the  burner. The NO concentration decreases from about 1 0  ppm t o  7 ppm 
over t h i s  same dis tance.  The t o t a l  concentration remains constant at 
1 2  ppm. 

A model of t he  detai led chemistry of NO and NOa was developed t o  
explain the r a t e s  of formation observed for the oxides of nitrogen. 
The react  ion s e t  includes the following react ions:  

The measured concentrations of the oxides of ni t rogen before and 
-,!? 

cooling'' region above the flame. 

N2 +- 0 NO + N 
NO + N -, N a  + 0 
0 2 + N 4 N O + 0  
NO + 0 02 + N 

2FiOZ 4 2NO + 02 (MI + NO + 0 - r?02 + (MI 

The inportance o f  these rcact ions f o r  NOo2 formation in flames can be 
cotermined 'E;; compariw; t;!x calc!ilat:;d time required f o r  each of these 
react ions to f o m  t h e  obsr;r.vcc amount of NO and NOn w i t h  t he  ac tua l  
time avai lable  f o r  rpact ion i n  t h e  flame. I n  t h i s  way, the r e l a t i v e  
imcortancc. gr t.il.-: react ions can be determinec. The r e s u l t s  arc ex- 
;;-e;csec f G r  t k ~ ; .  r s e c i f i c  r.t.<ions. The rtTions, of  course, are not 
irla.;?encE-ni b u t  arc; c lo se ly  linkecl t o  each other  (Table 11). The 
3roclr:ss can be vir!:aliz-rl. as f'ollows: The f u e l - a i r  mixtlure leaves 
t h e  blirner and flows thro:qh :.h? preheat reZion. H w e ,  the  gases 

t h e  burner. Tkie preheatrid m i z t u r e  then ir;nitr;s, c a u s i n f , a  rapid change 
r a n i G i - , -  increase i n  temp.;.raturc; becadso of tho heat flowing back t o  
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i n  composition and a f u r t h e r  increase i n  temperature. 
changes i n  composition from a f u e l - a i r  mixture t o  combustion products 
together  wi th  t he  s t e e p  temperature gradients  make the  flame ana lys i s  
complex -hence, the segregation of t he  flame in to  regions which a re  
easier t o  handle by conventional ca lcu la t ions .  

I n  the preheat region, NOa i s  formed by rapid formation of NO and 
subsequent complete oxidation of t he  NO t o  N 0 2 .  The calculated r e s i -  
dence times of reac t ions  1, 2, 3, and 4 are i n  good agreement with 
t h e  ac tua l  residence time i n  the system. F i  ure 4 shows that the t o t a  
concentration of t h e  oxides of nitrogen (NOx? increases while NO2 de- 
creases .  The k i n e t i c s  o f  reac t ion  5 adequately describe the decompo- 
s i t i o n  step,  while react ions 1 and 3 accounted f o r  the  increase i n  
(NO + N O 2 ) .  
remains constant. The reac t ion  of NO w i t h  atomic oxygen roughly pre-  
d i c t s  (within *10 ppm) the  observed oxidation. 

I n  an attem t t o  r e f ine  the  ca lcu la t ions  fo r  t he  system, reac- 
t i o n s  1 through were combined w i t h  a mathematical model of a f l a t  

so that a complete time-temperature composition h is tory  of 

These rapid 

Beyond the combustion region, the concentration of NOx 

W e i l ,  S. A. ,  S t aa t s J  W. R. and Rosenber R. B.,  h e r .  Chem. Soc. 
(Div. Fuel Chem. ) Prepr in ts  l.0, No. 3,  8 4  (1966). 

W e i l ,  S. A. ,  I n s t i t u t e  of Gas Technology R e s .  B u l l .  No. 2, 
Chicago (1964 ) . 

7 

t h e  feed mFxture could be determined. T h i s  calculat ion,  performed on 
a n  e lec t ronic  computer, did not serve t o  improve the  d i s p a r i t y  between 
observed and ca lcu la ted  values. 
rate constants present ly  ava i lab le  i n  the  l i t e r a t u r e .  The combustion 

The computation usedsthe data f o r  

Schofield, K., Planet Space Sei .  2, 643 (1967). 

i 

react ions were described by an overa l l  k ine t i c  expression of t h e  form 

The sources of t h e  atomic species were assumed t o  be the  equilibrium 
set of react ions : 

20 + M 02 + M 
2 N  + M NE + M 

The numerical p red ic t ions  f rom t h i s  model show that t h i s  mechanism 
can produce only about 1 ppm of NO and a l m o s t  no NO2. 
source of e r r o r  i n  the  model i s  the assumption of  equilibrium o f  0 and 
N. It i s  w e l l  known that these s p e c i y  e x i s t  i n  concentrations greater) 
than equilibrium ( f o r  N2 and O2 i n  a non-reacting" system) but the 
exact concentrations at various points i n  an atmospheric pressure flame 
a r e  not known. 

The most obvious 
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B. Ethylene 

The concentration of t t h i l e n e  i n  various regions of a flame i s  
s t rongly dependent upon t h e  fuel/air r a t i o  i n  the  primary mixture. 
For a fue l - r ich  mixture (84$ of s toichiometr ic  air i n  the  primary mix- 
t u r e  with a secondary air  s t ream),  the peak ethylene concentration i s  
almost 800 ppm. Th i s  occurs at  a radial pos i t ion  of about 0.7 em from 
the  burner center l ine  ( the  burner diameter i s  2.G em). 
concentration a t  the  center l ine  i s  about b50 ppm. For a stoichiometric 
primary f u e l - a i r  m i x t u r e ,  t h e  maximum ethylene concentration occurs at 
t h e  Same point but i t s  concentration i s  only 400 ppm. The concentra- 
t i o n  a t  the center l ine  of t h i s  flame i s  almost zero. For a fuel- lean 
flame (120% of s toichiometr ic)  the  maximum concentration o f  about 300 
ppm occurs a t  t he  burner center l ine .  This concentration decreases 
slowly w i t h  d is tance from the  center  out t o  2 cm. A t  t h i s  point, d i l u -  
t i o n  by the  secondary air  becomes large,  and the concentration decreases 
from about 240 ppm t o  about 50 ppm between 2.0 and 2.5 cm. 
ures 5 and 6. ) 

One s t r i k i n g  d i f fe rence  between NOx and C2H4 i s  i n  the  radial 
concentration p ro f i l e s .  A s  noted, both the fue l - r i ch  and t h e  s to ich io-  
metric flames show peak ethylene concentrations at  0.7 em from the 
burner center l ine .  By contrast ,  t h e  peak NOx concentration occurs a t  
the center l ine  i n  both of these flames, t h e  concentration decreasing 
with increasing dis tance.  The sha e of the  NO, vs. d i s tance  curve 
changes as a funct ion of the  f u e l / % , r  r a t i o  but the pos i t ion  of the 
maximum concentration i s  always at the burner center l ine .  

A second d i f fe rence  between NO, and C2H4 involves the  postcombus- 
t i o n  react ions.  E th  lene  forms i n  the v i s i b l e  flame region i n  concen- 
t r a t i o n s  as high as 800 ppm. 
combustion region w i t h  3 ppm or  l e s s  pe r s i s t i ng  t o  a height of 3.5 cm 
above the  burner. Consequently, the conditions i n  t h e  post-combustion 
region a r e  of primary importance i n  determining the final emissions 
of C2H4. By contrast ,  t he  t o t a l  concentration of NOx i s  determined 
by the  flame and not by t h e  post-combustion react ions.  The t o t a l  NOx 
concentration remains constant i n  t h i s  region w i t h  only t h e  r a t i o  of 
NO t o  NO2 changing. For example, the concentration of NO, produced by 
a s toichiometr ic  flame i s  about 1 2  ppm. Leaving the  flame front ,  the 
combustion products w i l l  contain about 2 ppm of NOa and 1 0  ppm of NO. 
A t  a height of 3.5  cm, the  concentrations are 5 ppm of NO2 and 7 ppm 
3f NO with the t o t a l  concentration remaining constant.  

C. Ethylene Formation i n  Methane-Air Flames 

We have experimentally characterized the formation of ethylene 

The ethylene 

(See Fig- 

Most of t h i s  ethylene r eac t s  i n  the  post- 

(C2H4) i n  a flat methane-air flame. 
these important conclusions : 

0 Oxjgen has two important e f f e c t s  on CZH4 formation. 1) Oxygen o r  
air in the  r m r y  methane-air mixture decreases t h e  production 
of C2H4. 
The d i f fus ion  of secondarj  air  i n t o  the flame increases  the  C2H4 
formation, with the  increase being g rea t e s t  f o r  fue l - r i ch  primary 
mixtures. We have developed a hypothesis f o r  t he  e f f e c t  of O2 t o  
explain this anomoly which i s  consis tent  w i t h  s t u d i e s  of ethylene 
formation i n  other  systems. 

Analysis of t he  data has yielded 

27 Oxygen from the  secondary air  has t h e  opposite e f f e c t .  
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0 A methane-air flame does produce s ign i f i can t  amounts of C2H4 i n  
the combustion products. A s  much as 3 ppm have been observed. 
However, almost 800 ppm of C2H4 i s  present in the  v i s i b l e  reac t ion  
zone of t he  flame. 

0 All of the C2H4 forms i n  t h e  v i s i b l e  reac t ion  zone. Most of t h i s  
CnH4 reacts  ( t o  form COa and H20) downstream of the flame. Quench- 
ing  t h e  flame by impinging it on a cold surface could g rea t ly  in-  
c rease  the amount of C2H4 i n  the  combustion products by preventing 
t h e  downstream reac t ions  of C2H4. 

Hypothesis f o r  Ethylene Formation 

We a r e  pos tu la t ing  t h a t  ethylene forms v i a  a reac t ion  of some 
species,  a s  ye t  undetermined with oxygen. T h i s  can be i l l u s t r a t e d  as 
follows : 

Q + 02 C2H4 + products (10) 

(11) 

The oxygen has an a l t e r n a t e  reac t ion  path ava i lab le  t o  i t :  

CH4 + 202 - CO2 + 2H20 

Thus, t he re  i s  a competition f o r  the  ava i lab le  oxygen between species 
0. (which forms e thylene)  and CH4 (which does not form e thylene) .  
i s  probable t h a t  t h i s  i s  not the only path by which ethylene forms, 
another being - 

It 

2CH4 -, C2H4 + 2H2 

By so  doing, it decreases t h e  formation of ethylene v ia  

(12  1 
The e f f e c t  of oxygen i n  t h e  primary methane-air mixture i s  t o  

consume CH4. 
Reaction 12.  The e f f e c t  of oxygen from the  secondary a i r  is t o  en- 
hance Reaction 1 and thereb; increase ethylene formation. 

For the  fue l - r i ch  and s toichiometr ic  flames (Figures 5 and 6 ) ,  
there  i s  a considerable d i f fe rence  i n  t h e  C2H4 concentrations between 
the  burner center l i n e  and 0 .7  em from the  center  l i ne ;  t he re  i s  more 
ethylene at 0.7 ern than a t  the  center  l i n e .  
of some physical o r  chemical difference between the  two points  that i s  
caused by some outs ide inf luence on the system because temperatures 
and species  concentrations across  a f l a t  flame burner would otherwise 
be uniform. 

This must be t h e  r e s u l t  

The poss ib i l i t y  of temperature d i f fe rences  causing C2H4 concen- 
t r a t i o n  differences w a s  rulzd o u t ;  previously obtained p r o f i l e s  show 
that the  temperature d i f fe rence  between these  two points i s  only a few 
degrees K e l v i n  - not enough t o  account fo r  a 150-350 ppm concentration 
6 i f  rerence.  

d i f fe rence  i n  C2H4 concentrations between the two sampling points 1.3 
the  r e s u l t  o f  d i f f e r i w  O2 concentrations.  Essent ia l ly ,  02 di f fuses  
i n t o  t h e  pr imarj  reaTtion zone from the secondary a i r  stream. 
cen t r a t ion  gradient results where the re  i s  approximately 0.5-3$ more 
O2 at a r ad ia l  o s i t i o n  of 9.7 cm than at the  center  l i n e  of the bWner 
(Figures 7 and 8 ) .  
i n  excess of what i s  formkd at the  center  l i n e .  

It appears that O2 enhances the formation of C2H4 and t h a t  the 

A con- 

The addi t iona l  O2 at 0.7 cm then causes C2H4 t o  form 
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The O2 s r o f i i e s  show that no oxygen from the secondary i s  present 

a t  the  burner x m t e r  l i n e .  Therefore, the  vaiue of the C2H4 concentra- 
t i o n  a t  t h i s  point i s  the  valuc that Frould appear !inifomnly a c m s s  the 
burner shoulc: no secondar:: a i r  c s i s t .  

Beyond a ' radial  posi t ion of 3.7 cm (Figures 5 an2 6 ) ,  the  lower 
concentrations of ethylene a r e  probably caused by lover  temperatures 
overshadowing O2 enhancement. More extensive d i l u t i o n  by secondary 
a i r  w i l l  l a so  account f o r  part of the  concentration decrease. I n  this 
region t h e  formation reac t ion  or  reac t ions  would have the poten t ia l  
o f  being speeded up by the addi t iona l  O2 founa nearer the secondary. 
However, the lower temperatures would have the  opposite e f f e c t  of  slow- 
% the  formation reac t ion .  Apparently, temperature i s  the  stronger 
of  the  two e f f ec t s .  This r e s u l t s  i n  l e s s  C2H4 being produced at  t h e  
edges of the  burner. 

The data  ind ica te  t h a t  there  is a l s o  some upper l i m i t  of O2 con- 
cent ra t ion  i n  the primary, above which C2H4 formation i s  no longer 
detectably enhanced by secondary 02. For a 120% of stoichiometric 
flame composition, where considerable excess O2 a l ready  e x i s t s  i n  the  
primary reac t ion  zone, the  highest  C2H4 concentration i s  a t  the  center  
l i n e  and s t ead i ly  decreases away from the center  l i n e  (Figure 9) .  

We bel ieve the excess 02 from the primary stream overshadows any 
e r f e c t  of O2 from the secondary stream. For example, i f  some species 
C; r eac t s  w i t h  O2 t o  form C2H4 and the  reac t ion  i s  fast enough so  t h a t  
a l l  of Q reacted p r io r  t o  sampling, then t h e  addi t ion  of even more O2 
(from the  secondary) would not r e s u l t  i n  de tec t ing  more C2H4: 

where n > 1. 

Tormat ion. Some re l a t ed  experiments by Robertson and Matsonyreported 
by Minkoff and Tipper') i n s i c a t e  tha t  the add i t ion  of s m a l l  quant i t ies  

L i t e r a t u r e  lends support t o  the pos tu la te  of O2 enhanci ethylene 

Minkoff, G;, J. and Tipper, C.F.H. ,  "Chemistry of Combustion 
Reactions, London, Butterworths (1962). 

of O2 - up t o  2% - t o  a fue l - r ich  acetylene mixture can increase ethy- 
lene  production. More recent ly ,  Fenimore and Jones, inves t iga t ing  
ethglene flamesiofound the  ame indica t ions  of O2 enhancement. Thg work of Haskell on the  pyrolysis of propane between 350' and 700 C 

Heskell, X.  W.,  Disser t .  Abst. J8, SO (1958). 

shows t h a t  an increase i n  ethylene formation i s  caused by the  addi t ion 
of smali amounts o r  02. The a p p l i c a b i l i t y  of Haskel l ' s  work t o  the 
combustion of CH4 i-, however, i n  doubt. 
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Sthylene i n  Combustion i'rocucts 

O u r  subsecuent s t u d i e s  of ethyiene r'ormation rill center  around / 
::I:, pi3-q- react ion region because l i t t l e  or no formatiun occurs i n  
ctiier regions of' t h i s  s p e c i f i c  flame. The C2H4 concentration drops 
i::-:iZt ica1l.j j u s t  beyond the  reac t ion  zone and then remains e s sen t i a l ly  
constant.  The drop i n  concentration i s  approximately .'io0 ppm (Figure 
- 7 ) )  ana i s  probably due t o  t h e  reac t ion  of CH4 wi th  O2 t o  form COz and 
fi&. The resul t  i s  a f i n a l  concentration of 0 . 5  t o  3 ppm j u s t  beyond 
t h s  react ion zone. The f l u e  gas e x i t i n g  from t h e  experimental chamber 
a l s o  contains about 3.0 ppm of  C2H4. This concentration can presm-  
ab ly  be enhancec i f  t h e  C2H4 react ions are prevented from occurring, 
such as by quenching. 

IV. Conclusion 

The data of t h i s  work have confirmed t h a t  the formation of the 
oxides of nitrogen i n  atmospheric methane-air flames i s  primarily deter-  
r jned by t h e  combustion chemistry w i t h  t h e  chemistry of heated a i r  

methane flame system: a )  t h e  decomposition of NO2 t o  NO, and b )  forma- 
t i o n  o f  addi t ional  NO from N2 and Oa-derived flame species.  The d i s -  
pa,.it;r between calculated and observed values As a t t r i b u t e d  t o  t h e  lack 
of a quant i ta t ive inc lus ion  of the e f f e c t s  of superequilibrium" con- 
c x t r a t i o n s  o f  N ana 0 atoms. , 

Ethylene i s  shown t o  form t o  a very l a rge  extent within t h e  combus- 1 

/ 

3La;ring a secondary r o l e .  Two d i f f e r e n t  processes describe the  NOx- i 

1 

1 

t i o n  zone of the flame ( v i s i b l e  region) .  
uc t s  contain l i t t l e  ethylene,  concentrations approaching one par t  per 
thousand or observed i n  this  flame region. Ethylene formation i n  flames 
i s  seen t o  be dependent upon post-combustion react ions whereas NO and 
NO2 formation depend on ly  upon flame zone react ions.  

Although t h e  f i n a l  f l u e  prod- 
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Table I. CONCENTRATION CHANGES OF NO AND NO2 WITH INCREASING 
HEIGHT OF THE BURNER FOR A STOICHIOMETRIC 

--AIR FUME WITH AN AIR SECONDARY 

0.1 c m  A b o v e  B u r n e r  

0.0 0.0 0.0 
7.5 7 -  1 5.7 
7.5 7 - 1  5.7 

1.1 c m  A b o v e  Burner 

NO 11.0 2 .0  0.0 
NO2 2.0 5.6 3 . 5  
NO + NO2 13 .0  7.6 3 -  5 

Conc . Increases 

NO 
NO 2 
NO + NO2 

+11.0 +2.0 0.0 
-5 .5  -1.5 -2.2 
+5.5 +0.5 -2.2 
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Table 11. CALCULATED AND ACTUAL RESIDENCE TIMES* 

I n  t h e  Preheat Region 

N2 + 0 + NO + Ni 
02 + N + NO + 0 
N2 + 02 - 2NO 
NO + 0 + NO2 
2NO + 02 + 2NO2 

In the Combustion Region 

N2 + 0 - NO + N j  
02 + N - NO + 0 
2N02 2NO + 02 

N2 + 02 - 2NO 

In the   cool^ Region 

NO + 0 -, NO2 
2NO + 02 -. 2N02 

Calculated Actual. ' Difference* 
Seconds 

0.587 X 

2.0 x 101 
2.12 x 10-2 
4 . 2 5  x 1015 

0.35 X 

0.78 X lo-' 
1.1 x lo1 

5.0 x io -2  
4.8 x i o L 5  

1.22 x 10-2 
1.22 x 10-2 
1.22 x 10-2 
1.22 x 1Q-2 

1.04 X 10-1 

1.04 X 10-I 
1.04 -X 10-1 

6.25 x 
6.25 x lo-' 

-0.634 X l o q 2  
- 
-2.0 x 101 
+o.go x 10-2 
-4.25 x i o L 5  - 

-0.965 x io-1 

-0.922 X 10-1 
TL.1 x lo1 

-1.25 X 
2 . 8  X 1015 

' 
'The comparison of these reactions has been made on the basis of 
the residence time of reaction necessary t o  form the experimental 
observed quantity of NO,. 

* Seconds calculated minus seconds actual .  
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CH. -*+ AIR A+ COOLANT 

SECONDARY GAS 
FLOW STRAIGHT 

-I G N ITER / 
TRANSVERSE 

THERMOCOUPLE OR 
SAMPLING PROBE 

A X I A L  
THERMOCOUPLE OR 
SAMPLING PROBE VIEWING PORT 

Fig. 1. -BURNER DESIGNED TO DETERMINE CHEMISTRY OF 
NITROGEN OXIDES PRODUCED IN METHANE-AIR FLAMES 

-_ - ------- -- --- ~ 

---- -- 

\ Figure 2. WTAL CONCENTRATION OF ClXIDES OF NITROGEN IN A 
METHANE-AIR STOICHIOMETRIC AT THE BURNER CENTER 
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unis HEIGHT ABOVE BURNER, cm 

Figure 3. TOTAL C9NCENTRATION OF OXIDES OF NITROGEN I N  A 
EVEL-RICH (64% of Stoichlornetric) FLAME AT BURNER CENTER LINE 

12.0 
RUN NO. 

DISTANCE FROM BURNER CENTERLINE, cm, 
(0) (b) ~-36287 

Figure 4. TOTAL COTTCEIFT&TION OF AITROSEN FOR A 
IKEiTHAhT-AIR S T G I C H I O I E m R I C  F’LAMX AT a) 3.1 cm 

AND b) 1.1 zr, AE\T BURNER 



149 

RAMAL 
-2.0 -3.0 

A-IQh382 
WSITION,cm 

Figure b ETHYLENE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BUFUZR FOR 

STOICHIOMETRIC CHI-AIR FLAME 

\ 

-1.0 -2.0 -SO 
h-elOtl38~ 

MOUL KSlTIC1J,cm 
-€  

Mgure 6. ETHYUNE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BURNER FOR 84% 

OF STOICHIOIGTFUC CH4-AIR FLclME 
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-1.c' -2.0 -3.0 
RADIAL POSITION, an 

€ 

Figure 'Z OXYGEN CONCENTRATION I N  84% OF STOICHIOMEZTRIC 
CHc-AIR FjX4E (From Secondary Air Only) AT a) 1.1 cm 

AND b) 0.5  cm ABOVE BURNER - 
( a )  

-1.0 -2.0 -3.0 
RADIAL POSITION, cm 

Figure 8. OXYGEIL' CO~lCETlTTRATION IH 190$ OF STOICEIdFEI%IC 
CH4-AIR ELAME ( F r m  Szcon2ary Air Only)  AT a) 1.1 cm 

AND b) 0.5 cm AE3OVE SURFER 
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Mgure 9 .  E;THyLENE CONCENTRATION A S  A FUNCTION OF 
RADIAL P O S I T I O N  AT 0 . 1  cm ABOVE BURNER FOR 120% OF 

STOICHIOMETRIC CH4-AIR FLAME ' 


