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FORMATION O F  NITROGEN OXIDES I N  AERATED METHANE FLAMES 

R. B. Rosenberg and D. S. Hacker  

Institute of Gas Technology, 'Chicago, Illinois 

INTRODUCTION 

An investigation to determine the kinetics of the formation of the oxides of 
ni t rogen produced in  a'erated methane f l a m e s  is cur ren t ly  in p r o g r e s s  at IGT. Un-  
d e r  controlled flow conditions, the location and concentration of the oxides of n i t ro-  
gen - ni t r ic  oxide,  NO, and ni t rogen dioxide,  NOz - were  experimental ly  measured  
in a premixed bunsen-t  e f lame and on a premixed f la t  f lame.  The compositions 
of the p r i m a r y  s t r e a m  g e l - o x i d a n t )  and the secondary  stream w e r e  var ied.  This  
paper  s u m m a r i z e s  the highlights of the work to  date. The study i s  sponsored by 
the Amer ican  Gas Association under i ts  PAR (Promotion-Advert is ing-Research)  
Plan.  

' 
; 

EXPERIMENTAL TECHNIQUE . . 

The data on NO2 w e r e  obtained with a M a s t  nitrogen dioxide analyzer .  
. .  

I\ 
The 

concentrations of NO were  initially de te rmined  by use  of a catalytic probe which 
converted the N O  to NO, for  l a t e r  analysis  with the Mast. The NO concentrations 
a r e  cur ren t ly  being obtained by homogeneously oxidizing the NO to NO2 with oxygen 
a t  high p r e s s u r e  pr ior  to analysis .  Spot checks by. the. phenyldisulfonic ac id  tech- 
nique a r e  made on.the concentration of ,oxides of ni t rogen in the water  condensed 
f r o m  the flue g a s  sample s t ream.  These  have not shown significant quantit ies of 
ni t rogen oxides in m o s t  cases .  

The reproducibil i ty of the data  is very  good for  runs made on the s a m e  day. 
Most The w o r s t  var ia t ions observed for runs on different  days w e r e  about * 2  ppm. 

of the data showed s m a l l e r  var ia t ions than this .  

6 
EXPERIMENTAL RESULTS . 

F i g u r e  1 shows a bunsen f lame which had a p r i m a r y  feed s t r e a m  c o n s i s t h g  

F igure  2 shows the concentrations of 'NO 
It can  be seen  that NO f o r m s  
It then diffuses both toward 

the burning gas .  

; 

it 

of methane with 67 percent  of the. s toichiometr ic  a i r  requi red  fo r  complete  combus-  
t ion,  and a secondary feed s t r e a m  of air. 
and NO2 measured  a t  var ious posit ions in  this f lame.  
in a nar row region n e a r  the outside edge of the f lame.  
the center  of the burner  and into the secondary  a i r  s t r e a m .  
NOz . in  the secondary a i r  s t r e a m .  

' It oxidizes rapidly to 
Very l i t t le  NO, i s  found 

Table 1 shows the average concentration of N O  t NO, (NO ) at each  height. 
above the burner .  
which would have to be uniformly dis t r ibuted over the cyl indrical  c r o s s - s e c t i o s  to 
yield the s a m e  total concentration shown a t  each  height in Figure  2. Table 1 shows 
that  the formation of N O  Above the t ip  of 
the f l a m e ,  i.e. , ' a t  heightr  g r e a t e r  than 7 . 2  c m ,  the concentration is s e e n  to remain  
constant  within experimental  uncertainty.  This  suggests  that the f lame is acting a s  
m o r e  than.a  source  of hea t ,  and may be participating chemical ly  in the  formation of 

X 0 ,  

This average  value cor responds  to the concentrat ion of NO 

' occurs  only where  the f lame is present .  

, 

' NOx. 
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Table  1 .-AVERAGE NO CONCENTRATION AT VARIOUS HEIGHTS ABOVE 

FLAMEHOLDER WITH A CONICAL FLAME O F  67+ PRIMARY AERATION 
,x 

( P r i m a r y  Flow Rate 15.6 C F / h r )  

ITcieht Above 
F lameho lde r ,  

c m  

0. i 
1.8  
3.7 
7.7 
9.7 

1 5  

Average NO Concentration, p p m  
Correc ted  fo!: 

Tempera tu re  Profile 

- -  
3.6 
4.8 
- -  

4.5 

Uncorrected 

1.3 
1.7 
2.9 
4.5 
3.9 
4.2 

F i g u r e  3 shows the r e s u l t s  obtained when a r g o n  was  substi tuted for nitrogen 
i n  rhe p r i m a r y  s t r e a m ,  with a i r  re ta ined a s  the secondary  s t r e a m .  The concent ra -  
t ion of a rgon  was var ied  so  that  the difference between the heat  capacit ies of a rgon  
2 n d  ni t rogen would not be  a factor .  
\ V I I C I I  a rgon  i s  substi tuted fo r  nitrogen. Thus,  it is seen  that  the nitrogen whichxre- 
. , . - i s  to f o r m  NO 
\>. hat m o r e  beingXsupplied by the secondary. 

The  data show a lower concentration of NO 

is  supplied by  both the p r imary  and secondary s t r e a m s ,  with some-  

Tables  2 and 3 show the effect  of p r imary  mixture  flow r a t e  (heat input) and 
o,' p r i m a r y  aera t ion  on NO concentrat ion a t  a height of 1 5  c m  above the burner .  The 

, ( 3  !)le 2.-EFFECT O F  PRIh4ARY MIXTURE FLOW RATE ( 6 7 %  PRIMARY AIR) 
O S  THE CONCENTRATION O F  NOY 15 cm ABOVE FLAMEHOLDER 

x 
. .  

_ _  
NO at  V'arious Radial  Pos i t ions ,  ppm PI- 11 ,la ry  Mixture  

F l o w  Rate ,  X 

CF,!hr 0.0 c m  1.2 c m  2.4 c m  
.- 

12.1 2.7 4.1 3.7 
13.6:: ' 3.1 f 1.0 4.5 f 0.9 3.5 f 0.5 
' 0 . 0  3.5 4.2 3. h 
25.0+ 1.2 f 0.5 5.7 f 0.3 4.8 f 0.1 

::: Averageof  4 r u n s  t Average  of 2 runs 

i.al>l<: 3.-EFFECT O F  PRIMARY AERATION ON THE CONCENTRATION O F  NOx 
15 cm Above Flameholder  

P r i m a r y  
Mixture  NO a t  Various Radial  Pos i t ions ,  ppm 

._ 
L Y L : - , i i ~  r y 

.'. I :_.. t i(an,  Flow R a t e ,  X 

C F / h r  

15.6 
20.0 
18.2 

25.0 
30.0 
29.1 
26.3 

::: Average o f  4 runs 

0 . 0  c m  

3.1 f 1.0 
3.5 
1.9. 

1.2 f 0.5 
4 .8  f 1.1 ~- 
3.1 f 0.1 

1 .2  

1.2 c m  

4 . 5 . f  0.9 
4.2 
4.4 

5.7 f 0 . 3  
5.1 f 0.5 
2.-8 f 0.2 

1.7 

t Average of 2 runs 

2.4 r m  

3 . 5 f  0.5 
3.6 
3.4 

4.8 f 0.1 
5.4 f 0.4 
3 .0  f 0.2 

1.9 

I 
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Figure l.-QUARTZ P R O B E  AND 67% A E R A T E D  FLAME 
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p r i m a r y  mixture  flow ra t e  h a s  no apparent  effect over  the range  of 12  to 20  CF/hr .  
T h e r e  a p p e a r s  to b e  a small change in tbe 
c r e a s e d  to 2 5  C F / h r .  The flow ra t e  of the s t r e a m  h%s no  effect over  the 
s a m e  range.  

ion of NO a s  the input is in- 

The effect of p r i m a r y  ae ra t io  
p r i m a r y  a i r .  
when the p r i m a r y  mucture i s  m a d e  fuel-lean. F igure  4 shows the N$and NO, con- 
cent ra t ion  prof i les  of a f lame with 110 percent  p r i m a r y  aerat ion.  In cont ras t  to the 
fue l - r i ch  p r i m a r y  mixture  ( F i g u r e  2))the p r i m a r y  oxide of ni t rogen that is present  
i s  NO,, r a the r  than NO. 
s m a l l  combustion zone a s  opposed to the two l a r g e r  combustion zones with the fuel- 
r i ch  p r i m a r y .  This m a y  account  f o r  the decreased  NO with the fuel- lean pr imary .  

The shape and posi t ion of the react ion zone fo r  the formation of N O  f r o m  a 
bunsen o r  conical f lame made  a kinetic analysis  difficult. 
m e n t a l  work was changed f r o m  a bunsen to a f la t  f lame s tabi l ized by a flameholder 
co:is,isting of a collection of s t a m l e s s  s t ee l  capi l lary tubes. 
of data  a r e  being obtamed with this burner .  

s not l a rge  over  the range of 67 to 90 percent  
However,  a s t rong  d e c r e a s e  in  the concentration of NO is observed 

The f lame with the fuel- lean p r i m a r y  has  only a s ingle ,  

X 

Consequently,  thxe experi-  

A m o r e  detailed s e r i e s  

One of the m o s t  in te res t ing  observat ions i l lustrated i s  i n  F igure  5 ,  where the 
concentrat ion of NO, along the center l ine i s  shown a s  a function of height above the 
b u r n e r .  
about 0.1 c m ) ,  and then rapidly decompose. 
with the fuel-r ich and s toichiometr ic  p r i m a r y  mixtures .  
found a t  a l l  heights above the burner  with the fuel- lean p r i m a r y  mixtures .  
data  w e r e  obtained with ni t rogen a s  the secondary gas. A s i m i l a r  effect is observed 
when argon i s  the secondary,  
c r e a s e d  when a i r  is the secondary .  

The NO, i s  seen  to  f o r m  v e r y  close to  the f lame (which is at a height of 

However,  some NO, is 
The NO, concentration d e c r e a s e s  to zero  

These 

However,  the decomposition of NO, i s  great ly  de -  

F igure  6 shows the e f fec t  of this decomposition on the relat ive concentrations 
of NO and NO, when an  a rgon  o r  a i r  secondary is used with a p r i m a r y  mixture  of 
100 .5  percent  aerat ion.  

i s  NO n e a r  the burner  center l ine ,  but it i s  NO, near  the secondary. F i g u r e  7 shows 
that a l m o s t  no NO is p r e s e n t  a t  0.1 c m  above the burner .  NO, i s  the p r i m a r y  oxide 
of ni t rogen a t  a l l  r ad ia l  posi t ions.  

I t  is seen  that there  i s  m o r e  NO, present  a t  a height of 1.1 
c m  with a i r  than with argon.  However ,  in e i ther  c a s e ,  the p r i m a r y  oxide of nitrogen f 

T h e r e  a r e  th ree  significant observat ions to be drawn f r o m  this s toichiometr ic  

1 )  NO, is the oxide of ni t rogen which is formed UI the f lame.  

2 )  Some of this NO, decomposes to NO. 

3)  KO a lso  f o r m s  by another  mechanism in the combustion 
products above the flame. 

f l a m e .  

' 

These  observat ions do not n e c e s s a r l l y  contra'dict the data f r o m  the bunsen f lame,  
s ince  there  a r e  a cons iderable  number of differences between the two sys tems.  

. <  
T h e r e  a r e  two regions of formation of NO b y  a f la t  f lame. F igure  8 shows 

that NO, is formed f r o m  a methane-a i r  p r i m a r y  &earn with a n  a rgon  secondary.  
This  NO, which must  have formed in the flame, is seen to decompose. F igure  9 
shows that NO, is formed f r o m  a methane-argon-oxygen p r i m a r y  s t r e a m  with an  air 
secondary.  
mixing,  does not appear  to  decompose to  any significant extent. 
fe rences  between these two regions may explain the 
s e r v e d ,  s ince the s a m e  re la t ive  e f fec t  i s  noted when NO, is added to the p r i m a r y  
mixture  of a methane-argon-oxygen f l a m e  with a n  a rgon  secondary.  ,The decom- 
posit ion 1s much g r e a t e r  n e a r  the center  of the b u r n e r  than n e a r  the secondary.  

This NO,, which f o r m s  where the p r i m a r y  and secondary s t r e a m  a r e  
Tempera ture  d i f -  

different decompositions ob- 

We 
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Figure 4.-N.OX CONCENTRATION PROFILES AT VARIOUS HEIGHTS WITH 
A 11 0 %  P R I b M Y  AERATED CONICAL FLAME 
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a r e  aware  that the re  is s o m e  oxidation of N O  to NO, in our sampl ing  sys tem.  At 
p re sen t ,  the f rac t ion  oxidized appea r s  to be small. We a r e  in te rpre t ing  the m e a s -  
ured  NO2 as being p r imar i ly  f r o m  the flame. 

Theore t ica l  equilibrium and kinetic studies a r e  cur ren t ly  in process .  F ig -  
lire 10 shows the calculated concentration of NO in equilibrium1 with the combus- 
tion products f r o m  f lames  of var ious  compo.sitio%s and various tempera tures .  At 
these t empera tu res ,  (above 1500"K), the ra t io  of the concentration of N O  to that of 
NO, is m o r e  than 300:l .  This ra t io  inc reases  a s  the tempera ture  inc reases  o r  the 
oxygen concentration dec reases .  

The region where  NO f o r m s  in the bunsen f lame has  relatively steep ax ia l  
X and rad ia l  t empera ture  gradients.  range is f r o m  2200" 

to 3100"R. The flat flame provides a rad ia l  region of m o r e  than 2.4 c m  of ve ry  uni- 
f o r m  tempera ture .  The. ax ia l  t empera tu re  grad ien t  i s  only about 25 "C/cm.  The tem- 
pe ra tu re  above the flat  f lame has  been es t imated ,  with cor rec ted  thermocouple r ead -  
i n g s  and published co r re l a t ions ,~ - '  to be about 1500" * 100°C (2700"R). 

The es t imated  tempera ture  

Thus ,  there  a r e  no indications that to ta l  concentrations in excess  of equilib- 
riiim a r e  being formed f r o m  stoichiometric o r  fuel-lean f lames .  However,  the ra t io  
c.11 NO to NO, is not cha rac t e r i s t i c  of the h igh- tempera ture  equilibrium. 
he due to the oxidation in the sampling sys tem.  

This may 

The kinetics of this sys t em a r e  ex t remely  complex because of the flame r e -  
. I #  lions. 
\ \ i l l 1  the amount of NO that would be  formed in a i r  heated to the s a m e  tempera ture  
it.,r the s a m e  length of time. 

However, it is  possible to compare  the values measured  in  this sys t em 

The kinetic model ( in  which M rep resen t s  any other 
I,a.c:ies) used f o r  this calculation is : 

N , t  M z  2N t M 

N, t O =  NO t N 

0,t  N Z  N O +  0 

N, t O,= 2 N 0  

o,+ M =  2 0 +  M 

Table 4 gives the calculated r a t e s  at various tempera tures .  
tJl;it the ra tes  of the bimolecular reaction and the a tomic  reactions to fo rm N O  a r c  
comparable a t  these tempera tures .  
\bill predominate. 

It i s  of in te res t  10 note 

At  higher t empera tu res ,  the a tomic  reactions 

Table 4.-RATES O F  FORMATION OF NITRIC OXIDE IN AIR 
AT VARIOUS TEMPERATURES 

.1 cmpera tu re ,  "K 

1600 
1800 
2000 

Rate  of Format ion  of Nitric Oxide, ppm/sec  
NO = 100 ppm NO = 1 0  pprn 

0.90 
69 

2150 

1.02 
7 3  

221 0 

The time required f a r  the combustion products to pass  f r o m  0.1 to 1 . 1  cm 
.rl,t,ve the burner  i s  about 0.026 second. 
Ii.istion products a r e  observed to f o r m  a 10 ppm inc rease  in NO . 

During this t ime,  the stoichiometric C O ~ -  

X 

If the s a m e  t ime  fac tor  i s  applied to the kinetics of heated a i r ,  the c a l c ~ i l a 1 c ~ l  
It shoiild he  notcd 111;11 

The ra te  constants for this kinetic model a r e  not well es tab l i shed ,  and t h c  \ . a l11~ .<  

. . ,ncentrations a r e  1.8 ppm a t  1800"K, and 57 ppm a t  2000°K. 

I )  
I 
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used in this calculation a r e  among the highest  that were  found.5 

2) 
combustion products by about 2 o r d e r s  of magnitude. 

3)  

T h u s ,  i t  appears  likely that ,  upon completion of the theoret ical  analysis  and with 
a c c u r a t e  tempera ture  and composition m e a s u r e m e n t s ,  it will be found that ni t rogen 
oxides f o r m  in a f lame fa s t e r  than in heated a i r .  

The oxygen concentrat ion of air i s  much l a r g e r  than that  of the s toichiometr ic  

The est imated temperat i i re  of the s y s t e m  is  c lose  to 1800°K. 
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