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of “thyiene anc the Oxides oi" Nitrogen in Flames

RE. Z. Rosenber., S. A. Weil and 7. H. larson
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I. Introduction

The prescnce of atoms and ree radicals in a methane-air flame
procduces not only carbon cdioxide and water but also a large number of
trace constituents in part-per-million and part-per-billion concentra-
tion levels. These inclucde the oxides of nitrogen, unsaturated hy-
drocarbons, and partially oxygenated species. This paper will discuss
the effects of flame chemistry on ethylene and the oxides of nitrogen.
It will be shown that similarities c¢o exist in the formation of these
species 1in flames at atmospheric pressure, but the dissimilarities are
of sven greater interest than the similarities. In particular, ethy-
lene is found in much higher concentrations in the flame than NO and
NOz despite the fact that it is thermodynamically unstable whereas the
nitrogen oxices are not.

Studies of the reactions of nitrogen, nitric oxide, and oxygen at
high temperature indicate that the formation and disappearance of
nitric oxide, the primary oxide of nitrogen found in flames and flue
vroducts, occur at very low rates.? With the additional fact that, in

1 Kaufman, F. and Decker, L. J., "Seventh Symposium (International)
on Combustion," Butterworths, London, 57 (1958)

the methane-air flame and iis hot reaction products, where there 1is
usually little, if any, oxyzen as such, it is apparent that the occur-
rence of the oxides of nitrosen are due to processes involving the re-
action intermediates of the fuel-oxygen reaction. Details of such
clementary processes are not known. The evidence obtained from studies
on hydrogen-nitric oxide anc hyCrocarbon nitric oxide flames indicates
that if any nitric oxide exists in the reaction products, it is in
°qu111br1um amounts® (that is, with nitrosgen and oxygen).

% Vclfharé, H. G. and Parker, W. G., ”Pifth Symposium (International)
on Corbustion," Reinhold, 71~ {1955}
The gensral pattern of nycrocarbon ozication in flames has been

nx‘ens_fely v uciec althouis man: of the Zetailed gea"tlons remain to
: identifiec and measured. It nas been indicated” that in oxygen-rich

®  @pijstrom, Z. X. and UWestoenborm, A, 4., "Flame Structure,"” McGraw-Hill,
Lew York, U0 10750
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saturated hydrocarbon flames, hydrocarbons lower than the initial fuel
are formed through the reaction sequence
H

OH + Cn H2n+2 - H0 + Cn H2n+1 - C + CHa

‘ 1 “En-2
This is the case when the initial radical formed is higher than ethyl,
the CHs radical being split off to form the next lower olefin. 1In the
methane-air flame, however, ethylene and other C:. species are expected
to arise as a result of the recombination of methyl radicals

= Csz
CHz + CHs — [C2He]
- CoHy4 + Ho

From this point of view, ethylene formation in flames might be expected
to follow the pattern of the cracking reaction of methane.* However,

4 Palmer, H. B., Isahaye, J., and Hou, K. C., J. Phys. Chem., 72,
348 (1968).

it must be noted, as will be emphasized in this paper, that the rate
of formation and decay of ethylene (as well as the oxides of nitrogen)
cannot be considered as merely a pure pyrolysis or direct thermal re-
action, the chemistry of combustion grossly interfering and competing
with these mechanisms.

II. Expgrimental

This work was carried out with a large, single-port atmospheric
pressure burner. The burner, schematlically depicted in Figure 1, con-
sists of a long vertical tube, approximately 3/4 inch in diameter,
through which various methane-air mixtures are fed, surrounded by a
larger annular region providing a secondary feed to the flame. By
means of batch-sampling with & quartz microprobe® and analysis with a

5 See Reference 3, Chapter 9.

Varian Aerograph series 1200 Chromatographic unit (employing a flame-
ionization detector), concentration profiles for the various flat
methane-air flames were obtained. A batch sampling time of about 15
seconds was used in most cases. The adjustable quartz probe was con-
nected to the sampling and detection loop by means of Teflon-tubing.
The  diameter of the porous plate burner was 5.2 cm. Aeration of the
primary mixture was varied from 84% to 100% to 120% of the stoichio-
metric air required for combustion. Primary mixture flow rates were
varied from 15 to 30 SCF per hour, and secondary air flow rates were
varied from 10 to 20 SCF per hour. NO and NO: were separated by means
of molecular sieve/silica gel column. Ethylene concentration profiles
were separated from other flame products by means of a column of
Poropak-5 (50-80 mesh). The columns were operated at a temperature of
52°C to ensure good pesk readout. Matheson Ultra-High Purity grade
methane was employed in the study with no further purification.
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III. Results andé Tiscussion

A. Oxicc¢s of Nitroscn

‘The formation of the oxides of nitromen in methane-air flames is
frequasntl:s considersd as a side reaction of tho combustion process;
the oxides forming becausc air is heated to a high tomperature. The
data vresented here indicates that this 1s not the case.

' Figurcs 2 and © ané Table 1 indicate that NO. is found in the
'preheat" or transport region between the surface of the flat flame
burner and ths flame. The concentration of NO» incrcases from zero
to as much as 10 opm over ithis 1 mm distance. (In most cases, all
reported concentrations are reproducible to within 1 ppm. )

The measured concentrations of the oxides of nitrogen before and
after the flame shovw both an increase in the total, NO + NO2, and a
change in L ratio between these two species. For a stoichiometric

mzthanc-alr flame with a sccondary stream of air the concentrations are

7.5 ppm of NO2 and O ppm of NO at a height of 0.1 cm. At a height of
1.1 cm (about 1.0 cm above the flame), the concentrations along the
centerline of the burner have become 2.0 ppm of NO2 and 11.0 ppm of
NO. The decrease in the concentration of NOz is 5.5 ppm while the in-
crease in WO 1s 11.0 ppm. Both Figures 1 and 2 indicate that the bulk
species (nitrogen oxides) concentrations are essentially constant in
the region above the flat flame.

Beyond this "flame zone" the final ratio of NO to NO» is strongly
affected by the conditions in the "cooling" region above the flame.
For example, in a stoichiometric flame the NO- is observed in increase
from about 2 ppm at a height of 1.1 cm to almost 5 ppm at 3.6 cm above
the burner. The NO concentration decreases from about 10 ppm to 7 ppm
over this same distance. The total concentration remains constant at
12 ppm.

A model of the detailed chemistry of NO and NOz was developed to
explain the rates of formation observed for the oxides of nitrogen.
The reaction set includes the following reactions:

Nz +0 - NO + N 51)
NO+N~- Nz +0 2)
Oz + N - NO + O (3)
NO+0 —-0z+N J-#)
2I0z - 2NO + Oz 5)
(M) + NO + 0 -~ NO2 + (M) 6)

The importance of these r«actions for N0y formation in flames can be
¢otermined by comparing tne calculat<d time required for each of these
reactions to form the obsarvec amount of NO and NOz with the actual
time available for reaction in the flame. 1In this way, the relative
importancce of th: reactions can be determined. The results arc ex-
srscsed for thre cpecific resions. The resions, of course, are not
indopendéent but are closely linked to each other (Table TI). The
prozscs can be visualizec as ollows: The fuel-air mixture leaves

the burner ané flows through ‘th» preheat region. Here, the gases
rapicély incresase in temporatur< becaucss of the heat flowing back to
the burner. The preheatcé mirzture then irnitces, causing a rapid change
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in composition and a further increase in temperature. These rapid
changes in composition from a fuel-air mixture to combustion products
together with the steep temperature gradients make the flame analysis
complex — hence, the segregation of the flame into regions which are
easier to handle by conventional calculations. ‘

In the preheat region, NO> is formed by rapid formation of NO and
subsequent complete oxidation of the NO to NO-. The calculated resi-
dence times of reactions 1, 2, 3, and 4 are in good agreement with
the actual residence time in the system. Figure 4 shows that the totall
concentration of the oxides of nitrogen (NOX% increases while NOz de-
creases. The kinetics of reaction 5 adequately describe the decompo-
sition step, while reactions 1 and 3 accounted for the increase in
(NO + NOz2). Beyond the combustion region, the concentration of NOx
remains constant. The reaction of NO with atomic oxygen roughly pre-
dicts (within +10 ppm) the observed oxidation.

In an attempt to refine the calculations for the system, reac-
tions 1 through © were combined with a mathematical model of a flat
flame®’7 so that a complete time-temperature composition history of

& Weil, S. A., Staats, W. R. and Rosenberg R. B., Amer. Chem. Soc.
(Div. Fuel Chem.) Preprints 10, No. 3, 1 (1966).

7 Weil, S. A., Institute of Gas Technology Res. Bull. No. 35,
Chicago (1964).

the feed mixture could be determined. This calculation, performed on
an electronic computer, did not serve to improve the disparity between
observed and calculated values. The computation used the data for
rate constants presently available in the literature.® The combustion,

8 Schofield, K., Planet Space Sci. 15, 643 (1967). /

reactions were described by an overall kinetic expression of the form

d[CHa] gI{_JI = ko € Es/RT [CH4]a [Oz]b (7) /
The sources of the atomic species were assumed to be the equilibrium
set of reactions: 4
20 + M = 02 + M §8§
2N + M = N2 + M 9 !

The numerical predictions from this model show that this mechanism

can produce only about 1 ppm of NO and almost no NO=. The most obvious
source of error in the model is the assumption of equilibrium of O and
N. It is well known that these species exist in concentrations greater/
than equilibrium (for Nz and Oz in a "non-reacting" system) but the
exact concentrations at various points in an atmospheric pressure flame
are not known. '
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B- Ethylene

The concentration of ethylene in various regions of a flame is
strongly devenéent upon the fuel/air ratio in the primary mixture.
For a fuel-rich mixture (84¢ of stoichiometric air in the primary mix-
ture with a secondary air stream), the peak ethylene concentration is
almost 800 ppm. This occurs at a radial position of about 0.7 cm from
the burner centerline (the .burner diameter is 2.6 cm). The ethylene
concentration at the centerline is about 650 ppm. For a stoichiometric
primary fuel-air mixture, the maximum ethylene concentration occurs at
the same point but its concentration is only 400 ppm. The concentra-
tion at the centerline of this flame is almost zero. For a fuel-lean
flame (120% of stoichiometric) the maximum concentration of about 300
pom occurs at the burner centerline. This concentration decreases
slowly with distance from the center out to 2 cm. At this point, dilu-
tion by the secondary air becomes large, and the concentration decreases
from about 240 ppm to about 50 ppm between 2.0 and 2.5 cm. (See Fig-
ures 5 and 5.)

One striking difference between NOy and CzH, is in the radial
concentration profiles. As noted, both the fuel-rich and the stoichio-
metric flames show peak ethylene concentrations at 0.7 cm from the
burner centerline. By contrast, the peak NOx concentration occurs at
the centerline in both of these flames, the concentration decreasing
with increasing distance. The shape of the NOy vs. distance curve
changes as a function of the fuel/air ratio but the position of the
maximum concentration is always at the burner centerline.

A second difference between NOx and CzH, involves the postcombus-
tion reactions. Ethglene forms in the visible flame region in concen-
trations as high as 300 ppm. Most of this ethylene reacts in the post-
combustion region with 3 ppm or less persisting to a height of 3.5 cm
above the burner. Consequently, the conditions in the post-combustion
region are of primary importance in determining the final emissions
of C2H4. By contrast, the total concentration of NOx is determined
by the flame and not by the post-combustion reactions. The total NOx
concentration remains constant in this region with only the ratio-of
NO to NO- changing. For example, the concentration of NOy produced by
a stoichiometric flame is about 12 ppm. Ieaving the flame front, the
combustion products will contain about 2 ppm of NOz and 10 ppm of NO.
£t a height of 2.5 cm, the concentrations are 5 ppm of NO- and 7 ppm
of NO with the total concentration remaining constant. )

C. Ethylene Formatiopn in Methane-Air Flames

We have experimentally characterized the formation of ethylene
(C2Hy4) 1in a flat methane-air flame. Analysis of the data has yielded
these Important conclusions:

e Oxygen has two important effects on CzH4 formation. 1) Oxygen or
air in the primary methane-air mixture decreases the production
of CzHs. 2) Oxygen from the secondary air has the opposite effect.
The diffusion of secondary air into the flame increases the Cz2Ha
formation, with the Iincrease being greatest for fuel-rich primary
mixtures. We have developed a hypothesis for the effect of 02 to
explain this anomoly which 1s consistent with studies of ethylene
formation in other systems.
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e A methane-air flame does produce significant amounts of CzHs in
the combustion products. As much as 3 ppm have been observed.
However, almost 800 ppm of Cz2Hs is present in the visible reaction
zone of the flame.

e All of the CsH4 forms in the visible reaction zone. Most of this
CzH4 reacts (to form CO: and H20) downstream of the flame. Quench-
ing the flame by impinging it on a cold surface could greatly in-
crease the amount of CzHs in the combustion products by preventing
the downstream reactions of CzHs.

Hypothesis for Ethylene Formation

We are postulating that ethylene forms via a reaction of some
species, as yet undetermined with oxygen. This can be illustrated as
follows:

Q + Oz - CzHs4 + products (10)
The oxygen has an alternate reaction path available to it:
CH4 + 202 -~ COz + 2H=0 (ll)

Thus, there is a competition for the available oxygen between specles
Q (which forms ethylene) and CH, (which does not form ethylene). It
is probable that this is not the only path by which ethylene forms,
another being —

2CHy — Co2Hs + 2Ho (12)

The effect of oxygen in the primary methane-air mixture is to
consume CH,. By so doing, it decreases the formation of ethylene via
Reaction 12. The effeect of oxygen from the secondary air is to en-
hance Reaction 1 and thereby increase ethylene formation.

For the fuel-rich and stoichiometric flames {Figures 5 and 6),
there is a considerable difference in the CzH4 concentrations between
the burner center line and 0.7 cm from the center line; there is more
ethylene at 0.7 cm than at the center line. This must be the result
of some physical or chemical difference between the two points that is
caused by some outside influence on the system because temperatures
and sp?cies concentrations across a flat flame burner would otherwise
be uniform.

. The possibility of temperature differences causing C-Hs concen-
tration differences was ruled out; previously obtained profiles show
that the tempcrature differsnce between these two points is only a few
degrees Kelvin — not enough to account for a 150-350 ppm concentratlon
difference.

It appears that O, enhances the formation of CzHs and that the
¢ifference 1in CzH, concentrations between the two sampling points 1s
the result of differing 0z <oncentrations. Essentially, 0z diffuses
into the primary reaztion zone from the secondary air stream. A con-
centration gradient results where there is approximately 0.5-3% more
0z at a radilal gosition of 0.7 cm than at the center line of the burner
(FPigures 7 and 8). The additional Oz at 0.7 cm then causes CxH, to form

in excess of what is formeé at the center line.

_ .
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The O- profilies show that no oxygen from the secondary is present
at the burner center line. Therefore, the value of the CzHa concentra-
tion at this point is the valuc that would appear uniformly across the
burner should no secondar; air <xist.

Beyond a radial position of 0.7 cm (Figures 5 and 0), the lower
concentrations of ethylene are probably caused by lower temperatures
overshadowing O, enhancement. More extensive dilution by secondary
air will laso account for part of the concentration decrease. In this
region the formation reaction or reactions would have the potential
of being speeded up by the additional O found nearer the secondary.
However, the lower temperatures would have the opposite effect of slow-
ing the formation reaction. Apparently, temperature is the stronger
of the two effects. This results in less CsH. being vproduced at the
edges of the burner.

The data indicate that there is also some upper limit of 0, con-
centration in the primary, above which C-H4 formation is no longer
detectably enhanced by secondary O.. For a 120% of stoichiometric
ilame composition, where considerable excess Oz already exists in the
primary reaction zone, the highest C:Hy concentration is at the center
line and steadily decreases away from the center line (Figure 9).

We believe the excess 0z from the primary stream overshadows any
effect of Oz from the secondary stream. For example, if some species
¢ reacts with 0> to form CzH4 and the reaction is fast enough so that
all of Q reacted prior to sampling, then the addition of even more O-
(from the secondary) would not result in detecting more CoHa:

aQ + b(Og) = &Q + I’lb(02) = C(CzH4) (13)
where n > 1.
Literature lends support to the postulate of 0z enhanci ethylene

formation. Some related experiments by Robertson and Matson (reported
by Minkoff and Tipper®) indicate that the addition of small quantities

® Minkdff, G. J. and Tipper, C.F.H., "Chemistry of Combustion
Reactions," Iondon, Butterworths (1962).

of Oz — up to 2% — to a fuel-rich acetylene mixture can increase ethy-
lene production. More recently, Fenimore and Jones,? investigating
ethylene f‘lames1 found the same indications of 0> enhancement. The
work of Haskell’® on the pyrolysis of propane between 350° and 700°C

1° Haskell, #. W., Dissert. Abst. 18, 80 (1958).

shows that an increcase in ethylene formation is caused by the addition
of small amounts of Oz. The applicability of Haskell's work to the
combustion of CHs ic, however, in doubt.
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mthylene in Combustion Procucts

Our subsequent studies of ethylene formation will center around {
i primary reaction region because little or no formation occurs in
cther regions of this specific flame. The C:Hs concentration drops
dractically just beyond the reaction zone and then remains essentially
constant. The drop in concentration is approximately 500 ppm (Figure
1)) and is probably due to the reaction of CH. with Oz to form COz and
Hz0. The result is a final concentration of 0.5 to > ppm just beyond
the reaction zone. The flue gas exiting from the experimental chamber
also contains about 3.0 ppm of CzH4. This concentration can presum-
ably be enhanced if the CzH4 reactions are prevented from occurring,
such as by quenching.

IV. Conclusion

oxides of nitrogen in atmospheric methane-air flames is primarily deter-
rmined bv the combustion chemistry with the chemistry of heated air
vlaying a secondary role. Two different processes describe the NOx-
methane flame system: a) the decomposition of NO- to NO, and b) forma-
tion of additional NO from N» and Op-derived flame species. The dis-
oa1ity between calculated and observed values is attributed to the lack
of a quantitative inclusion of the effects of "superequilibrium" con-
contrations of N and O atoms. .

Tne data of this work have confirmed that the formation of the 1

——

Ethylene is shown to form to a very large extent within the combus-
tion zone of the flame (visible region). Although the final flue prod-
ucts contain little ethylene, concentrations approaching one part per
thousand or observed in this flame region. Ethylene formatlon in flames ‘!
is seen to be dependent upon post-combustion reactions whereas NO and
NO- formation depend only upon flame zone reactions.
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‘Table I. CONCENTRATION CHANGES OF NO AND NO- WITH INCREASING
. HEIGHT OF THE BURNER FOR A STOICHIOMETRIC

i

! METHANE-ATR FIAME WITH AN AIR SECONDARY

t o 0.0 0.7 -~ 1.4
\ PP

0.1 cm Above Burner '

L : o) 0.0 0.0 0.0
\ NO2 7.5 7.1 5.7

i : NO + NO2 7.5 7.1 5.7
' 1.1 cm Above Burner

}' NO 11.0 2.0- - 0.0

NO2 2.0 5.6 3.5

N NO + NOz 13.0 7.6 3.

|

} - Conc. Increases

" NO $11.0  +2.0 0.0

; NO2 =5.5 -1.5 -2.2

N NO + NO= +5.5 +0.5 -2.2
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Table II. CALCULATED AND ACTUAL RESIDENCE TIMES*

Calculated Actual - : Difference#
Seéond;
In the Preheat Region
Nz +0~N+DNy . 587 x10°2 1.22 X 1072  =0.634 X 1072
O + N-NO + O o .
Nz + 0= - 2NO 2.0 X 10 1.22 X 1072 <2.0 X 107
NO + O ~ NO2 2.12 X 10-2 1.22 X 102  40.90 X 1072

Ky

2NO + Oz -~ 2NO»> .25 X 10%s 1.22 X 19-2 =4.25 X 101S

In the Combustion Region

N + 0 - NO + N} : 0.35 X 1072 1.04 X 107* —=0.965 X 107?
Oz + N~-NO +0 ‘

2NO2 — 2NO + 02 0.78 X 1072 1.04 X 10°* =—0.922 X 10-?

Nz + Oz = 2NO 1.1 X 10% 1.04°X 107* - =1.1 X 10*
In the Cooling Region |

NO + 0 ~ N0z 5.0 X 10-2 6.25 X 1072 —1.25 X 1072

2NO + 02 ~ 2NOz 4.8 X 10*S 6.25 X 10°2 4.8 X 10%S

‘The comparison of these reactions has been made on the basis of
the residence time of reaction necessary to form the experimental
observed quantity of NOX.

Seconds calculated minus seconds actual.
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