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Abstract

Rate-ratio asymptotic analysis is carried out to elucidate the structure and mechanisms of ex-
tinction of nonpremixed CH4/N2–O2/N2O/N2 flames. Steady, axisymmetric, laminar flow of two
counterflowing streams toward a stagnation plane is considered here. One stream, called the fuel
stream, is made up of a mixture of methane (CH4) and nitrogen (N2). The other stream, called the
oxidizer stream is made up of a mixture of oxygen (O 2), nitrous oxide (N2O), and N2. A reduced
five-step mechanism is deduced from a detailed chemical kinetic mechanism. This five-step mech-
anism is employed in the asymptotic analysis. Chemical reactions are presumed to take place in a
thin reaction zone that is established in the vicinity of the stagnation plane. On either side of this
thin reaction zone, the flow field is inert. These inert regions are called the outer structure. In the
thin reaction zone chemical reactions are presumed to take place in three layers—CH 4-consumption
layer, the O2-consumption layer, and the N2O consumption layer. Asymptotic analysis of these
layers gives the value of the scalar dissipation rate, χ at extinction. The strain rates at extinction
are calculated from the scalar dissipation rate. They are compared with experimental data and those
computed using detailed mechanisms.

1 Introduction

The gas-phase combustion of nitramines can be described as a collection of a number of subsystems.
One such subsystem is the reaction between methane (CH4) and nitrogen containing oxidizers for ex-
ample nitrogen dioxide (NO2) and nitrous oxide (N2O). An improved understanding of the combus-
tion taking place in these subsystems is required to model the combustion of nitramines. Here a rate-
ratio asymptotic study is carried out to elucidate the structure and extinction of nonpremixed CH4/N2–
O2/N2O/N2 flames. Asymptotic flame theories provide valuable insights on mixing and chemical re-
actions taking place during combustion [1–3]. This work is to be considered as the first step in under-
standing combustion processes with nitrogen containing oxidizers. It is focused on studies with N2O
as one of reactants because experimental data is available for testing the prediction of the asymptotic
analysis. The tools developed here will be extended later to include studies on systems that include NO2

as oxidizer. Very little experimental data with NO2 as oxidizer is available because this compound is
extremely toxic and requires special handling.
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2 Formulation

Steady, axisymmetric, laminar flow of two counterflowing streams toward a stagnation plane is consid-
ered here. One stream, called the fuel stream, is made up of a mixture of CH4 and nitrogen (N2). The
other stream, called the oxidizer stream is made up of a mixture of oxygen (O2), N2O, and N2. The
origin is placed on the axis of symmetry at the stagnation plane. Far from the stagnation plane the mass
fraction of fuel and nitrogen in the fuel stream is represented by YF,1 and YN2,1, respectively, and the
temperature by T1. Far from the stagnation plane the mass fraction of oxygen, nitrogen and nitrous oxide
in the oxidizer stream is represented by, YO2,2, YN2,2, and YN2O,2 respectively, and the temperature by
T2. In asymptotic analysis of the flame structure, it is convenient to use a conserved scalar quantity ξ,
called the mixture fraction, as an independent variable [4]. This conserved scalar is defined such that ξ =
0 at the oxidizer stream far from the stagnation plane and ξ = 1 at the fuel stream far from the stagnation
plane. The scalar dissipation rate, χ is given by

χ = 2 [λ/ (ρcp)] |∇ξ|2, (1)

where λ is the thermal conductivity, ρ the density, and cp the heat capacity per unit mass of the mixture.
The quantity χ plays a central role in asymptotic analyses. The goal of the present analysis is to predict
the scalar dissipation rate at extinction.

The structure of the reactive flow-field depends on the three independent boundary values of mass frac-
tions of reactants given by YF,1, YO2,2, and YN2O,2, and the temperatures, T1 and T2. Thus the chemical
reaction time τc depends on these five independent quantities. The residence time is characterized by
the strain rate τf . The overall Damköhler number, Δo = τf/τc, is defined as the ratio between the
characteristic residence time and the characteristic reaction time. For large values of Δo the flow-field
comprises two chemically inert regions separated by a thin reaction zone [1,3,5]. In the limit Δo →∞,
the thickness of the reaction zone approaches zero. The stoichiometric mixture fraction, ξst, is evaluated
using the equation

ξst ≡
[

YO2,2

2WO2

+
YN2O,2

4WN2O

] [
YF,1

WF
+

YO2,2

2WO2

+
YN2O,2

4WN2O

]−1

, (2)

where WF, WO2 and WN2O are the molecular weights of CH4, O2 and N2O respectively. The quantity
ξst represents the position of the reaction zone in the limit Δo →∞ with the Lewis number of the reac-
tants assumed to be equal to unity. The Lewis number is defined as Lei = λ/(ρcpDi), where Di is the
diffusion coefficient of species i.

3 Experimental and Computational Studies

To guide the asymptotic analysis, experimental and computational studies are carried out to character-
ize the influence of N2O on the structure and extinction of nonpremixed methane flames. It has been
established from asymptotic analysis [1–3,5] that the scalar dissipation rate at extinction depends on the
strain rate, the stoichiometric mixture fraction, ξst and the adiabatic flame temperature Tst. The adiabatic
temperature is a function of YF,1, YO2,2, YN2O,2, T1 and T2. To elucidate the influence of combustion
chemistry of N2O on the structure and mechanisms of extinction of CH4 flames, studies are carried out
at fixed values of ξst, Tst, T1, and T2. This fixes the values of four of the five independent variables.
The system now has only one independent variable. The quantity YN2O,2 is selected as the independent
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variable. Thus the experimental and computational studies are carried out for various values of YN2O,2.

The counterflow configuration is employed in the experimental and computational study. The counter-
flow burner used in the experimental study has two ducts. From one duct, called the fuel-duct, a reactant
stream made up of methane and nitrogen is injected toward the mixing layer. From the other duct, called
the oxidizer duct, a mixture of oxygen, nitrous oxide, and nitrogen is injected. The magnitude of the
injection velocity of the reactants at the the fuel duct is represented by V1, and the magnitude of the
injection velocity at the oxidizer duct is represented by V2. The flow-field is characterized by the strain
rate, a, given by [6]

a =
2|V2|

L

(
1 +

|V1|√ρ1

|V2|√ρ2

)
. (3)

Here ρ1 and ρ2 are the densities at the reactant streams at the injection plane of the fuel duct and at the
injection plane of the oxidizer duct respectively. The separation distance between the ducts is L.

The experiments were conducted with T1 = T2 = 298 K. At a selected value of YN2O,2, the values of
YF,1, and YO2,2, were so chosen that ξst = 0.054, and Tst = 2200 K. At these selected values of the
mass fractions and temperatures of the reactants a flame was established. Figure1 shows a photograph
of a flame stabilized in the counterflow burner. The photograph shows two reaction zones. After the

Figure 1: Photograph of a Nonpremixed CH4/N2–N2O/O2/N2 flame. Fuel stream: YF,1 = 0.75,
T1 = 298 K, Oxidizer Stream: YN2O,2 = 0.4 , YO2,2 = 0.1165, T2 = 298 K. Strain rate a2 = 175 s−1.

flame is established, the values of V1 and V2 were increased until extinction was observed. The strain
rate at extinction, a2,e, was recorded as a function of the mass fraction of N2O, YN2O,2.

Computations were performed using the San Diego Mechanism [7, 8]. The mechanism is comprised
of 288 reversible reactions among 53 reactive species. Comparisons were made with predictions of
the much larger Milano mechanism (more than one thousand reactions and more than one hundred
species) [9]. Figure 2 shows the computed structure of a CH4/N2–N2O/O2/N2 flame at different strain
rates with fixed Tst = 2200 K, ξst = 0.054, and YN2O,2 = 0.102. The structure at a2 = 100 s−1 is far
from extinction and the structure at a2 = 100 s−1 is close to extinction. The normalized carbon mass
fraction in Fig. 2 is the ratio of the mass fraction of carbon at a given location to the mass fraction of
carbon in the fuel stream at ξ = 1. Figure 2 clearly shows that consumption of CH4 and N2O takes
place in two separate layers. They are called the CH4-consumption layer and the N2O-consumption
layer respectively. In the layer where CH4 is consumed, the fuel reacts with radicals, and the interme-
diate species CO and H2 are formed. In the N2O-consumption layer, N2O reacts with radicals to form
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Figure 2: Computed structure of a CH4/N2–N2O/O2/N2 flame at different strain rates with fixed Tst =
2200 K, ξst = 0.054, YN2O,2 = 0.102. The computations were done using the San Diego Mechanism
[7, 8].

NO. Consumption of H2, CO, O2, and NO, take place in the layer between the CH4-consumption layer
and the N2O-consumption layer. This layer is called the O2-consumption layer. In the O2-consumption
layer, radicals are formed. These radical diffuse into the CH4-consumption layer and N2O-consumption
layer. The computed flame structure shown in Fig. 2 is used in the asymptotic analysis to separate the
reaction zone into different reaction layers.

Figure 3 shows the strain rate at extinction, a2,e, as a function of the mass fraction of N2O in the
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Figure 3: The strain rate at extinction, a2,e of nonpremixed CH4/N2–N2O/O2/N2 flames as a function
of the mass fraction of nitrous oxide, YN2O,2, with fixed Tst = 2200 K, ξst = 0.054. The symbols
represent experimental data. The solid lines and dotted lines are results of computations. The solid line
above the experimental data are computations with the Milano mechanism [9]. The solid line below the
experimental data and the dashed line are computations with the San Diego Mechanism [7, 8].

oxidizer stream, YN2O,2. The symbols are experimental data and the solid lines and dashed lines are
results of computations performed using the San Diego Mechanism [7,8] and the Milano mechanism [9].
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Experimental data and computations show that a2,e decreases with increasing YN2O,2. Thus N2O inhibits
the flame. Computations with the San Diego Mechanism [7,8] and the Milano mechanism [9] agree well
with experimental data.

4 Asymptotic Analysis

A reduced chemical-kinetic mechanism made up of five global steps is employed to describe the com-
bustion of CH4/N2–O2/N2O/N2 flames. The five-step mechanism is

CH4 + 2 H + H2O ⇀↽ CO + 4 H2, I
CO + H2O ⇀↽ CO2 + H2, II
H + H + M ⇀↽ H2 + M, III
O2 + 3 H2 ⇀↽ 2 H + 2 H2O, IV

N2O + 2 H + H2O ⇀↽ 2 NO + 2 H2. V

The reduced mechanism is derived from the detailed San Diego Mechanism [7, 8] after assuming that
all reactive species, except those shown in the reduced mechanism, maintain steady states. The first
four steps of this five-step mechanism was employed in previous rate-ratio asymptotic analysis of non-
premixed methane flames [10]. The principal elementary reactions contributing to the rates of these
global reactions are

CH4 + H ⇀↽ CH3 + H2, I
CO + OH ⇀↽ CO2 + H, II

H + O2 + M ⇀↽ HO2 + M, III
H + O2 ⇀↽ OH + O, IV

N2O + H ⇀↽ N2 + OH. V

The Damköhler numbers constructed from the ratio of the characteristic residence time to the charac-
teristic chemical time obtained from the rates of elementary reactions of the five-step mechanism are
presumed to be large. At conditions close to extinction, the reactive flow-field is presumed to be made
up of a thin reaction zone where chemical reactions take place. This reaction zone is presumed to be
located at ξ = ξp. Oxygen is presumed to leak from the reaction zone to the leading order. The value of
ξp depends on χ. The chemically inert regions outside this thin reaction zone is called the outer zone.

The profiles of mass fraction of CH4, O2, N2O, CO2, H2O, and N2 represent the outer structure of the
flame. They are presumed to be of the order of unity. Analysis of the outer structure provides the match-
ing conditions for analyzing the structure of the reaction zone.

As shown in Figure 2, the reaction zone is made up of three layers, the CH4-consumption layer, the
O2-consumption layer, and the N2O-consumption layer. The global reactions of the reduced five-step
mechanism take place in various layers within the reaction zone. The global steps I and IV are the main
reactions taking place in the CH4-consumption layer, global steps II. II, and IV in the O2-consumption
layer and global steps IV and V in the N2O-consumption layer. Asymptotic analysis of these layers
gives the value of the scalar dissipation rate, χ at extinction. The strain rate is evaluated from χ [11].
The results are compared with experimental data and those computed using the detailed mechanisms
shown in Fig. 3.
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