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The oxidation of fuel-rich hydrocarbon–oxygen
(air) mixtures has been the subject of numerous studies
[1–7]. On the one hand, the interest in this process
stems from the importance of a correct description of
combustion in diffusion flames and in various combus-
tors operating in a diffusion mode, where fuel-enriched
zones always exist. On the other hand, this interest is
due to the fact that the combustion of rich mixtures can
be commercially used in the production of synthesis
gas (CO + H

 

2

 

), which is employed in the chemical and
power industries. In the latter case, an important prob-
lem is to ensure the combustion of rich 

 

C

 

n

 

H

 

m

 

/O

 

2

 

 mix-
tures with a fuel-to-oxidizer ratio of 

 

φ ≥ 

 

2

 

 in order to
obtain high yields of H

 

2

 

 and CO. Thermodynamic cal-
culations demonstrate that raising 

 

φ

 

 from 2 to 3 will
increase the H

 

2

 

 and CO concentrations in the combus-
tion products of the CH

 

4

 

/air mixture from 16 to 28%
and from 12 to 17%, respectively [8]. The H

 

2

 

 concen-
tration in the combustion products is increased by add-
ing H

 

2

 

O to the initial mixture. However, rather high
pressures (

 

P

 

0

 

 > 3 MPa) and temperatures (

 

T

 

0

 

 > 1200 K)
are necessary for the combustion of such rich mixtures.

It was demonstrated in earlier studies [9, 10] that
introducing metastable, electronically excited,

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

 molecules into the H

 

2

 

/O

 

2

 

 mixture signifi-
cantly shortens the induction period and lowers the
ignition limit. These effects arise from the intensifica-
tion of the chain mechanism of combustion, which is
primarily due to the acceleration of the chain initiation
reaction 

 

H

 

2

 

 + O

 

2

 

 = 2

 

 by electronically excited

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

 molecules. Note that the induction period 

 

τ

 

in

 

can be shortened simply by heating the mixture. How-
ever, it was demonstrated in our earlier study [10] that,
in terms of 

 

τ

 

in

 

, exciting O

 

2

 

 molecules is more efficient
than heating the mixture by a factor of several hun-

OH
.

 

dreds. A considerable 

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

 concentration (~1–5%)
can be achieved either by activating O

 

2

 

 molecules in an
electric discharge [11, 12] or by using laser radiation
[10, 13].

Since dioxygen oxidizes not only H

 

2

 

 but also any
other hydrocarbon fuel, including methane, it is inter-
esting to study the effects of excited O

 

2

 

 molecules on
the ignition temperature of rich CH

 

4

 

/air mixtures and
on the dynamics of H

 

2

 

 formation. These effects are the
subject of this publication.

KINETIC MODEL

The oxidation of rich methane/air mixtures is known
to have some specific features as compared to the oxi-
dation of stoichiometric and lean mixtures [4]. These
specific features cause the maximum gas temperature
and H

 

2

 

O concentration at the instant of ignition of a
rich CH

 

4

 

/air mixture or in the flame front to exceed
their equilibrium values [1–4]. Therefore, the kinetic
schemes used in the simulation of the oxidation of rich
mixtures should take into account these features.
Rather complicated kinetic models should be used in
the description of the ignition and combustion of rich
methane/air mixtures even if the electronically excited

molecules 

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

) 

 

and 

 

O

 

2

 

(

 

b

 

) 

 

are absent from the
mixture.

In this work, a reaction mechanism suggested for
the space reaction between methane and O

 

2

 

 or air [14]
is used as the basis. This mechanism includes
433 reversible reactions involving 66 components and
provides a good agreement between calculated and
observed ignition delay data for stoichiometric and
fuel-depleted mixtures in wide temperature and pres-
sure ranges [14, 15]. This mechanism has been aug-
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mented with 20 reversible reactions. These reactions,
together with their forward and reverse rate constants

(  and ), are presented in Table 1. The coefficients

of the Arrhenius equation 

 

k

 

q

 

(

 

T

 

) = 

 

A

 

q

 

exp(–

 

E

 

aq

 

/

 

T

 

)

 

(

 

A

 

q

 

, 

 

n

 

q

 

,

 

 and 

 

E

 

aq

 

) were taken from [16–24] (

 

E

 

aq

 

 is
expressed in kelvins). If the coefficients for calculating

 could not be found in the literature, their values were
calculated in terms of the principle of detailed balanc-
ing using conventional relationships. The thermody-
namic data necessary for the calculations were taken
from [25].

In order to ascertain that the augmented mechanism
is applicable to processes in rich CH

 

4

 

/O

 

2

 

 (air) mixtures,
the calculated ignition delay times were compared with
experimental data obtained with shock tubes [26, 27]. A
comparison between calculated and experimental data
for the CH

 

4

 

/O

 

2

 

/Ar mixture with 

 

φ

 

 = 2 at various tem-
peratures and pressures is presented in Table 2. The

kq
+ kq

–

T
nq

kq
–

 

induction period in numerical simulation, as in the
experiment, is determined by the time necessary to
reach the maximum pressure gradient. Clearly, the aug-
mented mechanism is in satisfactory agreement with
the experimental data [26, 27].

Furthermore, this mechanism accounts for the
observation that the H

 

2

 

O vapor concentration in the
flame front in the ignition of a 

 

φ 

 

≥

 

 2 CH

 

4

 

/O

 

2

 

 mixture
exceeds its equilibrium value. Table 3 compares the
maximum and equilibrium H

 

2

 

O, H

 

2

 

, CO, and CO

 

2

 

 con-
centrations measured in the laminar flame of a 

 

φ

 

 =
2.13 CH

 

4

 

/O

 

2

 

 mixture at 

 

P

 

0

 

 = 0.1 MPa [1] to their calcu-
lated values. Figure 1 shows the time variation of the
mole fractions of CH

 

4

 

, O

 

2

 

, H

 

2

 

, CO, and H

 

2

 

O (γi = Ni/N,

N = , and Ni is the number density of the mole-

cules of the ith component of the mixture) and temper-
ature for the ignition of a φ = 2 CH4/air mixture at P0 =
0.1 MPa and T0 = 1000 K. Note that at a rather high ini-

Ni
i

∑

Table 1.  Additional reactions included in the kinetic scheme

No. Reaction
, (cm3/mol)m – 1 s–1 , (cm3/mol)m – 1 s–1

Reference
Aq nq Eaq Aq nq Eaq

1 C  + H = C  + H2 6.03 × 1013 0 7589 1.32(13) 0 5629 [16]

2 C  + O  = CH2O  + H 2.64 × 1019 –1.8 4038 – – – [19], [20]

3 C  + O  = CH3  + H 5.7 × 1012 –0.23 6900 – – – [19], [20]

4 C  + O  = CH2  + H 2.5 × 1013 0 0 – – – [17]

5 C  + O2 = CH2  + O 4.0 × 1010 0 0 – – – [24]

6 C  + CO2 = CH2  + CO 1.0 × 1011 0 500 – – – [17]

7 C  + C  = C2H2 + H 4.0 × 1013 0 0 – – – [18]

8 2C  = C2H2 + H2 3.2 × 1013 0 0 – – – [18]

9 C  + C  = C2H4 + H 4.0 × 1013 0 0 – – – [18]

10 C  + C2H6 = C  + C2 6.5 × 1012 0 3855 – – – [21]

11 C  + O  = HC  + H 3.0 × 1013 0 0 – – – [17]

12 C  + O = CO + H 3.97 × 1013 0 0 – – – [23]

13 C  + C  = C2  + H 3.0 × 1013 0 0 – – – [17]

14 C  + CH4 = C2H4 + H 6.0 × 1013 0 0 – – – [17]

15 HC  + H  = CO2 + O  + H 3.0 × 1013 0 0 – – – [22]

16 C2H4 + H2 = 2C 2.34 × 1017 0 43539 4.68 × 1015 0 15515 [16]

17 C2H4 + C2  = C2  + C2H2 3.02 × 1013 0 0 1.91 × 1013 0 12148 [16]

18 C2H4 + H2 + M = C2H6 + M 1.1 × 1016 0 19123 2.29 × 1017 0 34037 [16]

19 C2  + H = 2C 1.45 × 1015 0 34278 2.0 × 1013 0 0 [16]

20 2C  = C2H2 + 2H 2.0 × 1014 0 0 7.41 × 1015 0 11618 [16]
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tial gas temperature of T0 ≥ 1500 K, the oxidation of a
rich methane/air mixture or methane pyrolysis may
yield soot particles, on which heterogeneous reactions
changing the concentration of active sites may take
place. However, for φ = 2–3 mixtures at T0 ≤ 1200 K (it
is these regimes that are analyzed in this work), no soot
is formed within the time interval [0, τin]. Therefore,
their effect on the formation kinetics of active sites and
radicals and on the ignition dynamics is negligible. The
formation of soot particles in rich methane/air mixtures
at τ > τin are beyond the scope of this study.

In order to determine the minimum set of reactions
sufficient for a correct description of the ignition and
heat evolution dynamics in rich CH4/O2 (air) mixtures
in wide temperature and pressure ranges, we analyzed
the reducibility of the complete kinetic scheme. It was
demonstrated that the reduced mechanism that includes
215 reactions involving 34 components (Hx (x = 1, 2),
Oy (y = 1–3), HOx , H2Ox, C, COx , CHq (q = 1–4), C2Hz

(z = 1–6), CHyO, CH2OH, CH3OH, CH3O2, CH3O2H,
Nx, NOx, and N2O) leads to the same values of ignition
delay, temperature, and basic component concentra-
tions for the CH4/air mixture as the complete scheme.

In order to study methane conversion dynamics in
the CH4/air mixture in the presence of O2(a1∆g) mole-
cules, the above scheme should be supplemented with

reactions involving O2(a1∆g) and O2(b ) molecules.
The latter results from the interaction between O2(a1∆g)

molecules: 2O2(a1∆g) = O2(b ) + O2(X ). They
can exert a certain effect on the methane oxidation
kinetics. Note that electronic–electronic exchange upon
collision between an excited molecule O2(a1∆g) or

O2(b ) and an O atom in the ground electronic state

Σ1 +
g

Σ1 +
g Σ3 –

g

Σ1 +
g

(3P) can yield an excited atom O(1D): O2(a1∆g, b ) +

O(3P) = O2(X ) + O(1D). These atoms are more reac-
tive than oxygen atoms in the ground electronic state.
However, according to our analysis, the quenching rate
of O(1D) atoms is much higher than the rate of the
chemical reactions of these atoms in the temperature
and pressure ranges of interest (T0 = 600–1200 K and
P0 = 104–106 Pa). For this reason, all reactions involv-
ing O(1D) atoms were left out of consideration.

The additional processes included in the scheme
modified for analysis of the ignition and combustion of
rich CH4/air mixtures are presented in Table 4. The rate
constants of the reactions involving O2(a1∆g) and

O2(b ) molecules were determined by a procedure

reported in our earlier work [10], using  and

 data for reactions in the system H2–O2(X )–

O2(a1∆g)–O2(b )– –H2O– –H2O2–O3–O–H.
In particular, the rate constants of reactions 32–47, 50,

Σ1 +
g

Σ3 –
g

Σ1 +
g

kq
+ T( )

kq
– T( ) Σ3 –

g

Σ1 +
g OH

.
HO2

.

Table 2.  Experimental ignition delay data for the CH4/O2/Ar (φ = 2) mixture [26, 27] in comparison with the same data cal-
culated using the augmented reaction mechanism

T, K P, atm CH4, % O2, %
τin, µs

experimental calculated

1680 8.52 2.12 2.12 510 537

1699 8.44 2.12 2.12 455 463

1905 10.22 2.12 2.12 95 87.9

2025 10.49 2.12 2.12 47 41.2

1658 10.56 6.7 6.7 245 179

1717 10.68 6.7 6.7 145 115

1883 13.01 6.7 6.7 45 33.6

1920 12.97 6.7 6.7 38 27.5

2000* – 3.0 3.0 45.8 40.2

* ρ = 6 × 10–5 mol/cm3.

Table 3.  Maximum and equilibrium component mole frac-
tions (γmax and γe): experimental [1] and calculated data

Component

γmax γe

experi-
mental calculated experi-

mental calculated

H2O 0.30 0.354 0.25 0.248

H2 – – 0.40 0.372

CO – – 0.30 0.300

CO2 0.03 0.0263 0.02 0.0239
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Fig. 1. Variation of the mole fractions (γi) of i = CH4, O2,
H2O, H2, and CO (solid lines) and temperature (dashed
line) during the space reaction between methane and air for
φ = 2, T0 = 1000 K, and P0 = 105 Pa.

51, 56, 57, 64–69, 72–77, 80–83, 88, and 89 were cal-
culated using the following relationships:

, (1)

(2)

Here, Aq is a coefficient in the Arrhenius equation for
the rate constant of a reaction involving the unexcited

molecule, ∆H is the heat efficiency of the reaction, 
is the activation energy of the reaction involving the
unexcited O2 molecule, and Ee is the energy of the elec-
tronically excited state of the O2 molecule (e = a1∆g,

b ).

Note that this simple approach to the calculation of
the rate constants of reactions involving the electroni-

cally excited molecules O2(a1∆g) and O2(b ) provides
a good fit both to the experimentally determined (and
recommended [28]) rate constants of the reactions H +
O2(a1∆g) =  + O and H2 + O2(a1∆g) = H + 

(nos. 3 and 9) and to the  data calculated for by
the bond-energy-bond-order method [29] for the reac-
tions H2O + O2(a1∆g) =  +  and CH4 +

O2(a1∆g) =  +  (nos. 11 and 36). For example,

the  values calculated for reactions 3 and 9 using
relationships (1) and (2) are only twice smaller than the

 values for T ≥ 600 K presented in [28]. For reac-

tions 11 and 36, the  value (300 K ≤ T ≤ 1000 K) cal-
culated by formulas (1) and (2) differs from the value

kq
+ T( ) AqT

nq Ea q,
e– /T( )exp=

Ea q,
e

=  
1
2
--- ∆H Ee+( )2 4Ea

0 ∆H Ea
0+( )+ ∆H Ee+( )–( ).

Ea
0

Σ1 +
g

Σ1 +
g

OH
.

HO2

.

kq
+ T( )

OH
.

HO2

.

CH3

.
HO2

.

kq
+ T( )

kq
+ T( )

kq
+

determined by the bond-energy-bond-order method
[29] by a factor no greater than 2 and 3, respectively.

For reactions with  ≈ 0 in which the resulting O2

molecule is in the ground state X  or in the excited

state a1∆g or b  (nos. 52–55, 58–61, 86, 87, 90, and
91), it was assumed that the formation rates of

O2(X ), O2(a1∆g), and O2(b ) are proportional to
the degeneracy of the state. In the calculation of the rate
constants of the forward reactions 48, 49, 62, and 63
using formula (1), the energy barrier was increased by

the energy of the electronic state a1∆g or b  (  =

 + ). The quenching rate constant data for the a1∆g

and b  states of the O2 molecule were taken from

[10] for M = O, O3, O2, H2, H2O, , and H2O2 and
from [30, 31] for M = CO2, CO, and N2. For M = H, C,
and N, it was assumed that the probability of quenching
is the same as in the case of M = O; for M = CHq, C2Hz,

CHyO, CH2O , CH3OH, CH3 , and CH3O2H, the
probability of quenching was taken to be the same as in
the case of M = H2O; for M = NO, NO2, and N2O, the
same as in the case of M = N. The rate constants of the
corresponding reverse reactions were calculated using
the principle of detailed balancing.

IGNITION DYNAMICS
OF RICH CH4–O2 (AIR)–O2(a1∆g) MIXTURES

For the sake of simplicity, consider methane oxida-
tion with air containing O2(a1∆g) molecules in a closed,
adiabatic, stirred reactor and assume that the gas is non-
viscous and non-heat-conducting. Note that this
approximation is frequently used in the kinetic analysis
of the oxidation and ignition of various mixtures [32–
34]. As usual, we will assume that a thermodynamic
equilibrium is established between translational, rota-
tional, and vibrational degrees of freedom. The elec-
tronically excited O2 molecules will be treated as indi-
vidual chemical components with their enthalpies of
formation and heat capacities. The set of equations
describing the time variation of the temperature, pres-
sure, and composition of the reacting mixture will then
include an energy conservation equation, equations for
the concentrations of the species involved in chemical
reactions, and an equation of state [32]. The thermody-
namic data and molecular constants for unexcited com-
ponents will be taken to be the same as in [14].

The ignition of CnHm/O2 (air) mixtures is known to
be determined by the competition between the forma-
tion of active radicals involved in chain reactions (O, H,

, , and  for methane/air mixtures) and
the depletion of these radicals in the reaction zone
because of their diffusion or loss on the reactors walls
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Table 4.  Reactions involving O2(a
1∆g) and O2(b

1 ) molecules that are included in the kinetic scheme of methane–air combustion

No. Reaction No. Reaction

1 O2(a1∆g) + M = 2O + M 36 CH4 + O2(a1∆g) = C  + H

2 O2(b1 ) + M = 2O + M 37 CH4 + O2(b1 ) = C  + H

3 O2(a1∆g) + H = O  + O 38 C  + O2(a1∆g) = CH3  + O

4 O2(b1 ) + H = O  + O 39 C  + O2(b1 ) = CH3  + O

5 H2 + O2(a1∆g) = 2O 40 CH3  + O2(a1∆g) = CH2  + H

6 H2 + O2(b1 ) = 2O 41 CH3  + O2(b1 ) = CH2  + H

7 H  + M = O2(a1∆g) + H + M 42 C  + O2(a1∆g) = CH2  + O

8 H  + M = O2(b1 ) + H + M 43 C  + O2(b1 ) = CH2  + O

9 H2 + O2(a1∆g) = H + H 44 CO + O2(a1∆g) = CO2 + O

10 H2 + O2(b1 ) = H + H 45 CO + O2(b1 ) = CO2 + O

11 H2O + O2(a1∆g) = O  + H 46 C  + O2(a1∆g) = CO + O

12 H2O + O2(b1 ) = O  + H 47 C  + O2(b1 ) = CO + O

13 O  + O2(a1∆g) = O + H 48 HC  + O = C  + O2(a1∆g)

14 O  + O2(b1 ) = O + H 49 HC  + O = C  + O2(b1 )

15 2H  = H2O2 + O2(a1∆g) 50 CH2O  + O2(a1∆g) = CH2  + H

16 2H  = H2O2 + O2(b1 ) 51 CH2O  + O2(b1 ) = CH2  + H

17 H2O + O2(a1∆g) = H2O2 + O 52 CH3  + O  = CH3OH + O2(a1∆g)

18 H2O + O2(b1 ) = H2O2 + O 53 CH3  + O  = CH3OH + O2(b1 )

19 O3 + M = O2(a1∆g) + O + M 54 CH3  + CH3  = CH3OH + CH2O + O2(a1∆g)

20 O3 + M = O2(b1 ) + O + M 55 CH3  + CH3  = CH3OH + CH2O + O2(b1 )

21 O3 + H = O  + O2(a1∆g) 56 C  + O2(a1∆g) = CH3

22 O3 + H = O  + O2(b1 ) 57 C  + O2(b1 ) = CH3

23 O3 + O = O2(X ) + O2(a1∆g) 58 CH3  + O = CH3  + O2(a1∆g)

24 O3 + O = O2(X ) + O2(b1 ) 59 CH3  + O = CH3  + O2(b1 )

25 O3 + O  = H  + O2(a1∆g) 60 CH3  + H  = CH3O2H + O2(a1∆g)

26 O3 + O  = H  + O2(b1 ) 61 CH3  + H  = CH3O2H + O2(b1 )

27 O3 + H  = O  + O2(X ) + O2(a1∆g) 62 CH3  + CH3  = CH3  + CH3  + O2(a1∆g)

28 O3 + H  = O  + O2(X ) + O2(b1 ) 63 CH3  + CH3  = CH3  + CH3  + O2(b1 )

29 O3 + O2(a1∆g) = 2O2(X ) + O 64 C2H6 + O2(a1∆g) = C2  + H

30 O3 + O2(b1 ) = 2O2(X ) + O 65 C2H6 + O2(b1 ) = C2  + H

31 2O2(a1∆g) = O2(b1 ) + O2 66 C2  + O2(a1∆g) = C2H4 + H

32 CH2  + O2(a1∆g) = H  + HC 67 C2  + O2(b1 ) = C2H4 + H

33 CH2  + O2(b1 ) = H  + HC 68 C2H4 + O2(a1∆g) = C2  + H

34 H  + CO = HC  + O2(a1∆g) 69 C2H4 + O2(b1 ) = C2  + H

35 H  + CO = HC  + O2(b1 ) 70 C2  + O2(a1∆g) = C2H2 + H
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(in small reactors) [35]. For an ignition event to take
place, it is necessary that the formation time of these

radicals or O or H atoms ( ) should be shorter than

the diffusion time for the H atom ( ), the lightest
active radical. (For a reactor with a rather large volume,
the loss of active species on its walls can be neglected.)

The value of  determines the induction period τin .

τiq
ch

τD
H

τiq
ch

Therefore, in the first approximation, the ignition con-

dition can be expressed as τin(P0, T0) ≤ (P0, T0).

Figure 2 plots the calculated dependences of the
induction period and the diffusion time of H atoms on
the initial temperature for the ignition of a CH4/air mix-
ture (φ = 3, P0 = 105 Pa) containing O2(a1∆g) in a spher-
ical volume with Ra = 4 cm for various O2(a1∆g) con-
centrations in the mixture. Clearly, even small concen-
trations of O2(a1∆g) (such that its mole fraction,

, is 3% of the total amount of oxygen in the

mixture, ) cause a marked decrease in the ignition
temperature Tign, whose value can be determined from

the relationship τin(P0, Tign) = (P0, Tign). For example,

Tign = 1050 K at  = 0 (at the given pressure) and

is as low as 550 K at  = 0.03 . Furthermore,

it follows from Fig. 2 that, because the τin(T0) function
is nonmonotonic at lower temperatures, there can be
several T0 ranges of ignition for the CH4/air mixture,
depending on the O2(a1∆g) concentration. For P0 =
105 Pa and Ra = 4 cm, ignition in the φ = 3 CH4/O2/N2

mixture at  = 0.01  will take place at T0 >

920 K and 550 K < T0 ≤ 780 K.

The decrease in τin and in the ignition temperature
caused by excited O2 molecules in the CH4/air mixture
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Table 4.  (Contd.)

No. Reaction No. Reaction

71 C2  + O2(b1 ) = C2H2 + H 83 NO + O2(b1 ) = O + NO2

72 C2H2 + O2(a1∆g) = HC  + HC 84 NO + NO + O2(a1∆g) = NO2 + NO2

73 C2H2 + O2(b1 ) = HC  + HC 85 NO + NO + O2(b1 ) = NO2 + NO2

74 C2H2 + O2(a1∆g) = C2  + H 86 O3 + NO = NO2 + O2(a1∆g)

75 C2H2 + O2(b1 ) = C2  + H 87 O3 + NO = NO2 + O2(b1 )

76 C2  + O2(a1∆g) = CO + HC 88 N2 + O2(a1∆g) = N2O + O

77 C2  + O2(b1 ) = CO + HC 89 N2 + O2(b1 ) = N2O + O

78 C  + O2(a1∆g) = CH2O + O 90 O3 + N2 = N2O + O2(a1∆g)

79 C  + O2(b1 ) = CH2O + O 91 O3 + N2 = N2O + O2(b1 )

80 N + O2(a1∆g) = O + NO 92 O2(a1∆g) + M = O2(X ) + M

81 N + O2(b1 ) = O + NO 93 O2(b1 ) + M = O2(a1∆g) + M

82 NO + O2(a1∆g) = O + NO2
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is due to an increase in the formation rates of the ,

, and  radicals and O and H atoms, which
are responsible for the development of the chain mech-
anism of methane oxidation. This point is illustrated by
Fig. 3, which shows how the concentrations of the main
components responsible for ignition vary with time
during a space reaction in the CH4/O2/N2 = 1.5 : 1 : 3.76
(φ = 3) mixture at T0 = 600 K and P0 = 105 Pa in the
absence and presence of O2 molecules (in the latter
case,  = 0.03 ). Clearly, even at the initial

stages of the reaction (t ≈ 10–6–10–2 s), the abundance
of O2(a1∆g) molecules causes the formation of the com-

pounds  and  (γi ~ 10–8–10–9), while the

amounts of , , and  active radicals and
O and H atoms are considerably smaller. However, the
concentration of , , , and O increase
sharply to γi ~ 10–4–10–8 by the point t = 0.1 s. This
brings the mixture to a “preignition” state. However,
the concentration of radicals is still insufficient for igni-
tion. Another impact stimulating the CH4/air mixture to
ignite is provided by the recombination reactions
involving the  radical, namely, 2  + M =

C2H6 + M and  + O2(a1∆g) = , which are
rather rapid at low temperatures of T = 600–800 K.
These reactions occur with energy release. As a conse-
quence, the gas temperature rises in the time interval
0.1 s < t ≤ 1 s, accelerating the formation of active H and
O atoms and  radicals. Raising the gas temperature
causes the C2H6 molecule to break into methyl radicals,
which further accelerate the ignition process so that the
ignition event takes place at t = 1.6 s. If the initial mix-
ture contains no O2(a1∆g), the formation of active radi-
cals proceeds at a much lower rate. In this case, τin ≈ 50

s and  ≈ 3 s; that is, the mixture does not ignite. Upon
the excitation of O2 molecules to the O2(a1∆g) state, the
increase in the oxidation rate of the methane/air mix-
ture and the shortening of the ignition time are due to
an increase in the formation rates of the active radicals

 and  by the reactions CH4 + O2(a1∆g) =

 +  and  + O2(a1∆g) =  + .

It is clear from Figs. 1 and 3 that the partial oxida-
tion of a fuel-rich CH4/O2 (air) mixture includes two
steps. The initial step is the formation of various radi-
cals and ignition. In this step, considerable amounts of
CH4 and O2 are consumed and the H2 and CO concen-
trations are not high. In the second step, the H2 and CO
concentrations in the product grow rapidly, while the
concentrations of CH4 and of the hydrocarbons that
have resulted from the first step of the process (C2H2,
C2H4 , and C2H6) decrease slowly. At this stage (after
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ignition), the gas temperature changes only slightly.
Here, the formation of H2 is mainly due to the reactions

CH4 + H =  + H2, C2H4 + H =  + H2 , and

C2H6 + H =  + H2 . These reactions account for 56,
~11, and ~8% of the hydrogen, respectively. The
decomposition of H2 is primarily due to the following

reaction between H2 and : H2 +  = H2O + H.
The formation of CO at this stage is due to the reactions

C2H2 +  =  + CO,  + M = H + CO + M,

and  + O2 =  + CO, whose contributions are
58, 23.6, and 12.2%, respectively. CO decomposes by

reacting with  (CO +  = H + CO2) and 

(  + CO = C2H2 + O).

Figure 4 illustrates the variation of the mole frac-
tions of H2 and CO forming (γi > 0) and disappearing
(γi < 0) in reactions involved in the space oxidation of
methane with air in the absence and presence
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(  = 0.03 ) of O2(a1∆g) molecules for φ = 3,

T0 = 1000 K, and P0 = 105 Pa. The numbers in this figure
are reaction numbers. The excited O2 molecules present
in the mixture does not change the contributions from
the reactions yielding H2 and CO to the amounts of
these products. They change only the point in time
starting at which these reactions are significant: H2 and
CO formation begins earlier in the presence of O(a1∆g).
This is due to a shortening of the initial stage of meth-
ane conversion in the rich CH4/air mixture. Figure 5
shows the time profiles of the CH4, H2, and CO concen-

γ
O2 a

1∆g( )
γ O2

trations for the partial oxidation of methane in CH4/air
mixtures (φ = 3, T0 = 1000 K, P0 = 105 Pa) with various
O2(a1∆g) contents. Raising the concentration of
O2(a1∆g) molecules in the initial methane/air mixture
allows the H2 and CO yields resulting from methane
conversion to be markedly increased at a given gas res-
idence time τres (or reactor length for a flow reactor).
For example, for τres = 0.6 s and  = 0.01  in

the CH4/air mixture, the H2 and CO mole fractions at
the reactor outlet are 18 and 10%, respectively. In the
absence of O2(a1∆g) in the initial methane/air mixture,
no methane conversion takes place at this τres value and
the given gas parameters (φ = 3, T0 = 1000 K, and P0 =
105 Pa). Raising the O2(a1∆g) concentration to 3% of
the total O2 content increases the outlet H2 and CO con-
centrations to 25 and 13%, respectively. In order to
achieve the same H2 and CO concentrations in the con-
version product without introducing O2(a1∆g), it is nec-
essary to increase the reactor length (or τres) by a factor
of 3.

Note that the intensifying effect of O2(a1∆g) on
methane conversion in fuel-rich CH4/air mixtures is
both free-radical and thermal in nature. At t ~ 0.1 s, the
energy of the excited state a1∆g does not relax even at
comparatively high temperatures (T0 ≈ 1000 K) and
pressures (P0 ≈ 105 Pa). However, in the time interval
[0, τin], O2(a1∆g) causes some increase in T. This is
illustrated by gas temperature profiles calculated for the
partial oxidation of CH4/air mixtures (φ = 3, T0 =
1000 K, P0 = 105 Pa) with various O2(a1∆g) contents
(Fig. 6). As  increases from 0 to 10% of the 

value, the gas temperature in the time interval [0, τin]
rises from 1000 K (for  = 0) to 1200 K, further

accelerating methane oxidation and shortening the
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duration of the first stage of conversion. The tempera-
ture rise in the time interval [0, τin] is primarily due to
the reactions O2(a1∆g) + H + M =  + M and  +

O2(a1∆g) = . These reactions produce heat
(298.1 and 212.7 kJ/mol, respectively) and are signifi-
cant in the time interval examined only if O2(a1∆g) mol-
ecules are present in the initial mixture.

CONCLUSIONS

The excitation of O2 molecules to the a1∆g state
intensifies oxidation in fuel-rich methane/air mixtures.
This effect is due to the fact that chain reactions with
O2(a1∆g) molecules in place of ordinary dioxygen pro-
ceed at a higher rate and is unrelated to the heating of
the gas due to the quenching of the excited states

O2(a1∆g) and O2(b ). This makes it possible to sub-
stantially decrease the ignition limit for the fuel-rich
CH4/air mixture and to convert methane into synthesis
gas (H2 + CO) at comparatively low initial temperatures
(~600 K) and atmospheric pressure. As compared to the
partial oxidation of an ordinary methane/air mixture
containing no excited oxygen molecules, the same pro-
cess in the presence of O2(a1∆g) molecules, even if their
proportion is as small as ~3% of the total O2 concentra-
tion, are characterized by a markedly shorter induction
period and methane oxidation time and affords higher
H2 and CO yields at a given gas residence time.
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