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The phenomenon of chemical ionization in flames,
that is, the formation of ions via chemical reactions
between electroneutral substances, was discovered in
the late 1940s [1, 2]. In order to understand the mecha-
nism of chemical ionization, first of all it was necessary
to find out what ion appears first. Numerous studies of
the ionic composition of flames were carried out for this
purpose [3, 4]. As a result, about 50 positive ions were
identified. Eventually, it was established that the mech-
anism of chemical ionization in hydrocarbon flames is
based on the following sequence of reactions [5, 6]:
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In this mechanism, the primary reaction yielding ions
in flames is associative ionization (I). Reaction (I) is
nearly thermally neutral (

 

∆

 

H

 

 = 4 kcal/mol) [7]. Fast
proton transfer to water (reaction (II)) accounts for the
presence of 

 

H

 

3

 

O

 

+

 

, which is the most abundant ion in
flames under all reaction conditions.

The rate constants reported in the literature for reac-
tions (II) and (III) are in comparatively good agree-
ment. For example, the rate constant of reaction (II) in
flames is estimated at 

 

~7 

 

×

 

 10

 

–9

 

 cm

 

3

 

/s and it differs from
the same rate constant determined experimentally at
room temperature, 3.2 

 

×

 

 10

 

–9

 

 cm

 

3

 

/s [9], only by a small
factor of ~2. The rate of the dissociative recombination
reaction (III) was measured in many studies, and the
results of these measurements are in satisfactory agree-
ment, varying between 1.5 

 

×

 

 10

 

–7

 

 cm

 

3

 

/s [10] and 4.1 

 

×

 

10

 

–7

 

 cm

 

3

 

/s [11]. As for the rate constant of reaction (I),
most of the data available from the literature are esti-
mates and these estimates are widely divergent. For
example, according to theoretical calculations by

 

MacGregor and Barry [12], the most likely value of this
rate constant is 3.5 

 

×

 

 10

 

–11

 

 cm

 

3

 

/s, while the same rate
constant measured by Peeters and Vinckier [13]
between 2000 and 2400 K is 

 

2.8 

 

×

 

 10

 

–13

 

 cm

 

3

 

/s, which is
more than 2 orders of magnitude smaller than the cal-
culated value.

There have been only a few reports on the numerical
simulation of chemical ionization. Basevich et al. [14]
used the methane combustion scheme [15] supple-
mented by CH radical formation and decay reactions
and by reactions (I)–(III) and achieved good agreement
with experimental data [16] with respect to one param-
eter, specifically, the highest concentration of charged
species. Numerical simulation was also performed to
account for the ionization kinetic data obtained by the
probe method for methane oxidation in reflected shock
waves [17]. Both the experimental and calculated data
obtained in [17] are at variance with the results
obtained in the other studies of hydrocarbon ionization.
This was a consequence of incorrect use of the probe
method.

In an earlier work [18], the kinetic simulation of
chemical ionization in methane oxidation in a shock
wave was based on electron concentration profile mea-
surements using a microwave-frequency interferome-
ter. The base methane oxidation mechanism was the
kinetic scheme suggested in [14, 15]. This kinetic
scheme involves only compounds containing no more
than one carbon atom. This was obviously a radical
simplification. Nevertheless, this scheme provided a
good qualitative agreement between calculated and
experimental electron concentration profiles and
between the calculated and experimental dependences
of the parameters of these profiles on the initial meth-
ane concentration and temperature. However, the
model needs refinement based on more recent experi-
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mental data and on new mechanisms of hydrocarbon oxi-
dation. This refinement is the subject of the present article.

KINETIC MODEL OF IONIZATION

In the description of ionization kinetics in methane
oxidation, the methane and ethane oxidation scheme
suggested in [19] was used as the base reaction mecha-
nism. This kinetic scheme was formulated by combin-
ing the known mechanisms of methane and ethane
combustion and was supplemented with data available
on reactions involving the components of interest. It
accounts well both for the authors’ experimental igni-
tion delay data and for literature data in the temperature
range from 1200 to 2150 K at pressures of 0.2 to 8 atm.
The authors suggest using this scheme in the simulation
of methane and ethane combustion.

The methane combustion scheme [19] supple-
mented with the set of reactions responsible for ioniza-
tion (reactions 127–138) is presented in Table 1. The
rate constants of reverse reactions were calculated
using thermochemical data [21, 25]. In this ionization
mechanism, the key role is assigned to reactions (I)–
(III) (Table 1, reactions 132–134). The set of ionization
reactions includes a number of reactions that are miss-
ing from the methane combustion scheme but are nec-
essary for the description of CH radical formation and
decay (reactions 127–131).

In ionization in shock tubes, some role can be
played by impurities. The most important of them are
microcrystals of alkali metals, which have a low ioniza-
tion potential. The fraction of NaCl in a shock tube can
reach 

 

~10

 

–6

 

 [54], and it is a complicated technical prob-
lem to remove this impurity. Note that the initial mix-
ture contains NaCl not as vapor, but as a dispersed
solid. However, like Hartig et al. [52], we believe that
NaCl evaporates already in the incident shock wave. It
was assumed in our calculations that the mixture con-
tains NaCl molecules at a concentration of 

 

10

 

12

 

 cm

 

–3

 

.
The possible effect of NaCl ionization was taken into
account by including reactions 135–138 in the kinetic
scheme.

This scheme does not include all reactions possible
in the complex ionization process. It is limited to basic
reactions playing a significant role in the formation of
the electron concentration profile in methane ioniza-
tion. In the scheme, we ignore many of the ion–mole-
cule reactions involved in the formation of the compli-
cated ionic composition of the mixture. This is done
because we did not study the ionic composition experi-
mentally. Furthermore, variations in the ionic composi-
tion apparently exert only a minor effect on the electron
concentration profile since 

 

ç

 

3

 

é

 

+

 

 still remains the most
abundant ion. For these reasons, we will limit our con-
sideration to the reactions yielding the 

 

ëçé

 

+

 

 and 

 

H

 

3

 

O

 

+

 

ions and some reactions that can help elucidate the role
of impurities (NaCl traces).

In the construction of kinetic models for complex
chemical reactions, the largest amount of work is usu-
ally done to optimize the reaction rate constants (which
are either unknown or known with a large uncertainty)
so as to attain the best fit between the calculated and
observed process parameters. No such optimization is
required for the process considered. The rate constants
of all of the reactions listed in Table 1 were taken from
the literature (see the last column of Table 1), except for
reaction 132. The rate constant of this reaction was
reduced from 

 

5.6 
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/s [18] to 

 

1.5 
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3

 

/s.
Note that the experimental value of this constant is
2.8 

 

×

 

 10

 

–13

 

 cm

 

3

 

/s [13].
It is significant that the set of reactions 127–138,

which supplements the methane combustion scheme,
has no sizeable effect on the main oxidation process
and is essential only for describing ionization. This was
ascertained by calculations.

EXPERIMENTAL

The data calculated for the above-described scheme
are compared here with experimental data obtained in
our earlier study [57]. In that study, the ionization kinet-
ics of a number of hydrocarbons, including methane,
was investigated using a microwave interferometer. The
compositions of the mixtures that were used in the
study of methane ionization kinetics are listed in
Table 2. For each mixture, we indicate the temperature
range in which the experiment was performed and the
oxygen excess factor (

 

α

 

). The diluent gas was argon.
The gas pressure behind the reflected shock wave was

 

760 

 

±

 

 150

 

 Torr in all runs. We measured the electron
concentration as a function of time, 

 

n

 

e

 

(

 

t

 

)

 

, and, from
these data, derived the following characteristic parame-
ters of the process: maximum ionization rate (

 

w

 

max

 

),
induction period (

 

τ

 

i

 

), maximum concentration time
(

 

τ

 

max

 

), and maximum electron concentration (

 

n

 

max

 

).
When comparing experimental data obtained for differ-
ent mixtures, we replaced the maximum electron con-
centration with electron yield per methane molecule:

 

η

 

max

 

 = 

 

n

 

max

 

/

 

, where  is the initial methane con-
centration in the mixture behind the reflected shock
wave. In our previous publication [57], the depen-
dences of these parameters on temperature and on the
initial methane concentration behind the front of the
reflected shock wave were represented as the following
relationships:
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(the activation energies are in cal/mol).
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Table 1.  Kinetic scheme of ionization in methane combustion*

No. Reaction A n Ea Reference

1 H + O2  O + OH 5.9 × 10–8 –0.7 17.1 [20]
2 H2 + O  H + OH 8.5 × 10–20 2.67 6.3 [21]
3 H2O + O  OH + OH 7.6 × 10–15 1.3 17.1 [22]
4 H2O + H  H2 + OH 7.6 × 10–16 1.6 19.3 [21]
5 H2O2 + OH  H2O + HO2 2.9 × 10–12 0 0.3 [22]
6 H2O + M  H + OH + M 5.8 × 10–9 0 105.2 [21]
7 H + O2 + M  HO2 + M 1.7 × 10–30 –0.8 0 [21]
8 HO2 + O  OH + O2 2.9 × 10–11 0 –0.4 [22]
9 HO2 + H  OH + OH 2.8 × 10–10 0 0.9 [22]

10 HO2 + H  H2 + O2 1.1 × 10–10 0 2.1 [22]
11 HO2 + H  H2O + O 5.0 × 10–11 0 1.7 [21]
12 HO2 + OH  H2O + O2 2.4 × 10–8 –1.0 0 [22]
13 H2O2 + M  OH + OH + M 3.0 × 10–8 0 42.9 [21]
14 H2O2 + H  HO2 + H2 2.8 × 10–12 0 3.8 [21]
15 H2O2 + O2  HO2 + HO2 8.9 × 10–11 0 39.7 [22]
16 H2O2 + H  H2O + OH 4.0 × 10–11 0 4.0 [22]
17 H2O2 + O  HO2 + OH 1.6 × 10–17 2.0 4.0 [22]
18 CO + OH  CO2 + H 1.0 × 10–17 1.5 –0.5 [21]
19 CO + HO2  CO2 + OH 2.5 × 10–10 0 23.6 [22]
20 CO + O + M  CO2 + M 1.0 × 10–9 0 3.0 [22]
21 CO2 + O  CO + O2 2.8 × 10–11 0 52.7 [22]
22 HCO + M  H + CO + M 3.1 × 10–7 –1.0 17.0 [23]
23 HCO + OH  CO + H2O 1.7 × 10–10 0 0 [21]
24 HCO + H  CO + H2 1.5 × 10–10 0 0 [21]
25 HCO + O  CO + OH 5.3 × 10–11 0 0 [21]
26 HCO + O  H + CO2 5.0 × 10–11 0 0 [21]
27 HCO + O2  CO + HO2 5.3 × 10–12 0 0 [21]
28 HCO + HCO  CH2O + CO 3.0 × 10–11 0 0 [22]
29 CH2O + M  HCO + H + M 9.1 × 10–9 0 75.0 [24]
30 CH2O + M  CO + H2 + M 4.2 × 10–8 0 71.5 [24]
31 CH2O + OH  HCO + H2O 5.8 × 10–15 1.18 – 0.4 [21]
32 CH2O + H  HCO + H2 3.8 × 10–14 1.05 3.3 [21]
33 CH2O + O  HCO + OH 6.9 × 10–13 0.57 2.8 [21]
34 CH2O + O2  HCO + HO2 3.4 × 10–11 0 39.0 [22]
35 CH2O + HO2  HCO + H2O2 3.3 × 10–12 0 11.7 [22]
36 CH2O + CH3  CH4 + HCO 9.1 × 10–21 2.81 5.9 [22]
37 CH4  CH3 + H 4.0 × 1014 0 105.7 [25]**
38 CH4 + H  CH3 + H2 2.2 × 10–20 3.0 8.0 [21]
39 CH4 + OH  CH3 + H2O 2.6 × 10–17 1.83 2.8 [21]
40 CH4 + O  CH3 + OH 1.1 × 10–15 1.56 8.5 [21]
41 CH4 + CH  C2H4 + H 1.0 × 10–10 0 0 [25]
42 CH4 + O2  CH3 + HO2 6.6 × 10–11 0 56.9 [21]
43 CH4 + CH2  CH3 + CH3 3.0 × 10–10 0 14.4 [26]
44 CH4 + HO2  CH3 + H2O2 1.5 × 10–11 0 24.6 [21]
45 CH3 + M  CH2 + H + M 3.2 × 10–8 0 91.4 [27]
46 CH3 + M  CH + H2 + M 1.7 × 10–8 0 85.3 [28]
47 CH3 + HO2  CH3O + OH 3.0 × 10–11 0 0 [21]
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Table 1.  (Contd.)

No. Reaction A n Ea Reference

48 CH3 + OH  CH2O + H2 5.3 × 10–12 –0.53 10.8 [29]
49 CH3 + OH  CH2 + H2O 2.5 × 10–11 0 5.0 [30]
50 CH3 + OH  CH3O + H 9.6 × 10–12 –0.23 13.9 [29]
51 CH3 + OH  CH2OH + H 4.4 × 10–5 –1.8 8.1 [29]
52 CH3 + O  CH2O + H 1.4 × 10–10 0 0 [21]
53 CH3 + O2  CH3O + O 3.8 × 10–11 0 30.6 [31]
54 CH3 + O2  CH2O + OH 5.5 × 10–13 0 8.9 [21]
55 CH3 + HCO  CH4 + CO 2.0 × 10–10 0 0 [22]
56 CH3 + H  CH2 + H2 1.0 × 10–10 0 15.1 [21]
57 CH3 + CH2  C2H4 + H 6.9 × 10–11 0 0 [21]
58 CH3 + CH3  C2H5 + H 5.3 × 10–11 0 13.5 [21]
59 CH3O + M  CH2O + H + M 8.9 × 10–11 0 13.5 [32]
60 C2H6  CH3 + CH3 1.0 × 1016 0 87.9 [33]**
61 C2H6  C2H5 + H 1.1 × 1016 0 98.1 [33]**
62 C2H6 + CH3  C2H5 + CH4 2.6 × 10–31 6.0 6.1 [21]
63 C2H6 + H  C2H5 + H2 2.4 × 10–15 1.5 7.4 [21]
64 C2H6 + OH  C2H5 + H2O 1.2 × 10–17 2.0 0.9 [21]
65 C2H6 + O  C2H5 + OH 1.7 × 10–15 1.5 5.8 [21]
66 C2H6 + O2  C2H5 + HO2 1.0 × 10–10 0 51.9 [21]
67 C2H6 + HO2  C2H5 + H2O2 2.2 × 10–11 0 20.5 [21]
68 C2H5  C2H4 + H 5.0 × 1013 0 40.9 [34]
69 C2H5 + O  CH3CHO + H 1.3 × 10–10 0 0 [22]
70 C2H5 + O  CH2O + CH3 2.7 × 10–11 0 0 [22]
71 C2H5 + H  C2H4 + H2 3.0 × 10–12 0 0 [22]
72 C2H5 + O2  C2H4 + HO2 1.4 × 10–12 0 3.9 [22]
73 C2H5 + O2  CH3CH2O + O 1.9 × 10–11 –0.2 27.93 [35]
74 C2H5 + HO2  C2H4 + H2O2 5.3 × 10–13 0 0 [22]
75 C2H5 + OH  C2H4 + H2O 4.2 × 10–11 0 0 [22]
76 C2H4 + M  C2H2 + H2 + M 5.8 × 10–8 0 71.5 [25]
77 C2H4 + M  C2H3 + H + M 4.3 × 10–7 0 96.6 [25]
78 C2H4 + O  CH3 + HCO 2.2 × 10–16 1.55 0.6 [22]
79 C2H4 + O  C2H3 + OH 6.6 × 10–10 0 18.9 [36]
80 C2H4 + O  CH3CO + H 5.8 × 10–11 0 2.8 [36]
81 C2H4 + O  CH2 + CH2O 3.0 × 10–11 0 4.0 [33]
82 C2H4 + H  C2H3 + H2 8.9 × 10–10 0 14.9 [21]
83 C2H4 + OH  C2H3 + H2O 3.4 × 10–11 0 5.9 [21]
84 C2H4 + HO2  CH3CHO + OH 1.0 × 10–14 0 7.9 [22]
85 C2H4 + CH3  CH4 + C2H3 2.2 × 10–11 0 11.1 [21]
86 C2H3 + M  C2H2 + H + M 6.9 × 1017 –7.5 45.5 [21]
87 C2H3 + O  CH2CO + H 1.6 × 10–10 0 0 [22]
88 C2H3 + H  C2H2 + H2 2.0 × 10–11 0 0 [21]
89 C2H3 + OH  C2H2 + H2O 5.3 × 10–11 0 0 [22]
90 C2H3 + O2  C2H2 + HO2 2.0 × 10–13 0 0 [22]
91 C2H3 + O2  CH2O + HCO 8.9 × 10–12 0 0 [21]
92 C2H3 + CH3  C2H2 + CH4 3.3 × 10–11 0 0 [37]
93 C2H2 + OH  C2H + H2O 2.4 × 10–20 2.68 12.0 [22]
94 C2H2 + OH  CH3 + CO 7.9 × 10–28 4.0 –2.0 [38]
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Table 1.  (Contd.)

No. Reaction A n Ea Reference

95 C2H2 + OH  CH2CO + H 3.6 × 10–28 4.5 –1 [38]
96 C2H2 + O  HCCO + H 6.6 × 10–10 0 10.7 [39]
97 C2H2 + O  CH2 + CO 2.6 × 10–10 0 9.9 [39]
98 C2H2 + O  C2H + OH 6.6 × 10–9 – 0.6 15.0 [40]
99 CH2 + O2  HCO + OH 2.8 × 10–3 –3.3 2.9 [41]

100 CH2 + O2  CO2 + H + H 5.5 × 10–2 –3.3 2.9 [41]
101 CH2 + O2  CO + H2O 3.7 × 10–2 –3.3 2.9 [41]
102 CH2 + O  CO + H + H 1.0 × 10–10 0 0 [21]
103 CH2 + OH  CH2O + H 3.0 × 10–11 0 0 [22]
104 CH + O2  CO + OH 8.3 × 10–11 0 0 [42]
105 CH3OH + M  CH3 + OH + M 1.1 × 10–7 0 65.7 [25]
106 CH3OH + OH  CH2OH + H2O 2.4 × 10–18 2.0 –0.8 [43]
107 CH3OH + OH  CH3O + H2O 6.0 × 10–13 0.7 5.9 [44]
108 CH3OH + O  CH2OH + OH 5.8 × 10–11 0 5.5 [45]
109 CH3OH + H  CH2OH + H2 5.6 × 10–11 0 2.6 [43]
110 CH3OH + H  CH3 + H2O 3.3 × 10–10 0 5.3 [46]
111 CH2OH + M  CH2O + H + M 7.2 × 10–9 0 30 [46]
112 CH2OH + O2  CH2O + HO2 2.0 × 10–12 0 0 [47]
113 CH3CHO  CH3 + HCO 1.2 × 10–8 0 81.7 [22]
114 CH3CHO + H  CH3CO + H2 6.8 × 10–15 1.16 2.4 [21]
115 CH3CHO + OH  CH3CO + H2O 5.6 × 10–12 0 –0.6 [21]
116 CH3CO + M  CH3 + CO + M 1.4 × 1019 –8.62 22.4 [22]
117 CH3CO + OH  CH2CO + H2O 2.0 × 10–11 0 0 [22]
118 CH3CO + H  CH2CO + H2 1.7 × 10–11 0 0 [48]
119 CH2CO + H  CH3 + CO 3.0 × 10–11 0 0 [49]
120 CH2CO + H  HCCO + H2 3.0 × 10–10 0 8.6 [33]
121 CH2CO + OH  CH2OH + CO 8.3 × 10–12 0 0 [33]
122 HCCO + M  CH + CO + M 1.1 × 10–8 0 58.8 [39]
123 HCCO + OH  H2O + C2O 5.3 × 10–11 0 0 [26]
124 HCCO + OH  CO + CO + H2 1.7 × 10–10 0 0 [33]
125 HCCO + O  CO + CO + H 1.6 × 10–10 0 0 [21]
126 HCCO + H  CH2 + CO 2.5 × 10–10 0 0 [39]
127 CH2 + O  CH + OH 5.0 × 10–10 0 11.9 [25]
128 CH2 + OH  CH + H2O 1.7 × 10–11 0 0 [13]
129 CH2 + H  CH + H2 2.34 × 10–10 0 0 [29]
130 CH + O2  CO + OH 8.32 × 10–11 0 0 [13]
131 CH + O2  CHO + O 1.66 × 10–11 0 0 [50]
132 CH + O  CHO+ + e– 1.5 × 10–13 0 0 [13]
133 CHO+ + H2O  H3O+ + CO 1.5 × 10–8 0 0 [18]
134 H3O+ + e  H2O + H 7.6 × 10–2 –1.6 0 [11, 51]
135 NaCl + M  Na + Cl + M 8.3 × 10–10 0 80 [52]
136 Na + M  Na+ + e + M 3.1 × 10–9 0.5 118.0 [53]
137 NaCl + M  Na+ + Cl– + M 8.2 × 10–2 –2.0 134.0 [54]
138 H3O+ + Na  Na+ + H2O + H 1.1 × 10–8 0 0 [55]

  * The rate constants are represented as k = ATnexp(–Ea/RT). The dimension of the preexponential factor A is cm3 s, and the dimension
of the activation energy Ea is kcal/mol.
** The rate constants of the monomolecular reactions in the transition pressure range were calculated using the procedure presented in [56].
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CALCULATED IONIZATION KINETICS

Ionization was numerically simulated for the four
mixtures listed in Table 2 at temperatures of 1900 to
3200 K. For the sake of demonstrativeness, the calcula-
tions were carried out for the same conditions as in par-
ticular runs. In Fig. 1, the experimental electron con-

centration profiles obtained near 2250, 2500, and
2750 K are compared with the profiles calculated for
the same conditions. (For brevity, just these tempera-
tures, which differ from the true temperatures by 10–
20 K, are indicated in the caption to Fig. 1.)

The kinetic curves calculated for mixture 2 at T =
2740 K are plotted in Figs. 2 and 3. Figure 2 presents
the calculated concentration profiles for the most abun-
dant neutral species—CH4, ëç3, ëç2, ëç, é2, and
O—and the calculated time dependence of the ioniza-
tion rate (w). The concentrations of the radicals ëç3,
Cç2, and CH successively reach their maximum val-
ues, which are 3.30 × 1015, 9.00 × 1013, and 1.35 ×
1013 cm–3 at t = 4.5, 8.0, and 10.5 µs, respectively. The
highest ionization rate, wmax = 5.8 × 1015 cm–3 s–1, is
reached at t = 20 µs. Under these conditions, the con-
version of the initial compound is almost complete in
50 µs. By this point in time, the ionization rate
decreases by one order of magnitude relative to its max-
imum, indicating that chemical ionization is also com-
plete.

Figure 3 shows the concentration profiles of the
main charged species—ëçé+, H3O+, and Na+ ions and
electrons—and the time dependence of the ionization
rate calculated for mixture 2 and the corresponding
experimental electron concentration curve. Clearly, the
ëçé+ ion forms first, whose concentration peaks in
8 µs, earlier than the concentrations of the other ions.
However, because of rapid recharging yielding ç3é+,
the ëçé+ concentration is not high, its maximum value
being 8.7 × 108 cm–3. The concentration of ç3é+ ions,
whose maximum formation rate is 7.0 × 1016 cm–3 s–1

and coincides in time with the ëçé+ concentration
peak, reaches its maximum value of 9.3 × 1010 cm–3 at
t = 40 µs. The fact that the ç3é+ formation rate is
nearly one order of magnitude higher than the ioniza-
tion rate is explained by the occurrence of the rapid
reverse reaction.

Table 2.  Compositions of the mixtures examined in ioniza-
tion kinetic experiments

Mixture 
number [CH4], % [O2], % T, K α

1 0.75 3.0 2200–2850 2.0

2 0.5 2.0 2170–3140 2.0

3 0.2 0.8 2500–3000 2.0

4 0.5 1.5 1980–3100 1.5
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Fig. 2. Calculated profiles of the neutral species concentra-
tion and ionization rate (dashed line) at T = 2740 K for mix-
ture 2: (1) O2 (m = 16), (2) CH4 (m = 15), (3) CH3 (m = 15),
(4) CH2 (m = 13), (5) CH (m = 12), and (6) O atom (m = 15).
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At the point of maximum electron concentration, the
N‡+ concentration is 2.9 × 109 cm–3, which is more than
one order of magnitude lower than the ç3é+ concentra-
tion. Due to this circumstance, the electron and ion con-
centration peaks are nearly equal in magnitude and
almost coincide in time.

After passing through the maximum, the ç3é+ con-
centration begins to decrease mainly because of the
recombination reaction (III). As this takes place, the
concentration of Na+ ions, which form at a rate of ~2 ×
1014 cm–3 s–1, gradually increases to become compara-
ble with the highest H3O+ concentration. For example,
at t = 200 µs, the Na+ concentration is 3.6 × 1010 cm–3.
As a consequence, the electron concentration, gradu-
ally decreasing from its maximum value, passes
through a minimum (4.2 × 1010 cm–3) at t = 150 µs and
begins to grow again, tending to its equilibrium value.
Note that, under the given conditions, the equilibrium
electron concentration is determined primarily by the
presence of sodium in the mixture and is ~2.5 ×
1011 cm–3.

The calculated electron concentration profiles were
processed in the same way as the experimental profiles
to determine the maximum ionization rate wmax, the
induction period τi, the maximum electron concentra-
tion time τmax, and the maximum electron concentration
nmax. In Figs. 4–6, the dashed lines represent the calcu-
lated temperature dependences of the process parame-
ters and are compared with experimental data. The
solid lines represent relationships (1)–(4). Clearly, all
of the calculated dependences differ insignificantly
from their experimental counterparts and the discrep-
ancy does not exceed the spread of the experimental
data. The calculated temperature dependence of the
maximum electron concentration time almost coincides
with the corresponding experimental dependence.

RESULTS AND DISCUSSION

The calculations revealed the following features of
the development of the process:

(1) At the initial stage of the process, electrons result
almost solely from reaction (I) (no. 132 in Table 1).

(2) The resulting ëçé+ ion reacts rapidly with
water (reaction (II), no. 133 in Table 1). This yields the
ç3é+ ion, which is the most abundant at the initial
stage of the process.
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the ionization rate at T = 2740 K.
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Fig. 4. Experimental temperature dependences of (1–4) the
induction period of ionization and (5–8) the maximum elec-
tron concentration time for methane oxidation in mixtures
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(3) 3, and (4) 4. The solid line is the plot of relationship (4),
and the dashed line represents the data calculated using the
kinetic scheme.
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(3) The electron concentration maximum almost
coincides in time with, and is approximately equal in
magnitude to, the ç3é+ concentration peak.

(4) The maximum electron concentration time
nearly coincides with completion of the chemical con-
version of the initial reactant (methane).

(5) After passing through the maximum, the electron
concentration falls to some minimum value because of
recombination and then begins to increase owing to the
continuing ionization of sodium.

The results of the numerical calculations of chemi-
cal ionization in methane oxidation provide a qualita-
tive description for the time variation of the electron
concentration. They confirm the existing view that the
primary ionization event in hydrocarbon combustion is
the associative ionization reaction (I). The calculated
dependences of the parameters of the electron concen-
tration profile on temperature and on the initial methane
concentration in the mixture are close to the corre-
sponding experimental dependences. Among the
hydrocarbon oxidation processes, high-temperature
methane oxidation has been investigated most exten-
sively. Its mechanism is understood most comprehen-
sively and is widely used in numerical simulation of
various combustion processes involving saturated
hydrocarbons. Although the base methane oxidation
scheme used in this study was intended for describing
ignition delay data [19], it was successfully used for
another process in a much wider temperature range (for
the late stages of the process). This points to the high
reliability of the numerous earlier studies that dealt
with the set of reactions necessary for describing meth-
ane combustion and with the rate constants of these
reactions.

In the description of the late stages of ionization in
shock waves, when a secondary increase in the electron
concentration takes place, we used the concept of impu-
rity (sodium salt) ionization. This process or a similar
one definitely occurs in shock waves, as is evident from
the data available on impurities in shock tubes [52].
However, we cannot claim with absolute certainty that
it is this process that dominates at the stage of the sec-
ondary electron concentration rise. Other processes are
also possible, including processes that involve pump
oil, which are more difficult to take into account. Nev-
ertheless, it is clear that the secondary increase in the
electron concentration is independent of ionization
associated with methane oxidation, because it begins
after methane is completely burnt. It can be stated that
the chemical ionization wave, which is characterized by
an electron concentration peak, is followed by an impu-
rity ionization wave, which is most likely due to the
thermal ionization of sodium.

Thus, from the good qualitative agreement between
the calculated and observed electron concentration pro-
files and from the coincidence between the calculated
and observed dependences of the parameters of these
profiles on temperature and on the initial methane con-
centration, we infer that the present-day notion of com-
bustion kinetics and ionization in hydrocarbons pro-
vides a correct description of this process. Since there
are some discrepancies between the experimental and
calculated characteristics of ionization, the kinetic
model of hydrocarbon combustion needs further refine-
ment. Therefore, kinetic studies of combustion-induced
ionization are a helpful extra source of information
about hydrocarbon combustion and thus contribute to
the fundamental knowledge of this process.
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