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Abstract—A kinetic model is constructed for ignition initiated by nonequilibrium gas-discharge plasma in the
hydrogen—oxygen system. The model takes into account the effect of the electric field on the dissociation of
molecules and on the buildup of active radicals, excited species, and charged species (electrons and positively
and negatively charged ions). It is demonstrated by mathematical modeling that the induction period depends
strongly on the reduced strength of the electric field (electron temperature). Four reduced kinetic networks are
considered, and various components and reactions are shown to exert an effect on the nonthermal initiation of
ignition in the H,—O, system by low-temperature plasma.

The mechanism of the gas-phase oxidation of vari-
ous combustible gases, including hydrocarbons and
hydrogen, has been thoroughly studied (see, e.g.,
[1-8]), with the emphasis on their ignition mechanism.
The great majority of publications in this field have
dealt with factors determining the induction period pre-
ceding the ignition event. In recent decades, there has
also been much literature discussing the possibility of
effectively controlling combustion processes by vari-
ous physical means. For example, Semenov [9] studied
the broadening of the inflammability range of the
hydrogen—oxygen mixture under the action of short-
wave radiation or oxygen atoms. Furthermore, it has
been experimentally demonstrated that, under the
action of ultraviolet radiation (A < 175 nm), the inflam-
mability “peninsula” broadens and shifts to lower tem-
peratures [10]. In a number of works, it is suggested to
initiate ion-molecule and ion—atom reactions using
low-temperature gas-discharge plasma [11, 12]. In the
same works, plasma jets and laser radiation are dis-
cussed as possible ignitors for supersonic hydrocarbon
streams. Numerical analysis and experimental studies
of the ignition of argon- or helium-diluted H,-O,,
H,—air, and CH,~O, mixtures with a nanosecond high-
voltage discharge at various temperatures, mixture
compositions and pressures, and energies deposited in
the discharge have revealed marked distinctions
between the equilibrium and nonequilibrium excita-
tions of the mixtures [13]. The effects of the initial con-
centration of free radicals (H and O atoms) and of the
radiolysis rates of dihydrogen and dioxygen on the
ignition limits of the stoichiometric hydrogen—oxygen
mixture have been studied by numerical simulation
[14]. The ignition temperature near the first limit
appeared to be the most sensitive to the dihydrogen and
dioxygen radiolysis rates. Numerical simulation pre-

dicts that singlet oxygen O,(a'A,) will cause an
increase in the hydrogen—oxygen flame velocity [15].
This result is in qualitative agreement with experimen-
tal data. Furthermore, this promoting effect is predicted
to be nonlinear: doubling the amount of singlet oxygen
increases the calculated flame propagation rate only by
one-third. The ignition of various hydrocarbon-con-
taining combustible mixtures by laser heating or laser-
induced breakdown has been studied as a function of
gas pressure and laser wavelength [16-18]. Although
this laser treatment exerts a strong effect on the ignition
of the mixture, it suffers from an essential drawback as
applied to hypersonic ramjets: it is impossible to ini-
tiate ignition in a large volume.

A cursory survey of the literature has demonstrated
that there are numerous ways of intensifying the chain
combustion of hydrocarbons. However, the ignition
kinetics is not completely understood even for the
rather simple model hydrogen—oxygen system under
low-temperature gas-discharge plasma conditions,
which are established at large values of the reduced
electric field. Therefore, for deeper insight into the
physicochemical processes occurring in the low-tem-
perature plasma initiation of the ignition of a combusti-
ble gas, the experimental study of the effect of a gas dis-
charge on the ignition event should be accompanied by
mathematical modeling. The study of the ignition and
combustion of hydrogen-containing mixtures under
low-temperature plasma conditions is of importance
from various standpoints: it is necessary to carry out
both fundamental research in the mechanism and kinet-
ics of atom—molecule reactions in a strong electric field
and the analysis of a variety of applied problems,
including the optimization of plasma chemical pro-
cesses. One practical problem is to develop the physical
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principles of the hypersonic ramjet. In order to diminish
the ramjet length, it is necessary to ensure a rapid space
ignition of the high-velocity hydrocarbon flow. To do
this, it is necessary to minimize the induction period.

The following important questions should be
answered for the successful application of gas dis-
charges in supersonic plasma aerodynamics:

What type of gas discharge will ensure the quickest
and most perfect mixing of the supersonic hydrocarbon
flow with air?

Is a gas discharge capable of quickly and reliably
igniting a supersonic stream of a gaseous fuel?

Is it possible to ensure, using a gas discharge, the
stable and complete burning of the fuel at the minimum
possible electric energy supply to the supersonic flow?

Here, using the hydrogen—oxygen system as a
model, we consider the mechanism of the ignition of a
gaseous fuel with nonequilibrium gas-discharge
plasma. A combustible gas mixture can be ignited
either by heating it to a high temperature (autoignition)
or by the nonthermal buildup of free radicals and active
species using an external source of energy. The main
purpose of this study is to determine the mechanism
that is responsible for the ignition of a gas fuel in the
presence of nonequilibrium discharge plasma at a high
reduced strength of the electric field. Other important
tasks of this study are to evaluate the effect of discharge
parameters on the ignition kinetics of the gaseous fuel
and to simulate the combustion of the fuel under the
action of a discharge.

EXPERIMENTAL

In our laboratory, we initiate ignition with dc dis-
charges (either longitudinal or transverse to the super-
sonic flow), periodic pulsed discharges [19], radio-fre-
quency electrode discharges, and space [20] and sur-
face [21] microwave discharges. Initially, the effect of
low-temperature plasma on the combustion kinetics of
a gaseous fuel was experimentally studied for a super-
sonic propane-butane—air flow with a Mach number of

Our experimental setup consists of a cylindrical vac-
uum chamber with an inner diameter of 1 m and a
length of 3 m, a high-pressure air receiver, a high-pres-
sure propane—butane receiver, a system for mixing the
propane—butane mixture with air, a system for produc-
ing a supersonic propane—butane—air flow, an aerody-
namic channel, a discharge section, three plasma gener-
ators, a pulsed high-voltage power supply, a synchroni-
zation system, and a diagnostic system. The air flow
rate can be varied between 25 and 100 g/s; the propane—
butane flow rate, between 1 and 8 g/s. The basic part of
this setup is the vacuum chamber, which serves to pro-
duce a supersonic flow and is a reservoir for the exhaust
gases and combustion products. The vacuum system
allows operation in a wide pressure range of P = 10’—
10° Pa. We used three types of gas discharge for igni-
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tion: unconfined localized microwave discharge [22],
surface microwave discharge [23], and pulsed trans-
verse electrode discharge [24]. The ignition of the
supersonic stream was detected as a glow in the aerody-
namic channel downstream of the discharge section. No
glow was observed when a gas discharge was generated
in an air flow, when it was generated in a supersonic
propane-butane—air flow but its parameters (pulse
duration, discharge current, electric field strength in the
plasma, and the electric power deposited in the dis-
charge) were inappropriate for ignition, or when the
mixture was far from stoichiometric. Induction time
was simultaneously derived from different measure-
ments: (1) the minimum microwave pulse duration
resulting in a glowing flame in the aerodynamic chan-
nel downstream of the discharge section; (2) the time
taken by the intensity of the molecular band of the

excited CH' radical (the (0;0) band due to the A2A —»

X’r transition), with an edge wavelength of A =
431.5 nm, to achieve the maximum growth rate; (3) the
time taken by the signal from the double probe to
achieve the maximum growth rate; and (4) the time
taken by the current through the plane capacitor at the
outlet of the aerodynamic channel to achieve the maxi-
mum growth rate. The ignition of the supersonic flow
was also detected as an increasing output signal from an
acoustic noise meter. The ignition of the hydrocarbon
fuel in the supersonic flow several times raised the
noise level measured by the microphone.

Different discharges afford different degrees of gas
ionization at the same specific power deposited. The
electric energy supplied is nonuniformly distributed
among the internal degrees of freedom of the molecular
gas. This distribution depends strongly on the reduced
strength of the electric field, which, in turn, is deter-
mined by the electrodynamics of the discharge. Exper-
iments have demonstrated that a periodic pulsed elec-
trode discharge causes ignition only at a pulse duration
of T> 150 us. The ignition of a supersonic propane—
butane—air flow with an unconfined localized micro-
wave discharge is possible at T = 25 ps, and the ignition
of the same mixture with a surface microwave dis-
charge takes place almost immediately after the micro-
wave generator is turned on. At high reduced field
strengths (E/n > 10" V ¢cm?), more than 50% of the
power deposited in the discharge is spent for the excita-
tion, dissociation, and electron-impact ionization of
molecules followed by the generation of reactive free
radicals [25]. Since the self-sustained microwave dis-
charge takes place at high reduced field strengths [20,
26], it produces more active species than the electrode
discharge. This must exert a strong effect on the kinet-
ics of the processes involving active radicals to shorten
the induction period.

Our results lend credence to the finding that, at a
high reduced strength of the electric field, the gas in
microwave plasma is rapidly heated at a rate of d7,/dr =
107-10% K/s and its molecules achieve a high degree of
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dissociation (8 = 50%) [27-30]. This favors a quick
ignition of the fuel. Therefore, we consider it necessary
to thoroughly study the effects of the charged and active
species rapidly generated in the discharge on the igni-
tion delay time and hydrocarbon combustion efficiency.

MATHEMATICAL MODEL

A mathematical model was constructed for a
motionless hydrogen—oxygen mixture. In order to
determine the roles of various reaction channels in the
ignition of the combustible mixture, we developed a
kinetic model including 29 components and 241 for-
ward and back reactions (Tables 1-4). We took into
consideration the neutral unexcited species H,, O,, H,
O, OH', HO,, H,0,, H,0, and O;; the electronically
excited oxygen molecules O,(a) and O,(b); the posi-
tively charged ions O*, O, O, , H*, H, , H; , H; , OH*,
H,0*, H;0%, and O;H; ; the negatively charged ions O,
0,, 05, O,, H, and OH™; and electrons (e). Tables 1
and 2 list the reactions included in the model as well as

the coefficients (A*, m*, and E*) determining the tem-
perature-dependent rate constants of the forward (+)

and back (-) reactions kt = A* Tmi exp(E*/T). Table 3

lists the rate constants k™ = A* T;"e exp(E: /T.) depend-
ing on the electrode temperature 7., and Table 4 lists the

rate constants k* = A*exp(E,/0) depending on the

reduced field strength 0. The rate constants were

derived from data reported in earlier works [7, 31-41].
_ m?’r -1

The constants &* have dimensions of (cm? mol ") s,

E* and T have dimensions of K, E, and 7T, have

dimensions of eV, and E:; and O have dimensions of

10719V cm?. If the necessary data for a back reaction
were not found in the literature, the rate constant of

- k (RT) e i
RInK, iA(I)? (T) - AH? (0)/T, where R is the universal
gas constant, Am,; is the change in the number of react-

ing molecules, and A®)(T) and AH!(0) are the
changes in the reduced Gibbs energy and enthalpy at

T = 0 K for the ith reaction. The AH? (0) values and

this reaction was calculated as k;

polynomials for calculating A@? (T) can be found in
[42]. In Tables 1-4, we use the following contracted
notation: 2.1(15) should be understood as 2.1 x 103,

O,(a) = Ox(a'A,), and O,(b) = Oy(b' %y ).

The model of the ignition of the hydrogen—oxygen
mixture is based on a set of equations describing the
oxidation processes in this mixture. This set of equa-
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tions includes an energy equation, a particle density
(concentration) equation, and a state equation:

M,
CL_I;I =0, H-= NZY(ho, Tol+ JCP sz]

i=1 T,

dy’ = G- V,ZGk,

M, _

- Y G gk,

q=1

R, = ij(NynZ)“'i"’, N NZ Gy

j=1 k=1

Here, v; is the mole fraction of the ith component, N is
the total concentration (mol/cm?), C p ;18 the molar heat
capacity of the ith component at a constant pressure,
ho.[To] is the enthalpy of formation of the ith compo-
nent at 7, = 298 K, M, is the total number of compo-

nents, kj is the constant of a reaction involving the ith
component, M, is the total number of such reactions,

+ z - . .
and oy, and o, are stoichiometric coefficients.

RESULTS AND DISCUSSION

For a gas-discharge ignition of fuel in a hypersonic
ramjet, a large space discharge should be generated in
the combustor. The microwave discharge is ideally
suited for this purpose: it can produce plasma of vol-
ume 10'-10° cm? [21], depending on experimental con-
ditions. In this case, when constructing a mathematical
model in the first approximation, one can neglect the
concentration and temperature gradients in the space
discharge plasma. Therefore, taking into account the
effect of the low-temperature plasma on the ignition of
the hydrogen—oxygen mixture in the one-dimensional
approximation seems to be an appropriate first step in
the elucidation of the mechanism of this process under
homogeneous gas discharge conditions, although this
approximation may be rough.

Initially, we simulated the autoignition process. Cal-
culations were carried out on the basis of a kinetic net-
work including 9 components and 60 reactions (Table 1)
for various temperatures 7}, and mixture compositions

¢. The quantity ¢ = (Yy,/Yo,)/(Yn,/Yo, )« 1s the ratio of

the mole fraction of hydrogen in a given mixture to the
mole fraction of hydrogen in the stoichiometric mix-
ture. The data referring to 7;, = 900 K, P, = 0.1 MPa,
and ¢ = 1 are presented in Fig. 1. At the early stages of
the process (# = 0-1 ms), when the gas temperature is
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Table 1. Reaction rate constants depending on gas temperature T, k= = AT exp(E*/T)

KONSTANTINOVSKII et al.

No. Reaction AT m* E* A m- E Reference
1 |HLO+M=H+OH +M | 124 22 ~59000 2.2(22) -2 0 (7]
2 |[Hy+M=2H+M 2.2(14) 0 —48300 9(17) -1 0 ”
310,+M=20+M 2.6(18) 0 -59580 1.1(14) -1 900 ”
4 |OH +M=H+0+M 8.5(18) -1 -50830 7.1(18) -1 0 ”
5 |0+H,0=20H" 5.8(13) 0 -9059 5.3(12) 0 -503 ”
6 |H,+0,=20H" 1.7(15) 0 —24200 1.7(13) 0 ~24100 ”
7 |HO, +M=H+0,+M 2.1(15) 0 —23000 1.5(15) 0 500 ”
8 |20H =H+HO, 1.2(13) 0 —20200 2.5(14) 0 -950 ”
9 |H,0,+M=20H +M 1.2(17) 0 —22900 9.1(14) 0 2650 ”

10 [2HO, =0, + H,0, 1.8(13) 0 -500 3(1)3 0 ~21600 ”
11 [03+M=0+0,+M 4(14) 0 ~11400 6.9(12) 1050 ”
12 |0 +0;=20, 1.1(13) 0 -2300 1.2(13) ~50500 ”
13 |HO, + 0;=20,+OH’ 2(10) 0 ~1000 ki ”
14 |0+H,=H+OH’ 1.8(10) 1 —4480 8.3(9) 1 -3500 ”
15 |0 +H,0=H+ HO, 4.8(11) 037 | —28743 1(13) 0 -540 ”
16 {0,+H,0=0H" + HO, 1.5(15) 0.5 -36600 3(14) 0 0 ”
17 |OH" +H,0 = H, + HO, 7.2(9) 043 | -36100 6.5(11) 0 -9400 ”
18 |OH  + HO, =0+H,0, | 5.2(10) 0.5 ~10600 2(13) 0 —2950 ”
19 |0, + H,0 = O + H,0, 3.4(15) 0.5 —44800 8.4(11) 0 ~2130 ”
20 |H+0;=0,+O0H" 2.3(11) 0.75 0 4.4(7) 1.44 | -38600 ”
21 |H,+0;=0H  + HO, 6(10) 0 ~10000 ky, ”
22 |[H+0,=0+0H" 2.2(14) 0 -8455 1.3(13) -350 ”
23 |H+H,0=H,+OH" 8.4(13) 0 -10116 2(13) ~2600 ”
24 |H,+0,=H+ HO, 1.9(13) 0 ~24100 1.3(13) 0 ”
25 [0,+0H =0+ HO, 1.3(13) 0 —28200 5(13) -500 ”
26 |H+H,0,=H,+ HO, 1.7(12) 0 ~1900 6(11) -9300 ”
27 |H+H,0,=0H +H,0 5(14) 0 ~5000 2.4(14) —40500 ”
28 |H,0 + HO, =OH' +H,0,| 1.8(13) 0 ~15100 1(13) -910 ”
29 |OH" +0;=0,+ HO, 9.6(11) 0 ~1000 9(8) 0 ”
30 |0 +20,=0,+0; 3.1(17) -1.25 0 1(15) 0 ~11400 [32]
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Table 2. Reaction rate constants depending on gas temperature T, k = AT exp(E/T)
No. Reaction At m* E* Reference
31 20 + 0, = 0, + O,(a) 8.9(16) -0.63 0 [32]
32 20 + 0, = 0, + Oy(b) 8.9(16) -0.63 0 ”
33 HO, +M=H+ 0ya) +M 6.9(14) 0 —23000 [31]
34 HO, + M=H+ Oyb) + M 3.6(14) 0 -23000 ”
35 0;+M=0+0,a)+M 4(14) 0 —22790 ”
36 0;+M=0+0,b)+M 4(14) 0 -30384 ”
37 0 + 05 =0, + 0x(a) 1.2(13) 0 -2300 [32]
38 O+OH =H+0,(a) 5.8(12) 0 —6224 [31]
39 OH™ +05;=HO, + 04(a) 3.2(11) 0 ~1000 ”
40 OH™ +0;=HO, +O,(b) 1.6 (11) 0 ~1000 ”
41 H+HO, =H, + Oya) 6(12) 0 -1518 ”
42 HO, +03;=0H" + 0, + 0x(a) 6.6(9) 0 ~1000 ”
43 HO, +03=0H" + 0, + Oy(b) 3.4(9) 0 ~1000 ”
44 0, + 0,(a) = 20, 1.4(4) 0.8 0 [32]
45 05 + 04(a) = 0 + 20, 5.8(11) 0 —1564 ”
46 05 + 04(b) = 0 + 20, 1.1(13) 0 0 ”
47 H+O0ya)+M=HO, +M 1.5(15) 0 500 [31]
48 H+0,)b)+M=HO, +M 1.5(15) 0 500 "
49 0,a) +M=0+0+M 5.4(18) -1 —48008 ”
50 0,(0)+M=0+0+M 5.4(18) -1 —40415 ”
51 0,(a) + H,O=0OH +HO, 1.5(15) 0.5 ~-25209 ”
52 0,(b) + H,0=0H" +HO, 1.5(15) 0.5 -17616 ”
53 0,(a) + H,0 = O + H,0, 3.4(10) 0.5 -34079 ”
54 0,(b) + H,0 = 0 + H,0, 3.4(10) 0.5 27195 ”
55 O,(a) +OH =H+0; 4.4(7) 1.44 —27209 ”
56 O,(b)+ OH =H+ 04 4.4(7) 1.44 -19616 ”
57 0,(a) + O,(a) = O, + O,(b) 4.2(-4) 3.8 700 ”
58 0,(a) +0=0+0, 4.2(8) 0 0 ”
59 Oy(a)+H=0+OH’ 1.1(14) 0 -3188 ”
60 Oz(b)+H=O+OH' 1.1(14) 0 -1620 ”
61 O,(a)+H,=0H +O0H’ 1.7(15) 0 -17906 ”
62 0,(b)+H,=OH +OH’ 1.7(15) 0 -14657 ”
63 0,(a) + H,=H+HO, 2.1(13) 0 -18216 ”
64 0,(b) + H,=H + HO, 2.1(13) 0 -11508 "
65 0,(a)+ OH =0+HO, 1.3(13) 0 -17132 ”
66 O,(b)+ OH =0+HO, 1.3(13) 0 -10111 [31]
67 0,(a) + H,0, =HO, +HO, 3(13) 0 -10717 ”
68 0,(b) + H,0,=HO, +HO, 3(13) 0 -4510 ”
69 0y(a) + 0, =0+ 04 1.2(13) 0 -39732 ”
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Table 2. (Contd.)

No. Reaction At m* E* Reference
70 0,(b) + 0, =0+ 05 1.2(13) 0 -32761 ”
71 0,a)+H=0,+H 4.2(8) 0 0 ”
72 Oz(a) + 03 = 02 + 03 42(9) O O ”
73 Oz(a) + H2 = 02 + Hz 27(6) O O ”
74 Oz(a) + 02 = 02 + 02 1(6) O O ”
75 O,(a)+OH =0,+O0H’ 3.4(6) 0 0 "
76 0,(a) + H,0 = O, + H,0 3.4(6) 0 0 ”
77 0,(a) + HO, =0, + HO, 3.4(6) 0 0 ”
78 Oz(a) + H202 = 02 + H202 34(6) 0 0 ”
79 0y(a) + 03 =0, + 04 2.4(9) 0 0 ”
80 O,(b) + H=0,(a) +H 4.8(10) 0 0 ”
81 0,(b) + O = O,(a) + O 4.8(10) 0 0 ”
82 0,(b) + H, = O,(a) + H, 4.9(11) 0 0 ”
83 0,(b) + O, = O5(a) + O, 2.8(7) 0 0 ”
84 0,(b) + OH  =0,(a) + OH’ 4(12) 0 0 "
85 0,(b) + H,0 = O4(a) + H,0 4(12) 0 0 "
86 0,(b) + HO, = O,(a) + HO, 4(12) 0 0 ”
87 Oz(b) + H202 = 02(21) + H202 6(12) 0 O ”
88 Oz(b) + 03 = Oz(a) + 03 11(13) 0 0 ”
89 0,(a) +0O =0+ O, 6(13) 0 0 [32]
90 0,(a) + O; =20, + O, 6(13) 0 0 “
91 O,(b) + O} =20, + 0, 6(13) 0 0 ”
92 0,(a) + O, =20, + O, 6(13) 0 0 ”
93 Oy(b) + O, =20,+ O, 6(13) 0 0 !
94 0)a) +0 =05 +¢ 1.8(14) 0 0 ”
95 0,b)+0 =0+0,+¢ 4.2(14) 0 0 ”
96 0,(a) + O, =20, +e 1.2(14) 0 0 ”
97 O,(b) + O, =20, +e 32 2.2(14) 0 0 "
98 20,+0; =0,+ O, 7.425) -32 0 ”
99 0,+ 0, =20,+ 0, 1.6(28) -4 —-5030 ”

100 0J + 0; =20, 2.1(18) -0.5 0 ”

101 0, +0, =20+ 0, 6(16) 0 0 “

102 O + 0, =30 6(16) 0 0 [32]

103 0, + 05 =20 + O, 6(16) 0 0 ”

104 0, + 0} =30, 6(16) 0 0 ”

105 0 +0, =0+20, 6(16) 0 0 ”

106 0, + 0, =20, +0; 6(16) 0 0 ”

107 0"+ 0, =0+0, 2.1(18) -0.5 0 ”

108 0, + 0; =0, + 04 2.1(18) -0.5 0 ”
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Table 2. (Contd.)

No. Reaction At mt E* Reference
109 0"+0; =0+0, 2.1(18) -0.5 0 "
110 0 +0;, =0+0, 2.1(18) -0.5 0 ”
111 0 +0*=0+0 2.1(18) -0.5 0 “
112 0,+0"=0+0; 2(13) 0 ~0.00169 ”
113 0;+0'=0,+ 0, 6(13) 0 0 ”
114 O+0, =0;+0, 1.8(14) 0 0 ”
115 O +H,0=0;H} +0, 9(14) 0 0 [37]
116 H,0* + H,0 = H;0* + OH’ 1(15) 0 0 "
117 H,0" + 0, = 0, +H,0 2.6(14) 0 0 [41]
118 0"+0,+0=0,+0, 3.6(18) 0 0 [32]
119 2H, + H*=H, + H; 2(20) -0.5 0 [33]
120 2H, + H; =H, + H; 2.4(17) 0 0 ”
121 H,+H, =H+ H; 1.3(15) 0 0 ”
122 H+H, =H, + H* 3.9(14) 0 0 ”
123 H,+H*=H+H, 1.5(15) 0 0 ”
124 H, + H: =2H, + H; 2.4(11) 0 0 ”
125 20,+0 =0,+ 05 1.2(20) -1 0 [32]
126 0,+ 0; =20,+0" 9.8(23) ) 18260 “
127 0+0; =0;+0" 2.7(14) 0 -12025 “
128 0+0,=0,+0" 2(14) 0 0 ”
129 O+ 0, =20,+0" 1.8(14) 0 0 ”
130 0;+0, =0,+ 05 2.4(14) 0 0 ”
131 0;+0 =0+ 0, 3.2(14) 0 0 [32]
132 0,+0° =0+ 0, 2.7(14) 0 -12025 ”
133 0,+0; =05+ 0, 4(14) 0 ~18380 “
134 0+0;=0,+0, 1.9(14) 0 0 ”
135 0+0, =0,+ 05 2.4(14) 0 0 ”
136 H,0 + H = H, + OH" 2.3(15) 0 0 [37]
137 0,+ 0; +0; =053 +20, 1.1(29) -2.5 0 [32]
138 0,+ 0; +0, =05+ 0,+20 1.1(29) 25 0 ”
139 0,+ 0, + 0, =20, +20 1.1(29) 25 0 ”
140 0,+ 0, + 0, =30, 1.1(29) 2.5 0 ”
141 0,+ 0"+ 0, =0 +20, 1.1(29) 25 0 ”
142 0,+0 + 0, =0 +20, 1.1(29) 25 0 ”
143 0,+0 +0*=20+0, 1.1(29) 25 0 ”
144 0,+0"+ 0, =0,+ 04 1.1(29) 25 0 ”
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Table 2. (Contd.)

No. Reaction At m* E* Reference
145 0,+0 + 0, =0, + 04 1.1(29) 25 0 ”
146 0, + 0 +0*=20, 1.1(29) -2.5 0 ”
147 H*+H =Hn=2)+H 4.8(11) 0.83 0 [33]
148 H*+H =H(n=3)+H 1.9(18) -0.5 0 ”
149 H, +H =H+H, 2.1(18) -0.5 0 ”
150 H +H =2H, 2.1(18) -0.5 0 ”
151 H: + H =3H, 2.1(18) -0.5 0 ”
152 0+0 =0,+¢ 3(14) 0 0 (32]
153 0,+0 =05+e¢ 3(9) 0 0 ”
154 O+0, =0;+¢ 8.1(18) -2 0 ”
155 0,+ 0, =20, +¢ 9.4(12) 0.5 ~5590 ”
156 0,+0+0, =0;+0,+e 1.1(18) 0 0 ”
157 O +0;=20,+e 1.8(14) 0 0 [40]
158 0; +0,=03+0,+¢ 6(9) 0 0 [38]
159 0; +0;=30,+¢ 6(11) 0 0 ”
160 O+0; =20,+¢ 1.8(14) 0 0 (32]
161 H+H =H,+e 7.8(14) 0 0 [33]
162 OH +0=HO, +e 1.2(14) 0 0 (37]
163 OH +H=H,0+e 1.1(15) 0 0 (37]
164 H +H=H,+e 7.8(14) 0 0 ”
165 H +0,=HO, +e 7.2(14) 0 0 ”
166 0,+H,0+e=0, +H,0 3.6(17) 0 0 [39]
167 O;+e=0+0, 6(14) 0 0 (32]
168 O;+e=0,+0" 6(12) 0 0 ”
169 0+0,+e=0"+0, 3.6(16) 0 0 ”
170 0+0,+e=0+0, 3.6(16) 0 0 ”
171 0,+0;+e=0,+ O, 1.5(25) -2 0 ”
172 O;H; +H,0=H;0*+OH  +0, 1.8(14) 0 0 (38]
173 0, +H;0*=H,0+ 0, +H 1.2(18) 0 0 ”
174 0; +O03H, =0, +H,0+ 0, 4.2(18) -0.5 0 g
175 0, +H;0*=0,+H,0 + OH’ 4.2(18) -0.5 0 "
176 OH + H;0* = H,0 + H,0 4.2(18) -0.5 0 ”
177 OH + O;H; =H,0 + OH" +0, 4.2(18) -0.5 0 “
178 H™ + H;0* = H,0 + H, 4.2(18) -0.5 0 ”
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Table 3. Reaction rate constants depending on electron temperature 7T,, k* = A+T:l eexp(E;/ T,)

783

No. Reaction A* m; E, Reference
179 | 2e+H*=H(n) +e k79 [33]
180 |e+H; =H+H 1.8(19) -0.5 -1 "
181 e+ H; =3H 1.8(19) -0.5 -1 ”
182 | e+ H; =H+2H, 2.9(17) -0.5 0 ”
183 | O+e=0"+2e 4.8(10) -1 -13.617 [32]
184 0, +e=20 3.1(15) -1 0 ”
185 | O) +e=20, 1.3(17) 0 0 ”
186 | 05 +2e=0,+e 2.7(21) -4.5 0 "
187 | O*+2e=0+e 2.7(21) -45 0 ”
188 | Oy+e+ 0; =20, 2.4(17) 2.5 0 ”
189 | O,+e+0*=0+0, 2.4(17) 2.5 0 ”
190 | HO+e=H+OH +e 3.2(15) 0.5 -8 [34]
191 | H,0+e=OH*+H+2e 2.8(15) 0.5 -18 "
192 | HO+e=H,0" +2e 8.4(15) 0.5 -15 ”
193 | H,0+e=O0OH +H" 5.5(14) -1 -6.5 ”
194 | H,0+e=H,+0" 2.9(14) -1 -8.6 ”
195 | Hy+e=2H+e 2(16) 0.5 -8.8 [35]
196 | Hy+e=2e+H, 1.2(16) 0.5 -15.42 [33]
197 | Hy+e=H+H" 4.8(10) -1 -3.75 ”
198 | H+e=2e+H* 5.2(15) 0.5 -13.597 ”
199 | 2e+H, =2H+e 3.2(21) -4.5 0 ”
200 |2e+H; =H+H,+e 3.2(21) -4.5 0 ”
201 | 2e+H; =H+2H,+e 3.2(21) -4.5 0 "
202 |e+H =H+2e 1.2(17) 1.5 -1 ”
203 |e+0 =0+2¢ 2.4(16) 0 0 [35]
204 | Oy+e=2e+ 0, 7.8(15) 0.5 -12.2 [32]
2.3 % 1021n2 Iy
Note: ky79= ——33— %R » where e, = —— and Iy is the ionization potential of the hydrogen atom (eV).
T.(e,” +4.38¢e,’ +1.32e,) n'T,
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Table 4. Reaction rate constants depending on the reduced strength of the electric field 6, k* = A*exp(Eg/ 0)

No. Reaction Eg Reference
205 0,+e=0,a) +¢ ks [32]
206 0,+e=0,0b)+e ko6 ”
207 20,+e=0,+ 0 ksgy ”
208 O,+e=20+e¢ 3.1(16) -32.236 ”
209 0,+e=0+0" 3(14) -28.32 ”
210 O;+e=0+0,+e¢ 3.1(17) -32.236 ”
211 H,+e=H+2e+H" 9.5(14) -64.7 [33]

Notet iy = { 3.8 x 101143 exp(-0.8059/6), 0 < 4 o = { 3.8 101142 exp(~1.658/0), 0 <3 oy = (17.03 - 0.9066) x 1016

6.0x 10" exp(~11.973/0), 6> 4; 1.9x 10" exp(~13.82/0), 0> 3;

almost constant, reactive atoms and radicals build up,
determining the combustion dynamics. Later on, the
gas temperature rises sharply and the system passes to
anew thermodynamic state. The induction period under
these conditions is T;, = 1 ms. The induction period was
calculated as a function of the composition of the H,—
O, mixture at various temperatures. The ignition delay
turned out to depend on both the hydrogen-to-oxygen
ratio and gas temperature. As the temperature is raised,
the induction period shortens, no matter what the mix-
ture composition. At any temperature, the ignition
delay lengthens as the hydrogen-to-oxygen ratio either

Yi
10°

1
Uy

1074

1073
t, S

1073

1077

Fig. 1. Time dependence of component mole fractions (7y;)
for the autoignition of the stoichiometric (2 : 1) H,—O, mix-
ture with an instantaneous temperature rise to 7, = 900 K at
Py =10° Pa: (/) H, (2) O, (3) Hy, (4) O,, (5) OH, (6) H,0,
(7) HOz, (8) H202, and (9) 03.

increases or decreases relative to the stoichiometric
composition (¢ = 1).

The ignition of the hydrogen—oxygen mixture by
low-temperature gas-discharge plasma was analyzed
using a model taking into account the dissociation of
molecules and the formation of active radicals and
charged species. Considering that the gas temperature

Fig. 2. Time dependence of component mole fractions (7y;)

for the gas discharge—induced ignition of the stoichiometric
(2 : 1) Hy—O, mixture with an instantaneous temperature

rise to T = 900 K at Py = 10° Paand T, = 1.4 eV: (/) H,
(2) O, (3) Hyp, (4) O, (5) OH, (6) H,0, (7) HO,, (8) H,0,,

(9) O3, (10) e, (I1) HY, (12) H, , (I13) H; , (I4) H3 , (15) O,
(16) OF, (17) Ox(@'Ay). (18) 05, (19) O3, (20) Oy,

@I H, (22) Ox(b'5}), (23) O3, (24) Oy, (25) OHY,
(26) H,0%, (27) OH™, (28) H30%, and (29) O3H, .
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Tins> S

107%¢

Fig. 3. Effect of the gas discharge on the induction period
for the ignition of the stoichiometric (2 : 1) H,~O, mixture

at Py = 10° Pa with an instantaneous temperature rise to
Ty = (1) 800, (2) 900, (3) 1000, (4) 1100, and (5) 1200 K.

under microwave discharge conditions increases at a
rate of about 102 K/us, the process was simulated under
the assumption that, after the electric field is switched
on, the gas temperature rises instantaneously to some
initial value Tj. The energy dissipation and the diffu-
sion of active species into the environment was
neglected. Calculations were made for an initial H,—O,
pressure of P, = 0.1 MPa, initial gas temperatures of
T, = 800-1200 K, and electron temperatures of 7, =
0.1-1.6 eV.

Figure 2 illustrates the development of nonthermal
ignition under the action of low-temperature plasma at
T, = 1.4 eV. Applying a discharge reduces T;, to 67 Us
and changes the ignition mechanism. The formation of
free radicals and active species is markedly accelerated
by the discharge, and charged species participate in the
formation of active radicals (excitation, dissociation,
and electron-impact ionization take place). The ioniza-
tion frequency increases sharply as the electron temper-
ature (i.e., the reduced strength of the electric field) is
raised. At 900 K, the avalanche delay time decreases
from ~200 pus at 7, =1.35eV to ~0.5 us at T,= 1.6 eV.
As the avalanche develops, not only charged species but
also radicals and active atoms build up. At the ava-
lanche development stage, the concentrations of the

metastable molecules O,(a'A,) and O,(b' E; ), Hand O
atoms, and radicals increases by one order of magni-
tude at 7, = 1.35 eV and by 5-6 orders of magnitude at
T. = 1.6 eV. Of course, this shortens the induction
period markedly. The concentrations of charged species
come to equilibrium through recharging ion collisions
and electron attachment and detachment. At the stage

KINETICS AND CATALYSIS  Vol. 46

No. 6 2005
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Tin> U8
10? C

10! £

Fig. 4. Induction period as a function of the hydrogen con-
tent of the H,~O, mixture at Py = 10° Pa, Tj = 1000 K, and
T.=(1)0,(2)1.3,(3) 1.4, (4) 1.5, and (5) 1.6 eV.

preceding the ignition of the oxygen—hydrogen mix-
ture, the most abundant positive ions in the discharge

are H; and O, and the dominating negative ion is O, .

Figure 3 illustrates the effect of a gas discharge on
the ignition delay for a stoichiometric (2 : 1) H,-O,
mixture at P, = 10° Pa for instantaneous temperature
jumps to various 7|, values. Clearly, the delay time in
the ignition induced by nonequilibrium low-tempera-
ture plasma decreases by several orders of magnitude as

8, %
100 £

0‘1 1 1 1
1.3 1.4 1.5 1.6

T., eV

Fig. 5. Error in the induction period calculated using the
reduced kinetic networks (/) RKNI, (2) RKN2, and (3)

RKN3 versus electron temperature at Py = 10° Pa and Ty=
900 K.
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3, %
10?

10'

10°

0.9 1.2 1.5 1.8 2.1

Fig. 6. Error in the induction period calculated using the
reduced kinetic network RKN3 versus the composition of

the H,-O, mixture at Py = 10° Pa, T = 900 K, and 7, =
(1) 1.35,(2) 1.4, and (3) 1.45 eV.

the electron temperature increases. Furthermore, calcu-
lations have demonstrated that, as the hydrogen content
of the mixture is increased above the stoichiometric
value, the gas discharge causes a progressively greater
shortening effect on the ignition delay (Fig. 4). At the
same time, low-temperature plasma exerts a much
weaker effect on lean mixtures. This result is indirect
evidence that, at the early stages of the ignition of the
H,-O, mixture induced by gas-discharge plasma, elec-

3, %
103 g -
102 _ _
10! - _
100 L
1071 ¢
1072
1073 o A S o) E o | L N,\_Nl\m +8 +o £+ O+ O [
* ? ? T+ ? + g ? TS r L s g2
o PO o = Q =
O «a a «a O o o + o NI 5 £0
o . © + N g
N C”> ? C”> T 59 ] S ? N N T
S Spe L O N s ? e 2 oo o &
- P
] ? 9 36808 % ™t ot o
s+ L L0+ + 1 g + O T £ ©C ¢
© 0 oK% o = © o + +
Q& SE o = o)
o - o m“'
o)

Fig. 7. Sensitivity of the kinetic model to reactions quicken-
ing ignition as calculated using RKN3 for Py = 10° Pa, Ty=
900K, and T, = 1.4 eV.

KONSTANTINOVSKII et al.

trons form mainly by the ionization of hydrogen mole-
cules. At later stages, the mixture components undergo
excitation, dissociation, and ionization by colliding
with electrons. Electron attachment and detachment,
recharging collisions, and the recombination of charged
species take place simultaneously. All these processes
lead to the nonequilibrium formation of active species

(O and H atoms and OH" radicals), which participate

in branched-chain reactions to intensify the chain com-
bustion of hydrogen.

Using the basic kinetic network and four reduced
networks, we calculated the induction period for gas
discharge—induced ignition at various temperatures,
pressures, mixture compositions, and electron temper-
atures. The first reduced kinetic network (RKNT1)
includes 29 components and 168 reactions, the second
(RKN?2) includes 23 components and 113 reactions, the
third (RKN3) includes 21 components and 89 reac-
tions, and the fourth (RKN4) includes 22 components
and 81 reactions. At P, = 10° Pa, T, = 900 K, and vari-
ous T, values, RKN1 provides a good description for
the ignition of the hydrogen—oxygen mixture (Fig. 5).
Use of this reaction network instead of the unreduced
network generally introduces an error no greater than
10% in the induction period. The largest error is
observed for T, = 1.35 eV. If other conditions, for exam-
ple, a lower initial temperature is set in the calculations,
the error will be greater. For P, = 10° Pa, T, = 800 K,
and 7, = 1.4 eV, RKN4 leads to an error greater than
100%. At Py=10*Pa, T,=700K,and 7. = 1.1 eV, even
RKNI leads to an error of 42%. For RKN3, the error in
the induction period as a function of the composition of

S, %
10%E _ N — [
101§
10°¢ = ]
107"
102-’_‘ H
10—3 |_|
CogbgFdF ok gSER S0
+ o+ 4 T O+ 37 o+ + + o+ o+ G4 ot o+
AL e N oo oo +O+ o 20
OO\NOC';O‘NOO”OI o,\.m+0”
& SO G s iy o oww ey T
L L i T oo B 14 O 0 9
ty 104000 .~ O O * - + *
o I O + 37 +&++ t O O
+ + S + oS o K OfINth‘O” g
g R &° & S =
= ¥
o)

Fig. 8. Sensitivity of the kinetic model to reactions retarding
ignition as calculated using RKN3 for P, = 10° Pa, Ty =
900K, and T, = 1.4 eV.
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the H,—O, mixture at P, = 10° Pa, T, = 900 K, and var-
ious T, values is plotted in Fig. 6. Clearly, the error in
T, depends strongly on process conditions. These
results demonstrate that the basic kinetic network
should be reduced in a specific way in each particular
case.

In order to determine the contributions from mixture
components and main reaction channels to the acceler-
ation or deceleration of the branched-chain reactions
involved in the ignition of hydrogen—oxygen mixtures,
we analyzed the sensitivity of the kinetic model to var-
ious reactions occurring during the nonthermal ignition
induced by lower-temperature plasma. Calculations
based on RKN3 were carried out for a variety of condi-
tions. The results of these calculations are presented in
Figs. 7 and 8. These figures show the contributions
made by the accelerating reactions (Fig. 7) and deceler-
ating reactions (Fig. 8) to the ignition induced by low-
temperature plasma.

Thus, we have simulated the initiation of the non-
thermal ignition in the hydrogen—oxygen system, tak-
ing into account the active radicals and excited and
charged species produced by nonequilibrium gas-dis-
charge plasma. The nonthermal effect of the gas dis-
charge on the ignition event is most pronounced at low
gas temperatures, at which the autoignition time is
long. When reducing the basic kinetic network, it is
necessary to perform additional studies to check
whether the network chosen is adequate to the given set
of conditions.
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