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In recent years, a possibility to control combustion
processes, while exciting vibrational degrees of free-
dom in molecules was subjected to sufficiently wide
discussions in literature [1-4]. It was shown that the
excitation of vibrationsin H,, O,, and even N, results
in both intensifying formation of active O, H, and OH
centers and accel erating the combustion of the H, + air
mixture. In this study, we investigate another aspect of
the problem, which is associated with the effect of
exciting molecular vibrations of initial reagents on the
self-ignition threshold.

First, we show for the general casethat the selective
excitation of molecular vibrational degrees of freedom
in the case of the chain mechanism of the process must
result in reducing the self-ignition threshold. We will
assume that the thermodynamic equilibrium exists
between the rotational and translational molecular
degrees of freedom, while alocal Boltzmann distribu-
tion with its proper vibrational temperature T; (§ = 1,
..., N) is established very rapidly in each &th mode.

The simplest scheme of reactions describing the ini-
tiation (the appearance of an active radical), propaga-
tion, and the break of a chain hasthe form:

() A-%r+D,
() r+A %C+lr,

k;
1y r+r—3r,.

Here, A is an initial reagent, whose decomposition
|eads to the formation of an activeradical; r; C, D, and
r, arereaction products; | =1 and | = 2, 3 correspond to
a nonramified and ramified chain reactions, respec-
tively; k;, k,, and k; are the reaction-rate constants for
the corresponding process. The equations specifying
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the formation of active radicalsr in the processes 111
can be represented in the form:

A — A -klrITAL, M)

U = a1+ 0 -1k A -2K0r1% @)

We seek the solution for [r] in the form [5]:

_ Y
" Sy ®

Here, [A] and [r] are the concentrations of molecules
for the mixture components A and r, and y(t) isacertain
continuous function of time.

Substituting (3) into (2), we abtain
y'(t) = (I = 1)k, [ Ay (t) — 2ksk, [A] y(t) = O.

Inthegeneral case, k, k,, and k; depend on the gastem-
perature T, while k; and k, depend also on the vibra
tional temperature T,, for the molecul e excited mode of
the component A. The values of T, Ty, and [A] vary in
the process of combusting the mixture. However,
within the range [0, T;,], where T;, is the induction
period, we may assumethat T=T,, Ty =Ty, and [A] =
[Al, (the subscript zero corresponds to t = 0). In this
case, we have for [r(t)] that

Zt Z,t
C,Zz,e" +C,Z,e

2ky(C,e" + C,e7)

b 2
Z,= 2t BT +df a® = 2kkiAl,

b = (I-1)k;[Al,,

“)

[r()] =

where C, and C, aretheintegration constants. If [r],= 0
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fort =0, then

lez(ezlt _ eZzt)
7 7 o)
2k3(Zze ' _Zle 2)
Ast — oo, it follows from (5) that [r(t)] = Z,/2k; .
For | = 1 (anonramified chain reaction),

[r(H] =

:|-—e_2at [A]oky
1+ e—Zat 2k3 :
Fort>t,,t, =(a)’, thevalue[r] tendstoits ultimate
value [ry ] = J[A]oki/2K;. In the case of a ramified

chain reaction (I > 1), ki [Aly/k k; > 1, and the maxi-
mum concentration of active radicals (furthermore, we
denoteit by the subscript ) is defined by the expression
[ry 1= =1DKk,[A])/2ks. Sincek, >k, then[ry 1, > [r«].

The self-ignition regime is redlized if [ry ] > [rign],
where [rig,] is the critical concentration of active radi-
cals for which the chain mechanism develops steadily
[6]. The value of [riy,] depends on [A],, on the rates of
formation and disintegration of active radicals, and on
the rate of their diffusion or convective outflow from
the reaction zone. The quantity [A], determines the
concentration threshold for the self-ignition, while the
relationship between k;, k,, and k; determines the tem-
perature threshold. The chemical-reaction rate constant
for T; # T can be presented in the form

[r(M] =

Ko(T, Te) = &q(T, Te)ka(T), (6)

where kg (T) is the reaction-rate constant for the gth
reactionat Ty =T, and q)q(T, Te) is the nonequilibrium-
state factor. For determining a particular form of ¢(T,
Te), we use the theoretical results of [7]:

bq

|‘| [1-exp(-0,/T))] ™
0o(T, Tp) = 52

|‘| [1-exp(-6,/T)]”

i=1

i ™
0 , O
eh 2P0
x exp _q%__L:_L__D
N |
H jZqujTJB

Here, §; isthe characteristic vibrational temperature for
the jth vibration, and g; is the multiplicity of its degen-

eration; B, are the expansion coefficients for the gth
reaction in coordinates of normal vibrations; by, is the
number of modes participating in the gth reaction; Ej

is the energy corresponding to a certain vibrational
level, being as though a “narrow neck” in the case of
passing vibrationally excited molecules to the quasi-
continuous (with respect to the energy) continuum in
the gth reaction.

Let only one type of vibrations (T; = T)) be excited
in molecules A. With allowance for (6) and (7), it is
convenient to present the expressionsfor [r, ] and [r, ],
in the form

[re] = [reol JOo(T, Ty),  [re]; = [Fao] 92T, TV)-

Here, [r,o] is the maximum concentration of active
radicalsat T, =T and | = 1, whilefor | 2 1, ([rxo] =

JISIATD2Ks 5 [Tyoli = (1 = DKI[A]/2K3).

In the case of excitation of the component A (T, >
Ty ¢,(T, Ty) > 1 and (T, Ty) > 1. Therefore, [ry ] >
[Fxol and[ry ] > [ruol;. Weassumethat [y o], < [Fignl
for the given [A], and T, i.e., no regime of self-ignition
is realized for both nonramified and ramified chain

reactions. Exciting vibrations of molecules A to a cer-
tain value Ty, it is possible to make the condition

[rs ] >[r« 1> [rig] fulfilled, i.e., to reduce both the tem-

perature threshold and concentration threshold of the
self-ignition. A relative increase in the concentration of

active radicals r, = [ry 1/[r«o] for I = 1 depends on
Ty, =TT and Ey; = Ef /T, whilefor | > 1, ry, =
[rs1/[r«o] dependson T, and E,, = E} /T (E} , and

E; arethevauesof Ej for the reactions of initiation
and chain ramification).

In Figs. laand 1b, we show r, asafunction of T

and E,; and r,, asafunctionof T\, and E,,, forl =2,
respectively. In the same figures, we show in the ordi-
nate axis certain values rig, = [lignl/[r+o]y > 1forl =1
and | =2; i.e, for the values [A], and T, corresponding
to[r«o], NO self-ignition occurs. Asis seen, the higher

is Ey, forl =1or E,, for | =2, thelower isthe degree
of excitation for which the regime of the self-ignition
(rx Ty, isredized. It is natural that the degree of
excitation must be lower in aramified chain reaction for
equal Ey, and Ej,.

Weillustrate the results obtained by the example for
the H, + O, mixture. We consider the ignition of the

mixed mixturein acertain region with theradiusR,. In
this case, the time for active radicals to escape from the
DOKLADY PHYSICS  Vol. 45
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Fig. 1. Relativeincrease in the number of active radicals asafunction of T{, for (a) nonramified reaction with E{,l equal to: (1) 20;
(2) 60; (3) 100; and (4) 140 and (b) ramified reaction (I = 2) with E{,z equal to: (1) 10; (2) 20; (3) 30; and (4) 40.

reaction zone corresponds to the time of diffusion TiD =

min{ T}, }, and T;, = Ry/D,, Where Dy is the coefficient
of the multicomponent diffusion occurring between the
ith and kth components. The formation of active radi-

cals is specified by the time Tfh of the chemical reac-
tion. If TiCh > riD, no self-ignition occurs. For the H, +

O, mixture, riD corresponds to the diffusion time (T,[_|))
for hydrogen atoms.

To describe the process of self-ignition in a vibra-
tionally nonequilibrium reacting gas for ¢ < Tﬁ , the set

of eguations is valid, which involves the equation for
energy, thekinetic equationsfor concentrations of com-
ponents and for the mean content of vibrational quanta
in each mode participating in the reactions of mole-
cules [2]. The analysis performed has shown that, for
describing the low-temperature initiation of combus-
tion in H, + O, mixtures, it is necessary to use the
kinetic scheme including chemical reactions with par-
ticipation of not only H,, O,, H,O, OH, O, and H, but
also HO,, H,0,, and O3:

(1C)H,O0+M =0OH +H + M,
(2C)H, + M =2H + M,
(3C) O, +M =20 + M,

4O H+O+M=0H+M,
(5C) H, + O=OH + H,
(6C) O, +H=0H + O,
(7C) H,O + O = 20H,

(8C) H,0 + H = OH + H,,

DOKLADY PHYSICS Vol.45 No.1 2000

(9C) H, + O, = 20H,
(10C) HO,+ M =H + O, + M,
(11C) H, + O, = H + HO,,
(12C) H,O + O =H + HO,,
(13C) H,0 + O, = OH + HO,,
(14C) H,0O + OH = H, + HO,,
(15C) 20H = H + HO,,
(16C) OH + O, = O + HO,,
(A7C)H,O0,+M =0OH +OH + M,
(18C) H + H,0, = HO, + H,,
(19C) H + H,0, = H,0 + OH,
(20C) 2HO, = H,0, + O,,
(21C) HO, + H,0 = H,0, + OH,
(22C) OH + HO, = H,0, + O,
(23C) H,0 + 0, = H,0, + O,
(24C) O;+M =0, + O+ M,
(25C) O3+ H=0OH + O,,
(26C) O3+ 0= 0, +O,,
(27C) O;+ OH = HO, + O,,
(28C) O; + H, = HO, + OH,
(29C) O; + HO, = OH + O, + O,.



1073

1 1
300 400 500 600 700 800 900 T, K

Fig. 2. Dependences (for the 2H, + O, mixture at apressure
Py = 10 kPa) Tj,(Ty) in the absence of the preliminary exci-
tation of initial reagents (solid line) and TS (To) with the
preliminary excitation of vibrations in H, (dashed lines).
T40 = (1) 1000; (2) 2000; and (3) 3000 K.

In addition to the reactions indicated, we included
into the kinetic model the processes of the vibrational-
vibrational (V-V") exchange between the symmetric,
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deformational, and asymmetric modes of H,O and O,
molecules and modes of H,, O,, and OH molecules. We
also included processes of the vibrational -transl ational
(V-T) relaxation of the deformational modes for H,O
and O5 and maodes of the H,, O,, and OH molecules. It
was assumed that the vibrational energy released into
modes of the HO, and H,O, molecules when proceed-
ing chemica reactions relaxes very rapidly into the
trandational degrees of freedom. (As estimates have
shown, the rates of the V-V' and V-T processes for
these molecules are higher than the rates of processes
of the vibrational energy exchange in H,O.) The tem-

perature dependences kg (T), W, (T), and W o(T) for
the chemical-reaction rate constants and for the V-V
and V-T exchange processes, respectively, are taken
from [4]. For the processes O;(100, 001) + M
05(020) + M and O4(010) + M = O4(000) + M, the val-
ues of the reaction-rate constantsare knownonly at T =
300 K (they are 5 x 10** cmd/s and 2 x 104 cmd/s,
respectively) [8]. The temperature dependences for
these processes were determined in accordance with
the SSH theory [9]. Thevaluesof E; and the energy E,

released into vibrational degrees of freedom, while
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Fig. 3. Changing in the rates § of the formation and disintegration of (a) OH; (b) H; and (c) O with time, while burning the 2H,, +
O, mixtureat Tg = 600 K and Pq = 10 kPawith (T4 = 3000 K) and without exciting vibrationsin H, (solid and dashed lines, respec-
tively). Ciphers near the curves §(t) correspond to the numbers of chemical reactions.

DOKLADY PHYSICS Vol.45 No.1 2000



ON A POSSIBILITY TO REDUCE THE IGNITION THRESHOLD 9

forming a molecule in the rth chemical reaction, were
calculated in the same manner asin [4].

At low temperatures (T, < 600 K), there are marked
differences in the mechanism of the combustion initia-
tion of the H, + O, mixture as compared to higher val-
ues of T, even in the case of the absence of the prelim-
inary excitation of the H, or O, molecules. At theinitial
stage, as for high values of T, the principal reaction
initiating the formation of active OH radicals is the
(9C) reaction. Furthermore, OH radicals dissociate [the
(4C) reverse reaction] and also react with H,, which is
accompanied by the formation of H,O moleculesand H
atoms [the (8C) reverse reaction]. These products par-
ticipate in two different processes. The former of them
results in formation of O atoms [the (6C) reaction] and
initiates the chain-combustion mechanism. The latter
process resultsin the disappearance of H atomsand for-
mation of HO, radicals [the (10C) reverse reaction]. At
T= 800 K, the rate of the former process becomes
higher than that of the latter one, but the situation alters
totheoppositeoneat T< 600 K. At T<600 K, animpor-
tant source of O atoms is the dissociation of O; [the
reaction (24C)], whichispreliminary formed asaresult
of the interaction between HO, and O, [the (27C)
reversereaction]. Therate of the (24C) reactioniscom-
parable to that of formation of O atoms in the reaction
of the chain initiation. The (5C) reaction closes the
chain mechanism for the combustion of H, + O, mix-
tures.

The preliminary excitation of H, or O, molecules
significantly change the mechanism of the combustion
initiation and resultsin decreasing 1;, at the same Tj,. In
Fig. 2, we show the dependences 1;,(T,) in the case of
the absence (T, = T,) and of the presence of the excita-
tion of H, for various vibrational temperatures T, in H,

and the dependence rﬁ (Ty) for R, = 0.1 m. Asis seen,

the condition T;,, > T,'i isrealized at lower T, in the case
of the excitation of the H, molecules. Thus, at T,, =
1000 K, the self-ignition is possible at T, = 500 K,
while at T,y = Te—only at T, = 550 K. For a significant
excitation of H, (T,, = 2000 K), the character of the
dependence T1;,(T,) changes in the range T, = 600—
300 K; namely, the value of T;, decreases with the
reduction of T,. In the case of a strong excitation of H,
molecules, variation in the form of the dependence
Tin(To) is caused by achange in the mechanisms of pro-
duction of O and H atoms, aswell as OH radicals com-
pared to unexcited gas. Thisis illustrated in Fig. 3 in
which we show the variation of the OH, H, and O for-
mation rates in the process of combustion of the hydro-
gen—oxygen mixture with and without the excitation of
H, at T, = 600 K. It is seen that the excitation of H,
leads primarily to a significant increase in the forma-
tion rate for OH radicals in the (9C) reaction and H
atomsin the (8C) reverse reaction. In this case, an effi-
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Fig. 4. Variation in concentrations for the OH, O, H, HO,,
H,, and O, componentswith timein the case of combustion
of the 2H, + O, mixture at Py = 10 kPa, Ty = 600 and 300 K

(solid and dashed lines) in the case of exciting molecular
vibrationsin Hy (T4 = 3000 K).

cient source of H atoms becomes the reaction of disso-
ciation of OH and H, [the (4C) and (2C) reactions,
respectively]. An increase in the concentration of H
atoms results in accelerating the formation of HO, rad-
icas in the (10C) reaction. This process initiates
increasing the rate of the (15C) reverse reaction, the
growth in the concentration of OH radicals and, as a
consequence, of H and O atoms as well.

With decreasing T, from 600 to 300 K, the forma-
tion rate for HO, radicals in the (10C) recombination
reaction increases. This fact, as was aready noted
above, results in increasing the concentration of OH
radicals and H and O atoms, and thus, in intensifying
the chain mechanism of the process and in reducing the
period of induction. This can be clearly seen from
Fig. 4, in which the dependences y;(t), i = OH, H, O,
HO,, H, and O, are shown for T, = 600 and 300 K.

The results obtained indicate a possibility of a sig-
nificant (by the factor of two or higher) reducing the
ignition threshold for combustible mixtures when
exciting the molecular vibrations in initial reagents. In
the case of the low-temperature initiation of combus-
tion by means of a selective excitation of vibrational
degrees of freedom in the reacting molecules, new
mechanisms of formation of active atoms and radicals
appear. These mechanisms can lead to a qualitative
change in the dependence for the induction period on
theinitial temperature of a mixture.
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