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Abstract—The possibility of initiating detonation in the supersonic flow of the H, + O, (air) mixture behind

the front of the inclined shock wave by O, molecule excitation to the Oz(alAg) and Oz(blzg) states by laser
radiation with a wavelength A, = 1.268 um and 762 nm is considered. Resonance laser radiation intensifies

chain combustion due to the formation of new pathways for generating active atoms O™ and H™ and radicals OH

and has asubstantially nonthermal character. Even at low (~3 kJcm?) energies of radiation with A, = 762 nm applied
to the gas, detonation combustion can occur even at a distance of 1 m from the front at the gas temperature as

high as 600 K.

INTRODUCTION

The possibility of efficient combustion and detona-
tion control using various physical effects has been dis-
cussed for several decades. As early as in the early
1970s, Jaggers and von Engel [1] attempted to influ-
ence combustion with an electric field. At the same
time, research began into the plasma-chemical methods
of affecting flames [2-4]. However, considerable
progress has only been achieved in this field recently.
Thisis primarily due to the rapid devel opment of phys-
icochemical kinetics and studies of nonequilibrium
processes involving ions and excited atoms and mole-
cules. At present, there are several areasof research into
the intensification of combustion processes. These
include theinitiation of the ionic—molecular and ionic—
atomic reactions under the action of electric discharge
on the reaction mixture [4, 5], the formation of active
atoms and radicals in the mixture during photodissoci-
ation on exposureto ultraviolet and ionizing irradiation
[3, 6], the ignition of the combustible mixture on its
heating by laser radiation or upon laser breakdown
[7-9], and the activation of the reaction systems by the
excitation of the internal degrees of freedom of mole-
cules[10-13].

At present, the most promising (from the standpoint
of affecting the initiation of combustion and detona-
tion) and the least energy-consuming method is the
selective excitation of the vibrational and electronic
degrees of freedom of molecules. Indeed, the excitation
of N, moleculesin thelower vibrational state N,(v = 1)
requires an energy of 0.29 eV, whereas the excitation of
the O, molecule in the lower electronic state O,(a'A,)
needs ~0.98 eV. At the same time, the formation of

atoms by O, molecule photodissociation or by dissoci-
ation with the electron shock requires 5.1 eV per mole-

cule, whereas the formation of O™, OE, and N* ions
needs more than 12 eV.

Earlier [14], we found that the preliminary excita-
tion of the vibrational degrees of freedom of H, and N,
molecules can cause noticeable acceleration of chain
reactions and the initiation of the detonation combus-
tion of the H, + air mixture in the supersonic flow even
behind a weak inclined shock wave [14]. We aso
showed [15] that the excitation of molecular oxygen

from the ground X32; state in the first electronically

excited state a'A, can strongly affect the kinetics of the
processesin the H, + O, mixture and decrease both the
self-ignition temperature and the induction period dur-
ing combustion in the supersonic flow initiated by the
shock wave. These effects are due to a decrease in the
barrier of the endoergic reactions involving the excited
0,(a'A,) molecules compared to the reactions of nonex-
cited O, molecules. A still more pronounced effect
might be expected upon the excitation of the O, mole-

cules to the second electronically excited state blz;,
becauise the O,(b'Z, ) molecules must be more activein
overcoming the activation barrier than O,(@'a,). The

excitation of the O, molecules to the a'A, and blz;

states may be carried out by laser irradiation with a
wavelength A} = 1.268 um and 762 nm, respectively
[16]. Note that, in contrast to the electric discharge, this
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excitation can easily be organized in a supersonic flow
aswell.

The aim of this work was to analyze the possibility
of accelerating theinitiation of combustion and detona-
tion in a supersonic flow behind the inclined shock
wave in O, molecule excitation by resonance laser radi-
ation.

KINETIC MODEL

Even in the absence of the electronically excited O,
molecules, it is necessary to use a rather branched
kinetic scheme containing 29 reversible reactions
involving H', O", OH, H,0, H,, 0,, HO,, H,0,, and
O; to describe the ignition of asimple H, + O, mixture
over awide range of initial temperatures and pressures
[15, 17]. If excited Oy(@'A,) and O,(b'Z,) molecules
are present in the reaction mixture, the scheme should
contain additional reactionsalsoinvolving O('D) atoms
formed by the electron—electron exchange processes
[16]. The table presents reactions involving both
excited and nonexcited species included in this model,

aswell asthe coefficients used to cal cul ate the rate con-
stants of the direct and reverse reactionsk, _,(T) by the

equation ky(T) = Aanq exp(-E, (/KT), where T is the
gastemperature, E, , isthe activation energy of the gth
reaction, A, is the Arrhenius coefficient, and k is the
Boltzmann constant.

Let us consider the determination of the rate con-
stants of the reactions involving the excited O,(@'a,)

and oz(blz; ) molecules and O('D) atoms in more

detail. The excitation of the vibrational and electronic
degrees of freedom of the reacting molecules causes a
decreasein the barriers of endoergic reactions[18]. The

rate constant for such areaction at E, < EZ q (Where E,
is the energy of the excited state of the reacting mole-

cule and qu is the activation energy of the reaction

when the given molecule is nonexcited) may be
described in the usual form:

Ke o(T) = AT “exp(—ES (/KT). (1)
Here, Ezq is the activation energy of the reaction
involving the excited molecule (atom).

L et us consider how the E value can be determined
for the exchange reaction
AB(e) +C = A +BC,

where AB(e) isthe molecule excited in some e electron
state. The potential energy surface for the direct reac-
tion can be written in arather ssimple form:

U, = AH + ESexp(r/r,),
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where AH isthe enthal py of the reaction, Eg isthe acti-

vation energy for the direct reaction when the AB mol-
ecule is nonexcited.

In this case, the potential energy surface for the
reverse reactionis

U, = (AH + Eg)exp(—r/rz).

Here, r, and r, are the radii of the action of the
exchange forces for the reactants and products, respec-
tively. The potential energy surface for the reaction
involving amolecule that isin the electonically excited
state with the energy E, is somewhat higher than that
for the reaction involving the nonexcited molecule. In
this case,

US = AH + E, + Eoexp(r/r,).

Asfor the processes of the vibrationally excited mole-
cules[18], we assumed herethat the shape of the poten-
tial surface for the reactions involving eectronically

excited molecules O,@'A,) and O,(b'%}), as well as

O('D) atoms, U3, coincides with that U, for the mole-

cules present in their ground electronic state. Note that
this assumption is not true in the general case.

At the intersection point, U] = U,. Assuming that
r,=r, [18], we easily derive the following equation
for E:

ES= %(J(AH + E.)’ + 4E(AH + EQ) — (AH + E.)).(2)

Note that a similar procedure was used earlier [19] to
determine the activation energy for the reactions
involving vibrationally excited molecules.

Using Egs. (1) and (2), we determined the rate con-
stants for direct (4), (5), (16), (17), (27), (28), (32),
(33), (46), and (47) and reverse reactions (41), (42),
(52), (53), (55), and (56) (see table). However, this
method is inapplicable to calculating the rate constants
for the reactions with zero activation barriers (E, 4= 0)
and the reactions involving excited 02(blz;) mole-

cules, for which the activation energy is comparable

with the energy of the excited state b’ (E,=1.64 eV).
The first class includes reactions forming molecular

oxygen in different electron states (stg, a'A,, and
blz;), and the second class contains the chain propaga-
tion reactions (H™ + O,(b'Zy) = OH + O" and H, +
0,(b'Zy) = HO; + H').

The rate constants for the reactions without barriers
involving electronically excited molecules were calcu-

lated by a procedure described in [20]. This procedure
implies that, for the reactions resulting in molecular
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Reactionsincluded in the kinetic scheme and coefficients for calculating the rate constants ky(T) = Aqan exp(—E,, o/KT)

s
o

Reaction

Kiq (cm¥mol)™-1 st

kg (cm3mol)™ -1 st

A, Ng | Eaqk K A, Ng | Eaq/kK

1| HO+M=OH+H +M 1x10% | 2.2 59000 | 2.2x10%2 | -2 0

2| Hy+M=2H +M 22x104 | 0 48300 | 9x10Y7 | -1 0

3| 0 x’5;)+M=0CP)+ OCP) +M 54x 1018 | 1 50400 | 6x108| 0 ~900

4 | Oya'Ay) +M="0(P)+ OCP) +M 54x10% | 1 48008 - - -

5 | 0yb'z;)+M= 0@P)+ OCP) +M 54x10% | -1 40415 - - -

6| OH+M=0@P)+H +M 85x1018 | 1 50830 | 7.1x108| -1 0

7| Hy+ OCP)=OH+H’ 1.8x1010 | 1 4480 | 8.3x10° 1 3500

8 | H,+ O(D)=OH+H’ 6.27x10% | 0 0 - - -

9 | OyX 325) +H =OH+ OCP) 22x104 | 0 8455 | 1.3x108| 0 350
10 | Oyalny) + H = OH+ O(P) 11x10% | 0 3188 | 58x102| 0 6224
11 | Oyb's))+H = OH+ O(P) 11x10% | o 1620 - - -
12 | H,0+ O(3P)=20H 58x10% | 0 9059 | 53x10%2| 0 503
13 | H,0+ O(D)=20H 1.32x10% | 0 0 - - -
14 | H,0+H =OH+H, 84x10% | 0 10116 2x 101 0 2600
15 | H,+0y(X 3;)= 20H 17x10% | 0 24200 | 17x108| 0 | 24100
16 | H,+0,alAy) =20H 17x10% | 0 17906 - - -
17 | H,+Oyb's)) = 20H 1.7x10% | 0 14657 = - -
18 | HO; +M=0,X5;) + H +M Gxx21x10% | 0 23000 | 15x10%5 | 0 500
19 | HO; +M=0yaldy) + H +M gax21x10%| 0 23000 | 15x10% | 0O ~500
20 | HO, +M= oz(blz; )+H +M Opx2.1x10%| 0 23000 | 15x10® | O -500
21 | Hy+0yX’5;) = H +HO; 19%x108 | 0 24100 | 13x108| 0 0
22 | Hy+0,@'A)=H +HO; 21x108 | 0 18216 6 x 1012 0 1518
23 | Hy+Oyb'5))=H +HO; 21x10% | 0 11508 . _ -
24 | H,0+ OCP)=H +HO, 476x 101 | 0.372| 28743 1x 103 0 540
25 | H0+ O(D) = Hy+ Ox(X 5;) 132x102 | 0 0 - - -
26 | H0+0,X ;)= OH +HO; 15x1015 | 05 | 36600 | 3x104| O 0
27 | H,0+Oyaldy) = OH+HO, 15x10'° | 05 25209 - - -
28 | H,0+0y(b'5,) = OH+HO; 15x10% | 05 | 17616 - - -
29 | H,0+ OH=H,+HO, 72x10° | 043 | 36100 | 65x10% | 0O 9400
30 | 20H=H +HO, 12x108 | 0 20200 | 25x10" | 0O 950
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Table. (Contd.)
_ Kiq (cm¥mol)"~1 st kg (cm¥mol)™~1 s
No. Reaction
Aq Ny |Eaq/k K Aq Ng | Eaq/k K
3L | OH +0,(X 5;) = O(P) + HO; 1.3x10% | 0 28200 |  5x10% |0 500
32 | OH +Oyalay) = OFP) +HO, 1.3x108 | 0 17132 - - -
33 | OH+0,b 125) = O(P) +HO, 13x108 | 0 10111 - - -
34 | OH+0,X’z;) = O(D) +HO; - - — |axx3.96x101| 0 0
35 | OH +Oy(alAy) = O('D) + HO, - - —  0.x396x10%| 0 0
36 | OH +0y(b 5,) = O(ID) + HO; - - - | x396x10%| 0 0
37 | H0,+M =20H +M 12x 107 | 0 22900 | 9.1x10% |0 —2650
38 | H +H,0,=H,+HO, 17x102 | 0 1900 6x10 |0 9300
39 | H' +H,0,=H,0+ OH 5x104 | 0 5000 | 24x10% |0 40500
40 | 2HO, = H,0, + Ox(X 3:{;) 1.8x1018 | 0 500 3x108 |0 21600
41 | 2HO, =H,0; + O,(alAy) - - - 3x108 |0 10717
42 | 2HO) = H,0, + oz(blzg) - - - 3x108 |0 4510
43 | HO; + H,0 = H,0, + OH 1.8x 1018 | 0 15100 1x108% |0 910
44 | OH+HO, =H,0,+ OCP) 52x10% | 05 | 10600 2x108 |0 2950
45 | H,0 + Oy(X 325) =H,0,+ O(P) 34x10 | 05 | 44800 | 84x101 |0 2130
46 | H,O + Oy(athy) = H,0, + O(P) 34x10° | 05 | 34079 - - -
47 | H,0+Oyb'5]) = H,0,+ OCP) 34x100 | 05 | 27195 - - -
48 | 05+ M= OCP) +0)(X3;) + M 4%10% | 0 11400 | 69x102 |0 ~1050
49 | O3+ M = O(P) + O,(alAy) + M 4x10% | 0 22790 - - -
50 | O3+ M = OCP) + Oyb '2]) + M 4x10% | 0 30384 _ _ -
51 | 05+ H' = OH + O,(X 3:;) 23x101 | 0.75 0| 44x107 |144| 38600
52 | O3+ H = OH + Oya'dy) - - - 4.4 %107 1.44| 27209
53 | O3+ H' = OH+0y(b'3;) - - - 44x10" | 144| 19616
54 | 04+ O(P) = 20,(X 32;) 11x108 | 0 2300 | 1.2x108 |0 50500
55 | 0, + O(P) = Ox(X 3z§) + O (aly) - - - 12x108 |0 39732
56 | 0, + O(P) = Ox(X gz;) +0,(b 125) - - - 12x108 |0 32761
57 | 0;+ O(ID) = 20,(X 5;) 137x108 | 0 0 - - -
58 | 05+ O(ID) = 0,(XT;) + Oyfaty) 9.1x102 | 0 0 - - -
59 | 0;+ O(ID) = 04X T;) + Ob '] 46x102 | 0 0 - - -
60 | 05+ O(ID) = O,X ;) + OCP) + O(P) | 1166x 10 | 0 0 - - -
KINETICS AND CATALYSIS Vol.44 No.1 2003
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Table. (Contd.)
K.q (cm¥mol)™-1 gt (cm¥mol)m -1t
No. Reaction d Kq
A, ng | Eaq/kK A, ng |Eaq/k K

61 | Oy+ OH=HO; + Oy(X%,) O x9.6x 10| 0 1000 9(8) 0 0
62 | O3+ OH =HO, + O,(a'A,) 0y X9.6x101 | 0 1000 - - -
63 | 0y+ OH=HO; +Oyb'=}) Gy X 9.6%x 10 | 0 1000 - - -
64 | O3+H,= OH+HO, 6 x 101 0 10000 - - _
65 | 03+ HO; = OH +20,(X 3,) ax x2x 101 | 0 1000 - - -
66 | 05+ HO; = OH + O,(X 32;) +0y(alny) 0y X2x10° | 0 1000 - - _
67 | 03+ HO; = OH+Oy(X 5;) + Oyb'5y) | Gp X2X10 | 0 1000 - - -
68 | 05+ Oyfalhy) = 20,(X 5) + O(P) 313x108 | 0 2840 - - -
69 | 03+ O,(b'Z;) = 20,X T,) + O(P) 9x102 | 0 0 - - _
70 | 20,(alAg) = Oyb 1) + Ox(X 5, 42x10% | 38| -700 - - -
71 | OyalA) + M = O)(X T;) + M

M=0",H 4.2 %108 0 0 - - _

M =0, 2.4 x 10° 0 0 - - -

M =0, 1.02 x 108 0 0 - - -

M=H, 2.7 x 106 0 0 - - -

M = H,0, OH, HO, , H,0, 3.36 x 10° 0 0 - - -
72 | Oy(b'Ag) + M = O,(alAg) + M

M=0",H 4.8 x 1010 0 0 - - _

M =0, 1.08 x 1013 0 0 - - .

M =0, 2.76 x 107 0 0 - - -

M =H, 4,92 x 101 0 0 - _ _

M =H,0, OH, HO, 402x102 | 0 0 - - -

M= H202 6 x 1012 0 0 - - -
73 | O(ID) + O,X’z,) = O(P) + OxalAy) 38x102 | 0 —67 - - -
74 | O(ID) + 04X T5) = O(P) + Oxb '5]) 154x108 | 0 67 - - -
75 | O(ID) + Oy(alhy) = O(P) + Oxb 'Z]) 3x108 | 0 0 - - _
76 | O('D)+M=0(P)+M

M=0",H", 0;0, 1.92 x 1013 0 67 _ _ _

M =H, 3.3 x 10%2 0 0 - - -

M = H,0, OH, HO,, H,0, 7.2 x 1012 0 0 - - -

Note: qy, 0,, and gy, represent the multiplicities of degradation of electron states (see the text); k is the Boltzmann constant.
KINETICS AND CATALYSIS Vol. 44 No.1 2003
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oxygeninthe Xz, a'A,, andb'%; states, the probabil-
ity of the formation of O,(X’%;), O,@'a,), and

Oz(blzg ) is proportional to the multiplicity of the deg-
radation of the corresponding electron states g,. For the

ground state X°%; gy = 0.5, g, = 0.33 for a'A,, and g, =

0.17 for blz; . Using this procedure, we determined the
rate constants for the reactions

HH +0,(X%5) + M

. O .
HO;+M = [H™ +0,(a'ny) + M
"+ 0,(b'Z,) + M,

I:IED

[OH + 0,(X’%;)
. 0O,
O('D) + HO; = [OH + 0,(a',)
[l
[OH + 0,(b'z,),

HHO; + 0,(X%5)
.0
O;+OH = EHo;+ O,(a's,)

HO; + 0,(b'zy),

[OH + 20,(X°%;)
. O, .
Oz +HO; = [OH + 0,(X’%,) + 05(a'y)
[OH + 0,(X°%) + O,(b'Zy).

The pathways of the corresponding reactions are given
in the table with certain numbers (nos. 18-20, 3436,
61-63, and 65-67). The rate constants for the chain

propagation reactions involving O,(a'A,) (nos. 10 and 22)
were taken from [12], whereas the rate constants for
similar reactions involving 02(blz;) (nos. 11 and 23)
were determined by Egs. (1) and (2) taking into account
that the reaction enthalpy AH and the activation energy
Eg in Eg. (2) correspond to similar parametersfor reac-
tions(10) and (22), and E.= AE,,, where AE,, isthe dif-

ference between the energies of the blzg and a'A,

states of the O, molecule (AE,, = k7593 K). When
determining the rate constants for reactions (46) and
(47), in which the excited molecules O,(@'a,) and

Oz(blzg) are formed during O; molecule dissociation,

we assumed that the energy barrier for the reaction
increases by avalue of the energy of the corresponding
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excited state E, (e= a'A,, blz;): ES = Eo + E,, where
Eg is the activation energy of the reaction yielding

02(X32; ). For thereactionsinvolving the excited O('D)

atoms (nos. 8, 13, 25, 57-60, and 73-76), the rate con-
stants were chosen taking into account the results
reported in [16, 21, 22]. For the ectron—electron (E-E)
exchange (reaction (70)) and the el ectron—transl ational
(E-T) relaxation of the O,(@'4,) and O,(b'%;) States
(reactions (71) and (72)), the rate constants were cho-
sen as recommended in [23]. The rate constants for
reactions for which the coefficients A, n,, and E, , are
not given in the table were calculated using the princi-
ple of detailed equilibrium, whereas the rate constants
for the reactions involving nonexcited molecules are
taken to be the same asin [15].

FORMULATION OF THE PROBLEM
AND MAIN EQUATIONS

Let us analyze the scheme of flow with the station-
ary shock wave with adope of the front to the rate vec-
tor u, of the unperturbed flow 3 < 30° when the gasrate
behind the front remains supersonic [14]. Let us
assume thermodynami ¢ equilibrium between the vibra-
tiona, rotational, and translational degrees of freedom
of the molecules in the mixture and consider that this
equilibrium is preserved upon laser-induced transitions
and chemical reactions and that the gas is nonviscous
and not conducting. Let the homogeneous gas mixture
H, + O, moving at a supersonic rate in the interval of
length & before the shock wave is exposed to the radia-
tion with a constant intensity /, whose frequency v, isin
resonance with the frequency of the given bound-bound
electron transition of the O, moleculem(e, v ', j', K') —

ne', v " j", K" wheree = ng;, e = alAg or blz;,
v'and v" arethevibrational andj', K'and ", K" arethe

rotational quantum numbers in the € and €" states,
respectively. Recall that the transitions from the ground

state X°Z, in the a'A, and b’z states are permitted
only in the magnetic—dipole approximation [24]. Let us
consider the electronically excited O,(a'd,) and

0,(b'%;) molecules and O('D) atoms as separate
chemical components with the corresponding enthal py
of formation. In this case, the E-E and E-T processes
may be considered as ordinary chemical reactions. Let
0 < L,, whereL, isthe length of laser radiation absorp-
tion. Inthis case, the system of equations describing the
flow both in the zone of radiation action and behind the
shock wave front may be represented as follows:

Ua = Qi+ Q¢ + Qs (3)
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dH . du _ kI
ax Yax T pu )
M
N
H = _yi+CpT;
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Cp, = E%"' ZCRyi+ ZCvViD; M= Zuivi;
i=1 i=1 |:| i=1
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DTD [exp(e /T)_l]_gl i N’
M
N = N;;
Z
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u L
ZSQ’ Sq = Qg — Iq)[Rq qu
+()
+<) .*q”,
= K- )q|_| i
Qi = Iilwl% N,%, W, = a,,l/hv,,
— )\r?m Hn
O-mn - 47TbD mn H(X a)

Qsi = Zrisqz A(jj N
q j

kv = 0-mn[:&Nm_Nq%! Nm = qu)mf
N, =2 or 3,

gmB, exp(=6,v'/T) 0 Ein

Om = ST T-exp(= el/T)exlo Tierl

q) — gnBv" EXp(—91V"/T) pD EJ'D

n KT 1-exp(-6,/T) "UkT
Here, P, p, T, and u are the pressure, density, tempera
ture, and rate of the gas; N, is the density of the mole-
cules (atoms) of theithtype (i = 1, 2, and 3 correspond
to 0,X’%y), 0,@a,), and O,b'E)));  is their
molecular weight; hy; isthe enthal py of formation of the

STARIK, TITOVA

ith component at T = 298 K; M is the number of the
atomic and molecular components in the mixture; Sis

the number of only molecular components; CiR =1for

the components from linear moleculesand Cy = 1.5 for
the components from nonlinear molecules; 6; is the
characteristic vibrational temperature of the jth mode
for the ith component (j = 1...L); M, is the number of
reactions resulting in the formation (destruction) of the

ith component; cqu and a;, are the stoichiometric

coefficients of the gth reaction; n;(_) is the number of
the components participating in the direct (+) and
reverse (-) reactions, respectively; k,,, are the rate

constantsfor these reactions; Risthe universal gas con-
stant; histhe Planck constant; k is the Boltzmann con-

stant; I;, and rfq represent the number of quanta lost

(gained) by the ith component during induced and
spontaneous transitions, respectively; N, and N, arethe
number of molecules in the lower and upper states of
the absorbed transition m — n, respectively; g,,and g,
are the multiplicities of degradation of these states,
respectively; A, isthewavel ength corresponding to the
center of the spectral line of the absorbing transition;
Am (AZJ- ) is the Einstein coefficient; by is the Doppler
width of the spectral line of the m— n transition;
H(x, a) is the Voigt function; B, is the rotational con-
stant of the O, moleculeinthe state v (v' Om, v" O ny;
and E; and E;. are the rotational energies of the O, mol-

ecule in the m and n states, respectively. Their values
were calculated taking into account the depletion of the

j'level inthe XSZQ state into three componentswith j' =
K'+1,j'=K",andj' =K' —1[25].

In numerical integration of system (3)—(5), the
whole calculation region is divided into two subre-
gions. The first one corresponds to the zone of the
action of resonance radiation before the inclined shock
wave front (its length X, < d < X;), and the second cor-
responds to the zone of detonation initiation behind the
front. Itsleft boundary isthe shock wave front; itsright
boundary is the cross section X, where the equilibrium
values of all gas-dynamic parameters and component
concentrations of the reacted mixture are attained. The
boundary conditions for the system of Egs. (3)—(5) at
X = X, are the parameters behind the shock wave front
(henceforth, denoted with subscript 1), which are deter-
mined from the laws of conservation of matter, momen-
tum, and energy assuming that the component concen-
trations remain unchanged when passing through the
front [26]. Asin [13, 14], the numerical integration of
Egs. (3)—(5) were carried out using the implicit finite-
difference second-order approximation scheme.

KINETICS AND CATALYSIS Vol. 44 No.1 2003
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LASER-INDUCED O, MOLECULE EXCITATION

The analysiswas performed for radiation absorp-
tion in the center of the spectral line of the transi-

tions (X’%;, v, j', K) — @8y V', ", K") and
(X32;7 Vvvjy’ K') - (blz; > V”’ J ”’ K”) av=v'= 0’ j' =
9,j" =K'= K" = 8 (the absorption coefficient for both

transitions is maximum at these rotational quantum
numbers at T, = 300 K). The Einstein coefficients A,

for these transitions are 2.58 x 10* and 8.5 x 102 s1,
respectively. When calculating the Voigt functions
H(x, @), we assumed, asin [16], that the coefficients of
the collisional broadening of the spectral line are pro-
portional to the gas-kinetic sections of the collisions of
the O, molecule with the Mth partner (in the radiation
zoneM = O, or H,). At low gastemperatures (T, = 300 K),
the rates of chemical reactionsin the radiation zone are
markedly lower than the rate of the induced transitions
and the rate of E-T quenching of the O,@'a,) and

Oz(blz; ) states. In this case, a change in the concentra-

tions of the O,(@'a,) and oz(blz;) molecules is only
determined by the time of the induced transitions 1, =

W, thetime of quenching of excited states T, and the
exposuretime 1, Whichisrelated to thelength 6 and the
flow rate u, according to the equation 1, = &/u,. Taking
into account that the length of the radiation zone & is
markedly shorter than L, = k;* (L, = 250 nm at P, =

10° Pa, T, = 300 K on exposure to radiation with A, =
762 nm), the radiation of the flow can be performed by
multiple cross-scanning the flow with a rather narrow
laser beam (with aradius of 0.2—1 cm).

Figure 1 illustrates the relative concentrations of the
excited O,(a'4,) and oz(blz;) molecules and the gas
temperature in the zone of exposure to radiation with a
wavelength A, of 1.268 um (the st; — alA, transi-

tion) and 762 nm (the XSZQ — blz;' transition) for
two pressures P, = 10° and 5 x 10* Paat T, = 300K, the
Mach number of the unperturbed flow M, =6, and | =
10 kW/cm?. The concentration of the O, (a'A,) mole-
cules at the end of the radiation zone on excitation of
the a'A, state (A, = 1.268 nm) is noticeably lower than

upon excitation of the bz, state (\, = 762 nm). Thisis
dueto thefact that the rate of the induced transitions W,

on exposure to radiation with A; = 762 nm is ~75 times
higher at the same value of |. Therefore, there are many

O, moleculesin the blig state. The collisional gquench-

ing of Oz(blz;) (reaction (72)) favors the formation of

the O,(a'A,) molecules in the mixture in a concentra-
tion that is noticeably (by afactor of 10%) higher at the
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Fig. 1. Variations in the relative concentrations of (1, 1)
0y(@'ay) and (2, 2) 02(blzg) and (3, 3) gas temperature
inthe2H, + O, mixturein the zone of exposure to radiation
with A, = (a) 1.268 um and (b) 762 nm at | = 10 kwW/cm? for
Po=(1,2,3)103and (1, 2, 3) 5 x 10* Pa.

end of the radiation zone than the concentration of
O,(a'A,) molecules, obtained upon direct excitation of
the a'A, state by the radiation with A, = 1.268 um, at
both P, valuesof 10% and 5 x 10* Pa. The O,(b'Z ) con-

centration remains unchanged starting from a certain
distance from the beginning of the radiation zone x
(which depends on the values of | and P,). Thismay be
attributed to the fact that the rate of induced transitions

blz; becomes identical to the quenching rate at x = X..

The Oz(blzg ) moleculesare also formed at the end of
the radiation zone upon excitation of the a'A, state
because of the E-E exchange20,(a'A,) —~ oz(blz; )+
OZ(XSZQ). However, their concentration is ~108 times
lower than the O,(a'A,,) concentration. Itisclear that the
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Fig. 2. Variations in the relative concentrations of the com-
ponents along the flow with My = 6 and 8 = 25° upon the

exposure of the2H, + O, mixture (T, = 300K and Py = 10° Pa)
to radiation with A; = (a) 1.268 pm and (b) 762 nm, | =
10 kW/cm?, and 5= 0.5m.

exposure to radiation with A, = 762 nm provides much
more profound excitation of O, molecules in the a'A,

and blzg states.

An increase in the initial pressure of the mixture

causes a certain decrease in the values of y (a'a) and
2(@ By

Y. .1 attheend of the radiation zone. This may be
0,(b'zy)

associated with the fact that an increase in the absorp-
tion coefficient k, and, consequently, in the rate of
induced transitions due to spectral line broadening with
an increasing P, value becomes nonproportional to N,
(k, is independent of P,at P, > 10° Pa). The flow tem-
perature beginsto rise on excitation of the O, molecules

in the b'Z, state (A, = 720 nm) due to the E-T relax-

ation of OZ(blz;) (reaction (72)) evenat x =1 cm. This
temperature increase slows down as the vaue of P,
increases because of a decrease in the radiation energy
E, transmitted to one molecule (as follows from the
equation Eg = ITpk,/N; due to a decrease in the k/N,
ratio). At P, = 10° Pa, T = 360 K at the end of the radi-
ationzone (x=1m)and T =313 K at P,=5 x 10* Pa.
Note that the temperature at x = 1 m would be 443 K at

P, =103 Paand 333K at P, =5 x 10* Paif al the radi-
ation energy transformed into thermal energy.

INITIATION OF DETONATION COMBUSTION
ON O, MOLECULE EXCITATION

The presence of excited molecules O,('A,) and

oz(blz; ) strongly affectsthe dynamics of mixtureigni-
tion by ashock wave. Indeed, even at alow gastemper-
ature behind the shock wave front T, = 646 K (M, =6,
B = 25°) on exposure to radiation with A; = 762 nm at
the length & = 50 cm, the mixture ignites at a distance
of 3.9 m from the front even at a very low initial pres-
sure of the gas P, = 10° Pa and low radiation energy
transmitted to the gas E, = I, = 1.5 Jcm?. On exposure
to radiation with A, = 1.268 pum, the induction zone
length L, is much longer and makes up 167 m. Thisis
clearly seen from Fig. 2, which shows changes in the
relative concentrations of the components behind the
shock wave front in the case of exposure to radiation
with A, = 1.268 um (@) and 762 nm (b), | = 10 kW/cm?,
andd=0.5mat P,= 10° Pa. The vertical dashed linein
Fig. 2 indicates the position of the shock wave front.
Note here that L;, ~ 10° m in the absence of excitation;
that is, ignition does not occur at al. On excitation of

the O, molecules in the blz; state for the conditions
under consideration, the relative concentrations (in %)

of theO,(a'A,) and O,(b"%; ) moleculesat the end of the

radiation zone are only 1 and ~0.05%, respectively.
However, this concentration of electronically excited
0, moleculesis sufficient for the significant intensifica-
tion of chain reactionsin the H, + O, mixture. It should
be noted that it is the excitation of the O, molecules
rather than the enthal py of laser radiation that isrespon-
sible for the intensification of chain reactions. For
example, if al the energy consumed by the gas trans-
formed into its translational degrees of freedom at o =
0.5m, | =10 kW/cm?, and P, = 10° Pa, the temperature
before the front would be 379 K and the induction zone
length would be ~74 m, which is 20 times higher than
the value of L;, observed upon O, molecule excitation

in the blz; state.

Recall that the initiation of combustion in the hydro-
gen—oxygen mixturesis dueto the formation of the OH
radical and O" and H™ atoms in the following main
reactions: H, +0,=20H, OH +H,=H,0+ H ,H" +
0,=0H + 0", and O +H,= OH + H". Thedissoci-
ation of the O; molecules (O; + M =0, + O + M) in
the reaction of HO, with O, (reaction (61)) begins to
play anoticeable role at low values of T,. The presence

KINETICS AND CATALYSIS Vol. 44 No.1 2003
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Fig. 3. Variations in the rates S for the formation (+) and
decomposition (-) of the (@) O" and (b) H™ atoms and (c)
OH radicals behind the shock wave front with M, = 6, 8 =
25°, T, = 300 K, and P, = 10° Pa upon excitation of
0,(b "% ) by radiationwith A, = 762 nm and | = 10kW/cm?
at the distance 6 = 0.5 m.

KINETICS AND CATALYSIS Vol. 44 No.1 2003

L;,, cm

104
103

102

10
10% 103 10*

Po, Pa

Fig. 4. Length of the induction zone (L;,,) as a function of
theinitial pressure during combustion of the 2H, + O, mix-
ture (T = 300 K) behind the shock wave front with M = 6
afB=(12 3) 25 and (1, 2, 3) 30° and different energies
of radiation with A| = 762 nm transmitted to the gas E;,, =
(1,1)05; (2,2) 1.5; and (3, 3') 3 Jem?.

of the excited O,(a'A,) and O,(b"=; ) molecules in the

mixture favors the new pathways of formation of OH ,

O, and H™ species. These are mainly reactions (10),
(11), (16), (17), (22), and (23). Note that reaction (68)
involving O,(a'A,) and O; molecules significantly con-
tributesto oxygen atom formation at T, < 700 K. Thisis
illustrated by Fig. 3, which shows how the rates § of

the formation of O" (a) and H™ (b) atomsand OH (c)
radicals change behind the shock wave front upon
exposure to radiation with A, = 762 nm and E;, =
1.5 Jem?. All these processes are very fast. Therefore,
the presence of even small amounts of O,(a'd,) and

Oz(blzg ) in the mixture causes a dramatic decrease in
the lengths of the induction (L;,) and combustion (L)
zones. The degree of this decrease depends not only on
the | value, but also on the mixture parameters behind
the shock wave front P, and T,, which are determined
by the values of P,, T,, M,, and . Figure 4 illustrates
the dependence of L;, on P, at M, = 6, T, = 300 K, and
B =25° and 30° corresponding to T, = 646 and 791 K
at | =0, respectively. There are two regions of P, varia-
tions for each set of the parameters| (or E;,,) and 3. In
oneregion, L;, decreases as P, increases, whereasin the
other, P, increases with P,. The boundary value of P,
separating these regions increases with an increase in
L, and T,. The existence of Py, and anincreaseinL,, at
P,> Py, may be attributed to the formation of chemi-
caly inert H,0O, molecules and a decrease in the con-

centrations of the O" and H™ atoms and OH radicals
[14] at high values of P,. The higher the ! parameter and
the O,(a@'A,) concentration in the mixture, the higher
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the P, values at which these processes start to domi-
nate.

The above findings also suggest that detonation
combustion upon exposure of the H, + O, mixture to
radiation with A, = 762 nm can occur even behind a
weak shock wavefront (B =25° T, = 646 K). Thevalue
of E, isonly ~80 cm at arather moderate energy trans-
mitted to the gas, L, = 3 Jcm? and P, = 6 x 10° Pa. An
increase in the P, value with an increase in E;, favors
not only theinitiation of detonation at shorter distances
from the shock wave front, but also regimes with a
higher final temperature of the products Tg,. This is
demonstrated in Fig. 5, which shows how the gas tem-
perature behind the shock wave front My=6,T,=
300 K, B =25°) changesat P, = Py, and P, = 0.5P,, for
two different values of E;,. For example, for the shock
wave with M, =6, B =25°, and P, = P, the value of T,
increases by 65 K with a simultaneous threefold
decrease in E;, as E, increases from 1 to 3 Jcm?. Note
that the value of E;, =3 Jcm? at P, = Py, = 6 x 10° Pa
corresponds to a rather low radiation energy with A, =
762 nm consumed by the gas per one O, molecule E; =
5.8 x 102 eV/molecule. At E,, = 1 Jcn?’ and the corre-
sponding value of Py, =4 x 10° Pa, we have E;= 2.5 x
102 eV/molecule.

Another important factor largely determining the
induction zone length behind the shock wave is the
Mach number of the unperturbed flow M,. Figure 6
demonstrates how the L;,, parameter changes with the
value of M, when the mixture is irradiated with A, =
762 nm at different energy consumed by one O, mole-
cule E;=0.01, 0.03, and 0.1 eV/molecule. For compar-
ison, Fig. 6 also shows how L;, changes with M,, in the
absence of radiation. An increase in the value of M,
causes adecrease in the L;,, parameter at all energies Eg
mainly due to a temperature increase behind the shock

L;,, cm T,K
10°
1900
4
10 800
700
" 1600
102 L 500
=400
10 1 1 1 L 300
5 6 7 8 9

Fig. 6. (1-4) Theinduction zonelength L;,, and (5) gastem-
perature behind the shock wave T; vs. M at B = 20°, Py =
10° Pa, and Ty = 300 K upon exposure to radiation with
A =762 nm at Es= (1) 0.01, (2) 0.03, and (3) 0.1 eV/moal
and (4) inthe absence of radiation.

wave front. However, even at alow temperature behind
the front (T, ~ 700 K) and the low vaue Es =
0.1 eV/molecule, detonation may be initiated even at a
distance of 1.7 m from the front. In the absence of radi-
ation, this distance would be ~115 m. The action of
radiation with A, = 762 nm allows one to decrease the
valueof L;, several timeseven at relatively high gastem-
perature behind the front T, ~ 900 K (M, = 10, 3 = 20°)
when chain reactions occur at a rather high rate in the
mixtures lacking electronically excited O, molecules.

CONCLUSION

Molecular oxygen excitation by resonance laser
radiation in the O,(b"Z; ) and O,(@'A,) states makes it
possible to initiate the detonation combustion in the
supersonic flow of the H, + O, mixture behind the front
of relatively weak shock waves when the gas tempera-
ture is less than 700 K even at the low density of the
radiation energy transmitted to the gas E;,, ~ 0.5 Jcm?

due to the new pathways of formation of the active H’
and O" atomsand OH radicalsacting aschain carriers.

The excitation of the O, moleculesin the blz; state by
laser radiation with wavelength A, = 762 nm hasamuch
stronger effect on the kinetics of detonation initiation
compared to O,(a'A,) excitation by radiation with A, =
1.268 um. This is due to the fact that substantially
higher (by afactor of ~75) intensities of acting radia-
tion are required to provide the same energy consumed
by one O, molecule. Anincreasein the radiation energy
transmitted to the gas makes it possible to both initiate
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detonation at low gas temperatures at shorter distances
from the shock wave front and conduct detonation com-
bustion with a higher final temperature of the products.
Taking into account that O, molecule excitation by res-
onance laser radiation intensifies chain reactions, this
method of detonation initiation also seems to be quite
efficient for combustible mixtures based on hydrocar-
bons.
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