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Abstract

A theoretical model of chemical and vibrational kinetics of hydrogen oxidation is suggested based
on the consistent account for the vibrational nonequilibrium of HO; radical which forms in result
of bimolecular recombination H + O; = HO; in the vibrationally excited state. The chain branching
H + 02 = O + OH and inhibiting H + O, + M = HO; + M formal reactions are considered (in the terms
of elementary processes) as a general multi-channel process of forming, intramolecular energy
redistribution between modes, relaxation, and monomolecular decay of the comparatively
long-lived vibrationally excited HO: radical which is capable to react and exchange of energy with
another components of the mixture. The model takes into account the vibrational nonequilibrium
for the starting (primary) Hz and Oz molecules, as well as the most important molecular interme-
diates HO, OH, 02(*A), and the main reaction product H,0. The calculated results are compared
with the shock tube experimental data for strongly diluted Hz-O2 mixtures at 1000 < T < 2500 K,
0.5 < p < 4 atm. It is demonstrated that this approach is promising from the standpoint of recon-
ciling the predictions of the theoretical model with experimental data obtained by different au-
thors for various compositions and conditions using different methods. It is shown that the hy-
drogen-oxygen reaction proceeds in absence of vibrational equilibrium, and the vibrationally ex-
cited HO; radical acts as a key intermediate in the principally important chain branching process.
For T < 1500 K, the nature of hydrogen-oxygen reaction is especially nonequilibrium, and the vi-
brational nonequilibrium of HO; radical is the essence of this process.

Keywords

Gas Phase, Hydrogen-Oxygen Reaction, Chemical Kinetics, Vibrational Relaxation, Electronically
Excited States

How to cite this paper: Skrebkov, 0.V. (2014) Vibrational Nonequilibrium in the Hydrogen-Oxygen Reaction at Different
Temperatures. Journal of Modern Physics, 5, 1806-1829. http://dx.doi.org/10.4236/jmp.2014.516178



http://www.scirp.org/journal/jmp
http://dx.doi.org/10.4236/jmp.2014.516178
http://dx.doi.org/10.4236/jmp.2014.516178
http://www.scirp.org/
mailto:skreb@icp.ac.ru
http://creativecommons.org/licenses/by/4.0/

0. V. Skrebkov

1. Introduction

For over the decades, hydrogen-oxygen reaction, being important for practical implementation, has been in fo-
cus of attention as a model system that contains all key kinetic features of gas-phase ignition, combustion, and
detonation. After works of N. N. Semenov and C. N. Hinshelwood, this reaction has been investigated for more
than seventy years, and presently its mechanism is considered as the most studied one (in contrast with, for ex-
ample, the mechanism of hydrocarbon oxidation). However, the problem of quantitative description of kinetics
in this system remains as before unsolved both from standpoint of an agreement between results of different ex-
periments [1] and from standpoint of an agreement between theoretical models and experiments (see [2]).

All kinetic calculations performed for the interpretation of experiments based on the assumption of availabili-
ty of equilibrium in the internal and external degrees of freedom of molecules and radicals. Using this, assump-
tion radically simplifies the task of describing the kinetic mechanism, because it eliminates the need to account
for a dependence of the reaction cross sections on the energy of the internal degrees of freedom of molecules. In
this case, the kinetic equations are equations only for the concentrations, reaction rate constants only depend on
gas temperature, i.e., all the reactions are regarded as elementary (proceeding in one step) processes, the ratio
between the rate constants of direct and reverse reactions, k/k’ = K(T) (K is the equilibrium constant) is used.
Here, following [3], we will call such a kinetics description as the “formal kinetic description”*. Meanwhile, the
characteristic relaxation times of internal states, for example, the times of vibrational relaxation is comparable or
even greater than the characteristic times of fast chemical reactions, such as, for example, practically barrierless
bimolecular recombination reactions. In the terms of formal kinetics, a reaction of recombination (dissociation)
is considered as termolecular (bimolecular) process with the participation of the third body M, i.e., A+ B + M =
AB + M reactions”.

The inconsequence and formal character of this equilibrium kinetic conception, which has become traditional,
is illustrated by Figure 1. It shows the k/k. ratio, where k is the rate constant value for dissociation reactions of
the most important species and K is their maximally possible value. Here, for the k values used the accepted
and recommended (for an interpretation of experiments) dissociation rate constant values, or received, using the
relationship k = k.K(T), from accepted and recommended recombination rate constant values, K. (which really
can be considered equilibrium); see, for example, [1] [5]-[8] and references therein. It will be seen that the rate
constant values for these reactions exceed the maximally possible ones (collision frequency multiplied by the
Arrhenius factor) in several times (H,, O,) or orders of magnitude (OH, HO,, H,0, H,0,) that takes out theirs
beyond bounds of a physical sense (¢ >1) converting into formal fitting parameters. It means that these rate
constant values cannot be identified with the rate constants of elementary dissociation reactions because they are
effective rate constants of complex overall (detailed mechanism of which is unknown) reactions. (The curve 7
corresponding to the “high pressure limit” for HO, + M — H + O, + M reaction, as was to be expected, located
in a region of values {'< 1).

As a result of accounting, in implicit form, vibrational relaxation time dependencies on conditions, one comes
to different formal kinetic schemes (mechanisms), which along with the elementary (proceeding in one step)
chemical reactions include formal overall reactions detailed mechanism of which is unknown, and their effective
rate constants depend on conditions (composition, pressure, and other). (It is these circumstances that are the

“The use of the formal kinetic description was and remains relevant in terms of its use in macro-kinetic applications, i.e., when it is enough
to quantitatively correctly simulate the density and “heat release function” in the specific conditions of composition, temperature, and pres-
sure.

2According to existing concepts (see, for example, [4]), if molecules or radicals AB are 2-atomics (O3, H,, OH, ), such a reaction proceeds
in two the following elementary steps: forming vibrationally excited AB(v) and its subsequent relaxation to equilibrium distribution on vi-
brational states (in this case, deactivation in collisions). If the AB are 3(or more)-atomics (HO., H,0O, H,O, --) such a reaction proceeds in
three following elementary steps: forming vibrationally excited AB(v), intramolecular energy redistribution, and relaxation. The vibrational
relaxation times, =, directly dependent on conditions; so the value of the rate constant of the vibrational-to-translational energy exchange
process is proportional to pressure, p, and depends on the buffer gas type, M. If in the course of the reaction is maintained equilibrium dis-
tribution in vibrational states (“high pressure limit”), i.e., 7, <z, (@ is the chemical reaction characteristic time), the equilibrium ap-
proximation is correct, the reaction rate of recombination (dissociation) is determined by the rate of its first stage, not depends on p and M,
the recombination rate constant is defined by the value k., (the dissociation rate constant k’ =k_/K ). In the opposite case, i.e., when
T 2T

> 7, (“low pressure limit”) the reaction rate is determined by the rate of vibrational relaxation stage, the relationship k/k' = K(T) is

invalid. Really in practice, an intermediate case is realized; the reaction rate constant and efficiencies of third-bodies, M, in the framework
of the formal kinetics (on the basis of assumed mechanism), is searched empirically as a result of fitting to the experiment. Herewith, the re-

lationship k/k' = K(T) is used that, at least, is inconsistent.
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Figure 1. The ratio of the average (on different M) dissociation rate constant values, k, to
the corresponding highest possible ones, k., =Z., -exp(=D/T). (Z is the collision
frequency as an estimate from above, p ~ 1 atm; D is the dissociation energy.) (1)—0O, +
M — 20 + M; (2)—H, + M — 2H + M; (3)—OH + M — O + H + M; (4)—HO, + M —
H+ O, + M; (5)—H,0 + M — H + OH + M; (6)—H,0, + M — 20H + M; (7)—HO, +
M — H + O, + M (high pressure limit, see [8]). Here, k is interpreted (in accordance
with obvious canons of gas phase kinetics) as k=¢Z, exp(— E(A)/T) ; ('is the orienta-

tion factor; E® is the activation energy equal D as the minimal activation barrier height
in the present case. The curves 1-3, 6 correspond to average (for different M, see [1]) k
values. The curves 4 and 5 correspond to average (for different authors, see [1] [5]-[8]) k
values with the following maximal deviations: for the curve 4 that is 3*! at 1000 K and
(2.5)*! at T = 2500 K; for the curve 5 that is (8.2)*! at 1000 K and (1.5)** at T = 2500 K.

main cause of origin of the terms “uncertainty” and “sensitivity” in relation to the reaction rate constants.)
Meanwhile, “the problem of the reaction mechanism can be completely solved only on the basis of quantitative
information about rate constants of elementary processes” [9]. Currently, the most authoritative source of infor-
mation on this topic is the Potential Energy Surface (PES) ab initio analysis and the relevant dynamic calcula-
tions.

Comparative successes (from the standpoint of use in gas-dynamic and macro-kinetic applications) of formal
kinetic schemes in terms of this equilibrium approach have been achieved owing to considerable variations of
the rate coefficients for important processes while modeling different conditions (on temperature, pressure, and
composition). So, the rate constant of the most important chain branching reaction H + O, <> O + OH obtained
by different authors for temperatures over 1000 K [1] considerably differs depending on experimental conditions;
about half of obtained values exceed the theoretical estimate from above (see [2]). To an even greater extent,
this is applied to the inhibiting H + O, + M — HO, + M reaction (see [1] [5]).

Theoretical predictions and experimental data are often reconciled via violation of the relationship between
the rate constants of the forward and backward reactions, by introduction of not existing reactions, and/or by use
of implausible rate constants. For example, the use of H, + O, — 20H reaction with activation energy around or
less than 24,200 K (underestimated more than by a factor 1.5; see, for example, [10] [11]) converts this practi-
cally non-existing reaction (see [12]-[14]) into the most important channel of initiation and subsequent forma-
tion of OH radical.

Inability to provide physically adequate (in the terms of elementary processes) explanation of the formation
(already during the earliest steps of combustion process) of electron-excited radicals OH™ = OH(*Z") is another
illustrative example of the inconsistency of this (traditional) equilibrium kinetic concept. At the same time, the
emission OH™ — OH + hv has long been used in research practice to determine the induction period. The forma-
tion of OH" during the most early steps of combustion process, is supposed (see also [2]) to occur in the follow-
ing two stages: H + O, — HO,(v) and HO,(v) + H, — OH”™ + H,0, i.e., through formation of the vibrationally
excited HO,(v) radical. This is in accordance with the only quantitative acceptable overall reaction H + O, +

1808



0. V. Skrebkov

H, — H,O + OH" proposed back in the 60s [15]. (Note that during later stages of combustion, when the OH”
concentration attains its maximum, another reactions play an important role also [2] [16].)

These and other facts® indicate the need not only to make the kinetic scheme, more precise and detailed but to
revise the existing kinetic concept which is based on the assumption of equilibrium in the internal (vibrational)
degrees of freedom. In accordance with the conclusions of [2], the above said refers primarily to the reactions
involving the vibrationally excited HO,(v) radical which is formed as a result of bimolecular recombination H +
0O, — HO,(v). These are the following main (in conventional chain branching mechanism of hydrogen oxidation)
reactions: the above reaction H + O, — O + OH and the inhibiting reaction H + O, + M — HO, + M. (In terms
of the existing kinetic concept, these and other overall reactions are interpreted as elementary ones depending
only on gas temperature, T.) Meanwhile, in [2], we suggested “the dependence of the apparent rate constant of
the process H + O, — O + OH on the concentration of the third body M = H,”, and it was stated the need to
consider this reaction as the “H + O, — HO,(v) — O + OH with consideration for intramolecular energy redi-
stribution in the HO,(Vv) radical and its vibrational relaxation in collisions”. Such a consideration was performed
in [16], where it was shown that “the nonequilibrium character of the process with respect to vibrational degrees
of freedom is responsible for the observed dependence of the overall reaction H + O, — O + OH effective rate
constant on experimental conditions”. In turn, the presence of vibrationally excited HO(Vv) radicals leads to the
necessity of taking into account the vibrational nonequilibrium of other components in the reacting hydrogen-
oxygen mixture.

The subject of this paper is a presentation and approbation of the theoretical model based on a systematic ac-
count of vibrational nonequilibrium of HO, radicals which are assumed to act as a key intermediate in the chain
branching process and in the formation of electronically excited species. The paper in a certain sense is the con-
tinuation of our previous works [2] [16]. In terms of the proposed model, the chain branchingH + O, —» O + OH
and inhibiting H + O, + M — HO, + M formal reactions are considered as the set of elementary processes of
forming, intramolecular energy redistribution between modes [16], relaxation, and monomolecular decay of the
comparatively long-lived (see [18]-[21])* vibrationally excited HO,(v) radical which moreover is capable to react
and to exchange an energy with other components of the mixture. This significantly changes the physical under-
standing of the chemical mechanism in the reacting hydrogen-oxygen system.

This paper is organized as follows. Section 2 gives a general formulation of the kinetic equations; in the Ap-
pendix A, there are the forms of these equations for the particular cases implemented in practice. The kinetic
scheme are adduced in the Section 3; in the Appendix B, there is a brief outline of the method of theoretical es-
timation for unknown characteristic times and/or rate constants of vibrational relaxation channels. Then Section
4 follows where the calculation results are presented and discussed. The final section (Section 5) concludes.

2. Kinetic Equations

Equations of chemical and vibrational kinetics for general case of reacting multi-component gas mixture in
frames of macroscopic (or hydrodynamic) description, i.e., in the form of equations for the concentrations of
mixture components, n;, and average energies of vibrational degrees of freedom (modes), &, were first published
in [22] (see also [23]). These equations were used for calculations of chemical and vibrational nonequilibrium
multi-component gas flow through a nozzle while studying the combustion-driven CO,-gas-dynamic laser work-
ing media. In deriving these equations from the equations of balance of the vibrational level populations (or
Master equations) [24], the following simplifying assumptions were made: 1) chemical reactions do not disturb
the Maxwell distribution; 2) rotational degrees of freedom are in equilibrium with the translational ones; 3) each
type of molecular vibrations (mode) is modeled by a harmonic oscillator with vibrational temperature Ty as a
measure of the average energy of that or another mode (such as the kth). Following [22] [23] in general (see also
[16] [24]), we have the equations for the molar component concentrations per unit mass, n;, and the average
numbers of vibrational quanta of kth mode per one molecule, &, as the time functions at given gas temperature,
T, and pressure, p. (In terms of nonequilibrium statistical mechanics, these equations are the corresponding mo-
ments of the Master equations.)

*The inability of the equilibrium kinetics concept to predict efficiencies of different third bodies, M, in recombination-dissociation reactions;
the possibility of formation of electronically excited states O,(*A), O(*D), OH(’Z"), reactions with their participation, the complex multi-
channel character of quenching processes, including the chemical quenching processes (see [2]).

“i.e., there is an overlap of the HO,(v) lifetime and collision time statistical distributions.
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For the molar concentrations of the components per unit mass of the gas mixture (n;),

dr]i ] ’ ’ N Vir ’ ’ N V}T
E:rz:f(vir_vir)(Rr_Rr)’ Rr:krlj:!(pnj) ! Rr:krlj:!(pnj) : (1)

Stoichiometric coefficients, virand v, of the jth chemical component, Y;, in the rth reaction correspond to the
following record of the chemical reaction:

N N
(r) ]Z:;verj <‘;—E>Zv;rYj . 2

j=1

An influence of the vibrational relaxation processes on kinetics of chemical transformations is expressed via the
dependence of reaction rate coefficients on the average energies of reagent vibrational modes, &, in accordance
with the following relationship:

K (ToATe}) =5 (T (T} )k (T)- @3)

Here, k, (kr’ ) is the rate constant of the rth reaction in the forward (backward) direction. k° =k, (T) (or
equilibrium value) is the rate constant of the rth reaction when all degrees of freedom are at thermodynamic
equilibrium. Theoretically, kf is the value that one obtains from dynamical calculations after averaging cor-
responding cross sections over equilibrium distributions of reagents and/or as a result of the use of approximate
analytical methods as for example different variants of the transition state theory (TST)®. Experimentally, in ap-
plication to the dissociation-recombination reactions, the rate constant values determined in the high pressure limit
(see footnote 2) must coincide with k’. The «, (T,{T,}) is the nonequilibrium factor, {T,} is the set of vi-
brational temperatures for molecules participating in the rth reaction as reactants; T, is the effective vibrational
temperature as the measure of average energy of kth mode; T, :G'k/ln[(1+ & )/gk], 6 is the characteristic
temperature of the kth mode (the size of quantum for vibrational transition 1 — 0 in K).

(4)

where Efv) is the portion of activation energy, EﬁA) (the activation barrier height), of the rth reaction belonging
to the vibrational degrees of freedom of the molecules participating in the rth reaction as reactants, &;; is a com-

parative efficiency (Zﬁ,i :1j of ith vibrational mode (with vibrational temperature T;) of the reactants. We

assume here &6,=06,, ="
This rate constant dependency on vibrational temperatures of appropriate modes in the form of Equations (3),

(4) with 5, = ,Bf,/z B2 (B are the expansion coefficients of the reaction coordinate in normal vibrations) was
i

deduced [25] [26] for a specific case of the polyatomic molecule dissociation reaction. However, the mentioned
specificity is not a matter of principle for its deducing (because of the harmonic oscillator model use) and this
dependency has significantly more general character. In the simplest case of the two-atomic molecule dissociation
reaction (one mode), Equation (4) gives the known results [27], obtained for T, < T, realized in the flow behind the
bow shock of reentering hypersonic vehicles at high altitudes.

As an estimate for the portion of activation energy related to the reactant molecular vibrations, we have:

” EY (& +4)T/2 forEY) > 0(E" > By + ) o
"o for £ <O(E < By + Ee),

i.e., the activation barrier height, EiA) , minus an equilibrium energy of the relative translational motion of the pair

(according to the assumption 1) we assume here Eyqns = 2T [28]) and rotational energy of the molecules partici-

®In this context, non-empirical sources of kinetic information, such as ab initio analysis of PESs and dynamic calculations of equilibrium (as
a result of averaging corresponding cross sections over reagent equilibrium distributions) rate constants of elementary reactions, become of

particular importance.
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pating in the rth reaction as reactants (according to the assumption 2) we assume here E,,; = &-T/2). Here, & is the
number of rotational degrees of freedom of reactants. The height of activation barrier, Ei,A) , of the reverse reac-
tion r' defines the value of the vibrational energy of the rth reaction products (see below).

Simple formula (5) plays the important role in this model of the interaction between vibrational relaxation
processes and chemical reactions. According to (5), the height of activation barrier, E , is the mam criterion for
a degree of influence of the reagent vibrational excitation on the rth reaction rate constant The E ) value glven by
Equation (5) is the more accurate, the more the height of the activation barrier (i.e., when EY)>E,_ +E_ ~T).
This is just the case when the effect of vibrational nonequilibrium may be the greatest.

For the average numbers of the vibrational quanta of the modes (&),

d k . ’ -1 2 '
6:[ =;A|£q)§7ikgiq)(Qq_QQ)+<pni) S;r'(vjs_vjs)[(zsk_‘gk)(Rs_Rs)J’ (6)

I 0 T"a
1+8 ¢ &n l+€n B m
o172 H[M] Q=TI TT04)" o
" 1+ g n &,

The first term in the right parts of the vibrational kinetics Equations (6) describes the change of the average
energy (in &) of the kth vibrational mode (mode k belongs to the molecule of kind j) as a result of its interaction
with the other vibrational modes of the gas mixture, (dg/dt),i,r in Appendix A. Here,

&l =& (T)=exp(-6,/T)/[1-exp(-6,/T)] is the equilibrium value of &; », = ni/z n, is the mole fraction

of ith component; kgiq) is the rate constant of the gth channel of vibrational relaxation in the interaction between j
and i molecules,

ki =2, -PY (min), ®)
Zji is the number of collisions of one jth type molecule with ith type molecules per time unit (the collision fre-
quency), (m n) is the probability of corresponding qgth vibrational energy exchange process of the type
(@) (m:n
(a) (Vi V }L){vm LR +Inq} 9)

in which a collision of molecules of the jth and ith kinds causes the decrease in vibrational quantum numbers of
modes m, Vi, by Ing and the increase in vibrational quantum numbers of modes n, vy, by Ing. In terms of the har-
monic oscillator model, the probability of such a process is unambiguously characterized by the probability of

mq’

0,1

' 'ng
process of vibrational energy exchange between modes which are considered as a whole [24]; a practical utiliza-
tion of such values means the replacement of Equation (9) with the following one:

(9) {lg ;O}L{o,nq} (10)

The Allﬁq value in equatlon for gs is the change in the amount of vibrational quanta of the kth mode as a result
of gth (q' th) process QWAI = AI 2

The second term in the rlght side of Equation (6) describes the influence of chemical reactions on the process of
vibrational relaxation (mode k belongs to jth type molecule formed in the sth reaction), (de/dt)chem in Appendix A.
Here, y« is the quantity (in 6y) of vibrational quanta obtained by kth mode in average at one act of formation of the
j-type molecule in sth reaction. The total set of y values characterizes the distribution of numbers of vibrational
quanta between modes of the products of sth reaction.

sk = E 775k/9 ' (11)

the corresponding transition between the lowest states, P; { }6. Kinetic values of this type characterize a

®In the simplest case of the single-quanta vibrational-to-translational (VT) transfer, one has the relation

mm-1 10
Pm‘mflzp n'n mPlO PlO P 0,0 .
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where E§Y> , defined by the formula (5), is the portion of activation energy belonging to the vibrational degrees of
freedom for the reaction s', i.e., in the direction of annihilation the molecule containing the kth mode. In terms of
the proposed model, it is natural to assume the uniform distribution of Ef,v) between product modes

(Url =T ="'1ani =1j '

The vibrational kinetic equations presented in this section are correct as far as harmonic approximation is
correct, i.e., when gk,gf <1. However, the application of such equations to diatomic gases and their mixtures
(see [29] and references therein) showed that the influence of anharmonicity of molecular vibrations on the re-
laxation rate may be taken into account (approximately, in average) in the framework of this model by introduc-
ing constant correction factors to the corresponding kinetic parameters (see below Appendix B).

Appearing in the Equations (4), (5), (11) values Eﬁv), S and nyy, as a rule, are unknown; in each case to de-
termine them, the solution of the corresponding dynamic problem is required. For complex many-electron systems,
this is a very complicated task (even for modern computing facilities), and the PESs used in such calculations
(quasi-classical or quantum) are often rather arbitrary. However, as the experience of the calculation of thermal
rate constants by solving a dynamic problem shows, there is an important feature of this approach, which consists
in the fact that the results of the calculations of the averaged reaction parameters are much less sensitive to the
shape of the PES, than many of details of the collision mechanism; the value of the activation barrier height, EiA) ,
is the most important dynamic parameter.

The system of Equations (1), (6) was solved numerically for n; and &, (see [16]). As the initial condition at t =
0, the n; and ¢ values corresponding to the gas mixture state before the shock front (at 7 = 300 K) were taken.
The values 7 (the maximum OH” concentration moment) and z;, (the moment at which the OH concentration
reaches its half-maximum) were determined from the calculated time dependences ni(t) for OH and OH" =
OH(?z*) and compared with directly measured in experiments (see below Section 4.2).

3. Kinetic Scheme

Necessary information for solving kinetic Equations (1), (6) is presented in the form of the kinetic scheme for
chemical reactions and channels of vibrational relaxation. For description of the initiation and chain reactions in
the H, + O, + Ar system, we have used the kinetic scheme involving chemical reactions with participation H,,
0,, H;,0, HO,, H, O, OH, H,0,, O; in the ground electronic state as well as O, = 0,(*A), 0" = O('D), OH” =
OH(?z"), and relaxation channels for the vibrational modes H, (k = 1), HO,(v1) = HO,(100) (k = 2), OH (k = 3),
0, (k=4), O, (k=5), HOy(v;) = HO,(010) (k = 6), HO,(v3) = HO»(001) (k = 7), H,O(v1) = H,0(100) (k = 8),
H,O(v,) = H,0(010) (k =9), and H,0(v3) = H,0(001) (k = 10) with characteristic temperatures, 6;: 6; = 5989, 6,
= 5325, 63 = 5140, 6, = 2250, 5 = 2170, 0; = 2059, 6, = 1577, 05 = 5266, Oy = 2297, and 0;, = 5409 K. We neg-
lect an influence of vibrational nonequilibrium in OH”, O3, and H,0, species because of their low concentrations
and/or high rates of vibrational relaxation.

The behaviour of the most important intermediate HO, radicals is defined by the following elementary
processes:

1) Formation as a result of the bimolecular recombination and the fast intramolecular redistribution of H-O,
bond energy (or energy randomization), H + O, — HO,(v);

2) Dissociation along H-O, bond, HO, <> H + O;

3) Dissociation along O-OH bond, HO, «<» O + OH;

4) Vibrational-to-vibrational (VV'-) energy transfer, HO,(100) + X(0) <> HO,(000) + X(1), X = H,, O,,
HzO(Vl), ’

5) VV'-energy transfer, HO»(010) + X(0) <> HO,(000) + X(1), X = H,, O,, H,O(1), ***;

6) Vibrational-to-translational (\VT-) energy transfer, HO,(001) + M <> HO,(000) + M, M = H,, O,, H,0, Ar;

7) Chemical reactions, HO, + Yi <> Y+ Yy, i,j, k=1, 2, -

The process of the HO,(v) radical formation has been presented by the fast bimolecular recombination reaction
1). The fast energy randomization (or, intramolecular energy redistribution) of HO, bond energy at the modes 2,
HO,(v1), 6, HO,(v,), and 7, HO,(vs), in the reaction 1) is simulated by setting up 7,2 = m6 = m1.7; see Equation (11).
The reactivity of HO,(v) and its subsequent evolution are determined by the processes of decay 2), 3), relaxation
4)-6), and the reactions with its participation 7).
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The recent results on dynamics in the HO, system (see [17] and references therein) showed the existence of
significant regularity embedded in the chaotic phase space. l.e., the energy redistribution between HO, vibra-
tional modes is only partial because of an availability of “a bottleneck in the phase space which inhibits the
intramolecular transfer of energy between the H-O and O-O bonds” [17]. In another words, the HO, system was
found to be (in dynamic sense) an intermediate case between regular and chaotic behavior (“the RRKM assump-
tion or the strong-coupling approximation” [30]). Here, that latter is simulated (on the kinetic level) by the
processes 1)-3); see below reactions (c1)-(c3) in the Table 1. To take into account the regular dynamic behavior
on the kinetic level, we introduce in the kinetic scheme, in addition to the processes 1)-3), the one-stage process
H + O, — O + OH (reaction (c4) in the Table 1).

3.1. Chemical Reactions

The reactions determining the mechanism of chemical transformations and their equilibrium rate constants, kr0
[see Equation (3)] are listed in Table 1.

The kr0 values, presented in Table 1, are the final result of the selection and fitting by the execution of nu-
merous series of calculations (with varying kr0 either individually or in various combinations) and comparison
of their results with the experimental results (7, and ') shown in Table 4.

Chemical reaction (c2)-(c4)’, and (c12) proved to be the most influential on the rate of the process as a whole
and on the formation of electronically excited species. Accounting the HO,, H,O, H,, O, and OH vibrational re-
laxation processes eliminates the need to include in the kinetic scheme formal reaction of the type A+ B + M —
AB + M with an intuitive fit of third bodies, M, efficiencies; see reaction (c2), and (c3"), (c12)-(c16) in Table 1.
On the other hand, our ignorance of the vibrational nonequilibrium of O3, H,0, and OH" (small concentrations,
high vibrational relaxation rates) leads to the inclusion in the kinetic scheme of formal reactions of recombina-
tion (c17"), (c18"), (c22") and (c23") in the form A + B + M — AB + M. The effect of these reactions on the final
calculation results for the conditions examined is relatively small; the kf values (r = 17, 18, 22, 23), presented
in Table 1, should be considered as the upper estimates satisfying the following relationships:
kP < Zeon -exp(— Dj/T) (see the curve 7 of Figure 1 and its discussion).

3.2. Collisional Intermolecular Vibrational Energy Transfer

The channels of vibrational-to-translational (VT) energy transfer and respective characteristic times, r (q =
1-10), are listed in Table 2. The VT-relaxation data for diatomic species based on the results [31]- [34] seem to
be most reliable. As for the VT-relaxation kinetics of the HO, modes (q = 5 - 7), it is very poorly studied both
experimentally and theoretically at present. The relaxation times r,ﬂo) for different M listed in Table 2 were
finally obtained as a result of flttlng the calculated values o and 7 to the measured ones in [14] [35] [36] (see
Table 4); as initial values for rHO , theoretical estimations were used. The theoretical estimations were used al-
so for the values of r , 0 =2, 4 8 - 10; their influence on calculated values 7 and 7 is relatively low. For
these estimations, we applled the SSH (Schwartz-Slavsky-Herzfeld) theory [37] and the SSHM (Schwartz-
Slavsky-Herzfeld-Moor) version of this theory which, in the most simple manner, takes into account the vibra-
tional-to-rotational (VR) energy transfer [38] (see also [39]). The main formulae for our SSH and SSHM esti-
mations are given in Appendix B.

The SSH and SSHM estimations of VT-relaxation times for vibrational modes of polyatomic molecules are
based on the assumption about their independence, i.e., on neglecting disturbances caused by interaction during
collisions. In the case of H,O molecules (the central atom O is much more massive than the external atoms H)
and at relatively low degree of vibrational excitation, this is true [40] [41]. In the case of HO, radicals (nonlinear
molecule with ZHOO bending), such disturbances are, most probably, not small. Unfortunately, the dynamic
problem of intramolecular inter-mode interaction induced by collision is far from solving. As a simplifying as-
sumption, we consider the HO, molecule during collision as the united set of coupled oscillators which ex-
change by energy with translational and/or rotational degrees of freedom via the most rapidly relaxing mode; it
is one of low frequency modes of HO,; see Note (g) in Table 2.

As a result of our SSH and SSHM estimations (see Appendix B), the relatively most important channels of

"In accordance with the conclusions of [2] and [16] about “the dependence of the effective rate constant of the overall reaction H + O, —
O + OH on experimental conditions” and about the “key role of the HO, radical in the hydrogen oxidation reaction”.
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Table 1. Essential reactions and their equilibrium rate constants k= A ~(T/298.15)" ~exp(— EfA)/T) (cm®, mole, s) in
the H, + O, + Ar reacting mixture at 1000 < T < 2500 K.

cr Reactions M A n Bl Refs.
cl Hy + O, > H+ HO, — 26.7° 4.36 x 10 1.80 26,822 b
c2 H+ 0, HO, + 255 6.19 x 10* 0.372 241 cd
c3 HO, <> O+ OH — 33.8 7.00 x 10* 1.125 33,800 d
c4 H+0,<>0+0H-83 2.40 x 10 3.00 8360 d
c5 H,+OH& H,0+H+75 6.47 x 10" 1.75 1590 det
c6 H,+ 0« H+0H-0.85 7.40 x 10% 0.861 4650 &9
c7 H+ HO,; <> HO + OH +17.3 3.80 x 10** 0.486 103 f
c8 0+HO,<>OH+0,+257 2.61x10% 0.06 650 de
c9 20H< H,0+0+85 2.07 x 10%° 2.70 -1251 de
c10 2HO; <> H,0, + 0, + 17.5 2.77 x 10% 0.459 158 f
cl1 OH + HO, <> H,0 + 0, + 34.1 5.80 x 10%* -0.322 112 f
cl12 H+ OH <> H,0 +59.5 3.00 x 10%* 05 d
cl13 H,+ 0" <> H,0 +81 1.00 x 10" 0.5 49
cl4 2H < H, +52.0 2.00 x 10* 0.5 d
c15 20 0, +59.4 1.00 x 10% 0.5 d
c16 O+H« OH+51.0 4.60 x 10% 05 d
cl7 0;:+Me0,+0+M-128 M 2.98 x 10% -1.15 11,830 de
cl8 H,0; + M <> 20H + M — 25,6 M 1.5 x 10" 0.5 25,818 de
cl19 H, + HO, &> H,0, + H— 8.7 2.56 x 10* 10,750 f
c20 H, + HO, <> OH + H,0 + 24.9 2.6 x 101 1075
c21 H, + HO, <> OH” + H,0 — 21.9 1.0 x 10" 36,000 0.d
€22 OH'+M& O +H+M-275 8.5 x 10™ -0.68 26,800 9.d
H, 8.1 x 10" 0.45 8060
c23 OH +M<«<>O+H+M-45 M 9.
0,, Ar 7.2%x10 -0.73 16,020
H,0 1.2 x 10" 0.5
N 0, 4.0 x 10" 0.5
c24 OH"+M <> OH + M +47.0 b o
H, 1.0 x 10 0.5
Ar 1.33 x 10" 05
c25 OH +0;¢>0;+H+85 2.0x 10" 05 9.d
c26 OH" + H,0 & H,0, + H+12.7 7.5 x 10% 276 9.d
c27 OH" + Hy > HO + H + 54.3 4.0 x 10" 0.5 0.d
c28 OH" + 0; > HO, + 0+ 21.0 1.0 x 10" 0.5 0.d
c29 H+HO; <> H,0+ 0" +3.3 4.84 x 10" 892 9
30 O +H,<>OH+H+253 3.0 x 10" 0.5 17,000 9
. H, 2.0 x 10°
c31 O"+MeO0+M+230 " 9
0,, Ar 2.0x10
32 H+HO, & H,+ O, +154 6.47 x 10" 1.67 3160 b
H, 1.5 x 10° 0.25
¢33 0, +Me0,+M+11.3 O 10> 10° 025 f
Ar 2.94 x 10° -0.25
H,0 6.60 x 10° -0.22
c34 0, +H<OH+0+38 7.0 x 10% 1.0 7500 b.d
c35 0" +H, <> OH +H-254 8.04 x 10% 25,200 b,d

*The reaction heat effects in 10° K; here and below, the double arrow means the brief writing for two reactions (forward, r, and reverse, r');
k°/k® =K , K is the equilibrium constant; "[2] [12] [16]; °[2] [21]; °Fitting to experiment of the Table 4; °[16]; "[1]; 9[2].
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Table 2. The relaxation channels and their characteristic times rg“") =ag"') ~exp(b§“") -T’“), s-atm, for VT-transfer in the
H, + O, + Ar reacting mixture at 1000 < T < 2500 K.

vq VT-transfer channel (va) Y, (1)+Y, <Y, (0)+Y,* M=Y, al™ b Refs.
H,, H,0 12x107%° 100
vl Hy(1) + M <> Hy(0) + M 0, 24x10% 101 b.c
Ar 9.2x 107 104
H,, H,0 75x107 30.6
v2 OH(1) + M <> OH(0) + M 0, 1.81x10° 30.6 doec
Ar 1.84x10°° 30.6
Ha, H,0 1.89x10° 49.5
v3 0,(1) + M <> 0,(0) + M 0, 1.0x 107 138 b,
Ar 50x 10" 173
H,, H,0 214%x107° 48.0
v4 O,(1)+Me 0;(0)+M 0, 1.1x107% 134 fie
Ar 56 x 10 169
H, 5.62 x 107 89.08
0, 243x10° 9.545 hec
V5 - v7 HO,(001) + M <> HO,(000) + M ¢
H,0 1.00x 10°* 98.43 fec
Ar 1.02x10°® 56.92 fe
H,, H,0 243%x10°° 74.1
v8 H,O (100) + M <> H,0 (000) + M frec
0,, Ar 517 x10°® 74.1
H,, H.0 9.07 x 10°® —4.47
v H,0 (010) + M <> H,0 (000) + M frec
0,, Ar 1.93x10° —-4.47
H,, H,0 243x10°° 74.1
v10 H,O (001) + M < H,0 (000) + M frec
0,, Ar 517 x10°® 74.1
%In terms of Equations (6), (10), for g = 1 - 10, the record (vq) Yj(1) + M <> Y;(0) + M correspond to m = n, l,=1, 1,=0, Al =1;see Appendix

i

A Yy =3y kY k= p(1+e0)/c™ ; P[31] [33] [34]; CFitting to experiments of the Table 4 (see below); “[32]; *Our SSHM estimation;

fOur SSH estimation; 9Also for processes (v6) HO,(010) + M «> HO,(000) + M and (v7) HO,(100) + M <> HO,(000) + M; see text.

vibrational- to V|brat|onal (VV) relaxatlon and the values of their rate constants k (q =11 - 47) in the repre-
sentation k'! = al; exp(bl T +b,T %) are listed in Table 3.

3.3. Intramolecular Energy Redistribution in HO; Modes

Since the lifetime of HO, intermediate is comparable with the time between collisions [18]-[21], the intramole-
cular energy exchange between its modes can be significant. It is also natural to assume that the role of this
process grows with increasing vibrational excitation. At low energies, the interaction between modes is weak or
absent (the “local mode” approximation; see for example [40] [41] and references therein.). At high energies,
due to anharmonicity of molecular vibrations and appearance of resonances, as well as due to intensification of
VR-transfer, the interaction between modes results in the uniform energy distribution for about 10 vibration pe-
riods. With relaxation, the extent of vibrational excitation decreases, and the rate of the energy redistribution
process decreases also.

As for the dependence of intramolecular vibrational transfer rate on the excitation energy, this aspect of HO,
dynamics has not been investigated so far. The available dynamical calculations, both classical and quantum, for
H,0 (see [40] [41] and references therein), and HO, (see [20] [42]-[46]) molecules point to the admissibility (on
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Table 3. Channels of VV'-relaxation and respective rate constants, ki =a? exp(bfj‘i)T P pT ’2/3) ,ins™ for Hy + O, +
OH+ 0; + H,O mixture at 1000 < T < 2500 K.

v VV-transfer channel (va) {1,,;0} <> {0;l,,} * Wi & a®@ b bl Refs.
vil Ha(1) + H0(000) <> Hy(0) + H,0O(001)° 0.90 0.1 1.50 x 10° 32.53 -160.6 f
v12 H,(1) + HO2(000) <> H(0) + HO,(100) 0.89 0.017 9.50 x 10 31.71 -171.1 f
v13 Ha(1) + H,0(000) <> H,(0) + H,0(100) 0.88 0.1 1.55 x 10° 31.32 -1755 f
v14 Ha(1) + OH(0) <> Ha(0) + OH(1) 0.86 0.1 1.13x10° 30.07 -1875 f
vi5 Ha(1) + 04(0) <> H2(0) + Ox(1) 0.37 0.1 2.22 x 10° 14.17 -273.1 ¢
v16 Ha(1) + H,0(000) <> H,(0) + H,0(010) 0.38 0.1 1.53 x 10 14.64 -271.0 o
v17 Ha(1) + O; (0) <> Hx(0) + O; (1) 0.36 0.1 2.50 x 10° 13.60 -2755 ¢
v18 HO,(100) + H,0(000) <> HO,(000) + H,0(100) 0.99 0.1 431 % 10° 34.85 -105.2 f
v19 HO,(100) + OH(0) <> HO,(000) + OH(1) 0.97 0.017 5.66 x 10* 32.61 -159.5 f
v20 HO,(100) + 0,(0) <> HO,(000) + O,(1) 0.42 0.017 1.36x10°  -0.5415  —335.9 ¢
v21 HO,(100) + 0,(0) <> HO,(000) + O,(1) 0.41 0.017 154 x10°  -1.676 -341.0 v
v22 OH(1) + H,0(000) <> OH(0) + H,0(010) 0.45 0.1 1.04 x 10 13.93 —274.0 o
v23 OH(1) + 02(0) <> OH(0) + Oz(1) 0.44 0.1 1.39 x 10° 13.42 -276.2 ¢
v24 OH(1) + 0;(0) <> OH(0) + 0;(1) 0.42 0.1 1.58 x 10° 12.55 -279.9 v
v25 OH(1) + HO,(000) <> OH(0) + HO,(010) 0.40 0.017 1.22 x 10° 11.34 —285.0 9
v26 0,(1) + 0,(0) <> 0,(0) + O,(1) 0.97 0.1 1.01 x 10° 34.41 -118.2 f
v27 0,(1) + HO»(000) <> O,(0) + HO,(010) 0.92 0.017 7.79 x 10? 32.93 -154.5 f
v28 0;(1) + HO,(000) <> 0;(0) + HO,(010) 0.95 0.017 8.40 x 10? 34.02 -131.3 f
v29 HO,(010) + HO,(000) <> HO,(000) + HO,(001) 0.77 0.017 6.56 x 10? 34.00 -131.9 o
v30 H,0(001) + HO,(000) <> H,0(000) + HO,(100) 0.98 0.1 432 x 10° 34.37 -119.6 f
v31l H,0(001) + H,0(000) <> H,0(000) + H,0(100) 0.97 0.1 1.27 x 10° 33.84 -136.3 f
v32 H,0(001) + OH(0) <> H,0(000) + OH(1) 0.95 0.1 1.01 x 10° 32.46 -161.6 f
v33 H,0(001) + HO,(000) <> H,0(000) + HO,(011)* 0.67 0.1 6.23 x 10° 24.64 —224.2 9
v34 H,0(001) + H,0(000) <> H,0O(000) + H,0(010) 0.43 0.1 1.49 x 10* 9.955 -290.8 ¢
v35 H,0(001) + 05(0) <> H,0(000) + O(1) 0.42 0.1 2.05 x 10° 9.428 -293.0 o
v36 H,0(001) + 0;(0) <> H,0(000) + O;(1) 0.40 0.1 2.30 x 10° 8.534 -296.7 v
v37 H,0(001) + HO,(000) <> H,0(000) + HO,(010) 0.38 0.1 1.05 x 10 7.296 -301.9 o
v38 H,0(100) + OH(0) <> H,0(000) + OH(1) 0.98 0.1 9.71 x 10* 34.15 -127.4 f
v39 H,0(100) + HO,(000) <> H,O(000) + HO,(011)° 0.69 0.1 6.08 x 10? 25.63 -218.6 ¢
v40 H,0(100) + H,0(000) <> H,0(000) + H,0(010) 0.44 0.1 1.47 x 10 10.65 —287.8 o
val H,0(100) + 0,(0) <> H,0(000) + O5(1) 0.43 0.1 2.02 x 10° 10.11 -290.1 ¢
v42 H,0(100) + 0,(0) <> H,0(000) + O,(1) 0.41 0.1 2.27 x 10° 9.192 -293.9 v
v43 H,0(100) + HO,(000) <> H,0(000) + HO,(010) 0.39 0.1 1.04 x 10 7.919 -299.3 o
va4 H,0(010) + 0,(0) <> H,0(000) + O5(1) 0.98 0.1 7.17 x 10° 34.69 -108.6 f
v45 H,0(010) + 0,(0) <> H,0(000) + O,(1) 0.94 0.1 7.93 x 10° 34.19 -125.9 f
V46 H.0(010) + HO,(000) <> H,0(000) + HO,(010) 0.90 0.1 3.63 x 107 33.03 -152.9 f
Va7 H,0(010) + HO,(000) <> H,0(000) + HO,(001) 0.69 0.1 6.30 x 10° 33.26 -149.0 ¢

%In terms of Equation (10); "See Appendix B; °This record (va) X(1) + Y(0) <> X(0) + Y(1) correspond to Ing = 1, Ing = 1, Wam = G/ 6y (single-quan-
tum VV'-energy exchange); 9This record correspond to m=10,n =6, 7; liosz =1, lgzz = 1, l733 = 1; Wom = (65 + &)/ 610 (1 — 2-quantum VV'-energy
exchange); ®This record correspondtom=8,n=16, 7; lg39 = 1, lg30 = 1, l739 = 1; Wnm = (6 + &)/6 (1 — 2-quantum VV'-energy exchange); four SSH

estimation; YOurSSHM estimation.
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the kinetic level) of the following, taken here, assumptions:
1) intramolecular energy redistribution between HO, vibrational modes (k = 2, 6, 7) tends to equalization of

mode energies, E, = 6y, i.e., Ey|  =Ef| =E|  =E.then E(t)=(1/3)> E(t);
k

2) the rate constant of intramolecular energy exchange decreases with decreasing vibrational excitation (g, Ty).
On the kinetic level of description (in addition to 7, = 7,6 = 7,7, See above), we postulate that the following
process of the energy redistribution between HO, modes takes place:

2
(v48)  HO,(3E 00)>HO,(EEE), ki = Ao-eXp[—él( —%] }
2

where the rate constant, ki(n‘:g) , depends on the degree of vibrational excitation. As the final result, we set here J; =
14.0, 5, = Eo/6, = 1.65, Ag =8 x 10° s ™",

The corresponding term of vibrational kinetics Equation (6), has the form of (7) but with E/f instead of sf,
(E/6,)(1+¢,) & (1+E/6) & (1+E/6,)

Qi — Qi = LED, £/6, £/, —&,(1+&) (1+&), (12)

where E = E(t).

4. Results and Discussion

The calculated data presented in this section illustrate the efficiency of the above approach and its potential for
elucidating the physical essence of high-temperature hydrogen oxidation (as a process essentially nonequili-
brium with respect to vibrational degrees of freedom) and for quantitative interpretation of experimental data.

In calculations, the coordinate system associated with the gas flow behind the wave front (gas mixture is at
rest, T = const, p = const, and t = 0 is the instant when the shock front passes) was used.

4.1. Kinetics of Chemical Transformations at Various Stages of the Process

Figure 2(a) and Figure 2(b) illustrate {as the result of the numerical solution of the Equations (1), (6)} the typ-
ical behavior of component concentrations in the reacting H, + O, + Ar mixture behind a shock wave under the
conditions examined (see below the Table 4).

As estimated from the behavior of the initial components H, and O,, the induction period of the reaction lasts
up to t = 500 ps in case (a) and up to t = 150 us in case (b), depending significantly on reaction conditions
(composition, temperature, and pressure). However, in any case, the end time of the induction period and the
start time of the intensive reaction stage nearly coincide with the maximum concentration of HO..

A very significant characteristic of a reaction is its rate, which determines its role (contribution) at a particular
stage of the complex chemical reaction in the multi-component reacting mixture. Figure 3(a) and Figure 3(b)
plot the rates (w, = R,/p, mol-g*:s™") for the most important elementary reactions determining the mechanism
and the rate of the chemical process as a whole.

The reactions (c1) and (c33") are the rate determining reactions at the initiation stage of the chain process. At
the intensive reaction stage, the most important reactions are the following ones: the vibrationally excited HO,(v)
radical formation (c2), which is the main excitation source throughout the process; monomolecular decay of the
HO, radical (c3), which is the key chain branching reaction (together with the reactions (c6) and (c4)); the reac-
tion (c5), which is the main reaction responsible for chain propagation (together with the reaction (c7) as one of
the most significant OH formation channels, next in importance for reaction (c3)); the reaction (c12) as a very
significant of the recombination-dissociation reactions. Changing roles in dependence on the conditions, the
listed reactions were the most important under the conditions examined from the standpoint of the calculation
result sensitivity to values of equilibrium rate constants.

4.2. Comparison with Experiment

Direct study of chemical kinetics in real conditions of nature or engineering (for example, in combustion and
detonation) is troubled by complicating factors of diffusion, convection, heat release and heat transfer, which are
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Table 4. Experimentally measured [14] [35] [36] and calculated (within one kinetic scheme a) values of 7 and 7=, for dif-
ferent composition at two equivalence ratios ® =1 and ® = 2.

Composition, experimental conditions,

No R v B T,K p, atm Experiment Calculation
1 1050 1.90 945 - 1120 950
2 1052 2.025 1135 1140
3 =1 1060 1.666 907 903

1: 0.93% H, + 0.46% O, + 98.61% Ar,
4 incident shock wave, 7, [14] 1178 1675 684 684
5 1225 1.50 600 604
6 1260 1.407 524 551
1 1060 0.64 1475 1452
2 1095 0.67 1160 1190
3 1108 0.68 997 1008
4 e=1 1183 0.74 680 680
I1: 2.0% H, + 1.0% O, + 97.0% Ar,
5 incident shock wave, 7, [36] 1220 0.77 573 552
6 1313 0.84 355 389
7 1472 0.97 366 249
8 1596 11 152 173
1 1142 0.71 820 820
2 1212 0.77 467 469
3 P=2 1362 0.90 209 210
111: 4.0% H, + 1.0% O, + 95.0% Ar,

4 incident shock wave, 7, [36] 1692 L17 100 90

5 1968 1.40 99 51

6 2390 1.75 40 24

1 1052 2.289 618 286
2 =2 1074 0.964 1005 701
3 1V:4.0% H; + 1.0% O, + 95.0% A, 1086 0.94 985 773
4 reflected shock wave, 7, [35] 1102 0.96 836 768
5 1115 2.248 393 259
1 1155 0.957 1274 1277
2 1274 0.781 814 813
3 O=2 1387 0.778 537 541
4 V:2.0% H; + 0.5% O, + 97.5% A, 1472 0.859 384 356
5 reflected shock wave, s, [35] 1596 0.852 269 289
6 1809 0.846 161 185
7 2136 0.851 92 106
1 1525 2.005 703 732
2 ®=2 1639 2.049 550 577
3 VI:0.4% H; + 0.1% O, + 99.5% A, 1934 1.922 293 334
4 reflected shock wave, 7, [35] 2132 2.094 185 202
5 2409 2.095 127 126
1 1527 3.77 647 623
2 =2 1658 3.654 476 489
3 VII: 0.2% H, + 0.05% O, + 99.75% Ar, 1763 3.843 356 272
4 reflected shock wave, 7, [35] 2001 4.088 203 185
5 2211 3.715 158 160

See Tables 1-3; ®Time interval between the passage of the shock front and the moment of maximum emission at ~306 nm (in calculation, the maxi-
mum OH’ concentration moment); “Time interval between the passage of the shock front and the moment at which light absorbtion by the OH radical
reaches its half-maximum (in calculation, the moment at which the OH concentration reaches its half-maximum).

1818
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Figure 2. Time dependences for mole fractions, y;, of (1) Hy, (2) Oy, (3) H,0, (4) O, (5) OH, (6) H, (7)
HO,, (8) 05, (9) H,0,, (10) 07, (11) Os, (12) OH" for the following two different cases: (a) the system |

No 4 of the Table 4 (comparatively low gas temperature, T) and (b) the system V No 6 of the Table 4
(comparatively high gas temperature, T).
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Figure 3. Time dependences of reaction rates (w, = Ri/p, mole-g s %) in the cases (a) and (b) (see the cap-
tion of Figure 2) for the most important reactions (Table 1): 1—reaction (c1), 2—reaction (c33'), 3—
reaction (c2), 4—reaction (c3), 5—reaction (c5), 6—reaction (c6), 7—reaction (c7), 8—reaction (c4), 9—
reaction (c12), 10—reaction (c2').

superimposed on the main chemical process and can play determining role. In theoretical models, this causes an

appearance of numerous parameters (in addition to kinetic characteristics) which, frequently, either are unknown
or have high extent of indeterminacy. It makes difficult the quantitative interpretation of experiments respec-
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tively introducing the indeterminacy in simulative kinetic schemes. For this reason, for comparison with calcula-
tions, the experimental data [14] [35] [36] obtained by shock tube technique with using H, + O, mixtures very
strongly diluted (the “stoichiometric part of the combustible mixture” [36] not more than 3%) by Ar were cho-
sen. For the case, direct comparison with our isothermal kinetic calculations is possible since an influence of
such a factor as the self-heating of the mixture (when thermal and gas-dynamical phenomena come to fore-
ground) is minimal.

Results of the comparison for compositions I-VII are presented in Table 4. Here, the experimental data [35]
[36] for composition 111, V-VII are adduced not in full, but only those of them, which were compared with cal-
culations. Generally speaking, an arbitrary choice (for comparison with the calculation) of concrete experimental
points is illustrated by the example of experimental series V from [35]; see Figure 4.

As a general result of this comparison, one can state qualitative and quantitative agreement between calcu-
lated and experimental data. The latter concerns all the systems listed in Table 4 except the system IV (experi-
ments [35] on measurements 7o behind reflected shock wave). In this case, there is a considerable systematic
quantitative difference between calculated and experimental data which attains 54%. Besides defects of the ki-
netic scheme used in the calculation, it is possibly the result of some overstating the calculated values gas tem-
perature and pressure behind the front of weak the shock wave, which the authors of [35] give. The latter may be
due to difficulties in interpreting a very complex mechanism of a weak shock wave refraction and/or due to an
imperfection of the existing standard method for calculation of T and p behind reflected shock waves, based on
contradictory assumptions about equilibrium in vibrational degrees of freedom, on the one hand, and the absence
of chemical reactions on the other. For this series of experiments (comparatively low temperatures and compara-
tively considerable amount of the molecular admixture), imperfections of the method used for the shock proper-
ties calculation can be found substantial.

It should be noted here (more detailed see [2]) that the traditional vibrationally equilibrium (and, as a rule, ex-
cluding electronically excited components) kinetic models (see for example [2] [6]-[8] [10] [11] [14] and refer-
ences therein) are unable to provide the quantitative interpretation of these experiments by means of one kinetic
scheme without variations of the reaction rate constants.

In fitting the calculated values 7 and  to the measured ones, a key point was variation and fitting of unknown
kinetic constants for collision-induced energy transfers involving vibrational modes of HO,. The performed
calculations have shown that the unknown kinetic constants rHo (see Table 2,9=5,6,7), kSZ)HO (see Table 3,
q=12), and k;’, k0 (see Table 1, r = 3, 4) are the most |mportant from the standpoint of their influence on the
calculated values 7 and z. In its turn, the process of V-RT energy transfer of the vibrational modes of HO,
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Figure 4. The measured [35] (circles; black circles mark the values
from Table 4) and calculated (open squares mark the values from
Table 4) values of 75, for composition V (see Table 4).
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radical in its collisions with H, molecules was found to be the most important at T < 1500 K (in accordance with
conclusions [16] about key role of the HO, radical vibrational nonequilibrium in the hydrogen oxidation reaction).
The value, rﬂj;) , 1.e., the characteristic time of the V-RT energy transfer united for all three modes of the HO,
radical in its collisions with H, molecules (see Section 3.2), was the only adjustable parameter in performing the

calculations of Table 4. The variation limits are characterized by the following relation:
2.25x107 x exp(70.23><T”/3) <742 <1.41x107 xexp (107.9xT ), (13)

which is illustrated by Figure 5.

The relationship (13) should be considered as the quantitative estimation for presently unknown value of r(HZ
at 1000 < T < 2500 K with the maximum uncertainty equal ( )’1 at T = 1000 K. This uncertainty characterlzes
the extent of our ignorance of the elementary reaction dynamic details described on kinetic level by the Eﬁv) , O
n values (see Equations (4), (5), (11), and assumptions about the uniformity distributions of &y and 7 on vi-
brational modes), as well as an influence of ignoring the effects of translational and rotational nonequilibrium (see
assumptions (a) and (b) in Section 2).

In the future, as the range of compositions and conditions on temperature and pressure will be extended, the
kinetic constants k°, rg'\"), kgiq) listed in Tables 1-3 should be corrected. For optimization of the Kinetic
scheme, the results of ab initio analysis of PESs for different H,,O, molecular systems as well as the results of
corresponding dynamic calculations must become of crucial importance as the most reliable independent non-
empirical source of kinetic information.

4.3. Vibrational Nonequilibrium at Different Temperatures

The essentially nonequilibrium character of hydrogen oxidation with respect to vibrational degrees of freedom is
illustrated by Figure 6 and Figure 7, which plot the typical time dependences of the vibrational temperatures, T,
and nonequilibrium factors, «, (T,{Tk}), respectively.

The following stages of the process can be distinguished in Figure 6 (see also Figure 2 and Figure 3).

1) Att <300 ps in case (a) and t < 30 ps in case (b), the H, and O, molecules undergo vibrational excitation
from initial (near-room) temperature, To, to the equilibrium gas temperature, T, behind the front of the shock
wave (curves 1, 4). Insignificant amounts of H and HO, radicals and singlet oxygen O, (see Figure 2) are

2500 2000 1500 1100
107 5 - - ——

()
.[I 1 11

-1/3
T

Figure 5. Characteristic time (in atmes) of the V-RT energy transfer
of HO, radical in its collisions with H, molecules at different tem-
peratures. 1—the superior limit; 2—the mean value (adduced in the
Table 2 and used in calculations for all the systems at T > 1500 K);
3—the inferior limit. Different markers correspond to the values of

rLZZZ) used in the calculations (the results are adduced in the Table 4)
for the different (I - V) systems at T < 1500 K.
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Figure 6. Time dependences of the vibrational temperatures, T, for the cases (a) and (b) (see the caption
of Figure 2). The curves 1 - 8 correspond to vibrational temperatures for the following vibrational modes:

Hz (1), HO2(v1) (2), OH (3), Oz (4), HO2(v3) (5), O; (6), H20(v1) (7), and Ho0(v2) (8).
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Figure 7. Time dependences of the nonequilibrium factor ., (T,{T,}) =k, (T.{T,})/k’(T) in the cases (a)

and (b) (see the caption of Figure 2) for various reactions (Table 1): 1—reaction (c1), 2—reaction (c2'),
3—reaction (c3), 4—reaction (c21), 5—reaction (c8'), 6—reaction (c11'), 7—reaction (c12'), 8—reactions
(c1), (c2), (c3), (c21", (c8), (c11), (c12).

formed due to endoergic initiation (c1) and collisional electronical excitation (c33") reactions (see Figure 3).

Vibrational temperatures of O, (curve 4) and O, (curve 6) are bound by the fast near-resonance VV' energy
exchange (v26); see Table 3. The main source of the over-equilibrium excitation of HO, vibrational modes
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(“chemical pumping™) is the barrierless bimolecular recombination reaction (c2); the rate of this reaction is de-
termined by the rate of the H atom formation via reactions (c5), (c6). The slow evolution of the HO, mode vi-
brational temperatures (curves 2, 5) is a result of competition between “chemical pumping” and the vibrational
deactivation plus the disappearance of vibrationally excited HO, in endothermic reactions. In this quasi-steady
stage, the vibrationally excited radical HO,(v) is formed and accumulated. An unusual (T < T) behavior of the
OH (curve 3) and HO,(v3) (curve 5) vibrational temperatures at T = 1809 K (b) is conditioned by the neglect (in
the frame of isothermal problem statement) of the negative heat effect of endoergic reactions with formation of
these components in the ground (vibrationally unexcited) state; the rates of these reactions are more considerable
at higher temperatures. This effect on the enthalpy of all the gas mixture (and consequently on the gas tempera-
ture T) is negligible because of the low OH and HO, concentrations in this stage.

2) The time intervals 300 <t < 700 (a) and 60 <t < 300 (b) pus correspond to the intensive reaction stage. At
this stage, maximum excitation of vibrational modes is a result of fast exothermal reactions. Here the following
reactions are of key importance (see also Figure 3): the monomolecular decay reaction (c3) as the main chain
branching one, and reaction (c5) mainly responsible for chain propagation. High rates of reactions (c1'), (c7),
and (c32) are conditioned by significant concentrations of HO, radicals at this stage of the process. Reactions
(c1") and (c32) are responsible for forming the vibrationally excited O, and O during this stage. Reaction (c7)
should be considered, together with reaction (c3), as one of the most important channel for generation of OH
radicals. Fast bimolecular reactions (c1'), (c5), (c7), and (c32) are accompanied by energy release considerably
in the form of energy of translational and rotational motion of molecules; see Equations (11) and (5). These
reactions give rise to explosive self-heating in combustion and detonation processes.

2) For t > 700 (a) and t > 300 (b) us, the vibrational excitation decreases via relaxation of vibrationally ex-
cited molecules H,O(v) which is the main reaction product.

Nonequilibrium factors, «, (T,{Tk}) , for reactions (c1), (2", (c3), (c21), (c8", (c11"), and (c12") at the vibra-
tional temperatures T, are shown in Figure 7.

Clearly, taking into account the vibrational nonequilibrium reveals the very important effects running
throughout all the process. The reaction rate constants depend on the vibrational temperatures of the reactants,
and this dependence is characterized by a factor as large as several orders of magnitude. So, the nonequilibrium
factor for H,O dissociation reaction (c12'), x1, (curve 7), attains a magnitude of about 10*2. This is particularly
true for reactions involving the HO, radical. For example, within the model under consideration, the nonequili-
brium factor for reaction (c21), x»; (curve 4), responsible for the formation of the electronically excited radical
OH” throughout the induction period, and the nonequilibrium factor for key chain-branching reaction (c3), s
(curve 3), reach the values of around 2 x 10°. Such a deviation of x, from unity means that the reaction between
hydrogen and oxygen is an essentially nonequilibrium reaction and the vibrational nonequilibrium of the HO,
radical is an intrinsic feature of hydrogen oxidation.

Referring to Figure 1, we note the following: it is the need when interpreting experiments within the formal
kinetics to take into account in implicit form the objectively existing influence of vibrational nonequilibrium that
leads to values ¢ >1.

A visual characteristic of the degree of deviation from equilibrium for that or another vibrational mode in a
complex reacting and relaxing mixture is the ratio of average vibrational energy to its equilibrium value,
& (1)/ed(T)~ exp[ 6, (YT -1/T,)], cf. Equation (4) for . Time dependences of these ratios for different vi-
brational modes in cases (a) T = 1178 K and (b) T = 1809 K are shown in Figure 8.

One can see (Figure 8 and Table 4) that the vibrational nonequilibrium {and its influence on rate constants
(Figure 7)} decreases with increasing the gas temperature T. Thus, the maximum super-equilibrium vibrational
excitations, Ewgk (t) / & (T )]mX , of the modes HO,(v,) (2) and OH (3) decrease from 20 and 48 in the case (a) to
3 and 10 in the case (b), respectively. These values in dependence on gas temperature T for all the examined
systems (Table 4) are shown in Figure 9. Clearly, the vibrational nonequilibrium (and consequently its influ-
ence on rate constants and the process on the whole) decreases with increasing gas temperature T and pressure p.
Note here that the influence of vibrational nonequilibrium remains to be prevailing up to temperatures T = 1500
K.

5. Conclusions

The theoretical model of chemical and vibrational kinetics of hydrogen oxidation based on consistent account for
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Figure 8. Time dependences of the ratio of average vibrational energy to its equilibrium value, &, (t)/z(T),
for different vibrational modes in the cases (a) and (b) (see the caption of Figure 2).
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the vibrational nonequilibrium of HO, radical formed in bimolecular recombination H + O, — HO, with the su-
per-equilibrium store of vibrational energy has been elaborated and experienced. The chain branchingH + O, =0 +
OH and inhibiting H + O, + M = HO, + M formal reactions are considered (in the terms of elementary processes)
as a general multi-channel process of formation and intramolecular energy redistribution between modes, relax-
ation, and decay of the comparatively long-lived vibrationally excited HO, radical which is capable to react and
exchange of energy with another components of the mixture. For description of reactions in the H, + O, + Ar
system, the kinetic scheme, which takes into account chemical reactions with participation H,, O,, H,0, HO,, H, O,
OH, H,0,, O in the ground electronic state as well as O,(*A), O(*D), OH(’Z"), and relaxation channels of the
vibrational modes Hy, HO,(v;), OH, O, 02(1A), HO,(v,), HO,(v3), H,O(v1), H,0(v,), and H,O(vs), have been used.
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The calculated results were compared with the shock tube experimental data for strongly diluted H,-O, mix-
tures at 1000 < T < 2500 K, 0.5 < p < 4 atm and two equivalence ratio ® = 1, 2. As a general result of this com-
parison, one can state qualitative and quantitative agreement between calculated and experimental data. This ap-
proach is promising from the standpoint of reconciling the predictions of the theoretical model with experimen-
tal data obtained by different authors for various compositions and conditions using different methods.

According to the calculations, the H, + O, reaction is essentially nonequilibrium and the vibrational nonequi-
librium of the HO, radical is an intrinsic feature of hydrogen oxidation. Taking into account the vibrational
nonequilibrium reveals the very important effects running throughout all the process. Reaction rate constants
depend on the reactant vibrational temperatures, and this dependence is characterized by a factor as large as
several orders of magnitude. It is demonstrated that the vibrational nonequilibrium (and consequently its influ-
ence on the rate constants and the process on the whole) decreases with increasing the gas temperature T and
pressure p remaining determinant up to temperatures T = 1500 K. At T < 1500 K, the nature of hydrogen-oxygen
reaction is especially nonequilibrium, and the vibrational nonequilibrium of HO, radical is the essence of this
process.

The suggested model of vibrationally nonequilibrium kinetics is able to provide physically adequate (in the
terms of elementary processes) solution of the problem of the H, + O, reaction mechanism without using formal
overall reactions with their rate constants depending on experimental conditions. As a final result of numerous
calculations, we have one (fixed) chemical kinetic scheme (without any “uncertainty” and “sensitivity” of the
equilibrium rate constants of elementary reactions).

The characteristic time of the V-RT energy transfer united for all three modes of the HO, radical in its colli-
sions with H, molecules, ngzg , was the only adjustable parameter in performing the calculations. The limits of
variation are characterized by the following relation:

2.25x10 7" xexp(70.23xT °) < {j2) <1.41x107 xexp(107.9xT *°).

This relation should be considered as the quantitative estimation for presently unknown value of ngz; at
2500 > T > 1000 K with the maximum uncertainty equal (1.9)il at T about 1000 K. This uncertainty characte-
rizes the extent of our ignorance of reaction dynamic details and effects of translational and rotational nonequi-
librium.

In the future, as the range of compositions and conditions on temperature and pressure will be extended, the
kinetic constants listed in Tables 1-3 can be corrected. For optimization of the kinetic scheme, the results of ab
initio analysis of PESs for H,,O, molecular systems as well as the results of corresponding dynamic calculations
must become of crucial importance as the independent non-empirical source of kinetic information.

With regard to the currently existing formal kinetic schemes (which along with the elementary chemical reac-
tions include formal overall reactions), the following should be noted. The use of these schemes was and re-
mains to be actual from the standpoint of their use in macro-kinetic applications such as combustion and detona-
tion. Many of the existing kinetic schemes are quite acceptable for these purposes, although in need of substan-
tial reductions and some adjustments in terms of accounting, in implicit form, for the important effect of vibra-
tional nonequilibrium.
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Appendix A: Specific Types of Collisional Energy Exchange

ds, _g(da )" (d,
dt q dt vibr dt chem

The change of the average energy, (d&d/dt)r, Of the kth vibrational mode as a result of gth relaxation channel
has the following forms for different implemented types of energy exchange; see Equations (6), (7).
One-quantum VT energy transfer (Table 2, q=1 - 10):

(@
Y, (1)+Y, <95y (0)+Y,,

mode k belo(n)gs to a molecule of kind j, the molecule of kind i does not change its vibrational state, i.e., 1, =1,
I, =0, ALY =1
nq ! k

Q, = ,?(1+gk)/(1+gf), Q=4
(a)

Al
ALY A
dt vibr i o 1+¢ k
One-quantum VV' energy exchange (Table 3,q=11-32, 34 - 38, 40 - 47):
(a)

Y, (1)+Y, (0) <, (0)+Y, (1),

mode k belon s to a molecule of kind j, mode | belongs to a molecule of kind i, i.e, I, =1,=1, I, =, =1,
AW =1, AI®

f(ra) a(lre) |

Qq: 1+g£ . glo , qugk(1+$,),
(A.2)

do " 5 | ) (1+‘9'0)(1+g )o, -z, (1+)
at ) 5 7 (1+8|?)8|0 . I
1 — 2 quantum VV' energy exchange (Table 3, g = 33, 39):
(a)
Y, (1)+Y, (0 0) "y, (0)+Y, (1),
mode k belongs to a molecule of kind { modes | and p belong to a molecule of kind i, i.e., I, =1, =1, I, =l,,
o =11, Al =1, Al =-1, AIY =1
pa L k ! | ’ p
0 0 0
sf(tra) afl+e) 6(1e) |
Q, - v o Q =¢ (1+g,)(1+sp),
A3
de. \@ gl (1+&)(1+&)) “3
(_kj T T 00) 14 e, —o, (1) (1 e, ) |
dt Juier (1+ & )g, £y

Appendix B: To the Calculation of the Vibrational Relaxation Channel Rates

In accordance with the SSH theory, the probability of gth complex vibrational transition from modes m to modes n
during one collision of jth and ith molecules, see Equation (10), has the form:

P (m;in)= P{IOI } (@ ]‘[v2 TI%o: o[ & (1-0,/,)]. (B.1)

L nq
Here, cj is the orientation factor (it was varied from 0.1 to 0.02 on the base of the simplest intuitive colli-
sion mechamsm considerations); V .0 is the matrix element of 0 — I,q transition for harmonlc oscnlator
(mode) of the mth type participating in the gth process; ay, is the frequency of the mth oscillator; 50 =7,-@,

is the collision adiabaticity parameter; 7, is the characteristic time of interaction; ®(x) is the adiabaticity factor

1828
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taking into account the translational energy change during an exchange with vibrations,

8,/n/3x"" exp(-3x**), x>>1[47]
d _ 2 [Pa h? \/’ dz = B.2
()= [ e fosch (/47 a-s0( -2 o -2x). ozx<oran &0

Although the dependence (B.1), (B.2) has been obtained as a result of the linear dynamic problem solution
(the semi-classical calculation in the first order approximation of perturbation theory for the model of an oscil-
lator with an induced force) with using the exponential repulsive potential it can be approximately considered as
universal one for a variety of colliding pairs since it is possible to take account of rotation and long-range attrac-
tion effects by means of adapting the parameters ¢ E,q) and éém) .

The adiabaticity parameter,

& =m0 (D, KT) A (M, ) ™ (B.3)

and matrix elements,

WP 2 1(BY P 1 BY P 1(BY
’VIO ‘ ZE[;J ) ’Vzo ‘ =§[;j ) rvso ‘ ZE[;j ' (B-4)
are defined by the relationships well-known in the theory of vibrational relaxation (see, for example, [29] and
references herein). Here, M;; is the reduced mass of the j-i collision, s, is the reduced mass of the mth oscillator,
a is the parameter of the intermolecular interaction potential (take here 1/a = 0.2 x 10°® cm), D,, and £, are the
parameters of respective intramolecular potential (corresponding Morse potential).

When applying formulae (B.1)-(B.4) to HO, molecule, the latter was considered as the set of the following
oscillators: the stretching along H---O bond with the reduced mass 1.0693 and the frequency 3698 cm *; the an-
gle vibration near equilibrium angle value ZHOO = 104.3° with the reduced mass 1.1311 and the frequency
1430 cm *; the stretching along O-O bond with the reduced mass 13.0737 and the frequency 1120 cm *

For the processes of VT- and non-resonance VV'-energy transfers with participation of oscillators involving
light H atom, the relative translational motion is slow as compared to rotation. In the simplest intuitive model of
VR-energy transfer [38], the dynamic parameters of the theory of VT- and VV'-energy transfer (velocity and
reduced mass) which characterize the relative translational motion are replaced by the corresponding parameters
which characterize the rotational motion; within this approach, the role of translational motion is merely in
drawing the molecules together. Consequently, while calculating the rate constants of these processes using rela-
tionships (B.1)-(B.4), we have, as SSHM estimation, instead of (B.3), the following relation (see also [39]):

& ~np a7 (D, /KT) . (B.5)

The main (Table 2 and Table 3) VT- and VVV'-relaxation channels in the reacting mixture H, + O, + Arat T >
1000 K, p ~ 1 atm were chosen as a result of comparative analysis of the rate constant values calculated for these
conditions. This selection was based on the following estimations:

[@(x)],, ~2x10*, My ~005 Ny ~10°, M| ~05x10*; (B.6)
i.e., inthe Table 2 and Table 3, it was taken into consideration the processes for which
Pl > [@(x)],, M| =10 (8.7)

Of non-single-quanta transitions, only the VV' transfer processes (v33), H,0(001) + HO,(000) «» H,0(000) +
HO,(011), and (v39), H,0(100) + HO,(000) «» H,O(000) + HO,(011), (Table 3) answer the condition (B.7).
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