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The field of research of vibrational relaxation processes in their interaction with chemical reactions is currently

characterized by high activity. This review is based on our work. A vibrational nonequilibrium model of hydrogen

oxidation is presented within the framework of a sequential elementary kinetic approach. The central element is

to take into account the vibrational nonequilibrium of the HO2 radical as the most important intermediate in the

process of chain branching and in the formation of electronically excited particles. The results of shock wave

experiments and corresponding calculations for the H2+O2+Ar system at temperatures T < 1500K and pressures

p < 4 atm are discussed. It is shown that under these conditions, vibrational nonequilibrium is the most important

factor determining the mechanism and rate of the process. The analysis of the thermal effect at various stages

of the process, the inhibition of the reaction of hydrogen with oxygen by additives of polyatomic gases and the

mechanism of formation of an electronically excited OH(A26+) radical is given.
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Introduction

A wide class of problems that require taking into account

the kinetics of energy exchange processes between different

degrees of freedom of molecules is the subject of numerous

studies, from the middle of the last century to the present

time (see, for example, [1–38]). This class of problems

should include the processes of combustion, detonation, gas

flows behind shock waves, including shock waves in front

of a hypersonic vehicle under conditions of entry into the

atmosphere of the Earth and other planets [1,2,7–33], flows
in nozzles, including flows in the nozzles of rocket engines,

gas-dynamic or chemical lasers [3–6,34–38].

When thermodynamic equilibrium is violated and subse-

quently established through molecular collisions, excitation

(or deactivation) of all degrees of freedom (translational,
rotational, vibrational and electronic), as well as chemical

transformations and ionization occur. However, in a

relatively wide range of temperatures (T < 3000K) and

gas-dynamic conditions, characteristic, in particular, for

combustion processes, it is sufficient to limit ourselves by

consideration of chemical and vibrational nonequilibrium

only. The processes of excitation and deactivation of

translational and rotational degrees of freedom of molecules

occur much faster, and they can be considered com-

pleted [2] (see also [19,20,30]), and the processes of

ionization of components typical for problems [1–38] at

T < 3000K as not yet started [2] (see also [15]). The

characteristic times of chemical reactions [1,6,7–33] or

the characteristic time of gas flow [3–5,32,34–38] are

comparable in magnitude with the characteristic times of

vibrational relaxation, which leads to mutual influence

processes.

In general, to correctly describe the kinetic process,

taking into account the mutual influence of chemical

reactions and vibrational relaxation, it is necessary to

formulate kinetic equations in the form of population

balance equations (microscopic or level-by-level description

method). This approach is used when solving problems of

studying systems with the simplest composition in order

to obtain or extrapolate kinetic constants and evaluate the

influence of various factors that occur in real conditions

(see, for example, [10–14,20,35,36]). In these problems,

only a few vibrational modes involved in a chemical reaction

are taken into account (as a rule, this is the dissociation

of diatomic molecules). In papers [12,14,20,35,36] the

subject of the study was the flow of dissociating N2, and

in papers [10,13] — flow of dissociating pure [10] or

diluted by Ar [13] O2. With an increase in the number of

components and reactions, the complexity of the problem

increases sharply. In papers [39,40] carbon dioxide and

5-component mixture CO2, CO, O2, O, C were studied

considering more than 8000 different vibrational states.

When modeling and analyzing ignition and combustion

processes under actual conditions (various types of reac-

tors or shock waves), one has to deal with systems of

complex composition in the presence of a large number

of energy exchange processes and chemical reactions.

In such problems, it is advisable to formulate kinetic

equations within the framework of the hydrodynamic
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level of description based on appropriate simplifying as-

sumptions (mode approximation) in the form of macro-

scopic equations for the concentrations of components

and average energies of vibrational degrees of freedom

(vibrational modes) [3,4, 8,9,16–18,21–24,31–34,41]. The

use of a simplified description raises the question of the

validity of the simplifications introduced in certain specific

cases. Corresponding testing of the mode approximation by

comparison with the solution results of problems formulated

at the microscopic (state-to-state) level was carried out in

papers [9,18,32,33] for cases of dissociation and exchange

reactions of diatomic molecules. The results of such

comparison indicate the sufficiency of this approximation,

provided that the parameters describing the interaction of

chemical reactions and vibrational relaxation processes are

correctly selected (see also [13,14,37]).
Note that other approaches are aimed at correct consider-

ation of the role of anharmonicity and the shape of the vibra-

tional distribution, as well as at reducing the computational

complexity of the problem. In the papers [39,40] a hybrid

mode approach for polyatomic gases was formulated, based

on averaging the level-by-level rates of vibrational relaxation

and chemical reactions, and a comparison of solutions was

carried out. Other hybrid approaches combining elements of

level-by-level and mode descriptions are proposed in [42,43].
In paper [44] the dissociation calculation was performed

taking into account vibrational nonequilibrium based on a

new asymptotic method for solving the Boltzmann equation,

and the nonequilibrium factor in the dissociation constant is

calculated explicitly.

The hydrogen −oxygen system is the simplest (unlike,
for example, hydrocarbon oxidation reactions) in terms

of the number of components and elementary processes

(chemical reactions and energy exchange processes). The

importance of this system study from the point of view of

fundamental science is that it is a model system containing

all the key details of the kinetics of ignition, combustion and

detonation processes [45]. After the studies of Semenov and

Hinshelwood (1927 — Nobel Prize 1957 ), the reaction of

hydrogen with oxygen was the object of close study. How-

ever, the problem of a quantitative description of the kinetics

in this system remains unsolved, both from the point of view

of agreement between the results of various experiments,

and from the point of view of agreement between theoretical

models and experiment [16,46,47]. The study of ignition

and combustion processes in the hydrogen−oxygen system

has important practical significance associated with the use

of hydrogen as an effective and environmentally friendly

energy carrier [48–52]. All kinetic calculations related to the

practical use of hydrogen combustion or to the interpretation

of experiments were carried out within the framework of the

traditional (formal) description of kinetics, in which kinetic

equations relate to the concentrations of components only.

This approach radically simplifies the problem, and it is

justified on the assumption that there is equilibrium in the

degrees of freedom of molecules and radicals. Meanwhile,

the characteristic relaxation times of internal states, namely

the vibrational relaxation times, depend on the conditions

and are comparable or even exceed the characteristic

times of fast chemical reactions. Ignoring the influence

of vibrational non-equilibrium ultimately leads to various

formal kinetic schemes, which, along with elementary (one
stage) chemical reactions, include complex overall reactions,

the detailed mechanism of which is unknown, and their

effective rate constants depend on the conditions (see for

more details [17,21]). These circumstances are the main

reason for the origin of the term
”
uncertainty“ in relation

to reaction rate constants and mechanisms. For example, in

recent papers [51,52] the results of computer simulations

of fifteen [51] and five [52] mechanisms of hydrogen

combustion in engines are compared with experiment and

analyzed. Meanwhile,
”
problem of the reaction mechanism

can be considered completely solved only on the basis

of quantitative information about the rate constants of

elementary chemical processes“ [53].
The term

”
simplest“ in relation to the reacting system

H2+O2 is very conditional, since even in this case one

has to deal with a large number of components and

elementary processes. However, the use of the mode

approximation makes it possible to formulate a fairly general

closed vibrationally non-equilibrium model that takes into

account the dependence of reaction rate constants on the

energy of the internal (vibrational) degrees of freedom of

molecules [17,21–24,31,41]. The formulation of kinetic

equations in the form of population balance equations in

this case simply does not make practical sense due to the

lack of the required information about the quantitative char-

acteristics of a very large number of elementary processes.

This paper provides a brief overview of our stud-

ies [17,21–24,31] on modeling ignition and combustion

processes in the hydrogen−oxygen system at relatively low

pressures p < 4 atm and temperatures T < 1500K, when

vibrational non-equilibrium is the most important factor

determining the mechanism and rate of the process [21,22].
Vibrational non-equilibrium kinetics is described within the

framework of a consistent elementary kinetic approach, the

essence of which is as follows. Chemical transformations

are described by elementary (one stage) bimolecular re-

actions.
”
Formal“ [54] trimolecular reactions involving a

third body M, A+B+M=AB+M, are described explicitly

as a sequence of bimolecular recombination reactions

A+B=AB(v), with the formation of a vibrationally ex-

cited molecule/radical AB(v), and processes of vibrational

(VRT and VV′) relaxation AB(v)+M=AB(v−1)+M. In

this case, AB(v) during the relaxation process can react

with other components of the mixture. The central

element of this approach (solving equations for average

energies of vibrational modes together with equations

for concentrations) is the consistent consideration of the

vibrational non-equilibrium of the radical HO2, which is

key in the process of chain branching. The reactions

H+O2=O+OH and H+O2+M=HO2+M are replaced by

a set of elementary processes of formation, intramolec-

ular energy redistribution among modes, monomolecular
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decomposition and relaxation of a relatively long-living

(see [55–58]) vibrationally excited radical HO2(v), capable
of reacting with other components of the mixture.

In relation to the conditions under consideration, in

theoretical estimates of the rate constants of elementary

processes the multiquantum transitions can be neglected.

The lack of experimental data on the rate constants

of energy exchange processes can be supplemented by

the results of theoretical estimates based on the use of

such molecular models as harmonic oscillators, weakly

anharmonic oscillators, as well as their sets in the case

of polyatomic molecules [59–63]. To estimate the rate

constants of elementary chemical reactions, the results of

ab initio analysis of potential energy surfaces (PES) of

molecular systems of the type HnOm in combination with

use of various versions of the transition state theory and

the results of corresponding dynamic calculations become

of utmost importance [16,56–58,64–69].

1. Vibrationally non-equilibrium model

Equations of chemical and vibrational kinetics in the

general case of a reacting multicomponent gas mixture

within the framework of a macroscopic description, i.e. in

the form of equations for the average energies of vibrational

modes, εk , and concentrations of components, ni , are

published in [4] (see also [34]). Previously, they were

used to calculate the flow of chemically and vibrationally

non-equilibrium multicomponent gas mixtures through the

nozzles of combustion gas-dynamic CO2-lasers [70–72].
These equations are the corresponding moments of the

vibrational state population balance equations (Master

Equations), obtained using the following simplifying as-

sumptions [43]: (a) chemical reactions do not violate the

Maxwell distribution; (b) rotational degrees of freedom

are in equilibrium with translational ones; (c) each type

of molecular vibrations (mode) is simulated by a quasi-

Boltzmann ensemble of harmonic oscillators.

1.1. Isothermal problem (T = const)

In the isothermal case, at a given gas temperature T , and
pressure p, these equations have the following form [21,22].
Equations for molar concentrations per unit mass of gas

mixture (ni):

ρ
dni

dt
=

L1
∑

r=1

(ν ′

ir − νir)(Rr − R′

r ),

Rr = kr

N
∏

j=1

(ρn j)
ν jr , R′

r = k ′

r

N
∏

j=1

(ρn j)
ν′jr , (1)

where N is the number of components of the mixture, L1

is the number of reactions, all are considered reversible, ρ

is density of the mixture. Stoichiometric coefficients ν jr

and ν ′

jr of j-th chemical component, Yj , in r -th reaction

of the chemical kinetics equations (1) correspond to the

following notation of the chemical reaction:

(r)

N
∑

j=1

ν jrYj
kr←→
k′

r

N
∑

j=1

ν ′

jrYj .

The influence of vibrational non-equilibrium on chemical

reactions is manifested through the dependence of the corre-

sponding rate constants, kr , on the vibrational temperatures

of the reagent modes:

kr(T, {Tk}) = κr(T, {Tk})k0
r (T ). (2)

Here k0
r ≡ kr(T ) — rate constant of r -th reaction un-

der the condition of thermal equilibrium. Theoretically,

the value k0
r can be obtained from dynamic calculations

by averaging the corresponding cross-sections over the

equilibrium distributions of the reagents or as a result

of use of various versions of the transition state theory.

The value k0
r corresponds to the experimentally obtained

value of the rate constant, determined in the limit of high

pressures. κr (T, {Tk}) — non-equilibrium factor, {Tk} —
set of vibrational temperatures involved in r -th reaction of

molecules (reagents), Tk — effective vibrational temperature

as a measure of the average energy of k-th vibrational mode,

Tk = θk/ ln[(1 + εk)/εk ], θk — characteristic temperature of

k-th vibration (the value of the vibrational quantum of the

transition 1→ 0).

κr(T, {Tk}) ≡ exp

[

E(V )
r

(

1/T − 1/
∑

i

δr iTi

)]

, (3)

where E(V )
r — fraction of activation energy attributable to

the vibrational degrees of freedom of the reagent molecules,

δr i — relative efficiency of i-th vibrational mode of reagents

with vibrational temperature Ti ,
∑

i
δr i = 1; we assume here

δr1 = δr2 = . . ..

Under the assumptions (a) and (b) — maintaining equi-

librium in translational and rotational degrees of freedom

during the reaction — we have:

E(V )
r = f

(

E(A)
r − (ξr + 4)T/2

)

, f (x) =

{

x , x > 0

0, x ≤ 0
.

(4)

Here, from the activation energy E(A)
r (height of the activa-

tion barrier), the equilibrium values of the energy of relative

translational motion, Etrans = 2T (see [73], formula (3.5)),
and rotational energy Erot = ξr T/2 of molecules participat-

ing in r -th reaction are subtracted, ξr — the number of

rotational degrees of freedom of the reagents. The height

of the activation barrier E(A)
r ′ of the reverse reaction r ′

determines the total vibrational energy of the products of

r -th reaction.

Formula (4) plays an important role in describing the

interaction between vibrational relaxation processes and
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chemical reactions. It is based on the approach [1,74,75]
developed for dissociation, introduced in [4] for a mul-

ticomponent mixture including exchange reactions, and

refined in [16]. According to (3), (4), the height of

the activation barrier E(A)
r is the main criterion for the

degree of influence of the vibrational excitation of the

reagents on the rate constant r of the reaction; the

result is more accurate for high activation barrier E(A)
r

(when E(V )
r ≫ Etrans + Erot = 2T + ξr T/2), which corre-

sponds to cases of the greatest influence of vibrational non-

equilibrium.

Equations for the average numbers of quanta in vibra-

tional modes k (εk):

dεk

dt
=

∑

q

1l(q)
k

N
∑

i=1

γi k
(q)
ji (Qq − Q′

q) + (ρn j)
−1

×
∑

s

(ν ′

js − ν js)[(χsk − εk)(Rs − R′

s)], (5)

Qq =
∏

m

[

ε0m(1 + εm)

1 + ε0m

]lmq
∏

n

[

εn(1 + ε0n)

ε0n

]lnq

,

Q′

q =
∏

m

(εm)lmq
∏

n

(1 + εn)
lnq .

The first term on the right side of the equations of

vibrational kinetics (5) describes the change in the average

energy (in units θk) of k-th vibrational mode (mode k
belongs to a molecule of the type j) as a result of interaction
with other (molecules of the type i) vibrational modes of

the gas mixture. The formula was obtained in [60] by

summing the equations for the populations of vibrational

levels, multiplied by the level number. The use of the

assumptions (b) and (c) and the specific form of transition

probabilities for harmonic oscillators made it possible to

obtain a closed model with the dependence of the right-

hand sides of the equations only on the average energies of

the modes. Here ε0k = exp(−θk/T )/[1− exp(−θk/T )] —
equilibrium value of εk , γi = ni/

∑

i
ni — molar fraction of

the component i , k(q)
ji — rate constant of q-th channel of

vibrational relaxation during the interaction of molecules of

types j and i ,
k(q)

ji = Z ji P
(q)
ji (m; n), (6)

Z ji — collision frequency, P(q)
ji (m; n) — probability of q-

th process of vibrational energy exchange, in which upon

collision of molecules of types j and i in modes m there is

a decrease in vibrational quantum numbers vm by lmq, and in

modes n — increase in vn by lnq . When using the model of

harmonic oscillators for modes participating in q-th process,

the probability of such a process is uniquely characterized

by the probability of the corresponding transition between

the lowest states

P ji

{

lmq, 0

0, lnq

}

.

Kinetic quantities of this type characterize the processes of

exchange by vibrational energy between modes considered

as a whole. In the simplest (most important for the

conditions under consideration) case of single-quantum

(lmq = lnq = 1) vibration-vibrational (VV′) exchange be-

tween modes m, n and translational (VT) exchange of

mode m with an atom or molecule of type i (lmq = 1,

lnq = 0) we have

P(q)
ji = P(q)

ji

{

1, 0

0, 1

}

and P(q)
ji = P(q)

ji

{

1, 0

0, 0

}

.

The value 1l(q)
k in equation (5) means the change in the

number of quanta of k-th mode in q-th (q′-th) process

(1l(q′)
k = −1l(q)

k ). For the specific used in practice recording

of energy exchange processes and the method for calculat-

ing P(q)
ji (m; n), see Appendices 1 and 2, respectively. The

second term in the right side of the vibrational kinetics

equation (5) describes the influence of chemical reactions

on the process of vibrational relaxation. Summation over s
in (5) is carried out for reactions in which the molecule j
with mode k is formed. In the kinetic scheme and in

equation (1), the direction of mode formation corresponds

to the reaction either r or r ′ . Here χsk — the average

number of vibrational quanta acquired by k-th mode in one

act of formation of molecule of type j (to which mode k
belongs) in s -th reaction:

χsk = E(V )
s ′ ηsk/θk . (7)

The full set of values ηsk characterizes the intermode

energy distribution in the products of s -th reaction. Here

the value E(V )
s ′ , determined by the formula (4), is the

fraction of the activation energy of the reverse reaction s ′

attributable to the vibrational degrees of freedom of the

reaction s products (reaction s ′ reagents). Within the

framework of this model it is natural to assume a uniform

distribution of energy E(V )
s ′ between the vibrational modes of

the products (ηs1 = ηs2 = . . .,
∑

i
ηs i = 1). The isothermal

model serves as a good approximation for interpreting

the shock wave experiments on the system H2+O2+Ar

with small additions of the reacting mixture; see, for

example, the results of comparing the calculation [17]
with experiment [76] (incident shock wave, stoichiometric

mixture 0.93% H2+0.46%O2+98.61%Ar). However, when

using an isothermal kinetic model, the self-heating of the

reacting mixture is completely ignored. This can be the

cause of significant errors in calculations even for highly

diluted mixtures, when the concentration of the reacting

additive is ≤ 5% [31].

1.2. Non-isothermal problem

In relation to shock wave experiments for the reacting gas

mixture behind the shock wave under adiabatic conditions,
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two cases are considered: V = const (at constant volume, re-

flected shock wave [47,77–79]); and p = const (at constant
pressure, incident shock wave [76,80]). Under adiabatic

conditions of chemical reactions and vibrational relaxation

processes, the equations of state and energy conservation

should be added to the kinetic equations (1), (5) (see [81]
for vibrationally equilibrium mixture and [31]).

Equation of state p = n6 ρR0T , where n6 =
N
∑

i=1

ni ,

R0 — universal gas constant, subject to V = const,

ρ = ρ(t = 0) = const, in differential form:

d ln p/dt − d lnT/dt − d ln n6/dt = 0. (8)

Energy conservation equation

E(t) =

N
∑

i=1

Ei
(

T (t), t
)

ni(t) = const, (9)

where E — energy of unit of mass of vibrationally non-

equilibrium gas mixture, Ei — non-equilibrium molar

energy of i-th component [K/mol], which depends on time t
both directly and through temperature T , which changes

with time t, being in its turn an independent variable. Under

the assumptions (a) and (b) — equilibrium in translational

and rotational degrees of freedom — we assume

Ei

(

T (t), t
)

= 1 f H0
i + 3T/2 + ζi T/2 +

Ni
∑

k=1

θkεk(t), (10)

where Ni — the number of vibrational modes and ζi —
the number of rotational degrees of freedom in i-th
molecule, 1 f H0

i — heat of formation at T = 0K. After

differentiation (10) (under conditions of adiabaticity and

constant volume), equation (9) in differential form looks

like

CV
dT
dt

+
∑

j

n j

N j
∑

k=1

θk
dεk

dt
+

∑

i

Ei
dni

dt
= 0. (11)

Here (and further) i — any component of the mixture (sum-

mation over all components), j — vibrationally nonequi-

librium component of the mixture, CV =
∑

i
niC

(i)
V — heat

capacity per unit of mass of gas mixture at constant

volume for translational and rotational degrees of freedom

of molecules, C(i)
V = (∂Ei/∂T )V — molar heat capacity

of translational and rotational degrees of freedom of i-th
component.

At p = const = p(t = 0) the equation of state in differen-

tial form

d ln n6/dt + d lnρ/dt + d lnT/dt = 0. (12)

The energy equation is reduced to the enthalpy conservation

equation

H(t) =

N
∑

i=1

Hi

(

T (t), t
)

ni(t) = const,

or in differential form

C p
dT
dt

+
∑

j

n j

N j
∑

k=1

θk
dεk

dt
+

∑

j

Hi
dni

dt
= 0. (13)

Here Hi — specific enthalpy of i-th component [K/mol],

Hi = Ei + T , C p =
∑

i
C(i)

p ni — heat capacity per unit of

mass of the mixture, C(i)
p — molar heat capacity of the i-

th component at constant pressure ( C(i)
p = C(i)

V + 1). For

molecules OH∗, O3, and H2O2, considered as equilibrium

(see below), εk = εk(T ) = exp(−θk/T )/[1− exp(−θk/T )].
Testing of formula (10) (under the condition of thermo-

dynamic equilibrium) by comparison with tabular data for

the value H0(T )−H0(0) [82] showed that for the conditions

under consideration such representation gives an error of

about 1% or less.

When numerically solving the system of equa-

tions (1), (5), and (8), (11) (or (12), (13)) with respect

to ni , εk and p, T (or ρ, T ) as initial conditions at t = 0

values ni and εk are used, corresponding to the state of

the gas mixture before the shock wave front (T = 300K).
Temperature, pressure and density at the initial moment of

time t = 0 are taken to be equal to their values behind the

shock wave front.

2. Kinetic scheme

The kinetic scheme given below describes vibrationally

non-equilibrium kinetics within the framework of con-

sistent elementary kinetic approach and is the result

of analysis of papers [16,56–58,64–69] relating the dy-

namics of atomic-molecular processes taking into ac-

count the electronic excitation of atoms O, molecules O2

and experimentally detected radicals OH. This scheme

of chemical reactions and vibrational relaxation chan-

nels is the final result of numerous kinetic calcula-

tions [17,21,22,24] to identify processes that are most

important from the point of view of their influence on

experimentally measured values. The kinetic scheme

includes the following components: H2, O2, H2O, HO2,

H, O, OH, H2O2 and O3 in the ground electron states,

and O2(
11), O(1D) and OH(26+) (designated as O∗

2 ,

O∗ and OH∗). We consider vibrational nonequilibrium

of the modes H2, OH, O2, O∗

2 , HO2(100), HO2(010),
HO2(001), H2O(100), H2O(010) and H2O(001) (the later

are designated as HO2(ν1), HO2(ν2), HO2(ν3), H2O(ν1),
H2O(ν2) and H2O(ν3)). The influence of vibrational

non-equilibrium of the components OH∗, O3 and H2O2

is neglected due to their low content and rapid relax-

ation.

Modeling of vibrational non-equilibrium chemical ki-

netics in the hydrogen−oxygen system was also carried

out in [32,33,41], where non-equilibrium of the initial

components and OH, preliminary vibrational and elec-

tronic excitation of the initial components were considered.
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Table 1. The most significant chemical reactions and their equilibrium rate constants k0
r = Ar(T/298.15)n

× exp(−EA
r /T ) (cm3, mol, s) in the reacting mixture H2+O2+Ar [24,31]

cr Reactions M Ar n E(A)
r , K

c1 H2+O2=H+HO2–26.7
a

− 4.36 · 1012 1.80 25872

c2 H+O2=HO2+25.2 − 8.91 · 1013 0 0

c3 HO2=O+OH–33.8 − 1.45 · 1014 1.155 33800

c4 H+O2=O+OH–8.3 − 2.40 · 1011 3.00 8360

c5 H2+OH=H2O+H+7.5 − 1.60 · 1011 1.60 1660

c6 H2+O=H+OH–0.96 − 7.40 · 1012 0.861 4650

c7 H+HO2=2OH+17.3 − 3.80 · 1013 0.486 103

c8 O+HO2=OH+O2+25.7 − 2.61 · 1013 0.06 650

c9 2OH=H2O+O+8.4 − 2.07 · 1010 2.70 −1251

c10 2HO2=H2O2+O2+17.5 − 2.77 · 1012 0.459 158

c11 OH+HO2=H2O+O2+34.1 − 5.80 · 1013 −0.322 112

c12 H+OH=H2O+59.6 − 4.00 · 1012 0.5 400

c13 2H=H2+52.0 − 7.00 · 1012 0.5 300

c14 2O=O2+59.6 − 6.00 · 1012 0.5 300

c15 O+H=OH+51.0 − 6.50 · 1012 −0.5 450

c16 H2+HO2=OH+H2O+24.9 − 2.6 · 1011 0 1075

c17 O3+M=O2+O+M–11.8 Mb 2.98 · 1013 −1.15 11830

c18 O3+O=2O2+47.5 − 1.34 · 1012 0.75 1580

c19 O3+H=OH+O2+39.2 − 1.64 · 1013 0.75 0

c20 O3+H=HO2+O+13.3 − 4.52 · 1011 0.75 0

c21 H2+HO2=H2O2+H−8.7 − 2.56 · 1012 0 10750

c22 H+H2O2=OH+H2O+33.6 − 4.64 · 1012 0 1760

c23 H2O2+O=HO2+OH+7.7 − 1.00 · 1012 2.0 2000

c24 H2O2+OH=HO2+H2O+16.1 − 1.00 · 1012 0 670

c25 H+HO2=H2+O∗

2+15.4 − 6.47 · 1011 1.67 3160

c26 O∗

2+M=O2+M+11.3 H2 1.5 · 106 0.25 0

O2 1.0 · 106 0.25 0

Ar 2.94 · 105 −0.25 0

H2O 6.60 · 106 −0.22 0

c27 O∗

2+H=OH+O+3.0 − 7.0 · 1013 1.0 7500

c28 H2+O∗=H2O+81.2 − 4.00 · 1011 −0.5 0

c29 H+HO2=H2O+O∗+3.1 − 4.84 · 1013 0 892

c30 O∗+M=O+M+23.0 Mb 1.0 · 1011 0 0

c31 H2+HO2=OH∗+H2O−21.9 − 1.00 · 1013 0 36000

c32 OH∗+M=OH+M+47.0 Ar 1.3 · 1011 0.5 0

H2O 1.2 · 1013 0.5 0

c33 OH∗+O2=HO2+O+21.1 − 1.0 · 1013 0.5 0

c34 OH∗+H2O=H2O2+H+12.7 − 7.5 · 1012 0 276

c35 O∗+H2=OH∗+H−25.4 − 8.0 · 1013 0 25200

c36 OH∗+O2=O3+H 2.0 · 1013 0.5 0

c37 OH∗+M→O+H+M−4.0 H2 8.1 · 1013 0.45 8060

OH, H2O 5.8 · 1014 −0.73 4017

c38 OH∗+H2=H2O+H − 4.0 · 1013 0.5 0

c39 OH∗
→ OH + hν − 1.4 · 106 0 0

No t e. a — the thermal effect of reactions is given in 103 K; here and below the equal sign means an abbreviated notation for two reactions (direct, r ,
and reverse, r ′); k0r /k0

r′
= Kr , Kr — equilibrium constant. Reverse reactions (c37′) and (c39′) are not taken into account as unlikely under the conditions

under consideration (single arrow), b — M as an inert particle with concentration n6 =
∑

i

ni .

While the approach is common (see, for example, [9])
of these studies and our studies, there are differences

in details, for example, the list of reactions and ex-

change processes differs primarily with regard to the

radical HO2(v).

2.1. Chemical reactions

The most important reactions that determine the mecha-

nism of chemical transformations and their equilibrium rate

constants, k0
r (see (2)), are given in Table 1.

Technical Physics, 2023, Vol. 68, No. 8



Vibrational nonequilibrium in the reaction of hydrogen with oxygen (Review) 1005

The dynamic behavior of the triatomic system

H−O−O [54,67–69] is an intermediate case between

regular (direct mechanism) and completely chaotic

(statistical) behavior (
”
approximation of strong coupling

between modes or RRKM approximation “ [54]). The latter
is modeled at the kinetic level by the following processes:

(I) formation of a vibrationally excited radical HO2(v)
as a result of bimolecular recombination and uniform

intramolecular redistribution of the H−O2 binding energy

between HO2 modes, H+O2 → HO2(v); (II) dissociation

along bond H−O2, HO2=H+O2; (III) dissociation along

bond O−OH, HO2=O+OH (reactions (c2) and (c3) in

Table 1). In order to take into account at the kinetic level

the contribution of regular dynamic behavior (∼ 0.1 of

the phase space), in addition to the processes (I)−(III)
an elementary (single-stage, by direct mechanism) reaction

H+O2 → O+OH (reaction (c4) in Table 1) shall be added

to the kinematic scheme.

Consistent accounting of vibrational relaxation processes

of HO2, H2O, H2, O2, O∗

2 and OH eliminates the need

to include in the kinetic scheme formal reactions of the

type A+B+M→AB+M with an intuitive selection of the

efficiencies of third bodies, M; see reactions (c2), (c3′),
(c12)−(c15), (c28) in Table 1. On the other hand, ignoring

the vibrational non-equilibrium of O3, H2O2 and OH∗ deter-

mines the inclusion of formal recombination reactions in the

calculation in the form A+B+M→AB+M; reaction (c17)
in Table 1 (corresponding reactions for H2O2 and OH∗

are not given, since their influence is negligible [31]). For

the rate constants of trimolecular recombination reactions,

k0
rec, the calculations used (recalculated through the equi-

librium constant) upper estimates satisfying the relations

k0
dis < Zcoll exp(−D/T ), where Zcoll — the maximum pos-

sible pre-exponential factor corresponding to the collision

frequency, D — dissociation energy [21,22].
Table 1 does not contain the reaction HO2+H= H2O+O,

which long ago is assumed to be non-elementary [83].
According to ab initio analysis of the PES of the system

H2O2 and dynamic calculations using the classical trajectory

method, performed in [16], known in the literature value

of the reaction rate constant HO2+H=H2O+O should be

attributed to the reaction (c29), followed by the quenching

of atoms O∗ in reactions (c28), (c30) and (c35). Reac-

tion (c35) is one of the important reactions of the formation

of experimentally detected radicals OH∗ [24].

2.2. Vibrational relaxation channels

The channels of collisional vibrational-translational

(VT) and vibrational-vibrational (VV′) energy exchange

are given in Tables 2 and 3, respectively. Rate

constants of VV′ exchange in the representation

k(q)
ji = a (q)

ji exp(b(q)
1 jiT

−1/3 + b(q)
2 jiT

−2/3) describe the calcula-

tion results with acceptable accuracy (error maximum 10%)
(see Appendix 2).
As initial values, theoretical estimates were used (see Ap-

pendix 2), based on the use and modernization (in relation

to the conditions under consideration) of the theory SSH

(Schwartz−Slavsky−Herzfeld) [84] (see also [60]) and the

SSHM variant (Schwartz−Slavsky−Herzfeld −Moor) of

this theory, which in the simplest way takes into account

vibrational-rotational (VR) energy transfer [85–87]. In [88]
using the example CO2 it is shown that the SSH model

can give a significant error when calculating the rate of

intermode exchanges in a polyatomic gas in comparison

with the more accurate model of a forced harmonic

oscillator, FHO, developed in [89]. For the considered

here VV′ exchange processes the models SSH and SSHM

presumably provide sufficient accuracy. The SSH and FHO

models do not take into account the influence of rotation

on the VT relaxation process; to estimate this effect in [22]
data based on the results of papers [90–92] were used.

The VT exchange times (Table 2) and VV′ exchange

rate constants (Table 3) were obtained by matching the

calculated values τ50 (the moment of reaching half of the

maximum concentration of the radical OH), τ ∗ (moment

of reaching maximum concentration of OH∗) and τign
(beginning of luminescence of OH∗) with the corresponding

results of measurements [47,76–80] in incident [76,80] and
reflected [47,77–79] shock waves. A comparison of the

calculated values with the experimentally measured ones

shows that of all channels of vibrational relaxation (Tables
2, 3) the VT exchange processes are the most important;

they occur with a change in the number of quanta and

determine the rate at which equilibrium is established in

the system as a whole. In turn, the most important

are the relaxation channels of vibrational modes of HO2

(q = 5−7), which directly determine the rate of chain

branching as a result of the processes HO2(v)→ O+OH

and HO2(v)+M↔HO2+M. The quantitative aspect of the

kinetics of VV′ exchange processes in the mixture under

study mainly comes down to the correct consideration of

the fastest (near-resonant) processes that occur without

changing the number of vibrational quanta and form the in-

termediate quasi-stationary state (
”
mixing of quanta“ [61]).

As for the kinetics of VT relaxation of vibrational modes

of HO2 (q = 5−7), then, first of all, it should be noted

that this aspect of the behavior of the radical HO2 was

poorly studied from both experimental and theoretical point

of view. The SSH and SSHM estimates are based on

the assumption of independence of molecular vibrations

(modes), i.e., neglecting the disturbances caused by their

interaction during a collision. In the case of the radical

HO2 (a nonlinear molecule with an angular deformation

vibration), such perturbations are most likely large. Simpli-

fying as much as possible the problem of collision-induced

intramolecular intermode interaction when calculating the

characteristic VT relaxation times of vibrational modes

of HO2, the molecule is represented as a set of coupled

oscillators exchanging energy with the translational and

rotational degrees of freedom through the fastest relaxing

mode; in this case — this is a low-frequency mode of HO2;

see processes (v5) −(v7) Table 2.
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Table 2. VT exchange channels in reacting mixture H2+O2+Ar and their characteristic times pτ (M)
q =a(M)

q exp(b(M)
q T−1/3), s·atm [31]

vq VT exchange channel M a(M)
q b(M)

q

v1 H2(1)+M=H2(0)+M H2, OH, H2O 1.2 · 10−10 100

O2, O
∗

2 2.4 · 10−10 101

Ar 9.2 · 10−10 104

v2 OH(1)+M=OH(0)+M H2 2.15 · 10−7 13.9

OH, H2O 3.33 · 10−8 30.6

O2, O
∗

2 1.81 · 10−6 30.6

Ar 2.4 · 10−7 32.7

v3 O2(1)+M=O2(0)+M H2, OH, H2O 1.89 · 10−9 49.5

O2, O
∗

2 1.0 · 10−10 138

Ar 5.0 · 10−11 173

v4 O∗

2 (1)+M=O∗

2 (0)+M H2 1.03 · 10−9 48.0

OH, H2O 1.07 · 10−9 48.0

O2, O
∗

2 1.1 · 10−10 134

Ar 5.6 · 10−11 169

v5 HO2(001)+M=HO2(000)+Ma H2 5.6 · 10−12 97

v6 HO2(010)+M=HO2(000)+M O2, O
∗

2 6.00 · 10−10 96.34

v7 HO2(100)+M=HO2(000)+M H2O, OH 1.00 · 10−12 98.43

Ar 1.20 · 10−7 53.00

v8 H2O(100)+M=H2O(000)+M H2 1.56 · 10−8 79.6

v9 H2O(001)+M=H2O(000)+M OH, H2O 2.43 · 10−8 74.1

O2, O
∗

2 5.17 · 10−8 74.1

Ar 1.50 · 10−8 81.3

v10 H2O(010)+M=H2O(000)+M H2 1.41 · 10−9 89.1

OH, H2O 9.07 · 10−6
−4.47

O2, O
∗

2 1.93 · 10−5
−4.47

Ar 1.29 · 10−10 122

No t e. a — similar for (v5)−(v7).

3. Comparison of calculation with
experiment

This Section is based on papers [17,21,22,31].

Direct study of the chemical processes kinetics under

actual conditions of their occurrence in nature or in

engineering (for example, during combustion or detonation)
is complicated by side factors of diffusion, convection,

heat release and heat transfer, which are superimposed on

the main chemical process and in some cases can play a

decisive role. This leads to the appearance in theoretical

models of a large number of parameters (in addition to

kinetic characteristics), often either unknown or having

a high degree of uncertainty, which greatly complicates

the quantitative interpretation of experiments, introducing

uncertainty into model kinetic schemes.

The shock tube method was long ago used as a

method for experimentally studying the kinetics of hydrogen

oxidation (see, for example, the review [93]). Experimental

results obtained by this method are especially convenient

for comparison with kinetic calculations. The history of

experimental studies of the hydrogen-oxygen reaction in

shock waves covers more than half a century, however, in

published articles, as a rule, there is not enough information

to compare the measurement results with calculations.

Rare exceptions are papers [47,76–80], which provide

the values of temperature and pressure (but not only

the pressure range) at which measurements were made.

This is especially important when using vibrational non-

equilibrium model due to the direct dependence of the

rates of vibrational relaxation of molecules and radicals on

pressure.

Table 4 lists the systems H2+O2+Ar, which were studied

experimentally by the shock tube method in papers [76,80]
(incident wave) and [47,77–79] (reflected wave). The

results were compared with the corresponding results of

kinetic calculations within the framework of vibrationally

non-equilibrium model using a unified kinetic scheme

(Table 1−3).
Characterizing in general the results of comparison of

experimental data [47,76–80] for the system H2+O2+Ar at

temperatures T < 1500K and pressures p < 4 atm, we state

the qualitative and quantitative agreement of the calculation

results [17,22,31] with the experimental data. In the
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Table 3. VV′ exchange channels and their rate constants in representation k(q)
ji = a(q)

ji exp(b(q)
1 ji T

−1/3 + b(q)
2 ji T

−2/3), s−1, in reacting mixture

H2+O2+Ar[21,22]

vq VV′ exchange channel a(q) b(q)
1 b(q)

2 Note

v11 H2(1)+H2O(000)↔H2(0)+H2O(001) 1.50 · 105 32.53 −160.6 a

v12 H2(1)+HO2(000)↔H2(0)+HO2(100) 9.50 · 104 31.71 −171.1 a

v13 H2(1)+H2O(000)↔H2(0)+H2O(100) 1.55 · 105 31.32 −175.5 a

v14 H2(1)+OH(0)↔H2(0)+OH(1) 1.13 · 105 30.07 −187.5 a

v15 H2(1)+O2(0)↔H2(0)+O2(1) 2.22 · 105 14.17 −273.1 b

v16 H2(1)+H2O(000)↔H2(0)+H2O(010) 1.53 · 104 14.64 −271.0 b

v17 H2(1)+O∗

2 (0)↔H2(0)+O∗

2 (1) 2.50 · 105 13.60 −275.5 b

v18 HO2(100)+H2O(000)↔HO2(000)+H2O(100) 4.31 · 105 34.85 −105.2 a

v19 HO2(100)+OH(0)↔HO2(000)+OH(1) 5.66 · 104 32.61 −159.5 a

v20 HO2(100)+O2(0)↔HO2(000)+O2(1) 1.36 · 105 −0.5415 −335.9 b

v21 HO2(100)+O∗

2 (0)↔HO2(000)+O∗

2 (1) 1.54 · 105 −1.676 −341.0 b

v22 OH(1)+H2O(000)↔OH(0)+H2O(010) 1.04 · 104 13.93 −274.0 b

v23 OH(1)+O2(0)↔OH(0)+O2(1) 1.39 · 105 13.42 −276.2 b

v24 OH(1)+O∗

2 (0)↔OH(0)+O∗

2 (1) 1.58 · 105 12.55 −279.9 b

v25 OH(1)+HO2(000)↔OH(0)+HO2(010) 1.22 · 103 11.34 −285.0 b

v26 O2(1)+O∗

2 (0)↔O2(0)+O∗

2 (1) 1.01 · 105 34.41 −118.2 a

v27 O2(1)+HO2(000)↔O2(0)+HO2(010) 7.79 · 102 32.93 −154.5 a

v28 O∗

2 (1)+HO2(000)↔O∗

2 (0)+HO2(010) 8.40 · 102 34.02 −131.3 a

v29 HO2(010)+HO2(000)↔HO2(000)+HO2(001) 6.56 · 102 34.00 −131.9 b

v30 H2O(001)+HO2(000)↔H2O(000)+HO2(100) 4.32 · 105 34.37 −119.6 a

v31 H2O(001)+H2O(000)↔H2O(000)+H2O(100) 1.27 · 105 33.84 −136.3 a

v32 H2O(001)+OH(0)↔H2O(000)+OH(1) 1.01 · 105 32.46 −161.6 a

v33 H2O(001)+HO2(000)↔H2O(000)+HO2(011) 6.23 · 102 24.64 −224.2 b

v34 H2O(001)+H2O(000)↔H2O(000)+H2O(010) 1.49 · 104 9.955 −290.8 b

v35 H2O(001)+O2(0)↔H2O(000)+O2(1) 2.05 · 105 9.428 −293.0 b

v36 H2O(001)+O∗

2 (0)↔H2O(000)+O∗

2 (1) 2.30 · 105 8.534 −296.7 b

v37 H2O(001)+HO2(000)↔H2O(000)+HO2(010) 1.05 · 104 7.296 −301.9 b

v38 H2O(100)+OH(0)↔H2O(000)+OH(1) 9.71 · 104 34.15 −127.4 a

v39 H2O(100)+HO2(000)↔H2O(000)+HO2(011) 6.08 · 102 25.63 −218.6 b

v40 H2O(100)+H2O(000)↔H2O(000)+H2O(010) 1.47 · 104 10.65 −287.8 b

v41 H2O(100)+O2(0)↔H2O(000)+O2(1) 2.02 · 105 10.11 −290.1 b

v42 H2O(100)+O∗

2 (0)↔H2O(000)+O∗

2 (1) 2.27 · 105 9.192 −293.9 b

v43 H2O(100)+HO2(000)↔H2O(000)+HO2(010) 1.04 · 104 7.919 −299.3 b

v44 H2O(010)+O2(0)↔H2O(000)+O2(1) 7.17 · 103 34.69 −108.6 a

v45 H2O(010)+O∗

2 (0)↔H2O(000)+O∗

2 (1) 7.93 · 103 34.19 −125.9 a

v46 H2O(010)+HO2(000)↔H2O(000)+HO2(010) 3.63 · 102 33.03 −152.9 a

v47 H2O(010)+HO2(000)↔H2O(000)+HO2(001) 6.30 · 103 33.26 −149.0 b

No t e. a — SSH evaluation.b — SSHM evaluation. See Appendix 2.

absolute majority of cases (for more details, see [31]),
the values τ50 and τ ∗ are reproduced in calculations

almost exactly (the difference is maximum 5%). Some

difference between the measured and calculated values τign
(≈ 10%), apparently, is a consequence of differences in

the determination of this vaues in the papers [78] and [31]
(see Note c in Table 4).

3.1. Characteristic relaxation time of the
radical HO2

When matching the calculated values τ ∗, τ50 and τign
with the values obtained experimentally, the main thing

was the variation and selection of essentially unknown

kinetic constants characterizing the processes of vibrational-

translational and vibrational-vibrational exchange involving

modes of HO2 [21,22,31]. For the compositions and

conditions under consideration at T < 1500K, the most

important processes turned out to be VT energy exchange

of modes of HO2 (the key role of the radical HO2(v)

in the hydrogen oxidation reaction). During the final

matching of the calculated values τ ∗, τ50 and τign and

the experimentally measured values, the only variable

parameter was τ
(H2)
5 , i.e. characteristic time of V−RT

energy exchange, identical (Table 2) for all three modes

of the radical HO2 during its collisions with molecules H2.

The average value of τ
(H2)
5 (given in Table 2) should
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Table 4. Systems H2+O2+Ar, studied experimentally [47,76-80], the results of which were compared with the corresponding results of

kinetic calculations [17,22,31]. 8 — fuel excess coefficient

System, Experiment
Composition

8 Measured values Calculation, problem
%H2 %O2 %Ar

I, [76] IWa 0.93 0.46 98.61 1.0 τ ∗ c [17,22], T = const

II, [80] IW 2.0 1.0 97.0 1.0 τ ∗ [22], T = const

III, [80] IW 4.0 1.0 95.0 2.0 τ ∗ [22], T = const

IV, [77] RWb 2.0 0.5 97.5 2.0 τ50
d [17,22], T = const

III, [77] RW 4.0 1.0 95.0 2.0 τ50 [31], V = const

IV, [77] RW 2.0 0.5 97.5 2.0 τ50 [31], V = const

V, [78] RW 3.0 1.5 95.5 1.0 τ ∗, τign
e [31], V = const

VI, [78] RW 1.03 0.5 98.47 1.03 τ ∗, τign [31], V = const

VII, [78] RW 3.36 1.14 95.5 1.47 τ ∗, τign [31], V = const

VIII, [79] RW 1.69 0.81 97.5 1.04 τign [31], V = const

IV, [79] RW 2.0 0.5 97.5 2.0 τign [31], V = const

IX, [47] RW 1.5 1.5 97.0 0.5 τ ∗, τ50 [31], V = const

No t e. a — incident wave (IW), b — reflected wave (RW), c — time between passage of shock front (t = 0) and the moment of maximum radiation at

a wavelength ≈ 306 nm (in calculation — the moment of reaching maximum concentration of OH∗), d — time between passage of shock front and the

moment when the absorption of light by OH radical reached half of its maximum value (in the calculation the moment of reaching half the maximum

concentration of OH radical), e — time between passage of shock front and the moment of radiation start (in our calculations it was assumed that τign is

approximately equal to achievement of 0.01 of maximum concentration of OH∗).

be considered as a quantitative estimate of the currently

unknown value of τ
(H2)
HO2

. The maximum deviation from

the average value was 1.5 times (in both directions) at

T ≈ 1000K [22], processing of new experimental data

led to a scatter by 2.5 times at T ≈ 1300K [31]. This

error characterizes our ignorance of the details of the

dynamics of elementary reactions expressed at the kinetic

level by the variables E(V )
r , δrk and ηrk , as well as

the influence of other approximations used; see rela-

tions (3), (4), (7) and (10).

3.2. Dependence of the effective chain branching
constant on experimental conditions

In contrast to the traditional equilibrium description of

kinetics, which can not provide a quantitative interpretation

of various experiments without varying the reaction rate

constants, taking into account vibrational non-equilibrium

solves the problem of consistency of the theoretical model

with experimental results obtained by different authors

using different methods for different compositions and

conditions. It is the non-equilibrium (in terms of vi-

brational degrees of freedom) nature of the process that

is the reason for the observed dependence on experi-

mental conditions of the effective rate constant of the

overall reaction H+O2 → O+OH [17], activation energy

of which varies within 6790 ≤ EA ≤ 11430K according to
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Figure 1. Time dependences of the value

keff
H+O2→O+OH = R3/[H][O2] (effective rate constant of the overall

process H+O2 → O+OH) for two calculation options [17]:
1 — system I, T = 1050K, p = 1.9 atm, experiment [76];
2 — system III, T = 1052K, p = 2.2 atm, experiment [77].

estimates in various experiments [46]. In the mechanism

of chemical transformations adopted here, such reaction

is absent. The rate of the chain branching process is

mainly determined by the rate R3 of the monomolecular

decomposition of a vibrationally excited radical HO2 —
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Figure 2. Time dependences of vibrational temperatures Tk (a) and non-equilibrium factors κr (b). T = 1178, K; p = 1.675 atm

(system I, calculation [22]). Curves (a) correspond to the vibrational temperatures of the following modes: 1 — H2, 2 — HO2(ν1),
3 — OH, 4 — O2, 5 — HO2(ν3), 6 — O∗

2 , 7 — H2O(ν1) and 8 — H2O(ν2). Curves (b) correspond to the non-equilibrium factors of

the following reactions (Table 1): 1 — (c1), 2 — (c2′), 3 — (c3), 4 — (c31), 5 — (c8′), 6 — (c11 ′), 7 — (c12′), 8 — reactions (c1′),
(c2), (c3′), (c31′), (c8), (c11), (c12).

by reaction (c3) Table 1. The effective rate constant of

the overall process H+O2 → O+OH is extracted from the

calculation as keff
H+O2→O+OH = R3/[H][O2]. The influence

of experimental conditions is illustrated in Fig. 1, which

shows the values keff
H+O2→O+OH depending on time, obtained

in calculations corresponding to experiments [76] (stoichio-
metric mixture, registration of OH∗ radiation) and [77]
(rich mixture, registration of OH absorption) for almost

identical temperatures T = 1050 and 1052K, respectively

(Table 4).

The pronounced dependence on pressure and time of

the effective rate constant of the most important overall

reaction, which determines the rate of the entire process as

a whole, is a consequence of the non-equilibrium nature of

its occurrence and the changing role of various elementary

reactions and vibrational relaxation channels at various

stages of the process.

4. Vibrational non-equilibrium and
thermal effect at various stages of the
reaction

This Section is based on papers [21,22,31].

The non-equilibrium by the vibrational degrees of

freedom nature of the reaction in the mixture

H2+O2+Ar behind the shock wave is illustrated in

Fig. 2, which shows typical time dependences of vi-

brational temperatures, Tk , and non-equilibrium factors,

κr(T, {Tk}) [21,22]. The difference between the rate

constants and their equilibrium values can be orders of

magnitude, i.e., in the conditions under consideration

the nature of this reaction is non-equilibrium, and the

vibrational non-equilibrium of the radical HO2 is the

most significant feature of the hydrogen oxidation pro-

cess.

Fig. 3 shows the thermal effects, Q, and the corre-

sponding temperatures of the translational and rotational

degrees of freedom of molecules (gas temperatures), T ,
for two calculation options [31] with almost identical

temperatures behind the shock wave front. The calcula-

tions simulate experiments for the following two typical

systems: IV, T = 1174K, p = 0.945 atm, registration of

the radical OH by absorption [77]; and V, T = 1173K,

p = 1.3 atm, registration of the radical OH∗ by radia-

tion [78].

The vibrationally non-equilibrium nature of the reaction

of hydrogen with oxygen behind the shock wave front

manifests itself throughout the entire process. At the

initial stage, vibrational excitation of the initial molecules

H2 and O2 occurs from the initial (room) temperature

at t = 0 to the equilibrium gas temperature, T , behind

the shock wave front (Fig. 2). At this stage, the

process of hydrogen oxidation proceeds as endothermic;

the main reactions are the initiation reaction (c1) and

the elementary non-statistical process (c4), significant at

times t ≤ 1µs.

At the stage of intense reaction, the most important

contribution to the heat release and, consequently, to the

increase in gas temperature is made by fast reactions (c2),

−6 Technical Physics, 2023, Vol. 68, No. 8
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Figure 3. Positive, Q+ (heat release, curves 2, 5), negative, Q−

(heat absorption, curves 1, 4) thermal effects and gas temperatures,

T (curves 3, 6), for the next two calculation options [31]: sys-

tem IV, T = 1174K, p = 0.945 atm (curves 1–3) and system V,

T = 1173K, p = 1.3 atm (curves 4–6).

(c5), (c7), (c9), (c11), (c13), (c1′). In the reactions

(c1′), (c7), (c11), (c2), (c13) (and other bimolecular

recombination reactions), energy is released partially in

the form of energy of translational and rotational degrees

of freedom of molecules. In reactions (c5) and (c9),
energy is released predominantly in the form of energy

in the translational and rotational degrees of freedom of

the product molecules. Just these reactions are responsible

for the explosive nature of self-heating of the reacting

mixture during the combustion and detonation of hydro-

gen.

The calculation options illustrated in Fig. 3 (systems IV

and V at practically identical temperatures and relatively

close pressures behind the shock wave front) differ sig-

nificantly in composition. In this case, we have for 1T
(temperature change as a result of self-heating of the

reacting mixture) 53K (system IV) and 147K (sys-
tem V). As calculations shown [31], 1T unambiguously

correlates with the value of the stoichiometric part of

the mixture (SPM); so, 1T decreases from ≈ 150K

at SPM= 4.5% to ≈ 50K at SPM= 1.5%. For com-

positions with SPM< 1.5% the kinetic calculations per-

formed within the framework of the isothermal formulation

of the problem can serve as a satisfactory approxima-

tion.

5. Mechanism of formation of
electronically excited radical OH(26+)

This Section is based on papers [22,24].
Emission of electronically excited radical OH∗(26+),

OH∗(26+)→OH(X25)+hν, hν∼=47 000K (λ≈306 nm),

is long ago used in research practice to determine the

time of ignition induction in this system [93–96]. In

experiments, where the shock tube method is used, the end

of the induction period is associated with the moment of

maximum emission of the radical OH∗, which is a very

informative quantity, responding even to minor changes

in the parameters of the gas mixture in temperature,

pressure and composition, and can be measured with high

accuracy. In a formal (equilibrium) description of the

kinetics, the mechanism of formation of the radical OH∗

is postulated as a set of reactions reverse to the bimolecular

quenching reactions of OH∗ in collisions with molecules and

radicals of the reacting mixture H2+O2+inert diluent. Such

processes, in particular, include the trimolecular recom-

bination processes H+O∗+M→OH∗+M and the reverse

predissociation process H+O+M→OH∗+M [76].
As for the elementary processes of quenching of the

electronically excited radical OH∗, a significant number

of experimental and theoretical studies [16,76,97–101] are

devoted to the study of the kinetics and dynamics of these

processes.

Considering the mechanism of formation of the elec-

tronically excited radical OH∗ at the elementary kinetic

level at relatively low pressures (p < 10 atm), it should

be borne in mind that the triple collisions of H+O+
M and H+O∗(1D)+M can obviously be neglected due

to their low probability. For example, the trimolecular

reaction H+O2+H2=OH∗+H2O, proposed even in [94]
and explaining the formation of electronically excited

radical OH∗ at the earliest stages of the combustion pro-

cess, within the framework of vibrationally non-equilibrium

model is considered [17,21,22] as occurring in two stages (
H+O2 → HO2(v) and HO2(v)+H2 → OH∗+H2O) through

the formation of a vibrationally excited radical HO2(v),
reactions (c2) and (c31) Table 1.

Reactions involving the electronically excited radical

OH∗ and their equilibrium rate constants, k0
r (see (2)),

are given in Table 1. The values are taken from

papers [21,22] and are the final result of comparison

of measured [76,80] values τ ∗ (moment of maximum

emission at wavelength 306.4 nm) with the corresponding

calculated values (moment of maximum concentration

of OH∗), obtained in [21,22] using the unified kinetic

scheme. The input data for these rate constants were

experimental results [97,98], estimates by the transition

state method based on ab initio analysis of potential energy

surfaces (PES) [16,17,76], as well as the results of dynamic

calculations [99,100].
Main reactions (c1)−(c3), (c5)−(c7), (c12) provide a

chain mechanism of ignition and combustion of hydrogen,

and, together with the characteristic relaxation time of

the radical HO2, determine the value τ ∗. The total

rates of reactions of formation of OH∗ are 4−5 orders

of magnitude lower than the rates of these basic reac-

tions [22,24]. Reactions involving OH∗ do not affect

the rate of ignition and combustion of hydrogen in gen-

eral.

The most important (Table 1) in terms of their contribu-

tion to the overall process of formation of the radical OH∗

Technical Physics, 2023, Vol. 68, No. 8
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are the following reactions:

(c31)H2(v) + HO2(v)→ OH∗ + H2O

(at the initial stage of the process),

(c32′, M=Ar)OH(v) + Ar→ OH∗ + Ar,

(c36′)O3 + H→ OH∗ + O2,

(c34′)H2O2 + H→ OH∗ + H2O,

(c38′)H2O(v) + H→ OH∗ + H2,

(c33′)HO2(v) + O→ OH∗ + O2,

(c35)O∗ + H2(v)→ OH∗ + H.

Just these reactions, changing roles in terms of relative

contribution, αr , depending on the conditions relating

composition, temperature and pressure, determine the

mechanism of formation of the radical OH∗ (Fig 4, a).
Figure 4, b shows the values of the non-equilibrium factor,

κr , corresponding to the reactions (c31), (c32′, M=Ar),
(c36′), (c34′), (c38′), (c33′) and (c35) (see formu-

las (2)−(4)). The values κr ≫ 1 (curves 1, 2, 4, 5, 7

in Fig. 4, b) indicate to the fact that the corresponding

reactions (c32′, M=Ar), (c31), (c33′), (c35) and (c38′)
proceed in non-equilibrium mode with respect to vibra-

tional degrees of freedom, overcoming high activation

barriers (46 990, 36 000, 21 150, 25 200 and 54 400K,

respectively) due to vibrational excitation of the reagents.

So, for example, in the case illustrated in Fig. 2, super-

equilibrium excitation — the ratio of the average energy

to its equilibrium value, εk(t)/ε0k (T ) — for vibrational

modes H2, HO2(ν1), OH and H2O(ν1) reaches values of

8.68, 17.3, 47.5 and 21.6, respectively (curves 1, 2, 3, 7

Fig. 2, b). These energies correspond to vibrational

temperatures: TH2
= 2010, THO2(ν1) = 2910, TOH = 5340

and TH2O(ν1) = 3270K.

For reactions (c36′) and (c34′) (curves 3, 6 in Fig. 4, b)
the values κr = 1 (equilibrium mode) are the consequence

of the simplifying assumption (we neglect the influence of

vibrational non-equilibrium of O3, and H2O2), originally

laid down in the formulation of the kinetic scheme [21].
This approximation, which is applicable (as calculations

have shown) in the case of rich and stoichiometric mixtures

(8 ≥ 1), may turn out to be insufficient for quantitative

description of the kinetics in the case of lean mixtures

(8 < 1).
Regarding the processes of quenching the radical OH∗,

we note the following. The total contribution of these

processes is close in magnitude to the total contribution

of the OH∗ formation processes, differing from the latter in

value in maximum the second digit. The most important

reactions of quenching the radical OH∗ (in order of

importance) are the following reactions: (c38), (c36) at

the initial stage, (c32, M=H2O), ( c39), (c34) and (c37,
M=H2O).

6. Inhibition of reaction of hydrogen with
oxygen by additions of polyatomic
gases

This section is based on paper [23].
The inhibiting effect of polyatomic gas additives on the

reaction of hydrogen with oxygen was discovered in the

middle of the last century and was observed experimentally

using a number of hydrocarbons (from pentane to octane),
as well as low alcohols, methane and propane [102].
In subsequent decades, due to the extreme practical

importance of the problem of inhibiting the gas-phase

combustion, explosion and detonation, ethane [103,104],
formaldehyde [105], ethylene [106] and other polyatomic

gases, including halogen-substituted (fully or partially)
hydrocarbons [107–109] were added to this list. In the cited

−6∗ Technical Physics, 2023, Vol. 68, No. 8
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papers the inhibition mechanism is associated exclusively

with the chemical activity of inhibitors or their combustion

products, leading to the recombination of chain carriers

such as H, O and OH, the most important of which in

stoichiometric and rich mixtures is H atom[102,103,107].
When studying the effect of the additive CF2Cl2 on the

ignition of hydrogen and methane, the vibrationally excited

molecules HF (v = 2, 3) [109] were identified, which may

indicate a chemical vibrationally non-equilibrium process of

inhibition.

In the paper [23] the effect of inhibition of the reaction

of hydrogen with oxygen by additives of polyatomic gases

was studied by numerical modeling of the process within

the framework of the vibrationally non-equilibrium model.

It is shown that the effect can be explained by the inhibitor

influence on the rate of vibrational relaxation of the radical

HO2(v) formed during the reaction in vibrationally excited

state.

Figure 5 [23] shows, against the background of the main

vibrational frequencies of the radical HO2 (ν1 = 3410 cm−1,

ν2 = 1390 cm−1 and ν3 = 1095 cm−1), the main vibrational

frequencies of methane (CH4), tetrafluoromethane (CF4),
fluoromethane (CH3F), difluoromethane (CH2F2), chlo-

rofluoromethane (CH2ClF), formaldehyde (H2CO), ethane
(C2H6), hexafluoroethane (C2F6), ethylene (C2H4), tetraflu-
oroethylene (C2F4) and propane (C3H8). In general,

the choice of specific substances from among the known

inhibitors was arbitrary. Further, to denote polyatomic

inhibiting additive instead of a chemical formula, we will

often use the general designation inh. It can be seen

that the highest frequencies of normal vibrations of many

molecules are relatively close to the vibrational frequency ν1
of the radical HO2: the corresponding frequency ratios are

ν inh
1 /ν1 ≈ 0.9. As for the lower vibrational frequencies of

inhibitor molecules, almost each of them has frequencies

close to ν2 and/or ν3 of the radical HO2, and therefore

the corresponding frequency ratios are equal to or approx-

imately equal to unity. All this indicates the presence of

at least one high-speed resonant or near-resonant channel of

VV′ exchange of inhibitor with HO2(v). The behavior of the
energy received inhibitor can naturally be characterized by

fast processes of energy redistribution between modes and

VT relaxation through the mode with the lowest frequency.

To take into account the most important in terms of speed

processes of VV′ and VT energy exchange in the reacting

system H2+O2+inh, keeping simple the problem, the

inhibitor molecule is considered as a multimode oscillator

having four vibrational frequencies ν i
1, ν

i
2, ν

i
3 and ν i

4. The

first three of these frequencies are closest to frequencies ν1,

ν2, and ν3 of the radical HO2, respectively. The value ν i
4

corresponds to the minimum vibrational frequency of the

inhibitor to take into account VT energy exchange process

of the inhibitor molecule with the molecules and atoms

of the gas mixture. Thus, the kinetic scheme describing

the process of initiation and chain branching in the system

H2+O2+inh+Ar (Table 3) shall, at a minimum, be supple-

mented with the following vibrational relaxation channels:

(vi1)HO2(100) + inhk=1(0)→ HO2(000) + inhk=1(1),

(vi2)HO2(010) + inhk=2(0)→ HO2(000) + inhk=2(1),

(vi3)HO2(001) + inhk=3(0)→ HO2(000) + inhk=3(1),

(vi4–vi7) inhk(1) + M→ inhk(0) + M, k = 1, 2, 3, 4, . . . .

Here channels (vi1)−(vi3) describe the processes of single-

quantum VV′ energy exchange of vibrational modes of the

inhibitor (frequencies ν i
1, ν

i
2 and ν i

3), with the corresponding

vibrational modes of the radical HO2 (frequencies ν1,

ν2 and ν3), and the channels (vi4, vi5, . . .) describe the

processes of VT relaxation of the inhibitor through the mode

with the lowest frequency ν i
4 under the assumption of rapid

energy redistribution between modes.

The key parameter that determines the value of the rate

constant of q-th vibrational-vibrational energy exchange k(q)
VV′

between two modes of colliding molecules is the ratio of

their frequencies (see Appendix 2). In [23] for the rate

constants of processes (vi1) −(vi3) the minimum values of

their dependences on the corresponding frequency ratios

ν i
k/νk (closest in magnitude to νk) were used as bottom

estimate (Fig. 6).
In paper [23] to estimate the characteristic times of

inhibitor VT relaxation in the reacting mixture

H2+O2+inh+Ar at T = 1140K experimental data [112–
114] obtained at T ≈ 300K were used. The extrapolation

was carried out under the assumption that the

Landau−Teller dependence is valid for τVT, which

can quite reasonably be attributed to the temperature range

considered here (see, for example, Chapter IV in [2]):

τVT = [Z10(1− exp(−θ/T ))]−1 = a exp(bT−1/3),

Technical Physics, 2023, Vol. 68, No. 8
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Table 5. Results of calculation of the minimum concentration of the additive γinh (upper estimate), inhibiting the combustion of hydrogen

in a mixture of 4%H2−1%O2−(95−γinh) %Ar after incident shock wave at T = 1142K and p = 0.71 atm

Inh ν i
4, cm

−1 τVT, s

Frequencies ratio Rate constants

γinh, vol.%in VV′ exchange process of VV′ exchange b), s−1

vi1 vi2 vi3 vi1 vi2 vi3

CH4 1311 5 · 10−7 0.89 0.91 0.84 2 · 105 2 · 105 7 · 104 2.5

CF4 435 5 · 10−8 0.92 0.92 0.83 2 · 105 2 · 105 6 · 104 5.7

CH3F 1049 1 · 10−7 0.88 0.95 0.96 1 · 105 7 · 105 8 · 105 1.9

CH2F2 528 2 · 10−8 a) 0.88 0.91 1.00 1.5 · 105 2 · 105 1 · 107 0.4

CH2ClF 554 2 · 10−8 a) 0.89 0.94 0.98 2 · 105 3.5 · 105 2 · 106 1.3

H2CO 1167 1 · 10−5 a) 0.83 0.90 0.94 67 · 104 1.7 · 105 3.5 · 105 4.6

C2H6 289 1.1 · 10−8 0.88 1.00 0.91 1.3 · 105 1 · 107 2 · 105 0.32

C2F6 125 1.25 · 10−8 a) 0.40 0.98 0.98 1.5 · 103 2 · 106 2 · 106 0.79

C2H4 826 3 · 10−8 a) 0.91 0.97 0.93 2 · 105 1 · 106 3 · 105 0.14

C2F4 190 1.25 · 10−8 a) 0.55 0.96 0.92 4 · 103 5 · 105 2 · 105 0.7

C3H8 216 1.3 · 10−8 [113] 0.87 1.00 0.96 1 · 105 1 · 107 5 · 105 0.31

No t e.,a — upper estimate by formula τVT = τc Z10 (τc = 5 · 10−10 s, Z10 see. Fig. 6), b — bottom estimate by values of rate constants and the number of

considered VV′ exchange processes.
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Figure 6. Dependence of rate constant of vibrational-vibrational

VV′ exchange at 1140K on the ratio of frequencies of energy

exchanging vibrational modes a and b of interacting molecules.

Points marked with black diamonds refer to system H−O [21,22],
by light triangles — to system C−N−O [110,111]. Solid line —
values, accepted in calculations as lower estimate of kvv′ .

Z10 = ZP10,

where Z10 — the number of collisions leading to the

excitation/deactivation of vibrations, Z — the total num-

ber of molecule collisions per unit of time (Z = 1/τc),
τc — average time between collisions. Fig. 7 shows

the experimentally measured values Z10 for a number of

polyatomic molecules depending on the lowest vibrational

frequency [112]. The effect of inhibiting the reaction of

hydrogen with oxygen by additions of polyatomic gases

is demonstrated in [23] using a specific example of sys-

tem III (Table 4) at T = 1142K, p = 0.71 atm, which
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Figure 7. [23]. Dependences Z10 on the lowest vibrational

frequency of polyatomic molecules at temperature of 300K (light
dots on the straight line 1, black dots on the straight line 2) [112].
Straight lines 1′ and 2′ are obtained from straight lines 1 and 2,

respectively, by recalculating to temperature of 1140K using the

relation τVT = ZVTτc at τc = 5 · 10−10 s (upper estimate). In the

case of low vibrational frequencies (ν i
4 < 600 cm−1), Z10 = 102

was taken as upper estimate.

Technical Physics, 2023, Vol. 68, No. 8



1014 O.V. Skrebkov , S.S. Kostenko, A.L. Smirnov

was experimentally studied in the paper [80]. In the

absence of the inhibitor the observed chemical reaction is a

consequence of the vibrationally non-equilibrium nature of

the process (see, for example, Fig. 2). At times 700−800µs
(t = 0 — the moment of passage of the shock wave front)
at the stage of intensive reaction, the maximum rates of

consumption H2, O2 and formation H2O are achieved,

maximum concentrations of intermediates are observed,

including the radical OH∗ detected by its emission (in
this case τ ∗ = 820µs). The non-equilibrium rate constant

of the most important process of chain branching (c3)
HO2 → O + OH exceeds its equilibrium value by 5 orders

of magnitude (κc3 ≈ 105 at t = 800µs) (see relation (3)).
The inhibitor presence suppresses the reaction, which stops

at times t ≈ 600µs as a result of accelerating the relaxation

of the vibrational modes of the radical HO2 due to its

interaction with the inhibitor through channels of VV′

exchange (vi1) −(vi3) and fast VT relaxation of the inhibitor

along channels (vi4), (vi5).
Table 5 shows the results of calculations [23] of the

minimum concentration, γinh, of additives inhibiting the

process of hydrogen combustion in a mixture of 4%H2+
1%O2 + (95−γinh)%Ar behind the incident shock wave

(T = 1142K, p = 0.71 atm) until it is suppressed. By the

value γinh one can judge the comparative effectiveness of a

particular inhibitor. The most effective inhibitors (CH2F2,

C2H6, C2H4, and C3H8 with γinh < 0.5%) are those whose

molecules are characterized by frequencies close to the

corresponding frequencies ν1, ν2 and ν3 of the radical HO2,

and the minimum frequency ν i
4 ≤ 800 cm−1 (τVT ≈ 10−8 s)

(Fig. 5). Also note that there is a general tendency towards

an increase in the effectiveness of a particular inhibitor

as the number of its constituent atoms and, consequently,

the number of vibrational degrees of freedom increase.

The latter increases the probability of resonant and near-

resonant VV′ exchange processes of type (vi1)−(vi3) and,

naturally, is consistent with experimental data concerning

the range of polyatomic molecules known as inhibitors

(see publications [102–109] and links therein). The Table

also reflects the experimental fact noted in the paper [103]
that

”
ethylene itself is a more effective inhibitor than

ethane“.

The paper [23] did not take into account the possible par-

allel influence of chemical reactions of inhibitor molecules

with hydrogen atoms, which proceed, like the reaction (c2)
with k I ≈ 8 · 1013 cm3 ·mol−1 · s−1, practically without ac-

tivation barrier. Thus, in the paper [107] in the case of

hydrogen combustion inhibition by propylene, the reac-

tion H+C3H6 → C3H7 with k ≈ 4 · 1013 cm3 ·mol−1 · s−1

was considered as such reaction. Note that the radical

C3H7 formed in this reaction can also be an equally

effective inhibitor precisely as a deactivator of the vi-

brationally excited radical HO2(v). Calculation of the

parallel contribution of processes of this kind, leading to

the recombination of chain carriers, primarily H atoms,

requires special attention as a subject for future stud-

ies.

Conclusion

The equations of chemical and vibrational kinetics for the

average energies of vibrational modes and concentrations of

components are applicable in the general case of reacting

multicomponent gas mixture. A general scheme for

replacing complex reactions with a set of elementary ones is

considered. The details of its application determine both the

computational difficulty of the problem and the adequacy of

the physical picture.

For a mixture of hydrogen−oxygen−inert gas (argon),
a diagram of chemical reactions and vibrational relaxation

channels is presented, which is the final result of numerous

kinetic calculations. The central element of the model is the

consistent consideration of the vibrational non-equilibrium

of the radical HO2. This intermediate product is formed in

a highly excited vibrational state and further participates in

chain branching reactions and the formation of electronically

excited particles.

The calculation is compared with experiment using the

shock tube method for direct and reflected waves in com-

bination with emission and absorption spectroscopy. For

the system H2+O2+Ar at temperatures T < 1500K and

pressures p < 4 atm we state the qualitative and quantitative

agreement between the results of calculations and exper-

iments using unified kinetic scheme. The selected range

is characterized by high sensitivity to reaction parameters

and a strong influence of vibrational non-equilibrium. This

is illustrated by typical time dependences of vibrational

temperatures and non-equilibrium factors. For the effective

rate
”
constant“ of the overall reaction H+O2=O+OH the

estimate was obtained that explains its observed dependence

on experimental conditions.

Using vibrationally non-equilibrium model of hydrogen

oxidation, the following is shown. Under the above

conditions for T and p, the decisive contribution to the total

process of OH∗ formation is made by reactions occurring

in the vibrationally non-equilibrium mode, their activation

barrier is overcome due to the vibrational excitation of the

reagents. The effect of inhibiting the reaction of hydrogen

with oxygen by additives of various polyatomic gases may

be associated with their influence on the rate of vibrational

relaxation of the radical HO2(v), but not only with the

chemical activity of the inhibitor.

Appendix 1: Specific types of collisional energy
exchange

dεk

dt
=

∑

q

(

dεk

dt

)(q)

vibr

+

(

dεk

dt

)

chem

.

Changes in average energies, (dεk/dt)vibr, of k-th vibrational

mode as a result of the action of q-th channel of vibrational

relaxation, in general form represented by equations (5 ), in
specific cases have the following forms.
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Single-quantum VT energy exchange (Table 2,

q = 1−10):

Yj(1) + Yi

k(q)
ji←→ Yj(0) + Yi ,

mode k belongs to a molecule of the type j , a molecule of

the type i does not change its vibrational state, i.e. lmq = 1,

lnq = 0, 1I(1)
k = 1

Qq = ε0k (1 + εk)/(1 + ε0k ), Q′

q = εk ,

(

dεk

dt

)(q)

vibr

=
∑

i

γi k
(q)
ji

ε0k − εk

1 + ε0k
, (A1.1)

k(q)
ji = (1 + ε0k )/τ

(M)
q , here M ≡ Yi .

Single-quantum VV′ energy exchange (Table 3, q = 11−32,
34−38, 40−47):

Yj(1) + Yi(0)
k(q)

ji←→ Yj(0) + Yi(1),

mode k belongs to a molecule of type j , mode l belongs

to a molecule of type i , i.e. lmq ≡ lkq = 1, lnq ≡ llq = l,

1l(q)
k = 1, 1l(q)

l = −1,

Qq =
ε0k (1 + εk)

1 + ε0k

εl(1 + ε0l )

ε0l
, Q′

q = εk(1 + εl);

(

dεk

dt

)(q)

vibr

=
∑

i

γi k
(q)
ji

[

ε0k (1 + ε0l )

(1 + ε0k )ε
0
l

(1 + εk)εl−εk(1 + εl)

]

.

(A1.2)
1→ 2 quantum VV′ energy exchange (Table 3,

q = 33, 39):

Yj(1) + Yi(00)
k(q)

ji←→ Yj(0) + Yi(11),

mode k belongs to a molecule of the type j , modes l
and p belong to a molecule of the type i , i. e. lmq ≡ lkq = 1,

lnq ≡ (llq, lpq) = (1, 1), 1l(q)
k = 1, 1l(q)

l = −1, 1l(q)
p = −1,

Qq =
ε0k (1 + εk)

1 + ε0k

εl(1 + ε0l )

ε0l

εp(1 + ε0p)

ε0p
,

Q′

q = εk(1 + εl)(1 + εp);

(

dεk

dt

)(q)

vibr

=
∑

i

γi k
(q)
ji

[

ε0k (1 + ε0l )(1 + ε0p)

(1 + ε0k )ε
0
l ε

0
p

(1 + εk)εlεp

− εk(1 + εl)(1 + εp)

]

.

(A1.3)

Appendix 2: To calculation of rate constants of
vibrational relaxation processes

According to SSH theory [84] (see also [60,61,63]), the
probabilities per collision of q-th transition of vibrational

energy from modes m to modes n during the interaction

of molecules of j-th and i-th types are calculated by the

formula:

P(q)
ji (m; n) ≡ P ji

{

lmq, 0

0, lnq

}

= ζ
(q)
ji

∏

m

V 2
lmq0

∏

n

V 2
lnq0

× 8[ξ
(m)
0 (1− ωn/ωm)].

(A2.1)

Here ζ
(q)
ji — orientation factor (varies from 0.1 to 0.02

based on simple considerations of collision dynamics);
Vlmq,0 — transition matrix element 0→ lmq of a harmonic

oscillator (mode) of the type m participating in q-th process;

ωm — oscillator frequency; ξ
(m)
0 = τ∗ωm — adiabaticity

parameter (Messy parameter averaged over collisions),
τ∗ — characteristic interaction time; 8(x) — adiabaticity

factor, taking into account the change in translational energy

during exchange with vibrations,

8(x) = x2

∞
∫

0

e−z sh−2(x/
√

z )dz

∼=















8
√

π/3x7/3 exp(−3x2/3), x ≫ 1 [115],

1

2

[

3−exp
(

−2

3
x

)]

exp

(

−2

3
x

)

, 0≤x≤20 [116].

(A2.2)
Although the dependence (A2.1), (A2.2) was obtained as

a result of solving a linear dynamic problem (semiclassical

calculation in the first order of perturbation theory for the

oscillator model with a driving force) using the exponential

repulsion potential, it can be approximately considered

universal for many colliding pairs, since rotation and long-

range attraction effects can be taken into account by

adapting the oscillator parameters ζ ji and ξ0.

Adiabaticity parameter

ξ
(m)
0 = πβmα

−1(Dm/kT )−1/2(M ji/µm)−1/2, (A2.3)

and matrix elements

∣

∣V (m)
10

∣

∣

2 ∼= 1

2

(

βm

α

)2

,
∣

∣V (m)
20

∣

∣

2 ∼= 1

8

(

βm

α

)4

,

∣

∣V (m)
30

∣

∣

2 ∼= 1

48

(

βm

α

)6

(A2.4)

are determined by relations known in the theory of

vibrational relaxation (see, for example, [63] and ref-

erences there). Here, M ji — reduced mass of j−i
collision, µm — oscillator reduced mass, α — parameter

of the intermolecular interaction potential (here we assume
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1/α = 0.2 · 10−8 cm), Dm and βm — parameters of the

intramolecular potential (corresponding to the Morse po-

tential).
When applying formulas (A2.1) −(A2.4) to the molecule

HO2, the latter was considered as a set of the fol-

lowing harmonic oscillators: the stretching along the

bond H· · ·O, HO2(100), with reduced mass 1.0693 and

frequency 3698 cm−1; angular vibration relative to the

equilibrium value of the angle ∠HOO = 104.3◦, HO2(010),
with reduced mass of 1.1311 and frequency of 1430 cm−1;

the stretching along the bond O· · ·O, HO2(001), with

reduced mass of 13.0737 and fundamental frequency of

1120 cm−1.

For processes VT and non-resonant VV′ energy transfer

involving molecules that are asymmetrical due to the

presence of H atom, the relative translational motion is slow

compared to the rotational motion. In the simplest theory of

VR energy exchange [85] the dynamic parameters, velocity

and reduced mass, characterizing translational motion, are

replaced by the corresponding parameters characterizing

rotational motion. In this approach the role of transla-

tional motion is simply to bring molecules closer together.

Consequently, when calculating the rate constants of these

processes using the relations (A2.1−A2.4) as an estimate

of SSHM instead of (A2.3), we have the following relation

(see also [86]):

ξ
(m)
0 ≈ πβα−1(Dm/kT )−1/2. (A2.5)

The main (Tables 2, 3) VT and VV relaxation channels in

the reacting mixture H2+O2+Ar at T ≥ 1000K, p ∼ 1 atm

were selected as a result of a comparative analysis of the

values of rate constants calculated for these conditions. This

selection was based on the following assessments:

[8(x)]min ∼ 2 · 10−4,
∣

∣V (m)
10

∣

∣

2 ∼ 0.05,

∣

∣V (m)
20

∣

∣

2 ∼ 10−3,
∣

∣V (m)
30

∣

∣

2 ∼ 2 · 10−5, (A2.6)

i.e. Tables 2, 3 include the processes with the following

probability

P(q)
ji > [8(x)]min

∣

∣V (m)
10

∣

∣

2
= 10−5. (A2.7)

Of the non-single-quantum transitions, only

the processes of VV′ transfer (v33),
H2O(001)+HO2(000)↔H2O(000)+HO2(011), and (v39)
H2O(100)+HO2( 000)↔H2O(000)+HO2(011) (Table 3)
meet the condition (A2.7).
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