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This paper presents an analysis of the influence of mathematical models of chemical
transformation on the combustion of hydrogen-oxygen mixtures. The results of the analysis
show that, despite the widespread use of hydrogen combustion processes for practical
purposes and a fairly large number of publications, the development of kinetic schemes for
hydrogen combustion is still relevant at the present time. In this work, using the example of
solving the problem of determining the induction period of combustion of a hydrogen-oxygen
mixture in an adiabatic reactor, we test various kinetic schemes of hydrogen combustion:
two one-stage schemes consisting of sixteen reactions. It is shown that the most accurate
description of the experimental data on the delay times of an adiabatic explosion can be
obtained using a more complex kinetics of hydrogen oxidation, and the simplification of the
mechanism to one overall reaction is suitable only for approximate estimates.
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Introduction

Currently, much attention is paid to the search and development of energy production
technologies that do not have a polluting effect on the environment and structural
elements. One of the actively developed areas is hydrogen energy, which involves the use
of hydrogen as the main means of generating energy. This direction is actively developed
and implemented in the creation of new models of rocket technology. However, the high
chemical activity in combination with a rather low concentration combustion limit and
other characteristics of the substance imposes a number of safety requirements at all
stages of the industrial use of hydrogen.

In addition, the results of experimental studies of processes associated with hydrogen
combustion on a reduced scale cannot be fully used to describe full-scale processes, and
full-scale experiments can be difficult due to the high fire and explosion hazard. To study
such processes, it is necessary to use mathematical modelling methods.

Mathematical modelling of flows of multicomponent and multiphase continuous media
is widely used in various branches of science and technology and, at times, is the
only reliable way to analyze the occurrence of emergency situations in the case of fast
processes. The development of high-performance computing technology makes it possible
to construct more and more complex mathematical models for describing fast processes in
multicomponent media.

A mathematical model of a multicomponent mixture, taking into account chemical
transformations in the approximation of a continuous media, is a system of equations
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based on the laws of conservation of mass, momentum and phase energy, and can only be
solved numerically using an approach that makes it possible to reasonably apply splitting
by physical processes. Splitting by physical processes consists in dividing the calculation of
the parameters of chemical transformations and hydrodynamic processes into two separate
stages. In this case, the influence of chemical transformations on hydrodynamic processes
is taken into account in the form of source terms in the equations for the conservation
of the energy of the mixture and the mass fractions of the components. The chemical
transformations themselves can be described using a system of equations of chemical
kinetics.

Despite the fact that the reactions of oxidation (combustion) of hydrogen and methane
are very widely used for practical purposes, and there exists a fairly large number of
publications, the development of kinetic schemes for the combustion of hydrogen and
methane is still relevant at the present time. Therefore, the purpose of this study is to
analyze the influence of mathematical models of chemical transformations on the dynamics
of energy release during the combustion of hydrogen-oxygen mixtures.

1. Mathematical Model of Chemical Transformations in Adiabatic
Reactor

One of the simplest and most effective ways to study the effect of mathematical models
of chemical transformation on the combustion of hydrogen-oxygen mixtures is to determine
the adiabatic explosion delay (induction period).

Consider an adiabatic reactor that is a reactor in which there is no heat and mass
exchange with the environment, therefore, all the heat obtained in the course of exothermic
oxidation reactions is used to heat up the system. In such a system, under any initial
conditions, the heat released during the reactions leads to a progressive heating of the
mixture, which ends in a thermal explosion. The time interval from the beginning of the
process to the moment of a sharp increase in temperature is called the adiabatic induction
period (combustion delay) t.q. The duration of the induction period depends both on the
initial conditions and on the thermophysical properties of the mixture and the parameters
of the chemical reaction (rate constant, activation energy, thermal effect). During the
process, the chemical composition of the reacting mixture and its temperature change. At
the initial time t = 0, the following parameters are specified: the initial temperature Ty,
the pressure Fy; the composition of the mixture is determined by the set of initial mole
fractions of the components.

Since the system is ideally isolated, the gradients of concentration, temperature,
and pressure are zero on the reactor walls. The consequence of this is the absence of
gradients throughout the entire process, i.e. concentrations, temperature and pressure
change synchronously at all points of the reacting mixture.

Consider a closed adiabatic reactor of constant volume that contains a mixture of gases
of variable composition from Ng components participating in Ng elementary chemical
reactions. We write the j-th reaction as the generalized stoichiometric equation:

i ! !
Vl,jA1 + VQ,jAQ 4+ l/Nc,jANc — l/l,jA1 + VQJAQ + -+ VNCJ'ANC-

Here Ay is the chemical symbol of the k-th substance (for example, Ho, COy, O, H, O,
etc.), v ; is the stoichiometric coefficient of the k-th substance in the j-th reaction, which
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indicates the number of moles (or molecules) of the given reagent that enters the reaction
as the initial substance, and 1/,;7]- is the number of moles resulting from the reaction. The
stoichiometric coefficients of substances not participating in the j-th reaction are equal
to 0.

The rate of the j-th reaction in the gas phase is determined by the law of mass action
(dependence on concentrations) and the Arrhenius law (dependence on temperature) and
can be expressed as follows [1]:

N¢
Wj = koijjeXp (—R—%) klll Ckk’ ,

where ko, T, E; are the kinetic constants for calculating the rate of the j-th reaction, R
is the universal gas constant. The quantities kg, of bimolecular and trimolecular reactions
have the dimensions m? - mol™! - s7! and m® - mol=2 - s71, respectively, and the activation
energy FEj;is J-mol™t.

The mathematical model of the adiabatic reactor is described by the energy balance
equation for determining the temperature T of the reacting mixture and Ng equations for
the molar concentrations Cy of each of the reagents [2,3]:

dr dC
s Z%%

N,
de ZR:W (y,w yk]>k 1,2, ..., Ne,

where t is the time, hy is the total specific molar enthalpy (J/mol), cp;, is the isobaric
molar heat capacity (J/(K - mol)). The current mixture pressure can be calculated using

the formula:
N¢
p=RTY C
i=1

The heat capacity at constant pressure cp and the total enthalpy A of each substance are
calculated using approximation dependencies on temperature [4]:

h(T) = AL (0) + [h°(T) — h°(0)],

[R°(T) = h°(0)] =T (a1 — 25X % — asX " + as X + 2a5X> + 3a6X°) , (J/mol),
T
10000’

where a; are the coefficients of the polynomial for each substance, AR (0) is the standard
enthalpy of formation of the substance at 7" = 0. In this mathematical model, the thermal
effect is taken into account in accordance with the Hess law, which makes the model more
correct.

To solve the problem of determining the induction period, this system must be
supplemented with the initial conditions for the concentrations and temperature of the
gas mixture: t =0, T =Ty, Cy = Cyp.

cp (T) = ay + 202X 2 + 2a4X + 6a5X> + 12a6X> , (J/(K - mol)), X =
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Therefore, the problem of determining the induction period and analyzing the influence
of mathematical models of chemical transformations on the dynamics of energy release
during the combustion of hydrogen-oxygen mixtures is reduced to solving a system of
ordinary differential equations. This system of ordinary differential equations is very
complicated even for numerical integration, since during the process described by these
equations, the rates of concentration and temperature growth change very strongly, which
makes the system unsolvable by simple explicit methods (the stiffness coefficient reaches
10'2?). The problem of solution instability can be avoided by using the so-called implicit
solution methods. Another way to avoid this problem is to eliminate fast stages by splitting
the time scales. A detailed analysis of methods for solving systems of stiff differential
equations is carried out in [5].

In this study, to solve a system of stiff differential equations of chemical kinetics, we
use the built-in MatLab odel5s method, which implements the implicit Gear method of a
variable order of accuracy. The accuracy of calculations directly depends on the parameters
of the built-in solver, so the correct selection of the adaptive step, as well as setting the
calculation error, plays an important role [6].

As the analyzed mathematical models of chemical transformations, we select models
based on 16 chemical reactions, the rate constants of which are given in Table 1 (8 reversible
reactions, 6 components) [7|: Hy, Os, HO, H,O,OH, as well as two one-step mechanisms
of hydrogen oxidation [8]: 2Hy + Oy = 2H,0, where, in the first case, the rate constants
of chemical transformations are presented as:

129000 m3 J
ki =2,14-10% — — Bl =
e exp( RT ) U mol - s’ L] mol’
and in the second case the constants are presented as follows:
6900 m3> J
ky = 2,96 - 10° ) k] = o -
= 2,96 10%wp (=0 ) = T )=
Table 1
Kinetics of hydrogen oxidation from 16 reactions |7]
No. | Reaction scheme Direct reaction Reverse reaction
ko b E/R ko b E/R
12 |H+0,=0H+O0O 3.0e8 0 8810 2487 |0 660
34 |O+Hy,=0H+ H 3.0e8 0 4030 1.3e7 0 2490
56 | OH+ Hy=H,O+ H 3.0e8 0 3020 1.33¢9 | 0 10950
7.8 | 20H = H,O+ O 3.0e8 0 3020 3.12¢9 |0 12510
9,10 | Hy+ M =2H+ M 1.85¢el4 | -1 54000 1.0e4 0 0
11,12 Hb O+ M = H +OH + M | 9.66el5 | -1 62200 1.0eb 0 0
1314 OH+ M =0+H+ M 8.0el3 | -1 52200 1.0e4 0 0
15,16 Oy + M =20 + M 5.8¢13 | -1 60600 | 6.0e2 0 0
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2. Results

Figs. 1 and 2 show the dependence of the combustion period on the initial temperature
of oxygen-hydrogen mixtures and compare the calculations with the experimental data of
the works [9,10]. The initial values of the concentrations are Hy = 0.6667, Oy = 0.3333
(in mole fractions) and the mixture pressure is Py = 1 atm. All components with equal

probability are chosen as the third particle.
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Fig. 2. Dependence of the combustion period on temperature [10]
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Fig. 3. Time dependence of temperature for various mechanisms and reaching

the stationary state at Py = 1 atm, Ty = 600 K
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Fig. 4. Time dependence of temperature for various mechanisms and reaching

the stationary state at Fy = 1 atm, Ty = 900 K

The dependencies of the induction period of the adiabatic explosion on temperature,
presented in Figs. 1 and 2, show that the best agreement with experiment can be achieved
only for a mathematical model of chemical transformations, which includes 16 reactions.

Another effective way to study the effect of mathematical models of chemical
transformation on the combustion of hydrogen-oxygen mixtures is to determine the energy
characteristics (for example, the combustion temperature of hydrogen-oxygen mixtures)
after reaching the stationary regime of operation of an adiabatic reactor. Figs. 3-5
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Fig. 5. Time dependence of temperature for various mechanisms and reaching

the stationary state at Py = 1 atm, Ty = 1200 K

show the time dependencies of temperature for various kinetic mechanisms when an
adiabatic reactor reaches the stationary state. Table 2 presents the values of pressure
and temperature of the mixture after the reactor reaches the stationary state for three

mathematical models of chemical transformation.

Table 2

Pressure and temperature of the mixture after reaching the stationary state

To, K 1 reaction (1) 1 reaction (2) 16 reactions

p, Pa T K p, Pa T K p, Pa T K
600 975699.99 | 5113.67 | 575617.26 | 5112.39 | 456267.85 | 3353.96
800 444439.74 | 5263.67 | 443782.04 | 5249.99 | 346614.33 | 3343.01
900 400840.75 | 5340.72 | 400226.80 | 5326.34 | 310300.43 | 3340.71
1000 366063.29 | 5419.28 | 365675.16 | 5409.16 | 281361.10 | 3339.87
1200 314165.36 | 5581.16 | 309783.48 | 5443.76 | 238184.02 | 3341.46
1500 262831.15 | 5836.51 | 258766.28 | 5676.60 | 195378.58 | 3349.35
1800 229193.27 | 6107.44 | 225291.48 | 5922.77 | 167136.26 | 3361.32
2000 212670.72 | 6296.84 | 208844.98 | 6095.38 | 153137.75 | 3370.75
2200 199366.22 | 6493.21 | 195601.98 | 6274.90 | 141762.82 | 3381.00
2500 183743.84 | 6800.46 | 180055.53 | 6556.90 | 128229.01 | 3397.46

Conclusion

The calculation results presented in Figs. 3-5 and Table 2 show that mathematical
models of the chemical transformation of hydrogen-oxygen mixtures, based on one-stage
mechanisms of hydrogen oxidation, when reaching the stationary regime, give mixture
temperature values that do not agree with known experimental data.
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Analysis of the influence of mathematical models of chemical transformation on the
combustion of hydrogen-oxygen mixtures, carried out in the work, allows us to conclude
that only a mathematical model of chemical transformation for hydrogen-oxygen mixtures,
constructed on the basis of 16 chemical reactions, allows obtaining results consistent with
experiment.

This work was supported by the Ministry of Education and Science of the Chelyabinsk
Region within the framework of the comprehensive project <Development of hydrogen
technology demonstrators of fully reusable advanced vertical take-off and landing launch
vehicless> under Agreement No. 558 of 25.08.2022.
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AHAJIN3 BIUIHNA MATEMATITYECKIUX MO/IEJIEI
XNMUYECKUX ITPEBPAIIIEHUN HA BOCIIJIAMEHEHUE
BOJIOPO/I-KMCJIOPOIHBIX CMECEN

M.C. XKapvararnosa, FO.M. Kosanes, E.E. ITuzacos

B nannoit pabore mpejicTaBeH aHAIU3 BIUSHUS MATEMATHYECKUX MOJEJEH XuMude-
CKOT'O IIPEBpAIEHNs] Ha BOCILIAMEHEHHE BOJIOPOJI-KUCJIOPOTHBIX cMeceil. Pe3ynbraThl mpo-
BEJIEHHOTO aHaJIN3a IMOKAa3bIBAIOT, YTO, HECMOTPS Ha IMHUPOKOE IIPUMEHEHUe IIPOIECCOB I'O-
peHus BOIOPOJA B MPAKTUIECKUX IEJISIX U JTOCTATOYHO DOJIBIIOE KOJIMIECTBO IIyOINKAINA,
pa3paboTKa KNHETHIECKAX CXEM OPEHHs BOJOPOIA SIBJIAETCS AKTYaJbHONH M B HACTOSIIEE
Bpemsi. Ha npumepe perienust 3a7a49u 06 ONpeIe/IeHUN [T€PUO/Ia UHIYKIIUN BOCILIAMEHEHST
BOJIOPOJI-KUCJIOPOIHON CMeCH B auadaTuIecKOM peakTope B paborTe ObLIN ampoOMpOBaHbI
pa3JIMYHble KMHETUYECKNE CXEeMbl I'OPEHUsl BOJIOPOJIA: JIBE OJHOCTAIUIHBIE CXEMBbI, CXEMa,
COCTOAINAs U3 IMEeCTHAAIATH peakiuil. Bpuio mokaszamno, 4To HaAnbOJIEE TOYHOE OMMCAHUE
9KCIIEPUMEHTAJbHBIX JAHHBIX [0 BPEMEHAM 3aJIePKKU a1nabaTuiecKoro B3PbIBA YIAETCS
MTOJTYy IUTh, UCIOJIB3Ys 00JIee CJI0XKHYI0 KHHETUKY OKUCJIEHUsT BOJIOPOIA, 8 YIPOIICHUE MeXa-
HU3MAa 10 OJIHOI OPYTTO-peakiluu MPUTOIHO TOJIBKO JJIsl TPUOJIN3UTEIbHBIX OIEHOK.

Karouesvie ca06a: Mamemamusieckoe MoOeAuposaHue; 20DERUE U 83Pbi8; NePUuod UnIYK-
YU,

Paboma svnoananracy npu dunarcosot noddepocke Munucmepecmea o6pa3o6anus u
Hayky Yeaabunckol obaacmu 6 pamrar KoMnaexkcnoz20 mpoexma <Paspabomxa demon-
Ccmpamopos 6000pOIHBIT METHOA02UTE NOAHOCTNDLIO MHO20PA306HIT NEPCNEKMUBHVIT PAKEM-
Hocumenet sepmurasvbhozo eaaema u nocadkus> no Cozaawenuro Ne558 om 25.08.2022 e.
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