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Abstract. We develop a method for calculating the changes in composition of the explosion
products in the case where the complete chemical equilibrium is absent but the bimolecular
reactions are in quasi-equilibrium with the exception bimolecular reactions with one of the
components of the mixture. We investigate the possibility of using the method of "quasi-
equilibrium" for mixtures of hydrocarbons and oxygen. The method is based on the assumption
of the existence of the partial chemical equilibrium in the explosion products. Without
significant loss of accuracy to the solution of stiff differential equations detailed kinetic
mechanism can be replaced by one or two differential equation and a system of algebraic
equations. This method is always consistent with the detailed mechanism and can be used
separately or in conjunction with the solution of a stiff system for chemically non-equilibrium
mixtures replacing it when bimolecular reactions are near to equilibrium.

1. Introduction

The chemical kinetics models are important for analysis and design in many chemistry and industrial
processes. The chemical reactions that occur in the explosion products change their composition and,
consequently, thermodynamic parameters. During cooling, expansion and mixing with air the internal
energy, temperature and density are changed. The changed thermodynamic parameters correspond to a
different chemical equilibrium composition of the mixture. The time evolution of the composition is
calculated using a stiff system of chemical kinetics equations. This is the most general approach. At a
large number of individual species in the explosion products and a large number of chemical reactions
involved, calculation of the mixture composition requires a long computation time. Typically, the time
it takes for calculating the mixture composition is much longer than that spent on solving the
gasdynamics equations.

The applicability of the chemical equilibrium mixture model to the products of explosion of fuel—-
oxygen and fuel-air mixtures was discussed in detail in [1-6]. The applicability of the chemical
equilibrium model to hydrogen—oxygen mixtures in the case of heat supply at constant density was
assessed in [1]. In [2, 5], a sufficient condition for the applicability of the chemical equilibrium
mixture model to gasdynamic calculations was obtained. The authors of [6] compared the results of
gasdynamic calculations performed using the system of equations of chemical kinetics for calculating
the composition of the explosion products with the results of gasdynamic calculations within the
framework of the chemical equilibrium mixture model and the constant composition mixture model.
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It was demonstrated [1, 2, 4, 5] that the process of establishment of chemical equilibrium in the
products of explosion of gas mixtures proceeds in several stages. First, partial chemical equilibrium is
established, without changes in the total number of molecules in the system. That is, even in cases
where there is no chemical equilibrium, it suffices to know the molar mass of the mixture and two
required thermodynamic parameters (for example, specific internal and density) to determine the
composition of the mixture.

The existence of quasi-equilibrium in exchange reactions was discussed in [6]. This same
assumption underlies an approximate model for calculating the molar mass of gas mixtures at high
temperatures [7]. The author of [7, 8] proposed an approximate kinetic equation for calculating the
molar mass of the mixture and then the thermodynamic parameters.

In [9-11] we made an effort to speed up directly chemical integrator for some special case. In [9—
11] we developed a method for calculating the changing composition of the explosion products in the
case where there is no complete chemical equilibrium, but the bimolecular reactions are in
equilibrium. A detailed kinetic mechanism is used, but without the need to solve the stiff system of
equations. The core of our approach is to replace the complete system of chemical kinetics equations
by an equivalent system composed of a differential and a few algebraic equations. The proposed
method is based on a physically reasonable assumption that equilibrium in the bimolecular reactions is
established much faster than the complete chemical equilibrium, being applicable when this
assumption holds. According to [9-11] the method includes only one differential equation for
calculating the change in the number of molecules per unit mass of the mixture due to the reactions of
recombination and dissociation. This equation is used instead of dozens of equations of chemical
kinetics. In the present work, we propose to supplement this equation with an algebraic equations for
calculating the equilibrium composition at given values of the density, internal energy, molar mass
and the linear combinations of logarithms of the concentration. The equations are derived based on
the characteristic function (entropy or Helmholtz free energy) extremum method.

The applicability of the model was demonstrated by solving the test problems in [9 —11]. It was
shown that the proposed model can be used to calculate the characteristics of the explosive
transformation process after the induction period in hydrogen-oxygen mixtures.

The aim of the work described here was to develop a method for calculating the changes in
composition of the explosion products in the case where the complete chemical equilibrium is absent
but the bimolecular reactions are in quasi-equilibrium with the exception bimolecular reactions with
one of the components of the mixture. In addition we have investigated the possibility of using the
method of "quasi-equilibrium" for mixtures of hydrocarbons and oxygen.

2. Equation for calculating the partial chemical equilibrium composition of the mixture
According to [9] we obtain equations to calculate the mixture composition assuming that the entropy
of the mixture reaches its maximum value at a given temperature, density, number of molecules per
unit volume and the linear combinations of logarithms of the concentration. The entropy of a mixture
of ideal gases with known dependence of the heat capacity on the temperature is given by

S=3{S,~RTI[RT M,/ (vR)]} M,

The total amount of each element j, internal specific energy and the number of molecules in the
system are known
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where £ is number of individual compounds in the mixture; M; is the number of moles of the i-th
substance per 1 kg of mixture, R is the universal gas constant, 7 is the temperature of the mixture, v is
the specific internal volume of the mixture, S; is the standard entropy, Ui is the internal energy of one

mole of mixture component i at a given temperature T and P, = 10’ Pa, M, =c/p and c is the total

number of moles of all mixture components per unit volume, m is the number of different chemical
elements in the mixture, f; is the number of kilogram-atoms of the j -th element in 1 kg of mixture, a;
is the number of atoms of the j -th element in a molecule of the 7 -th substance.

If A+B < C+D is the nonequilibrium bimolecular reaction we can use additional condition on the
concentrations

In(M,)+In(M;)—In(M.)—In(M,)—-In(W,)=0, 2)

where W, is the additional independent variable and is calculated by solving differential equation. K is
the index of the reaction.

If all reactions with the specie A are nonequilibrium the differential equation for the concentrations
of A is used. The additional condition on concentrations is

M, =W,. 3)
Following the Lagrange procedure, we write the function

Ek:{s RIN[RT M, /(vR)]} M, +Z(Za” M, =B,)4,
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where A;, A, , A, and Az are the Lagrange multipliers, which, along with Mi, are the independent
variables of the Lagrangian. If the additional condition (2) is used

G=In(M,)+In(M;)-In(M.)—-In(M) —In(W,),

and G is found from
G=M, - W,
for additional condition (3).
At equilibrium, the derivatives of the Lagrangian with respect to the independent variables must be

equal to zero. This condition allows us to obtain £ + m + 3 algebraic equations (1-3) for &k + m +3
unknowns
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G(M,,.,.M_ ,W)=0 (8)
This system of algebraic equations has no analytical solution, so it is solved approximately by the
Newton method.

When the chemical kinetics equations are applied to calculating the composition of the mixture, the
following a system of equations is used

Do, i=l,..k 9)
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where ; is the rate of production of species i per unit volume; c; are the molar concentrations of the
mixture components; c¢ is the rate of production of the total number of moles of all species per unit
volume, k; is the rate of reaction j calculated according to the law of mass action, y; is the chemical
formula of species i participating in the reaction j ; v,»j” and vij’ are the stoichiometric coefficients of the
product or reactant i in reaction j, J is the number of reactions in the kinetic scheme. W, is the
parameter of nonequilibrium of selected reaction, W,=c/p.

3. Results of calculations

The proposed approximate method for solving stiff systems of kinetic equations was applied to a test
problem. Consider the chemical equilibrium explosion products of stoichiometric acetylene—oxygen.
The composition of the mixture given in Table 1 correspond to the so called instantaneous explosion
of the initial mixture. The composition is calculated for an initial mixture at 0.1 MPa and 298 K.

Table 1. Equilibrium products composition (mole fraction) at 7=3985 K and p=1.24 kg/m’.

0, H, OH H,O CO H o CO, HO,
0.120 0.0364 0.109 0.0963 0.343 0.0712 0.120 0.102 0.000216

We reduce the temperature of the mixture to 2800 K at constant volume and constant composition.
The mixture relaxes to the new state of chemical equilibrium at constant density and constant specific
internal energy. It is assumed that there are no expansion and heat loss. The calculations were
performed by numerical solving the system of differential equations of chemical kinetics,
corresponding to the selected detailed mechanism (blue lines in figures 1 — figures 4).
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Figure 1. Temperature vs time: 1—exact method including 10 differential equations, 2—proposed
method with one differential equation (6) for c.
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Figure 2. Molar mass of the explosion products vs time: 1—exact method including 10 differential
equations, 2—proposed method with one differential equation (6) for c.
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Figure 3. Molar mass CO, vs time: 1—exact method including 10 differential equations, 2—proposed
method with one (6) differential equation for ¢, 3 -proposed method with two differential equations (6)

for ¢ and (8) Wcoz.
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Figure 4. Molar mass of H,O products vs time: 1—exact method including 10 differential equations,
2—proposed method with one (6) differential equation for ¢, 3 -proposed method with two differential
equations (6) for c and (8) Wcoa.

It was necessary to solve a stiff system of ten differential equations (the system (8) of 9 equations
for the concentrations and one equation for the temperature). The calculation was performed until the
state of the mixture was close to the equilibrium. The species that are taken into account in the
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explosion products are CO, CO,, H, H,O, HO,, H,, O, OH and O,. We use the detailed kinetic
mechanism including 18 reactions: O+CO+M=CO2+M, O+H+M=OH+M, O+O+M=0,+M,
H+OH+M=H,0+M, H+H+M=H,+M, H+O0,+M=HO,+*M, O,+CO=0+C0O,, H+02=0+0H,
O+H2=H+OH, OH+CO=H+CO,, O+H,0=0OH+OH, H+H,0=OH+H,, OH+HO,=0,+H,0,
OH+OH:H+H02, 02+H2:H+H02, O+H20:H+H02, OH+02:O+H02, H02+CO:OH+C02. The data
on the rate constants are borrowed from [12]. The rate constants of the reverse reactions were
calculated from those for direct reactions using the equilibrium constants

In addition, we conducted calculations by the proposed methods. A single differential equation (10)
for total concentration ¢ and a system (4) — (7) of 14 algebraic equations are solved to calculate the
time evolution of the mixture (red lines in figures 1 — figures 4). The results for temperature-time
history and molar mass-time histories are in excellent agreement with data obtained by the detailed
kinetic calculations. Temperature and molar mass is used to calculate pressure of the explosion
products.

Figure 3 and Figure 4 show that the approximate method with one differential equation (10) for
total concentration ¢ does not provide very good accuracy in calculating the mole fraction of CO, and
H,0. The concentration of CO, has not reached complete equilibrium in the bimolecular reactions
0,+CO=0+CO,, OH+CO=H+CO,, HO,+CO=0OH+CO, A partial equilibrium is established for
bimolecular reactions between H, H,, O, O,, OH, H,O. We have recomputed the test problem using
the approximate method with two differential equations for total concentration ¢ (10) and for
concentration of CO, (12). The system (4) — (8), of 15 algebraic equations are solved to calculate the
quasi-equilibrium composition and temperature. The calculation of CO, and H,O mole fractions - time
histories based on the approximate method with two differential equation improves the agreement with
exact solution (curves 3 in figure 3 and in figure 4).

4. Conclusions

We developed the approximate method to calculate composition and thermodynamic parameters of
explosion products based on the assumption of the existence of a partial chemical equilibrium.
Without significant loss in accuracy, the respective stiff system of detailed Kinetics differential
equations can be replaced by one or two differential equations and a system of algebraic equations.
This method is always consistent with the detailed kinetic mechanism and can be used separately or in
conjunction with the stiff system, replacing it when almost all of the bimolecular reactions reach the
quasi-equilibrium state. The constituent equations of the model were derived and the respective
computer code written. The applicability of the model was demonstrated by solving a test problem. It
was shown that the proposed model can be used to calculate the characteristics of the explosion
products of hydrocarbons and oxygen.
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