Thermal explosion theory of moving heter ogeneous media

A.V.Fedorov and Y u.A.Gosteev

Ingtitute of theoretical and applied mechanics SD RAS
630090, Novosibirsk, Russia
E-mail: lab20@itam.nsc.ru, fedorov@itam.nsc.ru

Abstract

The mathematical models for description of the flow of a gas and reactive solid particles taking into account the lag in the
phase velocities and temperatures are proposed. A catastrophe/ignition manifold for a pointwise model of single magnesium
particle ignition that takes into account the chemical oxidation reaction, metal evaporation, and convective heat exchange
with the ambient gas has been analyzed quditatively and quantitatively. It is shown that this model can describe experimental
data on ignition delay and stability of a given parameter to a set of kinetic constants. A theory of thermal explosion of
moving continua of magnesium particles has been developed. This theory is adequate to experimental data and extends the
classical Semenov theory to the case of a moving two-phase medium. Namely, anaytical conditions that separate the domain
of explosive action of a SW into a cloud of particles and a region of regular (explosionless) heating of the cloud are
presented. A steady structure of the flow is constructed as an ignition wave that steadily propagates over the mixture.

1. General model of the motion of a composite mixturetaking into account
theignition of metal particles.

A mathematical model of the motion of a mixture of gas and metal particles with a chemical reaction of particles
oxidation is proposed. It is closed by equations of state and by determining the source terms of production of
each phase via the growth rate of the oxide film on the particles by the functions of the parameters of state. Two
approximations of this model (pointwise and distributed) are considered.

2. The study of the thermal explosion of a magnesium particletakinginto
account metal evaporation.

Within the framework of the pointwise approximation of the proposed mathematical model, the effect of metal
evaporation on the process of particle ignition under the action of a high-temperature ambient gas is studied. To
analyze qualitatively the solution of the corresponding Cauchy problem, we investigate in the domain of
determining parameters the zero isocline of the equation for particle temperature T, using methods of

elementary catastrophe theory. Similarly to [1, 2], a catastrophe manifold is constructed, i.e., the steady-state
temperature T, asafunction of the bifurcation parameter a which is determined as the ratio of the characteristic
time of convective heat transfer to the characteristic time of the oxidation reaction. The catastrophe manifold is
constructed in cross-sections c=const where c is the ratio of characteristic times of evaporation and oxidation
processes. Ignition delays predicted by the model after its verification according to [3] and similar data of the
model [1] which ignores evaporation are compared. For small particles (particle radius 30-60 um) the differences
ininduction period are insignificant. For large particles (300-600 um) they do not exceed 11%.

3. Thermal explosion theory in a moving heter ogeneous medium.

The problems of physical and mathematical theory of the thermal explosion of heterogeneous media have been
numerically studied by the authors in [4 — 6]. It seems of interest to present analytical conditions of thermal
explosion in a moving heterogeneous medium within the framework of the new proposed model and to classify
the types of heating of particle clouds due to the action of shock waves on the basis of these conditions.

Formulation of the problem.



We consider an adiabatic one-dimensional channel filled by a mixture of gas and small magnesium particles. In
the one-vel ocity approximation, the equations that describe a steady motion of the mixture behind the shock wave
(SW) have the following form:
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where B,...,C3 are some dimensionless constants. As the initial data for the mixture, we use the conditions
behind the frozen shock wave front and the stationary conditions at +co

&=(pU,PT,T,)=(p0,PT,T,) for (=0, dd/d -0 ford —w. (2

Classification of stationary regimesin the mixture flow.

In accordance with [7], the equilibrium states of equations (1) have been studied. Like in the classical theory of
thermal explosion proposed by N.N.Semenov, it is shown that the dependence of the particle temperature T,y in
the equilibrium state of the mixture on the heat transfer parameter a is a one-valued curve for a<a_ or
a >a, and athree-valued curve for a_ <a <a, where a. isthe known function of the initial parameters of

the mixture. For 'Fz =Tgp <Te (where T istheinitial temperature of the mixture and T, is the temperature of
phase equilibrium) the following is valid.

o Statement. (8 if O<a<a-, then Ty O(Tor, Ty): () if a>a_, then Ty O(Te,To-); here
Top =Tok(ay).

In accordance to [7], case (a) corresponds to the flow regime of the mixture behind the SW with particle
ignition and case (b) to the flow regime without ignition, with regular heating of particles. The structure of the
ignition wave (@) is determined by energy output from the gas phase, heating of particles and their ignition. The
temperature T; and velocity U monotonically decrease, and the particle temperature T, monotonically

increases to itsfinal value Ty .
We determine the kinetic constants in the oxide film growth law (T,,E;....) by means of processing the

experimental data of [8] on ignition of a mixture of gas and magnesium particles. A series of calculations
alowed us to verify the mathematical model (Fig. 1).

Nonstationary approach of the ignition problem.

Based on numerical simulation of the Cauchy problem for an unsteady model with an stationary ignition wave as
initial data, a stable propagation of this steady structure over the mixture was established (Fig. 2). The case of
ignition wave initiation also was studied. The computing results are presented in the Fig.3.

Conclusion

Based on a new mathematical model of heterogeneous reactive medium, a theory of thermal explosion of moving
continua of magnesium particles has been developed. This theory is adequate to some known experimental data
concerning ignition delay time and extends the classical Semenov theory to the case of a moving two-phase
medium. Namely, analytical conditions that separate the domain of explosive action of a SW into a cloud of
particles and aregion of regular (explosionless) heating of the cloud are presented. A steady structure of the flow
is constructed as an ignition wave that steadily propagates over the mixture.

A catastrophe/ignition manifold for a pointwise model of single magnesium particle ignition that takes
into account the chemical oxidation reaction, metal evaporation, and convective heat exchange with the ambient



gas has been analyzed qualitatively and quantitatively. It is shown that this model can describe experimental data
on ignition delay and stability of a given parameter to a set of kinetic constants.

The work has been partly supported by the Russian Foundation of Basic Research (Project 99 — 01 —
00587), and INTAS OPEN 97 — 20207.
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Fig.1 Ignition delay time in a mixture of magnesium Fig. 2 Propagation of an ignition wave over the
particles in oxygen versus the shock wave Mach mixture. Phase temperatures. 1 — gas, 2 — particles.
number: solid lines — our calculation, dashed line —

calculation [9], 6 — experiment [8].
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Fig. 3 Initiation of ignition wave: a—temperature of gas phase, b — density of mixture.
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