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Abstract: Steady-state theory of ignition by a heated flat surface formulated by Ya. B. Zeldovich in 1939 played
a pioneering role in the successful development of ignition of various combustible materials. The analytical solution
obtained later for a cylindrical surface opened the opportunity of comparison with experimental data. In the work
performed by Filippov et al., a discrepancy was found between experiments on the ignition of methane—air mixtures
with heated wires and an analytical solution. Based on it, Filippov et al. expressed doubts about the correctness of
the model. However, this discrepancy may be due to the fact that the experiment used for comparison with the
model does not fully satisfy the limitations that follow from the simplifying assumptions made when formulating
the model. These assumptions and the limitations that follow from them are analyzed in this paper in relation to
Kumagai’s experiments on the ignition of a methane—air mixture. Key assumptions of the steady-state model:
a simplified description of the kinetics of chemical heat release using a global one-stage Arrhenius-type reaction
without burnup; the condition that the thickness of the reaction zone must be substantially less than the thickness
of the dynamic boundary layer; and the cylindrical symmetry of the thermal field around the heated body. Based
on the analyses of the heat release kinetics, a numerical solution for two nonsteady problems of gas ignition with
a heated body and gas self-ignition in a plug flow reactor with detailed reaction kinetics has been obtained. The
solutions showed that the dependence of the heat release rate on temperature constructed for specific calculation
options has a complex shape that cannot be even approximately described using the heat release law in the Arrhenius
form. Nevertheless, it turned out that the critical Nusselt numbers delimiting the ignition region and the region
of steady-state temperature profiles, which were calculated using the formulas of the analytical model with the
appropriate procedure for calibrating the heat release characteristics, are in good agreement with the experimental
data in the entire range of diameters and wire heating temperatures and gas flow rates. Also, good agreement
with the experiment and the analytical model for critical ignition conditions was obtained in calculations using the
unsteady ignition model, despite noticeable differences in the heat release rate depending on temperature. The
condition of a small thickness of the reaction zone in relation to the size of the boundary layer is generally satisfied
quite well, although at high gas flow velocities (at the level of 10 m/s), the mathematical rigor of this condition
becomes insufficient for avoiding the convective heat transfer at the reaction zone. Due to separation of the flow
from the body surface and formation of eddies, a region of reduced heat transfer is formed at the body surface near
the azimuth angle of 90°. The value of this reduced heat transfer can be noticeably less than the average one. It is in
these areas of the surface of a heated body that conditions favorable for ignition are created. If a correction is made
with a corresponding reduction in the critical Nusselt numbers in these experiments, then this would weaken the
dependence of the critical Nusselt number on the wire diameter observed in the experiment bringing it closer to the
approximately proportional dependence that follows from the analytical solution.
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Figure Captions

Figure 1 Photograph of the ignition of a gas mixture by the cylindrical hot wire in the experiment [3]

Figure 2 Examples of temperature (@) and temperature gradient () distributions along the radial coordinate calculated at
& = 3.2, Nu= 1.6, and 6y = —13.7: I and 2 are obtained with the signs “+” and “—” in Eq. (7), respectively; and 0 — at
C' = 0 (critical ignition condition)

Figure 3 An example of the calculated distribution of temperature (/) and heat release rate (2) along the reactor axis for the
self-ignition process in a plug flow reactor. The temperature and velocity of the gas at the inlet are 1324 K and 30 cm/s,
respectively
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Figure 4 Temperature dependence of the ignition delay time; the delay time is determined by the temperature increase by
80% (1) and by the increase by 5 K (2). In both cases, E = 46.6 kcal/mol

Figure 5 Logarithmic dependence of the heat release rate on the reciprocal temperature for the self-ignition process in a plug
flow reactor. The temperature and velocity of the gas at the inlet are 1324 K and 30 cm/s, respectively. Dashed line corresponds
to the activation energy F = 74.8 kcal/mol

Figure 6 Comparison of temperature profiles for the variant with T = 1405 K, ds = 0.1 ¢cm, 7o = 0.35 cm, and Nu = 1.2:
calculations according to the numerical model when there is no ignition (/), according to the analytical steady state model (2),
and according to Eq. (4) with boundary conditions (2)—(3) (3)

Figure 7 Calculation with numerical model at ds = 1 mm, 75 = 1537 K, v = 10 m/s, and Nu = 4.3 without ignition.
Distribution of heat release rate at 15 (7), 25 (2), and 30 ms (3)

Figure 8 Temperature dependence of the heat release rate: I — calculation with detailed kinetics for a flow reactor, initial
temperature 1324 K, gas flow velocity 0.3 m/s; 2 — calculation with detailed kinetics in the r coordinate corresponding to the
maximum temperature for gas ignition with a wire 1 mm in diameter and a temperature of 1324 K, the Nusselt number is below
the critical value; 3 — dependence used in the analytical model, activation energy 46.6 kcal/mol; dotted line is drawn through
the points of the calculated curve which correspond to an activation energy of 74.8 kcal/mol

Figure 9 Dependence of the critical Nusselt number on the wire diameter at different temperatures of the heated body: 1 —
1500 K; 2 — 1400; and 3 — 1350 K; solid lines — calculation according to the stationary ignition model; and dashed lines —
experiment [3]

Figure 10 Experimental values of local Nusselt numbers in the flow around a circular cylinder at Reynolds numbers from 20
to 600 (from book [7])

Table Captions

Table 1 Conditions and main characteristics of experiments

Table 2 Critical ignition conditions obtained in the experiment and in calculations using the numerical model and the analytical
stationary model
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