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1 Introduction

Spark discharge is a simple source of direct detonation initiation in gases. However, the efficiency of
total energy consumption for spark discharge initiation is very low. Low efficiency of spark discharge
in the generation of shock wave was experimentally revealed by Ya. Zel'dovich et al. in 1956 [1].
Experimental confirmation for low efficiency of spark in the direct detonation initiation was obtained
by R. Knystautas and J. Lee in 1975 [2]. In accordance with [3], the parameters of electrical circuit
have influence on the total energy of detonation initiation. However, the methods which allow
increasing efficiency of detonation initiation haven’t been determined yet. To improve the efficiency
of spark detonation initiation in gases, it is necessary to identify the interrelation between the
parameters of the electrical circuit and the processes occurring in the spark channel. A lot of works
have been analyzed, in which only the processes or only some part of the processes occuring at the
spark detonation initiation were studied. Next, the mechanisms which determine basic
interrelationships between the processes were identified. As a result, a model for the spark detonation
initiation which allows predicting the presence or absence of initiation depending on the parameters of
electrical discharge circuit was created. The developed model allows revealing the area, form, quantity
and time at which the spark discharge energy is released or absorbed. The results of these studies are
presented in the paper.

2 Basic processes occurring in the spark at the detonation initiation

Direct detonation initiation in gases is performed under the influence of the shock wave. In the spark
discharge, the shock wave is formed after formation of highly-ionized conductive channel. In high-
current spark discharges, the main energy release also occurs after formation of the channel. Therefore,
detonation can be studied from the process of channel extension. Heating of the spark channel occurs
under the action of current flowing through this channel. Therefore, the energy input into the
conductive channel is determined by the parameters of electrical discharge circuit (e.g, RLC-circuit).
The energy input leads to the temperature and pressure growth in the spark channel. This is
accompanied by channel expansion as a result of mass transfer processes (gas dynamics processes)
and heat transfer processes. In the high-temperature area, the heat transfer is most intensively provided
due by radiation and electronic thermal conductivity. The increase of high-temperature area is
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accompanied by dissociation and ionization processes. Some part of the spark energy is emitted
irreversibly from the discharge area.

Due to supersonic expansion of the conductive channel, the gas mass travels outside the conductive
channel. This expansion leads to the formation of a shock wave. Formation of the shock wave is
followed by nonequilibrium chemical reactions accompanied by the release and absorption of
chemical energy. The process of slow vibrational excitation of molecules behind the shock front
influences the reaction rate. Detonation initiation occurs at the sufficient intensity of the shock wave.
The area in which the main processes occur at the spark detonation initiation in gases is shown in
Figure 1.
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Figure 1. Processes which determine expansion of the spark channel in reactive gases.

3 Numerical model of the spark detonation initiation

Slow vibrational excitation of molecules behind the shock front was not taken into account in the
spark detonation initiation model which was developed earlier [4]. The earlier model results allowed
correct description of energy transformation processes which occur in the spark discharge and
discharge circuit. However, in accordance with simulation results, the initiation of detonation occurred
at the discharge energy being several times smaller than the experimental data. To obtain results which
are similar to the experimental results, the effect of vibrational temperature on the chemical reaction
rate was taken into account. As a result, the following basic equations for detonation initiation model
were obtained:
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where p is the gas density; u is the velocity; p is the pressure; € is the internal energy per the mass unit
(without taking into account the vibrational energy of the components H,, O,); kr is the heat
conductivity coefficient; £ is the electric field intensity in the column of the discharge channel; o is the
plasma conductivity in the channel; Q,, is the discharge energy loss for radiation; r is the radius
coordinate; 7 is the gas temperature (translational and rotational); y; is the molar concentration of the i-

th component (H,, O,, H,O, H, O, OH, H,0,, HO,); ®, is the velocity of changing of the i-th
component in mixture due to chemical reactions; ®_ is velocity of charging the x-th mode due to

chemical reactions; e, is the vibrational energy for 1 mole of the x-th mode (H,, O,); de/dt isthe
velocity of changing specific vibrational energy of the x-th mode (H,, O,) as result vibrational and
translational relaxation.

It is assumed in the model that local thermodynamic equilibrium is set in the conductive channel. The
processes occurring outside the conductive channel was calculated in accordance with non-equilibrium
chemical kinetics of hydrogen combustion [5]. In reactions which don’t involve the x-th mode, the rate
constants of chemical reactions depend on the translational and rotational temperature 7. In chemical
reactions involving the x-th mode, the reaction rate depends on the effective temperature 7. as follows:

k, (T
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where k(T,;) is the constant of the k-th reaction rate involving the x-th mode depending on the
effective temperature; T, is the effective temperature of the x-th mode; 4y, ny, E. are the coefficients
in generalized Arrhenius formula; s is the parameter of the model; T is the translational and rotational
temperature; 7, is the rotational temperature of the x-th mode.
The connection between the electrical processes in the discharge circuit and the processes which occur

in the conductive channel of the spark was provided by the equations:
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where C is electrical capacity of capacitor; R, is the active resistance of the discharge circuit; L is the
inductance of the discharge circuit, Uy is the initial voltage of capacitor charge, [, is the length of
discharge gap (channel)); ry, is the radius of conductive channel, iis the discharge current.

See [4,6] for more detailed information about the model.

4 Results of Numerical Simulation

Testing of the model was carried out in accordance with the experimental results obtained by
V Kamenskihs and J. Lee [7]. The conditions of numerical study are presented in Table 1.

Table 1: Simulation parameters

Initial simulation data Simulation variant
Ne 1 | Ne2
Active resistance, Ohm 0.1
Inductance of discharge circuit, uH 0.9
Capacity, uF 2

Initial voltage of capacitor charge, kV 14 | 15

Length of discharge gap, mm 3.5
Detonation mixture H,+0.50,
Initial thermodynamic parameters of mixture Normal conditions
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The developed model allows understanding the reasons of detonation failure. Below there are the
results of calculation in accordance with the simulation variant No.1 (Fig. 2 a-d). In the variant No. 1,
there was no detonation initiation. This result corresponds to the experimental data of [7].

The failure of detonation initiation is explained as follows. The pressure distribution (Fig. 2a) shows
that the parameters of the shock wave generated in the spark at the time interval up to 1 us are
sufficient for detonation initiation. However, in this time interval there are almost no conditions for
hydrogen combustion. Thus, the distribution of component concentration for the time of 1.5 ps (Fig.
2¢) and the pressure distribution up to this time show that the hydrogen combustion (release of the
chemical energy) occurs between the spark channel and the shock wave front. In the time interval up
to 1 us, the wave front coincides with the spark channel where 10000 K gas temperature is reached.
The area between the shock front and the conductive channel is expanded after 1 ps. Hydrogen
combustion occurs in this area. However, the intensity of the shock wave at the time when the wave
starts going away from the conductive channel was insufficient. As the intensity of the shock wave is
reduced, the rate of vibrational relaxation is slowed down. Therefore, the increase in the distance
between the shock wave front and the combustion front in the process of discharge initiation is
observed (Fig. 2b). The energy input into the spark channel is slowed down as the energy approaches
the first half-period of the discharge (Fig. 2d). Thus, the intensity of the shock wave decreases. This
indicates the failure of direct detonation initiation.
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Figure 2. The fields of pressure (a), temperature (), concentration distribution at the time interval of 1,5 ps (¢)
and energy Q input into the spark channel () in simulation variant No.1.

The results of calculation of the simulation variant No2 are presented in Figure 3 a-d. In variant Ne2,

the detonation is initiated. This corresponds to the experimental data of [7]. By the time of the shock
wave separation from the conductive channel, which corresponds to the time of 1 ps, the jump in the
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pressure of the wave front reaches about 3.9 MPa (Fig. 3a). It should be noted that slow vibrational
relaxation during simulation allows separation of the shock wave front from the detonation front. The
width of the area where vibrational relaxation occurs is about 1 mm (Fig. 3b). The width of this area
corresponds to the distance between the shock wave front and the detonation wave front. Comparison
of the simulation results in accordance with two calculation options shows that the critical time of
detonation initiation in relation to the spark discharge is equal to the time of shock wave separation
from the spark channel.

In the process of spark discharge development, the spark channel resistance is reduced by several
orders of magnitude (Fig. 3¢). Therefore, the usage of average resistance of spark in [7] at the
calculation of effective energy input into the spark channel allow only approximate estimation of the
energy value.

If we assume that in the simulation variant Ne2 the effective energy corresponds to the detonation
initiation energy (Fig. 3d) introduced during 1-2 ps, this energy should be reduced to the unit length of
the gap and will be 5-14 J/cm. In the simulation variant, the total energy was 225 J. The effective
energy of detonation initiation was not more than 4.5 J.
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Figure 3. The fields of pressure (a), temperature (b), change of resistance spark (¢) and input energy Q in the
spark channel () in simulation variant No.2.

Energy absorption and emission was studied in various processes. The combustion energy starts
exceeding the energy introduced into the spark in 3.5 us (Fig. 4). The transition occurs at the energy of
about 6 J. The main part of the discharge energy in the process of detonation initiation is absorbed by
the dissociation process. It is followed by the energy consumption for the ionization process. Some
part of the discharge energy is irrecoverably spent for radiation.
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Figure. 4. Changes of energy released or absorbed by different processes in time in simulation variant No.2.

Thus, the numerical investigations allowed specifying the area, form, quantity, and time at which the
spark discharge energy is released or absorbed. The developed model will be used to increase the
efficiency of the electro discharge method for detonation initiation.
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