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A numerical model of the direct initiation of the detonation in gases exposed to the action of the spark discharge
taking into consideration the retarded vibrational excitation of molecules behind the shock wave front has been
developed. The calculations showed that the critical time of the energy input into the spark discharge is equal to
the separation time of the shock wave from the current — conductive channel of the spark. The model allows for the
prediction of the availability or unavailability of a direct initiation depending on the parameters of electrical discharge

circuit.

PACS: 52, 52.80.Tn, 51.50.4+v
1. INTRODUCTION

Spark discharge is a simple sourse of direct detona-
tion initiation in gases. However, the efficiency of
total energy consumption for spark discharge initi-
ation 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]. Ex-
perimental 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 initia-
tion. However, the methods which allow increasing
efficiency of detonation initiation haven’t been de-
termined yet. To improve the efficiency of spark
detonation initiation in gases, it is necessary to iden-
tify 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 detona-
tion initiation which allows predicting the presence
or absence of initiation depending on the parameters
of electrical discharge circuit was created. The devel-
oped model allows revealing the area, form, quantity
and time at which the spark discharge energy is re-
leased or absorbed. The results of these studies are
presented in the paper.
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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 de-
termined 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 inten-
sively provided due by radiation and electronic ther-
mal conductivity. The increase of high-temperature
area is accompanied by dissociation and ionization
processes. Some part of the spark energy is emitted
irreversibly from the discharge area. Due to super-
sonic 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 nonequi-
librium chemical reactions accompanied by the re-
lease and absorption of chemical energy. The process
of excitation of molecules behind the shock front
influences the reaction rate. Detonation initiation
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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 on Fig.1.
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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 ear-
lier [4]. The earlier model results allowed correct de-
scription 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 en-
ergy being several times smaller than the experimen-
tal data. To obtain results which are similar to the
experimental results, the effect of vibrational temper-
ature 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 gas density, u is velocity, p is pressure,
¢ is internal energy per the mass unit (without tak-
ing into account the vibrational energy of the compo-
nents Hy, Os); kr is heat conductivity coefficient; F
is the electric field intensity in the column of the dis-
charge channel; ¢ is plasma conductivity in the chan-
nel; Qe is discharge energy loss for radiation; r is
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radius coordinate; T is gas temperature (translational
and rotational); y; is molar concentration of the i-th
component (Hs, Oz, 020, H, O, OH, HyO2, HO>);
w; is velocity of changing of the i¢-th component in
mixture due to chemical reactions; W, is velocity of
charging the z-th mode due to chemical reactions;
ey is vibrational energy for 1mole of the z-th mode
(H2,02); de, /dt is velocity of changing specific vibra-
tional energy of the z-th mode (Hz, O2) as result vi-
brational and translational relaxation. It is assumed
in the model that local thermodynamic equilibrium is
set in the conductive channel. The processes occur-
ring outside the conductive channel was calculated in
accordance with non-equilibrium chemical kinetics of
hydrogen combustion [5]. In reactions which don’t
involve the z-th mode, the rate constants of chemical
reactions depend on the translational and rotational
temperature T. In chemical reactions involving the
z-th mode, the reaction rate depends on the effective
temperature T, as follows:
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where ki(Tef ) is the constant of the k-th reaction
rate involving the xz-th mode depending on the effec-
tive temperature; T, . is the effective temperature
of the z-th mode; Ay, ni, E. are the coefficients in
generalized Arrhenius formula; s is the parameter of
model; T is translational and rotational temperature;
T, is rotational temperature of the 2-th mode. The
connection between the electrical processes in the dis-
charge 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 ac-
tive resistance of the discharge circuit; L is induc-
tivity of the discharge circuit; Uy is initial voltage
of capacitor charge; [y, is length of discharge gap
(channel)); rs, is radius of conductive channel; 7 is
discharge current. See [4, 6] for more detailed infor-
mation about the model.

4. RESULTS OF NUMERICAL
SIMULATION

Testing of the model was carried out in accor-
dance with the experimental results obtained by
V.Kamenskihs and J.Lee [7]. The conditions of
numerical study are presented in Table. The de-
veloped 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 N.1, there was no
detonation initiation.
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Table 1: Simulation parameters

Initial simulation data

Simulation variant N1

Simulation variantN2

Initial thermodynamic parameters
of mixture

Active resistance, Ohm 0.1 0.1

Inductivity of discharge circuit, uH 0.9 0.9

Capacity, uF' 2 2

Initial voltage of capacitor charge, kV' 14 15

Length of discharge gap, mm 3.5 3.5
Detonation mixture Hs 4+ 0.502 H> 4+ 0.502

Normal conditions

Normal conditions
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Fig.2. The fields of pressure (a), temperature (b),
concentration distribution at the time interval of
1,5 us (¢) and energy Q input into the spark channel
(d) in simulation variant N. 1

This result corresponds to the experimental data of
[7]. The failure of detonation initiation is explained
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as follows. The pressure distribution (Fig.2,a) shows
that the parameters of the shock wave generated in
the spark at the time interval up to 1us are suffi-
cient 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 us (Fig.2,c) and the
pressure distribution up to this time show that the
hydrogen combustion (emission of the chemical en-
ergy) 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 us. Hydrogen combustion occurs in this area.
However, the intensity of the shock wave at the time
when the wave starts going away from the conduc-
tive channel was insufficient. As the intensity of the
shock wave is reduced, the rate of vibrational relax-
ation is slowed down. Therefore, the increase in the
distance between the shock wave front and the com-
bustion front in the process of discharge initiation is
observed (Fig.2,b). The energy input into the spark
channel is slowed down as the energy approaches the
first half-period of the discharge (Fig.2,d). Thus, the
intensity of the shock wave decreases. This indicates
the failure of direct detonation initiation.

The results of calculation of the simulation vari-
ant N.2 are presented on Fig.3,a-d. In variant N.2,
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 us, the jump in the pres-
sure of the wave front reaches about 3.9 M Pa (see
Fig.3,a). 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 oc-
curs is about 1mm (see Fig.3,b). The width of this
area corresponds to the distance between the shock
wave front and the detonation wave front. Com-
parison of the simulation results in accordance with
two calculation options shows that the critical time
of detonation initiation in relation to the spark dis-
charge is equal to the time of shock wave separation
from the spark channel. In the process of spark dis-
charge development, the spark channel resistance is
reduced by several orders of magnitude (see Fig.3,c).
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Fig.3. The fields of pressure (a), temperature

(b), change of resistance spar k(c) and input energy
Q in the spark channel (d) in simulation variant N.2

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 N.2 the effective energy corresponds to the
detonation initiation energy (see Fig.3,d) introduced
during 1 — 2 us, 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 wasn'’t
more than 4.5 J.

Energy absorption and emission was studied in
various processes. The combustion energy starts ex-
ceeding the energy introduced into the spark in 3.5 us
(see 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 con-
sumption for the ionization process. Some part of the
discharge energy is irrecoverably spent for radiation.
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Fig.4. Changes of energy released or absorbed by
different processes in time in simulation variant N.2

Thus, the numerical investigations allowed specify-
ing 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 effi-
ciency of the electro discharge method for detonation
initiation.
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YUCJIEHHOE MOAEJINPOBAHUWE PACIIPEAEJIEHN S SHEPTUN B NICKPOBOM
PA3SPANE IIPU IMTPAMOM MHUITUNPOBAHUMN AJETOHAIINN

K. B. Kopwwmuenxo, B. H. I'oaoma, /I. B. Kydun, A. B. Caxyn

Paspaborana uuciaeHHast MOIENb MPIMOTO WHUITHAPOBAHUS ETOHAIIMKA B Ta3aX WCKPOBBIM DA3PAIOM, yUIHU-
THIBAIOIIAS 3aMeJIEHHOe KoyrebareibHoe BO30YKIeHHE MOJIEKYJT 38 (PPOHTOM yAapHOM BOJAHBL. Paccumrano,
9TO KPUTUIECKOE BPEMS BBEIEHUSA SHEPTUU B UCKPOBOU pa3ps/ paBHAETCI BPEMEHU OTPBIBA YAAPHOMN BOJHBI
OT TOKOIIPOBOISAIIET0 KAaHAJA HCKPbI. Momenb MO3BOJIAET MPEeACKa3aTbh HAJIUYHE WIH OTCYTCTBHE IPSIMOTO
WHUIMUPOBAHUSI B 3aBUCUMOCTH OT NapaMeTPOB 3JEKTPUUECKON pa3psaaHoil 1emnu.

YN CEJbHE MOJEJJIOBAHHSI PO3IIOJILJIY EHEPTII B ICKPOBOMY PO3PSI/II
M1 YAC IIPIMOTO THINIIOBAHHS JETOHAIIIT

K. B. Kopumuenxo, B. I. I'oanoma, /[. B. Kydin, O. B. Caxyn

Po3pobrena uncenbra MoIeh TPSMOTO IHIITIIOBAHHS JETOHAIT B ra3ax iCKPOBUM DPO3PSIIOM, sTKa BPAXOBYE
VIIOBiIbHEHE KOJIUBAJIbHE 30Y/KeHHS MOJEKys 33 (DPOHTOM yAapHOI XBuJi. PO3paxoBaHO, MO KPUTHIHWI
qac BBEJEHHS €Hepril B iCKpoBUil pO3ps JTOPIBHIOE Yacy BiAPWBY yAAPHOI XBUJI Bill CTPYMOIIPOBITHOTO Ka-
Hamy ickpu. Mogensb m103BOs€E nepeadaduT HAIBHICTD a00 BiACYTHICTDH MPIMOrO iHIMIOBAHHS 3a7€KHO Bif
MapaMeTPiB eIEKTPUTHOTO PO3PATHOTO KOJA.
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