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An experimental study of ignition and detonation initiation by two different kinds of high-voltage pulsed gas
discharge has been performed in two smooth detonation tubes. The experiments were carried out at pressures
ranging from 0.15 to 1 bar in various gaseous stoichiometric mixtures. In the first setup, a distributed nonequilibrium
nanosecond discharge was used for mixture excitation and ignition. In the second setup, a localized microsecond
pulsed spark discharge with a stored energy of 14 J developed. The electrical parameters of the discharges, ignition
delay time, flame front, and shock wave velocities were measured in the experiments. Essentially, higher efficiency of
the nanosecond discharge as a detonation initiator has been demonstrated: deflagration to detonation transition was
observed 3 tube diameters away from the discharge chamber in different C;Hg/C,H;( + 50, + xN, and
0.5C¢H,4 + 4.50, + xN, mixtures with N, concentrations up to 38 %. The energy input in these cases did not exceed
3 J, and the deflagration to detonation transition time was less than 1 ms. The microsecond spark discharge ignited
the mixture efficiently, but the transition length and time increased significantly.

1. Introduction

ONTEMPORARY research in the field of gaseous detonations

is closely related to the realization of the pulsed detonation
engine (PDE) concept. A fuel-oxidizer mixture combustion in a PDE
is a decreasing-volume process which occurs at higher pressures and
temperatures as compared to the conventional constant-pressure
combustion and allows one to achieve significantly higher
thermodynamical efficiency. A detonation wave may be formed by
a direct initiation or through a deflagration-to-detonation transition
(DDT) process. For a direct detonation initiation, an ignition source
of a considerable energy is required. In a stoichiometric propane—air
mixture, ignition may be obtained with a spark discharge with an
energy of 1 mlJ, whereas for a direct initiation of a spherical
detonation in the same mixture a minimum energy of 0.08 kg in
trinitrotoluene (TNT) equivalent or 300 kJ is required [1]. When
initiated by a lower energy source in a sufficiently long tube, a DDT
may occur through the flame front acceleration. In this case, the
typical DDT length amounts to several tens of tube diameters. Thus,
because DDT length and time are crucial parameters for PDE
applications, one of the key issues is the reduction of the transition
length and time in detonation tubes under a minimum energy of
initiation.

A number of means for DDT facilitation is well known. The most
common method of DDT length reduction is the application of
various types of obstacles which disturb the flow and increase the
flame velocity. This method has been proposed by Shchelkin [2],
who used wire spirals inside the tube for flow turbulization, and has
been since widely applied in a number of works [3-7]. A
modification of this method is the application of a two-chamber
initiating system [8,9]. In this case, a smaller auxiliary chamber is
used for primary ignition by a weak ignition source, whereas the
mixture in the main chamber is ignited by flame jets coming out of the
auxiliary chamber. Detonation initiation by shock wave focusing
with shaped reflectors (experimental [10,11]) and with regularly
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spaced shaped obstacles (numerical [12]) was also proven possible.
In the latter work, the focusing effect of shaped obstacles upon
shock-to-detonation transition was emphasized: in the case with
rectangular shaped obstacles no focusing occurred and detonation
was not observed under identical conditions. Another possible way
to promote a DDT process is the gradient mechanism theoretically
proposed by Zeldovich [13] and numerically modeled in a number of
works [14-16]. A similar idea of coupling the energy release with the
amplification of the leading shock wave was also introduced in shock
wave amplification by a coherent energy release (SWACER)
mechanism [17]. A coherent ignition technique similar to the
SWACER mechanism was used experimentally for detonation wave
formation in [18]. In the experiments, the mixture was ignited by a set
of properly synchronized spark plugs installed along the detonation
tube, which resulted in significant reduction of the DDT length and of
the initiation energy for the case. A number of research groups
carried out experimental investigations of ignition and detonation
initiation by nonequilibrium pulsed corona discharges [19]. The
experiments confirmed that ignition delay times decreased
substantially in comparison to spark initiation.

Pulsed discharge in the form of a fast ionization wave (FIW) was
proposed as a tool for DDT length and time reduction in [20]. In this
paper, the nonequilibrium plasma of a high-voltage (HV)
nanosecond gas discharge was used for simultaneous preexcitation
of the gas and for the reduction of ignition delay time in a bulk
volume. The calculations performed for hydrogen—air and methane—
air mixtures showed that the ignition threshold shifted by 400 K
under an energy deposition of 0.4 J/cm? in the methane—air mixture.
It was also shown that the typical time of chemical energy release had
to be shorter than that of the gas-dynamic processes to form a
detonation wave. Thus, for DDT length reduction it is desirable that
the sonic speed and, hence, the temperature be as low as possible,
which is the case in a nonequilibrium plasma of a high-voltage
nanosecond gas discharge.

It is important that this kind of discharge developed in a chamber
of a proper geometry is capable of instantly ionizing and exciting the
gas in a bulk volume. This may lead to simultaneous mixture ignition
over that volume resulting in volumetric explosion and, possibly, in a
direct initiation of detonation. On the other hand, in terms of
Zeldovich’s gradient mechanism of DDT promotion, an ignition
delay time gradient may be formed by a radical concentration
gradient, which may be in turn produced by the discharge. Because of
the spatial homogeneity of this kind of discharge, it is possible to
form the gradient in a large volume rather than only in the close
vicinity of hot spots. Thus, the nanosecond discharge is very
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promising for detonation initiation and DDT facilitation from a
number of points of view. To realize the advantages of this initiation
method, a proper geometry and parameters of the discharge chamber
are required.

Relying on these results, Zhukov and Starikovskii carried out
experiments on detonation initiation by this kind of discharge [21—
23]. A 131-cell discharge chamber with a distributed electrode
system was developed and patented [24]. A study of the discharge
development with an intensified charge-coupled device (ICCD)
camera showed that the discharge was distributed over the cross
section of the chamber, filling a significant portion of the cells. This
was achieved due to the short rise time and width of the high-voltage
nanosecond pulse. The experiments were carried out in propane—
oxygen and propane/butane—oxygen mixtures diluted with nitrogen
at initial pressures from 0.15 to 0.55 bar. It allowed one to achieve a
DDT length of 130 mm in a smooth tube in a C3Hg + 50, mixture at
0.3 bar of initial pressure and 70 mJ of discharge energy. Discharge
development and detonation wave formation were studied with a fast
ICCD camera, pressure transducers, and infrared (IR) sensors. It was
found that the efficiency of the distributed nanosecond detonation
initiation strongly depended on the nitrogen dilution level and initial
mixture pressure, whereas the dependence upon the discharge energy
was weak.

The aim of the current work is to extend the research discussed in
[21] and to study the effects of different discharge types upon DDT in
smooth tubes. For that, experiments on detonation initiation by high-
voltage microsecond discharge have been carried out and the results
have been compared to those obtained for nanosecond discharge
initiation. The study of the latter has been extended up to higher
pressures, which allows one to make the comparison in a wider range
of initial parameters. The results presented have been partially
published at various AIAA conferences. The current paper
summarizes all of them, as well as those presented in [21], proposing
mechanisms responsible for detonation initiation by high-voltage
pulsed discharges.

II. Detonation Initiation by Nanosecond Discharge
at Pressures up to 1 Bar

The experimental setup used for the study of detonation initiation
by the distributed high-voltage nanosecond discharge and the
experimental parameters were discussed in [21]. The detonation tube
had an inner diameter of 140 mm; the multicell discharge section
mounted at one end of the detonation tube was a distributed electrode
system consisting of 131 discharge cells placed over the cross section
of the tube. Each discharge cell included a pinlike high-voltage
electrode inside a quartz tube covered from the outside with a
grounded foil (see Fig. 1). The foil was grounded through an
aluminum orificed plate at the output end of the discharge chamber.
The orificed plate was adjusted so that the conical orifices coincided
with the discharge cell outputs. The cone angle was 30 deg, which
ensured flow attachment to the cone walls. The diameters of all the
discharge cells and orifices were 5 mm, and the interelectrode gap
was 80 mm. The high-voltage electrodes of the distributed electrode
system were fed with high-voltage nanosecond pulses with a rise
time of 15 ns and a width of 50 ns, the amplitude being varied from 4
to 70 kV. In addition to the previously used five IR detectors, two
schlieren sensors had also been installed 37 and 287 mm away from
the discharge chamber, which corresponded to the positions of the
first and the third IR detectors. Each sensor included a laser, a
triangular reflecting prism, and two photodiodes connected to a
differential amplifier which would yield zero if no density
disturbance occurred. A nonzero amplifier signal corresponded to a
density gradient passing through the laser optical path, thus
deflecting the laser beam and unbalancing the scheme. The schlieren
sensors allowed us to measure compression wave velocity along with
the flame propagation velocity measured by the IR detectors.

The experiments in detonation initiation in the higher pressure
region were carried out in stoichiometric mixtures of two fuels:
C3H8/C4H10 + 502 + XNZ (0 <x=< 10) and 0.5C6H14 =+ 4502 =+
xN, (0 < x < 3). Initial pressure values were varied from 0.2 to
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Fig. 1 One of the 131 cells of the multicell discharge chamber [24].
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Fig. 2 Schlieren sensor and IR sensor signals 287 mm away from the
discharge chamber.

1 bar. In the experiments, flame front velocity, compression/shock
wave velocity, and ignition delay times were measured
simultaneously with initial mixture pressure, nitrogen dilution level,
and nanosecond pulse parameters. The comparison of the results
obtained with the IR detectors and the schlieren sensors showed that
flame front velocity was equal to shock wave velocity in all
supersonic propagation modes. See Fig. 2 for the schlieren sensor
and the IR detector signals 287 mm away from the discharge
chamber; the figure corresponds to a C—J detonation propagating in a
0.5C¢H,4 + 4.50, + 3N, mixture at 0.76 bar of initial pressure.
This proved the possibility to use IR emission diagnostics for DDT
study. This would also allow us to compare the velocity values
obtained with the IR detectors with those obtained with the pressure
transducers in the supersonic modes.

The results of the experiments are presented in Fig. 3 in terms of
dependencies of the flame front propagation velocity 400 mm (~3
tube diameters) away from the discharge chamber upon initial
mixture pressure for different mixture compositions. The
corresponding results for lower pressures from [21] are also
presented in the same figure for comparison. It is seen from the figure
that the flame front velocities in propane/butane and hexane mixtures
are almost the same for the mixtures with close nitrogen dilution
values, for which the combustion heat values are also close. Velocity
values of ~2400 m/s for the propane/butane mixtures (hollow
symbols and solid lines) and ~2100 m/s for the hexane mixtures
(solid symbols and dashed lines) correspond to the experiments
where C—J detonation was observed. Successful DDT was observed
3 tube diameters away from the discharge chamber or closer in all
mixtures with a nitrogen dilution level up to 38% under initial
pressures up to 1 bar. In all these cases the DDT time was below 1 ms
under initiation energy under 3 J.

III. Detonation Initiation by Microsecond
Spark Discharge
A. Experimental Setup
To compare detonation initiation and flame propagation modes
under different initiation conditions, a new setup has been
assembled. The setup scheme is presented in Fig. 4. The inner
diameter and the length of the detonation tube (1) were 53 and
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Fig. 3 Flame front velocity dependency upon initial mixture pressure
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discharge: 1—detonation tube, 2—discharge chamber, 3—dc power

supply, 4—feeding line, Z = 17 ©,5—thyratron, 6—backcurrent shunt,
7—rpressure transducers, and 8—ICCD camera.

1000 mm, respectively. The discharge chamber (2) was mounted at
the end of the tube. The geometry of the discharge chamber pictured
in Fig. 5 was analogous to the one used for detonation initiation by
the nanosecond discharge [21]. The high-voltage electrode was a
distributed electrode system consisting of 28 pins separated from
each other and from the ground electrodes by a ceramic insulator.
Each pin formed a discharge cell with an interelectrode gap of
50 mm. The diameter of each cell was 5 mm; the cells were again
connected with the detonation tube volume by conical nozzles with
an angle of 30 deg. The dc power supply (3) charged the feeding
line (4) up to a voltage of 37 kV. A high-voltage pulse was formed on
the electrode after the feeding line had been grounded by the
thyratron (5). The pulse parameters were registered by the
backcurrent shunt (6).

The piezoelectric pressure transducers (7) were used for shock and
detonation wave velocity measurements. The transducers were
installed in the sidewalls of the tube at distances of 3, 363, and
873 mm from the discharge chamber. A typical oscillogram of the
pressure transducer signals is presented in Fig. 6. In this case, the
DDT took place between the first and the second transducers. The
error in the pressure wave velocity measurement was mainly
determined by the signal rise time. In the detonation mode, the error
value was insignificant due to the steepness of the shock wave front,
whereas, for deflagration modes, the error could reach ~20 m/s.

The pulse amplitude was 37 kV, and the pulse width was 1-3 us
with ~100 ns rise time. The rise time was determined by the
thyratron switching time. The energy input in this case was limited by
the energy stored in the feeding line, which was equal to 14 J. The
actual energy input value was not measured in the experiments. The
images of the discharge development were taken through the end
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Fig. 5 Discharge chamber (2) consisting of 28 discharge cells: chamber
diameter—53 mm, discharge cell diameter—5 mm, discharge cell length
—95 mm, and interelectrode gap—50 mm [24].
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Fig. 6 Typical oscillogram of the pressure transducer signals.

plate of the detonation tube with a LaVision PicoStar HR12 ICCD
camera (8) with nanosecond temporal resolution in the spectral range
of 300-800 nm.

B. Microsecond Discharge Development

The microsecond discharge development was studied with the
ICCD camera by the same technique which was used for the
nanosecond discharge in [21]. Additionally, a temporal dependence
of the integral discharge emission was registered with a photoelectric
multiplier (PEM). These measurements allowed us to register the
temporal dynamics of energy input in the discharge. The temporal
dependence of the discharge emission in air at 1 bar is presented in
Fig. 7 together with the backcurrent shunt signal. The corresponding
spatially resolved negative ICCD images of the discharge are
presented in Fig. 8. The black line in the image corresponds to the
edge of the discharge chamber. The streamer phase of the discharge
development at 1 bar is presented in Figs. 8a and 8b. The emission
intensity at this stage was extremely low. The discharge localization
and the spark formation due to ionization instability occurred sooner
than ~50 ns after the pulse had reached the electrode. The spark
stage of the discharge development is presented in Figs. 8c and &d. It
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Fig. 8 Negative images of the microsecond discharge development.
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was at these stages when most pulse energy consumption occurred.
The distributed discharge phase was not observed at all in most
discharge cells. Such a discharge development pattern is a result of a
relatively long pulse rise time (~100 ns).

C. Ignition And Detonation Initiation by Microsecond Spark

The experiments on detonation initiation by the high-voltage
microsecond discharge were carried out in two propane/butane
mixtures (C3Hg/C4H;o + 50, + xN, with x =0 and x =4) at
initial pressures up to 1 bar. The mode of flame propagation was
determined on the basis of the shock wave velocity measurements
with the pressure transducers. As has been shown previously, the
flame front velocity coincides with the shock wave velocity in all the
supersonic modes. The results of these experiments are presented in
Fig. 9 (solid lines, solid symbols) in terms of the dependencies of the
shock wave velocity 600 mm (~11 tube diameters) away from the
discharge chamber upon initial mixture pressure for different mixture
compositions. The results are presented in comparison with those
obtained in the same mixtures under initiation by the distributed
nanosecond discharge (dashed lines and hollow symbols). It is worth
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Fig. 9 Shock wave and flame front velocity dependencies upon initial
mixture pressure for different mixture compositions. Solid lines and solid

symbols stand for microsecond initiation; dashed lines and hollow
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Fig. 10 x-t diagram for fuel-oxygen mixture with 40% N, under
initiation by different kinds of discharge.

noting that these results are to be compared only in the region of
supersonic propagation velocities. For the undiluted mixture (hollow
circles), a C-J detonation was observed at P = 0.6 bar of initial
pressure under initiation by the microsecond spark, whereas in the
case of initiation by the nonequilibrium nanosecond discharge (solid
circles) the DDT was obtained at an essentially lower pressure of
0.25 bar. For the mixture with a nitrogen dilution level of x =4
(hollow squares), a C—J detonation was only observed under the
nanosecond initiation. In the case of the microsecond spark initiation
(solid squares), at the maximum initial pressure of 1 bar, a transient
detonation mode with the flame front velocity of ~1000 m/s was
observed. The higher efficiency of the distributed nanosecond
discharge in terms of DDT run-up distance is illustrated by the x—¢
diagram in Fig. 10, which presents the x—¢ dependencies for the fuel—
air mixture at 1 bar of initial pressure under different kinds of
initiation. The diagram is plotted against normalized distance which
is the ratio of distance in mm to the corresponding tube diameter. It is
seen that under the nanosecond initiation the run-up distance is less
than 2 tube diameters for the case, whereas under the microsecond
initiation the velocity at 15 diameters is still significantly below the
C-J value. The DDT time is also shorter for the nanosecond
initiation. This indicates a significantly higher efficiency as a
detonation initiator of the distributed nanosecond discharge when
compared to the localized microsecond spark, at least in terms of
DDT length and time under comparable energies of initiation.
Simultaneously in the same experiments mixture ignition was
studied by measuring the ignition delay time dependency upon initial
mixture pressure and nitrogen dilution level. The ignition delay time
was determined from the delay between the discharge initiation and
the onset of the signal of the first pressure transducer located 23 mm
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away from the discharge chamber. The flame front propagation time
from the discharge chamber to the pressure transducer was taken into
account in these cases (~50 us) because its value was comparable to
the value of the typical ignition delay times. The ignition delay time
dependence in various mixtures is presented in Fig. 11. The results
for the ignition by the microsecond spark discharge are represented
by solid symbols. The data for the hollow symbols correspond to the
ignition by the distributed nanosecond discharge and were taken
from [5]. It is seen that in the log—log scale the dependencies are
straight lines, the slopes being different for different ignition types. It
is noteworthy that the values of the ignition delay times are
substantially lower for the microsecond ignition in all the mixtures at
initial pressures up to ~0.5 bar.

IV. Discussion

The experiments in detonation initiation by the high-voltage
nanosecond discharge in the detonation tube with a 140-mm
diameter showed that, as nitrogen dilution level increased (the
mixtures with x > 3 in Fig. 3), the DDT at a distance of 400 mm from
the discharge chamber occurred at increasingly higher initial
pressures (0.4 bar and higher). In the stoichiometric propane/butane—
oxygen mixture with N, dilution, the minimal initial pressure for the
DDT to be observed increased from 0.3 to 0.4 bar when nitrogen
concentration in the mixture was increased from 14 to 25%, whereas
at a nitrogen concentration of 33% the minimal initial pressure
amounted to 0.6 bar. When the dilution reached 38%, the DDT was
only observed at an initial pressure of 1 bar. The dependence of the
flame front velocity upon initial pressure in the region of
nonstationary transient detonations became less steep: for the weakly
diluted mixtures (with nitrogen concentrations below 33%), transient
modes were observed in a ~0.05 bar wide range of initial pressures,
whereas in the mixture with 40% of nitrogen transient modes were
observed at various initial pressures from 0.6 to 1 bar.

At the same time the typical flame front acceleration decreased
substantially as the nitrogen concentration increased. In the
C;Hgy/C,4H)o + 50, + N, mixture, the acceleration reached ~3 x
10° m/s at an initial pressure of 0.3 bar, whereas it amounted to only
~4 x 10° m/s? inthe 0.5C¢H,, + 4.50, + 3N, mixture at an initial
pressure of 0.8 bar. Low values of the flame front acceleration lead to
a longer transient mode and, thus, to the increase of the DDT length.
This is also related to the less steep dependency of the flame front
velocity upon initial pressure in transient modes. Because in a
transient detonation mode the pressure wave is a shock wave
propagating in front of the flame, the dependence of the flame front
acceleration and velocity upon initial pressure is remarkably steeper
in this mode than that in a deflagration.

To compare detonation initiation efficiency by the distributed
nanosecond and the localized microsecond discharge, experiments
were carried out in the detonation tube with the discharge chamber of
analogous geometry. Both initiating devices consisted of a number of
discharge cells of equal diameter distributed over the cross section
with the same density. Each cell was connected to the main tube with

a 30 deg conical nozzle. The tube diameters were different: 140 mm
for the nanosecond initiation and 53 mm for the microsecond
initiation. However, the comparison was made for the mixtures with
detonation cell sizes substantially smaller than both tube diameters:
the detonation cell size was 3.8 mm for the C;Hg + 50, mixture at
0.25 bar, 4.0 mm for the C;Hg + 50, + 4N, mixture at 1 bar, and
6.3 mm for the 0.5C4H, 4+ 4.50, + 3N, mixture at 0.4 bar [25].
This allowed us to consider the conditions for DDT to be close for the
two detonation tubes.

The results of the comparison presented in Fig. 9 indicate that
detonation initiation efficiency in the setup with the nanosecond
ignition is remarkably higher. The conditions of detonation initiation
in the two setups differ mostly in the temporal and spatial shape of the
discharge. The discharge chamber geometry difference itself
influences the detonation initiation and propagation to a lesser extent.
Nevertheless, the discharge chamber geometry together with the
high-voltage pulse shape governs the discharge temporal and spatial
shapes. The ICCD imaging with nanosecond temporal resolution
showed that the discharge developed essentially differently in the
two setups. It was shown in [21] that during the early stages
(t < 50 ns) the nanosecond discharge is distributed over the cross
section of the chamber filling a larger portion of the cells. The
intensity falls sharply during the later stages. This indicates that most
energy was deposited during the first 50 ns of the discharge
development in agreement with the temporal shape of the electrical
pulse. Under typical values of pressure (0.1-1 bar), voltage
amplitude (10-70kV), and rise time (>1 kV/ns), both gas ionization
and dissociation occur during very short times over the volume of
each discharge cell. The typical temporal scales of these processes
are shorter than the typical gas-dynamic times. At the same time, a
relatively low portion of energy is deposited into translational
degrees of freedom. Instead, active radicals are produced in the
discharge with their generation rate being governed by the reduced
electric field value. Depending on the distribution of the active
radicals along the cell, the mixture may be ignited almost
simultaneously all over the cell producing a volumetric explosion or
a combustion wave may emerge at the tip of the pinlike electrode. In
the latter case the combustion wave may theoretically be intensified
and accelerated by Zeldovich’s gradient mechanism if a proper
radical concentration gradient has been formed. Either way, the
simultaneous exit of sufficiently intensive combustion or shock
waves from a large number of discharge cells into the detonation tube
may lead to a rapid formation of a detonation wave. An
experimentally observed onset of detonation at a distance of less than
one tube diameter at an initial pressure of 0.25 bar confirms high
efficiency of detonation initiation by the distributed high-voltage
nanosecond discharge.

In the setup with the microsecond ignition, the discharge
development starts at the reduced electrical field values close to the
breakdown value due to a long rise time of several hundreds of
nanoseconds. Because high values of overvoltage cannot be reached,
the breakdown develops in the form of a streamer discharge, which is
transformed into a localized spark discharge within ~1 psinasingle
cell. In this case, a considerable portion of the energy is deposited
into the heating of the gas and the formation of only one hot spot. This
results in significantly shorter ignition delay times in comparison
with the nanosecond ignition in the same mixtures (see Fig. 11).
However, a rapid ignition in a single cell does not lead to an effective
shock wave formation and acceleration in the main tube volume and,
thus, is not an effective means for detonation initiation. On the other
hand, the distributed nanosecond discharge generates a lot of ignition
spots with a high density of radicals and a relatively low temperature.
These spots need more time for developing, but the simultaneous
ignition in numerous points results in a more successful deflagration
to detonation transition.

V. Conclusions

The experimental study of detonation initiation by a high-voltage
distributed nanosecond discharge has been extended into the region
of higher initial pressures up to 1 bar. Under this kind of initiation a
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successful DDT in a 140-mm diam smooth detonation tube was
observed at 3 tube diameters from the discharge chamber in all the
C;Hgy/C,H o + 50, + xN, mixtures with N, concentrations up to
38%. The energy input did not exceed 3 J, and the DDT time was less
than 1 ms.

Another setup has been assembled to experimentally study
detonation initiation by high-voltage microsecond discharge. The
images of the discharge development with nanosecond temporal
resolution were taken by an ICCD camera. The microsecond
discharge developed into a localized spark discharge within 50 ns at
atmospheric pressure. Under this kind of initiation in a 53-mm diam
smooth detonation tube, the DDT was observed at higher initial
pressures for the same mixtures as compared to the distributed
nanosecond initiation. Under equal initial conditions, the run-up
distance in tube diameters for the initiation by the microsecond spark
was significantly longer than that for the distributed nanosecond
initiation. Thus, a higher efficiency of detonation initiation in terms
of DDT length and time has been demonstrated by the nanosecond
discharge as compared to the microsecond spark discharge. At the
same time, the ignition delay times under the microsecond excitation
in all the mixtures under study were significantly lower as compared
to the nanosecond ignition due to the local nature of the energy
deposit in the microsecond discharge.

A method for detonation initiation has been developed which
allows one to decrease the DDT length in smooth tubes to several
tube diameters due to nonequilibrium mixture excitation in a bulk
volume. Mechanisms have been proposed claiming that simulta-
neous mixture ignition in a large number of discharge cells and/or
Zeldovich’s gradient mechanism may lead to the rapid formation of a
detonation wave.
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