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Abstract.

The effect of a volumetric nanosecond discharge on detonation cell size was

demonstrated experimentally in a detonation tube test rig. The experiments were

performed in CH4:O2:Ar=1:2:2 mixture, at initial pressure 180 mbar and ambient

temperature. The plasma was generated by two consecutive pulses of −50 and −32 kV

amplitude on the high-voltage electrode and 25 ns pulse duration. The analysis of the

detonation cell size with and without plasma generation was performed via sooted-

plate technique. The detonation cell size was reduced by a factor of 1.5 − 2, while

passing through the region of the discharge.
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Introduction

Chemical reactivity of combustible mixtures can be enhanced by producing atoms

and radicals with the help of non-equilibrium plasma. Efficient pre-dissociation in

combustible mixtures [1], decrease of the ignition delay [2], extending the flammability

limits and increasing the combustion stability of lean mixtures [3, 4] by plasma were

demonstrated both experimentally and numerically.

Enhancement of the DDT transition under the action of nanosecond (ns) plasma were

obtained in C3H8, C4H10, C6H14 based mixtures [5] and in H2:air mixture [6]. The action

of plasma on already formed detonation has not been investigated before. The aim of

the present work is an experimental analysis of the effect of a non-equilibrium plasma

on the size of detonation cells.

1. Experimental setup and methods

The main element of the experimental setup (Figure 1) is a 665-mm long, 50×50-

mm2 diagnostic chamber. The detonation enters the chamber from a 3570-mm long,

50×50-mm2 detonation tube (PPRIME). The DDT process is initiated by a spark

plug and accelerated by a Shchelkin spiral. The diagnostic chamber consists of four

replaceable flanges. A rectangular brass high-voltage (HV) electrode with rounded

corners, 25×360 mm2, is installed in a PEEK plate mounted in a stainless steel flange.

A rectangular sooted plate, 50×550 mm2, is mounted on the opposite stainless steel

flange and serves as the grounded electrode. The other two flanges are quartz windows.

A set of ten 603B piezoelectric pressure transducers/ 5018A 200 kHz charge

amplifiers (Kistler) was used to measure the wave longitudinal velocity D. The first

transducer provided a synchro-signal for triggering the HV generator and the ICCD

camera.

The HV generator FPG 25-001NM2C2 (FID GmbH) was designed to produce 1-3

pre-programmed pulses of negative polarity 10-50 kV on the electrode (3-4 ns rise time,

25 ns duration at FWHM).

The HV signal was transmitted to the HV electrode through a 30-m long coaxial

RG213 cable. The waveforms of the HV pulses and the deposited energy were measured

by a custom-made calibrated back current shunt (BCS) [7] mounted in the shield of the

cable and connected to a WaveRunner 4Xi-A 600-MHz oscilloscope (LeCroy).

The optical emission was monitored by an ICCD PI-MAX2 camera (Princeton

Instruments, 200-800 nm).

The classical sooted-plate technique was used to compare the detonation cells

obtained without and with plasma action.
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Figure 1. Schematic of the experimental setup.

2. Results

CH4:O2:Ar=1:2:2 mixture at 180 mbar and 295 K was used in the experiments. Methane

is the alkane the most sensitive to plasma action, demonstrating the strongest decrease

of ignition delay time [8]. To analyze plasma influence on the detonation wave, the

ZND calculations were performed using Konnov mechanism [9]. The reaction zone

thickness decreases with O-atoms density: dissociation of about 1% of O2 reduces the

length of the zone by a factor of 2.8. The Chapman-Jouguet (CJ) velocity DCJ remains

almost unchanged: 1% of dissociated oxygen molecules increases DCJ by 0.25% only.

2D calculations with detailed chemical kinetics have recently been presented [10]. Non-

equilibrium plasma was modeled by radicals locally injected in a H2:air mixture at a

certain stage of deflagration-to-detonation transition. The calculations show a cell-size

decrease and a faster DDT transition starting from 5% of O-atoms in the mixture.

A sequence of two HV pulses was used in the experiments of the present work, the

amplitude on the HV electrode was U = −50 kV for the first (P1) and U = −32 kV

for the second (P2) pulses. The interval between the pulses was 10 µs. The number of

pulses, amplitude of the pulses, delay between the pulses were selected with a preliminary

study on: the morphology of the discharge, the deposited energy and no ignition of the

mixture by the plasma. About 250 mJ were deposited to the mixture in two consecutive

pulses, providing a specific deposited energy on the level of 10−3 eV/particle. Figure

2a shows ICCD image of the discharge integrated in time for P1 pulse. A spatially-
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Figure 2. ICCD images (gate 500 ns) of a) the discharge; b) the detonation wave

front (DWF) and the discharge at the time corresponding to the first pulse P1; c) the

DWF and the discharge at the time corresponding to the second pulse P2.

regular volumetric structure of plasma channels is seen; plasma fills the space between

the electrodes. Figures 2b and c show the detonation wave front (DWF) position at

the moment of the discharge pulses P1 and P2, the DWF propagates from left to right.

The detonation velocity at the chamber entry is D=1938.1 m/s (note that DCJ=1956

m/s [11]). The intensity of the optical emission from detonation was two orders of

magnitude higher than from plasma, so the sensitivity of the images in Figure 2-a and

Figures 2-bc is different.

Figure 3 shows typical soot recordings without (NP for no plasma) and with the

plasma action (WP for with plasma). The detonation cell size is reduced through overall

the discharge zone. For the NP case, the width λ of the largest detonation cells is limited

by the distance d between the chamber walls: λ ≈ d. For the WP case, the value of

λ decreases by a factor about 1.5-2 in the domain P1-EE. Below the P1-P2 domain

and above the electrode upper end (EE), that is before and above the plasma zone

respectively, λ is about equal to the same value d as on the NP recordings.
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Figure 3. Soot prints of the detonation wave without plasma (NP) and with plasma

in the P2-EE domain (WP). Typical detonation cells are shown by red and white

diamonds.

The time scales of the discharge and the cell-size changing are different. Active

species are produced in the discharge and in the near afterglow, at sub-microsecond

time scale. The DWF passes the region initially occupied by plasma during hundreds of

microseconds. A possible interpretation is that the radicals produced by the discharge, in

particular O-atoms, accelerate the mixture oxidation at low pressure and temperature [8]

enhancing a detonability of the mixture.

Thus, a volumetric nanosecond discharge was obtained in a CH4:O2:Ar=1:2:2

mixture at 180 mbar and 295 K. Decrease of detonation cell size by a factor of 1.5−2 in

the overall zone of the discharge was observed experimentally. ZND calculations indicate

that dissociation of 1% of molecular oxygen in the considered mixture decreases the

ignition zone by a factor 2.8, but practically does not change the CJ velocity. A suggested

interpretation of the observed effect is that plasma triggers the mixture oxidation ahead

of the detonation front.
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