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ABSTRACT waves that can be used in aerodynamic flow
control[5].
A nanosecond repetitively pulsed discharge in a
quartz capillary filled with flowing synthetic air In this paper, a detailed experimental study of
was investigated as a benchmark to address tff@st gas heating in synthetic air at a pressure of
mechanism of fast gas heating for conditions 027 mbar is proposed, and the obtained
up to complete dissociation of,@nd heating of experimental results are interpreted with the help
a few thousand K occurring during the nealiof a detailed OD kinetic model.
afterglow phase. Gas temperature, energy
deposition, and O atom concentrations werdhe results include deposited energy, gas
measured with respect to time. O atom results atemperature, and O atom density, measured by
compared to the output from a detailed ODwo different  techniques: nanosecond
kinetic model describing the excited speciesctinometry with argon atoms, and TALIF of the
chemistry. The high oxygen dissociation degre®(3p°P) excited state of oxygen. Both of these
enables investigation of the key role played by Qesults on O atoms are then compared to the
atoms in fast gas heating of nanosecong@rediction of the detailed kinetic model that is
discharge plasmas at high specific energgescribed in detail in [4], with additions
loading. described in [6].

1. INTRODUCTION 2. EXPERIMENTAL SETUP

Nanosecond repetitively pulsed dischargeA schematic of the discharge tube assembly used
plasmas have been intensely studied foin this work is shown in Fig. 1.
applications ranging from plasma assisted

combustion[1] to aerodynamic flow control at 80 mm Quartz tube
high Mach number[2]. Such discharges require — e Saatan
low average electrical power to be operated, an somm| Lo valias
demonstrate a high energy efficiency for the ny = Blactrods
production of radicals and excited species[3].  elecirode (not grounded)
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energy is spent to the excitation of electronically (gas renewed
excited states, these excited states can transfer _every 10 ms)
part of their energy to the gas thermal energy,

through gas-phase chemical reactions occurringhe discharge is initiated in a quartz capillary

at a very high rate[4]. This phenomenon, calledube, 1.5 mm in diameter and 80 mm in length,
fast gas heating, can for example create shock



terminated by two gold-covered pin-shapedmpact from the ground state, with excitation
electrodes, called the high voltage (HV) and lowcross sections that behave similarly with electron
voltage (LV) electrodes. The capillary is filled energy [7]. This way, Ar atoms, whose density is
with flowing synthetic air at a pressure of 27known, can be used as surrogates for O atoms.
mbar with a 50 sccm rate, insuring efficient gas
renewal between pulses. The discharge takes thtowever, it was found in [8, 6] that secondary
form of a fast ionization wave (FIW), followed population processes, especially for the O@p
by an energy deposition phase, during which axcited state, are not negligible compared to the
spatially uniform reduced electric field (E/N direct electron impact population mechanism,
~150-300 Td, 1 Td = 1 V-cn?) coexists with hence they must be taken into account, and their
a high electric current of about 70-100 A. contribution to the OES signal subtracted. These
processes are dissociative excitation, and
The voltage pulse (29 ns FWHM, 9.8 kV stepwise excitation from the &) and OID)
amplitude, and 4 ns rise time) is supplied to thenetastable states. The detailed calculations from
HV electrode by a FID FPG 10-MKS20 high [6] give:
voltage generator through a 25 m coaxial RG213

cable, called the HV cable. Three pulses Ol=Ai — A — As — A 1
separated by 250 ns are incident on the capillary [©] ! 2 3 * )
tube due to successive reflections between the 2 kAT[Ar] To+ c750 f(0) o
generator and the discharge assembly, causing R N ()

three breakdowns.

dly I %

| o =2+ 240 ) K @)
The LV electrode is connected to a 100 or 200 m t X i
long RG213 cable, called the delay cable. Due to A, = kfi’ez [0,]/kQ (4)
reflections from that delay cable, two additional )
low-energy breakdowns are created at 1 and 2 Ay = kg( S)[o(ls)] /KO (5)
us, that are used for optical emission o('D)
spectroscopy (OES). Ay =k, [0('D)]/kQ )

Incident, reflected and transmitted voltage angyhere [O] is the absolute O atom densky, is
current pulses are registered with the help of tWghe direct electron impact excitation rate for
back current shunts (BCS), installed 12.5 mypeciesX, 7y is the radiation decay lifetime of
before and after the discharge _assembly, in thee excited state of species X dgds the photon
HV and delay cables, respectively. The locakqgynt of the light collected from that statgyy
electric field is obtained from potential js the optical collection efficiency factor for

measurements, carried 0L_Jt with a Capac't'vﬁxavelength XXX, kle is the quenching
probe. Gas temperature is measured throug ’

.. . . 0
rotational OES of the second positive system ofOefficient of species X on specieg @nd k,,
molecular nitrogen, namely thN,(C3M,v= IS the dissociative excitation rate for molecular

0) - N, (B%Ig, v = 1) transition. oxygen.

The relevant excitation constants, as well as the
3. ACTINOMETRY concentrations of metastable oxygen atoms were
' calculated with the help of a kinetic model [8]

that was solved through the ZDPlasKin code [9].
To measure O atom density during the first

breakdown, actinometry of the O(3p) excited

state of atomic oxygen was used, through a sma}l Ta| |F

(5.6%) admixture of argon atoms to the gas flow.

Radiation from the Ar(2p;) — Ar(ls,) _ ]
transition, at 750.4 nm and the(3p3P) — The O atom density 200-2000 ns after the first

0(3s3S) transition at 844.6 nm were registered®réakdown was measured with the two-photon
during the breakdown, and compared. Th&bsorption laser induced fluorescence (TALIF)

principle of the measurement is that these twichnique. The principle of the TALIF technique
transitions are populated mainly by electrorS described in detail in our previous paper [10].



A schematicof the TALIF experimental set

used in this work is in Fig. A tripled Nd:YAG

laser (355 nm) was used to pum|Coumarin 2
dye laser (peak efficiency d60 nm) which wa
then doubled to obtain wavelengths arot
225.58 nm (for O atoms) and 224.24 nm (for
atoms). The beamnergy was measured by

amplified energy meter, with sensitivit1100

V/J, installed after the dischar¢ube, and the
energy was stabilized to the desired value '
the help of a variable attenuator.

An optical fiber placed above the discharge
used to collect the fluorescence li at 844.6 nm
(for O atoms) and 834.68 nm (for Xe ato
through a narrow bandpass filter, and
detected by a Hamamat$kB896 red-sensitive
photomultiplier tube (PMT) connected the
oscilloscope.
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Fig. 2 TALIF experimental setuBHG/THG: Second/Thir
Harmonic Generation; TG: Triggering generator; HVBigh
Voltage Generator; OSC: Oscilloscope; BCS: Backr€uir Shunt
DT: Discharge tube; EM: Energy meter; PS: PowergypPMT:
Photomultiplier;

The delay between the laser and the disct
was adjusted from 200 to 2200 ns, allowing
measurement points. The uncertainty on
delay is£20 ns.

5.RESULTSAND DISCUSSION

The integralenergy depositecn the discharge,
measured from BCS measurem, is in Fig. 3.
It can be seen that the first two pulses depo
significant amount of energy in the plasr
amounting to more than 1 eV/molec.
The temperature measurement for mbar
pressure is shown in Fig. 4.

[
(3]

30
r} @ ’S
E 25 = = =
S =
2
Q 20 -
I}
E 15 I3 3 ']
lg 10
% m |BCS, 1st pulse
0 5. = BCS, 1st+2nd pulses
= BCS, all three pulses
0 T T T T T T T T T
22 24 26 28 30 32

Pressure, mbar
Fig. 3: Energy deposited in the discharge by thregtpulse

Heating up to 2500 K is observethat has to be
taken into account in TALIF measuremer
because of a possible temperature depender
the quenching parameters. To date, to the be
our knowledge, no temperat-dependent data
exists in the literaturdor the quencing of O
atoms on Nand Q
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Fig. 4: measured a&s temperatui with time

The final result for O atom concentratic from
actinometry and TALIFare in Fig. .a and b,
and are compared to the detailed OD kin
model.
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