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Abstract

Investigationof thecombustiblemixtureignition by nanosecondhigh-voltagevolumedischargerequiresthedetail
knowledgeof kinetic processesin the discharge itself and its afterglow. Main electrodynamiccharacteristics,
suchasvelocity of discharge propagationandenergy consumptionweremeasuredin methaneandmethane-air
stochiomethricmixture in a pressurerange1-20Torr undertheactionof 11 kV, 5 nsrisetime and25 nsduration
high voltagepulsesof negative polarity with a repetitive frequency of 40 Hz. Simultaneouscontrol of time-
resolved(bothin nanosecondandtenth-secondtime scale)behaviour of emissionof differentexcitedcomponents
in thewavelengthrangeof 190-800nm givesdatasetfor detailanalysisof thechemicalkineticsin dischargeand
its afterglow in methane-airmixtures.

1 Introduction

Theproblemof fastandhomogeneousignition of combustiblemixture is extremelypressing[1] – [3]. Thelaser
methodsof ignition have severedisadvantagesrelatedto the impossibility to provide thehigh uniformity of igni-
tion initiation in largegasvolumes.The sparkignition imposesessentiallyrestrictionson the systemgeometry.
Ignition by arc injection make it possibleto operateonly in flow velocity rangewhich is comparableor lesser
thenthevelocity of the injectedplasmajet. Thehomogeneousignition methodwhich is fastin comparisonwith
characteristictimesof combustionprocessesandgasdynamictimesmaybebasedon theuseof thenanosecond
high-voltagedischargeasasourceof activeparticles.

The pulsedelectricdischarge in gasesat essentiallyhigh overvoltagedevelopsin the form of so called“f ast
ionizationwave”(FIW) whichpropagateswith avelocityof

�����������
	��
cm/sfrom high-voltageelectrodeto thelow-

voltageone[4]. High electricfieldsin theFIW front andbehindit leadto theeffectivegasionization,dissociation
andexcitation,at thesametime thegastranslationtemperaturedoesnotessentiallychange.Importantadvantages
of FIW applicationin this casearethespatialuniformity andshorttime of active particlegeneration(difference
betweenthecharacteristictimeof particleformationin FIW andthecombustionandgasdynamicprocessestimes
is aboutthreeordersof magnitude).

Ourpreviouscalculations[5] demonstratetherealpossibilityto diminishinductiontimedueto thenanosecond
discharge treatmentof combustiblemixtures. So, the first stepto studyexperimentallyignition of combustible
mixturesby FIW is aninvestigationof hydrogen[6] andmethanedestructionin stochiometricmixtureswith air at
roomtemperature.

2 Experiment

The experimentalsetupis shown in Fig.1a. The discharge cell consistsof quartztube1 of length ���� ��� mm
anddiameterof 47 mm with conicalhigh-voltageelectrode2 andringed low-voltageelectrode3. Thereis an
opticalwindow 4 of CaF� in thelow-voltageelectrode.Theelectrodeis shortedto agroundedshieldof thesupply
cablewith thehelpof thick brassbuses.Pulsesof negative polarity of � ����� ���

kV amplitude,25 nsdurationat
half-heightand2 ns rise time arefed with repetitionfrequency of ����� � Hz from pulsevoltagegenerator5 to
thehigh-voltageelectrodeof thedischargetube.Thedischargetubeis evacuatedthroughaholein thelow-voltage
electrodeandfilled with themixtureunderstudyat thespecifiedpressure.Pressurechangeduringthedischargeis
controlledwith a specialgauge.Experimentswereperformedin methaneandmethane-airstochiometricmixture.�
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Figure1: a) Experimentalsetup:1 - dischargetube,2,3 - electrodes,4 - opticalwindow, 5 - generator, 6 - current
shunt,7 - capacitancegauge,8 - monochromator, 9 - photomultiplier, 10, 14 - oscillographs,11 - interfacecard,12
- computer, 13 - powersupply;b) Typical behaviour of currentpulseincidenton thedischargetube;currentpulse
andelectricfield in a fixedcross-section(9 cm from thehigh-voltageelectrode).CH� -air mixture,7 Torr, -11 kV,
40Hz.

Figure2: Maximum specificelectricpower vs pressureat a cross-section9 cm separatedfrom the high-voltage
electrode.CH� -air mixture,7 Torr, -11kV, 40Hz. b) Typicalemissionspectrumof pulsednanosecondbreakdown
in methane(-11kV) andmethane-airmixture(-11 kV).

Theelectricparameterrecordingsystemconsistsof calibratedcurrentshunt6 andcapacitancesensor7 which
canmove alongthedischargetube. They allow to measureabsolutevaluesof currentandvoltagewith temporal
resolutionno worsethat1ns. Electricsensorswereusedto measuretheshapeandamplitudeof thehigh-voltage
pulse,breakdown front propagationvelocity, current,energy contribution into the gas. The discharge emission
wasobservedin themodeof signalaccumulationwith theuseof monochromatorMDR-23 8 (1.2nm/mm,1.2m,
1200 lines/mm, �! �"�$# � Å), photomultiplierFEU-1009, RC-filter and digital oscillographS9-8 10, mated
throughinterfacecard11 to a computer12. Thetime constantof the integratingcircuit was0.25s andprovided
for operationswith low noiselevel. To registerdischargeemissionwith nanosecondtemporalresolutionwe used
high-currentphotomultiplier14ELY-F7SandoscillographTektronixTDS-38014.

3 Results

Typical shapeof the electric pulseis representedin Fig.1b togetherwith longitudinalelectric field in the tube
crosssectionat a distanceof 10 cm from the electrodeanda currentthroughthis cross-section.Electric field
was determinedas %'&)(+*-,/.10 �3254 &6(+*/,/.87 2 ( , wherepotential in the cross-section

4 &)(+*-,/. was measuredby a
capacitancegaugewith a 3.5 cm stepalongthe discharge tube. It is seenthat, in accordancewith our previous
investigations[7], theelectricfield hasa sharpandnarrow (a few ns)maximum.Secondarymaximum,4 nslater,



Figure3: a)Reducedelectricfield % andelectrondensity9+: atadistanceof 9 cmfrom thehigh-voltageelectrode.
Time momentat fixedpressurecorrespondsto themaximumspecificelectricpower input. CH� :air=9.5%:90.5%
mixture, -11 kV, 40 Hz; b)Typical behaviour of hydrogenandCH radical emissionin nanosecondtime scale.
Methane,initial pressureis 4.3Torr, -11 kV, 40 Hz.

which is clearlyseenfrom thefigure, is dueto initiation of a backwave from the low-voltageelectrode.Current
increaseup to 200A correspondsto theoverlapof thedischargegap.

In regimerepresentedin thefigure,maximumspecificelectricpower ;<��= % , where= &6(+*/,/. is acurrentdensity
in thecross-sectionand %>&)(?*/,/. is anappropriateelectricfield is consumedin gasfarbehindtheelectricfield front.
It is so for the pressurerange5-20 Torr, while at low pressures( @BA Torr) maximumpower input corresponds
to very high electricfield in the front. Pressuredependenceof maximumspecificelectricpower is represented
in Fig.2afor thefirst pulseincidenton thedischargegapandfor thesecondone,reflectedfrom thehigh voltage
generator. Thecurve hasa well-definedmaximum,theshapeof ; &DCE. curve is closeto the velocity dependence
uponpressure,which is in goodcorrelationwith previous results. It is seenthat for our conditionsthe specific
electricpower in thesecondpulseis 3-5 timeslowerpracticallywithin all thepressurerange.

Discharge emissionin methaneis characterizedby a presenceof molecularhydrogencontinuum( F
GIHKJLNMO GIHKJP transition)and CH radical line ( Q � � M R �TS ). We registeredalso violet systemof CN ( � H M � H ,
 ��U�V�V�# U nm) and3rd positive systemof CO (in the wavelengthrange280 – 330 nm), which, possible,were
causedby a traceamountof air in thedischargecell. Neverthelessno nitrogensystemsemissionwasfoundin the
spectrum.In theUV rangethespectrumdemonstratestwo well-defineddepressions.Thefirst one,at  �W��A � nm
is explainedby an absorptionof ozone,which createsin the air due to UV radiationfrom the discharge. The
secondoneis situatedat  ��� � A nm. It arisesimmediatelyafterdischargeis switchedon anddoesnot depend
uponoperationtime. In methane-airmixtureweobservedstrongemissionof secondpositive,first positiveandfirst
negativesystemsof molecularnitrogen,NO linesin UV rangeof spectrum,COandCH lines,H-atomlines.Fig.2b
givestypical integratedin timespectrumof nanosecondpulseddischarge.It shouldbementionedthatin discharge
in methaneduring quite a short time (aboutof an hour) brown depositcoversdischarge tubeandhigh-voltage
electrode,andUV-transmissionalsodecreasesconsiderably. This effect is negligible in methane-airmixture.

Electrondensitywasestimatedfrom thecurrentunderknown electricfield (Fig.3a).It is clearlyseenthatboth
specificpower andelectrondensityreachmaximumat thesamepressure(aboutof 7 Torr for our case).Reduced
electricfield sharplydecreaseswith pressure.Therearetwo reasonsfor that. First, reducedfield %X7TY decreases
dueto pressureincrease,sinceelectricfield % doesnot changemorethantwice in theconsideringpressurerange.
Second,thepoint of maximumenergy input movesfrom thefront, in thedirectionin which theelectricfield %>&),/.
is decreasing.

It is interestingto comparetime-resolvedemissionandelectriccurrentbehaviour (Fig.3b). They practically
coincidefor hydrogenanddiffer significantly for CH-radical. Hydrogenexcitation takesplaceat the phaseof
strongconductivity current,while CH radicalexcitesonly attheendof thisphase.Hydrogenradiativedepopulation
andquenchingarequitestrongand,so,emissionrepeatstheshapeof thecurrentpulse.CH radicalemissiondecay
is aboutof 250nsin ourconditions.

Emissionon the discharge phasegivesan informationaboutpopulationof different levels in the discharge
itself, while a long-termemissionrepresentschangesin thechemicalcompositionof mixturefrom pulseto pulse.
Typical emissionof differentexcitedmoleculesin methane-airmixtureis representedin Fig.4a.Hererepresented
curvesfor the first negative ( Z � H */[
\ � � M]R � H *-[�\ \ �^� ,  �_�
` � # a nm) andsecondpositive ( b G S */[
\ �� M ZcG S */[ \ \d�^` ,  ����a � #e` nm) systemsof molecularnitrogen,CH-line ( Q � �f*-[ \d� � MgR �hS */[ \ \d� �

,



Figure4: a)Typical behaviour of the emissionin a long-timescale. CH� -air mixture, 4.2 Torr, -11 kV, 40 Hz.
b)Emissiondecaytime for differentexcitedstates.CH� -air mixture,-11kV, 40Hz.

 �^��U � #i� nm) andAngstromsystemof CO ( Z 	 H *-[�\ � � M Q 	 S */[
\ \ � �
,  �_��V�Uj#iA nm). It is obvious

that thesecurvesare similar to eachother: on discharge initiation emissionbegins to grow. Eachsubsequent
nanosecondpulseleadsto further growth of the emission. In the 2-3 seconds(that is after � �����

pulses)the
valueof k5&),/. passesthrougha maximum,thencurve slow reachesits stationaryvalue. The time taken to reach
stationarylevel is aboutof 30 s (or 1200pulses),andit changessignificantlywith pressure.For example,Fig.4b
demonstratestime of exponentialdecayof emissionbetweenmaximumandstationaryvaluefor differentexcited
levels,includingfirst positivesystemof molecularnitrogen( ZXG S */[ \l�nm M QdGIH *-[ \ \o�pU ,  �qm�m��j# U nm).

Thus,methanedecompositionin nanoseconddischargehasbeeninvestigatedfor methaneandmethane-airsto-
chiomethricmixturesin apressurerange1-20Torr. Obtaineddataareusefulbothfor verificationof numericalcode
developedfor themodelingof ignition by nanoseconddischargeandfor understandingof themainperculiarities
of nanosecondhigh-voltagebreakdown in combustiblemixtures.
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