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Abstract

Investigatiorof the comhustiblemixtureignition by nanosecontligh-wltagevolumedischagerequireshedetail
knowledge of kinetic processesn the dischage itself andits afteglow. Main electrodynamiacharacteristics,
suchasvelocity of dischage propagatiorandenegy consumptionvere measuredn methaneand methane-air
stochiomethriamixturein a pressurgangel-20 Torr undertheactionof 11 kV, 5 nsrisetime and25 nsduration
high voltage pulsesof negative polarity with a repetitve frequeng of 40 Hz. Simultaneousontrol of time-
resohed (bothin nanosecondndtenth-secondime scale)behaiour of emissionof differentexcited components
in the wavelengthrangeof 190-800nm givesdatasetfor detailanalysisof the chemicalkineticsin dischageand
its aftemglow in methane-aimixtures.

1 Introduction

The problemof fastandhomogeneouggnition of comhustiblemixtureis extremelypressing1] — [3]. Thelaser
methodsof ignition have severedisadwantageselatedto the impossibility to provide the high uniformity of igni-
tion initiation in large gasvolumes. The sparkignition imposesessentiallyrestrictionson the systemgeometry
Ignition by arc injection make it possibleto operateonly in flow velocity rangewhich is comparableor lesser
thenthe velocity of the injectedplasmajet. The homogeneouggnition methodwhich is fastin comparisorwith
characteristi¢gimesof comhustionprocesseandgasdynamictimesmay be basedon the useof the nanosecond
high-woltagedischageasa sourceof active particles.

The pulsedelectricdischagein gasesat essentiallyhigh overwltagedevelopsin the form of so called“f ast
ionizationwave”(FIW) which propagatewvith avelocity of 10°—10'° cm/sfrom high-woltageelectrodeto thelow-
voltageone[4]. High electricfieldsin the FIW front andbehindit leadto the effective gasionization,dissociation
andexcitation,atthe sametime the gastranslationtemperatureoesnot essentiallychangelmportantadvantages
of FIW applicationin this casearethe spatialuniformity andshorttime of active particle generation(difference
betweerthe characteristitcime of particleformationin FIW andthe comlustionandgasdynamicprocessemes
is aboutthreeordersof magnitude).

Our previouscalculationg5] demonstratéherealpossibilityto diminishinductiontime dueto thenanosecond
dischage treatmentof comlustible mixtures. So, the first stepto study experimentallyignition of comhustible
mixturesby FIW is aninvestigationof hydrogen6] andmethanelestructiorin stochiometriamixtureswith air at
roomtemperature.

2 Experiment

The experimentalsetupis showvn in Fig.1a. The dischage cell consistsof quartztube 1 of length! = 200 mm
and diameterof 47 mm with conical high-wltageelectrode2 andringedlow-voltageelectrode3. Thereis an
opticalwindow 4 of Cak in thelow-voltageelectrode Theelectrodds shortedo agroundedshieldof the supply
cablewith the help of thick brassbuses.Pulsesof negative polarity of |U| ~ 11 kV amplitude,25 nsdurationat
half-heightand 2 nsrise time arefed with repetitionfrequeng of f = 40 Hz from pulsevoltagegeneratoi5 to
thehigh-woltageelectrodeof thedischagetube. Thedischagetubeis evacuatedhroughaholein thelow-voltage
electrodeandfilled with themixture understudyat the specifiedoressurePressurehangeduringthe dischageis
controlledwith a specialgauge.Experimentsvereperformedn methaneandmethane-aistochiometrianixture.
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Figurel: a) Experimentaketup:1 - dischagetube,2,3 - electrodes4 - opticalwindow, 5 - generator6 - current
shunt,7 - capacitancgauge 8 - monochromatqi9 - photomultiplier 10, 14 - oscillographs}1 - interfacecard,12
- computer 13 - power supply;b) Typical behaiour of currentpulseincidenton the dischagetube;currentpulse
andelectricfield in afixedcross-sectiorf@ cm from the high-voltageelectrode).CH,-air mixture, 7 Torr, -11 kV,
40Hz.

6 18
o o o a) 1 b)
g 5 164 4.2 Torr, CH4-air, 1/2Q
E L ® |pulse 14+
< ] o |l pulse o
2 4 5 121
o) ] o]
o 34 ]
E 2 84
3 | 2
T 2- & 64 3.9Torr,CH,
o e
=g 4
3 1- -
Q_ 2_
(2] ] o |
0 T T T T T T T T T 0 T T T T T T T T T T T T -
0 5 10 15 20 200 250 300 350 400 450 500

Pressure, Torr Wavelength, nm

Figure2: Maximum specificelectric power vs pressureat a cross-sectior® cm separatedrom the high-voltage
electrode CH,-air mixture,7 Torr, -11kV, 40Hz. b) Typical emissionspectrunof pulsednanoseconireakdavn
in methang-11kV) andmethane-aimixture(-11 kV).

Theelectricparameterecordingsystemconsistf calibratedcurrentshunté andcapacitanceensoi7 which
canmove alongthe dischagetube. They allow to measureabsolutevaluesof currentandvoltagewith temporal
resolutionno worsethat 1ns. Electric sensorsvereusedto measuraghe shapeandamplitudeof the high-wvoltage
pulse,breakdavn front propagationvelocity, current,enegy contribution into the gas. The dischage emission
wasobsenedin themodeof signalaccumulatiorwith the useof monochromatoMDR-23 8 (1.2nm/mm,1.2m,
1200lines/mm,AX = 2.4 A), photomultiplier FEU-1009, RC-filter and digital oscillographS9-8 10, mated
throughinterfacecard11 to a computerl2. Thetime constanof theintegratingcircuit was0.25s andprovided
for operationswith low noiselevel. To registerdischage emissionwith nanosecontemporalresolutionwe used
high-currenphotomultiplierl4ELY-F7SandoscillographTektronix TDS-38014.

3 Reaults

Typical shapeof the electric pulseis representedn Fig.1btogetherwith longitudinal electricfield in the tube
crosssectionat a distanceof 10 cm from the electrodeand a currentthroughthis cross-section.Electric field
was determinedas E(z,t) ~ —0p(z,t)/0x, wherepotentialin the cross-sectiornp(z,t) was measuredyy a
capacitancgaugewith a 3.5 cm stepalongthe dischagetube. It is seenthat, in accordancevith our previous
investigationg7], the electricfield hasa sharpandnarrav (a few ns)maximum.Secondarynaximum,4 nslater,
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Figure3: a)Reduceelectricfield E andelectrondensityn, atadistanceof 9 cmfrom the high-woltageelectrode.
Time momentat fixed pressurecorrespondso the maximumspecificelectricpower input. CHy4:air=9.5%:90.5%
mixture, -11 kV, 40 Hz; b)Typical behaiour of hydrogenand CH radical emissionin nanosecondime scale.
Methanejnitial pressures 4.3 Torr, -11kV, 40Hz.

which s clearly seenfrom thefigure, is dueto initiation of a backwave from the low-voltageelectrode.Current
increasaipto 200A correspondso theoverlapof thedischagegap.

In regimerepresenteth thefigure,maximumspecificelectricpowerw = jE, wherej(z, t) isacurrentdensity
in thecross-sectioandE(z, t) is anappropriateelectricfield is consumedn gasfar behindtheelectricfield front.
It is sofor the pressurgange5-20 Torr, while at low pressureg< 5 Torr) maximumpower input corresponds
to very high electricfield in the front. Pressurelependencef maximumspecificelectric power is represented
in Fig.2afor thefirst pulseincidenton the dischage gapandfor the secondone, reflectedfrom the high voltage
generatar The curve hasa well-definedmaximum,the shapeof w(P) curwve is closeto the velocity dependence
uponpressurewhich is in good correlationwith previous results. It is seenthat for our conditionsthe specific
electricpower in the secondpulseis 3-5 timeslower practicallywithin all the pressureange.

Dischage emissionin methands characterizedy a presenceof molecuIarhydrogencontinuum(a3§];,Ir —
b3} transition)and CH radical line (A?A — X?II). We registeredalso violet systemof CN (2 —? %,
A = 388.3 nm) and 3rd positive systemof CO (in the wavelengthrange280— 330 nm), which, possible were
causedy atraceamountof air in the dischagecell. Neverthelesso nitrogensystemsmissionwasfoundin the
spectrumln the UV rangethe spectrunmdemonstratetvo well-defineddepressionsThefirst one,at A = 250 nm
is explainedby an absorptionof ozone,which createsin the air dueto UV radiationfrom the dischage. The
secondoneis situatedat A = 205 nm. It arisesimmediatelyafter dischageis switchedon anddoesnot depend
uponoperatiortime. In methane-aimixturewe obsenedstrongemissiorof secondositive, first positive andfirst
negative system®f moleculamitrogen,NO linesin UV rangeof spectrumCO andCH lines,H-atomlines. Fig.2b
givestypical integratedin time spectrunof nanosecongulseddischage. It shouldbe mentionedhatin dischage
in methaneduring quite a shorttime (aboutof an hour) brown depositcoversdischage tube and high-woltage
electrodeandUV-transmissioralsodecreasesonsiderably This effectis negligible in methane-aimixture.

Electrondensitywasestimatedrom the currentunderknown electricfield (Fig.3a).lt is clearlyseenthatboth
specificpower andelectrondensityreachmaximumat the samepressurgaboutof 7 Torr for our case).Reduced
electricfield sharplydecreasewith pressure Therearetwo reasondor that. First, reducedield E/N decreases
dueto pressurencreasesinceelectricfield £ doesnot changemorethantwice in the consideringpressuregange.
Secondthe point of maximumenenpy input movesfrom thefront, in the directionin which theelectricfield E(t)
is decreasing.

It is interestingto comparetime-resoled emissionand electric currentbehaiour (Fig.3b). They practically
coincidefor hydrogenand differ significantly for CH-radical. Hydrogenexcitation takes place at the phaseof
strongconductvity currentwhile CH radicalexcitesonly attheendof thisphase Hydrogerradiative depopulation
andquenchingarequite strongand,so,emissiorrepeatthe shapeof the currentpulse.CH radicalemissiordecay
is aboutof 250nsin our conditions.

Emissionon the dischage phasegives an information aboutpopulationof differentlevels in the dischage
itself, while along-termemissionrepresentshangesn the chemicalcompositionof mixture from pulseto pulse.
Typical emissionof differentexcited moleculesn methane-aimixtureis represente¢h Fig.4a.Hererepresented
curvesfor thefirst negative (B2X,v' = 0 — X2%,v" = 2, A = 470.9 nm) and secondpositive (C3II,v' =
1 — B3L,v" = 7, A = 491.7 nm) systemsof molecularnitrogen,CH-line (42A,v' = 0 — X2II,v" = 0,
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Figure4: a)Typical behaiour of the emissionin a long-time scale. CH,-air mixture, 4.2 Torr, -11 kV, 40 Hz.
b)Emissiondecaytime for differentexcited states. CH,-air mixture,-11kV, 40 Hz.

A = 431.2 nm) and Angstromsystemof CO (B'X,v' = 0 — A'Il,v"” = 1, A = 483.5 nm). It is obvious
that thesecurves are similar to eachother: on dischage initiation emissionbeginsto grow. Eachsubsequent
nanosecongulseleadsto further growth of the emission. In the 2-3 secondqthat is after ~ 100 pulses)the
valueof I(t) passeshrougha maximum,thencurve slow reachests stationaryvalue. The time takento reach
stationarylevel is aboutof 30 s (or 1200pulses)andit changesignificantlywith pressureFor example,Fig.4b
demonstrateime of exponentialdecayof emissionbetweermaximumandstationaryaluefor differentexcited
levels,includingfirst positive systemof moleculamitrogen(B3I1,v' = 6 — A3%, v"” = 3, A = 662.3 nm).

Thus,methanedecompositionn nanosecondischagehasbeeninvestigatedor methaneandmethane-aisto-
chiomethriamixturesin apressure@angel-20Torr. Obtaineddataareusefulbothfor verificationof numericalcode
developedfor the modelingof ignition by nanosecondischage andfor understandingf the main perculiarities
of nanosecontigh-voltagebreakdevn in comhustiblemixtures.

References

[1] T.Tachibana6th (Int.) Symposiumon Comhustion,Napoli, WIP Abstracts (1996)385
[2] M.Lavid, D.Zhou,Y.-C.Li, 26th(Int.) Symposiunmon Comhustion,Napoli, WIP Abstracts (1996)410

[3] H.Furutani,F.Liu, J.Hama,S.Takahashi,26th (Int.) Symposiumon Comhustion, Napoli, WIP Abstracts
(1996)394

[4] L.M.Vasilyak,S.V.Kostyuchenk, N.N.Kudryastsev, |.V.Filyugin, Physics— Uspekhi,37 (1994)247-268

[5] S.M.StarilovskaiaA.Yu.Starilovskii, Proc.of 14thint. Symp.onPlasmaChemistry(ISPC),Prague] | (1999)
839-842

[6] D.V.Zatsepin,S.M.Starilovskaia,A.Yu.Starilovskii, Proc.of 14thInt. Symp.on PlasmaChemistry(ISPC),
Prague]l (1999)927-932

[7]1 N.B.Anikin, S.M.Starilovskaia,A.Yu.Starilovskii, S.\.Pancheshwyi, J.Phys.D:Appl.Phys.,31 (1998) 826-
833



