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GAS DISCHARGES WITH HIGH SPECIFIC ENERGY RELEASE LIKE
IGNITERS OF CLOSED VOLUMES OR FLUXES OF COMBUSTIBLE
GASES

N.K.Berezhetskaya, S.1.Gritsinin, A.M.Davydov, S.Yu.Kazanstev, 1.G.Kononov, I.A.Kossyi, P.S.Kuleschov!,
N.A.Popov?, A.M.Starik*, N.M.Tarasova, K.N.Firsov
A.M.Prokhorov General Physics Institute of RAS, Moscow, Russia
1HeHTpaHBHBIﬁ WuctutyT ABHannornnoro Moropoctpoenus uM. bapanora, Mocksa
2I/IHCTHTyT SAnepuoit ®uzuxu um. J1.B.Cxobenbitbiaa, MI'Y, MockBa
E-mail: kossyi@fpl.gpi.ru

The main goal of work is investigation of gaseous mixtures ignition caused by the
electric discharges distinctive in that they have high specific energy release in a discharge
volume, are sources of intense UV radiation introducing into the surrounding gas medium and
have specific geometry of plasma which excites combustion.

Special setups were brought into operation in the General Physics Institute and cycle
of experiments has been performed on the ignition of combustion in CH4:O, and H;:0,
mixtures with the following electric discharges served the function of igniters:

- gliding high-current surface DC discharge along the multielectrode discharger (Fig.1);
- microwave discharge excited by powerful microwave beam on the metal-dielectric target
(Fig. 2);

Fig.1. Scheme of reactor with combustible gas mixture ignition through the DC discharge. 1-multielectrode
discharger; 2-chamber of reactor; 3,10- streak camera; 4-nitrogen laser; 5-telescope; 6-lens; 7-diaphragm; 8-
filter UFS-6; 9-camera; spectrographs; 12-photomultiplier; 13-piezo-sensor.

Fig. 2. Scheme of reactor with combustible gas mixture ignition through the microwave discharge. 1-magnetron;
2-attenuator; 3-circulator; 4-horn-lens antenna; 5-vacuum chamber; 6-photomultiplier; 7-spectrograph; 8-
streak camera; 9-quartz cell; 10-metal-dielectric target; 11-microwave discharge and 12-microwave beam

- laser spark on the surface of metallic target (Fig. 3);

- freely localized in space laser spark (Fig. 4);

- microwave torch ;

- microwave ark .

Such a phenomena attendant on ignition through these dischargers have been observed

and described:

- abnormally long-lived plasmoids coming into being in the discharge volume and living in
gas medium up to beginning of volumetric “explosive” combustion in reactor and

- excitation of “incomplete-combustion” wave preceding the “explosive” volumetric
combustion;
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- possibility to ignite kerosene/air flux under conditions when standard spark plug does not
work as an igniter.

Fig. 3. Scheme of reactor with combustible gas mixture ignition through the laser spark excited on the surface of
metallic target. 1,2-photomultipliers; 3-nitrogen laser; 4-lens; 5-reactor chamber; 6-metallic target; 7-streak
camera; 8-spark

Fig. 4. Scheme of experiment on combustion ignition through the freely localized laser spark. 1,2-
photomultipliers; 3,4-spectrographs; 5-chamber of reactor (quartz); 7-streak camera; 8-spark; 9-chemical laser

The elucidation of “long-lived” plasmoids and “incomplete-combustion” wave nature
is one of main objectives of presented paper.

I'A3OBBIE PA3PAbBI C BBICOKUM Y JIEJIBHBIM
HEPI'OBBIAEJIEHUEM KAK THUIITUATOPBI BOCIINTAMEHEHMUSA
MNOTOKOB I'A3A WU 3AMKHYTBIX TA30BbIX OB bEMOB.

H K bepexceykasn, C.H.Ipuyunun, A.M /lasvioos, C.JO.Kazanues, U.I' . Kononoe, U.A.Koccwii,
H.C.Kyﬂemoel, H.A.Honoez, A.M.Cmapukl, H.M.Tapacosa, K.H.@upcos
Wucruryr OOweit ®usuku um. A.M.IIpoxoposa PAH, Mocksa
"lenrpansuprii MucTuTyT ABHarmonHoro Motopoctpoenns uM. Bapasosa, Mocksa
2I/IHCTI/ITyT Snepnoit ®uzuku um. J[.B.Crobenbupaa, MI'Y, Mocksa

Conepxanue pabOTBHI 3aKJIIOYACTCS B HCCICIOBAHUM BOCIUIAMEHEHHUS] Ta30BbIX
cMecell, HWHHIMHPYEMOTO O3JCKTPHYCCKUMH  paspsaaMd, OTIHYAIOIIAMKCSA  BBICOKHM
yIEIbHBIM  JHEPrOBBIICIICHUEM, H3JIyuYeHHEM WHTCHCHMBHOTO Y® ©  0COOCHHOCTSIMHU
CTPYKTYPBI i TEOMETPHH ILIa3Mbl HHUI[HATOPA.

Jlnst pemiennsi mocTaBiIeHHBIX B padore 3amad B MuctuTyTe OOmelr dusukun PAH
NPOBEAEH MUK SKCIIEPUMEHTOB I10 BOCIUIAMCHEHHIO METaH-KHUCIOPOIHBIX W BOJOPO-
KHCJIOPOJIHBIX CMECEH C MOMOIIBIO CIIEYIOIINX ICKTPOPA3PAIHBIX HHUIIUATOPOB:

- CHJIBHOTOYHOTO CKOJIB3SIIETO BJIOJb MHOTO3JEKTPOMAHOW MeETall-AUICKTPUUECKON
cucremsl paspsaa (Puc. 1);

- MHKPOBOJIHOBOT'O pa3psijia, BO30YKIaeMOT0 MOITHBIM MUKPOBOJIHOBBIM IIyYKOM Ha METasll-
JIURJICKTpUUecKoit moBepxuoctu (Puc. 2);

- JJa3epHOM UCKPBI HA TIOBEPXHOCTH MeTaJutnueckor muteHu (Puc. 3);

- cBOOO/IHO JIOKAJIM30BaHHOW B IIPOCTPAHCTBE JlazepHOoit uckpsl (Puc. 4);

- MUKPOBOJIHOBOTO (hakena,

- MUKPOBOJIHOBOM JTyTH.

HaGmroieHbl ¥ ONMHCaHBl CIEAYIOIINAE MPHUCYIIHE TEPEUNCICHHBIM HHHIIHATOpAM
SIBJICHUSL:

- MOSIBJICHHE aHOMAJILHO JOJITOXKHUBYIIUX ILIA3MOUIOB, BHEIPSIONIMXCS B TA30BYIO Cpeay U
KHBYIIUX BIUIOTH 10 00BEMHOTO «B3PBIBHOT0» BOCIIAMEHEHHUS PEaKTOPa,;
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- BO30YXXIEHHWE BOJHBI «HEMOJHOTO CrOPaHWs», MPEAMICCTBYIOMEH 00BEMHOMY
«B3pBIBHOMY>» BOCIUIAMEHEHHIO;
- BOCIJIJAaMEHEHHE KEPOCHH-BO3YIIHOTO TOTOKA B YCIIOBUSX, KOT/Ia CTaHJAApTHAs MUCKPOBas
cBeYa He paboTaeT B KaUueCTBE MHUIIMATOPA BO3TOPAHHUS.

BrisicHenue mnpupoabl HaOMIOJAaEMBIX SIBIEHWHW — OCHOBHAs 3ajJada HaCTOSIIEH
paboThI.

IGNITION OF PROPANE-AIR MIXTURES BY RF SPARK
DISCHARGE

F. Auzas *, M. Makarov ', G. Naidis *
'Renault S.A.S, 1 avenue du Golf, 78288 Guyancourt, France
2 Joint Institute for High Temperatures RAS, 125412 Moscow, Russia, gnaidis@mail.ru

Results of numerical simulation of propane-air mixture ignition by one-electrode
pulsed RF spark discharges are presented. The threshold conditions required for ignition are
evaluated. It is shown that depending on discharge conditions and mixture composition, either
spherical or cylindrical flame kernel is formed. The simulation results fit well the
experimentally observed patterns.

1. A. Agneray et al. 28th ICPIG, July 15-20, 2007, Prague (Czech Republic), paper 3P10-01.
2. A. Agneray et al. 35th IEEE ICOPS, June 15-19, 2008, Karlsruhe (Germany), paper IP76.
3. M.S. Benilov and G.V. Naidis, IEEE Trans. Plasma Sci. 31, 488 (2003).

BOCIJIAMEHEHUE ITPOITAHO-BO31YIIHbIX CMECEM
BBICOKOYACTOTHBIM NCKPOBBIM PA3PAIOM

@. O3zac 1, M. Makapoel, I'. Haiiouc®
"Texnorentp Pero, lnankyp 78288, dpanmus
2006beIMHeH B HHCTHTYT BHICOKHX Temmepatyp PAH, Mocksa 125412, Poccus

B pabGote mpexncraBieHbl pe3yabTaTbl MOJEIUPOBAHMS 3aKUTAHMSI IPOIAHO-
BO3JYIIHBIX CMECEH OJHODJCKTPOAHBIM BBICOKOYACTOTHBIM HMITYJIBCHBIM  Pa3psiioM.
CrpykTypa pazpsiaa npeacTaBisieT co00M WHAUBUIYAIbHBIA TOHKUH MJIA3MEHHBIN KaHAJl WIH
HECKOJIBKO OJHOBpeMEHHO (opMupyronuxcst kananos [1,2]. Mogenb paspsiia, aHaIOrHIHAs
paspaboranHoii B [3], TO3BOJSET OICHUTH paclpeaeieHUe JIMHEHHONH MOITHOCTH
sHeproBouifeneHnss Q BAOMb OCH Z OTAENBHOTO paspsAHOro kKaHama. J[MHaMmuka mpoiecca
3a)KUTaHUsI TOPIOYEN CMECU ONMUCBIBAETCS MYTEM YHCIEHHOIO PEIIEHUS] CUCTEMbl ypaBHEHUN
ra3oBoil JMHAMUKM W XUMHYECKOW KUHETHKH, B NpuOmmkeHun 3hdeKTUBHON
OJTHOCTaMHHOM pEeaKIMU OKUCIIEHUS ITPOIaHAa.

[TokazaHo, 4TO BOCIIJIAMEHEHHE B OKPECTHOCTH TOYKHU Zo HA OCH KaHaja MPOHCXOAUT
TOJIBKO B Clly4ae, Korja BenuunHa Q(Zo) mMpeBOCXoaAUT HEKOTOpoe moporoBoe 3HaueHue Qign,
3aBHUCSINEe OT BHEUIHMX YCJIOBUW - MaBJICHHS, [UIMTENBHOCTH paspsaa, Koddduimenrta
n30bITKa BO3ayxa. [lockombky Q MOHOTOHHO yOBIBAaeT MO MEpe yHaJCHHsI OT JJIEKTPOJa,
BOCIJIAMEHEHUE TPOUCXOAUT B TMEPBYIO Ouepeab BOMM3U 3ekTpoaa. B 3aBucumoctu OT
BHEIIIHUX YCJIOBHH BO3MOKHBI pa3jMuHble PEKUMBI BocruiameHenus. Eciu ycmosue Q(z) >
Qign BBITMOJIHAECTCSA TOJIBKO BOJIM3U JJEKTPOJAA, TO 3a)KUTAHUE JOKAIN30BAHO B HEOOJIBIIOM
o0beMe U pacrpoCTpaHEHHE IIAMEHU MPOMCXOIUT Kak OoT cheprueckoro nuctoynuka. Ecnm
K€ BOCIUIAMEHEHHE TPOUCXOAMT BIOJIb MOYTH BCETO KaHaja, TO XapaKTep pactupoCTpaHeHUs
IJJaMEHM Ha  HAyajJbHOM  CTagWM  COOTBETCTBYET  IIWIMHAPUYECKOMY  HMCTOYHHUKY
BOCITIJIAMEHEHUS, C TIOCTEAYIONUM MEPEKPBITHEM 00JIacTell TOPEHHsI, paCIPOCTPAHIIOMIUXCS
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OT WHIMBHAYaJIbHBIX KaHAIOB. IloMydeHHass MMPU MOJCIMPOBAHUM KapTWHA (OPMHPOBAHHUS
o4yaroB BOCINITAaMCHCHUA W pacCIIpPOCTPAHCHUSA IIJIAMCHU  OTBCYACT Ha6J’IIOI[aeM0ﬁ B
skcniepumenre [2].

IGNITION OF GASEOUS AND LIQUID HYDROCARBON FUEL
UNDER CONDITIONS OF HIGH-SPEED AIR STREAMS WITH HELP
OF A SURFACE MICROWAVE DISCHARGE

V.M.Shibkov, L.V.Shibkova, A.A.Karachev, R.S.Konstantinovskij
Faculty of Physics, Moscow State University, Moscow, Russian, shibkov@phys.msu.ru

The study of the ignition and combustion of hydrogen-containing mixtures under low-
temperature plasma conditions is of importance from various standpoints: it is necessary to
carry out both fundamental research in the mechanism and Kkinetics of atom-molecule
reactions in a strong electric field and an analysis of a variety of applied problems, including
the optimization of plasma chemical processes. One practical problem is to develop the
physical principles of the scramjet. In order to diminish the engine length, it is necessary to
ensure a rapid space ignition of the high-velocity hydrocarbon flow. To do this, it is necessary
to minimize the induction period.

It is known, that ignition of combustible gaseous mixtures can be realize or due to
heating of gas to high temperature (thermal autoignition), or because of additional creation of
radicals and active particles under condition of gas discharge plasma. Finding-out of the
mechanisms responsible for ignition at the presence of non-equilibrium low-temperature
plasma of the gas discharge at high values of the reduced electric field, is one of the principal
goals of the investigations.

The mechanism of the gas-phase oxidation of various combustible gases, including
hydrocarbons and hydrogen, has been thoroughly studied, with the emphasis on their ignition
mechanism. The great majority of publications in this field have dealt with factors
determining the induction period preceding the ignition event. In recent decades, there has
also been much literature discussing the possibility of effectively controlling combustion
processes by various physical means [1-3]. In a number of works, it is suggested to initiate
ion-molecule and ion-atom reactions using low-temperature gas-discharge plasma.

However, the ignition Kkinetics under low-temperature gas-discharge plasma
conditions, which are established at large values of the reduced electric field, is not
completely understood even for the rather simple model hydrogen-oxygen system. Therefore,
for a deeper insight in the physicochemical processes occurring at initiation of the ignition of
gaseous and liquid hydrocarbon fuel with help of the low-temperature plasma, both
experimental study and theoretical investigation of the effect of a gas discharge on the
ignition event should be fulfilled.

The results of researches of low-temperature non-equilibrium microwave plasmas in
still air and in supersonic streams of the air and hydrocarbon-air fuel which have been
fulfilled at Physical Faculty of the Moscow State University within last several years are
submitted in the paper [4-17].

Experiments were carried out on the installation consisting of a vacuum chamber, a
receiver of a high pressure of air, a receiver of a high pressure of propane, a system for
mixing propane with air, a system for producing a supersonic gas flow, magnetron generator,
system for delivering microwave power to the chamber, cylindrical and rectangular
aerodynamic channels, sources of high-voltage pulses, a synchronization unit, and a
diagnostic system. The basic component of the experimental setup is an evacuated metal
cylindrical chamber, which serves simultaneously for supersonic flow creation, and as a tank
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for the expiration of gases or combustion products. The inner diameter of the vacuum
chamber is 1 m, and its length is 3 m.

A high-speed flow was produced by filling the vacuum chamber with air through a
specially profiled Laval nozzle mounted on the outlet tube of the electromechanical valve and
designed for Mach number of M < 2. The microwave source is a pulsed magnetron generator
operating in the centimeter wavelength range. The parameters of the magnetron generator are
as follows: the wavelength is 4 =2.4 cm, the pulsed microwave power is W, < 100 kW, the
pulse duration is 7=1-200 us, and the period-to-pulse duration ratio is Q =1000. The
vaguum system of the chamber allows us to vary the pressure over a wide range from 10° to
10° Torr.

The microwave discharge created on an external surface of the quartz antenna at high
pressures of air when frequency of collisions of electrons with molecules is much greater of
circular frequency of an electromagnetic field is investigated. In these conditions a surface
microwave discharge consists of system of thin plasma channels with the transversal sizes
0,1-0,2 mm. Dynamics of development of a surface microwave discharge is investigated, thus
dependences of the longitudinal size of the discharge, and also longitudinal speed of its
propagation on microwave power and pulse duration are measured. It is shown, that in an
initial stage of discharge formation the longitudinal speed of its propagation reaches 2-
30 km/s and at high air pressures of p>30 Torr the wave of breakdown is the main
mechanism providing distributions of the discharge.

Gas dynamical perturbations arising in a vicinity of the dielectric antenna on which the
surface microwave discharge is created at high air pressures are investigated. The time course
of gas temperature is determined at various values of microwave power. It is shown, that at
atmospheric air pressure at a stage of the discharge formation the gas is heated up with a rate
of 30-70 K/us. Electron density in plasma channels at atmospheric pressure does not exceed
10 cm™. Evolution of the shock waves arising under conditions of a surface microwave
discharge at various pressure of surrounding gas, microwave power and pulse duration is
investigated. It is shown, that near to the antenna speed of a shock wave propagation reaches
of 1 km/s.

Fast plasma-stimulated ignition of thin films of liquid hydrocarbons is realized under
conditions of a surface microwave discharge in motionless air. It is shown that the induction
period changes from 5 up to 100 us depending on a microwave power. Ignition occurs on the
antenna in the field of existence of a surface microwave discharge at the gas temperature
which is not exceeding of 1000 K. Propagation velocity of forward border of intensive
combustion area can reach of 300 m/s.

Influence of non-equilibrium plasma of a surface microwave discharge on processes of
ignition of a supersonic propane-air stream with Mach number A=2 is considered. Alcohol,
gasoline and kerosene ignition under conditions of subsonic and supersonic air streams is
investigated too.

The work was partially supported by the Russian Foundation of Basic Research (grant
#08-02-01251), Russian Academy of Science (P-09 program) and CRDF Project # RUP-
1514-MO-06.
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BOCIINIAMEHEHMUE I'A300BPA3HOI'O 1 KUJIKOI'O
YIVIEBOJOPOJHOI'O I'OPIOYEI'O B YCJIOBHUAX
BBICOKOCKOPOCTHBIX BO3AYHIHBIX ITOTOKOB C IIOMOIIbIO
ITOBEPXHOCTHOI'O CBY PA3PA A

B.M.Illuébkos, J1.B.Illuokosa, A.A.Kapaues, P.C.Koncmanmunosckuii
Ousnueckuii pakynprer MI'Y umenun M.B.JIomonocoBa, Mocksa, Poccus,

N3ydenue nporecca BOCINIAMEHEHUSI U TOPEHUs! YTTIEBOJJOPOTHBIX CMECEH B yCIOBUIX
HU3KOTEMITEPAaTypHOH TUIa3Mbl BaKHO KaK C TOYKH 3peHUS (yHIaMEHTAIBHBIX MCCIIeIOBAHUN
MEXaHU3MOB M KHHETMKH aTOMHO-MOJIEKYJISIDHBIX HPEBpALCHUHA MpH HAJIWYUU CUIIBHBIX
NEKTPUYECKUX TMOJIEH, TaK U C TOYKU 3PEHHS] ONTUMHU3ALUH [JITA3MOXUMHUYECKUX TPOLIECCOB
U psiJla MPUKIAAHBIX acnekToB. OJHOM U3 TakUX MpoOJeM sSBiseTcs pa3paboTka (pu3nyeckux
MPUHLIMIIOB TUIIEP3BYKOBOTO MPSMOTOYHOIrO JABHrartens. Jljis yMEHbLIEHUS MPOJOJILHOTO
pasMepa  MPSIMOTOYHOTO  TUIEP3BYKOBOIO  JBMUrareiass HeoOXOAMMO B  YCJIOBHUSAX
BBICOKOCKOPDOCTHBIX ~ IIOTOKOB ~ oOecrneuuTh  ObICTpo€  OOBEMHOE  BOCIUIAMEHEHHE
yIJIE€BOAOPOAHOTO TOIUIMBA. /[l 3TOro HEOOXOAMMO MAaKCHUMAaJbHO COKPAaTUTh BpeMs
MHUIMUPOBAHUS BOCIUIAMEHEHUSI.

M3BecTHO, YTO BOCIUIAMEHEHHME TOPIOYMX Ta3000pa3HbIX cMecedl MOXKeT ObITh
peann30BaHO WM M3-3a HarpeBa rasa JI0 BHICOKOH TeMmIepaTypsl (CaMOBOCIUIaMEHEHHE), HITH
13-3a2 HETEIIOBOM HapaOOTKU paJMKaloB M AKTUBHBIX YaCTHUL], OCYILECTBIIIEMON BHELIHUM
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HMCTOYHMKOM »JHepruu. HaxoxaeHune MeXaHW3MOB, OTBETCTBEHHBIX 3a BOCIUIAMEHEHHUE
ra3oo0pa3HOro TOIJIMBA B NPUCYTCTBUM HEPABHOBECHOW ILIa3Mbl pa3psla NPU BBICOKUX
3HAYEHUSX MMPUBEACHHOTO 3JIEKTPUUECKOTO IOJIS SBISETCS OJJHOM U3 INIaBHBIX LieJei paboThlI.

MexaHU3M OKHCJICHHUS YTJIEBOJIOPONOB B Tra3oBOM (paze K HACTOSIIEMY BpPEMEHHU
JOCTaTOYHO  Xopomio pa3pabotan. OCHOBHOE BHUMAaHHUE yJIeseTCsl MeXaHU3MaM
BOCIUIAMEHEHUS PA3IMYHBIX Ta3000pa3HbIX Toprouux. Ilpm 3TOM B mMOAaBisioOUIeM YHUCIE
paboT paccMaTpUBAIUCh MEXaHU3MBbI, OINpEACNAIONME BpeMs HWHAYKIUU CMECH IIpH
camoBocIUlaMeHEHMH. (OJHAKO B HAy4yHOW JIUTEpaType YXKE B TEUEHUE HECKOJIBKUX
NECATUIICTUN O00CYyXXK/1aeTcss BOMPOC O TIOMCKE BO3MOXHBIX CIOCO00B 3 (HEKTUBHOTO
yIPaBICHUS MPOIECCAMK TOPEHHS C MMOMOIIBIO Pa3InYHbIX (pusnveckux BosmeicTeuit [1-3].
B psane paboT npeniokeHo MHULIIMUPOBATh HOH-MOJIEKYJISIPHbIE M HOH-aTOMapHbIE PEaKlIU C
MIOMOIIbI0 HU3KOTEMIIEPATYPHOM ra30pa3psIHON Ia3Mbl.

OpHaKo K HacCTOSILIEMY BPEMEHUM KMHETHMKA BOCIUIAMEHEHHUS Ja’Ke TaKOM I0CTaTOYHO
MIPOCTOM MOJENIBHON BOJOPOJ-KHCIOPOJHONM CMECH B YCJIOBHUSX HHM3KOTEMIIEpaTypHOU
IUIa3Mbl Ta30BOrO pa3psiia, CYLIECTBYIOIIEW IPHU BBICOKMX 3HAYEHUSX MPHUBEACHHOIO
ANEKTPUYECKOT0 TOJsI, OCTaeTcs He 10 KoHua sicHoil. I[loaromy mmst Gonee rimyOokoro
MOHUMaHMUs  (U3UKO-XUMHUYECKUX TIPOLECCOB, TMPOTEKAIOUINX MPH HHUIUAPOBAHUH
BOCIJIAMEHEHUSI Ta3000pa3HOr0 TOPIOYEr0 C TMOMOINBI0 HU3KOTEMIIEPATypPHON IJIa3MbI
HEOOXOJUMO Hapsily ¢ MaTeMaTUYECKUM MOJIEIMPOBAHUEM MPOBOIUTH 3KCIEPUMEHTAIbHbIE
MCCJIEI0BAHUS BIUSHUS Fa30BOT0 pa3psija Ha MHULUUPOBAHUE TOPEHMUS.

B nmamHO#l paboTe KpaTKO paccMaTpUBAIOTCS  PE3yJbTaThl  MCCIICAOBAHHIA,
BBIMIOJIHEHHBIX 3a TocleqHee BpeMsi Ha (QusuueckoM (¢akyiaprere MIY  umenu
M.B.JIomoHOCOBA, ¥ MOCBAIIEHHBIX H3YYCHHUIO HU3KOTeMIIepaTypHoil tuiazmbl CBY pa3psimos
B HEMOJBMKHOM BO3/IyXE U B CBEPX3BYKOBOM IIOTOKE BO3/lyXa U BO3yIIHO-YTIE€BOAOPOIHBIX
cmeceii [4-17].

DKCcrepuMEHTallbHas YCTAaHOBKA BKIIOYAaeT B ce0s BaKyyMHYIO Kamepy, pecuBep
BBICOKOI'O JaBJIEHMSI BO3/yXa, PECHBEP BBICOKOTO JABJICHHUS IpONaHa, CUCTEMY JUIS
CMELIEHUsT NpOoMaHa C BO3AYyXOM, CHUCTEMY [IJsi CO3JaHUSl CBEPX3BYKOBOI'O IOTOKA,
MarHeTpoHHbII TeHeparop, cuctemy Ui BBoga CBY sHeprum B kamepy, MpsIMOYTOJIbHBIN
a’pOJMHAMUYECKHUI KaHaJl, BBICOKOBOJIBTHBIM MCTOYHUK MUTAHUSA, CUCTEMY CUHXPOHHU3ALUU
U JIMarHOCTUYECKylo anmnaparypy. OCHOBOH 53KCHEpUMEHTAJIbHON YCTaHOBKH SIBJISIETCS
OTKaurMBaeMas MeTaJUIMuecKas IMIMHApUYecKas Oapokamepa, KOTopas OJHOBPEMEHHO
CIy’)KUT Kak Juig oOecriedeHrss HeOOXOIMMOro JIABJICHUS MPH ucciieaoBaHnu cBoiicts CBY
pa3psiI0B B HEMIOABUKHOM Tra3e, TAK U JAJIA CO3/IaHUsI CBEPX3BYKOBOT'O MTOTOKA, a TAKXKE B POJIU
pe3epByapa Juisl BBIXJIOMHBIX ra30B U MPOAYKTOB ropeHusl. BHyTpeHHUl quamMeTp BaKyyMHOM
KaMmepsl paBeH 1 M, ee yIHA paBHA 3 M.

CBepx3ByKOBOW IOTOK CO37a€TCsl MPH 3aNOJHEHWH OapoKaMmephl BO3IYXOM depes
crenuanbHo npodunrpoBaHHoe comto JlaBans, paccuntanHoe As yucia Maxa motoka M=2.
HUcrounukom CBY  wu3nyuyeHUs CIOYKUT HMITYJIbCHBIM ~ MarHeTpOHHBIM  TreHepaTop
CAaHTUMETPOBOr0 JAMana3oHa JJIUH BOJH. MarHeTpoHHBIM Te€HEepaTOp HMEET CIEAYIOIIHe
XapaKTePUCTHKU. JUITMHA BONHBI A=2.4 cM; wmmmynbcHas CBY mommocts W<200 kBr;
IIMTENbHOCTh uMityJibea 7=1-200 mkc; ckBakaocTh Q=1000. BangyMHaﬂ cucTeMa II03BOJISIET
MPOBOJAUTH HKCIIEPUMEHTHI B IMarna3oHe AaBieHuil Bo3ayxa oT 10™ mo 10° Top.

HccnenoBan co3naBaeMblii Ha BHEIIHEW MOBEPXHOCTU KBapueBoi aHTeHHbl CBY
pa3psil MpU BBICOKMX JaBICHUSAX BO3/yXa, KOI/Ia 4acTOTa CTOJKHOBEHHM 3JEKTPOHOB C
MOJIEKYJIaMH MHOTO OO0JIbllIe KPYTOBOM YacCTOTHI JIEKTPOMATHUTHOTO MOJIsl. B 3THX yciaoBusx
noBepxHOCTHbI CBY pa3psig COCTOUT M3 CHUCTEMbl TOHKHMX IJIA3MEHHBIX KaHAJIOB C
norepeuHsiMu pazmepamu 0,1-0,2 mm. M3yuena quaamuka pazButusi moBepxHoctHoro CBY
paspsna, mpyU 3TOM HU3MEPEHBl 3aBUCHUMOCTH NPOJOJIBHOIO pa3Mepa paspsana, a Takke
MPOJOJBHOM CKOPOCTHM €r0 pacnpOCTPaHEHUs OT MOABOJAUMOM CBEPXBBICOKOYACTOTHOM
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MOIIIHOCTH © JJIATENBbHOCTH BoO3xeWcTBus. Iloka3aHO, 4YTO B HAYaJdbHOW CTaguu
(dbopMuUpoBaHUs pa3psijia MPOI0JIbHAsE CKOPOCTh €ro pacnpoctpanenus gocturaet 2 — 30 km/c
U NIpU BBICOKUX AaBiieHHsIX Bo3xyxa P > 30 Top OCHOBHBIM MEXaHHM3MOM, 00€CIEeUnBAIOIINM
pacnpocTpaHeHHs pa3psaaa, SABISETCs BOJIHA TPOOOSI.

HccnenoBanbl ra3oJMHaMHYECKHE BO3MYILEHHUS, BO3HMKAIOIIME B OKPECTHOCTH
JUBJIEKTPUYECKON aHTEHHBI, Ha BHEIIHEN MMOBEPXHOCTU KOoTOpo# co3naerca CBY paspsn npu
BBICOKUX JaBJIEHUSAX Bo3ayXa. [loslydueH BpeMEeHHOH X0J TeMnepaTypsl raza npu pa3iuyHbIX
3HAYEHUAX IOJIBOJAUMOM MOITHOCTH U MOKA3aHO, YTO B CTaauM (hOpMUpPOBAHUS pa3psaia MpH
aTMocepHOM JaBJIEHHH BO3ayXa Ta3 HarpeBaetcs co ckopocthio  30-70 K/mkc.
KoHueHTpalusi 3JeKTPOHOB B IUIa3MEHHBIX KaHajlaX IpU aTMoc(epHOM [aBJICHUU HE
npeseimaer 10'® cm®. Msyuena oBomomms yaapHBIX BONH, BOSHHKAIOUIMX B YCIOBHSX
noBepxHocTHoro CBY  paspsina mpu  pa3iauuHBIX  JAaBICHHUSX OKPY)KAIOLIEro Tasa,
JUTUTENTIEHOCTSIX BO3ACUCTBUS U TOABOJUMBIX K paspsay MomHocTsX. [lokasano, 4ro BOIM3H
AHTCHHBI CKOPOCTh YAAapHOH BOJHBI focTuraet 1 km/c.

B ycnoBusix nosepxHoctHoro CBY paspsiia B HEMOABHKHOM BO3JlyX€ peaIu30BaHO
OBICTPOE IIIa3MEHHO-CTUMYJIMPOBAHHOE BOCIIJIAMEHEHHE KUIKHUX YIJIeBo10po1oB. [TokazaHo,
YTO B 3aBUCHUMOCTH OT noABoauMoii CBY mMomiHOCTH epro; HHIYKIIUH U3MEHSIETCS OT 5 110
100 Mkxc, BocCHJaMEHEHHE MPOUCXOJUT HA aHTEHHE B OOJAacTH  CYyIECTBOBAHUS
nosepxHoctHoro CBY paspsina npu temnepatype rasa, He npebimatomieid 1000 K, ckopoctsb
pacrpocTpaHeHUs NepeAHed TpaHulbl 00JIACTM HHTEHCUBHOI'O TOPEHHUS OKOJIO aHTEHHBI
nocturaet 300 m/c.

HccnenoBaHo BiIMsHME HEpaBHOBECHOW IIa3Mbl moBepxHocTHoro CBY-paspsina Ha
IPOIIECCHl BOCIUTAMEHEHHS CBEPX3BYKOBOTO MPOMAH-BO3AYIIHOTO TOTOKAa C 4mciaoM Maxa
M=2 u ciupta, OeH31uHa U KEPOCHHA B YCIOBUAX JI0- M CBEPX3BYKOBOT'O BO3AYIIHOTO MTOTOKA.

PabGota BeimonHena npu ¢uHaHcoBoi moanepxkke PODU (mpoekt Ne 08-02-01251),
nporpammsl [1-09 IIpesuanyma PAH u CRDF npoekt Ne RUP-1514-MO-06.

INVESTIGATION OF INITIATED MW DISCHARGE IN AIRFLOW
AND ITS MIXTURE WITH PROPANE

D.V.Bychkov, L.P.Grachev, I.1.Esakov, A.A.Ravaev
Federal state unitary Enterprise “Moscow Radiotechnical Institute RAS”

117519, Moscow, bychvi@orc.ru

Results of gas electric discharge in quasi-optical linearly polarized MW beam are
presented; field level is substantially smaller than those of critical breakdown field.

The discharge is realized by tube linear electromagnetic vibrator. It burns in a stern
area of the vibrator in a submerged high-speed stream of air or in its flammable mixture with
propane. The stream flows into a hermetic working chamber of the experimental installation
through an internal hole of the vibrator, on the stem end of which a short quartz tube is put for
a stabilization of the stream parameters.

Initially we determined resonant features of such an electrodynamic initiating system.
They were carried out in a motionless air. At that we determined maximum air pressure at
which its breakdown was initiated with respect to a length of the vibrator.

Main experiments were carried out at flow velocities in a range of some hundreds
meters per second. During them we made exposure of a discharge area and measured flow
temperature in a discharge wake. Experiments have shown that MW discharge realization in
air is possible in investigated range air stream velocity range at the field level by several tens
of time smaller than its critical value. Below one can see a typical photo of the discharge. The
stern end of EM vibrator is shown in it. EM radiation comes to it from above and a vector of
its electric component is parallel to the initiator axis.
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Fig.1 Appearance of the discharge

Realized discharge ignites and stabilizes a combustion area of a lean propane-air
mixture at fuel excess coefficient in it by 5 times smaller than those limiting an inflammation
area of the given mixture from below.

At that in this scheme the complete propane combustion takes place at flow velocities
smaller about 200 m/s. A percentage of its combustion decreases at larger velocities of the
flow.

Experiments have shown that stream thermal blocking and throttling effects are
observed at flow velocities close to Mach number about unity.

NCCIEJOBAHUE NTHUIIMNUPOBAHHOI'O CBY-PA3PSAIA B
IHOTOKE BO3AYXA U ETO CMECH C IPOITAHOM

J.B.bviukoe, JII1.Ipaues, H.U.Ecaxos, A.A.Pasaes
@DenepaipbHOE TOCYIAPCTBEHHOE YHUTAPHOE MpeanpusiTie «MOCKOBCKUN paAnOTeXHHYECKHi HHCTUTYT PAH»,

Mocksa, Poccus, bychvi@orc.ru

[IpencraBnstoTcss pe3ysbTaThl HUCCIIEIOBAaHUS Ta30BOI0 AJIEKTPUYECKOrO paspsiaa B
KBa3MONTUYECKOM JIMHEUHO moisipu3oBaHHOM CBY-myuyke ¢ ypoBHEM TOJIs, CYHIECTBEHHO
MEHBIINM KPUTHYECKOTO TPOOOHHOTO YpoBHS. Pa3psin nuHUIIMUpyeTCs: TpyOUaThIM JTHHEHHBIM
3JICKTPOMArHUTHBIM BHOpaTopoM. OH TOPUT B KOPMOBOM 00J1acTH BUOpaTOpa B 3aTOIICHHON
BBICOKOCKOPOCTHOM CTpy€ BO3[yXa WJIN B €ro roprodeil cMecu ¢ nponaHoM. CTpys UCTEKaeT B
TepMETUYHYIO pabouyl0 KaMepy SKCIIEPUMEHTAILHOM YCTaHOBKU M3 BHYTPEHHETO OTBEPCTUS
BUOpaToOpa, Ha KOPMOBOH KOHEI[ KOTOPOTO JJIsi CTa0MIM3aIlMM MapaMeTpoB MOTOKA HaJeTa
KOpOTKasi KBapiieBas Tpyoka.

[IepBoHayanbHO B 3KCIIEPUMEHTAX ONPEACIUINCh PE3OHAHCHBIE CBOMCTBA TaKOU
ANEKTPOAUHAMUYECKOM crcTeMbl HHUIMAU. OHU MPOBOJWINCH B HETMOJBUKHOM BO3JyXE.
[Ipu >TOM oOmpeaensyioch MaKCUMaJIbHOE JJaBJIEHUE BO3/1yXa, MPU KOTOPOM HMHULIMHPOBAJICS
ero nmpoOoi B 3aBUCUMOCTH OT JUTHHBI BUOpaTOpa.

OCHOBHBIE SKCHEPUMEHTHI BBIMOJHSIUCH MPU CKOPOCTAX MOTOKA B JHMANAa30HE
HECKOJIbKMX COTEH METpPOB B CeKyHAy. B HuX mpoBoauiach (GoToperucTpanus paspsiaHoi
00J1acT, U U3MepsIIach TeMIepaTypa MOToKa B CIyTHOM ciiefie pa3psaaa. OIbITH MOKa3aH,
YTO B HCCIIElyeMOM JHMarna3oHe CKOpPOCTEW MOTOKa BO3AyXa BO3MOXKHO 3aKUTaHHE B HEM
CBUY-pa3psiza mpu ypoBHE MOJs,, B HECKOJIBKO JIECSITKOB pa3 MEHbBIIEM €r0 KPUTHUYECKOTrO
ypoHs. Huxe npuBenena tunuanas portorpadus paspsaa. Ha Heil mokazaH KOpMOBO# KOHEIT
OM-Bubparopa. DM-u3nydeHre Ha HErO IMOCTYMAET CBEPXY M BEKTOP €ro AJIEKTPUYECKOU
COCTaBJISIOLIEH MapaieleH OCH MHULIUATOPa.

Peanusyronmiicss paspsii MOMKUTAET U CTAOMIM3UPYET OOJNAaCTh TOpeHus OeqHOM
MPOTaH-BO3AYIIHON CMecH TP KO3 GUIIMEHTE U30bITKA TOPIOYETOo B HEH B 5 pa3 MeHbIIEM
3HA4YEeHUsI 3TOT0 KOA(PQPHUIMEHTa, OTPaHUYMBAIOLIETO CHHU3Y 30HY BOCIUIAMEHEHHS IaHHOM
cMmecu. [Ipu 3TOM B JaHHON CXeMe MPH CKOPOCTSX MOTOKa, MeHbIHX rnpuMepHo 200 m/s,

21



SESSION 1. Plasma Assisted Combustion — 1

IPONCXOIUT TOJIHOE CrOpaHue mporaHa. [Ipu OoMbIINX CKOPOCTSAX HMPOLEHT €ro CrOpPaHus
YMEHBIIIAETCS.

OKCHEepUMEHTHI TIOKA3aJll, YTO MPH CKOPOCTSAX MOTOKA, COOTBETCTBYIOIIUX OJIM3KUM
eMHUIle YnuciIaM Maxa, B JaHHOU cxeMme (pUKCUpYIOTCs 3((HEeKThl TePMHUUECKON OJTOKHPOBKU
Y IPOCCEIUPOBAHUS CTPYH.

CHARACTERIZATION OF MICROWAVE-FIELD-ENHANCED
FLAME PROPAGATION

Emanuel S. Stockman, Sohail H. Zaidi, Richard B. Miles
Princeton University, Princeton, NJ 08544
Campbell D. Carter
U.S. Air Force Research Laboratory, Wright-Patterson Air Force Base, Dayton, Ohio 45433
and
Michael D. Ryan
Universal Technology Corporation, Dayton, Ohio 45332

Microwave-field-enhanced flame propagation was quantified in a laminar, premixed
CHg/air wall stagnation flat flame. Experiments were performed in a high-Q microwave
cavity with the cavity tuned so that the maximum microwave field strength was located in the
vicinity of the flamefront. Equivalence ratios were varied between ¢= 0.6 and 0.8. Laser
diagnostics were performed to quantify temperature increase, the laminar flame speed
enhancement, and changes in the OH radical concentration through filtered Rayleigh
scattering, particle image velocimetry, and planar laser induced fluorescence, respectively.
Both pulsed and CW microwave fields were employed, and in both cases the laminar flame
speed was observed to increase. With a CW microwave field, flame-speed enhancement was
roughly 15%; with the pulsed field, enhancement was less, around 6%. However, the average
power of the pulsed microwave field was only 30 W, versus 1.3 kW for the CW field. These
measurements indicate that microwave radiation may prove to be an effective means to non-
invasively control and enhance flame stability.
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MIXING AND IGNITION IN HIGH-SPEED FLOW BY LONG-SPARK
DISCHARGE

S. B. Leonov, Yu. I. Isaenkov, D. A. Yarantsev
JIHT RAS, Moscow, 125412, Russia
A. C. Napartovich, I. V. Kochetov
TRINITI, Troitsk, Moscow region, Russia

A subject of consideration is the dynamic of filamentary pulse discharge generated
along contact zone of two co-flown gases. Experimental facility consists of blow-down wind
tunnel PWT-50, system of the high-voltage pulse-repetitive feeding, and diagnostic
equipment (schlieren device; pressure, voltage, current, radiation sensors; spectroscopic
system; etc.) Typical parameters: p=0.2-1Bar, velocity M=0-2, pulse duration t=0.1-1us,
power release W=20-100MW.

Recently the effect of enormously fast turbulent expansion of the post-discharge
channel was observed experimentally [1]. In this paper a result of parametrical study of the
mixing efficiency due to instability development are discussed. The next announced item is
that the discharge position and dynamics depend on the test parameters and physical
properties of gases involved. The discharge properties are described for air, fuel, and reaction
products based on experimental data.

The next problem encountered, particularly, in modeling plasma of inflammable gases
Is the necessity to combine approaches of high non-thermal plasma kinetics and of classic
thermal combustion. Such unification was made by the authors [2] who showed numerically
that for plasma ignition of ethylene-air mixture within a reasonable length of a supersonic
flow rather high energy input per mass of gas flow is required (about 210 J/g).

We anticipate that usage of non-uniform (filamentary) plasma may accelerate
essentially ignition of premixed fuel — air flows. To examine this assumption the model was
developed for burning initiation by a series of periodically positioned transverse streamer-
like discharges in approximation of distributed mixing of excited and non-excited gas
streams. The model includes simulations of the discharge of a small radius in supersonic
flow of ethylene-dry air mixture with followed gradual mixing of excited gas with main
flow. At mixing time t(mix)=100 and t(mix) =500us the required reduced energy input is
about 40 J/g, that is remarkably lower than for uniform discharge.

1.S. Leonov, oth., AIAA Paper 2005-0159 and S. Leonov, oth. “Physics of Plasmas”, v.15,
2007
2.Kochetov 1. V., Leonov S. B., Napartovich A. P., High Energy Chemistry, 40, 94, 2006

CMEIIEHUE U 3A’KUTAHUE TOIIJIUBA B
BBICOKOCKOPOCTHOM IOTOKE PA3PSIJIOM B ®OPME
JJIMHHOM UCKPBI.

C.E.Jleonos, KO.H Hcaenkos, /I.A Apanyes (OUBTPAH)
A.Il.Hamaprosud, .B.Koueros (TPUHUTH)

OOBEKTOM UCCIICIOBAHHS SBJIICTCS JHHAMHKA MMITYJIBCHOTO (DMIIAMEHTApHOTO pa3psija,
TEHEpUPYEMOT0 BJIOJIb TPAHUIIBl JABYX Ta30B. DKCIHEPUMEHTalbHAas yYCTAHOBKA COJEPIKUT
a’poauHamMudeckyro  TpyOy PWT-50, BBICOKOBOJBTHBIH  HMMITYJIBCHO-TICPUOTNICCKUI
TEHEpAaTOp W HW3MEPHUTEIbHYIO CHUCTeMy (TEHEBBIE H3MEPEHHUs, 3JIEKTPOPH3MUCCKHE
M3MEPEHUs, ONITHYECKHUE U3MEPEHHUS U T.J1.) XapaKTepHbIC mapamMeTphsl skcrepumenTta: p=0.2-
1Bar, ckopoctb nmotoka M=0-2, anutenbHocTh ummynbea t=0.1-1uUS, uMmynbCcHAs MOIHOCTD
W=20-100MW.
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[Ipennonaraercs, 4To MCHOJB30BaHHWE HEOJAHOPOIHOTO pa3psAaa MOXKET CYLIECTBEHHO
YCKOpUTh 3aKMTAaHHE B CMECH TOIUIMBA M OKHCIUTEeNs. B pabore mnpuBEACHBI
9KCIIEPUMEHTAJIbHbIE JTAaHHBIE U PEe3yJbTaThl PacUETOB BPEMEHHU 3aKUTaHHUs U TpeOyemoi
SHEPTUU TPU KCIIOJIb30BAHUU TMEPUOJUYECKH PACIOIOKEHHBIX IIa3MEHHBIX (DUITAMEHTOB.
[MoydeH cymiecTBeHHBINH (B HECKOJBKO pa3) BBIUTPHINI MO TPeOyeMOMY 3HEProBKIaLy IO
CPaBHEHHIO CO CITydaeM OJIHOPOJHOTO M PABHOBECHOTO Harpena.

MEASUREMENTS OF THE PARAMETERS OF PLASMA-INDUCED
COMBUSTION BY DIODE LASER ABSORPTION SPECTROSCOPY

M.A. Bolshov, Yu.A. Kuritsyn, V.V. Liger, V.R. Mironenko
Institute for Spectroscopy RAS, 142190 Troitsk, Moscow reg., Russia
S.B. Leonov, D.A. Yarantsev
Joint Institute for High Temperatures RAS,

125412, Moscow, Izhorskaya, 13, bd.2 Russia

The tunable diode laser (DL) technique for remote sensing of the temperature and
water vapor concentration of a hot zone is developed. The technique can be applied to the
gaseous objects in which thermodynamic equilibrium is established. The temperature is
evaluated from the ratio of different integrated absorption lines a tracer molecule. The H,O
molecule was used as the tracer in our experiments because the water vapor is one of the
major components of the combustion process. The following absorption lines of H,O in the
1.39 pum region were used: 7189.344 cm™ (E" = 142 cm™), 7189.541 cm™ (E" = 1255 cm™),
7189.715 cm™ (E" = 2005 cm™). The choice of these lines was dictated by the pronounced
difference in the energies of low levels, which is of critical importance for the developed
technique. Fast tuning of a single DL over the selected spectral range rather than probing of
different absorption line with different DLs was used in our version of the technique.
Relatively high intensities of the selected lines enabled detection of the direct absorption. The
genuine differential scheme of the absorption intensity and algorithm of data processing were
developed. The technique has been used for detection of the temperature, total pressure and
water vapor concentration in the post-combustion zone of the experimental facility. The
combustion in the hydrogen and air supersonic (M=2) mixing flows was initiate and sustained
by a plasma discharge. In the hot tail of the combustion zone the measured temperature was ~
1050 K and the water concentration ~ 21 Torr. The high signal-to-noise ratio enabled to
obtain the temporal profile of both parameters with the resolution of ~ 1 ms. The precision of
the temperature evaluation was estimated to ~ 40 K.

JTUCTAHLIMOHHOE U3MEPEHUE TEMITIEPATYPBI VJIAJEHHOT'O
OBBEKTA METOJIOM JIJIC.

10.A Kypuuvin, M.A.bonvwos, B.B.Jluzep, B.P.Muponenko.
VYupexxnenne PAH Nuctutyt cnexkrpockonuu PAH,
142190, r. Tpouttk MockoBcko#t 00ur., yir. ®uzndeckas, 5
C.b.Jleonos, /1. A. Apanyes
OUBT PAH, 125412, Mocksa, Wxopckas yi., 13, cp.2

C ucnonbp3oBaHMEM aOCOPOLIMOHHOW CHEKTPOCKONHMH C MEPECTPauBaEMbIM JTUOJHBIM
Ja3epoM pa3paboTaHa METOJMKA M3MEPCHHS TEMIIEPaTypbl U COJCp)KaHHs TMapOB BOJBI B
HECTAllMOHAPHOW 30HE TOpeHUs. MeToauKa OCHOBaHA HAa W3MEPEHHH B PEXKUME
CKAaHMPOBAHWS JTHHUI moromenns Moiekyn HyO: 7189.344 cm™ (E" = 142 cm™), 7189.541
em?t (E" = 1255 cm™), 7189.715 cm™ (E" = 2005 cm™). BbiGop 3THX JIMHMIT 00YCIOBICH
3HAYUTEBHOW pa3HHIICH B MOJOXCHUHM HIDKHUX YPOBHEH MEPEeXO0B, YTO MPHUHIMIHAIBLHO
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BaYXHO J1JIs1 BBIOPAaHHON METOJMKH M3MEpPEHHs TeMIlepaTtypbl 00bekTa. beicTpas nepectpoiika
YacTOTHI Jla3epa OCYIIECTBISIACh MYTEM UW3MEHEHHUs ToKa WHXeKkuuu. [lpu yactore
moaynsuud toka 1 kI'm, Temmeparype nasepa 25°C U U3MEHEHHU UHXKEKLIMOHHOTO TOKA B
npenenax 10-120 MA mnepecTpoiika IIMHBI BOJHBI cocTaBistia ~ 1.2 emt, Brixoagnas
MOIIHOCTB Jla3epa MpH 3TOM H3MeHsutach B mpeaenax 3-30 mBt. OTHocuTenbHO OObIHe
WHTCHCHUBHOCTH WCIIOJIb30BAHHBIX JIMHUW TMOTJIOMIEHUSI TO3BOJHIN padOTaTh B pPEKUME
M3MEPEHHST TPSAMOTO TmoryionieHus. Paspabortansl muddepeHnmanpHas cxeMa H3MEpeHUs
HECTALMOHAPHBIX CIIEKTPOB, METOJIMKA IEPBUYHOM OOPAaOOTKM CIEKTPOB M MOJYUYCHHS
JTAHHBIX O Temmeparype W koHreHTpamuu H;O B 30Hmupyemoii obiactu. Ilpum oOpaboTke
UCIIONB30Bajach MOATOHKA SKCIEPUMEHTANBHBIX CHEKTPOB CHUMYJIUPOBAHHBIMH Ha OCHOBE
CHEKTpOCKONMYecKnX 0a3 maHHbIX. Pa3zpaboranHas Meronumka ompoOoBaHa Ha MpUMEpE
OTpe/ieNieHUs] TMapaMEeTPOB TOPEHUS BOJOPOJHOTO TOIJIMBA B HCIBITATEIBHOW CEKIUU
CBEPX3BYKOBOH a’pOJMHAMUYECKON TpPyObI TMPH CKOPOCTSX Ta3oBBIX MOTOKOB M=2. s
o0acTd TOpsiYero cjiefaa IUTAMEHU TIONydeHbl cpefaHee 3a Bpems ropenus (~50 wc)
temneparypa (~1050 K) u maprmanbHoe naBnenue napoB Bojabl (~21 Topp). Xoporiee
OTHOIIIEHHE CUTHAJI/IITYM TO3BOJIHJIO MOJIYYHUTh BPEMEHHYIO 3aBUCUMOCTD 3THX MTapaMeTPOB C
BpeMeHHBIM pazpemenneM ~ 1 mc. OneHeHHass TOYHOCTh OIPEACICHUS TEMIIEPaTyphl
3oHAMpyemoii obmactu coctasnset ~ 40 K.

PLASMA-ASSISTED IGNITION OF ETHANE-OXYGEN MIXTURES
AT MODERATE PRESSURES

P.N. Sagulenko, V.I. Khorunzhenko, I.N. Kosarev
Physics of Non-Equilibrium Systems Laboratory, Moscow Institute for Physics and Technology, Moscow,
Russia

At the present time the study of ignition by nonequilibrium low-temperature plasma is
an actual problem. Previously, it was shown in [1,2] that the ignition delay time in
hydrocarbon-oxygen mixtures could be shortened by the plasma of a homogenous
nanosecond high-voltage discharge at relatively low (<1 atm) pressures in comparison with
autoignition. For many applications (internal-combustion engines, etc.), it would be
interesting to broaden the pressure range of plasma-assisted ignition to several atmospheres
and tens of atmospheres. Thus, the next step is to extrapolate results obtained for nanosecond
discharge ignition to higher pressures. A new installation was mounted to investigate ignition
process at relatively high pressures (up to 5
atmospheres). In this work, ignition in a C;Hg:O; =
2:7 mixture at 1 atm and room temperature was
studied. To initiate combustion two types of a one-
pulse nanosecond discharge were used: a high-
voltage sliding DBD and a streamer discharge in a
“point-to-point” geometry. Ignition experiments with
the streamer discharge were carried out in the
geometry, which is similar to that described in [3].

Generator G5-15 was used to obtain both types of
the discharge. The pulse duration was 25 ns at half-
height. The voltage rise time was 5 ns and the
amplitude was up to 15 kV in the cable.

The sliding DBD had a cylindrical geometry and  Fig. 1: Example of experimental results.
was initiated between the high-voltage central bare  Exposure time is 0.5 1. a) - side view
electrode and grounded ring electrode covered with  andb) - top view
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dielectric layer. The diameter of the central electrode was 20 mm, the inner diameter of the
ring electrode was 20 mm and its outer diameter was 25 mm.

We compared two regimes of ignition, the ignition of combustion by the one-pulse
DBD and by the streamer discharge in the “point-to-point” geometry. Series of images were
obtained by photographing the development of combustion waves with a high-speed ICCD
camera. An optical system of mirrors was assembled to obtain both top-view and side-view
images simultaneously in one shot (see, for example, Fig. 1). The LaVision Ultra Speed Star
ICCD was used for high-speed photography. This camera allows to take 12 photos with a
minimal exposure time of 0.5 sand a minimal time of 1 s between .

The work was partially supported by EOARD/CRDF (Projects RUP1-1513-MO-06).

1. I.N. Kosarev, N.L. Aleksandrov, S.V. Kidysheva, S.M. Starikovskaia, A.Yu. Starkovskii,
“Kinetics of ignition of saturated hydrocarbons by nonequilibrium plasma: CH4-
containing mixtures”, Combustion and Flame, vol. 154 (2008), pp. 569-586.

2. |.N.Kosarev, N.L.Aleksandrov, S.V.Kindysheva, S.M. Starikovskaia, A.Yu. Starikovskii,
“Kinetics of ignition of saturated hydrocarbons by nonequilibrium plasma: C2H6- to
C5H12-containing mixtures”, Combustion and Flame, vol. 156 (2009), pp. 221-233

3. S. V. Pancheshnyi, D. A. Lacoste, A. Bourdon, C. O. Laux , “Ignition of Propane-Air
Mixtures by a Repetitively Pulsed Nanosecond Discharge”, IEEE Transactions in Plasma
Science, vol. 34, No. 6, December, 2006.

IJIASMEHHO C?HMYJII/IPOBAHHI)Iﬁ HHOKUI OTAH-
KNCJIOPOJHOU CMECH ITPU CPEJHUX JABJEHUAX

HU.H. Kocapes, Il H. Cazynenko
MockoBCKHH (PU3UKO-TEXHUYECKUI HHCTHTY , MockBa, Poccus

B Hacrosimee Bpems — sABISETCA AaKTyaJlbHOW 3ajada MCCIENIOBaHMA WHULUALUU
TOpEHHsI ¢ MOMOIIbI0 HEPABHOBECHOH IIa3Mbl HAHOCEKYHIHOTO pa3psiza. Panee [1,2] Obuio
IPOIEMOHCTPUPOBAHO COKpAILlEHHE BPEMEHH MOJPKUIa KUCIOPOJ - YIVIEBOJOPOIHBIX CMecen
TOMOJIOTHYECKOTO psAfa MPU OTHOCUTENBHO HHU3KUX JaBieHusX. OpHako, uis OONBIIMHCTBA
TEXHUYECKHUX NPUIO0KEHUH, TAKMX KaK aBTOMOOMJIbHAS MPOMBIIUIEHHOCTh U a9POANHAMHUKA,
NPEICTaBIISIOT MHTEPEC AABICHHS B IECATKU aTMOc(ep, U CIeTyIOIUM JIOTHYECKUM I1aroM B
UCCIIEZIOBAaHUH JAHHOTO BOIIPOCA ABIISAETCS N3yUYEHHUE MOKUra TOPIOYMX Ta30BbIX CMece pH
BBICOKMX JaBleHMAX. B maHHON pabore Obuia pa3paboTaHa YCTaHOBKA I0 H3YYCHHUIO
npoliecca BOCIUIAMEHEHMs NPU CPEIHUX JABJICHHSIX U KOMHAaTHOM HauyaJbHOW TeMmIepaType.
HccnenoBanoch BOCIUIAaMEHEHHE 3TaH-KUCIOpoAHOH (2:7) cmecu mpu 1 atM ¢ MOMOIIBIO
OJJMHOYHOTO MMITYJIbCA CKOJIB3ALIEr0 HAaHOCEKYHJHOTO M  CTPUMEPHOTO paspsioB Ipu
KOMHATHOU TemIieparype. DKCIEPUMEHTHI MO MOHKUTY OJUHOYHBIM CTPUMEPHBIM Pa3psioM
IPOBOIMIINCH B TCOMEPTHH, aHAIIOTUYHOM omrMcaHHOU B pabote [3].

Ob6a Ttuna paspsga ObUTM TOMy4YeHBI C TMoMolnbio reHepatopa ['MH I'5-15.
JUTNTENTbHOCTh UMITYJIbCA HA MOJYBBICOTE COCTABISET 25 HC, BpEMsI HapacTaHHs UMITyJIbca - S
HC, HampsKeHue B TMHUU — 110 14 xB.

CKonp3s1uil pa3psa] 3aKUrajcs MeX/y BbICOKOBOJIBTHBIM OI'OJIEHHBIM IIEHTPAIbHBIM
3JIEKTPOZOM U KOJIBLIEBBIM 3a3€MJIEHHBIM 3JIEKTPOJIOM, CKPBITHIM IOJI CJI0EM JHAJICKTPUKA U3
[IBX, tommmuoi 0.75 mm. [lumamerp ueHTpasibHOro »sJekTpoaa  cocraBiser 20 wmw,
BHYTPEHHUH JUAMETp KOJbIEBOro 3MekTpoaa — 20 mM, BHemHUN — 25 mMm. CpaBHHMBaIOTCS
PEXHUMBI BOCIUIAMEHEHHUSI NTPY MHULUMPOBAHUU TOPEHUS OMHYHBIM CTPUMEPBIM pa3psiioM B
TEOMETPUH «HUTJIa-UTJIa» W CKOJB3AIIM HAHOCEKYHIHBIM pa3psanoM. Pe3ynbrarel ObUIH
HOJy4YeHbl IyTeM QoTorpaupoBaHusl  pPacHpPOCTPAHEHHUS BOJHBI BOCIUIAMEHEHHUS C
nomouipio BbicokockopocTHOM [I3C kameprl. OnrTudeckas cuUCTEMa 3€pKajl IO3BOJISET
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OJTHOBPEMEHHYIO CHEMKY pa3BUTHS W PACIPOCPAHEHUS BOJIH TOPEHHS CBEPXY H COOKY.
Hampumep cm. Puc.l. [ns chemku ucnosb3oBanach kamepa La Vision Ultra Speed Star c
BO3MOYKHOCTBIO TOTy4YeHUs 16 KaapoB ¢ MHUHHUMAJIBHBIM BpeMeHeM BbIIepkKH 0.5 MKC U
MUHUMAaJIBHBIM BPEMEHEM MeX Iy Kaapamu 1 Mkc.

SYSTEM FOR PLASMA ASSISTED COMBUSTION IN AIR-
HYDROCARBON MIXTURES BASED ON NONSTEADY STATE
PLASMATRON

Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman, I. A. Shemyakin, A. A. Enenko
Institute of High Current Electronics RAS, Tomsk, 634055 Russia

Currently, the plasma assisted combustion systems are the subject of a great interest in
a low-emission burning technologies [1]. This paper is focused on research of such a kind of
technology as applied to gaseous hydrocarbons (methane, propane, and natural gas).
Schematic arrangement of a system is shown in Fig. 1. The flame control is provided by
means of so-called nonsteady state plasmatron [2]. A gas discharge in plasmatron burns
between inner electrode 1 and outer electrode 2 due to a voltage of power supplier PS. A
vortex gas (in general case an air/fuel composition) flows via the discharge plasma region so
that the plasma torch is sustained at the plasmatron exit.

The air/fuel
composition is used up
partly due to combustion
process directly in the
plasmatron nozzle. The
rest of the composition
burns in chamber 3 thus
forming the torch flame.
Typical gas expenditures
correspond to  several

Fig. 1. Schematic arrangement of a system for plasma assisted grams_ per second. _A\{erage
combustion. 1 —inner electrode of a nonsteady-state plasmatron; 2 — ?IeCtrlcal power dI_SSIpated
grounded outer electrode of plasmatron; 3 —combustion chamber; 4 — in the plasmatron is about
unit for flue gas diagnostics; 5 — auxiliary windows. 100 W and the torch flame

power is determined by the
gas flow velocity and a fuel calorific value.

One of the subjects of the investigation is to elucidate a correlation between the
regimes of discharge burning in the plasmatron and the properties of the torch flame.
Depending on the gas discharge regimes and plasmatron design, the conditions of complete
hydrocarbons combustion and partial oxidation with obtaining H, and CO have been
demonstrated.

Beside that, a special attention has been devoted to investigation of the nonsteady-state
discharge behavior in plasmatron. The operational regimes of the plasmatron demands
specific rating characteristics of the power suppliers PS for the discharge sustainment. Based
on the results of the discharge investigations the prototype of power supplier PS has been
constructed and tested. These data are also presented in the paper.

The work was supported by the Russian Foundation for Basic Research under the
Grants No 08-08-00121 and No 09-08-99063.
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1. L. A. Rosocha, “Non-equilibrium plasma combustion technology applied to fuel efficiency
and the environment,” in Plasma Physics Applied, C. Grabbe, Ed. Kerala, India: Transword
Res. Network, 2006, ch. 3.

2. Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman, and I. B. Matveev, “Glow-to-
Spark Transitions in a Plasma System for Ignition and Combustion Control,” IEEE Trans.
Plasma Sci., vol. 35, no. 6, pp. 1651-1657, Dec. 2007.

CUCTEMA IIMTIASMEHHOI'O ITIOJJAEP KAHUA 'OPEHHUS B
CMECHAX BO3AYXA C YIVIEBOAOPOJAMU HA OCHOBE
HECTALHMOHAPHOI'O IIVTASMOTPOHA

10./1. Kopones, O.b. ®pany, H.B. Jlanuons, B.I'. I'eiiman, U A. Illemakun, A.A. Enenxo
Wucrutyt cunbHoTOuHO# Autektponukn CO PAH, Tomck, 634055 Poccnst
H. b. Mameeesg
Applied Plasma Technologies McLean, VA, 22101 USA

B Hacrosiee BpeMsi POSIBIACTCS 3HAYMTEIBHBIN HHTEPEC K CUCTEMaM IUIa3MEHHOTO
HOICPKAHUSI TOPCHHUS, TIPUMEHHUTEIBHO TEXHOJOTHH CHKUTAHHs ¢ HU3KOM smuccueii [1]. B
JTAHHOM CTaThe MPEICTABICHBI PE3YJIbTAaThl HCCIICAOBAHUI TAKOrO THIA TEXHOJOTHH IS
ra3000pa3HbIX YIIIeBOAOPOa0B. CxemMaTudeckoe HM300paKCHHUE CHUCTEMBI IMPEICTABICHO Ha
puc. 1. YrpapiieHue MpoIeccoM MOAACPKaHUs IJIaMEHH 00ECIIeUYUBACTCS TaK Ha3bIBACMbBIM
HECTAI[MOHAPHBIM TIa3MOTpoHOM [2]. TlutaHue paspsga B IUIa3MOTPOHE, KOTOPBIA TOPHT
MEXy BHYTPEHHHM 3JICKTPOIOM 1 U BHEIITHEM 3JICKTPOIOM 2, OCYIIECTBIIACTCS HCTOUHUKOM
PS. 3aBuxpeHHbiii Ta3 (B 00IIeM ciiydae TOIUIMBHO-BO3AYIIIHAS CMECh) MMOJACTCS B 00JIACTh
ra3opaspsaHOd IUTa3Mbl, 3a CYET Yero Ha BBIXOJAC IUIa3MAaTpPOHA IOJICPKUBACTCS
TUTa3MEHHBIN (aKer.

YacTUuHOE CXKHraHHE TOIUTUBHO-BO3IYIIHOW CMECH MPOMCXOAMT 3a CYET IMpolecca
TOPEHUSI HEMOCPEICTBEHHO BHYTPH COIUIA IUIa3MOTpOHA. OCTaTOK CMECH [IOKUTAeTCs B
Kamepe 3, 3a cuer dYero Gopmupyercs ¢daken IUTaMEHH. THUIMHMYHBIE pacxXonbl Tas3a
COOTBETCTBYIOT HECKOJBKAM TpamMmaM B cekyHny. CpemHss dJIeKTpHUYecKash MOIIHOCTb,
paccemBaeMasi B IUIa3MOTpoHe, coctaBisieT okoio 100 Bt, a MomHOCTh (akena MmiamMeHH
OTIPENIENISIETCS] CKOPOCTHIO MOTOKA T'a3a U TEIJIOTBOPHOM CIIOCOOHOCTHIO TOTLTUBA.

OnHa W3 3a7ad HMCCICIOBAHHMS COCTOMT B BBISIBICHHHM CBS3M MEXIy PEKHUMaMHU
TOPEHHUsI paspsijia B IUIa3MOTPOHE W CBOicTBaMu (pakena IjiaMeHH. B 3aBUCUMOCTH OT
PSKHUMOB paspsiia U KOHCTPYKIMH IUIa3MOTPOHA MPOJAEMOHCTPUPOBAHBI YCIIOBHSI TTOJHOTO
CTOpaHus YIICBOJAOPOIOB H YACTUYHOTO OKUCIIeHHs ¢ moiydenuem H, and CO.

Kpome Toro, ocoboe BHUMAaHHEC  YACJICHO  HCCICJAOBAHUIO  TIOBEACHHUS
HECTAIMOHAPHOTO pa3psifa B IUIa3MOTPOHE. PexMMbl pabOThl TIa3MOTPOHA HAKJIAIBIBAIOT
ocoObie TpeOoBaHHMS K MapaMeTpaM HCToYHHMKAa murtaHuss PS. Ha ocHoBe pe3ynbraToB
WCCIICIOBaHMI pa3psiia OblT CKOHCTPYHUPOBAH U UCIIBITAH MPOTOTHIT HCTOYHHMKA NTUTaHus PS.
DTH JTaHHBIC TAKXKE MMPEICTABICHBI B CTAThE.

Pa6ora nonnepskana rpanramu POOU Ne 08-08-00121 u Ne 09-08-99063.
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LIFTED FLAME SPEED ENHANCEMENT BY PLASMA EXCITATION
OF OXYGEN

Timothy Ombrello, Sang Hee Won, and Yiguang Ju
Princeton University, Princeton, New Jersey, 08544
ombrello@princeton.edu
Skip Williams
Air Force Research Laboratory, Propulsion Directorate, WPAFB, Ohio 45433

Oxygen containing plasmas produce several species that have a greater oxidation
potential than molecular oxygen in its *X ground state. These species include O, Oz and O, in
metastable excited states, namely A and *=. In experiments that explore the enhancement of
combustion processes with plasma, it has been difficult to isolate the various enhancement
mechanisms. In this study, two oxygen containing plasma-produced species, O3 and Og(alAg),
have been successfully produced in a microwave plasma and isolated in the afterglow,
quantified and transported to C3Hg and C,H, lifted flames. Significant kinetic enhancement by
O3 and Og(alAg) were observed for each flame by comparing flame stabilization locations
with and without the plasma generated species. Atmospheric pressures were utilized to
investigate the effects of O3 and showed up to a 10% enhancement in the flame speed for
1300 ppm of O3 addition to the O,/N, oxidizer of lifted C3Hg flames. Numerical simulations
showed that the O3 decomposition early in the preheat zone of the flame produced O which
rapidly reacted with CsHg to abstract an H and lead to OH production. The subsequent
reaction of the OH with fuel fragments produced H,O and other stable species, yielding
chemical heat release to enhance the flame speed. The effect of Og(alAg) was studied at low
pressure (27 Torr) and was isolated by adding NO to the plasma afterglow to eliminate Os.
For transport times on the order of one second in the presence of NO, the only remaining
oxygen species were Oz(XsAg) and Oz(alAg). Under these conditions, the enhancement of
Oz(alAg) could be studied in isolation, becoming an ideal source for combustion experiments.
It was found that O,(a'A,) was a better oxidizer than O, by significantly enhancing the
propagation speed of C,H, flames. The present experimental results provide a deeper
understanding of plasma-assisted combustion and a progression towards detailed plasma-
flame kinetic mechanisms.
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CROSS SECTION MODIFICATION INFLUENCE ON COMBUSTION
OF AIR - PROPANE MIXTURE

S.A. Kameshchikov, V.A. Chernikov.
Moscow State University of M.V.Lomonosov, physical faculty

There were made experiments of propane — air flow combustion optimization by cross
section square leap. Flat rectangular wall of various heights was located in several divisions
of channel athwart to flow. Linear dimensions of wall were: 15x23 mm?, 19x23 mm?, 24x23
mm? u 12x23 mm?% Mixture ignition was realized by two plasma sources: magneto — plasma
compressor (MPC) of erosion type and constant current cross — longitudinal discharge (CLD).
Plasma source was located in first division of channel in area after cross section first leap.

Mechanism of rectangular wall influence on combustion stability and intensity was
determined for several longitudinal coordinates and wall heights. It was discovered, that in
case of CLD plasma creation (pulse width was 1 s, voltage — 5 kV, current — 15 A) existence
of cavern, made of wall and first leap, causes instability of combustion, connected with
reverse stream velocity oscillation in cavern. Oscillation of pressure (Fig.1) and signal
intensity of photoelectron detector in any section of channel were indicators of combustion
instability.

Figure 1. Influence of instability on space distribution of pressure along the channel

Cavern height increasing led to breakdown instability, connected with cavern pressure
increasing, that led to growth of breakdown voltage. Rectangular wall replacement to distance
of 30 sm from first leap (cavern expansion) led to effect elimination. Wall influence in that
case is expressed just in creation of area of increased pressure and concentration of mixture
components before the wall. That promotes local stabilization of combustion in the end of
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first division. It was stated that negative influence of the wall is that the intensity combustion
of 1.8 less than one without the wall.

Experiments, devoted to investigation of influence of rectangular wall on propane — air
mixture ignition regime were made with using of MPC (plasma temperature is 10 000 K,
electron concentration ne=10%, initial power - 7 mJ). Plasma active area combustion is
realized while major mass cooling down to certain temperature is taking place. Than quick
increase of chemical reactions velocity takes place. Energy of molecules dissociation exerts
major influence because initial temperature of plasma is too high. It was stated that ignition
stability decreases when rectangular wall is placed in channel. This effect can be explained
while analyze of video camera shoots (Fig.2).

Flow of the hanging shock waves on the front and back edges of the rectangular wall
leads to the increasing of the volume of the active area and to the additional reduction of the
concentration of the reactive elements. This leads to more strict requests to the initial
conditions.

Figure 2. Plasma flow of the rectangular wall. Exposition time - 5 ms.
a) Picture after the graphic working b) original picture

Analysis of space profiles of pressure showed that the dominant mechanism,
influenced on the time of induction of ignition, is the change of conditions of the propagating
of the active area to the direction of the flow. It leads to the increasing of the ignition time.
Linear estimate of the longitudinal coordinate of the volume ignition area showed the increase
from 2,5 m to 4 m, that is approximately on 63%. This examination helps to make a
conclusion about the reasonability of the sudden shortening of the channel cross section for
reduction of the induction time of the volume ignition and intensification of combustion,
initiated by MPC.

The work is done with the financial support of the complex program of scientific
investigations of the Presidium RAS *“Investigation of the substance in the extreme
conditions” Subprogram 2 “Fundamental aspects of magneto plasma aerodynamic”.

BJUAHUE MOIUPUKALINU CEHEHUS CBEPX3BYKOBOI'O
KAHAJIA HA I'OPEHME BO3JYIIHO - MIPOMMAHOBON CMECH

C.A. Kamenwukos, B.A. Yepnuxos.
Ousnyecknii pakyasrer MI'Y um. M.B. JlomoHOCOBa.

[IpoBeneHbI  AKCIEPUMEHTAIbHBIC HCCIACAOBAHUS BO3MOXKHOCTH  ONTHMU3AINN
PEXHUMOB TOPEHUST IIPONaH — BO3AYLIHOTO IOTOKA IPH IOMOIIM HU3MEHEHUsS ITOIEPEYHOIO
CCYCHHS CBEPX3BYKOBOTO KaHaJla. B pasMMyHBIX CEKIUAX KaHajga pa3Mellagach HOpMaIbHO K
HaHpaBHeHI/IIO IIOTOKA IIJIOCKasa HpSIMOYI‘OJIBHaH CTCHKa pa3JIPI‘{HOI>'I BBICOTEI C HHHCﬁHBIMH
pasmepamu: 15x23 MMZ, 19x23 MMZ, 24x23 mM> u 12x23 mm°. BocriaMeHeHHe cMecH
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OCYIIECTBISJIOCh MPHU IMOMOIIM JIByX HCTOYHHMKOB IUIa3Mbl. MarHUTO — IIJIA3MEHHOTO
kommpeccopa 3pozuonnoro tuna (MIIK) u npoaoabHO — MOMEPEYHOTo JTYyTrOBOrO pas3psiaa
mocrostuaoro Ttoka (IITIP). Mcrounuk Iurasmbl pa3Memiajics B IEPBOM CEKIMH KaHajia B
00J1acTH 32 BHE3AITHBIM PACHIMPCHUS CeueHUs (0OpPaTHBIM YCTYTIOM).

OmnpeneneH MeXaHW3M BIUSHUSA MNPSAMOYTOJIbHOM CTEHKM Ha YCTOMYHMBOCTh M Ha
MHTEHCUBHOCTb TOPEHUS JUIsl PA3IMYHBIX MPOJOJbHBIX KOOPAUHAT U MPHU PA3IMYHON BBHICOTE
crenkn. OOHAPYIKEHO, YTO MPH CO3MAHHH IIa3Mbl ¢ momorlnbio TITP (mmpuHa uMmynsca —
1c, Hanpspkenue — SkB, Tok — 15 A) Hanuume KaBepHbI, 00pPa30BaHHON CTEHKOW U 0OpaTHBIM
YCTYNIOM KaHajla BbI3bIBAET HEYCTOMYMBOCTh TOPEHHUS CBS3aHHOE C KojeOaHUsSIMU
TAHTEHIIMAJIHHONW COCTABIISIIOIICH CKOPOCTH OOpAaTHOTO TeYeHHsI B KaBepHe. MHIukatopom
MOJIYYCHHON HEYCTOWYMBOCTH SIBJISIFOTCS KoJieOaHusi maBieHust (puc.l), ¥ MHTEHCHMBHOCTH
curnana @DV B m0060M cedeHHH KaHama.

[Ipu yBenuueHWH BBICOTHI KAaBEPHBI TMOSABISIETCS MPOOOWHAsT HEYCTONYHMBOCTD,
CBs3aHHAsl C YBEIMYEHHEM JaBliEeHUS B KaBEpHE, BBI3BIBAIOIIEE BO3pacTaHHE MPOOOMHOTO
HanpspkeHus. [lepemenienne mpsMOyTrojibHOW CTCHKU Ha pacctossaue 6omee 30 cM OT ycTyma
(pactmpenue KaBepHBI) MPUBOIWT K JIMKBUIAIUH YKa3aHHBIX 3()(EKTOB; BIMSIHHE YCTyIa
CBOAMTCS K CO3JaHUI0 OOJIACTH TOBBIIIEHHOTO [ABJICHUS M YBEIUYCHHUIO KOHIICHTPAIIMH
KOMITOHEHTOB TOpIOUei CMECH MepeJl CTEHKOM, YTO CIIOCOOCTBYET JIOKAIbHOW CTaOUIN3aluu
rOpeHuss B KOHIIE TMEpPBOM CEKIUU. bBbUIO BBIACHEHO, YTO OTPHIATEIIBHOE BIIHSHUE
NpSIMOYTOJIBHOM CTEHKHM CBOAWTCS K TOMY, 4YTO ropeHue mporekaer B 1.8 pa3 menee
WHTEHCUBHO.

BrinonHeHbl 3KCIEpUMEHTHI IO UCCIIEIOBAHUIO BIUSAHMS MPSMOYTOJIBHOW CTEHKU Ha
pPEXUM BOCIUIAMEHEHUsI CBEPX3BYKOBOM IPONaH — BO3AYyLIHOW cMmecH ¢ npuMeHeHnnem MIIK
(remmepatypa miasmel — 10 000K, KoHIIEHTpaIUs SJIEKTPOHOB — ne:1016, MOIIHOCTH - TMJIK).
B3ppiB akTUBHOW 0O0JACTH TUIa3Mbl OCYIIECTBISUICS TPU OCTHIBAHUM OCHOBHOM MacChl
objacT J0 HEKOTOpPOW TeMIepaTypbl B3pbIBa, NpU KOTOPOW MPOUCXOAMIO PE3KOE
HapacTaHUE CKOPOCTU XMUMHUYECKUX peakuuil. Tak KaKk HadaJbHBIM HArpeB OCYLIECTBIISIETCS
no temmepatypsl 10 000 K, To pemaromiee BiusiHME OKas3biBaja IHEPrHsl IUCCOLUAIUSI
MOJIEKYJ.  BBISICHEHO, YTO YCTOWYMBOCTH BOCIJIAMEHEHHS CHH)KACTCS TPU BHECCHUHU
NpPSIMOYTOJIBHOTO  yCTyna B KaHaJl, HIPOUCXOAMT CY)KEHHE HWHTEpBaja JOMyCTUMBIX
COOTHOIIIEHUH CTAapTOBOTO pacxoja MporaHa u Bo3ayxa. DdeKT oObsICHACTCS NP aHAIN3e
CHUMKOB CKOPOCTHO# Kamepsl (puc.2).

OOTekaHuWe BHUCSIYMX CKAYKOB HAa TMEpPEAHEH W 3aJHUX KPOMKAX MPSIMOYTOJBHON
CTCHKM TMPHUBOJUT K YBEIWYCHHIO OObeMa aKTUBHOM OONAaCTH U JOIMOJHUTEIBHOMY
CHIDKCHHIO KOHIICHTpAIlMi pEarupyrommx BEIIeCTB, YTO HAKJIAIbIBACT Oo0Jiee CTpOrue
TpeOOBaHUS Ha HAyalbHBIC YCIOBUS. AHaJIM3 MPOCTPAHCTBEHHBIX NpoduiIeil maBlieHus
MoKas3aj, 4YTO JOMUHHUPYIOIIMM MEXaHU3MOM, BIMSIONIMM Ha BpeMs UHIYKIUU
BOCIUIAMEHEHUS, SBISETCS M3MEHEHHE YCIOBHI TMEpeHoca aKTHBHOW o0iacTu 1o
HaIpPaBJICHUIO TIOTOKA, YTO MPUBOJIUT K BO3PACTAHHIO BPEMEHH WHIYKIIMHA BOCTUIAMEHECHHUSI.
JIuHeHbIe OLIEHKHN MPOAOIHHON KOOPAUHATHI 00JACTH B3phIBA MOKA3aJIH YBEIHUUYEHHUE C 2,5 M
1o 4 M, 1.e. npumepHo Ha 63%. [IpoBeneHHBIC HCCICIOBAHUS TTO3BOJISIOT CIIENATh BBIBOJ Y
11enecoo0pa3HOCTH BHE3AMHOTO COKPAILEHHUS CeUeHHWs KaHaja IJIs YMEHBIICHHsS BPEeMEHU
WHAYKIIMH OOBEMHOTO BOCIUIAMCHECHHS IPOIAH — BO3MYIIHOW CMECH M HWHTECHCU(UKAINN
MHTEHCUBHOCTU FOPEHUs, MHULIUUPOBAHHOTO MarHUTO — IJIa3MEHHBIM KOMIIPECCOPOM.

PaboTa BeImosHeHa npu GUHAHCOBON MOACPIKKE KOMIUICKCHON MPOrpaMMBbl HAYYHBIX
uccaenoanuii Ilpesunnyma PAH «HccnenoBanue BemiecTBa B 3KCTPEMAbHBIX YCIOBUSAX»
[Moamporpamma 2 « @yHIaMEHTABHBIC ACTIEKTHI MATHUTOIIIIA3MEHHOM adPOIMHAMHIKI.
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METHOD OF MICROWAVE DISCHARGE SUSTAINMENT IN A
SYSTEM FOR HYDROCARBON DECOMPOSITION AND
GENERATION OF CARBON NANOTUBES

Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman
Institute of High Current Electronics RAS, Tomsk, 634055 Russia
A. G. Zerlitsyn, V. P. Shiyan, Yu. V. Medvedev
Institute of Nuclear Physics, Tomsk, Russia

The paper deals with the investigation of a method for sustainment of high-power
microwave discharge in the installation for natural gas decomposition. The previous
experiments had demonstrated that the microwave discharge plasma with a power level of
several kW and frequency of 2.45 GHz served as efficient medium for production of carbon
nanotubes. However, there is a problem in initiation of microwave discharge and in
subsequent sustaining of the microwave discharge plasma. This problem has been solved by a
usage of auxiliary low-power discharge, which generates an additional plasma in the area of
microwave plasma torch. Different types of auxiliary discharges have been investigated. The
experiments show that most suitable for the usage are the discharge regimes and the electrode
system designs which look like so-called low-current nonsteady state plasmatron [1].
Schematic of the experimental installation equipped with a unit for generation of auxiliary
discharge plasma is shown in Fig. 1.

@ (b)

Fig. 1. Experimental arrangement for sustainment of microwave discharge with a use of low-current nonsteady-
state plasmatron and CCD frame of the discharge in plasmatron with exposition time of 30 ms.

(a) 1 —auxiliary flange; 2 —holder of plasmatron cathode; 3 —plasmatron cathode; 4 —plasmatron anode
(inner conductor of coaxial waveguide); outer conductor of coaxial waveguide.

(b) (1 —3) —different positions of a plasma channel in nonsteady-state plasmatron.

The microwave power is delivered via the rectangular waveguide and the coaxial
waveguide. The electrode system of the auxiliary plasmatron is inserted in the reach-through
hole of conductor 4. The designs of plasmatron electrodes can provide different location of
the plasma channel. The sustainment of microwave discharge is most efficient when the
plasma channel forms outside the hole of electrode 4 (position 3 in Fig. 2b). The paper
presents the data on discharge investigations and on the regimes of carbon nanotubes
production.

The work was supported by the Russian Foundation for Basic Research under the
Grants No 08-08-00121 and No 09-08-99063.

1. Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman, and I. B. Matveev, “Glow-to-
Spark Transitions in a Plasma System for Ignition and Combustion Control,” IEEE Trans.

Plasma Sci., vol. 35, no. 6, pp. 1651-1657, Dec. 2007.
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METOJA HOAAEPKAHUSA CBY - PA3PAIA B CUCTEME JIJISA
PA3JIOKEHUSA YIVIEBOAOPOJAOB U ITOJYYEHUSA YIJIEPOJAHBIX
HAHOTPYBOK

10.]]. Kopones, O. 5. ®pany, H. B. J/lanons, B. I'. I'eiiman
Wucturyt cunsHOoTOuHOM 3nexTpornkn CO PAH, Tomck, 634055 Poccus
A. T XKepnuywvin, B. P. llusan, 0. B. Medseoes
HUWU Anepuoit puszuxu, Tomck, Poccus

B cratbe uccnenyerca meron noaep:kanusa Momuoro CBY — paspsiaa B ycTaHOBKE A1
pa30KeHUsT MPUPOJHOrO raza. JKCIEPUMEHTHI Mokazanu, 4yto 1minasma CBY — paspsga c
MOIITHOCTBIO OKOJIO HECKOJBbKUX KBT u uwactortoii 2,45 I'Tn siBisiercst 3 deKTUBHON cpenoin
JUId  TIOJIy4EHUs yIJIepOAHBIX HAHOTPyOok. OpHako cyliecTByeT Ipobiema  Kak
MHHULAUPOBAHUS pa3psijia, TaKk U AaJbHEHUIIEro MoAaepkKaHus IUIa3Mbl. DTa mpodieMa Obuia
pelleHa IpU IMOMOIINM BCIIOMOTATENIBHOTO pa3psAla MaJoOd MOIIHOCTH, CO3AAIOIIErO
JIOTIOJTHUTENBHYIO T1a3My B oOiactu ¢akena CBY — paspsga. DkcriepuMeHTHl OKa3bIBAIOT,
4yTo Haubojee NOAXOMAUIMMHU JUId HCIOJIb30BAHUS SBIAIOTCS PEXUMBI paspsaia MU
KOHCTPYKLHHU JJIEKTPOJHBIX CHUCTEM, CXOXHE C TaK Ha3blBa€M HECTAllMOHAPHBIM
wiazmMoTpoHoMm [1]. Cxemarndeckoe W300paKCHHUE YCTAaHOBKH, CO BCTPOCHHBIM Yy3JIOM
reHepaluy IJ1a3Mbl BCIIOMOIaTeIbHOTO pa3psiia, IpeACTaBlIeHo Ha puc. 1.

CBY uznyudeHne MOABOIUTHCS Yepe3 MPSMOYTOJbHBIM U KOAKCHATIbHBINA BOJHOBO/IBI.
DnexTpoaHas CHCTEMa BCIIOMOIATEIbHOI'O IUIA3MOTPOHA BCTPOEHA B CKBO3HOE OTBEPCTHE
tektpoaa 4. KOHCTpyKIUs 53JEKTPONOB IUIA3MOTPOHA MOXKET O00€CHEeUnTh Ppa3INdHOe
NOJIOKEHHE TJIa3MeHHoro kanana. HambGonee sddexruBno mognepxkanne CBUY — paspsaa
IPOUCXOIUT B cilyyae, KOrja IJIa3MEHHbIM KaHal (QOpMHUpPYETCsl CHapyXH OTBEpPCTHS
anektpona 4 (monoxkenue 3 Ha pucyHke 2pb). B crarbe mnpencTaBieHbl JaHHBIC TI0
HCCIIEZIOBAHUIO pa3psi/ia U PEKUMOB MOJTYUSHHS YIIIEPOJHBIX HAHOTPYOOK.

PabGora momnmepxkana Poccumiickum @®ongom DyHmameHTanbHbIX HMccnemoBanuii B

pamkax rparmoB Ne 08-08-00121 u Ne 09-08-99063.

METHANE CONVERSION IN THE IMPULSE-PERIODIC DISCHARGE

V.M. Fomin, A.l. Lebedev, K.A. Lomanovich, B.V. Postnikov
Khristianovich Institute of Theoretical and Applied Mechanics SB RAS
Institutskaya str., 4/1, Novosibirsk, 630090, Russia

The comparative analysis of existing methods of selective hydrocarbons conversion
reveals the plasma reactors focused on certain end-products possess such doubtless
advantages before chemical as simplicity, compactness and the low price. At reception of
hydrogen manufacture cost, in view of investments in a pyrolysis reactor, its creation and
operation, for plasma reactors is much less than chemical ones. At the same time productivity
of catalytic reactors nowadays remains above in comparison with plasma reactors. Wide
experimental and theoretical work applied to research and development of effective natural
gas conversion technology used various power sources both equilibrium (thermal) and
nonequilibrium low-temperature plasmas are conducted by research groups worldwide.

In this paper results of experiments on conversion of natural gas (methane) in impulse-
periodic discharge in sub- and supersonic streams of working gas are presented. Experiments
on methane pyrolysis in the surface dielectric barrier discharge (DBD) in a range of
frequencies of following high-voltage millisecond impulses up to 10 kHz were carried out.
DBD streamers visualization has shown, that in comparison with air in methane there is
significant contraction of current channels. Chromatographic analysis of reacted gas probes
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captured displayed selectivity of pyrolysis with change of discharge frequency in the
atmospheric DBD on end-products is less expressed in comparison with one in bare-electrode
discharge at average and low pressure at comparable energy input levels (Fig.1).
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Fig.1 — Percentage of hydrocarbons in an end-product from frequency of the discharge (atmospheric barrier
discharge and low pressure electrode discharge);
Fig.2 — Energy input in supersonic stream M=3.5 in a test section of a reactor.

In a supersonic reactor natural gas was injected from pre-chamber in supersonic nozzle
(M=3.5) in a pulse mode. The flow was directed in preliminary vacuumed testing section to
brake the stream on a barrier target by a normal shockwave pattern. Energy was supplied in a
free supersonic jet of working gas between an outer edge of the axisymmetric nozzle and the
target by a package of high-voltage impulses (Fig.2). According to chromatographic analysis
change of the period of following impulses influences on end-products pyrolysis selectivity,
in particular acetylene and hydrogen.

KOHBEPCHS METAHA B UMITYJILCHO-TTEPUOJIUYECKOM
PA3PSIIE

Jleoeoee A.U., Tomanoeuu KA., locmnurkoe b.B., @omun B.M
WucTuTyT TeOpeTndeckoil n npukiagHoi Mmexanuku uM. C.A. Xpucrtunanosnaa CO PAH
Wucrurytekas, 4/1, r HoBocubupcek, 630090, Poccust

CpaBHUTENBHBII  aHAIW3  CYLIECTBYIOIIMX  METOJOB  LIEJIEBOM  KOHBEpCUU
YTIEBONOPOAOB  IIOKa3blBA€T, YTO IUIA3MEHHBIE PEAKTOPBl, OPUEHTUPOBAaHHBIE HAa
OTpe/ieNICHHbIE KOHEYHbIE MPOAYKThl 00Ja4at0T TAKUMH HECOMHEHHBIMH NPEUMYILECTBAMU
nepesl XMMUYECKUMH, KaK MPOCTOTa, KOMIIAKTHOCTh M HM3Kas LieHa. Tak, Npu IOJydYeHuu
BOZOPOJA CTOMMOCTb IIPOM3BOJCTBA C YYETOM BIIOKCHMM B CO3JaHME PEaKTOpa U €ro
DKCIUTyaTaluy Ul IUIa3MEHHBIX PEAKTOPOB Ha MOPAJOK MEHBIIE, YeM XUMHUYECKUX. B TO ke
BpeMsl IIPOU3BOAMTEIBHOCTh KAaTAIUTHYECKUX PEAKTOPOB HA CETONHAIIHUM JIEHb OCTAETCS
BBIILIE [0 CPABHEHUIO C IJIa3MEHHBIMU peakTopaMu. B HacTosiee Bpems BEAyTCs IMIMPOKUE
JKCIEPUMEHTAIBHBIE W TEOPETUYECKHE HCCIENOBaHUSA, HANpPABJICHHBIE HA CO3JaHUE
3¢ (GEeKTUBHON TEXHOJIOTUH KOHBEPCHUH MPUPOJHOIO ra3a € MHCIHOJIb30BAHUEM pa3IMYHbIX
MCTOYHHMKOB KaK PaBHOBECHOH (TEpMHYECKOIT), TaK U HEPAaBHOBECHON HU3KOTEMIIEpaTypHOH
IJ1a3MBl.

B pabore mpencraBneHbl pe3yJbTAaThl JKCIIEPUMEHTAIBHBIX HCCIEAOBAHUN IO
KOHBEPCHU MPUPOJHOrO ra3a (MeTaHa) B HMITYJIbCHO-IIEPUOAUYECKOM paspsie B J0- U
CBEpX3BYKOBBIX IIOTOKax pabOouero rasza. IlpuBeneHbl pe3yibTaTbl SKCIEPUMEHTOB 110
MUPOJIN3Yy METaHa B MOBEPXHOCTHOM OaphepHOM paspsijie B JHMAaNa3oHe 4acTOT CJelIOBaHUs
BBICOKOBOJIBTHBIX MHJUIMCEKYHIHBIX UMIylbcoB 10 10 kxI'm. Pe3ympraTel BU3yanmu3amuu
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CTPUMEpOB pa3psia IOKa3ald, YTO B CPAaBHEHUIO C BO3IYyXOM B MeETaHE HPOUCXOAUT
KOHTPaKLUsl TOKOBBIX KaHAJIOB. Pe3yibraThl XpoMaTorpaduyeckoro aHaiamsa npo0 rasa Ha
BBIXOJIC M3 O0JIACTH PEaKLIUH JIEMOHCTPHPYIOT, YTO CEJICKTHBHOCTH IUPOJIH3a C H3MECHEHHEM
94acTOTHl pa3psga B arMoc(epHOM OapbepHOM paspsilie M0 KOHEYHBIM HPOIYKTaM MeEHee
BBIP2)KECHA, B CpPaBHEHHE C CMKOCTHBIM ODICKTPOIHBIM pa3psiioM CpPEIHEr0 ¥ HU3KOr0
JaBJICHUS, TIPU CPAaBHUMBIX SHeproBkiaaax (puc.l).

B cBepx3BYKOBOM peakTope HMHXKEKIHsS MeTaHa B CBepx3BykoBoe cormio (M=3,5)
OCYIIECTBIISIIACH U3 (POPKAMEpPhl peakTopa B UMITYJILCHOM pekume. VcTedeHne mpoucxoamsio
B TIPEIBAPHUTEIIHLHO BaKyyMUPOBAHHYIO pabOvyr0 YacTh C TOPMOXKEHHEM ITOTOKA Ha Mperpase.
[TogBoI 3HEPrUHM OCYLIECTBISUICS B CBOOOAHYIO CTPYIO pabodero rasa MeExAy KPOMKOMH
OCECHMMETPHYHOTO COIUIa M TMPErpajoii-MHUIICHBI0 MaKETOM BBICOKOBOJBTHBIX HMITYJIBCOB
(puc.2). Tlo nmaHHBIM XpoMaTrorpapuyecKoro aHaliu3a H3MEHEHHE I[EepUoJa CIICJA0BAHHS
MMITYJIbCOB OKa3bIBAa€T BIUSHHUE Ha HApAOOTKY MPOIYKTOB MUPOJIH3a, B YACTHOCTH alleTHIICHA
¥ BOJIOPOJIA.

ABOUT LOW TEMPERATURE INFLAMMATION OF PROPANE AND
ACETALDEHYDE

Bityurin V.A., Bocharov A.N. and Filimonova E.A.
OIVT RAN, Moscow
e-mail: helen@oivtran.ru

Primordially, the interest to low temperature oxidation (T~500-650 K) of fuel-air
hydrocarbon mixtures was associated with the study of combustion in a spark ignition engine
(an engine knock) and diesel engine with homogeneous charge (for example, nature gas with
air) [1,2]. The visible appearance of this oxidation is the fluorescence of formaldehyde
(CH,0) and formyl radical (CHO) with the wave-length of blue spectral region. Since in
experiments on assisted combustion by discharge it is frequently observed the blue color light
emission before inflammation, the fast propagation flame (200 m/s and more [3-5], laminar or
turbulent combustion transient to detonation), then for that phenomena and some other the
multistage ignition in discharge systems may be responsible.

The goal of given work (see [6], too) was to construct the kinetic model including a
low temperature ignition stage, to add its to a high temperature stage of propane-air
combustion mixture and to simulate with a point of view the temperature, pressure and
composition influence on initiation of the cool, blue and hot flames. The source of heating
and primary radicals was the electrical discharge. As for now the calculation of inflammation
process was carried out using the kinetic code [7] for the constant volume condition with
taking into account a heat emission. The cooling of walls was not taken into consideration,
and the influence of the insufficiently studied decompositions for the time being was accepted
in some reactions just approximately. In experiments the multistage ignition is identified
throughout the stepped growth of pressure and light emission. In calculations the
identification of those flames is the change of pressure and concentrations of the key
components.

The substance causing the degenerate-branchy feature of oxidation propane is the
intermediate product acetaldehyde (CH3;CHO). Accept acetaldehyde the active component
with a point of view of cool flames is alkyl hydroperoxide CsH;OOH, and also the products
of CH3CHO decay such as CH3OOH and CH3;COOOH. Those products give the free radicals
easier than that of initial substances.

The simulation for CH3CHO:02:N, mixture showed at the fist stage the peroxide
decomposition results in the fast heat emission, the temperature increase at 100-200° and
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pressure, abrupt raising of OH
concentration, and, as a consequence, to
H,0, formation. The blue flame stage is
characterized by H,O, decomposition and
further rising of temperature and pressure.
With temperature growth the conditions for
a quick chain branching and OH
concentration  increase  in  reaction
H+0,=OH+O completing by a hot
inflammation at third stage are created. - - -
The similar results have been obtained in ' " Time, s

[8].

The longest phase of multistage ignition is an induction time of cool flame appearance.
If to reduce that time owing to discharge impact in a closed volume then it will be able to
organize the quick and virtually simultaneous mixture inflammation over the volume. There
are some experimental data demonstrating that the insertion of radicals for example due to
discharge lowers the intensity of cool flame down to disappearance of it, and can sharply
reduce the induction time [1].

To determine the radical influence as a products of discharge operation such as O and
H atoms and CHs radical, the modeling for 7%CH3;CHO+20%0,+73% N, mixture at T¢=550
K, Pp=1500 Tor were executed. The initial radical concentration was chosen to be equal 200
ppm. The results of preliminary calculations showed the radicals indicated above reduce the
induction time of cool ignition (without radicals induction time was equal to 0.18 s),
conserving the duration of second and third stages the unchanged. As a result the total
induction time becomes smaller (without radicals the total induction time was equal to 0.53 s).
Especially it is noticeably at the presence of O atom when the induction time diminishes to
almost zero. The results for the last case are presented in figure: “1” is no radicals, “2” is with
O radical.

In future it is supposed to perform more detail study of the role of low temperature
inflammation at the conditions of plasma assisted combustion in the gaseous mixture flows.
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K BOITPOCY O HUBKOTEMIIEPATYPHOM BOCIINIAMEHEHHUHA
ITPOITAHA U AIETAJIBAETUJIA

Bumwpun B.A., bouaposé A.H. @unumonosa E.A.
OUBT PAH, Mocksa
e-mail: helen@oivtran.ru

W3navaneHo wuHTEpec K Hu3KoTemmepaTrypHomy okucienuto (T ~ 500-650 K)
TOIJTMBHO-BO3IIYIITHBIX YTJIEBOJIOPOJIHBIX CMeceld OBLI CBSI3aH C HM3YYCHHEM TOPCHUS B
JIBUTATENIAX BHYTPEHHETO CropaHus (Takoe SBJICHUE, KaK CTYK B JBUTATENiC) U JAU3CIbHBIX
JIBUTATEIIAX C TOMOTEHHBIM 3apsaoM (Hampumep, MPHPOAHBIA ra3 ¢ Bozmyxom) [1,2].
BHenHUM TPOSIBIICHHEM TaKOTO OKHUCICHHS SIBJISETCS (QuiroopeceHus (GopMabaeruia
(CH20) u dopmuna (CHO), nabmogacmas B BHIMMOM JAHMAala3OHE UIMH BOJH B CHHEH
obmactu criektpa. [ToCKOIbKY B 3KCIEPUMEHTAX M0 CTUMYJIUPOBAHHOMY Pa3psiioM FOPCHHUIO
gacto HaOMIomaeTcs CBEUEHHWE Toiy0oro IBeTa Teped  BBICOKOTEMIIEpATypPHBIM
BOCIUIAMEHEHHUEM, ObicTpoe pacrpoctpaneHue tiamenn (200 m/cexk u OGombiie [3-5],
namuHapHoe (TypOyJeHTHOE) rOpeHHe, Mepexosiiiee B JCTOHAIMIO), TO 3a ATH SBJICHUSA H
HEKOTOpBIC JIPYTHME€ MOXET OBbITh OTBETCTBEHHO MHOTOCTaUIHOE BOCILUIAMCHEHUC B
pa3pAIHBIX CUCTEMAX.

[lenbto maHHOW paboThl (cM. Takke [6]) ObUIO MOCTPOMTH KMHETHYECKYIO MOJICIb,
BKITIOYAIONYI0 ~ HU3KOTEMIIEPATypHYI)  CTaJHMI0O  BOCIUIAMCHEHUS,  JONOJIHHUTH  €I0
BBICOKOTEMIICPATYPHYIO CTAIUI0 TOPCHUS MNPOMAHO-BO3AYIIHOH CMECH U TPOBECTH
MOJICJIEHBIC PAcCYeThl C TOYKW 3PEHUS BIUSHHS TEMIIEPATyphl, JABJICHHUS M COCTaBa Ha
BO3HUKHOBEHHE XOJIOMHOTO, TOJYOOr0 ¥ TOpsvero IulaMeHH. VICTOYHMKOM Temjia W
MIEPBUYHBIX PAIMKAJIOB SIBISICTCS DIIEKTPHUYECKUI pa3psin. PacueTsl mpoiecca BOCIUTAMEHEHHS
Ha OTOM JTale MPOBOJMIKNCH C TMOMOIIBI KHHETHYCCKOW Mporpammbl [7] s yCIIOBHS
MOCTOSTHHOTO 00BEMa € YYETOM TeIUIOBBIeNeH s, OXIIaKIeHHe CTCHKAaMU HE YYUTHIBAIOCH, a
BJIMSIHUE HEJOCTATOYHO M3YUYEHHOT'O Ha CETOJIHS PA3JIOKEHHsI MEPEKUCEi Ha CTCHKAX Y4TEHO
B HECKOJBKMX pPEaKIHsIX JHIIb NPUOIU3UTEIBHO. B 3KCIepUMEeHTaX MHOTOCTaJUHHOE
BOCIUIAMCHEHHUE WICHTHU(PHUIUPYIOT MO CTYNCHYATOMY MPUPOCTY JABJICHHUS U MO CBCUCHHIO.
WnenTudukamnyeid miaMeH Hpu pacueTax CIY)KUT U3MEHCHHE IABJICHUS M KOHIICHTPAIHA
KJTFOYEBBIX KOMITOHCHTOB.

BemectBoM, 00ycCliaBIMBarOIIUM BBIPOXKICHHO-PA3BETBICHHBIN XapaKTep OKHCICHUS
NpolaHa, SBJISAETCS MPOMEXyTo4Hbld nponykr - aneranpaerun (CH3;CHO). Kpome
arieTajberua aKTUBHBIM KOMITOHEHTOM C TOYKH 3PEHHUSI 00pa30BaHMS XOJIOMHBIX IJIAMEH
sBisercs ankuwiruaponepekuch C3H;00H, a Takxke mponyktel pacnaga CH3;CHO, takue kak
CH3;00H u CH3COOOH. OTtu mpoayKThl  NpU JaNbHEHIIMX TPEBPAIICHHUSIX JTalOT
CBOOOTHBIC paIMKAIIbI JIETYE, YEM HCXOIHBIC BEIICCTBA.

Pacuers1, npoBenennnie aiis cmecu CH3CHO:O,:N», mokaszanu, 4To Ha IEPBOM CTaauH
pa3ioKEeHUE TEPEKUCEH MPUBOIUT K OBICTPOMY BBIJCICHHIO TEILIa, POCTY TEMIIEpaTyphl Ha
100-200° u naBneHHWIO, pe3koMy moabemy KoHieHTtparmuu OH, u, kak ciencteue, — K
obpazoBanuto nepekucu HyO,. Cranust roay0oro miamMeHd XapaKTepu3yeTcsl pas3iioKeHHEM
H,O, u pmanpHEWIIMM TOABEMOM TeMIepaTypbl M naBieHus. C pOCTOM TeMIeparyphbl
CO3JIAIOTCS YCJIOBUS JUIsl OBICTPOTO Pa3BETBIICHUS IICNU U yBenuuyeHus KoHieHtpauuu OH B
peakmuun H+O,=0OH+O, 3aBeparomerocss TOpsSYuM BOCIUIAMEHEHHUEM Ha TPEThEW CTaJlvU.
AHanoru4yHele pe3yJbTaThl ObLTH MOJYYeHBI B padore [8].
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CampiM UMTENTBHBIM  (pa30ii MHOTOCTAIUIHOTO BOCIIIAMEHEHUS SIBIISCTCS BpeMs
UHIYKIUH BO3HUKHOBEHHS XOJIOMHOTO TUIaMeHHM. Eciu COKpaTuTh 3TO BpeMs 3a CHUET
BO3JICHCTBUS paspsga B 3aMKHYTOM o0OBeMe, TO MOXKHO OpraHH30BaTh OBICTpOE U
MPAKTUYECKH OJHOBPEMEHHOE BOCIUIAMEHEHHE CMeCH BO BceM obObeme. EcTh HekoTophie
IKCIIEPUMEHTANBHBIC JaHHBIC, YTO BBEJCHHEC pAJMKAJIOB 3a CYET, HamNpHMep, pas3psia,
CHIDKAeT MHTEHCUBHOCTD XOJOAHOTO TUIAMEHH, BIUIOTH /10 €r0 MCYE3HOBEHUS, H MOXKET PE3KO
COKpaTHTh BpeMst HHIyKIuH [1].

Jlnst onpeneneHusl BIUSHUA PaJUKaIOB — MPOIYKTOB JIEHCTBHUA pa3psia, TaKHX Kak
aromel O, H wu pamukama CHs;, Opuim  mpoBeAeHBI  pacdeThl  JJII  CMECH
7%CH3CHO+20%0,+73% N3, To=550 K, Py=1500 Top. HauanpHas koHIEHTpaiusi OblLia
BeiOpana paBHoi 200 ppm. Pe3synpraTel mpenBapUTENbHBIX pACUETOB IIOKA3ajH, YTO
yKa3aHHBIC BBIIIE PaJUKalbl YMEHBIIAIOT BPEMsI MHIYKIWH XOJOJHOTO BOCIUIAMEHEHHS
(6puto 0.18 c), ocraBisisi ATUTENBHOCTH BTOPOW M TPEThEW CTAJMU HEU3MCHHOW, M, Kak
pe3ynbTaT, CyMMapHOe BpeMsi HHAYKIMU craHoBuTcs MeHblre (0bu10 0.53 ¢). OcobeHHo 310
3ameTHO 115t atoMa O (BpeMst MHIIYKIIMU XOJIOAHOTO BOCIUIAMEHEHHS YMEHBIIHIIOCH TOYTH 10
HyJs1). s 3TOro ciiydasl pe3ysibTaThl pacueTa MPHUBEIACHBI HAa PUCYHKe: “17- HavyambHas
KOHIICHTpPAIUs PaJNKalOB paBHA HYNIO, “2” — HayanbHas JOJS aTOMOB KHCIIOpOJa paBHA
0.01%.

B nmanpHeiimeM mpesmnonaraeTcs MpoOBECTH 0oJiee JETANBHOE HCCIEOBAHUE DPOIJIU
HHU3KOTEMIIEPAaTyPHOTO BOCIIAMEHEHHUS B YCIOBUAX IIA3MEHHOTO CTHUMYJIHPOBAHHS TOPEHUS
B TIOTOKAX Ta30BO3/IYIIHBIX CMECEH.

NUMERIC ALGORITHM FOR COMBUSTION MODELLING.

A.S. Petrusev.
IPMech RAS, Moscow, 119526, Russia, Vernadskogo avenue, 101 building 1, petrusev@ipmnet.ru

The combustion processes in gas flows attract an interest due to different practical
implementations as well as possibility of testing of any existing kinetic schemes and transport
properties.

For numeric modelling this task is difficult due to multiple
reasons [1,2]. There are the large number of chemical components,
stiffness of chemical Kkinetic equations, difficulties of
multicomponent diffusion calculation and others. The equations to
be solved are strongly coupled each other because of sharp
temperature dependence of chemical kinetic rates, large heat
releasing and large varying of mixture molecular weight. These
conditions require the considerable computing power as well as
developing of special implicit or semi-implicit numeric algorithms.
The separate task is the developing algorithms appropriate for
effective parallelizing on computers cluster.

This work is devoted to numeric modelling of laminar
hydrogen — oxygen combustion in flat 2D geometry (see Fig.1) in
the framework of stationary system of multicomponent

hydrodynamic equations (1)-(4): Fig. 1. The burner

outline.

(Vpv) =0 1)
(Vpv)V+Vp—(VnV)v=0 (2
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(Vpve)+ p(Vv) = (VAV)T +

+[VZ[%+hijJi]=O (3)

(Vpve)+(VI) =W, i=1l..m. 4)

Here p is gas density, v is mass—average velocity, p is pressure, 7 is dynamic viscosity, ¢ is
mass density of internal energy, A is heat conductivity, T is temperature, h; is mass density of
enthalpy of i-th component, Ji=(Jxi,Jz) is diffusion mass flow of i-th component, c;is mass
fraction of i-th component, W; is chemical source term, m is chemical components number.

The equation system (1)-(4) have been solved by relaxation algorithm. This implicit
full approximation algorithm is based on process-splitting techniques and is the result of
developing of numerical scheme [3]. The numeric scheme is conservative on relaxation and
uses variables p, T, pv, pci. All of equations are solved independently by upper relaxation in Z
direction with Thomas algorithm along X direction without any additional internal iterations.
The solution technique for components continuity equations and energy balance equation is
the same with [3, 4]. At the solving of equations (2) the direct correction of flow solenoidality
occurs by continuity equation (1). The pressure is calculated from parabolic equation obtained
by divergence taking of equation (2). The advantage of this method of hydrodynamic
equations solution [4] is the almost full absence of stray acoustic waves on relaxation, which
may reduce the solution convergence.

The algorithm developed combines calculation efficiency of separate iteration with
rather fast convergence of iterations. The important algorithm advantage is its adequacy for
effective parallelizing by domain decomposition on multi — computing cluster with MPI
technique. The domain is dividing along Z axis to flat bars which are parallel to X axis. By
the using of upper relaxation in Z direction, it is convenient to translate the data through
subdomains boundary. The translated data amount is O(Nx)<<NxN,, where NxN; is the total
nods number, which provide high parallelizing efficiency.

Fig.2 Temperature profile, K. Fig.3. Relative pressure profile, Pa.

The calculation occurs for equal input velocities of H, and O, 5m/s with initial
temperature 300 K at pressure 1 atm. The hydrogen is supplying throw 0.5mm nozzle. The
dimension of calculation area is 5xbmm. The stationary solution is achieved after
approximately 10° global iterations. The calculated fields of temperature and relative pressure
are shown on Fig 2, 3.
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In the case of relatively rare calculation grid with 100x100 nods, the calculation
consume approximately 5-15min. on single Pentium-3.2GHz. In the case of more dense grid
with 1000x1000 nodes, which is necessary for combustion front resolution, the task is solved
on multi computers cluster IPMech-2 contains 32 double-core computers Pentium-3.2GHz.
Up to 50 processors had been used in calculations. At calculation on 16 processors the
parallelizing efficiency 70% is achieved. With processors number increasing the efficiency
drops due to network exchange slowness.
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YUCJEHHBIN AJITOPUTM I MOAEJIUPOBAHUSA T'OPEHUS

A.C. Ilempycés.
NIIMex PAH, r.Mocksa, 119526, Poccus, np-t Bepuanackoro, 101/1, petrusev@ipmnet.ru

IIpoueccel ropeHuss B CIyTHBIX U IPOTUBOTOYHBIX IOTOKAaX IPUBIIEKAIOT HHTEPEC
UCCIIe0BaTeNIed KaK C TOYKM 3PEHUS MHOXKECTBA MPAKTHUUECKUX MPWIOKEHUN, TaK U
BO3MO)XHOCTBIO IIPOBEPKM M YTOYHEHHS CYLIECTBYIOIIMX KHHETUYECKMX MEXaHU3MOB
ropeHus u ko3P PUIMEeHTOB epeHoca.

C TOUKM 3pEHHs YHMCIIEHHOTO MOJEIMPOBAaHMs JaHHas 3ajJadya CJIOKHA IO psay
npuund [1, 2]. Cioma OTHOCSATCSI MHOTOKOMIIOHEHTHOCTH 3a/laud, BBICOKas IKECTKOCTh
YpaBHEHHI XUMHYECKOM KMHETHUKH, TPYJHOCTh pacdéTa MHOTOKOMIIOHEHTHOM TU(Qy3un u
Ip. Pacuér ocioxxHseTcs pe3Kod TeMIepaTypHOM 3aBUCUMOCTBIO CKOPOCTEM XHMHYECKHX
peakuuii U CUJIbHBIM M3MEHEHHEM IUIOTHOCTH Ta30BOH CMECH H3-3a U3MEHEHUS CPEIHEro
MOJIEKYJISIPHOTO Beca. JT0 TpeOyeT Kak 3HAUUTEIbHBIX BHIYMCIUTENbHBIX MOIIHOCTEH, TaK U
pa3paboTKK CIEIUANbHBIX HESBHBIX MM TOJYSBHBIX AJITOPUTMOB, CIIPABISIONIUXCS CO
3HAYMUTEIIbHON KECTKOCThIO ypaBHEeHUU. Oco00M 3amaueil sSBISIETCS CO3/JaHHE aTOPUTMOB,
OPUTOAHBIX K 3(G(GEKTUBHOMY  paclapajUIeIMBaHUIO  HA  MHOTOMNPOLIECCOPHBIX
BBIYMCIIUTEIBHBIX KOMIUIEKCAX.

Hacrosimas paboTa mocBsieHa YUCICHHOMY MOJEIMPOBAHUIO TOPEHHUS BOAOPOJIO -
BO3JYIIHOM CMECH B CIYTHBIX MOTOKax roprouero H; u oxuciurens O, B IUIOCKOM
nBymMepHOM reomerpuu (cM. puc.l) B paMKax CTalMOHAPHON CHCTEMBI YypaBHEHHI
MHOT'OKOMIIOHETHOM THUJIPOJMHAMMKHU BS3KOTO, TEIUIONPOBOJHOTO, XMMHUYECKH AKTHUBHOT'O
raza (1)-(4):

(Vpv) =0 1)

(Vpv)V+Vp—(VnV)v=0 (@)
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(Vpve)+ p(VVv) = (VAV)T +

+[VZ(%+hiJJiJ:O -

(Vpve)+(VI3) =W, i=1l..m (4)

3nmech p— IUIOTHOCTH ra3a, V— €ro CpeJHeMaccoBasi CKOpOCTh, P — JaBJCHUE, 7] —
IMHAMHUYECKas BSI3KOCTh, & —— MaccoBas IUIOTHOCTh BHYTPEHHEH sHepruu, A—
TEIUIONPOBOAHOCT, | — Temmeparypa, hj— MaccoBas IUIOTHOCTh ODHTAJBIUH I-TO
kommoHeHTa, Ji=(Jx,Jz) — MaccoBasi IJIOTHOCTh TOTOKA I-T0 KOMIIOHEHTa, Cj — MaccoBas
noist i-ro kommoHeHTta, W — XMMHYECKUH MCTOYHUKOBBIN WiICH, M — YUCIO XUMHYCCKUX
KOMITOHEHTOB.

JIJ1st YMCIICHHOTO pellieHus cucTeMbl ypaBHeHui (1)-(4) ucrnosp3oBaHa HesBHAs cXxeMa
YCTAHOBJICHHSI TTOJIHOW ANMpPOKCHMAILMU C paclieTyieHHeM Mo mporeccaM. Vcmombzyemast
cXema SIBIISIETCSl PE3yJIbTaTOM IOCIIEA0BATEIbHOTO Pa3BUTUs uucieHHoi Mmozenu [3]. Ona
KOHCEpBATHBHA TPH yCTAaHOBIICHUH B TIEpeMEHHBIX P, T, V, Ci. Bce ypaBHeHus pemanuch
HE3aBHCUMO JIpyI OT Jpyra METOJOM peEJaKcallii B HAmpaBlICHWH TOToKa Z C
MOCTICIOBATEIBHBIMI TIPOTOHKAMH BIOJh JHHUKA X 0€3 IOMONHUTEIbHBIX BHYTPEHHUX
utepauuii. Cxema pemieHusi ypaBHEHUH HEPa3phIBHOCTH KOMIIOHEHTOB M 3SHeprolanaHca
ananornuHa [3, 4]. Tlpum pemieHuH ypaBHEHHMH JABWXKEHUs (2), NpUMEHsIACh MpsMas
KOPPEKIMs COJICHOMJAIBHOCTH pacxona mo ypaBHenuto (1). JlaBneHue BBIYMCISIOCH U3
napaboIMYECKOr0 YpaBHEHHUS, MOJYYaeMOro B3sTHEM IUBEpreHiuu ot (2). JJoCTOMHCTBOM
Takoro meroja [4] peuieHus: ypaBHEHUWH THIPOJMHAMUKY SIBISCTCS MPAKTHYECKU IOJHOE
OTCYTCTBHE Ha JTalle YCTAHOBJICHUS Mapa3sUTHBIX aKyCTHYECKUX KOJeOaHWH, 3aMeUITIONIIX
CXOJIUMOCTD PEIICHHS.

Hcnonp3yeMplii alNrOpUTM COYETAET BBIYUCIUTEIBHYI0O SKOHOMHYHOCTH OTIEIBHOU
UTEPALUH C JOCTATOYHO OBICTPON CXOIMMOCTBIO IpoIiecca B 1eIoM. BaKHBIM JOCTOMHCTBOM
QITOPUTMA SBJISIETCS €T0 NPUTOAHOCTh Ui A(PQPEKTHBHOTO paclapajieuBaHUs Ha
MHOTOIIPOIIECCOPHBIX BBIUMCIUTENBHBIX KOMIUIEKCaxX ¢ rmomolibio uHTepdeirica MPI. s
pacnapajuieIMBaHusl IPUMEHSIICS METOJ| IeKOMIO3UIul obnactu. O6macTh pazdouBaniach 1o
ocu Z Ha T10oAO0ONACTH, TPEICTaBIAIONIHNE COOOH TMOJIOCHI OJMHAKOBOW IIMPHUHBI,
napamiensHsle ocu X. biaromaps MCHoOib30BaHUIO CXeMbI Oerymiero cuéra nmpu peleHuu
CETOYHBIX ypaBHEHHH B HampaBieHUU Z, yAaéTcs €CTECTBEHHBIM 00pa3oM OCYIIECTBHTH
nepeqady JaHHBIX Ha rpaHunax nogoodmacreid. O0bEM JaHHBIX, IEPEChUTAEMbIX MIPU NEPEXoie
yepe3 rpanuily momodaacreii cocraBiasieT O(Ny)<<NyN;, rme NyN, — moiHOe 9mciao y3iaoB
CEeTKH, 4TO U 00eCTIeYrBaeT BHICOKYIO 3()()eKTUBHOCTh pacrapajieTuBaHHs.

Pacuérsl poBOaMIIMCH U PaBHBIX cKopocTeil BBona roprodero (Hz) m oxucmurens
(O2) 5 m/c ¢ navanbHol Temmneparypoit 300 °K npu naBnennu 1 atm. ['oprodee moaBOAMIOCH
gyepe3 corio mmpuHO 0,5MM, OKMCIHTENh — dYepe3 IMMPOKOE BHENIHEE COIIo. Pa3zmepsr
pacuéTHOM 0OIACTH COCTABIISLIIA SXOMM.

PesynbraThl 4HCIEHHBIX pacu€TOB TOKA3bIBAIOT, YTO ISl CXOAMMOCTH Tpelyercs
ok0110 10° ro6anpHbIx UTEPALIHA.

BrrancienHbie oSt TeMIeparypbl B OTHOCHUTEIBHOTO JaBJICHHS TPEACTABICHBI Ha
puc 2, 3. B cnydae uUCHONIB30BaHUSI CPAaBHUTENBHO HeOombiioi pacuérHoit cetku 100x100
y3JIOB, BBIYHCIICHHUS 3aHUMANHN Topsiaka 5-15vuH Ha ogHOM Kommbrotepe [lenTrmym—3,2I T,
[Ipn wucnonb3oBanuu rycThix ceTok 1000x1000 u OGomee y37m0B, HEOOXOIUMBIX st
MoJpoOHOTO paspemieHuss (ppoHTa TUIAMEHH, 3ajjada pelrajach Ha MHOTOIPOIECCOPHOM
BeIYHCIUTENIEHOM KoMmiutekce MIIMex—2, conepikameM 32 IBYXSAEPHBIX KOMIBIOTEPA
[Mentnym—3,2I'r. B pacuérax mcnonbs3oBaiock 10 50 mpomeccopoB. [Ipu BeMUCICHUSX Ha
16 mponeccopax ymaérca nmoctuub dddexTuBHOCTH pacmapauienuBanus g0 70%. Ilpu
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JanbHEWIIeM  yBEIMYEHUM  4YHMCia  HapajuleNbHBIX  mpoueccoB 3¢ (EKTUBHOCTh
pacnapasuieTMBaHuUs MalaeT U3—3a MEIJICHHOCTH CETEBOr0 OOMEHa.

BbaarogapHocth. PabGora BbIOIHEHAa B pamMKax HOporpaMMbl (pyHIaMEHTaJIbHBIX
uccienoanuii npesuanyma PAH nog pykoBoactBoMm akan. B.A. JleBuna.

THE DEVELOPING OF NUMERIC ALGORITHM OF HIDROGEN-
OXIGEN MIXTURE IGNITION BY LASER PLASMA

V.V. Kuzenov, A.S. Petrusev
IPMech RAS, Moscow, 119526, Russia, Vernadskogo avenue, 101 building 1, kuzenov@ipmnet.ru,
petrusev@ipmnet.ru

The plasma plume (Fig.1), above metal target or gas media under laser influence may
be utilize for fuel ignition in scramjet, for laser — induced plasmotrons. It is worse to be
mentioned, that laser irradiation in some regions of super sonic flow may change its structure.

For numeric modelling this task is rather difficult due to multicomponents, high
stiffness of equations, sharp temperature dependence of chemical reactions rates and large
varying of gas mixture molecular weight. For overcoming of these difficulties the significant
computational powers and the developing of special numeric algorithms are needed.

With the aid of computational model has been

developed the combustion ignition in oxygen - LI | I\@
hydrogen gas mixture by laser plume is numerically 'HH'H‘
studied. The laser radiation with metal target is /"I i T
considered with wavelength 1.06 or 10.6um, laser I ‘y@
pulse durations 10°%-10° s and energy flow density q e LI B
up to 10% W/cm?. At this case the laser influence on N e

the target leads to plasma formation in metal vapour
or surrounding gas. It is known, that initial vapour
plasma formation leads to strongly radiated shock Fig.1 The outline of laser plume structure.
wave in surrounding combustion mixture and 1 - metallic target; 2 - The erosion vapor
turbulence in laser plasma plume. The strong 2rea; 4 —The area of shock — compressed
radiation, turbulent mixing and gas heating after 9%

shock wave front may init combustion in hydrogen — oxygen mixture.

The numeric 2D model of laser plasma processes is based on multicomponent
equations of radiative gas dynamics with spontaneous electromagnetic fields and plasma
turbulence. The characteristic feature is taking into account the gas motion with contact
boundary between plasma and metallic target vapour. The electromagnetic processes are
described by Maxwell equation system. The radiation transfer is described by multigroup
diffusive approach. This equation system is supplemented by description of heating and
evaporation of target material under laser radiation influence.

The numeric solution of this equation system is based on splitting by physical
processes and spatial directions. The solution of splitted equations occurs by the variant of
compact finite-difference scheme of 6-th order, which has been developed. At radiation
transfer equations solution the modified alternative-triangular method has been used. The
equations for magnetic induction are solved by semi-implicit splitting method. The
combustion processes described by chemical kinetics equations, solved by Rosenbrock
method.

The calculations occurs for laser pulse durations 10-1000ns, full laser pulse energy
0.1-100J, spot size ~100 — 500 um. The material of metallic target is Al. The surrounding

1

43



POSTER SESSION - 1 Papers

media is hydrogen — oxygen mixture.
There are the calculated fields of temperature and velocity on Fig.2, 3.
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Fig.2. The spatial distribution of temperature 7[K] in laser plume at t=0.31x5 (Qua=2x10°W/cm?, E,=3J,
tj2z=50ns, P_=0.1atm).

Fig.3. The spatial velocity distribution along laser plume axis at t=0.31s (qi=2x10°W/cm?, E;,,=3J, t,,,=50ns,
P.=0.1atm).

Conclusion.

The numeric model of near-target laser plume has been developed. It is based on
multicomponent radiative plasmadynamics in arbitrary curvilinear coordinates. All of the
main laser plume parameters fields have been calculated. The numeric analysis of mixture
ignition has been carried out.
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PA3PABOTKA YACJIEHHOT O AJI'OPUTMA IIOJKUT'A KHCJIOPOAO-
BOJOPOJHOU CMECH JIASEPHOM I1VTIAZMOM.

B.B. Ky3enos.
UllMex PAH, r.Mocksa, 119526, Poccus, np-t Bepnaackoro, 101/1, kuzenov@ipmnet.ru

[Tnasmennoe obpazoBanue (pric.l), BOSHUKAIOIICE HA/ MOBEPXHOCTHIO METAITHYCCKON
nperpajgsl WIM HENOCPEACTBEHHO B Ta30BOMl cpele B pe3yjbTaTe JCHCTBUS JIA3€PHOTO
U3ITyYeHHS] MOXKET OBITh UCIIOJIB30BAHO JJIsl o xura roproueii cmecu B I'TIBP/I, a Taxoke st
CO3JIaHMS JIA3E€PHBIX IJIa3MOTPOHOB. JlazepHble MIa3MOTPOHBI MCHOJIB3YIOTCS IS U3YUYECHUS
aIPOTEPMOIMHAMUKH TIPOIIECCOB OOTEKaHMS JIETATEIbHBIX AaMIapaToB CIIOXHONH (HOPMEI.
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OTMETHM TaKKe, 4TO JIa3epHOE U3ITyUYEeHUE U CBSI3aHHOE C HUM 00BEMHOE YHEPTOBbIIeNIEHUE B
OTIpeNIeIeHHONW 00JacTH CBEPX3BYKOBOI'O MOTOKA, MOXKET MO3BOJHMTH M3MEHUTh B HYXKHYIO
CTOPOHY CTPYKTYpYy TeueHHUs (CHCTEMY B3aMMOJICHCTBYIONIMX JAPYT C IPYrOM yIAPHBIX BOJIH)
MIOTOKA.

C TOuKkHM 3peHMs] YMCICHHOIO MOJEIMPOBAaHMs JTaHHAS 3ajadya JOCTaTOYHO CJIOKHA.
3/1ech MOXKHO OTMETUTh MHOTOKOMIIOHEHTHOCTH 3aJauM, BBICOKYIO JKECTKOCTb ypaBHEHUN
XUMHYECKOW KMHETUKH U Ap. CII0KHOCTh 3a/Ja4M CBsi3aHA TaKKE C PE3KOM TeMmepaTypHOU
3aBUCHUMOCTBIO CKOPOCTEH XMMHUYECKHX PpEaKUMH U CHIbHBIM H3MEHEHUEM IUIOTHOCTH
ra3oBOM CMECH M3-32 U3MEHEHHUS CpEIHEro MOJIEKyJsipHoro Beca. [l npeojaneHus
YKa3aHHBIX TPYJIHOCTEH TPeOYIOTCS KaK 3HAYUTENIbHbIC BBIUMCIUTEIbHBIE MOIIHOCTH, TaK U
pa3paboTKa crealbHbIX MOTYSIBHBIX aITOPUTMOB.

Ha ocnHoBe pa3paboTaHHON MaTeMaTHUYECKONH MOJIETHN YHUCICHHO UCCIENyeTCs MPOoIece
WHULMUPOBAHUS TOPEHHUS B KHCIOPOJHO-BOJOPOJHOM CMECH Ja3epHbIM  (aKesIoM,
co3laBacMbIM BOJMU3M MeETaJUIMYECKOM mperpanbl. PaccmaTpuBaercss B3auMoJIeHCTBUE
JA3epHOTO M3JIYyYCHUS C METALUTHYECKOU ngerpaz[oﬁ st g BoaH 1.06 w 10.6 MkwM,
JUIUTETILHOCTEH Ja3epHbIX UMMyIbcoB 107 -10° ¢ ¥ mWIOTHOCTEH MOTOKOB JIa3€pHOTO
W3ITYy4YEHHUS q<1012 Br/em®. B atoM Clydae BO3JCHCTBUE Jiazepa COMPOBOXKAAETCSA
BO3HMKHOBEHHEM IUIa3Mbl B MMapax Marepuana mperpaasl wid (M) OKpy»KarolleM rase.
W3BecTHO, 4TO HayalbHOE HWCTMApeHHEe W O00pa30BaHUE SPO3MOHHON IUIa3MBI MPHUBOAHT K
CO3JJaHUI0 CHJIBHOW M3JIyYarolel yAapHOH BOJIHBI B OKPYIKaIOIIEH UCXOJHO HEBO3MYUIEHHOM
rOproueii CMecH M K BOBHUKHOBEHHUIO TypOYJICHTHOCTH B (hakesie Ja3epHo 1ra3Mbel. MomHoe
U3IyYeHHUE, MPOLECChl TYPOYJICHTHOTO MepeMEIIMBaHNs 1 HarPeB CMECH 3a YJapHOW BOJHOMN
MOTYT UHULIMUPOBATh IPOLECCHI TOPEHMSI B TOPIOYEH CMECH KHCIIOPO/ia U BOJIOPO/A.

Marematuueckasi MOJENb IIPOLIECCOB MPOTEKAIONINX B JIA3EPHOM IJIa3ME OCHOBaHA Ha
YpaBHEHUAX MHOTOKOMIIOHEHTHOW paJMalliOHHON ra30BOM TMHAMUKU C YYETOM CIIOHTAHHBIX
JNEKTPOMArHUTHBIX TMOJNEH M TypOyJNeHTHOCTH Maa3Mbl. OCOOEHHOCTBIO JAaHHOW MOZENIU
SBJIAETCS y4YeT W ONHCAaHWE JBW)KCHHUS KOHTAaKTHOM TrpaHMILIEeH, pasfensomell Iuia3my
BEILIECTBA METAJUIMYECKON Mperpajpl U OKPY KArOLIEro ra3a. DJIEKTPOMAarHUTHBIE MPOLIECCHI
ONMCHIBAIOTCS CUCTEMOM ypaBHeHuMHM MakcBenia u Oma B mia3Me € KOHEYHOM
npoBOAMMOCTBIO. [lepeHoc wu3ydYeHus: paccMaTpUBAaeTCs B paMKax MHOTOTPYNIOBOTO
middy3nonaoro npubmmkenus. Cucrema paaualiOHHBIX YPaBHEHHWH MarHUTHOHN Ta30BOM
JUHAMUKHU JIOMOJIHSIOTCA YPABHEHUSMH, ONUCBHIBAIOIIMMHU IMPOIECCHl HarpeBa M MCHapEeHUs
Marepuaia MONIONIAoMEd KOHAEHCUPOBAHHOW Cpefbl MOJA JIEHCTBHEM IOTOKA J1a3epHOTO
M3ITyYEHUs U TEIJIOBOTO M3NyUEHHs TUIa3MEHHOT0 00pa3oBaHusl.

UucnenHoe pemieHue, pa3paboTaHHOW B paboTe HECTAMOHAPHOW JIBYMEpPHOI
paaralMOHHO-MarHUTOTa30MHAMUYECKON MoJienu 0a3upyeTcs Ha METOJIe PACIICIUICHUS T10
¢u3nvYeckuM mporeccaM M IMPOCTPAHCTBEHHBIM HANpPAaBJICHUSAM. PeleHune pacuienieHHbIX
ypaBHeHU! PeliHonmbaca HAaXOIWUTCS C TMOMOINBIO pa3paboTaHHOro B paboTe BapuaHTa
HEJIIMHEHHON KBa3MMOHOTOHHOW KOMMAKTHOH auddepeHnnanbHO-pa3sHOCTHONH — CXEMBI
MOBBIIIEHHOTO MOPSAKAa TOUHOCTH, KOTOpasi B MPOCTPAHCTBEHHO TJIAJKOM YaCTH YMCIEHHOTO
pelieHusI TO3BOJSET AOCTUTHYTH 6-0H TOpsIoK TouHocTH. [lpm pemieHnn ypaBHEHUI
nepeHoca M3NydeHus MPUMEHEH MOAU(DUIIMPOBAHHBIN MOMEPEMEHHO-TPEYTOJIbHBIA METO C
UCIIOJIb30BAHUEM TPEXCIOMHOM WTEPAllMOHHOM CXEMBl, B KOTOPOW HTEpPALMOHHBIN
“BpeMeHHOI” mIar HaXOAUTCS C MOMOIIBI0O METO/1a COMPSHKEHHBIX HamNpaBleHUI. Y paBHEHHUS
MarHUTHOM HMHAYKLIMH DPELIAJINCh IOJYHESBHBIM METOAOM pAacLIEIUIEHUs M0 (U3NYECKUM
npoueccam.  Ilpomecc  ropeHuss — KUCIOPOAHO-BOJOPOAHOM  CMECH  ONUCHIBACTCS
COOTBETCTBYIOIIMMU ypPaBHEHUS XHUMHUYECKOM KHUHETHKH, KOTOpbIE PELIAIOTCS METOJIOM
Po3enOpoxka, mo3BOJSAIONIUM TPEOA0NETh “KECTKOCTh” JAaHHOW CHCTEMBI YpaBHEHUI.

KoHnkpeTHble pacueTsl, MPOBEIEHBI ISl CIIy4aeB BO3AECUCTBUS MUMITYJIbCOB JIA3€PHOIO
U3Jy4YeHUs: NpSAMOYTOibHOM (opmbl ¢ jumTenbHOCcThi0 uMmmyibca 10-1000 He. 3Hauenue
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MOJTHOM SHEPTUM JIa3epHOTO M3ydeHus coctarisuio BenuuuHy 0.1-100 [k, pasmep msaTHa
¢oxycupoBku ~100 — 500 mkxm. Marepuan MeTaJUIMYECKOW NpPErpaabl B pPacdyeTHBIN
UCCIIeIOBaHMAX MpeacTaBsul coboit Al. Oxpyxkaromieil cpefoi sABIsIIaCh KHUCIOPOIHO-
BOJIOPOJHASI CMECh.

Ha puc.2 u puc.3 npuBeeHsl NOIyUYeHHbIE B pe3yIbTaTe MPOBEICHHBIX BBIYUCICHUN
I10JI1 TEMIIEPATYPbI U IPOJOJIBHON CKOPOCTH.

3akarouyenue. PazpaboTtana marematndeckasi MOJI€Ib IPUIIOBEPXHOCTHOTO JIA3€PHOTO
(dakena, OCHOBaHHAs Ha YpaBHEHUSAX pPATUALMOHHON IUIa3MOJAMHAMHKH, 3alUCAHHBIX B
MPOU3BOJIBHBIX KPUBOJIMHEWHBIX KoopAuHatax. [IpousBeseHbl pacdeTbl BCEX OCHOBHBIX
ra3olMHaMUYEeCKUX M U3JIy4yaTelIbHBIX IMMapaMeTpOB Ja3epHOro Qaxena M MeETaTHYeCKOn
nperpajbl. BeIOIHEH YUCIICHHBIN aHAIN3 3aKOHOMEPHOCTEHN IOJKUTa TOPHOYEH CMECH.

baaroagapHocTs.

PaGota BbIMONHEHAa B paMKax MporpaMMbl (yHIAMEHTAIbHBIX MCCIEIOBAHUI
OBMMITY PAH u Ne07-01-00133.

NANOSECOND BARRIER SURFACE DISCHARGE: APPLICATION
FOR IGNITION OF COMBUSTIBLE MIXTURES

P.N.Sagulenko, I.N. Kosarev, V.I.Khorunzhenko, S.M. Starikovskaia*)
Physics of Nonequilibrium Systems Laboratory, Moscow Institute of Physics and Technology, Moscow, Russia
*) Present address: Laboratory for Physics of Plasmas (LPP), Ecole Polytechnique, Palaiseau, France

Typically, plasma assisted
combustion (PAC) experiments are carried
out at atmospheric or at decreased gas
pressure [1]. In present paper, it is
proposed to wuse surface nanosecond
discharge [2] developed for aerodynamic
applications in combination with rapid
compression machine [3] for quantitative
study of PAC initiation at elevated
pressures. It should be noted that other
ignition  systems based on surface
discharges, f.e. surface microwave

Fi. 1: ICCD images of nanosecond surface discharge

discharge, have been proposed recently [4].

Rapid compression machines (RCM) are designed to study the ignition delay time at
low temperatures (about 1000 K) and high pressures (tens and hundreds of atm), at the
conditions similar to those in internal combustion engine. Detailed review of rapid
compression machines, their application in combustion research and study of flow
peculiarities under the conditions of fast compression has been done. The only RCM
application for artificial (laser stimulated) ignition is known in the literature [5]. If to organize
the nonequilibrium plasma between the end plate of the combustion chamber and the piston,
or, at least, near the end plate, it will be possible do decrease the ignition delay time and to
investigate kinetics of plasma assisted ignition at high pressures.

Preliminary discharge experiments have been carried out at MIPT. Nanosecond DBD
discharge in a special coaxial geometry of electrodes was used to produce a thin layer of
quasi-uniform plasma in the vicinity of low-voltage electrode. High voltage pulses of 10-
20kV amplitude, 25ns duration, 3ns rise time, positive or negative polarity, and repetitive
frequency 40Hz were used to ignite the discharge in ambient air at pressures 1-5atm.
Emission was registered by LaVision PicoStar ICCD camera (200-800nm) in nanosecond
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time scale. ICCD images of nanosecond DBD discharge in ambient air are given by Fig.1.
Gas pressure, voltage amplitude in the cable, and ICCD gate are indicated for each picture.
The total energy input in the discharge did not exceed approximately 10mJ, or 10% of the
energy stored in incident nanosecond pulse. The authors are thankful to N.S.Mazko and
V.1.Zudov for technical assistance, and to M.M.Nudnova for help with optical measurements.
The work was partially supported by EOARD/CRDF (Projects RUP1-1513-MO-06 and
093077).
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HAHOCEKYH/JIHBI BAPHLEPHBIN PA3PSJ] KAK CPEJCTBO
MOJI)KUT'A TOPIOYUX CMECEN

I1.H.Cazynenko, U.H Kocapee, B,.H Xopyucenxo, C.M.Cmapuxosckan™)
Jlabopamopus ¢usuxu nepaenosecuvix cucmem, MO@TH, Mockea, Poccus
*) Aopec 6 nacmosuwee spems. Laboratory for Physics of Plasmas (LPP), Ecole Polytechnique, Palaiseau,
France

DKCIIEpUMEHTHI 110 TOPEHUIO, MHULIMUPYEMOMY IIIa3MOW, OOBIYHO MPOBOISATCS MPH
JaBJIeHUH, OMM3KOM K atmocdepuomy [1]. B manHo# paboTe mpemmaracTcst HCIOIb30BaHHE
HAaHOCEKYHJHOTO OapbepHOro paspsijia, MNPeNokKEHHOTO0 paHee Uil a’pOJAWHAMHUYECKUX
npuwiokeHnid [2] B KOMOMHAIMU C MamuHOW ObicTporo ckatus [3] mms mpoBedeHus
HKCIIEPUMEHTOB 110 MHULMUPOBAHUIO IMOJKHIa C IMOMOUIbI0 HU3KOTEMIIEPATyPHOH IIa3Mbl
IpU BBICOKUX AaBieHUAX. OTMETHM, UYTO CYIIECTBYIOT U JPYrHe CHUCTEMbI BOCIUIAMEHEHUS,
OCHOBaHHbBIC Ha IMOBEPXHOCTHBIX pa3psaax [4]. Mammuel ObicTporo (ammabaTudeckoro)
cxaTusl ObUTH pa3paboTaHbl I U3YUYEHHUs BOCIUIAaMEHEeHHsI ipu Temneparypax okojo 1000 K
U JIaBJICHUSAX JECATKU-COTHU aTM, B YCIOBHAX, ONM3KMX K PEATHU3YIOUIMMCS B JBHUIraTessIX
BHYTpPEHHETO cropaHus. B paboTe BBIMONTHEH 0030p CYMIECTBYIOMIUX MAIIUH OBICTPOTO
CKaTHUsl, PAaCCMOTPEHBI 3KCIIEPUMEHTHI IO OIpPEICIICHUI0 BPEMEHHU 3aJCPKKU Pa3INUYHBIX
TOPIOYHX CMeCeH, BKITIOUasi SKCIIEPUMEHTHI [5] 1Mo azepHOMY TOKHTY.

Mpbl monaraeM, 4Tto OOpa3oBaHHE HEPABHOBECHOW HHU3KOTEMIIEPATYpPHOW IJIa3Mbl
BOJIM3M TOpIa KaMephl CropaHus 00 MEXIy TOPIEM M MOPIIHEM MO3BOJHUT CYLIECTBEHHO
CHHM3HTb BpeMsl HHAYKLUHU BocIiaMeHeHus. [IpeaBapuTenbHble SKCIEPUMEHTHI IO U3YUYCHHUIO
pasBuTHs paspsiaa npu AaBiaeHusx 1-5atm Ot mpoBeaeHsl B MOTU. HanocexyHaHbIH
MOBEPXHOCTHBIA OapbepHbIN pa3psa B CHEIHAIbHON KOAKCHAIBHOW T€OMETPUU AJIEKTPOIOB
WCIIOJIb30BAJICS ISl CO3/IaHUsl TOHKOIO CJIOS IUIa3Mbl BOJIM3M MOBEPXHOCTH 3JIEKTPOAHOMN
cucTeMbl. BEICOKOBONBTHBIE UMITYJIbCHI ¢ amIiuTyaoi 10-20 kB B NuHUH, JIUTEIBHOCTHIO
25 HC ¥ BpeMeHeM HapacTanus 3 He, ciemnyrontue ¢ yactoroil 40 I't, ucmonap3oBamuch AJis
MOJKUra paspsjga B Bo3ayxe. M3mydenuwe paspsga peructpuposanoch II3C-kamepoit ¢
ycunurenaem spkoctu LaVision PicoStar (200-800 HM) ¢ HaHOCEKYHIHBIM BPEMEHHBIM
paspemenueM. [Ipumepsl nzoOpakenuil mpuBeneHsl Ha Puc. 1. DHeproBkian B papsa He
npesbimran 10 m/Ix, wim 10 % ot sHEprun nagaromero UMIyJIbca.

ABTopsl BbIpakatoT OmaromapHocth H.C.Ma3ko m B.M.3ynoBy 3a TEXHHYECKYIO
MOMOIIb B NpOBeAeHUM 3KcriepuMmeHta, M.M.HynHoBoil — 3a momMomnip B OpraHu3ainu
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ONTHUYECKUX M3MepeHwuit. Pabora Obu1a wactuuno noaaepxkana EOARD (RUP1-1513-MO-06,
093077) u denepanbhbiM areHcTBOM PO 1o obpazoBanuto (koHTpakT 8297).

INFLAMMATION OF PROPANE - AIR MIXTURE WITH AHELP OF
GAS DISCHARGES

N.V. Ardelyan, V.L. Bychkov, D.V.Bychkov, 1.V. Kochetov, K.V. Kosmachevskii
M.V.Lomonosov Moscow state university, bychvi@orc.ru

Calculations of self maintained (on
a basis of Boltzmann equation) and non-
self-maintained discharges in propane-
air mixtures have been made. Rate
constants of electron-molecule processes
have been computationally obtained.
Breakdown fields have been estimated
with respect to a composition of the
mixture.

The calculating plasmachemical
code we accounted 119 chemical
reactions for components of ionized air
and 74 reactions for components of
igniting propane (Varatharajan B.,
Williams F.A.  2002) at mixture
excitation by an electric field, an electric
field and/or external electron-beam
ionizer. Obtained results for autoignition
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are in good agreement with experimental data. We have obtained ignition times at different

initial temperatures of the mixture.

Calculations show that presence of the plasma leads to decrease of propane-air mixture

inflammation time.
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BOCIIVIAMEHEHUME ITPOITAHO-BO3JYIIIHOM CMECH IIPU
IHOMOIIH I'A30BbIX PA3PA1OB

H.B. Apoenan, BJI. bviukos, /I.B.bviukos, H.B. Kouemos, K.B. Kocmauesckuii

[IponenaHbl pacyeTsl MapaMeTPOB CAMOCTOSATEIHLHOTO (Ha OCHOBE PEIICHHS YPaBHEHHS
BonbliMaHa) ¥ HECAMOCTOSTEIBHOTO Pa3psiiOB B MPOIMAHO-BO3AYIIHONH cMecH. [lomydeHbl
KOHCTaHTBI CKOPOCTEH 3JIEKTPOHHO-MOJIEKYJISIPHBIX MporieccoB. OneHeHsl TpoOOoiHbIE OIS B
3aBUCHUMOCTH OT COCTaBa CMECH.

B pacueTHO# Ti1a3aMoxuMuUeckoit cxeme yureHo 119 XxumMudecknx peakiuii KOMIOHEHT
MOHHM30BaHHOTO BO3/yXa U 74 peakiuu KOMIOHEHT BOCILIaMeHsemoro mnpornana (Varathara-
jan B., Williams F.A. 2002) mnpu yuere BO30OYXKICHHS ODJICKTPHUSCKHM II0JIEM,
ANEKTPUICCKUM MOJIEM U/UITH BHELTHUM JJICKTPOHHO-IIYYKOBBIM HOHH3AaTOPOM . [lomy4eHHbIe
pe3yabpTaThl Uil ABTOBOCIUIAMEHEHHs XOPOILIO COIVIACYIOTCS C OKCIEPUMEHTAIBHBIMU
naHHbIMU. [lomyuensl BpemeHa BocIIaMEHEHMsI IPU Pa3INYHON UCXOQHON TEMIIEpAType ATON
CMECH.

PacdeTsl MOKa3bIBAIOT, YTO NPUCYTCTBHE IIJIa3Mbl NPUBOAUT K CHI)KEHHUIO BPEMEHU
BOCIIJIAMEHEHHSI IIPONIAHO - BO3yLITHOW CMECH.

INFLUENCE OF ELECTRICAL DISCHARGE IN EXTERNAL
MAGNETIC FIELD ON GAS FLOW STRUCTURE AND MIXING

Klement’eva l., Bityurin V., Bocharov A.
Institute for High Temperatures of Russian Academy of Sciences, I1zhorskaya 13/19, Moscow, Russia, 125412,
klementyeva@ihed.ras.ru

Investigation of gas flow — plasma formation interaction is a perspective and rapidly
developing direction of modern technical science. Studies in that field are boosted by efforts
to design a high speed vehicle. Goals of theoretical, numerical and experimental
investigations in the area are to improve airplanes maneuverability influencing parameters of
incident flow, boundary layer and conical vortexes; to reduce aerodynamical drag and
improve heat exchange, to intensify mixing and combustion of high speed flows in
combustion chambers by plasma formations applying. The investigations are carried out on
different facilities configurations with various types of electrical discharges.

In the presented work DC electrical discharge influence on gas flow structure has been
studied in task setting on MHD enhanced mixing of non—premixed streams of fuel and
oxidizer. The problem is that speed of fuel and oxidizer streams in high-speed combustion
chambers is too high to allow them to create a combustible mixture during shot residence
times. A possible way to intensify kinematical mixing and hence combustion of non-premixed
gas fuel and oxidizer is to use electrical discharges in external magnetic field. That method is
called MHD-method and is described earlier in [1 — 3].

Fig.1. Vortexes generation.

49



POSTER SESSION - 1 Papers

Fig.2. Discharge rotation. Fig.3. Discharge spiral evolution.

Theoretical, numerical and experimental results of electrical discharge influence on
gas flow structure have been summarized and mechanisms of that influence have been
revealed. Three types of gas flow perturbations under the electrical discharge in magnetic
field have been marked out and explained:

1. vortexes generation in cross section plane of the discharge due to non-potentiality of the
electromotive force (Fig.1.);

2. gas medium movement forced by discharge rotation;

3. flow field modification due to electrical discharge spiral evolution.

Preliminary flow structure measurements approving the described perturbations have been
carried out.
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BJIUAHUE SJIEKTPUYECKOI'O PA3PSAJIA BO BHEIIIHEM
MATHUTHOM HOJIE HA CTPYKTYPY I'A30BOT'O IOTOKA U
CMELIEHUE

Knemenmoesa H., bumwpun B., Bouapoe A.
OUBT PAH, Mocksa, Poccus

UccnenoBanue B3auMOJEHCTBUS TMOTOK — IUIa3MEHHOE OOpa3oBaHME SIBISETCS
HNEpCHEeKTUBHBIM U OBICTPO  pa3BUBAIOLIMMCS HAlpaBIEHUEM COBPEMEHHOM HayKH.
HeobOxonumocTth 6oee TIIATENbHOIO U3YUYEHHS] TAKOTO B3aUMOJICHCTBUS BOZHUKIIA B CBSA3H C
CO3/IaHMEM BBICOKOCKOPOCTHBIX JIETAaTENbHBIX amnmnapaToB. lleapio MpOBOIUMBIX B 3TOH
00JIaCTH HKCIEPUMEHTAIBHBIX M PACUCTHO-TCOPETHYCCKUX HCCIICAOBAaHUN sBIstOTCS: 1)
yJIydllIeHUe YNpaBIIeMOCTH JIETAaTeJIbHBIX aNlapaToB IyTeM BO3JEHCTBUS IJIa3MEHHBIX
o0pa3oBaHMiI Ha TapaMeTphl HAOETAIOMIET0 IOTOKA, IMOTPAHWYHOTO CJOS M KOHHYECKHX
BUXpEii; 2) CHW)KEHHE adPOJMHAMUYECKOTO COMPOTHUBIICHHUS U YJIydllIeHHE TEIiooOMeHa; 3)
MHTCHCU(PUKAILUS CMEIIEHUS M TOPEHHUs B CBEPX3BYKOBOM IIOTOKE KaMephl CrOpaHUs C

50



POSTER SESSION - 1 Papers

NOMOIIbIO  TUIA3MEHHBIX  Opa3oBaHuid. lccrienoBaHusi MPOBOJATCS B Pa3IMYHBIX
KOHq)I/II‘ypaI_II/ISIX OKCIICPUMCHTAJIbHBIX YCTOHABOK C MCIIOJIB30BAHUCM HCCKOJIBKUX THIIOB
ANEKTPUUYECKUX Pa3psIA0B.

B nmanHO# paboTe M3y4eHO BIMSHHUE JEKTPUUECKOTO paspsijia MOCTOSIHHOTO TOKa Ha
CTPYKTYpYy Ta30BOTO IOTOKa B MOCTOHOBKE 3amaun o0 MI'Jl mHTEeHCHM(UKAIMU CMEIICHUS
NpeBapUTEIIFHO HENepeMeIIaHHbIX CTpyH TomiauBa u  okuciautens. OOecrneueHue
BBITIOJTHEHUS YCTOWYUBOTO, 3((HEKTUBHOTO CMEIICHUS U CTOpaHUs B CBEPX3BYKOBOM IOTOKE
KaMCpPhI CrOpaHusd — OAHAa U3 BAXHBIX 3aJa4 IpU CO3MaHUHN I[BHFaTGHeﬁ BBICOKOCKOPOCTHBIX
JeTaTeabHbIX anmapatoB. Ha KOpPOTKHX MpOJIETHBIX BpeMEHaX TOIUIMBO M OKHUCIUTEIbh HE
yCHeBaloT o00pa3oBaTh CHOCOOHYIO K CrOpaHUI0O CMECh, W HEOOXOAMMO TMPUMEHSTh
JOIIOJTHUTCIBbHBIC CIOCOOBI JJIsA I/IHTGHCI/I(bI/IKaHI/II/I X CMCIICHUA. OI[HI/IM n3 MECTOIOB,
MO3BOJIAIOIIUM HMHTEHCU(DUIIUPOBATh KUHEMATUYECKOE TMEepEeMEIINBAHUE U CJIEI0BATEIBHO
TOpCHUEC B Ira30BbLIX INOTOKAX PAa3ACJICHHBIX KOMIIOHCHTOB TOIIIMBA W OKHUCIUTCIIA, SABJIACTCA
MI'JI-meTo/1, KOTOpBIi 3aKiovaeTcs: 1) B CO3MaHUU MMITYJIbCHOTO 3JICKTPHUYSCKOTO pas3psiaa
B Ta30BOM IIOTOKE; 2) B HCIOJBb30BAaHHM B3aUMOICHUCTBHS AJICKTPUYECKOTO pa3psaa ¢
BHEITHUM MarHUTHBIM IOJIEM JIJIsl OpPraHU3allii BTOPUYHBIX BUXPEBbIX Tedenuit [1-3]. B xome
pa6OTBI O606HI€HBI TCOPUTHYCCKUC, YUCJIICHHBIC U SKCIICPUMCHTAJIBHBIC PC3YyJIbTAaThl BJIMAHNA
ANEKTPUYECKOTO pa3psia Ha CTPYKTYpPY ra30BOr0 MOTOKA U BBISABICHBI MEXaHH3MBI TaKOTO
BaustHus. OTMEYEHBI U 00BICHEHEI TPpU THIIA BOSMYHICHI/Iﬁ ra3oBoro 1noTokKa 3JCKTPUICCKUM
pa3psjioM B MarHuTHOM Tmoine: 1. reHepanusi BUXpei B IMJIOCKOCTH MOMEPEYHOr0 CEUeHUs
pa3psiaa Kak CJIeACTBUE HEMOTCHIIMATbHOCTH 3JCKTpOMarHuTHOW cuibl (Puc.1.); 2. nBmkenue
ra3oBOW cpelbl, BbI3BaHHOE BparieHueM paspsaa (Puc.2.); 3. Momudukamus moas TeueHHs
BCJIC/ICTBHE 3BOOIMH paspsia mo ¢popme crimpaiu (Puc.3.). [IpoBeneHs! nmpeaBapuTenbHbIC
U3MEpEHHS MapaMeTPOB MOTOKA, MOATBEPIKAAIOIINE OMIMCAHHBIC BBIIIE BOSMYIICHHS.

CONTACTLESS DETERMINATION OF SURFACE TEMPERATURE
WITHIN THE SUPERSONIC CHANNEL.

Leonov S.B., Savelkin K.V., Firsov A.A.

The possibility to determine the temperature of the wall inside the supersonic channel
under different experimental conditions by non-contact method is described.

Infrared thermal imager ThermoView Ti30 is used for determination of the surface
temperature. The characteristics of the device are the following: operating spectral range of 7-
14 microns, temperature measurement interval of 0 - 250 °C, matrix of 160x120 pixels and
focus from 0.61 m to infinity. It is not technically possible to place the thermal imager inside
the supersonic channel with the cross-section of 70x60 mm. Due to the fact that most
materials are not transparent in the spectral range mentioned above a combined optical
window with @ 30mm inset from zinc selenide (SezZn), which skips over 70% in the range of
wavelengths, is applied. In later experiments monolithic window of SeZn 100 mm in diameter
was used to increase the field of vision. Due to the fact that the window reduces the
temperature measured the correction curve was experimentally determined by simultaneously
measurements of soldering iron temperature through the window and without it. In the
temperature range of 150 - 250 °C the difference was about 35 °C. A one thermogram per
experiment was got due to absence of the special synchronization mode and ability of the
thermal system to work only in the frame mode. Accurate quantitative comparison of different
experimental conditions is not allowed because of difficulties with the sync; however the
experiments made it possible to qualitatively describe the effects observed. In the experiments
the electrodes were located on the wall of the channel, and the fuel was injected through the
holes in the same wall downstream.
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The results obtained let us suggest that injected fuel cools the wall of the channel: at
the same parameters of the discharge the wall temperature downstream the area of fuel
injection for the experiment without fuel is considerably higher than that for the case of fuel
injection in the discharge region. The maximum temperatures correspond to the area close to
the electrodes and do not exceed 220 °C. The results obtained do not allow for a confident
conclusion about the differences in the cases of hydrogen and ethylene, as well as for the use
of heater. The results indicate that differences for the upper areas (area of electrodes and fuel
injection) are not significant.

BECKOHTAKTHOE OIIPEJAEJIEHUE TEMIIEPATYPbI CTEHKU
CBEPX3BYKOBOI KAMEPBI CTOPAHMUAI.

Jleonoe C.b., Cagénkun K.B., @upcos A.A.

W3ydaeTcst BOBMOKHOCTB OIPEISIICHHS TEMIIepaTypbl CTEHKH BHYTPH CBEPX3BYKOBOTO
KaHaJia Py pa3HbIX YCIOBHUSIX SKCIEPUMEHTA OECKOHTaKTHBIM CIIOCOOOM.

Jyiss  ompenerneHust TEeMIepaTypbl TIOBEPXHOCTH HCIIONB3yeTCs WH(pPaKpPaCHBIH
terioBu3op ThermoViewTM Ti30, paboTaroumii B CIEKTpaIbHOM JauamazoHe /-14 Mkw,
uHTepBan u3MepeHus koroporo 0 — 250 °C. Ilpubop mmeer marpuiy 160x120 Touek u
¢dokycupyercs ot 61 cm 10 OeckoHeyHOCTH. TeXHHUECKH HE MPEICTABIAETCS BO3MOKHBIM
MTOMECTHUTH €r0 BHYTPh CBEPX3BYKOBOT'O KaHaja, MornepeyHoe ceuenune kotoporo 7/0x60 mm. B
CBSI3M C TEM, YTO OOJBIIMHCTBO MATEPUAIIOB HE MPO3pPayHbl B HCIIOIb3YEMOM CIEKTPAILHOM
JMarnasoHe, Il CbeMKH MPUMEHSUIOCh KOMOMHUPOBAHHOE ONTHYECKOE OKHO CO BCTaBKOH @
30mM u3 cenenuna nuHKa (SeZn), mpomnyckatomero 6osiee 70% B yka3aHHOM HHTEpBaJIE [UTUMH
BOJMH. B Ooree mMO3MHMX SKCIIEpUMEHTaX MJisi YBEIWYCHHUS TOJIs 0030pa MPUMEHSIIOCH
MOHOJIUTHOE OKHO u3 SeZn nuamerpoM 100 mm. B cBsi3u ¢ TeM, 4TO OKHO YMEHBILIAET
M3MEpSIeMYyI0 TeMIIepaTypy, Oblla SKCIEPUMEHTAIBHO OIpE/eICHa IMONPaBOYHAS KPHUBAS:
OJJTHOBPEMEHHO H3MepsUlach TeMIleparypa NasiIbHOM JIaMIbl 4epe3 CTekiIo u 0e3 Hero. B
untepsaie temneparyp 150 — 250 °C pasuuna cocrapnsana ~ 35 °C. B cBa3u ¢ TeM, 49TO
TEIJIOBU30p HE MMEET CHCHUATU3UPOBAHHON CUCTEMBI CHHXPOHHU3AIUU U ChbEMKa BO3MOXKHA
TOJBKO B TOK3JPOBOM PEXKUME, 3a OJMH OSKCIIEPHUMEHT CHHMAajach OJHA TepMOorpaMma.
CH0XHOCTH ¢ CHHXPOHHU3AIMEH He MO3BOJIMIN POBECTH TOYHOE KOJMYECTBEHHOE CPAaBHEHHE
JUIE  pa3HBIX YCIIOBHH OKCIEPUMEHTa, OJHAKO IPOBEIACHHBIC HKCIEPUMEHTHI JIajH
BO3MOYKHOCTh ~ KAa4eCTBEHHO omucaTh HaOmomaemble 3(QdexTsl. B mpoBoaumbIx
AKCIEPUMEHTAX AJIEKTPOIBI PacIioiarajiich Ha CTEHKE KaHaia, a TOIUIMBO IO/IaBajoCh 4epes
OTBEPCTHS B TOM )K€ CTEHKE HUXKE 110 TCUCHHIO.

[TonyueHHbIe pe3ybTaThl MO3BOJSIOT TOBOPUTH O TOM, YTO TOAaBAEMOE TOILIHBO
OXJIQKJAeT CTCHKY KaHaJa. MPH OJMHAKOBBIX MapaMeTpax paspsia TeMIlepaTypa CTCHKH B
00JTacT! HIDKE 30HBI MOJAYM TOIUIMBA ISl CiIydasi 0e3 TOIUIMBA CYIIECTBEHHO BBINIC, YeM
TeMIlepaTypa B CiIydasx MOJadd TOIUIMBa B 00JAacTh TOpeHHs paspsaa. MakcuMmasbHbIC
TeMIepaTypbl JOCTUTAIOTCS B IMPUAIEKTPOAHON o6mactu W He mnpesbimaior 220 °C.
[Mony4eHHble pe3yabTaThl HE MO3BOJIIOT CAENATh YBEPCHHBIM BBIBOJA O Pa3IUUUAX JUIs
CllydaeB BOJOPO/Aa M OSTWICHA, a TaKKe Uil CIIydaeB HCIOJIb30BAHUS ITOJIOTPEBATEIS.
Pe3ynbTaThl CBHIETENBCTBYIOT O TOM, YTO pasziWyMs Uil BEpXHHX obOnacteil (oOiactb
AIIEKTPO/IOB U MOJIa4H TOILJIMBA) HE CYIECTBECHHBI.
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NONSTEADY-STATE GAS DISCHARGE IN LOW-CURRENT
PLASMATRON FOR PLASMA ASSISTED COMBUSTION

Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman
Institute of High Current Electronics RAS, Tomsk, 634055 Russia
|. B. Matveev
Applied Plasma Technologies McLean, VA, 22101 USA

This paper deals with the investigation of a nonsteady-state discharge regimes in the
plasmatron as applied to air-hydrocarbon mixtures [1]. The electrode system is based on the
design of a classical coaxial type plasmatron. Compared with a thermal plasmatron mode, the
averaged discharge current in the described device has been decreased to about (0.1- 0.2) A.
In these conditions, the discharge regime can be interpreted as a kind of glow discharge in a
vortex gas flow with the random transitions from glow to sparks. If we consider some instant
of time we can distinct in the anode nozzle the following discharge regions: a weakly ionized
gas that fills the plasmatron anode nozzle
thus forming the plasma plume and a
plasma column of about 1 mm in
diameter attached to the cathode and
anode spots. Then the plasma column
(plasma channel) exists on a background
of the weakly-ionized plume and a

considerable fraction of total discharge T W 00 Vs
current to the anode closes via this o i et g
column. |k S

A point of the channel current N \T“\’_ _\\\_J ; ___\:"‘%”f\
attachment at the anode surface (anode Bk X 1T 01 Al
spot) can move over the surface due to At Py
gas flow. With the intent of diagnostics )| | et

of the anode spot replacement and of the
current redistribution over the anode s
surface, we constructed two-sectioned  Fig.1. Schematic of two-sectioned anode plasmatron with

anode whose design is schematically separate measurement of current to each section and
shown in Fig. 1. In this design, the example of the voltage and current waveforms. Anode

. nozzle diameter is 5 mm, anode nozzle length is 10 mm.
current is measured separately to the  —3okv, R, =13.6k2 C=300pF, gas flow G(air) =
anode sections A; and A; by means of the  1gys.

current shunts Rs; = 1 Ohm and Rs; = 1

Ohm.

- I
40 ps/div

I S
0.1 Aldiv

In Fig.1 we can see that just before the instant t; the current flows both to the sections
A; and A,. The instant t; corresponds to the glow-to-spark transition as a result of which the
spark channel is attached to section A;. Due to effect of the gas flow, the anode spot replaces
over the anode surface, the length of the plasma channel increases so that the voltage drop
across the channel increases as well. It is seen, that the new transition to spark appears at
instant t.

The paper presents the data on detail investigation of the nonsteady-state properties of
the discharge with a use of the above-described method and with a use of discharge
observation by means of CCD camera.

The work was supported by the Russian Foundation for Basic Research under the
Grants No 08-08-00121 and No 09-08-99063.
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HECTAIIMOHAPHBIN 'A30BbIA PA3PS B CIABOTOYHOM
IJIASMOTPOHE JJIAA IVIASMEHHOTI'O HIOAAEP KAHU A
I'OPEHMUAL.

10.]]. Kopones, O. 5. ®pany, H. B. J/lanons, B. I'. I'eiiman
Wucturyt cuneHoTOuHOM 3nekTpornkn CO PAH, Tomck, 634055 Poccus
1. B. Matveev
Applied Plasma Technologies McLean, VA, 22101 USA

CraTesi TOCBSIICHA WCCICIOBAHUIO HECTAIIMOHAPHBIX PAa3pAIOB B IUIA3MOTPOHE
NPUMEHHUTEIBHO K yIJIeBOAOpoacoaepikaiieii cMecu [1]. 3a OCHOBY 3JEKTPOIHONW CHCTEMBI
B35ITa KOHCTPYKITUS KIACCHYECKOTO KOAKCUAIBHOTO TUIa3MOTpoHa. [1o cpaBHEHUIO C JyTOBBIM
IIa3MaTPOHOM, CPEIHHI TOK paspsaa B ycraHoBke Obut yMmenbineH 10 (0,1 — 0,2) A. B atux
YCIIOBUSIX PEKUM paspsaa MOXKET ObITh MHTEPHPETUPOBAH KaK paspsij TUMNA TICKOIIETO B
BHUXPEBOM IIOTOKE raza co ClIy4yallHbIMU NepexoJaMu M3 TICIOUIero paspsaa B UCKpy. B
110001 MOMEHT BPEMEHHU B aHOJHOM COTLIE MOXKHO PAa3IMYUTh CICTYIOIINE 00IACTH pa3psaa;
C1a0OMOHU30BAaHHBIM Ta3, KOTOPbIM 3amojHseT MOJIOCTh aHOAHOIO COIUIa, TEM CaMbIM
¢dbopmupyst TUIa3MeHHBIH (aken, M IJIa3MEHHbIM CTONO AuaMeTpoMm mpumepHo 1 MM
NPUBSI3aHHBIM K KaTOJHOMY UM aHOJHOMY TnsiTHaM. Takum oOpazoMm, Ha (QoHe
ca0OMOHM30BAaHHOTO  (hakena CyHIeCTBYeT IUIa3MeHHas croi0d  (kaHai), mnpuveM
CYILIECTBEHHAs YacTh MOJHOTO TOKA pa3ps/ia 3aMbIKAeTCsl Ha aHOJI Yepe3 ITOT KaHall.

[on neicTBHEM MOTOKA Ta3a, MECTO MPHUBSI3KU TOKA HA aHO/E (AHOAHOE MATHO) MOXET
JBUTATbCS TI0 BHYTPEHHEH MOBEPXHOCTH coruia. C 1eNbio IUarHOCTUKHA CMEIIEHUSI aHOAHOTO
NsATHA U paclpeiesieHUuss TOKa BIOAb TOBEPXHOCTH aHoNa, ObUI CKOHCTPYHPOBAH
JIBYXCEKIIMOHHBIN aHOJI, CXeMaTHYHOE N300pakeHHE KOTOPOTO MpuBeeHO Ha puc. 1. B Takoi
KOHCTPYKIIMU TOK, TeKYIIUH HA CEKUUU A1 U A2 U3MEPSETCS OTIACIBHO TOCPEACTBAM TOKOBBIX
myHTOB Rg1 = 10M 1 R = 10m.

Ha puc.1l BugHO, 9TO HEMOCPEICTBEHHO MEpel MOMEHTOM BPEMEHH 1j, TOK TeueT Kak
Ha cekuuio A; Tak M Ha cekiuio Ap. MoMmeHT BpeMeHHu i COOTBETCTBYET MHEpexony OT
TJICIOMIETO pa3psiia B UCKPY, B pe3yibTare KOTOPOTO WCKPOBOW KaHAal MPUBS3BIBACTCSA K
cexkuuu Ap. [lox melicTBueM MoToKa raza aHOAHOE IMATHO MEPEMEIIAETCs BI0JIb TOBEPXHOCTH
aHoNa, JJIMHA TUTA3MEHHOTO KaHalla yBEIMYMBACTCS, YTO BEICT K YBEIMUYCHUIO MaJCHUS
HanpspkeHus Ha ctosbe. Cienyronuii nepexoa B UCKPY MPOUCXOIUT B MOMEHT BpeMeHH 3.

B cratbe mpeacraBieHbl JaHHBIE O JETAILHOM WCCIICOBAHHHM HECTAMOHAPHBIX
CBOKMCTB pas3psija IpH MOMOIIM ONMMMUCAHHOTO METO/a, a Takxke ¢ moMorsio CCD kamepsl.

PabGora momnmepkana Poccmiickum @®ongom DynnameHTanbHbIX HMccnemoBaHuii B

pamkax rpanmoB Ne 08-08-00121 u Ne 09-08-99063.
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REGIMES OF DISCHARGE BURNING IN HIGH-SPEED
AIR/HYDROCARBONS FLOWS

B. V. Postnikov, K. A. Lomanovich
Institute of Theoretical and Applied Mechanics RAS, Novosibirsk, Russia
Yu. D. Korolev, O. B. Frants, N. V. Landl, V. G. Geyman
Institute of High Current Electronics RAS, Tomsk, 634055 Russia

This paper considers the investigations of the effect of gas flow on the discharge
properties as applied to air/hydrocarbon mixtures. The electrode arrangement of the discharge
gap resembles that for coaxial arc plasmatron. However, the average discharge current was
rather low (of about 0.1 A). In these conditions, the gas discharge burns in specific nonsteady
state regimes [1]. The experiments have been carried out both with a moderate gas flow
velocities (subsonic flow) and with a supersonic flow. In both cases, the gas flow velocity
strongly affects on the discharge behavior. In particular, the gas flow forces the cathode and
the anode spots to move over the electrode surface. Beside that, the length of plasma channel
in this case can increase with time.

One of the experimental arrangements that have been used in the experiments is
shown in Fig. 1 [2]. The electrodes system is inserted in supersonic nozzle. Electrode
geometry provides the sharp edges so that the cathode and anode spots are localized at the
edges. Typical gas flow was up to 10 g/s with a static gas pressure in the discharge area from
3 to 15 mBar. In the terms of gas discharge, here we deal with a rather low reduced gas
pressure (about 10 Torr or less).

M 2 - 3

(b)

(b)
Fig. 1. Schematic of electrode system arrangement for the discharge in supersonic gas flow and the side view
discharge photographs. 1 —anode of the discharge gap; 2 —cathode; 3 —discharge area; 4 —insulator. (b) —
discharge in air with 1.5 percent of propane; (c) —air with 4 percent of propane.

Depending on gas pressure, gas composition and flow velocity different types of
discharges have been revealed. A kind of steady state glow is characteristic of the discharge in
air and in air with a low percentage of hydrocarbons (Fig. 1b). An increase in propane
percentage results in a regime of nonsteady state discharge. The essence of this regime is
appearance of the spark channels on background of glow discharge plasma (Fig. 1c).

The experimental data on transition from glow mode to nonsteady state mode of
discharge burning are presented in this paper. The distinctive features of discharge in subsonic
and supersonic flow are discussed.

The work was supported by the Russian Foundation for Basic Research under the
Grants No 08-08-00121 and No 09-08-99063.
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PEKUMBbI 'OPEHUA PA3PAIA B BBICOKOCKOPOCTHBIX
IHOTOKAX BO3JYXA C YIVIEBOJAOPOJAMHA

B. B. Ilocmnukos, K. A. Jlomanosuu
Hucmumym meopemuueckou u npuxiaonou mexanuxu PAH, Hoeocubupck, Poccmus
10.]I. Kopones, O. b. ®pany, H. B. Jlanons, B. I'. I'eiiman
Hucmumym cunonomounoii snexkmponuxu CO PAH, Tomck, 634055 Poccus

B crathe mpuBeneHBl pe3yNabTaThl HCCIENOBaHMUSA [0 BIMSHUIO IMOTOKA Ta3a Ha
CBOMWCTBA pa3psAa B CMECSAX BO3Ayxa ¢ yriaeBogopojamu. Cuctema 31eKTpoJOB pa3psIHOTO
IPOMEXYTKa IPEICTABISIET KOAKCHAJIbHBIA JYyroBOM IUIa3MOTpOoH. OJHAKO CpEeAHHMH TOK
paspsga Obi1 goBosibHO HU3KHM (okoimo 0,1 A). B aTux ycioBusix paspsigi TOPHUT B
crienupHUYecKOM HECTalMOHApHOM pexuMe [1]. DKcnepuMeHTHl HPOBOAWINCH KaK MpU
YMEpPEHHBIX CKOPOCTSAX ras3a (IO3BYKOBBIC IOTOKH), TaK M IIPH CBEPX3BYKOBBIX. B 0bomx
cllydasix CKOpPOCTh IOTOKa Ta3a BIMSAET Ha MOBEACHHME paspsna. B uacTHocTH, MOTOK
3acTaB/IgeT KaTOAHbIE W AHOJHBIE ISTHA ABUraThCs IO MOBEPXHOCTH 3JIEKTPOJOB, TaK UTO
JUIMHA TJIA3MEHHOTO KaHajla MOKET YBEJIIMYMBATHCS CO BPEMEHEM.

KoHcTpyKImst 01HO# M3 SKCIIEpHMEHTANIBHBIX YCTAHOBOK Tpe/cTaBlieHa Ha puc.l [2].
Cucrtema >7EKTPOIOB BCTPOEHA B CBEPX3BYKOBOE COIUIO TaKMM OOpa3oM, YTO KaTOAHbIE U
aHOJHBIC TISITHA JIOKAIM3YIOTCS Ha OCTPBIX KPOMKAax 3JIEKTPOJOB. THIHMUYHBIA pacxo] rasa
coctaisut 10 10 r/c mpu ctaTndyeckoM AaBJICHUU ra3a B paspsiaHoi obmactu ot 3 o 15 mObap.
B TepmuHax razoBoro paspsza, 34€ch Mbl HIMEEM JI€J0 C JOBOJIBHO HU3KUM JaBICHHEM Ta3a
(oxomo 10 Top).

B 3aBucumocTM OT naBieHHs rasa, COCTaBa CMECH U CKOPOCTH IIOTOKAa ObUIM
oOHapy>KeHBl Pa3UYHbIe THIBI pa3psnoB. Pa3psa B 4MCTOM BO3IAyXe M B BO3IyXE C HU3KUM
cojiep)KaHHeM YriaeBonoponoB (puc. 10) xapakTepu3yeTcsl TOSBICHHEM CTAl[HOHAPHOTO
paspsza THIA TJICIOUIET0. YBEIWYCHHUE COJACPXKAHUS MPONaHa B CMECH NMPUBOIUT K PEKUMY
HEeCTalMOHApHOTO pa3psaa. CyTh 3TOro pexuma COCTOUT B NOSABICHUH HCKPOBBIX KaHAJIOB HA
¢done Taeromniero paspsaa (puc. 1c).

B naHHOM cTaThe NpUBEIEHBI SKCIEPUMEHTAIbHBIE JAaHHBIE 110 NEPEXOJY U3 PexHMa
TJICIOLIETO pa3psiia B PEXUM HECTallMOHApHOTO paszpsama. OOCYKIAIOTCS OTINYUTEIbHBIC
0COOEHHOCTH pa3psjia B JO3BYKOBBIX M CBEPX3BYKOBBIX ITOTOKAX.

Pabora nonnepxana npoekramu PODU Ne 08-08-00121 u Ne 09-08-99063.
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INTERACTION THERMAL VORTEXES WITH A FLOW

E.E. Son, D.V. Tereshonok
dimon_ter@mail.ru

Our research presents the efficiency of the flow control through the thermal influence
on the flow. Vorticity is generated by the gravitation force and the thermal source. For this
reason the most important is the vorticity equation which results from the Navier-Stokes
equation by applying the rotor operation.

—+(V .V)inZVprpﬂ/Af)
ye

For any barotropic flow density is the function of pressure
p=p(p) VpxVp=0

For politropic flow p=const-p™ where in the limiting cases of adiabatic flow
n=y=C,/C, forisothermal flow n=1 and no vorticity created.

Using equation for change density for baroclinic fluid and take into account that
important only first term we will have equation for forticity:

aT ), P )y
%Jr(\].v)ﬁ:_ﬂvlﬂ x VP +VAQ

Yo,
The energy equation for temperature has the form:

dT dp ., .oy G+G°)+]-E
PCy g = E+J.W—v-(q+q )+ 7-E" +Quen

In the boundary layer near the plane wall pressure gradient is directed against the flow
velocity, near the curvature surface the part of the pressure gradient is directed along the
normal to the surface. The temperature gradient exist in the cases of wall heated and
convective heat transfer to the gas, usually in the direction normal to the surface.

The main idea of the thermal effect is interaction between gas flow and generated
vortex. From the energetic considerations it is clear that there is an energetic limit of the
source power which determines the expediency of the heat using. That is why a question
about form of the impulse for more effective influence on the flow arises.

B3AUMOJIEVICTBHUE TEIJIOBBIX BUXPEH C IOTOKOM.

Con 3.E., Tepewonox /1.B.
OUBT PAH, Mocksa

JlanHnass paboTa TOCBSAIIEHA HM3YyYCHHWIO TEIJIOBOTO BO3JCUCTBUS Ha TOTOK. [lon
I[eﬁCTBHe FpaBI/ITaHI/IOHHOFO II0JI41 MW MHCTOYHHUKA TCIIJIa B IIOTOKEC Tras3a 06pa3yeTcs1
3aBUXPEHOCTh. [J[71 TMOHMMaHHWS TNPOUCXOIANIMX IPOIECCOB, CIEIYET PACCMOTPEThH
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ypaBHEHHE IS BHXPsI, KOTOPOE €CTh Pe3yJIbTaT MPUMEHEHHUsI PoTopa K ypaBHeHWI0 HaBbe-
Crokca.

a—Q+(\7-v)§)=i2Vp><Vp+vA(2
ot P

Jiist m000ii 6apoTPONTHOM JKUAKOCTH INIOTHOCTH €CTh (DYHKIINS JaBIICHHS

p=p(p) VpxVp=0
JItss  TOJIMTPONUYECKOTO TeYeHuss P=CONSt-p ", ¢ MNpeieNbHBIME CITydasMu
aI[I/Ia6aTI/I‘leCKOl"O n= Y= Cp/CV U U30TCPMHUUYCCKOI'O Nn=1 teueHuit 3aBUXPCHHOCTHU TaK K€

HET.
Hcnonp3yst ypaBHEHUE AJi U3MEHEHUS TUIOTHOCTU OapOKIMHUYECKON >KMIIKOCTH, W

661351 BO BHUMAHHEC, YTO BaXXCH TOJIBKO HepBLIP’I YJICH, MOJIYYUM YpaBHCHHUC JIA Q:

Vp:(a—pj VT + 6—'0 Vp
ot ), ap ).
oQ

—+(\7-V)f) ARV x VP +VAQ
ot P
YpaBHEHHE SHEPTHH JIJIsl TEMIIEPATyPhl MPEJCTABICHO B ClIeaytomel hopme:

pcpd—T=ﬂT%+a:V\7—v.(q+qR)+]-E*+Qchem
dt dt

B norpanuyHOM ciioe BO3Jie CTEHKHU TPAIUCHT JIaBJICHUS W MOTOK T'a3a HANpaBJICHBI B
MPOTUBOIIOIOXKHBIE CTOPOHBL. [Ipy HamMWYMU KPUBU3HBI MOBEPXHOCTU TPATUEHT IABJICHUS
OyJeT IMETh COCTABIISAIOIILYIO BIOJb HOpMaiH. [ paqueHT TeMiepaTypsl CyIIECTBYET B Cllydae
HarpeBa CTEHKHM W KOHBEKTMBHOTO pPAaCHpOCTpPaHEHUs TeIUia, W OOBIYHO HAIpaBIEH I10
HOPMAJIU K MIOBEPXHOCTH.

I'maBHAs wmaes TEMIOBOTrO BO3ACHCTBHS HA IMOTOK COCTOHMT BO B3aMMOACHCTBUH
00pa30BaHHOTO BUXPs 3a cUET Harpesa. M3 sHEpreTuueckux cooOpakeHui, sICHO, 4To OyneT
npeaesa MONIHOCTM HCTOYHHKA, BBINIE KOTOPOW MPUMEHEHHE HarpeBa HE SBIAETCS
nenecooOpasHpiM. [loaToOMy BO3HHMKaeT Bompoc, O ¢opMe uMIyinbca s Oonee
3(PeKTUBHOTO BO3ACHCTBHUS HA MTOTOK.

SHOCK-WAVE STRUCTURE OF RAREFIED CHANNEL FLOWS
WITH DIRECT CURRENT DISCHARGE AND MAGNETIC FIELD

S.T. Surzhikov, J.S.Shang
IPMech RAS, Moscow, Russia
Wright State University, Dayton, Ohio, USA

Review of general results obtained at computational study of rarefied channel flows
with direct current discharge and magnetic field is presented. Electrodynamic structure of
direct current discharges (DCD) in rarefied hypersonic flows is analyzed in the frame of
ambipolar model of a glow discharge.

Consideration of statement and numerical simulation results for several configurations
of glow discharges inside gasdynamic channels are presented. Schematics of solved problems
are shown in Fig.1. These are:

- Surface gas discharges inside plane channel (a),
- Transversal gas discharges with magnetic field inside plane channel (6),
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- Transversal gas discharges inside curvilinear channel (c,d).

(b)
. AN | . Ly
Sl 7| S

(©) ' (d

Fig. 1 Schematics of hypersonic channels with DCD and magnetic field

(a)

(b)

(c)
Fig. 2 Pressure inside hypersonic channel. Calculation with the Euler (a) and Navier-Stokes (b) equations
without DCD, and with DCD (c) at electromotive force E=700 Volt
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Developed numerical simulation model is presented and discussed. This model
includes Navier-Stokes and Euler equations, energy conservation equation, continuity
equation for charged particles in ambipolar approach with magnetic field. Real thermo physic
properties are taken into account.

Initial condition for the numerical simulation correspond to conditions of experimental
research described in Ref.1.

As an example, figs.2 show pressure distribution inside curvilinear hypersonic channel
without gas discharge and with gas discharge.

It is shown that direct current discharge can be used for modification of shock wave
structure of rarefied channel flows.

References
1. Shang J.S., Surzhikov S.T., Kimmel R. et al. Mechanisms of Plasma Actuators For
Hypersonic Flow Control//Progress in Aerospace Sciences. 2005. VVol.41. pp. 642-668.

YAAPHO-BOJIHOBAS CTPYKTYPA PA3PEXKEHHBIX
I'MIIEP3BYKOBBIX IIOTOKOB B 'ASOAUHAMHNYECKHUX
TPAKTAX C TJIEIOIIUM PA3PAAOM U MAI'HUTHBIM ITIOJIEM

C.T.Cypstcuxos, [owe.C. ILl>n2
WucTtrTyT ipobnem mexanuku uM. A.HO.Ummmackoro PAH, 1. Mocksa
Wright State University, Dayton, OHIO

[IpencraBieH 0030p OCHOBHBIX pE3yJbTaTOB, IOJYYEHHBIX C HCIOJb30BaHUEM
JBYMEPHOH CONPSDKEHHOW 3JIEKTPO-Ta30MHAMUYECKONW BBIYUCIUTEIBHON MOJENH TIpU
U3yYEHUH Ta30JAMHAMHUYECKON CTPYKTYpbl pa3peXEHHBIX TMIEP3BYKOBBIX IIOTOKOB B
ra30JJUHAMUYECKUX KaHaJlaX pa3IMyHOW KOH(UIypaluH, BHYTPH KOTOPBIX 3aXKHTaeTCs
TIeroIUN pa3pan. M3yueHa anekTpoAuHaMUYecKasi CTPYKTypa TJICIOIIMUX pa3psaaoB B paMKax
aMOUTIOJIIPHOTO MPUOIMKEHHS B TUIIEP3BYKOBBIX MIOTOKAX Pa3peKEHHOTo rasa.

JlaeTcsi MOCTAaHOBKA M pELICHHE Kiacca 3amad (CM. CXeMbl PEIICHHBIX 3aja4 Ha
pUCYHKe) 00 YAapHO-BOJHOBOW CTPYKTYpE B Pa3peKCHHBIX TUIIEP3BYKOBBIX MIOTOKAX rasa:

— B IUIOCKOM KaHajle, Ha IPOTHBOIOJOXHBIX IOBEPXHOCTAX KOTOPOTO PaCIOJIOKEHbI
CEeKLIMOHUPOBAHHBIE JJIEKTPOJbI JUISI CO3JaHHUsl HENPEPHIBHOTO IOBEPXHOCTHOI'O
TJICIOIIEero paspsia (a),

— B IUIOCKOM KaHajle, MEXAy JABYMs IIOBEPXHOCTSAMHM KOTOPOTO MOJJECPKUBAETCS
HEIPEPBIBHBIA  TICIOIIMKM pa3psl [ONEpEYHbId TIa30BOMY IIOTOKY U BHEHIHEMY
MarHUTHOMY TIIOJII0 MEXAYy HECUMMETPUYHON KOH(Urypaluei >3JIeKTpOJIOB. KaTo[
IpeJICTaBIsIeT COOON y3KYIO MOJIOCKY, PacllOIOKEHHYIO Ha HUKHEH MOBEPXHOCTH KaHalla
HIONEPEK ra30BOMY IOTOKY, a BEPXHsIsl IOBEPXHOCTB SIBISICTCS CIUIOIIHBIM aHOI0M (0),

— B KPUBOJIMHEHHOM KaHaje, Ha OJHOM W3 IOBEPXHOCTEM KOTOPOr0 pacIoJIOKEHa
KaTOMHAas CEKLHUs DJIEKTPOPa3psAAHOrO IPOMEXYTKA, a Jpyras IOBEPXHOCTb SBIIETCS
aHoIoM (B,T),

OO6cyxarTcsi OCOOCHHOCTH HCIIOIB3YEMON JBYMEPHOM COMPSIKEHHOW AJIEKTPO-
ra3oIMHaMUYECKOM MOJIEJIM, OpPUEHTHUPOBAHHOW HAa pacyeT 3JEKTPO-Ta30JMHAMUYECKUX
IPOLECCOB B IUIOCKMX W KPHBOJIMHEHHBIX O0JACTSIX, BKJIIOYarolias B ce0s ypaBHEHHs
HepaspbiBHOCTU M HaBbe —CTOKCa, ypaBHEHUS COXPaHEHHUS DSHEPIUH, YpaBHEHUS
HEPa3pbIBHOCTH 3apsDKEHHBIX YacTUI] B aMOMIMOJISPHOM MPUOJMKEHHH C  y4ETOM
HOMEPEYHOr0 MArHUTHOTO TOJS. YUTEHBl peajbHble TEIUIOPU3NUECKUe M MEepEeHOCHBIE
CBOIiCTBa.
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HcxonHble maHHBIC UIS YHCICHHOTO WCCIEIOBAaHHS COOTBETCTBOBAIHM YCIOBHSM
OKCIIEPUMEHTATIBHBIX UCCIICIOBAaHUH, BBIMIOJTHEHHBIX HAa yIapHOW TpyOe U MpeACcTaBlICHHBIC B
pa6ore [1].

B kadectBe mpumMepa Ha puC.2 MOKa3aHbl W300apbl B KPUBOJIMHEHMHOM KaHale 0e3
paspsma u ¢ TiaeomuMm paspsgom (¢ a.a.c. E=700 B, asddexktuBHOCTH KOYICBA
terioBbiaencuus 77 =0.25)

[TokazaHo, YTO HMCMOJB30BAHME TICIOIIETO pa3psaa B pa3pekeHHOM THUIIEP3BYKOBOM
MOTOKE MO3BOJISIET () (HEKTUBHO MOIU(DUIIUPOBATH yAaPHO-BOITHOBYIO CTPYKTYPY IMOTOKA.

SIMULATION OF MICROWAVE ENERGY DEPOSITION IN AIR AND
APPLICATIONS TO FLOW CONTROL

D. Knight
Dept of Mechanical and Aerospace Engineering, Rutgers University, Piscataway, NJ 08854 Email:
doyleknight@gmail.com. Telephone: 732 445 4464. Faxsimile: 732 445 3124
Y. Kolesnichenko and V. Brovkin
Joint Institute of High Temperatures, RAS, Moscow 125412, Russia
V. Lashkov and 1. Mashek
St. Petersburg State University, St. Petersburg 198504, Russia

A fully three-dimensional, time-accurate gas dynamic code has been developed for
simulation of microwave energy deposition in air and the interaction of the microwave-
generated plasma with an aerodynamic body. The thermochemistry model, developed at the
Joint Institute of High Temperatures, incorporates 23 species and 238 reactions. The
thermochemistry model has been validated by comparison with experiment [1]. The gas
dynamic code has been applied to the simulation of the interaction of a microwave-generated
plasma with a hemisphere cylinder at Mach 2.1 corresponding to experiments conducted at St.
Petersburg State University [2]. The computed surface centerline pressure on the hemisphere
shows close agreement with experiment. Additional computational results using the gas
dynamic code will be presented.
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Pa3pabGotan  TpexMepHbBIH, BBICOKOIO  MOpSJKa TOYHOCTH IO  BPEMEHHU
ra3ouHaMUYecKuil KoJ miig MozenupoBaHus BbiaeneHuss CBY sHeprum B BO3ayxe u
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B3aumojieiicTBuss CBY mia3Mbl ¢ a’poJlMHAMUYECKUM TeJIoM. TepMoxumuueckas MOJENb,
pa3Butast B OMBT PAH, Bxmouaer B cebs 23 peareHra u 238 peaximii. [l0CTOBEPHOCTH
TEPMOXMMHUYECKOH MOJAeNu Obljla MOATBEPXKAECHA CPAaBHEHHUEM C  OKCIIEPUMEHTOM.
PazpaGoranHplii  razofgMHAMHYECKUil  KoA  OBbUT  HpPHUMEHEH Ui MOZICITUPOBAHHUSA
B3aumoeiicteuss CBY mnasmbl ¢ TenoM B BHUAE MOTyCchEphI-IMIIMHAPA B MOTOKE C YUCIOM
Maxa 2.1, COOTBETCTBYIOIIMM JKcrmepuMmeHnTtaMm, mnposefeHHbiM B C.-IletepOyprckom
['ocynapcTBeHHOM Y HUBEpPCHUTETE. BriunciienHass 3aBUCHMOCTH [JIaBJIC€HUSI B TOYKE
TOPMOXEHHUs TMoiycepsl 0T BpeMEHU ONMU3Ka K SKCIEPUMEHTAIBHO 3aperMCTPUPOBAHHOM.
BynyT npencraBieHsl U Ipyrue pe3ysbTarhl, OJyYEHHBIE C UCIIOIB30BAHUEM KOJIa.

REGIMES OF FLOW OVER BODIES FOR UPSTREAM ENERGY
DEPOSITION OF VARIOUS GEOMETRICAL CONFIGURATIONS

P.Yu. Georgievsky
Institute for Mechanics of Moscow State University
V.A. Levin
Institute for Automation and Control Processes of Russian Academy of Sciences

During the last years the energy deposition into a localized region of a supersonic flow in
particular was considered as the method for the improvement of aerodynamic characteristics
of bodies. The effect of the wave drag reduction is conditioned by the interaction of the
temperature wake (which is formed downstream the energy deposition region) with the shock
layer ahead of the body. The key factor for this interaction is the dynamic pressure decreasing
that is occurred in the temperature wake.

Depending on the geometrical configuration of the energy deposition region the
consequences of this interaction may vary. In the present paper regimes of flow past bodies
for various energy deposition geometrical configurations are studied focusing on the
efficiency in view of the wave drag reduction and stability problems. Some regimes were
examined previously but now all numerical experiments were repeated for more accuracy.
Also new regimes for the flow past blunt and streamlined bodies in the presence of the energy
deposition in the toroidal-type region are examined.

The “direct” regime of wave drag reduction is realized for large energy deposition
regions, when the temperature wake contains almost the whole body. The flow in the shock
layer near the body looks similar to the usual case of the uniform upstream flow of the
decreased Mach number. The efficiency of this regime is moderate — the saved power is less
than the power input.

The regime of “front separation” was realized for small energy deposition regions [1,2].
In this case the mechanism of the wave drag reduction is the formation of the front separation
zones ahead of bodies as the result of the interaction of the thin high temperature wake with
the shock layer. The less is the temperature wake cross size the higher is the efficiency of the
wave drag reduction, because the static pressure inside the isobaric front separation zone
depends on the dynamic pressure in the wake only [2]. But the much problem for the practice
is transversal pulsing instability and shift layer instability which were observed in the
numerical experiments for blunt and streamlined bodies.

62



SESSION 5. Plasma Aerodynamics — 2

o

c) ""front separation’ regime Ac, =37.3%, 7 =7.98

Now the flow past bodies in the presence
of the energy deposition inside the toroidal-
type region of the upstream supersonic flow is
examined. The primary idea was to use the
direct effect of the density and the dynamic
pressure  decreasing in the tube-type
temperature wake downstream the energy
deposition region for decreasing the static
pressure on the periphery of the surface -
exactly for the region of maximum efficiency
for wave drag reduction of the axisymmetric

S - : body. Depending on the parameters of the
b) “wake explosion™ regime Ac, =37.3%,7=2.66  {orgjdal energy deposition regions different
Fig.1. Flow regimes for toroidal-type energy regimes of flow were realized (Fig. 1)
deposition region of various radiuses (temperature . . . .
and velocity fields). For the situation vv_hen the toroid radius is

large the Mach reflection near the symmetry
axes of the shock generated by the energy input was observed (Fig. 1a). This regime can be
identified as “combined” because two factors are essential: static pressure decreasing on the
periphery of the body because of the direct interaction with the tube-type temperature wake
and the reorganization of the flow because of the Mach reflection effect (front separation zone
formation). For the case, presented in Fig. 1a the wave drag reduction is considerable and the
efficiency is sufficient. The flow structure is stable and in addition the body surface is isolated
from the tube-type high temperature wake by the high enthalpy cold stream.

For the toroid radius value when the Mach shock near the symmetry axes is very small,
the front separation region was not appeared (Fig. 1b). In this case the sudden expansion of
the high temperature wake during the interaction with the bow shock ahead of the sphere was
observed. Similar effect of “vortex explosion” was analyzed in [3] for the related problem of
the vortex — shock wave interaction. The regime in Fig. 1b — “wake explosion” is very stable,
the body surface is isolated from the high temperature wake, the wave drag reduction is
considerable and the efficiency is acceptable.

For small toroid radius the front separation region of a very specific type with the central
high enthalpy stream is appeared (Fig. 1c). The shift layer instability is taking place and the
flow is unstable. Nevertheless the wave drag reduction is considerable and the efficiency
coefficient is enough high. As a negative factor the appearing of high temperature tongue
which reaches the body surface can be mentioned.

o
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PEXXUMbBI OBTEKAHUSA TEJI B YCJIOBUAX DOHEPI'OBKJIAJIA
PA3JIMYHOM TEOMETPUYECKON KOH®UT'YPAILIUU BBEPX 11O
HOTOKY

I1.1O. I'eopzuesckuii
Wuctutyt mexanuku MI'Y
B.A. Jlesun
WHucTutyT aBTOMaTHKH U Ipoueccos ynpasiueHus [IBO PAH

B mnocnmemnue TOmBI 3HEProBKIAJ, OPraHW30BAHHBIA B JIOKAJIM30BAaHHOW 00JacTH
CBEPX3BYKOBOTO TIOTOKA, pacCMaTPUBAETCs, B YACTHOCTH, KaK METOJ yIIyYIICHUSI
APOJIMHAMHUYECKUX XapPaKTEPUCTHK Teld. DHPEeKT MOHMKEHHUS COMPOTUBIECHUS 00YCIOBICH
B3aUMOJICHCTBHEM TemIiepaTypHoro ciena (koropeiii  (opmupyercst 3a  00JacThiO
SHEProBKJIaaa) C yIApHBIM CI0eM Iepen TeiaoM. KimroueBbiM (DaKTOPOM, OIPEaCIISTIONIHM
TaKO€ B3aMMOJICUCTBHE, SIBISECTCA MOHMKEHHME MOJIHOTO JIABJICHMs, KOTOpOe HAaOJI0JaeTCs B
TEMIIEpaTyPHOM CJIEIC.

B 3aBucHMOCTH OT reoMeTpuveckol KOHGUTypamuu o0JacTH IHEPrOBKIANA PE3yIbTaT
B3aUMOJICCTBUS MOKET OBITh Pa3IMYHBIM. B HacTOsIICH CTaThe PEKUMBI OOTEKAHUS TEI ISt
Pa3IMYHBIX TEOMETPUUECKUX KOH(UTYpalllii SHEproBKiaza HM3y4yaroTcs C TOYKH 3pEHUs
3(PEKTUBHOCTH MOHMIKEHHUS COMPOTHUBIICHHUS M MPOOJIEMbI YCTOMYMBOCTH TOJTYyYAIOIINXCS B
YUCJICHHBIX pacuerax peuieHuil. HekoTopeie peKuMbl UCCIEI0BAIMCH paHee, HO Telepb BCE
pacyeThl BBITIOJIHEHBI 3aHOBO JJII KOPPEKTHOCTH cpaBHeHWH. Taxke OOHApy>KEHbI HOBBIC
pe)KI/IMBI JJIA 06T€KaHI/ISI SaTYHJIeHHLIX nu SaOCTpeHHBIX TCII B HpﬂcyTCTBI/II/I 3HCpFOBKHaI[a,
OpPTraHW30BAHHOTO B TOPOMIAJILHOM 00JIacTH.

Pexum «mpsiMoro BO3AEHCTBUS» peanusyercs uisl obsacTedl SHEproBKiaza OOJBIIOrO
pasmepa, Korja TeMIEpaTypPHBIM CJIed COJICPKHUT IEIMKOM TOYTH BCEe Teo. TedeHue B
yAapHOM CJIO€ Tepe]] TeJIOM MOX0Ke Ha TO, KOTOpoe HabJIoAaeTcs B ciayyae OOTEeKaHHs Tema
paBHOMEpPHBIM HaO€ralIUM TOTOKOM C TOHW)KCHHBIM 3HadeHHWEM 4Yuciaa Maxa.
3(1)(1)6KTI/IBHOCTB TIOHUXKCHUA COHpOTI/IBJIeHI/ISI JIsL TAKOIo pe)KI/IMa HEOoCTaToyHas -—
COKOHOMJIEHHASI MOIITHOCTh MEHBIIIE YeM BJIOJKEHHAS.

Pexum «mepeqHero oTpeiBa» peanu3yercs A 00JacTeil YHEProBKIIala MaJoro pa3mepa
[1,2]. B sToM ciayyae MeXaHM3MOM IOHMIKEHHS CONPOTHUBIICHHUS ABISCTCS (POpPMUPOBAHHE
HepCI[HI/IX OprIBHBIX 30H nepea JIO6OBOI>1 HOBerHOCTBIO TCJI B pesyanaTe B3aHMOI[€fICTBHH
TOHKOTO TEMIIEPaTypHOTO cliej]a C yAapHbIM cioeM. YeM MeHbIe TOMEepPEeYHBI pa3Mep
TEMIIEPATypPHOTO cleaa, TeM Bbime 3((HEKTUBHOCTh MOHMKEHUS COMPOTUBIEHUS, TaK Kak
CTAaTUYCCKOC OdAaBJICHHUC BHYTpH H3063pH‘-IGCKOfI OTpBIBHOfI 30HBI 3aBUCUT TOJBKO OT ITOJIHOT'O
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naBieHuss Ha ocu ciema [2]. OgHako Ha TpaKTHKE CEPbE3HOM MNpPOOIEMON  SBISIOTCS
HoTepevHast MyJIbCallMOHHAs HEyCTOMYMBOCTh U HEYCTOWYMBOCTD CIIBUTOBOIO CIIOS, KOTOPbIE
HaOJII0/IATMCh B YUCIIEHHBIX pacyeTax JJis 3aTyIUIEHHBIX U 3a0CTPEHHBIX TEJ.

Tenepp u3yuaercst oOTeKaHWE Tel B MNPUCYTCTBUM B NPUCYTCTBUH HSHEProOBKIAJA,
OpPraHM30BAaHHOTO B TOPOUAANBHOM O0O0JACTH CBEPX3BYKOBOIO HAOETraromero moTOKa.
[lepBoHauanbHasi uAesl 3aKIOYalach B HCIOJIB30BAaHUH OPAMOro 3(QeKTa MOHWKECHHUS
IUIOTHOCTU U JUHAMHUYECKOTO JIABJICHHS B LIEJIEBOM aKCHAJIbHOM TEMIIEPAaTypHOM CJIEAE BHU3
10 TIOTOKY OT OOJIACTH DHEProBKJIAJA JJISi CHI)KEHUS] CTATUYECKOTO JaBJIeHUs Ha nepudepun
MOBEPXHOCTU TeJa — TO €CThb MMEHHO TaM, TJe 3TO MaKCUMajibHO 3(P(GEKTUBHO IS
OCECUMMETPUYHOIO Tela. B  3aBUCHMMOCTH OT mapaMeTpoB TOPOMJAILHOW 00jacTu
peaTM30BaIUCh PA3IHYHbII pexxiuMbl o0Tekanus (Puc. 1).

Jlns cuTyanuu, Korja paguyc Topa BelIMK, HaOMI0AaeTcss MaXOBCKOE OTPaXXeHHE OT OCU
CHMMETPHH KOCOTO BHCSYEr0 CKauka, CreHepHpoBaHHOTo 3HeproBikiagom (Puc. la). Drtor
PEKUM MOXKHO Ha3BaTb «KOMOWHUPOBaHHBIM», TaK KaK CYIIECTBEHHBIMU SBISIOTCS JBa
dakTopa: TMOHMKEHHE CTAaTUYECKOTO JaBjieHMs Ha nepudepun Teiaa u3-3a MNPSIMOTo
BO3JCICTBUS TEMIIEPATypHOIO clleJja M peopraHu3alus TEYEHHUsS H3-3a MaXOBCKOI'O
orpaxenus: (popMupyercsi mepenHssi OTpbIBHAs 30Ha). st ciiydasi, TpPEICTaBICHHOIO Ha
Puc. la JOCTUTHYTO 3HAUUTENBHOE CHIDKEHHUE COMPOTUBJICHHS TMPH  MPUEMIIEMOMN
spdextuBHOCTU. CTPYKTypa TEUECHHUs] CTAOWIbHA, TOBEPXHOCTh TeJla HM30JIMPOBAaHA OT
TEMIIEPATYPHOIO CJEAA BBICOKOIHTAIBIIMHHON XOJIOJHOM CTPYyEH.

Jlnst 3HaYeHus paanyca Topa, KOorjaa MaxOBCKasl HOKKa y OCH CHMMETPHHN Malla, IEPEIHsIs
orpeiBHass 30Ha He (opmupyercs (Puc.16). B stom ciydae HaOmrogaercss BHe3ammHOE
pacmpeHre TEMIEPAaTYpHOTO CJlela MPU B3aMMOJCHCTBHH C OTOLIEAIIMM CKa4yKOM IIEpeN
chepoii. TToxoxwuii 3ddekrT «B3prIBa BHUXpsS» aHATU3UpOBajcs B [3] i poacTBEHHOMN
po0JIeMbl B3aUMOAEHCTBUS BUXPS C y1apHON BOJHOM. PexxuM «B3pbIBa ciiesia», MOKa3aHHbII
Ha Puc. 16, crabuieH, NOBEPXHOCTh Tella H30JUPOBaHA OT TEMIEPATYpPHOIro ClieAa.
JloCTUTHYTO 3HAUUTENBHOE CHIXKEHUE CONPOTUBIIEHUS MPU AOCTATOYHOU 3 (HEKTUBHOCTH.

Jns Manoro paguyca Topa (GOopMHpYeTcsl HepeHsis OTphIBHAs 30HA CHELU(UUIECKOTro
THNA C IEHTPAILHON BBICOKOIHTAIBIUNAHON mpoTounoit ctpyerr (Puc. 1B). Mmeer mecto
CABUTOBAasi HEYCTOMYMBOCTh, M TEUEHHUE B IIEJIOM HecTaOWiIbHO. TeM He MeHee, CHIKEHUE
COTIPOTUBIIEHUSI — 3HAYUTENIbHOE, a 3PPEKTUBHOCTh — BBICOKas. B KkauecTBe HETraTUBHOTO
¢dakTopa MOXXHO OTMETHUTh HalM4KMe BBICOKOTEMIEPATYPHOIO «A3bIKA», JOCTHTAIOIIETO
ITOBEPXHOCTH TeJa.

HccnenoBanust nojaepxansl Poccuiickum (oHOM (yHIAMEHTANIbHBIX HMCCIEI0BAHUN
(08-01-00033), denepaidbHBIM arcHTCTBOM [0 HayKe W HHHOBAIMsIM MUHHCTEPCTBA
obpasoBanust PO (HIII-319.2008.1) u Poccuiickoit akanemueii Hayk (mporpamma I109).

INFLUENCE OF ENERGY INPUT UPSTREEM THE MODEL ON THE
BASE PRESSURE VALUES.

Lutsky A.E.
Keldysh Institute for Applied Mathematics RAS, Moscow.

To the present time the large volume of numeral and experimental researches has
been executed on the aerodynamic flow control by means of local energy deposition into
the flow. The main part of these researches concerns the drag reduction on the supersonic
flight regimes due to recirculation region formation caused by energy deposition upstream
the flying vehicle nose [1-3]. Considerable power effectiveness ((Do-Dg)*U/Q — saved and
spend power ratio) was achieved in this way. Usually energy deposition into the base region
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of the flow is studied separately [4]. Interaction between energy deposition upstream the
model and base flow is not understood perfectly yet.
Some results concerning this question are presented here. The supersonic flow

(M»=2) about the blunted body at zero attack angle was investigated numerically. Finite size
steady uniform cylindrical energy source upstream the nose has been considered — Fig.1.
Numerical solutions of Euler, Navier-Stokes and Reynolds equation with k-e model of
turbulence have been computed and systematically compared. The results for Reynolds
equation with k-e model of turbulence are shown below.

Fig. 1. Density distribution for the flow without (left) and with (right) energy deposition.

Recirculation region formation before the nose results in the pressure diminishing on
the front part of model surface — Fig2.. Consequently substantial drag reduction is achieved.
Power effectiveness exceeds 5 times.

The base flows for the both cases (without and with energy deposition) are quite
similar. Insignificant diminishing of the base pressure near the symmetry axis (Fig.2)
practically does not have influence on the drag reduction.

The work was supported by RFBR grant 08-08-00356 and Program of Fundamental
Researches RAS N 11, section 1.

Fig.2. Pressure distribution along the nose (left) and base (right) parts of the body.
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BJIMSTHUE MOJABOJIA SHEPTUHU NMEPE] HOCOBOM YACTHIO
MOJEJIX HA BEJIMYUHY JOHHOI'O JABJIEHU .

Jyuxuii A.E.
Huctutyt npukinannoit marematuku uM. M.B.Kennpima PAH.

K HacTtosmieMmy BpeMeHU  BBINOJHEH  OONbIION  00beM  YHCICHHBIX U
IKCIEPUMEHTATBHBIX WCCIIEIOBAaHHH o YIPaBJICHUIO a’pOIMHAMUYECKIMU
XapaKTepUCTUKaMH  OOBEKTOB IyTeM JIOKAIW30BAaHHOI'O BBOJA PHEPIUU B Halerarouiuii
notok. bosbmast gacth [1] uccienoBanuii cBsi3aHa ¢ yMEHbBIIICHUE BOJIHOBOTO COTIPOTHBIICHUS
Ha CBEPX3BYKOBBIX pEXHMMax 3a CUET MNEPecTpPOMKH TEYeHMs Iepell HOCOBOW YacTH ¢
(bopMupoBaHue 00JACTH OTPHIBA U BO3BpPATHOro TeueHus. Vmeercst Takke psa  padot [2],
HOCBSALICHHBIX BBOJy SHEPIMU B JOHHYIO 001acTh 00bekTa. OCHOBHAs 4acTh MCCIEIOBaHUN
BBINIOJIHEHA B JIBYMEPHOW TIOCTaHOBE. BONpOChl BIMSHUS ~ BJIOXKEHUS HHEPrHH Ha
TPEXMEPHYIO KapTUHY TEYCHMS M3YUYCHBI K HACTOSILEMY BPEMEHH B 3HAUUTENILHOW MEHbLICH
CTENEeHH. OTO KacaeTcs, B YaCTHOCTH, BIMSIHMS paspsa Ha MOABEMHYI CHILY,
a’pOJMHAMUYECKOE KaueCTBO, BHUXPEBbIE CTPYKTYpHI, B3aUMOACWUCTBUS YAApHBIX BOJH C
MOrPaHUYHBIM CJI0oeM Ha moBepxHocTH JIA. MMeroTes sxcniepuMenTanbhbie nanubie  (MTIIM
uM. C.A.XpuctuanoBuya CO PAH) o TOM, YTO CpPaBHHUTEIFHO MAJO€ BIIOKCHUE DHEPIHU
BOJIN3M TIOBEPXHOCTH KOHYCA MPUBOJIUT K CYIIECTBEHHOH MepecTpoiike BUXPEBBIX CTPYKTYp U
U3MEHEHHIO adPOJIMHAMUYECKHX XapakTepucTk {3]. AHajOrn4yHbIe JaHHBIE TOJIy4YeHbl [4] B
OTHOIICHUM HHEPreTUYECKOTO BO3JCHCTBHA HAa BHUXPH Ha TOJBETPEHHOH CTOpPOHE
TPEYTOJILHOTO KPbLIA.

CrienmanbHbl MHTEpEC NMPEACTABISAET BIMSHUE IMOABOJA SHEPTUU IEpesl HOCOBOM
YacThI0O MOJEJIN Ha BEIMYMHY JOHHOTO JaBieHus. B Hacrosdmei pabore 3TOT Bompoc
UCCcIeayeTcs Ha IpuMepe 00TeKaHHsl MOJICTH KOHEYHBIX pa3mepoB (puc.l) Ha CBEpX3BYKOBOM
pexume (M=2). IIpoBelneH pacyeT M CHCTEMAaTHYECKOC CPAaBHEHHME YHCIICHHBIX PEIICHHI
ypaBHeHu Oiinepa, HaBpe-CTokca M ycpeJHEHHbIX ypaBHEHMN PeliHoibaca C K-€ MOJEIbIO
TypOysneHTHOCTH. DopmHpoBaHHE 00JacTH OTphIBA IEpe] HOCOBOM YacTbiO MPUBOJIUT K
CYLIECTBEHHOMY YMCHBIICHHIO JaBJieHHs (PUC.2) U CHUKEHHIO BOJIHOBOTO COIPOTHBIICHHS.
D¢ (HeKTUBHOCTb SHEProBIOXKEHHUsS NpeBbIIaeT S5 pa3. He3HauuTenbHBIE POCT JOHHOTO
napneHusi  (pUcC.2)IpaKTHYECKM HE OKa3blBaeT BIMSHUS Ha YMEHBIICHUE IIOJIHOTO
COIIPOTHBIICHUS MOJIEIH.

Pabora BeimonHena mpu noxanepxke PODU rpant 08-08-00356-a u I[Iporpammsl
dbynnamenTanbHbIX ucciaeaoBanuil [Ipesuaumyma PAH Ne 11, paznen 1.
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A STATIONARY HEAT SOURCE IN THE SUPERSONIC FLOW

Kogan M.N., Kucherov A.N.
Central Aerohydrodynamic institute (TSAGI) n.a. N.E. Zhukovsky
Zhukovsky, Moscow region, Russia
e-mail: mkogan@aerocentr.msk.su, ank@aerocentr.msk.su , Fax: (495) 7776332

The similarity and the difference between three-, two- and one-dimensional cases of
stationary flow in the space of a heat source with a prescribed distributed intensity g=gof(X,y,z)
(go,W/m?® is the characteristic value, f is the nondimensional function) are investigated. Heat
sources are used in the problems of aircraft blowing by the supersonic flow to reduce the
drag, increase the lift and arrange the airplane control [1-3].

A weak energy source (in which addition of energy per unit time and per unit volume
is small as compared to the inner energy flow or enthalpy flow of an undisturbed gas) permits
continuous solutions for the three-dimensional case in the first approximation for the
disturbed gasdynamic values — density, pressure and velocity. In the two- and one-
dimensional cases at the speed of free stream (undisturbed flow) near the sound speed
(transonic flow) stationary shock waves are possible in the flow field of the heat source. In the
first turn we bear in mind the front straight shock wave.

For the strong heat source stationary flows with shock waves are possible. In the one-
dimensional case the problem is reduced to square [4] or cubic [5] equations (if g=pqof(X,y,z),
Qo-WI/Kkg). If the value of the similarity number G=(y-1)rogo/Uopo is less than the critical one
Ga= y(M?-1)%/2(y+1)M¢?, then front shock waves are possible behind the heat release area
(detonation waves). For the case G>G; there is no stationary solution. This phenomenon was
called heat crisis [6].

For the two-dimensional and three-dimensional cases the critical values G+ (that is the
threshold of the straight front shock wave arising in the heat source field [2]) depending on
the Mach number of the undisturbed flow are investigated. In the two-dimensional case G+ is
higher than in the one-dimensional case, but lower than in the three-dimensional one. At the
intensity g=gof (per unit time and per unit volume), G« is higher than for the variant g=pgof
(per unit mass) for the three-dimensional, two-dimensional and one-dimensional cases.

The regime of continuous transition from the supersonic to the subsonic flow in the
heat source flow field [7] for the two-dimensional case is realized at the slightly higher
relative aspect ratio I/rp than in the three-dimensional case (here | is the longitudinal typical
size in the flow direction, ry is the perpendicular one). This is caused by the less space
expansion in the two-dimensional case at the same energy addition.

The dependence of the energy addition parameter G~ on the ratio of specific heats y
was investigated. As y increases, i.e. at the transition from multi-atomic molecules (y—1) to
single atomic ones (y—1.67)), G+ grows, for example, in the two-dimensional case for My=1.5
its value increases from 0.82 (y=1.01) to 1.11 (y=1.667).
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CTAIIMOHAPHBIN TEIJIOBOM UICTOYHUK B CBEP3BYKOBOM
IHOTOKE

Kozan M.H., Kyuepoe A.H.
Lenmpanvroiii Aspoeudpoounamuveckus uncmumym um H.E. JKykosckoeo,
140180 JKykosckuii, Mockosckoii 061., Poccus

HccnemoBanbl CXOACTBA M OTJIMYUS CTAl[HOHAPHOTO TEYCHUS B OKPECTHOCTH
TEIIOBOr0 HCTOYHMKA C 3aJaHHBIM PACIIPEICICHAEM HHTEHCHBHOCTH g=0of(X,Y,z) (g, Br/M*-
XapakTepHoe 3HaueHue, f — Oe3pazmepHas (QYHKIWS) AT TPEXMEPHOTO, IBYXMEPHOTO M
OJTHOMEPHOTO CiIy4aeB. VICTOUHUKHM TEIUIOBBIIEIICHUS MCIOIB3YOTCS B 3ajadyax OOTCKaHHUs
JIA CcBEpX3BYKOBBIM IMOTOKOM ]ISl YMCHBIICHHS COMPOTHUBICHHS, YBEIUYCHHUS IOIbEMHON
CHJIBI WJIM B Ka4eCTBE OopraHa ynpasienus [1-3].

Cnalbblii UCTOYHHMK SHepromnoasojga (B KOTOPOM JHEPTHsl, MOABOAUMAS B CIUHHUILY
o0beMa B €IUHHIYy BPEMEHH, Majla M0 CPAaBHEHUIO C MOTOKOM BHYTPCHHEH DHEPIUU WIIH
SHTAJILIIMKM HEBO3MYIIEHHOTO ra3a) JAOIMyCKaeT IJIsi TPEXMEPHOr0 BapHaHTa HENpEphIBHBIC B
TJIABHOM TIPUOJMDKEHUM PEUICHUs JUIsl BO3MYIICHHUH Ta30JUHAMUYCCKHX MapaMeTpOB —
IUIOTHOCTH, JIABJICHHs], CKOPOCTH. B JIBYXMEpPHOM M OJHOMEPHOM BapHaHTE MPU CKOPOCTH
Ha0eraromero NmoToka, OJIM3KOM K CKOPOCTH 3ByKa (TPaHC3BYKOBOE TEUCHHE), BO3MOKHBI
CTaIl[MOHAPHBIC YapHbIC BOJIHBI B M0JIe UCTOYHHUKA. B mepByro odepens pedb HACT O IPSMOM
TOJIOBHOM CKa4Ke YIUIOTHEHHUS.

JInsi CHIIBHOTO MCTOYHHMKA TEIUIOBBIIEICHHS BO3MOXKHBI CTAI[HOHAPHBIC TEYCHUS C
yIapHBIMH BOJIHAMHU. B OJHOMEpHOM BapuaHTe 3ajada CBOIUTCS K KBajpaTHoMmy [4] wim
KyOudeckomy ypasuenuto [5] (mpu g=pQqof(X,y,z), Qo-B1/kr). Ecnu Benmumna Ge3pazMepHOro
napametpa 1oobus G=(y-1)roge/UoPo MeHblue KpuTHUecKoro 3HaueHus, G<Gg=y(Mo*
1)%/2(y+1)Mo?, TO BO3MOXHBI yIapHbIC BOJHBI Ha (POHTE 06IACTH TEILIOBBIACICHHUS (T.H.
pexum aeronanuu). [pu G>G,, cTanmoHapHOE peIlIeHHe HE CYIIECTBYET, SIBICHHUE Ha3BaJU
TETUTOBBIM KpHU3HCOM [6].

JIns OBYXMEPHOTO UM TPEXMEPHOTO BapUaHTOB HCCIEIOBAHBI  3aBUCHMOCTH
KPUTHYECKMX 3HAYeHHUil Oe3pa3mepHoro mapamerpa nojodus G+ (mopor, BbIIe KOTOPOTO
BO3HHMKACT MPSMON CKAa4YOK YIUIOTHCHHUS B IOJIE MCTOYHMKA, cM. [2]) oT umciaa Maxa My
Haberaroiero HeBO3MYIIIEHHOTO NMOTOKa. B n1ByxMepHOM citydae 3HadeHus: G+ BbIIIE, YeM B
OJTHOMEPHOM, HO MEHbIIIE, YeM B TpexMmepHoM. [Ipu mHTeHCHBHOCTH Q=Qof, 3amaHHOl Ha
enuHuIly obbema, 3HaueHus G- Bwimie, yeMm npu g=pQof (3amaHHOil Ha eaMHUIlY MacChl) B
TPEXMEPHOM, IBYyXMEPHOM M OJTHOMEPHOM BapHaHTaXx.

PexxuM HENpephIBHOTO MEpexoja OT CBEPX3BYKOBOTO TEYCHHUS K JI03BYKOBOMY
TEUYCHUIO B T0JIC UCTOYHMKA [/] B ciy4yae JBYXMEPHOI'O HCTOYHHKA DPEaTM3YETCs IPH
OTHOCHUTENBbHBIX Y/UTMHEHUsIX |/rp, OoNbIInX, yeM B cilyyae TPEXMEpHOTro UCTOUHMKA (31ech |
—MPOJIOJILHBIN 110 MMOTOKY XapaKTEPHBINH pa3Mep, lo- MOMEPEUHbIH). ITO CBSI3aHO C MEHBIIUM
NPOCTPAHCTBEHHBIM PACIIUPEHUHM B JIByXMEPHOM BapHaHTE MPU OJMHAKOBOW TOJBEICHHOU
SHEPTHH.

HccnenoBanbl 3aBUCUMOCTH KPUTHYECKUX 3HAYCHUH MapameTpa sHepromnoasoaa G« ot
MOCTOSTHHOM aanabatel Y. C pocTOM 3HAYEHUH Y, T.€. PU MEPEX0/Ie OT MHOTOATOMHBIX Ta30B
(y—>1) x omHoaromHoMy (y—1.67) Benmumna G+ pacteT, HapUMep, B JBYXMEPHOM ClIydae
npu My=1.5 ot 0.82 (y=1.01) no 1.11 (y=1.667).
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PaGora BeIMOMHEHAa TIpU MOAAEpKKE [OCYyIapCTBEHHON TPOrpaMMbl BEIYIIHX
HayuHbIX ko (rpant HI1-4272.2006.1) u nporpammser Ne [1-09 Ipesuaunyma PAH.

STUDY OF PLASMA ACTUATOR DRIVEN BY SURFACE HF
DISCHARGE

Kasansky P., Klimov A., Moralev |

Recently, there is a wide interest towards flow control by means of gas discharge
plasma generation. This work is a continuation of previous investigations, focused on
development of plasma actuator based on the surface HF discharge.

Study of plasma actuator based on the surface HF discharge was performed on the
plates with sharp leading edge, in a velocity range up to 30m/s at atmospheric pressure and Re
~2.7-5x10°.

It is shown, that by means of surface HF discharge it is possible to enhance
momentum transfer towards the boundary layer from the flow core, and to increase the angle
of stall.

Flow visualization is realized by means of acetone addition to the flow with 248nm
laser sheet used for excitation and by shadowgraphy.

HF discharge with a career frequency of 500kHz was created with a burst repetition
rate of 10-2000 Hz. Several discharge parameters were obtained in the experiment:
propagation velocity of the discharge along the plate, current and voltage curves.

1. Surface HF Plasma Aerodynamic Actuator Klimov A., Bityurin V., Moralev I., Tolkunov
B., Zhirnov K., AIAA 2008-1411.

NCCIEAJOBAHUE IIJIASMEHHOI'O AKTYATOPA HA OCHOBE
ITOBEPXHOCTHOTI'O BY PA3PAIA

Kazanckuii I1., Knumoe A., Mopanes U.

B mnacrosimee Bpemss B Mupe HaOMIONAeTCs IIMPOKUNA HMHTEPEC K YIPaBICHUIO
MIOTOKOM C TOMOIIBI0 Ta30pa3psaHON Iia3mbl. [laHHas paboTa SBISETCS MPOJOIDKCHHEM
NpEeABIIYIIMX HCCleNoBanuil [1], HampaBIeHHBIX Ha CO3/aHKME IUIA3MEHHOI'O aKTyaTropa Ha
ocHOBe noBepxHocTHoro BY paszpsina

UccnenoBanue miasMeHHOro akTyaTopa Ha OCHOBE IoBepxHocTHOro BY paspsaa
NPOBOAMJIOCH Ha IJIACTHHAX C OCTPOW KPOMKOH B auama3oHe ckopocteit mo 30m/c mpu
nasnennn 1 atm u Re ~ 2.7 - 5 x 10°,

[TokazaHo, YTO HCMHOJIB30BAaHHE TMONEPEYHOTrO TMoBepXHOCTHOro BY paspsaa
MO3BOJISIET YCHIIUTh MEPEHOC MUMITYJIbCa U3 sJIpa MOTOKA B MMOTPAHUYHBIN CIIOH, W, YBEIUYHUTD
JIMaria3oH yTJIoB, IIPU KOTOPBIX PEATU3yeTCs PEKUM OE30TPHIBHOTO OOTEKAHHMS ITACTUHBI.

PeanmzoBana BuU3yanu3anMs OTpbhIBa MOTOKAa OT NEepeAHENH KPOMKH IUIACTHHBI C
TIOMOIIBIO T0OABKH MaJIbIX KOJIMYECTB alleTOHA B 3aCTOWHYIO 30HY, C MOJCBETKOHN Ja3epHBIM
HOKOM C JUTHHOHW BOJHBI 248 HM.

BY paspsig ¢ mecymeit wacroroit 500 k[ ocymecTBisiics B peXuMe BHENTHEH
Moy ¢ yactotod  10-2000 I'm. B skcnepuMmeHTe MMOMy4YeHBI HEKOTOpBIE
XapaKTePUCTHKH pa3psa. CKOPOCTh PACIpPOCTPAHEHHs BIOJb IUIACTHHBI, KPHUBBIE TOKA H
HaTPSHKCHHUS.
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SUPERSONIC AIRFLOW AROUND AIRFOIL WITH SLIDING
DISCHARGE INITIATION ON ITS SURFACE

A.S. Saveliev?, V.S. Aksenov?, S.A. Gubin?, V.V. Golub®, V.A. Sechenov!, E.E. Son®
"Moscow Institute of Physics and Technology
“Moscow Engineering Physics Institute
® Joint Institute of High Temperatures RAS

Last decade is characterized by rapid semiconductor electronics development. For
instance, high voltage power supplies became more compact and lighter, their efficiency
factor approaches 100 percent. In connection with this circumstance it became possible to
create plasma formations with the high voltage generators of plasma: actuators based on
dielectric barrier discharge, microwave discharge, plasmatron technology etc. Among all
electrical discharges in gas it is necessary to note the sliding discharge on conducting surface,
because its most notable advantage is the low breakdown voltage that doesn’t depend on the
distance between the electrodes [1].

Under rapid heat realizing on the surface streamlined by airflow the additional shock
wave, pressure, velocity and temperature redistribution in gas and to changing of flow pattern
above the surface appear, also the separation flows can appear. In this work the possibility of
sliding discharge initiation on body surface streamlined by airflow is considered and the
research of discharge plasma and airflow interaction is presented.

In Figure 1 the experimental setup scheme for research of sliding discharge and
supersonic airflow (Mach number M=2) interaction is presented. Through the nozzle 1 the air
from atmosphere fills the working chamber 3 and connected to it gasholders with total volume
of 240 m®, that were pumped out for vacuum preliminarily. The supersonic airflow forms near
the nozzle outlet with 520 m/s velocity and the pressure of 0.2 atm, the airfoil 2 with
discharger is placed in the flow and connected to high voltage power supply 4. The working
chamber 3 has two transparent windows of optical glass and the flow pattern is observed with
schlieren device 5 (IAB-451). The schlieren device for flow pattern observation is equipped
by high speed CMOS-video camera 6, connected to computer 7. The airfoil is made of
dielectric material (textolite, plexiglass) and on the upper surface of the airfoil the discharger
is mounted. The discharger consists of conducting strip (graphite) glued to airfoil surface and
two electrodes located on the distance of 1 mm from the strip and 100 mm each from another.
The sliding discharge initiation is performed in single-pulse and periodic-pulse regime with
frequency up to 40 Hz. The electrical energy of one pulse can be varied from several Joules
up to hundreds of Joules.

Figure 1. Experimental setup.

Schlieren photos taken with the schlieren device show the strong sliding discharge
influence on the airflow. Particularly the shock wave arising after rapid heat releasing causes
gas disturbance that has turbulent structure. The strain sensor mounted on the airfoil support
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shows of appearance of significant force that is applied on the airfoil surface in perpendicular
to flow velocity direction.

In the experimental work the conditions of the sliding discharge initiation in single-
and periodical-pulse regime under supersonic airflow are obtained, the flow pattern photos are
taken with sliding discharge initiation on streamlined surface, the force, caused by pressure
redistribution after rapid heat releasing, is measured.

1. V.S. Aksenov, V.V. Golub, S.A. Gubin, V.P. Efremov, 1.V. Maklashova, A.l. Haritonov,
Yu. L. Sharov // Technical Physics Letters, vol. 30, No. 20, 2004.

CBEPX3BYKOBOE OBTEKAHHME BO3YXOM ITPOPNJIA KPBIUIA
IHPU UHUIITUNUPOBAHHUU CKOJIB3ALIEI'O PA3PAIA HA ET'O
IHHOBEPXHOCTMU.

A.C. Caeeﬂbeel, B.C. Akcenoez, CA. I yéuuz, B.B. I' 011y63, B.A. Celtenoel, 2.E. Cor®
"MockoBckmii (hU3UKO-TEXHUICCKUN HHCTUTYT
*MoCKOBCKHif HWH)XEHEPHO-(DU3NUECKUI HHCTUTYT
%06beMHeH BT HHCTHTYT BHICOKHX Temmepatyp PAH

[Tocnennee necsaTuiIeTHE XapakTepU3yeTcss OYpPHBIM Pa3BUTHEM IOIYTPOBOJIHUKOBON
anekTpoHUKU. K mpumepy, BHICOKOBOJIBTHBIE UCTOYHUKU HAIpPSDKEHUS CTall KOMIAKTHEE U
nerue, a os¢dexruBHocTh (KIIJ) wmx paborbl npubmmkaercs K eaumHune. JlaHHoe
00CTOSITENTLCTBO JIeJaeT BO3MOXKHBIM CO3/1aBaTh IUIa3MEHHbIE 00pa30BaHUSI HA NOBEPXHOCTHU
peasbHOro JIETATeNBbHOIO ammapara ¢ IOMOIIbI0 BBICOKOBOJIBTHBIX T'€HEPATOPOB ILIA3MBI:
MIa3MEHHbIE aKTyaTOpbhl Ha OCHOBE JUAJIEKTpUUYECKOro O6aprepHoro paszpsaa, CBU-paspsna,
TUIa3MOTPOHHBIX TEXHOJIOTHH U 1p. . Cpeau Bcex BUAOB paspsiia B Ta3e MOXHO BBIICTHUTDH
CKOJIB3SIIIMI pa3psijl 10 MOIYNPOBOISIIECH MOBEPXHOCTH, T.K. OCHOBHBIM €T0 MPEUMYILIECTBOM
ABIISICTCS TPAKTUYECKM HE 3aBUCHAIAs OT JUIMHBI Ta30BOIO IMPOMEXKYTKAa BEITHUYMHA
npoboitHoro Hanpsokenus [1].

[Ipu ObICTpOM BBIJICJIIEHUH TEIUIAa Ha MOBEPXHOCTH MOMOUIBIO pa3psia, oO0TeKkaeMon
CBEPX3BYKOBBIM TIOTOKOM BO3/yXa, BO3HUKAIOT yJapHas BOJIHA, IepepacrnpeaeseHue
JaBIICHUS, CKOPOCTH, TEMIEpaTyphl ra3a M K HM3MEHEHHUIO CTPYKTYphl IIOTOKa Haj
MOBEPXHOCTHIO, B TOM YHCIE MOTYT BO3HHMKAaThb OTpbIBHblEe TeueHus. JlanHas pabota
paccMaTpuBaeT BO3MOXKHOCTh WMHUIIMMPOBAHUS CKOJIB3SIIETO paspsijia Ha TOBEPXHOCTH
00TeKaeMoro MOTOKOM BO3/lyXa TeJa U B3aUMOACHCTBUS Pa3psAHOM I1a3Mbl C IIOTOKOM.

Ha Puc. 1 npencraBiena cxema 3KCIIEPUMEHTAIBHOM YCTaHOBKU JJISl MCCIIEI0BaHUS
B3aUMOJICHCTBHUS CKOJIB3SIIETO pa3psaa CO CBEPX3BYKOBBIM MOTOKOM (ducio Maxa M = 2).
UYepes comto 1 Bo3myx u3 aTMocgepbl HaMOIHAET MPeIBAPUTENIBHO OTKaYaHHbIE 0 BaKyyMa
KaMmepy 3 ¥ COeMHEHHBIC C Hel ra3roybaepbl o0muM oobemom 240 M. Ha BBIXOJIE U3 COILIa
bopmupyeTcsi CBEpX3BYKOBOM MOTOK €O cKOpocThio 520 M/c u crarnueckum aasieHuem 0.2
aT™M, B KOTOpBIM MoMmemiaercss Npopuib Kpblla 2 C pa3psIHUKOM, MOJCOEAMHEHHBIM K
BBICOKOBOJIbTHOMY MCTOYHHMKY HampspkeHust 4. Kamepa 3 nMeeT 1Ba OKHa M3 ONTHYECKOTO
CTEKJIa, Yyepe3 KOTOPhIC BEACTCS HAOIIOAEHHE C IMOMOINBI0 TeHeBoro nmpubdopa 5 (MMAB-451).
TeneBoil mpubop A1 NOTYUESHUS NUTUPEH-KApTHH 00TeKaHus MpoQuiIs CHa0KEeH CKOPOCTHOU
CMOS-Buneokamepoii 6, JaHHBIE C KOTOPOU TepenarTcs Ha KommbeloTep 7. [Ipoduns kpeina
BBINIOJIHEH W3 JIUDJICKTPHUYECKOTO Marepuana (TEKCTOJHMT, OPICTEKIIO), Ha BEPXHIOK
MOBEPXHOCTh MPOQUIL BMOHTUPOBAH pa3psAAHUK. Pa3psgHUK COCTOUT U3 TOJOCKHU
HOJIYIIPOBOJISIIETO BelIecTBa (yrierpadur), MPUKICCHHOW K TOBEPXHOCTU MOJIENIU KpbUIa, U
JIByX CHJIOBBIX JJIEKTPOJIOB, PACIHOJIOKEHHBIX HAa PACCTOAHUAX 1MM OT MOIyHmpOBOASIIEH
noBepxHoctd u 100 MM apyr ot apyra. Co3gaHue CKONB3SIIEro paspsaa MPOUCXOIUT B
UMIYJBCHOM U UMITYJIbCHO-TIEPUOINYECKOM pexume ¢ yactotoil g0 40 ['u. Dnekrpuueckas
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SHEPrusi B HUMITYJIbCE MOKET MEHSTHCS OT HECKOJbKUX EIUHUI] /0 HECKOJIbKHX COTEH
JUKOYJIEH.

[Inupen-pororpaduu,  MNOJyYEHHBIE €  TIOMOIIBID  TEHEBOro  mpubopa,
CBUJICTEIHLCTBYIOT O CYIIECTBEHHOM BIUSHUM CKOJB3AIIETO pa3psaa Ha MOTOK. B wacTHoCTH,
yJapHash BOJHA, BO3HUKAIOIIAs B Ta3e IOCie OBICTPOrO BBIJIEICHHUS TEIUIA, BBI3BIBAET
BO3MYUICHHUS Ta3a, UMEIOUINE TypOyJIeHTHYIO CTpyKTypy. CHUTHaN ¢ TEH30/1aT4MKa, JKECTKO
BMOHTHPOBAaHHOTO B YCTPOMCTBO yAepxuBarouiee Npoduiab B MOTOKE, CBUAETEILCTBYET O
BO3HUKHOBEHUW 3HAYUTEIHHOW CHJIBI, BO3HHUKAIONIEH B CIIEJCTBUH IepepacripeaecHus
MOTOKA OKOJIO MECTa pa3psjia, JEeHCTBYIOIIEH B HAMIPABICHUH, IEPIEHINKYISIPHOM CKOPOCTH
HaOeraroIero NoToKa.

B pabore sKcrepuMEHTAILHO TOJMYYEHBI YCIOBHS WHHIIMAPOBAHHS CKOJIB3SIIETO
pa3psiia B CBEpX3BYKOBOM IOTOKE B MMITYJIBCHOM WU HUMIYJIbCHO-TNIEPHOJUYECKOM PEKUME,
MOJTyYCeHbI KapTHHBI CTPYKTYpbl TIOTOKa IPU WHHUIIMHPOBAHUM pa3psja Ha OOTeKaeMoi
MOBEPXHOCTH, U3MEPEHO yCHIIME, BO3HUKAIOIIEE BCIEJACTBUE MEpepachpeeieHus AaBlIeHUs
nocye OBICTPOTO BBIICTICHHUS TETJIa B pa3pse.

COUPLED MAXWELL/NAVIER-STOKES SIMULATION FOR
AEROTHERMODYNAMICS IN PRESENCE OF ELECTROMAGNETIC
FIELDS

D.D’Ambrosio
Politecnico di Torino - Dipartimento di Ingegneria Aeronautica e Spaziale Corso Duca degli Abruzzi, 24 - 10129
Torino - Italy
D. Giordano
ESA/ESTEC - Aerothermodynamics Section Keplerlaan 1, 2200 AG Noordwijk, The Netherlands
D. Bruno
CNR - IMIP Via Orabona, 4 - 70126 Bari - Italy

The effects of the interaction between electromagnetic fields and partially ionized
gases are interesting for atmospheric reentry applications because they can potentially reduce
the heat flux to a space vehicle surface and allow for aerodynamic control. Electromagneto-
fluid dynamics is governed by the coupled set of the Maxwell and Navier-Stokes equations.
Starting from this complete model, different simplifications based on order-of-magnitude
considerations are frequently made to obtain a less complex set of governing equations. In the
last years, D’Ambrosio and Giordano considered the possibility of solving the full set of the
Maxwell and Navier-Stokes equations in a coupled fashion. This resulted in a series of papers
that demonstrated that solving the coupled system is feasible with a reasonable expense of
computer processing time and memory [1-5]. More recently, the same approach was
embraced by MacCormack, who also solved the coupled Maxwell and Navier-Stokes
equations in paper presented at the last AIAA Plasmadynamics Conference [6]. The full set of
electromagneto-fluid dynamics equations is an extremely powerful investigation tool that
accounts for effects that are considered negligible a priori by the approximated models. One
of its merits is that it can be used to verify when and where the simplifying assumptions on
which the reduced models are based are valid, and when and where they are not.

Despite the completeness of the electromagnetic model, an important element was
missing in the studies presented in Refs.1-6, as it is in most numerical simulations of
electromagneto-fluid dynamics interactions. The transport model and the definitions of
electrical conductivity and conduction current density were not consistent with each other and
the plasma was forced to be neutral. In particular, in Refs.1-5, an arbitrarily constant
electrical conductivity was used in connection with the generalized Ohm law to test the
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numerical solution techniques and the effect of the presence of a magnetic field was not
included in the evaluation of transport coefficients. However, as pointed out by Giordano in
Ref. 7, the definition of the conduction current density directly descend from the definition of
the mass diffusive fluxes Jn; of electrically charged species:

n 1
JQ == —f-;\'r_;i Z ﬁJmigis
i=1 (1)

Since in the first-order Chapman-Enskog theory the components mass diffusive flux
depends not only on the generalized electric field E + v x B, but on partial pressure gradients
and temperature gradients also, there are contributions to electric currents due to pressure and
thermal diffusion of charged species also. Note that an explicit computation of the electrical
conductivity is not needed for computational purposes. If desired, presso-electrical,
thermoelectrical and electrical conductivities tensors could be post-processed starting from
diffusion coefficients. In addition, the presence of a magnetic field influences transport
phenomena, which become anisotropic, as reported by Bruno et alii in Refs.8,9. Components
mass diffusive fluxes and heat fluxes arise in directions parallel and normal to the magnetic
field, and they are not necessarily aligned with diffusion driving forces and temperature
gradients. The viscosity coefficient is a five-components vector. Part of these phenomena are
usually incorporated in the so-called Hall effect, which is frequently accounted for in
approximated magneto-fluid dynamics models in the form of a tensorial electrical
conductivity. In our proposed paper, the Hall effect will be consistently linked with the
components mass diffusive fluxes. In addition, the plasma will not be forced to be neutral, so
that an electric charge density p. and the related convection current density pc,v may be
present in the flowfield.

The possible presence of a convection current and the anisotropy of transport
coefficients in the presence of a magnetic field has a strong impact on the resulting flowfields.
At a microscopic level, all originates from the dynamics of particles carrying an electric
charge g moving in a magnetic field B with speed v and thus subject to the Lorentz force qv x
B. At the macroscopic levels, this results in forces that are due to convection currents pcv and
conduction currents Jo. Consider for example an axially symmetric configuration, as those
that are frequently adopted in plasma wind tunnels to carry out experiments on the
electromagneto-fluid dynamics interaction. One consequence of the plasma non-neutrality
and, possibly to a much larger extent, of transport coefficients anisotropy is that such flows,
which are axisymmetric in absence of a magnetic field, will develop a swirling motion in the
presence of an applied axisymmetric magnetic field. In addition, an induced magnetic field
component will appear in the azimuthal direction and electric fields and electric currents will
have components in the meridian plane also. In the full paper that we propose with this
abstract, we will show numerical results obtained simulating the flowfield about a blunt-faced
cylinder in a plasma consisting of argon atoms, singly charged ions, and electrons. The
geometrical, fluid dynamics and magnetic configuration will be similar to the one that was
recently set up in the experiments by Gulhan et alii at DLR-Koeln [10]. The fully coupled
Maxwell and Navier-Stokes equations will be solved as in Ref. 5 with the addition of the
complete transport model described in Refs.8,11. The axisymmetric EMFD equations will
include the momentum equation in the azimuthal direction, the azimuthal velocity component
and the projection of the Maxwell equations in every coordinate direction.
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TURBULENCE EFFECTS IN SUPERSONIC MHD FLOW ABOUT CONE-
CYLINDER

Chernyshev A. S., Golovachov Yu.P., Schmidt A.A.
loffe Institute RAS, Saint Petersburg, Russia, alexander.schmidt@mail.ioffe.ru

Introduction. The paper presents some results of numerical investigations of supersonic
MHD flows of weakly ionized nitrogen plasma around a cone-cylinder at conditions
corresponding to experiments on the Big Shock Tube of the loffe Institute of RAS. The
purpose of the investigations is further validation and development of the simulation
algorithm as well as analysis of major factors governing the MHD impact on plasma turbulent
flows. The effect of the magnetic field induced by the coil imbedded in the model on the
plasma flow was investigated and the efficiency of the localized MHD interaction was
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estimated. At that the special attention was paid to determination of the thermal loading on the
body and to comparison of results of flow simulation with experimental data, in particular,
with wall heat flux measurements by Gradient Heat Flux Sensors.

To enhance the efficiency of the MHD interaction a surface electric discharge was
arranged between an electrode installed on the cone apex and a ring electrode installed in the
vicinity of the cone-cylinder conjugation (see Fig. 1). The electric discharge rotates in the
magnetic field, induced by the coil, producing near the cone surface a sheet of plasma with
high electric conductivity. This provides rise of the efficiency of the MHD interaction which
is localized near the cone surface with maximum at the cone-cylinder conjugation.

The investigation showed that at conditions under study the predominant factors of
MHD impact on weakly ionized plasma flow around the model governing the flow structure
are both the ponderomotive force and the Joule heating. It is worth to be mentioned that in a
wide range of incoming flow parameters the flow around the model is turbulent one. One of
aims of the study is investigation of effects of flow turbulence.

The utilized algorithm is based on a mathematical model which considers the plasma
as a neutral electrically conductive fluid. Motion of such a fluid is described by equations of
magnetic hydrodynamics.

The presented results correspond to coil and electric discharge parameters providing
the magnetic induction in coil center to be equal approximately to 1.0 T, and characteristic
time of magnetic field existence to be greater than the flow time. The electric discharge
between the electrode on the cone apex and on the cone-cylinder conjugation arranged to
enhance the MHD interaction efficiency and produced by the electric current pulse through
the induction coil rotates in the induced magnetic field with the frequency approximately
equal to 30 kHz, that allows, comparing the rotation period and the characteristic time of
plasma recombination, consider, at the present stage of the investigations, the flow as
axisymmetrical. Estimates showed that in this case the plasma electric conductivity near the
cone surface is about ¢ ~ 10* S/m. This value was used in the simulations.

A Large Eddy Simulation Turbulence Model (LES TM), implemented in the
computations, seems to be perspective for problems under study. Since transport of mass,
momentum, and energy of turbulent medium is mainly due to the large eddies this process can
be simulated directly on the basis of “filtered” Navier-Stokes equations supplied with specific

MHD terms: the Joule heating and the ponderomotive
2 force. Small eddies are less dependent on the external
influence and can be described by a subgrid model.
D2 / 1 Besides all, such an approach probably enables one to
use more coarse numerical grids and large time-steps in
comparison with other turbulent models. In this
D1 investigation LES TM was used with the Smagorinsky

model for subgrid scale.
Some results. Figs. 2 (a, b, c) present
Fig. 1. Cone-cylinder body with the distributions of the Mach number for turbulent flow
electrode system (1 - 2) and heat flux regime. Fig. 2 (a) corresponds to absence of MHD
sensors (D1 - D2). interaction (B = 0 T), Fig. 2 (b) corresponds to case of
laminar flow under MHD impact (the characteristic time of electric current pulse about 1.5
ms, the total current is 10° A). It is seen that at chosen arrangement of the induction coil
domain of maximum MHD interaction is localized in the vicinity of the cone-cylinder
conjugation where the induction of the magnetic field reaches 30 T, while near the cone tip
the induction is about zero. It is worth to be mentioned that in spite of significantly non-
uniform distribution of the magnetic field induction (with highly localized maximum in the
vicinity of the cone-cylinder conjugation) the domain of efficient MHD interaction is
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stretched near all surface of the cone due to high density of the electric current in the
discharge. Fig. 2 (c) corresponds to case of turbulent flow under MHD impact.

Wesch o b
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Fig. 2. Effect of the MHD impact: distributions of
the Mach number, B=1, a), B=0 laminar regime,
by, and B=l turbudent regime, LES model, ¢).

4

Comparison the latter result with this for the laminar regime shows that effects of the
turbulence manifest itself mainly in dynamic and thermal loadings on the body. Under
considered conditions MHD interaction results in noticeable decrease of the Mach number
near the body, which is mainly due to temperature increase and flow deceleration because of
the Joule heating and the ponderomotive force effect.

Fig. 3 demonstrates comparison of simulated wall heat flux profile along the body
generatrix with experimental data. At that the predicted and measured wall heat fluxes on the
cone surface correspond to the case of absence of the MHD interaction, while results for the
cylinder surface relate to the case of the MHD interaction (S-A TM denotes computations
with the Spalart-Allmaras turbulent model). Rather good agreement of the predictions and the

measurements can be observed. This testifies for
adequacy of the formulated mathematical model
NoMHD | MHD for flows around the of test body at conditions
provided by the BST setup of the loffe Institute.
Conclusion. Thus, the formulated mathematical
model and the numerical method were
implemented to simulate laminar and turbulent
Gagez supersonic weakly ionized nitrogen flows around
cone-cylinder body under the MHD impact. The
developed algorithm provides the second order
approximation in temporal coordinate. Such a
B modification enables one to investigate essentially
Fig.3. Comparison of the predictions with non_Stat.lonary proces_ses, WhICh IS necess_,ary for
experimental data on cone (B=0) and cylinder @ccounting for dynamics of discharge rotation.
(B+£0) surfaces.

Heat flux, W/m?
3,

<

Cone Cylinder
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At this first stage of the study the simple Spalart-Allmaras and LES-type turbulent
models were implemented.

It was shown that the proposed way of the MHD flow control results in increase of the
wall heat flux. As regards to aerodynamic drag of such a body with MHD interaction it can be
note that rearrangement of the base flow accompanying the MHD impact decreases
essentially effect of drop of the drag on the cone and cylinder
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IPPEKTDBI TYPBYJIEHTHOCTH B CBEPX3BYKOBOM MI /I
TEYEHUU OKOJIO MOJEJIN KOHYC-IIWJIMHAP

Yepnvimee A.C., I'onosaues 10.11., IlImuom A.A.
OTU nm. A.®. Uodppe PAH, Canxr-IlerepOypr, 194021, Poccus

BBenenne B pabore mpeicTaBiIeHbl HEKOTOpbIE  Pe3YyJbTaThl  YUCIEHHBIX
uccienoBaHuil cBepx3ByKoBbIX MI'Jl TeueHuit cnabo MOHM3MPOBAHHOIO a30Ta BOJIU3U Teja
KOHYC-UMJIMHIpP NPH YCIIOBUSX, COOTBETCTBYIOIIMX JKCIEpUMeHTaM Ha bonbumoil Y napHoit
Tpybe ®TU PAH. Llensio ncciaenoBaHuil ABIsSeTCS AajbHENIIEe pa3BUTHE U TECTUPOBAHUE
QITOPUTMa MOJICIMPOBAHUS, a TAaKKe aHaJIW3 OCHOBHBIX (hakropoB MI'Jl Bo3neiicTBus Ha
TypOyJ€HTHbIE TIOTOKM IUIa3Mbl. bbUIO HcclaenoBaHO BIMSHUE MAarHUTHOTO — IOJI,
TEHEpUPYEMOI0  KaTYyIIKOH, YCTaHOBJIEHHOMW B MOJEIM, HAa TEYEHHME U OLICHEHa
¢ dexkTuBHOCTh JioKanu3oBaHHoro MI'J[ Bo3geiictBust Ha mnotok. Ilpu 3tom ocoboe
BHHUMAaHUE yJI€JICHO ONPEIEIICHNIO TEIJIOBON HAarpy3KH Ha MOJENb U CPAaBHEHUIO PE3YJILTaTOB
pacyeTroB C OSKCIEPUMEHTAIBHBIMU JJAHHBIMM, B YAaCTHOCTH, C U3MEPEHMSIMH TEILJIOBOIO
IIOTOKA HA TIOBEPXHOCTH MOJEININ IIPHU MOMOIIY I'PAUEHTHOrO JaTYHMKA TEIJIOBBIX IOTOKOB.

Hns yBennuenus: s¢ppexruBHocTH MITJl B3auMoOJeicTBUS Ha TMOBEPXHOCTH KOHYCa
ObUI OpPraHW30BaH pas3psAl MEXAY 3JEKTPOJIOM, YCTAaHOBJICHHbIM B BEpLIMHE KOHyca, U
KOJIBIIEBBIM 3JIEKTPOJIOM, YCTQHOBJICHHBIM BOJIHM3HM CONPSDKEHHHM KOHyca M ImiauHApa (cM.
Puc. 1). Dnekrpuyeckuid paspsi Bpam@aercs B MarHUTHOM IMOJIe, WHIYLHPOBAHHOM
KAaTylIKOM, IIPM 3TOM Ha IIOBEPXHOCTH KOHYCAa BO3HUKACT CJIOM IUIa3Mbl C BBICOKOH
ANIEKTPONPOBOJHOCTBIO.  JTO  obOecmeunmBaeT  mnoBbimeHue  dddextuBHOCTH  MI]]
B3aMMOJEICTBUS, KOTOpPOE JIOKAJIM30BAaHO, TJIaBHBIM 0Opa3oM, Yy IIOBEPXHOCTHM KOHyca C
MaKCUMYMOM BOJIN3U OKPY>KHOCTHU CONPSKEHUS KOHYC-LIMIHHIP.

HccnenoBanus 1nokasand, 4YTO TPU PACCMOTPEHHBIX YCIOBHUSIX OCHOBHBIMHU
daktopamu, onpeaensrommumu MI'Jl Bo3nelicTBre Ha MOTOK €1a00 HOHU3UPOBAHHOM TIA3MBI
BOJIM3M MOJIENH, SIBISIOTCS MMOHASPOMOTOPHAS CHJIa M JPKOYJIEBO TerioBblnenenue. Cuenyer
3aMEeTHUTh, YTO B IIMPOKOM JHMAaNa3oHe MapaMeTpoB HAOErarollero noToka TeuyeHHe BOJIN3U
MoJienH sBiseTcs TypOyiaeHTHbIM. OHON M3 1enell 3ToM paboThl SBISIETCS UCCIEI0BAaHUE
3¢ dexToB TypOyICHTHOCTH.

Hcnonp3oBanace ruipoguHaMudeckasl MOJI€Ib, KOTOpasi pacCMaTpuBaeT Ija3My Kak
HEUTPaJIbHYIO NPOBOIALIYIO CIUIOIIHYIO Cpely. JBH)KE€HHE TakoW cpeibl OINMCHIBAETCS C
MOMOIIBI0 YPABHEHUI MAarHUTHOW THAPOIMHAMUKHU.

[TpencraBieHHbIE pe3yNbTaThI COOTBETCTBYIOT napaMerpam UMITyJIbCa
NEKTPUYECKOT0 TOKA 4epe3 KATyIIKy M 3JEKTPUYECKHM pa3psii, KOTOPBI CO3/JaeT Ha OCU
KaTyIIKA MHAYKLIUIO F€HEPUPYEMOro MarHUTHOro mossa okoso 1 T, nmpu 3TOM xapakTepHoe
BpeMsl CYIIECTBOBAHUS MAarHUTHOTO TMOJS 3aMETHO OOJbIIe, 4YeM BpeMsl yCTaHOBICHHS
TEYEHUs. OJEKTPUUECKUH pasps]l MeXIy 3NIEKTPOAAMU B BEpIIMHE KOHyca U BOIM3H
OKPYXHOCTHU COIPSDKEHUSI KOHYC-LIMIIMHAP, KOTOPBIM CO31a€TCs 3JIEKTPUUECKUM HUMITYJICOM
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yepe3 MHAYKUMOHHYIO KaTylIKy JUIsl YBEJIMYEeHUs MHTeHCUBHOCTH MI'J] B3amMojencTBus,
BpalllaeTcsi B MArHUTHOM ToJie ¢ 9acToToi okosio 30 KI'1, uTo mo3BossieT, cpaBHUBAS IEPHOT
BpallleHusT U BpeMs pPEKOMOWHAIMM IJ1a3Mbl, CUMTATh Ha JJaHHOM OJTare HCCiel0BaHUI
TEYEHUE OCECUMMETPUYHBIM. OLIEHKH MOKa3aJid, YTO B ATOM CIIydae 3JIEKTPONPOBOJHOCTh
ITa3MBI OKOJIO TOBEPXHOCTH KoHyca ¢ ~ 10 C/M. DTo 3HaueHHE dIEKTPOIPOBOIHOCTH
HCII0JIb30BAJIOCh B pacyueTax.

Onucanue TypOyJIEHTHOCTH IOTOKAa, OCHOBaHHOE Ha MOJEIUPOBAHUU 3BOJIIOLHH
Oosbimx Buxped (LES) Obu1o Mcnosip30BaHO B MPOBEACHHBIX HCCIIEAOBaHMSAX. [10CKOIBKY
MEPEeHOC MAacChl, UMITyJIbca M DHEPTUU OCYIIECTBISIETCS TJIaBHBIM 00pa3oM OOJBLIIUMU
BUXPaMH, B TO BpeMs KakK MaJible BUXPU MEHBIIIE 3aBUCIT OT BHEIIHUX (HaKTOPOB, TAKHX, KaK
MI'Jl Bo3neicTBUE, 3TOT MOAXOJ] 00Jiee MOAXOAUT MJisi ONMUCAHUS TypOYJIEHTHOCTH B ATOM
ciy4ae. DBOMIOLHUS OONBIINX BUXPEW MOAETUPYETCS B XOJE PEUICHHs «OTPHIBTPOBAHHBIX»
ypaBHenuid HaBwe-Ctokca ¢ momomHutensHbiMu MI'J] uneHamu, a aisg MaibIX BHUXpel
UCIIONIB3YIOTCSl CHElHaIbHbIe TMOJCETOYHbIE MOJENH. JTO MO3BOJIAET HCIOIB30BaTh Oolee
rpyOble CeTKH M OOoblliMe IIard Mo BpeMeHu. B kauecTBe MoJenaM MOICETOYHOIO YpPOBHS
HCII0JIb30Bajach Mojiesib CMaropuHCKOro.

Hexotopbie pesyabratbl Ha Puc. 2(a, 0, ¢) mnpuBeneHoO pacmpeieiicHUs yducia
Maxa. Puc. 2 (a) - mist ciyuas orcyrcrBust MI'J] B3aumoneiictBus (B = 0 T). Puc. 2 (6) - npu
MI'J] B3aumoneiictBuu (B # 0 T xapakTepHOe BpeMsi HMITyJibCa JIEKTPUIECKOro Toka — 1.5
mc, monHblii Tok - 10° A), namunaphslii pexunm. Puc. 2 (c) - npu MI'J] B3aumoneiicteuu (B #
0 T xapakTepHOE BpeMs HMITYJIbCca JIEKTPUIECKOro Toka — 1.5 Mc, monHbIH TOK - 10° A),
TypOyNneHTHbI pexuM. BumHo, 4YTo Ha paccMaTpuBaeMoil MOJAENTM MaKCHMallbHas
MHTEHCUBHOCTh MI'J] B3aMMOIENCTBUS JOCTUTAETCA OKOJIO JIMHUM COMNPSHKEHUS KOHYC-
WIMHID, TAe MarHuTHas uHayknus gocturaer 30 T, B TO BpeMs Kak y BEpIIMHBI KOHycCa
uHaykus 6muska k 0. [Tpu paccmatpuBaembix yenoBusix MI'/] B3anMoaelcTBIE TIPUBOIUT K
3aMEeTHOMY YMEHbBIIICHUIO yncia Maxa BOJIM3H Telna, 4TO CBSA3aHO ¢ TOPMOXKEHHUEM MOTOKa U3-
3a JIeHCTBUS MOHJEPOMOTOPHOW CHJBI, U C YBEIMYEHHEM TEeMIEpaTypbl H3-3a JKOYJieBa
TEIJIOBBIIETIEHUS. DTO YBEJIMUEHUE TEMIIEPATYPHOTO MMOTOKA MPUBOJUT TAKKE K YTOJIIIEHHUIO
IFPaHUYHOIO CJI0S Ha IMINHIPE.

CpaBHeHUE pe3yJbTaToOB i TypOYJIEHTHOTO U JJAMHUHAPHOTO PEXXHMMOB MOKA3bIBAET,
yTO0 TypOYJEHTHOCTh TMPOSIBISETCS, TJAaBHBIM 00pa3oM, B YBEJIMYEHUU TEIUIOBOU U
JTUHAMUYECKON Harpy3ok Ha mojenb. [Ipu paccmarpuBaembix ycioBusx MI'J] Bo3gelicTBUe
Ha TOTOK BeJET K YMEHbUIEHMIO yucia Maxa BOIM3M Tena B pe3yjbTaTe yBEJIUYCHUS
TEMIIEpaTypbl U TOPMOKEHUSI IOTOKA U3-3a JXKOYJIEBa TEIUIOBBIAEIEHUS U IIOHAEPOMOTOPHOM
CHJIBL.

YBenu4yeHne TEIIOBOro MOTOKA Ha CTEHKY IMIIMHJIpA Moka3aHo Ha Puc. 3 (pacueTHoe
3HaueHue motoka B pamkax LES momemn, LES TM, mokaszano kpacHoii Toukoit, S-A TM
o0o3HauaeT Monenb TypOysieHTHocTH Chanmapra-AsuiMapaca). Pesynbra-Thl YHCIEHHOTO
MOJICIIUPOBAHUS HAXOISATCS B XOPOIIEM COOTBETCTBUM C IKCIIEPUMEHTAJIbHBIMU JAaHHBIMHU,
nonydyeHHbiMH Ha BYT OTU um. A.®.HModde PAH, uro moarBepxkmaeT aneKBaTHOCTh
chopmynupoBaHHOM Moienu s ycnoBuit padotel BYT ®TU PAH

3akaodenue Takum oOpa3oM, B paMKax BBIOJHEHHUS YUCICHHBIX UCCIEIOBAHUN MO
IporpaMMe MpoeKTa ¢ MOMOUIbI0 CPOPMYJIUPOBAHHON MOAETU U MOCTPOCHHOTO YMCIEHHOIO
MeToJla OBUTH MPOBEEHBI TPEXMEPHBIE PACUYEThl JIAMUHAPHOTO U TYpOYJIEHTHOTO OOTeKaHUS
Tena KOHyc-UMIuHAp 0e3 ydera u ¢ yuetom MI'J] B3ammoneiictBusi. B xome pabot Obut
MOIU(UIIMPOBAH AITOPUTM pacueTa, YTO MOBBICHIO MOPSAIOK aNMpOKCUMAIMU 10 BPEMEHU
no Broporo. Takas wmoaudukauus JaeT BO3MOXKHOCTh IPOBOJUTH HCCIEIOBAaHUS
CYIIECTBEHHO HECTAllMOHAPHBIX MPOIECCOB, YTO HEOOXOAMMO [Isl JallbHEHIIero yuera
JUHAMHUKW BpalIeHMs] 3JIEKTpuueckoro paspsana. Ha nanHoMm srtame uccinenoBaHuil ObLin
UCIIONIb30BaHbl MoieNu TypOynenTHoctu Crnianapra-Amnnmapaca u LES.
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[ToxazaHO, 4TO HCIOJIB3YEMBIM METOJl YIPABJICHUS IOTOKOM BEIET K YBEIUYECHHIO
TEIJIOBOM Harpy3ku Ha Tteno. Ilepectpoilka noHHOro tedeHuss B pesyiabrare MI/]
BO3/IEHCTBHUS Ha IOTOK CYILIECTBEHHO yMEHbIIAaeT 3(p(PeKT mageHus TpeHus Ha MOBEPXHOCTIX
KOHYyCa U LWIMH]pA.

bnazooapnocmu
Hccnenoanue mpoBoautcs npu ¢unancoBor mnomnepxkke MHTIL[ u Ilporpammsr
[pe3unuyma PAH I1-09.

MHD ELECTRIC POWER GENERATION AT THE COMBUSTION IN
HIGH VELOCITY DEVICES

O.V. Gouskov, M.K. Danilov, V.I. Kopchenov, A.B. Vatazhin

The capability of electric power generation by magnetogasdynamic method (MHD) in
a model of high velocity air-breathing engine integrated with flying vehicle is analyzed. The
key problem is the estimation of the vehicle integral performances at the flow field
transformation caused by MHD influence with accounting for additional drag force. The main
goal of the work is to confirm the possibility of electric power generation at the maintaining
the positive thrust-drag balance.

The scheme of the model of high velocity air-breathing engine with MHD generator
installed at the combustor exit is shown in fig.1.

Fig.1. The scheme of high velocity air-breathing engine with MHD generator installed at the combustor exit:
bow shocks (1, 8), wedge shock (2), lip shock (3), struts for fuel injection in the combustor (4), position of MHD
generator installation (5), nozzle (6), flying vehicle (7)

As the example, the flight of the of 17 m in length vehicle with on design shock
system for inlet entrance height 1 =1 m at the altitude 36 km with Mach number M = 12 (the
angle of attack is supposed to be zero) at hydrogen as the fuel using is considered. The heights
of the inlet internal duct, combustor and MHD generator are constant and they are equal to
0.167 m.
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Simultaneous numerical solution of electrodynamic and gasdynamic equations (with
account for turbulence, MHD force and thermal sources, combustion kinetics) for internal and
external flow is performed.

The MHD interaction parameter corresponding to combustor exit flow conditions, the
magnetic field B =1 Tl and electric conductivity o =50 Sm/m is equal to 0.053.

The gasdynamic parameters distributions, combustion and electric power generation
efficiencies and forces balance are obtained. It is shown that the energy extraction from the
model engine duct (2.1% from the value of total enthalpy flow at the combustor exit) can be
realized at the positive force balance maintaining.

MI ] TEHEPALIUSA DJEKTPUYECKONH MOIIHOCTHU IPU
T'OPEHUU B BBICOKOCKOPOCTHBIX YCTPOMCTBAX

A.b. Bamaosicun, O.B. I'ycvoxkoe, M.K. /lanunoe, B.H. Konuenos

Paccmorpena BO3MOKHOCTh Te€HEPUPOBAHHUS AIEKTPUYECKON SHEPruu
marautorazoguHamMuyeckuM (MIJI) MeTooM B MOJEIH BBICOKOCKOPOCTHOTO BO3AYIIHO-
peaktuBHoro nsuratessi (BPJl), MHTErpupoBaHHOTO ¢ JieTaTelibHBIM ammaparoM. KiroueBbiM
BOIIPOCOM SIBJISIETCSI ONPE/IETICHUE UHTETPAIbHBIX XAPAKTEPUCTHUK alllapaTa Mpu BbI3BaHHOU
MI'/l Bo3melcTBHEM NEPECTPOMKE TEUEHUS U IOSIBJICHUU JOINOJIHUTEIBHONW COCTABIISAIOIIEH
cunbl corpoTtuBieHus. OCHOBHasI 1eidb pabOThl — IMOKa3aTh BO3MOXKHOCTh TE€HEPUPOBAHUS
ANIEKTPOIHEPI U IIPU COXPAaHEHUU TOJIOKUTEIBHOTO OajlaHCca CUJI TSra-CONpPOTHUBIICHHE.

Mopaenb BeicokockopocTHoro BP/ ¢ MI'/] reHeparopom moka3aHa Ha puc. 1.

B kauecTBe mpumepa paccMaTpuBaeTcs MOJIET ammapara JUIMHOM 17 M ¢ pacueTHOMU
CHCTEMO# CKaYKOB YIUIOTHEHHS TPH BBICOTE BXOJHOTO CEYCHUs BO3ayxo3abopHuKa | =1 m
IIPU UCIIOJIb30BAHUM B Ka4eCTBE TOIUIMBA BOJOPO/a Ha BbicoTe 36 kM ¢ unciaoM Maxa M = 12
(yrom artaku mojaraeTcs paBHBIM HYJII0). BBICOTBI KaHAJOB BO3/1yX03a0OpHHKA, KaMepbl
cropanus M cienyroomero 3a HUM MIJ] reHeparopa NOCTOSHHBI, OJUHAKOBBI W PaBHBI
h=0.167 m.

Ocy1iecTBIsSIETCS] COBMECTHOE YMCIEHHOE UHTETPUPOBAHUE JIEKTPOAMHAMUYECKUX U
ra3oJiMHaMUYeCKUX ypaBHeHHH (¢ yderoM TypOysieHTHOcTH, MI'J] CHJIOBBIX M TEIUIOBBIX
HCTOYHHKOB, KHHETHKH TOPEHHS) IS BHYTPEHHETO M BHEITHETO TEYCHHUIA.

[TapameTp MI'J] B3auMOAEHUCTBUS MPU YCIOBUAX HA BBIXOJAE U3 KaMepbl CTOPAHUS IS
marautHoro mosisi B = 1 Tn u snektpuueckoit npoBogumoctd ¢ = 50 Cm/M coctasisier
0.053.

Halinensl pacnpeneneHus TIa30JUHAMHYECKMX [1apaMEeTpOB, IIOJIHOTa CrOpaHws,
3(PEeKTUBHOCTh TEHEPUPOBAHUS DJIEKTPOIHEpruu W OanaHc cwui. [lokazaHo, 4To OTOOp
SHEpPruM W3 Tpakra asurarens (cocraBistomuii 2.1% OT BETMYMHBI TOTOKa ITOJHOTO
TETJIOCOJICP)KAaHKsI Ha BBIXOJIC U3 KaMepbl CTOPAHUS) MOXHO OCYIIECTBUTH MPU COXPAHECHHH
MOJIOKUTETHHOTO OaslaHCca CHIL.
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THEORETICAL RESEARCHES AND EXPERIMENTAL
REALIZATION OF THE QUASI-STEADY PLASMA ACCELERATOR
WITH THE LONGITUDINAL MAGNETIC FIELD

A.N. Kozlov
Keldysh Institute of Applied Mathematics, RAS,
Miusskaya Sg. 4, Moscow, 125047, Russia, ankoz@keldysh.ru

Generation of the high-speed plasma streams is one of the actual problems of the
modern plasma physics and magnetic gas dynamics. The quasi-steady high-current plasma
accelerators (QSPA) [1] are capable to generate the plasma streams with the average directed
energy of ions up to tens keV and with the full energy capacity up to tens MJ. The elementary
plasma accelerators consist of two coaxial electrodes connected to the electric circuit. A
neutral gas is introduced between the electrodes. Owing to the high voltage there is a
breakdown and an ionization front is formed. Acceleration of plasma is caused by action of
the Ampere force in the presence of the azimuthal magnetic field generated by a current
flowing along an internal electrode. The negative influence of the Hall effect leads to the
erosion of electrodes and the occurrence of the phenomena of the current crisis caused by the
low density of plasma in a vicinity of the anode under certain conditions. As a whole it is
possible to avoid these difficulties in two-stage systems of QSPA [1] in which the ion current
transport regime is realized by means of the complex systems of the anode and cathode
transformers in the second stage. In this case the additional plasma inflow is carried out
through the penetrated electrodes representing a set of rods. However the anode transformers
do not provide the plasma acceleration in a longitudinal direction and accordingly smooth
joining of the basic accelerated stream and stream flowing through the anode. The researches
[2-9] carried out for last years have shown that the specified difficulties can be overcome by
means of an additional longitudinal magnetic field. Not mentioning questions of applications
it is possible to mark some directions of researches of processes in QSPA with a longitudinal
field and also to note the results received recently.

1. Dynamics of the plasma streams in the channel of QSPA. Now the bases of the QSPA
theory with a longitudinal magnetic field are developed and the fundamental properties of the
high-velocity plasma streams in a three-component magnetic field are revealed. The MHD-
models of a various level of the complexity are created and developed. The analytical model
of the two-dimensional axial-symmetrical stationary flows of the ideally conducting plasma is
developed in [2]. The estimations of efficiency of the acceleration process [6] are received
within the framework of the quasi-one-dimensional approximation of the narrow channel [1].
Two numerical MHD-models [3,4] of the two-dimensional non-stationary rotating plasma
streams are developed. These models allow calculating the stationary flows using the
relaxation method. Verification of solutions was carried out by means of the analytical
model. In both cases the numerical integration of the MHD-problem assumes to use a
potential vector of a magnetic field and to provide a condition of that the divergence of a
magnetic field is equal to zero. The one-fluid MHD-model [4] is constructed in view of the
finite conductivity of medium and it provides a correct statement of a problem on the plasma-
conductor boundary. It is established that the additional longitudinal field leads to the
increasing rotation of a stream and increase in the plasma concentration in a vicinity of an
external electrode. The basic opportunity to operate by the processes near to the electrodes by
means of a weak longitudinal field is revealed. However the formation of the current layers in
a plasma stream and the current attachments to an electrode in the plasma accelerator channel
is revealed at the enough great values of a longitudinal field [5]. The Hall effect and the
electrical conductivity tensor is considered in the two-fluidl MHD-model [3]. The
modification of this model and the results of researches in the accelerator channel for the ion
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current transport regime are presented in work [8] and have confirmed an opportunity of
formation of the current attachments to an electrode at the great values of a longitudinal field
which are not representing a practical interest.
2. The compressible plasma flows at the presence of a longitudinal field. Researches of
the compressible streams are spent within the framework of one-fluid MHD model. At the
presence of a weak longitudinal field at the inlet in the QSPA channel we observe the
generation of a strong magnetic field [7] on a conic shock wave in the compressible plasma
stream at the outlet from the accelerator. The research of influence of the geometrical factors
on the compressible plasma streams is carried out. As a rule the length of an external
electrode surpasses the linear sizes of an internal electrode. The narrowing or expansion of a
part of the external electrode being its continuation behind a cut of an internal electrode leads
to the change of parameters in the flying plasma stream. The parameters of plasma and value
of a generated magnetic field behind a conic shock wave vary in the appropriate way.
Nevertheless the change of geometry of an external electrode or more precisely its
continuation does not influence a position of a conic shock wave.
3. The experimental realization of QSPA with a longitudinal magnetic field. On the basis
of theoretical and numerical researches the new installation of QSPA with a longitudinal
magnetic field [9] is created at the Troitsk Institute of Innovations and Thermonuclear
Researches within the framework of the project of the RFBR. The lead experiments have
shown an opportunity of realization of the discharges, the formations of the ionization front
and the generation of the plasma streams in the presence of a longitudinal field in the
accelerator channel. As a result of a series of experiments the volt-ampere characteristics are
constructed for the various values of a longitudinal field and the mass flux of gas. Now two
modifications of the QSPA with a longitudinal magnetic field are realized in practice
adequating to the two modes of the ion and electron current transport. The further
development of the experimental researches assumes the use of the various methods of the
plasma diagnostics.

Work was supported by Russian Foundation of Basic Research (grant 06-02-16707)
and by Russian Academy of Sciences (program 11).
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TEOPETHYECKHUE UCCJIEJOBAHUA U DKCIIEPUMEHTAJIBHASA
PEAJIM3ALIUA KBASUCTAIIMOHAPHOT O IIVIASMEHHOI'O
YCKOPHUTEJIA C ITPOAOJBHBIM MAT'HUTHBIM ITOJIEM

A.H. Ko3noe
Hucrutyt [puknannoit Marematuku um. M.B. Kenapiiia PAH,
Muycckas ., 4, Mocksa, 125047, Poccus, ankoz@keldysh.ru

['eHepaliisi BHICOKOCKOPOCTHBIX TMOTOKOB IJIa3Mbl SIBISIETCS OJAHOM M3 aKTyalbHBIX
3a/la4 COBpEeMEHHOW (PU3MKHM IUIa3Mbl U MarHUTHOM rasoauHaMuku. KBasucraruoHapHble
cuibHOTOUHBIe TuIa3MeHHble yckoputenu (KCITY) [1] cnocoOHBI TreHepupoBaTh MOTOKH
IUIa3Mbl CO CPEHEN HAIPaBJIEHHOM SHEprueil HOHOB /10 AECATKOB K3B 1 aHeprocoaepxanuem
1o necsatkoB Mmxk. [Ipocreiimue mia3MeHHbIE YCKOPUTEIH COCTOAT U3 JIBYX KOAKCHAIBHBIX
AJIEKTPOJIOB, MOJCOEIUHEHHBIX K DJIEKTPUYECKOM Ienu. Mexay 3JIeKTpoJaMu IOJaeTcs
HelTpanpHbld Ta3. [lpu HaMMYUU BBICOKOTO HAMPSDKEHUS MPOUCXOAMT TPOOOH U
dbopmupyercss (QpoHT HOHM3ALMUU. YCKOPEHHE IUIa3Mbl OOYCIIOBJIEHO JCHCTBHUEM CHIIBI
AMriepa B TOPHUCYTCTBUHM a3UMYTAJIbHOIO MATrHUTHOTO TIOJIA, TEHEPHPYEMOIO TOKOM,
MPOTEKAIONIMM BJOJb BHYTpPEHHEro »sjekrpoaa. OtpuiarenbHoe BoznencTBue 3¢dexTa
Xonna TpUBOAUT K OPO3UU SJEKTPOIOB M BOSHUKHOBEHHIO MPH OIMpPENEICHHBIX YCIOBHSIX
SBJICHUSI KpHU3UCA TOKA, BBI3BAHHOIO HEIOCTAaTKOM IIIa3Mbl B OKPECTHOCTH aHOAA. JTHU
TPYAHOCTH B LI€JIOM ynaeTcs u30exarsb B nByxcryneHuaThix cucremax KCITY [1], B koTopbix
peain30BaH pPEXHUM HOHHOIO TOKOIEPEHOCA C IIOMOIIbIO CJIOXHBIX CHUCTEM AHOJIHOTO U
KaToAHOro TpaHchopmepoB BTOpoil crymeHu. B 3ToM ciywae mnpeamnosiaraercs
JIOTIOTHUTENIBHAS 10/1aua IJIa3Mbl Yepe3 MPOHMIIAEMBIE JICKTPOIbI, MPEACTABISIONNE COOOH
HaOop ctepkHei. OgHaKoO aHOMHBIE TpaHC(hOopMEPHl HE 00ECIIEYNBAIOT YCKOPEHHUE TUIa3Mbl B
MPOJOJABHOM  HANpPaBICHHMHM H  COOTBETCTBEHHO IUIABHYIO  CTBIKOBKY  OCHOBHOTO
YCKOPSAIOIIErocss IMOTOKa W aHOJHOro monnotoka. [IpoBeneHHble 3a MOCIETHHE TOIbI
uccnenoBanus [2-9] mokasanu, 4TO yKa3aHHbIE TPYIHOCTH MOXKHO IPEOJOJIETh C MOMOILIBIO
JIOTIOJIHUTEIBHOIO MPOAOJIBLHOIO MarHUTHOro nossi. He 3aTparuBas BONpOCH! NMPHIIOKEHUH,
MOXXHO BBIJICIUTh HEKOTOpBbIE HampaBiieHus wuccienoBanuii mpouecco B KCIIY ¢
MIPOJOJIBLHBIM I0JIEM, @ TAK)KE OTMETUTh PE3YJIbTaThl, OJIYyYEHHbIE B IOCIEAHEE BpEMSI.

1. Jmnamuka morokoB miaasmsl B kaHajge KCIIY. B nacrosmiee Bpemsi pa3paboTaHbI
ocHoBbl Teopuu KCIIY ¢ mpooapHbIM MarHUTHBIM TOJIEM U BBISIBICHBI (DyHAaMEHTaIbHbIE
CBOMCTBAa BBICOKOCKOPOCTHBIX IOTOKOB ILJIa3Mbl B TPEXKOMIIOHEHTHOM MAarHMTHOM IIOJE.
Co3manpl W pa3BuTel MIJI-Monenu pa3nuyHOrO YypOBHS CIOXXKHOCTU. Paszpaborana
aHAJIUTUYECKass MOJENb JIBYMEPHBIX OCECUMMETPUUHBIX CTAI[MOHAPHBIX TEUECHUU HJEaTHHO
npoBojsaiiel mwiasmel [2]. Onenku 3ddekTuBHOCTH Tporiecca yckopeHus [6] moiydeHsl B
paMKax KBa3HOJHOMEPHOTo MpHOImKeHus y3koro kaHaia [1]. PazpaboraHbl 1Be YyuCIICHHbBIE
MI'JI-mozmenu [3,4] nBYMEpHBIX HECTAIMOHAPHBIX BPAIIAIOIIMXCS MOTOKOB IUIa3Mbl. DTH
MOJEJIA  TO3BOJIAIOT PACCUUTATh CTAIMOHAPHBIE TEYEHHS METOJOM YCTaHOBJICHHUS.
Bepudukanus pemeHuii oCymecTBiIsuiach ¢ MOMOIIBI0 aHATUTHYECKOW Mozenu. B obonx
CIy4asx 4YHCIEHHOe uHTerpupoBanue MI/I-3amauu npearnosiaraeT MCIOJIb30BAHUE BEKTOP
MOTEHLIMaj]a MAarHUTHOTO TOJS M BBINOJHEHHUE YCIOBUS O€3qMBEPreHTHOCTH MAarHUTHOTO
noJisi. OnuoxunkoctHas MI'JI-monenb [4] mocTpoeHa ¢ yueTOM KOHEYHOM MPOBOJUMOCTH
Cpelibl, YTO 00ecreuynBaeT KOPPEKTHYIO IOCTAaHOBKY 3a[aur Ha TPaHHMIIe [1a3Ma - IPOBOIHHUK.
VYCTaHOBIIEHO, YTO JOIOJHUTENBHOE IPOJOJBHOE II0J€ NPUBOJUT K HapacTarolleMy
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BPAILICHUIO IIOTOKA M YBEJIMYEHUIO KOHLECHTPAUUU IUIa3Mbl B OKPECTHOCTH BHEIIHETO
JJIeKTpoAa. BpIgBiI€HA NpUHIMNMAIBHAS BO3MOMKHOCTH YIPABIATH IPUIIEKTPOAHBIMU
npoleccaMy ¢ IOMOILIBI0 Cc1ab0ro NpoAoiabHOro nousid. OnHaKo MpHU AOCTATOYHO OONIBIIMX
3HAYEHUSAX MPOJOJIFHOTO TMOJIi OOHapy eHO (OPMHPOBAHHE TOKOBBIX CJOEB B IIOTOKE
IIasMbl ¥ TPUBS30K TOKA K OJIEKTPOAY B KaHale IUIa3MeHHoro yckopurens [5]. B
nByxkunkoctHo MI'JI-monenu [3] yunthiBaetcs adexr Xouia U TEH30p MPOBOAUMOCTH.
Moauduxkanus 3Toi MOJEIN U pe3yJIbTaThl UCCIEJOBAHUI B KaHAJIE YCKOPUTEIS AJIs PeXUMa
MOHHOTO TOKOIEpeHOCa TpeJAcTaBieHbl B pabore [8] M moaTBepaMiIM BO3MOXKHOCTH
(opMHpOBaHUs NPUBA30K TOKA K 3JEKTPOLY NMPH OOJIBIINX 3HAYSCHUSIX MPOJIOJIBHOIO MOJIs, HE
IIPEJCTaBIISIIOIIMX IPAKTUYECKOT0 UHTEpECa.
2. KomnpeccroHHbIe TedeHUsl MUIA3Mbl MPH HAJUYHMH NPOI0JIbHOrO noJjs. MccnenoBanus
KOMIIPECCUOHHBIX IIOTOKOB MPOBOIATCS B paMKax OAHOXKHUIAKOCTHOM MI'J[-monenu. Ilpu
HaJIuuuu ciaboro mpoposibHoro mnojsi Ha Bxoje B kaHanm KCIIY oOHnapyxeHa reHepanus
CHWJIBHOTO MAarHUTHOTO IIOJII Ha KOHWUYECKOW YJAapHON BOJHE B KOMIIPECCHUOHHOM IIOTOKE
TU1a3Mbl Ha BbIXO/e U3 yckoputens [7]. [IpoBeneHo uccinenoBaHie BIUSHUS T€OMETPUICCKUX
(aKkTOpPOB Ha KOMIIPECCUOHHBIE MOTOKHU IJIa3Mbl. /|JIMHA BHEIIHEro JIEKTPOa, KaK MPaBuIIo,
MIPEBOCXOJUT JIMHEHHBIE pa3Mepbl BHYTpeHHero siektpoja. CykeHue WM paclIupeHue
YaCTH BHEUIHErO JJIEKTPOAA, SBJISIOUICHCS €ro NpOAODKEHHEM 3a CPE30M BHYTPEHHETO
JEKTPO/Aa, NPUBOAUT K U3MEHEHHUIO IlapaMeTpoB B HaOeraromeM IOTOKE IUIa3MBbl.
CoOTBEeTCTBYIOIIMM 00pa30M MEHSIOTCS MapaMeTphbl IJasMbl M 3HAYEHUS T'€HEPUPYEMOro
MAarHUTHOTO TOJISI 32 KOHUYECKOW yAapHOUl BOJIHOW. TeM He MeHee, N3BMEHEHHE TeOMETPUU
BHEIIHETO 3JIEKTPOJa WJIN TOYHEE €T0 MPOJOJDKEHUS HE BIMAET Ha IOJOKEHUE KOHMYECKON
YJIapHOW BOJIHBI.
3. DkcnepumenTaibHas peanudanusa KCIIY ¢ npogosbHbIM MarHUTHbIM mojem. Ha
OCHOBE TEOPETHMYECKUX M YUCIICHHBIX MCCIIEIOBAaHMU B pamkax npoekra PODU cos3mana B
TPUHUTU HoBas ycranoBka KCITY ¢ npononbabiM MarHuTHEIM 1iosieM [9]. [IpoBeneHHbie
JKCIEPUMEHTBl  IPOJEMOHCTPUPOBAIM  BO3MOXHOCTh  OCYIIECTBICHHMS  pa3psliOB,
¢dopmupoBaHus (pOHTA MOHM3ALMKM U TEHEepaluM IOTOKOB IUIa3Mbl MpPU HAIWYUU
IIPOJIOJIBHOTO IOJISI B KaHAJIE YCKOpUTeENsA. B pe3ynbrare cepuy 3KCIEPUMEHTOB ITOCTPOEHBI
BOJIETAMIIEPHBIE XapAKTEPUCTUKU U1 Pa3IMYHBIX 3HAYEHWH IPOAOJIBHOIO MOJS U pacxona
raza. B Hacrosmee BpeMs peanu3oBaHbl Ha mpaktuke 1Be Mmoaudukauuu KCIIY ¢
IPOAOJIbHBIM MAarHUTHBIM IIOJIEM, OTBEYAIOIIUE ABYM PEXHMMaM HOHHOIO M 3JIEKTPOHHOIO
TOKoInepeHoca. [lanpHelniee pasBUTHE SKCIEPUMEHTAIBHBIX HCCIENOBAHMM MpPEAIIonaraet
MCIIOJIb30BAaHUE PA3JIMYHBIX METOOB JHAarHOCTUKH ILIa3MBl.

Pabora BeinonneHa npu noaaepxkke POOU (nmpoekt Ne 06-02-16707) u IIpesunuyma

MATHEMATICAL MODELING OF JET OUTFLOWS FORMATION
AROUND COMPACT OBJECTS WITH ACCRETION DISKS

Lukin V.V.
Keldysh institute of applied mathemetics RAS, Russia, Moscow
vvlukin@gmail.com

Class of problems relating to jet outflows and particle acceleration around compact
objects is one of the most interesting classes of astrophysical problems. Such outflows
shortely called “jets” are observed in active galactic nuclei (galaxy M87) and microquasars
(SS433) [1].

We suppose that jet arising system consists of three elements: (1) compact central
gravitating object and (2) thin perfectly conducting accretion disk with poloidal homogeneous
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magnetic field trapped in are submerged in (3)
a «cloud» of galactic plasma (which main
source is star-partner of compact object)
supersonic falling down to central object.
Mathematical model of the system (fig.
1) consist of ideal magnetohydrodynamics
equations subject to gravitational force
produced by compact object with initial and
boundary conditions setting up supersonic
accretion to compact object (star) with
accretion disk. System of equations is solved

. . . . . Fig.1. Calculating area
in twodimensional axisymmetric area and

includes
> equation ofcontmur[y +V(pV)=0;
> pul law: o[ X+ (4,9)7 | = -Vp+—— (VxB)x B+ F;
pulse conservation law: @YY ——Vp+4—(V><B)><B+F,
T
> energy conservation law: %+V((e+ py)= 4i V- (VxB)xB+E.v;
7T

> Faradey’s law: % =V x (7 xB)-

Here p is gas density, V= (v,,Vv,,V,) - gas velocity vector, p — gas pressure, y —

adiabatic exponent, e= p/(y—1)+p|v| — full energy of unit volume of gas,
B= (B,,B,,B,) — magnetic induction vector. Equation of state p= (y —1)pe, ¢ — specific
interior energy Gravitational ~ force is defined in the following way:

F — R=+r*+z*>r, F=-G— Mp r ,R<r, , where G — gravitational constant,

R2
M — central object mass, F = (z,r,¢) — radius vector, r, — effective radius of central body.
Main  dimentionless  parameters of system are S =8zp,/BZ=0.02,

Fig.2. Poloidal momentary lines of flow (left) and magnetic field (right).

g=GM/LV/ =05, o=1,9Q,/V,=1.
Numerical solution has a number of characteristics (fig. 2).
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1. Cone-shaped channel with hot walls arises around axis. It contains system magnetic field
and matter which density is by several digits less than density of accreting plasma. The
channel form conforms to De Laval nozzle, and location of critical section is determined
by location of accretting matter stagnation area and gravitational field.

2. The channel walls enable matter entering the channel to be accelerated by central hot body
radiational pressure.

3. Such accelerated jet is well collimated: channel form is cone with nonlinear generatrix,
angle between generatrix and z-axis in segment 0.75<z<2.0 averages 12.2°.

4. Jet matter speed on the top boundary of computational area is 14 km/s, rate of matter
outflow is about 13% of accretion rate.

The work was done with partial financial support from RFBR (project Ne 09-01-00151).
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MATEMATHYECKOE MOAEJIUPOBAHUE OBPA3OBAHUA
CTPYWHBIX BBIFPOCOB OKOJ10 KOMIIAKTHBIX OBFBEKTOB C
AKKPEIHMOHHBIMH JUCKAMUA

Jlykun B.B.
HuctutyT npuknanHoit marematuku uM. M.B. Kenasiina PAH, Poccus, Mocksa

[TpoGnemsbl, CcBs3aHHBIE CO CTPYHHBIMH BBIOPOCAMHM W YCKOPEHHEM YacTHI[ B
OKPECTHOCTSIX KOMITAKTHBIX OOBEKTOB, COCTABJISIOT OJIMH U3 HanOoJiee MHTEPECHBIX KIIACCOB
3agay actpodusuku. [logoOHBIE BBIOPOCH], Ha3bIBa€MBbIE JDKETaMH, HAOIIOAAIOTCS Y
aKTHBHBIX rajlakTH4YecKuX siiep (ranmakruka M87), mukpoxsazapos (00wexT SS433) [1].

B pabote mpeamonaraercsi, 4TO CHCTEMa, MOPOXKIAIOIIAS JUKET, COCTOUT M3 TpeX
OCHOBHBIX 2JIeMeHTOB: (1) KOMIAKTHOrO IEHTPAJIBHOIO TPaBUTHpYOLIEro oO0bekTa ¢ (2)
TOHKAM HUJEAIBHO TPOBOJSIIMM AKKPCUMOHHBIM JHCKOM, B KOTOPBIH BMOPOXEHO
HOJIONAAITBEHOE OJJHOPOJHOE MarHUTHOE II0JIE, MOTPYKEHHBIX B (3) «00J1ako» TalaKTHIeCKON
11a3Mbl (OCHOBHOM MCTOYHUK KOTOPOH — 3Be3/a-NIapTHEP KOMIIAKTHOTO OOBEKTa), MaJatoIiei
Ha [EHTPAJIbHBIA 00BEKT CO CBEPX3BYKOBBIMH CKOPOCTSIMH.

Maremarndeckasi MOJAENb paccMaTpuBaeMod cucTeMmbl (cM. puc. 1) coctout u3
CHUCTEMBl YPAaBHEHMI WJICAJIbHOM MAarHMTHOW TUAPOJUHAMUKHM C Y4YETOM TI'PaBUTALMOHHOMN
CHJIBI, CO3/1aBa€MOi KOMITAaKTHBIM LETPaJbHBIM OOBEKTOM, M HAa4yalbHBIX M TPAaHUYHBIX
YCIIOBHUH, 3aJarolMX CBEPX3BYKOBYIO aKKpCIMIO HAa KOMIIAKTHBIH 00BeKT (3Be3my) C
aKKpPEeUMOHHBIM JUCKOM. CHcTeMa ypaBHEHUH peliaeTcs B JBYMEPHOW OCECHMMETPHUYHON
o0JiacTu aHaoru4Ho [2] u BKIIOYaeT

> ypaBHEHHE HEPA3PHIBHOCTH: %p + v(pv): 0;

» 3aKOH COXpaHEHHUS UMITyIbCa. p(aa_v+ (V,V)vj =-Vp +4i(v x g)x B+F;
t yi
. oe o1 =\ ==
> 3aKOH COXPaHEHUsS DHEPIUU. E+V((e+ p)\/): 4—v -(V X B)x B+F.v;
T

> 3axoH Papajes: 9B _ V x (\7 x B).
ot
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3nech p — MWIOTHOCTH rasa, V= (V,,V,,V,)— BEKTOp CKOPOCTH Tra3a, P — ras’oBoe€

JaBlIcHUE, Y — TOKasaTeab amuabarel, €= p/(y—-1)+p|v |2 — MOJHAsk DHEPTUs €IUHHIIBI
obvema rasa, B=(B,,B,,B)) — BEKTOp MarHMTHOW HHAYKUMH. YDPABHEHUE COCTOAHUA

p= (y—l)pg, & — yHAelbHas BHYTPEHHsA dJHeprus. ['paBuUTalMOHHAs CWJIA OIpENeIseTcs
Mp 1
—f—,RSrC, rie G —
r.” R

CIIEIYIOIIUM  00pa3oMm: ﬁ:—Ggg,R:\/r2+zz >r, F=-G

IpaBUTAllMOHHASI MOCTOsIHHAs, M — Macca IEHTpaJbHOTO O0BEKTa, [ = (Z,r,q)) — paauyc-

BEKTOp TOUKH, I, —3((EeKTUBHBINA paguyC LEHTPAILHOTO Tea.

OcHoBHBIE ~ Oe3pasMepHble  [apaMeTphl  CHCTEMBI: B =8mp,/B;=0.02,
g=GM/L\V; =05, o=L,Q,/V,=1.
YucieHHoe pelieHne 00naaaet psagoM ocodbeHHocTel (M. puc. 2).

5. B paiione ocu 00pa3yercsi KOHYCOBHUIHBIN KaHaJl C TOPSYMMH CTCHKAMH, COJCPIKAIHI
MarHUTHOE T10JI€ CUCTEMBI U BEIIECTBO, INIOTHOCTh KOTOPOTO Ha HECKOJIBKO MOPSIKOB
HIDKE TJIOTHOCTH aKKpelupyromei mia3mel. @opMa KaHaga cCOOTBETCTBYeET (popme coruia
JlaBansi, TpUYEM TIOJIO)KEHUE KPUTUUYECKOTO CEUEHHUS OINpeNesieTcsl MOJOKECHUEM
00J1aCTH 3aCTOS AKKPEIUPYIOIIETO BEIIECTBA U TPABUTAIMOHHBIM TIOJIEM.

6. CreHKHM KaHaJIa CO3/IAIOT BO3MOXKHOCTD JUIS pa3roHa MOCTYMNAIONIEro B KaHal BEIIeCTBa 3a
CYET paJMalMOHHOTO JAAaBIICHUS U3ITyUeHHs IEHTPAIBHOTO TelIa.

7. JIxeT, yCKOpPEeHHBIH B MOJOOHOM KaHaje, SBISETCS XOPOIIO KOJNIMMHPOBAHHBIM: KaHAall
UMeeT BHUJ KOHyCa C HEJIIMHEWHOW 00pa3yromiei, yroia ¢ OChl0 Z KOTOPOW Ha ydacTKe
0.75<z<2.0 cocTapiser 1o BHENIHEN rpanuie paccesuus 12.2°,

8. CKOpOCTh BelIeCTBa JKETa Ha BEPXHEH IpaHHUIle pacueTHOH o0macTu cocTaBiseT 14 km/c,
TEMIT BEIOpOCa BellecTBa cocTaBisieT nopsiaka 13% ot Temma akkpeuuu.

Pabora BbINOIHEHA TIPU YacTHYHOU (uHaHCOBOU mojep:kke PODU (mpoekt Ne 09-
01-00151).

AXISYMMETRIC ELECTRIC DISCHARGE AS A METHOD FOR GAS
HEATING AT DISTANCE

I. A. Kossyi, E.M.Barkhudarov, T.S.Zhuravskaya®, V.A.Levin', V.V.Markov', N.A.Popov®, M.I.Taktakishvili
and S.M.Temchin
A.M.Prokhorov General Physics Institute of RAS, Moscow, Russia
YInstitute of Mechanics, Moscow State University, Moscow, Russia
’D.V.Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia
E-mail: kossyi@fpl.gpi.ru

First results of experimental and theoretical study of cumulative converging shock
wave as an igniter of combustion in a gas flow are presented.

The experimental setup has been built around an annular multielectrode discharge
system. A high-current discharge is excited along the inner surface (which is faced toward the
Z axis) to form an annular plasma layer that gives rise to a toroidal (annular) shock wave that
converges at the axis.

The primary task of this work is experimental and theoretical determination the gas
temperature Tg in the cumulation region (on the focus) of the shock wave. We have to clear
up the question as to whether the temperature T4 and the size of heating region are high
enough for initiation of combustion.
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The experimental solution of this problem is based on the two diagnostic scheme
intended for measurement of after cumulation running along the Z axis shock waves
parameters: pressure sensors and optical “refractive” detection of axial shock.

The mathematical model of converging toroidal shock wave has been developed in the
Institute of Mechanics of Moscow State University. In the framework of this model gas
pressure, gas temperature and gas density evolution along the Z axis after toroidal shock wave
focusing (for energy release in gas in the region of this wave formation close to the realized in
the experiment) is calculated. Comparison of experimental results with this calculation
permits to estimate value of gas temperature achievable in experiment. Results of such
estimations are presented.

Analysis of toroidal shock wave application for combustion ignition has been
performed.

Results of first experiments devoted to the problem of combustible gas ignition with
help of cumulative toroidal shock wave are presented.

OCECHUMMETPUYHBIN DJJEKTPUUECKHUM PA3PSA L, KAK
CIOCOB IUCTAHIIMOHHOT O HAT'PEBA T'A3A

H.A.Koccwii, .M .Bapxyoapos, H.K.bepexnceuyxasa, T.C. )Kypaecmml, B.A.Konbuée, B.A.ﬂeeuul, B.B.Mapl(oel,
H.A .Honoez, M.HU.Takmaxuweunu, HM.Tapacosa, C.M.Temuun
Wucruryt O6wmeit @usukn um. A.M.IIpoxoposa PAH, Mocksa
1I/IHCTI/ITYT Mexanuku, MI'Y, Mocksa
ZI/IHCTI/ITYT SAnepuoit ®uzuku um. J[.B.Crobensupaa, MI'Y, Mocksa

[IpencraBineHsl mepBblE Pe3yJIbTAThl AKCIEPUMEHTAIBHOIO M TEOPETUYECKOTO
UCCIJIEIOBaHMsI KyMYJIITUBHO CXOJSILENCS yIapHOW BOJIHBI, KAK MHUIIMATOPA BOCILIAMEHEHUS
ra3oBOro MOTOKa.

Coznmana sKcreprUMEHTaldbHas YCTaHOBKA Ha 0asze KOJIBLIEBOIO MHOTOAJIEKTPOJHOTO
paspsigHOTO ycTpoiicTBa. Ha 3TOM yCTaHOBKE CHIIBHOTOYHBIN pa3psiil, BO30YKIaeMbIi BJIOJb
BHyTpeHHeH (00pariéHHo# K Z 0cH) MOBEPXHOCTH KOJIbIIa, CO3/1aET KOJIBIIEBOM TIa3MEHHBIN
CJIOM, TEHEPUPYIOUIUI CXOASIIYIOCA K OCH YIAPHYIO BOJIHY.

OcHoBHast 3ajaya HacTosiied paboOThl 3aKiIOYaeTcs B OKCIEPUMEHTaIbHOM U
TEOPETUYECKOM OIIPEJIeTICHIH TeMIepaTyphl T4 B obnactn kymyssmun (B ¢okyce) ymapHoit
BOJHBL. [IpeacToso BBIACHUTB, HOCTATOYHO JM BEIMKHM TEMIIEpaTypa g U pasmep ob1acTtu
Harpesa JUlsl MHULIHAALWK BOCILUIAMEHEHHS.

DKCTepUMEHTAIHOE pelIeHHe MPoOIeMbl OCHOBBIBAJIOCH HA JIBYX TUATHOCTHUYECKHUX
cxeMmax, MPeJHAa3HAYCHHBIX JJI1 U3MEPEHUS MTapaMeTpPOB MOCIECKYMYJIALUMOHHON aKCHAJIbHON
(pactipocTpansitorieiics BI0OJb OCH Z) YIapHOH BOJHBI. H3MEPEHHS IbE30JaTYNKOM |
OINITUYECKUM «pe(pPaKIIUOHHBIM» TATYUKOM.

MarteMatnueckass MOJENb CXOIALIEHCS TOPOUMAAIBHON YJapHOU BOJIHBI MOCTPOEHA B
Nucturyre Mexanuku MIY. B pamkax Mozenu paccyuTaHa JIMHAMHMKA TIa30BOMU
TEMIIEpaTypbl, Fa30BOM MJIOTHOCTU U Ta30BOT0 JABJICHMS, CBSI3aHHAS C aKCUAJIbHOU yJapHOU
BOJIHOHM, BO3HHKAMOLICH 1ociae (OKYCHPOBKH TOPOMIAIBHON YIapHOH BOJHBI (s
KOJIBIIEBOTO ~ SHEPrOBBIACICHHS, OJM3KOr0 K pEaJU30BaHHOMY B  JKCIICPUMEHTE).
ConocTaBieHUE OSKCIEPUMEHTAIBHBIX pE3YyJbTaTOB C pacdéTaMM IO3BOJIIET OLIEHUTh
BEJIMYMHY ra30BOM TEMIIEPATYyPbl, JOCTUKUMOMN B IKCIIEPUMEHTE.

IIpemnoxken aHanu3 BO3MOXHOCTH HCIIOJIB30BAHMS TOPOMIAJIBHOM YIApHOW BOJIHBI
JUTS. MHUIMAIIIN BOCTUTAMEHEHHS Ta30BbIX OTOKOB. [IpuBoasiTCs epBhie (peaBapuTelbHbIC)
pe3yNbTaThl SKCIIEPUMEHTOB, MOCBSIIEHHBIX HCCIEAOBAHUIO MPOOJIEMbl BO3TOpaHUs MeETaH-
KUCJIOPOJHOM CMECH KyMYJIUPYIOILIEH TOPOUAAIBHON yAapHOU BOJIHOM.
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TO A THEORY OF GAS DISCHARGES IN FREE SPACE

V.L. Bychkov, S.A. Dvinin
M.V.Lomonosov Moscow state university, s_dvinin@mail.ru

Gas discharge in free space is applied in many tasks of modern plasma aerodynamics.
A feature of these tasks consists in a necessity to jointly consider a gas flow and a large
number of plasma chemical reactions taking place in the gas discharge. At that it is necessary
to account spatial non-uniformity of considered processes. Relatively simple description of a
Kinetics with a help of one equation (Dvinin S.A., Ershov A.P., Timofeev 1.B. Teplofiz. High.
Temper., 2004, 42, 157) of an ambipolar diffusion for charges particles has allowed
qualitatively correctly to describe phenomena observed in the discharge. However, in general
case chemical processes in the discharge are quite complicated and compel to use a system of
balance equations for different chemical components which solution is difficult even in O-
dimension system without speaking about a discharge in 3D space.

In this connection it is interesting to clarify at which conditions a complicated
equation system of multi component kinetics can be changed by a small number diffusion
equations (say, 1-3) with “effective” coefficients of diffusion and frequencies of active
particles birth. In the most successful case there can remain only one equation and this
essentially simplifies an analysis of occurring processes and allows to use well known results
of one component models.

Let us consider a problem of a gas discharge in the complicated chemically reacting
medium , which we will describe by an equation system for concentrations of m chemical
components N(r,t)=(n,,...,n,)

oy

onj o o m onj
—+— > uij  Eynj——— > Djj ——=
ot oxy o e ok o 1)

=Fi(N)

Let a chemical reaction transfers a system from a state (1) to a state (2) (Fig. 1). A
fundamental idea of the following calculations is a hypothesis that a state of the chemical
system during a reaction development in the non-uniform medium is close to the state on a
separatrix which is realized in weakly non-uniform medium.

The condition of this hypothesis fulfillment is a difference in chemical reactions
velocities that describe a motion to the separatrix from the closest point and a motion along
the separatrix. For construction of motion hierarchy it is necessary to consider a linear
problem for eigenvalues, starting from the equation (1) in the neighborhood of the
separatrix.

Projecting real way of a chemical reaction to the eigenvectors corresponding to stable
and unstable eigenvalues one can effectively decrease a dimension of the phase space and
transform the equation system (1) to one diffusion equation with a nonlinear source

on, 0 0 on
El +§:ueff (nl)Enl T ox Det (nl)a_xl = F (nl) 2)

With effective coefficients of charged particles births and transport coefficients.
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Values of the effective
coefficients depend on velocities of
chemical reactions and values of
diffusion coefficients for definite
plasma components. Since reaction
velocities depend on charged particles
densities then the effective transport
coefficients can depend on these
densities, i.e. on a point in the phase
space. Transport coefficients in some
definite conditions can depend also on

. a media non-uniformity typical scale in
0 n, the neighborhood of the given point.
In the work we have also

Fig. 1. Phase portrait of a two-component chemical system  analyzed self-similar solutions of the

with  two statlopary pOIntS:v Dazoeviti  nopmpem equation (1) of type n(x—Vt) and
O0BYXKOMNOHEHMHOU  XUMUYECKOU cucmemsl ¢ 08yMs

cmayuonapnsvu mouxamu: a saddle (1) and a stable node  Obtained approximate expressions for

). an ionization wave velocity. We have

analyzed conditions at which chemical

reaction wave propagation velocity is expressed by simple formulas, but with effective
diffusion coefficients and frequencies of particle birth.

Conclusions

We have proposed a mathematical model of chemical reaction front propagation
characteristics calculation in multi component medium. The model is based on a
transformation of the balance equation system for different plasma components to one
diffusion equation with the nonlinear source. The basis for such a simplification consists in
difference of various processes chemical reaction velocities. The proposed method is
demonstrated with a help of particular examples — ionization wave propagation over a
medium with attachment and impact of excited particles on ionization wave propagation.

K TEOPUU I'A30BbIX PA3PA10B B CBOBOJIHOM
IHPOCTPAHCTBE

B.JI. bviukos, C.A. /leunun
MockoBcKuii rocyaapcTBeHHbIi yHIBepcuTeT uM. M.B.JlomonocoBa, $_dvinin@mail.ru

["a30BbIit pas3psa B CBOOOJHOM MpocTpaHcTBe [1-3] mpuMeHseTcss BO MHOTHX 3ajadax
COBPEMCHHOW IUIa3MEeHHOW a’poauHaMuku [4-6]. Cremudukoi 3TUX 3amad  SABISIETCS
HEOOXO0MMOCTh COBMECTHOTO PaCCMOTPEHUS KaK TEUECHHUS rasa, Tak U OOJbIIOTr0 KOJIMYECTBa
XMMHMUYECKMX peakUui, MPOTEeKalluX B razoBoM paspszae. [lpm >ToM NpHHLIUIMAIBHO
HEOOXOIUMO  YYMTHIBATh  HPOCTPAHCTBEHHYI0  HEOJHOPOJHOCTH  paccMaTpUBAEMBIX
npoueccoB. OTHOCUTENBHO NMPOCTOE ONMCAHWE KUHETHKH C IOMOIIBIO OJHOTO YpPaBHEHUS
amMOumossipHON MU QY3uu Ui 3apsHKEHHBIX YacTHIL, MPOBEACHHOE B padoTte [7], mo3Bonmio
Ka4eCTBEHHO MPaBUJIBHO ONHUCaTh HaOyogaeMble B paspspae spieHus. OpHako B oOrieMm
cllydae MPOMCXOMAIIUE B pa3psie XUMHUUECKHE MPOIECChl BeChbMa CJIOXHBI U BBIHYKIAIOT
UCIOJIb30BaTh CUCTEMY YpaBHEHHH OanaHca A pa3iWYHBIX XUMHYECKHUX KOMIIOHEHT,
pelleHrne KOTOpOH IMpeAcTaBisieT CI0XKHOCTh aaxe B 0-MepHOW cucrteme, HE TOBOPS YKe O
pas3psijie B TPEXMEPHOM IIPOCTPAHCTBE.
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B cBsi3u ¢ 3TUM mpeacTaBiIsieT UHTEPEC BBISICHUTH, IPU KAKUX YCJIOBHUAX, CIIOKHAs
cUCTeMa YpaBHEHHHI MHOTOKOMIOHEHTHON KHHETHKM MOXXET OBbITh 3aMeHeHa HeOOJBIINM
gricioM ypaBHeHui mupdysun (1-3) ¢ «dddexkTuBHBIME» KO3 durentamu 1udy3un u
4acTOTaMU POXKIEHHUsS aKTHBHBIX 4yacTUll. B Hambonee ymadHOM cilydyae Takoe ypaBHEHHE
MOKET OCTaThCS TOJBKO OJHO, YTO CYIIECTBEHHO YIPOCTUT AaHAIU3 MPOUCXOISIINX
IPOIIECCOB M JacT BO3MOXHOCTH BOCHOJIB30BATHCS XOPOIIO H3BECTHBIMHU pe3yJIbTaTaMU
aHaJINU3a OJHOKOMIIOHEHTHBIX MOJIEJIeH.

PaccmoTrpuM 3amady 0 ra3oBOM paspsilie B CIIOKHOM XMMUYECKU-PEATUPYIOLIEH Cpeae,
KOTOpYyI0 OyJleM ONHCHIBaTh CHUCTEMOM YpaBHEHHM Al KOHLEHTpalUd M XUMHYECKHX
xomnoreHT N(r.t)=(n,,...,n,)

onj o D o onj

ﬁ"'a J_Z::lﬂiiuWEan _% jZ::lDijuw ﬂ - 1)

=Fi(N)

[TycTh XUMHYECKasi peakiiusi MepeBOaUT cpeay u3 cocrosuus (1) B cocrostHue (2)
(Puc. 1). OcHoBomonararoiei uaeeil TalIbHEUIINX PACYCTOB SBJISETCS TMIIOTE3a O TOM, YTO
COCTOSIHME XMMHUYECKOM CHCTEMbl B HEOJHOPOAHOW Cpelie B IMPOILECCE Pa3BUTHUS pPEaAKIUU
OJIM3KO K COCTOSIHMIO Ha CEeNapaTHpHUCe pealn3yoleMycst B CIIa0OHEOJHOPOIHON Cpelie.
VYcnoBueM BBINOMHEHUS 3TOM TUIOTE3bl SBIAETCS pPA3IMUYMe€ B CKOPOCTAX XUMHUYECKHUX
peakuuii, ONMCHIBAIOIINX JBM)KEHHE K CernapaTpuce OT ONMKalIINX TOYEK M ABMXKEHHE IO
cenaparpuce. s mOCTpOeHUsT HepapXuu IBHKEHUI HEOOXOIUMO PacCMOTPETh JIMHEHHYIO
3ajayy Ha COOCTBEHHBbIC 3HAYCHHs, BBITEKAIOUIyI0 W3 ypaBHeHus (1), B okpecTHOCTH
CeInapaTpUCBhl.

[IpoekTtupysi peanbHBIA XOJ XUMHUYECKOW pEaKIMu Ha COOCTBEHHBIE BEKTOPA,
COOTBETCTBYIOIIME YCTOMYMBBIM UM HEYCTOWYUBBIM COOCTBEHHBIM 3HAUYEHHUSIM MOXKHO
3¢ GEKTUBHO TOHU3UTD

Pa3mepHocTh a3zoBoro npoctpaHcTBa U B HauboJiee MPOCTOM Cllydae CBECTU CUCTEMY
ypaBHeHwuii (1) k omHOMY ypaBHEHHIO 1D (DY3HH C HETMHEWHBIM HCTOYHUKOM

n n

% +%ﬂeﬁ (nl)Enl _a_aX Deff (nl)% = Feff (nl) (2)
¢ 3pdeKTUBHBIMU KOd(PPHUIMEHTAMU POXKACHUS 3apsSHKEHHBIX YacTHI M KO3 pHuIueHTaMu
nepeHoca.

3nadeHns SPQPEKTUBHBIX KOIPPHUIMEHTOB 3aBHCAT OT CKOPOCTEH XHUMHYECKHX
peakuuii ¥ 3HadyeHUil ko3pPuuueHToB nupdy3un A ONpeAeICHHbIX KOMIOHEHT IUIa3MBbl.
[TockonpKy CKOpOCTM peakUui 3aBUCAT OT IUIOTHOCTEM 3apsDKEHHBIX YacTull, TO U
3¢ dexTUBHBIE KOAPPHUIHUEHTHI IEPEHOCa MOTYT 3aBUCETh OT 3TUX IUIOTHOCTEH, T.€. OT TOUKH
B (a30BOM MpOCTpaHCTBE. B ompeneneHHbIX YCIOBUAX KOI(PQOHUIMEHTHI MEPEHOCa MOTYT
3aBHCETh TAKXKE OT XapaKTePHOro MacuTaba HEOAHOPOAHOCTHU CPEbl B OKPECTHOCTH JAHHOM
TOYKH.

B pabore mpoaHanM3upoBaHBI TaK)Ke aBTOMOJENBHBIE pemieHus ypaBHeHus (1) Buma
n(x—Vt) ® TONyYeHsl NPUOIMKEHHBIC BBIPAXCHUS Ui CKOPOCTH BOJHBI HOHH3ALHN.

[Ipoananu3upoBaHsbl yCIOBUS, TPU KOTOPHIX CKOPOCTH PACIPOCTPAHEHUS BOJIHBI XUMUYECKON
peakuuu  BbIpaxaroTcst mpocTeiMu  popmynamu  [8-11], HO ¢ 3ddekTuBHBIMU
kodpurmenTamu 1ud y3un U posKISHUS YaCTHUI.

BeiBOABI.

[Ipemyoxena mMareMaTrhyeckass MOJEIb pacueTra XapaKTePUCTUK pacCIpOCTPaHEHUS
(GpoHTa XUMHUYECKON Peaklliid B MHOTOKOMIIOHEHTHOU cpezie. Mojiennb OCHOBaHA Ha CBEJICHUU
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CUCTEMBbl ypaBHEHUU OanaHca JUIsl pa3IMYHBIX KOMIIOHEHT IIa3Mbl K OJHOMY YPaBHEHHIO
T dy3un ¢ HeNMHEHHBIM UCTOYHUKOM. OCHOBAaHUEM JUISl TOJOOHOTO YIIPOIIEHUS SBISETCS
pasyinuue B CKOPOCTIX XUMHUUYECKUX PEAKIUN pa3InYHbIX poueccoB. [IpeaioxkeHHplil MeTon
MIPOJEMOHCTPUPOBAH HAa YACTHBIX IPUMEPAX — PACIPOCTPAHEHUS BOJIHBI HOHU3ALMH 110 CPEIe
C MPUIUIIAHUEM U BIMSIHUS BO30YK/IE€HHBIX YaCTHUI] HA PACIPOCTPaHEHUE BOJIHBI HOHU3AINH.
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VORTEX STRUCTURES IN EXCITED MOLECULAR GAS-PLASMA
MEDIA

N. E. Molevich®? I.P. Zavershinsky?, A.l. Klimov®
'Samara Branch P. N. Lebedev Physics Institute, RAS, 443011 Samara, Russia
Samara State Aerospace University, 443086 Samara, Russia
% Joint Institute of High Temperature RAS, Moscow, Russia
E-mail: molevich@fian.smr.ru

The study of the influence of the nonequilibrium heat release on the structure of the
strong single vortex is interesting both for the investigations of natural systems as a tornado
and for the numerous technical applications, including the creation of aircraft and spaceships
of new generation with plasma control of the flight characteristics. Using the Rankin vortex
model, we have investigated the stability of the twisted columnar flow in nonequilibrium gas
with the exothermic heating. In spite of the Rankin vortex stability in incompressible
equilibrium media was studied in details in numerous papers, the influence of nonequilibrium
heating on its stability was not investigated. In this paper the stability of the Rankin vortex is
investigated in incompressible gas media with nonequilibrium temperature-dependent heating
and excited vibrational molecular states.

We show that the columnar vortex in media with exothermic processes can transform
either into the ‘rising’ radial converging twisted flow or into the ‘descending’ radial divergent
twisted flow [1]. The vorticity increases in the first case and decreases in the second case. It
Is connected, respectively, with the positive or negative feedback between pressure and
nonequilibrium heating perturbations.
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The obtained results can be applicable to the problems of the vortex stability both in
the laboratory exothermic media and in the natural media, in particular in the presence of the
nonequilibrium condensation processes in atmosphere. Important influence of the latent heat
of the nonequilibrium condensation on the formation of tornados is discussed in [2,3]. The
significant transformation of the core of the twisted flow in the high-frequency and direct
current discharge plasma media is observed in [4,5]. These questions require the further
investigations including the possibility of the vorticity increase discussed above.

airflow electrodes

|

_/

luminous cone

Figure 1 Figure2

Figure 3 Figure 4

Another problem considered in the present paper is the origin of luminous cone
observed in twisted flow with transversal DC discharge [4,5]. The structure of the subsonic
twisted flow in tube depends strongly on mass rate Q. For Q > Qc the recirculation zone is
created. Using approximate analytical solution [6], we find the critical mass rate Qc. By the
numerical simulation, we obtain the luminous cone consisting of slow relaxing molecules
excited in discharge zone and moving towards incoming flow (fig.1, Q > Qc) or in forward
direction together with flow (fig.3) as it is observed experimentally (fig. 2 and 4, respectively)
[4,5].
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BUXPEBBIE CTPYKTYPbI B BO3BYKJIEHHBIX MOJIEKYJISIPHBIX
I'A30O-IIVIASMEHHBIX CPEJAX

H. E. Monesuu*?, U.I1. 3aeepmuuc1<uﬁ2, AHU. Krumoé®
lcp ®UAH, Camapa, Poccus, 2cra YV, Camapa, Poccus, 3 OUBTAH, Mockea, Poccus

UccnenoBanue BIUsSHUSA NPOLECCOB HEPABHOBECHOT'O TEIUIOBBIACIEHHUS HAa CTPYKTYpPY
CUJIBHOTO OJIMHOYHOTO BUXpSA MPEICTaBISAET HUHTEpPEC, Kak [JIsi E€CTECTBEHHBIX CHCTEM
NOJOOHBIX TOPHAAO, TaK U JJII MHOTOUYUCIICHHBIX TEXHUYECKUX MPUMEHEHUH, BKIOYas
CO3JJaHME aBMAa M KOCMHUYECKOW TEXHUKH HOBOTO IOKOJIEHHMSI C IUIa3MEHHBIM KOHTPOJIEM
NOJNETHBIX XapakTepucTuk. Mcmonb3ys — Mozaenb BuXpss PaHkMHA, MBI HCCIeA0BaIU
CTaOUIIBHOCTh 3aKPYUYEHHOTO KOJIOHHOOOpPA3HOrO TIOTOKa B HEPAaBHOBECHOM Ta3e C
HK30TEPMUUYECKUMHU  peaknusMu. HecmoTrps Ha  mpeaplayliie  MHOTOYMCIICHHBIC
UCCJIE0BAHNUS YCTOMYMBOCTH BUXpsA P3HKMHA, BIMSHME HEPABHOBECHOI'O HArpeBa Ha €ro
pa3BUTHE B HECX)KUMAEMOW cpejie He HUCCleoBalioch. B HacTosimel paboTte cTaOUIBLHOCTH
BUXpsd PoHKMHa wucciieoBaHa B HEC)KMMAaeMbIX Ta30BbIX Cpelax ¢ 3aBUCAIIUM OT
TEMIIEPATYPhI TEIJIOBBIJCIICHUEM U KOJIeOaTeTbHO BO30YKIEHHBIMU MOJICKYJTAMH.

Mpbl mokaszanu, 4YTO KOJIOHHOOOpa3HBIM BUXph B Cpelax C 3K30TEPMHUUYECKUMU
IpoIeccaMi MOXKET TPaHC(HOPMHUPOBATHCS MO0 B «BOCXOSIIHI paguabHO-CXOISIIUNCS
3aKpPYUYEHHBIN TOTOK, THOO B KHUCXOIAIINI» paguaibHO-PACXOIAITUNCS 3aKPYyYCHHBIN TOTOK
[1]. B mepBom cityuae 3aBUXpEHHOCTH IOTOKA BO3PACTacT, BO BTOPOM — YMEHBINAETCS. JTO
CBS3aHO C YCJIOBUSIMU CYILIECTBOBAHUS MOJOKUTENBHON WM OTPULIATEIbHON 00paTHON CBS3U
MEXy U3MEHEHUEM JIaBJICHUS U TEIJIOBBIJICJICHUEM B CpEJIe.

[lonyueHHble pe3yibTaThl NPEACTABISIOT MHTEPEC C TOYKU 3PEHHUS YCTOMYMBOCTHU
BUXPS, KaK B TaOOPATOPHBIX TEIUIOBBIACISIONIUX CPeaX, Tak U B €CTECTBEHHBIX YCIOBHSIX,
HarpuMep, NPy HAIMYUU TTPOILIECCOB HEPABHOBECHOM KOHAEHCAIMU B aTMocdepe. O BaKHOM
pOJIM HEpPAaBHOBECHOW KOHJIEHCALIMU B Ipolieccax 00pa3oBaHUs cMepya paHee cooOIaioch B
[2,3]. 3naumrtenvHas TpaHchopMmanus sapa  3aKPYyYEHHOTO TOTOKA TPH  BKIKOYCHHH
BBICOKOYACTOTHOT'O pa3psja HIM pa3psjia MOCTOSHHOrO TOokKa HaOmoganack B [4,5]. Dtu
po0GsieMbl TpeOyIOT JalIbHEWIINX HCCIIENOBaHHM, BKIIOYas YKAa3aHHYIO BbIIIE BO3MOXHOCTh
YBEIMYEHUS 3aBUXPEHHOCTH TIOTOKA.

Jpyras npobiema, pacCMOTpeHHasi B HacTosIIeld paboTe, CBA3aHa C HCCIEA0BAHUEM
NPOUCXOKACHUS CBETALIErOCs KOHyca, Habiromaemoro B [4,5] npu momepeyHoM paspsie B
3aKpy4eHHOM moToke. CTpyKTypa J03BYKOBOI'O 3aKpYYEHHOIO MOTOKa B TPyOKe 3aBUCHUT
CWJIBHO OT BEJIMYMHBI MaccoBOTO pacxona raza Q. [Ipu Q > QC Bo3HHKAeT 30HA BO3BPATHOTO
TeueHus. Mcronb3ys npuOImKEHHOE aHATMTHYECKOE pelieHne [6], Mbl HAIIUTH KPUTHYECKOE
3HaUEHUE BEIMYMHBI pacxoja raza QC. 3aTeM, ¢ MOMOIIBI0 YHCIEHHOTO MOJETUPOBAHUS
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HOJTYYHJIA KOHUYECKYIO CBETSIIYIOCS 00J1aCTh, COCTOSIIYIO U3 BO30YKIAEHHBIX B Pa3psIHON
30HE MOJICKYJI M pacTyInyio aubo HaBctpeuy nmoToky (fig.1, Q > Qc) nmub6o nmo nmotoky (fig.3)
0100H0 ’KcrniepuMenTanbabiM Kaptuaam (fig. 2 and 4, cootBerctBenHO) [4,5].
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AUTOWAVE SOLUTIONS OF THE 1D AND 2D SYSTEMS OF
RELAXATION GAS DYNAMIC EQUATIONS WITH THE ENERGY
SOURCE
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E-mail: molevich@fian.smr.ru

During previous years, a large number of experiments have demonstrated the unusual
shock wave modification in media with sustained steady-state nonequilibrium. In particular,
shock damping or amplification, broadening, splitting and the pulse precursor generation were
observed in weakly ionized gaseous media and chemically active mixtures. One of the reasons
for these structure changes can be connected with the acoustical properties of nonequilibrium
media. In review paper[1], these properties are discussed in detail. In [2,3], we showed that
new acoustical properties change dramatically the shock wave structure.

In the present paper, we discuss the shock wave structure for 1D (fig.2) and 2D (flat
(fig. 3,4) and cylindrical (fig. 5)) geometry in stationary vibrationally nonequilibrium media
with the exponential relaxation law

G, _E.-F +Q.
d  7,(T,p)

Here, E, is the energy of the vibrational degrees of freedom of the molecules, E, is its
equilibrium value, z, is the vibrational relaxation time, and Q is the power of an external

heat source, that sustaining E, > E, (in particular, electric pumping in the discharge, chemical

or optical pumping).

mu"\J'IVA. JIL z!\«’—”) \x "

Figure 1 Figure 2

The main results can be described as follows.
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1. For S>0, where S=Qrz, /T, is the nonequilibrium degree, the equilibrium adiabat has
two branches with two asymptotes P — «. There is the point (P,,,V,,) Where the frozen and

equilibrium adiabats meet. With increase in the nonequilibrium degree S, the initial point
(Py,Vy ) on the equilibrium adiabat moves from the upper branch to the lower branch .

2. The equation describing stationary density profiles behind the sharp shock wave front is
obtained and solved. We have shown the existence of 3 regions with qualitatively different
shock wave structures in S —D bifurcation diagram (fig. 1), where D is the stationary wave
speed. The boundaries of these regions
D¢1(S), D, (S) are obtained in analytical forms.

3. For weak nonequilibrium S <Sy,, the
shock wave structure is similar to this structure
in equilibrium media with S=0. In fields of
nonequilibrium S > S, , where the medium is
acoustical active, for the shock wave speed
D> D,,,, the fast compression is followed by the
gradual compression to the final state. For
D, <D <Dy , the fast compression is followed
by the gradual expansion to the final state. For
the boundaryD =D,,(S), the shock wave is
step-wise.

4. For D<Dg,, the shock wave is unstable.
Unstable shock waves disintegrate into the
sequence of solitary pulses (in field of nonequilibrium S, <S<S,, where acoustical
dispersion is negative, nonlinearity coefficient is positive) or autowaves with non-zero
asymptote (S>S, , where the nonlinearity
coefficient can be negative) (fig.2-5). Their
amplitude, form and speed are rigidly defined
by nonequilibrium degree and do not depend

rar'a
o ot

Figure 3

Figure 4

Figure 5

on the initial weak perturbation amplitude
and velocity. The 1D solitary pulse is described in analytical form.
5. The stability of the autowave structures to the transverse disturbances are shown (fig.4).
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ABTOBOJIHOBBIE PEHIEHUA 1D U 2D CUCTEM
PEJJAKCAIIUOHHOM 'A30JJUHAMUKHA C HCTOUYHUKOM
JHEPTUN

P. H. Tanumoe*?, B.I'. Makap;mz, H. E. Monesuu™?
co ®UAH, Camapa, Poccus, 2Cl”AY, Camapa, Poccus

bonbiioe 4ncino 3KCHepuMEHTAIbHBIX HMCCIEA0BAaHUM, BBITIOJHEHHbIE B MpEAbIAYIINE
rofibl, MPOJAEMOHCTPUPOBAIM HEOOBIYHYI0 MOJU(PHUKALMIO CTPYKTYpbl YAApHOH BOJHBI B
cpelax ¢ MOAJAEpKMBAeMON M3BHE CTallMOHApHOM HEpaBHOBECHOCThIO. B wacTHOCTH,
ocnal0jeHue WIM YCWIEHUE YJapHOW BOJIHBI, YLIMpEHHE U pacuienieHue (GpoHTa,
o0Opa3oBaHHE TPEABECTHUKOB HAOIIOJAIOCH B CIIA00MOHMU30BAHHBIX CpEllaX M XUMUYCCKU
aKTUBHBIX cMecsaX. OHUMM U3 NPUYMH 3THX CTPYKTYPHBIX MU3MEHEHUH MOTYT ObITb HOBBIE
aKyCTHUYECKHE CBOWMCTBA HEPABHOBECHBIX cpeil. B 0030pHOit cTathe [1], 3TH HOBBIE CBOWCTBA
aHANMM3UpoBaUCh moapodHo. B [2,3], MBI moka3anum Kak CYIIECTBEHHO O3TH HOBBIC
aKyCTHUYECKHE CBOICTBA MEHSAIOT CTPYKTYPY yJapHOW BOJIHBI.

B nacrosieit pabote, Mbl UcCleyeM CTPYKTYpY YAAapHOH BOJIHBI B ojHOMepHOM 1D
(fig.2) u nBymepnoit 2D (rumockoit (fig. 3,4) u umnmuuapuueckoit (fig. 5)) reomerpusix B
CTAllMOHAPHO  KOJIEOATEIbHO-HEPABHOBECHOM Ta3e €  HKCIOHEHIMAJIbHOH  MOJEIbIO
penakcanuu

dE, _E.-E,

dt z-V(Tvp)

3necsh, Ey — sHeprus konebaTenbHbIX CTeNEeHeH cBOOO B! MOJIeKyJ, E. — e€ paBHOBECHOE
3HaYCHHE 7, — BpeMs KoJiebaTeNbHOW pemakcanud, Q — MOIIHOCTH BHENIHETO HMCTOYHHKA
SHEpruM, mnojuepxkuBatomiero E,>E, (H.II., HEynpyrue 3JICKTPOH-MOJICKYJISPHBIC

+Q.

COY/IapeHUs B pa3psijie , XAMHUYECKAs MM ONTHYCCKAsi HAKAYKH).
[Tonydensl ciienyronme OCHOBHbBIE PE3YJIbTATHI.
1. llpu S>0, rne S=Qr, /T, - cTeneHb HEPABHOBECHOCTHU rasa, paBHOBECHas aauadaTa

MIMeeT JBe BETBU ¢ acuMnroramu P — oo. Mmeercs Touka (Pyy,Vyo), TAE 3aMOpOKCHHAS U

paBHOBecHas aguadatel nepecekarorca. C pocToOM CTENEHW HEPAaBHOBECHOCTHU S, HadallbHas
Touka ( Py,V, ) Ha paBHOBECHO# ajinadaTe CMENIaeTcs C BEpXHEH BETBH Ha HIKHIOIO BETBb.

2. Ilony4eHo W pelIeHO ypaBHEHHE, ONMHUCHIBAIOIIEEe U3MEHEHHE MPO(UIS MIOTHOCTH 3a
peskuMm ¢portom. [lokazano cymectBoBaHue Tpéx obmacteid Ha S —D OudypranmoHHOM
auarpamme (fig. 1) ¢ kauecTBEHHO pa3HBIMU CTPYKTYpaMH CTAlOHAPHBIX YAPHBIX BOJIH, II€
D ckopocth cranmoHapHo BoaHBL ['panHunel 3tux obmacreir Dy (S), Dg o (S) nomyueHst

AQHAJUTUYECKH.
3. B oGmactu cnabGoii HEPaBHOBECHOCTH S < Sy, CTPYKTypa yIapHOH BOJHBI MOj00HA

CTPYKType BOJIHBI B paBHOBecHOU cpene npu S=0. B obnacTsx HepaBHOBECHOCTH S > Sy,
IJie Cpeia aKyCTUYECKH aKTUBHA, IPHU CKOPOCTAX D> Dy, 3a OBICTPBIM CIKaTHEM MPOUCXOTUT
IUIaBHOE C)KaThe J0 KOHEYHOro coctostHus. Ilpm menbmmx ckopoctax Dg;<D<Dg, , 3a
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OBICTPBIM C)KaTHEM IPOMCXOAUT IUIABHOE PpACIIMPEHHE 10 KOHEYHOro cocrosHus. Ilpu
rpaHnuHON ckopocTu D = D5 (S), yapHas BojgHa uMeeT (opMy CTYIEHBKH.

4. TIpu manbix ckopoctsix D < D, yaapHas BoiHa HecTaOuibHa. HectabunbHble yaapHbie

BOJIHBI paclajaloTcss ¢ 00pa30BaHUEM IIOCIECIOBATEILHOCTH aBTOBOJIHOBBIX YEIMHEHHBIX
UMITYJ1bcOB (B 00JNIacTM HEPAaBHOBECHOCTH Sy, <S<S,, TOe aKycTHYecKas IHCIEepPCHs

OTpHUIATENbHA, HEJIMHEHHOCTH KO3(D(UIMEHT NONOXKUTENICH) WM IOCIeI0BATeIbHOCTH
aBTOBOJIH C HEHYJIEBOH acuMNToToi (mpu S > S,,, kKoraa Ko3(QUIMEHT HETMHEHHOCTH MOXKET

ObITh orpunarenbHbiM) (fig.2-5). Ammmuryna, ¢popMa u CKOPOCTh 3THUX BOJH HE 3aBHUCAT OT
HapaMeTpoB HaYaIbHOTO CJ1a00ro Bo3MymieHuss. DopMa coIMTOHA OIMcaHa aHATUTHICCKH.

5. Tloka3zaHa TaKKe YCTOHYMBOCTH ABTOBOJHOBBIX CTPYKTYp MO OTHOIICHHIO K
nornepeyHsiM Bo3mytienusm (fig.4).

Orta pabota yactuuno noanepxkana HUP I'P 01200805605

COMPUTER SIMULATION OF HYPERSONIC MHD FLOW OVER
BODY AT FINITE MAGNETIC REYNOLDS NUMBERS

E.V. Gubanov, A.P. Likhachev, S.A. Medin
Joint Institute for High Temperatures, Russian Academy of Sciences

Numerical study of hypersonic MHD flow over cylindrical body moving in upper
atmospheric layers is presented. The flight altitude and velocity are selected in the reentry
parameters interval where the magnetic Reynolds number computed for the parameters of the
shock layer in front of the body is of the order of unity. The magnetic field is generated by
currents flowing in a system of circular coils mounted inside the body. The disposition of
coils and current values are varied with the purpose to obtain the favorable structure of the
flow over the body and to increase the integral drag force. The simulation is based on the
solution of the Euler equations and the magnetic induction equation in axially symmetric 2.5D
formulation taking into account the Hall effect. The calculations were carried out in the
following range of the characteristic dimensionless parameters: Mach number M = 25-40,
magnetic pressure parameter Ry = B¥/upsus> = 1-10, magnetic Reynolds number Rep = 1osUshs
= 0.1-5, Hall parameter wz = 1-10.

The spatial distributions of MHD flow parameters are presented and analyzed. The
influence of magnetic field configuration on the key flow features, such as the bow
shock stand-off, the head and bottom vortexes, the flow separation zones etc., is
considered. The electrodynamic effects, i.e. the magnetic field convection, the formation of
current loops around the body, the manifestation of the Hall effect and the MHD force and
energy sources generation, are discussed. The integral drag force and its aerodynamic and
electrodynamic components are computed.

YUCJIEHHOE MOAEJIMPOBAHUE I'MIEP3BYKOBOI'O MI'l OFTEKAHUA
TEJIA IPU KOHEYHBIX MATHUTHBIX YUCJIAX PEMHOJBIACA

E.B. I'voanoe, AIl. Jluxaues, C.A. Meoun

Ob6vedunennvlil uncmumym @blcokux memnepamyp, Poccuiickas akademust Hayk

MI'J] ob6TekaHue MUIMHIPUYECKOTO Tela, ABMKYIIETOCS C THIEP3BYKOBOM CKOPOCTHIO B
BEPXHUX CIJIOSX aTMoc(ephl, UCCIEAYETCS YMCICHHO. 3aJlaBacéMbleé B pacueTax BBICOTA M
CKOPOCTh TOJIETa OTBEYAIOT YCJIOBUSAM BXOJa B aTMoc(depy BO3BpallaeMbIX KOCMHYECKHX
00BEKTOB, ISl KOTOPBIX MAarHMTHOE 4YHUCIO PeliHonbica, omnpezenseMoe Mo mapameTpam
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YAApHOTO CJOA TMepel TeJloM, HMEeT BeJIWYMHY NopsiKa eauHulbl. BHyTpu Tena
PacroJIOKEeHbl KPYTOBbIE BUTKM C TOKOM, I€HEpUPYIOIIMM MarHutHoe mnose. [lonoxenue
BUTKOB M BEJIMYMHA IPOTEKAIOIIEr0 B HUX TOKAa BapbUPYIOTCA C UENbIO MOIYYEHHS
ONTUMAJBHOUW CTPYKTYPHl OOTECKAHHS W yBEIWYCHHS] UHTETPAILHON CHIIBI CONMPOTHUBICHUS.
Uucnennas mojnens paccMarpuBaemoro MI'Jl mporecca 6a3upyeTcst Ha pelieHuU YpaBHCHUM
Diinepa U ypaBHEHHsI MArHUTHOW MHAYKIMHU B OCeCUMMETpU4YHOM 2.5D mocraHoBKe ¢ yueToM
s¢ppexra Xosmma. Pacuersl mpoBoAATCA B CIEAYIOUIEM JHMAla3oHE XapaKTepHBIX
Oe3pa3mepHbIX mapametrpoB: uncio Maxa M = 25-40, yucino MarHUTHOTO HaBieHUs Ry =
leﬂpsus2 = 1-10, marauTtHOE unciio PeitHonbaca Rey = uosushs = 0.1-5, mapamerp Xomna wr =
1-10.

B pabore mnpencraBieHbl U aAHAIU3UPYIOTCS IPOCTPAHCTBEHHBIE paclpe/ieieHus
napameTpoB MI'J[ teuenus. PaccmarpuBaercs BnusiHHE KOH(UTYpallMd MarHUTHOTO MOJSL HA
XapakTepHblE OCOOEHHOCTH TEUYEHMs], BKJIIOYAsi OTXOJl T'OJIOBHOW YyJIapHOM BOJHBI OT Teja,
BUXPH B MEpeTHEN U TOHHOI 00MacTsaX 00TeKaHus, 30Hbl OTPbIBA MOTOKA U T.A. OOCyknarTcs
HaOJro1aeMble AMEKTpoIUHAMUYecKre d((EKThl, B YaCTHOCTH, KOHBEKIIMSI MarHUTHOTO IIOJIS,
NPOTEKaHWE KOJbBLIEBBIX TOKOB B IUIa3M€ BOKPYT Tena, mposiBieHus 3>Pdexta Xomna u
reHepauuss MI'Jl HCTOYHMKOB MMITyJbCa U 3HEPIUH. PaccunMTaHbl BEJIMYMHBI MHTETPAJIbHON
CHUJIBI COIPOTUBIICHUS U €€ a9POJIMHAMUYECKON U ANEKTPOJUHAMUYECKON COCTABISIONIUX.

ON ANEW PARAMETER GOVERNING ELECTROMAGNETIC
INTERACTION OF THE MAGNETIZED BODY WITH INCOMING
HYPERSONIC PLASMA FLOW. NON MHD APPROACH

V.M. Gubchenko
Institute of Applied Physics, Russian Academy of Science, Nizhny Novgorod, Russia
(ua3thw@appl.sci-nnov.ru)
A.V. Smirnov
Nizhny Novgorod University, Nizhny Novgorod, Russia

Addition of the toroidal and magnetic dipole magnetizations ﬁ()?) in the body, which
is at the hypersonic regime of motion through the near generated or natural aerospace plasma
with velocity v' and with a Mach number M =v'/c, *5—8, remains the perspective idea for

the flight control. Control is possible by electromagnetic action on the Mach number
M =v'/c, via change of sonic velocity c, and forming locally the subsonic D’Alambere

regime M <<1 or the hypersonic D’Alambere (“acoustic cloaking”) regime M >>1. Both
regimes are without drag force.

The non e.m. part of interaction of the body with plasma provides generation of the
acoustic Mach cone which is controlled by a number M . We study here the e.m. part of
interaction of a body with plasma and introduce a governing parameter G, for e.m. field
structure determination.

Plasma has wide range of parameters depending on a flight height of the body and
ionization factor. Plasma can be considered collisional as a fluid in the nonideal MHD
approach, characterized by collision frequencyv,,, which normally is a prescribed
phenomenological parameter. Collisions provide dissipation characteristics and conductivity
of the flow. We consider less studied a hypersonic regime when plasma is a flow of charged
particles without collisions. That happens due to high ionization or high rarefaction of plasma
at upper atmosphere layers. Collision less hot plasma is characterized by a velocity
distribution function f_(vV) (VDF), treated in terms of the Vlasov/Maxwell equations (non

MHD approach). Dissipation and conductivity in such plasma is connected with a fine kinetic
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effect which is related with particle inertia and acceleration by e.m. field of the certain group
of resonance particles of the flow what is defined by value of the f (v'). Diamagnetic

properties of such plasma are defined by nonresonant particles via specific integral over the
VDF f_ (V). Resistive and diamagnetic properties are selfconsistent with shape of the
VDF f_ (V) which is prescribed as isotropic on infinity.

The electromagnetic part in interaction of a body with plasma is independent in linear
approach from the acoustic part. The e.m. part is defined by the dimensionless *“quality”
parameter G, which is calculated via electromagnetic properties of the flow near a

magnetized body. Magnetic field is originated by magnetization z and the field is screened
by eddy plasma currents: resistive and diamagnetic. Spatial distribution of these currents is
defined by a resistive skin scale r, and by a diamagnetic scale r,. We get expression
G, =r2/r;. The parameter G, is not dependent from form factor of the body similar to M
and can be governed in a wide range of values by shape of the incoming VDF f (V). The
case G, <<1 characterizes flowing plasma as conductor and as a result we get a 3d wake

type magneto tail with fine structure elements made from flux ropes and current sheets/ The
elements are formed by eddy inductive resistive currents, here spatial scale of structures L
expressed via r,. The case G, >>1 is diamagnetic and there are no friction force and in this

case we get diamagnetic screen keeping original spatial configuration of the magnetization
ﬁ()? ) here scale L of structures is expressed via the scaler, . Topological reconfiguration of

the current system from the state with magneto tail to the state without magneto tail we call
“dipolization” what happens in magnetosphere physics.

The value 13y ~(@)/c’)k, is expressed via a parameter “energy anisotropy”
Ky ~—2V"? J'du(af /6u®) - defined by nonresonant particles of the flow. A parameter is related

with ra.m. pressure. The value r,* =r;* = (w; /c®)x; is expressed via a parameter
“momentum anisotropy” & = V'zf (v'). - defined by resonant particles of the flow/ The
parameter is related with dissipation. Here c/ew,is a e.m. skin depth expressed via plasma

frequency @, and velocity of light ¢, and we get x,,x; <<1.

We introduced calculations of the parameter G,, for maxwellian (G, =G,,, ) and for
the unified “kappa” VDF of the flow. There are different analytical expressions of the
isotropic VDF shapes which models plasma media in the stationary equilibrium state. The
maxwellian VDF f,, is a particular case of the kappa VDF power law distributions. The
kappa VDF f_ (V) describes separately “core” and “halo” VDFs and the unified state of
“core” mixed with “halo” what is observed in the nature. For the “halo” VDF we get
G, <G,, and for the “core” VDF we get G, >G,,, . For the maxwellian plasma we get

Gy =V'1v,.
Acknowledgements. This work was supported by the RFBR grants 08-02-00119, 09-02-
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O HOBOM ITAPAMETPE YIPABJIAIOIIUM
JEKTPOMATHUTHBIM B3AUMOJENCTBUEM
SAMAT'HUYEHHOI'O TEJIA C HABETI'AIOIIIUM
I'MITEP3BYKOBBIM IIOTOKOM. HE MI'{ AHAJIN3

B.M. I'youenxo
Wucrutyt npuknaanoi usuku , Poccuiickas akanemus Hayk, Hwxunit HoBropoa, Poceunst
A.B. Cmupnos
Huxeropoackuii yausepcuret, Huxnuit Hosropon, Poccus

BeejieHre ToponaabHOM U MarHUTOAMITONBHON 3aMarHUYEHHOCTEH [ B COCTaB TeEla,
KOTOPOE HAXOISATCS B PEXHME  TUIEP3BYKOBOTO [IBIDKEHUS CO CKOPOCThIO V' uepe3
MCKYCCTBEHHO CO3/IJaHHYIO WJIM €CTECTBEHHOTO TMPOMCXOXKIEHUS IIa3My M T JBHKCHHUE
xapaktepusyercst umciaom Maxa M =V'/c,=5-8, ocraercs mNepcrneKTUBHON wuaeeit

KOHTpOJIs1 nojieta. KOHTpoJIb BO3MOXKEH MyTEM 3JIEKTPOMArHUTHOTO BO3JIEUCTBHS Ha YUCIIO
Maxa M 3a cueT n3MeHeHHUs] CKOPOCTH 3ByKa C, B OKpy’KaromeH cpexe. B pesynbrare ecth

BO3MOXXHOCTh C(OPMHPOBATH JIOKATBHO J03BYKOBOH pexum J[lemambepa M <<1, mmGo
THIEp3BYyKOBO# pexxum Jlermambepa (akyctuueckuit mram) M >>1. B o6oux pexxumax cuia
TOPMO>KEHHUS OTCYTCTBYET.

HesnexTpomaruuTHas 4acTh BO B3aHMMOJICHCTBUH Tela C IOTOKOM TMPOSBISET ceOs B
dbopmMupoBaHnu KoHyca Maxa, ¢opmMa KOTOpOTo ympasisercss yuciom Maxa M . B Hamei
paboTe MBI M3y4aeM SJIEKTPOMArHUTHYIO YacTh B3aUMOJEUCTBUS Tela C IJIa3MOM, KOTOpoe
XapaKTepu3yeTcss HOBBIM Oe3pa3MepHbIM mapamerpoM G, , ompezpernstonM (HopMHpPOBaHHE

CTPYKTYP DJIEKTPOMArHUTHOTO TOJIS.

[1na3zma MoxkeT 00iagaTh MIMPOKUM JUATIA30HOM MapaMETPOB, 3aBUCSIIUX OT BBICOTHI
II0JIeTa Tela U XapakTepa MOHM3auuu Bo3ayxa. Ilnazma MoxeT paccmaTpuBaThCs Kak cpena
CO CTOJIKHOBEHHUSIMU U OIMCHIBATBHCS IIPU 3TOM Kak KUIAKOCTh B paMKax HeuzaeanbHou MI'/I.

YacToTa CTOJIKHOBEHMH V. , BBOAMMAs KaK (DEHOMEHOJIOTMYECKHI IapaMeTp, ONpelelseT

IIPM 3TOM JAMCCUIIATUBHBIE XapaKTEPUCTUKH IUIa3Mbl U, B YACTHOCTH, €€ MPOBOAUMOCTh. B
paboTe MBI H3ydyaeM MEHee W3YYCHHBIH TMpeles, paccMaTpUBeM IUIa3My  Kak
0ECCTOJIKHOBUTENbHYIO Cpeiy, KOrja Ijja3Ma ONMCHIBAETCS KAaK COBOKYIIHOCTb YacTHUI] U
xapakrepusyercs  (yHKIMeH pacmpeneneHus dactui no ckopoctsm ®PU (V). ns
ONHMCAHMS TaKOil TUIa3Mbl TNPHUMEHSIOTCS ypaBHeHus BiacoBa-Makcsemia (me MI'J]
OITUCAHUE).

Juccunanus U MpoBOJIMMOCTh B TaKO# mia3Me oOycloBieHbI ddexTaMu yCKOpeHus
OTIPENICTICHHONW TPYMIIBI PE30HAHCHBIX YaCTHUI] D3JCKTPOMArHUTHBIMUA TOIAMH. Jddekr
onpenensercss 3Hauennem OPY  f_ (V') B Touke V'. JluamMarHUTHBIE CBOWCTBa

0ECCTOJIKHOBUTEIBHOM  IUIa3Mbl  ONPEACNSAIOTCS  IPYNNIONH  HEPEe30HAHCHBIX  YaCTHIL.
JnamarHUTHBIH 3G deKT onpenernsercs cnenuanbHpiM naTerpantoM ot f, (V) . PesuctuBHble 1

JMaMarHUTHBIC CBOMCTBA IUIa3MBl caMocoriacoBanHsbl ¢ popmorr ®PY f (V) . ®PY 3amaercs
m3otponHoi f, (|V|) Ha OeckoHewHOCTH.

DNeKTpoOMarHuTHasi 4acTh BO B3aWMOJCHCTBUM TeJa C IUIa3MOM B JIMHEMHOM
npuOIIKEHWH He3aBUCMMa OT aKyCTHUECKOM YacTu. OIJEKTPOMAarHUTHas YacTh TOJsS
ompeznensiercs:s  Oe3pasMepHbIM  mapamerpoM G, , KOTOpBI  BBIUMCIAETCA — 4epe3
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OJICKTPOMAarduTHBIC CBOICTBA MOTOKA B OKPECTHOCTHU 3aMaroHM4€HHOI0 TCJja. CYH_[CCTBOBaHI/Ie
MAar"HuTHOI'O II0Jd O6YCJIOBJ'ICHO MarHuTu3anuen ﬁ, OTO IIOJIC 3aCKMHHUPOBAHO BUXPCBLIMHU

TOKaMHU PE3MCTHUBHOM M JUAMAarHUTHON mpupoisl [IpocTpaHCTBEHHOE pacnpenesieHHe 3THX
TOKOB PA3JIMYHO U OIPCACTIACTCA pa3IMdYuCM B BCIUYHUHC MaCIJ_ITa6OB PE3UCTUBHOI'O CKUH
cjosl I, U TUAMarHUTHOTO CKUH CJIOS Iy . MBI NOJy4YHsIM, 4TO AOOPOTHOCTh ONpeAesseTcs
cenyromeit popmysoit: G, =r2/r2. Tlapamerp G, Takke kak u uucio Maxa M me

3aBUCUT OT (popM (akTopa IBMXKYILEroCs Tella M MOXKET yNpaBIATHCSA B CBOEH BeIMYMHE
nocpencTBoM u3MeHeHus: popmbl @PY BHeIIHEro moToKa Mia3mel.
Ilpenen G, <<1 xapakTepusyeT miasMy Kak NpOBOASLIYIO cpedy. B pesynbrare

pelIeHUs 3aJa4d  MbI TIOJy4aeM TPEXMEPHYIO CTPYKTYPY C MAarHUTHBIM XBOCTOM,
BKJIIOYAIOIIUM TOHKOCTPYKTYpHBIE 3JIEMEHTHI, 00pa30BaHHbIE MAarHUTHBIMH TPYOKamMHu H
TOKOBBIMH CJIOSIMH B ocHOBe (hopMHpOBaHHS CTPYKTYpP JICKAT BUXPEBBIC WHIYKIIMOHHBIC
PE3UCTUBHBIC TOKH. XapaKTepHBIM MacmTad pe3nCTUBHBIX CTPYKTyp L BbIpakaercs depes
macwmtad r,. Ilpenen G, >>1 Mbl Ha3bIBa€M JTUAMATHUTHBIM, B 3TOM IIpeAese OTCYTCTBYET

cuja TOPMOXEHUsA. B 3TOM cilyyae CKMHMpPOBAaHHWE IPOUCXOJMUT AHUAMArHUTHBIMU TOKaMH,
COXPAHSIIUM HCXOMHYI0 (OpMY MPOCTPAHCTBEHHOTO pACIpEAeeHUsI HAMarHMYE€HHOCTH.
Pa3zmeps! nuamMarHUTHBIX cTpyKTyp L BbIpaxkarorcs upe3 macmrad rp. Tomonoruyeckyro

MEePECTPONKY M3 COCTOSHUS C MarHUTHBIM XBOCTOM B COCTOSTHHE 0€3 XBOCTa MBI Ha3bIBacM
IOUIIOJIN3alEN.

JluamaruTHeli Macitab ry” = o =~ (@) /¢*)ik, BeIpakaeTcs yepes GespasMepHBIii
12 2 ~
napamerp kp = —2V J.du(c'ﬁf /OU®) — «aHWU3OTPONHS MO DHEPrHHU», KOTOPBIA OMPEACIACTCS
HEPEe30HAHCHBIMHM YACTHUIIAMH W XapaKTepU3yeT  JHHAMHUYECKOE JaBJICHHE ITOTOKA.
o 2 _ 2 (2 A2 o
Pesuctupnplii MacTab ;" =r;° = (@, /C° )k BhIpaxkaeTcs yepe3 Oe3pasMepHbIi mapameTp
Kg =V'af (V') - «aHH30TPONHS IO WUMITYJIbCY», OIpPEACNIAeMbIi PE30HAHCHBIMU YaCTHIAMHU.

3nech C/@, >NEKTPOMATHUTHBIA CKHHOBBIA MAcIITal, BBIPAKEHHBIA YEPE3 IUIA3MEHHYIO
9acToTy @, M CKOPOCTh CBeTa C.

[Tonmyuens! Boipaxkenuss G, mis makceemwtoBekoit ®PY, rue G, =G, =V'/v,, n nus

YHUQHIIMPOBAHHOTO «Kala pachpeaefcHus». M3BeCTHbI pas3iMdHbIe aHATUTHYCCKHE
Beipaxkerus [yt ®PY f_ (V) , KoTopele MOETHMPYIOT Cpely B CTALMIOHAPHOM DPaBHOBECHOM

COCTOSIHMHM. MaKCBEIUIOBCKOE pacmpenenenue f,,,  sBISeTCS 4YacTHBIM CIydaeM Karla

pacnpenenenus. Kanna pacnpenenenne omnuceiBaer OPY ¢ «iapom» m «ramo», a Takxke
CMEIlIaHHbIE COCTOSIHMA, peanbHO Habmogaemele B mpupone. [Jna ®PY «rano» G, <G, ,

g OPY «aapo» G, >G,,, .

baaroapapnocTu.
Pabora momnepxana rpantamu PODK  Ne 08-02-00119, Ne 09-02-01330, rpantom BHIII
HIII-4485.2008.2 u mporpammamu Ilpesnanyma PAH u Otnenenus ¢pusmueckux Hayk PAH.
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SUPERSONIC BODY STREAMLINE AT NEAR-SURFACE GAS
DISCHARGE

A.V.Erofeev, T.A.Lapushkina, S.A.Poniaev, C.V.Bobashev
loffe Physico-Technical Institute Russian Academy of Sciences
26, Polytechnicheskaya, St.Petersburg, 194021, Russia, e-mail: alex.erofeev@mail.ioffe.ru

This work is a continuation of the series of the works aimed to investigation of
peculiarities of supersonic body streamline by nonequilibrium gas-discharge plasma flow.
Investigations of supersonic streamline of semicylindrical body by gas-discharge xenon
plasma were made in previous work [1]. It was shown that in the case of increase of
nonequilibrium degree (ratio between electron temperature of plasma flow to heavy particles
temperature) a distance between bow shock wave and body increase and at high degree of
nonequilibrium bow shock wave disappears. Discharge parameters were chosen to increase
electron temperature due to electron Joule heating but to minimize heating of the gas. By minimizing
heat effects due to gas discharge influence it was shown that bow shock wave shift occurs
under the action of plasma effects due to nonequilibrium ionization of incoming flow. A
distance between bow shock wave and a body increases by 2 times when nonequilibrium
degree increases up to 5 times.

The main task of this work is an investigation of influence of discharge configuration
on supersonic body streamline. Nonequilibrium plasma is created not only at the flow before
the body but in near-surface region of the body. Additionally investigation of magnetic field
effect on the shock wave structure will be made. In the work was made not only an
investigation of the dependence of bow shock shift at presence of gas discharge of different
configurations and magnetic field but also investigations of aerodynamics drag of a bodly.

Fig. 1 shows experimental setup. The setup includes shock tube with working chamber
with a supersonic nozzle with a system of electrodes mounted in nozzle’s walls, system of
gas discharge generation (based on thyratron schemes), system of magnetic field creation.
Maximum magnetic field induction is 1.5 T and duration of stationary field is about 600 mks.
The plexiglass body in the form of semycilinder is located on the nozzle axis near 3" pair of
electrodes. When gas moves along nozzle, it passes three pairs of electrodes before body. An
inert gas Xenon is used as a working gas. Such a choice allows us to model plasma influence
upon supersonic streamline of aircraft head parts without additional energy expenditures on
air ionization. In more details a parameters of plasma flow in shock tube and supersonic
nozzle are described in [1].

Gas discharge before a body and in near-surface region is switched-on at the stationary

P g supersonic flow, and as it
switched-on in a gas which
ionized previously in the
shock tube the discharge is
diffuse. Synchronization of
the discharges before the
body and in near-surface
region is made by help of
pulse generators and delay
between switching-on of the
discharges before the body
TT T T TT TN deatraiee and in the near-surface

region are equal time-of-
flight of ionized flow from
the region of discharge

Y

L

shock tc

tube

2]

N N N N RS

Figure 1. Scheme of working chamber.
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before a body to a body nose part. An investigations are carried out at such discharge
parameters when heat of heavy component of the gas are minimum.

Figure 2. First type of body with horizontal electrodes.
Figure 3. Second type of body with half circle electrodes.

The investigations were made at two directions of gas discharge in the near-surface
region. In the first series of the experiments a body in a form of semicylinder with horizontal
electrodes on the nose part were used (fig.2). In this case gas-discharge current flew on nose
part of the body by half-circle trajectory. An direction of electric current vector changes form
horizontal to vertical and then back to horizontal in opposite direction but remain orthogonal
to the magnetic field induction vector. At magnetohydrodynamic (MHD) interaction a
ponderomotive force action has a complicated nature and its action on the flow will be in
compression or expansion of a gas in depends from current direction. Additional flow
ionization before the body increase degree of nonequilibrium of incoming flow and action on
streamline parameters.

During second series of experiments gas discharge occur between electrodes located
on the lateral sides of the semicylindrical model nose part as shown on the fig.3. In this case
current flew in the horizontal, orthogonal to the flow vector direction. At applying external
magnetic field current vector are parallel to the magnetic field induction vector and current
vector direction can coincide to it or to be opposite. In this case there is no action of the
ponderomotive force, but as previous experiments shows [3], in this case with increase of
magnetic field induction the discharge transforms from diffuse to contractive one. An
influence of such discharge type on bow shock wave shift is investigated in this work. This
work is a important from the point of view of investigations of new methods of aerodynamic
drag reduction for flight vehicles and flow control.
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CBEPX3BYKOBOE OBTEKAHUME TEJIA ITPU IIOBEPXHOCTHOM
I'A3OBOM PA3PSAIE

A.B.Epogpees, T.A.JIanywxuna, C.A.Ilonses, C.B.booauies
OTU um.A.D.Nodde PAH,
194121, Canxr-Ilerep6ypr, [Tomurexuaundeckas 26, E-mail. alex.erofeev@mail.ioffe.ru

JlanHast paGoTa sBIsS€TCS MPOAOKEHHEM padOT MO HCCIIEJOBaHMIO OCOOEHHOCTEN
o0TeKaHMs Tejla CBEPX3BYKOBBIM ITIOTOKOM HEPaBHOBECHOM razopaspsaHoi Iuia3Mbel. B
npeasigynieid  pabore [l], B KOTOpPOH HCCIENOBAJIOCh CBEPX3BYKOBOE OOTEKaHUE
HNOJYLUWIMHAPUYECKOTO Tejla ra30pa3psJHON IUIa3MOM KCEHOHa, ObUIO MOKa3aHO, 4TO IpHU
YBEJIIMYEHUHU CTEIIEHH HEPaBHOBECHOCTH, & UMEHHO OTHOIIEHUS AJIEKTPOHHON TeMIIepaTypsbl
IU1a3Mbl HaOerarouiero MoToka K ra3oBod TemIepaType, YBEIMYMBAeTCS BEIMYMHA OTXOJa
yIapHOH BOJHBI OT Teja, BIUIOTH 10 IOJIHOTO €€ HMcuye3HoBeHus. [Ipum 3ToM mapameTpsl
ra3oBOro paspsa, MCHOIb3yEMOIO MJs CO3/aHUS CWJIBHO HEPaBHOBECHOM IUIa3Mbl B
HaOeramomeM T™OoToKe, OBUIM TOJA00paHbl Tak, 4YTOOBI JDKOYJIEB HArpeB YBEIMYHBAI
UIEKTPOHHYIO TeMIepaTypy IOTOKa, NPH 3TOM JOJs HarpeBa rasa Obula MUHMMaJIbHOMH.
MuUHMMH3UPOBAB, TAKMM 00pa3oM, TEIIOBbIe A (PEKThH BO3ACHCTBH ra30BOT0 paspsaa, ObLIo
IIOKA3aHO, 4YTO OTXOJ| YJApHOM BOJHBI IMPOUCXOAUT IMOJ BO3JACHCTBHEM  IJIA3MEHHBIX
7¢(heKToB, CBSI3aHHBIX C HEPABHOBECHON WOHM3AIMEl IUTa3Mbl HAOEraromero IOTOKa.
PaccrosiHue oT Tena [0 ynapHOM BOJIHBI YBEIMYHMBAJIOCH B [JBa pa3a IpPU YBEIMYCHHUU
OTHOIIECHHUS JIEKTPOHHON TEMIIEpaTyphl K ra30BOil B 5 pas.

B HacTosmel pabore aenaercs akUEHT B UCCIIEIOBAHUM Ha BIMSHUE KOH(UIypauuu
pas3psizia Ha mapaMeTpbl CBEPX3BYKOBOro oOTekaHus Tena. HepaBHOBeCHas miia3Ma CO31aeTcst
KaK B MOTOKE Iepe]l TEJIOM, TaK M HENOCPEICTBEHHO B NPHUIIOBEPXHOCTHOH objacTu Tena.
[Ipu 3TOM HONOTHUTENBHO UCCIIETYETCS BIMSHUE BHEITHETO MAarHUTHOTO TOJISl HA H3MEHEHHE
yIapHO-BOJIHOBOM KOH(uUrypauuu Hanuuus. B paboTe uccinepyercs, Kak MEHSETCs IpU
HAJIMYMKM Ta30BOTO pa3psjia pa3HbIX KOH(QUIYpauuii W MarHUTHOTO TMOJS HE TOJBKO
IOJIOXKEHWE TOJIOBHOM YJapHOM BOJIHBI, HO U Kak MEHSeTcd a’pOJAMHAMHUYECKOe
COIIPOTHUBJICHHUE TEJA.

HccnenoBanus mpoBOAsTCS Ha ycTaHOBKe (puc.l), BKiIoYaromeil B ceds ynapHYyIo
TpyOy ¢ paboueil kaMmepoi, B KOTOpPOH HAXOAMUTCS CBEPX3BYKOBOE COIUIO C Habopom
3JIEKTPOJIOB, BMOHTUPOBAHHBIX B CTEHKH, CUCTEMY I'€HEpalluu I'a30BOr0 pa3psijia Ha OCHOBE
TEPPOTPOHHBIX CXEM, CUCTEMY OpraHU3alMi UMIYJIHCHOTO OJHOPOAHOTO MarHUTHOTO TOJIS C
MarHuTHOW wHAyKnuend no 1.5 T m qIuTenbHOCTHIO CTAllMOHAPHOW O0JacTH BO3/EHCTBHS
okousio 600 mks. Teno B (hopMe MOTYUMIUHIPA TOMEIIASTCS HA OCH COIUIa B pallOHE TpEThei
napel 3JE€KTPOJOB [0 HANpaBIECHUIO TedeHus ras3a. B kadecTBe pabodero raza npu
WCCIICZIOBAaHUH HCIIOJIb3YETCS HMHEPTHBIM Ta3 KCEHOH, 4YTO MO3BOJSET MOJAEIHPOBATH
IUIa3MEHHOE BO3JCHCTBHE Ha CBEPX3BYKOBOE OOTEKaHHE TIOJIOBHBIX YacTel JeTaTelbHbIX
anmapaTtoB 0e3 JOMOJHUTEIbHBIX PHEPreTHUECKUX 3aTpaT Ha MOHHU3AIMI0O Bo3ayxa. boree
OJPOOHO MapaMeTpbl TEYEHUS IIa3Mbl B yJITapHOU TpyOe U CBEPX3BYKOBOM COILJIE OIMCAHBI B
[1].

["a30BBIi1 pa3psia epes TeIoM U B IPUTIOBEPXHOCTHOW 00IaCTH BKITIOYAETCS B MOMEHT
CTAallMOHAPHOTO CBEPX3BYKOBOI'O OOTEKaHUs, MPU 3TOM 3a CUET TOTO, YTO OH 3aKUTAETCS B
rase, KOTOpBIM IpeABAPUTEIBHO €Ile B YAApHOM TpyOe HOHM30BaH, pa3psja SABISETCA
i dy3abM. CHHXpPOHHU3AIUS pa3psioB  MEpel TEIOM U B MPUIOBEPXHOCTHOH OO0JIACTH
OCYILECTBJIAETCS TMPU IOMOIIM HUMIYJbCHBIX T€HEPATOpOB, IPH 3TOM  3aJEpiKKa
NPUIIOBEPXHOCTHOTO pa3psiia OTHOCUTENIBHO pa3psjia B MOTOKE paBHA BPEMEHH IpOJeTa
MOHU30BaHHOM 4acTH MOTOKa OT 00JacTH pa3psaa mepej TeJIOM [0 MOBEPXHOCTU I'OJOBHOM
yactu Tena. MccnenoBanus mpoBOJATCS MPH TAaKUX MapaMeTpax MOBEPXHOCTHOTO pas3psia U
paspsizia mepes TeJIoM, KOTAa HarpeB TAXKeJI0W KOMIIOHEHThI ra3a MUHUMAJIEH.
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OCHOBHBIE HCCIIEIOBAHUS TPOBOAATCS NPHU JBYX HAIPABJICHUSIX IOBEPXHOCTHOIO
paspsiga Ha Tene. B mepBOM cepUM DKCHEPUMEHTOB HCIOJIB3YETCSA MOJYUUIUHIP C
TOPU30HTAIILHBIM PACIIONIOKEHHEM JJIEKTPOJIOB Ha TOBEPXHOCTH cdepuueckoir obnactu
(puc.2). B aTom ciyyae ra3opa3psiIHbIi TOK OXBaThIBAE€T IMOBEPXHOCTh HOCOBOHM YacTH IO
MOJIyKpyroBoi Tpaektopuu. [lonokeHne BEKTOpa TOKA MEHSAETCS OT T'OPU30HTAIBHOIO [0
BEPTUKAJIBHOIO, a 3aTEM F'OPU30HTAIIBHOIO B IPOTUBOMNOJIOKHOM HAIIPABJICHUH, HO OCTaBAsICh
pu 3TOM OpPTOTOHAJIbHBIM BEKTOPY MarHuTHOMN WHIYKIHUU. [Tpn
mMarHuToruapoanHamuueckom (MI'Jl) B3auMOAEHCTBHM JCHCTBHE MOHICPOMOTOPHOM CHIIBI
OyJeT UMETh TaK K€ CIOXKHBIA XapakTep, MPIKUMas WK OT>)KUMas ra3 OT MIOBEPXHOCTH Tela
B 3aBUCUMOCTH OT HAINpPABJICHUS TEYEHUS TOKA, W3MEHSA IPHU 3TOM IOJOKEHUE YyIAPHOMN
BOJIHBI U a’3pOJIMHAMUYECKOE CONPOTUBJIEHUE Tena. J[omosHUTENbHAs MOHU3alUs NOTOKa
nepes TEeIOM YBEIMYUBAET CTENEHb HEPAaBHOBECHOCTH Haleraromiei IuiasMbl M CTENEHb
BO3JICUCTBHS Ha MapaMeTpbl OOTEKAHHUS.

Bo Bropoli cepuM SKCHEPUMEHTOB IOBEPXHOCTHBIM pa3psl OpraHU3yeTcs IpH
MOMOIIU 3JIEKTPOJIOB, OMOSICHIBAIONIUX MO OOKaM TOJIOBHYIO 4YacTh Teja, Kak MOKa3aHO Ha
puc.3. I[Ipu 3TOM razopa3psiHbIl TOK paclpoCTpaHsIeTcss B TOPU30HTAILHOM HAIPAaBICHUU B
MIPUTIOBEPXHOCTHOM 00JaCTH TOMepeK MoToka. [Ipu HalloKEHUHW MarHUTHOTO TOJISI BEKTOP
TOKa IapajuieJieH BEKTOPY MarHUTHOM MHIYKIIMH, HAllpaBJICHUE TOKA MOXET, KaK COBIAJaTh
C HampaBJICHUEM MArHUTHOTO TOJs, TaK U OBITh MPOTUBOMOJIOKHBIM. B 1aHHOM ciydae HeT
JICUCTBHS MTOHIAEPOMOTOPHOM CHIIBI, HO KaK MOKa3alH MpeablAyInne uccieaoBanus [2], npu
TaKOM HalpaBJICHUU TMPOTEKAHUS Ta30pa3psaHOrO TOKAa C YBEJIWYEHUEM MAarHUTHOMU
UHAYKIUU pa3psan u3 AUQQy3HON CTaauu MEepexoAUT B KOHTPOTHPOBAHHYIO, KaK MPU 3TOM
MEHSETCSI MOJI0KEHHUE OTOIIEIIIEH yIapHOI BOJIHBI HCCIIEIYETCSl B JaHHOM padoTe.

Pa6ora mognepxkana Ilporpammoii 11 Tlpesuaguyma PAH u I'pantom PODU 08-01-
00330-a.

SPACE SOLAR POWER STATIONS:
PROBLEMS OF ENERGY GENERATION AND ITS USE ON THE
EARTH SURFACE

Sinkevich! O.A., Gerasimov' D.N., Glazkov' V.V., Ivanov® P.P.,
Isakaev? E.H., Chikunov’ S.E.
The Moscow Power Engineering Institute (Technical University), the Joint Institute of High Temperatures of
the Russian Academy of Science

Concepts of space solar power stations, including the economical aspects, are widely
discussed in literatures [1-3]. Here we will not analyze the economic aspects for a solar
power stations but will consider some technical problems: how to collect solar energy, how to
effectively transform this energy to electricity in space power stations, and how then to
transport it to the surface of the Earth. Opportunities of using energy that is produced by
space power stations for usage of power, ecological and transport needs on Earth and in space
are discussed. Effectiveness of solar power transformation into electricity in space power
stations is analyzed. The following is considered: the photo cells installations, the gas—cooled
nuclear and combined nuclear-thermonuclear installations transforming thermal energy in
electricity by means of the MHD-generator, combined gas and steam turbine installations,
gas-steam turbine installations with MHD-generators. The special analyses are given for the
installations with MHD—generators, that are working on thermo-convective flows, and gas-
turbine installations with the MHD—-generator that are working on the cycle with out using
compressors [4 - 9].

We consider the transformation system of a solar energy to electricity in a space power

107



POSTER SESSION - 2 Papers

station. This system includes the solar batteries, concentrators that transform the solar energy
to the thermal energy of working gases, a power system, including the gas turbine installation
or gas-steam turbine installations with the MHD-generator. The closed cycle MHD-
generator is working on non-equilibrium magnetized plasmas of inert gases with small
additives of the alkaline metals vapors.

Space power stations with individual capacity 1-100 GW, that are placed in a
geostationary Earth orbit, should transform the sunlight energy to the electric power and then
transport it to the surface of the Earth by a microwave beam. On Earth the microwave beam
energy is converted into electrical power for terrestrial use. The microwave beam from space
power stations could supply power resources to users that are at a great distance from the
basic power sources (sub-polar areas of the Earth, deserts and mountain districts, consumers
in the seas and oceans, etc.).

Besides direct transformation of the microwave beam energy in alternative or direct
electric currents of standard parameters of frequencies and voltage there is the another
technology of the microwave radiation transformation. This technology is based on storage of
the microwave beam energy in the underground heat capacitors systems. The heat capacitors
systems consists of the special underground cavity, filled by water or by other heat-carriers.
The microwave beam is absorbed by the water filled antenna.

After heating the heat-carrier inside mine to a condition liquid—vapor mixture the
microwave beam moves to other mine, or is disconnected, and the mine is closed by a special
cover. The vapor is transported from the underground heat capacitors to the steam turbine. In
such cycle the energy stored in the heat capacitor will be transformed to electric using the
standard steam turbine cycle. It is similar to how it occurs on geothermal power stations. This
method will bring nest advantages: influence of microwave radiation occurs periodically, and
microwave radiation is absorbed practically completely. Such power stations can be located in
the areas removed from energy sources and do not have to hove connection with powerful
power supply systems. The efficiency of the power stations transforming the microwave beam
energy into electric current of standard parameters can be on the level 30 — 40 %. This
efficiency is higher than other known ways of microwave radiation transformation in AC and
this efficiency is not the limit.

Creation of space power stations will also allow development of new technologies for
an outer space exploration. The construction of space power stations will essentially allow to
strengthen the strategic balance of Russia.
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KOCMHMWYECKHUE COJHEYHBIE SJIEKTPOCTAHIIUMN:
MPOBJIEMbI IPEOBPA3OBAHUSI DHEPT' UM U EE
NCIIOJIB3OBAHHUSA HA TIOBEPXHOCTH 3EMJIN

Cunkesuu* O.A., I' epacumoel J.H., T naskos* B.B., Heanoe® I1.11.,
Hcaxaes® 3.X., Yuxynos® C.E.
MockoBckuit sHepreTrdeckuii HHCTUTYT (TexHuueckuii yausepcuret), OUBT PAH

KoHuenuu co3nanusi KOCMHUECKUX DJIEKTPOCTAHIUM 00CYXIaloTCsl B JIMUTEPAType
[1-3]. MupoBbie TOTPeOGHOCTH B SHEPTHH M BO3MOKHOCTH OOECIIEUEHHUST ITUX MOTPEOHOCTEH
32 CUeT HHEPruM, NPOM3BOAMMON HAa KOCMHUYECKUX 3JIEKTPOCTAHLUAX, AHAIU3UPYIOTCS B
pabote [2]. B pabore [2] uccieayrorcss S5KOHOMUYECKHE W MHBECTUIIMOHHBIC YCIOBHS, MPH
KOTOpPBIX CTOMMOCTb JSHEpPruM, IPOU3BOJUMON HAa KOCMHYECKHX 3JIEKTPOCTaHIMSX,
CTAHOBUTCS TIPUEMIIEMOM JIJIs1 HA3EMHBIX TIOTPEOUTENCH.

B »10#i paboTe MBI He Kacaemcs SKOHOMHYECKHMX BOIPOCOB, a OTPAHHYHMBAEMCS
00CyXJIeHHEM BO3MOYKHOCTEH HMCMOJIb30BAaHUS SHEPTUU KOCMHYECKHX DJIEKTPOCTAHIUHN IS
peanu3aly YHEPreTHUECKUX, OHKOJOTMYECKMX M TPAHCHOPTHBIX TMOTpEeOHOCTEeH Ha
MIOBEPXHOCTH 3€MJIK M B OKOJO3€MHOM THIPOCTPAHCTBE. AHAJIM3UPYIOTCS Ppa3IMYHbIE
TEXHUYECKHE BO3MOXKHOCTH MPEOOPa30BaHMs COJHEYHOTO HM3IYYEHHUS B AJIEKTPUYECTBO Ha
KOCMHUYECKHX JJIEKTPOCTAHIUAX. YCTAHOBKM C (DOTORIEMEHTAaMH, Ta30-0OXJIaXJAaeMble
sAepHble M KOMOMHHPOBAHHBIC SIEPHO-TEPMOSACPHBIE YCTAaHOBKH C MOCJIEIYIOIIEM
npeoOpa3oBaHUEM TEIJIOBOM SHEPTUM B JJICKTpHUECKyro mocpeactBom MI'Jl — renepartopa,
KOMOWHUPOBAHHbIE Ta30— W MapOTYpOWHHBIE YCTAaHOBKM, Ta30— U TNapOTypOMHHBIC
yCTaHOBKH ¢ HajcTtporkoi ¢ MIJ[ — reneparopom. CrnenuanbHbId aHajiW3 MOCBSAIICH
ycraHoBkam ¢ MI'JI — reHeparopamMu Ha TEPMOKOHBEKTHBHBIX IOTOKaX, ra3oTypOHMHHBIM
yCTaHOBKaM © ycTtaHoBkamM ¢ MIJl — reHepaTtopoM, paboTalomyM B OTCYTCTBUHU
KOMIIpeccopa JJis CkaTHs pabouero Tena B mukie [4 - 9].

OO6cyxnaaerca cxema MpeoOpa3oBaHUs COJIHEYHON SHEPIMHM B AJIEKTPUUYECKYIO Ha
KOCMHMYECKOW DJIEKTPOCTAHIIUH, COCTOSAIICH W3 COJHEUHBIX OaTapeil, KOHIIEHTPAaTOPOB
COJIHEYHOM 3HEPruH, B KOTOPHIE COJIHEUHAsl SHEPIHs MEPENaeTCs TEIJIOHOCUTEI0 OCHOBHOMN
DHEPreTUUECKONM CHCTEMBl DJJIEKTPOCTAHLUH. OHEPreTHYecKas CUCTEMA KOCMMUYECKOHN
AIIEKTPOCTAHLIUM BKJIIOYAET B ce0s ra30TypOMHHBIN WM Ta30- MapoTypOMHHBIM LUKIBI C
HajcTpoiikoir n3 MI'Jl-reHepaTopa 3aMKHYTOro IMKIJIA, PabOTAIOMIMX Ha HEpaBHOBECHOU
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3aMarHMYE€HHOM IUIa3ME€ HHEPTHBIX Ta30B C IPHUCAIKOM IapoB INEJIOYHBIX METaJUIOB.
AHanusupyeTrcss BO3MOKHOCTb MCIIOJNB30BaHUS A1 KOCMUYECKUX 3jekTpocTaHumii MI'JI-
reHeparopa HOBOTO THIA, pabOTaloOIIEro Ha TEPMOKOHBEKTHBHBIX MOTOKax [4 - 9],
CO3/1aBa€MbIX COJIHEUHBIM U3JIyUYECHUEM.

Kocmuuaeckue anexrpoctannmu ¢ ennHnYHON MorHocThio 1-100 I'Bt, pacmonarasich
Ha Te0CTallMOHAPHOM opOuTe, NOKHBI Y3PPEKTUBHO MPe0oOPa30BhIBATh SHEPTUIO COTHEUHOTO
U3IYyYEHUsI B DIEKTPOIHEPIHMI0 MHMKPOBOJIHOBOTO JHUAla3oOHa, KOTOpas C IOMOUIBbIO
HaIIPAaBJIIEHHOTO JIEKTPOMAarHUTHOIO IIydyKa MOJKET IepelaBaTbcd Ha 3eMJII0 s
notpebnenus. B HacTosimiee BpeMsi BEIyTCsS HCCICAOBAaHHS CIIOCOOOB MpeoOpa3oBaHUS
MHUKPOBOJIHOTO M3JIy4EHMsI B JJIEKTPUUYECKUN TOK CTAHAAPTHBIX MApaMeTpoB, B YaCTHOCTH
BO3MOXXHOCTH OO€CTeueHHsI YHepronoTpeOuTesne, HaxXomuXcst Ha OOJBIIOM PAacCTOSIHUN
OT OCHOBHBIX HCTOYHHMKOB JHEpropecypcoB (MpUIONSPHBIC PaiOHBI 3eMITH, MYCThIHHBIC U
TOPHBIC MECTHOCTH, TOTPEOUTENIN B MOPSIX M OKEaHaX M T.II.).

Kpome cnocoba mpsmoro mpeobpasoBanuss CBY wu3nydyeHus B IMOCTOSIHHBIM WK
NEPEMEHHBIN AJIEKTPUYECKUE TOKU CTAaHAAPTHBIX JUANa30HOB YacTOT M HANpPSDKEHUH,
AQHAJTU3UPYIOTCSI BO3MOXKHOCTU NPeoOpa3oBaHUsl SHEPrUM MHUKPOBOJHOBOIO H3JIy4YEHHUs
TEIUIOBYIO B CIELUAIbHBIX MOA3EMHBIX aKKyMyjsTopax TemioTbl. CyThb 3TOro Merona
3aKJIF0YaeTCs B TOM, YTO IIy4OK 3JIEKTPOMArHUTHOTO W3JIy4YEHMsI HANpPaBJISAETCS B ILAXTY
(cnenmanpHyIO MOJOCTh, SBISIONIYIOCS MPUEMHON aHTEHHOI), 3aIIOJIHCHHYIO BHYTPH BOJIOM
WIM JpyruMm TemioHocuteneM. Ilo Mepe HarpeBa TEIUIOHOCUTENS BHYTPHM INAXThl N0
COCTOSIHUS BIIakHOTro mapa, nmydok CBY usnydenus nubo mepememiaeTcs: K Apyroi maxre,
100 OTKIIIOYAeTCs, a IIaxTa 3aKpbIBaeTcs CHEelMaIbHOM KpBIIIKOM. 3aTeM map OTBOIUTCS K
apoBoil TypOMHE, T.€. 3alaceHHas B TEIUIOBOM aKKyMYJSITOpe SHeprusi mnpeoOpasyercs B
AIIEKTPUUYECKYIO ITOCPEACTBOM CTAHAAPTHOTO NMapOTYyPOUHHOIO IIUKIA, aHAIOTHYHO TOMY, KaK
3TO MPOUCXOJUT Ha TE€OTEPMAJbHBIX 3JIEKTPOCTAHUUAX. [IpenMyIecTBO HCHOIb30BaHUS
MOJ3EMHOIO TEIUIOBOIO aKKyMYJSITOpa COCTOUT B TOM, YTO BO3JEHCTBHE MHUKPOBOIHOBOIO
U3yYEHUs MPOUCXOJUT MEPUOJUUECKH, a CaMO 3TO M3JIyYEHHE IMOIJIOIIAETCS MPAKTUYECKU
MOJHOCTBIO. DJIEKTPOCTAHLUM TAaKOTO THUIIA MOTYT OBITh PACHOJOXKEHbl B YAAJICHHBIX OT
UCTOYHUKOB OHHEPruM pailoHaX W HE HUMETh CBA3M C MOUIHBIMU SHEProcHUCTEMaMHu.
O¢pdexTuBHOCTH MpeoOpa3oBaHUs YHEPIUH MUKPOBOJIHOBOIO IMy4yKa B INEKTPHUECKUI TOK
CTaHJAPTHBIX ITAPaMETPOB MOXKET ObITh peanm3oBaH Ha ypoBHe 30 — 40%, uto cymiecTBeHHEE
BBIIIIE JIPYT'MX M3BECTHBIX B HACTOsIIEe BpeMs COCOOOB MpeoOpa3oBaHMsl MUKPOBOIHOBOTO
W3JIy4ECHUS B IOCTOSHHBIN AIEKTPUYECKUI TOK.

CozaHne KOCMHUYECKMX JIEKTPOCTAHLMN IO3BOJUT Pa3BUBATh HOBBIE TEXHOJIOTUU
ocBoeHuss Kocmoca M CyLIECTBEHHO MOBBICUTH JHEpreTMYecKuid mnoreHiuan Poccu B
Oyayiiem.

PaGora BbimonHeHa B pamkax rpanrta [Ipesuaenta P® qist Begymux HayudHBIX HIKOJ
P® HIII-2953.2006.8.

AEROTHERMODYNAMICS OF INDUCTIVELY COUPLED PLASMAS
IN RF-PLASMATRON WITH LENGTHENED DISCHARGE CHANNEL

A.F. Kolesnikov, A.N. Gordeev, S.A. Vasilevsky
IPMech RAS, Prospect Vernadskogo 101/1, 119526 Moscow, Russia
koles@ipmnet.ru

Complex shock wave structures of under-expanded weakly ionized air plasma jets are
realized on RF-plasmatron IPG-4 with the lengthened cylindrical discharge channel. These
nonequilibrium plasma flows present the new physical objects, which are important for the
modeling aerodynamic heating and for valodation of the CFD codes. The supersonic carbon
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dioxide plasma flows coming out the sonic nozzle with the 30-mm diameter throat are
obtained and heat fluxes to 20-mm diameter water-cooled cylindrical model with a flat nose
are measured.

Systematic measurements of the stagnation point heat fluxes to the cylindrical model
are carried out using the sonic nozzle with 40-mm diameter throad and 40 and 80 mm length
at the pwer input in air plasma 29 kW, air mass flow rate 2.4 g/s, pressure in the working
chamber 8.3 and 10.3 hPa (Fig. 1).

CFD modeling subsonic air plasma flows in modified IPG-4 discharge channel are
performed. Inductively coupled swirling plasma flows are calculated on the basis of the
Navier-Stokes equations using Patankar-Spalding method. The flow field has been considered
as axisymmetrical, laminar, chemically and thermally equilibrium, radiation was not taken
into account. Transport properties of air plasma were calculated using Chapman-Enskog
theory in the third approximation in terms of the Sonine polynomials. The avereged on time
amplitude of the electric field was calculated using simplified 1D approximation of the
Maxwell equation. The calculations are carried out in the power input in air plasma 11.4 —
15.25 kW and pressure range 170 — 540 hPa. At the same test conditions the subsonic laminar
dissociated air flows around a 50-mm diameter model are calculated on the basis of the
Navier-Stokes equations.
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Fig.1. Stagnation point heat fluxes to 20-mm diameter cylindrical model with a flat nose (T,,= 300 K) along axiz
of the under-expanded air plasma jet with the 40-mm diameter cylindrical nozzles of 40 and 80 mm length at Ny,
=45kBm, G =24 2lc,p,=83ul032lla. 1,2-L =40 um 3,4-L=80mm, 2,4-p,=832lla, 1, 3-p,=
10.3 2lla

ABPOTEPMOJIUHAMUKA TEUEHUNA UHAYKIIMOHHOM IJIA3MBI
B BU-IIJTASMOTPOHE C Y/ UVIMHEHHBIM CEKIIMOHUPOBAHHBIM
PA3PATHBIM KAHAJIOM

A.®D. Konecnurxos, A.H. I'opoees, C.A. Bacunveeckuii
UlMex PAH, IMpocnext Bepraackoro 101/1, 119526 Mocksa, Poccus
koles@ipmnet.ru

Ha BY-mnasmorporne BI'Y-4 ¢ ymaIuHEHHBIM CEKIIMOHUPOBAHHBIM BHUXPEBBIM
paspAIHBIM KaHAJIOM B PA3IUYHBIX KOH(QUIYpalMix — ¢ UCHOJIb30BAHUEM IMIIMHAPHUUECKUX
HacankoB auametpoM 40 mm u mimHOM 40 m 80 MM mOdydYeHBI CIOXKHBIE KOH(HTyparun
yIapHO-BOJIHOBBIX CTPYKTYp B HEIOPACIIUPEHHBIX CTPYSX CIa00MOHM30BAHHON IIA3MBI
BO3/yXa. BriepBrie peann30BaH CBEPX3BYKOBOM PEeKUM MCTEUEHHUS IJIa3Mbl YIIIEKUCIIOTO ra3a
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U3 3BYKOBOI'O COIJIa ¢ KpUTHYECKHM cedeHreM auameTpoM 30 MM M M3MEpEHbI TEIlIOBHIE
MIOTOKH K MEIHOW BOJOOXJIAXKIa€MOW IMOBEPXHOCTH LMJIMHIPUYECKONM MOJEIN C IUIOCKUM
HOCKOM quaMeTpoM 20 MM. DTH TE€UCHHS TIPEACTABISIIOT COOON HOBBIE (PU3NUECKHE OOBEKTHI,
BaKHBIC JJIs PEIICHUS IPOOIEMbI MOACITUPOBAHNUS adPOAMHAMUYECKOTO HArPeBa, a TaKkKe IS
BAIMJALMN TEOPETUYECKUX MOJENIe M METOJ0B pacueTra TEPMUYECKH U XUMHYECKHU
HEpPaBHOBECHBIX TEUEHUH IJIa3Mbl BO3/IyXa U YIJIEKUCIIOTO rasa.

BeinonHeHsl cucTeMaTHyecKHe HU3MEPEHMsl TEIUIOBBIX IMOTOKOB M JIaBIICHUSA
TOPMO>KEHHUS B KPUTUUYECKON TOYKE IMIMHAPUYECKONW MOJIETH C IJIOCKMM HOCKOM pajauyca
10 MM Cc HCTIONTB30BaHMEM 3BYKOBOTO COIUIA C JUAMETPOM BBIXOMHOTO cedeHus 40 MM u ¢
HWIMHIpUYECKUMU HacagkaMu JuinHoM 40 u 80 MM mpHu MOIIHOCTH, BJIOKEHHOW B MIIa3My,
29 kBt, pacxone Bo3myxa B paspsaHoMm kaHaie 2.4 t/c, naBneHun B Oapokamepe 8.3 u
10.3 rlla (cm. puc.).

Jnsg  nmosydeHuss 1MOJEd  a’dpOTEPMOJMHAMUYECKHMX  MapaMeTpoB  IPOBEIACHO
KOMILJIEKCHOE YHMCJIEHHOE MOJEIMPOBAaHUE JI03BYKOBBIX TEUYEHUH IUIa3Mbl JUIsl YCIOBHUI
HKCIEPUMEHTOB Ha Iu1azMoTpoHe BI'Y-4. PacueTsl cTanMoHapHOIrO /103BYKOBOTO TEUYEHHS
MHIYKUHMOHHOM MJIa3Mbl U BUXPEBOI'O 3JEKTPOMArHUTHOIO MOJIs1 B HOBOM CEKLIMOHUPOBAHHOM
VUIMHEHHOM ~ Pa3psiAHOM — KaHalle MPOBOAWINCH. TedeHHe WHIYKIHMOHHOM  TIa3Mbl
pPacCUMTHIBAJIOCH HA OCHOBE UMCJIEHHOTO penieHusi JByMepHbIX ypaBHeHuid HaBbe-Ctokca c
y4eToM 3-X KOMIIOHEHT CKOPOCTH METOJIOM KOHEYHBIX 00BheMoB Ilarankapa-CrionauHra.
TeyeHne cuMTanOCh CTALIMOHAPHBIM, OCECUMMETPUYHBIM, JAMUHAPHBIM, XHUMHYECKU U
TEPMHUYCCKH PABHOBECHBIM, U3yUEHUE IJIa3MbI HE YIUTHIBaI0Ch. KoadpuimeHTsl mepeHoca
BO3/lyXa BBIYHUCISUIMCH MO TOYHBIM ¢opmynaMm UYenmena — DHCKOra € y4e€TOM TPETHETrO
npubIrKeHus o noauHoMaMm CoHMHA. Y CpeTHEHHAs 10 BPEMEHH KOMITJICKCHAST aMILTUTY1a
BUXPEBOTO 3JIEKTPUUECKOTO MOJS PACCUUTHIBATIACH C MOMOUIBIO YIPOUIEHHBIX YpaBHEHUI
MakxkcBermna - 3QpeKTHBHON KBa3UOJIHOMEPHOW MOJIEIH. PacdeTsl BBIIOIHEHBI B JTHAINIa30HE
sHepropiiana B iasmy 11.4 u 15.25 kBt u naBnenus B paspsanom kanaine 170 — 540 rlla.

J1st THX Ke YCIOBUMM Ha OCHOBE UYHCIEHHOTO pemieHusi ypaBHenuit Hane-Ctokca
BBITIOJTHEHBI pacyeThl OOTEeKaHWsl JO3BYKOBOW CTpyel AMCCOIMHPOBAHHOTO BO3AyXa
MWIMHAPUYECKo Monenu auametpom 50 MM B Gapokamepe miazmorpona BI'Y-4.

CAPACITIVE HF DISCHARGE INTERACTION WITH SWIRLING
FLOW IN A TUBE

Klimov.A., Moralev 1., Minko K., Plotnikova M.

Recently, there is a wide interest towards flow control by means of gas discharge
plasma generation. However, interaction of vortical flows with gas discharges is poorly
studied yet.

In this work, interaction of longitudinal and transversal capacitive HF discharges
with swirling flow in a tube is studied at swirl rates S~0-3 at lowered pressure 10-750 Torr at
two gases: nitrogen and air. It is claimed, that discharge significantly affect pressure
distributions in a flow.

Also, swirl and input power level influence on the discharge regime is studied.
Discharge behavior is affected by presence of pressure gradients and centrifugal forces in a
swirling flow. Due to buoyancy force, hot HF streamers move towards the vortex axis and
form conductive channel. Later works as a needle, transferring HF electrode potential along
the vortex axis (Fig. 1.).
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Fig.1. Discharge photos at increasing swirl rates (downwards).

B3AUMOJIEHCTBUE EMKOCTHOT'O BY PA3PSJIA C
3AKPYUYEHHBIM TEYEHUEM B TPYBE

Knumoe A., Mopanee H., Munko K., IInomnukosa M.

B Hacrosimee BpeMsi B MUpe HAONIOAAeTCs IIMPOKUH HMHTEpPEC K YIPaBICHHUIO
MOTOKOM C MOMOIIBIO ra30pa3psaaHoi mia3mMbel. OJIHAKO, B3aUMOICHCTBHE BUXPEBBIX TCUCHUHN
C Ta30BBIMU pa3psiIaMHu U3y4YE€HO Ha JaHHBIM MOMEHT HEJJOCTATOYHO.

B npanHOil pabGoTe wWcciaeqoBaHO B3aMMOJICUCTBHE E€MKOCTHOTO TMPOAOJIBHOTO H
noriepeyHoro BU pa3psiioB ¢ 3aKpydeHHBIM TE€YEHHEM B TpyOe B JHama3oHe MapamMeTpoB
3akpyTku S~0-3 npu monmwxkennom nasienun 10-750 Topp B AByX raszax- a3ore W BO3AYXeE.
[TokazaHo, 4TO pa3psii OKa3bIBAET CYIIECTBEHHOE BIIMSIHUE Ha pPACIpECICHUE NaBICHUS B
MOTIEPEYHOM U TIPOJI0JIbHOM HaITPaBICHUSIX

N3yueHo Takke BIMSHUE 3aKPYTKHU U BKJIAJbIBAEMOU MOIIHOCTH HA PEKUM FOPEHUS
paspsna B pa3auvHbIX ra3ax. [loBegeHue paspsiga CymIeCTBEHHO 3aBHCHUT OT MPHUCYTCTBHS B
3aKpY4CHHOM TIOTOKE CHIIBHBIX T'PAJMEHTOB [aBICHUS W IICHTPOOSKHBIX CHI. [ opsuune
CTPUMEpHBIC KaHAIbl BCIUIBIBAIOT K OCH BHXPs, GOpMHUPYs TaMm mpoBoasiiuii kanan (Puc.l).
[Mocnennuit paboTaer kak NpoOBOIIAs UTJIA, IEpeHocs noTeHnuan BY anekrposa Baosib ocu
BUXPSI.
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POINT-TO-PLANE CORONA DISCHARGE FOR HIGH SPEED
REACTING FLOW VISUALIZATION AND GAS TEMPERATURE
MEASUREMENT

David L. Wisman
UES Inc, Dayton, OH, USA
Biswa N. Ganguly
Air Force Research Laboratory, Wright-Patterson AFB, OH, USA

In this paper we will report the results of experiments designed to obtain high-speed
visualization of unsteady flame fronts by a positive polarity point-to-plane corona discharge.
We report here results of both propane/air flames, and propane flames with a 79% argon and
21% oxygen mixture. The use of the argon/oxygen mixture in place of air allows us to obtain
results over a wider range of fuel to oxidizer ratios. This high-speed flow visualization
technique allows monitoring of flame reaction zone fluctuations, and can potentially aid in the
understanding of the combustion dynamics.

Fig 1. Experimental setup for data acquisition.

The experimental setup used to obtain the data reported here is shown in figure 1. A pul

se with a full-width half-max of 500 ns at a repetition rate of 1 kHz is supplied by a
Stanford Research Systems DG535 delay/pulse generator which is used to trigger both the
ICCD camera and a transformer coupled IGBT high voltage switch. The positive polarity high
voltage is connected to a point electrode through a set of current limiting resistors. The height
of the electrode above flame is varied and reported for the different flame conditions. The
voltage was measured using a Tektronix high voltage probe, while the current was monitored
using a Pearson Electronics current sensor. Spectrally-filtered optical emissions were obtained
by focusing the plasma emission through the appropriate bandpass filters for each discharge
gas (nitrogen, argon) onto a PMT.

The flow visualization images were obtained with a Princeton Instruments PI-MAX
ICCD camera. The short gate time (= 100 ns) of the camera allows us to image the plasma
emission without the use of a bandpass filter, as can be seen from the spectra in figure 2.
These time-resolved spectra were obtained with an Acton 3/4m spectrometer using a 1200
lines/mm grating. In the case of the propane/air flame (figure 2a) the spectral emissions
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observed are from the nitrogen second positive emissions (No(C —B)). The emission lines
near 600-700 nm are second order spectra from the grating, and not the nitrogen first positive
emissions. For the propane/argon-oxygen flame (figure 2b) the stronger lines present have
been identified as argon emission lines. These spectra show that for the short gate time, the
only emission that is imaged is from the plasma (no flame emission), and thus a filter is not
needed when imaging with the ICCD camera. This removes the need for signal averaging,
and improves the time resolution of the reacting flow diagnostics.
Spectrally resolved No(C —B) emission from v= 2, or 3 to V/ = 3 or 4 vibrational
transitions have been used to fit the rotational intensity distributions from the corona emission
in the reaction zone. This
measurement permits to obtain line of
sight averaged flame temperature
estimate with = 70 K temperature
resolution.

Previously we have
investigated ™ the progression of the
streamer along the flame front in time.
These results showed that initially the
high temperature region of the flame
front guides the streamers to the
cathode due to the lower gas density.
The streamer prefers to travel along
the path with higher E/n, and because
the applied electric field is
approximately constant during the
initial phases of the streamer
propagation, the high temperature/low
gas density flame reaction zone
provides this preferred path for the
streamer to propagate [2]. Once the
discharge has been fully developed,
the high temperature at the flame front
allows for a detailed balance between
the  electron  detachment and
attachment rates %, which causes the
net loss of electrons by the attachment

Fig.2. a) Time-resolved spectrum of propane/air flame. to O to be reduced with the increasing

b)Time-resolved spectrum of propane/argon-oxygen flame. gas temperature.  This balance is
These spectra show that because of the short time gate used  gatisfied in part because the high
for the ICCD camera, a bandpass filter is not needed to temperature allows for an increase in

Image the plasma emission. the detachment of the O, ion [3]. This
allows the plasma conduction current
to preferentially distribute along the hot gas region and maintain higher conductivity for a
longer pulse duration compared to a similar discharge in cold gas. The higher gas
temperatures found in the propane/argon-oxygen flame, at the same fuel to oxidizer ratio
compared to a propane/air flame, also allow for an increase in the plasma conductivity, which
makes the argon plasma a potentially better choice for imaging flame instabilities over a
wider range of fuel to oxidizer ratios.
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Figure 3 shows a set of propane/argon-oxygen flame images taken at an equivalence
ratio of 1.6 and a flow rate of 19 sIm. These eight images were all taken at the same flame
condition and time delay relative to the initiation of the voltage pulse. As can be seen in the
flame images in figure 3, once the discharge has been fully developed the plasma emission
allows for visualization of unsteadiness in the flame reaction zone. Note that by delivering
small amount of energy (= 1 mJ) per pulse mostly in the downstream region of the flame, this
corona discharge does not perturb the flame, and it provides a capability for high speed flow
visualization. The images in figure 3 were obtained with a single shot data accumulation,
giving them the 100 ns gate-width time resolution. As can be seen in these images, at some
conditions the flame tip is opened up instead of a closed conical shape. This, along with the
variations seen in the other parts of the flame front indicate an unstable flame. The current,
voltage waveforms for these images are shown in figure 4, along with the argon emission
obtained through a 750 nm bandpass filter and a PMT.

Figure 3. Emission images of argon plasma. The high temperature/low gas density flame front acts as the
preferred path for the streamer to travel. The single shot data allows for the imaging of flame front instabilities
with 100ns time resolution.

One approach we have used to produce an unsteady flame front is to pulse in small
puffs of air, which will change the equivalence ratio for a short amount of time, and therefore
cause fluctuations of the flame front. A set of such images can be seen in figure 5. For these
images, we used a small pulsed valve that was triggered externally with a pre-set on and off
time to puff in small amounts of air, where the amount of air that was pulsed in remained
constant. The times indicated in the flame images of figure 5 refer to the time delay relative to
the start of the opening of the pulsed e
valve. To obtain these images with N
pulsed air, the camera and voltage pulse \\
were delayed together relative to the
leading edge of the trigger for the pulsed ._
valve, therefore we are imaging the same 1
temporal point of the discharge for each 4 / \ 1% 3
of the four conditions shown in figure 5. / ' ;

. / / \ 4
We will report measurements of both E b T
propane/air and propane/argon-oxygen | _— -. _
flame instabilities induced by the pulsed opi '

valve operation to demonstrate the high 0 200 300 400 500 600 700 800
speed flow visualization capability of this Time (ns)

. o Figure 4. Current, voltage and optical emission
pUIsed. corona .dISChjdrge' Addltlo_nally, waveforms for the propane/argon-oxygen flame studied.
we will investigate in more detail the
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Figure 5. Images of propane/air flame obtained with a point-to-plane corona discharge. The unsteady flame
front surface observed comes from pulsing in small amounts of air to the premixed propane/air flame.

effects of equivalence ratio on the plasma emission and image quality.
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NUMERICAL SIMULATION OF PLASMA-ASSISTED IGNITION IN
CH4:AIR MIXTURES

N.L. Aleksandrov, S.V.Kindysheva, E.N. Kukaev
"Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia
E-mail: nick_aleksandrov@mail.ru
S.M. Starikovskaia
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1. Introduction. In recent decades much attention has been drawn to applications of
non-equilibrium plasma for plasma assisted ignition. It is easier to study ignition by non-
equilibrium plasma under the action of a high-voltage nanosecond discharge when the plasma
could be uniform and the discharge parameters important to numerical simulation could be
measured. Kinetics of ignition in CyH2n42:02:Ar mixtures by the high-voltage discharge has
been studied experimentally and numerically for n =1-5 [1,2]. Using measured time-resolved
discharge parameters, plasma assisted ignition was numerically simulated and good
agreement was obtained between the calculated ignition delay time and experimental data. It
was shown that the effect of nonequilibrium plasma on ignition delay is primarily associated
with faster development of chain reactions due to O atoms produced by electron impact
dissociation of molecules in the discharge phase.
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From the practical standpoint, it is more interesting to study plasma assisted ignition in
mixtures in which O; is replaced by air. Experimentally, this has been done under the action
of a high-voltage nanosecond discharge in CHg:air mixtures diluted with inert gases [3]. The
purpose of this paper was to study numerically the ignition of the CHj:air mixtures under the
conditions considered in [3]. Particular attention was paid to the effect of N, addition on the
production of active particles.

2. Numerical model. The difference in characteristic time between the discharge
phase and the ignition one allowed a separate theoretical consideration of the production of
atoms and radicals in the discharge and of ignition processes. By analogy with [1, 2], the
evolution in time of the density of active particles was calculated on the basis of a numerical
solution of the corresponding zero-dimensional balance equations and the energy
conservation equation. The electron rate coefficients were calculated from a numerical
solution of the Boltzmann equation using experimentally measured time-resolved electric
field. We extended the kinetic model developed in [1, 2] to take into account the effect of N,
addition on the production of active particles in the discharge and on the ignition processes.
Autoignition in the absence of the discharge and ignition by the discharge were simulated in a
CH4:02:N2:Ar = 1:4:15:80 mixture. Ignition delay times were calculated under the conditions
considered in [3]; the gas pressure varied between 0.3 and 2.4 atm and the gas temperature
varied between 1100 and 2250 K.

3. Calculated results. The calculated values of delay time agree well with the
measured ones both for autoignition and for ignition with the discharge. The agreement was
better at low pressures at which the discharge plasma was much more uniform [3] and our
zero-dimensional simulation was more justified. The calculations showed that the initiation of
the discharge leads to a shortening in the ignition delay time by an order of magnitude at low
(~0.5 atm) pressures and only by ~ 100 % at high (~2 atm) pressures. This is associated with
the fact that the specific energy deposited in the discharge and, consequently, the density of
active particles produced in the nonequilibrium discharge plasma decrease with increasing
pressure.

The analysis of the calculated results showed that the dominant active particles
produced in the discharge and leading to faster ignition of the mixture studied are O atoms, in
agreement with the conclusions made in [1, 2]. The dominant mechanism of O production in
CHg:air mixtures is the electron impact excitation of metastable N, states,

e+N,—>e+ Nz*,
followed by quenching of N in collisions with O, molecules,

N, + O, — N, + 20,

rather than direct electron impact dissociation of O,. Here, N, are No(A%T*)), NZ(B3H9) and
N,(C°I1,) states.
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YUCJIEHHOE MOJIEJUPOBAHUE CTUMYJ/IMUPOBAHHOI'O
IIJIABMOU BOCIINIAMEHEHUS CMECEU CH, C BO31YXOM
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1. Begenme. B nociennue necaTuiieTuss MHOIO BHUMaHMS yIEISUIOCH IPHIIOKEHUAM
HEPABHOBECHOM IUTa3MbI ISl CTHMYJIMPOBAHHOTO Tuia3Moi Bocmiamenenus: (CIIB) roproumnx
cMecel. BocrmameHeHue moj JEeHCTBUEM HEPABHOBECHOW IUIA3MBI JOCTATOYHO JIETKO
U3yuyaTh, KOIJla OHA CO3JA€TCs BBICOKOBOJBTHBIM HAHOCEKYHIHBIM Da3psaoM; IpPU 3TOM
IUIa3Ma MOJKET OBbITb OJHOPOJIHOM, W BaKHbIC MJIS MOJCIUPOBAHMS IMapaMeTphl paspsaa
MOXHO wu3MepuTh. Kunernka BocmameHeHus cmeced CnHoni2:O2:Ar monm nelicTBuem
BBICOKOBOJIBTHOTO Pa3psijia U3ydaiach SKCIEPUMEHTAIBHO U YruciaeHHo s N =1-5 B [1, 2]. C
UCIIOJIb30BAaHUEM OSKCIIEPUMEHTANBHBIX JAHHBIX 110 JWHAMHMKE W3MEHEHUS pa3psAHbIX
napaMeTpoB OBUIO BBIMOJHEHO uMcieHHoe MojenupoBanue CIIB u momywyeno xoporiee
COIVIacH€ MEX]JY BBIYMCICHHBIMH U W3MEPEHHBIMHU BpEMEHaMM MHIYKIMH BOCIUIAMEHEHMS.
BbL10 nokazaHo, YTO BIMSHUE HEPABHOBECHOM IIJIa3Mbl HA 3a/1€P>KKY BOCIUIAMEHEHUS CBA3aHO
C YCKOpEHHMEM LEeNHbIX peakuuil Omaromaps atomam O, HapaOOTaHHBIM B paspsie Hpu
JUCCOLMALIMU MOJIEKYJI JJIEKTPOHHBIM YapOM.

C mnpakTudeckoil Touku 3peHus Oosiee wHTepecHo m3ydath CIIB B cmecsx, B
KOTOPBIX KHUCJIOPOJ, 3aMEHEH Ha BO3AyX. OKCIEPUMEHTAJIBHO 3TO HCCIEN0BAIOCH TOJ
JIEMCTBUEM BBICOKOBOJBTHOI'O HAaHOCEKYHIHOIO pas3psia HmpuMeHHTenbHO K cMecu CHy ¢
BO3JIyXOM, pa30aBlieHHOW MHEPTHBIM ra3oM [3, 4]. Llenbto naHHOI pabOTHI OBLIO YHCIEHHOE
moaenupoBanre cMecu CHg:Bo3myx B ycrmoBusix skcnepumenta [3, 4]. Ocoboe BHUMaHHE
ObUIO yAeneHo BIusHUI0 100aBneHus Ny Ha HapaOOTKy aKTUBHBIX YaCTHIL.

2. YucaeHHasi Mofiesib. Pasnnuue B XapakTepHBIX BpeMEHax pa3psaHoil ¢as3sl u
da3pl BOCIVIaMEHEHHUS TO3BOJIMJIM pa3liebHO paccMaTpuBaTh HapaOOTKy aToMoOB U
paZMKalioOB B pa3psijie M MPOIECChl BOCIUIAMEHEHHS B Mociepa3psaHoi craaun. [lo anamorun
¢ [1, 2], amHamuka U3MEHEHHS TUIOTHOCTH AKTHBHBIX YaCTHUI[ MOJCIUPOBATIACh Ha OCHOBE
YHCIEHHOTO PENICHUs COOTBETCTBYIOIINX HYJIbMEPHBIX YPAaBHCHUN OallaHCa M YPaBHEHHS IS
TEMIIEpaTypbl Trasa, BBIPAXKAIOIIETO0 3aKOH COXpaHEHUs HHepruu. KOHCTaHTBI CKOpOCTH
AIIEKTPOHHBIX MPOIECCOB OMPENEIUINCh W3 YHCIEHHOTO PelieHUs ypaBHeHUs bombimMaHa c
WCIIOJIb30BaHUEM HKCIEPUMEHTAIbHBIX JaHHBIX IO 3JEKTPUYECKOMY IIOJNI0 B paspsle.
Kunerndeckass cxema ObUIa pacIIMpeHa 3a CUET BKIIOYCHHs MpoIeccoB ¢ ydactuem Ny,
KOTOpBIE MOTYT BJIHMSATH Ha 00pa30BaHHE aKTHUBHBIX YaCTHUIl B pa3psSAHON (ha3e U Ha MpOoLecChl
BoctuiaMeHeHus. CaMOBOCIUIAaMEHEHHE M BOCIUIAMEHEHHE IOCIE paspsia MOJSITHPOBAIOCH
st cmecu CH4:02:N2:Ar = 1:4:15:80. Bpemst uHAYKIIMK BOCIIZIAaMEHEHHUST BBIYUCIISIIOCH IS
yCIIoBHiA 3KcriepuMenTa [4], korna naBiieHue ra3a meHsutoch ot 0.3 mo 2.4 atM, a rasoas
TeMIiepaTypa MeHsu1ach B tuamna3zone mexay 1100 u 2250 K.

3. Pe3yabTaThl pacuyeToB. Pe3ympTaThl pacueTOB BPEMEHH  HMHIYKIIMU
BOCIIJITAMEHEHHS COTJIACYIOTCS C M3MEPEHMSMH, KaK JUIsi CaMOBOCIUIAMEHEHUS, TaK M JUis
BOCIIaMEHEHUs mociie paspsina. Coriacue ObUTO JTydille MPH HU3KHUX JABJICHUSIX Ta3a, KOraa
paspsiHas mia3ma Obuia Oonee omHOpoxaHa [4], m ucmonmb3yemas B paboTe HyJbMepHas
MoJienb OoJiee ompapnaHa. PacdeTbl moOKas3aiy, YTO MHUIIMMPOBAHWE pa3psga MPUBOIUT K
COKPALICHUIO BPEMEHU WHIYKIUU BOCIIAMEHEHHUS HA MOPSAKHA BEIWYMHBI Iy HI3KKUX (~ 0.5
aT™) JaBieHusX ¥ Toiabko Ha ~ 100 % mpu BeICOKHX (~2 aT™M) JaBJIEHUSX. DTO OOBACHIETCS
TEM, YTO YACNbHBIA SHEProBKJIAJ B pa3psl M, CIEJOBATENbHO, IO HapaOOTAaHHBIX B
pa3psIHON HEPAaBHOBECHOM TUTa3Me aKTUBHBIX YaCTHIL ITAJJAI0T C POCTOM JIaBJICHUSI.

119



SESSION 8. Plasma Kinetics— 1

AHanmu3 pe3ynbTaToB pacuyeTa IO0Kaszaj, YTO JOMHHUPYIOIIMMH aKTHBHBIMU
YacTUI[AMU, HapaOaTbIBAEMbIMH B Pa3pse W MPUBOIIIIMMHU K YCKOPEHHIO BOCIUIAMEHEHMS,
sBIsTIOTCST aToMbl O, B COOTBETCTBHH ¢ BbIBojgamu pabot [1, 2]. Kak u B [5], ogaum wu3
T'JIaBHBIX MCXAaHH3MOB Hapa6OTKI/I aTOMOB O B CMCCH MCTaHa C BOSI[yXOM ABIIACTCA
BO30YXICHHE METaCTaOMIBbHBIX cOCTOSTHUN N3 JIEKTPOHHBIM yIapOM,

. e+N,—->e+N,,
C HOCHGI[YIOH_[I/IM TYLHCHI/IGM N2 B CTOJ’IKHO]EQHI/ISIX C MOHeKy.]IaMI/I,
N, + O, — N, + 20.

Bxknan ke npsmoi auccommarmu O, DIIEKTPOHHBIM YIAapoOM OKasajics MeEHee

BaHBIM. 31ech mox Ny 0IPa3yMEBAIUCh COCTOSHHS NZ(A32+U), Nz(Bgl'Ig) u Nz(Cgﬂu).

MODELING OF PREMIXED ETHYLENE-AIR FLOW IGNITION BY
NON-UNIFORM NON-THERMAL PLASMA

A. P. Napartovich', I. V. Kochetov', S. B. Leonov?
ISRC RF Troitsk Institute for Innovation and Thermonuclear Research, Troitsk,
Moscow region, Russia
%Institute of High Temperature Russian Academy of Science, Moscow, Russia

A fundamental problem faced by designers of a hypersonic scramjet (HSSJ) is the
acceleration of ignition of a fuel mixture to a supersonic velocity, which can provide mixture
ignition within reasonable distances from the flow inlet. The idea of using plasma-assisted
methods of fuel ignition is based on non-equilibrium generation of chemically active species
that speed up the combustion process [1-2]. It is believed that gain in energy consumed for
combustion acceleration by plasmas is due to the non-thermal nature of discharge plasma,
which allows radicals to be produced in an above-equilibrium amount.

Threshold plasma energy input required for ignition of premixed gas mixture of
ethylene and air in conditions typical for HSSJ was evaluated in [3]. For uniform plasma it is
about 210J/g. This rather large value can be supplied by a high-power supply source. One of
options to reduce the threshold energy is usage of non-uniform discharge where chemical
energy released in high excited regions can elucidate ignition of the total flow. As was noted
by authors [4], there are experimental data indicating that plasma chemical conversion of
methane is more effective when discharges have filamentary form. We anticipate that usage
of non-uniform (filamentary) plasma may accelerate essentially ignition of premixed fuel — air
flows.
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Fig. 1. Sketch of supposed filamentary discharge (view from above).

Fig. 2. Calculated induction time for ignition of C;H,;:0,:N,=1:3:12 mixture flow with M = 2.6, P4 = 1 bar, Ty

=700 K as a function of the reduced energy input.
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A periodical system of transverse pulse micro-discharges looks as an appropriate one
for ignition of inflammable mixtures (Fig. 1). They can be realized with a special electrode
system. It is of great interest to simulate numerically such a system using various
approximations for description of gas dynamic flows. Since typical duration of non-thermal
pulse discharge at atmospheric pressure is short in comparison with gas dynamic processes
the pulse discharge occupies a fixed volume V,. Then the excited gas mixture is mixed with
the unexcited mixture, which causes temperature reduction compensated partially by fuel
burning from the environment. The detailed modeling of a system of agitated streams is a
very complicated task, taking into account necessity to describe correctly combustion
chemistry. To evaluate ignition efficiency in conditions of non-uniform excitation, a model of
distributed mixing for finite time was formulated, the numerical code was modified, and
numerical simulations were performed for ignition of supersonic ethylene-dry air mixture by
the system of transverse discharges. Calculations were made for the stochiometric
composition of the premixed mixture at the static pressure 1 bar and gas temperature 700 K

It was numerically demonstrated that usage of the non-uniform discharge with
following mixing of excited and unexcited gas portions can reduce essentially the threshold
energy input required for combustion initiation of premixed fuel — oxidizer flow. Fig. 2 shows
how the predicted induction time for combustion of ethylene-air mixture depends on the
energy input per mass of gas flow in the case of filamentary discharge for two values of
mixing time. At Atyix=100 and Ati,q=500us the required reduced energy input is about 57 J/g,
that is remarkably lower than for uniform discharge.
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MOJEJIUPOBAHUE UHUIIMNPOBAHUSI TOPEHUSI
MPEJIBAPUTEJIBHO NIEPEMEIIAHHOM STUJIEH BO3JYIIIHON
CMECH HEOJTHOPOJHOM HEPABHOBECHOM IIVIA3MOH

A. Il Hanapmoeuul, H. B. Koquonl, C.b. ./Ieouoez,
THII PO Tpounkuit Uactutyt MHHOBannoHHbIX U Tepmosaepubix MccnenoBanuii,
142190, Tpourk M.0., Poccus
2Z0UBT PAH, 125412, Wxopckas 13/19, Mocksa, Poccust

OcHoBHas 3ana4a, CTOsIIAs epea pa3pabOTIYMKAMU TUIIEP3BYKOBOTO MPSMOTOYHOTO
BO3aymiHO-peaktuBHOro asurarens (I'TIBP/I), ymeHblleHHe THHBI HHUIMUPOBAHHS 10
paccTosiHui, 00ECIEYMBAIONIMX BOCIUIAMEHEHHE TOIUTMBHO-BO3IYIITHOM CMECH B Kamepe
CrOpaHusl Ha Pa3yMHBIX PACCTOSHMIX IPHU CKOPOCTSIX MOTOKA C YuUCIOM Maxa OKOJO JIBYX.
WUnes wcmonp30BaHus INIA3MEHHEIX METOJOB BOCIUIAMEHEHMS TOIUIMBA OCHOBaHA Ha
HEPaBHOBECHOM T€HEpAllMd XMMUYECKH AKTHUBHBIX YACTHUI, YCKOPSAIOIIMX MPOLIECC TOPEHHUs
[1-2]. TIpeamonaraercsi, 4TO BBHIMIPHIII B SHEPTUH, 3aTPAUUBAEMOM T YCKOPEHHUS TOPEHUS, B
MJIA3MEHHBIX METO/IaX JIOCTUraeTcsl 3a CUE€T HEPAaBHOBECHOM MPUPOBI IJIA3Mbl B pa3pse,
MO3BOJISIIOLLEH POU3BECTH CBEPXPABHOBECHYIO KOHLUEHTPALIUIO PAUKAJIOB.

B pabore [3] paccumTaHbl MOPOTOBBIE SHEPTHUU JUIS OJHOPOJHOIO ILIA3MEHHOI'O
WHULIUUPOBAHUSA TOPEHUs NPEABAPUTENbHO IMEPEMEIIaHHOM 3TUJIEH BO3AYIIHOM CMECH B
yCIOBUSAX THUMHYHBIX 17151 paboTel ['TIBP]I, BeauurHa mOpOroBoil S3HEPTrun COCTaBUIIA OKOJIO
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210 JIx/r. DTa Gosbliiast BeHUHHA, TPEOYIOIIAs MOIIHBIX HCTOYHUKOB dJIeKTprudecTBa. OnuH
U3 IyTeld CHIKEHUS TOPOTrOBOM JHEPruuM — HCHOJb30BaHUE HEOJHOPOJHOTO pas3psia,
KOTOPBIA  MO3BOJIIET Ui WHUIUUPOBAHUS HUCIOJB30BAaTh XMMHMYECKYIO JHEPrHIo,
BBIJICTISIIONTYIOCS. B 00JacTH OONBIINX SHEPrOBKIANOB. B HemaBHO omyOIMKoBaHHOM 0030pe
0 MJIa3MOXMMHYECKON KOHBEPCUU METaHa C MOMOUIbIO Pa3psiioB TUIA UCKPBI U CKOJIB3ALIEH
nyru [4] yka3aHo, 4TO 3aTpaThl SHEPTHH HA KOHBEPCHIO METaHa ISl HEOTHOPOIHBIX Pa3psI0B
HIDKE, YeM [UIsl OJHOPOJHBIX. OTO TO3BOJIIET HAAEATHCA, 4YTO MPU HUCIHOIH30BAHUU
HEOJHOPOIHBIX Pa3psiiOB IS TUIA3MEHHOT'0 HHULIIMMPOBAHUU TOPEHUSI TOIJTUBHO-BO3 LY IIIHBIX
cMeceil yaenbHas HHEpPrusl I BOCIUIAMEHEHHMS MOXET OKa3aThbCsi MEHbBIIe, 4eM IpHU
UCIIOJb30BAaHUU OJTHOPOIHBIX Pa3psiIOB.

OnHo¥ W3 TPUBJICKATEIBHBIX CXEM MOJKUTAHUS TOPIOYUX CMECed MpeCTaBIsIeTCS
MO/DKUT  TMOTOKA CMECH  CHUCTEMOW  MOMEePeYHBIX  HMIYJIbCHBIX  MHKPOPA3psioB,
pacIoNOKEHHBIX MepuonYeckn B OokoBoMm HampaBieHun (Puc. 1). OHu Moryt OBITH
c(hopMUPOBaHBI CHEIUATBHOM AJIEKTPOIHON cucTteMoi. [IpemcraBiser OOIBINONW HHTEPEC
YUCJICHHO CMOJCIIUPOBATh TAaKyl0 CHCTEMY C HCIOJIb30BAaHMEM pPAa3HOTO  YPOBHS
npuOIIKEHUH B OMHCAHMM  Ta30JMHAMUYECKOro TeueHus. [lockoibKy — TUMUYHAs
JUTHTEITFHOCTh HEPABHOBECHBIX MMITYJILCHBIX Pa3psiioB MpU aTMOCHEpPHOM JaBJICHUU KOPOUe
XapaKTepHBIX Ta30JIMHAMUYECKUX BPEMEH, TO MOKHO CYHTaTh, YTO DHEPrOBKIAJ B pa3psae
NpOUCXOMUT B (QukcupoBaHHOM oObeme Vo. Jlamee BO3OyKAE€HHAs TazoBas CMeECh
pacuupsieTcsl 1 CMEIINBaeTCsl ¢ HEBO30YKIECHHON CMECKIO, YTO MPUBOJIUT, C OJJHOM CTOPOHHI,
K MOHMXEHUIO TEMIIEpaTyphl, a C IPYroil CTOPOHBI — K BBIICIECHUIO TEIJIa 32 CYET CTOPAHUS
TOTIIMBA U3 HEBO30YKIeHHON cMmecH. [lonHas Mozenb cucTeMbl MePeMEeNInBAIOIIUXCS CTPYH
C BBIJCJIICHHEM TEIUIA YPE3BBIYAMHO CII0OKHA, YYUTBIBasE HEOOXOIUMOCTH COXpPaHCHUS
OCHOBHBIX KMHETHUYECKUX OocoOeHHocTel ropeHus. s oneHku 3ddexra BocmiaMeHeHus B
YCIIOBUSAX HEOAHOPOJTHOTO BO30YXKIEHUS CHOPMYIMPOBAaHA MOJETL PAaCIPEICICHHOTO
CMEIICHHUs 3a KOHEYHOE BpeMs, MOoIu(UIMpOBaHA YHCIEHHAs MporpaMma, M MPOBEACHBI
pacy€Thl BOCIUIAMEHEHHUsI CBEPX3BYKOBOI'O TIOTOKA CHCTEMOW MHUKPOPA3psAOB MOMEPEK
notoka. Bce pacueTsl BHIMTOMHEHBI TSI CTEXUOMETPUYECKON MPeIBapUTENHHO MepEeMEIIaHHON
CMECH OTWJIEHA C CyXHM BO3JyXOM C HayaJbHBIM CTAaTMUYECKUM JaBieHUEM 1atm u
temneparypoit 700 K.

UucneHHo TpOJEMOHCTPUPOBAHO, UYTO MCIOJIB30BAHUE HEOJHOPOIHOTO paspsna C
MOCIEAYIONUM CMEIIEHHEM BO30Y>KIEHHOW M HEBO30YXKICHHON MOpLUNA CMECH MOKET
MPUBECTH K CYIIECTBEHHOMY CHHXXCHHUIO TpPEOOBaHUN K XapaKTEPUCTHUKAM paspsua i
UHUIIMUPOBAHUS TOPEHHUS B TMPEABAPUTENHHO TMOATOTOBICHHON CMECH OKHUCIHUTENS C
torBoM. Ha Puc. 2 moka3aHO Kak pac4eTHOE BpeMs BOCIZIAMEHEHUS 3aBUCHUT OT yIEIbHOM
BJIO’KEHHOW PHEPTUU Ha €IMHUILy MAacChl Fa30BOT0 MOTOKA B ClIy4ae HEOAHOPOTHOTO pa3psaa
JUTSL IBYX BEIIMYHMH BpeMeH cMmenieHus. [ Bpemenu cmemenus Atyx = 100 Mkxc 1 BpeMeHu
Bocmiamenenust Atjnp = 500 mkc Tpebyercst yaenabHas sueprust 57 JIk/r, 4TO 3HAYUTEIHHO
MEHBIIIE YEM B OJJHOPOTHOM pas3psie.
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NON-EQUILIBRIUM EFFECTS IN HYPERSONIC MHD FLOW

V.A. Bityurinl, A.N. Bocharovl, and N.A. Popov2
LJoint Institute of High Temperatures of Russian Academy of Sciences, Moscow, Russia
*Moscow State University, Moscow, Russia

Recently [1,2], the novel concept called MHD parachute has been presented. The idea
is to effect on the re-entry vehicle trajectory by means of MHD. Plasma behind the bow shock
interacts with magnetic field generated by the built-in-body magnetic system. As a result,
magnetic force, cross-product of plasma current and magnetic induction, is generated in
plasma around the flown body directed mainly against the free-stream flow. In turn, the
plasma current interacts with current within magnetic system so that the plasma flow
“attracts” the body and the body decelerates too. It has been numerically shown that
electromagnetic drag could be one order of magnitude more than hydrodynamic one. It has
also been shown that neither angle-of-attack nor shape of the body influence the flight at
magnetic field induction of order of 1-2Tesla. Those preliminary results were obtained with
the flow model, which takes into account thermal ionization of air behind the bow shock.
Such model is suitable for ground-based facilities rather than real flight conditions.

Assessment of MHD parachute effect for real air flow conditions show that ionization
level acceptable for MHD interaction is present only around a leading edge of the flown body.
The flow downstream the leading edge can be characterized as the frozen-chemistry flow and
ionization degree of order of 10 and less is not sufficient to provide electrical conductivity
on the level of 10° Mho/m in the region of interest. At the same time it has been observed that
electric field, [UxB], induced in plasma by the imposed magnetic field may be as high as
several hundred Townsend. Such high electric field several times exceeds the breakdown field
value. Therefore, it makes sense to consider non-equilibrium ionization of air due to strong
electric field.

Preliminary estimations of the effect of ‘field ionization’ presented in [3,4]
demonstrated amazing effect. Magnetically induced electric field provided an ionization
degree of order of several percent in the region of interaction. As far as MHD is concerned,
three-fold drug increase was detected for magnetic field magnitude below one Tesla. Those
first results were obtained for simplified kinetics model, in which electron impact dissociation
was not considered.

In the current paper effects of field ionization due to imposed magnetic field are
considered for hypersonic flow of nitrogen over a blunt plate (base for parachute and/or
generator) with the built-in magnetic system. Attention is paid to several key moments.

First, new chemical kinetics model is presented, which takes into account traditional
thermo-chemical reactions for N, N, N,*, N*, and electrons. In addition, electron impact
ionization of N, and N is included (with appropriate backward recombination) and electron
impact dissociation of N, is accounted for. All electron impact reaction rate constants are
assumed to be functions of so called reduced electric field, E/Ny (E is the electric field
strength, Np is total number density). Typical for gas discharge simulation form of the rate
constants is modified to take into account the decrease of electron drift velocity due to strong
Hall effect. Backward reactions are governed by the electron temperature.

Second key feature is estimation of the transport properties of the mixture. It is
assumed that cross-sections for collisions with participation of electron are determined with
the electron temperature. So, the latter is calculated from the transport equation for electron
energy coupled with the entire flow-chemistry-electrodynamics model. Electron energy
equation takes into account tensor character of electron heat conductance in the presence of
magnetic field, energy gain from electro-magnetic field, elastic energy losses, and inelastic
energy losses.
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Probably most questionable and difficult to estimate is third key moment related with
the estimation of the inelastic energy losses. These include the losses due to electron impact
dissociation and ionization, vibrational excitation of N, and excitation of electronic states of
N, and N. The model for inelastic losses as well as for field kinetics was developed outside
the flow model [4-7]. In the current work curve-fitting approximations for the inelastic losses
were used as functions of governing parameters, reduced electric field, electron and gas
temperatures, and concentrations.

New effect of non-equilibrium ionization is demonstrated in the flow over a lab-scale
blunt plate. Under free-stream conditions and magnetic system configuration considered the
concentration of charged particles increases in almost two orders of magnitude in comparison
with thermal Kinetics case (no magnetic field). It was found that induced electric field ,
[UxB], just ignites the discharge. The main contribution to the reduced electric field, E/No,
comes from the Hall component of electric field. As far as intensity of interaction is
concerned, the total drag, for example, increases in more than two times, whereas no change
in drag is observed within traditional thermal Kinetics approach. Effect of generation of
plasma by magnetic field in hypersonic flow seems to offer a new potential for flow control
and/or on-board power generation.
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HEPABHOBECHBIE DO®EKTHBI B 'MITIEP3BYKOBOM MI'/{
IHOTOKE

B.A. Bumropuul, AH. Bouapoel, H.A. ITonoé®
'O6beauuennbIi HHCTHTYT BEICOKMX Temmepatyp PAH, Mocksa, Poccus
“MockoBckuit INocynapcTtennslii Yausepcuret, Mocksa, Poccust

[IpennoxeHHass HEJABHO KOHLENIHSA YCKOPEHHOIO TOPMOXKEHHs amlapara B BEPXHHX
cinosix armocdepsl, MI'J] mapamrtor [1,2], ocHoBaHa Ha TeHEpalUU B3aUMOCHCTBUS TOKOB B
IUIa3Me yAapHOTO CJIOSI C MarHUTHBIM I10JIEM, CO3/1aBa€MbIM OOPTOBON MarHUTHON CHCTEMOH.
OueHky, BBIIOJHEHHBIE JUISI YCIOBMM MMEIOIIEHCS OSKCIEPUMEHTAIBHOM YCTAaHOBKH,
MOKa3aJu BO3MOXKHOCTb YBEJIMYEHHUS HA MOPANOK THAPOAMHAMHYECKOIO COIPOTUBIICHUS
Tena.
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Omnenku 3¢ dexTa s yCIOBHA peaabHON aTMOoc(ephl MOKa3bIBAIOT, YTO CYIIECTBEHHOE
B3aUMOJICCTBUE MOXKET HMMETh MECTO JHIIb B OKPECTHOCTH KPUTHUYECKOW TOUKH
o0TekaeMoro Tena, re BbICOKas TEMIEpaTypa B yAAPHOM CJIO€ MOXKET 00eCIedYUTh CTENeHb
WOHM3alMKU BO3JyXa, JOCTATOYHYIO I co3daHus uHTeHcuBHOro MI'Jl B3ammMomencTBus.
BHu3 1o noToKy HaJa MOBEPXHOCTHIO MPOTSKEHHOIO TeJa CTENEHb HOHU3AIMU Ha YPOBHE 10
U HIDKE SIBHO HEJOCTATOYHA JJIsi 00ECTeUYeHUs] MPUEMIIEMOTO YPOBHS 3JEKTPOMPOBOIHOCTH
MopsIIKa 10° Mo/m. B To xe BpeMsi ObLJI0 OOpalieHO BHUMaHHWE Ha TO, YTO BeJIWYMHA
UHIyIIMPOBAHHOTO 3JekTpuueckoro mnojist [UXB] moxker mocturath 3HA4YeHHWH B COTHHU
Tayucenn B obGmactH, mpeacraisomeii narepec aust MI'J] maparrora u/wiad G0pTOBOTO
reHepatopa. [losToMy BO3HMKJIA HJIed PACCMOTPETh BO3MOXHOCTh HOHHU3AIMU B CHUIBHOM
WHAYIUPOBAHHOM JJICKTpHueckoM Tmone. [lepBele omeHkn d¢ddekra HepaBHOBECHON
«IOJICBOI» MOHM3anWHu iss KoHpuryparmu «MIJ[ mapamor» [3,4] npomeMoHCTpUpOBAIH
BIICUATIISAIOMIUN dPPEKT: CTENeHh MOHWU3AIMHA BO3MYIIHOW IUIA3MBI JOCTHTajda HECKOJIbKO
MIPOLICHTOB IIPU BECbMa YMEPEHHBIX 3HAUYCHMSIX MAarHUTHOW MHAYKIuU. Yto kacaercs MI'J]
apdexTa TOJIEBOH HOHM3ALWH, TO TIO0 KpallHe Mepe TPEeXKpaTHOE YBEIHYCHHE
COMPOTUBIIEHUSI OBLIO 3aUKCHPOBAHO B pacueTax. B 3Tux pacyerax ObUIM YyYTEHBI JIUIIb
OCHOBHBIE PEAKIINHM HOHU3AIMH JIEKTPOHHBIM y1apoM 0€3 yueTa AUCCOIHAINH JIEKTPOHHBIM
yAapoM.

B nmamHoit pabGore paccmatpuBarOTCs d(PQPEKTBI HEPaBHOBECHON WOHW3ANHWUA B
THIIEP3BYKOBOM TIOTOKE a30Ta, MOPOXKIaeMble MArHUTHBIM mosieM (KoHpurypamus MI'J]
naparitor/reaeparop). Ilpeamnonaraercs, 4To TpamuioHHas (TepMHUYECKas) XHMHYECKas
kuHeTHKa cripasemBa 11 cMecu Na, N, No*, N¥ i anextpon. IToMumo 3Toro KnHeTHYECKAs
cxema coAepKuT peakiuu noHu3auuu Nz 1 N 2JIeKTpOHHBIM yAapoM, peakiuy JUCCOIHAIIT
N2 2IE€KTPOHHBIM YJapoOM M COOTBETCTBYIOIIHE OOpaTHBIE PEAKIUH PEKOMOMHAIMHU U
accoranuu. CYUTAETCs, UYTO CKOPOCTH TPSIMBIX PEAKIUN ONPEesioTCS BEIUYUHON
npuBeneHHOro 3jekTpuyeckoro mons, E/Ng (E - moayns HanpspkenHoctu moisi, No —
YHCIIOBasl IUIOTHOCTh Tra3a). KOHCTAaHTBI CKOpPOCTEH OOpaTHBIX pEaKIUd CYUTAIOTCS
GyHKIMSAMU TemmepaTypbsl dJeKTpoHOB. [Ipu pacdere TpaHCHOPTHBIX CBOWCTB CMECHU
MpEANnoaraeTcsi, 4YTo 4YacTOThl CTOJKHOBEHHHM TMPOIIECCOB C YyYacCTHEM DJIEKTPOHOB
ONPENENAIOTCS TEMIEPATypoll 3JEKTpOHOB. Temmeparypa >3JE€KTPOHOB HaXOOUTCS U3
pelieHus ypaBHEHHs TEpEeHOCa SJEKTPOHHOM HSHEPTUM C YYETOM TEH30pPHOTO XapakTepa
3JIEKTPOHHOU TEIJIONPOBOAHOCTH, IPUTOKA SIHEPTUU OT SJIEKTPOMArHUTHOTO MOJIs, YIPYTUX U
HEynpyrux noreps. [lociieqaue BKIIFOYAIOT B ce0s OTEPH HA HOHU3AIUIO M JTUCCOLUAITUIO B
peaknusx SJICKTPOHHBIM YAapoM, a TaKXke IMOTepu Ha BO30YXAEHHE KOIeOaTeNbHBIX U
ANEKTPOHHBIX COCTOSHUN HEWUTpaJbHBIX KOMIOOHEHT. MoJeNlb MOJEBOM KMHETUKH M MOJEIb
HEYIPYTHX MOTEPh OBLTH BHIMOJHEHBI HA OCHOBE padoT [4-7].

HoBplit 2 dexT HepaBHOBECHOW MOHU3AIMH JIEMOHCTPUPYETCS Ha IpUMEpe OOTEeKaHUs
IUIACTUHBI €  BCTPOCHHBIM  MAarHuToM, OOECMeYHBAIONIMM B  I[IEHTPAJIbHON  30HE
NEePHEHANKYJSIPHOE K TOBEPXHOCTH MarHuTHOe mosie. [laxke mpu BecbMa YMEPEHHBIX
3HAQYEHUSX MArHUTHOM MHAYKUMU CTENEHb HWOHW3allUM B 30HE HAJ MarHUTOM MOJKET
JIOCTUTaTh HECKOJIbKUX MPOIEHTOB, YTO Ha JBa MOPSJIKA MPEBOCXOAUT HAYATBHBIN YPOBEHb.
Takoe TeueHue yke O€3yCIOBHO MpPEICTaBISET MHTEPEC C TOYKH 3peHUs 3(P(HEKTUBHOCTH
MI'JI BozmeiictBusi. OTMeTHM Takke, 4YTO BKJIAL «(papageeBCKON» KOMIIOHCHTHI
anektpudeckoro mons [UXB] B BenwumHy mNpHUBEAEHHOTO TMOJIsA, OTBETCTBEHHYIO 32
HEpPaBHOBECHYI0O HWOHHM3AllUI0, OTHOCHUTEIbHO HeBelduK. (OCHOBHOM BKJIaJ  BHOCHUT
«XOIIJIOBCKas» KOMIIOHEHTa, KOTopasi 0oJjiee ueM Ha MOPSAO0K BBIIIE U3-3a CHIIBHOTO 3 dexTa
Xoma.
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MECHANISM OF ION AMBIPOLAR DIFFUSION WITHIN SHOCK
WAVE PROPAGATING IN WEAKLY IONIZED THERMALY
NONEQUILIBRIUM GAS

A.F. Kolesnikov
IPMech RAS

Ambipolar diffusion of the charged particles within shock wave propagating in weakly
ionized monoatomic gas has been considered on the base of the diffusion equation coupled
with Stefan-Maxwell relations for two-temperature quasi-neutral plasmas. The electron
temperature is much higher than temperature of heavy particles and there is no energy
exchange between electrons and atoms. Diffusion fluxes of ions and ambipolar electric field
caused by charge separation are expressed through gradients of the ion mass fraction,
pressure, and gas end electron temperatures.

The analytical solution for electrophysical structure of the shock wave is found for the
linear approximation of the density and gas temperature profiles within shock wave.
Existance of the peak of the ion fraction at the shock wave front observed in numerical
solutions [1,2] is explained and maximum of the argon ion fraction is found as the function of
the Mach number, adiabatic factor, ratio of the electron and gas temperatures, and ion-atom
charge-transfer cross section. The maximum values of the ion fraction and electric field are
found to be in good agreement with numerical predictions [1, 2].

The effect of ion ambipolar upstream diffusion (ion “pumping”) before the shock front
is analysed. The thickness of the ion precursor and the ambipolar electric field within shock
wave and in long precursor zone are calculated.

1. Kolesnikov A.F. Stefan-Maxwell Relations for Multicomponent Ambipolar Diffusion
and Thermal-Baro Difffusion Effects in Two-Temperature Plasmas. AIAA 2000-2570,
June 2000.

2.  Kolesnikov A.F. Mechanism of the lon Baro-Thermal Diffusion Pumping in Weakly
lonized Shock Layer. AIAA 2001-2871, June 2001.

MEXAHHW3M AMBUIIOJISIPHOM ANDPD®Y3UU HOHOB B VJIAPHOU
BOJIHE, PACITPOCTPAHAIOIIENCA B CIABOMOHN30BAHHOM
TEPMNYECKHN HEPABHOBECHOM I'A3E

A.®D. Konecnuxkos
UlIMex mexaauku PAH

AwmOunonspHas audQy3us 3apsHKCHHBIX YacTHIl B CTPYKTYpe YIApHOM BOJHBI,
pacnpoCcTpaHsOLIeHcs M0 CIa00MOHN30BAaHHOMY OJHOATOMHOMY a3y, pacCMaTpHUBaeTCs Ha
OCHOBE peIIeHUs ypaBHEHUs TU(PQPY3UMH HOHOB COBMECTHO ¢ cooTHomeHusmu Credana —
MakcBemia sl JByXTEMIIEPATYPHOM KBAa3MHEUTPAIbHOW IUIa3Mbl IIPU HAJIUYUU 3aJaHHOTO
ayieKTpuyeckoro Toka. Ilpeamomaraercs, 4Tro Temmeparypa 3JEKTPOHOB MHOIO Ooiblie
TeMIepaTypbl Ta3a, KOTOpPOil paBHa TeMIlepaTypa MOHOB, U HET yIpyroro oOMeHa 3Heprueii
MEXIy dJIEKTpoHaMH W HeWrpanamu. [lomyuyeHsl BeIpakeHHs id AU(PPY3MOHHOTO MOTOKA
MOHOB M aMOMIIOJIIPHOTO 3JIEKTPUYECKOT0 MOJIsl, BO3HUKAIOIIETO 3a CUET pa3/eJICHUs 3aps0B
B YJapHOH BOJIHE, B KOTOPBIX YYMTBHIBAIOTCS BKJAAbl 32 CUET I'PAJUEHTOB KOHIEHTPALUU
VOHOB, JIaBJIE€HUS U (aKkTOopa TEPMHUYECKONW HEPAaBHOBECHOCTU — OTHOIIEHUS TEMIIEPATYypBI
AJIEKTPOHOB U TEMIIEPATYPHI raza.

AHaMTHYECKOE peleHre 3a7a4i 00 AMeKTPOPU3NIECKON CTPYKTYpe yAApPHON BOJIHBI
HOJY4YeHO i CIa0OMOHM30BAaHHOIO Tra3a NpU JMHEWHOW anmpoKCcUMaluu Mnpoduien
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IUIOTHOCTU W TEMIIepaTypbl ra3a B yaapHoi BojHe. OOBSCHEHO MOSBICHHE PE3KOro MHKa
KOHIICHTPAIlMU MOHOB Ha ()POHTE yAApHOW BOJHBI, KOTOPHIH OBLI MOJMYyYeH B YHCICHHBIX
pemienusix [1, 2], ¥ BBIYKCICHO MaKCHMAJbHOC 3HAYCHHUE KOHIICHTPAI[MA HWOHOB B
3aBUCHUMOCTH OT ONPEICNISIONIUX MMapaMeTpoB 3a/adyu. yucia Maxa, mokazaTtensi aanadaTsl,
OTHOLLIEHHUS TEMIIepaTyp 3JEKTPOHOB M Ta3a, TPAHCHOPTHOIO CEYECHMS Mepe3apsaiKu Ui
CTOJIKHOBEHUM aTOMOB W HMOHOB. [lonyuyeHHbIE MakCHUMajbHbIE 3HAUEHHUS KOHIEHTPALIMHU
MOHOB U aMOUIIOJIIPHOTO 3JIEKTPUUECKOIrO IOJI XOPOIIO COTJIACyIOTCS C YHCICHHBIMU
pesynbrarami [1, 2].

[Ipoanamm3upoBan >ddexr amOumnonspuort muddy3un MOHOB Tmepes; (PpoHTOM
yAApHOU BOJIHBI, T.€. «IEPEKAYKN» 3apsKEHHBIX YaCTHUL U3 BHYTPEHHEH CTPYKTYpbl yAapHOU
BOJIHBI JAJIEKO BIIEpE] Mepen yaapHoM BOJHOW. [loilyyeHo BbIpakeHHE ISl TONIIMHBI 30HbI
onepexaromeid nuddy3un noHOB. BruncieHO aMOUMOISPHOE AIIEKTPUUECKOE MOJIe BHYTPHU
yZIapHOI BOJIHBI U B 30HE orepexaromieit 1uddy3un.

SURFACE BARRIER DISCHARGE STREAMER AND RELAXATION
PHASE MODELING IN AIR

V.R.Soloviev, V.M.Krivtsov
Moscow Institute of Physics and Technology, Dolgoprudny, Russia, 141700

Physical and numerical model for surface dielectric barrier discharge evolution in
atmospheric air has been developed. Both discharge formation and relaxation phases are
simulated successfully using a new approach of non-local air ionization by electron impact
and ab initio boundary conditions on electrode and dielectric surfaces. The discharge is
predicted to evolve in a streamer and diffusive form for positive and negative exposed
electrode polarity respectively. The obtained results for streamer or diffusive discharge length
and surface charge density agree with experimental data. Plasma parameters over the end of
the discharge formation phase are quite different for streamer and diffusive discharge forms
and provide quite different starting conditions for the following discharge relaxation phase. It
is shown that discharge relaxation phase primarily contributes to momentum and heat sources
relevant for flow control. The momentum source spatial distribution has a complex structure
with regions of upstream and downstream body force direction and qualitatively depends on
applied voltage polarity and voltage pulse temporal profile. For different conditions it could
lead to either near-surface flow acceleration or vortex generation.

MOJIEJTMPOBAHUE CTPUMEPHOW Y PEJTAKCALIMOHHO ®A3
PA3BUTHS IOBEPXHOCTHOT'O BAPBEPHOT'O PA3PSIJIA B
BO3JIYXE

B.P. Conoseves, B.M. Kpusuyos
MockoBckuit pu3uKko-TexHu4ecKui HHCTUTYT, Jonronpyausiii, PO, 141700

Pazpaborana (¢usuyeckas © UUCIEHHasT MOJENb PAa3BUTUS IOBEPXHOCTHOTO
OapbepHOTrO paspsga B Bo3ayxe armocdepHoro mapieHus. Mcmons3ys mnpuOImkeHue
HEJIOKAIbHOM MOHM3ALMHU BO3yXa 3JIEKTPOHAMU U C(HOPMYIHPOBAHHBIC U3 TIEPBO-TIPUHIIUIIOB
TPaHWYHBIC YCJIOBHS Ha MOBEPXHOCTH 3JIEKTPOJA M AWDIICKTPUKA, YCHEIIHO IPOBEICHO
MoJlenupoBanue, Kak ¢a3pl GopMmupoBaHus, Tak U (a3pl perakcanuu paspsna. Pacders
IPE/ICKA3bIBAIOT CTPUMEPHYI0 U TUPQY3HYIO CTPYKTYpy pas3psaa IpH, COOTBETCTBEHHO,
HOJIOKHUTEIBHON U OTPHULIATENILHONW MOJSIPHOCTH BBICOKOBOJIETHOTO 3JIeKTpoaa. IlomydyeHHsie
pEe3yNbTaThl MO JUIMHE 30HBI pa3psAAa W IUIOTHOCTH 3apsijia Ha TOBEPXHOCTH TUAJICKTPHKA
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XOpOIIO COTJACyIOTCS C JKCIIEPUMEHTAIBHBIMH JAaHHBIMH M JUIA CTPUMEpPHOH, W JUIs
muddysnoit Gopmel paspsna. [lapameTpsl miasmbl K KOHIYY ¢a3bl GOpMUPOBaHHS pa3psia
CHUJIBHO pa3IMyaloTcs isd crpuMepHor u nuddysHoit ¢opMm paspsiga U AT PE3KO
pa3NWYHble HavaJbHBIC YCJIOBHUS JUIA mocienyromeid ¢assl penakcauuu. [lokazaHo, 4TO
OCHOBHOH BKJIAJ] B UCIIOJIb3yE€MbIE JUISI YIIPABICHUS IIOTOKOM HCTOYHHKHA OOBEMHOM CHIIBI U
MOIITHOCTH JaeT (haza penakcanuu paspsaa. llpocTpaHcTBeHHOe pacmpezeneHre 00beMHbIX
CHJI UMEET CJIOXKHYIO CTPYKTYpPY — B HEHl COCEICTBYIOT 00JNacTH, I/ie CHiIa HalpaBlieHa IO
NOTOKY M TpPOTHB IOTOKa. Bupa pacmpeneneHuss KayeCTBEHHO 3aBHCUT OT MOJSPHOCTH
NPWIOKCHHOTO HANpsDKEHUS M €ro BpeMeHHoro mnpo¢wius. Pasnnmunbele pacrpeneneHus
00BEMHOHN CHJIBI MOTYT NPHUBOAMTH KaK K YCKOPEHHIO NPUCTEHOYHOTO MOTOKA, TaK U K
00pa30BaHUIO B HEM BUXpEl.

SIMULATIOM OF EXTERNAL VOLTAGE WAVEFORM INFLUENCE
ON THE SURFACE DBD PLASMA ACTUATOR IN AIR

E.A.Bogdanov, A.A. Kudryavtsev, A.L.Kuranov*, A.A. Savarovskiy*
St. Petersburg State University, St. Petersburg, Russia, e-mail: akud@ak2138.spb.edu
*Hypersonic Systems Research Institute of the Leninetz Holding Company, St. Petersburg, Russia

Surface dielectric barrier discharges (DBDs) are known to be effective in aerodynamic
control. The principal effect upon the flow is caused by the downstream force on the gas. The
momentum transfer from charged particles to neutral molecules generates an Electro-Hydro-
Dynamic (EHD) force that can be used for modification of the airflow profile within the
boundary layer in order to control the laminar-turbulent transition, reduce the drag, and re-
attach or stabilize the flow. In the quasi-neutral plasma bulk, the momentum transfer from
positive ions to neutral molecules is balanced by the momentum transfer from electrons (and
negative ions). Therefore any plasma region is “of no use” for actuator purposes and it is only
unipolar regions that are important. So the main problem is to create an effective non-neutral
region using DBD.

Some complexities encountered during investigation into DBD actuator models
highlighted in the research papers presented at AIAA conferences over the last years resulted
in recognition of their incompleteness and the necessity for very labor-consuming analysis
that physical interpretation of full-scale numerical experiments demanded. The rather
interesting results have been obtained by J.P.Boeuf et al [1] when considering one of the most
complete models:

— It turned out that properties of DBD plasma actuator strongly depend on the slope and
polarity of the applied voltage;

— The breakdown is characterized by the large current pulse when anode is above the
dielectric surface;

— The current consists of pulses with much smaller amplitude and higher frequency when
cathode is positioned above the surface;

— A number of numerical investigations with various gases (air, pure nitrogen, etc.) have
been conducted.

In this work we tried to demonstrate further development of our model and compare
obtained results to applying negative and positive ramp voltages of sinusoidal waveform
when the electrode located above the dielectric surface was a cathode or anode.

The model is based on a fluid description of ions and neutral species (including
ground-and-excited state molecules and atoms) using the drift-diffusion approximation for
particle fluxes. The rates of electron impact reactions and electron transport coefficients are
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calculated using the electron energy distribution function from the solution of electron
Boltzmann equation. This approach allows self-consistent coupling of the evolution of
charged particle densities and electrostatic potential obtained from the Poisson equation. We
have used both models with Local Field Approximation and Hybrid Models with electron
temperature Te balance, where the reaction rate constants and electron transport coefficients
are functions of Te, which is obtained from separate balance equation. HM model allows
taking into account non-local properties of electron component of discharge.

The simulation results appeared very sensitive to the used physical model,
plasmochemical reaction set, and external conditions. The numerical issues were also
important (such as, e.g., the cell size in computational mesh, particularly). We believe that
there is no way to categorically assert the uniqueness of mechanism described in publications
of J.P. Boeuf et al [1]. To clarify the situation, confirm the results obtained and get the new,
realistic ones, further scientific research and computations are called for.

1. Boeuf, J.P., Y. Lagmich, Th. Unfer, Th.Callegari, Pitchford, L.C. J.Phys.D:Appl.Phys., v.
40, p.652, 2007.

JUCTAHIIMOHHOE N3MEPEHUE TEMITEPATYPHI VJIAJJEHHOT O
OBBEKTA METOJIOM JIJIC.

H0.A.Kypuuvin, M.A.bonvwos, B.B.Jluzep, B.P.Muponenko.
VYupexaenue Poccuiickoit akanemun Hayk UHCTUTYT ciekTpockonuu PAH,
142190, r. Tpourrk MockoBckoit 001., yir. duzndeckas, 5
C.b.Jleonos, /I. A. Apanyes
OUBT PAH, 125412, MockBa, Uxopckas yi., 13, ctp.2

C ucnonb3zoBaHneM abCOPOLMOHHON CIIEKTPOCKONUU C MEePEeCTPauBAEMbIM TUOIHBIM
Ja3epoM pa3paboTaHa METOAMKA M3MEPEHHUs TeMIepaTyphl W COIEp)KaHUS MapoB BOIBI B
HECTAIIMOHAPHOW 30HE TOpCeHHs. MeToJWKa OCHOBaHA Ha W3MEPCHHH B PEKUME
CKaHMPOBaHUS JUHHN mornomieHus: monekyn HpO: 7189.344 emt (E" = 142 CM'l), 7189.541
em™ (E" = 1255 cm™), 7189.715 cm™ (E" = 2005 cm). BiGop sTHX ImHHIA 0GyCIOBICH
3HAYUTENBHON pa3HUIEH B MOJIOKEHUU HIDKHUX YPOBHEH MepexoA0B, UYTO MPHUHIUIHAIHHO
BaYXHO TSI BEIOPAHHON METOJHMKH W3MEPEHUS TeMITepaTypbl 00beKTa. beicTpas mepecTpoiika
YacTOTHl J1a3epa OCYLIECTBISJIACh MyTEM U3MEHEHUs Toka WHXekuud. [lpu wyacTtore
Moaysuuu Toka 1 k['m, temneparype nasepa 25°C ¥ U3MEHEHUM WHXKEKIMOHHOIO TOKA B
npeaenax 10-120 MA mnepectpoiika JUIMHBI BOJHBI cocTaBiasia ~ 1.2 em, Brixonnas
MOIIHOCTh JIa3epa MpU ITOM HM3MeHsuiach B mpeaenax 3-30 mMBT. OTHOCUTENEHO OOJbIINE
WHTCHCUBHOCTU HCIIOJIb30BAHHBIX JIMHUN TMOTJIONIEHUSI TO3BONHIN paboTaTh B PEKUME
U3MEpPEHUs TPSIMOro TmorjomeHus. Pa3pabortanbl auddepeHnnanpHas cxeMa H3MEpeHUs
HECTAIIMOHAPHBIX CIEKTPOB, METOAWKAa MEPBHUYHON 00pabOTKM CHEKTPOB W TMOIYYEHUS
JTaHHBIX O TemmepaType M koHueHTpauuu HpO B 3oHmupyemoil obnactu. Ilpu oOpabotke
MCIIONIb30Bajach MOATOHKA SKCIEPUMEHTANBHBIX CHEKTPOB CHUMYJIUPOBAHHBIMH HA OCHOBE
CIIEKTPOCKOMMYEeCKUX 0a3 JaHHbIX. Pa3paboraHHas MeTOIWMKa ONpoOOBaHA Ha TpHUMEpeE
OTpe/ieNieHUs] MapaMeTpOB TOPEHHUS BOJOPOJHOTO TOIUIMBA B HCIBITATEILHOW CEKIUU
CBEPX3BYKOBOH a’pOJMHAMHUYECKONH TPyOBI MPU CKOPOCTSAX Ta30BBIX NMOTOKOB M=2. [lis
00/IacTH TOpSYEro ciefa IUIAMEHH TOJNY4YeHbI cpeaHee 3a Bpems ropenus (~50 mc)
temnepatypa (~1050 K) u mapumanbHoe naBiaeHue mapoB Boabl (~21 Topp). Xopoiiee
OTHOIIIEHHE CUTHAJI/IITYM TO3BOJIHIIO MOJIYYHUTh BPEMEHHYIO 3aBUCUMOCTD 3THX MTapaMeTPOB C
BpEeMEHHBIM pasperieaneM ~ 1 mc. OleHeHHas TOYHOCTh OMNPEICICHHS TEMIIEPaTyphl
3oHAMpyeMoii obmactu coctasnset ~ 40 K.
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ANALYTICAL MODEL OF CUMULATION IN ELECTRIC WARES IN
SUPERSONIC GAS FLOW

Vysikailo Ph.lI.
Technological Institute of Superhard and Novel Carbon Materials,7a Centralnaya Street,
Troitsk, Moscow region, 142190, Russian Federation. filvys@rambler.ru

It’s reported about analytical investigations of cumulation of electric field and electron’s
density to the center of plasma structures (wares). Due to cumulation model some strange facts can be
explained, such as small values of puncture potential to the length of wires, rising up volt-ampere
characteristic, current perturbations, etc. Normal current density on cylindrical plasma structures is
introduced.

AHAJIMTUYECKOE MOJAEJIMPOBAHUE KYMYJIAIIUU B
QJIEKTPHUYECKHUX HIHYPAX B CBEPX3BYKOBbBIX IIOTOKAX
I'A3A

Buvicukaiino @.U.
OI'Y «TexXHOIOTHUECKUI HHCTUTYT CBEPXTBEPBIX M HOBBIX YIJIEPOIHBIX MaTEPHAIIOB
142190, r. Tpouuk, IlenrpansHas yi., 7a MockoBckas 00i1., Poccus, filvys@rambler.ru

B.W. AndepoBbiM ¢ coaBTOpaMu OBLJIO YCTaHOBJIEHO, YTO IIONEPEYHBIH paspsii B
CBEPX3BYKOBOM IIOTOKE BH3YaJbHO MPEICTaBISCT COOOW JBa TMPOTSKECHHBIX, CBETSIIHXCS
SIIEKTPUYECKUX IIHypa HapaUleabHBIX APYr Apyry U motoky rasza [1]. Takas kapTuna
NPOTEKAaHUS TOKA SIBISCTCS TUIMYHOW ISl pas3psijia B CBEPX U THIEP 3BYKOBBIX MOTOKaxX
(puc.1). B [1] orMeuaeTcst, YTO KaTOAHBIC W AHOJAHBIC HIHYPHI SBISIOTCS CBOCOOPA3HBIMU
IUIA3MEHHBIMH  3JIEKTPOJIaMH, MEKIYy KOTOPBIMH MpoTekaeT TOok. B [2] coobmiamocs 06
MCCIIe0BaHUX ATOro THIa paspsaa (puc. 1). B [2] mexay mia3MeHHBIMU 3J1€KTpOIaMH BHH3
M0 TIOTOKY Ta3a C IJIOTHOCTBIO YACTHI[ ~ 6:10"® cm O0OHapy>KEHBbI CTPaThl — pEryJspHbIC
ceersmecs ciaou (puc. 1A B). DTOT (akT HeHCTBUTENBHO OKA3bIBAET, UYTO MEXIY
TUTa3MEHHBIMHE AJIEKTPOAaMU C XapaKTePHBIM PaaHycoM I = 1 MM MPOTEKaeT TOK AIICKTPOHOB,
CIOCOOHBIX MOHM30BaTh YACTHIIBI Ta3a, a 00pa30BaBIIMECS MOHBI CHOCSATCS TMOTOKOM Tasa,
dopmMupysi CcTpaThl — OOJIACTH CIIOMCTOM KYMYJISIIMH DJICKTpUYecKkoro mois. Ecau
JIEMCTBOBATh B paMKaX OOBIYHON MOJENH U CUUTaTh, 4To 1 kKB paBHOMEpHO pacnpeneneH mno
amuHe AByX miHypoB (L =~ 22 cm), uto cootBeTcTBYeT cpennemy E| /N ~ 0,75 Tn, To goruvso
pelMTh TPOOJIEMY MPOJIOJIBEHOTO MPoOO0sT B TaKOW TMOCTAHOBKE B MPUHITUIIE HE BO3MOXKHO
Opy pealbHbIX HarpeBax rasza (um3meHenuss N WM Temmeparypbl ra3a BO BCEM IIIHYpE
noiokHel  ObITh mopsiaka 100!). Tompko KymynsituBHas Monenb [3], ¢ MOLIHBIMH
paaMabHBIMU TOJIIMH U MaJIBIMU TIPOJOJIBHBIMH TIOJISIMU B JKase WiH npososoke (puc.l B),
BO3BpAIllaeT JKCIEPUMEHTHI [2], mpencraBienHsle Ha puc. 1A, u3 obiacti (aHTACTHKH B
00J1acTh peabHbIX, KYMYJSTHBHBIX, CAMOCOTIIACOBAHHBIX siBJIcHH. OLEHUTh paJuaibHYyIO
HANPSHKCHHOCTh JJIEKTPUYECKOTO O E; B KyMyJSITHBHOW CTPYKType MOXXHO TpyOo M3
OTHONICHUS paanyca CPOPMHUPOBAHHOTO SIEKTPHUECKOTO IIHYpa, K IMOJHOMY 3HAUEHHUIO
NPUIOKEHHOTO K 3JIEKTPOIaM MOTeHIraa (3a BeraetoM KatoaHoro maaenus ~ 700 B): U/r =
E, = 10°B/0,1cm = 10* Blem. IMpu maotHOCcTH N ~ 6-10%8cm noiyuaem E/N ~ 167 Tn.
[ToyueHHOe 3HAYEHWE NPEBHIIACT MPOOOHHOE 3HAYCHUE JICKTPUUYSCKOTO TIOJNS  JUIS
Bo3nyxa (~ 70 Tx) Gonee 4eMm B 1Ba pa3a. OLEHKH XapaKTEPHBIX PasMEPOB aMOMUIIOJISIPHBIX
i dy3uii MpU  YCIOBUAX 3KCIEPUMEHTOB [2], B KOTOpPBIX IUIOTHOCTH YHCIA YaCTHI
neiirpansHoro rasa N ~ 6:10%cM™ nokasamm, uto XapakTepHble JUTHHEI aMOHIIONSPHBIX
nasnennid Llortkn u quddysnit, 00yCIOBICHHBIX HHEPIIMOHHOCTHIO 3apsHKEHHBIX YaCTHI HE
mpeBocxomst 10% MM H He MOIYT OIpEIENSTh XapaKTEpPHBIE pPa3Mepbl HICKTPHUCCKIX
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IIHYpOB ¢ paaumycamu mopsaka 1mMm. EguHCTBEHHBIM amMOMMNONSpHBIM JU(HY3HOHHBIM
MPOIIECCOM, CIIOCOOHBIM KOHTPOJIMPOBATh (OTpaHUYMBATh) HEOTPAHMUYCHHYIO KyMYJISIIUIO
9JIEKTPOHOB, sBisiercs auddysus Ilyaccona [4]. Jlas omeHKH XapaKTEpHOTO pasMepa
V3MEHEHMS HAMTPSHKEHHOCTH PAJUaIbHOIO 3JIEKTPUUECKOrO OIS |E MOXKHO BOCIIONIB30BATLCS
Boipaxkennem: lg[cm] = Efdmoene = 7,3-10°(E/N[Ta])/(ne/N). Cormacosath pe3ymbTaThl
AQHAJTUTHYECKUX PAaCYeTOB C OKCHCPUMCHTAIBHBIMH HAOJIOACHUSAMHU  YAAeTCs TP
KOHIIeHTparmy d1exkTporos ~10* oM,

B pamkax kymynstuBHOM Mozaenu B [2, 3] TeopeTHuUecKH A0Ka3aHa BO3MOXHOCTb
BBCJICHUS TIOHSATHS HOPMAIBHOW IUIOTHOCTH HSHEPrOMacCOBOMMITYJIBCHOTO IIOTOKAa Ha
BU3YaJIM3UPOBABILYIOCS TOBEPXHOCTH J1t000# KJ[-cTpykTypbl. Habnronaembie B [2] miHypsr
SBIISIIOTCS TaKUMH (KyMYJISTUBHBIMH) cTpyKTypamu (puc. 1A u Puc. 1B). Daexrpuueckue
IIHYpBl, sBISETCS ymoOHOW (opmoil  MomenupoBaHWs Kak  KaTojgo-, TaK W
aHOJIOHAIPABJICHHBIX MOJIHHUI, PE30HAHCOB U OCOOCHHOCTEW MHBIX B3aUMOJCHCTBUN MEXKIY
MWIKHAPUYCCKAMHU  TU1a3MougamMu  (dJIEKTpUYECKMMU  IHypamu). [IpukaromHeie U
NPUAHOJTHBIE MOJHHUHM OOJNIAJAl0T PAJOM OTJIMYUTENBHBIX CBOMCTB. OTH  pa3iuuus
OoOHapy>KeHBI 3KCIIEPUMEHTAILHO YXE JaBHO W MOAPOOHO omucanbl B [2]. B wactHOCTH
TOJILKO MOJIHUM W3 OTPHIIATEIIEHO 3apsDKEHHBIX OOJaKOB MOTYT JBHTAThCS B MMITYJIBCHO-
MEPUOANYECKOM PEKUME. DTH pa3ivuus B CBOMCTBAX TaK U OCTAIHCHh «3araJI0YHBIMU» IS
KJIACCUUECKOU (PU3HMKHU Ta30BOT0 pa3psijia, HE YUUTHIBAIOIIEH 0COOEHHOCTEH KyMYJISITHBHOTO
(GbOopMUPOBaHUS BBICOKO MPOBOMASIINX, HWHTEHCHBHO W3IIYYAOIIUX IYYKHA DIIEKTPOHOB
MJIa3MEHHBIX JIMH3. DTH OCOOCHHOCTH OOCYXKITAIOTCS B JTAaHHOW paboTe. 3HAHWE 3HAYCHUN
HOPMaJIbHOM TUIOTHOCTH TOKA Ha KaTOJIOHAIIPABICHHBIC ¥ aHOIOHANIPABICHHBIC MOJHUHU — |N
MOXET OKa3aThCsl TOJE3HBIM MPHU MPOBEACHWU OICHOK TIOJHOTO TOKAa MOJIHUHM TIpH
(UKCUPOBAHUN UX XapaKTEPHBIX pasmepoB | = 27 ry L jn, TAe My — XapakTepHbIi paauyc
momuuH, L — ee mmuHa. [TOCKONBKY MUaMETpPBl 3JEKTPUYECKUX NIHYPOB W WX JUTHHBI 32
KaTOJIOM U aHOJIOM OJIU3KH, TO 3TO CBUJIETEIILCTBYET, UTO MOJOOHO CIyYar0 B HEMOIBUKHOM
ra3e, 3HaYCHHs] HOPMAIBHON TUIOTHOCTH TOKA HA MPUAHOIHBIC W MPUKATOIHBIC CTPYKTYPHI
JN, HMTparolie posib MPUKATOAHOW W MPUAHOMHOW 00JacTH, paBHbI [2], T.e. HOpMaJbHbIC
IUTOTHOCTH TOKA Ha MPUAHOIHYIO — JNa M IPUKATOIHYIO — Jnc HHITHHIAPUYIECKYIO CTPYKTYPHI B
CBEPX3BYKOBOM ITOTOKE COBIAMAIOT jna = jne = Jn [2]-

— AHOA
Karoa 1
1 /47 \
A b B

Puc. 14. Buewnuii 6uo paspsioa nocmosinno2o moka [2], kamoo (3azemnen) — enuzy, 8 aspoOuHamMuueckoul
mpybe npu M = 6, Po=50amm, P =28Top, Dy =3mm u npu pazmuuneix snauenusx moka | u nanpsocenuu U (a-
6): a) — 1 =0.2A, <U>=2.45«B; 6) — 0.54, <U>=1.95«B; 6) — 1 A, <U> = 1.7xB. Bpems sxcnosuyuu 1/60c.
Puc. 15. Cxema sxcnepumenma 1) — obnacms ompuyamensno2o céeuenust, MacKupylowas Kamoouylo nieHKy;
2) — @TII; 3) — anoouwiii u KamooHwlll wirypsl; 4) — oomexamenu 31eKmpooos.

Puc. 1B. Cxema (hokycupo6Ku 31eKmpOHO8 8 KYMYISIMUGHbIe CIPYUL 8 INEKIMPUYECKUX WHYPAX.

B nannoit pabore B pa3iaHuHbIX NPENOI0KEHUSX MPOBEACHBI OLIEHKH XapaKTePHBIX

pa3MepoB  JJEKTPUUECKHUX IIHYpPOB, IIOJIyYEHHBIE pE3yJNbTaThl CPaBHUBAIOTCA C
IKCTIIePUMEHTANBHBIMU  HaOmoneHusmMu B [2]. TlokazaHo, YTO MO Mepe pa3BHUTHSI
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KyMYJISITHBHO-TTUCCUTIATHBHOM CTPYKTYPBI XapakTepHBIA pa3Mep paauyca 3JIEKTPUIECKOTO
IMIHypa B CTAalMOHAPHOM Cllydyae MOXKET CYHIECTBEHHO M3MEHITBCS OT pajauyca,
ompezaensiemoro lg mo pamguyca r, ~ Vilvi, onpenenseMoro cKOpocThio apeiida HOHOB U
YaCTOTON POXKICHHS TOJOKUTEIBHBIX HOHOB.

CoriacHO KyMYJIATUBHOH MOJIEIM MOXKHO OIICHUTh MOIIHOCTh JHEPrOBKJIaZia B
JIeKTpHYecKiX mHypax B cM: W = jy-E'= 5:10210 * = 500 Br-cm™. MOMHOCTS IPSIMOTo
HarpeBa ra3a COOTBETCTBEHHO pa3 B IATHACCAT MEHbIIE. BpeMs npeObIBaHus Ta3a B IIHYpe
paBHo ~ 2-10™ ¢. DHeproBriaj B Temio coorBercTBeHHO paser 2-10° hx/cm®. Ilpu Takux
SHEpProBKJIA/AX HATPEB rasa B dJIeKTpHueckoM mHype He npesbimaer 20°C, 4To B THICAY
pa3 MeHbIIIe He0OXOAUMOTO ISl TPOAOIBHOTO MPo00st 20 CM UTUHBI AIEKTPHUECKOTO IITHYPa
ANIEKTPUYECKUM MOoTeHInaioM B 1 kB.
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SHOCK WAVE PROPAGATION ALONG THE PULSE IONIZED
SURFACE AREA

Znamenskaya I.A., Karatsuba A.S., Orlov D.M., Sysoev N.N.
Lomonosov Moscou State University, Physical dep.

In this work experimental investigations of the shock wave propagation along the
ionized solid surface were performed. Uniform pulse ionization of the surface area was
organized with the help of the transversal distributed high-current discharge (plasma sheet).

The relaxation of the exited gas layer, which was formed in the non-equilibrium
discharge plasma (including heterogenic relaxation), results in the gradients of thermal
physical parameters near the surface. During the shock wave propagation in relaxation zone,
its structure, form, velocity had been changed. The flow behind the shock wave front in
boundary layer increasing area became essentially inhomogeneous.

Fig.1

The flow evolution analysis allows:
1. To investigate the thermal and relaxation (heterogenic) processes in discharge zone in wide
range of parameters;
2. To analyze the shock wave structure and structure of the flow behind it after interaction
with decaying near-surface plasma and heating surface.
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Interaction of the flow with shock wave with thermal layer of decaying plasma was
investigated with shadowgraph technique. Observations of the shock wave propagation
revealed, that shock wave form and velocity was modified, and the flow behind the shock
wave became heterogeneous and turbulent (Fig. 1). Shadowgraph investigations of shock
wave interaction dynamic with relaxation heterogeneous zone were performed at wide range
of time t=30-500us and shock wave Mach numbers M-1,5-3.

JBUKEHUE IJIOCKOH YJIAPHOM BOJIHBI BJ1OJIb
MNOBEPXHOCTH NOCJIE UMITYJIbCHOM OJHOPOJHOM
WOHU3AIIMU MPUITOBEPXHOCTHOM OBJIACTM.

3namenckaa U.A., Kapayyoa A.C., Opnos /I.M., Coicoes H.H.
MI'Y, pusmueckmii ¢-T.

DKCHepUMEHTAJIBHO UCCIEAYeTCsl ABMKEHHE IIJI0OCKON yIapHON BOJIHBI BAOJb TBEPIOH
MOBEPXHOCTHU TOCJI€ UMITYJIbCHOW OJHOPOJHOM MOHM3AIMM MPUIIOBEPXHOCTHON 00IacTH Ha
OCHOBE TIOMEPEYHOr0 PACIPEICICHHOTO CHJIBHOTOYHOTO pa3psia (IUIa3MEHHOTO JIHCTA).
Penakcamus Bo30yKIEHHBIX COCTOSIHMI B HEPaBHOBECHOW IUIa3Me IOCNE pa3psiia, B TOM
quciie, TETEepPOreHHas  pelakcalus, M[PUBOAAT K  BO3HUKHOBEHHMIO  T'PaJMEHTOB
Tero(QU3NUECKUX MapaMeTpoB BOIM3U MOBEpXHOCTH. [Ipy IBM>KEHUU yIapHOI BOJHBI B 30HE
penakcauuu CTpyKTypa, hopma, CKOPOCTh yIapHON BOJIHBI MEHSIOTCS, TeUEHUE 32 (PPOHTOM B
30HE HapacTaHUs MOTPAHUYHOTO CJI0S CTAHOBHUTCS CYIIECTBEHHO HEOAHOPOIHBIM.

AHanu3 3BOJIOLUYU TEUEHUS TO3BOJISET
1. wuccrenoBaTh TEIUIOBBIE U pellaKCallMOHHbBIE, TETEPOTEeHHBIE MPOIIECCHl B 00JIacTH pa3psiaa

B IIIMPOKOM JIMania30He 1apaMeTpoB,;
2. TPOAHATU3UPOBATH CTPYKTYPY YJAApHOI BOJIHBI U TEUECHUS 3a HEH MPH B3aMMOICHCTBHUHU C
pacnajarolencss IpUIoBEPXHOCTHOM MJIa3MOM M HarpeBaoIENcs: OBEPXHOCTHIO.

HccnenyroTcss TeHEBBIM METOIOM CTPYKTypa yIapHOW BOJHBI M TEUEHUS 3a HEW MpH
B3aUMOJCUCTBUM C pPacHaJarolIeics MPUIIOBEPXHOCTHOM IUIA3MOM W HarpeBarollecs
MoBepXHOCTHI0. [IpH IBM>KEHUHU yIapHOW BOJIHBI B 30HE MIOBEPXHOCTHOTO pa3psiia CTPYKTYpa,
¢dbopma, CKOpOCTb yIapHOH BOJHBI MEHSIOTCS, T€UCHHE 3a (POHTOM B 30HE HApPACTAHUS
MOTPAaHUYHOTO CJIOSI CTAHOBHTCS CYHICCTBEHHO HEOJHOPOIHBIM, TypOymmsyercs (Puc.l).
[IpoBeneHbl TeHEBbIE HCCIIEIOBAaHUS JMHAMUYECKOTO IMpOLiecca B3aWMOJAEWUCTBUSA yIapHOU
BOJIHBI C peJaKCUPYIOIIeil HepaBHOBECHOM 30HOM pa3psanaa B unteppaiie BpemeH t=30-500mxkc;
gucesr Maxa riockoi yaapHao# Bomasr M-1,5-3.

INVESTIGATION OF MECHANISMS OF IONIZATION AND ENERGY
INTERCHANGE IN NON-EQUILIBRIUM ARGON PLASMA BEHIND A
SHOCK WAVE

V.I. Yakovlev, T.A. Korotaeva
ITAM SB RAS, Novosibirsk, Russia, 630090, yakovlvi@itam.nsc.ru

Investigation of specific plasma mechanisms [1-3], conditions of their significant
influence on the shock wave structures and supersonic flows is of current interest in the field
of plasma aerodynamics. Numerous experiments on gas-discharge plasma have not given
results, which permit to understand the mechanisms unambiguously because of non-
uniformity of the gas-discharge plasma and unavoidable significant ‘heating’ effect. That is
why any existing supposition or hypothesis has not had direct and tenable experimental proofs
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that would be sufficient for development of the adequate modeling. Investigation of more
intensive shock waves in the gas ionized as a result of precursor radiation absorption is an
alternative way to study of the weak shock wave propagation in the gas - discharge plasma. It
should be noted that such kind of tests should be carried out in the specific range of
parameters, in which thermal effect caused by the heating of the channel walls and adjacent
gas layer is negligible.

The purpose of the work is to investigate experimentally and theoretically the
interdependence between plasma and fluid dynamic processes behind a shock wave in argon
at parameters: Mach number M=10-13, pressure ahead of the shock wave front p=1-10 Torr.
As it has been established at computational modeling [4], the ‘heating’ effect has local
character at these parameters, and does not disturb 1D gas flow behind the shock wave front.
Furthermore it has been shown [3] that the acoustic activity of the non-equilibrium plasma
may cause the shock wave instability in this range of parameters.

An approach to investigate the flow structure behind the ionizing shock waves is
based on the comparative analysis of the measured and computed distributions of the electron
source Se that characterizes the avalanche ionization rate. It has been found that measured
distributions have local higher gradients of this kinetic parameter in comparison to computed
ones having smooth changing of the value in the entire area of the avalanche ionization.
Besides, in the most tests, maximum ‘peak’ values of the electron source are higher than
computed ones. Analyzing the energy balance of the particles in plasma with taking into
account the results obtained, one can conclude that, even in the cases of outwardly steady
modes, there are small dynamic disturbances, for instance temperature disturbances, between
the shock wave front and avalanche ionization area. Tests have shown that significant
amplification of the disturbances takes place at p;=5 Torr, and M<10.5-10.7. The
phenomenon has the pronounced threshold character. Hence, formation of disturbances and
possibility of their amplification are fundamentally determined by presence of the non-
equilibrium plasma behind the shock wave front.

That is in the qualitative agreement with the conclusions of the theoretical research.
Interaction between entropy disturbance and relaxation zone is assumed to be an ‘element’ of
the mechanism, which causes the shock wave structure instability [5]. Amplification of the
sonic disturbances, as well as entropy disturbances induced by sonic ones, is possible when
extent of the non-equilibrium zone is large enough. Computations [3] have resulted in that
that acoustic activity of non-equilibrium plasma causes spontaneous emission of sound (as
well as entropy and vortex disturbances) generated by the shock wave front under specific
conditions. At the same time, experimental results and estimations carried out lead to the
conclusion that existing theoretical models need to be corrected in order to take into account
possibility of formation of an additional energy current to the electrons. Among other
processes, collision mechanisms involving excited atoms (associative ionization) can result in
deterioration of the energetic interrelation between subsystems of electrons and heavy
particles when concentration of exited atoms is increasing. As a consequence, disturbances
can be amplified in the relaxation zone behind the shock wave front.

Thus, experimental data obtained can be used for development of the existing
theoretical approaches and correction of the models with the aim to study acoustic properties
of the weakly ionized medium, as well as the influence of the small disturbances on the shock
wave formation and stability. Further development of the research in this direction will permit
to advance in solution of the fundamental problem, such as definition of the conditions
providing the most effective influence of the plasma mechanisms on the structure of the gas-
plasma flows.
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HUCCJIEJOBAHUE MEXAHU3MOB HOHU3AIIUU
SHEPI'OOBMEHA B HEPABHOBECHOM IIJTABME APTOHA 3A
YIAPHOM BOJTHOH

B. U. Axoenes, T.A. Kopomaesa
UTIIM CO PAH, HoBocubupck, Poccus, 630090

B HacTosiiiee BpeMs B 00acTy IJIA3MEHHON a’3pOJMHAMHUKU OJHOW M3 aKTyaJbHBIX
3aj1a4 SIBJISIETCS HCCIICIOBAHNE POJIH CIEIU(PHUYHBIX TNIa3MEHHBIX MeXaHu3MoB [1-3], ycmoBuit
UX CYIIECTBEHHOTO BIIMSHHS Ha CTPYKTYPY yAapHbIX BoiH (YB) M CBepX3ByKOBBIX TCUCHHI.
B MHOro4muciaeHHBIX 3KCIIEPUMEHTAX C UCIIOJIBb30BAHUEM Ia30pa3psAaHOM IUIa3Mbl BCIEICTBUE
HEOJHOPOJHOCTH €€ CTPYKTYPHl HE yNalOoCh IMOJyYUTh OJHO3HAYHBIC PE3yNbTaThl 00 ITHX
MexaHu3Max Ha (hOHe HEM30EKHOTO M 3HAYUTEIHHOTO «TerioBoro» sddekra. IlorTomy
HMMEIOLIHECS NIPEAIIONIOKEHNS, TUIIOTE3b] O HETEIUIOBBIX MEXaHU3Max He MOJIYy4YWIN IPSAMBIX U
yOeMUTENbHBIX JKCHEPUMEHTANbHBIX JOKa3aTeIbcTB B 00beMe, HEOOXOAMMOM st
pa3pabOTKM  aJeKBaTHBIX  PACUETHBIX MojJeNeH. AJbBTEpHAaTUBHBIM  HAINpaBICHUEM
uccienoBaHuii cnabpix YB B TrazopaspsaHoi Iuiasme SIBISIFOTCS HCCIEAOBaHUsA Oolee
MHTCHCUBHBIX YJAPHBIX BOJH B TIa3e, KOTOPBIM HMOHU3YETCS BCIECACTBUE IOTJIOIICHUS
ONEPEXKAIOIIETO H3IydYeHUs. [IpuueM Takue SKCIEPUMEHTHI JOJIKHBI OCYLIECTBIISITHCA B
OTIPEeNIeJICHHOM JHalla30He TapaMeTpoB, B KOTOPOM TeruioBod d((deKT, BBI3BAHHBIN
IIPOTPEBOM CTEHOK U MPWIETAIOLIUX CIOEB I'a3a, ABISAETCS HE3HAYUTEIbHBIM.

Ilens nmaHHOW pPabOTBI — O3KCHEPHMEHTAIBHO-PACYETHOE HCCIECJOBAaHWE B3aMMOCBSI3H
IUIa3MEHHBIX U Ta30JMHAMHYECKUX IMPOIECCOB 3a ()POHTOM HMOHHM3YHIOIUX YB B aprone B pabouem
nuanazone mapamerpoB (M=10-13, nanenue mepen ¢gpontom p=1-10 Top). Kak ycraHoBneHo B
pacueTHOM HCCIeNOBaHHU [4], B 3THX yCIOBHSX TEIUIOBOH d((EKT MMeeT JIOKaIbHBIN XapakTep W
NPaKTUYECKU HE BIMACT HAa OJHOMEPHBIN XapaKTep TeUeHHs MOHU30BAaHHOIO rasa 3a ¢ppoHroMm YB.
Kpome Toro, B pabore [3] moka3aHo, 4TO aKyCTHYecKash aKTUBHOCTb HEPaBHOBECHOH ILIa3Mbl 3a
ylIapHbBIM (POHTOM MOXKET OBITh NPUYMHOM HEYCTOWYMBOCTH yIApHBIX BOJH B 3TOH 00JacTH
I1apaMeTpoB.

Jlns vccnenoBaHusl CTPYKTYphl T€YEHHs 32 (DPOHTOM HOHU3YIOUIMX YIApHBIX BOJH
HCITOJIB30BaH MOJXOJl, OCHOBAaHHBII HAa CPABHUTEJIBHOM aHAIN3€ U3MEPEHHBIX M PaCUYEeTHBIX
pacrpesneieHuii BEeNWYMHBl HMCTOYHHMKA JJIEKTPOHOB Se, XapaKTEPU3YIOIIETO CKOPOCTh
JaBUHHOW WOHM3AalMM 32 YJOapHbIM (pOHTOM. B 5SKcmepuMeHTax YyCTaHOBIEHO, YTO
U3MEpEHHBIE pacTpeeNieHUs] XapaKTepU3yIOTCsl 00Jiee CUIIBHBIMU JIOKATbHBIMU TPaIuEHTaMHU
9TOr0 KMHETUYECKOro Iapamerpa II0 CPABHEHUIO C PACYETHBIM IUIABHBIM HU3MEHEHHUEM I10
BCEH MPOTSKEHHOCTH OOJacTU JaBUHHOW wHoHHM3anuu. Kpome Toro, B OONBIION YacTu
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9KCHEPUMEHTOB MaKCUMAaJIbHbIE «ITUKOBBIE» 3HAUYEHUS MCTOYHMKA HJIEKTPOHOB MPEBBILIAIOT
UX pacyeTHbIe 3HAYCHHA. AHaIM3 HHEPreTHYECKOro OajlaHca YacTHIl B IJIa3Me C y4eTOM
HOJYYEHHBIX PEe3yJIbTaTOB IO3BOJSET CAENAaTh BBIBOJ, YTO YXKE€ BO BHEIIHE YCTOWYMBBIX
pexuMax Te4eHus: Mexay GppoHrom YB u 06s1acThio JJaBUHHOW MOHMU3ALIUU UMEIOTCS cladble
ra3oJMHaMHUYECKHe, B YACTHOCTH, TEMIIEPATYpPHbIE BO3MYIIEHUS Cpebl. DKCIEPUMEHTAIBHO
YCTaHOBJICHO, YTO MX CYLIECTBEHHOE yCHJICHHME MpoucxomuT npu p1=5 Top n M<10,5-10,7,
IpUYEeM 3TO SIBJICHHE HMEET SIPKO BBIPAXXEHHBIM MOpOroBblid Xxapakrep. ClenoBaTelbHO,
¢dopMHpOBaHHE BO3MYILIEHUH UM BO3MOXKHOCTh MX YCHJICHHMS HPUHIMIIHAAIBHO OOYCIIOBIICHBI
HaJINYMEM HEPaBHOBECHOM IUIa3MbI 32 (PPOHTOM YJapHON BOJIHBI.

DTO Ka4eCTBEHHO COOTBETCTBYET OOLIMM BBIBOJAM TEOPETUUECKUX HccieoBaHuil. B
pabore [5] B KauecTBe «3JIEMEHTa» MeEXaHM3Ma HEYCTOHYMBOCTH CTPYKTypel YB
HpearnonaraeTcs B3aUMOJEHCTBUE SHTPONMMUHOTO BO3MYLIEHHS C PeaKCallMOHHOM 30HOH.
[Tpu nocTatodHo OOJNBIION MPOTSHKEHHOCTH HEPABHOBECHOW 30HBI BO3MOXKHO YCHJICHHE KaK
SHTPOIUIHBIX, TaK M MOPOXKAAIOIINX HX 3BYKOBBIX BO3MyIIeHHi. B padote [3] nokaszano, 4to
IIPU OTPE/ICIICHHBIX YCIOBHUIX CIIOHTAHHAS SMHUCCHUS 3BYKa (TaK)Ke SHTPOIMHMHBIX U BUXPEBBIX
BO3MYIICHHH) (POHTOM YAapHOW BOJHBI OOYCIOBJICHBI aKyCTHYECKOH aKTHBHOCTBIO
HEpaBHOBECHOW IUIa3Mbl. B TO ke BpeMsi pe3ysbTaThl SKCIIEPHUMEHTOB M IPOBEICHHBIC
OLIEHKM TMPHUBOJAT K BBIBOAY, YTO HMEIOIIMECS TEOPETUYECKHEe MOJeNu TpeOyroT
OIpezieNIeHHOM KOPPEKTHPOBKH, YUUTBIBAIOIIECH BO3MOXHOCTb dbopmupoBaHus
JIOMIOJTHUTEIBHOTO MOTOKA SHEPIHM 3JIEKTPOHAM. B yacTHOCTH, MEXaHU3M CTOJKHOBEHHUH ¢
ydacTHeM BO30YKICHHBIX aTOMOB (accolMaTWBHAs HMOHHU3AIMs) TIPU  OIPEACICHHBIX
YCIOBHSX B 00JaCTH JIABUHHOM MOHM3AllMM MOXET IPUBECTH K HAPYIICHUIO OTPHULATEIbHOM
O0OpaTHON CBSI3U MEXJy MOJCHCTEMaMH JIEKTPOHOB M TsDKENbIX yacTuil. ClIeZCTBUEM 3TOTO
MOJKET OBITh YCHJIEHUE BO3MYILEHHH B pelakcallMOHHOM 30He 3a ppoHTOM YB.

Takum  00pa3oM, TOJTYYECHHBIE OKCIEPUMEHTAIbHbIE JaHHBIE MOTYT OBITh
UCIIONBb30BaHbl Ul Pa3BUTHS HCIOJIB3YEMBIX TEOPETHUECKUX IOAXOJ0B M YTOYHEHHUS
MOJIENIEN ¢ LEeNbl0 M3YyUYeHUs] aKyCTUYECKUX CBOMCTB CJIa0OMOHU30BAHHOW CpPEJibl, BIUSHUS
cabbIX BO3MYILEHHH Ha (OpPMHUpPOBAHUE CTPYKTYphl M YCTOHYMBOCTh MOHH3YyIOIMIUX YB.
JanpHeiimee pa3BUTHE HCCICJOBAHWN B 3TOM HANPABICHWU IO3BOJHUT MPOJBUHYTHCS B
peleHny o0IIUX BOMPOCOB 00 YCIOBUSX, NMPH KOTOPHIX BO3MOXKHO 3((EKTUBHOE BIIUSHHUE
TUTa3MEHHBIX MEXaHU3MOB Ha CTPYKTYPY Ta30IIa3MEHHBIX TEUCHUH.

MODIFICATION OF A SINGLE VORTEX DUE TO LOCAL
EXCITATION OF AN INTERNAL DEGREE OF FREEDOM

N.A. Vinnichenko, A.V. Uvarov, A.l. Osipov
M.V. Lomonosov Moscow State University, Faculty of Physics, Molecular Physics Chair
nickvinn@yandex.ru

Interaction of vortical structures with energy release, including energy release from
internal degrees of freedom, is interesting for various engineering applications: turbulent
flows in gas-dynamic lasers, plasma flow control near the wing of an aircraft, combustion
optimization inside combustion chambers of jet engines and swirl burners. Also, there is a
meteorological problem of tropical cyclone intensification leading to formation of a hurricane
and associated with interaction of the vortex with energy release from condensation in
ascending flow. All these problems require a concrete answer to the fundamental question:
how the parameters of a vortex are affected by a local energy release. This paper is an attempt
to give a rigorous answer to that question.

The problem being considered is modification of a single columnar vortex parameters
due to increase of energy deposited in an internal degree of freedom in a circular spot which
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can be either concentric with initial vortex (axisymmetric case) or not (nonaxisymmetric
case). The fluid model includes Navier-Stokes equations for compressible fluid with one
additional equation of relaxation of energy of the internal degree of freedom. It is shown by
numerical simulation that relaxation of initial excitation results in formation of a wave, which
takes away some mass from the excitation region. In nonaxisymmetric case, propagation of
the wave is followed by falling of the spiral-shaped hot spot towards the vortex centre.
Anyway, the vortex is transformed into a new axisymmetric state having light hot core and
azimuthal velocity profile, which is slightly changed. For axisymmetric excitation in limits of
slow and quick relaxation analytical solutions are derived describing the process of vortex
evolution. Situation, in which part of the energy is directly transformed into heat and the
remaining part is slowly relaxating via internal degree of freedom, is also considered. It is
shown that in the case of finite length of excitation region along the vortex axis a secondary
flow arises after the wave which results in eventual increase of vortex azimuthal velocity due
to energy release. Also, initiation of Rayleigh-Taylor instability of the vortex using periodic
energy pumping into internal degree of freedom in annular region is considered. It is shown
that the development of dominating instability mode with azimuthal wave number m =2
results in transformation of the vortex into an elliptic one, with two spiral arms.

The existence of conserving quantities in vortex dynamics in nonequilibrium medium
is also discussed. An approach is proposed yielding some conservation laws for a finite region
despite the fact that some mass is taken away by the wave driven by energy release.
Conservation of total angular momentum of the vortex is shown to hold both for
axisymmetric and nonaxisymmetric excitations. Thus, modification of vortex parameters due
to a local excitation of internal degree of freedom involves heating and decrease of density in
central region of the vortex and a corresponding increase of azimuthal velocity according to
conservation of total angular momentum.

This work was supported (in part) by the Russian Foundation for Fundamental
Research (Grant No. 06-01-00203a).

W3MEHEHUE TAPAMETPOB OTUHOYHOI'O BUXPA B
PE3YJIBTATE JIOKAJIBHOI'O BO3BYKIEHUA BHYTPEHHEHU
CTEIIEHHA CBOBO/IbI

H.A. Bunnuuenko, A.B. Yeapoe, A.H. Ocunog
MI'Y um. M.B. JlomoHnocoBa, ¢pusndeckuii pakynbreT, kKad. MOJIEKyJIApHON GpU3NKH

B3aumopeiicTBue BHXPEBBIX CTPYKTYpP C BBIICTICHHEM DJHEPrud, B TOM YHCIIe
3araceHHON BO BHYTPEHHHX CTENEHSIX CBOOOIBI, MPEICTABISET WHTEPEC C TOUKH 3PEHHS
MHOTUX TEXHUYECKHX MPUIOKEHUHN. TYpOYJICHTHBIX TEYEHHH B MPOTOYHBIX Ja3epax,
IUIA3MEHHOTO YIPABJIEHUS TEYEHMEM Y Kpblla JIETaTeIbHOrO ammapara, ONTUMH3ALUuU
TOpPEHUs BHYTPH KaMep CrOpaHus peaKTUBHBIX JBUTATENICH U B BUXPEBBIX TOPEIKaX U TOMKAX.
B wmereoponorun cymiectByer mpobOiieMa pe3KOro YCHJIEHHUS TPONMYECKHX IUKIOHOB U
IpeBpalleHrs UX B YyparaHbl, KOTOpas TaKXe CBs3aHA C B3aUMOJICHCTBHUEM BUXPS U
BBIJIEJICHUS] SHEPIUU, B JTAHHOM CJIy4ae, CKpPBITOM TEMJOThl KOHJEHCAIIMM B BOCXOMSIINX
notokax. Pemenne Bcex »THX 3adad TpeOyeT OTBeTa Ha (PyHIAMEHTAIBHBIM BOMPOC. Kak
MEHSIOTCSI XapaKTePUCTUKU BUXPS B PE3YJIbTATE JIOKAJIHHOTO BBIJIETCHUS dHEpruu. [lombiTke
JIOCTaTOYHO CTPOTO OTBETUTH HA ATOT BOMPOC U MOCBSIICHA HACTOAIIAs padoTa.

PaccmarpuBaeTcsi n3MeHEHHE MapaMeTpOB OJMHOYHOTO KOJOHHOOOPAa3HOTO BUXPS B
pe3ysibTaTe YBENUYECHUS SHEPTUU BHYTPEHHEHW CTENmeHU CBOOOIBI B KPYIJIOM MATHE, IIEHTP
KOTOPOT'O  MOXKET CoBHaaaTh (OCECHMMETPUYHBIA  CIy4all) WJIM HE COBMAAaTh
(HeoCeCHMMETPUYHBINA Cllydai) ¢ HEHTPOM BHXpsA. Mojenb Cpelbl BKIHOYACT ypaBHEHHS
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HaBpe-CTokca 711 CoKUMaeMOM KUJKOCTH, TOMOJHEHHbIE OJHUM ypaBHEHHEM pejakcaluu
SHEPruM BHYTPEHHEW CTeNeHH CBOOOIBL. UHWCIEHHOE MOAETUPOBAHHE TOKA3bIBACT, YTO B
pe3ybTaTe peslakcallii Ha4aJIbHOTO BO30YKIEHUs 00pa3yeTcsl BOJIHA, KOTOpask YHOCHUT YacTh
MacChl M3 30HBI BO30YXIeHUsA. B ciiydae HEOCECUMMETPUYHOTO BO30YXICHUS TOCIE YXO0/a
BOJIHBI TIPOMCXOAMT IMaJICHUE TOPSYEro MATHA, MPUHUMAIOMEro (GopMy crnmpaiv, Ha LIEHTP
BUXpA. B mo0OoM ciyyae BUXph MEPEXOAUT B HOBOE OCECHMMETPUYHOE COCTOSHUE,
XapaKTEPU3YIOIIEECs HAJIUYUEM TOpAYEro saApa MOHUKEHHOW IIJIOTHOCTH M HEKOTOPBIM
W3MEHEHHEM YTJIOBOH CKOpOCTH. [[Isi ocecHMMETpUYHOTO BO30OYXKIEHHS B MPEACTbHBIX
ciaydyasx OBICTpOM M MEJICHHOW peJaKkCcaliy TOJIYYeHbl aHAIMTHYECKHE pPEIICHHUS,
ONKUCBHIBAIOIIME MPOIIECC ABOJIONMU BUXps. PaccMOTpeH ciydail, Korja HEKOTopas 4acTh
SHEPruM Cpasy MEPEXOJUT B TEIUIO, a OCTAJIbHAS YacTh OCTAETCS BO BHYTPEHHEH CTENEHU
CcBOOOABI M pENaKCHpPyeT IOCTaTOYHO MesuieHHOo. [lokazaHo, 4To B cilydae KOHEYHOM
MPOTSHKEHHOCTH 30HBI BO30YJKIIEHUS BJIOJb OCH BHXPS TIOCIIE yXOJa BOJIHBI BO3HUKAET
BTOPUYHOE TEYEHUE, KOTOPOE MPUBOJUT K HTOTOBOMY YBEIMYEHHUIO CKOPOCTH BpPAILCHHS
BUXpS B pe3yJbTaTe BO3JCUCTBUA. TakkKe pPacCMOTPEHAa BO3MOXHOCTh BO30YXKICHUS
BUXpPEBOUW HEyCTOMUMBOCTU Panes-Teiiopa ¢ mOMOIIBIO NMEPUOJIUYECKON HAKAYKUA SHEPrUU
BO BHYTPEHHIOIO CTENEHb CBOOOJBI B KOJbIEBOM obOmactu. [loka3aHo, uTo B pe3ynbrare
pa3BUTHSL HEYCTOMYUBOCTHU C MpeoOsiajaHueM MOJBI C a3UMYTajbHBIM BOJHOBBIM UHCIOM
M = 2 BUXpb NpEeBpaIIaeTCs B JUTUNTHUECKHA, C IBYMs CIUPATBLHBIMUA PYKaBaMH.

Taxke oOcCyXmaeTcsi BOMPOC O CYIIECTBOBAHUHM COXPAHSIONIUXCS BEJIMYUH B
JMHAMUKE BUXpsl B HEpaBHOBECHOU cpene. I[IpennokeH moaxon, MO3BOJSIONIMN MOJYYUTh
OTIpENIeTICHHBIC 3aKOHBI COXpAHEHWs /I KOHEYHOW 00JacTH, HECMOTPS Ha YHOC MacChl
BOJHOM OT 3HeproBbiaeiicHUs. [loka3aHo, YT0 ©W B  OCECUMMETPUYHOM, U B
HEOCECUMMETPUYHOM CJIy4ae COXpaHSAETCs TMOJHBIA MOMEHT HUMIIyJbca BHXpA. Takum
00pa3oM, U3MEHEHUE NapaMeTpoB OJAMHOYHOTO BHUXpS B pe3yJbTaTe JOKaJIbHOTO
BO30YK/ICHHS BHYTPEHHEH CTETIEHH CBOOOJIBI CBOJUTCS K HArpeBY M MOHMWKCHHUIO TUIOTHOCTH
B ILEHTPAJbHOM YacCTH BUXPS U HEKOTOPOMY YBEJIMYEHHUIO €r0 YIVIOBOM CKOPOCTH IpHU
COXPAHEHUH MOJTHOTO MOMEHTA UMITYJIbCA.

PaGota  BbImonHeHa mpH  4YacTUYHOM  mojaepkke  Poccuiickoro  ®onpa
dynnamenTanbHbix Mccnenosanmii (rpant 06-01-00203a).

COMPARISON OF SHOCK WAVE PROPAGATION IN THE
STATIONARY AND DECAY PLASMA OF THE GLOW DISCHARGE
IN THE DIFFERENT GASES

A.S.Baryshnikov, 1.V.Basargin, M.V.Chistyakova
Physico-Technical Institute of RAN,
S.Petersburg, 194021, Politechnicheskaya 26
E-mail: al.bar@mail.ioffe.ru

Experiments were conducted on the electric discharge installation of loffe Institute of
Russian Academy of Science in the trans-sonic regimes of shock wave propagation. Such
regimes with difficulty yield to numerical simulation, those more in the plasma, and at the
same time precisely these regimes are interesting for the practice. The experimental form of
the distribution of pressure after shock wave in the plasma differs significantly from form in
the gas without the plasma. “Two-wave” form in the plasma makes it possible to hope for
reductions in the expenditures of energy of the gas motion for an increase in the entropy in the
shock wave, as this occurs also in the case of the mechanical method of splitting wave, for
example on the conical surfaces.
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Experiments are carried out for the careful study of the distribution of pressure behind
the shock wave and the velocity shock wave during its propagation across the positive column
of the steady-state glowing discharge, and also in the decay plasma after the disconnection of
discharge, in moistened and dried air, in the dust-laden air, in atmospheric air, and also in
nitrogen and in argon. It was for the first time, in comparison with the experiments in air with
the oversaturated vapors of water, that the study of the influence of moisture and dustiness of
air was carried out separately, which gives the possibility of the analysis of the influence.

Experiments in different kinds of air and experiments in the decay plasma are
important for the practical use of the effect. Experiments in nitrogen and in argon are
necessary for the comparison and, as a result, for understanding of the mechanism of the
effect, without which it is difficult to give reliable practical recommendations.

After the modernization of installation and realization on the basis of the
contemporary electronic base of the original scheme of the schlieren method, and also after
the application of contemporary procedures of processing results, the accuracy of
experimental data was essential improved.

It was shown that distribution of the pressures behind the shock wave in moist and
dried air, and also with the small artificial dustiness of air, differ little from each other.

The influence of humidity distinctly is manifested in a change in the positions of the
maximums of the shock wave velocity in its distribution across the positive column of the
steady-state glowing discharge. The influence of dustiness is noticeable with an increase of
the concentration of dust in 10 times in comparison with the natural dustiness, the influence
strongly depending on wave velocity. More thorough study is required for investigation of the
influence of the high dust concentrations on the effect being investigated.

From the experiments in the decay plasma in dried and in moistened air, in nitrogen
and in argon a conclusion was made that the form of pressure distribution behind the shock
wave depends on the concentrations of the excited states of gases, including - singlet oxygen.
The times of essential reconstruction of waveform after the disconnection of discharge are
found.

CPABHEHUE PACIIPOCTPAHEHUS YIAPHOHM BOJIHBI B
CTAIIMOHAPHOM U PACHAJTAIOIIENCS TIJIAZME TJIEIOIIETO
PA3PSIJIA B PASHBIX TA3AX

A.C.bapviuunuroe, U.B.bacapzun, M.B.Hucmsakosa
Ousnko-rexHudecknii tHcTuTyT UM. A.D. Hodde PAH,
C.IlerepOypr, 194021, [Tonutexunyeckas 26
E-mail: al.bar@mail.ioffe.ru

DKCHEPUMEHTHI MPOBOAMINCH Ha dIeKTpopaspsaHoit ycranoBke @TU um. A.d.Modde
Ha TPAHC3BYKOBBIX pEXHUMaxX pPACIpPOCTPaHEHMs yNapHOW BOJIHBL. Takue pexumsl TPyIHO
HOJIAl0TCSL YUCIEHHOMY MOJIEIMPOBAaHUI0, TeM 0OoJiee B IUIa3Me, U BMECTE C TEM UMEHHO 3TH
PEKHUMBI MHTEPECHBI JUI MPAKTHKH. DKCIEpUMEHTalIbHas (popMa pacrpeneneHus JaBIeHus
3a yJAapHOH BOJIHOM B IJa3Me CYLIECTBEHHO OTJIMYAETCS OT (OopMbl B raze 0e3 IUIa3MBl.
«/IByxBONHOBasi» (GopMa B IIa3Me TO3BOJIAET HAAEATHCS HAa CHUKEHHUS 3aTparT SHEPruu
JBIKCHMSI Ta3a HA MOBBIIICHUE DHTPOINU B yIApHOW BOJHE, KaK ATO IPOUCXOIUT B CIIydae
MEXaHUYECKOTO CII0c00a pacIIeNIeHNUs BOJIHBI, HATPUMEP Ha KOHYCHBIX TOBEPXHOCTSIX.

IIpoBeeHBl SKCIEPUMEHTHI 110 IETaIbHOMY M3YYCHHIO PACIIPEACIICHUS NaBICHUS 3a
YAApPHOUM BOJIHOM M CKOPOCTU YJApHOM BOJIHBI IIPU PAaCIpPOCTPAHEHUHM €€ IOIEepeK
HOJIOKUTEIBHOTO CTOJIOA CTAllMOHAPHOIO TICHOIIErO pas3psla, a TakkKe B pacHajaroliencs
IUIa3M€ T0CJIE BBIKJIIOUEHUS Pa3psizia, B yBIAKHEHHOM U OCYLIEHHOM BO31lyX€, B 3aIIbUIECHHOM
BO3/lyXe, B aTMOC(EpHOM BO3JyXe, a Takke B a3oTe U B aproHe. Ilo cpaBHeHuIO C
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9KCTIIEPUMEHTAaMH B BO3/yX€ C MEPEHACHIIIEHHBIMHI TapaMH BOZBI BIIEPBBIE OBIJIO MPOBEAECHO
OTIENIbHO HW3YyYEeHHE BIMSHUS YBIQKHEHHOCTH M 3albUIEHHOCTH BO3JyXa, YTO JaeT
BO3MOXKHOCTH aHAJIN3a BIMSHUS.

DKCIIepUMEHTHl B Pa3iIM4YHBIX BUAAX BO3/AyXa M SKCIEPUMEHTHI B pacraaroIiencs
IUIa3Me BaXKHBI ISl MPAKTHYECKOTO HCIONIB30BaHUS (P deKTa. DKCIIEPUMEHTH B a30T€ W B
aproHe HYXXHBI JUIsl CpPaBHEHHUs W, B MTOre, Uil NMOHUMaHUs MexaHu3Mma 3¢ddekra, 6e3
KOTOPOTO TPYAHO JaBaTh JIOCTOBEPHBIE MMPAKTUIECKUE PEKOMEHJAIINH.

[Tocne MopnepHU3alMKM YCTAaHOBKM M OCYIISCTBICHHS Ha OCHOBE COBPEMEHHOMU
JJIEKTPOHHOW 0a3bl OPUTMHAIBHOM CXEMBI IIIMPEH-METOJa, a TaKXKe IOCIe NPUMEHEHHS
COBPEMEHHBIX METOJHMK 0OpaOOTKM pe3yibTaToB, Obla CYNIECTBEHHO YIy4IlleHa TOYHOCTh
OKCIIEPUMEHTAIBHBIX JTaHHBIX.

Bb110 mokazaHo, 4TO pacmpeneneHe JaBIeHUs 3a YAApHOW BOJHOM BO BIQXKHOM M
OCYIICHHOM BO3/AyX€, a TakXKe NpU MaJOi MCKYCCTBEHHOH 3ambUICHHOCTH BO3IyXa, Majo
OTJIMYAIOTCS APYT OT ApyTa.

BnusiHre BIa)KHOCTH OTYETIIMBO MPOSBISIETCS, B U3MEHEHHUH TTOJIOKEHHI MaKCUMYMOB
CKOPOCTH yIapHOW BOJHBI B PAaCIpeesICHMH CKOPOCTH MOIEPEK MOJOXKUTEIBHOTO CTOoJ0a
CTallMOHAPHOTO TICIOMIETO pa3psla. BiusHue 3ambUICHHOCTH 3aMETHO NpPU YBEIHYCHHU
KOHLEHTpauuu bl B 10 pa3 mo CpaBHEHHIO C €CTECTBEHHOHM 3albUIEHHOCTHIO, MPUYEM
BIIMSHUE CUJIBHO 3aBHUCHUT OT CKOPOCTHU BOJIHBI. TpeOyercst 6onee TImaTeIbHOE HCCIeI0BaHNE
BIIMSTHEE OOJIBIINX KOHLEHTPALUH MBUTA Ha UCCIIETYEMbIH (P PEKT.

W3 sKkcrieprMEHTOB B pacmaaromieiicsl Iula3Me B OCYIICHHOM M B YBIIQ)KHEHHOM
BO3JlyXe, B a30T€ U B aproHE CJeNlaH BBIBOJ, YTO Ha OpPMY MMITyJIbCa JTABJICHHS 32 yIapHON
BOJIHOW BIMSIIOT KOHIIGHTPALMU BO30YXKIEHHBIX COCTOSHUI Ta30B, B TOM YHCIE -
CHHIJICTHOTO KHcJopona. HaiiieHsl BpeMeHa CyIIeCTBEHHOW MepecTpoiku (Gopmbl curHaia
TI0CJI€ BBIKITIOUEHHS pa3psa.

INTERACTION OF SHOCK WAVES WITH PLASMA: DETONATION
OF EXPLOSIVES ON THE BASIS OF NITRO-COMPOUNDS
(NITROGLYCERINE, NITROGLYCOL, TROTYL)

Yu.L. Serov

loffe Institute RAS, St.-Petersburg, Russia
195256 St-Petersburg Butlerova 13-50, Fax (812) 297-1017, yuserov@mail.ioffe.ru

It is known, that propagation of shock waves in plasma of air at low-speed modelling
(V <600 m/s) even at great Mach-numbers is determined by laws of classical aerodynamics.
Traditional laws of similarity at laboratory modelling of high-speed processes are based on
this circumstance. At higher speeds the nonlinear dynamic properties of plasma are displayed
in area of significant gradients of fields. Propagation of shock waves in plasma, and also the
accompanying processes (intensity of shock waves, character of a flow of bodies, heating
flows, instability of flows and shock waves) in a real situation of high-speed movement of
flying devices (V=700+2600 m/s) in air are determined by resonant nonlinear ion-acoustic
interaction [1-5]. In such conditions traditional laws of similarity do not operate. In this area
of speeds in a mixture of oxygen with nitrogen the basic condition of nonlinear resonant
plasma dynamics which is 1<M;<1.63, connected with formation of an ion- acoustic shock
wave in heavy plasma components [2-4] is realized. Other high speed plasma effects which
cannot receive an explanation within a frame of classical gas dynamics are connected with
nonlinear resonant dynamic properties of plasma also.
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One of such effects is the gas detonation which is observed in area of ionic Mach-
numbers of 1<M;<1.63 [6-8] at speeds of a shock wave more than 1 km/s. At such speeds as a
result of chemical reaction, photo-excitation and ionization in area of front of a shock wave
plasma is formed. As the result in resonant areas of speeds there is an acceleration of a shock
wave till phase speed of a soliton bunch [9]. Thus it appears, that speed limits of a gas
detonation are caused by nonlinear electrodynamic interaction and coincide with the borders
of existence of ion-acoustic soliton bunch which is formed in special resonances [6]. The
detonation of liquid and solid explosives also takes place through a phase of decomposition
and formation of gas- and plasma-like products of chemical reaction. In the report it is shown,
that limits of a detonation of liquid and solid explosives are determined by nonlinear ion —
acoustic interaction in a phase of plasma formation in gaseous products of decomposition.
Schemes of formation of an ion-acoustic soliton bunch are considered for some of nitro-
compounds (nitroglycerine, nitroglycol, trotyl). It is shown, that structure of ion-acoustic
interaction is displayed in the form of a variation of speed of a detonation of explosives
depending on conditions of experiment. It is known, that in experiments with one explosive
various speeds of a detonation can be realized. For example, speed of a detonation of trotyl on
different experimental data is D = 6600 km/s or D = 6800 +7000 km/s. According to plasma
model the set of speeds of a detonation for explosives is connected with ionic structure of
products of chemical decomposition at a stage of a detonation, and also with electrons,
formed at impacts of the second kind with participation of metastable levels of atoms of
nitrogen, carbon and oxygen. The model shows, that for example the detonation of trotyl is
realized through a metastable level of atom of nitrogen Nper (E=2,38 eV) at participation of
ions O" (D = 6,55 km/s), CH" (D = 6,85 km/s), C' (D = 7,1 km/s). The detonation of
nitroglycerine is realized through a metastable level of atom of oxygen Onet  (E=3,15 V) at
participation of ions CH" (D = 7,8 km/s), C" (D = 8,15 km/s). The nature of a low-speed
detonation (D = 1000 + 3000 m/s) of nitro-compounds is considered. The low-speed
detonation of nitro-compounds can be connected with step population of metastable terms of
molecules N Oper (E =4,7€V) and O, met (E = 0,98 eV) and formation of ions N*, No*, Ns*,
N4*. In such conditions the soliton bunchs can be generated and a detonation be observed in a
range of D =1 + 3 km/s.

Carried out researches have shown, that the detonation of both liquid, and solid
explosive is connected with high-speed plasma processes. This phenomenon represents the
acceleration of a shock wave till the maximal phase speed of an ion-acoustic soliton bunch in
plasma of products of decomposition. Thus nonlinear ion-acoustic interaction is the general
element not only at an abnormal flow of supersonic bodies by plasma or formation of
instability of shock waves, but also in physics of a detonation.
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B3AMMO/IEMICTBUE YJIAPHBIX BOJIH C IJIA3ZMOIA:
JTETOHAILMS B3PBIBUATBIX BEILIECTB HA OCHOBE
HUTPOCOEJIUHEHUWI (HUTPOTJTULEPUH, HUTPOTJIMKOJIb,
TPOTHI)

F0.JI.Cepos
OTU nm. A.®. Nodde PAH, Cankr-IleTepOypr

W3BecTHO, dTO pacmpocTpaHCHHWE VYAAPHBIX BOJIH B IUIa3Me BO3AyXa TIpHU
MaJIOCKOPOCTHOM ~MojaenupoBanuu (<600 m/s) npaxe mnpu OGonbimux uuciax Maxa
OTpeseNseTcsl 3aKOHAMH KJIacCUYecKoi aspoarHaMuku. Ha 3ToM 00CTOsATENbCTBE OCHOBAHBI
3aKOHBI MOJ00US MPH 1a0OPaTOPHOM MOJAEITUPOBAHUU BBHICOKOCKOPOCTHBIX Mpoieccos. [Ipu
0ojiee BBICOKHMX CKOPOCTSAX B OO0JIACTH 3HAYUTEIBHBIX TPAJAMCHTOB TIOJEH TPOSBISIFOTCS
HEJMHEWHbIe TUHAMUYECKHe CBOMCTBA I1a3Mbl. PactpocTpaneHue y1apHbIX BOJH B IJIa3Me, a
TaKXe CBSA3aHHBIC C 3TUM MPOIECCH (MHTEHCHBHOCTh yAAPHBIX BOJIH, XapakKTep OOTCKaHWMsI
TEJ, TEIUIOBBIC TIOTOKH, HEYCTOWYMBOCTh TCUCHHUN W YIApPHBIX BOJH) B peabHON CHUTYaIHH
BBICOKOCKOPOCTHOTO JBM)KEHHUS B BO3ayxe JjeraTenbHbIX ammaparoB (V=700 + 2600 m/s)
OMPEAEISIFOTCSA PE30HAHCHBIM HEIMHEWHBIM HOHHO-3BYKOBBIM B3ammojeiictBuem [1-5]. B
TaKMX yCJIOBUSX TPAJAUIIMOHHBIEC 3aKOHBI I0J1I00Us HE IEHCTBYIOT. B 3TOM 001acTu ckopocteit
B CMECH KHCIIOpOJa C a30TOM peau3yeTcsl OCHOBHOE YCJIOBHE HETMHEHMHOW pe30HAHCHOM
1a3MoauHaMuku 1< , CBSI3aHHOE C 00pa3oBaHHWEM MOHHO-3BYKOBOH YyAapHOM

BOJHBI B  TOKEIBIX  IUIa3MEHHBIX ~ KOoMIoHeHTax  [2-4].  Tlostomy  mpobGiemy
BBICOKOCKOPOCTHOTO JIBFDKCHHS YJAPHBIX BOJH B Ta30-TUIA3MEHHOW cpeie  CleayeT
paccMaTpuBaTh C MO3UIMHU ANEKTPOAMHAMUKH M HENMMHEWHOH akycTuku. C HEeTUHEHHBIMU
PE30HAHCHBIMU JJMHAMUYECKAMHU CBOMCTBAMH IUIA3MBI CBS3aHBI M IPYTHE BHICOKOCKOPOCTHBIC
T1a3MeHHbIe A((EKThI, KOTOPbIE HE MOTYT IOJyYUTh OOBSICHEHHUE B paMKaxX KIIACCHUECKOW
ra3oBOU JTMHAMHUKHU.

OnHuM u3 TakuX IPQPEKTOB SBISICTCS ra3oBas NETOHAIMS, KOTOpas HaOJtogaeTcs B
obyacTi MOHHBIX yucen Maxa 1< [6-8] mpu ckopocTsx ymapHoi BoiHBI 6osee 1

kM/cek. [Ipu Takux CKOpPOCTSIX B pe3ysibTare XMMHUYECKOW peakuuu, (HOTOBO3OYKICHUS U
WOHU3allMK B 00JacTH (pOHTAa yAapHOW BOJHBI OOpaszyercs Ila3Ma W B PE30HAHCHBIX
001acTAX CKOpOCTEH MPOMCXOJUT YCKOPEHHE YJApHOM BONHBI 10 (Da30BOM CKOpOCTH
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conutoHHoro cryctka [9]. Takum 0Opa3oM OKa3bIBaeTCs, YTO CKOPOCTHBIC TPEIEIbI Ta30BOM
JICTOHAIIMKA  OOYCJIOBJICHBI ~HEJIMHEHHBIM  3JICKTPOJUHAMUYCCKHM B3aUMOJICHCTBUEM H
COBIAJAIOT C TPAHHIIAMU CYIIECTBOBAHMS MOHHO-3BYKOBOT'O COJINTOHHOTO CTYCTKa, KOTOPBIN
dopmupyercss B 0coObIX pe3oHaHcax [6]. JleToHamms KHIKMX W TBEPAbIX B3PHIBYATHIX
BEIIECTB TAaK)Ke MPOXOAMT depe3 (da3zy pasnoxkeHus ©  (HOpMUpOBaHHS Tazo- U
1a3MO00Pa3HBIX MPOAYKTOB XUMHYECKOH peakuuu. B 1okmaze moka3aHo, 4TO MpeIeibl
JICTOHAIINY JKUAKUX M TBEPIBIX B3PBIBUATHIX BEUIECTB ONPEACISIFOTCS HETMHEHHBIM MOHHO —
3BYKOBBIM B3auMoOJeicTBUEM B (haze IUIa3MOOOpa3oBaHMS B Tra3000pa3HBIX MPOJIYKTax
pasznoxxkeHusi. PaccmaTpuBaroTCsi CXeMbl 0Opa3oBaHHsS HOHHO — 3BYKOBOTO COJINTOHHOTO
CTYCTKa JJIs Psia HUTPOCOCTHMHEHHH (HUTPOTIMIIEPUH, HUTPOTIIUKOIb, TPOTHiI). ITokaszaHo,
4TO CTPYKTypa HOHHO — 3BYKOBOTO B3aUMOJCHCTBHS MPOSBISCTCS B BHJC BapUallld
CKOPOCTH JICTOHAIIMW B3PBIBUATHIX BEIIECTB B 3aBUCUMOCTH OT YCIOBHH JKCIICPUMEHTA.
M3BecTHO, YTO B AKCIEPUMEHTaX C OJHHM B3PBIBUATHIM BEIECTBOM MOTYT PEan30BATHCS
pa3IinyHbIe CKOPOCTH JeTOHAIMU. Hampumep, CKOpPOCTh NETOHAIMUA TPOTHJA IO Pa3HBIM
9KCIEPUMEHTAIBHBIM JaHHbIM cocTaBisier D = 6600 km/s, D = 6800 +7000 km/s. CoriacHo
IUTa3MEHHOW MOJIeJIM Ha0Op CKOpPOCTEH JCTOHAIMU JUIsS B3PBIBUATBHIX BEIIECTB CBS3aH C
MOHHBIM COCTaBOM IMPOJYKTOB XMMHYECKOTO Pa3oKEHHs HA CTAJWU JICTOHALUH, a TaKkKe C
JIEKTPOHAMH, 00Pa30BaBIIMMUCS MPH yAapax BTOPOTO poja ¢ y4acTHEM METacTaOHMIbHBIX
YPOBHE#l aTOMOB a30Ta, yrjiepoyiia W KHcIopoaa. Mopenb MOKa3bIBaeT, YTO, HampHMep,

JIeTOHAIUs TPOTHIIA PEATU3yeTCs Yepe3 MeTacTaOUILHOE COCTOSHIE aToMa a30Ta (E=
2,38 eV) npu yuactuu uonos 0% (D = 6,55 km/s), CH* (D = 6,85 km/s), C* (D = 7,1 km/s).
JleToHALMs HUTPOINIMIEPUHA pEalu3yeTcsd 4Yepe3 MeTacTabMIbHOE COCTOSHME aToMa
KHCIOpOJa (3,15 eV) npu yuactuu uonos CH* (D = 7,8 km/s), C* (D = 8,15 km/s).

PaccmoTrpena mpupoja MalOCKOPOCTHOM JeTOoHaluu HUTpocoemuHenuii (D 1000-3000
m/s). ManockopoCTHasl JICTOHAIMS HUTPOCOCAMHEHUI MOXET OBITh CBSI3aHA CO CTYNEHYATHIM
3acesieHreM MetacTaObmibHbIX TepMoB Mojiekyn NOmet (E = 4,7 eV) u (E=0,98eV)

+
u obpazoBaHueM HOHOB N ', , , . B Takux ycnoBusix Moryt cpopMupoBaThCs

COJIMTOHHBIC CT'YCTKH M HAOJIIOAAaThCS IETOHAIMS B JHana3oHe ckopocreit 1 + 3 km/s.

[IpoBenénHple UCCAENOBAHUS MOKA3aIl, YTO JETOHALMS KaK KUAKHUX, TaK U TBEPABIX
B3pBIBYATHIX BEIIECTB CBSI3aHA C BBICOKOCKOPOCTHBIMHM IUIA3MEHHBIMU MPOLECCAMHU. ITO
SBJICHUE MPEJCTABISAET €000 YCKOpEHHE yHapHOH BOJHBI 10 MaKCHUMalbHOH (pa30Boii
CKOPOCTH MOHHO-3BYKOBOI'O COJIMTOHHOTO CTYCTKa B IIa3M€ MPOAYKTOB pa3iokeHus. Takum
00pa3oM HEIWHEHHOE WOHHO-3BYKOBOE B3aMMOJICHCTBHUE SBJISCTCS BaXKHBIM  OOIIMM
3JIEMEHTOM HE TOJBKO NPHU AaHOMAJHLHOM OOTEKAaHHHM CBEPX3BYKOBBIX T IUIa3MOW WU
pPa3BUTUU HEYCTOMUMBOCTH YAAPHBIX BOJIH, HO U B (PU3UKE JETOHAIIUU.
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THE ROLE OF INSTABILITIES AND VORTICES IN INTERACTION
OF HEAT INHOMOGENEITIES WITH SUPERSONIC BLUNT BODY

Olga Azarova
Dorodnicyn Computing Center of RAS, Moscow, Russia
Yuri Kolesnichenko
Institute of High Temperatures RAS, Moscow, Russia
Doyle Knight
Rutgers, The State University of New Jersey, US

The results of numerical modeling of the interaction of shock layer with heat
inhomogeneities on the base of the Euler system of equations are presented. The statements of
the problems are initiated by the research in the field of flow/flight control via MW energy
supply into a supersonic flow [1]. The heat inhomogeneities are supposed to have a shape of
heat rarefied channels. Infinite and bounded length (duration) channels are under
consideration. Mach numbers of the oncoming flow were equal to 1.89 and 3, gas rarefaction
degree in the channels was equal to 0.3-0.6. Mechanisms of generation and dynamics of
instabilities are pointed out. Drag force decrease and increase for symmetrical and
asymmetrical channel location relatively the body are analyzed, too. Mechanisms of these
effects are shown to connect with the vortices generation inside the shock layer [1, 2].
Comparison with experimental results has been made. Two-dimensional cylinder analog of the
difference scheme [3] is used.
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O POJIM HEYCTOMUYUBOCTEMN U BUXPEN TP ®OPMUPOBAHUU
OBTEKAHUS 3ATYILJIEHHBIX TEJ CBEPX3BYKOBBIM
MMOTOKOM, COJAEPXAIIIUM TEILJIOBBIE HEOJJHOPOJHOCTH

0.A. A3aposa
BII PAH Mocksa, Poccus
10.®.Konecnuuenko
OHBT PAH Mocksa, Poccus
Doyle Knight
Rutgers, The State University of New Jersey, US

HpeI[CTaBJ'IeHBI PE3YJIbTATBI YUCJICHHOTO MOACINPOBAHNA BSaHMOHCﬁCTBHH yAapHOro
CJIOS C TETUIOBBIMH HEOTHOPOJHOCTSIMH Ha OCHOBE CHCTEMBI ypaBHeHUH Ditnepa. [locTaHOBKH
3ala4 MHULIUHUPOBAHLBI UCCIICAOBAHUAMU B O6J'IaCTI/I YHpaBJICHUA CBECPX3BYKOBbBIM O6TCKaHI/ICM
nocpeacteoM BBeaeHuss CBUY suepruum B Haberaromuii motok [1]. PaccmatpuBarorcs
TCIIIOBBIC HCOAHOPOJHOCTH B BHIAC PaA30TPCThIX Pa3pCKCHHBIX KaHAJIOB, OEeCKOHEUYHEIE
(MOCTOSHHO AEHCTBYIOIIUE MCTOYHUKHA SHEPTUM) W OrpaHMYCHHOW iuHbl Ymcia Maxa
HaOeraromiero moroka paBHsuiich 1.89 m 3, cremeHp pa3peKEHHOCTH Ta3a B KaHale

144



SESSION 11. Plasma Aerodynamics—4

BapeupoBanack oT 0.3 mo 0.6. IlpuBeneHs MeXaHU3MBI 3apPOXKICHUS M JTUHAMUKA Pa3BUTHS
HEYCTOWYMBOCTEH. Y CTAaHOBJIEHbI MEXaHU3Mbl MOHW)KEHUS W TIOBBIIIEHHUS CHIIBI JIOOOBOTO
COIMPOTUBIICHUS MPU CUMMETPUYHOM U aCUMMETPUYHOM PACIOJIOKEHUU UCTOYHHUKA SHEPTUU
OTHOCHUTEJIBHO TE€JIa, CBSI3aHHBIE C BO3JCHCTBUEM 3apOXKAAIOIIMXCS BHYTPH YIAApHOTO CIIOS
Buxpeii [1, 2]. [IpoBoauTCSI CpaBHEHUE ¢ UMEIOIIMMUCS YKCIIEPUMEHTATBHBIMHU JaHHBIMU. B
pacderax MCIOJb3YeTCS JBYMEPHBIN HWIMHAPHYSCKUN aHAIIOT pa3HOCTHOM cxeMbl [3].

ABSORPTION MODES OF POWER LASER RADIATIONS IN AIR IN
A MODE OF LIGHT DETONATION

Pirogov S.Yu., Yuriev A.S., Belyanin D.G.
MSA by A.F. Mozhajsky, St.-Petersburg, Russia

On pathes of a solution of a problem of an effective energy supply for a decrease of
bodies drag on super- and hypersonic velocities the necessity of maintenance of his
localization lies, i.e. maintenance is strict given on time, space and power of energy supply.

Among different ways of implementation power supply in super- and hypersonic flows,
or in a stationary air before a body the soul interest introduces a laser radiation. The laser
radiation can be occluded in air in a mode of optical discharge, light detonation mode and
slow combustion mode. Thus to problems of light detonation mode application for absorption
of a laser radiation in problems of a decrease of a wave drag not enough attention is given.

In this paper within the framework of model inviscid, perfect, equilibrium, radiating air
the numerical research time-space gasdynamics of frames of plasma formations arising at
light detonation mode absorption of a laser radiation was investigated[1].

The numerical results are compared to experimental data of other writers.

Is rotined, that at decreasing air density appear a discontinuous alteration of light
detonation wave speed, that is conditioned by change of an optical behaviour of hot air in
front of light detonation wave. Thus the laser radiation is occluded not in a flake, and in an
extended volume behind front of light detonation wave comparable on the size about a dia of
a laser beam. At further decreasing of density the light detonation mode will not be realised.
Density of air, at which one ceases to be realized light detonation mode corresponds to
altitudes about 28 kilometers above sea level.

Also is rotined, that at a decrease of density of air the compression ratio of gas in light
detonation wave decreases. Therefore the light detonation wave degenerates from light
detonation wave in radiation wave.

On the basis of the analysis of numerical outcomes the relations of rate of propagation
light detonation wave are obtained depending on intensity of a laser radiation and density of
air.

Is rotined, that with the help of light detonation mode of a laser radiation absorption it is
possible to receive extended channels underdense, the life time makes which one about 1
seconds. Such channels can be used for a decrease of a wave drag of bodies driving with
super- and a hypersonic velocity.

1. Belyanin D.G., Pirogov S.Y., Yuriev A.S. (Mozhaiski Space Engeering Universiti, St.-
Petersburg), Leonov S.V. (IVTRAN), Ryzhov E.V. (JSCompany “EKA”, Moscow).
Plazma-Gasdynamic Structure of Light-Detonation Wave at Absorption of Powerful Laser
Radiation in Air. / The 7™ international workshop on magnetoplasma aerodynamiks.
Russion academy of sciences. Moscow 17April — 19Aipril 2007.
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PEKUMBI HHOTJIOIMEHUSA MOIIIHOI'O JIABEPHOI'O
U3JIYYEHUA B BO3JAYXE B PEXKUME CBETOBOM JETOHALIMU

Hupozoe C. IQ., IOpvee A.C., benanun J[.I'.
BKA mMm. A. ®. Mosxkatickoro, Caukr-IletepOypr, Poccus

Ha nytu pemenust npoGnemsl 3pPEKTUBHOTO HCIOJIB30BAHUS HHEPrOINOABOJA JUIS
CHIDKEHHsI JIOOOBOTO CONPOTHUBIEHHS TNl HAa CBEPX- U THUIEP3BYKOBBIX CKOPOCTSX JIEKHT
HEOOXOUMOCTh O0OECHeUYeHHs €ro JIOKaJu3aluu, T.. 00ecleueHus CTPOro 3aJaHHOro IO
BPEMEHM, TPOCTPAHCTBY U MOLIHOCTH HEPIONOABOA.

Cpeau pa3InyHbIX CIIOCOOOB peaau3alliy SHEPronoBo/ia B CBEpX- U THIIEP3BYKOBbIE
IOTOKH, UM B HETIOABMKHBIN BO3AYX MEpeJl TEJIOM 0COOBI HHTEpEC MPEACTaBIISIET Ja3epHOe
uznyuyenue. JlazepHoe u3MyuyeHUE MOXKET IMOTJIOLIATHCS B BO3AYXE B PEXKHMME ONTHYECKOIO
paspsza, CBETOAETOHALIMMOHHON BOJIHBI M BOJIHBI MEJIEHHOTO ropeHus. [Ipu aToM Bompocam
INPUMEHEHUSI CBETOAETOHAI[MOHHOTO PEKMMa IMOTJIOLIEHHUS Ja3epHOIr0 M3JIy4YeHHUs B 3ajadyax
CHW)KEHHS BOJTHOBOTO COITPOTUBIIEHUS YIEJIEHO HEJOCTATOYHO BHUMAHMS.

B pabore B pamkax MoJielH HEBSI3KOTO, COBEPLIEHHOI'O, PABHOBECHOT'O, U3JIy4alOIIero
BO3JyXa  BBIIOJHEHO  YHCIEHHOE  HCCIENOBAaHUE IIPOCTPAHCTBEHHO-BPEMEHHBIX
ra3oJlMHaMUYeCKUX  CTPYKTYp  IUIa3MEHHBIX  00pa3oBaHW{,  BO3HUKAIOIIMX  IPU
CBETOICTOHALMOHHOM IOTJIOLICHHH JIa3epHOTO M3nydeHus [1].

UucneHnHbple pe3ysibTaThl CPABHUBAIOTCS C OSKCIEPUMEHTAJIbHBIMH pe3ysibTaTaMu
JIpyTUX aBTOPOB.

[TokazaHo, YTO MpU YMEHBIIEHUH IUIOTHOCTU BO3/1yXa MPOPUCXOIUT CKauKoOOpa3zHOe
U3MEHEHHE CKOPOCTU JIBIDKEHHUS CBETOAECTOHALMOHHOW BOJIHBI, 4YTO OOYCJIOBJIEHO
U3MEHEHUEM ONTHYECKUX CBOMCTB TOpSUEro BO31yXa BO (PPOHTE CBETOAETOHAIMOHHOMN
BoJIHBL. [Ipu 3TOM J1azepHOE M3IIydeHHE MOIJIOUIAETCS HE B TOHKOM CJIO€, @ B IPOTSHKEHHOM
o0beMe 3a (PPOHTOM CBETOJIETOHAIIMOHHOM BOJIHBI, COMIOCTABUMOM IO pa3Mepy ¢ IUaMeTpoM
nasepHoro iyda. [Ipu nanpHeimeM yMEHbIIEHUN ITIOTHOCTH IPOMCXOAUT CPBIB PEXKUMA, T.€.
CBETOJCTOHALIMOHHBIN PEXUM He peasnsyercs. [I10THOCTE BO3ayXa, IpU KOTOPOM IepecTaeT
peann30BbIBATLCSl  CBETOJICTOHAIIMOHHBIN PEXHUM COOTBETCTBYET BBICOTAM Mopsaaka 28
KUJIOMETPOB HaJl YDPOBHEM MODSL.

Taxxke moka3aHO, YTO NPU CHIJKEHHHU IUIOTHOCTH BO3JyXa CTENEHb CXKATHUs ra3a B
CBETOJICTOHALIMOHHOW BOJIHE yMeHblnaercs. IlosTomy cBeToneTOHalMOHHAs BOJHA
BBIPO’KJIA€TCS U3 CBETOJETOHALMOHHOMN B paJUallMOHHYIO.

Ha ocHoBe aHain3a YHUCIIEHHBIX pPE3YJbTAaTOB IOJYYEHbI 3aBUCUMOCTH CKOPOCTH
pPacIpOCTpaHEHUsI CBETOJETOHAIMOHHOM BOJIHBI B 3aBUCUMOCTH OT HHTEHCHUBHOCTH
Ja3€pHOT0 U3IYUYEHUS U IIJIOTHOCTHU BO3TyXa.

[Toxa3zaHO, 4TO C MOMOIIBIO CBETOAECTOHALIMOHHOTO PEXUMa MOIJIOUICHHMS JIa3€pPHOTO
U3IYYEHUS MOXKHO II0JIy4aTh NPOTSDKEHHBIE KaHAJIbl IIOHMKEHHOW IUIOTHOCTH, BpEMs
CYILIECTBOBaHMs KOTOPBIX cocTaBisgeT mopsaka 1 c. Takue KaHaiabl MOTYT MCIOJIB30BATHCS
JUISL CHUKEHHSI BOJTHOBOI'O COINPOTHBIIEHUS TeJl, ABMKYIIHUXCS CO CBEPX- M TMIEP3BYKOBOM
CKOPOCTBIO.
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SYSTEM FOR PARTICLES PARAMETERS MEASUREMENT IN
HIGH-SPEED HETEROGENEOUS PLASMA STREAMS

S. V.Gorjachev, E.H. Isakaev, V.N. Senchenko, V.F. Chinnov, V. V. Shcherbakov
Joint Institute for High Temperatures RAS, psst@iop.org

The most important parameters of particles in heterogeneous plasma streams are: their
sizes, temperature and speed. The measuring system developed with reference to a problem of
a plasma spraying, allows controlling in a real time mode key parameters of spraying
particles: temperature, speed, the individual sizes of separate particles in sub - and a
supersonic plasma stream. And on statistically average sizes the system can supervise process
of thermal plasma spraying [1] or other process of interaction of a heterogeneous stream with
a target.

System uses specific CCD matrix which provides high sensitivity in infra-red spectral
area that allows to register the image of the plasma stream loaded by particles with an
exposition 3 — 100 us. Step-by-step digitizing of signals from CCD matrix gives values of
intensity of radiation in each element of a matrix which are used for definition of temperature,
speed and diameter of a particle. The temperature of particles in a range 1000 — 3000°C is
defined on average intensity of radiation of a track which is measured in a narrow spectral
range. The range of measured speeds is within 100 — 1200 m/s, the minimum registered size
of a particle is 10 um.

The original mathematical algorithms developed for processing in real time of 12 bit
grey images, with special calibration allow measuring speed with accuracy 1-2 % and
brightness temperature of particles with accuracy 2-4 %. Results of tests have shown that the
system possesses good sensitivity to changes of particles parameters in the course of a
spraying (a current of an arc, the expense of a powder of aluminum dioxide, the expense and
type plasma gas etc.) which influence temperature and speed spraying particles.

To determinate key parameters of a moving particle (brightness temperatures,
diameter and speed) from the received digitized images of tracks the special software which
allows to recognize automatically in real time "good" particles and to define their sizes with
subpixel accuracy is developed.

On installation for a thermal spraying with use plasmatron with extending anode
channel measurements of speed and temperature of particles in the established subsonic mode
and in a mode of plasmatron current change have been made. Speed of particles in the
established subsonic mode (particles Al,O3; with the size 40-60 um were investigated)
changes in a range from 100 to 350 m/s depending on a current of an arc, expenses plasma
and transporting gases. There are begun researches of the supersonic flow of heterogeneous
plasma in the chamber with lowered pressure. Work is performing with RFBR support under
the project Ne 08-07-00252.

References.

1. V.N.Senchenko, V.S.Dozhdikov, TEMPERATURE: Its Measurement and Control in
Science and Industry; Volume VII; Eighth Temperature Symposium, Chicago, Illinois
(USA), 21-24 October 2002, pp. 831-836
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CUCTEMA J1JIsd UBMEPEHUSA TAPAMETPOB YACTHILI B
BBICOKOCKOPOCTHBIX 'ETEPOI'EHHbBIX IIJTASMEHHBbIX
IHOTOKAX

C. B. I'opsaues, 3. X. Hcakaes, B. H. Cenuenko, B. @. Yunnos, B. B. lllepoakos
OObeIMHEHHBIH HHCTUTYT BBICOKUX Temmepatyp PAH, psst@iop.org

Hamnbonee BaXHBIMH TapaMeTpaMH YacTHIl B T€TEPOT€HHBIX IUIa3MEHHBIX MOTOKaxX
SBJISIIOTCS. UX pa3Mepbl, TeMIlepaTrypa U CKopocThb. M3MepurenbHas cuctema, pazpaboTaHHAs
NPUMEHHUTEIBHO K 3a7ade IUTa3MEHHOTO HAIbUICHHS, TO3BOJIIET B PEXHME PpPEalbHOTO
BPEMEHU KOHTPOJHUPOBATh OCHOBHBIE IapaMeTpbl HANbUIAEMBIX YacTHUI]. TeMIIeparTypy,
CKOpPOCTh, HWHAWBUAYAIbHBIC pa3Mepbl OTIENBHBIX YacTUI[ B JO- U CBEPX3BYKOBOM
IUIA3MEHHOM IOTOKE. A 10 CTaTUCTHYECKH YCPEIHEHHBIM BEJIMYMHAM CHCTEMa MOXET
KOHTPOJIUPOBATh  TPOLECC IUIA3MAaTepPMUYECKOro HambuieHus [1] wiam wHOM mporecc
B3aMMO/JICHCTBUS T'€TEPOT€HHOI0 OTOKA C MUILIEHBIO.

B cucreme wucnonwsdyercs cnemumanbHas [13C wmarpuia, kotopas oOecreuynBaeT
BBICOKYIO YYyBCTBUTEJIBHOCTb B HH(PAKpACHOM CHEKTpaibHON 00]acTH, 4YTO MO3BOJISIET
perucTpupoBaTh U300pakeHNE 3arpyKEHHON YacTULAMU IJIA3MEHHON CTPYH € 3KCHO3UIMEN
3 — 100 wmxc. ITosnementHoe oumdpoBbiBanre cUrHanoB [13C maTpuipl 1aeT 3HAYCHHS
MHTCHCUBHOCTH H3JIyYCHHUS B KaXJIOM D3JIEMEHTE MAaTpHIIbl, KOTOpPBHIE HCHOIB3YIOTCS ISt
OTIpeNieNIeHUs] TEeMIIEpaTyphl, CKOPOCTH M JUaMeTpa 4YacTUIlbl. TemmepaTypa 4YacTHIl B
nuamazoHe 1000 — 3000°C ompenenseTcst MO CpefHEH WHTCHCUBHOCTH W3IYUYCHHsS TPEKa,
KOTOpasi U3MEPSAETCS B y3KOM CHEKTPalbHOM Juana3oHe. J[ManazoH U3MepseMbIX CKOPOCTEH
aexur B mpenenax 100-1200 wm/c, MHHUMaNbHBIH PETHCTPUPYEMBIA pa3Mep YaCTHIIbI
cocraBiger 10 MkM.

OpuruHanbHble MaTeMaTHYECKUE alrOpUTMbI, pa3paboTaHHble s 00pabOTKH B
peaJibHOM BpeMeHHU 12 OWUTHBIX CepbIX H300paKeHUI, B KOMOMHAIMM CO CIEeNHaIbHOU
KaJMOPOBKOI IMO3BOJNSIOT H3MEPSATh CKOPOCTb C MOTpPemHOCThi0 11-2% u  SpKOCTHYIO
TEMIIepaTypy YacTHIl C TOTPEIIHOCTbI0 *2-4%. Pe3ynpTaThl WMCHBITAaHWNA TOKa3ajH, 4YTO
cucreMa 00jazaeT XOpOolled YyBCTBUTEIbHOCTHIO K M3MEHEHHUSAM IapaMeTpOB 4YacTHUI] B
npoliecce HambUIeHUsS (TOKa IYTH, pacxoja MOPOIIKA JBYOKUCH IIFOMHUHHUS, PacXoia M THIIA
IIa3MO00pa3yroImero ra3a W T.J.), KOTOpbIC BIHAIOT Ha TEMIEpaTypy H CKOPOCTh
HAIbUIIEMBIX YaCTHILI.

JI71st BBISIBICHHSI OCHOBHBIX IapaMETPOB JICTSIICH YacTHIBI (SIPKOCTHON TeMIIepaTypHl,
JMaMeTpa U CKOPOCTH) M3 MOJYYCHHBIX OIM(POBAHHBIX M300paKEHUN TPEKOB pa3paboTaHO
CHeLMalIbHOE MaTeMaTH4eCcKoe O0ecledeHue, KOTOpOoe IO03BOJISIET B pPEalbHOM BpPEMEHHU
aBTOMATUYECKM PAclO3HaBaTh ' XOpOIIME” 4YacTULBI M ONPEAENATh HUX pa3sMepbl C
CyONMKCETbHON TOYHOCTHIO.

Ha ycraHoBke i1 TepMHUYECKOTO HANBUICHUS C MCIIOJIb30BAaHHEM IUIa3MaTpoHa ¢
paclIMpsOUIMMCA  aHOAHBIM KaHajioM OBbUIM IPOBEJEHBI H3MEPEHHS CKOPOCTH H
TEMIIepaTypbl YaCTHUI] B yCTAHOBHUBILIEMCS I03BYKOBOM PEKUME U B PEKUME U3MEHEHUS TOKa
ma3mMaTpoHa. CKOpOCTh YacTHUIl B YCTAHOBHBIIEMCSl JO3BYKOBOM peXuME (MCCIEI0BAINCh
gactuuel Al,O; pasmepom 40-60 mkm) m3mensiercs B npexpene ot 100 mo 350 m/c B
3aBUCUMOCTH OT TOKa JyTH, PACXOOB IJIa3MOO0OPa3yIOLIEro M TPaHCIOPTUPYIOIIErO ra3os.
HauaTtbel uccrnemoBaHHsl CBEPX3BYKOBOI'O HCTEUCHHsI T'E€TEPOICHHOM IIa3Mbl B Kamepy C

MMOHWKEHHBIM JaBiieHHeM. PaboTa BeimonHeHa npu noaaepxkke PODU o mpoekty Ne 08-07-
00252.
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ON A PROBLEM OF CONVERGING SHOCK WAVE STABILITY IN
TERMODYNAMICALLY NON-IDEAL MEDIA

A.V. Konyukhov, A.P. Likhachev, V.E. Fortov
Joint Institute for High Temperatures, Russian Academy of Sciences

Converging shock waves are used for various scientific and engineering applications
to provide strong matter compression up to high pressures and temperatures. The problem of
their stability has long since been the focus of interest of researchers due to its practical
importance but its study was usually conducted for thermodynamically normal media. At the
same time it is clear the compressed matter becomes strongly non-ideal and their
thermodynamic properties may be abnormal as shock wave is approached to the convergence
center. The paper presented is devoted to numerical study of the stability of converging shock
waves in media with arbitrary thermodynamic properties taking into account their possible
abnormality.

The simulation has been conducted using the TVD finite difference scheme and
Glaister’s type approximate Riemann solver. The model and real equations of state has been
used in calculations. The behavior of the converging shock waves in the regions of their
ambiguous representation and the neutral stability has been studied. The peculiarities of the
problem considered connected with the shock wave convergence have been analyzed. The
dependence of the final compression value from the initial shock wave intensity (i.e., its
position on Hugoniot curve) has been investigated.

K IPOBJIEME YCTOMUYUBOCTHU CXOAAIINXCS YIAPHBIX
BOJIH B TEPMO/IUHAMMNYECKHN HENJAEAJIBHBIX CPEJTAX

A.B. Konrwxos, A.Il. Jluxauee, B.E. ®opmos
OOBbeIMHEHHBIH HHCTUTYT BBICOKMX Temneparyp, PAH

Cxopnsuigecs: yaapHble BOJHBI HCIIOJIB3YIOTCS BO MHOTHUX HAay4YHBIX M HH)KEHEPHBIX
NPWIOKEHUSAX JUIS CHIBHOTO CXXaTHsl BelIeCTBa 1O BBICOKUX 3HAYCHUU JaBICHUS U
TeMIepatypbl. B CHIly NpakTHYeCKON BaXXHOCTH TIpo0ieMa HMX YCTOWYMBOCTH JIaBHO
HAXOJWTCS B IIEHTPE BHUMAaHUS HCCIEIOBATENCH, HO €€ aHamu3 OOBIYHO OTPaHUYMBACTCS
HOPMaJbHBIMU B TEPMOJAMHAMHYECKOM CMBbICIE cpefaMu. B To ke Bpemsi OYeBUAHO, UTO 10
Mepe CXOXKJEHHUS YJapHOW BOJHBI K LIEHTPY CXKUMaeMas Cpella CTAHOBHUTCS CYIIECTBEHHO
HEUJeaJbHOM, a ee TEepMOAMHAMHUYECKHE CBOWCTBA MOTYT OBITh aHOMAaJbHBIMHU.
[IpencraBneHHass paboTa TMOCBAIICHA YHUCICHHOMY  HWCCICOBAHHIO  yCTOHYHMBOCTH
CXOMSILIUXCS YIapHBIX BOJIH B Cpeiax ¢ MPOU3BOJILHBIMU TEPMOJAMHAMUYECKUMU CBOHCTBAMU
C YU4€TOM UX BO3MOXKHOU aHOMAJIbHOCTH.

MopenupoBaHre MPOBOAMIOCH ¢ UCTONb30BaHUEM | VD KOHEYHOPAa3HOCTHOW CXEMBI H
OMM3KOro K mpeasiokeHHoMy [nmadictepoM NpUONMMKEHHOTO aNTrOpUTMAa PEIIeHUs 3aJadyd O
pacnaze paspbiBa. B pacuerax HCIONB30BATUCh MOJEIBHOE U pEajbHble YypaBHEHUS
COCTOSIHMS. BbUIO TMPOBEJIEHO MCCIEIOBAHUE TOBEICHUSI CXOISMIIMXCS YNAapHBIX BOJH B
00JacTAX WX HEOJHO3HAYHOTO TMPEACTABJICHHUS W HEUTpallbHOW ycToWuumBocTU. I[IpoBeneH
aHaJIM3 OCOOEHHOCTEH paccMaTpUBaeMOl MPOOIEMbI, CBSI3aHHBIX CO CXOXKICHHEM yAapHBIX
BOJIH, U3y4Y€Ha 3aBHCHUMOCTh BEJIMYMHBI KOHEYHOIO CKAaTHUS OT HAayaJlbHOW MHTEHCUBHOCTHU
3aJjaBacMOM yIapHOU BOJIHBI (€€ MOI0KEHUS Ha yIapHOii aguabare).
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RESEARCH OF A BALL LIGHTING IN THE FIELD OF ITS ORIGIN
AND ABNORMAL PASSAGE OF A BALL LIGHTNING THROUGH
ABSORBERS

A.G.Oreshko
Moscow Aviation Institute (Technical University). Volokolamskoye Shosse 4, 125871 Moscow, Russia. E-mail:
Oreshko_Alex@mail.ru

A ball lightning phenomenon has attracted attention of researchers for a quarter of
millennium. A great number of papers are dedicated to this phenomenon, where efforts are
made to give a theoretical explanation to causes of its generation, structure and essential
lifetime. A common feature for all models is the fact that ball lightnings are generated at an
electrical discharge in the atmosphere. In a number of cases they were observed even on
board an aircraft. It should be noted that aircraft powerplant parameters considerably give in
to those of an electric discharge that takes place in the atmosphere. A cause of a ball lightning
appearance inside an aircraft remains unclear.

The experiments were carried out at “Prometeus” test installation. The installation for
large ball lightning generation comprises main and auxiliary capacity storage, a discharge
cell, diagnostics means, high-voltage sources and commutation units. Cell commutation was
effected by a plasma gun actuated by a start unit on the basis of a high-voltage thyratron TGI-
325/16. A discharge cell was two type domaintrons designed by the author. The main
objective in developing domaintrons was to obtain a high factor of electric energy conversion
stored in the capacitor to electromagnetic radiation energy. A principle of domaintron
operation is based on the effect of energy conversion to electromagnetic radiation
experimentally discovered and theoretically substantiated by author.

At the tests a standard set of diagnostics means was used that was usually admitted in
high-current pulse electronics. The voltage applied to cell electrodes was measured by ohmic
divisor, pulse current — by means of Rogovsky loop. A discharge current was always more
than a few tens of kiloampere. There was luminescence registration with space and time
resolution made. X-ray and microwave radiation were also registered. A longitudinal
component of fast particles energy in the zone of propagation is 100 keV. With a ventilation
orifice open in the field of a laboratory ceiling a ball lightning was tending to enter that
orifice. In case of a grounded hanging downward metal wire installed at the ceiling a ball
lightning collapsed at the contact with it. With a glass sheet 7 mm thick placed at the distance
of 120 cm from a domaintron plane transverse to ball lightning motion direction, its passage
through the glass was seen. A ball lightning obtained has properties, which typical for ball
lightnings existing in Nature. By method of sequential approximations and search a
phenomenon was a success to reproduce that is present in atmospheric electric discharges.

Plexiglas, textolite and aluminum absorbers were also installed. In every case the
intensity of luminosity reduction was observed after passage a ball lightning through an
absorber. The experiments of passing through aluminum 2 mm thick allowed to determine an
azimuth electron energy of an external ringular layer of a ball lightning equal to
approximately 350 keV. Ball lightning absorber penetration experiments give ground to
believe that a value of azimuth velocity component is sufficient for balance force function
and considerable lifetime. Maximum velocity is typical for electrons in the equatorial part of
a ringular layer. The electron current in an external ringular layer is considerably surpassing
the ion one and gives birth to poloidal magnetic field. An effect of ball lightning passage
through absorbers is explained
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UCCJIEJOBAHUE LIIAPOBOM MOJIHUU B OBJIACTH EE
3APOXKJIEHUSI U AHOMAJIbHOE IPOXOXKJIEHUE IIIAPOBOI
MOJIHUU YEPE3 IOI'VIOTUTEJIN

A.I".Opewko
MOCKOBCKH#T aBHAIIMOHHBINA HHCTUTYT (TEXHUYECKHH YHUBEpCUTET). Bomokoamckoe mocce, 4, Mocksa,
Poccus. E-mail: Oreshko Alex@mail.ru

SIBneHne mapoBOM MOJHMM IPUBJIEKAET BHUMAHHME HCCIENOBATENIEd YETBEPTh
TeICAYeNeTHs. boibinoe 4nuciao paboT MOCBSIIEHO 3TOMY (PEHOMEHY B KOTOPBIX CJIETaHBI
ycwiud, 4ToObl JaTh TEOpPETHYECKOe OOBSICHEHHE CIyuyaeB €€ T'eHEepaluH, CTPYKTypbl U
3HAYUTEJIBHOIO0 BpeMeHM kM3HH. OOmasi 0COOEHHOCTh BCEX MOJENEH COCTOUT B TOM, YTO
IIIapOBBIE MOJIHUM T€HEPUPYIOTCS B AJIEKTPUUECKUX pa3psrax B aTMochepe. B psaae ciayuyaes
OHM HaOmIOJamUCh JAaxe Ha OopTy camoneToB. Cienyer OTMETUTh, 4YTO MapameTphbl
SHEPrOyCTaHOBOK CaMOJe€Ta 3HAYMUTEIBHO OTJIMYAIOTCS OT IAapaMEeTpPOB B JJIEKTPUYECKOM
paspsane B armocdepe. [IpnunHa nosiBiIeHUs 1ApOBOIl MOJIHUU BHYTPH CaMoJIeTa OCTAaeTCs He
BBISICHCHHOM.

DKCcIepUMEHTHI BBIMOJIHSINCE Ha ycTaHoBKe “IIpometeil”. YcraHOBKaA JUIsl reHepaliu
0OJBIIKMX MIAPOBBIX MOJHHUI COCTOMT K3 OCHOBHOTO M BCIOMOIaTE€JIbHOTO E€MKOCTHBIX
HAaKOIUTEJIEH, pa3psAHOM  sSYEHKH, CpEACTB JUArHOCTHKH, HCTOYHUKOB BBICOKOTO
HampsDKeHUsT W OJIOKOB 3amycka. KoMMyTamusi paspsiHOM SYEWKH OCYyIIECTBIISIACH
IUIa3MEHHOMU IMyIIKOHM, KOTOpas 3allycKaiach ¢ IMOMOIIbIO GJIOKa ITycka Ha OCHOBE THpATpOHA
TI'11-325/16. B kauyecTBe pa3psiiHON SYCHKH HCIIOJIB30BAIKMCH JBA THIIA JIOMEHOTPOHOB,
KOTOpBIE CKOHCTPYMpPOBaHbl aBTOpoM. (OCHOBHas Ledb MNPU CO3JaHUU JTOMEHOTPOHOB
3aKII0Yyanach B IOJYYEHHH BBICOKOTO KOX(QQHUIHMEHTa TNpeoOpa3oBaHUsl JHEPTUU B
HAKOIMUTEJIE B SHEPTHIO 2JIEKTPOMAarHUTHOTO U3TyUYEHUS.

[IpuHiun peWcTBUS JAOMEHOTPOHA OCHOBAaH Ha A(QeKTe KOHBEPCHH SHEPrUH B
JIEKTPOMArHUTHOE  M3JIy4€HHE, KOTOPbI OBII  SKCIEPUMEHTAIBbHO OOHAapyXeH H
TEOpPETUYECKH OOBSICHEH aBTOPOM.

B »skcnepumeHTax HCHONb30Bajicsd CTAHJAPTHBIA HA0Op CPEICTB JUATHOCTHKH,
KOTOPBIN MIPUHATO UCIIOJIB30BATh B CWIIBHOTOYHOU MMITYJIbCHOM 3JIEKTpOHUKE. [IpunoxenHoe
K DJIEKTPOJaM SYEMKH BBICOKOE HAIPSIKEHUE M3MEPSIOCh OMHUYECKHM ACIUTEIIEM, UMITYJIbC
TOKa — IIOCpencTBOM mosica Porosckoro. PaspsaHblii TOK Bcerga IPEBBIAT HECKOIbKO
JIECATKOB ~ Kujoamnep. PerucrpupoBanoch CBEYEHME IUIa3Mbl C  BPEMEHHBIM U
NPOCTPAHCTBEHHBIM paspeiicHueM. PentrenoBckoe (topmosznoe) u CBY — u3nyueHue Takxe
peructpupoBanuck. IIpomonbHas KOMIIOHEHTa OJHEPrUuM OBICTPHIX YacTHIl B  30HE
pacripoctpanenus paBHa 100 k3B. IIpu OTKpBHITOM BEHTWJIALIMOHHOM OTBEPCTHH B 30HE
IIOTOJIKA IIAapoBas MOJIHUS IBITAE€TCS BOWTHM B OTBEPCTHE. B ciyyae yCTaHOBIEHHOrO Ha
IIOTOJIKE Y HAIPABJICHHOI'O BHU3 3a36MJICHHOI'O METAJJIMYECKOIO MPOBOJA IIAPOBasi MOJIHUS
paspy1uaeTcs npu KOHTakTe ¢ npoBojaoM. IIpu ycraHOBKe jHcTa cTekia TOJNIIMHOM 7 MM Ha
paccrossuun 120 cM OT IUIOCKOCTHM JOMEHOTPOHA MEPIEHAMKYJISIPHO K HAaIpPaBICHUIO
JBYDKEHUS IIApOBOM MOJIHMHM, HAOMIOJAETCs ee MpOXOoXKIeHHe uepe3 crekio. [losmyueHHas
miapoBasi MOJHHUS MMEEeT CBOWMCTBA, KOTOPBIE XapaKTEpHbI I LIAPOBBIX MOJIHUHI
HaOmonaemblx B Ilpupone. Meronom mnocienoBaTeabHbIX NPUOIMKEHUH M TOUCKA OBLIO
YCIIEUIHO BOCIPOU3BEICHO SBJIEHHE, KOTOPOE HMEETCS B aTMOC(EpPHBIX SJIEKTPUUECKUX
paspsiax.

YcTaHaBIMBAIKNCH TAKXKE IOIVIOTUTENIN U3 IJIEKCUIJIAca, TEKCTOJIMTA U allOMUHMS. B
KaX/I0M Ciy4ae HaOlI0Jaloch CHU)KEHHUE MHTEHCHUBHOCTU CBEUCHMS IIOCJIE HMPOXOXKICHUS
IIapOBOM MOJIHMM YE€PE3 MOMIOTUTENb. DKCIIEPUMEHTHI 110 MPOXO0KIEHUIO YEPE3 MOIVIOTUTEID
U3 QJTIOMHMHUSA TOJIIMHON 2 MM MO3BOJIMIM ONPENEIUTh a3UMYTaJIbHYIO SHEPTHIO 3JIEKTPOHOB
B KOJIBLIEBOM Hapy>KHOM CJIO€ LIapOBOM MOJIHMH, KOTOpas mpubnusurensHo paBHa 350 k3B.
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DKCIIEPUMEHTHI 10 MPOXOXKICHUIO IIAPOBOM MOJHUH Yepe3 MOTIOTHTEIN Tal0T OCHOBAHUS
MoJIaraTh, YTO 3HAUEHHUE A3UMYTAILHON KOMIIOHETHI CKOPOCTHU SIBIISIETCS JOCTATOYHBIM IS
OajaHca CHJI M 3HAYUTEILHOTO BPEMEHHU KH3HH. MaKCHMyM CKOPOCTH MMEIOT JICKTPOHBI B
HKBATOPUATHLHON YaCTH KOJBIIEBOTO CJIOS. DJIEKTPOHHBIA TOK BO BHEIIHEM KOJBIIEBOM CIIOE
3HAYUTEIBHO MPEBOCXOMUT HWOHHBIA ¥ TIOPOXJAeT TMOJOUJAIFHOE MAarHUTHOE TIOJIE.
Oo0mbscusercs ¢ (HeKT MPOXOKACHHS MAPOBOI MOJTHHUH Yepe3 MOTJIOTUTEIH.

ONE MORE NON-THERMAL SPACEECRAFT DESIGN SCHEME

© Valentine A. Belokogne, Moscow, Russia 2008
Academia Cosmonautica, RANS, ICAD RAS, Academy of Futures Research
ioran@ocean.ru

As far as the conditions B%/8m >> nkT are realizable, the non-thermal machines are
feasible in general, and in the form of “cold” rocket systems in particular.
Let imagine the break off some material block into two subblock of the same mass, and the
same “exhaust” velocity V, and then one of the blocks (“head”) fissed with the same scenary,
I.e. to fly with the velocity (in our inertial system) 2Vand so on ..... latest “head” accelerated
to velocity KV=U.

We have here ariphmetic progression for the velocity, an geometric one for the mass,
evidently.

Then, by the mathematical induction we have U = Vlogy[m(t=0)/m(t)], {like on
Ciolkovsky} i.e. rocket with the higher efficienely than traditional, and accelerated
periodically by the MHD “explosions” of B%/8x.

MPUMEP HETEILJIOBOM PAKETBHI

© B.A. Benokonws, Mockea, Poccua
<Akaznemus KocmonaBtuku PAEH, UuctutyT Okeanonoruu PAH>
belok@pisem.net

B cBsa3m ¢ mporeccamu, TPOUCXOMSIIUMH TPH B? /8 >> nkT, mpeacraBiseTCs
peanu3yeMoil «X0JI0IHas» paKeTa CJeAYIOIIero Kiacca.

BooOpasum  mocnemoBaTenbHBIE  aKThl  pacKajbIBaHUS — TOMOJIaM  OJIOKOB,
pa30pachiBacMbIX B MMPOTHUBOIIOIOKHBIE CTOPOHBI CO CKOPOCTSIMH «BBIXJIONa» + , MpUUEM B
3aJIaHHOM HAaNpaBJICHUH HMIYIIMHA KpalHUM OJIOK CHOBAa M CHOBa pacKajibiBaeTcs (3a cyér
BKJIFOUCHHS PACKAIBIBAGMOT0 MATHUTHOTO AaBieHus B’ /8m), BILIOTH 0 MONYHEHHS K-TOTO
(«moe3HbIi rpy3»), MPUOOPETAIOIIETO YKa3aHHBIM CIIOCOOOM CKOpOCTh K _ =

Takum oOpa3oMm, ckopocTb HaOupaercs B apuMETHUECKOW Nporpeccuu, a
yckopsiemast Macca M(t) Bo3pacTaeT SKCIOHCHIIMATBHO, OTKY/Aa MOIy4aeTcs CreuduyecKas
moudukarms Gopmyisl [uonkosckoro U =V log {m(t=0)/m(t)}.

Takas pakera o6manaet moBbimeHHEbIM KIT/I.
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ON THE REFINED ASSESSMENT OF THE ONE-PHOTON ENTROPY

© Valentine A. Belokogne, Moscow, Russia 2008
Academia Cosmonautica, RANS, ICAD RAS, Academy of Futures Research
ioran@ocean.ru

The unique peculiarity of any photon, belonged to electromagnetic radiation in heat
equilibrium, consists in the temperature independence (asile of 0°K) for the mean one-photon
entropy.

{S(N)/<N>}photon = S(N)/<dN> = 3.6k => N # const (!) — remarkable (i.e. ecologically)
entropy single one step quantization.

Meanwhile the one-molecular entropy of the Boltzmann heat equilibrium gas (N = const):
(S/N)goiz ~ K In{T¥2( IN)**/h} > 0 at T — oo,

Instead of forever interacting material (i.e. of Boltzmann) molecules, the photons are
noninteracting mutually (in spite of Einstein position [1909]) — until the light intensity | <
10722 Wicm?).

Therefore, the photon entropy appears (and decreases) only by an «external» factors.

The novel hi-tech process of photon entropy transfer — the laser cooling (especially by the
coherent and zero-temperature part of a laser beam) is very interesting for a flying machines
aerodynamics (author and Alexander Karaboutov [1992], andalso with Oleg Rudenko and
Rem Khokhlov [1977]). This technology is fundamentally connected with mentioned photon
physics deserved the following piece of the principles in statistical thermodynamics (Terrel
Hill [1960], Bose [1923], Plank [1900]):

Ephot = (3/4) ST = 3pV = (48zhc) (kT/hc)* ¢(4);

<N>ppot = 16n(3)(kT/hc)®V, where Riemann functions (3) = 1.2020569032, £(4) = /90 =>
SI<N>k = 45(4)/5(3) = (6/5)(n*127)/¢(3) = 3.6015707...

YTOUYHEHHUE OLEHKH YAEJIBHOM (THE MEAN ONE-PHOTON)
SHTPONUU KBAHTOB DJIEKTPOMATHUTHOTO MOJISI IPU
JOKAJIBHOM TEPMOJJMHAMWYECKOM PABHOBECUH

© Banenmun A. benoxons, Mockea, Poccua 2008
< Axaznemust Kocmonastuku, PAEH, UncTtutyT okeanomornu PAH >
belok@pisem.net

VHuKanpHas (QyHIaMEHTalbHas OCOOCHHOCTh KBAaHTOB, JIOKAJBHO PaBHOBECHOI'O
(LTE) snekTpOMarHUTHOrO M3iydeHHs (KaK W HMHBIX 0€3MacCOBBIX OO30HOB B TEILIOBOM
paBHOBecHH — (OHOHOB M T.I.) COCTOMT B TEMIICPATypHOW HE3aBHCHUMOCTH CpeIHEl
onHO(oTOHHOH SHTpONMU. COOTBETCTBYIOIINI «OAHOCTYIEHYATHII» KBAHT SHTPOIIUU TAKOTO
U3IIyYEHUs PaBEH

{S(Nphot)/<N>t= {S/ <8N>}phot = 3.6k,

T.€. TemnepaTypHo uHBapuanteH (10 T=0°K) — B oTamuue oT cpeqHel 0HOMONEKYISPHOI
SHTpONMU  (EPMHUOHOB M  4YacTUI[ OOJIBIIMAHOBOM craTHCcTUKU. bonee Toro, B
MPOTUBOMOJIOKHOCTh B3aUMOJICHCTBYIOIIUM «MaTepUalbHBIM» YacTHIaM Yy (OTOHOB
B3aUMOJICHCTBUE IPAKTUUECKUE HE MPOSBIAETCA 10 < 1022 Br/em?, T.e. ux OHTpONUSA
TeHEPUPYETCS] «BHEIIHUMH MPHIUHAMU». HOBBIM MEeXaHU3MOM SHTPOMH3aluH HOTOHOB (T.€.
COOTBETCTBYIOIIETO «(a30BOr0 MEPEMEIIUBAHUS») SIBICTCS JA3€PHOE OXJIAKICHUE CpE,
OTJAIONIMX CBOK dsHTponuio abcomotHo xonoxHoi (0°K) korepenrtnoii  (Sphot=0)
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COCTaBJIAIONICH Ja3e€pHOro Jy4a. ITO aKTyaabHO IS adpOAMHAMHUKH (aBTOp M AJIEKCaHIp
KapabyTos: MI'Y 1992).

UucnenHoe 3HaueHHE (yHIaMEHTAIbHON BETUYMHBI (DOTOHHOTO KBaHTa SHTPOIUH,
TEpsIEeMOT0 TIPH Ja3e€pHON TeHepanud W MPUOOPETaeMOro TpU JIA3ePHOM OXJIAXKICHUU
cinenyet u3 teopuii [Tnanka [1900] u Boze [1923]:

Eplank=3ST/4=3pV=48r(kT)*V{(4)/(hc)3;

<Nphot> = 1675(3)(KT/hc)?V,

riae gpynkuns Pumanna {(4) = n'/90, ¢(3) = 1.2020569032

=> {S/<N> k }phot=4¢(4)/¢(3) = (6/5)(x*/27)/¢(3) = 3.6015707...

SHOCK - WAVE FRAMES BEFORE A BODY AT EFFECT ON
FILLING HYPERSONIC FLOW COUNTER LASER RADIATION

Yuriev A.S., Pirogov S.Yu., Filatov A.V., Typaev V.V.
MSA by A.F. Mozhajsky, St.-Petersburg, Russia

Within the framework of model inviscid, equilibrium, beaming gas the numerical
research of hypersonic flow past of a cylindrical body with flat nose butt end is made. The
effect on a ram airflow of a laser radiation was modelled by a beam with Gauss distribution of
intensity, directional towards to a flow is on line to a body. The carry of radiation was
allowed in a diffusive approaching. The gas dynamics equations systems was decided by
Godunov method together with an equation of carry of radiation. Last was decided by a
method «o-f» prorates / 1 /. The nine-groups model of absorption coefficients of air was used.

As varied parameters were selected power of a laser radiation, density of air and Mach
number of a undisturbed flow. In a findings of investigation of influencing of these
parameters on shock layer near to a flat body a some features both in frames of shock layer,
and in the process of their formation was detected. So in studied range of varied parameters
was established, that at a fixed Mach number of a undisturbed flow, different powers of a
laser radiation and density of air the formation of two modes of shock layers is possible:

- shock layer with a curvilinear head shockwave, internal, almost straight-line oblique
shock wave and circulating zone behind it;

- shock layer with a curvilinear head shockwave and extended subsonic zone behind her
with a heat and low gas density.

For number M=10, density of air in a undisturbed flow conforming altitude of 20 kms,
and moderate powers of a laser radiation the formation of the marked above shock - wave
frames has appeared possible only under condition of a task on an axis of a hot airflow of
small ardent area with temperature T=1.758. At the same time at smaller density of air, but
large Mach numbers (M=20), has appeared, that in a task of such area there is no necessity.
An in this case initiation role of hot area execute gasdynamic gears, which conditioned in high
temperature and density of inhibition, conforming to very large Mach numbers. The marked
features can appear relevant for implementation of energy methods of control of
streamlining.

1. Chetverushkin B.N. Mathematical modelling of problems of radiative-gas dynamics, M.,
"«Nauka", 1985.
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YIAPHO-BOJIHOBBIE CTPYKTYPHI IEPE/] TEJIOM IIPHU
BO3JIEICTBUU HA HABETAIOIIINHI T'MITEP3BYKOBOM ITIOTOK
BCTPEYHOTI'O JIABEPHOI'O U3JIYUEHUS

Opves A.C., ITupozos C.1O., @unamoes A.B., Tunaes B.B.
BKA uMm. A. ®. Mosxkatickoro, Caukr-IletepOypr, Poccus

B paMkax MoJenu HEBA3KOIO, pPaBHOBECHOIO, W3JIyYarOUIEr0 TIa3a BBIIIOJIHEHO
YHCIIEHHOE HCCIIE0BaHNE THIEP3BYKOBOTO OOTEKaHMS LUIUHAPUYECKOTO Tela C TUIOCKUM
HOCOBBIM TopuoM. BoszneiictBue Ha Halerammuid MOTOK JIa3€pHOTO  M3IYUYCHHS
MOJEJIUPOBAIOCH JIy4OM C TayCCOBCKHM PAaCIpPEEICHUEM WHTEHCUBHOCTHU, HAIPaBIECHHBIM
HABCTpEeUy IIOTOKY COOCHO Temy. llepeHoc wu3nmydeHHs yduThBaICA B IU(B(y3HOHHOM
npubmkennd. CucreMa ypaBHeHUN ra3oBoil nuHamuku pemranack metogom C.K.I'ogyHoBa
COBMECTHO C YpaBHEHHEM IepeHoca u3nydeHus . llocnennee pemiasoch MeTonoMm «o-fB»
nporouku [1]. Mcmonb3oBanack AEBITUTPYIIOBas MOAETb KO3(D(UIHMEHTOB MOTIOMICHHUS
BO3JlyXa.

B kauecTBe BapbUpyeMBIX MapamMeTpoB OBUIM BbIOpaHBl MOIIHOCTH JIA3€PHOTO
U3JIy4eHMs, IUIOTHOCTh BO3AyXa M 4MCIO Maxa HEBO3MYILEHHOro IOTOKa. B pesynbpraTe
WCCJIEIOBaHMsI BIUSHUS 3TUX MapaMeTpOB Ha YJIApHBIN CIOW BOJM3H IJIOCKOTO TOpIa ObLI
BBISIBJIEH Psii 0COOEHHOCTEN KakK B CTPYKTYypax YIapHOTO CJIOsl, TaK U B CaMOM IIPOIECCE UX
dopmupoBanua. Tak B HCCIEIOBAaHHOM JMana3oHE BapbUPYEMBIX MapaMeTpoB OBLIO
YCTaHOBJIEHO, YTO IpHU (PUKCUPOBAHHOM uucie Maxa HEBO3MYILEHHOIO MTOTOKA, Pa3IMYHbIX
MOIIIHOCTSIX Ja3€PHOT0 M3TYUYEHUS U IUIOTHOCTSAX BO3AyXa BO3MOXKHO (POPMHUPOBAHUE ABYX
TUIIOB yJApPHBIX CJIOEB!

- YAApHOIO CJI0Sl C KPUBOJIMHEMHON TOJIOBHOM yJAAapHOM BOJIHOM, BHYTPEHHHM, ITOYTH
IPSIMOJIMHEVHBIM KOCBIM CKAYKOM YIJIOTHEHMS U IMPKYJIILIMOHHON 30HOU 32 HUM,;

- YIApHOTO CJIOS C KPUBOJIMHEWHOW TOJIOBHOM YZAapHOM BOJIHOW M MPOTSKEHHOM
JI03BYKOBOM 30HOM 32 HEW € BBICOKOM TEMIIEPaTypO U HU3KOM IJIOTHOCTBIO rasa.

Jns yncna M=10, nI0THOCTH BO3/yXa B HEBO3MYIIIEHHOM MOTOKE, COOTBETCTBYIOIICH
BbIcoTe 20 KM, M YMEPEHHBIX MOLTHOCTEH JIa3epHOT0 U3ITy4EeHUSI (POPMHPOBAHUE OTMEUCHHBIX
BBIIIE y/IapPHO-BOJHOBBIX CTPYKTYP OKa3aJIOCh BO3MOKHBIM TOJIBKO IIPH YCIOBUU 3a/1aHUS Ha
ocH Haberarouero noToka HeOoabpIION Topsiuelt obnactu ¢ Temneparypoir T=1.738. B To xe
BpeMs TIPH MEHBIIUX IUIOTHOCTSIX BO3AyXa, HO Oonbinmnx yuciaax Maxa (M=20), okasanocs,
YTO B 33/IaHUM TaKOM 00JacTH HET HEOOXOIUMOCTHU. B 3TOM ciyyae MHMLIMHPYIOILYIO POJIb
ropsiueil 00JacTH BBITIOTHSIOT T'a30JMHAMUYECKHE MEXaHU3Mbl, 00YCIOBICHHbBIE BBICOKUMU
TEMIEPATYPON M IUIOTHOCTHIO TOPMOKEHUS, COOTBETCTBYIOLIMMHU OYEHb OOJIBIIUM 4YHCIAM
Maxa. OtMedyeHHbIE OCOOCHHOCTH MOTYT OKa3aThCsl BaXXHBIMU [UIsI  peaju3aluu
SHEPreTUUECKUX CIIOCOO0B YNpaBIeHHsI 0O0TEKaHUEM.

SHOCK - WAVE FRAME ON AN INPUT OF EXTERNAL
COMPRESSION INLET AT ENERGY SUPPLY IN SUPERSONIC
UNDISTURBED FLOW

Pirogov S.Yu., Yuriev A.S., Makhrov A.S., Typaev V.V.
MSA by A.F. Mozhajsky, St.-Petersburg, Russia

The fissile activities on research of influencing energy supply on aerodynamics and
streamlining of perspective super- and hypersonic flight vehicles are now conducted. One of
directions in the given area is the research of influencing energy supply on the characteristics
of input units - inlets.
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At flight on super- and hypersonic velocities application of conventional methods of
control of shock - wave frame are still practically impossible.

To the present time some activities are appear, which one demonstrate a capability of
control of shock - wave frame in an input unit with the help energy supply in a filling flow
[1,2].

At research of influencing on flow in an input unit it is necessary to esteem two
aspects. At first, application energy supply for control of streamlining of members of a design
hypersonic flight vehicles, such as the nose and bearing surfaces, results in formation of a
thermal layer, which one can influence flow parameters of the air intake on a design regime,
and that most to worsen parameters of an input unit. Secondly, can be used as an effective
enough means for regulation of activity on off-design modes.

In paper within the framework of model of ideal inviscid gas the research of
influencing energy supply on shock - wave frame in an input of external compression inlet on
a design regime of activity is executed.

Is rotined, that energy supply in a filling undisturbed flow can be used for change of
shock - wave frame arising on an input of external compression inlet on a design mode of
activity.

1. Hong Yan, R. Adelgren, G. Elliott, D. Knight, M. Ivanov, D. Khotyanovsky, A.
Kudryavtsev. Laser Energy Deposition in Quiescent Air and Interacting Shocks // The
Fourth  Workshop on Magnetoplazma Aerodynamics for Aerospace Applications.
Moscow 9-11 April, pp. 68-77.

2. T.A.Bormotova, V. V. Golub, V. V. Volodin. Comparison of Efficiency of Mechanical and
Thermal Correction of Scramjet Intake // The Fourth Workshop on Magnetoplazma
Aerodynamics for Aerospace Applications. Moscow 9-11 April, pp. 112-116.

YIAPHO-BOJIHOBAS CTPYKTYPA HA BXO/IE BO BXO/JHOE
YCTPOMUCTBO BHEITHEI'O CXKATHUS ITPU SHEPTONIOJABO/IE B
CBEPX3BYKOBOH HABET'AIOIIIUI HEBO3MYIIEHHBIN ITOTOK

C. 10. ITupozos, A. C. FOpves, A.C. Maxpoe, Tunaeé B.B.
BKA um. A. ®. Moxaiickoro, Cankr-IletepOypr, Poccus

B mHactosmiee Bpemsi BeayTCsS AaKTHBHBbIE pabOThl IO HCCIEIOBAHUIO BIMSHUS
HHEProno/IBOJIa Ha a’POJUHAMUKY U OOTEKaHWE MEPCHEKTUBHBIX CBEPX- U THMIEP3BYKOBBIX
neratenbubix ammapatoB (['JIA). OmHuMm W3 HampaBlIeHHA B JaHHOH 00JaCcTH SIBISETCS
MCCJIEI0BAHKE BIMSHUS YHEPTONO/IBO/Ia HA XapaKTEPUCTUKU BXOJIHBIX YCTPOUCTB.

[Ipu moneTe Ha cBepX- M THIEP3BYKOBBIX CKOPOCTSIX MPUMEHEHHUE TPaJWLIMOHHBIX
METO/ZIOB  YMpPAaBJICHUS  YJAPHO-BOJHOBOM  CTPYKTYpOM  CTAaHOBUTCS  MPAKTHUECKHU
HEBO3MOKHBIM.

K Hacrosimemy BpeMEeHH BBIIIOJIHEHO HECKOIBKO pPabOT, KOTOpPHIE TOKA3bIBAIOT
BO3MOKHOCTh YIPaBJICHUS YJIAPHO-BOJHOBOW CTPYKTYpOH BO BXOJHOM YCTPOWCTBE C
TIOMOIIIBIO YHEPTOMO/IBOIa B Haberawmuuii motok [1, 2].

[Ipu uccnenoBaHWM BIUSHUS SHEProONOBOJIa HA TEYEHHE BO BXOJHOM YCTpPOMCTBE
HEOOXOJMMO paccMaTpuBaTh JBa acleKkTa. Bo-MepBbIX, MPUMEHEHUE SHEPronoaBoAa s
yOpaBiieHUus: OOTE€KaHHeM »3JEMEHTOB KOHCTpykuuu [JIA, Takux Kak HOCOBas 4acThb U
HECYyIIHe TMOBEPXHOCTH, IMPUBOIUT K OOpPa30BaHUIO TEIJIOBOTO CJIOS, KOTOPBIA MOXKET
MOBJIMATH HA MapaMeTpbl TEUEHUS BO3/1yX03a00pHUKA HA PACUETHOM PEXHMME, U TEM CaMbIX
YXYIUIUTh MapaMeTpbl BXOJHOTO YCTpoiicTBa. Bo-BTOpBIX, JHEPromoJBOJ MOKET
UCIIOJIb30BAThCS KaK JOCTaTO4YHO 3(()EKTHUBHOE CPEACTBO ISl PETYJIMPOBaHUSA pabOThl Ha
HEpacCUETHBIX PEeKUMAaX.
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B pabote B pamkax MoJeNM MICATIBLHOIO HEBA3KOIO ra3a BBINOJIHEHO MCCIIEJOBAHUE
BJIUSIHUSL DHEPromnoJBOJa Ha YAApPHO-BOJHOBYK) CTPYKTYPY BO BXOJHOM YCTPOMCTBE
BHEIIIHET0 CKaTHs Ha pacu€THOM PeXHUMe PabOTHL.

[lokazaHo, 4YTO »HEPromoABO B HaOeraromuii HEBO3MYIIEHHBIH MOTOK MOXKET
MCIIOJIB30BAThCS Ul U3MEHEHHS yapHO-BOJHOBOW CTPYKTYpPBI, BOZHUKAIOIIEH HA BXOIE BO
BXOJIHOE YCTPOWCTBO HA PAaCUETHOM PEXHME PAOOTHI.

EXPERIMENTAL OBSERVATION OF NON-PREIONIZED AIRFLOW
IN MAGNETIC FIELD

V.1.Alferov, A.V. Podmazov, V.S.Tikhonov, A.A. Tikhonchuk
TsAGI, Zhukovsky, Moscow region
D.S. Baranov, V.A. Bityurin, A.N. Bocharov, S.S. Bychkov, S.V. Gorjachev
JIHT RAS, Moscow

Experimental study of the non-equilibrium ionization of high-speed airflow in transversal
magnetic field predicted earlier in papers [1,2] and the paper presented at this Conference has
been performed at the hypervelocity Wind Tunnel facility of TSAGI. The TsAGI facility
operated in this experiment in reduced mode (with no additional MHD acceleration used
under nominal conditions) in order to avoid the parasitic influence of the NaK seed on the
studied phenomena.

Fig.1. Flow visualization. Magnetic field OFF. Fig.2. Flow visualization. Magnetic field ON.

The experimental model described in detail in our previous publications (see [1,2] and
references there) is the flat «thick» plate of about A4 format of ~ 15 mm thickness. The oval
magnetic system coil is located inside the plate. At the typical value of the half-period
sinusoidal current pulse of 3 kA the magnetic induction at the plate surface reaches ~ 0.7 T.
The model is located in the flow under angle of attack of 10°. The upwind plate surface is
equipped with segmented electrodes used in this experiment for potential measurements only.
The most interesting region of the flow predicted in the theoretical studies is located at the
suction backwind plate surface and this region was the main object of the fast visualization
with the VS Fast camera.

In this experimental series the luminosity recorded at the suction flow region at the
moment of magnetic field pulse (pulse duration ~ 2 msec) and also during the next 3-4 msec
as decaying object with no change of location (see Fig.1, Fig.2).

The potential measurement recorded the potential pulse well correlated in time with
magnetic field pulse.

The results of this series correlate well with the first observation made in last December
(see [2]) and will be analyzed later to compare with the theoretical evaluation.
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IKCIIEPUMEHTAJIBHOE HABJIFOJAEHHUE BO3AYHIHOI'O
IHOTOKA B MATTHUTHOM IIOJIE

Andgpepoe B.H., Iloomazoe A.B., Tuxonoe B.C., Tuxonuyx A.A.
ITAT'H, XXykoBckmii, MockoBckas 00I.
bapanoe /1.C., Bumiopun B.A. bouapoe A.H., bviukoe C.C., I'opaues C.B.
OUBT PAH, Mocksa

Ha  runepsBykoBoii  a’pomuHammyeckoir  T1py6e  I[AI'M  uccrnemoBanack
HEpAaBHOBECTHAs HMOHM3AIlMsA, paHee NpejcKasaHHas B pabortax [1,2], or B3ammopaeicTBus
IIOTOKAa BO3/yXa C MOJENbIO, COJAEpIKallel AJIeKTpOMarHuT. Mojenb mpeacTaBisiia coOon
IJIOCKYIO TUIACTHHY COOTBETCTBYMOMyI0 hopmaty A4, tommuuoi 1,5 cMm. [lepeansis kpomka
MOJIeNH 3a0CTpeHa. ByTpu Mojenu pacmolnaranack oBainbHas kaTymika. [Ipu Toke B KaTymike
3 KA Ha MOBEPXHOCTH MOENH co3aaBaiocT marHutHoe moje ~0,7 Tn. Monens Oblna
HAKJIOHEHa K ocH moToka Ha yrou 10 rpamycoB, Tak 4TO MepeaHssi KpOMKA OIyIIeHa BHH3.
[ToToxk BO3AyXa Ha HWKHEW IUIOCKOCTH MOJIENIA CO3/1aBajl 3aCTOMHYIO 30HY. C MOMOIIBIO
ckopocTHOM Buaeokamepsl VS Fast Benoch HabmoaeHue 3a moenbto (puc.l). OOHapyskeHo,
YTO B MOMEHT BKJIIOUYEHHUS TOKa Ha HIDKHEH MMOBEPXHOCTH MOJEIHM W Ha HeOOJIbIIOM
OTHaJIcHMH OT Hee mosiBiisieTcs: cBeucHue (puc.2). CBeueHue HAOMIOMACTCS U B TCUCHHH ~
0,010 c mocne BBIKITIOUEHHUS TOKA B KaTymke. D¢ deKkTa cHOca CBETAIIEHCS 00JIaCTH MTOTOKOM
BO3/yXa HEe HAaOJIO1aeTCsl.

Ha BepxHeil MIOCKOCTH MOJEIH PACHoOOraikch JBE Mapbl AJIEKTPOIOB (30HIOB) B
BUJIE IITHIPEKOB. Harpy3ounoe conpotusienrne 1 kOM COeqUHSIIO0 KaXayIo Mapy JIEKTPOIOB.
Bo BpeMst BKJIIOUEHHSI MATHUTHOTO TOJI HA Harpy304HOM CONpPOTUBIIeHNHU HaBoawiack DJIC.
KOTOpasi KOppeJIUpoBalia C TOKOM B KaTYIIKe.

RESEARCH OF THE EROSIVE DISCHARGE IN SUPERSONIC
STREAM OF ELECTROLIT DROPS IN AIR FOR THE PURPOSE OF
BURNING STABILIZATION OF KEROSENE IN THE JET ENGINE.

Bityurin V.A., Bykov A.A., **Velikodny V.Ju., *Samuolis I.A.
United institute of high temperatures of RAS, Moscow
*Moscow institute of physics and technology, Moscow

3Institute of applied mechanics of RAS, Moscow

One of not solved scientifically - technical problems is creation direct flow jet engine.
To achieve cruiser regime of flying with the direct-flow engine (6 Mach) it is necessary to use
liquid jets because of low air temperature in the combustion chamber. Authors suggest for
burning stabilization of kerosene in the direct-flow engine to use the erosive discharge in a
supersonic stream of electrolyte and kerosene drops and air. For modeling of the discharge
experimental stand has been created (Fig. 1). Air stream is accelerated to M = 1,7, and then
salty water is sprayed. Diameter of drops are equal 0.5 - 1 microns. In a stream the erosive
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discharge is created. For this purpose wax was put on the anode. Distance between electrodes
is equal 10 mm. Critical voltage is 1.5-2 kV, a current under given parameters achieve 1,7 A
The category leaves from the electrodes on 25-30 centimeters (Fig. 2) that confirms
possibility of increase temperature of gas in considerable volume for burning maintenance.

Fig. 1. Scheme of stand. Fig. 2. Area of discharge.

UCCJIEJOBAHUE SPO3MOHHOI'O PA3PSIJIA B CBEPX3BYKOBOI
CTPYE B3BECHU JJIEKTPOJINTA B BO3AYXE C LHEJIBIO
CTABUWIN3AIMU T'OPEHUA KEPOCHUHA B ITPAMOTOYHOM
PEAKTUBHOM JIBUI'ATEJIE.

1Eumloptm B.A., 2Brixoe AA., L3 Benuxoonviii B.1IO., 3Camywmc HA.
'O6beanHeH DI UMHCTUTYT BBIcOKHX TeMmepaTyp PAH, Mocksa
“MockoBckuit (bHU3UKO-TEXHMYESCKHIA HHCTUTYT (rOCYIapCTBEHHBIN yHUBEpPCUTET), MOCKBa
3I/IHCTHTyT npukiaanoil mexanuku PAH, Mocksa

OpHOolt W3 HE pELIEHHBIX HAy4YHO - TEXHUYECKHX MpoOJeM SBISETCA CO3/aHue
HIMPOKOINANIA30HHOTO BO3AYIIHO — PEaKTUBHOIO JBUraTens. [l BbIBOAA JIETATEIbHBIX
anmnaparoB C MPSIMOTOYHBIM JBUTATEIEM Ha KPEHCEPCKUI pexXUM MOJIeTa UCIIONIb3YIOTCS TH00
KUJKOCTHBIC, JTMOO TBEPAOTOILIUBHBIC PEAKTHBHBIC YCKOPHUTENIH, TaK KaK MPSIMOTOYHBIC
nBuratenn HedadHEKTUBHBI pekuMax mojieTra ¢ M =3-5 u3-3a HU3KOH TeMIiepaTyphl BO3yXa B
KaMmepe cropanus. ABTOpaMH TpeiaraeTcs s CTa0WIM3allMd TOPEHUS KEpOCHHA B
MPSIMOTOYHOM JIBUTATEJ€ HCIOJIb30BaTh SPO3MOHHBIA paspsill B CBEPX3BYKOBOM IIOTOKE
B3BECU Kameidb KepOCHMHA U 3JIEKTPOJIUTA B BO3ayxe. s MOoJenupoBaHusi TOPEHUs pa3psiiaa
«B XOJIOJIHOM peXHUMe» Oblila co3/1aHa IKCIIepUMEHTaIbHAs ycTaHOBKa (cM. puc. 1, ee cxema).
B Heli moTtok Bo3gyxa yCKOpsieTcs IO CKOPOCTH, COOTBeTcTByromied M= 1,7, u 3arem
pacnbLUIsieTcs cojieHast Boja. TakuM o0pa3oM, MoTydaeTcsi Ta30B3BECh C AUAMETPOM KarleJek
0,5-1 MxM. B moToke peanu3yercs 3pOo3UOHHBIN paspsia. s 3Toro Ha aHOJ HAHOCHIICS BOCK.
Paccrosane mexny anektponamu 10 mm. Hampspkenue npo6ost 1,5 -2 kB, cuna Toka 1,7 A.
[Ipu naHHBIX MapameTpax pas3psAl 3aHUMall OOJBIION 00bEM M BBIHOCWIICA 3a DPa3psAHBIHI
npomexxyTok Ha 25-30 cm (cm. Puc. 2), uTo moaTBepiKAaeT BO3MOKHOCTH ITOBBIIICHHUS
TEMIIEPATYPhI ra3a B 3HAYUTEIILHOM 00beMe IS MOAEPKAHUS TOPECHHUS.
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EXTRA HEAT ENERGY RELEASE AND NEW CHEMICAL ELEMENTS
CREATION IN VORTEX AL-H20 PLASMOID REACTOR

A.l. Klimov, A.V. Grigorenko, A.A. Tsymbal, I.A. Moralev, B.N. Tolkunov
Joint Institute of High Temperature RAS, klimov@ihed.ras.ru

Experimental study is carried out in Al-H,O chemical plasmoid reactor. Physical
properties of vortex plasmoid created by capacity coupled HF electric discharge are studied in
this work. This study is continuation of the previous one [1]. Swirl argon flow is created in
this reactor. Capacity coupled HF discharge (Ng< 2 kW, Fye= 0,1-2 MHz, modulation
frequency Fyu< 10 kHz) is created in quartz chamber of this reactor also. This chamber is
filled by water (its volume is about 1/3 of total reactor’s volume). HF plasma parameters are
the following: - T,~3000K, Ty~4000K, N ~10* cm™. Aluminum powder u- diameter is
injected through HF electrode. Mass flow rate of aluminum powder is measured. Chemical
analysis of the final chemical species in this reactor is measured by different diagnostic
instrumentation. It is revealed that there is extra heat energy release in this plasmoid reactor at
water and argon injection only (at aluminum injection off). The maximal value of extra
energy release is about 160%. Its value is depended on argon vortex parameters namely. New
chemical elements are created by HF plasmoid in this reactor also. It is important to note that
these elements are not determined in the initial water and aluminum powder.

1. Kmumon A.W., I'aBpurenkoB A.Jl., MopaneB U.A. u ap., [losiBneHre HOBBIX XUMHUYECKHX
3IIEMEHTOB HaJ| MOBEPXHOCTHIO BoAbI, Tpyast PKXTAXD u M, 2008, Jlaromsic, 15¢.

BBIJEJIEHUE JONOJHUTEJBHOMN TENJIOBOM SJHEPTUHA U
INOABJIEHUE HOBBIX XUMHNYECKHUX 2JIEMEHTOB B
BUXPEBOM AL-H20 IVIASMOUJIHOM PEAKTOPE

A.HU. Knumos, A.B. I'puzopenko, A.A. Hvimoan, H.A. Mopanes,
b.H. Toakynos, J1.b. Ilonaxos
OO6beanHEHHBINH HHCTUTYT BbICOKUX Temmepatyp PAH, klimov@ihed.ras.ru

B Hacrosimedn pabGote ObUM TPOBEACHBI AKCIIEPUMEHTAIBHBIE HCCIICIOBAHUS
¢usnueckux npoueccoB B BuxpeBoMm Al-H,O mia3mongHom peaktope. Jta paboTa sBIsieTCS
IPOJOJDKEHHEM HCCiIeqoBanuii, HayaTeix B [1]. BuxpeBoii mOTOK B peakTope co3maBacs
npeBapuTeNIbHO CxKaThiM aproHoM. BY paspsin emkxoctHoro tuma (Npr< 2 xBt, Fye= 0,1-2
MTI 11, yactota Mmoayssiiiuu MeHee 10 k['11) co3maBasicst B KBapIieBOM COCY/Ie, HAMOJHEHHOM Ha
oaHy Tpeth Bojoi. Ilapamerpsl BYU mumasmbel ObLiH crieayromuMu (ra3oBas TemIepaTypa
T4~3000K, xonebarenbHas temneparypa Ty~4000K, snexTpoHHas KOHLEHTpauus Ne-~1014
CM'3). AIOMMHMEBBIM IOPOIIOK MHUKPOHHBIX pa3MepoB mnojaBaica depe3 BY anexkrpon.
Pacxon moporika KOHTPOMUpPOBAJiCS. AHAIM3 BBIXOJHBIX MPOIYKTOB aHAIU3UPOBAJICS.
OO0OHapyKEHO, UTO B TAKOM PEAKTOPE MMEETCs JOTIOJTHUTEIHHBIN BBIXO/I TEIJIOBON YHEPTUU B
peXHMMe 3arpy3kd peakTopa BOJOW M HCIOJNb30BaHMs IOTOKA aproHa wid Bo3ayxa (0e3
oJaun aJIOMHHHAEBOrO Topoiika). [lokazaHo, YTO KOA(PQHUIMEHT H30BITKA TEIUIOBON
DHEPTUM MOXKET JIOCTUTaTh 03 MoJayu aaloMHHHEBOTO mnopomka ~160% wu 3aBucut oT
napaMeTpoB BUXPS. B BBIXOIHBIX MPOAYKTaX PeaKTopa OOHAPYKEHBI HOBBIE XUMUYCCKHE
AIIEMEHTHI, HE COJIEprKaIIfecs B HAaYallbHBIX TPOAYKTAX, HCIIONIb3yEMbIX B 3TOM PEaKTope.
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STUDY OF INTERACTION OF LONG-LIVED PLASMA-CHEMICAL
FORMATIONS WITH EXTERNAL EM RADIATION

Kutlaliev V.A., Klimov A.l., Moralev I.A., Tolkunov B.N.
JIHT RAS, Modcow, Russia
Shibkov V.M., Yershov A.P., Surkont O.S.
MSU, Modcow, Russia

Main task of this work is a study of interaction of long-lived plasma-chemical
formations (LPCF) with external EM Radiation.

New plasma generations of LPCF and their power supplies were designed and
elaborated. LPCF parameters were measured in cold airflow and hot exhaust combustion gas
flow (7 = 1000°C) by diagnostic instrumentation. It is revealed that LPCF can decrease
external MW radiation (1 ~ 1 cm) considerably (up to 100%). Maximal electron concentration
inside LPCF is about 10™cm™. Gas temperature inside LPCF is about 3000 K.

U3YUEHUE B3AUMOJIENCTBUS JOJTIOXKUBYIIUX ILJIA3ZMO-
XUMUYECKHUX OBPA30BAHUH C BHEILIHUM
QJIEKTPOMATI'HUTHBIM N3JITYYEHUEM

Kymnanues B.A., Knumoe A.1., Mopanee H.A., Tonkynoe b.H.
ONBT PAH
Hluékoe B.M., Epwoe A.Il., Cypxoum O.C.
MI'Y um. M.B. JlomoHOCOBa

Henbto Hacrosimiel paboOTHI SBISETCS H3yYE€HUE B3aUMOJEWUCTBUS JIOJNTOKHUBYIIMX
ia3Mo-xumudeckux oopazoanuii (JIITXO) ¢ BHEHTHUM 3JIEKTPOMArHUTHBIM H3JTYYSHUEM.

B mpouecce paboTel ObuTM pa3pabOTaHBl M M3TOTOBJICHBI HOBBIE TUIa3MOTEHEPATOPHI
HIIXO, Bkitouas UX UCTOYHUKHU 3JeKTponuTaHus. beuim onpenenensl mapamerpsl JIIXO c
MOMOIIBIO JTMAarHOCTUYECKOW ammapaTypbl B XOJIOJJHOM BO3QYIIHOM TNOTOKE M B TOPSYEM
ra3oBOM IOTOKE MPOJIYKTOB CrOpaHusl yrieBOAOPOJHOIO TOIUIMBA C TeMmIiepaTypoil 1o 7 =
1000°C. DxcrnepuMeHTalbHblE JIA0OPATOPHBIE HWCCIIENOBaHMs IIOKA3ald, YTO CO3JaHHEIE
JIIXO moryt 3¢ dpexrusno (10 100 %) ocnabaste CBY uznydeHue Ha JJTHHE BOJIHBI MOPSIKA
1 cm. MakcumanbHas aiekTpoHHass kKoHueHtpauus B JIIIXO, u3mepeHHas C MOMOIIBIO
AIIEKTPUUYECKUX 30HJOB, COCTABJISET 10%em™. Tasosas temneparypa B JIIXO wmoxer
nocrurats 3000 K.
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