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IIporpamma

XXII MexxagynapoaHoe CoseliaHve 110 MarHUTOILJIa3MeHHOW

a’poaMHaMMKe
Anpens 25-27, 2023

Anpens 25 (BropHUK)

09:45-10:00 On-line connection
10:00-10:10 OtkpeiTie, B.A. butiopun
CECCUsI 1. INTASMEHHASI ADPOOIMHAMMKA -1
10:10-11:10
IIpencenarens B.A. butropua
1.1 T'eHepaumsi IIPOAOJIBHBIX BMUXpeVl B MOTrPaHMYHOM CJI0€ IP¥M ITOMOIIM
10:10-10:40 | mmasmenHnoro kiamHa, A.A. Cumopenko, II.A. Ilommsanos, O.V. Bumniaskos
(UTIIM CO PAH, HoBocubupck, Poccus ), mpurnameHHBIN JOKIA,
1.2 AKTHBHOe yIpaB/ieHVMe pa3BUTHEM HeYCTOMYIMBOCTEeNl B CABUTOBBIX M
MOTPaHMYHBIX CJIOSX ¢ MOMOMIBIO IJIa3MeHHBIX aKTyaTopos, VI.A. Mopases!,
10:40-11:10 A.B. Edwumos!, AJSl Koreuuxwum!, ITLH. Kaszanckum!, A.A. AOGnyuiaesl,
’ ) B.®. Kombes?, B.A. Kombes?, I''A. ®apanocos?, O.I1. berukos?, M.B. Ycrmros?
('OUBT PAH, Mock6a, 2IAI'V, Mockobckaa o004., e Kyxobckuil, Poccus),
IpUIJIaleHHBIN JOKJIa
11:10-11:50 IlepepsiB
CECCWMJI 2. INTASMEHHASI ADPOOAVMHAMMKA -2
11:50-13:10
ITpencenarens A.A. ®dupcos
11:50-12:10 2.1 IOOwtertHbIe BexM CTAaHOBJIEHWS MarHMUTO-IIJIA3MEHHOV a’pOoaVHaAMUKWN.
‘ ’ Ypoxu n Hepemenusle 3agaun, A.V1. Kimmvos (OMBT PAH, Mock8a, Poccus)
2.2 B3amMopevicTBMe 3aTyIIECHHOTO Tejla ¢ 00JIaCTBIO ra30BOrO paspsna B
12:10-12:30 | cBepx3BykoBoM HaOeraromem mnoroke, [LIO. Teoprmesckuir, B.A. Jlesums,
O.I. Cyteipur (HUVMex MI'Y, MockBa, Poccus)
2.3 BzaumopenicrBue cdepudecKoro IUIa3MeHHOro oOpa3oBaHMS ¢
12:30-12:50 | cBepX3ByKOBBIM TeueHMeM 0KO0JI0 MoOaesn, V.A. 3HaMeHCcKas,
V.A. Joportenko, B.A. Yepauxos (MI'Y um. M.B. JlomonocoBa, MockBa, Poccus)
2.4 Bo30y>XImeHme HeyCTOMYMBOCTM 3aTOIJIEHHOV BO3OYIIHOM MMKpPOCTPYM
12:50-13:10 | xopoHHO-cTpUMepHBIM pa3psaoMm, L.A. fpannes, VI.A. Mopanés (OVBT PAH,
Mocxk8a, Poccus)
13:10-14:00 IlepepsniB
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14:00-15:40

CECCWJI 3. INTASMEHHASI ADPOOVMHAMMKA -3
IIpencenaresns VI.A. 3HaMeHcKas

14:00-14:20

3.1 MogenupoBaHue CMeIIeHMsI CBEPX3BYKOBOIO IIOTOKa C IIONEPEeYHON
CTpyey B HNPUCYTCTBUM MMIIYIbCHO-IIepuoamdeckoro Harpesa, JI.C. Bonkos
A.A. @upcos (OMBT PAH, Mock8a, Poccus)

14:20-14:40

3.2 VYmpasieHme mnyJbcallMsIMM [aBjleHMs B IPAMOYIOJIBHOM II0JIOTOV
KaBepHe ¢ IIOMOILNBI0 aKTyaTopa Ha ocHOBe [IBP paspsama ¢ mcnosip3oBaHMeEM
oOparubIx cBszen, [1.H. Kasarckun, VI.A. Mopanes (OVBT PAH, Mocx6a, Poccus)

14:40-15:00

3.3 OOrekanme Kpyroporo UMJIMHApa ¢ MarHUTO-IUIa3MEHHBIM aKTyaTOpoM,
I.C. Mynxos!, V1. Kimmvos!, B.A. butiopun?!, M.A. Mopases?, JL.b. ITossikos?,

VI.I1. 3aBeprvHCKM? L I'1.H. Kasanckun!, H.E. Monesnu?3, [1.I1. ITopdnpbes23,
C.C. Cyrax’, B.H. Tonkynos! (IOMBT PAH, Mock6a, Poccus, 2Qusuueckuil
uncmumym PAH (¢puauan), Camapa, Poccus, SCHI'Y Camapa, Poccus)

15:00-15:20

3.4 MopgenupoBaHue NpPOTMBO(A3HOIO YyIpPaBJIeHUsI CTalMOHAPHBIMM
MOIaMM HeyCTOMYMBOCTH IOIIePEeIHOTO TeYeHMs c IIOMOIIBIO
MHOT0KaHaIbHOTO IJIa3MEHHOTO aKTyartopa, AJl KotButikmril,
A.A. Abnyivtaes!, M.B. Ycrunaos? VI.A. Mopaies! (1OVMBT PAH, Mocxk6a, 2LJAT,
MocxkoBckas 004., 2. 2KyxoBekuil, Poccus)

15.20-15:40

3.5 VlccimenoBaHMe IIaKeTOB HEYCTOMUMBOCTY, IIOPOXKIAaeMbIX IIa3MeHHBIM
aKTyaTOpoOM Ha CTpeJIOBMAHOM KpbUle, A.A. AGnywiaes!, A.Sl. Korsuuxwmrrl,
M.A. Mopanes!, M.B. Ycrunos? (1OMBT PAH, Mock6a, 2LIAT'V, Mockobckas 004.,
2. KyxobBcxuil, Poccus)

15:40-16:10

Ilepepris

16:10-18:00

CECCMJI 4. CMEXXHBIE ITPOBJIEMBI -1
IIpencenarens A.V1. Knumos

16:10 -16:40

4.1 Co3maHn1e MOLTHBIX BBICOKO3((peKTUBHBIX Y J1aMII HU3KOrO JaBJIeHUs U
MX TIpUMeHeHMsl AJIs1 o0e33apaKMBaHMsA ¥ OYMCTKM BOOBI M BO3yXa,
JIM. Bacwisx!, H.H. Kyngpssues?, C.B. Koctiouenko® (!OMBT PAH, 2MOTU
(H1Y), 3HIIO "JIUT", Mocx6a, Poccus), mpuriamieHHbIV JOKJIaTT

16:40-17:00

4.2 OcobeHHOCTV ILIa3MOXMMWYECKOV KOpPpO3WMM >Kejle3a B paguMalIOHHON
mwiasme, B.H. baGuues, [1.B. Beicouxwmn, K.D. TameBa, A.H. Kupunuenko,
A.A. Hekpacos, A.B. VYrogumxkosa, H.V. Tpymxun, A.B. ®Owmmmnos,
I0.B. Yepenianosa, B.E. Yepkoser (IT'HI] PO TPUHWTV, Mock6a Tpouyx, Poccus)

17:00-17:20

4.3 Pe3ynpTarhl pa3spaboOTKM MPOrpPaMMHOIO KOMIUIEKCa IS pacdeTa
IPOCTPAHCTBEHHOIO pacIipenesieHNs IIapaMeTpPoOB IJIa3MbI B aBTOMaTUYeCKOM
pexume. Pacuer pacmpeneneHMs mapaMeTpPoB IUIa3Mbl KaIllMJUISIPHOTO
pa3psana, JARZE Kasbrpius, A.C. [Mamma, A.C. Mssus,
E.A. Mypasbesa (OMBT PAH, Mocxk8a, Poccus)

17:20-17:40

4.4 DKcrepuMeHTaJIbHOe JWccjlefJOBaHME 3pO3UM BOJIbdpaMa HOKPHITOIO
TOHKMM CjIoeM MeTajUla MpM IUIa3MEeHHBIX TeIUIOBBIX HarpyskKax,
XapaKTepHbIX [JIsI MepexOdHbIX ILIa3MeHHbIX IpomneccoB B WTOP,
A.A. Kapramesa, H.C. Kmmmos, B.JI. Ilogkoseipos, E.A. Mypasbesa,
AJT. SIpomesckasi, B.A. bapcyk (T'HL P@ TPUHWUTUW, Mocx6a Tpouyx, Poccus)

17.40-18.00

4.5 OcobenHOCTM (PU3MIECKMUX CBOVICTB TeTepOreHHOW YIJIeBOOOPOITHOM
IUIa3Mbl, CO3JAHHOV VMIIYJIbCHBIM  3pO3MOHHBIM  IUIa3MOTPOHOM ¢
KaOWwUIIPHBIM pa3psAAoM ¥ yOaJleHHbIMM 3j1ekTpomamy, A.V. Kimvos,
A.C. TTammmna, I'1T.H. Kasaucknit (OVBT PAH, Mock8a, Poccus)

11.00-18.00

CTEH/IOBBIE [IOKJIAIbI
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Anpens 26 (Cpena)

09:45-10:00 On-line connection
CECCWUJI 5. BUOJIOTNYECKVE 1 ME,gVIHV[HCKV[E ITPMJIOXKEHWMSI
10:00-11:00 IT'A3OPA3PJAOHOMU ITJIA3MbI

IIpencenaresns I1.H. Kazaucknin

10:00-10:20

5.1 IIpeumyiiecTBa CTPyM XOJIOAHOVI aTMOC(epHOV IIa3Mbl, TeHepupyeMo
IOJIOKUTEJIBHBIM VIMITYJIBCHBIM HAIIpsDKeHWMeM, JJIs1 IIOJaBJIeHMsI PocTa
omyxoau in vivo, V. IlIsewrept!, A. Ajsnekcangpos!, [I. 3akpeBckuii??,
E. Mwnaxuna? I1. I'yrun2, M. Buprokos’, O. Tpowurtikas®, O. Kosans® (1MTIIM CO
PAH, 2M®I1 CO PAH, SUXBb®M CO PAH, Hobocubupck, Poccus) (online)

10:20-10:40

5.2 CpaBHeHMe nOeVicTBMsI HeTepMaJILHOVM IUIa3Mbl M raMMa-mM3JIydeHus Ha
vunermit Phytophthora spp. Ha nwratrensHOn cpene, [V ITlerpyxmHa,
H.B. I'mymenko, H.A. Bacuibesa, VI.B. Ilonsaxosa, B.VI. IInmxko, O.B. Txopuk,
B.A. Xapmamos (PIBHY «Bcepoccutickuil HayuHO-ucc1e008amessckuti UHCHUmym
paduosoeuu u aeposxosoeun», Obrunck, Poccus) (online)

10:40-11:00

5.3 3aBMUCHMMOCTD OKMCIINTEIBHBIX CBOVICTB HeTepMaIbHOVI apTOHOBOM IIJIa3MBbI
OT TOJIIIMHBI 105 pacTBopa Jo3mumMmerpa Ppukke, [1.B. Baceiposa,

V.M. Memxnmos, B.A. Xapsiamos, C.A. T'opbatos (PI'LHY «Bcepoccuiickutl HayuHo-
uccaedoBamenvckuil  uHcmumym paouosoeuu u  azposkosoeuu», OOHuwck, Poccus)
(online)

11:00-11:30

IlepepriB

11:30--13:10

CECCHUsI 6. INTASMO-XMMWYECKA I KOHBEPCHIL. INTASMEHHO-
CTVIMYJIMPOBAHHOE I'OPEHUE
IIpencenaress VI.A. MopasieB

11:30-12:00

6.1 IlepcrieKTHBEBI M IIPOOIEMBI MCIIOJIB30BaHMSI METAHOBOAOPOAHBIX Ta30BBIX
cmecent, ApytioHos B.C. (O®UI] X® PAH, Mock6a, Poccus), mpwrnaiieHHBI
IOOKJIaI,

12:00-12:30

6.2 [TeranbHBIe M TMOpUAHBIE MOAe IV KOIe0aTe IbHO-XMMUIEeCKO KMHeTUKNI
CO2, E.B. Kycrosa, M.A. MexonommmHa, O.B. Kynosa (C-I16I'Y, Cankm-Ilemepbype,
Poccus), nmpuranieHHbIV TOKJIaT

12:30-12:50

6.3 KouBepcnsa CO2 B MMKPOBOJTHOBOM IIJIa3MeHHOM ¢pakesie B HeIIpepbIBHOM
M VMIIYJIbCHOM pekKuMe: 0cOOeHHOCTM OJHOMEPHOIO W JIBYMEpPHOIO
nonxomoB, H. babGaesa, I Hammuc, [I. Tepemonox, E. Ilepos, JI. Bomnxos,
M.M. Bacmiwes, O. @. Ilerpos (OMBT PAH, Mock8a, Poccus) (online)

12:50-13:10

6.4 D PeKTUBHOCTH yIIpaBIeHNMsI TOPeHNeM B IMOPMIHOM KOMIIPEeCCMOHHOM
OBUraresie ¢ o0OeqHeHHOV CMeChI0 C WMCHOJIB30BaHMEM HepaBHOBECHOIO
paspsima. A.C. JTobposoibekasi, E.A. @uwmmonosa, A.H. bouapos (OVBT PAH,
Mock8a, Poccus)

13.10-14:00

IlepepniB
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Ceccusn 7. DJIEKTPUUECKWME PA3PSIADBI -1

14:00-15:40 IIpencenarens A.H. bouapos
7.1 Uccnenosanmne MexaHM3Ma  ¢uIaMeHTaIIMN HAaHOCEeKYHHOI0
14:00-14:20 | moBepXHOCTHOrO0 OapbepHOro paspsima B asore u Bosayxe, B.P. Cosiosbes,

H.W. Kapasaesa, [I.A. JTucvpia (M®PTH, 2. [loazonpyonsii, Mock. obaacmy, Poccus)

14:20-14:40

7.2 DKcnepuMeHTa/IbHOe McCiIeJOBaHMe pasjesIeHNns XMMUIecKUX 371eMeHTOB
BO (TOp-yIyIepoaHOM IUIa3Me KamwUIIpHoro paspsana, A.C. IlammHa,
A.B. Edumos (OMBT PAH, Mock6a, Poccus)

14:40-15:00

7.3 ViHuMuuanus paspsiia B >KMAKOCTM yiabTpa3BykoMm, A.C. BapbIItHMKOB,
A.A.Tpysgxos (OTU PAH, Canxm-Ilemepbype, Poccus) (online)

15:00-15:20

7.4 BnusHMe cONMpOTUBIIeHMs IUIa3Mbl Ha pe3ysIbTaTbl M3MepeHUit ®PDD u

JIOKAJIBHBIX MaKpOCKOIMYIeCKMX mapamMeTpoB 30HI0M JIenrmropa,
C.H. Anppees!, A.B. bepnankui!, H.A. J1stko!?2, V.B. Koueros!?, B.B. JlaryHos?,
B.H. Ouxkun! (‘Qusuueckuit uuncmumym um. ILH. Jlebedeba PAH, Mock8a,

2[ocydapcmbBennviil Hayunolil yenmp PO “Tpouykui uncmumym uHHOBAYUOHHBIX U
mepmosidepruix uccaedoBanuir”, Mock8a, Tpouyx, Poccus)

15:20-15:50 IlepepriB
Ceccnsa 8. DJIEKTPUMYUYECKWME PA3PSIIBI - 2
15:50-18:00
ITpencenaresns V.B. CennBoHMH
8.1 CuMynsanusa HIpOOOIBHO-IIONIEPEYHOr0 pa3psiia B BBICOKOCKOPOCTHOM
15:50-16:10 | BO3AyIIHOM IIOTOKe B I'MapoanHammndeckoM npudmokennn. K.H. Kopues,
|B.M. [lIn6koB |, A.A. JTorysos (Pusuueckuii haxyavmem MIY, Mockéa, Poccus)
8.2 CpaBHeHMe Tpex MexaHWM3MOB BOCIUIAMEHEHWMs CTeXMOMeTpu4ecKom
16:10-16:30 | BO3AYIIHO-TONJIMBHOM cMecw, B.A. butropun, A H. bouapos,
A.C. Jobpososnbckas, E.A. @vmmimonosa (OVBT PAH, Mock8a, Poccus)
16.30-18.00 KPYI"J'IBIVI CTOJI
11.00-18.00 CTEHIOBBIE JOKJTAIbI
Anpens 27 (UeTBepr)
09:45-10:00 On-line connection A1 yaaieHHBIX yJaCTHUKOB
10:00-11:40 CECCHSI 9. CMEXXHBIE ITPOBJIEMBI- 2
IIpencenarens B.A. butropna
9.1 OcoGeHHOCTM IIepeHOCca YHEPIMM WM3JIyUeHMeM B cpefe C JIOKaJIu3armer,
10:00-10:20 A.B. T'amaxtuonos (OUBT PAH, Mock68a, Poccus)
9.2 Bo3pericTBMe IUIa3Mbl KaOWUISIPHOTO pa3psiia Ha MeTalsIMdecKue
10:20-10:40 | obpasup1, B.A. bampak, B.JI. Berukos (Qusuueckuii axysemem MIY, Mockéa,
Poccus)
9.3 II'tasmogMHaMMU4YecKMe 0cOOEHHOCTM M TOMOrpadms aToMa IIpy HaIUIUn
10:40-11:00 | cunoBeix M Papages, M.J. Vsanos, C.V. KoncrantnHos, C.B. Musun
(LUIMAM, Mock6Ba, Poccus)
11:00-11:20 9.4 CybdpakmoHHasa MoOe/Ib KOMIIOHEHTA HeOJHOPOIHOI
MHOTOKOMIIOHeHTHOM cMecy, b.M. bypaxanos (OMBT PAH, Mock6a, Poccus)
11.20-11.40 | TBD

11:40

3AKPBITUE
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POSTER SESSION 10

10.1 Vi3smMepeHMe CcpedHMX XapaKTepWMCTMK paclbUIa IIPOBOIAIIEN JKMIKOCTM B
NpuUCyTCTBUM 351eKTpudeckoro paspsaga, A.C. CasenwveB (OMBT PAH, Mock6a, Poccus)

10.2 UncnenHoe MomeIMpoBaHMe OBICTPOro JIOKaJIbHOIO HarpeBa CBepX3BYKOBOIO IIOTOKa
ra3a B0sm3u nosepxHocty pamibl, A.C. CasenveB (OVMBT PAH, Mock6a, Poccus)

10.3 DkxcnmepmuMeHTanbHOe wucciaegoBaHue Tiaewimero CBY-paspsma B reomMerpun
3JIeKTPOJIOB MOIycdepa-IJIOCKOCTh B IIOTOKE aproHa IIpu aTMocdepHOM JaB/IeHUM,
C.H. Aurunos, M.X. Tl'amxnes, M.B. Vibnues, A.C. Todrses, .M. IOcynos (OMBT PAH,
Mocx6a, Poccus)

104 O pe3oHaHCHBIX 3¢ddeKTax, BOZHMKAIOIIMX IIPU BO3JEVICTBUM CUMMETPUIHOIO
IUIa3MEeHHOI'0 aKTyaToOpa Ha MOKOSIIIMIICA BO3yX M I03BYKOBOV NOTOK, B.M. bouapHUKOB,
B.B. Bostogus, B.B. 'oiny©6 (OMBT PAH, Mock8a, Poccusi)

10.5 PexxuMmbl ropeHmnst 6apbepHOro paspsaga B KOHPUIypamuiu OCTPUe-IIJIOCKOCTh: POJIh
00wveMHBIX 1 noBepxHOCTHBIX 3¢ dekToB, C.E. Kysapaun, V1.B. Cenmmeonun, VI.A. Mopasies
(IMDTHU, e. Horzonpyonsiii, MockoBckas obaacms, Poccusi, OMBT PAH, MockBa, Poccus)

10.6 CtpykTypa MarHUTOC(epBI IIPU pasHBIX 3HAUEHMsIX IVIOTHOCTY ILIa3Mbl COJTHEYHOTO
BeTpa: pacdeTbl B pamKax pesucrusHou 2D MII mopesm, E.B. I'y6anos!, A.Il JInxaues!,
C.A. Menuu!? (1OMBT PAH, Mock6a, Poccus, 2M®DTU, e. Hoszonpyousii, MockoBckas obaacms,
Poccus)

10.7 IIpuHOMO HaOpaBJIEHHOCTM CaMOIPOM3BOJIBHBIX IIPOLECCOB  YCTaHOBJICHMsI
JIOKAJIBHBIX CTAallMOHApHBIX HepaBHOBecHBIX cocTosHuM, b.M. Bypaxanos (OVBT PAH,
Mocx6a, Poccus)

10.8 YcTOMUYMBOCTH CTallMOHAPHBIX JIOKAJIBHBIX HEPAaBHOBECHBIX COCTOSTHMM K
dnykryanmam TepMoauHamMudecKnx nepemeHHnix, b.M. Bypaxanos (OMBT PAH, Mock6a,
Poccus)

10.9 OnrTmMmusanmsa KaoWwUIAPHOIO paspsAda Ui 3alycka paspsAIHMKOB BBICOKOIO
nmasienns, A.A. @upcos!, [1.A. Tapacos!, M.A. lllypymnos? ("OVMBT PAH, e. Mock6a, Poccus
2A0 "Cneyuasvrvle snepeemuueckue mextosoeuu", e.llamypa, Poccus)

10.10 ViMny1bCHBIVI HAHOCEKYHAHBIV pasps OCTPMe-IJIOCKOCTh B BO3AyXe IIPY BbICOKMX
nepeHanpspKkeHnsax, B.A. butiopun, A .H. bouapos, T.H. Kysneriosa (OMBT PAH, Mock6a,
Poccus)




WSMPA H 2023

1.2 AKTBHOe yrpaBjieHe pa3sBUTHEM HeyCTOMYMBOCTEeN B
CABUTIOBBIX ¥ MIOTPAHMYHBIX CJI0SIX C IIOMOINBIO IIJIa3MeHHBIX
aKTyaTOpOB

U.A. Mopanaeb”, A.B.E¢pumob', A.51. KoBuyxui!, A.A.Ab0yaraeb’,
B.®.Konveb?, B.A.Konveb?, I.A.@apanocob? O.I1.bviukob?,
M.B.Ycmuno8 2

MHcTuTyT BbicOKMX TeMitepaTiip PAH, Mocksa
?IlenTpaibHbIN asporugpoayHammdeckuii MHCTUTYT M. H.E. 2)Kykosckoro,
Kyxosckn, Poccns
*morler@mail.ru

Pa3BuTrie HeyCTOMYMBOCTEN B CABWUIOBBIX M IOIPaHUYHBIX CJIOSAX BIIVISET Ha
TaKye BaKHble IpollecChl B TMIPOAMHaAMUKe, KakK Iepexof, K TypOyJeHTHOCTH,
u3JIydeHre aKyCTUYecKoro Iiyma, popMupoBaHMe HeCTallMOHapHBIX Harpys3ok Ha
AeTayi KOHCTpyKUmM. B psmge ciydaesB Takme TedeHMs MOXHO paccMaTpuBaTh Kak
AVHAMUYECKYIO CHUCTeMy, KOoTopas BO30yXmaeTcs BHENIHVM BO3MYIIEHVEM
(TypOyJIeHTHOCTBIO, IIEPOXOBATOCTHIO OOTeKaeMOVl ITOBEPXHOCTY, aKyCTUKON). [y
yHOpaBIeHVsI pasBUTMEM TaKMX BO3MYIIEHUI MOXXHO WCIIOJIB30BaTh aKTyaTOPHI Ha
OCHOBe OapbepHOrO paspsa, BKIIOYEHHBIE B COCTaB IIerlerl OOpaTHOV CBS3ML
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Puc.1. Crcrema ITOIaIBHIS BOJITH HEYCTOMYVMBOCTY B BEICOKOCKOPOCTHOW TYpOYJIEHTHO
cTpye

B noxsame obGcyxkmarorcsi obiye MOAXOdpl K MOCTPOEHMIO TaKMX CUCTeM U
XapaKTepuCTUKM IUIa3MEHHBIX aKTyaTOpOB KaK VICTOYHMKOB YIIPaBJISAIOIIEro
Bo3menicTBys. OOCyXHAloTCsl Takke pe3ysIbTaThl IS ABYX TeUEHWUI: TpeXMepPHBIN
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NOTPAaHWYHBIV  CJIOVI  Ha CTPEJIOBMJIHOM KpbUle, B KOTOPOM PpPa3BUBAETCSI
HeYCTOMYVBOCTD ITOTIEPEYHOI0 TEYEHWs, M CABUTOBBIVI CJIOVI Ha T'paHUIle KPYIJION
BBICOKOCKOPOCTHOM  TypOysleHTHOM cTpyn. [l mepBoro ciy4das  Oyzmer
MIPOIeMOHCTPMPOBaHa BO3MOXHOCTb 3aTATVMBaHMS Ilepexofa K TypOyJIeHTHOCTU
IyTeM IIO[aBJIeHVs CTallMOHAPHBIX BUXPEN HEYCTOMYMBOCTV, IIOPOXKIaeMBbIX
IIepPOXOBATOCTHIO MOJIENIV, C TIOMOIIbI0O MHOT'OKaHaJIPHOTO ITUIa3MEHHOTO aKTyaTopa.
11 BTOpOW 3agaun Oy/ieT pacCMOTPeH aJllTOPUTM HOCTPOeHMs OOpaTHOV CBA3M I
IOTaBJIEHNSI BOJTH HEYCTOMYMBOCTU B Y3KOV VI IIIMPOKOVI TI0JIOCE YaCTOT.

Active control of the instabilities in the bounded and
unbounded shear flows by plasma actuators

I.A. Moralev™, A.V. Efimov', A.Ya. Kotvitskiil, A.A. Abdullaev?,
V.F. Kopiev?, V.A. Kopiev?, G.A. Faranosov?, O.P. Bychkov?, M.V.
Ustinov 2 (14 pt, bold italic)

Joint Institute for High Temperatures RAS, Moscow, Russia

2Central Aerohydrodynamic Institute, Zhukovskii, Russia
*morler@mail.ru

Instability onset in shear and boundary layers affects important processes in
hydrodynamics such as the transition to turbulence, the acoustic noise emission and
the formation of unsteady loads on solid bodies. In some cases, such flows can be
considered as a dynamic system that is excited by an external disturbance
(turbulence, surface roughness, acoustics). To control the development of such
perturbations, one can use barrier discharge actuators included in the feedback
circuits. The talk discusses general approaches to the design of such systems and the
characteristics of plasma actuators in control applications. The results for two flows
are presented: a three-dimensional boundary layer on a swept wing subject to the
cross-flow instability, and a shear layer at the boundary of a round high-velocity
turbulent jet. For the first case, the possibility of delaying the transition to turbulence
by suppressing stationary instability vortices is demonstrated. For the second
problem, an approach is discussed for constructing a feedback to suppress instability
waves in a narrow and wide frequency band.
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2.1 FOOmienmabIie BexXm CTAaHOBJICHUS MAarHMTO-IIJIa3MEeHHOM
a’poaMHaMMKN. YPOKM M HepellleHHbIe 3aJa4n

A.U.Kaumob

O0GbenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccuis
*klimov.anatoly@gmail.com

B srom romy cocrosiace roOwentHag ceccus WIG-XXV B pamkax
MexayHapogHot AIAA-23 xoudepentmm. B 2021 r 8 OVIBT PAH 6ru1a mposeneHO
100mtertHoe XX MexayHapogHoe coseltileHie WSMPA. B 3ToM Xe rojiy McroiHmWIOCh
30 seT co nmHS HoATBepXOeHUs IpyopwuTeTa HayuHoro oTkpbITusi 007, KoTopoe
ABWIOCh OJHVM U3 KpaeyroJbHbIX KamHel B ctaHoB/ieHMr MITA. Takum obpasom,
ucropus pasputusi MITA HacuuTeiBaet 6os1ee 30 J1er.

Pucynox 1. [enreeayusn PO na AIAA xoHgpeperyuu

3a 5T rozibl ObUIN 10Ty YeHBI BayKHbIe SKCIIepyMeHTaIbHbIe VI TeopeTudecKie
pe3yJIbTaThl, IO3BOJISIONIVIE TIOCTPOUTH 1101y PeHOMEHOJIOTMUeCKYI0 TeOPeTUIecKyIo

MOJIeJIb ~ MexaHM3Ma  B3auMOEVICTBUA  3apsDKeHHOM  CJIa0OMOHM30BaHHON

HepasHoBecHOV w1a3Mbl (CHIT) ¢ o6TekaembiMu Testamu 1 yaapHbiMy BostHaMu (YB).

Onnako ocTasIoch MHOTO CJIab0M3ydeHHBIX ITpo0sIeM 1 3a/1a4, TaKMX Kak

1. dopmuposaHue IUIa3MeHHBIX IIpeIBeCTHMUKOB rHeper dpontamn YB,[1].

2. 3aBUCHMMOCTb HapaMeTpoB oOTekaHus Tenl u mHapamerpos YB B CHII ot
Ha4aJIbHOTO J1aBjleHns paboyero rasa, ToKa JJIeKTpUYeCKOro paspsifia, BeJIMYMHbI
BHeIIIHer0 MAarHUTHOIO  IIOJIf, XapaKTepHOIO BpeMeHW pa3BUTHA
JIEKTPUYECKOro paspsifia (aKTMBM3alMs IUIA3MbI) M XapaKTepHOTO BpeMeHU
BBIK/TIOUEHMS] paspsiaa (IUla3MeHHasl «IIaMsiTh»), Haauums Trerepodasbl B
wia3me,[2].

10
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3. Wsmenenme xmmMmdeckoro coctasa CHII nocite mpoxoxnenus: YB (vwm mpostera
Tes1a).

4. Hamume wmHTeHCMBHOTO Y@ ” MATKOro PpeHTTeHOBCKOIO W3JIyYeHWV HIpu
pacrpocTpaHeHun YB B reteporeHHON IU1a3Me.

5. Dueprermueckuy 6atarc 8 CHIT Bo Bpemst mpoxoxnenus YB depes paspsigHyio
obJ1acTe.

6. Hamume cTuMyIIMpoBaHHOV KOHTPaKIIUM 3JIeKTPUUeCKOro paspssa 3a ppoHTOM
VB, [3].

7. @opmMmupoBaHMe JOITOXMUBYIIMX IUIa3MeHHBIX oOpa3oBaHui 3a ppoHToM YB, [4].

8. Tlornomenne BHemHero CBY msinyuenus npu ero B3avMOIeICTBUN C ITIOTOKaMU
3apsDKEHHOVI TeTepOTeHHOM IIa3MBbl.

9. Ormpenernstoas poib 3apsLKeHHOM KIaCTepHOV KOMITOHEHTHI (Ca’KeBBbIX YaCTHILI)
B IIpollecce TOpeHMsl YIJIeBOJOPOIHOIO TOIUIMBA B CKOPOCTHOM BO3[YIIIHOM
IIOTOKe, CTUMYJIMPOBAaHHOIO HepaBHOBECHBIMM IUIa3MEHHBIMI O00pa3oBaHMSIMU
(PAC).

10. v opyrue.

B macrosment paboTe mpuBeneHBI BaKHbIE HOBBIE SKCIIEpUMeEHTaIbHBIE
pe3ysIbTaThl, JOCTUTHYThIe TPV VCC/IeJOBaHMM BBIIIIellepedlncIeHHbIX 3ada4d. B xone
MIPOBeIeHHBIX SKCIIePVIMEHTaIIbHBIX VICCIIeIOBaHMII OBUIO YCTaHOBIIEHO:

- HaJIn4yMe [1eTOHALVIOHHBIX IIPOIIeCCOB B 3HEPrOHACHIIIEHHOV KJIacTepHOU
IUIa3Me, CO3[JAaHHOV SPO3MOHHBIM KalWUISPHBIM paspsoM ¥ MarHUTHBIM
IUIa3MeHHBIM KoMIIpeccopoM [5],

- ocitabrrenme CBY BosHbl 10 40 Ob mpu ee oTpakeHMM OT MeTaJUIMYECKOM
cpepbl ¢ rereporeHHBIM IUIA3MEHHBIM OOpa3oOBaHMEM, CO3JAHHBIM VIMITYJIBCHBIM
5PO3MOHHBIM IUIa3MOTPOHOM,

- BblJleJIeHVe 3HauuTeJIbHOV TeIUIOBOVI SHepruyt B BUXPEBOM IUIa3MEeHHOM
peakTope B cMeCU BOMSHOW Hap- aproH; TpaHCMYyTallysi XMMWYeCK/X 3JIeMeHTOB B
BIIXPEeBOM I'eTepOTreHHOM IuIlasmoue [6],

- HaJIM4yie VIHTeHCUBHOTO MSATKOI'O PEHTIeHOBCKOTO M3JIyUeHNs B FeTepOreHHOM
CHII [7],

- CTUMYJIMPOBaHHasl KOHTPaKIIM 3JIeKTPUIecKoro paspsiaa 3a pponrom YB [3],

- popMmpoOBaHIIe TONTOXMBYIINX IUIA3MEHHBIX oOpa3oBaHmi1 3a (pporTOoM YB
[4],

- bopmmIpoBaHMe TUIa3MEHHBIX IIPEIBECTHMKOB Iteper, roioBHoM Y B BOm3m Tert,
oOTeKaeMBbIX TMIIeP3BYKOBBIM IIOTOKOM [8, 9],

- ¢dopMmpoBaHMe IIOTOKOB HEUTPOHOB B TeTEepPOreHHBIX IUIa3MeHHBIX
oOpasosaHmsax Ha ycraHoske MITK-DP [5].

[TomydyeHHBIe  HOBBIE  SKCIIepVMEHTaJIbHble  pe3yJIbTaThl  IT03BOJISIOT
yTBepXXJaTh, YTO 3apsDKeHHble HaHO-KJIacTepbl WM KOMIUIEKCHBIe VOHBI WIPaloT
BaXHyI0 posib B MITA. HartomHmM, uto B pabote [8] BriepBble ObUIO ITOKa3aHO, YTO
dponte VYB B wiacTepHO!I IUIa3Me BO3MOXHO QOpMMpOBaHME BBICOKMX
1eKTpudecKux IoreHuanoB 00 1-10 kB u semme. Takne ckauky HanpspkeHMs Ha
dponTe VB, no-suamMomy, MOryT OOBSICHUTH POPMIUPOBaHVIe MHTEHCUBHBIX ITyYKOB
3JIEKTPOHOB, a TakKXXe WMHTeHCHBHOIO MSATKOTO peHTreHoBCKoro usiydenus (KoB
sHeprum). B cBoro ouepens, npupona popMuUpoBaHVsA IPOTSHKEHHBIX IIa3MeHHBIX

11
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IIpedBECTHUKOB IIeper YB TakXXe MOXKeT OOBSICHITHCS HAJIMUMEM STVX YCKOPEHHBIX
SJIEKTPOHOB U OIIEPEXaloIIero peHTreHOBCKOI'O M3JIyYeHVIA.
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7.Klimov A., Belov N., Tolkunov B., Neutron Flux and Soft X-Radiation Created by
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Anniversary Milestones of the Formation of Magneto-Plasma
Aerodynamics. Lessons and Unsolved Problems

A.LKlimov

Joint Institute for High Temperature RAS, Moscow, Russia
* klimov.anatoly@gmail.com

This year, the Anniversary Session WIG-XXV took place within the framework
of the International AIAA-23 Conference. In 2021, the Anniversary XX International
Workshop WSMPA was held at the Institute of High Temperature RAS. The same year
marked the 30th Anniversary of the confirmation of the priority of Scientific Discovery
007, which was one of the cornerstones in the birth and formation of the MPA. Thus,
the history of the development of the MPA has more than 30 years.

Over the years, important experimental and theoretical results have been
obtained that allow us to create a semi-phenomenological theoretical model of
interaction of a charged weakly ionized non-equilibrium plasma (WINP) with
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streamlined bodies and shock waves (SW). However, there are many poorly studied

problems and tasks in the MPA today, such as

1. Creation of plasma precursors before SW front [1].

2. Dependence of the parameters of the flow around the body and parameters of the
SW in the WINP on the pressure of the working gas, the electric discharge current,
the magnitude of the external magnetic field, the characteristic times of the electric
discharge switch on and its switch off, the presence of a heterogeneous phase in
the plasma [2].

3. Chemical composition of the WINP behind SW or behind bow SW near body,

Intensive UV- radiation and soft X-ray radiation created by SW in heterogeneous

plasma.

Energy balance in the WINP behind SW front.

Stimulated electric discharge contraction behind the SW front [3].

Long-lived plasma formations behind the SW front [4].

Significant absorption of external microwave radiation by charged heterogeneous

plasma flows.

9. PAC and charged carbon clusters (soot particles).

10. and others.

This work presents the new experimental results obtained during the study of
the designated tasks. It was revealed that there are

- detonation process in an high-energy cluster plasma formation created by an erosive

capillary discharge and a magnetic plasma compressor [5],

- attenuation of the microwave wave up to 40 dB when it is reflected from a metal

sphere with a heterogeneous plasma formation created by a pulsed erosive plasma

torch,

- significant thermal energy release in a heterogeneous water vapour-argon mixture

in a vortex plasma reactor, transmutation of chemical elements in a vortex

heterogeneous plasmoid [6],

- intensive soft X-ray radiation in heterogeneous WINP [7],

- stimulated electric discharge contraction behind the SW front [3],

- long-lived plasma formations behind the SW front [4],

- plasma precursor before SW front [8, 9],

- neutron flux in heterogeneous plasma formation created by the MPC-ER facility [5].

>
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2.3 BsanmopericTBue cdepndaecKoro Iyia3MeHHOT O
00pa3oBaHMA € CBepX3BYKOBBIM TedeHMeM 0KO0JI0 MOe/INn

U.A. Buamenckas, U.A. [Jopoujenxo, B.A. Yepnuxo8

MI'Y um. M.B. JTomoHOCOBa
Mocksa, Poccus
*znamen@phys.msu.ru

ITpoBeneH aHayM3 IUIA3MOAVHAMITYECKVIX IIPOLIECCOB ¥ OBICTPOIIPOTEKAIOIINX
yOAPHO-BOJIHOBBIX ~ ITPOIIECCOB, COIPOBOXIAMOMIVIX TeHepaliuio  IUIa3MEeHHOTO
oOpa3oBaHMsI B CBEPX3BYKOBOM CTPYMHOM TedeHWNM. [IMHamMmMKa Ipoliecca
VccIlefloBaHa Ha OCHOBE BBICOKOCKOPOCTHOV TEHEBOVI PervcTpalinm IIpoliecca.

Ceepx3BykoBoe corwio JlaBasiz 1w TreHepaTop IUIa3Mbl, paboTarommii II0
NPVHLONITYy MarHuToIUIa3MeHHoro Kommpeccopa (MIIK) pasmemamicys BHYTpU
KaMepsl HM3KOTO HaBjieHws. VIcronp3oBasiack KOHCTPYKIms KoakcuarrbHoro MITK,
PV KOTOPOVI €T0 YacTh HaIlpaBJIeHHas HaBCTpedy IIOTOKY, OblyIa BHIIOJIHEHA B BUIIe
ycedeHHOro Konyca [1]. DTo mnossoimwio Ooslee 4eTKO (PUKCUPOBATh TOJIOBHYIO
yaapHYI0 BojIHy Ha ItepegHernt KpoMke MIIK B HaberaroiieM 13 coruia CBepX3ByKOBOM
CTpyMHOM TOTOKe. VlcciiemoBasiack  3afjada  BO3IEVCTBUSI  JIOJITOXKVBYIIIETO
IUIa3MeHHOro oOpa3oBaHMsI Ha CBePX3BYKOBOe OOTeKaHMe MOIeIN CBePX3BYKOBOI
HezlopaclIpeHHO crpyent. Yacrora Kamgpos sammcu nocturasia 775000 xampos B
CEeKYH/IY.

g obpabGoTrkm  OOJIBIIIOrO  KOJIMYECTBAa  TEHEBBIX  M300pakeHuN
VICIIOJIB30BIVICh KOMITBIOTEpHOE 3peHMe ¥ pas3IiMdHble ITOAXOObl K MAIIVHHOMY
oOyuennto[2,3]. 3agauM 3aKIOYaIMCh B MCCIIeAOBAaHWMM  ITyJIbCAllVIOHHBIX
XapaKTepuCTUK Haleraroleyl CBepPX3BYKOBOW CTpPyWM, oOTeKaroller Tejlo, a Takxke
IyJIbCalluil TOJIOBHOW YIApPHOWM BOJIHBI KaK B OCECMMMETPUYHOM, TaK ¥ B
HeCIMMETPVMYHOM  TedeHMsX. Takke WCIOIB30BaJICE MeTof  0Oe33aceBHOTO
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TpaccupoBaHus. Beierrenne rpanmi metogom Ksnnan n mpeoOpasosanme Xada Obu1m
MIpUIMeHEeHbI ISi aBTOMAaTWYeCKOrOo OTCIIeXVMBaHMS IIOJIOXKEHWsS yHOapHOV BOJIHBL
CéprouHas HeIpoHHasl ceTh Ha OcHOBe apxuTeKTypbl YOLOV2 vcrionbs3oBaiack A
OTCIJIEXXMBAHNS PAaCcCTOSHMS OTCTYIIA yAaPHOV BOJIHBI OT TeJla.

VccremoBaHbI ¢ BHICOKVIM BpeMeHHBIM paspellleHrieM Kak ITyJIbCallIOHHBbIe 1
CKOPOCTHBIe XapaKTepPUCTUKI CBepX3BYKOBOVI HeJIopacIlIpeHHO CTPYyW; KojlebaHws
TOJIOBHOV YAApHOVI BOJIHBI B CTPYVHOM TeueHWM, TaK M COOCTBEHHO AMHaMUKa
IIapOBOrO IUIa3MOMIHOIO oOpa3soBaHNs, TeHepupyeMbIX WM PpaspblBOB U MX
BO3JIeVICTBYIe Ha TedyeHVie C FTOJIOBHOM yliapHoM BosiHov nepert Mopesibio (MKII). ITocre
reHepalyy AOJITOXMBYIIETO IMAapOBMIHOIO IUIa3MEHHOro oOpasoBaHMA Ha OCU
CUMMETPUM CBEPX3BYKOBOT'O CTPYVMHOTO T€UEHVSI C TOJIOBHOW Y IapHOV BOJIHOV ITeper]
3aTyIUIEHHBIM KOHYCOM (TeHepaTOpoM IUIa3MOWa) Ha BpeMs IIPOTeKaHMs TOKa
paspsna (okosto 120 ps) MeHseTcss peXuM ¥ KOHPUIypalusi CBepX3BYKOBOI'O
oOrexaHMs Moesu. ITosydeHbI 3aBUCMOCT TI0JI0XKEHWSI TOJIOBHOV YIapHOVI BOJIHBI
OT BpeMeHU - pe3yJIbTaT 00pabOTKI HeCKOJIbKIMX COTeH Kampos (puc.1).

3a cyeT MajIoro BpeMeHW Bble/IeHVs SHepruy B o0IacTyi MHUIIUMPOBaHMA
paspsiia BO3HMKAIOT B3pbIBHBIE BOJIHBI, X AVMHAMVKA OIIpererisieT HeCcTallIOHAPHYIO
cragmio 1poriecca. [lepern oOTekaeMbIM TelIOM IepecTpamBaeTcsl yOApHBIN CIIOV,
3HaueHe OTX07la FOJIOBHOVI BOJIHBI Ha OCU CMMMETPUM yBeJINMUMBaeTCs B HeCKOJIbKO
pa3 — Ha BeJIMUMHY MaMeTpa IulasMouza.
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Pucynox 1. Ilosuyus 20408101 yoaproii 6oanst neped moodeavto 8 3aBucumocmu om Bpemeni.

Ilynpcatimy  pasMepoB M MHTEHCHMBHOCTV — CBeYeHMs  IUIa3MEeHHOIO
oOpaszoBaHMsl, a Takxke cjabble BO3MYyIIeHNs, TeHepupyeMble 13 30HbI IUIa3MOWUIa,
KOppeIMpYyIOT € IyJbcalissMy TokKa paspsga. Ilocirle okoHuaHMs TOKa paspsia
BOCCTaHaBJIVMBAETCs VICXOAHAs ra3oaHaMdeckass KOHPUTypams.

Pabota BrIrTosTHeHa ITpy noaep kke rpaHTa PH® Ne 22-79-00054.

1. Znamenskaya, V. Chernikov, O. Azarova. Dynamics of Shock Structure and Frontal Drag
Force in a Supersonic Flow Past a Blunt Cone under the Action of Plasma Formation //
Fluids. — 2021. — Vol. 6, no. 11. — P. 399.

2. M. A. 3aamenckas, V. A. [Jopomenko, H. H. Cricoes, 1. V. Tatapenkosa // [Joxitambl
Axkapemnu Hayk. — 2021. — T. 497, Ne1. — C.16-20
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3. 3Hamenckag V. A. O63op // Hayunas susyarmsanms. — 2021. — T. 13, Ne 3. — C. 125-
158.

Interaction of a spherical plasma formation with a supersonic
flow near the model

L.A. Znamenskaya, 1.A. Doroshchenko, V.A. Chernikov

Lomonosov Moscow State University,
Moscow, Russia
*znamen@phys.msu.ru

An analysis was made of plasmodynamic processes and fast shock-wave
processes accompanying the generation of a plasma formation in a supersonic jet flow.
The dynamics of the process is investigated on the basis of high-speed shadow
registration of the process. A supersonic Laval nozzle and a plasma generator
operating on the principle of a magnetoplasma compressor (MPC) were placed inside
the low pressure chamber. The design of the coaxial MPC was used, in which its part
directed towards the flow was made in the form of a truncated cone [1]. This made it
possible to record more clearly the bow shock wave at the leading edge of the MPC in
the supersonic jet flow coming from the nozzle. The problem of the influence of a long-
lived plasma formation on the supersonic flow around the model by a supersonic
underexpanded jet was studied. The frame rate of the recording was up to 775,000
frames per second. To process a large number of shadow images, computer vision and
various approaches to machine learning were used [2, 3]. The tasks were to study the
pulsation characteristics of an oncoming supersonic jet flow around a body, as well as
pulsations of the bow shock wave in both axisymmetric and asymmetric flows. The
seedless tracing method was also used. Canny boundary detection and the Hough
transform were used to automatically track the shock wave position. A convolutional
neural network based on the YOLOvV2 architecture was used to track the distance of
the shock wave distance from the body. Both pulsation and velocity characteristics of
a supersonic underexpanded jet have been studied with a high time resolution; bow
shock fluctuations in the jet flow, as well as the actual dynamics of the spherical
plasmoid formation, the discontinuities generated by it, and their effect on the flow
with the bow shock wave in front of the model (MCP).

After the generation of a long-lived spherical plasma formation on the axis of
symmetry of the supersonic jet flow with a bow shock in front of the blunt cone
(plasmoid generator), the regime and configuration of the supersonic flow around the
model change for the duration time of the discharge current (about 120 ps).
Dependences of the position of the bow shock wave on time are obtained - the result
of several hundred frames processing (Fig. 1).

Due to the short time of energy release, explosive waves arise in the area of
discharge initiation, and their dynamics determines the nonstationary stage of the
process. The shock layer is rearranged in front of the streamlined body, the value of
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the bow shock stand-off on the axis of symmetry increases several times - by the value
of the plasmoid diameter.

Pulsations in the size and intensity of the plasma formation glow, as well as
weak perturbations generated from the plasmoid zone, correlate with discharge
current pulsations. After the end of the discharge current, the initial gas-dynamic
configuration is restored.

This work was supported by the Russian Science Foundation grant no. 22-79-
00054.

Figure 1. Bow shock position as a function of time.

1. Znamenskaya, V. Chernikov, O. Azarova. Dynamics of Shock Structure and Frontal
Drag Force in a Supersonic Flow Past a Blunt Cone under the Action of Plasma
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2. I. A. Znamenskaya, I. A. Doroshchenko, N.N. Sysoev, D.I. Tatarenkova // Doklady
Physics. — 2021. — Vol. 66, no. 4. — P. 93-96.

3. Znamenskayal. A. Methods for panoramic visualization and digital analysis of
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2.4 Bo30y>xaeHMe HEyCTOMYIMBOCTU 3aTOIVIEHHOW
BO3QyIIHOV MUKPOCTPY¥ KOPOHHO-CTPVMMEPHBIM pa3psAa0M

Spanyeb II.A., Moparé6 U.A.
OObenmHeHHBIVI MHCTUTYT BBICOKMX TemriepaTyp PAH, Mocksa, Poccris
*yarantsev.d@gmail.com

PexxyM ncTedeHMs JITaMUHAPHBIX CTPYW SIBJIeTCS BaKHOVI XapaKTepUCTUKO B
PasIMYHBIX YCTPOVICTBaX, OT TOPEeJIOK 10 XVMMWYeCKMX peaKTopoB. Bompocam
YCTOMUYMBOCTY TaKMX TedeHMs IMOCBsllleHa oOmmpHas jaureparypa [1-4]. bombiias
JacTh 3KCIEPVMMEHTAIBHBIX VICCIIEIOBAaHWUI B JAHHOV O0JIacTM IIOCBSIIEHA CTPYSM
MaJIOrO AuaMeTpa, Wi MUKpocTpysM. CTpys cuMTaeTcss MUKPOCTPYEr ecm eé
HayaJIbHBIV OyiaMeTp He mpesblmaeT 1-1.5 MM. Pexnm vcTtedeHMs KPYIJIOW CTPyU
3aBVCUT B IIepBYIO odepeb OT MpOodwWIs CKOPOCTU Ha BbIxofe corula. Yem Omvoke
podWIb CKOPOCTH K IapabosmmdeckoMy, opMUpPYIOIeMycs B pe3yJIbTaTe TeueHMs
Xarena-Ilyaseinid, TeM Hajiblile OT COIUIa HPOVCXOOUT JIaMUHAPHO-TYpOyJIeHTHBIN
niepexop,. ITpubmokenne npodwisi cKopocTy K HapabosIndecKoMy ITPOVICXOAUT 3a
CY4€T HapacTaHVs MOTPaHMYHOIO CJIOS, MO3TOMY JUIS TOJIyYeHWs ITPOTSDKEHHBIX
JJaMUHaApPHBIX CTPyVl OOJIBIIOrO amameTpa HeOOXOIVMO WCIIOIb30BaTh JJIMHHbBIE
KaHael.  Ilpm  nmamerpe TpyOkm MeHee 1MmM, JlaMMHaApHBIE — OPOPIMIIL
yCTaHaBJIMBaeTcsd B TPyOKe yke Ha JIJIVIHe B HeCKOJIBKO CAaHTVIMEeTPOB.

CraHgapTHBIM cIIOCOOOM BO30Y KIeHSI MUKPOCTPYI SIBJIsIeTCS MICIIOJIb30BaHVe
IUIOCKOVI TIOTIePEeYHOV aKyCTIYecKov BOJIHBI, [4]. CurycomaaibHble KojieOaHVs CTpy
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JOBOJIBHO OBICTPO PaCTyT, BBIXOASAT Ha HEJIMHEVIHBIV PeXXMM TedeHs, KOTOPBIV 3aTeM
paciiajiaeTcs ¢ mepexoaom K Typ6yneHTH0CTV1. [eTan 3TOrO IIepexofa orpenenser
OVHaMVKa BUXpPeW, cpopMMponmVIXCﬂ Ha ITO3THEV CTAIVV SBOJIFOIIVIV BO3MYIIEHA.
Tak, B orpeieJileHHOM AMarna3oHe 4acToT 06Hapy>1<eHo dBJIeHVE 6mqayp1<auvm CcTpyw",
T.€. €€ pasesIeHNs Ha [IBe IO/ BO3IEVICTBMEM ITOIIEPEYHOTO aKyCTUYECKOIO IT0JIsI
[4-6].

HecMoTpss Ha OoJsiblIon oOBeM JIMTepaTypbl, IMOCBAIIEHHOM [IMHaMUKe
JJaMMHApPHBIX CTPY! M Ipoleccy mx Oudypkaumm B aKyCTHMUeCKOM IIOJjle, JeTasiv
MO3IHMX CTafuN Ilepexofia, a Takke MexXaHM3M OudypKalmn OCTaroTCs HEeACHBIMIL.
s peraibHOTO SKCIIepVMEHTaJIbHOTO VICCIIeIOBaHMA 3TOTO poriecca
HPEICTaBIISIETCs. B IIEPBYIO OUepelb BaXKHBIM pa3delInTh IIPOLIeCChI BO36y>K,H€HI/I$I u
3BOJIIOLINII KOJIeOaHMTL, CIierlaB BO30Y KIeHe JIOKaJIbHBIM. B ma"HOI paboTe my1st aTOTM
LIeJIV VICIIOJIb3YeTCs KOPOHHBIVI paspsi/l, HallpsDKeHre Ha KOTOPOM MOOYJIVPYETCs C
TpeOyemort YacToToM Bo3aencTsys. CxeMa yCTaHOBKM IIpuBeieHa Ha puc.1.

N UYunundpuueckas Jlazep
b nuH3a

N ’
\\‘

Pomamemp
= \ BeHr/nunb
1 //
I_‘ Komnpeccop
4
K%,zyg: s lerepamop Pedykmop
ObiMa daeneHus

Pucynox 1. Cxema ycmanobxu

B  pesynmpraTe  paboThl  BU3yalM3MpoBaHa ~ CTPYKTypa  TedeHMs,
IPOAEMOHCTPUPOBAaHO €€  IIPUMHIMIMAIbHOe  COOTBETCTBME  TaKOBOW  IpU
aKyCTMYeCKOM  BO3OYXXJeHWM, IIOJIyYeHbl JIMCIIePCHOHHBIE — XapaKTepUCTUKN
VB3IMOHBIX KoOJIeOaHWII CTPYM B AMana3soHe 4YacTOT, XapaKTepHOM JIs Pa3sBUTHS
HeycTovumBocT. Ha pwc.2 mpusenmensl dortorpadmmy OpIMOBOV BU3YyaIM3alv
HeBO3MYIIIeHHOV MMKPOCTPYY VI CTPY ¥, BO3MYIIIEHHOV paspsIOM.
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1 l @ (©)

Pucynox 2. [TvimoBas 6usyarusayus ne6osmyuénnoil (a) u 6osmywénnoil paspadom (6) cmpyu.

—

I''H. A6pamosiy, Teopnst TypOynerTHBIX cTpyTt. - M.:OKOJIUT, 2011. - 720c.

2. Twmesckvm A.C., Biiacos E.B., Kapasocos P.K., AkycTideckoe yripasiieHve
TypOyteHTHBIMI cTpysiMu. M.: @MJL, 2001.

3. B.M. Anuckun, [I.A. byatun, A.A. Macios, C.I'. Muponos, I1.C. LIpIproiIbHIKOB,
VlccrienosaHme yCTOMUMBOCTY JO3BYKOBOVI Ta30BoV MUKpocTpyn/ / XKXypani
TexHmdeckon dmsuxy, 2012, Tom 82, BeIt.2, cc. 17-23.

4. Kozlov VV, Grek GR, Litvinenko YuA, Kozlov GV, Litvinenko MV (2011) Round and
plane jets in a transverse acoustic field. ] Eng Thermophys 20(3):1-18.

5. Hwmccepranms JTursnrenko F0.A., HoBocubupcek, 2021r.

6. Hwuccepraumsa Kpusokopsrro M.C., Mocksa, 2014r.

Exitation of the air microjet instability by means of corona
discharge

Yarantsev D.A., Moralev L.A.
Joint Institute for High Temperature RAS, Moscow, Russia
*yarantsev.d@gmail.com

The mode of the laminar jets flow is an important parameter of different
facilities, from burners to chemical reactors. Many studies consider instability of such
a flow [1-4]. Most of the experimental researches in this field examines jets of small
diameter, that is to say microjets. Jet is a microjet when its initial diameter is no more
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than 1-1.5 mm. The flow mode of the round jet depends firstly on velocity profile at
the nozzle exit. The closer velocity profile to the parabolic one, that is formed as a result
of Hagen-Poiseuille flow, the farther laminar-turbulent transition occurs. Velocity
profile approaches to the parabolic one due to the boundary layer growth that is why
it is need to apply long channels for obtaining long laminar jets of big diameter. If tube
diameter is less than 1 mm then parabolic velocity profile is realized at the tube length
about several centimeters.

The common way to exite microjet is an application of the plane transversal
acustic wave [4]. Sinusoidal vibration of the jet grows rather quickly than flow mode
becomes nonlinear and finally it decays with transition to the turbulent mode. Detailes
of this transition are dermined by the vortices dinamics that forms during the late stage
of the disturbances evolution. So, the effect of jet bifurcation has been found out for the
certain frequency range, when jet is divided into two jets under influence of transversal
acustic field [4-6].

In spite of the large amounts of literature dedicated to the laminar jets dynamics
and process of its bifurcation under the acustic field, it is not yet determined the
detailes of the transition late stage and the bifurcation mechanism. It seems that for
detailed experimental research of this process it is important to divide processes of the
vibrations excitation and evolution by making the excitation local. Corona discharge
is applied for this purpose in the present research. Discharge voltage is modulated at
the required actuation frequency. Experimental arrangement is presented on the fig.1.

Smoke visualization of the flow structure demonstrated that it is similar to the
structure under acustic excitation. Dispersion characteristics of the sinusoidal stage
vibrations were obtained for the frequency range that is specific for the instability
development. Fig.2 shows photos of smoke visualization for the undisturbed microjet
and microjet disturbed by the discharge.

Figure 1. Experimental arrangement
Figure 2. Smoke visualization: undisturbed jet (a) and jet disturbed by the disharge (b).

1. T.H. A6pamosuy, Teopus TypOysenTHbIX cTpyit. — M.:OKOJINT, 2011. - 720c.

2. TI'mmesckmmm A.C., Bmacos E.B., Kapasocob P.K., Axycruueckoe ympasjieHUe
TypOysieHTHBIMU cTpysimu. M.: ©MJI, 2001.

3. BM. Anuckun, .A. bynrun, A.A. Macnos, C.I. Muponos, V.C. LIpIproibHIKOB,
MccriemoBaHme  yCTOMUMBOCTM — [IO3BYKOBOW — rasoBom MwmKpocTtpyn//  Kypasi
TexHmdeckon dmsuxy, 2012, tom 82, Bbit.2, cc. 17-23.

4. Kozlov VV, Grek GR, Litvinenko YuA, Kozlov GV, Litvinenko MV (2011) Round and
plane jets in a transverse acoustic field. ] Eng Thermophys 20(3):1-18.

5. Hwuccepraums JIutsurenko I0.A., Hosocubupck, 2021r.

6. wuccepranusa Kpusokopsrto M.C., Mocksa, 2014r.
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3.1 MogenupoBaHMe cMellleHMs CBePX3BYKOBOIO II0TOKa
C [IOIIepEeYHOM CTpyeV B IPUCYTCTBUM MMILYJIbCHO-
IIepMOANYIEeCKOro HarpeBa

JI.C.Boaxo6", A.A.@upcob

OObenmHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccris

*volkov.Is@phystech.edu

B npanHOmM pabore paccMaTpuBaeTcss TeueHMe, QoOpMUpYIOlIeecs IIpu
B3aVIMOJIEVICTBUV CBEPX3BYKOBOI'O IIOTOKA BO3/IyXa C IIOIIepeYHOVI BTOPUYHOV CTpyeri,
VIFDKEeKTVPYeMOVI B 3TOT IIOTOK Yepe3 OTBepCTiie Ha CTeHKe CBePX3BYKOBOIO TpaKTa.
DTO TedeHNe YacTO BCTpedaeTcsd B 3ajadax CMeIlleHs Fa30B B CBePX3BYKOBOM IOTOKe
(HarmpumMep, cMellleHMs TOIUIMBA C BO3IyXOM B CBEPX3BYKOBBIX KaMepax cropanus). B
TIOCTIe[THIIe TOABI IJIsl MHTeHCUUKAIIMI CMEeIIeHVsI B CBePX3BYKOBOM IIOTOKe ObUIN
MIpeUIoKeHbl pas3iuHble crpaTervim [1]. OgHa 13 Takmx cTpaTerunm Iperrioaraer
CO3[laHVie BO3MYIIEHUVI B IIOTOKe C IIOMONIIBIO JIOK&JIBHOTO  VIMITYJIbCHO-
IepVOANYecKOro HarpeBa rasa oKosIo MHXekTropa. Harpes MoxeT OBITH OcyIllecTBIIeH
PV IIOMOIIIY, HaITpUMep, JIa3epHOTr0 M3JIyYeHMs WIN 3JIeKTpUYecKnX paspsos [2].

B oreuectBenHoMm mporpammHoM KoMivlekce FlowVision Owbulo mposemeHo
KOMITBPIOTEpHOE MOMEeIMpOBaHMe TaHHOIO TeYeHWs IIPpW OTCYTCTBUM Y HaJIM4YUU
VIMITYJIbCHO-IIEpMOINYECKOr0 JIOKaJIbHOIO HarpeBa rasa Ha CTeHKe C HaBeTPeHHOW
CTOPOHBI OT OTBEepCTUs MHXXeKTopa. MonenmpoBaHue TedeHMsI OCYIEeCTBIISUIOCHh C
IIOMOIIBIO  pellleHusl CHUCTeMbl HecTallMoHapHBIX ypaBHeHunt Hasbe-Crokca,
ocpenHeHHBIX 110 PertHomnbacy. Cucrema ObUla 3aMKHYTa MOAMPUITMPOBAHHOM
Morennbio  TypOynentHoct  k-e  FlowVision.  JlamHbple 0  IUIOTHOCTH,
TeIUTIOIIPOBOIHOCTY, y[eJIbHOV TeIUIOEMKOCTM U BA3KOCTM BO3/yXa U YIJIEKVCIIOTO
rasa mpu BbIcOKMx Temieparypax (mo 30000 K), yumTeiBaromiye AMCCOLMALINIO U
VIOHV3aLIVIO MOJIEKYJI, ObUIN B3STHI 113 padoT [3], [4].

[TapameTpsl pacdeTa OBUIM 3aIaHBI TaKMM OOpasoM, YTOOBI MopempyeMoe
JmsmaecKkoe sBJIeHME MOXHO OBUIO BOCIIPOVM3BECTV B HAaTYPHOM SKCIIepVIMEHTe Ha
obopynosanum, pocrynHoM B OVIBT PAH, ¢ mckpoBbIM paspsaoM B KadecTBe
VICTOYHVIKa VIMITYJIbCHOTO TeIUIOBBIIeJIeH V. ITapameTpsbl cBOOOIHOTO
CBePX3BYKOBOIO IIOTOKa Bo3iyxa: Temieparypa T¢=183 K, masinenue P=28,4 xlla,
uncsio Maxa M=1,8, ckopoctb Us=480 M/ c. IlapaMeTpbl BTOPpUYHO CTPYW: AMaMeTp
d=3 MM, ra3 - CO,, nonHas temneparypa To=270 K, maccosbin pacxom Qm=4 r/c,
ckopocTb Ujet=236 M/c. VImmynpcHBII HarpeB rasa ObUl 3afaH C IIOMOIIBIO
MoaudmkaTopa, Hgobasidroliero B ypaBHeHus Haspe-CTokca wieH ¢ 0ObeMHBIM
TeruioBblgesleHneM. O0J1acTh TeIUIOBbIe/IeHNs IIpefCTaBiisUla Co0OoM HVUIMHIP CO
CKpYyIJICHHBIMM TOPLIAMIA.

Pe3ypTaToM MOJIe/IVIPOBaHWS ABJISIOTCS IIPOCTPaHCTBEHHBIe paclpee/ieHs
XapaKTepUCTUK TedeHMs (KaK MTHOBeHHble, TaK ¥ yCpedHEHHble BO BpeMeHU) B
QJIydasx OTCYTCTBUS M HaJIVYVIsL IMITYJICHO-TIEPMOAMYECKOro Harpesa: unciio Maxa,
MaccoBas [0JId YIVIEKMCIIOro rasa, TeMiiepaTrypa, gasjieHwue, n gpyrue. Ha puc. 1
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IpuBeleHbl MITHOBeHHble pacrpesesieHnss Maccopon foim CO2 m TemmepaTypsl B
cJIy4ae JIOKaJIbHOTO MMITYJIbCHOTO HarpeBa ra3a Ha KpOMKe OTBEPCTMS MIMITYJIbCaMVI C
sHepruen 10 M/IX, nresbHOCTEIO 2 MKC 1 TeprogoM 25 mkc. Ha puc. 2 mpuseneno
yCpemHeHHOe BO BpeMeHM paciperesieHve Maccosor foimm COz B ciTydasix OTCY TCTBYS
VI HaJIM4Msl HarpeBa, a Takke I HAIVIAAHOCTY IpuBefeH IpaduK pacrapereieHns
3TOVI BeJIMUMHBI BAOJIb OCKM Y. OTM KauecTBeHHble pe3yJIbTaTbl, a TaKxke
KOJIMYEeCTBEHHBIVI VHTerpaIbHBbI KpuTepuil 3PpdPeKTUBHOCTM cMelleHus [5] -
MO3BOJISIIOT yTBEPXKIaTh, YTO MMITYJIbCHO-IIEPMOANYECKUTI JIOKAJIbHBIVI Harpes rasa
criocobeH MpMBecTM K WMHTeHCH@UKALMM CMelIeHNs CBePX3BYKOBOIO IIOTOKa C
BTOPUYHOW IIOIIE€PEYHON CTPYEN.
Uccnenosanne nopgaepxato rpaHToM PH® Ne21-79-10408.

(a) t =1 mKkc
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Pucynox 1. MenoBennvie pacnpedeserusn maccoboii doru CO; (4/0 3a1ubka) u memnepamypol
(ybemmvie KoHmypwt) 6 naockocmu cummempuu mevenus. 60a10uus 603mMyujeHUs NoCLe HAYAAA
ouepeoH020 UMNYAbCA MenioBbi0eseHUs.
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Pucynox 2. Y cpeonentoe 6o Bpemenu pacnpedeserue maccoboil doau CO, 8 cayuasx omcymembus
(a) u Haruuua (6) UMNYABCHO-NEPUOOUUECKO020 A0KAALHO20 HacpeBa. [pachuk caeba omobparaem

pacnpedeaetiue 6004b ocu Y. Yeprvim ybemom Bvidesena 0baacme Haepeba.

1. Liu Q. [et al.]. Review of combustion stabilization for hypersonic airbreathing
propulsion // Progress in Aerospace Sciences. 2020. V. 119, P. 100636.
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Simulation of the mixing of a supersonic flow with a
transverse jet in the presence of pulse-periodic heating

L.S.Volkov®, A.A.Firsov

Joint Institute for High Temperatures RAS, Moscow, Russia
* volkov.Is@phystech.edu

In this work, we consider a flow arising during the interaction of a supersonic
flow with a transverse secondary jet injected into this flow through an orifice on the
wall of the supersonic duct. This flow is a common case among the problems of gas
mixing in supersonic flows (for example, fuel mixing with air in supersonic
combustion chambers). In recent years, various strategies have been proposed to
intensify mixing in a supersonic flow [1]. One of these strategies involves the creation
of disturbances in the flow using local pulse-periodic heating of the gas near the
injector. Heating can be carried out using, for example, laser radiation or electrical
discharges [2].

Using Russian software package FlowVision, computer simulation of this type
of flow was carried out with the absence and presence of pulse-periodic local gas
heating on the wall on the windward side of the injector orifice. The flow was modeled
by solving a system of non-stationary Reynolds-averages Navier-Stokes equations.
The system was closed by a modified k-e¢ FlowVision turbulence model. Data on the
density, thermal conductivity, specific heat capacity, and viscosity of air and carbon
dioxide at high temperatures (up to 30000 K), taking into account the dissociation and
ionization of molecules, were taken from [3], [4].

The parameters of simulation were set in such a way that the simulated physical
phenomenon could be reproduced in a full-scale experiment on equipment available
at the JIHT RAS, with a spark discharge as a source of pulsed heat. Parameters of free
supersonic air flow: temperature Tg=183 K, pressure P=28.4 kPa, Mach number M=1.8,
velocity U=480 m/s. Secondary jet parameters: diameter d=3 mm, gas - CO, total
temperature To=270 K, mass flow rate Qm=4 g/s, velocity Ujer=236 m/s. Pulse heating
of the gas was modeled using a modifier adding a term with volumetric heat source to
the Navier-Stokes equations. The area of heat release was a cylinder with rounded
ends.

The simulation results are spatial distributions of flow characteristics (both
instantaneous and time-averaged) in the absence and presence of repetitively pulsed
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heating: Mach number, mass fraction of carbon dioxide, temperature, pressure, and
other. Figure 1 shows the instantaneous distributions of the CO2 mass fraction and
temperature in the case of local pulsed gas heating at the orifice edge by pulses with
energy of 10 mJ, duration of 2 pis, and period of 25 ps. Figure 2 shows the time-averaged
distribution of the CO2 mass fraction in the cases of the absence and presence of
heating, and for clarity, a graph of the distribution of this value along the y axis is
shown. These qualitative results, as well as the quantitative integral criterion of mixing
efficiency [5], allow us to state that pulse-periodic local heating of the gas can lead to
intensification of the supersonic flow mixing with the secondary transverse jet.

The study was supported by the Russian Science Foundation grant No. 21-79-
10408.

Figure 1. Instantaneous distributions of COz mass fraction (b/w fill) and temperature (color contours)
in the plane of flow symmetry. Evolution of a disturbance after the beginning of a heat pulse.
Figure 2. Time-averaged distribution of the CO, mass fraction in the cases of absence (a) and presence
(b) of repetitively pulsed local heating. The graph on the left shows the distribution along the y-axis.
The heating area is highlighted in black.
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3.2 YopasisieHMe nyJIbcallMsIMM JaBJIeHMUsI B IPSIMOYIOJIBHOM
I10JIOT0V KaBepHe C IIOMOILBIO aKTyaTopa Ha ocHOBe [1bP
pa3spsia c MCcII0JIb30BaHVeM OOpaTHBIX CBsA3eN

I.H. Kasanckuu*, U.A. Mopaae6

OObenyHeHHBIVI MTHCTUTYT BeICOKMX Temitepatyp PAH, Mocksa, Poccust
*fokkoo @yandex.ru

Y1pasiieHrie OTPBIBHBIMU TeYEHMSIMM B IIOJIOCTSIX ¥ KaBepHaX OCTAIOTCS
aKTyaJIbHBIMI 3afjadaMVi B pas/IMUHbBIX HayUHBIX [1], BOEHHBIX [2], Ta30TPaHCIIOPTHBIX
[3], axomormuaeckmx [4] 1 gpyrux cdepax [5]. EcrecTBeHHass o6paTHas CBA3b TeueHMs
VHUIIUVPYeT aBTOKosleOaHMs Ha Habope uactoT, Mop Rossiter [6]. T'emeparms
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MeJIKOMACIITUOHMX BUXpell B MOIPaHMYHOM CJjIoe IIPUBOAUT K VHUIIMaIU3alN
BUIXPEBBIX CTPYKTYyp cABUIOBOro cjios. Ilo mepe ABVDKeHMS BHU3 IO IIOTOKY TaKue
CTPYKTYpbl M30MpaTesIbHO YCWIMBAIOTCA. B3anMorericTBiie BO3POCIIVIX BUIXPEBBIX
CTPYKTYP C 3ajiHeVl CTeHKOV KaBepHbI IIPUBOOUT K reHeparuy aKyCTUYeCcKX BOJIH,
KOTOpPBIe paclpOCTpaHsIOTCA BBEPX 110 HOTOKY. BimsiHMe akycTidecknx BOJIH Ha CXO,
BUXpell C IepeliHeVl KPOMKM 3aMblKaeT eCTeCTBeHHYIO IeT/II0 OOpaTHOV CBS3MNAL
BospericTBue Ha OCHOBHBIE I1elVt ecTeCTBeHHOIO MeXaHW3Ma 00paTHOVI CBSA3M JIEXKUT B
OCHOBe aKTVBHOTI'O yIIpaBJIeHNsI IOTOKOM KaBepHBIL.

B posi mprBooB 1J151 KaBepH B 11€JI0M BBICTYTIAJIV Te JKe TUIIbI aKTyaTOpPOB UTO
U 171 IPYIVIX OOBEKTOB yIIpaBJIeHus], a MIMEeHHO CTallIOHapHble 1 HecTalliOHapHbIe
cTpyu [7], mpe3oxiianaHa [8], xnmkocTHble TeHepaTopsl [9], cunTeTimaeckme crpym [10],
a TaKXke IUIa3MeHHBIe aKTyaTOpPbhl, B TOM 4YMCJIe Ha OCHOBe [IM3JIeKTPUYeCcKOro
OaprepHOro paspsanma (HIBP) [11]. ID1asmeHHBIe akTyaTOpPBl B 3ajiadax IIOaBJIeHMS
aKyCTMYeCcKOro pe3oHaHCa KaBepHbI IPUMeHsUIUCh B [Jo3ByKoBoM [12] 1 B
cBepx3BykoBoM [13] noroke. ITpu 3TOM, MHPOpPMaIMIO 00 MCIOIb30BaHUN KOHTYypa
oOpaTHOVI CBsi3U IpU paboTe IUIa3MeHHBIX aKTyaTOpPOB HalTV He y[1aJI0Ch.

Llenpio HacTosIent paboOTHl OBUIO yIIpaBIeHVe IIOTOKOM ¢ Itomornbio JIBP-
aKTyaTopa Ha IlepellHeVl KpOMKe KaBepHBbL IIpefcTaBisuioch BaXKHBIM BHeceHUe
BBIHYKIE€HHBIX BO3MYIIEHWUII BOJIM3M IlepeqHel KpPOMKNM B IpoTusodase
€CTeCTBEeHHBIM CTOXACTMUeCKVM BO3MYIIEHMSIM TaK, YTOOBI CyMMa aMIUIUTYH, 00OmX
BO3MYILIeHNI1 00palliaioch B HOJIb.

Ha nosepxHoCTI Momerv 3akurayicst paspsifi ¢ Hecyient dactoromt ~350 kI'11
puc. 1. MakcmMasibHasi aMIUINTY/1a HalpsbkeHMs cocTasiisiia 110 20 kB. XapakTepHbIi
sHeprosikiag, Ovur 70BT/M mpu cpemHem sHeprum B mMiysibce 15MDx. s
peaymsaliuy  OOpaTHOWM CBA3M WCIIOJIB30BaJICd 3aMKHYTBI KOHTYP CUCTEMBI
yIIpaB/IeHMsl aKyCTUMYeCcK/M pPe30HaHCOM KaBepHBI, BKIIOYAMOIINI B ceOs: JaTumK
JaBJIeHVis, BBIYMCINTEIbHBIV MOJ1yJIb, ICTOUHMK IIUTaHWs U IUIa3MeHHBIV aKTyaTop.
BerumcimrensHbl - Momysie  Obul  peasmm3oBaH  Ha Oase LCARD  E14-440D,
unTerpupytomiero B cedbe ALITI, LTAIT un mndposont curHapHbIN mpotieccop (DSP) c
TakToBOM dactorom 48 MIm. OOpaboTka curHasia HpPOM3BOAMIIACE B peaIbHOM
BpeMeHM HU@POBbIM CUTHaJIBHBIM HporjeccopoM. OO6paboTaHHBII — CUTHA
noaBasicscs depes LIAIT B kauecTBe crrHasia MOV HaIIpsDKeHWs Ha paspsise.
DTOT XXe CUIHal IogaBajics Ha 3amyck cuctembl PIV. OH mossoymn peanmsoBaThb
¢a30By10 CMHXPOHM3AIIMIO M3MePeHNs I10JIsI CKOPOCTell II0TOKa puc. 2.

Pucynox. 1. Cxema sxcnepumenmaisroil yemanobxu. 1- pabouas cexyus, 2- nodbuxnas Gcmabra
kabeprvl, 3 - [IBP axmyamop, 4 - HenodBusxuas 6cmabxa, 5 — mukpogoH, 6 — naasma [I5P paspsoa.
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Pucynox. 2. [Tpunyunuasvuas cxema ynpabaeHus nysscayutl 0aBaeHus ¢ ucnoav308anuem cucmembsl
00pammou cBa3u.

XapakTepHBINI CHEKTp IyJIbCallMil [aBjleHusl IIpe[cTaBjleH Ha puc 3.
Bapruposanme casura assl paspsga OTHOCUTEIBHO OIIOPHOrO CHUTHajla Ha
MUKpPOQOHe II03BOJIgeT KaK packKadaTh KojleOaTeIbHBI KOHTYp (p=6 pam), Tak u
MomaBUTh KosiebaHMS Ha pe3oHaHCHOM dYactore (p=4.2 pam). 3aBUCHMOCTD
MaKCMMaJIbHOV aMIUINTY bl YJIbCAlVVL [TaBJIeHNsI OT BpeMeH! 3a/lep>KKI I103BOJIAeT
cliejlaTh BBIBOJ, UTO CHVDKEHVe ITyJIbCalluil JaBIeHus IIPOVICXOMAT JIVIIb B Y3KOM
nnamnasoHe ¢ ot 0.3 7o 0.8 m.
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Pucynox 3. Cnexmp nynvcayuii 0asnieHus 6 Kagepre 6 OMcymcmeuu paspsaoad u npu pabome
aAKmMyamopa Ha pasHbiX PeXCUMAX PACKAYKU UL NOOAsLeHUs pe3oHanca. (cresa). 3asucumocms
MAKCUMATLHOU AMAAUMYObl NYTbCAYULL OAGTEHUSL OM BPEMEHU 3A0EPIHCKU 3ANCUSAHUSL AKIYAMOPA.

(cnpasa).

Busyaymsanms mons Tedenuss ¢ ¢asoBOVt  3allep)KKOV  IIO3BOJIT  JleTallbHO
IpOoaHaJIV3MPOBaTh 3BOJIIOLIVIO Pa3sBUTHS BO3MYIIIEHUII B ciBMroBoM ciioe. Ha puc. 4
IpeJicTaBIeHa KapTiHa HeBO3MYIIIeHHOTO I10JI TeYeHWs Y IBYX PeXVBOM IOJIaJIeHIIA
" packauky Bo3MmyleHVs. CIIeKTp JaBjieHnsl COOTBETCTBYeT BeJIM4YlMHe KOrepeHTHBIX
CTPYKTYP B CBUTOBOM CJIO€ KaBepHBI.
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Pucynox 4. Ilone ckopocmeil 6 cO8U2060M cl0e KagepHe 6 OMCYmMCmeuu paspsaoa (cieea), pexlcume
nO0AsIeHUs NYIbCcayull (8 Yyenmpe), pedcume packauku nyaibcayuii 0aeieHus (Cnpasa,).

Pabota BbIIONIHeHa TIpM (PMHAHCOBOW Iomjiepkke Poccuiickoro HayvHOro ¢omga
rpaHT Ne22-29-00353
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Flow Control in a Rectangular Shallow Cavity Using a DBD
Discharge Using Feedback

P.N. Kazanskiy, I.A. Moralev, A.V. Efimov

Joint Institute for High Temperatures RAS, Moscow, Russia
*fokkoo @yandex.ru

The cavity flow control plays significant impact in various scientific [1], military
[2], gas transport [3], environmental [4] and other goals [5]. The natural feedback of the
flow initiates self-oscillations at a set of frequencies so-called Rossiter modes [6]. The
generation of small-scale vortices in the boundary layer leads to the ini-tialization of
the vortex structures of shear layer. As one moves downstream, such structures are
selectively enhanced. The interaction of the increased vortex structures with the cavity
trailing edge leads to the generation of acoustic waves that propagate upstream. The
influence of acoustic waves on the vortex shedding from the leading edge closes a
natural loop. The impact on the main chains of the natural feedback mechanism
underlies the active control of the cavern flow.

In general, nearly the same types of actuators were used for cavity flow control
as it was done for other typical aerodynamic models. The main papers describes
mechanisms of stationary and non-stationary jets [7], piezo valves [8], liquid
generators [9], synthetic jets [10], and plasma actuators, including one based on
dielectric barrier discharge [11]. Plasma actuators were used in subsonic [12] and
supersonic [13] cavity flow control. At the same time, cavity close loop flow control by
plasma actuators seems to be innovative.

The purpose of this work was close-loop cavity flow control by means of DBD
plasma actuator. The close-loop system was supposed to be with unknown incoming
signal of an automatic one -dimensional quasi -stationary control. It seemed important
to introduce forced perturbations in the boundary layer in antiphase to natural sto-
chastic perturbations so that the sum of the amplitudes of both perturbations vanishes.

A discharge at frequency of ~350 kHz was ignited on the model surface fig.1.
The maximum voltage amplitude was up to 20 kV. The characteristic energy input was
70 W/m at an average pulse energy of 15 mJ. The closed loop of the cavity acoustic
resonance control system was used, which includes: a pressure sensor, a computing
module, a power source, and a plasma actuator. The computing module was
implemented on the basis of LCARD E14-440D, which integrates an ADC, a DAC and
a digital signal processor (DSP). The processed signal was fed through the DAC as a
voltage modulation signal on the discharge. The same signal was given to start the PIV
system. It made it possible to implement phase synchronization of the measurement
of the flow velocity field fig. 2.

The characteristic spectrum of pressure fluctuations is shown in fig. 3a.
Variation of the phase shift of the discharge relative to the reference signal on the
microphone allows both to swing the oscillatory circuit (¢=6 rad) and to suppress
oscillations at the resonant frequency (¢p=4.2 rad). The dependence of the maximum
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amplitude of pressure fluctuations on the delay time makes it possible to judge that a
decrease in pressure fluctuations occurs only in a narrow range of ¢ from 0.3 to 0.8 1.

Visualization of the flow field with a phase delay makes it possible to analyze
in detail the evolution of the development of disturbances in the shear layer. On fig. 4
shows a picture of the undisturbed flow field and two modes of suppression and
buildup of the disturbance. The pressure spectrum corresponds to the magnitude of
coherent structures in the shear layer of the cavity.

The work was supported by the Russian Science Foundation grant No. 22-29-
00353

Figure. 1. Scheme. 1 - working section, 2 - movable cavity insert, 3 - DBD actuator, 4 - fixed insert, 5
- microphone, 6 - DBD plasma.

Figure 2. Schematic diagram of pressure pulsation control using a feedback system.

Figure 3. Spectrum of pressure pulsations in the cavity in the absence of a discharge and when the
actuator is operating in different modes of buildup or resonance suppression. (left). Dependence of the
maximum amplitude of pressure pulsations on the ignition delay time of the actuator. (on right).
Figure 4. Cavity shear layer in reference case (left), pressure pulsation suppression mode (center),
pressure pulsation buildup mode (right).
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3.3 O0TeKaHMe KpyroBoro NmjIMHpa ¢ MarHUTO-
IIJITa3MeHHBIM aKTyaTOpOM

H. C. Mynxo3', A. U. KaumoB, B. A. bumiwopun?, U. A. Mopane8', J1. b.
Iloaaxob, U. I1. 3aBepwunckund, I1. H. Kasanckui!, H. E. MoaeBuu? 3, 1.
II. IlopgupveB? 3, C. C. Cyzax3, b. H. Toaxynob!

1O0BenIHeHHBIVI MHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
2Dusyrgeckmit iHCTUTYT MM. I1. H. JIeGenesa PAH (pwmmarn), Camapa, Poccns
3CamapcKuy HallMIOHaJIBHBIV VICCIIeJOBaTeIbCKUY YHUBEPCUTET MMeHM aKajeMyKa
C. Il. Koponésa, Camapa, Poccrsa
*dasmunhoz@gmail.com

DKcIleprMeHTaIbHOe Vicclle[loBaHMe J03ByKoBoro rmoroka (M < 0.23, Re < 10°)
BOKPYT LWWIMHIpUUIecKo Moesu (quameTp moaer d = 20 MM) ¢ HOMOIIIBIO MarHUTO-
I1a3MeHHoro akryaropa (MITA) Obulo IIpoBeeHO B a3pOoAVMHAMMYECKON Tpyode c
LIeJIbIO YJIyUIlIeHVs adpOOHAMMYeCKMX XapaKTepUCTUK LVUIMHIPUYECKOV MO
(puc. 1). KomOGuHMpOBaHHOE 371eKTpUUecKoe HallpspkeHMe (MOIIHBIV VIMITYJIbCHO-
IepUOIYeCcKNI BBICOKOBOJIBTHBIV MCTOYHMK IIMTaHWUS B COUYTaHUM C VIMITYJIbCHBIM
BbICOKOBOJILTHBIM BY TpancdopmaTopom Tecsirr) mcnonbzoBasiock B 3roMm MITA g
CO3[IaHMs Bpalllalollerocs AyrOBOrO paspsia BOKPYI LVJIMHOPUYECKOV MOIeIIN.
BBICOKOBOJIBTHBIV MCTOUHMK NUTAHMS CO3HaI MOCTOSHHBIN TOK (lvaxe < 2 A) mym
VIMITYJIBCHO-TIEpUOANYIecKUN TOK ([yaxe < 30 A) B myroBoM paspsifie. BEICOKOBOJIBTHBIN
BY mmmysnse ¢ ammmrynon HanpspkeHus 10 Uwm < 100 kB 6bU1 mcmionib3oBaH 1t
3aKUTraHuMsl  KOMOWMHMPOBAHHOIO  3JIEKTPUYECcKoro  paspsga.  VIMIyJIbCHBIV
CVWJIBHOTOYHBIV pa3ps[ MMeJl CJIe[IyIolIye XxapaKTepUCTUKI: aMIUINTyJa HallpsDKeHMs
10 Ud, waxe ~ 5 KB, amrmryna Toka 1o Ia < 30 A i gacrora nosropenmsa 1o Fa<1.3 kI
Onrnueckasd cucTreMa Bu3yaIn3allyl Ta30BOro IoToka (¢ momompio Mmertopa PIV,
TeHeBOIO MeTO[a W BBICOKOCKOPOCTHOV KaMepbl) ¥ MHOTOOCHBIVI HaT4MK 171
v3MepeHus aspoavHaMmmdeckmnx cwi  MC15-3B  ObUumM  1MCTIONIB30BaHBL 171
SKCIIEPVIMEHTAJIBHOTO WM3Y4YeHMsl yIIpaBjleHMsl HalOeramomyM IIOTOKOM W €ro
uypKysstyent I BOiIm3u MyUIMHAPUYecKoi MOIeIN C IToMoIbio paboratoriero MITA.
beuto mpoBerleHHO cpaBHeHMe MeX]y pacyeTHBIMM [IaHHBIMM YMCJIEHHOIO
MOAeIMpPOBaHMs OO0TeKaHMs IIVIMHAPUYECKON Mojein ¢ pabortatommmM MITA n
SKCHePVMEHTaJIbHBIMIM pe3yJibTaTaMi. [Pe3yJIbTaThl 5KCIIEpVMEHTOB ITOKa3bIBaIoT,
uTo paboTatormit MITA fevicTBUTeIbHO CO30aéT HOCTOSTHHYIO ogbeMHYy0 cvuty L (Cr
< 0.6), memcTBYIOMIMI Ha LWIMHAPWYECKYIO MOAelb, ¥ IIOCTOSHHYIO LVPKYIISLIVIO
1oToka I BOKpyT Heé.

30


mailto:*dasmunhoz@gmail.com

WSMPA H 2023

Pucynoxk 1. Mnmeepasvruiil kadp obmexanus modeau ¢ Bpawjaioueiics 0yeoil ¢ 4emoipoMs
PAaspAOHBIMU NPOMEKYMKAMU.

Flow around circular cylinder with magnetoplasma actuator
D. S. Munhoz", A. 1. Klimov', V. A. Bityurinl, I. A. Moralev?,
L. B. Polyakov!, 1. P. Zavershinskii3, P. N. Kazanskiy?,
N. E. Molevich?3, D. P. Potfiriev?3, S. S. Sugak3, B. N. Tolkunov!

Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow,
Russia
2Lebedev Physical Institute of the Russian Academy of Sciences (branch office),
Samara, Russia
3Samara National Research University named after academician S. P. Korolev,
Samara, Russia
*dasmunhoz@gmail.com

An experimental study of a subsonic flow (M < 0.23, Re < 10°) around a cylindrical
model (model diameter d = 20 mm) using a magnetoplasma actuator (MPA) was carried out in
a wind tunnel in order to improve the aerodynamic characteristics of the cylindrical model.
Combined electric tension (powerful repetitively pulsed high-voltage power source combined
with a Tesla RF pulsed high-voltage transformer) was used in this MPA in order to generate a
rotating arc discharge around the cylindrical model. A high voltage power supply generated a
direct current (Imax <2 A) or a repetitively pulsed high-current (Imax < 30 A) on the arc discharge.
A high-voltage RF pulse with a voltage amplitude up to Us < 100 kV was used to ignite the arc
discharge. The pulsed high-current discharge had the following characteristics: voltage
amplitude up to Ug, max ~ 5 KV, current amplitude up to 14 < 30 A and repetition frequency up to
Fqa < 1.3 kHz. An optical gas flow visualization system (using PIV method, shadowgraph
method and a high-speed camera) and a multi-axis sensor for measuring aerodynamic forces
MC15-3B were used to experimentally study the flow control and its circulation 7" around the
cylindrical model with working MPA. The results of a numerical simulation of the flow around
a cylindrical model with working MPA and the experimental results were compared.
Experimental results show that the working MPA indeed creates a permanent lift force L
(average CL < 0.6), acting on the cylindrical model, and a permanent flow circulation /" around
it.

Figure 1. Integral frame of the flow around the cylindrical model with a rotating arc discharge
with four arc discharge gaps.
AAA
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3.4 MopgenupoBaHMe NpOTUBO¢da3HOTO yIIpaBIeHMs
CTallMOHapHBIMM MOJAAaMV HEyCTOMYMBOCTY MOIIepedHOTI0
TeueHMsI ¢ IOMOINbI0 MHOTOKAaHaIbHOTO I1JTa3MEHHOTIO0
aKTyaTopa

AJL KomBuyxui®, A.A. Aboyaraeb', M.B. Yemuno6'2, U.A. Mopaaéb!

106venuaennsm VincTuTyT Boicoknx Temnepatyp PAH, Mocksa, Poccris
?IleHTpaibHbIN adporugpoaviHammdecknii MHCTUTYT M. H.E. 2)Kykosckoro,
Kyxosckuri, Poccyisa
*alex.kotvitsky00O@gmail.com

OmHYM 13 OCHOBHBIX HallpaBJIeHUT! TIOBBIIIIeH S TOIUIMBHOM 3P dPeKTMBHOCTI
JIeTaTeJIbHBIX aIlllapaTOB OCHOBBIBAIOTCS Ha CHVDKEHWUM BS3KOTO TypOYJIEHTHOTO
TpeHus IIpY 00TeKaHMV HeCyIINX IOBEPXHOCTEN, J0JIsI KOTOPOTO MOXET HOCTUraTh
10 40% oT IOJTHOrO a’pOAMHAMMYECKOTO COIpOTMBIIeHMs camoseTa [1]. Passurime
JlaMMHapPHO-TypOYJIEHTHOTO Ilepexofa Ha CTPeJIOBUIHBIX KPBUIbSIX COBPEMEHHBIX
CcaMoJIeTOB OOYCJIOBJIEHO HEYCTOVUMBOCTBIO IIOIIEPEYHOrO TeUeHMs B TPeXMepHOM
MOTpaHMYHOM CJIoe. B yciIoBusIx Kpermcepckoro IiojleTa IIepexof] BbI3bIBAeTCS
CTallMOHAPHOV MOJIOV, BO30Yy>KIaeMOW IIIepOXOBATOCTBIO 00TeKaeMOV TTOBEPXHOCTI
[2]. OmHMM M3 IIepCHIeKTMBHBIX MeTOAOB YIIpaBJIeHMsI OKAa3bIBAIOTCS aKTVBHBIE
MeTO/IbI, OCHOBHBIE Ha BHeCEHVE B HEYCTOVMYVBBIVI ITIOTPAaHUYHBIV CJIOVI C IIOMOIIIBIO
aKTyaTopa WMCKYCCTBEHHBIX BO3MYILEHWUV, KOTOpble CHIDKAIOT  aMIUIUTYy
€CTeCTBEHHBIX MOJT JIMO0 3aMeISIOT X HapacTaHe.

B nmanHOmM paboTe paspaboraHa MareMaTmyecKas MOAeb CTallIOHAPHOIO
yIpaBJIeHsI eCTeCTBeHHBbIMV MOJaMli HeyCTOVYVMBOCTM IIOIIepeYHOro TedeHMs Ha
CTaguy WX SKCIIOHEHIMaJIbHOIO pPocTa IIOCPeCTBOM MeToAa IIPpOTMBOda3HOIOo
nopasiieHus. [ Tpencrasiena Mozesib BO3MYILEHHOTO [IOTPaHMYHOTO CJI0SI B TEpMMHAaX
oOpekTa ympasimeHms [3]. B mpemioxeHHOV Mopenmn KadecTBe BXOAa CUCTEMBI
paccMaTpuBaIOTCSL BHEIIHMe BO3MEVICTBMA  (BO3MYILEHM:), XapaKTepusyIollye
eCTeCTBeHHble  MOABl  HEYCTOMUMBOCTY,  OOYC/IOBJIEHHBIE  IIIePOXOBATOCTBHIO
IIOBEPXHOCTW, 1 yIIpaBJIsgiollee BO3/eVICTBYIe, IIpefiCTaBIIAIolee VICKY CCTBeHHbIe MOIbI
HeyCTOMYMBOCTY, CO3/laBaeMble MHOTOKaHaJIbHBIM IUIa3MeHHBIM akKTyaTopoMm. B
KauecTBe BBbIXO/a CUCTeMbl paccMaTpUBaICs TpaHCBepCaIbHBIV IIPOdIIb CKOPOCTH,
VI3MepeHHBIN ¢ ToMonIbio PIV B okpecTHOCTM MaKCMyMa aMIUIATYbI CTallVIOHAapHO
Mozpl. VIsMepeHMs IIpOM3BOAWIIVICE B YCIIOBMAX MOJEILHOIO TeUeHWs Ha IUIacTUHe C
ymiioB crpesioBuaHocTy 40rpaz. ¢ HaBeleHHBIM I'paJyieHTOM AasiieHvs. VismepeHvia
POBOAMJIVICH C OMOIIIBIO ITaHopaMHoro 2D PIV npu ckopocTit Haberatoriero oToxa
25m/c. g wpeHTMUKAMM  CUCTEMBI  VICIIOIB30BINCH  SKCIEPUMEHTaIbHO
V3MepeHHble MapKOBCKMe IIapaMeTpbl, IIpe[CTaBiIAIolle OTKINK IIOTPaHWYHOIO
CJIOS Ha CTalliOHapHOe BO3/eVICTBYe OJHOro KaHasla IUIa3MeHHOIO akKTyaTopa Ha
OCHOBe IM3JIeKTPUYecKoro GaprepHOro paspsiaa Ipu aMIUINTyIe HampsDkeHUm 3.5-
5kB n uwacrore 50kI'1I. MaTtemaTmueckass MOde/lb MHOTOKaHaJIbHOTO IIIa3MEeHHOTO
aKTyaTOpa HpeAriosaraeT cosfgaHue KaXAbIM KaHaJIOM aKTyaTopa B IIOIpaHWYHOM
CJI0e KOHTPYSHTHBIX IIaKeTOB BO3MYIIEHMII B 3aBUCHMMOCTM OT aMIUIUTY.bI
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YIIpaBJIAONIero BO3EVCTBUSA. BapeupyeMbIMM TeoMeTpuYecKMMH IapamMeTpamu
ABJISUIVICH IIar pacloJIoKeHMsl KaHalloB B mpefeiax 1.5-2.1MM m 1x KoJIm4ecTBO B
AauarnasoHe 8-32. JI1 olleHKM KavecTBa yIIpaBJIeHMs VCIIOIb30Balach KBaJpaTydHas
HOpMa CUTHaJla Ha BbIxofe cucTeMbl. OnperiesieHNs ONTUMaIbHOIO YIIPaBJISIOIIero
CUTHaJIa IIPOM3BOIVIIOCH MeTOIaMl PerpecCMOHHOIO aHaJiu3a M ONTUMU3ALIUU C
orpaHndenuamm. Ha pucynke 1 riokasaHa Busyaamsaliys CJI0KeHUs eCTeCTBeHHBIX 1
VICKyCCTBEHHBIX CTallVIOHaPHBIX MOJl HEYCTOVYMBOCTM IIOIIEpeYHOIo TedyeHMs MIpu
OIITMMAaJIbHOM yIIPaBJISIOleM CUTHaJle ¢ KauecTBOM yIIpasiieHus B Auana3zoHe 20-30%
OT KBaJpaTWM4YHOW HOPMBI CUTHaja Ha BbIxoge. Ha ocHoBe pe3sysbTraToB
MOJeMpoBaHMsA ObUIM  cPOPMYyIMpPOBaHBI TeoMeTpuUecKue TpeboBaHMS K
MHOTOKaHaJIBHOVI CHCTeMe [JIsI BOCIIPOW3BedeHNs CIeKTPaJIbHOTO COCTaBa IieJIeBbIX
BO3MYIIIEHUVI V1 yCTaHOBJIEHbI MUHVMaJIbHbIe pa3sMepPHOCTH BXO/a M BbIXOJIa CCTeMBbI
0e3 cylllecTBeHHOVI IIOTepy KayecTBa yIIpaBJIeHVs.

Pabota BbINoIHeHa Ipu nofgepxke rpanTa Poccurickoro Hayunoro ®onpga
Ne 20-79-10372.
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1. Bushnell D. Aircraft drag reduction - a review // Proc. Inst. Mech. Eng, 2003. Vol.
217(1). P.1-18.
2. Borodulin V.I., Ivanov A.V., Kachanov Y.S. Swept-wing boundary-layer transition at

various external perturbations: Scenarios, criteria, and problems of prediction //
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3. Brogan W.L., Modern Control Theory. Prentice Hall, Third Edition, 1991.
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Modeling the wave cancelation control of the stationary mode
crossflow instability control by means multichannel plasma
actuator

A.Ya. Kotvitskiil®, A.A. Abddulaev!, M.V. Ustinov'2, 1.A. Moralev!

Hoint Institute for High Temperatures RAS, Moscow, Russia
2Central Aerohydrodynamic Institute, Zhukovsky, Russia
*alex.kotvitskyOO@gmail.com

One of the main mannars of increasing the fuel efficiency of aircraft is based on
the reduction of viscous turbulent drag in the flow around the bearing parts, the share
of which can reach up to 40% of the total aerodynamic drag of the aircraft [1]. The
development of a laminar-turbulent transition on the swept wings of modern aircraft
is due to the instability of the cross-flow in a three-dimensional boundary layer. Under
conditions of cruising flight, the transition is caused by a stationary mode excited by
the roughness of the streamlined surface [2]. One of the promising methods of control
is active methods, the main ones being the introduction of artificial disturbances into
the unstable boundary layer using an actuator, which reduce the amplitude of natural
modes or slow down their growth.

In present paper a mathematical model of stationary control of natural modes
of cross-flow instability at the stage of their exponential growth by means of the wave
cancellation method is developed. A model of a perturbed boundary layer is presented
in terms of the control object [3]. In the proposed model, external influences
(disturbances) characterizing the natural instability modes due to surface roughness,
and a control action representing artificial instability modes created by a multichannel
plasma actuator are considered as the input of the system. The transversal velocity
profile measured by PIV in the vicinity of the maximum amplitude of the stationary
mode was considered as the output of the system. The measurements were made
under conditions of a model flow on a plate with a sweep angle of 40 degrees with an
induced pressure gradient. Measurements were made using a panoramic 2D PIV at a
free stream speed of 25m/s. To identify the system, experimentally measured Markov
parameters were used, which represent the response of the boundary layer to the
stationary action of one channel of a plasma actuator based on a dielectric barrier
discharge at a voltage amplitude of 3.5-5 kV and a frequency of 50 kHz. The
mathematical model of a multichannel plasma actuator assumes that each actuator
channel creates congruent perturbation packets in the boundary layer depending on
the amplitude of the control action. Variable geometric parameters were the spacing
of the channels within 1.5-2.1 mm and their number in the range of 8-32. To estimate
the quality of control, the quadratic norm of the signal at the output of the system was
used. The determination of the optimal control signal was carried out by the methods
of regression analysis and optimization with restrictions. Figure 1 shows the
visualization of the superposition of natural and artificial stationary modes of cross-
flow instability for an optimal control signal with a control quality in the range of 20-
30% of the quadratic norm of the output signal. Based on the simulation results,
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geometric requirements for a multichannel system for reproducing the spectral
composition of target disturbances were formulated and the minimum dimensions of
the input and output of the system were established at nonsignificant loss of control
quality.

The study was funded by Russian Science Foundation under grant No20-79-
10372.

Figure 1. Visualization of the decrease in the growth of the amplitude of stationary vortices of the
cross-flow instability as a result of addition with the optimal control disturbance

1. Bushnell D. Aircraft drag reduction - a review // Proc. Inst. Mech. Eng, 2003. Vol.
217(1). P. 1-18.

2. Borodulin V.L, Ivanov A.V., Kachanov Y.S. Swept-wing boundary-layer transition at
various external perturbations: Scenarios, criteria, and problems of prediction //
Physics of Fluids V.29. 2017.

3. Brogan W.L., Modern Control Theory. Prentice Hall, Third Edition, 1991.
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V[CCJ‘IeIl;OBaHI/Ie ITIaKeTOB HQYCTOVI‘IVIBOCTM, IHOPpOKOa€MbIX
IVIa3BME€HHBIM aKTyaTOPOM Ha CTpe€JIOBMIHOM KpPbLjI€

A.A. A60yaraeb'?", A.Sl. KomBuyxui', U.A. Mopaaeb', M.B. Ycmuno83

106beauuennem ViactutyT Beicoknx Temneparyp PAH, Mocksa, Poccust
Mockosckumt Pusnuko Texanuaecknit VincturyT, JonronpyaHsiii, Poccra
SlleHTpaIbHBIN a3POrMApOaAHaAMUYecKUi MHCTUTYT, I.2Kykosckum, Poccris
*amir.abdullaev@phystech.edu

B aspopayHaMuKe jTeTaTeJIbHBIX allllapaToB OTHOV 13 KITFOUEBBIX MHXeHEePHBIX
3a71a4 sABJIsIeTCs yIIpaBiieHNe JIaMUHapHO-TYpOysieHTHBIM ItepexofoM. IIpakTideckas
3HAYMMOCTB PeIlleHs 3TOV 3a/Jauy COCTOUT B 3aTSATVBaHWMM IIepexoia, YTO IPUBEIET
K CHVDKEHMIO Ty pOyJIEeHTHOTO TPeHVs ¥ YMEHBITIeHMIO pacXofia TOIUIVBA JIeTaTeIbHBIX
anmapaToB. Ha cTpestoBuIiHOM KpbUIe B TpeXMepPHOM IOIPaHIYIHOM CJI0e BO3HVMKAeT
HEeYCTOMYMBOCTD ToIepeuHoro TeueHms [1-3]. [JaHHas HEYCTOMYMBOCTD MPOSIBIISETCS
B BUe CTalVOHapHEIX U Oerymmx Buxpeyt. CraloHapHBIe BO3HMKAIOT IIpU
OoOTeKaHMM TIOTOKOM III€POXOBATOCTM Ha IIOBEpXHOCTM KpbUla, a Oeryimue
IIOPOXIAIOTCS  TYpOYJIeHTHOCTbIO Haberaroiero IIoToKa. VIMeHHO HapacTaHue
aMIUIUTYABl BUXpPeW HEYCTOMYMBOCTY IIONEPeYHOrOo TedeHWMs IPUBOAUT K
JIJaMVHapHO-TypOyJIeHTHOMYy Ilepexofly Ha CTpeJIOBMIHOM KpbUle. B ycioBusx
KpericepCcKoro I10JI€Ta mepexo/] BhI3bIBAETCsI CTallMMOHAPHOVI MOIOVI.

OnHUM 13 HepCreKTUBHBIX MEeTOIOB YIIPaB/IeHMs IIePexoioM SBJIsSeTCsl MeTO],
npornBodasHoro mopasiaeHus BosMmymleHuin [3]. TIpm 3TOM WCKycCcTBeHHBIe
BO3MYIIIEHNMsI MOTYT BO30YXIAaTbCsA pas3IMuHBIMK crocoOamu. B manHom pabore
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viccieoBalack CTPYKTypa BUXPEBBIX HaKeTOB, BHOCHMMBIX B IIOTPaHVYHBIV CJIOW
IUTa3MEeHHBIM aKTyaTOpOM Ha ocHoBe [IbP.

DKClepyMeHT IIPOBOOWICS Ha  CTPeJIOBMAHOW  MOIOeIu C  yIJIOM
crperntosuaHOCTY 40° B yCIIOBUSIX MOJIEJIBHOTO TeUeHMsI PV CKOPOCTY HaberaroIero
notoka B 25 Mm/c. /I co3gaHmMsl TPEXMEpPHOro IOTPaHMYHOIO CJI0s Ha IUIOCKYIO
IUIaCTVHY HaBOAWICS TpaJVieHT JaBJIeHVs C IIOMOIIBIO Tejla BbITeCHeHMs. TeueHue
VICCIIeIOBAJIOCh ITAaHOPAMHBIM MeTOAOM IM(POBOVL TpacCepHON BU3yaIM3alimi
vactiy, (PIV). C mnomomipio OAMHOYHOWM IIepOXOBAaTOCTY, HaxOALAIIeNcs Ha
paccroguum 70MM OT IlepefHeNt KpOMKM, BO30yXaajicd IIakeT BUXpeVl IIOIepeuHOo
HeyCTOMYMBOCTY, KOTOPBII VIMUTHPOBaJl eCTeCTBeHHOoe Bo3MyllleHue. Taxxke c
IIOMOIIIBIO IUIa3MEeHHOI'0 aKTyaTopa, Haxos1ero Ha paccroguanm 210MM ot nepemHent
KPOMKV, MHVIIUVPOBAJICS OVMHOYHBIN OapbepHBIV paspsil, KOTOPbII reHepurpoBal
VICKyCCTBEHHBbIe BO3MYIIeHVS. DBUIO BBIIOJIHEHO MccileoBaHVe CTPYKTYpPbl 3TUX
BO3MYIIIEHUI ¥ VX HapacTaHMs B IIOTPaHNYHOM ci10e. VI3smMepeHVst ObUTN BBITIOJTHEHBI
OpY pas3IMYHBIX IUTAIOIIMX HampsbKkeHMsIX. Taxke ObUI McoIeloBaH OTKIIMK
MOTPaHMYHOIO CJI0S Ha OAVHOYHBIV VIMITYJIbC HaIIpsDKeHVS KOPOTKOV JIMTeIbHOCTA.
beuto mpousBermeHo corocTaBiieHMe SKCIIepUMEHTaIbHBIX Hpoduiiert CKOPOCTU
BO3MYIIIEHNII, CO3JaBaeMBIX paspsioM, ¢ pacuéTHbiMI. [lonyueHHble maHHbBIe OBUIN
VICIIOJIb30BaHbl 14  MOIE/IMpOBaHMSA 3aTArVBaHMSA Ilepexofa C  IIOMOIIBIO
MHOTOKaHaJIbHOT'O aKTyaTopa.

400
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[
380 400 450 500 550 0 50 100 150 200 250 300

a X, [mm] b) X, mm

Pucynox 1. Ilaxemu: Buxpeil, unoyyupobantsie 00UHOUHOU cekyuel akmyamopa 6 noepaHusHoM
caoe. a) Ioayuentsle 6 sxcnepumenime npu ybesunenuu amMnAumyob. NUMawezo HanpsxeHus. 6)
Buiuucaenvie va 6ase sxBubarenmuoeo ucmounuka 00semHou cusvl. Buxpu 6usyaiusupobarive
Mo0yAAYuetl npo00AbHOLL CKOPOCHIU
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Pucynox 2. S6oatoyus cmayuoHapHo2o Bo3mMyujeHUs 01 00UHOUHOU ceKyUU NAA3MEHH020
axmyamopa. [Tonepeursiii NpoghuAb CKOpOCHU HA PASHLIX PACCHIOAHUAX O NepeoHetl KPOMKU.

1. Reed H. L., Kerschen E. ]J. Boundary-layer receptivity to freestream disturbances //
Annu. Rev. Fluid Mech. V.34. 291-319pp., 2002.

2. Saric W.S., Reed H.L., White E.B. Stability and transition of three-dimensional boundary
layers // Annual Review of Fluid Mechanics V.25. 1989. 413-440pp., 2003.

3. Ycrunos M.B. JlamuaapHO-TYypOYJIeHTHBIN IIepexof], B HorpaHMYHOM cjioe // YueHble
sanmcku LIAT T T. 44. C. 3-43., 2013.

Study of instability packets generated by a plasma actuator on
a swept wing

A.A. Abdullaev'?”, A. Kotvitskiil, I.A. Moralev!, M.V. Ustinov3
Hoint Institute for High Temperatures RAS, Moscow, Russia;
Moscow Institute of Physics and Technology, Dolgoprudny, Russia;
3Central Aerohydrodynamic Institute, Zhukovsky, Russia;
*amir.abdullaev@phystech.edu

In the aerodynamics of aircraft, one of the key engineering tasks is to control the
laminar-turbulent transition. The practical significance of solving this problem is to
delay the transition, which will lead to a decrease in turbulent friction and a decrease
in fuel consumption of aircraft. Instability of the cross-section occurs on the swept wing
in the three-dimensional boundary layer [1-3]. This instability manifests itself in the
form of stationary and traveling vortices. Stationary ones are excited by roughness on
the wing surface, and travelling ones - by the turbulence of the oncoming flow. A
laminar-turbulent transition on the swept wing is caused by growth of the instability
vortices. In cruise flight conditions, the transition is caused by a stationary mode.
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One of the promising methods of transition control is the method of natural
sidturbance cancellation by some artificial forcing of the boundary layer [3]. Artificial
disturbances can be produced in various ways; we used here actuators based on
dielectric barrier discharge to create volume force at the bottom of the boundary layer.
In this paper, the structure of vortex packets introduced into the boundary layer by a
plasma actuator was investigated.

The experiment was carried out on a swept model with a sweep angle of 40° in
the conditions of a model flow at an incoming flow velocity of 25 mps. To create a
three-dimensional boundary layer, a pressure gradient was induced on a flat plate
using a displacement body. The flow was studied by the panoramic particle image
velocimetry method (PIV). Using a single roughness located at a distance of 70 mm
from the leading edge, a packet of transverse instability vortices was produced. Also,
a single barrier discharge was initiated by a plasma actuator located at a distance of
210 mm from the leading edge, which generated artificial disturbances. The study of
the structure of these disturbances and their amplification in the boundary layer was
carried out. The measurements were performed at various supply voltages. The
response of the boundary layer to a single short-duration voltage pulse was also
investigated. The experimental velocity profiles of disturbances generated by the
discharge were compared with the calculated ones. The obtained data were further
used to simulate transition delay using a multichannel actuator.

Figure 1. Packets of vortices induced by a single section of the actuator in the boundary layer. a)
Obtained in the experiment with an increase in the amplitude of the supply voltage. b) Calculated on
the basis of an equivalent body force source. Vortices visualized by longitudinal velocity modulation
Figure 2. Evolution of a stationary disturbance from a single section of a plasma actuator. Transverse
velocity profile at different distances from the leading edge.

1. Reed H. L., Kerschen E. J. Boundary-layer receptivity to freestream disturbances //
Annu. Rev. Fluid Mech. V.34. 291-319pp., 2002.

2. Saric W.S., Reed H.L., White E.B. Stability and transition of three-dimensional boundary
layers // Annual Review of Fluid Mechanics V.25. 1989. 413-440pp., 2003.

3. Ycrunos M.B. JlammHapHO-TYpOYJIeHTHBIN IIepexof], B HorpaHMYHOM cjioe // YueHble
sanmcku LIATT T. 44. C. 3-43., 2013.
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4.2 OcobeHHOCTH IJITA3MOXMMMYIECKOV KOPPO3UM >Kejle3a B
paavialiMOHHOM IJIa3Me

B.H. babuue8, /1.B. Bvicoyxuii, K.D. I'aaee6a, A.H. Kupuuenio,
A.A. Hexpacob, A.B. Yeo0uuxoBa, H.U. Tpywxun’, A.B. Quiunnob,
IO.B. YepenanoBa, B.E. YepkoBey

l'ocymapcrBennbIi HayuHbI HeHTpP Poccniickont Pepepanyn Tponukmit MTHCTUTYT
VIHHOBALVIOHHBIX VI TepMOsiIepHBIX nccinemoBanmm', Mocksa, Poccnst
*trushkin@triniti.ru

OpHov U3 aKTyaIbHBIX IIPO0OJIEM TPV 3aXOPOHEHNN PaIVIOaKTUBHBIX OTXOIIOB
ABJISIETCSL KOPPO3MsA CTEHOK MeTaJUIMYeCKMX KOHTeVHepOB, VICIIONIb3yeMBbIX I
XxpaHeHUs oTpabotasiiero snepHoro TtorwmBa (OMT). Kopposusi Mertasuios,
VHAYLVpPOBaHHAs pPaJAMOaKTUBHBIM OOJIyueHMeM, 4BJISIeTCSI OOHWUM W3 BUIOB
Aerpajalyyi MaTepuaioB TIIOJ [IeVICTBMEM paayanuy, Ipyu KOTOPOM MeTaul
IIepexoIUT B OKMCJIeHHOe (MOHHOe) COCTOsiHMe.B oTimume oT Apyrux BuUoOB
panualOHHOM Jlerpajaliy MaTepuajioB, B MexaHW3Me KOTOPBIX OIIpellesIAroIyM
IIPOLIeCCOM SIBJIeTCs BO3MEVICTBIe PaAaKTUBHOIO M3JIy4YeHNsl HelloCpeICTBeHHO Ha
MaTepuall ¥ IIpUBOAgIee K HapyLIeHMIO M W3MEHEeHUIO ero CTPYKTypbl, Hpu
panyanyOHHON KOPPO3UM IJIaBHBIM 3dPPeKTOM PpagMOaKTUMBHOIO WU3JIy4YeHWs
ABJIAeTCsd CO3JaHle arpecCUBHOV KOPPO3VMOHHON Cpebl, KOTOpasi KOHTaKTHUpyeT U
B3aVIMOJIEVICTBYeT ~ C  IIOBepXHOCTBbIO  MeTa/Ula.  BosmencrBme — pagvanum
HeIIOCPeICTBeHHO Ha MaTepuasl, MMelolllee BaKHOe 3HauveHMe I IIpoliecca
KOppo3uu, B JaHHOM cjlydae, II0 -BUAMMOMY, OrpaHMYMBaeTCsd ero HarpesoM. B
KOHTeVHepax IIpM pacmaze paanoakTuBHbIX 1eMeHToB O T obpasyercsa xvmrraeckn
aKTVBHasl Hu3KoTeMIlepaTypHas Iwiasma (HTII), kotopas mpu B3aumomencTBum c
MeTaUINYeCcKMMI CTeHKaMl VHULMUPYeT 1 (WIV) MHTeHCMPULMPYeT IPOLecchl Mx
KOPPO31M, YTO IIPUBOAUT K 3HAaUYMTEIbHOMY COKpAIlleHMIO CpoKa MX 3KCIUTyaTallyu.
Crrlemyer OTMeTUTb, YTO COBpeMeHHOe IIOHVMMaHMe CJIOXHBIX TI'eTepOreHHbIX
IUIa3MOXVMMWYECKMX IIPOIeccoB Kopposuwy, ItpoTekaromux Ha rpanumne HTII c
MeTaJUINYecKOVI CTeHKOV, BeCbMa OTPaHVYeHO VI HAaXOAWUTCS B CTaAVN CTaHOBJIeHV. B
JaHHOV paboTe IIpeficTaB/IeHbl pPe3yJIbTaTbl 3KCIIEPUMEHTAJIbHBIX MCCIIeI0BaHML
BJIVISTHVSL BeJIVYVIHBI IIePOX0BAaTOCTY IIOBEPXHOCTM 00pas3IIoB JKejle3a Ha CKOPOCThb MX
KOppo3uu B IUIa3Me BJI&KHOTO BO3[yxa, BO30yXXIaeMOV CTallMOHapHBIM ITyYKOM
OBICTPBIX 2JIEKTPOHOB KaK MUTAaTOPOM BbICOKO3HEPIeT4eCcKOTro MOHU3UPYIOIIero -
usIydyeHud. B Hacrosimee BpeMmsi Jkejle30 SBJISeTCS OCHOBHBIM KOMIIOHEHTOM
OoJIbIIMHCTBA KOHCTPYKIMOHHBIX CIUIaBOB, WCIIOJIb3YE€MbIX [II W3TOTOBJIEHVIA
KoHTeVHepoB. CxeMa 3KCIlepVMeHTa/IbHOVI YCTaHOBKM, Ha KOTOPOV IPOBOAVIIVICH
VCCIeIOBaHMs, ee IapaMeTpbl M BO3MOXHOCTM IIogpoOHO ommcaHbl B [1]. Kaxk
MOKa3ayIn IpOBeJeHHbIe MCCIIeIoBaHNs, IIPOIecC pagualliIOHHOV KOPPO3UN Xejle3a
VIMeeT JIBe XapaKTepHble CTa[IV: paspAIHYIO U HOCT-Pa3spAIHYIO, B TeueHle KOTOPbIX
IIPOVICXOAUT 3aMeTHOe yBeJIMdeHle MacChl KOppoaupyoliero oopasiia. YsendeHnye
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Macchl oOpasliia, JOCTUTHYTOe B TeueHye pa3psiIHOV CTa/lyM, Ha3blBaeTCsl HauaIbHbIM
¥ obo3Hauaercs Kak AMo, a OOIIMII TIPUPOCT Macchl 3a o0e cTagmy  Ha3bIBaeTCs
KOHeuHBIM U obOo3Hadaercss Kak AMx. Ha puicynke 1 mperncrasiieHBI IOITy4eHHBIE
SKCIIepVMeHTasIbHble  JlaHHBle II0 CKOPOCTM KOppo3um oOpaslioB Kejlesa,
o0paboTaHHBIX B pagMallMOHHOM IUIa3Me, B 3aBMCMMOCTM OT IlapaMmeTpa
IIepoXoBaTocT MoBepxHocT Ra  (cpemHero apudMeTVdecKoro OTKJIOHEHWs
rpopIst) It IBYX 3HaUeHMVI OTHOCUTEJTLHOV BJIaXKHOCTY BO3/TyXa.
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xenesa 6 sabucumocmu om napamempa R.. RH=26% (a), RH=96% ().

VI3 mpencTaBIIeHHBIX pe3y/IbTaTOB HATJISTHO BUIHO, UYTO BeJITYIMHA IIIePOXOBATOCT
Ra He OKa3pIBaeT 3aMETHOTO BIIVISIHVS Ha CKOPOCTb KOPPO3WM XKeJle3a B TeUeHe
Pa3psIIHON CTaauy, T.e. Korza oOpaser HaXOOUTCs IIOTT, BO3IEVICTBYIEM IUIa3MbL. B
TOKE BpeMsI B IIOCT-Pa3PSIHYIO CTAAMIO CKOPOCTh KOPPO3WI JKejle3a YBeIMIMBaeTCs C
pocToM Ra. MakcuMasibHOe BIIVISIHVIE BeJTVUVHBI IIIePOX0BATOCTH Ha CKOPOCTD
KOppOo3my HabJIroaeTcs Iy HeBBICOKMX 3HAUYEHVISIX OTHOCUTEIIBHOV BIIaYKHOCTH
Bo3gyxa RH <45% wn ymensItaercs ¢ pocroM Besmmumebl RH (prc.2).
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Pucynox 2. Hauaavroe AM, (B,E) u xoneunoe AM, (C,F) yBesuuerue maccet (a), omHouierue
HauasvHoix (B) u koneunvix (C) npupocmod maccet 0bpadomarntuix 00pasyob xesesa 8 3abucumocmu
om omrocumenvroi Baaxrnocmu 6030yxa RH. a- (B,C)- R, = 0.15 mxm, ( E,F)- R, = 4.3 mxm; 0- (B)-

R, = 0.15 mxm, (C)- R, = 4.3 mxm.
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Pabota BrITIONTHEHA ITpU prHAHCOBOM TTofIepXKe ['ockopriopamnum «PocaTom»
(rocynapcreHHBIN KOHTpaKT OT 20 arrpesst 2021 r. Ne H.41.241.09.21.1074 ¢
JIOIIOJIHUTEIIbHBIM corlatiieHvieM Ne 1 ot 27.01.2022).

1. V.N. Babichev, K.E. Galeeva, A.N. Kirichenko, A.A. Nekrasov, A.V. Ugodchikova, N.L
Trushkin, A.V. Filippov, Yu.V. Cherepanova. Iron corrosion in the radiative plasma of
moist air / /21 Workshop on Magne-to-Plasma Aerodynamics. Ed. V.A. Bityurin,
Moscow, JIHT RAS, 2022, p. 141.

Features of plasma chemical corrosion of iron in radiation
plasma

V.N. Babichev, D.V. Vysotsky, K.E. Galeeva, A.H. Kirichenko,
A.A. Nekrasov, A.V. Ugodchikova, N.I. Trushkin®, A.V. Filippov,
Yu.V. Cherepanova, V.E. Cherkovets

1SRC RF TRINITI, Moscow, Troitsk, Russia
*trushkin@triniti.ru

One of the urgent problems in the disposal of radioactive waste is the corrosion
of the walls of metal containers used for the storage of spent nuclear fuel (SNF).
Corrosion of metals induced by radioactive irradiation is one of the types of
degradation of materials under the influence of radiation, in which the metal turns into
an oxidized (ionic) state. Unlike other types of radiation degradation of materials, in
the mechanism of which the determining process is the effect of radioactive radiation
directly on the material and leading to a violation and change in its structure, in
radiation corrosion, the main effect of radioactive radiation is the creation of an
aggressive corrosive environment that contacts and interacts with the metal surface.
The effect of radiation directly on the material, which is important for the corrosion
process, in this case, apparently, is limited to its heating. In containers, during the
decay of radioactive SNF elements, a chemically active low-temperature plasma (NTP)
is formed, which, when interacting with metal walls, initiates and (or) intensifies the
processes of their corrosion, which leads to a significant reduction in their service life.
It should be noted that the modern understanding of complex heterogeneous plasma
chemical corrosion processes occurring at the boundary of the NTP with a metal wall
is very limited and is in the process of formation. This paper presents the results of
experimental studies of the effect of the surface roughness of iron samples on their
corrosion rate in a moist air plasma excited by a stationary fast electron beam as a
simulator of high-energy ionizing beta radiation. Currently, iron is the main
component of most structural alloys used for the manufacture of containers. The
scheme of the experimental installation on which the research was carried out, its
parameters and capabilities are described in detail in [1]. As studies have shown, the
process of radiation corrosion of iron has two characteristic stages: discharge and post-
discharge, during which there is a noticeable increase in the mass of the corroding
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sample. The increase in the mass of the sample achieved during the discharge stage is
called initial and is denoted as AM;, and the total mass gain for both stages is called
final and is denoted as AM;y. Figure 1 shows the obtained experimental data on the
corrosion rate of iron samples treated in radiation plasma, depending on the surface
roughness parameter R, (arithmetic mean deviation of the profile) for two values of
relative humidity RH.

It is clearly seen from the presented results that the roughness value Ra does not have
a noticeable effect on the rate of iron corrosion during the discharge stage, i.e. when
the sample is exposed to plasma. At the same time, in the post-discharge stage, the rate
of iron corrosion increases with an increase in the magnitude of roughness Ra. The
maximum effect of the roughness value on the corrosion rate is observed at low values
of relative humidity RH <45% and decreases with increasing RH value (Fig.2).

The work was carried out with the financial support of Rosatom State Corporation
(state contract No. N.4h.241.09.21.1074 dated April 20, 2021 with additional
agreement No. 1 dated 01/27/2022).

Figure 1. Initial AM; and final AMy increase in the mass of treated iron samples depending on
the parameter R,. Relative humidity of the air RH=26% (a), RH=96% (b).
Figure 2. Initial AM; (B,E) and final AMy (C,F) increase in mass (a), the ratio of initial (B) and final
(C) mass increments of treated iron samples depending on air relative humidity RH.
a- (B,C)- R, = 0.15 ym,( E,F)- R, =4.3 ym; b- (B)- R, = 0.15 ym, (C)- R, = 4.3 ym.

1. V.N. Babichev, K.E. Galeeva, A.H. Kirichenko, A.A. Nekrasov, A.V. Ugodchikova,
N.I. Trushkin, A.V. Filippov, Yu.V. Cherepanova. Iron corrosion in the radiative plasma of
moist air //21 Workshop on Magne-to-Plasma Aerodynamics. Ed. V.A. Bityurin, Moscow,
JIHT RAS, April 26-28, 2022, pp. 141-143.
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4.3 Pe3yibpTaThl pa3padoTKM OPOrpaMMHOTO KOMILJIEK A JJIs1
pacdeTa IpOCTPaHCTBEHHOIO paciipeaesieHNs IapaMeTpOB
IJIa3MBblI B aBTOMaTHU4YecKoM pexkmnme. Pacaer pacnipenesienns
IHapaMeTpOB IIJIa3MbI KaOWJIJIAPHOIO pa3psja.

A.U. KaBvipwun, A.C. Ilawuna, A.C. Masuu, E.A. MypabveBa

O6benunenns ViactutyT Beicoknx Temnepatyp PAH, Mocksa, Poccuis
e-mail: alexei.miazin@yandex.ru

B pabGore Obuio mpoBemeHO oOllee yiIydllleHVe IIPOrpaMMHOIO KoOfa,
TIO3BOJISIOIIETO IIPOBOANTE 00pabOTKy 3KCIIepMMEHTAIBHBIX JTAHHBIX, ITOJTyYeHHBIX
METO/IOM OHTWYECKOV 3MVICCYOHHOV CIIeKTPOCKOIIMM, paHee IIpelCTaB/IeHHOIO B
pabote [1]. IToBbimieHa 3 PEKTMBHOCTE PabOTHI KITIOUEBBIX YacTeVl IPOTPaMMHOTO
Koa. ABTOMAaTM3MpOBaHA IIpOlleAypa IIPOBeeHVs OOpaTHOrO WHTErpaIbHOTO
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npeobpasoBanms AOess I BBIUMCIIEHMS WCTMHHOTO IIPOCTPAaHCTBEHHOTO
pacriperiejleHVsi MHTeHCMBHOCTW W3JIydeHUsd. ABTOMaTM3MpOBaHa Ipolenypa
paszerieHns CIIeKTPasIbHBIX JIMHNI, TakXKe ObUIa ITOBBIIIEHA TOYHOCTb U CKOPOCTh
paboTbl gaHHOWM Ipolledypbl. IlpoBelleH TecTOBBIVI pacdyeT HPOCTPAHCTBEHHOIO
pacrperiejieHMsl MapaMeTpoB IUIa3Mbl KalWUIIPHOIO paspsjia C abiupylomien
CTeHKOVI Ha cpese Kamwurgpa. VlcciaemyeMblt B paboTe oOBeKT IpeficTaBisieT coOom
MHOTOKOMITOHEHTHYIO IIa3My, paboumM TeJIOM KOTOPOVI CIIYKUT MaTepuasl 3po3un
creHky. Kamwuisap msrorossieH n3 nonmMetmiMetakpwiata CsO2Hs, guamerp 2 My,
maHa 10 MM. TlageHne HanpsbkeHVst Ha paspsangHoM npomexyTke U =400 B.

1. A.W. Kaseipmmy, A. C. ITammsa, A. C. Mssun, E. A. Mypasrepa “PaszpaboTka
IIPOrPaMMHOT'O KOMIUIEKCa, OCYIIeCTBIIIONIEro pacyeT IIapaMeTpoB IIa3MBbl 1 VX
npocTpaHcTBeHHOTO pactpenerenus.” / XXI MexayHapopgroe CoseltaHie 110
MarnwnToruiasmenHovt AspoayHaMuke - 2022.- C. 146-147.

2. B.®. Ynnnos V3imyuaTe/bHBIe CBOVICTBA VI CIIEKTPOCKOIINS HM3KOTeMIIepaTypHO
IUIa3MBbl: y4eOHOe rmocoOue 110 Kypcy «/IMarHocTuKa Iula3Mbl» 1118 CTyJeHTOB,
oOyyarormxcs 1o HarpassleHno «TexHdyeckas pusmka»/ M. VsgaTensctso MOV,
2008. 168 c.

3. T'.A. Kacabos, CiekTpocKomdecKrie TaOJIIIbI I HU3KoTeMIlepaTy pHo 1asmsl / I A.

Kaca6os, B. B. EntnceeB. — Mocksa: Atomusmar, 1973. — 160 c.

The results of the development of a software package for
calculating the spatial distribution of plasma parameters in
automatic mode. Calculation of the distribution of capillary

discharge plasma parameters

D.I. Kavyrshin, A.S. Pashchina, A.S. Myazin, E.A. Muravyeva

e-mail: alexei.miazin@yandex.ru

In the work, a general improvement of the program code was carried out, which
allows processing experimental data obtained by optical emission spectroscopy,
previously presented in [1]. The efficiency of the key parts of the program code has
been improved. The procedure for performing the inverse integral Abel
transformation to calculate the true spatial distribution of the radiation intensity is
automated. The procedure for separating spectral lines has been automated, and the
accuracy and speed of this procedure has also been improved. A test calculation of the
spatial distribution of the parameters of a capillary discharge plasma with an ablating
wall on a capillary slice was carried out. The object studied in this work is a
multicomponent plasma, the working medium of which is the wall erosion material.
The capillary is made of polymethylmethacrylate CsO.Hs, diameter 2 mm, length 10
mm. Voltage drop across the discharge gap U =400 V.

1. D. I Kavyrshin, A. S. Pashchina, A. S. Myazin, E. A. Muravyeva “Development of a
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software package that calculates plasma parameters and their spatial distribution." / XXI
International Meeting on Magnetoplasmic Aerodynamics - 2022.- pp. 146-147.

2. V.F. Chinnov Radiative properties and spectroscopy of low-temperature plasma: a
textbook for the course "Plasma diagnostics" for students studying in the direction of
"Technical physics"/ M. Publishing House of MEI, 2008. 168 p.

3. Kasabov, G. A. Spectroscopic tables for low-temperature plasma / G. A. Kasabov, V. V.
Eliseev. — Moscow: Atomizdat, 1973. — 160 p.
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4.4 DxcnepuMeHTa/IbHOE MCCJIefO0BaHMe 3p03uM Bojibdpama,
IIOKPBITOI0 TOHKMM €JI0€M MeTaJljIa IIpW IJIa3MeHHBbIX
TeIUIOBBIX Harpy3Kax, XapaKTepHBbIX [JIs IIepexX0aHbIX

IJ1a3MeHHBbIX ITporeccos UTOP

A.A." KapmaweBa, H.C. Kaumo8, B.J1. Ilodxob6vipob, E.A. MypaBuveba,
A.L. ApoweBcxan, B.A. bapcyx

I'ocynapcrBennb HayuHbIvi HeHTp Poccurickon @enepanyn Tponiikmui MHCTUTYT
VIHHOBALIVIOHHBIX U TepMOsAepHbIX vcciieqoBanmin’, Mocksa, Poccrsa
*alexkartasheva@triniti.ru

B mnacrosiee Bpemst BosbppaM paccMaTpuBaeTcs B KadecTBe HamOojiee
IIepCIIeKTMBHOTO MaTrepuasla IIepBOMI CTeHKM W [OUBepTOpa IIPOEKTUPYEMBIX
TEPMOSIIEPHBIX yCTAaHOBOK [1]. OTIBIT ero 1cIoIb30BaHNs YKa3blBaeT Ha BO3SMOKHOCTD
CYIIIeCTBeHHOTO ITOBBIIIIeHs SKCIUTyaTallIOHHBIX XapaKTepUCTVK BoJIbdpaMa 3a c4eT
MIpVIMEeHEeHsI TOHKVIX BO300OHOBIIIEMBIX CJIOEB Ha €ro IIOBEPXHOCTHU W3 MaTepyaioB C
MaJIbIM aTOMHBIM HOMepoM. OCHOBHBIM HeJIOCTaTKOM TaKWX CJI0eB SBJIAeTCd HU3Kad
TeMIlepaTypa IUIaBJIeHMSI M KUIIEHWS, YTO MOXeT IIPUBOAUTH K MHTEHCUBHOMY
VICITAaPEHMIO CJI0SI BO BpeMs TaKMX IIPOIecCcOB, KaK Pa3sHOro pojia CPbIBbI ITTa3MEHHOTO
notoka. OpHako, OXWIaeTcs, 4YTO [IUTeJIbHOe BpeMsl XU3HU CJIosl Oyrer
oOecrieunBaThCs 3a cueT 3 deKTa MapoBOVL SKPaHVPOBKH [2]

[IpoBefeHO 3KCIIepyMMeHTaJIbHOe VCCilefloBaHNMe BIIVIAHVS HalbUIEHHOTO Ha
IIOBEPXHOCTH BOJIb(PpaMOBOro oOpasiia MeTajUIa Ha 3PO3MI0 IIOBEPXHOCTH BOJIbppamMa
pu ooiydyeHmn obpasiia HOTOKaMU IUla3Mbl. B xofie skcrieprMenTa ObUIO IIPOBOIEHO
oOiryueHne oOpasiloB BojibdpaMa U BoJjIbdpaMa C IIOKPBITHEM BUCMyTa (5 MKM) U
MOKPBITIEM 0JI0Ba (5 MKM) IIOTOKOM BOIOPOIHOV IUIa3Mbl C IIapaMeTpaMy, OJIM3KIM
K mapamerpam DJIM B museprope MTOP [3]. Il1asmeHHBII IOTOK C TEIUIOBOVA
Harpyskovi Ha ocu 2.5 M/ M? Bo3ericTBoBasl Ha oOpasell B TedeHme 1 Mc. YKazaHHEBIe
apaMeTpbl obecrieuMBaICh C IIOMOIIBIO KBa3MCTAIMIOHAPHOIO CYMJIbBHOTOYHOTO
IUIa3MEeHHOTO yCKOpuTeid [4].

B skcnepuMeHTasIbHOM 1McCCIIelOBaHMM ObUIM MCIIOJIB30BaHbL  CJIeAyIOIIVe
auarHocTuku. TeruioBag Harpyska B IHpolecce oOilydeHus ObUla wW3MepeHa
KaJIOpUMeTPpUYeCKMMM ~ MeToJlaMM C IIOMOIIBIO TepMONapHBIX W3MepeHUIL.
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BpemenHasi qyHaMuKa MHTEHCMBHOCTV W3JTy4deHWs JIMHUW OJIOBa M BoJjibddpaMa B
Te4yeHle WMIIyJIbca ObUIa 3aperucTprpoBaHa C IIOMOIIBIO MOHOXpOMAaTopa CO
cnekTpaibHbIM pasperreHvieM 0,1 aM. Ha BbIxoze MoHOXpomaTOpa ObUIa ycTaHOBJIEHa
BBICOKOCKOpOcTHasi KaMepa Phantom v2640. CbeMKa Beslach € KCIIO3uIment 4 MKC 1
VIHTepBaJIoOM MeXay Kagpamu 22 mkc. Mexnay wmmmynscamm (rmocie 1 ro m 5-ro)
oOpasIipl M3BJIeKaJINCh M3 BaKyyMHOV KaMephl JaJIbHeVIINX MCccaeIoBaHuil. beuio
MIpOBEIeHO B3BelllBaHMe OOpasloB IS OIpedesieHNs yOeIbHBIX IIOTEPh MAacChl,
VICcCTIeOBaHBI NUIMABI M CKOJIBI [IJIs OIIpefesieHNs TIIyOVHBI IUIaBIeHns BOJIbdpaMa,
oIIpesiesieH 3JIEMeHTHBIVI COCTaB OOpaIleHHO K IIaM3e IIOBEPXHOCTL.

11 yKa3aHHBIX JKCIEPVMEHTAJIbHBIX —YCJIOBUIL OBUIM  TeOpeTUdecKn
paccumTaHbl yaebHbIe ITOTePU MacChl ¥ JAVHaMMKa TeMerepaTyphbl IIOBePXHOCTV
oOpasria.

B pesysibTaTe Bo3mevicTBus IUIa3MeHHOIO IIOTOKa Ha obOpasell Bosibppama Ge3
MOKPBITHA Ha IIOBEPXHOCTY, OOpallleHHOW K IUIa3Me, BUIHBI Cilefbl IUIaBJIeHUs U
TedeHNs BoJibdpama. YrernbHble mHoTepu Macchl cocTaBwim 30 Mr/cMm? 3a omwH
VIMITYJIBC.

[Ipn obmyuenun oOpasma BoibdpamMa C IOKPBITMEM BUCMyTa OFHWUM
VIMITYJIbCOM Ha IOBEpXHOCTV BUIHO V3MeHeHlMe HaydaJbHOV CTPYKTYpPbI BUCMYTa,
OJTHAKO BCsI IIOBEPXHOCTh BOJIbPpaMa OCTaIach 3aKPBITOV 3alUTHBIM cJ10eM. Mo>XHO
cIlellaTh BBIBOZI, UYTO TeMIlepaTypa IIOBEpXHOCTM BoJibddpaMa He IIpeBBICHIIa
TeMreparypy KuneHus sucmyTa Tk=1837 K. Ilocsie msiToro mmiryjibca OCHOBHasI 4acTh
IOKPBITHSA VCHapuilach, OQHAKO Ha ITIOBEPXHOCTU BOJIbppama OTCYTCTBOBAIM CII€bI
IUIaBJIeHNs, 9TO CJIeflyeT M3 aHajM3a CKOJIOB OOpasiia. YIelpHble IOTePV MacChl
cocrapwn 1,6 Mr/cm? 3a oguH MMITYJIbC. PacueTHble TTOTepy Macchl HAIIBUIEHHOTO
BrcMyTa 3a 1 mmiysc 6ostee ueM B 100 pa3s mpeBblIalOT 3HaYeHWs, IOJTy4YeHHbIe B
3KCIlepVMeHTe. DTO pas3nume OObsiCHSeTcs HaJludMeM CWIbHOTO 3ddexTa
SKPaHVMPOBKM: CyIllleCTBeHHasl J0JIs SHepImy 3aTpadvBaeTcs Ha Harpes Ilapa, ero
VIOHM3AIIVIO U M3JIy4eHVe, U B pe3yJibTaTe CKOPOCTb MCIIapeHVs OKa3bIBaeTCss HU3KOL.

Hasiee obiryydasicsi oOpasel] ¢ HallbUIeHVeM 105 0JIoBa ToimHom 5 MmkM. Ha
oOpalieHHOV K IUIa3Me IOBEPXHOCTM OTYETIIMBO BWIHO W3MeHeHMe HadaJIbHO
CTPYKTYPBI 0JI0Ba, IIPV 3TOM IOUTH BCS IIOBEPXHOCTD BOJIbppaMa ocTasiach 3aKpbITO
3amuUTHBIM cj1oeM. Ilocite 5 wMMITYJIBCOB 0JIOBO MCIIApPWIOCh, a IIOBEPXHOCTH
BOJIb(ppaMa VMeeT CYJIbHBIe CJIeIbl SpO3UN. YiesIbHble IIOTepy Macchl cocTasim 3,1
Mr/cm? 3a mmMItysibc. IToryueHHOe 3HaueHMe B 2 pasa IIpeBbIIIaeT yielIbHble IIoTepu
Macchl oOpaslia C IIOKpBbITMEM BUCMyTa. PacueTHble IoTepy Macchl HallbLJIEHHOTO
ostoBa 3a 1 mmmysibc Gosiee ueM B 10 pa3 IIpeBBINIAIOT 3HaueHWs, IIOJTyYeHHBIE B
SKCIIepVIMEHTe.

beuio mpoBenmenHo uM3MepeHVe OVHAMUKV VMHTEHCMBHOCTU CHEKTPaJIbHBIX
JIVHUV BUCMyTa U OJIOBa NPW KaKJOM WMITYJIbCHOM BO3JIeVICTBUM Ha OOpasIIbL
DKCcIepyMeHTaIbHbIe JTaHHbBIe TTOKa3aIvi, YTO HavaJio M3JIy4YeHVs JIVHVV BUCMYyTa W
osioBa npuxomutcs Ha 0.2 Mc paspsana. laHHOe 3HadeHVe XOPOIIO KOppesmpyeT C
TeOpeTUYecKy pacCUMTaHHOV AOWHAMUKOW TeMIlepaTypbl oOpaslia BO BpeMs
IJIa3MEeHHOTO BO3/IeVICTBYIsA. 3HadYeHVe MHTeHCVBHOCTY U3y YeH Vst JIVTHUW BUCMYTa BO
BpeMsi BTOPOTO U TpeThero VIMITYJIbCHOTO BO3[IeVICTBMA Ha oOpasel] HPMHMMAIOT
Omskue 3HadeHud. Ilpw msTOM MMITyJIbCe MHTEHCMBHOCTH yHajla 10 3HaudeHWs,
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cocraprsoniero 15-20% oT MHTeHCHMBHOCTY BO BpeMs BTOPOTO VIMITYJIbca. DTOT paKT
TOBOPWUT O TOM, UTO BUCMYT HPAKTMUYECKU IIOJIHOCTBIO VICIIAPSETCs C IMOBEPXHOCTU
BoJIbppaMa 3a 5 WMIIyJIbCOB HPWU [IaHHOW TeIUIOBOW Harpyske. laHHBIVI BBIBO[,
MOATBEPXXAIOT U Ppe3ysIbTaThl 3JIeMEHTHOrO aHau3a IIOBepXHOCTM obpaslia,
IPOBEJEHHOIO IIOCJIe AT MMIYJIbcoB. OCHOBHas TeHAEHIMS W3MeHeHWU
VHTEHCVMBHOCTV CIHEKTPAJIbHOV JIMHUW OJIOBa C yBeJIMYEHMEM 4YMciia VIMITYJIbCOB
aHaJIOTMYHa TeHOeHIIUM JIMHUY BUCMYTa.

1. Pitts R.A. et. al. A full tungsten divertor for ITER: Physics issues and design status //
Journal of Nuclear Materials. 2013. V. 438. P. 548-556

2. Ibano K. et al. Estimation of suppressed erosion by vapor shielding at Be and W walls
under transient loads / /Nuclear Fusion. 2019. V. 59. P. 076001.

3. Federici G et al. Effects of ELMs and disruptions on ITER divertor armour materials //
Journal of nuclear materials. 2005. V. 337. P. 684-90

4. Kmmmvos H. C. n 1p. DKcrieprMeHTasIbHOe VCCiIeloBaHVie MHTerpaIbHbIX XapaKTePUCTVK
IIOTOKa IUIa3Mbl ¥ paspsaa KBasMCTAIlMOHAPHOIO CWJIBHOTOYHOIO IUIA3MEHHOTO
YCKOPWUTeJIS ¢ COOCTBEHHBIM MarHUTHBIM 11071eM / / BoImpockl aTOMHOVI HayKM M TEXHUKI.
Cepust: TepmosimepHsivt cuaTes. — 2019. - T. 42. - Ne. 3. - C. 52-63.

Experimental study of the erosion of tungsten coated with a
thin layer of metal under plasma thermal loads characteristic
of transient plasma processes of ITER

A.A. Kartasheva®, N.S. Klimov, V.L. Podkovirov, E.A. Muravyeva,

A.D. Yaroshevskaya, V.A. Barsuk
1SRC RF TRINITI
*alexkartasheva@triniti.ru

Currently, tungsten is considered as the most promising material of the first
wall and divertor of the projected thermonuclear installations [1]. The experience of its
use indicates the possibility of a significant increase in the operational characteristics
of tungsten due to the use of thin renewable layers on its surface made of materials
with a small atomic number. The main disadvantage of such layers is the low melting
and boiling point, which can lead to intensive evaporation of the layer during
processes such as various disruptions of the plasma flow. It is expected that the long
lifetime of the layer will be provided due to the effect of vapor shielding [2].

An experimental study of the effect of the metal deposited on the surface of a
tungsten sample on the erosion of the tungsten surface during irradiation of the sample
by plasma streams was carried out. During the experiment, tungsten and tungsten
samples with a bismuth coating (5 microns) and a tin coating (5 microns) were
irradiated with a hydrogen plasma stream with parameters close to the ELM
parameters in the ITER divertor [3]. The irradiation was carried out by a plasma flow
of 1 ms duration with a thermal load on the axis of 2.5 MJ/m?2. These parameters were
provided using a quasi-stationary plasma accelerator [4].
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The following diagnostics were used in the experimental study. The thermal
load during irradiation was measured using a thermocouple connected to the sample.
The temporal dynamics of the radiation intensity of tin and tungsten lines during the
pulse was recorded using a monochromator with a spectral resolution of 0.1 nm. A
high-speed Phantom v2640 camera was installed at the output of the monochromator.
The recording was carried out with an exposure of 4 microseconds and an interval
between frames of 22 microseconds. Between the pulses (after the 1st and 5th), samples
were extracted from the vacuum chamber for further studies. Samples were weighed
to determine the specific mass loss, slots and chips were examined to determine the
melting depth of tungsten, the elemental composition of the surface facing the flame
was determined.

For the experimental conditions indicated earlier, the specific mass losses and
the dynamics of the temperature of the sample surface were theoretically calculated.

As a result of the effect of the plasma flow on an uncoated tungsten sample,
traces of melting and tungsten flow are clearly visible on the surface facing the plasma.
The specific mass loss was 30 mg/cm?2 per one pulse.

When a sample of tungsten coated with bismuth is irradiated with a single
pulse, a change in the initial structure of bismuth is visible on the surface, but the entire
surface of the tungsten remains covered with a protective layer. It can be concluded
that the surface temperature of tungsten did not exceed the boiling point of bismuth
Tk=1837 K. Specific mass loss was 1.6 mg/cm2 per one pulse. The calculated mass loss
of sprayed bismuth for 1 pulse is more than 100 times higher than the values obtained
in the experiment. This difference is explained by the presence of a strong shielding
effect: a significant proportion of energy is spent on heating the steam, its ionization
and radiation, and as a result, the evaporation rate is low.

Next, the sample was irradiated by spraying a layer of tin with a thickness of 5
microns. On the surface facing the plasma, the change in the initial structure of tin is
clearly visible, while almost the entire surface of tungsten remains covered with a
protective layer, as in the case of bismuth coating. Specific mass loss was 3.1 mg/cm?2
per one pulse. The resulting value is 2 times higher than the specific mass loss of the
sample coated with bismuth. After 5 pulses, the tin has evaporated, and the surface of
the tungsten has strong traces of erosion. The calculated mass loss of sprayed tin for 1
pulse is more than 10 times higher than the values obtained in the experiment.

The dynamics of the intensity of the spectral lines of bismuth and tin were
measured at each pulse action on the samples. Experimental data have shown that the
beginning of the emission of bismuth and tin lines passes at 0.2 microseconds of
discharge. This value correlates well with the theoretically calculated dynamics of the
sample temperature during plasma exposure. The value of the radiation intensity of
the bismuth line during the second and third pulse effects on the sample take close
values. At the fifth pulse, the intensity dropped to a value of 15-20% of the intensity
during the second pulse. This fact suggests that bismuth almost completely evaporates
from the surface of tungsten in 5 pulses at a given thermal load. This conclusion is also
confirmed by the results of the elemental analysis of the sample surface carried out
after five pulses. The main trend of changing the intensity of the tin spectral line with
an increase in the number of pulses is similar to the trend of the bismuth line.
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4.5 OcobeHHOCTH (pM3MIECKMX CBOVICTB I'eTepOTreHHOM
YIJIEBOAOPOIHOM IJIa3MbI, CO3JAaHHOM VIMITYJIbCHBIM
3PO3MOHHBIM IIa3MOTPOHOM C KaIMJUIAPHBIM pa3spsaAa0oM "
yOaJIeHHBIMM 3JIEKTPOaaMm

Kaumob A.U.*, [lawuna A.C., Kazanckuu I1.H.

OObenyHeHHBIVI MHCTUTYT BBICOKMX TemmepaTyp PAH, Mocksa, Poccris
*klimov.anatoly@gmail.com

beum mpomoipkeHbl 9KcIlepyMeHTaIbHBbIe VICCIIe[JOBaHMs IIOTOKOB TI'eTepOreHHO
IUIa3Mbl, CO37JaHHBIe VMITYJIbCHBIM IIJIa3MOTPOHOM C 3PO3VOHHBIM KaIlVUISPHBIM
paspszoM 1 BIHOCHBIMU 1ekTpomamu (DI1) [1,2]. B kauecTBe pabouero BeliecTBa B
3TOM IUIa3MoO-TeHepaTope vmcronb3oBasics noymaTwieH (CHz)n. BremtHme BbIHOCHBIE
3JIEKTPOABI ObUIM BBIIOIHEHBI M3 HUKeNs. PaccrosHme 371eKTpomoB A0 pabouernt
AviadpparMbel ¢ KallWwUILpoM cocTasiuio 10 MM ¢ Kakgou ee cTOpoHBL. B kaudecTse
paboyero rasa mMcIoJIb30BaJIcs aproH ¢ HadaylbHBIM fasiieHueM 10 - 1000 Topp. B
SKCIeprMeHTe VCII0JIb30Balach BRICOKOCKOpOCTHasi KaMepa Phantom i msyueHms
CTPYKTYpbl ¥ AMHAMUKM KJIaCTepHOro IulasMompa, oOpasosaHHoro OIL [ls
VI3y4eHNs XVIMUYeCKOIO COCTaBa M IlapaMeTPOB 3pO3MOHHOV IUIa3MBbl VICIIO/Ib30BaJICA
onTmueckuit crnekrporpad AvaSpec 2048. duHasbHBIE IIPOAYKTBI Ha CTeHKaX
TeCTOBOVI KaMephl 1 Ha 3JIeKTpojiaxX M3y4dasIviCh C IIOMOIIBIO PEHTIeHOBCKOIO MeTozla
EDS. B macrosmein pabore o00cCyXIaroTcsi 3KCIlepUMeHTasIbHbIe pe3yJIbTaThl IO
CTPYKType W [AVHaMMKe TIeTepOreHHBIX IUIa3MeHHBIX oOpasoBaHUI WU WX
B3aVIMOJIEVICTBIA C YIaJIEHHBIMM 3JIeKTPOaMI ¥ CTeHKaMI TecToBOVI Kamepbl. Ocoboe
BHUMaHMe B paboTe ylesleHO aHaJIM3y IIOJIYUYeHHBIX ONTUYECKMX CIIeKTPOB MU
XVMIMIYeCKOT'0 COCTaBa IbUIEBBIX YacTWI] Ha CTeHKaX TeCTOBOVI KaMePhl 1 IIOBePXHOCT
3JIeKTPOJIOB.
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Pucynox 1. ['emepoeentvie naasmennsie cmpyu, cosoannsie 1. Ar, nauasvnoe dabaenue ~10 Topp,
uacmoma ceemku 10000 kadpob/cex, 0rumeavHocms skcnosuyuu -1mxc.

1. Pashchina A.S., Klimov A.lL, Belov N.K., Tolkunov B.N. and Timirbulatov V.Kh. Pulsed
plasma jet interaction with a metal targets // J. Phys. Conf. Ser. 2019. Vol. 1394. P. 012010.

2. Klimov A., Pashchina A. Experiment on Heterogeneous Hydrocarbon Plasma Jet
Interaction with Ni-Foil-Target// J. Condensed Matter Nucl. Sci. 2022. v.23. P.1-8.

Features of Physical Properties of Heterogeneous
Hydrocarbon Plasma Created by Pulsed Erosive Plasma Torch
with Capillary Discharge and Remote Electrodes

A. Klimov*, A. Pashchina, P. Kazanskii

Joint Institute for High Temperature RAS, Moscow, Russia
*klimov.anatoly@gmail.com

Experimental studies of heterogeneous plasma flow created by a pulsed plasma torch
with an erosive capillary discharge and remote electrodes (EP) were continued [1,2].
Polyethylene (CH2), was used as the working substance in this plasma generator. The
external remoted electrodes were made of nickel. The distance between the electrodes
and working diaphragm of the capillary gap was 10 mm on each side. Argon with an
initial pressure of 10 - 1000 Torr was used as the testing gas. In the experiment, a high-
speed Phantom camera was used to study the structure and dynamics of a cluster
plasmoid formed by the EP. The AvaSpec 2048 optical spectrograph was used to study
the chemical composition and parameters of the erosive plasma jet. The final dust
particles on the walls of the test chamber and on the electrodes were studied using the
X-ray method (EDS). In this paper, experimental results on the structure and dynamics
of heterogeneous plasma formations and their interaction with remote electrodes and
test chamber walls are discussed. In addition, special attention is paid to the analysis
of the obtained optical spectra and the chemical composition of dust particles on the
walls of the test chamber and the surface of the electrodes.
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Figure 1. Heterogeneous plasma jets created by EP. Ar, initial pressure ~10 Torr, shooting frequency
10000 frames/sec, exposure duration -1 microsecond

1. Pashchina A.S., Klimov A.lL, Belov N.K., Tolkunov B.N. and Timirbulatov V.Kh. Pulsed
plasma jet interaction with a metal targets // J. Phys. Conf. Ser. 2019. Vol. 1394. P. 012010.

2. Klimov A., Pashchina A. Experiment on Heterogeneous Hydrocarbon Plasma Jet
Interaction with Ni-Foil-Target// J. Condensed Matter Nucl. Sci. 2022. v.23. P.1-8.
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5.1 IlpenmyniecTBa cTpy¥ X0JI00HOVI aTMOCdepHO IIJIa3MBl,
reHepupyeMoOM I10JIOKUTEIbHBIM MMITYJIbCHBIM
HaIIpsDKeHMeM, IJI [0JaBJIeHMs pocTa OIMyXoJIn in vivo

H. I116eicepm™, A. Aaexcandpo8?, J[Im. 3axpebckuin?, E. Muaaxuna?,
II. I'yeun?, M. buproko83, O. Tpouyxaa3, O. Kobaav?
HCTUTYT TeopeTUIecKO U NpUKIagHo MexaHky M. C. A.
Kpucrnanosiua CO PAH, HoBocubupck, Poccust
2MHcTnTy T dPusvky nosrynposogHmkos M. A. B. Pxxanosa CO PAH, Poccna
SV/HCTUTY T XVIMImdecKont Ovostorum u pyHmaMmeHTabHON MeaumHabel CO PAH,
Poccus
*e-mail: ivschweigert@gmail.com

IIpoBeneH aHa/IM3 IPOTUBOOITYX0JIeBOro 3pdeKTa MHOropas3oBom oopaboTkm
3JI0Ka4YeCTBEHHBIX  OOpa3oBaHMII  XOJIOHHOWV  IvlasMeHHolt  crpyenr  (XIIC),
reHepupyeMom  MOJIOXWUTeIbHbIM  mMmnyiabcHbIM — (IIM)  HanpsbkeHmem  u
cuaycovpainbHbeiM (C) HanpsbkeHMeM in vivo. Ilepen BosgenicTBieM Ha >KMBOTHBIX
pexuM paboOTBI IUIa3MEHHOW CTPyM OBUI ONTMMM3MPOBAH B  UMCIIEHHOM
MOJe/IMpOBaHUM W B 3KcHepuMeHTe. [[1f olleHKM 3deKTMBHOCTM pPasIMUHBIX
PEeXVIMOB pacCUMUTHIBAJICS CYMMapPHBIVI BKJIaf] SHEPIMI B BO30Y KAeHe 7 MOHM3AIINIO
BOJIM3M IOBEPXHOCTH, M3MepsuIcad TOK paspsfa BOIM3M MUILIEeHM, a TakXe CIIeKTPbl
u3jIydyeHns u Temileparypa nosepxHocTu. CpaBHuBaymch xapakrepuctukm XIIC,
saxuraemont C-manpsokenviem 1 [TV-HanpsbkeHveM ¢ pas3IvaHOV JUIUTETLHOCTBIO Tp
Y 4acTOTOV MMITyJIbcoB. Hambosee adpdpexTrBHbBIe peXnMbl ObUIM MCIIOIb30BaHbI
JUIA SKCIePUMEHTOB Ha >XMBOTHBIX. Omnyxonesble xietkn CI26 mepecaxwsaiv
meimraMm Balb/C monkoxso. Kak n 6pu10 mpefckasaso [1], pe3ysibTaThl BO3IEVICTBIAS
XI'IC mokasaim, uro Hamboree sdpdexTrBHBIMM pexkmMamyt XI1C SBIIsIoTcs pesXXMbl
¢ C-manpspxenmneMm ¢ U=3,2 kB 1 £=50/4 xI'ty u 1V ipskermeM ¢ tp=7Mkc (puc. 1).
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Pucynox 1. Hanpsxenue u mox paspsoa, usmepertuiil 604usu oussekmpuieckoil MumieHu o1
tp=15 mxc, f= 30 kly (b) u p = 7 mxc, f = 30 xI'y (c), Up = 4,2 xB.
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Astopsl Onarogapst Poccuiickmit HayunbIt ponp, rpaHT N 19-19-00255-11 3a
dpVHaHCOBYIO HOAIEPXKKY.

1. Schweigert I., Zakrevsky Dm., Gugin P., Milakhina E., Biryukov M., Keidar M., Koval
O.A. Plasma Sources Sci and Technol., 31, 114004 (2022).

Advantages of cold atmospheric plasma jet ignited by
positive pulsed voltage for tumor growth suppression in vivo

I. Schweigert’”, A. Alexandrov', Din. Zakrevsky?, E. Milakhina?,
P. Gugin?, M. Biryukov3, O. Troitskay3, O. Koval3

IKhristianovich Institute of Theoretical and Applied Mechanics, Novosibirsk, Russia
2Novosibirsk State Technical University, 630090 Novosibirsk, Russia
3Institute of Chemical Biology and Fundamental Medicine, 630090, Russia
*ivschweigert@gmail.com

Analysis of antitumor effect of multisteps treatment with cold atmospheric
plasma jet generated with positive pulsed voltage and simusoidal voltage was done
with the experiments in vivo. Prior the treatment of animals, CAP operation mode
was optimized in the fluid simulations and with the measurement of plasma jet
characteristics. In simulations, for an estimation of different regime efficiency the
total energy input in excitation and ionization near the surface was calculated. In the
experiment, the discharge current near the target was measured, as well as the
emission spectra and the surface temperature of treated target. The characteristics of
plasma jet ignited with sinusoidal voltage and positive pulsed voltage with different
pulse duration and frequency were compared. The most efficient regimes were used
for the animal experiments. CT26 tumor cells were transplanted Balb/C mice
subcutaneously. As it was predicted, the results of the treatment indicate that the
most efficient CAP] modes are with sinusoidal voltage with U=3.2 kV and f=50/4
kHz and pulsed voltage with the 7 ps pulse duration (Figure 1) [1].

The authors thank Russian Science Foundation grant N 19-19-00255-IT for
financial support.

Figure 1. PP voltage and discharge current measured near the dielectric target with time for Tp = 15
us, f=30kHz (b) and tp =7 us, f=30kHz (c), Up = 4.2 kV.

1. Schweigert ., Zakrevsky Dm., Gugin P., Milakhina E., Biryukov M., Keidar M., Koval
O.A. Plasma Sources Sci and Technol., 31, 114004 (2022).
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5.2 CpaBHeHMe eVICTBMS HeTepMaJILHOV IIJIa3MBbI ¥ TaMMa-
u3IydeHus: Ha munieauv Phytophthora spp. Ha TuTaTe ILHON

cpene

A.U. Ilempyxuna, H.B. Iarywenxo, H.A. Bacuaveba, U.B. IloaakxoBa,
B.U. Illuwzx, O.B. Txopu, B.A. Xapaamo8®

®I'BHY «Bcepoccurickiin Hay YHO-MCCIIeN0BATeIbCKIVL THCTUTYT PagVIOIIOTN 1
arposkostoruv», O0HMHCK, Poccus
* kharlamof@gmail.com

B Poccumt cpeny nHambosiee omacHbIX 3abosieBaHUM KapTodpessi, TOMaToOB U
APYyIMX IacjIeHOBBIX BBIIENAIOT (uTodTOopo3. BbI3pBatoT 3TO 3ab0seBaHMe
OOMMIIETBI, Mapa3suThl BBICIIMX pacTeHuit popa Phytophthora. I'maBHasi omacHOCTb
OoJ1e3HM - 3TO OrPOMHAasI CKOPOCTB €€ pa3BUTHA [1].

VHTepec mpeAcTaB/IssIOT BO3MOXKHOCTH MCIIOJIb30BaHNs HU3KOTeMIlepaTy pHO
IUIa3Mbl I [OJaBJIeHMsl (pUTOIIaTOreHa, a TakkKe CpaBHeHUe C paaualliOHHOM
oOpaboTKoTL.

Ileste  IIpeACTaBJI€HHOIO — WCCIENOBaHMS — COCTOsUIa B CpaBHEHUW
paaualioHHOro oreeta duronartoreHa Phytophthora spp. Ha ramma-ob6iydeHue u
OTBeTa Ha BO3[IEVICTBME HeTepMaJIbHOV aprOHOBOV IUIa3MOVI HpYU aTMocdepHOM
JaBJIeHU.

OObbexToM MCCIIe0BaHMs CIYXWI M30JIAT AuKoro mramma Phytophthora spp.
HdaHHBII 1M30718T OBUT BBIEJIEH C IIOBEPXHOCTM KapTodernst B VHcTuTyTe
KapTrodernesonctsa wumeHnn AJ. Jlopxa. IloBepxHOCTHOe KYJIBTMBUpPOBaHYe
duronarorena nposomwin B damkax Ilerpu Ha KapTodenbHO-caxapo3HOM arape
(KCA) c poGasinenveM MosiouHOV KuCIOTEL. C HeesIbHBIX KYJIBTYP OOMMUIIeTa
MULIeSIUI pa3MepoM 2 x 2 MM ObUI MHOKYJIMpPOBaH B 11eHTp damiky [leTpu co cpemon
KCA.

l'amma-o0rryueHme TpoBoaIn Uepes 2-4 gaca Iocie Iepecaakyl MULeNs Ha
ycraoBke ['YP-120 (®I'bHY BHIMMPAD). BemnumebI IIOIVIOMIEHHBIX 03 OBUIN
atenytommye: 0 (koHTposs), 0,5 1,0, 2,0 n 3,0 xI'p. Ho3umeTpuro HpOBOAWIN C
roMouipo yHusepcaipHoro gosuMerpa JIKC-01 ¢ yueTom M3BeCTHOV MOIIHOCTV
mo3pl. OOpaboTKy IUIa3MEHHOV CTpyell arpoHOBOVI HeTepMaJIbHOW IUIa3Mbl
poBOOWIN dYepe3 2-4 yaca IIOcjIe IIoceBa C SKcrosuumert 5 mMuH m 15 MuH.
Paccrosgume oT wmcrouHmka cocraBwio 13 oM. Pacxonm aproma: 4,5 i1/mMumH.
Viconp3oBasivi  OpUTMHAIBHBIVL  alllapaTypHBIVI  KOMIUIEKC — [UIS  CO3[IaHMA
HeTepMaJIbHOM IuIa3Mbl, paspaboranHemt B GI'BHY BHIUIPAD. Bce BapmaHTHI
SKCIIEpUMEHTOB ObUIM IIpoBedeHbl B 3 Hapasvieisix. HabirormeHne 3a cKOpocCThIO
pocTa BeJIu B TedeHnn 15 qHervi.

PesynbraThl mccaefoBaHMsA II0 paaualvioHHoMy oTsety Phytophthora spp.
npuBefeHbl Ha pucyHke 1. CorslacHoO mosrydeHHBIM pesyiibTaTaM, Aosa 0,5 kI'p He
OKasbIBaeT 3HA4YMMOIO BIIVSIHMA Ha passutue dpuronaroreHa. [Josa B 1,0 mevicteyer
yrHeTarllle Ha pocT B TedeHUM 3 cyToK, B 2,0 k['p menictByroT Ha poct Phytophthora
Spp. TOJIBKO B IEPBYIO HedeIo KyiabTuBupoBaHyd. [lo3za B 3 k['p HemocrarouHa s
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IIOJIHOTO YHUYTOXeHws: muuenus Phytophthora spp, HO IaeT 3afepXKy B pocTe
nopsanka 80% Ha Bech CpOK 3KCIIepUMeHTa.
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Pucynox 1. Bausanue eamma-ussyuenus Ha 3a0epxky pocma muyeaus Phytophthora spp.

Pe3ynpraTel SKCIlepMMeHTa C HeTepMaJIbHOM IUIa3MOW IIpMBedeHbl Ha
pucyHke 2. B mepsere 5 mHent Murernmii, oOpabOTaHHBII B TeUeHMN 5 MUH, He
MIOKa3aJI M3MEeHEeHU B POCTe OTHOCUTEIIBHO KOHTPOJIS, 3aTeM BIUIOTH 0 15 cyTok
HaOJmoastack 3ajiepXkka pocra okoyio 3- 7%. Ob6pasupl nowie 15 MuH oOpaboTkm
IUIa3MOW, Cpas3y IOKasaJm oTcraBaHme B pocre. C 2 10 6 CyTKM 3apepKKa pocTa
cocraBwia 12 %, 3aTeM mnocienoBain cmapg Ha 11 cytkm, a ¢ 12 cyTOK BHOBb
HaOmofaeTcs TeHOEHIMS K 3agepxkxke pocTa (7%). Jauaem daxTt Tpebyer Oortee
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Pucynox 2. Bausnue HemepmaisHotl nAasMul Ha 3a0epxcky pocma muyeaus Phytophthora spp.

JEeTaJIbHOTO V3ydeHmsT 3(P@eKTMBHOCTV BIMSIHMS HeTepMaJbHOV IUIa3MbI Ha
BO30OynmTenss puTodTopo3a B IEPCIEKTVBE INTEIPHOTO XPaHEHMs MIPOMYKIINN
OBOIIIEBOJICTBA.

Taxmm o6pasoM, 06paboTka aproHOBOVI HeTepMaIbHOV IIa3MOV B TedeHme 15
MWMHYT BbI3bIBaeT 3a7lepXXKy B pocTte mutienys Phytophthora spp. Ha 12% B HadajibHOM
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Hepuofe HaOmogeHMs (10 6 cyTok). O6paboTka raMMma-n3irydeHveM B gosax 1-2 kI'p
B Ha4aJIbHBIV ITepioy], HaOJIIoIeHIs BBI3BIBAET O0JIee BEIPKEHHYIO 3aIePXKKY B POCTe
mumerst - 1o 60 %. Hosza 3 x['p sraummMo (6ostee 80 %) MHrMOMpoBaia poCcT MULIEIIVS
Phytophthora spp. Ha BceM IIpOTsDKeHMM HaOIIOIeHNTA.

1. Kysnenosa M. A., Crartok H. B., Poroxuu A. H. 1 np. OnacHoe 3abosieBaHme
KapTtodesrst // 3amura 1 KapaHTuH pacteHnit. - 2020. - Ne 2. - C. 7-13.

Comparison of the effect of non-thermal plasma and gamma
radiation on the mycelium of Phytophthora spp. on a nutrient
medium

D.I. Petrukhina, N.V. Gluchshenko, N.A. Vasilieva, 1.V. Polyakova,

V.I. Shishko, O.V. Tkhorik, V.A. Kharlamov *

Russian Institute of Radiology and Agroecology, Obninsk, Russia
* kharlamof@gmail.com

In Russia, late blight is distinguished among the most dangerous diseases of
potatoes, tomatoes and other nightshades. This disease is caused by oomycetes,
parasites of higher plants of the genus Phytophthora. The main danger of the disease is
the huge speed of its development [1].

Of interest are the possibilities of using low-temperature plasma to suppress a
phytopathogen, as well as a comparison with radiation treatment.

The purpose of the presented study was to compare the radiation response of
the phytopathogen Phytophthora spp. to gamma irradiation and response to exposure
to non-thermal argon plasma at atmospheric pressure.

The object of the study was an isolate of a wild strain of Phytophthora spp. This
isolate was isolated from the surface of potatoes at Russian Potato Research Centre.
Surface cultivation of the phytopathogen was carried out in Petri dishes on potato
sucrose agar (PSA) with the addition of lactic acid. From weekly cultures of the
oomycete, 2 x 2 mm mycelium was inoculated into the center of the Petri dish with
PSA medium.

Gamma irradiation was carried out 2-4 hours after mycelium transplantation
using the GUR-120 unit (RIRAE, Obninsk). The absorbed dose values were as
follows: 0 (control), 0.5; 1.0; 2.0 and 3.0 kGy. Dosimetry was carried out using a
universal dosimeter DKS-01, taking into account the known dose rate. Treatment
with a plasma jet of argon non-thermal plasma was carried out 2-4 hours after
seeding with an exposure of 5 minutes and 15 minutes. The distance from the source
was 13 cm. Argon flow: 4.5 1/min. We used an original hardware complex for
creating non-thermal plasma, developed at RIRAE (Obninsk). All variants of the
experiments were carried out in 3 parallels. The growth rate was monitored for 15
days.

The results of a study on the radiation response of Phytophthora spp. shown in
Figure 1. According to the obtained results, the dose of 0.5 kGy does not have a
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significant effect on the development of the phytopathogen. A dose of 1.0 has a
depressing effect on growth for 3 days, a dose of 2.0 kGy has an effect on the growth
of Phytophthora spp. only in the first week of cultivation. A dose of 3 kGy is
insufficient to completely destroy the mycelium of Phytophthora spp., but it gives a
growth delay of about 80% for the entire duration of the experiment.

The results of the experiment with non-thermal plasma are shown in Figure 2.
In the first 5 days, the mycelium, treated for 5 minutes, showed no changes in growth
relative to the control, then up to 15 days there was a growth delay of about 3-7%.
Samples after 15 minutes of plasma treatment immediately showed growth delay.
From the 2nd to the 6th day, growth delay was 12%, followed by a decline on the
11th day, and from the 12th day there is again a tendency to growth delay (7%). This
fact requires a more detailed study of the effectiveness of the influence of non-
thermal plasma on the pathogen of late blight in the long term for long-term storage
of vegetable products.

Thus, treatment with argon non-thermal plasma for 15 minutes causes a delay
in the growth of the mycelium of Phytophthora spp. by 12% in the initial observation
period (up to 6 days). Treatment with gamma radiation in doses of 1-2 kGy in the
initial period of observation causes a more pronounced delay in the growth of
mycelium - up to 60%. A dose of 3 kGy significantly (more than 80%) inhibited the
growth of the mycelium of Phytophthora spp. throughout the observation period.

Figure 1. Effect of gamma radiation on growth delay of the mycelium of Phytophthora spp.
Figure 2. Effect of non-thermal plasma on growth delay of mycelium of Phytophthora spp.

1. Kuznetsova M.A., Statsyuk N.V., Rogozhin, A.N., et al., Dangerous potato disease/ /
Plant Protection and Quarantine. - 2020. - No. 2. - P. 7-13.
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V3y4deHne BIVSIHMS TOJIILVHBI /1051 pacTBOpa J03MMeTpa
Dpukke nnpu 00paboTKe HeTepMaJILHOVM ApTOHOBOM
IJIa3MO

H.B. bacvipoba, U.M.Medxudob, B.A. Xapaamo8, C.A. Topbamo8
HULI «KypuaToBckui nHcTuTyT» @I'BHY «Bcepoccniicknit Hay4dro-
MICCIIeIOBATeIbCKUL IHCTUTYT PafOIOIUN ¥ arpo3KosIorvm», OOHMHCK
reckunowa.dasha@yandex.ru, gorbatovsa004@gmail.com

VIcTouHMKOM aproHOBOVI HeTepMaJIbHOV IUIa3Mbl SBJI€TCS YCTaHOBKa,
cosmanHas B @I'BHY BHUMIMPAD, O6HMHCK [1], ra30BBII KOHIIEHTPATOP KOTOPOWL
HpUIMeHsieTcsl It 00paboTKM 611000BEKTOB B 3KCIIepVIMEHTAJIbHBIX MCCIIeIOBaHMSIX
pasHoit HanpasiieHHoOCTH [2]. Llenp manHOM paboThl - MCCiIeoBaThb M CPaBHUTH
OKMC/IUTeIbHBIe CBOVICTBA HpM IUIasMeHOV o0paboTke posmMerpa Dpukke c
PasIYHOV TOJIMIVIHOW CJIOSl pacTBoOpa.
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[Ipn 1mwrasmeHHOM 00paboTke deppocyibdaTHOrO [IO3MMeTpa, B3SITOTO B
pasHbIX oOpeMax, HaOmomaercs JIMHEVHas 3aBUCHMMOCTb OT  M3MEHeHUs
KOHITIeHTpaumu noHos Fe3* (puc.1.).
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Pucynox 1. 3a6ucumocms xonyenmpayuu uono8 xeaesa (11I) 6 pacmbope dozumempa Opukxe om obvema
uccaedyemoil npoosL.

Ha ocHoBaHMM MHOJy4eHHBIX HAHHBIX MOXXHO cejlaThb BBIBOI, 4YTO IIpU
IUIa3MeHHOV 00paboTKe peo0diIaaeT IIOBEPXHOCTHBIV KOHTAKT C 00pas3IioM, Tak Kak
C yBeJIM4eHMeM TOJIIIMHBEI CJIod pacTBOpa KOHUeHTpamyud woHoB xesesa (III)
roHm3wiack B 1,7 pasa (ot 8,77-10° mo 5,25-10). Takmm oOpa3om, JaHHBIVI MeTOT
MOXXHO WCIIOJIb30BaTh B OOpbOe ¢ IOBEPXHOCTHBIM 3arps3HeHNeM O011000beKTOB
MUKpOOpraHu3MaMy, IUIeCHeBbIMM TIpubamu u ppoxokamu. OpHako ciemyer
oOpaTuTh BHMMaHMe Ha TO, UYTO BHyTPeHHee 3arpsi3HeHe IIPaKTUIecKy Ha TTOPSI0K
BBIIIIE, YeM IIOBEPXHOCTHOE.

1. The Low-Cost Microwave Source of Non- Thermal Plasma / V. Tikhonov [et al.] // 2020
7th International Congress on Energy Fluxes and Radiation Effects (EFRE). Tomsk,
Russia. 2020. P. 596-599.

Petrukhina D., Gorbatov S., Tkhorik O., Medzhidov I., Tikhonov V., Shishko V., Ivanov
I., Tikhonov A., Gluchshenko N. and Kharlamov V. // Journal of Physics: Conference
Series. IOP Publishing, 2022. V. 2270. Ne. 1. P. 012012. doi 10.1088/1742-
6596,/2270/1/012012.

Study of the influence of the layer thickness of the Fricke
dosimeter solution during treatment with non-thermal argon
plasma (NTAP)

D.V. Basyrova, .M. Medzhidov, V.A. Kharlamov, S.A. Gorbatov

National Research Centre "Kurchatov Institute” Russian Institute of Radiology and
Agroecology, Obninsk, Kaluga region, Russia
reckunowa.dasha@yandex.ru, gorbatovsa004@gmail.com

The source of non-thermal argon plasma (NTAP) is the installation created at
the RIRAE, Obninsk [1]. The gas concentrator is used for processing biological objects
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in experimental studies of various directions [2]. The purpose of this work is to
investigate and compare the oxidative properties of plasma treatment of a Fricke
dosimeter with different solution layer thicknesses.

During plasma treatment of a ferrosulfate dosimeter taken in different
volumes, a linear dependence on the change in the concentration of Fe3* ions is
observed (Fig. 1.).
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Figure 1. Dependence of the concentration of iron (III) ions in the solution of the Fricke dosimeter on
the volume of the test sample.

Based on the data obtained, it can be concluded that during plasma treatment,
surface contact with the sample predominates, since with an increase in the thickness
of the solution layer, the concentration of iron (III) ions decreased by 1.7 times (from
8.7710 to 5.25 -10°). Thus, this method can be used in the fight against surface
contamination of biological objects with microorganisms, molds and yeasts.
However, it should be noted that internal pollution is almost an order of magnitude
higher than surface pollution.

1. The Low-Cost Microwave Source of Non- Thermal Plasma / V. Tikhonov [et al.] // 2020
7th International Congress on Energy Fluxes and Radiation Effects (EFRE). Tomsk,
Russia. 2020. P. 596-599.

2. Petrukhina D., Gorbatov S., Tkhorik O., Medzhidov 1., Tikhonov V., Shishko V., Ivanov
L., Tikhonov A., Gluchshenko N. and Kharlamov V. // Journal of Physics: Conference
Series. IOP Publishing, 2022. V. 2270. Ne. 1. P. 012012. doi 10.1088/1742-
6596,/2270/1/012012.
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6.1 IlepcnexTHBBI M IpO0IEMBI MCIIOIb30BaHMS
MeTaHOBOJOPOSHBIX Ta30BbIX CMeceN

B.C. Apymionob "
1 denepasIbHBIN MCCIIEAOBATEIILCKUT LIEHTP XVMMUYECKOM (PU3UKNU
vim. H.H. Cemenosa Poccurickon akagemum Hayk, Mocksa, Poccrsa
*v_arutyunov@mail.ru

Poct  o3aboueHHOCTM  HaO/MIOIAeMBIMM — V3MEHEHMSAMM  KjIMMaTa U
BO3MOXHBIMI B OyayimeM mpoOieMaMy C CBIPbeM UISI MMPOBOV SHEPreTUKU
CTUIMYJIVIPYIOT OVCKYCCHIO M YCVUIVISL TIO VICCIIEOBAHMIO IIEPCIIEKTMB VICIIOIIb30BAHIS
Pa3IMUHBIX aJIbTEPHATUBHBIX VICTOYHVKOB 3HepIrui. [10CKOJIBKY yKe O4eBUIIHO, UTO
MIUPOBBbIE Pecypchl BO30OHOBIISIEMBIX MCTOUYHMKOB 3Heprum (BVID) nHemocraTouHBI
UL pelleHMs HY KIMMaTUYeCKMX, HM SHepreTmdeckmx IpobieM [1], Bo3HMK
VIHTepec K IIMPOKOMAaCIITabHOMY VICIIOJIB30BAHVIIO BOIIOpOTIA "
BOJIOPOZICOMEp KAIlIX Ta30B KaK SKOJIOTMYeCKM UNMCTBIM ¥  BO300HOBIIIEMBIM
VICTOYHVKAM JHepPIMM ¥ JaXxe K BO3MOXHOCTYM IJIODAJIBHOTO Ilepexoma K
«BOIOPOIHOVI SHEPIeTUKE».

HeobOxomymo cpasy HpOsSICHUTh HECKOJIBKO IIPUHIIAIIVAIBHBIX MOMEHTOB,
YacTO HEYUMUTHIBAEMBIX B JIMCCKYCCUSIX O IePCIIeKTMBAX «BOAOPOIHOV SHEPTEeTVKII».
Bo-riepBbIX, Ha HalleV IUIaHeTe HeT 3HAYUTENIBHBIX VICTOYHMKOB HECBS3aHHOTO
CBOOOIHOrO BOIOPOIA, TIO3TOMY BOHOPOI HE MOXeT pacCMaTpuBaThCSd B KadecTBe
VICTOYHVIKA 3HEPINN, a TOJIBKO KaK BTOPWYHBIV 3HeproHocuTeslb. COOTBETCTBEHHO,
€ro HeoOXOIMMO IIPOM3BOAUTD Ha 0Oa3e IIepBUYHBIX MICTOYHMKOB 3Heprum v BID,
pu4eM ¢ Hen30eXHOV IIOoTeperl MX IIePBUYHOrO SHeprocofepkaHws. [ caMbIx
3¢pPeKTMBHBIX COBpPEMEHHBIX I'a30XMMIUIECKMX TexHosormii sHeprermdeckvit KITJ
TaKoro IrpeoOpasosanus He mpesbiiaeT 30-50%, a ms BID emie B 5 pas ke [2].
ITpw sTom BID B mpmHIIMIIE HEe MOTYT 00eCcIeunTh IIPOM3BOIACTBO DOJIee HECKOIIBKIIX
IIPOIIEHTOB TOro oObeMa BOMOPOA, KOTOPBII HeOoOXOommM, dYTOOBI 0bOecriedmThb
IOTPeOHOCTI JaXke COBPEMEHHOVI MMPOBOV SHepreTnkm [3], He rosops yxe o ee
ITepCIIeKTVBAX.

Bo-BTOpBIX, BOIOPO, - 3TO HM3KOKJIOpUITHOe TorwmBo. O0beMHasI TerwtoTa
cropanmsi rasoobpasHoro H; B 4 pasa Hwke, ueM y CHs, a oObeMHasi TeruioTa
cropanms Xugkoxkoro Hz B 4 pasa Hioke, yeM y OeH3MHa.

B-tperbux, Bomoponm oOiagaeT O4YeHb HUBKMMM  IIOTPeOUTeIbCKMMM
KaudecTBaMIL. 3aTparTel 3Heprum Ha koMmrpummuposanue Ho B 8,5 pas sreiate, uem CHy,
a KOHCTPYKIIMOHHBIE MaTepuasibl paspylIaloTCsS IIPW INTEIIBHOM KOHTAKTe C
BOIOPOAOM, OCOOEHHO IIpM BBICOKMX [aB/IeHMsIX (BOZOPOIHOe oXpyIluuBaHMe). B
HACTOsIIIlee BpeMsl HeT peaJlbHBIX CUCTEM XpaHeHWUs, pacupeneieHns WU
TPaHCIIOPTUPOBKM IIPOMBIIIUIEHHBIX 00beMoB Ho 11 Jake mepcIrIeKTMBHBIX ITOIXOI0B
K mx cosgaHmio. OmpenereHHy0 MHpoOieMy IMpWU WCIOIb30BaHMUM B OBITY M Ha
TpaHCIIOPTe IIPe/ICTaBIIAI0T TaKXKe BbICOKasl CKOPOCTb TOPeHMs U IIMPOKYe IIpeesIbl
BOCIIaMeHeHVIsI BOZIOPOIa.
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B cBs3u ¢ aTmMm mipobrreMaMyt BBICOKA BEPOSITHOCTH TOTO, UTO IIPW JIFOOOM
CIIeHapUM pacIlIMpeHMss MacIITaboB WCIIOIB30BaHMS BOAOPOIA B SHEpreTuKe
IIepBOHAYaJIbHO, a BO3MOXHO ¥ B IIOCJIeyIolleM, Hamboslee IIMPOKO OymyT
VICITOJTB30BAThCS COfleprKalliie BOOPOL CMeCH, IIpeXK/e BCero, C MeTaHOM, a TaKXe C
OKCHJIOM yIJIepoa (CVHTe3-Ta3).

[TpaxTiraeckoe IprIMeHeHVE BOIOPOA VI €r0 CMecer C MeTAaHOM W JAPYTMMM
rasaMy OCJIOXKHSIETCSI TeM OOCTOSITEIIbCTBOM, UTO B OOJIACTM YCJIOBUII MX Hambostee
BepoATHOro ucnonb3oBaHusas B 3Hepretuke (I'TY), wa Tpancnopre (IBC),
Ta30XVIMIYECKOV ITPOMBIIIUIEHHOCTM (CMHTe3 aMMMaKa, MeTaHOJIa, CMHTETIYEeCKVIX
yITIeBOIOPONOB) 1 B ObITOBOM cekTope, a 310 1 = 600-900 K 1 P = 1-40 atm,
IIPOMICXOIST CyIlleCTBeHHbIe I3MeHeHIs B MexXaHW3Me ero OKMUCIIeHS. DTO CJI0KHBIM
oOpa3oM BIMsieT KaK Ha YCJIOBUS €ro MCIIO/Ib30BaHMSA B TOPEJIOYHBIX YCTPOVICTBAX U
ABUTATEIISIX, TaK ¥ Ha obecriedeHMe Oe30ImacHOCTY ITpy paboTe ¢ HUIM.

CyTh M3MeHeHUVI, IIPOVICXOSIINIX B MeXaHV3Me OKVCIEHVS BOIOPO/Ia, B TOM,
uTo mpu Temmneparypax Hipke ~900 K obOpasyromyecss B IpuCyTCTBUM KMCIIOPOAa
repokcraHble paavkaiasl HO2® MasioaKTVBHEI 11 He IIPOAOIDKAIOT IIEITHOVI IIPOIiece, a
MIpeVMYIIeCTBEHHO IIOrMOaoT B  pe3ysbTaTe B3aMMHOM pPeKOMOMHammm ¢
oOpaszoBaHmeM Ilepokcmpaa Bomopoma H»Oz, koTopel mpm 3THX TeMieparypax
pocraTouHo crabwred. Ho mpu T > 900 K H2O» yxe Obictpo pacmapaetcs: (H2O:
turnover), mpuBOIS K pasBeTBJIEHMIO IleTlel, YTO KapAWHAJIbHO MeHSeT KUHETVIKY
TIpoIlecca, ¥ MPOSIBIISETCS B CYIIIECTBEHHO PasJIMYHOM 3aBVCHMOCTV B 9TOV 00JIacTu
OT TeMIlepaTypbl W [aBJIEHVS METaHOBOJOPOMHBIX CMecell C Pa3JINMYHbIM
copiep>kaHMeM BOIOPOIa, HallpyMep, B OTHOIIIEHMV TaKOTO 0a30BOro Imapamerpa, Kak
3¢ dexTMBHAS SHEPTVS aKTVBALN 3a7lePXKKM BocitaMeHeHMs (PricyHok 1).

. Fer, kkan/moan
120 -

100%0
100 -

] 209%
804 A 70%
1, B

Pucynox 1. Pacuemnas memnepamypras 3aBucumocms sHepeun akmubayuu E.r3a0eprcku
Bocnaamenenus cmexuomempuueckux cmeceil CHy-Hr-6030yx om To npu pasauunoi KoHyeHmpayuu
H> (%). Po=1 amm.

Yro KacaeTcsi IIepCHeKTMB  VCIIOJIB30BaHMS BOAOpPOda B  KaudecTBe
1100aJIBHOTO HEPTOHOCKUTEJIS, TO BIIepBBIE 3Ta Miles IosBWIach elle B 60-x romax
IIPOIIUIOTO BeKa B CBSI3U C IIEPCIIeKTMBaMM CO3/JaHMs TEPMOsIepHOV SHEPreTUKY, 1
Oe3 Hee Bpsiy sm peasibHa. Ho maxke mmpum ee mosiBjieHMM HU3KIME IOTPeOUTeIbCKIe
CBOVICTBA BOJIOPO/Ia [1eJIaf0T IIPeAIIOYTUTEIbHBIM CMHTe3 MeTaHa 1 XMAKux YB.
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1. Apytionos B.C., Jlucuukns I'.B. DHepretudeckne pecypcbl XXI croreTysi: mpobieMsl 1
MPOTHO3BL. MOTYT JIi BO30OHOBIIsSIeMble ICTOUHVKY SHEPIMM 3aMEeHUTh CKOIIaeMoe
tormBo? Ycnexu xumun. 2017. T.86. Ne8. C. 777-804.

2. ApyTionos B.C. BonmoponHas sHepreTvka: 3HaueHVe, ICTOYHVKMY, ITpOOJIeMBbl,
nepcrekTusbl. Hedprexvmus. 2022. T. 62. Ne 4. C. 459-470.

3. Arutyunov V.S. On the sources of hydrogen for the global replacement of hydrocarbons.
Academia Letters. 2021. Article 3692. https:/ /doi.org/10.20935/ AL3692.

Prospects and problems of using methane-hydrogen gas
mixtures

Vladimir Arutyunoo®
IN.N. Semenov Federal Research Center for Chemical Physics,
Russian Academy of Sciences
*v_arutyunov@mail.ru

The growing concern about the observed climate changes and possible future
problems with raw materials for global energy stimulates discussion and efforts to
explore the prospects for the use of various alternative energy sources. Since it is
already obvious that the world's renewable energy resources are insufficient to solve
either climate or energy problems [1], there has been interest in the large-scale use of
hydrogen and hydrogen-containing gases as environmentally friendly and renewable
energy sources (RES) and even the possibility of a global transition to "hydrogen
energy".

It is necessary to immediately clarify several fundamental points that are often not
taken into account in discussions about the prospects of "hydrogen energy". Firstly,
there are no significant sources of unbound free hydrogen on our planet, so
hydrogen cannot be considered as an energy source, but only as a secondary energy
carrier. Accordingly, it must be produced on the basis of primary energy sources or
RES, and with the inevitable loss of their primary energy content. For the most
efficient modern gas chemical technologies, the energy efficiency of such a
conversion does not exceed 30-50%, and for RES it is 5 times lower [2]. At the same
time, RES, in principle, cannot ensure the production of more than a few percent of
the volume of hydrogen that is necessary to meet the needs of even modern world
energy [3], not to mention its prospects.

Secondly, hydrogen is a low-calorie fuel. The volumetric heat of combustion of
gaseous H> is 4 times lower than that of CHs, and the volumetric heat of combustion
of liquid H> is 4 times lower than that of gasoline.

Thirdly, hydrogen has very low consumer qualities. The energy cost of
compressing Ha is 8.5 times higher than that for CHa, and structural materials are
destroyed by prolonged contact with hydrogen, especially at high pressures
(hydrogen embrittlement). Currently, there are no real systems for storing,
distributing and transporting industrial volumes of H:> and even promising
approaches to their creation. A certain problem when used in everyday life and in
transport is also the high combustion rate and wide ignition limits of hydrogen.
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In connection with these problems, it is highly likely that in any scenario of
expanding the use of hydrogen in the energy sector, initially, and possibly in the
future, mixtures containing hydrogen, primarily with methane, as well as with
carbon monoxide (syngas), will be most widely used.

The practical application of hydrogen and its mixtures with methane and other
gases is complicated by the fact that in the field of conditions of their most likely use
in power engineering (GT), transport (ICE), gas chemical industry (synthesis of
ammonia, methanol, synthetic hydrocarbons) and in the household sector, and this is
T = 600-900 K and P = 1-40 atm, there are significant changes in the mechanism of its
oxidation. This has a complex effect both on the conditions of its use in burners and
engines, and on ensuring safety when working with it.

The essence of the changes occurring in the mechanism of hydrogen oxidation is
that at temperatures below ~900 K, the HO:* peroxide radicals formed in the
presence of oxygen are inactive and do not continue the chain process, but mainly
decay in mutual recombination with the formation of hydrogen peroxide H:O,
which is quite stable at these temperatures. But at T > 900 K, H2O; already decays
rapidly (H20:z turnover), leading to branching of chains, which radically changes the
kinetics of the process, and manifests itself in a significantly different dependence in
this area on the temperature and pressure of methane-hydrogen mixtures with
different hydrogen content, for example, with respect to such a basic parameter as
the effective activation energy of the ignition delay (Figure 1).

As for the prospects of using hydrogen as a global energy carrier, for the first time this
idea appeared back in the 60s of the last century in connection with the prospects of creating
thermonuclear energy, and without it it is hardly real. But even with its appearance, the low
consumer qualities of hydrogen make the synthesis of methane and liquid hydrocarbons
preferable.

Figure 1. The calculated temperature dependence of the activation energy Eef of the ignition delay of
stoichiometric mixtures CHy-Ho-air on To at different concentrations of Hy (%). Po = 1 atm.

1. Arutyunov V.S, Lisichkin G.V. Energy resources of the 21st century: problems and
forecasts. Can renewable energy sources replace fossil fuels? Russ. Chem. Rev. 2017.
V.86 (8). P. 777-804. DOI: https:/ /doi.org/10.1070/ RCR4723.

2. Arutyunov V.S. Hydrogen Energy: Significance, Sources, Problems, and Prospects (A
Review). Petroleum Chemistry. 2022. V. 62. No. 6. P. 583-593. DOI:
10.1134/50965544122040065.

3. Arutyunov V.S. On the sources of hydrogen for the global replacement of hydrocarbons.
Academia Letters. 2021. Article 3692. https:/ /doi.org/10.20935/ AL3692.
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6.2 [TeranbpHbIe 1 TMOpMIHBIEe MOOesIN KOjleDaTeIbHO-
xuMmmaeckKort KmHeTukm CO»

Kycmoéba E.B.", Mexonowuna M.A., KynoBa O.B.

CaHkT-IleTepOyprckuit rocyiapcTBeHHBIV YHUBEPCUTET,
199034, Cankr-IletepOypr, YaHuBepcureTckas Hab., 7/9
*e.kustova@spbu.ru

MopemipoBaHe KoslebGaTeTbHO-XMMWYeCKO KMHETUKM YIJIEKMCIIOrO Trasa
BOCTpeOOBaHO BO MHOTMX COBPEMEHHBIX IIPWIOXKEHMSIX VI TeXHOJIOIMAX, OT BXOAa B
atmocdepy Mapca mo skonormueckmx mpobdsiem n kKoHsepcum COz. Ilepemossie
HM3KOTeMIlepaTypHble IUIa3MeHHble TeXHOJIOIMI, OCHOBaHHBIE Ha pacraze
KoJjle0aTeIbHO BO30Y>K[I€HHOTO COy, MpUBJIeKaTeIbHBI cBoemt
sadpdexTrBHOCTBIO [1, 2]. 11 paspaboTKM TaKMX METOAOB BaKHO JIeTaJIbHOe 3HaHUe
MexaHM3MOB KoJjleOaTeslbHOM pestakcariuy. IloypoBHeBble Mopmenn IIpefCTaBISIOT
cobot 3 PeKTUBHBINT MHCTPYMEHT [1J1s BBISIBIIEHVS JIOMVHMPYIOIIX MeXaHU3MOB U
TIOCTIeYIOMmIerl Pa3pabOTKM yIPOIeHHBIX KMHeTndecknx cxeM [3]. OmHako wmx
pUMeHeHVe B TMAPOAVHAMMKE Bpsd JIM BO3MOXHO BCJIEACTBME OOJIBIIIVIX
BBIUMCIIUTEIBHBIX 3aTpaT. CokpallleHHble TMOpUIHBIE MHOTOTEMIIepaTypHbIe
MOJIesIN, OCHOBAaHHBIe Ha IpeABapUTeIbHOV OIleHKe ITIOYPOBHEBBIX IIpolieccos [4, 5],
coueTaloT B cebe XOpOIIyIO TOUYHOCTb ¥ BBIUUCIIUTENIBHYIO 3(PEeKTUBHOCTb U
II03TOMY BecbMa IIepPCIIeKTVBHBI B BBIUVICIIUTEIBHON TVIPOAHAMIIKE.

OmHOM ™3 KIIOYEBBIX IIpoOiieM 1mpu pa3paboTKe IIOYPOBHEBBIX WU
COKpAIIleHHBIX MOJeJIell 4BJIseTcs IIOMCK HaJeXHBIX JaHHBIX O IIOYPOBHEBBIX
KoapduImeHTax CKOPOCTI XMMIYIECKVIX PeaKIIni 1 KojleOaTeIbHBIX IIePeXOI0B, UYTO
ocobenro cioxHO B COz mM3-3a KOHKYPEHIIMM BHYTPUMOMOBBIX M MEXMOIOBBIX
oOMeHOB sHeprmen. B Hacrosmmer pabOoTe MBI peajmsyeM [ABe MOMENN
Kojle0aTeIbHBIX IIepexolloB: MIMPOKO MCHOIb3yeMyio Momerns SSH [6] m Mopmens
FHO [7], oGobmiennyto mitz CO:2[8]. 3amaua O HIpoCTpaHCTBEHHO-OIHOPOIHOM
perlakcarmy pelraeTcss ¢ MCIOJIb30BaHMeEM IIOYPOBHEBOTO IIOJXOHA M TMOPMIHOM
MHOTOTeMIIEpaTypPHO  MOAeIN, yYWUTBHIBAIOIIEel  pasjIMyHble TeMIlepaTypbl
CMMeTpu4HOW, IedopManyoHHon n aHTUcuMMeTpudHon Mop COs. Ilosryueno
XOpolllee coBHa/leHVe pe3yJIbTaTOB MOIe/IMpOBaHNsA B IIOYPOBHEBOM U I'MOPUIHOM
Hoaxodax, B OTJIN4NMe OT CJIydasi C MCIIOJIb30BaHMeM TpaguiioHHON Mozeru Jlanay-
Terurepa. OOHapy>keHBI pa3IMuHbBle JTOMUHUPYIOIIVE MeXaHMU3MBbl pejlaKcalyi 1Id
monertenn SSH m FHO, a Taxke cyllecTBeHHas pasHMIA B 0OIlIeM BpeMeHU
pernakcanim  CO2. Mopgeinre FHO  obecrieunBaer ropasgo Jiydlllee corjiacue C
SKCIIepVIMEHTaJIbHO W3MepeHHBIM BpeMeHeM peslakcalluyl ¥ IIOKasbIBaeT Oojlee
CWJIBHYIO CBSI3b MEeXIy MeXXMOAOBbIMI VV 1 BHyTpuMonosbiMu VT nepexomamu.

Pabora BbimmonHena mpu dunHaHcopon noguepxkke CIIOIY (ID mpoekra
94034084).
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Detailed and hybrid models for CO2 vibrational-chemical
kinetics

Kustova E.V.", Mekhonoshina M.A., Kunova O.V.

Saint Petersburg State University,
7/9 Universitetskaya nab., 199034, Saint Petersburg, Russian Federation
*e.kustova@spbu.ru

Simulation of coupled vibrational-chemical kinetics in carbon dioxide is
required in many modern applications and technologies, from Mars planetary entry
to environmental problems and COz conversion. Advanced low-temperature plasma
technologies based on vibrationally driven CO2 decomposition are very beneficial
from the point of view of efficiency [1, 2]. To develop such techniques, detailed
knowledge on the vibrational relaxation mechanisms is of importance. State-to-state
models provide an efficient tool for identifying dominant vibrational-chemical
mechanisms and consequent development of reduced kinetic schemes [3]. However,
their implementation to fluid dynamics is hardly possible due to high computational
costs. Reduced hybrid multi-temperature models based on preliminary evaluation of
state-to-state reaction channels [4, 5] combine good accuracy and computational
efficiency and thus are rather promising in computational fluid dynamics.

One of the key issues in developing both state-to-state and reduced models is
to find reliable data for state-specific rate coefficients of chemical reactions and
vibrational energy transitions, which is particularly challenging in CO2 due to the
competition of intra-mode and inter-mode energy exchanges. In the present study,
we implement two models for the rate coefficients of vibrational transitions: the
widely used Schwartz-Slawsky-Herzfeld model (SSH) [6] and the forced harmonic
oscillator model (FHO) [7] generalized recently for CO: [8]. The adiabatic bath
problem is solved using the state-to-state approach and the hybrid multi-temperature
model assuming different temperatures of symmetric, bending and asymmetric CO>
modes. Good agreement between the results of simulations in the state-to-state and
hybrid approaches is obtained, contrary to the case of the traditional Landau-Teller
model. Various dominating relaxation mechanisms are found for the SSH and FHO
models as well as a significant difference in the overall COz relaxation time. The FHO
model provides much better agreement with the experimentally measured relaxation
time and shows stronger coupling between inter-mode VV and intra-mode VT
transitions.

The study is supported by Saint Petersburg State University, project ID
94034084.
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6.3 KouBepcusa CO2 B MMKpPOBOJTHOBOM IIJITa3MeHHOM drakesie
B HeIIpepbIBHOM M MMIIYJIbCHOM pe>Kume: 0CO0eHHOCTH
OOHOMEPHOIO ¥ ABYMEPHOIO II0X0J0B

H. babaeBa’, I. Hauduc, II. Tepewronox, E. Ilepob, JI. Boaxob,
M. M. Bacuaveb, O. @. Ilempob

O6GbenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccuis
*nybabaeva@gmail.com

MuxkpososiHosble (CBY) paspsmpl cumraroTcss HamOoslee IIepCIIeKTMBHBIMU
ycrpovictBamm m1s Koasepcvm COz [1,2]. B HacTogImem mccireqoBaHmMy MBI M3y9aeM
koHsepcro CO2 B MUKPOBOJIHOBOM ILJIa3MeHHOM dakesle aTMOC(EpPHOro [JaB/IeHVs.
[eMOHCTpUPYIOTCS pas3IMdHble 3Tamlbl IIpeoOpasoBaHNMS OBYOKNMCH yIJIepoda C
ucnonezoaHeM 2D u 1D wmopenen. [ obemx Mopesielt  MCIIONIB3YIOTCS
OJITHAKOBble HAOOPBI XMMMUYECKMX peaKIni, ceueHMi, Ipodwient MOIIHOCTU U
OJIVTHAKOBBIEe pa3Mephbl IUTa3MeHHOV 00JI1acT.

Vcnomne3yetcst nByMepHas Mopeinb nonPDPSIM, xoropas pabOoTaeT Ha
HeCTPYKTYPVPOBAHHBIX CeTKaX C HeCKOJIbKVMV 30HaMM paspelleHNs IUIa3sMeHHOV
obractn. OmHOMepHOe MOIeTpOBaHe BBIIIOJTHEHO C VICIIONIB30BaHVEM ITI00aIbHOT
kuHeTndeckon moaenvt GlobalKin.

Geometry 2D ] ) (,R'O‘BSC'"/ Lo f ‘

(a) 4 5 6 7 s (cm)) (b) Region of Power Deposition

Pucynox 1. 'eomempus CBY ycmpoiicméa, ucnosvsyemas npu (a) 2D pacuemax (nonPDPSIM) u
(b) 1D pacuemax (GlobalKin).

Cxema CBY ycrpornictBa nmokasana Ha pucynke 1. I'as CO2 mrkekTmpyercs

Hepes BXOAHbIE OTBEPCTNMA, KaK IIOKa3aHO CTpeJjIKkaMM Ha PUICYHKe 1. CKOpOCTB
IIOTOKa COCTaBJIseT 5 JT/ muH. [D1azma 06pa3yeTC${ BO/IM3M 0OCEeBOro SJIEKTpOL1a.
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BryTtpennun nuamerp TpyOku 1,7 cMm. Pasmeps! tuiasMeHHomt obitactvt B 1D pacuetax
CTPOro COOTBETCTBYIOT pasMepaM JAByMepPHOV reOMeTPUNL.

Vcnonesys 1D-Mofiernts Mbl OXWUIaIM MOJIyYUTh pe3yJIbTaTel, Onmskue K 2D
pacueraMm. OpHako TemIlepaTypa rasa M cocTaB Iulasmbl B 1D-momerm cwibHO
ommyanck oT 2D panHbIX. Torma Mel mepecMoTperu pesysibrarel 2D pacueToB m
OOHapy XXMM, 4To HPUYMHOV HabJIroaeMbIX HECOOTBETCTBUN SIBJIsieTCs OOpaTHBIN
(upstream) mHOTOK Trasa BOJIM3M LIEHTPaJIbHOIO 3JIeKTpopa. B pesysnbprate Bpems
npeOBIBaHMA Tra3a B paspsAaHOM obacTu ObIo HaMHOro Oosblile, yeM B 1D Mopernn,
KOoTopasi 3TOT 3¢pdeKT He oTciiexmsaeT. Korma ckopocts notoka B 1D pacuerax Oviia
CKOppeKTMpOBaHa, HAaOJIIOHa/Ioch  YIOBJIETBOPUTEIIBHOE COOTBETCTBUE — MEXIy
obenmMm MofeTsIMM (PUCYHOK 2).

2000

0.5 L/min

5

Total 28 W
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G Total 26 W . Discharge region | 5 Limin 12000

11500 1500

. Geometry 11
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Pucynox 2. CpaBuenue xonbepcuu CO2 npu ucnoav3obanuu 2D u 1D nodxodo8. Ha xadpax cBepxy
6Hu3 noxasans npouau: MowgHocmu u memnepamypul eaza, konyenmpayuu COz u CO,
konyenmpayuu Oz u O2(1A), amomo8 xucaopooa O u o3ona Os. (a) 2D-modesupobarivie, MOUsHOCHIL
28 Bm, cxopocms nomoxa 5 a/mu. (b) 1D-modeaupobarue, mousrocms 28 Bm, ckopocms nomoxa 0,5
A/mut (ckoppexmupobarnas ckopocmy). Ha Bepxrem npabom kadpe nokasam memnepamypHolil
npoguAb, pACCUUMAHHBLI NPU CKOPOCHIU NOTOKA 5 A/MUH.

DddexTmBHOCTE KOHBepcy CO2 MOXKHO ITOBBICUTD, VICIIOJNIB3Y Sl VIMITYJILCHBIVI
pexuMm paborel CBY-ycraHOBKM, peryampysi CKOPOCTb IIOTOKa, JINTEIbHOCTH
VIMITYJIbCa U KO3 PUIIMEHT CKBaXKHOCTU. [1J1s1 04eHb KOPOTKMX VMITYJIbCOB SHEePIVs
VIMITyJIbCA YXOOUT Ha FeHepaluio caMOoVl IUIa3MblL. JId JUIMHHBIX VIMITYJIbCOB SHEPIis
MOXeT pacxofloBaTbCs Ha Harpes rasa. OnTuMajIbHasg MOIYJISALVS MOITHOCTU W
COOTBETCTBYIOIllee ~ BpeMsi  IIpeObIBaHMA  ra3oBoro IIOTOKa B obJacTu
SHeproBbllesIeHN s IT03BOJIAIOT 3ddekTnBHO AvccounmpoBaTb CO:2 (prcyHOK 3).

Pabora BeintosiHeHa pu nogaepxke PH® (rpant 21-42-04420)
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Pucynox 3. Umnyavcroiil pexxum konbepcuu CO, , 1D pacuem (a) IIpogpuru umnyascob u pacxod
CO:2 (runeunas wxasa). (b) Ilpopuru umnysvcod u napabomxa CO u O (10eapugpmuveckas
wxasa). Ckopocms nomoxa 5 4/mun, mowynocms 150 Bm, umnyasc 0,5 mc, ckBaxnocms 50%.

1. N. Yu. Babaeva and G. V. Naidis, “On the efficiency of CO, conversion in corona and
dielectric-barrier discharges”, Plasma Sources Sci. Technol. 30, 03LT03 (2021).

2. N. Yu. Babaeva, G. V. Naidis, D. V. Tereshonok, T. Chernishev, L. Volkov, M.M.
Vasiliev, O.F. Petrov, “CO, conversion in a microwave plasma torch: 2D vs 1D
approaches”, submitted to Plasma Sources Sci. Technol (2023).

COz2 conversion in a microwave plasma torch in CW and
pulsed modes: 1D vs 2D approaches

N. Babaeva®, G. Naidis, D. Tereshonok, E. Perov, L. Volkowv,

M. M. Vasiliev, O. F. Petrov
Joint Institute for High Temperatures RAS, Moscow 125412, Russia
*nybabaeva@gmail.com

Plasma-assisted CO dissociation offers one possible solution to the problem of
re-using CO: and transforming it into valuable chemicals [1]. Microwave (MW)
discharges are considered as the most promising devices for CO, decomposition [2].
In the present study, we computationally investigate the splitting of CO: to carbon
monoxide and oxygen in an atmospheric pressure microwave plasma torch. We
demonstrate different stages of CO2 conversion while using 2D and 1D models. For
both models, we use identical sets of chemical reactions, cross sections, power
profiles and dimensions of the plasma region.

In this investigation, the 2D model, nonPDPSIM, is used. The code runs on the
unstructured meshes that usually have several refinement zones for better plasma
resolution. 1D plug-flow simulations are performed using the global plasma kinetics
model GlobalKin.

2D geometry as used in nonPDPSIM and 1D plug-flow scheme as used in
GlobalKin are shown in Figure 1. Pure COz is injected through the inlets as shown by
arrows in Figure 1. The flow rate is 5 L/min. Plasma is formed near the axial
powered electrode. The inner diameter of the tube is 1.7 cm.
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With 1D model we expected to obtain the results close to those we had from
the 2D approach. However, we revealed that the gas temperature and plasma species
behavior in 1D model was quite different from those obtained with the 2D code.
Then, we revisited the 2D results and found that the reverse (upstream) gas flow near
the central electrode was responsible for the observed discrepancies. In 2D model,
the residence time of a certain portion of gas was much longer than in 1D approach.
When the flow rate in 1D model was adjusted, the satisfactory agreement between
both models was achieved as shown in Figure 2.

The efficiency of COz conversion can be improved by using the pulsed mode
of microwave power while adjusting the flow rate, pulse duration and duty cycle.
For very short pulses, the energy go into the generation of plasma itself. For long
pulses, the energy can be spent in gas heating. Reasonable power modulation and
appropriate gas flow residence time allow dissociating CO2 in power-on and off
phases (Figure 3).

The work has been supported by the Russian Science Foundation under the
Project 21-42-04420.

Figure 1. MW plasma torch as represented in (a) 2D model nonPDPSIM and (b) 1D GlobalKin.
Figure 2. Side by side comparison of CO; splitting using 2D and 1D approaches. The frames from top
to bottom show profiles: power and gas temperature, COz and CO densities, Oz and Oz(*A) densities,
oxygen atoms O and ozone Os. (a) 2D simulations with total power 28 W and flow rate 5 L/min. (b)
1D simulations with power 28 W and flow rate 0.5 L/min (adjusted flow). Temperature profile
calculated with flow rate of 5 L/min is also shown. Vertical red lines indicate the region of power
deposition (identical for both codes).

Figure 3. Pulsed mode of CO; splitting using 1D approach. (a) Profiles of power pulses and CO; gas
consumption (linear scale). (b) Profiles of power pulses and CO and O production (log-scale). Flow
rate 5 L/min, power 150 W, pulse duration 0.5 ms, duty cycle 50%.

1. N. Yu. Babaeva and G. V. Naidis, “On the efficiency of CO, conversion in corona and
dielectric-barrier discharges”, Plasma Sources Sci. Technol. 30, 03LTO03 (2021).

2. N. Yu. Babaeva, G. V. Naidis, D. V. Tereshonok, T. Chernishev, L. Volkov, M.M.
Vasiliev, O.F. Petrov, “CO. conversion in a microwave plasma torch: 2D vs 1D
approaches”, submitted to Plasma Sources Sci. Technol (2023).
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6.4 DddekTMBHOCTL yOpaBIeHNs TOpeHeM B IMOpMIHOM
KOMIIpeCCVIOHHOM ABuraresie ¢ 00eJHeHHOV CMeChIO C
MCII0JIb30BaHVMeM HepaBHOBECHOIO paspsiga

A.C. lobpoboavckaa*, E.A. @uaumonoba, A.H. Bouapob

OObenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccuis
*dobrovolskaya.anastasia@gmail.com

Ha cerogusganmmit OeHbL oOCTaéTCsa HepenieHHOM HpO6HeMOT7[ TOYHOE
HOPOTHO3VPOBaHME CaMOBOCIUIAMEHEHWMs ¥ YIIpaBjIeHMe TOpeHureM B aOBurarese C
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BOCIUIaMEeHEeHIMeM OT cXaTus ¢ ogHopopHon TorwmmsHOM cMeckio (HCCI), xoTtopont
CBOVICTBEHHBI MHOTOCTyIIeHYaToe BOCIITaMeHeHVIe " OTpUIIaTeIbHBIN
TeMIlepaTy PHBIN K03 duiieHT. B COOTBETCTBUM co cTparerven
HU3KOTeMIIepaTy PHOTO TOpeHNs IIperioslaraeTcs MCII0Ib30BaTh 00eJHeHHbIe CMeCH.
B ostmx ycimoBusax, m3-3a HeadPeKTUBHON palbOTBI CBeUM 3aXWUTaHMs, I
cTabwInsalyyt TOpeHMs IIpejlaraeTcsi MPUMEHATb JIEKTPUUECKUIl paspsis,
CO3JIAIOIINII HepaBHOBeCHYIO IUIasMy. (cM., Hampumep, [1]). B pamxax stou
CTpaTerMy HepaBHOBeCHas IUIa3Ma olecriedmBaeT CIIOCOO yIIpaBJIeHMs IIPOLIeCCOM
TOpeHNsI B pa3/INUHbIX 00J1acTax IIpuMeHeHMs. B naHHO paboTe MBI paccMaTpriBaeM
cropaHue OOeqHEHHBIX ITPOIAHO-BO3YIIHBIX CMecell B TMOPWUIHOM [JBUTaTelIe
HCCI, wmuimmpoBaHHOE BBICOKOYACTOTHBIM KOPOHHBIM paspsoMm [2]. Paspsn
co3flaeT B KaMepe CropaHus 3HAUWUTeJIbHYIO 30HY C IOBBIIIEHHOV PeaKTUBHOCTHIO,
KOTOpasl BOCIUIAMEHSIeTCsl 3a CYeT YCKOpeHWsl CTaJuil Toiayboro m XoJOogHOIo
IUIaMeH. DTO MPUMBOAUT K paclpOCTpaHEHMIO BOJIHBI TOpeHMs, a 3aTreM K
CcaMOBOCIUIaMEeHEHMIO HeCTOPeBLIIero rasa Iepes, pOHTOM BOJIHBI TOPEHVS.

B sT011 paboTe MBI MccIIeyeM MexaHWU3M yIIpaBJieHNs TOpeHreM B TMOpuIHOM
neurareste HCCI n ero adpdexTmBHOCTb. Bpemst mHayKinm B 30He, aKTUMBUPYeMOW
paspsiioM, HapPsIMYIO 3aBVCUT OT IIapaMeTpoOB paspsifa — MOTpeOsIsseMor SHepPIuy,
reoMeTpuyn paspsdga M MOMeHTa VHULMMPOBaHWS paspsnga. Bce stm mapamerpsl
MOTYT OBITh M3MEHEHBIBO BHEIIIHEe 3JIeKTPUYeCKO IV, ¥ 3TO JaeT BO3MOXXHOCTb
JIOCTaTOYHO IIPOCTO YIIPABJISITh BpeMeHeM MHIYyKLMM . BpeMs caMoBociuIamMeHeHMs
HeCcropeBIllero rasa Ilepef BOJIHOW ropeHMs Hpu (PUKCMPOBAHHOM COCTaBe CMecH,
reoMeTpuM paspsga (UIMHa CTPUMEPHBIX KaHaJIOB) M CTeIlleHM CXaTus 3aBUCUT
TOJIbKO OT BpeMeHW BOCIUIaMeHeHWsl aKTuBupoBaHHOW obsactu. Takum obpasom,
Ha4aJIOM CcaMOBOCIUIaMeHeHVIsI HeJlb3s YIpPaB/IsTh He3aBUCVMO OT BOCIUIaMeHeHWs
aKTUBMPOBaHHOM oOsacTi. Paspsin BrmsieT Ha pacmpocTpaHeHVe BOJIHBI TOPEHMS U
CaMOBOCIUIAMEHeHIe Ta3a IIepell BOJIHOM TOpeHMs KOCBEHHO, depe3 oOiiee
MIOBBIIIIEHE [IaBJIeHNs 1 00pa3oBaHMe BOJIH cKaTysl. Takke ObUIO ITOKa3aHO, YTO YeM
OemHee cMech, TeM MeHBIIlee BJIMsIHMeE paspsifla Ha caMOBOCIUIaMeHeHMe rasa meper]
BOJIHOVI TOPEHVIL.

PaGoTra BbIIIOJIHEHa IIpU TIOAJIep)KKe MMHMCTEPCTBA HayKa W BBICIIIETO
obpaszosanms Poccunickont Penepanmu (roczamanve Ne 075-01129-23-00).

1. Cruccolini V, Discepoli G, Cimarello A, Battistoni M, Mariani F, Grimaldi CN, Dal Re M.
Lean combustion analysis using a corona discharge igniter in an optical engine fueled
with methane and a hydrogen-methane blend. Fuel, 2020;259:116290
https://doi.org/10.1016/j.fuel.2019.116290

2. E.A. Filimonova, A.S. Dobrovolskaya, A.N. Bocharov, V.A. Bityurin, G.V. Naidis.
Formation of combustion wave in lean propane-air mixture with a non-uniform
chemical reactivity initiated by nanosecond streamer discharges in the HCCI engine,

Comb. Flame, 215 (2020) 401-416
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Efficiency of combustion control in the hybrid HCCI engine
with lean mixture using non-equilibrium discharge

A.S. Dobrovolskaya®, E.A. Filimonova, A.N. Bocharov

Joint Institute for High Temperatures of RAS, Moscow, Russia
*dobrovolskaya.anastasia@gmail.com

The correct prediction of autoignition and the combustion control in the
homogenous charge compression ignition (HCCI) engine using a fuel mixture
manifesting a multistage ignition and negative temperature coefficient is still an
unsolved problem. In accordance with the low-temperature combustion strategy,
which involves the use of lean mixtures, instead of a spark plug it is proposed to use
an electric discharge that creates non-equilibrium plasma (see, for example [1]).
Within the framework of this strategy, non-equilibrium plasma provides a means for
controlling the chemical process in various applications. In this work we consider
combustion of the lean air-propane mixtures in hybrid HCCI engine with non-
equilibrium discharge of the repetitively pulsed corona type [2]. Discharge creates a
significant zone in combustion chamber with higher reactivity which ignites before
other parts of combustible mixture due to acceleration of low and intermediate
temperature heat release stages of ignition. That leads to combustion wave
propagation and then to the autoignition of end-gas ahead the combustion wave
front.

In this work we investigate the mechanism of combustion control in hybrid
HCCI engine and its efficiency. The induction time in the area activated by the
discharge directly depends on discharge parameters - energy input, discharge
geometry and the moment of discharge initiation. All these parameters could be
changed externally, and induction time is reasonably controlled. The autoignition
time of the end-gas for the fixed mixture composition, discharge geometry and
compression ratio depend only on ignition time of the activated area, thus
autoignition event could not be controlled separately from activated area ignition.
Discharge influences combustion wave propagation and end-gas autoignition
indirectly, through overall pressure rise and compression waves generation. It was
also shown that the leaner mixture the lessdischarge effect on autoignition of the end-
gas.

This work was supported by the Ministry of Science and Higher Education of
the Russian Federation (State Assignment No. 075-01129-23-00).
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7.1 VIcciienoBaHMe MexaHM3Ma pmIaMeHTalIUuM
HaHOCEeKYH/IHOI0 II0OBEPXHOCTHOI0O 0apbepHOro pa3psAana B
asoTe M BO3OyXe

B.P. Coa08veb, HU. KapaBaeba, 1.A. JTucuyvin

MockoBckuit PU3MKO-TeXHYecKUrt MHCTUTYT, HonronpyaHem Poccyis
vic__sol@mail.ru

B c«i1yuae B030OyXxmeHms moBepxHOCTHOro ©OapbepHoro paspsga (I1BP)
VIMITyJIbCAMM BBICOKOTO HampsbkeHMs mjmresibHocThio 20-50 Hc B pabote [1] ObuIO
SKCIepVMeHTaJIbHO OOHapy>XeHO, YTO IIpY HalpsDKeHMsAX B [1eCSTKM KMUJIOBOJIBT U
TIOBBIIIIEHHBIX, O0JIee HECKOJIBKMX aTMOCdep, JaBIeHIsIX a30Ta U BO3yXa B paspse
Ha BpeMeHaX HaHOCEKYHIHOTO AMaria3oHa Ha (poHe KBa3V-OZHOPOIHOTO TOpeHVI
oOpasyloTcsi TOHKMe SPKO CBeTSIIMecss KaHalibl, Ha3BaHHbBIEe (UIIaMeHTaMIL.
[TocrienmosaBmiee B paborax [2-5] sKcrepmMmeHTalbHOE VICCIIeOBaHME CBOVICTB
IUIa3Mbl B 3TUX wIaMeHTaxX I0Ka3asjo, YTO IUIOTHOCTb 3JIEKTPOHOB B HUX Ha 2-3
HopsiZika BbIllle, YeM B KaHaJaX CTPUMepoB, POPMUPYIOMNX KBa3U-OJHOPOIHYIO
MOy pasBUTUS paspsra, 1 OM3Ka K 3Ha4eHMIO JIOKaJIbHOTO TepMOIMHaMIYeCcKOIro
paBHOBeC.

[TomeITKa 0OBACHUTE HaOIIOmaeMoe sBJIeHVE B ClIydae paspsfa B asoTe Ipu
TIOJIOXKUTEJIBHOV  TOJIIPHOCTMI  VIMITyJIbCA IIPVWJIOKEHHOTO HAIpsDKeHMs ObDIa
HpeANpUHATa B paboTe [6], Toe uncieHHBIM MomenvpoBanueM passutus [1IBP B 2D
npubIvoKeHU ObUIO IIOKa3aHo, 4YTO dopMupoBaHMe IOHOOHOV CTPYKTYyphI 3a
BpeMeHa HaHOCeKYHHOIO /MuarasoHa BO3MOXHO B 3asope MexX[y KaHajloM
cTpuMepa u ITOBEPXHOCTBIO AV3IIeKTpYIKa. [TpyauHoMI pa3BUTHA
IPUIIOBEPXHOCTHOIO CJI0d IUIa3Mbl C HapacTarolley IUIOTHOCTBIO 3JIeKTPOHOB U
VIOHOB SBJISIeTCS IOIIOJIHUTEeIbHAs CTyIIeHYaTasl MOHM3alVs BBICOKOBO30Y KIEHHBIX
TEPMOB MOJIEKYJIBI a30Ta, IIPOVICXOIAINAsl Ha TpaHWIle CTpUMepa, OOpaleHHOM K
ITOBEPXHOCTV AMAJIEKTPUKA.

B nannHOM paboTe mIpemIoKeHHBIN B [6] TTOIXO0M, pacIpocTpaHseTcs Ha CIydan
passutusa IIBP B BO3myxe 1 a3oTe Kak IIpM IIOJIOKWUTEJIBHOW, TaK U IIpU
OTpUIlaTeIbHON IIOJIIPHOCTY VIMITyJIbCa IPWIOXKEHHOrO HampsbKeHUs. B Mopeinb
passutns I[1BP ObuT BHeceH psz M3MeHeHUT, Hanboslee CyllecTBeHHbIe 13 KOTOPBIX
KOPPEeKIIMs KOHCTAaHT CKOPOCTM  BO30OYXOeHMs TepMOB MOJIeKyJbl —a3oTa
3JIEKTPOHHBIM yJapoM B 00JIacT pPe3KOro rpajueHTa IUIOTHOCTM 3JIeKTPOHOB,
XapaKTepHOIO I ITPUIIOBEPXHOCTHOV 00OJIacTyt paspsia, W pasfesIbHBI ydeT
KMHeTVKN CYHIJIETHBIX ¥ TPUIUIETHBIX TEPMOB MOJIEKYJIbI a30Ta [IjId Oojlee TOUHOTO
oIVCcaHM IIpollecca CTyIIeH4aToV MOHM3allUN.

B xome unciieHHOro MoAe/IMpOBaHMs U B a30Te, ¥ B BO3[yxe ObUIa II0JTydeHa
HaudajibHast ¢asza QopmupoBaHusl ulaMeHTa B HPUIIOBEPXHOCTHOM 00J1acTu
paspsia Kak ISl IOJIOKUTEeJIbHOV, TaK U jI OTpUIlaTe/IbHO IOJIIPHOCTY paspsiia
npu amiumryge HarapsbkeHus 40 kB u masnenvn seite 6 at™ (puc.l, 2). Ciremgyer
OTMeTUTb, YTO IOJIyYeHHBINI pe3yJbTaT KpaviHe UYYBCTBUTeJIeH K BeJIM4dyHe
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KOHCTaHTBI BO30Yy>XXIIeHMs 3JIeKTPOHHBIX COCTOSIHM MOJIEKYJIbI a30Ta 3JIeKTPOHHBIM
ymapoM. IlompaBka BeMYmMHBI 3TOVI KOHCTAHTBI B OOJIaCTM pPe3KOro rpajyeHTa
IUIOTHOCTM 5JIEKTPOHOB II0 OTHOIIEHWIO K ee 3HaueHWIo0 B IIPpUOIVDKeHUM
JIOKQJILHOTO II0JISI MOXEeT JIOXOIWTD 10 HOPSKa BeJIMYMHBL. YTOUHEeHVe BeJIMYVHbI

3TOVI KOHCTAHTBI TpeOyeT OTIeIbHOIO

aHa/IM3a I MOJTydeHMs OoJlee HaeXHBIX

Pe3yJIbTaToB.
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Pucynox 1. Vckaxenue npunoBepxHocmuoil epauybl cmpumepa 6 cayuae uMnyAsca
noaoxxumenvtot noaaprocmu V=+40 kB; a - 8 asome npu oabaenusx 8 u 4 amm (N=8 u N=4,
coomBemcmbenno), 6 — 6 B030yxe npu 8 amm; x — NOA0XKeHUe CeueHUs 30HbL paspAda
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Pucynox 2. Ilpopusv npunoBepxrocmmotl 301sL paspaoa 6 cayuae uUMnyAsca OmpuyanessHoi
noasprocmu V=-40 kB npu 0abaenuu 6 amm (N=6); a — 6 asome, 6 - 6 6030yxe

ITockosIbKy HOpW  OTpMIIATeJIBHOV IOJIAPHOCTV VIMILyJIbCa HaOpsDKeHVs
OPUIIOBEPXHOCTHBIVI ~ CJIOV  paspsaHOV  IUIa3Mbl € BBICOKMM  3HadeHUEeM
JIEKTPUYECKOr0 IIOJII HaMHOIO TOHBIIlE, YeM B CJIydae CTpuMmepa IIpu
TTOJIOXKUTEJIbHOV ITOJITPHOCTY, TIOJTy4YeHHBIe pe3ysIbTaThbl TPeOyIOT JT0IOITHUTEIbHbBIX
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Studying of mechanism of nanosecond surface dielectric
barrier discharge filamentation in nitrogen and air

Soloviev V.R., Karavaeva N.I., Lisitsin D.A.

Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia
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In the case of a surface dielectric barrier discharge (SDBD) excitation by the 20-
50 ns duration high voltage pulses it was revealed experimentally in work [1], that
for few tens kilovolt voltages and for elevated (4-10atm) pressures in the discharge in
nitrogen and air the thin bright channels were formed in a nanosecond time scale on
the background of quasi-uniform discharge burning. These channels were called
filaments. Further experimental studying [2-5] of the plasma properties inside these
filaments has been shown, that electron density inside filaments is 2-3 orders of
magnitude greater than inside streamer channels forming the SDBD quasi-uniform
mode, and this quantity is close to LTE - local thermodynamic equilibrium.

The attempt to explain this phenomenon in the case of a discharge in nitrogen
at positive polarity applied voltage pulse has been done in [6]. The 2D numerical
modeling of the SDBD evolution has shown that the formation of a similar
filamentary structure in a nanosecond time scale is possible inside a gap between the
streamer channel and dielectric surface because of additional stepwise ionization of
highly excited states of nitrogen molecule. This process occurs at the streamer
boundary faced toward the dielectric surface.

In a current work the developed in [6] approach is expanded to the cases of
SDBD evolution in air and nitrogen both for positive and negative applied voltage
pulses. The model of the SDBD evolution has been upgraded. The most essential
changes are the correction of the rate constants of nitrogen excited states excitation by
electron impact inside a region with steep electron density gradient, typical for near-
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surface layer, and separated description of the nitrogen molecule singlet and triplet
terms kinetics for more accurate description of the stepwise ionization process.

The numerical simulation of the SDBD development in nitrogen and air has
revealed the starting phase of the filament formation inside a near-surface plasma
layer both for positive and negative polarity discharges for applied voltage
amplitude 40 kV and gas pressure greater than 6 atm (Fig.1, 2). It should be noted,
that the obtained result is sensitive to the value of the N2 excited states excitation rate
constant by electron impact. Inside a region with a steep electron density gradient the
deviation of this quantity regarding its value in the local electric field approximation
may achieve an order of magnitude. The problem of more accurate calculation of this
quantity should be solved to get a more reliable result.

For negative polarity voltage pulse the near-surface plasma layer with a high
value of electric field is much thinner than in the case of streamer at positive polarity
voltage. Accordingly, the obtained results need additional checking by the
calculations using finer grid. This is a task for a future investigation.

This work is supported by Russian Scientific Foundation project Ne 22-29-00084.

Figure 1. Distortion of the near-surface streamer boundary in the case of positive polarity pulse
V=+40kV; a - in N, for pressure 8 u 4 atm (N=8 and N=4, respectively), b — in Air for 8§ atm; x —is a
position of discharge cross section

Figure 2. Profile of the near-surface discharge region in the case of negative polarity pulse V=-40 kV
for 6 atm pressure (N=6); a —in N2, b - in Air
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7.2 DKcrlepMMeHTaIbHOE VccilefOoBaHue pa3aesleHns]
XUMWYIeCcKMX 37IEMeHTOB BO PTOP-yIJIepOaHOM IJIa3Me
KaOWUIAPHOIO paspsana

A.C.IMawuna’, A.B.Egpumo8

OObenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccris
“fgrach@mail.ru

HaqubIe " TeXHW4YeCKre IIPVIIOXKEHVA T'a30BOIO paspsilla B OOJIBIIIVIHCTBE
CBOEM CBsI3aHBbI C MHOTOKOMITOHEHTHO Iu1a3Mort. CocTaB TaKoW IUIa3Mbl HE OCTAeTCSI
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OIIHOPOIHBIM W M3MeHsdeTcd KaK B IIPOCTPaHCTBe, TaK M BO BpeMeHN. Ilpumumnon
TOMy siBiIsieTcs Oud@ysms KOMIIOHEHTOB IUIa3Mbl, BbI3blBaeMasl TIpafyeHTamu
KOHIIeHTpaLWy, 1aBjleHs], TeMIlepaTypbl, a TakKKe BHEIITHVM C/IaMM (B 4YaCTHOCT,
3JIEKTPUYECKIIM 0jIeM), KOTOpble B TOVI VIV MHOVI CTelleH! BCeTa IPUCYTCTBYIOT B
yCJIOBVISIX Ta30BOro paspsna [1-3].

[IpoBeneHHBIe paHee WCCIENOBaHMS BBISIBWIN CYIIeCTBEHHOe pasjidvie
MeXTy IPOHOPLIMSAMM XMMWYECKMX 3JIeMeHTOB B IUIa3Me KallUIIPHOro paspsiaa v B
CTeHKe KalulApa, IIPOAYKTHI a0y KOTOPOL SBJISIOTCS OCHOBHBIM VICTOYHVIKOM
IU1a3Moo0pasyromiero Bemlectsa [4,5]. B kauecTBe mMcTo4HMKA IUIa3MO00pa3yoIIero
BeIllecTBa  VICIIOJIb30BAJINICh [IOJIVIMEPBI - IoAUTeTpadTOPATWIEH U
MIOJIVIMETVJIMeTaKpWIaT, - B COCTaB KOTOPBIX, IIOMVMMO YIJIepofa, BXOHAT (pTop U
BOJZIOPO]I, CyIIIeCTBEHHO pa3JIMJarolyecs II0 MaccaM 1 MOTeHIIalaM MOHM3a, HO
HaXOJIsIyecs IIPYMEPHO B OIMHAKOBBIX IIPOIIOPLMSAX IO OTHOIIEHUIO K YIJIEPOy.
[TapameTrpowm, ompenertsommM 3pPeKTBHOCTE IIPOCTPAHCTBEHHOTO paszieleHus U
HallpaBJleHle IIOTOKOB XMMMUYeCKMX 3JIeMeHTOB B 3TMX IUIa3MaxX, OKa3aslach Macca
vacTui. B oboux cilyyasx Jlerkme dYacTUIbl KOHIIEHTPUPYIOTCS B IeHTPaJIbHOM
BBICOKOTEMIIEpaTypHOM  oOJacTV, a  TsDKeJble -  3aepXMBAlOTCI B
HU3KOTeMIlepaTypHOU ItepudepurHon obiactu paspsga. OcobeHHO CIIBHO 3TO
npossigercss B C:H cvmecax. Ecmm crenmenns pasgeneHMs XVMMWYECKMX 3JIeMEHTOB
3aBUICUT OT COOTHOIIEHMs MX Macc, TO OAHVM W3 JIOMMHMPYIOIIMX MeXaHW3MOB
pasnesieHns, IO-BUAMMOMY, sBisieTcss TepMoanddys3ns aToMapHBIX YacTWIl,
HalWwIy4dllle YCJIOBUS I IPOTeKaHMs KOTOPOV CKJIabIBAIOTCS BOJIM3M CTEHKU
KallWwUIdgpa, TAe IpafgMeHT TeMIlepaTypbl JOCTUraeT 3HAUUTeIbHbIX BenduH (~10
eV/mm wu Oosee). DTn mcciaenoBaHusl ObUIM IIPOBEIEHBI B TOM OrpPaHNYEHHOM
Ayalia3oHe SHEProBKIAZOB ¥ AMaMeTpOB Kallwuldpa, B KOTOPOM yHaBaJloCh
OCyIIIeCTBUTb Ha[leXXHOe CIIeKTpaJIbHOe OIlpellejieHe JIOKJIbHBIX 3HadeHUN
TeMIlepaTyphl 1 KOHIIEHTpaIlMV 3JIeKTPOHOB IUIa3MBbL. B 3TMX yC/IOBMSIX BO3MOXKHBIV
BKJIQ[l Apyrux Aud@y3MOHHBIX MeXaHW3MOB, TaKMx KaK KOHIIeHTpallMOHHas,
amOumnorngpHas muddysus mn auddysms 3a c4eT CWI  TpeHMs, OKasascs
TpyOHOpasIMdMM Ha (¢OHe 3SKcIepuMeHTajlbHO HabOiromaemoro — sddexra
pasesieHns, KOTOpoe, BepOSTHO, HauMHaeTcsd Ipu TepMoamnddysmm aToMapHBIX
JacTuIL BOJIM3YL CTeHKN KalvuuIspa.

Llenpio JaHHOTO 3Tama paboTHI SBWIOCH KCIIEPVIMEHTAIIBHOE YCTAHOBJIEHVIE
V3MeHeHIs XapaKTepa [IPOCTPaHCTBEHHOIO paclpeie/leHNs XUMIYecKX 3JIeMeHTOB
B IUla3Me KallWUIIPHOIO paspdda B paclIMpeHHOM [IMalla3oHe W3MeHeHMs
MOIITHOCTM paspsia M AuaMeTpa Kamwulipa. B kadecTse MaTepuasia KamwuIspa
BbIOpan nonurerpadTopaTiieH (CF2)n. [JaHHBII BBIOOp OOyC/IOBIIEH TeM, YTO, B
OTJIMuMe OT BOIOPOI-YIJIEPOAHOV CMecH, MAeVICTBUe TepMoAuddy31MOoHHOTO
MexaHM3Ma pasfeleHNsl aTOMapHbIX YacTHLl BO (PTOP-YIJIePOIHON CMeCcH BhIpaskeHO
cj1abee BeilenicTBMe OnMM3KMX Macc dTopa UM yIjlepoda. DTO MOXeT IIOMOYb
BBISIBJIEHVIO JPYTVIX MeXaHM3MOB AndPy31MOHHOTO pasiesieHIs CMeCH.

Ha ocnHoBe 3apermcrpupoBaHHbIX 2D CIeKTpoB w3IydeHMs IDUIa3MEHHO
CTpyM B CeudeHWV, IPUMBIKAIOIIeMy K Cpe3y Kalwulspa, ObUIM yCTaHOBJIEHBI
paauasibHble IpOdWIN OCHOBHBIX IUIA3MEHHBIX IIapaMeTpoB (KOHIIEHTpalluu U
TeMIlepaTypbl JIEKTPOHOB) ¥ MOJIbHBIX J0jIeil pTopa M yIjlepofda B AMarasoHe
yoernbHOM MoIHocT paspsiga q=10-100 kW/mm?. YcraHOBI€eHO, YTO MOJIBHOE
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COOTHOIIIeHMe ¢Topa M yIjlepoja CYLIeCTBEHHO OTIMYaeTcsd OT VCXOHOM
MNPONIOPLIMY 3TUX 3j1eMeHTOB B cocTaBe moymmMmepa (CFz)n, mocturas sHaueHwm
xc:xp=9:1 B BBICOKOTEMIIEpaTypHOW IIeHTPaJIbHOV 30He paspsga (pucyHoK 1).
CuibHee Bcero IpoHoOpIMS WM3MeHsieTcs B HepudepuitHOM o0sacTii, B KOTOPOW
HaOrofaeTcss OBICTPBINT POCT MOJIBHOW IIOJIV yIJIepofa IIPV COOTBETCTBYIOIIEM
CHVDKeHUM MOJIBHOVI J1o/Int TOpa 110 HallpaBJIeHMIO K IIeHTpy paspsna (kpusas 1 Ha
pucynke 1la). Bmbke K IeHTpaJbHOWM 30He 3TOT IIpollecC ocjlabeBaeT U, B
3aBMICVIMOCTV OT MOIIHOCTV paspsfa M pa3sMepoB KallluIsApa, MOXeT ITPOSIBIIATbCI
oOpaTHasi TeH[eHIIVs, BbIpakarolasicsl B MI3MeHeHU MOJIbHOVI IIPOIOPLUN B IIOJIB3Yy
dropa (xpussle 2 n 3 Ha pucyHke la). [Iprdem, n3MeHeHVIe XMMITIECKOTO COCTaBa B
LIEHTPaJIbHOM 00JIacTM IIPOMCXOOUT HepaBHOMEpPHO. bBricTpee Bcero msMeHeHUe
MOJIBHOVI IIpONOPLMM HPOWUCXOAUT Ha MABYX IIPOCTPaHCTBEHHO-pasHeCeHHBIX
yJacTKax pajinyca, OfViH 13 KOTOPBIX IIPUIMBIKaeT K nepudepuimHon 30He, a BTOPO
- K LIeHTpy paspsaga. IIpu 3ToM, M3MeHeHVe MOJIBHOTO COOTHOIIEHWS B IIOJIBb3Y
dropa compoBoXIaeTcss POCTOM TeMIlepaTypbl 3JIeKTPOHOB (PUCYHOK 1b).
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Figure 1. Radial distributions of (a) the molar fraction of fluorine and (b) the electron temperature
obtained by the method of relative intensities of the C I 657.8, 658.3 nm and C Il 678.4 nm lines for
different values of the specific discharge power q and capillary diameter d:1 — g=55 kW/mm?, d=1.4
mm; 2 — q=33 kW/mm?2, d=1.8 mm, 3 — g=24 kW/mm?, d=2.1 mm.

Ci1oxHBIVI  XapakTep pacipefereHuss d¢Topa W yIjepona, IIpOHOpIA
KOTOPBIX MOXET W3MEeHSThCS KaK B OJHY, TaK M B [PYIyIO CTOPOHY, SBJIAeTCH
IIPU3HAKOM TOTI'O, UTO B pase/IeH/V CMeCH 3aJleVICTBOBaHO HeCKOJIBKO Pa3JIMYHBIX 110
npupope AUd@PY3MOHHBIX IIPOLIECCOB, KOHKYpPEeHIIMsS KOTOPBIX, MO-BUAMMOMY, U
olrpepessieT BeJIMYMHY M XapaKTep M3MeHeHWsl 3TOr0 COOTHOIIIeHV s, B 3aBMUCUMOCTI
OT IIapaMeTpOB W COCTOSHMS IUIa3Mbl B JIOKaJIbHOM 00JIacT¥ HPOCTpaHCTBA.
CornocTasiisisi HOTyYeHHble B XOfe KCIlepyMeHTa IIpod I MOJIBHOM 1011 pTopa 1
PaBHOBECHBII ~ COCTaB  IUIA3Mbl, MOXHO  BBIAEJIUTh Hamboslee  3HaYMMBIe
anuddy3MoHHBIe IIPOIIeCChl, CIOCOOHBIE CYIIEeCTBEHHO W3MEHUTh COOTHOIIIeH!e
dTopa n yriepona B perMcTpupyeMoM JualiasoHe TemiliepaTyp. B mepudepuiiaon
30He, XapaKTepusyomlevics BBICOKMM TIpaJVieHTOM TeMIlepaTyphbl, OCHOBHBIMI
MexaHM3MaMM, CIIOCOOHBIMM OOecIleunTh WM3MeHeHVe MOJIBHOIO COOTHOIIEHMS B
MacIrTabax 3KcIeprMeHTaJIbHO HabJItoj1aeMbIX BeJIMYMH, MO-BUAVMOMY, SIBJISIOTCH
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tepmoanddysug napsl [C]:[F] n maper [C*]:[F]. boike x HenTpy, mo Mepe pocra
TeMIlepaTypbl M CTelleHV VMOHM3aluM (pTopa, HOBBIIIAETCS POJib TepMoanddysum
maper  [C*]:[F*], cmocoOHOV oOecrieunTh COIIOCTaBMMBlE II0 BeJIMYMHE, HO
MIPOTMBOIIOJIOKHBIE M0 3HaKy, IIOTOKM 4YacTull. B ToM ke HampaBIeHUN AeVICTBYeT
TemIlepaTypHas oudysus [4], KoTopasi B TeMilepaTypHoM nHTepBaie 1~1.4-2.0 eV,
3a c4eT AucOasiaHca CUJI TpeHMs MeXAy dacTtuiiamy, Bxopgiivu B napsl [CH]:[F] n
[C*]:[F*], crtocobHa obecrieunTh com3MepuMble ITOTOKM 4YacTuil. [IBa MOCIeTHMX
Ipollecca, IIO-BUAVIMOMY, SIBJISIIOTCSI OCHOBHBIMM (PaKTOpaMy, KOTOpble CHadasla
IPUBOAAT K 3aMeJJTIEHVIO HauaBIIIerocs B IIepudepuiHON 30He pasiesIeHNs], a 3aTeM
U K MI3MEeHEeHNIO MOJIBHOTO COOTHOIIIeHNs B LIeHTPaJIbHOV 00J1acTy B T10J1b3y pTOpA.
DTOMy >Xe MOTYT criocobcTBoBaTh Anddysmst 3a cueT rpagyieHTa MOJIBHBIX IOJIen
OTHEeIPHBIX KOMIIOHEHTOB IUIa3Mbl 1 aMOvmosgpHas anuddysmus [3]. DTu mporieccst,
TIO-BUIVIMOMY, BHOCSIT OCHOBHOW BKJIa B (POpMMpOBaHME CIIOXKHOW KapTUHBI
panuMasIbHOTO pacIpefesleHns] XUMMUUYeCKUX 3JIeMEeHTOB BO (PTOp-yIJIepOIHOMI
IIa3Me, II0JTy4aeMOov ¢ IIOMOIIBIO KallVUISIPHOTO pasps/a.
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Experimental study of demixing in C-F plasma produced in a
capillary discharge

A.S.Pashchina®, A.V.Efimov
Joint Institute for High Temperature RAS, Izhorskaya 13/2, Moscow, 125412
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Scientific and technical applications of the gas discharge are mostly associated
with multicomponent plasma. The composition of such plasma does not remain
uniform and varies both in space and in time. The reason for this is the diffusion of
plasma components caused by concentration, pressure, temperature gradients, as
well as external forces (in particular, an electric field), which are always present in a
gas discharge [1-3].

Previous studies have revealed a significant difference between the
proportions of chemical elements in the capillary discharge plasma and in the
capillary wall, whose ablation products are the main source of the plasma-forming
substance [4,5]. Polymers - polytetrafluoroethylene and polymethylmethacrylate - are
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used as the sources of the plasma-forming substance, which, in addition to carbon,
include fluorine and hydrogen, whose masses and ionization potentials differ
significantly, but they proportions with respect to carbon are approximately the
same. The parameter that determines the efficiency of spatial separation and the
direction of fluxes of chemical elements in these plasmas was the mass of particles. In
both cases, lightweight particles move toward the central high-temperature region,
while heavy ones are retained in the low-temperature peripheral region of the
discharge. This is especially pronounced in C-H mixtures. If the demixing degree
depends on the ratio of the particle masses, then the one of dominant demixing
mechanism, apparently, is the thermal diffusion of neutrals, the best conditions for
which occur near the capillary wall, where the temperature gradient reaches
significant values (~10 eV/mm and more). These studies were carried out in those
limited range of energy inputs and capillary diameters in which it was possible to
reliably determine the local values of the plasma temperature and electron number
density. Under these conditions, the possible contribution of other diffusion
mechanisms, such as concentration, ambipolar diffusion, and diffusion due to
frictional forces, turned out to be difficult to distinguish against the background of
the experimentally observed strong demixing effect, which probably begins during
thermal diffusion of atomic particles near the capillary wall.

The purpose of this work was to experimentally determine the change in the
nature of the spatial distribution of chemical elements in the plasma of a capillary
discharge in an extended range of the discharge power and capillary diameter.
Polytetrafluoroethylene (CF2), was chosen as the capillary material. This choice is
due to the fact that, in contrast to a hydrogen-carbon mixture, the thermal diffusion
effect in a fluorine-carbon mixture is less pronounced because the close masses of
fluorine and carbon. This may help to identify other demixing mechanisms.

Based on the recorded 2D emission spectra of the plasma jet in the cross
section adjacent to the capillary outlet, the radial profiles of the main plasma
parameters (electron number density and temperature) and the mole fractions of
fluorine and carbon were established in the range of the specific discharge power
g=10-100 kW /mm?. It has been established that the molar ratio of fluorine and carbon
differs significantly from their initial proportion in the polymer (CF2),, reaching the
values xc:xr=9:1 in the high-temperature central zone of the discharge (Figure 1). The
proportion changes most strongly in the peripheral region, in which there is a rapid
increase in the mole fraction of carbon towards the center of the discharge, with a
corresponding decrease in the mole fraction of fluorine (plot 1 in Figure 1a). Closer to
the central zone, this process weakens and, depending on the discharge power and
the size of the capillary, an opposite trend may appear, which is expressed in a
change in the molar proportion in favor of fluorine (plot 2 and 3 in Figure 1a).
Moreover, the change in the chemical composition in the central region is non-
uniform. The fastest change in the molar ratio occurs in two spatially separated
domains, one of which is adjacent to the peripheral zone, and the second - to the
discharge center. At the same time, a change in the molar ratio in favor of fluorine is
accompanied by an increase in electron temperature (Figure 1b).

The complex nature of the distribution of fluorine and carbon, whose
proportion can change both in one or another direction, is a sign that several
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diffusion processes of different nature are involved in the demixing, whose
competition, apparently, determines the degree and nature of the change in the
mixture composition, depending on the parameters and state of the plasma in the
local spatial domain. Comparing the profiles of the fluorine mole fraction obtained
during the experiment and the equilibrium composition of the plasma, we can
identify the most probably diffusion processes that can significantly change the ratio
of fluorine and carbon in the recorded temperature range. In the peripheral zone,
characterized by a high temperature gradient, thermal diffusion of the [C]:[F] and
[C*]:[F] pairs can be considered as the main mechanism, which can provide a change
in the molar ratio in the experimentally observed scales of magnitude. Closer to the
center, as the temperature and the degree of ionization of fluorine increase, the role
of thermal diffusion of the [C*]:[F*] pair increases, which can provide particle fluxes
comparable in magnitude, but opposite in sign. Temperature diffusion [4] acts in the
same direction: in the temperature range 7T~1.4-2.0 eV, due to the imbalance of
frictional forces between the particles included in the [C*]:[F] and [C*]:[F*] pairs, it is
able to provide commensurate particle fluxes. The last two processes, apparently, are
the main factors that first lead to a slowdown in the demixing that began in the
peripheral zone, and then to a change in the molar ratio in the central region in favor
of fluorine. This tendency can also be facilitated by diffusion due to the gradient of
the mole fractions of individual plasma components and ambipolar diffusion [3].
These processes, apparently, make the main contribution to the formation of a
complex pattern of the radial distribution of chemical elements in a fluorine-carbon
plasma produced by a capillary discharge.

1. Zhdanov V.M. Transport processes in multicomponent plasma. New York-London:
Tailor & Francis, 2002. 296 p.

2. Murphy A.B. Diffusion in equilibrium mixtures of ionized gases // Phys. Rev. E. 1993.
Vol. 48, Ne 5. P. 3594-3603.

3. Murphy A.B. Demixing in free-burning arcs // Phys. Rev. E. 1997. Vol. 55, Ne 6. P.

7473-7494.

4. Pashchina A.S. Demixing in the plasma created in capillary discharges with polymeric
wall // J. Phys. Conf. Ser. 2021. Vol. 2100, Ne 1. P. 012002.

5. Pashchina A.S. On the reasons of spatial heterogeneity of the plasma chemical
composition in ablation controlled discharges // J. Phys. Conf. Ser. 2020. Vol. 1698, Neo
1. P. 012008.
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7.3 IEnumanus paspsiga B XKMAKOCTH yJIbTPa3ByKOM

A.C.Bapviunuxob', A.A.I'py30k0862

ldusuko-Texumgecknit mHCTUTYT UM.A.D.Modde, Cankr-IlerepOypr, Poccums
?Texnoormueckun yHusepcureT CaHkT-IletepOypr, Poccusa

KaBT/ITaLH/IOHHBIe SIBJIEHVIA B XKUIOKUIX CpedaX, KaK 1 TBEPABIX TeJlaX, OKa3bIBalOT
CymeCcTBEHHOE BJIVIXIHME Ha q)T/IST/I‘IeCKT/Ie CBOVICTBa cpen. DTO CBsI3aHO C TeM, 4TO
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KaBUTaILMsI IIPUBOAUT K Pe3KOMY CXOXIEHWIO ITy3bIpbKa. CXoXIeHMe ITy3bIpbKa,
«CXJIOIIBIBaHIE», COIPOBOXIAETCS KyMYJIATUBHBIMI SIBJIEHMSIMI: BO3pacTaHVeM
TeMIlepaTy Pl 1 JaBJjIeHNs B LIeHTpe My3blpbKa, YTO IPUBOANUT K Py PU3MIecKmX
gBJICHUI, HaIpuMep, JIIOMUHECIIeHINM, XUMIYeCKOMY pa3jIoKeHMIO MOJIeKYJI
KVIKOCTV M MoHM3armu [1].

M1t onvicaHMsl OVMHAMMKY OJVHOYHOIO ITy3bIpbKa B JKMIKOCTW VICIIOJIb3yeTCs
ypaBHeHMe Pajiesi, KoTopoe Ipu yuéTe yibTpa3ByKa IlpeoOpasyeTcsi B ypaBHeHVe
Homnrruara-Henmaripeca 1moOasiieHveM B CBOOOAHBIVI WieH —II€PUOAMYECKOrO
JaBjIeHVs 3BYKOBOVI BOJIHBI [2], TaK KaK XXMAKOCTb cUMTaeTcss HecknmaeMort. Ecim
YUYUTBIBATh CKVIMAeMOCTb, TO BHYTPV XXIMIKOCTY BHe My3bIpbKa pellleHle iMeeT BUL
Oeryier BOJIHBI, TaK KaK ypaBHEHVe COXpaHeHMs MaTepum IIpeobpasyercs B
BOJIHOBOE ypaBHeHMe. B XMIKOCTM CKOPOCTb pacHpOoCTpaHeHVs 3BYKOBOWV BOJIHBI
HaMmHoro Oosibille, ueM B rase (B Boge 1500 m/c). ITosToMy 3amep’kka IIOsIBJIEHMS
BOJIHBI Ha [IOCTATOYHO OOJIBIIIOM pacCTOSHUM He CYIIeCTBEeHHO CKaXeTcsl Ha
pellleHMM ypaBHEHMs paclpocTpaHeHMs 3ByKa. TakuMm oOpasoM, Ha pacCTOSHMSIX
Ooslee IMHBI 3ByKOBOV BOJIHBI pellleHVe OBVDKeHMS XMUIAKOCTM BOJIM3M ITy3bIpbKa
HY)KHO ICKaTh B FapMOHIYECKOM Bufe. IIpm 3ToM ckopocTh OBVDKEHMS KMIKOCTU
BHe ITy3blpbKa mMeeT Bua: V=Vocos(®t), Tak Kak CKOpocTb V [IO/DKHa HelpepbIBHO
IIepexoanTb B CKOPOCTb B HECXKVMMaeMOW XMIKOCTH, Vo, KOora 4acToTa 3BYKOBOTO
rosrst ®=0.

B sTom pabore mnpenmnosiaraeTcss Masiass KOHIIEHTpalMsl ITy3bIPBKOB, YTO
CHIDKAaeT BepOATHOCTb MexaHW3Ma CJIMSHMS —IIy3bIPpbKOB, paccMaTpuBaeTcs
OIVHOYHBIV ITy3bIpeK. Ily3bIpek B JXKMIKOCTM VCIIBITBIBA€T pacTsDKeHMe U CKaTue
BHYTPU 3BYKOBOW BOJIHBEL [IyaMeTp IIy3bIpbKa CUMTAETCs TOpasfgo MeHbIIle JINHBI
3ByKOBOVI BOJIHBL. YUWMTBIBaeTCS BA3KOCTb XMOKOCTU. [duddysms m mcnapeHne Ha
TIOBEPXHOCTV IIy3BIpbKa B 3TOV IIOCTAaHOBKe He yumThIBaloTcs. [loBTOpsisi BBIBOA
ypaBHeHIs Pases, moydaeM ypaBHeHMe:

+sin(ot) iR +
Oy

5
R, )\ @R,

4 R,

-3y .

n pO pvezip n 220- g (&J_ po 2pv:2,1p n 220 g E n 4V2 Cos(a)t)(&j R =0
o’pR, @ pR;\R pRiw* o’ pR’ |\ R, R

1+cos(2at) |( R

cos(at) R +| 2cos(at)—
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Ro - HavayibHBIVI paguyc Iy3bIpbKa, ®=21f (f — 4dacToTa), P — IUIOTHOCTbH
XWVAKOCTY, po — BHEIIHee [aBJIEHWE, Pugpy — HaBJIeHVe IIapoB B IIy3bIpbKe, O —
IIOBEPXHOCTHOE HaTsDKeHMe Cpellbl, V — KMHeMaTuJdecKasl BI3KOCTb, Y — OTHOIIIeH!e
yOeJIbHBIX TeIUIoeMKOcTell. B kaudecTBe Oe3pasMepHBIX IlepeMeHHBIX Oepetcs
OespasmepHoe Bpemsa t' = wt u OespasMmepHbi paguyc r = R/Ro. bespasmepHas
CKOPOCTBH TPAHMITHI My3bIpbKa o = Up/ Row, yckopenwe tip = Up/ Row?. Bespasmeproe
IIOBEpXHOCTHOe HaTsDKeHMe IIoJIydaeTcsd Ipu JIejleHnn ee Ha p@’Ro®, maBiieHns — Ha
P®w2Ro? , KMHEeMaTNYeCKOV BA3KOCTI — Ha @WRo?.

B ommmume ot ypasrHenuss Hosnrmara-Henmaripeca B cBoOomHOM wieHe Ipu
BBIBOZIe He BO3HMKAaeT BBIHYKHAIoIas CiUla B BUE 3BYKOBBIX KojeOaHWMV BHYTpM
My3bIpbKa: pmsin(ot). s mossmeHus AyHammdecknx >3@d@eKToB HeobOXommmo
3a7laBaTh Ha4yaJIbHYIO0 CKOPOCTb I'PaHMUIIBI ITy3bIPBbKA, U, KOTOpas BO3HMKAeT BMeCTe C
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caMVM pacTsDKeHVeM ¥ cKaTueM XXUIKOCTV B 3ByKOBOM Itosie. CKOpOCTh I'paHMIIbI
oIperiesIsIeTCsl aMIUIUTYAON HaBjIeHVsI B 3BYKOBOVI BOJIHE Py : OObeMHOV 3Hepruen
pacTsDKeHMs M CKaTus XXVIKOCTY B BOJIHe, KOTOpasl IOJDKHA OBITh paBHA OOBEMHOT
SHepPIrUM IBVDKeHVS TPaHUIIbI Ty3blpbKa: pUo?/2.

TounocTs MeToma pacueTa IIOATBepXKOaeTcs CpaBHEHMEM C IIPeXHUMU
pacderammu ypaBHeHum Honrunra-Henmaripeca kosieOGaHuii  mysblpbKa —HOpu
BO31IencTBUM yibTpasByKa [3]. Tak kak Iipm crapien rnpowussogHout B (1) mmeeTcs
wleH, oOpamarommiics B HOJIb IIpu t'=1m/2, mpu OOJBIIOM IIIare pacyeTbl
JeMOHCTPUPYIOT HeycTomumBocTh. IIpu yMeHblIeHuu 1miara B 2 pasa (Hopsaka
MIWUIMOHA IIIarOB 3a eOMHWYHOEe BpeMs), pelleHne CTabwmsupyeTrcs, HO
oOHapyXmnBaeT pas3/IM4HOe IOBeeHMe B 3aBUCHMOCTM OT YacTOTHI YJIbTPa3ByKa.
[TpudeM 3TO IPOMCXOOUT Jake IIPU MaJIOM M3MEHEeHWM YacTOTHI yJIbTpasByKa. Tax
npu vactote f = 15.5 kI'1] B KpUTUYecknit MOMeHT Oe3pasMepHOIo BpeMeH!, PpaBHOIO
11/2, 6e3pasMepHON CKOpOCTHU pacTsbkeHms ug = 104 1 pasmepe mysbipbka Ro = 10-°m
Iy3bIpeK WCIIBIThIBaeT peskoe cxoxaeHue. IIpu gacrore xe f = 16 kIl mysbIpek
pe3ko pacmmpsiercsa. Takoe pasHoe IoBefleHMe ITy3bIpbKa IIpy OJIM3KMX YacTOTaX
yOalIoch OOBACHWUTH TeopeTwdecku. IIpomcxommr cBoeoOpasHBII — pe30HAHC
Kosie0aHMM 3ByKa 1 COOCTBEHHBIX KOJIeOaHMII ITy3bIphKa.

B peampHOCTM 3ByKOBBle KOJIeOaHVIS IPENCTABIIAIOT COOOV TPYyHIly BOJIH
Omskmx dactor. [losToMy CTONIB pe3Kmii mepexor OT CXOXIEeHMS K PacIIMpeHVIO
Iy3bIpbKa ¥ HAOOOPOT [IOJDKeH MHPMBOAUTE K TOMY, UTO IPU HEKOTOPBIX CpeHe-
IPYIIIOBBIX YacTOTax MMeeT MeCTO WM paclIMpeHMe ¥ CXJIONbIBaHMe IIy3bIPbKOB
OTHOBPEMEHHO, YTO CIIOCOOCTBYeT BO3HMKHOBEHWIO ra3000pasHbIX Cpell C BHICOKO
TeMIlepaTypoW, IUIasMbl. Eciii 3To mpoucxoguT B 3JIeKTPUUYecKOM IIoJjie, TO MOXXeT
BO3HVKHYTB JIEKTPUYECKUI pa3psifl, BBICOKOV MHTeHCMBHOCTI. EcTb cBefeHwms, 4To
TIOIOOHEIN paspsy HabmonaeTcs B okcrepumenTe [4]. OObsacHeHNs 3TOMY 3P PEKTy
IIOKa He VIMeeTCsl.

° 16kHz

: t 115.5kHz

000 025 050 075 100 125 150 175 200

Pucynox 1. Kauecm8enno pasnoe nobederue despasmeproeo paouyca nysvipvka 8 3abucumocmu om
uacmomol yavmpasByxa npu 0ocmuxenuu Kpumueckoeo bespasmepHozo Bpemenu /2.

1. Xwuwr, K., bambep, [Ix., Tep Xaap, I'. pen. YiabTpassyk B Menuiiyae. Pusydeckyie OCHOBBI
npumMenenv. Iep. ¢ anmt. M.:®@usmamint, 2008. 544c.

2. Noltingk B.E., Neppiras E.A.//Cavitation produced by ultrasonics. Proc. Phys.Soc. 63B.
C.674—685. 1950.
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Initiation of discharge in liquid by ultrasound

A.S.Baryshnikov!, A.A.Gruzdkov?

Hoffe Institute of Physics and Technology
2Technological University, St. Petersburg

Cavitation phenomena in liquid media, as well as solids, have a significant
impact on the physical properties of media. This is due to the fact that cavitation
leads to a sharp convergence of the bubble. The convergence of the bubble,
"collapse", is accompanied by cumulative phenomena: an increase in temperature
and pressure in the center of the bubble, which leads to a number of physical
phenomena, for example, luminescence, chemical decomposition of liquid molecules
and ionization [1].

To describe the dynamics of a single bubble in a liquid, the Rayleigh equation
is used, which, when taking into account ultrasound, is transformed into the Nolting-
Neppires equation by adding a periodic pressure of a sound wave to the free term
[2], since the liquid is considered incompressible. If compressibility is taken into
account, then inside the liquid outside the bubble, the solution has the form of a
traveling wave, since the matter conservation equation is transformed into a wave
equation. In a liquid, the velocity of propagation of a sound wave is much higher
than in a gas (in water 1500 m/ s). Therefore, the delay in the appearance of a wave
at a sufficiently large distance will not significantly affect the solution of the sound
propagation equation. Thus, at distances longer than the sound wave length, the
solution to the motion of the liquid near the bubble must be sought in a harmonic
form. In this case, the velocity of the liquid outside the bubble has the form: V =
Vocos(wt), since the velocity V must continuously change into velocity in an
incompressible fluid, Vo, when the frequency of the sound field o = 0.

In this work, a small concentration of bubbles is assumed which reduces the
probability of a bubble fusion mechanism, a single bubble is considered. A bubble in
a liquid experiences stretching and compression inside a sound wave. The diameter
of the bubble is considered to be much smaller than the wavelength of the sound
wave. The viscosity of the liquid is taken into account. Diffusion and evaporation on
the bubble surface are not taken into account in this formulation. Repeating the
derivation of the Rayleigh equation, we obtain the equation:

o ] 2 o 2]

-3 .
] PP 20 (&]— Po” P, 20 |[R 7 + COS(a)t)(& R -0
a)szOz o’ pRS\ R PR’ a)sz: R, oR; R )\ R,

82




WSMPA H 2023

Ry is the initial radius of the bubble, w=2mf (f is the frequency), p is the density
of the liquid, po is the external pressure, pup is the vapor pressure in the bubble, o is
the surface tension of the medium, v is the kinematic viscosity, y is the ratio of
specific heat. The dimensionless time t' is taken as dimensionless variables ot and the
dimensionless radius r = R/Ro. The dimensionless velocity of the bubble boundary uo
= Uy/Row, acceleration 1y = Uy/Row?. Dimensionless surface tension is obtained by
dividing it by p@?Ro3, pressure — by pw?R¢?, kinematic viscosity — by ®R¢?.

Unlike the Nolting-Neppires equation, there is no driving force in the form of
sound vibrations inside the bubble in the free term: p,: sin(wt). For the appearance of
dynamic effects, it is necessary to set the initial velocity of the bubble boundary, uo,
which occurs together with the very stretching and compression of the liquid in the
sound field. The velocity of the boundary is determined by the pressure amplitude in
the sound wave pn : the volumetric energy of stretching and compression of the
liquid in the wave, which should be equal to the volumetric energy of movement of
the bubble boundary: pUp?/2.

The accuracy of the calculation method is confirmed by comparison with
previous calculations of the Nolting-Neppires equations of bubble vibrations under
the influence of ultrasound [3]. Since for the highest derivative in (1) there is a term
that turns to zero at ¢ =11/2, with a large step, the calculations demonstrate instability.
When the step is reduced by 2 times (about a million steps in a single time), the
solution stabilizes, but detects different behavior depending on the frequency of
ultrasound. Moreover, this happens even with a small change in the frequency of
ultrasound.

Thus at a frequency f = 15.5 kHz, at the critical moment of a dimensionless
time equal to 1/2, a dimensionless stretching velocity uo =10+ and a bubble size R =
10->m, the bubble experiences a sharp convergence. At a frequency of f =16 kHz, the
bubble expands dramatically. Such a different behavior of the bubble at close
frequencies could be explained theoretically. There is a kind of resonance of sound
vibrations and natural vibrations of the bubble.

In reality, sound vibrations are a group of waves of similar frequencies.
Therefore, such a sharp transition from convergence to expansion of the bubble and
vice versa should lead to the fact that at some medium-group frequencies there is
both expansion and collapse of bubbles simultaneously, which contributes to the
emergence of gaseous media with high temperature, plasma. If this happens in an
electric field, then a high-intensity electric discharge may occur. There is evidence
that a similar discharge is observed in the experiment [4]. There is no explanation for
this effect yet.

Figure 1. Qualitatively different behavior of the dimensionless bubble radius depending on the
ultrasound frequency when the critical dimensionless time /2 is reached.

1. Physical Principles of Medical Ultrasonics. Ed. C.R.Hill, Ellis Horwood Limited
Publisher - Chichester Halsted Press: a division of John Wiley and Sons, N.-Y. -

Chichester - Brisbane - Toronto, 1989.
2. Noltingk B.E., Neppiras E.A.//Cavitation produced by ultrasonics. Proc. Phys.Soc. 63B.
C.674—685. 1950.
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7.4 BivsiHMe cONIpOTMBIIeHMs IJIa3Mbl Ha pe3yJIbTaThbl
nsMmepeHnit GPPOD 1 JI0KaJIBHBIX MAKPOCKOIIMYECKMX
IapamMeTpoB 30HA0M JIeHrMIOpa

C H. Anodpeeb!, A.B. bepnayxuu', HA. Iamxo'?, U.B. Kouemo8'?,
B.B. Jlaeyno8', B.H. Ouxkun
Idusyrgeckmit HCeTUTYT M. [T.H. JTebennesa PAH, Mocksa, 119991 Poccust
2T'ocymapcTBeHHBIVI HayuHbIN IeHTp PO “Tponiiknit MHCTUTYT MHHOBAIIVIOHHBIX 1
TepMosTIepHbIX MccirenoBanmit’, Mocksa, Tpourik, 108840 Poccust
*ochkinvn@lebedev.ru

VIsmepeHMsAM XapaKTepUCTMK IUIa3Mbl C IIOMOIIBIO 30HIOB JleHrmiopa u
aHaJIV3y TOYHOCTY IOJIyYeHHBIX C VX TIOMOIIIBIO pe3ysIbTaTOB IIOCBAIIEeH psifl, cTaTen
v MoHorpadwum (cMm., Hampumep, [1-3]). Llentbro HacTosen paOOTHI sIBjIsIeTCs aHAIN3
BIIVIIHMSI KOHEYHOI'O COIIPOTMBJIEHMsI IUIa3Mbl MeXIy 30HOOM W OHIOPHBIM
3JIEKTPOZIOM Ha TOYHOCTB M3MepeHMs IIoTeHIMala wiasMel, PPDD, KoHIleHTpanmy 1
cpedHey SHepruym 3JIeKTPOHOB B IDIasMe TJIElOIero paspsga B Telnuu
IPVIMEHUTEIPHO K 9KCIIePMMEHTaJIbHBIM YCIOBMSM paspsiia C IIOJIBIM KaToaoM [4].
[Tpn mosrydeHMm BompTamIiepHou xapakrepuctuky (BAX) soHma HeoOxomym BTOpot
JIeKTPOJI, KOTOPBIV HasblBaeTcs OIIOPHBIM. YacTh HamIpsbKeHWs, I10JaBaeMOro B
V3MEPUTEIIbHYIO 1lellb 30Ha, MajaeT Ha npusoHmoBoM aioe (BAX xortoporo
HeJlMHeVIHasi), a [Opyras - Ha IvlasMe (c conpoTusileHMeM Rpl), pacriosnoxeHHOV
MeX]Ty 30HIOM ¥ OIIOPHBIM 3JIeKTpoIoM. B paborax [1-3] mokasaHo, 4ToO, ITapameTp,
XapaKTepu3yIOIMiI WCKaXXeHMsI 3a C4eT KOHEYHOIO COIIPOTMBJIEHMs ILIa3Mbl
npornopumoHaiteH r/le, rme r - pagmyc 30HAA, le - mIMHOM cBOOOAHOTO IIpOoOera
3JIeKTPOHOB.

Ecm m3Bectrna BAX 30Hma, To Tak HasbpiBaeMoe amddepeHIMaIbHOE
COIIPOTUBIIEHNE TIPU30HIOBOTO CJIOS MOXeT OBITh BBIUMCIIEHO KakK Ry =dU/dl [1-2].
11 pacueTa 3TOV BeJIMUMHBI MBI VMCIIOJIB30BaIM BeJIMUMHY OOpaTHYIO 3HAUYeHUIO
pe3yiibTaTa MHTETPUPOBaHMS IO HAITPSDKEHVIO M3MEPEHHOV BTOPOVI ITPOV3BOIHOV
d?l/dU2. TloydeHHas TakMM 0OpasoM 3aBUCUMOCTb Ry OT HampsDKeHMs Ha 30He
IOKa3aHa Ha pucyHKe 1 cIUIOIIHOV cuHen KpwBowm. IIpu3oHmoBoe conpoTuBiieHe
MMHVMaJIPHO B TOYKe paBeHCTBAa HaIIpsDKeHMs Ha 30HIe IIOTeHIMasly IUIa3Mbl U
cocrapister 8.1 xOwm. IlyHkTuMpHOM JMHMeN 1OKa3aHO AuddepeHIaIbHOE
IIPU30HI0OBOE COIIPOTUBIIEHNE, BBIUMCIIEHHOe 110 dpopMyle, IpuBeneHHoM B [1-2] u
Ha pucyHke 1. ITpu Beruncienun Ry TeMriepaTypa JIeKTPOHOB M MX KOHIIeHTpars
Opaimicek 13 skcriepuMenTa. Habimromaercst xopoiiiee corsiacyie MexX1y HOJTyYeHHBIMU
3TVIM IBYMsI Cloco0aMy BeTmamHaMm Rpr.
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Pucynox. 1. 3a6ucumocms oupgpepentyuarsiozo Pucynox. 2. P23 Ha pasuvix cmaousx
conpomubaenus npusoH006oeo c10s u koppexyuu. He, P = 2 mbap, r = 50 mkm,
conpomubBeHus nAasMbl 0 HANPAKEHUS HA I,=2 mm, Uz =330 B, 1; =95 mA.

3om0e. U, — nomenyuas naasmol.

[TapamMeTpbl  2JI€KTPOHHOV  KOMIIOHEHTBI  IUIa3Mbl  OIpedesuIich  C
VICIIOJIb30BaHVEM OpWUIVHAIIbHOVI MHOT'OKaHAJIbHOTI 30HI0BOM CVICTEMEI,
paspaboranHOV aBTOpaMm [4]. 30HOBI OBUIM PACIIOIOXEHBI B OHOW IUIOCKOCTV
IapauleJIbHOV IUIOCKOCTM aHofla Ha paccrosHum 15 mm ot aHopa. Paccrosmune
MeXJIy Cpe30oM IIOJIoro KaTojga m aHopa cocraBisuio 30 mm. Cucrema mo3BOJIAeT
OJTHOBPEMEHHO IIpOBOJINTL W3MepeHMsd Ha 3-X OIMHOYHBIX 30HAax JleHrmiopa,
PacIIONIOKEHHBIX B pa3sHbIX oOIacTax paspsana. BAX Ha xaxmoM 30HIe popMupyeTcst
rnogaverl Ha Hero IIyMOBOIO CHUIHajla, YTO MO3BOJIAeT MUHVMW3VMPOBATh BIIVISHVE
rmomMex M HOOWTbCcS OOJBIIOrO AVMHAMMYECKOro AmnanasoHa (~3+4 mopsaka) B
onpeneriennn OPPOD. KpoMe Toro, nsmepurenbHas ccTeMa [O3BOJIsIeT IIPOU3BOIVTD
OUVICTKY IIOBEPXHOCTY 30H/I0B OJTHOBpPeMeHHO MeTOo/IaMV MOHHOV 6oMOapaipoBKM 1
HarpeBOM.

IIponenrypa KOppeKIuy cocTosla M3 ABYX 3TalloB. YMHOXeHVe M3MepPeHHON
BestmumHbl d2]/dU? Ha MHOXUTENDb a = (1+Rp/Ryr)3. Bermmunna auddepeHimanibHOrO
COIpPOTUBJIEHNUSI HPU3OHOOBOrO CJ10si Rpr BBUMCISIIACH II0 IOJIyYeHHOW W3
vsmepeHuii yHKumm d2[/dU? mnyteM OOHOKpPATHOIO e€ WHTerpuUpOBaHMs IIO
HaIlpsDKeHMIo. BeumHa compoTuBiIeHMs IUIa3Mbl pacCUMUTBIBAJIach 110 PopMmyIle,
npuBefeHHON B [1] 11 Ha pucyHKke 1 ¢ McoJIb30BaHMEM M3MePeHHOV KOHIIeHTpalm
3JIKTPOHOB ¥ WX CpefHey 3Hepruy, BbIYMCIIeHHOM 1o m3MepeHHom PPDD. Ha
BTOPOM 3Tarle KOppeKTUpoBaJlach BeJIMYVHa HallpsDKeHVsI, TPUIOKEeHHOIO K 30H/Iy
IIyTeM BbIUMTaHWS BeJIMUMHBI HaIIpsDKeHNs, TepPsieMOro Ha COIIPOTMBIIEHU IUIa3MBbI
MeXX]y 30HJIOM ¥ OIIOPHBIM 3JIeKTPOIOM (aHOHOM). PacueTsl conpoTMBIIeHMs [Ia3MBbl
C VICIIOJIb30BaHVMEM 3HaueHUVI KOHIEHTpaluy 3JIeKTPOHOB W TeMIepaTypbl
3JIEKTPOHOB, IIOJIy4eHHBIX M3 3KCIIeprMeHTa f1aioT Besmmunny 4.7 KOM. Ha pucynxke 2
npusefgeHa OPOD Ges xoppexkunu (1), mocjie yMHOXeHMsI Ha MHOXWUTeNIb a (2) u
T10cjIe BTOPOTO 3Taria KoppeKiuu (3).

Eciut yunTeiBaTe TObKO Koppekumio @PDD Ha MHOXWTEIb a TO BeJIMYMHAa
CKOPPEeKTMPOBaHHOV KOHIIeHTpalliy 3JIeKTPOHOB BO3pacTaeT B [iBa pa3a. AHaiIu3
IOKa3bIBaeT, OJIHAKO, UTO 3Ta KOPPEeKIIVs, BBIIOJIHEHHas B OTpPbIBe OT BTOPOW,
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OKasbIBaeTcs 4Yepe3MepHOW. YueT BTOpPOro 3Talla IIPMBOAUT B WTOre JIMIIL K
He3HauYUTeJIbHOMY YBeJIMYeHWIO HeloCpeACTBeHHO W3MepeHHOV KOHIIeHTpalum
s11ekTpoHoB ¢ 1.21010 cm3 mo 1.3100 cm? (ma 10%), mpu sToM cpemHss 3HEPIUN
3JIEKTPOHOB yMeHbIaeTcs ¢ 3.7 3B mo 2.5 3B (ua 30%). YBemuueHne 113MepeHHOTO
IOTeHIIMasIa IUIa3MBbl PV KoppeKumu rpovicxoauT Ha 1.5 B, 1. e. 5%.

Pabora BrIOIIHEHa 3a cueT cpefcTB Poccuiickoro HaygHoOro oHza, IIPOeKT
Ne 19-12-00310.

1. IO. A. VBauos, I0. A. JIlebenes, J1. C. ITomak, MeTonbl KOHTaKTHOW AVAarHOCTUKI B
HepaBHOBecHOV I1asMe, M.: Hayxka, 1981.

2. B. V. Hemnnos, H. b. Konokorsos, A. A. Kynpsisiies, 30H10BbIe MeTO/IbI VICCIIeIOBAHMS
HM3KOTeMIIepaTypHOV IUIa3Mbl, DHeproaToMmsaar, 1996.

3. V.I. Demidov, M. E. Koepke, L. P. Kurlyandskaya and M. A. Malkov, Phys. Plasmas 27,
020501, 2020.

4. S.N. Andreev, A.V. Bernatskiy, V.N. Ochkin, Vacuum 206, 111514, 2022.

Effect of Plasma Resistance on the Results of Measurements
of EEDF and Local Macroscopic Parameters with a Langmuir
Probe

S. N. Andreev!, A. V. Bernatskiy', N. A. Dyatko'?, 1. V. Kochetov'?,
V. V. Lagunov?, V. N. Ochkin®*

1Lebedev Physical Institute, Russian Academy of Sciences, Moscow, 119991 Russia
2Troitsk Institute for Innovation and Fusion Research, Moscow, Troitsk, 108840
Russia
*ochkinvn@lebedev.ru

Measurements of plasma characteristics with the help of Langmuir probes and
analysis of the accuracy of the results obtained with their help are the subject of a
number of papers and monographs (see, for example, [1-3]). The aim of this work is
to analyze the effect of the finite plasma resistance between the probe and the
reference electrode on the accuracy of measuring the plasma potential, EEDF,
concentration, and average energy of electrons in the plasma of a glow discharge in
helium as applied to the experimental conditions of a discharge with a hollow
cathode [4]. When obtaining the current-voltage characteristic (IVC) of the probe, a
second electrode is required, which is called the reference electrode. Part of the
voltage supplied to the measuring circuit of the probe drops across the near-probe
layer (whose IVC is nonlinear), and the other part drops acros the plasma (with
resistance Rp1) located between the probe and the reference electrode. In works [1-3] it
is shown that the parameter characterizing the distortion due to the finite resistance
of the plasma is proportional to r/le, where r is the probe radius, le is the mean free
path of electrons.

If the IVC of the probe is known, then the so-called differential resistance of
the near-probe layer can be calculated as Rpr =dU/dI [1-2]. To calculate this value, we
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used the reciprocal value of the voltage integration result of the measured second
derivative d?I/dU?2 The dependence of Ry on the probe voltage obtained in this way
is shown in Figure 1 as a solid blue curve. The near-probe resistance is minimal at the
point where the voltage across the probe is equal to the plasma potential and is 8.1
kQ. The dashed line shows the differential near-probe resistance calculated by the
formula, given in [1-2] and in Figure 1. When calculating R, the electron
temperature and their concentration were taken from the experiment. Good
agreement is observed between the Rp: values obtained by these two ways.

The parameters of the plasma electronic component were determined using an
original multichannel probe system developed by the authors ef [4]. The probes were
located in one plane parallel to the anode plane at a distance of 15 mm from the
anode. The distance between the edge of the hollow cathode and the anode was 30
mm. The system allows for simultaneous measurements on 3 single Langmuir probes
located in different regions of the discharge. The IVC on each probe is formed by
applying a noise signal to it, which allows for minimizing the effect of interference
and achieving a large dynamic range (~3+4 orders) in determining the EEDF. In
addition, the measuring system makes it possible to clean the surface of the probes
simultaneously by ion bombardment and heating.

The correction procedure consisted of two stages. At the first stage the
measured value d2I/dU?2 was multiplied by the factor a = (1+Rp1/Rpr)3. The value of
the differential resistance of the near-probe layer Ry was calculated from the function
d?I/dU? obtained from the measurements by integrating it once over the voltage. The
plasma resistance value was calculated by the formula given in [1] and in Fig. 1 using
the measured electron concentration and their average energy calculated from the
measured EEDF. At the second stage, the voltage applied to the probe was corrected
by subtracting the voltage lost in the plasma resistance between the probe and the
reference electrode (anode). Calculations of the plasma resistance using the values of
the electron density and electron temperature obtained from the experiment give a
value of 4.7 kQ. Figure 2 shows the EEDF without correction (1), after multiplication
by the factor a (2) and after the second stage of correction (3).

If only the EEDF correction by the factor a is taken into account, then the value
of the corrected electron density doubles. Analysis shows, however, that this
correction, carried out in isolation from the second one, turns out to be excessive.
Accounting for the second stage results in only a slight increase in the directly
measured electron concentration from 1.210% cm™ to 1.310° cm (by 10%), while
the average electron energy decreases from 3.7 eV to 2.5 eV (by 30%). The increase in
the measured plasma potential during correction occurs by 1.5V, i.e. 5%.

The work was supported by the Russian Science Foundation, project No. 19-
12-00310.

Figure. 1. Dependence of differential resistance of near-probe layer and plasma resistance on the probe
voltage. U, is the plasma potential.

Figure. 2. EEDF at different stages of correction. He, P = 2 mbar, r = 50 um, l,= 2 mm, U; =30V, I;
= 95 mA.

1. Yu.A.lIvanov, Yu.A. Lebedev, and L.S. Polak, Methods of Contact Diagnostics in
Nonequilibrium Plasma, Moscow: Nauka, 1981 (in Russian).
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V.I. Demidov, N.B. Kolokolov, and A.A. Kudryavtsev, Probe methods for studying low-
temperature plasma, Energoatomizdat, 1996 (in Russian).

V. 1. Demidov, M. E. Koepke, I. P. Kurlyandskaya and M. A. Malkov, Phys. Plasmas 27,
020501, 2020.

S.N. Andreev, A.V. Bernatskiy, V.N. Ochkin, Vacuum 206, 111514, 2022.
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8.1 Cumysisaysa NpoaoILHO-IIONIePevYHOIo paspsaaa B
BbICOKOCKOPOCTHOM BO3JyIITHOM IIOTOKE B
I'MOPOAVHAMMYEeCKOM NPUOIVDKeHUN

Kopne6 K.H., IlIubxo6 B.M., Jloeynob A.A.

MockoBckuvi rocyjapcTBeHHbIV yHVBepcuTeT Mmenn M.B.JIomonocosa,
dpusmgeckun dakysibretr, Mocksa, Poccia
singuliarnost@yandex.ru

l'azoBb paspsanm mHocTosHHOro ToKa BeymumHom 10A paccMmaTpuBaiics B
paMKax  KaHaJIpHOV  MofAelu B  TUAPOAMHAMMUYECKOM  HPUOJIVDKeHUN.
AsponvHaMmdecKye yCIIOBUs CUMYJISLIVN IPVOJIVDKEeHBI K SKCIIepVIMeHTaIbHBIM. B
paboTe TmOIydYeHBI TpeXMepHble paclpeneeHNsi CKOPOCTV, TeMIIepaTypbl WU
JaBjleHVss B CBEPX3BYKOBOM BO3YIIIHOM IIOTOKe, a TakXe IUIOTHOCTM TOKa B
VIHULIMPYeMOM B HeM paspsane npu umciie Maxa M=2. PaccmoTpeHo passuTHhe
IPOMIOJILHO-TIONIEPeYHOro paspsia B [AuanasoHe BpemeHu t 1o 20mkc. bes
HeoOXOIVMMOCTMI B MOIEIMPOBaHUM IIPOIeccoB ITpo0osl, OH VHUIMMPOBAJICA C
IIOMOIIIBIO PYYHOV YCTaHOBKM B HayaJIbHbIVI MOMEHT BpeMeHM 3JIeKTPOIIPOBOIAIIeN
30HBI rasa c Temmeparyport T~10000K wmexmy smektpopmamu. IlokasaHo, 4yTO B
YCJIOBUSIX CUMYJIALIUM paspsifl, ABVDKETCS IPaKTUYecK! CO CKOPOCTBIO OCHOBHOTO
CBEPX3BYKOBOT'O BO3/IyIIHOIO IIOTOKA, J0CTaTOYHO ¢j1abo ero Bosmymias. Ilo
IIOJIy4eHHBIM B pacdyeTax XapaKTepHBbIM 3HauYeHVM IUIOTHOCTU TOKa ¥ TeMIlepaTypbl
rasa 8000-10000K B paspsimHOM KaHaJle clejlaHbl OlleHKIM KOHLIeHTpallii 3JIeKTPOHOB
ne~10%cm3.  OreHena HampsbkeHHocTh 1onnsgs  E~125B/cm m  mpuBemeHHas
HAIIpsDKeHHOCTh 10J1 B KaHale paspsma E/N oxonmo 30Tn. B xoHurypammm
aspoMHaMIYeCcKOV MOJe/IV C YKOPOUYeHHBIMM 3JIeKTpodaMy IIOKa3aH Ilepexof] K
3aKpeIUIeHHOV Ha 1X KOHIIax dase paspsana. PaccmoTpeHHBII B paboTe IIpoIoiIbHO-
TIOIIEPEYHBIVT Ppa3psii MOXeT OBbITh WCIIOJIB30BaH, HAIPUMeEpP, C IIeIbi0 OBICTPOro
00BeMHOTO BOCIUIAaMEHEeHVS TOIUIMB B KaMepax CrOpaHws IIPSIMOTOYHBIX ABUTaTeIIeN
O71aropaps BEICOKOVI IOCTUTAeMOVI B HEM TeMIlepaType rasa.

Pucynox 1. Konmyp cmamuueckotl memnepamypo. 6 momenm Bpemenu t = 20 mxc. Ykopouennas
KOHgpuypayus 21exmpooos.

89



WSMPA H 2023

K.H. Kopnes sasingercs crunenanatoM @PoHpa pasBUTHS TeOPETUYECKON
Jwmsuxn n marematuku «BA3VIC» n GrarogapuT ero 3a (pMHAHCOBYIO HOMJIEPXKKY.
VccrenoBaHme BBIIIOJIHEHO 3a c4eT rpaHTa Poccurickoro Hayuynoro dponga Ne 23-22-
00233, https:/ /rscf.ru/project/23-22-00233 /
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Simulation of a Longitudinal-Transverse Discharge in a High-
Speed Air Flow in the Hydrodynamic Approximation

Kornev K.N., Shibkov V.M., Logunov A.A.
M.V.Lomonosov Moscow State University, Faculty of Physics, Moscow, Russia.

E-mail: singuliarnost@yandex.ru.

A DC gas discharge of 10A was considered within the framework of the
channel model in the hydrodynamic approximation. The aerodynamic conditions of
the simulation are close to the experimental ones. Three-dimensional distributions of
velocity, temperature and pressure in a supersonic air flow, as well as the current
density in the discharge initiated in it at the Mach number M=2 are obtained in the
work. The development of a longitudinal-transverse discharge in the time range t up
to 20 ps is considered. Without the need to simulate the breakdown processes,
discharge was initiated by manually setting at the initial time an electrically
conductive gas zone with a temperature of T~10000K between the electrodes. It is
shown that, under simulation conditions, the discharge moves almost at the speed of
the main supersonic air flow, disturbing it rather weakly. Based on the characteristic
values of the current density and gas temperature of 8000-10000K obtained in the
calculations in the discharge channel, estimates of the electron concentration
ne~101cm3 were made. The field strength E~125V /cm and the reduced field strength
in the discharge channel E/N was estimated to be about 30Td. In the configuration of
the aerodynamic model with shortened electrodes, the transition to the discharge
phase fixed at their ends is shown. The longitudinal-transverse discharge considered
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in the work can be used, for example, for the purpose of rapid volumetric ignition of
fuels in the combustion chambers of ramjet engines due to the high gas temperature
reached in it.

Kornev K.N. is a scholarship holder of the Theoretical Physics and
Mathematics Advancement Foundation «BASIS» and thanks it for financial support.
The study was also supported by the Russian Science Foundation grant No. 23-22-
00233, https:/ /rscf.ru/project/23-22-00233 /

Figure 1. Static temperature at time t = 20 us. Shortened electrodes configuration
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8.2 CpaBHeHMe Tpex MexaHM3MOB BOCIIJIaMeHeHMsI
CTeXMOMeTPMUYeCKOV BO3OYIIHO-TOIIMBHOV CMeCH

B.A. bBumwpun*, A.H. bouapob, A.C. [JobpoBoavckas, E.A. @uisumonoba
O0ObenHEHHBIV MHCTUTYT BBICOKMX TemmepaTyp PAH, Mocksa, Poccris
*valentin.bityurin@gmail.com

YcToranBoe BocIlaMeHeHVe BO3IYIITHO-TOIUIMBHBIX cMeceit (paboumx Ten)
gBJIgeTcsl BaKHeMIIVM TeXHOJIOTMYeCKM TpeOoBaHMSAM Il BCeX TUIIOB CVJIOBBIX
YCTaHOBOK, VICIIOJTh3YFOLITMX SHEPIVIIO TOIUIVIBA. Kak IIPaBUIIO, B
TePMOOVHAMMYECKOM IIVKJIe [JOJ/DKeH IPUCYTCTBOBATH JJIEMEHT aKTUBalUV
VICXOIHOVI BO3AYIIHO-TOIUIMBHOV CMecy, KOTOPBIN IpefonpenesieT Hen30eKHOCTh
nepexoga cMecu (pabodero Tejla) M3 WMCXOIHOIO COCTOSIHMS B PaBHOBECHOE
BbICOKOTeMIIepaTypHOe COCTOsIHMEe, B KOTOpOM pabouee TelI0 MOXET COBEpPIIUTD
HojIe3Hy10 pabory. BaxeH, KpoMe TOro, 1 BpeMeHHOV MHTepBal 3Talla aKTMBallML.
DddeKkTBHOCT,  aKTMBaLMM  IIOfpasyMeBaeT  Takke U HeoOXomuMble
SHeprosaTparbl. B IpaxTiueckux ycTpovicTBax IpOTeKaHMs 1IMKIIa 3JIeMEeHTapHOIO
«3apsifa» BO3OYIIHO-TOIUIMBHOV CMECH ITPOVCXOIST B CJIOKHBIX ITPOCTPAaHCTBEHHO-
BpeMEeHHBIX YOIOBMSX. B Iesrsax mocTpoeHus yIIpoOIIeHHOV CXeMbl BOCIUIaMeHeHWs B
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IpefylaraeMort  paboTe WICIIOIB3yeTcs II0 BO3MOXKHOCTM IIPOCTEVIINIL IIpVIMep
pabouero Tesa - OMHOPOIHAs CTexroMeTprdecKasi cMech TOIUIMBa (Bogopoza (1) v
MeTaHa (2)) m BO3AyXa PV HOPMAaJIbHBIX YCJIOBMSIX B 3JIeMEHTApPHOM IIOCTOSHHOM
oOBeme.

B kadecTBe MexaHWM3MOB aKTMBAIIMM paccMaTpuBaloTcsa Tpu Ipoiecca: (1)
OMHOPOAHBIVI Harpes, (2) dYacTM4Has OMCCOLMAIMA KWUCIOpoIa BO3AyXa WIN
BOIOpO/a, (3) OMHOPOIHBIN VIMITYJILCHBIV 3JIeKTPUYecKil paspsia. VIHTerpabHbIN
SHEProBKJIaZ, aKTMBaLIUMM OIIpeesisyicd B IIEPBOM «TeIUIOBOM» W TpeTheM
«3JIEKTPOPa3PsIIOM» IIpolleccaXx WMHTEerpUpOBaHMEM MOIIHOCTY 3HEproBKjIaza IIO
BpeMeHV JIeVICTBMISI, a BO BTOPOM «XMMWYECKOM» - CyMMapHOW 3SHeprvien
AVcconMaIMy MOJIeKysl (VWM CYMMapHOW HadajIbHOV SHTaJIBINM OOpa3oBaHVA
aTOMapHBIX KOMIIOHEHT). BpeMeHHast 3BOJIIOIINS pacCUMTBIBAJIACH C VICIIOIb30BaHVEM
mnHCTpyMeHTOB PlasmAero [1] ¢ COOTBETCTBYIOIIMMM CXeMaMV XMMWYeCKMX peaKITni
BO3IyIITHO-TOIUIMBHBIX CMeCell C [OMOJIHUTEIbHBIM BKIIIOYEHUEM  «IIOJIEBBIX»
peakumit 1Isi obecriedeHNsl aleKBaTHOTO OIVICAHMS BIIVISTHWS 3JIeKTPUYIECKOTo OIS
(cMm., HampuMep, [2-4]). Ha puc.1 mpuBeneH oauH M3 pe3ysIbTaTOB - CpaBHeHUe
BpEeMEeHHOW ¥ 3HepreTndeckoit 3peKTMBHOCTI TEeIUIOBOTO ¥ 3JIeKTPOPa3pBIBHOIO
MEeXaHWM3MOB aKTVBAIlUW [JII MeTaHO-BO3AyIIHOM cMmecu. Ha pwmc. 2 mpusenenHa
«CTaguVHAasg» CTPYKTypa BOCITIAMEHEHVIs BOIIOPOI0-BO3IYIITHOV CMECHA.

B memoMm, mpoBemeHHOe —MCCIIeOBaHME ~MOATBEPOAWIO  BO3MOXXHOCTB
XapaKTepu30BaTh aKTMBAalLMIO WHTErpaJbHBIM 3HeprobkiIanoM. Heobxomymeli
yPOBeHb 3HeproBKIafa I OOCTVDKEHMS CTaauy IUIaMeHM 3a BpeMeHa IIopsKa
MIUUIVICEKYH], 11 BCeX PACCMOTPEHHBIX MEXaHVM3MOB OJIMHAKOB VI COCTaBIIsIeT OKOJIO
1 M/Ix/m3. IIpenmyliiecTBa sHepropiiajga OOJIBIION MOIITHOCTH (JIeKTpOpaspaIHOMI
MexaHV3M) Oosiee WM MHee CYIIeCTBEHHBI Ha OOJIBIIMX BpeMeHax MHAyKumi. Ilo-
BUIVIMOMY, OCHOBHBIMV KpUTepUAMM (POPMMPOBAHMS CTPATErmil BOCIUIAMEHEeHVIS
SIBJISIFOTCS TEXHOJIOTMTIEeCKYIe IIPeIIOUTe .

CH4+Air Stoichoimetric in Closed Cell. Stages of Activation/lgnition/Combustion
Discharge and Heating Ignition Comparison. of Air + Hydrogen Stoichoimetric Mixture
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Pabota BBIIOIHEHa IIpU OJIIIepKKe MUHMCTePCTBa HayKa M BBICIIIero oOpasoBaHMs
Poccurnickont @enepanmm (I'oczamanme Ne 075-01129-23-00).
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Discharge in Supersonic Flow. Fluid Dyn. 2008, 43, 642-653.

2. Filimonova E, Bocharov A, Bityurin V. Influence of a non-equilibrium discharge impact
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Comparison of three ignition mechanisms of stoichiometric
air-fuel mixture

V.A. Bityurin*, A.N. Bocharov, A.S. Dobrovolskaya, E.A. Filimonova

Joint Institute for High Temperatures of the RAS, Moscow, Russia
*valentin.bityurin@gmail.com

Stable ignition of air-fuel mixtures (working bodies) is the most important
technological requirements for all types of power plants using fuel energy. As a rule,
an activation element of the initial air-fuel mixture must be present in the
thermodynamic cycle, which determines the inevitability of the transition of the
mixture (working body) from the initial state to an equilibrium high-temperature
state in which the working body can perform useful work. The time interval of the
activation stage is also important. The effectiveness of activation also implies the
necessary energy consumption. In practical devices, the elementary "charge" cycle of
the air-fuel mixture occurs in complex space-time conditions. In order to construct a
simplified ignition scheme, the proposed work uses the simplest possible example of
a working body - a homogeneous stoichiometric mixture of fuel (hydrogen (1) or
methane (2)) and air under normal conditions in an elementary constant volume.

Three processes are considered as activation mechanisms: (1) homogeneous
heating, (2) partial dissociation of hydrogen or air oxygen, (3) homogeneous pulsed
electric discharge. The integral activation energy input was estimated in the first
"thermal" and third "electric discharge" processes by integrating the power of the
energy input over the duration of action, and in the second "chemical" is by the total
energy of dissociation of molecules (or the total initial enthalpy of formation of
atomic components). The time evolution was calculated using PlasmAero tools [1]
with corresponding schemes of chemical reactions of air-fuel mixtures with the
additional inclusion of "electric field" reactions to ensure an adequate description of
the influence of the electric field (see, for example, [2-3]). Figure 1 shows one of the
results, namely, a comparison of the time and energy efficiency of thermal and
electrical activation mechanisms for a methane-air mixture. Figure 2 shows the
"stages" structure of ignition of the hydrogen-air mixture.

In general, the carried-out research confirmed the possibility of characterizing
activation by an integral energy input. The required level of energy input to reach the
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flame stage in times of the order of milliseconds is likely the same for all the
mechanisms considered and is about of 1 MJ/m3. The advantages of high-power
energy input (electric discharge mechanism) are significant at long induction times.
Apparently, the main criteria for the formation of ignition strategies are technological
preferences.

This work was supported by the Ministry of Science and Higher Education of
the Russian Federation (State Assignment No. 075-01129-23-00).

Figure 1. Comparisson of the thermal (subscript “Q”) and electrical (suscript “E”) activation.
Figure 2. "Stages" structure of the hydrogen-air mixture ignition.
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3. Filimonova EA, Bocharov AN, Dobrovolskaya AS, Bityurin VA. Influence of
nanoseconds pulsed discharges on the composition of intermediate and final combustion
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9.1 OcobeHHOCTM IIepeHOCa IJHEPIMM U3JIyUeHeM B cpefe C
JIOKaJImM3alven

A.B. I'araxmuono8
OOGbenyHeHHBIVI MHCTUTYT BbIcOKMX TemnepaTyp PAH, Mocksa, Poccus
andrei.v.galaktionov@gmail.com

[lepeHOC SHeprmyM TEIUIOBBIM WM3JIyYeHWEM WIpaeT BaXHYIO poOJIb IIpU
BO3/IEVICTBUM JIEKTPUYECKMX VI MarHUTHBIX IIOJIeVl Ha ra3olvla3MeHHble ITOTOKU 7
MOJKET 3aMEeTHO BJIVISITh Ha VX XapaKTepUCTHKI. TeIuIoBoe n3jIyueHvie JOMVUHNPYET B
BBICOKOTEMIIEPATYPHBIX TEIUION30JIITOPAX.

C momompio oreparopHOro Mertopa [1] ommcaHms IlepeHOca SHeprUM B
TIOTJIOMIAIONINX, W3JIyYaloIMX W PacCeMBaOIIMX Cpedax Teopus IIepeHoca
00o001IeHa Ha CIyday TMIIOTETHMYecKoM JIoKaIm3armm nanydeHns [2,3]. ITokasaHo,
qTO JIOK&JIM3allMsI MOXeT OBITh OIMcaHa C IIOMOIINbBIO  VICIIOJIb3OBAHIS
HeaHaIMTUYIECKOT0 B HYyJIe CMMBOJIa OIlepaTopa pagMaIlIOHHOTO TeIUIoIepeHoca.
Kpome Toro, yrpara aHaIMTIYHOCTM CMMBOJIA SIBJISIETCS HEOOXOOVIMBIM YCIJIOBVIEM
ONVICAHMS  JIOKaIM3aIMM  M3IydeHMs. VIMEHHO  aHAIMTUYHOCTE  OOBIYHO
IIpeIIoyIaraeTcs WiV MOJIYJIVBO IIOJIpa3syMeBaeTcsl BO MHOTMUIMX (PU3MIECKMX
BBIBO/IAX [4].

Vccenmyrorcss  CBOVICTBA HEAHAJIMTWMYECKOTO CUMBOJIA VI BO3MOXKHOCTM
YVCIIEHHOW peay3alliil B Pa3IMYHBIX 3a/jadaX TeIuIooOMeHa. YCTaHOBJIEHO, YTO
I7TagKuiL, OeckoHeWHO AMd@epeHIINpPyeMbIl, HO HeaHAIUTUYECKUII CUMBOJI
orepaTopa MMeeT BecbMa CJIOKHYIO IeOMeTPMIO Ha KOMIUIEKCHOW IDTIOCKOCTH. Ero
VICIIOJIb30BaHVE ITO3BOJIIeT pelllaTh 3afauy B HEOTpaHWYeHHOV cpefe, 3afadu C
IIePVIOAVMYECKV MY TPaHWYHBIMY YCIIOBMSIMY, OJHAKO Ha/lm4ye TI'paHMI] CUJIBHO
OCJIOXKHSET 3a/1a4y M TpeOyeT JayIbHEeVIIX VICCIIEIOBaHNL.

Pucynox 1. HericmBumenvran u Muumas uacmu modeavroeo cumbora G(&) = Exp(-1/ &%)
onepamopa paouayuoHHo20 menioneperoca 6 cpede ¢ A0Kkasu3ayUen
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B ciiydae stokanmsanmy pacmpocTpaHeHMe WU3JIydeHUs KOpPeHHBIM o0pasoM
m3MeHsieTcsi. OTCYTCTBYIOT He TOJIBKO JIy4y, HO ¥ OOBIYHBIN IIOJIIOC IJIyOMHHOIO
PeXVMa  pacIpoCTpaHEeHMs WIIy4deHWMs, Korhga IIOYTM  WM3O0TPOIHBIN IO
HaITpaBJIeHMSIM CBeT CPaBHWUTEIIPHO CJIa0O IO CpaBHEHMIO C JIyd4aMM 3aTyXaeT U
IIpOHMKaeT Ha Oosiblve paccTosiHMs. BMecTo 3TOr0 00pasyercs IIOXOXWIT Ha paspes
TI0JTIOC BOJIV3M Hadasla KOOPAMHAT — TO €CTh IJIs MaJIbIX BOJTHOBBIX BEKTOPOB VTN Ha
OospIIMX WIS paclpocTpaHeHMs TeIUIOBOTO M3JTydeHMsl paccTosHusAX. Pusmdeckn
3TO O3HAYaeT, UYTO TOJIBKO «IUIAaBHBIM» BO3MYIIEHVSIM yAaeTcs IIPOHMKATh CKBO3b
Cpemy C JIOKaJIM3alyieVt TeIUIOBOTO M3JTyYeHs.

OOcyxmaercss BO3MOXHOCh 3KCIIEPVIMEHTAJIBHOTO  M3MEpeHMsl  CUMBOJIa
ollepaTropa IIepeHOCa SHepPIUM W3Iy4eHVEM B pPeXMMe JIOKIM3ALUM MeTOHOM
TeMIlepaTyPHBIX BOJIH [5].

1. Galaktionov A. V. The Theory of Radiative Heat Transfer in Disperse Media, High
temperature, 1997, Vol. 35, No. 5, pp. 755-765.

2. Wiersma, Diederik S.; et al. Localization of light in a disordered medium, Nature, 1997,
390 (6661): 671-673.

3. Storzer, Martin; et al. Observation of the critical regime near Anderson localization of
light, Phys. Rev. Lett. 2006, 96 (6): 063904.

4. Galaktionov A.V. Features of photon diffusion in a dispersed medium // J. Phys.: Conf.
Ser. 2100 012022.

5. Vorobyev A.Y., Galaktionov A. V., Titov V. E., Chernyshev A. P. Temperature Wave
Method of High-Temperature Spectroscopy, Optika i spektroskopiya, 1993, Vol. 74,
Issue 3, pp. 593-599.

Features of radiation energy transfer in a medium with
localization

Galaktionov A.V.

Joint Institute for High Temperatures of RAS, Moscow, Russia
andrei.v.galaktionov@gmail.com

Energy transfer by thermal radiation plays an important role in the action of
electric and magnetic fields on gas-plasma flows and can noticeably affect their
characteristics. Thermal radiation dominates in high-temperature insulators.

Using the operator technique [1] to describe energy transfer in absorbing,
radiating, and scattering media, the transport theory is generalized to the case of
hypothetical radiation localization [2,3]. It is shown that localization can be described
by using the non-analytic in zero symbol of the radiative heat transfer operator.
Moreover, the loss of analyticity of the symbol is a necessary condition for describing
the localization of radiation. It is analyticity that is usually assumed or tacitly implied
in many physical conclusions [4].

Properties of the non-analytic symbol and possibilities of numerical realization
in various problems of heat exchange are investigated. It is established that a smooth,
infinitely differentiable, but non-analytic operator symbol has a very sophisticated
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geometry on the complex plane. Its use allows solving problems in unbounded
medium, problems with periodic boundary conditions, but the presence of
boundaries strongly complicates the problem and requires further research.

In the case of localization, the radiation propagation changes radically. Not only the
rays are absent, but also the usual pole of radiation propagation in the deep mode, when
almost directionally isotropic light is relatively weakly decayed compared to the rays and
penetrates to long distances. Instead, a cut-like pole is formed near the origin - that is, for
small wave vectors or at large distances for thermal radiation propagation. Physically, this
means that only "smooth" perturbations manage to penetrate through the medium with
localization of thermal radiation.

The possibility of experimental measurement of the symbol of the radiation energy
transfer operator in the localization mode by the temperature wave method is discussed [5].

Figure 1: Real and imaginary parts of the model symbol G(&) = Exp(=1/ £%) of the radiation heat
transfer operator in a medium with localization

1. Galaktionov A. V. The Theory of Radiative Heat Transfer in Disperse Media, High
temperature, 1997, Vol. 35, No. 5, pp. 755-765

2. Wiersma, Diederik S.; et al. Localization of light in a disordered medium, Nature, 1997,
390 (6661): 671-673

3. Storzer, Martin; et al. Observation of the critical regime near Anderson localization of
light, Phys. Rev. Lett. 2006, 96 (6): 063904.

4. Galaktionov A.V. Features of photon diffusion in a dispersed medium // J. Phys.: Conf.
Ser. 2100 012022

5. Vorobyev A.Y., Galaktionov A. V., Titov V. E., Chernyshev A. P. Temperature Wave
Method of High-Temperature Spectroscopy, Optika i spektroskopiya, 1993, Vol. 74,
Issue 3, pp. 593-599
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9.2 Bo3merncrBue miaa3sMbl KallJIIAPHOTO pa3psAaa Ha
MeTa/UInvdecKue 00pa31bl

B.A. Banidax, B.J1. Bviuko8
Mockoscknii rocygapcTBeHHbIV yHUBepcuTeT M. M.B. Jlomonocosa, r. Mocksa,
Poccus
e-mail: bychvl@gmail.com

[IpoBemeHsl  wmccileloBaHMs C  KalWUIAPHBIM = IUIa3MOTPOHOM,  WIN
SPO3MOHHBIM IUIa3MOTPOHOM - Hauboslee W3BeCTHBIM TUIIOM IDIa3MeHHBIX
reHepaTopoB I IIOJIydyeHMs IUIasMeHHOM cTpyn. [IpuHnmmnmaipHasg cxema
yCTaHOBKM ITpe/icTaB/IeHa Ha pucyHke 1.
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Pucynox 1. Cxema kanus18pHo20 naasmompona. 1 — unuyuupyouas emkocns, 2 — Kommymanmop, 3
- kanuaaap, R1, R2 - conpomubaenus deaumens nanpsxenus, Rsh — conpomubaenue wiyrma o
onpedesenus moka paspsoa, C - bamapes KOHOeHCamopos.

OOBIYHO KamWUIAPHBIM IUIA3MOTPOH B HAIIMX SKCIepuMeHTax oObsaman
CIeyIOIIVIMIU XapaKTepUCTUKaMI: JINTeJIbHOCTh MMIIyJIbca CoCTaBiIsu1a 7 - 25 Mc,
SHeprus B VIMIyJIbce w3MeHsUlack B awmanasoHe 300-1800 [Ix, HampsokeHue Ha
paspsimHoM nmpomexyTtke O0bu10 300 B, 3HAUeHMs Toka B MITysibce cocTasirsuin 50-100
A. InameTp KaHajla IUIa3MOTpoHa OpUT 2 MM. [ImMHa cTpym cocrasisuia 12+1cm.
TemriepaTypa I1asMeHHOVI CTPYM MOXKeT cocTaBIATh nopsaka 6000 K.

Bbbutn 1IpoBeieHbl 3KCIIepVIMEHTHI 110 MOJTyYeHWIO SHeProeMKMX IIa3MeHHBIX
oOpasoBaHuit. [I1st 3TOrOo mpsIMO Haj, KaWUIIPOM pas3Mellasiach IIPOBOJIOYKM 3
Pa3IMYHBIX MaTepurasIoB: mpurosi, cocrosmiero 13 40% ososa 60% csuaIa (IT0C-40),
Menu 1 ctain. PesyiibTaT B3anIMoIIeVICTBI IIpeJicTaB/IeH Ha pUCyHKe 2.

XapakTepHble pasMepbl TaKMX SHEpProeMKuX IUIa3MeHHBIX OOpa3oBaHUM
cocrapis mpuMepHo 0,5 - 1 cM, a mMx BpeMs XXM3HM COCTaBJIIoO Iopsiaka 3 - 5 c.
HexoTopple M3 HMX B3pbIBaJIVICb Ha IIOBEPXHOCTW IIOMJIOXKKM, pasdesisach Ha
YJaCTUIIBI MEHBIIVX pa3sMepoB. B pesysbraTe uero oHM OCTaBIIsUIM CJledpl Ha Oymare,
Kak II0Ka3aHo Ha puc. 3.

Pucynox 2. Pesyavmam B3aumodeicmbus naasmol KANUAAAPHO20 paspsoa ¢ npoboAoKou U3 cmai.
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Pucynox 3. Caed 63pvifa srepeoemko2o niazmeno2o 00pasoBanus.

DHeprum Takmx oOpasoBaHWMII XBaTaJI0 Ha TO, YTOOBI IIpoXedb B OyMare
oTBepcTMsA OMaMeTpoM Iopsigka 2 MM. OneHKa 3SHepruMM TaKuX OOpa3oBaHWUM
cocraBwia Oosee 12 JDX. YuwmTbiBag pasmep OCTaBIIMXCS IIOC/IE OCTBIBAHWMS
MeTaJUINYecKVX IapuKoB AnaMeTpoM okosio 800 MKM, ITolydaeM, YTO MX yAeIbHas
sHeprusi cocrasiisier npumepHo 0,7 MJIDx/xr. VIsoOpakeHus, IIOJIydyeHHble MIpU
IOMOIIM CKaHMPYIOMIEro 3JIeKTPOHHOIO MMKPOCKOIIA, MeTaJUINYecKMX IIapuKOB
IpeJIcTaBJIeHbl Ha puc.4.

Pucynox 4. V300paxenus, noiyqentvie npu noMOowjU CKAHUPY0ULe20 3AeKmMpoHH020 MUKPOCKONa,
Memas uueckux mapuxob: a - cmaiv, 6 - meos. 6 - [10C-40.

DKcIlepyMeHTaIbHOe VCCiIefloBaHVe BO3AeVICTBUSA IUIa3Mbl KallUIIPHOIO
paspsiia Ha MeTa/UIbl IOKas3aJo, YTO B pe3yJIbTaTe B3aMMOIEVICTBVS IIOJIy4alOTCs
KOMITaKTHBIE 3HeproeMkue IUIa3MeHHble OOpasoBaHMsS C BBICOKOVI SHeprui u
OOJIBIIVIM BpeMeHeM XXM3HIA.

Bospiion pasmep, Bpemsi XM3HM WM BBICOKasi yieJjlbHasl SHepIus AealoT MX
SKCIIepVMEHTa/IbHBIMM ~ aHaJIoTaMM  IIapOBBIX MOJIHWMV, VMM OIMUX OJm3Kue
IapaMeTpsbl.

DT pesysbTaThl  IIOKa3bIBAIOT  IIePCIeKTMBHOCTb  MCIOJIb30BaHMS
KaIlWUISPHBIX Pas3psiioB IS CO3MaHMS SHEProeMKuX [100aBOK B IIa3MEeHHOV
a’porMHaMIKe, a TakXe MCCIIeoBaTh MX B CBA3M C IIpo0jieMaMy MOAe/IMpOBaHMs
VICKYCCTBEHHBIX IIaPOBBIX MOJIHUIL
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Effect of capillary discharge plasma on metal samples

V.A. Baidak, V.L. Bychkov

M.V. Lomonosov Moscow State University, Moscow, Russia
e-mail: bychvl@gmail.com

Research has been carried out with a capillary plasmatron, or erosion
plasmatron, the best known type of plasma generator for producing a plasma jet. The
schematic diagram of the installation is shown in figure 1.

Usually capillary plasmatron in our experiments had the following
characteristics: pulse duration was 7 - 25 ms, energy in the pulse varied in the range
of 300-1800 J, voltage at the discharge gap was 300 V, current values in the pulse
were 50-100 A. Diameter of plasmatron channel was 2 mm. Jet length was 12+1 cm.
Temperature of a plasma jet could be about 6000 K.

Experiments were carried out to produce energy intensive plasma formations.
For this purpose wires made of different materials were placed directly above the
capillary: solder consisting of 40% tin 60% lead (POS-40), copper and steel. The result
of the interaction is shown in fig. 2.

The characteristic size of these energy-intensive plasma formations was about
0.5 - 1 cm, and their lifetime was about 3 - 5 seconds. Some of them exploded on the
surface of the substrate, separating into smaller particles. As a result, they left traces
on the paper, as shown in figure 3.

The energy of these formations was enough to burn holes of about 2 mm in
diameter in the paper. The estimated energy of these formations was more than 12
Joules. Taking into account the size of remaining after cooling metal balls with a
diameter about 800 um, we obtain that their specific energy is about 0.7 MJ/kg.
Scanning electron microscope images of the metal balls are shown in figure 4.

An experimental study of the effect of capillary discharge plasma on metals
has shown that the interaction produces compact, energy-dense plasma formations
with high energies and long lifetimes.

Their big size, lifespan and high specific energy make them the experimental
counterparts of ball lightning with similar parameters.

These results show the promise of using capillary discharges to create energy-
intensive additives in plasma aerodynamics, and investigate them in connection with
the problems of modeling artificial ball lightning.

Figure 1. Scheme of capillary plasmatron. 1 - initiation capacitance, 2 - switch, 3 - capillary, R1, R2 -
voltage divider resistance, Rsh - shunt resistance to determine discharge current, C - capacitor battery.
Figure 2. The result of the interaction of capillary discharge plasma with a steel wire.

Figure 3. A trace of the explosion of an energy-intensive plasma formation.

Figure 4. Scanning electron microscope images of metal balls: a - steel, b - copper. ¢ - POS-40.

AAA
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9.3 IllmasMmoamMHaAMM4YecKre 0cO0eHHOCTU M ToOMorpadns
aToOMa NPV HaJIMYUWU CWIOBBIX TMHUI Papanesn

M. Ubanob'", C.U. Koncmanumuno8?, C.B. Musumn3
TIVAM mm. IL.V. bapanosa
2TTIY vim. A.VL. T'epuena
3 OVAH wim. I1.H. JTeOenena
*mikhivan@eandex.ru

CwioBble JIMHWUM 3JIEKTPOMArHUTHOTO IIOJIS BIIEpBble OBUIM BBEIEHBI B
pmsuKy 37eKTpoMarHUTHBIX siBieHuUn Marxiom @apanmeeM, Teopwsi KOTOPOTO
yTBEPXKIaeT, YTO PeaIbHOCTh 3JIeKTPOMAarHUTHBIX SIBJIEHWUV BbIpaXkaeTcs B dopme
yKa3aHHBIX CWIOBBIX JIMHWUIL. B Hacrosmenn paboTe maHO TeopeTndecKoe W
SKCIIEePVIMEHTAIIBHOE IIO/ITBEPK/IeHIe CYIIIeCTBOBAHWIS yKa3aHHBIX
3JIEKTPOCTAaTUYECKVIX ~ CWIOBBIX JIMHWI B  IIOJIIPVI30BAaHHOM  (PU3MUECKOM
IIPOCTPAHCTBE BHYTPY aTOMa.

MatemaTdeckoe MoOMeNMMpoOBaHMEe 3JIEKTPOCTATUUECKMX CWIOBBIX JIVHUM
obecrieunBaeTcs pemreHVsIMM ypaHeHMs Ilyaccona-borpiiMana mis moreHmmasa
CWJIOBOTO 10714 ¢ B Bujie [1,2]

D2.A¢ = 2-sh(9). (1)

Permiennis MoryT OBITH IIOJIy4YeHBl YWMCIEHHBIMM MeETOHAMV WWIM C IIOMOIITBIO
dyakumn I'punaa. VYpasHenme (1) ¢ enmHBIX HO3MIMI oOOMCBIBaeT 3PPeKTs
OmmskomerictBust  u pganpHomemcteus  [3]. Ha ero  ocHoBe  mocTpoeHa
yHUPUITMpOBaHHAsE TeOpMsl BCeX OCHOBHBIX B3aMMOMEVICTBUIL B IIPUpPOIE:
IPaBUTALVIOHHOTO, 3JIeKTPOMAarHMUTHOIO, CJ1laboro 1 cwIpHOTO. IIpn sToM B ciryuae
IPaBUTALIOHHOTO B3aMIMOAEVICTBYIS IOoTeHIMasl ypaBHeHs (1) mipencrasisteT cobomt
dpaxTideckt MOTeHHMal KIacCMYecKoV TIpaBUTAIMOHHOWM Teopun HbioToHa,
KOTOpasi IIpM aKKypaTHOM pacCMOTpPeHUV He WMeeT IIPUIIMCBIBaeMbIX el
rapajgokcos [3].

Pemenust ypasHeHus (1) MopelmupyioT Takxke CuWIbHBle U Cj1abble
B3avMozericTyA [3,4]. B yacTHOCTH, C 11X IIOMOIIIBIO yIaeTcss pacCMOTPeTb CTPYKTYPY
37IeMeHTapPHBIX YacTUIL U «MaTepuaIv30BaTh» CWIOBBIE IeKTpOCTaTIdecKue JIVHUN
@apazed BHYyTpM aToMoB M Mosiekys [4]. Ilo 3ToMy HalpaBiIeHUIO pacCMOTPUM
TIOJIyuYeHHble B IIOCJIelHee BpeMsl KOHKpPeTHble spKue OSKCIepVIMeHTaIbHbIe
pe3ynbTathl. Tak, B pabote [5] OpUIa 3aMepeHa BeIMuMHa JaBjleHNs BHYTPY IIPOTOHa,
KOTopasi oOKasajlach mopsanaka 103 TIlackasenn. Dra BellmymHa IpercKasaHa
TeopeTnyuecku B padorax [3,4].

HpyruM IpMHIMINAIBHBIM 3KCIIepVIMEHTAIbHBIM — Pe3yJIbTaTOM CjleflyeT
Ha3BaTh BIIEpPBbIe BBHIIIOJTHEHHYIO PErVCTPaIIO peabHOV Cpelbl B popMe CVIIOBBIX
JIVMHWV B TIOJISIPM30BAaHHOM IIPOCTPAHCTBe BHYTpM aToMa. C IIOMOIIBIO COBPEMEHHBIX
criocobos ToMmorpadmm [6] yKazaHHasi perucTpaiys ObUla BBIIOJIHEHa W
onybsmkoBaHa B Oiectsiient pabore [7] B Hagaste 2023 roga. Ha puc.1,a npusegeHo
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AVMarHOCTUPOBaHHOEe M300pakeHne II0JIAPM30BaHHOIO IIPOCTPaHCTBa TUIIMYHOIO
aToMma. OT4eTsIBO HaOIIOAeTCs «CMUJI0OBOEe» II0JIe BHYTPEeHHEero IOJISIPU30BaHHOTO
IIPOCTpaHCTBa aToMa B POpMe «CWJIOBBIX» JIVHWV, VAYIINX OT LIeHTpa aToMa K ero
nepudepun.

Puc.1,6 MOKa3bIBaeT pe3ysbTaThl pacuyera pacmpeeeH s
3JIeKTPOCTaTUYeCKOro MoTeHIMaja ¢ B 3TOM aToMe II0 MeToauke [3] I AByX
cJly4aeB MOAeIVPOBaHMS: IIPU HaJudmy cpedbl (vHMA 1) M mpu e€é OTCyTCTBUM
(mumsa 2). IlpusermeHo Takke Ha pPUCYHKe cjleBa KadecTBeHHOe W300paxeHUe
cwioBbIX JIHUN Papazes B MOIAPU30BAaHHOM ITPOCTPaHCTBe JIeKTPOHa M3 paboThI

3].

Toepxuocts
nenapenus
ra5x10™ n

08

"
A\
\J

* 1 | ceoec e

04

0,2

(@) (©) (8)

Pucynox 1. 3apeeucmpupoBantoe sxcnepumenmarvto [2] Haruuue nosspusoBannozo npocmparcmba
amoma (a) u paccuumanHoe pacnpedesenue 31ekmpocmamuueckoeo nomenyuasa ¢ (6) no memody [3]
npu Hasuduu mamepuu (aunus 1) u npu eé omcymembuu (aunus 2), curoBvle sunuu Papades 6
noasapusobarnom npocmparcmée ssexmpona [3] (B).

Hacrosmmast paboTta paccMaTpmBaeT eOuHYIO IPUPOLY (PU3MUIECKON CPenbl B
dopme IUTa3MOAVTHAMMYECKVIX obpaszoBaHm KOHIEHCUPOBaHHOM "
HeKOHzleHcrpoBaHHON Martepuu [1]. IlpmBommTcs Kitaccudeckasi MaTeMaTmdecKas
dopmympoBka I HOTeHOMala  YHUPUIMPOBAHHOIO  CWIOBOTO  IIOJIA
ABYXKVUIIKOCTHOVI MOJe/IV KBasvHeNTpalbHOM IulasMmbl. Ha ocHoBe sToi Mopesm
OIVICBIBAETCH C eVIHBIX ITO3UIINI I'PaBUTAL[IOHHOE, KYJIOHOBCKOe, cjlaboe 11 CIIbHOe
B3ammopenicteua  [3].  anuHag dQopMynImpoBKa B CTallMOHApHOM  CiIy4ae
HpeficTaBIsgieT coOol yHupUUMpOBaHHBIN 3akoH [I'yka-Hplotona-Kysona mig
OIIVICAHMS CVJIOBBIX IIOJIEeV! [2] M MMeeT BUII KBaswIMHeHOro ypasHeHwms [lyaccona-
Bospiivana (1). MeTomoriormst MofepoBaHmus OCHOBaHA Ha ITOAXOHAaX MexXaHVKN
CIUIOLITHOV Cpedbl M BCeLeJI0 OIMpaeTcs Ha COBpeMeHHBble SKCIlepVMeHTasIbHbIe
mocTiokeHMs. B pabore Takke IIpuBeleHBI XapaKTepHble YMCIIEHHblE WU
aHaJINTIYeCKNe pellleHs.

1. M.Ja. Ivanov. Single Physics of Condensed and Non-Condensed Matter I: Fundamental
Laws and Constants. ICCF-24, July 25-28th, 2022. Mountain View, California.

2. M. ViBanos. YuudwunmposanHsi 3akoH Iyka-Heiorona-Kynona mis ommcanms
cwI0BBIX TToJTevt 1 MaTeprasioB. XXIX Mexn. Kord. DMITuM, MOV, 26-27 rosiOps 2021.
cc. 3-7.
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3. M. VMBanos. O K1acc4ecKoVl TEOPUM €OMHOIO CWJIOBOTO IIOJIS C MOZEeIMpPOBaHVIEM
OymvpKkHero M gasibHero Bzammopevnictsusa. // @us. obpasos. B Bysax.2022, 28, No 1, -
c. 43-61.

4. M.Ja. Ivanov, Space energy, Energy Conservation, INTECH, 2012. pp. 4-56,

5. Burkert, V.D., Elouadrhiri, L. & Girod, F.X. (2018).The pressure distribution inside the
proton. Nature 557, pp. 396-399.

6. 3. Ksbun. Perrarusuctckmi kosviargep Tsoxerbix noHoB RHIC n ero merexkropsr. 2000 .

7. Tomography of ultrarelativistic nuclei with polarized photon-gluon collisions.
STAR COLLABORATION. SCIENCE ADVANCES, 4 Jan 2023, Vol9,Issuel,
DOI: 10.1126/ sciadv.abq3903.

Plasmodynamic features and tomography of an atom
in the presence of Faraday force lines

TIvanov M.Ya.'”, Konstantinov S.1.2, Mizin S.V.3
1CIAM named after P.I. Baranov
2 GPU named after A.l. Herzen
3 Physics Institute of RAN named after P.N. Lebedev
*email: mikhivan@yandex.ru

Electromagnetic field force lines were first introduced into the physics of
electromagnetic phenomena by Michael Faraday, whose theory states that the reality
of electromagnetic phenomena is expressed in the form of these force lines. In this
paper, theoretical and experimental confirmation of the existence of these
electrostatic lines of force in a polarized physical space inside an atom is given.

Mathematical modeling of electrostatic force lines is provided by solutions of
the Poisson-Boltzmann equation for the potential of the force field ¢ in the form [1,2].

D2 A = 2:sh(o). 1)

Solutions can be obtained by numerical methods or using Green's functions.
Equation (1) describes the effects of short-range and long-range effects from a single
point of view [3]. It is based on a unified theory of all the basic interactions in nature:
gravitational, electromagnetic, weak and strong. At the same time, in the case of
gravitational interaction, the potential of equation (1) is actually the potential of
Newton's classical gravitational theory, which, when carefully considered, has no
paradoxes attributed to it [3].

Solutions of equation (1) also model strong and weak interactions [3,4]. In
particular, with their help, it is possible to consider the structure of elementary
particles and "materialize" Faraday's electrostatic lines of force inside atoms and
molecules [4]. In this direction, we will consider the specific bright experimental
results obtained recently. Thus, in [5], the pressure inside the proton was measured,
which turned out to be about 103 Pascals. This value is predicted theoretically in
[3,4].
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Another fundamental experimental result should be called the first
registration of a real medium in the form of lines of force in a polarized space inside
an atom. With the help of modern tomography methods [6], this registration was
performed and published in a brilliant paper [7] in early 2023. Fig.1,a shows a
diagnosed image of the polarized space of a typical atom. The "force" field of the
internal polarized space of the atom is clearly observed in the form of "force" lines
running from the center of the atom to its periphery.

Figure 1,b shows the results of calculating the distribution of the electrostatic
potential ¢ in this atom according to the method [3] for two modeling cases: in the
presence of a medium (line 1) and in its absence (line 2). A qualitative image of
Faraday lines of force in the polarized electron space from [3] is also shown in the
figure on the left.

The present work considers the unified nature of the physical medium in the
form of plasmodynamic formations of condensed and non-condensed matter [1].

A classical mathematical formulation is given for the unified force field potential of a
two-fluid quasi-neutral plasma model. Based on this model, the gravitational, Coulomb, weak
and strong interactions are described from a single position [3]. This formulation in the
stationary case is a unified Hooke-Newton-Coulomb law for describing force fields [2] and
has the form of a quasi-linear Poisson-Boltzmann equation (1). The modeling methodology is
based on the approaches of continuum mechanics and is entirely based on modern
experimental achievements. The paper also presents characteristic numerical and analytical
solutions.

Figure 1. Experimentally registered [2] presence of the polarized space of the atom (a) and calculated
distribution of the electrostatic potential ¢ (b) by the method [3] in the presence of matter (line 1) and
in its absence (line 2), Faraday lines of force in the polarized space of the electron [3] (c).

1. M.Ja. Ivanov. Single Physics of Condensed and Non-Condensed Matter I: Fundamental
Laws and Constants. ICCF-24, July 25-28th, 2022. Mountain View, California.

2. M.Ya. Ivanov. The unified Hooke-Newton-Coulomb law for describing force
fields and materials. XXIX Intern. Conf. EMPiM, MEI, November 26-27, 2021. ss. 3-7.

3. M.Ya. Ivanov. On the classical theory of a unified force field with modeling of near and
far interaction.// Phys. images. in universities.2022, 28, No. 1, - ss. 43-61.

4. M.Ja. Ivanov, Space energy, Energy Conservation, INTECH, 2012. pp. 4-56,

5. Burkert, V.D., Elouadrhiri, L. & Girod, F.X. (2018).The pressure distribution inside the

proton. Nature 557, pp. 396-399.

E. Kabin. Relativistic heavy Ion collider RHIC and its detectors. 2000.

7. Tomography of ultrarelativistic nuclei with polarized photon-gluon collisions.
STAR COLLABORATION.__SCIENCE ADVANCES, 4 Jan 2023, Vol9, Issuel,
DOI: 10.1126/ sciadv.abq3903.
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9.4 Cy0dpakiimoHHas1 MoaesIb KOMIIOHeHTa HEOTHOPOTHOM
MHOTOKOMIIOHEHTHOVI CMeCH

bypaxano6 b.M.
OObenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccris
burbm@rambler.ru

HanHas paboTa gBiIsieTcs IIpOJoDKeHeM 1 pa3BuTHeM paboThl [1], B KoTopoit
ObU1a onvcaHa dpaKiIMOHHAs MOJie/Ib KOMIIOHEeHTa HeOHOPOIHOV Fa30XXMIKOCTHO
cvecn. CyThb  (ppakLMOHHOV MOAEIM COCTOUT B  JAeJleHWM KOMIIOHeHTa
HeOHOPOAHOV MHOTOKOMIIOHEHTHOV CMecu Ha Be QpaKluy, KOHBEKTUBHYIO
dppaximro 11 KOHBEKTMBHO — KOHAYKTMUBHYIO (PPaKIINIO, I Ha3BaHMS KOTOPOI OBUI
VICIIOJIb30BaH TepMUH - «AUdPy3aHT».

[Ip mocTtpoeHUM GPaKIIMOHHON MOMAENIN IOCTYJIMPYeTCs, YTO IIojle
I dPy3MOHHBIX IIOTOKOB, BBIYMCIIEHHOe C IOMOIbo 3akoHa duka [2], ciemyer
paccMaTpuBaTh KaK OJIHY M3 OCHOBHBIX XapaKTepuUCTMK IynddysaHTa, a BEIMUMHY
KOHOYKTVMBHOWM CKopocTu nmuddysaHTa cilelyeT paccMaTpvBaTh KaK OHOHY W3
OCHOBHBIX XapaKTepUCTVK HeOTHOPOLHOV MHOTOKOMIIOHEHTHOVI CMECH.

B macrosmen pabore ommcana cyOdpakiiMoHHass MoelIb KOMIIOHEHTa
MHOTIOKOMIIOHEHTHOL HEeOTHOPOIHO cMmecw, BKJIIOYaAIOIas B cebs
cyOdpakimonnyo  Mmopens  auddysaHTa U CyOPpaKIMOHHYIO  MOfeilb
KoHBeKTUBHOM dppakumm. CyTb cybdpaximmorHon Monaenm nuddysaHTa COCTOUT B
VHTepIIpeTalnn ABvoKeHus AuddysaHTa KakK CJIOKHOIO ABVDKeHMS 3CTadeTHOro
Tuma [3], BKIo4aromiero B cebsi: TpaH3UTHOe 3cTadpeTHOe KOHAYKTUBHOE [IBVDKEHVIe
U peJlaKcallilOHHOe 3cTadpeTHOe KOHAYKTUBHOE JIBVDKeHMe.

OcHoBHOVI PYHKIIVeN TPaH3UTHOTO 3cTadeTHOro KOHAYKTUBHOIO JIBVDKEHVIS
gBJIseTcsl oOecriedeHIe IIPOIecCOB KOHAYKTMBHOIO OOMeHa BeIeCTBOM, VIMITYJIbCOM
VI KMHeTUYeCKOVl SHepriuer MexX/ly MaTepuaJIbHbIMY 00beKTaMM, pacIioyIoKeHHbIMI
3a IIpefieJlaMy paccMaTpuBaeMoVl PU3NUecKOVl CUCTeMBL. B To Bpemsi kak OCHOBHOI
dyHKIIMEN pelaKCcallMMIOHHOTO 3CTadeTHOr0 KOHIYKTMBHOTO [BVDKEHWS SIBJISeTCS
obecrieueHie IIPOIIECCOB BHYTPEHHET0 MeXX(PaKIIMOHHOIO KOHAYKTMBHOIO oOMeHa
BEIIeCTBOM, VIMITYJIbCOM VI KMHETMYECKOV SHEePIVIEVL.

Cyb6dpakimoHHass MozeIb KOMIIOHEHTa CMeCH IIO3BOJIsIeT YeTKO OCO3HaThb
NPUHIUIINAJIBHOE  OT/IMYMe IIPOLeCCOB BHEIIHero KOHAYKTMBHOIO OOMeHa
BeIlleCTBOM, B KOTOPBIX W3y4daeMas du3nyeckas CHCTeMa BBICTyIaeT B POJIu
MOCpeJHNKa WIN «KOHOYKTMBHOIO» Kypbepa, obecIieunBaroIiero mIoCTaBKy
BellleCTBa, VIMIIyJIbca WM KMHETWYecKOV SHepPIMM OT OJHOIO  BHeIIHero
MaTepuajIbHOro oObeKTa K IpyroMy, OT IIPOILecCOB BHYTPEHHMX KOHIYKTMBHBIX
npeobpasoBaHMUM caMOM  (PU3MUECKOM CUCTEMBI, OOYCJIOBJIEHHBIX BHELIHVM
BO3/IEVICTBIIEM, peayl3yeMbIM B BUJe HaJIOKeHMS COOTBETCTBYIOLIVMX TI'PaHMYHBIX
YCIIOBUIL.

Ciiemyer croeumaJbHO OTMeTUTh TakKXke, UTO B HacTodIleln pabore
IOCTYJIPYyeTCs MaTeMaTudecKas MAeHTUYHOCTh Itosient Andys3MOHHBIX ITOTOKOB,
BBIUMCJIGHHBIX C IIOMOIIbIO 3akoHa @PuKa, M MOJey IUIOTHOCTeV WMITyJIbca
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nuddysanra. Kpome Toro, B Hacrosier paboTe ommcaHa MyJIbTUIDIMKaTVBHAs
dopma szammcy ypaBHeHMsI TeIUIONpPOBOOHOCTM [4]. Dra dopma 3ammcyu vMeeT
Ba)XKHOe 3HaudeHMe IIpY M3YYeHUW TepMOAVMHAMVKW IPOLIeCCOB BHYTPW CUCTEMHBIX
dpaxiMoHHBIX OOMEHOB BeIleCTBOM, VIMITYJIbCOM ¥ KMHETWYeCcKOV SHepIuerl.
Baxxnoe mpukiiagHOe 3HadeHMe 3TOV MYJIBTUIUIMKATMBHOWM (POPMBI OOYCIOBIIEHO
TeM, UTO ee 3JIeMeHTHI MOTYT OBITh MCTOJIKOBaHBI KaK TepMOIVHaMMUYecKye CIUIH [5],
HaJI/gye VIV OTCYTCTBYE KOTOPBIX paBHO3HAYHO HaIMYMIO VIV OTCYTCTBUIO BHYTPU
CHCTeMHBIX IIPOIIeCCOB MeX(@PaKIIMOHHOTO OOMeHa BellleCTBOM, VMITYJIbCOM W
SHepruen.

Ciienmyer Takke OTMeTUTb, UYTO B [aHHON paboTe IIpemyioXkeHa
MommduiiMpoBaHHasgs ¢dopMa 3alMcu  JIOKAJIBHOTO OOBEeMHOIO  pasjIoXKeHMs
CKaJIsIpHOM (PyHKIMM [6], UTO MMeeT KJIFOYeBOe 3HAaUeHVe NPV BBeIeHUM ITOHATHS
CTal[MIOHAPHOTrO JIOK&JIbHOIO HepaBHOBECHOIro cocTodgHus. Kpome Toro, paHHas
CTaThd COAEPXWUT (POPMYJIMPOBKY IIOCTyjlaTa O CYIeCTBOBaHWMM CTal[IOHApHOTO
JIOKaJIbHOT'O HEPaBHOBECHOI'O COCTOSTHMSL.

K ocHOBHBIM pe3ysibTaTaM HacTOs1Iell pabOThI cJleflyeT OTHeCT:

e mocTpoeHa cyOdpakmyoHHass MOMeIb KOMIIOHEHTa  HEOTHOPOHTHOM
MHOTOKOMITOHEHTHOVI CMeCV M IIPeJIOKeH CIIOCOO BBIUMCIIEHVS KOJIMYEeCTBEHHBIX
3Ha4YeHMV PYHKLINI KOHIIeHTpaluy MojleKyJl, oOpasyrommx cyodpakimy,

® IIOCTyJIMpOBaHa MaTeMaTHU4ecKas WIeHTUYHOCTb IIOJIell  IUIOTHOCTe
A Py3MOHHBIX MOTOKOB, BBIUMCIIEHHBIX C IIOMONIBIO 3akoHa Puka, M mHosIen
IUIOTHOCTeV KOHAYKTVBHOIO UMITyJIbca AuddysaHTa,

* IIpemIoXKeHa MYJIBTUIUIVMKATVBHAsA dopma 3aImcu ypaBHeHMs
TeIUIOIIPOBOTHOCTIA.

* IIpe/yIOXeHa ajlbTepHaTMBHasl CUMBOJIMYecKas dpopMa 3alicy JIOKaJIbHOTO
00BEMHOTO Pa3/IOKeHNS CKIIPHOM (DYHKIIVIA

e OIIpesiesleHO IIOHSATHe «CTallMOHapHOe JIOKaJIbHOe HepaBHOBECHOEe COCTOSIHVIe»
M IIOCTYJIMPOBAaHO  CyllecTBOBaHWe  3TOrO0  CTallMOHApHOIO  JIOKaJIbHOIO
HepaBHOBECHOI'O COCTOAHS JIOKaJIbHOVI CYICTeMB.

1. Burakhanov B M 2021 Fractional diffusant model of a multicomponent
inhomogeneous gas mixture as a basis for the diffusant approximation. J. Phys.:
Conf. Ser. 2100 012023.

2. Sivukhin D V 1975 Thermodynamics and molecular physics. General course of
physics vol 2 (Moscow: Nauka) p 456.

3. Burakhanov B M 2021 The phenomenon of relay race molecular transfer of
the amount of motion and its relationship with the diffusion phenomenon.
J. Phys.: Conf. Ser. 2100 012023.

4. Tikhonov A N and Samarskiy A.A. 1977 Equations of mathematical physics
(Moscow: Nauka) p 736.

5. Prigozhin I and Kondepudi D 2002 Modern thermodynamics. (Moscow: Mir),
p. 461

6. Burakhanov B M 2020 Non-stationary layered vector fields and their divergence
functions. J. Phys.: Conf. Ser. 1698 (2020) 012025.
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Subfraction model of a component of an inhomogeneous
multicomponent mixture

B.M.Burakhanov

Joint Institute for High Temperatures of RAS, Moscow, Russia
burbm@rambler.ru

This work is a continuation and development of the work [1], in which a
fractional model of a component of an inhomogeneous gas-liquid mixture was
described. The essence of the fractional model consists in dividing the component of
an inhomogeneous multicomponent mixture into two fractions, a convective fraction
and a convective —conductive fraction, for which the term "diffusant" was used.

When constructing a fractional model, it is postulated that the field of
diffusion flows calculated using Fick's law [2] should be considered as one of the
main characteristics of the diffusant, and the value of the conductive velocity of the
diffusant should be considered as one of the main characteristics of an
inhomogeneous multicomponent mixture.

In this paper, a subfraction model of a component of a multicomponent
inhomogeneous mixture is described, which includes a subfraction model of a
diffusant and a subfraction model of a convective fraction. The essence of the
diffusant subfraction model is to interpret the diffusant movement as a complex relay
race type movement [3], which includes: transit relay race type convective movement
and relaxation relay race type conductive movement.

The main function of the transit relay race type conductive movement is to
ensure the processes of conductive exchange of matter, momentum and kinetic
energy between material objects located outside the considered physical system.
While the main function of the relaxation relay race type conductive movement is to
ensure the processes of internal interfactional conductive exchange of matter,
momentum and kinetic energy.

The subfraction model of the mixture component makes it possible to clearly
understand the fundamental difference between the processes of external conductive
exchange of matter, in which the studied physical system acts as an intermediary or
"conductive" courier, providing the delivery of matter, momentum and kinetic
energy from one external material object to another, from the processes of internal
conductive transformations of the physical system itself, due to external influences,
implemented in the form of an overlay of the corresponding boundary conditions.

It should also be specially noted that in this paper the mathematical identity of
the fields of diffusion fluxes calculated using Fick's law and the fields of diffusant
momentum densities is postulated. In addition, this paper describes the
multiplicative form of writing the heat equation [4]. This form of recording is
important in studying the thermodynamics of processes in the system of fractional
exchanges of matter, momentum and kinetic energy. The important applied
significance of this multiplicative form is due to the fact that its elements can be
interpreted as thermodynamic forces [5], the presence or absence of which is
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equivalent to the presence or absence of interfactional exchange of matter,
momentum and energy within the system processes.

It should also be noted that in this paper a modified form of writing the local
volume expansion of a scalar function [6] is proposed, which is the key of importance
when introducing the concept of a stationary local nonequilibrium state. In addition,
this paper contains a formulation of the postulate about the existence of a stationary
local nonequilibrium state.

The main results of this work should include:

- a subtraction model of a component of an inhomogeneous multicomponent
mixture is constructed and a method for calculating the quantitative values of the
concentration functions of molecules forming subfractions is proposed,

- the mathematical identity of the density fields of diffusion flows calculated
using Fick's law and the density fields of the conductive pulse of diffusant is
postulated,

- a multiplicative form of writing the heat equation is proposed,

- an alternative symbolic form of writing a local volumetric decomposition of a
scalar function is proposed,

- the concept of "stationary local nonequilibrium state" is defined and the
existence of this stationary local nonequilibrium state of a local system is postulated.
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10.1 MI3mepeHme cpeJHMUX XapaKTepUCTUK pacnbljia
IIPOBOAAILEN XXUIKOCTH B IIPUCYTCTBUM 3JIeKTPUIECKOT0

pa3spsana

A.C. CabBeaveb

OObenyHeHHBIVI MHCTUTYT BBICOKMX TemnepaTyp PAH, Mocksa, Poccris
*fisteh@mail.ru

Vcmmonb3oBaHme  3JIGKTPUYECKOro  paspdma B 3ajadax — IIPOM3BOJICTBA
XVIMUYECKMX COeIVHEHMV W3 BelleCTB-peareHTOB WMHTEPEeCHO C TOYKM 3peHUs
IIPOMBIIIUIEHHOIO IpuMeHeHus. IIprMepomM MOI'yT CIyXXUTE CIIeIyIOIIVie IIPOLIecChl:
IIPOM3BOJICTBO O30HA B Tra3oBoM cpere Bo3myxa, pagukata OH wimm mepexucnu
BOZIOPOJIa BO BJIAXKHOVI cpefe. [laHHBIe IPOLIecchl, K IIPVIMepPy, MOTYT OBbITh II0JIe3HBI
B 3a/Ia9ax OYNMCTKM M obe33apakmBaHMs BOABL VIcronp3oBaHMe cMecH I1apa BOIBI 1
rasa (HampuMep, Bo3ayxa) OyaeT HavIydIvM ¢ TOYKM 3peHVsI COOTHOIIeHVsI oObeMa
KaIleJIb K X IIOBEPXHOCTM (HaMMeHbIas BeIMYMHA, B IIpefesle paBHas HYJIO).
OnHako B cIydae ¢ HpOIeCCOM TeHepalyuy IIepeKnCH U3 BOABI CYIIecTByeT JIpyroe
00OCTOSITEIIBCTBO, HpPM KOTOPOM WCIIOJIb30BaHMe CIIpesi OKasblBaeTcsa Oollee
BBITOIHBIM. IIOCKOJIBKY IepeKnch BOZOPOia XOPOIIO pacTBOpUMa B BOfE, IIOCIIe ee
MIPOM3BOACTBA OHAa pacTBOpsieTcs B OObeMe BOABI KaIUIV, YTO IIPEISTCTBYET ee
pa3pylIeHnIo II0f, IeVICTBMEeM IUIa3Mbl paspsida [1]. Hambompiryio adpdexTBHOCTD
VIMEET IIPOIIeCC OYMCTKM OT KpacuTesls IIPU WCIIOIb30BaHUM IIYJIbCUPYIOIIETO
KOPOHHOTO paspsiia B aspos3oile pactBopa [2]. Bricokas 3sddexTrBHOCTD
OoOBsCHSIeTCSL TeM, YTO CO3/JaHHBbIe aKTVBHBIE paJVKa/lbl B IUIa3Me IOJDKHBI IIPOTU
MeHbIIlee pacCTOsIHVIE U1l TOrO, YTOOBI IIOIIaCTh B 00beM BOJIBI U1l OCYIIIeCTBIIEHNS
peakiiuy pasioxeHusd. TaxuMm o0pasoM, CyIIecTBYIOT IIpOIlecChl, B KOTOPBIX
IpUMeHeHNe Ta30KalleJIbHOV Cpepl SBJISIETCS OIITHMMAJIBHBIM C TOYKM 3peHVId
CKOPOCTV HapabOTKM (OYVCTKI) XVIMITIECKOTO BeIIeCcTBa.

Lenpio mapHOV paboTHl OBUIO MHUIIMMPOBaHME JIEKTPUUECKOro paspsifa B
rasokarejIbHOV cpefe (pacIbUl pacTBOpa IIOBapeHHOV COJI B BOE), CO3JaHHO C
IOMOIIBI0  POPCYHKM IHeHTpoOexHoro Tuma. OCHOBHBIMM OTIMYMAMM  OT
npeapiayIenn padoTel [3] sABIAIOTCS WMCIHOIB30BaHME (POPCYHKM, POpMUpPYIOIIen
pacobUI ¢ MEHBIIIVIM IMaMeTpOM Kallejlb, pacCMOTpeHMEe Tpex CJIydaeB BIIVSTHUS Ha
rpoliecc GopMUPOBaHNS pacIiblla: 0e3 IMPWIOKEHHOIO IeKTPUUIeCKOro II0JIs, I10jIe
BEeJIMYMHOV MeHee IIPOOOVIHOV, HaIMume IIOsS W 3JIeKTPUUecKoro paspsia
(TeruloBBIEIeHNs). B 3KcIlepuMeHTe HPOBOAWIOCH WM3MepeHMe paclipeserleHne
KOJIMYECTBO Karlejib 110 MX AMaMeTpy, a TakKke KOMIIOHEHT BEKTOpa MX CKOPOCTV OT
AvaMeTpa, BBIUMCILUIVCH CpedHMe BeJIW4YMHbl I pacnbila. Kpome 3Toro
npoBoausIack oToperucrpamys CBedeHWs paspsa, a TakKkKe IPOBOAWIOCh
M3MepeHVe TeKTPUYECKNX ITapaMeTpoB paspsijia.

B pesyibraTe msMepeHuri mokasaHO, YTO BKIIOYEHWE 3JIeKTPUUYECKOTO IIOJIs
HOPUBOAWT K WM3MEHEHWUIO paclpeneeHns KOMIIOHEHT BeKTOpa CKOPOCTU W WX
CpemHMX BeJIMYMH. 3aXuUraHyue 3JIeKTPUYecKoro paspsga (TeIUIOBbIIeIeHNe B
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o0J1acTh pacmbUIa) IIPUBOANUT K M3MEHEHMIO pacIipesiesieHIsl KoJlimyecTBa Karleslb I10
AvaMeTpy, K YMEHBIIeHUIO CPeHMUX BeJIMYMH — CpelHeMy [MaMeTpy U cpegHemy
00BeMHO-TTIOBEPXHOCTHOMY IMIaMeTpY.

VccriemoBaHue BBIIOJIHEHO 3a cdeT rpaHTa Poccmiickoro HayuHoro d¢onmga
(mpoexT Ne21-79-30062).

1. Stefan M 1 2018 Advanced Oxidation Processes for Water Treatment (London: IWA
Publishing)

2. Malik M A 2010 Plasma Chem. Plasma Process. 30(1), 21-31.

3. Saveliev A S 2022 Book of Abstracts 21st International Workshop on Magneto-Plasma
Aerodynamics (Moscow). p. 195

Average parameters of conductive liquid spray in the
presence of electrical discharge

A.S. Saveliev

Joint Institute for High Temperatures of RAS, Moscow, Russia
*fisteh@mail.ru

The use of an electric discharge in the production of chemical compounds
from reagent substances is interesting from the point of view of industrial
applications. The following processes can serve as an example: the production of
ozone in the gaseous environment of air, the OH radical or hydrogen peroxide in a
humid environment. These processes, for example, can be useful in the tasks of water
purification and disinfection. The use of a mixture of water vapor and gas (for
example, air) will be the best in terms of the ratio of the volume of drops to their
surface (the smallest value, equal to zero in the limit). However, in the case of the
process of generating peroxide from water, there is another circumstance in which
the use of a spray is more advantageous. Since hydrogen peroxide is highly soluble
in water, after its production it dissolves in the bulk of the droplet water, which
prevents its destruction under the action of the discharge plasma [1]. The dye
removal process is most efficient when a pulsating corona discharge is used in a
solution aerosol [2]. The high efficiency is explained by the fact that the created active
radicals in the plasma have to travel a shorter distance in order to get into the volume
of water for the decomposition reaction to take place. Thus, there are processes in
which the usage of gas-drop medium is optimal in terms of the rate of production
(purification) of the chemical.

The purpose of this work was to initiate an electric discharge in a gas-drop
medium (spray of a solution of table salt in water) created using a centrifugal type
nozzle. The main differences from the previous work [3] are the use of a nozzle that
forms a spray with a smaller droplet diameter, the consideration of three cases of
influence on the spray formation process: without an applied electric field, a field
with a value less than breakdown, the presence of a field and an electric discharge
(heat release). In the experiment, the distribution of the number of drops over their
diameter was measured, as well as the components of their velocity vector over the
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diameter, and the average values for the spray were calculated. In addition,
photographic recording of the discharge glow was carried out, and the electrical
parameters of the discharge were also measured.

As a result of the measurements, it was shown that the inclusion of an electric
field leads to a change in the distribution of the velocity vector components and their
average values. The ignition of an electric discharge (heat release into the spray area)
leads to a change in the distribution of the number of drops over the diameter, to a
decrease in the average values - the average diameter and the average volume-
surface diameter.

The study was supported by a grant from the Russian Science Foundation
(project No. 21-79-30062).

4. Stefan M 1 2018 Advanced Oxidation Processes for Water Treatment (London: IWA
Publishing)

5. Malik M A 2010 Plasma Chem. Plasma Process. 30(1), 21-31.

6. Saveliev A S 2022 Book of Abstracts 21st International Workshop on Magneto-Plasma
Aerodynamics (Moscow). p. 195
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10.2 UncaeHHOE MOdeIMpoBaHMe ObICTPOTrO JIOKAaJIbHOTO
HarpeBa CBepX3BYKOBOI'O II0OTOKa ra3a BOJIM3M IOBEPXHOCTU
paMIbI

A.C. CaBeaveb

OObenmHeHHBIVI MHCTUTYT BBICOKMX TemmepaTyp PAH, Mocksa, Poccris
*fisteh@mail.ru

[Tpn obTexkaHMM CBEPX3BYKOBBIM IIOTOKOM ra3a IOBEPXHOCTM (T.H. paMIIbI),
oOpa3oBaHHOM [BYMsI IUIOCKOCTSIMM, IlepeceKaloIIMMMCS IIof, TYIIBIM YIJIOM,
IIPOVCXOANUT IOBOPOT IIOTOKa C oOpa3zoBaHMEM KOCOro CKadka yIUIOTHeHMs. VI3-3a
BA3KOCTM Ta3a ¥, TaKMM 0O0pa3oM, HaJInuusl IIOTPAHMYHOTO CJIOS IIPOVICXOLAUT
B3aVIMOJIEVICTBIMe IIOCJIeJHero C KOCBIM CKa4KOM VIUIOTHEHWSl, 4YTO IIPVBOLAUT
BO3HVKHOBEHWIO OTPbIBHOrO TeueHMs [1]. IlomoOHble sBjIeHMss MOIyT HPOSIBIISTBCS B
APYIUX CIydasix, HallpyuMep, Ipu o0TeKaHUN MOe/IN KpbUla IIPY IIOJI0XUTEeIbHOM
yrile ataky [2]. DBo3HMKHOBeHMe OTpPBIBHBIX TeUeHWUII Ha IIOBEPXHOCTU
BBICOKOCKOPOCTHBIX JIeTaTeJIbHBIX alllapaToB MOXKeT IIPUBECTU K Psy HeraTUBHBIX
IIOCIIEZICTBUIL: M3MEeHeHMe peXyuMma oOTeKaHMs M TeIUIOIlepelady Ha IpaHMIle ras-
IIOBEPXHOCTh, YMeHbIIIeHVIe YIIPaBJIIeMOCT, yBeJIdeHrie COITPOTUBIIEHNS U [IP.

Panee [2] skcmepuMeHTaJIbHO OBUIO MOKa3aHO, YTO WHUIMMpPOBaHMe
OBICTPOro JIOKaJIbHOIO HarpeBa BO3[yxa (C IOMOIIBIO ITPOTSDKEHHOTO VCKPOBOIO
paspsiza) Ha IOBEPXHOCTM MO KpbUla PV CBEPX3BYKOBOM peXXyMe oOTeKaHMI
MOXXeT IIPUBOOUTD K KpaTKOBpeMeHHOMY CMeIIeHWIO TOUKM OTpbIBa BHU3 110 IIOTOKY.
2T1OT 3¢pdeKT ObUT MOATBEPIKIEH C IIOMOIIIBIO YMCIIEHHOr0 MoepoBaHus [3], mpu
3TOM OBUIM IIPOBEIEHBI JIOIOJIHUTEIbHBIE BBIUMCIIVTENIbHBIE JSKCIIEPVIMEHTHI C
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TIapaMeTpaMyi, KOTOpble He MOIJIM OBITH 0OecTiedeHE! B sKcriepmumMenTe. HemocraTkom
yKa3aHHBIX paboT sIBIIseTcsl (PUKCHMPOBAHHBIV HAOOP reoMeTprdecKmx IIapaMeTpoB.
Llepio maHHOV paboTHI ABJIgeTCs MIpOBeIeHNe YICIIEHHOTO MOAe/IpOBaHs B Oostee
IIPOCTOVI TeOMeTPpWN, TI[e eOVHCTBEHHBIMM TIeOMeTPUYEecKMI IapaMeTpamu
SBJIAIOTCS YTOJI paMIIbl M TOJIIVHA IIOIPAHMYHOIO CJI0SI B MeCTe B3aMMOJIEeVICTBIS
TIOTPaHNYHOIO CJIOS CO CKAYKOM YIUIOTHEHVIS.

UrnicsieHHOe MopeMpoBaHMe IIPOBOAWIOCH B JIBYMEPHOW IIOCTAHOBKE,
paccMaTpuBaIcs JJaMMHAPHBIV CJIy4all 00TeKaHVs ¢ TeMIlepaTypHO 3aBUCHIMOCTBIO
BSI3KOCTM Bo3Ayxa. [TapaMeTpsl Haberarolero IoToka COOTBETCTBOBaIV ITlapaMeTpaM
M3 SKCIIepVMEHTATBHOM paboTtsl [2]. B paborte paspaboraH m mpuMeHeH MeTO[I
VICKyCCTBEHHOT'O ITPOIOJDKEHVISI ITOTPaHMYHOIO CJI0S, IIO3BOJISIOIINIL CyIeCTBEHHO
COKPaTUTh BpeMs UMCIIEHHOIO pacyeTa, 3aK/TIOYAIOIINIICS B HadaJIbHOW YCTaHOBKE
Ha BXOIe B O0JIaCTh MOIEIVPOBAaHMSA PacUUTAaHHOTO IIO 3aaBaeMoOVl TOJIIIVHE
MIOTPaHWYHOTO CJI0d MpOdWIs CKOpOCTM ¥ TeMIeparypsl. MozenpoBaHue
ObIcTpOro HarpeBa HPOBOAMWIOCH YCTaHOBKOVI B MeCcTe HarpeBa IIOBBIIIIEHHBIX
3Ha4YeHWUVI [JaBJIeHMs W TeMIlepaTypsl, KOTOpble MOIyT OBITh pacumTaHbl B
COOTBETCTBUM C M30XOPHBIM IIPOLIECCOM IIPY 3aJaHHOVI SHepTMV Harpesa.

B pesynbrare mpoBemeHHBIX pacdyeTOB IIOKa3aHO, UYTO WHUIMMPOBAHVIE
HarpeBa BO/M3M 0O0IacTM OTpbIBA HPUMBOAUT K KPaTKOBPEMEHHOMY CMEIeHIIO
TOUYKM OTpPBIBA BHM3 IO MOTOKY. [Ipm 3TOM BapprpoBaiiich 3HEPIus M IIOJIOKEHVIe
MecTa HarpeBa: HeIIOCPe[ICTBEHHO Ha 00TeKaeMOVI TIOBepXHOCTY Iieper, BOI3M , 3a
TOUKOVI OTpBIBA, a Takke Ha HEKOTOPOM yOaJIeHWV OT IIOBEPXHOCTV pPaMIIbL
[TokasaHO, 4TO MHUIIMMPOBaHIe HarpeBa Ha HEKOTOPOM PacCTOSHUV OTHOCUTETEHO
IIOBEPXHOCTV paMIIbl IIPMBOIONUT K CyIIeCTBeHHO OosbleMy 3ddeKkTy IomaBieHns
o0J1acTV OTPBIBA, UTO CBSI3aHO C MEHBIIIVIM HarPeBOM BHYTPY IOIPaHWYHOTO CJIOS.

=

Chapman D R, Kuehn D M and Larson H K 1958 NACA Report 1356 419-60

2. Golub V'V, Saveliev A S, Sechenov V A, Son E E, Tereshonok D V 2010 High Temp. 48(6),
903-9

3. Saveliev A S 2021 J. Phys.: Conf. Ser. 2100 012004

Numerical simulation of rapid local heating of a supersonic
gas flow near the ramp surface

A.S. Saveliev

Joint Institute for High Temperatures of RAS, Moscow, Russia
*fisteh@mail.ru

When a supersonic gas flow streamlines a surface (a so-called ramp) formed
by two planes intersecting at an obtuse angle, the flow turns with the formation of an
oblique shock wave. Due to the viscosity of the gas and, thus, the presence of a
boundary layer, the last one interacts with an oblique shock wave, which leads to the
appearance of a separated flow [1]. Similar phenomena can occur in other cases, for
example, when flowing around a wing model at a positive angle of attack [2]. The
occurrence of separated flows on the surface of high-speed aircraft can lead to a
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number of negative consequences: a change in the flow regime and heat transfer at
the gas-surface interface, a decrease in controllability, an increase in drag, etc.

Previously [2], it was experimentally shown that the initiation of rapid local
heating of air (during long spark discharge ignition) on the surface of airfoil in a
supersonic flow can lead to a short-term displacement of the separation point
downstream. This effect was confirmed by numerical simulation [3], and additional
computational experiments were carried out with parameters that could not be
provided in the experiment. The disadvantage of these investigations is a fixed set of
geometric parameters: a specific airfoil, chord length. The aim of this work is to carry
out numerical simulations in a simpler geometry, where the only geometric
parameters are the ramp angle and the thickness of the boundary layer at the point
where the boundary layer and the shock wave interact.

Numerical simulation was carried out in a two-dimensional case, the laminar
case of flow around with temperature dependence of air viscosity was considered.
The parameters of the oncoming flow corresponded to the parameters from the
experimental research [2]. The method of continuation of the boundary layer has
been developed and applied in this work, which allows to significantly reduce the
time of numerical simulation, which consists in the initial installation at the entrance
to the simulation area of the velocity and temperature profile calculated from the
specified thickness of the boundary layer. Simulation of rapid heating was carried
out by setting increased values of pressure and temperature at the heating point,
which can be calculated in accordance with the isochoric process at a given heating
energy.

As a result of the calculations performed, it was shown that the initiation of
heating near the separation region leads to a short-term displacement of the
separation point downstream. In this case, the energy and position of the heating
point were varied: on the streamlined surface in front of, near, behind the separation
point, and also at some distance from the ramp surface. It was shown that the
initiation of heating at a certain distance relative to the ramp surface leads to a
significantly greater effect of suppression of the separation region, which is
associated with lower heating inside the boundary layer.

4. Chapman D R, Kuehn D M and Larson H K 1958 NACA Report 1356 419-60

5. Golub V'V, Saveliev A S, Sechenov V A, Son E E, Tereshonok D V 2010 High Temp. 48(6),
903-9

6. Saveliev A S 2021 J. Phys.: Conf. Ser. 2100 012004

AAA

113



WSMPA H 2023

10.3 DxcriepuMeHTaIbBHOE MccilegoBaHue Tiieromniero CBY-
pa3psna B reoOMeTpUM 3J1eKTPOJ0B NosTycdepa-II0cKOCTh B
IIOTOKe aproHa npu atMocdepHOM JaBIeHUN

C.H. Anmuno6’, M.X. I'adxueb, M.B. Urvuueb, A.C. Trogpm=seb, [1.1.
IOcynob

OObenyHeHHBIVI MHCTUTYT BICOKMX TemnepaTyp PAH, Mocksa, Poccris
*antipov@ihed.ras.ru

B mamHom paboTe B reoMeTpmy paspsIHOIO MPOMeXYTKa «Ioiycdepa-
IUIOCKOCTh» ObUI moinydyeH u wuccaenosaH CBY-paspsn B 1oToke aprosa,
NpeACTaBJIAIOINII  cOOOVT HOBBIVI TUII TJIEIOLIero paspsifa IIpu aTMocdepHOM
fapieHvn. Paspsn BosOyXmasicss B IUIa3MEHHOW Tropesike C IMMPOKMM BbIXOIHBIM
OTBepCTVEM, pa3pabOTaHHOV paHee I IUIA3MEHHON OOpPabOTKM IIOBEpPXHOCTEN
Ppa3mMaHBIX MaTepuasios [1, 2].

B xauecTBe mcTOUHMKA 3JIEKTPOMarHUTHOV SHeprum vcronbs3osaica 2,45 1Ty
IUIa3MOTPOH BOJIHOBOOHOTO Tuma [1, 2] ¢ MOIIHOCTBIO B BOJIHOBOJEe 110 3 KBT.
OrtBefenne MomHocT B ropenky (~100 Br) ocyIecTBiIsuiock € IOMOIIBIO
pasBeTBUTeNI VHOYKIVMOHHOIO TWIIA, IIPEACTaBJISIONIero coOOVl TIeTIIIO CBA3M,
Harpy>KeHHYIO Ha KoaKCUaJIbHBIN pasbeM N-Tumna. IleTist coegumsiiiack ¢ ropeskom
KOaKCHaJIbHBIM KabesteMm corrpoTusierueM 50 Oum mvHOM 2 M. [T1asmenHas ropeska
MIpefICTaBIIsIeT cOOOV MIUIMHAPWYECKYIO PaspsAOHYI0 KaMepy AVaMeTpoM 2,5 cM ¢
PacIIOJIOKeHHBIMM BHYTPM Heé MNapa/Ule/JIbHO CTeHKaM IIeCTBIO CTepKHEBBIMIU
3JIeKTpoJaMy JIMaMeTpoM 4 MM C 3aKpyIJIeHHBIMY KOHIIaMW. DJIeKTPObI OTCTOAT Ha
2 MM OT CTeHKM KaMephl 11 00pa3yIoT B IIOIIepeYHOM CeueHWN KaMepbl IIPaBWIbHBIN
IIeCTUYrojIbHUK. B KadecTBe IUIa3sMOOOpasyloIllero rasa WCIIOJIb30BajiCsd aproH
(99,998 %) c pacxomom 1-10 j1/MuH.

IIpocTpaHcTBeHHO-BpeMeHHast CTPYKTypa PpaspsAIHBIX KaHaJIOB
VICCIIe[IoBaJIach C IIOMONIBIO CKOPOCTHOM I1BeTHOWM BugeokaMepbl VS-FAST ¢
yactoTom Kanpos Ao 105 xampos/c. BOmmsu sakpyrjleHHOro KOHIIa CTep>KHeBBIX
3JIeKTPOI0B HaOJIIOIa/IOCh OTYeT/IMBOe paclllelUIeHre KaXIOoro paspsiiHOro KaHalla
Ha BeTBdAIIMecs uIaMeHThl, oOpasyrole caMoIIofo0Hy0 (dpaKTajIbHYIO)
IIPOCTPAaHCTBEHHYIO CTPyKTypy. Ilpm 53ToM Hambosiee TOHKMe QwIaMeHTB
OXBaTBIBJIM TI0JTycepuyecKuil Topel] 3JIeKTpofa MOoAo0HO IMyHmasibliaM, a WX
KOHYMKIM OOpa3oBBIBA/IVI Ha IIOBEPXHOCTM 3JIeKTpoja HaTTepH u3 mpumepHo 102
MOABVDKHBIX MMKpOISiTeH. Mbl IIojIaraeM, 4ToO TaKasl CwWiIbHasg drlaMeHTalys
paspsiza oOyciioBleHa BBIIYKIION (POPMOV TOPLIOB 3JIEKTPOMOB, UTO HPUBOAUT K
3HAUNTEJIbHOMY  pacIlIMpeHMIO  paspsHOro KaHajla. Y  CTeHKM  KaMephl
dwiamMeHTansl  paspsia IIpakKTUYecKy HepasJndyMa;, TeM He MeHee Ha
IIOBEPXHOCTM CTeHKM TakXke HaOJIIOIaICh XaOTWMYHO IlepeMelaroliyecs spKue
MuKporsaTHa. [Tpranraon dpakTaabHOCTY drylaMeHTaluy paspsiia MOXeT SBJIATbCA
HEeyCTOVYMBOCTL IpoIecca VOHM3alMy Ha JIaBMHHOWM cTaguu. B srom ciydae
HeYCTOVYMBOCTDL Pa3BVBAETCs B PacIIVpPSIONIENiCs JIaByHe O TeX IOp, IT0Ka OHa He
pacriaziercss Ha HECKOJIBKO JIOYepHMX JIaBMH MeHbIero paawuyca. IIpowcxommr
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rocjieqoBaTeJIbHOE paclleIvIeHNe JIaBH ¢ YMEHBIIIEHVIEM IIOIIE€PEUYHBIX pa3sMEPOB U
yBeJIMm4eHneM X 4riciia.

1. Ivanov L. A, Tikhonov V. N., Tikhonov A. V. 2019 J. Phys.: Conf. Ser. 1393 012042
2. Chepelev V M, Chistolinov A V, Khromov M A, Antipov S N and Gadzhiev M Kh 2020
J. Phys. Conf. Ser. 1556 012091

Experimental investigation of an atmospheric-pressure
microwave glow discharge in sphere-to-plane electrodes
configuration

S.N. Antipov*, M.Kh. Gadzhiev, M.V. Il"ichev, A.S. Tyuftyaev, D.I.

Yusupov
Joint Institute for High Temperatures of the RAS, Moscow Russia
*antipov@ihed.ras.ru

In this work, a discharge gap of sphere-to-plane geometry was used to obtain
and study an interelectrode microwave discharge in Ar flow, representing a new
type of glow discharge at atmospheric pressure. The discharge was excited in the
wide-outlet plasma torch developed for large-area surface-treatment applications [1,
2].

We used a waveguide-type microwave plasmatron [1, 2] that operates at a
frequency of 2.45 GHz and has a microwave power in the waveguide of up to 3 kW
and a power in the torch of about 100 W. The microwave power is withdrawn to the
torch by means of induction-type splitter, which is a coupling loop loaded onto an N-
type coaxial connector. The splitter is connected to the plasma torch via a 50 Ohm
coaxial cable assembly of 2 m length. The plasma torch consists of a cylindrical
discharge chamber with an inner diameter of 2.5 cm and six rod-like electrodes 4 mm
in diameter with rounded ends. The electrodes are spaced 2 mm from the chamber
wall and arranged parallel to each other to form a regular hexagon in the cross-
section. High purity argon (99.998%) was used as a plasma-forming gas with a flow
rate in the range of 1-10 1/min.

The spatio-temporal structure of the discharge channels was investigated
using the high-speed color VS-FAST video camera with a frame rate of up to 10°
frame/s. A distinct dendritic splitting of each discharge channel into branching
filaments, which form a self-similar (fractal) spatial structure, was observed near the
rounded end of the rod electrodes. The tentacle-like filaments enfold the electrode
round end and thinnest filament tips form apattern of about 102 bright moving
microspots on the electrode surface. We believe that such strong discharge
tilamentation near the ends of the rod-like electrodes is caused by a convex shape of
the electrode ends — the hemisphere of the electrode end leads to significant
expansion of the discharge channel causing its splitting into separate filaments. At
the opposite end of the channel, near the chamber wall, discharge filamentation is
hardly visible; nevertheless, chaotically moved microspots are also observed on the
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wall surface. We assume that ionization process instability arises in an avalanche
stage. In this case, instability develops in an expanding avalanche until the avalanche
splits into several smaller-radius daughter avalanches. This process continues until
avalanches reach the electrode surface. Thus, a sequential splitting of the initial and
daughter avalanches occurs with a decrease in transverse dimensions and an increase
in the number of avalanches, which leads to the formation of a dendritic spatial
structure.

1. Ivanov I. A, Tikhonov V. N., Tikhonov A. V. 2019 J. Phys.: Conf. Ser. 1393 012042
2. Chepelev V M, Chistolinov A V, Khromov M A, Antipov S N and Gadzhiev M Kh 2020 J.
Phys. Conf. Ser. 1556 012091
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10.4 O pe3oHaHCcHBIX 3¢ deKTax, BOSHUKAIOMINX IIpU
BO3IeVICTBUM CMMMETPUYHOI0 IVIa3MEeHHOI'0 aKTyaTopa Ha
TIIOKOSIIIIVVICSA BO3OYyX M JO3BYKOBOVI ITIOTOK

B.M. bouapnuxo6*, B.B. Boaodun, B.B. I'oay0

O6GbenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccris
*vova.m.bocha@gmail.com

[Touck pe3oHaHCHBIX pexumos padorer [BP - akTyaTopa sBisieTcs
HeOOXOIVIMBIM YCJIOBVEM €O IIPAKTINYIeCKOro IIPVIMEHeH IS KaK 3JIeMeHTa aKTMBHOTO
ynpasieHusi oOTekaHmeM Kpbuta JIA. PeasibHass TIOroHHass — MOIITHOCTB
AV3IIeKTprdecKoro bapeepHoro paspsaa ([bP), mpuMeHsieMoro s 3Tom 3amadn, He
ripesbitiraetr 100 Br/m. Ilpu atom ero KIT/I orteHmBaeTcs B fuana3oHe OT OIHOTO 10
HECKOJIBKMX [eCSITKOB IIPOLIeHTOB. [IpuumHBI CTOIB OOJIBIIIOTO PacXOXOeHUs W,
IJIaBHOe, MeToAbl yBenudeHus 3dpdexrnBHOCTM npuMeHeHus [IBP - akryaropos
KPOIOTCS B VICIIOJIb30BaHMM Pe30HaHCHBIX 3P PeKTOB.

B nmamHOM paboTe B IlepByI0 Odepenpb OBUI PacCMOTpPeH pPe30HAHC MEXIy
YacTOTOV HWUTAIOIero CWMrHajla WM COOCTBEHHOW YacTOTOM aKTyaTopa, Kak
KojlebaTeJIbHOrO KOHTypa ¢ Oosbinonn auccumnarmuert. OOHapyXkeHO, 4YTO Ha
COOCTBEHHYIO YacTOTy aKTyaTopa BJIMLIOT KaK ero reoMeTpus, TaK U [laBjIeHUe
oKpyXaromiero Bosayxa. Ilo cooTHOIIeHVIO MeXay MOIIHOCTBIO — paspsja,
MOIIIHOCTBIO TEIUIOBBIX IIOTePb ¥ MOIIHOCTBIO VIOHU3MPYIOIINX CTOJIKHOBEHWII
IIOKa3aHO KaK HeDoJIbIlloe OTKJIOHEHWe CHUCTeMBbl OT pe30OHaHCa HallpsDKeHMs
II03BOJIAeT JOCTUYb IIPUPOCTa OOBEMHO CVJIBL 3a CUeT yBeJIM4eHNsl KOHIIeHTpalum
OTpUIIATeIIbHBIX MOHOB. [Ipm 3TOM IIpOMCXOOUT pe30HaHCHBIV 3axBaT JIEKTPOHOB
aToMaMM  BO3dyxa C oOpa3oBaHMeM OTpUIlaTeJIbHBIX WMOHOB. Tak ke
IPOIIeMOHCTPUPOBaHO, uTo Iyd IIBP - akTyaTopa B 103ByKOBOM IOTOKE COBIajleHNe
IPOJITHOIO BpeMeHW W Ilepuoja INUTAIOIIero HaOpsDKeHWs IIPUBOOUT K
HOBBIIIEHNIO0 3P EeKTMBHOCTY yIIpaBleHVs IIogbeMHOV cwioni Kpbula JIA. Ilpm
3TOM MPOMCXOOUT MaKCUMaJIbHOe (pe30HaHCHOe) WCIIOJIb30BaHMe PpaboThbl
KYJIOHOBCKOVI CVWIBI OT 3JIGKTPOIOB W 3apsDKeHHOV IOBEPXHOCTW IS YBeJIMYeHs
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CKOPOCTHOT'O  HaIriopa Ha6era10mero MOoTOKa BOIM3M  BHEIMIHMX SJIEKTPOIOB
CMMMETPUMYHOI'O IVIa3MEHHOI'O aKTyaTopa.

AAA

On the resonant effects arising with interaction of a
symmetric plasma actuator on the resting air and a subsonic
airflow

V.M. Bocharnikov*, V.V. Volodin, V.V. Golub

Joint Institute for High Temperatures of the RAS, Moscow, Russia
*vova.m.bocha@gmail.com

The search for resonant modes of operation of the DBD - actuator is necessary
condition for its practical application as an element of active control of the flow
around the wing of an aircraft. The real linear power of the dielectric barrier
discharge (DBD) used for this task does not exceed 100 W/m. At the same time, its
efficiency is estimated in the range from one to several tens of percents. The reasons
for such a large discrepancy and, most importantly, methods for increasing the
efficiency of applying DBD - actuators lie in the usage of resonance effects.

In this paper, first of all, the resonance between the frequency of the supply
signal and the natural frequency of the actuator, as an oscillatory circuit with large
dissipation, was considered. It has been found that the natural frequency of the
actuator is affected by both its geometry and ambient air pressure. Based on the
relationship between the discharge power, the power of heat losses, and the power of
ionizing collisions, it is shown how a slight deviation of the system from the voltage
resonance makes it possible to achieve an increase in the body force due to an
increase in the concentration of negative ions. In this case, resonant capture of
electrons by air atoms with the formation of negative ions is occurred. It has also
been demonstrated that for a DBD - actuator in a subsonic flow, the coincidence of
the flight time and the period of the supply voltage leads to an increase in the
efficiency of control of the lift force of an aircraft wing. In this case, the maximum
(resonant) usage of the work of the Coulomb force from the electrodes and the
charged surface occurs to increase the velocity head of the oncoming flow near the
outer electrodes of the symmetric plasma actuator.

AAA
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10.5 Pe>xumbl ropeHnst DappepHOTO paspsga B
KOH(UTypanmm ocrpme-IIocKoOCThb: pojIb 00beMHBIX M
IIOBepXHOCTHBIX 3¢ peKTOoB

C. KyBapoun'?, U. CeauBonun'*, 1. Mopareb’

1 ObbenvHeHHBIVI MHCTUTYT BbICOKMX TemniepaTyp PAH, Mocksa, Poccus
Mockosckumt @usuxo Texamaeckuit ViacturyT, Jonronpyaxsii, Poccrsa
*inock691@ya.ru

baprepub paspsn (bP) mpencrasisier cobovi MMITYIIBCHO-TIEPVIOAMIECKIAT
CJIaOOTOYHBIN paspsl BBICOKOTO JaBjIeHnsl, KOTOPBIVI MHULIUVPYETCS B 3JIeKTPOIHOM
CUCTeMe C OUIIEKTPUKMM OapbepoM Ha IyTH pacHpocTpaHeHus paspsiga [1]. BP
MOXXeT OBITh MCIIOJIb30BaH B KauecTBe MCTOYHMKA HM3KOTeMIIepaTypHOW IUIa3Mbl B
PasIMYHBIX TPUWIOXKeHMsIX: 00paboTKa O1oIorndeckx oObeKTOB, TeHepalys 030Ha,
MoaMdUKaLysg IOBEPpXHOCTI Y HaHeceH e ITIOKPBITUT, YIIpaB/IeHVe [IOTOKOM.

ITpn ropeHUN paspsna IIPOVICXOIAUT 3apsiaKa IIOBEPXHOCTU

AV3IeKTPUYecKoro Oapeepa, YTO HOPMBOAUT K CHIDKEHUMIO IIPMBEIEHHOTO
3JIeKTPUYeCKOro II0JIsi B 3a30pe U IIpeKpallleH!Io ToKa paspsna. [Ipu pagbHereM
yBeJIYeHM ITIOTeHIIVala BBICOKOBOJIBTHOIO 2JIeKTPOia BHOBb [JOCTUTAIOTCS yCIIOBVIA
npobosi. Takum obpasom, BP cymectsyer B dpopme MHOXKecTBa MHIVBUILYJIBHBIX
MUKPOPA3psI0B CO CJIOKHOW caMoOopraHm3aluer, OoO0ycIoB/IeHHbIX 3ddeKTaMm
maMsTV (IUIOTHOCTB 3apsifia IIOBEPXHOCTM Oapbepa, KOHIIeTpallMM 3apsDKeHHBIX U
BO30Y KII€HHBIX YacCTWI] B Ta30pa3psiTHOM oObeMe, Harpes rasa). B psge padot 6su10
roKaszaHo [2], uto passuriie BP B HEKOTOPBIX KOHMUIYpALVSIX BO MHOTOM CXOXe C
pasBUTIIeM KOPOHHOIO paspsiia, KOTOpoe OIpedessieTcs OVHAMMKON OOBeMHOro
VIOHHOTO 3apsifa y Karoma. [TpenmosoxuressHo, oObeMHBIe 3peKThl HaKOIUIeHMS
Y OVHaAMMKM 3apsiia B TrasopaspslHOM 3a30pe MOIYT OKas3blBaTb CpaBHMMOE C
IOBEPXHOCTHBIMY VIV JOMVHMpPYIOIee BiIVsHVe Ha pa3BuTue bP.
Llenbro TaHHOM SIBJIETCS MCCIIeOBaHMe PeXMMOB ropeHns OapbepHOro paspsiaa B
KOHUIypalmmn ocTpue-INIOCKOCTh B BO3AyXxe aTMocdepHoro aasieHus. OcTtpue c
pamyuycom KpuBu3HBEL 20 MKM - 1 MM M3roTasIvBasIoCh M3 MEIHOV VI aJITFOMVHVEBOV
IIPOBOJIOKYM, OMIEKTpUYecKMM OappepoM CIIyXWiIa aJIyHOoBas KepaMuKa
tommmHOM 1 MM ¢ € = 10. PaccrosHme oT ocTpus 10 HOBEpPXHOCTM Oapnepa
BapbupoBasiock B mpefgermax 0 - 3 MMm. K ajekTpomam  HpuKIIazibIBasioch
CHHYyCcOMAaIbHOV HanpsbkeHne ¢ amivmrygont 1 - 7 xB ¢ wacrorom 8 kIt Tok
paspszga M3MepsuIcd C IOMOIIBIO KaCTOMHOIO MaJIOVMHyKTVMBHOIO TOKOBOIO IIIyHTa
[3,4], mogxmoyeHHOro K AByM KaHajlaMm ociwuiorpada (Lecroy HDO6104AR c
noocon mpomyckanms 1 ITho m BepTuKaibHBIM paspelileHneM 12 0uT) udepes
CIUIUTTEP, COIaCOBAHHBIV II0 BOJIHOBOMY corrpotusiieHnio 50 Om. IlapaurensHo c
3JIeKTPpUYeCKMMI M3MepeHMsIMI Bejlack cheMKa paspsana Ha ICCD kamepy (Andor
iStar 720) c skcnosunmsiMu nopsnaka 100 ae. Ha pucynke 1 mpencrasieH pesysibTar
CbeMKM Ppaspsiila B MOMEHTHl BpeMeHM, COOTBETCTBYIOIIVE MOIIHBIM TOKOBBIM
VIMITyJIbCaM Ha OCI/IIOrpaMMe.
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Pucynox 1. Ocyus10epammol numarujee0 HAaNpxeHus u moka paspsaoa ¢ 0mmeueHHbIM UMNYAbCOM
samBopa ICCD xamepyl (creBa) u coomBemcmbyroujue usodpaxenus muxpopaspsoo (cnpaba).

B pesynpraTe paboThl ObUIO MOKa3aHO, YTO Ha MeIHOM 3JIeKTpofle pasps
CYIIIeCTBYeT B OCHOBHBIX 4 peXnmax, XapaKTepu3yIOIIVXCs HaJIldyieM VIMITYJIbCOB
Tpuuerna, TJIEFOIIIe dopmont paspsga C HelpepbIBHBIM TOKOM,
KaTOOHAIIPaBJICHHOTO CTpVIMepa, CTapTYIOIIEero ¢ OCTpMs WM CTapTYIOIIero C
3apsDKeHHOV TI0BepXHOCTM Oaprepa. KapTa pexmMoB ropeHms: mpercrasieHa Ha
pucyHke 1 ciesa. IIpy ymeHbIIeHMM pacTOSIHMS VIMITYJIBCBI Tpyderia MponagaroT, a
MaJIbIx BesimdrHax 3asopa (0.5 MM st MegHOro ocTpus KpusnsHov 20 MKM) paspsif,
IIepexoIuT B IIOBEPXHOCTHYIO ¢OpMy, YTO XapaKTepu3yeTcsd 3HaudUTeJIbHBIM
yBeJIMYeHVieM BeJIMYMHBI IIepeHOCHMOr0 MMITYJIbCOM 3apsiia M CHVYDKeHVIeM 4acTOThI
aleoBaHusl  MUKpopaspsanos. I[Ipm  yBermmuenuwm pagmyca KpPMBU3HBL  OCTPWS
opraHvsaliy peXXuMa VMITyJIbcoB Tpuyeria He IPOMCXOANT.

. mode |

o[ mode 1 | MODE I I m IV
z mode |I| Trichel pulses + + + 42
% mode
35| v Glow discharge - + + -
5
A Streamer from - - + o+
% r dielectric surface
® Streamer from - - + +

3 pin

1.0 1.5 2.0 25 3.0
BD gap, mm

Pucynox 2. Kapma pexumo8 BP (mednoe ocmpue c paduycom kpubusuvt 20 mxm). 3Hak Bonpoca
03HAUaem HeoOHO3HAUHOCb UHMepnpemayuu Haba100aemvlx umnyivcod xax umnyiscob Tpuueaa.

Ha amrommHMEBOM JJIEKTpOle HEe3aBVCVIMO OT BE€JIMYVMHBI 3a30pa WIN
AMIUINTYyObl IIMTAIOIIETr0 HaIIPpsDKEHVSI He IIPOMCXOAUT OpraHM3alll KaK peXrMa

119



WSMPA “ 2023

VIMITYJIbCOB Tpwdesia, TaK M peXyuMa HeIIpepbIBHOTO TiIeIoIIero paspsima. Bmecto
3TUX PeXVMOB HaOJIIO/IaeTCsi MHOXECTBO CJIaObIX (IIepeHOCVMBIN 3apsif MeHbIIle
XapaKTepHOIO 3HAUeHWMs I MMITYJIbCOB Tpudesia) TOKOBBIX MMITYJIBCOB C BBICOKOTI
JacTOTOM CJlefoBaHMs. IIpedriosoXunTeslbHO, OTBETCTBEHHBIM 3a 3TOT 3deKT
MeXaHWM3MOM 4BJIsieTCs OKMCIIeHVe W IIPO0OV OKCMIHOIO CJI0S Ha aJIFOMUHVEBOM
ocTpwue pu roperun BP [5].

Barrier discharge operating modes in the pin-to-plate
configuration: The role of volume and surface effects

S. Kuvardin'?, 1. Selivonin®, I. Moralev!
Hoint Institute for High Temperatures RAS, Moscow, Russia

Moscow Institute of Physics and Technology, Dolgoprudny, Russia
*inock691@ya.ru

Barrier discharge (BD) is a pulse-periodic low-current high-pressure discharge,
which is initiated in an electrode system with a dielectric barrier in the path of the
discharge [1]. A BD can be used as a source of low temperature plasma in various
applications: processing of biological objects, ozone generation, surface modification
and coating, flow control, etc.

When the discharge exists, the surface of the dielectric barrier is charged, which
leads to a decrease in the reduced electric field in the gap and the termination of the
discharge current. With a further increase in the potential of the high-voltage
electrode, breakdown conditions are again achieved. Thus, BD exists in the form of
many individual microdischarges with complex self-organization due to memory
effects (charge density of the barrier surface, concentrations of charged and excited
particles in the gas-discharge volume, gas heating). It has been shown in a number of
works [2] that the development of BD in some configurations is in many respects
similar to the development of a corona discharge, which is determined by the
dynamics of the volume ion charge at the cathode. Presumably, the volume effects of
accumulation and charge dynamics in the gas-discharge gap can have a comparable
(with the surface effects) or dominant effect on the development of BD.

The aim of this work is to study the operating modes of a barrier discharge in a
pin-to-plane configuration in air at atmospheric pressure. A pin with a radius of
curvature of 20 um - 1 mm was made of copper and aluminum wire, alundum
ceramic 1 mm thick with € = 10 used as a dielectric barrier. The distance from the pin
to the barrier surface varied within 0 - 3 mm. A sinusoidal voltage with an amplitude
of 1-7 kV and a frequency of 8 kHz was applied to the electrodes. The discharge
current was measured using a custom low-inductance current shunt [3,4] connected
to two channels of an oscilloscope (Lecroy HDO6104AR with a bandwidth of 1 GHz
and a vertical resolution of 12 bits) through a splitter matched by a characteristic
impedance of 50Q. In parallel with electrical measurements, the discharge was
imaged with an ICCD camera (Andor iStar DH720) with exposures of about 100 ns.
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Figure 1 shows the result of imaging the discharge at time points corresponding to
powerful current pulses on the oscillogram.

As a result of the work, it was shown that the discharge on the copper electrode
exists in the main 4 modes, characterized by the presence of Trichel pulses, a glowing
discharge with a continuous current, a cathode-directed streamer starting from the
pin and from the charged surface of the barrier. The operation mode map is shown in
Figure 1. As the distance decreases, the Trichel pulses disappear, and at small gaps
(0.5 mm for a copper point with a curvature of 20 pm), the discharge passes into a
surface form, which is characterized by a significant increase in the value of the
charge transferred by the pulse and a decrease in the repetition rate of
microdischarges. With an increase in the radius of curvature of the pin, the
organization of the regime of Trichel pulses does not occur.

On an aluminum pin, regardless of the size of the gap or the amplitude of the
supply voltage, there is no organization of either the Trichel pulse mode or the
continuous glow discharge mode. Instead of these regimes, there are many weak (the
transferred charge is less than the characteristic value for Trichel pulses) current
pulses with a high repetition rate. Presumably, the mechanism responsible for this
effect is the oxidation and breakdown of the oxide layer on the aluminum pin during
BD operating [5].

Figure 1. Waveforms of the supply voltage and discharge current with the marked ICCD camera gate
pulse (left) and the corresponding ICCD images of microdischarges (right).

Figure 2. Map of the modes of the BD (copper pin with a curvature radius of 20 um). The question
mark means the ambiguity of the interpretation of the observed pulses as Trichel pulses.
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10.5 Ctpykrypa marautocdepbl Ipu pa3HbIX 3HAYEHUSAX
IUIOTHOCTH IJIA3MbI COJTHEYHOT0 BETPAa: pacyeThbl B paMKax
pe3uctuBHoOM 2D MI'I Mmoaenun

E.B. I'ypano8, A.IL Jluxaue6'", C.A. Medun 12
1O0beiHeHHBINI MTHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
2M®TW, Mockosckast o0nacTs, . Jonronpynsaemt, Mocksa, Poccums
*apl@ihed.ras.ru

PaCCMOTpeHO BJIVISIHME TUIOTHOCTV IUIa3Mbl COJIHEUHOI'O BETpa Ha CTPYKTYPY

MarHuTocdeprl. MopenmmpoBaHye TPOBOAWIOCh B MePUAVIOHAJIBHOV IUIOCKOCTU C
vcrionbs3oBaHveM pesvuctusHov 2D MI'T] monerm. IloirydeHo Tpu BapyaHTa pelieHns
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¢ IUIOTHOCTBIO pp = {1020, 2102, 41029} kr/m3. Bo Bcex pacuerax X-KOMIIOHEHTa
ckopocTn corHewyHoro BeTpa uo=-400 xmMm/c, masinenme po=1010 Ila, wmHAyKIMS
MeXIUIAaHEeTHOTO MarHUTHOTO TI0JIst Bzo=-1 HT, IpoBOaAMMOCTB IIJIa3MBI Op 3a/]aBajlach
pasnom 104 C/m.

Bo Bcex BapmaHTax pelteHns: HaO/IIOgaeTcs: KBa3uIleproamdeckoe MarHuTHOe
IlepecoeqIViHeHie B FTeOMarHUTHOM XBOCTe MarHUTOCeps! (I1oo0pa3Hoe coObITHE).
DTOT mporiecc OBUT paHee OIMCAH M IIpoaHAIM3MpOBaH B Hamienn pabore [1]. Ha
pucyHKe 1 moKa3aHbl BpeMeHHbIe TPOMIIIN MOTOKA OTKPBHITOTO MAarHUTHOTO IIOJIS,
Ha KOTOPBIX XOPOIIIO BUIHBI Bce (pas3bl IIMKIIA IIePeCOeIVIHEHNS - POCTa, B3PBIBHOM
dasel 1 BoccTaHOBIIeHMd. IloHBI Iepron LMKIIa BO BCeX BapMaHTax pelleHNs
paBeH ~ 4 K¢, T.e. KpaviHe cJj1a00 3aBUCUT OT INIOTHOCTY IIa3MBl.
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PucyHOK 1. BPBM@HHEI}Z 35MCMMOCmb Oprbln’ZOZO MACHUNTHO20 NOMoKa HAa e()uHuL;y a./lMHbl mena npu

po=1020 ke/m3 (nebas naneas) u 41020 ke/m3 (npabas nanesv). Pasa pocma, 63pvibras ¢pasa u pasa
Boccmanobaenus okpauienst 6 xeamoiil, gouoremoBolii u eoayboi ybema, coombemcmBerHo.

CymiecTBeHHOe BUsSHMe Ha pellleHMe IUIOTHOCTb OKasblBaeT B [JHEBHOM
cekrope MarHurocdepsl. Ha pucyHkax 2, 3 nipuBefeHbl XxapaKTepUCTUKI pelleHmit
put po =102 114 1020 xr /M3 (perrenne ¢ po =2 1020 xkr/m3 mompobHO ommcanHo B [1]).

; 2 : 2 I
Ty NAIM® 522 150503 04 10 17 23 25 36 42 43 85 62 65 74 81 87 94 Ty NAIM® 20030 11 05 27 46 65 84 103122141 160 179 198 217 23 255 274 53
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Pucynox 2. Maenummnole cuiroBvie Aunuu u pacnpedesenue nAOMHOCHU IAeKMpU1eckoao
moxa: a - po=1020xe/m3; 0 - po =4 1020 kg/m3 .

Pacripenernenms MarHUTHOTO TIOJISI 7 HapaMeTpoB IIa3MbI
KBa3VCTallMIOHApPHBI ¥  MPaKTUYeCKM CUMMETPUYHBL.  Y[OapHas BOJIHA U
Mar"HuTonaysa pacrioyjaralorcd Ha ocu x B Toukax 14 R m 8 R mra penenwms ¢ HU3KoM
IDIOTHOCTBIO M 8 R 1 6 R mjIs BBICOKOW IDIOTHOCTM, COOTBETCTBEHHO. BumHo, uTo
IOJIOKEeHMe S3TUX PaspblBOB CWIBHO 3aBUCUT OT BeJIWYMHBI IUIOTHOCTW, C
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yBeJIMUeHreM KOTOPOVI TOJIIVHA YOapHOTO cJjiosd cokpamtaercs. Crenyer OTMETUTD
dopMmpoBaHMe YIJIMHEHHOIO MarHUTHOI'O OCTPOBa, PacIlOI0KeHHOIO BePTUKaIbHO
Ha MarHuTomnayse. BepmmHbpl MarHUTHOTIO OCTpPOBa  SBJISFOTCS  X-TOYKaMU
(mepecoenyiHeHVIs), B KOTOPBIX CMJIOBBIE JIMHUM MEXIUIHETHOIO MAarHUTHOIO IOJIS
PpasphIBAOTCS M COEOVIHSIOTCS C Pasge/IVBIIVIMMCS JUIIOIBHBIMY MarHUTHBIMU
cv10BbIMM JIHUSAMMA. [TOTOK IUIa3MBI B MArHUTOCI/IOE OOTeKaeT MarHUTHBIVI OCTPOB 1
Mar"HuTomnaysy.

t=3.2 ks

Pucynox 3. MenoBennble aunul 2a300UHAMUYECKO020 OKA U pactipedeseHiie
cmamuueckoeo 0abaenus: a - po=10-20ke/m3, 6 - po=4 1020 ka/m3.

HanHasi pabora 3aBeplllaeT LMK/ WCCIEIOBAaHUN BIVSHUS IIapaMeTpPOB
COJIHEYHOI'O BeTpa Ha MarHuTocdepy B pamkax pesuctuBHom 2D MI'Tl momerm.
3aBepireHa omiagka 3D pesuctuBHBIX MI'Zl KOITOB 11 TIPOBOANTCS BBIOOP MICXOTHBIX
JaHHBIX 1 3D pacdeToB, MO3BOJIIONIMX IIPOBECTV CpaBHEHWe C pe3ysbTaTaMu
MarHnuTocepHBIX HAOITIOIEHWT.

1. Gubanov E.V., Likhachev A.P., Medin S.A. Magnetosphere response to stationary
solar wind forcing at various plasma resistivities in 2D MHD simulation // J. Phys.:
Conf. Ser. 2019. 1394, 012026

The structure of the magnetosphere at different values of the
solar wind plasma density: simulation within the framework
of a resistive 2D MHD model

E.V. Gubanodv!, A.P. Likhachev!", and S.A. Medin!?
Hoint Institute for High Temperatures RAS, Moscow, Russia
MIPT, Moscow region, Dolgoprudny, Moscow, Russia
*apl@ihed.ras.ru

The influence of the solar wind plasma density on the structure of the
magnetosphere is considered. The simulation was performed in the meridional plane
using a resistive 2D MHD model. Three variants of the solution with density
po= {1020, 2102, 4 1029} kg/m3 were obtained. In all calculations the x-component
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of the solar wind velocity up was set equal to —400 km/s, the pressure po was taken
equal to 1010 Pa, the interplanetary magnetic field induction By was set to 1 nT,
plasma conductivity o, was assumed to be equal 104 S/m.

In all variants of the solution, a quasi-periodic magnetic reconnection is
observed in the geomagnetic tail of the magnetosphere (the sawtooth event). This
process was previously described and analyzed in our work [1]. Figure 1 shows the
time profiles of the open magnetic field flux, demonrtating all phases of the
reconnection cycle - growth, expansion and recovery. The full cycle period in all
solutions is near 4 ks, i.e. it depends extremely weakly on the plasma density.

The solar wind plasma density has significant impact on the solution in the
daytime sector of the magnetosphere. Figures 2, 3 show the characteristics of
solutions at pp = {10-20, 4 10-20} kg/m3 (the solution with pp=2 1020 kg/m?3 is described
in detail in [1]). The distributions of the magnetic field and plasma parameters are
quasi-stationary and practically symmetrical. The shock wave and magnetopause are
located on the x-axis at points 14 R and 8 R for lower density and 8 R and 6 R for
higher density, respectively. It can be seen that the position of these discontinuities
strongly depends on the magnitude of the density, with an increase in which the
thickness of the shock layer decreases. It should be noted the formation of an
elongated magnetic island located vertically on the magnetopause. The vertices of the
magnetic island are X-points (reconnection points) in which the lines of force of the
interplane magnetic field break and connect with the separated dipole magnetic lines
of force. The plasma in the magnetolayer flows around the magnetic island and the
magnetopause.

This work completes a cycle of studies of the influence of solar wind
parameters on the magnetosphere within the framework of a resistive 2D MHD
model. Debugging of 3D resistive MHD codes has been completed and the initial
data for 3D calculations are being selected to compare simulation results with the
data of magnetospheric observations.

Figure 1. Open magnetic flux per unit body length versus time at pp = 1020 (left panel) and 4 1020
kg/m3 (right panel). The growth, expansion and recovery phases are colored, respectively, in yellow,
purple and light blue.

Figure 2. Magnetic lines of force and current density distribution:

a - po=10-20ks/m3; 6 - po =4 1020 kg/m3.

Figure 3. Sudden flow lines and static pressure distribution:

a - po=1020kg/m3, 6 - pp=4 10-20kg/m3.

1. Gubanov E.V., Likhachev A.P., Medin S.A. Magnetosphere response to stationary solar
wind forcing at various plasma resistivities in 2D MHD simulation // J. Phys.: Conf. Ser.

2019. 1394, 012026
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10.7 ITpvHIIMII HanTpaBJIEHHOCTM CAaMOIIPOM3BOJILHBIX
IIpOlIecCOB YCTAaHOBJIEHWMsI JIOKaIBbHBIX CTallVMIOHapPHBIX
HepaBHOBECHBIX COCTOSTHUM

bypaxano6 B.M.
OOGbenyHeHHBIVI MHCTUTYT BbIcOKMX TemnepaTyp PAH, Mocksa, Poccus
burbm@rambler.ru

B ¢dwusuke m MexaHmke TepMMH "IPMHIMIIBI' OTHOCUTCS K WCXOTHBIM
TIOJIOKEHNMAM, OTpaXalolmyM Hamboslee oOImIMe 3aKOHBI — (PU3MUECKUX U
MexaHM4JecKnx sBjleHun. @PusudecKre IPVHIMIIBL SABJISIOTCA BaXHOW YacCTBIO
COBpeMeHHO (PU3MKI 1 IIPeACTaB/ISIIOT COOOV YTBep KIeHVs, HapyllleHe KOTOPBIX
SBJISIETCSL JOCTATOYHBIM OCHOBaHMEM Il HpU3HaHMS OIIMOOYHOM J1I000V BHOBB
CO3aHHOVI TEOPUNL.

Kpowme Toro, B HeKOTOpBIX ciIydasax OpMyIVPOBKM IIPVHIIVIIOB 110 CYIIeCTBY
SBJIAIOTCS ~ OIpele/leHMsIMM  BaXXKHBIX OOIIMX CBOVICTB  (PUI3MYECKMX  CUCTEM.
Hampumep, dopmyrmpoBka mopuHIIMIA HeoOpaTmMOCTM (PaKTIYIeCcK SIBJISeTCs
oIrpeiesieHVieM PaBHOBECHOI'O COCTOSIHMS CVICTEMBI U YTBep KIeHVeM CyIleCTBOBaHWs
3TOro pasHOBecHOro cocrogHmsl [1]. Takom Mertopn omnpernesieHMs COCTOSTHMS
paBHOBecHsI IMeeT 0coD0oe 3HaueHue PV M3yYeHUM TePMOAMHAMMUKIU CUCTeM IIpU
VI3MEHSIOIIVIXCS BHEIITHMX YCIIOBVSIX.

B coBpemMenHoOm TepMoaMHaMMKe IIMPOKO  VCIIOJIB3YIOTCS — ITOHSTMS
CTallVIOHApHOTO HEpPaBHOBECHOT'O COCTOSIHMS ¥ JIOKQJIBHOIO  PaBHOBECHOIO
cocrosaM [2]. OmHaKO IOHATHE CTAIMIOHAPHOTO HEPABHOBECHOTO COCTOSTHVIS
VICITOJIB3yeTCsI TOJIBKO IIPY M3y4YeHUM TepMOAVHAMMKN MaKPOCKOIIMYeCKMX CCTeM, a
MOHATVIE JIOKAJIPHOTO PaBHOBECHOI'O COCTOSAHMSA VICIIOIBb3yeTcd KakK IIPpU M3Yy4eHUN
TepMOIVHaMMKI MaKpOCKOIIMYECKMX CUCTeM, TaK Y IIPV M3y4eHUN TepMOIVMHaAMVKNI
JIOKQJIBHBIX CUCTEM, PacCIOJIOKEHHBIX B (PU3NUecKM OeCcKOHeUHO MaslbIX W
3JIeMeHTapHBIX OObeMax.

BaxxHo Takke, 4TO B COBpeMeHHOV TepMOAMHaMVKe He VICIOJIb3yeTcs
IOHSTME CTal[MIOHapHOIO JIOKAJIbHOIO HepaBHOBECHOIO cOCTOdHMsA. bosee Toro, B
COBPE€MEHHOV TepMOIOVHaMVKe HeT [ake OIpedesIeHMs 3TOro IIOHATWA. Briepsrie
oITpefieJIeHVie 3TOro IIOHATVSA, HapsAay C OIlpelle/IeHVeM ITOHATVS HeCTallIOHapHOIO
JIOKQJIBHOTO HEepPaBHOBECHOI'O COCTOAHWS, CPOPMyIMPOBaHO B IIOKa OdwIIMaIbHO
HeoITy 0yIMKOBaHHOV pabore [3].

OueBniHO, YTO B OTCYTCTBUM OIpefe/eHVsl MOHATUS - CTallllOHapHOe
JIOKaJIbHOe HepaBHOBeCHOe COCTOsHIS, He MOIJIa CyIecTBOBaTh M (POpMYJIMpPOBKa
NPUHIONMIIA  HaIIpPaBIeHHOCTM  CaMOIIPOM3BOJIBHBIX  MPOIIECCOB B CTOPOHY
yCTaHOBJICHWS JIOKAJIbHBIX CTAaIlMIOHAPHBIX HePaBHOBECHBIX COCTOSHUL.

@opMyMpoBKa OPVHIINIIA HaIlpaB/IeHWs CIIOHTaHHBIX IIPOIIECCOB B CTOPOHY
yCTaHOBJIEHWSI ~ JIOKaJIBHBIX  CTallVIOHApHBIX  HEpPaBHOBECHBIX  COCTOSTHWIVA,
ucrosib3yeMass B JaHHOWM pabore, dakTudecku sBIIsieTcsa — OIlpefiesieHreM
CTallVIOHApHOI'0 HEePaBHOBECHOI'O COCTOSIHVISA JIOKAJIbHOVI CVCTEMBI U yTBep KIleHVieM
CYIIIeCTBOBaHMs 3TOrO CTallVIOHAPHOTO JIOK&JIbBHOTO HepaBHOBECHOI'O COCTOSHVIS.
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Takoit MeTop, onpenesieHsi IOHATNS CTAlIVIOHAPHOTO JIOKAJILHOTO HepaBHOBECHOTO
COCTOSTHMSI VIMeeT 0co00 BaXKHOe 3HaueHNMe IIpW W3YYeHUM TepPMOAVHAMMKA
JIOKAJIBHBIX CUCTEM TPV MI3MEHSIOIIVIXCS BHEIITHUX YCIIOBUSIX.

B manHOM paboTe moiyueHbI [gBe aHATIUTUYeCKe (POPMBI 3amlVCyl KpUTepus
HaITPaBJIEHHOCTH CITOHTAaHHBIX IIPOIIECCOB B CTOPOHY yCTAaHOBJIEHVS CTAllIOHAPHBIX
JIOKaJIbHBIX HepaBHOBECHBIX cOCTOSIHMI. KpoMme TOro, mosiydeHbBI OrpaHMYeHVs,
HajlaraeMble BTOPBIM 3aKOHOM TepMOOMHAMMKM Ha oOmyio dQopMmy 3ammicu
ypaBHEHMsI TeIUIOIPOBOOHOCTM, a TakkKe IpuBeNeH IpuMep VICIIOIb30BaHs
KpWUTepwsi HaIpaBJIeHHOCTV IIPV BBIBOfE COOTHOIIEHWI, OMNVICHIBAIOIIVIX SIBJICHVISA
TIlepeHoca.

OcHoBHBIe pe3yJIbTaThl JAHHOM pabOThI BKIIIOYAIOT B CeOs:

- copMyIMpoBaH NPVHIIAII JIOKUIPHOV HAIIPaBJIEHHOCTV CIIOHTaHHBIX
IIPOIIECCOB yCTaHOBJIEHVS CTAIlMOHAPHBIX JIOKAJIbHBIX HEPaBHOBECHBIX COCTOSTHUT

- TOJy4YeHBI [IBa BapMaHTa aHAJIUTUYIECKON QOPMBI 3allCU KpUTepus
HaIIPaBJIeHHOCTM CaMOIIPOVM3BOJIBHBIX IIPOIIECCOB YCTAHOBJIEHNMS CTaIIOHAPHBIX
JIOKaJIbHBIX HEPaBHOBECHBIX COCTOSH

- TIIpeyioXeHa HeCTaHAapTHas ¢opma 3ammMcu  BTOPOrOo  3aKOHa
TePMOAMHAMMKM. paboTamomye B TOYKaX OJKCTpPeMyMa TePpMOOVHAMITYECKVIX
IIepeMeHHBIX,

- YCTaHOBJIEHBI OTPaHMYEeHNs], HaJIaraeMble BTOPBIM 3aKOHOM TepMOIVHAMVIKI
Ha opMy 3aIICyl ypaBHEHMI IlepeHoca TeIlla U BelllecTBa,

1. Haitun S D 1996 Mechanics and irreversibility (Moscow: Janus) p 445.

2. Prigozhin I and Kondepudi D 2002 Modern thermodynamics. (Moscow: Mir),
p. 461.

3. Burakhanov B M Subfraction model of a component of an inhomogeneous
multicomponent mixture (in print).

The principle of the direction of spontaneous processes of
establishing local stationary nonequilibrium states

B.M.Burakhanov

Joint Institute for High Temperatures RAS, Moscow, Russia
burbm@rambler.ru

In physics and mechanics, the term “principles” refers to the initial positions
reflecting the most general laws of physical and mechanical phenomena. Physical
principles are an important part of modern physics and represent statements, the
violation of which is a sufficient reason for the recognition of erroneous any newly
created theory.

In addition, in some cases, the formulations of the principles are essentially
definitions of important general properties of physical systems. For example, the
formulation of the principle of irreversibility is actually a definition of the
equilibrium state of the system and a statement of the existence of this equilibrium
state [1]. Such a method of determining the equilibrium state is of particular
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importance in the study of the thermodynamics of systems under changing external
conditions.

In modern thermodynamics, the concepts of stationary nonequilibrium state
and local equilibrium state are widely used [2]. However, the concept of a stationary
nonequilibrium state is used only in the study of the thermodynamics of macroscopic
systems, and the concept of a local equilibrium state is used both in the study of the
thermodynamics of macroscopic systems and in the study of the thermodynamics of
local systems located in physically infinitesimal or elementary volumes.

It is also significant that in modern thermodynamics the concept of a
stationary local nonequilibrium state is not used. Moreover, in modern
thermodynamics there is not even a definition of this concept. For the first time, the
definition of this concept, along with the definition of the concept of a nonstationary
local nonequilibrium state, is formulated in an as yet officially unpublished work [3].

Obviously, in the absence of a definition of the concept of stationary local
nonequilibrium states, there could not be a formulation of the principle of the
direction of spontaneous processes towards the establishment of local stationary
nonequilibrium states.

The formulation of the principle of the direction of spontaneous processes
towards the establishment of local stationary nonequilibrium states used in this
paper is actually a definition of the stationary nonequilibrium state of a local system
and a statement of the existence of this stationary local nonequilibrium state. Such a
method of defining the concept of a stationary local non-equilibrium state is of
particular importance in the study of the thermodynamics of local systems under
changing external conditions.

In this paper, two analytical forms of writing the criterion of the direction of
spontaneous processes towards the establishment of stationary local nonequilibrium
states are obtained. In addition, the restrictions imposed by the second law of
thermodynamics on the general form of writing the heat equation are obtained, and
an example of the use of the directivity criterion in the derivation of relations
describing the phenomena of transport is also given.

The main results of this work should include:

- the formulation of the principle of local orientation of spontaneous processes
of establishing stationary local nonequilibrium states is made,

- two variants of the analytical form of recording the directivity criterion of
spontaneous processes of establishing stationary local nonequilibrium states,

- a non-standard form of recording the second law of thermodynamics is
proposed, operating at the extremum points of thermodynamic variables,

- the restrictions imposed by the second law of thermodynamics on the form of
writing the equations of heat and matter transfer are established.

1. Haitun S D, 1996, Mechanics and irreversibility (Moscow: Janus) p 445.

2. Prigozhin I and Kondepudi D, 2002, Modern thermodynamics. (Moscow: Mir),
p. 461.

3. Burakhanov B M, Subfraction model of a component of an inhomogeneous
multicomponent mixture (in print).
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10.8 YcTomm4MBOCTh cTallMOHAPHBIX JIOKAJIBHBIX
HepaBHOBECHBIX COCTOTHUN K PIIyKTyalusim
TepMOAVMHaAMMUYeCKNX IIepeMeHHbIX

bypaxano6 b.M.
O0GbenyHeHHBIVI MHCTUTYT BbICOKMX TemniepaTyp PAH, Mocksa, Poccuis
burbm@rambler.ru

HecMmoTps Ha TO, 4TO paBHOBECHBIE CUCTEMBI SIBJISIOTCS VICKIIIOUEHVISIMU I10
CBOeVl IIpupoie, TepPMOAVHAMIKa PaBHOBECHBIX COCTOSIHUV MIMeeT BaKHOe Hay4Hoe
u npuxiagHoe sHaveHne [1]. TepmonnHaMuKka paBHOBECHBIX COCTOSIHUVI OCHOBaHa
Ha KOHIEMIIMV JIOKaJIbHOTO pPaBHOBeCHs. DTa KOHIENINs $BJIAeTCs OCHOBOV IS
paccMOTpeHMsI TepMOIMHAMWYeCKUX IIepeMeHHBIX, HecMOTps Ha HajJIudue
drrykTyanmm, kak GyHKIUI KOOpAMHAT U BpeMeHU. KpoMe Toro, s3ra KOHIeOIIns
CJIyXXUT  OODOCHOBaHWMEM  IIPMEeMJIEMOCTM  WCIIOJIB30BAaHWMS  PaBHOBECHBIX
TePMOAVHAMIYECKVX COOTHOIICHWVI TPV M3yYeHUV 3BOJIIOIMY MaKPOCKOIIMYEeCKIX
TePMOAMHAMIYIECKIX CUCTEM [2].

KimroueBbIMM =~ HOHATMSAMM — KJIAaCCMYeCKMX M COBPEeMEHHBIX  Teopul
YCTOMUMBOCTY ~ TePMOAMHAMUUYECKMX COCTOSIHUI K  (IyKTyalsaM 3HadeHUi
TepMOAVHAMMWYECKX IIepeMeHHbIX SBJIAIOTCS IIOHATUS - SHTPONMS U BTOpas
Bapuallys SHTPOIIL.

Cy1ecTBeHHO, UTO B COBpeMeHHOV TepMO[VHaMMKe CYIIeCTBYIOT TeOpWuH,
IOCBsIIIIeHHbIe M3y4YeHNIO YCTOMUMBOCTY K TaKOIO poa BO3MYIIeHVSIM PaBHOBECHBIX
Y CTalMOHAPHBIX HEePaBHOBECHBIX COCTOSHUW MaKpPOCKOIMYeCKMX CHUCTeM, U HeT
aHaJIOTVYHBIX TEOPUV YCTOMYMBOCTH JIOKAJIBHBIX TEPMOIVHAMMIYECKVX CUCTEM.

CyIiecTBeHHO TakXe, 4YTO IIOHSTME - SHTPONNS, SBJISeTCd KIIOUYeBbIM
MOHATMEM KJIacCMYecKOoW TeopuM yCTOMUYMBOCTYM  PaBHOBECHBIX COCTOSHUI
MaKpOCKOIIMYECKMX CUCTeM, a IOHsSTMe - BTOpas Bapualysl SHTPONUMU SBJIAeTCs
K/TIOUeBbIM IIOHATHEM TeOpWUM YCTOMUMBOCTY CTallMIOHapHBIX HepaBHOBECHBIX
COCTOSTHUW ~ MaKpOCKOIIM4YecKmx cucreM. llerecooOpasHOCTh — MCIIOSIb30BaHS
IOHATUS BTOPOV Bapualli¥l SHTPOIMM B TEOPUM YCTOMYMBOCTU CTallVIOHapPHBIX
HepaBHOBECHBIX COCTOSIHWMI 3aK/II0YaeTcsl B TOM, UTO BTOpasl Bapualyis SHTPOIIVN
oOnaaer ceovicTBamMyt PyHKIMY JIAyHOBa 1 ABHO IIPVUCYTCTBYeT B aHaJIMTUYeCKO
dopMe 3amvicut KpUTepwsi yCTOMYMBOCTY CTallMIOHAPHBIX HePaBHOBECHBIX COCTOSHUM
MaKpPOCKOIIMYECKMX CUCTeM K (ITyKTyalny TepMOAVHAMUYeCKIX [IepeMeHHBbIX.

Beimie yke yImoMmHasIoch, YTO B HacToOsIllee BpeMsi CYIIeCTBYIOT TOJIBKO
TEOPUM YCTOMUMBOCTM K QJIIyKTyalusiM TepMOJVMHaMUYecKMX IepeMeHHbIX
MaKpOCKOIIMYeCKMX CHUCTeM ¥ HeT Teopuil "dIIyKTyalMOHHOM' yCTOVIYMBOCTIA
JIOKaJIBHBIX cucTeM. IlosTomMy BOIpoc 0 B3aMMOCBSI3M  MeXy YCJIOBUAMM
CyIIeCTBOBaHVIA "$iIyKTyalumMoHHOM"  yCTOMUMBOCTM  TePMOAVHAMMYECKMX
COCTOSTHUII ~MaKPOCKONMYeCKMX cucTteM W "iIyKTyariOHHOM'" yCTOVIYMBOCTV
TepMOIVHAMWYECKX COCTOSIHUI JIOKaJIBHBIX CHCTeM OCTaeTcs OTKPBITBIM. boiiee
TOTrO, B HACTOslllee BpeMsi OCTaeTcs OTKPBITBIM BOIIPOC HaXe O B3aVIMOCBSI3U
TePMOIVHAMMUYECKIX COCTOSTHUIL CAMMX MaKPOCKOIIMYECKVIX V1 JIOKQJIbHBIX CHICTEM.
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Pemmenne 3Toro Borpoca B 00J1acTV paBHOBECHOVI Te€PMOIVHAMMKV MOXeT
OBITP [OBOJIBHO IIPOCTO peaJn30BaHO IIyTeM IIOCTYJIMPOBAHMS JOIYCTVIMOCTU
paccMOTpeHMsI PaBHOBECHOI'O COCTOSIHVS JIOKAJIbHBIX CUCTEM KaK IIpeaeIbHOro
clydasd PpaBHOBECHOIO COCTOSIHMA — MakKpockonmdecknx cucreM. OpHako B
HepaBHOBECHOV TEPMOAVHAMMKE CUTYaLVs C pellleHreM 3TOr0 BOIIpoca paaviKaIbHO
YCIIOXHSIETCS 3-3a OTCYTCTBYS IIOHSATHS JIOKAJIbHOTO HEPAaBHOBECHOI'O COCTOSTHVIS.

EcrecTBeHHO, aHaJIOTM4YHBle TPYAHOCTV BO3HVMKAIOT IIPW IIOIBITKE PEelINTb
npoOsieMy B3aMMOCBSI3M MeXy MOHATUSMM CTalIOHAapHOIO HepaBHOBECHOTO
COCTOSIHVSL MaKpPOCKOIIMYECKOV CHCTEMbI ¥ CTALMIOHAPHOIO HEepaBHOBECHOIO
COCTOSIHVIST  JIOKQJIBHOVI CHMCTEMBI, W3-3a OTCYTCTBWMSI IIOHSTUS CTallMMIOHapHOI'O
JIOKJILHOTO HepPaBHOBECHOIO cocTosHmsA. Kpome TOro, mo 3Tom npuumHe
aHAJIOTMYHbBIE TPYIHOCTM BO3HMKAIOT IIPYM PeIIeHNnN 3aJa4dM O B3aIMOCBSI3U MEXIy
YCTOVYMBOCTBIO K dykryanysam TePMOIMHAMIMYECKIX HHepeMeHHBIX
CTAlIIOHAPHOIO HEPaBHOBECHOI'O COCTOSHMS MAKPOCKOIIMYECKOV CUCTEMBI U
JIOKQJIBHOVI CVICTEMBL.

ITongaTne JIOKaJIbHOrO HepaBHOBECHOI'O COCTOSAHN, BKJIIOYalolllee B KauyecTBe
YaCTHBIX CJIy4aeB IIOHSATMS CTalMMIOHApHOIO W HEeCTalMIOHAPHOIO JIOKAJIbHBIX
HepaBHOBECHBIX COCTOSIHWII, ObUIO BBeNeHO B OMUIIMAIBFHO HeomyOIMKOBaHHO
paborte [3].

[aHaas paboTa IOCBSIEHAa W3y4YeHUIO YCTOMYMBOCTU K IIyKTyalysM
TePMOAMHAMMYECKVX IIePeMeHHBIX CTallMOHAPHBIX JIOKAJIbHBIX HepPaBHOBECHBIX
cocrostHmi. KJlloueBbIMU TOHATUAMM MeTO[a aHaJIMTUYeCKOrO OIMCaHMs 3TOW
YCTOMYMBOCTY, IIPeJIOKeHHOTO B JaHHOV paboTe, SBIISIOTCS MOHATUSA — (PYHKIINS
JIOKQJIBHOTO OTKJIOHeHMA W (PYHKIMA aMIUIMTYIbl JIOKAJIBHOIO OTKJIOHEHW.
Vcnionb3oBaHme STUX IIOHATUM II03BOJIAeT IIOJIYUWUTh aHAJIUTUYECKylo dopmy
3a0MC  KPUTEpUsl YCTOMYMBOCTU CTAallMOHAPHBIX JIOKAJIbHBIX HEpPaBHOBECHBIX
cucTeM K piIyKTyanysaM TepMOAMHaMIYeCKX IlepeMeHHBbIX.

OcHOBHBIe pe3yJIbTaThl 3TOV PaOOTHI IOJDKHBI BKITIOUYATh!

- paccMOTpeHa YCTOMYMBOCTDH CTAlVIOHAPHBIX JIOKAJIbHBIX HEPaBHOBECHBIX
COCTOSTHWUVI K UIIYKTyalysIM 3HaUeHWVI TepPMOIVHAMIYeCKIX ITepeMeHHBIX,

- BBOAATCA MOHATUA (QYHKUMM JIOKQJIBHOTO OTKJIOHEeHWS W (PYHKIIUN
AMIUINTY/IbI JIOKQJIBHOTO OTKJIOHEHVIS,

- IOKa3aHO, YTO (PYHKIVS aMIUIMTYObl JIOKAJIBHOTO OTKJIOHEeHMs oOsafaer
cBomicTBamMy pyHKIMM JIdmyHoBa

-  [OJIyuYeH  KpuUTepui  YCTOMYMBOCTM  CTAllMOHAPHBIX  JIOKAJIBHBIX
HepaBHOBECHBIX COCTOSHWUI K JUIYKTyallMsIM 3Ha4eHWUll TepMOAVHaMWYecKMX
HepeMeHHBbIX.

—

Haitun S D, 1996, Mechanics and irreversibility (Moscow: Janus) p 445.

2. Prigozhin I and Kondepudi D, 2002, Modern thermodynamics. (Moscow: Mir),
p. 461.

3. Burakhanov B M, Subfraction model of a component of an inhomogeneous

multicomponent mixture (in print).
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Stability of stationary local nonequilibrium states to
fluctuations of thermodynamic variables

B.M.Burakhanov

Joint Institute for High Temperatures RAS, Moscow, Russia
burbm@rambler.ru

Despite the fact that equilibrium systems are exceptions in Nature, the
thermodynamics of equilibrium states has important scientific and applied
significance [1]. The thermodynamics of equilibrium states is based on the concept of
local equilibrium. This concept is the basis for considering thermodynamic variables,
despite the presence of fluctuations, as functions of coordinates and time. In addition,
this concept serves as a justification for the acceptability of using equilibrium
thermodynamic relations in the study of the evolution of macroscopic
thermodynamic systems [2].

The key concepts of classical and modern theories of the stability of
thermodynamic states to fluctuations in the values of thermodynamic variables are
the concepts of entropy and the second variation of entropy.

It is essential that in modern thermodynamics there are theories devoted to the
study of stability to this type of perturbations of equilibrium and stationary
nonequilibrium states of macroscopic systems, and there are no similar theories of
stability of local thermodynamic systems.

It is also essential that the concept of entropy is a key concept of the classical
theory of stability of equilibrium states of macroscopic systems, and the concept of
the second variation of entropy is a key concept of the theory of stability of stationary
nonequilibrium states of macroscopic systems. The expediency of using the concept
of the second variation of entropy in the theory of stability of stationary
nonequilibrium states lies in the fact, that the second variation of entropy has the
properties of the Lyapunov function and is explicitly present in the analytical form of
writing the criterion of stability of stationary nonequilibrium states of macroscopic
systems to fluctuations of thermodynamic variables.

It has already been mentioned above that at present there are only theories of
stability to fluctuations of thermodynamic variables of macroscopic systems and
there are no theories of "fluctuation" stability of local systems. Therefore, the question
of the relationship between the conditions of existence of the "fluctuation" stability of
thermodynamic states of macroscopic systems and the "fluctuation" stability of
thermodynamic states of local systems remains open. Moreover, at present the
question remains open even about the relationship of the thermodynamic states of
macroscopic and local systems themselves.

The solution of this question in the field of equilibrium thermodynamics can
be quite simply implemented by postulating the admissibility of considering the
equilibrium state of local systems as the limiting case of the equilibrium state of
macroscopic systems. However, in nonequilibrium thermodynamics, the situation
with the solution of this issue is radically complicated, due to the absence of the
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concept of a local nonequilibrium state.

Naturally, similar difficulties arise when trying to solve the problem of the
relationship between the concepts of a stationary nonequilibrium state of a
macroscopic system and a stationary nonequilibrium state of a local system, due to
the absence of the concept of a stationary local nonequilibrium state. In addition, for
this reason, similar difficulties arise when solving the problem of the relationship
between the stability to fluctuations of thermodynamic variables of a stationary
nonequilibrium state of a macroscopic system and a local system.

The concept of a local nonequilibrium state, which includes as special cases the
concepts of stationary and nonstationary local nonequilibrium states, was introduced
in an officially unpublished work [3].

This work is devoted to the study of stability to fluctuations of thermodynamic
variables of stationary local nonequilibrium states. The key concepts of the method of
analytical description of this stability proposed in this paper are the concepts - the
function of the local deviation and the function of the amplitude of the local
deviation. The use of these concepts makes it possible to obtain an analytical form of
writing the criterion of stability of stationary local nonequilibrium systems to
fluctuations of thermodynamic variables.

The main results of this work should include:

- the stability of stationary local nonequilibrium states to fluctuations in the
values of thermodynamic variables is considered,

- the concepts of the local deviation function and the local deviation amplitude
function are introduced,

- it is shown that the local deviation amplitude function has the properties of
the Lyapunov function

- a criterion for the stability of stationary local nonequilibrium states to
fluctuations in the values of thermodynamic variables is obtained

1. Haitun S D, 1996, Mechanics and irreversibility (Moscow: Janus) p 445.

2. Prigozhin 1 and Kondepudi D, 2002, Modern thermodynamics. (Moscow: Mir),
p. 461.

3. Burakhanov B M, Subfraction model of a component of an inhomogeneous
multicomponent mixture (in print).
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pmsmIecKoM 3KCIIepMMeHTe, TaK M B IIPOMBIIUIEHHBIX ycTaHOBKax [1]. OguaymM m3
KITIOUeBBIX IIapaMeTpoB paboTel JI000ro KOMMyTaTopa, IIOMMMO pabouero
HaIIpsDKeHMsI W pecypca, sBIIsieTcs CKOpocTb ero BrmoueHms. [locimemHss
ompenessieT (POHT HapacTaHWs HaIpsDKeHWs Ha Harpyske IIpU BKIIOYEHUU
KOMMYTaTOpa, YTO MOXXeT OBITh OIIpelesIaiomM I HeKOTOPBIX HpPVIMEeHEeHMI.
CKOpOCTh BKITIOUEHWSI Pa3spsiTHMKA OIIpeNIesIIeTcsl XapaKTepPHBIM BpeMeHeM II0Tepu
€T0 COIPOTVMBIIEHVIS], YTO IIPUHIIUIIVAIBHBIM 00pa3oM 3aBUCUT OT CUCTEMBI 3aIlycKa.
[T1a3MeHHBIE KOMMYTAaTOPBI MOXXHO YCJIOBHO pasOWMTh Ha [IBe IPYIIIBL BaKyyMHBIE
PaspSIHMKM M PaspsOHMKM  BBICOKO [aBjleHMs. [Ipm 3ToM  BaKyyMHBIe
KOMMYTaTOpbI, KaK IIpaBWwIO, 3aIllyCKalOTCs HEMOCPeICTBeHHBIM  BIIPBICKOM
MIPOBOAAIIEN IUIa3Mbl B paboumit 3a30p 1eKTpoaoB. PaspsmHMKM  BBICOKOTO
JaBJIeHNs], B CBOIO OYepelb, 3allyCKalOTCd MHUIIMVPOBaHEeM COOCTBEHHOTO IIpo0os
pasmMuHBIMM  criocoOamy. [T1aBHBIM IpeMMyINecTBOM 3aIlycKa paspsygHMKa C
BIIPBICKOM ITPOBOAVMOCTV SIBJISIETCS IIVIPOKMV AVHAMUYECKUM AMaria3oH paboTsl
paspsHMKA II0 HAIpsDKeHMIO. BaKyyMHble HIpMOOpPBI IIOZOOHOrO TMIIa MOTYT
3aITyCKaThCs TPV HAIIPSDKEHMSIX B COTHYM BOJIBT, MMesl ITpo0OoviHOe HarpsbkeHMe 10 50
kB. C gpyrout cTOpoHBI, pa3spsOHVMKI BBICOKOTO AaBjIeHMs, oOJamasi CyIIecTBeHHO
MEeHBIIIMM [IVHAMMWYeCKVM IIMaIta30HoOM, olecrieumBaloOT 3aMeTHO Ooiiee OvICTpoOe
BTIoueHme. [locnensee qocTuraercs 3a c4eT TOro, YTO B VX pabouert cpefie BBICOKas
IUTOTHOCTHh ¥, COOTBETCTBEHHO, MHOTO ITOTEHIIMAJIbHBIX HOcuTesen 3apsma. [Ipm
Ipo0oe, 3TO IIPMBOANUT K PasBUTHIO MOHV3AIVIOHHO-TIEPErPeBHOVI HEYCTOTIMBOCTY,
KOTOPpast o0ecrieunBaeT OBICTPYIO ITIOTEPIO COIIPOTMBIIEHVS Pa3PSITHUKOM.

OcHOBHOVI 1IeJIbI0  JaHHOW paloThl sBjIfeTcd IIONBbITKAa OObedVHUTH
IIPeVIMYIIIeCTBa B CKOPOCTM KOMMYTAIIUV Pa3psUTHMKOB BBICOKOTO [IaBJIEHUS W
IIMPOKOTO AVMHAMIYECKOro [Ayaria3oHa 0 HaIpsDKeHMIO BaKYYMHBIX Pa3psiTHIKOB.
17151 3TOV 1IeTV IPEPIOKEHO VCIIOIIb30BaTh IIPVHITNII HETIOCPEICTBEHHOTO BIIPBICKA
IUTa3Mbl B paboumit 3a30p paspsgHMKa BBICOKOTO JaBI€HMS, YTO OCJIOXKHSIETCS
CYIIIeCTBEHHBIM COIIPOTMBIIEHMEM pabouert cpenpl paspsgHuKa (Bo3myx/asor). [Tpu
ABVDKEHMV IUIa3MEeHHOro o0ylaka B IUIOTHOM pabodent cpeme, B IIOCIIETHEN
dopMupyIOTCS yaapHBIe BOJIHBI C CYIIIeCTBEHHBIM /IaBiieHreM. TakuM oOpasom, It
yBEJIMYEHMS] CKOPOCTY VMEPKEKIIMM IUIa3Mbl HeOOXOAMMO yBeJIMYMBATh JaBJIeHNE W,
COOTBETCTBEHHO, IUIOTHOCTh 3HEPIUN B MIDKeKTope. I103TOMy B KauecTBe CUCTEMBI
3aIycKa paspsiiHMKaA IIPeIOKEHO WCIIOIb30BaTh 3JIeKTPUIECKUI CYITBHOTOYHBIN
paspsi, KamwUISPHOTO Tuia. B momoOHOM KoHMUryparmm paspsy OKa3bIBaeTcs
OorpaHNYeH CTeHKaMVI KallWJUIAPa, YTO He IO3BOJISIET eMy CBOOOIHO pacIIMpPSIThCS U
CYIIIeCTBEHHO YyBeIM4MBaeT IUIOTHOCTb 3Hepruu B HeM. OrvcaHHBIe IIPOIIECChHI
NPpUBOAAT K CWIBHOMY pas3orpeBy IUIasMbl KaIlWJUIAPHOTO  paspdna U
3Ha4YUTEJIbHOMY YBeIMUeHUIO [1aBIeHNs B HeM.

I1s ompenerieHnsl IapaMeTpoB pabOTHl KaIWUIIPHOTO paspsifia B KauecTBe
CVICTEMBI 3aITyCKa ¥ BO3MOXKHBIX TEMIIOB BBOJA ITPOBOMMAINEV IUIA3MBI B paboumit
3a30p  paspsAHMKA ~ BBICOKOTO  [aBjleHMs ObUIO  IIPOBEIEHO  UMCIIEHHOE
MopenpoBaHMe. 171 pacuéTra MCIIoIp30BasIcs IporpaMMHBIT KoMruteke FlowVision.
ITpu MomenmpoBaHUN pelllajiach TPEXMepHasi HeCcTallMOHapHas CICTeMa YpaBHeHUN
Haspe-CToKCa ¢ 1cIos1b30BaHeM MOAMMUIIMPOBAHHOV MOfIesV Ty pOysIeHTHOCTI k-
¢ FlowVision, ypaBHeHme sHeprum, 3ammcaHHOe uepe3 IIOJIHYIO SHTAJIBINIO, U
cucreMa ypasHeHUT Makcservta. [masma paspsima yduTeIBajiach B OHOXVIKOCTHOM
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MI'l mpubmokeHun. PaHee 3TOT KOMMepuUecKUVI KOI, yXKe VCIIONIb30BaJICA IS
MOJIeJIpOBaHVs IPOAOJIBHOIO JIyrOBOrO paspsiia B OCeCMMeTPUYHOV IOCTaHOBKe,
pe3yJIbTaThl ¥ MOAPOOHOe OIMCaHMe MCIIONIb3yeMbIX B MOAENIV ypaBHEHUII MOXXHO
HamT! B [2].

3ajava peliajiach B JByMEpPHOV OCeCMMeTPUYHO IIOCTaHOBKe, a TeOMeTpus
B paMKax TaKOM TIIOCTAaHOBKM ObUla MakKCMMaJIbHO  HOpuOIkeHa K
3KCIeprMeHTaIbHOMy obpasity. ObitacTe MofempoBaHus nsoOpaxeHa Ha Puc. 1 u
Ipe/ICTaBiIAeT CoOOM CeKTOop C yIJIoM pactBopa 3,6 Trpaayca. DJIeKTpof,
HaxOOALIMICA B Kamwuigpe, uMel cdepudeckylo ¢dopmy. Ha wHéM Obulo
yCTaHOBJIEHO TIpaHMYHOe YCJIOBMe, 3ajalolllee SKCIIepUMEHTa/IbHO II0JIy4YeHHYIO
3aBUCHMOCTh TOKa paspsga oT BpeMmeHM I(t), Imax ~ 2400 A. 3aBMcMMOCTb TOKa OT
BpeMeH!, 3aMMCTBOBaHHasl W3 OKCIIepMMeHTa W WCIOJIb30BaHHas B pacuere,
nokasaHa Ha Puc2a. Ha BTOpoM 3JleKTpode ycTaHaB/IMBAJICA IIOCTOSIHHAM
noreHnuanr 0 B. Ha crenkax s3sagaBajioch ycIoBMe HOPWIMIIAHMA CKOPOCTU C
VICIIOJIb30BaHVEeM IIPUCTEHOYHBIX (PYHKIMI ¥ HYJIEBBIM I'PaJIieHTOM TeMIlepaTyphbl,
a Ha OOKOBBIX CTeHKax CeKTopa - yCJIOBMe CMMMeTpuu, obecrieunBarolliee HYJIeBOV
rpagvieHT PU3MUecKNX BeJIMYMH 110 HOpMaii K TrpaHuile. HauapHbIMU yCIIOBUSIMU
BO Bcem pacuéTHom obyacTi ObuIM ycTaHOBJIeHBI fasieHme Po = 101 xIla n
temrepatypa To = 273 K Bo BcéM 00bEMe, a TaKKe 3aMBIKAFOIIVIL 3I€KTPOIBI TOHKMT
HavaJIbHBIV paspsAHbIV KaHasl ¢ TeMneparypomn Tk = 773 K.
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Pucynox 1. Pacuemnas obaacmo u pesyavmam pacdema (nose memnepamyp)
Ha Momerm Bpemenu 3 MKc.

B pesysbTare pacdera ObUIM ITOJTy4eHBI HecTal[MIOHapHBbIe I10JIs1 TeMIlepaTyphbl,
JaBjIeHns, CKOPOCTM W JPYyrMx TepMOAMHaMU4ecKnx BeslednH. Pacrpererienue
TeMIlepaTypbl B pacuéTHOV 00JIacTM B MOMEHT BpeMeHM t = 3 MKC IIpeficTaB/IeHO Ha
Puc. 1. B HavajIbHBII MOMEHT BpeMeHM IIpy POpMMpPOBaHMM TOKOBOIO KaHasla
HaIlpsDKeHle Ha paspsle pe3KO YBeJInduBaeTcs, OJHAKO B [laJIbHeVINeM IIpu
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IIPOTeKaHMM OCHOBHOIO TOKa He IpesbiniaeT 360 B, ocuuiorpaMMa HanpsbkeHMs
nokasaHa Ha Puc.2a. Il1a3sma paspsiia HauMHaeT JIBVDKeHMe BI0JIb OCY CMMETPUN C
HEeKOTOPBIM 3arla3fblBaHleM OTHOCUTEIBHO TOKOBOIO VIMITYJIbCA; MaKCHMasIbHasi
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1000 ax10%4
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Figure 2. OCL;L[/[OZPLZMMBI moKa U HANPAXEHUA (El) u pacnpeae/LeHue memmnepamypsl 1o ocu (b)

CKOPOCTh [IBVDKeHMs TpaHWIIbl IUIa3MeHHOW oOjacTu cocTasisger 1467 m/c, a eé
CpenHsis CKOPOCTh [BIVDKeHUs B MHTepBasle BpeMmeHu oT 1 go 10 MKc cocrasisieT
1082 m/c. Bemyrcs pmanmpHemme — paOoOTBl IO ONTMMM3ALWM — TeOMeTPUM
rasopaspsHOro YCTpPOVICTBA, HalpaB/IeHHble Ha YBeJIVieHMe CKOPOCTM BbIHOCA
IUIa3MBbl U3 KallWwIsgpa B CBOOOIHBIVI 0ObeM.
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Plasma arresters (dischargers) are widely used both in physical experiments
and in industrial installations [1]. One of the key operation parameters of any
arrester, in addition to the operating voltage and resource, is the speed of its
switching. It determines the front of the voltage rise on the load when the arrester is
turned on, which can be decisive for some applications. The switch-on rate of the
arrester is determined by the characteristic time of its resistance loss, which
fundamentally depends on the triggering system. Plasma arresters can be
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conditionally divided into two groups: vacuum arresters and high-pressure arresters.
Vacuum switches are usually started by direct injection of a conducting plasma into
the interelectrode gap. High-pressure arresters, on the other hand, are triggered by
initiating their own breakdown in various ways. The main advantage of triggering
the electrode gap with conduction injection is the wide dynamic range of operation in
terms of voltage. Vacuum devices of this type can be started at voltages of hundreds
of volts, while having a breakdown voltage of up to 50 kV. On the other hand, high-
pressure arresters, having a significantly smaller dynamic range, provide noticeably
faster switching. The latter is achieved due to the fact that their working conditions
provides a high gas density and, accordingly, many potential charge carriers. During
a breakdown, this leads to the development of an ionization-overheating instability,
which ensures a rapid loss of resistance by the spark gap.

The main goal of this work is to combine the advantages in the switching
speed of high-pressure arresters and a wide dynamic voltage range of vacuum
arresters. For this purpose, it is proposed to use the principle of direct plasma
injection into the working gap of the high-pressure arrester, which is complicated by
the significant resistance of the electrode gap working medium (air/nitrogen). When
a plasma cloud moves in a dense working medium, shock waves with significant
pressure are formed in the latter. Thus, to increase the plasma injection rate, it is
necessary to increase the pressure and, accordingly, the energy density in the injector.
Therefore, it is proposed to use an electrical high-current discharge of the capillary
type as a triggering system for the arrester. In such a configuration, the discharge is
limited by the walls of the capillary, which does not allow it to expand freely and
significantly increases the energy density in it. The described processes lead to a
strong heating of the capillary discharge plasma and a significant increase in pressure
in it.

Numerical simulation was carried out to determine the operating parameters
of a capillary discharge as a triggering system and possible rates of conducting
plasma input into the working gap of a high-pressure arrester. For the calculation,
the FlowVision software package was used. In calculation, a three-dimensional
unsteady Reynolds averaged Navier Stokes equations was solved with a modified k-¢
FlowVision turbulence model. The calculation also included an energy equation
written in terms of total enthalpy and a system of Maxwell equations. The discharge
plasma was taken into account in the single-fluid MHD approximation. Previously,
this commercial code has already been used to simulate a longitudinal arc discharge
in an axisymmetric setting; the results and a detailed description of the equations
used in the model can be found in [2].

The problem was solved in a two-dimensional axisymmetric formulation, and
the geometry within the setting was as close as possible to the experimental one. The
simulation area is shown in Fig. 1 and represents a sector with an angle of 3.6
degrees. The electrode in the capillary had a spherical shape. A boundary condition
on it specified the experimentally obtained dependence of the discharge current on
time I(t), Imax ~ 2400 A. The dependence of the current on time, measured in the
experiment and used in the calculation, is shown in Fig. 2a. A constant potential of 0
V was set on the second electrode. On the walls, the no slip wall boundary condition
with wall functions and zero temperature gradient, and on the side walls of the
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sector, a symmetry condition was set, providing a zero gradient of physical
quantities along the normal to the boundary. The initial conditions in the entire
computational domain were set to pressure Po = 101 kPa and temperature To = 273 K
in the entire volume, as well as a thin initial discharge channel connecting the
electrodes with temperature Tk = 773 K.

As a result of the calculation, non-stationary fields of temperature, pressure,
velocity and other thermodynamic quantities were obtained. The temperature
distribution in the computational domain at the time t = 3 us is shown in Fig. 1.
At the initial moment of time during the formation of the current channel, the voltage
on the discharge increases rapidly, however, later, during the main current pulse, it
does not exceed 360V, the voltage oscillogram is shown in Fig. 2a. The discharge
plasma begins to move along the symmetry axis with some delay relative to the
current pulse; the maximum velocity of the plasma region boundary is 1467 m/s, and
its average velocity in the time interval from 1 to 10 ps is 1082 m/s. Further work is
underway to optimize the geometry of the gas discharge device, aimed at increasing
the rate of plasma outflow from the capillary into the free volume.

Figure 1. Computational domain and calculation result (temperature field) at time 3 us.
Figure 2. Current and voltage oscillogram (a) and temperature distribution on the axis (b).
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