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IIporpamma

XXIII MexnynaponHoe CoBelaHue 110 MarHUMTOIIJIAa3MEeHHOM

a’poaMHaMMKe
Amnperns 23-25, 2024

Anpesns 23 (BropHUK)

09:45-10:00 On-line connection
10:00-10:10 OtkperTiie, B.A. butropun
10:10-11:10 CECCVIs 1. ITNIEHAPHASL
IIpencenatens B.A. butiopmua
1.1 VIcTOYHMKM CBEpXBBICOKOYAaCTOTHOIO ¥ PEHITEHOBCKOIO W3JIydeHWUi B
NpOTsDKEHHBIX BBICOKOBOJIBTHBIX paspsagax, E.B. Ilapkesuy, A.Vl. XuppsHoBa,
10:10-10:40 | MI.C. bammmu, K.B. Illmakos, A.A. Pommonos, S1.K. Bomoros, B.A. Ps0os,

A.B. OrunoB (Qusuveckunt uncmumym um. I1.H. Jlebedeba PAH, Mock6Ba, Poccus),
IpUIJIAIIeHHBIV JOKJIaT

10:40-11:10

1.2 TasogmHammueckme 3@ddeKTbl HIpM BOCIUIAMEHEHUN W
razoobpasubix roproumx, A.Jl. Kwusepun (OUBT PAH, Mockéa,
MPUIJIAIIeHHBIV JOKJIaf,

ropeHumn
Poccus),

11:10-11:40

IlepepniB

11:40-13:00

CECCUsI 2. DJIEKTPUYECKUE PA3PABI -1
IIpencenarens A.A. Pupcos

11:40-12:00

2.1 DrexkTpoHHBIe KUHeTHUYecKMe K03ddWIMeHThl IA MOAeTIMPOBaHMSI
pa3spsimoB B cMecax Bo3dyxa ¢ mnapamm  Boabel, H.JI Asexcanmpos!?,
M.B. Koueros** (IM®TH, [Hoseonpyonsiil, Mock. 0ba., 20BT PAH, STPMHUTH,
‘Dusuueckunt uncmumym um. I1.H. Jlebedeba PAH, Mock6a, Poccus)

12:00-12:20

2.2 CpaBHeHMe IpMUOIVDKeHM JI0OKAJILHOTO 1071 M JIOKaJIbHOV 3HepIUM IIpu
MOJe/IMpOBaHMY HAaHOCEKYHJHOI0 NOBepXHOCTHOIO OapbepHOro paspsaga B
Bo3ayxe, CornosbeB B.P., Kapasaesa H.V., JTucvirera [I.A. (MOTH, HoseonpyoHsli,
Mocxk. 00.4., Poccus)

12:20-12:40

2.3 UnuciieHHOe MoIesaupoBaHMe OWHaMuKM oOpa3oBaHmss CBU-paspsapa c
OesuckpoBont Js1asepHont wmHunmanmen, M.E. Penes, [0.B. [lo0Opos,
P.C. Xopomxyk, VM.Y. Maek, B.A. Jlamkos (CII6I'Y, Cankm-Ilemepbype, Poccus)

12:40-13:00

24 DkcnepuMeHTanbHOe wucciaegoBanne CBY paspsiza co3maBaemMoro
VHULIMaTOPOM B BbICOKOCKOpocTHBIX moTtokax, K.H. Kopues, C.A. [IpuHUH,
AA. Jlorynos, O.C. Cypxonr, T.P. AOGymaes, AJL Bomemerny (MIY
um. M.B. Jlomonocoba, MockBa, Poccuis)

13:00-14:00

IlepepniB
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14:00-16:00

CECCWI 3. BOCIUIAMEHEHVE VI TOPEHUE, B TOM UMCIIE C
INTPUMEHEHWVEM I'A30OPA3PsIOIHOW ITVIA3MbI
ConPEOCEOATEIV A.[1. Kusepun n E.A. ®uinmoHoBa

14:00-14:20

31 DddexTpl KMHETHMKM XVMMUYECKMX PpeakKImil IIPU pacHpocTpaHeHWN
IUIOCKOTO JIAaMMHapHOIO IJIaMeHM B OeHBIX BOOOPOIHO-BO3AYIIHBIX CMeCAX,
I''JI. Aradonos, D.K. Aunepxanos, A.C. beres, C.Il. Mensenes, A.M. Tepesa,
C.B. Xomuk, T.T. Yepenanosa (OUL XP PAH, Mock8a, Poccus)

14:20-14:40

3.2 DKcmepMMeHTAaIbBHOE WCCIeJOBaHVEe TOPeHWUsI CBEPX3BYKOBOW CTPyM
3TWJIEHO-BO3OYILIHOVI CMeCM B IIPUCYTCTBUM 3JIeKTPUUIECKOro paspsana,
P.C. Tpomkun, JI1.C. Bonkos, f.B. Mupomtaukos, [1.A. Tapacos, A. A. ®upcos
(OUBT PAH, Mock8a, Poccus)

14:40-15:00

3.3 UncneHHoe wmccaeoBaHVe AMHAMMKM CHOPaagMYecKMX BOJIH T'OPEHMsI B
NpAMOYTOJIBHBIX KaHajlax M WX Hepexoga K cdepudeckoMy IUIaMeHW,
E.B. Cepemienko, B.B. I'ybepnos, C.C. MunaeB (Qusuueckuil uHcmumym um.
I1.H. JlebedeBa PAH, Mock6a, Poccus)

15:00-15:20

3.4 MexaHM3MBI BOCIIaMEHEHWSI CTEXVMOMEeTPUIeCcKOV BO3IyIITHO-TOILIMBHO
cMecu VIMITYJIBCHO-TIEPVIOAMYIECKUM ME>KOCTPUNHBIM paspsanom,
B.A. buriopun, A.H. bouapos, A.C. [lobpososnbckasi, ILII. VIsaHOB,
E.A. ®wmmonosa (OMBT PAH, Mock6a, Poccus)

15.20-15:40

3.5 DddexTHBHOE cOUeTaHMe Pa3IMIHBIX MEXAHVM3MOB II0BOIA SHEPTUM IS
aKTMBanuu TOILUIMBHO-BO3AyIHOV cMecH, E.A. PWIMMOHOBa,
A.C. Tobposonbckag, B.A. butiopun, A.H. bouapos (OMBT PAH, Mock6a, Poccus)

15:40-16:00

3.6 CrioHTaHHOe yCKOpeHVe MeJIEHHOV BOJIHBI TOPEHWMS W IIepexol ToOpeHms
B ImeToHanmio B KaHaite, A.Jl. Kusepun, VI.C. fIkosenko, A.B. fIpkos (OMBT PAH,
Mocxkba, Poccust)

16:00-16:30

IlepepbiB

16:30-17:50

CECCWVSI 4. DJIEKTPUYECKME PA3PAIDBI - 2
IIpencenarens H.JI. Anekcanmpos

16:30-16:50

4.1 TeHepansA CMJIPHOMOHM30BaHHOV IUIa3Mbl B HAHOCEKYHIHBIX Ia30BbIX
paspsamax_E.B. Ilapkesuu, A.M. Xupspsaosa, VM.A. Kosun, [1.B. TonOyxuh,
K.B. IInakoB (Pusuueckun uncmumym um. I1. H. Jlebedeba PAH, Mock6a, Poccus)

16:50-17:10

4.2 BrmsHMe TO/SIPHOCTM 3JIEKTPOOOB Ha Tra30AMHAMMKY IIJIa3MbI
KamwuisspHoro paspsaa. A.C. INammaa, AWM. Kimmmos, I[1.H. Kasascknin (OMBT
PAH, Mocxk6a, Poccust)

17:10-17:30

4.3 Ponp 00BeMHBIX M IIOBEPXHOCTHBIX 3¢d¢dPeKToB B OapbepHOVI KOpOHe
atmMocdepHoro gasiaeHns, V1. Cenmmsonuy!, C. Kysapnnuu!2, V1. Mopaes! ({OVBT
PAH, Mock6a, 2M®TU, [Toaeonpyonuiti, Mock. 0b6.4., Poccus)

17.30-17.50

4.4 IlapameTpsl HPM3IEKTPOJHOVM IUIa3Mbl paHHeN CTaAuM WMMIIYJIbCHOIO
HaHOCEeKYHIHOIrO0 wucKpoBoro paspsiga, VL.A. Kosmn, E.B. Ilapkesuy,
A VL. Xupsbsinosa, K.B. IImaxkos (Qusuueckuil uncmumym um. I1. H. Jlebedeba PAH,
Mocxkba, Poccust)

11.00-18.00

CTEHIOBBIE MOKJTAIIBI
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Anpens 24 (Cpena)

09:45-10:00

On-line connection

10:00-11:00

CECCUJI 5. INTASMO- XMWY ECKASI KOHBEPCUSI
IIpencenatesns V1.B. CeaBoHMH

10:00-10:20

5.1 HapaboTka pagmKa/ioB B MeTaHOIa30BBIX CMeCsAX IIPU OJHOBPEMEeHHOM
BO3EVICTBUM 3JIEKTPMYIECKOTIO0 II0JIs1 M 3JIEKTPOHHOrO0 my4ka, [1.B. TepemoHoK!,
H.JI. Anexcannpos, H.IO. babaesal, I'.B. Havmuc!, B.IT. Konosasos?, B.A. ITanos!
('OMBT PAH, MockBa, 2M®TU, [loaeonpyonuiti, Mock. 0b4., Poccus)

10:20-10:40

5.2 Cunre3 rpadpmuua npm KoHBepcumn cMmecu Ar-CH4, vHMLIMMpPOBaAHHOV B
IJIa3MOTpPOHe MOCcTOTHHOTOo ToKa, M.b. IllaBenkmnua, E.A. @wimmMoHOBa,
I'LIL. ViBanoB (OUBT PAH, MockBa, Poccus)

5.3 KouBepcusi cmecn Ar/CH4, mEMIMMpoBaHHasl B JAyTOBOM ILIa3MOTPOHe,

10:40-11:00 || 5 5 OwmmonoBa, M.b. Illasenkmsa, I1.I1. ViBanos (OMBT PAH, Mock8a, Poccus)
11:00-11:30 Ilepepbis
11:30--12:50 Ceccns 6. INTASMEHHASI ADPOOVMHAMMKA -1

IIpencenarens I1.}O. T'eoprmesckmit

11:30-11:50

6.1 YrpasiieHue My IbCcalMsIMM JaBJICHVSI B CIBUIOBOM (JI0€ IIPSIMOYTOJIBHO
KaBepHe ¢ nomombio [IBP akTyaTtopa ¢ mcmosb30BaHVMEM OOpaTHBIX CBsI3eVl,
I'1.H. Kazauckum (OMBT PAH, Mock6a, Poccus)

11:50-12:10

6.2 Jlokarmm3ammsa CcyOMMKpPOCEKYHIHOIO pa3psia B BbICOKOCKOPOCTHOM
rasoguHamuueckom moroke, V. Jlonbusg, WM.A. 3sHamenckas (MIY
um. M.B. Jlomonocoba, Mock8a, Poccus)

12:10-12:30

6.3 Ilepexom w3 peXXmMMa «THXOr0» ONTHYECKOIO paspsada K ONTUIECKOMY
npo6oro, B.H. Angpocenko, M.A. Koros, H.I. Comnospes, A.H. Illemsakus,
M.IO. Sxmmos (UIIM um. A.1O. Mwiaurckoeo PAH)

12:30-12:50

6.4 MopgenupoBaHue pa3BUTUs KOHBEKTMBHONM HEyCTOMYMBOCTM IIpU
VIMIIyJIbCHOM TeIlJIOBBIAeJIeHUM B 00J1acT¥ MHDKEKIIMM IIOIIepedHOVl CTPyH B
cBepx3ByKoBoy nmotokK, JI.C. Bonkos'2, A.A. ®upcos? (IM®PTHU, HosreonpyoHoii,
Mocxk. 064., 20UBT PAH, Mock8a, Poccus) (online)

12:50-14:00

IlepepniB
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14:00-15:50

Ceccna 7. INTASMEHHASI ADPOOVHAMMUKA -2
IIpencenarens I'.A. ®apasocos

14:00-14:30

7.1 O npobsieme BO30y>KAeHMsI BOJIH HeycTOMIMBOCTH ¢ romonipio BU [IbP B
cBepx3BYKOBbIX cTpysax, B.®D. Komwes!, O.II. brruxos!, B.A. Kombes!,
I''A. ®apanocos!, C.A. Yepnsbiues!, VI.B. Mopanes? (LLIAI'M um. H.E. 2Kyxobcxoeo,
Kyxobexun, Mock. 064., 20MBT PAH, Mock6a, Poccusi), IpyIIameHHbIV JOKIAT

14:30-14:50

7.2 3ararmBaHMe Ilepexoda K TypOyJIeHTHOCTM B IIOTPAaHMYHOM CJIoe Ha
CTPe/IOBMOHOM KpbUIe C IIOMOIIBI0 MHOTOKAaHAJIBHOIO IUJIA3MEHHOTIO
aKTyaTopa B COCTaBe CHUCTeMbl ¢ oOpaTtHOM cBa3po, Al KorBumkwmit!,
A.A.Abnyvtaes!, M.B. Ycrunos?, VI.LA. Mopasies! (!OMBT PAH, Mock6a, 2LIATV
um. H.E. 2KyxoBcxoeo, Kyxobexuit, Mock. 004, Poccus)

14:50-15:10

7.3 OcobeHHOCTH CBepX3BYKOBOro OOTeKaHMs Tejl IIpM MIHOBEHHOM
3Hepropkjage B HaOeraromem noroke, [L.IO. T'eoprmesckmuii, B.A. JleBus,
O.I'. Cyteipun (HUVMex MI'Y, Mock8a, Poccus)

15:10-15:30

74 DPaspaboTka MeTOOOB pacdeTa IlepeMe>kaeMOCTM IIpU JIaMMHApHO-
TypOy/IeHTHOM IIlepexoje, BBI3BAHHBIM HEYCTOMYMBOCTHIO IIOIIEPEIHOTO
TedeHWsI, IOCPEACTBOM CTATMCTMYECKOTO0 aHa/IM3a IIAaHOPAMHBIX M3MepeHMUN
PIV, AJL Korsuiikuir!, A.A. AOnysuiaes!, VI.A. Mopaies!, M.B. Yctinos? (1OMBT
PAH, Mock6a, 2LIATV um. H.E. KykoBckoeo, KykoBckuii, Mock. 00.4., Poccus)

7.5 [IBycTaauUiIHBIV IpOLecC BblAe/IeHs TeIJIOBOVI 3HepIUM B reTepOoreHHOM

15.30-15:50 |mnmasmomaHOM BuxpeBoM peakrtope, A.V. Kimmvos, IT.H. Kasanckuit (OMBT PAH,
Mocxkba, Poccust)
15:50-16:20 IlepepsniB
16:20-18:00 CECCHUJI 8. CMEXXKHBIE ITPOBJIEMBI -1
IIpencenaresns VI.A. Mopasnes
81 O BIMAHWMM TBUIEBBIX YacTUIl HAa KOPPO3MOHHBIE IIPOIECCHI B
pamuauuonHon 1wia3me, B.H. baGwmues, [I.B. Breicorkmm, K.O. Taseesa,
16:20 -16:40 | A H. Kwupwnuyenko, A.A. Hekpacos, A.B. VYrogumxosa, H.I. Tpymxus,
A.B. ®wmmmos, 10.B. Yepenanosa, B.E. Yepkoserr (AO «['HI] PO TPUHWUTU»,
Tpouyx, MockBa, Poccus)
8.2 Tepmoxmmmdeckass MoamdmMKauyusi TOIUIMBHBIX IpaHysl Iurasmonn BUU
16:40-17-00 | Pa3paina npu aTrMocdepHOM JaBJICHUM, M.A. [TTaBenkmH!,
’ ’ C.H. ®enoposuyl, M.b. lllasenkmna?, [1.V. Kassipmma!2, 1O.M. ®aneesa? (1HIY
«MDWU», 20UBT PAH, Mock68a, Poccus)
8.3 MarawuTomia3MeHHOe popMMpOBaHMe M YCKOpPeHMe KOMIIAKTHBIX TOPOB
17:00-17-20 (FRC), 4. bomoron!, M. barmmu3, X. CmasHosa?3, A. Mosrosoi3, A. OrmHos3
(IM®TH,  Hoseonpyouwii, Mock. 064, 2BIID, 3Qusuueckuil  uxcmumym
um. I1.H. JIebedeba PAH, MockBa, Poccus)
17:90-17-40 8.4 Bepudwukamysi Meroma CIJIa)KeHHBIX YacTMI[ Ha HEKOTOPBIX 3adadax ¢
’ ) BaA3KocThI0, A.B. VMBanos, C.A. Memut (OMBT PAH, Mock8a, Poccus)
8.5 O cuHTe3e MPOTOH - 0Op B OCHMIIMPYIOIIEN IIJIa3Me HaHOCEKYHITHOTO
17.40-18.00 | BakyymHuoro paspsana, fO.K Kypwienkos!'? ({OMBT PAH, 2Qusuneckutl uncmumym
um. I1.H. JlebedeBa PAH, MockBa, Poccus)
11.00-18.00 CTEHIOBBIE TOKJTAIbBI
18.00 OYPHIET
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Amnpess 25 (UeTrBepr)

09:45-10:00

On-line connection

10:00-11:20

CECCMJSI 9. CMEJXKHBIE ITPOBJIEMbI-2
ITpencenaresns A.C. [1o6poBosIbcKas

10:00-10:20

9.1 CoBmecTHas1 00pab0TKa pPaKOBBIX KJIETOK CTPYeVl XOJIOIHOV aTMocdepHON
IUIa3Mbl (MMIIyJIbCHOE HAIpsDKeHWe) M HaHOYaCTUIIAMM 30JI10Ta YCMJIMBaeT
IUTOTOKCUYIECKNII NIpoTHMBOpaKoBbIit 3¢ddexTt, V. Illsenrept!, M. buprokos!?,
A. TTonskosal?, H. Kpsakosal?, O. Kosasip!'2, E. 'opOGynosal?, A. EnanunHiiesa?,
. Ilpmnag?, E. Mwiaxunals, I1. T'yrusd, 1. 3axpesckuin'? ((MTIIM CO PAH,
2UXBPM CO PAH, SUDIT um. A.B. Pxanoba CO PAH Hobocubupck, Poccus) (online)

10:20-10:40

9.2 DddeKTMBHOCTE OKMCINTEIBHOIO TEVICTBUS HeTepMasIbHOW IUIa3MbI B
CpaBHeHUMM ¢ TraMMa-usiaydeHmueMm, B.A. Xapmamos, V.M. Memxnaos,
.B. baceiposa, C.A. TI'opbatos, T.B. Yk, V. Ilerpyxuna, H.B. Iitymenko
(OIBY «BHUMPAS HUIL] «Kypuamobekuii uncmumym», Obnunck, Karyxckaa o6a.,
Poccus) (online)

10:40-11:00

9.3 Cssa3p omeHkn Kodddummenta anddys3nmn ¢OTOHOB ¢ KpuUTepueMm
nokanm3aumn ceeta Modde-Perensi-Motra, A.B. I'aymaktnonos (OVBT PAH,
Mocxk6a, Poccus)

11:00-11:20

9.4 ABpaMTu4decKass Teopusl sBJICHUM b.M. bypaxaHos,

B.A. buttopun (OMBT PAH, Mock6a, Poccus)

IepeHoca,

11:20-11:50

IlepepbiB

11:50--13:10

CECCWUsI 10. CMEXKHBIE ITPOBJIEMBI- 3
IIpencenarens B.A. butropna

11:50-12:10

10.1 MarHuTomia3aMeHHas1 a’poOMHaMMKa B CBeTe 3KCIepMMeHTaIbHBIX
mocrvokeHun XXI seka, M. ViBarnos (HUMMex MI'Y, Mock6a, Poccus)

12:10-12:30

10.2 brpicTpoe oxIaXKOeHWe IIOTOKa TreTeporeHHOV IUIa3Mbl Ha BbIXoe
BUXPEBOro IUIa3MeHHOro peakropa, A.Jl. Kimmos, B.C. TemupOynaTos,
B.M. YentesteB (OMBT PAH, Mocx8a, Poccus)

12:30-12:50

10.3 O0TekaHMe KpyroBoro HWIMHIpPa ¢ MarHUTO-IJIa3MeHHBIM aKTyaTOpOM,
H.C. Mynxos!, V. Ksmmos!, B.A. buttopun?, I1.A. Mopases!?, JL.b. ITosskos!?,

‘VI.H. 3aBepIIHCKMIL® L I'1.H. Kazanckuit!, H.E. Mosnesna?3, [1.11. [Topdupres?3,
C.C. Cyrax’, B.H. Tonkynos! (‘OMBT PAH, Mock6a, Poccus, 2@usuueckuil
uncmumym PAH (¢puauan), Camapa, Poccus, 3CHI'Y Camapa, Poccus)

12:50-13:10

10.4 TBD

13:10

3AKPBITUE
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11.1 KuHeTrKa 1 mapaMeTphbl IUIa3MbI B IIPUCTEHOYHOM 00/1acTV KaIIMUIIPHOTO pa3psiaa.
O.B. Kopmrynos, A.C. IMamymza, B.®. Yunasos (OVMBT PAH, Mock6a, Poccus)

11.2 HecranmoHapHbI 3JIEKTPUYECKHUI pa3psaa B rasokarenbHoMm moroke, A.C. Casesibe
(OUBT PAH, Mock8a, Poccus)

11.3 DKcnepuMeHTAJIbPHOE VCCIeIOBaHMe IIpoIlecca TeHepallMy IIepeKyucu Boaopoda B
VIMITYJIbCHOM 3JIeKTpU4YecKoM paspsge B noToke >xmakocru, H.K.benos!, I1.H.Kasanckut?,
.. Mensenes? (‘OVBT PAH, 2HUI] " KypuamoBckui uncmumym'", Mock6a, Poccus)

11.4 TlpumeHeHMe MMKPOBOJIHOBOV IUIa3MbI /IS CMHTE3a MMKPO CTPYKTYPMPOBAHHBIX
okcnaHbIx MartepuanoB, C.H. Antmnos, M.X. I'ampxmes, M.B. Vienues, A.C. TrodTses,
.. ¥Ocynios (OMBT PAH, Mock6a, Poccus)

11.5 KoHueHTpamysi aTOMOB B CWJIBHO VIOHM30BaHHOVI HEOJHOPOJHOV ILIa3Me TIeJIws,
O.B.Kopmynos!, V. Kapeipmmn!2?, B.®. Yuunos'? (1OMBT PAH, HUY «MDW», Mockéa,
Poccus)

11.6 DOxcmepuMeHTaJIbHOe MccIeJOBaHMe IapaMeTpOB IUIa3Mbl B oOJacTu  ee
B3aMMOZENICTBUA C MOBEPXHOCTBIO MPOTOTMIIA 3JIEMEHTa IIePBOV CTeHKM TepMOsiIepHOro
peaktopa, E.A. Mypaspesa!, [I.Vl. Kasbipummn!'?, B.II bypnaes!, C.JI. ®egoposuul,
B.®. Yuanos!2, K.B. Yan!, A.C. Mssun! ({HUY «MDW», 20UBT PAH, Mock6a, Poccus)

11.7 MopenupoBaHie TIOpeHUs CBepPX3ByKOBOV CTPyM MeTaHO-BO3IOYIIHOM CMeCH B
IPUCYTCTBUM 3JIeKTpudecKkoro paspsga Bo FlowVision, [I.A. Tapacos!?, A.A. ®upcos!
('OUBT PAH, MockBa, 2M®TW, [loseonpyonuiti, Mock. 0b.4., Poccus)

11.8 Meton anmpokcuMupyrommx omepatropos, A.B. l'amaktnonos (OMBT PAH, Mockéa,
Poccus)

11.9 ITonaBieHMe BOJIH HEYCTOMYMBOCTV B CTOXacCTHMYeCKN BO30Y>KIeHHOV TypOyIeHTHO
cTpye B peXmMme YyIpexgawmiero ympasiaeHus, V.A. Mopares!, Al Koremukwmit!,
O.I1. beruxos?, (!OMBT PAH, Mock6a, 2IJATVM um. H.E. >KykoBckoeo, >Kyxobexuii, Mock. 004,
Poccus)

11.10 HaHocekyHOHBIVI pa3psn HOpu OopMIMX IepeHanmpspDKeHMsaXx, B.A. butiopus,
A.H. bouapos, T.H. Kysneniosa (OMBT PAH, Mock6a, Poccus)

11.11 O corsiacoBaHMM IPOIIECCOB, MPOMCXOISIIINX IIPY B3aMMOEVICTBUV IIJIA3MEHHOTO
aKTyaropa ¢ Bo3ayxom, B.M. bouapuukos, B.B. Bosiogus, B.B. I'ony6, A.E. Enssraos (OVMBT
PAH, Mock6a, Poccus)

11.12 DnexkTpudecKuil MpoOOT B MMIIYJIBCHOM 3JIeKTpMYECKOM Iojle B IByXda3HOM
cucteme Boga-macio, IO.M. Kymuxos, B.A. Tlanos, A.C. Casenwe (OMBT PAH, Mockba,
Poccus)

11.13 BiamsiHMe 37IEKTPUIECKOT0 pas3psiia Ha IIOBeleHMe ABYyxda3HOV CHCTeMBbI BOa-
macio, FO.M. Kyismmkos, B.A. TTaxos, A.C. CaBenweB (OMBT PAH, Mock8a, Poccus)
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1.1 MicTouHMKM CBepXBbICOKOYAaCTOTHOIO M PEHTT€HOBCKOTO
M3JIy4eHUN B HPOTSKEeHHBIX BBICOKOBOJIBTHBIX paspsagax

E.B. lapxebuy’, A.U. XupvanobBa, U.C. baudun, K.B. IlInaxoé,

A.A. Poouonoéb, JI1.K. boaomo8, B.A. Psa606, A.B. Ozunob

Orzyraeckmt nHCTUTYT vM. 1. H. JleGenesa PAH, 119991, Mocksa, Poccust
* parkevich@phystech.edu

CorytacHo YCTOSIBLIVIMCS percTaBIeHVIAM VICTOYHVKU
ceepxBblicokouacToTHOro (CBY) m3nydenms (Ha wactorax >1 IT1r) B mpOTsHKeHHBIX
NIEeKTPUYECKMX paspsalax CcBg3aHbl C 00JIacTaMM IIPOCTPaHCTBA, B KOTOPBIX
IIPOVCXOAAT JI0O0BBIe COyIapeHMs CTPUMEPOB IIPOTMBOIOIOXKHON IOJIIPHOCTML.
IIpenmoriaraeTcsi, 94To IIpoliecC CTOJIKHOBEHNS CTPYMepPOB Ha BpeMeHax Kopode 1 Hc
COIIPOBOXJAEeTCS BBICOKOYACTOTHBIMM KOJIeOaHMAMM TOKAa B IUIa3Me OOJIBIION
aMIUIUTYBL, CIIOCOOHBIX MOpOoXmaTh sMuccuio CBY-msnydenmns. YuwurteiBas, 4Tto B
obJs1acTy coyjapeHMs CTPUMEPOB JIeKTprdecKoe 10JIe CyIeCTBEHHO yBeJInuMBaeTCs,
npeqrioyaraeTcsd TakKXe, YTO TakKue KpaTKOBpeMeHHble IIPOLlecChl  MOIYT
COIIPOBOXIATBCS ellle TeHepallyel )XeCTKOrO PeHTTeHOBCKOIO M3JIyueHMs. [laHHbIe
MIPeTIOIOKeHsT HallUIY MHOXEeCTBO IIOATBEPXKIEHUII B TeopeTndecknx paborax,
OJIHaKO ellle HI pa3y He ObUIM IIpOBepeHbl Ha IIpaKTuKe. EcTecTBeHHOV TPYIHOCTBIO
B MOJIy4eHWUM SKCIepUMeHTaJIbHOM MH@OpMammMmu B paMKaxX [IaHHOW IIPOOsIeMbl
gBJIgeTcs OoOIast CJIOXKHOCTb peayM3alyyl KOMIUIEKCHBIX —3KCIIEPVIMEHTOB 1
HeOOXOAMMOCTD Pa3pabOTKM CIelMaIbHBIX CPeACTB AnarHocTrkm smuccnit CBY- n
PEHTIeHOBCKOIO W3JIyYeHUI IIpY BO3MOXXHOCTM JIOKaJIM3alMM IIPOLIeCCOB WX
reHepaluy BO BpeMeHI 1 B IIPOCTPaHCTBe.

3HauUNTEIIPHOTO ycCIlexa B 3TOM HaIlpaBjIeHUM YAaJIoCh JOOWUTBCS Hallen
HAay4HOW TIpyIlle Oarofapsi pa3pabOTaHHOMY YHMKAJIBHOMY IMarHOCTUYECKOMY
CTeH/Iy II0 VMUTAIMM VMCKYCCTBEHHBIX MOJIHUV B IIOJIyMeTPOBBIX ITPOMEXYTKax IIpu
HarpspkeHMsiX opsigka 1 MB. KimroueBrie pe3ysipTaTsl ObUIN Oy OJIMIKOBAHBL B CEPUM
pabor [1,2]. B wactHOCTM OBUIa AETaIbHO M3ydeHa BpeMeHHAasl KOPPEesys MeXIy
BbIcOKOuacToTHBIM (BY-, 10-100 MI1), CBY- (1-6 ITm) m peHTreHOBCKMM (C
sHeprusiMu ¢oToHos Gostee 10 k3B) m3myueHMsIMIM, COIPOBOXIAOMIVIMI Pa3BUTHeE
BBICOKOBOJIBTHOTO paspsiia. beuto oOHapykeHO, 4TO reHepallysi peHTTeHOBCKOTO U
CBY-usinyueHns: Habimroraercsi, HauMHas IIPMMEPHO C MOMEHTa BO3HUKHOBEHUS
HpedbIMITyJIbca TOKa depes3 paspsiAHBIVI IPOMEXYTOK, perucTpUpyeMoro mnepey, ero
npoboeM. DMMCCUM AAaHHBIX TUIIOB WM3JIyYeHU IIOCTeIIeHHO 3aTyXaloT II0 Mepe
HaCTyIUIeHVs Ipobos MpoMeXyTKa ¥ IIocjIie Hero He HaOJIIofaloTcs B IIPUHIIMIIE.
Cnextp CBY-nsnydenmus npepcrasiieH yactotamu 110 6 1T, mpu sToMm Hanbosibinas
CIleKTpaJIbHasi MOIIHOCTb JocTuraercss B npegenax 1-2 ITho. MommHocTb
paauousIIydeHns pe3Ko Hajgaer Ha dactotax Hipke 1 Tty u BospacraeT Gimoke x 150
MTI'1, mpu sToM HambosIbllas ClieKTpaibHas MOIIHOCTE BU-m3nyueHns mocruraercs
B nuanasoHe 60-90 MI'11. Beuto ycraHoBieHo, uro BY-msiydyenne MoxeT BO3SHMKaTh
0 TOSIBJICHMsI HpeAbIMITyJIbca TOKa Ha paHHeV KOPOHHO-CTPVMEPHOW CTalyu
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pasBuTHs paspsifa 1 0o Hadaila reHepanyy CBY-msinydenva. B mannom crygae BY-
ustydeHne HaOmomaercss B Buge 100-HC WMMITYJIbCOB, MHTEHCMBHOCTh KOTOPBIX
CyIIleCTBeHHO BO3pacTaeT CMHXPOHHO ¢ HadajioM reHepanyuy CBY-nsydenms.

exp=59 ns; /11 Frame 2 A ~exp=60 ns; f/11
At,=148-207 ns ik At,=152-212 ns
I AT=5 ns

Frame 1 ends Frame 2 ends

Antenna (3) /Burst 1 /Burst 2

rar b N O N Ve L SV, RS .M”\,*\(/\"“T/Ww.,,/\hv
Antenna (1)

Antenna (4) :

L | L | ! | L | f
190 200 210 220 230 240
Time (ns)

Pucynox 1. V306paxenus cmpykmyp paspaoa u oxkaiusoBanvix obaacmen eenepayuu CBY-
usAyueHus 6 00uHouHoOM Bvicmpee.

C DoMOmIBI0O  CHCTEMBI  paJuoperucTpalmy Ha  OCHOBe  4eThIpex
CBePXIIMPOKOIIOJIOCHBIX ~ aHTeHH  yHOajloch C  CAHTUMETPOBOVM  TOYHOCTBIO
sokanmsoBaTh ncrounukn CBY-usnyuenwmsa B paspsame, cMm. Puc. 1. Ilopasrtomee
OOJIBIIMHCTBO MCTOYHMKOB OKa3aJI0Ch COCPEIOTOUEHO B IIPUAJIEKTPOIHBIX 00JIacTsiX
paspsana. Cam mMomeHT Hadasia reHepaumy CBY-msinydeHns okasajicss He CBd3aH C
TaKyMM IIpoleccaMmy, KaK coyJapeHue BCTPeUHBIX CTPVMMEpPOB WIM 3aMbIKaHUe
pacIpocTpaHsIONIero cTpyuMepa Ha IIPOTHBOIIOJIOXKHBIV MeTaJUINUeCKU JIeKTPOL,.
AHaJIOTMYHO, 3MICCYSL PeHTIeHOBCKOTO M3JIy4YeHNs HaOIofanach MCKIIOUNTEIIbHO B
CTaguy pasBUTKS paspsia, KOrja B paspsIHOM IIPOMeXyTKe yXke cpopMupoBaiach
CJIOKHAas CrcTeMa IUIa3MeHHBIX KaHaJIOB II0CJIe MHOTOKPATHOTO pacIIpOoCTpaHeHVId,
PasMHOXeHWs ¥ cOyJapeHUN IepBUYHBIX cTpyuMepoB. COOTBETCTBYIOIIVE BBIBOIbI
ObUIM  HOATBEPXKHOEHbl CTATUCTUMYECKMMM HaOIIOeHMSAMIM W pe3ysIibTaTaMu
dOTOCHEMKIM paspsiAHBIX CTPYKTYP C HaHOCEKYHIHBIM paspelreHveM. OOmmmi
aHaJIN3 BpPeMeHHOV KOppesAluy MeXIy >XeCcTKUM peHTreHosckmM, BY- m CBY-
VI3JIy4eHVIAMY, a TakkKe IIOJIydeHHBIe SKCIIepVMeHTa/IbHble JaHHbIe KadeCTBEeHHO
MEHSIOT COBpeMeHHBble IIpefCTaB/IeHNs O BO3MOXKHBIX KOJUIEKTMBHBIX MeXaHM3Max
reHeparmmn CBEPXBBICOKOYACTOTHBIX n PEHTTeHOBCKIX VI3JTy YeHWIV B
BBICOKOBOJIBTHOM paspsifie.

Pabora nonnepxana rpanToM Poccuiickoro Haygnoro ®@oxma Ne 23-19-00524.

1. E.V.Parkevich et al. Natural sources of intense ultra-high-frequency radiation in high-
voltage atmospheric discharges. Physical Review E. - 2023. - Vol. 108. - No 2. -
p. 025201.
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2. E.V.Parkevich et al. Temporal correlation between hard x rays and radio emissions in
the MHz and GHz frequency ranges generated by a laboratory high-voltage discharge.
Journal of Applied Physics. - 2023. - Vol. 134. - No 15. - p. 153303.

Sources of ultra-high frequency and X-ray radiations in
extended high-voltage discharges

E.V. Parkevich*, A.I. Khirianova, 1.S. Baidin, K.V. Shpakov,
A.A. Rodionov, Ya.K. Bolotov, V.A. Ryabov, A.V. Oginov

P.N. Lebedev Physical Institute of the RAS, 119991, Moscow, Russia
* parkevich@phystech.edu

According to the established concepts, sources of ultra-high frequency (UHEF-)
radiation (at frequencies >1 GHz) in extended electrical discharges are associated
with the space regions wherein head-on collisions of opposite-polarity streamers
occur. It is assumed that the process of the streamer collision on time scales shorter
than 1 ns is accompanied by high-frequency current oscillations of high amplitude in
the plasma, which are capable of generating the UHF-radiation. Considering that the
electric field in the streamer collision region increases significantly, it is also assumed
that such short-term processes can also be accompanied by the generation of hard X-
rays. These assumptions have found many confirmations in theoretical studies, but
have never been tested in practice. A natural difficulty in obtaining experimental
information within the framework of this problem is the general complexity of
implementing complex experiments and the need to develop special tools for
diagnosing UHF- and X-ray emissions with the possibility of localizing their
generation processes in time and space.

Our research group has achieved significant success in this direction thanks to
the developed unique diagnostic setup for simulating artificial lightning in half-
meter gaps at voltages of the order of 1 MV. Key results were published in a series of
studies [1,2]. In particular, the temporal correlation between highfrequency (HF, 10-
100 MHz), UHF- (1-6 GHz), and X-ray (with photon energies more than 10 keV)
radiations accompanying the development of a high-voltage discharge was studied
in detail. It was discovered that the generation of X-ray and UHF- radiations is
observed starting approximately from the moment of the appearance of a current
prepulse through the discharge gap, which is recorded before its breakdown.
Emissions of these types of electromagnetic radiation gradually decayed as the
breakdown of the gap occurs and after it, they are not observed in principle. The
spectrum of UHF-radiation is represented by frequencies up to 6 GHz, with the
highest spectral power achieved within 1-2 GHz. The power of UHF-radiation drops
sharply at frequencies below 1 GHz and increases closer to 150 MHz, with the
highest spectral power of HF-Radiation being achieved in the range of 60-90 MHz. It
was found that HF-radiation could occur before the appearance of a current prepulse
at the early corona-streamer stage of the discharge development and before the
instant, the generation of UHF-radiation begins. In the case at hand, HF-radiation is
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observed in the form of 100-ns pulses, the intensity of which increases significantly
synchronously with the beginning of the UHF-emission generation.

exp=59 ns; f/11|Frame g e exp=60 ns; f/11
At,=148-207 ns o RSB R152-212 ns

At=5ns

Shot55 ¥
Frame 1 ends Frame 2 ends
Antenna (3) /Burst 1 ﬁ{ /Burst 2
WMMN"WWMWW/\M’J‘M‘\NN‘N\/\N“"——/th‘/\/‘\a“-“f\’ﬁ'vm“‘mwﬂw /"‘\’\_,*\/\‘M/WMM%
Antenna (1)
Antenna (4)
L | L | ! | ! | 1
190 200 210 220 230 240
Time (ns)

Figure 1. Images of the discharge structures and localized areas of the UHF-emission generation in a
single shot.

Using a radio registration system based on four ultra-wideband antennas, it
was possible to localize microwave radiation sources in the discharge with
centimeter accuracy, see Fig. 1. The vast majority of sources turned out to be
concentrated in the near-electrode regions of the discharge. The very moment of the
beginning of the generation of UHF-radiation turned out to be unrelated to the
processes such as the collision of counter streamers or the shorting of the propagating
streamer to the opposite metal electrode. Similarly, the X-ray emission was observed
exclusively at the stage of the discharge development, when a complex system of
plasma channels had already formed in the discharge gap after propagation,
reproduction and collisions of multiple primary streamers. The corresponding
conclusions were confirmed by the statistical observations and the results of
photographing discharge structures with a nanosecond resolution. The general
analysis of the temporal correlation between hard X-ray, HF-, and UHF-radiations, as
well as the experimental data obtained, qualitatively change the modern ideas about
possible collective mechanisms, which are responsible for the generation of such
kinds of the electromagnetic emission in a high-voltage discharge.

The study was supported by the Russian Science Foundation grant No 23-19-
00524.

1. E.V.Parkevich et al. Natural sources of intense ultra-high-frequency radiation in high-
voltage atmospheric discharges. Physical Review E. - 2023. - Vol. 108. - No 2. -
p. 025201.

2. E.V.Parkevich et al. Temporal correlation between hard x rays and radio emissions in
the MHz and GHz frequency ranges generated by a laboratory high-voltage discharge.
Journal of Applied Physics. - 2023. - Vol. 134. - No 15. - p. 153303.
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2.1 DnneKTpoHHBbIEe KMHeTHUUecKne K03 PuImeHTbI A1
MOZeJIMpPOBaHMs pa3psAO0B B CMecsX BO3Ayxa ¢ IlapaMy BOJbI

Asexcanopob H.J112*, Kouemo6 W.B.34

MoOCKOBCKUT (PU3MKO-TeXHUYEeCKII MHCTUTYT, [onronpyaHsiii, Mock. 06s1., Poccus
200peHeHHBIVI MHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
STPMIHUTW, Tpourik, Mocksa, Poccus
4Dysmaeckum nHCTUTYT M. [1.H. JleGennesa PAH, Mocksa, Poccris
*nick_aleksandrov@mail.ru

C 1IOMOIIIBIO UMCIIEHHOTO pellleHNs ypaBHeHVs bosibliMaHa BBIIIOJIHEH pacyeT
cKopocTu fpevidpa 371eKTPOHOB, KO3(PUIIMEHTOB X IIPOIOIBHON M IIOIIePeuHO
mnddysmun, a Takke Ko3dDPUIMEHTOB WMOHM3ALMM W OAUCCOLMATUBHOIO
NpWINIAHVSA B CJIaDOMOHM30BAaHHBIX CMECSIX BO3IyXa C IIapaMy BOIBI B IITMPOKOM
IOyariasoHe IpuBefdeHHbIX 3leKTpudecknx nosent (1-650 Tmo, 1 Tn = 1077 B cm?) n
MoutbHBIX gostert HxO (0 - 1). BeirmostHeHO cpaBHeHMe pesyJIbTaTOB pacyeTa C HOBBIMU
SKCIePVIMEHTaIbHBIMY JaHHBIMM [1], 71 HOTy4eHO XOopolllee coriacue MeXay HVIML
ITokasaHo, uTO I BceX KO3(PUILIMEHTOB WM CpegHel 3Hepruy 3JIeKTPOHOB WX
3aBUCMIMOCTB OT COCTaBa ra3a MeHseTCs C POCTOM JIEKTPUUYECKOTO IOJIS: TP MaJIbIX
npuBefgeHHBbIX TTOJIsIX E/N (N - KOHIIeHTpalys HeMTPaIbHBIX YacTUII) YBeJIMdeHue
copepxanmnsg H>O B cMecsx IpUBOAUT K YMeEHBIIIEHMIO KO3 PUITMEHTOB IlepeHoca U
CperTHer SHepruy 3JIeKTPOHOB, B TO BpeMsl KakK Ipu Oospmmx 3HadyeHMsX E/N
HaOimormaeTcss oOpatHast TeHzeHIMSA. Kpome Toro, it ckopoct pgpendpa m
KoadduimeHTa  AMUCCOLMATUBHOIO  IIPWIMIAHMSA  3JIEKTPOHOB  CYIIeCTBYIOT
3JIeKTpUYecKye IO, IPU KOTOPBIX 3HAUYeHMs 3TUX KO3(EPUIIMEHTOB B Ta30BbIX
cMecsX MOTYT OBITH OoJibIlie K03(PPUIMEHTOB B CYyXOM BO3[Iyxe WIN B IIapaxX BOIBL.
JaHo KauecTBeHHOe OOBsICHEeHIe TI0JIyYeHHbBIM 3aBVICYMOCTSIM.

Pacuer xoadpduiiieHTa TPOMHOrO NPUJINIIAHMS IEKTPOHOB K MosieKysiaM Oz
TaKXe JlaeT corlacue ¢ JKcrepuMeHTOM [1] B paccmaTpmBaeMoM Amaria3oHe
napameTpoB. IIpu s3TOoM 3ddexTuBHBIN KO3(PUIMEHT TPOVHOIO MIpVJINIIaHMI
cHIpKaercsa ¢ pocrtoM E/N wm ysermmumBaercss ¢ poctoMm copepxanmss HoO B cmecn.
ITpu nobasnennmu 50% HxO xoadpduimeHT TpOTHOTO IPWIMIIaHMS IPAKTIYECKN He
3apucuT or E/N, XoTsi cpemHsis 3Heprusi 3JIeKTPOHOB IPM 3TOM MeHSIeTCS B
HECKOJIBKO pas.

VlcciremoBaHme BBIIIOJIHEHO 3a cueT rpaHTa Poccuriickoro HayudHoro doHpa
(rmpoext Ne 21-79-30062).

1. de Urquijo J., Gonzalez-Magana O., Basurto E., Juarez A.M., J. Phys. D: Appl. Phys. 57,
125205 (2024).
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Electron kinetic coefficients for discharge modeling in air-
water vapor mixtures

Aleksandroov N.L.1.2*, Kochetov 1.V.34

Moscow Institute of Physics and Technology, Dolgoprudniy, Mosc. Region, Russia
?Joint Institute for High Temperatures RAS, Moscow, Russia
STRINITI, Troitsk, Moscow, Russia
4Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia
*nick_aleksandrov@mail.ru

Using a numerical solution of the Boltzmann equation, we calculated the
electron drift velocity, the longitudinal and transverse diffusion coefficients, and the
ionization and dissociative attachment coefficients in weakly-ionized mixtures of air
with water vapor in a wide range of reduced electric field (1 - 650 Td, 1 Td = 1017 V
cm?) and mole fraction (0 - 1) of H2O. Calculated results were compared with new
experimental data [1] and good agreement between them was obtained. It was shown
that for all coefficients and mean electron energy, their dependence on gas mixture
composition changes with increasing electric field: at low reduced electric fields E/N
(N is the gas number density) the increase in the mole fraction of H>O in the mixtures
leads to a decrease in the transport coefficients and mean electron energy, whereas
there is an opposite trend at high values of E/N. In addition, for the drift velocity and
dissociative electron attachment coefficient, there are electric fields at which these
coefficients in the mixtures can be higher than the coefficients in dry air and in water
vapor. A qualitative explanation of the obtained dependences of the coefficients on
E/N and HO content was given.

Calculated coefficients of three-body electron attachment to Oz molecules also
agreed well with measurements [1] for the parameters under study. Here, the
effective three-body attachment coefficient decreases with increasing field E/N and
increases when the fraction of H>O in the mixture grows. When 50% H>O is added to
air, the three-body attachment coefficient turns out to be almost independent of E/ N,
although the mean electron energy changes by several times in this case.

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

1. de Urquijo J., Gonzalez-Magana O., Basurto E., Juarez A.M., J. Phys. D: Appl. Phys. 57,
125205 (2024).

AAA
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2.2 CpaBHeHMe NPpUOIV>KeHMU JIOKAJIBHOTO OIS U
JIOKaJIbHOVI 3JHepPIUNM IPY MOJEeIMPOBAaHUM HAHOCEKYHIHOIO
II0BEpXHOCTHOI'O DapbepHOIOo pa3psAaa B BO3Ayxe

B.P. Cos08ve6* H.U. KapaBaeBa, [1.A. Jlucuyoin

MockoBcknii PU3MKO-TeXHIYecKuyt MHCTUTYT, Honronpynnaem, Poccns
*vic__sol@mail.ru

HabmropaemMeln B asoTe ™ a30T-KUUIOPOOHBIX cMecsax [1-5]  adpdexr
dwiameHTarM moBepxHocTHOro OaprepHoro paspsiga (I1IBP), Bo3Oyxmaemoro
VIMITyJIbCOM HaIpsDKeHMs ImiTenbHocThio 20-50 HC A0 cMXx IIOp oOcCTaeTcs He
OOBICHEHHBIM.

1 asota B pabore [6] Ha Gase 2D mpubmoxenms passurms [IBP 6bu1

MIpeUIOKeH MeXaHM3M, ITO3BOJISIONINII CMOIEIMPOBaTh pa3BUTIe Ha4aJIbHOM (Pasbl
TIOXO>Kero Ha OIVICAHHOE SBJIEHVIS B CJIy4ae VIMITyJIbca HalIpsDKeHVIs ITOJI0KITeIbHOT
TIOJISIPHOCTY, a B paboTe [7] ObUIO IMpoBepeHo, MOXET JIVI 3TOT MeXaHW3M OOBICHUTH
gBjleHVe rIaMeHTaly B asoTe ¥ BO3[AyXe HpY OTPUIIATeIbHOW IMOJISPHOCTU
VIMITyJIbCa HaIpsDKeHMs. HavaypHBIV STaIl 4mcieHHOro MopaevpoBaHus B [7] Obul
YCIIEITHBIM:  BOIM3M  2JIeKTpoAa aHaJOIMYHO CJIyYald C  IIOJIOKUTEIBHO
MIOJISIPHOCTBIO HAIIPSDKEHMSI Yy IIOBEPXHOCTM AMAJIEKTPUKa OBUIO  ITOJIy4YeHO
dopmMupoBaHme y3KOro «Ios IUIA3MBI C KOHIIEHTpaIlMer, HapacTaromen a0
3x1018cm3. OgHako JaspHerIIee pasBuUTIe 3TOTO CJIOM U pa3psia B 11eJIOM He MIMeJIo
HIYero oodmero ¢ HabIogaeMbpIM B 9KCIlepyMeHTe [5], mIst yciIoBuiT KOTOPOro ObUT
BBIIIOJIHEH pacyeT. bpUTo BBICKa3aHO IIPEe/IIIONIOKeH Ie, YTO IIPUYVHOV Heyauv ObUIo
VICIIOJIb30BaHVe ITpnbmvokens jtokaipHoro nosist (Local Field Approximation - LFA)
JUIS OIMCaHMs IIPOIIeCCOB WMOHM3aIMM W BO30OYXHIeHWs 3JIeKTPOHHBIX TepMOB
MOJIEKYJIbI a30Ta. AJIbTepHATMBOVI 3TOMY HPUOIVDKEHWMIO sBJIgeTcs MpuOvpkeHve
nokasibHOM 3Heprum (Local Energy Approximation - LEA), yuwTeiBaroree
IIPOCTPAHCTBEHHBIVI IEPEHOC SHEPT ML 3JIEKTPOHOB.
YToOBI mpOBEpPUTH, HACKOIBKO CIJIBHO WI3MEHSIeT pe3ysIbTaT WCIIOIb30BaHVIe
pnOIVDKeHns JIoKasbHOM 3Heprum LEA BMecTo mpmOIVDKeHMs JIOKaJIBHOTO IIOJIS
LFA B pmanHom paboTe 00OOMMM MeTOmaMM BBIIIOJIHEHBI TECTOBbIE pacueThl II0
passututo IIBP, Bo3OyXmaeMoro cTyleHYaTbIM VIMITYJIbCOM OTPUIIATeIbHON
nosipHocT  V=-8kB B Bo3gyxe arMmocdepHOro [gasjieHMs, KOIZa COIVIACHO
SKCIlepuMeHTy [8] HuKakom drlaMeHTallMM He HaOrogajock. A Il IIPOBEpPKU
NPVHOVIIVATBEHOY BO3MOXKHOCTM MOME/VPOBAHMS «(PVWIaMEeHTAllUV» BBIIIOJTHEHBI
TeCTOBble pacyeTbl yXe TOJIBKO B HpUOIVDKeHUM JIoKasibHOM 3Heprum LEA mia
CTyIleH4aToro mmiryiabca V=-15kB B asore mpm masineHum 6 aT™M IS YCIIOBUM
sKcrepuMeHTa [1,5], rme dmiameHTanysa HaOIromaiack P HAIIPsDKEHVSIX BbIIIe
32-35kB.

IToxasaHo, uTo HmpM aTMOcepHOM MAaBleHUN U HampsbkeHun V=-8kB 1o
AVHaAMIMKe pasBUTHA paspsia B IleJIoM IIpuOsIvDKeHVe JIOKaJIbHOW SHeprum aeT
pe3yJIbTaThl, O/Iv3KMe pesysIbTaTaM IIPUOIVKeH s JIOKaJIbHOTO II0JIs. DTO OTHOCUTCS
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U K CTPYKType KaTOJHOTI'O CJIOsl, M K paclipeie/IeHIO 110J11 Ha (ppoHTe paspsjia, 1 K
CKOPOCTVI Pa3BUTHL paspsza.

Cy1iecTBeHHOe OT/IMYMe OT Pe3ysIbTaTOB IIPUOIVDKEHMs JIOKAJIBHOIO IIOJIA
HaOmofmaeTcs B HapaMeTpax IPUIIOBEPXHOCTHOTO  CJIOSL  paspsifa.  Yder
IIPOCTPAHCTBEHHOIO IepeHoca JHepPruy 3JIeKTPOHOB IIPMBOAUT K CY>KEeHWIO
TOJIIIVHBI 3TOTO CJIOSL ¥ IIOBBIIIEHWIO IUIOTHOCTY JIEKTPOHOB Y IOBEPXHOCTU. DTa
IoITpaBKa CTaHOBUTCA Ooslee 3HauMMOV IIpy Oosiee BBICOKMX HaIpPsDKeHMSAX U
IUIOTHOCTsIX rasa N; B pacdeTe id a3oTa npmu V=-15kB, N/No=6 oHa mosBoymwia
cMofe/IMpoBaTh  MOXOXWI Ha HaO/mogaeMbll B 3KcepuMeHTe  3ddeKT
JpwraMeHTaIIMM paspsda OTPULIATEILHON NTOJIIpHOCTYL; No - HOpMaIbHas ITIOTHOCTD
rasa.

Pabota monneprkana rpaaTom PH® Ne 22-29-00084.
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Pucynox 1. Pacnpedeserue npubedernozo ssexmpuueckoeo noas E/N (T0) 86.ausu kamoda 6 momenm
Bpemenu t = 0.61c 8 LFA (a) u LEA (b) npubausxenusx; 6030yx, V=-8xB, N/No=1.

A — 1200
X=0.135mm, t=0.6Hc L
_ -F
pcyn
— — 1000
m =
— 800
o L
S L
&9 L
o — 600
=1 L
o L
c
— 400
— 200
0 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T 0
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Y, mm
Pucynox 2. [Ipogpuru npuBedenroeo s1exmpuueckozo noas E/N u xonyenmpayuu s1exmponob 6
ceuenuu paspada x=0.135mm 8 momenm Bpemenu t = 0.6nc 6 LFA (1) u LEA (2) npubauxenusx;
Bo30yx, V=-8xB, N/ No=1.
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Comparison of local field and local energy approximations for
nanosecond dielectric surface barrier discharge simulation in
air
V.R. Soloviev*, N.I. Karavaeva, D.A. Lisitsin

Moscow Institute of Physics and Technology, Dolgoprudny, Russia
*vic__sol@mail.ru

Experimentally observed in N2 and N2-O2 mixtures [1-5] filamentation effect of
the surface dielectric barrier discharge (SDBD), driven by 20-50 ns voltage pulse
remains unexplained till now.

The mechanism of initial phase modeling for the process mimicking the
filamentation in N2 in the case of positive polarity voltage pulse has been proposed in
[6] on the basis of 2D simulation of SDBD evolution; and in [7] it was checked
whether or not this mechanism could explain filamentation process in N2 and air in
the case of negative polarity voltage pulse. The initial stage of numerical simulation
in [7] was successful: similar to the case of positive voltage pulse, the formation of a
narrow plasma layer with a density up to 3x108cm3 was observed near the dielectric
surface. However, further evolution of the layer and of the discharge in a whole did
not have any common with experimental observations [5]. It was supposed, that the
reason of the failure was the usage of Local Field Approximation (LFA) for a
description of rate constants of the ionization and excitation processes. The
alternative approach is the Local Energy Approximation (LEA), accounting for the
spatial transport of the electron energy.

This work is aimed to check how significant is the difference in the results in
the cases of using LEA and LFA approximations for simulation a SDBD driven by
steplike negative polarity voltage pulse V=-8kV in atmospheric pressure air, when
there is no filamentation according to experiment [8]. For checking a principal
possibility of the filamentation modeling in N, the test runs were fulfilled for
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steplike pulse V=-15kV for 6 atm for conditions of experiment [1,5], where
filamentation was observed at V>32-35kV in the case of negative voltage pulse.
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Figure 1. Reduced electric field EIN (Td) distribution near the cathode at t = 0.6ns in LFA
(a) and LEA (b); air, V=-8kV, N/No=1.
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Figure 2. Reduced electric field E/IN and electron density profiles at the discharge cross section
x=0.135mm at t = 0.6ns in LFA (1) and LEA (2); air, V=-8kV, N/No=1.

It is shown, that in atmospheric pressure air at V=-8kV the LEA gives the
results close to LFA for the whole discharge dynamics. This refers to the cathode
layer structure, to the E-field distribution at the discharge front, and to the discharge
velocity. A notable difference is observed in the parameters of the near-surface layer.
This difference becomes more significant for greater voltages and gas densities N; in
the runs for N2 at V=-15kV, N/ No=6 the effect mimicking the filamentation was

simulated; No - is a normal

gas density.
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2.3 Uncinennoe Mopennposaane [Inaamukn O0pasoBaHusa
CBU-Pa3psana c bessickposon JIazepaon VMannmanen

M.E. Pene6*, I0.B. [Ioopoé8, P.C. Xoponxyx, U.YU. Mawex, B.A. Jlauxo6

Canxkrt-IletepOyprckum 'ocynapcrsennsin YauBepcuret, CankT-IletepOypr, Poccus
*renevme@mail.ru

AxTyasibHa pa3paboTka IUIa3MeHHBIX METOIIOB SHEPTOBJIOKEHNS B Cpedy HJId
3a7av CHVDKEHMS COIIPOTMBIIEHNISI CBEPX3BYKOBOro oOTeKaHms. OmymH M3 CIIoco0oB
OCyIIlecTBJIeHMs 3Toro — wucnosb3oBaHne CBY-paspsima. Majsible KoHIeHTpalum
3aTpaBOYHBIX JIEKTPOHOB MPUBOIAT K 3allepXke oOpasosaHms, mpomyckam CBY-
paspsiia ¢ BO3MOXHBIM CMellleHMeM B IHpocTpaHcTBe. IlpumeHneHme paspsiga
orpaHMYeHO HWM3KMMU [daBjileHuamu. [Ipu  HeoOxogmMMocT HOAHATH IIOPOT
3@KMTaHMS HY)XHO KBaIpaTWYHO YBEIMYUTh MOIIHOCTh W3JTydeHMs. MOXXHO
30aBUTBCS OT 3TUX CBOVICTB paspsijia — WCIIOIb30BaHMe VIOHM3VPYIIEro Ja3epHOro
usinydyeHmnd. B paborax [1-3] wcrionp3oBain JlasepHble WMCKPBI C 1IeJIbIO CO3/1aTh
IUIOTHOCTHYIO HEOHOPOIHOCTh U I10JIy4aIv M3MeHeHue Iopora B 2 pasa craycts 10
MKc. B pabote [4] MomiHBIN J1asepHbIN JIyd 0e3 WMCKpHI M3MeHseT IIOJIOXKeH!e
paspsIoB, ycKkopsieT oOpasoBaHe HAAKPUTUIECKMX paspsiIoB.

B nmamHoi pabore mpercrasiieHbl PesysibTraThl UMCIIEHHOTO VCCIIeIOBAHIA
obpaszosanmsa miogkpuTmdeckoro CBY paspsima Ha BBICOKOMOHM3MPOBAHHOM
Ja3’epHOM cJiefle  cOKYCMPOBAaHHOIO JIa3epHOro wajrydeHwus. JlasepHbIn citer,
nporpesaetrcsa B CBY-msnydennmn, nsMensss nopor 3axuranvd B Bosgyxe ¢ 50 mo 80
Topp (ammwmTyna snnexrpudeckon HampspkeHHocTr CBY 2,2 kB/cMm). [Tpencrasiiensr
OLIeHKVM  JHEeproBJIOXeHMs B  IUIa3My, BpeMs 3axwuraHmsa. IIposenena
SKCIIepUMeHTasIbHas BaJIMallvsl 3TVX OLIeHOK.
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VlccremoBaHme BBINIOJIHEHO IIpM Iofjepkke Poccurickoro HaydHoro doHza
(mpoexT Ne 23-19-00241).
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Pucynox 1. 3adepxxa 06pasoBarus unuyuupobarnnoeo nookpumuueckoeo CBY-paspaoa (caeba) u
oyeHku sHepeobroxenus 6 naasmy (cnpaba) 045 pasauunbix 0aBaeHutl: sxcnepumenim (e) u
MmodeaupoBanue (s).
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Numerical Modeling of Formation Dynamics of
Microwave Discharge with Sparkless Laser Initiation

ML.E. Renev*, Yu.V. Dobrov, R.S. Khoronzhuk, 1.Ch Mashek.,
V.A. Lashkov

Saint-Petersburg State University, Saint Petersburg, Russia
*renevme@mail.ru

The development of plasma methods for energy deposition in gas for the
purpose of reducing the drag of supersonic flow is relevant. One way to do this is to
use a microwave discharge. Low concentrations of seed electrons lead to a delay in
formation, misfires of microwave discharge with a possible displacement in space.
The use of the discharge is limited to low pressures. If necessary, raise the ignition
threshold, you need to quadratically increase the radiation power. Ionizing laser
radiation makes it possible to get rid of these discharge properties. In [1-3], laser
sparks were used to create a density inhomogeneity and a 2-fold change in the
threshold was obtained after 10 ps. In [4], a powerful laser beam without a spark
changes the position of the discharges and accelerates the formation of supercritical
discharges.

This paper presents the results of a numerical study of the formation of a
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subcritical microwave discharge on a highly ionized laser trace of focused laser
radiation. The laser trace is heated in microwave radiation, changing the ignition
threshold in air from 50 to 80 Torr (microwave electric intensity amplitude
2.2 kV/cm). Estimates of energy input into plasma and ignition time are presented.
Experimental validation of these estimates was carried out.

The study was supported by the Russian Science Foundation (project
No. 23-19-00241).
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Figure 1. Delay in the formation of an initiated subcritical microwave discharge (left) and estimates of
energy input into the plasma (right) for various pressures: experiment (e) and simulation (s).
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2.4 DxcnnepuMeHTasIbHOE McciienoBanne CBY paspsinga
C03aBaeMoOr0 MHUIVATOPOM B BBICOKOCKOPOCTHBIX IIOTOKaX

K.H. Kopne8*, C.A. 16unun, A.A. Jloeyno8, O.C. Cypkonm,
T.P. AbywaeB, A.J1. Boaviney,

MI'Y nm. M.B.JIomonocoBa, dusmueckuit dpaxyiapreT, Mocksa, Poccust
*singuliarnost@yandex.ru

Paspsiibl B BBICOKOCKOPOCTHBIX —Ta3OBBIX IIOTOKax VCCIEOyIOTCS Ha
MPOTSDKEHU TIOCTIEIHVIX JTeCATWIETUI B paMKax 3a/a4 IUIa3MeHHOM adpOoaHaMMKN
[1]. AxTyaJbHOCTH HPOBOAMMBIX VCCIeHOBaHWUI OIIpeessieTcss HeoOXOOVIMOCTBIO
OIlpesieJIeHNs MeXaHM3MOB BO3/EVICTBYS IUIA3Mbl Pa3psoB Ha BBICOKOCKOPOCTHBIE
ITIOTOKM C 11eJIBIO TTOBBIIIeHMS 3P PEeKTUBHOCTM X IIPUMEHEHS.
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DKCIIepyMeHTaIbHO M3ydeH nogkputmdeckmt CBY paspan, vHunmmpyeMsbl
Ha  OCTpUsX  TIOJIYBOJITHOBOVI ~ METAJUIMYECKOV  aHTEHHBI, IIOMellaeMOou B
BbICOKOCKOpOocTHBIe 150-250 M/ c BO3myIIHBIE 1 IIPOIIaH-BO3YIIHbIE IIOTOKN. Paspsna
co3gaBajicd C IIOMOIIBIO MarHeTPOHHOIO WCTOYHMKa ¢ dacrorom 245 ITm,
paccuMTaHHOIO I paboTel Ha MOIIHOCTSX 10 5 KBT B HempepblBHOM pexiuMe.
AsponyHaMyYecKnil KaHajl ¢ IIOTOKOM ¥ WMHUIIMATOPOM B HeM IIOMellaIcsd B
BOJIHOBOJI IIepHeHAVKYJIIPHO ILIMPOKON CTeHKe, oOpasyst koHdurypaumto CBY-
mwiasMoTpoHa [2]. Crpykrypa CBY paspama perucrpuposasack € IOMOIIBIO
CKOPOCTHOM BUleochbeMKI. ONITYecKIil CIIeKTp B BuamuMont n oymvoxaert YO obrtactu
peructpupoBasica crekrpomerpoM  OceanOptics. Ilpu aHaimse  crieKTpos
olpefe/sUINCh OCHOBHBIE IlapaMeTpbl IUIa3Mbl paspsdia: KOHIIeHTpauus U
TeMIlepaTypa JIeKTPOHOB, TeMIlepaTypa rasa M TeMIlepaTypa ero KosjebaTeIbHOro
Bo30yXxaeHmns. C momompio AMomaHBIX AeTekropoB CBY mormHOCTM M3Mepsumich
MOIITHOCTM TIafIaoIeV], OTpaskeHHOV 1 IIPOLIIeIIIel] 3a pa3psl BOJIH.

C mnoMomiplo BBICOKOCKOPOCTHOW BWUEOCBEMKM paspsia omperesieHbl
AvaMeTp ¥ JUIMHA IUIa3MeHHOro KaHajla CTAllMOHAPHOTO paspsia KakK (PYHKIIUM
CKOPOCTM U AaBjleHus B HoToke (puc. 1). 3aBucumocTy ArameTpa 1 IJIVHBL paspsdia
OT IaBjleHMsl OOBICHSIOTCS pa3IMIHBIMM 3HauYeHMsIMM IipuseneHHOro moss E/N.
OmnpenerneHa KOHIEHTpalMs 37I€KTPOHOB Ne~(1+2)-10%cm3, cormacyromasica ¢ [3],
KojlebaTeslbHas ¥ BpamarernbHas TeMmreparypbl raza 1v=8500K, Te~T:~5500K.
DKCIIepMMeHTaIbHO IT0Ka3aHa BO3MOXXHOCTB MCIOJIb3oBaHMs Takoro CBY paspsna
JUI1  BOCIUIAMEHEHMSI TOIUIMBHO-BO3YIIHBIX CMecell B KaMmepax CropaHus
MPsIMOTOYHBIX JBUTraTesIeVl: Ha CIeKTpaxX IpY MHXeKIIMM IIpollaHa HalJIroaaroTcs
VHTeHCVBHBIe MosieKysisapHble 1mosockl OH(A-X) 1 CH(A-X), a Taxxe CN(B-X). ITpu
5ToM He HaOmomaroTcs mostockl Ceana Cz m obpasosanme caxmn. CyIiecTBeHHO
CHVDKaeTCs VMHTEHCUMBHOCTb JIMHWUI aToMapHoro kwuciaopoma O (7774 Hw), dUTO
OOBSICHSIETCS yUacTVIeM eTo B peaKIVsX OKMCIIeHVIS IIpOIIaHa.

Pucynox 1. Coopxa xkadpo8 6udeocvemxu CBY paspada npu pasiuunsix dabaenuax 6 nomoxe.
Dkcnosuyus kadpob 2 mxc. Ckopocms 030yuitoeo nomoka 200m/c, Hanpabaen caeba Hanpabo.
Bexmop nanpsaxennocmu noas E napasiesen nomoxy.

Kopues K.H. sBinsgercs crunenanaroM PoHa pa3BUTHS TeOpeTdecKo Pu3mKn
u wMarteMmatuku «BA3VC» u Onaromapur ero 3a (pUMHAHCOBYIO IOIIEPXKKY.
UccnneoBanme  BBIIIOJIHEHO 3a cuyeT TIpaHTa Poccmuiickoro Hay4yHoro ¢oHa
Ne 23-22-00233.

22



WSMPA H 2024

1. Leonov, S.B. // Energies 2018, 11, 1733. https:/ /doi.org/10.3390/en11071733

2. Yu A Lebedev 2015 Plasma Sources Sci. Technol. 24 053001 DOI 10.1088/0963-
0252/24/5/053001

3. B.B. 31106un, A.A. Kysosaukos, B.M. IlIn6kos, BMY. 3. ®V3VIKA. ACTPOHOMUVIZ. 1988.
T.29, Ne 1

Experimental study of microwave discharge created by
initiator in high-speed flows

K.N. Kornev*, S.A. Dvinin, A.A. Logunov, O.S. Surkont, T.R. Abushaev,
A.L. Volynets

Lomonosov MSU, Moscow, Russia
*singuliarnost@yandex.ru

Discharges in high-speed gas flows have been studied over the last decades
within the framework of plasma aerodynamics problems [1]. The relevance of the
research is determined by the needs of determining the mechanisms of the discharge
plasma impact on high-speed flows in order to improve their application efficiency.

The subcritical microwave discharge initiated at the tips of a half-wave metal

antenna was placed in high-speed 150-250 m/s air and propane-air flows and has
been studied experimentally. The discharge was generated using a 2.45 GHz
magnetron source designed to operate at powers up to 5 kW in continuous mode.
The aerodynamic channel with the flow and initiator inside it was placed in a
waveguide perpendicular to its wide wall, forming a microwave plasmatron [2]. The
structure of the microwave discharge was recorded using high-speed video imaging.
The optical spectrum in the visible and near-UV region was recorded by OceanOptics
spectrometer. When analyzing the spectra, the main discharge plasma parameters
were determined: the electrons concentration and temperature, the gas temperature,
and the temperature of gas vibrational excitation. The diode detectors of microwave
power were used to measure the powers of incident, reflected, and transmitted
waves.

The diameter and length of the plasma channel in a stationary discharge as a
function of velocity and pressure in the flow were determined using high-speed
video imaging of the discharge (Fig. 1). The dependences of the discharge diameter
and length on pressure are explained by different values of the reduced field E/N.
The electron concentration ne~(1+2)-10°cm3, in agreement with [3], vibrational and
rotational gas temperatures Ty=8500K, Te~T=5500K were obtained. The possibility of
using the microwave discharge for fuel-air mixtures ignition in combustion chambers
of direct-flow engines has been experimentally demonstrated. Intense molecular
bands OH(A-X) and CH(A-X), as well as CN(B-X) are observed in the spectra during
propane injection in the main air flow. The Swann C; bands and soot formation are
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not observed. The intensity of the atomic oxygen lines O (777.4 nm) is significantly
reduced, which is explained by its participation in propane oxidation reactions.

Figure 1. Composite image of microwave discharge at different pressures in the flow. Frame exposure
is 2us. The air flow velocity is 200my/s, directed from left to right. The field strength vector E is parallel
to the flow.
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3.1 DddeKThl KMHETUKN XMMMUIECKMX peaKLIuil Opn
pacipocTpaHeHUM MJI0CKOTO JIAMMHApHOTO JlaMeH! B
OenHBIX BOOJOPOAHO-BO3AYIIHBIX CMECAX

I'J1. AeagponoB, 3.K. Audepixanob, A.C. beme8, C.I1. MedBedeb,
A.M. Tepesa®, C.B. Xomux, T.T. UepenaroBa

®denepaIbHBIV VCCIIeI0BaTeIbCKII LHeHTp Xumimdeckovt dprsvkn M. H.H.
CeménoBa, Poccmiickont akagemnu HayK, Mocksa, Poccust
*email: tereza@chph.ras.ru

[TpobGrreMbl T10’KapOB3PBIBOOE30MACHOCTYI IIPOMBIIIUIEHHBIX OOBEKTOB, Ha
KOTOPBIX O0OpasyloTcs OemHble BOIOPOIHO-BO3IYIIIHBIE CMeCH, TPeOyIoT M3ydeHms
BCeX aCIIeKTOB pacIpoCTpaHeHVIs IUTaMeHV B peasTbHbIX yciIoBrsix. OmHOM 13 3a7a4 B
JaHHOM HaITPaBJIEHNN SIBJISIETCS V3y4YeHle B3aVIMOIEVICTBIS XVIMITIECKOV KMHEeTUKI
¢ muddysmen n Temwionepenadent [1]. B mpencrasieHHOV paboTe mpoBeIeHO
YlCIIeHHOe MOIeNIVIPOBaHMe PacIpoCcTpaHeHVs IUIOCKOrO IUIaMeHM B cMecsix ¢ 12%,
15 n 20% BOmopoma B BO3yXe IIPM HOPMaJIBHBIX YCIIOBUSIX. VICIIONIB30BaIVICh TPU
JeTaJIbHBIX KMHeTUdeckmx MexaHmsMa (JKM), ominMuaromyxcd ©HO cocTaBy
3JIeMeHTapHBIX peakluil. YcTaHOBIIeHO, uTo I Bcex Tpex [IKM Habmomaercs
OIIVTHAKOBasl VIHBEPCMS BIIVISTHUS XVIMWYECKOVW KMHETMKVM Ha TeIUIoBbIielleHue. B
KOKIOM CJIydae CYIIeCcTBYeT eOMHCTBEHHas IUIOCKOCTb, B KOTOPOW JIOKaJIbHAsI
YyBCTBUTEIPHOCTDb TEKYIeV TeMIepaTypsl K W3MeHEHMIO KWHETMKM peaxIni
MeHsleT 3HaK Ha IIPOTVMBOIIOJIOXHBIVI. XapaKTep TaKOW WHBEPCUM MEHSeTCS C
yBeJIMYEeHNEM  OTHOIIEHMS  TOIUIMBO/ OKMCIINTENIb. [laHO  IIpegBapuTesIbHOE
oOBsIcCHeHVe HaOIIOIaeMOT0  BIIVISTHUMS  JI€TAJIbHOV KMHETUKM peakuuil Ha
TeIUIOBbIIeIIeHIe.

1. Ppank-Kamenenxwnin [I.A. [Inddysna u Tervionepenada B XMMUYecKo KrHeTuKe. M.:
Hayxka, 1987.

Effects of Chemical Reaction Kinetics in Plane Laminar Flame
Propagation in Lean Hydrogen-Air Mixtures

G.L. Agafonov, E.K. Anderzhanov, A.S. Betev, S.P. Medvedev,
A.M. Tereza®, S.V. Khomik, and T.T. Cherepanova
Semenov Federal Research Center for Chemical Physics
Russian Academy of Sciences, Moscow, Russia
*email: tereza@chph.ras.ru

Problems in fire and explosion safety of industrial facilities where lean
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hydrogen-air mixtures can be formed require the study of all aspects of flame
propagation in typical conditions. One of the tasks to be addressed is to study the
interaction of chemical kinetics with diffusion and heat transfer [1]. In the present
work, numerical simulations have been performed of plane laminar flame
propagation in mixtures with 12%, 15%, and 20% H: in air under standard
conditions. Three detailed kinetic mechanisms (DKMs) have been employed,
differing in the set of elementary reaction steps. It is found that a similar
inversion of the influence of chemical kinetics on heat release is observed for all
three DKMs. In each case, there exists a unique plane across which the local
sensitivity of current temperature to a change in reaction kinetics reverses its
sign. The character of the inversion varies with increasing fuel/oxidizer ratio. A
tentative explanation is given for the observed inversion of the influence of
detailed reaction kinetics on heat release.

1. D.A. Frank-Kamenetskii, Diffusion and Heat Transfer in Chemical Kinetics, N.Y.: Plenum,
1969.
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3.2 DKcnepuMeHTaIbHOe VccIledoBaHe TOpeHMsA
CBEpX3BYKOBOVI CTPYM 3TMJIEHO-BO3OYIIIHOV CMeCU B
IIPUCYTCTBUM 3JIEKTPUYECKOTI0 pa3psaaa

P.C. Tpowxun, J1.C. Boaxo8, f1.B. Mupownuxo8, 11.A. Tapacob,
A.A. @upcob

OObenHeHHBIVI MHCTUTYT BeICOKMX Temriepatyp PAH, Mocksa, Poccust

B pabore mnpencraBieHBl OaHHBIE O TOATOTOBKE 3KCIEPVIMEHTOB IIO
IUIa3MeHHO-CTUMYJIMPOBAHHOMY  TOPEHWMIO  CBEePX3BYKOBOVWI ~ CTPyU  STWJIEHO-
BO3YIIIHOV CMeCM B CBEPX3BYKOBOM BO3[IyIIIHOM IIOTOKe B IIPUCYTCTBUU
3JIeKTPUYEeCKOro paspsa IIOCTOSHHOIO TOKa. BBITOIHEHBI IlepBble 3KCIIepPVIMEHTEI
10 IUIa3MEHHO-CTMMYJIMPOBaHHOMY TOPEHUIO IIpW TaKOW IIOCTaHOBKe 3ajayw,
BeleTCsl MapaMeTpudecKoe WCCIeloBaHMe BIVSHMA pacxofga TOIUIMBA W TOKa
3JIEKTPUYECKOTO paspsijia Ha MHTEHCVBHOCTL TOPEHMS 1 BpeMsl BOCIUIaMeHEHVIS.

Pabota BbIrtosIHeHa ITpy noapep kke rpanTa PH® Ne 21-79-10408.

AAA
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3.3 UncsieHHOe mccaeJoBaHMe OMHAMUKM CIIOpagnudecKmx
BOJIH TOpeHMs B IIPSIMOYTOJIBHBIX KaHasIaX M MX Iepexoaa K
cpepmvaeckoMy njaamMeHU

E.B. Cepewenxo’, B.B. I'yoepnoéb, C.C. Munaeb

ldyzyaecknit iHCTUTYT MeHdn I1.H. JIleGenesa PAH
*s_evgeniy@yahoo.com

Hacrosmass pabora mocBsillleHa YMCIIEHHOMY WCCIEIOBAaHWMIO IVHAMMKN
pacpocTpaHeHMsI CIIOpaAM4YecKMX BOJIH TOPeHMs COCTOAIIMX W3 MHOXeCTBa
OT[IeJIbHBIX OYaroB IUIaMeHM B IIPAMBIX KaHaJlax B paMKax TpexMepHOU
mnddPy3MOHHO-TEIUIOBOI MOjies. B pesyiibraTe UMCIEHHOTO MOEIMPOBAHMS
IIOJIYYeHBbl 3aBUCHMMOCTM CKOPOCTM PacIpOCTpaHeHMUs CIIOPAINUIecKOl BOJIHBI
TOpeHMs, OCTAaTOYHOW KOHIIeHTpallMi TOIUIMBA ¥ 4YMCIa OYaroB IUIAMeHU OT
pa3MepoB KaHaJla, MaCCOBOTO pacxojia TOIUIMBA U paMallIOHHBIX TEIUIOIIOTEPb.

YcraHoBleHO, 4TO IpM pacIpoCTpaHEHUV CIIOPaaNdecKol BOJIHBI TOpeHMs B
JOCTAaTOYHO Y3KOM aamabaTmdyecKoM KaHajle BO3HWMKAIOT PeXMMBI, Koraa B
pe3ysibTaTe XaOTM4YeCKOIO paclleluleHns: (PpoHTa peaKlUi Ha HECKOJIBKO O4YaroB
ropeHvs "BbDKMBaeT" TOJIBKO ofvH m3 HuX. IIpu aToM dopma "BeDKMBIIIEro" odara
TOpeHMs CTAaHOBUTCS ITOYTY cpeprdecKors, B OT/IM4Me OT Yallleo0pa3Horo riaMeHu B
CIIOpauecKOVl BOJIHE TOpeHIs, T.e. CTAHOBUTCS TTOXOXKeT Ha Ipenidp YOI ITapuK
IUTaMeHN. B 3TOM cjIydae xmMmumdeckasi peakiiys IIpOTeKaeT II0 BCEMY IepUMETPY
cdpepbl, HECKOJIBKO yCWIMBAsCh B HallpaBJIeHUNM ABVDKeHMs IapyKa IUIaMeHW, TaK
KaK KOHIIeHTpamus TOIUIMBA B 3TON oOjacTw BeIle. B pesysprare UMCIeHHOTO
MOIeIMpOBaHMs  OBUIO  YCTaHOBJIEHO, YTO TP W3MEHEHUM  peXxuMa
pacrpocTpaHeHMsl BOJIHBI TOPeHMs OT CIOpPagndecKoy K yeOMHEeHHOMY MIapUKy
IUTaMeHM, CKOPOCTb pacIpOCTpaHeHWs BOJIHBI TOpeHWMs IajaeT OT OmM3Kom K
agmabatmuaeckont (~Up) 7o 0,1 - 0,2 Uy, T.e. B 5-10 pas. Bce 310 cBUIETENIBCTBYET O TOM,
UTO B JAHHOM peXyuMe OVMHaMMKA pacIpoCTpaHeHMs IUIaMeHU OIIpefesisieTcs B
ocHOoBHOM Imddysuen. VicciaenoBaHue BIMSAHUS paAMallVIOHHBIX TeIUIONIOTePh Ha
AVHaAMVKY I[IapyKa IUIaMeHM II0Kas3alo, YTO, B OTJINYMe OT CIOpaandecKoy BOJIHBI
rOpeHNsi, OOVHOYHOe Aperidylolliee IapOBUIHOe IUIaMsi MOXET CyIIeCcTBOBaTb B
Ooslee IMpPOKOM AMaria3oHe M3MeHEHMs IIapaMeTpa paJalMiOHHBIX TeIUIONOTepPbh,
YTO TaKXe IIpelcKasblBaeTcd Teopuen. B To ke BpeMs paamyc IIapuKa IUIaMeHU
HeCKOJIbKO yMeHBIIIaeTCsl PV YBeIMUYeHUN paaliOHHbBIX TeIUIOBBIX IIOTEPb.

[Ipu paccMoTpeHMM IHIapOOOpPasHOro IUIaMeHW OT/eIbHO, IIpV YBeJIM4YeHWUNU
pasMepa KaHajla, UMCJIEHHO  WCCJIEIOBAHO  aCHMMIITOTMYECKOe  IIOBefleHle
pacriperiejieHss KOHIIEHTpallMyl TOIUIMBA W €ro TeMIlepaTypbl BIOJIb OCU
CMMETPUM, YTOOBI OIIPeIe/INTh, SBJISETCS JIVI 3TOT PEXXMM PacIIpOCTpaHeH s BOJIHBI
ropeHVs KJIacCYeCKVM IIpeficTaBIeHVeM O IIapyKe IUIaMeH.
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Numerical study of the dynamics of sporadic combustion
waves in rectangular channels and their transition to a
spherical flame

E.V. Sereshchenko®, V.V. Gubernov, S.S. Minaev
P.N. Lebedev Physical Institute RAS, Moscow, Russia
*s_evgeniy@yahoo.com

The present study is devoted to a numerical study of the propagation
dynamics of sporadic combustion waves consisting of a set of individual flame spots
in straight channels within the framework of a three-dimensional reaction-diffusion
model. As a result of numerical modeling, the dependences of the propagation
velocity of a sporadic combustion wave, residual fuel concentration, and the number
of flame spots on the channel size, mass flow rate, and radiative heat losses h are
obtained.

It was found that when a sporadic combustion wave propagates in a
sufficiently narrow adiabatic channel, modes arise when, as a result of chaotic
splitting of the reaction front into several combustion spots, only one of them
"survives'. In this case, the shape of the "surviving" combustion spot becomes almost
spherical, in contrast to the cup-like flame in a sporadic combustion wave, i.e., it
becomes similar to a drifting flame ball. In this case, the chemical reaction proceeds
along the entire perimeter of the sphere, somewhat intensifying in the direction of the
ball-like flame movement, since the fuel concentration in this region is higher. As a
result of numerical modeling, it was found that when the mode of propagation of the
combustion wave changes from sporadic to single ball-like flame, the combustion
wave propagation velocity drops from close to adiabatic (~Us) to 0.1 - 0.2 Uy, i.e. 5-10
times.

All this indicates that in this regime the dynamics of flame propagation is
determined mainly by diffusion, similar to the way it is realized in flame balls. The
study of the influence of radiation heat losses on the dynamics of the ball-like flame
has shown that, unlike a sporadic combustion wave, a single drifting ball-like flame
can exist in a wider range of changes in the radiation heat loss parameter, which is
also predicted by theory. At the same time, the radius of the ball-like flame slightly
decreases as the radiative heat loss increases.

Considering ball-like flame separately, by increasing the channel size, the
asymptotic behavior of the fuel concentration distribution and its temperature along
the symmetry axis is numerically investigated to determine whether this mode of
combustion wave propagation is a classical representation of a flame ball.

AAA
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3.4 MexaHM3MbI BOCILZIAMeHEHWMSI CTEXVIOMeTPUHIecKOM
BO3AYIIHO-TOILIMBHOV CMeCH MMITYJIbCHO-IIEpUOAMYIeCKIUM
MEe>KOCTPUMHBIM pa3psiioM

B.A. bumiwopun*, A.H. bouapob, A.C. [Jobpoboavckas, ILII. U6anoé,
E.A. ®uisumonoba

OObenmHeHHBIVI MHCTUTYT BICOKMX TemnepaTyp PAH, Mocksa, Poccris
*valentin.bityurin@gmail.com

YcrommumBoe BociUIamMeHeHMe BO3OYLIHO-TOIUIMBHBIX cMeceit (BTC) sBiserca
BaKHETIIIM TeXHOJIOTMYeCKM TpeOoBaHMEM Il BceX TUIIOB CVJIOBBIX yCTaHOBOK,
VICHIOJIB3YIOLIVIX SHepruio Tolvmsa. Kak IpaBwio, B TepMOAMHaAMMYECKOM IIMKIIe
OOJDKeH HPUCYTCTBOBaTbh 3JIeMEeHT aKTMBaLIV VICXOAHOW BO3HAYIIHO-TOILIVBHO
cMecy, KOTOPBIVI IIpefolpenersieT Hen30e)XXHOCTb ITepexofa cMecu (pabouero Tesia)
Y3 VICXOOHOTO MeTacTaOVIBHOTO COCTOSHMS B PaBHOBECHOE BBICOKOTEMIIEpaTypPHOE,
B KOTOPOM paboduee TeJI0O MOXKeT COBEPIINTH II0JIe3HYIO paboTy. BaxkeH, Kpome Toro,
M BpeMeHHOV WHTepBaJl 3Talla akKTuBanuu. EcTecTBeHHOe TpebOoBaHMe
3¢ PeKTUBHOCT aKTMBALIUN IIpeAIioIaraeT OlleHKY HeOOXOOMMBIX SHepreTIIecKIX
3aTpar. B mpakTmdeckmx ycTpovicTBax HpoTeKaHMe TepMOIVHaMMYecKOro IMKiIa
VI3BJIEYEeHNsI II0JIE3HOV PaboThl 3JIeMEeHTapHOIO «3apsifa» BO3AYIITHO-TOIUIVBHOM
CMecH IIPOUICXOAAT B CJIOKHBIX ITPOCTPaHCTBEHHO-BpeMEHHBIX YCJIOBUSX. B 3ToM
cJIy4dae IIpollecC BOCIUIaMeHeHMs He CUHXPOHM3MPOBaH IO pPa3IM4HBIM TOYKaM
pabouero oObema. IlosToMy IS KOJIMYECTBEHHOrO OIMCaHMS TpeOyeTcs
IpuBJIeYeHre CJIOKHBIX IIPOCTPaHCTBEHHO-BPeMEeHHBIX Mofesiell, KOTOpble U
obecrieunBaloT TpeOyeMble XapaKTEPUCTUMKM KaXXIbII pa3 I KOHKPETHBIX
IPaHMYHBIX ¥ HaYaJIbHBIX FPAaHUYHBIX YCIIOBUIAL.

KirroueBbiMm  271eMeHTaMm TexHosiormm wmcrosb3oBaHus BTC sasisrores (1)
BOCIUTaMeHeHMe ¥ (2) craOwimsamysg ropeHus. B kKauecTBe mepBOro dairie BCero
IPVIMEHSIIOTCS Te VWUIV VHBbIe BUBI 3JIEKTPUYeCcKOro paspsa, HalpyMep, MCKPOBOW
paspsz B cBede 3a)KUIaHMs OBUraTellsl BHYTpeHHero cropaHus. B mocientee BpeMs
IS pellleHns KaK IIepBOVl, TaK M BTOPOVI TeXHOJIOTMUYeCKNX 3aJad pacCMaTpUBarOTC
VIMITYJIbCHBIE paspsibl HAHOCEKYHIHOTO JIMalla30Ha, aHaJIN3y (PU3MKO-XMMIYeCKIX
xapakTepucTuK KoTopbix B BTC mocssineHo 0osibllioe KOJIMYecTBO JIMTepaTypsl (CM.,
Haripumep, [1-4] u cceuiku Tam). B pabore [1] mpencrasiieH aHamM3 CTaTUYECKMX
coctosanii BTC kKak yHKIMM HpUBEAeHHOIO 3JIeKTPUYecKOoro IIoJId, a Takxke
pacriperiejieHVsl  BKJIaJIbIBaeMOVI SHepIMM II0 pPas3/IMYHbIM CTeleHdIM CBOOOMIBL.
HanHas paboTa, mpyMBIKaoIias K HalllM VccIeloBaHMsM [5,6] MocBsllleHa aHaIU3y
SBOMIIOIIMM  XmMmdeckoro coctaBa BTC or Havasla axkTMBaIMM OO HOOCTVDKEHMS
CTallMIOHApHOI'O COCTOSHMS HPOAYKTOB cropanus. Hanbosiee mnociemoBaTesbHO
TaKOrO COpTa aHaJIM3 BBIIOJIHEH HaMM B JIOK&JIbHOM HNpUOIVDKeHUM IIpU
VICIIOJIb30BaHUM MO OJHOPOIHOM afnabaTUIecKol g4YeriKy, YTO II03BOJIVIIO
cpopMysIMpOBaTh OCHOBHBIE MEXaHM3MBI U VIX BpeMeHHYIO I10cjIeJoBaTeIbHOCTD [7].
B mammom paboTre oOcyXxmaroTcs IepBble  pe3ysIbTaTbl  MOIEIMPOBaHMS
TePMOXVIMIUYECKMX Y IUIa3MOXVIMWYECKIX IIPOLIeCCOB TPV BO3AEVICTBUV VIMITYJIbCHO-
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IIePUIONYECKOTO 0CECMMETPUYHOTO paspsiia B MEXXOCTPUITHBIM IpoMexXyTKe. Kak
M OXMOAIOCh, BO3HVKHOBEHVE HEOTHOPOTHOCTV BO3HEVICTBUS aKTyaIn3upyeT
rasofgVHaMm4deckie ¥ IOndQy3MoHHbIEe IIPOLIeCCHl IIepeHOCa  OIpeNerIIOIVX
XapaKTepVCTUK, YTO KapAMHAJIPHO MeHSeT IIPOCTPAHCTBEHHO-BPEMEHHYIO
3BOJTIOIMIO pabouert cMecH.

1. Ju Y, Sun W. Plasma assisted combustion: dynamics and chemistry // Progress in
Energy and Combustion Science. 2015. V. 48. P. 21.

2. Starikovskiy A. and Aleksandrov N. Plasma-assisted ignition and combustion //
Progress in Energy and Combustion Science. 2013. V.39. Ne 1. P. 61.

3. Boumehdi M.A., Stepanyan S.A., Desgroux P., Vanhove G., Starikovskaia S.M. Ignition
of methane- and n-butane-containing mixtures at high pressures by pulsed nanosecond
discharge // Combustion and Flame. 2015. V. 162. P. 1336.

4. Cathey C.D., Tang T. Shiraishi T. Urushihara T. Kuthi A. Gundersen M. A.
Nanosecond plasma ignition for improved performance of an internal combustion
engine // IEEE Trans. on Plasma Science. 2007. V. 35. P. 1664.

5. Filimonova E., Bocharov A., Bityurin V. Influence of a non-equilibrium discharge impact
on the low temperature combustion stage in the HCCI engine // Fuel. 2018. V. 228. C.
309.

6. V A Bityurin, A N Bocharov, A S Dobrovolskaya, T N Kuznetsova, N A Popov and E A
Filimonova. Numerical Modeling of Pulse-Periodic Nanosecond Discharges // J. Phys.
Conf. Ser. 2021. V. 2100. Ne 1. P. 012032. DOI:10.1088 /1742-6596,/2100/1/012032.

7. B.A. buriopun, A.H. bouapos, A.C. Jobposomnbckas, ILIT. Veanos, T.H. Ky3Hemosa,
E.A. OwmmMoHOBa «AHaIM3 MeXaHM3MOB BOCIUIAMEHEHVS CTeXVOMEeTPUYecKO
TOIUIVBHO-BO3AyIIHON cMeck» // Termodmsmka Beicokmx Temmeparyp ITPVIHATO B
I[TEYATDb

Mechanisms of ignition of a stoichiometric air-fuel mixture
by a pulse-periodic pin-to-pin discharge

V.A. Bityurin*, A.N. Bocharov, A.S. Dobrovolskaya, P.P. Ivanov,

E.A. Filimonova
JIHT RAS, Moscow, Russia
*valentin.bityurin@gmail.com

Stable ignition of air-fuel mixtures is the most important technological
requirement for all types of power plants that use fuel energy. As a rule, in the
thermodynamic cycle there should be an element of activation of the initial air-fuel
mixture, which determines the inevitability of the working fluid transition from the
initial metastable state to an equilibrium high-temperature state in which the
working fluid can perform useful work. In addition, the time interval of the
activation stage is also important. A natural requirement for activation efficiency
involves estimating the required energy costs. In practical devices, the
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thermodynamic cycle of extracting the useful work of an elementary “charge” of the
air-fuel mixture occurs in complex spatiotemporal conditions. In this case, the
ignition process is not synchronized at various points in the working volume.
Therefore, a quantitative description requires the use of complex spatiotemporal
models, which provide the required characteristics for specific boundary and initial
conditions.

The key technological elements for using air-fuel mixtures are (1) ignition and
(2) combustion stabilization. Some types of electrical discharge are often used for the
ignition, for example, a spark discharge in the plugs of an internal combustion
engine. Recently, to solve both technological problems, pulsed nanosecond
discharges have been considered, a large amount of literature has been devoted to
the analysis of their physicochemical characteristics in air-fuel mixtures (see, for
example, [1-4] and references there). Work [1] presents an analysis of the static states
of a fuel air-mixture as a function of the reduced electric field, as well as the
distribution of the input energy over various degrees of freedom. This work,
continuing our research [5,6], is devoted to the analysis of the evolution of the
chemical composition of fuel-air mixture from the beginning of activation to the
reaching of the stationary state of combustion products. The consistent analysis of
this process was carried out [7] in a local approximation using the model of a
homogeneous adiabatic cell, which made it possible to formulate the main kinetic
mechanisms. This paper discusses the first results of modeling thermochemical and
plasma-chemical processes under the influence of a pulse-periodic axisymmetric
discharge in the inter-tip gap. As expected, the emergence of spatial heterogeneity
actualizes gas-dynamic and diffusion processes, which radically changes the spatio-
temporal evolution of the working mixture.

1. Ju Y., Sun W. Plasma assisted combustion: dynamics and chemistry // Progress in
Energy and Combustion Science. 2015. V. 48. P. 21.

2. Starikovskiy A. and Aleksandrov N. Plasma-assisted ignition and combustion //
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discharge // Combustion and Flame. 2015. V. 162. P. 1336.
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Nanosecond plasma ignition for improved performance of an internal combustion
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7. B.A. buriopun, A.H. Bouapos, A.C. [Jo6posoibckas, ILIT. VBanos, T.H. Kysnemnosa,
E.A. ®OwmMmoHOBa «AHaJIM3 MexXaHU3MOB BOCIUIAMEHEHWS CTeXVOMeTPUYecKO
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TOIUIVMBHO-BO3AyIIHON cMecu» // Tertodwmsmka Beicokmx Temmneparyp ITPVIHATO B
ITEYATD

AAA

3.5 DddexTHBHOE coOUeTaHMe pa3/IMIHBIX MEXaHU3MOB
IIOIBOA YHEePTUM 711 aKTMBAaIMV TOIIMBHO-BO3IYIITHO
cMecu

E.A. @uaumonoba, A.C. [lobpoBosvckaa*, B.A. bumiopun A.H. bouapo6
O6benyHeHHBIVI MHCTUTYT BbIcOKMX TemnepaTyp PAH, Mocksa, Poccuis
*dobrovolskaya.anastasia@gmail.com

Bax#bmM TpeGoBaHMeM mpu pa3paboTKe COBpPeMEHHBIX CVJIOBBIX YCTaHOBOK
SBJIeTCS yCTOMYMBOE BOCIUIAMeHeHe VI CTaOVIIbHble YCIOBVISL TOPeHVs TOIUIVMBHO-
BO3OyIIHBIX cMecert. Kak mpaBwio, B TepMOOMHAMMYECKOM IIMKJIE JOJDKEH
MIPUCYTCTBOBATh 3JIEMEHT aKTMBALMM VICXOQHOV TOIUIMBHO-BO3IYIIHOV CMeCH,
KOTOPBIVI IIPeOoIIperiesiseT IIePexor] CMeCH M3 VICXOJHOTO COCTOSIHMS B PaBHOBECHOE
BBICOKOTEMIIEpATypPHOe, B KOTOPOM pabouee TeJO0 MOXET COBEPIIUTH II0JIE3HYIO
pabory. DdPeKTMBHOCTb TaKOV aKTMBALVIM OIIEHMBAETCS C YIETOM HeOOXOIMMBIX
SHEPreTUYecKNX VI BpeMeHHBIX 3aTpar.

B HacTosimiee BpeMsi B KauecTBe II€PCHEKTMBHOIO METOIa CTVMYJIVIPOBAHMS
BOCIUIAaMEHEHVSI ¥ TOpeHMs OOeqHEHHBIX  TOIUIMBHO-BO3OYIIHBIX  CMecem
paccMaTpuBaeTCsl IIpUMeHeHMe HepaBHOBECHOV IUIa3bl Ta3OBBIX PaspsioB, B TOM
4yciie MMITyJIbCHO-Tlepuoamdeckmnx [1]. Ilpm 3ToM wmccnenoBaTesiMM 9acTo He
paccMaTpmBaeTcs BOIIpoc 3pPeKTMBHOCTI CO3AaHVS XMMITIeCKOV HePaBHOBECHOCTY
TPV TIOMOIIY IUIA3MBI II0 CPaBHEHWIO C PYTMMM CIIOCO0aMM aKTMBAIMV TOIUIVBHO-
BO3IYIIIHOVI CMeCH, IIPVBOISINEN K YCKOPEHMIO BOCIUIAMEHEHMS, TakXke KaK WU
BIIVSIHVIE HEPAaBHOBECHOV IUIa3Mbl Ha 0Oojlee TIO3IHME CTaauM TOPEHUS -
pacripocTpaHeHVe BOJIHBI TOpPeHMS OT aKTUMBMPOBAHHOW PaspsyioM 30HBI U
caMOBOCIUIaMeHeHVe HeoOpaboTaHHOV YacTV TOIUIVMBHO-BO3IYIITHOVI CMECHAL.

ABTOpamMm  OBUT  TIPOBENEH  CPaBHUTENIBHBIVI  aHaJIM3  IIpoIlecca
BOCIUIAMEHeHVIs [2] Iociie aKTWMBaIMiy TOIUIMBHO-BO3MYIITHOV CMECH pasINIHBIMM
cnocobaMy, M OBUIO IIOKAa3aHO, YTO BO3MEVICTBME paspsaa, C TOYKM 3peHms
olOecrieueHVsT HeOOXOAVMBIX 3HA4YeHMN BpeMeHW 3a7lepXXKM BOCIUIAaMEHEeHIS,
9KBVIBJIEHTHO HEKOTOPOM KOMOMHAIMm XVIMTYECKOV aKTVBAIIVV
(MaeayV3MpPOBAaHHBINL CJIydal, KOrZa Bech 3HEProOBKIIAf] TPATUTCA Ha CO3[IAaHMe
aKTVMBHBIX YacTWII) VI HarpeBa. PacdéT ObUI BBIIOJIHEH B HYJIBMEPHOV IIOCTAaHOBKE,
4TOOBl WCK/IIOUNTH BIIMSIHME IIPOCTPAHCTBEHHBIX IIpoileccoB. IlokasaHo, uTO
KITIOUEBBIMV ITapaMeTpaMyl, BIVISTIOIMIVIMM Ha BpeMsl WMHAYKOWM, SBJISIOTCS Kak
CYMMapHBIVI yIeJIbHBIVI SHEpProBKJIa/l, TaK ¥ HEKOTOpasl XxapaKTepHas (CpeqHss VIIn
MaKcVMaJIbHasl) MOITHOCTb. [Ipy1 3ToM cyMMapHBIVI 3HeproBKiIaji, HeOOXOIVIMBIV [IJIS
BOCIUIAMEHEHVISI XOJIOHOV CMeCV 3a HEeCKOIBKO MVUIMCEKYH[ IIOJDKEH OBITh
IOoCTaTOYHO OosbImMM (Heckosibko MJIx/M3) He3aBMCHMMO OT criocoOa ITOfBeeHVIs
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SHeprumn. BxiiagblBaTh Takoe KOJIMYECTBO 3HEPIruy VCKIIIOUMTEIbHO IIPY ITOMOIIN
paspsna HeaddeKTMBHO, HO MOXHO WCIIOJIB30BaThb paspsl, CO3HArOIINI
HepaBHOBECHIO IUIa3My, KaK yIIpaBJIdrolllee BO3IEVICTBMS Ha (¢OHe BJIOKeHM
3HAYMTEeIILHOV YacTy SHepPIruM 3a CUET BHEIIIHero II0Bo/a Tellla (HallpuMep, 3a CUéT
CKaTys IIOPIIHEM B JIBUTaTeIIE).

B Takom mocraHOBKe OBUIO MCCITemoBaHo [3] BiMsHME BBICOKOYACTOTHOTO
KOPOHHOIO paspsja Ha BCe CTaguM TOPeHMs B KOMIIPECCMOHHOM [IBUraTesle:
BOCIUIAMEHEeHMe aKTVBMPOBAaHHOW 30HBI, PpacHpOCTpaHeHVe BOJIHBI TOpPeHWS W
Iepexojl K caMoOBOCIUIaMeHeHUIo Iieper] eé dppoHToM. [lokasaHo, uro mMHMIMAIIAL
BBICOKOUYACTOTHBIM KOPOHHBIM Pa3psIoM MOXeT ObITh 3(pPeKTMBHBIM CITOCOOOM TSt
peal3aniy ONTMMAJIBHBIX XapaKTepUCTMK Asuraresid. lIpu stoMm, mpm momMornm
BapMallMy IlapaMeTpoB paspsga (BpeMs BK/IIOYeHNMS paspsna, YIOeIbHbIN
SHEpProBKJIajl, TeOMeTpUYecKre XapaKTepPUCTUKM Pas3psaHON 30HBI) MOXXHO IIPSMO
BT Ha BpeMs BOCIUIaMeHeHMs o0paboTaHHOM paspsaoM o0J1acTi Kamepsl
CropaHus, ¥ OIIOCpeloBaHO - HeoOpaboTaHHOV dYacTy, IHIPUBOAL K ee
CaMOBOCIUTaMeHEeHMIO. 2P PeKTMBHOCTD BITVSTHUS Ha repexof, K
CaMOBOCIUIaMeHEeHUIO TTaflaeT C yMeHbIIIeHeM K03 dniineHTa n30bITKa TOIUIVBA.

Takmm o0pasoM, 11 JOCTVDKEHMS JKeJlaeMOT0 ClleHapsl TOpeHMs TOIUIMBHO-
BO3IYIIHOV CMecH, TpebyeTcs ONTUMaIbHOe cOYeTaHVe BHEIITHero ITOIBOoAa SHePImI
(HarmpumMep, cKaTve HOPIIHEM) M YIIPaB/IAIOIIero 3JIeKTPOpa3psiTHOrO BO3IEVICTBI.

1. Y. Ju, W. Sun «Plasma assisted combustion: Dynamics and chemistry» // Prog Energy
Comb Sci 48 (2015), p. 21—83

2. B.A. buropun, A.H. bouapos, A.C. [lo6posornbckas, ILII. Visaros, T.H. Ky3nerosa,
E.A. QwmmoHoBa «AHaJIN3 MeEXaHM3MOB BOCIUIAMEHEHMUS CTeXMOMEeTPUYecKOou
TOIUIMBHO-BO3MyIIHON cMecw» [/ Tenaogusuxa Buicokux Temnepamyp TIPVIHATO B
I[TEYATD

3. AS. Dobrovolskaya, E.A. Filimonova, A.N. Bocharov «Numerical study of controlling a
lean mixture autoignition in the hybrid HCCI engine using high frequency corona
discharges» // Fuel 354 (2023), 129349

Effective combination of various energy input mechanisms
for the activation of the fuel-air mixture

E.A. Filimonova, A.S. Dobrovolskaya*, V.A. Bityurin, A.N. Bocharov
JIHT RAS, Moscow, Russia
*dobrovolskaya.anastasia@gmail.com

An important requirement in the development of modern power plants and
engines is stable ignition and combustion of fuel-air mixtures. As a rule, in the
thermodynamic cycle it is necessary to include an element of activation of the initial
fuel-air mixture, which predetermines the transition of the mixture from the initial
state to an equilibrium high-temperature state in which the mixture can perform
useful work. The effectiveness of that impact is assessed considering the required
energy and time costs.
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Currently, the use of nonequilibrium plasma gas discharges, including pulse-
periodic ones, is considered as a promising method for stimulating the ignition and
combustion of lean fuel-air mixtures [1]. At the same time, researchers often do not
address the issue of the effectiveness of creating chemical nonequilibrium with
plasma in comparison with other methods of “activating” the fuel-air mixture,
leading to acceleration of ignition, as well as the influence of the nonequilibrium
plasma on the later stages of combustion: the propagation of combustion waves from
the activated discharge zone and self-ignition of the untreated part of the fuel-air
mixture.

The authors carried out a comparative analysis of the ignition process [2] after
activating the fuel-air mixture in various ways, and it was shown that the impact of
the discharge on the induction time, is equivalent to combination of heating and
chemical activation (the idealized case when the entire energy input is spent on the
creation of active particles). The calculation was performed in a zero-dimensional
formulation to exclude the influence of spatial processes. It is shown that the key
parameters affecting the induction time are both the total specific energy input and
some characteristic (average or maximum) power. In this case, the total energy input
used to ignite cold mixtures in a few milliseconds must be quite large (several
MJ/m?3) regardless of the path of energy supply. It is ineffective to put in such
amount of energy solely with the help of a discharge, but it is possible to use a
discharge that creates nonequilibrium plasma as a control action against the
background of a significant part energy input due to external heat supply (for
example, due to compression by a piston in an engine).

In this formulation, the influence of a high-frequency corona discharge on all
stages of combustion in a compression engine was studied [3]: on the ignition of the
activated zone, propagation of the combustion wave and the transition to self-
ignition ahead the wave front. It has been shown that initiation by high-frequency
corona discharge can be an effective way to achieve optimal engine performance. In
this case, by changing the discharge parameters (discharge initiation time, specific
energy input, and geometric characteristics of the discharge zone), it is possible to
directly influence the ignition time of discharge-treated area of the combustion
chamber, and indirectly influence the untreated part, leading to its self-ignition. The
efficiency of the transition to self-ignition decreases with decreasing fuel excess ratio.

Thus, to achieve the desired combustion scenario of the fuel-air mixture, an
optimal combination of external energy supply (for example, piston compression)
and control electric discharge action is required.

1. Y. Ju, W. Sun «Plasma assisted combustion: Dynamics and chemistry» // Prog Energy
Comb Sci 48 (2015), p. 21 —83

2. V.A. Bityurin, A.N. Bocharov, A.S. Dobrovolskaya, P.P. Ivanov, T.N. Kuznetsova,
E.A. Filimonova «Analysis of ignition mechanisms of a stoichiometric fuel-air mixture»
// High Temperatures IN PRESS

3. AS. Dobrovolskaya, E.A. Filimonova, A.N. Bocharov «Numerical study of controlling a
lean mixture autoignition in the hybrid HCCI engine using high frequency corona
discharges» // Fuel 354 (2023), 129349

AAA
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3.6 CnoHTaHHOe yCKOpeHVe MedJIeHHOV BOJIHBI TOpeHMs U
repexo ropeHus B JeTOHALMIO B KaHaJIe

KuBepun A.I1.", SIkoBenxo U.C., SlpkoB A.B.

O6benuuenssi VacTUTYT BRicoKnx Temmeparyp PAH
*alexeykiverin@ihed.ras.ru

B pabGoTe Ha mpuMepe ropeHms areTWIEH-KUCIOPOAHON CMeCH UMCIIEHHO
M3y9eHO sBJIeHVe CIIOHTAaHHOTO YCKOPEeHVs IUIaMeHVI C ITOCTIENYIOIIMM ITIepeX0IoM B
JeTOHAIVIIO  [pY  peaM3alyyl  II€PBOHAYAJIBHO  MEJIEHHOIO  peXyMa
pacmpocTpaHeHNMs IUIaMeHM B y3KOM KaHajle. IIpomeMoHcTpupoBaHO, dTO
OIPEeNeIAONIYI0 POJIb B PasBUTUM IIpollecca WIPalOT BUXPEBble CTPYKTYPBHL,
dopmmpyeMble Ha MaciiTabax ITOTPAaHMYHOIO CJIOSl. DBOJIIOIMS 3TUX BUXPEBBIX
CTPYKTYp BO MHOIOM OIIpeleisieTcs B3aMMOJEVICTBMEM C BOJIHAMWM CKaTuUd W
yOapHBIMM BOJIHAMV, T€HepVPYeMBbIMI B IIpOllecce pacIpoCcTpaHeHWs IUIaMeHW B
KaHaJle OT VICTOYHMKA BOCIUIAMEHEHWsI, paclojIOKeHHOro Yy 3aKpbIToro topiia. Ilo
Mepe yHajleHMs (PpOHTa IUIaMeHM OT 3aKpBITOTO TOpIla KaHasla BOJIHBI CXKaTVd,
PpacIIpoCTpaHsIoONIecss MO IMPOAYKTaM TopeHMs, (POPMUPYIOT yAapHBIe BOJIHBI,
BO3MEVICTBIE KOTOPBIX Ha BUXpeBble CTPYKTYPBl BedeT K WHTeHCHUKaumm
TocjleHMX. B cBOIO ouepenp, MHTeHCMUKAIIVSA BUIXPEBBIX TEUEHWII OIIperiesiseT
JOTIOJIHUTEJIBHOE pPacTsDKeHVe ¥ YCKOpeHMe IDIaMeHM B OOJIacTy IIOrpaHMYHOTIO
CJIOSl, YTO MOXXeT CTaThb IPWYMHOW CIIOHTAaHHOIO YCKOpeHWs IUIaMeHMU, paHee
PacIIpOCTPaHSIOIIErocss ¢ OTHOCUTEIBHO HU3KOM CKopocThio. Ha mociemyrormerr
CTammyl PpasBUTHS IIpoIlecca JOMOJIHWUTEIIbHOe YCKOpeHVe IUIaMeHV IPWUBOOUT K
reHepalyyl yAapHBIX BOJIH, BO3MEVCTBVE KOTOPBIX Ha cpedy Iiepen, (PpPOHTOM
TOpeHMsI MOXeT CTaTb IPWYMHON JIOKAJIBHOIO CAaMOBOCIUIAMEHEHWsS CMeCu B
npedrlaMeHHOM 30He. Ilpm peaymsaiimm  Takoro creHapmsi MaKCUMaIbHOE
JIOKaJIbHOe 3HadeHVe TeMIlepaTypbl AOCTUIAeTCS B OOJIacTVI B3avIMOIEVICTBVAS
yOApHOV BOJIHBL ¥ IIOTPAHMYHOIO CJIOS, YTO OIIpefesiseT JIOKaJM3allMio odara
CaMOBOCIUTAMEHEHMsI B IPUCTEHOUYHOW OOJIacTM aHaJOTMYHO TOMY, KaK 3TO
HPOVICXOAUT IIPV VHWUIIMMPOBAHMUM BOCIUIAMEHEHMs Ta30BBIX CMecell B yAapHBIX
Tpybax [1]. OmmcaHHBII MexaHM3M C VHMIMMPOBAHMEM CaMOBOCIUIAMEHEHVS B
IpeIUIaMeHHOVI 30He, B CBOIO oOdepelb, B psfe CJIydaeB SBJISIeTCS IPUYMHOM
VHUITMVPOBaHMS HAeToOHamy (Ilepexofa ropeHus B AeToHanuio). OmHakKo, TaKow
ClleHapuil mepexofa K JIeTOHAIMI SIBJISeTCsl BO3MOXXHBIM TOJIBKO B OIIpelleJIeHHOM
AMaria3oHe COCTaBOB M HAYaJIbHOTO TEPMOVHAMMYECKOTO COCTOSIHMS cMecu [2]. 3a
IpefiejlaMii  3TOTO [Malla30oHa IIepexol TOpeHWs B HeTOHAIVIO IIPOVICXOOWT
HeITOCPIECTBEHHO Ha (PPOHTe yCKOpsIomerocss (ppoHTa IUIaMeHNM II0 MeXaHW3MY,
BIIepBble OIICAHHOMY B [3].

1. Kiverin, A. D., & Yakovenko, I. S. (2019). Combustion and Flame, 204, 227-236.

2. Kiverin, A. D., Yakovenko I. S. (2020). Combust. Sci. Technol. 192 (1):112-129

3. MBanos, M. @., Kusepun, A. /1., JIubepman, M. A., ®optos, B. E. (2010). doxstamer
Axanemvnt Hayk T. 434, No. 6, 756-759.
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Spontaneous acceleration of the slow combustion wave and
transition to detonation in channel

A. Kiverin®, I. Yakovenko, A. Yarkov
JIHT RAS, Moscow, Russia
*alexeykiverin@ihed.ras.ru

The work studies numerically the phenomenon of spontaneous flame
acceleration and subsequent transition to detonation in the process of slow flame
propagation in a narrow channel filled with acetylene-oxygen mixture. It is shown
that a leading role in the studied process belongs to the vortical structures formed on
the scales of the boundary layer. The evolution of those vortices is defined by the
interaction with compression and shock waves generated as a result of flame
propagation through the channel out from the closed-end wall. As soon as the flame
propagates far from the closed-end wall, the compression waves traveling through
the combustion products form shock waves, which affect the vortices, causing their
intensification. In turn, intensified vortical flows define additional stretching and
acceleration of the flame in the region of the boundary layer. As a result, the flame
propagating at a relatively low speed can be accelerated significantly. Such
spontaneous acceleration of the flame gives rise to relatively strong shock waves,
which effect on the medium could lead to the local ignition of the mixture ahead of
the flame front. The most probable location for the mixture ignition is in the
boundary layer region, where the shock wave - boundary layer interaction results in
local temperature rise as it takes place in shock tubes [1]. The described event of
mixture self-ignition ahead of the flame front, in turn, could lead to the detonation
onset (so the transition to detonation occurs). However, such a scenario of transition
to detonation can be realized only in a certain range of mixture composition and its
initial thermodynamic state [2]. Outside that range, the transition to detonation takes
place directly at the front of accelerated flame via the mechanism proposed in [3].

1. Kiverin, A. D., & Yakovenko, I. S. (2019). Combustion and Flame, 204, 227-236.

2. Kiverin, A. D., Yakovenko I. S. (2020). Combust. Sci. Technol. 192 (1):112-129

3. Ivanov, M. F,, Kiverin, A. D., Liberman, M. A., Fortov, V. E. (2010). Doklady Physics, V.
55, No. 10, pp. 480-484
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4.1 'eHepanvsi CMJIBHOMOHWM30BAaHHOM IIJIa3MbI B
HaHOCEKYHIHBIX ra30BbIX pa3psgax

E.B. Ilapxebuu’, A.U. Xupvanoba, U.A. Ko3un,
H.B. Toabyxun, K.B. IlInaxo8

Orzyaeckmt mHCTHTYT vM. 1. H. Jlebenesa PAH, 119991, Mocksa, Poccust
* parkevich@phystech.edu

VsBecTHO, 4YTO popMMpOBaHME VMITYJILCHBIX HaHOCEKYHIIHBIX TI'a30BBbIX
paspsIoB MOXeT COIIPOBOXIIAThCs HapaOOTKOWM IUIa3Mbl, OJIM3KOM K COCTOSTHUIO
IOJIHOCTBIO MIOHM30BaHHOV TePMOJIM30BaHHOM IUIa3sMbl. DJIEKTPOHHAas IUIOTHOCTH
TaKOVI IUIa3Mbl, HalIpyMep, B BO3[yXe IIpY HOPMaJIbHBIX YCJIIOBUSIX MOXeT JOCTUraTh
ne~10" cM-3 m BbIIIe 3a BpeMeHa, consMepuMble ¢ 1 HC 1 Kopoue, IIpY XapaKTepHBIX
TeMIlepaTypax 3JIeKTPOHOB IIOpsiKa eOVHWIL 3JIeKTPOH-BOJIBT. MexaHW3MBbI
KVHETVKM PaspsAOHBIX IIPOLIECCOB, MPMBOMAIIMX K HapabOTKe IUIa3MBl CO CTOJIb
BBICOKOVI CTeIleHbIO VMOHM3allMM Ha KOPOTKMX BpeMeHaX, Ha CerOJHSIIHWUI JeHb
ABJIAIOTCS IIpeMEeTOM WHTeHCUBHBIX WCCIeIOBaHUII MHOTMX Hay4HBIX TIPYIII.
CymectBeHHasi 1mpoOsleMa 3[ech 3aK/loyaeTcd B  OTCYTCTBUM  pas3/IMUHBIX
SKCIepPVMEeHTaJIbHBIX ¥ TeOpeTUYecKX JaHHBIX O IVMHaMVKe ITapaMeTpoB IIa3MblI (B
YacTHOCTY, €€ MMKPOCTPYKTypbl) Ha CyOHaHOCeKyHIHBIX BpeMeHaX B
MMKpOMacIITabax paspsia B 3aBUCVMOCTM OT CTaAUM €0 PasBUTHS M KITIOUEBBIX
ycimoBuit popMupoBaHMs. B TO Xe BpeMms, KaK yKasbIBalOT SKCIIEPVIMEHTHI, Oe3
B3PBIBHBIX IIPOLIECCOB reHepallyy MepBUYHON CUJIBHOVOHM30BAaHHOM IUIa3Mbl Ha
IOBEPXHOCTU 3JIEKTPOOB CIIPOBOLMPOBaTh HAapaOOTKY IUIa3Mbl BBICOKOW CTeIleHU
VIOHM3allUM BO BCEM pas3psdIHOM IIPOMeXyTKe HeBO3MOXHO Ha KOPOTKMX BpeMeHax.
HampumMep, B 3aBMCHMMOCTM OT MOIIHOCTM 3SHEproBbIieJIeHNs Ha IIOBepPXHOCTU
3JIEKTPOAOB M COCTOSIHMSA ~ MX  IIOBEPXHOCTM  BO3MOXHa  TeHepallus
CVWIBHOMOHM30BaHHOM (Ne~101-1020 cMm3) kak IIpMKaTOAHOW, TaK ¥ IIPUaHOIHOW
wiasM. [Tpy 3ToM MOMeHT mepexoia WMMIIYJIbCHOIO HaHOCEKYH[IHOIO paspsia B
CYJIBHOTOYHBIV PEXVM (COIIPOBOXKIAOIIET0Csl IPOO0eM pa3psAIHOro IIPOMeXYTKa) C
CyOHaHOCEKyHIHOVI TOYHOCTBIO MOXXeT COBIIaJlaThb C MOMEHTOM IIOSBJIEHVs TaKO
Ila3Mbl B OopMe MUMKPOHHBIX KaTOIHBIX ¥ aHOIHBIX IIATeH. BosHuKINasg Ha
3JIeKTpofax IepBUYHas CWIbHOMOHM30BaHHAsl IUIa3Ma 3a BpeMs, COM3MeprMoe
c 1 Hc, MOXeT [HaBaThb CTapT pPasBUTUIO (POHTOB MOIIHOV WOHM3AIINM,
NPOKJIQABIBAIOIIIX IIyTHM  PasBUTUSA  IOCIeAYIOIMMX VCKPOBBIX KaHaJIOB  C
XapaKTepHbIM AMaMeTpOM B HECKOJIbKO COTeH MUKpPOH. BaXHO OTMeTuTh, UTO
HapaboTKa IUIa3Mbl BBICOKOVI CTeleHM WOHM3aluM B PaspsgHOM ITPOMEXYyTKe
Hen30eXXHO  COIPOBOXIAETCS  pasBUTMEM  Pas3IMuHBIX  HEyCTOMYMBOCTEV,
OKa3bIBaIOIINX CyIlleCTBeHHOe BJIVsIHVe Ha Bech IIpollecc popMupoBaHms paspsiaa. B
CpaBHUTEJIPHO HeJaBHMX WCCIeIoBaHMAX ObUIO OOHapykeHO, 4YTo (POHTHI
VIOHM3allUY, paclpocTpaHsomyecs OT oOsiacTell IlepBOHAYaJIbHOIO B3pblBa Ha
KaTozie 1 aHole, HeYCTOMYMBBI VI COIIPOBOXIAIOTCS MX IpOo0JIeHeM Ha HUTeBUIHbIe
IUIa3MeHHble KaHasIbl guameTpoM nopsnaka 10-50 mxm, cM. Puc. 1. B coBokymHocTM
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JaHHOe siBJIeHNe IPUBOINUT K TOMY, UTO BHYTPU pa3BUBAIOIINXC Pe3yJIbTUPYIOIIX
VICKPOBBIX KaHaJIOB IVlaMeTPOM B HECKOJIBKO COTeH MUKPOH popMUpyeTcs CJIOKHad
HUTEeBUHad CTPYKTypa MMUKpPOKaHaJIOB, KOJIMYEeCTBO KOTOPBIX MOXeT HOCTUraTh
HeCKOJIBKMX [IecaTKoB m Oostee. K coxasleHMIo, HpWYMHBI BO3HUKHOBEHWS
MUKPOCTPYKTYPBbl 32JIeKTPUUYECKOV WCKPBI OO CHUX IIOP He W3BeCTHBI B BUAY
eCTeCTBEHHOTO  HeJIoCTaTKa  3KCIepVMMEHTAJIbHBIX  JaHHBIX,  BBI3BAHHOIO
Ype3BbIYaHOV CJIOKHOCTBIO AMAarHOCTUKM [TaHHOIO sBjleHus. B cBasu ¢ aTum
Ipe/CTaBiIgeTcss  BaKHBIM  IIpOBefleHVe  CIelMaJIM3MpPOBaHHbBIX  ITOMCKOBBIX
VicCIe[JOBaHMI, HalleJIeHHBIX Ha pPacKphITVe KIIIOUeBBIX OCOOeHHOCTeVl pa3BUTHS
MUKPOCTPYKTYPBI MCKPBI B CaMble paHHIe 3Tallbl € 3BOJIOINY B MUKpOMacIITabax
paspsaa.

100 um MENERUEE))

7 /

- X
Wire, $#100 pm
Pucynox 1. Pasbumue Muxpoxanaio8 cuibHOUOHU306AHHOT NAA3MbL C Bepuititbl OCHIPULIHO20 AHOOA.

B nmaHHOM paGoTe MBI cooOIllaeM O HOBBIX 3KCIIEPVIMEHTAJIbHBIX [IaHHBIX,
IOJIyUeHHBIX B paMKax MCCiIefloBaHWUI TeHepaly CYJIbHOVMOHV30BaHHO IUIa3Mbl B
VIMITYJIbCHOM HaHOCEKYyHIIHOM paspsile B aTMocdepHOM Bo3ayxe. PaccMaTpuBsaiiacs,
KaK paHHSSA CTafys PpasBUTKS paspsAfda - B MOMEHT IO4BJIeHVS MUKPOHHBIX
KaTOIHBIX ¥ aHOJIHBIX IISITeH CYJIbHOMOHM30BaHHOV IUIa3Mbl, TaK M IIOCT-CTaAus — B
BUle Pe3yJIbTUPYIOIIero WMCKPOBOIO KaHajla B IIPOMEXYTKe, COCTOMAINero w3
MHOXKeCTBa MMKpoKaHaioB. OOHapyXeHa CIOXHas CTPYKTypa B IPUKATOTHON
IUla3Me B 00JacTy MepBUYHOIO B3pblBa, OT KOTOPOrO PaclpOCTpaHseTCs
nojrycdpeprdeckas BOJIHA MOHM3ALMM ¢ YaCTMYHBIM BEIOpPOCOM BelllecTBa 3JIeKTpoia.
IToxasaHo, 4TO JaHHas BOJIHa HEyCTOMYMBA, U yXXe BOIM3M KaTora Ha eé ppoHTe
CO3AIOTCSL YCJIIOBMS ISl IIOSIBJIEHMS IIePBBIX MMKpPOKAHaJIOB. YCTaHOBJIEHO, YTO B
COCTaBe TeHepUpPYyeMOV IIEPBUYHON IIPVKATOOHOV IUIa3Mbl IIPUCYTCTBYET 3aMeTHas
ropumsl BellecTBa Karoma. OOHapykeH HOpOTroBblI 3ddekT B opMupoBaHMUM
MMKPOKaHaJIOB 3JIEKTPUYEeCKO WCKPBbl IPU BapbUpOBaHWUM 3HEPrOBIOXEHWS B
PaspsaHBIV IIPOMEXKYTOK.

PabGora mpoBefgeHa IpM dYacTUMYHOM IIOHfepXKe TIpaHTa Poccuiickoro
Hay4Horo ¢ponaa Ne 19-79-30086.

1. Parkevich E. V. et al. Parameters of electric spark microchannels in the near-anode
region of the discharge. Bulletin of the Lebedev Physics Institute. - 2023. - Vol. 50(Suppl
11). - pp. S1283-51286.
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2. Parkevich E.V., Khirianova A.L On the Possible Threshold Character of the Spark
Microstructure Formation. Bulletin of the Lebedev Physics Institute. - 2022. - Vol. 49. -
pp. 302-306.

Generation of highly-ionized plasma in nanosecond gas
discharges

E.V. Parkevich’, A.I. Khiryanova, I.A. Kozin,

D.V. Tolbukhin, K.V. Shpakov
P.N. Lebedev Physical Institute of the RAS, 119991, Moscow, Russia
* parkevich@phystech.edu

It is known that the formation of pulsed nanosecond gas discharges can be
accompanied by the production of plasma close to the state of fully-ionized
thermolyzed plasma. The electron density of such a plasma, e.g., in air under normal
conditions can reach n.~10" cm=3 and higher on time scales of about 1 ns and shorter,
with characteristic electron temperatures being of the order of several electron volts.
The mechanisms of the kinetics of the discharge processes resulting in the production
of plasma with such a high degree of ionization during short time intervals are
currently the subject of intensive research by many scientific groups. A significant
problem here is the lack of various experimental and theoretical data on the
dynamics of plasma parameters (in particular, its microstructure) at subnanosecond
temporal and micron-sized spatial scales of the discharge depending on the stage of
its development and the key conditions of the formation. At the same time, as
experiments indicate, without explosive processes related to the generation of
primary highly-ionized plasma on the surface of the electrodes, it is impossible to
provoke the production of plasma with a high degree of ionization throughout the
entire discharge gap for short times. For example, depending on the power of the
energy release in the electrode regions and the state of their surface, the generation of
highly ionized (n.~10°-10% cm3) both near-cathode and near-anode plasmas is
possible. In this case, the moment of transition of a pulsed nanosecond discharge into
a high-current mode (accompanied by the discharge gap breakdown) with
subnanosecond accuracy can coincide with the moment of the appearance of such
plasma in the form of micron-sized cathode and anode spots. The primary highly-
ionized plasma, wich appears on the electrodes on time scales of about 1 ns, can give
rise to the development of powerful ionization fronts paving the ways for the
development of subsequent spark channels, with characteristic diameters being of the
order of several hundred microns. It is important to note that the production of
plasma with a high degree of ionization in the discharge gap is inevitably
accompanied by the development of various instabilities, which have a significant
impact on the entire process of the discharge formation. In relatively recent studies, it
was discovered that ionization fronts propagating from the areas of the initial
explosion on the cathode and anode are unstable and accompanied by their
fragmentation into filamentary plasma channels with a diameter of about 10-50 pm,
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see Fig. 1. In general this phenomenon entails the formation of a complex thread-like
structure of microchannels, the number of which can reach several tens or more,
inside the developing resultant spark channels with a diameter of several hundred
microns. Unfortunately, the reasons for the appearance of the microstructure of an
electric spark are still unknown due to the natural lack of experimental data that is
caused by the extreme complexity of diagnosing this phenomenon. In this regard, it
seems important to carry out specialized exploratory studies aimed at revealing the
key features of the development of the spark microstructure in the earliest stages of
its evolution on micron-sized scales of the discharge.

100 um Plasma filament

7 /

. L -
Wire, 100 pm
Figure 1. Development of microchannels of highly ionized plasma from the tip of the point anode.

In this study we report novel experimental data obtained as part of studies of
the generation of highly-ionized plasma in a pulsed nanosecond discharge in
atmospheric air. We considered both the early stage of the discharge development -
at the moment of the appearance of micron-sized cathode and anode spots of highly-
ionized plasma, and the post-stage - in the form of a resultant spark channel in the
gap consisting of many microchannels. A complex structure was discovered in the
near-cathode plasma in the region of the primary explosion, from which a
hemispherical ionization wave propagates with partial ejection of the electrode
substance. It is shown that this wave is unstable, and already near the cathode the
conditions for the appearance of the first microchannels are created on the wave
front. It is established that the generated primary near-cathode plasma contains a
noticeable portion of the cathode material. A threshold effect was discovered in the
formation of electric spark microchannels when varying the energy input into the
discharge gap.

The study was partially supported by the Russian Science Foundation grant
No 19-79-30086.

1. Parkevich E. V. et al. Parameters of electric spark microchannels in the near-anode
region of the discharge. Bulletin of the Lebedev Physics Institute. - 2023. - Vol. 50(Suppl
11). - pp. S1283-51286.

2. Parkevich E.V. Khirianova A.I. On the Possible Threshold Character of the Spark
Microstructure Formation. Bulletin of the Lebedev Physics Institute. - 2022. - Vol. 49. -

pp. 302-306.
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4.2 Bausiaue IHOJIAPHOCTN IJIEKTPOIAO0B Ha I'a30AMHaAMUKY
IVJIa3MBbI KalIlMJUUIAPHOTO pa3psaida

A.C. Hawuna*, A.U. Kiumo$, I1.H. Kaszatckuit

OObenuHeHHBIVI MHCTUTYT BhICOKMX TemriepaTyp PAH, Mocksa, Poccris
*fgrach@mail.ru

Hecmotpst Ha Oosbmiont oObeM SKCIIEPUIMEHTAIBHBIX ¥ TEOPETMUeCKMX
VICCIIEIOBAHMV, IIPOBENEHHBIX HaumHasg ¢ 50-x rofgoB IIpONIIIOro BeKa, BOIIPOC O
BJIIVITHUV IIOJIIPHOCTV 3JIEKTPOAOB KAIlWUIIPHOIO paspsia Ha Ta30qVHAMVKY
TeUYeHMsI IUIa3Mbl OCTaJIC Hem3ydeHHBIM. Ha 3Ty mpobGrieMy oOpaTiii BHMMaHMeE B
XOfle WCCIIeOBaHUM paspsiia B OTKPBITOM C OOOMX KOHIOB Kamwuisipe [1-4], B
pesysibTaTe KOTOPBIX ObUIa OOHapyXeHa acuMMMETPUsS CTPYKTYpPbl Te4eHUsS WU
IIapaMeTpoB KaToo- ¥ aHOAOHAIIPaBJIEHHOW IUIa3MeHHBIX CTpyn. OcolOeHHO
CYWIbHAS acMMeTpwsl HaOIoaiach B 9KCTPeMaTTBbHBIX peXMMax paspsiia (BedmnHa
paspsHoro Toka 6ostee 10 kA) B OTHOCUTEITEPHO KOPOTKMX KaIUIIpax (OTHOIIEHVe
JUTVHBL K AraMeTpy MeHee [/d<1), B KOTOpbIX OOHapy>XeHO OoJjiee ueM HAByKpaTHOe
IIpeBBIIIIeHe CKOPOCTM KaTopoHarpaseHHom cTpym (180 km/s) o cpaBHeHMIO
aHopoHanpasieHHou (70 km/s) [1]. Ilpupona maHHOTO SIBIIEHMS, OIHAKO, OCTaIach
HEBBISICHEHHOTVA.

VccenoBanms paspsiia B OTKPBITOM KaIlWUISpe ITOKas3alvl, YTO acMMeTPUS
IUIa3MEeHHBIX CTPYyV HaOmomaeTcss M Ipm Ooslee HM3KMX IIapaMeTpax paspsia.
[TpuaImMnmanbHas cxeMa M OTO KaIWUISPHOIO pa3psHMKA IIpefIcTaB/IeHbl Ha
pucynke 1.

(a) G|
Pucynox 1.  (a) Koncmpyxmubnasa cxema paspaonuxa u (6) odujuii 6ud yemanobxu.
1 - oussexmpuueckas 6cmabia, 2, 3 - 31exkmpoosl, 4-6 — cmotiku, 7 — MOHIMAXKHAR NAUMA.

OcHOBHBIMM 3J7IeMeHTaMV paspsIHMKA SBJIAIOTCS: IM3JIeKTpudecKas BcTaBKa 1
C OTBepCTHeM, IIpeACTaBIIAIoNIM cOO0T KallwUIgp, W ABa 3j1eKTpopa (1mo3. 2 u 3),
pacIioyIoKeHHbIe BIOJIb OCY Kaluldpa Ha OVMHAKOBOM PacCTOSHUM €ro TOPIIOB.
[mMHa Kamwulisfpa cocTapiigeT [=5 mm, a ero HayaJbHBI AuameTrp - d=1 mm.
Matepwnain Kamwurapa - IOJIMITWIEH, MaTepual JIeKTPOIoB - HUKeIb. PaspsaaHuk
yCTaHaB/IMBaJICd BHYTPM BaKyyMHOV KaMepbl, B KOTOpOV IpedycMaTpuBaiach
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BO3MOXXHOCTb OTKauKM ¥ 3aIloJIHeHVsI pabodmM rasoM (BO3AyX, apTOH) B IMalla3oHe
nasireHut  0.005-1 bar. VIicTouHMKOM mNOWTaHMS paspsia SBISeTCS €MKOCTHOM
Hakomuresnb [5], oOecneumsaromium QopMupoBaHe pPaspsaIHOTO WMITYJIbCa CO
CledyIOIIVMN  ITapaMeTpaMy: JUIMTelIbHOCTh T=1 ms, sHeprmsa (Q=80-150 ],
aMIUIUTYy1a paspsagHoro Toka - 300-500 A.

[Tpu ykasaHHBIX 3HeproBKIaflaX B paspsj HaBjIieHVe Ha cpe3e KaIlwuIsgpa
IIpeBBIIIIaeT [aBjleHMe B OKpyXarmomeir aTtMmocdepe. Tak dUro Ha BbIXOIe W3
Kalwulsipa B TeueHue OoJbIllerl dYacTM pPas3psIHOIO VIMITyJIbCa peasn3yeTcs
CBEpPX3BYKOBOE TeUeHVe IUIa3MeHHBIX CTPYV C XapaKTepHOV I HeOPaCIIPEHHOTO
peXnMa yoapHO-BOJIHOBOV CTPYKTY POV Ha4aJIbHOTO y4acTKa (pucyHOK 2). [Tpudem,
pasMepsbl yapHO-BOJIHOBBIX CTPYKTYP IUIa3MEHHBIX CTPYVI, MCTEKAIOIINX B CTOPOHY
KaTofa M aHOa, pa3INMIHbL. DTO pasjinyiue, efBa 3aMeTHOe IIPY BBICOKMX JaBJIeHISIX
OKpYy>Karolrer atMocdepsl (pUcyHOK 2(a)-(0)), cTaHOBUTCS OTYETIIMBBIM TPV HU3KMX
HaB/IeHVsIX (PUCYHOK 2(B)). B wacTHOCTYM, momlepeuHsIit pasMep, a TakKke pacCTOSHVIE
OT cpe3a KalwuIApa 10 Ancka Maxa Bcerma 6osibllle y KaToOHaIIpaBIeHHOV CTPY.
VsmepuB 3TO paccTogHMe, MOXHO OLIeHWUTh [aBjleHVe Ha Topliax KaIlulspa C

IIOMOIIIbIO  M3BECTHOV SMIMPUYECKON 3aBUCUMOCTU [6,7]: IF‘ = 0.69 \JI%. 3nech
XC - paccTosiHMe OT cpe3a Kalmwulstpa Ao aucka Maxa, d - ayameTp Kamwurapa, y=1.3
- 3ddexTBHBINI TOKa3aTelb anauabaTel, p. - JlapjleHMe Ha cpese KaIllWwuIsapa,
P» - JaBjleHVe oKpyxKaroien arMocdepsl. CorlacHO OlleHKaM, JIaBjIeHle Ha cpese
KaIlvwuIgpa cO CTOPOHBI KaTofla BCerja ITpeBbIIIaeT JaBjIeHye CO CTOPOHBI aHOa,
Peathode™Panode. B 3aBUCHUMOCTM OT IapaMeTpoOB paspsifla M JaBjleHus OKpY Karolen
aTMocdepbl, Pa3HOCTb [aBJIGHUI MeX/y KaTOAHBIM WM aHOOHBIM TOpLaMU
KaImwuisipa AOCTUTaeT Ap.=pcathode-Panode=1-3 bar, VI B OTHOCUTEJIbHBIX eIVHMIIaX
Peathode "Pancde — .95 —0.2. JmcOasiaHc WMIIyJibca IUIA3MEHHBIX CTPYVI, V3MEpPEeHHBIV

Penthode tPanode

MeTOIOM 0aJUIVICTIYeCKOTO MasTHUKA, IIPVUBOAUT K OJIIM3KIM OIleHKaM.

@

Pucynox 2. Kadpui
CKOPOCMHOU
Budeopeeucmpayuu
KANUAAAPHO20 paspsoa npu
pasAubHblx 0aBaeHUAxX
apeona. Kamepa Photron
FASTCAM Nova S9.
Jaumenvrocms sxcnosuyuu
- 500 ns.

p,=0.6 bar

(b)

(c)

AHajM3 TOJIyYeHHBIX pe3yJIbTaTOB  IIO3BOJIAET  IPeIIOJIOKUTh,  YTO
HaOmrofaeMply1 AucOalaHC [aBjIeHUII CBg3aH C [DKOYJIeBBIM TeIUIOBBbIIeIeHVeM,
pasyarmyMcs I KaTomo- M aHOMOHAIIPaBIeHHOIO IIOTOKA. DJIeKTPUYecKoe
T10JIe paspsyia CKIaJbIBAeTCs U3 «BHEIITHETO» Egye = j;, OJ1aromapst KOTOpPOMY TeueT TOK,
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VI IIOJIS IOJISIpU3alim [8], KOTOpOe BHYTPU Karmnidpa o6yCJIOBJIeH0 IIPUCYTCTBUEM
i KkT.Wn

rpaameHTa KOHIIEHTpalmm 3apsAKEHHBIX YacTUII; E = ’;— “—F'T =E.. |Ep,;.,- |

KOHueHTpaHVM YacTUL, MEeXIy 30HOV TOPMOXXEHWs (Mo=0) "  KPUTUYECKUM

ceuenvem (M,=1) chmkaetcst B —* = (1 +y)*/" x 1.89 pas (y=1.3), cuiibHee Beero yGbisas

BOIM3M BBIXOZA Kammwwurgpa [9]. B 3aBucmMocT OoT HampaBiieHVs BHEIIHEro IT0JIs,
najleHne IUIOTHOCTM 3apsfAoB IPUBOAUT JIMOO K yBEIMYEHUIO, JIMOO CHVDKEHWIO
cyMMmapHOM HanpsbkeHHocTH E. IToaTomy, mipm j=const, IKOyjieBO TeIUIOBBIIe/IeHIe

. Ecpthode Eﬂl‘l-"’lzpml
JE B KaToo- M aHOMOHATIPABIIEHHOM IIOTOKAX OT/IMYAeTCs B ~*%= = ———— pas. B
mnode ext=|Epol
Ecath

—cathods % 1.1, YTO TIPUMEPHO
E g p p

erode

YOIOBVESIX SJKCIIEpVIMEHTAa 3TO OTHOIIIEHME COCTaBJIAeT

COOTBETCTBYET Ha6J'IIOZLa€MOT7[ SKCIIEpMMEHTAJIBHO OTHOCUTEJILHOM Pa3HOCTI
IaBJICHU MeXy TopLaMM OTKPBITOI'O KallvuIApa.
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Influence of electrode polarity on the gas dynamics of
capillary discharge plasma

A.S. Pashchina*, A.I. Klimov, P.N. Kazansky

Joint Institute for High Temperature RAS, Moscow, Russia
*fgrach@mail.ru

Despite numerous experimental and theoretical studies conducted since the
50s of the 20th century, the question of the influence of the polarity of capillary
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discharge electrodes on the gas dynamics of the plasma flow remains unstudied. This
problem was noticed during studies of a discharge in a capillary open at both ends
[1-4], as a result of which an asymmetry in the flow structure and parameters of
cathode- and anode-directed plasma jets was discovered. A particularly strong
asymmetry was observed at extreme discharge parameters (at discharge current
more than 10 kA) in relatively short capillaries (length-to-diameter ratio less than
1/d<1), in which a more than twofold increase in the speed of the cathode-directed jet
(180 km/s) compared with anode-directed jet (70 km/s) was found [1]. The nature of
this phenomenon, however, remained unclear.

Studies of a discharge in an open capillary have shown that the asymmetry of
plasma jets is also observed at lower discharge parameters. The schematic diagram
and photo of the capillary spark gap are presented in Figure 1.

(2) - ®
Figure 1. (a) The schematic diagram of the capillary spark gap and (6) general view of the
experimental setup. 1 - dielectric insert, 2, 3 - electrodes, 4-6 — dielectric holders, 7 - installation base.

The main elements of the spark gap are: a dielectric insert 1 with a hole, which
is a capillary, and two electrodes (2 and 3), located along the capillary axis at the
same distance from its ends. The length of the capillary is [=5 mm, and its initial
diameter is 4=1 mm. The capillary material is polyethylene, the electrode material is
nickel. The capillary spark gap was installed inside a vacuum chamber, which
provided a pumping out and filling with working gas (air, argon) in the pressure
range 0.005-1 bar. The discharge power source is a capacitive storage device [5],
which ensures the formation of a discharge pulse with the following parameters:
duration t=1 ms, energy Q=80-150 ], peak discharge current - 300-500 A.

At the indicated energy inputs into the discharge, the pressure at the capillary
outlet exceeds the pressure in the surrounding atmosphere. Thus, supersonic plasma
jets with a shock wave structure that is typical for the underexpanded mode flow out
from both ends of the capillary during most period of the discharge pulse (Figure 2).
Moreover, the dimensions of the shock wave structures of the plasma jets flowing
towards the cathode and anode are different. This difference, barely noticeable at
high pressures of the surrounding atmosphere (Figure 2(a)-(b)), becomes pronounced
at low pressures (Figure 2(c)). In particular, the transverse size, as well as the distance
from the capillary edge to the Mach disk, is always greater for a cathode-directed jet.
By measuring this distance, one can estimate the pressure at the capillary outlet using
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X

- '_ . .
the well-known empirical relationship [6,7]: = = 0.69 ul%' Here xc is the distance

between the capillary edge and Mach disc, d is the capillary diameter, y=1.3 is the
effective adiabatic index, p, is the pressure at the capillary outlet, p» is the ambient
gas pressure. According to estimates, the pressure at the cathode end of the capillary
always exceeds the pressure at the anode end, peuthode>panode. Depending on the
discharge parameters and the ambient gas pressure, the pressure difference between
the cathode and anode ends of the capillary reaches Ap.=pethode-panode=1-3 bar, or in

relative units Sethede=Femede — g g5 _ .2, The imbalance of the momentum of plasma jets,

Penthode tPanode

measured by the ballistic pendulum method, leads to similar estimates.

@

Figure 2. Photographs of
plasma jets flowing from a
capillary into an argon
atmosphere at various
pressures, captured by a
high-speed camera Photron
FASTCAM Nova S9.
Camera shutter speed - 500
© 1s.

(b)

Analysis of the obtained results suggests that the observed pressure imbalance
is associated with Joule heat release, which differs for the cathode- and anode-
directed flow. The electric field of the discharge consists of the “external” field
E... =i, responsible for the flow of the discharge current, and the polarization field

[8], which inside the capillary is caused by the presence of a concentration gradient of

charged particles: E = =k t |E_n,;.,- . The concentration of particles between the

stagnation zone (Mo=0) and the critical section (M,=1) decreases by % =1 + ¢4 = 1.89
times (y=1.3), decreasing sharply near the capillary exit [9]. Depending on the
direction of the external field, a drop in charge density leads to either an increase or

decrease in the total intensity E. Therefore, at j=const, the Joule heat release jE in the

Ecgthods _ e 1'l+|Epn-|.|

cathode- and anode-directed flows differs by times. Under

Egnode B Ep :l.'l._l'Er.'!?I.l

~ 1.1, which approximately corresponds to

: o . . . Evn .
experimental conditions, this ratio is ===

Egnode

the experimentally observed relative pressure difference between the ends of an open
capillary.
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4.3 Posib 00beMHBIX ¥ IOBEPXHOCTHBIX 3(pPeKTOB B
OappepHOVI KOpOHe aTMOC(hepHOTIO JaBIeHMA

. CeauBbonun'*, C. KyBapoun'2, U. Mopanreb!

100venuaennem ViactuTyT Boicoknx Temmepatyp PAH, Mocksa, Poccris
Mockosckumt Pusnuko Texanuaecknit VincturyT, JonronpyaHsiii, Poccra
*inock691@ya.ru

bapbepHasi kopoHa mpelcTaB/IsieT COOOM YacTHBIM cCiIy4dail OapbepHOro
paspsAga, MHMOMMpPYeMOro B KOHdwurypanum  MeTaJUIMdecKas  WIjla -
AV3IeKTpUYecKasl IIOBEPXHOCTb. ODTO IaOOTOUHBIV TUII paspsia BBICOKOTO
JaBjleHVs, KOTOPBbII MOXeT OBITb WCIOJIb30BaH B KayecTBe MCTOYHMKA
HV3KOTEMIIEpAaTypPHOM  IUIA3MBI B PasIMYHBIX HNPWIOXKEHMsX: o0palOoTka
Ouostornmueckx oObEeKTOB, TeHepallysl 030Ha, yIIpaBjIeH/eM IIOIKUTOM 1 TOpeHVeM
nT.0. [1]

HusnexTpudecknrt 6aprep B TaKoy KOHPUTypalmy paboTaeT Kak OayuiacTHast
Harpyska, OorpaHWYMBasi TOK paspsila ¥ He II03BOJISAA 3aMBIKaThCS ITPOMEXYTKY
Mexay aiekrpomamu. IIpm 3TOM sKpaHMpPOBKa HOPWIOXKEHHOIO K 3JIeKTpomaM
IOTeHIIaIa 3aps/oM, oOpasyromMcs B oObeMe paspsHOro IIPOMeXyTKa M Ha
IOBEPXHOCTM  AM3JIeKTpudeckoro  Oapbepa, OpMBOAUT K  OpraHuW3aluu
«CaMONYJIbCUPYIOIIETO»  peXVMa TOPeHMs  paspsia,  XapaKTepu3yHOIerocs
HaJId/ieM TOKOBBIX VMITYJIbCOB C MVWUIMAaMIIEpHBIMM aMIUINTYJaMM ¥ 4acTOTaMU
103 - 108 I'n,

KaxxmoMy TOKOBOMY MMYyJIECY COOBETCTBYeT VHIVBUIYaIbHBII MUKpPOpPas3psi,
(MP). Takum obGpasom, BP cymectByer B dopMe MHOXecTBa WVHOVBVIYaIbHBIX
MUKpPOPaspsAI0B €O CJIOKHOW caMoOopraHwmsalyer, oOyciIoBjIeHHbIX 3ddekTamm
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naMATH (IUIOTHOCTh 3apsijla IOBEepPXHOCTM Oapbepa, KOHIeTpalluy 3apsDKeHHBIX U
BO30Y KIIeHHBIX YacTUI] B Ta30pa3psiiHOM oObeMe, Harpes rasa). B psge padot 6su10
IOKa3aHo [2], 4To pasBuTHe OapbepHOV KOPOHBI KaUeCTBEHHO BO MHOIOM CXOXeE C
pa3BuUTMIEeM KJIacCMYeCKOro KOPOHHOTO pa3psza, KOTOpoe oIlpeesisgeTcs OVMHaMVUKON
00BeMHOTO MOHHOIO 3apsifa y KaToma. IIpedrosnoXxnTesibHO, peXnMbl TOpeHUs U
napaMeTpbl OapbepHOV KOPOHBI OIPeHe/ISIOTCS  COBOKYITHOCTBIO — OOBEMHBIX
3¢pdexToB HaKOIUIeHMS WU [OWMHAMMKM 3apsfga B TrasopaspsgHOM 3asope U
IOBEPXHOCTHBIX 3 deKkToB 3apsaaku Oapwepa. IlpwdeMm BKIag TOro wint MHOIO
MexaHM3Ma Ha JaHHbIVI MOMEHT He OITpefieJIeH.

Ilenpio OaHHOW $ABJIA€eTCS MCCIIeOBaHNME PEeXMMOB TOpeHMs IlepeMeHHOM
OapbepHOT KOPOHBI B BO3IyXe aTMOCEpHOro HaBJIeHUs W OIpelesieHVe PpoJv
OOBeMHBIX ¥ IIOBEPXHOCTHBIX 3apsAHOBbIX MexaHM3MoB. OcTpue ¢ pammycom
KpuBU3HB 50 MKM WM3roTaB/IMBaJIOCh M3 MEIHOV IIPOBOJIOKM, HAMAJIeKTPUYecKUM
Oaprepom ciTyxmla ajTyHaoBad Kepamuka tommyHoi 0,5 mm ¢ € = 10. PaccrosHme ot
ocTpus A0 IOBepXHOCTH Oapbepa BapbupoBasiock B mpefernax 0 - 3 MM K
3JIeKTpoAaM IIpUK/IAJbIBaJIOCh CUHYCOMAAJIBHON HaMpsbDKeHue C  aMIUIUTYHOoM
1 - 7 xB ¢ uvacroronn 8 xI'm. Tox paspspma M3sMepsuicst € ITIOMOIIBIO KaCTOMHOIO
MaJIOVHAYKTMBHOTO TOKOBOrO IIyHTa [3,4], HOAKIIOUWEHHOro K [ABYM KaHaJaM
ocuwuiorpada (Lecroy HDO6104AR ¢ monocom mnponyckanmss 1 ITo wm
BEPTUKAJIBHBIM paspellleHreM 12 OuT) dYepe3 CIUIATTEP, COITIACOBAHHBIN IIO
BOJIHOBOMY cortpoTussieHno 50 OM. [TapaiuiesbHO ¢ 371eKTpUYecKMI M3MepeHMU
Beslack cheMKa paspsga Ha ICCD xamepy (Andor iStar 720) ¢ skcrmosmimamu
nopsaka 100 Hec. Ha pucynke 1 mnokasaHbl OCHWIIOIPaMMbl IPWIOXKEHHOIO
HalIpsDKeHMs ¥ ToKa paspsia, a Takxke m3o0paxeHuss MP, coorseTcTByroIie
Pa3IMYHBIM TOKOBBIM MMITYJIbCaM.
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Pucynox 1. Ocyusi0epammol numaioujeeo HANpsKenus u moxa paspsoa (caeba) u
coomBemcmbyrousue pasAutHbIM UMNYALCAM U300paKeHUs MUukpopasps008 (cnpaba).

B pesyjipTare pa6OTBI ObUTO IIOKAa3aHO, YTO Ha ME€IHOM D3JIEKTpPOLEe pa3pil
CyIIecTByeT B OCHOBHBIX 4 peXxnMax, XapaKTePpU3YIOMNXCA HaJlltdneM VIMITYJIBCOB
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Tpuaena, TJICIOIIEe dopmon paspsga c HelpepbIBHBIM TOKOM,
KaTOOHAIIPABJICHHOTO CTpUIMepa, CTapTYIOIIEero ¢ OCTpMUsA WM CTapTYIOIIero C
3apsDKeHHOV IoBepxHOCTM Oapbepa. Ilpm ymeHbIIeHMM pacTOSHMS VIMITYJIBCHI
Tpwuderna npomnagatoT, a MajIbIX BeIMYMHAX 3a30pa (MeHee 0.2 MM) paspsl IIepexoguT
B IOBEPXHOCTHYIO (OpMy, 4YTO XapaKTepmsyeTcs 3Ha4dMTeIbHBbIM YBeJIdeHVieM
BeJIMYMHBI I€PEeHOCHMOIO MMITYJILCOM 3apsia M CHVDKeHVEeM 4YacTOThI CJIeIOBaHWS
MUKpPOPa3pAI0B.

Pacripenenenus BennumH nepeHocuMoro B MP 3sapsiia mokaspIBalOT, 4TO
HEe3aBVICVIMO OT BeJIMUVHBI pa3psiIHOTO 3a30pa CYIIecTByeT 2 TUIla MUKPOPaspsiIoB C
CYIIeCTBEHHO pa3INYarollMNC IlapaMeTpaMmy, 4YTO B TOYHOCTV COOTBETCBYeT
MIOJIyuYeHHBIM paHee MOaHHBIM [jI1 HoBepxHocTHOro bBbP [4]. Ha ocHoBe 3Tmx
pe3yJIbTaToB MOXXHO ClejlaTh BBIBOI, YTO WMITYJIbCHI 1 TuIa (Majiast BeIMdMHa
IIepeHOCMOTr0 3apsa, He 3aBuUcsIasg OT a3kl IPWIOKEHHOIO HaIIpsDKeHM)
COOTBETCBYIOT WMMIIyJIbcaM Tpudyesla M OIpedessioTcs OUHAMMKOM OOBeMHOIo
3apsaa y octpus. Vimmysiecel 2 Tuma (Oosiblllasi BeIMUMHA IIePeHOCHMOTIO 3apsifa,
3aBUCMMOCTh IITapaMeTpoB OT da3bl MPUIOKEHHOIO HaMpsDKeHMsSI) COOTBETCBYIOT
NpoOOI0 IMPOMEXyTKa MeXAy OCTpUMeM W OWIEKTPUYECKO IIOBEPXHOCTHIO,
AVHaMMKa KOTOPOTO IJIaBHBIM 00pa3oM OIIperiesIsieTCs: 3apsAKoit baprepa.

Kogelschatz U, Eliasson B and Egli W // . PHYS IV Fr. 7 (1997) P4-47

Xia Q. et al. 2018 // Phys. Plasmas 25 (2018) 023506

Synek P et al. // Plasma Sources Sci. Technol. 27 (2018) 045008

Selivonin I. V. and Moralev I. A. // Plasma Sources Sci. Technol. 30 (2021) 035005
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The role of volumetric and surface effects in the atmospheric
pressure barrier corona discharge

L. Selivonin'®, S. Kuvardin'2, 1. Moralev!
oint Institute for High Temperatures RAS, Moscow, Russia
Moscow Institute of Physics and Technology, Dolgoprudny, Russia
*inock691@ya.ru

The barrier corona is a special case of a barrier discharge (BD) initiated in the
configuration of a metal pin - a dielectric surface. This is a low-current, high-pressure
type of discharge that can be used as a source of low-temperature plasma in various
applications: processing of biological objects, ozone generation, ignition and
combustion control, etc [1].

The dielectric barrier in this configuration represents a ballast load, limiting the
discharge current and preventing the gap between the electrodes from shorting. In
this configuration, the potential applied to the electrodes is shielded by the charge
formed in the volume of the discharge gap and on the surface of the dielectric barrier.
This leads to the organization of a “self-pulsing” discharge regime, characterized by
the presence of current pulses with a micro- and milliampere amplitude and a
frequency of 10% - 108 Hz.
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Each current pulse corresponds to an individual microdischarge (MD). Thus,
BD exists in the form of many MDs with complex self-organization, caused by
memory effects (charge density of the barrier surface, concentration 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 a barrier corona is qualitatively in many
ways similar to the development of a classical corona discharge, which is determined
by the dynamics of the volumetric ion charge at the cathode. Presumably, opertion
modes and parameters of the barrier corona are determined by a combination of
volumetric effects of charge accumulation and dynamics in the gas-discharge gap
and surface effects of barrier charging. Moreover, the contribution of one or another
mechanism is not currently determined.

The aim of this work is to study the regimes of an alternative barrier corona in
air at atmospheric pressure and to determine the role of volumetric and surface
charge mechanisms.

A pin with a radius of curvature of 50 um was made of copper wire, alundum
ceramic 0.5 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 50€2. In parallel with electrical measurements, the
discharge was imaged with an ICCD camera (Andor iStar DH720) with exposures of
about 100 ns. Figure 1 shows the waveforms of supply voltage and discharge current
and images of ICCD images of different types of MDs.

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. As the distance decreases, the Trichel
pulses disappear, and at small gaps (less than 0.2 mm) the discharge develops in 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.

The distributions of the values of MDs tranferred charge show that regardless of
the discharge gap there are 2 types of microdischarges with significantly different
parameters which exactly corresponds to the previously obtained data for surface
DBD [4]. Based on these results, we can conclude that type 1 pulses (a small value of
transferred charge, independent of the phase of the applied voltage) correspond to
Trichel pulses and are determined by the dynamics of the space charge at the tip.
Type 2 pulses (large amount of transferred charge, dependence of parameters on the
phase of the applied voltage) correspond to the breakdown of the gap between the
tip and the dielectric surface, the dynamics of which are mainly determined by the
charging of the barrier.

Figure 1. Waveforms of the supply voltage and discharge current (left) and the corresponding ICCD
images of microdischarges (right).
AAA
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4.4 ITapameTpsl HIPU3IEKTPOIHOM IIJIa3MbI paHHeN CTaJaun
VIMIIYJIbCHOI'O HAHOCEKYHHOI'O MCKPOBOIO paspsiga

U.A. Kosun 12*, E.B. IlapkeBuu', A.U. XupvanoBa', K.B. IlInakxo6!

I dusyraeckmit HCTUTYT M. [LH. JIlebenesa PAH, Mocksa, Poccmst
2 Poccumickumt yHUBepcuTeT ApyKObl Hapoaos mM. I1. JlymyMOb1, Mocksa, Poccust
*1032201754@pfur.ru

VI3BecTHO, UTO Ha 3aBeplIalolleM 3Talle MCKPOBOTO paspsia ero obobeMHoe
ropeHVe He sBJIeTCS YCTOMYMBBIM ¥, KaK CJIEICTBUE, KOHTparmpyeTr - OOBbeMHBIN
paspsnl  «CKMMaeTcsd» B BBICOKOIIPOBOISAIME TOKOBble KaHajlbl, TPUITEPOM
dopMmpoBaHVIA KOTOPBIX ABJIAIOTCS KaTOIHBIE 1 aHOHBIE IIATHA, II03BOJISIONINX Ha
KOPOTKMX BpeMeHax HapaOoTaTh IepBUYHYIO CMJIBHOMOHWM30BaHHYIO IUIasMy. B
pabore [1] mokaszaHO, 4TO TIOsiBJIeHMEe JaHHOV IUIa3Mbl, Jaollerl CTapT pa3BUTUIO
pOHTOB MOIIHOWM WMOHM3ALMY, IIPOKIAJbIBAIOIINX IIyTU PasBUTUA VCKPOBBIX
KaHaJIOB C XapaKTepHbIM [MaMeTpOM B HeCKOJIbKO COTeH MWKPOH, C
CyOHaHOCEKyHIHOV TOYHOCTBIO COBIIaZlaeT C MOMEHTOM IIepexoa VIMITYJIbCHOTO
HAHOCEKYHIIHOTO paspsifia B CVWJIBHOTOYHBINI PeXVMM. BpUIO Takke ycTaHOBJIEHO [2],
YTO YIOMSHYyTbIe Bblllle (PPOHTBI HEyCTOMYMBBI - B IIpollecce paclpocTpaHeHMs
MIPOMICXOOUT WX HpoOJleHne Ha HUTEBMAHBIE IUIa3MeHHble KaHaIbl AVaMeTpOM
nopsgnka 10-50 mMxMm. DTOT, Mo cyIecTBy, cybmpoiiecc Oosiee oOriero Ipoliecca
KOHTpPaKIINM, IIOJTY YVBIIIVTA Ha3BaHVe MeJIKOMacIITaOHO VICKpOBOVI
dwiaMeHTaIIMM, MO IPeAIOIOKEeHNUIO OOYyC/IOBJIeH HeyCTOMYMBOCTBIO B IUIa3Me
KaTOOHBIX ¥ aHOOHBIX IISITEH, IIO3TOMY IIeJIbI0 [IaHHOV palOoTBl  SBJISIIOCH
viccilefloBaHMe ITapaMeTpOB IPUAJIeKTPOAHON IUIa3Mbl B MOMEHTHI 10 WIN BO BpeMs
Hadajla opMupoBaHMs MUKPOCTPYKTypbl. C HOMOIIbIO MHTepdepoMeTpun Ha
mHe BOHBEI 1064 HM ObUT ycTaHOB/IEH (PaKT BBICOKOV JIEKTPOHHOV IUIOTHOCTU
NPpU3JIeKTPOAHON TuIasMel (mopsnaka 101 cm3). XapakrepHble pasMepsl KaTOIHOTO U
aHOJIHOTO MSATeH cocTaBwiIn nopsaka 10 MUKpoH, a 3aziep>kKa MeXJ1y MOMEeHTaMI MX
VIHUILIMMPOBaHMsS COCTaBWIa HaHOCEKYHIbI - 00a IIATHa MOSBIIAIOTCA IIPaKTUYecKu
OTHOBpEMEHHO, YTO He MMeeT OJJHO3HA4YHOV TPaKTOBKM WM TpeOyeT IpoBereHus

OTHEIBHBIX WCCIIEAOBAHMII MexaHu3Ma oOpasoBaHMS aHOAHBIX IIsiTeH. Pabota
noapepkaxa rpanToM PH@ No23-19-00524.

Pucynox 1. TeneBoe usobpaxerue panrei cmaduu paspaoa 6 npuxamooxotl 00iacmu u
coomBemcmbByrowas emy unmepgpepoepamma. Buona obaacme kamooHoeo namua ¢ pacuiupsaiouerics
oM He2o NPpuUsNeKmpoOHOLl NAASMOT.

1. Parkevich E.V. and others. Extremely fast formation of anode spots in an atmospheric
discharge points to a fundamental ultrafast breakdown mechanism // Plasma Sources
Science and Technology. 2019. Vol. 28, Ne 12.
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2. Almazova K.I. and others. Microstructure of a Spark Discharge in Air in a Point-Plane
Gap // Tech. Phys. 2018. Vol. 63, Ne6, P. 801-805.

Parametrs of electrode area plasma at an early stage of a
pulsed nanosecond spark discharge

LA. Kozin 2%, E.V. Parkevich', A.I. Khirianoval, K.V. Shpakov!
IP. N. Lebedev Physical Institute of the RAS, Moscow, Russia
2Peoples’ Friendship University of Russia named after P. Lumumba
*1032201754@pfur.ru

It is known that at the final stage of spark discharge its volumetric combustion
does not appear to be stable and, as a result, undergoes contraction - volumetric
discharge «compresses» into high-conducting current channels, the trigger of which
is cathode and anode spots, which are the consequence of explosive processes on the
electrode surface and which allow to obtain in short time the primary highly ionized
plasma. In the work [1] it is shown that the appearance of this plasma, giving a start
to the development of fronts of powerful ionization, paving the way for the
development of spark channels with a characteristic diameter of several hundred
microns, with the subnanosecond accuracy coincides with the moment of transition
of pulse nanosecond discharge into high current mode. It was also established [2]
that the above-mentioned fronts are unstable - in the process of propagation, they
split up into thread-like plasma channels with a diameter of about 10-50 um. This
sub-process of contraction, called spark filamentation, is assumed to be due to the
instability in plasma cathode and anode spots. Therefore, the goal of this work was to
establish the parameters of the preelectrode plasma in the moments before or at the
time of the beginning of the microstructure formation. A fact of high electron density
of preelectrode plasma (101° cm3) was established by interferometry at a wavelength
of 1064 nm. The characteristic sizes of cathode and anode spots were about
10 microns, and the delay between the moments of their initiation was a nanosecond
- both spots appear almost simultaneously, which is not unambiguous and requires
separate studies of anode spots in order to establish the mechanism of their
formation. The work is supported by the RSCF 23-19-00524 grant.

Figure 1. Shadow image of the early stage of discharge in the cathode area and corresponding
interferogram. The cathode spot is visible with the preelectrode plasma expanding from it.

1. Parkevich E.V. and others. Extremely fast formation of anode spots in an atmospheric
discharge points to a fundamental ultrafast breakdown mechanism // Plasma Sources
Science and Technology. 2019. Vol. 28, Ne 12.

2. Almazova K.I. and others. Microstructure of a Spark Discharge in Air in a Point-Plane
Gap // Tech. Phys. 2018. Vol. 63, Ne6, P. 801-805.
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5.1 HapaboTka pagnKasioB B MeTaHOTa30BbIX CMeCsIX
IIpY OHOBPEMEHHOM BO3eVICTBUM 3JIEKTPUYeCKOIo MOJIA "
3/IEKTPOHHOTO ITy4Ka

I.B. Tepewonox'*, H.JI. Arexcandpo8?, H.IO. babaeba’, I.B. Haiiduc!,
B.I1. Kono6Baa06!, B.A. Ilano6!

1O0BenIHeHHBIVI MHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccmst
MOCKOBCKMI (PUBMKO-TeXHUYeCKU MHCTUTYT, Honronpynnsiii, Poccns
*tereshonokd@gmail.com

B macrosiee BpeMs mcciienoBaHMs B 00J1acTI HU3KOTEMIIEPATyPHO IDIa3Mbl
(HTII) mpencTaBiIsitoT He TOJIBKO Hay4HBIVI, HO M HpaKTUYeCKUI MHTepec, TaK Kak
HTII mmpoko wcrons3yeTcs B pasIMUHbIX IIPWIOKEHWAX, TaKMX KaK IUIa3MeHHas
a’polMHaMIKa, IUIa3MeHHas Me[ullVHa, IUIa3MeHHO-CTMMYJIMPOBaHHOe TOpeHwue,
yIpOYHEeHNe TBepHon noBepxHocTu M T4. Kpome Toro, omHMM M3 mepcreKTUBHBIX
HarpasileHun nnpuMeneHns HTII sasisierca pudpopMuHT TOIUIMBa, ITle pellaroTcs
BOIIPOCHI He TOJIBKO YMeHbIIIeHV BpeMeH! BOCIUIaMeHeHNsI, HO TakXXe VCCIIeqyOTCs
po0sIeMbl 3HePro3PPeKTMBHOCTI 1 COKpaIlleHMsI BBIOPOCOB BPeOHBIX BEIeCTB B
atMmocdepy [1 - 3].

CrouT OTMeTUTb, UTO IapaUleJIbHO C WCIOJIb30BaHMEM PpPasIMYHBIX TWUIIOB
JIeKTPUYECKMX paspsAnoB [JId KOHBepCUM Y IMpoJIM3a TakKXke paccMaTpyBaeTcs
BO3JIEVICTBYE 3JIeKTPOHHOrO IHyuka [4, 5], uro 0OycioBjIeHO OOJIBIION 3Hepruen
3JIEKTPOHOB,  CIIOCOOCTBYIOIIMX  OOpa3oBaHMIO  aTOMapHBIX  paauKaJloB U
OTHOCHUTEJIbHO OOJIBIIOV CTeIleHV MOHM3aLIIA.

B pabore mpencrasiieHbl pe3ysbTaThl MOIEIMPOBaHMS II0 HapaOoOTKe
paIMKaJIoOB B CMecCsSX MeTaHa, a30Ta M KUCIOpOoAa B PasHbIX IIPONOPLMAX IIpU
OIIHOBPE€MEeHHOM BO3/eVICTBUV [IOCTOSIHHOTO JIeKTPUYeCKOIo MHOJId M 3JIeKTPOHHOTO
nyuka. Ha ocHoBe pellleHMsi KMHeTHYecKOro ypaBHeHMs bosibliMaHa oIrpepesieHbI
IIeHbl 00pa30BaHMs Pa3INMIHBIX KOMIIOHEHT U CKOPOCTM HapaOOTKM 3apsDKEHHBIX
YacTuI, 0L AeVICTBYIeM 3JIeKTPOHHOIO ITydKa. BeItoiHeH pacueTHO-TeopeTuyYecKu
aHaJIM3 KMHETUYeCKMX IIPOIIecCOB B  MCCIIeAyeMBIX CMecsaX W HalgeHbl
CTalllOHapHble 3HA4YeHMs KOHIIEHTpalU 3JIeKTPOHOB, IIOJIOKUTEJIbHBIX WU
OTpUIIaTeJIbHBIX VIOHOB.

VccrtenoBaHme BBIIOJIHEHO IIpu Iopjepxkke Poccurickoro HayuHoro donpaa
(mpoext Ne 21-79-30062) n1 AO «TBDJI» (Otmen wmcciemoBaHmMim M pa3paboTok
HesiZIepHOVI IPOMBIIIIIEHHOCTI) B KauyecTBe VHyCTPUaJIbHOTO IapTHepa.

1. Tu X and Whitehead ] C Plasma-catalytic dry reforming of methane in an atmospheric
dielectric barrier discharge: understanding the synergistic effect at low temperature //
Appl. Catal. B. 2012. V. 125. P. 439 - 48. 10.

2. Gao Y, Zhang S, Sun H, Wang R, Tu X and Shao T Highly efficient conversion of
methane using microsecond and nanosecond pulsed spark discharges // Appl. Energy
2018. V. 226. P. 534-45. 11.
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3. Sun ] and Chen Q Kinetic roles of vibrational excitation in RF plasma assisted methane
pyrolysis // J. Energy Chem. 2019. V. 39. P. 188 - 97.

4. Dmitrii L Kuznetsov, Viktor V Uvarin and Igor E Filatov Plasma chemical conversion of
methane by pulsed electron beams and non-self-sustained discharges // J. Phys. D:
Appl. Phys. 2021. V. 54. P. 435203.

5. Alexander V. Ponomarev Direct conversion of methane to heavier gaseous alkanes using
an electron beam // Chemical Engineering Journal Advances. 2023. V. 15. P. 100513.

The generation of radicals in methane-gas mixtures
under simultaneous influence
of an electric field and electron beam

D.V. Tereshonok'*, N.L. Alexandrov?, N.Yu. Babaeval, G.V. Naidis!,
V.P. Konovalov!, V.A. Panov!

oint Institute for High Temperatures, Moscow, Russia
2Moscow Institute of Physics and Technology, Dolgoprudny, Russia
*tereshonokd@gmail.com

Currently, research in the field of low-temperature plasma (LTP) presents both
scientific and practical interest, as LTP is widely utilized in various applications such
as plasma aerodynamics, plasma medicine, plasma-assisted combustion, solid
surface hardening, etc. Moreover, one of the promising directions for LTP application
is fuel reforming, where issues not only of reducing ignition time are addressed but
also problems of energy efficiency and reduction of harmful emissions into the
atmosphere are explored [1 - 3].

It is noteworthy that alongside the use of various types of electrical discharges
for conversion and pyrolysis, the impact of an electron beam is also considered
[4, 5], due to the high energy of electrons conducive to the formation of atomic
radicals and a relatively high degree of ionization.

This work presents the results of modeling the generation of radicals in
mixtures of methane, nitrogen, and oxygen in various proportions under the
simultaneous influence of a constant electric field and an electron beam. Based on the
solution of the kinetic Boltzmann equation, the generation costs of different
components and the rates of generation of charged particles under the action of an
electron beam have been determined. A computational-theoretical analysis of kinetic
processes in the studied mixtures was performed, and stationary values of the
concentrations of electrons, positive, and negative ions were found.

The study was supported by a grant from the Russian Science Foundation
(project No. 21-79-30062) and TVEL JSC (Nonnuclear Industry R&D Department) as
an industrial partner.

1. Tu X and Whitehead ] C Plasma-catalytic dry reforming of methane in an atmospheric
dielectric barrier discharge: understanding the synergistic effect at low temperature //
Appl. Catal. B. 2012. V. 125. P. 439 - 48. 10.
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2. Gao Y, Zhang S, Sun H, Wang R, Tu X and Shao T Highly efficient conversion of
methane using microsecond and nanosecond pulsed spark discharges // Appl. Energy
2018. V. 226. P. 534-45. 11.

3. Sun J and Chen Q Kinetic roles of vibrational excitation in RF plasma assisted methane
pyrolysis // J. Energy Chem. 2019. V. 39. P. 188 - 97.
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5.2 Cunres rpadena npu koaBepcum cMecy Ar-CHy,
VHULMMPOBAHHOM B IUIa3MOTPOHE IIOCTOAHHOIO TOKa

ML.B. Il1aBeaxuna*, E.A. @Quaumonoba, I1.I1. UBarob

O6benyHeHHBIVI MHCTUTYT BbIcOKMX TemnepaTyp PAH, Mocksa, Poccuis
*mshavelkina@gmail.com

B Hacrosimiee Bpemsi MeTaH WCIIOJIB3YeTCSI B OCHOBHOM B 3HEPreTMIecKMX
1IeJIsIX, a TIpoNaH-OyTaHOBas (PpaKiIns NPUMeHseTCs B KauecTBe OBITOBOTO TOIUINBA,
a Takke, KaK Topiodee I aBToTpaHcHopra. OgHaKo Ipy pasIokKeHNM 3TX ra3oB B
IUTa3MEHHBIX YCIOBMSIX IIOJTyYaloT ITMPOKUN CIIEKTP YIJIEPOAHBIX HAHOCTPYKTYP C
pa3sHOOOpasHBIMM ~ CBOVICTBAaMM.  PacmpocTpaHeHHBIM  CIIOCOOOM  CHMHTe3a
HaHOAJIMA3HBIX IUIEHOK VIV IpadeHOBBIX CJIOEB Ha ITOJJIOXKKAX SIBJISIETCS KOHBEPCS
MeTaHa B IUIa3Me aproHa ¢ gobaskom Bopopopa [1]. Ilpm koHBepcum meTaHa B
IOTOKe IUIa3MEeHHOV CTPYM aproHa C cooTHomreHueM B cMecu 1:10 mpwm masneHvn
350 Topp HamMuM OBUI CMHTE3MpPOBAH MYJIbTH-TpadeH 0e3 1ICIIOIb30BaHMs TTOJIOXKKIL
” mobaBky Bomopona [2]. YcmoBus i crHTe3a co31aBalviCh B IDIa3MOXVIMITYECKOM
peakTope Ha OCHOBe IUIA3MOTPOHA ITOCTOSIHHOTO TOKa MOIIHOCTBIO 10 45 KBr.
[TosryueHHBIE HAHOCTPYKTYPHI MMeIM (POPMY XJIOIIBEB, ITOCKOJIBKY HyKJIealus W
pocT mpoTekasmn B oObeMe ITOTOKa. Takom >xe dpopmont obrapan MysbTH-TpadeH,
MIOJIyYeHHBIVI P pa3IoKeHU!M IIPOIlaH-OyTaHOBOV cMecu B IUIasMe Teius MIpu
npasiieHnn B peakrope 350-500 Topp. HaHOCTpyKTYypBI OT/IMUavich IPUCYTCTBVIEM B
Pa3HBIX COOTHOIIEHVSIX IIPVMECHBIX aTOMOB, YTO IIPUBOOWUT K pPa3HOV CTelleHu
HECOBEpIIIEHCTBA CTPYKTYpbl, YTO  IIOATBEpPXOAeTcs aHaJINM30M  CIEKTPOB
KOMOWHAIIMOHHOTO paccesiHVMS CBeTa, pPasHBIMM JIaTepaJbHBIMM pa3sMepamu 7
3JIEKTPOHHBIMI  CBOVICTBaMM. B pabore [2] ObUul0o mOKa3aHO, YTO CBOVCTBA
rpadpeHOBBIX CTPYKTYP 3aBUCST OT COCTaBa Ta30BO ¢asbl B IlasMeHHOM cTpye. [Tpu
IIa3MOXVIMITYECKOM HVIpOJIn3e YIJIeBOIOPOIOB OCHOBHBIM yCJ10BUIEeM
dopMupoBaHMS Ta30BOI Cpenbl IS OO0pa30BaHMS Ta30BBIX IIPENIIeCTBEHHVIKOB
KOHJIEHCMPOBAHHOTO yIJIepofa SBJIIeTCS BpeMsl HaXOXIeHNs KOMIIOHEHTOB I'a30BOTI
daspl TIpm BBICOKMX TeMrleparypax. Ha ocHOBe co3maHHOV MOmenM peakTopa st
cmecen Ar/CHs m He/(CsHs+CsHio) ycraHoBiieHO, 4TO XapaKTep CHVDKEHMS
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TeMITepaTyp B IUIa3MEHHOM IIOTOKE JIsI KaXKIOV CMeCU M3 MCTOYHMKa yriiepoaa u
IUIa3MO00pas3yIolIero rasa pasjIndeH. DTO IPUBOAUT K PasHOMY COCTaBy Ia30BOM
daspl. AHarmm3 TasoBom a3l ObUI HpOBedeH C IIOMOIIBIO MOAEIVPOBAHMSL
XVIMWYECKOV KMHeTMKM IIpollecca nuposrmsa cMecer. IIpomyKTel Iu1asMeHHOV
konsepcum Hz 1 CoHp, mostyueHHBIe sKcepyMeHTaIbHO U IIyTeM MOZeIMpPOBaHs,
VIMesIV OJIM3K1e MacCOBBI JOJIN.

1. Guo X, You Y., Bao A, Jia P., Xiong J., Li J. Recent Progress of Nanodiamond Film in
Controllable Fabrication and Field Emission Properties. 2023 Nanomaterials. 13 (3) 577.

2. Shavelkina M. B., Ivanov P. P., Bocharov A. N, Amirov R. Kh. Distinctive features of graphene
synthesized in a plasma stream created by a DC plasma torch 2020 Materials, 13 1728

Synthesis of graphene during the conversion of an Ar-CH4
mixture initiated in a DC plasma torch

M.B. Shavelkina*, E.A. Filimonova, P.P. Ivanov

Joint Institute of High Temperatures RAS, Moscow, Russia
*email: mshavelkina@gmail.com

Currently, methane is used mainly for energy purposes, and the propane-
butane fraction is used as household fuel, as well as fuel for vehicles. However, when
these gases decompose under plasma conditions, a wide range of carbon
nanostructures with diverse properties are obtained. A common method for
synthesizing nanodiamond films or graphene layers on substrates is the conversion
of methane in argon plasma with the addition of hydrogen [1]. By converting
methane in a flow of an argon plasma jet with a mixture ratio of 1:10 at a pressure of
350 Torr, we synthesized multi-graphene without the use of a substrate or the
addition of hydrogen [2]. The conditions for synthesis were created in a plasma-
chemical reactor based on a direct current plasma torch with a power of up to 45 kW.
The resulting nanostructures had the shape of flakes, since nucleation and growth
occurred within the flow volume. Multi-graphene, obtained by decomposing a
propane-butane mixture in helium plasma at a reactor pressure of 350-500 Torr, had
the same shape. The nanostructures differed in the presence of impurity atoms in
different proportions, which leads to different degrees of imperfection of the
structure, which is confirmed by the analysis of Raman spectra, different lateral sizes
and electronic properties. It was shown in [2] that the properties of graphene
structures depend on the composition of the gas phase in the plasma jet. In plasma-
chemical pyrolysis of hydrocarbons, the main condition for the formation of a gas
environment for the formation of gas precursors of condensed carbon is the residence
time of the gas phase components at high temperatures. Based on the created reactor
model for Ar/CH4 and He/ (CsHs+C4Hio) mixtures, it was established that the nature
of the temperature decrease in the plasma flow for each mixture of carbon source and
plasma-forming gas is different. This leads to different composition of the gas phase.
Gas phase analysis was carried out by modeling the chemical kinetics of the pyrolysis
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process of mixtures. The plasma conversion products H> and CH», obtained
experimentally and by modeling, had similar mass fractions.

1. Guo X, You Y, Bao A, Jia P, Xiong J, Li J. Recent Progress of Nanodiamond Film in
Controllable Fabrication and Field Emission Properties. 2023 Nanomaterials. 13 (3) 577.

2. Shavelkina M. B., Ivanov P. P., Bocharov A. N , Amirov R. Kh. Distinctive features of
graphene synthesized in a plasma stream created by a DC plasma torch 2020 Materials,
131728
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5.3 KouBepcnusa cmecu Ar/CHs, vHUMIIMMpPOBaHHasA B AYTOBOM
IUIa3MOTpPOHe

E.A. Quaumonoba*, M.b. IllaBeaxuna, I1.I1. UBarob
O0benmHeHHBIVI MHCTUTYT BBICOKMX TemriepaTyp PAH, Mocksa, Poccris
*helfil@mail.ru

DKCIIepMeHTaJIbHO ~ yCTAHOBJIEHO  BJIMSIHME  HA4aJIbHOIO  COCTaBa
IUIa3MO00pasyIolier: cMec Ha CBOVICTBa I'padpeHa IIPU ero CuHTe3e B IIa3MEeHHOM
IIOTOKe, TeHepUpyeMbIM 3JIeKTPOIYroBbIM IUIasMOoTpoHOM [1-3]. Ilpm koHBepcum
CMeCH, COCTOSIIIMII M3 HeCyIlero rasa (aproH, asoT, Trejui) ¥ YIJIeBOAOpPOIa
(ucTouHMK ymiepona) dpopMmupyeTcd JIUCT IpadeHa C pasHBIMU JlaTepajlbHBIMU
pasMepaMy, pasHOVI KPUCTa/UIMYECKOVI CTPYKTYPOVI M KOJIdecTBoM npumecert. [Ipu
AOCTVDKeHUM — OIIpeflelIeHHOro cocTaBa Ta3odasHBIX KOMIIOHEHTOB 3a CYeT
IUIA3MOXVIMITYECKVIX peaKInyl, oOpa3yIoTcs ra3oBble IIPeAIIeCTBEHHUKN, KOTOpPbIe
o0ycr1aBBaloT CBOVICTBA Ipadde€HOBBIX CTPYKTYP.

Vcniomne3ys TpaguimonHyo cMmech (Ar/CHi) mis cuHTe3a aiMa3omomo0HbIX
IUTIEHOK, C IIOMOIIBIO IUIA3MOTPOHA IIOCTOSIHHOTO TOKa 0e3 [OIIOIHUTEIBHOTO
BBEIEHNS BOHNOpPOHa, OBUI CUHTe3MpoBaH TIpadeH ¢ BBICOKOW CTEIEeHBIO
KPUCTaJUIMYHOCTU. B cilyuae KoHBepcum nponaH-0yTaHOBOV cMeCH B IUIa3Me rejivs
ObUI oTy4eH Oosiee gedOopMMUpPOBaHHBIN rpadpeH 3HaYMTeIbHO MEeHBIINX pa3MepoB
[1,3].

Ienpio maHHOV paboThl OBUIO OIlpesiejieHNe Ta30BOTO COCTaBa B IUIa3MEeHHOM
CTpye IUIa3MOTpPOHa IIOCTOSIHHOTO TOKa, WCIIOJIb3Ys XMMWYECKYI0 KUHETUKY IS
TIOJTyYeHMsl 3aBUCUMOCTY ra30dasHbIX IIPOMeXYTOUHBIX IIPOAYKTOB OT TUIIa CMeCH 1
NpodwIst TeMIlepaTyphl — CKOPOCTH OXJIaXK[IeHVs TUIa3MeHHOVI CTPYY, U BhbISBJIeHNe
BeAyIIMX PpeaKIMl B D3BOJIIOLMM Ta30BOTO COCTaBa, BK/IOYad peakuUm C
3apsDKeHHBIMM YacTUIIaMM ¥ BO30yXXIeHHBIMM aToMaMu. B aTout 3amade cpaBHeHMe
osu10 TIpoBeneHo misa cMecet Ar/CHs n He/(CsHs+CysHio), mommmMo cocraBa 1t1t
CMecH VIMeJI pa3Hble IIpodIIv TeMIlepaTyphl M3-3a Pa3sHOV CKOPOCTU OXJIaXKIeHMs
CTpy¥ ¥ BpeMeHM ee IIposieTa. HauasibHBIN cOCTaB cMecu Ha BBIXOJIe 13 IUIa3MOTpOHa
ompenessUicss B MNPUOIVDKeHUN JIOKaJIbHOTO TepMOVMHAMUYECKOro paBHOBECHS.
Pacxon aprona 611 3.5 1/c 1 MeTana - 0.3 1/c; renmust — 0.7 r/c u mponana ¢ 6yranom - 0.1 r/c.
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HeoOxoammo ObUIO CpaBHUTH COCTaB KOHEYHBIX M IIPOMEXYTOUHBIX ITPOAYKTOB,
TIOJIyYeHHBIX B pe3yJIbTaTe KMHEeTIYeCKOro IIOIX0aa M B paMKax TepMOIVHAMIYECKN
PaBHOBECHOTO IIOXOMIa, IIOCKOJIBKY CYILIEeCTBYIOT TeMIlepaTypHble OrpaHWYeHMs Ha
VICIIONIb30BaHMe TIOoCiIeffHero. Takoe cpaBHeHMe OBUIO BBIIOJIHEHO [IJII CMeCu
Ar/CHa.

Meton pacuera mia cMecu Ar/CHi Obul Takom Xe, KaK M B IIpeAbIIyIINX
pabotax aBropos mi1g cmecent N2/ CHas [2] 1 He/ CsHs/CsHio [3]. 3a Bpemst miposieTa
crpym - 170 Mmc, Temmieparypa Brosb crpyu nsMensiiack ¢ 10000 K na cpese cormuta 1o
880 K B MecTe cOopa maTepuasia, ImpudeM 3a Hepsble 0.5 MC IpOMCXOOWIO pe3Koe
oxnaxzaenne cMecu ¢ 10000 K o 4000 K, mastee TemniepaTypa IulaBHO CHVDKaslach 10
880 K. Mnsa cmecu He/CsHs/ CsHio Bpems mposteta 0p110 1 ceKyHAa, OHaKO, MOMEHT
¢ T~4000 K nacrymnain k 380-11 Mmc.

PesymnpraTe! gt cmecut Ar/CH4 mipeicTaBiieHbl B CpaBHEHUM C 0Ty YeHHBIMU
panee pesysnbratrammu misi cmecu He/CsHs/CsHip. DT0 mossormwio moparBepanThb
crenaHHble B [3] BeIBOAEI O pon pagukaiia CoH B oOpasoBaHuyM nepeHachIIeHHOTO
mapa Cz B obmactm T=2500-3500 K, KOTOpBIVI BBI3BIBA€T OCaXIeHVe TBEPHOro
yIjlepona, HecMOTpsl Ha pasimume mpodwient TeMreparyp. beuio mokasaHo, 4To
CKOPOCTh OXJIXKIEHMS IUIA3MEHHOV CTPYM WUIPaeT BAXHYIO POJIb IS YCKOPEHUIS
oOpaszoBanmst 3apopnpiiient Cz - IIpedIIeCTBEHHMKOB OOpa3oBaHMS TBEPIOTO
yITIepofia, B pe3ysIbTaTe OCTAeTCs 3HAYMUTeIbHO OO0JIbIlle BpeMeHM Il pOCTa TBePIIbIX
HaHOYaCTUII. DTOT BbIBOJL Ka4eCTBEHHO COIJIaCyeTCsl C SKCIIePVIMEHTOM.

CpaBHeHIe cocTaBa KOHEUHBIX M IIPOMEXYTOUYHBIX (BIOJIb CTPYU) IPOAYKTOB
npu muponmse CHs4 B aproHe, paccumMTaHHBIX C MCIOJIb30BaHMEM KMHETUYECKOTO
oaxofa, M B IIPEOIoNIOKEHUN JIOKAJIBHOTO TepPMOAMHAMIYECKOIO paBHOBeCHs
IOKa3aJIo, YTO TepMOAVHaMWYecKUI II0X0M, He IIpYMeHUM B 00J1acTy TeMIlepaTyp
Hoke 3000 K.

Conversion of Ar/CH4 mixture initiated in plasma torch

E.A. Filimonova*, M.B. Shavelkina, P.P. Ivanov
Joint Institute for High Temperatures of RAS, Moscow, Russia
*helfil@mail.ru

The influence of the initial composition of the plasma-forming mixture on the
properties of graphene during its synthesis in a plasma flow generated by a plasma
torch has been experimentally established [1-3]. During the conversion of a mixture
consisting of a carrier gas (argon, nitrogen, helium) and a hydrocarbon (carbon
source), a graphene sheet with different lateral dimensions, different crystalline
structures and amounts of impurities is produced. When a certain composition of
gas-phase components is achieved due to plasma-chemical reactions, gaseous
precursors are formed, which determine the properties of graphene structures.

Using a traditional mixture (Ar/CHas) for the synthesis of diamond-like films,
graphene with a high degree of crystallinity was synthesized using a direct current
plasma torch without additional introduction of hydrogen. In the case of a propane-
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butane mixture conversion in helium plasma, more deformed graphene with
significantly smaller dimensions was obtained [1,3].

The purpose of this work was to determine the gas composition in the plasma
jet of a plasma torch, using chemical kinetics to obtain the dependence of gas-phase
intermediate products on the type of mixture and the temperature profile - the
cooling rate of the plasma jet, and to identify the leading reactions in the evolution of
the gas composition, including reactions with charged particles and excited atoms.
The initial composition of the mixture outlet of plasma torch was determined in the
approximation of local thermodynamic equilibrium. In this problem, a comparison
was made for Ar/CHs and He/(CsHs+CsHio) mixtures; in addition to composition,
these mixtures had different temperature profiles due to different jet cooling rates
and time of flight. The argon consumption was 3.5 g/s and methane - 0.3 g/s; helium
- 0.7 g/s and propane with butane - 0.1 g/s. Also, it was necessary to compare the
composition of the final and intermediate products obtained as a result of the kinetic
approach and within the framework of the thermodynamic equilibrium approach,
since there are temperature limitations on the use of the latter. This comparison was
made for the Ar/ CH4 mixture.

The calculation method for the Ar/CHjs mixture was the same as in the
authors’ previous works for the N2/CHs [2] and He/CsHs/CsHio [3] mixtures.
During the flight of the jet of 170 ms, the temperature along the jet changed from
10000 K at the nozzle exit to 880 K at the place where the material was collected, and
during the first 0.5 ms, the mixture cooled sharply from 10000 K to 4000 K, then the
temperature gradually decreased to 880 K. For the He/CsHs/CsHio mixture, the time
of flight was 1 second, however, the moment of T~4000 K occurred at 380 ms.

The results for the Ar/CHi mixture are presented in comparison with
previously obtained results for the He/ C3sHs/ C4Hio mixture. This made it possible to
confirm the conclusions from [3] about the role of the CoH radical in the formation of
supersaturated Cz vapor in the region T = 2500-3500 K, which causes the deposition
of solid carbon, despite the difference in temperature profiles. It has been shown that
the cooling rate of the plasma jet plays an important role in accelerating the
formation of C; nuclei - precursors to the formation of solid carbon, leaving
significantly more time for the growth of solid nanoparticles. This conclusion is in
qualitative agreement with experiment.

A comparison of the composition of the final and intermediate (along the jet)
products during the pyrolysis of CHs in argon, calculated using the kinetic approach
and assuming local thermodynamic equilibrium, showed that the thermodynamic
approach is not applicable in the temperature range below 3000 K.

1. Shavelkina M.B., Ivanov P.P., Amirov R.H. and Bocharov A.N. Multichannel nature of
synthesis of carbon nanostructures in low-temperature plasma. Plasma Phys. Rep. 47
(10) (2021) 1003-1009.

2. Shavelkina M.B., Filimonova E.A., Amirov R..Kh. and Isakaev E.Kh. Methane/nitrogen
plasma-assisted synthesis of graphene and carbon nanotubes. J. Phys. D: Appl. Phys. 51
(2018) 294005.

3. Shavelkina M.B., Filimonova E.A. and Amirov R.Kh. Effect of helium/propane-butane
atmosphere on the synthesis of graphene in plasma jet system. Plasma Sources Sci.
Technol. 29 (2020) 025024.
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6.1 YnpasiieHue nmysjibcauiMsiMM JaBJIEHUsS B CIBUTOBOM cJI0€
IIpsIMOYIOJIBHOV KaBepHe ¢ nomouibio [JIbP akryaTopa ¢
VICIIOJIb30BaHVEM OOpaTHBIX CBA3eN

I1.H. Ka3anckui
OWBT PAH, Mocksa, Poccra
fokkoo @yandex.ru

YnpasieHue mysbcaniusiMy 1aBjIeHMs B IOJIOCTSX M KaBepHaX aKTyaJIbHO B
IIVMPOKOM CIIeKTpe TIPMKIQIHBIX 3a7a4, TaKuMX KaK MOJEpPHM3AIMs CJIOXKHBIX
HAy4YHBIX YCTAHOBOK [1], CIlenMasibHBIX BOEHHBIX M3/ [2], Ta30TpaHCIIOPTHBIX
Marvctpastert  [3], skomormueckmx [4] wm  gpyrux cdepax [5]. T'emeparms
MeJIKOMACIITYOHVIX BUXpPeVl B IOTPaHNYHOM CJI0e Pa3BMBAETCs B KPYIITHOMAIITaOHbIe
BUIXpeBble CTPYKTYpbl B COBUTOBOM cjloe. Takme CTPYKTypbl w30MpaTeIbHO
YCWIMBAIOTCS IIPY IBVDKEHWUM BHM3 IO IIOTOKY M KOJUIAIICMPYIOT Ha 3aiHell CTeHKe
KaBepHBL. DTO IIPUBOAUT K reHepaluin aKyCTMUYeCcKMX BOJIH, PacIpOCTPaAHSIOIINXCS
BBEpX IIO IIOTOKY. AKYCTUYeCKMe BOJIHBI VHUIVAIM3UPYIOT YCWIeHMe TeHepalun
HavaJIbHBIX BO3MYIIIEHUI, CXOIAMIVIX C TIEpeaHeN KPpOMKe, Ha CcOOCTBEHHOVI 4acTOTe,
TeEM CaMbIM 3aMbIKasl II€TJII0 eCTeCTBeHHOV oOpaTHOV cBsism. TakmMm oOpasowm,
ecTeCTBeHHas oOpaTHas CBSI3b TeUeHMs] VHWUIIMMpPYeT aBTOKoJeOaHMS Ha Habope
4vacToT, Moji, Rossiter [6]. AkTuBHOe yIpaBsiieHIe IIOTOKOM KaBepHBI I10Ipa3yMeBaeT
BO3/IeVICTBIIe Ha OCHOBHBIE I1eIIV eCTECTBEHHOI'0 MeXaHl3Ma O0paTHO CBA3ML.

AKTIMBHOe yIIpaBJIeHle ITyJIbCAIlMsIMM JaBIeHNs OCYIIeCTB/IUIach MIMPOKUM
CIIEKTPOM aKTyaTOPOB, TaKMX KaK >XMIKOCTHbIE reHepaTopsl [7], cTalMoHapHBIE U
HecTallMOHapHble CcTpym [8], cuHTeTmdeckme crpym [9], mpe3owrtamana [10] u
IUIa3MeHHBIe aKTyaTOphl, B TOM 4NCJIe C VICIOIb30BaHMEM IMAJIEKTPUIECKOrO
Gappeproro paspsaa ([BP) [11]. B 3amauax momasiieHNs aKyCTUUECKOTO pe30HaHCa
KaBepHBI IUIa3MeHHble aKTyaTOPhI IIPMMEHSUINCh KaK B IO3BYKOBOM [12] Tak m B
ceepx3BykoBoM [13] moroke. OpHako, MHPOpMAIIMIO 00 MCIIOIB30BaHMM KOHTYpa
oOpaTHOV CBs3M ISl yIIpaBJIeHMs MyJIbCallVsSIMU JIaBJIeHMsI B KaBepHe C IIOMOIIIBIO
IUIa3MeHHBIX aKTyaTOpOB HallT! He y1aJIoCh.

Ilespto HacTosIIeN PabOTHl ObUIa JeMOHCTpalVsl BO3MOXXHOCTY yIIpaBJIeHVs
IyJIbCaIVIsIMU JTaBJIeHNs B KaBepHe ¢ IoMolpio [IbP-akTyaropa, ycTaHOBJIEHHOTO Ha
IepHert KpOMKe, C MCIIOJIb30BaHMeM OOpaTHBIX CBsi3ell. [yIsd IofaBiieHnsl pa3sBUThIX
KPYIIHOMACIITaOHBIX CTPYKTyp B COBUIOBOM CJIO€ IIPe[CTaBIsUIOCh Ba’XKHBIM
reHepallysi BBIHYXIeHHBIX BO3MYIIIeHNI BO/IM3Y TlepeiHell KpOMKI B IIpoTuBodase
€CTeCTBeHHBIM CTOXaCTMYeCKVM BO3MYILIEHMAM TaK, 4TOOBI MX CyMMa aMIUIUTYI,
ObUTa MMHVMAaJTBHA.

1 peanmmsaniy yIpasiieHMs IyJIbCallMsMM JaBjIeHVs Ha IIOBEPXHOCTU
Mofe BOIM3M IlepedHelt KpoMKmM 3axuraics [IBP paspdanm ¢ aMmmmTymon
HanpspkeHns 0o 20kB, Hecymmen gactoron ~350 KI'1y puc. 1. TvmaHBI 5HEpProBKIIaL,
coctaBisil 50BT/M, 9TO COOTBETCTBOBAJIO CpeliHell SHepruy B MMITyJIbce ~ 15mIIX.
Cucrema ympasileHUsI copepkajla OOpaTHYIO CBg3b WM COCTOsUIa W3 CIIeAYIOMIVX
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OCHOBHBIX y3JI0B: JaTUMK JaBJIeHNs, BEIUMCIIUTEIbHBIVI MOJ1YJIb, ICTOYHMK IIMTaHMS
U IUIa3MEHHBIVI aKTyaTOp. BeUMCIMTEeIbHBII MOMY/Ib OBUI peasin3oBaH Ha Oase
LCARD E14-440D, vaTerpupytomero B cebe ALITI, ITAIT v nmdpoBom cUrHaIBHBIN
nporteccop (DSP) ¢ TakTosomt yactoTom 48 MI'ti. Ob6paboTka curHasa mponsBoAMIIaCh
B peaJlbHOM BpeMeHM UM@PPOBBIM CUTHAJIBHBIM IIporieccopoM. OOpaboTaHHBIN
curHai1 nopasasicsica dyepes LIAIT B xkauecTBe curHaza MOAYJISLIMM HalpsDKeHUS Ha
paspsane. JlaHHBIVI CMTHaJI TaK e 3allycKasl cuHxpaHu3aumio cucrembl PIV. Takmum
oOpaszoM ObUla peasm3oBaHa ¢aszoBasi CMHXPOHM3alWs M3MepeHNs 101 CKOpOoCTen
IOTOKa puc. 2.

Pucynox. 1. Cxema sxcnepumenmanvnoi yemarnobxu. 1- IIBP axmyamop, 2- muxpogpon, 3 -
nodBuxcnas Bcmaba kabeprol, 4 — 1asepHuitl HOX cucmemst PIV.

CABHIOBBIH

PIV CcJIOH
'}
AaTY4UKK
; D 7 ecTecTBeHHas FAORESHEN
casur UCTOMHMK o
chazel S obpaTHan CBASsL

[ S
L
ycunutens nco ;::: unetp ——

MoAynb ynpaeneHnsa o6paTHON CBA3LIO

Pucynox. 2. [Ipunyunuaivuaa cxema ynpabienus nyascayuii 0a61eHus ¢ UcnoAb306anuem cucmembl
00pamHoil c6a3u.

XapaKTepHBIVI CIIEKTp IIyJbCalluii [aBleHus IIpefcTaBJeH Ha puc 3a.
BapbupoBanme cruBura dasel paspsia OTHOCHUTEIIBHO OIOPHOIO CHUTHaja Ha
MUKpOdOHe I103BOJIgeT KaK pacKadaTb KojlebaTesIbHBIV KOHTYpP (=6 pai), Tak 1
MoaBUTh KosiebaHMA Ha pe3oHaHCHOV d4actoTre (p=4.2 pam). 3aBUCHMMOCTD
MaKCVMMaJIbHOVI aMIUIUTYIbI ITYJIbCAIIV JAaBJIEHVSI OT BpeMEHU 3aIeP KK I103BOJISEeT
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CYAUTD, YTO CHVDKeHIe MyJIbCalli JTaBJIeH s IIPOVICXOIAT JIVIIE B Y3KOM JIalla3oHe
¢ or 0.3 1o 0.8 1.
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Pucynox 3. Cnexmp nyavcayuti 0abaenus 6 kabepre 8 omcymcemBuu paspsaoa u npu padome
AKMYAmMopa Ha PasHbLX PeXUMAX paAcKauky uiu nooabienus pesonauca. (creba). 3a6ucumocms
MAKCUMAALHOTL AMIAUMYObL NYAbCAy ULl 0abaeHus om cobuea no ghase 3aKueaHs aKmyamopa.
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Pucynox 4. Ilone ckopocmeii 6 cO612060M cloe Kasepre 6 OMcymcmeuu paspsoa (a),
pedcume no0asIeHUss NYIbCayull ¢ 8bIKIIOYeHHOU 00pamHol c6:136t0(0), pedicume HOOABIEHUs.
nYIbCayuil ¢ GKIIOUEHHOU 00PAMHOU C8:3bH0(8), pedcume PACKAUKY NYAbCayull ¢ BKIIOYEHHOU

00pamHoll c6:3b10(2).
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Busyammsanmss mosig  TedeHmss ¢ pa30BOM  3allepXKKOV  IIO3BOJISeT J1eTaJIbHO
NPOaHaIM3MPOBaTh 3BOJIIOLIVIO PasBUTHA BO3MYIIEHUN B CABUIOBOM cjioe. Ha
pUCYHKe 4 1pesicTaBieHa KapTyHa HeBO3MYIIIEHHOIO I10JI TeYeHWs U IBYX PEeXMBOM
TIoflaJIeHNsT M packKadkKy BO3MYIIEHVIs, a TakkKe PeXVM IIOJaBJIeHVs ITyyIbcalmiz 0e3
UCIIONIb30BaHMsA oOpaTHOV cBg3u. CIeKTp AaBjieHMsl COOTBETCTBYeT BeJIMuiHe
KOT'€PeHTHBIX CTPYKTYP B CIBUTOBOM CJIO€ KaBePHBI.

PabGoTa BbIIIOIIHEHA npmn CPT/IHaHCOBOVI IognaeprKke Poccuriickoro Hay4YHOIO

donma rpanT 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'.
JTHT RAS
*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
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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, piezo valves [7], stationary and non-stationary jets [8], synthetic jets
[9], liquid generators [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 m]. 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.

Picture. 1. Scheme. 1 - DBD plasma working section, 2 — microphone, 3 - movable cavity insert,
4 - laser knife.
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Picture. 2. Schematic diagram of pressure pulsation control using a feedback system.

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 (¢p=6 rad) and to suppress
oscillations at the resonant frequency (¢p=4.2 rad). The dependence of the maximum
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.
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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).
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Figure 4. Cavity shear layer in reference case (a); pressure pulsation suppression mode close-loop

off (6) and on (B), pressure pulsation buildup mode ().
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6.2 JIokanmu3anysi cyOMMKpOCeKyHIHOTO pa3psia B
BbICOKOCKOPOCTHOM ra30AMHaAMMU4eCKOM I10TOKe

Hoabnusa JIL.WU.", 3namenckaa U.A.

MI'Y M. M.B. JTomoHOcoBa, dusmueckunt dpaxyiabreT, Mocksa, Poccyst
*tatarenkova.darya@yandex.ru

Bospion morteHuman B yIpasjIeHMM BBICOKOCKOPOCTHBIMM IIOTOKaMM rasa,
peasM3yeMbIMY, B YaCTHOCTW, BO BHYTPEHHVX TeUeHWsX, CyIIeCTBYeT IIPY CO3JaHnM
oOslacTelt 3Hepropkjlajza, KOTOpble MOTYT OBITh IIOJIYYeHBI C IIOMOIIBIO
CBepXOBICTPOro JIOKAJIBHOTO HarpeBa Cpelbl MMITYJIbCHBIM paspsanoM. JIoKasbHbI
HarpeB 3d@eKTVBeH KaK Ha MaJlbIX [I03BYKOBBIX, TaK U Ha CBEPX3BYKOBBIX
CKOpPOCTSX, OH IIO3BOJIZeT YIpaBIsATb yOapHBIMM BOJIHAMM, BKIIIOYasl WX
B3aVIMOJEVICTBMe C IOrpaHMYHBIM CJIoeM; a TakKXe sBJISeTCs OOHUM U3
MIepPCIIeKTYBHBIX CIIOCOOOB YIIYUIIIeHVs 3aKUTaHWS M CTOpaHMs TOIUIVBA B TpaKTaX
ABUTaTesIeVl BBICOKOCKOPOCTHBIX JleTaTeIbHbIX ammapaTos [1, 2]. Tak, sHepronoasos,
OCYIIIeCTBJICHHBIVI ITOCPEJICTBOM HaHOCEKYHIHOTO paspsja, INPUMEeHSJICS s
32KUTaHMs B VMIIYJILCHOM JIeTOHAllIOHHOM JBUTaTesle, B pe3yJbTaTe dYero
3@XMTraHVe CTAaHOBWIOCH Oostee 3 ekTnBHBIM [3].

B pabore mnpuBomsTCS pe3ysbTAThl SKCIEPVMEHTAIBHOTO VICCIIeIOBaHMS
JIOKaIM3anyuy  CyOMMKPOCEKYHIHOTO OOBEeMHOTO paspsia B Ta30OVHAMIYIECKOM
notoke mpu pasmaHon ckopoctm (200 - 900) m/c. Paspsim mHwmMmpyercs B
paspsIHOM IIPOMeXYTKe KaMepbl, BCTPOEHHOV B KaHajl yJIapHom TpyOwl Oe3
VI3MEHeHNsI BHYTpeHHero cedeHms 24 MM X 48 MM, B KOTOPOV Ha HVDKHEN CTeHKe
yCTaHOBJIEHO IIpersiTCTBUe. VIMITyJIbCHBIVI OOBEMHBIN paspsifl ¢ MpefdbloHM3aIern
yJIbTPadoIeTOBOV IIpeIbIOHM3alieri OT IUIa3MeHHBIX JIMCTOB VMOHWM3MpPYeTcs Ha
yJacTKe IIOTOKa 3a yJapHOV BOJIHOVI HNPOTsDKeHHOCThIO 100 MM B MeXX3JIeKTPOIHOM
obrractu paspsnHou ceximm 3a Bpems 0,2 - 0,3 Mkc.

CBEUYEHHE
00beMHOH g
dassr U, B3PBIBHAL
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Pucynox 1. Peasusayus umnyascHo2o 00seMHoeo paspsaoa 8 cepx3bykoBom nomoxke:
a - unmezepasvtoe cbeuerue (2 mxc), 0 — meneBoil CHUMOK nocAepaspsaOH020 medeHUs ¢ B3pbiBHOTL
Boanoti (6 mxc).
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B pesyipraTe ucciiemoBaHMM ObUIM  BbIAEJIeHBI OCHOBHBIE  PEXMMBI
JIOKaIM3aliyi ~ VIMITyJIbCHOTO ~ OOBEMHOro  paspsfa, WMHULOMMPOBAHHOIO B
BBICOKOCKOPOCTHOM IIOTOKe B Ta30[dMHaMMU4YeCcKOM KaHajle C IIpeIsTCTBUEM.
Vsmenenme oOacTvi caMOIOKaIM3alMyi VIMITYJIBCHOTO paspsiia CBs3aHa, B IIePBYIO
odeperip, C M3MeHeHVeM yCJIOBUIT OOTeKaHVs IIPeIsATCTBIA (CKOPOCTY HaberaroIero
Te4eHNMs U COOTBETCTBYIOIIEV CTPYKTYypOW ra3soiuHaMMU4ecKoro obTekaHWMs), — OT
JO3BYKOBOTO JI0 CBEPX3ByKOBOro pexkmMa. HanocekyHnmgHoe ogHOKpaTHOe BIIOKeHVe
SHEPIrMM 3a YCTYIOM, peaJlM3yeMoe, B YacTHOCTV, B CBEPX3BYKOBOM PpeXIMe,
obecrieunBaeT opMMpOBaHME OAMHOYHOWM B3PBIBHOM BOJIHBL (cM. Pucynox 1).
CwibHOe BiIVIHVE VMITYJIbCHOIO paspsiia Ha rasoJyHaMMU4YecKuil IIOTOK CBs3aHO,
IJIaBHBIM O00pa3soM, C MTHOBEHHBIM HarpeBOM, KOTOPBIV OIIperessieTcs TaKuMU
XapaKTepuCTMKaMy, KaK YAeJIbHBIVI SHeproBKJIald B Cpedy ¥ ObICTpoTa Ilepemadnt
SHepIMM OT paspsda B TeIUIO. BeicTpoe HOBBIIIEHVE, COOTBETCTBEHHO, HAaBJIEHMS
HNPUBOAUT K 00pa3oBaHNIO YIapHOV BOJIHBI 113-3a MTHOBEHHOT'O Harpesa rasa.

1. Feng R., Huang Y., Zhu J. et al. Ignition and combustion enhancement in a cavity-based
supersonic combustor by a multichannel gliding arc plasma // Exp Therm Fluid Sci.
2021. 120. 110248.

2. Bulat M., Bulat P., Denissenko P. et al. Plasma-assisted ignition and combustion of lean
and rich air/fuel mixtures in lowand high-speed flows // Acta Astr. 2020. 176. 700-709.

3. Lefkowitz J. K, Ju'Y., Stevens C. A. et al. The Effects of Repetitively Pulsed Nanosecond
Discharges on Ignition Time in a Pulsed Detonation Engine // 49th AIAA Joint
Propulsion Conference. - American Institute of Aeronautics, Astronautics, 07. 2013.

Localization of a submicrosecond discharge
in a high-speed gas-dynamic stream

Dolbnya D.1.", Znamenskaya 1.A.
Lomonosov MSU, Faculty of Physics, Moscow, Russia
* tatarenkova.darya@yandex.ru

Great potential in controlling high-speed gas flows, realized, in particular, in
internal flows, exists when creating areas of energy input that can be obtained using
ultra-fast local heating of the medium by a pulsed discharge. Local heating is
effective both at low subsonic and supersonic speeds; it makes it possible to control
shock waves, including their interaction with the boundary layer; and is also one of
the promising ways to improve the ignition and combustion of fuel in the engine
paths of high-speed aircraft [1, 2]. Thus, energy supply carried out through a
nanosecond discharge was used for ignition in a pulsed detonation engine, as a result
of which the ignition became more efficient [3].

The paper presents the results of an experimental study of the localization of a
submicrosecond volume discharge in a gas-dynamic flow at different speeds (200 -
900) m/s. The discharge is initiated in the discharge gap of a chamber built into the
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channel of the shock tube without changing the internal cross-section of 24 mm x
48 mm, in which an obstacle is installed on the bottom wall. A pulsed volume
discharge with preionization by ultraviolet preionization from plasma sheets is
ionized in the flow section behind the shock wave with a length of 100 mm in the
interelectrode region of the discharge section in a time of 0.2 - 0.3 ps.
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Figure 1. Implementation of a pulsed volume discharge in a supersonic flow: a - integral glow (2 ys),
b - shadow image of the after-discharge flow with a blast wave (6 ps).

As a result of the research, the main modes of localization of a pulsed volume
discharge initiated in a high-speed flow in a gas-dynamic channel with an obstacle
were identified. A change in the self-localization region of a pulsed discharge is
associated, first of all, with a change in the conditions of flow around an obstacle
(incoming flow velocity and the corresponding structure of gas-dynamic flow) - from
subsonic to supersonic mode. A nanosecond single injection of energy behind the
step, implemented, in particular, in the supersonic mode, ensures the formation of a
single blast wave (see Figure 1). The strong influence of a pulsed discharge on the
gas-dynamic flow is associated mainly with instantaneous heating, which is
determined by such characteristics as the specific energy input into the medium and
the speed of energy transfer from the discharge to heat. A rapid increase in pressure,
respectively, leads to the formation of a shock wave due to instantaneous heating of
the gas.

1. Feng R., Huang Y., Zhu J. et al. Ignition and combustion enhancement in a cavity-based
supersonic combustor by a multichannel gliding arc plasma // Exp Therm Fluid Sci.
2021. 120. 110248.

2. Bulat M., Bulat P., Denissenko P. et al. Plasma-assisted ignition and combustion of lean
and rich air/fuel mixtures in lowand high-speed flows // Acta Astr. 2020. 176. 700-709.

3. Lefkowitz J. K, Ju'Y., Stevens C. A. et al. The Effects of Repetitively Pulsed Nanosecond
Discharges on Ignition Time in a Pulsed Detonation Engine // 49th AIAA Joint
Propulsion Conference. - American Institute of Aeronautics, Astronautics, 07. 2013.

AAA

68



WSMPA H 2024

6.3 Ilepexon 13 pe>knmMa «TMXOT0» ONITMYECKOIo paspsiga K
ONTM4YecKOMY ITp000I0

B.H. Andpocernko’, M.A. Komo8, H.I'. Coao06ve8, A.H. Illlemaxun,
MLIO ‘Ixumob

VacturyT mpobiem mexanvky M. A.TO. VinummHckoro PAH, Mocksa, Poccmst
*androsenko@ipmnet.ru

IlepBble vccirenoBaHMsA SBJIEHUS «TVIXOrO» OITUYECKOro paspsifia B KCeHOHe
o nasieHveM 8 -16 arMmocdep, IOOepXMBaeMOIoO Jla3epHBIM W3JTydeHVeM
penrpoOOVHO MHTEHCVBHOCTHM Ha IvHe BOIHBI A = 1.064 MKM, ObUIM IIpOBEIEHBI
B pabore [1]. beuto ycTaHOBIIEHO, UTO I HMOAAEPXKaHUS «TUXOTO» OITUYECKOTO
paspszga Heobxommmo wmMIIysibcHO-iepuoandeckoe (VII) saseproe m3TyueHMe
VHTEeHCUBHOCTBbIO mopsigka 10°Br/cM? ¢ d4acToTOm TIOBTOpEHMS VIMITYJIbCOB
HeCKOJIBKO [1eCATKOB KWIOrepll IpU BBICOKOVI IIOBTOPSEMOCTVM OT WMIIyJIbca K
UMITyJIbCy. DIt «TMxoro» paspsga XapaKTepHBL: Majloe IMOIJIOIIeHVe Ja3epHOro
V3JIy4eHNs, KBas3ucTallilOHapHble HallpaBJIeHHble ra30Bble IIOTOKM BOKPYT paspsia,
BJIVIsIHVE pas3psifia Ha IIPOCTPaHCTBeHHbIe XapaKTepUCTUKN IIPOXOALIIEro JIa3epHOro
Jlyda M3-3a TeIuIoBOW JMH3BL Ilpwm moselmeHun mHTeHcuBHOCTH VIT j1aseproro
V3JIyUYeHUs «TUXUW» paspsl B OTHEIbHBIX Mepuopax IIepeXOAWUT B OITUYECKMUL
npobon. ITpencrasiisieT MHTEpec B3amMoeicTBIe a3 «TUXOro» paspsaa ¢ daszaMm
onTn4deckoro 1pooosi. Llesib paboTel - 3KcIIepuMeHTaIbHOE VCC/IeIOBaHVe BIIVISTHUS
rapameTpos VI I-pexnma Ha 9acTOTy IPOOOEB COBMECTHO C «TVIXVIM» Pa3PsIOM.

J17151 moCcTaHOBKM 3KCIIepVIMeHTa VICIIOIb30BaJICs BOJIOKOHHBIV JIa3ep C AJIMHON
BOJIHBI A =1.064 MKM 1 IIMTeIbHOCTBIO MMITYJIbcOoB T~ 100 Hc FWHM. «Tuxuin»
paspsl VHMLIMMPOBAJICS B KBaplleBOV KojI0e, HaIIOJIHEHHOV KCEeHOHOM IIOf
nasiieHveM 12 Gap. Jlyu, mporeminmii depe3 KojIOy, Homagajl Ha W3MepuUTesb
MoITHOCTH. JlasepHbII MydoK (POKycHMpoBasics B IieHTpe KOJIOBI ¢ IlapameTpaMu
dokycuposku f/d =10.6, 7, 4.5. [InanasoH sHepruyt B MMIIyJIbCe IS pea3aliuin
peXnMa «TUXOro» paspsima 0e3 mpoboeB mpu dactore vp = 20 k['I1 TOBOJIBHO Y30K.
Hwoxauin mopor mnopgepXaHus «TUXOro» paspsaa cocrasiger mist f/d =10.6
E, =035 m/x. ITpu sHeprum B wmmmysbce Bbine E, = 0.4 MK omHOBpeMeHHO c
«TUIXVIM» Ppa3psiioM HabJIro/1aeTcsi HEKOTOpoe KOJIMYEeCTBO JIa3epHBIX IIpoboes. [
f/d =7 guamas3oH CyIecTBOBaHMS «TUXOro» paspsga 6e3 mpoboes E, = 0.3-0.35 MIIx,
a A f/d=4.5 «tuxuin» paspspn cymectsyer npu Ep = 0.4-0.45 m[Ix. ITpu mpobGoe
norsiomteHme gocruraet 70% sHeprum j1a3epHOro MMIyJsibca. KomaecTso MMITyIIbCOB
B (pase jazepHOro mpobos, IIpuxofsdllleecss Ha OIpefeIéHHOe YMCIIO JIa3epHBIX
VIMITYJIbCOB, HapacTaeT C YBeJIndeHVieM SHepIriy B VIMITYJIbCe.

VIsMmepenne KosdecTBa IIpoOOeB IPOBOOWIOCH C IIOMOIIBIO YacTOTOMepa
Y3-34 B pexume cuéra mmiryiascoB ¢ @DY-69, Ha Bxod, KOTOpOro mpoennpoBajioch
msobpaxeHne 30HbI IpoOos yepes ceeTopmisTp C3C-22, GrI0KMPYIONINIL jla3epHOe
usinydenne. Ompeferslack cpefHsia d4acTtoTa Ipoboe 3a 200000 s1azepHBIX
VIMITYJIbCOB ITPY YacTOTe HoBTOpeHms vp = 20 xI'H,
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B pesyibraTe mosyueHBI 3aBUCVIMOCTV CpefHeV IOVl SHepIMi VIMITYJIbCa,
TIOIJIOIIEHHON B IUIasMe, (puc.1l, a) M cpemHel 4acTOTHI IpoboeB (puc. 2, a) OT
SHEPIMM B MMIIyJIbCe IIPW YacTOTe CJIeAOBaHMS MMIIYJIbCoB Vp =20 kI, a Takke
CpemHeVt oIV TIOTJIOIMIEHHON 3Heprum mMiryibca (puc. 1, 6) M cpemgHel 4acTOTHI
1poboes (puc. 2, 6) OT YacTOTHI CIelOBaHMs MMITYJIbCOB. Ilormomenne B miasme B
COOTHOIIIEHNY C 00I1IelI MOIITHOCTBIO IIPOIOPLVIOHATIBHO KO/IM4ecTBy Ipoboes. ITpn

9TOM JIUIIb HeOOJIbIIIas YacTh MOIITHOCTYU UIET Ha rogaepXXaHre «TXOoro» paspsaa.
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Pucynox 1. Bausnue snepeuu 6 umnyavce npu uacmome caedobanus umnyrocob vy, = 20 xI'y (a) u
uacmomul c1e008anus umnyasco8 npu snepeuu 6 umnyavce E, = 1 mIIx (6) Ha cpednioto doato
noeaowénHon suepeuu npu f/d = 10.6, 7, 4.5.
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Pucynox 2. Bausnue snepeuu 6 umnyavce npu uacmome ciedobanus umnyivcob vy, = 20 kI'y (a) u
uacmomol c1e008anus umnyascod npu snepeuu 6 umnyavce E, = 1 mIIx (6) Ha cpednioro uacmomy
npoboeb npu f/d = 10.6, 7, 4.5.

[uanasoH MHTEHCUMBHOCTM JIa3epHOTO WM3JIydeHMs IS «TUXOro» paspsna B
KCeHOHe Ioj daBjleHueM 12 Oap mpu yacTtoTe MMITyIbcoB Vp = 20 kI’ MOXHO
orteHnTh (1.3+1.5)x10% Br/c™m2. ITpu mHTeHCUMBHOCTHU cBBItte 4x10° Br/CcM2 11 acToTe
niopropeHms Belire 50-55 kI'1 Habsrogar0TCs IpoOOY B KaXKIIOM MMITYJIbce Ipu f/d < 7.
ITpu f/d=10.6 u vp>28 x['11 HabIMIOHaeTcst OTCYTCTBME IPOOOeB M3-3a TEeIUIOBOW
JIMH3BI, CO3[IaBaeMOV «TUXVIM» Pas3psIoM.

Pabora BbINIOJIHEHA 110 TeMe rocyapcreeHHoro 3aganms (Ne rocperucrpalium
124012500440-9) c mcrniosb3oBaHMEM 00OpyHOBaHMs, MOJIYYeHHOro IIO IIporpamme
oOHoB/IeHMsT HpubopHOM Oasbl MuHMCTepcTBa HayKM U BBICIIEro OOpa3oBaHMA
Poccurickon @enepanm.

1. Zimakov V. P., Kuznetsov V. A., Solovyov N. G., Shemyakin A. N., Shilov A. O,,
Yakimov M. Yu. Quasi-stationary convection in a periodic-pulsed optical discharge in
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high pressure rare gas // J. Phys.: Conf. Ser. 2017. 815 012003, doi:10.1088/1742-
6596,/815/1/012003.

Transition from “silent” optical discharge to optical
breakdown mode

V.N. Androsenko®, M.A. Kotov, N.G. Solovyov, A.N. Shemyakin,
M.Yu. Yakimov

Ishlinsky Institute for Problems in Mechanics RAS, Moscow, Russia
*androsenko@ipmnet.ru

The phenomenon of “silent” optical discharge sustaining by laser radiation of
pre-breakdown intensity at a wavelength A =1.064 pm in high-pressure xenon
(8-16 atm) was first studied in[1]. It was found that “silent” optical discharge
sustaining is possible with periodic-pulsed (PP) laser radiation with the intensity of
the order of 10° W/cm? and pulse repetition rate of several tens kilohertz, along with
high pulse-to-pulse repeatability. The “silent” discharge is characterized by its low
absorption of laser radiation, quasi-stationary directional gas flows around the
discharge, and its effect on the spatial characteristics of the transmitted laser beam
due to thermal lensing. At higher intensities of PP laser radiation the “silent”
discharge turns into an optical breakdown in some periods. The subject matter of
current research is interaction between the “silent” discharge phases and the optical
breakdown phases. An experiment was aimed to investigate the influence of PP
lasing parameters on the breakdown repetition rate in conjunction with the presence
of “silent” discharge phases.

The experiment was set up using a fiber laser with a wavelength of
A =1.064 pm and a pulse duration of T~100 ns FWHM. The silent discharge was
initiated in a quartz bulb filled with xenon at a pressure of 12 bar. The beam that
passed through the bulb was directed onto a power meter. The laser beam was
focused at the centre of the bulb with the following focusing parameters:
f/d=10.6,7, 4.5, where f - focal length, d - beam diameter. When pulse repetition rate
is set at vp =20 kHz the pulse energy range to maintain “silent” discharge without
breakdowns is narrow. The lower threshold for maintaining “silent” discharge is
E, =0.35m] at f/d = 10.6. At pulse energies higher than E, = 0.4 m]J laser breakdowns
are observed along with the “silent” discharge. At f/d =7 the “silent” discharge can
be sustained without breakdowns in the range of E, = 0.3+0.35 m]. At f/d =4.5 pure
“silent” discharge exists at E, =0.4+0.45m]. In laser breakdown the laser pulse
energy absorption is increased up to 70%. The ratio of mean laser breakdowns
frequency by laser pulse repetition rate tends to grow as the pulse energy increases.

The breakdown frequency was measured using a Ch3-34 frequency counter in
pulse counting mode with a photomultiplier tube FEU-69. The image of the
breakdown zone was projected onto the photomultiplier input through a blue-green
light filter blocking laser IR radiation. The average laser breakdown frequency was
measured for the time of 200000 laser pulses at the repetition rate v, = 20 kHz.
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As a result, measured average pulse energy fraction being absorbed in the
plasma (Fig. 1, a) and average breakdown frequency (Fig. 2, a) were plotted against
the laser pulse energy E, at pulse repetition rate v, = 20 kHz, as well as the average
pulse energy fraction absorbed (Fig.1,b) and the average breakdown frequency
(Fig. 2, b) against the laser pulse repetition rate. The average pulse energy absorbed
in plasma related to the total laser pulse energy is nearly proportional to the
breakdown frequency. At the same time, only a small fraction of the pulse energy is
absorbed to sustain “silent” discharge.
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Figure 1. Influence of laser pulse energy at v, = 20 kHz (a) and influence of laser pulse repetition rate at
pulse energy E, = 1 m] (b) on the average energy fraction absorbed at f/d = 10.6; 7; 4.5.
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Figure 2. Influence of laser pulse energy at v, = 20 kHz (a) and influence of laser pulse repetition rate at
pulse energy E, = 1 m] (b) on the average breakdown frequency at f/d = 10.6; 7; 4.5.

The laser intensity range for a “silent” discharge in xenon at 12 bar and pulse
frequency of vy =20 kHz was found to be (1.3+1.5)x10° W/cm?. Laser breakdowns in
almost every pulse are observed at intensities above 4x10° W/cm? and repetition
rates vp > 50-55 kHz, when f/d < 7. No laser breakdowns are observed at f/d = 10.6 and
pulse repetition rate vp >28 kHz due to thermal lensing induced in a “silent”
discharge.

The work was carried out under the state assignment (state registration
No 124012500440-9) using the equipment obtained under the program of updating
the instrumentation base of the Ministry of Science and Higher Education of the
Russian Federation.
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1. Zimakov V. P., Kuznetsov V. A., Solovyov N. G., Shemyakin A. N., Shilov A. O,
Yakimov M. Yu. Quasi-stationary convection in a periodic-pulsed optical discharge in
high pressure rare gas // J. Phys.: Conf. Ser. 2017. 815 012003, doi:10.1088/1742-
6596,/815/1/012003.

AAA

6.4 MogenmpoBaHMe pa3BUTMsA KOHBEKTMBHOM
HEeYCTOVMYMBOCTY PV MMITYJILCHOM TeIIJIOBbIIEJIEeHUNM B
00s1acTV MH>KEKIMM II0IIepevYHOM CTPYyM B CBEPX3BYKOBOW
IIOTOK

JI.C. Boako8'2", A.A. @upcob?
IMocKOBCKMI (PU3MKO-TeXHUYeCKUI MHCTUTYT, Honronpyauevi, Poccus
200peHEHHBIVI MTHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
*volkov.Is@phystech.edu

B mamHOM paboTe ¢ MOMOIIBIO KOMIIBIOTEPHOTO MOMAEIVIPOBAHMS ObUIN
IOJIy4YeHbl JIOKaJIbHble XapaKTepUCTUMKM TedeHus, QOpMUPYIOIIerocss IIpu
VHXXeKIIM BropryHon nonepeuHoit crpyn CO2 B cBepx3BYKOBOV OTOK Bo3ayXa [1]
NPV HaJIM4UU  VIMITyJILCHO-TIEPMOIMYeCKOIrO JIOKAJIbHOIO SHEeproBbIeIeHNs B
oOacTi C HaBeTPeHHOV CTOPOHBI OT OTBepPCTUsl WIXKeKTopa. MomenupoBaHue
IPOBOAWIOCH B POCCUVICKOM  IporpaMMmHOM  Kowmiulekce  FlowVision 3.13.
Wcnoons3oBasack MOeJIb HeCTallVIOHaPHBIX ypaBHEHUN Hasre-CToKCa,
ocpenuénneix 1o Pemmornpacy (URANS), saMmkHyTast Momenbio TypOyJIeHTHOCTU
KEFV [2].

[TapameTpbl BXOIHOTO IIOTOKAa BO3[lyXa COOTBETCTBOBAIVI PEeXMMY pabOThI
asponvHamimdeckont Tpyosl MIAIT-50 B OVMIBT PAH: temniepaTtypa 170 K, nasienue
22 xITa m unciio Maxa 2. [Iia koadpdpuiimenTa AMHaMMYeCKOro Hallopa BTOPUYHO
cTpyu ] ObUIO 3afjaHO HeCKOJIbKO 3HaueHU B AuanaszoHe or 0,7 mo 2, 4ro
cooTBeTcTBOBaIO MaccoBomy pacxomy CO:z ot 2 1o 6 r/c. C IIOMOIIBIO JIOKAJIBHOTO
SHEepProBblIesIeHNs] MOJIe/IMPOBaIOCh TeIUIOBOe BO3JIEVICTBIEe MCKPOBOIO paspsja Ha
cpeny, aHaJIorMYHO pabore [3].

beuio  mpoBemeno — mapamerpudeckoe  WMCCIeOBaHVE — 3aBUCHMMOCTU
VIHTerpaJbHOV 3P PEeKTUBHOCTY CMEIIIeHs OT YacTOThl MMITYJIbCHOIO Harpesa IIpu
HeM3MeHHOVI CpefHel MOIIHOCTM SHeproBKiIajia. i1 HecKoJIbKMX 3HadYeHU! ] B
nauanasone oT 0,7 1o 1,3 ObUIM BBISIBIIEHBI YaCTOTHI, CIIOCOOCTBYIOIIVIE HanOOIbIIIeMy
BO3pacTaHMIO MHTerpaJIbHOIO KpuTepus 3(pdeKTUBHOCT cMelleHns. [ sHaueHnm
J, mpu KOTOpeIX B  WCCIedyeMoy cucTeMe HaOsrogasiack — abcosroTHas
HeyCTOMYMBOCTh, ONTMMaJIbHbIe YacTOTBI COBIaJajii C XapaKTepHBIMU YacTOTaMM
BO3MYIIIeHMII, 00y CJIOBJIEHHBIX aOCOIIOTHOV HEYCTOMYMBOCTEIO.

s ciydas ¢ ] = 2, B KOTOpoM HaO/moaack TOJIBKO KOHBEKTVBHAas
HeyCTOMYMBOCTb, OBUIM WCCIeIoBaHbl IYTW paclIpoCTpaHeHVs BO3MYIIEHWUS OT
OIIHOKPaTHOI'O MMIIYJIbCHOIO HarpeBa IIpy Pa3HOM KOJIMYeCcTBe BJIOKeHHOVI SHepIrumn

73



WSMPA “ 2024

(pucynok 1). BeUM  BBEIABJIEHBI  OCHOBHBIE  MeXaHW3MBI  pacHpOCTpaHeHWs
BO3MYIIIeHVs], CIIOCOOCTBYIOIIVE MHTeHCUMUKAITY CMeIIeH Vs

PesysibTaTel MOJIeIMpOBaHMs ObUIM yUTeHBI IIpU IIOJATOTOBKe 3KCIlepVMeHTa
110 VHTeHCHMUKaV CMeIIeHWsI Ta3’oB B CBEPX3ByKOBOM IIOTOKE C IIOMOIIBLIO
VICKPOBBIX PaspsIoB.

Viccmeposanue nogmep>xaHo rpanTom PH® Ne21-79-10408.

Mach number
0

B :
-3+

—W(C0:)=0.5
——T=1000 K

Pucynox 1. KonBexmubnas neycmotnuubocms: pacnpocmparierue 603MyueHus om uMnyAbCHo20
A0KaAAbHO20 HazpeBa easa. Jlokasbrbie Xapakmepucmuku 6 nA0CKOCU CUMMEMPUL CUCITIEMBL.
HeBosmywénroe nose (a), Bosmyuiénnoe nose npu Broxernoi snepeuu 20 mIx (b) u 100 mIx (c)
uepes 10 mxc nocse Hauara vaepeba. Ll6emoboi 3a1ubxoil noxasano uucao Maxa. Yéprotl sxupHou
AuHuetl Bvidesera nobepxrocms, Ha komopoi maccoBas doas CO2 pabua 0,5. Kpacroil monxoi Aunuer
Bvidesena nobepxrocms ¢ memnepamypon cpeds. T=1000 K. Bexmopamu noxkasan npupocm ckopocmu
8 Bosmyuénnoil cpede no cpabreruro ¢ HeBo3MYwEHHOTL cpedorl.

1. CaiZ. [et al.]. Numerical Study on Transverse Jet Mixing Enhanced by High Frequency
Energy Deposition // Energies. 2022. V. 15(21):8264.

2. Xiyxros C.B., Akcenos A.A. ITpucrenounble pyHKIIVM 1711 BBICOKOPEVTHOJIBIICOBBIX
pacderos B rporpammHoM Komruiekce FlowVision // KomrmiblorepHble MiccienoBaHms 1
mopermposanme. 2015. T. 7. Ne 6. C. 1221-1239.

3. Bosnkos J1.C., Pupcos A.A. MoznenpoBaHye BIVIIHUS VIMITYJIbCHO-IIePUOANYEeCKOro
Harpesa Ha popMMpoOBaHVe BO3MYIIeHWI Ha TpaHlie IIOIIepeYHOl CTPyW B
CBepx3ByKOBOM IT0oTOKe // KommbroTepHble mccieioanms 1 Mofesposanme. 2023. T.
15. Ne 4. C. 845-860.
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Modeling the development of convective instability during
pulsed heat release in the region of injection of a transverse
jet into a supersonic flow

L.S. Volkov'?*, A.A. Firsov?
IMoscow Institute of Physics and Technology, Dolgoprudny, Russia
?Joint Institute for High Temperatures, Moscow, Russia
*volkov.Is@phystech.edu

In this work, using computer modeling, we obtained the local characteristics of
the flow formed during the injection of a secondary transverse jet of CO: into a
supersonic air flow [1] in the presence of pulse-periodic local energy release in the
region on the windward side of the injector orifice. The simulation was carried out in
the Russian software package FlowVision 3.13. The model of unsteady Reynolds-
averaged Navier-Stokes equations (URANS) was used with the KEFV turbulence
model [2].

The parameters of the input air flow corresponded to the operating mode of
the IADT-50 wind tunnel at the JIHT RAS: temperature 170 K, pressure 22 kPa and
Mach number 2. For the jet-to-crossflow momentum flux ratio of the secondary jet J,
several values were set in the range from 0.7 to 2, which corresponded CO> mass
flow rate from 2 to 6 g/s. By local energy release, the thermal effect of a spark
discharge on the medium was simulated, similar to work [3].

A parametric study was carried out on the dependence of the integral mixing
efficiency on the frequency of pulsed heating at a constant average power input. For
several values of | in the range from 0.7 to 1.3, frequencies were identified that
contributed to the greatest increase in the integral criterion of mixing efficiency. For
values of ] at which absolute instability was observed in the system under study, the
optimal frequencies coincided with the characteristic frequencies of disturbances
caused by absolute instability.

For the case with ] = 2, in which only convective instability was observed, the
propagation paths of the disturbance from a single pulsed heating were studied for
different amounts of input energy (Fig. 1). The main mechanisms of disturbance
propagation that contribute to the intensification of mixing were identified.

The modeling results were taken into account for preparation to an experiment
in which the mixing of gases in a supersonic flow was intensified using spark
discharges.

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

Figure 1. Convective instability: propagation of disturbance from pulsed local gas heating. Local
characteristics in the plane of symmetry of the system are demonstrated. Unperturbed field (a),
perturbed field with an input energy of 20 m] (b) and 100 m] (c) 10 us after the start of heating. The
heatmap shows the Mach number. The thick black line marks the surface on which the mass fraction of
COz is 0.5. A thin red line marks a surface with a medium temperature of T = 1000 K. The vectors
show the discrepancy of the velocity in a disturbed medium compared to an undisturbed medium.
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7.1 O mpobsieme BO30y>KIeHWMsI BOJIH HEYCTOMYIMBOCTH C
nomomibio BY JIBP B cBepX3ByKOBBIX CTPYAX

B.®. Konveb!, O.1I1. bviukob', B.A. Konveb!, I.A. @apanocob’,
C.A. Uepnviueb', U.B. Mopae8?

HleHnTpabHbIN adporugpoayHammdecknii MHCTUTYT M. H.E. 2)Kykosckoro,
Kyxosckuri, Poccyisa
2Joint Institute for High Temperatures RAS, Moscow, Russia
* vkopiev@mktsagi.ru

Bosmer HeycrotumBoctu (BH) siBiisiroTcst OMMHMPYOMIVIM MCTOYHMKOM ITyMa
B CBEPX3BYKOBBIX CTPYSIX (IIIyM CMeIlleHVsl, YAApHBIN IIyM U cKkpud) [1-6], mosTomy
yIpaBeHVe MMM SBJIAeTCS HeOOXOAMMBIM IIaroM Ha IIyTM K CHIVDKEHMIO IITyMa
TypOyJIEHTHOVI BBICOKOCKOPOCTHOV CTpyu. [iig mosBykoseix cTpywt BH, mo-
BUIIVIMOMY, He SIBJIAIOTCS 9P PEeKTUBHBIM MCTOUYHMKOM IIyMa JaXke IIPY TOCTaTOYHO
BBICOKMX cKopocTsx [7]. OnHako, ypasiieHnve BH B MalocKOpoCTHBIX CTpysX Takke
VIMeeT 3HaudeHMe JUIS CHVDKeHMs IIIyMa caMoJleTa, IOCKOJIBKY IPWM pacIlOIoXKeHUN
CTpyu BOJIM3M KpbUIa caMojleTa BO3HMKaeT MOIIHBIV JOIOIHUTE/IbHBIV MCTOYHUK
IITyMa, CBsI3aHHBII C paccessHmeM BH Ha 3amHelr kpoMke Kpbula (HIyM
B3aMMoeVcTBYA). TakuM oOpa3oM, 3a7ava aKTMBHOTO YIIpaBieHns aMIuTyaoi BH
OCTaeTcsl aKTyaJIbHOM KaK [IIS JO3BYKOBBIX (IIIyM B3aMMOMEVICTBUS), TaK W IS
CBEPX3BYKOBBIX CTPYTI.

1 akTuBHOTO ympasieHus BH B cosurosom ciioe cTpyu paHee aBTOpaMm
ObUIO  HIpeyIoKeHO  WCHOJIb30BaTh  IUIa3MeHHble  aKTyaTopel Ha  Oase
BBICOKOUACTOTHOTO [M3JIeKTpuUUeckoro OapbepHoro paspsama (BY [IBP) [4-6].
Okazajloch, 4YTO B JO3BYKOBBIX CTpPysAX TakKue akTyaTOpbl, WMeIOIIe B,
dospruposaHHOro Kosiblla BOJIM3M Cpe3a COIUIA, TeHepUPYIOT OCecMMeTPUYHYIO
BH, dro mno3Bomwio IOOpOOHO WCC/IeNoBaTh BIVSHME aKTyaTopa Ha IIyM
B3aVIMOJIEVICTBVISI CTPYM ¥ KpbUIa B Y3KOV II0JI0Ce YacToT [6].

711 CBepX3BYKOBBIX CTpPyWV oOcecMMMeTpuuHble BH cumrarmice miaBHBIM
VICTOYHVKOM MX IIyMa [2], II03TOMy IpMMEHMMOCTb aKTyaTopa, reHepUpyIOIIero
ocecMMeTpuuHble BH B cJjloe cMelleHust KpyIyio CBepX3BYKOBOWI CTpyW, He
BbI3bIBaJla COMHEHNs, M IJIaBHOW 3ajlauell, KaK 3TO Ka3aJoch, ObUIa IOATrOTOBKa
HeoOXOIVMOT0 MHCTPpyMeHTapsl, BKJIFOYAOIIero CUCTeMY CO3aHVs CBepPX3ByKOBOTO
IIOTOKA VI CIIeVAIbHO ITOATOTOBJIEHHOTO COIUIAa C aKTyaTOpM. 3a IpoIesiinee BpeMs
HEOJHOKPATHO ITpeIIPMHVMAIINCE HONBITKY BO30YAWUTHh BOJIHY HEYCTOMYMOCTU B
CBEPX3BYKOBOVI CTpye, BO3IEVICTBYs Ha Hee VIV aKyCTMYeCKVMV BOJIHaMV V3HYTPU
IIOTOKA, pacrioyarasi ICTOYHVK aKyCTUYeCK/X BOJIH B yCIIOKOUTEILHOV KaMmepe, VIJIV,
Hao0OpOT, co3gaBasi KOHIIEHTPATOP aKyCTUYeCcKMX BOJIH BHe COIIa OKOJIO ero cpes3a.
Taxvie OIBITKYM He OKa3aJICh YCIeIIHbIMI, II03TOMY VCIIO/Ib30BaHVe IUIa3MeHHOIO
akTyaTopa Ha 0Oase BY JIbP, mmeromiero B KpyIJIOM KepaMMUUYeCcKOM COIUIe B
donprmpoBaHHOrO  KOJIblla M MHOIVeE  yCIHeIlHble IIONBITKM  CO3/aBaTh
OCecMMeTPWYHBIe BOJIHBI HEYyCTOMYMBOCTV B JI03BYKOBOWI CTpye, KaK OXXWMIaJIoCh,
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JOJDKHBI ObUIM HpPUMBeCTM K ycCIexy W IIO3BOJINTh BBIIEJIUTh BO30yXXIIaeMylo
ocecMMeTpruHy0o BH kak oOBeKkT JeTaslbHOrO mccilejoBaHMUs Ha poHe IpyTux
OoJtee cj1aOBIX BO3MYIIIEHUVI CBEPX3BYKOBOVI CTPY .

g cosmanmss BH ¢ KoHTponmpyeMbIMM CBOVICTBAMM B CBEPX3BYKOBOWI
pacueTHOM TypOyJleHTHOV cTpye M=2 mcrosbs30Bajicd IUIa3MeHHBIV aKTyaTOp Ha
Oase BY J[IBP, obecnieumBaromiuii TOHaJIbHOe BO30OyXOeHMe CTPyM Ha dmMciIax
Crpyxanss Sh~0.5-1. beumm crnenmasibHO paspaboTaHbl ¥ M3IOTOBJIEHBI COIUIA C
KepaMI4ecKVM HallblUIeHVeM, MeoIlyie akKTUBHBIV 2JIeKTPO], Ha PacCTOSHUM ~5 MM
or cpe3a comwria (Puc.1l). IlockonbKy cosgaBaemble BH sBistioTcs MHTeHCHBHBIM
VICTOUHVKOM aKyCTMYeCKOTO W3JIy4eHMs, TO OHO SBJIIeTCS WHCTPYMEHTOM
OecKOHTaKTHOVI AMarHOCTUKIA

Pucynox.1 CéepxsbyxoBuie conra M=2 ¢ 0emoHayuOHHbIM KepaMUHeCKuM nOKpbimueM.

C moMoIIplo akTyaTopa HeVICTBUTeIbHO yHaJIoCh BO3OYAUTHh MHTEHCUBHBIE
nepuoandyeckne BH B c1oe cmemreHus 1 msMepuTh gajibHee 3BYKOBOe IIOJIe,
reHepupyemoe BH. Ilpum BrIloyeHMM axTyaropa Bo30yXkaeTcsi MOIIHOe
Y3KOITOJIOCHOE 3ByKOBOe I10JIe B HallpasjleHun usiydeHus BH, kotopoe Gosiee ueM Ha
20 b BBIIIE Y3KOIIOJIOCHOIO COOCTBEHHOTO IITyMa aKTyaTOpa W CYIIeCTBEHHO BBIIIIe
€CTeCTBeHHOTIO IIIyMa CTPyM Ha 4acTOTe BO3[eVICTBM:A. BmecTe ¢ Tem asumyTaibHasd
CTPYKTypa 3BYKOBOIO IIOJISI OKa3ajlach COCTOSINEV 13 HECKOJIBKMX PaBHOMOIIHBIX
asyMyTaJIbHBIX cocTaBisomx m=0,1 1 2, HecMOTpPsI Ha OCECMMMETPUYHOCTh CAMOIO
aKTyaTOpa, YTO TOBOPUT O HeCTaHJapTHOM MexaHu3Me reHepanuy BH B sTom ciryuae
VIV HecTaHAapTHOV paboTe KpyroBoro akTyaropa.

Okasajioch, uTO B 00J1acTM BBepX IIO IIOTOKY M II0 HOpMali K OCU CTPyU
MOJIOBasl CTPyKTypa IyMa WMeeT HerIagKylo W3pe3aHHylo ¢QopMy, YTO IIO-
BUIIVIMOMY MOXXHO OOBSICHUTH CJIOXKHOV MHTepdepeHIMOHHON CTPYKTYypOll IITyMa,
CO3/]aBa€MOI0 caMVMM aKTyaTOpPOM (MMEIOIIMM 3JIeKTpOJl, HapyIIaloIIUi ero
CMMMETPUIO, I CTPUMMEPHYIO HeIJIaJIKyl0 CTPYKYPYy CaMOro paspsjia), ¥ TOJIBKO B
HarpasleHn usirydenns BH, roe amrummryna ee mryma cymecTBeHHO ITPEBOCXOINT
IITyM aKTyaTopa, HallpaBJIeHHOCTb IPVHMMaeT IJIalIKylo (bopMy, COOTBETCTBYIOIITYIO
HarpasyieHHocTt BH. OpHako mMeroTcss daKTopbl, He MO3BOJIAIONIVE OJHO3HAYHO
TpaKTOBaTh XapaKTepHUCTVKN 3BYKOBOTI'O I10JIs1 OT Bo30ykrneHHom BH.

TakuMm oOpasoMm, 3agava yIpaBjieHWs IIyMOM CBEPX3BYKOBOWI CTpPyW,
cBs13aHHBIM ¢ BH, ocTaeTcs 1moka He pelnieHHOV, Takxke, KakK U [JIst JO3BYKOBOVI CTPYWL.
Ho ecm B 1103ByKOBOVI CTpye IPWYMHOVM 3TOrO SBJIA€TCS TO, YTO MeXaHW3M
reHepauuy myma m poib BH He 10 KOHIIa BBISICHEHBI, B Cjly4yae CBePX3BYKOBOV
CTPY¥ OCTaeTCsl HepelleHHbIM KIII0YeBOVI BOITPOC CO3/IaHVsI CAMOVI KOHTPOJIMPYeMO
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ocecummMmeTprraHO BH. Takmm oOpasom ombIT co3manms BH ¢ momornpio moaxoa,
pasBUTOrO B 3ajavdax C [I03BYKOBBIMU CTPYsIMU, TpeOyeT IlepeoCMBICIIEHUS WU
KOPPEKTUPOBK.

1.

CK.W. Tam // Jet noise generated by large-scale coherent motion, Aeroacoustics of
Flight Vehicles. Theory and Practice, edited by H. Hubbard, ASA/AIP, 1 1991. 311-390
M.IO. 3armies, B.®. Kompes, C.A. UepHsiiieB // DKclieprMeHTaIbHOE VICCIIEIOBaHVIE POV
BOJIH HEeyCTOMYMBOCTY B MeXaHW3Me M3JTydeHVs IIIyMa CBepx3ByKoBow crpyen, V3B, PAH.
MIXT, 4 2009. 124-133

P. Jordan, T. Colonius // Wave packets and turbulent jet noise, Annual Review of Fluid
Mechanics, 45 2013. 173-195

V.E. Kopiev, Y.S. Akishev, L.V. Belyaev, N.K. Berezhetskaya, V.A. Bityurin, G.A. Faranosov,
M.E. Grushin, A.I. Klimov, V.A. Kopiev, L.A. Kossyi, .A. Moralev, N.N. Ostrikov, M.I.
Taktakishvili, N.I. Trushkin, M.Yu. Zaytsev // Instability wave control in turbulent jet by
plasma actuators, J. Phys. D: Appl. Phys., 47 2014. 1-18

B.®. Komwes, O.I1. beruxos, B.A. Komses, I A. ®apanocos, V.A. Mopases, I1T.H. Kazanckiin
// YmpaBiieHvie BOJIHaMM HEYCTOVUYMBOCTM B HeBO3OYXXIIeHHOV TypOyJIeHTHOW CTpye C
MOMOIIIBIO IUIa3MEHHBIX aKTyaTOPOB B Y3KOW I10JI0Ce YacTOT, AKYCTUYeCKMiL XXy pHasl, 67:4
2021. 431-439

V. Kopiev, G. Faranosov, O. Bychkov, V1. Kopiev, I. Moralev, P. Kazansky // Active
control of jet-plate interaction noise for excited jets by plasma actuators, J. Sound Vibration.,
484 2020. 115515

O.IL berukos, M.IO. 3armies, B.®. Konbes, I'A. ®apanocos, C.A. Yepnsnues // O ayx
TIO/IXO1axX K MOMEIMPOBaHMIO IITyMa HU3KOCKOPOCTHBIX TO3BYKOBBIX cTpym, JJAH, Ousuxka,
Texamyeckne Haykm, 506:1 2022. 16-25

On the problem of instability wave excitation by HF DBR in
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Instability waves (IW) are the dominant noise source in supersonic jets (mixing

noise, broadband shock associated noise and screech noise) [1-6], so IW control is a
necessary step towards the noise reduction of a turbulent high-speed jet. Apparently
for subsonic jets IW are not an effective noise source even for sufficiently high-speed
jets [7]. However, IW control in low-speed jets is also important for aircraft noise
reduction. Since when jet is located near the aircraft wing, a powerful additional
noise source arises. It associates with the IW scattering at the trailing edge of the
wing (JFI effect). Thus, the problem of active control of IW amplitude remains actual
for both subsonic (interaction noise) and supersonic jets.
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For active IW control in jet shear layer the authors previously proposed using
plasma actuators based on a high-frequency dielectric barrier discharge (HF DBD)
[4-6]. In subsonic jets it was demonstrated that such actuators, which have the foil
ring form near the nozzle exit, generate an axisymmetric IW. It allowed us to study in
detail the actuator influence on jet-wing interaction noise in a narrow frequency band
[6].

For supersonic jets, axisymmetric IW were considered the main source of jet
noise [2]. Therefore, an actuator feasibility of axisymmetric IW generation in the
round supersonic jet mixing layer was beyond doubt. As it seemed, the main
problem was the preparation of the necessary instrumentation, including a
supersonic air supply system and a specially prepared contured nozzles with an
actuator. Over the past time, attempts have been made repeatedly to acoustic excite
an instability wave in a supersonic jet, affected it either with tone acoustic waves
from inside the flow, placing a source of acoustic waves in a stilling chamber, or,
conversely, creating a concentrator of acoustic waves outside the nozzle near its exit.
Such attempts were not successful. HF DBR plasma actuator provided many
successful attempts to excite axisymmetric instability waves in a subsonic jet.
Therefore, as expected, the use of a HF DBR plasma actuator with a foil ring in a
round ceramic nozzle should have led to success and made possible to extract the
excited axisymmetric IW as an object of detailed study against the background of
other weaker disturbances of the supersonic jet.

Trying to excite IW with controlled properties in a supersonic perfectly
expanded turbulent jet at M=2, a plasma actuator based on HF DBR was used. It
provided tonal excitation of the jet at the range of Strouhal numbers Sh~0.5-1.
Nozzles with ceramic coating were specially designed and manufactured, having an
active electrode at a distance of ~5 mm from the nozzle exit (Fig. 1). IW in supersonic
jet being excited are to be an intense source of acoustic radiation, therefore they
become a non-contact diagnostic tool.

Figure 1. Supersonic nozzles (M=2) with detonation ceramic coating.

Indeed, it turned out to be possible to excite intense periodic IW in the mixing
layer using such an actuator and to measure the far sound field generated by the IW.
When the actuator is turned on, a powerful narrow-band sound field is excited in the
direction of IW radiation. It is more than 20 dB higher than the narrow-band actuator
self-noise and significantly higher than the self noise of the jet at the considered
frequency range. At the same time, the azimuthal structure of the sound field turned
up to consist of several equal-power azimuthal components m = 0.1 and 2, despite
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the axisymmetricity of the actuator itself, which indicates a non-standard mechanism
for generating IW in this case or non-standard operation of the circular actuator.

In addition, in the region upstream and lateral direction to the jet axis, the
mode structure of the noise has a non-smooth, jagged shape, which probably can be
explained by the complex interference structure of the noise generated by the
actuator itself (which has an electrode that violates its symmetry, and a streamer non-
smooth structure of the discharge itself), and only in the direction of the IW
radiation, where the amplitude of its noise significantly exceeds the noise of the
actuator, the directivity take on a smooth shape corresponding to the directivity of
the IW. However, there are some other factors that do not allow us to unambiguously
interpret the characteristics of the sound field from an excited IW.

Thus, the problem of noise control of supersonic jet associated with IW
remains unsolved, as well as for a subsonic jet. In a subsonic jet, the reason for this is
that the noise generation mechanism and the role of IW are not fully understood. In
the case of a supersonic jet, the key issue of controllable axisymmetric IW excitation
remains unresolved. Thus, the experience of IW control using the approach
developed in subsonic jets requires rethinking and adjustment.
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7.2 3aTAruBaHMe 1epexoaa K TypOyJIeHTHOCTH B
IIOrPAaHMYHOM CJIO€ Ha CTPEJIOBMIHOM KpbLjIe C IIOMOIIBIO
MHOTOKaHa/IbHOIO IIJIa3MEeHHOI0 aKyaTTopa B cOCTaBe
CHCTeMBI ¢ 00paTHOVI CBA3BIO

AL KomBuyxuii', A.A.A60yaraeb', M.B.Ycmuno6 2, U.A. Mopare6'*
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ComnpoTuBiieHIe TpeHMs B TypOyJIeHTHOV YacTy HorpaHmyaHoro cj1os 10 80%
IIOJIHOTO  COIPOTMBJIEHMSI  caMoJleTa Ha  KpeyMCepcKOM  pexwume  IoJjleTa.
JlammHapm3anys oOTeKaHMS IIOBEPXHOCTM KpbUIa IIO3BOJIIET CHM3WUTBH IIOJTHOE
conpotusiienne Ha 10%. Ilepexom k TypOysleHTHOCTM B IIOTPaHMYHOM CJIO€ Ha
CTPeJIOBUIHOM KpbUIe MOXET BbI3BaTbCd Pa3BUTHEM IBYX TUIIOB HeyCTOMYMBOCTML:
BostHaMy  TorwmmuHa-IIDMxTHTa ¥ HeyCTOMYMBOCTBIO IIOIIEPEYHOrO TedeHVs,
Ipu4YeM B pa3srOHHOV YacTy TeUeHMsl JOMUHUpYyeT nocjaeqHss. I1py HuskoM ypoBHe
TypyOJIeHTHOCTMI B HaOerarmlleMm IIOTOKe BUXPW HeyCTOMYMBOCTY IIOIIEPEeUHOrO
TeueHMsI BO30YXXIAIOTCs IIepOXOBATOCTBIO OOTeKaeMOoVI IIOBEPXHOCTM U He MEHSIOT
IIOJIOJKEHVs B IIPOCTPaHCTBe (ABJISAIOTCS CTallIOHAPHBIMMA).

ITorpaHW4HBIV CJIOVI Ha CTPEJIOBUHOM KpbUIe MOAEIVPOBAJICA Ha IUIOCKOW
IUIacTMHe ¢ yrioM crpestoupgHocty 400, ¢ HaBelleHHBIM Ha Hee OTpUIIaTeJIbHBIM
rpaJiieHTOM [IaBJIeHMsI IIpU CKopocTu IoToka 25M/c. ID1asmMeHHBIN akTyaToOp
ycraHaBvBajicss B IojtoxeHuy 70-110Mm oT nepepgHelt KpOMKM IUIACTMHBL. B
9KCIepMMeHTax II0 3aTATMBaHMIO Ilepexofla YPOBeHb CTallIOHapPHBIX BO3MYIIEHWUN
OBUI MCKYCCTBEHHO IIOJHAT C IIOMOIIBIO HEPOBHOCTEV, PacCIIOIOKEHHBIX BOJIM3M
IepeiHeVt KPOMKM IUIaCTVHBIL.

YnpasieHue passuTreM BUXpeVl HEYCTOMYMBOCTU Peayl30BaHO C IIOMOIIIBIO
MHOrokaHajipHOro (16) IDIa3MeHHOro akKyaToTpa Ha OCHOBe IIOBEpXHOCTHOTO
OappepHOro paspsma. AKTyarop Obpul coOpaH Ha KepaMW4ecKoy IUIACTUHE
ToymmyHon 0.5 MM ¥ IMTajicd HepeMeHHBIM CHHYCOVIA/IbHBIM HalpsDKeHVeM C
vactrotonn f=50-65 xI'm1 wm ammwmmrymot no 4xB. VYmpasrnenme akryaropoMm
OCyIIeCTBJIUIOCH € IIOMOIIBIO  MMKpomnpolleccopa Ha ESP32. VIsmepenue
XapaKTepuCTMK  TedeHMsd  BBIIOJIHAJIOCH C  WCIOJIb30BaHMEM  TpacCcepHOM
Busyamsanum (PIV), mpu aTom HOX pacriosaraiics IapajUlelbHO IulacTuHe. YacTb
VI3MePeHWVI BBIIIOJIHEHa OAVHOYHBIM TePMOaHEMOMETPOM.

CporicTBa BO3MYIIIEHWMV, CO3[IaHHBIX PaspsoM, M3y4asViCh IIPY Pas3/IMYHON
4JacToTe ¥ aMIUIUTy[e InTarollero HampsokeHud. IlokasaHo, 4TO akTyaTOp MOXeT
co3flaBaTh BUIXPW HEYCTOMYMBOCTYM C HaydaJbHOV aMIUIUTYOOM A0 2% OT CKOPOCTU
Haberaroriero 1moToka. OcCHOBHble HeCTallVIOHapHBIe BO3MYIIEHMs, CO3[JaBaeMble
aKTyaTOpOM B [JajJlbHeM IIOojle B YCJIOBUSIX SKCIIepMMeHTa, IIPefICTaIssioT cobom
HU3KodactoTHyo Momy III Twuma, passuBaromryrocs Ha ¢OHe CTallMMOHApPHOIO
BUIXpPeBOro IakeTa. IlokasaHo, 4To BO3MYyIIleHVsI BO30Y KIAIOTCS 1 3BOJIIOLIVIOHUPYIOT
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B MOTPaHMYHOM CJI0€ TI0 JIMHEMHBIM 3aKOHOMEHOCTSIM, MpU YCIIOBUM, YTO WX
aMIUIMTy1a (pa3Max) He rpesbliaeT 10% oT ckopocTy BHe HOTPaHMYHOTO CJI0H.
Cxema cucTeMbl yIpaB/leHVs IOKa3aHa Ha pucyHke 1. beur wmcnosb3oBaH
OBYXCTYIIEHYATHIVI ITIOAXOI, K IIOVICKY OINTMMAaIbHOI'O BEKTOPA YIIpaB/IeHVIsI, KOTOPHIN
BKJTIOUaJI B ce0s1 ONTMMM3AIINIO C OTKPBITO M 3aMKHYTOM IIeTsIell oOpaTHO cBsi3n. B
IIepBOM CJIyyae, MOrPaHWYHBIM CJIOV BO30OYXXHaJCsd ONVHOYHBIMM  CeKIIMAMU
aKTyaTopa, M Ha HEKOTOPOM PacCTOSHUM OT TIepeaHert KPOMKM PETUCTPUPOBAIICS
NpodwIb CKOPOCTM Ha (PUKCUMPOBAHHOWV BBICOTE€ OT IUIACTMHBI. DTO IO3BOJIVIIO
cpopMmupoBaTh MaTpuIly OTKJIMKOB IIOIPaHMYHOIO CJI0d Ha CTallMOHapHOe
BO3JIEVICTBIE. 3aTeM C VCIOJIb30BaHMeM aJIfOPUTMa I'paJiieHTHOIO CITyCKa pellasiach
3a7ava MVHVIMM3ALUMY aMIUIMTYObl MOMYJIALUM CKOPOCTU B IIOIIPAHMYHOM CJIO€.
Hakownen, mnpoBomwiack cucTeMa ONTHMMM3ALMM  BEeKTOpa HaIIpsDKeHUI Ha
3JIeKTPOfIax B peXXyMe C 3aMKHYTOV IeTsIell 00paTHO CBA3M. DTOT 3Tall IIPOBOAIICA
in situ, ¢ HeIpepHIBHLIM M3MepeHVeM CKOPOCTHU B IIOIPaHMYHOM CJI0€, BEIYMC/IeHVIEM
11eJIeBOVI PYHKIMM U T'pajivieHTa U OIITUMM3allyieNl YIIPaB/IsSioero BeKTopa.
YmpasieHue morpaHMYHBIM CJI0€M VICIIBITBIBAJIOCH JIS JABYX VCKYCCTBEHHO
BHECEHHBIX B TIOTPAaHMYHBIVI CJIOV BO3MYIIEHUN: CIIy4arlHOWM III€POXOBATOCTH,
CO3IaHHOV BO/IV3M rmepemHert KPOMKM IUTACTVHBI, M OOVHOYHOV HVUIMHOIPWYECKOM
HeposHocTn. [lokasaHo, uTo [WII pacHpeneseHHOV HEPOBHOCTM — yAaeTcsd
CYyIIeCTBEHHO CHU3UTH aMIUTUTYIy CTallMIOHAPHBIX BUIXPeV HEYCTOMYIMBOCTM, OTHAKO
nepexos, K TypOyJeHTHOCTM cMelllaeTcsd cj1abo, IIpedIloyIoKUTeSIbHO, M3-3a
orpaHUMYeHHOV oOJjlacT ymopasjileHus. B To ke Bpems, 3a OOMHOYHOM
IIIe€pOXOBaTOCThIO, IIPY [IOCTAaTOYHO OOJIBIION aMIUIATy[de BO3MYILIEHWI, y1aeTcs
nofgaBuUTh Hepexox. Ilpm 3TOoM  CcTpykTypa BUXpeV, BO3HUKAIOIIUX IIPU
ONTUMWM3alY, IIpefriojlaraeT, 4YTO 3aTsirMBaHME IIepexoda IIPOVICXOOUT He B
pesyyibTaTe IpPOTUBOMA3HOIO IOfaBIeHMs BO3MYILIEHWI, a W3-3a HeJIMHEeVHOIro
B3aVIMOZIEVICTBVISL €CTECTBEHHOI'O ¥ YIIPABJISIOIIEro ITaKeTa CTAIlMIOHAPHBIX BUXpPEN
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Transition control in a swept wing boundary layer by a
multichannel plasma actuator in a closed loop mode
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Turbulent drag is responsible for the 80% of the total airplane drag at cruise
conditions, with wing boundary layer laminarization able to diminish this value by
at least 10%. Transition to turbulence in the swept wing boundary layer is driven by
two instabilities: Tollmien-Shliechting waves and cross-flow vortices. The latter
dominate in the accelerating part of the flow. At low turbulence of the oncoming
flow,CF vortices are excited by surface roughness and thus are stationary.

Swept wing boundary layer was modeled on a flat plate with 400 sweep angle
with an external induced pressure gradient. Plasma actuator was installed at the
position 70-110mm from the leading edge. In the transition control experiments,
stationary disturbances were artificially excited by applying roughness elements near
the leading edge of the plate.

Closed-loop control of the vortices is realized using multichannel (16) plasma
actuator based on a multielectrode surface barrier discharge system. Actuator was
assempled on a 0.5mm thick alumina ceramic plate. Each section was powered
independently by sinuous voltage of frequency 50-65 kHz and amplitude less than
4 kV. Control of the actuator was performed using the microprocessor unit based on
ESP32. Flow measurements were performed using PIV, with the laser sheet oriented
in parallel with the plate surface, and by single hotwire.

Properties of the disturbances, induced by the discharge, were studied at
various amplitude of the supply voltage. It was shown that actuator can create
2D disturbances with the initial amplitude within 2% of the oncoming flow. It was
shown that main secondary disturbances, induced by actuator itself during the
operation, correspond to the low frequency IlII type secondary instability mode of the
vortex packet. It was shown that the disturbances generation problem is linear up to
the peak-to-peak amplitude of 10% of local freestream velocity.

A control problem formulated is shown in fig.1. An approach for the optimal
control was developed, both in open-loop and closed-loop operation of the system.
For the open loop case, boundary layer was excited by individual actuator sections,
forming the matrix of boundary layer responces to stationary forcing. After that, a
minimization problem was solved for the amplitude of the transversal velocity
profile, using the gradient descent algorythm. In the closed-loop mode, spanwise
velocity profile in the boundary layer at a given distance form the leading edge was
used as system exit. Optimization was performed in situ, with the voltage
distribution across the electrodes updated at each step.

Boundary layer control was tested for the two types of the artificial
disturbances: stochastic roughness, distributed near the plate leading edge, and a
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single cilyndrical roughness element. For the distributed roughness, reduction of the
cross-flow vortices amplitude was demonstrated along the whole length of the
disturbances evolution, however, transition shift was not obtained due to the narrow
control region. For the single roughness with high enough amlitude, the reduction of
the CF vortex packet was shown to reduce the transition length. It is assumed,
however, that in this case the transition is delayed due to the mechanism of the
nonlinear interaction of the natural and artificial instability vortices.

Figure 1. Principal scheme of the transition control by plasma actuator.
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7.3 OcobeHHOCTM CBEpX3BYKOBOIO 00TeKaHMs TeJl Ipu
MTHOBEHHOM 3HeproBKJIajJe B HaOeraroIeM NOTOKe

ILIO. I'eopeueBckuii’, B.A. JleBun, O.I. Cymuipun

Hayuno-nccnegosarenscknit MHCTUTYT Mexanuku MI'Y vim. M.B. JIomonocosa,
Mocksa, Poccmsa
*georgi@imec.msu.ru

PaHee BBITIOJTHEHO VICCIIEZIOBaHME CBEPX3BYKOBOTO OOTeKaHMS 3aTYIUIEHHBIX
TeJI OpY HaJIM4YMUM B HaOeraroleM IIOTOKe KPYITHOMAaCIITaOHBIX Ia30BbIX IIy3bIpeit
MIOBBIIIIEHHOV IV ITOHVDKEHHOW IUIOTHOCTM [1] MM IUTa3sMeHHBIX OOpa3oBaHMIL,
cpopMIpOBaHHBIX OAMHOYHBIMY VIMITyJIbCAMM JIa3epHOTO 3HeproeKiIaga [2-4].
OtmMmedenbl 3 deKkTsl Kymyssinum M (POKYCUMPOBKM BTOPWYHBIX YIapHBIX BOJIH,
MPUBOJSAIINE K BOSHUKHOBEHNIO «a@HOMaJIBHBIX» yIAaPHBIX VIMITYJIBCHBIX Harpy30K B
OTHEeIPHBIX TOYKAX Ha IIOBEPXHOCTH Tesa [5].

B wHacrosgment paboTe BBITOJHEH LMK VICCIEIOBaHMII OOTeKaHMS Tel
pasmaHOM (POPMBI P MTHOBEHHOM BBIIEJI€HWUN 3Hepruiu (B3pbIBe) B 0bsIacTm
ra30BOTO ITy3BIPsi, JIOKAJIM30BAaHHOIO B HaleraroreM Ha Telo MOTOKe. Dusirdeckn
TaKoe BO3[eVICTB/e Ha IIOTOK MOXXeT MMeThb MeCTO IIpU SHepropKiajge B 0OacTu
3JIEKTPUYECKOro ra30BOrO paspsifia WIM IpU JIeTOHALUM roplodeil ra3zoBovl cMecu
BHYTpU ITy3bIpsi. UmcieHHOe MOfe/IpoBaHle BBIIIOJIHEHO Ha OCHOBe ypaBHEHUN
Bﬂnepa U HeCTAllMMIOHAPHBIX T€UEHMI MIeaJIbHOTO COBEPIIEHHOIO ra3a C OCEBOW
cMMetpueit. [Tpefrionaraocs, 4To Ipu B3pblBe MTHOBEHHO IIOBBIIIIaeTCs JaBjIeHue
BO BCeM T'a30BOM ITy3bIpe.

[Ipu B3pBIBE Tra3’oBOro IIy3bIps HapyXy (B CUCTeMe OTCUeTa, CBA3aHHON
HaleraroIM CBepPX3BYKOBBIM IIOTOKOM) pacIIpocTpaHsieTcs yIapHasl BOJIHa, 3a
KoTopom dopmupyeTcs TOHKasi 00J1acTh yHapHO-CXATOrO rasa C XapaKTepHBIM
«B3pBIBHBIM IIpOopWiIeM», a BHYTPb IIO Ta30BOMY IIy3BbIPIO — BOJIHA pas3peskeHMs.
Kpome Toro, peaymsyercst adpdekT «IepepaciipeHnsi»: 3a KOHTaKTHBIM pa3pbIBOM
dopMupyeTcst cxopsinasicss K LeHTPYy BOJIHA CXKaTus, KOTOpas, OIIPOKWUIBIBAsICh,
TpaHcpopMuUpyeTcss BO BTOPUUYHYIO yOapHYIO BOJIHY. BbIcokoTeMmIlepaTypHBbIe
MPOAYKTBl B3pbIBa CO CBEPX3BYKOBOW CKOPOCTBIO IIPOTEKAIOT CKBO3b BTOPUYHYIO
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Pucynox 1. Dpgpexmul cxaonvibanus kabeprvl u gpopmupobanue «yoaproeo kawoba» (k=2000 (creba),
k= 2200 (cnpaba), usorunuu u yBemoboe nose memnepamypui, Bekmopvl CKOPOCMUL).

yOapHYIO BOJIHY, TaK 4YTO Ta HEKOTOpOe BpeMsl OCTaeTcsi Ha MecTe. B pesyibrare B
LIeHTpaJIbHOW ~ objlactTu  dopMmpyeTcss — BbICOKOTeMIlepaTypHasi ~ KaBepHa
pa3peXXeHHOro Tasa (B pacdeTax [IaBjleHVe ¥ IUIOTHOCTb IIOHVDKAINCh B COTHM pas).
@oKycHpoBKa BTOPUYHOM YIAPHOV BOJIHBL IIPOVCXOONT BHYTPU KaBEPHBI B peXVIMe
I'ymepresi, 9To IPMBOAUT K BCIUIECKY AaBJIeHMs (TeopeTndecky OecKOHeYHOMY, a B
pacderax - Ha 3 IIOpsiAKa) M IUIOTHOCTM (KOHEUYHOMY, B pacderax IpmmepHO B 70
pa3). B manpHereM oTpaxkeHHas OT IleHTpa yAapHasl BOJIHa B3alIMOIIEVICTBYeT C
KOHTaKTHBIM Pa3spblBOM, YTO IPUBOAUT K ee YacCTUYHOMY OTpaKeHUIO BHYTpPb C
IIOCJIeTyIOIIerl BTOPMYHOM POKYCUPOBKOTL.

PaccMaTpmBaioch BO3fIeVICTBIE paclipefie]IeHHOIO B3pblBa B 00J1aCTV ra30BOro
ITy3bIPsI HAa CBEPX3BYKOBOE OOTeKaHVIe 3aTYIUIEHHBIX Tell (Cepbl) M 3a0CTPEeHHBIX Tel
(TerTo OXMBaIIBHOM (POPMBI ¥ KOMOWMHAIMSA KOHYC-IWIVHAP) WIS CIydasi, Koraa
B3pbIB IIPOVICXOOVUI B HEBO3MYIIIEHHOM HalerarolieM IIOTOKe B HeIIOCPeICTBEHHO
OyM30CTMI OT TOJIOBHOW yAapHOV BOJHBL OUeBMIHBIM pe3yJIbTaTOM  SIBJISETCS
HeIloCpeICTBeHHOe BO3[IeVICTBIe B3PBIBHOM YJIapHOV BOJIHBI Ha IIOBEPXHOCTH TeJla.
Kpome Toro, mpu B3amMMOIOemcTBUM TOJIOBHOW yAapHOV BOJIHBI C IVMHaMWYecKu
V3MeHsIIoIerics 00J1acThIo B3phbiBa (YIapHO CKaThIM CJIOEM U KaBepHO), a TakxXe C
y4eToM (POKyCUPOBKM U HedOKyCUPOBKIM BTOPUYHOM YAAPHOV BOJIHBI IIPOVICXOIST
CyllleCTBeHHBbIe  HecTal[lOHapHble W3MeHeHWs Ta30dMHaMUYecKUX PeXVMOB
oOTekaHMs TeJl, KOTOPBIE, B YaCTHOCTH, 3aBUCST OT PAacCTOSHVISA OT IIeHTpa B3phIBa 10
Terna. Tak I cdepbl OTMeudeHBI ciIydan OPMUPOBaHMS «yHAPHOIO KIIIOBa»,
B3aMMOJIEVICTB/Ie KOTOPOTO C OCBIO CUMMETPUM IPUBOAUT K BO3HMKHOBEHWIO
KyMyJsisaTuBHBIX cTpyi (Puc. 1). TIpu 3ToM B KpuUTHYeCcKOVl TOUKe Ha IOBEPXHOCTM
ceppl IPOMUCXOASAT MHOXeCTBEeHHble BCIUIECKM — JIaBjleHus, IIepBBI  IIMK
COOTBETCTBYeT IPUXOAY B3pPbIBHOVW BOJIHBI, a IOCjIeAyrome (aHOMaJIbHBbIe)
oOycioBiteHsl 3ddekramnt POKycHpoBKM 1 KyMmyssiun. [lpm aToM mMMIysibCHOe
BO3/IeVICTBIUE TPV KyMYJISILIM MOXKeT IIpeBBIIIaTh HeIlloCpelCTBeHHOe BO3/eVICTBIe
B3PBIBHOVI BOJTHBI.

[11s1 3a0CcTpeHHBIX TeJl IIpUCoeAMHeHHas yaapHas BOJIHaA TpaHCcOpMUpyeTcs
B OTOIIIEIIYIO, IIOCKOJIbKY CKOPOCTh HalerarIlero Ha TeJjl0o IIOTOKa B 0OJacTu
BBICOKOTEMIIEpATYPHOV  KaBepHBI CTAHOBUTCA  HO3BYKOBOW. — KyMyaTuBHBIX
3¢pdexToB 3adUKCHpOBaTh He YIasIoch, OIHAKO BO3IEVCTBUE 1edOKYyCHUPYIOIeics
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BTOPMYHOV YyHOapHOV BOJIHBI TakKXe IIPUBOAUT K BO3HMKHOBEHUIO BTOPUYHBIX
BCIUIECKOB [aBJIEHMS, aMIUIMTyHda KOTOPBIX 3HAUMTEIIbHO MEHBIIE aMIUIUTYIbI
BCIUIECKa, o6yCHOBHeHH0ro BO3IEVICTBVIEM TIEPBUYHOV B3PBIBHOV BOJIHBIL. B merrom
It 3a0CTPEHHBIX XOPOIIIO oOTeKkaeMBIX TejI BO3IeVICTBUE B3pbIBA CKa3bIBAETCSI
3HAYMTEIIFPHO j1abee, YeM UId 3aTYIUIEHHBIX. AHaIM3Upys  IOBeleHue
Koacpdpmm/mHTa BOJIHOBOT'O COIIPOTMBJIEHVS OT BpeMeHM, MOKHO OTMETWUTH, UTO YeM
OosIbIIIe yroJI IpY BeplIVHe Tejla, TeM 3aMeTHee M3MeHeHMs. 3a0CTpeHHOe TeJIo TUIla
KOHYC-IIWJIVHIAP WIMeeT MEHBIIVV YTroJjI IIPpV BepIIMHEe, YeM TeJIO OXMBaJIbHO
cpopMLI, XOTSI ¥ OOoJIbIliee BOJIHOBOE COIIPOTMBJIEHVE, OJHAKO OHO «IIPOH3aeT»
B3PBIBHYIO yOAapHYIO BOJIHY ¥ BBICOKOTEMIIEPATYPHYIO KaBEPHY HpPaKTUYECKU Oes
VI3MEHEeHWsI UHTerpaIbHOTO COITPOTVBIICHIS.

PabGora BBIIIOJTHEHa B COOTBETCTBUM C IUIAHOM Hayuno-mccnenoBaTesbckoro
MHCTUTYyTa MexaHuk MI'Y.
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Peculiarities of Supersonic Flow past Bodies with
Instantaneous Energy Deposition Upstream

P.Yu. Georgievskiy*, V.A. Levin, O.G. Sutyrin
Institute of Mechanics of Lomonosov Moscow State University,
Moscow, 119192, Michurinsky prospect, 1
*georgi@imec.msu.ru

Previously, studies of supersonic flow past blunt bodies in the presence
upstream of large-scale gas bubbles of increased or decreased density [1] or a plasma
formation produced by a single pulse of laser energy input [2-4] were performed.
The effects of cumulation and focusing of secondary shock waves have been noted,
leading to the occurrence of “anomalous” shock pulse loads at individual points on
the surface of the body [5].

In the present paper, a series of studies is performed on the flow around
bodies of various shapes with instantaneous release of energy (explosion) in the
region of a gas bubble localized in the flow upstream of a body. Physically, such an
effect on the flow can occur at an energy deposition by electric gas-discharge or at a
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detonation of combustible gas mixture inside a bubble. Numerical simulation is
performed on the base of Euler equations for unsteady flows of an ideal polytropic
gas with axial symmetry. It was assumed that the explosion instantly increases the
pressure in the entire gas bubble.

When a gas bubble explodes, a blast wave propagates outward (in a frame of
reference connected by an incoming supersonic flow), followed by a thin region of
shock-compressed gas with a characteristic "blast profile", and a converging
rarefaction wave propagates inside the gas bubble. In addition, the effect of
"overexpansion" is realized: a compression wave converging to the center is formed
behind the contact surface, which, tipping over, transforms into a converging
secondary shock wave. High-temperature explosion products flow through the
converging shock wave at supersonic speed, so that it remains in place for some time.
As a result, a high-temperature cavity of rarefied gas is formed in the central region
(in calculations, the pressure and density decreased hundreds of times). The focusing
of the converging secondary shock wave occurs inside the cavity in the Guderley
mode, which leads to a surge in pressure (theoretically infinite, and in calculations by
3 orders of magnitude) and density (finite, in calculations by about 70 times). Then
the diverging shock wave reflected from the center interacts with the contact surface,
which leads to its partial reflection inward, followed by secondary focusing.

The effect of a distributed explosion in the gas bubble region on the supersonic
flow past blunt bodies (spheres) and pointed bodies (an ogival-type body and a cone-
cylinder combination) was considered for the case when the explosion occurred in an
undisturbed incoming flow in the immediate vicinity of the head shock wave. The
obvious result is the direct impact of an explosive shock wave on the surface of the
body. In addition, when the head shock wave interacts with a dynamically changing
explosion region (shock-compressed layer and cavern), and the focusing and
defocusing of the secondary shock wave, significant non-stationary changes in the
gas dynamic flow regimes occur, which depend on the explosion distance. Some
cases of the formation of a "shock beak" have been noted for the sphere, the
interaction of which with the axis of symmetry leads to the appearance of cumulative
jets (Fig. 1). At the same time, multiple pressure surges occur at a critical point on the
surface of the sphere, the first peak corresponds to the explosive wave, and the
subsequent (abnormal) ones are due to the effects of focusing and cumulation. In this
case, the secondary impulse effect during cumulation may exceed the direct effect of
the blast wave.
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Figure 1. The effects of cavern collapse and formation of a "shock beak" (k=2000 (left), k= 2200 (right),
temperature isolines and color map, velocity vectors).

For pointed bodies, the attached shock wave is transformed into a bow one,
since the velocity of the flow impinging on the body in the area of the high-
temperature cavity becomes subsonic. Thow Cumulative effects were not detected,
the effect of a defocusing secondary shock wave also leads to secondary pressure
surges, the amplitude of which is significantly less than the amplitude of the surge
caused by the impact of the primary blast wave. In general, for pointed well-
streamlined bodies, the impact of the explosion is much weaker than for blunted
ones. Analyzing the behavior of the wave resistance coefficient over time, it can be
noted that the greater the angle at the top of the body, the more noticeable are the
changes. A pointed cone-cylinder body has a smaller angle at the apex than an ogival
body, although it has a greater wave drag, however, it "pierces" an explosive shock
wave and a high-temperature cavity with practically no change in the integral
characteristics.

The work was carried out in accordance with the plan of the Institute of
Mechanics of Lomonosov Moscow State University.
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7.4 Pa3paboTKa MeTOIOB pactveTa IiepeMe>kaeMOoCTH PN
JlaMMHapHO-TYpOyJIeHTHOM Ilepexofie, BbI3BAaHHOIO
HeyCTOMYMBOCTHIO IIOIIepeYHOro TedeH s, II0CpeICTBOM
CTaTUCTUYeCcKOT0 aHasIM3a NaHOpaMHBIX M3Meperu PIV

AJl KomBuyxuir', A.A. Ab0yaraeb, U.A. Mopaae6, M.B. Yemuno6

O6benuuenns ViactuTyT Beicoknx Temmepatyp PAH, Mocksa, Poccris
*alex.kotvitskyOO@gmail.com

B sajauax saTaruBaHus JJaMMHapHO-TYpOY/IEHTHOTO Iepexofia IJIsi KOHTPOJISL
KadecTBa yIIpaBJIeHMsI HeoOXOIMMBI MeTO/bI pacyueTa IlepeMeKaeMOCTV TeUeHMs 110
VI3MepeHMsAM, BBIIIOJIHEHHBbIe KOHKPETHOV MeTOAMKOW [OMarHOCTMKM —IIOTOKA.
TpaguyoHHO MeToAbl PpacdeTa IlepeMeXaeMOCTW TedeHWs OCHOBaHBI Ha
CIIeKTpaJIbHOM aHa/IM3e TepMOaHeMOMEeHTPUYeCKOro CUrHajla, B KOTOPOM Ilepexo K
TypOyJIeHTHOMY peXNMMY acCOIIMMPOBAaH C POCTOM aMIUIUTYABl ITyJIbCALIVA
BBICOKOYACTOTHOM coOcTapjsaomer: crekrpa [1-3]. OpgHako moporosast aMIumTyda
oIlpefiesIsieTCss SMIOMPUYeCKN IJI paccMaTpUBaeMoro Kjlacca TedeHMs WM 3aBVICUT OT
TOYKM IMArHOCTMKM TeueHMs. B maHHOM paboTe IIpeAcTaBIIsAIOTCS METOABI pacdyeTa
repeMeXaeMOCTV  TedeHMs, OCHOBaHHBbIe Ha  CTaTUCTUMYECKOM  aHaJIus3e
IIPOCTPAaHCTBEHHBIX, BpPEeMEHHBIX W IIPOCTPaHCTBEHHO-BPeMEHHBIX CUIHAJIOB,
MOJIyYeHHBIX C IIOMOIIBIO HM3KOCKopocTHoro PIV  meroma B maHopaMHOM
KoHpuryparum (pucl.a).

PaboTa BbIIOIIHEHA B J03BYKOBOVI HMU3KOTYpPOYJIEHTHOM a’poiHaMIYIecKO
TPyOe ¢ pa3sOMKHYTOV pabouert 4acThIO IIPM CKOPOCTM Haberarolero roTtoka 25m/c.
TpexMepHBII IIOrpaHMYHBIN CJIOV CO3[laBajIcs Ha MOJeIV CKOJIB3SIero KpbUla C
ymioM  crpestoBupgHocT  40rpan. C  HaBeleHHBIM T'paAMeHTOM  JaBJIeHM.
VccnenoBanms nepexofa MpOM3BOLIIIVICE TPV Pas3IMdHOM COOTHOIIIEHMY aMIUIUTY]I
eCTeCTBeHHBIX CTallMOHAapHBIX M Oerymmx Mop HeycromumsocTu. CosgaHue
BHEIITHVIX YCIOBUL TeUeHVSI TPOMU3BOAVIIOCH C TIOMOIIBIO TYpOYIM3UPYIOIe CETKI
Y paclipeieJIeHHOVI IIIepOX0OBaTOCTA.

B pabore mokasaHO, YTO B KadecTBe BEIMYVMHEI, WIEHTUPUINPYIOMIEN
JlaMMHApHO-TypOYJIeHTHBIVI ~IIepexoil, MOXXHO paccMaTpuBaTh HallpaBIeHHYIO
IPOV3BOHYIO CKOPOCTV B HallpaBJIeHWM BUXpeVl NePBUYHOV HeyCTOMYMBOCTY VIJIV
VHBapMaHTBl TeH30pa TIpaameHTa ckopoctn (pucl.6). YcraHoBieHo, dTO
CTaTUCTUYeCKOe paclipesielleHne OTWIbTPOBaHHBIX MTHOBEHHBIX I10JIeVI CKOPOCTY,
BbIOpaHHBIX IO BCeM peaJM3allVisiM B JIOK&JIBHOV 00JIacTV TedeHWMs, OKa3bIBaeTcsd
OuMopasibHBIM B oOstacTy mepexoma (puc.1B). MeTonsl pacuera mnepeMeskaeMoCTI
OCHOBaHBI Ha IIPOCTPaHCTBEHHO KJIacTepu3alny 00J1acTyi TeueHVs Ha JIaM/HapHble
U TypOysieHTHbIe y4acTKu. PasferieHne cTaTUCTUMYECKMX MOJ OCYIIECTBIIsUIOCh KaK
MeTOIOM KJlacTepusalmy K-cpemHmi, Tak 1 MOIeISMM aIllIPOKCHMAIIM VICXOIHBIX
pacriperiesieHuii.  BbUIO  BBINIOJIHEHO — coIlOCTaBjleHMe  pe3yJIbTaToOB — pacdeTa
IlepeMeXaeMOCTM Ha OCHOBe cTaTucTudeckoro aHaimsa PIV  manHbIX €
TepMOaHEeMOMeTPUUeCKUMI M3MepeHVsIMI. BblrosiHeHa arnpoOanyst MeTOIOB IIpu
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PpasIMYHBIX BHEIIHMX yCJIOBMsIX. IlokasaHO, UTO TOYHOCTBIO OIlpesieleHVs TOYKU
repexozia cocrasisgeT 5-10mm vt 0.9-2% xopabpl Mogern.
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Pucynox 1. Cmexa ycmanoBku u usmepernuii (a): 1 - pabouas uacme, 2 — cmpesoBuoHas niacmuna,
3 — meao Bvimecrenus, 4 — aazepHulil HOX, 5 — yugppobas kamepa, 6 — mepmoaremMomemp;
Busyarusayus mypoyieHmuwLx kKaunveb, 00yciobaennvie Bmopuunon Heycmotuubocmoio (0);
cmamucmuueckoe pacnpedeierue omguavmpobarnoeo noas ckopocmu (6); nose nepemexaemocmu 6
NAOCKOCMU NAACTIUHDL (2)
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Developing methods of the intermittency processing at
laminar-turbulent transition caused by cross-flow instability
by means statistical analysis of planar PIV data

A.Ya. Kotvitskiil*, A.A. Abdullaevl, I.A. Moralevl, M.V. Ustinov!

Hoint Institute for High Temperatures RAS, Moscow, Russia
*alex.kotvitsky00@gmail.com

To evaluate quality control in a laminar-turbulent transition delay application
intermittency processing techniques performed by defined flow diagnostic method
are required. Classical methods for intermittency processing are based on spectral
analysis of the hot-wire signal the laminar-turbulent transition in which is associated
with an increase in the amplitude velocity pulsation of the high-frequency
component. However, the threshold amplitude is determined empirically depending
on the flow class and depends on the measurement position. This paper presents
intermittency processing methods based on spatial, temporal and spatial-temporal
statistical analysis of velocity fields measured by low-speed PIV acquisition system in
the planar configuration (figl.a).

Investigations were carried out in the a subsonic low-turbulent wind tunnel
with an open test section at an oncoming flow velocity 25m/s. The three-dimensional
boundary layer is created by a swept plate with 40 degree and induced pressure
gradient. Laminar-turbulent transition investigation are performed at various
amplitude relation natural stationary and travel mode instability. External flow
conditions were created by a turbulizing grid and distributed roughness.

It is shown that the criteria for identifying laminar-turbulent transition can be
the directional derivative of the velocity along the primary vortex or the invariants of
the velocity gradient tensor (figl.b). It is established that statistical distribution of the
filtered instantaneous velocity fields selected by all implementation in the local flow
region is bimodal in the transition domain (figl.c). Methods for intermittency
processing are based on spatial clustering of the flow domain into laminar and
turbulent regions. Separation of statistical modes was performed both by k-means
clustering methods and by models of fitting of a given distribution. Results of
intermittency processing by statistical analysis of the PIV data were compared with
hot-wire measurements. Testing of methods were carried out at various external flow
conditions. It is shown that the accuracy of the determining the transition location
consists 5-10mm or 0.9-2% model chord.
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Figure 2. Schema of the test section and measurement configuration (a): 1 - test section,
2 - swept plate, 3 - displacement body, 4 - laser plane, 5 - double-frame digital camera,
6 — hot-wire; turbulent wedges caused by secondary instability (b); statistical distribution of filtered
velocity field (c); intermittency filed (d)

1. Walker GJ, Solomon W]J. Turbulent Intermittency Measurement on an Axial Compressor
Blade. Elev Australas Fluid Mech Conf. 1992:1277-1280.

2. Zhang DH, Chew YT, Winoto SH. A proposed intermittency measurement method for
transitional boundary layer flows. Exp Fluids. 1995;19(6):426-428. doi:10.1007/BF00190260

3. Zhang DH, Chew YT, Winoto SH. Investigation of Intermittency Measurement Methods for
Transitional Boundary Layer Flows. Exp Therm Fluid Sci. 1996;12(4):433-443. doi:10.1016/0894-
1777(95)00133-6
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7.5 [IByCcTaaAMVHBIN IIPOIiecC BblAeIeHUs TeIJIOBOV 3JHepIumn
B reTepOreHHOM IIJIa3MOMIHOM BUXPEBOM peaKrTope

A.U. Kaumob*, I1.H. Kasancxuii

OObenyHeHHBIVI MHCTUTYT BeICOKMX Temitepatyp PAH, Mocksa, Poccust
klimov.anatoly@gmail.com

B mHacrosmment pabore ObUIM IIPOHOJDKEHBI WCCIIENOBaHMS W3MepeHMs OalaHca
SHEPIMM B BBIXOJHOM TeTepOTeHHOM IDUIA3MEHHOM IIOTOKe, CO3[JaHHOM B
I1asMongHOM BuxpeBoM peakTtope (IIBP). B mammix panamMx paborax [1-4], Gputo
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IIOKa3aHO, YTO IPU B3aMMOIEVICTBUM VOHM3MPOBAHHOTO BOAOpPOHa (IIPOTOHOB) C
HaHO-KJIacTepaMyl ~MeTa/UIoB B rereporeHHont 1iasme (I'TI) mpowmcxommr
3Ha4MTeJIbHOE BhlleJIeHVe TeIUIOBOVI SHepruy U reHepallyisi MHTeHCMBHOTO MATKOTO
PEHTTeHOBCKOrO M3/IyueHns. MeTajudeckiie HaHO-KJIacTepbl OOpa3OBBIBAJIVCH B
pe3yJibTaTe 3HAUMUTEIILHOV 3po3ui HuKesleporo karoma B IIBP, pabGoraromero nHa
pabouent cmecu aproH+soasHOM Hap. g co3maHms rereporeHHom Iwiasmbl (I'TI)
VICHIOJIB30BAJICSL ~ VIMITYJIBCHO-TIEpMOOMYECKUIT  paspsang  CO CJIeYFOIIVIMM
HapaMeTpaMy: aMIumMTyga Toka Ao 100A, HanpspkeHVe ropeHUs paspsia MOpsIKa
500-1500 B, mymrenpHOCTH mMMIyabca nopsAnka 20 MKcC, 4YacToTa IIOBTOPEeHWS
vmitysbcoB mopsaka 20 xI'm. Ha moBepxHOCTM 3SKCIIOHMpPOBaHHOIO KaToda, B
ONTWYECKNX CIIeKTpaxX ¥ peHTreHoBcKux crekTpax ITI oOHapykeHO mosBIeHMe
MHOJKeCTBa HOBBIX XVMMWYECKMX 3JIeMeHTOB, KOTOpble OTCYTCTBOBaJI B CIeKTpax
VICXOHBIX 3JIEKTPOJIOB M MaTepuasiax CTeHOK peakTopa. Cpeny Hux oOHapykeHa
3HauMTesIbHasl KOHIleHpaums cilepytommx srteMmeHTos Li, C, Al, Ca, Cu, Zn. B
ontmueckux crekrpax [Tl wHaGmogamvce JIMHWMM — CUIBHO-BO3OYKIEHHBIX U
MHOTO3aps/IHBIX MOHOB yIIOMSHYTBIX BBIIIE 3JIEMEHTOB C 3repruen BO30y KIeHMs
10-100 3B. ITapamerprr camont I'TI GpuIM crienmyromnme: 3JIeKTpOHHAs TeMIlepaTypa
Te~ 0,7-13B, Ne~1012-101% cm3, rasosas Temneparypa Tr= 4000-5000C. Makcumym
CIUIOIIIHOTO PeHTreHOBCKOIO W3JIyd4eHMs paclojlarajicd B [uarna3oHe SHepriui
kBaHTOB E~ 1-1.5 k3B. Takmm oOpasom, crmenmduraeckiie BBICOKO3HEPIreTUIHBIE
peaxuum npovicxomwm B I'TI, cosmaHHOM B peakTope. BaxHO oTMeTUTB, 4TO B XOI€
aTNX peakuum B IIBP mpomcxoguT 3HauMTeIbHOE BbleleHle TeIUIOBOVI SHepIuu 1
3HauMTesIbHasl HapaboTKa aToMapHOro sogopoza [1-4]. B xome HacTositein paboTel
ObUIO OOHapy’keHO, UTO aTOMapHBIM BOHOpon B BbIxomHOM ITI moTtoke Mmoxer
3¢ppeKTMBHO B3aMMOIEVICTBOBATh C HUKEJIeBOU TpyOom (wm TpyOom w3
Hep>KaBeloIllell CTasIv), PacIloJIOKeHHOW 3a BbIXOmHBbIM corwioM [IBP, pucyHok 1.

G] 0 Meauanreep

Pucynox 1. Obujuii 6ud ycmanobxu I1BP. 1 - anod peakmopa, 2 - HukeseBbLil kamoo,
3 - Bvixo0nas mpyba u3 Hepkaberowujerl cmaiu, 4- usMepumesvHAS MepMonapa.

Cama Tpyba pasorpepasiacek 110 Temnepatypsl 1000-1500C. Takort Harpes BBIXOITHOT
HVIKeJIeBOV TPYObI BBI3bIBaJI [IOIOJIHUTEIBHBIVI 3HAUMTEIbHBIVI HarpeB BBIXOIHOTO
I'TI noroka. Ero temneparypa ysennumsaiack ¢ 500C 6e3 Tpy6st no 1500C mpu ee
Hamauy. CaM  ¢akT B3aMMOEVICTBMA aTOMapHOIO BOAOPOAa C HUKeJIeBbIMU
CTeHKaMM TpyObpl OBUI IIOATBEPXIEH 3apercTpPUpPOBaHHBIMM  OIITUYECKVIMU
CHeKTpaMM ¥ XMMUYeCKMM aHaJIM30M 3KCIIOHMpOoBaHHOM TpyObl. TakumM obpasom, B
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I1BP 6wt peaymsoBan gyxcryneHuyaTei Harpes I'TI moroka: 1 - mpu B3auMoiencTBm
VIOHM30BaHHOI'O BOJOPOJA C SPO3VIOHHBIMM MeTaJUINYecKVMM HaHO-KJIacTepamu
BHYTpU peakTopa, 2 - IIPU B3aMIMOJEVICTBUM aTOMapHOIO BOAOPOAA CO CTeHKaMM
BBIXOIHOVI HUKeJIeBOI TPy OBbL.

1. Belov N. K., Zavershinskii I. P., Klimov A. I, et.all, High effective heterogeneous plasma
vortex reactor for production of heat energy and hydrogen, IOP Conf. Series: Journal of
Physics: Conf. Series 980 (2018) 012040, doi :10.1088/1742-6596/980/1/012040.

2. Klimov A. L, Belov N. K., Tolkunov B. N.,Neutron Flux and Soft X-Radiation Created by
Heterogeneous Plasmoid, Journal of Physics: Conference Series 1698 (2020) 012034 IOP
Publishing, do0i:10.1088/1742-6596/1698/1/012034.

3. Patent RU 2 788 269 C, HO2N 3/00,17.01.23 Bull #2, Method for Obtaining Thermal
Energy, Extracting Electric Energy and a Device for Its Implementation.

4. Klimov A., Altunin S., Kulikovskii O., Highly Efficient Water Plasma Vortex Reactor for
Obtaining of Extra Thermal Energy and Transmuted Chemical Elements, J. Condensed
Matter Nucl. Sci. 38 (2024) 1-8.

Two-stage process of thermal energy release in a
heterogeneous plasmoid vortex reactor

A.L Klimov*, P.N. Kazansky

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

In this work, studies of measuring the energy balance in the output
heterogeneous plasma flow created in a plasmoid vortex reactor (PVR) were
continued. In our early works [1-4], it was shown that the interaction of ionized
hydrogen (protons) with nano-clusters of metals in heterogeneous plasma (HP)
results in significant release of thermal energy and generation of intensive soft
X-rays. Metallic nano-clusters were created as a result of significant erosion of the
nickel cathode in the PVR, operating on a testing mixture of argon + steam. To create
HP, a pulse-periodic discharge with the following parameters was used: current
amplitude up to 100A, discharge voltage ~ 500-1500V, pulse duration ~ 20 ps, pulse
repetition ~ 20 kHz. On the surface of the exposed cathode, in the optical spectra and
X-ray spectra of the HP, the appearance of many new chemical elements was
detected, which were absent in the spectra of the initial electrodes and reactor wall
materials. Among them, a significant concentration of the following elements Li, C,
Al, Ca, Cu, Zn was found. Lines of strongly excited and multiply charged ions of the
above-mentioned elements with an excitation energy of 10-100 eV were observed in
the optical spectra of HP. The parameters of the HP itself were as follows: electronic
temperature Te~ 0.7-1eV, Ne~1012-10* cm3, gas temperature Tg= 4000-5000C. The
maximum of continuous X- ray radiation was located in the quantum energy range
E~ 1-1.5 keV. Thus, specific high-energy reactions occurred in the HP created in this
reactor. It is important to note that during these reactions, a significant release of
thermal energy and significant production of atomic hydrogen occurs in the PVR
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[1-4]. In the course of this work, it was found that atomic hydrogen in the output HP
outflow can effectively interact with a nickel pipe wall (or stainless-steel pipe) located
behind the outlet nozzle of the PVR, Fig.l. The pipe itself was heated up to
1000-1500C. Such heating of the output nickel pipe caused additional significant
heating of the output HP flow. Its temperature increased from 500C without a pipe to
1500C if there was one. The very fact of the interaction of atomic hydrogen with the
nickel walls of the pipe was confirmed by the recorded optical spectra and chemical
analysis of the exposed pipe. Thus, two-stage heating of the HP outflow was
implemented in the PVR: 1 - during the interaction of ionized hydrogen with erosive
metal nano-clusters inside the reactor, 2 - during the interaction of atomic hydrogen
with the walls of the output nickel pipe.

QA 0 Memanreep

Figure 1. General view of the PVR installation. 1 - reactor anode, 2 - nickel cathode,
3 - stainless steel outlet pipe, 4- measuring thermocouple.

1. Belov N. K., Zavershinskii I. P., Klimov A. I, et.all, High effective heterogeneous plasma
vortex reactor for production of heat energy and hydrogen, IOP Conf. Series: Journal of
Physics: Conf. Series 980 (2018) 012040, doi :10.1088/1742-6596/980/1/012040.

2. Klimov A. I, Belov N. K., Tolkunov B. N.,Neutron Flux and Soft X-Radiation Created by
Heterogeneous Plasmoid, Journal of Physics: Conference Series 1698 (2020) 012034 IOP
Publishing, d0i:10.1088/1742-6596,/1698/1/012034.

3. Patent RU 2 788 269 C, HO2N 3/00,17.01.23 Bull #2, Method for Obtaining Thermal
Energy, Extracting Electric Energy and a Device for Its Implementation.

4. Klimov A., Altunin S., Kulikovskii O., Highly Efficient Water Plasma Vortex Reactor for
Obtaining of Extra Thermal Energy and Transmuted Chemical Elements, J. Condensed
Matter Nucl. Sci. 38 (2024) 1-8.
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8.1 O BiIMsAHMM NIBUIEBBIX YaCTUILL HA KOPPO3VMOHHBIE
IIpoILecchl B paAvallMOHHOM IJIa3Me

B.H. babuue8, /1.B. Bvicoyxuii, K.D. I'asee6a, A.H. Kupuuenio,
A.A. Hexpacob, A.B. Yeoouuxoba, H.U. Tpywxun®, A.B. Duiunnob,
IO.B. YepenanoBa, B.E. YepkoBey

I“ocynaPCTBeHHBM Hay4YHBIVI HEHTP Poccurickon CDenepauVM «Tpor/mKVH?I VHCTUTYT
VIHHOBAIIVIOHHBIX ¥ TepMosiiepHbIX ncciegosalui» (AO «'HL P® TPUHUTI»)
*trushkin@triniti.ru

B cooTrBercTBUM ¢ PenepanbHbIM 3aKOHOM Ne 190-D3 paagnoaKTVBHBIE OTXOMBI
(PAO) 1 n 2 wiacca OOJDKHBI YHaKOBBIBATBCSI B MeTa/UIMYecKyue KOHTeVIHephI U
pasMeIaTbes B IIIyOMHHBIX ITYHKTax 3axopaHeHms. Kak O6puIo mokasaHo B [1], mox
JeVICTBIeM BBICOKOSHEpPreTMYeCKOro VOHM3MPYIOLIero W3JIydeHUs IIPOAYKTOB
pacriazza PAO BHYTpuM 1 CHapyXu KOHTEVHEPOB OOpa3yeTcss XMMMUUYeCK! aKTVBHas
HU3KOTeMIlepaTypHasl IUIasMa, KOTopas MOXeT IIPUBOAUTL K 3Ha4YUTeIbHO
VHTeHCUUKAIMM IIPOIIeCCOB  IUIa3MOXVMMMUYECKO KOPPO3UM MeTaUIMJecKyX
CTEHOK KOHTeHepa ¥ 3aMeTHOMY COKpallleHMIO CpoKa WX 0Oe30I1acHOM
skcrutyatauym. Ilpenmonaraercsi, 4ro cHapyXXm KOHTeVHEpPBI OyAyT OKpY>KeHbI
YIUIOTHEHHOVI O€HTOHWTOBOVI IJIVHOV, IIO3TOMY €CThb OCHOBaHWs IIojiaraTb, 4TO B
COCTaB paJMalIOHHON IUIa3Mbl, IOMVMO Fa30BBIX KOMIIOHEHTOB, OyIayT BXOAWUTH U
MaKpOCKOIIMYecKye YacTUIIbl KOHIEHCUPOBAHHOM IMcIepcHOM dasbl (B XMUIKOM
v/ v TBepaoM Bune). IlosiBiieHMe IBUIM BHYTPY KOHTEVIHepa MOXeT OBbITh CBS3aHO
KaK C 3po3mell CTeHOK KOHTelHepa IIOf, JeVICTBMeM IIOTOKa paaroaKTVBHOIO
VM3IydeHus, a Takke C IIpoleccamMy HyKjIeallMy M KOHIEHCallMy I1apoB BOIBL U
MPOAYKTOB IUIA3MOXVIMMYECKMX peakuuyt B oOveme ImasMbl. OueBUOHO, dYTO
HaIMgyie MaKpPOCKOIIMYECKMX AMCIEPCHBIX YacTUI] MOXET IIPUBOAWUTL KaK K
3aMeTHOMY W3MeHeHUIO IlapaMeTpOB paaMaliOHHOV IUlasMbl (KOHIIeHTpaluu
3JIEKTPOHOB, IIOJIOKUTEIIBHBIX ¥ OTPUIIATEIPHBIX WMOHOB, WX COCTaBa), TaK MU
OKasbIBaThb CYyIIleCTBEHHOe BJIVsIHVEe Ha reTepOoreHHble ITPOLecChl B3aMMOIIEeVICTBIS
IUTa3MBbl C MeTaJUINYeCKOVI CTEeHKO, T.e. Ha MexaHW3M KOPPO3UNL.

B nmamHOM paboTe IpeicTaBiIeHBI  pe3yJIbTaThl  SKCIIepVUMeHTaIbHBIX
VICcCTIeIOBAHMV BJIVSIHUS IIPVUCYTCTBUS B IUIa3Me BJIJKHOIO BO3[yxa, BO30y kmaeMort
CTallVIOHaPHBIM ITyYKOM OBICTPBIX 3JIEKTPOHOB KakK VIMUTaTOPOM
BBICOKOSHEpPreTYecKoro WOHM3MpPYIOLIero [(-m3jlydeHus IIPOOYKTOB paclajga
PanVIOHYKINIOB, MaKPOCKOIIMYECKMX YacTWUll Ha CKOPOCTb KOPpO3uM Xejle3a IIpu
PpasHBIX KOHIIEHTpaIVsIX IapOB BOOBI M IIPY Pa3HBIX CKOPOCTSIX MOHM3aLMM Ta3a.

Cxema 3KCIIepMMEHTaJIbHOVI ~ YCTAaHOBKM, Ha KOTOpPOV  IIPOBOAVUIVICH
VICCIIeZIOBaHMS, ee IIapaMeTPsl ¥ BO3MOXXHOCTY IO poOHO onvicaHbl B [1]. B kauecTse
IBUIEBBIX YacTULI, C IIOMOIIBIO KOTOPBbIX (popMMpoBasiaCh TOMOreHHas IIbUlera3oBas
IU1a3Mo00pasyolias cpefa ¢ KOHTPOJIMPyeMbIMI B TedeHle IJIUTeJIbBHOTO BpeMeHU
IapaMeTpaM¥, UCHOJIb30BAJINCH cpepudecKyie I10JIble TOHKOCTEHHBIe YacTUIIBL - TaK
HasblBaeMble 30JIbHBle MUKpocdepwl (meHocdepsl), OUMKO -XMMUYEcKUe
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XapaKTepUCTUKM KOTOPBIX HpuBeleHbl B [2]. YacTuiel wMenn CcpemHWUM
(MenmanHBIV) oyameTp ~100 MKM, TPV 3TOM VX KOHIIEHTpalMs B PeaKIVOHHOV 30He
HaxofiIack Ha yposHe 104 cm-3 -105 em3.

Ha pucynke 1, mis npuMepa, IpuselneHbl ¢oTorpadpmm IOBEPXHOCTN
o0pasnos Xeje3a, 0OpabOTaHHBIX B IUIa3Me B OTCYTCTBUM ¥ IIPY HaJIMYUU B Hel
IBbUIEBBIX YacTWUIl IIPpYM OTHOCUTESIbHOWM BjlaXHOCTM Bosgyxa RH=31%. W3
IpeficTaBjleHHbIX  oTorpadmil  HaIJIAOHO  BUAHO, YTO  IHPUCYTCTBUE B
paAValMOHHOV IUIa3Me TBepAbIX YacTWIl KOHIEHCHpPOBAHHOM a3kl OKas3bIBaeT
3aMeTHOe B/IVsIHVEe Ha BHEIIHIOI KapTMHY KOPPO3MOHHOTO IOBeIdeHMs oOpasloB
XeJresa.

a 6
Pucynox 1. Buewinas kapmuna xopposuu 00pasuyo6 xese3a npu obpabomxe 8 niasme 6 omcymcembuu
nwiaeBuix uacmuy, (a) u ¢ nstreBoimu uacmuyamu (6). RH=31%.

Ha PUCYyHKe 2 IIpencTraBJIeHbl SKCIIEpVIMEHTAaJ/IbHbIE€ TaHHbBbIE IIO CKOPOCTU
KOppo3rmn o6pa3u013 Xejleza B 3aBUCHMMOCTM  OT BEJIMYMHBI  OTHOCUTEIILHOU
BJIaKHOCTW BO31yXa RH HJIA IBYX PeXMMOB redepanmni 1IUIa3Mbl — Oe3 TIHPKeKIIN 11 C
MHXEeKITVMe IIbUIEBbIX YaCTUIL B IVIa3MOXUMIMYECKUN peaxkTop.

144 —
——2

1,04 —
——2
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YBenuueHue Maccsl, Mr

0,0 T T T T 0 T T T T
0 20 40 60 80 0 20 40 60 80

OTH. BNaXHoCTb,% OTH. BNaXHoCTb,%

a 0
Pucynox 2. YBeruuernue maccol 00pasyo8 xeaesa 6 sabucumocmu om RH c unxexyueri (1) u 6es
urokexyuu (2) nolreBuix uacmuy, 6 naasmy. Tok nyuxa ssexmponob I = 0.25 MA (a), I = 1.0 MA (0).
Onepeus arexkmpornob W = 115 x3B.
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VI3 ipeficTaB/IeHHBIX Pe3yJIbTaTOB HAIJISIIHO BUIIHO, YTO IIpM BbICOKOV BeymmamHe RH
> RH*, mpucyTcTBMe MBbUIEBBIX YaCTUI] B IDIa3Me IIPVBOONUT K IIOHVDKEHUIO CKOPOCTH
paaMaIioHHOV KOPPO3UM Kejle3a, B TO BpeMs KaK Ipyu Hu3Kon BeramumHe RH
HaOIrofaeTcs MPOTMBOIIONIOXKHASA TeHAeHIMs. KoHKpeTHoe 3HaueHMe BeJIVMYMHBI
KPUTUYECKOVI OTHOCUTEJIBHOW BJIaXKHOCTM Bo3myxa RH*, mpu xoropown mpowcxomur
CMeHa TeHJEHINII, 3aBVUCUT OT BeJIMYMHBI TOKa ITydKa OBICTPBIX 3JIeKTPOHOB I
(cKOpoCTM MOHM3ALIMM Ta3a ObICTPBIMM 37IeKTPOHAMM Qjon).

Ha pucynke 3 mpuBemeHBI pe3ysIbTaThl SKCIIEPUIMEHTAIBHBIX VICCIIeOBAHMI
CKOPOCTM KOppo3uy oOpasloB kejle3a B 3aBMCMMOCTM OT BeJIMYMHBI TOKa ITydKa
OBICTPBIX 3JIEKTPOHOB (CKOPOCTM WMOHM3aLMM BO3AyXa) IS [OBYX PEeXVMOB
reHepalyy IUIa3Mbl - 0e3 WMHXKeKIMM M C WHKeKIVel IIbUIeBBIX YacTWUIl B
IUIa3MOXVMITYecKnil peakTop. Kak BUIHO 113 IpecTaB/IeHHBIX TaHHBIX, IIPOVICXOANUT
MOHOTOHHOe yBeJIM4eHNe CKOpOCTM KOppo3uyu oOpasiloB Kejle3a C POCTOM
aMIUIUTYABI TOKa ITy4YKa OBICTPBIX JIEKTPOHOB HE3aBVICKMO OT peXMMa reHeparm
IUIa3MBl (C VIEDKEKIIVel T Oe3 MEDKEKITNM ITBUIEBBIX YacTWIL B TUIa3MOXVUMMYeCKIU
peakTop), mpM 3TOM HaOJIOmaeTcss 3aMeTHOe BJIVSHME KOHIEeHCUPOBAHHBIX
MaKOpYacTUIl Ha XapaKTep 3aBUCHMOCTV CKOPOCTVM KOPPO3MM OT BEIVMYMHBI TOKa
OBICTPBIX 3JIeKTPOHOB. VIHXKeKIMs MBUIEBBIX YacTWUIl B IUIa3My IIPUM BBICOKOW
OTHOCUTEJIbHOV BJlakHOCTH Bo3ayxa RH >30% mpu Bcex cKopocTsax MOHM3aIMM rasa
NPUBOAUT K IIOHVDKEHWIO CKOPOCTM KOPPO3MM XKeJle3a, B TO BpeMs KaK PV HU3KOM
BesmuHe RH = 15% mnalmogaeTcss IpOTMBOIIONIOXHBI 3ddeKT, a MMeHHO
yBeJIdeHie CKOPOCTI KOPPO3U TPV VEPKEKIIVIN TTBUIIL.
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a 5]
Pucynox 3. Y6esuuenue macco 00pasyo8 xesesa 6 sabucumocmu om moka ny4xa Obicmpoix
anexmponob ¢ urxexyuet (1) u 6e3 unxxexyuu (2) uacmuy, KoHOeHcUpoBaHHOU JucnepcHot hassl.
Ommocumenvuas Braxnocms 030yxa RH =15% (a), RH =60% (6).

Pabora BeIIOIHeHa 1TIpu ¢duHaAHCOBOM momjepkke I'ockoprioparm
«Pocarom» (rocygapcrBeHHbINI KOHTpaKT oT 20 ampesst 2021 r. Ne H.41.241.09.21.1074
C IOIOJIHUTENTBHBIM cortatteHieM Ne 1 ot 27.01.2022).

1. Bbabuues B.H., TaneeBa K.D., Kupnuenko A.H., Hexpacos A.A., Yrogumkosa A.B,
Tpymxun H.V., ®wmimos A.B., Yepenanosa 1O.B., Yepkosen; B.E. ®usnka 1urasmel
2023, No5, c. 412-424.

2. Tlosnble MuKpocdepsl B 30/1ax YHOca 1ekTpocTaHimiz: COopHuk HayuHbix craTtent /Ilop,
pen. B.C. Ipoxcknna. Capos: @I'YIT «PDSILL - BHUMD®», 2009, 125 c.
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On the effect of dust particles on corrosion processes 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

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

In accordance with Federal Law No. 190-FZ, Class 1 and Class 2 radioactive
waste (RW) must be packed in metal containers and placed in deep disposal sites. As
it was shown in [1], under the action of high-energy ionizing radiation of radioactive
waste products, a chemically active low-temperature plasma is formed inside and
outside the containers, which can lead to a significant intensification of the processes
of plasma chemical corrosion of the metal walls of the container and a noticeable
reduction in their safe operation. It is assumed that the containers will be surrounded
by compacted bentonite clay from the outside, so there is reason to believe that the
radiation plasma, in addition to gas components, will also include macroscopic
particles of a condensed dispersed phase (in liquid and/or solid form). The
appearance of dust inside the container can be associated with both erosion of the
container walls under the influence of a stream of radioactive radiation, as well as
with the processes of nucleation and condensation of water vapor and products of
plasma chemical reactions in the plasma volume. It is obvious that the presence of
macroscopic dispersed particles can lead to both a noticeable change in the
parameters of the radiation plasma (the concentration of electrons, positive and
negative ions, and their composition) and have a significant effect on the
heterogeneous processes of plasma interaction with a metal wall, i.e. on the
mechanism of corrosion.

This paper presents the results of experimental studies of the effect of the
presence of macroscopic particles in moist air plasma excited by a stationary fast
electron beam as a simulator of high-energy ionizing beta radiation of radionuclide
decay products, on the rate of iron corrosion at different concentrations of water
vapor and at different gas ionization rates. The scheme of the experimental
installation on which the research was carried out, its parameters and capabilities are
described in detail in [1]. Spherical hollow thin-walled particles, the so-called ash
microspheres (cenospheres), whose physico-chemical characteristics are given in [2],
were used as dust particles, with the help of which a homogeneous dust-gas plasma-
forming medium with parameters controlled for a long time was formed. The
particles had an average (median) diameter of ~100 microns, while their
concentration in the reaction zone was at the level of 10* cm-3 - 105 cm?3.

Figure 1, for example, shows photographs of the surface of iron samples
treated in plasma in the absence and in the presence of dust particles in it at relative
humidity RH = 31%. It is clearly seen from the presented photographs that the
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presence of solid particles of the condensed phase in the radiation plasma has a
noticeable effect on the external picture of the corrosive behavior of iron samples.

b

Figure 1. The external corrosion pattern of iron samples during plasma treatment in the absence of
dust particles (a) and with dust particles (b). RH=31%.

Figure 2 shows experimental data on the corrosion rate of iron samples
depending on the relative humidity RH for two plasma generation modes - without
injection and with injection of dust particles into a plasma chemical reactor. It is
clearly seen from the presented results that at a high relative humidity RH > RH*, the
presence of dust particles in the plasma leads to a decrease in the rate of radiation
corrosion of iron, while at a low relative humidity the opposite trend is observed. The
specific value of the critical relative humidity RH*, at which a change in trends
occurs, depends on the magnitude of the current of the fast electron beam I (the rate
of gas ionization by fast electrons Qion).

Mass gain, mg
Mass gain, mg

T T T T T T T T
0 20 40 60 80 0 20 40 60 80
Rel. humidity, % Rel. humidity, %

a b
Figure 2. An increase in the mass of iron samples depending on RH with injection (1) and without
injection (2) of dust particles into plasma. Electron beam current I = 0.25 mA (a), I = 1.0 mA (b).
Electron enerqy W= 115 keV.

Figure 3 shows the results of experimental studies of the corrosion rate of iron

samples depending on the magnitude of the fast electron beam current (air ionization
rate) for two plasma generation modes - without injection and with injection of dust
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particles into a plasma chemical reactor. As can be seen from the presented data,
there is a monotonous increase in the corrosion rate of iron samples with an increase
in the amplitude of the fast electron beam current, regardless of the plasma
generation mode (with or without injection of dust particles into a plasma chemical
reactor), while there is a noticeable effect of condensed macroparticles on the nature
of the dependence of the corrosion rate on the magnitude of the fast electron current.

o
»
o

e

I
e 2

i

e
!

o
)
N
)
!

Mass gain, mg
Mass gain, mg
B
1

~
)

o
ES
\

o
o
!
IS}
o
!

(=3
o

o
o

" ;:am curr::t, mA * " * ;:am curr::t, mA * "

a b
Figure 3. An increase in the mass of iron samples depending on the current of the fast electron beam
with injection (1) and without injection (2) of condensed dispersed phase particles. Relative humidity
RH =15% (a), RH = 60% (b).
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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).

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, V. E. Cherkovets. Iron corrosion in the
radiative plasma of moist air. -Plasma Physics Reports, 2023, Vol. 49, No. 5, pp. 563-574.

2. Hollow microspheres in fly ash from power plants: A collection of scientific articles /
Edited by V.S. Drozhzhin. Sarov: VNIIEF, 2009, 125 p.
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8.2 TepMoxmumMmiecKasi MoaMMKals TOIUIMBHBIX TPaHyJI
1a3movi BUWM paspsama npm atmocdepHOM NaBIeHUN

ML.A. IllaBeaxun?, C.II. @edopobuul, M.b. IllaBeaxuna?’,
A.U. KaBvipuun'?, IO.M. @aqeeba 2

THaroHaIbHBIV ViccIeioBaTe IbcKuy yHMBepcuTteT "MD", Mocksa, Poccus
20O0peHeHHBIN MHCTUTYT BbICOKMX TeMitepatyp PAH, r. Mocksa, Poccus,
*mshavelkina@gmail.com

B IaHHO pabore ycciIeJoBaHa BO3MOXHOCTb IIpVIMeHeHNs
HM3KOTeMIlepaTypHOM IUIasMbl IS IIOBBIIIEHMS TEeIUIOTBOPHBIX XapaKTepUCTUK
Ouororummea. IlpoBemeH comoCTaBUTEIBHBINI —aHaIM3 [OBYX BUIOOB TBEPHBIX
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OvoToIUIMB:  JIpeBecHble IIeJUUIETHI M3  OTXOMOOB  JepeBoobpabaThIBaroliert
IIPOMBIIIEHHOCTY, a TakXXe TpaHYJIbl M3 BePXOBOTO HEWTPaJIM30BaHHOIO Topda.
II1asmMeHHBIe  yCJIOBMS — CO3JABa/IVIC  HPW  aTMOCEpHOM  JaBJIeHUN
BBICOKOYACTOTHBIM VMHIYKIIVOHHBIM ITIa3MoTpoHOM (BYl-1t1asmorpoHoM, pabodast
vacTtora Kortoporo 27,12 + 0,27 M) ¢ wmcnosnb3oBaHMeM aproHa B KadecTBe
IJIa3M000pasyIolero rasa.

ComnacHO JMTepaTypHBIM [aHHBIM Ipu Toppedwmkanmm mpu 300°C B
TpyOuaromm meun co ckopoctbio Harpesa 10°C/MuH m BpeMmeHeM HIpeObIBaHMS
rpaHyJIMpOBaHHOV Owomaccel mHopsanka 30MMH —TeIUIOTBOpHas CIIOCOOHOCTD
Omomaccel 0ObrgHO yBemumBaercs ¢ 18-19 MJIx/xr mo npumepro 20-24 MJIx/xr
[1]. VYBenmueHme TeIUIOTBOPHOM CIIOCOOHOCT  OOYCJIOBJIEHO — yBeJIM4eHUeM
coflepKaHMs yIJIepofia, YTO B CBOKO odepellb 3aBVICUT OT CKOPOCTH IIOTepy BOAOPOIa
U Kucaopopa. 3ajava dKCIlepyMeHTa 3aKjIfodaslach B IOBBIIIEHNY 3HepreTideckomn
LIEHHOCTM TIpaHyJI 3a cueT obecIleueHMsl BBICOKOV CKOPOCTM BBIXOAa JIeTydmX
BelllecTB 13 TeMuilesunosiosel. C 2TOM Iefiblo ObUla ITpoBeleHa OITMMM3allvis
pacrojiokeHusi TIpaHyJI IO OTHOLIEHWIO K cosfgaBaeMoMy dakeiy. BusyanbHo
OLIeHVBAJIOCh WM3MeHeHMe IBeTa IpaHy/l IO OTHOIIeHMIo K ucxomgHom. ITpomecc
o0paboTkM  mpekpamiajcs Ipu  JIOCTVDKEHUM  TeMHO-KOPUYHEBOIo  IiBeTa.
OnrmmMaribHOe BpeMst 00paboTky coctasio 2-10 cek B 3aBMCMMOCTM OT pasMepa U
reoMeTpumn IpaHyJIbL. VccremoBaHbl CHeKTpaJIbHbIe XapaKTepPUCTUKN
VIHAYKIIMIOHHOVI IUIa3Mbl aproHa Ha pasJINYHbIX cedeHnsax B mHTepBasie 240 -1000 am.
B pesynpraTe cepum sKcHepuMeHTOB ITpOeMOHCTpUpoBaHa 3ddeKTUBHOCTb
HpUMeHeHWs] ONTUYeCKOV CIIeKTPOMeTpUM Ul KOHTpPOJIA cocTaBa IUIa3MBI B
npoltecce 0OpabOTKM TOIUIMBHBIX I'paHyJl. MeTogoM CMHXPOHHOIO TepMMUYeCcKOIo
aHa/I3a yCTaHOBJIEHO, YTO ITOTepu Macchl oOpaboTaHHBIX I'paHysI Ha 10% MeHblre,
yeM He y obOpaboraHnbix. C IIOMOIIBIO ONTUYECKOIO MMKPOCKOIMA VCCiIefoBaHa
IIOBEPXHOCTh I'paHyJI. B pesysbrare 1iasmMeHHOV 0OpaOOTKM y JIpeBecHBIX IpaHyJI
CTPYKTypa BOJIOKOH CTajla MeHee yIIOPsIZJOYeHHOV, HO, B 1IeJIOM, COXpaHWIachk. B
cJiydae Topda, CTPYKTypa rpaHyJI IOJIHOCTBIO M3MeHWIach.

TakuMm obOpasoMm, mokasaHo uro, npumeHeHme BYl 1wiasMmbl 103BOJISA€T
JAOCTUTaTh IOTPeOUTEeIIbCKMX CBOVICTB TOIUIMBHBIX I'paHyJI 3a 3HauMUTeJIbHO Oolee
KOPOTKWMVI ITPOMEXXYTOK BpeMeHV, 4YeM TPaJUIMOHHBIMI TeXHOJIOIVISIMMA.

1. R. Mehdi, N. Raza, S. Raza Naqvi, A.H. Khoja, M. T. Mehran, M. Farooq, K.-Q. Tran A

comparative assessment of solid fuel pellets production from torrefied agro-residues and
their blends // Journal of Analytical and Applied Pyrolysis 2021, V. 156, 105125.
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Thermochemical modification of fuel granules by high
frequency induction plasma discharge at atmospheric
pressure

M.A. Shavelkin!, S.D.Fedorovich', M.B. Shavelkina?, D.I. Kavyrshin'?,
Yu.M. Faleeva?

INational Research University "MPEI", Moscow, Russia
?Joint Institute for High Temperatures RAS, Moscow, Russia
*mshavelkina@gmail.com

In this work, the possibility of using low-temperature plasma to increase the
calorific characteristics of biofuels was nvestigated. A comparative analysis of two
types of solid biofuels was carried out: wood pellets from wood processing industry
waste, as well as granules from high-moor neutralized peat. Plasma conditions were
created at atmospheric pressure by a high-frequency induction plasmatron
(operating frequency 27.12 + 0.27 MHz) using argon as a plasma-forming gas.

According to the literature, during torrefaction at 300 °C in a tube furnace with
a heating rate of 10 °C/min and a residence time of granular biomass of about 30 min,
the calorific value of the biomass usually increases from 18-19 M]J/kg to about
20-24 MJ/kg [1 ]. The increase in calorific value is due to an increase in carbon
content, which in turn depends on the rate of loss of hydrogen and oxygen. The
objective of the experiment was to increase the energy value of granules by ensuring
a high rate of release of volatile substances from hemicellulose. For this purpose, the
location of the granules in relation to the created torch was optimized. The change in
the color of the granules in relation to the original was visually assessed. The
processing process was stopped when a dark brown color was reached. The optimal
processing time was 2-10 seconds, depending on the size and geometry of the
granule. The spectral characteristics of argon induction plasma were studied at
various cross sections in the range 240 -1000 nm. As a result of a series of
experiments, the effectiveness of wusing optical spectrometry to control the
composition of plasma during the processing of fuel granules was demonstrated.
Using the method of simultaneous thermal analysis, it was found that the weight loss
of treated granules is 10% less than that of untreated granules. The surface of the
granules was examined using an optical microscope. As a result of plasma treatment,
the fiber structure of wood pellets became less ordered, but was generally preserved.
In the case of peat, the structure of the granules has completely changed.

Thus, it has been shown that the use of the high frequency induction plasma
makes it possible to achieve consumer properties of fuel pellets in a significantly
short period of time.

1. R. Mehdi, N. Raza, S. Raza Naqvi, A.H. Khoja, M. T. Mehran, M. Farooq, K.-Q. Tran A
comparative assessment of solid fuel pellets production from torrefied agro-residues and
their blends // Journal of Analytical and Applied Pyrolysis 2021, V. 156, 105125.

AAA

104


mailto:mshavelkina@gmail.com

WSMPA H 2024

8.3 Maruuro-ruia3aMeHHOe (popMMPOBaHME M YCKOPEeHMe
KoMItakTHbIX TOpoB (FRC)

. Boaomob", U. baiidun3, X. Cmaznoba?3, A. Moszobou3, A. Ocunob3
ITM®TH, 2 BIIID, 3 ®usmueckuit ma-T um. I1.H. JTebenesa PAH
*yarbolotov@bk.ru

3aMKHYTBIVI BUTOK C TOKOM B IUIa3Me IIOJIy4WwI Ha3BaHMe KOMIIAKTHBIVI TOP
i FRC -- Field Reversed Configuration. Takime Topbl MOXXHO yCKOPSTH M CKMMAaThb
VIX BHEITHVIMW VIMITYJIbCHBIMIY MarHUTHBIMY TIOJIAM.

Ha 3aBepmmBmierics B Hosi0pe 2023r. KoH(epeHIUM AMepUKaHCKOTO
®usngeckoro obmectBa (APS, Plasma division) mpencrasieno okosio 40 pabor mo
FRC u B Hacrositee Bpemst B HatmonasisHom Jlaboparopun CHIA B JIoc Asamoce
co3JiaeTcs HOBas 3KCIlepyMeHTasIbHas IulaTdopMa s X McciieqoBaHms. VI3BecTHBI
JacTHBIe amMeprKaHCcKye koMmmaaum - Tri Alpha Energy (ocBoero Gosee $ 1.2 mitpr.,
m3 Hux 50 mytH. oT PocHano) 1 Helion Energy - mocienHss maxe aHOHCHpoBasla B
2024 romy BBIDA4y SHEPIMIO CO HOBOIO TepMOsiiepHOro Kosviangepa Polaris
(naBecTMpoBaHo B 2021 1. $ 570 MitH., ¢ oOsizaTenbcTBOM erte $ 1.2 MIIpI, TI1aBHBIN
uHBecTop - Sam Altman, koMnanboH Elon Musk no Open Al, 3akroyeH KOHTPaKT ¢
MarikpocodpT Ha mnocTaBKy Ilepporo peaktopa B 2028 r). KpymnHenag
cTajiesiuTeViHasg KoMmaHus AMepukn Nucor Takxke 3akmoumia KOHTpakT ¢ Helion
Energy nHa $ 35 MyH.

Kurarn, SInoHms Taxke BemyT mcciaemoBaHMs B 3Tont oOnactu. Poccuiickas
nporpamMa Pocatoma PTTH "PasBuTme TexHWMKNM, TeXHOJIOIMVI W Hay4HBIX
VccileIoBaHMM B 0O0JIacTM WCIIOJIB30BaHMsA aTOMHOV 3Heprum B Poccuiickont
Denepaunm» (33,375 mitpa. py06. mo 2030r.) TosrpKo IIpesycMaTpUBaeT CTPOUTEIbCTBO
BrOporo miasMenHoro yckopurerst B TPVIHUTV mis cosmanua xoswlanpgepa ABYX
I1asMonoB. Poccud KpuTHUUYeCKM OTCTaéT B TEePMOANEPHBIX U  KOCMUYECKMX
VICCIIeIIOBaHMAX

PaboTer mposopsaTcsa u B Pusnueckom nHeruTyTe MM. 1. H. JTeGenesa, riae 601
MIpeIJIOKeH 1 3allaTeHTOBAaH HOBBIN CIIOCO0 popMMpOBaHMS KOMIIAKTHBIX TOPOB B
VHOYKTVMBHBIX HaKoImMTessx SHeprum [1]. JlaHHBII MeTOXm IIOKa3all BBICOKYIO
3dPeKTMBHOCTL IIpeoOpasoBaHMd 3>HepIuM HakormTens - xo 70 IIpoieHToB
3aIlaceHHOVI SHepruu Iepenaercsa B IUIa3MOWMI, TOK B KOMIIAKTHOM TOpPe HOCTWUIasl
HECKOJIBKO JeCATKOB KuloaMmIilep npu ayaMmerpe IvrasMonga 30 cM, a ero cKopocTb
cocrabwia 40 xM/cek. [IBa TuiasMonya, YCKOpeHHBIX HaBCTpedy OpPYT ApyTa, Jaau B
MecTe CTOJIKHOBEeHNs TeMIlepaTypy IUIasMbl Oojiee 1 k3B m IJIMTEIBHOCTh MSTKOTO
PEHTIeHOBCKOIO WM3JIy4eHMs OKOJIO OJHOV MMKPOCEKYH[bl, YTO Ha TpW MOpsaKa
IpeBblllIaeT INTEIPHOCTh TAaKOro WM3JIydeHMs Ha yCTaHOBKax c Z, X-IIMHYaMU,
IUIa3MeHHOro ¢okKyca [2] 1 cpaBHMMa C IJINTEIBHOCTBIO TaKOTO WM3JIydYeHUs OT
AIepHOrO Bp3blBa. ODTO IIOKa3blBaeT peaJlbHyI0 BO3MOXKHOCTb OCYIIIeCTBIIEHVIS
VIHEPIIVaJIbHOTO TEPMOSIEPHOIO CHTe3a.

TexHonornss HalpapjleHa Ha co3flaHue: 1 - TepMogIepHBIX peaKTOpOB-
KOJUIaVi[IepoB C MOIITHOCTBIO B MeraBaTThl, 2 - 3JIeKTpOpaKeTHBIX ABUIaTesIeVl C TSArov
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COTHM HBIOTOH - KOCMIUUYecKUi1 Kopabim OyayT mocturaTe Mapca 3a mapy MecsIies,
MOSBUTCS peaJIbHas 3alliyTa OT «KOCMWYeCKOIo Mycopa» M OT acCTepPOVHOV yIPO3bL.
3 - OynmyTr paspaboraHbl 3ddeKTBHBIE WMCTOYHMKI OBICTPBIX HEWTPOHOB IS
KoMOmHMpoBaHHOrO peakTopa ¢ U-238 Ha OSIT - oTpaboTaHHOM SiIepHOM TOIUIMBE.

IIpuBeneHsl pesysbTaTel 1O (POPMMPOBAHMIO KOMIIAKTHBIX TOPOB Ha
yCTaHOBKe ¢ IOHVDKeHHOM 3HepreTukout (1-2 k), uto HeoOXxoammo 11 paboThI ¢
3JIeKTpOpaKeTHBIMY ABUTaTesuIMM B 4acToTHOM pexkrme (10-100 I'rx).

Heobxonumo co3manme Kosutabopanmmn MwuHOOpHaykn, Pockocmoca,
Pocatoma, Pocrexa, dYacTHBIX WMHBeCTOPOB ¥ IPY>XeCTBeHHBIX CTpaH i
peasm3anuu ATOMHOIO MpoeKTa 2, HaIpaB/JIeHHOIO Ha OCyIlIecTBJIeHWs
TepMOSIIEPHOTO CMHTe3a Ha KoJUlariiepax TaKMX TOPOB, M CO3JaHWMs HOBOIO
KJIacca 3JIEKTPOpPaKeTHBIX JIBUraTesIevi ¢ TOV XKe TeXHOJIOTMeTL.

3asBKM OT Kojutabopaumn MoryT ObITh nomasbel B BOb PO (mpencenmarens WM.

IlyBanos, (3asiBK1 oT 3 mipa. pyo. Ha 20 siet, 15 HpolLieHTOB OT 3asiBUTEIIsS, eCTh
petiieHe 00 yBeueHMM prHAHCHPOBaHMS 3TO rockoMrannm) 1 B @oxp [Tpsameix
Musectmumit (I'en. nupexrop K. IMurpues)
Cpemanbl poxianbel B VICD Tomcke-2022, CSCPIER-2023, Ha XapWTOHOBCKMX
Yrenusax B Capose 2023, Koponésckux Yrenmax 2024 8 MBTY wm. baymana, nHa
koHpepenuyu IUIABMA 2024 B VIKV, doprosckoit koHdepeHmmn VIBTAH-
Dmpbpyc 2024, Ha 3BeHMTOpOACKOM 0 YTC-2024, Ha KoHdepenmym JTalUTA3 2024 B
MI®DU.

BeicTpoe co3maHMe yCTaHOBOK IIO KOMIIAKTHBIM TOpaM MOXeT OBITh
peanmsosano B0 BHUND®, BHUUT®, HUL Kypuarosckmuit mHcTUTyT, OVIBT,
HWMWII, Hosocubupckom USAPD, TPMHUTU, PVAH, OVIAN, 123, ICD B Tomcke,
I7ie y>Ke eCTh 9KCIIepVMeHTaIbHble YCTaHOBKM C JJOCTaTOYHOV 3HEePIeTKOVAL.

IIperyiaraeM BceM 3aMHTEpPeCOBaHHBIM YUPEXIEHVSIM MOJIepXaTh pelleHs
yueHbIX coBeToB Otnenennsa Snepnont ®usuxknu n Acrpodmsukn n Henrpornno
dusnueckoro orgena PUMAH o HeoOXxommMMocTm oOpraHM3alMM TaKMx padoT.
PexoMeHoBaTh cO3faHVe KoJUlabopammy IS 3TUX IIejIell II0f, PyKOBOACTBOM
Axanemyn Hayk 11 COOTBETCTBYIOIINX OPTaHOB TOCyJapCTBEHHOVI 0e30I1aCHOCTIA.

.oy .

Pucynox 1. omo ycmanobxku 015 gopmupobanus KoMnaKkmHoeo mopa.

1. IlarenTt P®D No RU 2523427. Criocob dopmMmpoBaHMs KOMIIAKTHOTO IUIa3MOMIa
2. https:/ /efre2022.hcei.tsc.ru/publication/ proceedings.html (52-O-043801- FRC collider)
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Magneto-Plasma formation and acceleration of FRC

Ya. Bolotov'*, 1. Baidin3, Kh. Smaznova?3, A. Mozgovoy?, A. Oginov?
IMIPT, 2HSE, 3Lebedev Physics Institute of the Russian Academy of Sciences
*yarbolotov@bk.ru

A closed loop with current in the plasma is called a compact torus or FRC --
Field Reversed Configuration. Such tori can be accelerated and compressed by
external pulsed magnetic fields.

The last American Physical Society (APS, Plasma division) conference, which
ends in November 2023, presented about 40 papers on FRC. Now is currently
creating a new experimental platform for that research at the US National Laboratory
in Los Alamos. Private American companies well known - Tri Alpha Energy (more
than $1.2 billion has been spent, of which 50 million from Rusnano) and Helion
Energy-the latter even announced in 2024 the delivery of energy from its new Polaris
thermonuclear collider ($570 million invested in 2021, with a commitment of another
$1.2 billion, the main investor is Sam Altman, Elon Musk's partner in Open Al a
contract was signed with Microsoft to supply the first reactor in 2028). America's
largest steelmaker Nucor has signed a $ 35 million contract with Helion Energy.

China and Japan are also conducting research in this area. The Russian
program of Rosatom RTTN " Development of engineering, technologies and scientific
research in the field of the use of atomic energy in the Russian Federation "(33.375
billion rubles until 2030) only promice to provides for the construction of a second
plasma accelerator at TRINITY to create a collider of two plasmoids. Russia is
critically lagging behind in thermonuclear and space research.

Work is also being carried out at the Lebedev Physical Institute, where a new
method for forming compact tori in inductive energy storage devices was proposed
and patented [1]. This method showed a high efficiency of energy conversion of the
storage device - up to 70 percent of the stored energy is transferred to the plasmoid,
the current in a compact torus reached several tens of kiloamperes with a plasmoid
diameter of 30 cm, and its speed was 40 km/sec. Two plasmoids accelerated towards
each other produced a plasma temperature of more than 1 keV at the collision site,
duration of soft X-ray radiation was about one microsecond, which is three orders of
magnitude longer than the duration of such radiation at installations with Z, X-
pinches, and a plasma focus [2] and is comparable to the duration of such radiation
from a nuclear bombs. This shows the real possibility of implementing inertial
thermonuclear fusion.

The technology is aimed at creating: 1-thermonuclear collider-reactors with a
megawatts, 2-electric rocket engines with a thrust of hundreds of newtons -
spacecraft will reach Mars in a couple of months, there will be real protection from
the space debris and asteroid hazards, 3 - efficient fast neutron sources will be
developed for a combined FRC collider with small usual fission reactor.

The results of the experiments of the formation compact tori with a low-energy
installation (1-2 kJ), which is necessary for operation electric rocket thruster at the
frequency mode (10-100 Hz), will be presented.
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It is necessary to create a collaboration between the Ministry of Education
and Science, Roscosmos, Rosatom, Rostekh, private investors and friendly
countries for the implementation of Atomic Project (Manhattan) 2, aimed at
implementing thermonuclear fusion colliders of such tori, and creating a new class
of electric rocket engines with the same technology.

Applications from the collaboration can be submitted to the VEB RF of the

Russian Federation (Chairman I. Shuvalov, (applications from 3 billion rubles for 20
years, 15 percent of the applicant, there is a decision to increase the financing of this
state-owned company) and to the Direct Investment Fund (General Director K.
Dmitriev)
Presentations were made at the EFRE2022 conference in Tomsk, CSCPIER-2023 at
GPI, at the Khariton Scientific Readings in Sarov 2023, at the Korolev’s Readings 2024
at the Bauman Moscow State Technical University, at the PLASMA-2024 conference
at the Space Researche Institute, at the Fortov's IVTAN Elbrus 2024 Conference, at
the Zvenigorod 2024 conference, and at the LaPLAZ 2024 conference at MEPHI.

Rapid creation of compact torus installations can be implemented at VNIIEF,
VNIITF, NRC Kurchatov Institute, SPIT, NIIP, Novosibirsk INP, TRINITY, LPI,
JINR, IEE, IHCE in Tomsk, where there are already experimental installations with
sufficient energy.

We invite all interested institutions to support the decisions of the scientific
Councils of the Department of Nuclear Physics and Astrophysics and the Neutron
Physics Department of the LPI on the need to organize such work. Recommend the
creation of a collaboration for these purposes under the leadership of the Academy
of Sciences and relevant state security agencies.

- ‘ - \ —

Figure 1. Photo of the installation or forming a compact torus.

1. RF Patent No. RU 2523427 Method for forming a compact plasmoid.
2. https:/ /efre2022.hcei.tsc.ru/publication/ proceedings.html (52-O-043801- FRC collider)

AAA
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8.4 Bepudnkama meroaa criia>keHHbBIX YacTHUIL Ha
HeKOTOPBIX 3aJjadax C BA3KOCTBIO

A.B. UBano8*, C.A. Medun

O6benuuenns ViactuTyT Beicoknx Temmeparyp PAH, Mocksa, Poccmst
*org.andrey@gmail.com

ITpoBerieHo 4YMCIIeHHOE VCC/IeIOBaHMe B3aMIMOJIEVICTBUS IOTOKa XKMUIKOCTU C
MOIlepeYHbIM LWIMHApoOM. [Iiig sToro cosgaH Kopg Ha g3eike Python mis
rpadmaeckoro mpolieccopa peaan3yIoni MeTO]I, CrylakKeHHbIX dacTull [1]. B 3agaue
(Puc. 1) BozHMKaeT 3 eKT UncIeHHON BS3KOCTV HNPUCYIIUI JaHHOMY pacdyeTHOMY
MeTofdy. DTO IPWMBOOAUT K BO3HMKHOBEHMIO CWIBI COIPOTUBIIEHMS LVWIMHIPa
ABVDKYIIIEeMYCsl TIOTOKY.

B pabote BbINOIHEHBI pacdeThl 3HaueHU KO3 uIlMeHTa COIPOTUBIEHN
IWIVHApa IOTOKY, 00YyC/IOBJIEHHOIO UMCIIEHHON BA3KOCThIO. I1oiyueHHOe 3HadYeHVe
COOTBETCTBYeT II0 HOPSAAKY  BeJIMYMHBL  KO3(PUIIMEHTy  CONPOTMBIIeHMS
IIOJIyYeHHOMY B padorte [2].

BbUTO yeTaHOBIIEHO UTO € yBeIMueHeM CKOPOCTY OTHOCUTEIBHOTO ABVDKEHIS
IIOTOKa ¥ IWWIMHAPA KO3(MPPUIIMEHT CONPOTUBIIEHMSI YMeHbIaeTcs OO0paTHO
MPONOPILMOHAIBHO CKOopocTn. [Ipm 3TOM 3HadeHMe UNMCIIEHHOW — BSI3KOCTU
CcoXpaHsieTcsi HPVMEpPHO Ha IIOCTOSHHOM YpOBHe [IId 3afjaHHoro pasmepa SPH
JacTuil.
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Pucynox 1. Ilose ckopocmu xuodxocmu Boxpye yusundpa npu Re = 0.005.

PacyeTel BBIIOJIHEHBI I BOABI W INIMilepuHa. B cIydae mimmepuna
4yICIIeHHas BSA3KOCTB 110 TIOPSIKY BeJIMYMHBI COOTBETCTBOBasIa PU3NMYECKOM BSI3KOCTI
BellleCTBa, YTO I103BOJIsseT TOBOPUTH O COOTBETCTBUM pacueTa 0e3 KOPPEeKTUPOBKU
UJCIIEHHOV BSA3KOCTM (PU3NYECKOMY 3KCIIepVMEHTY IIPM HeKOTOPBIX pasMepax
JacTull,

1. A.N. Parshikov and S.A. Medin, "Smoothed particle hydrodynamics using interparticle
contact algorithms" JCP 180, 358 - 382 (2002).
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2. AN. Parshikov, S.A. Medin, G.D. Rublev, and S.A. Dyachkov, "Numerical viscosity
control in Godunov-like smoothed particle hydrodynamics for realistic flows modeling"
Physics of Fluids 36, 013101 (2024).

Verification of smoothed particle hydrodynamics on some
problems with viscosity

A.V. Ivanov®, S.A. Medin

Joint Institute for High Temperatures of RAS, Moscow, Russia
*org.andrey@gmail.com

A numerical study of the interaction of a fluid flow with a cylinder was
performed. For this purpose, a code was created in Python on GPU that implements
the SPH method [1]. In the problem (Fig. 1), the effect of numerical viscosity inherent
in this calculation method arises. This leads to the emergence of a drag force on the
cylinder.

In this work, calculations of the values of the cylinder drag coefficient due to
numerical viscosity were carried out. The obtained value corresponds in order of
magnitude to the drag coefficient obtained in [2].

It was found that with an increase in the speed of the relative movement of the
flow and the cylinder, the drag coefficient decreases in inverse proportion to the
speed. In this case, the value of the numerical viscosity remains approximately at a
constant level for a given size of SPH-particles.

Velocity
2.0

15

1.0

0.5

0.0
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> _os
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Figure 1. Velocity field around the cylinder at Re = 0.005.

Calculations were performed for water and glycerol. In the case of glycerol,
the numerical viscosity corresponded in order of magnitude to the physical viscosity
of the substance, which allows us to speak about the correspondence of the
calculation without adjusting the numerical viscosity to the physical experiment for
some particle sizes.

1. A.N. Parshikov and S. A. Medin, "Smoothed particle hydrodynamics using interparticle
contact algorithms" JCP 180, 358 - 382 (2002).
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2. A.N. Parshikov, S. A. Medin, G. D. Rublev, and S. A. Dyachkov, "Numerical viscosity
control in Godunov-like smoothed particle hydrodynamics for realistic flows modeling".
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8.5 O CMHTE3E ITPOTOH - BOP B OCIHIVM/IJIMPYIOIIIEU
INTASME HAHOCEKYH/IHOTO BAKYYMHOI'O
PA3PJIIOA

IO.K. Kypuaenko'?
106wvenuuénHbn ViHcTHTY T Boicoknx Temmnepatyp PAH, Mocksa, Pocciis
2Puzyrgeckmit VineturyT M I1.H.JTebennesa PAH, Mocksa, Poccus
yu.kurilenkov@lebedev.ru

besHenrTpoHHas peakumsi cuHTe3a OpPOTOH-O00pP (pB), composoxmaroriasicst
BBIZIeJIEHVIEM TOJIBKO Tpex ObICTphIX anmbda-dactui, p + 11B — a + 8Be* —
3a + 8,7 MaB, nipencrasiisier Oosbion pyHIaMeHTaIbHBIN U IIPUKIIAJHON VHTEpPeC,
HO TpeOyeT 3KCTpeMayIbHBIX YCJIOBUIN IS peaim3alini. B mociiemHme rombl ObDT
OOCTUTHYT 3HA4YUTEJIbHBIVI IIPOrpecc B 3KCIIepMMeHTaxX IO Jia3epHOMY CHUHTe3y
IIPOTOH - OOp M yBeIM4YeHMIo BbIxoAa d-dactui] (cM [1,2] u ccbuikm Tam ke). B To xe
BpeMs, ylepkaHlMe IUIa3Mbl B OIHOM YCTPOVICTBe it pB cmHTe3a, Oe3 BHeIIHMX
BO3[EVICTBUVI JTa3€PpOM WIV ITyYKaM¥ IIPOTOHOB, ITPeICTaBIIsieT HEMEHBIIINV MHTEepPeC.
IlepBble skcriepyMeHTEI IO PB cuHTe3y B IUIa3sMe MMHMATIOPHOIO HaHOCEKYHIIHOTO
BakyyMHoro paspsga (HBP) Osumn mposenmens! HemasHO [3]. B mwmmppmdaeckont
reomerpum HBP ObUta peasn3oBaHa XOpPOIIO WM3BECTHAsI CXxeMa VHEPIVAIBHOIO
3JIEKTPOCTaTUYeCKOro yiepKaHusl, HO ¢ oOpaTHOM HossipHOCThIO [3]. B aTom cxeme,
PiC mopenuposaHue B 3rteKTpoMarHUTHOM Kome KARAT BrerBmio dpopMmposaHue
BUpTyasbHOro Katona (BK) B anomHoM mpoctpanctse HBP 11 cooTBeTcTBYyIOIIIEN €My
noteHIaTbHOM MBI (I181) rybunom ~ 100 xB. Ksasucraumonapnas I[151 pasmepom B
HECKOJIPKO MIJUIVIMETPOB UI'PaeT PoJIb MUKPO YCKOPUTEIS IPOTOHOB U MIOHOB Oopa
710 3HepruU;m B COTHUM K3B, Korma BbIxon peakiiuyut pB B oOmacTit sHeprwit ydacTuij
BO/M3M BTOPWYHOTO pe3oHaHca (& 150 k3B) craHoBUTCH yXe 3amerHeM [2]. B
Ipollecce OCHWUIALI MOHOB B 115 BcTpeuHble CTOJIKHOBEHMS 4YacTV HPOTOHOB U
1oHOB O0opa c sreprusmmu ~100-500 k3B npusoasT K pB peakiym [3].

B marHOM 0030pe mpefcTaBieHO TeKylllee COCTOsIHME JIejl B 9KCIIepVIMeHTe 1
MOJIeJIMPOBaHNI CHHTe3a IIPOTOH-00p B cxeMe 3JIeKTPOAMHAMITIecKOro yiepKaHus
wiasmel Ha ocHoBe HBP [3]. B wactHocTi, PiC-momenuposanme mporieccoB pB
CMHTe3a MOoKasaIo, 4ro IviasmMa B HBP Haxomwrca B cocrosiHUM, OJIM3KOM K
KBa3VHEWTPaJIbHOMY, YTO CYIIECTBEHHO OTIMYAeTCs OT YCJIOBUV B M3BECTHOV CXeMe
Hepuoanyecky ocuwumpyomyx IwiasMeHHbIx cdep (IIOIIC), mpemoxkeHHOM
paHee ISl TEpPMOSIEPHOTO CMHTe3a B OCLWUIMpYIoIien 1wiasMe [4,5]. [To-suagmmomy,
MeJIKoMacIITaOHble KojlebaHmss B HBP sBisiorcss MexaHM3MOM pPe30HaHCHOIO
YCKOpPeHVsI VOHOB, B OT/JIMYMe OT KOTe€pPeHTHBIX CXKAaTUW B OPWUIVHAJIBHOV CXeMe
ITOIIC [6]. PiC monenipoBaHMe IT0Ka3asIo, 4To (PyHKIIUM pacIiperiesieHis IIPOTOHOB
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v noHoB 0opa B HBP He sBiIsttoTCs MakcBesU10BcKMMY, B oTiIame oT cxeMsbl [1OTIC, n
cuHTes pB wmmeer Mecro B HepaBHOBecHOU IvrasMe HBP, ocraromerica
“nesaxoxénnon” [6]. Taxke, oOcyXmaroTcs O0COOEHHOCTM MacIITaObMpoBaHM
MOIITHOCTY SJIEPHOTO CMHTe3a HpOTOH-O00p (cpaBHU ¢ [5] mmas DD cumTesa) B
3aBUCHMOCTY OT pa3sMepa BUPTYaJIbHOTO KaTofa.

V.S. Belyaev, A. P. Matafonov, V. L. Vinogradov et al. Phys. Rev. E 72, 026406, 2005.

D. Margarone et al. Appl.Scienses. 12, 1444, 2022.

Kurilenkov Yu. K., Oginov A. V., Tarakanov V. P. et al. Phys.Rev. E 103, 043208, 2021.

R. A. Nebel and D. C. Barnes. Fusion Technol., 34, 28. 1998.

J. Park, R. A. Nebel et al. Phys. Plasmas. 12, 056315, 2005.

Kurilenkov Yu.K., Tarakanov V.P., Oginov A.A. et al. Laser Part. Beams.V.2023, 9563197.

ARSI

ON THE PROTON-BORON FUSION IN OSCILLATING
PLASMAS OF NANOSECOND VACUUM DISCHARGE

Yu.K. Kurilenkov'?
Hoint Institute for High Temperatures of the RAS, Moscow, Russia
2P.N. Lebedev Physical Institute of the RAS, Moscow, Russia
yu.kurilenkov@lebedev.ru

The aneutronic reaction of proton-boron (pB) fusion accompanied by the
release of only three fast alpha particles, p + "B — a + 8Be* — 3a + 8.7 MeV, is of
great fundamental and applied interest, but requires extreme conditions for
realization. The laser initiation of the pB reaction has been demonstrated at the
beginning of this century [1]. In recent years, great progress was achieved in laser-
driven pB fusion experiments and the growth of a particles yield (sf [2] and ref.
therein). At the same time, another approach like plasma confinement in a single
device for pB fusion without any external influences is also still of great interest.
Recently, the experiments on the aneutronic proton-boron fusion in a plasma of a
miniature nanosecond vacuum discharge (NVD) were presented [3]. In the
cylindrical geometry of the NVD, a well-known inertial electrostatic confinement
(IEC) scheme, but with reverse polarity, was implemented [3]. In this scheme, PiC
modeling in the electromagnetic code KARAT revealed the formation of a virtual
cathode (VC) in the anode space of the NVD and a corresponding potential well (PW)
with a depth of ~ 100 kV. A quasi-stationary PW with a size of several millimeters
plays the role of a micro-accelerator of protons and boron ions to energies of
hundreds keV, when the yield of the pB reaction in the field of particle energies near
the secondary resonance (=~ 150 keV) becomes already noticeable [1]. In the process of
ion oscillations in PW, head-on collisions of a part of protons and boron ions with
energies of ~100-500 keV lead to a proton-boron reaction and the appearance of a
particles [3].

This review presents the current state of affairs in the experiment and simulation
of aneutronic proton-boron fusion in the scheme of electrodynamic plasma
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confinement based on NVD [3]. In particular, PiC simulations of pB fusion processes
have shown that the plasma in NVD is in a state close to a quasineutral one, which is
rather different from the conditions in the well-known scheme of periodically
oscillating plasma sphere (POPS) suggested earlier for fusion in oscillating plasmas
[4,5]. Apparently, small-scale oscillations in NVD are a mechanism of resonant ion
acceleration, unlike coherent compressions in the original POPS scheme [6]. Unlike
the POPS scheme, PiC simulation reveals that the distribution functions of protons
and boron ions in NVD are non-Maxwellian ones, and we have an aneutronic pB
synthesis in a nonequilibrium plasma remaining “nonignited” on the discharge axis
[6]. In addition, some features of scaling of the proton-boron fusion power by the
size of the NVD virtual cathode are discussed.

7. V.S.Belyaev, A. P. Matafonov, V. L. Vinogradov et al. Phys. Rev. E 72, 026406, 2005.

8. D.Margarone et al. Appl.Scienses. 12, 1444, 2022.

9. Kurilenkov Yu. K., Oginov A. V., Tarakanov V. P. et al. Phys.Rev. E 103, 043208, 2021.
10. R. A. Nebel and D. C. Barnes. Fusion Technol., 34, 28. 1998.

11. J. Park, R. A. Nebel et al. Phys. Plasmas. 12, 056315, 2005.

12. Kurilenkov Yu.K., Tarakanov V.P., Oginov A.A. et al. Laser Part. Beams.V.2023, 9563197.
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9.1 CoBMmecTHas1 00paboTKa paKOBBIX KJIETOK CTpyemn
X0JIOZHOV aTMOcdepHO IJ1a3Mbl (MMITyJIBCHOE
Hanpsi>KeHue) M HaHO4YacTUIlaM¥M 30J10Ta yCUJIMBaeT
IUTOTOKCMYIeCKNI IPOTUBOPaKOBbIN 3 deKT

H. I116encepm™, M. Buprokob'2, A. IloasaxoBal?, H. KpauxkoBa'l?,
O. KoBaav'?, E. Topbynoba'?, A. Enanuunyeba?, U. IToruunas?,
E. Muaaxuna®3, I1. I'yeun3, [Im. 3axpebckuil?
MHucTuTyT Teopermdeckom m mpuxiamHom MexaHmkn CO PAH, Hosocmbupck
2/IHCTUTYT XxMMMUYecKon Owormormm m dyHmameHTasbHOM Memmmmabl, CO PAH
SHCTUTYT PU3MKM IoJTyIIpoBogHUKOB M. A. B. Pxxanosa CO PAH
*e-mail: ivschweigert@gmail.com

Beibop sddexTrBHOrO M Omosormyeckn 0Oe30macHOTO peXxuma pPadoThl
xonogHou 1wiasMeHHOM cTpym (XIIC) mmeet permatorriee 3HaUeHMe IS pa3pabOTKI
nporuBopakoBom Teparmmy Ha ocHoBe XIIC. B skcmmepuMenTe m  4mciIeHHOM
MOIe/IpOBaHUY, W3MeHsId  JUIUTeJIbHOCTh  WMMIIyJIbCa T  IIepUOANYEcKOro
HaIlpsDKeHMs, HamaeHbl onTuMaibHble pexxmMbl remveson XIIC ¢ peryrisapHbIM
pacIipocTpaHeHMeM CTPVUMepPOB ¥ MaKCUMMalbHBIM 0Oe30macHBIM TOKOM Y
nosepxHoctr npu T<42°C [1,2]. g ycwieHMs IIMTOTOKCHMYecKoro sddekra
obpabotkm XIIC B cpeny ¢ xiieTkamu ObUIM J0OaBIIeHBI 30710Thle HaHOYacTuIIb! (HY).
Coueranme ospevictsys XIIC n HY cHypkano X13HeCIocoGHOCTh paKoBbIX KJIETOK
NCI-H23, A549, BrCCh4e-134 mu uMell. MoanduimpoBaHHble ITOIVITUIIEH
mmkosteM HY ¢ drryopectieHTHBIMM MeTKaMM MCIIOJIB30BaJIVICh JI BU3YyasIM3ariim
nornomenvs HIT xierkamm. Bospenicteue XIIC B coderanum ¢ HY, necymmmm
TepalleBTUYecKue  IIperapaTbl,  MOXeT  CTaTb  CJlefyollerl  cTpaTeruen
IIPOTMBOOIIYXOJIEBBIX ~ MOAXOMOB. VI3yueHbl Takke MOJIEKYJIIpHBIE OCHOBBI
centekTuBHOCTY Bo3fenicTBysi XI1IC Ha 3m0poBble 1 pakoBble KIeTKH [3].
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Figure 1. Hanpsxenue Ha 21exmpooe u mox, usmeperHbie Ha koxe Moiuiu npu Bosdeiicmbuu XI1C ¢
pasuvimu T, f = 30 kI'y, U = 3,8-4 kB, (c1eba) T = 7 mxc, (cnpaba) 14 mxc.

YMeHbIIeHVe IUIVHBL IMITyJIbCa T IIPUBOINUT K yBeJIMUYEHMIO TOKa Ha IIOBEPpXHOCTH,
pacIpocTpaHeHMe CTpyMepa CTAaHOBUTCS OoJlee peryJIsipHbIM (puc. 1).

Pabota BrIiosIHeHa npu noaaepskke Poccuiickoro Hayunoro donpga, N 22-49-08003.

1. I. Schweigert et al Plasma Sources Sci. Technol., 31, 114004 (2022).
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2. I. Schweigert et al Plasma Physics Reports, 49(11), 1358 (2023).
3. M. Biryukov et al Biomolecules, 13(11), 1672 (2023).

Co-treatment of cancer cells with cold atmospheric plasma jet
(pulsed voltage) and gold nanoparticles strengthens cytotoxic
anticancer effect

I Schweigert!”, M Biryukov'?, A Polyakova'?, N Krychkova'?, O Koval'?
E Gorbunova'?, A Epanchintseva?, I Pyshnaya?,
E Milakhina'3, P. Gugin3, Dm Zakrevsky'3
IKhristianovich Institute of Theoretical and Applied Mechanics, Novosibirsk, Russia
2Institute of Chemical Biology and Fundamental Medicine, Novosibirsk, Russia
8Rzhanov Institute of Semiconductor Physic, Novosibirsk, Russia
*ivschweigert@gmail.com

Efficient and biologically safe mode of cold atmospheric plasma jet (CAP]) is
crucial for the development of CAPJ-based anticancer therapy. In the experiment and
numerical simulations, by changing the pulse duration of a positive-pulsed (PP)
voltage, we found the optimal helium CAP] modes with a regular streamer
propagation and a maximum safe discharge current at 7<42°C [1,2]. To enhance a
cytotoxic effect of CAPJ treatment, gold nanoparticles (NPs) were added to the.
Combination of CAPJ], generated with the PP voltage, and gold nanoparticles
decreased the viability of NCI-H23 epithelial-like lung adenocarcinoma, A549 lung
adenocarcinoma, BrCCh4e-134 breast adenocarcinoma and uMell uveal melanoma
cells. Polyethylene glycol-modified nanoparticles with attached fluorescent labels
were used to visualize the uptake of NPs. The treatment with optimal CAPJ modes in
combination with modified NPs, bearing the cancer-addressed molecules and
therapeutics may be the next strategy of strengthening the CAPJ-based antitumor
approaches. We also studied the molecular basis for selectivity of the cytotoxic
response of lung adenocarcinoma cells to CAP]J [3].
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Figure 1. Voltage at U-electrode and current measured on mouse skin exposed to CAP] with PP
voltage with different T, f=30 kHz, U = 3.8-4 kV, (left) T = 7 us, (right) T = 14 ys.

We found that a decrease of the pulse length t of PP CAPJ leads to an increase of the
current at the surface and the streamer propagation becomes more regular (Fig.1).
This work was supported by Russian Science Foundation Grant number 22-49-08003.
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2. I. Schweigert et al Plasma Physics Reports, 49(11), 1358 (2023).
3. M. Biryukov et al Biomolecules, 13(11), 1672 (2023).
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9.2 DdpPekTNBHOCTD OKMCIINUTETHHOTO AeVICTBUS
HeTepMaJIbHOV IJIa3MBbI B CpaBHEHUM ¢ TaMMa-M3JIydeHneM

B.A. Xapaamo8®, U.M. Medxudob, II.B. baceipoBa, C.A. I'opbamoé,
T.B. Yux, .. Ilempyxuna, H.B. I'ryuenxo

@I'bY «Bcepoccmiickmi HayYHO-VICCIIeIOBATeIILCKUN THCTUTYT PafyioOSIOrVIV VI
arposkojiorun HarmonasibHoro mcciiemoBaTeibckoro nenrpa «KypuaToBekmia
VIHCTUTY T»

*kharlamof@gmail.com

HerepMasibHas mirasma siBjIsieTCS IIOTOKOM XVIMMYECKM AKTVMBHBIX YaCTWI]
(MIOHOB M 3JIEKTPOHOB) ¥ CBOOOIHBIX pPaJVKaIOB. 3HAYNUT, OCHOBHBIM IIE€VICTBUIEM
HeTepMaJIbHOV IUIA3Mbl Ha BEIIeCTBO SBJISIETCS OKWCINUTEIbHOE. DTO II03BOJISET
VICIIOJIb30BaTh I [MArHOCTMKM IUIa3Mbl MeTO[bl, UyBCTBUTEeIbHbIE K IIpolleccaM
okucienus [1]. K BuM ortHocar ODIIP-cnektpoMmerpuio m deppocyiibdaTHYIO
A03VIMeTPUUeCcKyIo cucreMy (mosuMeTp Ppukke). DT MeTOAbI TaKXe HaxOMST
IIMPOKOe IIpMMeHeHNe B JO3VMeTPUN MOHU3UPYIOIIEero U3JIyYeHs.

Llens paboTbl - comocTaBUTh 3PEPEKTMBHOCTD OKMCIIUTEIBHOTO IIEVICTBIS
HeTepMaJIbHOVI IUIa3MBbI ¥ FaMMa-V3JTyYeHs.

Ob6bexrammn mccienosanmsa Ovumn pactsop 0,001 M posmmerpa Ppukke
oopemoMm 30 M1 (06pabOTKy pacTBOpa M M3MepeHVIsI IPOBOAVUIN IO MeTofAVKe [2]) u
KpUCTaJuIMJyecKass caxaposa (3 rp), pacrpeesleHHass TOHKMM CJI0eM IIO Yarlllke
IMerpmu.

OO0pas1el 0OpabaThIBaI aproHOBOM IUIa3MOM B TeueHme 5 - 20 MuHYT (Ha
paccroguum 13 cM, ckopocTk moToka Ar 5 j1/muH) npu nomory CBY-mcrouHmka
HeTepMaJIbHOV IUIa3Mbl, paspaboranHoro B HUII «KypyaToBckuit MHCTUTYT» -
BHUIVPAD (r. O6umHCK) [3].

st comocTaBieHMss C JIeVICTBUMEM VIOHWM3MPYIOIIero W3jIydeHus oOpasIibl
oOinyuarim Ha ramma-ycraHoske I'YP-120 (HML, «KypuaToBckmit WMHCTUTYT» -
BHUMPAD, O6umHCK) ncrounmkoM °Co mpu KOMHATHOV TeMIlepartype B go3ax 50 -
200 I'p, mpm momraOoCcTN 10361 60 I'p/ 4. [lo3mMeTpryecKmit KOHTPOJIb BBITIOIHSUT B
cootBetcTBuM ¢ 'OCT 34155-2017 u TOCT 8.664-2019.

DINP-crieKTpoMeTpHIO IIPOBOAWIINM Cpa3y Hocjie oOpaboTKi oOpaslos IIpu
noMo1u cnekrpoMmerpa ESR70-03 XD /2 (Munck, bertapycs).

PesyybTaTel  McCileoBaHMUM  IOKa3bIBAIOT, YTO SKBMBAJIEHT [I03bl IHpU
oOpaboTke 11azMont B TedeHue 5 MuHYT ~ 49-53 I'p, 10 munyT ~ 83-91 I'p, 20 MmuHyT ~
130-173 I'p (pucynku 1 u 2). To ecTb BO3[eNICTBIIe HETepMasIbHOV IJIa3MOVI B TeUeHVie
5-20 MMHYT Ha TakKMe MaTepuasIbl, Kak pacTBop mosumerpa Ppukke (pucyHok 1) u
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KpHUCTa/UIM4UecKas caxapo3a (PUCYHOK 2) BBI3BIBAIOT OKMUCIIMUTeNIbHBIE 3deKTsl,
aHaJIOI'MYHbIe BO3[IEVICTBIIO raMMa-13JTydeHns B f1o3ax 49-173 I'p cooTBeTcTBeHHO.

[Ip >TOM HYXHO OTMETWUTb, YTO aproHoBas IUIasMa He CcO3/7aeT
VIOHM3MPYIOIIEro M3JIyueHus, IIOTOK IUIa3Mbl oOecIleunBaeT JIMIIb IIOMaaHMe Ha
IIOBEPXHOCTh 00OpabaThiBaeMOro MaTepmajia HapaOOTaHHBIX B HeW XUMWYEeCKU
AKTMBHBIX YACTMUII.
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The effectiveness of the oxidative action of non-thermal
plasma compared to gamma radiation

V.A. Kharlamov®, .M. Medzhidov, D.V. Basyrova, S.A. Gorbatov,
T.V. Chizh, D.1. Petrukhina, N.V. Glushchenko

Russian Institute of Radiology and Agroecology of National Research Centre
«Kurchatov Institute»
*kharlamof@gmail.com

Non-thermal plasma is a stream of chemically active particles, including ions,
electrons and free radicals. Therefore, oxidation is the primary action of non-thermal
plasma on matter. This allows the use of methods that are sensitive to oxidation
processes for plasma diagnostics [1], such as electron paramagnetic resonance (EPR)
spectroscopy and the Fricke ferrous sulfate system. These methods are also widely
used in the dosimetry of ionizing radiation.

The objective of this study was to compare the effectiveness of the oxidative
action of non-thermal plasma and gamma radiation.

The investigation focused on a 0.001 mol solution of the Fricke dosimeter with
a volume of 30 ml (the treatment and measurements were conducted according to the
[2]), and crystalline sucrose (3 g), distributed in a thin layer on a Petri dish.

The samples were treated with argon plasma for 5 to 20 minutes (distance -
13 cm; Ar flow - 5 L/min), using a microwave source for non-thermal plasma that
was developed at the NRC «Kurchatov Institute» - RIRAE (Obninsk, Russian
Federation) [3].

To compare the action of non-thermal plasma with the action of ionizing
radiation, untreated samples were irradiated using the GUR-120 gamma facility
(NRC «Kurchatov Institute» - RIRAE, Obninsk, Russian Federation) with a 60 Co
source at room temperature in doses ranging from 50 to 200 Gy. The dose rate was
60 Gy/h. Dosimetry procedures were carried out in accordance with the Russian
Standards GOST 34155-2017 and GOST 8.664-2019.

EPR spectroscopy was performed immediately after sample irradiation using
the ESR70-03 XD/ 2 spectrometer (Minsk, Belarus).

The results of the studies show that the equivalent of the absorbed dose during
plasma treatment for 5 minutes is approximately 49-53 Gy, 10 minutes is 83-91 Gy,
and 20 minutes is 130-173 Gy (Figsures 1 and 2). Thus, the exposure to non-thermal
plasma for 5-20 minutes on materials such as Fricke dosimeter solution (Figure 1) and
crystalline sucrose (Figure 2) causes oxidative effects similar to the exposure to
gamma radiation in doses of 49-173 Gy, respectively.
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It is important to note that argon plasma does not produce ionizing radiation.
Instead, the plasma flow acts on the surface of the material with chemically active
particles induced during plasma formation.

3,00E-04

2.50E-04

2,00E-04

<
&

173 Gy

M(Fe**), mol/l

138 Gy
1,00E-04

91 Gy

5.00E-05
49 Gy

0,00E+00
5 10 15 20

Time, min
Figure 1. Concentration of ferric iron after non-thermal plasma treatment (13 cm; Argon flow -5
L/min) of a 0.001 mol Fricke dosimeter solution (30 ml) as a function of time

8000 - o Gamma radiation

] o Non-thermal plasma
7000 1
6000 |

20min

5000 ]
4000

4 10 min
3000 1

EPR signal intensity, relative units

S5min

2000 |
1000 1 I
0! :
50

53 83 100 130 200
Dose, Gy

Figure 2. Comparison of the oxidative effectiveness of plasma and gamma radiation using EPR
spectroscopy of sucrose
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9.3 CBs3p oneHKM Ko3ddpunmenta nuddysmumn ¢poToHOB ¢
KpuTepmeM joKaam3anmumu ceera Modde-Perensi-Motra

A.B. IT'araxmuonob
OObenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccris
andrei.v.galaktionov@gmail.com

B mpempimymmmx paboTax M3 KIacCMYeCcKOTO YpaBHEHM IlepeHoca M3JTydeHvs
ObUIO BBIBElIEHO ypaBHeHUe AMUP@y3M ClpaBemInBoe B Cpele C IlepeMeHHBIM
roKasaTesieM IpesiomsleHms [1]. BpUlo mokasaHO, YTO 3TO ypaBHEHMe eCTeCTBEHHO
VIHTepIIpeTpoBaTh KaK ypaBHeHUe Auddysum oToHOB, a ero KoddpuineHTbI
HeTIOCPENICTBEHHO OMVICHIBAIOT OOMEH MMITYJIbCOM V1 SHEPIIell MeXIy M3TydeHVeM 1
BermectBoM [2]. OkasbiBaeTcsi, dwusndeckass WHTepOperaums Ko3dduieHTa
andPys3nn POTOHOB TeCHO CBg3aHa CO cTapovi mpobiiemort AGparama-MIHKOBCKOTO
O HeIpOTMBOPEUMBOM OIIpefieJIeHM VI TeH30pa SHEepPIMU-VIMITYJIbCa W3JIy4eHUs B
cpene [3]. A Taxxke c mpobriemort Bocxopsiient K padote HeioroHa 1 Burnepa [4] o
HeBO3MOKHOCTM OIIpefieIeHNsl BOJIHOBOVI PYHKIMM (pOTOHa.

HecmoTps Ha MHOrOYmCIIeeHble VI pa3HOOOpasHble MOIBITKY Pa3pellTh 3T
npoOsieMbl M TpoTMBOpeumsi [5-7] 3a MHOImMe AecaTWwIeTus WCCIIedOBaHMI
CYIIIeCTBEHHOTO IIporpecca, a YK TeM Oosiee KOHCEHCYCa B PeIlleHn 3TUX IpobrieM,
JIeXaIX B OCHOBaX COBpeMeHHOV (PU3NMKM, TOCTUTHYTO He ObuIo. Tem He MeHee, B
pabore [8] ObuIM oOOOCHOBaHBI KBaHTOBble OrpaHMYeHVs Ha Ko3PPuIMeHT
nd Py POoTOHOB, KOTOPHIE B TEPMMUHAX €ro IJIVMHBI CBOOOIHOT0 IIpobera MOXXHO
3amvicaTh B BUIE

('{}v < C/V = ‘3'0 . (1)

VI3 3TOro COOTHOIIEHVS IPOCTBIM WHTEIPUPOBaHMEM IIO CIIEKTPY ObUmi
TIOJIyueHbl OTrpaHWYeHMe CHU3y Ha 3HadeHUs Ko3ddulimeHTa JIydmncTomn
TEIUIOIIPOBOTHOCTY, 3Ha4YeHMsI KOTOPOrO IpOIlle MOIAIOTCS SKCIIePUMEHTaIBHOM
npoBepke. Ty ke OLIEHKY MWHWMMAJIBHOV TEIUIOIIPOBOAHOCTYI MOXXHO ITOJIYYIUTH
He3aBMCHMO [8] M3 MaKpOCKOIIMYECKMX COOOpaKeHMIT CUMMETPUI M Pa3sMEPHOCTY B
KadecTBe CJIeAYIOIIero WwieHa pasjIoKeHMs B 3aKOHe BO3pacTaHMs SHTpormn. [l
3TOVI OLEHKNM He HYXXHBI KaKye-MOO IIPeAIIOIOKeHMsT O CBOVICTBaX Cpembl 7
MexaHM3Max TerUlollepeHoca. OHa HOCUT BecbMa OOIIMII  XapakTep W
CBUJIETeJILCTBYeT, YTO MaKpOCKOIM4ecKass HeoOpaTuMOCTh, IIO BCeVl BUIVIMOCTH,
SIBJISIETCS. PEJITUBYICTCKIM KBAaHTOBBIM 3P eKTOM.

AHaymM3 TOKasbIBaeT, UTO cooTHoIleHue (1) coBmamaer ¢ KpurepueMm
nokasmsanm  VModde-Perenrs-Motra. DTOoT KpuTepuili ObUI  IlepBOHaYaIbHO
MIpeUIoKeH I 3JIEKTPOHOB, HO IIO3Xe ObUI 0000IIeH AHIepcOHOM Ha CBeT U
BOOOIIIe BOJIHBI JIF00O ITprpozbl. C Tex IIop MHOTrouYncIIeHHbIe sKcrieprMeHTHI [9, 10]
MIBITAIOTCS YCTAHOBUTH, BO3MOJKHA JIV JIOKaJIM3almysl cBeTa. V, ecim BO3MOXXHOCTB
IIOIlepeYHON JIOKaIM3allMyl CBeTa He BBbI3bIBA€T COMHEHWN W yXKe J[oBefieHa 10
MPaKTUYECKMX IIPWIOXKEHUV, TO BOIIPOC O BO3MOXKHOCTM JIOKaJIM3aIlMV CBeTa B
TpexXMepHOVI TeoMeTpuM IIOKa OcTaeTcsi OTKPHIThIM. Ilo BummMMMMYy, TpexMepHas
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JIOKaJ/IM3allvs CBeTa B OT/IMUMe OT IIOTIepevYHO JIOKaIM3ally HeBO3MOKHA VIMEHHO
IIOTOMY, 9YTO y (OTOHa He CYIIeCTBYeT TpPEeTUI OIlepaTop KOOpAMHATH B
HaITpaBJIEHMV €T0 PaCIIPOCTPOHEHVIS.

Kak 6s1 Tam HU ObUIO, CBsI3b ¢ KpuTepueM Modde-Perens-Morra 1o3osnser
VICIIOIb30BaTh MHOTOYVC/IIEHHBIe SKCIIEPMMEHTBI 110 JIOKa/JIM3allMy CBeTa I
npoBepknt  cootHomenus (1) wm  ero creactBum. C Opyrom  CTOPOHBI,
3KCIIepVIMeHTaJIbHble  WCCIeOBaHMsS  CUMMBOJIa  OIlepaTopa  paaualliOHHOTO
TeIUIOIIepeHOca MeTOIOM TeMIlepaTyPHBIX BOJIH MOTYT OBITH IIOJIE3HBI IS
VICCIIeIOBaH JIOKaIM3ay AHIepcoHa.
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Relationship between the estimation of the photon diffusion
coefficient and the Ioffe-Regel- Mott light localization
criterion

A.V. Galaktionov

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

In previous works, the diffusion equation valid in a medium with a variable
refractive index was derived from the classical radiative transfer equation [1]. It was
shown that this equation can be naturally interpreted as the photon diffusion
equation, and its coefficients directly describe the exchange of momentum and
energy between radiation and matter [2]. It turns out that the physical interpretation
of the photon diffusion coefficient is closely related to the old Abraham-Minkowski
problem about the consistent determination of the energy-momentum tensor of
radiation in a medium [3]. And also with the problem going back to the work of
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Newton and Wigner [4] about the impossibility of determining the wave function of
a photon.

Despite numerous and varied attempts to resolve these problems and
contradictions [5-7], over many decades of research, significant progress, much less
consensus, has not been achieved in solving these problems that lie in the
foundations of modern physics. However, in [8] quantum restrictions on the photon
diffusion coefficient were substantiated, which in terms of its mean free path can be
written as

(”v = 'f:/ﬂb|r = ’10 . (1)

From this relationship, by simple integration over the spectrum, we obtained a
lower limit on the values of the coefficient of radiative thermal conductivity, the
values of which are easier to verify experimentally. The same estimate of the
minimum thermal conductivity can be obtained independently [8] from macroscopic
considerations of symmetry and dimension as the next term of the expansion in the
law of increasing entropy. This assessment does not require any assumptions about
the properties of the medium and heat transfer mechanisms. It is of a very general
nature and indicates that macroscopic irreversibility is, apparently, a relativistic
quantum effect.

The analysis shows that relation (1) coincides with the Ioffe-Regel-Mott
localization criterion. This criterion was originally proposed for electrons, but was
later generalized by Anderson to light and, in general, waves of any nature. Since
then, numerous experiments [9, 10] have attempted to establish whether light
localization is possible. And if the possibility of transverse localization of light is
beyond doubt and has already been brought to practical applications, then the
question of the possibility of localizing light in three-dimensional geometry still
remains open. Apparently, three-dimensional localization of light, in contrast to
transverse localization, is impossible precisely because the photon does not have a
third coordinate operator in the direction of its propagation.

Be that as it may, the connection with the loffe-Regel-Mott criterion makes it
possible to use numerous experiments on light localization to verify relation (1) and
its consequences. On the other hand, experimental studies of the radiative heat
transfer operator symbol, using the temperature wave method, can be useful for
studying Anderson localization.
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9.4 AnanMmT4deckasi Teopvs sABJICHUM IIepeHoca

b.M. bypaxano8*, B.A. bumiopun
OWBT PAH, Mocksa, Poccia
burbm@rambler.ru

B Hacrosimiee BpeMsi B pm3MKe CyIIeCTBYIOT [IBe TeOPUM SIBJIEHUT IlepeHoca:
deHOMEHOIOTMUECKAsT TeOpwMs, OCHOBaHHas Ha (HPEeHOMEHOJIOTMYECKMX 3aKOHaXx,
TaKMX KakK 3akoHbI Puka m Dypbe, M MOJIEKYISIPHO-KMHETYECKAsl Teopus,
OCHOBaHHasl Ha COOTHOIIEHMSX, yCTaHABIMBAIOIINX B3aVIMOCBA3b MEXY TaKVMU
Ko durmentamy, Kak koadpduimenTter nuddysum u TerionposomHocT [1].
AHarTIgeckasi Teopus SBJIEHWUN IIepeHoca, oOCyXaemMasl B 9TOM CTaThe, OCHOBAaHa
Ha ITapaboIyecKkoM ypaBHEHMY, M3BECTHOM KaK ypaBHEHVIE TeIUIOIIPOBOIHOCTL.

B manHOM paboTe nonydeHa popMa 3armcy BTOPOTo Havdala TepMOIVHAMUKI
B TOYKax OSKCTpeMyMa 3HAa4eHWUV TePMOAMHAMUUYECKMX IIepeMeHHBIX, KOTOpas
SBJIeTCS YacTHBIM CJIydaeM ypaBHeHUs TeIUionposogHocTi. [lpm wmsyuennn
SIBJIHUVI TIepeHOCa BO3MOXKHOCTB 3allICV BTOPOrO Havajla TEPMOIAVHAMWKI B BUJIE
ypaBHeHIs TeIUIONPOBOAHOCTVI 3HAUWTEIBHO IIOBBHIIIA€T OLEHKYy Hay4YHOM
3HAYVIMOCTVM Pe3yJIbTaTOB, IIOJIyYeHHBIX C VICIIOJIb30BaHMEM 3TOrO ypaBHEHVIS.
BaxxHo Takke, uTO OOIIMe CBOVICTBA peIIeHNI YpPaBHEHWS TeIUIOIIPOBOIHOCTY,
ommcaHHble B [2] 1 [3], uMeloT cBoM pmsmdecKre aHaJIOTM B BUe OOIIMX CBOVICTB
pmsMIecKMX SBJIEHUIT VI IPOLIECCOB, OMVICBIBAEMBIX C VCIIOJIB30BAHVEM ypPaBHEHIS
TeIulonpoBogHOCTM. Kpome Toro, B Hacrosmen paboTe MOIydeHBl WU
MMPOAHAIM3MPOBAHBl ~ BaXHBIE  YacTHbBIE dopMBl  3ammcu  ypaBHEHMUS
TETUTOIIPOBOTHOCTA.

OpHIMM 113 OCHOBHBIX pe3yJIbTaTOB 3TOrO aHaJIM3a SBJIAETCS YCTaHOBJIEHVE U
obocHOBaHME (paKTa CYIECTBOBAHWS OBYX Pa3IMYHBIX TUIIOB MVKPOCKOIIIECKVIX
MeXaHV3MOB, PeTyIVPYIONINX JIOKaJIbHbIe IIPOIeCCHl WM3MEHEHWS BO BpeMeHU
KOJIMYeCTBa paccMaTpvBaeMoV (PU3MUECKOV BEJIMYMHBI B paccMaTpPMBaeMOM
dpusmgeckn beckoHeuHO MajioM oObeMe [4]. Taxoke obcyxHaroTcs cirydan, KOrjaa 3T
MEeXaHV3MBI IIPOTMBOIEVCTBYIOT APYr APYTy ¥ KOrfa OHM HEeVICTBYIOT B OLHOM
HaIlpaBJIeHW.

YKaszaHBl yCIOBMS, HOpW KOTOPBIX IS OIMCAHMS SBJIEHUN IIepeHoca
HeOOXOIVIMO WCIIONIb30BaTh He YpaBHEHNE TeIUIOIPOBOOHOCTY, a YpaBHeHUe
ITyaccona. CyllecTBeHHO, YTO B CJIydasiX, KOrZa HeOOXOOVMMO VICIIOJIb30BaTh

123



WSMPA H 2023

ypaBHenue Ilyaccona, mpomeccel mepeHoca 3aBUCAT OT BpeMeHM He KakK OT
apryMmeHTa, a Kak OT ImapamMeTpa.

IIpy ananmse dYacTHBIX OPM 3adNuCK ypaBHEHMs TeIUIONPOBOAHOCTH,
PacCMOTPeHHBIX B 3TOM CTaTbe, aKTMBHO VCIIOJIb3YeTCsl JIOKaJIbHOe OOBbeMHOoe
pasJioXKeHue CKaJIIPHbBIX PYHKIVI, IPUCYTCTBYIOIINX B 3TOM ypaBHeHuM. [ToaTomy
OOVIH M3 OCHOBHBIX PAa3/IeIOB 3TOVI CTaThM IIOCBAIIEH OIMCAHWMIO CBOVICTB 3TOTO
JIOKaJILHOT'O 0OBbeMHOT0 Ppas3jIoKeHMsl.

Vicriosnib3ysl 3TO pasjioXeHMe, B HacTosllell paOoTe MOKa3aHO, YTO OOVH W3
JBYX YIIOMSHYTBIX BBIIIIE MWUKPOCKOIIMYECKMX MEXaHM3MOB, PeTyJINPYIOIIX
JIOKaJIbHbIE IIPOIIECCHI WM3MEHEHMS BO BpeMeHM BeJIMYMHBI paccMaTpUBaeMO
dusmueckon BeMUMHBI B paccMaTpuBaeMoM du3ndeckr OeCcKOHeYHO MajioM
oOpeme, 3aBUCUT OT W3MeHEHUV 3HA4eHWUII paccMaTpuBaeMoit (u3mIecKomn
BEJIMYMHBI TIEPBOTO IIOPSKa MayIOCTVI, M BTOPOV W3 3TUX MMUKPOCKOIIMYECKMX
MeXaHV3MOB 3aBVUCUT OT W3MEHEeHWV 3HaueHWVl paccMaTpuBaeMOV (U3MIecKom
BEeJIMUMHBL ~ BTOPOrO  MOpsiAKa. OJTO  OOCTOSITEIIBCTBO  SABJISIETCS.  IIPSIMBIM
JI0Ka3aTeIbCcTBOM  3dPEPEeKTUBHOCTM  VCIIOJIb30BaHMSL  JIOKQJIbHOIO  OOBeMHOTO
Ppas3IoXXeHMsI TPV I3yYeHWM SIBJIEHUI IIepeHoca.

B nmamnHOmM pabore mpenmoraraercs, YTO IIpsAMOe  I0Ka3aTeIbCTBO
3(pPeKTMBHOCT  MCIOIB30BaHMS JIOKAJIBHOTO OOBEMHOIO pPa3jIoXeHUsI IIpu
VI3y4YEeHWW SBJIEHUV TIepeHOoca OTHOBPEMEHHO CITYKUT KOCBEHHBIM JTI0Ka3aTeIIbCTBOM
TOTO, YTO Hay4HBINI CTaTyCc CcOPMYJIMPOBaHHBIX B JaHHOV paboTe MHOHATUM -
HecTallOHapHOE JIOKAJTbHOEe HEpaBHOBECHOE COCTOSTHVIE M CTAallMIOHAPHOE JIOKaJTbHOE
HepaBHOBECHOE COCTOsSHME - CONOCTaBMM C Hay4YHBIM CTaTyCOM TaKOTO
dyHIaMeHTaJIbHOTO IIOHATMS COBPEMEHHOV paBHOBECHOV ¥ HepaBHOBECHO
TEPMOOVHAMVKV KaK IIOHATME JIOKAJTbHOTO PaBHOBECHOTI'O COCTOSTHVIS.

1. Cusyxun [1.B. 1975 TepmogmnHammka 1 MosieKysispHas dpusmka. OO0t Kype pU3MKNA.
Mocksa: Hayka, T. 2, c. 456.

2. B M Burakhanov Classification of vector lines and fields by geometric and numerical
methods, J. Phys.: Conf. Ser. 1394 (2019) 012028.

3. B M Burakhanov Non-stationary layered vector fields and their divergence functions, J.
Phys.: Conf. Ser. 1698 (2020) 012025.

4. ITpuroxwun ., Kongenyam [1. 2002 CospemenHas TepmonanHammka. Mocksa:Mup, 461 c.

Analytical theory of transfer phenomena

B.M. Burakhanov*, V.A. Bityurin
JIHT of RAS, Moscow, Russia
*burbm@rambler.ru,

Currently, there are two theories of transfer phenomena in physics: a
phenomenological theory based on phenomenological laws such as Fick and Fourier
laws, and a molecular kinetic theory based on relations establishing the relationship
between such coefficients as diffusion and thermal conductivity coefficients [1]. The
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analytical theory of transport phenomena discussed in this paper is based on a
parabolic equation known as the equation of thermal conductivity.

In this paper, a form of recording the second beginning of thermodynamics at
the points of the extremum of the values of thermodynamic variables is obtained,
which is a special case of the equation of thermal conductivity. When studying
transfer phenomena, the possibility of writing the second principle of
thermodynamics in the form of a thermal conductivity equation significantly
increases the assessment of the scientific significance of the results obtained using
this equation. It is also significant that the general properties of solutions to the heat
equation described in [2] and [3] have their physical analogues in the form of general
properties of physical phenomena and processes described using the heat equation.
In addition, in this paper, important partial forms of writing the thermal conductivity
equation are obtained and analyzed.

One of the main results of this analysis is the establishment and substantiation
of the fact of the existence of two different types of microscopic mechanisms
regulating local processes of change in time of the quantity of the considered physical
quantity in the considered physically infinitesimal volume [4]. The cases when these
mechanisms counteract each other and when they act in the same direction are also
discussed.

The conditions under which it is necessary to use not the equation of thermal
conductivity, but the Poisson equation to describe the transfer phenomena are
indicated. It is essential that in cases where it is necessary to use the Poisson
equation, the transfer processes depend on time not as an argument, but as a
parameter.

When analyzing the particular forms of writing the heat equation considered
in this paper, the local volumetric decomposition of scalar functions present in this
equation is actively used.. Therefore, one of the main sections of this paper is devoted
to the description of the properties of this local volumetric decomposition.

Using this decomposition, it is shown in this paper that one of the two
microscopic mechanisms mentioned above that regulate local processes of time
variation of the quantity of the considered physical quantity in the physically
infinitesimal volume under consideration depends on changes in the values of the
considered physical quantity of the first order of smallness, and the second of these
microscopic mechanisms depends on changes in the values of the considered
physical quantity of the second order of smallness. This circumstance is a direct proof
of the effectiveness of using local volumetric decomposition in the study of transport
phenomena.

In this paper, it is assumed that the direct proof of the effectiveness of using
local volumetric decomposition in the study of transfer phenomena simultaneously
serves as indirect proof that the scientific status of the concepts formulated in this
paper - nonstationary local nonequilibrium state and stationary local nonequilibrium
state is comparable with the scientific status of such a fundamental concept of
modern equilibrium and nonequilibrium thermodynamics as the concept of local
equilibrium state.

1. Sivukhin D V 1975 Thermodynamics and molecular physics. General course of physics,
Moscow: Science, vol. 2, p. 456. (Russian).
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2. B.M Burakhanov Classification of vector lines and fields by geometric and numerical
methods, J. Phys.: Conf. Ser. 1394 (2019) 012028.

3. Burakhanov B M 2020 Non-stationary layered vector fields and their divergence
functions, ]. Phys.: Conf. Ser. 1698 (2020) 012025.

4. Prigozhin I, Kondepudi D. 2002 Modern thermodynamics, Moscow: World, 461 p.
(Russian).
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10.1 Marauroruia3MeHHas a3poavHaMMKa
B CBeTe 3KcIepuMeHTaIbHbIX JocTvoKeHn XXI Beka

M. Ubanob

HUWM Mexanukn MI'Y M. M.B. JTomoHOocoBa, MockBa, Poccust
mikhivan@yandex.ru

K BrimaromymMca skcriepyMeHTaIbHBIM - ocTvokeHmsiM  XXI Beka crremyer
OTHeCcTM TIyOiIMKaumy IO HaAeXHOV PerucTpauyuil CBePXCBETOBBIX IBVDKEHWU
MaTepun M n3nydeHns (puc. la) [1], yHMKaIbHBIe SKCIIepVIMEHTHI Ha YCKOPWUTEIISAX
110 aHIN3y BHYTPEHHEW CTPYKTyphl IIPOTOHA, IO OOHAPYXEHWMIO HOBBIX
3JIeMEHTaPHBIX YaCTHUI], I 110 MCCIIEOBAHMIO MOJIIPU30BAHHOIO IIPOCTPAHCTBA aToMa
[2]. Becpma BakHBIMM I IIOATBEpPXKIAEHMS BBIBOAOB pPabOTBl OyayT Takke
onyOIMKOBaHHBIE K HACTOSIIEMY BpeMeHM pe3yJIbTaThl SKCIePVIMEHTOB IIO
reHepaluy «CTPaHHOTrO» M3Iy4deHus [3], oOpa3oBaHMIO pa3sHOIrO pora TPekos [4] u
3apervcTpupoBaHHBIe B OIBITax CwIoBele juHUM Dapanes. Bubparmmt crioBbIx
JMHWUV TIPY  HaJIWdMY  BHEIIHEro IlepeMeHHOrO 3J1eKTPOMAarHMTHOIO  IIOJIS
COIIPOBOXKIAIOTCSL ~ TeHepalyelnl «CTpaHHOro» wmainydeHms. K «cTpaHHOMY»
V3JIy4eHNI0O MOXXHO OTHEeCTM TaKXe W3BeCTHBIN KupimaH-3pdekr (puc. 10) n
cepepHoe (rtosisipHOe) cusiHue (puc. 18). PaspyiieHne cTpyKTypbl CWJIOBBIX JIMHU
OpUBOANUT K 00pa3oBaHMIO  OTHEIMBIIMXCA  KYCKOB, OCTaBJISIIONIVIX  IIpU
pacIpocTpaHeHMY BIOJIb IIOBEPXHOCTEV pasHoro porda Tpeku. Ha puic. 1 mpuseneHst
XapaKTepHbIe SKCIIepYIMeHTaIbHbIe Pe3yJIbTaThI.

(a) (6) (6)

Pucynox 1. @omo cpomona (a) u3 pabomui [1], «kupiuan cBeuerue» (0) u noasproe cusnue (6).

ImaBHast 1enib  HacTosIen paOOTBI  COCTOMT B peaM3aluy  WUAen
MarHUTOIUIa3MEeHHOV a’3pOAVHAMMKI B CBeTe BBIIAIONIVIXCS SKCIePUMeHTaIbHBIX
poctiokenumt XXI Beka m dopMyimpoBKa eé mepcleKkTVB. B uBcTHOCTHM, HaHBI
pe3yJIbTaThl IIPYMeHEeHMSI METOA0B MarHWTOIUIAa3MEeHHOTO IIOAXOHa IIPY pelleHmN
BHEIITHMX 1 BHYTPeHHMX 3a7ad aspoauHaMuku [5] (oOTekaHme 3aTyIUIEHHBIX TeJl,
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IpoIiecchl B [IeTOHALMOHHBIX [Apuraresrix u 1p.). IIpomeMoHcTpupoBaHbI
IUTa3MOAMHaMIYecKie ocobeHHOCT M ToMorpadms artoma [6]. IlpmBenmensr
XapaKTepHble YVCIEeHHble ¥ aHAIATWYeCKVe pelleHns, KOTOpble HaIJISIHO
AeMOHCTPUPYIOT  IPaKTUYeCcKyl0  pabOTOCIIOCOOHOCTh ~ MarHUTOIUIA3MEHHOV
a’poAVHAMVKM (HalpyMep, PV MOIEIVIPOBAaHWMM IIPOLIECCOB, ITOKA3aHHBIX Ha
puc.1).

1. Kazuhiro Morimoto, Ming-Lo Wu, Andrei Ardelean, Edoardo Charbon. Superluminal
Motion-Assisted 4-Dimensional Light-in-Flight Imaging. arXiv: 2007.09308, v1, 2020.

2. Tomography of ultrarelativistic nuclei with polarized photon-gluon collisions. ~ SCIL
ADV., 4 January 2023, Vol. 9, Issue 1, DOI: 10.1126/sciadv. abq3903.

3. Vpyukoes JLU., Jlukconos B.V., LlmHoes B.I'. DkcrnepumeHTasibHOe OOHapyXeHNe
‘cTpaHHOrO’ mM3JIydeHMs M TpaHchopMald XMMUYecKuX 3jieMeHToB. IlpuxiiamHas
dmusuxka, 2000, 4:83-100, http:/ /www.urleon.ru/files/article_58.pdf.

4. Kwuranos BA, IlapxomoB A.I. Tpekm cTpaHHOro msjiyuyeHwWs - OBVDKeHME TBepPIbIX
yvacTuly, BIosib nosepxHocTn. Martep. XXVII Poccurickoin koHdepeHmm «Xos1ogHas
TpaHCMYTalVs AAep XMMUYEeCKMX 3JIeMeHTOB U IapoBasi MOJIHWU», ¢. 51-64, 2022.

5. ViBanoB M.Jl. 3akoHBI coxpaHeHUs B IUIa3MOAVMHaMMKe C JeMOHCTPalMIOHHBIMM
IpUMepaMy peleHui B popMe M30IMPOBaHHBIX HeJlHeHbIX BoyiH. WSMPA 2021.

6. UVBanos M.J., Koncrauntuaos C.V., Musuu C.B. IIiasmommHamMmdecke ocoOeHHOCTY 1
ToMorpadmsi aToMa Ipu Hayamy cv1oBbix JimHu @apanes. WSMPA 2023.

Magnetoplasmic aerodynamics
in the light of experimental achievements of the XXI century

M.Ya. Ivanov
Research Institute of Mechanics of Moscow State University, Moscow, Russia
mikhivan@yandex.ru

The outstanding experimental achievements of the XXI century include
publications on reliable registration of superluminal motions of matter and radiation
(Fig. 1a) [1], unique accelerator experiments on the analysis of the internal structure
of the proton, on the detection of new elementary particles and on the study of the
polarized space of the atom [2]. The results of experiments on the generation of
"strange" radiation [3], the formation of various kinds of tracks [4] and Faraday lines
of force recorded in experiments will also be very important for confirming the
conclusions of the work. Vibrations of power lines in the presence of an external
alternating electromagnetic field are accompanied by the generation of "strange"
radiation. The "strange" radiation can also include the well-known Kirlian effect
(Fig. 1b) and the northern (polar) lights (Fig. 1c). The destruction of the structure of
the lines of force leads to the formation of detached pieces, which leave various kinds
of tracks when spreading along the surfaces. In Fig. 1 typical experimental results are
presented.
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(9]

Figure 1. Photon photo (a) from [1], "Kirlian glow" (b) and the Aurora borealis (c).

The main purpose of this work is to implement the ideas of magnetoplasmic

aerodynamics in the light of outstanding experimental achievements of the XXI
century and to formulate its prospects. In particular, the results of the application of
methods of the magnetoplasmic approach to solving external and internal problems
of aerodynamics [5] (flow around blunted bodies, processes in detonation engines,
etc.) are given. Plasmodynamic features and tomography of the atom are
demonstrated [6]. Characteristic numerical and analytical solutions are presented,
which clearly demonstrate the practical efficiency of magnetoplasmic aerodynamics
(for example, when modeling the processes shown in Fig.1).

1.

Kazuhiro Morimoto, Ming-Lo Wu, Andrei Ardelean, Edoardo Charbon. Superluminal
Motion-Assisted 4-Dimensional Light-in-Flight Imaging. arXiv:2007.09308, v1, 2020.
Tomography of ultrarelativistic nuclei with polarized photon-gluon collisions.  SCIL.
ADV.,, 4 January 2023, Vol. 9, Issue 1, DOI: 10.1126/sciadv. abq3903.

Urutskoev L.I, Lixonov V.1, Tsinoev V.G. Experimental detection of "strange” radiation
and transformation of chemical elements. Applied Physics, 2000, 4:83-100,
http:/ /www.urleon.ru/files/article_58.pdf .

Zhigalov VA, Parkhomov A.G. Tracks of strange radiation - movement of solid particles

along the surface. Mater. XXVII Russian Conference "Cold transmutation of nuclei of
chemical elements and ball lightning", pp. 51-64, 2022.

Ivanov M.Ya. Conservation laws in plasmodynamics with demonstration examples of
solutions in the form of isolated nonlinear waves. WSMPA 2021.

Ivanov M.Ya., Konstantinov S.I., Mizin S.V. Plasmodynamic features and tomography of
an atom in the presence of Faraday lines of force. WSMPA 2023.
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10.2 BBICTPOQ OXJIA2KOEeHI'MEe IIOTOKa I'eTEPOI‘eHHOI;I I1JIa3MBbI
Ha BbIX0€ BUXPEBOI'O INIa3MEHHOI'0 peaKTOpa

A.U. Kaumob*, B.C. Temupoysamo8, B.M. Uenereb

OObenuHeHHBIVI MHCTUTYT BhICOKMX TemriepaTyp PAH, Mocksa, Poccris
*klimov.anatoly@gmail.com

B nacrosmienn pabore mpescTaBieHbl 3KCIIepUIMeHTaIbHble pe3ysIbTaThl II0
OblcTpoMy oOxJIaXOeHMIO 1OTOKa rereporeHHon 1iasmbl (ITI) ©Ha BbIXO#E
I1a3MongHoro Buxpesoro peakropa (IIBP). B mammix Gortee panHmx paborax [1-4],
ObUla fdeTaJlbHO  oOmMCcaHa KOHCTPYKIMS  IIOOOOHOTO  peakTopa W €ro
aJIeKTpodm3ndeckre IlapaMeTpbl. bbUlo mHOKazaHO, YTO IIpU B3aMMOIEVICTBUU
VIOHM3VPOBAaHHOIO BOAOpofa (IIPOTOHOB) C HaHO-KJIacTepaMyl MeTa/UIOB B
rereporeHHont 1wiasMe (I'TI) mpomcxomut 3HaunTelbHOE BbIIENIEHME TEIUIOBO
SHepIMM ¥ TeHepauys WHTEHCUBHOIO MSTKOIO PEeHTTeHOBCKOIO W3JTy4YeHVId.
Meta/ummueckie HaHO-KJIacTepbl OOpa3OBBIBAIIMCH B pe3yJibTaTe 3HAUYMUTEIbHOM
5po3un HuKeseoro Kartoga B IIBP, paboratomero wHa pabouent cmecu
aprou+sopsHon map. /[ cosmanwms rereporeHHon Iriasmel (I'TI) mcnomnb3zoBasics
VIMITYJIbCHO-TIEPMOAMYECKUIL pasp4l, CO CIeAyIoIIMMI ITapaMeTpaMn: - aMIUINTY/1a
ToKa 1o 100A, HampspkeHme ropeHvs paspsaga nopsaka 500 - 1500 B, mmurensHOCTD
yMITysibca nopsaka 20 MKC, 4acToTa HOBTOpeHMsl WMMITyJIbcoB okoio 20 xI'm,.
ITapamerpsl camont I'TI Obumnt citemyrorne: aekTpoHHas Temreparypa Te ~ 0,7-1 3B,
KOHIleHTpaumsi  211eKTpoHoB Ne ~ 1012-10% cM3, rasoBasi TeMieparypa
Tr ~ 4000-5000 O°C. MakcuMyM CIUIOIIHOIO PeHTTeHOBCKOIO — M3JIyYeHWs
perncTpupoBasics B AyarasoHe sHeprunt kBaHToB E ~ 1 - 1.5 xoB. Takum obpasom,
crendnyecKrie BbICOKO3HepreTnyuHble peakiuy npovicxogwin B I'Tl, cosmanHom B
peakTope. B xome Hacroseit paboTel ObUTO OOHapykeHO, 4TO VIMeeTcs ObICTpoe
oxsaxaeHne BbixogHoro mnoroka ITI ma Beixome IIBP, puc. 1-2. i msMepeHus
oxiaxaenmns ITI Ges mopcoca BHellleHero Bo3gyxa K BeIxogHoMmy corury [1BP
MIPUCTBIKOBBIBAJIACh KBapileBasd TpyOa mymHon 1000mm. i1 cpaBHeHMS Ha PUCyHKe
2 moKasaHBI TakKXe 3KCIepUMeHTa/IbHble pPe3ysIbTaThbl 110 OXJIaXKIeHWUIO Iopsdero
ra30BOIo IIOTOKA B TPyOKe, HArpeTOro 0OBIYHOV Ta30BOVI TOPEJIKOVL 1O TeMIIepaTy PhL,
Ommskomm Kk Temmneparype BbixomHom ITI. BumHO 3HaunTerbHOe pasiyne
IpeJicTaBJIeHHBbIX Pe3yJIbTaToB, a MMeHHO B I'T] mMmeetcs Gosiee ObIcTpoe oxylaxaeHe
II0 CPaBHEHMIO C OXJIaXIEeHWeM TOpsdero II0TOKa, HarpeToro ra3oBOVI TOPEeJIKOV.
ABTOpBI CUMTAIOT, YTO OBICTPBIV Hporecc oxyaxraeHmns [Tl MoxeTr ObITH cBA3aH C
pekoMOMHaIIMer 3apsKeHHBIX KOMIUIEKCHBIX WOHOB (WIM 3apsDKeHHBIX HaHO-
vacTuil) B BbIxogHOM 1oToke ITI. Dra rumoresa OymeT mposepsTbcs B OymyImyx
skcriepmuMeHTax. CiefyeT OTMeTUTb, UTO HAaCTOMAIIME VCCIIeSOBaHVIA BakKHBI IS
IIOCTPOeHNsI BICOKO3(PEKTMBHOIO BOJISTHOrO TeIuIooOOMeHHMKa B peakTope I1BP.
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Pucynox 1. Obuyuti 6ud ycmanobxu I1BP ouamempom 20 mm. Pexxum pabomuvi: usyuerue
oxaax0enus Bvixo0H020 I'TI nomoxa ¢ nomouyvto Bbuix00HOU UMepUmeavHoil kéapyeBotl mpyow
ouamempom 16 mm u daunoit 1000 mm. 1 - usmepumenvras k6apuebas mpyoa, 2 - Bvixo0Hoe conio
I1BP, 3 - pabouuii k6apyeboii karnas [IBP duamempom 40 mm, 4 - 3ubuxpumens, 5 - mpemocmanyus
c mepmonapoil, 6 - B/B deaumens, 7 - maneenyuaivhas nodaua 2asa, 8 - uHxexmop napa
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Pucynox 2. Dkcnepumenmaivtole pe3yAbmanisl 10 0XAAKOEHUIO 20pAUe20 2a3a, Haepeno2o 2a3oB01
eopexoti - uepruvie kBadpamol u oxaaxoenue I'TI om IIBP-5 - kpacHsie kpyeu

1. Belov N. K., Zavershinskii I. P., Klimov A. L, et.all, High effective heterogeneous plasma

vortex reactor for production of heat energy and hydrogen, IOP Conf. Series: Journal of
Physics: Conf. Series 980 (2018) 012040, doi: 10.1088/1742-6596/980/1/012040.
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2. Klimov A. I, Belov N. K., Tolkunov B. N., Neutron Flux and Soft X-Radiation Created by
Heterogeneous Plasmoid, Journal of Physics: Conference Series 1698 (2020) 012034 IOP
Publishing, doi: 10.1088/1742-6596/1698 /1/012034.

3. Patent RU 2 788 269 C, HO2N 3/00,17.01.23 Bull #2, Method for Obtaining Thermal Energy,
Extracting Electric Energy and a Device for Its Implementation.

4. Klimov A., Altunin S. Kulikovskii O., Highly Efficient Water Plasma Vortex Reactor for

Obtaining of Extra Thermal Energy and Transmuted Chemical Elements, J. Condensed Matter
Nucl. Sci. 38 (2024) 1-8.

Fast Cooling of a Heterogeneous Plasma Flow at the Outlet of
a Vortex Plasma Reactor

A.L Klimov*, V.S. Temirbulatov, V.M. Chepelev
Joint Institute for High Temperature RAS, Izhorskaya 13/2, Moscow, 125412
*klimov.anatoly@gmail.com

This paper presents experimental results on the rapid cooling of a
heterogeneous plasma (HP) stream at the outlet of a plasmoid vortex reactor (PVR).
In our earlier works [1-4], the design of such reactor and its electrophysical
parameters were described in details. It has been shown that the interaction of
ionized hydrogen (protons) with nano-clusters of metals in heterogeneous plasma
(HP) results in significant release of thermal energy and generation of intense soft X-
rays. Metallic nano-clusters were formed as a result of significant erosion of the
nickel cathode in the PVR, operating on the working mixture of argon and steam. To
create a heterogeneous plasma (HP), a pulse-periodic discharge with the following
parameters was used: - current amplitude up to 100A, discharge voltage 500 - 1500 V,
pulse duration 20 ms, pulse repetition rate 20 kHz. The parameters of the HP itself
were as follows: electronic temperature Te ~ 0.7-1 eV, electron concentration ne ~
1012-10'* cm3, gas temperature Tg ~ 4000-5000 °C. The maximum of continuous X-ray
radiation was recorded in the quantum energy range E ~ 1 - 1.5 keV. Thus, specific
high-energy reactions occurred in the HP created in the reactor. In the course of this
work, it was found that there is a rapid cooling of the output flow of the HP at the
output of the PVR, Fig. 1-2. To measure the cooling of the HP without sucking in
external air, a quartz tube with a length of 1000 mm was docked to the outlet nozzle
of the PVR. For comparison, Figure 2 also shows experimental results on cooling a
hot gas stream in a tube heated by a conventional gas burner to a temperature close
to the temperature of the output HP. There is a significant difference in the presented
results, namely, in the HP there is a faster cooling compared to the cooling of the hot
stream heated by a gas burner. The authors believe that the rapid cooling process of
HP may be associated with the recombination of charged complex ions (or charged
nano-particles) in the output stream of HP. This hypothesis will be tested in future
experiments. It should be noted that these studies are important for the construction
of a highly efficient water heat exchanger in a PVR reactor.
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Figure 1. General view of the PVR installation with a diameter of 20 mm. Operating mode: cooling of
the output HP flow using an output measuring quartz pipe with a diameter of 16 mm and a length of
1000 mm. 1 - measuring quartz tube, 2 - output nozzle PVR, 3 - testing quartz channel PVR with a

diameter of 40 mm, 4 - zivoritel, 5 - tremostation with thermocouple, 6 - 1/O divider, 7 - tangential gas

supply, 8 - steam injector
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Figure 2. Experimental results on cooling hot gas heated by a gas burner - black squares and cooling of
HP from PVR-5 - red circles

1. Belov N. K., Zavershinskii I. P., Klimov A. L, et.all, High effective heterogeneous plasma
vortex reactor for production of heat energy and hydrogen, IOP Conf. Series: Journal of
Physics: Conf. Series 980 (2018) 012040, doi: 10.1088/1742-6596/980/1/012040.

2. Klimov A. L, Belov N. K., Tolkunov B. N., Neutron Flux and Soft X-Radiation Created by
Heterogeneous Plasmoid, Journal of Physics: Conference Series 1698 (2020) 012034 IOP
Publishing, doi: 10.1088/1742-6596,/1698/1/012034.
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4. Klimov A., Altunin S. Kulikovskii O., Highly Efficient Water Plasma Vortex Reactor for
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10.3 O0TrekaHMe KPyroBoro UvIMHIApa C
MarHUTOILIa3MeHHBIM aKTyaTOpOM

.C. Mynxo3'', A.U. Kaumo8', B.A. bumiwopunl, U.A. Mopaaeb’,
JLb. IloaaxoB, U.II. 3aBepuunckun’, IL.H. Kasanckui'!, H.E. MoaeBuu? 3,
H.I1. Ilopgpupveb?3, C.C. Cyeax3, b.H. Toaxkyno8!

1006 benHeHHBIVT MHCTUTYT BhICOKMX TeMmnepaTyp PAH, 124412, Mocksa, Poccus
2Dusraeckmvt HCTUTYT VM. I1. H. Jlebenesa PAH (pwma), Camapa, Poccms
3CaMapc1<VH71 HaIMOHAJIPHBIV VICCIIEIOBATEIIBCKUT YHUBEPCUTET IMEHV aKaJeMMKa
C. Il. Koponésa, Camapa, Poccrs
*dasmunhoz@gmail.com

DKCIlepyIMeHTaJIbHOe  VICCIIeZIOBaHMe  yIpaBjIeHWs  IIOTOKOM  BOKpPYT
HVWUIMHPUYeCcKOoV Moaen auaMeTpoM d = 20 MM C IIOMOIIBIO MarHUTO-IUIa3MEHHOTO
akryatopa (MIIA) OpUlO TIpOBEmeHO B AO3BYKOBOV a’>pPOAMHAMITIECKOV Tpyoe
(M < 0.2, Re < 105). YpasieHne IIOTOKOM OCYIIeCTB/ISIOCh BpalllafoIIMCs yTOBbIM
paspsIoM BOKPYT LIWIVHAPWYECKOV MOIe/IN B paJyalbHOM MarHUTHOM 1ojie. 1iig
3aKMUTaHMs AyTOBOTO paspsiia MCIIOIb30BaJICd BEICOKOBOJIBTHBIV MICTOUHMK IUTaHMA
B COuYeTaHMM C BBICOKOBOJIBTHBIM BY Tpancdopmaropom Tecibl. CrIbHOTOYHBIV
AyTOBOVI paspsl, MMesl CJIeyIollye XapaKTepUCTUKI: aMIUIUTyAa HalpsDKeHUs 1O
Ud, max = 75 KB, aMIumMTyga MMITyJIbCHO-IIEPMOAMYIECKOro ToKa 10 Id, max = 30 A (vom
IIOCTOSIHHBIV TOK C aMIUTUTYAOM A0 Id, max = 6 A) 11 YacTOTa IIOBTOPEHMS MMITYJIBCHO-
IIepUOINYIecKOro ToKa 10 F4, max = 1.3 x[11. Paborarormast ¢ momomipio Meroma PIV
(puc. 1), TeHeBOro MeTojla M BBICOKOCKOPOCTHOV KaMephbl, ONITHMYecKas CucTeMa
BU3ya/IM3alll Ta30BOTO IIOTOKA WM MHOTOOCHBIVI JaTdMK JUId  W3MepeHus
aspopmHammdeckmx cwi MC15-3B Obuin mMcoiIb30BaHbl [J1S SKCIIEPUIMEHTAIBHOTO
VI3y4eHNs yIIpaBJIeHVs IIOJIOKeHWeM TOYKM OTpblBa MOTOKa Ha HVUIMHIPUYEeCKO
Momerm ¢ paborarormuM MITA, BemMumHOV HOIBEMHOM CWIBI L ¢ BeIMYMHOM
KoadPurmenTa nogséMHOM cywibl Cr, JeVICTBYIOIIel Ha IVUIMHIPUYecKyIo MOJIesIb C
pabotatomum MITA, 1 BelmMumHOV LUMPKYJISUMM HOTOKa I BOKpyr Hee. bBwuio
IIPOBeIeHO CpaBHeHMe MeXAy BellnmdmMHaMy KoadduimeHTa mogbéMHOM cvibl CrL
UWIMHOPUYeCKO Mopenu ¢ paboumm MIIA, mnosydeHHBIMM C  IIOMOIIBIO
pe3yJIbTaToOB pacyeTa YMCIIEHHOIO MOAEeIMPOBaHMA OOTeKaHWs LVUIMHIPUYEeCKO
MOJIeJIV C Bpalljalollerics IITHYPOBOVI 30HOV TeIUIOBOIO SHEepProBbIIe/IeHNs C STUMU
JKe BeJIMUMHaMM, IIOJyYeHHBIMM B SKCIepUMeHTaJIbHBIX pesysbTaTax. lTakoe e
CpaBHeHMe OBbUIO IIPOBeNeHO IO OTHOIIEHMIO K BeJIM4MHe HVPKYJIAUM IoToKa I’
BOKPYT  IIWIMHOpPWYECKOW Momenn ¢ pabotatommm  MITA.  PesynbTaTsl
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SKCIIEPMMEHTOB  IIOKas3bIBalOT, uYTO paboTtatommim MITIA MoxeT co3maBaTh
3HAUYWUTEJIbHYIO BeJIMYMHY IOABbEMHOV CwIbl L ¢ BelmumHOM Ko3ddunmeHTa
nogwsémHoM cwibl Cr < 0.6, mevicTByolen Ha IWIMHApWYecKyro mMoaens ¢ MITA, n
COOTBETCTBYIOIIYIO  BeJIMUMHY  LMPKy/Suu  1OoToka I BOKpyr  Heé.
DKcIlepVMeHTaIbHble [JaHHble BeJIMYMHBI Ko3ddunmeHTa mnogbéMHom cwibl CL
MOABEMHOV CUJIBL L, JevicTByIOIeN Ha LVUIMHAPUYECKYIO MOofeilb ¢ paboTaroImm
MIIA, xopomio KOppelaupyIOT C pacuyeTHBIMM [aHHBIMM 3TOV JX€ BeJIMYVHBI,
BbIUMCIIeHHbIMM 10 dopMmyste  Teopembr Kyrra —  JKykoBckoro uepes
SKCIIEPUIMEHTAJIBHYIO BEeJIMUMHY ULMPKYJILAMM MoToKa [ BOKpyr oOTekaeMomt
VUIMHIpUYecKoy Moferm ¢ paborarormymM MITA HeckMaeMOV BSI3KOM KUIIKOCTBIO
Wi rasoM. bpUm npuasiéKeHHble IIepCHeKTMBHbIE KOHILEINTHl IIPVMeHeHMs
pabotatommero MITA Ha aspomVHaMIYeCcKVX MOEJISX, Ha BUHTOBBIX JIBUTATeIISIX, B
PeaKTMBHBIX, MapIIeBbIX IBUTATEIISIX VIV ABVDKUTEIISX.

L 0 m/c
Pucynox 1. Ycpeonennas PIV-kapmumna noas ckopocmeir V(X, Y) Boxpye yusunopuneckoi mooeiu
Ne 2 ¢ Bpawjaroujumca 0yeoBvim paspsdom (Re = (8.3 £ 0.4) x 103, M = 0.019 £ 0.001).
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Flow around circular cylinder with magnetoplasma actuator

D.S. Munhoz', A.I. Klimov!, V.A. Bityurinl, .A. Moralev?,
L.B. Polyakov?, I.P. Zavershinskii3, P.N. Kazanskiy'!, N.E. Molevich?3,
D.P. Potfiriev*3, S.S. Sugak3, B.N. Tolkunov!

Hoint Institute for High Temperatures of the RAS, Moscow, Russia
2Lebedev Physical Institute of the RAS (branch office), Samara, Russia
3S. P. Korolev Samara National Research University, Samara, Russia
*dasmunhoz@gmail.com

An experimental study of the flow control around a cylindrical model with
diameter d = 20 mm using a magnetoplasma actuator (MPA) was carried out in a
subsonic wind tunnel (M < 0.2, Re < 105). The flow control was carried out by a
rotating arc discharge around a cylindrical model in a radial magnetic field. In order
to ignite the arc discharge, a high-voltage power supply was used in combination
with a Tesla high-voltage RF transformer. The high-current arc discharge had the
following characteristics: voltage amplitude up to Ud, max = 75 kV, pulse-periodic
current amplitude up to I4, max = 30 A (or direct current with amplitude up to
I4, max = 6 A) and pulse-periodic current repetition frequency up to Fd, max = 1.3 kHz.
Using PIV (fig. 1), shadowgraph technique and a high-speed camera, the optical gas
flow imaging system and a MC15-3B multi-axis aerodynamic force sensor were used
to experimentally study the control of the flow separation point position on the
cylindrical model with working MPA, control of the lift force value L with lift
coefficient value Ci, acting on the cylindrical model with working MPA, and control
of the magnitude of the flow circulation I' around it. A comparison was made
between the values of the lift coefficient Cr of the cylindrical model with working
MPA, obtained using the results of a numerical simulation of the flow around a
cylindrical model with a rotating cord zone of thermal energy release, with the same
values obtained in the experimental results. The same comparison was made with
respect to the magnitude of flow circulation I' around a cylindrical model with
working MPA. The experimental results show that the working MPA can generate a
significant amount of lift force L with lift coefficient value CL < 0.6, acting on the
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cylindrical model with MPA, and the corresponding magnitude of flow circulation I
around it. The experimental data on the magnitude of the lift coefficient Cr. of the
lifting force L acting on the cylindrical model with working MPA correlate well with
the calculated data of the same value, calculated using the formula of the Kutta-
Zhukovsky Theorem through the experimental value of the flow circulation I" around
the cylindrical model with working MPA in incompressible viscous flow. Promising
application concepts of the working MPA on aerodynamic models, on propeller
engines, in jet and propulsion engines were proposed.

0Om/s

Figure 1. Averaged PIV picture of the velocity field V(X, Y) around the cylindrical model Ne 2 with a
rotating arc discharge (Re = (8.3 £ 0.4) x 103, M = 0.019 + 0.001).
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11.1 KnHeTHKa M nnapaMeTpsl IJ1a3Mbl B IIPVMCTEHOYHOW
00J1acTH KanWJIJIIPHOIO pa3psija

O.B.Kopuyno8, A.C.lHawuna*, B.®.Yununob

O0GbenyHeHHBIVI MHCTUTYT BbICOKMX TemnepaTyp PAH, Mocksa, Poccuis
*fgrach@mail.ru

CrIbHOTOYHBIV paspsif B y3KoM (d~1 MM) KammyuIsipe SIBJISeTCsl HeOOBIYHBIM U
CJIOKHBIM OOBEKTOM (PU3MKM HU3KOTeMIepaTypHOM IUa3Mbl [1-3]. VIHTerpanbHbIe
XapaKTEPUCTUKN IIOTOKA WOHM30BAaHHOIO Tas3a, BO3HMKAIOIIETO B pe3yJibrare
VICTIapeHMSI CT€HOK, JIOCTAaTOYHO XOPOIIO M3ydeHbl. MasioncciieJoBaHHOV OCTaIach
paguaibHasl CTPYKTypa IUIa3Mbl BHYTPM KaIlwUIpa. B HeV, HeCMOTpsS Ha MaIbli
paanyc, BO3HMKAeT HeCKOIIBKO KOJIBIIEBBIX CJIOEB, Pa3/INYAIOIIMXCS KaK ITI0 CKOPOCTH
ABVDKEHMS, TaK U 10 A y31MOHHOMY HAIIOJTHEHVIO aTOMaMM ¥ MIOHAMIL.

Vccnenosanue TTOCBAIIEHO KVMHeTMKe nepudepuHo TTa3Mbl
CWIBHOTOYHOTO paspsfa B KawUIgpe C VCHAPSOMVMICI CTeHKaMy, KOTOpble
cocrosaT w3 nomuMmepHblx coenuHenunt CH; m CF.. Ilembro  wmccmemosaHus,
COCTOSIIIIETO B aHAJIV3€e IIOIIePEeYHBIX IIOTOKOB I Py31M aTOMOB ¥ IOHOB Ha OCHOBE
SKCIIEpUMEHTAJIBHBIX JaHHBIX [4,5], sBisieTcsi oObsicHeHMe IPUYMH pasfleleHns
KOMITOHEHT I'a30BbIX CMece], MCIIapSIOIIVIXCS CO CTeHOK KallvuIdgpa.

I'panuysr 0baracmu, memnepamypa u cocmab cmecu. YpajaeHHas OT 1leHTpa
MIPVCTeHOYHAas 00JIacTh OTBETCTBEHHA 3a HAIIOJIHEHNs KamwuIapa. Yepe3 Hee aTOMBI
IIOCTYTIAIOT B IUIA3MEHHBIV IIOTOK ero IeHTPaIbHOM 00J1acTi. VIcXOmHbIMY TaHHBIMIL
UL aHaIM3a SIBJIIIOTCS  CTEXMOMETpUYeCKOe OTHOIIeHMe ¢/p=2, TeMIleparypa
a0y Matepuasia cteHKM CpYq (Y=H,F), xoropas cocrasisier T=0,06 3B ms1 CH>
n Tc=0,08 5B mra CF>, a Taxke pe3ysbTaTbl CIEKTPaJIbHOV OMAarHOCTMKM IUIa3MBbl
LIeHTpaJIbHOM oOyiacTu paspsma [4,5] (pucyHok 1 m pucyHok 2). Temmeparypa B
IIPUCTeHOYHOM CJI0é MOHOTOHHO (M pPe3KO) Bo3pacTaeT K IIEHTPY, TeM CaMbIM
SBJISISICH JISL COCTaBa IUIa3MBI KaK Obl KOOPAMHATOW, 3aMEHSIOIIEeN! PaycC 7.

—
=

3 —_—(00 V. —_— =
35 600V 600 V 1.0 —_—700V

700 V! 6x10" 700 V 2
— 300 V - f—S00 V SO0
dgp=1.6 mm : d,=1.6mm

5x10'74 d.,,=1.6 mm

1x1074 /\A/\

Electron temperature, eV
Hydrogen mole fraction

-1.0 -05 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0 <10 -0.5 0.0 05 1.0

Radial distance, mm Radial distance, mm Radial distance, mm
(a) ©) (8)

Pucynox 1. Ilonepeunsie npocpuru (a) memnepamypel, (0) konyenmpayuu 21exmporo u (6)
MoAbHOUL oy Bo0opoda 8043w cpe3a KANUAAAPA, USMEPEHHble NPU PASAUUHBIX HANPAKEHUAX
ucmounuka numanus paspaoa U. ILiumesrvHocms paspsaoH020 UMNYALCA Tun=1 MC, AMNAUMYOHOE
3Hauenue paspaoHoeo moka Lu=200-450 A. Mamepuai kanuaiapa — noAudmu.ieH, Ouamemp
kanuaiapa d=1.6 mm.
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—— 400 V — 400V — 400V
194 —500V —500V T 500V
— 600 V — 600V — 600 V
——700 V' |00V 700 V
800 V ——800V ——3800 V.

d=1.4 mm

=14 mm d,=1.4mm

=

Electron temperature, eV
Fluorine mole fraction

Electron number density, cm™

;

Radial distance, mm Radial distance, mm Radial distance, mm

(2) ©) (8)

Pucynox 2. Ilonepeunvie npocpuru (a) memnepamypel, (0) konyenmpayuu 21exmporol u (6)
MOABHOT 00U hmopa B04u3U cpe3a KANUAAAPA, USMepeHHble NPU PASAUHBIX HANPAKEHUAX
ucmounuka numanus paspsoa U. ILiumessHocms paspsaoH020 UMNYALCA Tun=1 MC, aMIAUMYOHOE
3HaueHue paspaoHoeo moka Lu=180-450 A. Mamepuai kanuaiapa - noaumempagmopsmuieH,
Juamemp xanusrapa d=1.4 mm.

B 3aBucuMocTM OT cTemeHW MOHM3aLMM W TeMIlepaTypbl IIPVUCTEHOUYHYIO
o0slacTp KaWUIIPHOM IUIa3MbI MOXHO pas3le/nTb Ha [Be YacTu: CJIoN
CJ1aOOMOHM30BaHHOV,  IpaKTUYeCKM  HEWTPaJIbHOM CMeCcM Y  CTeHKM U
MIPVIMBIKAIOIINTL K HEMY CJIOV, B KOTOPOM TeMIlepaTypa 3JIeKTPOHOB JOCTaTOYHA 11
voHm3armm atromos C, HO Masia M1t MoHn3anuy atomos H v F. I'panuiia mexay
3TUIMI CJIOSIMM OIIpefeisieTcs YCJIOBMeM ci1abont moHwm3alum ymiepopda, nct=0.1nc,
P KOTOPOM TPYAHO MOHM3yeMble KoMroHeHTsI H 1 F Tem Oosiee HemTpasbHBL
IIpt 5TOM YyCI0OBUM pellleHVeM YypaBHEHWUI COCTOAHWS WM VOHWM3aLMIOHHOTO
paBHOBecusI I 00emx cMmeceVl C TOYHOCTBIO A0 *5% sBJIseTCsl TeMIlepaTypa Ha
BHYTpeHHel TIpaHulle IpucreHouHom obGsactn Tx~0,8 3B, ciabo 3aBucdmas ot
BHEIITHVX YCJIOBUV, ¥ COOTHOIIIEHVS MeXy KOHIIEHTpalVIsIMI JIETKOM W TSDKeJIOM
KOMIIOHEHT IUIa3Mbl. OIleHKM OTBevaloT IapaMeTpaM Ha pucyHKe 1 U pucyHKe 2 B
MIPeTIOJIOKEeHMN TIOCTOSIHCTBA JIaBjIeHus 1o paamnycy. Cilemyroliiee, aHaJIOTMYHOE
ycrosue nct>10ny* mosBosisgeT mpeHeOpedb TPYIHO MOHM3YEMBIMV MOHAMW BIUIOTH
0 HAPYyXXHOW TpaHWMIIBI IpucreHouHOom obOmact. [Ipm wm3obapuyaeckom u
TepMOJVIHAMWYeCKOM paBHOBeCHM OHO JlaeT TeMmIlepaTypy Ha 3Tou rpanune: 1yw~1,45
3B miz Y=H. Ilpu sToM mosHas KOHIIeHTpalusl yIJIepoia, BKIIIOYasl VOHBI,
IIpeBBIIIaeT BOAOPOIHYIO B ~5 pa3 (Bomopos coOmpaeTcss B lLieHTpe KaIllvuUIsApa,
yIjlepop] IIpeo0siajiaeT y CTeHKM), a CTeleHb MOHM3aIMM JIETKO VIOHWM3yeMOTo
yriepoga pasHa 0,85. ITockoimbKy ne~nc+, TO MMeeM B IIPUCTEHOYHOV o00JacTu
TpuHapHyo cMech: H, C 11 C*+e, kotopas npu T<T; nepexonut B OuHapHYyI0 cMech H
n C, a mpu T>Ty - B IIOYTM HOJIHOCTBIO MOHM30BaHHYIO cMech co 100-kpaTHBIM
npeobnaganveM noHos H* B 1ieHTpe [4,5]. Bo BHyTpeHHel yacTi IIpUCTEHOYHOIO
cJ104 (KoJIblia) IPOMCXOOUT OCHOBHOM pocT Temrteparypsl oT 0,06 3B Ha crerke 1o 0,8
3B. Hanee, ot 0,8 mo 1,45 3B, on mpoucxoguT B TPOVHOM cMecH, a 3aTeM, A0 ~3 3B Ha
ocy, - Ipy AOMVHVPOBaHMY MOHOB H*.

B C:F cmecn, nmMeromiert Oosiee Hu3Kyro Temreparypy B menrtpe (To=1,8 3B,
pucyHOK 2(a)), HapyXHas I'paHMIIa IIpucTeHOouHON obOsactu (nc*=10nr*) oTBedaeT
TeMmneparype 1w~1,3 3B. VIsMeneHue gosert KOMIIOHEHT IO paguycCy 30ech MeHbIIIe,
ueM st CHp, a monsl C* nipeoOiiagaroT BCrody (PUCYHOK 2(B)). DTo 00yCIIOBJIEHO KaK
Oosplllell yaajleHHOCTBIO OT CTeHKV BHeIIHeVl I'PaHWUIIbI IIPUCTEHOYHOW O0JIacTu
(BCiIecTBME 3HAUMTEJIbHO Ooslee HUM3KOW TeMIlepaTyphbl), Tak 1 Oosiee MeyIeHHON
nuddysmen aToMoB PTopa 10 CPaBHEHUIO C BOTOPOHOM (MF>>1).
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Takum oOpa3oM, B IPUCTEHOYHOWM OOJIACTM CTOUT 3a7ava oIperesieHNs
ckopocrent 1 KoadpdpunmenTtos nuddysum B cmecn Y, C n Ct+e, KoTopas y camon
CTeHKM IepexXOauT B cMech atoMoB Y 1 C. B HampasieHUn K LeHTPY TeMIlepaTypa
pacret o 3HaueHUn Tw~1,3-1,45 3B, a KOHIIeHTpalINs 3JIEKTPOHOB IpMOIIVIKaeTcs K
ee yPOBHIO Ha OCH paspsa.

Paduaavnvie nomoxu uacmuy 6 npucmenounoil naasme. AHanu3 IOTOKOB
YacTHUL, MeX/y CTeHKOW M ILIeHTpOM KaIlWUldpa C OIIOPOV Ha 3KCIlepVMeHTa/IbHble
JlaHHBIe IIO3BOJISIET CJejlaTh BaKHBIE BBIBOIBI, JaXke He IpubOeras K pacyeTy
nnddysmnoHHbIX K03 duienToB. OCHOBONOIATAIOIIVIMY Y PaBHEHVSMU SIBJISIIOTCS
paBHOBeCHOe COOTHOIIIeHVe MeXAy ITIOTHOCTSIMU IIOTOKOB p1V1=-p2V> 1 rpaHn4HOe
ycioBre Ha cTeHKe. [IOCKOJIBKY WCHApSIONINUMCA CO CTEeHKM Ta3 ITOIYMHSAeTCS
CTeXVIOMeTPUYeCKOMY OTHOIIEHWUIO §/p=2, TO, B COOTBETCTBUN C 3aKOHOM COXPaHeHMs
BellleCTBa, CTallViOHapHbIe IUIOTHOCTY IIOTOKOB aTOMOB IVCCOLIMMPOBAHHON CMeCH B
IPUCTEHOYHO obsacTn HaXOJISATCS B TOM xe COOTHOIIIEHU:
n1(w+Vi)/m2(v+Vz)=q/p=2, T.e. crexmomeTpusi MaTepuajia CTeHKN B IBVDKYILIEVCS
IUIa3Me IOof/IeP>XXMBaeTCsl He COCTaBOM ra3oB, a INTIOTHOCTSIMU MX IIOTOKOB. 311ech Vi -
CKOpoCTh Andysum; pi= nim; - MaccoBasl INIOTHOCTb KOMIIOHEHT; aTOMHBIE MacChl
paBabl mi1=1, my;=12 (B cmecu F:C m;=19); v - rugpoamHaMmudeckas CKOPOCTB,
HalIpaB/IeHHas B LeHTp; MHIEKC i=1 COOTBETCTBYeT Bofopony /dTopy, mHaekc i=2 -
yIJIepomny.

DTV ypaBHeHUs 3aJaloT CBSI3b MeXy OTHOIIeHUSIMM CKOpPOCTeNl U
KoHUeHTpaumit: Vi/v=(2ny/ni-1)/(1+2mi/m2)=6(2nz/n1-1)/7, Vo/v=-(2-n1/n2)/(2+mz/m1)=-
(2-n1/n2)/14. Otcropa cienyet, uto auddy3ns sSBiisieTcss KUHeTUYeCK M MeXaHM3MOM,
KOTOPBIN CIIOCOOEH MHOTOKPATHO YCKOPUTH BOAOPOIHBIN U 3aMeINTh YIJIePOIHBIV
IIOTOKMI CO CTEeHOK KamwuIgpa, oOecmeumBasi ImpeoOrnamaHmMe BOAopoda B
IIeHTpaJIbHOM 00JIacTy, a yIjepopa - y CTeHOK. JTO IpeobsiafaHvie MOXET OBITh
BeCchbMa BeJIMKO [5]: B IleHTpasibHOV o0acTy Karmwursapa BopoponHas ot B 100 u
Ooslee pa3 MOXeT IIpeBBINIATh YIJIeponHyio (pucyHok 1(B)). Ilpm sTtom maxe 5-
KpaTHOe IIpeoOsagaHue yrilepoga B HemrpaibHou C:H cmecn BHyTpeHHero
IPUCTEHOYHOIO CJI0SI MPUMBOAUT K OYEeHb OOJIBIIIOMY OT/IMYMIO CKOPOCTENt
pannanpHbix otokoB H 1 C. Ckopoctn guddysmm OyayT COOTHOCUTBCA KakK -
Vi/Va=many/mini=12n;/n1=60, a pe3yapTUPYIOIIe CKOPOCTM IIBVDKeHWUS JIeTKUX W
TSDKeJIBIX YacTUI] K LeHTpy Kak (v+V1)/(v+V2)=2ny/n1=10. Ilpm 3TOM CKOpPOCTH
muddysvm Bomoporna Vi B ~8 pa3 Oombllle, a ckopocTb amuddysun yriaepoma Vo
IIPVIMEPHO BO CTOJIBKO K€ pa3 MeHbllle MX OOIIel TMIpOoaHaMIUIeCcKO CKOPOCTH .
B sTOoM pasmumm ckopocTem ¥ COCTOUT IIpUUYMHA pasfdesieHns KOMIIOHeHT
VICIIAp4IOIIeVicsi CO CTeHKM KamwuIdpa CMecM W 3allojIHeHWs BOIOPOIOM
LIeHTpaJIbHO 00J1acTIL.

Ocobennoctamu C:F cmecn siBiisitoTcst oOpaTHbIe HalpabjieHns ckopocTent Vi i
Oosee cnabast ouddysnsa K LeHTpPy Kamwuistpa Oim3kmx mo macce atomos F n C,
ocobeHHO dTopa. B pesysbTaTe mpepessl M3MeHeHMs cocTaBa Iu1asMbl yerynatoT C:H
cMmecu (cpaBH. pucyHOK 1(B) m pucyHok 2(B)). Obe ckopoctn auddysum Vi n Vs
MaJIbl IO CpaBHEHMIO C U, XOTSI CKOpPOCTh Anddys3um GoJiee jierkoro yriepona Kak
MMUHMMYM BTpoe Bblllle, uyeM Yy ropa. Takmm oOpasoMm, yxXe Ha 3Tale
IpeABapuUTeSIbHOIO  WCCIeloBaHMsA BUIHA OrpaHMYeHHOCTb Iuddysum B
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npucrenoynonn cMmecu C:F, wmmeromern K ToMy ke MaIbll K03 duimeHT
TepMoandPy3nn.

Hugpgpysuonnvie mexanusmol pasdesenus cmeceil. CiienyeT IOSACHUTb, YTO
pe3yJIbTUpPYIOIIie CKOPOCTU Vi OIpenesstoTCsl pasHUIIeV IOTOKOB aTOMOB V1 VIOHOB.
s C 370 BcTpeuHbBle TOTOKM AMP@Y3uUM aToOMOB B IIEHTp M aMOWUIIONSApPHON
anddysum MOHOB ¢ 3JIeKTpPOHAMM Ha CTeHKy. /DI mouTu HeWTpaJbHBIX B
npucreHoyHont obmact H wim F 3To ToXe COBOKYIIHOCTH pa3HOHAIIpaBI€HHBIX
IIOTOKOB, IOPOXIaeMbIX A1 y31OHHOM CWIION (IpaJieHTOM A0JIV KOHIIeHTpallni)
u Tepmomnddysment. B HOpucTeHOYHOM, CpaBHUTEIBHO HEUTpaJIbHOM, CJjIoe C
OosnpiiM  TeMreparypHbIM rpagueHToM (or 1~0,06-0,08 3B mo Tx~0,8 53B)
paszerieHre KOMIIOHEHT IIpOM3BOAUT TepMoanddysus. B cienyromiem cioe, Mexmy
Ts n Tw=1,3-1,45 3B, nogxmouaercss ambunoisipHas auddysmsd. B crammonapHbIx
yCJIOBUSIX TIPU CJIaOOM IIPOJIOJIBHOM [BVDKEHWMM BOJIM3M CTEHKM OHa HaXOIUTCS
HpakTu4eckn B papHoBecuu ¢ nuddysment atomos C B 11eHTp Kamwuripa. [Tostomy
Pe3yIbTUPYIOIINI TIOTOK paguaibHON AU dY3UM yIIIepOaHON KOMIIOHEHTHI p2 V2
MaJl 110 CpaBHEHMIO C €r0 COCTABJISIOIIVIMIAL

PaBHOBecye o3HauaeT "xosrocToit" Xof Indy3rOoHHOrO ABVDKeHNUs B LIEHTp,
IIOTOMY YTO YXOZ 3apsDKEHHBIX YacTUIl IIPEeIITCTBYeT IPOXOXIEHWMIO aTOMOB B
LIeHTpaJIbHYIO 00s1acTh. Bo3HMKaeT cBoero poa IMKINYHOe ABVDKEHNEe YIJIePOTHO
KOMITOHEHTBI: aTOMBI, IBUTAsCh OT CTeHKM, ITONafaloT BO BTOPOVI, MIOHM3VPOBAHHBIN
CJIOVI IIPUCTEHOYHOM IUIa3MBbl, OTKYZa B BUJle VIOHOB TaK >Xe OBICTPO BO3BpalllatOTCs
Haszaj. JIvie HeOosbIlasg MX YacTh CPaBHUTEIIBHO MeJIEHHO CO CKOPOCTBIO v+ V>
«IIpo0MBaeTcs» B IIeHTPaJIbHYIO 00J1acTb.

DrTa 3allepXKa yIjlepofa - BTOpOVl MexaHW3M pasjieleHNs KOMIIOHEHT CMeCH,
Hapsny ¢ Tepmonuddysuen B cocefHeM HeWTpaIbHOM cjloe. B 1wiasMe co dpropom
OH TOXe paboTaer ciabee, T.K. TeMIepaTypa TaM B 1,5 pasza HybKe M IpUCTeHOYHAS
obGmacTe Oospllle, WeM B IDIa3Me C BomopoaoM. Takmm oOpasom, pasmerreHue
KOMIIOHEHT cMeceVl, VICTIApsIOIINXCS CO CTEHOK KalwUIspa, OCYIIeCTBIISeTCs, II0
MeHBIIIeV Mepe, B [JBa PaCCMOTPEHHBIX 3Talla.
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Plasma kinetics and parameters in the near-wall region of a
capillary discharge

O.V.Korshunov, A.S.Pashchina*, V.F.Chinnov
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A high-current discharge in a narrow (d~1 mm) capillary is an unusual and
complex object of low-temperature plasma physics [1-3]. The integral characteristics
of the ionized gas flow resulting from the capillary wall evaporation have been
studied quite well. The radial structure of the plasma inside the capillary has
remained little studied. In it, despite the small radius, several annular layers appear,
differing both in the speed of movement and in the diffusion filling by atoms and
ions.

The study is devoted to the kinetics of peripheral plasma of a high-current
discharge in a capillary with evaporating walls, which consist of polymer
compounds CH> and CF,. The purpose of the study, which consists in analyzing the
transverse diffusion fluxes of atoms and ions based on experimental data [4,5], is to
explain the reasons for the separation of the components of gas mixture evaporating
from the capillary wall.

Temperature, mixture composition and peripheral region boundaries. The
near-wall region located far from the center is responsible for filling the capillary.
Through it, atoms enter the plasma flow of its central region. The initial data for the
analysis are the stoichiometric ratio q/p=2, the ablation temperature of the wall
material C,Yq (Y=H,F), which is Tc=0,06 eV for CHz and Tc=0.08 eV for CF, as well as
the results of the spectral diagnostics of plasma in the central region of the discharge
[4,5] (Figure 1 and Figure 2). The temperature in the near-wall layer increases
monotonically (and sharply) towards the center, thereby serving as a coordinate for
the plasma composition, replacing the radius r.
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Figure 1. Transverse profiles of temperature (a), electron concentration (b) and mole fraction of
hydrogen (c) near the outlet of the capillary at different power source voltages. Discharge pulse
duration Tpus.=1 ms, peak discharge current 1,=200-450 A. Capillary material - polyethylene, capillary
diameter d=1.6 mm
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Pucynox 2. Transverse profiles of temperature (a), electron concentration (b) and mole fraction of
fluorine (c) near the outlet of the capillary at different power source voltages. Discharge pulse duration
Tpuise=1 ms, peak discharge current 1,=180-450 A. Capillary material - polytetrafluoroethylene,
capillary diameter d=1.4 mm.

Depending on the degree of ionization and temperature, the near-wall region
of capillary plasma can be divided into two parts: a layer of weakly ionized, almost
neutral mixture near the wall and an adjacent layer in which the electron temperature
is sufficient to ionize C atoms, but is low for the ionization of H or F atoms. The
boundary between these layers is determined by the condition of weak ionization of
carbon, nc*=0.1nc, under which difficultly ionized components (H and F) are even
more neutral. Under this condition, the solution to the equations of state and
ionization equilibrium for both mixtures with an accuracy of £5% is the temperature
at the inner boundary of the near-wall region Ts~0.8 eV, weakly dependent on
external conditions and the ratio between the concentrations of light and heavy
components of the plasma. The estimates correspond to the parameters in Figure 1
and Figure 2, assuming constant pressure along the radius. The next, similar
condition nc*>10ny* allows us to neglect difficultly ionizable ions up to the outer
boundary of the near-wall region. In isobaric and thermodynamic equilibrium, it
gives the temperature at this boundary: Tw~1,45 eV for Y=H. In this case, the total
concentration of carbon, including ions, exceeds hydrogen by ~5 times (hydrogen is
concentrated in the center of the capillary, carbon predominates at the wall), and the
degree of ionization of easily ionizable carbon is 0.85. Since n/~nc+, we have in the
near-wall region a trinary mixture: H, C and C*+e, which at T<T; turns into a binary
mixture of H and C, and at T>Tx - into an almost completely ionized mixture with
100- multiple predominance of H* ions in the center [4,5]. The main increase in
temperature in the inner part of the wall layer occurs from 0.06 eV at the wall to 0.8
eV. Further, from 0.8 to 1.45 eV, it occurs in a ternary mixture, and then up to ~3 eV
on the axis when H* ions dominate.

In the C:F mixture, which has a lower temperature in the center (To=1.8 €V,
Figure 2(a)), the outer boundary of the wall region (nc*=10ns*) corresponds to the
temperature Tw~1.3 eV. The change in the proportion of components along the radius
is less than for CHz, and C* ions predominate everywhere (Figure 2(c)). This is due to
both the greater distance from the wall of the outer boundary of the near-wall region
(due to a significantly lower temperature) and the slower diffusion of fluorine atoms
compared to hydrogen (mg>>mm).

Thus, in the near-wall region, the task is to determine the rates and diffusion
coefficients in the mixture of Y, C and C*+e, which at the wall itself transforms into a
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mixture of Y and C atoms. In the direction towards the center, the temperature
increases to Ty ~1.3-1.45 eV, and the electron concentration approaches its level on
the discharge axis.

Radial particle fluxes in near-wall plasma. Analysis of particle flows between
the wall and the center of the capillary, based on experimental data, allows us to
draw important conclusions, even without resorting to calculation of diffusion
coefficients. The fundamental equations are the equilibrium relationship between the
flux densities, p1V1=-p2V2, and the boundary condition on the wall. Since the gas
evaporating from the wall obeys the stoichiometric ratio g/p=2, then, in accordance
with the law of conservation of matter, the stationary flux densities of atoms of the
dissociated mixture in the near-wall region are in the same ratio:
n1(v+V1)/nz2(v+V3)=q/p=2. That is, the stoichiometry of the wall material in a moving
plasma is maintained not by the gas composition, but by the densities of their fluxes.
Here Vi is the diffusion speed; pi= nim; - mass density of components; atomic masses
are m1=1, my=12 (in the F:C mixture m;=19); v - hydrodynamic speed directed to the
center; index i=1 corresponds to hydrogen/fluorine, index i=2 - to carbon.

These equations define the relationship between the ratios of speeds and
concentrations: Viy/v=12nzy/ni-1)/(1+2mi/mz)=6(2nz/m1-1)/7, Vo/v=-(2-ni/mz2)/(2+mz/mi)=-
(2-n1/n2)/14. It follows that diffusion is a kinetic mechanism that can greatly accelerate
the hydrogen flow and slow down the carbon flow from the capillary wall, ensuring
the predominance of hydrogen in the central region and carbon near the wall. This
predominance can be quite large [5]: in the central region of the capillary, the
hydrogen fraction can be 100 or more times higher than the carbon fraction (Figure
1(c)). Moreover, even a 5-fold predominance of carbon in the neutral C:H mixture of
the inner wall layer leads to a very large difference in the velocities of the radial
fluxes of H and C. The diffusion rates will be related as -V1/Vo=mony/mini=12n/n1=60,
and the resulting velocities of light and heavy particles towards the center as
(v+V1)/(v+V2)=2ny/n1=10. In this case, the diffusion rate of hydrogen Vi is ~8 times
greater, and the diffusion rate of carbon V: is approximately the same number of
times less than their total hydrodynamic velocity v. This difference in speed is the
reason for the separation of the components of the mixture evaporating from the
capillary wall and the filling of the central region with hydrogen.

Features of the C:F mixture are the opposite directions of velocities Vi and
weaker diffusion to the center of the capillary of F and C atoms of similar masses,
especially fluorine. As a result, the proportions of plasma components change less
than in the C:H mixture (compare Figure 1(c) and Figure 2(c)). Both diffusion rates V7
and V: are small compared to v, although the diffusion rate of lighter carbon is at
least three times higher than that of fluorine. Thus, already at the stage of
preliminary research, the limited diffusion in the near-wall C:F mixture, which also
has a low thermal diffusion coefficient, is visible.

Diffusion mechanisms of mixture separation. It should be clarified that the
resulting velocities Vi are determined by the difference in the fluxes of atoms and
ions. For C, these are counter flows of diffusion of atoms into the center and
ambipolar diffusion of ions with electrons to the wall. For almost neutral H or F in
the near-wall region, this is also a set of multidirectional flows generated by the
diffusion force (concentration gradient) and thermal diffusion. In the near-wall,
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relatively neutral layer with a large temperature gradient (from Tc=~0.06-0.08 eV to
Tx=0.8 eV), the separation of components is carried out by thermal diffusion. In the
next layer, between Tx~0.8 eV and Tw~1.3-1.45 eV, ambipolar diffusion is activated.
Under stationary conditions with weak longitudinal motion near the wall, it is
practically in equilibrium with the diffusion of C atoms into the center of the
capillary. Therefore, the resulting radial diffusion flux of the carbon p;V> is small
compared to partial fluxes of its components.

Equilibrium means an “idle” course of the diffusion movement to the center,
because the departure of charged particles prevents the passage of atoms into the
central region. A kind of cyclic movement of the carbon component arises: atoms,
moving from the wall, enter the second, ionized layer of wall plasma, from where
they just as quickly return back in the form of ions. Only a small part of them
relatively slowly “breaks through” into the central region with a speed v+V.>.

This carbon retention is the second mechanism for separating the components
of the mixture, along with thermal diffusion in the adjacent neutral layer. In plasma
with fluorine, it also works weaker, because the temperature there is 1.5 times lower
and the near-wall region is larger than in plasma with hydrogen. Thus, the
separation of the components of mixtures evaporating from the capillary wall is
carried out in at least two stages considered.
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HpT/I OUNMCTKe JKMIKOCTU (HaHpT/IMep, BOILBI) BbIT'OgHEE VICIIOJIb3OBaHMe

ra3zokarieJibHom WJIn MVIKpOHY?.prBKOBOVI Cpenpl, CO3[TaHHO IIyTéeM CMENIeHII
KNMAOKOCTU C ra30M (SaqaCTYIO, C BO3}IYXOM). B atmx dlydasixX IUladMa 3JIeKTpIYIeCcKOoro
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paspsia, CymIecTByIOImIAasi B Ta3oBOWM (pa3e IIPVM HOPMAJIBHBIX YCJIOBUSIX, VIMEET
OTHOCUTEJIBHO OOJIBINYIO IUIOMIANb KOHTAKTa, 4YeM ecIM OBl B3aMMOJEVICTBUE
MIPOMCXOOWIO Yepe3 IpaHMUIly IOJIHOCTBIO pasfesleHHBIX das. [JpyruMm ciosamuy,
yHesibHasl IUIOMIagb ITOBEPXHOCTM KOHTAKTa XMUIKOCThb-IUIa3Ma BO MHOTO pa3 OoJiblire
B Clydae MHUIIMMPOBAHMSA 3JIeKTPUUECKOTO paspsia B Ta3oKalleJIbHOW cpefe VUIN
MMKPOITY3BIPBKOBOVI >KMIKOCTY, YTO IIPUBOANUT K yBeIMYeHMIO 3(PPeKTMBHOCTI
0o0paboTKM  XMIOKOCTM  WIM K  yYMEHBIIEHWI0O BpeMeHM o0OpaboTkit B
IUIa3MOXVIMITYECMKOM peakTope. B pabore [1] mokasaHo, 4TO Ipum reHepaummn
IIepeKVICYI BOAOPOAa C IIOMOIIBIO 3JIEKTPUYECKOro paspsifia pacraj ITaHHOTO
coeIVHeHNs OKasbIBaeTcs Me[jleHee IIPU VCIIOJIb30BaHMM Ta30KareIbHOrO IT0TOKa,
T.K. JaHHOE BeIlleCTBO OTHOCUTEIBHO OBICTPO pacTBOpseTcss B 0ObeMe KarlesIb BOMBL
IIpn oumncrke BOHmBI OT KpacuTesd indigo carmine B peakTope C IpUMeHeHMEM
MyJIBCUPYIONIEro KOPOHHOIO paspsia HamOombIyio 3dP@eKTMBHOCTh IMeeT
IIpoIlecc, B KOTOPOM 3arpsi3HEHHasl BOfa IIOJAeTCs B peakTop B Bupe crpes [2]. B
pabore [3] nccrenyercs mpoliecc MeproaNYecKOTro 3aXKMUTaHs 1 IIoracaHus paspsiaa
B IBVDKyIeMcs rase. [TokasaHa BO3MOXKHOCTH CYIIIECTBOBAHWSI HECKOJIBKVIX CTafIv
pasBUTHA paspsma: CTpUMepHas, WCKpoBas, TIeomuil paspsd. B pabore [4]
pacMMaTpmMBaeTCsl Ipoliecc POPMMPOBAaHNS VICKPOBOTO paspsiia B Ta30KalleJIbHO
Cperie I IIPOBOAMTCS M3MepeHe CPeIHIX ITapaMeTpOB pacIbUIa.

B pabote mmpoBeneHa cKOpOCTHas BU3yam3anys OBICTPOVT CTagMM 3aKUTaHMS
VICKPOBOTO paspsifia, BO3HUMKAIOIIEr0 B Ta30KaIleJIbHOV Cpefle BOHa-BO3AYX, W
OTHOCUTEIBHO MeJJIEHHOV CJIaDOTOYHOM CTaamy CYIIeCTBOBAHMS TIIEIOIErO
paspsima € BEIMYMHOV TOKa B HeCKOIbKOo Mwoumamiep. C  HoMOIIpio
OBICTpOIENTCBYIOIEro ocIwuiorpada ¢ OobImMM 00BEMOM ITaMSTV IIOJTyYeHBI
feTaJIbHBbIe OCIIJUIOTPAMMBI IIOC/IEIOBATENIBHO CJIEAYIOMIMX WMIIYJIbCOB TOKa M
HAIIpsDKeHMsT paspsna, M3MepeHa MTHOBEHHas M yCpeqHeHHas 3a IJINTeIbHBIN
MIPOMEXYTOK BpeMeHV 3HepIvs, BbleisieMasl B MCKPOBOM IpoMmexyTke. ITokasaHo,
YTO 3aKMUTaHVe paspsiia COIIPOBOXIIAeTCs OBICTPBIM POCTOM TOKa paspsiia (MCKpoBast
CTazysl) M CIIaJIOM ero B Te4yeHVe HeCKOJIbKMX MMUKpoceKyHm. Ilocie oxoHuaHwms
VICKPOBOVI CTaJIMV KaHaJl pa3psia XapaKTepu3yeTcs IOBBIIIIEHHOV IIPOBOAVMMOCTHIO,
yTo OolecrieumBaeT CyIIeCTBOBAHVIE OTHOCUTEIBHO [IIUTEIBbHOV (MVUIMCEKYHIIBI)
cragum paspsiga. Ha nociremoBaTestbHBIX Kaapax KMHOTPAMMEBI BUIHO, UYTO B TeYeHIe
3TOrO BpeMeHM KaIUIM >KWAKOCTV B3aMMOIEVICTBYIOT C OOJIacThIO BBIIEIEHUS
SHEPIWN B paspsie, YaCTMYHO VCHAPSACh Y JIOKAJIBHO YBeIN4IMBasi IIPOBOAVMOCTD
kKaHaIa. [locsteqHMIT B CBOIO Ovepenb yBJIeKaeTCs IOTOKOM VI CMeITaeTcs BHM3 II0
IIOTOKY, YTO IIPMBOAUT K €r0 3HAaUYMUTeJIbHOMY YUIMHEHMIO U IIoracaHuio. 3a BpeMs
CYLIeTCTBOBaHMS KaHaja paspsga C HUM  IPOUCXOOUT  MHOTOKpaTHOe
B3aMMOJIeVICTBIe KalleJIb KMUIKOCTH. be3 rasokarespHOro IIOTOKa paspsi MexIy
3JIeKTpOoAaMy He BO3HMKAET PV IIPOUMX PaBHBIX YCIIOBVISX.

I/ICCJ'ICI[OBE[HI/IC BBITIOJIHCHO 3a CUCT I'paHTa Poccuiickoro HAay4YHOI'O (bOH)Ia (HpoeKT
Ne21-79-30062).
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Unsteady electric discharge in gas-droplet flow
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When purifying a liquid (for example, water), it is more advantageous to use a
gas-droplet or bubble medium created by mixing a liquid with a gas (often with air).
In these cases, the electrical discharge plasma, existing in the gas phase under normal
conditions, has a relatively greater contact than if the interaction occurred across the
boundary of completely separated phases. In other words, the specific surface area of
the liquid-plasma contact is many times larger in the case of initiation of an electric
discharge in a gas-droplet medium or microbubble liquid, which leads to an increase
in the efficiency of liquid processing or to a reduction in processing time in a plasma-
chemical reactor. It is shown in [1] that when hydrogen peroxide is generated using
an electric discharge, the decomposition of this compound turns out to be slower
when using a gas-droplet flow, because this substance dissolves relatively quickly in
the volume of water droplets. When purifying water from indigo carmine dye in a
reactor using a pulsating corona discharge, the most efficient process is in which
contaminated water is supplied to the reactor in the form of a spray [2]. In [3], the
process of periodic ignition and extinction of a discharge in a moving gas is studied.
The possibility of the existence of several stages of discharge development is shown:
streamer, spark, glow discharge. In work [4], the process of formation of a spark
discharge in a gas-droplet environment is considered and the average spray
parameters are measured.

At presented work the high-speed visualization was carried out of the fast
stage of ignition of a spark discharge arising in a gas-droplet water-air medium and
of the relatively slow low-current stage of a glow discharge with a current value of
several milliamps. Using a high-speed oscilloscope with a large memory size,
detailed oscillograms of sequential current and voltage pulses of the discharge were
obtained, and the instantaneous and averaged over a long period of time energy
released in the electrode gap was measured. It has been shown that the ignition of a
discharge is accompanied by a rapid increase in the discharge current (spark stage)
and its decrease within a few microseconds. After the end of the spark stage, the
discharge channel is characterized by increased conductivity, which ensures the
existence of a relatively long discharge stage (lasts for milliseconds). In successive
frames of the film, it can be seen that during this time, liquid drops interact with the
region of energy release in the discharge, partially evaporating and locally increasing
the conductivity of the channel. The last one is blown by the flow and moves
downstream, which leads to its significant lengthening and extinction. During the
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existence of the discharge channel, several liquid droplets can interact with it.
Without a gas-droplet flow, a discharge between the electrodes does not occur, other
conditions being equal.

The study was supported by a grant from the Russian Science Foundation (project
No. 21-79-30062).
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11.3 BKCHEPVIMEHTaHBHOQ nccjieJoBaHme 1npomecca
regepanumn repexkmnc Boaopoaa B MMITyJIbCHOM
IJIEKTPUUECKOM pa3psiae B IIOTOKE X KMIKOCTN

H.K. Beaobl, I1.H. Kazauckuii*, I1,J]1. MedBedeb?

100 benyHeHHBINI MTHCTUTYT BICOKMX TeMitepatyp PAH, Mocksa, Poccmst
’HarmoHaibHBIN MccilefoBaTeIbcKui 1eHTp "KypdyaToBcKmMil MHCTUTYT"
*fokkoo@yandex.ru

Vlcniosib30BaHMe IIPOIIECCOB OKMCIIeHMs SIBJISIeTCS HeOOXOOVMBIM 3TalloM
JIF00O0I TeXHOJIOrMM OuMCTKM Boabl. CTammsl OKucIeHus: HeoOXoaymMa It OYMCTKY
NUTHEBOVI BOIBI, ODOe33apaXuBaHWsl CTOYHBIX BOJ, 0OpaOOTKM OOOPOTHOM BOJBI
IUIaBaTeJIbHBIX 0OaccerHOB, aKBapMyMOB W T.JI. AKTMBHO pa3BMBAlOT HOBBIE
Oe3xJIOpHBIE TEXHOJIOIMN, TaKye KaK O30HMpOBaHMe, OpoMmpoaHme, obpaboTka
mepekncpio Bomopona. OmHom 13 Hambosiee IIepeIOBBIX TEXHOJIOTUV SIBJISETCS
reHepanya pagukasa OH* ¢ moMomipio MMITYJIbCHOTO JIeKTPUYECKOIO paspsiia B
rapax BOJIBL.

H,0 < OH + H’ (1)

DToT pamuikai B oTmume oT moHa OH- obramaer upe3BbluamHO BBICOKOV
OKMCJINTENIBHOM criocobHocThio. Ha BTOpOW cragmm peakiinim, Korga HeT APYTMX
BellleCTB, KOTOPbIe MOIJIM ObI OKMCIATHCH, pagukaiel OH* HaumHaOT pearnposaTh
ApYT ¢ Apyrom, ooOpasys nepekmcek sogopoma [1].

2 OH' & H,0, )
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Bricokas sHepreTmueckasi cromMocTh pagukaia OH* cnepxmBaer BHenpeHve
TexHosormnu [2]. s yBermdeHMs 3HeproaddeKTMBHOCTY HapaOOTKM paaynKaioB
OH* B Hacrosiment paboTe pean30BaHO 3aXWraHye 3JIeKTPUUYECcKOro paspssa
HW3KOTO JIaBJIeHMs B ITy3bIpsIX MapoB BOJBI M TPaHCIIOPTUpOBKa paayvkaios OH* n3
rasa B XMIKOCTb. Pabodasd 30Ha peakTopa COCTOUT U3 IM3JIEKTPUUIECKOV TPyOKM ¢
BHEIIIHVMM BBICOKOBOJIBTHBIM 3jleKTporoM pwuc.l. BryTpu peakTopa coocHO
AV3JIeKTPUYecKo TpyOKe pacIIoyoXeH 3a3eMJIEHHBIN J1eKTpofl. MexXaseKTpoHoe
pacTosgHMe cocTapiideT 2mm. VIcTouHMK muTaHus ¢ BBIXOAHBIM HampsbkeHveM 0.5 -
30kV mosBosigeT 3aXuraTh MMITyJIbCHOIIepUoandeckuit paspsiy, ¢ yacrorot 1-3kHz.
ITpoTounoe Teuenne Bombl 0-15 1/min ocyrecTsisieTcst BHYTpU peakTopa. Bomsron
HacoC Ha BBIXOJe W3 peakTopa COBMECTHO C 3allOpHBIM KJIallaHOM Ha BXOfe
II03BOJIsIeT IUIaBHO yCTaHaB/IMBaTh JaBlleHne B pabodert 30He HIDKe aTMOCepHOro.
Taxmum obOpasoM Hpwm cHVDKeHUM [1aBjleHWsl BOIbI HIVDKe [IaBjIeHVsl BOISHOIO Iapa
p<0.025 bar, mponcxoauT KuIieHue BOfbL, 1 B 3a30pe peKTopa MOSBIISIOTCS ITy3bIPbKI
napa. 3akuraHve paspsa B IIy3bIpbKax Ilapa IIPOMCXOAUT Oe3 3aTpaT SHepruu Ha
Harpes 11 ¢a30BbIVI IIepexo] BOIbI, UTO BeIeT K YBeIMUeHIIO 3HeproaddeKTMBHOCTI
YCTaHOBKM.
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Experimental hydrogen peroxide generation in liquid flow by
means of pulsed electric discharge

N.K.Belovl, P.N.Kazanskii'*, D.D. Medvedev?
Joint Institute for High Temperature RAS, Moscow, Russia
2National Research Center "Kurchatov Institute", Moscow, Russia
*fokkoo@yandex.ru

The oxidation processes are necessary step in any water purification
technology. The oxidation stage is necessary for drinking water purification,
wastewater disinfection, treatment of recycled water for swimming pools,
aquariums, etc. New chlorine-free technologies are being actively developed, such as
ozonation, bromination, and hydrogen peroxide treatment. One of the most
advanced technologies is the generation of the OH* radical using a pulsed electrical
discharge in water steam.

H,0 < OH' + H' (1)

This radical, unlike the OH- ion, has an extremely high oxidizing ability. At
the second stage of the reactions, when there are no other substances that could be
oxidized, OH* radicals begin to react with each other, forming hydrogen peroxide

[1].

2 OH' < H,0, )

The high energy cost of the OH* radical hinders the implementation of the
technology [2]. To increase the energy efficiency of the production of OH* radicals,
this work involves igniting a low-pressure electric discharge in water steam bubbles
and transporting OH* radicals from gas to liquid. The working zone of the reactor
consists of the dielectric tube with an external high-voltage electrode (Fig. 1). Inside
the reactor, the grounded electrode is located coaxially with the dielectric tube. The
interelectrode distance is 2mm. A power source with an output voltage ~ 0.5 - 30 kV
allows one to ignite a pulse-periodic discharge with a frequency ~ 1-3 kHz. The flow
of water inside the reactor was 0-15 I/min. The water pump at the outlet of the
reactor, together with the shut-off valve at the inlet, allows control the pressure in the
working area below atmospheric. Thus, when the water pressure decreases below the
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water steam pressure p<0.025 bar, the water boils and steam bubbles appear in the
rector gap. The ignition of the discharge in steam bubbles occurs without energy
consumption for heating and phase transition, which leads to an increase in the
energy efficiency of the installation.

Initial water Pressure
drop chock
valve
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Water Sealing
input

Dielectric tube

Water input to
discharge gap
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High voltage
electrode
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Figure 1. General view of the installation for generating hydrogen peroxide in a pulsed electric
discharge in a liquid flow.

1. B.R. Locke and K.-Y. Shih, “Review of the methods to form hydrogen peroxide in

electrical discharge plasma with liquid water,” Plasma Sources Sci. Technol., vol. 20, no.
3, p. 034006, Jun. 2011, doi: 10.1088/0963-0252/20/3 / 034006.
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pp. 65-70, Jan. 2010, doi: 10.1515/jaots-2010-0109.
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11.4 IIpMmeHeHMe MMKPOBOJIHOBOV IIJIa3MBbI JJIS CMHTE3a
MUKPOCTPYKTYPUPOBAaHHBIX OKCMIHBIX MaTepyaIoB

C.H. Aumuno8’, M.X. I'adxueb, M.B. UrvuueB, A.C. Trogpmseé,
.U. IOcynob

OObenmHeHHBIVI MHCTUTYT BBICOKMX TemmepaTyp PAH, Mocksa, Poccris
*antipov@ihed.ras.ru

B mociemHme rombl akTMBHO pPa3BMBAIOTCA 3KOJIOTMYecKn Oe3orlacHble U
3HeproaddeKTUBHBIE yCOBEpIIeHCTBOBAHHbIE OKMC/INTEIbHbIe TexHoJormm. s
pelileHns 3amad  POTOKATAIIMTUUECKOV OYMCTKM CTOUHBIX BOf, TpeOyeTcsd
IIPOMBIIIIEHHOe ITPOM3BOACTBO TeTpanoaos ZnO, 4To IpY MCIOIb30BaHMUM MeTo1a
KapOoTepMayIbHOTO CMHTe3a CJIOKHO peayin3oBaTh. B 3TOVI CBSA3M, BecbMa aKTyaIbHO
pasBUTIEe BBICOKOIIPOM3BOAUTEIIBHBIX METOIOB CMHTe3a OKCUIHBIX MUKPOCTPYKTYP.
K Takmm Meromam, Omaromaps cBoeilt 3Heprosd@eKTMBHOCTMI  OTHOCSTCS
IUIa3MeHHble MeTO/bI CHTe3a.

B pabore mpesncraBieH MeTop CMHTe3a OKCUIHBIX MUKPOCTPYKTYp ZnO c
VICIIOJIb30BaHMeM MUKPOBOJIHOBOVI a30THOVI IUIa3Mbl aTMOCcepHOro nasieHus. s
reHepauuy IUIasMbl Mcronb3oBayica CBY-1ulasMOoTpoH BOJIHOBOAHOIO TMIIA C
BOJISIHOV Harpy3KOW M IOACTPOEYHBIM ITOPIIHEeM Ha KOHIle BOJIHOBOIHOI'O TpaKTa.
CBY-m1a3MoTpoH paboTaeT Ha 0a3se THUIIOBOIO MaJIOMOIIHOIO MarHeTpoHa C
uvactorom 2,45 GHz u nossoisger cosmasate CBY-paspsabl aTMocdepHOro J1aBjieHns
Ha BosHe Hip mpm BriIagbiBaeMon MormHocT ~1 KBT. g 3TOro HopMasibHO K
IIVMPOKOV CTEHKe IIPSMOYIOJIbHOTO BOJIHOBO/A pa3Melllajlach KBaplleBas TpyOka c
BHYTPEeHHVUM [uaMeTpoM 4 cM, B Kotopou mpwm Bosmevicteun CBY-smeprum nHa
rasoByIO0 cpeny Bo30yXXaajcd OOBEeMHBINI CTallMOHAPHBIN paspsd. B KadecTse
IUIa3MO00pa3yIolero rasa WCIOJIb30BaJICA a30T BBICOKOM 4YMCTOTHL (99,998%),
KOTOPBINI BBOAWICS B TpyOKy mnpm pacxoge ~1-10 i/munu. Ilopomrok nuHKa ¢
pasmepamm gactuiy 30-40 pm 3aceiraiics B paspsaHYIO TPyOKy cO CTOPOHBI ITofadn
rasa M BMecTe C HUM TpaHCHOpTUpoBajics depe3 obiacte CBY-paspsima BHYTpU
BosiHOBOzIa. [lasree gacTuiipl 0OpaOOTaHHOrO MOPOIIKa IIMHKA COOMpaich depes
OTKPBITBIVI KOHeL] pa3paIHOV TpyOKM B KBapLieBbIVl cocy,. BakHbIM IperMyIiecTBOM
IpefylaraeMoro MeTofa 4BjisileTcsd TO, 4YTo MwuKpoBoyiHOBBI (CBY) paspsan
aTMOCcepHOro AaBjleHusl XapaKTepu3yeTcsi ropasfio Oosiee BBICOKOM IUIOTHOCTBIO
3apsI0B U, KaK CJIe[ICTBIe, OOJIbIIell peaKIMIOHHOV CIIOCOOHOCTBIO II0 CPaBHEHMIO C
APYTVIMI Ta30BBIMYU paspsiaMy IIPU TOV JXe MOIITHOCTH. Kpome Toro, B HEKOTOPBIX
BUIAx paspsgoB aTMocdepHOro [apjleHMs (KOPOHHBIV, VICKPOBOW ¥ JyTOBOV)
IUIa3Ma «3arps3HsgeTcs» MaTepuajloM BHYTPEHHMX paspsOHBIX 3JIeKTPOIOB.
M36exxatb 3TOro MOXHO Ipu BiiokeHUM sHeprun B CBY-paspsn, Bo30OykmnaeMbll B
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PpaspsaaHBIX KaMepax (HalpuMep, ANIeKTPUIecKX pr61<ax) B OTCYTCTBVIE ITPSIMOTO
KOHTAaKTa C MeTaJUINMYeCKVMM 3JIeKTpOofaMy. DTO CBOVICTBO MMeeT IIPVHIUIIAIbHOe
3HauYeHMe [IJI9 CO3MaHM4 IUIa3Mbl BBICOKOWV YMCTOTHIL. Cne;[yeT Tak Xe YIIOMSIHYTh, YTO
I pa3pa6aTBIBaeMblx TEXHOJIOTUI IUIa3MEHHOI'0 CMHTE3a B KayecTBe 6yq)epHoro
Hna3Moo6pa3y10Luero rasa pacMaaTpmBaeTCs  WCIOJIb30BaHME  a30Ta, YTO
pearojaraeT BO3MOXXHOCTh HUTPUAM3ALIN cpopMMpyIOHMXCH CTPYKTYp OKCuaa
nuHka. OTMeTnM, HaKOHEI], TOT q)aKT, YTO OVICIIEPCHBIE YaCTWIIbI MUKPOHHBIX
pasmMepoB IIpyM IOHAJAHWUN B Ta30paspsaHYIO IUIa3My CTAaHOBATCS IIeHTpaMu
peK0M6MHauVM IUTa3MEHHBIX 2JIEKTPOHOB U  MOHOB (MHOTZIa MICTOYHVMKOM
2JIEKTPOHOB B pe3yJibTaTe TepMO-, ¢doTO- 1 BTOPUYHOW 3JIEKTPOHHOM 3MMUCCUN) U
NpUOOpeTalOT OTPULIATENIbHBIV  3JIEKTPUYECKMI 3apsll, BCIEACTBUE OoJIbliernt
HOJBVDKHOCTM 3JIeKTPOHOB. IIpy 5TOM BeyumHa 3apsia 4acTULl MOXeT OCTUTraTh
3HAUUTEIBPHBIX BeIMumH - g0 103-10° 3ap400B  3JIeKTpoHa. B pesysbrare
9JIEKTPOCTATNYECKOIO B3aVIMOJEVICTBVMSL YaCTUIIbI, HeCyIlye 3aps] OIHOIOo 3Haka,
VICIIBITBIBAIOT B3aVIMHO€ KYJIOHOBCKO€ OTTAJIKMBaHME, YTO IIPEISITCTBYeT WX
CUIUIIaHUIO U o6pa3013aHmo arJiomMeparoB. ODTO yBeJIM4YMBaeT Bq)q)eKTT/IBHOCTB
IUTa3MEHHOTO BO3IEVICTBIS Ha OTAETbHBIE YaCTUIIBI U II03BOJISIET II0JTyYaTh ITOPOIIIKIM
C BBICOKOVI CTEIIEHBIO OJJHOPOTHOCTV VX CBOVICTB, TaKMX KaK XVMMWYECKUII COCTaB U
CTPYKTYypa IIOBEPXHOCTL.

Microwave plasma application for microstructured oxide
material synthesis

S.N. Antipov’, M.Kh. Gadzhiev, M.V. Il'ichev, A.S. Tyuftyaev,
D.I. Yusupov

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

In recent years, environmentally friendly and energy-efficient advanced
oxidation technologies have been actively developed. To solve the problems of
photocatalytic wastewater treatment, the industrial production of ZnO tetrapods is
required, which is difficult to achieve using the carbothermal synthesis method. In
this regard, the development of high-performance methods for the synthesis of oxide
microstructures is very important. Such methods include plasma synthesis methods
due to their energy efficiency.

This paper presents a method for the synthesis of ZnO oxide microstructures
using atmospheric pressure microwave nitrogen plasma. Waveguide-type
microwave plasmatron with a water load was used for plasma generation. The
microwave plasmatrone operates on the base of a standard low-power magnetron
with a frequency of 2.45 GHz. Plasmatrone allows to exite an atmospheric pressure
microwave discharges at the Hip wave with an input power of about 1 kW. To do
this, a quartz tube with an internal diameter of 4 cm was placed normally to the wide
wall of the rectangular waveguide, in which a stationary volume discharge was
excited when microwave energy was applied to the gaseous medium. High purity
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nitrogen (99.998%) was used as a plasma-forming gas, which was introduced into the
tube at a flow rate of about 1-10 1/min. Zinc powder with particle sizes of 30-40 pm
was injected into the discharge tube from the gas supply side and, together with it,
passed through the microwave discharge region inside the waveguide. Next, the
particles of the treated zinc powder were collected through the open end of the
discharge tube into a quartz vessel. An important advantage of the proposed method
is that an atmospheric pressure microwave discharge is characterized by a much
higher charge density and, therefore, greater reactivity compared to other gas
discharges at the same power. In addition, in some types of atmospheric pressure
discharges (corona, spark and arc), the plasma is “contaminated” by the material of
the internal discharge electrodes. This can be avoided by energy input in a
microwave discharge excited in discharge chambers (for example, dielectric tubes) in
the absence of direct contact with metal electrodes. This feature is of fundamental
importance for high-purity plasma generation. It should also be mentioned that the
use of nitrogen is being considered as a buffer plasma-forming gas for the plasma
synthesis. This suggests the possibility of nitridation of the forming zinc oxide
structures. Finally, we note the fact that micron-sized dispersed particles, when
entering a gas-discharge plasma, become centers of recombination of plasma
electrons and ions (sometimes a source of electrons because of thermo-, photo- and
secondary electron emission) and acquire a negative electric charge due to the greater
mobility of electrons. In this case, the particle charge can reach significant values - up
to 103-105 electron charges. Owing to electrostatic interaction, particles with the same
charge sign experience mutual Coulomb repulsion, which prevents them from
sticking together and forming agglomerates. This increases the efficiency of plasma
action on individual particles and makes it possible to obtain powders with a high
degree of uniformity in their properties, such as chemical composition and surface
structure.
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11.5 KonnieHTparyst aTOMOB B CMJIbHOVMOHM30BaHHOM
HEOJHOPOIHOM IVIa3Me reJInsa

O.B.Kopuyno8', I.U.KaBvipuun'2*, B.D.Yunnob'?
1O0ObeiHeHHBIVI MTHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
2 «HarmoHasIbHBIV VcCIIeoBaTeIbCKUM yHuBepcuTeT «MDI», Mocksa, Poccns
*dimakav@rambler.ru

B nannoOM paboTre 00BeKTOM McciIefoBaHs BBICTYIIaeT IIa3Ma reJIvieBov 1y
aTMOCepHOro [aBjIeHVsI C BBICOKMMM 3HaUeHWMsSMV KOHIIeHTpaly 3JIeKTPOHOB
(ne~1017 em3), crenenn nonmsanyu (ny/n~1) 1 Temmnepatypst (T~3 3B), nBrokyiasics B
y3KOM KaHaJle IUIa3MOTpPOHa IIOCTOSIHHOTO ToKa 9=4-5 MMm. B cepum pabort [1-5], 6bu10
IOKa3aHo, UYTO pajyasibHas HeOTHOPOTHOCTh [JaXke TaKOro CPaBHUTEILHO IIOTHOTO
Y BBICOKO WOHM30BAaHHOIO Ta3a NPMBOOAUT K CWIBHOW WOHM3ALVIOHHOW
HepaBHOBECHOCTV, HpWYMHaAMM dYero sBJISIOTCA IollepeuHasd auddysusa u
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HenIeaJIbHOCTD IUIa3MBbI [1,2]. Vcniosp3oBaHme TOYHBIX pe3yJIbTaToB
ra30KMHETUYECKOV TeOPUM, B COOTBETCTBUM C KOTOPHIMM MOHM30BAaHHBIV ITPOCTOM
ra3 sBJIsieTcsl OMHApHOV CMeChI0 aTOMOB ¥ VIOHOB C 3JIeKTpOHaMM [6], ITO3BOIMITIO
HaTV aHaJIUTUYecKoe pelleHvie AUQEPYy3MOHHONM 3aaun [1JId OCeCMMeTPUYHOIO
IIOTOKa IUIa3MBbl ¥ PacIIpOCTPaHUTh BO3MOKHOCTM ee CHIeKTpaJIbHOVI JMarHOCTUKIM Ha
OCHOBHO€ COCTOsIHMe aToMOB. IIpuMeHWTeIbHO K CWIBHOMOHWM3OBaHHOW [OyTe B
reJiu aTMOocepHOro [IaBjIeHNs OJIyYeHO, YTO M3MepeHHBbIe 3aBUCVIMOCTU Ne(r) M
T(r), B ananasone pagmycos ayru r=0-0.5 MM MOryT OBITH BbIpakeHbI HIPUCYIIVIMU
Ayre KBaJpaTVUYHbIMV alllIPOKCYMALIVISIMI:

ne(r) = nO[1-(r/12], T() = T/ [+ /2], (1)

rae 1e~0.8-0.85 MM m r1~1.26-1.05 MM - XapakTepHble pagnychl IUIa3MeHHOIo KaHaJla
JUIA KOHILIEHTpaluM ¥ TeMIlepaTypbl 3JIeKTpOHOB, a n.=(8.66-9.39)-10% cm3 u
T0=3.32-3.62 3B - KoHIleHTpaLMs 1 TeMmIlepaTypa 3JIeKTPOHOB B IIeHTpe paspssa,
COOTBETCTBYIOIIVIE VICCIIeNOBABIIMMCS TOKOBbIM pexumam nyru 200-400 A [1-5].
BepxauMm wunpmekcom "0" oOosHauensl mapamerpbl Inpu r=0. Ksampatudnble
3aBUCMMOCTM ~ OT pammyca (1) xapakTepHbl [JId  paspsoB, VIMEOIINX
HWIVHAPWYECKYIO0 CUMMETPUIO [7], II03TOMYy OHM [OCTaTOYHO YHUBEPCAIBHBL,
OT/IMYasdCh IS  PasHBIX pas3psoB TOJIBKO IIOCTOSTHHBIMM — aIITPOKCVIMATIIV:
XapaKTepHBIMI pafuycaMi ¥ IapamMeTpamMy IUIa3Mbl Ha OCM, YTO IIO3BOJISET
PVIMEHUTD JaHHBIV IIOAXOT K IIVPOKOMY AMalia3oHy yoIioBui. B coorsercTsum ¢ [§]
aHaJIUTUYecKoe pellleHre CTallMIOHAapHOIO ypaBHeHle Hepas3pbIBHOCTHU [IJI1 aTOMOB
div(n(V+Va)) = Konen - Kioneni (rme V - obiasg ckopocTh MOTOKa IUIasMbl, Va -
ckopocTb auddys3um atoMoB K 11eHTpy ayru, Ko= Ko (T) - cioipHO 3aBucaimasg ot T
KOHCTaHTa CKOpPOCTM BO30OyXIeHMUs 3JIeKTpoHamu aroma IHe w3 ocHoBHOro
cocrosHM [9,10], K10 - KOHCTaHTa CKOpOCTM HAeBO3OYXIeHMsS HIVDKHMUX ypPOBHEN
IUDIOTHOCTBIO N1), TOXe IIpeCTaBIsgeT coboil IapabommdecKyio 3aBVICHMOCTB:
n(r) = n0 [1+(S-1)(r/re)?], rme &>1 - pusmdeckast TOCTOSTHHAS AYTH, 3aBUCAIIAS] TOIIBKO
OT HapaMeTpoB IUIasMel Ha ocu [8]. Pacuer B mist Tokos myru 1=200-400 A mpusoguT
K 3HadueHMsIM n%=(8.68-5.25)-1016 cm3. CriemyeT OTMETUTD, UTO Oi1arofaps HAUIMYMIO B
[1,2] pacmpenerieHusi HaceJleHHOCTeW IPaKTUUeCKM BCcexX HIDKHUX yposHeinn He*,
yOaeTcs TakXke ITPOBECTM HeTaJlbHBINI pacdeT WX IIPsMOVI MOHM3AIMV, VICIIOIB3Ys
JaHHBIe O CEUYEHVIIX M KOHCTAHTaX CKOPOCTM. DTOT pacdeT AaeT On3Kiue 3HadYeHVIS
n’, 4TO MHOATBepXXOaeT MIPUMEHVMOCTb MOOMEPUIIMPOBAaHHOIO AMUPPY31MOHHOIO
NpUOIVDKeHNs. Jaxke I BBICOKO JIeXKalllMX YPOBHEV B YCIOBUSAX CYIJIBHOV IIPSMOV
voHM3alum [2] u paspyleHns Mukponossmu [11].

[Ip  m3MmepeHHBIX  3aBUCMMOCTAX nNe(r) wu  T(r),  BBIpa’keHHBIX
anmpokcuMaramu - (1), IUlasMa  IleHTpasIbHOV  o0JlacTM  [IyroBOIO  paspsia
HaXoAWwIach B IIPOMEXYTOUYHOM TepMOIMHAMUYECKOM COCTOSTHMM, IPpuUOIIVIKasch K
M300apMUecKOMy paBHOBECUIO IIPW MaJbIX TOKax ¥ W30XOPWYECKOMy - Ipu
Oomnpimx. Beicokmit ypoBeHb IUIOTHOCTM aTtoMoB, B 500 pa3 IpeBBIIArOIINT
TepMOAMHaMIWYeCcK paBHOBeCHble 3HaueHMs, SKCIIepVYMeHTaIbHO IIOATBepXKIaesics
V3MepeHHBbIMI HaceJIeHHOCTSIMM BO30Y>KIeHHBIX YPOBHEVL.

Vlcciienosanme mopaep>kaHo MiHMCTepCcTBOM HayKI 1 BBICIIIEr0 0Opa3oBaHMs
Poccuiickont @epepanun (I'ocymapcrsennoe 3aganme Ne 075-00270-24-00) 1 rpaHTOM
PH® 21-79-10281 B yacTut 1CIIOIb30BAaHHBIX 3KCIIEPVIMEHTAILHBIX TaHHBIX.
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Concentration of atoms in highly ionized inhomogeneous
helium plasma

O.V. Korshunov', D.I Kavyrshin'?*, V.F. Chinnov'?
Hoint Institute for High Temperatures RAS (JIHT RAS), Moscow, Russia
2 National Research University (MPEI), Moscow, Russia
*dimakav@rambler.ru

This work studies DC helium arc plasma at atmospheric pressure with high
electron concentration (ne~10" cm3), degree of ionization (ne/n~1) and temperature
(T=3 eV), which flows in a narrow channel of the plasmatron with diameter o=4-
5mm. Series of studies [1-5] showed that radial heterogeneity even for such
comparatively dense and highly ionized gas leads to strong ionization
nonequilibrium caused by transverse diffusion and nonideality of plasma [1,2].
Application of precise results of gas-kinetic theory which assumes ionized simple gas
to be a mixture of atoms, ions and electrons [6], let us find an analytic solution of
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diffusion problem for axisymmetric plasma flow and extend spectral diagnostics
capabilities to ground state of atoms. Applying this to highly ionized DC helium arc
plasma, we obtained that the measured ne(r) and T(r) distributions, in arc radius
range r=0-0.5 mm can be expressed by quadratic approximations inherent to an arc:

() = nO[1-(e/r], T =T/ [L+/r, (D)

where re~0.8-0.85 mm and rr~1.26-1.05 mm are the characteristic plasma channel
radius for electron concentration and temperature, and ne’=(8.66-9.39)-101¢ cm-3,
T0=3.32-3.62 eV are the concentration and temperature of electrons in the center of
the discharge corresponding to studied arc current values 200-400 A [1-5].
Superscript "0" designates parameter values at r=0. Quadratic dependencies on
radius are characteristic for discharges having cylindrical symmetry [7], therefore
they are quite universal, only having different approximation constants for different
kinds of discharges — characteristic radii and plasma parameters on axis, which
allows to apply this approach to a wide range of conditions. According to [8], the
analytic =~ solution of stationary  continuation equation for atoms
div(n(V+Va)) = Konen - Kioneni (where V is total plasma velocity, Va is atomic
diffusion rate to the arc axis, K= Koi1(T) is the excitation rate constant for ground
state He atom by electrons, which is highly dependent on T [9,10], K1 - is quenching
rate constant for lower levels with density ni), which is also a parabolic dependence:
n(r) = n [1+(S-1)(r/re)?], where &>1 - is the physical constant of the plasma arc,
depending only on plasma parameters on axis [8]. Calculating this for arc currents
[=200-400 A gives the values n%=(8.68-5.25)-101¢ cm3. It should be noted that due to
the presence of distributions of almost all lower energy levels of He* in [1,2] ,it is also
possible to perform a detailed calculation of their direct ionization using the data on
cross-sections and rate constants. This calculation gives close values of n® which
confirms the applicability of modified diffusion approximation even for high excited
levels under conditions of strong direct ionization [2] and destructive action of the
plasma microfield [11].

For measured dependencies ne(r) and T(r), expressed by approximations (1),
the plasma in the center region of arc discharge was in intermediate thermodynamic
state, approaching isobaric equilibrium at low currents and isochoric equilibrium at
high currents. High atomic density values, which are 500 times higher than
thermodynamic equilibrium values, were experimentally confirmed by measured
populations of excited states.

This work was supported by the Ministry of Science and Higher Education of
the Russian Federation (State Assignment No. 075-00270-24-00) and by Russian
Science Foundation grant no. 21-79-10281 in terms of experimental data used.
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11.6 DkcriepuMeHTaIBHOE McCIeJOBaHVe ITapaMeTpPOB
IIJIa3MBbI B 00J1aCT ee B3aMMOAEVICTBUSA C II0BEPXHOCTHIO
IIpOTOTHMIIA 3JIeMeHTa [IePBOVl CTEHKM TepMOsAAePHOI0
peakTopa

E.A. MypabveBa’, I.U. Kabvipwun'?, B.I1. bydaeb!, C.I1. @edopobuul,

B.®. Yunnob'2?, K.B. Uan', A.C. Masun?

THaryoHasIbHBIN MccIeoBaTelIbcKmi yHuBepeuteT «MDV», Mocksa, Poccust
20O0peHeHHBINI MHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
*easeall6@gmail.com

O6paH_IeHHBIe K IIa3Me€ JJIEMEHTDbI O6J'H/I]'_IOBKT/I KaMepbl TepMOAIOEPHOIO

peakTopa IIo/IBepKeHbI BO3[IEVICTBIIO INIOTHBIX (10 1024 M2 1) 11a3MeHHBIX TIOTOKOB,
a TaKXe IIOTOKa HEVTPOHOB U 3JIEKTPOMArHUTHOMY WM3JIyYeHMIO, UYTO Hemn30eXHO
IIpuBeMeT K Jierpagarym nosepxaoctu oommioBku. Ha cosgarnxom B «HUMY «MDW»
ycranoske IIJIM (1wiasMeHHBIVI JIMHEVIHBIVI MYJIBTMKACII) CO3AIOTCS  YCJIOBUS,
CXOXMWe C peaKTOPHBIMMU IIO IUIOTHOCTM M TemIlepaType IUIa3MeHHBIX ITOTOKOB, B
CTallIOHApPHOM peXlMe, YTO II03BOJIeT IIPOBOAWUTL WCHBITaHMS MaTepuasios,
IepCIeKTUBHBIX I WCHOJIb30BaHMA B KaudecTBe IIEpBOVI CTeHKM B IIeJIsix
viccIIeJOBaHMs 9PO3UYL IIPOTOTUIIOB IIePBOVI CTEHKI.

B YCTaHOBKeE y,[[aéTCSI co30aTh CTaMOHApHYIO Te€JIMEBYIO IDUIasMy WU

Ioanep>KmMBaTh eé B TeueHMe HEeCKOJIBKMX YacOB IIpM IIOCTOSHHBIX IIapaMeTpaX
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paspsna: nasiieHue reymmsa B KaMmepe 102 + 101 Topp, Tok paspsma 6+7 A, auamerp
IUIa3MeHHOro cTojba 35-40 MM, TajieHMe HaIlpsDKeHMS Ha paspsifHOM IIPOMEXYTKe
100+200 B. Takmm 0oOpa3om, IJIOTHOCTB OCHOBHOTO ra3a cocrapirsier [He] = 1012-1014
cM? 1 3apsAmoB ne ~ 1011-1013 cm3. TeMrieparypa 371€KTPOHOB IIPU 3TOM MOXeT OBITh
orieHeHa Tecp = 2.4+0.2 3B [1,2]. [Tpu onvicaHHBIX BBIIIIE YCIOBUSIX TeIUIOBAsk Harpys3Ka
Ha IIOBEPXHOCTb BBOAVMOW B IIPMOCEBYIO O0JIaCTh IUIa3MEHHOrO CTOI0a MUIIEHU
nocturana 5 MBt/m2.

ITnasmennas ycraHoska [T/IM ocHallleHa onTiaeckovt 11 30HA0BOVI CHICTeMaMu
AVArHOCTMKM  IUIa3Mbl.  MoHoxpomaTop-criekrporpad MS7504(i) mosBorisieT
perucTpupoBaTh W3jlydeHue IvlasMbl B AuanasoHe ot 200 mo 1100 HM co
cnekTpayibHbIM ~ paspemienvem 0.013 BM u npocrpaHcTBeHHbIM ~100 MKM.
OnHoBpeMeHHO perucTpUpyeMblil IPY 3TOM CIIeKTpaIbHbBIV MHTepBaJl COCTaBjIsgeT
16.5 um. Ha BbIXOge MoHOxpomaropa ycraHobjleHa I[I3C xamepa. C momorsio
MOHOXpoMaTopa-criekrporpadpa MS7504(i) B coueTaHMM C OITOBOJIOKOHHBIM
JeTbIpeXKaHAJIbHBIM  CIIeKTpoMeTpoM  AvaSpec  BBINIOJIHSETCS — perucTpanis
OIITMYECKMX CIIeKTPOB M3JIy4eHMs IUIa3Mbl BOJIV3M IIOBEPXHOCTV BBEIEHHBIX B Heé
00pa3oB KOHCTPYKILVOHHBIX MaTepyaIoB.

C wmesnplo yBelM4eHMs IUIOTHOCTM SHeprum (MOAeIMPOBaHMUS BO3EVICTBUA
DJIMoB M CpBIBOB IUIa3MBbI Ha CTEHKY) ObUIM ITpOBeIeHBI M3MepeHVIsS OITIYeCcKIX
CIIEKTPOB B 30He HPUIIOBEPXHOCTHOW IUIa3Mbl PV [IOIOIHUTEIbHOM BO3/1eVICTBUN
Ha noBepxHocTb MwuieHU wmityibcoB Nd:YAG masepa mmrensHoOcThIO 10 HC C
snepruent 0.5 [Ix Ha mmHe BoHbl 1064 HM. BosmericTBue j1asepa npaKTuUdecKn He
OKasblBaeT BJIMSHMS Ha MHTEHCUBHOCTb TeJIMeBBIX JIMHWUI, IPU 3TOM IPUBOAS K
abJAIMy TIOBepXHOCTM oOOpaslia ¥ IIOSIBJIEHUIO B CIIeKTpe JIMHUM aTOMapHOTO
BOJIb(ppama, VIHTeHCUBHOCTh KOTOPBIX obpartHO HpOHOpIOHaIbHA
perucTpupyeMor MHTEHCMBHOCTM PacCessHHOIO JIa3epHOr0 M3JIy4eHUM U PacTéT C
KaKIIbIM VIMITYJIbCOM.

BerisiieT-ipeobpasoBaHme  3apervcTpMpOBaHHOIO B  TeJIMeBOV  IUIa3Me
ycraHoBku IUIM curHasia 30HAa cofepXUT WMHEQOpPMAIMIO O TypOysIeHTHBIX
CTpyKTypax. [loMuHUpYyIOlllee BIIMsAHME OKa3blBalOT CTPYKTYpPBl, CBg3aHHBIE C
BpeMeHHBbIMM MaciTabamu 120 mukpocexyHz. IIpu gevicTBimM j1asepHOro MMITyJIbca
Ha MaTepuall IHPOVCXOOWUT W3MeHeHVe CBOVICTB IIPUIIOBEPXHOCTHOV IUIa3MBbl,
HaOTIoaeTcs MepapXMIHOCTb Ty pOyJIeHTHBIX CTPYKTYP Ha Macirrabax ot 10 go 500
MKc. Takoe TIoBeZleHVIe TUIIMYHO HaOIIOIAeTcss B TypOyIeHTHOCTI IIepudepUiTHON
IUIa3Mbl TEePMOSAIEPHBIX YCTAaHOBOK W BbI3bIBAETCS HaJIbHVIMU KOPPEeJIALMSIMU
npernidoBO-AVCCUIIaTVIBHOM (HM3KOUYaCTOTHOM 3JIEKTPOCTATUUECKOT)
TypOyJIeHTHOCTI IUIa3MBbl.

VccenenosaHme BbIIIOSIHEHO IIpy ntoaaepxke rpanTa PH® 21-79-10281.

1. D.I Kavyrshin et al., “Optical emission spectroscopy for studying of region of interaction
between a plasma flow and a tungsten sample”, Phys. Atom. Nuclei, 85, 1580-1586 (2022).

2. D.I. Kavyrshin et al., “Development of methods for determing near-surface plasma
parameters during tests of fusion reactor first-wall prototypes using the PLM device”,
Fusion Science and Technology, 79:4, 421-431, (2023).
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Experimental study of plasma parameters in the field of its
interaction with the surface of the prototype element of the
first wall of a thermonuclear reactor

E.A. Muravyeva®’, D.I. Kavyrshin'?, V.P. Budaev', S.D. Fedorovich!,
V.F. Chinnov'2, Q.V. Tran', A.S. Myazin’

INational Research University “MPEI”, Moscow, Russia
?Joint Institute of High Temperature RAS, Moscow, Russia
*easeall16@gmail.com

Plasma-facing cladding elements of a thermonuclear reactor chamber are
exposed to dense (up to 10 m?2s1) plasma fluxes, as well as neutron flux and
electromagnetic radiation, which will inevitably lead to degradation of the cladding
surface. The PLM (plasma linear multicasp) installation created at NRU MPEI creates
conditions similar to reactor ones in terms of density and temperature of plasma
flows in a stationary mode, which allows testing materials promising for use as the
tirst wall in order to study the erosion of prototypes of the first wall.

In the installation, it is possible to create a stationary helium plasma and
maintain it for several hours at constant discharge parameters: the helium pressure in
the chamber is 10 + 101 torr, the discharge current is 6+7 A, the diameter of the
plasma column is 35-40 mm, the voltage drop over the discharge interval is 100+200
V. Thus, the density of the base gas is [He] ~ 1012-10™* cm3 and the charges are ne =
10111013 cm3. In this case, the electron temperature can be estimated at Temid = 2.440.2
eV [1,2]. Under the conditions described above, the thermal load on the surface of the
target introduced into the axial region of the plasma column reached 5 MW /m?.

The plasma installation of the PLM is equipped with optical and probe
systems for plasma diagnostics. The MS7504(i) monochromator spectrograph allows
recording plasma radiation in the range from 200 to 1100 nm with a spectral
resolution of 0.013 nm and a spatial resolution of ~100 microns. The spectral range
recorded at the same time is 16.5 nm. A CCD camera is installed at the output of the
monochromator. The MS7504(i) monochromator spectrograph in combination with
the AvaSpec fiber-optic four-channel spectrometer is used to register the optical
spectra of plasma radiation near the surface of the structural materials samples
introduced into it.

In order to increase the energy density (modeling the effects of ELMs and
plasma breakdown on the wall), optical spectra were measured in the near-surface
plasma zone with additional exposure to the target surface of Nd:YAG laser pulses
with a duration of 10 ns with an energy of 0.5 J at a wavelength of 1064 nm. Laser
exposure has practically no effect on the intensity of helium lines, while leading to
ablation of the sample surface and the appearance of atomic tungsten lines in the
spectrum, the intensity of which is inversely proportional to the recorded intensity of
scattered laser radiation and increases with each pulse.

The wavelet transform of the probe signal registered in the helium plasma of
the PLM installation contains information about turbulent structures. The dominant
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influence is exerted by structures associated with time scales of 120 microseconds.
Under the action of a laser pulse on the material, the properties of the near-surface
plasma change, the hierarchy of turbulent structures on scales from 10 to 500
microseconds is observed. This behavior is typically observed in the turbulence of the
peripheral plasma of thermonuclear installations and is caused by long-range
correlations of drift-dissipative (low-frequency electrostatic) plasma turbulence.

The study was carried out with the support of the RSF grant 21-79-10281.

1. D.I. Kavyrshin et al., “Optical emission spectroscopy for studying of region of interaction
between a plasma flow and a tungsten sample”, Phys. Atom. Nuclei, 85, 1580-1586 (2022).

2. D.. Kavyrshin et al., “Development of methods for determing near-surface plasma
parameters during tests of fusion reactor first-wall prototypes using the PLM device”,
Fusion Science and Technology, 79:4, 421-431, (2023).
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MopenmpoBaHMe ropeHMUs CBEPX3BYKOBOV CTPYM MeTaHO-
BO3IyHIHOV CMeCH B IIPMCYTCTBUM 3JIEKTPUUIECKOTI0 pa3psaaa
B0 FlowVision
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*alexander.a.firsov@gmail.com

Vcrionp3oBaHMe 7IEKTPUYECKMX Pa3pPsA0B IS BOCIDIAMEHEHWS TOIUIMBHO-
BO3OYIIHBIX CMecell ¥ CTa0WIM3alMy TOPeHMS B BBICOKOCKOPOCTHBIX ITOTOKaX
gBJIeTCS aKTyaJIbHOV 3afaderl. B mociregHme rombl B OOMIacTM  IDIa3MEHHO-
CTVIMYJIMPOBAaHHOTO TOpPeHMsl IPOBOOATCS  aKTMBHBIE  MccolemosaHms  [1].
Vcrionb30BaHME YMCIIEHHOTO MOMAEIVIPOBAHMS B ITOM O00JIacTM IIPeNOCTaBIsSeT
XOpOoIIVie BO3MOXHOCTM JUISI M3YUeHWSI BO3MIEVICTBUS JIEKTPUUECKMX PaspsIoB Ha
TIPOIIeCChI TOPEHVIS.

1 MonenmpoBaHMS TOPeHMS MeTaHa B BO3Oyxe paspaboraHo Ooriblroe
KOJIMIeCTBO cxeM peakouit. OHM CWIBHO pa3IM4aloTcsl II0  KOJIMYIECTBY
3JIEMEHTAPHBIX peakumit M o0JIacTsM ¥MX IIPMMEHVMOCTM - OT OOHOU OpyTTo-
peakimy 1o Habopa m3 325 peaxini, Bknodatommx 53 sertectsa [2]. C npukitagHoi
TOYKM 3peHMs, B paMKax peIlaeMbIX 3aad IIpu pa3paboTke KOMMepYecKUX
TEeXHWYECKVX peIleHmiT HavOOoJIbIINII VHTepeC IIPeCcTaBiIsuIv HeOoIbIie Habophl
peaxImii, Ka4yeCTBEHHO BOCIIPOM3BOJISAIINE TeIUIOBOV 3 eKT mpoliecca TopeHus 1
JaloIiyie OILIeHKNM KOHIIEHTpAalMVI OCHOBHBIX IIPOAYKTOB TOPEHMS C MEeHbBIIVIMW
3aTpaTaMy BpeMeHU ¥ BBIYMCIUTETEHBIX MOIITHOCTeN. [loOaBiieH1e 3JIeKTprIecKoro
paspsia B MOJIeIIb IIPUBOAUT K HEOOXOIVIMOCTH aJalITallilL M yCOBEPIIIEHCTBOBAHIIO
IIO/IXO/I0B, TPAAUIIMOHHO NPUMEHSeMBbIX MIPU MOMIEIVMPOBAHUN TOPEHMS. IDTO
CBSI3aHO KaK C HeOOXOAMMOCTBIO yuéTa KaK HOBBIX TPAHCIIOPTHBIX CBOVICTB BEIIECTB,
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TaKMX KaK 3JIeKTPOIPOBOAHOCTb, TaK W CyIIeCTBEHHO OOJIbIllero guariasoHa
TeMIlepaTyp.

YuureiBass = BbIIIeM3IOXeHHble 3aMedaHMs B JaHHOM pabore  mis
MOJIe/IpOBaHNs TOpeHMs MeTaHa pacCMaTPUBAIVICh CXeMbI peakKLVil ¢ KaK MOXXHO
MEeHBIIVM KOJIMYeCTBOM 3JIeMeHTapHBIX peakluil, B TO )Xe BpeMsl COXpaH4IoIlye
OCHOBHBIe XapaKTepUCTUKM, TaKue KaK TeMmIlepaTypa aanabaTiiecKoro ropeHus,
CKOpPOCTb (PpOHTa IUIaMeHM ¥ IMpodWwIM KOHIIEHTpalUl OCHOBHBIX peaKTaHTOB U
IPOAYyKTOB ropeHus. BeiOop Obul cAerran B 1oJIb3y cxembl M3 pabotel [3]. Ona
COCTOUT M3 [IBYX HPSIMBIX M OBYX OOpaTMMBIX peakLUil M SBJISIeTCSI aKTyaJIbHOM
MonImMdMKaIyen XOpoIIo 3apeKOMeHIOBaBIIero cebs MexaHM3Ma ropeHMs Jones-
Lindstedt (Jones and Lindstedt, 1988).

B nannHOM paboTe mIpoBoOAMIIOCH MOIEIMPOBaHYe TOPeHMsI MeTaHa B BO3IyXe C
VICIIOJIb30BaHMeM HEeCKOJIBKMX IPOrPaMMHBIX CPeOcTB B pPa3HBIX IIOCTaHOBKaX.
OcHOBHBIM MCCIIelyeMbIM IIpoayKToM sBiisuica FlowVision, ocrasibHbIe ITPOHYKTBI
VICIOJIB30BAJIVICh I BepudmKalumy MOJIydaeMbIX pe3yJIbTaTOB, IEePBUYHOIO
aHaJIM3a CXeM XVMMWYeCKMX peaKUM ¥ HeKOTOPBIX APYIruX HPUKIaJHBIX 3aJad.
FlowVision - koMMepdeckui IIpOAYKT, C HeJaBHero BpeMeHW II03BOJISIOIINIA
MOJe/IMpoBaTh TPEXMepHble TeueHMs XMMMUYeCKN B3aMMOEeVICTBYIOIINX BeIlecTB
(ropenme). [Ipyroe ncrons3yeMoe mporpaMMHoe perrieHne - Python maker Cantera
[4]. DTO HabOp MHCTPYMEHTOB C OTKPBITBHIM MICXOIHBIM KOAOM IIJII pelIeHms 3amad
XVIMYeCKOV KMHETVKV, TepPMOIVHAMUKN U IIporeccoB IlepeHoca. OH IO3BOJIAET
paccuMTBIBaTE ~ MHTEpecylollyie  Hac  IIPOLeCcChl  XMMMWYeCKOW  KMHETUKY,
TepMOJVHaMVKMI 1 IIepeHoca B paMKax psia OCHOBHBIX HOJIbBMEPHBIX 1 OHOMEPHBIX
MOJIeJIe.

IIpenBapuresibHOe MoIe/IMpoBaHMe C 1eIbl0 BepuduKaluy IIpOBOaWIOCh B
aByx 1nocranoBkax — 0D v 1D. Havanenbie ycnosus mia 0D pacu€ToB 1 rpaHmYHbIe
ycIIoBMsL Ha Bxofle i 1D pacuéTos 3apaBaii cjlefyolye BeJIM4nHbL: TeMIlepaTypa
- 837.81 K, masienue - 2989087.5 Ila, maccosbin pacxon (1D cityuan) - 13.028 kr/c,
Maccoele nmorm - (H2 - 0.030018, O2 - 0.34967, H20 - 0.26207, CH4 - 0.34214,
CO - 0.00020797, CO2 - 0.012741, N2 - 0.0012183, AR - 0.0019344). 0D pacuéTtnl
NPOBOAWINCH I IOCTOgHHOro oObvéma V=const. Hwke Ha pucHkax 1 u 2
IpeJicTaBIeHO CpaBHeHMe pe3ysbTaToB pacdéra B FlowVision ¢ Cantera B 0D n 1D
IIOCTaHOBKax cooTBeTcTBeHHO. [lo pesysibraramM MopenMpoBaHMS BUOHO OTINYMe
pe3yIbTaToB pacdéTa B [BYX IIaKeTax I HYJIbMEPHOV IIOCTAaHOBKM, YTO
oOyCIIOBJIEHO  pa3/IMYHBIMM ~ MexaHM3MaMy  pelleHus  auddepeHIIaIbHbBIX
ypaBHeHuri. Cantera wcHosb3yeT aJalTUBHBIN IIar II0 BpeMeHW IS II0JIy4eHMUs
3a7laHHOVI TOYHOCTH, B TO BpeMs Kak FlowVision mcrionb3yeT duKcrpoBaHHBIN I1ar
1o BpeMeHn. TeM He MeHee ITOTOOHAsI TOUHOCTh paspellleHNs 110 BpeMeH) He VIMeeT
OosIBIIIOrO BIMSIHVSA IIPY pellleHnN CTallMOHaPHBIX 3a/Ja4, YTO IIPOIEeMOHCTPUPOBAHO
Ha pUC. 2 B OHHOMEPHOV ITIOCTaHOBKe.

MonenpoBaHue ropeHus B IIPUCYTCTBUM 3JIEKTPUYECKOro paspsiga ObUIO
IIpOBefIeHo ¢ ncrosib3oBaHueM nakera FlowVision. Mopgesns tu1a3Mbl 1 MCIIOIb3yeMasd
3JIeKTpOAMHaMMYecKass MoJelb OpaMck B COOTBETCTBUM IIpeAblaylieit pabore
aBTOPOB II0 MOAEIVPOBAaHMIO IPOMOJIbHOro paspsida [5]. Pacuér mposomwics B
ABYMePHOVI OCeCMMeTPUYHOV ITocTaHOBKe. Paspsiy ObUT HarrpasiieH BII0JIb IIOTOKa U
HaxXOOWICS B ero dipe. DJIeKTPOAbl - UWIVMHIPUYeCK/e ¢ KOHWYeCKMY KOHIIaMM
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avamerpoM 1 MM 1 2 mm. B KauecTBe 00s1acTit MojiespoBaHus ObUI BEIOpaH CEKTOP
mwinHapa pasmepamut 80 mm x 40 MM 1 ¢ ymioMm pacTtBopa 3,6 rpagyca. Beixon, ms
pac4éTHOM 30HBI - cBOOOIHBIN. Ha OOKOBBIX CTeHKax ceKTopa YCTaHOBJIEHO YCIIOBle
cuMMeTpuu, obecrieunBarollee HyJIeBOW TpamueHT PU3MUIeCKNX BeJIMUMH II0
HOpMaJIiI K I'paHuIle. B KadecTBe rpaHMYHOTO YCIOBMSA IS BXOAa VCIIOJIb30BaJICA
CBePX3BYKOBOVI BXOJ C 3aJaHueM TeMIlepaTypbl, paclpefeseHnss CKOPOCTH,
CTaTUYeCKOIO JaBjIeHMs ¥ KOHILIeHTpalWl BelecTB TOIUIVMBHO-BO3IYIIHOV CMeCH.
Ha Bxope 3amaBammch Pst = 22 KIla, M = 2, Tg = 170 K, cooTHOIIeHI e MaccoBOVI A0
MeTaHa K MaccoBOWI Aoy Bosgyxa cocrasimsuio 1:17. Ha mepepgnem ssekTpome
VICITOJIb30BaJIOCh TPaHWYHOE yCJIOBYe, 3aJalolllee ITOCTOSHHBIV JIeKTPUYecKUI TOK
1 A. Bropon anekTpop, nMesl HOoCcTOsTHHBIV HoTeHIMas1 0 B. HavansHbpiMu yotoBrsamMm
BO BceM oObeMe yCTaHaB/IMBaJINCh IlapaMeTpbl TedeHNs, COOTBETCTBYIOIIVe
IrpaHMYHOMY YCJIOBMIO Ha BXOJle, pacuéTHas o0JIacTh 3allOJIHSJIach BO3IYXOM.
HauasibHBIVI TIPOBOAAIIMI KaHaJI 3aliaBajicd yCTaHOBKOVI TeMIlepaTypbl B TOHKOM
UWIVHApe, COeIVHSAMOINIeM  3j1eKTpofapl. I'eomerpus  pacuéTHom  obsacTu
npezicTaBjieHa Ha puc. 3. B maHHbII MOMeHT 00paboTKa pe3yJIbTaToB IIPOBeIEHHOIO
pac4éra BCE emné ImpoIoDKaeTcs.
Pabora BrmonHeHa mpn nogaepkke rpanta PH® Ne 21-79-10408.
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Pucynox 1. CpaBnenue pesyromamob pacuéma 0D eopenus 6 Cantera u Flow Vision
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Pucynox 3. Teomempus pacuémmon obaacmu ocecummempuunon 2D nocmarnobxu c
paspaooMm.
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11.8 MeToa antmpOKCMMUPYIOLIVX OIIepaTOPOB

A.B. I'aaraxkmuonob
OObenmHeHHBIVI MHCTUTYT BhICOKMX TemnepaTyp PAH, Mocksa, Poccris
andrei.v.galaktionov@gmail.com

[lepenoc sHeprmM TeIUIOBBIM W3JIy4eHMEM CYyIIeCTBEHHO BiMsgeT Ha
dusmdeckre IMpollecchl B Ta30IUIa3MEHHBIX IIOTOKAaX, KMHETUKY XMMMUYecKMX
peakuuii IOIpM TOPeHWUM TOIUIMB, TeIUIONepPeHOC B BBICOKOTeMIlepaTypPHBIX
TeIUIO3alIUTHBIX IOKPBITUAX. YdeT paaualiOHHOIO TeIUIoIlepeHoca Cepbe3HO
OCJIOXKHSAET pellleHle 3a7a4yl B IIeJIOM, IOCKOJIBKY 3HAUWMTENIbHO YBeIMYVBaeT ee
pasMepHOCTb. [I1si  pacderoB  TpebOyeTcss WHTerpuMpoBaHWMe IIO  CIEKTPY,
CYIIIeCTBEHHOMY IJIsI TEIUIOBOTO WM3JIyYeHVIs, a TakkKe II0 yIJIaM pPacIpOCTpaHeHWs
vsirygenmsi[1-4].

TpynoeMKocTh 3aj1aum 3acTabBiisgeT MCKaTh 3deKTrBHbIE MeTObl pacuyeToB
IlepeHoca >3Heprum wuslydeHmeM. K TakmMM MeTofaM OTHOCUTCS pa3BMBaeMbIV
aBTOPOM OIlepaTOPHBIVI METO]I, OIIVCAaHMS IlepeHOca SHeprum nsitydeHueM [5,6]. B ero
OCHOBe JIEXWUT IIPOCTPAHCTBEHHOe IpeoOpasoBaHme @Dypre I ypaBHEHUN
paguamyoHHOro TerwionepeHoca. IIpeoGpasosanme @Dypre NO3BOISAT CBECTU
nuddepeHITaIbHBIE YPaBHEHVS K YPaBHEHMSIM alre0pandecKiM, CyIeCTBEHHO VX
YHOPOCTMB. DTO TIIO3BOJIIET IIPOMHTETPUPOBATh ypaBHEHME IlepeHoca II0 YIJIy
pacripocTpaHeHVsI W3Iy4eHMS WM 3HAUUTEIBHO CHU3UTH  BBIYMCINTEIBHYIO
TPYyJOEMKOCTb 3aJaui. B ToXe Bpems, IpsiMOe WCIIO/Ib30BaHMe IIpeoOpa3oBaHNS
@dypre B MIpaKTUUECKMX UMCIEHHBIX pacueTax CTaJIKMBaeTCs C IeJIbIM  PsiIoM
V3BECTHBIX TPYIHOCTEV, KOTOpPble CTaBAT KpecT Ha MX IIMPOKOM IIPaKTIMUIECKOM
VICIIOJIB30BaHMM, Iejlas WX JIMIIb YAOOHBIM CpPeACTBOM UNCTO TeOPEeTMYeCcKOro
aHaM3a ¥ OleHOK. IIpeobpasoBarme @Dypre xopomro paboTaeT JINIIb ISt
yPaBHEHUV C IIOCTOSIHHBIMIL II0 IIPOCTPAHCTBY KoadduimenTamu, M1t obacrent ¢
IIPOCTOVI ITPSIMOYTOJIBHOVI TeOMETPVIEN, IJII paBHOMEPHBIX CETOK ¥ HeOT paHMYeHHO
cpenpl WIM IIePUOANYECKMX TPAaHWYHBIX YCIOBUI. Bce 3TO pemko BcTpeuaeTcss Ha
npakTuKe. PeasibHble pacueTHble 00JIACTM MMEIOT BecbMa CJIOKHYIO T'eOMeTPUIO, B
HVIX IIPVIMEHSIIOTCS HepaBHOMEepPHBIe aflalITBHBIE CETKIAL.

B noxstaze my1st 0000111eHIS OITIepaTOPHOTO MeTOoIa Ha 3a/Jaul C IIepeMeHHBbIMM
Ko durmenTamm 1 06J1acTII CO CJIOKHOT reoMeTpuert IIpeyIaraeTcsi HOBBIVI MeTO]],
alIIpPOKCUMUPYIOIIMX omepaTopoB. Vmes meTona 3akiIoudaeTcss B VCIIOJIb30BaHUM
V3BECTHBIX OIlepaTOPOB Bpojle olleparopa Jlamwlaca win omeparopa yMHOXeHMsI Ha
yHKIIMIO, KOTOPBIE yXKe peayI30BaHbl B IIPUKJIAJHBIX TTaKeTax ¥ XOPOIIo paboTaroT
C mepeMeHHBIMM KO3 uileHTaMy, Ha HepaBHOMEPHBIX CeTKaX M B OOJIacTSX CO
cstoxHoV reoMerpueit. KoadduiimeHTs! 1171 M3BECTHBIX OIIePaTOPOB BBIUMCIISIOTCS
C TIIOMOIIBIO aNIIPOKCHMMAIMM CUMBOJIa [6] omeparopa  paaMariOHHOTO
TeIUIOIlepeHoca C coXpaHeHueM ero QyHIaMeHTaJIbHBIX CBOVICTB, TaKMX KakK
IIOJIOKUTEJIBHOCTb, CaMOCOIIPSDKEHHOCTh M T.I. DTO II0O3BOJIAeT HalesTbCs, 4TO
IpaKTU4ecKre 3aJadyl MOXHO OymeT ObIcTpo m 3¢dpdeKTMBHO pelllaTh, obecriedns
PV 3TOM BBIIIOJIHEHNME 3aKOHOB COXPaHEeHWMsS WM WCHOJIb3ysd Cpefdy IIOIyJISPHBIX
MIPUKITATHBIX TTAKETOB.
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Mertop, mo3BoIsIeT ONTUMM3MPOBATh Pacy&€Thl, MCXOHAd W3 IIOTpeOHOCTen
KOHKPEeTHOW 3a7lauli, I MOXeT OBITb BCTPOEH B IOIyJISIpHble IIPUK/IaJHbIe TaKeTHL.
CdopmyrmmpoBaHa rmroTesa «KBa3WIOKaJIbHOCTI», KOTOpPas IO3BOJIsAeT BBIYMCIATD U
ONTMMW3VPOBaTh OIlepaTOp CO CBOVICTBAMM B 3aJJaHHOV TOYKe cperpl. I'uroresa
0o0OCHOBaHa B IBYX IpeeIbHbIX CJIydYasX ONTMYECKV TOHKOV ¥ OITUYeCKN TOJICTO
cpenbl. OBCy>XaaroTcs My TV IPOBEPKY TMIIOTe3bI B 00IIeM ciIyJae.

Ha wMopenpHBIX cHeKTpax TUIMYHBIX pelleHuil IIPOAeMOHCTPYPOBaHBI
BO3MOXXHOCTV MeTO/a alllIPOKCUMVPYIOIVX ONepaTOPOB U ITOKa3aHO 3Ha4YMTeIbHOe
CHIDKeHVe OIMOOK Ha MpuMepe HepaccerBarolle Cpesibl.
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hydrodynamic phenomena. Dover Edition, 2002.

2. Chetverushkin B. N. Mathematical Modeling of radiative gas dynamics. Moscow:

Nauka, 1985.
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Method of approximating operators

A.V. Galaktionov

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

Energy transfer by thermal radiation significantly affects physical processes in
gas-plasma flows, the kinetics of chemical reactions during fuel combustion, and heat
transfer in high-temperature heat-protective coatings. Taking into account radiative
heat transfer seriously complicates the solution of the problem as a whole, since it
significantly increases its dimension. Calculations require integration over the
spectrum, which is significant for thermal radiation, as well as over the angles of
radiation propagation.

The complexity of the problem forces us to look for effective methods for
calculating radiation energy transfer. These methods include the operator method
developed by the author for describing radiation energy transfer [5,6]. It is based on
the spatial Fourier transform for the equations of radiative heat transfer. The Fourier
transform will allow you to reduce differential equations to algebraic equations,
significantly simplifying them. This makes it possible to integrate the transport
equation over the radiation propagation angle and significantly reduce the
computational complexity of the problem. At the same time, the direct use of the
Fourier transforms in practical numerical calculations faces a number of well-known
difficulties that put an end to their widespread practical use, making them only a
convenient means of purely theoretical analysis and estimates. The Fourier
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transforms only works well for equations with spatially constant coefficients, for
domains with simple rectangular geometry, for uniform meshes and unbounded
environments or periodic boundary conditions. All this rarely occurs in practice. Real
computational domains have very complex geometry and use non-uniform adaptive
grids.

The report proposes a new method of approximating operators to generalize
the operator method to problems with variable coefficients and domains with
complex geometry. The idea of the method is to use well-known operators such as
the Laplace operator or the operator of multiplication by a function, which are
already implemented in application packages and work well with variable
coefficients, on non-uniform meshes and in complex geometry areas. Coefficients for
known operators are calculated using the approximation of the symbol [6] of the
radiative heat transfer operator while preserving its fundamental properties, such as
positivity, self-adjointness, etc. This allows us to hope that practical problems can be
solved quickly and efficiently, while ensuring the fulfillment of conservation laws
and using the environment of popular application packages.

The method allows you to optimize calculations based on the needs of a
specific task, and can be built into popular application packages. The hypothesis of
“quasi-locality” is formulated, which allows one to calculate and optimize an
operator with properties at a given point in the media. The hypothesis is
substantiated in two limiting cases of an optically thin and optically thick medium.
Ways to test the hypothesis in the general case are discussed.

Using model spectra of typical solutions, the capabilities of the approximating
operator method are demonstrated and a significant reduction in errors is shown
using the example of a non-scattering medium.
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6. Galaktionov A. V. The Theory of Radiative Heat Transfer in Disperse Media, High
temperature, 1997, Vol. 35, No. 5, pp. 755-765.
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11.9 ITopnassieHMe BOJIH HEYCTOMYMBOCTI B CTOXaCTUYIECKM
BO3MY>KIeHHOV TypOyJIEHTHOV CTpye B pe>Xnme
yIIpe>Kaarollero yrpasjaeHns

U.A. Mopaaeb'”, A.51. Kombuyxuil, O.I1. Bviuko8?

1O0beHeHHBINI MTHCTUTYT BbICOKMX TeMitepatyp PAH, Mocksa, Poccust
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?ITenTpaibHbIN asporugpoavHammdecknit MHCTUTYT M. H.E. 2Kykosckoro,
Kyxosckuri, Poccyis
*morler@mail.ru

Bormaer HeyctomumBoctit (BH) -3TO KkpymHBIe KOrepeHTHBIE CTPYKyTpEL
BO30y>X7laeMble B TypOyJIEHTHOW CTpye B pe3yJibTaTe pPa3BUTHS HEyCTOMYMBOCTU
Kenbsuna-T'erbmromeiia  [1]. 711 cBepX3BYKOBBIX CTPYy# W CiIydaeB, Korga B
OKpPeTHOCTM CTPyM PpacIiojioXKeHa paccemBarolliass IIOBEpXHOCTb (Hampumep,
OTKJIOHEHHBIN 3aKpbUIOK [2]), BH MOryT OBITH MCTOUHMKaMM aKyCTUUYECKOTO IITyMa,
perucTpupyeMoro B gajbHeM mosie [3,4].

EcTecTBeHHbIE BOJIHBI HEYCTOMYMBOCTY HEJIVHEVHBIM 00pa3oM BO30y>KIal0TCs
TypOyJIEHTHOCTb COBUTOBOTO CJIOsl M Haberarolero IOIPaHMYHOIO CJIOSl, a TaKke
aKyCTMYeCKVMV BOJIHaMM, IPUXOIAIIIMY, HallpyMep, OT BeHTwATOpa. Kpome Toro,
MOXXHO BO30yIUTh WCKYCCTBEHHBIE BOJIHBI HEYCTOMUYMBOCTM C WCIOJIb30BaHMEM
MexaHWYeCcKMX, CTPYMHBIX JIM0O0 IUIa3MeHHBIX aKTyTaopoB. DPPeKTMBHOCTb TaKOTO
BO30YXIeHMs MaKCMMaJIbHa, KOIJIa OHO BHOCUTCS HEIIOCPEICTBEHHO Y KPOMKM
Comula, B BBICOKOCKOPOCTHOV dYacTu TedeHws. DI IUIa3MeHHBIX aKTyaTOpPOB
IOKa3aHo, YTO IPW JOCTaTOYHO BBICOKOVI CKOPOCTH MCTEeUeHMI OCHOBHOVI MeXaHW3M
BO3JIEVICTBMSL CBA3aH C TeIUIOBBIAEIeHVEM B paspsje, KOTOpoe IIPUMBOOAUT K
KojlebaHMAM faBjleHMs y KPOMKM, KOTOpoe IIOTOM IIpeoOpasyeTcs B BOJIHY
HeYCTOVYMBOCTM.

IIpornBodasHoe yIripapieHVe BOJIHAMV HEYCTOVYMBOCTHU C VCIIOJIb30BaHVEM
oOpaTHOM cBA3M ObUIO MOKa3aHO Il BO3MYIIIEHWUI B Y3KOW YacTu cIiekTpa [2,4], a
TaKKe IpeyIoKeHbI ITOXObl IS MOJaB/IeHNs BO3MYILEHWI B IIMPOKOV I10JIoce
4JacToT. B mociiennemM ciaydae 3dpeKTMBHOCTD HOIABIeHNs OrpaHUYeHa TeopeMot
bone, KoTtopas cBsA3BIBaeT WHTerpaJibHOE CHIDKEHVE MOIIHOCTYI CUTHajla IIpu
yIpaBJIeHUV C IIVIPVIHOVI KPUBBIX YCWIEHMS CABUTIOBOTO cj1od. CTOUT OTMETUTH, YTO
JUIS YIIpeXXJalollero yIrpasjieHs TaK/X OrpaHNYeHnII HeT.

B manHOM paboTe ObUIO IIPOIEMOHCTPUPOBAHO YIIpeXialolllee yIIpabjieHVe
BOJIHAMI HeyCTOVMYMBOCTU B TypOYJIEHTHOWV CTpye, CTOXacTUM4ecKy BOo30y>KIaeMor
BO3MYIITEHVISIMY, IIPUIXOISAIIVIMU C IIOTOKOM 13 dpopkaMepbl. CTpys dpopMmpoBasiach
Ha BBIXOZe M3 coIvla amameTpoM 45MMm. Kpomka corura OpUla IOKpBITa KOPYHIOM
tommyEO 0.5MM, Ha ero moBepxXHOCTM ObBUI cOPMMPOBAH KOPOHMPYIOMIV
ajleKTpor, Wit dopmupoBaHus OapbepHOro paspsga. Kpomka srexTpona
pacnosiarajiach Ha pacCTOSsHUM 3MM OT KpoMKM corvla. CKOpOCTh IIOTOKa Ha BBIXOIe
comuia coctapysiia ot 40 1o 70 M/ c. Yposens TypOynenTHOCTM JocTurai 1.5% Ha ocn
crpyn B Touke X=0. [IyI1 ympasieHwsl MCIIOJIb30BaJIsi CUTHaJI C TepMOaHeMOMTpa,
PaCIIOIOKEHHOTO B IOTeHIIMaJIbHOM TedeHMM B Touke X/ D=-0.1, r/D=0.1. BxogHoM
CUTHaJI 3a[epXXMBaJICs, WHBEPTUPOBAJICS W MOJaBaJiCd Ha BXOJ MOIYJISAINN
ucronnka BY Hampspxkenums. Ilynbcanym B OyvbkHeM IIOJle permMCTpUpPOBAIINCH C
VICIIOJIb30BaHMEM BTOPOrOo TepMoOaHeMOMeTpa, ycTaHoBleHHoro Ha r/R=0 Ha
PpasIMYHOM yJaJleHUM OT COoIUIa.

Pucynox 1b mokasbiBaeT CIleKTpbl, M3MepeHHble JaTYMKOM PV ONTUMaIbHOM
HaCTpOVIKe CHUCTeMBbI yIIpaBjleHMs. B cmekTpax HaOimopgaeTcs MaKCUMYyM,
chopMUpOBaHHBIVI M30MpaTeIbHBIM yCWIeHMeM BOJIH HeycTtovamsocT. [lpu
yIIpaBJIeHNUN 3TOT MaKCUMMYM MOXeT OBITb yMeHbIleH Ha 2dB. CHybkeHMe aMImTyab
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BOJIHBI HaOJItofiaeTcs Ha BCeX PACCTOSIHMAX OT COIUIA, COOTBETCTBYIOIIMX O01acTu
aCHMIITOTMYECKOTO pacIpOCTpaHeHVsl BO3MYILIEHWV, YTO COOTBETCTBYeT IIIoTe3e O
TIOJIaBJIEHNM BO3MYILEHMUII HeIoCpeICcTBeHHO Ha KpoMKe corvla. Habromaemoe
CHIDKEHMe BJIMSIeT Ha CpelHle CBOVICTBA TYypOyJIEeHTHOCTM B CIBUTOBOM CJIOe.
[TosryueHo cHIDKeHMe TypOyJIeHTHBIX ITyJIbCAlVii IPVIMEPHO Ha 5% M HEKOTopoe
yMeHBbIIIeHVe IIVPUHBI CABUTOBOIO CJIOS IIPYU YIIPaBJIeHMN.

Hotwire spectra at jet axis, U=40m/s
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Pucynok 1. a) Ilpunyunuanepas cxema sxcnepumenma, 6) Cnekmpul, usMepeHHble
MEPMONPOBOOOM HA OCU CIPYU 8 PATUUHBIX NOTOICEHUSX NO OCU X, 8) KDUBASL POCA 803MYUeHULL 8
ouanazone yacmom 10-2000 I'y. Cxopocmo cmpyu 40mlc.
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Instability wave control in stochastically excited jet using
feed-forward approach
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Instability waves (IW) are large-scale coherent structures, excited in a
turbulent jet due to the Helvin-Helmholtz instability of the jet shear layer [1]. For
supersonic jets and for the cases when a diffracting surface (wing flap [2]) is placed
near the shear layer (so called installed jet), IW can be a source of the acoustic noise in
a far field [3,4].

Natural IWs are nonlinearly excited by turbulence within the shear layer and
oncoming boundary layer, or by the acoustic waves propagating in the plenum
volume. Additionally, one can create artificial disturbances in the shear layer using
the mechanical, fluidic or plasma actuator. The efficiency of the excitation is maximal,
if the actuator is installed near the nozzle lip, in the high velocity part of the flow. For
plasma actuator, at high flow velocity, the forcing mechanism is thermal: heat release
in the discharge leads to pressure oscillation near the nozzle lip, further conveted to
the instability wave.

Closed -loop control of the instability wave was demonstrated for the
disturbances in the narrow part of the spectra [2,4], and then an approach was
developed and tested for the broadband natural IW damping. However, the feedback
schemes have internal limitations, coming from Bode theorem, and thus the maximal
power reduction for the output signal is coupled with the width of the shear layer
transfer function magnitude.

In the present work, we have implemented the feed-forwad scheme for the IW
control in the stochastically excited turbulent jet. Jet was formed at the exit of the
45mm diameter nozzle, installed at the exit of plenum chamber (fig.1a). Plasma
actuator was installed at the nozzle edge. The nozzle itself was covered by 0.5mm
Al203 ceramic layer, with the exposed electrode sputtered on its surface. Electode
edge was located 3mm from the nozzle exit.The flow velocityat the nozzle exit was
varied from 40 to 70 m/s. Turbulence level was high, up to 1.5% at the jet axis at
X=0 mm. The feedforward signal was sampled by hotwire at the position x/D=-0.1,
r/D=0.1. The input signal was delayed, inverted and then fed to the modulation
input of HF power sourse. Near field velocity pulsations in the controlled jet were
measured using a second hotwire, placed at r/R=0 at various x positions.

Figure 1b shows the spectra measured form the second hotwire at the optimal
tuning of the system. It can be seen that the hump, formed in the region of IW
ampligfication, can be diminished by nearly 2dB. Reduction of wave amplitude is
obtained at all points downstream of the edge in the asymptotic region of
disturbance propagation, that supports the assumptions of the decrease of the
instability wave amplitude immediately near the nozzle exit. The obtained reduction
affects the average properties of the turbulence in the jet shear layer. An
approximately 5% reduction of turbulence level and some reduction of the mean
velocity profile width was obtained for the optimal flow control.
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Figurel. a) Principal scheme of the experiment, b) Spectra, measured by a hotwire at jet axis
at various x positions, ¢) Growth curve for the disturbances in the frequency range
10-2000Hz. Jet velocity 40m/s.
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11.11 O coryracoBaHMM IPOLECCOB, IIPOVUCXOOALLVX IIPU
B3aMMOZEeMCTBUM IIJIa3MEeHHOI'0 aKTyaTopa ¢ BO3AyX0OM
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Ectp psim criocoboB, KOTOpbIMI AMarieKTpuaeckutt 6aprepHbint paspsn (IBP)
BJIVIsIeT Ha HEIIOIBVDKHYIO cpedy (BO3IyX) M ero JO3BYKOBOW IOTOK. [laHHas paboTa
TIOCBAITeHa MX M3y4YeHUIO ¥ COBMECTHOMY VICIIOJIb30BaHMIO TaKMM 0Opa3oM, 4TOOBI
KaXasi W3 COCTaBJIAIOIINMX IUIa3MEHHOW CHUCTeMbl OKasblBajla BO3[EVICTBUE,
comjiacyrolleecss C IIOCTaBJIEGHHOV 1e/Ibl0: HauOosIblllee V3MeHeHVe MOMyJId
MOA'beMHOVI CVJIBL KpbUIa JIeTaTeJIbHOIO alliapara IIpy MeHBIIVX 3aTpaTax SHepIuu
(1e 6ostee 100 Bt/ m).

Kaxnpmt 13 cnocobos Bosgerictsus [IBP Ha moTok sBisercs, mo CyTH,
aKTyaTOpOM OJHOIO W3 WM3BECTHBIX TUIIOB: TEIUIOBBIM, CTPYVIHBIM, aKyCTWYEeCKVM.
Xora kaxpas m3 cocrassrommx [IbP B nossykoBom noroke mmeer Huskui KIIZ, B
COBOKYIHOCTM WX 3(deKTUBHBIVI 3HEepProBKiIaZ, MOXeT IpeBbIaTh IIOJIOBUHY
MOIITHOCTYM MCTOYHMKA IuTaHMs. Takum oOpas3oM, IieIblo JaHHOW pabOThl MOXHO
Ha3BaThb: IIOMCK Pe30HAHCOB KOMIUIEKCHOV CUCTEMBI, CBI3aHHBIX C PabOTOM OIHOTO
cuMmmeTpuyHoro [IbP - akryaTopa.

B cBsA3M ¢ TeM, 4TO AMAaIasoH 371€eMeHTapHBIX IIPOLIECCOB COIPOBOXXIAFOIINX
dysxumonnposanme 1BP mocraTouHO MIMPOK, B paboTe pacCMOTPEHBI pe30HaHCHBIE
CBOVICTBa IIOJICMICTEM aKTyaTOpa, B3aMMOEVICTBYIOLIMX Ha pPa3HBIX YPOBHSAX IIO
MacIITaby BpeMeH 1 IIPOCTPaHCTBa.

1. Bimsanue aneKTprdecKnx IapaMeTpoB nuTaHv v Matepwia [IbP - akryaropa:

e VienpHOoe coIpoTMBIIEHME W SHEpPrvs WOHM3aLMM MaTepuajla BHEIIHMX
3JIeKTPOIIOB.

e YacroTa nuTaromIero HaIpsDKeH s, IIMHA BHEIITHVX JIeKTPOI0B, OajUtacTHOe
COIPOTUBIIEHME.

e JlaBjieHue ¥ IUIOTHOCTB Cpefibl (BO3/IyXa): KJIIoueBasi PoJib eMKOCTH aKTyaTopa.

2. CoBMecTHOe BIIVSAHVE 3JIEKTPUYECKNX Y reOMeTpudYecKnx xapakrepuctuk IBP -
aKTyaropa:

e MOIITHOCTD CMHTETUYECKOV CTPYM B 3aBUCVIMOCTY OT €MKOCTV VI JOOPOTHOCTH
HBbP xaxk xosnebaTelbHOrO KOHTypa. Poiib  KyJIOHOBCKOro IIOTeHIMala
3apsDKEHHOV ITIOBEPXHOCTH B BO3HMKHOBEHUY O0BEMHOVI CYIBI.

e He npwmmnaHme HOTOKa K 3apsDKeHHOV IIOBEPXHOCTHU: IPOCKaJIb3bIBaHNe Ha
mHe pactpocrpanHenuss [IbP. Orpanuuenue mwvHBI pacrpocTpaHeHVs
paspsiza MVPUHOV MHKAIICYJIMPOBAaHHOIO JIeKTPOa.

e JloBblllleHMe KOHIIEHTpAllMM MOHOB KaK OCHOBHOW CIIOCOO yBeJIM4eHVIs
00BeMHOVI CYIBL TPV HEeM3MEeHHOVI MOIITHOCTY MCTOUHMKA. VI3MeHeHMe 3a30pa
(gap) IO TOPMOHTAJIPHOV ¥ BepTUKaJIbHOV KOOpPAMHATaM [JId yBeJIM4eHMs
IIPOOOVIHOTO HaIIPsDKEHNSI MUKPOPa3psiI0B.

3. Moauduxkaiysg Kiaccudeckrx MeTOA0B CTPYVIHOIO YIIpaBJleHMs OOTeKaHVeM 1711
onvicaHus B3auMozeVicTBys [IbP ¢ 103ByKOBBIM IIOTOKOM:

e IlpucoenuHeHne (rapaHTMpOBaHHOE B pacCMaTpUBaeMBIX YCJIOBUAX) IIOTOKa,
Jaxe 3a TpaHuIleVl KpbUla. Bo3HUMKHOBeHMe BUPTYyaJIbHOTO HIPOWIIA.
HocTvokeHne MaKCHMMasIbHBIX HECYIIVX CBOVICTB [1JIsI BUPTYaJIbHOIO IpodwIs
Oe3 cyIiecTBeHHOTIO IIOBBIIIIeH s JIOOOBOTO COIIPOTVBIIEHMSL.

e OcCowrrAlMyY WMOHOB OKOJIO KPOMOK BHEIIHMX 3JIeKTponos. Haceumenue
IIOTOKa VMOHAMM C VX IIOCJIeYIOIINM YCKOPeHeM JIeKTPUIecKmM 110j1eM, 6e3
TypOyJIeHTHOT O B3aVIMOJIEVICTBISL CTPYsI — ITOTOK. IIposieTHBIN pe3oHaHC.
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There are a number of ways in which a dielectric barrier discharge (DBD)
affects a stationary medium (air) and its subsonic flow. This work is devoted to their
study and joint use in such a way that each of the components of the plasma system
has an effect, consistent with the goal: the greatest change in the lift modulus of the
aircraft wing with less energy consumption (no more than 100 W/m).

Each of the methods of influencing to flow by DBD is, in fact, an actuator of
one of the known types: thermal, jet, acoustic. Although each of the components of
DBD in a subsonic flow has a low efficiency, together their effective energy input can
exceed half the power of the power source. Thus, the purpose of this work can be
formulated as the search for resonances of a complex system associated with the
operation of single symmetric DBD - actuator.

Due to the fact that the range of elementary processes accompanying the
functioning of DBD is quite wide, this work examines the resonant properties of
actuator’s subsystems interacting at different levels in time and space.

1. Influence of electrical parameters of power supply and materials of the DBD -
actuator:

e Specific resistance and ionization energy of the exposed electrode’s material.

e Supply voltage frequency, length of exposed electrodes, ballast resistance.

e Pressure and density of the medium (air): the key role of the actuator’s
capacity.

2. Combined influence of electrical and geometric characteristics of the DBD -
actuator:

e The power of the synthetic jet vs. capacity and quality factor of the DBD as an
oscillatory circuit. The role of the Coulomb potential of a charged surface in
the occurrence of body force.

e Non-sticking of the flow to the charged surface: slipping along the
propagation length of the DBD. Limitation of the discharge propagation
length by the width of the encapsulated electrode.

¢ Increasing the ion concentration as the main way to increase the body force at
a constant source power. Changing the gap in horizontal and vertical
coordinates to increase the breakdown voltage of microdischarges.

3. Modification of classical methods of jet flow control to describe the interaction of

a DBD with a subsonic flow:

e Connection (guaranteed in the considered conditions) of the flow, even
beyond the wing boundary. The emergence of a virtual profile. Achieving
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maximum load - bearing properties for the virtual profile without significant
increasing of drag.

e Jon oscillations near the edges of the exposed electrodes. Saturation of a flow
with ions with their subsequent acceleration by electric field, without
turbulent jet - flow interaction. Flight resonance.
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11.12 DrekTpudecKui IIpodo B MMITyJIbCHOM
37IeKTpU4YecKOM I1I0JIe B AByXda3HOM cucTeMe BOga-Macjio

IO.M. Kyauxo8', B.A. Ilano8"", A.C. CaBeaveb!
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TounsIlT ~ KOHTPOJIbB  COCTOSIHMS W3OS MAaCJIOHAIIOJIHEHHOTO
BBICOKOBOJIBTHOTO OOOpYyHOBaHMS IIO3BOJISIeT IPOMJINTE CPOK €ro CIIy>XXObl, He
JomycKasi aBapumHBIX cutyaruit. ComepskaHyie BOABI B M30JISLNN SBJISIETCS OIHVIM
U3 KPUTMUIECKNX ITapaMeTpoB TpaHcdopMaTOpHOro Macia [1], Tak Kak CyIiecTBeHHO
BIVeT Ha OVAJIeKTPUYEeCKyl IIPOYHOCTh MAacJIOHAIIOJIHEHHOro 00OopymoBaHVIS.
[TosiBileHMe KOHAEHCaTa MOXET CTaTh IPWYMHOM IIOJIOMKM M BBIXOHA M3 CTPOs
Kopiyca TpaHcopMmaropa. CTpuUMepHO-IMOEPHBII ¥ TEIUIOBOVI MeXaHW3MBI
3JIEKTPUYECKOr0 IIPO00sT SBJIAIOTCS ABYMsI HamOoslee pacIpOCTpPaHEHHBIMW IS
OMHOPOAHBIX XMAKocTer. K HacTodimeMy BpeMeHNM MexaHW3M CTPUMepPHO-
JIMAEPHOTO MPo0Oosi JOCTATOUHO XOPOIIO M3y4eH [2] B pasIIHbIX OM3IEeKTPUIECKIX
KUIKOCTSX B CWIBHBIX 3JIeKTpuueckmx mnoisix go 102-103 xB/cm. Taxom mpobGomnt
OOBIYHO BO3HMKAET B CWIBHO HEOTHOPOIHBIX MMIIYJIBCHBIX 3JIEKTPUUECKMX IIOJISX
HAHO- VI MUKPOCEKYHIHOV UINTEIFHOCTM ¥ HallOMVHAeT IIpoOOV B IUIOTHBIX ra3ax
aTMocdepHOro masiteHus [2]. I'parmia Mexmy rasoM, XMOKOCTBIO VUIVI TBEPIBIM
TEJIOM BHYTPM 3a30pa MOXeT 3Ha4YMUTeIbHO CHU3WUTH €ro AV3IeKTPUIecKyIo
IIPOYHOCTb. 3HAUYMTE/IbHBIE UNCIIO paboT IIOCBSIEHO VICCIEOBAHWMIO POV
pacIperieJIeHHOV Ta30Bo ¢as3bl M MOJIAPHOCTI B pasBUTHM IIpoOos [3], a Takke Ha
MCCIeIOBaHMe IUTa3Mbl Ha IIOBepXHOCTM XuakocTn [4]. OmHako mo cmx IIop
3JIEKTPUUECKMII Mpo0OV Ha TpaHWUIle pasfeiia OUIJIeKTPUYecKNX KUIKOCTeN
IIVPOKO He M3yueH [5].

Pa3BuTme seKTpmdeckoro mpoOosi B paspsHOM IIPOMEXYTKe, ITOTHOCTHIO
VI YacTMYHO 3arlOJIHEHHOM BOJIOV, MOXET CYIIeCTBEHHO OTJIMYAThCs OT Ipodos
APYTUX XUAKOCTEV IV ra30B. [IBe 0COOEHHOCTI BOIBI — BBICOKAS IMAJIeKTpUdIecKast
IIPOHNMIIAEMOCTb ¥ 3JIEKTPOIIPOBOJHOCTh WUIPAIOT POJIb IIPU IIOMEITIEHUV ee BO
BHeIITHee 3IeKTpUYecKoe IIojle: depe3 BOAY HadlMHAeT TeUb 3JIeKTPUUECKNII TOK Vi,
KpoMe TOT0, BOfla HauMHaeT BTATMBAThCS B 0071acTh OoJTee CITBHOTO JIeKTPIYEeCKOTO
nosid. brraromapst 3TMM  mporieccaM  3JIEKTpUYeCKMyI Ipoboyt 1 IMHaMUMKa
BO3HMKAIOIIIETO 3JIeKTPUYECKOro paspsiia OyAyT 3aBuCeTb OT IIPEeIbICTOPUM U
M3MEHeHMsI CBOVICTB JKMIKOCTM MeXIy 3jieKTpopamu. Hampumep, mpm Maseix
aMIUIUTyAaX WMIIYJIbCOB HaIpsDKeHMs, OoybImmx QpoHTaX W IINTEILHOCTH
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VIMITyJIbCa IIPOOOV BOJBI OOBIYHO IIPOVICXOAWUT IO TeIUIOBOMY MexaHW3MYy, Korjga
NPOTEeKaIoINUIi TOK HarpeBaeT JKMUIKOCTb VM CO3[laeT Iy3bIpbKM Iapa, Ife U
MIPOMCXOOUT HavdaJbHag cTagus Ipobosi. BosmericTBue 371eKTpUUecKOro IO Ha
CBOVICTBA BOJIBI BO3MOXKHO VI KOPOTKVIMW VIMITYJIbCAMV HaIIPsDKEeHVST HaHOCEeKYHIHO
JUTNTEJIBHOCTY, KOIJla HarpeB WIM [AB/DKeHMe BOOBl IIpeHeOpeXnMo Malo.
[IpMepoM Takoro ciaydasi 4BJISIeTCSL IIPOOON B  VMMITYJIbCHO-IIEPVOANYECKOM
IlepeMeHHOM IIoJle  HaHOCeKyHJIHOW [UJINTEJIbBHOCTM C O4YeHb OoJIbLIMU
aMIUIUTyIaMI 3JIeKTpudeckoro mojid. ITokasaHo, 94To mpu 3TOM BO3HMKAIOT 00JIacTu
KaBUTallMM C HOBBIM MeXaHM3MOM TIeHepaluy IIepBUYHBIX 3JIGKTPOHOB 3a CuYeT
OKaTus VI pacIIMpeHs BOIbL.

B mamHOM paboTe sKcIlepMMeEHTaJIbHO ¥ C IIOMOIIBIO MaTeMaTUYecKOTO
MOAEIMPOBAaHMs  WCCJIe[IOBAaHbl  JIEKTPOTMAPOAVMHAMUYECKMEe  TeUeHUs U
dopMupoBaHIe 3IIEKTPUUECKOTO IIpo0Osi TIoIepeK TpaHUIIBl pasfesla BOABL U
TpaHcOPMaTOPHOIO Macjia B MMIIYJIbCHOM 3JIeKTpUYecKoM Ioste. B ncciegoBanHOM
AValia3oHe HaIIpsDKEHWV, 3aBeJOMO MeHBIINX HallpsDKeHMs IIpobos Macia, Ipoboit
IIPOVICXOOUT Yepe3 IIpopacTaHyve KOHyca BOIbI Yepe3 Macjo K BBICOKOBOJIBTHOMY
JIEKTPOY M 3aMbIKaHVe IIPOMeXYTKa. B 3aBMCHMOCTM OT 37IeKTpONPOBOIHOCTU U
aMIUIUTYAbl ~ IIPWIOXKEHHOTO  HampsDKeHWs  IIocJIe  JOCTVDKeHMS ~ KOHYCOM
BBICOKOBOJIBTHOTO 3JIEKTPOZIa BO3MOXKHO ITpOTeKaHMe TOKa 0e3 Iu1a3Moo0pa3oBaHms,
TosiBJIeHe IUIa3MeHHOV O0JIacTM IOocjle KacaHws, JIMOO IOsIBJIeHWe IUIa3MeHHO
obJsacTy 10 KacaHMs KOHYcCa 3a cueT IIpo0os uepe3 OTAe/IbHbIe KaIUIK, paclbllgeMble
¢ BepIMHBI KOHYca. [IpoBeneHHoe nByMepHOe MoOmeIpoBaHue I0Ka3ajIo Xopollee
CoBIIa/ieHMe C 3KCIepuMeHTOM opMbl oOpasyrolerocsi KoHyca. OTcraBaHue IIO
BpeMeHU IIpuMepHO B 1,4 pasa oT 3KcHeprMeHTa CBSA3aHO, BEpOATHO, C JIBYMEPHOVL
IIOCTAHOBKOW 3ajlay, B KOTOPOW TepAeTCs A0JI HaPsDKeHHOCTU II0JI, CBsI3aHHAas C
HPOTKEHHOCTBIO BBICOKOBOJIBTHOM cdpepbl 110 TpeTbeMy HallpaBJIeHWUIO B MOZeJINL.
YdeT 371eKTporpoBOIHOCTYI BOABI TAKXKe MOXKET YCKOPUTD IIPOIIeCC 3a CYeT OOJIbIIero
BBITECHEHWSI II0JIS M3 BOIBL M €ro yCWIeHMs Ha I'paHMIle pasfeiia. Takum obpasowm,
IIpeicTaBjIgeTcs  IlejlecoOOpasHBIM  IIpOBefleHMe  JaJIbHEMIINX  pacyeToB B
TpeXMepHOV IIOCTaHOBKe ¥ 3KCIepyMeHTaIbHble OLleHKM 3 deKTVBHON TOJIIIVHBI
rpaHWUIIBl pasfera ¢ y4eTOM KaOWUIAPHBIX BOJIH I YTOYHEHWs MOZeIbHOV
IIOCTaHOBK.

VccrienoBaHme BBIIOJIHEHO 3a cdeT rpaHTa Poccurickoro HayuHoro d¢onpga
(mpoexT Ne21-79-30062).
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Precise monitoring of insulation conditions in oil-filled high-voltage
equipment allows to extend its service life avoiding emergency situations. Insulation
humidity is 31 one of the critical parameters for transformer oil [1] as it affects greatly
the dielectric strength of oil-filled equipment. Condensate appearance can cause
internal breakdown and transformer shell failure. Streamer-leader and thermal
mechanisms of electrical breakdown are the two most common for homogeneous
liquids. To date, the streamer-leader breakdown mechanism has been studied quite
well in various dielectric liquids [2] in strong electric fields up to 102-103 kV/cm.
Such breakdown usually appears in highly non-uniform pulsed electric fields of
nano- and microsecond durations, and resembles a breakdown in dense gases of
atmospheric pressure [2]. An interface between gas, liquid, or solid inside the gap can
45 significantly reduce its dielectric strength. The efforts were put in investigating the
role of distributed gas phase and polarity on breakdown development [3] as well as
plasma study at liquid surface [4]. Still electrical breakdown across the interface of
dielectric liquids has not been studied broadly [5]. The development of electrical
breakdown in a discharge gap completely or partially filled with water can differ
significantly from the breakdown of other liquids or gases. Two features of water -
high dielectric constant and electrical conductivity play the role when placed in
external electric field: electric current begins to flow through the water and in
addition water begins to be drawn into the region of a higher electric field. Due to
these processes, the electrical breakdown and the dynamics of the resulting electrical
discharge will depend on the prehistory and changes in the properties of the liquid
between the electrodes. For example, at low voltage pulse amplitudes, large fronts
and pulse duration, the breakdown of water usually occurs according to the thermal
mechanism, when the flowing current heats the liquid and creates vapor bubbles,
where the initial stage of the breakdown occurs. The effect of an electric field on the
properties of water is also possible with short voltage pulses of nanosecond duration,
when the heating or movement of water is negligibly small. An example of such a
case is a breakdown in a repetitively pulsed alternating field of nanosecond duration
with very large amplitudes of the electric field. It is shown in this case cavitation
regions arise with a new mechanism for generating initial electrons due to the
compression and expansion of water.

Development of electrical breakdown across the interface between water and
transformer oil in a pulsed electric field is studied experimentally and by
mathematical modeling. The discharge develops through the growth of a water cone
in the oil towards the high-voltage electrode in the studied range of applied voltage,
which is below oil breakdown voltage for a given layer thickness. Depending on
water conductivity and amplitude of applied voltage and after the cone reaches the
high-voltage electrode 1) electrical current can flow without plasma formation, 2)
electrical current can cause plasma onset through thermal mechanism of breakdown,
or 3) plasma channel can appear through the water droplets before the cone touches
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HV electrode due to water jet at the cone tip. At long pulse duration and voltages
insufficient for short circuiting, the water cone occupies an equilibrium state
somewhere inside the gap. Its height is independent of pulse duration and
determined only by voltage amplitude. At voltages sufficient for gap closure, the
closing time decreases sharply with increasing voltage. Such nonlinear behavior is
attributed to the fact an electrostatic force originates from the spatial inhomogeneity
of the Maxwellian stress tensor and is determined by the values of the second
derivatives of the potential. The performed mathematical modeling showed the main
part of this inhomogeneity occupies a thin layer the interface between two liquids.
The force determined by the divergence of the Maxwell tensor is contributed by the
spatial variation of the square of the electric field (energy density) rather than by the
change in ¢, although they are related. Thus, the thin layer where the force acts is not
located in the middle of the interface as might be expected, but is above the area of
the maximum ¢ and & gradients - in the liquid with smaller e. Two-dimensional
simulation showed a good agreement of the cone shape with the experiments
favoring the assumptions on ¢ (¢) and ¢ (p) dependences. The time lag of about 1.4
times from the experiment at all voltages is probably attributed to the two-
dimensional simulation, where the part of field enhancement by 3D sphere is lost.
Further three-dimensional simulation and experimental study of the effective
thickness of the interface would be of particular interest to be able to complete the
full problem of liquid pre-breakdown motion and breakdown itself which are
strongly related.
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O,H,HI/IM "3 KPUTMYECKUX IIapaMeTPpOB MaCIITHOV M3O0JIAIIUY BBICOKOBOJIBTHOTO
060py,D;OBaHT/I$I ABJIAETCA BJIaXKHOCTD [1] Hasymame Bitarm oueHb CMJIBHO BAMSIET Ha
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3JIEKTPUYECKYI0 ITPOYHOCTh MacJIOHAIIOJIHeHHOro obopyaosanud. OOpasoBaHme
KOHJIeHcaTa MOXXeT CTaThb IIPMYMHOV BHYTPEeHHero IIpobosi U pasrepMeTH3allum
TpaHcdopMaropa. B  OZHOpPOOHOV >KMOKOCTM BO3MOXHBEI JIBa MeXaHM3Ma
3JIEKTPUYECKOro IIpobosi: CTpUMepHO-TMIOepHBII U TemwioBon. K Hacrosmemy
BpeMeH) CTPVMEPHO-IMAEPHBII MeXaHM3M IIPo0O0si  OOCTaTOYHO  XOPOIIIO
VcCilefloBaH B Pas/IMYHBIX  [IMIEKTPUUYECKMX KUAKOCTAX [2] B CYUIBHBIX
3JIEKTPUYEeCKIX MOJIsAX ¢ HalnpsbkeHHOCThIo 10°-10° B/cMm. Kak mpaswio, Takon mpo
Oont peasmsyeTcss HNpWM WMITYJIBCHBIX HaNpPsDKeHMSAX B CWIBHO HEOJHOPOIHOM
3JIEKTPUYECKOM I10jIe PV HaHO- M MUKPOCEKYHIHBIX JIMTEJIbHOCTSX VMITyJIbCa U
HaIlOMIMHaeT IIpo0OM B IUIOTHBIX rasax arMmocdepHoro masienus [2, 3]. Hamume
MeXda3HOV TpaHMIBI CYLIeCTBEHHO CHVDKAeT 3JIeKTPUYEeCKYI0 IIPOYHOCTD
npomexyTka [4]. PasButme mpobos depe3 rpaHmIly pasgesa OMAIeKTPUYEcKIX
KUIKOCTeN, MO0 «KMUIKOCTb-Ta3» IPaKTUYeCKM He VMCCIeIOBaHO, XOTs psi, padoT
HallpaBJIeH Ha BbIgBJIeHVe POJIM paclIpeie/IeHHOV ra3oBovl dpasbl ¥ MOJISSPHOCTU Ha
pasBuTue 1pobos [5]. Ilpu cpenmment HampsDKeHHOCTM 3JIEKTPUUYECKOro MO B
IpoMeXxyTke MeHee 5 KB/cM pasBuTie cTprMepoB HEBO3MOXKHO KaK B Macile, Tak U B
rposoysIen Bose [2]. B Boze Takke HEBO3MOXKHO pa3BUTHMe TEIUIOBOTO IIPo0os, T. K.
BEPXHUI 3JIeKTPOf], IIOTPY>KeH B MacjIo ¥ Ha4daJbHBIVI TOK B IIPOMEXYTKE SIBJISIETCS
YICTO eMKOCTHBIM. B3arMorericTBye VIMITYyJIbCHOTO BHEIITHETO 3JIeKTPIYEeCKOro ITOJIs
C OJISIpM3alYI OHHBIMI 3apsIaMy Ha TpaHUIle pasesia ABYX KXUIKOCTeV IIPUBOIT
K PasBUTHIO HEYCTOMYMBOCTEV, B3PBIBHOMY POCTY BO3MYIIEHMV, HEJIVMHENHO
AedopMaluy IpaHUIBl ¥ BOSHUMKHOBEHMIO 3JIeKTPOIMIPOAMHAMUYEeCKX TedeHUN
KUAKOCTU. DTa cUTyalus HaO/rofaeTcss Kak I IMAJIeKTPUYecKuX, TaK WM I
HNPOBOIAIIMX >XuakocTent [4]. B oIyuae rpaHmuiibl «IIpoBofsiiias Boia-Macio»,
TIOSIBJIEHVIe OCTPOKOHEUHBIX JAedopMalini MOXKeT IIPVBECTM K BBITATVBAHWIO CTPYeK
BOJIBI ¥ 3aMBIKAHVIO IIPOMEXYTKa. DTO HEOOXOOMMO YUUTHIBATh PV PaCCMOTPEHU
BOIIPOCOB  3JIEKTPOOE30IIaCHOCTM  BBICOKOBOJIBTHOTO ~ MacjI0  HAIIOJTHEHHOTO
obopynosaHmsi. OOpasoBaHMe BOJHOTO KOHIeHcaTa W €ro [B/DKeHUe B
3JIEKTPUYECKOM II0jIe MOTYT CTaTh IIPUUYMHONM HpoOosi ¥ pasrepMeTu3allm
BBICOKOBOJIBTHBIX TPaHCOPMaTOpPOB.

B nmamHoOi pabore sKcllepuMeHTaJIbHO ¥ C IIOMOIIBIO MaTeMaTU4ecKOro
MOJIEIMPOBAaHMS  VICCJIENOBAHBI  JJIEKTPOTMAPOAVHAMMIYECKVe  TedeHUs U
dopMupoBaHVe 37IEKTpPUYECKOro IIpoOos IoIlepeK TI'paHMIIBI pasfeia BOHOBI U
TpaHCOPMATOPHOTO Macila B VIMITYJIbCHOM JIEKTPUUIeCKOM nojle. B nccrremoBaHHOM
AVana3oHe HaIlpsDKeHWV, 3aBeloMO MeHbIIVX HallpsDKeHMs IIpobost Maciia, mpoOot
IIPOMCXOIUT Yepe3 IIpopacTaHlMe KOHyca BOIBI depe3 Macjlo K BBICOKOBOJIBTHOMY
3JIEKTPOAY M 3aMBIKaHMe IIpOMeXyTKa. B 3aBUCHMOCTM OT 3J1eKTpOIPOBOIHOCTI U
aMIUIUTYObl ~ IPWIOXKEHHOIO  HaIpsDKeHMs  IIocje  JIOCTVDKeHMs — KOHYCOM
BBICOKOBOJIBTHOT'O JIEKTPOZIa BO3MOXKHO ITpOoTeKaHMe TOKa 0e3 IylazMoo0pa3oBaHMs,
HosiBJIeHVe IUIa3MeHHOV o0JiacTy IIocjle KacaHws, JIMOO IOosBJIeHWe IUIa3MeHHOU
oOJacTy 710 KacaHMs KOHyca 3a c4eT Ipo0ost yepes OT/IesIbHbIe KalUIl, pacibUldeMble
C BepIIMHBI KoHYyca. ITpo BeeHHOe JByMepHOe MO/ IMpoBaHIe IoKa3alo Xopolee
COBIIaZleHre C SKCIepuMeHTOM QOpMBI obpasyromerocs KoHyca. OTcTaBaHHE IO
BpeMeHI IpuMepHO B 1,4 pasa OT 3KCIlepMMeHTa CBg3aHO, BEPOSTHO, C AByMepPHO
IIOCTAaHOBKOW 3a/lall, B KOTOPOW TepsieTcs H0JId HaIlpsDKeHHOCTH IIOJIs, CBsi3aHHas C
MPOTSDKEHHOCTBIO BBICOKOBOJIBTHOW Cpepbl IO TpeThbeMy HaIlpaBJIeHUIO B MOIIEJIA.

179



WSMPA H 2024

Yder 371eKTpOIpPOBOIHOCTY BOIIBI TAKXKe MOXKeT YCKOPUTD IIPOIIecc 3a cueT OOJIbIIIero
BBITeCHEHWsI TI0JIs1 113 BOIBL M €r0 YCUJIeHWsl Ha rpaHulle pasfena. TakuM obpasom,
TIpeCTaBIIgeTCsl  1leJlecOOOpasHbIM  IIpOBefdeHMe  NajbHeMIINX pacdyeToB B
TpexXMepHOV ITOCTaHOBKe ¥ 3KCIlepyMeHTaJIbHbIe OLleHKM 3P deKTMBHOV TOJIIIVNHEI
rpaHUIIBl pasfiesla C y4eTOM KallVUUIAPHBIX BOJIH I YTOYHEHWs MOJEIbHON
IIOCTaHOBKL.
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One of the critical parameters of oil insulation of high-voltage equipment is
humidity [1]. The presence of moisture greatly affects the electrical strength of oil-
tilled equipment. The formation of condensation can cause internal breakdown and
depressurization of the transformer. In a homogeneous liquid, two mechanisms of
electrical breakdown are possible: streamer-leader and thermal. To date, the
streamer-leader breakdown mechanism has been quite well studied in various
dielectric liquids [2] in strong electric fields with a strength of 105-10¢ V/cm. As a
rule, such a breakdown occurs at pulsed voltages in a highly inhomogeneous electric
field at nano- and microsecond pulse durations and is reminiscent of breakdown in
dense gases at atmospheric pressure [2, 3]. The presence of an interphase boundary

180



WSMPA H 2024

significantly reduces the electrical strength of the gap [4]. The development of
breakdown across the interface between dielectric liquids or “liquid-gas” has
practically not been studied, although a number of works are aimed at identifying
the role of the distributed gas phase and polarity on the development of breakdown
[5]. With an average electric field strength in the gap of less than 5 kV/cm, the
development of streamers is impossible both in oil and in conducting water [2]. The
development of thermal breakdown in water is also impossible, since the upper
electrode is immersed in oil and the initial current in the gap is purely capacitive. The
interaction of a pulsed external electric field with polarization charges at the interface
between two liquids leads to the development of instabilities, explosive growth of
disturbances, nonlinear deformation of the boundary and the emergence of
electrohydrodynamic fluid flows. This situation is observed for both dielectric and
conductive liquids [4]. In the case of a conductive water-oil interface, the appearance
of pointed deformations can lead to the elongation of water streams and the closure
of the gap. This must be taken into account when considering the electrical safety of
high-voltage oil-filled equipment. The formation of water condensate and its
movement in an electric field can cause breakdown and depressurization of high-
voltage transformers.

In this work, electrohydrodynamic flows and the formation of electrical
breakdown across the interface between water and transformer oil in a pulsed
electric field are studied experimentally and using mathematical modeling. In the
investigated voltage range, which is obviously lower than the oil breakdown voltage,
breakdown occurs through the growth of a water cone through the oil to the high-
voltage electrode and the closure of the gap. Depending on the electrical conductivity
and amplitude of the applied voltage, after the cone reaches the high-voltage
electrode, current may flow without plasma formation, a plasma region may appear
after touching, or a plasma region may appear before touching the cone due to
breakdown through individual droplets sprayed from the top of the cone. The two-
dimensional modeling performed showed good agreement with the experiment of
the shape of the resulting cone. The time lag of approximately 1.4 times from the
experiment is probably due to the two-dimensional formulation of the problem, in
which a portion of the field strength associated with the extension of the high-voltage
sphere along the third direction in the model is lost. Taking into account the electrical
conductivity of water can also speed up the process due to greater displacement of
the field from water and its strengthening at the interface. Thus, it seems appropriate
to carry out further calculations in a three-dimensional formulation and experimental
estimates of the effective thickness of the interface taking into account capillary
waves to refine the model formulation.
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