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OpraHn3anmoHHbIil KOMUTET KOH(EPEeHINn:

K. M. T'opobmnios — 3amecturenb ['ybepraropa Kasy:kckoii obactu, conpejceaTeib OpraHu-
3aIlMOHHOTO KOMHUTETA;

B. B. Berenun — akajgemuk PAH, nokTop dpusnko-mMareMaTnyuecKux HayK, HAYIHBIH PYyKOBOJIH-
Teb (hesiepaIbHOrO rOCyJIapCTBEHHOTO yupexKaeHus «Pejiepaabublili HaydHbIi menTp Haydamro-
HCCJIEIOBATE/ILCKUN NHCTUTYT CUCTEMHBIX MCC/iefoBanmnil Poccuiickoit akajieMun HayK», COIIPE/I-
ceJlaTe/Tb OPraHN3aIlMOHHOTO KOMUTETA;

T. E. TomoBaTckast — rIaBHBII CHEIUAIUCT yIIPaBJIeHUS TPOECCHOHAIBHOI0 00pa30BaHus 1 Ha~
YK MHHHUCTEPCTBa oOpazoBaHusd u Haykn Kasykckoil o01acTu, cekperapb Opranu3almoHHOr0O

KOMUTETAa.

YieHbl OpraHM3alMOHHOTO KOMUTETA KOH(EPEHIN:

A. C. AnukeeB — muHuCTp ObOpazoBanus u Haykn Kasy»kckoit obacTu;

C. E. BiacoB — 10KTOp TeXHUYIECKNX HAYK, JUPEKTOP (PeIepaJTbHOTO NOCYIapCTBEHHOTO yUape-
xieausd «Degepasibublit HAyIHbBINH eHTp HaydHo-uccieoBaTeIbCKuit HHCTUTYT CUCTEMHBIX UC-
ciejioBanuit Poccuiickoil akajieMun HayK» |

B. A. Tlankua — 10KTOp (bUBMKO-MATeMaTHIeCKUX HayK, mpodeccop, mupekTop Cypryrcko-
ro ¢pmwmana ¢erepasbHOr0 rOCyIapCTBEHHOTO yapexkaeans «PeepabHblii HAYIHBIH TEHTP
Haydano-uccieioBare/ibCKuit MHCTUTYT CUCTEMHBIX uccjeoBanuit Poccuiickoii akajemun Ha-
VK>

B. II. T'uakun — goKTOp (PUBMKO-MaTeMaTHIECKUX HayK, IIpodeccop, yapeanTe/b obIecTBa ¢
OrpaHUYIeHHON OTBeTCTBeHHOCTHI0 « MATIK»;

B. B. JlomoxKup — KaHIUJIAT SKOHOMIIECKIX HAYK, IEPBBII TPOPEKTOP (e iepaabHOro rocyiap-
CTBEHHOTO OIO?KETHOI'O 00Pa30BaTE/IbHOIO YUPEKIEHUA BBICIIEro obpasoBanus «Kasryzkeknii
rocyapctBennbiii yausepcureT uM. K. 9. [luojikoBcKoro»;

N. C. 3enoB — 3amecTuTe/Ib MUHUCTPA BHYTPEHHEH MOJMTUKN 1 MACCOBBIX KOMMYyHuKarnmit Ka-
JIYZKCKOM 00J1acT! — HadaJIbHUK Y IIPABJICHUS 110 PA3BUTHIO MEJINAI0CTYITHOCTH U HH(OPMaIIU-
OHHBIM TE€XHOJIOTUSIM;

T. H. JleonoBa — riaBa AjiMUHUCTpAIUN TOPOACKOro okpyra «[opos OOHUHCK ;

A. B. Okcrora — 3amecTuTe/ib MUHUCTPA KYJIbTYpPbl KaIyKcKoit 0b/1acT — HaUaIbHUK Y IIPaB-
JIEHUsI TOCYIAPCTBEHHON TOIEPKKN KYJIbTYPbhI, HCKYCCTBA W HAPOIHOTO TBOPYECTBA;

T. A. OcunoBa — ucrnoHSIONMMI o0g3aHHOCTH AupeKTopa OOHMHCKONO WHCTUTYTa ATOMHOM
SHEpreTuku — duanansa ¢eaepaabHOr0 TOCYJapCTBEHHOTO aBTOHOMHOIO 00pa30BaTE/IHLHOIO
yUIpeXKIeHUs BhICHIEro oOpasoBanusi «HarmoHaabHBIN nCCIe10BATEIbCKAN SIIEPHBIT YHUBED-
curer « MO »;

B. 4. ITanuenko — akagemuk PAH, nokTop dusnko-mareMaTndeckKnx HayK, mpodeccop, mpej-
cenaresib CoBera Poccuiickoro gomnjia dyHIaMeHTAIbHBIX UCCIEI0BAHUTIA;

I . CaBun — akagemuk PAH, nokrop dusnko-mMareMarudecKux Hayk, Ipodeccop, HayIHbI

pykoBojiuTe b MeKBeJOMCTBEHHOTO CyTIEPKOMITLIOTEpHOTO IenTpa Poccuiickoii akajieMun Hayk

— pummasa OI'Y OHIT HUMCU PAH;
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C. O. CrapkoB — JOKTOp (PpU3UKO-MATEMATUICCKUX HAYK, MPOMECccop, HATAIbHUK OT/IE/IEeHUS
MHTE/UIEKTYAJIBHBIX KnOepHeTndecKnx cucreM OOHMHCKOIO MHCTUTYTa aTOMHON SHEPTeTUKU —
dunmmana denepaabHOTO TOCYIAPCTBEHHOIO ABTOHOMHOT'O 00Pa30BaTEHLHOTO YIPEKIEHUS BbIC-
nero obpasosanus «Harmonanbublil uccienoBaTenbckuii gaepubiit yausepcuter « MO »;
A. B. Cysgpko — rinaBa AJIMAHHCTPAIIUN MYHUIIUIAIBHOTO paiioHa «7ZKyKOBCKMiT paitony;

A. B. llapbKoB — JJOKTOp TEXHHYIECKUX HayK, mpodeccop, aupekTop Karyxkckoro duanaia de-
JIEPAJIHOTO MOCYJIAPCTBEHHOIO OIO?KETHOTO 00Pa30BaATE/IHLHOTO YUPEXKICHUS BBICIIIEro 006pa3o-
BaHUsA «MOCKOBCKUII rocyapCcTBEeHHbBIN TexHn4ueckuili ynusepcurer umenn H. D. Baymanas;
E. E. YynakoB — HauaJIbHUK Y IPABJICHUS 110 OXpaHe 00beKTOB KYJIbTYPHOTo Haceaust Kamyxk-

CKOM 00J1aCTH.

IIporpamMHuBIiT KOMUTET KOH(EepeHIunu

IIpencenaresnn:

B. B. Berenun — akagemuk PAH, nokTop dpusnko-mMaTeMaTniecKux HayK, HAYIHBINH PYKOBOIH-
Teslb (beepabHOrO TOCYAapCTBEHHOrO yapex aenns «DeaepaabHblil HayIHBI eHTp Hay4ano-

I/ICCJ'IG,ZLOBaTe.TIbCKI/Iﬁ NHCTUTYT CUCTEMHBIX I/ICCJIG,ILOBaHI/Iﬁ Poccniickoii aKaJIEeMUU HAYK».

3amecTuTen mnmpeaceaarTresid:

B. A. Tankua — gokTop (PU3MKO-MaTeMaTHIeCcKuX Hayk, mpodeccop, aupekrop Cypryrcko-
ro ¢gpuamana degepasbHONO TOCYJIapCTBEHHOrO yupexkaeHusa «PejiepaibHblil HAYIHBIA IEHTD
Hayuno-ucciiejoBaTe/ibcKnii MHCTUTYT CUCTEMHBIX HUcc/enoBanuit Poccuiickoit akajemun Ha-
YK

P. JI. 'mmpanoB — nadaiasnuk yrnpasienusi I'T I[TAO «Cypryraedrerass;

B. 4. ITanuenko — akagemuk PAH, nokrop dpusuko-mareMaTudecKux HayK, Mpodeccop, Ipej-

cenarenb CoBera Poccuiickoro ¢gporga dyHIaMEeHTAIBHBIX UCCIEI0BAHMTIA.

YeHbl NporpaMMHOTO KOMUTETA KOH(EepeHIuu:

I . Caun — akajgemuk PAH, nokrop ¢dhusnko-maremarndeckux Hayk, mpodeccop, HayIHbIT
pykoBojiuTe b MeKBeJOMCTBEHHOI'O CYIIEPKOMITLIOTEpHOTO IenTpa Poccuiickoit akajieMun Hayk
— dummasa OI'Y OHIT HUMCU PAH;

C. E. BiacoB — IOKTOp TEeXHUYECKUX HAYK, JUPEKTOP (e/iepalbHOr0 roCyJIapCcTBEHHOTO yape-
xaenns «DejiepanbHblil HayYHbIN eHTp HayaHo-nccieioBaTe bCcKuit MHCTUTYT CUCTEMHBIX UC-
caejoBanuit Poccniickoil akaieMun HayK»

M. B. dkoboscknit — anen-koppecnorgenT PAH, mokTop dpusnko-mMaTeMaTndecKnx HayK, IIpO-
deccop, 3amMecTuTes b JUPEKTOPa 110 HaydIHO! pabore MHcTHTyTa IPUKJIAIHON MaTeMaTHKU UM.
M.B. Kennpima PAH, 3aBenyromuiit oTae10M IPOrpaMMHOTIO 006€CIIedeHs BHICOKOIIPOU3BOIH-

TEJbHBIX BBIYUC/IUTE/ILHBIX CUCTEM W ceTeil, mpodeccop 0a30BOi Kadeapbl MaTeMaTHIeCKOTO
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MojiesiupoBanrs MOCKOBCKOTO (PU3UKO-TEXHUYIECKOIO MHCTUTYTA, ITpodeccop KadeIpbl BHIYUC-
JINTEJIbHBIX MeT0/10B MOoCKOBCKOTO rocyiapcrBeHHoro yuupepcurera um. M.B. JlomoHoCOBa;
M. 1O. CaBacTbuH — KaHIUIAT TEXHIIECKNX HAYK, TUPEKTOp duanasia (eaepaasbHOro rocyiap-
CTBEHHOTO OIOJZKETHOI'O 00Pa30BaTE/ILHOIO YUPEXKICHUS BBICIIEro oOpa3oBaHus «TroMeHcKMii
MHIyCTPHAJbHBIN yHUBEpcUTeT> B I. Cypryre;

N. B. llerpos — anen-koppecnonaeat PAH, 1okTop dpusnko-mMmareMaTnecKux HayK, mpodeccop,
3aBejlyIonmuii Kadeapoit nagopMaTuKu, ¢geiepalbHoe roCyJIapcTBEHHOE aBTOHOMHOE 00pa3o0-
BaTe/IbHOE YUpexKeHue Bhiciiero obpazoBanus «MocKoOBCKUit (DpU3UKO-TEXHUIECKUI UHCTUTYT
(HAITMOHAJIBHBIN MCCJIEI0BATE/IbCKIN YHIUBEPCUTET ) »

C. A. Karenko — 10KTop (pU3UKO-MaTeMaTHIeCKIX HAyK, Ipodeccop, IepBblii mpopekTop A po-
CJIABCKOTO rocyjapcrsernnoro yuuBepcurera nmenu 11, I Jlemuosa;

H. H. CymupHOoB — JH0KTOp (PHU3NKO-MaTEMATHIECKUX HAYK, ITPOGECccop, 3aMeCTUTEb TUPeK-
Topa deiepaabHOro rocyIapcTBeHHoro yupexaennsa «Pemepaabubliii HayaHbIi neaTp Hayamro-
HCCJIeI0BATE/IbCKUI MHCTUTYT CUCTEMHBIX UCC/Ie0Bannit Poccniickoit akajieMun HayK» 110 CTpa-
Term4ecKuM HHQMOPMAIMOHHBIM TEXHOJIOIUIM, 3aC/IyKEHHBII 1podeccop deepasibHOTO Tocy-
JIAPCTBEHHOT'O OIOIZKETHOT'O 00Pa30BaTE/ILHOIO yUPEkKIeHus BbhIcIero obpazopanus «MocKoB-
CKWUiT rocyapcTBeHnbIil yauBepcuteT nmenn M. B. Jlomonocosas;

P. M. IlaranueB — [0KTOp (PUBHKO-MATEMATUIECKUX HAyK, 3aMEeCTUTe/Ib IupekTopa dee-
PaJbHOIO TOCYJIAPCTBEHHOTO YHUTAPHOTO TpeanpuaTus «Poccuiickuii dbeiepaabublii d1epHbIit
neHTp — Beepoccuiickuit HayIHO-UCCIIEI0BATEILCKIN HHCTUTYT SKCIEPUMEHTAJIHHON (DU3UKU» ;
B. H. Yyb6apukoB — j0KTOp (PU3UKO-MaTEMATHICCKUX HAYK, IIpodeccop, 3aBeayionmil kade-
poil MaTeMaTUIeCKUX U KOMITBIOTEPHBIX METOJIOB aHaJII3a, (hbeiepaabHoe ToCyIapCTBEHHOE OI0I-
JKeTHOoe 00pa30BaTeIbHOE YUPEXK/IeHne BhICIIero oopazopanus «MoOCKOBCKUIT roCy1apCTBEHHBII
yuusepcuter umenu M. B. JlomonocoBas;

M. M. JlaBpeHTbeB — JIOKTOP (PU3UKO-MaTEMATUIECCKUX HayK, Ipodeccop, JekaH (pakyabrera
nH(MOPMAIMOHHBIX TEXHOJIOTH, (bejiepaabHOe TOCYIapCTBEHHOE aBTOHOMHOE 00Pa3oBaTe/IbHOE
yupexJeHne Boiciiero obopasopanus «HoBocuOupckuilt HAIMOHAIBHbBIN UCCICI0BATE/ILCKII 10~
CYJIaPCTBEHHBIN YHUBEPCUTETS ;

A. IManmaomnynoc — Doctorat d’Etat (Habilitation), mathematics, iupekTop 1o HaywHO#t pabore,
HanumonaibHblil 11eHTp HaydHBIX ncciepoBannit @panrun, YuuBepcurer CrtpacbOypra, Crpac-
oypr, Opannus;

4. 3emmo — PhD (Physics), npodeccop kadeapsr mudpoBbix TexHosoruil, Y Husepcurer Xocii,
Toxwuo, Anonwus;

B. B. Casuenko — PhD (Theoretical Mechanics), nodernsiii mpodeccop Kadeapbl 1udpoBbIx
TeXHOJIOTH, Y HUBepcuTeT Xocaii, Tokno, Anonns;

B.-B. lymasie — npodeccop, [lorcpamekuit yuusepcurer, kamiyc ['oam, MacturyT MmaTemaTuku,
lepmanns;

C. O. CrapkoB — JOKTOp (PU3NKO-MATEMATHIECKUX HAYK, MPodeccop, HAdaIbHUK OT/IETeHUs
UHTEJJIEKTYAJIbHBIX KubepHeTndeckux cucreM OOHUHCKOINO MHCTUTYTA aTOMHOM SHEPreTUKH;
B. II. IN'uakun — j10KTOp (DUBUKO-MATEMATHICCKUX HAYK, ITPOdeccop, YIpeInTe/ib 00IIecTBa ¢

OrpaHUYeHHON 0TBeTCTBEHHOCTHIO « MATIK».
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T.Ye. Golovatskaya, senior expert, Vocational Education and Research Board, Ministry of

Science and Education, Kaluga Region Government, secretary of the Organizing Committee
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ITPUBETCTBEHHOE CJIOBO

Ot umenn IlpaBurenncrBa Kasy»kckoit 06/1acTé U OPraHM3aIMOHHOTO KOMUTETa MEXKIy-
HaPOJIHON Hay4IHO-IIpakTu4Ieckoir KoHdepennuu «Maremarndeckue uiaen 11.J1.Yebbimésa u ux
IPUJIOKEHHEe K COBPEMEHHBIM IIPOOJIEMaM eCTeCTBO3HAHUSA» IPUBETCTBYEM €€ yIaCTHUKOB Ha
Kasyzkckoit 3emire!

Kamny:kckuit kpaii cjiaBuTcs mMeHaMHU 3HaMEHUTBIX Jiojeit. Ocoboe mecro 3anumaer [la-
duyTnit JIbBoBud YeOBbIMEB — BeJMKUil PycCKUil MaTeMaTHK U MEXaHUK, OCHOBOIIOJIOYKHUK
1eTepOyprekoit MaTeMaTUIecKol MKOJIbI, akageMuk [lerepOyprekoit akajgemMun HayK u ere 24
aKaJeMUii BO BCEM MUDPe.

Pomuncsa [Tadpuyrnit JIsposua 14 mas 1821 r. B cere OxkaToBo Boposckoro yesma Kasy»kckoit
rybepHun.

B 1837 r. I1.JI. YeObIméB mocTynu/I Ha MaTeMaTHIecKoe oTaeaeHne huaocopCeKoro haxkyb-
Teta MockoBckoro yausepcuteta. B 1846 r. B yHuBepcuTeTe OH 3aITUTHI MAaruCTEPCKYIO JINCCEP-
TaIuno 1o Teopuu BepositHocTeil. Ere B 1841 romy 3a pabory «Borunciienne kopHeit ypaBHEHHIT»
110 TeMe, Ipe/yIozKeHHol akyibreToM B MockoBckoM yHUBepcuTere, YeObINEB HAIPaXK IAeTCs
cepeOpsTHO MeTa/Ibio, a ero JIOKTOpCKas juccepraiust «Teopusi cpaBHEHUi» yI0CTOEHA CIIe-
rayibHON mipemun IlerepOyprekoit Akamemun Hayk. Croxuprmmmcs yaenbiM [1.J1. Hebbmén
nepeesxkaer B [lerepOypr B 1847 r. B 1859 rony [laduyTunit JIbBoBuY m3bupaercs akaJeMIKOM
[TerepOyprekoit Akajgemun Hayk. TaM B TedeHue psijia JieT BOKPYT Hero cpopMUpOBaJIaCh BCe-
MUPHO u3BecTHas MareMarudeckas mikoja. [1. JI. Yebbimés co Bpemenu npuesja B [lerepbypr
Havdas dreHue Jjieknuit B [lerepOyprckom yHuBepcurere, mpodeccopoM KOTOPOrO0 OH COCTOSLI
¢ 1850 mo 1882 rox. B 1882 romy OH BBIIIET B OTCTaBKY, IMOCBATHB ceOs IEJIUKOM HayIHOMN

— = i
e, s
e e

1868 r. Cunasar caeBa HanpaBo: A. B. Coseros, II. JI. Uebnimés, K. ®@. Keccep,
A. H. CaBuu, II. A. Ily3sipeBckuii, ®. B. OBcaunukoB, A. H. Bekeros

pabore B Akayiemun Hayk, [1.JI. HeObrmés BocrimTas 60JIBIINYIO TPYIILY MATEeMaTUKOB, BUHET-
UMK TIpeicTaBuTe M Kotopoit obm: A.M. Jlsmoynos, A.A. Mapkos, B.A. Crekyos, /I.A.
I'pase, I.®. Boponoii, A.H. Kopkun, E.M. 3onorapes. 11.JI. YeObIméBbiM HAIMCAHBI TIEPBO-
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KJIACCHBIE YUeOHUKM, OH ObLT n30paH JIeHCTBUTE/IbHBIM 1WieHOM Poccuiickoil akajgeMun Hayk, a
TakKe dABJsyIcsa wienoM Axanevuit Hayk Ppannuu, Arrimu, Urammm, [senuu. Ilo 3amanuto
apTUJLIEPHUIICKOro oTjie/ieHns BoeHHO-yIeHOro KOMHUTETa UM BBIITOJIHEH PsiJi UCCJICIOBAHUIN 110
«MaTeMaTUIECKIM BOIIPOCAM U OIBITAMS.

Yumep I1.JI. Yebnimeén 26 uossops 1894 1. B IleTepOypre u moxoponen B (haMUIBLHOM CKJIEIe
HA POJIMHE B OCHOBAHWUM 3BOHHUIBI 1IepKBH B cejie Cnac-IIporuans (Hemomaseky or c. OkaToBo),
IIOCTPOEHHOMN eI11e ero JieJI0M.

Hay4anbie nien I1.JI. YebbiméBa okazaain OrpoMHOE BJIMAHME Ha Pa3BUTHE TEOPUU UUCE],
TEOPUHU BePOSTHOCTelH, Teopuu NpubImKenns: pyHkimit. OOmenpu3HanHOl KeMIyKIHON ero
TBOPYECTBA SABJISIETCS 3HAMEHHTas TeopeMa O PACIIPEeJIeJIEHUN MMPOCThIX unces. Bmecre ¢ TeM
[1.JI. YeObI11éB 1y1ybOKO MCC/ICIOBA 3a/Ia91 MEXAHUKH, TEOPUH MEXaHU3MOB, 3aHIMAJICS N300-
peTaTe/IbCTBOM, CBA3BIBAA TH IPOOJIEMbI ¢ MaTeMaTHKONH. B dacTHOCTH, Teopusl HAMTYUITIX
npuOIMzKeHn (PYHKIUN BOZHUK/IA B IIPOIECCE YCOBEPIIEHCTBOBAHUSA eOBIMEBLIM TTapasLIe/I0-
rpaMma YarTa JJId TapOBbIX MAIINH.

Hayuanbie uarepecst [1.J1. HebbiméBa oTmmyarorces 60IbITIM pazHoodpasueM u mupoToit. On
OCTaBUJI 1IOCJIe cebsi OJIecTsINne UCCae0BaHus B 00JIaCTU MaTeMaTUIeCKOr0 aHAJIM3a, OCOOECHHO
B TeOpUU TPUOIUKEHUs (DYHKINI MHOTOYJIEHAMY, B WHTEIPAJTBLHOM HCUYUCIEHUU, TEOPUU UH-
ceJl, TEOPUM BEPOATHOCTEN, TeOMeTPUH, OAJTUCTUKE, TEOPUU MEXAHU3MOB U JPYTHUX O0JIACTIX
sHaHmil. B Kaxkmo0it n3 aTux obsacreit nayku [ladbryruit JIbBoBrY momyvynsa dyHmaMeHTATbHBIE
PE3YILTATHI, BBIJIBUHYJT HOBbIE HJIEW U METOJIbI, OIIPEJIeJIUBIIIIE PA3BUTUE ITHX BETBeil MaTeMa-
TUKM U MEXaHWKH Ha MHOI'HE I'OJIbl U COXPAHUBIINE CBOE 3HadeHue u jio cux rop. [lpu srom
opazkaeT CrocOOHOCTb UeOBINER MPOCTHIMU, JIEMEHTAPHBIMUA CPEJCTBAMU TOJIYUATh BEJIMKO-
JIEITHbIE HAYYHbIE PE3YJIbTATHI.

B Teopun BepositHOCTEit HeOBIMEBY y1a/10Ch HEOOBITAWHO TPOCTHIME CPEJICTBAMU MOy YUTh
PSJT BeCbMa BayKHBIX Pe3yJbTaToB. MHOrMe pes3yiabTaThl W BBIBOJBI OBLIN TOJIHKO HAMEYEHHI,
He JIOBeJIEHbI JI0 KOHIla, HO Bce paboTbl UeObnIméBa B 9TOi obsacTu sABUJINCH TOil 6a30il, Ha
KOTOPO#1 pa3BUjIaCh PyCccKas IMKOJa Teopun BeposiTHocTeil. CTporue J10Ka3are/ibCTBa MHOTHX
TeopeM, HaMeueHHble YeOBIEBbIM, U JaJIbHENIIee UX Pa3BUTHE OBLIO ITPOBEJICHO €TI0 YICHUKA-
mu, akajiemukamu A.M. Jlamynoseim u A.A. MapkosbiM. Boiatorieecs 3nadenue s HAyKd
nmesn uccienopanud 11.JI. Yebbimésa B Teopun unces1. Briepsoie nocsie EBkinia yanBuTe b-
HO OCTPOYMHBIMU U YJUBHUTEIHLHO SJIEMEHTAPHBIMU PACCYKICHUSIMHU OH IOJIYYUJI BarKHeIe
pPEe3yJIbTATHI B 33JIa9l O PACIPEJIE/IEHUN TPOCTHIX 4ncesl B paborax «O0 ompeiesieHun Iucsa
[IPOCTBIX YUCEJI, HE TPEBOCXOJIAIINX JTAHHON BeIUINHbI» 1 «(O MPOCTBIX UUCIAX>.

[TaduyTnii JIbBoBud YeOBITIEB yae/ /1 MOBLIIIIEHHOE BHUMAHUE U I1€/IarOTMIECKON JlesaTe b
HOCTH. B 9acTHOCTH, OH BXOJMJI B KOMHTET HAPOHOTO MPOCBEIIEHNs], PAOOTABIINI IPH MITHH-
CTEPCTBE, TOCTOHHO TUCAJ PENEH3UN Ha YIeOHUKH, COCTABJISI TPOrPAMMBI M HHCTPYKITUU JIJIsT
cpenueil 1 HavYaJIbHOM IMIKOJIBL.

[TaduyTnit JIbBoBUY mpoc/IaBUICA HE TOJHKO KaK OOJIBITION YUeHbI U TPEKPACHBI TeJIaror,
HO U KaK TJIYOOKWHil TaTpHOT, KOTOPBIN B XOPOIIEM BOCIUTAHUU W OCHOBATEJILHOM O0pPA30BaHUN
MOJIOZIEKY, B YACTHOCTH, B MAaTeMaTHIeCKOM O0PA30BAaHWUM, BUJIE] OJHY U3 IPOYHBIX OCHOB Ha-
poaHOro OJ1ara, KOTOPBI CBOMMH B3TJIAAaMU, U CBOEl sHeprueil crocoOCTBOBAJI MPABUILHOMN
opranuszaryu oopaszoBanus B Poccun u BO BcexX BOBMOXKHBIX CJIydasiX OKa3bIBAJ IMOMOIIL MOJIO-
JIBIM VUIEHBIM W yUIUTeIsIM BCeX YpOBHeH. AKajieMusi HAyK MOCTAHOBUJIA, UTO: «HAIA POJIHAST
cTpaHa Bcerja OyJIeT ropJuThCAd TeM, UYTO UM ee ChblHa OyJIeT HEU3IJIaIMMbIMU YepTaMU 3aHe-
CEHO B JIETONHCH BeecBeTHOM Hayku» (mut. «V3Bectust mmeparopekoit Akagemun Hayk», 1. 2,
1895, 1).

Benuuwne renung I1.J1. YebbImméBa cocTOUT B TOM, UTO XKUBBI €10 HJIEH, TPOJIOIZKAIOTCS UCCIIe-
JIOBaHU, 3aJI0’KEHHBIE B €0 TPY/IaX, CBUJIETE/ILCTBOM YeMY SBJISETCS PeryJIgpHOe ITPOBeJIeHne
MeKTyHAPOJIHON HayJHO-TIpakTrdeckoit koudepennun B ropoje Obuuncke. [ladhuyruio JIbBo-
BUYY CY?KJIEHO OBLJIO CTATh HE TOJBKO BEJUKUM PYCCKUM MATEMaTHKOM, HO U 3aHATH MOYETHOE
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MECTO Cpe/in MaTeMaTukoB MupoBoro kiacca. B Poccun XIX Beka He OBLIO JIpyroro y4eHOro-
MaTeMaTHKa, KOTOPBII OT/1a/1 Obl CTOJIBKO BPpEMEHH, TPy/da U 3a00T, YTOOBI TBOPEHUS PYCCKOM
MaTEeMATHIECKON MBICJIN CJIe/IaTh JTOCTOSHUEM MaTeMaTUIeCKOl HAayKW BO MHOTUX CTPaHaX.

B teuenne mnociemnux 25 jer jer OI'Y OHIL «MucTUTYT CHCTEMHBIX HUCCICIOBAHUI
PAH» coBmectro ¢ Poccuiickum doniom dyHmaMeHTaIbHbIX UCCIEIOBAHUN, TIPH TTOJIEPIK-
ke MockoBckoro rocynapcrsernnoro yuuBepcutera uM. M.B.JIomonocosa, Poccuiickoii akaje-
vun Hayk, [TAO «Cypryraedrerasy, OOHUHCKOrO HHCTUTYTa aTOMHOM dHEpreTukn — (uima-
sma PI'AOY BO «Hammonamnmbublil nccteoBaTebekuii sepubiiit yausepcurer « MUADPU», Crrac-
[Iporuanckoit mrostoit-myseeM M. 11.J1.HeObIméBa, a TakzKe TP KUBEHIIIEM YIACTHH yIEHBIX
u3 Qpannun, [epmanun, Utanmun, Anornn u Ipyrux crpan mpoBOJAT MeXK/IyHAPOIHbIe KOH(De-
PEHITUU U YTEHUs, OCBANIEHHBIC €r0 MaMATH U PA3BUTUIO IEOLIMIEBCKOIO HAYIHOI'O HACJIE IUS.

[Iposenenne na KaayKckKoit 3emiie MEXKTyHAPOIHON HAYIHO-ITPAKTUYIECKON KOH(EPEeHIUH,
npuypodennoit B arom rogay K 200-jmetuto co maus poxjaenud [ladbnyrusa JIbBouyua HeoOniména,
JINIITHUN Pa3 JIOKA3bIBAET, YTO MBI YTUM IaMATh O BEJTUKOM PYCCKOM YYE€HOM, KW3Hb W JIes-
TEJILHOCTH KOTOPOT'O TECHO CBA3AHBI C MCTOPUEll pa3BUTHS HAYKU, 0OPa30BaHUs M KYJIHTYPBI
Kasy:kckoro kpasi. A Hacjenme BEIUKOTO YUEHOI'O HACTOJIBKO NEHHAJTBHO M BCEOOBEMIIIOIIE,
YTO €ro TPY/bl HE TOJILKO HE TEPSIOT CBOEH BayKHOCTH, HO BBI3BIBAIOT BCE OOJIBINUI MHTEPEC.

Kenaem BceM ydacTHUKAM KOH(EPEHINN TJI0J0TBOPHON pabOThl U JAJIBHEHIIINX YCIEX0B
Ha OJs1aro HayKu!

Conpejcenaresii OpraHU3aIiMOHHOTIO0 KOMUTETA:

Hayunbrit PYKOBOIUTED denepaibHOrO
roCyJapCTBEHHOI'O YUIpeXKICHUSI «DeepaibHbIT
Hay4dHbIll 11eHTp HayuHo-ncciemoBaTebcKuii HHCTUTYT
CUCTEMHBIX ucciieioBannii Poccuiickoii akajeMun HayK»,
akaJieMuK Poccuriickoil akajeMnn HayK B.b. Berennn

Bamecturens ['ybepuaropa Kasyxkckoit obractu K.M. T'opo6ros
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CONFERENCE WELCOME ADDRESS

On behalf of the Kaluga Region government ad the Organizing Committee, Chebyshev
Mathematical Ideas and Their Applications to Natural Sciences International Conference we
welcome you to the Kaluga Region.

The Kaluga region is well known for its prominent people. One of them is Pafnuty Cheby-
shev, the great Russian mathematician and mechanician, the founder of the St. Petersburg
mathematical community, a member of the St. Petersburg Academy of Sciences and 24 inter-
national academies.

Pafnutiy Chebyshev was born on May 14, 1821 in the village of Okatovo, Borovsk uyezd,
Kaluga province.

In 1837 P. Chebyshev entered the Dept. of Mathematics, School of Philosophy, Moscow
University. In 1846 in the university he defended his master’s thesis in probability theory.
As early as 1841 Chebyshev was awarded a silver medal for his work The Calculation of the
Equation Roots on the subject proposed by the Moscow University’s school, while his doctoral
thesis The Theory of Comparisons was awarded a special prize by the St. Petersburg Academy
of Sciences. As an established scientist, P. Chebyshev moved to St. Petersburg in 1847. In
1859 he was elected a member of the St. Petersburg Academy of Sciences. There, over the
years, he built a world-renowned team of mathematicians. Since his arrival in St. Petersburg,
P. Chebyshev became a lecturer at St. Petersburg University. He was a professor there from
1850 to 1882. In 1882 he retired and completely switched to research activities at the Academy
of Sciences, where P. Chebyshev educated a large team of mathematicians. Its most prominent

!

R - _ -~--'-—-..
1868. The ﬁrst row, left to rlght A Sovetov, P Chebyshyev, K Kessler, A.
Savich, P. Puzyrevsky, F. Ovsyannikov, A. Beketov

members are A. Lyapunov, A. Markov, V. Steklov, D. Grave, G. F. Voronoi, A. Korkin, E.
Zolotarev. P. Chebyshev authored excellent textbooks. He was elected a full member of the
Russian Academy of Sciences and was also a member of the French, British, Italian and Sweden
academies. For the Artillery Department, Military Research Committee, he did several studies
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“on mathematical issues and experiments”.

He died on November 26, 1894, in St. Petersburg and was buried in his family crypt in his
home region: at the foundation of the bell tower in Spas-Prognanie village (close to Okatovo),
built by his grandfather.

P. Chebyshev’s ideas had a profound impact on the evolution of the number theory, the
probability theory, and the theory of function approximations. The universally praised pearl
of his work is the famous prime number theorem. At the same time, P. Chebyshev deeply
investigated the problems of mechanics, theory of mechanisms, and was involved in invention
activities, while merging these challenges with mathematics. In particular, the theory of best
function approximations emerged as Chebyshev refined Watt’s linkage for steam engines.

P. Chebyshev’s scientific interests are notable for their great variety and breadth. He pro-
duced brilliant research in the field of mathematical analysis, especially in the theory of ap-
proximation of functions by polynomials, integral calculus, number theory, probability theory,
geometry, ballistics, theory of mechanisms, and other areas. In each of these areas, P. Chebyshev
acquired fundamental results and proposed new ideas and methods that shaped the subsequent
evolution of these fields of mathematics and mechanics for many years to come; they are still
relevant to this day. At the same time, Chebyshev’s ability to obtain excellent results by simple,
elementary means is striking.

In the probability theory, Chebyshev managed to obtain some very important results by
extremely simple means. Many results and conclusions were only outlined, not completed,
but all Chebyshev’s works in this field became a foundation for the Russian research in the
probability theory. The rigorous proofs of many theorems were outlined by Chebyshev and
advanced by his students, A. Lyapunov and A. Markov. Chebyshev’s research in the number
theory was extremely significant. For the first time since Euclid, he obtained the most important
results in the prime number distribution presented in his works Finding the Number of Prime
Numbers not Ezceeding a Given Value and On Prime Numbers by amazingly ingenious and
quite elementary reasoning.

Pafnuty Chebyshev also focused on teaching. For instance, he was a member of the Public
Education Board at the Ministry of Education, reviewed textbooks, developed curricula and
guidelines for elementary and middle school classes.

Pafnuty Chebyshev became famous not only as a great scientist and excellent teacher, but
also as a patriot who considered good education, and mathematical education in particular, as
one of the strong pillars of the national good; he contributed his views and activities to manage
the education in Russia, and in every possible way he helped young scientists and teachers.
The Academy of Sciences decreed that “our country will always be proud that the name of
her son will be indelibly inscribed in the annals of world science” (Proceedings of the Imperial
Academy of Sciences, Vol. 2, 1895, No. 1.)

The greatness of P. Chebyshev’s genius is that his ideas are still relevant and his works
are being studied. Yet another proof is the international conferences dedicated to his heritage
regularly hosted in Obninsk. P. Chebyshev was destined to become not only a great Russian
mathematician but also to occupy an honorable place among world-class mathematicians. There
was no other 19*"-century Russian mathematician who contributed so much time and efforts to
make the creations of Russian mathematical thought available internationally.

For the last 25 years the Systems Analysis Research Institute (Russian Academy of Sciences)
jointly with the Russian Foundation for Basic Research and supported by Moscow State Uni-
versity, the Russian Academy of Sciences, Surgutneftegas, Obninsk Institute for Nuclear Power
Engineering, a National Research Nuclear University MEPhI campus, and the Spas-Progransky
Chebyshev Museum School, with significant contributions by the researchers from France, Ger-
many, [taly, Japan and many other countries host international conferences commemorating P.
Chebyshev and his scientific heritage.
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The fact that the international conference commemorating the bicentennial anniversary of
Pafnuty Chebyshev is hosted by the Kaluga region highlights that we honor the memory of the
great Russian scientist whose life and work are closely associated with the evolution of science,
education, and culture in the Kaluga region. The great researcher’s heritage is so ingenious
and enormous, that his works are still relevant, and attract more and more interest.

I would like to wish everybody rewarding discussions and research success for the benefit of
science.

Co-chairpersons of the Organizing Committee:

Scientific Adviser, System Analysis Research Insti-
tute (a Federal Research Center, Russian Academy of
Sciences), member of the Russian Academy of Sciences V.B. Betelin

Vice Governor, Kaluga Region K.M. Gorobtsov
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I1nenapubie gOoKJIaabI
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Karouesoie carosa: Knbepbe3ornacHoCTb, KHOEPYTI'PO3bl, JIOBEPEHHBIE CUCTEMBI.

B nmayunom tBopuectse I1. JI. Yebbimésa Hayka u npaktuka HepasjeauMbl. 006 3TOM cBU-
JIETeJILCTBYIOT ero cjoBa: «CO/mKeHne TeOpun ¢ MPaKTUKON JIaéT caMble OJIArOTBOPHBIE pe-
3yJIbTATBI, U HE OJIHA TOJBKO MPAKTUKA OT 9TOI'0 BBLIUTPHIBAET; CAMU HAYKH PA3BUBAIOTCH I1O]]
BJIMSHUEM €€, OHa OTKDPBIBAaeT UM HOBBIE IPEIMETHI JJIS UCCIeIOBaHUs, WM HOBBIE CTOPOHBI
B IIpeJMETaxX JABHO M3BECTHBIX <...> MPAKTHUKA IBHO OOHAPYKMUBAET HENOJHOTY UX BO MHO-
I'UX OTHOIIEHUSX; OHA IPe/IJIaraeT BOIPOCHI, CYIIECTBEHHO HOBbIE JIJIsi HAYKU, U TAKUM 00pa30M
BBI3BIBACT Ha M3BICKAHIE COBEPINEHHO HOBBIX METOOB» |[1].

Mexanuszmbl, paspadborannbie [ladpnyruem JIbBoBuuem, takme, Kak apudMoMeTp, COPTHU-
poBaJIKa, IMEHTPOOEIKHBIN PEryJIsaTOpP, — COBPEMEHHBIM A3BIKOM MOXKHO HA3BATbh ITPOPBIBHBIMU
OTEYeCTBEHHBIMY DelleHusIMU (Ha MOMEHT MX CO3JIaHNs) B 00JIACTAX BHIUUCIUTETHHON TEXHUKH
U aBTOMAaTU3UPOBAHHOIO YIIPABJIEHUS TEXHOJOTMYECKUM MTPOIIECCOM.

HeobxoumocTh co3/1aHust UMEHHO OTE€YECTBEHHBIX PEIEHUil Ha OCHOBE HOBBIX METOJOB U
I0/IXO/I0B BeCbMa aKTyaJibHa B yIOMSHYTHIX Bbiie obnactax. B CIIIA paspaborana u armpo-
OupoBaHa Ha ITPAKTUKE TEXHOJIOIUs CO3/IaHUs CTPATErNIEeCKOr0 KHOEPOPYKUs — BUPYCOB THUIIA
STUXNET, obecrieanBatomux BO3MOKHOCTH IepexXBaTa YIIPaBJIeHNsT U KOHTPOJIsT HaJT MIMPO-
BBIMH CHCTEMAaMU yIIPABJIEHUs, PEaTN30BAHHBIMU Ha OCHOBE MACCOBBIX KOMMEDPUYECKUX TPOJTYK-
toB aMmepukaHckux kKommanuii Intel, AMD, Cisco, Microsoft. Texnosorus ocHOBbIBaeTCS Ha
JIETAJIBHBIX 3HAHUSX O BOBMOXKHOCTSIX 9TUX HPOYKTOB UMEIOIIIXCS B HUX ySI3BUMOCTSIX (OIm6-
kax). Ha ocHOBe MaccOBBIX KOMMEPUYECKUX MPOLYKTOB STHX AMEPUKAHCKIX KOMITAHUI PeaTin30-
BaH IeJIbIN PsiJT N POBBIX CHCTEM YIIPaBJIEHUS CTPATerndecKn BaxKHBIMEI oObeKTaMu Poccnm,
YTO ABJISAETCA PEAJbHON YyIrpo30il UX MITATHOMY (DYHKITMOHUPOBAHUIO.

Qopmvupyemas 'K «POCTEX» nporpamma «®JIATMAH» nanenena Ha pelrenue STOiA,
CTpaTernvYecKn BaxKHOM i obecrievenns: 6€30IaCHOCTH CTPAHbI, POOIEMBI.

OcHoBHas 11€J1b TPOrPAMMBI — MAPUPOBAHUE YTPO3bI IIepexBaTa YIIPaBJIeHus] 1 HEIITaATHOTO
dbyukmonnposanus cucrem ¢ kpurudeckoii muccueit (CKM). Jlist mocTizkeHust 1em 3ariia-
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HUPOBaHa pa3pabOTKa U CepHuilHOe TTPOU3BOJICTBO HE NUMEIOIINX AHAJIOTOB B MUPE, JTOBEPEHHBIX,
MHTEeJUIEKTYaTbHbIX 1ndpoBbix cucrem yrnpasieans CKM u Bcex ux komnonent (9KB, CBT,
[10), obecnieanBatommux mraraoe Gynknnornposarne CKM, B ycI0BHsIX BHEITHUX JeCTPYKTHB-
HbIX BO3/ICHCTBUNA C [EJbIO lIepexBaTa yIIpaBJIeHud.

Bazkuefiim 9ranoM mporpaMMbl sIBJISIETCS MIPOBEJIEHNE HAYYIHBIX UCCJIEIOBAHUI C I€JIHIO
dopMmupoBanus U yTodHEHUs Mojeeil yrpo3, npoduseil mrarHoro (byHKIMOHUPOBAHUS U
MPUHITUTIOB TIOCTPOEHUS JIOBEPEHHBIX CUCTEM.

B nokitajie mpuBojigTes mpuMepbl KHOEpyTrpos, pajl HapadboTrok n uzjenuit @IV OHIL HU-
NCU PAH njist co3manust JOBEPEHHBIX CHCTEM.

JINTEPATYPA

1. Yn.xkopp. AH YCCP B.B.I'uenenxko. [Taduyrnit JIbposua Yeonimén. Kuura «JIroan pycckoii
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CYBER THREAT-RESISTANT PROCESS CONTROL SYSTEMS
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Academy of Sciences”, Moscow, Russian Federation
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Keywords: cybersecurity, cyber threats, trusted systems.

P. Chebyshev’s works perfectly combine theory and practical applications. Note his words:
“Merging theory and practice yields the most favorable results. Not only practice is the winner;
sciences are also advanced by practice. It opens up new areas to be studied, or new facets of
long known subjects <...> practice is incomplete in many aspects; it raises issues that are new
for science and promotes the search for basically new methods” [1].

The mechanisms invented by P. Chebyshev (such as the arithmometer, the sorting machine,
the flyball-type governor) in modern terms would be called disruptive (for their time) domestic
computing and process control technologies.

The development of new domestic solutions based on new methods and approaches in these
areas is still relevant. The STUXNET virus, a strategic cyber weapon, has been developed
and tested in the US. The technology can override the control of digital systems implemented
with off-the-shelf products from Intel, AMD, Cisco, Microsoft. The technology is based on the
in-depth proficiency in the capabilities of these products and their vulnerabilities (errors.) The
digital control system of some Russian strategic facilities also uses these mass-market products
from American companies. It is a real threat to their operations.

The FLAGMAN project by the Russian Technologies, Corp. is intended to solve this prob-
lem strategically important for national security.

The project’s key objective is protecting mission-critical systems (MCS) from hostile
takeover and abnormal operation. It is proposed to develop and manufacture trusted, smart
digital MCS and all their components (electronics, hardware, software) to ensure MCS normal
operation under external takeover attempts.

A major milestone of the project is the research to build and refine the threat models, the
normal operation profiles, and the trusted system architectures.
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The paper lists some examples of cyber threats, projects and products from the System
Analysis Research Institute for building trusted systems.
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XapaKTepHOil 0COOEHHOCTBIO PENIeHnil HaYaJIbHBIX U KPAEBbIX 33/1a49 JIjId CHHTYJISIPHO BO3-
MYIIEHHBIX T dEpeHITNaIbHBIX YPABHEHNUIT SIBJISIETCST HAJNYNE y3KUX MOMPAHUYHBIX U (HJIH)
BHYTPEHHHUX IEPEXOIHBIX CJIOEB, B KOTOPBHIX IPOMCXOIUT PE3KOe M3MeHeHue perreHns. B rex
cllydasx, KOrjia KOPHHM yPaBHEHUI BBIPOXKJIEHHOH CHCTEMBI POCThie (OJHOKPATHBIE), PE3KOe
M3MEHEHNE DEIIeHNs] B MOTPAHUYHOM (BHYTPEHHEM) CJI0€ HOCHUT, KaK MPABUJIO, SKCIOHEHIIH-
AJbHBIA XapaKTep 0 OTHOIIEHUIO K TOTPAHCJIONHOM (BHYTpPUC/IONHOI) nepemeHHOi. MoKHO
CKa3aTh, YTO TOTPAHUYHBIN CJION SIBJISETCH OJIHO30HHBIM - XapaKTep ObICTPOro M3MEHEHUs pe-
IMIeHNsT Ha BCEM TPOTSKEHUU TOTPAHMTHOTO CJI0sT HE M3MEHSAeTCsl. ACUMIITOTHKA PEeNeHus B
TAKUX CJIydasgx CTPOUTCS C TIOMOIIBIO METOJIa MOrpaHrnIHbIX dyHKImit [1].

Ecnm ke KopeHb ypaBHEHUs BBIPOXKIEHHON CUCTEMBI ABJIFETCA KPATHBIM, TO IIOBEJEHUE pe-
IIEHUsI B TIOIPAHUIHOM (U TAK2KE BO BHYTPEHHEM ) CJI0€ KAUeCTBEHHO u3MeHseTcst. [lorpanudnbrii
CJIOM CTAHOBUTCS MHOTO30HHBIM C PA3HBIMU MACIITA0AMU TOTPAHCIONHBIX TePEMEHHBIX B pa3-
HBIX 30HAX U C U3MEHEHHEeM XapaKTepa yObIBaHUs HOTPAHUIHBIX (DYHKIMH (OT CTENEeHHOrO 110
9KCIOHEHIINAIBHOTO) [IPU TIEPEXOJIe U3 OJJHOMN 30HBI B IpyTyi0. Kitaccnueckuii aaropuT™ MeTojia
MOTPAHUYHBIX (PYHKIINN CTAHOBUTCH HEIIPUMEHUMBIM U 3aMEHSI€TCS HOBBIM aJI'OPUTMOM.

VKazaHHble U APYrue OCOOEHHOCTU ACUMIITOTUK PEIICHUT CUHTYJISIPHO BO3MYIIEHHBIX 3318t
C KpPaTHBIM KOPHEM BBIPOXKJIEHHOTO ypaBHEHU:A OyJ/IyT PACCMOTPEHBI B JIOKJIaJIe Ha IIPUMeEpe
KPaeBbIX 33149 JIJId CUCTEMBl YyDaBHCHUNI

o, d*u d*v

e°— = F(u,v,z,¢€), e—

dz? dx?

rje € > 0 - MaJiblii TapaMeTp, a BbIpOXKieHHOe ypaBHenue F'(u,v,x,0) = 0 umeer aByKpaTHbIIT
KopeHb u = (v, z) [2].

= f(u,v,z,e), 0<x <], (1)
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A characteristic feature of solutions of initial and boundary value problems for singularly
perturbed differential equations is the presence of narrow boundary and (or) interior transition
layers, in which there is a sharp change in the solution. In cases where the roots of the equations
of the degenerate system are simple (one-time), a sharp change in the solution in the boundary
(interior) layer is, as a rule, exponential in relation to the boundary-layer (intra-layer) variable.
We can say that the boundary layer is single-zone - the nature of the rapid change of the
solution throughout the boundary layer does not change. The asymptotics of the solution in
such cases are constructed using the method of boundary functions [1].

If the root of the equation of the degenerate system is a multiple, then the behavior of the
solution in the boundary (and also in the interior) layer changes qualitatively. The boundary
layer becomes multi-zone with different scales of boundary layer variables in different zones and
with a change in the nature of the decrease of boundary functions (from power to exponential)
when moving from one zone to another. The classical algorithm of the boundary function
method becomes inapplicable and is replaced by a new algorithm.

These and other features of the asymptotics of solutions of singularly perturbed problems
with a multiple root of the degenerate equation will be considered in the report on the example
of boundary value problems for a system of equations

,d%u d*v

ef— = F(u,v,z,¢), €

dz? :f(u,v,:c,e), 0<z< 17 (1)

where € > 0 - is a small parameter, and the degenerate equation F'(u,v,z,0) = 0 has a double
root u = ¢(v, x) [2].
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Pabora Boimosinena npu nojepxkke rpaato POOU 20-04-60123, 18-47-860004.

O1HO# M3BaKHBIX TTPOOJIEM, Ha PellleHne KOTOPOi HallpaBJ/IeHbl PECYPCHI 00IEeCTBa JIJIs TIpe-
oJtoJieHnst 60JIE3HN, BBI3BaHHON HOBBIM KopoHaupycom COVID-19, asisiercs nmpobJiema Hapy-
IIEeHUsT KPOBOTOKA, B YACTHOCTHU, 9TO OTHOCUTCA K IIpoIieccaM TPoMOOOOPa30BaHUsI.

KﬂaCCbI TOYHBIX pemeHHﬁ, COOTBETCTBYIOIIUX BUXPEBBIM W IIOTCHIHMAJIbHBIM TE€YCHUAM,
IIpeacTaBJICHbI B paMKaX FHleO,ZLHHaMquCKOﬁ MoO/aeJ1n, OHHCbIBaIOH.[ef/I TeueHUd BI3KON HECXKU-
MaeMon KU JIKOCTH. MByquI/Ie TOYHBIX peI_HeHI/Iﬁ ABJIAETCA HeO6XOILI/IMbIM ycioBueM Jjid CO-
3JIAHVST CUMYJISITOPA JIJIsl MOJIE/IMPOBAHUS IMHAMUKHI YKUJKOCTH B TIOPUCTOI cpejie (eM. puc.l),
[1].

['eomerpusi TeueHuss B cocyjilax 3aBUCHT OT
pacupejiesieHusi KJIacTepoB 110 pa3MepaM B IIO-
TOKe Koaryiaupyomunx Jactut,. CTpyKTypa moTo-
KOB CBsI3aHa C IIPOCTPAHCTBEHHBIM PacIpe/iesie-
HUEM IpHUMeceil, T.e. Cr'yCTKOB-KJ/IACTEPOB B IIO-
pucToM mpocTtpancTse. llociieHne MHIyIUPYIOT

N3MEHCHHNE T€YCHUA U €I'0 BSaI/IMO,ZLeIU/ICTBI/Ie C IIO-

wilines passing theough he sphere of sadius |

PUCTBIM POCTPAHCTBOM ILOPOXKJIAET OYEHb CJIOZK-
HYIO CTPYKTYPY aHAJOTHIHO (hPAKTATHLHBIM MHO-
xectBaM. [Ipobiema CBSI3HOCTH B MOPUCTOM TIPO-
CTPAHCTBE MPUBOIUT K 3a/la9aM MOJIEJIMPOBAHUS IJIO0AJbHBIX CTPYKTYD Ha OCHOBe rpada Jio-
KaJIbHBIX CBsdA3€il BEPIIUH. DTU 3a/a49u OJIM3KKM K OMUCAHUIO '€OMETPUH B MHOTOMEPHBIX OH-
JbSPAHBIX UIpax (cM. puc. 2).

MaTremaTuieckre BOIIPOChl KOPPEKTHOCTH 33189 KMHETUIECKO TeOpUU KOAaryJIsiiuiu BeCbMa,
CJIOYKHBI M OOJIBITMHCTBO TOJIyIEHHBIX PE3YIbLTATOB OTHOCATCH, KaK MPaBUJIO, K TEOPHH IIPO-
CTPAHCTBEHHO OJIHOPOJIHBIX CUCTEM MU OJIM3KUX K HUM. [IpocTpaHCTBEHHO HEOIHOPOJIHBIE 3a-
Jladn, 0COOEHHO CBSI3aHHBIE CO CBOOOJIHBIM II€PEHOCOM YAaCTHIl, OCYIIECTBJISEMBIM C IIOMOIIHIO
OJIHOTIAPAMETPUYIECKOI TPYIIIBI CABUTOB IIPOCTPAHCTBEHHON ITEPEMEHHOM, SABJIAIOTCH Hanboiee
CJIO’KHBIMU C MaTEMaTUYEeCKON TOYKU 3PCHUL.

e point 3, = 53 = 1y =

Puc. 1.
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One of the key problems, to which the resources of society directed to overcome the disease
caused by the new coronavirus COVID-19, is the problem of impaired blood flow, associated,
in particular, with the process of thrombus formation.
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Classes of exact solutions corresponding to
vortex and potential flows are presented within
the framework of a hydrodynamic model describ-
ing flows of a viscous incompressible fluid. The
study of exact solutions is a prerequisite for cre-
ating a simulator, which is associated with mod-
eling of fluid dynamics in a porous medium (see
Fig.1), [1].

Geometry of flow in vessels depends of clus-
ter’s size distribution in flow of coagulating particles. Structure of the flows depends in great
degree of space distribution of impurities, i.e. clots in porous space. The latter induce changes
of flow and its interaction with porous space gives rise very complicated geometry similarly
fractal sets.

The problem of the connectedness in porous space leads to problems of modeling of global
structures based on the graph of local connections of the vertices. Those problems are close to
the description of structures in multidimensional billiard games (See Fig. 2).

The mathematical questions of the correctness of the problems of the kinetic theory of
coagulation are very complex and most of the results relate, as a rule, to the theory of spatially
uniform systems or close to them. Spatially non uniform problems, especially those related
to the free transfer of particles, carried out by means of a one-parameter group of shifts in a
spatial variable, are the most difficult from a mathematical point of view.

Fig 1.
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Hecrarmumonapuas teopust dyukimonasa miorHoctu (HT®OIT) — moutabiit mHCTpYMEHT aHa~
JIN3a, ONTUYECKUX CBOWCTB MOJIEKYJI CPEJIHUX M OOJIBIUX pasmepoB. Mbl npuMmeHUIN HecTaru-
OHAPHBIE BO BPEMEHU METOJIbI U BEIIECTBEHHOE ITPOCTPAHCTBO JIjIsd pereHus ypasuenuii Komna-
[TIsma Bo BpemenHnoii obiactu. B Harteit MmeTouke pacdera ONTUIECKUX CBORCTB UCIOIb3YIOTCA
BpEMEHHbIE PAJbI, & IMEHHO — JIMHAMUYECKUIl MOMEHT JIUIOJIS. 3aTeM ONTHYECKHe CBONCTBA
BBIUUCJISTIOTCST OOBIYHBIM CIIOCOOOM ¢ npuMeHenneM mpeobpaszoBanus Pypee (I1D). Crexrpasib-
HOE pas3pellenne 3aBUCUT OT JIJIMHBI JUMOJBHOIO MOMEHTa. ITOOBI MOJIYYUTh BBICOKOE pa3pe-
1eHne, TpebyeTcsi OrPOMHBII 0ObeM BBIYHCIUTEIbHBIX omeparuii [1].

s ycTpaneHns yKasaHHON MPOOJIEMbI MBI TPUMEHUIN METOJ MaKCUMAJIHHOW SHTPOINN
(MMD) K crieKTpaJIbHOMY aHAIU3Y JUTOJBLHBIX MOMEHTOB MOJIEKYJI BO BpeMeHHoii obtactu [1,2]
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ABropamu mpe iIoyKeH yaydiieHHbin BapuanT MM, B KOTOPOM HCIIOJIb3yeTcsi 00be InHEHHBI
Ha0OP JTAHHBIX, COCTABJICHHBIN U3 MHOTOKPATHO OBTOPAIONIUXCS UCXO/IHBIX MOC/IEI0BATETHHO-
cTeit ¢ (haszsoBBIM CJIBUTOM, YTO TO3BOJIAET YCTPAHUTH UCKYCCTBEHHYIO MEPUOJUIHOCTE. bBjaro-
Japst MOJA00HOMY YJIyUIIEHHIO YIAJIOCh 3HAYNTEIHHO MMOBBICUTH CIIEKTPAJIHLHOE pa3pelieHne pac-
cmaTpuBaemoro nuka. [Ipu anaimsze onTuyecknx cBONCTB 0COOBIII MHTEPEC MTPEJCTABIAIOT TUKU
C HU3KHUM yYPOBHEM SHEPI'MH, COOTBETCTBYIOIINE 3aIIPENIEHHON SHEepPreTndecKoil 3oue. B memom
JIJTST TIOJTy9eHHsT BBICOKOTO CIIEKTpaJIbHOrO paspertennss MM Tpebyer MeHbIEro KOJIudIecTBa
maros 1o Bpemenu 1o cpaBuenuio ¢ [I@. [losTomy oH MUPOKO HCIOJIB3YETCs MPU aHATIH3E
JUTMHHOIIEPUOINIECKIX TPUPOJIHBIX ABJIEHMI — TAKUX KaK CeliCMUYeCKNe BOJIHBI U COJTHETHBIE
IUKJIBI, 00ecIievnBas JOCTATOYHO XOPOIIIe pa3pelieHne U TOYHOCTD JlazKe MPU KOPOTKUX BPe-
MEHHBIX psifiax. [Ipeiaraemoe yiydimerne craHeT odepeIHbiM npenmyinectsom MM [3].

Mpubr npumenuu jgannyio metoguky u treoputo HTO®II K criekTpaabHOMY aHAIU3Y JTUTOb-
HOTO MOMEHTa MOJICKYJT OJINTO(TOpeHa, OEH30/1a U JIPYTUX BEIIeCcTB. Pe3y/IbTaThl TOKa3hIBAIOT
O0JIee BBICOKOE pa3pellleHre 1 Bblle/IeHne TTNKa BOTM3H 3aIPeIleHHO SHepreTnIecKoil 30HbI 6e3
BO3HUKHOBEHUs] MCKYCCTBEHHOI MepHOAMIHOCTH. B manbHeiimem OyayT mpecTaB/IeHbl XapaK-
TepHble OCOOEHHOCTH JIAHHOW METOJIMKH, B TOM HHCJIE IIyTU €€ JIaJbHERINero CoBepIeHCTBOBA~
HUS.
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Time-dependent density functional theory (TDDFT) is a powerful tool for analyzing optical
properties of medium-to-large sized molecule. We employ a real-time and real-space technique
to solve the time-dependent Kohn-Sham equations. In our procedure to calculate optical prop-
erties, we use the time-series data, namely the dynamic dipole moment, from whose Fourier
transform (FT) optical properties are calculated in a usual technique. The spectral resolution
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depends on the length of the dipole moment. To obtain the good resolution, the computational
cost is quite expensive. [1]

To solve this difficulty, we apply Maximum entropy method (MEM) to the spectral analysis
of time-dependent dipole moments of molecules. [1,2] As our new improved MEM, we proposed
to use the concatenated data set made from several-times repeated raw data together with the
phase to avoid the side effect of the artificial periodicity. With this improvement, we have
successively obtained the much better spectral resolution of the target peak. In the analysis of
optical properties, we are interested in the lower energy peak, corresponding to the band gap
area. Basically, to obtain the high resolution of spectrum, MEM requires less numbers of time
steps compared to that of FT, and it is widely used for the analysis of the natural phenomenon
of the long period such as seismic waves and solar cycles, obtaining a fairly good resolution
and accuracy even with a short time series data. Thus, this improvement will make a further
advantage of MEM.[3]

We applied this technique to the spectral analysis of the TDDFT dipole moment of typical
some molecules such as oligo-fluorene, benzene and other materials. The results show the higher
resolution and the emphasized peak near the band gap without being affected by the artificial
periodicity. The characteristic features of this technique will be presented including the further
possibilities of improvements.
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Uccnemyercss moBejieHne BceX PeENIEHUN JIOTHCTUYECKOTO YpaBHEHHUS C 3alla3JbIBaHueM U
b dysueit B J0CTATOUHO MAJIONH OKPECTHOCTH MOJIOZKUTEIBHOIO COCTOAHMSA paBHOBecus. [1pe/i-
oJIaraeTcs, 9To Jjist Ko3(hUIMEeHTOB 3aa"i BBIITOJTHEHbI yCI0BAs OudypKarmn AHIpoHOBaA-
Xonda. Pacemorpenbl Masibie BO3MYIIEHNsT BeeX KO(DDUIMEHTOB, BKJIOYas KOdMMUIHEHT 3a-
a3/ bIBaHUS 1 KOI(DDUIIMEHTH TPAaHUYHBIX YCI0BUi. V3y4deHnbl cuTyanyu, Korjia ST BO3MYIIE-
HUS 3aBUCIAT OT ITPOCTPAHCTBEHHOI IMEPEMEHHON M KOTJIa SBJISIOTCS MEPUOIMIECKIMU 110 Bpe-
Menn (pyHKIuAMU. B KadecTBe OCHOBHBIX PE3YJILTATOB ITOCTPOEHBI ypaBHEHUA Ha MEHTPAILHOM
MHOroobpasuu. Vx HejoKajgbHas JUHAMUKA OIPEJIe/IgeT TOBEeJIeHNE BCEX PEIeHUil MCXOTHOM
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KpaeBoil 33/1a4n B JIOCTATOYHO MaJIOii OKPECTHOCTH COCTOsIHMSI PABHOBECHUsI. YCTAHOBJIEHA BO3-
MOKHOCTB YIIPaBJIEHUs JTUHAMUKON UCXOTHOM 3a/1a91 C IIOMOIIBIO U3MEeHEeHn (ha30BOro CJIBUTa
B BoaMymaroreil cuse. [logydennbl qucaeHble 1 aHATUTUIECKHE PEe3YIbTAThl O JTMHAMUIECKIX
0CODEHHOCTSX IPH JIBYXYIaCTOTHBIX BOBMYIIECHUSX € 9acTOTaMU, OJIU3KUMU K YJIBOCHHON 9acTo-
Te cOOCTBEHHBIX KoJsiebanuil. [IpuBeienbl acuMmirorudeckue (hopMysIbl JIjIst PEINTeHU HCXOTHO
KpaeBoil 3ajia4u.
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The behavior of all the solutions of the logistic equation with delay and diffusion in a
sufficiently small positive neighborhood of the equilibrium state is studied. It is assumed that
the Andronov-Hopf bifurcation conditions are met for the coefficients of the problem. Small
perturbations of all coefficients are considered, including the delay coefficient and the coefficients
of the boundary conditions. The conditions are studied when these perturbations depend on the
spatial variable and when they are time-periodic functions. Equations on the central manifold
are constructed as the main results. Their nonlocal dynamics determines the behavior of all
the solutions of the original boundary value problem in a sufficiently small neighborhood of the
equilibrium state. The ability to control the dynamics of the original problem using the phase
change in the perturbing force is set. The numerical and analytical results on the dynamic
features for two-frequency perturbations with close to the doubled frequencies of the natural
oscillations are obtained. The asymptotic formulas for the solutions of the original boundary
value problem are given.
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[Ipobiiema cBOEBPEMEHHOTO TIPEIYIIPEKIeHUsT 00 OIMACHOCTH IyHAMU OJIMKHEH 30HbI TIOCTIe
CUJILHOT'O 3€MJIETPACEHUS JIO CUX IIOp He pellleHa, IIPU TOM, YTO KOJMYECTBO ITyOJIMKaIuii Ha
9Ty TeMy JOBOJIBHO 3HAYUTETHHO, CM., HampuMep, [1]. s mobepexbs Anornn BoHA IyHAME
II0CJIe MOPCKOT'O CEfICMUYIECKOT0O COOBITHS JIOXOJUT 10 OstrKaiimeii 3emsu 3a 20 muayT. Hagex-
Has OIleHKa OIIACHOCTHU BOJIH I[yHAMHM JIOJIZKHA OCHOBBIBATHCS HA IMPABUJIBHOM MO/JIEJIUPOBAHUN
IIPOTIECCOB: M'eHepaIuN, PACIPOCTPAHEHNS BOJH U UX 3aTOILIEHUS Ha CYIILY.

ABTOpBI peaim30BaJi MOJIX0/ BJIOYKEHHBIX CETOK JIJIsi OBICTPOrO pacdeTa PaCIpOCTPAHEHUS
BOJIH I[YHAMH IIyTE€M YUCJIEHHOT'O PEIIeHUs CUCTEMbl ypaBHEHUI MeJIKO# Bojbl. Vcnosb3yercs
anmnapaTHblii yckopurespb Ha 6aze [LJIVC [2,3] B cocrase TTK. HucseHHbIH 9KCIEPUMEHT OCHO-
BaH Ha peaJIbHOU IU@POBOIl HATUMETPUHN Y CEBEPO-BOCTOYHOIO MOOEPEXKbs AMOHCKOTO OCTPOBA
Xomucwo. Bes pacdernas obs1acth oxBaThiBaeT reorpaduieckyio obsacts or 140,00° mo 147,46°
B.J1. 1 oT 34,02° o 41,97° ceBepmoil mupoTsl. V3menenue mara ceTku coctaByageT oT 276 M 10
Bcero 17 m. Mcnosb3oBana peannctudHas (popMa HaUaIbHOTO CMeIeH!sT MOPCKOI ITOBEPXHOCTH
B odare I[yHaMM.

HucsieHHbIE SKCIIEPUMEHTBI TPOBOJIUIIUCH B TPEX BBIYUCIUTELHBIX obaacTax: Bl (mapamer-
pbl objtacTu ykasaHbl Bbiie), B2 — Bioxkena B Bl u B3 — Bioxena B B2. [{ng guciaennoro
MOJIEJTMPOBAHUS UCIIOJIb3YETCs Bepcusi (M3 JIMTepaTypbl) UCTOYHKMKA IyHAME Jijis coObIThs 11
mapta 2011 roga. Mcnons3ys npenmyinecTBa ammapaTHoro yckopuress wa Oase [IJIUC, Obr-
JIT JIOCTUTHYTBI CJIEJIYIONIAE PE3Y/IBTATHI 110 IIPOU3BOIUTETLHOCTH. TUCIEHHOE MOJICTUPOBAHIE
6000 Bpemennbix maros (2160 cekyH;1) pacpocTpatenus iyHamu jijis obsiactu Bl uz 3000x3200
y3708B 3anumaer 36 cekyny obpaborku. B nomobiaacru B2 (2601x4000 ysi0s) Te ke 6000 Bpe-
MeHHBIX maros (2160 cekyHJ) pacnpoCTpaHEHUsT BOJIHBI 3aHUMAOT 39 CEKyH/I BpeMeHUu 0Opa-
6orku. A i MoJeiMpoBaHus Ha 3ak/rounTesibHoM drare ¢ 12000 Bpemenubix maros (2160
CEKYH/I) pacipocTpaHeHus IyyHamu B mojzose B3 pasmepom 2098x2152 y3m0B Tpebyercst 34 ce-
KyH/IbI BpeMeHu oopaboTku. Takum oOpasoM, Jlaxke MpH MOCIETOBATETHLHOM BBIYUCIEHUN STHX
TPEX ITAIOB IOJIyYeHUe OIEHOK BBICOTHI BOJIHBI BJIOJIb BCEI'O PACCMATPUBAEMOTO MOOEPEKbs
3aHUMaeT MeHee 2 MUHYT.

JINTEPATYPA

1. H. Tsushima and Y. Yusaku, Review on Near-Field Tsunami Forecasting from Offshore
Tsunami Data and Onshore GNSS Data for Tsunami Early Warning, J. Disaster Res., vol.
9(3), pp-339-357, 2014.

2. M. Lavrentiev, A. Romanenko, K. Oblaukhov, An. Marchuk, K. Lysakov, M. Shadrin, FPGA
Based Solution for Fast Tsunami Wave Propagation Modeling, in Proc. 27th International
Ocean and Polar Engineering Conference, 25-30 June, San Francisco, California, 924-929,
2017.



[LnenapHbIe JTOKJIAIHI 47

3. M. Lavrentiev, K. Lysakov, An. Marchuk, K. Oblaukhov, M. Shadrin Hardware Acceleration
of Tsunami Wave Propagation Modeling in the Southern Part of Japan, Appl. Sci. 2020,
10(12), 4159

NEW PC FACILITIES FOR MODELLING BY SOLVING SHALLOW WATER
SYSTEM FOR TSUNAMI PROBLEM

Lavrentiev M. M. ¢, Marchuk An. G. 1?
U Institute of Automation and Electrometry of the Siberian Branch of the Russian Academy
of Sciences, Novosibirsk, Russian Federation

¢ mmlavrentiev@gmail.com, ® mag@omzg.sscc.ru

Keywords: calculation of tsunami wave, hardware accelerator, nested grid.

The problem of timely warning about the danger of nearfield tsunami after the strong
offshore earthquake is still unresolved, even if the number of publications is substantional, see,
for example, [1]. For the coast of Japan it takes nearly 20 minutes for tsunami wave to approach
the nearest dry land after offshore seismic event. Robust evaluation of tsunami wave danger
should be based on correct process simulation: wave generation, propagation, and inundation
to a dry land.

The authors have implemented the nested grids approach for fast calculation of tsunami
wave propagation by solving numerically the shallow water system. FPGA based hardware
accelerator [2,3] is used to achieve acceptable (high enough) performance at regular modern
PC. Numerical experiment is based on the real digital bathymetry around the northeastern
coast of the Japanese Honshu Island. The entire computational domain, covers geographic area
from 140.00° to 147.46° E and from 34.02° up to 41.97° N. Mesh step variation is from 276 m to
just 17 m. Realistic shape of the initial sea surface displacement at tsunami source was used.

Numerical experiments were done in three computational domains, B1 (described above),
B2 -embedded into B1, and B3 — embedded into B2. A version (from literature) of tsunami
source for March 11, 2011 event is used for numerical simulations.

Using the advantages of the FPGA based hardware accelerator, the following performance
results have been achieved. Numerical modeling of 6000 time steps (2160 sec) of tsunami
propagation for the 3000x3200 nodes area Bl takes 36 sec of processing time. In the B2
subarea (2601x4000 nodes) the same 6000 time steps (2160 sec) of wave propagation takes 39
sec of processing time. And modeling on the final stage with 12000 time steps (2160 sec) of
tsunami propagation in 2098x2152 nodes subarea B3 requires 34 sec of processing time. So,
even on the course of sequential computation of these 3 stages it takes less than 2 minutes to
obtain wave height estimates along the entire coast under consideration.
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O TPYVJIAX ITA®HYTUSA YEBHIIIIEBA
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Hayuoraavrold uenmp nayunnr uccaedosaruti Ppanvyuu, Yrnusepcumem Cmpacbypea,
Cmpacobype, Pparuus

B nokitagie Oyzer npejcrasien psaj pabor [laduyrusa Yedbimésa B 0bracTi YMCTOM U IPU-
KJIaaHoil MaremaTukn. IlokasaHo, 4To OHHM MPOJOJKAIOT KcciaenoBanns Jleonapma Ditaepa.
Ocoboe BHUMaHUE yjIe/sgeTcs TpydaM Jdijiepa u HeObIEBa B 00J1aCTH MaTEMATUIECKON KapTo-

rpacdun.

ON THE WORK OF PAFNUTY CHEBYSHEV

Papadopoulos A.
Unwversity of Strasbourg, The French National Centre for Scientific Research, Strasbouryg,
France

In this talk, I will present some works of Pafnuty Chebyshev in pure and applied mathemat-
ics, presenting them in the continuity of works of Leonhard Euler. I will concentrate especially
on the works of Euler and Chebyshev on mathematical cartography.

KOMIIBIOTEPHOE MOAEJINPOBAHUWE NH/ITYCTPNUAJIBHBIX
ITPOIIECCOB B APKTUKE

IlerpoB U. B.

Mocxosckuti pusuro-mexrnuveckud uncmumym, Mockea

B Apkrudeckoit 30He CKOHIIEHTPUPOBaHA OOJIBIIAST TaCTh 3a/1€Keil YI/IeBOJI0PO/IOB CTPAHBI.
B nmacrosiiee BpeMsi B 9TOM peruone oTkpbITo 594 Mectopoxjaenus nedTu, 159 raza. Hagaib-
HO M3BJIEKaeMble pecypchl ApKTudeckoil 30HbI Poccum oneHuBaiorcst B 258 MJIpPI T YCJIOBHOIO
ToIIMBAa, 4To cocrasiser 60% yrieBoJopoIHbIX pecypcoB cTpanbl. HepaspeqanHblii MOTeHIIA
ApKTu4eckoil 30HBI, 110 OLEHKaM, cocrapjsger upubausurenbuo 90% wna mennde, B upemenax
200-musbHO# 30HBI, U 53% Ha cyme. Havanbno usBiiekaeMble paspejannble 3amnachl HedTH B
Poccuiickoii 30re APpKTHKE COCTABIISAIOT, TpUOM3uTesbHO, 7,8 Mapa T (500 muH T Ha mebde),
raza 65 muapz T (10 Maps T Ha mesbde). PaboTel, cBA3aHHbIE ¢ OCBOCHUEM MTeThha APKTUIECKIX
MOpeil CTaBsT IMMUPOKUI KPYT MPOoOIeM, KOTOPbIe MOTYT ObITh PeIIeHbl MeTOIaMi KOMIIBIOTEPHO-
MaTeMaTHICCKOI0 MOJACIUPOBAHUsI, 0€3 IPUBJICUCHUsT JOPOrOCTOSIINX HATYPHBIX HCITBITAHUIA.

MokHO BBIIEUTH CAEAYIOMNI KPYr aKTYaJ bHBIX 3aJad OCBOEHUS apKTUIEeCKON 30-
Hbl Poccun, KOTOpble MOTYT OBITH UHCIEHHO PEIIeHbI C MTOMOIIBI0 aJeKBATHBIX MEXaHWKO-
MaTeMaTHIECKUX MOJIe/Iell, COBPEMEHHBIX YHCIEHHBIX METOJOB M BBICOKOIPOM3BOIUTETbHBIX
MHOT'OITPOIIECCOPHBIX BBIYUCIUTEIBHBIX CUCTEM:

- IpsAMbIe 1 OOpaTHBIE 3a0a4i CceficMOpPa3Be KN,
3ajaqn Murparmn (apeiida) KpymHbIX JIeT0BbIX 06pa30BaHuUil;
3aJ1a91 OE30TaCHOCTH U 3aTOPAINBAHUS JIEIOCTONKNAX TLIAT(OPM;
pacdeT Ha MPOYHOCTH HeTEra3o-IpoBoJIOB, HA3EMHBIX U ITOJJIOHHBIX;
- IpobJIeMbl 6€30IIACHOTO IIJIaBaHUs CYI0B JIEJOBOTO KJIacca;
[oca/IKa caMoJjieTa Ha IJIaBAOILYIO JIbIUHY;pacUeT JIEJOBBIX adpPOJIPOMOB;
pacder Ha IIPOYHOCTD JIEJOBBIX TPAHCIIOPTHBIX ITyTeil;
BOBJIEHCTBIS TEXHUIECKUX U CECMUIECKNX HAI'PY30K Ha IIeIb(MOBbIE COOPY KEHUs B ApK-
THUKE;

- KJIUMaTHIeCcKue 3a/a491d U Ipo0/IeMbl JIMHAMUKE JIeJJ0BOI 0OCTAHOBKHU;
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- 33/1a9M reOMEeXaHUKN 1 Oe30IacHOCTH OyPOBBIX padoT;

- pacder IoJid TeMIIepaTyp U HalpsiKeHHUI B JIeJOBBIX 00pa30BaHUIX;

- 3aJ1a491 0E30TIACHOCTH TOJIAPHBIX UCCIIEI0BATENEH.

Onpeie/iomuMu ypaBHEHUSME, ONUCHIBAIOIIMEI PACCMATPUBAEMBIE MTPOIECCHI, ABIAIOTCS
yPaBHEHUSI MEXaHUKU CILJIONTHBIX CPeJl, B YACTHOCTU, CUCTEMBI YPABHEHUHN B YACTHBIX ITPOU3BO/I-
HBIX MEeXaHUKH Jie(hOPMUPYEMOrO TBEPJIOrO Teja, aKyCTUKU, adPOIUHAMUKN, TUIPOJIMHAMUK,
a TaKXKe cucremMa ypaBHeHI/IIU/I MaKCBeﬂﬂa. OCHOBHbIMI/I YUCJICHHBIMHX METO/aMHN pPeIleHud I10-
CTaBJICHHBIX 3aJa4 ABJIAOTCA METOAbl, YIUTbHIBAIOIIUE XapPaKTEPUCTUICCKUE CBOIICTBaA CHUCTEM
ypaBHEHUl rUepOOJINICCKOr0 TUIIA, PA3PBIBHBIA MeTO/] ['ajlepKuHa, METO/] KOHEIHBIX 3JIEMEH-
TOB.

SIMULATION OF INDUSTRIAL PROCESSES IN THE ARCTIC

Petrov 1. B.
Moscow Institute of Physics and Technology, Moscow

Most of the Russian hydrocarbon deposits are in the Arctic. As of today, 595 oil deposits
and 159 gas deposits are discovered there. The initial estimation of the recoverable reserves in
the Russian Arctic id 258 bln. t. of standard fuel. It is 60% of the total national hydrocarbon
reserves. The unexplored reserves in the Arctic are estimated at 90% for the offshore shelf
area (within the 200-mile EEZ), and 53% onshore. The explored recoverable oil reserves in the
Russian Arctic area about 7.8 bln. t. (500 bln. t. offshore); the gas reserves are 65 bln. t.
(10 bln. t. offshore.) The Arctic offshore development is associated with an extensive range of
problems that can be solved with simulation, without costly physical testing.

The following problems relevant for the Russian Arctic development projects can be solved
numerically by using appropriate mech&math models, advanced numerical methods, and high-
performance, multi-core computing systems:

- direct and inverse seismic exploration problems
migration (drift) of large ice formations
ice-resistant platform safety and ice hummocking
onshore and buried offshore 0il&gas pipeline structural analysis
safe navigation for ice-class vessels
aircraft landings on floes; ice airfield structural analysis
ice route structural analysis

- artificial and seismic impacts on the Arctic offshore structures

- climate research, the evolution of ice conditions

- geomechanics, the safety of drilling operations

- ice formation temperature/stress field analysis

- polar researchers safety.

The key equations that represent the above processes are the continuum mechanics equa-
tions, particularly, partial differential systems for deformable solid mechanics, acoustics, air
dynamics, hydrodynamics, and the Maxwell equations. The principal numerical methods for
these problems should consider characteristic properties of the hyperbolic type equations sys-
tems, such as the discontinuous Galerkin method, and the finite element method.
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BbIYNCJINTEJIBHOE MOJAE/JINPOBAHWUE MHOI'OMACIHITABHBIX
SAJAY I'OPEHNA: ITPOBJIEMbBI 11 PEIITEHN 1

CwmupnoB H. H.
Mocxoscxuii 2ocydapemeennviti ynusepcumem umenyu M. B. Jlomonocosa, Mocksa,
Poccutickan Dedepavusn
Dedepanrvrviti Hayunvil yernmp Hayuno-uccaedosamervekuts uncmumym cucmemmola
uceaedosanuti Poccutickoti axademuu nayx, 2. Mocksa, Poccutickan Pedepavus

Karouesvie ca06a: BBIYUCTIUTETBHOE MOJIEIUPOBAHNE, TOPEHUE, MHOTO(a3HbIE CPEJIbI, HEPO-
CETH.

Pazpaborka aJropuTMutdecKoii KOMIOHOBKHA U IPOTPAMM I pacdera MHOIOMACIITAOHBIX
IIPOIIECCOB TOPEHUS ABJISIETCS aKTyaJbHOM MEXKINCIUILITNHAPHON TeMOil hyHIaMEeHTAJIbHbIX UC-
CJIeJIOBAHUI, KOTOpas 00beIrHSIeT METOIbl HH(MOPMAIMOHHBIX TEXHOJIOIUH, MEeXaHUKNA MHOTO-
KOMIIOHEHTHBIX CILIOIIHBIX CPEJI, XUMUN M MaTeMaTHIECKOr0 MOJEJTHPOBAHUS. 3ajada paspa-
OOTKH aJIrOPUTMHUIECKON KOMIIOHOBKHU M IIOI0OPa IIPOrpaMM JJIsi pacdera MHOIMOMACIITaAOHBIX
IIPOIIECCOB M IOPEHUsT HAOUPAET aKTyaJbHOCTb € KayKJIbIM TOJOM B CBA3U ¢ MHTEHCUBHBIM pa3-
BUTHEM KaK BBIYUCJUTEILHBIX METOJOB U MOJIesiell, TaK M C YBeJUIEeHUEeM COBPEMEHHBIX BO3-
MOXKHOCTEH CYIepKOMITBIOTEPHBIX BBIUUCIEHUIA.

[IpakTuyeckass TPpUMEHHMOCTb pa3padaTbIBA€MbIX BBIUNC/IUTEIbHBIX MOJEIeil 1 MeTOI0B
OXBaTBIBAET IIPOOJIEMbI SHEPreTUKH, JIBUTATEICCTPOEHNSI, B3PBIBO-TI0;KAPOOE30IIaCHOCTH, a TaK-
JKe MHTeHCUPUKAIIUN JTOOBIYN IT0JIE3HBIX MCKOIIAEMbIX C IPUMEHEHHEM MeTOI0B TePMOXUMUIIe-
CKOT'O BO3AENCTBUS Ha ILJIACT.

OcHOBHBIMU TTPOOJIEMAME, BOSHUKAIOMIUME B IIPOIIECCE MOJICIUPOBAHMSI, SIBJISIIOTCS: a) MHO-
rOMAacIITabHOCTh, HE IMO3BOJISIONIAA IIPOBOIUTH MOIAEINPOBAHUE BCEX 3aJIeiCTBOBAHHBIX IIPO-
IeCCOB Ha €JMHBIX JlaXKe MACIITabUPYyeMbIX ceTKaX; 0) KeCTKOCTh W GOJIbINas pa3sMepHOCTb
cucTeMbl uddepeHImaIbHbIX YPABHEHU /s ONUCaHUsT XUMUYIECKO KUHETUKHU, PEIeHne KO-
Topoit MoxKeT 3aHnMaTh 80% MPOIECCOPHOIO BPEMEHH.

BosmoxkHoCTh pernrenns mpob/ieM B 9aCTH MHOTOMACIITAOHOCTH BUIUTCS B IPUMEHEHUU
ITO/IX0/I0B MHOTOYPOBHEBOI'O MOJIEINPOBAaHNUsA, IIPH KOTOPOM JeTaJbHOE pelleHne 3a1adu 60jee
MEJIKOI'O MacIiTaba odpabaTbiBaeTCss 1 BHOCUTCs B KavdeCTBe dJIEMEeHTa MOJIeJ I 0ojiee KPYITHOI'O
mactrraba. [Ijs permerust mpob/ieMbl COKpaIeHnsT BpeMeHN MHTEIPUPOBAHNS YPaBHEHUT MHOTO-
CTAIUHHON XUMUIECKON KHHETUKU aKTYyaJbHBIM TPEH/IOM ABJISICTCS IPUMEHEHNE HeHPOCETEBhIX
IIOJIXOJIOB U METOJIOB B paMKax pa3padaThIBAEMbIX BBIUUCIUTEIbHBIX MOJEIeH. DTOT IMOIXO
B HACTOSIIEE BPeMsl Pa3BUBAETCH KOJJIEKTUBOM OTJIE/I8 BBITUCIUTE/IBHBIX CHCTEM COBMECTHO C
kosutekTuBoM [lenTpa onruko-unetiportabrx Texuosoruit PIY OHIT HUNCU PAH.

COMPUTATIONAL MODELING OF MULTISCALE COMBUSTION
PROCESSES: PROBLEMS AND SOLUTIONS

Smirnov N. N.

Lomonosov Moscow State University, Moscow, Russian Federation
Scientific Research Institute for System Analysis of the Russian Academy of Sciences,
Moscow, Russian Federation

Keywords: computational modeling, combustion, multiphase media, neural networks.

The development of algorithmic layout and programs for calculating multiscale combustion
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processes is an acute interdisciplinary topic of fundamental research that combines the methods
of information technology, mechanics of multicomponent continua, combustion chemistry and
mathematical modeling. The task of developing algorithmic layout and selection of programs
for calculating multiscale processes and combustion is gaining relevance every year due to the
intensive development of both computational methods and models, and with the increase in
modern supercomputing capabilities.

The practical applicability of the developed computational models and methods covers the
problems of energy, engine building, explosion and fire safety, as well as the intensification of
mining with the use of methods of thermochemical impact on the reservoir.

The main problems that arise in the modeling process are: a) multiscale problem character,
which does not allow modeling all the processes involved on the same grid, even being a scal-
able one; b) rigidity and large dimension of the system of differential equations for describing
chemical kinetics, the solution of which can take 80% of the processor time.

The possibility of solving problems in terms of multi-scale simulation is seen in the application
of multi-level modeling approaches, in which a detailed solution to a problem of a smaller scale
is processed and introduced as an element of a larger-scale model. To solve the problem of
reducing the integration time of equations of multi-stage chemical kinetics, the current trend
is the use of neural network approaches and methods in the framework of developed computa-
tional models. This approach is currently being developed by the staff of the Department of
Computing Systems together with the staff of the Center for Optical-Neural Technologies of
the Federal Science Center “Scientific Research Institute for System Analysis of the Russian
Academy of Sciences”.

NN — XAWII, TEXHOJIOTUYECKA IIJIAT®OPMA, HOBASI
9KOHOMUKA?

Crapkos C. O.
Obnunckuts uncmumym amomnot anepeemury, Obrnunck, Poccus

Al - HYPE, TECHNOLOGICAL PLATFORM, NEW ECONOMY?

Starkov S. O.
Obninsk Institute of Atomic Energy, Obninsk, Russia

HEKOTOPBIE OCOBEHHOCTU IIPUMEHEHUNA PASPBIBHOI'O METO/A
TAJIEPKNHA J1JIs1 PEIIIEHUSA 3AJAY TA30BOM JMHAMUKNI

Tummkua B. @.
Hnemumym npukiadnot mamemamuru um. M. B. Keadvwa Poccutickoti axademuu nayx,
2. Mockea, Poccutickas Pedeparus

g perieHus MMUPOKOTO KJacca MPUKJIAIHBIX 3aJ1a9 ra30BON JUHAMUKNA HEOOXOIUMO HC-
MOJIb30BATh YHMCJIEHHBIE METO/bI BBICOKOW TOYHOCTU. K TakMM MeTOojdaM OTHOCUTCS Pa3pbIB-
ubiit Meto [anepkuna. Ero ocobeHHOCTBIO ABJISIETCS KOMIIAKTHOCTD IIPOCTPAHCTBEHHOTO I1a0-
JIOHA U TPU ITOM, CIOCOOHOCTH OOECIIEYUUTh 3aIAHHBIN MTOPSJIOK TOYHOCTH HA MHOTOMEPHBIX
HECTPYKTYPUPOBAHHBIX CETKAX € IMPOM3BOIBLHON (POPMOIl d1U€eK, YTO OCOOEHHO aKTyaJbHO JIJId
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pellleHns CJI0YKHBIX pa3HoMacmTabHbIX 3ajad. OJIHAKO, IIPU PENIeHUN JAHHBIM METOJOM MO-
I'yT BO3HUKHYTH HEKOTODPBIE CJIOXKHOCTH peaju3amyu. 1ak, jjig obecredeHnsi MOHOTOHHOCTH
peIeHusi, TOJIYIeHHOIO pa3pPbIBHBIM MeTOI0M [ajepkuHa, HeOOXOIUMO BBOJUTH TaK Ha3bIBa-
eMble OI'DAHUYNTENM HAKJIOHA, WIA JIUMHTEPBI, B OCOOEHHOCTH B TOM CJIydae, €CJU pelleHne
COJIEP2KUT CUJIbHBIE PA3pbIBbl. B HacTosiIee BpeMsi HamOoJiee HAJIEXKHBIM B UCIOJIH30BAHUN,
spiisiercst jiuvurep KokOypra, pazpaboTaHHbIil it TeTpasipaabHbIX ceToK. Ves maHHOrO
JuMuTepa 0600ITeHa U peajin30BaHa B MHOTOMEPHOM CJIydae Ha CeTKaxX C Pa3IMIHBbIM THIIOM
staeek [1]. Kpome Toro, nmpu 4mcieHHOM MOJIETMPOBAHUN CBEPX3BYKOBOTO OOTEKAHUs TBEP/IBIX
TeJI, yJapHbIE BOJIHBI, KOTOPbIe (POPMUPYIOTCH B CBEPX3BYKOBBIX MOTOKAX, CO3/IAI0T HEKOTOPHIE
BBIYUC/IUTE/ILHBIE TPOOJIEMbI, TAKIE KaK, CHUZKEHUE ITOPSJIKA TOYHOCTH, ITPOOJIEMbBI CXO/IUMOCTH,
BO3HUKHOBeHUE HeycToiunBocTeit. OMHOl n3 Takux Hanbosiee n3yIeHHbIX HEYCTOWIUBOCTEH sB-
JIIeTCsl BOSHUKHOBEHUE «KapOyHKYJIa», KOTOpas BJudeT Ha MPOodUIb (ppoHTa YIAPHOI BOJTHBI
u j1ebOpMUpyeT ero. Jra HEYCTONINBOCTD, MOYKET PE3KO MOBJINAThH Ha IUCICHHOE MOJIeIMPOBa-
HUE TOJIOBHOI y/IapHOI BOJTHBI TIEpeT HOCOBOI YaCThIO JIeTaTe/IbHOro anmnapara. Kak n3BecTHO,
HA BOBHUKHOBEHUE HEYCTONIMBOCTU «KapOYHKYJIa» BJIUAIOT UCIOIb3yeMble YHCIEHHbIE TTOTOKU.
Haubostee 1mo/iBepkeHbl BOSHUKHOBEHUIO 9TON HEYCTOWYMBOCTH MOTOKH, O0JIQJIAIONIe HUBKOM
JIUCCHUTIAIIAEH, a MCIOJIb30BAHUE BBICOKO JIMCCUIIATUBHBIX MOTOKOB ITO3BOJISIIOT M30€KaTh BO3-
HUKHOBeHUs KapOyHKy/aa. C nIpyroit CTOPOHBI, BBICOKAs JUCCHUIIAINS TPUBOJUT K TMOHUKEHUIO
TOYHOCTHU pacdeTHON cxeMbl. OHIM U3 CIIOCOOOB PEITICHUs JTAHHOM TPOOJIEMbI ABIACTCS CO3/1a-
HUe TUOPUJIHBIX YUCTEHHBIX MOTOKOB. [IpeiaraeTcs HOBBI THOPUIHBII YNCTIEHHBII TTOTOK JIJ1s1
BBIYUC/IEHUS TIOTOKOB DiljiepoBoil yactu cucrembl ypaBuenuii Hasbe-Crokca, KOTOPBI 1O3BO-
JigeT n30eKaTh BO3HUKHOBEHUS HEYCTOMYNBOCTH U COXPAHSIET BBHICOKYIO TOYHOCTH Ha YJIaPHBIX
BOJTHAX U TIOTPAHUYHBIX cJ10sX [2]. JlaHHBIN OTOK, TpeicTaBisger coboil KOMOMHAIIMIO TUC/IEH-
Horo notoka l'ojiyHoBa u uncjiennoro noroka Pycanosa-J/lakca-Dpujipuxca.

JINTEPATVYPA

1. Kpacumo M. M., Jlamonknna M.E., Tumkun B.®., Peamuzamus pa3pbiBHOTO MeToa [ 'amép-
kuHa B mporpammuoM Komiiekce DGM // Tlpenpunter UIIM um. M.B.Kempimma. 2018.
Ne 245. 31 c. doi:10.20948 /prepr-2018-245

2. Jlamonkuna M.E., Hexmomosa O.A., Tumkwa B.®., ['uOpugHbiit 9uc/ieHHBIA TOTOK JIJIst
pelleHns 3a/1a9 CBEPX3BYKOBOIO 00TEKaHMsT TBep/IbIX Tea // Marem. momenmposanue, 2021,

v.33:5.

SOME FEATURES OF THE APPLICATION OF THE DISCONTINUOUS
GALERKIN METHOD FOR SOLVING GAS DYNAMIC PROBLEMS

Tishkin V. F.
Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, Moscow,
Russian Federation

A wide class of gas dynamic problems requires the usage of high-precision numerical meth-
ods. The discontinuous Galerkin method is one of them. Its features are the compactness of
the spatial template and, at the same time, the ability to provide a given order of accuracy on
multidimensional unstructured grids with an arbitrary cell shape, which is especially important
for solving complex multi-scale problems. However some difficulties may arise with the imple-
mentation of this method. Thus, to ensure the monotonicity of the solution obtained by the
discontinuous Galerkin method, it is necessary to introduce the so-called slope limiters, espe-
cially if the solution contains strong discontinuities. Today the most reliable is the Cockburn
limiter designed for tetrahedral grids. The idea of this limiter is generalized and implemented in
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the multidimensional case on grids with different types of cells [1]. Moreover, in the numerical
simulation of supersonic flow around solid objects, shock waves that are formed in supersonic
fluxes create some computational problems, such as a decrease in the order of accuracy, con-
vergence problems, and the occurrence of instabilities. One of these most studied instabilities
is the appearance of a ”carbuncle”, which affects the profile of the shock front and deforms it.
This instability can dramatically affect the numerical simulation of the shock wave in front of
the nose of the aircraft. As is known, the choice of numerical fluxes affects the occurrence of
the carbuncle instability. The most susceptible to the occurrence of this instability are fluxes
with low dissipation, on the other hand the use of highly dissipative fluxes makes it possible
to avoid the occurrence of a carbuncle. Unfortunately, the high dissipation leads to a decrease
of accuracy of the computational method. One of the ways to solve this problem is to create
hybrid numerical flows. A new hybrid numerical flow is proposed for calculating the fluxes
of the Euler part of the system of Navier-Stokes equations, which avoids the occurrence of
instability and maintains high accuracy on shock waves and boundary layers [2]. This flux is a
combination of Godunov’s numerical flow and Rusanov-Lax-Friedrichs numerical flow.

REFERENCES
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NCCJIEJOBAHNIA I1. JI. YEBBIIIIEBA 110 TEOPUN YHNCEJI, X
JAJIBHEMIIIEE PASBUTUE U ITPUJIOXKEHU A

Yyb6apukos B. H. ¢, ITonos O. B. ¢
U Mocxkoscruti 2ocydapcmeentividi ynusepcumem umenu M. B. Jlomonocosa, Mexanuwo-
mamemamuyeckuti parxysomem, 2.Mockesa, Poccutickas Pedepavus
¢ chubarik2020@mail.Tu, ° ovlpopov@mail.ru

Knouesvie caosa: teopus wmces, I11.J1.YHebprmés(1821-1894), mnpoctele dquncia, I3eTa-
dbyukiua Pumana, moctyiar Beprpana-YebObiméBa, MeTo) TPUTOHOMETPUYECKUX CYyMM
N.M.Bunorpajiosa, «Teopus cpaBuenuii», TeCT MIpOBEPKHU YUC/Ia Ha IPOCTOTY, UPPETYIIPHOCTD
B pACIIPe/IeJIEHUN TTPOCTHIX YHCeJ B apUMMETHIECKUX TPOrPECCUAX, HANOOJIBINNN TPOCTOM Jie-
JINTEJIb TTOCJIE/IOBATETLHBIX 3HAYEHUN HENPUBOIUMON KBaIPATUIHON (hOopMbI, 0600IIeHe Dii-
JIEPOBCKOT'O IIPOU3BE/ICHNUST, IPUHITUATT eObIEBA 00PAIEHUST YUCTOBBIX PAJIOB, JTUHEHBIE TTPH-
OJIMKEHUS UPPAIMOHAIbHBIX Ynce)1, MHOro4IeHbl Yebbimena-J/lareppa.

«IlepBolil, KTO TOIIEN BEPHBIM IIyTEM B BOIIPOCE O MPOCTBIX YMUCJIAX U JIOCTUT Ba’KHBIX Pe-
3ysbraroB, ObL1 Yebbrmény (D./lanmay, 1909). [Ipu BermecTBeHHBIX S, TPEBBIMNAIONINX €JMHUILY,
Yeobimés (1849) nyist usyuenust GyHKIUE «IUCIIO IPOCTHIX YUCEJI, HE MPEBOCXOJSINNX 3a,/1aH-
HOIl T'PAHUIIBI», UCIOJIB3YET UHTErPAJIbHOE IPejCcTaB/ieHne raMMa-pyHKIUT Diljepa U ji3era-
dyukiun Pumana, Bbijie/ds mooc s=1 u aBHO paboTasd ¢ ee JlorapudMUIecKoil TpOU3BOTHOIM.
Yepes 8 srer b.Puman ncceioBast 3Tu mHTErpabHbIE TPEICTaBIEHNs] B KOMIIJIEKCHO IIJIOCKO-
cTu, HareJ QPyHKINOHAIbHOE yDAaBHEHNE M aHAJTUTUYECKOe MPOJIOJIKeHne ji3eTa-OyHKINE Ha
BCIO KOMILJIEKCHYIO TIJIOCKOCTb.
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B cremnyromem memyape «O npoctsix unciax» (1852) YebbIéB Halle T OCTPOYMHBI IipueM
OIleHKM (DYHKITNU, TOJIyIuBIIeil Ha3BaHne (GyHKIUN UeOnIéBa, JT0Ka3bIBasl, ITO MEXK/IY N ¥ 2N-
2 1pu N>2 HAXOJUTCA XOTs OJIHO IpocToe uucyiao. B 1895 r. Manoabar gat «saBHYIO (hopMyJTy»
i yuknun Yebpimésa depes Hysm jg3era-dyakiun Puvana. B 1896 r. Agamap n Baisure-
[Iyccen mokazam acUMITOTUYECKHIT 3aKOH PacCIpeiesIeHrsT MPOCTHIX YUCe B HATYpPaJTbHOM
PSITY IUCeT.

Vake 3TH JiBe pabOTHI MOCTaBUIM 1eObIEBA B P KPYITHEHTITNX MaTEMATUKOB MUDA.

Hokropckast mucceprarust Yebbimesa «Teopusi cpasrennit» (1849) 10 cux mop sB/seTcs
HACTOJIbHBIM PYKOBOJICTBOM JIJIs CIIEIUAJIUCTOB 110 TEOPUU TUCE.

Heckonbko pecaruneruit 11. JI. Hebbrmép nckas obIyio hopmyly, CBI3bIBAIONLYIO CYMMbI
QYHKIIUU 110 MPOCTBIM U CYMMBI €€ 110 BCEM HATYPAJbHBIM YUCIaM, aHAJOTUIHYIO <«dHIepPOB-
CKOMY Ipou3Be/ieHIIO». Takoe TOXK1ecTBO HaiijieHo uM B pabore [6].

B zaksiouenne orMeTHM, YTO B «KJIIOYEBLIX CJIOBaX» JIAHHDLIX TE3UCOB MPUBEJECH KPATKU
0030p JIPyTuxX UCCaeTOBAHUN HeOBIIEBA 110 TEOPUHU TUCET.
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“The first who went of the true way in the question on prime numbers and achieved of
important results, was Chebyshev” (E.Landau, 1909). For real s, exceeding unit, Chebyshev
(1849) for a study of the function “the number of prime numbers”, does not exceeding a given
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value, uses the integral representation of the Euler’s gamma-function and the Riemann’s zeta-
function, alloting the poli s = 1 and obviously working with its the logarithmic derivitive.
After 8 year B.Riemann studied these integral representation in the comlex plane, found the
functional equation and the analytic continuauion of the zeta-function on the whole complex
plane. In the next paper “On prime numbers” (1852) Chebyshev found the witty technique
for an estimation of the function, getting the name of the Chebyshev’s function, prooving, that
between n and 2n — 2 for n > 2 is at least one a prime number. In 1895 Mangoldt gave “the
explicit formula” for the Chebyshev’s function through zeros of the Riemann’s zeta function.
In 1896 Hadamard and Vallee-Pussen proved the asymptotic law o prime numbers distribution
in the natural series of numbers. These two papers put the Chebyshev’s name in the row of
the great mathematician’s names of the world. The Chebyshev doctoral thesis “The theory
of congruences” (1849) for nowadays is the bible book for the specialists of the number theory.
Some ten years P.L.Chebyshev looked the general formula, connecting sums of the function
on orimes and sums of it on whole natural numbers, analogous “Euler’s product”. The such
identity he found in the paper [6].

In conclusion we note, that in “Key words” on the present talk a short account of the other
studies of Chebyshev on the number theory is given.
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YN CJIEHHOE PEIITEHUE 3AJAY JIASEPHOI'O TEPMOAJIEPHOI'O
CUHTE3A HA BBIYNCJINTEJIBHBIX CUCTEMAX C MACCOBBIM
ITAPAJIJIEJIN3MOM

IMTaranues P. M.
Dedepanvroe 2ocydapcmeennoe yrnumaphoe npednpusmue«Poccutickuts gedepanrvruiti adepmvili
yeHmp-6cepoccutickutl HayUHO-UCCALI08AMEALCKUT, UHCTNUMYM IKCNEPUMEHMANDHOT
Pusurus ['ocydapcmeennotls Kopnopauuu no amommnot snepeuy, «Pocamom»

Karouesvie caro6a: aucieHHble METOJIbI, JTA3EPHBIN TEPMOSJIEPHBIN CHHTE3, BHIUYUC/IUTETbHBIE
CHACTEMBI.

JTokJ1a,1 IOCBSIIIIEH BOITPOCAaM ITOCTPOEHUS U IIPUMEHEHUsT YNCJICHHBIX METO/IOB PEIIeHUs] MHO-
FOMEPHBIX HECTAIMOHAPHBIX 3aJ1a4 JIA3€PHOI0 TEPMOSIEPHOIO CHHTE3a, XapaKTePU3YIONIMXC s
HEOOXOIMMOCTBIO OHOBPEMEHHOI'O MOJIEINPOBAHMSI OOJIBIIIOTO UNCJIa B3aNMOBJIMSIIONINX (DU3M-
YeCKUX ITPOIECCOB.
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[Iporiecenl mepeHoca m3JryvueHus: MOJEIUPYIOTCS B MHOIOMEPHOM (ha30BOM IIPOCTPAHCTBE B
HEPABHOBECHOM KHUHETHYECKOM MPUOJIMZKEHUN, UTO O00YC/JIaBIUBACT HEOOXOJIMMOCTD UCIIOIb30-
BaHUA BBICOKOIIPOU3BOAUTE/ILHBIX BBIYUCAUTE/IBHBIX CUCTEM.

O6cyK1a10TCsA BOIPOCH pa3BuTHsA 3(PHEKTUBHBIX aJTOPUTMOB MHOTOYPOBHEBOI'O PACIapali-
JIeJINBaHUsl, OPUEHTUPOBAHHBIX Ha apPXUTEKTYPbl MOIIHBIX cyrep-OBM c rereporennoii apxu-
TEKTYPOU.

MASSIVELY PARALLEL NUMERICAL SOLUTIONS FOR LASER
THERMONUCLEAR FUSION PROBLEMS

Shagaliev R. M.
Russian Federal Nuclear Center-Russian Research Institute of Exzperimental Physics, Rosatom
National Atomic Power Corporation

Keywords: numerical methods, laser thermonuclear fusion, computer systems.

The study considers the development and application of numerical methods for solving
multidimensional, non-stationary laser thermonuclear fusion problems as a large number of
interdependent physical processes have to be simulated concurrently.

Radiation transfer processes are simulated in multidimensional phase space using a non-
equilibrium kinetic approximation. Such a simulation requires high-performance computer
systems.

The study discusses the development of efficient multilevel parallel algorithms intended for
heterogeneous high-performance supercomputers.

CVYIIEPKOMIIBIOTEPHBIE TEXHOJIOI'I: AJITOPUTMBI 1N
NHOPACTPYKTVYPA

dkobosckuit M. B. 12
L Unemumym npukaadnoti mamemamuxu um. M.B. Keadviaua Poccutickoti axademuu rnayx,
2.Mocxksa, Poccutickas @edepavus
& lira@imamod.ru

Karoueewvie caosa: MaTeMaTuIecKkoe MO/I€/JINPpOBaHUE, IIapaJljleJIbHbIE aJI'OPUTMbI, CYIIEPKOM-
IIBIOTEPHbIEC TEXHOJIOTUHU, HEHTPbI KOJIJIEKTUBHOI'O IIOJIb30BaHU:], BBIYUCJIATEJIbHBII 9KCIIEpHU-
MCHT.

JInnaMuKa pa3BUTHA COBPEMEHHBIX METOJ/IOB MPOEKTUPOBAHUA HOBBIX TEXHOJIOTUN JIEMOH-
CTpUPYyET WHTEHCUBHOE CMEITEHNE B CTOPOHY MIUPOKOTO MCIOJIB30BAHNUS BO3MOXKHOCTEN BBHICO-
KOITPOU3BO/IUTEILHON BBIYUC/IATETBHON TEXHUKU. B CBA3M € 3TUM BO3pPACTAET POJIb CO3JIAHUSA
AJITOPUTMOB ¥ MH(MPACTPYKTYPBI JJIsi PEIIeHNs BbIYUCIUTE/THHO-EMKIX 3814 Ha, COBPEMEHHBIX
U MEePCHEKTUBHBIX CylepKoMIibioTepax. HeobxomMo pasBuTre aJropuTMoB, CTPYKTYPa KOTO-
PBIX JIOIYCKAET OJHOBPEMEHHOEe 3(h(DEKTUBHOE UCIOIH30BAHUE OOJIBITOTO YNUC/Ia UCIOJTHUTE b
HbIX ycrpoiicT. [Ipobiema cozmanus 3PEKTUBHBIX aJrOPUTMOB U IIPOrPAMM yCYTyOJISdeTCs
HEOOXOIMMOCTBIO WX aJalTallid K MHOXKECTBY THUIIOB BBIUUCIUTE/LHBIX YCTPOWCTB U TEXHO-
JIOTUil 00'beIMHEHUS Y3JI0B B €JUHOE BbIYUCIUTEbHOE 1oJie. K mepeduncieHnomy j100aBigeT-
cd obmie A3bIKOB U WHCTPYMEHTOB ITPOCKTUPOBAHUS POTPAMM I PA3IUIHBIX ILIaT(POPM.
OTMedeHHOE MHOTOOOpa3ue 3HAYNTETLHO OIPAHNINBAET BO3MOXKHOCTH MTPUKJIATHBIX CIIEIHAJIN-
CTOB B TIJIaHE ITOJTHOIIEHHOTO UCIOJIb30BAHUS COBPEMEHHBIX BBICOKOITPOU3BOIUTETHHBIX CUCTEM.
TpebyroTcst KOMILIEKCHBIE CPEJICTBa PAa3pabOTKHU MapaJlIeJIbHOTO IIPOIPAMMHOIO 00eCIIeeHnsd,
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CO3/IaHHBIE CIIENUAINCTaMI B 00JIACTH CHCTEMHOIO IIPOTPAMMHOTO ObecIiedeHns B TECHOM B3au-
MOJEHCTBUHU CO CIEIUATUCTAMI TPUKJIAIHBIX ob1acTeil. COOTBETCTBYIONINI TI0IX0/1 OBLI XOPO-
III0 Pa3BUT U II0Ka3aJ1 CBOIO IIJIOJOTBOPHOCTD B 310Xy CTAHOBJICHUSA BBIYUCIUTEILHON TEXHUKU,
[IPOrPaMMUPOBAHNA U COOTBETCTBYIONMINX Pa3/IeJI0B BHIYUCIUTEIbHON MaTeMaTuku. O6CyK1a-
eTCsl KOOIIepallyst, 00ecIieInBaioNias yCIelrHoe CO3/IaHe U pa3BUTHE CPEJICTB OIITUMHU3AIINN BbI-
YUCJIUTEIbHBIX KOJOB U IMAKETOB IIPUKJIAIHBIX IIPOrPaMM JIJId COBPEMEHHBIX U IEePCHEKTUBHDBIX
BbIYUCJ/IUTEJIbHBIX NEeTEPOr€HHBIX apXUTEKTYD.

ApxuTekTypa MOCIe10BaTe/IbHBIX BBITUCIUTEIBHBIX CHCTEM apXuTeKTypbl (on Heiimana
YCTOAJIACH JCCATAICTUA Ha3a/l, B OTJINYNE OT apXUTEKTYP llapaJlIeJIbHbIX BIYUCIUTECILHBIX CH-
creM. /InHaMuvIHO pa3BUBaIONIMECH MapaJliebHble aDXUTEKTYPhI JEMOHCTPUPYIOT KaueCTBEHHO
HOBBIE CBOMCTBa, OT 3HAHUS KOTOPBIX KOPEHHBIM 0OPA30M 3aBUCUT YCIIEX CO3JIAHHUSI METOIOB
U CYIIEPKOMIIBIOTEPHBIX ITAKETOB PeIleHusT MIOTHBIX 3aa4d. CoBpeMeHHbIEe BBIUNC/IATEIbHBIE
KOMIIJIEKCBI TTPEJICTABLIOT COOOi TOJIHONEHHBIH 00BLEKT Jiid (DYHIAMEHTAIBHBIX U TTPUKJIAI-
HBIX UCCJICOBAHMIT. YCIeX MO0OHBIX UCCIEIOBAHUI HEIIOCPEICTBEHHO 3aBUCUT OT JIOCTYITHOCTH
BBIYUCIUTE/ILHON MHPPACTPYKTYPHI JOJIZKHOIO YPOBHS IIPOU3BOUTE/IbHOCTH. Heobxoaumo co-
3/IaHNE BBITUCIUTE/IBHBIX CyHEePKOMIIBIOTEPHBIX ITOJUIOHOB, JOCTYIIHOCTH KOTOPBIX 00ECIeInT
BO3MOXKHOCTDb CUCTEMATUYECKOIO KOMILJIEKCHOT'O PA3BUTUA AJTOPUTMOB U IIPOTrPaMM PEIeHUs]
MIJIOTHBIX 3a/1a4, TPEOYIONINX MaKCUMAJIbHO JOCTUXKUMON CETrOJHs CYIePKOMIIBIOTEPHOM ITPO-
U3BOJATEIBHOCTH.

Pacmupenne cetn cynepKOMIIbIOTEPHBIX MEHTPOB PA3/JIMIHOTO YPOBHS MMPOU3BOINTETHLHOCTH
00yCJIaBIMBAaET BBICOKYIO aKTyaJbHOCTh PA3BUTHS BO3MOXKHOCTEH MHTErPaJIbHOIO UCIIOJIb30Ba~
HusE uX pecypcoB. ObcyxKgaTes YHKIMOHAIBHBIE BO3MOKHOCTH OOJIAUHOIO CepBHCa, YIIPO-
MITAOIIETO UCTOJIH30BAHNE PACTPEIEIEHHBIX CYIIEPKOMITBIOTEPHBIX MOITHOCTEN /1 BBITTOJTHEHUST
JJINTETbHBIX BBIYUCIAATEIBHBIX SKCIIEPUMEHTOB.

SUPERCOMPUTING TECHNOLOGIES: ALGORITHMS AND
INFRASTRUCTURE

Yakobovskiy M. V. 12
L Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences, Moscow,
Russian Federation
& lira@imamod.ru

Keywords: mathematical modeling, parallel algorithms, supercomputer technologies, collec-
tive computing centers, computational experiment.

Recently, the role of high-performance computing in designing of new technologies, is con-
stantly increasing. In this regard, the importance of creating algorithms and infrastructure for
solving computationally intensive problems on modern and future supercomputers increases. It
is essential to develop algorithms which allow the simultaneous effective use of a large number of
computing devices. The problem of creating effective algorithms and programs is compounded
by the need to adapt them to a variety of types of computing devices and supporting tech-
nologies for combining computing nodes into a single computing field. Beyond that there is a
plenty of program languages and software design tools elaborated for various platforms

This diversity significantly limits the capabilities of specialists in applied fields in terms of
the full use of modern high-performance computing systems. The comprehensive integrated
tools for parallel software development are required, which should be created by specialists in
the field of system software in close cooperation with specialists in the application fields. Such
approach was well developed and showed its productivity in the epoch of the emergence and
formation of computer engineering, programming and the corresponding sections of numerical
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mathematics. I will discuss the joint work of specialists that might ensure the successful creation
and development of optimization tools for computing codes and applied software packages for
present and future computing heterogeneous architectures.

The architecture of sequential computing systems of the von Neumann model was estab-
lished decades ago, in contrast to the architectures of parallel computing systems. Rapidly
developing parallel architectures demonstrate qualitatively new properties, the knowledge of
which determines fundamentally the progress in creating numerical technologies and super-
computer packages for solving pilot problems. Modern computing systems are a full-fledged
object for fundamental and applied research. The success of such research is directly tied to
the availability of the computing infrastructure and the proper level of computing power. It
is essential to create specialized computational supercomputer polygons, if they are availabe,
it will provide the systematic integrated progress in algorithms and programs for solving the
grand chellenges that require the maximum compyting power accessible today.

The expansion of the network of supercomputer centers of different power determines the
high relevance of the progression in integrated use of their resources. The functional capabilities
of a cloud service that simplifies the use of distributed supercomputer resources in long-term
computational experiments will be presented.
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ACQUIRING ELASTIC PROPERTIES OF THIN COMPOSITE STRUCTURE
FROM VIBRATIONAL TESTING DATA

Aksenov V. V. Beklemysheva K. A.'"*, Vasyukov A. V.!¢
L' Moscow Institute of Physics and Technology (National Research University), Dolgoprudny,
Russian Federation
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Keywords: inverse problems, optimization, automatic differentiation, composite materials,
nondestructive testing.
This study is supported by RSF grant 19-71-00147.

Due to their advanced properties, composite materials are widely used in modern-day engi-
neering projects, and new materials, possibly tailor-made for a certain task, appear regularly.
However, the experimental status of such materials may lead to lack of reliable data on their
elastic properties, crucial for numerical simulations. The aforementioned properties may also
change in the process of production of a certain component. Thus the need for methods of
non-destructive testing and reliable numerical algorithms to estimate the parameters form ex-
perimental data arises. For example of similar problems in the field of aerospace engineering,
see [1, 2]

In the present talk, the authors suggest a model for transverse vibrations of a thin composite
structure abiding by linear elasticity laws under harmonic load applied at a range of frequencies.
The direct problem is formulated as a PDE, which is solved with finite-element method. The
problem of acquiring the elastic parameters is then formulated as a nonlinear least-square
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optimization problem. The usage of the automatic differentiation technique for stable and
efficient computation of the gradient and hessian [3] has allowed to use well-studied first and
second order optimization methods.

The results of recovery of elastic parameters from simulated data is reported. Several of the
studied methods converge to the solution, given an initial guess sufficiently close to the real
parameters. Their performance is compared. The maximal difference between the initial guess
and the solution that still allows for convergence, is estimated from the numerical experiments.
Specimen with different geometries are also studied in order to provide some insight for better
design of the actual vibrational experiments.
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ITamaru Porosa B. B. nocssimaercs.

st permennst 3a/1a4 mepeHoca HEHTPOHOB MUPOKO uctosb3yoTes HOLO amaropurmsr, Ko-
TOpBIE TO3BOJISIOT JIOCTUYh 3HAYUTE/THLHOTO YCKOPEHUsT UTEPAITUil 110 PACCETHUIO U JICJICHUIO B
HHTErPaJIbHbIX UJIeHaX ypaBHEHHUs repeHoca HefiTponoB. OcHOBHas Hjiesl aJrOPUTMOB 3aKJIIO-
YaeTcs B COBMECTHOM PEIEeHUN KUHETUIECKUX YPaBHEHUiT BHICOKOro u Hu3Koro nopsiaka (HO
- high order u LO - low order). B posin ypaBHeHusi BBICOKOTO MOPsIJIKA BBICTYIIAET yPaBHEHHE
mepeHoca, a B POJIM YPaBHEHHUI HU3KOTO MOPSIKA — CUCTeMa ypaBHenuit KBasuauddysuu. bu-
KOMIIAKTHBIE CXEMbI JIJIsl PellleHnsl ypaBHeHusl liepeHoca ObLau mpejiozkenbl b.B. Porossiv [1].
Cxembl i ypasuenuii kBasuauddysun (ypasuenuit LO) ObLIH pa3sBUTHI ABTOPAMHU JIAHHOI
paboThl [2]. DTH pasHOCTHBIE CXeMbl 00JIAIAI0T Y€TBEPTHIM MOPSIKOM AIITPOKCUMAIIUH TI0 TIPO-
CTPAHCTBY W MPOU3BOJIbHBIM MTOPSIKOM AlllIPOKCUMAIIUH 10 BPEMEHU (B PEATH3AINHA TPETHUM ).
[Ipu pemrenun ypaBHenus KBasuuddy3un UCIOIB3YIOTCA JPOOHO-/IMHEHBIE (DYHKITNOHAJIBI,
BbIUnCIeHHbIe 10 permennio HO wactu. VX BbIUmc/ieHne sIBJII€TCST YCTONYINUBBIM TOJIBKO PH
MOJIOYKUTEJTIbHOCTH (PYHKIUU pacipejiesiennd. Takum oOpa3oM, CyIIEeCTBEHHBIM TpeOOBaHUEM
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SIBJISIETCSI MOHOTOHHOCTD CXEMBI JIjIst yPaBHEHUs TiepeHoca. B pabore 00CyKIal0TCs MOIX0/IbI K
MOHOTOHI3anmu cxeMm Kak s LO, tak n g HO gacrn.

Bribop criocoba MOCTAaHOBKYM KPAEBBIX YCJIOBHl JIjIs YpaBHEHHWIl HU3KON PasMepHOCTH IIPU
coBmectnoM pemnieann ypasaennit HO u LO npuBogut b0 K yMeHbIeHnio 3bdOEKTHBHOCTH
AJITOPUTMAa, JITOO K CHUZKEHUIO TOPSIKA allIPOKCUMAIINH CXEMBI 10 BPEMEHHU.

[Ipemioxkenunie cxembr st HOLO ajiroputMoB pertienus: ypaBHeHUs lepeHoca ObLIN UCCIIe-
JIOBaHbl B CEpUUN aHAJIUTUICCKUX TECTOB, a TaK>Ke IIPUMCHEHBI JIJIfd PCIIEeHUA 3a/1a9U PI/I,Z[‘a
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Dedicated to the memory of B. V. Rogov.

HOLO algorithms are widely used to solve the neutron transport problems. The algorithms
are efficient method to achieve a significant acceleration of iterations in scattering in the integral
terms of the neutron transport equation. The main idea of the algorithms is to jointly solve
kinetic equations of high and low order. The transport equation is a high order equation, a
system of quasi-diffusion equations is a low order equations. Bicompact schemes for solving the
transport equation were proposed by B.V. Rogov [1]. The schemes for quasi-diffusion equations
(LO equations) were developed by the authors of this work [2]. These schemes have a fourth
order of approximation in space and third approximation order in time. Solving of the HO
equation also includes calculation of fractional-linear functionals, which are used in solving the
quasi-diffusion (LO) equation. The calculation is stable only if the distribution function is
positive. Thus, an essential requirement is the monotonicity of the scheme for the transport
equation. The paper discusses approaches to monotonize the schemes for both LO and HO
parts.

Use of different options of setting the boundary conditions for low order equations when HO
and LO equations are solved jointly leads either to a decrease in the efficiency of the algorithm
or to a decrease in the order of approximation of the scheme in time.

The proposed schemes for HOLO algorithms for solving the transport equation were inves-
tigated in a series of analytical tests and also applied to solve the Reed problem.
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Hesbio pabOTHI dABJIAETCS MPOTHO3MPOBAHUE ITPOIECCOB PACIPOCTPAHEHUsS 3arpsi3HEeHUl 1
BO3HUKHOBEHUS OIACHBIX sIBJICHUI B MPUOPEXKHBIX CUCTEMaX Ha OCHOBE Pa3pabOTKH KOMILIEK-
ca B3aMMOCBSI3aHHBIX [TPEIU3UOHHBIX MOJIE/Iel THAPOMDUINKY U T IPOONOIOTUH, Y IUTHIBAIOIIIX
criennduky npudbpexHbix cucrem FOra Poccnn. 3amada nepenoca 3arpssusironux seriects (3B)
ormchiBaeTcs ypasaenueM uddysun-koueknnu [1]. TIporpammuasi peasnsaiiusi KOMILIEKCA
B3aMMOCBA3AHHBIX [TPOCTPAHCTBEHHO-TPEXMEPHBIX MOJIEJIEN THAPOINHAMIKI U OMOJIOTTIeCKOi
KUHETUKU PUOPEZKHON 30HBI MEJTKOBOJIHOTO BojioeMa Ha cynep-9BM, mo3sossionas n3ydars u
[IPEJICKA3BIBATH M3MEHEHUEe IKOJIOTMIECKOH 0OCTAHOBKHM MEJIKOBOIHOI'O BOJIOEMA IIPU BO3HUKHO-
BEHUU B HEM SIBJIEHUI IPUPOIHOTO U TEXHOTEHHOTO XapaKTepOB, BKJIIOYasl MITOPMOBBIE HATOHBI,
abpasnio Oeperos, MPOIECChl SBTPOMUKAIINN, BhI3BIBAIOIINE 3aMOPbhI IIEHHBIX U ITPOMBICIOBBIX
pBIO, & TakyKe OEHTOCHBIX »KMBOTHBIX, HA OCHOBe: PaspabOTKN KOHCEPBATUBHBIX PA3HOCTHBIX
CXeM TIOBBIIIEHHOTO TIOPSA/IKA TOYHOCTH Ha IPaHUuYHO-aanTuBHbXx 3D cerkax [2]| ¢ yuerom va-
CTUYHOM 3aII0JIHEHHOCTH S9Y€eK, allllPOKCUMUPYIONUX pa3pabOTaHHbIe MOJIEIN, 1 UCC/IEIOBAHNE
ux ycroitansocru |3|. IIporpammubIii KOMILIEKC, OpUEHTHPOBaHHBI Ha cyep-DBM, npennasna-
YeH I pacdera IMOJisi CKOPOCTel BOIHOTO TOTOKA, ITPOIEecca MepeHoca MHOTOKOMIIOHEHTHOMN
IPUMECH B BOJIHOI Cpejie, 3arps3HsIONMX MeJKOBOIHBII BOJI0eM OHOTNEHHBIX BEIECTB (CoenHe-
HUil a30Ta, docdopa  KpeMHHUs ), BBI3BIBAIOIINX OYPHBINH POCT BOJOPOC/IEH — «IIBETEHUE» BOJ
BOJIOEMA, 00JIACTHIO IPUMEHEHIST KOTOPOT'O sIBJISETCs IPOTHO3UPOBAHNE BO3MOYKHBIX CIIEHAPUEB
U3MEHEHUST IKOJIOIMIECKO OOCTAHOBKM MEJIKOBOJIHBIX BOJIOEMOB B Pe3y/bTaTe BOSHUKHOBEHUST
OITACHBIX SBJICHUI IPUPOIHOTO U TEXHOTEHHOT'O XapakTepoB. PazpaboTka MaTeMaTndecKux MO-
Jieieit TuAPOPU3NKN 1 OMOJIOTHIeCKON KHMHETUKH, apaJIeIbHBIX aJITOPUTMOB U ITPOTPaMM X
YUCJIEHHO PEeAJM3YIONNX, TO3BOJIgeT U3ydaTh PACIpe/le/ieHus U TPAHCIOPT MUKPOYACTHUII, C
IEeJIBIO OIIPEJIC/ICHNsT UX KOHIIEHTPAIUU U MECTOPACIIOJIOKEHHsI B IIPUOPEKHBIX cucreMax (Ha
puMepe A30BCKOTO MOPsi) JIJIl TUIIUYHBIX [TOTOHO-K/INMATHIECKUX BJICHUI.
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The aim of paper is to predict the processes of the spread of pollution and the occurrence
of hazardous phenomena in coastal systems based on the development of a complex of inter-
connected precision models of hydrophysics and hydrobiology, taking into account the specifics
of coastal systems in the South of Russia. The problem of transport of pollutants (pollutants)
is described by the diffusion-convection equation [1]. Software implementation of a complex
of interconnected spatial-three-dimensional models of hydrodynamics and biological kinetics
of the coastal zone of a shallow water body on a supercomputer, which makes it possible to
study and predict changes in the ecological situation of a shallow water body when natural
and technogenic phenomena occur in it, including storm surges, coastal abrasion, eutrophica-
tion processes, causing the death of valuable and commercial fish, as well as benthic animals,
based on: the development of conservative difference schemes of increased order of accuracy on
boundary-adaptive 3D grids [2], taking into account the partial filling of the cells approximating
the developed models, and the study of their stability [3]. The software package, oriented to a
super-computer, is designed to calculate the velocity field of a water flow, the process of transfer
of a multicomponent admixture in an aquatic environment, polluting a shallow water body of
biogenic substances (nitrogen, phosphorus and silicon compounds), causing rapid growth of al-
gae - "bloom” the area of application of which is the forecasting of possible scenarios of changes
in the ecological situation of shallow water bodies as a result of the occurrence of hazardous
natural and man-made phenomena. The development of mathematical models of hydrophysics
and biological kinetics, parallel algorithms and programs for their numerical implementation,
makes it possible to study the distribution and transport of microparticles in order to determine
their concentration and location in coastal systems (for example, the Sea of Azov) for typical
weather and climatic phenomena.
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Db deKThI, BOSHUKAIOIIIE IIPH yIaPHOM PA3PYIIeHINH KOMIIO3UTA, CYIIECTBEHHO OTIMIAI0TCS
orT 3¢ deKTOB, KOTOPble BO3HUKAIOT TIPU €ro cTaTudeckoM Harpyzxenuu [1]. B wacrrocTn, nmpu
cJ1a0bIX yIapax MOTYT IOSBUTbCS Pa3pyIIeHHs, MPAKTUIECKH HE 3aMeTHbIe HEeBOOPYZKEHHBIM
B3IVISIJIOM WJIM CTAHJIAPTHBIMEU YJIHTPa3BYKOBBIMU JATYUKAMU, HO CYIIECTBEHHO CHUKAIOIINE
OCTATOYHYIO ITPOYHOCTDH JIETAJIN.

Yuciennoe MojempoBaHue PaspylieHnus KOMIIO3UTOB CTAJIKUBACTCA C PsiJIOM TpobJieM, B
JaCTHOCTHU, C OTCYTCTBUEM KPUTEPUEB Pa3pyIIeHUs, KOTOPbIE IMO3BOJIAIOT MOJIETMPOBATEH Pa3-
pyIIeHne JTOCTATOYHO HAJIEXKHO JIJIT WHXKEHEPHOT'O MPUMEHEHHs, HO IMPU 3TOM MMEIOT OrpaHu-
YeHHBIH HAOOP HapaMeTpoB, KOTOPBIH MOKHO U3MEPUTH B SKCIIepuMeHTe [2].

B pamkax pammoit paboOThI JIJIg YHUCJIEHHOTO MOJEJIUPOBAHUS KOMIIO3UTA HCIIOJIbL3YeTCs
CETOTHO-XapaKTEPUCTHICCKHUI METOJ [3], KOTOPBIil HO3BOISIET C BBICOKOII TOYHOCTBIO MOJETIH-
POBATh JUHAMUYIECKHE ITIPOIECCHI. DTOT METOJ TaK:Ke MO3BOJIAET PEAJM30BbIBATD PA3IMTHBIE
kpurepun paspymenns (Ilaii-Xuna, [aii-By, Xammuna, Ilaka, Ipykep-ITparepa) u mozenn
pa3pyIIeHHoi 00/IacTh, a TakK:Ke MOJACJIUPOBATh OTKJIUK Ha yJIbTPa3BYKOBOM JaTdnke. B gaH-
HOI paboTe paccMOTpeHa MOCTAHOBKA 33/la9M Ha OCHOBE IKCIEPUMEHTAJIHHBIX JAHHBIX 10 CJIa-
O0My yJIapHOMY BO3JIEHCTBUIO Ha ABUAIMOHHBIN KOMIIO3UT U YJILTPA3BYKOBOMY MCCJIEIOBAHUIO
obpa3sIia, IpOBEIEHO CPaBHEHNE UTOTOBBIX A-CKAHOB.
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The effects arising from impact loading of a composite differ significantly from the effects
that arise from its static loading [1]. In particular, with weak impacts, damage may appear that
is practically invisible to the naked eye or standard ultrasonic sensors (BVID, barely visible
impact damage). This damage can significantly reduce the residual strength of the part.

Numerical modeling of the failure of composites faces a number of problems, in particular,
the lack of failure criteria that are reliable enough for engineering applications, but at the same
time have a limited set of parameters that can be measured experimentally [2].

Within the scope of this work, for the numerical simulation of the composite, the grid-
characteristic method [3] is used, which makes it possible to simulate dynamic processes with
high accuracy. This method also makes it possible to implement various failure criteria (Tsai-
Hill, Tsai-Wu, Hashin, Puck, Drucker-Prager) and various models of the destroyed area, as well
as simulate the response on an ultrasonic sensor. In this paper, we consider the statement of the
problem based on experimental data on weak impact on an aircraft composite and ultrasound
examination of the sample, and compare the final A-scans.
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B nmoknaze mpejcraBiienbl pe3yabTaThl MOJETUPOBAHUS TEKCTUJIHHBIX MeMOpaH € SIBHBIM
paspeleHreM CTPYKTYPHBI IeperieTenns. Takoil MmoIxo/1 JTOIKEeH MO3BOJIUTh MOJTYyYUTh CBOT-
CTBa TEKCTUJIHLHOI MeMOpaHbI U3 [IEPBBIX IIPUHIIUIIOB, & TAKyKe 00eCIIeYnTh OCHOBY JIJIsI OIEHKN
9 DEKTUBHBIX CBOMCTB TEKCTUJIHLHOW CTPYKTYPBI 71 OyJIyIIero uCroab3oBanus B 2D-Moiensx.

PaccmarpuBatoTess qunamMuyeckue 3ajlaun, TakKhe KaK HOPMAaJIbHBIN MJIM KOCOM yJap, KO-
TOpbIE BBI3BIBAIOT pa3pylleHne MeMOpaHbl. PaccMaTprBaioTCss BBICOKOCKOPOCTHBIE B3aMMO/IETi-
CTBUS, JIJIA KOTOPBIX CKOPOCThH yJIAPHUKA MOXKET ObITH COIIOCTABUMA CO CKOPOCTBIO PACIpPOCTpa-
HEHNs 3BYKa B HUTH.

MembpaHna NpUHUMAETCS COCTOSINEH U3 OTIEJIbHBIX HUTEH, I KarXKJ0H HUTH BBIIOJIHSIET-
cd pacuér pacupocrpaHeHus jedopMaluii U HANPSKEHUN pU JeHCTBUN MEXaHUIeCKON y1ap-
HOII HAIPY3KH, & TaKzKe paspylleHne HUTH B jJJaHHOM mporiecce. OT/e/ibHass HUTh TPUHUMAETCS
TOHKOIl M paccMaTpPUBACTCA KAaK OJHOMEPHBI OOBEKT B TPEXMEPHOM IMPOCTPAHCTBE, JJIsd Hed
HCIOJIb3yeTcst Mojiesib Ha 6ase cucreMbl ypasaeruii X.A.Paxmaryauna [1].

st BepuduKanuy BBIMOTHEHO MOJIENPOBAHNE PAa3BUTUA JeOpPMAIii B OTJAETLHON HUTH
O/ JIEHCTBUEM TOYETHOIO Yiapa, Pe3yJbTaThl COIOCTABICHBI ¢ AHAJIMTUIECKUM DelleHuem [2|.
[Tocie Bepudpukaum nmpoBe/ieHbl pacu€Thl Pa3INYHbIX PEKUMOB HATPY2KEHU, MPUBOIAIINX K
NPUHITUTITIAIBLHO PA3HON KapTuHe jgedopMaliuii 1 pa3pyIiieHnii HITH — OTCYTCTBUE PA3PYIIEHUIH,
OOPBIB HATH, QHAJIOT «TBLIBHOTO OTKOJIa» Ha KOHIIAX HUTH, BHIOMBaHUE W JIPOOJIEHUE ydacTKa
HUTH.

Moyiesib OJIMHOYMHON HUTH MOXKET UCIIOJIL30BATLCS JIJIsi OBICTPLIX OIEHOK ITOBEJIEHUS SKPaHa,
1OJ1, JIERCTBUEM BBICOKOCKOPOCTHON HAIPY3KHU C MCIOJIL30BAHIEM MOJIEJIEl, aHAJIOTUYHBIX MO/Ie-
JIM «KPECT-KOJIOKOJI», TIPUMEHSIEMOIT [T HU3KOCKOPOCTHBIX PeKUMOB |3]. Mosieb TeKCTHIIbHOI
MeMOpaHBI C ABHBIM pa3perieHueM CTPYKTYPHI IJIETeHUs TPeOyeT OOJIBITION 00bEM BHIYUCIEHUIH,
HO TIPU 9TOM II03BOJIS€T U3 MEPBBLIX IMPUHITUIOB JIETAJIHLHO PACCMOTPETH MPOIECC MPOOUBAHUS
MeMOPAaHbI ¢ YIETOM B3aUMOJIEHCTBUS HUTEI.
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This talk covers the results in textile membrane modeling with explicit weave structure
resolution. This approach should allow to obtain textile membrane properties from the first
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principles, and also provide a basis to estimate effective properties of textile structure for the
future use in 2D models.

The talk concentrates on dynamic problems, such as normal or skew strike causing mem-
brane destruction. The model and the method allow the consideration of problems when the
quasi-static approximation is not valid and elastic waves caused by the impact should be cal-
culated.

The membrane is taken as consisting of separate threads. A mechanical shock load is applied
to the membrane. A propagation of deformations and stresses is calculated for each thread, as
well as the destruction of the thread under this shock load. Each thread is taken to be thin,
and considered as a one-dimensional object in three-dimensional space. The thread is described
by the model based on Rakhmatulin’s system of equations [1].

The numerical results for a single thread are compared with an analytical solution for a point
impact [2]. Various loading modes are calculated for a distributed load, that cause significantly
different types of deformation and destruction of the fiber — no destruction, localized break in
the center of the thread, multiple breaks near the ends of the thread, crushing of the loaded
region of the thread.

The single thread model can be used to quickly assess textile screen behavior under high
velocity loading using the approaches similar with the ones used for low velocity strikes [3].
The model of textile membrane with weave structure resolution requires huge amount of com-
putations, but it allows to study penetration process from the first principles.
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VpaBHeHUsI, OIUCHIBAIOIINE JIHHAMAIECKOE TTOBeIeHne DECKOHETHO MAJIOro 00béMa, IMHEeHO-
VIPYTOi#l CpeJibl, MOT'YT OBITH 3aIlUCAHbI B BUJIE:
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rje p — INIOTHOCTb CPEJibl, 0— TEH30D HAIPAKECHUN, v - BEKTOP CKOPOCTHU CPEJIbl, € — TEH30D
nedopmaruit. B HacTosieit pabore paccMaTpuUBaJICA CIENUAJIbHBIN KJIACC MAaTEPHUAJIOB, IOJIY-
qaeMbIX C ITIOMOIIBIO Ja3epPHOT0 HepdOPUPOBAHNS AJTIOMUHIEBLIX IIacTuH. /s onmmcanms nx
JITHAMHUYIECKOTO TIOBEJIEHNsT MOYKET ObITh IPUMEHEHa, CJIEJIyIoNas OCPeHEHHAS aHM30TPOITHAS
MoJienb [1]:

Ozx Cin Cip Cis Eaxx
Oyy = Cor Oy Oy Eyy
Ozy Ce1 Ce2 Ces Exy

riae Cy; — yupyrue napaMeTphl CpeJibl.

PaccmarpuBasiach 3a/1a4a 0 TPOXOXKJIEHUH TTPOIOJILHOM BOJIHBI, MHUIIMUPOBAHHONW B JIEBOI
(M30TPOIHOM) YacTH pacdéTHON 00JIACTH, Yepe3 aHW30TPOIHYI BCTABKY IMUpUHON 31.5 MM.
YHIpyrue XapakTepuCTUKH U30TporHoii cpeapr: p = 270075, E=71 I'lla, v=0.33. Ilapamerpnr
AHU30TPONHOM BeTapku: p = 219355, Oy = 12.983 I'lla, Cyp = 2.767 I'lla, C1g = 5.006 I'Tla,
Co = 79.211 I'lla, Cys = 4.882 I'lla, Csg = 13.053 I'lla 10 MOKPBITHS MOJEIN PACIETHON
ceTkoit ObLT BeIOpan mar o mpocrpancTy 0.5 mm m 3001 x 2001 ysmos. [lar mo Bpemenun
onpeensanca yeaosueM KypanTa u cocrasisan 1.6 - 1078 c. IlpoBemennble pacdéThl MOKa3aIm
3HAYUTE/IHHOE OC/IabJIeHre TIPOJIOILHON BOJIHBI M €€ BPEMEHHOE 3alla3/IbIBaHre, & TaKyKe WHU-
IAAIAIO CABUTOBOM BOJIHBI, ITPOUCXOIANIYIO Ha KOHTAKTE aHU30TPOITHAA-U30TPOITHAS CPEIbI.
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The equations describing the dynamic behavior of an infinitely small volume of a linearly
elastic medium can be written in the form:

81)2' . Baij
P 8t N 6@-’

(952-]- . 1 an X an
where p — density, o— stress tensor, v - velocity vector, € — strain tensor. In the present work,

we considered a special class of materials obtained by laser perforating aluminum plates. To
describe their dynamic behavior, the following averaged anisotropic model can be applied [1]:

Ozx Cii Ci2 Cig Exx
Oyy = Ca1 Ca Oy Eyy
Oxy Ce1 Cs2 Cos Exy

where C; — elastic parameters.
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We considered the problem of the propagation of a longitudinal wave initiated in the left
(isotropic) part of the computational domain through an anisotropic insert 31.5 mm wide.
Elastic characteristics of an isotropic medium:p = 2700%7 E=71 GPa, v=0.33. Anisotropic
parameters: p = 2193%, C11 = 12.983 GPa, Ci3 = 2.767 GPa, (g = 5.006 GPa, Cy =
79.211 GPa, Cy = 4.882 GPa, Cgs = 13.053 GPa. To cover the model with a computational
grid, a step was chosen in 0.5 mm space and 3001 x 2001 nodes. The time step was determined
by the Courant condition and was 1.6-1078 s. The calculations showed a significant attenuation
of the longitudinal wave and its time delay, as well as the initiation of a shear wave occurring
at the contact of an anisotropic-isotropic medium.
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Ceiicmuyeckast pa3BejiKa siBJISETCs MUPOKO PACIIPOCTPAHEHHBIM METOJIOM ITOMCKa HedTera-
30BBIX MECTOPOXKIEHUN U ompejiesieHnss ux CTpPyKTypbl. OHa OCHOBaHA Ha PErUCTpaIUN Celi-
CMUYECKUX BOJIH, OTPaKEHHBIX OT I'PAHUI] pa3Jjesa IeoJIOTHYeCKUX CJI0€EB, CJAraroluX I'eosio-
FUYeCKuil MacCcuB. Y PaBHEHUsI, OIUCHIBAIOIINE JIMHAMUYECKOE ITOBeeHrne ODeCKOHEeYHO MaJioro
00bEMa M30TPOITHON JTUHEHHO-YIIPYTOil CpeJibl, MOI'YyT OBITH 3aIllUCAHBI B BU/IE:

0
pa?—V'J,

%02A(V~7)]+M(v®7+7®v)

e p — IUIOTHOCTH CPeAbl, 0— TCH30D HaIPAXKCHU, v - BEKTOD CKOPOCTH CPEJbI, A U [i
— yupyrue napamerpsl Jlame. OTmeTuMm, UTO BEpXHss YACTh MAacCHUBa, KaK MPABUJIO, aHU30-
TPOITHA, BBULY yCJa0BHUil €€ popmupoBanusd. [lisg eé onucanuga MoxKeT ObITh TPUMEHEeHa MOJIE/h
[I0IIEPEYHO-U30TPOIIHOIO TeJsa:

Ozx C(11 C113 0 Exx
Oyy = Clg 033 0 Eyy
Ogzy 0 0 044 Exy

riae Cj; — yupyTue mapaMeTpel cpefibl, a ock Y HampaBiieHa BepTHKAIBHO.
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B nacrosiieit pabote ObLIT IPOBEIEH UNCIECHHBIH PACUIET CETOUHO-XaPAKTEPUCTUICCKIM Me-
TozioM [1] pacrpocTpaHeHus CeHCMUYECKIX BOJH B CBOOOJIHO PACIIPOCTPAHSEMON YIPYTOil MO-
nemn Marmousi 1, B koropyto 6bi1a BHecena V'TT aHm3oTporus ¢ UCIOJIB30BAHIEM CJIEJTYIONTNX
COOTHOIIICHUI

e=0.25p—0.3,6 =0.125p — 0.1,

/i€ IJIOTHOCTh PACCUUTBhIBAETCs B I'/cM®, a € 1 § — napameTpbl ToMceHa.

JL1g MOKPBITHSA MOJIEIN PAcYETHON ceTKOM ObLIT BRIOpAH Imar 1o npoctpanctBy 5 M u 3401 x
701 y3noB. Ilar o Bpemenu onpejiesnsics yeaopuem Kypanrta u coctasisi 0.8 mc. B kaxknoii
svyeiike PacIETHON CeTKN XPAHWINCH BCe IMapaMeTphl aHU30TPOITHOTO MaTepraJsa. B KadecTse
BO3MYIIEHUS UCIIOJIHL30BAJICA TIEHTD JIABIEHUS, PACIIOJIOKEHHBIN BOJIU3U JIHEBHON TOBEPXHOCTH.
CJ1ouCTOCTb Te0JIOTUYEeCKON MOJIE/IN, HAJIMYNE PE3KUX IPAHUI] U aHU30TPOIHUs 00yC/IaBJIMBAIOT
CJIOZKHYIO BOJIHOBYIO KapPTHUHY.
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Seismic exploration is a widespread method for searching of oil and gas fields and determin-
ing their structure. It is based on the registration of seismic waves reflected from the boundaries
of the geological layers that create the geological massif. The equations describing the dynamic
behavior of an infinitely small volume of an isotropic linear elastic medium can be written in
the form

0
pa?—V'O’,

%g:A(V-?)I-FM(V@?-F?@V)

where p — density, o— stress tensor, o — velocity vector, A and i — elastic Lame parameters. Note
that the upper part of the array is usually anisotropic due to the conditions of its formation.
To describe it, the model of a transverse isotropic medium can be applied

Oz Cll C113 0 Exx
Oyy = 013 033 0 Eyy
Oxy 0 0 044 Exy

where C; — elastic parameters, and OY is vertical.
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In this work, we performed a numerical simulation by the grid-characteristic method [1] of the
propagation of seismic waves in the elastic Marmousi IT model, into which the VTT anisotropy
was added using the following relations

e=0.25p—0.3,8 = 0.125p — 0.1,

where density is in g/cm?, € and § — Thomsen parameters.

To cover the model with a computational mesh, a spatial step of 5 m and 3401 x 701 nodes
were chosen. The time step was determined by the Courant condition and was 0.8 ms. All
parameters of the anisotropic material were stored in each cell of the computational grid. The
center of pressure located near the day surface was used as a disturbance. The layering of the
geological model, the presence of sharp boundaries and anisotropy determine the complex wave
pattern.
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[Ipobsrema namuHapHO-TYpOYIenTHOTO Tepexoga (JITII) B rumepsByKOBBIX MOrpaHIUIHBIX
CTIOAX SIBJISETCS] OJTHOW M3 OCHOBHBIX JIO CUX IOP HE PEIIeHHBIX MPOOJIEM BBICOKOCKOPOCTHOM
asponunamuku. JITII npuBoguT K CyniecTBeHHOMY yBEIUYEHUIO MMOBEPXHOCTHOIO HArDEBa U
A3POJIMHAMUYIECKOI'O COIIPOTUBJIEHUsI THIIEP3BYKOBBIX AIIAPATOB U, TEM CAMbBIM BJIHseT Ha -
EKTUBHOCTD JIBUTATEIBHON yCTAHOBKHU U IMOBEPXHOCTEN yrpasjeHus. s mporaosupoBanmst
n kouTpoJis JITII nHeodxonumMo yTOYHUTE OCHOBHBIE (DUBUUECKUE MEXAHU3MBI, OIPEJIE/TAIOIIIe
mporiecc nepexojia. B cirydae xapaKTepHBIX /718 YCJIOBUI [TOJIeTa MaJIbIX BO3MYIIEHUI HaOeraro-
mero noroka JITTI BkitouaeT Tpu OCHOBHBIE cTajuu [1]: BOCHIPUMMYMBOCTEL K BHEIIHUM BO3MY-
MIEHUSIM, POCT HEyCTOMIMBBIX MOJL (TAKMX KaK HepBasi U BTOpas MOjbl MaKa, HEyCTOWINBOCTS
[OIEPEYHOr0 TeUeHUsl U BUXPU | €priiepa) u HeJIMHENHbI pacia BO3MYIIEHU, IPUBOAAIINI K
[IOJTHOCTBIO TYPOYJIEHTHOMY PEKUMY TTOTOKA.

[emocraoe mosenupoBanue Beex 3ranoB JITTI BO3MOKHO TOJIBKO € TTIOMOIIBIO TTPAMOTO YHC-
nennoro mozenuposanust (DNS), rie pemarorcs mosHble HectanuoHapHbie Tpéxmephbie (3D)
ypasuenusi Hasbe-Crokca 6e3 orpanudenuii cpeinero (HeBO3MYIIEHHOTO JIAMIHAPHOT'O) ITOTOKA
U aMILIATY] Bo3Myteruit. Kpome Toro, B orintine ot ¢pusndeckux sxcrepumertoB, DNS maér
MIOJTHY0 HH(POPMAIIIIO O MT0JIe TPEXMEPHBIX BO3MYIIEHUI, ITO TO3BOJISET BBIIBUTH U JIETAJIBHO
n3yanTh paziandabie Mexann3Mbl JITTI. CoBpemenHbIe METOIBI TAPA/IIEIBHBIX BBIYUCIECHUN 1
OBICTPOE Pa3BUTHE MHOTOIIPOIECCOPHBIX CYIEPKOMITHLIOTEPOB MO3BOJISIIOT IIPOBOIUTH TaKUE YUC-
JIEHHBIE SKCIIEPUMEHTHI JIJIsl TUIIEP3BYKOBBIX OIPAHUYHBIX CJIOEB JJIS IIPOCTHIX KOH(UTYPAIIHIi,
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TAKMUX KaK [JIOCKas IJIACTUHA W KOHYC IIPH HyJieBoM yrite ataku |2|. JlasbHeiiree pa3BuTue Bbl-
YUCIATEIbHON TEXHUKH IO3BOJIAT HAM PabOTaTh ¢ BCe 060J1ee CI0KHBIME 1 IIPAKTUICCKAMEI KOH-
durypamusavu. OHAKO CYIIECTBYET KaMeHb MTPEeTKHOBEHUSI, CBA3AHHBIN ¢ TYBCTBUTEIHHOCTHIO
nepexojia K HavdaJbHOMY M IpaHUYIHOMY ycaoBuaM. JlanHoe obcyzKjieHue MpOJIEeMOHCTPUPYET,
YTO Pa3/IUUhs B IOJIAX BO3MYIIEHUI MOTYT IPUBECTU K 3HAYUTE/TbHBIM MU3MEHEHUSIM B MECTO-
nosoxkennn JITII n naxke B busndecknx mexannsmax. B qacraocTH, MBI 00cy)Kaaem Harr DNS
IIePEXO/THOTO OOTEeKaHUs yrjia cxkKaTug Ipu 4dncie Maxa Haberaronero moroka 5.4 u OOJIBITNAX
eMHIIHBIX duciax Peitnonbiaca. [lapamerpsr moToka coorBercTByIOT Mosen Hyper-X, mpote-
crupoBanHoil B aspoaunamudeckoir Tpybe NASA LaRC 20-Inch Mach 6 [3|. TTokasano, uro B
3aBUCHMOCTH OT MECTOIIOJIOXKEeHHA 1 9acTOThl BHernHero Bo3jeiicTtus JITII moxkeTr pasBuBarbes
KadeCTBEHHO Pa3/IMIHBIME cliocobaMu. ByayT Takzke geTajabHO pacCMOTPEHbI OYIyIIUe YCUIHSI,
cBa3aHHbIe ¢ YyBcTBUTEIbHOCTRIO JITII, a Takzke Apyrue BOIPOCH MPAKTHIECCKOIO ITPUMEHEHIS

DNS.
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The problem of laminar-turbulent transition (LTT) in hypersonic boundary-layer flows is
one of the main still unsolved problems of high-speed aerodynamics. LTT leads to a substantial
increase of the surface heating and aerodynamic drag of hypersonic vehicles and, thereby as
well as affects the efficiency of propulsion system and control surfaces. To predict and control
LTT it is needed to clarify basic physical mechanisms driving the transition process. In the
case of low free-stream disturbances typical for flight conditions, LTT includes the three main
stages [1]: receptivity to external disturbances, growth of unstable modes (such as first and
second Mack modes, cross flow instability and Gortler vortices) and the nonlinear breakdown
of disturbances leading to a fully turbulent flow regime.

A holistic computation of the all LTT stages is possible only using direct numerical sim-
ulations (DNS), where the full unsteady three-dimensional (3D) Navier-Stokes equations are
solved without any restriction on the mean (unperturbed laminar) flow and disturbance am-
plitudes. In addition, as opposed to physical experiments, DNS gives full information about
3D disturbance field, which enables to identify and study in detail different LTT mechanisms.
The modern methods of parallel computations and rapid developments of multi-processor su-
percomputers make it feasible to conduct such numerical experiments for hypersonic boundary
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layers for simple configurations such as a flat plate and a cone at zero angle of attack [2]. Fur-
ther progress in computational hardware will allow us to handle more and more complicated
and practical configurations. However, there is a stumbling block associated with sensitivity of
transition to the initial and boundary conditions. This talk will demonstrate that differences
in ambient disturbance fields can result in significant changes in the LTT location and even in
its physics. In particular, we discuss our DNS of a transitional flow over a compression corner
at the freestream Mach number 5.4 and high unit Reynolds numbers. The flow parameters are
relevant to the Hyper-X model tested in the NASA LaRC 20-Inch Mach 6 Air Tunnel [3]. It is
shown that depending on the location and frequency of external forcing, LTT can evolved in
qualitatively different ways. Future efforts related to the LTT sensitivity as well as other issues
on practical applications of DNS will be also thoroughly addressed.
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Yuciennoe MojieiupoBaHue TypOyJIEHTHBIX T€UYEHUI OKOJIO TeJI Pa3/JUIHONl KOHMUrypamm
SIBJIIETCS] BBIYUCIUTETBHO 3aTPATHBIM, OCOOEHHO TIPU IIPOBEJIEHNN CEPUITHBIX PACIETOB, M TPe-
OyeT HAXOXKJIeHUs OaIaHca MeK/Iy CKOPOCTBIO U TOYHOCTHIO Bhruncsenuii. lenbio gannoit pado-
TBI ABJIAETCA TOCTPOEHUE ONEPATOPA, YTOUHSIOMIETO PE3Y/IbTAThl pacdyeTa, MOJyIeHHbIEe MeHee
TOYHON BBIYUCIUTETHHO 3(MD(PEKTUBHON MOJIE/IBIO, Ha OCHOBAHUM PACUYETOB CXOXKUX TEUYEHWUIT,
MIOJIYYE€HHBIX € IIOMOIIBIO 00JIee TOYHOI 0a30BOI MOJIEIIN.

Bce pacdersr B paboTe TPOBEIEHBI ¢ UCIIOJIH30BAHNEM NMEIOIIETOCT KOJIa JIJIsl PEIeHNs TPO-
crpancTBennbix ypasHenuii Hapoe-Crokca, omucannoro B [1]. B kauecrBe yrounsiemoii Mojiesu
ObLII UCIIOJIBL30BAH MeTO/I puO/MyKeHHOi mpuctentoil gekommozunuu (ANDD)[2] mia mogenu
Cnanapra-Anmapaca, B KadecTBe 0a30Boit Mojenn - mofenb Cranapra-Anivmapaca. B gan-
HO# paboTe 3ajlada pelrena B HEJIOKAJILHON MOCTAHOBKE, TO €CTh YUUTBHIBACTCH BJIMIHUE BCETO
10/ TeUeHUs Ha OIMMUOKY B KOHKPETHOH ero touke. Omeparop mnepexoja OT yTOUHSIeMOH Mo-
Jiesin K 6a30BOi CTPOMTCS € TIOMOIIBIO CBepTOUHBIX Heliponubix cereit (CNN)[3] apxurekTypbl
SHKOJIep-Jiekojiep. [lo cpaBHeHUIO ¢ JIOKAJIBHBIM METOJIOM, B KOTODPOM IIOJI€ TE€UYEHUs] B KarK-
JIO TOYKE YTOYHACTCH Ha OCHOBAHUM 3HAYCHUI IIPU3HAKOB B 9TON TOYKE, HEJIOKAJILHBIA METOJL
MIO3BOJIAET JIyUIlle yIeCTh MPOCTPAHCTBEHHYIO 3aBUCUMOCTD U JIaeT 0oJjiee TOUHBIE PE3Y/IbTaTh
(0COGEHHO 9TO KacaeTcss PACCINTAHHOTO HA OCHOBAHUU IOJIsI CKODOCTU HANPSIZKEHUsT TPEHUs f;
1 HHTErPAJIBHBIX XapaKTEPUCTHUK, TAKUX Kak Kodbdurment couporusienns tpenus Cf).
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B nmamnnoit pabore yToOUHSIONNIT OTIEpaTOp MOCTPOEH Ha IIPUMEPE JIBYMEPHOI 3a/Ia9 CBePX-
3BykoBoro (M = 1.5 ) TypOysieHTHOrO OOTeKaHWs yIyia CXKATUS IIPH PAa3THIHBIX BETMIHHAX
yIyia cxKaThs u qucsiax PeffHosbica (paccMOTPEHbI 33/1a4i HHTEPIOIANMNA U SKCTPAIOJISIIII
o Re, a Tak »Ke MHTEPIOJISIIUN ¥ SKCTPATIOJISIIAK 110 BEJMYNHE YIJIa CKATUA (. )

B pabote Tak:ke mcciemyercs BOSMOXKHOCTh CBEJICHUs 3a/1a9U K OJHOMEPHOM (U MOCIIe/ Y10
IIEr0 UCIIOJIBL30BAHKS OJJHOMEDHBIX CBEPTOYHBIX HEPOHHBIX CeTeil) ¢ MOMOIIBIO 3AI0JTHSIFOIIIX
IIPOCTPAHCTBO KPHUBBIX, Kak HampuMmep B [4]. [IpenmyrnecTBo JaHHOTO 1M0/X0/1a IO CPABHEHUIO C
peleHneM 3a/a491 B JIBYMEPHOI ITOCTAHOBKE B TOM, UTO OH MOXKET ITPUMEHATHCA U K YTOYHEHUIO
peleHnii Ha HECTPYKTYPUPOBAHHBIX CETKaX.
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Numerical modeling of turbulent flows is computationally expensive and requires finding
the balance between accuracy and computational efficiency. The objective of this work is to
construct an operator that would improve the result of a less accurate computationally effective
model using simulation results for similar flows obtained from a slower, more accurate method.

In this work, all CFD simulations are performed with three-dimensional Navier-Stokes
solver, described in [1]. The Spalart-Allmaras model is used as the turbulence model. The
approximate near-wall domain decomposition (ANDD) [2] approach is used as the fast, less
accurate model, while the one-block approach (without decomposition) is used as the base,
more accurate model.

In this work, the operator is constructed using a non-local approach, where the entire input
flow field affects every point of the output flow field. The operator is constructed using a
convolutional neural network (CNN) [3] of an encoder-decoder architecture. In comparison to
a local approach, where values at every point of the output field are only determined by the
feature values at the corresponding point of the input field, the non-local method allows to
better account for spatial variances and generally gives better results (for example, for integral
characteristics such as friction drag coefficient Uy, and friction stress f. calculated from the
velocity field).
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In this work, the operator is constructed for two-dimensional supersonic (M = 1.5) turbulent
flow over a compression corner using different values for angle and Reynolds number. The
investigation has been conducted into interpolation and extrapolation both by Re and a.

We also investigate the possibility of reducing the problem to a single dimension, with
subsequent application of single-dimensional CNNs; using space-filling curves such as [4]. Such
an approach would have the benefit of being applicable to improving solutions obtained on
non-structured meshes.
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UYUNCJIEHHOE PEIITEHUE 3AJTAYUN CTE®AHA J1JId NCKYCCTBEHHOTI'O
JIEZJOBOI'O OCTPOBA
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Kmouesvie caosa: MCKycCTBEHHBIE JIeJIOBbIe OCTpoBa, 3asada Credana, mapaboamdeckne
ypaBHEHUsI, YncIeHHoe MojienpoBanue, cxema llucmena-Pexkdopia.
Pabora Boimosinena B pamkax mnpoekta Poccuiickoro nayunoro gommga Ne19-11-00023.

B pabore m3yuaercs aBymepHbIit JieoBbIil ocTpoB B Apkruke. ChopmymupoBaHa 3a1ada
Credana st usmenenus GasoBoro cocrosinus BerecrBa. Ha ocnosanuu |1, 3| paspaboran
YUCJIEHHBI METOJ[ €€ pelleHrs. DTOT MeTOoJ MOAMMUIMPOBaH s yueTa 3p(OEKTOB BHEITHEH
CpeJibl, KOTOpbIE HEe YUUTBhIBAET pusndeckas Mojesn. Kparko o0CyzK/1eH TOIX0/ JIJisd yUIeTa Ipa-
JIMEHTa COJIEHOCTU BOJIbI, CKOPOCTH BETPA, a TaKKe COJIEHOCTH Jibjia. /1 pazpaborantoit mo/ie-
JIV TIPOBEJIEH PsiJT YUCJIEHHBIX SKCIEPUMEHTOB Ha JIEJIOBOM OCTPOBE, N300parKEeHHOM Ha PUCYHKE
1. st 3TOrO JIeJOBOrO OCTPOBa, HAJICHO pacipeejeHue TeMIIEPaTyp B PA3HBIX TOCTAHOBKAX,
B TOM YHCJI€ C yI€TOM MAaCCHBa JIOHHOTO I'pyHTa ryiyomuoit 10 MeTpoB mocje HaMOparKuBaHUs
u 4depe3 150 JiHell B 9KCTpeMaIbHBIX YCJIOBUIX.

(4)

Puc. 1. Mogenb JsieioBoro ocrposa. Jles, ToOHHBIN TPYHT, BoJa U BO3yX 0003HAYEHBI
nudpamu 1-4 cOOTBETCTBEHHO.
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ARTIFICIAL ICE ISLAND
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Two-dimensional ice island in Arctic is researched in the paper. Phase transition problem
also called Stefan task is formulated. Numerical method for solving the task depending on the
works [1, 3] is developed. This method is modified to consider environment effects which are
not present in the physical model. Ways take salinity of ice and water salinity gradient, speed
of the wind into consideration are discussed. Using the model series of numerical experiments
on the ice island shown on the figure 1 are conducted. Field of temperature inside ice island
after its construction is found. Then this ice island is tested in different extreme environmental
conditions. Influence of the seabed soil array on the island is considered.

(4)

Fig. 1. Ice island. Ice, seabed, water and air are numbered as 1-4 respectively.
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MATEMATNYECKA4Ad MOAEJIb TNAPOIMHAMNYECKUX ITPOLHECCOB

KACIINIICKOI'O MOPS C YYETOM HAJINYUY JIbJA HA ET'O
ITOBEPXHOCTUA
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HWOHHBIII COCTaB, MATEMATUYECKOE MOJIEJIMPOBAHUE, aJITOPUTM, IIPOrPaMMAa.

UccnenoBanue BoinosHeHo npu ¢gpunancoBoit nomiepxkke PODU B paMKax HaydHOTO IIPO-
exkta Ne 19-31-51017.

B nocnenue jecaTniieTusd MHOYKECTBO HAYYHBIX UCCJIEIOBAHUN TTOCBAIIEHO U3YYEHUIO T'U/I-
POJIMHAMWKHU BOJIOEMOB TIEPEMEHHOI TTyOMHBI, OJIHAKO, HECMOTpsl Ha 3HAYUTEIHLHOE KOJIUIe-
CTBO IyOMKaImii, MHOTHE 3(MD@EKThI, OKa3bIBAIOIINE CYIIECTBEHHOE BJIMAHHE Ha IIPOCTPAH-
CTBEHHOE U3MeHeHNe THAPOMU3NIECKIX MPOIECCOB, HE YINTHIBAIOTC MIPU pa3paboTKe MaTeMa-
THUYECKUX MOJIesIeil, YTO HEraTUBHO OTParKaeTcs Ha KadeCTBE MPOTHO30B M3MEHEHUS IKOJIOTO-
ruApoU3NIECKON 0OOCTAHOBKHU MCCJIE/yeMbIX aKBaTOPUI.

Ob6bekTOM MOIe/IMpoBanus BeIOpano Kacrumiickoe MOpe-03epo — BOJIOEM CO CJIOXKHOI OaTu-
MeTpHueil, B KOTOPOM MOYKHO BBIJICIUTH JIBE IVTyOOKOBOJIHBIE M OJIHY MEJIKOBOJIHYIO 30HbBI, DU
9TOM OHO PACIoJIaraeTcsd B HECKOJIBKUX KJIMMATHYECKUX 30HAX U ABJseTcH OeccTOIHBIM. 13-
MeHEeHNe KOMIIOHEHTOB, COCTABJIAIONINX BOJIHBIN OaJlaHC, CUJILHO BJIUSET Ha YPOBEHb MOPS, UTO
IPUBOJIUT K PE3KOMY M3MEHEHUIO OEPEroBoil TUHUU M CTOHHO-HATOHHBIM SIBJICHUSIM.

[eb10 pabOTHI ABJISIETCS TIOCTPOECHKE, UCCIEIOBAHUE U YUC/IEHHAS pean3arus MaTeMaTne-
CKOl IIPOCTPAHCTBEHHO-TPEXMEPHON! HEOJHOPOAHON MOJEIN T'UAPOAUHAMUKI MOPs CO CJIOXKHON
H6aTuMeTpueil, YTO MO3BOJIUT 0OJiee TOYHO MO CPABHEHHWIO C CYIMIECTBYIONIMMU MOJEISIME IIPO-
HO3UPOBATH U3MEHEHUE SKOJIOTUIECKOil 00CTaHOBKYU B akBaTopuu. [Ipemioxkennas mpocTpan-
CTBEHHO-TPEXMepHas MaTeMaThdecKas MOJIeIb UJIPOJMHAMUYECKNX IpoleccoB Kacmuiickoro
Mopst 6asupyercs Ha cucreme ypasraennit Hapbe-Crokca [1]. B kadecTBe Momesn wabutioieHumit
HCIOJIB3YETCsI YPaBHEHNE COCTOSTHUSI MOPCKO# Bojibl, pazpaboranroe TOHECKO. B mnosmyio
CUCTEMY YpaBHEHUI JTUHAMUKHI MOpPS J100aBJIeHbI 0ATK-(DOPMYJIBI, YTO TO3BOIUT U3yYaTh THJI-
poJInHAMUYECKHe Mporecchl Kacnuiickoro Mops ¢ y4eToM HAJMYHA JIbJa HA €r0 MOBEPXHOCTH.
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ZL.HH O6€CH€‘-I€HI/IE{ MOZeJ/ I BXOAHBIMHU JaHHBIMU HUCIIOJIB3YIOTCA OTKPBLITHIE ITIOCTOAHHO ITOIIOJIHA-
€eMbIC 6a3b1 AKOJIOTUYCCKUX JaHHBIX W KJINMATHUYCCKUE aTJ/IacCbl. PacquHaH CeTKa, MCIIOJIb3Yye-
Mag JIJId YUCJIEHHOI peasn3aliiil MOCTAaBIEHHON 3a/1a4U1 B peabHOi 00JIACTU CJIOXKHOM (POPMBI,
COZIepPKUT Oosiee 2 MIIPJ. Y3JI0B, ITO3TOMY BO3HUKJIA HEOOXOIMMOCTH B pa3pabOTKe IIPOrpaMM-
HBIX MOJYyJIeH, OPUEHTUPOBAHHBIX Ha BBICOKOIIPOU3BOIUTEbHBIC BBIYUC/IUTE/IbHbIC CUCTEMBI,
Y9TO IIO3BOJIUT 3HAYUTEJIbHO COKPATUTL BPEMEHHbIE 3aTPpaTbl Ha 06pa60TKy JaHHDbIX. HO npe-
BapuUTEJIbHBIM OII€HKaM IIPpU PEIICHUN BCEX OIMMCAHHBIX 3a/a4, IIOABUTCA BO3MO2KHOCTDL ITOCTPO-
€HHUd KpPaTKO- U CpeaHEeCPOYHBLIX ITPOI'HO30B JWMHAMUKN TEeYeHU N BO/JHOI'O IIOTOKa B BOJOEMaX
[IEPEMEHHOM TJIyOUHBI.
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MATHEMATICAL MODEL OF THE CASPIAN SEA FLUID DYNAMICS
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In recent decades, many scientific studies have been devoted to the research of the hydro-
dynamics of reservoirs of variable depth, however, despite a significant number of publications,
many effects that have a significant impact on the spatial change of hydrophysical processes
are not taken into account when developing mathematical models, which negatively affects the
quality of forecasts of changes in the ecological and hydrophysical situation of the studied water
areas.

The object of the simulation is the Caspian Sea-a lake — a body of water with a complex
bathymetry, in which two deep-water and one shallow-water zone can be distinguished, while
it is located in several climatic zones and is drainless. The change in the components that
make up the water balance strongly affects the sea level, which leads to a sharp change in the
coastline and overrunning phenomena.

The aim of the work is to construct, research and numerically implement a mathe-
matical spatial-three-dimensional inhomogeneous model of sea hydrodynamics with complex
bathymetry, which will make it possible to predict changes in the ecological situation in the wa-
ter area more accurately than existing models. The proposed spatial-three-dimensional math-
ematical model of the hydrodynamic processes of the Caspian Sea is based on the system of
Navier-Stokes equations [1]. The seawater equation developed by UNESCO is used as an ob-
servation model. Balk formulas have been added to the complete system of equations of sea
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dynamics, which will allow us to study the hydrodynamic processes of the Caspian Sea, tak-
ing into account the presence of ice on its surface. Open, constantly updated environmental
databases and climate atlases are used to provide the model with input data. The computa-
tional grid used for the numerical implementation of the problem in the real domain of complex
shapes contains more than 2 billion data points. Therefore, there was a need to develop soft-
ware modules focused on high-performance computing systems, which will significantly reduce
the time spent on data processing. According to preliminary estimates, when solving all the de-
scribed problems, it will be possible to build short - and medium-term forecasts of the dynamics
of water flow in reservoirs of variable depth.
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10028).

[Ipu MomempoBaHUM pacupoCcTpaHEHUs CEHCMUYECKUX BOJIH B CPeJie, BayKHON COCTABJISIO-
meil sgBjageTcd y4eT Pas3HoOOPAa3HBbIX HEOIHOPOIHOCTEH, TaK KaK OHU BHOCIT CYIIECTBEHHBIM
BKJIQJ] B CEICMOTPAMMBI, TOJIyIe€HHBbIE B IIPOIECCe peasibHbIX n3Mmeperuii. OCHOBHON wuiei 1aH-
HOIT pabOTBI, SIBJIETCS MCIOTb30BAHNE HAJIOXKEHHBIX CETOK JIJIsT OMUCAHUS PA3INIHBIX HEOJTHO-
poJiHOCTEl, TAKUX KaK TPENUHBI WU He3aloJIHeHHbIe TOpbl. OXKHUIaeTcs 9TO JIAHHBIH TTOX0/T
IIO3BOJIUT YIIPOCTUTH IIOCTPOEHUE CETOK, OTHOCHUTEJ/IbHO aJIbTEPHATHUBHbLIX METOIJOB TaKUX KaK
METO, KOHEYHBIX 3JIECMEHTOB, a TaK2Ke€ IIO3BOJIUT IIOBBICUTH TOYHOCTDL.

PaccmarpuBaercs npuMenenue ceTOIHO-XapaKTEPUCTUIECCKOIO METOIa [5] B KOMOWHAITHH C
MEeTOJIOM HAJIOKEHHBIX CeTOK [4| B I1essax yder HeoJHOPOIHOCTel cpejbl. B naHHON pabore
JIEMOHCTPUPYIOTCS CIIOCOOBI ONMMCAHUS TPEIIMH U OTBEPCTUI MPU MOMOIIYU OMUCHIBAIOIINX UX
HAJIOYKEHHBIX CeTOK. [1g ommcanusa MoJIe/IMpyeMbIX OTBEPCTUI OCYIIECTBIIAETCH MOCPEICTBOM
HAJIOKEHUA KPUBOJIMHEAHON ceTku, a Jyid ydeTa TPelUH IIPUMEHAETCH peryjdpHad IPAMO-
yroJjbHasd HaJIOXKEHHasl CeTKa. B obonx Cay4dadax JJid MOJCJIAPOBAHUA OCTAJBHON OJHOPOHON
Cpesbl NCHOJIb3yeTcs PerysspHas IpSIMOyTrojbHas ceTKa. PaccmarpuBaemas 3ajada, 3TO pac-
[IPOCTPaHEHNE JUHAMUYCCKUX BOJHOBBLIX BOZMYIICHUI B HEOJHOPOHBIX Cpejlax, ¢ yIeTOM II0pP
U TPEIIUH COOTBETCTBEHHO, B YIPYTOil Mojesu [2].

Bammanusa MeTosia, B cilydae MOJEJIMPOBAHUS OJHOTO OTBEPCTHd, B JAHHON padoTe Oblia
[IPOU3BeJIeHa IIOCPEJCTBOM TECTOBOIO pacdeTra, MOIEJIUPYIOIIEro paclpocTpaHeHne BO3MYIIe-
HUI OT JABYX MJACHTUYHBIX UCTOYHUKOB BO3MYIICHUI 3allyIIEHHBIX OJHOBPEMEHHO U PAaCIOJIO-
KEHHBIX CUMMETPUYHBIX OTHOCUTEJILHO IIEHTPAa OTBEPCTUIL.
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Jisi 3a/1aHUs €IMHIUIHON TPEIUHbBI, TAKXKe MCIIOJIb3yeTCs eIMHIYHAsT HAJOKEeHHAs CETKA,
KOTOpasi MOJIeJIUPYeT Tperuny. Meros ucrnosb3yeMblil 1jis MOIe/IMPOBAHNsST TPEIUHBI OIUCAH-
ubiii B [3]. B kadecrBe semoncTpanuu paboThl MPEJIOKEHHOTO METO/Ia OBLIO BBIOJHEHO MOJIe-
JIMPOBAHUE PACIPOCTPAHECHUs BOJIH B Cpejie, cojepzKalieit Tpenmubl. Onucanue u mapamMeTpbl
cpejibl B3sIThl u3 [1].
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When modeling the propagation of seismic waves in a medium, an important aspect is
to consider various inhomogeneities, since they make a significant contribution to the seismo-
grams obtained in the process of real measurements. The main idea of this work is the use of
superimposed meshes to describe various inhomogeneities such as cracks or unfilled pores. It is
expected that this approach will simplify meshing relative to alternative methods such as the
finite element method, as well as improve accuracy.

The application of the grid-characteristic method [5] in combination with the overset grid
approach [4] is considered in order to take into account the inhomogeneities of the medium.
This paper demonstrates how to describe cracks and holes using overset meshes that describe
them. A curved mesh is applied to describe the simulated holes, and a regular rectangular mesh
is applied to account for cracks. In both cases, a regular rectangular grid is used to simulate
the rest of the homogeneous medium. The problem under consideration is the propagation
of dynamic wave disturbances in inhomogeneous media, taking into account pores and cracks,
respectively, in the elastic model [2].
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The validation of the method, in the case of modeling one hole, in this work was carried out
by means of a test calculation that simulates the propagation of disturbances from two identical
sources of disturbances launched simultaneously and located symmetric about the center of the
hole.

To define a single crack, a single overset grid is also used to simulate the crack. The method
used for fracture modeling is described in [3]. As a demonstration of the proposed method, the
simulation of wave propagation in a medium containing crack was carried out. Description and
parameters of the environment are taken from [1].
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Jlok/1a/1 IOCBAIIEH PEMIEHUIO 0OPATHBIX 3a/1a4 CeHCMOPA3BEJIKNA CHCTEM MAKPOTPEITUH C MC-
MOJTb30BAHUEM CBEPTOYHBIX HEHPOHHBIX cereil. Vcrob30Banne cBEpTOYHBIX HEMPOHHBIX CETei
SIBJISIETCsT ONITUMAJIbHBIM B CHJLy MHOTOMEDHOCTH H3ydaeMoro oObekTa JaHHbiX [1]. O6yvaro-
mast BbIbOpKa Obla chopMUpOBaHA € MPUMEHEHHEM MaTeMaTHYecKoro Mojeanposanus [2]. B
YUCJICHHOM PEIeHUN HPSMbBIX 33J1a9 Jjis (pOpMUPOBaHUs 00ydaromieil BHIDOPKU UCIIOJIb30BaJI-
sl CETOYHO-XapaKTEPUCTHICCKUN MeTos [3] ¢ mHTepIossAmeli Ha HECTPYKTYPUPOBAHHBIX TPE-
YTOJIbHBIX ceTKax. CeToIHO-XapaKTePUCTUIECKUI MeTo/T Harnbo/Iee TOTHO ONMCHIBACT JTUHAME-
JeCcKHe IIPOIIECChl B 3a/1a9aX CeiiCMOpa3BeIKu, TaK KaK YYUTBIBACT [IPUPO/LY BOJHOBBIX ABJICHUN.

B manmoit paboTe paccMaTpuBaeTCsd IIPOIECC pPelleHusl 00paTHON 3aa9u ceificMOpa3BeIKu
IJIACTOB OJHOHAIIPABJICHHBIX MAKPOTPEIIAH C UCIIOJIb30BAHNEM CBEPTOYHBLIX HEHPOHHBIX ceTeld.
[Tosryuenbl pe3y/IbTaThl pellenns 3a/ad ¢ Bapualueil yriia HaKJIOHA TPEITUH, BHICOTHI TPEIINH,
IIJIOTHOCTU PACIOJIOXKEHU TPEIUH B KJjlacTepe, a TaKKe C COBMECTHBIMU BapuallugdMU yIJia
HAKJIOHA W BBICOTBI TPEIIVH U BCEX TPEX MCCIEeNyeMbIX NapaMeTPOB.
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B kadectBe yHKIuM morepb ucnojb3oBasiack Beamdnda Mean Squared Error (MSE,
cpeliHssl KBaJpaTndHas omunbka)). B xoje obOydeHusi orcaekuBaiach Takzke MeTpruka Mean
Absolute Error (MAE, cpensisi omubka mo Moayso). PesysbraTsl nX ONTHMI3AIMN TPUBEIE-
HbI HA pUCyHKe 1.
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Puc. 1. I'paduku merpuk MAE u MSE B 3aBucumoctu or HoMepa 310xu o0ydenus (&) jijis
obyuaroreil 1 BaJuIAIMOHHON BEIOOPOK IIPU BapUallii BCEX TPEX IMapaMeTpPoB. 3aBHCHMOCTD
HOTPEITHOCTH OT 31oxu obydenust (b).
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The report is devoted to the solution of inverse problems of macro-fracture systems explo-
ration seismology with use of convolutional neural networks. The use of convolutional neural
networks is optimal due to the multidimensionality of the studied data object [1]. The train-
ing sample was formed using mathematical modeling [2]. In the numerical solution of direct
problems for the formation of the training sample, the grid-characteristic method [3] with in-
terpolation on unstructured triangular grids was used. The grid-characteristic method most
accurately describes the dynamical processes in exploration seismology problems, since it takes
into account the nature of wave phenomena.
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In this report, we consider the process of solving the inverse problem of exploration seismol-
ogy of unidirectional macro-fracture system using convolutional neural networks. The results
of solving problems with a variation of the angle of inclination of fractures, height of fractures,
density of location of fractures in a system, as well as with joint variations of the angle of
inclination and height of fractures and all three investigated parameters are obtained.

The Mean Squared Error (MSE) value was used as the loss function. During the training,
the Mean Absolute Error (MAE) metric was also monitored. The results of their optimization
are shown in Figure 1.
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Fig. 1. Graphs of the MAE and MSE metrics depending on the training epoch number (a)
for the training and validation samples with variation of all three parameters. Dependence of
the error on the learning period (b).
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JlokJ1a/1 TIOCBAIIEH MCCJIEIOBAHUIO PACIIPOCTPAHEHUS YIPYTUX BOJH B TPENTUHOBATON TIeo-
Jorudeckoii cpene [1] MeTomamu MaTeMaTHIeCKOTO MoJIeupoBanus. [loydeHHbIe pe3yIbTaThl
CPABHUBAIOTCS C pe3yJIbTaTaMy (PU3NIECKOTO MOJICTUPOBAHUS Ha aHAJOIMYIHBIX MoOJeIdax. Ma-
TeMaTHIeCKOe MOJIETMPOBAHNE BBITIOJTHAETCS € UCIOJIH30BAHUEM CETOUHO-XapaKTEPUCTUIECKOTO
merozia [2]. Tpenunbl 3aaBaMCh JIMCKPETHO B BUJIE TPAHKIL U KOHTAKTHBIX TDAHUIIAMU C Pa3-
JIMIHBIME YCJIOBUSIMU Ha KOHTAKTHBIX 110BepXHOCTAX [3|. Takoii mojixoy cHuzKaer norpeb/ieHne
BBIYUCIUTETLHBIX PECYPCOB, HO B TOXKE BpeMs MTO3BOJISIET 38/[aBaTh TPEIIUHbBI JTUCKPETHO B 00-
JIACTU WHTETPUPOBAHUSI.

PaccmatpuBaercs 3a/iada n3ydeHnsi BOJHOBBIX OTKJIUKOB OT CHCTEMBI OJIHOPOJIHO OPUEHTHU-
POBaHHBIX ME30TPEIINH, PACIIOJIOKEHHBIX Ha Tyyonne 1640 m. ['opuszoHnTaibHas MPOTAKEHHOCTD
miacta cocrapyser 2800 M, BepTukaabHasg 120 M. Tpemuabl paBHOMEPHO pacIpe/ie/ieHbl B T1a-
cre. Bricora Tpemun 12 M, paccrosinue MexK Iy TpelmuHaMu 12 M, yroj HaKJIOH& O IPajlyCoB.

PezysibraThl comocraB/ieHusS JAHHBIX MaTEMaTUIECKOrO U (DU3UYECKOTO MOJIEIUPOBAHUS
npejictaBaeHbl Ha pucyHnke 1. IlosydeHo xopoiiiee KadecTBEHHOE U KOJUYIECTBEHHOE COOTBET-
CTBUE.
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Puc. 1. Pesysnbrars! B Bujie ceiicMorpaMM JjIg TOPH30HTAJIBHON KOMIIOHEHTBI, IIOIyYCHHBIE C
HOMOIIBIO MaTeMaTHIeckKoro (a) u dpusndeckoro (b) mMojenupoBanus st mpoduIs,
PaCIOIO0KEHHOI'O Ha IIOBEPXHOCTH.
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The report is devoted to the study of elastic waves in a fractured geological medium propa-
gation [1] by methods of mathematical modeling. The obtained results are compared with the
results of physical modeling with use of similar models. Mathematical modeling is performed
using the grid-characteristic method [2]. Fractures were set discretely in the form of boundaries
and contact boundaries with different conditions on the contact surfaces [3]. This approach
reduces the requirement in computational resources, but at the same time allows specifying
fractures discretely in the integrational domain.

The problem of studying wave responses from a system of uniformly oriented mesofractures
located at a depth of 1640 m is considered. The horizontal length of the formation is 2800 m,
the vertical length is 120 m. The fractures are evenly distributed in the formation. The height
of the fractures is 12 m, the distance between them is 12 m, the angle of inclination is 5 degrees.

The results of comparing the data of mathematical and physical modeling are presented in
Figure 1. A good qualitative and quantitative agreement was obtained.
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Fig. 1. Results in the form of seismograms for the horizontal component obtained by
mathematical (a) and physical (b) modeling for the profile located at the surface.
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[Tpemiokena JByXKpUTepUaIbHash KUHETHIECKas MOJIENb TOBPEXKIAEMOCTH JIJIs OIIMCAHUS
pa3BUTHUSA IIPOIECCa YCTATOCTHOIO PaspylleHus MpH IMUKJINIECKOM Harpyzkenuu. Ee 6a30BbIi
(oHOKpUTEpHAbHBI) BapraHT onucad B [1]. s onpenesienns koabpuineHToB KHHETHIECKO-
I'0 ypaBHEHHsI TIOBPEZKIAEMOCTH MCIIOIb30BAHbI N3BECTHBIE KPUTEPUH MHOTOOCHOI'O YCTAJIOCTHO-
ro paspyuenus: Smith-Watson-Topper (SWT) [2], B KOTOpOM 3a/103KeH MEXaHU3M, CBSI3QHHbIMH
C pa3BUTHEM MUKPOTPEIINH HOPpMAaJbHOrO oTpbiBa, 1 Carpinteri-Spagnoli-Vantadori (CSV) [3],
B KOTOPOM 3aJIOZKeH MEXaHU3M, CBA3AHHBIA C PasBUTUEM CJABUTIOBLIX MUKpoTpemua. Ha sroi
OCHOBE IIPeJIJIO’KEHa IIPOIIEyPa BEIYUCICHNsST KOI(DMUIMEHTOB KHHETHIECKOIO YPABHEHUS IS
Pa3JIMIHBIX PEKUMOB YCTAJIOCTHOTO Pa3pyIIeHHsl OT MAaJIOIUKJIOBON JI0 CBEPXMHOIOIUKJIOBOI
YCTAJIOCTH.

Paspaboran eanHOOOpa3Hblii YMCICHHBI METO, OCHOBAHHDI Ha HESBHOIN AIIPOKCHMAIIN
nuddepennmaabLHOro ypaBHeH s JIJIsl TOBPEXK IaeMOCTH, KOTOPBIH T03BOJISET IPOBOIUTEH CKBO3-
HOI cueT pasBUTUS TPENIMHOIOMO00HBIX 30H YCTAJIOCTHOIO paspylleHns Marepuasa 6e3 BblIe-
JIEHUSI TPElMH B UX KJIACCUIECKOM IMOHUMAHUU, & TaKKe ONEHUBATH JIOJTOBEYHOCTH 0OPA3IIOB
OT MOSIBJIEHUsI TIEPBBIX 09aroB JI0 Makpopaspymienus. [IpuBeieHbl IpUMephl paciera, yCTajaoCT-
HOT'O pa3pyllieHus 00pasIoB, ColepKanmx JePeKThI, I PA3IUIHbIX PEKUMOB IUKITIECKOTO
HATpyKCHUSI.

[TokazaHo, 94TO UPK CJIOKHOM HAIPSAYKEHHOM COCTOSHHUN B IIpeJIaraeMoil JBYXKPHUTEepUaIb-
HOI MOJIeJIN BO3BMOYKHA eCTeCTBeHHAs pean3alius JIIOOro 3 pacCMOTPEHHBIX MEXAHU3MOB pas-
BUTHsI «KBa3uTperuy». «KBasuTpenubly pasHbIX TUIOB (HOPMAJbLHOTO OTPBIBA U CJBUIA)
MOI'YyT Pa3BUBATLCA OJHOBPEMEHHO B PA3HbIX YaCTAX 00pasIa.

[IpeioxkenHast Mojieib 0600IAET MTPE/ICTABICHIST TEOPUH MHAMUYIECKOTO paspyieHust |4]
Ha CIydail MUKITIECKOrO HAIPYKEHUS.
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A two-criterion kinetic damage model is proposed to describe the development of the fa-
tigue fracture process under cyclic loading. Its basic (single-criterion) version is described in
[1]. To determine the coefficients of the kinetic equation of damage, the well-known criteria
of multiaxial fatigue fracture were used: Smith-Watson-Topper (SWT) [2], which contains a
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mechanism associated with the development of normal opening microcracks, and Carpinteri-
Spagnoli-Vantadori (CSV) [3], which contains a mechanism associated with the development of
shear microcracks. On this basis, a procedure is proposed for calculating the coefficients of the
kinetic equation for various modes of fatigue fracture from low-cycle to very-high-cycle fatigue.

A uniform numerical method has been developed based on an implicit approximation of
the differential equation for damage. This method makes it possible to carry out a through
calculating the evolution of crack-like zones of fatigue fracture in the material without the
considering of cracks in their classical sense, as well as to estimate the durability of samples
from the first nucleation to macrofracture. Examples of calculating the fatigue fracture are
given for samples containing defects for various modes of cyclic loading.

It is shown that a natural realization of the considered mechanisms for ” quasi-cracks” devel-
opment is possible under a complex stress state in the proposed two-criterion model. “Quasi-
cracks” of different types (normal opening and shear) can develop simultaneously in different
parts of the sample.

The proposed model generalizes the concepts of the theory of dynamic fracture [4] for the
case of cyclic loading.
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B psie 3a71a4 MOAeIMPOBaHUST JIMHEHHO-YIIPYTOil Cpebl ¢ UCIOJIB30BAaHUEM CETOYHO-XapaK-
repuctuaeckoro meroja (CXM) Takux, Kak MOJeJIMPOBaHIEe TOHKON MeMOPaHbI, JIBUKEHHSI YKe-
JIE3HOJIOPOXKHBIX COCTABOB TI0 MOCTY, 0D0JIOUEK JIeTaTeIbHBIX alllapaTOB, BO3HUKAET HEOOXO M-
MOCTb TIPIMEHEHUsI HeSIBHBIX U SIBHO-HESIBHBIX (Pa3/IMIHbIe CXeMBbI 110 PA3HBIM HATIPABJIEHUSIM)
cXeM. DTa HeOOXOJUMOCTh CBA3aHA C OCOOEHHOCTSIMU T€OMETPUU U (PUBUYIECKON IOCTAHOBKH
3a1a4.

B pa6orax [1|-[2] mpumenen CXM st MOAEIMPOBAHUSA JBUKEHUSA O€3/1a C HCIIOIb30Ba-
HHUEM JJIs pacueTa 3HaueHUit MeXKJly y3JaMHU pPacHeTHOH CeTKH aJropuTMa pacllelljieHus 110
KOoOpJuHaTaM, a IJid pacdeTa 110 OTJIC/JIbHO BBIJIECJICHHOMY HallpaBJICEHUIO ITPUMEHAJIACH dABHaAA
cxeMa PycaHoBa Tperhero mopsiika TOYHOCTH. B ¢BsI3U ¢ HEOOXOIMMOCTBIO YIOBJIETBOPSITH HA
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KazKJIOM IIfare ycJaoBUIO ycToitunBocTn KypaHTa Jj1s1 SBHBIX CXeM BO3HUKJIA UJIes] TPUMEHEHUS
B CXM 06e3yc/I0BHO yCTONYIUBBIX HESIBHBIX CXEM pacUera.

B uccresoBanny peain3oBaHbl HESIBHBIE METOIBI IIEPBOTO (HESIBHBII YTOJIOK) U BTOPOTO MO~
psiika (cxema Babenko) rounoctn. Ha ux mpumepe peajin3oBaH aaropur™ Geryiiero cuera,
YUIUTBIBAIOIIUI COOTBETCTBYIONINE IrpaHndHble yciaoBus. Cxema Babenko orHOCHTCS K KJtac-
CYy HEMOHOTOHHBIX CXeM, JIjIsI €e MOHOTOHHU3AIUU CjejlaHa TUOpHjIHas CXeMa, OCHOBAHHAs Ha
CETOYHO-XapaKTEePUCTUIECKOM KPUTEPUN MOHOTOHHOCTH. KOPpPEKTHOCTH TOJIYYEeHHBIX PacdeT-
HBIX CXEM IIPOBEPSAINCH B OJHOMEPHO 3a/ia4ue TPU UCCIEIOBAHUN CXOJIMMOCTU YUCJIEHHOTO Pe-
MIeHNs K aHAJIUTUIECKOMY, B TOM 4ncie g ducesa Kypanrta 607bIe e IMHATIBL.

CpaBHeHUe SIBHOIO M HESIBHOIO METOJIa IIPOBOAMIAch Ha 3ajade JIamba u3 [3]. TlosmocTbio
HesIBHBIN METOJI IEPBOT'O MOPSIKA TTOKa3aJI CUJIBHOE Pa3MbITHE 110 CDABHEHUIO C SIBHBIM METOJIOM
IEPBOrO TOPsAJIKa. BriocseacTBun ObLT MPUMEHEH SBHO-HEABBHBIN CIIOCOO pacdeTa, KOTOPbIi
COXPAHUJI CBOMCTBA JIBYX CXEM B Pa3HBIX HAIPABJICHUIX.

Jltst Bcex pacdeTHBIX CXeM IIPU PeNieHrr ypaBHeH i JuHeiHo-yupyroit cpeabl CXM mostyte-
HBI COOTBETCTBYIOIINE BOJTHOBbIE KAPTUHBI Ha IPUMEPE 33/1a49l ITOCTOSHHOTO JABJIEHUs KOJIeca
Ha peJIbC.
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In a number of problems of modeling a linear-elastic medium using the grid-characteristic
method (GCM), such as modeling a thin membrane, the movement of trains on a bridge,
and aircraft shells, it is necessary to use implicit and explicit-implicit schemes. This need is
associated with the features of the geometry and physical formulation of problems.

In [1]-[2], the GCM is applied to simulate the movement of the train with the use of the
splitting algorithm for the coordinates to calculate the values between the nodes of the com-
putational grid, and the explicit Rusanov scheme of the third order of accuracy is adopted for
the calculation in the separate direction. In connection with the necessity to satisfy at each
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step the Courant stability condition for explicit schemes, the idea arise of using unconditionally
stable implicit calculation schemes in GCM.

The study implements implicit methods of the first (implicit corner) and second order
(scheme Babenko) accuracy. Running calculation algorithm is derived. We consider corre-
sponding boundary conditions, adopted to the algorithm. Schema Babenko belongs to the
class of non-monotonic schemes. For its monotonisation, we have made the hybrid scheme,
based on the grid-characteristic criterion of monotonicity. The correctness of the obtained
computational schemes we check in the one-dimensional problem, studying the convergence of
the numerical solution to the analytical one, including for Courant numbers greater than one.

We compare the explicit and implicit methods on the Lamb problem from [3]. The com-
pletely implicit first-order method has shown strong blur compared to the explicit first-order
method. Subsequently, the explicit-implicit calculation method we apply and preserve the
properties of the two schemes in different directions.

For all computational schemes, when solving the equations of the linear elastic medium by
GSM, we obtain the corresponding wave patterns , using the boundary condition of constant
pressure of the wheel on the rail.
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The problem of locating the boundary between two heterogeneous substances is considered.
The problem statement implies having only partial information about the physical properties of
the medium. The method obtains information about the structure of the medium from elastic
wave propagation and reflection.

Similar problems arise in different areas, and the present work concentrates on transcranial
ultrasound studies. The layer of the bone tissue of the skull acts as an aberrator, distorts and
noises the image constructed from the signal reflected from the internal structures of the brain
[1]. The shape of the skull is quite complex, its external and internal surfaces are not flat -
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because of this, the correction of aberrations turns into a difficult task. This work considers
the problem of determining the location and shape of the boundary between two acoustically
contrast materials — a layer of acoustically rigid one on the surface (models the wall of the
skull), and the main volume of acoustically soft one (models inner soft tissues).

The numerical modeling approach is used to create datasets of sufficient size: wave prop-
agation through the medium is simulated numerically using discontinuous Galerkin method
that was previously successfully used for modeling biomedical ultrasound [2]. Solving inverse
problems is based on convolutional neural networks, which achieved good results on ill-posed
problems in recent years [3].
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HUccnemoBanne BBIIOIHEHO 3a c4er rpanTa Poccuiickoro Hayanoro dgoua (mpoekt Ne 20-71-
10028).

Wcnosib3oBanme HAJIOKEHHBIX CETOK ITPU MOJETUPOBAHUY JIJI OIMMCAHUSA 0COOEHHOCTENH pac-
YeTHON 00JIaCTU BJICYET 3a OO0 HEOOXOAMMOCTD IIepPeHOca Pe3yJIbTaTOB MOJICTUPOBAHUS MEXK-
JIy CeTKaMU IIyTeM UHTepHodnuu. [Ipu ycjaoBun HEIMOABUKHOCTU CETOK U HEM3MEHHOCTH 00J1a-
CTH, YaCTh PacueTOB MOXKET OBITh BBIIIOJIHEHA 3apaHee, a MHTEPIOJINS Ha KarKJIOM Iare Mo-
JIeIMPOBaHUS CBOJIUTCS K B3BEIIIEHHOMY CYMMHUPOBAHUIO C BBIYUC/IEHHBIME BecaMu. Pasandabie
METO/Ibl THTEPIIOJIAIMNA MOI'YT BHOCUTH Pa3HbIE IIOI'PEIIHOCTU B PE3YJIbTaThl MOACAUPOBAHU, &
TaK>Ke UMEIOT Pa3HYIO BBIYUCIUTEIBHYIO CJIOXKHOCTB. B 3T0it paboTe ONnmuchIBalOTCS HECKOJIBKO
METOJIOB, UX OBICTPOJEHCTBIE U BHOCHMAS ITOI'PEITHOCTD.

[TockoIbKy OCHOBHasI ceTKa MOKPBIBAET BCIO BBIYUCIUTENBHYIO 00JIaCTh, TO BCE y3JIbI HAJIO-
JKEHHOI CeTKM HAaXOJIATCsA BHYTPU OCHOBHOI, IIO9TOMY TaKoOii IepeHoc Bcerjia Bo3MozkeH. [lepe-
HOC 3HaYEHUN MeK]ly HAJIOKEHHBIMU CeTKaMu OoJjiee CJIOXKEH, OJITHAKO TaKas 3a/ilada BOZHUKAET
PEIKO.

CaMbIMU OBICTPBIME U3 OIMHUCAHHBIX METOJOB SIBJIAIOTCS MOJTUHOMHUAIbHAS UHTEPIOJISIIIST
n OapuIleHTpUIecKre KoopauHaThl. HauMeHbIyIo morpemnrHocTs gaoT Metoasl Cubcona n Be-
JmKoBa-CeMeHOBa, OJHAKO 9TO JOCTUTAETCA IEHON OOJIBIION BBIYHCIUTEIHHON CI0KHOCTH U
OOJIBIIIOr0 BpeMeHn PaboThl. BhIcTpoaeiicTBIe U MOIPEITHOCTh JIUCKpeTHOro MeToma CubcoHa
3aBUCAT OT ITapaMeTpa aJITOPUTMAa, ONUCHIBAIOIIET0 KOJINIEeCTBO TUKce el pacTpa. deM MeHbIIe
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[IUKCeJIell pacTpa — TeM ObICTPee BBIIOTHSIETCS MHTEPIOJIAINs, OJHAKO TeM OO0JIbIlle BHOCHMAsT
IO PENTHOCTb.
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The use of overset grids for computational area inhomogeneities description entails the
necessity of transferring the results between grids via interpolation. Given that grids are sta-
tionary and the area does not change during the modelling, some computations can be done
in advance, and the interpolation after each step can be reduced to weighted summing with
pre-computed weights. Different interpolation methods introduce different errors and have dif-
ferent computational complexity. This work describes several methods, their results and their
performance.

Since the main grid covers the entire computational area, all nodes of the superimposed
grid are inside the main grid, so such a transfer is always possible. Transferring values between
overlaid grids is more difficult, but this is rarely the case.

The fastest methods described are polynomial interpolation and barycentric coordinates.
The smallest error is given by the methods of Sibson and Belikov-Semenov, but this is achieved
at the cost of great computational complexity time consumption. The speed and error of the
discrete Sibson method depend on the parameter of the algorithm that describes the number of
pixels in the raster. The fewer the pixels of the raster, the faster the interpolation is performed,
but the greater the introduced error is.
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Pabora mocesiierHa MaTeMaTuIeCcKOMY MOJAEINPOBAHIIO OMOXUMUIECKUX IIPOIECCOB B A30B-
CKOM MOpe, IPUBO/ISIIIX K IMOABJICHUIO B IIEHTPAIbHO-BOCTOYHON JacT A30BCKOTO MOPST 30HBI
AHOKCHUU — OIACHOI CUTYAIIMU BOSHUKHOBEHUsI aHAIPOOHBIX YCJOBUIl B MPUIOHHBIX CJIOAX MOPS
IpU MTHIAX U OJM3KUX K HUM BeTPOBBIX yciaoBusix [1]. Paspaborana maremarudeckas Mo-
JIeJIb IIPOIIECCOB caMoounIneHnss A30BCKOro Mops, basupymommasics Ha paborax Marumosa I'.I,
Axymesa E.B. u ap.:

a8, 9S, S, dS; s, ( 8&-)
+¢i7

ot ox oy
rie U = (u,v,w) — BEKTOP CKOPOCTH BOZHOTO IOTOKA; Wy, — CKOPOCTH ITPABATAIIIOHHOTO OCAZK JIe-
HUS §-Oif KOMIIOHEHTBI, €CJIN OHA HAXOJAWTCSI BO B3BEIIEHHOM COCTOSTHUU; A — JIBYMEPHBI OT1e-
parop Jlamwraca; p;, v; — ko3 durnmenTsr TypOyJIEHTHOrO 0OMEHa 110 TOPU3OHTAJIBHOMY U BEP-
TUKAJIHHOMY HAIPABJIEHUSIM COOTBETCTBEHHO; 1); — XMUMUKO-OMOJOTNIECKUil MCTOYHUK (CTOK),
i = 1,21: 1 — cepoBOIOPOT; 2 — 3JIeMeHTHasA cepa; 3 — cyabdaTel; 4 — cyabUTLL 5 — obmmit
Opranmvecknit a3or; 6 — aMMOHWMIt; 7 — HUTPUTHI; 8 — HUTPATHI; 9 — pacTBOPEHHBII MapraHelr;
10 — B3Bemrennblit Mapramner;; 11 — pacrBopeHHBIN KUCJIOPO; 12 — cuiukarsr; 13 — docdarsr;
14 — pactrBopennoe xkeje30; 15 — Kpemuekucj0Tel; 16, 17 — duro- u 300mnankron; 18, 19 —
MetabouThl (uro- n 3o00mnaHkTona; 20 — 6akrepun; 21 — gerpur. K cucreme (1) mobasiisi-
I0TCS COOTBETCTBYIOININME HadaJbHbIE W TPAHUIHBIC YCI0BUA. UUCICHHAA peau3alius MOJIe/N
Ouostormyeckoit Kunetnku (1) mpoBejieHa Ha OCHOBE PACIIEIIeHNs] HCXOIHOM TPEXMEPHOI 3a/1a-
M HA JBYMEPHYIO 110 MOPU30HTAIBHOMY U OJJHOMEPHYIO 110 BEPTUKAJIBHOMY HAIPABJIEHUAM [2].
Ha ocnose Texnoorun NVIDIA CUDA paspaboran mporpaMMHBII MOJLY/Tb, OpUEHTUPOBAHHBI
na rpaduaeckuit yckopureab NVIDIA Tesla K80, ucrnonbsytommiics st perernst 3aaqu (1)
B PEXKUMe OIpaHUYIEHHOTO BpeMenu. V3ydeH mMexaHu3M BO3HUKHOBEHUsI 3aMOPHBIX SIBJICHUI B
pe3yJibTaTe pacxo/ia KIUCJI0POJa Ha pas3jiozKeHne JeTPUTHBIX CKOIIEHWH B JIETHUI ITepUOJI.
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MATHEMATICAL MODELING OF THE AZOV SEA SELF-CLEANING
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The work is devoted to the mathematical modeling of biochemical processes in the Azov
Sea, leading to the emergence of anoxia zone in the central-eastern part of the Azov Sea — a
dangerous situation of the occurrence of anaerobic conditions in the bottom layers of the sea
during calm and close wind conditions [1]. A mathematical model of the Azov Sea self-cleaning
processes was developed, based on the works of Matishov G.G., Yakushev E.V., etc.:

0S; N 0S; N 05,
o or dy

where U = (u,v,w) — vector of the water flow speed; w,, —speed of i-th component gravitational
settling, if it is in suspension; A — two-dimensional Laplace operator; p;, v; — coefficients of
turbulent exchange in the horizontal and vertical directions, respectively; 1; — chemical and
biological source (runoff), i = 1,21: 1 — hydrogen sulfide; 2 — elemental sulfur; 3 — sulfates; 4 —
sulfites; 5 — common organic nitrogen; 6 — ammonium; 7 — nitrites; 8 — nitrates; 9 — dissolved
manganese; 10 — suspended manganese; 11 — dissolved oxygen; 12 — silicates; 13 — phosphates;
14 — dissolved iron; 15 — silicic acids; 16, 17 — phyto- and zooplankton; 18, 19 — metabolites of
phyto- and zooplankton; 20 — bacteria; 21 — detritus. The corresponding initial and boundary
conditions are added to system (1). The numerical implementation of the biological kinetics
model (1) was carried out on the basis of splitting the original three-dimensional problem into
two-dimensional in the horizontal and one-dimensional in the vertical directions [2]. On the
basis of NVIDIA CUDA technology, a software module has been developed for the NVIDIA
Tesla K80 graphics accelerator, which is used to solve problem (1) in a limited time mode.
The mechanism of occurrence of anoxia phenomena as a result of oxygen consumption for the
decomposition of detrital accumulations in the summer period has been researched.
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O IOAXOJAX ABHOT'O BBIJIEJIEHN S TPEIIIMHOBATBIX
HEO/JJHOPOJHOCTEN HA CTPYKTYPHBIX CETKAX B 3AJTAYAX
MOJIEJINPOBAHI Y PACIIPOCTPAHEHU S JMHAMNYECKIX
BO3MVYIIIEHUN
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Kmouesvie cao6a: ceTOUHO-XapaKTEPUCTUIECKUI MeTOoJI, TPEIIuHOBAaThIe HEOTHOPOIHOCTH,
ABHOE BbIAEJCHUE HEOJTHOPOJHOCTEM.

JlocTaTouHO MHOTHE MECTOPOXKJIEHUs YIJIEBOJIOPOJOB XapaKTepU3yIOTCsd HaJIMINeM (JIIOH-
JIOHACBIIIEHHBIX TPENINHOBATHIX CTPYKTYP. MeToabl ceficMuiueckoil pa3Be/iku MOT'YT OBITH J10-
cTaTouHO 3(DPEKTUBHBI JIJIsI ONPEJIEICHUST 30H C TPEIMHOBATHIMI BKJIOUeHusIMU. PaspaboTka
METOJIOB CEHICMUYECKO MHTEPIIPETAINN U PEMICHUsT OOPATHDBIX 33/1a9 TPEOYIOT HAJIMIUS TUCICH-
HBIX METOJIOB JIJIsT MOJICIMPOBAHUS PACIIPOCTPAHEHHS JTUHAMUIECKIX BOJTHOBBIX BO3MYIIEHUI B
reTeporeHHbIX TPENNHOBATHIX CPeIax. 3OHBI PA3JIOMOB U TPEITUH BCTPEYAIOTCS BO MHOIUX Hed-
Tera30BbIX MECTOPOXKIEHNIX 1 BHOCIT 3HAYUTE/IHHBIN BKJIA/ B PE3YILTUPYIONINI CECMUIECKIit
OTKJIUK. [[JIs1 TOCTpOeHUsT IOCTATOYHO TOYHON MOJIE/ I MECTOPOK/I€HUs TPeOYyeTC s UCIIOIb30Ba~
HIE aJICKBATHBIX MOJIEJICH TPEITMHOBATHIX CPEI.

B nannoii pabore paccMaTpuBaeTcss IPUMEHEHHE CeTOUHO-XapPaKTEePUCTUIECKOTO METOIA /st
MO/IEJTUPOBAHNS PACIPOCTPAHEHUs TUHAMUYECKUX BOJTHOBBIX BO3MYIIEHUN B IeOJIOIMYECKHIX
cpeJlax ¢ HaJu4dreM TPEIMHOBATHIX HeOTHOPOHOCTel. PaccMaTpuBaeTcst yeThIpe 1oaxoia J1j1st
MOJIEJTMPOBAHNUS OTKJINKA OT (DJIIOMJIOHACKIIIIEHHO TPEIUHbI Ha CTPYKTYpPHBbIX ceTkax [1]. Ilep-
BBIi T10/IX0OJT OCHOBaH Ha JyOJMPOBAHIUN y3JI0B B obactu ceTku |2]. Bropoii, paccmarpuBaemMbrii
B paboTe, METOJI UCIIOJIb3YEeT JOTIOJHUTE/IBHBIC Y3JIbI /I OMUCAHUS TPEIIUHBI Ha CTPYKTYPHOI
ceTke. DTO MO3BOJIIET 3ajaBaTh cyOBepTHKasbHbIe cTPYKTYphl [3]. Tak:ke paccmarpusarorcs
IOJIXOJIbI HA KPUBOJIMHEHHBIX M HAJIOKEHHBIX ceTKax |4]. TIpoBojuTest ux cpaBHeHUe ¥ JIeJIaioT-
Cs BBIBOJIBI O IIPUMEHUMOCTH B TOM WJIM UHOM CJIydYae.
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APPROACHES FOR MODELING FRACTURED INHOMOGENEITIES ON
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Quite a lot of hydrocarbon deposits are characterized by the presence of fluid-saturated
fractured zones. Seismic survey techniques can be quite effective in identifying areas with
fractured inclusions. The development of seismic interpretation methods and the solution
of inverse problems require numerical methods to simulate the propagation of dynamic wave
disturbances in heterogeneous fractured media. Fault and fracture zones occur in many oil and
gas deposits and contribute significantly to the resulting seismic response. To build a sufficiently
accurate model of the deposit, the use of adequate models of fractured zones is required.

This paper considers the application of the grid-characteristic method to simulate the prop-
agation of dynamic wave propagation in geological medias with the presence of fractured inho-
mogeneities. Four approaches are considered for modeling the response from a fluid-saturated
fracture on structured meshes [1]. The first approach is based on duplicating nodes in the
fracture area [2]. The second, considered in the paper, the method uses additional nodes to
describe a fracture on the structured mesh. This allows us to define sub-vertical structures
[3]. Also, approaches on curvilinear and overset meshes are considered [4]. Approaches are
compared and conclusions are drawn about their applicability in a particular case.
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YNCJIEHHOE PEIIIEHUE YPABHEHUY BOJIBIIMAHA C MOJEJIBHBIM
NHTETPAJIOM CTOJIKHOBEHUM C IIOMOIIIBIO TEH30PHBIX
PA3JIOXKEHUMN
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a

Karouesnie crosa: ypaBaenne BosbliMana, METOJ TUCKPETHBIX CKOPOCTEH, TEH30pHbIE pa3-
JIOYKEHUd, pasjiokenne Takkepa.

B pabore paccMarpuBaioTcss BOIPOCHI, CBA3aHHBIE C MCIOJIH30BAHUEM MAaJIOPAHTOBBIX TEH-
30PHBIX PA3JIOKEHUN /I YUCJEHHOTO pelleHns] KUHETUIeCKNX YPaBHEHU ¢ TIOMOIIHIO METOA
JIICKPETHBIX CKOpocTeil. MeTo JTUCKPEeTHBIX CKOPOCTEH SBJISETCS TOIY/ISIPHBIM YUCJICHHBIM
METO/JIOM JIJIsl PellieHusl ypaBHeHus: boJibIiMaHa ¢ MOJIeJTbHBIM MHTErpajoM CTOJKHOBeHuit. Vc-
10JIb30BaHUE OOJIBINNX CKOPOCTHBIX CETOK IPUBOJUT K OOJIBIIOMY 00beMy TpeOyeMoil maMsTu.
O/l u3 cr1ocOO0B YMEHBINEHUsT 3aTPAT MO HMAMATH ITO UCIOJIb30BAHUE AIIPOKCUMAIUI TeH-
30POB, BO3HUKAIONINX IPU JUCKPETU3AIMH (DYHKIIUNA pacIpeie/ieHusl Ha CTPYKTYPUPOBAHHO
ceTtke. B pabore onucbiBaeTcd MOuMUKAIUST METOAA JTUCKPETHBIX CKOPOCTE, B KOTOPOW HUC-
nostb3yercsd ¢gopmar Takkepa. PaccmarpuBaroTcs OCHOBHBIE AJITOPUTMBI JIJIS MTO3JIEMEHTHBIX
orepalnii HaJi TeH30paMu B dpopmare Takkepa U pasjaumdHble POOJIEMbI, KOTOPbIE BO3HUKAIOT
IpH aJIalTallui YUCJIEHHOTO MeTO/IA.
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We consider different questions concerning the application of low-rank tensor decompositions
to the numerical solution of the kinetic equations using discrete velocity method. Discrete
velocity method is a popular tool for the numerical solution of the Boltzmann equation with
a model collision integral. Large velocity grids lead to a huge memory footprint. One way to
reduce the amount of memory is to use approximations to the tensors arising from discretization
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of the distribution function. We describe a modification of the discrete velocity method which
employs the Tucker decomposition. Main algorithms for element-wise operations with Tucker
tensors are considered as well as different problems arising from the adaptation of the baseline
method.
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Karouesvie caosa: TIpoTiece OCasKIeHUsT B3BECH, CXEMbI PACIHIEIIEHUST, MOIUMUITTPOBAHHAS
cxeMa, «Kabapey», PYHKIUS 3alI0JTHEHHOCTH SUeeK PacdeTHON 00JIacTH.

WccnenoBanne BbInoiHeHO Mpu puHaHCOBON mo11ep:kKe CoBeta 1o rpanTam IIpesumenta
Poccuiickoit @esiepariun B pamkax zHayaroro mpoekta Ne MJ1-3624.2021.1.1.

Ba mociennee JecaTuIeTHe, He TOJILKO B Poccum, HO M B MHpPE OTMEYAETCs yBEJUYCHUe
qrcsIa HEOJIArONPUATHBIX U 9KCTPEMAJBHBIX IPUPOIHBIX ABJEHUH, OKA3BbIBAIOIINX BIUAHUE Ha
npuOpeKHbIE, MOPCKUE U PEedHble CHCTEMbI, B TOM YHCJIe Ha KOPMOBYIO 6a3y pwib [1-2|. s
OIIEHKU BO3JICICTBHs HA SKOJOTUYECKYIO CUTYAIUIO TPeOyeTcsl MOCTPOEHHE MaTeMaTHYeCKUX
MoOJIeJIell, O3BOJIAIONINX CIHPOTHO3MPOBATH KaK PacHpOCTpaHeHne IieidoB B3BeCH B BOJHOIL
cpejie, TaK M M3MeHenue penabeda IHa B CBA3M C BBIIAJICHUEM B3BEIICHHBIX YACTHUIl TPYyHTA B
ocasiok. [lepeunciientbie nporecchbl THAPOMUIUKU MOTYT OBITH OIUCAHBI B BUJIE CJIOKHBIX CH-
cTeM HaYaJIbHO-KPAEBBIX 3a/1a4, BKIIOUAIOMNX B ¢e0s ypaBHEHUs MUIPOAMHAMUKN, TPAHCIOPTA
TeIlIa U coJiell U B3BEIIeHHOro BertecTBa. Jljis onmcanus 1moio0HOro Kjiacca 3a1ad UCIOJIb3Y 0T
ypasHenue uddysun-KouBeknun [3-4|:

de,  0(ucy)  O(ve,) O((w+wsy)e) 0 oc, 0 oc, 0 oc,
o "o oy 0z =50 \Par ) Tay \Fay ) T g ) i ()

rje ¢, — KOHIeHTpalws r-oii ¢dpakiun B3secw; V = {u,v,w} — cocrapisiomiye 1mMoJisi BEKTOPa
CKOPOCTH; [, V — TOPU3OHTAJILHBIN U BEPTUKAJIBHBIN KO3MDDUIUEHTHI TypOyaeHTHOM Tuddy3nn;
W, — CKOPOCTb OCaKJeHUdA 7-0if dpaxium; [, — HHTEHCUBHOCTD PACHpe/Ie/IeHus NCTOTHUKOB
r-oit ¢ppakium.

[Ipu 5TOM CTOUT OTMETHTH, YTO IPU MOJIEIUPOBAHUN Psijia IPE3BBIYANHBIX CUTYAIHMI IPU-
POJIHOTO XapakKTepa, B TOM YHCJIe MTOPMOBBIX HATOHOB, MEPEHOCA 3arpPsI3HSIIONINX BEIECTB B
BOJIOEME HYKHO YUHUTBHIBAET Mpeod/IalaHis KOHBEKTHBHOTO oreparopa HaJ J1nddy3uoHHBIM
[3-4], aTo Bemer K HeoOXOAMMOCTH Pa3pabOTKU PA3HOCTHBIX CXEM, UMEIONIMX BBICOKYIO TOU-
HOCTBH TIpu GOJIBIIUX ceToIHbIX unciax Ilekse. [Tostomy npu anmpokcumarnun ypashenust (1)
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HA PABHOMEPHO MPSIMOYTOJ/ILHON CEeTKe BOCIIOJIb3yeMCsi MOIUMUITMPOBAHHON cxeMoil «Kabapes
C BECOBBIMU KO3 DUIMEHTAMU, MMOJTYIEHHBIMI B PE3y/IbTaTe MUHUMHU3AIUNA MOTPEITHOCTH all-
npokcumanuu [4].

PesynbraThl 9HC/IEHHBIX SKCIEPUMEHTOB MMO3BOJIAIOT MPOAHAIN3UPOBATEL JTUHAMUKY H3Me-
HEHUsI TeOMETPUU U T'PAHYJIOMETPHYECKOrO0 COCTaBa JHA, 00pa30BaHUS CTPYKTYD M HAHOCOB,
[IepeHoca B3Beceil B aKBATOPUM, & TaKXKe YyPOBEHb 3arpA3HEHUd BOJ.
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Over the past decade, not only in Russia, but also in the world, there has been an increase
in the number of adverse and extreme natural phenomena affecting coastal, marine, and river
systems, including the food supply of fish [1-2]. To assess the impact on the ecological situa-
tion, it is necessary to build mathematical models that allow predicting both the propagation
of suspended matter plumes in the aquatic environment and the change in the bottom topog-
raphy due to the deposition of suspended soil particles into the sediment. These hydrophysics
processes can be described as a complex system of initial-boundary value problems, including
the equations of hydrodynamics, transport of heat and salts and suspended matter. To describe
this class of problems, the diffusion-convection equation is used [3-4]:

de,  0(ucy)  O(ve,) O((w+wsy)e) 0 oc, 0 oc, 0 oc,
o o oy 0z = \Fax ) oy oy ) tas v ) e ()

where ¢, is the concentration of the r-th fraction of the suspension; V' = {u,v,w} are the com-
ponents of the velocity vector; p, v are the horizontal and vertical turbulent diusion coeffcients;
ws,, 1s fall velocity of the r-th fraction; F, is the function describing the intensity of pollutant
sources of r-th fraction.
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Note that modeling some of natural emergencies, including storm surges, the transfer of
pollutants, it is necessary to take into account the prevalence of the convective operator over
the diffusion operator [3-4], which leads to the need to develop difference schemes with high
accuracy at large grid Peclet numbers. Therefore, when approximating equation (1) on a
uniform rectangular grid, we use a modified Upwind Leapfrog scheme with weight coefficients
obtained by minimizing the approximation error [4].

The results of numerical experiments make it possible to analyze the dynamics of changes
in the geometry and granulometric composition of the bottom, the formation of structures and
sediments, the transport of suspended matter in the water area, as well as the level of water
pollution.
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13 3aKOHOB COXpaHEHWsI UMILYJILCA B HAIIPABJIEHUI T U Y, & TAKIKE 3aKOHA COXPAHEHHsI MACChI
[1] paccMoTpuM mpsiMyIo 3a/lady DPACIpPOCTPAHEHHs aKyCTHIECKOH BOJIHBI Uepe3 JBYMEDPHYIO
cpeay B obsacru Q = (z,y) € [0,L] x [0,L]:

ou 1@_0 ov 1@_

4z - —_— 4 = = Q t<T 1

ot Tpor - at Toay wy)ed, 0<t=T, W
Op o (Ou  Ov

et ) = T Q 2

o+ e (8x + ay) Oa(zy)I(t),  (zy)€Q, (2)

uﬂ)’p‘(z,y)eaQ = 07 u7v7p|t=0 = 0. (3)

Baech u = u(x,y,t) — CKOPOCTH CPeJIbI 10 MpeMeHHol =, v = v(x,y,t) — CKOPOCTh CPeJIbl
10 mpeMeHHoit y, p = p(x,y,t) — npesblnaioomiee Jgasnenue, p = p(r,y) — IIOTHOCTb CPEJIbI,
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¢ = ¢(z,y) — CKOpOCTb pacrpocTpanenus 3ByKa, Oqo(zr,y) — xapakrepucTudeckasi (DyHKIIUsT
MECTOIIOJIOXKEHHsT NCTOYHMKA, [ (1) — 30HAUPYIOMuUil NMITYIIbC.

Cucrema (1)—(3) ucrosnb3yercst 1Jist ONMUCAHUST PACIPOCTPAHEHHsI YIBTPA3BYKOBBIX BOJH B
JKUJIKOI cpejie, B KOTOPOIi akycTuIecKue mapaMerpbl OJ1u3Ku K KuIKOCTHBIM |2, 3|. C momorisio
9TOl CHCTEMBI TAK¥Ke MOYKHO MOJIETMPOBATE JIUArPAMMbI HATIPDABJIEHHOCTH MCTOYHUKOB [4].

MpbI npejmoaraenM, 9To JaHHbIe 0OpaTHON 3a7a4u — 39TO JaBJIEHHE, U3MEPEHHOE BHYTPU
IPUEMHUKOB:

p(l’,y,t) = fk(x7y>t)7 (x,y) € Qka k= 17 s 7N' (4)

Pacemorpum cucremy w3 N IpUEMHHUKOB, KazKIbIil U3 KOTOPBIX PACIIOIOXKEH B COOTBETCTBY-
fommeit obmactu 2. ObparTHasi 3ajada COCTOMT B BoccTaHoBIeHHn byHKImi c(z,y), p(x,y) B
(1)—(3) ¢ mcrob3oBanneM JOIOMHUTEILHOI Hidopmanum(4).
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From the conservation laws of impulse in direction x and y, and the conservation law of mass
[1] let us consider the direct problem of acoustic wave propagation through the 2D medium in
the domain Q = (z,y) € [0,L] x [0,L]:

du  10p ov 10p

e Tt ov  Ltop _ -

at+p8x ’ 8t+p8y 0, (xy e, 0<t<T, (1)
ap 2 du ov .
E + pc (% + a—y) = Gg(x,y)](t), (x7y) c Q, (2)

u7v7p|(w,y)68§2 =0, u,v,pli=o = 0. (3)
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Here u = u(z,y,t) is the velocity vector with respect to z, v = v(x,y,t) is the velocity vector
with respect to y, p = p(x,y,t) is the exceeded pressure, p = p(z,y) is the density of the medium,
¢ = c(x,y) is the wave speed, 0q(z,y) is the characteristic function of the source location, I(t)
is probing pulse.

System (1)—(3) is used to describe the propagation of the ultrasound through the fluid
medium, and the acoustic parameters of the models, that were considered during the numerical
experiments are close to fluid [2, 3]. Radiation patterns are also modeled using this system [4].

We assume that the data of the inverse problem is the pressure measured inside the receivers:

p(z,y,t) = fr(z,y,t), (x,y) € Q, k=1,...,N. (4)

Here we consider the system of N receivers, each located in the corresponded domain €.
The inverse problem is to recover functions c(z,y), p(x,y) in (1)—(3) using the additional
information (4).
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HuddepennuanbHbie ypaBHEHNsT ¢ IMITYIbCHBIM BO3/ieficTBHeM (MMITYJIbCHBIE CHCTEMBI) UC-
HOJIL3YIOTCS JIJIA MOJICTTMPOBAHUA IIPOLECCOB, ITapaMeTPbl KOTOPBIX B HEKOTOPbIe MOMEHTHI Bpe-
MEHH IO/IBEPTalOTCsd PE3KUM M3MEHEHUSIM 10/ BJINSHIEM KPATKOBPEMEHHBIX (MMITYJIbCHBIX) BO3-
neiicTuil. [IpuMepbl TAKIX TPOIIECCOB TAIOT PA3INIHDBIE OTPACTA HAYKN M TEXHOJIOIHN (TeOpHs
yIIpaBJIeHUs], HOIY/IAIMOHHAS JMHAMUKA, TPOMBIIICHHAST POOOTOTEXHUKA U JIPYTHE). Y IUThI-
Bas IPEHEOPEKNMO MAaJIyIO IIPOJIOJIZKATE/IBHOCTD BO3/IEHCTBUN IO CPABHEHUIO C XapaKTEPHBIM
BpEMEHEM 39BOJIIOIMH HCCIE/lyeMOro IIPOoIecca, NMPU MOJEIUPOBAHNN JIOIyCKAeTCs, YTO Iapa-
MeTPBI IIPOIecca U3MEHAIOTCA MITHOBEHHO. Teopuda NMITYJIbCHBIX CUCTEM JAaHHOTO BUJA aKTHUBHO
pasBuBaercs ¢ 60-x 10708 pomnuoro crojerus [1].

Bynem npeanosiaraTb, 9T0 MOMEHTBI HMITYJILCHOI'O BO3/IeiicTBHs (DPUKCUPOBAHBI, U PACCMOT-
PUM IIePUOJUYECKYIO UMITYJILCHYIO CUCTEMY BTOPOI'O HOP:AJIKA

&= Ax + Z fma™, t# 7., x(tT) = Bx(t)+ Z gmx™, t =T, (1)

[m[>2 [m|>2

riie z(t1) = limg o 2(s), m = (my,mg) > 0 — mynbTuungexc, |m| = my + mq, z = (z1,22)7,
™ = a"xy?, A B € R¥?2 det B # 0, fr,gm € R%, 7o = k0, k = 0,1,2,..., 0 < 0. Pagp B
IPABOIl YACTH CHCTEMBI IIPEJIIOJIArAlOTCs abCOMIOTHO CXOJANINMUC B HEKOTOPOI OKPECTHOCTH
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Hysisi. Perienuem cucrembl siBjisiercs HenpepbiBHas cieBa (r(t) = z(t — 0)) KycouHo-TyIaiKast
dbyHKIM ¢ paspeIBaMu [EPBOTO POJia B TOUKAX Tk, YJAOBJIETBOpsifomias ypasHeHusm (1).

Bynem mpenonaraTs, uTo Marpuia Monogpomun M = e’ B numeapusannm cucremer (1) B
HYyJIE

=A¢ t#7, &) =DB1), t=m, (2)
MMeeT KOMILJIEKCHO CONPsi?KeHHBIE COOCTBEHHbIE 3HAS YeHUsl (MYyJIbTHILINKATODHI) P12 = ei”,
0 <« < . Jlerko Buzers, urto 3Hadenus &(7y) cBA3anbl cooTHOMmEHNEM &(Tkt1) = ME(T). D10
O3HAYaeT, YTO UMeeT MeCTO KPUTUICCKUI CIIyYail yCTONYNBOCTU HYJICBOI'O PEIIeHU HeJIMHEHHONI
cucrembl (1), paccMoTpenHblit B [2].

B nokmaze mokazano, uto B cucreme (1) B yKa3aHHBIX BBIIIE HPEINOTIOKEHNASIX TIPH H3Me-
HEeHWUHU JII000ro 13 mapaMeTpoB JimHeapusaun (2), mpu KOTOPOM MYJIBTHILIMKATOPBI MATPHIIE!
MoHOJIpoMuH M TIepeceKaloT eIMHUYIHYI0 OKPY?KHOCTb KOMIIJIEKCHOW IIJIOCKOCTH, ITPOUCXOIUT
Oudypkanus poxKjeHns (MCIe3HOBEHNUs) KOJIbIEBOTO MPEJIEJLHOTO MHOXKECTBA. JTO SBJICHUE
€CThb aHAaJIOI' XOPOIIo u3BecTHO Oudypramyun AnapoHoBa-Xomda poxKIeHUs IePUOINIECKOIO
periennd B IJIaJIKON JIMHAMUYECKON cucremMe.
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Impulsive differential equations (impulsive systems) are used to simulate processes whose
parameters at some points in time undergo sharp changes under the influence of short-term
(impulse) influences. Examples of such processes are provided by various branches of science and
technology (control theory, population dynamics, industrial robotics, and others). Taking into
account the negligible duration of the impacts in comparison with the characteristic evolution
time of the process under study, it is assumed in the simulation that the process parameters
change instantly. The theory of impulsive systems of this type has been actively developing
since 60’s of the last century [1].

We will assume that the moments of the impulse action are fixed, and consider a periodic
impulsive system of the second order

P=Ar+ Y fur™, t£7,  a(tT)=Bxt)+ Y gma™, t=1, (1)

Im|>2 |m|>2

where z(t7) = limy 0 2(s), m = (my,ma) > 0, |m| = my +ma, z = (x1,29)7, 2™ = 22,

A B € R?2 detB # 0, fo,0m € R?, 7, = k0, k = 0,1,2,..., 0 < 6. The series on the
right-hand side of the system are assumed to be absolutely convergent in some neighborhood
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of zero. The solution of the system is a left continuous (z(t) = x(t — 0)) piecewise smooth
function with discontinuities of the first kind at the points 7, satisfying the equation (1).

We will assume that the monodromy matrix M = e’4B of linearization of the system (1)
at zero

E=A¢ t#m, (7)) =B, t=mn, (2)

has complex conjugate eigenvalues (multipliers) p; 5 = e, 0 < v < 7.

It is easy to see that the values of {(7}) are related by the relation &(741) = M&(7). This
means that there is a critical case of stability of the zero solution of the nonlinear system (1),
considered in [2].

It is shown in the talk that in the system (1) under the above assumptions, when any of the
linearization parameters (2) changes, for which the multipliers of the monodromy matrix M
intersect the unit circle of the complex plane, there is a bifurcation of the birth (disappearance)
of the ring limit set. This phenomenon is an analogue of the well-known Andronov-Hopf
bifurcation of the creation of a periodic solution in a smooth dynamical system.
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CrpaHHBII Xa0TUYIECKUN aTTPAKTOp, UNCIEHHO OOHapy:keHHBINH O.Jlopennem B 1963 romy,
OoJiee IIATUIECATH JIET IPUBJIEKAET BHUMaHIE CIIEIIUAINCTOB B 00JIaCTH XaO0TUIECKON TUHAMUKI.
KiroueBbiMu 371€Ch SIBJISIOTCS BOIIPOCHI O CIICHAPUAX €TI0 POXKJICHUS U UcUe3HOoBeHus. B monckax
OTBETOB B KOHIIE 70-X TOJIOB aTTpaKTOp aKTHUBHO MCCJIEOBAJICA C TMOMOIIHLIO0 T€OMETPUIECKIX
MOJIEJIel, YTO ITO3BOJINIIO TIPEJJIOXKUTE CIICHAPUIT €10 POXKJICHHS Uepe3 M0C/Ie10BaTe IbHOCTb O1-
dypkaruii KopazMepHoOCcTH 1, a TaK»Ke ClleHapuil NCIe3HOBEHUS aTTPAKTOPa Uepe3 pas3pylieHne
MHBAPUAHTHOTO CJIOCHHUS C TIOCJIC/IYIONMIMM POXKJICHUEM YCTONYIUBBIX OPOUT OOJIBIIOTO MEPUO-
na. HecmoTpst Ha TO, 9TO 0Da crieHapus XOPOIo HAOJIIOMAINCh B YUCCHHBIX SKCIEPUMEHTAX,
OTHOCHTE/IbHO CTPOr0 YCTAHOBUTH CYIECTBOBAHUE XaOTUYIECKOIO aTTPAKTOPa B OPUTMHAJIBHOM
cucreme ynasaoch Jminb B 1999 rogy meromamu KOMIbIOTEpHOTO jokazaresbersa |1]. CoBcem
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HEJIABHO JIJIsi pacIiupeHHoit mojesu JlopeHia ObLI0 MPEeJIoKeHO aHATNTUIECKOEe JI0KA3aTe /b
CTBO POXKJIEHUsI CTPAHHOTO aTTPAKTOPa JIJIsi MaJIoro mapaMeTrpa depe3 OmdypKaIuo Kopa3sMmep-
Hoctu 2 [2|. IlepBoe mosHOE aHAIUTHYIECKOE JTOKA3ATETbCTBO POKJIEHNST CTPAHHOTO ATTPAKTOPA
B TPEXMEPHOM IIOTOKE Yepe3 IOC/Ie10BaTe/IbHOCTh OndypKalnii KopasMepHocT 1 ObLIO Tpej-
crasjieno B pabore [3]. B pabore Gblia mocTpoeHa KOHKpeTHAs KyCOYHO-TJIaJIKasd TpEXMepHast
cucreMa OOBIKHOBEHHBIX T depeHnnaabHbIX YPABHEHUH, JIjIi KOTOPOI OBLIO IIPOBEIEHO CTPO-
roe aHAJUTHIECKOE MCCIEOBAHUE C ITOMOIIBIO STBHO TOJyYeHHOro orobparkenus: [lyamkape, a
NMEHHO JIOKA3aHO CYIECTBOBAHIME CTPAHHOIO XAOTUIECKOTO aTTPAKTOPa JIOPEHIIEBCKOIO THIIA,
a TakyKe SBHO OIpeJesIeHbl TPAHUIILI ero CYIIeCTBOBaHUS B IMPOCTPAHCTBE IapaMeTpoB. B Ha-
CTOSIIIEM JIOKJIAJIE [T CHCTeMbI U3 PaboThl [3]| pejicTaBIeHo CTPOroe UCCjieloBaHue ClieHAPUs
HNCYE3HOBEHUsI CTPAHHOIO aTTPaKTOopa depe3 pas3pylleHne HHBapUAHTHOrO cjoeHus . Jlokasza-
HO, 9TO pa3pylieHne NMHBapUaHTHOI'O CJIOCHUA IIPOUCXOIUT IIPU IIOABJICHUUN B TPaCKTOPUAX aT-
TpaKTOpa 6eCKOHe“IHO MaJIbIX YYaCTKOB CKOJIb3AIIUX ,ZLBI/I}KGHI/IfI, 9TO IIPpUBOAUT K POXKICHUIO
YCTOMYIUBBIX OpOUT OosIbIIOro repuojia. [IpegcraBieHubie pe3ysibTaThl OMyOJIUKOBAHBI B PabOTe

14].
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The strange chaotic attractor, numerically discovered by Lorenz in 1963 [1], has attracted
the attention of specialists in the field of chaotic dynamics for more than fifty years. The key
questions here are questions about the scenarios of its birth and disappearance. In search of
answers, at the end of the 70s, the attractor was actively investigated using geometric models
[2], which made it possible to propose a scenario of its emergence via a sequence of bifurcations
of codimension 1, as well as a scenario for the disappearance of the attractor via the destruction
of an invariant foliation followed by the emergence of stable orbits of a large period. Despite the
fact that both scenarios were well observed in numerical experiments, it was possible to establish
relatively rigorously the existence of a chaotic attractor in the original system only in 1999 by
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computer proof methods [3]. Quite recently, for the extended Lorenz model, an analytical proof
was proposed for the birth of the strange attractor for a small parameter via a bifurcation of
codimension 2 [4]. The first complete analytical proof of the birth of a strange attractor in
a three-dimensional flow via a sequence of bifurcations of codimension 1 was presented in [5].
In that paper, a concreate piecewise-smooth three-dimensional system of ordinary differential
equations was constructed, for which a rigorous analytical study was carried out using the
explicitly obtained Poincaré map, namely, the existence of a strange chaotic attractor of the
Lorenz type was proved, and the boundaries of its existence in the parameter space were also
explicitly determined. In this talk, for the system from [5], a rigorous study of the scenario of the
disappearance of a strange attractor via the destruction of an invariant foliation is presented.
It is proved that the destruction of the invariant foliation occurs when infinitesimal parts of
sliding motions appear in the trajectories of the attractor, which leads to the creation of stable
orbits of a large period. The presented results were published in [6].
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PaccmarpuBaercs cucrema 3 m KBa3WIMHEHHBIX C1a00 CBSI3aHHBIX MKy COOOI 110 TPUH-
Uiy “Kaskjplii co BceMu” OCHUILISITOPOB (CJiydail KOJIBIEBbIX MENOYeK PACCMOTPEH B CTATHSIX
[1,2]). TIpeanonaraercst, 4To MapaMeTphbl KazKJ0r0 U3 HapIUajlbHOIO OCIUJISITOPOB OJU3KH K
KPUTHYECKHUM 3HAYEHHUSAM, IIPU KOTOPBIX IpoucxoauT oudypkanus Anjapornosa—Xomda. B arom
caydae K KakKJIOMY OCIHUJIISITOPY MOYKHO IPUMEHUTH METOJ, HOPMAJIbHBIX (OpPM, B Pe3yibra-
Te Yero Ha yCTOWYIMBOM JIBYMEPHOM MHTEIPATBHOM MHOTOOOPA3UHU JJI KAXKJIOTO OCIU/IISITOPA
UMeeM JIBYMEPHYIO CUCTEMY, KOTOpas B KOMILIEKCHOM (DOpMe 3aITHCH JOIYCKAeT IPEJICTaBICHIE

t=z2—(1—iw)|z’2, z=x+iy, z,y€R, wy=const > 0. (1)
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HermocpeicTBenHast mpoBepKa 1MOKa3bIBAET, 9TO 9TA CUCTEMA UMEET SKCIIOHEHITUAHHO OPOUTAIIb-
HO YCTOWYMBBII TAPMOHUYECKUH UK 2 (f) = exp(iwot).
Pacemorpum Terneps crcreMy 3 m ociuisTopos (1), crabo cBsi3aHHBIX "KaszKIblii co Becemu”

m
z'j:zj—(1—z'w0)|zj|2zj+8d5;”71 Z Z;na j:1727"-7m7 (2)
s=1,s#£j

rae z; = x; + 1y, rj,y; € R, 0 < e < 1, d = const € C. Cnenuduxa paccmarpuBaeMoil
CHCTEMBI 3aKJII0YAeTCS B TOM, YTO OHA UMEET COCYIIECTBYIOINIUE OeryIiye BOJIHBI, 3aaBacMble
paBeHCTBaMU

zi =€) exp{i(w(e)t+2nk(j —1)/m)}, j=1,2,...,m, (3)

rie w(e) = wol?(e) + e (m — 1)E¥mY(e)Imd, a & = £(e), £(0) = 1, — KopeHb ypaBHEHUsI
1—-&%+e (m—1)¢ Am=1Red = 0. s cucTeMb (2) ymaercs moJIyduTh YCJIOBUS, TIPU BBITIOJTHEHUH
KOTOPBIX U TIPH

Re [d(1 —iwg)] < 0 (4)
KazKJiasi KaHOHMIecKas Geryras BoJIHA BUIa (3) 9KCIOHEHIINATIBHO OPOUTAIBHO YCTOMIIBA [TPH
Beex k : 1 < k < m — 1. Baxxuo ormeruts, uro jobas KaHoOHWYecKas Geryiias BosHa (3)
MOPOXKIAET TeJI0e CeMENCTBO YCTONIMBBIX WH/LYITUPOBAHHBIX OEryIIIX BOJIH, KOJMIECTBO KOTO-
pbix paBHo (m — 1)!. A 910 3Ha4mT, YTO yesoBue (4) rapaHTUPYeT PeaTn3yeMOCTh U3BECTHOIO
sijienust Oydeproctu. CyThb JIAHHOTO SIBJIEHUS 3aKJIF0UAETCST B TOM, UTO B cjrydae (4) mpu mojxo-
JISAIIEM YMEHBIEeHNH € U YBEJIMIeHUN M B cucTeMe (2) coCyIecTByeT JIoboe Halepe/ ] 3aIaHHOe
KOHEYHOE YUCJIO YCTOﬁqHBbIX ITNKJIOB.
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We consider a system of m quasilinear weakly coupled oscillators according to the principle
“each with all” oscillators (the case of ring chains was considered in articles [1,2]). Tt is assumed
that the parameters of each of the partial oscillators are close to the critical values at which the
Andronov - Hopf bifurcation occurs. In this case, the method of normal forms can be applied
to each oscillator, as a result of which, on a stable two-dimensional integral manifold for each
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oscillator, we have a two-dimensional system, which in the complex form of notation allows the
representation

t=z—(1—iw)|z]*2, z=a2+1iy, x,y€R, wy=const > 0. (1)

Direct verification shows that this system has an exponentially orbitally stable harmonic cycle
20(t) = exp(iwpt). Consider now a system of m oscillators (1), weakly coupled “each with all ”

Z"j:Zj—(1—Z.WO)|Zj|22j+EdE]m_l Z Z;’n’ J=L2...,m, (2)
s=1,s#j

where z; = x; + 1y, xj,y; € R, 0 <e < 1, d = const € C. The specificity of the system under
consideration is that it has coexisting traveling waves given by the equalities

zi=E(e)exp{i(w(e)t+2nk(j —1)/m)}, j=1,2,...,m, (3)

where w(e) = weé2(g) +¢ (m—1)E20""D(e)Imd, and € = £(e), £(0) = 1, is a root of the equation
1— & +¢e(m—1)¢*mYRed = 0. For the system (2), it is possible to obtain conditions under
which and for

Re [d(1 — iwg)] < 0 (4)
each canonical traveling wave of the form (3) is exponentially orbitally stable for all £ : 1 < k <
m — 1. It is important to note that any canonical traveling wave (3) generates a whole family of
stable induced traveling waves, the number of which is equal to (m — 1)!. This means that the
condition (4) guarantees the realizability of the well-known buffering phenomenon. The essence
of this phenomenon is that in the case of (4) with a suitable decrease in € and an increase in
m in the system (2) any predetermined finite number of stable cycles coexists.
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Consider logistic equation with state-dependent delay:
N =AN[1 = N(t = h(N) = f(N(t = L)))], (1)

where A is sufficiently large (A > 1) and L > 0. Under certain assumptions about functions
h(\) and f(N), the next theorem holds:



Huddepenrmaabable YpaBHeHUs U HeJIMHEHAsT TUHAMIKA, 109

Theorem 1. If A > 1, then original equation has nonlocal relaxation periodic solution
N*(t, \). The initial condition of this solution belongs to the convex, bounded and closed set.

Cases with L = 0 and L > 0 are slightly different, and the case L = 0 was studied in detail
in [1].

Asymptotic properties of solution N*(¢, \) were also investigated. Namely, if A > 1, then
the period and the amplitude of this solution are asymptotically large, and its minimal value
is asymptotically small.

We used the method of the big parameter [2] in order to establish these facts.
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Korma rosopdr o junamMudeckoM xaoce, OOBIYHO UMEIOT B BHUJLY OJMH U3 JIBYX €ro BeChbMa
Pa3HBIX TUIOB, KOHCEPBATUBHBIN U JUCCUNATUBHBIN Xaoc. [lesb aroro jok/ajia — NpuUB/IEYb
BHUMAHUE K €IIle OJHOMY, TPETbeMY, THILY Xa0ca, TaK HA3bIBAEMO CMEIIAHHOM JUHAMUKE. JTOT
THII Xa0Ca XapaKTEePU3yeTcs IPEXKJIe BCEro MPUHIUIINAILHON HEOT/IEJIMMOCTBIO JIPDYT OT JIPyTa
B (ha30BOM IPOCTPAHCTBE ATTPAKTOPOB, PEIEIEPOB U KOHCEPBATUBHBIX 9JIEMEHTOB JIMHAMUKU.
Tor daxT, 4T0 B CiIydae CMeNIAHHON JUHAMUKHI aTTPAKTOPBI MOT'YT MEPECEKATHCS C PelleLiepa-
MU, KaKeTcs, Ha MMePBbIil B3IVIS/l, BECbMa CTPAHHBIM U IIPOTHBOPEYAIINM 3/IpaBOMY CMbICTYy. B
ueasreit padore ¢ 1. Typaesbim [1] MBI czieaim HEKOTOPYIO MOMBITKY Pa3pEIIUTh 9TO MPOTH-
BOpeYHre IyTeM MOJIM(DUKAIIINY TTOHATUS aTTPAKTOPaA, COXPAHUB 3& HIUM CBOHCTBO “ObITH 3aMKHY-
TBIM WHBAPUAHTHBIM YCTONYNUBBIM MHOKeCTBOM . Hy?KHO OTMETNTH, UTO CMelTaHHasd TMHAMUKA
9acTo HAbJIIOIAeTCs B IPUIOZKEHUSIX, CM., HarpuMmep, (2, 3]. CooTBeTcTByoIIne IIPUMEPHI TAKZXKe
Oy/IlyT pacCMOTPEHBI B JIOKJIAJIE.
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When it comes to dynamical chaos, one usually refers to one of its two quite different
types, the conservative and dissipative chaos. The aim of this talk is to draw attention to yet
another, third, form of chaos, the so-called mixed dynamics. This type of chaos is characterized
fundamentally by principal inseparability from each other in the phase space of attractors,
repellers and conservative elements of dynamics. The fact that, in the case of mixed dynamics,
attractors can intersect with repellers seems, at first glance, very strange and contrary to
common sense. In the recent work with D. Turaev [1], we made some attempt to resolve this
contradiction by modification of the concept of attractor, however, keeping its property of
“being closed invariant and stable set”. It should be noted that the mixed dynamics is often
observed in applications, see e.g. [2, 3]. Relevant examples will also be considered in the lecture.

REFERENCES

1. Gonchenko S.V., Turaev D. On three types of dynamics and notion of attractora. Proc.
Steklov Inst. Math. 2017;308: 125-140.

2. Gonchenko A.S., Gonchenko S.V., Kazakov A.O. Richness of chaotic dynamics in nonholo-
nomic models of a Celtic stone. Regular and Chaotic Dynamics. 2013;18: 521-538.

3. Gonchenko A.S., Gonchenko S.V., Kazakov A.O., Turaev D.V. On the phenomenon of mixed
dynamics in Pikovsky-Topaj system of coupled rotators. Physica D. 2017;350: 45-57.

ITPOCTPAHCTBEHHO HEOJHOPO/IHBIE CTPYKTYPHI I
CAMOOPTAHUBAIINA OJHOI'O KJIACCA PACIIPEAEJIEHHBIX
BUO®U3NYECKNX MOJIEJIEN

T'opionos B. E.}@
L Spocrascruti 2ocydapemeennviti yrusepcumem umenu I1. I Jemudosa, 2. Spocaasav,
Poccutickan Dedepavus
¢ salkar@ya.ru

Karouesvie caosa: 3anasiblBaHne, caMOOPraHU3aIMsl, YUCICHHBIH aHAIN3, aTTPAKTOP.
Pabora Beimosrena npu dbunarcoBoil nomaep:kke PODU (mpoekt Ne 18-29-10055).

PaCCManI/IBaeTCH 3a/la4da IIOUCKa yCTOﬂqHBbIX COCYIIECTBYIOIUX PE2KUMOB MOJIEJIN, OIINCBI-
BaIOLLLeﬁ JAUHAMUKY U3MCHEHUA IIJIOTHOCTU IIOITYJIAIINNA B IJIOCKOH obJiacTu:

: N
N=DAN+r[l- NN, N (1)
o |50

rie N = N(t,x) — WIOTHOCTH HOIY/IAIMNA B MOMEHT BPEMEHHU ¢ B TOYKE T BBIYKJION MJIOCKOI
obmactr Q C R? ¢ raagxoit rparmmeit 00 n mesQ = 1, A — oneparop Jlammaca, D — xoaddu-
muerT auddysun, r — MaabTy3uaHcKuil kKoaddunuent nuneitnoro pocra, N, = N(t — 1,x),
v — HallpaBJIeHUe BHeIHell HopMaJju K rpanunie Of).
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Cucrema (1) OTHOCHTEIBHO TIPOCTO UCCIIEYETCsST ACUMITOTHYECKUMU METOJAME [PH T° =
7/2+eu D = ed, ryie € — NOJOKUTETBHBIN MAJIBI TapaMeTp. B aToM ciaydae yaaercs goka3arh
OndypKAITMOHHYIO TeopeMy O (ha30BbIX MEPECTPORKAX TTPU KPUTUIECKOM 3HAYEHUU KOI(DDUIH-
enra quddysun d, (em. [1]), mpu KOTOPOM IPOCTPAHCTBEHHO OJJHOPOJIHBIN PEsKUM TepsieT yCTOMH-
YUBOCTDb U OT HEI'O OTBETBJISIIOTCS ITPOCTPAHCTBEHHO HEOIHOPO/IHBIE PEKUMBbI, HACJIETYIOIIIE €TI0
KadecTBeHHbIe XapakTepuctuku. Cirydait 66/1biux 3HadeHnit KoadpuiimenTa r 1 MEHbIITUX 3Ha~
JeHunit napamerpa auddys3un D aHAIUTUYECKH PACCMOTPETH HE YIAAeTCsd, TIOITOMY JIJist ' = 3 U
PA3/IMIHBIX 3HaUeHU [ OBbLT BBITTOJTHEH OOIMUPHBIN IUCTEHHBIN SKCIIEPUMEHT, IEIbI0 KOTOPOTO
OBLJI TIONCK COCYINECTBYIONINX TPOCTPAHCTBEHHO HEOTHOPOIHBIX CTPYKTYp. Ha ero ocrHoBe ObLI
¢JleJiaH BBIBOJ[ O CYIIIECTBOBAHUU Y KPAEBOM 3a/1a4u PEIeHnil IBYX THUIIOB, EPBbLIi 13 KOTOPBIX
HACJIe/IyeT CBOMCTBA OJITHOPO/IHOTO PEIICHUS, & BTOPOii, HA3BAHHBIN PE2KUMOM CaMOOPIaHU3aIINN,
DoJ1ee CI0YKHO pacipeiesieH 110 IPOCTPAHCTBY U MUMeeT CYIIEeCTBEHHO 0OJiee MPeIOITUTE/IbHbIE
€ TOYKW 3PEHUs MOMYJ/ISIIHOHHON JMHAMUKN CBOficTBa. B pesysbrare 9uc/ieHHOrO 9KCIepuMeH-
Ta, OOHAPY?KEHbI TPU THUITA, YCTONYIUBBIX PEKUMOB € 3(PPHEKTOM caMOOPTaHU3AIMH TP OJTU3KUX
K KPUTUIeCKUM 3HavdeHudx auddysnonnoro napamerpa. VlceieoBanbl 9BOTIONUN HEKOTOPBIX
[OJIYUE€HHBIX aTTPAKTOPOB IpU U3MEHEHUH Iapamerpa auddy3un, B TOM YHUCIe PACCMOTPEH
[IePEX0/T PE?KUMOB BUXPEBOW CTPYKTYPBI B PEYKUMBI KJIACCUIECKUX CIUPAJILHBIX BOJIH. [Ipu Ma-
JbIX 3HaveHusX auddysuu (cM., Hanpumep, [2|) u3ydeHbl HEKOTOPBIE PEKUMBI CO CJIOXKHOIL
CTPYKTYPOIi, B TOM YHCJIe CIUPAJIbHBIE BOTHBI ¢ TpeMs ppoHTamu. /leTaqbHO OMMcaH Mmporece
reHepalruu CJI0YKHOTO PeyKUMa, OCHOBAHHOI'O Ha MHOXKECTBE COIVIACOBAHHBIX CIIMPAJIBHBIX BOJIH.
[Tokazano najuyne B 3a/ia4e siBJIEHUsT MYJIbTUCTAOMILHOCTH.
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We consider the problem of search for stable coexisting modes of a model that describes the
dynamics of population density variation in a flat region

ON

N = DAN +7[1 — N,_4] N, —
ov |50

—0. (1)

Here N = N(t,z) is a population density at time ¢ and point x of convex flat area @ C R? with
smooth border 92 and mes 2 = 1, A is a Laplace operator, D is a diffusion coefficient, r is a
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Malthusian coefficient of linear growth, N, 1 = N(t — 1,z). The equation is accompanied by
Neumann boundary conditions, and v is a direction of the outer normal to the border 0f).

We can study the system (1) relatively easy using asymptotic methods at r = 7/2 + ¢ and
D = ed, where ¢ is a positive small parameter. In this case, it is possible to prove the bifurcation
theorem on phase rearrangements at a critical value of the diffusion coefficient d, (see [1]), at
which the spatially homogeneous mode loses its stability and spatially inhomogeneous modes
branch off from it, inheriting its qualitative characteristics. The case of larger values of the
coefficient r and smaller values of the diffusion parameter D cannot be analyzed analytically.
Therefore, an extensive numerical experiment was carried out at » = 3 and different values of
D, the purpose of which was a search for coexisting spatially inhomogeneous structures. On
its basis, it was concluded that the boundary value problem (1) has solutions of two types,
the first of which inherits the properties of a homogeneous solution, and the second, called
the self-organization mode, is more complexly distributed over space and has properties that
are significantly more preferable in terms of population dynamics. As a result of a numerical
experiment, three types of stable modes with the effect of self-organization were found at values
of the diffusion parameter, close to critical. The evolution of some obtained attractors at
changing of diffusion parameter was researched, including the transition of the vortex structure
modes to the classical spiral waves. Some modes with a complex structure were studied at low
diffusion values (see, for example, [2]), including spiral waves with three fronts. It is described
in detail the process of generating a complex mode based on a set of synchronized spiral waves.
The presence of the multistability phenomenon is shown in the problem.
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YCTOMYUNUBOCTH HVYJIEBOT'O PEIIIEHUYA OTHOMN ITAPABOJINYECKOU
KPAEBOW 3AJIAYN C JOIIOJTHUTEJIBHON BHYTPEHHEN CBSA3bIO
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PacemoTpuM napabo/myaecKyo KpaeByro 3aj1ady
i =u" 4+ yu — u?, (1)
C JIOTIOJTHATE/IbHON BHYTPEHHEH CBSI3bI0 BO BTOPOM KPAeBOM YCJIOBUU

u'(0,t) =0, u'(1,t) = au(xo,t), (2)
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riae dbyuxiws u(z,t) — rnagkag npu t > 0 uw x € [0,1], mapamerpsr «,y € R, a Bequnanna
o € [0,1). Hna samaum (1), (2) MOXKHO BBIAETUTH JBa CHOCODA MOTEPU YCTONUUBOCTH HY-
JIEBOT'O COCTOSIHUSI PABHOBECHSI — JIUBEPreHTHBIN, KOTJa B CIEKTPE YCTONIMBOCTH ITOSIBJISIETCST
HyJIEBOE 3HAYEHUe, U KoJebaTe/IbHbI, COOTBETCTBYIONIMH CIyYalo epexojia Hapbl KOMILIEKCHO
COTIPSIZKEHHBIX COOCTBEHHBIX 3HAYEHUN U3 JIEBOH KOMILIEKCHON MOJIYILIIOCKOCTH Ha MHUMYIO OCh.
Bajiaua nCC/Ie0BaHnsl COCTOAIA B U3yYEHUN XapaKTepa M0Tepu yCTOHINBOCTU HYJIEBOI'O pere-
HusT Kpaesoii 3agaqan (1), (2), a UMEHHO B TOMCKe KPUTUYIECKNX 3HAYCHUI MapaMeTpoB «, 7y
U T U IOJyIeHUH ACUMIITOTUYECKUX (DOPMYJ I PEKUMOB, OTBETBJISIOIINXCA OT HYJIEBOIO
COCTOSTHUSI PABHOBECHSI.

[ToCKOIBKY TOJIyYNTh HYy?KHbIE KPUTHYECKUE 3HAYEHU [1apAMETPOB ¢ UCIOJIL30BAHIEM O/l
HOT'O JIMIIb aHAJTMTUYECKOrO alapara J0BOJLHO 3aTPYIHUTEILHO, HCCICJI0BAHNAE OCYIIECTB-
JISLJIOCHh 9HMCIeHHO. B pesyibrare ObLIM HalieHbl KPUTHUECKUE 3HAYEHHUs [1apaMeTpPOB (o, Y |
X, IPU KOTOPBIX MPOUCXOAAT pasaudnbie O1(ypKaIyun HyJIeBOI0 COCTOSHUS PABHOBECHS KPae-
Boit 3azaun (1), (2). [Ipu 3HaueHnsx mapamerpa «v, OJIU3KUX K KPUTHYECKHUM, ObLIA TOCTPOEHA
HopMaJibHast (bopMa U Ha ee OCHOBE OBbLIU OIPEJIEIeHbl YCIOBHs TTOABIEHUS IIPOCTPAHCTBEHHO
HEOIHOPOIHBIX YCTONUUBBIX COCTOAHUI PABHOBECH B OJHOM CJIydae U IUKJIOB B JPYIOM.
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Let us consider one parabolic boundary-value problem
u ="+ yu — u?, (1)
with an auxiliary internal connection in the second edge condition
u'(0,t) =0, u'(1,t) = au(xg,t), (2)

where function u(z,t) is smooth for ¢ > 0, = € [0,1], parameters o,y € R and z5 € [0, 1).
For the zero solution of boundary-value problem (1), (2) there are two ways of stability loss:
divergent, when a zero appears in the stability spectrum of zero balance state, and oscillating,
when a pair of complex conjugate eigenvalues have moved from the left complex half plane to
the imaginary axis. Our task was to find critical values of parameters o, v and zy and develop
asympotic formulae for regimes derived from the zero balance state.
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Since it is rather difficult to obtain required critical values of the parameters by means of
analytical methods, the numerical research was carried out. As a result of numerical research,
there were given critical values of parameters «, v and xy, when different bifurcations of the zero
balance state of boundary-value problem (1), (2) occur. For various values of parameter « close
to critical, the normal form was constructed and using it there were received the conditions for
the appearance of spatially inhomogeneous balance states and cycles.
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Consider a mathematical model of three coupled oscillators [1] with the nonlinear delayed
feedback

(1)

Here u;, (j = 1,2,3) are scalar variables, parameters A\ and 71" positive, v iz non-zero, sign-
changing nonlinear smooth function F' is compactly supported: it is equal to zero outside the
segment [—p,p| (where p is some positive constant).

We are interested in nonlinear dynamics of this model under assumption that parameter
A is large enough. We study asymptotics at A — 400 of solutions of this model with initial
conditions from special set S from the phase space C([—T,0]; R?) in the cases of positive coupling
(v > 0) and negative coupling (v < 0).

In the case of positive coupling we prove that under some non-degeneracy conditions there
exists time moment after that the leading parts of asymptotics of all oscillators coincide and
we may interpret this as synchronization of oscillators.

In the case v < —% there exists solutions tending to infinity at ¢ — +o00. And in the case
—% < v < 0 we find the main part of operator of translation along trajectories in the terms
of three-dimensional mapping on parameters from the set of initial conditions. We study its
dynamics and find conditions of existing in initial system (1) relaxation periodic solutions and
non-regular relaxation solutions.

’l:Lj + U; = )\F(U](t — T)) + ’}/(U]’,1 — 2Uj + Uj+1>, (] = 1, . ,3)
Ug = U3, Uqg = U1,
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BECKOHEYHBIN ITPOIIECC ITPIMBIX I OBPATHEIX BU®YPKAIINI B
CUCTEMAX C 3AITA3JBIBAHVUEM
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Pabora nocssiena 6eCKOHETHOMY TIPOIECCY MPSAMBIX 1 00PATHBIX OudypKaIuii B CHHTYJISAD-
HO BO3MYIIEHHBIX JIMTHAMUYIECKUX CHCTEMaX MPU CTPEMJIEHUU MAJIOTO IapaMerpa K HYJIO.

PaccmoTpuM cuHTY/ISIpPHO BOSMYIIEHHYIO crcTeMy i epeHIna bHbIX YpaBHEU ¢ 3amas-
JIbIBAHIEM

= f(z(t),z(t —T1),...,z(t = T,)) (x€R"),

['maBHOE IIpEIIOIOKEHNE COCTOUT B TOM, 9TO 3aJa4a sABJISETCS CUHIYISPHO BO3MYIIEHHOII, Oy-
JeM cunuTarh, 9To 1) > 1. OTMeTnM, 9T0 OOJIBINE OJHOIO 3alla3IbIBaHNsI OTHOBPEMEHHO MOXKET
6bITb 6OJIBH_H/IM, C OIHHMM M TEM 2Ke€ NJIM PA3JIMIHBIMU ITOPAJIKAMMU. I/IBY“IHM IIoBeJcHue peIHeHI/H'?I
B OKPECTHOCTH COCTOSIHUSI PABHOBECHsI B KpUTHIECKOM (OudypKalmonHoM) ciaydae. B aroit cu-
Tyaluu CIEKTP COOTBETCTBYIOIIEIO JIMHEIHOIO OllepaTopa COIEP:KUT OECKOHEYHO MHOI'O TOYEK
CKOJIb YTOTHO OJIU3KO K MHUMOMN OCH.

[Tokazano, 4TO IPU BBHITIOJTHEHUU PsiJI YCJIOBUI IPU CTPEMJIEHUN MAJIOrO TIapaMeTpa K HYJIIO
JIMHAMMKA, UCXOJIHOW CHCTEeMbI MeHsIeTCs OeCKOHedHoe Koymm4uecTBO pa3. Hampumep, 510 Moxker
POUCXOJIUTh B pe3yJibraTe cylep- u cyo-kpurnaeckux 6udypkarumii Augponosa-Xomda [1]. B
YACTHOCTH, 9TO O3HAYAET, YTO CKOJb YIOJHO MaJjioe U3MEHEeHHe [TapaMeTPOB MOXKET BBLI3BATH
Ka4yecTBEHHOE U3MEHEHNe B JIUHAMUKE CHCTEMBI.
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The talk is devoted to phenomenon of endless process of direct and inverse bifurcations in
singular perturbed dynamical system as the small parameter tends to zero.
Consider a singular perturbed delay differential equation

= f(z(t),z(t —T1),...,z(t = T)) (x€R"),



116 Mexxnynaponuasi koudepennusi «Maremaruueckue uneu 1. JI. UebblméBa U UX MPHUIIOXKEHUS K COBPEMEHHBIM Ipobiiemanm
©CTeCTBO3HAHMsI», NpuypodeHHasa K 200-7eTHIO CO IHSI POXKJIEHUsI BEJIMKOIO PYyCCKOTO MaTeMaTuka, akageMuka II. JI. YeGbiména

It may be DDE with sufficiently large delay (or multiple delays) or DDE with small multiplier
at the derivative (or derivatives). Let’s study its dynamics in the neighborhood of critical
(bifurcation) point. In this case the spectrum of the corresponding linear operator contains
infinitely many points near imaginary axis.

Main assumption of the work is that considered system is singular perturbed, so let 77 > 1.
Note that more than one delay at once can be large, with same or different orders. Let’s study
its dynamics in the neighborhood of critical (bifurcation) point. In this case the spectrum of
the corresponding linear operator contains infinitely many points near imaginary axis.

It will be shown that under some conditions considered equation cannot have the same
dynamical properties for all sufficiently small values of parameter. On the contrary, as small
parameter tends to zero, the dynamics of this equation changes infinitely many times. For
example, it may be result of super and subcritical Andronov-Hopf bifurcations [1]. It means
that very small changes of parameter lead to qualitative changes in dynamics.
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In 1969 L.P. Shilnikov [1] discovered new bifurcation where there is a transition from simple
to complicated dynamics through one co-dimension one bifurcation. Such transition now is
called “homoclinic explosion”. Here we study a similar problem in a Hamiltonian setting.

Let on a smooth symplectic four-dimensional manifold M a two-degrees-of-freedom Hamil-

tonian system with a Hamiltonian H be given having a degenerate equilibrium p € M with two
real eigenvalues +\ # 0 and a non semi-simple double eigenvalue zero. By the center manifold
theorem, there is a two dimensional smooth invariant symplectic center manifold W¢ through
p which corresponds to the double zero eigenvalue. The restriction of Xy on W€ gives a one-
degree-of-freedom Hamiltonian system with the the degenerate equilibrium at p of a cusp type.
The orbit behavior of this vector field on W¢ depends on some coefficient of the normal form,
for a co-dimension 1 case h = H|w. can be transformed by a symplectic change of variables to
the form h = 4?/2 +ax®+ -+, a # 0.
Theorem. The local stable (unstable) set W*(p) (W"(p)) of such the equilibrium is diffeomor-
phic to the plane semi-disk x° +y* < p, x > 0 in R?. Its boundary segment x = 0 corresponds to
the strong stable (unstable) smooth curve, all other orbits approach to p with the same tangent
being the eigen-line of zeroth eigenvalue.

Both sets W*(p), W*(p) belong to the same critical level of the Hamiltonian H = H(p). We
assume the existence of several homoclinic orbits to p, I';, 2 = 1,... ,k > 2, being the transverse
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intersection of extended W*(p) and W#(p) within the critical level. Further we consider a
generic one-parameter unfolding H,, of the critical Hamiltonian and assume the equilibrium p
disappears for p < 0 and splits into a saddle and a center on W for u > 0.
Theorem. For p > 0 the system has a smooth invariant symplectic two-dimensional center
manifold W¢ being normally hyperbolic. This manifold contains an equilibrium py, being a
saddle in M with k + 1 transverse homoclinic orbits, one of which belongs to W;. This latter
homoclinic orbit in Wy encloses a disk filled with periodic orbits around another equilibrium
Pe being a saddle-center in M. Neighboring to the saddle levels of H, contain a hyperbolic set
generated by k + 1 saddle periodic orbits arising from homoclinic ones.

For < 0 the system has k hyperbolic periodic orbits close to the bunch UST;. These k peri-
odic orbits make up the base of a hyperbolic set G, whose dynamics is described by a suspension
over Bernoulli scheme with k symbols.
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WccnenoBanre KUHETUKU PpACC/IOEHNS B OMHAPHBIX CMECAX C 3a/[aHHOI KOHIIEHTpaIlneil KOM-
IIOHEHTOB 4dBJId€TCA OILHOfI 13 aKTYyaJIbHbBIX 3aJ1a4 d)I/I3I/IKI/I KOHJCHCUPOBAHHOI'O COCTOAHMA.
VYpapuenne Kana — Xwuutapia [1] — 910 ogHa u3 Mojesneil, Koropas WCHOJIb3yeTcs TP
M3YUYEHUM CIIOHTAHHOIO pasjesienus (a3 (buHapHOro) BerecTBa (CILIaBa), Tiie HEM3BeCTHAs
GYHKIUS SBJIsI€TCsT OTHOCUTEIHHOM KOHIIEHTPAaIleli KOMIIOHEHThI BEIECTBA.
Uccnenyercst ob6ob1ennoe ypaBuenne Kana — Xusrap/ia
ou 0? { 0%u ou ]

O + A\ +u + bu® — u?
8x2+ 8x+ +

ot a2
Bumecre ¢ (1) 6ymeM paceMaTpuBaTh HEPHOANIECKIE KPACBBIE YCJIOBH
u(t,r +2m) = u(t,x). (2)
B (1) mpoussenem 3ameny: u(t,x) = v(t,x) + c. B pesynbrare moryduM KpaeBylo 3a1atdy

9] 0* [ 0? 9,
Y [aa—; + )\a—z + Bu +yv* — 03} : (3)

ot a2
v(t,x + 2m) = v(t,x), (4)
rae B =1+ 2b—3c%, v = b— 3c. BaxKHO OTMETHTD, YTO U3 yCJIOBHA

M(v(to,x)) = % /v(to,x)dx =0

0



118 Mexxnynaponuasi koudepennusi «Maremaruueckue uneu 1. JI. UebblméBa U UX MPHUIIOXKEHUS K COBPEMEHHBIM Ipobiiemanm
©CTeCTBO3HAHMsI», NpuypodeHHasa K 200-7eTHIO CO IHSI POXKJIEHUsI BEJIMKOIO PYyCCKOTO MaTeMaTuka, akageMuka II. JI. YeGbiména

cJeyeT BBIIIOJHEHUE IIPU BCeX ¢ > tg yCJIOBUA
M(v(t,z)) = 0. (5)

Taxkum 06pazoM, MHOZKeCTBO Beex perennii (1), (2), mist koropsix M (u(t,x)) = ¢, sBasercs
MHBaPUAHTHBIM MHTErPAJIbHBIM MHOrooOpasueM. OTciojia BhITeKaeT KOPPEKTHOCT OCTAHOBKH
CJIEJIYIOIIElt 3a/1aun: UCCIIeI0BAHNE JIOKATBHON — B OKPECTHOCTH HYJIEBOI'O COCTOSIHUSI PABHOBE-
cusl — JIMHAMUKH BCErO CeMeHCTBa, 3aBUCSIIEro OT IapaMeTpa ¢, Kpaesbix 3a1ad (3), (4) upu
JonoauTeabHOM yeaosun (5). Orvernm, aro kpaesbie 3aga4u (1) u (2) nsyqasucs B [2].

s obobimennoro ypapuennst Kana — Xuiap/ia moka3aHo, 9TO B HEKOTOPOii objiactu da-
30BOI'0 [IPOCTPAHCTBA €ro JIOKAJIbHAs JIMHAMEKA OIUCHIBACTCS C MOMOIIbI0 OGudypkaiyun An-
naponoBa — Xonda. IIpusesena coorsercTByoIast HopMajbHas (HopMa, KOTopas OIpeJIe/iser
1IOBeJIeHne pelleHuil B 9Toit obacT (ha30BOro IMPOCTPAHCTBA.
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The study of kinetics of fibering in binary mixtures with fixed concentration of components
is one of the up to date objectives of condensed state physics. Cahn-Hilliard equation [1] is one
of the models used while studying spontaneous phase separation (binary) of a substance (an
alloy), where the unknown function is a relative concentration of a substance component.

We study the generalized Cahn-Hilliard equation

ou  0* [ 0*u | Ou

A G ou 2 .3
5 57 a8x2+)\6x+u+bu u’| . (1)

Together with (1) we study periodic edge conditions of
u(t,x + 2m) = u(t,x). (2)

In (1) we perform the substitution: u(t,x) = v(t,x) + c.
As a result we obtain the boundary-value problem

2 2
dv 0 {ag+)\@+ﬁv+7v2—v3 , (3)

ot oa?
v(t,x + 21) = v(t,x), (4)
where 3 = 1+ 2bc — 3¢, v = b — 3c. It is important to note that the condition

M(v(to,x)) = % /v(to,x)dx =0

0
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at all ¢t > ¢y leads to the fact that the condition
M(v(t,z)) =0 (5)

holds.

Thus, the set of all solutions of (1), (2), for which M (u(t,z)) = ¢, is an invariant integral
manifold. It leads to correctness of setting the following problem: the study of local - in zero
balance-state neighborhood - dynamics of the whole family, depending on the parameter ¢, of
the boundary-value problems (3), (4) under the side condition (5). Note that the boundary-
value problems (1) and (2) were studied in [2].

For the generalized Cahn-Hilliard equation it is shown that in some domain of the phase field
its local dynamics is described with the help of Andronov-Hopf bifurcation. The appropriate
normal form is given which defines the behavior of the solution in this domain of the phase
field.
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JANCKPETHBIE BET'VIIIME BOJIHBI B KOJIBIIEBOM LIEIIN
I'EHEPATOPOB TUITA MOKU-TJIACCA C IBYMZ
SAITA3B/IBIBAHNAMN
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Karoueswie caosa: cucrema nuddepeHImasbHO-PA3HOCTHBIX YPpaBHEHUH, reHepaTopbl TUIIA
Mbsku—I'nacca, guckpernasi 6eryias BoJIHa.
Pa6ora nomaepxkana rpantom [Ipesuaenta PO Ne MK-1190.2020.1

B macrosimeit pabore mpejiozkeHa MOJIE/Ib KOJIBIIEBOW IMEMOYKH 17 N€HEePATOPOB, KOTOPast
SIBJISIETCSL peJICHHBIM anasoroM nenu 1] reneparopos Msku-T'acca [2]
Vi s eVt =) + Vit = 1)
dt J 1+(C(V}(t—Tl)—F‘/j_l(t—Tg)))WM
Bnech Vj(t) — Haupsikenust B sjekTponHOM erm Msku-Imacca, a > 0 — ypoBeHb HACBIIIEHUS
HemHeitHON byHKImu, b > 0 — RC-noctostanas, 7; > 0,7 = 1,2 — 3ama3pBanns 10 BPEMEHH,
napametp v > 0 onpejensier hopmy HeuHeitHoit pyukmuu, ¢ > 0 — cuia odpaTHoil cBa3u. B
JIAHHOM MOJIEJIN KaxK/Iblil U3 reHepaTopoB oluchiBaeTcst ypasaenuem Maku—Tiacca (3|
dv; acVi(t — T
e _b‘/; + ]( 1) )
dt L+ c(V;(t —m))
[Ipenmonoxum, aro v > 1 — 6GoJbIIONH apaMeTp W BBeJIeM ODO3HadYeHue JJist (DYHKIIH,
IIpeJIeIbHON K —= IpH Y — +00:

Vo=V, j=1,....m. (1)

14w
. 1 1, O<u<xl1
F(u)dé lim T = 5, u=1,
Tt L+ 0, u>1.



120 Mexxnynaponuasi koudepennusi «Maremaruueckue uneu 1. JI. UebblméBa U UX MPHUIIOXKEHUS K COBPEMEHHBIM Ipobiiemanm
©CTeCTBO3HAHMsI», NpuypodeHHasa K 200-7eTHIO CO IHSI POXKJIEHUsI BEJIMKOIO PYyCCKOTO MaTeMaTuka, akageMuka II. JI. YeGbiména

[Tepexonst B (1) K npeesty pu 7 — 400 U COKpallias Iuc/Io mapamMerpos B cucreme (1) 3a cuer

def def def def
IIEPEHOPMUPOBKY BpeMeHn ¢ — 71t u 3amen u;(t) = cVj(nt), o = acmy, f = b, 7 = To/7

nepeiizeM K cucreme
Uj = —puj+oa(uj(t—1)+uj1(t—7))F(uj(t—1)+u—1(t—7)), u =tUp, Jj=1,....m, (2)

KOTOpasl SABJISIETCS IEHTPATbHBIM O0bEKTOM UCCJIEIOBAHUS .

st peneitnoit cucrembl (2) ypaercst JOKa3aTh CyIIECTBOBAHUE MEPUOJUIECKOTO DPEIeHUsT
B BHJIE JIUCKPETHBIX OETyIIMUX BOJIH, TO €CTh TaKOI'O PeIIeHUs, BCE 1M KOMIIOHEHT KOTOPOTO
(OIHCBIBAIOIIIE M TEHEPATOPOB) MPEJICTABIEHBl OJHON U TOil ¥Ke Mmepruoandeckoii yHKImeil ¢
$az30BBIM CMeTeHneM JIPYT OTHOCHTEIBLHO JIpyTa.
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In this paper, the model of a ring chain of m generators is proposed. This model is a relay
analogue of the curcuit [1] of Mackey—Glass generators [2]

av; _

A SV ac(Vi(t — 1) + Vi_i(t — 72))
dt J

L4 (c(Vi(t =) + Via(t — )

Vo=V, j=1,....m. (1)

Here Vj(t) is the voltage in the Mackey—Glass electronic circuit, @ > 0 is the saturation level
of the nonlinear function, b > 0 is RC-constant, 7; > 0,7 = 1,2 — time delays, the parameter
~v > 0 defines the form of the nonlinear function, ¢ > 0 — feedback strength. In this model,
each of the generators is described by the Mackey—Glass equation [3]

av; _

acVi(t —m)
i _ J
dt it

T+ Vit —m)
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1
14+u”Y

Suppose v > 1 is a large parameter and introduce a notation for the limit function to
for v — +o0:

1 1, O<uxl1
F(u)déf 1iril e 5, u=1,
Y—+oo u
0, u>1.

Passing in (1) to the limit at v — 400 and reducing the number of parameters in the system

(1) by renormalizing the time ¢ +— 7t and replacing u;(¢) o cVi(nit), o © aen, B Y b,

&t To/T1 we obtain the system
Uj = —Pu;j+a(uj(t—1)+u1(t—7))F(uj(t—1)+u;_1(t —7)), u =tp, Jj=1,....m, (2)

which is the central object of research.

For the relay system (2), it is possible to prove the existence of a periodic solution in the
form of discrete traveling waves, that is such a solution all m components of which (describing
m generators) are represented by the same periodic function with a phase shift.
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B pabore paccmarpuBaeTcs ceMeicTBO OTOOPaXKeHUit, MOCTPOCHHHOE /I JIOTHCTUYIECKOTO
ypaBHEHUS C 3ala3/bIBAHUEM WJIM YPaBHEHUS XAaTIMHCOHA

du

== r[1 —u(t — 1)]u. (1)

31ech HeoTpuraTeabHas GyHKIUs u(t) MOgeIUPyeT HOPMUPOBAHHYIO [IJIOTHOCTh YHCIEHHOCTH
HOIYJIAINAN, OJIOZKUTEJIbHBIA ITapaMeTp 1 XapaKTepu3yeT CKOPOCTh €€ POCTa, a 3alla3/ibIBaHue
B IIPABOIl YaCTH - BO3PACTHYIO CTPYKTYPY HOILYJIAINN.
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[Tepexom or ypaBuenus (1) K pa3sHOCTHOMY YPABHEHUIO BITIOJIHSIETCS 3aMEHOT TPOU3BOHOM

ult + 1/k) —u(t —1/k)

10 BPEMEHN Ha Pa3eIeHHYI0 «IEHTPAILHYIO» PA3HOCTD 2k . [Tonaras t =
n/k, n € Z u obozuavas u, = u(n/k), IpuxoauM K pazHOCTHOMY ypaBHEHUIO Hmopsijka k + 1
2r
Upp1 = Up_1 + - (1 — Up_g)upn, n=0. (2)

PasnocrHoe ypaBrenue (2) npubinzkaer pernienus ypaBHenus (1) u Ipu yMeHbIIIEHUH TAra
110 BpEMEHU TOYHOCTH BBIYMC/IeHUil pacrer. Bmecre ¢ TeM, HUYTO He TapaHTUPYET COXPAaHEHUe
y oTobpazkenust (2) Tex e JUHAMUIECKUX CBOWCTB, uTo u y ypasaenus (1). B wactrocTn, npu
r=m/2+¢,tne 0 < e < 1 B ypasuenun (1) npoucxoaut 6udyprarmst AungporoBa—Xorida 1 oT
eIMHIIHOTO COCTOSHHS PABHOBECHs OTBETBJISCTCA YCTOMUMBLIN UKL B ciayuae orobpazkenuit
POZKJIEHUIO IMKJIa COOTBETCTBYET POXKJEHWE yCTONUnBOil nuBapuanTHOil kKpusoil (em.[1, 2, 3]),
1 IIPOUCXOUT TaK HasbiBaeMas oudypkaius Heiimapka—Cakepa. [Tokazano, 910 B pa3HOCTHOI
cxeme (2) morepst YCTOWIMBOCTH €JIMHUIHOIO COCTOSIHUS PABHOBECHsI He TPUBOJIUT K POXKJIE-
HUIO YCTOWYIMBOW MHBApUAHTHON KpuBOi. Tem caMbIM, JHHAMIYECKHE CBOJCTBa CXeMbl (2) u
ypastenus (1) oKas3bIBAIOTCA NPUHIMIHAIBHO PA3INIHBIME. IHTEPECHO OTMETUTD, YTO JIAHHOE
CBOMCTBO 0oTOOparkeHus (2) 00yCJOBIEHO TeM, Y4TO MPOM3BOJHAS B JIeBOI YacTu ypasHenus (1)
npubIMzKaAeTCs EeHTPaIbHOM pas/iesieHHol pasHocThio. Crie10BaTeIbHO, TP BBIOOPE Pa3HOCT-
HOI1 CXEeMbI, MOJIEIUPYIOMIEH IMHAMUKY ypaBHEHUs XaTIUMHCOHA, HE BCErya yJIaeTcs MOy IUTh
Pa3HOCTHOE YpaBHEHHE, COXPAHMIONIEEe JUHAMUYECKNAE CBOWCTBA UCXOIHON 31891,
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In this paper, we consider a family of maps constructed for the logistic equation with delay

or the Hutchinson equation
du

e r[1 —u(t — 1)]u. (1)

Here, the non-negative function u(¢) models the normalized population density, the positive pa-

rameter r characterizes its growth rate, and the lag in the right part-the age structure of the pop-

ulation. The transition from the equation (1) to the difference equation is performed by replac-

u(t+ 1/k) —u(t — 1/k)
2/k

ing the time derivative with the divided one “central” the difference
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Assuming t = n/k, n € Z and denoting u,, = u(n/k), we arrive at a difference equation of the
order k + 1
2r

Upt1 = Up—1 + ? (1 - un—k)una n = 0. (2)
The difference equation (2) approximates the solutions of the equation (1) and as the time step
decreases, the accuracy of the calculations increases. However, nothing guarantees that the map
(2) retains the same dynamic properties as the equation (1). In particular, for r = 7/2 + ¢,
where 0 < ¢ < 1 in the equation (1), an Andronov-Hopf bifurcation occurs and a stable
cycle branches off from the unit state of equilibrium. In the case of maps, the birth of a cycle
corresponds to the birth of a stable invariant curve ([1, 2, 3]), and the so—called Neumark-Saker
bifurcation occurs. It is shown that in the difference scheme (2) the loss of stability of a single
equilibrium state does not lead to the creation of a stable invariant curve. Thus, the dynamic
properties of the scheme (2) and the equations (1) are fundamentally different. It is interesting
to note that this mapping property (2) is due to the fact that the derivative on the left side of
the equation (1) is approximated by the central divided difference. Therefore, when choosing
a difference scheme that simulates the dynamics of the Hutchinson equation, it is not always
possible to obtain a difference equation that preserves the dynamic properties of the original
problem.
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Pa6ora Beinosnena npu dbunancoBoit noepxkke Munoopuayku Poccun B pamkax rocyaap-
cTBeHHOrO 3ajanust: coryamenne Ne 075-03-2020-223/3 (FSSF-2020-0018).

PaceMarpuBaercs HauaIbHO-KpaeBas 3aa4a JIJIs yPABHEHUST
iuy + a1z, + as|ulPu + i[agumx + a4(|u|pu)x + a5u(|u|p)x + aglly + a(x)u] =0, (1)
sasannag Ha uarepsasie (0,L), ¢ HAaYaIbHBIME U KPAEBBIMU yCJIOBUSAMHU
u(0,2) = up(z), u(t,0) =u(t,L) = u,(t,L) =0. (2)

3necs u = u(t,x) — KOMILIEKCHO3HA3HAs (DYHKIUA, KOHCTAaHTHL a; € R, j = 1,...6, az > 0,
dbyukius a(x) > 0. YeraHOBIEHBI PE3YIBTATHL O CYIIECTBOBAHUN U €IMHCTBEHHOCTH [JI0OAJH-
HBIX 110 BPEMEHM DENIeHH N nX yOBIBAHUM NPH OOJIBIINX BPEMEHAX.

Bgenem npocrpancrso Y3 = C([0,77]; L2(0,L)) N Lo(0,7; H}(0,L)) mast T > 0.
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Teopema 1 ITycmo p € [1,2], ug € Lo(0,L), a € Ly(0,L). Tozda dan mobozo T > 0 3adaua (1),
(2) xoppexmmna 6 npocmparcmee Y.

Teopema 2 ITycmvp € [1,2], a € HY(0,L) ua(z) > ag > 0 das nexomopozo omxpwuimozo neny-
cmozo mmoorcecmea w C (0,L). Tozda cywwecmeyem xonemarnma vy > 0 u das arbozo M > 0
cywecmeyem xonemanma c(M) > 0 maxue, wmo ecau ||uol|L,0,0) < M, mo coomeemcsyroujee
pewenue zadavwu (1), (2) u € Y2 VT > 0 ydosaemeopsaem nepasencmey

||u(t7')||2L2(o,L) < C(M)efﬁyt vt > 0.

[Torydensr Takke pe3ysIbTaThl O CYIECTBOBAHNN IJI00ATBHBIX PEIeHni Tpu 60J1ee BHICOKIX
CTeleHsAX HeJTMHeHHOCTH, a uMeHHO, p € (2,3) wm p € [3,4), a5 = 0. Takke ycraHOBJIEHBI
PE3YILTATHI O CYIECTBOBAHUK U €MHCTBEHHOCTH IJI00AJIbHBIX 10 BDEMEHN PEIIeHnil B KJIaccax
6osee peryasipabx dbyHKImil upu p € [1,2].

st paccMOTpPEHHOI 3a/1a91 TOCTPOEHA PA3HOCTHAS CXeMa, JIJisi KOTOPOii JIoKa3aHa pa3pe-
IIIIMOCTh U CXOJMMOCTH NPUOJIMKEHHBIX peIleHnit K TouHoMy. [IpoBeieHbl YucieHHbIe IKCIIe-
PUMEHTHI.

[Ipescraiennbie pe3yabraThl moaydensl copmectHo ¢ M.M. Cavalcanti, W.J Correa (Bpa-
suns ), M.A. Sepulveda, R. Vejar-Asem (Yun).

ON ONE INITIAL-BOUNDARY VALUE PROBLEM FOR THE HIGH ORDER
NONLINEAR SCHRODINGER EQUATION
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posedness, large-time behavior of solutions.
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An initial-boundary value problem posed on an interval (0,L) is considered for an equation
iy + az, + as|ulPu+i [agumm + a4(|u|pu)m + a5u(|u|p)x + agu, + a(m)u} =0 (1)

with initial and boundary conditions
u(0,x) = up(z), u(t,0) =wu(t,L) = u.(t,L) =0. (2)

Here u = u(t,x) is a complex-valued function, the constants a; € R, j = 1,...6, ag > 0, the
function a(z) > 0. Results on existence and uniqueness of global solutions as well as on their
large-time decay are established.

Define a functional space Y = C([0,77; L2(0,L)) N Ly (0,T; Hy(0,L)) for T > 0.

Theorem 1. Let p € [1,2], ug € L2(0,L), a € Ly(0,L). Then for any 7" > 0 problem (1),
(2) is well-posed in the space Y.

Theorem 2. Let p € [1,2], a € H'(0,L) and a(x) > ag > 0 for a certain open non-empty
set w C (0,L). Then there exists a constant v > 0 and for any M > 0 there exists a constant
c(M) > 0 such that if ||ug|z,0,0) < M, then the corresponding solution to problem (1), (2)
u € Y2 VT > 0 satisfies an inequality

Hu(ta'>||%2(o,1:) < C(M)e_vt vt > 0.
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Results on existence of global solutions under higher degrees of nonlinearity are also es-
tablshed, that is p € (2,3) or p € [3,4), a5 = 0. Results on esistence and uniqueness of global
solutions are obtained in more regular spaces for p € [1,2].

A finite difference scheme is constructed for the considered problem and convergence of
approximate solutions to the exact one is proved. Numerical experiments are performed.

The presented results are obtained in cooperation with M.M. Cavalcanti, W.J Correa
(Brazil), M.A. Sepulveda, R. Vejar-Asem (Chile).
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Jlad sl HeJTMHEHOro CHHIYJISPHO BO3MYIIEHHOIO ypPaBHEHUS pPeaKIusa-Tuddy3usi-aIBeKITs
¢ nepuojumdeckumMu Kodddurmentamu. B yacTHOCTH, pacCMOTPEHBI 338891 O BOCCTAHOBJIEHUN
(GYHKIIUN MCTOYHUKA ¥ TPAHUYHBIX YCJOBUH 110 M3BECTHON MHMOpPMAIUN O HAOIIOTAEMOM pe-
[IEHNH [IPSIMOM 33/1a9i HAa HEKOTOPOM BPEMEHHOM WHTepBase (Iepuoje) /i ypaBHeHUsl TUIa
Broprepca ¢ paznmIHbIMUA THIIAMH aJIBEKTUBHOTO M PEAKTHUBHOIO CIaraeMbIX.

Pemmenus muddepennuaabHbIxX ypaBHEHU yKA3AHHOTO TUIIA MOTYT COJEPXKATD Y3KHe TTorpa-
HUYHBIE /WM BHYTPEHHUE CJIOU, & TaKyKe JBHXKYIHeCs: (DPOHTHI. ACHMITOTUYECKUN aHAIINS
II03BOJISIET JIOKA3aTh CYIIIECTBOBAaHUE, UCCJIEN0BATh YyCTOUYMBOCTD PeIleHusl PAMON 3a/lauu U
MOJIYIUTh aCUMIITOTUYECKOE TPUOINKEeHUe perienns. KpoMe TOro, acuMITOTUYECKHI TOIXOT
JIaeT BO3MOYKHOCTH CBECTHU UCXOHYIO HEJIMHEWHYIO CHHTYJITPHO BO3MYIIEHHYIO 33/1a1y K HaOOPY
DoJ1ee MPOCTBHIX 33/1ad, MOJIYUUB JOCTATOYHO TOYHOE KAUYEeCTBEHHOE U KOJIMIECTBEHHOE OIUCAHNE
pellleHns, & TaK¥Ke YCTAHOBUTDH 0OJIee MPOCThIE CBI3U MEK/Iy BXOJIHBIME JIAHHBIMU ¥ [TapaMeT-
pamu obpaTHOil 3aja4un (KO3hOUIMEHTH B ypABHEHUN, I'PAHUYHbIE U HAYAJIbHBIE YCJIOBUS W
T.I.), KOTOPbIE HEOOXOINMO OIPEIeUTh.
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Obparnas 3aji@a4a IOCTaB/IeHA B PAMKAX TEOPEMbI CYIIECTBOBAHUS PEIICHUS MTPIMOil 3a,/1a-
Y1 U 3aKJIFOYUAETCs B OIPeIe/IeHNN HEM3BECTHOIO KO3 uUIlmeHTa peakiiuu mpu KOTOpoM PPOHT
OyJeT JIBUTAThHCA 110 33JAaHHOMY BPEMEHHOMY 3aKOHY, JTUOO 9TOT KOI(DDUIMEeHT Tpedyercs onpe-
JICJTUTD 110 HAOJII0/IaeMOi TpaeKTopun japuxKennd pporTa. ChHopMyInpoBaHO MTOHITHE ACHMIITO-
THUYECKOr'0 PellleHnsi 00paTHON 3a/[a49r M MOKA3aHO, YTO JIJI PACCMATPUBAEMOIO KJIacca ypaB-
HeHUil obparHas 3aja4da onpejeseHns (MYHKIMT UCTOIHUKA CBOJUTCS K CYIIECTBEHHO OoJiee
MPOCTOI — JIMHEWHOMY aJIreOpanvIecKoOMy YPaBHEHMIO, CBA3BIBAIOIIEMY HaOJIIOIaeMOoe MOJI0ZKe-
HUeE JIBIKYIIErocs pponTta ¢ KoddduiimeHTaMu B ypaBHEHUN U TPAHUYHBIMU YCJIOBUAME. TakuM
00pa3oM, ecjIii IMeeTcsT BOSMOXKHOCTD HAOJTIO/IEHNs] TPAEKTOPUN JIBI2KeHNsT (DPOHTA HA BPEMEH-
HOM OTpe3Ke (Ieprojie), TO BOIPOC 00 OIPEJIIEHUI HEen3BeCTHOrO Ko3dhduinenTa ypaBHeHUs
CBOJIUTCS K HADOPY MPOCTHIX aJrebpanvdecKux oreparnuii. AHAJOTTIHBIM 00Pa30M MOXKET OBITh
nccseIoBaHa oopaTHas 3a/1a4a BOCCTAHOB/IEHUS I'PAHUYHBIX PEXKUMOB WJIN 33/la4a I'PAHUTHOTO
YIPaBJICHUS.
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The asymptotic analysis is applied for solving a certain class of inverse problems for a
nonlinear singularly perturbed reaction-diffusion-advection equation with periodic coefficients.
In particular, we consider the problems of restoring the source function and boundary conditions
using known information about the observed solution of a direct problem over a certain time
interval (period) for a Burgers-type equation with different types of advective and reactive
terms.

Solutions of differential equations of this type may contain narrow boundary and/or inner
layers, as well as moving fronts. The asymptotic analysis allows to prove the existence, investi-
gate the stability of the solution of a direct problem, and obtain an asymptotic approximation
of the solution. In addition, the asymptotic approach makes it possible to reduce the original
nonlinear singularly perturbed problem to a set of simpler problems, obtaining a sufficiently
accurate qualitative and quantitative description of the solution, as well as to establish simpler
relationships between the input data and the parameters of the inverse problem (coefficients in
the equation, boundary and initial conditions, etc.), which need to be determined.
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The inverse problem is formulated within the conditions of the theorem of the existence of
a solution to the direct problem and consists in determining an unknown reaction coefficient at
which the front will move according to a given time law, or this coefficient must be determined
from the observed trajectory of the front. The concept of an asymptotic solution of the inverse
problem is formulated and it is shown that for the class of equations under consideration, the
inverse problem of determining the source function is reduced to a much simpler one — a linear
algebraic equation that relates the observed location of the moving front to the coefficients
in the equation and boundary conditions. Thus, if it is possible to observe the trajectory of
the front movement on a time interval (period), then the question of restoring the unknown
coefficient of the equation is reduced to a set of simple algebraic operations. Similarly, the
inverse problem of restoring boundary conditions or the problem of boundary control can be
investigated.
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B nacrogieit pabore mperaraeTcs HOBBIH MOJIXOJ] K UCCJIEIOBAHIIO IPAMBIX U KO3bduiiu-
eHTHDLIX O0PATHBIX 3aJa4 HEJIUHEHHOro TeriooOMeHa, OCHOBAHHBIN HA JIaIbHENIIEM PA3BUTUU
U IIPIMEHEHNH METO/IOB ACHMITOTHIECKOrO aHain3a |1, 2| B MHOTOMEPHBIX CTAIMOHAPHBIX CHH-
I'YJISIPHO BO3MYIIEHHBIX 3a/[avdaX HEeJMHEWHO# TertonpoogHocTr. C UCIOIB30BAaHUEM TEOPEM
cpaBHeHUsl 3| u3ydeH BOMPOC O CYIIECTBOBAHWU CTAIMOHAPHBIX PEIIEHUl ¢ TIOrPAHUIHBIMUA 1
BHYTPEHHUMHU [IE€PEXOJHBIME CJIOAME (MHOMOMEPHBIX TEIJIOBBIX CTPYKTYD) HPSIMON 3a/1a4u IIy-
TeM MOCTPOEHUS ACUMIITOTUIECKIX TPUOJINKEHUI PEIeHril yKa3aHHOTO THITA, C ITOCJIe Ty IONNM
obocHoBaHnueM (opMaJibHBIX TOcTpoeHuit. VcceeoBana acuMIITOTHYECKAS YCTONINBOCTD 110
JIATyHOBY peleHnii ¢ MOrpaHMYHBIMUA U BHYTPEHHUMHU CJIOSIMU, KAaK CTAIMOHAPHBIX PEIIeHM
COOTBETCTBYIOIINX apabOINIeCKUX 3a/1a9 C HEJIMHEWHO BXOIAIINM B YPaBHEHHE &JIBEKTHBHBIM
YJIEHOM, U OIMCAHA JIOKAJbHas 00JIACTb MPUTSKEHIS TAKUX DEITeHMil.

ObocHoBaHHbIE AJITOPUTMBI JJAHHON PAOOTHI MOT'YT OBITH UCIOJIL30BAHBI B IEISAX HEKOTOPBIX
IPUIOKEHU T, HATIpUMED, IPU CO3aHuU Y(PMOEKTUBHBIX IUCIEHHBIX aJrOpUTMOB (cM. Hatp.|4])
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perteHns NpsMbIX 1 KO3(DDUIMEHTHBIX 00paTHBIX 3a/1a4 HeJInHEHHOTO TertoodMena. B qactHo-
CTH, PE3Y/ILTATHI PAOOTHI MOT'YT OBITH MCIIOJIL30BAHBI IIPU PEIIEHUN TPAMBIX U 0OpATHBIX 3a/1a4
TEOPUN KOHTPOJUPYEMOTO PA30IPEBA OJJHOKOMITOHEHTHBIX HEJIMHENHBIX JACCATIATUBHBIX CUCTEM
C TeJIBI0: 1) aHAJIMTUYIECKOTO OIMCAHUS CKAIKa TEMIICPATYPHOTIO MOJIS U 00JIACTH JIOKAJTH3AIIH
CKavKa TeMIIEpAaTypbl BHYTPH 00pasia; 2) co3aanus 3G GeKTUBHOIO YUCTEHHOTO aJrOPUTMa, 110~
CTPOCHUSA pPeIIeHUA HpHMOI';I 3a/la44, I'’Zie B KadeCTBe HYJIEBOI'O HpI/I6.HI/I}KeHI/IH B UTEPpallMOHHOM
IPOIIECCE MCIOJB3YETCsT ACUMIITOTHYIECKOE PellieHIe HYJIeBOTO MOPsijiKa; 3) paspaborku addek-
TUBHOT'O YUCJIEHHOTO AJITOPUTMa BOCCTAHOBJIEHUST TTAPAMETPOB NCTOYHUKA PA30TPeBa 110 3a/1aH-
HOM KoHDUTypaIun 00JIaCTH CKadKa TeMIeparypbl. AnpuopHast nHdOpPMAaIus O PEIeHUH Psi-
MOI#1 3aJ1auu, MOJIyYeHHasd HA OCHOBE aCUMIITOTHYECKOIO aHajn3a, MOXKET ObITh MCIOJIH30BaHa
Ipu pa3paboOTKe YUC/ICHHBIX aJIOPUTMOB BOCCTAHOBJIEHUS TEILIO(MU3NICCKUX XAPAKTEPUCTUK
cpeJibl (HeJIMHETHO 3aBUCAIIIX OT TeMITepaTypbl KO3(hMUIMEHTOB TEIIONPOBOIHOCTH U TEILIO-
obMeHa), a TakyKe MPU CO3JAHUN IUCJIEHHBIX aJTOPUTMOB DellleHrsi OOPaTHBIX 38189 TeOPUH
MexKa30BbIX IEePEXO/I0B.
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In this paper, we propose a new approach to the study of direct and coefficient inverse
problems of the nonlinear heat transfer, based on the further development and application of
methods of the asymptotic analysis [1, 2] in the multidimensional stationary singularly per-
turbed problems of nonlinear heat conduction. Using comparison theorems [3], the question of
the existence of stationary solutions with boundary and internal transition layers (multidimen-
sional thermal structures) of the direct problem is studied by the constructing of asymptotic
approximations for solutions of this type with the subsequent substantiation of formal construc-
tions. The asymptotic Lyapunov stability of solutions with boundary and internal layers, as
stationary solutions of the corresponding parabolic problems with the advective term, entering
the equation nonlinearly, is investigated. The local domain of attraction of such solutions is
described.

The justified algorithms of this work can be used for some applications, for example, when
creating the effective numerical algorithms (see eg [4]) for solving direct and coefficient inverse
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problems of the nonlinear heat exchange. In particular, the results of this work can be used to
solve direct and inverse problems of the theory of controlled heating of one-component nonlinear
dissipative systems in order to: 1) analytically describe the jump of the temperature field and
the region of localization of the temperature jump inside the sample; 2) creating an effective
numerical algorithm for constructing a solution of the direct problem, where the asymptotic
solution of the zero order is used as a zero approximation in the iterative process; 3) development
of an effective numerical algorithm for recovering the parameters of the heating source from a
given configuration of the temperature jump region. A priori information on the solution of the
direct problem, obtained on the basis of asymptotic analysis, can be used in the development of
numerical algorithms for recovering the thermophysical characteristics of the medium (nonlinear
temperature-dependent heat conductivity and heat transfer coefficients), and in the creation of
numerical algorithms for solving inverse problems of the theory of interphase transitions.
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ACUMIITOTUKA PEIIEHUY CUHTYJJIAPHO BO3SMYIIIEHHOI
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Pabora BbIno/iHEHA B paMKax TOCYJIapCTBEHHOIO 3ajanus B cdepe HaydHOH JTedTeTbHOCTI
MununcrepcTBa HayKu 1 Bbiciiero oopasobanus PO na temy «PazpaboTka MeTo010run U Ipo-
IPAMMHON TIATGOPMBI JJIS TIOCTPOSHUS MU POBBIX JIBONHUKOB, HHTEJIEKTYATbHOIO aHAIN3a
1 IPOTHO3MPOBAHMUS CJ0KHBIX S9KOHOMUUECKUX CHUCTeM», Homep mpoekTa FSSW-2020-0008.

[Ipu orpejieIeHHBIX YCIOBUAX PaCIPOCTPaHEHUE IOJIMIUCIEPCHON IpuMecH B aTMocdepe
C Y4eTOM OCeJaHUs Ha MMOBEPXHOCTDL II0YBBI U BTOPUYHOI'O BETPOBOTO IOJIXBATa OIUCLIBACTCH
CUHT'YJIAPHO BO3MYIIIEHHON CUCTEMON ypaBHEHUN

2
5(@4_{/%_10(29)@—2([( 8u> —Kxa u) = Lyu, || <00,z >0>0, (1)

ot Ox 0z 0z \ 0z 0z2
ov
ST a(p)ul,_y — b(p)v, (2)
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KZ% + w(p)u Z_O—a, (3)
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riae u(x,z,t,p), v(x,t,p) — KOHIEHTpAIMK NPUMECH B aTMocdepe U Ha MOYBEe COOTBETCTBEHHO,
(X,2)-IPOCTpaHCTBEHHBIE TIEPEMEHHbIE, P — [TapaMeTp JUCIEePCHOCTH (pa3Mep) JYacTHIl, € — Ma-
JIBIIT TIOJIOZKUTEJIbHBIH napaMeTp, L, — JmHe#Hblil omepaTop, AefCTBYIOMMil IO IepeMeHHO P,
OIUCHIBAIOIIHIT TIPOIIECCHI KOATY/IATNU-TUCCOATIMAIINN TPUMECH, UMEOTIUIT HyJIeBoe COOCTBEHHOE
3HaAYEHMUE.

B pabore crpourcsi acumnrorunieckoe passioxkenue (AP) 1o masiomy mapamerpy perreHust
sajaqn Komu jyist cucrembl ypasaenwit (1)—(3). AP perennst crpoutcest B BIJie CyMMBbI DEryJisip-
HOT'O Psiia ¥ MOrpaHdyHKIMii, 3aBUCAIINX OT PACTAHYTBIX IIepeMeHHBIX. [loydens! 3agaun ayis
[JIABHBIX 4/IeHOB AP, olleHKa 0CTATOYHOrO |jleHa CJejlaHa 110 HeBsi3Ke. AHaIorndHasl 3a/a4a,
HO 6e3 yuera JUCIEePCHOCTH IPUMECH, pernaiach B [1].
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Under certain conditions, the propagation of a polydisperse impurity in the atmosphere,
taking into account sedimentation on the soil surface and secondary wind pick-up, is described
by a singularly perturbed system of equations

ou ou ou 0 ou 0%u
E(EjLV%—w(p)&—&(K )—Kx )—Lpu,|x|<oo,z>0,t>0, (1)

“0z 22
ov
Sl alp)uly — b)Y, )
ou ov
Kz& + w(p)u Z:O_aa (3)

where u(x, 2,t,p), v(x,t, p) are the concentrations of the impurity in the atmosphere and on the
soil, respectively, (x, z) are the spatial variables, p is the particle dispersion parameter (size),
¢ is a small positive parameter, Lp is a linear operator acting on the variable p, describing the
processes of coagulation — dissociation of the impurity, having a zero eigenvalue.
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In this paper, we construct an asymptotic expansion (AR) for a small parameter of the
solution of the Cauchy problem for the system of equations (1)—(3). The AR of the solution is
constructed as the sum of a regular series and boundary functions depending on the stretched
variables. The problems for the main terms of the AR are obtained, and the residual term is
estimated from the residual. A similar problem, but without taking into account the dispersion
of the impurity, was solved in [1].
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Paccmorpum muddepeniuaibioe ypaBHEeHIE BTOPOIO HOPSIKA C 3alla3/IbIBAHIEM

d? d d
ed—t§+d—z+5y:F(d—§(t—7)). (1)
Bneck 7 > 0, dyHKng F' 10CTATOYHO IJIaIKast, He OrpaHUINBasg OOITHOCTHA MOYKHO CUNTATD,
gro F(0) = 0. Takum obpasom, ypasaenne (1) uMeer HyJIe€BOE COCTOSHIE PABHOBECHSL.
[UIaBHBIM [TPEIIIOJIOKEHUEM SIBJISETCS TO, 4TO TTapaMerpsbl € u § Majibl (0 < &, 0 < 1), Takum
obpasom ypasHenue (1) sBJsieTcst CHHIYJISIPHO BO3MYIIIEHHBIM. ByieM cauTarh, 9To napaMerpbl
€ 1 0 IPOIOPIMOHAIbHBI:
0<exkl, §=ke.

[TocraBum 3asady uccsiesoBaTh MOBeeHne pemntenuii (1) B HekoTopoil Masoil (HO dukcn-
POBAHHOI) OKPECTHOCTH HYJIst B (DA30BOM HPOCTPAHCTBE C[l_ﬂo] IIPU JIOCTATOYHO MAJBIX € U
MIOCTPOUTH ACUMIITOTHKY €ro pernerunit. OTMeTuM, 9T0O B CTaThe [1] paccMOTPEHO IIOXOZKee ypaB-
HEHNe OITO3JIEKTPOHHOI'O OCIUJIIATOPA, B KOTOPOM IIapaMeTp J He sIBIAETCS MaJIbIM.

XapaKTepuCTHIeCKUH KBA3UIOJINHOM JINHEAPU30BaHHON B HyJIe 3aja4du (1) mMeer BH/T

N+ A+ ke =M\3e ™, B=F(0).

[Tokazano, uro 1pu |5| < 1 HyseBoe COCTOsIHIE PABHOBECUsI YCTOWIMBO, BCE PEIICHUsT U3 HEKO-
TOPOIt ero OKpecTHOCTH (MAJIOii, HO He 3aBUCSIIEl OT €) CTPeMSTCs K HYJI0, 1ipu || > 1 HysneBoe
perenne HeyCTOMYNBO, B €r0 OKPECTHOCTH HET YCTONYMBBIX PEKUMOB. B ocraBmmxcs cirydasx
B = +1 xapaKTepuCTHIeCKOe ypaBHEHNE NMeeT DECKOHETHOE KOJNIEeCTBO KOPHEel, CTPeMSIIIX-
cd K MHAMOI ocu mpm £ — (), TakKuM 00Opa30M, KPUTHYECKHE CIydal NMeOT OeCKOHEUHYIO
Pa3MepHOCTb.



ACHMITOTHYECKIE METOIBI B CHHTYJISPHO BO3MYIIEHHBIX 33,189aX 133

B kpurtnueckux ciaydasx ypasaerue (1) cBeJieHO K KBA3HHOPMAJIbHBIM (hOPMaM — ClIelralb-
HbBIM HEJIMHEHHBIM SBOJIFOIMOHHBIM YPABHEHUSIM, HE COJEPIKAIINe MAJIBIX IIADAMETPOB, DEIIeHUS
KOTOPBIX JIAIOT TJIABHYIO YACTh ACUMITOTHIECKUX 110 HEBA3KE PABHOMEPHO 10 t > 0 perennii
ypaBHeHus (2).
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LOCAL DYNAMICS OF A SECOND ORDER EQUATION WITH A DELAY
IN THE DERIVATIVE
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Consider a second-order differential equation with a delay

d*y dy dy
VLY sy —F(Yu—n)). 1
eom T + 0y (dt(t T)) (1)

Here 7 > 0, the function F' is quite smooth, without limiting generality we can assume that
F(0) = 0. Thus, equation (1) has a zero equilibrium state.

The main assumption is that the parameters € and § are small (0 < g, § ll1), so equation
(1) is singularly perturbed. We assume that the parameters € and ¢ are proportional to:

O<exl, 0=ke.

We set the task to investigate the behavior of solutions (1) in some small (but fixed) neigh-
borhood of zero in the phase space 0[1_7’0] for sufficiently small £ and construct the asymptotics
of its solutions. Note that the article [1] considers a similar equation of an optoelectronic
oscillator, in which the parameter ¢ is not small.

The characteristic quasipolynome of the zero-linearized problem (1) has the form

N+ A+ ke =\3e, B=F(0).

It is shown that for | beta| < 1 the zero equilibrium state is stable, all solutions from a certain
neighborhood (small but independent of ¢) tend to zero, for | beta| > 1, the zero solution is
unstable, and there are no stable modes in its neighborhood. In the remaining cases beta = +1,
the characteristic equation has an infinite number of roots tending to the imaginary axis at
e — 0, so the critical cases have infinite dimension.

In critical cases, equation (1) is reduced to quasinormal forms-special nonlinear evolution
equations that do not contain small parameters, the solutions of which give the main part of
the solutions of equation (2) that are asymptotic with respect to the residual uniformly over
t>0.
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CTABMJIN3AIINA PEINTEHNA BUJIA ®POHTA CUCTEMbBI

ABTOBOJIHOBBIX YPABHEHII K CTAIIMOHAPHOMY PEIIIEHIIO
BUJA KOHTPACTHOUN CTPYKTYPhI TUIIA CTYIIEHbKN
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Karueswie crosa: cucrema mapabonydecKux ypaBHEHU, pellleHre Bujia ppoHTa, yCTONIu-
BOE CTAIMOHAPHOE PelieHue, 06/1acTh YCTONINBOCTH.

Pa6ora nomgaepxxkana rpanrom PODOU Ne 19-01-00327

PaccmarpuBaercst CHHTY/ISIPHO BO3MYIIIEHHAs HAYAJIbHO-KPaeBas 3a/1a49a Jjisi CUCTEMBI JIBYX
napadoOJIMIeCKUX YpaBHEHUIT

0%*u 30U 92w O
54@_ En = f(uw,ze), € 28:1:2 —5a—g(u,v,m,s), O<z<l, 0<t<T;

% " Or " Or %
w(x,0) = Uit (z), v(2,0) = vipu(z), 0<a <1

Baeck € — masbtit mapamerp (0 < ¢ < &), f(u,v,x,8), g(u,v,x,e) — gocTarodno riaajrue QyHK-
uu, onpejeseHubie Ha MHOXKecTBe {(u,v,x,8) @ I, X I, x [0,1] x (0,60]}, I, I, — momycrumbie
MHTEPBAJIbl U3MEHEeHUsT (DYHKIMA 1 U ¥ COOTBETCTBEHHO.

[TycTh BBIOJIHEHDI CJIEJYIONIUE YCIOBUSL:

Ycaosue Al. Ypasuenue f(u,v,2,0) = 0 0JHO3HATHO PA3PEIIIMO OTHOCUTEILHO (DYHKIHN
u:u=p(v,r)n opu Beex (v,x) € I, x [0,1] Bomosasiercsa nepasencTso f,(¢(v,x),v,2,0) > 0.

VcaoBue A2. Ypasuenue g(o(v,z),0,x2,0) = 0 umeer tpu I/IBO.HI/II)OBaHHbIX KODHSI: U =
vi(z), i = 1,23, u npn Beex o € [0,1] Bomosmsaiorest mepasenctea v'(z) < vi(z) < v3(x),
ho (V12 (2),2) > 0, hy(0*(2),2) < 0.

Vcaosue A3 (kBasumonoroHuoctn). Ilpu Beex (u,v,z) € I, X I, X [0,1] BbImoHSIOTCSH
HEPABEHCTBA:

folu,w,2,0) <0, gu(u,v,2,0) > 0.

Ussecrno [1], uro npu BeimosHenun yeaosuit Al — A3 y 3amaun (1) cymecrsyer perenue
Bujia dponrta. B Hacrosmeit pabore paccMarpuBaeTcs BOIPOC O CTAOMIU3AIMN TAKOr'O perie-
HUS K PEeIeHUI0 ¢ BHYTPEHHUM I[EPEXOIHBIM CJI0EM COOTBETCTBYIOIIEN CTAIlMOHAPHON 3a/adu.
UccnenoBanne IpoBOIUTCS MIPY ITIOMOIIM METOJ/Ia BEPXHUX M HUXKHUX pemntennii. /lokazano, 9To
0071aCTHIO TPUTIYKEHNUST yCTOWYNBOrO PEIIeHNs CTAIIMOHAPHON 33/1a11 ABJIA€TCH MHTEPBAJ MEXK-
JIy BEPXHUM pelleHneM HecTallMOHApPHOI 3a/a4i U HUKHUM pellleHHueM CTallMOHapHON 3a/iadi.
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STRUCTURE SOLUTION
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We consider a singularly perturbed initial-boundary value problem for a system of two
parabolic equations

Pu  40u 0%v Ov
€ o2 g3 5 = f(u,v,z,8), € o2 €8t gluwze), 0<z<l 0<t<T;
ou ou ov ov (1)
ox (O,t,E) ax(]-)t:g) ox (Oat76) ax(17t7€> 07 0<t< T7

(IL‘,O) - umzt(x)a ’U(CL’,O) = Uinit<x)a 0 S X S 1.

Here ¢ is a small parameter (0 < ¢ < &9), f(u,v,2,¢), g(u,v,z,e) are sufficiently smooth functions
defined on the set {(u,v,x,e) : I, x I, x [0,1] x (0,e0]}, Lu, I, are valid intervals of functions u
and v change respectively.

Let the following conditions be satisfied:

(Al). The equation f(u,v,x,0) = 0 is uniquely solvable with respect to function u : u =
¢(v,x) and for all (v,x) € I, x [0,1] the inequality holds: f,(¢(v,z),v,2,0) > 0.

(A2). The equation g(gp(v,x),v,x,()) 0 has three isolated roots: v = v'(z), i = 1,2,3, and
for all z € [0,1] the inequalities hold: v!(z) < v*(z) < v3(z), hy(v'3(z),2) > 0, hy(v?(z),z) < 0.

(A3) (quasi-monotonicity ). Let the inequalities:

fy(U,U,I’,O) < O? gu<u)v7x70) > 0

hold for all (u,v,x) € I,, x I, x [0,1].

It is known [1] that under conditions Al - A3 problem (1) has a front-type solution. In
this paper we consider the question of stabilizing such a solution to a solution with an internal
transition layer of the corresponding stationary problem. The study is carried out using the
method of upper and lower solutions. It is proved that the domain of attraction of a stationary
problem stable solution is the interval between the upper solution of the non-stationary problem
and the lower solution of the stationary problem.
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THE PERIODIC SOLUTIONS WITH AN INTERIOR LAYER OF BURGERS
TYPE EQUATIONS
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We consider a new class of singularly perturbed parabolic periodic boundary value problems
for reaction-advection-diffusion equations: Burgers type equations with quadratic and modular
advection. We construct the interior layer type formal asymptotics and prove the existence
of a periodic solution with an interior layer. The accuracy of its asymptotics and asymptotic
stability of this solution is also established.

We illustrate our results by the problem

for (z,t) € D:={(xt) € R*: -1 <z <1,t€ R},
u(—1te) =u (), u(lte)=uP(t) for teR,
u(zte) =u(zt+Te) for teR —-1<x<]1, (1)

where ¢ is a small parameter. The functions B, u(™) and u(*) are sufficiently smooth and
T-periodic in t. The equation in (1) has so-called modular nonlinearity or modular advection.
Similar results are presented for the case of quadratic nonlinearity case.

CYHIECTBOBAHUE KOHTPACTHBIX CTPYKTVYP B 3AJIAYE C
PA3PBLIBHBIMU PEAKIIVUEN M AIBEKIINEI

Hukymuu E. 1.1%, Opsaos A. O.1°
L Mocxkoscruti 2ocydapcmeentividi ynusepcumem umenu M. B. Jlomonocosa, 2. Mocksa,
Poccutickan @edepavusn
¢ nikulin@physics.msu.ru , ° orlov.andrey@physics.msu.ru

Karouesvie caosa: ypaBuenue peakius-iundy3us-aaBekims, MeTo auddepeHnaIbHbIX

HEPABEHCTB, CUHI'YJIIDHO BO3MYIIIEHHbBIE ITapaboIMIecKie 3a/1a9u.
Pabora nomgnep:kana rpantamu PH® 18-11-00042 u PODU 19-01-00327.

UccnenoBana KpaeBas 3aj@ada Jjid CHHIYJIAPHO BO3MYIIEHHOIO YpPaBHEHUsI PpEaKIIHs-
b dy3uss-aaBeKImsa B JIBYMEPHO 00JIacTH B CjIydae pPaspbIBHBIX KOY(MMUIMEHTOB peakiiun
u g dysun, pa3spbiB KOTOPHIX IIPOUCXOANT Ha 3apaHee M3BECTHON KPHUBOIi, JiexKalleir B 9TOi
obJracTn:

e2Au = e(a(u,x),Vu) + f(u,z,€),x = (21,22) € D,
ou

—1 =0, € 0D.
on|,, .

Baecb D — oHOCBsI3HAs 00JIACTh HA MJIOCKOCTH (1,T2) € TUIajKoii rpanuteit 0D, e— maJblii
napamerp, Jexkanuii B unrepsase (0;e9), o > 0, a(u,x) = (a1(u,x),a2(u,z)) — aByMepHas



ACHMITOTHYECKIE METOIBI B CHHTYJISPHO BO3MYIIEHHBIX 33,189aX 137

BeKTOP-pYHKIIUS, N — BHEIIHAA HopMaJib K Kpusoit 0D. Ilycrs Cp— mpocras Tiajikas 3aMKHY-
Tast KpUBas, IIeMKOM JIesKalas B obactu D, KoTopast eut obaacts Ha ase uactu: D7) orpa-
rgennyto kpusoit Cy, w D) | orpammaennyio kpussivu Co u 0D. Oyukmym a(u, x), f(u, 7, €)
IpeICTABUMbBI B BU/IC

a(u, z) — a(u,x), uel,, x¢cD);
T aP(u,x), uel,, xe D)

_ f(_)(u,x,E), UE[u, xED(_), €€ [O’EO);
f(uﬁx?g) B { f(+)(u,a:,€), u < [ua T c D(+)7 €€ [0780);

rae I, — orpesok mamenenns: bynkimn u, f &) (u,z,¢€), a® (u, ) — mocTaTodHo raKue QyHK-
IIUA B COOTBETCTBYIOIIUX UM O0JIACTAX OIPEIeICHUSI.

e 3a1a91 TIOJTyI€HbI YCJIOBUSA TIPU KOTOPBIX CYIIECTBYET PEIleHrne ¢ BHYTPEHHUM ITePeXO/I-
HbIM cjioeM. [locTpoeno acuMuToTHYeCKOe MPUOJINZKEHNE JIjIT TAKOr'O PEIIeHusT ¢ UCIIOJIb30Ba-
HueM Merosa Bacuibesoit A. B. C mOMOIIBIO aCUMIITOTHYECKOTO MeToa AnddepeHImabHbIX
HEPABEHCTB J0Ka3aHa TeopeMa cylecTBoBaHusA. [[puBejieH npumep, MILTIOCTPUPYIONINN TIPeI-
JlaraeMble aJrOPUTMBL.
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A boundary value problem is investigated for a singularly perturbed reaction-diffusion-
advection equation in a two-dimensional region in the case of discontinuous reaction and diffu-
sion coefficients, the break of which occurs on a previously known curve lying in this region:

e2Au = e(a(u,r),Vu) + f(u,z,€),x = (11,25) € D,
ou

— =0, € oD.
on|,, v

Here D is a simply connected region on the plane (x1,z2) with a smooth boundary 0D, e—
is a small parameter lying in the interval (0;e0), €0 > 0, a(u,z) = (a1(u,x),as(u,x)) is a
two-dimensional vector function, n - outer normal to the curve dD. Let Cy be a simple smooth
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closed curve lying entirely in the domain D, which divides the domain into two parts: D)
bounded by the curve Cy, and D), bounded by curves C, and 9D.
Functions a(u, z), f(u,x,€) can be represented as

a(u, z) = a(u,z), wel, x¢cD);
T aP(u,x), uel,, xe DD,

_ f(i)(uax7€)7 uel,, € D(i), €€ [0,60);

where I, is the interval of variation of the function u, f&)(u,x,¢),a® (u, ) are sufficiently
smooth functions in their respective domains of definition.

For this problem conditions are obtained under which a solution with an inner transition
layer exists. An asymptotic approximation for such a solution is constructed using the Vasil’eva
AB method. An existence theorem is proved using the asymptotic method of differential in-
equalities. An example is given to illustrate the proposed algorithms.
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CVIIIECTBOBAHUE U YCTOMYNBOCTH PEIIEHUY CUCTEMBI JIBYX
HEJIMHEMHBIX YPABHEHUN JN®®Y3UN B CPEJIE C PASPHIBHLIMU
XAPAKTEPUCTUKAMU ITPU PA3JINYHBIX YCJIOBUAX
KBASNIMOHOTOHHOCTMN

Tumenko B. B.¢, Jlepamosa H. T.!'°
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Karouesvie caosa: cucreMa HeJTMHEHHBIX YpaBHEHUIN, MaJblil TapaMeTp, BHYTPEHHUE CJIOH,
BEpXHEEC U HU2KHEE PCIIECHUA, aCUMIITOTHKA PCIICHUA, aCUMIITOTUYIECKaA yCTOI';I‘{I/IBOCTb 110 ﬂﬂ—
IIYHOBY.

Pa6ora nomnepzxkana rpanrom PH® Ne 18-11-00042.

I/ICCHG,ILyeTCH CyaieCTBOBaHUE, yCTOﬁqHBOCTb 1 JIOKaJIbHasd €JMHCTBEHHOCTDL CTallMOHAPHbBIX
pemeHHﬁ C BHYTPEHHHM IIE€PEXOJIHBIM CJIOEM Ha‘{aJILHO—KpaeBOﬁ 3aJa41:

54yarar — Yt = f(yaz)m75)7 622$$ — Zt = 9(%27%5), T e (O)1>7 te (07 +OO), (1)
Ye(0,t) = y.(1,t) = 0, y(2,0) = u’(z), 2.(0,t) = 2.(1,t) =0, 2(x,0) =°(x),
enpepepbiBHBI Ha orpeske [0,1] u

rie € € (0,69 — masbtit napamerp, dynknuu u’(z), v9(z) n
=02(0) = v2(1) = 0.

0(() — 4,0
YZIOBJIETBOPSIOT ycyioBusAM coryacosamust uy (0) = uy (1
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Byzaem cuurars, 9To mpasbie dacTu cucteMbl (1) mpereprieBaoT pa3pbiBbl IEPBOIO poOjia HA
nosepxuoctu {u € I,,v € I,,x = xo € (0,1)}:

f(*)(u,v,x,e), UG]U,UG.[U,O<I§ZL'Q,
f(u’/l}’m76) -

N uw,ze), wel,vel,zg<z<1;

g(*)(u,v,x,g), UGIU,U€]U70<ZES$O,
g(u,re) =
g uvze), vel,vel,rg<z<1,

npuaem bynxman f ) (u,v,2,6) u g (u,v,2,¢) npuragexkar knaccy C3(1, x I, x [0,20] x [0,&0]),
a [P (uw,2,e), g (uw,a,e) — xmaccy C3(I, x I, x [x9,1] x [0,&0]), tite I, m I, — meKoTOpDIE
JIOIYCTUMBIE MHTEPBAJIBI N3MEHCHNS TIEPEMEHHBIX U U V.

B patore [1] copMmymnpoBaHbl 10CTATOMHBIE YCIOBUS CYNIECTBOBAHUSI, YCTOWIMBOCTU U
JIOKAJILHOf €JMHCTBEHHOCTH TJIaIKUX CTAIIMOHAPHBIX perenuii 3ajaqn (1) TOJbKO JIIs O[HOro
THIIA CMEIIAHHON KBA3UMOHOTOHHOCTH: fi ') (uv,2,6) > 0, gq(f)(u,v,x,s) < 0 B COOTBETCTBYIOIINX
obacTax. OIHAKO 3TOT Pe3yJbTaT yIaéTcss OOOMMTH IPU TeX K€ YCJIOBUSAX /I BTOPOIO THUIIA
CMelIaHHOI KBa3MMOHOTOHHOCTHU U IIpu HECKOJIbKO 60Hee CJI&6I>IX YCJIOBUAX JIJIsI OCTaBHIMXCA

ABYX TUIIOB KBa3MMOHOTOHHOCTHU C COBIIQ/[QIOINUMU 3HAKaMW ITPOU3BOJHBIX.
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We consider the existence, stability and local uniqueness of stationary solutions with an
internal transition layer of the following initial-boundary value problem:

543/9096 — Y = f(y,Z,l’,éT), 5229095 — &t = g(y,z,m,é‘), T € (071>7 te (07 +OO)7
yz(0,t) = y.(1,t) =0, y(z,0) = uo(x), 2,(0,t) = 2,(1,t) =0, z(z,0) = vo(as),

where € € (0,¢0] is a small parameter, functions u’(z), v°(z) are continuous on [0,1] and satisfy
matching conditions u2(0) = u2(1) = v2(0) = v2(1) = 0.

T

(1)
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Right-hand sides of equations in (1) are considered to have a simple discontinuity across
the surface {u € I,,v € I,z = z¢ € (0,1)}:

FN
flup,xe) = {f(ﬂ(

U,U,l’,ﬁ), u € [uvv € Ivao <z < Zo,
u,0,x,E), u€ L,vel,rg<z<1;

U,U,l’,&), uEIu7U€IU70<xSan

g (uwze), vel,vel,zg<z<1,

=)

g(u,v,z.e) = {g +)E

fO(u,w,2,6) and ¢ (u,v,2,6) are of C3(I, x I, x [0,2¢] x [0,50]), f ) (u,v,2,8), ¢ (uw,z,¢)
are of C3(I, x I, X [wg,1] X [0,¢]), where I, I,, are some possible domains of the variables u, v.
In [1] the authors has formulated sufficient conditions for the existence, stability and local
uniqueness of smooth stationary solutions of the problem (1) but only for one type of mixed
quasi-monotonicity: fﬁ)(u,v,x,g) > 0, gz(f)(u,v,a:,e) < 0 in respective domain. However, the
result of [1] holds in the case of the second type of mixed quasi-monotonicity with the same
conditions and with slightly weaker conditions in the remaining two cases of quasi-monotonicity

with the same signs of derivatives.
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ASYMPTOTIC SOLUTIONS OF A SYSTEM OF GAS DYNAMICS WITH
LOW VISCOSITY THAT DESCRIBE SMOOTHED DISCONTINUITIES
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We construct formal asymptotic solutions describing smoothed shock waves and tangential

and weak discontinuities for the nonlinear system of gas dynamics of a fluid with small viscosity.
We show that the profile of the smoothed shock wave is described by the ordinary differential
equation while for th tengential discontinuity the profile is described by the evolutionary system
of equations on a moving surface. The results are published in [1].
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CRM-MO/IEJIMPOBAHMUE J1JId MYJILTUCKBAYKUHHOII
JMTEKOHBOJIIOIINN JAHHBIX O JABJIEHUAX U JEBUTAX B
3AMKHYTOM KOJIJIEKTOPE
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[Tybmmkarust BbIOJIHEHA B paMKax rocymapcreerroro saganus OI'Y OHII HUMCU PAH
- poBeJieHne (byHTaAMEHTATLHBIX HAYUHBIX uccaeaoBanuit mo reme Ne 0580-2021-0019.

MynbruckBazkuHHasi ekoHBosonust |1, 2| mpenHasHavena Jisi BBIIEJICHUS U3 CJIOXKHBIX,
BAIlyMJIEHHBIX KPUBBIX 3aDOHOTO JaBjieHusi B paboTarolieil CKBaXKWHe pPeakimu Ha paboTy
caMoii aHaJIM3UPYEeMOil CKBAaXKUHBI M OKPYZKAIOMNUX ee CKBaxkKuH. Jlajiee 9ra peakius MOXKeT
ObITH 0OpaboTana CTaHJAPTHBLIMU MeTojamu [3| jist onpe/iesienns: CBOHCTB 11acTa.

CRM-mozeb 11t MyJIBTUCKBAXKIMHHOM JIEKOHBOJIIOINN JAHHBIX O JABJICHUSIX U 1eOuTax B
3aMKHYTOM KOJIJIEKTOPE B PaMKax padOThI ObLia chopMy/IUpOBaHa B CJIEIYIONIEM BUJIE:

N,
dpi -

CtiVpiy = —dui (1) + Qi (1) — D auis ()i (8) = Py [pi (£) — p; (1)], (1)
7j=1

Pl

Pl
1+a;In (%) 1+a;In (%)
(2)

Ha puc. 1 npusenen npumep ucnosib3oBanusg CRM-momenmnpoBanus Ayt MyJIbTHCKBaYKUH-
HO#l JIEKOHBOJIIOIIUHU JIAaHHBIX O JIABJEHUSX U JeOUTaxX B 3aMKHYTOM KoJuieKTope. Paccmorpena
MojlesibHas 3a/1a4a, pacantantas B 110 Saphir [3]. Ilomydeno xoporee coBmajieHne CBOHCTB
IJ1acCTa, 3aJaHHbIX B MOJEJIN 1 OIIPEAC/ICHHBIX IIPU aHaJIU3€ 3&60171HOI‘O JaBJICHUA.

aii (t) = Pli (t) [pz (t) — Puwy,i (t)] ) Pji (t) = njin P]i (t) = bz —

Puc. 1. Ucxosable gaHHble DU MOJIEIMPOBAHUY (CJI€BA) U PE3YJILTAThI HHTEPIPETAIIUN
uccsenosanmii (cipasa). KCJI — kpusas crabunmsaiun jgasienus, '] - rugponpociynnBanue
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CRM-MODELLING FOR PRESSURE AND WELL RATES DATA
MULTIWELL DECONVOLUTION CONDUCTED FOR CLOSED-BOUNDARY
RESERVOIR
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Purpose of multi-well deconvolution [1, 2] is reaction pressure extraction from complicated
noised bottom-hole pressure data of producing well and pressure interference from adjacent
wells. Further this reaction could be processed by standard methods of reservoir capacity-
conductive properties identification [3].

CRM-model for multi-well deconvolution of pressure and rates data for closed-boundary
reservoir was applied as following:

dp;
Ct,zv;)z dt QZZ( + q“uz Z q z] , di Zj ) - PI’L] [pz (t) —Dj (t)] ; (1)

qui (8) = PL (8) [pi () = pus (8)] » PL(8) = —250 o0 PL() = by — — 240 (9)
1—|—alln( ) 1—|—alln< )

Picture 1 illustrates CRM-modeling example for multi-well deconvolution of pressure and
rates data for closed-boundary reservoir. Modelled example was calculated using Saphir soft-
ware package [3]. Good match was confirmed for properties estimated in software and evaluated
through pressure and rates analysis after deconvolution.

Fig. 1. Initial data for modeling (on the left) and well-test interpretation results (on the
right) KC/I — pressure stabilization curve, I'll — well interference pressure curve, cks. — well,

M/ - mD, m.ex. — decimal quantity, m — m, m® — m?
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[Iy6ukarus BeimotHeHa B pamkax roc3aganusa PIY OHI[ HUUCU PAH - uposeje-
Hue GpyHIaMeHTaJIbHbIX HayIHBIX uccienoBannii mo reme Ne 0580-2021-0019.

s MaTeMaTHIecKoro MojenpoBaHus (GUILTPAIMN MHOrO(Ma3HONW YKUJIKOCTU B ILJIACTE
HEOOXOIMMO 3aJIaHue YUCIEHHBIX 3HaUeHul KoadduinenTos auddepeHalibHbIX YpaBHEeHNU],
a TaKKe HAYaJIbHbIX U TPAHUYIHBIX YCI0BUil. B KavecTBe MCXOIHBIX JAHHBIX JOJIZKHBI 33/1aBaTh-
csl TeOMETPHUUIECKHE TTapaMeTphl MOJIEN, 3HAYEHUs (PUIBTPAIIMOHHO-eMKOCTHBIX TapaMeTpPOB
wiacta, PVT-mapamerps (BsiskocTn n o6beMHble KOIMMUIUEHTH! IIACTOBBIX (DJIFOUIOB, CXKU-
MaeMOCTb JIJI KaxKJI0i n3 a3. pacTBOPUMOCTD T'a3a B HePTHU U JIaBJIEHUE HACHITEHNS HeDTH
ra3oM), CKIMaeMOCTh [OPOJIbI IJIACTA, OTHOCUTE IbHBIE (Da30BbIE IIPOHUIIAEMOCTH W KA~
HbIE JIABJICHUsI, HAYaJIbHOE paclpejie/ieHue 110 IJIACTy JaBJICHUs] U HACBIIIEHHOCTH, YCJIOBUS Ha
IPAHUIE IJIACTa, PEXKUM PabOThl CKBAYKUHBI (3HaUYeHHe JIe0MTa CKBAYKUHBI MK €6 3a60HHOr0
Jasienns) [1].

BonpmuaCcTBO TapaMeTpoB ITacTa ONpeJeseTcss KOCBEHHO, C MOMOIBIO PA3INIHbIX KO-
PEJIANMOHHBIX U WHTEPIOJIAIMOHHBIX MeTOMUK [2|. V3BecTHa mpakTuKa, KOTja MCIOJIb3YI0TC s
1apaMeTpbl OIIPeJieJIeHHbIE TI0 MCCJIEIOBAHUAM Ha JIPYTUX MECTOPOXK/IeHusX. BoJibiast crernenn
HEOIIPEJIEJICHHOCTH MCXOMHON nH(MOPMAIUU TPUBOJIUT K HEOOXOIMMOCTH A ANITAIIMH MOJIETN K
pesybTaTaM 3aMepoB J1e0NTOB CKBaXKWH, 3aKaIKM, 3a00WHBIX U ILIACTOBBIX JIABIEHUI, T.€. pe-
IMEHNI0 00PATHOI 33/1a91 OIIpeIeJIEHIS XapaKTEPUCTUK MOJEJIH, IBJIAIONINXCS HanMeHee TOTHBI-
Mmu. B mporiecce ajianranum Mojies i KOPPEKTUPOBKE TOJJIEYKAT Te MapaMeTPhl, KOTOPbIE HMEIOT
HAMOOJIBIITYIO HEOIIPEJIEJICHHOCTh U CYIIECTBEHHO BJIUSIOT HA PE3YJIbTAThl PACUETOB.

AHamu3upyst NCXOHBIE TaHHBIE M METOJIbI UX TTOJIYY€HUsT, HAUMeHee JJOCTOBEPHBIMU SBJISIOT-
¢ abCOTIIOTHAS TPOHUIIAEMOCTD, HadaJibHOe ILtacToBoe fAapienne, pyakmun OPII, oobem das
B IIJIACTe, TapaMeTphl BOJOHOCHOW objactu. Ha mpumepe oIHOTO M3 MeCTOPOXKIeHWH 3ara -
Ho#t Cubupu OBLT POBEJIEH aHAJIN3 UyBCTBUTEIBHOCTH MaTeMaTHIECKON Mojen TpexdasHoii
durbTpanu K TOYHOCTU UCXOTHBIX JIAHHBIX.

Ha no6bray (Tekynryo u HaKOIJIEHHYIO) M COOTHOIIeHue (a3 HamboJee OILyTUMO BJIUSIOT
dyukun ODPII, HeOTHOPOTHOCTH ILIACTA IO TPOHUIIAEMOCTH, TIOPOBBII 00beM 1 OCOOEHHOCTU
reojiornn 1acta. Hanbosbinee BiMsiHME Ha 3aKaIKy NMEET TPOyKTUBHOCTDH CKBayKUH, POBO-
JIUMOCTH ILJIACTa, IJIACTOBOE JIaBJIeHNMe W MOPOBLIM o0beMm. Ha miacToBoe naBienme oKasbiBa-
10T 3HAYUTE/ILHOE BJIUSHUE MOPOBBIN 00beM HedTIHOro IiacTa, 00beM BOJOHOCHOI 00JacTu,
C2KMMAEMOCTD ILJIACTOBOM CUCTEMBI, CTEIIeHb COODINAEMOCTH HEPTAHOTO ILIACTa U 3aKOHTYPHOI
obnactu. 3aboliHoe JiaBjieHne HAMOOJIee TYBCTBUTEHHO K ILJIACTOBOMY JIABJIEHUIO, TIOPOBOMY
00beMY U MPOJIYKTUBHOCTU CKBAYKIH.
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For mathematical modelling of multi-phase fluid filtration in a formation it is necessary
to specify numerical values of differential equations coeficients as well as initial and boundary
conditions. Reference data should include model geometry, porocity & permeability proper-
ties, PVT-parameters (reservoir fluid viscosity and volumetric coefficients of formation fluids,
compressibility for each phase, gas solubility in oil and gas saturation pressure), rock com-
pressibility of the formation, relative phase permeability and capillary pressures, initial stratal
distribution of preassure and saturation, condition at the seam boundary, well operating mode
(well production or bottom hole preassure) [1].

Most of the formation properties are derived indirectly through various correlation and
interpolation methodologies. [2]. There is quite known practice when properties, defined by
studies in other oil-deposits, are used. The higher degree of uncertainty in the raw information
leads to the need of adapting the model to the results of well flow rate, injection, bottom
hole and reservoir pressure measurements, i.e. solving the inverse task of defining the model
properties being the least accurate. In use of adaptation model most uncertain properties and
those of significant influence on the calculations results are to be corrected.

According to the raw data and production methods analysis the least reliable properties are
as follows: absolute permeability, initial pressure, RPP (relative phase permeability)-functions,
formation phase volume, aquifer properties. One of the Western Siberia oil-deposits was taken
as a case study site for analyzing the sensitivity of the mathematical model of the raw data
three-phase filtration.

Oil Production (current and accumulated) and phase ratios are most strongly influenced by
RPP-functions, permeability, pore volume and geological peculiarities of the formation. The
most important influence on the injection has well productivity, formation conductivity, its
pressure and volume of pore. The formation pressure is significantly influenced by the pore
volume of the oil reservoir, the volume of the aquifer area, the stratum system compressibility,
the degree of connectivity of the oil reservoir and the granular area. The bottom hole pressure
is most sensitive to the formation pressure, the pore volume and the productivity of wells.
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[Iybmmkarust BbIIOJIHEHA B paMKax rocygapcreerroro 3ajganus OI'Y OHIT HUMCU PAH
- mpoBejieHne (byHIaMeHTaIbHBIX HayIHBIX nccieaoBanuii mo reme Ne 0580-2021-0019.

MosiestmpoBanme mporeccoB (PUJILTPAITUN B IJIACTE TPEOYET penteHns mapadoJIMIecKX ypaB-
HEHUI JJIs TIJIACTOBOIO JIABJIEHUST HA IPOMAJIHBIX ITPOCTPAHCTBEHHBIX CETKAX U PACCMOTPEHUsT
[IPOIIECCOB, TPOTEKAIONINX JTUTEILHOE BPEMs. DTH 3a1a4u TPEOYIOT TPUMEHEHUS ITapasiie/ib-
HBIX Bbraucaennii. O 1HaKo abCOTIOTHO YCTONYMBbIE HESBHBIE CXEMBbI IIJIOXO PaCIapaJLIe/InBaIOT-
Ccs1, BMECTE C TeM YCJIOBUS YCTONIMBOCTH KJIACCHIECKUX SIBHBIX PA3HOCTHBIX CXEM HAKJIA IBIBAIOT
CJIUIIIKOM KECTKHUE OIPDAHMYEeHUs Ha Iar 1o BpeMenu. I3BecTHO, YTO TOIBKO 1epBbie COOCTBEH-
HbIE 9JIEMEHTBI PDA3HOCTHOMN ampoKcuManuy npubmzkaoT auddepeHnuaabablii onepatop [1].
[TosTomy ecm Ha KaxKJ0M BPEMEHHOM IIare MOJABJISTH POCT BBICOKOYACTOTHBIX KOMITOHEHT,
Iar 1o BpeMeHM MOXKHO 3HAYUTEHLHO YBEIUIUTH U €ro OY/IyT OrpaHuYnBaTh TPEOOBAHUS TOU-
HOCTH BBIYHCJIEHUI, & He cOOOpakeHusl ycToiuanBocT. Panee B KauecTBe OrpaHUIUTENS POCTA
BBICOKOYACTOTHBIX KOMIIOHEHT IPE/JIATAJIOCh aAITHBHOE CIJIAYKUBAHUE PEIICHUS Ha KaXKJIOM
BPEMEHHOM CJI0€ MPUMEHEHNEM CIEeKTPAIBHO-CUHTYJISIPHOTO aHajm3a |2].

B noknage npemiaraercs:

1. Ilpm momornu KIacCHYecKoil sIBHON CXeMbl HAXOJUTh peIleHre Ha KayKJIOM BPEMEHHOM
CJI0€e, CUHMTas 3TO PeIlleHne IPeIBAPUTETbHBIM

2. Boeruucssars paznoxkenne Oypoe mpu nomoru ajropurma BIID. Ucnois3oBasics obiens-
BecTHBIN ayiroputm Ky — Thiokn.

3. HaxomuTh permrenne Ha BpeMEHHOM CJIO€, ITO/IABJIsAsI OMMMOKN W BBHICOKNE TAPMOHUKHU TTPU
cymmupoBannu psiia Pypbe, Merogom nomobHbIM MeTory peryiaspusamun A.H.Tuxonosa [3]
win crytazkuBanneM o Peitepy (T.e. METOJIOM «CpeIHUX apudMeTnaecKux») [4].

HecmoTpst Ha TO, 9TO /It MHOTUX 3319 HEOOXOJIMMO HA KaK/IOM IIare 1o BPeMeHH JIeIaTh
3aMEHy POCTPAHCTBEHHBIX [EPEMEHHBIX, STOT MOAXO0/] TpebyeT MeHbIIe BBITUCICHA YeM 2] u
I03BOJIsIET DOJIee MUPOKO MCIIOIb30BATE SIBHBIE CXEMbI I PelleHuns (DUIBTPAIMOHHBIX 3a/1a%
Ha CyIepKOMIBbIOTEPAX ¢ OOJIBITUM YUCJIOM ITPOIECCOPOB.
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Numerical modeling filtration processes in a reservoir requires solving parabolic equations
for reservoir pressure on huge spatial grids and considering processes that take place over a
long time. These tasks call for parallel computing. However, absolutely stable implicit schemes
are poorly parallelized, and at the same time, the stability conditions of classical explicit dif-
ference schemes impose too strict restrictions on the time step. It is known that only the some
first eigenvalues and eigenvectors of the difference approximation approximate the differential
operator[1]. Therefore, if the growth of high-frequency components is suppressed at each time
step, the time step can be significantly increased and it will be limited by the requirements of
computational accuracy, but not by stability considerations. Previously, adaptive smoothing
of the solution at each time layer using spectral-singular analysis was proposed as a limiter for
the growth of high-frequency components|2].

The report suggests:

1. Using the classical explicit scheme, find a solution at each time layer, considering this
solution to be preliminary

2. Calculate the Fourier expansion using the FFT algorithm. The well — known Cooley-
Tukey algorithm was used.

3. Find a solution on the time layer, suppressing errors and high harmonics when summing
the Fourier series, by a method similar to Tikhonov’s regularization method [3] or by Feyer’s
smoothing (i.e., by the method of ”arithmetic averages”)[4].

Despite the fact that for many problems it is necessary to replace spatial variables at each
time step, this approach arerequires computations less than[2] and allows wider use of explicit
schemes for solving filtration or heat transfer problems on supercomputers with a large number
of processors.
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Kmouesvie crosa: anaans pa3zpaboOTKu, sTIeKu 3aBOTHEHNA, MaTeMaTuIecKasi MOJIEJb.

[Iybmmkarust BbITIOJIHEHA B paMKax rocymapcreerroro 3ajanus OI'Y OHIT HUMCU PAH
- poBeJieHne (PYHTaMEHTATBHBIX HAyIHBIX ncciegoBanuii mo Teme Ne 0580-2021-0019 «Cosma-
HU€ METOJIMKU BBISBJIEHUS HEBBIPAOOTAHHBIX 30H HA HEPTIHBIX MECTOPOXKICHUSX U IOJACUETA
OCTATOYHBIX 3aI1acoB HeTU Ha OCHOBE KOMILIEKCUPOBAHUS MATEMaTHIECKOIO MO/ICIMPOBAHNA,
aHaJM3a pa3pabOTKH C UCCACTOBAHUSIMI CKBAsKUH U ILJIACTOBY.

[Ipn anammse pa3paboTKu HePTAHBIX MECTOPOXKJIEHUN, KaK IMPaBU/IO, MPUMEHSIIOTCS JIN-
060 cOBCEM IPOCThbIE AHAJUTUYUECCKHE WU SMIUPUICCKUE 3aBUCUMOCTHU, JTMOO OYEHb CJIOXKHBIE
1 POBbIE THAPOAMHAMUIECKIE MOJIE/IN, UCIIOIb30BaHNE KOTOPBIX OI'PAHUIUBAECTCS HE TOJIHKO
TPYAOEMKOCTBIO UX IIPUMMEHEHUA, HO U HpO6Hel\IaMI/I C Ka49eCTBOM M KOJIMYECTBOM HMCXOJHBIX
JAaHHBIX JIJIsd UX IIOCTPOCHU . OI[‘HI/IM N3 BapHaHTOB IIPOME2KYTOYIHOI'O 3B€Ha MaTEMaTUICCKUX
MoJIeseil, KaK MHCTPYMEHTOB I aHaJnW3a W MPOTHO3a IoKasareseil paspabOTKH, SIBJISIOTCS
pesepByapHbIe MOJIEIN, KOTOPhIE OIMHUCHIBAIOT MOBEJIEHUE yJIacTKa IIJIacTa MPU ero SKCILIyaTa-
[N HECKOJIbKUMU CKBaxKuHaMu. OCOOEHHO CJIOXKHBIME JIJIsi aHAJIM3a ABJISIOTCS CJIydan paboTh
CKBazKIH:

1. npu majieEnn 3a00MHOIO JIaBJIeHUS HUKe JIaBJI€HHUs HACBIIMEHUs TIpH JIBYX(das3HOi (HUihb-
Tpanun HedTH U BOJBI B OCHOBHOW YaCTH ILJIACTA,

2. IpM TaJIEHNN ILJIACTOBOIO JABJEHUHM HUKe JTaBJIeHNs HACBIIEHNs 1 TpexdasHoil ¢puib-
TpaIyy B ILJIACTe.

CJI0:KHOCTh 9TUX CIydaeB 00YCIOBIE€HA TeM, UYTO I HUX IIPOCThIE MOJE/H IPAKTHIECKH
OTCYTCTBYIOT.

PesepByaphbie Mojie/in OCHOBaHBI Ha IIPEJICTABJIEHUN TLIACTA B BHUJE OJIHOTO OJIHOPOIHO-
ro Ooka. OHM SBJISIOTCS POCTHIM BapPUAHTOM YHCJIEHHOTO MOJEJTMPOBAHUS, TOCKOIBKY JIJIsT
pertieHnst OObIKHOBEHHBIX T DepeHInaabHbIX YPaBHEHH, OMMMCHIBAIONINX TUHAMUKY ILIACTO-
BOI'O JaBJICHUA M HACBIIIIEHHOCTHU, UCIIOJIb3YIOTCA YUC/IEHHBIE METOIbI. qaCTO UCIIOJIB3YIOT 60.}166
MIPOCTOH TTOJIX0/] — KOMOMHAINIO ypPaBHEHUsT MaTepUaILHOrO DaIaHca U XapaKTePUCTUK BBITEC-
HeHUsI. BoJtee TOUHBIN TOIX0/T K pe3epBYapHBIM MOJIE/ISIM IIPEIIIo/IaraeT UCIIOIb30BAHIE MOIE/N
JByXdazHoit pUIbTpaIi cJIadOCKIMaEMbIX KUJIKOCTEH B YIIPYTOM ILIacTe.

B xoze BbImoiHeHns pabOTHI OBLIM ITOCTPOEHBI JIBE MaTEeMATUIECKHe MOJIE/IN JIjIsd aHaJ3a,
pa3paboTKu HePTIHBIX MECTOPOXKACHUI METOIOM A9eeK 3aBOJHEHNUsI C IIOMOIIBIO Pe3epByapHO-
ro IOJXO0JIA:

1. IlepBast Moie/1b TIpeTHAZHAYMEHA I aHAJIM3a U [IPOTHO3a TEXHOJIOIMIECKUX [ToKa3aTe el
pa3paboTKu pu 3aDOWHOM JIaBJIeHIH HUKE JTaBJI€HUsT HACBIIIEHNS, a IPU ILJIACTOBOM JIaBJIEHUN
— BBIIIIE.

2. Bropas mozensb - i ciiydasi, KOrJa He TOJbKO 3a00iHOe, HO M ILJIACTOBOE JIaBJICHUE
OIIYCKaIOTCd HM2KE JJaBJICHUA HaCBIIIECHUA, HO I'a30Basd HIallKa OTCYTCTBYCT.

B oboux BapmaHTax MOJie/I TPOTECTUPOBAHBI HA JAHHBIX PEAJIbHBIX MEeCTOPOXKJIECHU, 10~
JIY9IEHO XOPOIIlee COBMeINEHNe PACIeTHBIX U 3aMePEeHHBIX KPUBBIX, UTO MTOKA3aJ10 UX paboTOCITO-
CODHOCTH M MPAKTUIECKYIO TPUMEHUMOCTb.
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OIL FIELDS PRODUCTION ANALYSIS BY RESERVOIR MATHEMATIC
MODELS FOR DOWNHOLE AND RESERVOIR PRESSURES BELOW
BUBBLE POINT WITHOUT GAS CAP
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During oil fields development analysis usually applied quite simple analytical or empirical
functions, or, very complicated hydrodynamic simulations, which application is restricted by
complexity, raw data low quality and limited volume. One of the mathematic models inter-
mediate variant, as reservoir development analysis and forecasting instrument, is a reservoir
model, which simulates reservoir sector development by a few wells. The most complicated for
analysis the following cases:

1. production at bottomhole pressure below bubble-point for two-phase filtration over the
most reservoir part,

2. production at reservoir pressure below bubble-point for three-phase filtration case over
the reservoir.

Complexity of these cases related with simple models absence.

Reservoir models based on assumption of one homogeneous reservoir block. It is a simplified
mathematic model variant, because usual differential equations solving for reservoir pressure
dynamic and saturation numerical methods are applied. Very often even simpler approach
utilized — material balance and displacement characteristics equations combination. More pre-
cise approach to reservoir models presumes low-compressible fluids two-phase filtration model
application for elastic layer.

Two mathematic models for oil fields development analysis were generated which are based
on water-flooding cells:

1. First model purpose is analysis and production parameters forecast at bottom-hole
pressure below bubble point and reservoir pressure above bubble point.

2. The second model is for the case when downhole and reservoir pressures are below bubble
point, but no gas cap occurs.

Both simulated variants were tested on real data, and good match was gained of simulated
and measured data, that confirmed its applicability and viability.

DIRECT CASCADE NUMERICAL SIMULATION IN TWO-DIMENSIONAL
TURBULENCE ACCOMPANIED BY ENERGY FLUX

Godunov S. K. !, Fortova S. V.2¢, Denisenko V. V.2, Oparina E. I1.2¢
L Sobolev Institute of Mathematics, Siberian Branch, Russian Academy of Sciences,
Nowvosibirsk
2 Institute of Computer Aided Design, Russian Academy of Sciences, Moscow
@ sfortova@mail.ru, * ned13@rambler.ru, © elena_oparina@mail.ru

Keywords: numerical simulations, software packages, two-dimensional turbulence, Kol-
mogorov flow, gas dynamics equations, Godunov’s scheme.
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We consider the problem of the occurrence of two-dimensional turbulence in a bounded
region — a square cell, which is excited by a static pump with a correlation length of the order
of the cell size L. In this case, a direct enstrophy cascade occurs, which dissipates at small
scales, due to the action of viscosity. In the absence of friction on the bottom, the energy
produced by an external force cannot dissipate on the scales ~ L. Therefore, in a statistically
stationary state, the energy is transferred to small scales and dissipates there along with the
enstrophy. In this case, the large-scale motion must self-organize in such a way to ensure a small
rate of energy production E compared to HL?, where H is the rate of enstrophy production
[1-4].

As a numerical model for testing our hypotheses, we consider the inviscid medium model
described by the Euler equations with Kolmogorov pumping, closed by the equation of state of
the ideal medium. In this case, the dissipation is introduced into the model due to the presence
of the numerical viscosity of the scheme. The numerical experiments carried out confirm both
the presence of a direct enstrophy cascade and an anomalously low rate of energy production.
To solve the model equations, the simplest linearization of the Godunov scheme developed
by the authors is used [5-6]. The difference between this method and the classical Godunov
scheme, which uses the exact solution of the Riemann problem when calculating flows on the
faces of the cells of the calculated grid, is less computational complexity. A special feature
is the recording of the law of conservation of energy in the defining equations of the system
through entropy.

The calculations were performed using the HYPERBOLIC_SOLVER software package de-
veloped by the authors. This research package is designed for researchers and is intended for
conducting computational experiments.
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B pabote paccmaTpuBaioTcss 0COOEHHOCTH MaTEMaTUIECKOr0 U UMCJIEHHOI'O MOJAETUPOBAHUS
IIPOIIECCa BBITECHEHNsT HEPTHU U3 MMOPUCTOTO TJIACTa C TPUMEHEHHEM TEPMOXUMUIECKUX METOI0B
yBesmdeHust Hepreoraadn. OcoOEHHOCTHIO JAHHBIX METOOB SBJIAETCA TO, YTO B PE3yJIbTATE
9K30TEPMUIECKON XMMUYIECKON peakIini MexKIy (buibTpyromumecs GIIOnIaMi TeMIepaTypa
He(bTI/I IIOBbBIIIACTCA, a BA3KOCTD IIa/IacT, B PE3yJibTaTe Y€ro yCKOPAETCA IIPOIECC BBITCCHCHMS.
B pabore paccmarpuBaroTcs JBe 3ajiadn: TEPMOTa30BbI METOJI yBeaudeHus HedTeoTaadn u
MEeTO/I, KHCJIOTHOM 00pabOTKU MpU3abOHON 30HBI.

TepmorazoBblii METO XapaKTEPU3YETCsT 3aKAYKON B ILJIACT, B KAUECTBE BBITECHAIOIIETO areH-
Ta, HAIPETO# cMecH ra3a u Bojbl. PaccMoTpennblii B pabote ra3 ecTb cMech No, O, COy 1 BojIs-
Horo napa HyO(g). Harpersrit Kicopos BCTyIaeT B peakiyio ¢ YIJIEBOIOPOJIOM, B Pe3yJbTaTe
Yero IMPOUCXOIUT €ro OKUCIEHNE C BbIIETEHNEM TeILIa; 00pa3yTCs YIJIEKUCIbIA ra3 1 BOISHOM
map.

Kuciornast obpaboTka 3ak/fovaeTcss B HarHETAHWHM PACTBOPa KHUCJIOT B MOPUCTHIN ILJIACT
IIpU JIaBJICHUU HUXKE JaBjeHns pas3pbiBa. Kucjaora pacTBopseT dacTh HOPOIbI U 3arpsi3HEHNIH,
obpasysl pacxXoJdIIyiocs OT CTBOJIA CKBAXKUHBI CETh KAHAJIOB, B PE3YJ/IbTATE Yero IMOBBINIACTCS
MIPOHUIIAEMOCTD ITOPUCTON cpeJibl. [IpoMyKThl peakiuu, BBULY WX BBICOKOW PACTBOPUMOCTHU HE
BBINTAIAI0T B OCAJ0K U ITOCJIe MMPOBEIEHNsT KUCIOTHON 00pabOTKHU W 3aIlyCKa CKBAyKUHBI BBIHO-
CATCsT BMECTE C MPOJIYKIINEl CKBAyKUHBI.

SIMULATION OF THE DISPLACEMENT OF LIQUIDS FROM POROUS
MEDIA TAKING INTO ACCOUNT THE CHEMICAL INTERACTIONS
BETWEEN THE PHASES
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The paper discusses the features of mathematical and numerical modeling of the process of
oil displacement from a porous reservoir using thermochemical methods of enhanced oil recovery.
An advantage of these methods is the following: as a result of an exothermic chemical reaction
between the fluids, the oil temperature rises and the viscosity decreases, as a result of which
the displacement process is accelerated. The paper considers two tasks: the thermogas method
of enhanced oil recovery and the method of acidizing the bottomhole zone.

The thermogas method is characterized by the injection into the formation, as a displacing
agent, of a heated mixture of gas and water. The gas considered in the work is a mixture of
Ny, Oy, CO5 and water vapor HoO(g). Heated oxygen reacts with hydrocarbon, resulting in
its oxidation with the release of heat; carbon dioxide and water vapor are formed.

Acidizing involves injecting an acid solution into a porous formation at a pressure below
the fracture pressure. The acid dissolves part of the rock and contaminants, forming a network
of channels diverging from the wellbore, as a result of which the permeability of the porous
medium increases. The reaction products, due to their high solubility, do not precipitate and
after acid treatment and well start-up are carried out along with the well product.
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B macrosiiee BpemMsi aKTyaJbHBIM CTAHOBUTCS ITOUCK METOJIOB BBEJEHUS B SKCILIyaTAIUIO
HUBIPOHUIIAEMBIX KEPOIe€HOCOAepyKAIIX I1acToB. OCOOEHHOCTHIO TAKIUX MECTOPOK ICHII sIBJIsI-
eTcst HAJIM4Ine BKJIIOUeHn il Hespesioro opraumydeckoro serectsa (OB) — keporena, obsraaorero
CIIOCOOHOCTBIO T€HEPUPOBATH JIONOJHUTEIbHBIE TIOIBUKHBIE YIJIEBOJOPOIbI IIPU 3HATUTEIHLHOM
MOBBIIIIEHNN JaBJIeHnst 1 Temieparypbl. Co3aaHne cOOTBETCBYIONINX TEPMOOAPUIEKNX YCIOBUIA
Ha, peaJIbHbIX MECTOPOXKIEHUAX, TAKNX KaK KOJJIEKTOPHI 0aXKEeHOBCKOIN CBUTHI, COIPAXKEHO € UX
MaJIOi IMOPUCTOCTOCHIO W HU3KOW MPOHUIAaeMocThio. C JIpyroit CTOPOHBI, AHOMAJIBHO BBICOKHE
JIABJIEHUST ¥ TeMIIepaTypPbl MOT'YT CTaTh 3aIlyCKAIOIMMM MEXaHU3MOM TEPMOKDPEKHHIa IIPU Ha-
FHETAHUU B ILJIACT CIEIHMAJILHBIX COCTABOB, aKTUBAIMs KOTOPBIX IPUBEJIET K 9K30TEPMUIECKON
peaknuu. B kagectBe Meroja Tepmorazoxumudeckoro sosueiicteus (TTXB) npemnaraercs wc-
MOJIb30BATh CMECH Ha OCHOBE BOJHOTO pacTBopa HuTpara amMonwus [1|. OmpoboBanue maHHOI
TEXHOJIOTMU Ha MECTOPOXKJICHUSX B IO3JIHEH CTa/ MU pa3pabOTKU, XapaKTepU3yIONuXCs HaJlu-
qreM B cocTaBe MuHepaJibHOi MaTpuilbl OB pasnoil crenenn 3peiocTu, J1acT BO3MOXKHOCTE TEO0-
perrmdecku 00OCHOBATH U MOATBEPIUTH Ha IIPAKTUKE BO3MOXKHOCTH IIPUMEHEHUs JAHHOW TeXO-
JIOTUM U HA HOBBIX MECTOPOXKJICHUSIX.

CoriacHO MCCIeIOBAHUSM KEPHOBBIA MaTepuas ¢ PasJMIHBIX ILIOaAeil PoMaImkuHcKoro
MEeCTOPOKIeHNUS XapakTepu3yercs Haananem OB pasimaHoil cTemneHbio 3pesiocT, a MaTeMaTH-
JecKoe MojiesimpoBanne npuMenennd Metoa T1T'XB Ha ogHOM M3 yIacTKOB MTO3BOJIMIO OINEHUTH
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U3MEHEHHe CTPYKTYPbI ITOPOBOrO IIPOCTPAHCTBA U ODOCHOBATH IMPOJIOJIKUTEIHHOCTE P deK-
Ta, JIOMOJIHATEIHHOrO IPUTOKa HedTH 1] n 060cHOBaTH (heHOMEH «CaMOIPOM3BOIBLHOTO 3aILyC-
Ka/OCTaHOBKI» OT/IeJbHBIX cKBaxKuH. cnosp3osanue Merona TT'XB B nukindeckoMm pexnme
Ha IIPAKTUKE HAXO/UTCS JIMIIb B cTajun onpoboBanus. Hacrosimas padbora mocserieHa aHa3y
IUKJIMIECKOil oprannsanuu repmorasoxumudeckoro Boseiicrsust (TTXB) ma npumepe ogHOrO
U3 y9aCTKOB POMAIKMHCKOIO MECTOPOK/IEHNUSI C [EJIbIO IIPOrHO3a MIPOJIOIKUTE/ILHOCTH P dHeK-
Ta.
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Currently, the investigation of methods to put low-permeable kerogen-containing reservoirs
into production is becoming relevant. A feature of such deposits is the presence of inclusions of
immature organic matter (OM) — kerogen, which has the ability to generate additional mobile
hydrocarbons with significant increase in pressure and temperature. The creation of appro-
priate thermobaric conditions in real deposits, such as reservoirs of the Bazhenov formation,
is associated with their low porosity and low permeability. On the other hand, abnormally
high pressures and temperatures can become the triggering mechanism of thermal cracking
while special compositions are injected into the formation, and the activation of those com-
positions could lead to an exothermic reaction. It is proposed to use mixtures based on an
aqueous solution of ammonium nitrate as a method of thermogasochemical treatment (TGCT)
[1]. Technology tryout on brownfields deposits which are characterized by the presence of min-
eral matrix of different maturity, will make it possible to theoretically justify and practically
confirm the possibility of application this technology to green fields.

According to the research, the core samples from different areas of the Romashkinskoye field
are characterized by the presence of OM of different maturity, and mathematical modeling of
the application of the TGCT at one of the sites allowed to assess the changes in the pore space
structure and justify the duration of the additional oil inflow rate effect [1] as well as to justify
the phenomenon of individual wells ”spontaneous start/stop”. The application of the TGCT
in a cyclic mode is only at the test stage. This paper is devoted to the analysis of the cyclic
thermogasochemical treatement (TGCT) mode of one of the sites of the Romashkinskoye field
as an example in order to predict the duration of the effect.
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MATEPUAJIOB TUJIPOJINMHAMUYECKNX NCCJIEJOBAHUN
CKBAXKVH
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Karmuesvie caosa: TuapoiuHaMIYeCcKe UCCJIe/IOBaAHNS CKBayKIH, JIEKOHBOJIIONNS, CBEPTKA.
[Iy6inkarust BeITOJTHEHA B paMKaxX rocyjaapcrsennoro sajanus OI'Y OHIL HUMCU PAH
- mpoBejieHne (pyHIaMeHTaIbHBIX Hay9IHBIX ucciiepoanuii mo reme Ne 0580-2021-0019.

B nocienane rojpl pazsuTie rujpoauHamudeckux uccienosanuit (IJI1) Tecro cBsaszano ¢
U3y9YeHUEM Pa3IUIHbIX ITOJIX0/I0B, TIO3BOJIAIONINX U3BJICUYDb U3 Y2Ke UMEIOIIeics JAHHBIX O 1e0uTe
1 3a00ifiHOM JTaBjeHIN HHMOPMAIIUIO O CBOMCTBAX U CTPOEHUH ILJIACTa IIPU COKPAIIEHUH ITOTEPD
HedTH Ha IPOBEJEHNE UCCIeI0BAHNI BIIOTH /10 Hysd. OQUH M3 TaKUX CIIOCOOOB - METOJI OJIHO-
CKBaKMHHON JE€KOHBOJIFOIUN W obpaTHoil cBepTKu. CyTh €ro B TOM, 94TOOBI IIPeodpPa3oBaTh
HErVIQJIKYIO 3alllyMJICHHYIO JJTUTEIbHYIO KPUBYIO M3MEHEHUs 3a00fHOr0 JaBIeHUs MIPH padoTe
¢ IIEPEMEHHBIM JIEONTOM B ILIABHYIO JIJINTEIbHYIO KPUBYIO JIABJIEHUS IIPU pabOTe C OCTOSTHHBIM
IeOUTOM.

B kommepueckom 1O agaroput™m JIeKOHBOJIIONIE OCHOBAH Ha 3aMeHe IIePEMEHHBIX 1 aIllIPOK-
cuMaIuu JiorapuMUIecKoil TPOU3BOIHON Tounnueii. B jjanmoit pabore paccMOTpeH WHOM
nonxof. OH akTyajieH TPHW PENeHnun 3aJIadi OIPEeJIe/IeHNsT TPAHUIL 3aJI€KN, & 3HAIUT U JIJId
moJicueTa 3amnacos. g 9roro MyHKIMS CaMOBIMAHUS IIPEJICTABISIETCS B BUJIE CYMMBbI 3JIEMEH-
TapHBIX (DYHKIW, XapaKTePHbIX JIJIsI PA3JIUIHBIX PEKUMOB (DUIBTPAIUN:

N N
Pui(t) =P +a Z (= (Gij — qij—1)exp (t —tj1)] + b; Z [— (@i — Gij—1) &/t — ;1] +
=1 =1
N N
e ) [ @ = G V= ]+ di ) [ (i = Gig-n) 18 (6= 0] +
j=1 =1
N
+e Z [— (¢ — Gij—1) (t —t;_1)] + fiqin

J=1

rje P, —3aboiiHoe jaBienue, t — BpeMs, Py — mmactoBoe jaBjenue npu t=0, ¢ — 1e0UT CKBaXKu-
HbI, KOO DUIUEHTHI a;, b;, ¢;, d;, €;, f; — mapameTpbl Mojie/n. 3Has UCTOpHUIO jAebuTta u 3aboiiHoe
JIaBJIeHUe, IIPUMEHsIST MeTO/I, HAMIYYIIero COBMEIEHUsI, MOXKHO OIPE/IE/INTh IIapaMeTphbl Mo/Ie-
JIA, T.€. JI€KOHBOJIIOMPOBAThH KPUBYIO 3a00MHOIO JaBJICHUsI. 3aTeM MOXKHO PacCInTaTh U3MEHe-
HI€ JIABJIEHUS [IPH IIYCKEe CKBAYKUHBI ¢ TIOCTOSTHHBIM JIEONTOM 1 HHTEPIPETUPOBATD IIOJIY I€HHY O
KpUBYIO ¢ oMotnbio ctangapTaoro 11O ams unreprperaruu ['JIW, onpeaeuTs mapamMeTpbl MO-
JIEJIN.
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[IpennoxkeHHbIil TOAXO, pean30BaH Ha IMPUMEPE BEPTUKAJIBLHON CKBayKUHBI B OJTHOPOJIHOM
IJIACTE C TMECTHIO PA3IMYHBIMUA BAPUAHTAME PACIIOJIOKEHUS HETPOHUTIAEMbIX I'panul. [ Bcex
MIECTU CJIyYaeB IOJYYEHO XOpoIllee COBMeEIIEeHNEe JIEKOHBOJIONPOBAHHON U (DaKTUIeCKO# Kpu-
BBIX. [IpuMep nekoHBOMIONINN TIpe/icTaB/IeH Ha puc. 1.

.....

Puc. 1. HGKOHBOHIOHI/IH. MO,ILGJII) 3aMKHYTOTI'O ITPAMOYTI'OJIBHOI'O IIJIaCTa

DECONVOLUTION ALGORITHM APPLICATION FOR WELL TEST DATA
INTERPRETATION
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Publication prepared with support of state fundamental research program for SRISA - theme
No 0580-2021-0019.

In recent years, the well test development is closely related to the study of various approaches
that make available reservoir structure and properties information extraction from the existing
flow rate data and bottomhole pressure while reducing oil losses for research to zero. One of
such methods is the single-well deconvolution or reverse convolution method. Its essence is
non-smooth noisy long-term bottomhole pressure curve transformation along production with
a variable flow rate into a smooth long-term pressure curve along production at a constant flow
rate.

Commercial software includes the deconvolution algorithm which is based on changing vari-
ables and the logarithmic derivative approximation by a polyline. This paper focused on another
approach. It is relevant for formation boundaries determination, and therefore, for oil reserves
estimation. Thus, the self-influence function is represented as a sum of elementary functions
typical for various filtration regime:

N N
Pui(t)=Po+ai» [ (qij — Gij-1)exp (t = ti-)] + b > [— (gij — gijor) VE— 1] +
Jj=1 j=1
N N
+ ¢ Z [_ (gij — gijoa)/t—ti—1| +d; Z [~ (55 — Gij1) g (t —t;_1)] +
Jj=1 j=1
N
T e Z (= (g1 — qij—1) (t = t;-1)] + figin
j=1

where P, is bottomhole pressure, ¢ is time, P, is reservoir pressure at t = 0, ¢ is well flow
rate, coefficients a;, b;, ¢;, d;, e;, f; are model parameters. Knowing the history of the flow
rate and bottomhole pressure, applying the best-match method, it is possible to determine
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the model parameters, i.e. to deconvolute the bottomhole pressure curve.Further the pressure
change during the well start-up with a constant flow rate could be calculated and the resulting
curve interpreted by the well test data standard software application, as well as reservoir model
parameters estimation.

The proposed approach was implemented on a vertical well example in a homogeneous
reservoir with six different options for the location of impermeable boundaries. For all cases
a good match of the deconvoluted and initially modeled curves was obtained. Deconvolution
example is shown in Fig. 1.

oo
0 100 200 300 w00 s0 00 700 500 00001 0001 001 01 1 10 100 1000

Time, hours Time, hours

Fig. 1. Deconvolution. Closed Rectangular Reservoir Model

HENPOCETEBOI ITOJAX0/ K PEIIIEHUIO 3A/IAY TA30BOM
JINMHAMUKN
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Hukurun B. ®. 12
Dedeparvrviti nayunvil yenmp «Hayuwno-uccaedosamenvekutl uHCmMumym cucmemmsl
uceaedosanuti Poccutickoti axademuu nayxs, 2. Mocksa, Poccutickas @Pedepavusn
® malsagov@niisi.ras.ru, ° mikhalchenkolena@yandex.ru, ® karandashev@niisi.ras.ru,
¢ ufnikitin77Q@rambler.ru

1

Karouesuvie caosa: HeﬁpOHHbIe CeTHU, ra3oBad JNHaMHKa, I‘JIY6OKO€ 06yquI/Ie.

B pabore ucciemnyercsa BO3MOXKHOCTD PelIeHns 3a/iad XUMIYECKON KHHETUKH C MCIIO0JIH30Ba~
HUEM UCKYCCTBEHHBIX HEHPOHHBLIX cerTeil. /[y mcciemoBanusa BbIOpaHa MOJIE/b TOPEHUsT BOJIO-
poJia ¢ KUCJIOPOJIOM B BO3JIYIIHON cpejie. B peakiuu nipu Bbicokoii Temmeparype (500-4000 K)
B3anMojieiicTBy 0T Bojsiopos, Hy, kuciopon Og, ux npoussojubie (H, O, OH, H,O, HO3, H50,),
a Tak »Ke HedTpaJbHble 37eMeHThl aprod Ar u azor No. Bech mporece onucbiBaercs 28 XUME-
geckuMmu peaknuamu [1-3]. Maremarudeckn 3ajada cBouTcsa K cucreMe TuddepeHImaibHbIX
YPaBHEHUH:

Nr

0Xy

W: E VyppWy (T,Xl,...,XNC).
r=1

OcuoBHOII 11p06JIEMO#l B peIeHUHN TOJO0HBIX 3389 IUCACHHBIMU METOIAMU SIBJIIETCS TO, UTO
UX CJOXKHOCTb DPE3KO BO3PACTAET C yBEJMYEHHEM 9YhCsa HapaMeTpoB (GoJIbIe MMepeMeHHBIX,
Gosbiie ypasHenuit). HelipoHHBIE ceTH TIO3BOJIAIOT COXPAHUTH BBIYUCIUTEIbHBIE 3aTPATHI [IPH
M3MCHCHAW YNCJIa BXOMHBIX W BBIXOJHBIX IIapaMeTPOB.
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Puc.1. Apxurekrypa neiiponnoii cern.  Puc. 2. Pegyiaprar padborst cetn mjst 1000 maros.
Ham ymamoch mocTponTh MHOTOCTIOWHYO HEPOHHYIO CETh, COCTOSIILYIO 13 HECKOIBKUX OJIU-
HaKOBbIX 0JI0KOB (puc.l). [TomobHast cerb B COCTOSIHUM JIOBOJIBHO TOYHO IIPOIHO3UPOBATEH Pas3-
sutue 1porecca Ha 1000 Bpemennbix 1aros. CpejinekBajparudias ommbdKa paboThl TaKo ce-
T cocrasuia MSE=5.4%10"%, a poruncimrensnas cioxkuocts ~10° onepanuit. B ommuune ot
MIPOYUX METO/IOB, JJaHHas HeUPOHHAA CETh MOXKET OBbITH O0yYeHa Ha JIPYTOil MOJIEIN ¢ OOTBITIM
YMCJIOM IIapPaMeTPOB, IIPU 3TOM COXPAHSTCS ee CBOHCTBA.
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The paper investigates the possibility of solving problems of chemical kinetics using artificial
neural networks. A model of combustion of hydrogen with oxygen in air was chosen for the
study. In the reaction at high temperatures (500-4000 K) hydrogen H2, oxygen O2, their
derivatives (H, O, OH, H20, HO2, H202), as well as neutral elements argon Ar and nitrogen
N2 are interact. The whole process is described by 28 chemical reactions [1-3]. Mathematically,
the problem is reduced to a system of differential equations:

Ngr

0X,

W = E VppWr (TaXla"'aXNc)‘
r=1

The main problem in solving such problems by numerical methods is that their complexity in-
creases sharply with an increase in the number of parameters (more variables, more equations).
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Neural networks allow you to save computational costs when changing the number of input and

output parameters.
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Fig.1. Neural network architecture.  Fig. 2. The result of the network for 1000 steps.

We managed to build a multilayer neural network consisting of several identical blocks (Fig.
1). Such a network is able to fairly accurately predict the development of the process for
1000 time steps. The root-mean-square error of such a network was MSE=5%*10"%*, and the
computational complexity was ~ 10° operations. Unlike other methods, this neural network can
be trained on another model with a large number of parameters, while retaining its properties.
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Karuesvie caro6a: TpexmMepHOe YUCTEHHOE MOJIETUPOBAHNUE, JIETOHAIIMOHHDBIN JBUTATEb, Y-
JIEBOJIOPOJTHOE TOILJIABO.

Pabora BeimostHena 3a caer cyocuaun, Boiaeaerroir @IV OHIT HUMCU PAH na Bbimoste-
Hue rocyaapcrserHoro 3aganug 1mo Teme No. 0580-2021-0021 «PazpaboTka ajropurMudeckoit
KOMIIOHOBKH W IIPOIPAMM JIJIsT pacdeTa MHOIOMACHITaAOHBIX IIPOIECCOB U TOPEHUS ».

B pa60Te IpeacTaB/ICHbI pe3yJ/IbTaThbl BBIMTUCJIUTE/JIbHOT'O MO/IE/JIMPOBaHuA ITPOIECCOB B KaMe-
pe cropaHus JICTOHAIIMOHHOTO jBuraTesis. llerecoobpasnocTs rmepexo/ia K JeTOHAITMOHHOMY T'O-
PEHUIO B OCHOBHOM 00YCJIOBJIeHa O0Jiee BBICOKO 3(h(DEeKTUBHOCTHIO TEPMOIMHAMIIECKOT'O TIUKJIa,
¢ JIeTOHAIMOHHBIM ropeHueM. OCHOBHBIE JOCTOMHCTBA JAETOHAIIMOHHOI'O JBHUIATE/IsA: KOMIIAKT-
Had KaMepPa ClrOpaHud, BbICOKasl ITIOJIHOTa CI'OPpaHusd 1 HU3KUE KOHIIECHTPaIlU BPEHbIX BEIIECTB.
CymecTByeT JBa OCHOBHBIX THIIA JIETOHAIIMOHHBIX JIBUTrATEse: IIyJIbCUPYIONUil JTeTOHAIMOH-
HBI JTBUTATEIIH (PDE) U JABUTATEJIb C HEIPEPBIBHO BPAITAIONIECHCA AETOHAIMOHHONW BOJIHOM
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(RDE). DueproaddeKkTHBHOCTD JIETOHAIMOHHBIX JBUrATE e SKCIEPUMEHTAIBLHO MOITBEPK 1e-
Ha BO MHOI'UX ucciegoBanusx. B mocieanne rogbl RDE npusiekaer 0oJiblile BHUMaHUSA U3-3a
MPOCTOIl KOHCTPYKITUU KaMepPhl, & TaKyKe BO3MOXKHOCTHU TOJIyYeHUs 60jiee BBICOKUX PabOIMX
qacTOoT. [IBuUraresm ¢ HEIPUPBIBHON JeTOHAIIMOHHON BOJIHOM MMEIOT HECKOJIbKO OCHOBHBIX I'€O-
MEeTPUYIECKNX MOANMUKAINN: THIMHIPUIECKas KaMepa ¢ BHyTPEHHUM TeJIOM, 0e3 BHYTPEHHEro
TeJjia M JIUCKOBas KaMepa.

B nanHoit paboTe BBINIOJIHEHO TPEXMEPHOE UHUCJIEHHOE MOJIe/IMPOBaHNE KaMepbl CrOpaHUst
JBUTATEJId ¢ Bpalllarolleiica JeTOHAIMOHHOY BOJIHON INJIMHIPUYIECKOI'O THUIIA C BHYTPEHHUM Te-
JIOM, TTUTAEMBIM YTJIEBOJIOPOIHBIM TOILJIUBOM, alleTuaIeHoM. MaremaTudeckas: MOJIe/Ib OCHOBaHa,
Ha, MOJIeJ TN MHOT'OKOMITOHEHTHOM Ta30BOI JTMHAMUKNA C XUMUYIECKUMU MTPEBPAIEHUAMA, YIUThI-
BaloIlell SIBJIeHKs [TlepeHoca ¢ TypoyaerTHoi Mogenbio RANS. B kadecTBe KHHETHYECKOTO MeXa-
HU3MA JIJIs ONIMCAHKSI TOPEHHsI YTIJIEBOJIOPOI0B ObLII PACCMOTPEH IIPUBEIEHHBII MEXaHU3M Tope-
Hust anernsera (13 peaxiwit). [Toydensl BapuanThl cTaOUIBHO PAOOTAONIIX KAMEP CrOPDaHUS
JIETOHAIIMOHHOT'O JIBUTATE/IsI ¢ HEIPEPBIBHON JIeTOHAIITMOHHON BOJIHOM. [lorydeHbl uX TArOBBIE
XapaKTEePUCTUKH.

SIMULATION OF A DETONATION ENGINE ON THE ACETYLENE-AIR
MIXTURE

Mikhalchenko E. V. '?, Nikitin V. F. P
L Scientific Research Institute for System Analysis of the Russian Academy of Sciences, 36-1
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The paper presents the results of computational modeling of processes in the combustion
chamber of a detonation engine. The expediency of switching to detonation combustion is
mainly due to the higher efficiency of the thermodynamic cycle with detonation combustion.
The main advantages of the detonation engine are: compact combustion chamber, high com-
bustion efficiency and low concentrations of harmful substances. There are two main types of
detonation engines: a pulsating detonation engine (PDE) and a continuously rotating detona-
tion wave engine (RDE). The energy efficiency of detonation engines has been experimentally
confirmed in many studies. In recent years, RDE has attracted more attention due to the
simple design of the camera, as well as the possibility of obtaining higher operating frequencies.
Continuous detonation wave engines have several basic geometric modifications: a cylindrical
chamber with an internal body, without an internal body, and a disk chamber.

In this paper, a three-dimensional numerical simulation of the combustion chamber of an
engine with a rotating detonation wave of a cylindrical type with an internal body fed by a
hydrocarbon fuel, acetylene, is performed. The mathematical model is based on the model of
multicomponent gas dynamics with chemical transformations, it takes the transport phenomena
with the turbulent RANS model into account. The mechanism of acetylene combustion (13
reactions) was considered as a kinetic mechanism for describing the combustion of hydrocarbons.
Variants of stably operating combustion chambers of a detonation engine with a continuous
detonation wave are obtained. Their traction characteristics are obtained.



160 Mexxnynaponuasi koudepennusi «Maremaruueckue uneu 1. JI. UebblméBa U UX MPHUIIOXKEHUS K COBPEMEHHBIM Ipobiiemanm
©CTeCTBO3HAHMsI», NpuypodeHHasa K 200-7eTHIO CO IHSI POXKJIEHUsI BEJIMKOIO PYyCCKOTO MaTeMaTuka, akageMuka II. JI. YeGbiména

MOIEJIMPOBAHUE AYENCTON CTPYKTVPHI JIETOHAIINN B CMECH
BOJAOPOJ-BO3AVYX
Hukutua B. ®. * , Muxanpsaenko E. B. 10
L @edepanrvrviti nayunoti yernmp «Hayuno-uccaedosamerbekuti Uncmumym, Cucmemis
uceaedosanuti Poccutickoti axademuu nayxs, 2. Mockesa, Poccutickan @Pedepavun
& ufnikster@gmail.com, © mikhalchenkolena@yandex.ru

Karouesvie caosa: neroHalys, JTeTOHAIIMOHHAS s9eiiKa, XUMUYeCKasd KUHETUKA, TUCJICHHOE
MOJIeTUPOBAHMUE.

Pabora Beimostaena 3a caer cyocumaun, Boiaeaersoin OIY OHIT HUMCU PAH na Boimosme-
Hue rocyjapcrsennoro 3asanus mo reme No. 0580-2021-0021 «Pazpaborka ajropurMuteckoit
KOMIIOHOBKH W IIPOTPaMM JIJIsI pacdeTa MHOTOMACIITaAOHBIX MPOIECCOB U TOPEHUS ».

JleToHaIMOHHBIE AYeKN SBJISIOTCS OJHUM W3 HamOoJiee BaXKHBIX HapaMETPOB B HCCJIEJIO-
BaHNAX M SKCIIEPUMEHTaX 10 PACIPOCTPAHEHUIO JeTOHAINHN. INC/IEHHOE U SKCIEPUMEHTAJIBHOE
n3ydeHne TaKUX FBJICHWI MO3BOJIAET MOJIYYUTH IPEJICTAaBJICHIE O BO3MOXKHOCTHU yIIPaBJIEHUS
[IEPEXO/IHBIMU U JIETOHAIIMOHHBIMU pekuMamu. VcceseoBanne cTpyKTypbl (PpOHTA JIETOHAINN
Ha CMeCIX C PeryJIgpHoOil HeCTaOU/IBHOCTBIO, U CMECHU C HEPETYIdpHOil HeCTabMIbHOCTHIO, TaKKe
KaK yTJIEBOJIOPO/IbI, BAXKHBI JIJIA TTPUJIOXKEHUH TPAKTUIECKUX TPOOJIeM aHa n3a B3PhIBOOIIACHO-
ctu. MacmTaObl jeToHAIMYN U XapaKTep HeCTaOMIHLHOCTH MOYKHO KOHTPOJUPOBATH, PETYIUPY
XUMHUYECKHUI COCTaB CMECU M HadaJIbHbIE YCJIOBHSI.

B nannoit pabore paszpaborana BbIYUCIUTEIbHAS MOJIE/b JIJIsi TECTUPOBAHUS OIIPE/I/ICHUS
SYE€UCTON CTPYKTYPHI JIE€TOHAITMOHHON BOJIHBL. /19 pacyera sS9emcToil JJeTOHAIINY HCIIO/IH30Ba~
Jlach MaTeMaTuIecKas MOJeTb MHOTOKOMIIOHEHTHOTO COBEPIITEHHOTO Ta3a ¢ XUMUIECKUMHA IIpe-
BpaIleHIAMM, 6€3 yueTa SBICHUIT IepeHoca n 63 MOIe/INPOBaHUS TYPOYIEHTHOCTH. 3ayKUTraHme
ra3oBOil CMeCU peasm30BbIBAJIOCH BBOJIOM YHEPI'MU OT BHENTHET'O MCTOYHUKA; SHEPIUH JIOJIZKHO
OBITH [IPU TOM JIOCTATOYHO JIJIsi TOT'O, YTOObI MHUITMUPOBATH MIPSIMOE BO3OYK/IEHUE JIETOHAINN.
g mosryvyeHus si9encTol JJeTOHAIIMT PACCMATPUBAJIOCH JIBA BAPDUAHTA JIETAJIHLHON XUMUIECKO
KUHETUKHU JIjI TOPEHHs BOJOPOJa B KHCJIOpPOJE, pa30aB/JIEHHOM a30TOM, CUATAIONIMMCHA Heii-
rpasbabiM KoMnorerToM: Xour (Hong, 2010), Tepesa (Tereza et al., 2018). Pacuer mporecca
pacrpocTpanenusi (ppoHTa JETOHAIUU C 00PA30BAHUEM AYEUCTON CTPYKTYPBI OBLI PACCMOTPEH
B paMKaX JIByMEPHOl IIJIOCKOI MOJIeJIN B IPAMOYTOJIBHOM JIOMEHE C OTKPBITHIMU I'DAHUIIAMU
BJI0JIb TOPU30HTAJIBLHON OCH JIOMEHA U C 3aKPLITBIMUA OOKOBBIMU I'DAHUIIAMU B IIOIIEPEYHOM Ha-
npasyiennu. Vcrosb3oBaiach paBHOMEpHas CeTKa ¢ padMepoM pacdeTHOi sueiikm 0.025 M.
DBruto ncenenoBano BAMSHUE WCXOMHON TeMIepaTypbl CMeCH U BIUSHUE HEOTHOPOJTHOCTEN 3a-
JKATaHUS Ha KapTUHY Pa3BUTHS IIPOIECCA STIENCTON JIeTOHAIIN.

SIMULATION OF THE CELLULAR STRUCTURE OF DETONATION IN A
HYDROGEN-AIR MIXTURE

Nikitin V. F. '*  Mikhalchenko E. V. 1P
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Nakhimouvskiy pr., Moscow 117218, RUSSIA
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multiscale processes and combustion simulations”.
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Detonation cells are one of the most important parameters in research and experiments on
the propagation of detonation. Numerical and experimental studies of this phenomena allow
to get an idea of the possibility of controlling transient and detonation modes. The study of
the structure of the detonation front on mixtures with regular instability, and mixtures with
irregular instability, such as hydrocarbons, is important for applications of practical problems
of explosion analysis. The scale of detonation and the nature of instability can be controlled
by adjusting the chemical composition of the mixture and the initial conditions.

In this paper, a computational model is developed for testing the determination of the
cellular structure of the detonation wave. To calculate cellular detonation, a mathematical
model of a multicomponent perfect gas with chemical transformations was used, without taking
into account transport phenomena and without modeling turbulence. The ignition of the gas
mixture was performed by the input of energy from an external source; the energy should be
sufficient to initiate the direct excitation of the detonation. To obtain cellular detonation, two
variants of detailed chemical kinetics were considered for the combustion of hydrogen in oxygen
diluted with nitrogen, which is considered a neutral component: Hong (2010), Tereza (Tereza
et al., 2018). The calculation of the propagation of the detonation front with the formation
of a cellular structure was considered in the framework of a two-dimensional flat model in a
rectangular domain with open boundaries along the horizontal axis of the domain and with
closed lateral boundaries in the transverse direction. A uniform mesh with a calculation cell
size of 0.025 mm was used. The influence of the initial temperature of the mixture and the
influence of ignition inhomogeneities on the development of the cellular detonation process was
investigated.

MATEMATNYECKOE MOAEJINMPOBAHUE ITPOLHECCA JETOHAIIVIN B
IINPOITATPOHE CJIOXKHO ®OPMHEI

Pui6akun B. I1.1¢
Y @HII, ®I'Y Hayumo-uccaedosamensekuti uHcmumym cucmemtsia uccaedosanul
Poccutickoti axademuu nayx, 2. Mockea,
Poccutickan Pedepavusn
* rybakin@uip.niisi.ru

Karuesvie crosa: MaTeMaTmdecKoe MOJIEJIMPOBaHNE, I€TOHAIINASA, TMPOIIATPOH, KyMYJISTHB-
Has CTPYyH.

B pabore mpuBeensl pe3yIbTaThl MATEMATHIECKOIO MOEINPOBAHHS IPONecca hOPMUPO-
BaHMS TA30KUIKOCTHON CTPYM IPU HHUIMHPOBAHUN JICTOHAIINK BHYTPH 3apsijia MHPOIATPOHA.
Maremarndeckasi MOJIe/Ib OIMHCHLIBAET PA3BUTHE JETOHAIMOHHOIO IPOIECCA IIPU Pa3IOKEeHHH
tBepaoro BB, nedopuuposanne 06o0ukn nuponaTpona u Jafinepa. Pacuers! mpoBogaTcs Ha
OCHOBE OPUTHMHAJILHOIO UHCJIeHHOro Koja [1|, [2]. Bropu4anoe BckpeiTHE I1acta HeoOXOAMMO
JUTST CO3/IAHEST THAPOMHAMUYIECKO CBS3H MEKJy IIPOJyKTHBHBIM IIJIACTOM U CKBazkuHoil. Ky-
MyJIATHBHAS epdOpaIis SABIACTCA CAMBIM PACIPOCTPAHEHHBIM BHJOM BTOPHIHOIO BCKDBITHS
miacta. Co3qanne KadeCTBEHHON I'HIPOJAMHAMIYECKOH CBI3H «CKBaKMHA-ILIACT» CIIOCOOCTBY-
eT COXpaHeHHIO CTabMJIBHOIO IPUTOKa HeTU U raza K ckBakuHe. /lasibHeifas sKCILUTyaTamust
CKBazKUH BO MHOI'OM OIIPEJE/ISeTCA Ka4eCTBOM HMEHHO OLEPAlly BCKPBITUS IIJIACTA, BKJIIOYa-
IOIIEll CO3/IaHNe KAHAIOB B CTEHKe 00CAIHOI KOJIOHHBI, IEMEHTHOM KaMHe U MaTPHIE CKeJIeTa
wiacra. PopMupoBanne KyMyJIATHBHOI CTPYH 3aBHCHT OT psifia (DAKTOPOB: OT SHEPIUH TBEP-
noro BB, dopmbl nuponarpona un xapakTepuCcTuK JaliHepa Puc. 1.
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Puc. 1. Qopmuposanue KymysamusHot cmpyu 6 nuponampone

UccnenoBan mporiece obpa3zoBaHust KyMYJISTHBHON CTPyu U JepOPMUPOBAHUA MeTaJIIAYIe-
CKOT'O KOpITyca 3amojHeHHoro teepabiM BB. Jlaitnep BbIOIHEH M3 IBETHOTO MeTaslIa — MEJIN
IV aJIIOMUHUS, 1 UMeeT KOHHYIECKYI0 Wi KpuBosuHeitnyio dopmy. [Tokazano Biausinue popMbl
IUPOIIATPOHA U JIaifHEpa Ha CKOPOCTH U SHEPTHIO KYMYJISTHBHON cTpyu. Bbiio yecranos/ieno, 4To
JIJIT KOHUYECKOT'O CTaJIbHOTO JIaffHEpa CKOPOCTb CTPYH CYIIECTBEHHO 3aBUCUT OT yIJIa U UMEeT
MaKcuMaJIbHOe 3HadeHne 4785 M/c TpH yriie pacKpbITHsi KOHIYECKOTro Jiaiinepa B 38 rpaJlycos,
YTO KAIECTBEHHO COTJIACYeTCdA C IKCIIEPUMEHTAMU JIPYTUX aBTOPOB.
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MATHEMATICAL MODELING OF THE DETONATION PROCESS IN A
SQUIB OF COMPLEX SHAPE
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The paper presents the results of mathematical modeling of the formation of a gas-liquid
jet during the initiation of detonation inside the charge of a pyropatron. The mathematical
model describes the development of the detonation process during the decomposition of solid
explosives, the deformation of the shell of the pyropatron and liner. The calculations are based
on the original numerical code [1], [2]. Secondary opening of the reservoir is necessary to create
a hydrodynamic connection between the productive reservoir and the well. Re-opening of the
formation is necessary to create a hydrodynamic connection between the productive formation
and the well. Cumulative perforation is the most common type of secondary formation pene-
tration. The creation of a high-quality hydrodynamic connection ”well-oil-bearing formation”
helps to maintain a stable flow of oil and gas to the well. Further operation of wells is largely
determined by the quality of the opening operation, including the creation of channels in the
casing wall, cement stone and matrix of the formation skeleton. The formation of a cumulative
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jet depends on a number of factors: on the energy of the solid explosive, the shape of the squib
and the characteristics of the liner Fig. 1.
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Figure 1. Formation of a cumulative jet in the squib

The process of formation of a cumulative jet and deformation of a metal body filled with
solid explosives has been investigated. The liner is made of non-ferrous metal - copper or
aluminum, and has a conical or curved shape. The influence of the shape of the squib and
liner on the speed and energy of the cumulative jet is shown. It was found that for a conical
liner, the jet velocity substantially depends on the angle and has a maximum value of 4785 m
/ s at an opening angle of the conical liner of 38°, which is in qualitative agreement with the
experiments of other authors.
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Pa6ora Boinostena 3a caet cyocuaun, Boaeaennoit MI'Y num.M.B.JlomonocoBa Ha BBITIOJIHE-
HIUE TOCYIapCTBEHHOIO 3aiaHus 110 TeMe «Mojean MHOroasHbIX CpeJl ¥ BOJHOBBIX IIPOIECCOB
B IPUPOAHBIX, TEXHUYICCKUX U COIMAJIbHBIX CHUCTEMaX».

B pabore paccmarpuBaeTcd NMPOIECC MHONOKPATHON MPOIMUTKHU ITOPUCTON CPEJIbl 3a CUET
KAIWJIJIIPHBIX CHJI B YCJIOBUAX MUKporpasutaruu. [1omobHbIe uccaeoBaHusd UMEOT OOJIbIIOE



164 Mexxnynaponuasi koudepennusi «Maremaruueckue uneu 1. JI. UebblméBa U UX MPHUIIOXKEHUS K COBPEMEHHBIM Ipobiiemanm
©CTeCTBO3HAHMsI», NpuypodeHHasa K 200-7eTHIO CO IHSI POXKJIEHUsI BEJIMKOIO PYyCCKOTO MaTeMaTuka, akageMuka II. JI. YeGbiména

3HAYEHUs KAK JJIsd KOCMUYECKUX TEXHOJIOTU, Tak ¥ Ji/isi 3eMHbIX npuoxkenuii. Hamnpumep, Ha
KOCMUYIECKON CTAHIINNA TeYeHUEe YKUJIKOCTH 38 CUET KAIUISIPHBIX 3(PHEKTOB MOXKHO HADJIIO-
JlaTh B TEIJIOBBIX TyOKaxX, OUMCTHBIX CHCTEMaX, B THAPOIIOHHBIX CHCTEMAaX JJI BBIPAIUBAHIS
pactennii. B ycimoBugx 3emMHoil rpaBUTAIlMN Kalu/LIApHbIE 3(D@PEKThl MOTYT TaKxKe OKa3bIBATD
CYIIIECTBEHHOE BJIUsiHNE Ha (DUIHTPAIMOHHBIE TeUYeHHsI, HAIPUMED IIPU J00bIYe yIIeBOIOPO/IOB,
KOTJIa IIPOUCXO/IUT OJTHOBPEMEHHOE TeUeHUe HECKOIbKUX (DJIIOUIO0B CKBO3b IOPUCYIO CPEJLY.
Habmonenne kanmmigpabIx 3deKToB pru 0OBIYHON IPaBUTAIINN 3aTPY/IHEHO, TaK KaK Jeii-
CTBYE CHJIBI TSI?KECTH IPeodJiaaeT Ha/l KAINIISIPHBIMU CUJIAMK, MACKUPYsT HEKOTOPbIE BaXKHBIE
acleKThl. B jaHHoit paboTe paccMaTpUBAIOTCS SKCIIEPUMEHTBI 110 TEUYCHHUIO KUJIKOCTH CKBO3b
BBICOKOIIPOHUIIAEMYIO TIOPUCTYIO CPEJly BO BpeMs HapabOJIMIecKuX I0JIETOB. Pe3ybTraThl 9Kc-
[IEPUMEHTOB TTOKA3aJId, 9TO C KaXKJION MOC/Ie/IyIoIeil mapadosioil KUJIKOCTh OJHUMAETCH BbI-
e, T.e. HabJIIOIaeTcst OOJlee MHTEHCUBHASI TPOIUTKA B y2Ke CMOUYeHHOI cpeje. s momesn-
POBaHUsT TAKUX MIPOIECCOB TPEOYIOTCs CHEIraIbHbIE MaTeMaTHIeCKUe MO, YIUThIBAIOIINE
rucrepesuc. B ctarbe onmcaHbl TaKHe MOJIEN U IIPEJICTABIECHBI PE3Y/IbTAThI YUCJIEHHOIO MOJIe-
JINpOBaHUsA Ha UX ocHoBe. [IpuBeieHO cpaBHEHNE SKCIEPUMEHTAIbHBIX JTAHHBIX U PE3Y/IbTATOB
YUCJIEHHOI'O MOJIEJIMPOBaHUS (PUIBTPAIMOHHBIX ITOTOKOB KHMJIKOCTH, ITOKa3aHa BO3MOYKHOCTD
OIIpe/Ie/IEHUST HEU3BECTHBIX IMITMPUICCKIX KOHCTAHT Ha IKCIEPUMEHTAJILHOM Oaswuce.

MULTIPLE SUCCESSIVE IMBIBITION OF A POROUS MEDIUM UNDER
MICROGRAVITY CONDITIONS: EXPERIMENTAL INVESTIGATION AND
MATHEMATICAL MODELING
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The paper considers the process of multiple successive imbibition of a porous medium due
to capillary forces under microgravity conditions. Such studies are of great importance both for
space technologies and for Earth applications. For example, on a Space station, liquid low due
to capillary effects can be observed in heat pipes, purification systems, in hydroponic systems
for growing plants. Under the conditions of Earth’s gravity, capillary effects can also have a
significant effect on seepage flows, for example, in the production of hydrocarbons, when several
fluids flow simultaneously through a porous medium.

Observing capillary effects under normal gravity is difficult because gravity dominates over
capillary forces, masking some key aspects. This paper discusses experiments on the flow of
liquid through a highly permeable porous medium during parabolic flights. The results of the
experiments showed that with each subsequent parabola, the liquid rises higher, i.e. more inten-
sive imbibition is observed in the already wetted medium. To simulate such processes, special
mathematical models are required that take into account hysteresis. The article describes such
models and presents the results of numerical modeling based on them. Comparison of experi-
mental data and results of numerical simulation of seepage fluid flows is given, the possibility
of determining unknown empirical constants on an experimental basis is shown.
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Pabora Beimostaena 3a caer cyocuaun, Boiaeaerroir OIY OHIT HUMCU PAH na Boimostae-
Hue rocyjaapctserHHoro 3ajganusg 1mo Teme No. 0580-2021-0021 «PazpaboTka ajropurMuydeckoii
KOMIIOHOBKH W IIPOIPAMM JIJIsT pacdeTa MHOIMOMACHITaAOHBIX MPOIECCOB M NOPEHUS ».

B pabore paccmarpuBaeTcs Ipoliecc BbITeCHUA HedTHU BOJIONW M3 mopucToro iacrta. [lpnm
9TOM OKOJIO JTOOBIBAIOIIEH CKBasKMHBI MOYKET COJEPKATHCS (MJIM OTCYTCTBOBATH) TPEIIMHA [H/T-
popa3peiBa miacTta. 3BecTHO, UTO KOrja BsA3Kas KHUJIKOCTH BBITECHAETCH MeHee BA3KOIM Ha
dponTe BbITecHEeHUs pa3BuBaercs HeycToitunBocTh Caddmana-Teitopa: BbITECHSIIONAS K-
KOCTH CTPEMUTCSI [POPBATHCS CKBO3b CJION BBITECHAEMOI 00pal3yst B Heil KaHAJbI - «BI3KUE
naJIbIbl». [locsie mpopbiBa TAKOTO KaHa Ia K J00BIBAOIIEHl CKBayKUHE WJIN TPEITUHE THIPOPA3PhI-
Ba KA4eCTBO JI0ObIBaeMOii HedTH(T.€.IIPOIEHTHOE COjIepyKaHue YIJIEBOIOPO/IA B BHIKATHBAEMOI
JKUJIKOCTH) PE3KO T1aJIaeT.

B pabote ornmcanbl 0COOEHHOCTU MaTeMaTUYeCKOrO U YHCJIEHHOTO MOJIEJIMPOBAHUS IIPOIECCa
HEYCTONYINBOIO BBHITECHEHUS BA3KOM YKUJIKOCTU U3 TIOPUCTOIT cpe/ibl. BhiTecnenue Mojieupyercst
Ha ocHOBe 3akoHa /lapcu ¢ yaéTom KanmmaagapHbIx 3 dekToB. /g mocTpoeHns OTHOCUTETHHBIX
daz0BBIX MTPOHUIIAEMOCTEH HCIOJIb3YeTcsd Mojeab bpykca-Kopu. Tpemuna rugpopa3pbiBa Mo-
JleJInpyeTcs KaK 00JI1aCTh MOBBIIEHHON OPUCTOCTU W TPOHUIIAEMOCTH.

Ha ocnoBanum pesysibTaToB YMUCIEHHOIO MOJIEJUPOBAHUS MOKA3aHO KaK HAJIUYHUE U II0JIO-
JKeHHUe TPEIUHbl TUPOpa3phiBa IJIACTA BJUSIET HA JIMHAMUKY U KAdeCTBO U3BJEUYCHUS Hed-
tu. Takxke paccMaTpuBaeTcs 3aJiada OYMCTKU TPENIUHBI THIPOPa3PhIBa ILJIACTa OT YKUJIKOCTH
IUPOPA3bIBaA: BOKPYT TPEITUHBI MOJIETUPYETCs 001aCTh pe3epByapa, 3aIl0THEHHAS KU IKOCTHIO
I'UIPOPa3phiBa, KOTOPas 3aTeM BBITeCHAETCH HeMTHIO, NMeOIell MEHBIYI0 BA3KOCTh. TaKuM
00pa30M IPOIIECC HEYCTONYNB U BBITECHEHHE ITPOUCXOIUT HEPABHOMEPHO, YACTh YKUJIKOCTH TH]I-
pPOpa3phIBa MOXKET OCTATHCS BHYTPU ILJIACTA.

COMPUTATIONAL SIMULATION OF THE PROCESS OF CLEANING UP
OF A HYDRAULIC FRACTURE AND THE PROCESS OF DISPLACEMENT
OF OIL FROM THE REGION CONTAINING A HYDRAULIC FRACTURE

Smirnov N. N. 2/ Nikitin V. F. 2| Kolenkina(Skryleva) E. I. %%,
Fakhretdinova R. R. 12?
L Moscow M.V. Lomonosov State University, Leninskie Gory, 1, Moscow 119992, RUSSIA
2 Scientific Research Institute for System Analysis of the Russian Academy of Sciences, 36-1
Nakhimouvskiy pr., Moscow 117218, RUSSIA

2 jennyne@yandex.ru, ° reginafakhretdinova@qmail.com

Keywords: seepage, hydraulic fracturing, multiphase flows, displacement instability.
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This work was supported by the subsidy given to the Federal Science Center Scientific
Research Institute for System Analysis of the Russian Academy of Sciences to implement the
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multiscale processes and combustion simulations”.

The paper deals with the process of oil displacement by water from a porous formation. At
the same time, there may be (or not) a hydraulic fracture near the production well. It is known
that when a viscous fluid is displaced by a less viscous fluid, at the displacement front the
Saffman-Taylor instability develops: the displacing fluid tends to break through the displaced
layer, forming channels in it - ”viscous fingers”. After the breakthrough of such a channel to a
production well or a hydraulic fracture, the quality of the produced oil (i.e. the percentage of
hydrocarbon in the pumped fluid) drops sharply.

The paper describes the features of mathematical and numerical modeling of the process of
unstable displacement of a viscous fluid from a porous medium. Displacement is modeled on
the basis of Darcy’s law, taking into account capillary effects. The Brooks-Corey model is used
to construct the relative phase permeabilities. The fracture is modeled as an area of increased
porosity and permeability.

Based on the results of numerical modeling, it is shown how the presence and position of
a hydraulic fracture affects the dynamics and quality of oil recovery. The problem of cleaning
a hydraulic fracture of a formation from hydraulic fracturing fluid is also considered: around
the fracture, a reservoir area filled with hydraulic fracturing fluid is modeled, which is then
displaced by oil having a lower viscosity. Thus, the process is unstable and displacement occurs
unevenly, part of the fracturing fluid can remain inside the formation.

MOAEJINPOBAHUNE I'OPEHNA TBEPOI'O TOIIJINMBA B KAMEPE
CI'OPAHUA TNBPNTHOI'O ABUT'ATEJIA

1, 1,8

Cramos JI. 1. '? , Kymmuupenko A. I. 1'°, Muxanbuenko E. B. ,
Cmupnosa M. H. 17, Topenkosa B. B. 12
L @edeparvnviti nayunviti yenmp «Hayuno-uccaedosamenbckuti UHCMumym cucmemHols
uceaedosanuti Poccutickoti axademuu nayxs, 2. Mockea, Poccutickas Pedepavus
2 lyubens@mail.ru, © agk@niisi.msk.ru, ® mikhalchenkolena@yandez.ru,
" wonrims@inbox.ru, * tyurenkova.v.vQyandex.ru

Karouesvie cr06a: BEIMUCIUTEILHOE MOJIEIUPOBaHNE, TBEPJIOE TOILIUBO, TUOPUIHBIN JIBUTa-

tenn, HTPB.
Pa6ora nomgaepxxkana rpantrom PODU Ne 20-07-00587.

B nannoit pabore npeacTaBieHbl PE3YIHTATHI BBIYUCIUTEIHHOTO MOIETUPOBAHUS IIPOIECCOB,
IIPOTEKAOIINX B KAMepe CropaHusd I'MOPUIHONO JaBuraTesid. Takoro poja ABUraresn, B KOTOPhIX
TOILIMBO TIPEJICTABICHO B TBEP/IOi (base, a OKUCIUTEIH IMOCTYIIAeT B KaMepy B BUJIE Ta3a, cove-
TaloT B cebe MPenMyIecTBa KakK KJIaCCUIeCKUX TBEPIOTOILIMBHBIX CUCTEM, TaK U KUJIKOCTHBIX
PaKeTHBIX JiBUTaTe/eil. B ¢BA3M ¢ 9TUM, NJaHHBINA THI JIBATATE/IEll CTAHOBUTCA BEChbMa aKTyaJlb-
HBIM B HACTOSIIIEEe BPEMH.

B pabore paccmaTpuBaeTcs KamMepa CropaHusi THOPUIHOIO JIBUTATEId B TPEXMEpPHOI 1ocTa-
HOBKe. B KadecTBe TBepjoro rommmsa paccmarpusaercs HTPB (mosmbyraguen ¢ KoHIEBbIME
IUJPOKCUJIbHBIME TpyIaMu). Hepes orBepcTre B KaMepy MOCTYIAeT MOJO0rPEThI OKUCIUTEb
B ra3o00pa3HoM Bujie. B3auMoaeiicTBys ¢ TOILIMBOM, OH HAYMHAET €ro HarpeBaTh, B Pe3yJ/ibTare
Yero B KaMepy BBIIEIAETCA OdHA M3 COCTAB/IAIONINX YacTell TBepaoro Tomauba — 1,3-0yTaueHT,
KOTOPBII BCTYIIAET B PEAKITUIO ¢ OKUCIUTEIeM. PAacCcMOTPEHO JiBa Crioco0a ONpe/lJIeHUs TEILIO- 1
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MacCcoOOMeHa OKOJIO TEPMOXUMUYECKH PA3PYIIAIONIErocs TOPIOYEro: ¢ MOMOIIBIO OJTyaHaIUTHU-
YeCKUX MHTErPaIbHBIX (DOPMYJI U C IIOMOIIHIO TPUCTEHOYHBIX (DYHKITNI 110 JTAHHBIM ITapaMeTPOB
Cpesibl OKOJIO TIOBEPXHOCTHU CTEHKH, MOJIYIEHHBIX B XOJ€ BBIUYUCIUTETHHOTO MOJIETUPOBAHUSI.

B pabore npoBejieHO cpaBHEHNE CKOPOCTU BBITOPAHUs TBEPJOIO TOILIMBA C JAHHBIME (DU3H-
YeCKUX KcrepuMenToB. VceireioBano Biausgaue Ko3hOUImeHToB peakiinii KHHETHIeCKOro MeXa-
HU3Ma Ha [IPOTeKalolue B Kamepe Iporecchl. Ha ocHoBaHWM JIaHHBIX MCCJIEIOBAHUN TTPOBEJIEHA
KOPEKTUPOBKA UCIIOJIb3YEMOTO KUHETUIECKOTO MeXaHu3Ma ropenus 1,3-0yTajimenTa, coCTosIe-
ro u3 11-tu 06paTUMbIX PEAKIUil U BKJIIOYAIONIEro JecaTh KOMIIOHEHT. [lokazano 3HaquTe/ibHOE
BJINSIHUE KUHETUKN Ha IIPOIECC BOCILIAMEHEHWs MapoB ropiodero. llapel Tonnmsa Haxomarcs
TOJIBKO OKOJIO IIOBEPXHOCTHU TBEPJOT'O TOILIMBA, YTO CBUJIETEJILCTBYET O TOM, YTO roproyee I10JI-
HOCTBIO pearupyer ¢ okucjutesieMm. Taxoit mporiecc xapakTepen s Jindy3nOHHOTO TOPEHUS.

SIMULATION OF SOLID FUEL COMBUSTION IN THE COMBUSTION
CHAMBER OF A HYBRID ENGINE

Stamov L. I. ¢, Kushnirenko A. G. P, Mikhalchenko E. V. 1<
Smirnova M. N. ¢ | Tyurenkova V. V. 1€
L Federal Science Center Scientific Research Institute for System Analysis of the
Russian Academy of Sciences, Russian Federation
@ lyubens@mail.ru, ° agk@niisi.msk.ru, ¢ mikhalchenkolena@yandex.ru,
4 wonrims@inbox.ru, © tyurenkova.v.v@yandex.ru

Keywords: computational simulation, solid fuel, hybrid engine, HTPB.
This study is supported by RFBR grants 20-07-00587.

In this paper the results of computational modeling of the processes occurring in the com-
bustion chamber of a hybrid engine were presented. This types of engines, in which the fuel is
used in solid phase and the oxidant injects in the combustion chamber in gas form, combine
the advantages of both classical solid-propellant systems and liquid-propellant rocket engines.
In this regard this type of engines becomes very relevant at the present time.

In the paper the combustion chamber of a hybrid engine in a three-dimensional formulations
was considered. The HTPB (hydroxyl-terminated polybutadiene) was used as a solid fuel.
Heated oxidizer in gaseous form was injected in the chamber through the side face. Oxidizer
interacts with the solid fuel and heat it. As a result of which one of the component parts of solid
fuel 1,3-butadiene is released into the chamber and reacts with an oxidizing agent. Two ways of
determining heat and mass transfer near thermochemically decomposing fuel were considered:
using the semi-analytical integral formulas and using the wall functions from the data of the
parameters of the medium near the wall surface obtained from the computational modeling.

In this paper the regrassion rate of the solid fuel was compared with the data of physical
experiments. The influence of the reaction coefficients of the kinetic mechanism on the processes
occurring in the chamber were investigated. Based on the research data the used kinetic
mechanism of combustion of 1,3-butadiene consisting of 11 reversible reactions and including
ten components was corrected. The significant influence of kinetics on the process of ignition of
fuel vapors was shown. Fuel vapors were found only near the surface of solid fuel which indicates
that the fuel fully reacts with the oxidizer. This process is typical for diffusion combustion.
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SHORT-WAVE ASYMPTOTIC SOLUTIONS OF THE WAVE EQUATION
WITH LOCALIZED PERTURBATIONS OF THE VELOCITY

Shafarevich A. 1. 1@
L' M. V. Lomonosov Moscow State University, Moscow, Russian Federation
@ shafarevl@yahoo.com,

Keywords: wave equation, asymptotic solutions, localized perturbations.

To describe the propagation of waves in media containing localized rapidly changing inho-
mogeneities (e.g., narrow underwater ridges or pycnoclines in the ocean, layers with sharply
changing optical or acoustic density, etc.), it is natural to use the wave equation with a small
parameter characterizing the ratio of the scales of the localized inhomogeneity and of the gen-
eral change of velocity (e.g., of the thickness of a pycnocline to the external typical scale of
changes in ocean density). We describe the propagation of wave packets whose characteristic
wavelength is comparable with the scale of inhomogeneity. The results are published in [1].
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Paccmorpena ognomepHasi cucrema ypaBHEHHMIT MEJIKOM BOJIbI HaJ[ HAKJIOHHBIM JTHOM. To-
YETHON 3aMEHON MePEeMEeHHBIX OHA CBOJIUTCS K JIMHEHHOI cucreme ypasuenwuii [1]|. UccrenoBano
TpexmnapaMeTpudecKoe CeMeicTBO pelleHuil JIMHEeHHON CUCTeMbl ypaBHEHU, KOTOPOEe COOTBET-
CTBYET PACIPOCTPAHEHNIO BO3MYIIIEHNST CBOOOTHON TOBEPXHOCTH B (DOPMeE CIUIaYKEHHOI CTYIIeHb-
ku. [locrpoena obiacTh mapamMeTpos, MPpU KOTOPBIX CYIIECTBYET PEIeHre NCXOTHOM HeJTMHEeTHOM
cucreMbl ypasuenuii. B sToit obyiactu sskobuan mpeobpazosanus oriandeH ot mysd. [lokazano,
YTO MOCTPOEHHBIE PEIIEHUs PEry/IapHBI 110 ITPOCTPAHCTBY U 110 BpeMenu. [IpoBejien anaauns ro-
BEJICHUS pEIIeHUs TIPU OTPaKeHWHW Bo3MyIlenud oT Oepera. [lomydennsl neuneitnbiii a¢pdexr
zartecka 1 3 deKT ycniieHns: aMILUIATYAbI Haberaromieil BOJTHBI IPH OTPaXKEHUN ee OT Oepera.

Hacrosimiast pabora Beimostaera coBmectHo ¢ C.FO. J1o6poxXoTOBbBIM.
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RUNAWAY AND REFLECTION FROM THE BEACH OF A SMOOTHED
STEP IN SHALLOW WATER OVER A SLOPING BOTTOM

Aksenov A. V. ¢, Druzhkov K. P. 1*
Y Faculty of Mechanics and Mathematics Lomonosov Moscow State University,
Moscow, Russian Federation

¢ aksenov.av@gmail.com, * Konstantin. Druzhkov@gmail.com

Keywords: shallow water, exact solution, splash, amplification of amplitude.

A one-dimensional system of shallow water equations over an inclined bottom is considered.
By point transformation of variables, it is reduced to the linear system of equations [1]. The
three-parameter family of solutions of the linear system of equations is investigated, which cor-
responds to the propagation of a free surface perturbation in the form of a smoothed step. The
range of parameters for which there is a solution of the original nonlinear system of equations
is constructed. In this domain, the Jacobian of the transformation is nonzero. It is shown that
the constructed solutions are regular in space and in time. The analysis of the behavior of the
solution in the reflection of the disturbance from the beach is carried out. The nonlinear splash
effect and the effect of amplification of the amplitude of the incoming wave when it is reflected
from the beach are obtained.

This work was carried out jointly with S.Yu. Dobrokhotov.
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O IIOJATOTOBKE BYAYIINX YUUTEJIEN MATEMATUKU K
OBYYEHUIO IITKOJIbHNUKOB OCHOBHBIM PA3EJ/JIAM
BEPOATHOCTHO-CTATUCTUYECKOI JINHUN

Anmazosa T. A.
Kanyotcexuti 2ocydapemeernoviti ynusepcumem um. K.5. [[uoakosckozo
BadanowaTA@yandex.ru

Karoueswie crosa: BEPOATHOCTHO-CTATUCTUYIECCKAA JIMHUA, METOJUKA o6yquI/1;1 MaTeMaTHuKe,
METOJUKa pa6OTbI Ha/J KOMIIOHEHTaMMU MaTeMaTHYI€CKOI'O COJep2KaHnd, TeOpEeTUu1IeCKad U METO-
Jn9eCKad II0AIrOTOBKaA.

[logroroBka Oymaymmx yduresaeil MaTeMaTUKH K  IPENOJABAHUIO  BEPOSITHOCTHO-
CTATUCTUYECKON JIMHUU OCYIIECTBJISIETCS 110 CJIETYIONTUM HAIIPaBJIEHUSIM:

— TeopeTHYecKasl MOJATrOTOBKA 110 OCHOBHBIM pazjlesiaM JIMCIUILINHBL « Teopus BeposiTHOCTEH 1
MaTeMaTHIecKas CTATUCTUKAY ;

— MeTOJIMYecKas MOJINOTOBKA, OPraHM30BaHHas B MPOIEcce OOYUeHU JIUCITUILINHAM MeTOIYe-
ckoro nukia «Meromguka oOydenns: mareMaTnkus, « COBpeMeHHbIE TEXHOJOTUN OOYIeHUsT Ma-
TeMaTUKe» ¥ IPOXOXKIEHHsI [eJJaroruueckoi npakruku [1,2].

Meroaun1eckas OJATOTOBKa CTYJAEHTOB HalIpaBjeHa Ha (pOPMHUPOBAHUE UX ITPOGECCHOHAD-
HBIX KOMIICTEHIIHIT, 0 paboTe ¢ KOMIIOHEHTAMH MATEMATHIECKOTO COMEPKaHus (OIpe/IeIeHn-
SIMI, TeOpeMaMH, MpaBIJIAME, aJlOPUTMaME, 3a1a9aMi), Ha (GOPMUPOBAHUE PEICTaBICHNUIT
O TIPUKJIQJIHOM XapaKTepe MaTepHuaJa BePOsiTHOCTHO-CTATUCTUYECKON JIMHUU, YTO IMO3BOJIUT
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Oy/Ly UM yIUTesIsIM MaTeMaTUKU JIeMOHCTPUPOBATH IPAKTUIECKYIO 3HAYUMOCTH U3ydaeMbIX
IIKOJIbHUKAMU PA3/IeJIOB U TeM. BMecTe ¢ TeM, B MPONECce TaKoil IMOJArOTOBKH, y CTYJEHTOB
bopMEPYIOTCS TIPEICTABIEHHsT O BO3MOYKHOCTSX U OCOOEHHOCTSIX HCIIOJIL30BAHUST MATEPUa-
JIa COJIEPKATEIIbHO-METOJMYECKOi JImHuM JTsi 1pepoduiIbHON 1 HpodUIbHON OJrOTOBKY
IIKOJIbHUKOB TI0 MaremMaruke [3].

Marepuasi BeposTHOCTHO-CTATUCTHIECKOf JinHnn 06/1a1aeT GOJIBITUM OTEHIIUAJIOM JIJIsi O~
raHu3anu yaeOHbIX uccieoBanuii. [loaToMy B 1Ipormecce METOAMYECKO MOJANOTOBKH CTY IEH-
TOB 11€J1eCO00PA3HO OPraHU30BbIBATH PAOOTY 110 KOHCTPYHPOBAHUIO Y I€OHBIX MCCIIEI0BAHUMN JJIst
OOy YAIOIINXCS: CAMOCTOATEIbHBIX PabOT MCCIIeOBATEILCKOIO XapaKTepa, yIeOHO-UCCIe10Ba-
TEJILCKUX [IPOEKTOB [4], B TOM 4mciie ¢ ucrnosb3oBanneM nudpoBbIX 06pa3oBaTeIbHBIX PeCyp-
COB.
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Cep. «EcrectBennbie naykms». — 2018. — C.262-270.

ABOUT THE PREPARATION OF FUTURE TEACHERS OF MATHEMATICS
TO TEACH STUDENTS THE MAIN SECTIONS OF THE PROBABILISTIC
AND STATISTICAL LINE

Almazova T. A.
Kaluzh State University named after K. E. Tsiolkovsky
BadanowaTA@yandex.ru

Keywords: probabilistic-statistical line, methods of teaching mathematics, methods of work-
ing on the components of mathematical content, theoretical and methodological training.

Training of future teachers of mathematics to teach the probabilistic-statistical line is carried
out in the following areas:

- theoretical training in the main sections of the discipline “Probability theory and mathe-
matical statistics”;

- methodological training organized in the course of teaching the disciplines of the method-
ological cycle "Methods of teaching Mathematics”, ”Modern technologies of teaching mathe-
matics” and passing pedagogical practice [1,2].

Methodological training of students is aimed at the formation of their professional compe-
tencies, working with the components of mathematical content (definitions, theorems, rules,
algorithms, tasks), at the formation of ideas about the applied nature of the material of the
probabilistic-statistical line, which will allow future mathematics teachers to demonstrate the
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practical significance of the sections and topics studied by schoolchildren. At the same time,
in the process of such training, students form ideas about the possibilities and features of us-
ing the material of the content-methodological line for pre-professional and profile training of
schoolchildren in mathematics [3].

The material of the probabilistic-statistical line has a great potential for organizing educa-
tional research. Therefore, in the process of methodological training of students, it is advisable
to organize work on the design of educational research for students: independent research works,
educational and research projects [4], including using digital educational resources.
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NCCJIEJOBAHUVE MOJEJINN CTPATEI'N ITOITIOJIHEHN A 3AITACHBIX

U3AEJNN OPEAIPUATIS B CJIVUAE HEOJHOPO/THOTO IIPOIIECCA
OTKA3O0B

AnkynunoB-Murnapos A. B.
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Karouesvie caosa: momens Kmkuma-CymuTsl, mporecces otkazon, SUIIL.

B nannoit pabore uccieayercd MOje/b IIAHUPOBAHUS 3aKYIKHA 3aMACHBIX U3JIEUN 1Ipe/I-
npusitus (3UIT). Kak uzsectro, ADC sBiisiercs spKUM MIPUMEPOM HPEIIPUATHS, K HAJIEKHOCTH
1 0E30MaCHOCTH KOTOPOTO MPEIbSIBIISIOTCS MOBBIIeHHBIe TpeboBanus. Cjie0BaTe/IbHO, CYIIe-
CTBYET HEOOXOIUMOCTh Pa3pabOTKM aJIeKBATHBIX M TOYHBIX MOJIEJIEN YIIPaB/IeHUsT 3aIIacOM JIJTsT
ADC. g ynoBiieTBOpeHusi 3TUX MOTPEOHOCTEH HYKHO HUMETh JOCTATOYHOE KOJIMIECTBO 3a-
1aca u MPOBOJINTH CBOEBPEMEHHYIO 3aMeHY OTKA3aBINEro 00OPYI0BAHMA, MUHUMUZUPYST BPEMsI
rpoctos cucteMbl. OHAKO HYZKHO yUIECTh, YTO HAJIUYUE CJUIIKOM 00JbIoro Komdecrsa SUIIT
SKOHOMUYECKH HEBBITO/IHO. [0 9TUM mpuvdnHaM CTAaHOBUTCS aKTyasbHON 3a/ada ONMTUMUBAIIAN
KOJIMIECTBA 3aKyMaeMbIX 3aIllaCHBIX JIEMEHTOB.

B crarwe 1] uccienopana u MoaudumpoBaHa U3BeCTHAST MOJIEJb ONTUMAJIBHOIO yIpaBjie-
uus SUII nyst coydas mpocreiiinero moroka oTkasos. B Hacrogdieii pabore yjiessieTcss BHIMAHNIE
rporieccam crapeHus obopyaoBanus. /s ommcanus mpoeccoB CTapeHus UCIOIb3YeTCs MOJIE b
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Kuxuma-Cymutsl, B KOTOPOit nMeercs KOd(MMUITUEHT, XapaKTePU3YIOMINil HEIIOJTHOTY BOCCTa~
HOBJICHUSI.

B uccaemxyemoit mogenmu crparernn monoHerus 3UII 3amatda cBoquTes K MaKCHMU3aIUN
cpejHell mpUObLIN OT SKILTyaTanun obopyaoBanus. B ciayaae ADC mpubbLIb 3aBUCUT OT Bpe-
MEHU MCIIPABHOIN CUCTEMbI U MUHUMYMA IIPOCTOS.

B pabore npoBejieHbl uCCaeI0BaHUS BIMSIHIST THTEHCUBHOCTU OTKA30B, BPEMEHU MEXKJLY 3a-
KynkamMu 1 KoddgduimerTta BoccTanoBienns: mojean Kmknma-CyMuThl Ha CPETHION MPUOBLIT.
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RESEARCH OF THE STRATEGY MODEL OF REPLENISHMENT OF
SPARE PRODUCTS OF THE ENTERPRISE IN THE CASE OF AN
INHOMOGENEOUS PROCESS OF FAILURES
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Keywords: Kijima-Sumita model, failure processes, SPTA.

This paper examines a model for planning the purchase of spare parts of the enterprise
(SPTA). As you know, a nuclear power plant is a good example of an enterprise, the reliability
and safety of which are subject to increased requirements. Therefore, there is a need to develop
adequate and accurate models of stock control for nuclear power plants. To meet these needs,
it is necessary to have a sufficient amount of stock and to carry out timely replacement of
failed equipment , minimizing system downtime . However, it should be taken into account
that having too many spare parts is economically unprofitable. For these reasons the task of
optimizing the number of spare parts to be used becomes urgent .

The article [1] investigated and modified the well-known model of optimal control of spare
parts for the case of the simplest flow of failures. In this work, attention is paid to the aging
processes of equipment . To describe aging processes, the Kijima-Sumita model is used , in
which there is a coefficient characterizing the incompleteness of renewal.

In the investigated model of the spare parts replenishment strategy, the task is reduced to
maximizing the average profit from the operation of the equipment. In the case of a nuclear
power plant, the profit depends on the time the system is working properly and the minimum
downtime.

The paper studies the influence of the failure rate, the time between purchases and the
renewal coefficient of the Kijima-Sumita model on the average profit.
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IMPUMEHEHUE CTATUCTUYECKINX MOAEJIEN OJISI 3AJAY
ITPOTHO3NUPOBAHUA OCTATOYHOTI'O PECYPCA OBOPYJIOBAHUMA
ATOMHBIX CTAHIIUN

Anrtonos A. B. %, Yenypko B. A. %0
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Karouesvie caosa: BeBOHaCHOCTb, HaJE2KHOCTD, OCTATOYHBIH PECYPC, IIPOUECChI CTAaPECHUA.

B nacrositee Bpemsi psiJi 9HEPro6oKoB aToMHbIX craHimii (ADC) aubo BbipaboTas Ha3HA-
YeHHBIN pecypc, 00 030K K 9TOMY. B ¢Ba3U ¢ 9TUM aKTyaIbHO dBJIsIeTCs IpobieMa 000CHO-
BaHWs BO3MOXKHOCTH IIPOJIJIEHUS CPOKA CJIy2KOBI 000PY/I0BAHUS SJIEPHBIX SHEPIETUICCKUX yCTa-
HOBOK (19VY). BosbimmMm uncsiom nccsieoBanuii yCTaHOBJIEHO, ITO MPOJIJIEHHE CPOKOB CJIY2KObI
sHeprod/iokoB ADC 1pu 9acTUIHON 3aMeHe M PEeMOHTe ODOPY/IOBAHMS CTAHOBUTCS SKOHOMIU-
YECKM W TEXHUIECKH TeIeCO0DOPA3HBIM CIIOCOOOM TIOBBINIEHUS TOTEHITHAJIA SJIEPHON SHEPreTH-
k. OTHAKO TIPU 9TOM HEOOXOMMO BBITIOJIHUTD TIMATEbHBIN aHan3 (DaKTOPOB, BIUSIONINX HA
6€301IaCHOCTD U J0JTOBEYHOCTH 0bopymoBannsg ADC s KarXK0ro KOHKPETHOTO 9HEPTOO/IOKA.
OjtHuM 3 TakuX (HaKTOPOB sIBJIIETCs (DU3MIECKOE CTapeHre 000PYI0BAHMS.

Ha sTanax crapenust HapaOOTKKU MeEXKJLy JIBYMsl ITOCJIEIOBATEIBHO TPOU3OIIEIITIMI OTKa-
3aMU HE SABJISIOTCS OJIMHAKOBO PACIIPEJIC/IEHHBIMU CJIYIailHBIMU BEJTMIUHAMU, & TOTOK OTKa30B
HeJIb3sI CINTATh PeKyppeHTHBIM. [Ipn mpoBeiernn pacieToB XapaKTePUCTUK HAJIEXKHOCTH HEO0-
XOJIMMO TPUHUMATh BO BHEMAHHUE HEOJIHOPOJIHOCTH BO BPEMEHH ITIOTOKA OTKA30B M BOCCTAHOB-
JICHUIA.

B pabore paccMaTpuBaioTCs METO/IbI OIEHUBAHUSI TOKA3aTe el Ha e KHOCTH 0OOPYI0BAHMS
ADC, nosBosgmOINIEe YINTHIBATH BO3MOMKHYIO HEOJIHOPOIHOCTH ITOTOKA OTKa30B. IloTOK oTKa-
30B OIMCBIBAETCS C TIOMOIIBIO HEOHOPOIHBIX MTPOIECCOB, & UMEHHO: T€OMETPUIECKUX ITPOIEC-
COB, HEOTHOPOIHBIX [[yaccOHOBCKUX IPOTIECCOB, MPOIECCOB ¢ UCTIOIB30BAHIUEM HOPMAJTH3YIOIICH
dyHuKIMKI 10TOKA, TTporieccoB Kmxkmva.

Uccnemyercss MpUMEHUMOCTh OIMUCAHHBIX MOJENEH JjId 3a/1ad ITPOrHO3UPOBAHUST OCTATOY-
HOTO pecypca 0DOpY/IOBaHWS aTOMHBIX cTaniuii. [IpuBeseHsr npuMepsl pacuera OCTaTOYHOrO
pecypca Ha OCHOBAHHHU MHQOPMAIIAN, oIy deHHO# 13 sxciryararmn ADC.
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APPLICATION OF STATISTICAL MODELS FOR TASKS OF NUCLEAR
POWER PLANT EQUIPMENT RESIDUAL LIFE FORECASTING
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Currently, a number of power units of nuclear power plants (NPP) have either developed a
designated resource, or are close to this. In this regard, the problem of justifying the possibility
of extending the life time of equipment of nuclear power plants (NPS) is urgent. A large number
of studies have established that extending the service life of NPP power units during partial
replacement and repair of equipment becomes an economically and technically feasible way to
increase the potential of nuclear power. However, it is necessary to perform a thorough analysis
of factors affecting the safety and durability of NPP equipment for each specific power unit.
One such factor is the physical aging of the equipment.

At the stages of aging, the operating time between two consecutive failures are not equally
distributed random values, and the flow of failures cannot be considered recurved. When
calculating reliability characteristics, it is necessary to take into account the heterogeneity in
the time of the failure and recovery flow.

The work considers methods of estimating reliability indicators of NPP equipment, which
allow taking into account possible heterogeneity of failure flow. The failure flow is described
using inhomogeneous processes, namely, geometric processes, inhomogeneous Poisson processes,
processes using a normalizing flow function, and Kizhim processes.

The applicability of the described models for the tasks of predicting the residual life time of
nuclear power plant equipment is investigated. Examples of residual life time calculation based
on information obtained from NPP operation are given.
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HEPABEHCTBA /IJId TUIIEPKYBNYECKUX ®YHKIIMOHAJIOB.
OBOBIIIEHHBIE HEPABEHCTBA YEBHIIIIEBA
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[Iycrs fi(z),. .., fx(z) — dyskuun, 3amanssie Ha [a,b] C R, u nycts 0 = (01,...,0%) €
{0,1}*, mpuuém >0, = 2d, d # 0. BeomuTca cremyromuit byHKIHOHA:

cc,(fl,...,fk):ﬁ S (T / [T () de / [T @) de, ()

S1,-..,5,=0;1

JacTHBI ciaydaii kotoporo mpu k = 2 u 0 = (1,1) u3BecreH B MaTeMaTHYECKOil JIHTEpaType
kKak dyakimonasg YeObliena,

b
C(f.9) z)d / g(z)dz. (2)

_a)

Nmeer mecTo TO2KJIECTBO TO}K,HGCTBO KOpKI/IHa)

b rb
Ctre) = g | [ V@) = 1) ale) = g(w)) o, ®)

IIOCJIy ZKHBIIIee OTIIPABHBIM IIyHKTOM JIsl MHOXKECTBa OI€HOK (yHKIoHara Jebbimesa. B qact-
HOCTH, ecin DYHKIUE f U ¢ CHUHXPOHHDI (M/IM ACHHXPOHHEBIL), T.e. €CJIM Ha BCEM OTpe3Ke [a,b
Beinosiasercs nepasenctso (f(x) — f(y))(g(x) — g(y)) > 0 (umm coors. < 0), TO NMeET MeCTO
KJIaCCHYIeCcKOe HepaBeHCTBO eObIleBa.

b
x)d / g(x)dx >0 (coors. <0). (4)

—a)

Jpyroe HepaBeHCTBO, Tak:Ke IpuHaIeKaree Hedblmeny, gaét BepxHiow orneHky s C(f,g):

C(f.9) < 756~ P el )

B nocsieiame nosiBeka HabJII0aeTCsl MOBBIIEHHBI HHTepec K HepaBeHcTBaM ebbiesa (4)
1 (5) B CBSA3M € HOBBIMU BO3MOYKHOCTSIME TPUJIOKEHUI UX ¥ MHOYKECTBa UX OOOOIIEHNUIT 1 MO-
nudukanuit 1o pazanaabiM MotuBaMm. Hepasencrsam YeOrbiieBa nocssiiensl pabotsl ['procca,
Ocrposckoro, JIparomupa, [leqapuaa, [ladnare u psiga Apyrux MareMaTHUKOB.

Beenéunpiit Boime dbynxnnonan (1) apagerca cymmoii o runepky6y {0,1}F, ¢ wem u cBa-
3aHO ero HazBaHme 'rumepkybmdeckuit". PaccmarpuBaioTcs TakKe ero JIMCKpPETHBIE aHAJIOTH,
AHAJIOT! C BECAMU W OIlepaTOPHbIE aHAJIOTH. J[[JIst HIX JOKA3bIBAIOTCH TOXKIECTBA, ABJISIONTUECS
obobmennsMu ToxkaecTBa Kopkuna (3). lasiee oHM IPUMEHSIOTCS J1JIsT TIOJTYy I€HIsT MHOYKECTBa,
BEPXHUX M HUXKHUX OIEHOK (DYHKIMOHAJIOB Tura (1) mpu Tex WM WHBIX PEIOJIOKEHUIX O
dyukmusax fi,...,fr u o curnarype o. llosydenubie pe3yabraThbl, IOMUMO OOOOIIEHUI CAMUX
HepaBeHCTB eObImieBa, 0000IAI0T U YTOTHSIIOT MHOYKECTBO OIEHOK, JIAHHBIX TePEednC/IEHHBIMI
BBIITIIE aBTOPAMU.
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INEQUALITIES FOR HYPERCUBIC FUNCTIONALS. GENERALIZED
CHEBYSHEYV INEQUALITIES.
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Let fi,....fr are functions defined on [a,b] € R, and let 0 = (0y,...,0%) € {0,1}* with
> o0, =2d,d# 0. We introduce following functional:

1

T2—ap, Z/ Hfr ) / H<fr<w>>1‘5de, 1)

which in particular case k = 2,0 = (1 1) is well known in mathematics as Chebyshev functional.

C(fyg b_a / flx )/abg(x)dx. (2)

There holds a nice 1dent1ty (the Korkine identity):

C(f.g) = / / ) (9(x) — gly))dady, (3)

that was applied to establish dlfferent bounds for Chebyshev functional. Particularly, for f and
g being synchronous (or asynchronous), i.e. if the inequality (f(z) — f(y))(g(z) —g(y)) > 0 (or
corr. < O) holds overall on [a,b], then corresponding Chebyshev inequality is in case.

An another mequahty, also due to Chebyshev, gives an upper bound for C(f,g):
1
C(f:9) < 50 = a1 loollg [l (5)

Over the last half of century there was considerable high interest to Chebyshev inequalities
inspite of new possibilities in their applications and modifications. To Chebyshev’s and related
inequalities are devoted the works of Griiss, Ostrowski, Dragomir, Pecaric, Pachpatte and many
other mathematicians.

Above introduced functional (1) is a sum over hypercube {0,1}*, whence we name it ”hy-
percubic functional”. We consider also its discrete, weighted and operator analogs for which
we prove Korkine type identities. Further they are applied to obtain upper and lover bounds
for some type (1) functionals with appropriate conditions. on ;fi,...,fr and o. Besides of gen-
eralization of Chebyshev inequalities, we also generalized and sharpened some results obtained
by abovementioned authors.

Ca(flv s 7fk>

d_

METPUKU YEBBIIIIEBA U UX [IPUJIOYKEHUS K NCCJIETOBAHUIO
KPUTUYECKUX OIIPEJAEJINTEJIEN I JTNNO®AHTOBBIX
[MPUBJINXKEHUN

I'mazynos H. M.
Hnemumym xubeprnemuru um. B. M. Iaywrosa HAHY, Kues

Kmouesvie carosa: merpuka Yedonimesa: gedopMupoBaHHas MeTpuka JeObimieBa: map e-
obIeBa: MOMaHTOBO HEPABEHCTBO; KPUTHIECKUI OIPEIETNTE b,
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OynpamenTaabuble ncciaegoBanus [1.JI. YebbimeBa pacrpejie/ieHUsT IPOCTHIX YUCE]T, JTHO-
danTOBBIX MPUOIIIKEHNH, 3a/a4 MUHUME3AMN 1| mpuHAIe)RAT 3070TOMY (DOHJLY MUPOBOI
Hayku. B mpejjiaraeMoM coobIeHnn CTpodTcs jaedopMaliun JIByMepHOil MeTpuku eObnIieBa.
Merpuka Yebnimena onpesenserca B |2, c. 276] na BemecTsennoit miockoetn R? .

DTa METPUKA SIBJISETCS MIPEJIE/IbHBIM C/IyIaeM METPUKH

1
{l=l" + I}, p> 1,

IIpU BEIIECTBEHHOM P, CTpeMdlleMcad K OeCKOHEYHOCTH, W IPOJIOJIZKAETCH Ha 1 — MepHBIe
(n > 2, n — HarypaJsbHOe) BeKTOPHI. Ilpn n = 2 mMHOroo6pasme Mojyseil JTOMYCTUMBIX perre-
TOK J1epOPMUPOBAHHBIX OTPBITHIX ITAPOB UeOhIIeBa siBIsIeTCA BEIIeCTBEHHBIM MHOI'000OPAa3ueM,
JieBasi TPAHUIa, KOTOPOro (MpH JIOCTATOYHO GOJIBIIOM p > 1) JIoCTaBiIseT 3HAYEHUsI KPUTHIe-
ckux onpejenuresieii |3] rakux mapos Hebbinesa. 3HaYEHMsT STUX KPUTHUECKUX OIPEJIeIUTe el
PUMEHSIIOTCS /I UCCIEI0BAHUS KJIaCCOB INO(MaHTOBBIX HEPABEHCTB.

Teopema 1. Ina p > 2,58 kpurndecknii onpegermrens A (D,) =A (1,p) = 47w i:”, e 7,
P
BBIUHC/IAeTCs n3 ypasHenus 1+ 7,P = 2(1 —7,)", 0 < 7,<1.
Pacemorpum jimodanToBO HepaBeHCTBO (JinodaHTOBO pUO/IMKEHNUE)
o + Byl” + [y + oy < ¢, abd — By #0, (1)
rie «,0,3,y — BeIeCTBEHHBIE.

Teopema 2. B ycnoBusx teopembl 1 anodaHTOBO HepaBeHCTBO (1) paspenmMo B MeJbIX

qucIax 1npu ¢ > (47% 1”?)_5 |det(ad — 37)]°.

—Tp
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CHEBYSHEV METRICS AND THEIR APPLICATIONS TO INVESTIGATION
OF CRITICAL DETERMINERS AND DIOPHANTE APPROXIMATIONS

Glazunov N. M.
V. M. Glushkov Institute of Cybernetics of National Academy of Sciences of Ukraine, Kiev
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The fundamental research of P.L. Chebyshev distributions of primes, Diophantine approxi-
mations, minimization problems [1] belong to the golden fund of world science. In the proposed
communication, the deformations of the two-dimensional Chebyshev metric are constructed.
The Chebyshev metric is defined in [2, p. 276] on the real plane R?. This metric is the limiting
case of the metric X

{l=I" + "} p > 1,
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for real p tending to infinity, and continues to n — dimensional (n > 2, n is natural) vectors.
For n = 2, the moduli space of the admissible lattices of deformed open Chebyshev balls is a
real manifold whose left boundary (for sufficiently large p > 1) gives the values of the critical
determinants of such Chebyshev balls. The values of these critical determinants are used to
study the classes of Diophantine inequalities.

Theorem 1. For p > 2,58, the critical determinant A (D,)=A (1,p) = 47w ijﬁ, where 7,
is calculated from the equation 1+ 7,7 = 2(1 — 7,)", 0 < 1,<1.
Consider the Diophantine inequality (Diophantine approximation).

ax + By[” + [y + dyl” < ¢, ad — By #0, (1)
where «,0,5,7 are real.
Theorem 2. Under the conditions of Theorem 1, Diophantine inequality (1) is solvable in

integers for ¢ > (4_% 1+Tp)_§|det(oé5 — B)|%.

1-7p
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KBA3UKJ/JIACCUYECKUMN ITOJAXO0/ IIOCTPOEHUA PABHOMEPHBIX
ACUMIITOTUK OPTOI'OHAJIBHBIX ITOJIMHOMOB

HobpoxoroB C. FO.

Hruemumym npobaem mexanuru PAH um. A. FO. Hwaunckozo

Jokan ocHoBaH Ha coBMmecTHOi pabore ¢ A.B.IIBeTKOBOI, BBIIOJHEHHOH IO TEMe TOCy-
napcrBennoro 3agannsa Ne AAAA-A20-120011690131-7

MHorue opToroHasbHbIE MHOIOWIEHB! U(1,7), (n-HOMEp MHOTOWJIEHA, Z- €r0 ApIyMeHT), Ha-
mpuMep, MHOrowIeHbl deObieBa, Dpmurta, Jlareppa, Jlexxanapa wu ap. ompeaesroTcs pe-
KYPPEHTHBIME COOTHOIIEHUSIMEU (MJIM KOHEYHO-PA3HOCTHBIMU YDABHEHUSIMU) BTOPOTO TIOPS/I-
ka. [Ipu Goabmimx HOMEpax N OHU ANIPOKCUMUPYIOTCH SKCIIOHEHTOH, TPUTOHOMETPUIECKUMU
WIN CHeNuaJIbHbIMI (DYHKIMAME CJIOZKHOIO apryMenTa. Hampumep, MOJMHOMBI DPMUTA All-
npokcumupyiorca dopmystamu ILnanmepena-Poraxa, B KOTOpBIX crernuaibiasg GpyHKIUI- 3TO
dyukms Ditpu Ai, mosmaOMBI Jlexkanapa anmpokcuMupyoTes GyHKImeir beccenrst  HysteBoro
nopsijika u T.71. B JT0K71a/1e 00Cy2K/1aeTcs MOIX0/T HAXO0K/IeHN ACUMIITOTHK TAKOTO TUIA PABHO-
MepHBIX (U eMHOOOPA3HBIX ) 110 IEPEMEHHOI 7z, OCHOBAHHBIN HA IIEPEXOJIE OT JIUCKPETHBIX YPaB-
HEHUIl K HEIPEPLIBHBIM TICeBI0 M DepeHIaIbHBIM YPABHEHUM 10 IIepeMenHoit x=nh, s
dbyurmmit w(x,z), (u(k,z)=w(kh,z), h ~O(1/n) - ucKyccTBeHHBIN MaJIbIil TTADAMETD) U IIOCTIE-
JIYIOIEMY TPUMEHEHWIO K HUM KBa3UK/IACCHIECKOTO MPUOJIMKEHNsT ¢ KOMILJIEKCHBIMU (ha3aMm.
PaszBuBaemsbrit moxo/1 00001IaeTC Ha OPTOrOHATbHBIE TIOJIMHOMBI C HECKOJIBKUMU MHJIEKCAMU,
ero MpUMEHEeHre K TaKuM 3aj1adaM Oyaer obcyxkaarhesa B gokaaae A.B.I[BerkoBoit, oTpazxkaro-
M Pe3YJIbTaThl, HEJIABHO rojryueHHbie coBMecTHO ¢ A. M. Anrrekapesbim u JI.H. TynsikoBbIM.
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ASYMPTPTICS OF ORTHOGONAL POLYNOMIALS
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Russian Federation
s.dobrokhotov@gmail.com
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Many orthogonal polynomials u (n, z), (n is the number of the polynomial, z is its argu-
ment), for example, the Chebyshev, Hermite, Laguerre, Legendre, are determined by recurrent
relations (or difference equations) of the second order. For large numbers of n, they are ap-
proximated by the exponent, trigonometric, or special functions of a complex argument. For
example, Hermite polynomials are approximated by the Plancherel-Rotach formulas, in which
the special function is the Airy function Ai, Legendre polynomials are approximated by the
zero-order Bessel function, and so on. We discuss an approach to finding asymptotics of this
type that are uniform in the variable z, based on the transition from discrete equations to con-
tinuous pseudodifferential equations in the variable x=nh, for functions w (x,z), (u (k,z)=w(kh,
z), where h ~O (1/n) is an artificial small parameter) and the subsequent application of the
semiclassical approximation with complex phases to them. The developed approach is gen-
eralized to orthogonal polynomials with several indices, and its application to such problems
will be discussed in the talk of A.V. Tsvetkova, which contains the results recently obtained
together with A. I. Aptekarev and D. N. Tulyakov.

The talk is based on a joint work with A. V. Tsvetkova.

BMJIJIMAPABI C IIOJIV2ZKECTKUMUN CTEHKAMU 1 YHUO®OPMU3AILINA
B 3AJIAYE O HABETE JAJIMHHBIX BOJIH HA IIOJIOTUI1 BEPET

JTobpoxoros C. }0."?, Hazaiikunckuii B. E.1'¢
U Hnemumym npobaem mexaruxu um. A. FO. Hwnunckozo Poccutickoti axademuu rayrx,
2. Mockea, Poccudickas Pedeparus
@ s.dobrokhotov@gmail.com, ° nazaikinskii@yandez.ru

Karmuesvie caosa: BOJTHOBOE ypaBHEHNE C BHIPOXKIAIONIEHCSA CKOPOCTHIO, KBA3MKJIACCUIECKasT
ACUMIITOTHKA, ACUMITOTUYIECKIE COOCTBEHHDIE (DYHKINN, KAHOHUIECKUI OlIePaTOp, OM/LINAD/IbI,
yHU(DOPMUBAIHSA, CUMILIEKTHYECKAsT PEJTyKITHS.

JloKJ1a,1 TIO/IFOTOBJICH 110 MaTePUAJIAM UCC/IEIOBAHUN, BBIIIOJTHEHHBIX 38 CUET CPEJICTB I'PAHTA

PH® (mpoekt Ne16-11-10282).

PaccmarpuBaerca criekrpanbias 3agada —(V,D(x)Vi)) = \i) B orpaHrdeHHON 1By MEPHOIA
obmactu €2, rie D(x) — mosoxKuTeabHAs BHYTPH O0JACTH IyajKas (DYHKIUsA, Takas, 9T0 Ha
rpaHuiie o0JIaCTH OHa paBHA HYJIIO, a €€ IPAJNEHT OTJIMYECH OT Hysd. DTa 3a/ada BO3HUKAET
DU UCCJICIOBAHUH JIJIMHHBIX BOJIH, 3aXBAYEHHDBIX O€PEraMu U JIOHHBIMUA HEOJHOPOIHOCTSMU.

Acumnrorndeckue cobCTBeHHbIE (QYHKIMM STON 3a/a91 CBI3aHbI C aHAJOTaMu TOPOB JIu-
YBUJLJIST MHTETPUPYEMBIX Ne0JIE3MIECKUX MMOTOKOB C BBIpOXKatoreiicss Ha 0S) METPUKOIi, orpe-
JeJIseMoit TaMHJIETOHOBOH cuctemoii ¢ ramubronuanom D(xz)p?. HeoGbranocTs curyanuu, Ha-
IpUMeEp, 10 CPABHEHWIO C CHUTyallneil MHTerpupyeMbIX JIBYMEPHBIX OUJIbSIPIOB COCTOUT B TOM,
YTO UMILYJILCHBIE KOMIIOHEHTHI TPACKTOPHUIl HA TAKUX «TOPax» OOPAIaioTcss B OECKOHETHOCTD
Ha rpanuie obractu, riae D(z) = 0, XOTs UX NPOEKIUK Ha IJI0CKOCTh R? 06pasyioT KOMIAaKTHbIE
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MHOYKECTBa, Kak Ipasuio, nuddeomopdnbie Koablam Ha R?. Mbl HasblBaeM TaKhe CHCTEMBI
OUITbSIPIIAMU C TOJTY?KECTKUME CTeHKamu [1].

[Ipencrasmenne obmactu €2 Kak pakTopa 3aMKHYTOro TpexMepHoro C°-muoroobpasus M
110 KBa3uCBOOOAHOMY JeiicTBuio rpynnbl S' yuudopMusyer 3anaqy [2|: “cunrynspibie Topbr’
HOTHUMAIOTCS J10 0OBIIHBIX TOpoB JInyBunsa A C T* M, nexkalux Ha HyJI€BOM ypOBHE 0TOOpa-
JKeHMsI MOMEHTa, (9Ta KOHCTPYKIIHsI ABJISIETC YACTHBIM CJIy4YaeM CHMILIEKTUIECKON PeyKIuu
Mapcaena—Baitacreitna [3]), u acumnrorndeckne cobCTBeHHBIE (DYHKINN 33/IAI0TC KAHOHUT e~
ckuM omnepaTopoM Maciosa Ha A, mpuMenénanM K S -nnBapuanTHOH DyHKINIHT Ha A.

B pesysbraTe B MCXO/IHOM 3a/1a9€ BOSHUKAIOT HECTAHIAPTHBIE KAyCTUKN, 0OPa30BAHHbIC IDa-
Hureir objactu ) mwin €€ JacTbio, B OKPECTHOCTH KOTOPBIX aCHUMIITOTHYECKHE COOCTBEHHBIE
dyHKIMEI BeIparKaroTces depes pyHKIMO Beccestst ciokuoro aprymenta. CrasgapTHbIE KayCTH-
K1 (BHYTpH 06JIaCTH) TaKzKe MOI'YT MOSIBJSATHCA, UTO JAET B aCUMITOTHKe (byHKIWN Diipu [4].
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