ITpaButenbcTBO KaJsry»kckoii obsiactu
Poccuiickas akagemuss HayK
OI'Y OHII «Hay4uHo-ucciemoBaTeabCKUii MHCTUTYT CHUCTEMHBIX
uccaenoBanuiit PAH»

OO6HUHCKMIT MHCTUTYT aToMHOI 3Hepretnkn — dpuanaa PI'AOY BO
HUAY MNoOUN

MexaynapojHasa MaTeMaTudeckas KoH(pepeHIIus
«CoBpeMeHHbIEe MaTeMaTudecKne MoJIeJin B
SHEpPreTukKe», MOCBAIIEHHas maMsaTu Irpodeccopa,
a.dp.-m.H. B. A. Tynmunena

COOpHUK TE3MCOB HayUYHOI KOH(EPEHIIH

International Mathematical Conference “Modern
Mathematical Models in Power Engineering”
Dedicated to the Memory of Professor, Doctor of

Physical and Mathematical Sciences
V. A. Tupchiev

Conference Proceedings. Short Papers

Mocksa — 2024



VIK 51(063)-+53(063)-+622.3(063)-004(063)-658:622.3(063)
BBK 22+32.97+65.304
M 431

[Teuaraercs 1o perreHuIo
OprkomMuTeTa KOH(pEpEHIINN

PenakiimonHass KoJijierus:
akajiemuk B. B. berenun;
B. A. TankuH, 1.¢d.-M.H., npodeccop (0TB. pegakTop);
1. A. MopryH, K.(b.-M.H., JTOIEHT.

MexayHapoaHnass mareMaTtndeckasi koudepeHnusa «CoBpeMeHHbIe MaTe-
MaTUYEeCKNe MOJIeJIM B dHEpreTukes, IMOCBAINEHHAA mamMsaTu Ipodeccopa,
M 431 aA.d.-m.u. B. A. TynumeBa (O6HuHCK, 25-26 okTsibpsi 2024 1.): COOPHUK TE3UCOB
HayuHoii koHdepeniuu / [Tox pen. akayn. B. B. Bereqmuna. — M.: HUAY MUOU,

2024. — 92 ¢. — ISBN 978-5-7262-3115-0. — DOI: 10.51790/tupchievconf-2024

Kondepenrmus mposejiena mpu (puHAHCOBOI MOIEPIKKE:

00O «KpeaTtuBHblit HHCTUTYT M€l M HOBBIX ITpodeccuiiy,
rerepaJibHbIl nupekTop Kaparaesa [asmna EprenbeBna

000 «MAT3K», zamecturesns gupekropa ['nukua Biagvmup [lasmosuda
«Mogenupytorue cucreMbly, aupekTop Jlesuernko Basepwuit AnekceeBua

(© Asropsr, 2024

ISBN 978-5-7262-3115-0 © Komnbiorepnas séperka — 1. A. Mopryn, 2024
© HUAY MU, 2024



IIpodeccop, mokTop dhus.-mar. Hayk Buib Acagynaesuua Tymumes (1934-2013)

V. A. Tupchiev (26.10.1934-16.9.2013),
Dr., Prof., belonged to Academician’s A. N. Tikhonov scientific school



Mexrynapojaast MaTeMaTudeckas: Koudepenrus «CoBpeMeHHbIe MATEMATHIECKUE MOJIETH

4 B SHEPreTUKe, MMOCBSIIEHHAsI TaMsTu Ipodeccopa, i1.¢.-m.H. B. A. Tynuuesa

ITporpamMmubiii KOMUTET KOH(pEpPEHIUN:

[Ipencenarens — IleBuenko Baagumup Mropesuu — pexkrop Hanmonasibnoro Mcciemnosa-
Tesbekoro Ajyiepuoro Yuusepcurera « MUDPH», n.d.-m.1., mpodeccop;

Compegcenarens — [agkun Bamepnit AnmekceeBna — nupektop Cypryrckoro dgpummania de-
JIepaIbHOTO TOCYJIAapCTBEHHOrO yupeskaeHus «PemepaibHblii HaydHblil 1eHTp Hay4ano-mccite-

,ZLOB&TQJII)CKI/Iﬁ UHCTUTYT CHUCTEMHDBIX I/ICCJIG,ZLOB&HI/IIU/I Poccniickoii aKaJIEeMHN HayK», ,ZL.(i).—M.H.,

podeccop;
YyeHbl NPpOrpaMMHOTO KOMUTETA KOH(pEPEHINNI:

Abakymor Esrennit Muxaitiosua — jaupekTop o ungopmanmonnoit crpykrype 'K «Poca-
TOM», J.T.H.;

Beremun Biragumup Boprucosuda — mayunsriit pykopoaurens OI'Y OHIT HUNCU PAH, aka-
nemuk PAH, n.d.-m.u.;

I'mvpanos Punar Jlamuposua — nHadaiabHuk yiupasienusi [T ITAO «Cypryraedrerass,
K.9.H.;

Kynpsamor Hukomait AytekceeBud — 3aBeyronuit Kadeapoit MpuKIa Hoit MaTreMannkn Ha-
nmoHasibHoro McecnemoBarenbckoro Anepuoro Yuusepcurera « MUDPU», j1.db.-Mm.H., ipoceccop;

JlaBpenthe Muxann MuxaitioBua — jiekaH daky/ibreta UHMOPMAIMOHHBIX TEXHOJIO-
ruit «HoBocrnOnpckoro HaIMOHAIBHOIO UCC/IE0BATETbCKOTO TOCYIaPCTBEHHOT'O YHUBEPCUTETAY,
1.¢.-M.H., mpodeccop;

Haropros Outer BukropoBuu — mepsbiii mpopektop Harmonanbuoro McecsemoBareibckoro
Anepuoro Yausepcurera « MUDU», 1.¢d.-m.1H., mpodeccop;

[Terpos NUrops Bopucosut — 3aseytomumit kadeapoit « MockoBCKOTO (hu3nKo-TEXHUIECKOTO
MHCTHTYTa (HAIIMOHAJIBLHOTO MCCJIEIOBATEIbCKOIO YHUBEPCHUTETA)», daeH-KoppectionaeHT PAH,
I.d.-M.H.;

Crapxkos Cepreit Osieropud — mpodeccop OOHUHCKOIO HHCTUTYTa aTOMHON SHEPreTHKU —
dumana Hammonasbuoro Uccienosarenbckoro Anepuoro Yuusepcurera « MUDU», navainb-
HUK OTJIEJICHUS] MHTE/ICKTYAJIbHBIX KHOEPHETUIECKUX CUCTEM, JT.(p.-M.H.

[MTaranues Pamur MupsarammeBud — mepsblit 3amecturesib aupekropa UTOM POLALI-
BHUNS®, nagaabHUK MaTeMaTHIeCKOIo OTIe/eHus, dieH-koppectonaenT PAH, a.d.-m.u.;

[MleBuenko Anarosmii UBanoBuu — Bure-aamupadt.
Opranu3arnmoHHbIii KOMUTET KOH(pEepEeHIuun:

[Ipencenarens Ocunosa Tarbsina AmjpeeBHa — 3amMecTuTe/ b aupekTopa OOHUHCKOTO WH-
CTUTYyTa aTOMHOI 3HepreTnku — dmwmana Hammonanbaoro MccnenoBarenbekoro £ jiepaoro

Yuusepcurera « MU »;
3amecTuTean Ipe/ceIaTeIs:

CrapxkoB Cepreit Oseropud — mpodeccop OOHUHCKONO HHCTUTYTA aTOMHON SHEPreTHKU —
dummana Harmumonanbuoro ccnenosarenbekoro fAneprnoro Yuusepcurera « MUDPU», nagaib-

HUK OTAC/JIEHNA MHTE/JIEKTYaJIbHbBIX KI/I6epH€TI/I‘{eCKI/IX CUCTEM, ,H(i)—MH,



Mezx aynaponnas MaTeMaTndecKas KoHdepennus «CoBpeMeHHbIE MATEMATHIECKHIE MOIEJIN
B DHEPreTUKE», TOCBSINEHHAS TaMATH Tpodeccopa, ji.¢.-M.H. B. A. Tynuunesa 5

Yypkun Esrennit l'ennanpeBut — 3amecture/ib gupekTopa OOHUHCKOTO WHCTUTYTA ATOM-
HO#l sHepretuku - dumana Hanmonaasnoro Mccienosaresbeckoro fiaepHoro YHuBepcuTeTa

«MUNON»;
YeHbr:

lappuienko Tapac Biragumuposud — 3amecturess gupekTopa Cypryrckoro dpummana ge-
JIepaJIbHOTO TOCYIapCTBEHHOIO yupexkaeHus «PenepaabHblil HaydHbIH 1IeHTp Hay4aHno-ucciemno-
BaTEJILCKNII MHCTUTYT CUCTEMHBIX MCcjeoBannii Poccuiickoit akajgeMun HayK», K.T.H., JIOIEHT;

Epwmakos Cepreit Biaajguvuposud — jgorenT OOHUHCKOTO HHCTUTYTA ATOMHON SHEPIreTUKNA —
dunnasia Hanmumonassraoro Mcecenosarensekoro fpeproro Yuusepcurera « MUDPU», k.d.-Mm.H.;

MupszeabacoB Outer AxmenbexkoBud — joreHT OOHHHCKOTO MHCTUTYTa ATOMHON 3Hepre-
Tk — dummana Harmumonaasnoro MccenenoBarenbeckoro dAnepruoro Yuusepcurera « MUDNU s,
K.T.H.;

Mopryu JIMmurpuit AekceeBud — 3aBe Iy IO OTIEIOM alllIapaTHO-IPOTPAMMHBIX KOILTEK-
coB Cypryrckoro dpunnaga dgejiepaabHOro rocyrapcrBeHnoro yapexiaenus «DepepalibHblil Ha-
yunblii 1eHTp Haydno-ncciieioBaTe/ibCKuii MHCTUTYT CUCTEMHBIX HccaeaoBaHuii Poccuiickoit
aKaJIeMUH HAYK», K.().-M.H., JIOIEHT;

Henowmusiiux Teopruit AnekcanpoBud — crapumit npenogasaresb otaesnerns APuT (O)
OOHIHCKOTO WHCTUTYTa ATOMHOI SHepreTukn — ¢umaja Hammonanbpaoro McecemoBareabeko-
ro fnepuoro Yuusepcurera « MUDI»;

Camoxun murpuit CepreeBud — morentT OOHUHCKOIO MHCTUTYTA aTOMHON SHEPIreTHKU —
dumania Hanmonamsnoro ccenenosarensekoro Anepaoro Yuusepcurera « MUDU», K.T.H., Ha-
qanpHnK ot/enaenus APuT (O);

VYeapoBa Anacracusi AjiekceeBna — crapiuuii npenojgasaresb Kadegapsr OuCO UOTIIT (O)
OOHUHCKOTO UHCTUTYTa aTOMHOI sHepreTuku — dpunnaiaa Harmonanproro VcciegoBareabeko-

ro fAnepuoro Yuusepcurera « MUDI».



Mezx aynaponnas MaTeMaTndecKas KoHdepennus «CoBpeMeHHbIE MATEMATHIECKHIE MOIEJIN
6 B DHEPreTUKE», TOCBSINEHHAS aMATH npodeccopa, ji.¢.-M.H. B. A. Tynuunesa

COAEP2KAHUE | CONTENTS

[Ipodeccop Bunb Acagynaesua Tymaumes . . . . . . . . . . . . ...

Ilnenapubie JOKJIaIbI

l'ankun B. A.

K 90-neruto mpodeccopa B. A. Tymumnesa: sHepreTnka m cOBpeMeHHbBIE 3aJIa9l MaTeMar-

TUIECKOM PUBUKI . . . o o o o v v v v e e e e e e e e e e e e
Galkin V. A.

To the 90th anniversary of Professor V. A. Tupchiev: Energetics and Modern Problems

of Mathematical Physics . . . . . . . . . . .
Kabanuxun C. U.

MaremaTudeckoe MOJIEJIMPOBAHNE B3ANMOCBA3ZAHHDBIX NIEMUOJIOTTICCKUAX, SKOHOMIIC-

CKHUX M COIMUAJIBHBIX MIPOMECCOB B PETHUOHE . . o« o o v o vt ot e e e e e e
Haropaos O. B., JleonoB A. C., Trodauu C. A.

Mogenuposanue Boir COVID-19 na ocHOBe periennst 0OOpaTHBIX 38089 . . . . . . . . . .
Nagornov O. V., Leonov A. S., Tyuflin S. A.

Modelling COVID-19 Waves Based on the Inverse Problem Solutions . . . . . . ... ..

MaremaTuieckoe MOJAEJIMPOBAHNE CJIOXKHBIX CUCTEM

Hecrepos A. B.

Acumrroruka perienns oiHo# 3atadn Kormm jijist CuCTeMbl 2KEeCTKO CBSI3aHHBIX TUIIEPOO-

JIMYECKUX YPaABHEHUM . . . . . . . . . . . . o e
Xoxsyos H. U.

[Ipumenenue ceToUHO-XapAKTEPUCTUIECKOTO METOJIA IS MOJIEIMPOBAHUS PA3HOMACIITAO-

HBIX JINHAMUYIECKHUX IIPOIECCOB C UCIIOJIb30BAHIEM UEPAPXUIECKUX U HAJIOKEHHBIX CETOK .
Khokhlov N. I.

Application of the Grid-Characteristic Method to the Modelling of Multi-Scale Dynamic

Processes Using Hierarchical and Overset Meshes . . . . . . .. . .. .. ... ... ...
Yenosckuii A. A., Henosckuit A. M.

HesBubie coobiectBa B ceTdaX n MHMOPMAIIMOHHOE BOJIEHCTBUE . . . . . . . . . . . . . .
l'aBpuaenko T. B.

NuTynTnBHBIE JJOTUYECKHE CUCTEMBI U OOJIBINNAE ST3BIKOBBIE MOJENN . . . . . . . . . . . . .
Axkoban T. C.

CpaBHeHUE COBPEMEHHBIX TEXHOJIOIUI 0 PACIIO3HABAHUIO 00Pa30B . . . . . . . . . . . . .
Akobyan T. S.

Comparison of Modern Image Recognition Technologies . . . . . . . . .. ... ... ...
Kawmbraun B. JI.

ObpaTHbIe 3a/1a91 ONIpeJIeIeHIsT MIaIIero ko3 duimenTa B MHOTOMEPHOM TapaboTmde-

CKOM YPABHEHUU . . . .« . o v o o e ettt e e e e e e e e e

22



Mexrynapojaast MaTeMaTudeckas: Koudepenrus «CoBpeMeHHbIe MATEeMATHIECKNE MOJIETH

B DHEPreTUKE», TOCBSINEHHAS TaMATH Tpodeccopa, ji.¢.-M.H. B. A. Tynuunesa 7

TranoB FO. H., Komees B. II.

KommnbroTeproe MojieupoBaHue IMOJTHOW SHEPTUU JIBYXaTOMHOW MOJIEKYJIbI KPEeMHUS B

[IEPBOM TIOPSIIKE TEOPUM BOBMYIIEHUM . . . . . . o o o v ot o e et e e e 28
CekoBanoB B. C., IITanonrtaukosa U. B.

Inagkue muoxkectBa 2Kromma ofHOrO ceMeiicTBa panoHaIbHbIX MYHKIUANR . . . . . . . . 29
Sekovanov V. S., Shaposhnikova I. V.

Smooth Julia Sets of a Family of Rational Functions . . . . . . . ... ... ... .... 31
Mbpimies A. B.

QpakTaJbHble METOJbI 00PAOOTKM M aHaJm3a OOJIBININX IMOTOKOB SKCIEPUMEHTAIbHBIX

JTAHHDBIX . . v v v v v v e e e e e e e e e e e e e e e e e e 32
MpeimieB A. B.

Meto 1 mocTpoeHust pereHuii «pa3MbITBIX» 33/1a9 Ha BUPTYAJbHBIX PElreTkax . . . . . . . 33
Bamarud H. B., Cmupuos I'. B., Makoskuu B. U.

Moyiesib J1a3epHOTO ypOBHEMEDA JIJIST PE3EPBYAPOB . .+« v v v v v e e e e 34
Koxemsauyenko A. A., ®aBopckasa A. B.

[Ipumenenne ceToOUHO-XapaKTEPUCTUIECKOTO METOIa JIJIsi pacdeTa HArpy3KU OT ITPOXOIs-

IIETO YKEJIEZHOMOPOKHOTO COCTABA . .« « « « « « o v o e e e e e e e e e e e e 35
Kozhemyachenko A. A., Favorskaya A. V.

Application of the Grid-Characteristic Method for Calculating the Load From the Passing

Train . . . . . e 36
Mopryu 1. A.

[Ipumenenue nporpammuoro obecriedenus: Blender st mojeupoBanust ontudaeckux -

PEKTOB M WJLTIOBHI . . . . . . o o v o i i e e it e e e e e 37
Morgun D. A.

Using Blender Software to Model Optical Effects and Illusions . . . . . . . .. .. .. .. 38
Hees I'. E., Epmakos C. B.

NckycerBeHHbIl MHTEIIEKT U [IEPCHIEKTUBBI €10 peasn3anun Ha B-kommbiorepax . . . . . 39
Deev G. E., Ermakov S. V.

Artificial Intelligence and Perspectives for its Realization on B-computers . . . . . . . . . 40
KpeuyernukoB B. B., Turos U. E., Ciupugonos C. ., Kapnenko E. I.,

Coaomarun B. M.

Ornenka U MPOrHO3UPOBAHUE PAJIUAIIMOHHOTO BO3/IEHCTBYS HA Ue/0BEKa B pailoHe pacio-

snoxenuss OJI9K u npejcrasienue pe3yibraToB ¢ IpUMeHEeHnEM u(POBOTO JIBOWHUKA . . 42
Ilocnesio /1.

YucroTa JaHHBIX B aHAJUTUKE U MAITUHHOM OOyYEHUU: COBPEMEHHbIE MOJIXOJIbl U TEXHO-

JIOTUU OUMCTKU JTAHHBIX . o .« v v v v v o e e e e e e e e e e e e e e e e e 42
Pospelov D.

Data Cleanliness in Analytics and Machine Learning: Modern Approaches and Data

Cleansing Technologies . . . . . . . . . . . . . 43
Benoycos II. A., JIlunenko B. 1., Mapyxuna O. B., Akcenon C. B., II1lnamak

H. B., MouceeBa A. K., MoagyanoBa M. B., 3amkoB /1. B., JIuxomanoB A. A.

Paspaborka MaTeMaTHIecKuX MOJIEIE JJIsT ONPEIe/ICHIST XapPaKTEPUCTHUK JIECOB C HCIIOJIb-

30BAHUEM JIAHHBIX JTUCTAHIIMOHHOTO 30HIUPOBAHUS 3EMJIIH . . . . . « . o o o« o o o o . . . 44
Belousov P. A., Didenko V. I., Marukhina O. V., Aksenov S. V., Shlapak

N. V., Moiseeva A. K., Molchanova M. V., Zamkov D. V., Likhomanov A. A.

Development of Mathematical Models for Determining Forest Characteristics Using Re-

mote Earth Sensing Data . . . . . . . . . .. .. 45



Mezx aynaponnas MaTeMaTndecKas KoHdepennus «CoBpeMeHHbIE MATEMATHIECKHIE MOIEJIN
8 B DHEPreTUKE», TOCBSINEHHAS aMATH npodeccopa, ji.¢.-M.H. B. A. Tynuunesa

Huddepennuanbubie ypaBHeHus (BOJHOBBIE MTPOIEC-
Cbl, HeJIMHeliHAsT TUHAMUKA, TUHAMUYECKHEe CUCTEMBI )

T'ony6es B. N.

[IporaosupoBanme CKaJsIPHBIX ApPaMETPOB TPEIMHOBATHIX I'e€OJJOTTIEeCKINX BKIIIOUEHMI ¢

IIOMOTIIO CBEPTOYHBIX HEMPOHHBIX CETEM . . . . . . . . . . . . . . . o o oo 47
Golubev V. L.

Scalar Parameters Prediction of Fractured Geological Inclusion with the Convolutional

Neural Networks . . . . . . . . . . . . e 48
dasopckas A. B., I'ony6e B. U.

Pacuer ceitcMOCTORKOCTH MHOTO9TaXKHBIX 3JIaHUI Ha CBAAX, SKCIUIYATHPYIOMINXCS B YCJIO-

BUAX KPAMHETO CEBEPA . . . . « v v o e o e e e e e e e e e e 49
Favorskaya A. V., Golubev V. 1.

Calculation of Seismic Resistance of Multi-Storey Buildings on Piles Operating in the

Conditions of the Far North . . . . . . . . . . . . ... ... ... ... .. ... 50
Tlankuu B. A., Iy6oBuk A. O.

Tounble pemenus ypasuenuniit Hapbe—CToKCca B IUIMHIPE . . . . . . . . . . . . o o o . 51
Galkin V. A., Dubovik A. O.

Exact solutions of the Navier-Stokes equations in the cylinder . . . . . . . . .. ... .. 52

Byxenckuii K. B., {iooya A. B., KonroxoB A. H., Kyuepgassiii C. ., Ca-

domkun A. C.

Pacmpocrpanenne moBepXHOCTHOTO TOJISIPUTOHA B CTPYKTYpax ¢ rpadeHoBbIM cjioeM . . . H3
Bukhensky K. V., Dubois A. B., Konukhov A. N., Kucheryavyy S. 1., Safos-

hkin A. S.

Surface Polariton Propagation in Structures With a Graphene Layer . . . . .. .. . .. 54
Paccagun A. A., PaxoBcknuii A. B.

MosiesimpoBanme TypOyJI€HTHOIO Te€UeHUs Ha IpuMepe 3ajadu 00 oO0TeKaHuu poduis

KDPBIIQ . . . v v v v e e e e e e e e e e e e e e e e e e 95
Rassadin A. A., Ryakhovskiy A. V.
Turbulence Modeling Using the Example Problem of Flow Around an Airfoil . . . . . . . 56

I'y6aiigynauna A. A., IlarkoBa A. B.

AkycTuueckoe TeUeHHE U TEIJIONEPEHOC B MPAMOYTOJLHOM BHOPHUPYIONEM KaHaJje Mpu

HAJIMIUH [I€perajia TEMIIEPATYDP TOPU30HTATBHBIX CTEHOK . . . . . « . . . o o o o o o o . 57
Gubaidullin A. A., Pyatkova A. V.

Acoustic Streaming and Heat Transfer in a Rectangular Vibrating Channel With a Tem-

perature Difference Between Horizontal Walls . . . . . . . . ... . ... ... ... ... 58
Beruun U. B., 'opeaukoB A. B.

Yucaennoe ucciegopanue 3hderTa yeuieHns Ha9aJIbHOTO MAarHUTHOTO I0JIs B MOJIEIN

TEOMMHAMO .+ v« v v v v e e e e e e e e e e e e e e e e e e e e e e e e e 59
Bychin I. V., Gorelikov A. V.

Numerical Study of the Effect of Amplification of the Initial Magnetic Field in the Geo-

dynamo Model . . . . . . .. 60
I'mazos C. HO., Iloaropnasa N. A.

Db dexr Cacaku-ITubyiis B 1BymMepHOil rpadeHOBOI CBEPXPEIIETKE . . . . . . . . . . . . 61
Glazov S. Yu., Podgornaya I. A.

The Sasaki-Shibuya Effect in a Two-Dimensional Graphene Superlattice . . . . . .. .. 62
EpmakoB C. B., JIamaeB A. HO.

Knaccuaeckas npobsiema Tomcona u ee obobIeHne . . . . . . . . . . . . ... ... 63

Yermakov S. V., Lyapaev A. Y.
The Classical Thomson Problem and its Generalization . . . . . . . . . . . . .. .. ... 64



Mezx aynaponnas MaTeMaTndecKas KoHdepennus «CoBpeMeHHbIE MATEMATHIECKHIE MOIEJIN
B DHEPreTUKE», TOCBSINEHHAS TaMATH Tpodeccopa, ji.¢.-M.H. B. A. Tynuunesa 9

Hukynun E. U., Opaos A. O., Jleamosa H. T., Bosikos B. T.

Pemenuga Buga dpponta B MaTeMaTHIeCKOM MOJICTUPOBAHUN ABJICHUI IIEPEHOCA . . . . . . 65
JleBamoBa H. T., JIeBamos II. A., Cumoposa A. 3., Epodeen /1. H.

[Ipobirema JecTpyKIMU TOPOJBI B XPAHMINIIAX YIVIEKUCJIOTO Ta3a: MHUKPOCKOIMUYIECKAasT

MOJIETID  « « v v v v e e e e e e e e e e e e e e e e e e e e e e 66
Hanauk FO. 9., ImurpueB M. I'., Makapos 1. A.

[Ipubnurkennoe pereHne BO3MYIIEHHBIX 33729 ONTUMAJIBHOIO YIIPABJICHAST . . . . . . . . 66
Danik Yu. E., Dmitriev M. G., Makarov D. A.

Approximate Solution of Perturbed Optimal Control Problems . . . . . . . . . . ... .. 68

MaremaTuieckoe MoAeJNpPOBaHNEe B 3aJadaX aTOMHOI
SHEPreTuKu’

T'yngaes . FO.

Mogens yaera TepMUYIECKON HEOIHOPOTHOCTH TOJCTUAJIAIONIEH MOBEPXHOCTH B pacdérax

aTMOC(EPHOro IepeHoca U pacCesiHisl PAINOAaKTHBHBIX BBIOPOCOB . . . . . . . . . . . . . 69
Gulyaev D. Y.

The Model of Accounting for Thermal Surface Heterogeneity for Calculations of Atmo-

spheric Transport and Dispersion of Radioactive Emissions . . . . . . .. ... ... ... 70
Hukntuyenko M. A., BopobseB FO. B., ABanoB A. B.

HeiipocereBasi Mojiesib J1/ist IPOrHO3UPOBaHUA pocTa jiedeKTa B KOpIyce peakrtopa . . . . 71
Nikitchenko I. A., Vorobyov Yu. B., Avanov A. V.

Neural Network Model for Predicting Defect Growth in a Reactor Vessel . . . . . . . .. 72

Hynkuu K. O., Mapkos II. B.

CpaBHeHIE Pe3yJIbTATOB MOJIE/INPOBAHNS PA3/IaTOTHO-KOJIJIEKTOPHON CUCTEMBI C JIMCKPET-

HBIM TIOJBOJIOM TeIIoHocuTe ST B pacdeTHbIX KoMiutekcax Ansys FLUENT n OpenFOAM 73
Dudkin K. O., Markov P. V.

Comparing Ansys FLUENT and OpenFOAM Simulations of Discrete Distributing Header

Systems . . . ... 74
YBakun M. A., HukomaeB A. JI., AarunoB M. B., lapeun H. A., Psa6os I

A.

[IpumeHenre METOI0B NCKYCCTBEHHOI'O MHTEJLIEKTA B 3a/1a9aX IIPEINKATUBHOTO aHAII3a

nuHaMuku peaktopos BBOP . ... oo 00000 75
Uvakin M. A., Nikolaev A. L., Antipov M. V., Daryin N. A., Ryabov G.

A.

Artificial Intelligence Methods Application in the Tasks of Vver Reactor Dynamics Pred-

icative Analysis . . . . . . . L 76
JIrooumos A. HO., Tuxonosckuii B. JI.

[Ipumenenue nudpoBLIX MOJIe/Ieit 00 BEKTOB UCTIOIHL30BAHUSA ATOMHON SHEPTrUn, POOOTU3H-

POBAHHBIX KOMILIEKCOB cOOpa MHKEHEPHBIX U PaUAIIMOHHBIX JAHHBIX U UG POBOIl MIaT-

dopmer Digital Decommissioning jijisi CHUXKEHUsI 3aTPaT Ha BBIBOJI U3 SKCILTyaTallUl . . . (7
Lyubimov A. Y., Tihonovsky V. L.

The use of Digital Models of Nuclear Energy Facilities, Robotic Systems for Collecting

Engineering and Radiation Data and a Digital Decommissioning Platform to Reduce

Decommissioning Costs . . . . . . . . .. 78
ABneenkoB A. B., Auvakosckuii O. U.

MogenmpoBanue >KUJIKOMETAIIIECKON KOppo3un Ha jedeKTaX MOBEPXHOCTH B CPEJIE

CBUHIIOBOTO TEILIOHOCHUTEIIST . .« . « « « o ot o e e e e et e e e e e e e 79



Mezx aynaponnas MaTeMaTndecKas KoHdepennus «CoBpeMeHHbIE MATEMATHIECKHIE MOIEJIN
10 B DHEPreTUKE», TOCBSINEHHAS aMATH npodeccopa, ji.¢.-M.H. B. A. Tynuunesa

Avdeenkov A. V., Achakovskiy O. I.

Modeling of Liquid Metal Corrosion on Surface Defects in a Lead Coolant Environment .
T'opsieB P. A., IloxxumaeB A. P.

Biusinue BoiOOpa KOppessiiuii Jijisd KodhMUITMEHTOB TEIIOOTAaun Ha PE3y/IbTaThl pacdé-

TOB C IPUMEHEHHEM SJIEKTPOTEIIOBOM QHATOTHHI . . . . . . « o o v o oo e e e oo
Goryaev R. A., Pozhidaev A. R.

Influence of the Choice of Correlations for Heat Transfer Coefficients on the Results of

Calculations Using Electrothermal Analogy . . . . . . . ... .. ... .. ... .....
®donranuna E., 3aBokenckuii B., IlmBens H., ITlennanos C., Cepruenko H.

[Tepconau3upoBaHHbIi TOAXO0 K (POPMUPOBAHUIO MHINBHIYAJIBHBIX CTpaTeruii obyue-

Hus pabovero mepCcoHasia TeIUIOBBIX JIEKTPOCTAHIIMANA . . . . . . . . o o v v v e
T'onec A. U., I11a6aoB B. JI.

Pacuernnre nccemoBannst B 000CHOBAHNE XapaKTEPUCTUK TEPMOSIIEPHBIX YCTAHOBOK HA

ocHOBe MasopajuoakTusHoro D-3He Tormmsa . . . . . . . . ..o
Godes A. 1., Shablov V. L.

Computational Studies in the Foundation of the Characteristics of Thermonuclear Instal-

lations Based on Low-Radioactive D-3He Fuel . . . . . . . ... ... ... .. ......
Hanawmmok FO. C., Sio3ukoBa A. A., TepexoBa A. M.

Pertenne gacTHOrO CiTydast ypaBHEHUSI KUHETHKH U €70 QHAIAS . . . . . . . . . . . . . . .
TepexoBa A. M., TpyxaueB A. A.

Anajmmruyeckoe perenne ypapHeHus Judy3un 1Jisi KOJIbIEBOIO PEakKTopa . . . . . . . .
3eiour Kyanr Xbionr, ABieenkoB A. B.

Bepudukanus CFD-monenn pekombunaropa Bogopoga PBK500 na crenme BM-11

ABTtopckuii ykazaresib | Author index 89

80



Prof. V. A. Tupchiev 11

ITPO®ECCOP BUJIb ACAAYJIAEBNY TYIIYUNEB

Buie Acagynaesua Tymames pomumics 26 okrsaops 1934 1. B rop. Maxadkaje B WHTeLIN-
reHTHON cembe. OKOHYHMB KOy, MOCTYIMI Ha (pusndeckuii dpaxkyiapbrer MI'Y u BeiOpas cebde
HayYHOEe HaIIPABJICHNUEe, CBA3AHHOE ¢ Kadepoil MaTeMaTHKI, BO3IJIABJIsIEMOT TOT/Ia eITE 1/ IEHOM-
koppecnoniearom AH CCCP Annpeem Hukonaesuuem Tuxonosbim. A. H. Tuxonos npusiéx
fonoro Busis AcajtysraeBuda K CBOMM HayYHBIM MHTEpeEcaM 110 METOaM MaJIOTO IapaMerpa, JiJIst
CUHTYJIAPHO BO3MYIIEHHBIX YpaBHEHUI, HaXOIUBINUXCA B 00JIACTH €ro mccegoBanuii. Herro-
CpeICTBEHHOE PYKOBOJICTBO HCCJeaoBaTeIbckoit paboroit B. A. TymumeBa na kadempe ocy-
mecrBiasiia A. B. Bacuibesa, yuennna A. H. Tuxonosa. Ilociie 3ammThbl JuIioMHOE paboOTHI
OHAa YK€ CTaJia €ro pyKOBOJIMUTEIEM B aCIUPAHTYPE.

Obyuasick B actmpanType dpusdaka MI'Y, Buns Acamgynaesunda nogapyxuics ¢ B. JI. Poxe-
crBercknM 1 ero yuennkoM H. H. KysuernoseiM. DTa TBOpUeckas Ipyrkba COXpaHMIaCh Ha BCIO
»ku3Hb. O0/1aCTh HAyIHBIX HHTEPECOB: TEOPUs KBA3UJINHENHBIX THIIEPOOJINIECKIX YPaBHEHNN 1
HpUOIMKEHHBIE METO/bI UX PEIIeHHs, TeOPpUsl KBa3UJINHEHHBIX CHUCTEM, CBA3aHHBIX C I'a30BOM
muaamukoi. B, A. Tymunessim 1 H. H. Kysnenossim j10ka3ana Teopema CyIeCTBOBAHUS JIJIsT
KBAa3WJIMHEHHBIX THIEPOOINIECKUX CUCTEM 0e3 YCJIOBUS BBITYKJIOCTU CUCTeMbl. VX 00010/1HbIi
MHTEPEeC K CUCTEeMe Ia30BOil JUHAMUKN B HEMAJION CTEIIEHU OIPE/IE/IAICS OIPOMHBIM BJIUSHUEM
na aux A. H. Tuxonosa u ero yuenuka B. JI. Poxecrsenckoro. K magany 60-x romoB Bocxo-
JIMT HaydHas JpyxkOa «dpusdakopmay Buina AcamynaeBuda ¢ «MexMaTaHHHOM» CTaHUC/IaBOM
Hukonaesnuem KpykkoBbiM, ydenukoM akajiemuka Ojibru ApcerbeBHbl OJIEHHUK, KOTOpasd,
B CBOIO O4Yepejlb, ABJsiIach yuennieit akagemuka V. I'. TlerpoBckoro. Dta apyxkba 3a/102KuIa
OCHOBY Hay4HOTO CEMHHApa M0 KBA3WJIMHEHHBIM 3aKOHAM COXPaHEHUs, KOTOPbIM OHU PYKOBO-
munn okosio 20 jer copmecto ¢ B. JI. PoxxaecrBenckum sHa BMK MI'Y BitoTs /10 Tparmieckoi
konunnbl C. H. Kpyxkosa 12 urons 1998 r.

B 1964 rogxy Bunb Acajymnaesud npuexan B O6unHcK Ha padory B dhumunan MUOPU o npu-
IJIAIIEHNIO TIePBOro JupekTopa n opranmsaropa ¢dumana B. H. 'mazanosa. B. A. Tymunes
cTaJl YUTaTh Kypc MaTeMaTudecKoil pusukm u guddepennuaabblX YpaBHEHUN 11 Oy Ly X
(PUBUKOB-TCOPETUKOB U SKCIIEPUMEHTATOPOB, ITepeHocs (pu3daKoBCKUE UJIeH TPEIo/IaBaHus Ma-
TeMaTUKN Ha OOHHHCKYIO 0J1aroJlaTHYIO MOYBY.

[Tocste konunnusr gupekropa B. H. I'mazanosa Buib Acajynaesud nepemén 66-m rogy Ha
HAy4IHYIO paboTy B UHCTUTYT 9KCIIEpUMEHTAILHON METEOPOJIOTUHN, PACIIOIOKEeHHBIH B OOHIH-
cke. Tam, B oTjesle aKTUBHBIX BO3jeiicTBuil Ha aTMocdepy u (pU3UKKH 00JIAKOB, OH 3aHJICH
o nipejtoxkernio A. H. Tuxonosa, n3bpaHHOr0 TOrIa aKaJIeMUKOM, ITOJATOTOBKON JTOKTOPCKOM
JIECCEepTAIE, KOTOpas codeTasia METO/bl MAJIOro IapaMeTpa M IMOCTPOeHHE KJIaCCOB KOPPEKT-
HOCTH aBTOMOJIC/IbHBIX PEIIeHHUil JIjIsd CUCTeM THUIla Ta30BOH JUHAMUKK B CIydae 3HaAMEHUTOM
3ajlaun PuMana o «paciajie Ha9aJbHOTO Pa3pbiBay. 37eCh MOJIYUINIOCH MOIITHOE O0bheInHEHIe
TEOPUU CUHTYJISIPHO BO3MYIIEHHBIX CUCTEM IS OOBIKHOBEHHBIX JndepeHInaIbHbIX yPABHE-
Huit u ra3osoit qunamuku. Cama mo cebe 3Ta 3aj1a1a HekKoppekTHas. Ho k aTomy Bpemenn Bu-
seM AcajynaeBudeM ObLT pa3paboTaH KOHCTPYKTUBHBIA cIIocob 0TOOpa BO MHOYKECTBE Pa3phiB-
HBIX PEIIeHN TaK HA3bIBAEMbBIX YCTOWIMBBIX PEIIEHNN, CBA3AHHBIN € IMOACYETOM pa3MepHOCTEH
YCTOWYHUBBIX U HEYCTOMYNUBBIX MHOIOOOpa3uii Ha pa3phiBe.

Pabora criopuitack, k Tomy ke Buab AcasyraeBnd nmosnakommicss B 6-m orgene IOM, ko-
TOpBIi Bo3mIaB/sti ero apyr A.d.-m.H. Anekcannp CepreeBna CTenaHoB, ¢ HOBBIM IS Ce-
Os1 KJIaCCOM 3a/1a4, CBA3AHHBIX C ABJIEHUEM KOAryJIAIUH OOJIATHBIX Kalle/b, — KUHETUICCKUM
ypasHenrem M. CMOJIyXOBCKOIO (SIBJISIFOIIUMCST PA3HOBUJIHOCTBIO KUHETHYECKOTO yPaBHEHUSI
JI. BospiiMana jijist HEyIpyTruxX CTOJIKHOBEHUI dacTuil). B 9ToM oTjesie Torja napuia TBopde-
ckast armocdepa, 3aHIMAJINCH TPUOIMKEHHBIMEI PellieHnsiMu ypaBHeHus: CMOJIYXOBCKOTO, €ro
CTpOTMM O0DOCHOBaHMEM — 3a/1ada, HAIIPSIMYTO CBsi3aHHas ¢ 6-if mpobsremoii ['msbepral Bosspa-
tuBiuck B O6unuckuit puman MUPU wa kadeapy Boiciieit maremaTuku, Buib AcagyiaeBud
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npuBjieK B 1972 . K 3aadaM 000CHOBaHUS TPUOIMKEHHBIX METOJIOB JIJIsI YPABHEHUS KOAT'YJIs-
1 CMOJTyXOBCKOT'O CBOETO IepBoro yuenuka — Basepus [ankuna, koropsrit B 1978 r. 3armurnt
Ha dpuzdaxke MI'Y KanmmaTcKyio auccepranuio «MaremaTudeckas TeOpusi ypaBHEHUs KOATry-
JIATIAT .

[Ipod. A. B. BacuiwseBa B roctsx Ha kKadeape npukiaanoit maremarnkun NATD, O0HuHCK,
2004 r.

Bazkneiimeit geproit yaeOHOI 1 Hay4HOI jesTesbHOCTH Buis AcasyimaeBuda Bcerma Obl-
Jla TIOJIJIEPKKa PAabOThI MCCJIEIOBATETLCKUX CEMUHAPOB Ha Kadeape s IpernojaBareseil u
00s13aTeIbHO — JIJIsl CTYJEHTOB. Yepe3 9Tu ceMuHapbl B T€UCHHE COPOKA JIET MPOILIA COTHHU Ta-
JIAHTJTUBBIX MOJIOJIBIX JIFOJIEll, YHOCUBIIIX B cebe MCKPY HAYTHOTO IIaMeHu, 3ax:keranoro A H.
TuxoHOBBIM.

B 1978 r. mocye 3amuTh! gokTopckoit puccepramyun Ha BMK MI'Y Bunb Acanynaesnd Bos-
rraBus1 Kadeapy npukiagHoin matemaruku O6uumHCcKOro dummaita MUDU. B tedenune asa-
JIIATU JIeT pyKoBojcTBa Kadeapoit mpodeccop B.A. Tymumes chopmupoBas eé HaydHBIH U
obpazoBaTesIbHBII 00JIMK, OPraHUYIHO CBA3aHHBIN C HYK/IAMH aTOMHO# OTpac/u — IJIAaBHOI B
O6umHCKe, 00ecedn/I BICOTAMIIIe CTaH/IapThl MATEMaTUIeCKON KyIbTYPhI IIPeojaBaTesieil u
CTY/ICHTOB.

B wurosre 1999 roga B.A. Tymumes nepegan Kadeapy NpuKIaIHONl MATEMATUKNA CBOEMY 3a-
MECTHUTEJTIO 110 Kadepe u mepBomy yaeHuky — mnpodeccopy B. A. Tajgkuny.

o kouna ceoux gueit Buib AcamynaeBud Bcerjia ocTaBaJics JIOOUMEHIIIIM TperoiaBaTe/ieM
qtst BeimyckHukoB TATSD, pa3BuBasi HOBble HayJIHbIE HAIIPAB/IEHUsI U COXPAHST BBICOYAMIIIMIL
YPOBEHb HAYYHBIX UCC/IEIOBAHUM, CBA3AHHBIX C Fa30BON JTUHAMUKON, (hU3UIECKON KMHETUKOIT,
3aj[a9aMi aTOMHO-9HEPIeTHIECKOI'0 KOMILIEKCA.
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I1nenapnabie JOKJIaAbI

25 okTsabpst 2024 roga B OOGHMHCKOM WMHCTUTYTE aTOMHOI sHepreTuku — dumasne Harmo-
nasbnoro Mcenemosarensckoro fnepnoro Yuusepcurera « MU » navasia cBoio padboTy Mexk-
JIyHapOHAsT MaTeMaTudeckas KoHdepennus «CoBpeMeHHbIe MaTeMATHIECKIE MOJIE/I B SHEP-
reTuKe», MOCBSIIEHHAs maMsTh J1.¢.-M.H., podeccopa, B. A. Tymanesas.

Kondepenruio orkpsit pekrop Hammonanabuoro McenenoBareabekoro feproro YHuBEpP-
curera «MUDU», n.d.-m.1., mpodeccop [llesuenko Baamumup Uropesu.

C NpUBETCTBEHHBIM CJIOBOM K yYaCTHUKAM KOH(MEPEHIH 00paTuiach 3aMecTUTe/1b rybep-
Haropa KaJryxkckoit obsractu Jleonosa Tarbsina HukostaeBHa.

C 40-MuHyTHBIME JTOKJIQ/IAMU Ha [JICHAPHOM 3aCeJaHUN BBICTYIIN/IN:

e [ankun Basepnmit Anekceeud, mupextop Cypryrckoro dmmana OI'Y OHIL HUNCHU
PAH — «K 90-netuto npodeccopa B. A. TymumneBa: sHepreTuka u cOBpeMeHHbBIE 3a/1a91 MaTe-
MAaTUYIECKON (HU3UKM»;

e Beresmmn Brnaguvup Bopucosud, wayansiit pykoogureas OI'Y OHIL HUNMCU PAH, aka-
nemuk PAH — «Bysyiee ctpanbr 3aBTpa — 9T0 €€ MOJIe/ b SKOHOMUKHI U OTPAYKEHNE CETOTHS |

e [Ilaramumep Pamur Mupsarannesud, mnepsblii 3amecturesnnb gupekTopa NTOM POAILI-
BHUNS®, nagapHUK MaTEMATHIECKOTO OTAeeHus, dieH-koppectnoraenT PAH u leynun An-
apeit Anekcanaposud, HadaabHuk HIO NTOM POAI-BHUND® — «AkryaubHble 3a1a4n
Pa3BUTHUA TEXHOJIOI'UU BBICOKOITPOU3BOIUTE/THHBIX BHIYUCIEHUN, BK/IIOYAS CyIEPKOMIIBIOTEPHO-
ro MOJICJTUPOBAHUS, B MHTEPECax CO3JIaHUSA BHICOKOTEXHOJIOTMYHBIX U3JIE/TUI» ;

e [lerpos Urops Bopucoruy, 3aseayrommit kadeapoit « MO TU», anen-koppecrnorgent PAH —
«Pacuérer qunammyeckoro j1ebOpMUPOBAHUS U PA3PYIIEHUS CJOXKHBIX KOHCTPYKIIUILS ;

e ['umpanos Punar Jlamuposuy, Hadanbuuk yupasienus [T [TAO «Cypryraedrerazs — «Ak-
TyaJbHbIEe BOIIPOCHl uMmIopTo3amertienns VT u cyBepeHHOro pa3BUTHUA B IMPOMBIILIEHHOCTH —
OT OOIIEro K YaCTHOMY > ;

e Kabanuxun Cepreit Uropesnua, Ynen-koppectnorgenr PAH — «Maremarndeckoe mojenn-
poBaHre B3aNMOCBA3aHHBIX SMHIEMUOJIOTTIECKNX, SKOHOMIUYECKUX U COIUAIBHBIX ITPOIECCOB B
peruones;

e Haropuos OJsier Bukroposu4, nepssrit ipopektop HUAY MUDPU — «Mogeruposanue BoiH
COVID-19 na ocHoBe pereHnsi 0OpaTHBIX 33,149 ;

e JlaBpenrnbeB Muxan1 MuxaityioBud, jiekad hakyabreTa nHGOPMAIMOHHBIX TexHoioruii « Ho-
BOCHOMPCKOI'O HAIIMOHAJBLHOT'O UCCIIEJI0BATEIHLCKOTO NOCY/IaPCTBEHHOI'O yHUBepcuTeTay — «Mo-
JIeJINPOBAHNE IyHAMH HA [EPCOHATHLHOM KOMIILIOTEPES.
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K 90-JIETUIO ITPO®ECCOPA B. A. TYIIHUEBA: SQHEPTETUKA "N
COBPEMEHHBIE 3ATAYYT MATEMATUYECKON ®N3NKN

TFankun B. A.12¢
L Cypeymexuti puauan Dedeparvrozo nayurozo yenmpa «Hayuno-uccaedosamenverudi
UHCTRUMYM. cucmemubls uccaedosaruti Poccutickotll axademuu nayxs, 2. Cypaym,
Poccutickan @edepavusn
2 BY BO «Cypeymckuii eocydapcmeennoii ynusepcumems, 2. Cypeym,
Poccutickan Pedepavusn
* val-gal@yandex.ru

Karouesvie caosa: npodeccop B. A. Tymumnes, MaTeMaTuIecKoe MOIEINPOBAHNIE, CHCTEMbI
3aKOHOB COXPaHEHUs, SHEPreTUKA.

Pabora Beimosinena B pamkax rocypapcrsennoro 3aganust PIY OHIT HUMCU PAH no teme
Ne FNEF-2024-0001 «Coznanne u peajn3alys JOBEPEHHBIX CUCTEM MCKYCCTBEHHOTO MHTEJLIEK-
Ta, OCHOBAHHBIX HA HOBBIX MaTeMAaTUYECKUX U aJTOPUTMHUYECKUX METOIaX, MOJEISIX ObICTPBIX

BBIYKMC/IEHUI, pean3yeMbIX Ha OT€UEeCTBEHHBIX BBIYUCIUTENLHBIX cucremax» (1023032100070-
3-1.2.1).

[Ipodeccop, 1.d.-m.uH. B. A. Tymunes — cozmaresns vHayunoii mkosbl B MATD HUAY M-
OU, kKoropas BHeC/Ia 3HAYUTEILHBII BKJ/Ia/I B PA3BUTHE COBPEMEHHON MaTeMaTu4ecKoi (DU3nKu
B 00J1aCTU KOPPEKTHOCTH 3a/1a4 JIJIsi CUCTEM 3aKOHOB COXPaHEHUsI, Ta30BOI JIMHAMUKY, (hU3nte-
ckoit kunerukn (ypapuenus JI.Boabivana n xkoaryssiun M. CMoIyXOBCKOro), B pa3paboTke u
000CHOBaHUM MTPUOJIMKEHHBIX METOJIOB B 3a/ladaX aTOMHOI sHepreTuKu. Haydnble JIocTUKeHN,
noJsiydeHnble B mkoje B. A. TymnuneBa, nMeoT MUPOBYIO U3BECTHOCTD.

Paszsurne nayunoit mkoser B. A. TymaneBa HepaspbIBHO CBSI3aHO ¢ UMEHEM BBIJIAIOIIETOCS
maremaruka akagemuka A. H. Twuxonosa. B. A. Tymumes Bosrimasmi Kadeapy MIPUKIIATHON
marematukun OormaCcKoro dhumnasa MUDU B 1978 r. u B TevdeHne IBaIIIaTh JeT PYKOBOICTBA
kadepoit oH chopMHUpoOBaJ €€ HaydHbI U 00pa30BaTEeIbHbBIN OOJIMK, OPraHMIHO CBS3aHHbIM
¢ HyKJIaMHI aTOMHOI oTpaciu — riaaBHoil B OOHUHCKe, 0Oecievdny BbICOYANIINE CTaHIapTh
MaTeMaTUIeCKO! KyJIbTYPbI IIPENoiaBaTe/eil U CTYJIeHTOB.

[Tox pykoBogcrom B. A. Tymumesa B 06/1acT aTOMHOM SHEPTETUKHU OBLIM BBITTOJTHEHBI Pa-
OOTBI 110 OIITUMAJILHOMY TTPOMUIMPOBAHUIO 3arPy3KHU sIJIEPHBIX PEAKTOPOB, MMOCTPOEHUE 0ODOCHO-
BAHHBIX BBIYUCIUTE]HHBIX METOJIOB JIJIsl TEIJIOIEKTPUIecKUX mpeobpasosareeit [1]. Passura
Teopus KOPPEKTHOCTH JIJIs 3aJ1ad ra30BOM JTUHAMUKK, PA3PEITUMOCTHA B CPEJIHEM CUCTEM 3aKO-
HOB COXPAHEHUs [2|, 4To B JlaJibHEIIeM IPUBEJIO ero YIeHUKa K pa3paboTke Teopun (DyHKIH-
OHAJIBHBIX PEIIeHNnil crucTeM 3aKOHOB coxpaHeHus [3]|. BbimosiHeHbI riryboKne mccie10BaHus 1Mo
KOPPEKTHOCTH 33/1a4 (busndeckoil Kuneruku [3.
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The work was performed within the framework of the state assignment of the Federal State
Institution of the Federal Research Center of the Russian Academy of Sciences on the topic
FNEF-2024-0001 “Creation and implementation of trusted artificial intelligence systems based
on new mathematical and algorithmic methods, models of fast computing implemented on
domestic computing systems” (1023032100070-3-1.2.1).

Professor, Dr. Math V. A. Tupchiev is the founder of the scientific school at the IATE
(branch of the National Research University — MEPhI), which has made a significant contribu-
tion to the development of modern mathematical physics in the field of correctness of problems
for systems of conservation laws, gas dynamics, physical kinetics (L.Boltzmann Equations of gas
dynamics and M. Smolukhovsky for coagulation theory), in the development and substantiation
of approximate methods in nuclear power engineering problems.

The scientific achievements obtained at the school of V. A. Tupchiev are world famous.
The development of the scientific school of V. A. Tupchiev is inextricably linked with the name
of the outstanding mathematician academician A. N. Tikhonov. V. A. Tupchiev headed the
Department of Applied Mathematics of the Obninsk branch of MEPhI in 1978, and during
twenty years he was Head of the Department, he formed its scientific and educational image,
organically linked to the needs of the nuclear industry — the main one in Obninsk, provided the
highest standards the mathematical culture of professors and students.

Under the leadership of V. A. Tupchiev, work was carried out in the field of nuclear en-
ergetics on optimal profiling of the loading of nuclear reactors, the construction of justified
computational methods for thermoelectric converters [1]. The theory of correctness for prob-
lems of gas dynamics, solvability in average to the systems of conservation laws was developed
[2], which later led his the former student to develop a theory of functional solutions to systems
of conservation laws [3]. In-depth research has been carried out on the correctness of physical
kinetics problems [3].
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Benbimkn  HoBeix  stumpemuit  (COVID-19, ty6epkymes, BUIY u ap.) tpebyior yuera
COIMAIBHO- 3KOHOMUYECKUX B3aUMOICHCTBUI /1T CBOEBPEMEHHOIO PEarupoBaHUs, KOHTPOJIA
U YIpaBJIEHUA SIMIEMHOJIOTMYECKIM IIPOIECCOM. B3amMOCBA3aHHBIC SIMIECMHOJIOTHYCCKAE 1
COIUAJILHO-9KOHOMUYECKIE TIPOIECCHI OIMMCHLIBAIOTCA CUCTEMaMU UHTErpo-auddepeHnna bHbIX
ypaBHEHUil, areHTHO-OPUEHTUPOBAHHLIMU MOJEJIAMA ¢ IPUMEHEHUEM AJIOPUTMOB MAIIUHHOIO
0OyUeHUs U ONTUMAJIBLHOTO yrpasienus [1]. st yTodHeHus mapaMeTpoB COBMENEHHbBIX MOJIe-
Jeil (KOHTArmO3HOCTH BUPYCA, BEPOSATHOCTH PA3BUTHI TZKeIbIX (POPM 3a60/IeBaHNs, T b-
HOCTB JIATEHTHOTO [epHo/ia U T.JI.) PEelaroTcs obpaTHble 3aJ1a4u, JOMOJHUTEIbHON nHbOpMa-
yeii s KOTOPBIX CJIyzKaT peryisapHble cBoaku Munsapasa u Poccrara, conumalbHBIE CETH,
9KOHOMUYECKHE U YKOJOTUIECKUE [TOKA3ATEeN PErMOHOB [2-3].

B noksajie Oyzer npejcrasiieno onucanne I'T-mmardopMbl Mo TMPOBaHUST B3aNMOCBSI3aH-
HBIX 3IMIEMUOJIOTHICCKAX U COIMAIBLHO-9KOHOMUYIECKIX MTPOIECCOB, B KOTOPOIA:

- cobuparoTcsa 1 00pabaThIBAIOTCA B ABTOMATUICCKOM PEZKUME JAHHBIC SIUIEMUOIOTTICCKIX
1 COIUATBLHO-9KOHOMUYIECKHIX IIPOLECCOB,

- I BLIOPAHHOI'O PErMOHA 3arpyrKaerTcs MaTeMaTHdecKas MOJE/b IIPOTHO3UPOBAHUS U
YIPaBJICHUS YKA3AHHBIMU IIPOIECCAMIU.

Ha BBIXO/IE IOJIB30BATEND TOIYYaeT KAPTUHY PacIpocTpaHenns NHMEKIMOHHOro 3a60/1eBa-
HUS B PEruoHe Ha YKa3aHHOM IIPOMEXKYTKE BPEMEHH, a TAKzKe CIICHAPUH PA3BUTHA SIUICMUN B
3aBUCUMOCTH OT COIUAILHO-3KOHOMUIECKUX IIPOLECCOB, YyBCTBUTEIbLHBIE SIIMIEMIOJIOTTICCKIE
apaMeTpbl U UX JOBEPUTEIbHbIE HHTEPBAJIbI [4].
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[Margemus COVID-19 crumynupoasia ucciegoBanus B Onodusnke 1 MaTeMaTuIeCKOM MO-
JIeJITMPOBAHUK pacipocTpanenus nHgeknnit. OCHOBHBIE YCUIUS ObLIN CBA3AHBI C OIIPeIeIeHIeM
¢daKTOpPOB, KOTOpPbIE TTOMOTAIOT ITPOTHO3UPOBATH pa3BUTHE MAHJIEMUU W yCTAHABJIMBATL COIU-
aJIbHbIE OTPAHUYECHHSA. DTU UCCTCTOBAHIS OCYIIECTBIIAINCH B pa3HbIX CTpaHax, BKIOUYas Poc-
cuio |1-4]. BHauuTeBHAS YACTb MCCJIEIOBAHIN OCHOBBIBAIACH HA XOPOIIO M3BECTHBIX MOJETIAX
SIR u SEIR n ux moandukarmii.

VenokHeHne MaTeMaTHIeCKIX MOJIeIell pacIpoCTPaHEeHNs SMUAEMUIN U CJI0KHOCTH W HEOJI-
HO3HAYHOCTD IPOIEYPbl HAXOXKICHUA KOI(MDMUIMEHTOB ypaBHEHU, OMUCHIBAIOIINX PaCIPO-
CTpaHeHUe SMUAEMUNl MPUBOIAT K PEIIeHUI0 TaK Ha3bIBaeMbIX 0OpaTHBIX 3ajad. Perrenus o0-
pPaTHBIX 3aJ1a4 OIIpeIesIeHUsI [TapaMeTPOB MaTeMaTUIeCKUX MOJIe/Iell PacpocTpaHeHns nH(PEK-
A BO BPeMsl SIUJIEMHUHU 110 JAHHBIM MEIUIIMHCKON CTATUCTHKHU, U IOJIYyYeHHBIE PEe3Y/IbTaThl
HCTIOJIB3YIOTCs JIJIs TPOTHO3UPOBAHNUST TUMHAMUAKN STTUIEMUN.

Mper ucrnosibzyem mpubamkerne SIR mogmeneit. Jlas agekBaTHONO BOCIPOW3BEIEHUS JTaH-
HBIX pelnaercd obparTHas Ko duimenTHas 3a/1a49a /i MOJIEIN B KJIacCe KYCOUHO-ITOCTOAHHBIX
GYHKIWHI ¢ HEKOTOPBIMU JIONOJTHUTEILHBIMEI OI'PaHnIeHUusIMI. B qacTHOCTH, BBOIATCS HEN3BECT-
Hble BHEIIHNME NCTOYHUKHU, KOTOPhIE MEHSIIOTCsI BO BPEMEHH. DTO MOTYT ObIThH arpermpoBaHHbBIE
JIATEHTHBIE HOCUTE/N UHQEKIINH, KOTOPble aKTUBUPYIOTCSA HA PA3HBIX BPEMEHHBIX MHTEepBaJIaxX
13-3a IOTOJIHBIX YCJIOBHIL, 8 TaK:Ke HOCUTeJel, IpUObIBAIOINX U3 JIpYTrux cTpaH. Maremarude-
CKHU 9TH UCTOYHUKU MOJECIUPYIOTCA BKJIIOYEHHEM JIOTOJHUTEILHOTO UJICHA, ITPEICTABISIONIEro
Hen3BeCTHYIO (DYHKIIMIO BPpEMEHH B OIHOM u3 ypaBHeHwmit mogesm tuita SIR. Jlns naxoxie-
HUs 9TOi PYHKIUU U KOIPPUITUEHTOB, 3aa19a MUHIMA3AINE HEBI3KNA MEXKIY JTaHHBIMU U UX
aHaAJIOraMI, BBIYUCIEHHBIMU 13 MOJIEJIN, PEIIAeTCs IIPU OTPAHNIEHUAX Ha KYCOIHO-ITOCTOSTHHBIE
K03 DUIUEeHTh 1 Ha UCTOYHUK. PelreHunst XopoIno BOCIPOU3BOAAT BOIHBI HH(MEKIINH 1711 Paia
ctpan. Vcroib3oBalinch BXOIHbIE JaHHBIE peCyPCHOTO IeHTpa 110 Koponasupycy Johns Hopkins.
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The COVID-19 pandemic has stimulated research in biophysics and mathematical modelling
of the spread of infections. The main efforts were related to identifying factors that help predict
the development of the pandemic and set social restrictions. These studies were carried out
in different countries, including Russia [1-4]. A significant part of the research was based on
well-known SIR and SEIR models and their modifications.

The increasing complexity of mathematical models of epidemic spread and the complexity
and ambiguity of the procedure for finding the coefficients of equations describing the spread
of epidemics lead to the solution of so-called inverse problems. Solutions to inverse problems of
determining the parameters of mathematical models of the spread of infection during an epi-
demic according to medical statistics, and the results obtained are used to predict the dynamics
of the epidemic.

We use an approximation of SIR models. To adequately reproduce the data, an inverse co-
efficient problem is solved for the model in the class of piecewise constant functions with some
additional restrictions. In particular, unknown external sources are introduced, which change
over time. These may be aggregated latent carriers of infections that are activated at differ-
ent time intervals due to weather conditions, as well as carriers arriving from other countries.
Mathematically, these sources are modelled by including an additional term representing an un-
known function of time in one of the equations of the SIR type model. To find this function and
coefficients, the problem of minimizing the discrepancy between the data and their analogues
calculated from the model is solved under restrictions on piecewise constant coefficients and
on the source. The solutions reproduce the waves of infections well for a number of countries.
Input data from the Johns Hopkins Coronavirus Resource Center were used.
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Crpositcst epBbie wielbl (POPMaIbHOIO aCHMITOTHIECKOro pasdyoxenust (AP) pemenns 3a-
jaqan Kommm Jyist CHHIYJISIpDHO BO3MYIIEHHON CHCTEMbI IUIepbosIndecKux ypasHenuii [1] B kpu-
THYECKOM CiIydae 2]

e8(ugy — kiug,) = —au + bv + €2 f (u,v),
e9(vour — kovee) = au — bv — % f (u,v), || < oot > 0, (1)
w(x,0) = ul(z/e)us(x,0) = 0,0(x,0) = a/bu’(z/e) vy (x,0) = 0, [u0(2)] < Ce " .k > 0.

[Toctpoernoe AP pemerust 3a1auu nMeeT BUJT

(i) -se (Sen) e s (Gmen ) on

z£kt % ppiparkaerca depes fganuble 3ajaun (1). [masnbie craraembie B AP

Bﬂer CLQ =
Ju(Cs,7m),Sv(¢s,7),J = LI, umeror sug Sgv(¢s,7) = a/bSJu(Cy,7), tne Sgu((s,7),J =

(2)
I,IT ectn pemenust o6o6mennoro ypasuenusi Kopresera-je-Bpuca [3]

—Sgus + KSJueee — h(Sju)e = 0,J = II1.
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AOCKOUT 80AHVL Uepe3 PAI0UIOHACHIULEHHYIO Mpe-
wury. Caesa noka3aHv, HECKOADKO 8APUAHMOE YPOSHET UEPAPTUL CEMOK, CNPABA — COOMEEM-
CMEYULUE 6ONHOBHLE KADTUNDL.

Bajiaun, cBA3aHHbIE C UCCJIE0BAHUEM PACIPOCTPAHEHUS JIMHAMUYECKUX BO3MYIIEHUI, BO3-
HUKAIOT B IIMPOKOM Kpyre objiacteit Mmaremarutdeckoil dpusuku. OHo#t n3 npobdeM B Takoro
poJia 3ajlavax siBJIdeTCd ydeT pasHoMacTabubix 3pdekToB. B ciydae pacupocrpaneHus BOJIH
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B IeTEPOTreHHON PA3HOMACIITAOHON cpejie, pa3Mepbl 00/IACTU UHTEIPUPOBAHUS U Pa3MEPhI UC-
ceryeMbIX 3(pOEKTOB MOT'YT OTJIMYATHCA Ha MOPSAIKU. B cirydae MOKPLITHS paBHOMEPHOI pac-
YeTHOM CEeTKOM Bceil 00J1aCTH MHTETPUPOBAHKS €€ Pa3MepPhbl MOI'YT JIOCTUTATh TaKUX PAa3MepPOB,
YTO MOJIEJTUPOBAaHNE, JayKe C PUBJIEYEHIEM COBPEMEHHBIX CyNEePKOMIIBIOTEPOB, OyJIeT Herese-
coo0pa3Ho M3-3a BPEMEHHBIX 3aTpaT, JUO0 BOBCE HEBO3MOXKHO. B jlanHoil pabore mpejiozKeH
HOBBI [TOJIX0/T, OCHOBAHHBIN HA HAJIOKEHHBIX [1]| 1 HepapXnvIecKux ceTKax /s PEIIeHUs TaKOro
pona 3as1a4. Ha nmpumepe uncieHHOr0 MOJIeTMPOBAHNS PACIIPOCTPAHEHNST BOJTHOBOTO BO3MYIIIE-
HUsI OT TOHKOH (hJIFOUIOHACKIIIEHHOI TpermuHbl (puc. 1) mokasaxa paboTa U IPENMYIIECTBO
peJJIOYKEHHOT0 aJiropuT™Ma. [IpuBonuTCs ceprsi TECTOBBIX pacdeToB, JIEMOHCTPUPYIONUX CY-
IIECTBEHHOE COKpAallleHUe BPEMEHU pacdeTa.
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Figure 1. An exampl of the opagatz 0 a plane wave front through a fluid-saturated frac-
ture. Several variants of the grid hierarchy levels are shown on the left, and the corresponding
wave patterns are shown on the right.

Problems related to the study of the propagation of dynamical perturbations arise in many
areas of mathematical physics. One of the problems in such problems is the consideration of
multiscale effects. In the case of wave propagation in a heterogeneous multiscale medium, the
size of the integration domain and the size of the effects under study may differ by orders. In
the case of a uniform computational mesh covering the entire integration region, its size can
reach such dimensions that modelling, even with the use of modern supercomputers, becomes
impractical or even impossible due to time cost. In this paper we propose a novel approach
based on overset [1] and hierarchical meshes to solve such problems. Using the example of
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numerical modelling of wave perturbation propagation from a thin fluid-saturated crack (Fig.
1), the operation and advantages of the proposed algorithm are demonstrated. A series of test
computations is given, demonstrating a significant reduction in computational time.
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Karouesvie crosa: HessBHBIE COODINECTBa, B3anMHAas WH(MOPMAIS, PAHTOBBII aHAIN3, MICHU-
XOJIMHIBUCTUYECKHUE XapaKTEPUCTUKU.

B pamkax rmpo6siemMbl OlleHKH WHMOPMAITMOHHOIO BO3JIEHCTBUAA Ha I10JIb30BaTe/ el coluab-
HBIX ceTell M MeCCEeHI2KEPOB PeIaeTcs 3a/1a4a OIeHKN KaueCcTBa BblJIeJIeHIs HETBHBIX COOOIECTB
Ha rpade B3anMoeiicTBIs aKTOPOB, KOTOpast cTaBuTcs B paborax |1, 2, 3.

Uccnenyercss Ha npuMepax criocod CpaBHEHUsS Pe3YJIbTATOB BBIJIEJIEHUsI COOOIECTB, OCHO-
BaHHBII HA METO/IaX M3 TEOPUU MHGPOPMAINN U 3aKTFOIAOITUICA B TIOCTeTe HOPMAJTI30BAHHOMN
B3anMmuoil uHpopmars (NMI) u acummerprdHO-HOPMAIM30BaAHHON TPeobpa30BaHHOl B3arM-
noii uudopmanuu (ANRMI). TTokazano, uro jyist rpadoB ¢ GOJIBITMM YUCIOM COOOIIECTB TaKue
METOJIUKH JIal0T HEOTHO3HAYHBIE PEe3YIbTaThl.

JIBa MeTO/1a OIEHOK KavdecTBa BBIJIEICHUS HESIBHBIX COOOIIECTB IpadOB COIUABHBIX CeTell
U MECCEH/I?KEPOB IMOCTPOEHBI HA aHAJM3€ TEKCTOBBIX MaCCHBOB, COCTABJICHHBIX U3 COOOIIECHUI
BCEX WIEHOB 9THX coobrecTs [3, 4, 5.

JI1s1 0JIHOTO M3 METOJIOB CpaBHEHHME TEKCTOBBIX MACCHBOB HESBHBIX COOOIIECTB IPOBOJIUT-
¢ TIOTIAPHBIM CpaBHEHUEM YAaCTOTHBIX CJIOBapeil pa3jniHbIX JJUHIBUCTUIECCKUX XapaKTEPUCTUK
(JIEKCHYIECKUX €JINHUI] OTJIETHbHBIX YacTell Pedr, CJIOBOCOUYETAHUI, TICEBJIOOCHOB CJIOB), COCTAB-
JIEHHBIX JIJIsl KayKJIOT0 M3 aHAJIM3UPYeMbIX HAOOpOB TeKcToB |3, 4]. Oupenesnsitorcs n cpaBHU-
BalOTCA KO3 DUIMEHTHI TOMapHONl PaHTOBOW KOPPEJSIUN JIjIg CJI0Bapeil pa3HbIX TEKCTOBBIX
MaccuBoB. Ha ocHOBe mcciie/ioBaHusi peajibHbIX JAHHBIX MTOKa3aHa BO3MOYKHOCTH OIEHKU KOP-
PEKTHOCTH BbIJIEIEHNs HESIBHBIX COODINECTB Ha rpade, UMIIOPTHPOBAHHOM U3 COIMAJIbHBIX CeTei
U MECCEH/IZKEPOB.

Bo BTOpoMm meTojie aHAM3 TEKCTOBBIX MACCHUBOB HESBHBIX COODIIECTB IPOBOJUTCI IIyTEM
O/ICYeTa MCUXOJIMHTBUCTUIECKNX XapakTepucTuk |3, 5|. cemenyercst 24 pasnmuanbix dpakropa,
13 KOTOPBIX BBIOMPAIOTCS OPsAJIKa D MapKepPOB, KOTOPbIE PA3/IMYalOT HEesIBHBIE COOOIECTBA 110
IICUXOJIOTTIECKON HallpaBJIeHHOCTH TeKcToB. Ha mpumepax peasibHBIX JIaHHBIX ITOKa3aHa ITPHU-
MEHUMOCTD BBIYUCJICHUS TICUXOJTMHIBUCTUIECKUX XaPAKTEPUCTHUK JIJIsI aHAJIN3a COOOIIECTB, BbI-
JIeJIEHHBIX Ha rpade B3auMOJIeHCTBYONNX 00bEKTOB COMUATBHBIX CeTell U MECCEeHZKEPOB. DTO
MIO3BOJISIET BBIJEJISTH IPYIIIIBI, BeIyIne aKTUBHOE MHMOOPMAIMOHHOE BO3/I€HCTBHE.
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VNHTYUTUBHBIE JIOTUYECKUE CUCTEMBI I BOJIBIIINE A3bIKOBBIE
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Karouesvie caosa: MHTYUTUBHBIE JIOTHYECKNE CHCTEMBI, MCKYCCTBEHHbIE HEHPOHHBIE CETH,
UCKYCCTBEHHDBI UHTEJJIEKT, aJTOPUTM, T€OPUH, OOJIBIIIIE SI3bIKOBBIE MOJIEJIH.

Pabora BoioiHena B pamkax rocygapcerserroro 3aganus @IY OHIT HUMCU PAH o reme
Ne FNEF-2024-0001 "Coznanue u peaju3aiins JOBEPEHHBIX CUCTEM HCKYCCTBEHHOTO MHTEJLICK-
Ta, OCHOBAHHBIX HA HOBBIX MATEMATUYECKUX U AJITOPUTMUYECKUX METOJIaX, MOJIE/IAX OBICTPBIX
BBIYHCJIEHW, peain3yeMbIX Ha OTeYeCTBEHHBIX BbaucauTe bubix cucremax" (1023032100070-3-
1.2.1).

PaccMoTpens! 3a1a4m MOCTPOEHNsT HHTYUTUBHBIX ST3BIKOBBIX 00PA30B, CBA3BAHHBIX C UJIEIMUI
IOCTPOEHUsI UCKYCCTBeHHBIX HeliporHbix cerell (MHC), mupoko u 6e3 Hajyiexkalero crporo-
o0 MATEMATUIECKOTO ODOCHOBAHUS IIPUMEHIEMbBIX B TEXHOJIOTUSAX UCKYCCTBEHHOTO MHTEJIICKTA
(UN) [1]. ITpuanunma bHBIM MOMEHTOM yKa3aHHBIX TEXHOJIOIHI SBISETCS HOHITHAHBII aHATH-
THIECKU alapart, CO3/aBaeMblil HHTE/LJIEKTOM e I0BEeKa-II0/Ib30BaTe sl B paMKax ero mHGpop-
MaruoHHo# cpesnl, B kKoropoit MHC n I BeicTymaioT Kak BCroMorareibHbie OBICTPOIEHCTBY-
IOIe CPEJICTBA, CIIOCOOCTBYIOININME PENIeHUI0 3aJ1a4, c(OPMYJIMPOBAHHBIX B PaMKax obIeve-
JIOBEYECKOI MHTYUTUBHON sA3bIKOBOI cpejibl. IIpesicTaBieHo moHsiTie TeOpUu U CeMaHTHIECKO
3HAYUMOCTH, onpejensgemoit Hemosekom. llokaszaHbl BO3MOXKHbBIE OTPAHUYIEHUS B TEXHOJIOTHSX
NN, ocHoBaHHBIE Ha OCOOEHHOCTSIX YEJI0BEUECKOTO MBIIIJICHUS U S3BIKOBBIX CHCTEM.

[IpecraBiensbl paccy:kieHns U jjoKa3areabcTsa, 910 ecan UHC crpources na Oaze snaHmit
(TEKCTOB, YTBEPKJIEHUIT U T.JI.) OJHONO KOHKPETHOIO YeJIOBEKA ¥ /Ui HEKOTOPOro COODIIecTBa
(ommoit Teopun), Toryga B MHC Moryr 6bITh HCKJIFOUEHBI HEOIPEIEIEHHOCTh U TPOTHBOPEU-
BocTh. Fcymm 2xke MHC cTpoutcst Ha OCHOBE MHOXKECTBa TEOPHil, KAK TO CefYaC U MPOUCXOIUT
[IPU CO3/IAHUU OOJIBINNX SI3BIKOBBIX MOJIEJIEH, TOrIa TaKasl CUCTEeMa C BBICOKON BEPOSITHOCTHIO
Oy/eT cofiepzKaTh TPOTHBOPEYNs, KOTOPhIE B UTOTe U MTOPOXKIAIOT YCJIOBHYIO «JIOXKb» U TaK Ha-
3bIBAE€MbI€ «TaJLTIOIUHAIIMNY UCKYCCTBEHHOI'O MHTEJIJIEKTa. B HacTOAIMI MOMEHT yBeJIMIHUE
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mocmraba MTHC npuBoauT K yBeJIMYEHUIO HEJOCTOBEPHBIX OTBETOB, IO IIOCICIHUM OIEHKAM
10 60 % [2]. Cozmaresnn GOMBINMUX SI3BIKOBBIX MOJEJIeli HEIPEPBIBHO OOPIOTCS ¢ PA3IMIHBIMI
HeraTUBHLIME 3P @EKTaMI ¥ IBITAIOTC MOBBLICHTHL TOYHOCTH OTBEeTOB. Hanmpumep, B caMble co-
BpPEMEHHBIE GOJIBIINE S3LIKOBBIE MOJIEIN BHEPSIOTCA CUCTEMbI PACCY 2K ICHUIT, KOTOPDIE JIOJIZKHBI
OTCEKATh Ha KasKJIOM dTalle BO3MOYKHBIE IPOTHBOPEUNS U OMIMOKH, HO 3TO HE rapaHTHPYeT OT-
CYTCTBUSA TaK HA3BIBAEMOIl «JKu» 1 «rajunonunaimii> MTHC, mpocTo paccyKaeHns CTaHOBSTCS
GoJ1ee KOMIAKTHBIME, & <JI0XKb» W <«TaJUIIOIUHALINAY MeHee 3aMETHBI U B paJle Caydaes Ooee
IPABIONOAOCHBIMUI. DTH 3(P(EKTHI ABIAIOTCH HEOTICIUMBIM CBOIICTBOM TAKHX CHCTEM U B Te-

KyIIeil mapajurMe co3/ianns MoI00HBIX CUCTEM HEIPEOI0TUMBI.
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CPABHEHUE COBPEMEHHBIX TEXHOJIOTUI ITO PACIIOSHABAHIIO
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KyCCTBEHHBbIE HEIIPOHHBIE CETH, KACKaIbl Xaapa.
Pabora BbITIo/THEHA B paMKax IMOATOTOBKY K KaH/IMIATCKON JTUCCEPTAINN 0T PyKOBOJICTBOM
npodeccopa, a.¢d.-m.u. B. A. Tajakuna.

B upencrasiennoit pabore BBIIONHEH 0030p METOJOB W TEXHOJOIHH, NMPUMEHSIEMBIX DU
OCTPOEHHUN UCKYCCTBEHHBIX Hefiponubix cereil (MHC).

1.

Kackaabr Xaapa — 9T0 MeTO/[ MAIITMHHOI'O 3PEHUSI JIJId ObICTPOIro OOHAPYKEHUS 0O0HEKTOB
Ha M300parKeHNsIX, OCHOBAHHBII Ha MOC/IE0BATEIHbHOM TPUMEHEHUH ITPOCTHIX KIaCCU(U-
KaTOPOB, TJie KaxKJIbIil 9Tal 0TOpachlBaeT HEpeJIeBaHTHBIC 00/IACTH U HepeaeT MOTEHIN-
aJIbHble OObEKTHI Ha CJIEJYIONINI YPOBEHDb aHAJII3a.

Dlib — 310 MHOrOIIE/IeBOIT TPOrPAMMHBIH TAKET ¢ OTKPBITHIM UCXOIHBIM KOJIOM, MPETHA-
BHAYEHHBIN JIJIT MAIMMHHOTO O0YY€HUsI ¥ KOMITBIOTEPHOTO 3PEHUS.

DBFace — sTo omnocrauitnas HeifpoceTeBasg MOJIE/b JJIsi OBICTPOTO U TOYHOI'O OOHAPY-
JKEHUs JIUIL U KJIIOYEBBIX TOYEK Ha M300ParKeHUsX.

FaceNet — s1o HeiipoceTeBas Mo/jie/b, Ipeobpa3yiolias n300paskeHust JIUI, B SMOE [JINHIH,
1103BOJIsIOITIE 3(DPEKTUBHO BBIOJIHIATH 33/Ia41 PACIIO3HABAHUS, BEpUMUKAIIT U KJIacTe-
pUBAIMY JIAIL.
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COMPARISON OF MODERN IMAGE RECOGNITION TECHNOLOGIES
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The work was carried out in preparation for a PhD thesis under the supervision of Professor,
Ph.D. V. A. Galkin.

In the present paper, an overview of the methods and technologies used in the construction

of artificial neural networks (ANN) is carried out.

1. Haar cascades is a machine vision method for quickly detecting objects in images based
on the sequential application of simple classifiers, where each stage discards irrelevant
areas and transfers potential objects to the next level of analysis.

2. Dlib is a multi-purpose open source software package designed for machine learning and
computer vision.

3. DBFace is a single-stage neural network model for fast and accurate detection of faces
and key points in images.

4. FaceNet is a neural network model that converts facial images into embeddings, allowing
you to effectively perform the tasks of face recognition, verification and clustering.
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Kmouesvie crosa: obpaTHble 3a1a9u, 0OOOMIEHHBIE PEITEHMS.

B nannoMm Jiok/aje n3ydatorcsa oOpaTHbIE 3a/1a41 olpeeieHnst KoadduimeHTa moroneHns
~(x) B mapabomueckoM ypaBHEHUN

p(t.2)uy — Au+ (b(z),ug) + clt,x)u + v(x)u = f(tz), (tz) € Q=0T x €, (1)

C Kpa€BbIMHU YCJIOBUAMU

u(t,:v)‘r — \If(t,:z:)‘r. 2)

Baecy Q = [0,7] x Q, Q — orpanmuennas obaacts B R” ¢ ragxoit rpanumneit 092, I' = {0} x
QUI0,T] x 092 — nmapabosmtieckast rpatuia MUIAHIPaA ().

B kadecTBe M0MOTHATETIHHOIO YCJIOBHUSA UCIIOJIb3YyeTCs JTHOO yeaoBue (PUHATLHOTO HAOJIIO -
HIUS

u(T,x) = ¢(z), € Q, (3)

JIb60 YCJIOBHE MHTEI'PaJJIbHOI'O Ha6JIIO,ZLeHI/IH

/u(t,x)x(t) dt = p(z), z € Q. (4)

B ycaosusx (3) u (4) x(t) ¢(z) u3BectHbIe DYHKIHN.

B ciyuae 3a/aun ¢ wHTErpasbHbIM Hab/I0/eHIeM (4) JI0IycKaeTcsi BBIPOKIEHNE CTapIIero
kosbdumuenta p(t,z) suga 0 < p(t,x) < p1, 1/p(t,x) € L, (Q),q > 1.

YCTaHOBJIEHBI JIOCTATOYHBIE YCIIOBHUS, TIPH KOTOPBIX 0OOOIIEHHbIE PeleHnst 00PaTHBIX 3a,/1a4
(1), (2), (3) m (1), (2), (4) cymIEeCTBYIOT U €JINHCTBEHHBI.

KOMIIBIOTEPHOE MOJEJINPOBAHUE ITOJTHON SHEPTUU

JIBYXATOMHOM MOJIEKYJIbI KPEMHIS B IIEPBOM IIOPSJIKE
TEOPUU BO3MVYIIIEHUNI
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[MosHas sHEprus JBYXaTOMHONW MOJIEKYJIbI (JIUMepa) BBIUUC/ISIIACh B TIEPBOM IIOPSIJIKE TEO-
pun Bosmymiennii [1]: B = E°+ E'+. .. tne E° = EY + EY — cymma noJiHbIX SHEpruii n30mpo-
BaHHBIX ATOMOB B OCHOBHOM WJIU BO30Yy 7 leHHOM cocTosguun [2], a B = U(r) — norennuaabuas
SHEPTH B3aUMOJIENCTBUSA MEXKIy aToMaMu. B JoK/Iajie paccMaTpuBaeTCs MPOTPAMMHBIA KOM-
wieke TotalEnergy [3], ¢ nomomnipio KOTOPOro mocTpoeHbl KPUBbIe MOJIHON SHEPTUH MOJIEKYJIbI
KPEMHHs Ha PUCYHKE.

=5755 . .
Si(3p)+Si(3p) —
Si(1d)+Si(1d) -+
576 A Si(1s)+Si(1s) —-—-
. —576.5
=
<
R
=577.5 r
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B macrosiiee BpeMst HHTEHCUBHO Pa3BUBACTCA HOBAsd BETBL HEJIMHEHHON IMHAMUKH — [OJIO-
MopdHas muHaMuKa. JJaHHoi TeMe IIOCBAIIEeHbI NCCIeA0BAHNS, CPEIN KOTOPBIX YKaskeM paboThl
[1-4|, cBsi3aHHbIE ¢ JUCKPETHBIMU JIMHAMUYECKUMHI CHCTEMAaMU. BasKHEHIMMI COCTAB/IAIONIIMI
roJIoMOP(HON TUHAMUKN SABJIAIOTCS MHOKecTBa 2KIiojna, dBJIAIONMecs, KaK IPaBuiIo, Qppak-
rajbHbIMI MHOXKecTBaMu (Puc. 1, 2).

Puc. 1. Mnoowcecmso 2Kwaua ¢ynxyuu Puc. 2. Mnoowcecmeo Xroaua  dynxuuy
f(z)=22-1 f(z)=2*+0,25

Omako st HeKOTOPBIX (GyHKIU MuoxkecTBa 2Kioma sSBAMIOTCS TIAIKUME MHOXKECTBa-
mu. B Hacrosimeil crathe Mbl TIPOJOJIKAM HccaeqoBannss MutHopa [2]|, cBs3aHHBIE C BbISB-
JIEHHEM TJIJIKNX MHOXKecTB zKioma panuoHaabHbiXx (yHKIumi. [lycts D — oTKpBITHII e/1u-
HUYHBI KPyr pajiiyca eJuHUIla C IeHTPOM B Hadaje KoopiauHat. OmpejesnM JiBe paro-
HaJIbHBIX (byHKH\HH: gba (Z) = 12__5(124 a €Dn f(Z) = e’ ¢a1 (Z) ¢a2 (Z) - '¢ak (Z> s ¢G7L (Z)a
ar € D, k = 1,...n. B pabore 2] MumiHop ormedaer, 9To ecim n > 2 W OJWH U3 MHOXKHUTE-
Jeil mMeer BHJ, HAPUMED, ¢,, (2) = z, To MHO)ecTBO zKiomma j (f) coBnagaer ¢ eauHUTIHOI
OKPY?KHOCTBIO C IIEHTPOM B HadaJje KOOPIUHAT.

[TokaxkeM, 9TO JaHHOE YTBEPXKICHNE CIIPABEJINBO, KOIA, HAIPUMED, ¢4, (2) = 2™, m € N,
m > 1. He mapymasi obmHOCTH paccyzKJIeHuil onpee/nM panuoHaabayo dyrkmuio f(z) =
ez meNm>1l,aeDufeck.

Herpyano sameruts, 9ro Touku 21 = 0, 2 = 00 OyJAyT CBEPX-IPATATUBAIOIIAMUI HEIIOIBUK-
HbIME TOYKaMu Jjist byHKmn f(2).

HemnocpeicrBennas mpoBepka mokasbiBaet, uro ecin z € C\ D, ro lim f () (2) = oo. Ilycts
n—oo

z€ D, rorma lim f™ (2) = 0. B e 2 € 9D, To u f™ (2) € 9D, rae D — empmuamast
OKPY?KHOCTb ¢ TEHTPOM B HadaJe KOOD/IHHAT.

Cormacuo |1, 3| muoxkecrBo 2Krwouma j (f) dyukuun f(z) coBnager ¢ okpyzkaocTbio OD.
Taxkum obpazom, j (f) ABAgETCS TIaJIKIM MHOZKECTBOM.
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At present a new branch of nonlinear dynamics — holomorphic dynamics — is being intensively
developed. This topic is the subject of research among which we will mention the works [1—
4] related to discrete dynamical systems. The most important components of holomorphic
dynamics are Julia sets, which are usually fractal sets (Fig. 1-2).

4D,

Figure 1. Julia set of the function f(z) = Figure 2. Julia set of the function f(z) =
22 -1 22 40,25

However, for some functions, Julia sets are smooth sets. In the present paper, we will
continue the research of Milnor [2] related to the identification of smooth Julia sets of rational
functions. Let D be an open unit circle of radius 1 centered on the origin. We define two
rational functions: @, (z) = 222, a € D and f(2) = € ¢o, (2) Pay (2) ... by (2) ... ¢, (2),
ar €D, k=1,...n. In [2], Milnor notes that if n > 2 and one of the multipliers is of the form,
e.g., g, (2) = z, then the Julia set j (f) coincides with the unit circle centered at the origin.

We will show that this statement is true if, for example, ¢,, () = 2™, m € N, m > 1.
Without breaking the generality of the argument, let us define a rational function f(z) =
efzmz=2 meN m>1aeDandfcR.

It is easy to see that the points z; = 0, Z = oo are super-attractive fixed points for the
function f(z).

A direct check shows that z € C \ ]5), then lim f™(z) = co. Let z € D, then
n—o0
lim f™(2) = 0. If 2 € 0D, then f™ (z) € 9D, where dD is the unit circle centered at

n—oo
the origin.

According to [1, 3], the Julia set j (f)of the function f(z)coincides with the circle 0D. Thus,
J (f) is a smooth set.
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OPAKTAJIBHBIE METOZBI OBPABOTKN 1 AHAJIN3A BOJIBIIINX
ITIOTOKOB 9KCIIEPMMEHTAJIBHBIX JTAHHBIX
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Karouesvie crosa: BapuabesibHOCTb, HWH(MOPMAIMOHHASA Pa3MEPHOCTh, TeOMeTpUYIecKas pas-
MEPHOCTH, (ppaKTajibHas pa3MepPHOCTh, (DpaKTaabHas CTPYKTYpa.

B pabote nznaraercsa maremMaTudecKuilt u JIOrUUeCKuil anmnapar Teopun (ppakTaoB JiIs 0-
CTPOEHUs MOJIeJIeil aJITOPUTMOB U TPOIIETYP UHTEIEKTYAIbHBIX TEXHOJIOTH 00paboTK 00JIb-
ITUX TIOTOKOB 9KCIEPUMEHTAJIBLHBIX U HAOJIIOIAEMBIX JAHHBIX B PA3JIMIHBIX chepax (hu3ndeckoii
peasbHocT. OCHOBHO# MOCHLT CO3/IAHNS MATEMATHICCKUX, JIOTHIECKUX U AJTOPUTMUIECKUAX OC-
HOB Teopuu ppakTayioB JJjisd pa3pabOTKU METOIO0JOTUN OCTPOEHUS TaKUX MOJIEJIeil U CXeM CO-
CTOWUT B TOM, YTOOBI, BO-IIEPBbBIX, [TOKA3aTh HOBBII ITOX0/T pa3pabOTKNU UHTE/IEKTYATbHBIX TE€X-
HOJIOTUiT 00PAbOTKU U aHaJ/M3a OOJIBIIIUX ITOTOKOB YKCIEPUMEHTAJbHBIX 1 HAOJIIOJaeMbIX JIaH-
HBIX, KOTOPBIIl OCHOBAH Ha IMPUHIIMIIAX U METOJAaX MCC/Ie0BaHNA (PpaKTaIbHOW U CUHTYJITPHOIM
IPUPO/IBI OOTBITIX NH(MOPMAIMOHHBIX IIOTOKOB. BO-BTOPBIX, N3/I0KUTH KOHKPETHBIE MATEMATH-
YecKre MEeTOJIbI U JIOTHYECKNEe CXeMbl Pean3alni MU@POBLIX TEXHOJIOTUil 00pabOTKN U aHaJIH-
3a OOJIBINUX OTOKOB JAHHBIX, BBIJEJIsis B HUX MOHO(MDPaKTAIbHBIE U /M MYJIbTU(DPAKTATLHBIE
nH(MOPMAIMOHHBIE CTPYKTYPBI C TEIbI0 UX WJICHTU(MUKAINA 110 TPU3HAKY TPUHAJIEZKHOCTH
K KJjlaccaM IepKoJupyoliero dpakraia min (gppakTajgbHOro arperata. B aToMm ciydae gpak-
TaJbHAS MapaJUrMa B METOJIOJOTUN CO3/IaHUS IMIMPOBBIX TEXHOJIOTH 00pabOTKHN, aHAIN3a 1
KJIACCUPUKAIIYI OOJIBITIX TOTOKOB SKCIIEPUMEHTATbHBIX U HAO/IIOMAEMBbIX JIAHHBIX, B OTJIMYNE
OT TPAJUIMOHHBIX METOJIOB M CIIOCODOB, MO3BOJISIET YUUTHIBATL KAK CBONCTBA PETrYyISPHOCTUA U
HEPEryJIAPHOCTU CTPYKTYPbhI IIPOCTPAHCTBA COCTOAHUN MHMOPMAIMOHHON IIKAJIbI JAHHBIX I10-
TOKa, TaK M (PaKTOPbl UX CUHTYJISAPHON BapuadeabHOCTH. JIormyeckuil ammapar MOCTPOCHUS
MojIesIefl aJITOPUTMOB U TIPOIELYP MUMPPOBBIX TEXHOJIOTUII CTPOUTCA HA OCHOBE TeOpUH (ppak-
TaJbHBIX pa3MePHOCTeN U MEePKOIANMOHHON DyHKINN. B KadecTBe KpuTepus MIeHTU(MUKAINA
dpakTaIbHONI CTPYKTYPBI HA MOTOKE JIAHHBIX MCIOJIb3YIOTCH UHTErpaabHble OIeHKH NH(pOpPMa-
IIMOHHON U TeoMeTputeckoil hpakTaabHOi pa3zmepHocTeit. [y uccieioBanmns u ompeie/ieHust
MaCIITaDOB ITPOIECCOB MH(MOPMAIMOHHOH MTEPKOJIAINN HA (PPAKTAILHON CTPYKTYPE TIOTOKA JIaH-
HBIX pa3padOTaHbl JIOTHYCCKUE CXEMbI aJrOPUTMOB IIPOIEIYP HHTE/LUICKTYaJIbHBIX TEXHOJIOTHI
00pabOTKM TIOTOKA JAHHBIX U METOJIbl aHaIM3a 0003HATEHHBIX ITPOTECCOB. DTU METO/bI U JIOTH-
YeCKHMe CXEeMbI [TO3BOJIAIOT OTPA3UTh U OIPEJIETUTh OCOOEHHOCTH MOJIyYaeMbIX OIEHOK pPa3HBbIX
dpakTaNIbHBIX MEP U Pa3MEPHOCTENl B TEXHOJIOTHAX 0O0pabOTKM U aHA/M3a MOTOKA JIAHHBIX, a
TaKzKe 00J1aCThb IPUMEHEHUs BBIBOJIOB. B 3TOM ciydae MCIOIB3YIOTCA JiBa THIA (DPAKTATHHBIX
pasmepHocTeil — mHdOopManuonnasa u reomerpudeckas. Nudopmarmonnas dppakTajibHas pas-
MEPHOCTH OTparkaeT BapuabeIbHOCTH 9JIEMEHTOB W CHHTYJISIPHBIE TTPOIIECCHI Ha BEPOATHOCTHOM
MIPOCTPAHCTBE MOTOKA JAHHBIX. ['eoMeTpuyecKas gppakTajbHasd pa3MepPHOCTh OTPazKaeT Bapua-
0€JILbHOCTH 9JIEMEHTOB IIOTOKA, JIAHHBIX OTHOCUTE/ILHO IEHbI JIeJIeHNs] MHPOPMAIIMOHHON MKAJIbI
n3Mepenus. Pe3ynbrarsl 00paboTKN peasibHbIX MOTOKOB JIAHHBIX € MCIIOJIb30BaHUEM HH(pOPMa-
IIUOHHBIX TEXHOJIOTHI M IMPOrPAMMHBIX KOMIIOHEHTOB TIO3BOJIMJIN MTOKA3aTh, KAK U B YeM IPO-
SIBJISIETCS] CHHEPTHS TPOCTPAHCTBEHHOI TeOMeTprUr 1 MH(POPMAIIMOHHON HACBIIIIEHHOCTH TOTOKA
JIAHHBIX, & TAKKe OINCATH U OObICHUTH CHHEPIeTUYECKIe CBOMCTBA IMOTOKA JIAHHBIX B PAMKax
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dpaxTaabHO# MapaaurMbl. MOXKHO JIM IIPOBECTU TaKWEe aHAJOTHMU B paMKaX TPaIMIIMOHHBIX
MOJIeJIel, aJrOPUTMOB, CXeM HHTE/JIEKTyaJIbHbIX TEXHOJIOrHi 00pabOTKH 1 aHam3a OOJIBITNX
MMOTOKOB JaHHBIX! Ecam ma, To moKaKuTe pe3yabTaThl 0003HATEHHBIX aHAJIOTHI U C(OOPMYITH-
pyiiTe TPEHABI UX TEOPETUYECKOTO PA3BUTUA U MPAKTUUECKOTO IMTPOJIOJIZKEHUS.

METO/I IIOCTPOEHUSA PEINTEHUI «PASMBITBIX» 3AJTAY HA
BUPTYAJIBHBIX PEITNTETKAX

Mpbiues A. B.1e
b Hayuonaavnwiti uceaedosamenvckuti adeprwti yrusepcumem MHAPH — Obnumnckud
uncmumym amommnoti snepzemuru, 2. Obrnunck, Poccutickas Dedepayus
* mishev@iate.obninsk.ru

Karouesvie crosa: MeToJlT BUPTYAJIbHON MEPCIEKTUBBI, BUPTYaJIbHBIC PEIIETKU, Pa3MbIThIC
38/1a41, CPE/Ia BBIUUCJEHUN, BBIYUC/IUTEIbHBIN WHTE/JIEKT, HeMpPOCeTeEBbIE TEXHOJIOTUU, KOM-
MBIOTHHT.

B pabore paccmaTpuBaeTcs HOBBIN MOJIXOJT TIOCTPOCHUS PEIICHUI Pa3MBITBIX 3a/1a9 B yCJIO-
BUAX 3aMKHYTOCTH, OFDAHUYEHN, OOMeHa W HeONpeJIeJIeHHOCTH Ha BUPTYaJIbHBIX DENIeTKAaX.
Maremarudeckas U JIOTUIecKas CyTh 0003HAYEHHOTO TOJIX0/a ABJISETCs IIPOJIOJIZKEHINEM U pa3-
BUTHEM TEOPUU METO/Ia BUPTYAJbHOM EPCIEKTUBBI B METOJIOJIOTUN MOJIEJITUPOBAHUS Pa3MbITHIX
zasa4 [1]. Teopermaeckyio ocHoBy 1 6a3uc pazpabaTbiBaeMOro MojIxo/[a 06pa3yioT: TeOpHst Me-
TOJIa BUPTYaJIbHOW IEPCIIEKTUBBI, HEHPOCETEBbIE TEXHOJIOIMU BBIYUCIUTEILHOTO UHTEJIIEKTA,
Teopus OTOOparyKeHMiT B CPeJie BBIYHICIEHNI ¢ TlepEMEHHBIMU JJOMeHaMU- THAlIa30HaAMI 1 ITIPOIEC-
CBI C JIOKAJTbHBIM WHMOPMAIIMOHHBIM B3aUMOJIEHCTBIEM B BUPTYAJILHON Cpejie MOJIeTNPOBAHUS.
Pemennsa mojiesimpyeMbIx 3a/1a9 CTPOATCSA B BUJE KOMILJIEKCOB Ha, KOHEYHBIX TOIOJIOTHAX Y3JI0B
BUPTYaJIbHBIX PEIIETOK aKTUBHOMN AMATH CPeJIbl Bhraucaennii. CoieprKaTe/IbHO-CMBIC/IOBOI 110-
CBLJT TIPEJIJTAaraeMoro IOJIX0JIa COCTOUT B TOM, YTO HOBBIE TIAPAJIUTMbI BHIYUC/IUTETBHON U KOM-
IBIOTEPHON MaTeMaTHKH B peasndax TeHJIEHIINI ee COBPEMEHHOU KOHBIOHKTYPBI CBA3aHBI, C O
HOIT CTOPOHBI, ¢ IOCTPOEHNEM HOBBIX T€OPUil PA3pabOTKH U Peaanu3allui MoJieJieil aJIrTOPUTMOB 1
MPOTIEYP BBIYUCIUTENIHHBIX TEXHOJOTHI MaTeMaTHIECKOI'O0 MOJIEJIUPOBAHNS Pa3MbIThIX 3a/1ad
B YCJIOBUAX MOJICJIBHOW M aJIrOPUTMUYECKON 3aMKHYTOCTHU, OIPAHUYCHUNA CpPelbl BHIYUCIICHUI,
obmeHa, (sHeprueit u mHbOpMaIweit) n nHGOPMAIMOHHON HEONpeIeJIeHHOCTH. A ¢ 1pyroit — ¢
co3zanneM (OCYIeCTBIEHNEeM) HOBBIX (bOPM KOMIIBIOTHHTA, KOTJIa B3aUMOJIEHCTBHE OOBEKTOB
CpeJIbl BEIYUCTIEHIH OIIpe/IeIIeTcs MEXaAaHI3MOM BUPTYAJIbHON «alIIMKaIluny B MHMOPMAIINIOH-
HOIT CcpeJie CUCTEM BUPTYaJIbHOI peajbHOCTU. B 3TOM citydyae hopMam3M cpejibl BbIMUCIEHUIT
IIPEJIoJIaraeT HEeTPAIUIIMOHHDIN TI0JIX0/] IIOCTPOEHUS JIOTUYECKUX CXEM aJI'OPUTMOB M IPOIE-
JIYP BBIYUCIUTETbHBIX TEXHOJIOTUI MOJIETMPOBAHUS PA3MBITHIX 33/1a4. TeXHOJIOTHH MaTeMaTU-
YeCKOr'0 M KOMIIBIOTEPHOI'O MOJIE/IUPOBAHUS JIUCKPETU3NPOBAHHBIX 33/1a9 B CPEJIe BBIYUCICHUIA
JII00O! BBIYUCIUTEHHONW CUCTEMBI, KOTOPBIE PEAJU3YIOTCS B ODO3HAYEHHBIX BBINIE YCIOBUAX,
OIIPesIeNIAIOT 3TN 3aJladd, KaK pa3MbIThle 3aJadn. B deMm Ke Torja 3aK/i09aeTcss U COCTOUT
COJIEP2KATEILHO-CMBIC/IOBOE 3HAUEHUE MTOHATUS Pa3MbITas 33/a9a, KaK 6a30BOro arpudyTa cpe-
Jibl BbraucaeHunii? OCHOBHOM TIOCBLI 9TOIO 3HAYEHNUST B 9TOM CJIydae 3aKII09aeTcs B TOM, 9TO: 1)
dopmMau3M aJITOPUTMUTUKU CPEJIbI BHIYUCICHUI OTIEPUPYEeT TEPMUHAMHE U MTOHATHAMU HHQOP-
MaIMOHHOM JTMHAMUAKNA OOBEKTOB CPeJ/Ibl BBIYUCIEHU, a B TPAIUIINOHHBIX CXeMaX ITOCTPOEHUs
BBIYMCIUTEIbHBIX KCIEPUMEHTOB TaKhe arpUOYThl OTCYTCTBYIOT; 2) cpejia HH(MOPMAIMOHHOTO
B3aMMO/IEHICTBIA OOBEKTOB KOMIILIOTEPHBIX IIPOIECCOB B BBIYUC/IUTEIbHBIX TEXHOJOTHAX Ma-
TEMATUIEeCKOTO MOJICTMPOBAHUS BKJIIOYAET TaKWe aTpPUOYTHI-TIOCPEHUKN, KaK: BUPTyaIbHasd
aJITOPUTMUYECKAs TIepeMEHHas, OIePATOPhl B3aUMOJICHCTBUSA HA BUPTYaJbHBIX PEIeTKax, WH-
dbopmarronHas crcTeMa KOODJIMHAT MPUBSI3KH U [TOBEPKH PE3YJIbTATOB BBIUUCJEHUIT (IIpoMe-
JKYTOUYHBIX ¥ KOHEYHBI), JIOTHYECKast BUPTyaJbHas CTPYKTypPa B 8 IPECHOM IIPOCTPAHCTBE Orpa-
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HUYEHHON NaMATU BBIYUCJUTEIBHON CUCTEMBI U JpYyrue, KOTOPbIE ABJAAIOTCA KOMIIOHEHTAMU U
aTpuOyTaMu CPeJibl BHIUUCICHUN.
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MOAEJIb JIASBEPHOI'O YPOBHEMEPA J1JI4d PESEPBYAPOB
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Kmoueswie crosa: pesepByap, ypoBHemep, Jiazep, Monte-KapJio.

[Ipu ompenesieEnn 0O0bEMOB BEIIECTB B pe3epByapax JIYUIIe BCEro U3MepsATh YPOBEHb Oec-
KOHTaKTHBIMU YPOBHEMEpPaMMH. HepCHeKTI/IBHO IIPpUMECHEHNE JIa3€PHBIX YPOBHEMEPOB JId U3ME-
penns ypoBHA HedTenpoaykToB. [losToMy HEOOXOIUMO M3yUdeHrne BIUSHUA IHLIEBBIX 00JIAKOB
U TapoB, 0Opa3yeMbIX BHYTPHU pe3epByapa, Ha BO3BPAIAeMbIil CUTHAJI.

Meton Monrte-KapJio npumensiercs jijist MOJAEJIMPOBAHUS TPAHCIIOPTa (POTOHOB Yepe3 MyT-
HbI€ CPpEAbl U IIOJyYaceMad MOAEJ/Ib JOJI2KHA YIUTbIBATDh XapPaKTEPUCTUKU CPEJbI, €€ OIITUYIECKHE
CBO¥ICTBa, NEOMETPHIO, U OIUCAHNE PACIPOCTPAHEHUS U3/TyYCHUSI.

Moests TpejicTaBIIsieT CIeayomne COOBITH:

1) waunmanusanus GoToHa: 3aJAI0TC HAYAIbHbIE KOODJAUHATHI (DOTOHA, MCXOJIHbIH BeC U
HAIIPABJICHUE;

2) nepemerrenre hboTOHA B cpejie: mepeMerierne GOTOHA B ONPEJIeJIEHHOM HAIIPABJICHUN HA
HEKOTOPOE PACCTOSTHUE;

3) paccestine hbOTOHA: ONpEIeIeHIe HOBOTO HAIPABJIEHNUs JBIKeHNsT (DOTOHA ¥ JIJTHHBI CJIe-
JIYIOIIEro 1mpobera;

4) nonbITKa nepemMenienus GoToHa B JPYToil cJioit (0TparkeHne UM [epecedeHne ux rpaHu-
1)

5) ymeHbIeHre Beca (POTOHA;

6) cmepTh hoTOHA.

[IpeicTaBieHHBIH TOIXO/ 11€/1€CO00PA3HO NCIOJIB30BATH ISl aHAJIN3a BJIMAHUS BTN, apa
U MPOYMX MYTHBIX CPeJl, BOSHUKAIONINX ITPU B3AUMOIEHCTBUN C XPAHAIIUMUCH B pe3epByapax
BEIECTB, HA U3MepsieMble 3HAUCHUS YPOBHS JIA3€PHBIM yPOBHEMEPOM.
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INTPUMEHEHUVE CETOYHO-XAPAKTEPUCTUYECKOI'O METOJA 1JI4
PACYHETA HATPY3KU OT ITPOXOAAIITETIO 2KEJIEBHOIOPO2KHOT'O
COCTABA

Koxemsiaenko A. A.?¢ ®Pasopckaa A. B.1%0
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Karouesvie c06a: KOMIIBIOTEPHOE MOJIEIUPOBAHNE, BEPXHEE CTPOEHUE KEJIE3HOIOPOKHOIO
Iy TH, CUCTEMA KOJIECO-PEThC.

Pabora BeimosHena B pamkax rocymapcersennoro 3aganust OI'Y OHIT HUVCU PAH 1o Te-
Me Ne FNEF-2024-0002 «Maremarudeckoe MOJAeInpOBaHIE MHOIOMACIITAOHBIX AUHAMUIECKIX
IPOIECCOB M CUCTEMBI BUPTYaJIbHOTO OKpyzkerust» (1023032900401-5-1.2.1).

Pacmmpenue u coBepliiieHCTBOBAHUE YKEJIE3HOIOPOXKHON HH(MPACTPYKTYPhI HAIIPABIEHO Ha
yBeJImIeHne €€ IIPOBO3HBIX U IIPOIIYCKHBIX CIIOCOOHOCTEH B YCJOBUSIX POCTa 0OBEMOM I'PY30BbBIX
U TIACCaXKUPCKHUX IepeBO30K. BaxkHoil 3a/1a4ueil siBjisieTcst onpe/jiesieHne Harpy3Ku KOHCTPYKITUN
BEPXHETO CTPOEHUS MYyTH B PA3JUIHBIX YCJIOBHUIX €TI0 YCTPOMCTBA MPU CKOPOCTHOM WJIA TPY-
30BOM JIBUZKEHUN YKEJIE3HOJIOPOKHOIO cocTaBa. [IpoBejienne pusmaeckoro skcrnepuMenTa 3ada-
CTYIO OKa3bIBAETCH BO3MOXKHBIM TOJIbKO Ha CIIEIAAJIBHBIX KeJE3HOJOPOXKHBIX IOJIMT'OHAX, He
nMesT BO3MOXKHOCTH TMOKO MEHSITh IapaMeTpbl U JU3aiiH 9KCIEPUMEHTa, JJIs 9TOI0 TpedyeTcs
MTPOBeIeHNE KOMITHIOTEPHOT'O MOJIETUPOBAHUS.

B nokitajzie paccMaTpuBaeTcsd MpUMEHEHNE CETOYHO-XapaKTEPUCTUIECKOTO METO/Ia JIJIst Pac-
qeTa JUHAMUIECKON Harpy3KH KeTe3HOJOPOXKHOTO COCTaBa M IOJTyYeHWs BOJTHOBBIX KapTUH
pacipejiesieHrsi yIPyTruX [MapaMeTpoB B BEPXHEM CTPOEHUU MyTH W HA3eMHOI ero yactu (1pu
nHajmaun) [1]. ZKenesHomoposkHblii yTh paccMaTpUBAETCA CO BCEMU €r0 XapaKTePHBIMEH KOM-
[MIOHEHTAMHU B JINHEHHO-YIIPYTOM IIPUOJIMKEHIHN ¢ UCIOJIB30BAHUEM IIPAMOYTOJIBHBIX CTPYKTYPHU-
poBaHHBIX pacderTHbx ceTok (Puc. 1 ciesa): 1 — pesbe, 2 — memmdepsl, 3 — mrmassl, 4 — Ha-
CBIIb, 5 — 3eMJITHOE TTOJIOTHO. V3MeHsdd B MaTeMaTHIecKOil MOJIe/ N YIIPYTHe apaMeTPhbl CPe/I,
MOYKHO PacCMaTpPUBATh JIBUKEHUE KEJIE3HOJIOPOXKHOTO COCTaBa IPHU Pa3JIUIHBIX TapamMeTrpax
JKECTKOCTH TIOAPEIbCOBOIO OCHOBAHUSI, PACCMATPUBATEL JBUKEHUE 110 OAJJIACTHOMY WU Oe3-
OaJLTaCTHOMY IIyTH, PacCMaTpUBaTh JBUKEHUE 110 MOCTY IPU 3aMeHe 3eMJITHOTO TO0JIOTHA Ha
HECYIILYI0 KOHCTPYKIIUIO U JIOOIPe/Ie/IeHNs] TPAHUIHbBIX YCJIOBUil. Pe3y/ibTaThl T€CTOBBIX ITPU HC-
MTOJTb30BAHNT CIETNAIbHOTO TPAHUIHOTO YCJIOBUS JIJI MOJETNPOBAHUS CUCTEMBI KOJIECO-PETHC
npusejieHbl Ha Puc. 1 crpasa.

o
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Puc. 1. Pacuemmnwie cemru (caesa). Ilpoxoosicdenue orcenesnodopooicozo cocmasa (cnpasa,)
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APPLICATION OF THE GRID-CHARACTERISTIC METHOD FOR
CALCULATING THE LOAD FROM THE PASSING TRAIN
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The work was carried out within the framework of the state task of the Federal State Insti-
tution “Scientific Research Institute for System Analysis of the Russian Academy of Sciences”
on the topic No. FNEF-2024-0002 “Mathematical modeling of multi-scale dynamic processes
and virtual environment systems” (1023032900401- 5-1.2.1).

The expansion and improvement of the railway infrastructure is aimed at increasing its
carrying carrying capacity in the context of the increase in the volume of freight and passenger
traffic. The important task is to determine the load of the upper structure of the track in various
conditions of its arrangement during high-speed or freight movement of the train. Conducting
the physical experiment is often possible only at special railway ranges, without being able to
flexibly change the parameters and design of the experiment, this requires computer modeling.

The report examines the application of the grid-characteristic method for calculating the
dynamic load of train and obtaining wave patterns of the distribution of elastic parameters
in the upper structure of the track and its ground part (if available) [1]. The railway track
is considered with all its characteristic components in a linear elastic approximation using
rectangular structured computational meshes (Fig. 1 on the left): 1 — rail, 2 — dampers, 3 —
sleepers, 4 — embankment, 5 — roadbed. By changing the elastic parameters of the media in the
mathematical model, it is possible to consider the movement of the train at various parameters
of the stiffness of the sub-rail base, consider movement along the ballast or non-ballast track,
consider movement along the bridge when replacing the roadbed with the supporting structure
and determining boundary conditions. The test results using the special boundary condition
for modeling the wheel-rail system are shown in Fig. 1 on the right.
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Figure 1. Computational grids (left). Passage of the train (right)
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ITPUMEHEHUE ITPOI'PAMMHOI'O OBECIIEYEHI A BLENDER JJIA
MO/JEJINPOBAHUSA ONITUYECKNX S9®PEKTOB 1 UJIJIIO3UI

Moprys . A.he
L Cypeymeruti unuan @edepanvrozo nayunoeo yenmpa «Hayuno-uccaedosamenvcrudi
uncmumym cucmemuur uccaedosanuti Poccutickot axademuu nayks, 2. Cypeym,
Poccutickan @edepavusn
* morgun_ da@office.niisi.tech

Karouesvie caosa: Blender, 3D-mozemnu, opensource, onrutieckue 3pheKTh.

Pabora Beimosinena B pamkax rocyapcrsennoro 3aganus OIY OHIT HUMCU PAH o teme
Ne FNEF-2024-0001 «Coznanne u peajn3alys JOBEPEHHBIX CUCTEM MCKYCCTBEHHOTO MHTEJLIEK-
Ta, OCHOBaAHHBIX HA HOBBIX MATEMATHYECKUX U AJTOPUTMUYUECKUX METOJIaX, MOJIE/IAX OBICTPHIX
BBIYKCJIEHUI, pean3yeMbIX Ha OTE€UEeCTBEHHBIX BBIYUCIUTENLHBIX cucremax» (1023032100070-
3-1.2.1).

Kommbrorepnasi Busyauzalius IMUPOKO TPUMEHSIETCS B HACTOSIIEE BPEMsl ITPAKTHIECKUA BO
BCex cdepax deoBedecKoil jesarenbHocT. OObeKTaMu BU3yaIU3aIUNd MOTYT CJIYKUTb U ad-
CTPaKTHBIE MaTeMATHIECKHe OOBEKTHI; W BUPTYAJIbHBIE MOJE/NN KOHCTPYKIUH, COOPYKEHN,
IpubOPOB, OCTPOEHHBIE C YIETOM MX IMPOYHOCTHBIX, TEIIOMUINIECKUX, TEKTPODUITIECKIX
U [IPOYMX XapaKTEPUCTUK; M CKA30YHbIE TIEPCOHAYKU WJIM IIPEJIMEThI, KOTOPbIE MOTYT CYIIECTBO-
BaTb TOJILKO B (haHTa3MM aBTOPA.

Blender [1] — 6ecrmaTublit Hab0Op mist cozmanns 3D-n300pazkennii ¢ OTKPBITHIM UCXOHBIM
kosioM. Blender mnpennasHatieHn st co3/aHusi peanucTUIHbIX 3D-uzobpakeHuit 1 aHUMAIUU.
Crienua/im3upoBaHHble HayIHbIe WJIN KOHCTPYKTOPCKHE CPEJICTBA BU3YAJM3AINN OOBIMHO ropas-
110 6071€€ YI00HBI 71 OBICTPOI BU3yaJIN3AINH, TIO3BOJISIOT TOJIb30BATEIIO-CIIEIUAICTY OllEePHU-
POBATH MPUBBIYHBIMUA TEPMUHAMU U 0003HAMEHUSIMU U BIIOJIHE JOCTATOYHBI JJIsT POPMUPOBAHUS
[IPEeJICTABJICHIS O ITPOCTPAHCTBEHHBIX OCODEHHOCTSAX Bu3yansupyemoro oobekra. Ho coznanue
JIEHCTBUTE/IBHO PEAJTMCTUIHON BU3yAIM3aIuu TpedyeT BO3MOXKHOCTU 3aJ[aHUsl MHOXKECTBA J10-
MTOJTHUTETFHBIX TTAPAMETPOB BU3YaTU3UPYEMOil CIIEHBI — UCTOYHUKOB OCBEIIEHUsI, ONTHIECKIX
IapaMeTPOB MOBEPXHOCTU BU3YAJIU3UPYEMBIX OOBEKTOB, MapaMeTpoB Kamepbl u Jjp. Ocobyio
3HAYNMOCTD PEAJIUCTUIHOCTDh M300paKeHus NpuoOpeTaeT B CUCTEMAaX JOIMOJTHEHHON peabHO-
CTH.

B nporpamme Blender sy yaénoro-ucciieioBaresist MOTYT ObITh HHTEPECHBI U BO3MOYXKHOCTHU
MHTEPAKTUBHOIO MOJIETUPOBAHUST TTOCPEJICTBOM TI'paduIecKoro mHTepdeiica, m BO3MOKHOCTH
IPOrPaMMUPOBAHMUS JIIOOOTO SIEMEHTA CIIEHBI ¢ IIOMOIIBIO CKPUTITOB Ha sA3bike Python, n mpowme-
JKYTOUHBIA BADUAHT — BU3yaJIbHOE IIPOrPAMMUPOBAHUE C TIOMOIIbI0 «y3y10B» (Blender nodes),
U caMO BHyTpeHHee ycTpoiicTBo mporpammbl Blender, koropas ucnosib3yer st cBoeil padboTh
OKOJIO COTHU CTOPOHHUX OMOJIMOTEK, 00eCIeYnBAIONINX BO3MOXKHOCTU MOJIe/IUpOBaHusd, 3pdek-
TUBHBIX BBIMHUC/IEHUN U XpaHEHW JAHHBIX B PA3IUIHBIX (hopMaTax.

B nacrogdieii pabore mpejicTaBieHa TEXHOJOTHS MOJIETNPOBAHUS TOJIOTpadUIecKOil NILTIO-
31N, co3/laBaeMoil AByMs napabomyeckuMu 3epkajiamu [2] ¢ momorpio nporpaMmbl Blender u
Pe3y/IbTATHI KOMITLIOTEPHON BU3YAJIM3aIlUU TON UJLTIO3UN.
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USING BLENDER SOFTWARE TO MODEL OPTICAL EFFECTS AND
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This study is a part of the FNEF-2024-0001 government order contracted to the Sci-
entific Research Institute for System Analysis of the Russian Academy of Sciences, project
No0.1023032100070-3-1.2.1 Development and Implementation of Trusted Artificial Intelligence
Systems Based on new Mathematical Methods and Algorithms, Fast Computing Models for
Domestic Computing Systems.

Computer visualization is widely used nowadays in almost all spheres of human activity.
Objects of visualization can be abstract mathematical objects; virtual models of structures,
buildings, devices, built taking into account their strength, thermal, electrical and other char-
acteristics; and fairy-tale characters or objects that can exist only in the author’s imagination.

Blender [1] — a free open-source 3D image creation kit. Blender is designed to create realistic
3D images and animation. Specialized scientific or design visualization tools are usually much
more convenient for quick visualization, allow a specialist user to operate with familiar terms
and notations and are quite sufficient for forming an idea of the spatial features of the visualized
object. But creating a truly realistic visualization requires the ability to specify many additional
parameters of the visualized scene — light sources, optical parameters of the surface of the
visualized objects, camera parameters, etc. The realism of the image is especially important in
augmented reality systems.

In the Blender program, a research scientist may be interested in the capabilities of inter-
active modeling through a graphical interface, and the ability to program any element of the
scene using Python scripts, and an intermediate option — visual programming using “Blender
nodes”, and the internal structure of the Blender program itself, which uses about a hundred
third-party libraries for its work, providing modeling capabilities, efficient calculations and data
storage in various formats.

This paper presents a technology for modeling a holographic illusion created by two parabolic
mirrors [2] using the Blender program and the results of computer visualization of this illusion.
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NCKYCCTBEHHBI NHTEJIJIEKT U IIEPCIIEKTUBEI ET'O
PEAJINSAIINN HA B-KOMIIBIOTEPAX
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Karoueswie carosa: B—KOMHBIOTepI)I7 HCKyCCTBeHHbeI MHTEJIJICKT.

Besikmit 00beKT HaxXoauTCs Ha TOR mam uHO# crammu passurus. Ilog emaduetli paseu-
mus 00beKTa MOHUMAETCS er0 KOHCMPYKMUBHOE COCMOAHUE, a TaKk:Ke Habop PyHKUuo-
HAABHBLL 803MOAHCHOCMET, BLITEKAIONINX U3 KOHCTPYKTUBHOI'O COCTOSTHUSI, W MIPOSB/ISIEMbBIX
00BbEKTOM IIPH €ro B3aMMOJIEHCTBHM ¢ OKpYyxKaromiein cpemoit. Habop ¢dyHKIMOHAIBHBIX BO3-
MOKHOCTEll 00beKTa sIBJIFIETCH €ro BaKHelIell BOIIONUOHHON XapakTepucTukoit. Mol Oyjiem
HA3bIBATH €r0 Habopom Gynkyul obsexma.

[Ton pazsumuem nonnmaeTcs nepexo] 00bEKTa OT OJIHOM CTa MU Pa3BUTHUS K JIPYTOil. DTO
o/ipa3yMeBaeT KaK BO3MOXKHOE KOHCTPYKTHBHOE M3MEHEHHe CaMOro 00beKTa, TaK U W3MeHe-
HUe HabOpa CBA3aHHBIX ¢ HEUM (yHKmit. Kakmas crajaust pa3BUTHsT XapaKTePU3yeTCsa IBYMs
KOMITOHEHTaMU: KOHCTPYKTUBHBIMHI OCOOEHHOCTSIMU 00'bEKTa 1 €10 (PYHKIIMOHAIBHBIM HAOOPOM.
BrnioJtae ecrecTBeHHO Ipe/iiioiaraTh, YTo (pyHKIIMOHAILHBIN HAOOP 00beKTa 3aBUCUT OT €r0 KOH-
CTPYKIIMH, TaK 4TO HAOOp (DYyHKIM, XapaKTepU3YIOMNX CTA/INI0 PA3BUTHUS, €CTh CBOETO POJIa
dbyHKIMA ero KOHCTPYKTUBHOIO COBEPIIEHCTBA, YTO OoTparKkaercd zamnuchio {fi,fs,...} = W(k),
rje k — KoaphumenT, XxapakTepu3yoluii KOHCTPYKTUBHOE pa3BUTHE. Bynem cunrarh ero me-
HsronmMces B nipejenax 0 < k < co. PeasibHbIe TOTpeOHOCTH, OIIpe/ie/igeMble B3auMO/IeiiCTBUEM
o0beKTa ¢ OKpY2KaIoIieil cpejioii, MOryT He TpebOBaTh UCIOJIL30BAHUA HEKOTOPBHIX (DYHKIINIA,
HOTEHINATBHO BXOJSIIMX BO MHOXKeCTBO { f1, f2,...}.

Cmadus paszsumus obsexma — 1o napa (k,{ f1,fs,...}), cocrosimast u3z koaddunuenta Kou-
CTPYKTHBHOIO pa3sutus k u Habopa dbyukiwmii { fi,fa,...}.

O6a dakropa, Bxoggamux B napy (k,{fi,fs,...}), MOryT onpenessaTbcs BHENTHUM BO3Eii-
CTBHEM; TOT/Ia MbI TOBOPUM 00 UHOYUUPOBAHHOM PA3BUMUL.

[Mosenenue napst (k,{ f1,/2,...}) onpesessiercs BHYTPEHHIUMHI TIPUYUHAMU, TIPUCYIAME 00b-
exkTy. Ilpu sTOoM, BHelHee BO3JIeliCTBAE MOYKET OBITH CJA0OBIM KMJIH BOOOIIE OTCYTCTBYIOIIUM.
Torma MbI roBopuM 0 camopadsumut,. C IMOHITHEM CAMOPA3BUTHUSI TECHO CBA3AHO IOHSTHE
uckyccmeerHHoz20 unmeansekma. CymecTByer JiBa MMO/IX0/Ia K MOHATUIO UCKYCCTBEHHOTO UH-
TeJIJIEKTA.

CorytacHO IEPBOMY IIOAXOAY IO, UCKYCCMBEHHBIM UHMEANCKIMOM NOHUMAEMCA UCKYC-
cmeenmno cozdannoili 06sexm, 0baadarowut cnocooHOCMbIO K CAMOCTOAMENOHOT UHMEAAEKINY-
arvhotll deamesvrocmu. Bynem Ha3bIBaTh 3TO MOHITHE UCKYCCMBEHHDIM UHMEANEKITOM 68 NOA-

Hom cmuvicae. Takum oOpasom, 1epBOil OTJIMYUTEILHON YepPTOil MCKYCCTBEHHOT'O MHTEJIIEKTa
SIBJISIETCSI €70 UCKYCCTBEHHOE ITPOUCXOXK/IEHUE, T.€. OH JOJI?KEH OBITh CO3/IaH KEM-TO HJIH IEeM-TO
JIPYTUM, CIIOCOOHBIM K JIOCTATOYHO BBICOKOW TBOPUECKON JIeSITE/TbHOCTH, HAIPUMED, TeJIOBEKOM
TBODAIINM, WJIH KAKUM-JTHOO €IIE, CIIOCOOHBIM K TBOPEHUIO, MBICJISAIIUM cyIitecTBoM (CrimHo-
3a,[1],crp.165. Bropoii oTyimanTe/bHOl 4epToil HCKYCCTBEHHOIO HHTEJLIEKTA SIBJISIETCS €10 CIIo-
COOHOCTDH B TIOJIHO# Mepe CAMOCTOSATE/ILHO MPOSIBIATh CBOI MHTEIEKT MPU B3aMMOJICHCTBUM C
OKpYy2Karloleil cpe/ioii, perias, B ujease, Jooble, CaMble PA3HOOOPa3HbIE 3a/1a11, BOSHUKAIOIIIE
IIPU TOM B3aUMO/I€HICTBUN.

CoryiacHO BTOPOMY HOJIXOAY TOJ UCKYCCMEEHHBIM UHMEANEKMOM NOHUMGEMCA UCKYC-
CMBEHHO C030anHbill 00BeKm, 00460a0UWUT CROCODHOCMDIO K MOOEAUPOBAHUIO PA3YMHOT NO0-
sedenueckoti 0eamesvHOCY 68 NPedeaar 3anpopamMmuposantots xomnemenyuy. BymeMm Ha3bl-
BaTb 9TO HOHATHUE, IIPOCTO, UCKYCCMBEHHBIM UHMerLekmom. Bee n3Bectiblie poOOTHI PeaIn3yIoT
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HNCKYCCTBEHHBII MHTE/IJIEKT B 3TOM CMbBICJIE, TaK KaK nogedenue poboma onpedessemcs 4esose-
KOM. DTO NPO2PAMMUPYEMBLE POOOMBL, MOdeaupyrouwue padymuoe nosederue. /1o tex
1IOp, IIOKa OHU YIIPABJISIOTCS TPOrPAMMUPYEMBIMU KOMIIBIOTEPAMU, UCKYCCTBEHHBIM MHTEJIJIEK-

TOM B IIOJIHOM CMBIC/I€ OHM Ha3BaHbI ObITH HE MOTYT.

Hetiponnvie cemu gaBASIOTCA TpUMEPAMU MCKYCCTBEHHOT'O MHTE/JIEKTa BTOPOTO THUIIA, TaK
KakK B HUX <«3allliTay IIPOrpaMMa UTEPATUBHOI'O COBEPIIICHCTBOBAHMSI.

IloammHaHBIT NCKYyCCTBEHHBIN MHTEJUIEKT ecTb I B mostHOM cmbiciie. Mubiciiurenn
IIPOIIJIONO BEJIM CBOU PACCYZKJIEHHS MMeHHO B oTHomenun NI B mOJIHOM cMBbICIE, B COOTBET-
crBue ¢ nepBbiM 10xo0M ([1-7]). ToabKo Ha 5TOM My TH JOCTUKUMO OKOHYATETHHOE PEIleHne
upobsiembr M. B mosiHo#t Mepe co3jaHme TAKOro MCKYCCTBEHHOTO MHTEJIIEKTa MOYKET OBITh
OCyIIecTBIeHO Ha Oa3e B-komibiorepos [8].
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Every object is at one stage or another of development. The stage of development of an
object is understood as its constructive state, as well as a set of functional capabilities arising
from the constructive state and manifested by the object in its interaction with the environment.
The set of functional capabilities of an object is its most important evolutionary characteristic.
We will call it the feature set of an object.

Development refers to the transition of an object from one stage of development to another.
This implies both a possible constructive change of the object itself and a change in the set of
functions associated with it. Each stage of development is characterized by two components:
the design features of the object and its functional set. It is quite natural to assume that the
functional set of an object depends on its design, so that the set of functions characterizing the
stage of development is a kind of function of its constructive perfection, which is reflected by
the entry { f1,f2,...} = ¥(k), where k is the coefficient characterizing constructive development.



MareMaTHdecKoe MOJICJNPOBAHNE CIOXKHBIX CHCTEM 41

We will consider it changing within the limits 0 < k < oco. Real needs, determined by the
interaction of an object with the environment, may not require the use of some functions that
are potentially included in the set {f1,fs,...}.

The stage of development of an object is a pair (k,{f1,f2,...}), consisting of the coefficient
of constructive development k and a set of functions {fi,fa,...}.

Both factors included in the pair (k,{f1,f2,...}), can be determined by external influences;
then we are talking about induced development.

The behavior of the pair (k,{f1,f2,...}) is determined by internal reasons inherent in the
object. At the same time, the external impact may be weak or absent altogether. Then we are
talking about self-development. The concept of artificial intelligence is closely related to the
concept of self-development. There are two approaches to the concept of artificial intelligence.

According to the first approach, artificial intelligence is understood as an artificially created
object with the ability to independent intellectual activity. Let’s call this concept artificial
intelligence in the full sense. Thus, the first distinguishing feature of artificial intelligence is
its artificial origin, i.e. it must be created by someone or something else capable of sufficiently
high creative activity, for example, a creative person, or some other creative, thinking being
(Spinoza, [1], p.165. The second distinctive feature of artificial intelligence is its ability to
fully independently demonstrate its intelligence when interacting with the environment, ideally
solving any, most diverse tasks arising from this interaction.

According to the second approach, artificial intelligence is understood as an artificially
created object with the ability to model intelligent behavioral activity within a programmed
competence. Let’s call this concept, simply, artificial intelligence. All known robots implement
artificial intelligence in this sense, since the robot’s behavior is determined by a human. These
are programmable robots that simulate intelligent behavior. As long as they are controlled by
programmable computers, they cannot be called artificial intelligence in the full sense.

Neural networks are examples of artificial intelligence of the second type, since they have
an iterative improvement program “sewn in”.

There is genuine artificial intelligence in the full sense. Thinkers of the past conducted their
reasoning precisely in relation to Al in the full sense, in accordance with the first approach
([1-7]). Only in this way is a final solution to the AI problem achievable. To the full extent,
the creation of such artificial intelligence can be carried out on the basis of B-computers [§].
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OITEHKA 1 IIPOTHO3MPOBAHUE PAJIMAIITMIOHHOI'O BO3/IEVICTBUS
HA YEJIOBEKA B PAIIOHE PACIIOJIOXKEHIY O/I9K 1
ITPEJCTABJIEHUE PE3VJIBTATOB C IPUMEHEHUEM IT1®POBOI'O
JBOMHUKA
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VHHII «Kypuamoscruti uncmumymy» — BHUHPAS, Obnunck
2 Axuuonepnoe obuwecmeo «IIpopwvie», Mocksa
¢ viktor.krechetnikov@mail.ru

Karouesvie ca06a: ONBITHO-IEMOHCTPAIIMOHHBIN SHEPTOKOMILIEKC, PAJIMOAKTHBHbBIE BBHIOPO-
ChbI, HOpMaJIbHas SKCILTyaTalus, clieHapun apapuii, nudpoBoil J1BoHUK, 103a 0byuenus, ['uc-
IIPOEKT, 3JIEKTPOHHAs KapTa.

B xoj1e pabot 611 cozan mudpoBoit JIBORHUK JIJIs OIIEHKU U IPOTHO3UPOBAHUS PAJIMAIUOH-
HOT'O BO3J/IEHCTBHUs Ha Ueji0BeKa u 6uotry B paiione pacrosoxkenns O/I9K. Cucremarusuposana
1 ONHCaHA AKTyaJN3MpPOBaHHAsS MH(MOPMAINSA, XapaKTepu3yolias pauoaKTUBHBIE BHIOPOCHI
peaktopnoit ycranoeku BPECT-0O/I-300.

Ha ocHoBe cobpanHbIX JaHHBIX U ¢ ucnosb3oBanueM mojyisa [VC «Ilporuos (aBapusi)» u
«IIporHo3 (XpoHWKa)» BBIIOJHEH [IPOrHO3 J103 00JIydeHUs] HACeJIeHNsI. Pe3y/ibTaThbl MIpOrHo3u-
pOBaHUs TTO3BOJIUIN OIEHUTh YPOBHU PAIMAIIMOHHOIO BO3J/IEHCTBUS HA HACE/IEHUE MIPU IITAT-
Hoit pabore peakToproii ycranoBku BPECT-O/1-300 u st pa3iudHbIX aBapUitHBIX CIIEHAPH-
eB. [losrygennbie B xojie pacyéToB JIaHHbIE OBLIM JO0ABJIEHBI B BUJIE CJIOEB JIEKTPOHHBIX KapT
B 1udpoBoit jBoitHuK. B pesyibrare, co3manHubiii mudpoBoit ABOWHUK cojepkuT 220 ciioes,
BKJIIOUAIOINIUX 0A30BbIE CJIOU, TOUYEUHbBIE CJIOU, COAepKallue aTpuOyTUBHY 0 HH(MOPMAIIUIO O J10-
3ax O0JTydYeHMsT HACE/IeHUs] B PACUETHBIX TOUKAX, JIMHEHHbBIE CJIOU U30JIMHUI pacIIpe/ie/IeHus /103
00JIyYeHrsT U PACTPOBBIE CJIOW ITPOCTPAHCTBEHHOTO PACIIPE/IE/IEHNUsT JI030BOI HAIPY3KH.

PezynibraTnl, mojydennbie B Xoie paboT, OYIyT B JaJbHEHIIEM JIOMOJTHEHBI OIEHKAMU J103
00JIyueHts HACeJIeHUA B Pe3y/IbTaTe SKCILIyaTalun «Moy/as hadpukaruu-pedabpukaium siaep-
soro rtommmBay (M®P), aro mossosut chopMuUpoOBaTH MOJHYIO KApTUHY BO3JeicTBUs pajiua-
IMOHHOTO (hakTOpa Ha Hacenenue npu dyuknuonuposannn OJIIK. C mpakrudeckoit TOUKN
3pEeHUsI, Pe3Y/IbTAThI PACIETHBIX OINEHOK W CO3/IaHUS IJEKTPOHHBIX KapT IMUMPOBOrO JIBOHE-
Ka BHECYT BKJIaJ] B 000CHOBaHMe dKojorndeckoit bezonacuoctn npeanpuaruit Q9K ¢ yaérom
COBPEMEHHBIX ITO/IX0/I0B K OIEHKE PaJIUaIlMOHHOI0 BO3/ICHCTBUS Ha HAaceJeHUe B paiioHaX pac-
MOJIOYKEHUST STAEPHO-IHEPIreTHIECKUX ITPEITPUITHIA.

YUCTOTA JAHHBIX B AHAJINTUKE 1 MAITIMHHOM OBYYEHUNWN:
COBPEMEHHBIE I1O0IXOAbI 1 TEXHOJIOTUN OYNCTKU JAHHBIX

ITocniesnoB .
000 «KHO/JIb»

Kmouesvie crosa: MalmmmHHOe 00yU€eHNe, aHaIN3 JIAHHBIX, OYUCTKA, JaHHbIX.

Bsenenne

KavecTBo JaHHBIX — KPUTUYIECKU BaXKHBIN (DAKTOP B aHAJUTUKE U MAIIUHHOM OOYYEHUU.
HekoppekTHble man rps3Hble JaHHBIE TPUBOJAT K OIMMOOYHBIM BBIBOJAM U PEIIEHHUSIM, UTO
MOKET BBI3BaTh (DMHAHCOBBIE IOTEPU U CHU3UTH JOBEPHE K aHAJUTHIECCKIM CHUCTEMAM.



MareMaTHdecKoe MOJICJNPOBAHNE CIOXKHBIX CHCTEM 43

OcHoBHBbIE TPOOJIEMBI C JAHHBIMU

Pacripocrpanennbie mpo0/ieMbl BKJIIOUAIOT IPOIYIIIEHHbIE 3HAYUEHUS, /TyOIUDYIOIIHeCs 3allu-
€U, HEKOPPEKTHBIE (POPMATHI, AaHOMAJIUU U OIITMOKU BBOA. DTU HEJIOCTATKHU 3aTPY/IHIIOT aHAIN3
1 HEraTUBHO BJINAIOT Ha TOYHOCTH MO,[LeIIeI;'I 1 IIPOIrHO30B.

Biinsinue rpsi3HBIX JAaHHBIX

['paznbie jjanHble CHIKAIOT 3(MDMEKTUBHOCTD MOJIe/Ieil MAITUHHOTO O0yYeHUsI, TPUBOJIAT K
HEBEPHBIM OM3HEC-DEIIeHNAM U YBEeJIMINBAIOT 3aTPATHI HA XpaHeHne n 00pabOTKy. DTO MOIPHI-
BaeT JOBepre K aHAJIUTUKE U MOYKET HETATHBHO CKA3aThCS Ha PEIyTAIINA OPTaHM3aIiH.

CoBpeMeHHbIe MMOAXO0AbI K OUYNCTKE JJaHHBIX
ABTOM&TI/IS&HI/IH IIPpOIECCOB OYNCTKHU C UCIOJIb30BaHUEM CIICHUAJIM3UPOBAHHBIX MHCTPYMEH-
TOB YCKOPSIET BBIsIBJIEHNE U ncipaBeHne ommbok. Omucanume texunosorun KnoDL.

BpI130BBI 1 IEepCIIEKTUBBI
O6paboTKa HECTPYKTYPUPOBAHHBIX JAHHBIX, TAKIX KaK TEKCT U MYJIbTUME/ A, TpeOyeT HO-
BBIX METOJIOB M TCXHOJIOI'MH.

3akJrroueHune

qI/ICTOTa JaHHDBIX ABJIACTCA OCHOBOM YCHeIHHOfI AHAJIUTUKW WU MAIIIMHHOI'O O6yquI/IH. OpFa—
HU3AIY, yJIE/IsIOINe BHUMAHIE KAYeCTBY JaHHbBIX, CIIOCOOHBI IPUHUMATH O0oJiee 000CHOBaHHBIE
pemenust U 3EGEKTUBHO UCIOJIB30BATH PECYPCHI.
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DATA CLEANLINESS IN ANALYTICS AND MACHINE LEARNING:
MODERN APPROACHES AND DATA CLEANSING TECHNOLOGIES

Pospelov D.
KNODL LLC

Keywords: machine learning, data analysis, data cleanup.

Introduction

Data quality is a critically important factor in analytics and machine learning. Incorrect or
dirty data leads to erroneous conclusions and decisions, which can cause financial losses and
reduce trust in analytical systems.

Main Data Issues

Common problems include missing values, duplicate records, incorrect formats, anomalies,
and input errors. These deficiencies complicate analysis and negatively affect the accuracy of
models and forecasts.
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Impact of Dirty Data

Dirty data reduces the effectiveness of machine learning models, leads to incorrect business
decisions, and increases the costs of storage and processing. This undermines trust in analytics
and can negatively affect the organization’s reputation.

Modern Approaches to Data Cleansing
Automating cleansing processes using specialized tools accelerates the detection and correc-
tion of errors. Description of the KnoDL technology.

Challenges and Prospects
Processing unstructured data, such as text and multimedia, requires new methods and
technologies.

Conclusion

Data cleanliness is the foundation of successful analytics and machine learning. Organi-
zations that pay attention to data quality are able to make more informed decisions and use
resources more effectively.
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Pabora nmomgaepxkana rpanrom kommnaaun OO0 «AitTekPopcaiirs.

Coznanne mMareMaTmIecKux MOJeseil i Onpese/ieHns KOJUYIECTBEHHBIX U KadeCTBEH-
HBIX XapPAKTEPUCTUK JIECOB C MCIIOJIb30BAHUEM JIAHHBIX JTUCTAHIIMOHHOIO 30HINPOBAHUSA 3€M-
au (/133) uMeeT BBICOKYIO aKTYaJbHOCTD 110 HECKOIBKUM mpudrHaM. MOHUTOPUHD COCTOSTHUST
JlecoB ¢ nomornibio JI33 1mo3BoJisieT peryasapHO U OepaTUBHO OTCJIEXKHUBATH COCTOSHUE JIECHBIX
9KOCHUCTEM, BBISBJISITH U3MEHEHUs B UX CTPYKTYyPe, 3/I0pOBbe U Onopasznoodbpazuu. Mogenmn Mo-
I'yT IIOMOYb B OIlEHKE 3allacOB JIDEBECUHBI, YTO BayKHO JIJIsd yIIPaBJIEHUs JIECHBIMU PecypcamMu
U YCTOWYMBOIO JIECOIIOJIb30BAHNS, MOXKHO TaKKe BBIIBIATH YIaCTKHU, IO/IBEPKEHHBIE PUCKaM,
TaKUM KaK JIECHBIE ITOXKapbl, O0JIE3HU WX BPEIUTEIH, YTO IT03BOJISIET 3apaHee IPUHIMATDL MEPhI
110 UX IPEJIOTBPAIECHUIO.

Jleca urparoT K/II04YeByIO POJIb B PEryJI[Iuu yriepojHoro dbananca. MojgeinpoBanne nx xa-
PAKTEPUCTUK IIOMOTAET OIEHUBATH BKJIAJI JIECOB B O0PHOY ¢ n3MeneHueM kinmara. Maremarude-
CKH€e MOJIeJIM MOT'YT UCIIOJIb30BATHCS JIJIT ONTUMU3AIINN yIIPABJIEHUS JIECHBIMA TEPPUTOPUIMU,
BKJTIOYAsI IJIAHUPOBAHNE BBIPYOOK, BOCCTAHOBJIEHNE JIECOB U OXpaHy MPUPOIHBIX pecypcoB. Co-
BpPEMeHHbIe MOJIEJIN MOI'YT WHTErPUPOBATDH JaHHBbIE U3 PA3JIMYHBIX UCTOYHUKOB (CIIyTHUKOBbIE
CHUMKH, HA3eMHBIE UCCICIOBAHUS ¥ T.J.), ITO MOBBIIIACT TOYHOCTh U HAJEYKHOCTD IOJIydae-
MBIX Pe3y/IbTaTOB. Pa3paboTka TakKux Mojiesieil criocoOCTBYeT yryiyOJIeHUIO 3HAHUI O JTUHAMIKE
9KOCUCTEM W B3aMMOJIENCTBUN PA3IUYIHBIX (PAKTOPOB, BJIUAIONIUX HA COCTOAHUE JIECOB.
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The creation of mathematical models for determining the quantitative and qualitative char-
acteristics of forests using Earth remote sensing (ERS) data is highly relevant for several reasons.
Monitoring the condition of forests using ERS allows for regular and prompt tracking of the
condition of forest ecosystems, identifying changes in their structure, health and biodiversity.
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Models can help in assessing timber reserves, which is important for forest resource manage-
ment and sustainable forest use, and can also identify areas exposed to risks such as forest fires,
diseases or pests, which allows for early action to prevent them.

Forests play a key role in regulating the carbon balance. Modeling their characteristics
helps assess the contribution of forests to combating climate change. Mathematical models
can be used to optimize forest management, including logging planning, forest restoration, and
natural resource protection. Modern models can integrate data from various sources (satellite
images, ground-based studies, etc.), which increases the accuracy and reliability of the results.
The development of such models helps to deepen knowledge about ecosystem dynamics and
the interaction of various factors affecting the condition of forests.
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Pabora Beimosinena B pamkax rocygapcersennoro saganust OI'Y OHIT HUVCU PAH 1o re-
Me Ne FNEF-2024-0002 «Maremarndeckoe MoIe/IMPOBaHIEe MHOIOMACIITAOHBIX JIMHAMUIECKIX
IPOIECCOB M CHCTEMBI BUPTYaJbHOTO OKpyzkernst» (1023032900401-5-1.2.1).

Ceiicmu1eckue 1moJieBble pabOThI HAIIPpABJIEHBI Ha NCC/IEI0BaAHNIE CTPYKTYPhI IOIIIOBEPXHOCT-
HOI'O IIPOCTPAHCTBA Ha OCHOBE 3aPErUCTPUPOBAHHBIX OTPAXKEHHBIX OT HEOIHOPOIHOCTEN Cceli-
CMUYECKHUX BOJIH. TpaJIMIMOHHBIE METO/IbI 0OPAOOTKHU IOJIEBBIX JIAHHBIX, TAKHE KaK MHUIPAIAI
B o6parnom Bpemenu (RTM) u nosnososroBas unasepcust (FWI) sdbdexrusmbl s 3a1a41 joKa-
JIM3AITUU TOJICTBIX NeOJIOTUIECKUX CJIOEB U ITOCTPOEHUsI Pa3MBITON TPEXMEPHOIN I'e0JIONTIeCKO
Mogean. OIHaKO, TPEIMHOBATHIE 30HbI, XapaKTEePHBI JIJIT MECT PACIIOI0KEHUsT IIPOITYKTUBHBIX
He(PTEHACHIIIEHHBIX CJIOEB, FEHEPUPYIOT OTPAXKEHHBIN CUTHAJI ¢ O9eHb HU3KUM OTHOIIIEHUEM CHT-
HaJ1/ryM. JIjist STUM cirydaeB IpuMeHeHne PYYHOro aHan3a CeHCMOTrPaMM TaK2Ke He TI03BOJIsIeT
MOJIYIUTh HaJIEXKHBIE PE3YJIBTATHI.
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B nmacrositieit pabore paccMmaTpuBaeTcs mpodsieMa JIOKAI3aIuu HeOOJIbIIIOr0 TPEIUnHOBATO-
'O BKJIFOYCHU . HpI/II\/IeHeHI/Ie COBPEMEHHBIX HeﬁpOHHbIX ceTell IT03BOJINJIO HE TOJILKO PEIIUTDL 3a-
Jlady JIOKAJIU3AINN ¢ BBICOKOM TOTHOCTHIO, HO U JIOCTOBEPHO OIEHUTH €ro (hU3NIecKne CBOMCTBA
[1]. CpaBHenune pe3yabTaToB, IMOJIYUYEHHBIX PA3IMIHBIMU aPXUTEKTYDAME CETel, MpeICTaBIeHO
Ha Puc. 1.
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Puc. 1. Hemunnoie u npedckadarnvie yaav, HAKAOHG MPEULUH, YCPEOHEHNDBIE NO BCEM NOAOIHCE-
Hus exmovenus: single-target model (caesa) and cross-stitch model (cnpasa)
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The work was carried out within the framework of the state task of the Federal State Insti-
tution “Scientific Research Institute for System Analysis of the Russian Academy of Sciences”
on the topic No. FNEF-2024-0002 “Mathematical modeling of multi-scale dynamic processes
and virtual environment systems” (1023032900401-5-1.2.1).

The seismic survey is directed to the investigation of the subsurface structure based on the
registered scattered waves from the geological heterogeneities. The traditional methods like
Reverse-Time Migration (RTM) and Full-Wave Inversion (FWI) are effective for thick geological
layers localization and blurred 3D geological model reconstruction. However, fractured zones,
related to the productive oil-filled layers, generate very low signal to noise ratio backscattered
signals. In this case, also the manual analysis of seismograms does not provide reliable results.

In this work, the problem of small, fractured inclusion localization problem is considered.
The application of modern neural networks gives us the chance not only to localize the inclusion
with the high precision, but also reliable estimate its physical parameters [1]. The comparison
of two used network architectures is presented at Fig. 1.
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Pabora BeimosiHena B pamkax rocymapcerBennoro 3aganust OIY OHIT HUVCU PAH 1o Te-
Me Ne FNEF-2024-0002 «Maremaruueckoe MoIeInpOBaHe MHOIOMACIITAOHBIX JTUHAMUIECKUAX
IIPOIIECCOB M CUCTEMBI BUPTYaJIbHOTO OKpyzKenust» (1023032900401-5-1.2.1).

CrpoutesnbeTBo B yenoBusix Kpaitnero Cesepa Tpebyer crenudutieckoro ycrpoiictsa ¢yH-
JIaMEHTa — WCIOJIb30BaHue CBail. ['PyHT MexK/ly CBasMU MOXKET B 3aBUCUMOCTU OT IIOT'OJIHBIX
YCJIOBUH CyIIECTBEHHO ITpoceiaTh. JlnHaMuKa 1oBeieHnsT KOHCTPYKITAN 10T CEHCMUTIECKUM BO3-
JIECTBUEM B 3aBHCHUMOCTHU OT (POPMBI IIPOCEJAHIS I'PYHTa MOYXKET ObITh pasymaHoii. [lomobubie
9KCIIEPUMEHTBI TSKEJIO TPOBOJIUTH C MCIIOIb30BaHUEM BUOPOIIAT(OPM U TpedyeTcs KOMIIbIO-
TepHOE MOJIeIMPOBaHUE.

Jlok/1a)1 MOCBSIIEH YUC/IEHHOMY METOJy U3 CeMeiiCTBa CeTOYHO-XaPAKTEPUCTUICCKUX JIJTsi
OTIpe/ie/IeHUsT HavaIbHBIX 00JIacTeil pas3pyIleHusT MHOIOSTAXKHOTO 3/IaHUs Ha CBasX C YI€TOM
IPOU3BOJILHOI hopMbI Tpocesanus rpynTa [1]. IIpeiokeHo ncmoap30BaTh CHCTEMY CIEIUATb-
HBIM 00Pa30M CTPOAININXCS KPUBOJUHENHBIX CTPYKTYPUPOBAHHBIX CETOK JIJIS yUeTa MPOU3BOJIb-
Hoit popmbr rpynTa (Puc. 1 ciesa, 1, 2 — nekaproBsl cetku 3, 4 — KPUBOJUHEHHBIE CTPYKTY-
PUPOBAaHHBIE CETKMU), KOIJIa MEXKIy COCEJIHUMU CBasiMU CTPOSITCS JIBE TaKUE CETKU, KaXKJIas U3
KOTOPBIX KOH(OPMHA C JIEKAPTOBBIME ceTKaMmu. JlaHHBIE 1Be CEeTKU MOJTydaloTcst He KOHMOPM-
HBIMHU JIDYT ¢ JpyroMm. I[IpejijioxkeHo cTpouTh X TaKuM 00pa30oM, 9TOObI Ha T'PAHUIIE UCITOJIb30-
BaTh He OMJINHENHYIO WHTEPIIOIAINIO, & JIMHEWHYIO, UTO C OJTHOM CTOPOHBI CHIZKAeT KOJIMIECTBO
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Figure 1. True versus predicted crack orientation angles, averaged through all inclusion posi-
tions: single-target model (left) and cross-stitch model (right)
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BBIYUCIUTE/ILHBIX ONEPAITHil, a C JAPYTOil CTOPOHBI YBEJIMUYUBAET TOYHOCTH MO/Ie/InpoBanusd. Pe-
3yJIbTATHI TECTOBBIX PAcdYeTOB IpuBeaeHbl Ha Puc. 1 crpasa.
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Puc. 1. Pacuemnwvie cemru (caesa). Ilpoxosrcdenue npodosvnoti ceticmuueckol 60amnv U Pop-
MUPYIOUUECH Paspyuenus (cnpasa)
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The work was carried out within the framework of the state task of the Federal State Insti-
tution “Scientific Research Institute for System Analysis of the Russian Academy of Sciences”
on the topic No. FNEF-2024-0002 “Mathematical modeling of multi-scale dynamic processes
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Construction in the Far North requires a specific foundation device, i.e., the use of piles.
The soil between the piles can subside significantly depending on weather conditions. The
dynamics of the structure’s behavior under seismic impact can be different depending on the
form of soil subsidence. Such experiments are difficult to conduct using vibration platforms
and require computer simulation.

The report is devoted to numerical method from the family of grid-characteristic methods
for determining the initial areas of destruction of a multi-story building on piles, taking into
account an arbitrary form of soil subsidence [1]. We propose to use a system of specially
constructed curvilinear structured grids to take into account an arbitrary form of soil (Fig. 1
on the left, 1, 2 Cartesian grids 3, 4 curvilinear structured grids), when two such grids are
constructed between neighborhood piles, each of which is conformal with the Cartesian grids.
These two grids are not conformal to each other. It is proposed to construct them in such a
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way that at the boundary, not bilinear interpolation is used, but linear, which on the one hand
reduces the number of computational operations, and on the other hand increases the accuracy
of modeling. The results of test calculations are shown in Fig. 1 on the right.
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Figure 1. Computational grids (left), transit of longitudinal seismic wave and arising damaged
areas (right)
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Pa6ora Beimosaena B pamkax rocyaapcrsennoro 3ajganus OI'Y OHIT HUUCU PAH (Boi-
nostHerne byHIAMEHTATBHBIX HAayIHbIX ncciaemobannii ['11 47) mo Teme Ne 0580-2021-0007 «Pas-
BUTHE METOJIOB MATEMATHYECKOTO MOJICJIMPOBAHUS PACIPEIEICHHBIX CUCTEM U COOTBETCTBYIO-
IIIUX METO/IOB BBIUUC/ICHUST ».

Uccrenytores ypasuenust Hagbe-Crokca D C R? = {x = (z1,22,73)} ¢ yc/0oBIEM CKOJIbIKe-
HUsI Ha TPAHUIE

%—‘;—l—(u-V)u:—%Vp—l—uAu, div u=0, (1)
(u7 n)|8D = 07 (2)
Obnactbio Teuenus: D siBiastercs muauaap Ch
Cr={xeR>: 0 < r(x) < p0 < z3 < 21V2},
re r(x) = /a3 + 23, J§ (\’;—%) =0, ke N, Jy — dyuxua Becces,

B [1] nokaszano, aro cucreme (1), (2) ymoBiaeTBopsieT perienue

V(xt) = Ux)e ™,  P(xt)= gv2(x,t) +a(t),
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! (\/%> T SIn (\5) + 5 CO8 (\/5> . . 0

U(z) = T2 | sin <\’”/—3§) ;— 5 cos (\%) + §J0 (5) sin g%)

rie at) — npousBosibHast GyHKIMs. JIMHUN TOKa MpejicTaBIeHbl Ha puc. 1 HUKe

Puc. 1. Jlunuu moxa 6 yusundpe Cy,
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The Navier—Stokes equations with a slip condition on the boundary are investigated in
D CR? = {x = (z1,79,23)} .

Wi (u-Viu=-1Vptpau  div u=0, (1)
(u, n)|,p =0, (2)

The flow region D is the cylinder Cj
Cr={x €R®: 0 < r(x) < pp,0 < 23 < 27V2},
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where r(x) = /23 + 23, J} (\p/—%) =0, k €N, Jy — Bessel function.
In [1] it has been proven that the system (1), (2) satisfies the solution

V(xt) = Ux)e™,  P(xt) = g\ﬂ(x,t) +alt),

J) <%> Tgsin (\%) + % cos (%) . 0
2 r . -
Ulz) = T2 | s <%> + & cos (%) +35% <§) sin g)j%)
0

Figure 1. The streamlines in the cylinder Cj
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I[Iporecebl Bo30Y K I€HNST TIOBEPXHOCTHO BOJIHBI (TIOJIIPUTOHA) B pe3ysbrare JudpaKIiiud
9JIEKTPOMATrHUTHOTO WM3JIYYeHHUS B CPeJaX IPEJCTAB/IAI0T cOOON OHY M3 BayKHEHIIMX 3a/1ad
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uHTerpasbHoil onTuky [1]. Ocobblil HHTEpEC IPEICTABIAIOT IPOIECChl BO3OY K ICHHST U PACIIPO-
CTpaHeHHsT SIEKTPOMATHUTHBIX BOJIH BJIOJIb [JIAHAPHBIX HAHOCTPYKTYD, IIPEXKJIe BCEro Ha Ipa-
dene [2]. Oxaako Jazke B caMOM HPOCTOM NPUOJINZKEHNN pellleHne ypasHenuit Makcsesuia npu
38 JAHHDBIX TPAHIYIHBIX H KPAEBDIX YCJIOBUAX IPUBOJUT K IPOMO3IKIM HHTErpoanddepeHInab-
HBIM ypPaBHEHUSIM, KOTOPbIE HMEIOT CTPOr0 aHAINTHIECKOE PEIIeHNe TOJIBKO JJIsl OIIPEEIeHHbIX
reoMeTpuil CTPyKTyp.

B janHoit pabore peleHa 3aja4a JIjisl HOBEPXHOCTHOI BOJIHBI HA IIJIAHAPHON IeTepOCTPYK-
TYype, IPUBJIEKATEIbHOCTH KOTOPOii 00bsICHAETCS CIIe/lyIomuMu (haKTOpaMu:

1) orHOCHTENIbHAS MPOCTOTA HCIOIbL3YEMBIX TEOPETHYECKUX MOje/ieil pacIpoCTpaHeHnst
9JIEKTPOMArHUTHOIO M3JIyI€HUs BJOJIb TAKUX CTPYKTYD;

2) dyHIaMEHTAIBHOCTD HOJIYIaeMbIX PE3y/ILTATOB, II03BOJIAIONAs 0600IMTL X Ha GoJiee
CJIOZKHBIE T€OMETPUH CTPYKTYD;

3) mIaHapHAas P€OMETPHsl B JIOCTATOYHON creneHr GJHM3Ka K JIefiCTBUTEbHOCTH.

B namnoit pabore [yIst HCCIIeIOBAHUS IIJTAHADHON CTPYKTYPBI, B KOTODPOil IDAHUIBI pa3Jie-
Ja — TapaJUlesIbHble U NEePIeHANKYISPHbIE IIJIOCKOCTH, HCIOIb3yeTcsd MOaOBbIi Merox. Oc-
HOBHAsi OCOOEHHOCTH METO/Ia — CBEJICHHE JOCTATOYHO CJIOKHBIX MHTErpoauddepeHnnaIbHbIx
ypaBHeHuii K asnrebpandeckuM. CyTh MeTOJa — IPEJICTABIICHHE MAJIAI0NIEr0, OTPAXKEHHOTO I
IIPOIIIEJIITIEr0 U3JIyIeHUs] KaK MHTerpasa epeKpbiTus Mo, VccienoBanne nporecca Bo30y kK-
JIeHNsT TIOBEPXHOCTHOTO HOJIIPUTOHA HA IIJIAHADHON CTPYKType IPEJCTABIAeT co00i 0OBITHYIO
KPAeBYIO 3a/1ady € 33 aHHBIMI TPAHIIHBIMU yCJIOBHSMHE [3].

Paccmorpen nporece fudpakiun 37€KTPOMArHUTHON BOJIHBL € MayCCOBLIM PACIIPEIE/ICHIEM
Ha CTPYKTYPE U3 4 CpeJi ¢ AM3IeKTPUIECKIMU IIPOHHUIIAEMOCTSIMIL €1 — BaKyyM, £2(w) — MeTaJll,
£3(w) — HesMHEHAs TOHKAsl IUICHKA, £4 — IIOJIYIPOBOAHKK. [Ipy 5TOM Ha rpaHnnax pasjeia
(2)-(3) m (3)-(4) BO3MOXKHO BO3OY?K/ICHIE OBEPXHOCTHOTO MOIAPUTOHA [4].
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The processes of surface wave (polariton) excitation as a result of electromagnetic radiation
diffraction in media represent one of the most important problems of integrated optics [1]. The
excitation and propagation of electromagnetic waves along planar nanostructures, primarily
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on graphene, are of particular interest [2]. However, even in the simplest approximation, the
solution of the Maxwell equations under the given boundary and boundary conditions leads to
the cumbersome integrodifferential equations, which have a strictly analytical solution only for
certain geometries of the structures.

In this paper the problem for the surface wave on a planar heterostructure is solved, the
attractiveness of which can be explained by the following factors:

1) relative simplicity of the used theoretical models of electromagnetic radiation propagation
along such structures;

2) fundamentality of obtained results, allowing to generalize them to more complex geome-
tries of structures;

3) planar geometry is sufficiently close to reality.

In this paper the mode method is applied to investigate the planar structure, in which the
interfaces are parallel and perpendicular planes, is easily investigated within the framework
of existing theories of plane and surface wave diffraction. The main feature of the method is
the reduction of rather complex integrodifferential equations to algebraic ones. The essence of
the method is to represent the incident, reflected, and transmitted radiation as an integral of
mode overlap. Investigation of surface polariton excitation on a planar structure is an ordinary
boundary value problem with given boundary conditions [3].

Consider the process of diffraction of an electromagnetic wave with a Gaussian distribution
on the structure of 4 media with dielectric permittivities: £, — vacuum, e9(w) — metal, e3(w)
— nonlinear thin film, 4 — semiconductor. In this case, at the interfaces (2)-(3) and (3)-(4),
excitation of a surface polariton is possible [4].
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Kak m3BecTHO, B IpUpOJ/ie M TEXHUYECKUX YCTPOMCTBAX IPeod/IaialoT TypOy/JIeHTHBIE Te-
yenus. Hanpumep, JaBuzKeHue BO3JYIIHBIX MAcC B armocdepe 3eMiin, Caebl IpU O0TEeKAHUN
CY/IOB, aBTOMOOMJIEN U JieTaTe/IbHBIX annapaToB. TypOyaeHTHOCTh 00ecIieanBaeT MHTEHCUBHOE
repeMelinBaHue BellecTBa, 3TUM YacTO MOJIb3YIOTCS B XUMUYECKON TPOMBIIIJIEHHOCTH.
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HermocpeictBennoe ancienHoe Mojie/iTipoBaHue TypOYI€EHTHOCTH IIPUBO/IAT K 3HAMUTE/ILHBIM
BBIUUC/IUTE/IBHBIM 3aTPAaTaM, MMOITOMY CYIIECTBYIOT Pa3/IHIHbIE CIIOCOOBI MOJIETUPOBAHUS TYP-
oymnenTHOCTH. B pamMKax KarK0ro n3 HUX CYIIECTBYET HECKOJIBKO MOJIesell, pa3paboTaHHbIX TO/T
KOHKDPETHBIE YaCTHBIE CJIyYal TCICHUI.

[Tnardopma OpenFOAM sBisiercst ¢cBOOOIHO pacipocTpaHsIeMoil porpaMMHOi 1aTdop-
MOf1 JIJIsi IMCJIEHHOTO PEIIeHUs 3aJia9 CILIONIHOW CPebl U, B YaCTHOCTH, IIPEIOCTABJISET BO3-
MOXKHOCTD UCITOJTb30BAHUSI JJIsI PEMIeHUsT 38121 TUAPOINHAMIKI Pean30BaHHbIE MOJETH TYP-
OyneHTHBIX TeueHuii. [loaTomy rpejcraBisgeTcs 1e/1ecoo0pPa3HbIM IIPOBECTH CPABHEHUE TUCJICH-
HBIX Mojiesieit, mpucyrcrByonux B OpenFOAM, ¢ Mmojensvu, peajn30BaHHBIME B JIDYTHUX [IPO-
I'PAMMHBIX KOMILJIEKCAX, & TAKyKe C Pe3y/IbTATaAMK SKCIEPUMEHTOB.

B nmannoit pabore ¢ ucnosb3oBanueM mozenn Cragapra—AiMapaca MIpOBEJIEHO YUCIEHHOE
perttenne 3aaqu 00 obrekanun Kpbiia NACAO012 TypOy/1eHTHBIM TOTOKOM BSI3KOH HeCyKnMa-
eMOil KUJIKOCTU TP PA3IUIHBIX YIJIaX aTaku. PacdeTsl BBIOJHEHBI ¢ UCIOJIB30BAHUEM IIPO-
rpammuoro komiiekca OpenFOAM. Ha ocHoBe 9uc/IeHHOTO pelieHnss pacCanTaHbl adpoInHa-
Mudeckne KoM UIUEHTHI TOBEPXHOCTHOIO TPEHHUsI, MOBEPXHOCTHOTO JIABJICHUS, CHUJIBI COIIPO-
TUBJIEHUsI U TIObEMHON CHJIbI. JIJIsT TIOJy9eHHBIX 3HAYEHUI TPOBEJIEHO CPABHEHUE C JIAHHBIMU
qucsieHHBIX 1] 1 HATYpHBIX |2, 3| 9KCIIEpUMEHTOB JPYrUX aBTOPOB, KOTOPOE MOKA3aJI0 Kade-
CTBEHHYIO U KOJTMYIECTBEHHYIO OJIN30CTh 3HAYEHMUIA.
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Turbulent flows prevail in nature and technical devices. For example, the movement of air
masses in the Earth’s atmosphere, wakes behinds moving ships, vehicles and aircraft. Turbu-
lence provides intensive mixing of the matter, and this property is often used in the chemical
industry.

Direct numerical simulation of turbulence leads to significant computational costs, so there
are various methods of modeling turbulence. Within each of them, there are several models
developed for specific cases of fluid flows.
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The OpenFOAM platform is a freely distributed software platform for the numerical so-
lution of the continuum mechanics problems and, in particular, provides the ability to use
implemented turbulent flow models to solve hydrodynamic problems. Therefore, it seems ap-
propriate to compare the numerical models present in OpenFOAM with models implemented
in other software packages, as well as with the results of experiments.

In this paper, using the Spalart—Allmaras model, the problem of turbulent flow of viscous
incompressible fluid around a NACA0012 wing at various angles of attack is numerically solved.
The calculations are performed using the OpenFOAM software package. For the numerical
solution, the aerodynamic coefficients of surface friction, surface pressure, drag force, and lift
force are calculated. The obtained values are compared with the data of numerical [1] and
natural experiments [2, 3] by other authors, which shows the qualitative and quantitative
proximity of the results.
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AKYCTUYECKOE TEYEHUE "N TEIIJIOIIEPEHOC B ITPAMOYI'OJIBHOM
BUBPUPYIOIIIEM KAHAJIE ITP1 HAJIMYNUN ITEPEITA/TA TEMIIEPATYP
I'OPN30OHTAJIBHBIX CTEHOK
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PaccmarpuBaercs iByMepHBIi TIPSIMOYTOJIbHBIN KaHa T (TI0JIOCTh) ¢ HEIPOHUIIAEMBIMHI CTEH-
KaM#, BHyTPH KOTOPOT'O HAXOIUTC BO3yX. [[0/I0CTH BBIBOJNTCS N3 paBHOBECHS BUOPAIITMOHHBIM
BozeiicTereM A cos(wt) ¢ MOCTOSHHBIME YacToTOl w 1 amimTyaoi A. Ha crenkax mosoctu
3a/IlaHO yCJIOBHE IPUJINIIAHUS, IPU 3TOM BEPTUKAJIbHBIE CTEHKH IIOJIOCTH TEIJION30JIMPOBAH-
Hble, & TOPU30HTAJIbHBIE CTEHKH IOJJIEPYKUBAIOTCA IIPU ITOCTOAHHON TemuepaType. Temmepary-
pa BepxHell CTEHKU MOXKeT OBITh KaK paBHa TeMIlepaType HUKHEHl CTEeHKHU, TaK U IPEBLIATD
ee. Kosiebarebaoe jBU2KeHMEe Ta3a BHYTPHU IOJIOCTA IMPUBOJIUT K OOPA30BAHUIO aKyCTHIECKO-
ro Te4YeHNsI, KOTOPOe IPEJCTABIAET COOON YCTONINBBIE BUXPH C OIPeIeIeHHBIM HallpaBJIeHNEM
spamienus [1]. IIpucyrcrBue nepenajia TeMneparyp BepxHeil U HUXKHEH CTEHOK MOJOCTH MOYXKeT
IIPUBECTHU K NCKayKEHUIO BUXPEBOIt KAPTUHBI aKyCTUYECKOI'0 TeUYeHHs, YTO, B CBOIO OYepe/lb, OKa-
2KeT BJIMSIHUE Ha XapaKTep paclipejieleHusl cpejiHell 3a IepuoJ], TeMIlepaTypbl U Ha TeIJIOBOI
MIOTOK Yepe3 M30TepPMUYeCKNe CTEHKU T0JIOCTH. UMCICHHO PeleHa MOJIHAsl CUCTEMa yPaBHEHUIA
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Hasbe-Crokca s JByMEpHOTO CiIydas B JEKapToBoil cucreme Koopaunat. Vcrmosb3oBasach
MeTOJIMKa pacdera, onucanHas B paborax [2,3|. 3a ocHOBY B3sT MeTOJ KOHTPOJIBHOIO 00bEMA,
WCIIOJTB3yeTCs HedgBHAas YNC/IeHHad cXeMa 0 BPpeMeHHM U IaxMaTHas paBHOMEpHas pacdeTHasd
ceTka. B xose nccienoBanus BbISIBJIEHO, YTO BIUSHUE U3MEHEHNUs] TEMIIEPATYPbI OJTHOM 13 rOpH-
B0HTAJIbHBIX CTEHOK HA aKyCTHYECKOe TeUYeHHe U TEIJIOOOMEH MOYKET MPOSABJIATHCS 10 PA3HOMY,
B 3aBUCUMOCTHU OT aMILUIATY/IbI U YACTOTHI BuOparuu nosioctu. [Ipu yBesmmyenun neperna/ia rem-
epaTyp rOPpU30HTAILHBIX CTEHOK MOXKET HAOJII0/IaThCA KaK YMEHbBIEHNEe KOJMYIeCTBA BUXPEil
aKyCTUIEeCKOI'0 TeUeHNs, TaK U UX yBeJIMUEeHNe B CIyvdae BhIPaXKeHHOI HeJTMHEWHOCTHU ITPOTIECCA.
Ycenitenne HETMHEITHOCTH TTPOIECCa MOKET TaKzKe IPUBECTH K TOMY, YTO TEILIO Oy/1eT TOKUIATh
IIOJIOCTD JlazKe depe3 Oojiee HArPETYIO CTEHKY.

JINTEPATYPA

1. Bapembo JI. K. Axycrudeckue tedenus. Moinble yabTpasBykosbie mosisi. [lox pem. JI. J1.
Posenbepra. M. : Hayka, 1968. T. 2. C. 87-128.

2. Gubaidullin A. A., Pyatkova A.V. The effects of heat transfer through the ends of a
cylindrical cavity on acoustic streaming and gas temperature. Mathematics. 2023. V. 11.
P. 1840.

3. 3ybkos ILI.T., dkoBenko A.B. Biusinue Bubparuu Ha 06/1acTh ¢ ra30M IpH aIuadaTuIeCKUX
U U30TePMUYECKUX TpaHudHBbIX ycsoBusx // Temrodusuka n aspomexanuka. 2013. T. 20.
Ne 3. C. 283-294.

4. Gubaidullin A. A., Pyatkova A.V. Acoustic streaming and heat transfer in a rectangular
channel with differently heated horizontal walls. Lobachevskii J. Mathematics. 2024. V. 45.
Ne5. P. 1980-1987.

ACOUSTIC STREAMING AND HEAT TRANSFER IN A RECTANGULAR
VIBRATING CHANNEL WITH A TEMPERATURE DIFFERENCE
BETWEEN HORIZONTAL WALLS

Gubaidullin A. A.%¢, Pyatkova A. V.
L Tyumen Branch of the Khristianovich Institute of Theoretical and Applied Mechanics of the
Siberian Branch of the Russian Academy of Sciences, Tyumen, Russian Federation
¢ q.a.qubaidullin@yandez.Tu, * annyakovenko@yandex.ru

Keywords: heat transfer, acoustic streaming, vibration, nonlinear effects.
The research was funded by the Russian Science Foundation (project No. 24-29-00394),
https://rscf.ru/project,/24-29-00394 /.

A two-dimensional air-filled rectangular channel (cavity) with impermeable walls is consid-
ered. The cavity is disturbed by vibration action A cos(wt) with constant frequency w and
amplitude A. No-slip boundary conditions are specified on the walls of the cavity. In this case,
the vertical walls of the cavity are thermally insulated, and the horizontal walls are maintained
at a constant temperature. The temperature of the upper wall can be either equal to the tem-
perature of the lower wall or higher. The oscillatory motion of the gas inside the cavity leads to
the formation of acoustic streaming, which consists of stable vortices with a certain direction
of rotation [1]. The presence of a temperature difference between the upper and lower walls of
the cavity can lead to a distortion of the vortex pattern of acoustic streaming, which, in turn,
will affect the nature of the distribution of the period average temperature and the heat flow
through the isothermal walls of the cavity. The full compressible form of the Navier—Stokes
equations for the two-dimensional case in a Cartesian coordinate system is solved numerically.
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The calculation method described in [2,3] was used. The method is based on the finite volume
method with an implicit staggered grid scheme. The study revealed that the effect of changing
the temperature of one of the horizontal walls on acoustic streaming and heat transfer can
manifest itself in different ways, depending on the amplitude and frequency of vibration. With
an increase in the temperature difference of horizontal walls, both a decrease in the number
of acoustic streaming vortices and their increase in the case of pronounced nonlinearity of the
process can be observed. Increasing the nonlinearity of the process can also lead to heat leaving
the cavity even through a hotter wall.
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Pabora Bermosinena B pamkax rocypapcrsennoro 3aganns OI'Y OHIT HUMCU PAH o teme
Ne FNEF-2024-0001 «Cosmanue u peajgu3alys JOBEPEHHBIX CUCTEM HCKYCCTBEHHOI'O MHTEJLICK-
Ta, OCHOBaAHHBIX HA HOBBIX MATEMATHYIECKUX U AJTOPUTMUUECKUX METO/IaX, MOJIE/IAX OBICTPHIX

BBIUICJICHIN, peaJn3yeMbIX Ha OTE€UIEeCTBEHHBIX BBIYUCIUTEIBHBIX cucreMax» (1023032100070-
3-1.2.1).

B ruapomarnuTHOM JMHAMO MArHUTHOE TI0JIE T€HEPUPYETCS MEXaHU3MOM CaMOBO30YK/Ie-
HUs, KOTOPBII 3aK/II09aeTCsd B TOM, UTO ONpeJesIeHHble KOH(MUTIYPAIuu TeYeHn TPOBOISIIE
JKIJIKOCTH MOTYT YCHJINBATh CJ1a00e HadaJIbHOe MarHUTHOE I10JIe, & 3aTeM TOJJIEPXKIBATEH €ro B
CTAIMOHAPHOM UJI KBa3UCTAITMOHAPHOM COCTOSTHUU, TPENITCTBYH 3aTyxanuio. [Ipecrasisercsa
BaKHBIM ITPOJIEMOHCTPUPOBATDH 3(PMEKT yCUIeHnsT MarHUTHOTO TI0JIsI METOJIAMU BBIYUCTUTE b
HOI MarHUTHOW I'MIpoJinHaMuKu. B jnamHoit paboTe, paccMaTpuBaeTcss MOJIEIb I'e0IMHAMO C Ba-
KYYMHBIMI IPAHIIHBIMI YCJIOBUSAMH [IJIsT MATHUTHOTO TI0JISI Ha BHEITHeH rpanwutie cpepuniecKoro
ciog [1, 2|. Onpegensionmu 3a1ady 6e3pa3sMepHbIMU apaMeTpaMu sBJsiioTcs: Pr — duciio
[panarnsg, Pm — maraunraoe yucio [panaras, £ — qucio 9xmana u Ra® — moaudunupoBan-
Hoe uncio Peses [1, 2|. HaganbHblil ypoBeHb MATHUTHOTO TI0JIST OIPEIENISIETC TapaMeTpoM A,
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YUCJIOM DJIb3accepa. BbrunucmTeabHbIe SKCIEPUMEHTHI ITPOBOIIINCH ¢ IIOMOIIBIO paspadboTaH-
noro aBropamu MI'JI-Kosia, aganTupoBaHHOTO /It pabOThl Ha TUOPHIHBIX BLIYUCIATETLHBIX
cucreMax ¢ rpaduidecknuMu mporeccopaMu. B Kojie peasim3oBaH KOHEIHO-OObEMHBIN METO/I pe-
IMEHUA 381849 PE3UCTUBHOM MArHUTHOW TMJIPOAUHAMUKYN BA3ZKON HECZKMAEMON 2KHAJIKOCTH [3, 4].
B kauecTBe HauaJIbHOO MATHUTHOTO IOJIS paccMaTpuBasioch ciaboe (A = 1072) omHopoHoe
MarHuTHOE I10JIe, HAIIpaBJIeHHOE BJOJIb OCH BpalleHusi cepudeckoro cios. IIpu mposeaennn
BBIYNCJIMTETbHBIX SKCIIEPUMEHTOB, JIjIs 3HAUEHHUI OIpPeIesoIuX 3a/ady napamMeTpoB Pr = 1,
Pm = 5, F = 5-107*, Ra* = 200 momy4eno KBa3UCTAIMOHAPHOE PEIeHre, B KOTOPOM Hata Ih-
HbIIl YPOBEHb SHEPIUHM MArHUTHOIO T0JIA B IIPOIECcCe IeHepaliui BO3pacTaeT Ha TPHU Mopska. B
[IOJTy YeHHOM PEeIIeHIH, TI0JI TeEMITEPATYPhl I CKOPOCTH CHMMETPUYIHBI OTHOCUTEILHO SKBATOPH-
AJIbHOM IIJIOCKOCTH, & BO BHEITHEM MArHUTHOM II0JIe IIpeobJiaaeT AUIOIbHAST COCTABIIAIONIAS.
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In a hydromagnetic dynamo, the magnetic field is generated by a self-excitation mechanism,
which consists in the fact that certain configurations of conductive fluid flows can amplify a
weak initial magnetic field and then maintain it in a stationary or quasi-stationary state, pre-
venting attenuation. It is important to demonstrate the effect of magnetic field amplification
using computational magnetohydrodynamics methods. In this paper, a geodynamo model with
vacuum boundary conditions for the magnetic field at the outer boundary of a spherical layer
is considered [1, 2]. The dimensionless parameters that determine the problem are: Pr is the
Prandtl number, Pm is the magnetic Prandtl number, F is the Ekman number and Ra* is the
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modified Rayleigh number [1, 2]. The initial level of the magnetic field is determined by the pa-
rameter A, the Elsasser number. Computational experiments were carried out using the MHD
code developed by the authors, adapted for operation on hybrid computing systems with graph-
ics processors. The code implements a finite-volume method for solving problems of resistive
magnetohydrodynamics of a viscous incompressible fluid [3, 4]. A weak (A = 10~2) homoge-
neous magnetic field directed along the axis of rotation of the spherical layer was considered as
the initial magnetic field. When conducting computational experiments, for the values of the
parameters defining the problem Pr = 1, Pm = 5, E = 5-10~*, Ra* = 200, a quasi-stationary
solution was obtained in which the initial level of the magnetic field energy increases by three
orders of magnitude during the generation process. In the obtained solution, the temperature
and velocity fields are symmetrical relative to the equatorial plane, and the dipole component
predominates in the external magnetic field.
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YuceHHo ucceI0BaHO BbhIpaKeHue I IJIOTHOCTH TOKa B JIByMepHOI rpadeHoBOil cBepX-
pemerke (2D I'CP) [1| B upucyrcrBun nocrosinHoro sjaekrpudeckoro nods [2]. 2D T'CP 06-
pasoBaHHa rpadeHoM, 0CaXKJICHHBIM Ha MOJJIOXKKY U3 MEPUOIUIECKH €Dy IOIIIXCs 001acTeit
OeciresieBoro u iesieBoro rpadena. s pacdera ToKa MCIO0JIb30BAHO pellleHre KHHETUIEeCKOI'O
ypaBHeHnusa BosbiiMana ¢ MOJIE/IbHBIM UHTEI'PAJIOM CTOJIKHOBEHUI B IPUOINZKEHUN TOCTOSHHOTO
BpPEMEHU PeJIaKCalluu. DHEPreTUIecKuil CIIeKTp HOocUTe el 3apsjia B TaKoil cucreme Herapoba-
JIMYEH, AHU3ATPOIICH, Hea JITHBEHH (AHU30TPOITHAS HEeJIMHEHHas cpejia), YTO IPUBOIUT B 00-
IeM CJIydae K He COHAIPABJIEHOCTH BEKTOPA HAIPIXKEHHOCTH SJICKTPUIECKOTO TOJIsI U BEKTOPA
IJIOTHOCTH 3JeKTpudeckoro Toka (addexrr Cacaku-111ubyiis ). Vckmodennem 06bIMHO sBISETCS
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CJIy4ail IMHEHOTO peXKMMa, KOTJIa BBINOJIHAEeTCs 3aKoH OMa, min cirydail, KOTJia MoJie IIPUJIo-
JKEHO BJI0JIb BBICOKOCHMMETPUIHBIX HalpaBaeHuil (/711 kBajaparHoii permerku [10], [01], [11]).

B ciyuae kBagaparnoit cummverpuanoit 2D I'CP usyuena saBucumocts yriaa Cacaxn (yros
MeZKJ[y BEKTOPOM HAIIPSAYKEHHOCTU TTOCTOSHHOI'O 3JIEKTPUIECKOTO TI0JIs ¥ BEKTOPOM IJIOTHOCTU
TOKa) OT yIJIa OBOPOTa BEKTOPA HAIIPSIZKEHHOCTHU MOCTOTHHOIO 3JIEKTPUIECKOro moJist. [lokaza-
HO, 4TO yros Cacaku HeJIMHEHHO 3aBUCUT OT BEJTUYMHBI MO/JLYJ/IS HAIIPSIKEHHOCTU HOCTOSTHHOI'O
sekTpudeckoro nousist F. C yBesmuaenunem E pacrer mMakcuMasbHoe 3Hadenue yria Cacaku n
JIOCTUTAETCS TIPU MEHDBINX 3HAYEHUAX YIJIOB MEXKJIY BEKTOPOM HAIPSKEHHOCTU MTOCTOAHHOTO
ssekTpudeckoro o u ocamu CP. B cumbabix nossx (B> 100 B/cem) yrosm Cacakn pasen
HYJIIO HE TOJIBKO B CJIyYasX, KOIJia BEKTOD HAIPAXKEHHOCTH MOCTOSHHOI'O 3JIEKTPUYECKOTO T10JIs
HAIIPABJIEH BJIOJIb OCEl CUMMETPUHU PACCMaTPUBAEMOil CTPYKTYPbI, HO U €IIe JJIsl JIBYX HalpaB-
JIEHUH, CAMMETPUYIHBIX OTHOCUTEIBHO OUCCEKTOPHON OCH.

Bruisiiiennbie 3¢ deKThl 00bACHAIOTCSI 0COOEHHOCTAMEU Heprermdeckoro cuexkrpa 2D I'CP,
KOTODBIE MPOSABJISIOTCH B CIENMUMUIECKON 3aBUCHMOCTH IIJIOTHOCTH TOKA OT BEJIUYUHBI M Ha-
MPABJIEHUS TPUJIOZKEHHOTO CUJILHOT'O TIOCTOSHHOT'O 3JIEKTPUIECKOTO TOJIS.
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The expression for the current density in a two-dimensional graphene superlattice (2D GSL)
is numerically investigated [1] in the presence of a constant electric field [2]. 2D GSL is formed
by graphene deposited on a substrate from periodically alternating regions of slit-free and slit-
free graphene. The solution of the kinetic Boltzmann equation with a model collision integral
in the approximation of a constant relaxation time is used to calculate the current. The energy
spectrum of charge carriers in such a system is non-parabolic, anisotropic, and non-additive
(anisotropic nonlinear medium), which generally leads to a misdirection of the electric field
strength vector and the electric current density vector (Sasaki-Shibuya effect). The exception
is usually the case of linear mode, when Ohm’s law holds, or the case when the field is applied
along highly symmetric directions (for a square lattice [10], [01], [11]).

In the case of a square symmetric 2D GSL, the dependence of the Sasaki angle (the angle
between the vector of constant electric field strength and the vector of current density) on the
angle of rotation of the vector of constant electric field strength is studied. It is shown that
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the Sasaki angle depends non-linearly on the magnitude of the modulus of the constant electric
field F. With increasing F, the maximum value of the Sasaki angle increases and is achieved at
lower values of the angles between the vector of the constant electric field and the axes of SL.
In strong fields (E > 100 V/cm), the Sasaki angle is zero not only in cases where the vector
of the constant electric field strength is directed along the axes of symmetry of the structure
under consideration, but also for two more directions symmetrical with respect to the bisector
axis.

The revealed effects are explained by the peculiarities of the 2D GSL energy spectrum,
which manifest themselves in a specific dependence of the current density on the magnitude
and direction of the applied strong constant electric field.
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[Tpo6siema Tomcona (1], u3BecTHAsT KaK OJHA M3 HEPEIIECHHBIX 38,189 (GDU3NKHA ¥ MATEMATH-
KU, 3aKJ/I0YAIOAsCA B IIOUCKE PACIOJIOKEHNs 3apSKEHHBIX YacTHUI] Ha IIOBEPXHOCTH CEPHI,
KOTOpO€ OTBeYasI0 Obl IVI0OAJBLHOMY MUHHMYMY ITOTEHIIHAJIBHON SHEPruu UX B3aHMOJIEHCTBHA,
Ha TEKYIIUiIl MOMEHT MMeeT IMUPOKOe IPAaKTHYECKOe IPUMEHEHHE B CaMBIX Da3HBIX 00JIacTdX
Hayk [2,3]. Haubosbimuii mHTEpeC yist HAC 3/1€Ch COCTABJIsieT 3aKOHOMEPHOCTD, 0OHADYKEeHHAs
B uccaenopannax Tim P. LaFave Jr.[4], rae nokasano cooTBeTcTBHE KJIACCHIECKON TPOBIEMBI
Tomcona 1 aTOMHOI 9JIEKTPOHHON CTPYKTYPHI.

ITo nacrogmee BpeMs aHAJUTHICCKH TOYHBIE PEIIeHUs HaiIeHbl JINIIb J1J1e HeOOIBIIIOrO KO-
JITYECTBA YaCTHBIX ciydaeB. IlosTomy ObLT paspaboTaH m IpeJsCTaB/IsSeTCd B paMKax JIOKJIAIa
METOJI, HO3BOJISIONINI OINCATh Paclpee/eHue IPOU3BOJIBHOIO KOJINYECTBA 3aPSZKEHHBIX da-
CTHI[ 1 Ha €ro OCHOBE COCTaBUTH (DYHKIIMOHAIBHYIO 3aBHCUMOCTb C HNOTEHIMAJIBHOIN SHEpPrun
JIAHHOII CUCTEMBI.
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The Thomson problem [1], known as one of the unsolved problems of physics and math-
ematics, which is in finding the location of charged particles on the surface of a sphere that
would meet the global minimum of the potential energy of their interaction, currently has wide
practical application in various fields of science [2,3]. The most interesting thing for us here
is the pattern found in the research of Tim P. LaFave Jr.[4], where the correspondence of the
classical Thomson problem and the atomic electronic structure is shown.

To date, analytically accurate solutions have been found only for a small number of special
cases. Therefore, a method was developed and presented in the report that allows us to describe
the distribution of an arbitrary number of charged particles and, based on it, to construct a
functional dependence on the potential energy of a given system.
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PaccmaTpuBatoTest HauasbHO-KpaeBble 3a/ladax peakius-1udy3us-aIBeKIus CieLy oIero
BUJIA

% — DAu = fluxt),x € Q,t e (0;T]

ou 0 _
a_n|aQ =0, u(x,0)=u"(x), x €,

st cyiecTBOBaHMS y TaKUX 3aJad PEIIeHil BUJIA JIBUXKYIIErocss (hbpoHTa HEOOXOIMMO Ha-
JInane y HUX JBYX YCTONYUBBIX TOJIOKeHU paBHOBecusi. [logo0HOE cBOMCTBO 0becrievnBaeTcs
crienuabHbIM BUJOM HeuHelHoi dbyukimn f(u,X,t) B npapoii dactu ypasHenusi. Haubosee
YaCTO JIJIsi 9TOr0 UCHOJIB3YIOTCA (DYHKINN ¢ KyOUIecKo# HeJIMHEHHOCTBIO 110 TIePEMEHHON U WJIH
pa3pbIBHBIE (DYHKIINN, UMEIOIIUE CKAUeK BJIOJIb ITPOCTPAHCBEHHON IPAHUIILI pa3jiesia Cpejl Win
[IPU JOCTUZKEHUU UCKOMOMN (PyHKITHEH % HEKOTOPOTO MOPOrOBOIO 3HAYMEHUS.

Ecmn kosddunment muddysun D man (D < 1), To ypaBHEHHe sIBIISIETCS] CHHTYJISIPHO
BO3MYIIEHHbIM. Bo MHOrmx cucremax, UMEIOMINUX JIBA YCTOWYHMBBLIX IOJIOYKEHUS PABHOBECHS U
OITUCHIBAEMBIX CHHI'YJITPHO BO3MYIIEHHBIMU YPABHEHUSIME TUIIA PeaKIns-aIBeKInd-11uddy3us,
HEOIHOPOIHOCTH KO PUITMEHTOB YpaBHEHUST OIPEIELISIOT MOJI0KEeHNe BHY TPEHHUX PE3KUX I1e-
pexonHbIX cjoeB. [IpudnHoil cyriecTBOBaHUs TaKUX CJIOEB B MAaJIOfl OKPECTHOCTU HEKOTOPOI
TOYKU MOYKeT OBITH BBIIIOJTHEHUE B 9TOI TOUYKe yC/IOBUs OAIaHCA PEAKIINN, aJIBEKINH, PEAKITIN
U aJIBEKIINH, PA3PbIB KOI(DMOUIIMEHTOB [0 IPOCTPAHCTBEHHON KOOp/MHATE (KAK KOHEYHBIH, Tak
U cJ1abbIil) WM JIpyTue yCJIoBUs, HaJaraeMble Ha HEOTHOPOIHBIE KOI(MMUIMEHTEI. ACHMIITOTH-
JeCcKUi aHau3 9TUX YPaBHEHUI ABJIsI€TCsI HEOOXOIUMBIM STAIIOM UX HCC/IEI0BAHUs, TOCKOJIb-
Ky TI03BOJISIET BBISIBUTH YCJIOBUSI HA UCXOJIHBIE JAHHBIE, IIPU KOTOPBIX CYIIECTBYIOT PEIICHUS C
BHYTPEHHUMHU TIE€PEXOIHBIMU CJIOSMHE JIJIsi CO3/IaHMUS a/IeKBATHBIX MaTeMaTUIeCKUX Mojieeil u
[IPOBEPKH JIOCTOBEPHOCTH PE3YITATOB UNCIEHHOTO MOJIETMPOBAHUS
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YTJIEKNCJIOTO T'A3A: MUKPOCKOIIMYECKAA MOJIEJIb
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B ycinoBusix coBpemMeHHO# TeHIEHIINM, OPUEHTHPOBAHHONW Ha HU3KOYTJIEPOIHYIO SHEPIreTH-
Ky, BctaeT Bonpoc yruiausanun COy. OpauM n3 HanboJiee MHTEPECHBIX MPUPOIHBIX 00bEKTOB
zaxoponennss C'Oy SIBJIAIOTCS ILIACTBI, PACIIOIOXKEHHBIE B TPAHMAIIAX TEPPUIE€HHBIX OCAI0UHBIX
1opo/1, HepTera3oHOCHBIX DAaCCETHOB 1 yToJIbHBIX OacceitHoB. Ipemonaraercs, 9T0 B TaKOM BU-
je C'Oy OyJieT XpaHUThC HEOI'PAaHWIeHHO j1oroe BpeMs. OIHAKO, B pe3yJsibTaTe pacTBOPEHMS
YIJIEKUCIOTHI B COJIEpIKAINelics 10/ 3eMJIEN BOJie, TIOHM»KaeTcst ypoBeHb pH 1 MoxeT mrpou3oii-
TH PACTBOPEHUE YaCTU IOPOJIbI, YTO U3MEHUT CTPYKTYPY 3EMHOI KOPbI B 00JIACTU 3aKAIKH.
DTOT MPOIECC JOCTATOYHO JIJIUTEbHBIN (IPEII0IOKUTETHHO MOKET 3aHUMATh COTHU JIET), U
JIJIsT OCO3HAHUSI €10 BO3MOKHBIX ITOCJIEJICTBUI CTOUT UCIIOJIb30BATh MaTeMaTHIeCKOe MOIEINPO-
Banue. [loposa npejcrasiger coboit YaCTUYHO PACTBOPUMYIO IMOPUCTYIO CPELy U CKOPOCTDH €€
PACTBOPEHU OIPEIEIIeTCs CKOPOCTHIO IIOBEPXHOCTHBIX PEAKITUil Ha cTeHKax 1op. B HacTosmeit
paboTe MbI IIPECTABIAEM MIUKPOCKOITMIECKYIO MOJEb ITOBEPXHOCTHRIX peakmuii. [l s momgen-
poBaHus BeIOpaH KyO ¢ pebpom B 1 mMm. Ky6 3amosnen moposoit ¢ nmopucroctbio 0.33. Ilopsr
comepzkaT KKy dhasy C'Oy 1 BOAY ¢ N3BECTHBIMEI HAYAIBHBIMU 3HAUEHUSMHI HACBIIIIEHHOCTH.
MaremaTrdeckoe MOJIeTMPOBAHIE BKJIIOYAET CUCTEMY ypaBHeHU Tuddy3un Jijis KOMIIOHEHTOB
peaxiuit pacrBoperus C'O, B BoJie M PACTBOPEHUA YACTU TOPOJIBI, & TaKyKe MOJEIb U3MEHEHUA
MMOBEPXHOCTHU TBEPIOH (hpaKInu, UCIOJIB3YIONLYI0 METO/I KJIETOIHBIX aBTOMATOB. Momesanb 1mo3-
BOJISIET PACYUTHIBATH CKOPOCTU IOBEPXHOCTHBIX PEAKIUI BHYTPH ITOPUCTON CPEIbl U BPEMSI, 3a
KOTOPOE BO3MOKHO CYIIECTBEHHOE U3MEHEHNE CTPYKTYPHI ITIOPOIBI IIP Pa3JIUIHBIX COOTHOIIEHN-
sIX HACBIIMEHHOCTENH BOABLI 1 KUAKOH das3bl C'Os.
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Karouesvie caosa: 3a/1a9n yrpaBieHns, aCUMITOTHYECKIE PA3JI0KEeHNs, PEryJIApHO U CUH-
I'yJIIPDHO BO3MYIIIEHHbIE KpaeBble 3aiadu, [laje anmpokcuMarum, mporpaMMHBIE U CUHTE3UPY-
FOIIe KOHCTPYKIIAH.

[Ipr HAXOXKIEHUU MTPOTPAMMHBIX W CHHTE3UPYIOMNUX KOHCTPYKIUH MOT'YT BO3HUKATH CHUH-
I'YJISAPHO BO3MYIIEHHBIE KPAeBble 3a/la4ui I TPOrPAMMHBIX YIIPABJIEHHUII U TaKue YKe BO3MY-
IeHHbIe HAYAJIbHBIE 33/1a9H JIJI MAaTPUYIHBIX JuddepeHnuaibubX ypasuenuil tTuna Pukkarn.
[TepBbie pe3y/bTaThl O ACUMIITOTUKE HOIPAHCJIONHBIX PEIIEHUl B CUHTYJISIPDHO BO3MYIIEHHBIX
KPAaEeBhIX 3ajadax ObuLmn mosydersl B paborax A. B. Bacunbepoit u B. A. Tymumesa. D1u pe-
3yJIbTATBI MOYKHO HCIIOJIB30BATH JIJIsi TIOCTPOEHUS COOTBETCTBYIONIMX MOTPAHC/IONHBIX PEITeHMi
Ha TPAHUIAX BpeMeHHOI obmactu. /s mpuimozkeHuit MOryT ObITh TaK:Ke MOJIE3HBI AJITOPUTMbI
MIOCTPOEHUS U UCIOJIL30BAHUS TAK HA3BIBAEMON YNUCIEHHOW aCUMITOTUKHA JIJI HHTEPIOJIAIINOH-
HBIX 1 9KCTPATIOJISIIIUOHHBIX IIPOIIE/LYP IO IapaMerpaM ceMeicTB pereHuil. 31ech BO3MOXKHO Ha
OCHOBE aCUMIITOTUK CTpouTh llaje armmpokcuMaruy Jijisd MOBBIIEHUS TOYHOCTU NMPUOJIMZKEHUI
U TOJTyYeHUsI 3aKOHOB YIIPABJICHUS B peKUMe peajbHOro BpeMenu. [IpubiimKenHbie 3aKOHDBI
00paTHOMN CBA3M MOTYT OBITH TOCTPOEHBI ¢ TIOMOIIHI0 MATPUIHBIX PEIEHII COOTBETCTBYIOIIIX
ypasHenuit Pukkaru, hopMupyommux MaTpuiibl Ko3hdOUINEHTOB yCUIeHNs yIIpaBIeHuil. 31ech
TaK»Ke MOI'YT ObITh UCIIOJIb30BAHbI TAK HA3BIBAEMbIE KOMIIO3UTHBIE YIIPABJICHUS, KOTOPhIE KaK
MOKA3bIBAIOT YUCJECHHBIE PACYETHI HA OCHOBE O0beIMHEHUsT NH(MOPMAIIMI O HYJIEBOM U TEPBOM
NPUOJIMZKEHUN MOTYT 3HAYUTETbHO YBEJIHMIUTH I(POEKTUBHOCTD MOIYYAIOMIMXCH TPUOIUZKEH-
HBIX 3aKOHOB CHHTE3A.
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APPROXIMATE SOLUTION OF PERTURBED OPTIMAL CONTROL
PROBLEMS
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Sciences, Moscow, Russian Federation
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Keywords: control problems, asymptotic expansions, regularly and singularly perturbed
boundary value problems, Padé approximations, program and synthesizing constructions.

When finding program and synthesizing constructions, singularly perturbed boundary value
problems for program controls and singularly perturbed initial value problems for matrix differ-
ential equations of the Riccati type may arise. The first results on the asymptotics of boundary
layer solutions in singularly perturbed boundary value problems were obtained in the works of
A. B. Vasilyeva and V. A. Tupchiev. These results can be used to construct the corresponding
boundary layer solutions on the boundaries of the time domain. Algorithms for constructing
and using the so-called numerical asymptotics for interpolation and extrapolation procedures
for the parametric set of solutions can also be useful for applications. Here, it is possible to con-
struct Pade approximations based on asymptotics to improve the accuracy of approximations
and obtain closed-loop control in real time. Approximate feedback laws can be constructed us-
ing matrix solutions of the corresponding Riccati equations, which form the matrices of control
gains. So-called composite controls can also be used here, which, as shown by numerical calcu-
lations based on combining information on the zero and first approximations, can significantly
increase the efficiency of the resulting approximate synthesis laws.
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Karouesoie caro6a: MOJETb TIEpEHOCA U pacCeTHUs BLIOPOCOB, TEPMHUYECKAasT HEOTHOPOIHOCTD
MIOJICTHJTAIONIE TTOBEPXHOCTH, OPU30Bast IUPKYJISIIH.

[Ipu BOBHUKHOBEHMH aBapuil HA TEXHOJOIMYECKUX OOBHEKTAX MOSBIAIOTCI 334U, CBI3aH-
HbIE C OIpEJIeJICHHEM Mep, HeOOXOMUMBIX JIjId JIMKBUJAIUN TIOCIEICTBUAN aBapud U 3alllUTh
HacesieHust. OCOOEHHOCTH TIPOTIELYPhl IPUHATHUS PEIIEHU B TAKUX CUTYAIMSX BbI3bIBAIOT HEOO-
XOJUMOCTH Pa3pabOTKU U TPUMEHEHUST KOMIIBIOTEPHBIX CUCTEM IOJJIEPYKKU TPUHATUS PEIICHUI
(CIITIP). B cocrase takux CIIIIP noskeH mpucyTcTBOBATH PACIETHBIN MOJIYJIb JJIsi OIlepaTHB-
HOI'O MOJIEJIMPOBaHUS IIPOIECCOB IIEPEeHOCa U paccessHus BHIOpocoB B armocdepe. B amnciao oco-
OEHHOCTEH, KOTOpbIE JOJIXKHBI YIUTHIBATHCS IIPU PACIETax, BXOJAT aTMOCMEpHbIE POIECChI,
BBI3BAHHBIE TEPMUYECKON HEOJIHOPOIHOCTHIO TOJICTHIAIONIEH moBepxHOCTH (HAmpumep, 6pu30-
Bble BeTphl). B janHOil paboTe IMPUBOAUTCSA MOJIE/b ATMOCHEPHON MUPKYJIAINHA, KOTOPasl yIu-
TBIBAET 3TH 0coOeHHOCTH U peaHasHadeHa 1jist maTerparun B CITIIP RECASS, pazpaboranmyio
u noziepxkuBaemyio B HITO «Taiidymn» [1].

[IpuBesiennasi B HacTosdIIelh paboTe MOJIE/bh TEPMUIECKON NUPKYJ/ISIUA OCHOBaHA Ha BIIEpP-
BbI€ TIpeJIIOzKeHHOM B [2| mojaxone. MojenupoBanue MUPKYJIAIUNA OCYIIECTBIISETCS HA OCHOBE
perieHns MOAUMPUIIMPOBAHHBIX yPABHEHUI IUHAMUKHA aTMOC(EPHI ¢ COOTBETCTBYIOIUMU Ha-
YAJBHBIMA U TPAHUIHBIMU YCJIOBUAME. VICKOMBIMEU BeJTMIMHAMU SIBJISTFOTCS TIPOCTPAHCTBEHHO-
BPEMEHHBIE PACIIPE/Ie/IeHNsT KOMIIOHEHT BEKTOPa CKOPOCTH BETPa, B JIAJbBHEHINEM HCIIOIh3YT0-
Iuecsd MpHu pacdéTax MepeHoca U PacCesiHus.
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Ocoboe BHMMaHME B paboTe y/iesIdeTcs 1npore/ype popMupoBanus Habopa HadaIbHbBIX yCJI0-
BUIl JIJIsI MHTETPUPOBAHUSA yPaBHEHUN JIMHAMHUKHU aTMOcdepbl. B mpepiaraemMoil Mojenn Jiisd
[IOCTPOEHU HAYaJbHBIX MOJIEHl MCIIOJIB3yeTCs CTAllMOHAPHOE, MOPU30HTAIBLHO-OLHOPOJIHOE pPe-
IIEHNe MCXOHON CHCTEMBbI, a TaKyKe apaMeTpHU3alliu, olpejeseHHbe B [3].

B pabore npuBojigTcst pe3ysibTarhl Bepudukaiuu Mojiesn. Bepudukarys mposejieHa ¢ uc-
II0JIb30BAaHUEM PeIleHUil YIIPOIIEHHBIX aHaAJIUTUICCKU PA3PEIINMbIX 3a/1a4, a TaK>Ke HEKOTOPbIX
COBOKYITHOCTEH SMIMpUIecKnX JIaHubIX. [Iporeiypa Bepudukaimm mpoIeMOHCTPUPOBAIA Y10~
BJIETBOPUTEJIbHBIE PE3YJILTATHI PAOOTHI MOJie/H. [lokazano, 4To MojeIb XOPOIIO BOCIIPOU3BOIUT
o011IIe 3aKOHOMEPHOCTH IPOIIECCOB MEPEHOCA W PACCEsHUs B YCJIOBHUAX TEPMUYIECKOIN HEOJIHO-
POJIHOCTHU HOACTUIAIONIEH ITOBEPXHOCTH.
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When accidents occur at technological facilities, problems arise related to determining the
measures necessary to eliminate the consequences of the accident and protect the population.
The specific feature of the decision-making procedure in such situations requires the develop-
ment and application of decision support computer systems (DSS). Such DSS should include
calculation module for the operational modeling of the processes of emission transport and dis-
persion in the atmosphere. The features that should be taken into account in the calculations
include atmospheric processes caused by thermal surface heterogeneity (e.g., sea breezes). This
paper presents the model of atmospheric circulation that takes these features into account and is
intended for integration into the RECASS DSS developed and maintained by RPA Typhoon [1].

The thermal circulation model presented in this paper is based on the approach first pro-
posed in [2]. Circulation is modeled by solving modified equations of atmospheric dynamics
with the suitable initial and boundary conditions. The required quantities are the spatial
and temporal distributions of the wind velocity vector components, which are further used in
transport and dispersion calculations.

Particular attention is paid to the procedure for forming the set of initial conditions for
integrating the atmospheric dynamics equations. In the proposed model stationary, horizontally
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homogeneous solution of the original system is used to construct the initial fields, as well as
the parameterizations defined in [3].

The work presents the results of the model verification. Verification was carried out using
solutions of simplified analytically solvable problems, as well as some sets of empirical data.
The verification procedure demonstrated satisfactory results of the model. It is shown that
the model reproduces well the general patterns of transport and dispersion processes under
conditions of thermal inhomogeneity of the underlying surface.
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HEMPOCETEBASA MO/JEJIb JJId IIPOTHO3MPOBAHUA POCTA
JEOPEKTA B KOPITYCE PEAKTOPA
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Karouesvie caosa: diepHbIil peakTop, KOPIYC peaKkTopa, PeKyppeHTHas HefpoHHas CeTb,
IIPOTHO3UPOBaHUE, JePEKT METAIA.

B cBa3m ¢ yBenmuenneM cpoka SKCIUTyaTallid PEAKTOPHBIX YCTAHOBOK BOJIO-BOJISTHBIX DeaK-
TopoB 10 60 JieT, BO3MOXKHa HEKOPPEKTHAas OIEHKA JJIs BA3KOCTH Pa3pyIIeHus Mpu OOJIBITIX
cpokax sKciTyaTanuu Kopiyca. C JIpyroit CTOpOHBI, B MeTaJLJIe HeM30€2KHO MOT'YT IIPUCYTCTBO-
BaTb pa3/IMYHbIE ,ZLe(beKTbI, BO3HUKaIOIINE KaK IIPpU IIPOU3BOJACTBE, TaK M IIPHU IKCILJIyaTallyun
Kopiryca peakTopa. IIpu sTom jieekT MokeT OBITH He BCeryia BhIABJICH, a pa3Mep JjieeKTa He
BCerja MOXKeT ObITh U3MEPEH JIOCTATOYHO TOYHO[1].

Takum 06pa3oM, BOSMOXKHBI CYIIECTBEHHDBIE TPY/IHOCTU IIPU IIPOTHO3UPOBAHUN U OIEHKHU CO-
[IPOTUBJIEHUs] XPYIIKOMY Pa3pyIIeHUI0, HeOOXOIUM HOBbBIN &JIalITUBHBIN MOJIXOJ, TO3BOJIAIONINI
[IPOTHO3MPOBATH 3HAUEHUSI TTOAPOCTA JedeKTa, Ha OCHOBE UMeroIeiicss nHopMaIun.

B nannoit pabore paccMmarpuwBaJics pacdeT Ha MPOIHOCTH Kopiyca peakTtopa BBOP kak
IIPU OTCYTCTBUH, TaK U IIPU HAJIWYAN PA3IUIHBIX JedeKkToB MeTasia. Pacdersr mpoBOAMINCE €
ncnoJib3oBaxneM pacaernoro kogaa ANSYS Mechanical. PacecmarpuBamch pa3indnble yaacTKi
KOPIIyCa PEAKTOpa U OTCJIXKMBAJIOCH U3MEHEHUE HAIPSIZKEeHHO-1e(DOPMUPOBAHHOIO COCTOSHUS
pu pocte jedekra. 3aTeM ObLIa MPOBeIeHA Pa3pabOTKa METOIUKY JIJIsI MOJIEIUPOBAHUS POCTA
JnedeKTa ¢ IMOMOIIBI0 HEPOCEeTEeBOM MOJIe/II

MeTtonka mTpOrHo3NpoOBaHNs 3HAYEHNIT BPDEMEHHBIX PSJIOB C MTOMOIIBIO HeiffpoceTell NCIoThb-
3yeTcsl B PA3/IMYHBIX 00JacTaX Hayku. Kpome Toro, HeffpoHHBIE ceTH HAXOAAT BCE OoJiee Mupo-
KO€ IIPUMEHEHNeE B SIePHOI SHepreTuKe, B TOM YUCIe B 33/1a9aX IPOYHOCTH U IIPOIHO3UPOBAHUS.
[Togpoct nedexkra paccMaTpuBasics Kak 3HAYCHUS BPEMEHHBIX PsiJIOB, IIPU ITOM IOJIPACTAHUE
nedeKTa pacCMOTPEHO KaK MapKOBCKHN W HeMapKOBcKuii mporecc. [Ipu pacdere mojapocra u
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reHepaIl BPEMEHHBIX PAJIOB ObLIN PAaCCMOTPEHBI Pa3jUYHble PEKUMBbI PAOOTHI PEAKTOPHOI
YCTaHOBKH.

st paspaboTku HeiipoceTeBoit Mojien Beibpana apxurekrypa NARX [2]. Briia paspabo-
TaHa MporpaMMHasl peajin3anus Ha a3bike Python, ¢ ucnonnzoBannem 6ubinoreku PyTorch|3].
[IpoBeneno uccieoBaHne BAUAHUS CTPYKTYPBI U MeTOa 00yUeHUsT Ha Pe3y/IbTaT IPOTHO3A.

Pazpaborannas MeToiuka 103BOJIeT 00Jiee TOYHO ITPOTHO3UPOBATDH IOJIPACTAHUE PA3JINU-
HBIX J1e(PEKTOB MeTajljia, OCOOEHHO Ha OOJIBIIMUX CPOKAX IKCILIyaTAllud KOPITyCca PeaKkTopa, Io-
CKOJIbKY CIIOCOOHA YIeCTh JIAHHBIE OT JAPYTUX CXOXKUX KOPITYCOB.
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Due to the increase in the service life of water-cooled reactor units to 60 years, an incorrect
assessment of the fracture toughness is possible with long service lives of the vessel. On the other
hand, various defects may inevitably be present in the metal, arising both during production
and during operation of the reactor vessel. In this case, the defect may not always be detected,
and the size of the defect may not always be measured accurately enough[1].

Thus, significant difficulties may arise in predicting and assessing brittle fracture resistance,
and a new adaptive approach is needed to predict defect growth values based on available
information.

In this paper, we considered the calculation of the strength of the VVER reactor vessel both
in the absence and in the presence of various metal defects. The calculations were carried out
using the ANSYS Mechanical calculation code. We considered various sections of the reactor
vessel and tracked the change in the stress-strain state with the growth of the defect. Then,
we developed a technique for modeling the growth of the defect using a neural network model.

The method of forecasting time series values using neural networks is used in various fields
of science. In addition, neural networks are increasingly used in nuclear power engineering,
including in strength and forecasting problems. The growth of a defect was considered as a
time series value, while the growth of a defect was considered as a Markov and non-Markov
process. When calculating the growth and generating time series, various operating modes of
the reactor facility were considered.
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The NARX architecture [2] was chosen for the development of the neural network model.
A software implementation was developed in Python using the PyTorch library [3]. A study
was conducted on the influence of the structure and training method on the forecast result.

The developed method allows for more accurate prediction of the growth of various metal
defects, especially over long periods of reactor vessel operation, since it is capable of taking into
account data from other similar vessels.
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XapakTepHoil 0COGEHHOCTBIO THIPOJNHAMUKN Pa3faTodHo-KosuiekTopHoit cucrembl (PKC)
SJIEPHBIX PEAKTOPOB ABJISIETCS HAJMIUE CTPYIHO-BUXPEBBIX T€UEHUI B HAIIOPHON KaMepe, OKa-
3BIBAIONINX BJINSHIE Ha PACIIPe/iesIeHe MaCCOBOI'O PACX0/1a TEILIOHOCUTEIS TI0 aKTHBHOI 30HE H,
COOTBETCTBEHHO, HA TEILJIOTHJIPABJINIECKUE MTPOIECCHI B sAJIEPHBIX SHEPTETUYECKIX YCTAHOBKAX.
K nacrosimiemy Bpemenu na 6aze @OU 66110 TPOBEIEHO MHOYKECTBO SKCIIEPUMEHTOB, HAIPAB-
JIEHHBIX Ha ONpeJie/ieHne 3aKOHOMEPHOCTEN pacIpe/ie/IeHus Pacxoa B OTBOJAIINX yYacTKax
PKC [1]. B pesysbrare 06paboTKi JaHHBIX STHX IKCIHEPUMEHTOB, C(hOPMYIUPOBAHBI SMITUPU-
JeCcKIe 3aBUCUMOCTH, TIO3BOJIAIONINE OIEHNBATH THAPOINHAMIIECKIE XapaKTEPUCTUKN OCECHM-
Merpraabix PKC. Oinako 06sracTh NpUMEHNMOCTH yKa3aHHBIX COOTHOIIEHUIT JIOCTATOYHO Orpa-
HUYIEHA.

Boutee obium nojixomom jist ormcanus rujgpogunaamuku PKC moxkeT citykuth Mmaremarute-
ckoe mosiesimpoBanue Tedennit CFD-komax. Hammaume kpymabix BUXpeil, MOCTOSHHO MUTPUPYO-
X 10 obbeMy Hamopuoit kamepbl PKC| memaer nmpemodaTuTe/ibHBIM UCIOIB30BaHUE MOJIE el
kpynubix Buxpeii (LES-Large Eddy Simulation) B kadectse criocoba 3aMbIKaHus TYPOYJIEHTHBIX
HAIpsizKeHnit. B ¢Ba31 €O 3HAYUTETbHBIMU BHIYUCTUTETBHBIMUA PECYPCAMU, HEOOXOIUMBIMU JIJTsT
peasimzanyy LES-Moeeit, mmpokoil npakTukoii sasisercs ucrnojb3osanrne RANS-pacdera jist
MHANMAJIA3AINN HadaabHbeIX yaatoBuii LES-pacaera.

Beccriopabiv ipenmytiiectBom mporpamuoro cpegactsa OpenFOAM sassiercs ero ¢Bobo/I-
HO€e PaCIpOCTPAHEHNE W OTPBHITHIN MCXOTHBIN KOJ, 9YTO MO3BOJIAT IPEIeTbHO TOHKO HACTAUBATH
UMEIOIUECs MOJEJIH JIJIsi KOHKPETHON 3a/ladil WU [PU HEOOXOIMMOCTH COCTaBJIATHL HOBBIE. K
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HACTOSIIEMY BPEMEHU BBIIIOJTHEH DsiJi PabOT, CPABHUBAIONINX PE3YIbTATHI MOJIE/IUPOBAHUSA B
OpenFOAM (OF) u Ansys FLUENT (AF) ¢ npumenernem RANS u LES meronos [2,3].

Henpto Hacrosmeit paboTsl sBiasiercss cpaBaenne koo OF m AF mpumenunrtenpHO K pe-
MIeHnIo 3324 MojienpoBanus ruapoguHaMukn PKC ¢ moMornipio Mosiesin KpyImHbIX BHXPENd.
st pertenust 3Toit 3a/1a4u ObLJI BBINOJIHEH BEPUMUKAIIMOHHBIN pacdyeT TeYeHUs YKUJIKOCTH B
IIJIOCKOM KaHaJjie co cTyleHnbKoii. [Io pesysbraram 9T0oro pacdera BBIIIOJIHEHO CDaBHEHHE CPe/I-
Hell SHEePTUM JUCCUTIAINN U KWHETHIEeCKO dHeprun TypOy/J€eHTHOCTH B PACUETHON 00J1acTH, a
TaKzKe IBOJIONUKI PO CKOPOCTH 10 JIJINHE MojeaupyemMoro kanaja. [locie mposejenns
Bepudukaruu ¢ nomoribio Koo AF u OF semosnen pacder nmmungapudeckoit PKC ¢ aue-
KPETHBIM TOJBOJIOM TerioHocuTesisd. [lo pesysibraram Mose/impoBanie TPOU3BE/IEHO CPaBHEHUE
napaMeTpoB TypOyseHTHOro Tedenus B Haropuoit kamepe PKC, a Ttakke mnposejieHa oOleHKa
KOJIJIEKTOPHOW HEPABHOMEDHOCTH.
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A typical characteristic feature of the hydrodynamics of the distribution-header system
(DHS) of nuclear reactors is the existence of jet currents in the header volume, which affect
the distribution of the coolant mass flow rate in the core and, consequently, the thermal-
hydraulic processes in nuclear power plants. To date, many experiments aimed at determining
the patterns of flow rate distribution in the diverting sections of RCCs have been carried out
at IPPE [1]. As a result of data processing of these experiments, empirical relations have
been formulated that allow estimating hydrodynamic characteristics of axisymmetric DCSs.
However, the area of applicability of these relations is rather limited.

A more general approach for description of DHS hydrodynamics can be mathematical mod-
eling using CFD-codes. The existence of large eddies constantly migrating through the volume
of the header of the DHS makes the use of LES (LES-Large Eddy Simulation) as a method
of turbulent stress closure preferable. Due to the significant computational resources required
to implement LES models, it is common practice to use RANS calculation to set the initial
conditions for LES calculation.

The obvious advantage of the OpenFOAM software tool is its free distribution and open
source code, which will allow to fine-tune the existing models for a particular problem or, if
necessary, to create new ones. To date, a number of works comparing the results of modeling
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in OpenFOAM (OF) and Ansys FLUENT (AF) using RANS and LES methods have been
performed [2,3].

The purpose of the present work is to compare OF and AF codes with respect to solving
the problems of modeling of DHS hydrodynamics using the LES-model. To solve this problem,
a verification calculation of fluid flow in a flat channel with a step was performed. Based on the
results of this calculation, the average dissipation energy and kinetic energy of turbulence in the
computational domain, as well as the evolution of the velocity profile along the length of the
modeled channel were compared. After verification using AF and OF codes, the calculation of
a cylindrical DHS with discrete coolant supply was performed. Based on the modeling results,
the parameters of turbulent flow in the pressure chamber of the DHS were compared, and the
collector non-uniformity was evaluated.
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INTPUMEHEHNE METO/0B NCKYCCTBEHHOI'O NMHTEJIJIEKTA B
SAJAYAX IIPEJJMKATUBHOI'O AHAJIN3A JMUHAMNUKUN PEAKTOPOB
BB3P
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HEHPOHHAS CETh, IPEJINKATUBHBIN METOJI, MAIIIMHHOE 00yYeHNe.

Marepuaybl JOK/Iaa OXBATBIBAIOT KOMILIEKC pabot, BermosHseMbix B OKB «I'MIPO-
I[TPECC» B obiacTt pacueTHOr0 MOJEJUPOBAHUS JIMHAMUYIECKUX PEKUMOB Ha IPOEKTaX pPe-
akTopoB BBOP 6oibimoit MomHOCTH ¢ TpexXMepHOit Mojie/iblo HefiTponHoit KuHeTuku. OCHOB-
HOI1 11e71bI0 paboT ABJIsieTCsl 000CHOBaHUE O€30IACHOCTH, & B KA1eCTBEe OCHOBHBIX NHCTPYMEHTOB
ucnosb3ytorest nporpaMmmubiii komiieke KOPCAP /T'TI, a Takxke cpeicrBa u METOJbI MaTe-
MaTHIECKOIO MOJEJTUPOBAHUSI, OTBEYAIOIINE COBPEMEHHOMY YPOBHIO PA3BUTHS HAYKHU M TEXHU-
Ku. i cHUXKeHUsT TPYJOEMKOCTH ¥ MOBBINIEHUS ITPOU3BOIUTETHLHOCTH PACUETHBIX POy
IIPEJIJIOKEH PsijT pa3pabOTOK, OCHOBAHHBIX Ha, MCIIOJIB30BAHUH TEXHOJOTUU UCKYCCTBEHHOTO MH-
TesiekTa. KoppekTHas mocTaHOBKa 3aJiad I UCIOIb30BAHUS MCKYCCTBEHHOIO MHTEJIIEKTa
B aTOMHO# OTpAaC/Ii BBIOJHSIETCsSI TP CTPOTOM OIIPeIeIeHIN BO3MOXKHOCTEH U OrpaHUYIeHUi
HCIOJIb30BaHUsI JAHHBIX TexHOJoruii [1].

B nokmajie paccMarpuBaloTesa aKTyasIbHbIC 3a/Ia9i MOJICIUNPOBAHUs ITPOIECCOB Ha peaKTope
BB9P: obocHoBaHMe MaHEBPEHHBIX PEXKUMOB, BaJulallis IPOIPAMMHBIX CPEJICTB, MOJI€pHUA3a-
s pacdeTHbIX Mojesieit. [IpeacraBienbl pa3spabOTKH 10 CJIELYIONUM OCHOBHBIM HAIIPABJICHU-
SIM:
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- CO3JIaHNe HeMpOoCeTeBBbIX MOJIeJIel Jid 3a/1a9 IPOTrHO3NPOBAHUS HEJMHEHHBIX JUHAMUYe-
CKHX MPOTIECCOB (B 3aBUCHMOCTH OT THIIA IPOIECCOB PACCMATPUBAIOTCS HEIPOHHBIE CETH IIPSMO-
O pPacIpOCTPaHEHUsI U KOMIJIEKCHBIE apXUTEKTYPhbl HA OCHOBE HEHPOHHBIX CETEl CBEPTOYHOTO
1 PEKYPPEHTHOIO THIIA);

- UCIOJIb30BaHNe MAIUHHOIO OOYyUYeHUs B YaCTU ydeTa SKCIIEPUMEHTAIbHBIX JAHHBIX B 3a-
Jadax BaJauJalluy pacuyeTHON MO/JIeIN, OIMACHIBAIONIEe! HeCcTallMOHapHbIe KCEHOHOBBIE IIPOIECCH;

- IIpUMEHEHNEe HEHPOHHBIX ceTell N TeHETUIECKUX aJIrOPUTMOB JIJId MOJACPHUA3AIINN TEXHOJIO-
IUYECKUX CPEJICTB IOJIOTOBKU MapaMeTPUIeCKUX OMOJIMOTEK MaJIOTPYIIIOBBIX KOHCTAHT.

[IpuBeeHbI OCHOBHBIE MTOJIOXKEHUS TOCTAHOBKY 33/1at, OIICaHUe aJTOPUTMOB PEIleHns U UX
mporpaMMHOil peasm3anuy. Ha KOHKpeTHBIX IpuUMepax JeMOHCTPUPYIOTCS BO3MOYKHOCTHU pa3-
pabOTaHHBIX TEXHOJIOTUI U JIEJAIOTCS OIMEHKU KOJUYEeCTBEHHBIX MOKazaTe el apdeKTuBHOCTI
BBIYUCJICHUN, aHAJIU3UPYIOTCSI KPUTEPUHN YYyBCTBUTETLHOCTH, CTAOUIHLHOCTHU, PEJIEBAHTHOCTU U
JOCTUZKUMOCTH.
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The materials of the report cover a set of works carried out in OKB “GIDROPRESS” in the
field of computational modeling of dynamic modes on projects of high-power WWER reactors
with a three-dimensional model of neutron kinetics. The main objective of the work is safety
assessment, and the main tools used are the KORSAR/GP software package, as well as the
means and methods of mathematical modeling that meet the current level of development of
science and technology. To reduce labor intensity and increase the productivity of calculation
procedures, a number of developments based on the use of artificial intelligence technology
are proposed. Correct formulation of tasks for the use of artificial intelligence in the nuclear
industry is carried out with a strict definition of the possibilities and limitations of using these
technologies [1].

The report examines the current problems of modeling processes at the WWER reactor:
maneuvering modes calculations, codes validation, modernization of calculation models. De-
velopments in the following main areas are presented:

- creation of neural network models for the problems of forecasting nonlinear dynamic pro-
cesses (depending on the type of processes, direct propagation neural networks and complex
architectures based on convolutional and recurrent neural networks are considered);

- use of machine learning in terms of taking into account experimental data in the problems
of validating a calculation model describing non-stationary xenon processes;
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- use of neural networks and genetic algorithms to modernize technological tools for prepar-
ing parametric libraries of small-group constants.

The main provisions of the problem statement, description of the solution algorithms and
their software implementation are given. Specific examples demonstrate the capabilities of
the developed technologies and make assessments of quantitative indicators of the efficiency of
calculations, analyze the criteria of sensitivity, stability, relevance and attainability.
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IMPUMEHEHUE IIN®POBHIX MOJIEJIEI OB bEKTOB
NCIIOJIb3OBAHIS ATOMHOM SHEPTU, POBOTU3MPOBAHHBIX
KOMIIJIEKCOB CBOPA MH>KEHEPHBIX 11 PAJIMAIITMOHHBIX JAHHBIX
1 ITI1®POBOMN IIJIAT®OPMBI DIGITAL DECOMMISSIONING J1JISI
CHUMN>KEHUN S SATPAT HA BBIBO/I 13 SKCIIJIVATAIININ

JIrobumos A. FO."?, Tuxonosckuii B. JI.2°
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Karouesvie cao6a: BBIBOM U3 9KCILTyaTAIlNN, OOBEKT HCIIOTb30BAHNUS ATOMHON SHEPTHH, ITHd-
posas mardopma Digital Decommissioning, 3ak/oanre/ibHas CTa s >)KU3HEHHOTO TUKJ1a, CHU-
JKEHHUE CTOMMOCTH, 1 poBasi UCIOJTHUTE/IbHAS WHKEHEPHO-PAIMAIINOHHAS MOJIE/Ih, POOOTH3a~
11si, pOOOTU3UPOBAHHBIN KOMILJIEKC cOOpa WHYKEHEPHBIX W PaJIMAIllMOHHBIX JIAHHbBIX.

Cornamenne ot 20.05.2024 Ne 574 o mpoBejieHre MUJIOTHOTO TECTUPOBAHUST MHHOBAITMOHHO-
ro pemennst ¢ I'BY «ArencrsBo maHOBamumii MOCKBBI» /11 aBTOHOMHON HABUTAIIMH MOOMIBHBIX
pOOOTOB € MHTerpalyeil BHENTHEr0 00OpPY/I0BaHUS U CTOPOHHETO IMPOrPAMMHOIO O0eCIievYeHusl.
[Iporokos apxurekTypHoro coera l'ockopnoparuu «Pocatoms ot 07.07.2021 o BeIOGOpPE 11D PO-
Boit mtardopmer Digital Decommmissioning B katectse 6azosoro 110 jyist peasiuzamnuu mpoekTa
«Koproparusnas undopmanuonnas cucrema «lludposas 1moJroroBKa K BbIBOJLY U3 IKCILIya-
TaIUum>.

Craaus BbIBoJa U3 sKciuryatanun (BY) o6bekTor ncnobp3osanus atomuoit saepruu (OU-
AD) — camasg TpyJaoeMKasi, IPOJOJIZKUTEIbHASI TI0 BPEMEHH, METOI0JIOIMIECKU PDA3HOPOIHAS 1
HAMMeHee aBTOMATU3UPOBAHHAS CTA/IUs U3 BCEX STAIOB KU3HEHHOT'O IUKJIA SIEPHOIO 00bEeK-
ta. [Tomumo mpouero, mesrenbHOCTb 110 B Beerjia HeceT OOJIbINIE PUCKU: TO U TOBBIIEHHBIE
JI030Bble HArpy3KH Ha IEPCOHAJI, OCYIIECTBJIAIONINN JEMOHTaK, M OOpalleHne ¢ MacCcoBO 00-
Pa3yOMUMUCST PAJIHOAKTUBHBIME OTXOJaMu (mepepaboTKa, 3aXOpOHeHHe) U, KOHETHO, yTrpo3a
6€301IaCHOCTH HACEJIEHUS U OKPYKAaIoIeil cpejibl. A HECOBEPIIEHCTBO METOJOB OIMEHKH CTOUMO-
ctu pabor o BY, ¢ moMOIIBI0 KOTOPHIX HEBO3MOXKHO JOCTOBEPHO HAJIOXKHUTH PAJIMAIUOHHYIO
00CTAHOBKY HA 00bEKTE Ha €0 UHZKEHEPHO-TOIOJIOTUIECKY 0 KOHMUTYPAINIO, TPUBOJIUT K 3HA~
YUTEJTbHBIM TIOTPENTHOCTAM B pacdeTrax — KaK B CTOPOHY SKOHOMUM, TaK U, 10 OOJIbIel 4a-
CTH, B CTOPOHY IIPEBBIIIEHNsT cMeTHO# cTonMocTh. [Ipumenenne mudposoit miardopmbr Digital
Decommissioning coBMecTHO ¢ poOOTH3UPOBAHHBIMUA KOMILJIEKCAMU cOOpa WHXKEHEPHBIX W pa-
JIMAIUOHHBIX JIAHHBIX JIJIS CHUKEHUs BJIUSHUS Y€JOBEYECKOro (haKToOpa M 3allUThI JIIOJIENH OT
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BO3JIEHICTBUST PAIUAIIMOHHOTO M3/TyYeHUsT 00ECIIETUT PerteHe MpodIeMaTuKU Oy IeHUs TOY-
HBIX OIEHOK 3aTpaT Ha BD OUNAD.
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THE USE OF DIGITAL MODELS OF NUCLEAR ENERGY FACILITIES,
ROBOTIC SYSTEMS FOR COLLECTING ENGINEERING AND RADIATION
DATA AND A DIGITAL DECOMMISSIONING PLATFORM TO REDUCE
DECOMMISSIONING COSTS
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Agreement No. 574 dated 05/20/2024 on conducting pilot testing of an innovative solution
with GBU “Moscow Innovation Agency” for autonomous navigation of mobile robots with inte-
gration of external equipment and third-party software. Protocol of the Architectural Council
of the Rosatom State Corporation dated 07.07.2021 on the choice of the Digital Decommission-
ing digital platform as the base software for the implementation of the Corporate Information
System Digital Decommissioning project.

The decommissioning stage (RE) of nuclear energy facilities (OIE) is the most time-
consuming, time-consuming, methodologically heterogeneous and the least automated stage
of all stages of the life cycle of a nuclear facility. Among other things, RE activities always
carry great risks: these are increased dose loads on personnel carrying out dismantling, and
handling of massively generated radioactive waste (recycling, burial) and, of course, a threat
to the safety of the population and the environment. And the imperfection of methods for
estimating the cost of work on RE, with the help of which it is impossible to reliably impose
the radiation situation on the object on its engineering and topological configuration, leads to
significant errors in calculations — both in the direction of economy and, for the most part, in
the direction of exceeding the estimated cost.

The use of the Digital Decommissioning platform in conjunction with robotic complexes
for collecting engineering and radiation data to reduce the influence of the human factor and
protect people from exposure to radiation radiation will provide a solution to the problem of
obtaining accurate estimates of the costs of nuclear power plants.
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PaccvoTrpena Moesib JOKaJIbHON KOPPO3UKM KOHCTPYKIIMOHHBIX MaTEPUAJIOB B CPEJIe TsIZKe-
JIOTO YKHUIKOMETAJLIMTIECKOr0 TelIoHOCHTe . Hammane 3HaIuTe/TbHOTO KOJTNIeCTBa JIOKATBHBIX
«HEPOBHOCTEI» B BHJE IIEPOXOBATON MOBEPXHOCTHU, TO €CTh PA3JUIHOIO THUIIA JIe(DEKTOB, MO-
JKeT UrpaTh 3aMETHYIO POJIb B CKOPOCTH U KadecTBe 00pa30BaHUsA 3aIllUTHON IJIEHKH. DBOJIIO-
o OKCI/I,ILHOI;‘I IIJIECHKN (pOCT nJix yMCHbIIIEHUE ee TOJIH.[HHI:)I) ABJIAETCA 110 OIIpeAe/ICHNIO HEKUM
IIEPEXOIHBIM IIPOIECCOM WM PSAJIOM IEPEXOIHBIX IIPOIECCOB OT CHUCTEMBI ¢ OTHUM HAaOOPOM
napaMeTpoB K cucreme ¢ JpyruM Habopom. Tak kKak B oO0IIeM cjydae paccMOTPeThb JieheKT
IIPOU3BOJILHON (POPMBI TEXHUYECKHU IIPEICTABIISIETCA TPYI0EMKOIl paboToii, a 6ojee TOro u He
000CHOBAHHOI, paCCMOTPEHBI TPU «SABHBIE» JIOKAJIbHBIE HEPOBHOCTH, KOTOPBIE HAKOOIee YaCTHO
BCTPEYAIOTCs, 9TO KPyIJjas CTyIeHbKa, oOpaTHas KpyIJias CTyIleHbKa M siMKa. PaccMorpenune
TaKNUX FeOMeTpI/IIU/I BIIOJIHEC JOCTAaTOYHO JIJId O6H_LGFO IIOHUMaHMA 3BOJIIOININ OKCI/I,ZLHOI;'I IIJIEHKU B
nederTax.

CorpsizkHHas 3a/1a19a 9BOJIIOIUN IJICHKU 1 PACIIpe/iesIeHus KOHIIEHTPAIINi KUCIOPO/Ia U YKe-
Jie3a B CBUHIIOBOM TeILIOHOCHTe e pemasack [1| ¢ ucnonnzosannem koga STAR CCM+.
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Puc. 1. Pacnpedeserue xucaopoda 6 obaacmu defekma 6 HAMAAOHbIT MOMEHN 6PEMEHU U
UBMEHEHUE TOAUUHDL OKCUIHOT NAEHKU 8004 NOBEPTHOCTU deiekma npu ckopocmu menao-
nocumensn 2 m/c

Taxkum 06pa3oM B pesyJbTaTe IMPOBEIECHHBIX pacdeToB (mpuMep Ha Pucynke 1) 6b110 1mpo-
JIEMOHCTPUPOBAHO, 9ITO IBOJIIOIMS IIEHKN B JedeKTax U Ha MJI0CKOCTHA UJIET CYIEeCTBEHHO TI0-
pazHoMy; B JiepeKTax CyIiecTBYIOT 00JIaCTH, I7Ie IIJIEHKA PACTET MeJJICHHee, IeM Ha ILJIOCKOCTH,
HO JI0 3aMETHO OOJIBINNX 3HAYEHUI TOIINH; JeeKThl 0JJHOBPEMEHHO B OJHUX TOYKAX 0becte-
YUBAIOT 3aMETHBII POCT IUIEHKH, & B JPYI'UX TOYKAX HA0DOPOT IIPOUCXOUT yTOHEHHE ILJICHKU.
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A model of local corrosion of structural materials in a heavy liquid metal coolant environ-
ment is considered. The presence of a significant number of local “irregularities” in the form
of a rough surface, that is, various types of defects, can play a significant role in the speed and
quality of formation of the protective film. The evolution of an oxide film (growth or decrease
in its thickness) is, by definition, a kind of transition process or a series of transition processes
from a system with one set of parameters to a system with another set. Since in the general
case, considering a defect of an arbitrary shape technically seems like labor-intensive work, and
moreover, not justified, three “obvious” local irregularities that are most often encountered are
considered: a round step, a reverse round step and a hole. Consideration of such geometries is
quite sufficient for a general understanding of the evolution of the oxide film in defects.

The related problem of film evolution and the distribution of oxygen and iron concentrations
in a lead coolant was solved [1] using the STAR CCM+ code.

p. Ne1p. Ne2
—oh. C[O],=1e-8 kg/kg
—149h ! T=550 °C

Film thickness, um

0 T T T T
0,008 0,009 0,010 0,011 0,012 0,013

o

L . Coordinate Y, m

Figure 1. Oxygen distribution in the defect area at the initial time and change in the thickness
of the oxide film along the surface of the defect at a coolant speed of 2 m/s

Thus, as a result of the calculations (example in Figure 1), it was demonstrated that the
evolution of the film in defects and on the plane surface proceeds significantly differently; in
defects there are areas where the film grows more slowly than on the plane, but to noticeably
greater thicknesses; defects simultaneously at some points provide noticeable growth of the film,
while at other points, on the contrary, thinning of the film occurs.
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[Ipr npoeKTUPOBAaHUN TEIIOTEXHUIECKUX YCTPOHCTB OBbIBAET BarKHO IIPOBECTHU IIPEIBApU-
TEeJIbHYIO OHEHKY TEIIJIOBBIX IIOTOKOB U PacCIIpeae/IeHnd TEeMIIEPpAaTYyPbl B dJIEMEHTaX KOHCTPYK-
. OJHUM U3 METOJIO0B pacdéra, MO3BOJISIONIMM OIEPATHBHO OIEHUBATH TEILIOMDU3NIECKIe
mapaMeTphbl CUCTEMBI B CTAIIMOHAPHOM COCTOSIHUM, sIBJISIETCSI 3JIEKTpoTerioBas anajaorns. C eé
ITOMOIIIBIO ITPOIECC TEILI000OMEHa MOYKeT OBITh ITPEICTABIEH B BUJIE TEILJIOBOW CXEMBI, JJIEMEHTa~
MU KOTOPOM ABJISIIOTCS UCTOYHUKN ¥ MPUEMHUKN TEILJIOBOM SHEPIUH U TEPMUIECKHE COMPOTUBR-
Jiennst (poBouMocTH ). KazxK oMy y3/1y TEIIoBOil CXeMbl CTABUTCS B COOTBETCTBHE OIIPE/ICJICH-
Has TeMiieparypa. llepeMeHHbIE BeJIMIMHBI B TEIVIOBOI cxeMe (TeIIoBble IOTOKU U MOJ0TDEBHI)
IIOJYMHAIOTCA 3aKOHAM OlVIa n KI/IpXFOCba. Ha OCHOBAQHHMHU ITUX 3aKOHOB TEIIJIOBBIE CXEMbI MOI'YT
OBITH TIPeoOpPA30BAHbI U YIIPOIIeHbI [1].

OOBIMHO TOJTHOE TEPMUYIECKOE COIIPOTUBJIEHNE TEIIOBOI CHCTEMBI BKJIIOYaeT B cebs cocTaB-
JISIIOIIUE, CBSI3aHHBIE C SIBJIEHUSIMH TEILJIOIPOBOJIHOCTU U KOHBEKIMHU. VIHTEHCMBHOCTH KOHBEK-
TUBHOT'O TEIJI000MeHa XapaKTepu3yeTcs KoM MUITMEHTOM TeILIOOTAA N, JIJId OIPeJIe/IeHns KO-
TOPOTrO B IOJABJISIONIEM OOJIBIIMHCTBE CIYYAEB MCIOIb3YIOTCS SMIMPUIECKIE 3aBUCAMOCTH.
[Ipu 3TOM JIJIs OTEMCAHUST OJTHOTO W TOTO Ke IPOIecca Mepeladn Tella MOYXKeT CyIIeCTBOBATH
HECKOJIbKO BapUAHTOB KOPPEJIAINA, KOTOPbIE MOIJIM OBITH MOJIYYeHbI TPU Pa3IHIHBIX METOIH-
Kax U YCJIOBHUSIX 9KCIIEPUMEHTA, U3-3a Yero 3Ha9eHs MOI'yT UMETh CyIIeCTBEHHbIE PACXOXK ICHNUS,
a 00J1aCTh UX IPUMEHEHNsI CTAHOBUTCS orpaHndeHnoit |2, 3|. Kpome Toro, ncrnoss3oBanne Habo-
pa KOppeJIsinii AjIsI OMMCAHNs OJHOIO M TOI'O YK€ IIPOIECCa TeILIOBOM CHCTEMBI MOXKET IIPUBECTH
K 3HAYUTEIbHBIM PACXOXKIEHUSIM JIPYTHX PACCINTAHHBIX ITApaMETPOB.

Henpio Hacrosmeir paboTbl ObLT pacYéT TEIIOMU3NIECKUX TapaMeTPOB JIBYX(Aa3HOTO 3a-
KPBITOTO TepMOCU(OHA C BOISHBIM TEIJIOHOCUTE/IEM IIPH IOMOIIM 3JIEKTPOTEIIOBOIl aHAIOTUH.
B xoze BbInIoIHEHUS pabOTHI OBLI ITPOBEEH MTOUCK PA3IUIHBIX KOPPEISIUi JIJId ONUCAHUS TTPO-
1eccoB (hpa30BBIX IPEBpAIeHUil TPUMEHUTEIHFHO K TePMOCU(OHHBIM CUCTEMaM. BbIJIO OlleHeHO
BJIMSTHUE BBIOOpa KOPPEJIAIUi Ha IIPeebHBIN YPOBEHb MOITHOCTU TepMocudoHa. BoimoHeHo
CpaBHEHMe pe3y/IbTaTOB PACIETa C UMEOIINMICS B OTKPBITHIX HCTOTHIKAX IKCIEPUMEHTAIHHBI-
MU JQHHBIMH.
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When designing thermotechnical devices, it is important to make a preliminary assessment of
heat flows and temperature distribution in the elements of the structure. One of the calculation
methods, which allows us to quickly assess the thermophysical parameters of the system in a
stationary state, is electrothermal analogy. With its help, the heat exchange process can be
represented in the form of a thermal scheme, the elements of which are sources and receivers
of thermal energy and thermal resistances (conductances). Each node of the thermal scheme
corresponds to a certain temperature. Variables in the thermal scheme (heat flows and heatings)
are subject to Ohm’s and Kirchhoff’s laws. Based on these laws, thermal circuits can be
transformed and simplified [1].

Usually, the total thermal resistance of a thermal system includes components related to
the phenomena of heat conduction and convection. The intensity of convective heat exchange
is characterized by the heat transfer coefficient, for the determination of which, in the vast
majority of cases, empirical dependencies are used. At the same time, to describe the same heat
transfer process, there may exist several variants of correlations that could be obtained under
different methods and experimental conditions, due to which the values may have significant
discrepancies, and their application area becomes limited [2, 3]. In addition, the use of a
set of correlations to describe the same process of a thermal system can lead to significant
discrepancies in other calculated parameters.

The aim of the present work was to calculate the thermophysical parameters of a two-
phase closed thermosiphon with a water coolant using electrothermal analogy. In the course
of this work, a search for different correlations to describe the phase transformation processes
was carried out for thermosiphon systems. The influence of the choice of correlations on the
thermosiphon power limit was evaluated. The calculation results were compared with the
experimental data available in open sources.
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B coBpemerrOM Mupe oOpasoBaHue UrpaeT KJIUIEBYIO POJIb B PA3BUTUHU JITTHOCTH, OOIIECTBA,
U SKOHOMWKW. B yC/IOBHSAX MOCTOSHHO MEHSIONUXCA TpeboBaHWIl K MPOodeCcCHOHAIbHON KBa-
JinUKAIIHU, CHEeIUAINCTBI JIIOObIX 00JIacTeil BHIHYK/IEHBI TIOCTOSHHO COBEPIIEHCTBOBATH CBOU
HABBIKM M YMEHHUsI, ITOObI OCTABATHCS BOCTPEOOBAHHLIMU U S(PDEKTUBHBIMU CIIEIUATICTAMU
[1,2]. TIpobiema JaHHOTO WCC/IEIOBAHMS 3aK/II0UACTCS B HEOOXOIMMOCTH PaspabOTKU M BHEJI-
PEHUsT TEXHOJIOIUI NCKYyCCTBEHHOTO MHTE/IJIEKTA B CUCTEMY JIOTIOJTHUTEIHHOTO TTPOMECCHOHAb-
HOrO 00yueHnst pabovero mepcoHaia TermoBbix sjaekrpocrannuii (TOIL), a uMenHO onepaTopos
KOTEJIbHBIX U OIIepPaTOPOB IVIABHOI'O IUTA yIPABJIEHUS, /I CBOEBPEMEHHOIO DEArnPOBAHUA HA
pas3/IndHbIe YPE3BbIYARHbIE CUTYAIIUU. DTO MO3BOIUT 3IAITUPOBATHL 00PA30BaATEIbHbIN IIPOTIECC
K WHJIMBHU/IyaJIbHBIM ITOTPEOHOCTSIM KarKJI0ro 00ydaeMoro, OolTUMU3UPOBATH padOTy IIPeroja-
BaTesell W YIY4YIINTh Pe3yIbTaThl 00ydeHUs B IesoM. PaspaboTka M MCHOIb30BAHUS WHTEN-
JIEKTYAJIBHOI 0Oy4JaroIieil CHCTEMBI JIJIsi peaIi3allui JIONOJHUTETHLHOTO MPOMECCHOHATBHOTO
obpazoBanus creruajucroB TIOL, xapakTepusyercd aBromMaTnsalyeil Bcex MpOIEecCcoB, BO3HU-
KaIOIUX B X0jle 00yUYeHUs U KOHTPOJIs 3HAHWIT/ yMeHuiT 00yIaeMbIX, HO TJIABHON 0COOEHHOCTHIO
I0JIX0/1a ABJISIETCS BOZMOXKHOCTH (POPMUPOBAHUS MTEPCOHATM3UPOBAHHON CTpaTerun 0O0yJdeHus,
OCHOBAHHOI Ha COBOKYITHOI MOJIe/IN TiepcoHamu ooy4daemoro. Bes nndopmarnius 06 00ydaeMbIX,
nHGOPMAIHS O MPENoIaBAEMOM Kypce, IIPEJICTABIEHHOM B BU/Ie OHTOJIOTUHU, Pe3yIbTaTax IIpo-
XOXKJIeHUsT OOyUeHUs, pe3yabTaraX KOHTPOJIA 00ydaeMbIX, WHINBHIYAJIHHBIX PEKOMEHIAIIX
HA OCHOBAHUU ITOJIYUIE€HHDBIX PE3Y/ILTATOB O0yUeHUs U T.JI. HAXOJUTCI B €IMHON cpejie U B Jiio0oe
BpEMsI JIOCTYIHA 00ydaeMOMy ¥/l KOHTPOIUpYyIomeMy mporecc obydaenns [3|. [Tepconanmsa-
g 00pa30BaHUsI Ha CETrOJHAINIHUN JIeHb cTaja HeoOXOINMOCTbBIO, ITO3BOJIAIONIEH 00yTIaeMbIM
pa3BUBaTbLCA B COOTBETCTBUU CO CBOUMMU MHTEpECaMU, CHOCO6HOCTHMI/I u OCO6€HHOCTHI\H/I.
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JloKJ1a/1 TTIOCBAIIEH pe3y/IbTaTaM KOMILIEKCHBIX PACYETHBIX UCCJIEJIOBAHUN B PAMKaX aJIbTep-
HATUBHOI KOHIIENIUK TOILIUBHOTO IuKaa TAP ¢ MarHuTHBIM yjep:KaHueM IIa3Mbl, UCIIOJIb-
sytomux D-*He TommmBo. AKTyaJbHOCTh PAacCMATPHBAEMON IIPOOIEMbI 00yCIOBICHA TEM, ITO
nepexoy1 ot Tpajaunuonnoro aaa D-T rommsa k D->He TOIINBY 1I03BOMMT PEIIUTDH KJIIOUEBLIE
pobsembl D-T-1uka: HeoOX0MMOCTh OOpalleHrns ¢ paJuOaKTUBHBIM TPUTHEM U TaK Ha3bI-
BaeMyIo MpobJIeMy TIEPBOil CTEHKU, BOZHUKAIOIILYIO U3-38 MHTEHCUBHOT'O MOTOKA BBHICOKOIHEPIe-
TraHbIX Hefirponos u3 TP [1]. Bomosnentsle ucc/ieJoBanms TO3BOJIMIN TOBBICUTH TOYHOCTHD
npe/cKasanns xapakTepuctuk D-3He TommmBHOro MuKIa TePMOSIEPHLIX PEAKTOPOB ¢ MATHHT-
HBIM y/IepKaHueM T1J1a3Mbl Ha OCHOBE KOMILJIEKCA YCOBEPITIEHCTBOBAHHBIX METO/IOB 1 &JITOPUTMOB
MOJIEJINPOBAHUS IIPOIECCOB B I1a3Me. [l cKopocTeil TepMOsIepHBIX PEAKIHil OB UCIIOJIb-
30BaHbI yJI0OHDbIE B IPAKTUYECKOM ITPUMEHEHUH aHATUTUYIECKUE TTapaMeTPU3aInN, pa3padoTaH-
Hble Ha OCHOBE NpHOJIMKeHnsa 3PHEKTUBHOTO pajinyca Jjisd ONUCAHUS CEYEHUN TUX peaKInii
[2], xopomo cornacyrormuecs: ¢ garabiMu 6a3sl NACRE 11 [3], koTopsle nmpuBogsitess B MeHee
yaoouoM TabandHoM Buje. C MOMOIIBIO PenieHrs YpaBHEHUI KWMHETUKU IIPOIECCOB B ILIa3Me
JUIs IBYX OCHOBHBIX CLieHapueB HCIoab3oBanus D-*He TOIIMBA-IIOJHOCTBIO KATaJId3UPOBAH-
noro D-D nukia ¢ sxsumosapubiM D-3He TOIIMBOM ¥ IIOJHOCTBIO KaTaJusuposanHoro D-D
UKJIa ¢ camoobectedenneM °He ObLIH olpe/iesieHbl TapaMeTphl KpuTepus JIoycoHa n TpoitHoro
kputepus Jloycona B 3aBucumMocTu ot napamerpa ycusienus T4P. Panee B OosbinuncTBe padbor
[4-5] sTH MTapamMeTphl ONpeIesISUIICh [IJIsl 3aHUKEHHBIX 3HAYEHHU CKOPOCTeil OCHOBHOM peakInn
D-*He— p+*He, a nccienosanne Tpoitnoro kputepusd JIoycoHa B HCIIOIB3yeMOil TOCTAHOBKE
OBLJIO BBITIOJIHEHO B €MHUYIHBIX PA0OTax.
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COMPUTATIONAL STUDIES IN THE FOUNDATION OF THE
CHARACTERISTICS OF THERMONUCLEAR INSTALLATIONS BASED ON
LOW-RADIOACTIVE D-*He FUEL

Godes A. I.'%, Shablov V. L.1*
L Obninsk Institute for Nuclear Power Engineering, Obninsk, Russian Federation
@ godes.ai@yandexs.ru, ® shablov.vl@yandexr.ru

Keywords: controlled thermonuclear fusion, D-3He fuel cycle, Lawson criterion, triple Law-
son criterion.

The report is devoted to the results of complex calculation studies within the framework of
an alternative concept of the fuel cycle of a nuclear magnetic confinement reactor using D-*He
fuel. The relevance of the problem under consideration is due to the fact that the transition
from traditional D-T fuel to D-3He fuel will allow solving the key problems of the D-T cycle:
the need to handle radioactive tritium and the so-called first wall problem arising due to the
intense flux of high-energy neutrons from a nuclear magnetic confinement reactor [1]. The
studies performed allowed increasing the accuracy of predicting the characteristics of the D-
SHe fuel cycle of nuclear magnetic confinement reactors based on a set of advanced methods
and algorithms for modeling processes in plasma. For the rates of thermonuclear reactions,
convenient in practical application analytical parameterizations were used, developed on the
basis of the effective radius approximation for describing the cross-sections of these reactions
[2], which are in good agreement with the data of the NACRE II database [3], which are given
in a less convenient tabular form. By solving the equations of plasma kinetics for two main
scenarios of using D-3He fuel — a fully catalyzed D-D cycle with equimolar D-3He fuel and a
fully catalyzed D-D cycle with self-sufficiency of *He — the parameters of the Lawson criterion
and the triple Lawson criterion were determined depending on the parameter of the nuclear
fusion enhancement. Previously, in most studies [4-5], these parameters were determined for
underestimated values of the rates of the main reaction D *He—p+“He, and the study of the
triple Lawson criterion in the used formulation was performed in very few studies.
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PEIITEHVNE YACTHOTI'O CJIVUHAYA YPABHEHUUA KUHETUKW 1 ET'O
AHAJIN3

Haunmok FO. C.1%, 3ro3ukoBa A. A.'°, Tepexosa A. M.!¢
Y UATD HUSAY MUDH, O6nunck, Poccus

Karouesoie cao6a: ypaBHEHUS KUHETUKY, TTPUOIMKEHHBIN aHan3.

B pabote paccMoTpeHo pelienre KHHETUIECKIX YPABHEHU I BayKHOTO YACTHOTO CJIydas
U IIPOBEJIEH aHAJIN3 II0BEJ/IeHU peaKTopa IIPU U3MEHEHUHU OIIPe/IeJIeHHbIX ITapaMeTpPOB.

He Bceryma nmeercss BO3MOXKHOCTH AHAJUTUYIECKOTO PEIIEHUS yPaBHEHUN KUHETUKH, TI0ITO-
My BBOJSATCSA HEOOXOIMMBbIe TPUOJIMZKEHUS U YIPOIIeHNusl. AHAJTUTUYIECKIE COOTHOIIIEHUS JIA0T
XOopolliee TpeJicTaBJIeHne O TOBEJIEHNN MOIITHOCTH PeaKTOpa BO BPEMEHW NPU pPAa3JINIHBIX Ha-
YaJIbHBIX YCJIOBUAX U BBOJAUMBIX BO3MYIICHUAX.

st HaxoXKieHusl n3MeHeHUs KOJIMYeCTBa HEHTPOHOB B PEaKTOPe OT BPEMEHH HeOOXO/MMO
permmuTh cucreMy cemu JuddepeHnnaabHbIX YpaBHEHU:

d_n S Bn + AXc+q
dt VAN (1)

e ¢ = 1,...,6.

Dra cucreMa COJEPXKUT CeMb Hem3BecTHbIX dyHKImit: n(t) u ¢;(t). K vHum ciemyer moba-
BUTH 3aBUCHMOCTH, OIUCHIBAIOIINE [TOBEJICHNE BO BpeMeHU p(t) PeaKTHBHOCTH U 3aBUCHMOCTD
MHTEHCHBHOCTH BHEITHETO MCTOYHUKA HEHTPOHOB ¢(f) OT BpeMeHH.

g perenus JaHHOW 3aJla9d HaJI0 3HATH HAYaJbHBIC YCJIOBHS — KOJUYIECTBO HEHTPOHOB
n(0) = ng. Ilpu sTOM HaYaIBHBIE KOJUIECTBA SMUTTEPOB 3aIIA3/ILIBAIOIINX HETPOHOB OIpe/Ie-
JIAIOTCA U3 YCJIOBUS CTAIIMOHAPHOTO cocTodgHus peaktopa npu t = 0. [loxyuaem:

_ B
A

,HJIH Ka49€CTBEHHOI'O aHaJIn3a BPEMEHHOI'O IIOBEJICHU A PEaKTOPpa paCCMOTPUM YPaBHEHUE K-

¢ (0) n(0).

HETUKU B IPUOJINYKEHUH OJHON I'PYIIIhI 3AI1a3/bIBAIONINX HEHTPOHOB, T.€. Oy/IeM CIUTATDb, U9TO
BCe HEHTPOHBI UMEIOT OJIHY MOCTOSAHHYIO paciajia A. Takoil mpuOIMKEeHHbIN aHaIu3 JTaeT Kade-
CTBEHHO T€ K€ Pe3YJIbTaThl, UTO U PEIIeHHEe C IIeCThIO IPYIITaMU 3aI1a3/IbIBAIONINX HEHTPOHOB,
a B OIIPEJIEJIEHHBIX CIIydasax — Jayke OJM3KIe U KOJTUIECTBEHHbIE PEe3YJIbTAThI.

YpaBHeHUsT KHHETUKHU C OJTHON I'PYIIION 3ala3/IbIBAIONTIX HEUTPOHOB!

d _
ol Bn+)\c+q

dt A (2)
dc_ .\

a A0

Pemenne BuInosHsiocs JJI IIOAKPUTUYIECCKOI'O peaKTOpa C UCTOYHUKOM HeﬁTPOHOB IIpu BBE-
JeHU B HEeI'0 peaKTUBHOCTMU. Hauanpabie yciaoBud IPUHUMAJIUCh TaKUMM:

P = Po, q = qo (3)
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AHAJINMTNYECKOE PEINTEHVE YPABHEHU YA /IN®D®Y3UN J1JI4
KOJIBITIEBOT'O PEAKTOPA
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Kmouesvie ca06a: KOIbIEBOI peakTop, IJIOTHOCTh ITOTOKa HEUTPOHOB, Jnuddy3usi HENTPO-
HOB.

BosbIIHCTBO siIepHBIX SHEPIeTUIECKUX YCTAHOBOK MMeeT IUInHApuIecKyio dopmy. Cde-
pUYeCcKHue U NPAMOYTOJbHBIC PEAKTOPHI PACIIPOCTPAHEHBI B MEHBIIEH CTECIICHN.

Ectb psisi paboT paccmaTpuBaloliye perienne ypasaenue udy3un 11 KOHIIEBOIO PeaKTo-
pax [3—4|.B gannoii pabore paccMOTpeHbl Mojiesin peakropa B hopMe KoJiblia B (popMe KOJIblia ¢
HECKOJIbKUME aKTHUBHBIME 30HAME, OTpakaTejieM U Pa3/JInIHbIMU BUaMi TolnBa. Jjs yipo-
IEHUs, B TIEPBOM IPHUOJIMKEHUHN PACCMATPUBAECTCA OECKOHEYHDIN IO BHICOTE PEaKTOpP.

s pacdera IJIOTHOCTH ITOTOKAa HEHTPOHOB MCIIOJIB30BAJIOCH OIHOTPYIIIIOBOE ypPaBHEHUE
muddysun weiirponos|1-2|:

[(A=A1) (A=A (r) =0 (1)

_l(1 41 1(L 4 1), 1 (Koo
e A1/2_ 2(£2 +7’):|:\/4(£2 +7’) +E2T <Kacb >
B pesymibraTe pacdeToB ObLIN HOJIYYEeHBI 3HAYCHHS IJIOTHOCTH ITOTOKA HEHTPOHOB U KO3 Hu-

OUEHTOB HEPABHOMEPHOCTHU KOJIBIIEBOT'O peaKTOPa 110 paJuyCy C pa3/IM9YHbIMU I'€eOMETPUICCKUMU
IIapaMeTpaMu, IJigd Pa3HOT'O KOJIMYIECTBa aKTHUBHBIX 30H.

JINTEPATYPA

1. Jlugppysua netimponos: Yueb. mocobue no kypey «Pus. teopus sijep. peakroposs / M. H.
Hukonaes; O6uuH. wH-T arom. sHeprerukn, Ous.-suepr. na-T. O6uuHCcK : ONAD, 1989.

2. Tl'anes U. X. Qusukxa u pacuem peaxmopa : Y1ed. mocobue Jijis SHEProMaIllnHOCTPOUT. CIIeIl.
Bry30B / [lox o6mm. pex. H. A. Jonnexans. 2-e uzf., nepepad. u gom. M. : DueproaroMnsnar,
1992.

3. Bousikos 0. B., Pymsunes I. f. Saemenmapnan meopus xoavuesozo adeprozo peaxmopa (06
YCmMOtUMUBOCU KOALUEBHT pearmopos) | /VI3BecTus BhICHINX yueOHbIX 3aBeieHuil. flnepHast
sHepreruka. 2004. Ne. 2. C. 38-38.

4. Crapocrun, M. U. fdepnwi peaxmop roavuesotl (dyz060t) dopmvl u mamemamuseckut
anasu3 npoveccos, npomekarouuxr 6 nwém / M. U. Crapocrun, A. A. Cumun // CoBpemen-
Hble TIPoOJieMbl (bu3ukn u Texuosoruit : COOPHUK Te3UCOB JOKJIAI0B X Mexk IyHapoaHoi
MOJIOJIC?KHON HaydHON ITKOJbI-KoHbepenrmu, Mocksa, 25-27 amnpens 2023 roma. Mocksa:
Harmnumonasbublii ucceoBarenbckuit aiaepubiit yausepcurer « MUDI», 2023.

BEPNO®UKAILINA CFD-MOJEJIN PEKOMBMHATOPA BOJOPOJA
PBK500 HA CTEH/IE BM-II
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Karouesvie crosa: xumuideckas KNHETUKA, PEKOMOMHAIIASA BOIOPOIA.

Cy1iecTBeHHON 9acThIO TOXO0/Ia SABJISIETCS UCIOJIB30BaHUE JIETATbHOIO MEXaHU3Ma XUMU-
YeCKOW KUHETUKU BOJOPOJa U KHUCJOPOJA, UTO IMO3BOJIAET M30€KATh YaCTHO HUCIOIb3yeMOi
MIOJITOHOYHOM ITPOIIE/YPhI IIPU OIPeIe/ICHIN MapaMeTpPOB OJIHONIATOBON peaKIUu JIjIs OIca-
HUsI TPOU3BOJUTEIHLHOCTH pekoMOuHaTopa [1]. JlaHHbIi M0/1X0/1] TO3BOJISIET COMIACOBAHHO PAC-
CYUTHIBATH MTPOM3BOJIUTE/HLHOCTH PEKOMOMHATOPA MPHU JIIOOBIX PEKUMAX U OIPEJIENATh TOPOr
OecIyIaMeHHON PEeKOMOMHAIINY, ITO OJIHO3HAYHO SABJISIETCA HEOOXOIUMBIM IIPU YUCJIEHHOM 000C-
HOBAHUU TSKEJIBIX aBapuil ¢ BXOJOM BoJIOpoJia. /[yt TectupoBanus pa3pabOTAHHON METOIUKN
YUCJIEHHOT'0 OOOCHOBaHUs PAOOTHI PEKOMOMHATOPA B CpeJie ¢ M3MEHSIONUMUCS TTapaMeTpaMu 1
0BOCHOBAHSI TIPOTEKAOIINX [EPEXO/IHBIX (HECTAIMOHAPHBIX ) MPOIIECCOB UCTIOIL30BAHBI JAHHbIE,
HOJIyYeHHbIE B UCIBITaHUK pekoMOuuaTopa Bojopogaa PBK-500 (nmpoussogcrea 3A0 «MHITK
P9T»,) na creame BM-II. B nannoit pabore HCoib30BAIICH JaHHBIE TOJBKO OJHOTO TECTA, a
mverno BM-IT P13 (ecrecrBennast nupkyssinmst) u BM-I1 P19 (npunyurenprast mupKysisi-
must) (2). Ha pucynke 1 mokasano cpaBHeHHe PACCIMTAHHON U SKCIIEPUMEHTAIBHON CKOpoCTeit
PEKOMOMHAITNN BOJOPO/Ia C YIETOM IKCIIEPUMEHTAIbHBIX HorpentHocTeil. [lomydeno mocraTod-
HO Xoportiee coriiacue. TakxKe MpuBeJieHa PACCINTAHHAS ITPOU3BOIUTEIHLHOCTH PEKOMOMHATOPA
PBK-500 o cdopmysie POT. Kak Bujno, pesyiabrar pacdera mo mpejygiaraemoii mojean (1)
CYIIECTBEHHO JIyYIlle ONMUCHIBAET JIAHHBIM SKCIIEPUMEHTA.

0.20 T T T T T T T 0.30 T T T T
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Puc. 1. Pacuemnwvie u axcnepumenmarvhovie npoudsodumensvrocmu pexomburnamopa PBK500
6 ucnvmaruu P13n (caesa), P19n (cnpasa)
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