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KnHeTnueckas Teopusa pa3JsieTta MHOroKOMMOHEHTHON MNJ1a3Mbl B naaHapHOM
BaKyyMHOM aAuopae
B. 0. KoxeBHukos, H. C. CemeHrok, A. O. KokoBuH, A. B. Ko3bipes

WHCTUTYT CMNbHOTOYHOM anekTpoHmnkn CO PAH, Tomck, Poccus

Kinetic theory of the expansion of a multicomponent plasma in a planar
vacuum diode
V. Yu. Kozhevnikov, N. S. Semeniuk, A. O. Kokovin, A. V. Kozyrev

Institute of High Current Electronics SB RAS, Tomsk, Russia

Busyanusaumsa HavyanbHbIX TeyeHum BO3A4yXa npu opraHMsauum npoayBsa BBepX
C. H. KoHoHOoBY 2, 3. C. JleByHuHa' 3

ICOTU HNAY MUDU, CHexunHck, Poccus

2lOHO-YpanbCKkuii rocyfapcrBeHHbln yHuBepcuteT, O3épck, Poccus

30ryn «rno «Masak», O3epck, Poccusa

Visualization of the initial air flows during the organization of blowing up
S. N. Kononov' 2, E. S. Levunina' 3

IMEPhHI, Snezhinsk, Russia

2SUSU, Ozersk, Russia

3FSUE «PO «Mayak», Ozersk, Russia

MoagenupoBaHMe aHM30TPONUU XOJIOAHOW U TENJIOBOW yacTei faaBneHus
M. H. KpusowenHa' ?, E. B. Tyy!

IHCTUTYT pm3nKn NpoYHOCTN N MaTtepmnanoseaeHms CO PAH, Tomck, Poccus
2TOMCKWI rocyAapCTBEHHbIN yHMBepcuteT, ToMck, Poccus

Simulation of the anisotropy of the cold and thermal parts of pressure
M. N. Krivosheina'?, E. V. Tuch*

Institute of Strength Physics and Materials Science of SB RAS, Tomsk, Russia
2Tomsk State University, Tomsk, Russia



HA NMPEALIAYLYIO CTPAHULLY HA CNEAYIOLWYIO CTPAHULY MEYATb

AHannTN4yeckoe n YnUcsieHHoe MopenmposaHue TeyeHu B NMPUAOHHbIX YacTAX
BOCXOASALLMX 3aKPYYE€HHbIX MOTOKOB NpU yuyeTe AeCTBUA cun Taxectn u Kopuonuca
A. A. byraeHko, A. O. KazauunHckwuii, U. 0. Kpytosa, O. B. Onpbiwko 73

CHEXWHCKUIA PU3NKO-TEXHUYECKNI MHCTUTYT HauMOHANbHOIO NCCefoBaTeNbCKOro 1AepHOro yHusepcuteta «MUNOU»,
CHeXunHcK, Poccus

Analytical and numerical modeling of the flows in the lower parts of ascending
vortex flows
A. A. Bugaenko, A. O. Kazachinsky, I. Yu. Krutova, O. V. Opryshko

Snezhinsky Institute of Physics and Technology National Research Nuclear University "MEPhI"”, Snezhinsk, Russia

MeToAabl aHaNM3a Ka4YyecTBa HECTPYKTYPUPOBAHHbIX CETOK U3 NMPOU3BOJIbHbIX
MHOrorpaHHMKOB A28 MoAesimpoBaHuUA 3aAad a3po- U rMmapoAMHaMUKuM

B NakeTte nporpamm Jloroc

M. B. Ky3sbmeHko, O. H. bopuceHko, K. A. bnaxHosa, T. E. Tumaesa

Oryn «Poccuiicknin depepanbHbiit AaepHbii LleHTp — Bcepoccniticknii HUN akcnepuMeHTanbHoM pusnkm,
Capos, Poccus

Methods to analyze the quality of unstructured meshes of random polyhedrons
to simulate aero- and hydro-dynamic problems in Logos software package
M. V. Kuzmenko, O. N. Borisenko, K. A. Blazhnova, T. E. Timaeva

FSUE “Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics”, Sarov, Russia

MopaenupoBaHne AMHAMMKN OKeaHa C YCBOEHUEM AaHHbIX HabnogeHun
K. 1. bensieB!, A. A. Kynewos?, . H. CMyupHoB3

MHCTUTYT okeaHonorun M. M. M. lWnpwosa Poccuickon akagemmn Hayk, Mockea, Poccus
2MIHCTUTYT NpUKNagHoOM MatemaTtukmn M. M. B. Kengeiwa Poccuiickon akagemumm Hayk, Mocksa, Poccus

3MOCKOBCKWUI rOCyAapCTBEHHbIN YHUBepcuTeT nMeHn M. B. JlomoHocoBa, Mocksa, Poccus

Numerical simulation of ocean dunamics in conjunction with data assimilation
method
K. P. Belyaev!, A. A. Kuleshov?, I. N. Smirnov?

tShirshov Institute of Oceanology of Russian Academy of Sciences, Moscow, Russia

2Keldysh Insitute of Applied Mathematics, Russian Academy of Science, Moscow, Russia
3Lomonosov Moscow State University, Moscow, Russia

NMpuMeHeHne HeOAHOPOAHOrO Wara Nno BpemMeHn B Metoae KyponarteHko npum
MoaenmMpoBaHMm rasoaomHaMun4yeCKux npoLeccos B :-)ﬁneposblx KoopAMHaTaX
A. A. Mactok?, I1. E. bensieB* 2, . P. Makeea' ?, T. A. KynpusiHey, E. E. uracos* ?

tOryn «Poccuincknin ®epepanbHbli AaepHbln LleHTp — Bcepoceuiicknin HUN TexHmnyeckon dusmnkm

MMeHN akagemuka E. U. 3ababaxmHa», CHexunHck, Poccus

2K0KHO-YpanbCKui rocyaapCTBEeHHbIM YHMBepcuTeT (HayyHo nccnenoBaTenbCKuin yHMBEpCUTET),
YensbuHck, Poccus

Application of the inhomogeneous time step in the Kuropatenko method
for modeling gas-dynamic processes in eulerian coordinates

D. A. Mastyuk®, P. E. Belyaev*?, I. R. Makeyeva'?, T. A. Kupriyanets', E. E. Pigasov' 2

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

2South Ural State University, Chelyabinsk, Russia

ﬂBymepHaﬂ 3agada 06 onpoKkuabiBaHUU BOJIHbI NMPU BbiXoAae LYHaAMMU Ha 6eper
C. J1. epsibuH, A. B. Me3eHueB

YpanbCckuin rocyAapCTBEHHbIN YHUBEPCUTET NyTel coobweHuns, EkatepnHbypr, Poccus



HA MPEALIAYLYIO CTPAHNLY HA CNEAYIOWYO CTPAHULY NMEYATb

Two-dimensional problem of overturning a wave when a tsunami comes ashore
S. L. Deryabin, A. V. Mezentsev

Ural State University of Railway Transport, Yekaterinburg, Russia

Ucnonb3oBaHue AMHaMM‘-IeCKOﬁ afanTtalmnmn CeTKM AnA pacyeToB HeYCTOﬁ‘-IVIBOCTVI
Panesa-Tennopa
H. A. Muxainos, U. B. Ma3bipuH, H. B. Ma3sbipuHa, M. A. luckioBa

Oryn «Poccuiicknin ®epepanbHbln SaepHbii LleHTp — Becepoccuincknii HUW TexHuyeckon dusmkmn
MMeHn akagemunka E. U. 3ababaxmHa», CHexunHck, Poccus

An application of the dynamic mesh refinement to model Rayleigh-Taylor
instability
N. A. Mikhaylov, I. V. Glazyrin, N. V. Glazyrina, M. A. Pisklova

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

CpaBHMTeJ'IbeIVI aHaJIn3 KputTepumes JIOKaJIbHOM CETOUYHOM agantTaumm
P. B. MypatoB, A. A. CepéxkmnH

Oryn «Bcepoccuinckmn HUN aBTomatnku umenn H. J1. yxosa», MockBa, Poccus

Comparison of various criteria of adaptive mesh refinement
R. V. Muratov, A. A. Serezhkin

FSUE “N. L. Dukhov All-Russian Research Institute of Automatics”, Moscow, Russia

YUucneHHoe peweHne AByMEpPHbIX 3aAay C CIJa3OBbIMVI nepexoaamm
Ha afanTUBHO-BCTPpanBae€MbIX CeTKaX
A. M. MyctaguH, H. H. BecenoBa, C. H. J/lebeaes

Oryn «Poccuiicknin ®enepanbHblin SaepHbiii LleHTp — Becepoccuincknii HUW TexHuyeckon dusmkmn
MMeHn akagemunka E. U. 3ababaxmHa», CHexunHck, Poccus

Numerical solution of 2D problems with phase transitions on adaptive meshes
A. M. Mustafin, S. N. Lebedev, N. N. Veselova

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

ABTOMOAeanaﬂ BOJIHa pa3pexXeHud B ynpyronsiaCctm4eCcKomMm Mmarepuane (Tquoe
peweHne n UNCJieHHble pacqubl)
B. H. HoruH, H. C. XXunsiesa

Oryn «Poccuiicknin GepepanbHbin SaepHbiii LleHTp — Becepoccuincknii HUW TexHuyeckon dusmkmn
MMeHn akagemunka E. U. 3ababaxmnHa», CHexunHck, Poccus

A self-similar rarefaction wave in elastoplastic material (exact solution
and numerical calculations)
V. N. Nogin, N. S. Zhilayeva

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

YUucneHHoe MoenMpoBaHue pa3pylleHUs TPONUUECKUX LLUKJIOHOB C MPUMEHEHUEM
Pa3yMHbIX SHepreTudyecKkux satpat

C. . baytnH', B. E. 3ambicnoB?, A. I. O6yxos?

!OIFAQY BO «CHEXUHCKUNA (PU3NKO-TEXHNYECKUIA MHCTUTYT HaumMoHanbHOro nccnenoBaTesibCKoro sAepHoro
yHusepcuteta MUON», CHexunHck, Poccus

20rAQY BO «YpanbCkuii rocyaapCTBeHHbI YHUBEpCUTET nyTen coobwenuns», EkatepuHbypr, Poccus

SOrAQY B «TIOMEHCKUI MHAYCTPUanbHbIN yHUBEpcuTeT», TtoMeHb, Poccns



HA NMPEABIAYLLYIO CTPAHULY HA CNEAYIOLLYIO CTPAHULY MEYATH

Numerical simulation of destruction tropical cyclones with the use of reasonable
energy costs

S. P. Bautin', V. E. Zamislov?, A. G. Obukhov?

tSnezhinsky Institute of Physics and Technology of the National Research Nuclear University MEPhI»,
Snezhinsk, Russia

2Ural State University of Railway Transport», Ekaterinburg, Russia

3Tyumen Industrial University», Tyumen, Russia

BbisiBNIeHue ManbiX claraemMbix BpeMeHHOro psaga
I. B. Opsos

Oryn «Poccuiicknin GegepanbHbin SaepHbivi LleHTp — Becepoccunincknii HUN TexHmnueckon dusmkum
MMeHn akagemunka E. UN. 3ababaxmHa», CHeXnHcK, Poccus

Identification of small terms of a time series
G. V. Orlov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

KOHerTHbIe Kondmrypal.mu CUJIBHOIO C)XaTuid ra3a n HEKOTOpblie pekoMmeHaauunmn
no MmuweHsaMm gna JITC
C. 1. baytuH!, 1O. B. Hukonaes!, E. U. [NIOHbKUH 2

IOFAQY BO «COTU HNAY MUDU>», CHexmHCK, Poccus
20ryn «no «Mask», O3épck, Poccus

Specific Strong Gas Compression Configurations and Some Recommendations
on LTF Targets

S. P. Bautin', Y. V. Nikolaev:, E. I. Ponkin' ?

'Snezhinsk Engineering and Technological Institute of National Research Nuclear University MEPhI,
Snezhinsk, Russia

2FSUE “Mayak Production Association” State Enterprise “"Rosatom”, Ozersk, Russia

reHepaTop HECTPYKTYPUPOBAHHbIX MHOIFoOrpaHHbIX CETOK AJid TOHKOCTEHHbIX
KOHCTpYKLIMﬁ npu peweHum 3afnad a’po- un rmagpoaoMnHaMukm

B NakeTte nporpamMm «Jloroc»

H. B. lonosa, O. H. bopuceHko, A. . MTuHuatynnnHa, E. O. EsTngeesa, M. B. Ky3bMeHKo,

B. B. Jlazapes, /]. M. MNaHkpatos, T. B. laako, E. IO. AparnoBa

Oryn «Poccuiicknin denepanbHbin SaepHbii LleHTp — Beepoccnincknin HUW skcnepuMeHTanbHOM MU3nkm»,
Capos, Poccus

Thin mesher in cfd “"Logos” software package
N. V. Popova, O. N. Borisenko, A. G. Giniyatullina, A. O. Evstifeeva, M. V. Kuzmenko,
V. V. Lazarev, D. M. Pankratov, T. V. Tsalko, E. Yu. Arapova

FSUE “Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics”, Sarov, Russia

KoHBeKTUBHbIe CABUIroBble TeYEeHUS BA3KUX XXUAKOCTEN C y4eTOM MOMEHTHbIX
Hanpsi>keHnm

H. B. bypmawesa, E. (0. lpocsnpsikos

MHCTUTYT MawnHoBeneHus umenn 3. C. MopkyHoBa, YpO PAH, ExkaTtepuHbypr, Poccus

Ypanbckuin dhenepanbHbin yHuBepcuteT, EkaTepuHbypr, Poccusa

Convective shear flows of viscous fluids with couple stresses

N. V. Burmasheva, E. Yu. Prosviryakov

Sector of Nonlinear Vortex Hydrodynamics, Institute of Engineering Science UB RAS, Ekaterinburg, Russia
Department of Information Technologies and Control Systems, Ural Federal University, Ekaterinburg, Russia

Pa3peu.IMMOCTb CNCTEMDI ypaBHeHMﬁ ana onmcaHna HeoAHOPOAHbIX N30TEPMUYECKUX
TeYEeHMUn C BEPTUKAJIbHON CKOPOCTbIO

H. B. bypmawesa, E. fO. lMpocsupsikos

WMHCTUTYT MawnHoBeaeHus umeHn 3. C. MopkyHoBa, YpO PAH, ExkaTtepuHbypr, Poccus

Ypanbckuin dhenepanbHbin yHuBepcuteT, EkaTtepuHbypr, Poccusa



HA MPEABIAYLLYIO CTPAHULY HA C/IELYIOLWYIO CTPAHULY MEYATH

Convective shear flows of viscous fluids with couple stresses
N. V. Burmasheva, E. Yu. Prosviryakov

Sector of Nonlinear Vortex Hydrodynamics, Institute of Engineering Science UB RAS, Ekaterinburg, Russia
Department of Information Technologies and Control Systems, Ural Federal University, Ekaterinburg, Russia

MoBbiWweHne TouHOCTU MeToda SPH tMna NoagyHoBa nyTeM JIMHEMHON PEKOHCTPYKLMHU
3HAUYEeHU HAa KOHTAaKTe YyacTvl AJ1I1 MOAeIMPOBaHUA BA3KUX U YNPYroniacTUYecknx
cpen

r. 4. Py6nes, C. A. []bsiukoB, A. H. lNaplimnkos

oryn «Bcepoccunckmun HAWN aBTomatnkn nmenn H. J1. yxosa», MockBa, Poccus

Enhancing the accuracy of the Godunov-type SPH method using linear
reconstruction of the values at interparticle contacts for modeling viscous
and elastic-plastic media

G. D. Rublev, S. A. Dyachkov, A. N. Parshikov

FSUE “N. L. Dukhov All-Russian Research Institute of Automatics”, Moscow, Russia

MoaceTouyHoe BOCMNOJIHEHUE Pa3pbiBHbIX PELUeHUiA C UCNOJIb30BaHUEM aJIFTOPUTMOB
MaLWMHHOro obyuexHmns
A. A. CepéxkuH, C. A. [bsiukos, P. B. Mypatos

oryn «Bcepoccunckun HAWN aBTomatnku nmenn H. J1. Ayxosa», MockBa, Poccus

Sub-cell reconstruction of discontinuous solutions with using machine learning
algorithms
A. A. Serezhkin, S. A. Dyachkov, R. V. Muratov

FSUE «N. L. Dukhov All-Russian Research Institute of Automatics», Moscow, Russia

AcMMNTOTUYECKME pelleHus ypaBHeHusa bonbyMmaHa n Typ6ysneHTHOCTb
C. A. Cepos

NHCTUTYT TeopeTuyeckon n matematnyeckon dusmkmn, Oryn «Poccuiicknin degepanbHbin SaepHbii LieHTp -
Bcepoccuiicknin HUN skcnepumeHTanbHon ¢usmnkun», Capos, Poccus

Asymptotic solutions of the Boltzmann equation and turbulence
S. A. Serov

Institute of Theoretical and Mathematical Physics, FSUE “Russian Federal Nuclear Center — All-Russian Research
Institute of Experimental Physics”, Sarov, Russia

BnaunaxHune MaKCMMyMa MJIOTHOCTU BOAbl Ha TeéMIbl OXJia>KAeHUA BOAOHACDbIWEHHbIX
NOpUCTbIX cpen
O. A. CumoHoB* 3, J1. H. ®unumoHoBa? 3

TiomeHcknit HayuHbii LleHtp CO PAH, TtomeHb, Poccus

2TroMeHckun dunman NHCTUTYyTa TeEOpPEeTUYECKOM U NpuknagHoni mexaHmkm nm. C. A. XpuctnaHosmuua CO PAH,
ToMmeHb, Poccus

3TIOMEHCKUIA UHAYCTPUanbHbIA YHUBEPCUTET, TIoMeHb, Poccus

Effect of the maximum density of water on cooling rates of water-saturated porous
media
0. A. Simonov* 3, L. N. Filimnova? 3

Tyumen Scientific Center of the Siberian Branch of the Russian Academy of Sciences, Tyumen, Russia

2Tyumen Branch of the Khristianovich Institute of Theoretical and Applied Mechanics of the Siberian Branch
of the Russian Academy of Sciences, Tyumen, Russia

3Tyumen Industrial University, Tyumen, Russia

COBpeMEHHbIe TeHAeHUMUN TEOPUUN MHTEHCUBHbIX YHUNONAPHbLIX U 6VII10nilprIX
NMYYKOB 3apAXE€HHbIX YaCTUL U UX NpaKTUyeckKkume npuioxxeHumsa
M. A. 3aBbsinoB, B. A. CbipoBoti

Bcepoccuiickmin sneKTpoTeEXHNYECKNI MHCTUTYT — dunmnan ®IYI «Poccuiickmnn ®epepanbHbii AaepHbin LeHTp -
Bcepoccuiickui HUU TexHmnueckon ¢pusmkm nmeHun akagemuka E. . 3ababaxmnHa», Mocksa, Poccus



HA NMPEABIAYLLYIO CTPAHULY HA CNEAYIOLLYIO CTPAHULY MEYATH

Up-to-date tendencies of intense unipolar and bipolar beams of charged particles
theory
M. A. Zav'yalov, V. A. Syrovoy

All-Russian Electro-Engeneering Institute - Branch of FSUE «Russian Federal Nuclear Center — Zababakhin
All - Russia Research Institute of Technical Physics», Moscow, Russia

NUccnepoBaHune NMPOYHOCTU DJIEMEHTOB KOHCTPYKUMUN repMonpoxoaHUKa

n. B. MuHaeB!, A. B. MkptymsiH' 3, M. B. Hukyabwmnr', O. C. lNytunun?t, B. B. Ceprogees?,

A. A. TabatuukoB*, H. H. TynaeBa' ?

tOryn «Poccuincknii ®epepanbHblii AaepHbin LleHTp — Bcepoccuiickmin HUW TexHmnyeckon dusmkm

MMeHun akagemunka E. UN. 3ababaxmHa», CHeXnHcK, Poccus

20rAQY BO «lOxxHO-YpanbCkuin rocyAapCcTBEHHbIN yHMBepcuTeT», YenabuHck, Poccus

30I0Y BO «CHEXMHCKUI roCyaapCTBEHHbIN DU3UKO-TEXHUYECKUIA MHCTUTYT HUAY MUDU>», CHexmnHck, Poccus

Investigation into the strength of the hermetic adapter construction elements
I. V. Minaev?, A. V. Mkrtumyan* 3, M. V. Nikulshint, O. S. Putilin*, V. V. SergodeeV?,

A. A. Tabatchikov!, N. N. Tulaeva' ?

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

2FSAEI of HE «South Ural State University», Chelyabinsk, Russia

3FSEI of HE «Snezhinsk State Institute of Physics and Technology», Snezhinsk, Russia

UccnepoBaHMe 3HEeprum rpaHmy 3epeH pasJ/indHbIX TUNMOB B aJIKMUHUN MeToAaMn
MalWMHHOro obyueHmnsa
E. B. ®oMuH

YenabuHckmin rocyaapcTBeHHbI yHUBepcuTeT, YenabuHck, Poccns

Investigation the energy of various type grain boundaries in aluminum
by machine learning methods
E. V. Fomin

Chelyabinsk State University, Chelyabinsk, Russia

Pe3ynbTaTbl UCCNIefO0BaHUI NepeHoCca PeHTreHOBCKOro ussiyueHus B 3agavax UTC
AN MULLEHEW C HenpsAMbIM BO3AeACTBMEM
B. A. JIeikoB, U. C. Yybapewko, A. A. LLlectakoB

Oryn «Poccuiicknin GenepanbHbiin SaepHbii LleHTp — Bcepoccunincknii HUN TexHmnueckon dusmkum
MMeHn akagemunka E. U. 3ababaxmHa», CHeXnHcK, Poccus

Results of research on X-ray transport in ICF problems for indirectly driven targets
V. A. Lykov, I. S. Chubareshko, A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

50 ner 3apavyam dneka
A. A. lllectakoB

Oryn «Poccuricknin GepepanbHbiin SaepHbii LleHTp — Becepoccunincknii HUN TexHmnuyeckon dusmkum
MMeHn akagemnka E. N. 3ababaxmHa», CHeXUNHCK, Poccus

Fleck’s problems turned 50
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

AHanuTnyeckKkue TecTbl ANna NnccneaoBaHNsa KOpPpPEeKTUpPYroLWnx KOBCbCI)MLIMEHTOB
MeToAa KBa3unepeHoca
A. A. llecTtakoB

Oryn «Poccuiicknin GenepanbHblin SaepHbii LleHTp — Bcepoccuincknii HUN TexHmnueckon dusmkum
MMeHn akagemnka E. U. 3ababaxmHa», CHeXnHcK, Poccus



HA MPEABIAYLLYIO CTPAHULY HA C/IELYIOLWYIO CTPAHULY MEYATH

Analytical tests to investigate correcting coefficients in the quasi-transport method
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

06 ycToitunBOCTM pa3HOCTHbIX cxeM TVDR
A. A. UlectakoB

Oryn «Poccuiickuin ®egepanbHbii AaepHbit LleHTp — Becepoccuinickmnin HUN TexHuuyeckon husnku
MMeHn akagemuka E. U. 3ababaxmHa», CHexuHck, Poccus

Stability of the TVDR difference schemes
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

I'IpMMeHeHMe nonpaBoYHbIX METOAOB ANIA MoAeNnnpoBaHunda 3aaay nepeHoca
TEenJioBoro m3ny4vyeHusa
A. A. lllectakoB

Oryn «Poccuiicknin ®egepanbHbiii AaepHbln LleHTp — Becepoccuitckmnin HUN TexHuuyeckon dhusnkmu
MMeHn akagemuka E. U. 3ababaxmHa», CHexuHck, Poccus

Application of correction methods for solving radiative heat transfer
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

TOuUHble peleHus CTauMOHapPHOW CUCTEMbI YPaBHEHU NepeHoca U3yuyeHus
U 3Heprmm B MHOromMmepHoOM cnay4yae
A. A. lllectakoB

Oryn «Poccuiicknin ®egepanbHbiii AaepHbin LleHTp — Becepoccuitckmnin HUN TexHuuyeckon husnku
MMeHn akagemuka E. U. 3ababaxmHa», CHexuHck, Poccus

Exact solutions of multidimensional stationary radiation and energy transfer
equations
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

YueT kmHeTnueckux apdekToB B NpUBSINIKEHUN JIYYNCTON TENJIONPOBOAHOCTH
ANA pacyeTa 3ajad nepeHoca UsslyyeHus
A. A. KowytuH, A. A. LllectakoB

Oryn «Poccuiicknin ®epepanbHbiii AaepHblt LleHTp — Becepoccuitckmnin HUN TexHuuyeckon husnku
MMeHn akagemuka E. U. 3ababaxmHa», CHexuHck, Poccus

Kinetic effects in radiative heat transfer approximation for solving radiation
transport
D. A. Koshutin, A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

ANnHaMunKa pa3sMHOXXEeHUAl HEUTPOHOB B C/1I0AX CTAaLlMOHAPHOMW CUCTEMDI
B. M. lLimakos, C. A. OpnoBa, /1. @. lopaeidyyk

Oryn «Poccuiicknin ®egepanbHbiii AaepHblt LleHTp — Becepoccuinickmnin HUN TexHnuyeckon husnku
MMeHn akagemunka E. U. 3ababaxmHa», CHexuHck, Poccus

Dynamics of neutron multiplication in layers of a stationary system
V. M. Shmakov, S. A. Orlov, L. F. Gordeychuk

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia



HA NMPEALIAYLWYIO CTPAHULY HA CNEAYIOLWYIO CTPAHNLY NEYATb

AHM30TpONHasa MoAaenb 3aMblKaHUSA YPaBHEHUM YNPYronjacTuku
MHOINOKOMMOHEHTHOM cpeAbl B CMELUaHHbIX A4YeKax
10. B. SAHunkuH, A. J1. CtragHuk, O. O. TornopoBa

Oryn «Poccuiicknin epepanbHblit AaepHbii LleHTp — Bcepoccniticknii HUN akcnepuMeHTanbHoOM pusnkm,
Capos, Poccus

Anisotropic model of closing elasoplasticity equations for multi-material medium
in mixed cells
Yu. V. Yanilkin, A. L. Stadnik, O. O. Toporova

FSUE “Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics”, Sarov, Russia

MeTopa pacueTa rasogMHaMMYeCKUX TeYEeHUMN C TBEPAbIM TEJIOM, FPaHMLIA KOTOPOro
npoxoaAuUT BHYTPU HENOABMXXHbIX A4YeeK
O. M. BoviteHko, 0. B. SHUAKNH

Oryn «Poccuiicknin depepanbHblit AaepHbii LleHTp — Bcepoccniticknii HUN akcnepuMeHTanbHoM pusnkm,
Capos, Poccus

A computational method for gas dynamic flows with a rigid body having
an interface inside motionless cells
O. M. Voytenko, Yu. V. Yanilkin

FSUE “Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics”, Sarov, Russia

Moaudunkaumsa cxeMbl TUNA «KPeECT» AN YCTPAHEHUS «lWaXMaTHOM>» MOrpeLHoCcTH
10. B. SAHunkuH, O. O. Tonoposa, A. M. Epogees

Oryn «Poccuiicknin depepanbHblit AaepHbii LleHTp — Bcepoccniticknii HUN akcnepuMeHTanbHoM pusnkm,
Capos, Poccus

The “krest” type scheme modification to eliminate the “staggered” error
Yu. V. Yanilkin, O. O. Toporova, A. M. Erofeev 135

FSUE “Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics”, Sarov, Russia



COOEPXAHWUE HA NMPEALIAYLWYIO CTPAHULLY HA CNEAYIOLWYIO CTPAHNLY NEYATb

6-1

HOBBIA METOJ MMALE, OCHOBAHHBII HA UHHOBAIIMOHHOM
METOIE ’KNAKUX OBBEMOB

* k3k
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Merton KUIKUX 00BEMOB IIMPOKO UCTIONB3YETCS Il OTPEeNIEH s TPaHULl pa3lelia Py YUCICHHOM MO-
JEeTUPOBaHUM KUIKOCTHOTO IMOTOKA U3 HECKOJIBKUX MarepuaioB. K HacTosimeMy BpeMeHH BBIIOIHEH 0OMb-
11oit 00beM padoT C LENbI0 MOBBIMIEHHS €r0 TOYHOCTU U 9(P(PEKTUBHOCTH, B YACTHOCTH, pa3padoTKa aHaIIU-
TUYECKHUX METOIOB BOCCTaHOBIEHH. OIHAKO ATl MPAKTUIECKOTO MpUMEHEHHsI TpeOyeTcs JOMOTHUTENEHO
MOBBICUTH TOYHOCTB, (P GEKTUBHOCTh M HAaJEKHOCTh METONA KHUIKUX 00beMOB. B TpaaunuoHHOM MeToze
KHUIKAX 00bEMOB JISl BHIYMCICHHUSI HOPMAJIbHOTO BEKTOpa TPaHUIBI pa3zieia B KaKIOH sueike, comepxa-
1Iel HeCKOJNBKO MaTepHalioB, TPEOYIOTCs TaHHbBIE O COCEHUX suelikax. B qanHOH paboTe MBI IpeacTaBiIseM
WHHOBAIIMOHHBIA METOJ] KUAKUX 00BEMOB — MPOCTOM, TOUHBIN M HaJEKHBIH METOJ IJsl BOCCTaHOBJICHUS
rpaHuLBl pazaena. ns naHHOTo MeToaa He TpeOyIOTCs JaHHbIe O COCEAHUX sSTYelKaxX, 1 OH HMEET TOUHOCTh
BTOpOro nopsaka. OH Takke MOXKET MPUMEHATHCS JJI1 BOCCTAaHOBJIEHUS IPaHUI] pa3jiena B siueikax, coaep-
XKalux Tpu Marepuaia. [lo cpaBHEHUIO ¢ TPaJULIMOHHBIMU METOJAMHU KHUIKUX 00BEMOB, JaHHBI MHHOBA-
LIUOHHBIN METOJ )KUAKUX 00BbEMOB SIBIISIETCS IPOCTHIM 11 KOAUPOBAHUS U peanu3anun. Ha ocHOBe JaHHOTO
METOJIa, a TAKXKE MOJEIU peNlaKcaluy JaBicHUs TUITOHA I 3aMBIKaHUS S4EEK, COAEPKALIUX HECKOJIBKO
MarepuanoB, 0an pa3paboran HoBeld MeTroq MMALE c neHTpupoBaHueM Ha siueiike, KOTOPBIA SBISETCS
B BBICOKOM CTETIEHH HAAeKHBIM. YHCIIEHHBIE PE3YIbTaThl OKA3bIBAIOT, YTO HOBBIA METO KUIKUX 00bEMOB
HMMeEeT TOYHOCTb BTOPOIO MOPSIIKA, U €r0 MOKHO CPABHUTH C METOJOM «MOMEHTA XKUAKOCTWY». Pe3ynbrarsl
TaKKe MOKa3bIBaIOT, YTO pa3padoranHblii MeTon MMALE sBnsiercst Oosiee HaeKHBIM, YEM CYIIECTBYIOIINE
metonsl MMALE.

ANEW MMALE METHOD BASED ON ANOVEL VOF METHOD
Bojiao Sha'", Zupeng Jia*™"
!Graduate School of China Academy of Engineering Physics, Beijing, China

*Institute of Applied Physics and Computational Mathematics, Beijing, China
E-mail: 1737889401@qq.com*, zpjia@iapcm.ac.cn**

The VoF (Volume of Fluid) method is a widely used tool for interface capturing in numerical simulation of
multi-material fluid flow. So far, many efforts have contributed to improve its accuracy and efficiency, such
as developing analytic reconstruction methods. However, the accuracy, efficiency and robustness of the VoF
method need to be further improved in practical applications. In the traditional VoF method, information of
neighboring cells are needed to compute the normal vector of the interface in each multimaterial cell. In this
talk, we present a novel VoF method. It a simple, accurate and robust VoF interface reconstruction method.
It does not need information from neighboring cells, and has nearly second-order accuracy. It is also appli-
cable for interface reconstruction in multimaterial cells containing three materials. This new VoF method is
easy to code and implement compared to the traditional VoF methods. Based on this novel VoF method, we
develop a new cell-centered MMALE method which is very robust. The new MMALE method uses Tipton's
pressure relaxation model for the closure of multimaterial cells, and uses the new VoF method to perform in-
terface reconstruction. Numerical results demonstrate that the new VoF method is of second-order accuracy,
and is comparable to Moment of Fluid (MoF) method. The results also show that the robustness of this new
MMALE method is superior to existing MMALE methods.
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MOIAEJIUPOBAHUE CTOXACTHYECKOI'O TIEPEHOCA
N3JIYYEHHUSA B XAOTUHYECKUX CMECHAX

Lynuoican 'ao, [{.-D. Dans, 1]3.-B. Hnw, 11. Ban, 1]3.-1’ Ban

WHCcTUTYT IpUKITaaHONW (PU3UKH U BEIYHCIUTEIFHOU MaTeMaruky, [lexun, KHP

Email: gao_congzhang@jiapcm.ac.cn

CroxacTH4yeckne CMECH COCTOAT M3 ABYX M Oojiee XaOTHYECKH CMEIIaHHBIX HECMEIIUBAEMBIX MaTe-
pHaoB, YTO MMOBCEMECTHO BCTpEUYAETCs B TYpPOYJCHTHBIX CMECSX, TAKMX KaK MEK3BE3IHbIE MOJIEKYISIPHEIE
oOnaka, 3eMHbIE O0Jlaka W TepMOsIEpHBIC MUILIEHU. B TeueHue mociefHuX AeCATUIIETHH HEYKIOHHO pac-
TET MHTEPEC K MCCICAOBAaHMIO MEPEeHOCca M3MYyUYEHUSI B XaOTHYECKHX CMECSX B IIMPOKOM CIEKTpe odac-
Tell ucciaeqoBaHMi, TAKUX Kak acTpodusnka u Gusnka miasmel. [IpuMeHeHne TpaauMOHHbBIX JeTePMUHH-
POBaHHBIX MOAXONOB M/WnK MeTogoB MoHTe—Kapio, ucnons3yembIX Ui U3y4YeHUs TepeHoca U3ITydeHHs
B OJJHOPOJHOM Cpeie, MOXKET OKa3aThCsl HEBO3MOXKHBIM IIPUMEHUTENBHO K Xa0OTUYECKUM CMECAM, IIOCKOIbKY
COCTaB XaOTHYECKHX CMECEil M3BECTEH JIMIIb CTATHCTHYECKHU [0 OOBEMHOH 70 B 3aJaHHOM IOJIOKEHUH
B JII000I MOMEHT BpeMeHHU. B 7aHHOM KOHTEKCTe MOJECTUPOBaHUE IEPEHOCA U3TYUECHHUS Yepe3 XaoTHIECKHE
CMECH SBJIICTCA CIOXKHOM 3aaa4eil.

B nHacrosimeit paboTe MBI MCCIIEAOBATU CTOXaCTHUYECKUH MEPEHOC M3JIyYeHHs B CTAllMOHAPHBIX U aK-
TUBHBIX Xa0TH4YecKHx cMecsx [1, 2]. Ias cranuoHapHBIX XaOTUYECKHX CMECeH MBI pa3padoTanu CTaThc-
TUYECKYI0 MOJIEJIb Uil pacueTa YCPEAHEHHOTO M0 aHcaMONo MPOMyCKaHMs W3Iy4eHHUs uepe3 OMHApHYIO
XA0TUYECKYI0 CMECh, KOTOpasi YUCICHHO MOJIEIHUPYETCA KaK JUIsi MApKOBCKUX, TaK U JUIsl HEMAapKOBCKUX
cMmeceid. [lonydeHHble HaMU pe3yJIbTaThl IOKA3aJIM, YTO CTATUCTUKA CMEIIMBAHUS BIUAET HA YCPEIHECHHBIE
1o aHcamOIII0 MHTEHCUBHOCTH B OCHOBHOM Onarofapsi pacpeAeieHuI0 KyMyISTUBHON (YHKLIMH TIOTHOC-
T BepositHocTu (PDF) Ha Manoit ontuaeckoi rmyouHe. PasmepHsiii 3 ekt yacTHil CTAaHOBUTCS 3HAUUMBIM,
€CJIM AJTMHA KOPPEISIIK CMeCcel CpaBHUMA CO CpeAHeH nHol cBoOoaHOTrO podera poToHOB. [yt akTHB-
HBIX Xa0THYECKHUX CMECEH MBI HCIIOIB30BAIN CIIyYaiHy 0 BEIOOPKY CMecel BMecTe ¢ AeTePMHUHUPOBAHHBIM
peLIeHUEM HECTALMOHAPHOIO YPAaBHEHHUsI NIEPEHOCA U3IIyUYECHHUs], CONPSKEHHOIO C YPaBHEHUEM TEMIIEpaTy-
phl BemecTBa. [Ipeanaras cranoHapHyO MOAEIb CTOXaCTHYECKOTO EPEHOCa, MBI OOHAPYKHUITH, YTO MeXa-
HU3M IPOITYyCKaHUS U3TYUEeHUS 3aBUCHUT OT PACCTOSIHUS, YTO TECHO CBSI3aHO CO CPEeIHEH IITMHOW CBOOOTHOTO
npobera (HoTOHOB lp. Kpome Toro, Mpl mpeanonoKuian, 4YTO UMEHHO 3aBHCUMOCTb MEXIY lp u L (mmpu-
HOM XaOTHYECKOH Cpefibl) ONpenessieT BIUSHUE Xa0THUECKON CMECH Ha NMEPEHOC CTOXaCTUYECKOTO M3ITyde-
HUS, YTO MOATBEPKAACTCA B XOJE NOIOIHUTEIBHOIO MOACIUPOBAHYS B IIMPOKOM JHAINA30HE IapaMeTpOB.
OO0benHMB MpeIaraeMoe IpPoCcToe OTHOLIEHHE M OJJHOMEPHOE MOJETHPOBAaHHIE, MBI CMOTIIM Pa3peLInuTh Cy-
MIECTBYIOIINH CIIOPHBIN BOMPOC O BIUSHUU XaOTHUECKOH cMecH, 00CyKIaBIIuiica B IpeAbIIyIINX padoTax
10 MHOTOMEPHOMY MOJEIUPOBAHHUIO, U MIOKA3aJIH, YTO PE3YJIETaThl MHOTOMEPHOTO MOJAEIUPOBAHUS B LIEJIOM
COIVIACYIOTCS, U 4TO HaONromaeMoe ciadoe WM 3HaYUTENFHOE BIUSHHE Xa0TUYECKOW CMECH B OCHOBHOM
00yCIIOBJIEHO OYEBUIHBIMU Pa3IUYUAMHU 3aBHCHUMOCTEH Zp u L. Oxupgaercs, 4To Hama paboTta o0ecreunuT
Jydiiee MOHUMaHUe CTOXaCTHYECKOTO EPeHOCa H3YyYeHUS B PEATMCTUYHBIX (PU3MYECKUX CIEHAPHUSIX.

Jluteparypa

1. Gao, C.-Z. Stochastic radiative transfer in random media: Pure absorbing cases [Text] / C.-Z. Gao et al. //
Phys. Rev. E. —2020. — Vol. 102. — P. 022111.

2. Gao, C.-Z. Stochastic radiative transfer in random media: II. Coupling of radiation to material [Text] /
C.-Z. Gao et al. // Phys. Rev. E. —2022. — Vol. 105. — P. 014131.
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MODELLING STOCHASTIC RADIATIVE TRANSFER
IN RANDOM MIXTURES

C.-Z. Gao, Z.-F. Fan, J.-W. Yin, P. Wang, J.-G. Wang

Institute of Applied Physics and Computational Mathematics, Beijing, China
Email: gao _congzhang@jiapcm.ac.cn

Stochastic mixtures consist of two or more randomly mixed immiscible materials, which is ubiquitous in
turbulent mixtures, such as interstellar molecular clouds, terrestrial clouds, and fusion pellets. Over the past
decades, the interest in studying the transport of radiation in random mixtures has been growing in a broad
range of research fields such as astrophysics and plasma physics. Traditional deterministic and/or Monte—
Carlo radiation transport approaches for a homogeneous medium may be inapplicable in random mixtures,
since the composition of random mixtures is only known statistically by the volume fraction at a specified
position at any time. In this context, it is a challenge to model the radiation transport through random mix-
tures.

In this contribution, we investigated stochastic radiative transfer in stationary and participating random
mixtures [1, 2]. For stationary random mixtures, we developed a statistical model to calculate the ensemble-
averaged transmission for a binary random mixture, which is numerically simulated for both Markovian and
non-Markovian mixtures. Our results show that mixing statistics affects the ensemble-averaged intensities
mainly due to the distribution of cumulative PDF at small optical depths. The effect of the particle size is
substantial when the mixtures’ correlation length is comparable to the mean free path of photons. For par-
ticipating random mixtures, we used a random sampling of mixtures combined with a deterministic solution
of the time-dependent radiation transport equation coupled to a material temperature equation. By proposing
a steady-state stochastic transport model, it is found that the mechanism of transmission of radiation is dis-
tance dependent, which is closely related to the mean free path of photons Zp. Moreover, we suggest that it is
the relationship between Zp and L (the width of random medium) that determines the impact of random mix-
ture on the stochastic radiation transport, which is further corroborated by additional simulations in a wide
range of parameters. Combining the proposed simple relationship and 1D simulations, we have resolved the
existing disputable issue of the impact of random mixture in previous multidimensional works, showing that
multidimensional results are essentially consistent and the observed weak or remarkable impact of random
mixture is mainly due to the distinctly different relationship between /, and L. Our work is expected to im-
prove the understanding of stochastic radiative transfer in realistic physical scenarios.

References
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[IpencraBneH HOBBI pa3pbIBHBIN JarpaHxkeB MeTon ['anepkuHa Ui penieHns: ypaBHEHUH yIpyro-miac-
TUYECKOTO TEUEHHs C NPUMEHEHHEM THIIOYyNpPYrod OMNpeAeNsioled MOJIeNu U KpUTEepus IMIACTUYHOCTH
Museca ¢ 3ajaHleM BEJIMYHMH B LIEHTpe sueliku. CHavana, HaunHas ¢ OCHOBHOTO YPaBHEHUS B 3illIepoBOii
crcTeMe KOOpAMHAT, BEIBOAUTCS MHTErpasibHast ciadas GopMa B JIarpaHKEeBOM cHcTeMe KOOpAWHAT. 3aTteM
JUISl IPOCTPAaHCTBEHHON JUCKPETH3aLMH UCTIONB3YyeTCsl pa3pbIBHBIN MeTon ["anepkuHa. OcHOBHBIE QYHKIMH
Thiinopa, onpeneneHHbIE B HAYaJIbHBIX KOOPAMHATAX, JAIOT KyCOYHO-TIOTMHOMMAIIBHOE PA3JIOKEHHUE IMepe-
MeHHBIX. [locne 3Toro ckopocTy B BEpIIMHAX BBIYHUCISIOTCS COMIACOBAHHO C MOMOILBIO Y3JIOBOTO pelaTe-
JIs1, MCTIOJIB3YIOIIETO annpoKcuMupyromuii pemarens Pumana tuna HLLC, a orpannuuTens Hemonbs3yercs
JUIsl IOAABJIeHUS] HePU3UUECKIX YHCIOBBIX OCHIULALUMN Ha pa3phiBax. B 3akioueHne BHIOIHSIETCS COra-
COBaHHE 10 BPEMEHHM C UCHOIb30BaHueM kiacca TVD-meronos Pynre—Kyrra. IlpeacraBnens! pe3ynsTaTsl
HECKOJBKUX YUCIEHHBIX SIKCIIEPUMEHTOB AJIS IEMOHCTPAIMM TOYHOCTH U HAJE)KHOCTH JAHHOM CXEMBI.

ANEW CELL-CENTERED LAGRANGIAN DISCONTINUOUS
GALERKIN METHOD FOR SOLVING ELASTIC-PLASTIC FLOWS

Panyu Niu"", Cheng Wangl’ ™ Wanli Wangl’ - Fang Qingz’ - Zupeng Jia> "
IState Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing,
China

2School of Mathematics and Statistics, Hunan First Normal University,Changsha, China
3Institute of Applied Physics and Computational Mathematics, Beijing, China

E-mail: 3120215179@bit.edu.cn*, Wangcheng@bit.edu.cn**, 1ingwenjiana@163.com* ,
qingfang46@126.com , zpjia@iapcm.ac.cn

A new cell-centered Lagrangian discontinuous Galerkin method for solving elastic-plastic flows with
the hypo-elastic constitutive model and von Mises’ yielding condition is presented. First, starting from the
governing equation in the Euler framework, the integral weak form in the Lagrangian framework is derived.
Then, the discontinuous Galerkin method is used for spatial discretization. The Taylor basis functions de-
fined in reference coordinates provide the piecewise polynomial expansion of the variables. Next, vertex ve-
locities are computed consistently through the nodal solver equipped with HLLC-type approximate Riemann
solver, and a limiter is used to suppress the non-physical numerical oscillation at the discontinuity. Finally,
the time marching is implemented by a class of TVD Runge—Kutta type methods. Results of some numerical
tests are presented to demonstrate the accuracy and robustness of the scheme.
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B manHO# paboTe mMpeacTaBiIeHO TEOPETHUECKOE MCCIIEAOBAHNE 3aKOHOMEPHOCTEH 00pa3oBaHUs U pac-
npesieneHns cCoOCTBEHHBIX KUCIOPOAHBIX edekToB nosepxHocteir UO, (111) u PuO, (111), BeImonHeHHOE
C TIOMOIIBI0 MeToa Xab0apAoBCKOil KoppeKUuH (Teopun QyHKIHoHaNna mioTHocTH) (MeTon DFT+U) u me-
TOZIa TIEPBONPHMHIIMITHON aTOMUCTUYECKOM TepMoauHaMuKu. CoracHo pesynsrataM Belumcienuii, B UO,
npeo0aJaloT MexX10y3enbHble kucaopoansie nedektsl (O;), a B PuO, MoryT cocyiiecTBoBaTh Kak Ae(eKThI
O,, Tak 1 xkucnopoausle Bakancu (O,). Bo3zMoxkHO, 3T0 ABI€HNE 00YCIOBIEHO Pa3AMYHBIMHU JIEKTPOHHBIMH
csoricteamu sneMenToB U u Pu. B 3anpemennoii 3one UO, O, B kauecTBe JETUPYIOLIETO 2JIEMEHTA 7-THIIA
BBI3BIBAET COCTOAHME Je(EKTa Ha NIyOOKOM ypoBHE, Torzaa kak O;, IeHCTBys Kak JIETMPYIOUIUI 31IeMEHT
p-TUMa, BBI3BIBAET AC(PEKTHOE COCTOSIHUE HAa MOBEPXHOCTHOM YPOBHE BOJM3H MOTOJKA BAJIEHTHOH 30HBI
PuO,. Yro xacaerca O,, XxapakTepHble JUll HETO JIEKTPOHHBIE COCTOSHUS 00€CIEYnBAIOT THOPUAN3ALIUIO
C aTOMaMy ypaHa M HE3HAYMTEIIbHO MEHAIOT 30HHYIO CTpYKTYpy UO,. Mex10y3enbHblil aToM KHCIIOpO/a,
B CBOIO OY€pE/ib, BBI3bIBAET AE(EKTHOE COCTOSHHE HAa TIIyOOKOM ypOBHE B 3ampelieHHoi 30He PuO,. Kpo-
M€ TOro, OKa3bIBAa€TCs, YTO SHEprus odpazoaHus O, 3aBUCHT OT IIIyOMHBI MOBEPXHOCTH, U O, CBOMCTBEH-
HO OCTaBaThCs B NMOANOBEPXHOCTHOM cioe kak B UO,, Tak u B PuO,. IIpu sT0M 3Heprus odpazosanus O,
HE 3aBUCHT OT IIyOWHBI moBepxHocTH. Jledopmaunonnsiii 3¢ deKT snepruu 00pa3oBaHusi, B OCHOBHOM, yCH-
JIMBAETCSI 33 CYET JIOKAJILHOTO CTPYKTYPHOTO MCKaKEHUSI, a HE 3a CUeT THOPUAN3allUH JIEKTPOHHBIX opOunTa-
neii. BeimomHeHHBIE TEPMOANHAMUYECKHIE PacYeThl MO3BOJIMIH MOCTPOUTH Ae(HOpMaLMOHHO-MOAYIUPOBAH-
HbIe (pa3oBBIE qUAarpaMMBbl SHEPTUH 00pa30BaHMs KUCIOPOAHBIX Ae(EeKTOB B OONBLIOM AHaNna30He 3HAYCHUH
TEMIIepaTyphbl U JaBIEHUS U MOTYT OBITh MCIIOJIB30BAaHBI AJsl pa3pabOTKU MOAXO0AA K OMPENEIECHUIO THIIOB
U KOHLIEHTpaluii coOCTBeHHBIX KHCIopoAHbiX Aedekros B UO, n PuO,. IlpencrapiaenHoe ucciaenoBanyue
paciupsieT CyIIeCTBYIOIME 3HAHUA O MEXaHU3MaX pacCMaTpPUBaEMBIX MTPOLECCOB U BIUSHUM KUCIOPOIHBIX
IeeKTOB Ha 0COOCHHOCTH PEaKIMH OKHCICHUS! aKTHHOUIHBIX METAIJLIOB.

THEORETICAL INVESTIGATION OF THE INTRINSIC OXYGEN
DEFECTS IN UO; (111) AND PuQO; (111) SURFACES

W. T Lv', B. Sun', P F. Guan®, Y. Yang""

'LCP, Institute of Applied Physics and Computational Mathematics, Beijing, China
2Beijing Computational Science Research Center, Beijing, China
*Email: wt_1v0508@163.com

We studied the formation and distribution behavior of intrinsic oxygen defects in (111) surfaces of UO,
and PuO, by density functional theory (DFT)+U combined with the first principle atomistic thermodynamic
method. The calculated results indicate that the oxygen interstitial (O;) defects are dominant in UO,, while
the oxygen vacancy (O,) and O, defects can coexist in PuO,. This can be attributed to the different electronic
properties of U and Pu elements. An O, introduces a deep-level defect state in the band gap of UO, acting
as a n-type doping, while introduces a shallow-level defect state near the valence-band-maximum (VBM) of
PuO, as a p-type doping. For an O,, its electronic states hybridize with neighboring uranium atoms and results
in negligible changes in the band structure of UO,. Comparatively an interstitial oxygen atom introduces a
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deep-level defect state in the band gap of PuO,. Moreover, the formation energy of O, is found to be sensitive
to the surface depth, and O, prefer to exist on the sub-surface layer in both UO,and PuO,. The formation of
O, is insensitive to the surface depth. The strain effect of formation energy is mainly contributed from the
local structural distortion, rather than the electronic hybridization. Through thermodynamic calculation, the
strain-modulated formation energy phase diagrams of the oxygen defects have been established over a wide
range of temperature and pressure, providing the potential strategy for controlling the type and concentration
of intrinsic oxygen defects in UO, and PuO,. The present study deepens our mechanistic understanding of
the role of oxygen defects in the oxidation properties of actinide metals.
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TENSORKMC: MOAEJIUPOBAHMUE 50 TPUJIJIMOHOB ATOMOB
HA OCHOBE KHHETHYECKOI'O METOJA MOHTE-KAPJIO
C IOMOHIbBIO ITYBOKOI'O OBYYEHUA
HA CYHEPKOMIBIOTEPE SUNWAY HOBOTI'O ITIOKOJIEHUA

C. Yonp, X.-®. Cyn

WHCcTHTYT NpuKiagHON (M3UKH U BEIYUCIUTENEHON MaTemaTky, [leknn, KHP

Merton aromHol auHamuku MonTe-Kapno (AIMK) 3aHnMaeT BasKHOH MeCTO B MHOTOMacIITaOHOM (H-
3MYECKOM MOJIEIMPOBAHUH, TaK KaK OH COEIMHAET MUKPO- U MaKpoMupbl. OTHAKO BCIENCTBUE SMIIMpPUYE-
CKMX MOTEHIHATIOB TOYHOCTh TAKOTO METOJAa OrpaHHyeHa. B CBs3u ¢ 3TUM B HacTosmel pabore mpeana-
TaloTCsl aNrOPUTM TPOWHOTO KOAMPOBAaHUS M MEXaHU3M KELIMPOBaHHA MYyCTHIX 3HAYEHUH C 1enbio dddek-
TUBHOTO MHTETPUPOBAHUS UCXOTHBIX MoJieliel moTeHnuana HeiipoHHoi cetu (NNP) u metona AIIMK u ux
npuMeHeHus B nporpamme TensorKMC. JlanHas nmporpamma nepeHocutcst Ha mpoueccop SW26010-pro,
MIPY 5TOM OOHOBIISIOTCSI aITOPUTM BBIUMCIIEHHUH pacrpeeéHHbIX 00bEKTOB U CTPaTer sl O0JIBIIOTO CHHTE3a
mozeneir NNP i HOBBIX OJOKOB TeTepOreHHBIX BBIYMCIEHHH Sunway. Jlajgee onTUMH3HPYETCS HUCTIOJNb-
30BaHMe NamsTH. brnarogaps Takum ymydmeHusM, nporpamma TensorKMC mno3BonsieT MoznenupoBarh 10
50 TPUWUIMOHOB aTOMOB W TOJy4YaTh OTIIMYHBIE XapaKTEPUCTHKH CHIIBHOTO M CI1a00ro MacIiTaOupOBaHMS
1o 24 960 000 siaep.

Jluteparypa

1. Shang, H.-H. TensorKMC: Kinetic Monte—Carlo Simulation of 50 Trillion Atoms Driven by Deep
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TENSORKMC: KINETIC MONTE-CARLO SIMULATION
OF 50 TRILLIONS OF ATOMS DRIVEN BY DEEP LEARNING
ON ANEW GENERATION OF SUNWAY SUPERCOMPUTER

X. Chen, H.-F. Song
Institute of Applied Physics and Computational Mathematics, Beijing, China

The atomic dynamics Monte Carlo method plays an important role in multi-scale physical simulations
because it bridges the micro and macro worlds. However, its accuracy is limited by empirical potentials. We
therefore propose herein a triple-encoding algorithm and vacancy-cache mechanism to efficiently integrate
ab initio neural network potentials (NNPs) with AKMC and implement them in our TensorKMC codes. We
port our program to SW26010-pro and innovate a distributed feature calculation algorithm and a big fusion
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strategy for the NNPs for the new Sunway heterogeneous computing units. We further optimize the memory
usage. With these improvements, TensorKMC can simulate up to 50 trillion atoms and achieve excellent
strong and weak scaling performance up to 24 960 000 cores.
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KOHIENTYAJBbHOE UCCJEJOBAHUE HEUTPOHUKHU
HA NIPUMEPE 'MBPUJTHOTO BJIAHKETA KUTAHCKOI'O
TEPMOAAEPHOI'O UCHHBITATEJIBHOI'O PEAKTOPA

C. IIIu', C. Bar?, I'-M. Lunv', JK. JIu?, JI. I[>u', C.-I]. ITon'
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*[{eHTp IPOrpaMMHOTO 0GECTICICHHUS ISl BBICOKOIIPOM3BOAUTEIBHOTO YHCICHHOTO MOACITHPOBAHHUS
Kwuraiickoii akamemun nmxerepHoit pusznku (KAUD), [Texun, Kurait

E-mail: sxm_shi@qq.com

B nacrosimee Bpemsi BeOyTCSl MCCIENOBaHUS B O0JacTH WHXKEHEpHOM koHuenuuu Kuraiickoro tep-
MOSIZIEPHOTO UCTIBITaTeNIbHOTO peakTopa. B Hamiei pabote B kKauecTBe aJbTePHATHUBHI TPAAULIUOHHBIM KOH-
LENIUSAM C UCTIONIb30BAHMEM OJIaHKETa TOJIBKO U CHHTE3a MpeaokeHa CXeMa ¢ HCIOIb30BaHHEM THOpHI-
Horo OnaHkeTa AJs CMHTE3a U JelieHus. Takas cxema MO3BOJIUT CaMOCTOATENIFHO 3aKphIBaTh OTPEOHOCTH
B TPUTHH W YMEHBUIMTH €T0 NepBOHAYaNBHBIN 3anac. KoHCTpykuus ruOpuaHoro OnaHkeTa MpeArnoaraet
HCIIOJIL30BAHNE B KAUECTBE TONJIMBA NPUPOIHBINA ypaH, JIETKYIO BOIy — B KadecTBe oxnaaurens u LiySi0, —
B KaueCTBE Pa3MHOKUTEINA TPUTHA. B Hallem rccieoBaHUN UCIONB3YETCs MPOTPaMMHBIN KO JUIsI pacueTa
Beiropanusi MCORGS, a taxxe nporpammusie kogsl MCNP u ORIGENS. Bo-niepBbix, 4T0OBI MOTY4HUTh
MaKcUMaJbHBIH KO3 duuueHT BocnpousBoncTsa Tputus (KBT) u ymepennoe yBennuenue sneprun (M),
Obula cO37aHa U ONTHMHU3MPOBaHA OJHOMEPHAs KOHCTPYKUHMA. 3aTeM B KOHLENTYATbHBIX HCCIEHOBAHHAX
OnaHkeTa ucnonb3oBanack 3D Monens HeiiTpoHuky KuTaiickoro TepMosiiepHOTO HCHBITATEIEHOTO PeakTopa
MotHocThio 200 MBT, co3gaHHas ¢ MOMOIIBIO MPOrpaMMbl JETAIBHOTO TEXHUYECKOTO MPOEKTHPOBAHUSA
CAD. B nayane akTuBHOHM 30HBI KO3 duuueHt BocrnpousBoactsa Tputusn3D (KBT) pasen 1,26. D10 3Ha-
4yeHue Oonblre MakcuManbHo Bo3MoxkHoro KBT Omankera Tonmbko it cunTesa (okono 1,15), 3nHadenne M
cooTBeTcTBYeT 3,18. DTO CBsI3aHO C TeM, UTO MEepPBOHAYAJILHBIN 3arnac TpUTHA OyJeT B 3 pa3a MEHbILE, YeM
NpY UCTIONB30BaHUH ONIaHKeTa TOJBKO JUIA CHMHTE3a, B CIy4ae €ClI TEIUIOBas MOLIHOCTH OnaHkeTa Oyaer
noctossHHOM. [locie 12-neTHero nepuoaa BeITOpaHus IpU ypoBHE TepMosiiepHoi s3Heprun 200 MBT 3Haue-
Hust KBT u M cocrasnsitot 1,28 u 4,05, coorBeTcTBeHHO. ' MOpHIHAs crcTeMa HAXOIUTCS B TIIyOOKO MOJI-
KPUTUYECKOM COCTOSHHH, KOHCTaHTa 3((PEKTHBHOTO BOCIPOM3BOACTBA SIIEPHOTO TOIUIMBA BapbUpyeTCs
B ntuamasone 0,161-0,227. Ecnu npupoaHblid ypaH B 30HE JIeJIEHHsI 3aMEHNUTh 0TPa0OTaHHBIM TOTLTUBOM WIIH
HU3KOOOOTAIIEHHBIM YPaHOM, MOJKHO NOITy4uTh Oonbiire 3Hadennss KBT u M. Kpome Toro, amnst Bepuduka-
uuu pacuetoB KBT ucnonb3oBasncst yHUBepcanbHbIN MporpaMMHBIN KoJ Ha ocHOBe MeTona Monrte—Kapno
IUIsL pacyeTa nepeHoca HeUTPoHOB, (HOTOHOB U 31eKTpoHOB (kKox JMCT), paspaboranusiii UHCTHTYTOM IIpH-
KJIagHOH (PU3MKU W BBIYMCIUTENBHON MaTeMaTuku. JJaHHbIe pe3ynbTaThl XOPOIIO COIIacyrOTCs ¢ Pe3ybTa-
TaMH, MOJIy4€HHBIMHU C MCTIONIb30BaHUEM MTporpamMmmHoro koga MCNP.

KitoueBsie cnoBa: Kutalickuii TepMOSIAEPHBIN HCIIBITATENbHBIA PEAKTOp, CaMOoOOeCTieueHHe TPUTHEM,
ruOpuHas CXeMa CHHTe3a U AeJIeHus, OaHKeT
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NEUTRONICS CONCEPTUAL RESEARCH ON A HYBRID BLANKET
OF CHINA FUSION ENGINEERING TEST REACTOR

X Shi', X. Wang®, G.-M. Qin', R. Li?, L. Deng', X.-J. Peng!

'Institute of Applied Physics and Computational Mathematics, Beijing, China
>CAEP Software Center for High Performance Numerical Simulation, Beijing, China
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The engineering concept research of China Fusion Engineering Test Reactor (CFETR) is underway. In
order to achieve tritium self sufficiency and lower tritium startup inventory, a fusion fission hybrid blanket
scheme is proposed in this paper as a backup for the traditional pure fusion blanket concepts. In the hy-
brid blanket design, natural uranium is used as fuel, light water as coolant and Li,SiO, as tritium breeder.
MCORGS, a burnup code coupled by MCNP and ORIGENS, is used in the research. One dimensional
design and optimization is firstly made to obtain maximum Tritium Breeding Ratio (TBR) and a moderate
energy Multiplication (M). A 3D neutronics model of the 200MW CFETR based on detailed CAD design
is then used in the blanket conceptual research. At the beginning of the core, TBR3D is 1.26 which is big-
ger than the max achievable TBR for pure fusion blanket (around 1.15), M is 3.18 which means the tritium
startup inventory will be 3 times lower than the pure fusion blanket in case of a fixed blanket thermal power.
After 12 years burnup with 200MW fusion power, TBR and M will be 1.28 and 4.05 respectively. The hybrid
system is in a ultra deep subcritical state, the effective multiplication constant varies from 0.161 to 0.227.
If the natural uranium in fifission zone is replaced by spent fuel or LEU, more higher TBR and M will be
obtained. In addition, JIMCT which is a general purpose Joint Mont Carlo neutron photon-electron Transport
code developed by IAPCM, is used to verify the TBR calculation and shows good agreement with MCNP.

Keywords: CFETR, Tritium self-sufficiency, Fusion fission hybrid, Blanket
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CXEMA HA OCHOBE METOJIA KOHEYHOI'O OBBEMA
C COXPAHEHUEM INOJOXKXKUTEJIBHOCTU U PUKCUPOBAHHBIMUA
TPAPAPETAMMU JJ 3AHAY TUPDPY3IUU U3JTYUEHUA
HA OBIIUX MHOT'OTI'PAHHBIX CETKAX

Y-M. Tao

WNHCcTuTyT NpukinagHon GU3UKA U BEIYUCIUTENbHON MaTtemMarukw, [lexun, Kutait

E-mail: gao@iapcm.ac.cn

Jduddy3roHHbII TpoLiecc ABIAETCS OYeHb BaYKHBIM JUISI MHOYKECTBA CBA3aHHBIX CUCTEM B TaKHX peajib-
HBIX OONIACTAX MPUMEHEHUS, KaK THAPOAMHAMUKA M3Iy4deHHUs, (PU3MKa IUIa3Mbl, IJIACTOBOE MOAEIHPOBa-
HUE U T. 1. JucKpeTn3anus TaKuxX CUCTEM METOAOM KOHEYHBIX 0OBEMOB LIMPOKO HCIIONB3YETCS YUCHBIMU
W MH)KEHEepaMH, TaK KaK MpeAsoKEHHBI MeToJ 00/alaeT MONEe3HbIMIA CBOMCTBAMH, HAIPUMED JIOKAILHON
KOHCEPBaTUBHOCTHIO. CXeMa KOHEYHOT0 00beMa 4yacTo 00JaiaeT Tako BaKHOH 0COOCHHOCTBIO KaK HEOTPH-
LATEeTbHOCTh AUCKpETHOro pemenus. K HapyIieHnto 3Toro cBoificTBa coXxpaHeHHs OJI0KUTEIbHOCTH MOTYT
MPUBOJUTH CHIBHO UCKa)KEHHBIE CETKU (KOTOpPBIE 3a4acTyl0 MMEIOT MECTO IPH MOJEIUPOBAHUH SJEPHOTO
CHHTE3a ¢ HHEPIIMOHHBIM yAEp>KaHHEM IUIa3Mbl) U BBICOKO aHU30TPOIMHEIE cpelbl (MPH MIacTOBOM MOJEIH-
poBanun). [TocTpoeHue Takux cxem ypaBHeHHH Au(dy3un METOJOM KOHEYHBIX 00BEMOB C COXpaHEHHEM
MOJOKUTEIBHOCTH, KOTOpBIe 00IaaloT MpUOMU3UTEIBHO TOYHOCTBIO BTOPOTO MOpPSIKAa HAa CHIIBHO HMCKa-
KEHHBIX CETKax B CIIydae, €ClIM TeH30p TU(Py3uH CUNTAECTCS BBICOKO aHU30TPOITHBIM, IEPUOAMYECKH HEOA-
HOPOAHBIM W/WJIH MPEPBIBUCTHIM, SIBISIETCS 00bEKTOM HCCIICIOBAHNSI MHOTUX YUEHBIX.

B pamkax maHHOW pa0OTHI MpeAyiaraloTcs J1Ba BUAA HEIMHEHHBIX CXEM HAa OCHOBE METOAA KOHEUHBIX
00bEMOB C COXpaHEHHEM TOJIOKUTEILHOCTH, IICHTPUPOBAHHBIX Ha suelike, A7 3a1a4 Aupdy3uu 3TydeHus
Ha OOIIMX TPEXMEPHBIX MHOTOTPAHHBIX ceTKax. CHayasia mpu NOMOIIKM (PUKCHPOBAHHOTO Tpadapera Bcex
BEPILUH BBIMOIHAETCS JUCKPETU3aLMs OAHOCTOPOHHETO MOTOKA HAa TPaHIX 3JIEMEHTApHOM sUeHKU. 3aTeM
MOCPEACTBOM HETMHEHHON ABYXTOYEYHON aNMpOKCHUMALMK MOTOKAa METOJIOM MCKIIIOYEHHUS BCIIOMOIATEINb-
HBIX HEM3BECTHBIX BEPLIMH MOJIy4aeM CXeMy AUCKPETH3allMH, [IEeHTPUPOBaHHYIO Ha sdeiike. Ha aTom oc-
HOBAHMU C LEJBI0 UCKIIIOYEHHS BCIIOMOTaTENIbHBIX HEM3BECTHBIX BEPILIMH B CXEME CTPOUTCS HOBBIN SBHBIN
B3BELICHHBI HHTEPIOISILIMOHHBIN alTOPUTM BEPIINH BTOPOTO MOPSIKA sl IPOU3BOIBHBIX MHOTOTPaHHBIX
cetok. Kpome Toro, nist HenvHeHON HTepaluy MPUMEHAETCSl yCOBEPIIEHCTBOBAHHBIN alITOPUTM YCKOPEHUS
AHpepcoHa. B 3aknroueHne, CXOAMMOCTb U CBOMCTBO COXPaHEHHUs MOJIOXKUTEIBHOCTH JIBYX CXEM TUCKPETH-
3alMY TOATBEPKIAIOTCS IPU TOMOIIY HECKOJIBKUX KOHTPOJBHBIX PUMEPOB.

THE POSITIVITY-PRESERVING FINITE VOLUME SCHEME
WITH FIXED STENCILS FOR RADIATION DIFFUSION PROBLEMS
ON GENERAL POLYHEDRAL MESHES

Z.-M. Gao
Institute of Applied Physics and Computational Mathematics, Beijing, China

E-mail: gao@iapcm.ac.cn

Diffusion process is very important in many coupled systems for real life applications such as radia-
tion hydrodynamics, plasma physics, reservoir modelling and so on. Finite volume discretizations of such
systems are very popular among the scientists and engineers due to their nice properties such as local con-
servation. In many situations, one of the significant features of the finite volume scheme is that the discrete
solution should be non-negative. The severely distorted meshes (often occur in the simulation of inertial
confinement fusion) and highly anisotropic media (in reservoir modelling) may result in the violation of
positivity-preserving property. Many scientists have made great efforts on the construction of positivity-
preserving finite volume schemes of diffusion equation that approximately have a second-order accuracy on
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severely distorted grids in case that the diffusion tensor is taken to be highly anisotropic, at times heteroge-
neous, and/or discontinuous.

In this talk, two kinds of nonlinear cell-centered positivity-preserving finite volume schemes are proposed
for radiation diffusion problems on general three-dimensional polyhedral meshes. Firstly, the one-sided flux
on the cell-faces is discretized using the fixed stencil of all vertices. Then by using the nonlinear two-point
flux approximation, the cell-centered discretization scheme is obtained by eliminating the vertex auxiliary
unknowns. On this basis, a new explicit weighted second-order vertex interpolation algorithm for arbitrary
polyhedral meshes is designed to eliminate the vertex auxiliary unknowns in the scheme. In addition, an
improved Anderson acceleration algorithm is adopted for the nonlinear iteration. Finally, some benchmark
examples are given to verify the convergence and positivity-preserving property of the two discretization
schemes.
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YOPEKTUBHBII, OBJIAJAIOIUI BBICOKUM PA3PELIEHUEM
METO/I )KUJAKOCTEM-MIPU3PAKOB
HA OCHOBE OBOBIIEHHOW 3A1AUM PUMAHA
JJISI IBYMEPHBIX MTOTOKOB C)KUMAEMBIX JKMJIKOCTEM
B PAZHBIX CPEJAX
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2AKaL[eMI/m MYJBTHANCIAILTAHAPHBIX HCCIIeoBanmi, CTONHYHBIN ITearorndeckuii yauBepcuteT, [leknH,
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3I/IHCTI/ITyT MPUKIATHONW QU3UKK U BBIYUCIUTENFHON MaTeMaruky, [leknH, Kurait
E-mail: huozhixin20@gscaep.ac.cn , jiequan@cnu.edu.cn , zpjia@iapcm.ac.cn

CocTrostHUS KUAKOCTEU-TIPU3PAKOB, OMpPENEIsIeMble METOAOM KUAKOCTeH-mpu3pakoB (meton GFM) Ha
OCHOBE 3aJaul PuMaHa, sIBISAIOTCS HEMPEPHIBHO PACIIPEACICHHBIMY, T. €. UX IPOCTPAHCTBEHHBIE IIPOU3BO/-
HBIC TI0 HOPMAJIH K TPaHUIIC pa3Jieiia MaTepHalioB PaBHbBI HYJ0. Takol HEJ0CTATOK CO3/IaeT MHOTO IPOOIeM,
HaTpUMep, OIIMOKU PacCcOrIacOBaHMS IO HOPMaJIH K TPAHUIIE pa3ieia, YTO HE TI03BOJISIET OTPa3UTh BIUSHUC
OCHOBHBIX YJICHOB (pPeub WJET O TAHTCHIMAJIbHBIX WICHAX MpeoOpa3oBaHHBIX ypaBHeHHIT). UTOOBI ycTpa-
HUTH JJAHHBIN HEJIOCTATOK, MBI pa3zpaboranu metox GFM Ha ocHOBe 00001ICHHO# 3a1auu PuMaHna, KOTOpBIH
MO3BOJIIET MOJYYUTh CBOETO POJa JIMHEWMHO pacHpelEeSICHHbIE COCTOSHUS KUIAKOCTU-IIpU3paka. B Hamem
HOBOM METOJIE COCTOSIHUSI PEATbHOW KUJIKOCTH BOJIM3U TPAHUIIBI pa3jiesia 3aMEHSIOTCS Ha MPOMEKYTOUHBIC
COCTOSIHHS M3 3a7]a4¥ PriMaHa, COOTBETCTBYIOIIEH JIOKaTbHON 0000IICHHOM 3a1aun PuMaHna 11 1ByX cpen
[0 HaIpaBJIEHUIO HOPMaJU, & UX MPOCTPAHCTBEHHBIE MPOU3BOIHBIE 3aMEHAIOTCS Ha YIVIbl HAKJIOHA IpO-
MEXYTOYHBIX COCTOSIHHI B JIOKaJbHOW 000O0IICHHOM 3amade Pumana muist nByx cpen. MicxomHble TUHEHHO
pacnpeeNicHHbIE COCTOSHUS B JIOKAJIBHOM 00001eHHON 3a1ade PuMana s IBYX cpej MojydaeM MmyTeM
MOATOHKA METOAOM B3BEILIEHHBIX HAaWMMEHBLIMX KBAaJpPAaTOB, UCIOJIb3YSd COCTOSHHUS JKMIKOCTH B SUEHKaX,
MOJTHOCTBIO PACTIONOKEHHBIX B 00JIACTAX C peabHOMN KHUIKOCTBIO. 3aTeM JIOONPECIUM U3MEHEHHBIE COCTOS-
HUS )KUJIKOCTU U UX MPOCTPAHCTBEHHBIC MPOU3BOIHEIC, IEPEHECS UX HA O0JIACTH C KHUJIKOCTBHIO-ITPH3PAKOM,
MIPUMEHUB, COOTBETCTBEHHO, JIMHEHHYI0O U KOHCTAHTHYIO 3KCTpamnosisiluio. Eciu cpaBHUBATH ¢ METOIOM
GFM Ha ocHoBe 3anaun Pumana, Haimr meton GFM Ha ocHOBe 00001eHHOM 3a1a4n PuMaHa uMeet cienyro
M€ MPEUMYILLECTBA!

1) MOCKOBKY YIJIBI HAKJIOHA ITPOMEKYTOYHBIX COCTOSHUH B JIOKaIbHOU 000011IeHHOM 3anaun PuMana aiist
JIByX Cp€[l MOJIy4aloT B YCIIOBHUSIX COXPAHEHUSI HENPEPHIBHOCTH HOPMAJIBHBIX MaTEPUAIbHbIX MPOU3BOIHBIX
JIABJICHUS. U HOPMAaJbHOW CKOPOCTH, OLTHOOK paccoriiacoBaHus BOJU3W TPAHUIILI Pa3ieNia yIaeTcs MPaKTH-
YECKH MOJIHOCTHIO M30€kKaTh (J1aXke B TOM CIydae, KOTjia MOJSIIMPOBAHUE MPOAOIDKACTCS OUYEHb JIOJTO);
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2) UCXOAHBIE COCTOSIHUA U MPOMEKYTOUHBIC COCTOSHUS B 3aaue PumaHa HempephIBHO pacHpeeieHbl
Y HE MOTYT OTpa)aTh BIUSHUE OCHOBHBIX YWICHOB, B TO BPeMsI KaK UCXOJHBIE COCTOSIHUS U MIPOMEXYTOUHBIE
COCTOSIHHSI B 0000IIIEHHOM 3a/1aue PumaHa sIBISIIOTCS TMHEHHO pacpeieICHHBIMU U MOTYT OTPaXKaTh BITUS-
HHME OCHOBHEIX YJICHOB;

3) mam meron GFM Ha ocHOBe 00001eHHON 3aa4n PuMaHa nydriie onmuchiBaeT TEPMOAMHAMUYCCKUE
CBOWCTBA CYKMMAEMBIX CPEJl, YTO TIO3BOJISIET CHU3UTH OIIMOKH, CBI3aHHBIC C TICPErPEBOM U HEIOCTATOYHBIM
HarpeBOM.

Bonee Toro, TpaguIMOHHBIM METOJOM MOOIPEACICHUS COCTOSHUN XKUAKOCTU-IIPU3paKa SBISETCS pe-
HICHUE YpaBHEHHUH SHKOHAa UTEPAIMOHHBIM METOIOM, IIPU KOTOPOM MPHUXOJUTCS MEpeceKaTb sSYeHKu
B 00JIACTSIX C KHUIKOCTBIO-TTpr3pakoM 1o 20—30 pa3 3a oiMH BPEeMEHHOM! I11ar, YTO IPUBOIUT K OYCHb HU3KOM
a¢dextuBHOCTH BhuKciIeHud. B Haiem metone GFM, B 0CHOBE KOTOPOTO JISKUT 00OOIIICHHOE YpaBHEHUE
Pumana, HanpoTuB, NOONpeAETeHUE COCTOSHUN KUIKOCTU-TIPU3PAKa U UX IMPOCTPAHCTBEHHBIX MPOU3BOII-
HBIX OCYIIECTBISIETCS C MOMOIIBI0 KOHCTAHTHON M JUHEHHOM SKCTPAMOSAIUHU, YTO MPEAINoiaracT OAHO-
KpaTHOE MIEPECECUCHUE STYCHKU B 001aCTAX C KUIKOCTHIO-IIPU3PAKOM 32 BpEMEHHOM Iar U, CJIe0BaTelbHO,
CYIIECTBEHHO MOBKIMIACT d(PPEKTUBHOCTh BRIYUCIICHUH. Pe3ynbTaThl HECKOIBKHUX TUIIOBBIX UCTIBITAHUM TIPO-
JIEMOHCTPHUPOBAIIN TOYHOCTh, HAJICKHOCTh U 3(P(HEKTUBHOCTH HAIIETO HOBOTO METO/IA.
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The ghost fluid states defined by the Riemann problem (RP)-based ghost fluid method (GFM) are constantly
distributed, in other words, the spatial derivatives of them along the normal direction of the material interface
are zero. This drawback results in many problems, such as mismatch errors along the normal direction of the
interface, and the effects of the source terms (i. e., the tangential terms of the transformed equations) can’t be
reflected. In order to remedy this drawback, we develop a generalized Riemann problem (GRP)-based GFM
to provide a kind of linearly distributed ghost fluid states. In our new method, the real fluid states near the in-
terface are revised by the middle states of the associated RP of a local double-medium GRP along the normal
direction, and the spatial derivatives of them are revised by the slopes of the middle states of the local double-
medium GRP. The initial linearly distributed states of the local double-medium GRP are obtained by weighted
least squares fitting using the fluid states of the cells fully contained in the real fluid regions. Then we extend the
revised fluid states and the spatial derivatives of them to the ghost fluid regions by linear and constant extrapo-
lation, respectively. Compared with the RP-based GFM, the advantages of our GRP-based GFM are as follows.

1) As the slopes of the middle states of the local double-medium GRP are obtained by the continuity of
the normal material derivatives of pressure and normal velocity, so the mismatch errors near the interface are
nearly eliminated, even for long time simulation.
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2) The initial states and middle states of a RP are constantly distributed, and they can’t reflect the effects
of the source terms, while the initial states and middle states of a GRP are linearly distributed, and they can
reflect the effects of the source terms.

3) Our GRP-based GFM can better reflect the thermodynamical properties of compressible mediums,
thus reduce the overheating and underheating errors.

What’s more, the traditional way to extend the ghost fluid states are solving the Eikonal equations itera-
tively, which has to traverse the cells in the ghost fluid regions 20 to 30 times per time step, so the compu-
tational efficiency is very low. On the contrary, in our GRP-based GFM the ghost fluid states and the spatial
derivatives of them are extended using the constant and linear extrapolation respectively, which only have to
traverse the cells in the ghost fluid regions once per time step, thus the computational efficiency is improved
substantially. The results of several typical tests demonstrate the accuracy, robustness and efficiency of our
new method.
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JIBA HOBBIX KOHTAKTHBIX 3D-AJITOPUTMA
JJISI PEITEHUS 3AJAY JATPAHXXEBOUW T'MJIPOJUHAMUKHU
C CETKOHM PACUETHOM CXEMBI, B KOTOPOUW NEPEMEHHBIE
PACHIPEIEJISIIOTCS IO Y3JIAM U SYEUKAM

L[3ynon {35
WHCcTHTYT npuKiaHOl (PM3UKH U BEIYUCIUTENBHON MaTeMaTiky, [leknn, Kurtait

E-mail: zpjia@iapcm.ac.cn

B 2014 rony B «KypHase BeruMcIuTENbHOM Gu3nkm» Obla omyonukoBana padota L3yman L{3s u coas-
TOpoB [ 1], mOCBsIIIIeHHAs! ABYM HOBBIM KOHTaKTHBIM 3D-anroputmam (IMCKPETHBIN TOYHBIA METOJ COITIaco-
BaHMA M JUCKPETHBI METOA MHOXKUTeNel Jlarpanka) ajst peleHus 3a1ad JarpaHkeBold THAPOANHAMUKH
C CETKOHM pacyeTHOW CXeMBbl, B KOTOPOW NEepEeMEHHBIE paclpenesstoTcs Mo y3iaM U suyelikaM. B kadecTse
OCHOBBI [l 3TUX KOHTAKTHBIX aJITOPUTMOB HUCIIOJIB30BAJICSI yHUBEPCAIBbHBIA KOHTAKTHBII alTrOpPUTM MOMCKA
KOHTakTa. KOHTaKTHBIE CErMEHTHI BCEX BO3MO)KHBIX KOHTAKTHBIX IOBEPXHOCTEN paccMaTpHUBaIOTCA KaK OTHO
MHOkecTBO. HoBbIe MeToab! OblH pa3paboTaHbl Ha Oa3e oqHOM 00wIei uaen. Bo-nepBbiX, Bce KOHTaKTHBIE
CETMEHTHI IOJDKHBI OBITH Pa30UTHI Ha TPEyroibHbIe TpaHu. Jlanee B KaKAol mape AByX TPEyroJIbHBIX TpaHei,
KOTOpBIE€ COOTBETCTBYIOT «YAApSAIOIIEMY» Y31y U «LEIEBOMY» Y311y, ABE TPEYTOJIbHbIE TPaHU POEIUPYIOTCS
Ha OJIHY TUIOCKOCTb, & TIOTOM PacCUUTHIBACTCS 00IACTh NEpeceueHHs STUX IPaHei. Y3I0BbIE MaCcChl U Y3JI0-
BbIE CHJIBI «YIAPSIOLIETO» Y3JIa U «IEJIEBOr0» y3J1a PACIPENEIISIIOTCS MO YacTsIM 00JIacTH MepecedeHus TUX
JBYX TPEYTOJbHBIX IpaHeil B 3aBUCHMOCTH OT COOTHOILLIEHHUS 00JIaCTH MEePEeCceUYeHMs U COOTBETCTBYIOIICH Y3-
noBo# obnactu. Micxonst U3 JUCKPETHOTO TOYHOTO METOa COITIACOBAHUS, MacChl M CHIIBI YacTel 00JIacTH Ie-
peceyeHns STUX ABYX TPEYTONbHBIX TpaHel JOOaBISIOTCSA K COOTBETCTBYIOIIUM KOHTAKTHBIM y3J1aM Ka) 01
U3 HUX, 3aT€M KOPPEKTHPYIOTCS 3HAUECHUS YCKOPEHHS M CKOPOCTH KOHTAKTHBIX y3710B. COITIaCHO TUCKPET-
HOMY METOIy MHOXKUTeNel Jlarpanska, yacTu 001acTH MepecedeHust IByX yKa3aHHBIX TPEYTOJIbHBIX IpaHel
paccMarpHBalOTCA B Ka4eCTBE OAHOMEPHOW KOHTAKTHOM Mapbl B NEPHEHAMKYISIPHOM HalpaBICHHUHU, KOH-
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TaKTHas CHJIa KOTOpOfI PAaCCUUTLIBACTCA B ABHOM BUAC METOAOM MHOXHUTEICH Harpacha JJIA OI[HOMCpHOﬁ
KOHTaKTHOM napbl OOHOM TOYKH «YyAapAaromiero» ysjia u OIHOM TOYKHU «HECJIEBOrO» y3Jia. I[anee KOHTAKTHas
cHhJia )1068.BJ'I$I€TC$I K COOTBCTCTBYIOIIIMM KOHTAKTHBIM Y3JIaM. HoBbie KOHTaKTHBIC ajil OPUTMbI OLICHHUBAJINCH
B HCCKOJIBKUX YHCJICHHBIX UCCIICA0OBAHNUAX Ha TPEXMCPHBIX CTPYKTYPUPOBAHHBIX U HECTPYKTYPUPOBAHHBIX
CCTKax. HOJ’Iy‘{eHHLIe PE3YIBTATHI MOATBCPKAAOT TOYHOCTL U HAJICIKHOCTH 3TUX HOBBIX METOOB.
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TWO NEW THREE-DIMENSIONAL CONTACT ALGORITHMS
FOR STAGGERED LAGRANGIAN HYDRODYNAMICS

Zupeng Jia
Institute of Applied Physics and Computational Mathematics, Beijing, China
E-mail: zpjia@iapcm.ac.cn

In 2014, Zupeng Jia et al presented two new three-dimensional contact algorithms for staggered Lagrang-
ian Hydrodynamics, named discrete accurate matching method and discrete Lagrangian multiplier method
[1]. These new contact algorithms utilize the unified contact algorithm for contact searching. Contact seg-
ments from all potential contact surfaces are treated as a single set. The basic idea of these new methods is to
partition all contact segments into triangular facets firstly; then for each pair of two triangular facets which
correspond to a hitting node and a target node respectively, these two triangular facets are projected to one
plane and their intersection area is calculated; the nodal masses and nodal forces of the hitting node and the
target node are distributed to the intersection portions of these two triangular facets respectively according to
the proportion of the intersection area to corresponding nodal area. In the discrete accurate matching method,
the masses and forces of the intersection portions of these two triangular facets are added to corresponding
contact nodes of each other, then the accelerations and velocities of the contact nodes are updated; while in
the discrete Lagrangian multiplier method, the intersection portions of these two triangular facets are con-
sidered as a 1D contact pair in the normal direction for which the contact force is explicitly calculated by the
Lagrangian multiplier method for a 1D contact pair of one hitting point and one target point, then the contact
force is added to corresponding contact nodes. These new contact algorithms are assessed through several
numerical tests performed on three-dimensional structured and unstructured meshes. The results of these
tests show the accuracy and robustness of these new methods.

References

1. Zupeng Jia. Two new three-dimensional contact algorithms for staggered Lagrangian Hydrodynamics
[Text] / Zupeng Jia, Xiangfei Gong, Shudao Zhang, Jun Liu // Journal of Computational Physics. — 2014. —
Vol. 267. — P. 247-285.




COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNELYIOLLYIO CTPAHULY MEYATH

6-10

HPUMEHEHHUE METOJAA PEI'YVIAPU3ZAIUU JIAA OBPABOTKHA
KPUBBIX MAJIOYIVIOBOI'O PEHTITEHOBCKOI'O PACCEAHUAI,
HOJYYEHHBIX HA ITOPOIIKOBOM IU®PAKTOMETPE

A. P. Bakupos, A. B. Cmanxeguu

OI'VII «Poccuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckon pusukn
nmenn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

B Hacrosiee BpemMss METO, MaJIOyINIOBOTO PEHTIEHOBCKOIO PACCEAHUS UCIOIB3YETCS IS PELUCHUS 1ie-
JIOTO psifa 3a7a4, Ha4YMHas OT OIPEAeTICHNs] CTPYKTYPBI OEJIKOB, 3aKaH4MBas HCCIEJOBAaHUEM IPOLIECCOB ro-
penus u getoHauy. OOIENPUHATHIM 000PYAOBaHUEM ISl IPOBEACHUS JAHHBIX SKCIIEPUMEHTOB SBIISIOTCS
MaJIOyTIOBbIe AM(PAKTOMETPHl U CTaHIMHM Ha CHHXPOTPOHHBIX MCTOuHMKax m3nydenus (CH), roe coOmro-
JaroTcs Bce TpeOOBaHMs AJIsl perucTpaunu KpuBsix MYPP.

O6pabotka ganHbIX MYPP cBOAMTCS K pelIeHNI0 HHTErpaibHOTO ypaBHeHUs: Dpenroabma mepBoro poaa

[1]: .
f(x) = J.K(x,y)y(s)ds.

a

ypaBHeHI/Ie AJI1 CUCTEMBI MMOJIUAUCTICPCHBIX YaCTHUILL OL[HHaKOBOﬁ (bOpMBI,
I(s)=[, V*(R)iy(sR) Dy (R)dr,

rae V(R) — o6veM yactuisl; io(sR) — popmbaxrop yactuusl; Dy(R) — nckoMas oObeMHas QyHKIMS pacipe-
JIEJIEHUS YaCTHI] 110 pa3MepaM.

Tak kak perucrpupyemasi Kpusas /(s) COIEpKUT MOTPELIHOCTH, B BHIE OIIMOOK M3MEPEHUH, KOIITMMa-
IUOHHBIX NCKAKEHUH, pellleHre JaHHOTO YPaBHEHUS MPENCTaBIseT cOO0H THIMMYHYIO HEKOPPEKTHYIO 3a/1a-
4y 1 TpeOyeT peryispu3annu pemeHus.[2]

[oaxoner [2, 3] ObLTH MPUMEHEHBI AJIS aHAJIM3a KPUBBIX paccessHusa B pabore [4] miIsi HOATBEPKACHHS
JOCTOBEPHOCTHU IMOJMYYEHHBIX pe3ylbTaroB 00paboTku. PaccuntanHble (YHKUIUHM paclpeneieHusi HEOIHO-
POAHOCTEHN MOPUCTHIX CTEKON B AOCTATOYHON CTENIEHH COOTBETCTBYIOT pe3ynbTaTraM padoThl.

[IpoBeneHsl nccnenoBaHusl MOPOLIKOB PAa3IUYHBIX (OPM YIIEPOAHBIX MaTepuaoB Ha JaOOpaTOPHOM
nudpaxromerpe. MeTof peryaspu3aniy 03BOJIMI YCTPaHUTh (POHOBOE paccessHue, HeAOCTaTKA TeOMETPHU
perucTpanyu JaHHBIX, MOMYYUTh (GYHKIUH pacipeaeieHus] HEOOHOPOIHOCTEM.
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REGULARIZATION METHOD FOR PROCESSING SMALL-ANGLE
X-RAY SCATTERING CURVES OBTAINED USING X-RAY POWDER
DIFFRACTION SYSTEM

A. R. Bakirov, A. V. Stankevich

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The small-angle X-ray scattering (SAXS) method is currently used to solve a number of problems start-
ing from determination of protein structure through investigation into combustion and detonation processes.
Small-angle diffraction systems and stations based on synchrotron radiation sources are commonly used to
conduct such experiments since they offer opportunity to comply with all the requirements to record SAXS
curves.

The SAXS data are processed by solving the Fredholm integral equation of first kind [1]:

f(x) =.}|ZK(x,y)y(s)ds.

a

The equation for a system of polydisperse particles of similar shape is as follows:
E ) .
1(s)=j0 V2(R)iy (sR) Dy (R)dr,

where V(R) is the particle volume, iy(sR) is the particle form-factor, and D,(R) is the desired bulk function
of particle distribution by size.

Since the recorded curve /(s) contains errors as measurement errors and collimation distortions, the solu-
tion of this equation represents a typical incorrect problem requiring a regularized solution [2].

The approaches [2, 3] have been applied to analyze the scattering curves from [4] to validate the obtained
processing results. The calculated functions of heterogeneity distribution in porous glasses are in a suffi-
ciently good agreement with the results presented in the above paper.

The powders made of carbon materials of different forms have been analyzed using the laboratory diffrac-
tion system. The regularization method has allowed eliminating background scattering and shortcomings in
data recording geometry, as well as obtaining heterogeneity distribution functions.
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HNPUMEHEHUE CXOAAIINUXCA TPUTOHOMETPUYECKUX PAI1OB
JJA PEIIEHUSI CACTEMbBI HEJIMHEWHBIX YPABHEHU
C YACTHBIMU TPOU3BOJHBIMHA

C. II. baymun, O. A. Kapenuna

CHexuHCKMH Gu3nko-Texanaeckuit uactutyT HUAY MU®U, Crexunnck, Poccus

bonee nByxcot ner Hazan XK. b. 2)K. @ypre npeanoxui penars TMHEHHOE ypaBHEHUE TETIONPOBOAHOCTH
C TIOMOUIBIO CXOJAIIETOCS TPUTOHOMETPUUECKOTO psfa. B mocnenyromue rofsl 3T0T METOJ pelIeHus JINHEH-
HBIX YPaBHEHHUH C YaCTHBIMHU NIPOU3BOAHBIMHU CTaJl 04eHb BOCTpeOOBaHHBIM. K coxkaeHHo 3))eKTUBHOCTh
TPUTOHOMETPHUYECKUX PpsaoB Dyphe U Oosee mo3aHUX 0000IEHNH STOr0 MOAX0Ia UMEET MECTO TOJIBKO MPH
peleHnr TUHEHHBIX 3a7ad. B aTom ciydae OeckoHeuHasl cucTeMa OOBIKHOBEHHBIX IU(QPepeHINATBHBIX
ypaBHEHUH IJI1 UCKOMBIX KO3()(UIMEHTOB Mepea TapMOHUKAMH pPaCILEeIUIsieTcs U A KaXIoro KodgpQu-
UEHTA OTy4aeTcs OIHO cBOe ypaBHeHHe. OHO 0OBIYHO pelaeTcs B SBHOM BHJE, YTO MIO3BOJISIET IIOCTPOUTH
Bce OECKOHEYHOE Pa3JIOKEHUE U I0Ka3aTh €T0 CXOIUMOCTb.

YyTs OoJiee AecsATH JET Ha3aj, TO €CTh MOCHe IBYXCOTIeTHEro nepepsiBa mocie padot XK. b. XK. dypee, me-
TOZIMKA IPUMEHEHHsI OECKOHEUHBIX TPUTOHOMETPHUYECKHX PsI0B OblTa 3(PeKTUBHO MPUMEHEHA ISl MaTeMa-
TUYECKOTO MOJIETTMPOBAHMSI OJHOMEPHBIX TEUEHUH CKUMAaEMOT0 BA3KOTO TEIUIONPOBOJHOTO Ta3a MpH MOCTpoe-
HUM pPEUICHNI HENMHEHHOM CUCTEeMBl YpaBHEHUH C YaCTHBIMHU NMPOM3BOAHBIMU cMelIanHoro tuna [1]. Oanako
JI0Ka3aTh CXOAMMOCTh IOCTPOEHHBIX TPUTOHOMETPUYECKHX PSIOB TOrAa He yaaBanoch. HemaBHo ymamoch
JI0Ka3aTh CXOAUMOCTh TPUTOHOMETPUUYECKUX PAFOB, PELIAIOIIUX OJHO HEMIMHEHHOE YpaBHEHHE C YaCTHBIMHU
Npou3BOAHBIME — ypaBHeHHE broprepca [2]. B nannoii paboTe mpeaioKeHHas METOJHUKa MPEICTaBICHUN pe-
HIEHUH HETTMHEHHBIX YpaBHEHHUH B BUie 0ECKOHEUHBIX TPUTOHOMETPHYECKUX PSIOB IPUMEHEHA IJ1s1 OMMCAHUS
pELICHUH CUCTEMBI M3 ABYX HEJIMHEWHBIX YpaBHEHHUH C ABYMs HE3aBUCHMBIMU NPOCTPAHCTBEHHBIMH IEpe-
MEHHBIMU — YpaBHEHUH IBUKEHUs CIUIOIIHON cpenpl. Ilocie moacTaHOBKM MCHONB3yEMBIX MPEACTaBICHUN
B UCXOJIHYIO CUCTEMY YpaBHEHUI IBM)KEHUS U MOCIEAYIOLIET0 POSHUPOBAHUS IBYX MOJYUUBIINXCS ypaBHE-
HHI Ha TPUTOHOMETPHYECKHI Oa3uc moaydaeTcsi OeCKOHEYHasi cucTeMa OOBIKHOBEHHBIX T depeHInanbHbIX
ypaBHEHMH JJISl HICKOMBIX KO3(Q(UIIMEHTOB PsAA0B, 3aBUCAIINX OT BpeMeHHu. CucTeMa 3amicaHa B HOpManbHON
¢dopMe 1 B IpaBble YaCTH KaKAOTO YpaBHEHHS M3 TOW OECKOHEUYHOH CHUCTEMBI BXOAUT OECKOHEUHOE YUCIIO
UCKOMBIX (pyHKIMI. brarogapsi KOHKPETHBIM CBOMCTBaM PELICHHUH MOJTYYEHHBIX OECKOHEUHBIX CHCTEM OOBIK-
HOBEHHBIX AU(QepeHInaNbHbIX YpaBHEHHI T0Ka3aHa TeopeMa O CXOAUMOCTH OECKOHEUHBIX TPUTOHOMETPH-
YEeCKHX PAZO0B B HEKOTOPOH OKPECTHOCTHU TOUKH ¢ = 0 U IPH BCEX 3HAYEHUSIX HE3aBHCHUMBIX IEPEMEHHBIX X, V.
Taxke nOKazaHa TeopeMa O KpaTHBIX 4acTOTax B pacCMaTrpuBaeMOM CIIydae JIByX HE3aBUCHMBIX IPOCTpPaHC-
TBEHHBIX [IEPEMEHHBIX. TeopeMa 0 KpaTHBIX YacTOTaX HE UMEET MECTO B CIydae MPEACTaBICHUS C TIOMOIIBIO
TPUTOHOMETPUYECKUX PAJOB PEIICHUH JTMHEHHBIX YpaBHEHHH, IIOCKOJIBbKY B PELICHUH JTUHEHHBIX ypaBHEHUH
npu ¢ > 0 IPUCYTCTBYIOT TOJBKO T€ TAPMOHUKH, KOTOPBIE €CTh B HaUaNbHBIX yCsIoBUAX NpH ¢ = 0. HoBsle rap-
MOHUKH B PELICHUSX JIMHEWHBIX ypaBHEHUI HE BO3HUKAIOT. B cilyyae HeIMHENHBIX CUCTEM YpaBHEHUH € 4acT-
HBIMH [TPOM3BOAHBIMU B PELIEHNH NIPH ¢ > () TIOSABIIAIOTCS TAPMOHMKH C HOBBIE YaCTOTaMH, HE COBMAJAOIINMHU
C 4acTOTaMH T'apMOHMK B HauaJIbHBIX YCIOBHUsX. JloKa3aHHAas TeopeMa O KpaTHBIX 4acTOTaX YCTaHOBHJIA IO
CPaBHEHHIO C OJHOMEPHBIM CllydaeM Oojee CIOXKHYI0 3aBUCHUMOCTb MEXIY 4acTOTaMH TapMOHHK, IPHCYTC-
TBYIOIIMX B HAYaJIbHBIX YCIOBUSIX, U YACTOTaMH FapMOHHK, BXOJSIIMX B pemeHue npu ¢ > 0. Y3 Teopemsl cie-
JYeT, 4TO B JAaHHOM CJIy4ae 4acTOTHI pa3/ieieHbl Kak 110 He3aBUCHMbIM IIEPEMEHHBIM, TaK U MO HAIIPABICHUSAM
pacrnipocTpaHeHus rapMoHUK. HoBast TeopeMa 0 KpaTHBIX 4acTOTaxX HE OTMEHSIOT, @ TONBKO €Ile Pa3 MOATBEPXK-
JlaeT HaJU4Ke TaK Ha3bIBAEMOI'0 «HEMOTO aKKOPAa», UMEIOIIETO MECTA B MY3BIKAIbHBIX TPOU3BEICHUSAX.
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APPLICATION OF CONVERGENT TRIGONOMETRIC SERIES
FOR SOLVING A SYSTEM OF NONLINEAR PARTIAL
DIFFERENTIAL EQUATIONS

S. P. Bautin, O. A. Karelina
Snezhinsky Institute of Physics and Technology of NRU MEPhI, Snezhinsk, Russia

More than two hundred years ago, J. B. J. Fourier proposed to solve the linear equation of thermal con-
ductivity using a convergent trigonometric series. In the following years, this method of solving linear partial
differential equations became very popular. Unfortunately, the effectiveness of trigonometric Fourier series
and later generalizations of this approach takes place only when solving linear problems. In this case, an
infinite system of ordinary differential equations for the desired coefficients before harmonics is split and one
equation is obtained for each coefficient. It is usually solved explicitly, which makes it possible to construct
the entire infinite decomposition and prove its convergence.

A little more than ten years ago, that is, after a two-hundred-year break after the work of J. B. J. Fourier,
the technique of using infinite trigonometric series was effectively applied for mathematical modeling of
one-dimensional flows of compressible viscous heat-conducting gas in the construction of solutions to a
nonlinear system of partial differential equations of mixed type [1]. However, it was not possible to prove
the convergence of the constructed trigonometric series at that time. Recently, it was possible to prove the
convergence of trigonometric series solving one nonlinear partial differential equation — the Burgers equa-
tion [2]. In this paper, the proposed method of representing solutions of nonlinear equations in the form
of infinite trigonometric series is used to describe solutions of a system of two nonlinear equations with
two independent spatial variables — equations of motion of a continuous medium. After substituting the
representations used into the original system of equations of motion and then projecting the two resulting
equations onto a trigonometric basis, an infinite system of ordinary differential equations for the desired
time-dependent series coefficients is obtained. The system is written in normal form and the right-hand sides
of each equation from this infinite system include an infinite number of desired functions. Due to the specific
properties of the solutions of the obtained infinite systems of ordinary differential equations, the theorem on
the convergence of infinite trigonometric series in some neighborhood of the point # = 0 and for all values
of the independent variables x, y is proved. The theorem on multiple frequencies in the considered case of
two independent spatial variables is also proved. The multiple frequency theorem does not hold in the case
of representing solutions of linear equations using trigonometric series, since only those harmonics that ex-
ist in the initial conditions at # = 0 are present in the solution of linear equations at # > 0. New harmonics do
not arise in solutions of linear equations. In the case of nonlinear systems of partial differential equations,
harmonics with new frequencies that do not coincide with the frequencies of harmonics in the initial condi-
tions appear in the solution at # > 0. The proved theorem on multiple frequencies established, in comparison
with the one-dimensional case, a more complex relationship between the frequencies of harmonics present
in the initial conditions and the frequencies of harmonics included in the solution at ¢ > 0. It follows from the
theorem that in this case the frequencies are separated both by independent variables and by the directions
of propagation of harmonics. The new theorem on multiple frequencies does not cancel, but only once again
confirms the presence of the so-called “silent chord” that has a place in musical works.
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YUCJIEHHOE MOJAEJINPOBAHHUE
TEINJIOBOI'O U HAIIPSI)KEHHOI'O COCTOSIHUS KOHTEMHEPA
N MACCHUBA OKPYXAIOIIUX TOPOJ

H. O. boposckuii

OI'VII «Poccwuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckoi pusuku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexxunck, Poccust

B HACTOAICS BPEM IJId U3O0JIALUUN PAOAUOAKTUBHBIX OTXOAOB OT 6I/IOC(1)epBI paccMaTpuBacTCd UX pas-

MelleHre B myHkTax nryournoro 3axopouenus (III'3PO). Ilenbio co3manus 00beKTa OKOHUATEIBHOW H30-
JISIIIAA SIBIISICTCS DKOJIOTMUYECKU OE30MacHOe U SKOHOMHUECKH MPUEMIIEMOE OKOHYATENILHOE yaaleHue T0JI-
TOKUBYIIUX pamuoakTHBHBIX 0TX070B (PAO) oT mepepaboTku oTpadoranHoro syepuoro torumsa (OT),
KOTOpbIe OyIyT pa3MeIarhcsl B KOHTeHHEepaxX B MOJA3EMHBIX BEPTHKAILHBIX CKBAXHUHAX, Ha IIyouHe ot 450
1o 525 m (puc. 1).

Puc. 1. Cxema pacnonoxxerust PAO B I1I'3PO

B npouecce xpaHeHus orpaHu4eHHbIN 0TBOA Teria oT PAO npuBOAUT K pa3orpeBy KOHTEHHEPOB U BMe-

maromeit nopofst [1-5]. IlpeaBapuTenbHble YUCIEHHBIE pacyeThl TEMIOBOIO COCTOSIHUS MacCHBa BMEINAI0-
IIMX [IOPOJ B MpOIiecce 3al0IHEHUs KaMep MoKa3ald, YTO MaKCUMaJlbHasl TeMIIEpaTypa JOCTUTaeTCs B I1e-
puoxn (50-70) et c Hawana 3anonHenus [1I'3PO u HabmiomaeTcst B HEHTpaIbHBIX CKBaXXKMHAX 8-1 KaMepsl [6].

I[J'I}l YTOYHCHUS TCIIJIOBOTO U HANIPAKECHHOTO COCTOAHUA B obmactu JTaHHOM CKBa’KHUHBI pa3pa60TaHa KO-

HCYHO-3JICMCHTHAA MOACIb KOHTeﬁHCpa C ACTAJIbHBIM ONMCAHUCM BCEX MHIKCHCPHBIX 6apLCpOB. B PE3YIb-
TaTe CACJIaH Nepexo OT OOJBIION MOJCIIN, HE y‘lI/ITLIBaIOIJ_ICﬁ 0COOEHHOCTHU reoMeTpun KOHTCI\/'IHepa, K 1101~
MOICIIN, y‘II/ITLIBaIOH_ICﬁ 0COOEHHOCTH KOHCTPYKIUH KOHTCﬁHepa.

IIo pe3yiibTaTaM pacu€ToB, CACIIAH BbIBOA, YTO MHKCHCPHLIC 6apLepLI KOHTCP'IHGpa 06na/:[a}0T J0CTaro4-

HBIM 3a11acoM IpOYHOCTH.

L.
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NUMERICAL SIMULATION
OF THE THERMAL AND STRESSED STATE
OF A CONTAINER AND SURROUNDING ROCK MASSIF

L O. Borovskiy

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Currently, storage of radioactive waste (RW) in geological repositories is considered as an efficient way
to isolate RW from the biosphere. The purpose of creating an ultimate RW isolation facility is the environ-
mentally safe and cost-effective ultimate disposal of long-lived radioactive waste resulting from the repro-
cessing of spent nuclear fuel (SNF), which will be stored in containers in underground vertical wells at the
depth of 450-525 m (Fig. 1).

Fig. 1. Layout of RW storage in geological repositories

During storage, limited heat removal from RW leads to heating of containers and the surrounding rock
formations [1-5]. The preliminary numerical calculations of the thermal state of the surrounding rock massif
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in the process of filling the storage cells with RW show that the maximum temperature is reached in the
period of 50—70 years from the beginning of filling the geological repositories and is observed in the central
wells of the 8th storage cell [6].

To refine the data on the thermal and stressed state in the area of the considered well, a finite-element
model of a container with a detailed description of all engineering barriers has been developed. As a result,
a transition has been made from a large-scale model that does not take into account the features of the con-
tainer geometry to a submodel that accounts for the specific features of the container design.

Based on the results calculations, it was concluded that the engineering barriers of the container have a
sufficient safety factor.
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BUKOMITAKTHBIE CXEMbI 1 UX TIPUJIOKEHUE
K4YUCJIEHHOMY MOAEJUPOBAHHUIO IMHAMUKHA NIEAJBHBIX
N BA3KUX I'A30B

M. JI. bpacun

WNuctutyt npuknagHoit matemaruku um. M. B. Kenasiima PAH, Mocksa, Poccus

MoCKOBCKHH (M3UKO-TEXHUICCKHA HHCTUTYT (HAITMOHAIBHBIN UCCIICIOBATEITILCKI YHUBEPCUTET),
Honronpynueiit, Poccus

BukoMnakTHbIE CXEMBI — 3TO KOHEUHO-OObEMHBIC-KOHEYHO-PA3HOCTHBIE CXEMbI C KOMITAKTHOH anmpoK-
CUMAIIMel TPOCTPAHCTBEHHBIX MPOU3BOJAHBIX Ha IIA0JIOHE, BKJIFOYAIOINIEM JBa IEJBIX y3Ja M0 KaXKIOMY
M3MepeHnIo. BrICOKUIT MOPSIIOK anmpOKCUMAIMU 1O MPOCTPAHCTBY (UETBEPTHIM, MIECTOM, BOCBMOMN) J10-
CTUTAETCs 32 CUET BBEACHHUSI JIONOJHUTEIBHBIX UCKOMBIX (DYHKIIUH. DTU CETOYHBIE ()YHKIIMH OTPEIEISIFOT-
Cs B MCXOIIHBIX IIEJBIX y3Jax [1] mu00o BO BCIIOMOTaTenbHBIX JPOOHBIX y3max [2]. Jlns 3ambikaHus cucte-
MBI Pa3HOCTHBIX YPaBHEHUI MPUBICKAIOTCS KOHEYHO-PA3HOCTHHIC AMMPOKCUMAIUU TH(PPEpEeHIIUATBHBIX
CJICJICTBUH peIllaeMOro ypaBHEHUs (WM CHCTEMbl YPAaBHEHWH) B YaCTHBIX NMPOU3BOAHBEIX. CaMo ke OHO
JUCKPETH3UPYETCSI METOJIOM KOHEYHBIX 00heMOB. B pamMkax MeToia mpsIMbIX alllpPOKCUMAITUH 110 BPEMECHH
Y TIPOCTPAHCTBY CTPOSTCSA HE3aBUCUMO JIPYT OT Apyra. J{Jis MHTErpupoBaHuUs MO BPEMEHU ITPUMEHSIOTCS
Metonbl Pyare—KyTTeL.
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BrukommnakTHbIE cXeMbl 001aJaf0T HECKOJIBKUMH TOCTOMHCTBAMU: YCTOHYHMBOCTD B IIMPOKOM JAWAIa30He
yrcen Kypanra (3a cueT HesIBHOH anmpoKCHMAIMY 110 BPEMEHH); SKOHOMHUYHOCTH (Onarofaps peain3anuu
JBYXTOUEUHBIMH MPOTOHKaMHM); COBMAJACHUE YMCIIa TPAaHUYHBIX YCIOBHH B Au(epeHInanbHOl H pa3Ho-
CTHOH MOCTaHOBKAX 3a/1auy (M3-32 MUHUMAJILHOTO Ia0I0Ha); JIydlllee CIeKTPaIbHOE pa3pelieHue 1Mo cpas-
HEHHIO C KJIACCUYECKUMH KOMITAKTHBIMHU cXeMaMH [3].

B noxnazne mpencrasieH 0030p pe3ysbTaToB, MOTYYEHHBIX MPH TECTUPOBAHUN OMKOMIAKTHBIX CXEM Ha
3aJa4ax MeXaHuKH raza. ONUChIBalOTCS OCHOBHBIE IPUHIMITBI HOCTPOSHHUS OMKOMITAKTHBIX CXEM JJIs THIIEp-
Oonnueckux [4] u mapabonuyeckux [5] ypaBHenuil. [IpuBonsTcs pe3ynbTaTsl pacdeTOB MHOTOMEPHBIX 3a/1a4
JUIs ypaBHEHU Diiepa, B TOM YHUCIIE O B3aUMOJEHCTBYIOINX YAAPHBIX BOJHAX [6]. JleMOHCTpHUpPYIOTCS BO3-
MOYXHOCTH OMKOMITAKTHBIX CXEM IPH pacueTax 3a7aq O pacupOoCTpaHEHUH AETOHAIMOHHBIX BOJH B HEBS3KOM
raze [7]. PaccmarpuBatoTcs OMkoMmakTHBIE cxeMbl il ypaBHeHni HaBre—CTokca (C ydeToM cXxMMaeMmoc-
TH U TEIJIONPOBOAHOCTH). AHANU3UPYETCS KaUeCTBO ITHX CXEM MPH MOIEIUPOBAHUN TEUCHUH, B KOTOPBIX
yAapHbIe BOJHBI M BUXPHU MPUCYTCTBYIOT OAHOBPEMEHHO M B3aUMOAEHCTBYIOT Mexay coboi. [IpoBoauTcs
CpaBHEHHE C IPYTUMH COBPEMEHHBIMU CXEMaMH BBICOKOTO mopsiaka. O0cykIaloTcs mpenMyiiecTsa OuKoM-
MAKTHBIX CXEM.

Pabora Beimonnena npu nognepxke rpanta PH® (mpoekt Ne 21-11-00198).
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BICOMPACT SCHEMES AND THEIR APPLICATION
TO NUMERICAL MODELING IN DYNAMICS
OF IDEAL AND VISCOUS GASES

M. D. Bragin

Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
Moscow Institute of Physics and Technology (National Research University), Dolgoprudny, Russia

Bicompact schemes are finite-volume-finite-difference schemes with a compact approximation of spatial
derivatives on a template that includes two integer nodes in each dimension. A high order of approximation
in space (fourth, sixth, eighth) is achieved by introducing additional sought functions. These grid functions
are defined at original integer nodes [1] or at auxiliary fractional nodes [2]. To close the system of differ-
ence equations, finite-difference approximations of the differential consequences of the governing partial
differential equation (or system of equations) are added. It itself is discretized by the finite-volume method.
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Within the method of lines framework, approximations in time and space are constructed independently.
Runge—Kutta methods are used for time integration.

Bicompact schemes have several advantages: stability over a wide range of Courant numbers (due to
implicit time stepping); efficiency (due to the implementation by two-point sweeps); the same number of
boundary conditions in the differential and discrete formulations of the problem (due to the minimal tem-
plate); better spectral resolution compared to classical compact schemes [3].

An overview of the results obtained in testing bicompact schemes on problems of gas mechanics is pre-
sented. The main principles of constructing bicompact schemes for hyperbolic [4] and parabolic [5] equa-
tions are described. The results for calculations of multidimensional problems for Euler equations, including
those for interacting shock waves [6], are presented. Capabilities of bicompact schemes are demonstrated
on problems of detonation wave propagation in an inviscid gas [7]. Bicompact schemes for Navier—Stokes
equations are considered (with compressibility and heat conductivity taken into account). The quality of
these schemes is analyzed when modeling flows in which shock waves and vortices are present simultane-
ously and interact with each other. A comparison is made with other modern high-order schemes. Superiori-
ties of bicompact schemes are discussed.

This study was supported by a grant from the RSF (project no. 21-11-00198).
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[Ipuponnsie Bocxoasmue 3akpydeHHbie notoku (B3I1): TopHano, Tpormuyeckue 1MUKIOHBI, OTHEHHBIC
BHXPH MPEIICTABIISIOT COOOM CIIOKHBIE U €Ile JOCTATOYHO Majio U3yYCHHBIC SBJICHUS C TOUKH 3PEHUS UX
BO3HMKHOBEHUS U MPOJIOJDKUTEIBHOTO (PyHKIIMOHUpOBaHus. Hane:xxHOe TeopeTHuyecKoe U3yYCHHE ITHX
MMOTOKOB BO3MOXHO TOJBKO C MCIOJB30BAHUEM CUCTEMBI ypaBHEeHHU ra3oBoil nuHamuku (CYI]]) npu
yuete nerictBus cui Tsokectu U Kopuonuca [1]. B cuny Henuneiinoctu CYT]] moctpoenue ee peieHuit
SIBJISIETCA TOCTaTOYHO TPYAOEMKUM. DTO U MOCIYXujio npuunHoi nuneapusauuu CYT]] Ha ee TOUHBIX
pemeHusix [2].

B nokxnazne npuBeneHa nuHeapu3zoBaHHas Ha 3ToM TouHOM pemeHuu CYIJ] mpu yuete cunesl Kopuonuca.
UucneHHoOe pelieHre CUCTEMBI IIPU COOTBETCTBYIOIIMX HAYAIbHBIX U TPAHUYHBIX YCIOBUAX, POBOIUIOCH
B pac4eTHOM O0JIACTH B BHJIC MPSMOYTOJIBHOTO MapaJuIeIeuIIea, pa3Mepbl KOTOPOTO COOTBETCTBYIOT pas3-
MepaM CpeAHero Mo MHTEHCUBHOCTU HUKIOHA [3]. Ero HMXKHSA TpaHb COBMAIaeT C MOBEPXHOCTHIO 3€MIIH.
UYepes kBajipaTHOE OTBEPCTHE B IICHTPE BEPXHEH I'paHU PacYCTHOM 00JIACTH MOJCIUPYETCS BEPTUKATBHBII
IJIaBHBIN MPOTyB BO3AYyXa.

3a HayaJbHBIC YCIOBUS MPUHUMAIOTCSI COOTHOIICHHMS, OTUCHIBAIOIINE MTOKOSAIIHICS aTMOC(EPHBIH BO3-
IyX, KOTOPBIE SIBISIFOTCS] TOYHBIM aHATUTHUECKUM PEILICHUEM JIMHEApU30BaHHON CUCTEMBI.

I'paHuyHbBIC YCIIOBUS 1) HCKOMBIX 4 (YHKIUI BEIOMPAIOTCS B MPEIIOI0KEHUH, YTO Ta3 U3 PaCUCTHOM
00J1aCTH MOXET BBIXOJUTH TOJBKO Yepe3 Ty YaCTh BEPXHEH TpaHH, IJIe OCYIIECTBISICTCS MPOAYB, a BXOIUTh
TOJILKO Yepe3 OOKOBBIE TPaHHU.

Bce KOMIIOHEHTHI BEKTOpa CKOPOCTH Ha YEThIpeX OOKOBBIX I'PAHSIX PACCUUTHIBAIOTCS U3 YCIOBUS HEMpe-
PBIBHOCTH. DTO 03HAYAET, YTO BO3JYX MOXKET IIEPECEKaTh BCe OOKOBBIC TPAHUYHBIC TTOBEPXHOCTH PACUCTHOM
obnacTu.

B noknane ananusupyeTcs MOBEACHUE CKOPOCTH 3BYyKa M TPEX KOMIIOHEHT BEKTOpa CKOPOCTH Tas3a Ha
Pa3IUYHBIX BBICOTAX U B PA3HBIE MOMEHTHI BPEMEHH.

BOnu3u reoMeTprueckoro MEeHTpa PacueTHOW OOJNACTH BO3HUKAIOT BCTPEYHBIC U Pa3BEACHHBIC B IPO-
CTPaHCTBE MOTOKHU ra3a, YTO PaBHOCHIBHO BOSHUKHOBEHHUIO BOKPYT BEPTUKAIBLHOM OCH 3aKPYUEHHOTO B TIO-
JIOKUTENHHOM HAIPABICHUU ABUKECHUS YaCTHUII Tasa.
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NUMERICAL SIMULATION OF RISING SKEWED STREAMS
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'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’MEPI National Nuclear Research University’s Snezhinsk Physicotechnical Institute, Snezhisnk, Russia

The naturally rising skewed streams — tornado, tropical cyclones, or fire whirls — are sophisticated and
still poorly understood phenomena as to their initiation and duration. A sound theoretical consideration of
these phenomena is only possible through the use of a system of hydrodynamics equations which include
gravity and Coriolis force [1]. The system is nonlinear and hence difficult to solve. Just this is the reason for
our linearization of the system on the basis of its exact solutions [2].

The paper presents a linearized system of hydrodynamics equations with Coriolis force. The system
with appropriate initial and boundary conditions was solved in a domain defined as a box whose size
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corresponded to that of a cyclone of a moderate intensity [3]. The lower plane of the box coincides with the
Earth surface. Its upper plane has a square hole through which the air is vertically blown.

The initial conditions are relationships which describe atmospheric air at rest; they are the exact analytical
solution of the linearized system.

The boundary conditions for the sought 4 functions are chosen from the assumption that gas leaves the
box only through the hole in its upper plane and enters it only through its side planes.

All velocity vector components on the four side planes are calculated from the continuity condition. This
means that air is allowed to pass through all side boundaries.

We analyze the behavior of the sound velocity and three components of the gas velocity vector at different
altitudes and times.

Near the geometrical center of the domain, there appear counter and spatially separated gas flows, which
is equivalent to the formation of a positively skewed stream of gas around the vertical axis.
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2. M. Bazues, C. FO. Ky3omun, C. H. Jlebeoes, E. M. Pomanosa, JI. B. Cokonos, A. A. Illecmaxos

OI'VII «Poccuticknii @enepanbubiii Anepusriii Lleatp — Beepoccniickuit HUU texanueckort hpuznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexunck, Poccus

Joknan mocBsiiieH BOCEMHUACCATHIIATHIETHEMY oOmiero npodeccopa A. Jl. I'amxueBa U cogepKuUT
Kpatkuii 0030p ero padotr. Axmen Hanrarosuy ['amkues npopadoran B POSL] — BHUUT® Goxee 60 ner,
¢ 1960 no 2022 roxpl. 3a 3TO BpeMs 0] €r0 PyKOBOJICTBOM M IPH €r0 HEMOCPEACTBEHHOM Y4acTHU OBLIO
CO3/1aHO MHOYKECTBO YHCJIEHHBIX METOMK U KOMIUIEKCOB NPOrpaMM, MPEIHA3HAYEHHBIX JUIsl pEIICHUs ypaB-
HEHUI MaTeMaTHYeCKOW (PU3HKH.

[lepBoie paboter A. JI. T'amkueBa ObUTH MOCBSIIEHBI PELICHUIO YpaBHEHUs IepeHOCa HEUTPOHOB
(cMm., Hampumep, [1]). 3aTeM MOSBUIMCH PaOOTHI, CBSI3aHHBIE C PEIICHHEM YpaBHEHHWH ra3oBOd AMHAMU-
KH, TETUIONPOBOIHOCTH [2—7] W mepeHoca U3Ny4YeHHs B pa3IUYHbIX npuOmmkeHusx [8—11]. B GonbiimH-
cTBe paboT HCHOIB3YIOTCS CXEMBI «POMOUYECKOTO» THIIA, KOTOPhIE 3aHUMAIOT 0co0oe MecTo B paboTax
A. JI. Tamxuesa.

3a Bpems pabotel B POSL] — BHUUT® A. [I. ['ampkueBbiM B COaBTOPCTBE C yUYSHUKAMU OBbLIIO HATTCAHO
oxosio 200 Hay4HBIX paboT, MOCBSILEHHBIX CO3JAHUIO YHCIEHHBIX METOAOB M OOOCHOBAHHIO MX CBOMCTB.
[opsiaka 40 paGoT ObUTO OMYOIMKOBAHO B PAa3IMYHBIX )KypHaJIaX. 3HAYUTENIbHAS YaCTh CO3aHHBIX METOIOB
MPOJIOJDKAET UCIOJIb30BAThCS U Pa3BUBaThcs B MaTeMaTuyeckoM otaeneHud POAL - BHUNUTO.
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The paper celebrates the eighty-fifth jubilee of Professor A. D. Gadzhiev. It gives a brief overview of his
research work. Akhmed Gadzhiev worked more than 60 years at RFNC — VNIITF, from 1960 to 2022. Dur-
ing those years he participated in and guided the development of numerous techniques and codes for solving
equations of mathematical physics.

Akhmed Gadzhiev started with neutron transport (see, for example, [1]) and then went on to hydrodynam-
ics and radiative heat transfer [2—7] in different approximations [8—11]. Most of his developments are based
on diamond-type schemes which take a particular place in his research work.

During his work at RFNC — VNIIT, Gadzhiev published in co-authorship with his fellows about 200 sci-
entific papers devoted to the development of numerical techniques and validation of their properties. About
40 papers were published in different journals. Many of these techniques are still in use and further develop-
ment at the mathematical division of RFNC — VNIITF.
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BbIBOJI JU®PEPEHIIUAJIBHBIX YPABHEHU
PACUETA NIEAJBHOTI'O KACKAIA IJISA PA3JAEJIEHUA
MHOTI'OKOMIIOHEHTHOM CMECH

O. E. Anexcanopos', B. M. I'adenvuun'>

1YpaJILCKI/H‘/'I Oenepansubiii YHEBepcuTeT uM. b. H. Enpiinaa, ExarepunOypr, Poccust
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Pa3,I[CJ'IeHI/IC cMecei ¢ ABYMS U 0oJ1ee KOMIIOHEHTAMU SIBJISCTCS aKTyaﬂbHOﬁ 3a):[aqeﬁ COBPEMCHHBIX TCX-
HOJIOTUYECKUX TTPOLICCCOB [1, 2] Oco0kIit HUHTCPEC B 3TOM BOIIPOCE MPEACTABIAOT TCXHOJOTUU PA3ALCIIC-
HHUA U30TOIIOB, Ba)KHOHM 4acThIO OpraHuv3alnu KOTOPLIX ABJIACTCA MOCTPOCHUEC PA3ACIUTCIBHOTO KaCcKaaa.
I_[CJ'IB CO3JaHuA KaCkaga, a UMCHHO COCAMHCHUA MHOXCCTBA CAMHUYHBIX PA3ACINTCIIbHBIX 3JICMCHTOB I1O
HeKOTOpOfI CXEMCE, O6y0J'IOBJ'IeHa MaJIbIM 060FaH_ICHI/IeM npu pa60Te OJHOI'0 pa3ACJIMUTCIbHOTO 3JIEMCHTA
", KaK CJICACTBHC, H606XOI[I/IMOCTLIO MHOTOKpPAaTHOI'O0 MOBTOPCHUSA IIpoLecCa pasACICHUA AJId MOJTYy4YCHUA
JKeJaeMoi CTereHu O6OI‘aH.[eHI/I}1. HpI/I 9TOM OCHOBHBLIM YCJIOBUCM BLI60pa CXEMbI COCAMHCHHUA KacKaaa cTa-
HOBUTCS JOCTHKCHHE MaKCHMaJbHOM S(bq)CKTI/IBHOCTI/I, T. €. IOJIYUYCHUC HY)KHOI‘/'I BCIINYHMHBI O6OFaI.LI€HI/I$I
C IOMOUIIbI0 MUHUMAJIBHOI'O 4YHCJia PA3ACIIUTCIIbHBIX 3JICMCHTOB. B TCOpUU PA3ACIICHUA NBYXKOMIIOHCHT-
HBIX, 6I/IHapHLIX cMecei 3To YCJIOBHUE BBIMOJHACTCA AJId TAK HA3bIBAEMOT'0 «UACAJIBHOI0» MU «HECMCHIN-
BarOIICTO» KaCKajJid, B KOTOPOM OTCYTCTBYCT CMCIICHUC ITIOTOKOB C paBJ’IH‘IHOfI KOHLICHTpaLIHCfI.
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Puc. 1. Cxema HeCMETIMBAOMIETO KACKaa IS pa3AeiCHUs TPEXKOMIIOHEHTHOH CMeCcH

AHasoruuHas KOHIEIHs «UAeaJbHOro» Kackaga AJs pa3lesieHHss MHOTOKOMIIOHEHTHOH cMmecH Oblia
npeAcTaBlIeHa paHee B paborax [3], oAHAKO BOBMOKHOCTb CYIIECTBOBAHHS TAKOTO TEOPETHIECKOTO OOBEKTa
Bce elle 00CyKaaeTcs U3-3a MEIOIIUXCSI TPAaKTUUECKUX orpaHuueHuii [4]. B nokmane OyayT paccMOTpeHbI
OCHOBHBIE [TOHATHA TEOPUM pa3eieHNs B Kackajax sl MHOTOKOMIIOHEHTHOH cMecu. Ha mpumepe kackana
IUIsl pa3fesieHus] TPEXKOMIIOHEHTHOH cMecH (puc. 1) mpeacTaBieH BBHIBOA OCHOBHBIX IU(PepeHINANbHBIX
ypaBHEHUH pacueTa KOHIEHTpAI[MN BO BHYTPEHHMX MTOTOKaX Kackaza, JaH aHaJlu3 COOTBETCTBUS NOJTyYeH-
HBIX PE3YJBTAaTOB KJIIACCHYECKOMY CITy4ar0 OMHApHOTO WICabHOTO KacKaa.
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DERIVATION OF DIFFERENTIAL EQUATIONS FOR CALCULATION
OF THE “IDEAL” CASCADE FOR MULTICOMPONENT
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O. E. Aleksandrov', V. M. Gadelshin"*
'Ural Federal University B. N. Yeltsin, Yekaterinburg, Russia
’Institute of Industrial Ecology UB RAS, Yekaterinburg, Russia

The separation of mixtures with two or more components is a relevant task of modern technological
processes [1, 2]. Of special interest are the isotope separation technologies, which require a construction
of a separating cascade. The purpose of a connection of several single separating elements according to a
certain scheme, the cascade, is determined by a small enrichment achieved with one separating element and,
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as a consequence, by the necessity to repeat the separation process multiple times till the desired enrichment

have been achieved. Moreover, the choice of a cascade scheme is defined by a maximum efficiency, i.e. the

achievement of the desired enrichment with a minimum number of separating elements. In the theory of

separation of two-component or binary mixtures, the maximum efficiency can be achieved with the so-called
“ideal” or “non-mixing” cascade, in which there is no mixing of flows with different concentrations.
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Fig. 1. The scheme of non-mixing cascade for ternary mixture separation

An analogue of the “ideal” cascade for multicomponent mixture separation was introduced earlier in [3],
but the nature of such theoretical object is still under discussion due to existing practical limitations [4]. This
report is going to describe the main concepts of the cascade theory for multicomponent mixture separation.
Based on the case of ternary mixture separation (fig. 1), the derivation of main differential equations for con-
centration calculations in internal flows of the cascade will be presented, and the analysis of the comparison
of obtained results with the binary “ideal” cascade will be given.
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O CTABWJIN3AIIMU SIBHOU CXEMBbI PEHLIEHU S
CUCTEMBbI YPABHEHUH JTYUUCTOT'O TEILNIOOEMEHA
B IN®D®Y3ZNOHHOM NPUBJINKEHUU

b. H. qemeepymkuﬂl, O. I Onvxoeckas', B. A. [acunos', P. I Mocxkanenxo"?

1CDez[epaanoe rocylnapcTBeHHOE yupexaeHue «DeaepaibHblil uccienoBarenbckuit enTp MHCTUTYT
npukiaaHon maremaruku uM. M. B. Kennbima Poccuiickoit akanemuu Hayk», MockBa, Poccus

2
denepanbHOE rOCYJapCTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE YUPEIKAECHHE BBICIIET0 00pa30oBaHUs
«MoCKOBCKUH (PH3UKO-TEXHUYESCKII HHCTUTYT (HALIMOHANBHBIN HCCIIEA0BATEIbCKUN YHHBEPCUTET),
Mocksa, Poccus

OnHuM u3 HanboIee MOMy SIPHBIX TOAXOA0B K PACUETy TEIIOBOTO U3Ty4EHHsI IUIOTHOW BBICOKOTEMIIEpa-
TYpPHOH TJ1a3MBbl SIBJISIETCSI pellieHHe ypaBHEHUs iepeHoca B popme «auddys3un» nziayueHus. Moaens aud-
(y3un HapsAQy ¢ TMHEWHOW 3aBHCUMOCTBIO MTOTOKA JTYYHCTOW SHEPTUHU OT TPaJHeHTa TeMIIEPaTyphl CPEIb
BKJIIOUaeT TOYHOE ypaBHEHHE OanaHca YHEPTUH, YTO 00ECIeUnBaeT el IUPOKYI0 00IacTh MIPUMEHHUMOCTH.
BosmoxxHOCTB Hcnionb3oBanus Audhy3HOHHOM Moen 000CHOBaHA JINIIB IS CPEA, HAXOAALIUXCS B COCTOS-
HUH JIOKaJbHOTO TEPMOAMHAMHYECKOTO paBHOBECHs. PacmpocTpaHeHHbIE MOTyIMIUpUYecKre Moauduka-
UM «TPaJUCHTHOT0» MPUOIMKEHUS AJISl TIOTOKA SHEPIUH, U3BECTHBIE KaK KOPPEKLHS JTyYHCTOrO MOTOKA
sHepruu (Merox ¢daxTopa DANMHITOHA U T. 1) JenaioT Au((Y3MOHHYIO MOAEb CYIIECTBEHHO 3aBUCHMOM
OT KOHKpETHBIX ycinoBuil. [Ipeanaraemele B HayqHOH JINTEpaType JIOKAJIbHbIE 3aMbIKaHMs Yallle BCEro OCHO-
BaHBl HA MOHOTOHHBIX HHTEPHOJISIIUAX MEXKAY TUPPY3UOHHBIM MPEETIOM U TPENEIOM, COOTBETCTBYIOIINM
MaJIOH ONTHYECKOH TonmmHbl. KoppekTupyroume (Gpakrtopsl, Kak MNpaBUIO, HENWHEHHO 3aBUCAT OT Mapa-
METpPOB M3Iy4arolled cpelpl, U BBIUUCIAIOTCA B COOTBETCTBUH C JIOKAJIBHBIMU NapaMeTpamMy BBUAY YETO
pellIeHre COOTBETCTBYIOIINX YPaBHEHHUH JYYHCTOTO TEmIooOMeHa TpeOyeT MPUMEHEHHsI UTePaldOHHBIX
npoueayp. CXoAMMOCTh TaKOTO pojia UTEpaLMii BO MHOTHX CIy4asX ¢ TPYIOM MOAJAeTCs TEOPETUIECKOMY
ob0ocHoBanuio. Kpome Toro, kak 0TMe4ajoch B JUTEpaType MO JaHHOW mpobieMe, HeJMHEHHAs KOPPEeKLIUs
JYYHCTOTO MOTOKA MOXET MPUBOAUTH K HE(PU3UUECKHM «CKauKaM» MapaMeTpoB B TEUCHUH H3ITydaroleit
CpenBbl.

[Ipecnenys nens pa3paboTKK NapasieIbHBIX AITOPUTMOB U IPOrPaMMHOT0 00eCTICUeHHs PELICHNUS 3a1ad
panuanroHHON THAPOJMHAMHUKH, B YACTHOCTH, (PU3MKHU TI1a3MBl BEICOKOH MJIOTHOCTH SHEPTUH, B YCIOBHAX
CHJILHO MEHSIOIICHCS U3TydaTelIbHON CIIOCOOHOCTH M MPO3PauyHOCTH MIa3MEHHOM Cpepbl, ejecoo0pa3eH
MOWCK alIbTePHATUBHBIX MOAXOAO0B K perynsapu3aunu 1ud@y3noHHbIX Moneneld. OnuH U3 TaKUX MOAXOIO0B
npeanaraercs B HacTosel padore. OCHOBY ero cocraBisieT Moaudukanus TuQQy3nOHHON MOAEIH MyTeM
BBEICHUS TMIIEPOOTM3UPYIOIIEH MONPAaBKH. DTOT IPUEM PaHee C YCTIEXOM MIPUMEHSIICS IS peTyIsipr3aun
pelleHrs] ypaBHEHHUs TEIUI000MEHa B MPHOMMKEHUH JTyYHUCTOH TEIIonpoBogHOCTH. Ha 3ToM myTr BO3MOX-
HO TIOCTPOEHHKE SBHOM CXEMBbI, YIOOHOH IJisl peaqu3alliy B BUAE MapajuleIbHON METOAUKH. PaccMoTpeHs
MIpUMEpPHI PEIIeHUs psAfa MOAEIBHBIX 33Ja4d ISl CPel C CYLECTBEHHO MEHSIOLIEICS ONTUYECKOM MIOTHOC-
TbI0. BBINOTHEH psA BBIYMCIUTENBHBIX 3KCIIEPUMEHTOB, B KOTOPHIX CPaBHUBAJINCH PA3INYHBIE METOIU-
ku orpannueHus [IpoBeneHsl cpaBHeHUs pa3paOOTaHHONW METOOMKH C Pa3MTUYHBIMH METOAaMH JTUHEWHON
W HEJIMHEHHOH KOPPEKLUUH JTYYHCTOTO MOTOKA, MOATBEPKAAIONINE BEIYUCIUTENbHYIO 3(QEKTUBHOCTE.

Pabora nopnep:xkana rpanrom PH® 21-11-00362.
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ON THE STABILIZATION OF THE EXPLICIT SCHEME
FOR SOLVING THE SYSTEM OF RADIANT HEAT TRANSFER
EQUATIONS IN THE DIFFUSION APPROXIMATION

B. N. Chetverushkin', O. G. Olkhovskaya', V. A. Gasilov', R. D. Moskalenko"*

nstitute of Applied Mathematics. Keldysh RAS, Moscow, Russia
2Moscow Institute of Physics and Technology, Moscow, Russia

One of the most popular approaches to calculating the thermal radiation of a dense high-temperature
plasma is the solution of the transport equation in the form of radiation “diffusion”. The diffusion model,
along with the linear dependence of the radiant energy flux on the medium temperature gradient, includes
an exact energy balance equation, which provides it with a wide range of applicability. The possibility of
using the diffusion model is justified only for media that are in a state of local thermodynamic equilibrium.
Common semi-empirical modifications of the “gradient” approximation for the energy flux, known as the
correction of the radiant energy flux (Eddington factor method, etc.) make the diffusion model significantly
dependent on specific conditions. The local closures proposed in the scientific literature are most often
based on monotonic interpolations between the diffusion limit and the limit corresponding to a small opti-
cal thickness. Correcting factors, as a rule, depend nonlinearly on the parameters of the radiating medium,
and are calculated in accordance with local parameters, which is why the solution of the corresponding
radiant heat transfer equations requires the use of iterative procedures. The convergence of such iterations
in many cases is difficult to justify theoretically. In addition, as noted in the literature on this problem, a
nonlinear correction of the radiant flux can lead to non-physical “jumps” of parameters in the flow of the
radiating medium. Pursuing the goal of developing parallel algorithms and software for solving problems
of radiation hydrodynamics, in particular, high-energy plasma physics, under conditions of strongly chang-
ing emissivity and transparency of the plasma medium, it is advisable to search for alternative approaches
to the regularization of diffusion models. One such approach is proposed in this paper. It is based on the
modification of the diffusion model by introducing a hyperbolic correction. This technique was previously
successfully used to regularize the solution of the heat transfer equation in the approximation of radiative
heat conduction. On this path, it is possible to construct an explicit scheme, which is convenient for imple-
mentation in the form of a parallel technique. Examples of solving a number of model problems for media
with significantly varying optical density are considered. A number of computational experiments were
carried out in which various methods of limitation were compared. Comparisons of the developed method
with various methods of linear and nonlinear correction of the radiant flux were carried out, confirming the
computational efficiency.

This work was supported by the Russian Science Foundation grant 21-11-00362.
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AJITOPUTMBI U OCOBEHHOCTHU NPOI'PAMMHOM PEAJIU3AIIUU
B ITAKETE YPC-O® MOJYIMIUPUYECKOW MOJIEJIN
U POKOJAUANA3OHHBIX YPABHEHU COCTOSIHUA POCA-M®U

A. C. [anunos, /. I I'opoees, O. H. Illymununa, U. H. Apanos

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepoccuniickuit HUU skcnepruMenTanbHoi
¢uzukm», Capos, Poccus

Jlnist perieHst MHOTHX MPUKIAIHBIX 337184, CBSI3aHHBIX C MOJICIMPOBAHUEM JIBHIKECHHS CKUMACMBIX CPE/I,
HeoOxoauMbl ypaBHeHus coctosiaust (YPC), onuceiBaromiye moBeAeHNE dTUX CPell, Kak B OHO(A3HBIX 00-
nacTax (a3oBoil quarpaMmel, Tak U MPH (Ha3oBBIX MEPEXoaax, B 00JacTAX, T/Ie BEIECTBO HAXOIUTCS B BUJIE
cMmecH das.
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B noxnazne npuBOAXTCS OMKCAHKUE alTOPUTMOB, PEATH3YIOIIUX BEIYUCICHUE TEPMOINHAMUYECKUX (DYHK-
it (TAD) s nomysmnupuaeckoid mofenu mupokoauana3zoHHex Y PC POCA-M®U, u ocoberHOCTEH HX
nporpammHoi peanu3saiuu B makere Y PC-O® [1-3]. Monens POCA-M®U npexncrapnser codoit pa3Butue
panee co3ganHor moaenu YPC POCA-MMU [4-5] u TONOTHUTENBHO YUUTHIBAET U3MEHEHHUE TEPMOIUHAMU-
YecKuX QYHKIMN Ipu (a30BOM Iepexoie TBEpA0e TeN0-KUIAKOCTh (IIaBieHnn). Bo3aMoXHOCTH MOozAeH 1o
ormmcanuto TJID B obnacTH miaBiieHus oka3aHel Ha npumepe YPC menu [6].

B POCA-M®U BeifeneHsl ABe OTAENbHBIE (PYHKINOHANBHBIEC 3aBUCUMOCTH IJIsl OMMCAHKS TEPMOIUHA-
MHUYECKUX CBOMCTB TBEPAOH M XKHUIKOH (B TOM 4mcie mapoodpasHoi) ¢a3 BemiectBa. Paspaboransl anro-
puTMBI BbruucieHus T/Id nns mepeMeHHBIX IUIOTHOCTh-TEMIEPATypa, MIOTHOCTb—Y/ENbHAs BHYTPEHHSAA
SHEPrus U IIOTHOCTh—/IaBJICHHUE.

s onucanus paBHOBECHBIX (ha30BBIX MEPEXONOB JKUAKOCTH—TIAP U TBEPAOE TEIO—KHIKOCTh HCIIOJb-
3yeTcsl OTHAENbHBINA MPOrpaMMHBIA MOIYNb («ABYX(pa3sHBIA MOAYIbY), aNTOPUTMBI KOTOPOTO HE 3aBHCAT OT
¢dopmel Mmogenn YPC u no3Bomsttor paccunthiBarh T/ Ha rpaHunax u BHyTpH (a30BBIX MEPEXOIO0B C HC-
MOJIb30BaHUEM (YHKIIMOHAJIBHBIX 3aBUCHMOCTEH, OMMCHIBAIOIINX CBOKWCTBA (a3 BEIIECTBA.

[Iporpammuas peanuzanus monenu YPC POCA-M®U u «aByx¢pazHOro MOAYIIsH» BBHIIIOJTHEHA Ha SI3BIKE
nporpammupoBanust FORTRAN ¢ ucnonb3oBaHneM BEKTOPU3YEMBIX KOHCTPYKIMHA B MYJIBTHAPXUTEKTYp-
HOM 3TanoHHoM (opmare (MO®). DxBuBaneHTHbIE TpeoOpazoBanuss MOD B mporpaMMsl, yUUTHIBAIOLINE
ocobenHoctH Beraucnurenein MIMD, SIMD u GPGPU-apxuTtekTyp, BBIIIOTHAIOTCS C UCTIOJIB30BAHUEM CIIe-
OUaIBHO pa3pabOTaHHOTO MPENPOLEccopa.
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ALGORITHMS AND FEATURES OF SOFTWARE IMPLEMENTATION
IN THE URS-OF PACKAGE OF A SEMI-EMPIRICAL MODEL OF
WIDE-RANGE EQUATIONS OF STATE ROSA-MFI

A. S. Danilov, D. G. Gordeev, O. N. Shumilina, 1. N. Arapov

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

To solve many applied problems related to modeling the motion of compressible media, equations of
state (EOS) are needed that describe the behavior of these media, both in single-phase regions of the phase
diagram and during phase transitions, in the regions where the substance is in the form of a mixture of
phases.

The report describes the algorithms that implement the calculation of thermodynamic functions (TDF) for
the semi-empirical model of wide-range ROSA-MFI EOSs, and the features of their software implementa-
tion in the URS-OF package. The ROSA-MFI model is a development of the previously created ROSA-MI
EOS model and additionally takes into account the change in thermodynamic functions during the solid-
liquid phase transition (melting). The capabilities of the model for describing TDF in the melting region are
shown using the EOS of copper as an example.

In ROSA-MFI, two separate functional dependencies are distinguished to describe thermodynamic prop-
erties of the solid and liquid (including vaporous) phases of a substance. Algorithms have been developed
for calculating TDF for such variables as density-temperature, density-specific internal energy and density-
pressure.

To describe the liquid-vapor and solid-liquid equilibrium phase transitions, a separate software module
(“a two-phase module”) is used, the algorithms of which do not depend on the shape of the EOS model and
allow calculating the TDF at the boundaries and inside phase transitions using functional dependencies that
describe the properties of the phases substances.

The software implementation of the ROSA-MFI model and of the “two-phase module” is carried out
in the FORTRAN programming language using vectorizable structures in the multiarchitecture etalon
format (MEF). Equivalent transformations of the MEF into programs that take into account the features
of MIMD, SIMD, and GPGPU architecture computers are performed using a specially developed pre-
processor.
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CONNPAKEHUE YUCJIEHHBIX METOJA0B B PAMKAX EJIUHOI'O
KOMIIVIEKCA ITPOI'PAMM

C. A. /lbsiuxos, P. B. Mypamos, C. IO. I pucopves

OI'VII «Beepoccuiickuid HayqYHO-UCCIEI0BaTENbCKUI HHCTUTYT aBToMatuku umeHu H. JI. Tyxosay,
Mocksa, Poccus

MopnenupoBaHue 3afa4 MEXaHUKH CIUIOLIHON cpeabl MoTpeOsseT OONBIIYI0 YacTh BBIYUCIUTEIBHBIX
pPECYpPCOB COBPEMEHHBIX CYNEPKOMIIBIOTEPOB. JMCKpeTH3alus KOHTHHYaJIbHOIO IPEICTABICHUS CPEIbL
MOXeT OBITh 3a/laHa B BUJE CTATUYHOW CETKH M3 NPUMHUTHBHBIX fueek (moaxon Diiepa), MeXIy KOTOPHI-
MH PaCCUUTHIBAIOTCS MOTOKHA MAcCChl, UIMITYJbCa M SHEPTHH, & TAKXKE B BUAE MOABIKHON ehopMHUpyeMO
cetku (moxxon Jlarpanxka), rae Macca sUeeK OCTaeTcs MOCTOSHHOM. [Ipu pemeHnn 3amad ¢ CUIBHBIMH
rpaMeHTaMH JaBJICHUS U MOTEpel CIUIOIIHOCTH MaTepHajoB TaKKe IMIMPOKO MPUMEHSIETCsI OeCcCeTOUHBIN
JarpaHXeBblil MeToJ] crakeHHbIX YacTull SPH, rae muckperusanusl CIUIOIIHON cpenbl Jaetcs HabopoM
MaTepUalbHbIX TOYEK C 3aJaHHBIMU B HUX 3HAYEHUSMMU IOJIEBBIX BEJIMYUH, KOTOPBIE AlllIPOKCUMUPYIOTCS
B OKPECTHOCTH 3THX TOYEK C IMOMOILIBI0 KOMIAKTHBIX CIIaKUBAarOIIMX QyHKOmA. Kaxnplii n3 moaxoaos
AMEET CBOM IPEUMYIIECTBA U HEAOCTAaTKU U IPUMEHSETCA JJI1 COOTBETCTBYIOLIErO Kiacca 3aaad. Ilpu-
MEHEHHE ITUX METOIUK B KOMIUIEKCE MOXKET CYIIECTBEHHO PACLUIMPUTh BO3MOXHOCTH BBICOKOIIPOU3BOIU-
TEJILHOT'O MOJEIUPOBAHMSL.

ABTOpamMH JaHHOH paboThl pa3paboTaHa apXUTEKTypa MPOrPaMMHOTIO KOMILIEKCa, KOTOpasi MO3BOJSET
WCIIOJIb30BaTh BMECTE WM Pa3elbHO CETOYHbIE W OecCeTOYHbIe YHCICHHBIE MEeTOAbl. B ocHOBe airopur-
MOB COIPSIKEHUS JIEKUT BO3MOXHOCTh JUHAMUYECKU ONPEACIIATH THII AIEMEHTA NJUCKPETU3ALUY, 4 pacdyeT
(u3nMUecKrX BEIMYUH ONpenesieTcs MyTeM MePEeUHTEPIOSLIUN 3HAaYeHUH MEX Y Pa3lNuYHbIMU MPEICTaB-
nenusimu. Tak, 11t conpspkenus: Mexay yactuiamu SPH u siinepoBoii ceTkolt ucmomnb3yercs uHTepdeiic,
aHaJIOTHYHBIN OMUcaHHOMY B pabote [1], HO TOMOTHEHHBIH BO3MOKHOCTHIO MOJAEIHPOBaHHUS MHOTOMaTe-
puanbHbIX TedeHui. Conpskenne Mexay meroqoM SPH u marpan)xeBoil CeTKON OCYLIECTBISETCS C IOMO-
LIBIO IOAXO0/1a, AaHAJIOTHYHOTO OMKMCAaHHOMY B padoTte [2]. CxematnuHo HHTEp(EHCH CONpsKEHUs MPEACTaB-
JeHsl Ha puc. 1. B noxmane mpeacTaBieHbl apXUTEKTYPHBIE PELIEHMs, NO3BOJAIOUINE MPOBOAUTH TAKOTO
poza CONpsKeHWE METOAMK, a TakKe PacCMOTPEH psAA MOAENBHBIX 3adad. OOCyKAaloTcsl MPeUMyILEeCTBa
U HEZIOCTATKHU NPEMJIOKEHHBIX aITOPUTMOB CONPSKEHUS YUCIEHHBIX METOJ0B.
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Puc. 1. a, 6 — unaTepdeiic conpspkeHNs CETOHOM ditnepoBoit obmactu ¢ metorom SPH. B obmacts BHpTyamsHBIX
staeek (ghost cells) mponcxoauTt nepenHTEpIONAINS JaHHBIX YacThll (ordinary particles), B To BpeMs Kak B 001acTi
npuUrpaHIYHBIX s4deek (border cells) Bo3HUKarOT BUpTyaIbHBIC YacTUITH (ghost particles). 6 — siaelikam J1arpamKkeBon

CEeTKHM BOJIM3M KOHTAKTHOM I'PaHULBI IIPHIMCHIBAIOT BCrioMoraresibabie SPH 4acTuipl, KoTopble IPUHUMAIOT
(bu3nYeCKHe CBONCTBA TUX TYECK, M KOTOPHIE IIO3BOJISIOT IIPOBECTH MPOLENYPY COINIACOBAHUS.
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COUPLING OF NUMERICAL METHODS
IN A UNIFIED COMPUTER PROGRAM

S. A. Dyachkov, R. V. Muratov, S. Yu. Grigoryev
Dukhov Research Institute of Automatics (VNIIA), Moscow, Russia

Modeling of continuum mechanics problems consumes most of the computational resources of modern
supercomputers. The discretization of the continuum representation of the medium can be specified in the
form of a static grid of primitive cells (Euler approach), between which the mass, momentum, and energy
flows are calculated, as well as in the form of a movable deformable grid (Lagrange approach), where masses
of cells remain constant. When solving problems with strong pressure gradients and loss of continuity, the
meshless smoothed particle Lagrangian method SPH is also widely used, where the discretization of a con-
tinuous medium is given by a set of material points with given values of field quantities in them, which are
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approximated in the vicinity of these points using compact smoothing functions. Each of the approaches has
its advantages and disadvantages and is applied to the corresponding class of problems. The application of
these techniques in combination can significantly expand the possibilities of high-performance modeling.

The authors of this study have developed a software architecture that allows using mesh-based and mesh-
less numerical methods together or separately. The coupling algorithms are based on the ability to dynami-
cally determine the type of discretization element, and the calculation of physical quantities is determined by
reinterpolating values between different representations. Thus, for the coupling between SPH particles and
the Eulerian mesh, an interface similar to that described in [1], but augmented with the ability to simulate
multi-material flows, is used. The coupling between SPH and the Lagrangian mesh is done using an ap-
proach similar to that described in [2]. The scheme of the coupling interfaces is given in fig. 1. The report
presents architectural solutions that allow to carry out this kind of coupling of techniques, and also considers
a number of modeling problems. Advantages and disadvantages of the proposed algorithms of numerical
methods coupling are discussed.

b c
Fig. 1. a, b — Interface of the mesh-based finite volume Eulerian method with the SPH method. In the area of virtual
cells (ghost cells) these particles (ordinary particles) are re-interpolated, while in the area of boundary cells virtual
particles (ghost particles) arise. ¢ — Lagrangian grid cells near the contact boundary are assigned with auxiliary SPH
particles, which take physical properties of these cells and allow to carry out the matching procedure.
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BO3MOKHOCTH ITIOCTPOEHUSA NOBEPXHOCTHBIX CETOK
B PAMKAX IIOJATOTOBKHW PACUETHBIX MOJIEJIEH
IIPU PEIHEHUHA 3AJJAY ADPO- U TUAPOJAUHAMUKU
B HAKETE ITPOI'PAMM «JIOT'OC»

E. O. Escmugpeesa, O. H. bopucenxo, /[. M. I[lankpamos, T. B. [[anxo, A. U. [llasxumounosa

OI'VII «Poccuiickuit @enepanbubiii Anepubiit [entp — Beepoccuiickuit HUM skcniepumeHTanbHOM
¢msuku, Capos, Poccus

[TonroroBka Kk MPOBEACHUIO MOACTUPOBAHUS (PU3NUCCKUX TPOIIECCOB TCUCHUS JKUIAKOCTH U ra3a IMpH
pelIeHn  3aad a’po- U THAPOIUHAMUKH [1] COCTOUT M3 MOCIEIOBATEIBHOM reHepaly MOBEPXHOCTHOM
U Ha €e OCHOBE 00BEMHON (pacueTHOI) CEeTOK BBICOKOTO KadecTBa. [Ipenporeccop makera mporpamm «Jlo-
roc» MPenoCTaBIseT BOBMOXKHOCTH HCIONB30BAHUS aBTOMAaTHUYECKUX TEHEPATOPOB CETOK CICAYIOIIUX TH-
TMOB: MOBEPXHOCTHBIX TPEYTONBHEIX [2]; 00bEMHBIX METOZOM OTCeueHUs [3], TeTpa’3apanbHbIX [4], MHOTO-
IPaHHBIX Ha OCHOBE TETPAdIPOB [5], 00BEMHBIX JIJIsi MOJIEIICH C TOHKOCTCHHBIMU KOHCTPYKITUSMHU.

I'eneparopbl 0OBEMHBIX CETOK MPUHUMAIOT B Ka4eCTBE BXOJHBIX JAHHBIX IMOBEPXHOCTHYIO TPEYIOJIb-
HYIO CETKY W TPEIBSBISIOT K HEH OINpeleiecHHbIe TPeOOBaHMS, COOTBETCTBHE KOTOPHIM HEOOXOIMMO ISt
MOCTPOCHHUSI KaYeCTBEHHOU pacueTHOU Mojenu. [loBepxXHOCTHAs ceTKa HE MOMKHA CONEP KaTh KPUTHUHBIX
OIMOOK, HATMYNE KOTOPBIX MPEPHIBACT I'eHEPAIUI0 PacyeTHOM ceTku. [ (hopMUpOBaHHS KOHCUCTEHTHOMN
CETKH B F€HEepaTope MOBEPXHOCTHBIX CETOK Pean30BaHbl BOZMOXKHOCTH ISl AUATHOCTUKU U UCIIPABIICHUS
OIMOOK B aBTOMAaTUYECKOM PEIKUME.

B 3aBucumoctu oT Tuma reHeparopa OOBEMHBIX CETOK MEHSICTCS aNTOPUTMHYECKas TEXHOJIOTHS IO-
CTPOEHUS PacueTHOU Mozenu. JlaHHbIi GakT 00yciiaBIrBaeT HEOOXOJUMOCTh B JIONOTHUTEIBHON 00paboTKe
ONPEEICHHBIX CUTYalUN IPU OCTPOECHUHU MIOBEPXHOCTHON CETKU B KOHTEKCTE €€ MOATOTOBKH JJI1 KOHKPET-
HOTO reHeparopa 00beMHO# ceTku. Hampumep, npu reHepanuy CeTKU B TOHKOCTEHHBIX KOHCTPYKIIHSIX TPe-
Oyercst 0TOOpakeHHE MMOBEPXHOCTHOM CETKU B «TOHKHX» 30HAX JUIsI MOCIEAYIONMET0 (POPMUPOBAHUS TTPU3M
METOJIOM MPOTATUBAHUS;, TEHEPATOP TETPAAPATBHBIX U MHOTOTPAHHBIX CETOK MPEIOIAraeT, UTO TPEyroib-
HUKHU Ha OJU3KHUX MOBEPXHOCTIX MOJEIH OyITyT MMETh MPHUOIU3UTEIBHO PaBHBIE Pa3MEpPhI; a MPU OCTPOE-
HUY MA0JOHHOW CETKH B TEHEPaTOPE METOIOM OTCEUYCHHUS MOTYT OBITh MCIIOJIb30BAaHbI 3HAYCHUSI KPUBU3H
U3 MOAYJIS TeHepaTopa NOBEPXHOCTHON CETKHU IS MOYYSHUS 10CTaTOYHON alpPOKCUMAILIUY MTOBEPXHOCTH.

B paborte mpescraBieHbl BO3MOXHOCTH F'€HEPATOpa MOBEPXHOCTHBIX TPEYTONILHBIX CETOK, PEaIN30BaHHbBIC
JUISl YCICIITHOM TeHepaluu 00ObEeMHBIX CETOK C PA3TUYHBIMU TUIIAMHU SYEEK JJIs1 TIPOU3BOJIBLHBIX UCXOMHBIX MO-
JIeTIel C BO3MOXKHBIM HAJIMYMEM KOHCTPYKTUBHBIX 0COOeHHOCTEH. [IpoBeieH aHaim3, Kak Ka4eCTBO U Pa3Mephl
AIIEMEHTOB TOBEPXHOCTHOM CETKH BIMSIOT HA MOCTPOSHUE PACUETHOM CETKU U BIOCIEICTBUU Ha CaM pacuer.

Jluteparypa

1. Kozeakos, A. C. IlapannensHas peanuzauus metona SIMPLE Ha ocHOBE MHOroOCETOYHOTO METOAA
[Texct] / A. C. Kozenxos, C. B. Jlamkun, A. A. Kypkusn, A. B. Kopues, A. M. Bsuibix // Cubupckuii sxypHain
BBIUMCIIMTENILHON MareMaTuku. — 2020. — T. 23, Ne 1. — C. 1-22.

2. Bbopucenko, O. H. AnroputMer 00paboTKH 0COOEHHOCTEH TeOMETPHUECKUX MOJIETIeH MPU MOCTPOSHUH
MIOBEPXHOCTHBIX TPEYTOJbHBIX CETOK B Mpenpoueccope nakera nporpamm «Jloroc» [Tekct] / O. H. Bopu-
cenko, A. H. Jlykuues, E. O. EBctudeena, J[. M. [lankparos u np. / Bonpockl aToMHOI HayKH U TEXHHKH.
Cep. Maremarudeckoe MonenupoBanue Gpusnieckux nporecco. — 2020. — Beim. 3. — C. 40-51

3. Cmoaxmuna, JI. H. ABTOMarndeckuii reHepatop HECTPYKTYPHPOBaHHBIX MHOTOTPaHHBIX CETOK B Ipe-
nporeccope makera nporpamm «Jloroc» [Tekcr] / 1. H. Cmonkuna, O. H. bopucenko, M. B. Uepenkosa,
A. I. Tunuarynauna u ap. / BAHT. Cep. Marematnueckoe MOAeIMpOBaHHE (U3MYECKUX MPOLECCOB. —
2018. —Bem. 2. - C. 25-39.

4. TlomoBa, H. B. ABTOMaTu4eckuii reHepaTop HECTPYKTYPHUPOBAHHBIX TETPa3APAIbHBIX CETOK C MpU3Ma-
TUYECKHUMHU CIIOSIMU B TIpenpoLeccope nmaketa nporpamm «Jloroc» [Teker] / H. B. ITonosa, O. H. Bopucenxo,



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

. 1. Kopueesa, H. B. Uyxmanos u ap. // BAHT. Cep. Maremaruueckoe MoeupoBanie PU3HYECKUX IPO-
neccoB. — 2020. — Bain. 1. — C. 43-57.

5. IomoBa, H. B. ABTOMaTH4eckuii reHeparop HECTPYKTYPUPOBAHHBIX MHOTOIPaHHBIX CETOK Ha OCHOBE
TeTpadIpalIbHBIX CETOK ¢ mpu3Marndeckumu ciosimu [ Texct] // BAHT. Cep. Maremaruueckoe MozenupoBa-
Hue (pusnveckux mporeccos. — 2021. — Beim. 3. — C. 70-83.

SURFACE MESH GENERATION FOR CFD COMPUTATION MODELS
PREPARATION IN “LOGOS” SOFTWARE PACKAGE

E. O. Evstifeeva, O. N. Borisenko, D. M. Pankratov, T. V. Tsalko, A. I. Shavkhitdinova

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Preparation for the simulation of fluid flow physics processes in CFD [1] comprises consecutive surface
and volume (computation) mesh generation. Preprocessor of “Logos” software package allows using the
following types of automatic generators: surface triangular meshes [2]; volume ones by a cut-off method [3],
tetrahedral [4], polyhedral meshes based on tetrahedral and prismatic cells [5], volume meshes for models
with thin-walled constructions.

Volume mesh generators use a surface triangular mesh as input data that should satisfy the specific con-
ditions to generate a high-quality computation model. A surface mesh must not contain critical defects — it
would interrupt the volume mesh generation. There are tools to find the defects and repair them in the surface
mesh generator to produce a consistent mesh without defects.

Algorithmic procedure for the computation model generation depends on the type of the volume mesh
generator. That is a condition factor for additional treatment of certain situations within surface mesh gen-
eration in the context of its preparation for a specified volume mesh generator. For example, in case of the
volume mesh generation in thin-walled structures it is necessary to imprint a surface mesh in “thin” regions
to form prismatic cells using an extrusion method; polyhedral and tetrahedral mesh generators imply that
triangles in neighboring regions have approximately equal sizes; and curvatures from the surface mesh gen-
eration module may be used to generate a template mesh with a generator using a cut-off method to produce
a good surface approximation.

The paper describes the possibilities of the surface mesh generator implemented for successful generation
of volume meshes with different types of cells for any input models with possible structural features. The
quality and the sizes of elements of the surface mesh are analyzed as they influence the volume mesh genera-
tion and the computation itself.
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O PEI'YJSAPU30OBAHHBIX YPABHEHUSAX F'A30BO IJUHAMUKHU
N UX NPUJIOKEHUAX K YNCJIEHHBIM PACYHETAM

T I Enuzaposa

HuctutyT npukinagHoi matemaruku M. M. B. Kengprimma PAH, Mocksa, Poccus

Cucrema ypaBHenuii HaBre—CtOKca siBisieTcsl OOLIETIPU3HAHHON MOJCNBIO Ul pelleHHs 3aAad raso-
BOM TMHAMMKH M OCHOBOH JUIsl TOCTPOEHHS COOTBETCTBYIOIIMX BBIYMCIUTENBHBIX alrOpUTMOB. B Hauane
JEBSHOCTBIX TOAOB MPOILIOTO BeKa ObIJI0 HOCTPOSHO OAHO U3 0000IIeHUH KIIaCCHYEeCKO CUCTEMBI ypaBHe-
HUH ra30BON JUHAMUKH, KOTOPOE TAKKe KaK M OCHOBHAsI CUCTEMA, SABJISETCS 3aMKHYTOW CUCTEMOH 3aKOHOB
coxpaHeHHs. DTO 0000IIeHUEe TIEPBOHAYAIBHO OBLIO Ha3BaHO cUCTeMol kBasurazommHamuueckux (KIJI)
ypaBHeHuil. [lo3aHee 3TH ypaBHEHHUS CTaJIM HA3bIBaThCA PETYISIPU30BAHHBIMY YPAaBHEHUSMU I'a30BOM THHA-
MUKH, UM CUCTEMOI ypaBHEHU ra30Boil AMHAMUKH IPU MPOCTPAHCTBEHHO-BPEMEHHOM ocpeaHeHuu [1-3].

B omnume oT npyrux MHOTOYHMCICHHBIX 0000mmenuii ypaBHennii HaBee—Crokca, KT/l cucrema oxasa-
nach 3 HeKTUBHON A1 MOCTPOEHUS YHCICHHBIX AJITOPUTMOB [UISl IIUPOKOTO Kpyra 3aja4, HaunHasi OT Te-
YeHUH BSA3KOM HECKMMAeMOM MHUAKOCTH JO BBICOKOCKOPOCTHBIX TeueHHH rasza. [locTpoeHHbIE anropuTMsl
OIMCHIBAIOT HECTALMOHAPHBIE POCTPAHCTBEHHBIE TeUeHUs (DIIOMI0B U YAOOHBI Uil paciapaieIuBaHus
Ha 0oJpIIOe YUCIo mpoueccopoB. COOTBETCTBYIOIIUE aITOPUTMBI PEaTn30BaHbl KaK B BUIE MHIAUBHUIYaJIb-
HBIX IIPOrpamMM, TaK U B BUJE BBIYMCIUTEIBHBIX AP B OTKPBITOM MporpaMmMHoM koMmiuiekce OpenFOAM.
Hexotopsie nomyuennsie Ha ocHoBe KIJl ypaBHEHUH pe3ynbTraThl HIMEIOTCS, HampuMep, Mo aapecy http://
elizarova.imamod.ru

B nmoxmage OynmyT mpuBeneHBl OCHOBHBIE cBeaeHUs o cucteme KIJl ypaBHeHMII M O MeTOmax ee 4uc-
JICHHOTO PEIeHHs, KOTOpble MIUTIOCTPUPOBAHBI MPUMEpAaMH YMCIEHHBIX pacdeToB. B 3akirouenue Oymer
PaccMOTpPEH BOTIPOC O MOCTPOEHHUH PETYIISIPU30BaHHBIX YPAaBHEHUH I TEUEHHsI TOMOT€HHBIX Ta30BbIX CMe-
ceil. B xauecTBe nmpuMepa paccMOTpeHa 3ajada O B3aUMOZCHCTBUN yAapHOW BOJHBI C My3BIPHKOM Ta3a A
Pa3IMYHBIX COOTHOLIEHUH TNIOTHOCTEH Ta3a U Imy3blpbKa. [IpenoskeHHbIN YUCIEHHBIH allTOPUTM MTO3BOJISIET
MOJYYUTh HEOCHMIUTUPYIOIIEE pelIeHNe 33Jauyi B CIyyae KOMIIOHEHT CMecel ¢ CHIIbHO pa3iIMyarolMMHUCS
CBOMCTBaMU.
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ABOUT THE REGULARISED GAS DYNAMIC EQUATIONS
AND ITS IMPLEMENTATIONS TO NUMERICAL CALCULATIONS

I G. Elizarova
Keldysh institute of applied mathematics RAS, Moscow, Russia

The system of Navier—Stokes equations is a generally accepted model for solving problems of gas dynam-
ics and the basis for constructing appropriate computational algorithms. In the early nineties of the last cen-
tury, one of the generalizations of the classical system of equations of gas dynamics was constructed, which,
like the main system, is a closed system of conservation laws. This generalization was originally called a
system of quasi-gas dynamic (QGD) equations. Later, these equations were called regularized equations of
gas dynamics, or a system of equations of gas dynamics with space-time averaging [1-3].
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Unlike numerous other generalizations of the Navier—Stokes equations, the QGD system proved to be
effective for constructing numerical algorithms for a wide range of problems, ranging from viscous incom-
pressible fluid flows to high-speed gas flows. The constructed algorithms describe nonstationary spatial fluid
flows and are convenient for parallelization on a large number of processors. The corresponding algorithms
are implemented both in the form of individual programs and in the form of computing cores in the Open-
FOAM open software package. Some results obtained on the basis of the QGD equations are available, for
example, at http://elizarova.imamod.ru

The report will provide basic information about the system of QGD equations and methods of its numeri-
cal solution, which are illustrated by examples of numerical calculations. In conclusion, the issue of con-
structing regularized equations for the flow of homogeneous gas mixtures will be considered. As an example,
the problem of the interaction of a shock wave with a gas bubble for different ratios of gas and bubble densi-
ties is shown. The proposed numerical algorithm makes it possible to obtain a non-oscillating solution to the
problem in the case of components of mixtures with very different molecular properties.
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PACUYETHOE MOJIEJIMPOBAHUE BO3JENCTBUS YIAPHO-
BOJTHOBOI'O HATPYKXEHHUA OT HOAPBIBA HUJIMHAPUYECKOI'O
3APSAJIA BHYTPU BYPOBOM TPYBHbI

B. B. Jloyenxo, E. IO. Emenvanosa, A. I Heckun, M. B. Huxynvwun, /[. B. [lemposg

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickunit HUU texamueckor hu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHCK, Poccus

E-mail: M.V.Nikulshin@vniitf.ru

B pamkax moucka TEXHOJIOTHU pa3pyLIeHUs] OypOBOil TPYOBI C LENBIO MOCIEIYIOLIETO €€ N3BICUCHHS
U3 CKBaXHUHbI ¢ mIyOuHBI Oosiee 5000 M MPOBOAMTCS YUCICHHOE MCCIEIOBAaHHE YIapPHO-BOJIHOBOTO BO3-
JICUCTBHS HA BHYTPEHHIOIO MMOBEPXHOCTHh TPYOBI B pe3ysibTaTe JETOHAIMU CIEUUATBHOTO HUIMHIPUYEC-
KOro 3apsijia. PaccmarpuBaroTcs 1Ba pacyeTHBIX ciy4dasi (POPMUPOBAHUS IETOHAIIMH B3PHIBUATOTO COCTABa
(BC) umnuuapuyeckoro 3apsijia: ACTOHALUS C IUIOCKUM (DPOHTOM U PEKHM pacXoJsmiencs: chepruieckoit
JICTOHAIIHH.

PacuerHas Monenb npeacTaBisieT co00i CIONKY, KOTOpasi BKJIIOYaeT B ceds uuHAprYeckuii 3apsn BC
B MEJIHOM KOpITyce, CTaJbHYyI0 TpyOy ¥ OypoBO# pacTBOop. Pacyer yaapHO-BOJIHOBOTO BO3/EiHCTBHS Ha Oy-
POBYIO TpyOy MPOBOIUTCS B TPEXMEPHOI MOCTAHOBKE C MCIIOJIb30BAaHUEM MHOTOKOMITOHEHTHO# JiiniepoBoit
(hOpMYIHPOBKH.

Mo pe3ynbraTam pac4eToB MOATBEPIKACHA BO3MOXKHOCTh pa3pylIeHHs OypoBOi TpyObl B 00JaCTH 3aMKO-
Boro coeauHenus. [lokazaHo, 4To ynapHO-BOJHOBOE BO3/ICHCTBHE B PEXKUME JCTOHAIMHU 3apsiia C IIOCKHM
(pPOHTOM O YPOBHIO MOBPEXKICHUI TPyOBl CYIIECTBEHHO MPEBOCXOAUT BO3JACHCTBHE B PEIKHME PACXOMIS-
ieics cheprueckoil JeTOHAIINY.

[To pe3ynbraram JOMOJHUTEIBHBIX HCCIIEIOBATEIILCKMX PACYeTOB ONpeeiicHa MUHUMAJbHAsK JUTMHA 3a-
psiga, ToCTaTo4HAs IS pa3pylieHus: OypoBoOii TPYyObI.
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NUMERICAL STUDY TO SIMULATE THE EFFECT
OF SHOCK WAVE LOADING BY CYLINDRICAL CHARGE
INITIATED INSIDE THE WELL BORE TUBE

V. V. Dotsenko, E. Yu. Emelyanova, A. G. Neskin, M. V. Nikulshin, D. V. Petrov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: M.V.Nikulshin@vniitf.ru

In search of technology to destroy the well bore tube in order to extract it out of the well bore from the
depth of 5000 meters, a numerical study was performed to simulate how a shock wave generated inside this
tube due to the detonation of a special-purpose cylindrical charge affects the tube’s inner surface. Two simu-
lation cases are studied, namely, when detonation developed under initiation of a cylindrical charge explo-
sive compound is characterized by a plane detonation front and represents the mode of diverging spherical
detonation.

The simulation model describes a layered structure that includes a cylindrical charge with explosive com-
pound in a copper case, a steel tube, and a boring fluid. To predict how shock wave affects the well bore tube,
a 3D mesh was applied using a multi-material Eulerian finite element formulation.

The predictions proved the capability to destroy the tube in the region of its joint and demonstrated that
the tube-damaging effect of shock wave in the mode of plane-front detonation is considerably superior to that
observed in the mode of diverging spherical detonation.

Further computations helped determine the minimum charge length sufficient to destroy the well bore
tube.
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K 100-JIETHIO K. K. KPYIITHUKOBA.
VIAPHOE B3AUMOJENCTBUE )KECTKOT'O YIAPHUKA
U MUIIEHU CO CBEPX3BYKOBOM CKOPOCTBIO

B. B. Jloyenxo, E. IO. Emenvanosa, M. B. Huxynvuun

OI'VII «Poccutickuii @enepanbubiii Anepusriii Lleatp — Beepoccniickuit HUU texanueckort hpuznku
nMmenHn akagemuka E. M. 3a0a0axunay, CHexunHack, Poccust

E-mail: M.V.Nikulshin@vniitf.ru

B noxnane npuBoaUTCS aHAIMTUYECKOE PELIEHUE 3a1a4y YIAPHOIO B3aUMOAECUCTBUS KECTKOTO YIapHU-
Ka C METaJUIMYECKHM CTep)KHEM (MHIICHb) CO CBEPX3BYKOBOW CKOpOCTHIO, KoTopoe moiyumi K. K. Kpyn-
HUKOB B IIPEJCTABJICHUSX BOIHOBOM JUHAMUKH. Marepuall MUILIEHU OIUCBIBAECTCS YPABHEHUEM COCTOSIHUS
(YPC) 4. b. 3enpaoBuua.

Bepudukanusi pe3ynbraToB YHCIEHHBIX PAacyeTOB, BBHIIIOJHEHHBIX SBHBIM METOIOM HHTErPHUPOBaHUS,
C aHAJIMTUYECKUM pelIeHHEM BBISBHUIA OCOOCHHOCTh ONpEAETIeHUs] MOMYysl 00bEMHOTO CXKaTHsl, KOTOPBIH
COBMECTHO C yJapHOW aguabaroil sIBIsieTcS MCXOOHBIMH AaHHBIMHU Ui pacuera. BBumy Ttoro, uto YPC
A. b. 3enpaoBuua B pacueTHOM KOZ€ HE MOAJECPKUBACTCS, NPUMEHSUICS aJlbTEPHATHBHBIA CIIOCO0 3ana-
HUs — TaOynupoBanHblii YPC Ha cxarue. Ilpu 3ToM Moaynb 0OBbEMHOTO CKaTusl, ONpeesieMbli, corac-
HO PYKOBOJICTBY IOJIb30BaTelisl MPOrpaMMbl, Kak K = P/|L IPUBOJUT K 3aHW)KEHHBIM 3HAYCHUSIM JaBJICHUS.
Bonee BbicOKH MOPAAOK TOYHOCTH PELICHUS] 00ECTIEYnBAET MOAYIb OOBEMHOIO CHKAaTHS, ONpeIeNICHHBIN
K. K. KpymHukoBsIM, Kak ipou3BonHas OP 1o O

[onmy4ennslit mo uroram Bepupukanuu TadyaupoBaHubiid YPC Ha cxxartue, peacTaBIeHHBIN B BUAE YHC-
JIEHHOTO MaccuBa (ynapHas aguabara U MOLylTb OOBEMHOTO CXKaTHs), MOKET UMETh LIMPOKOE MpPaKTHUeC-
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KOC NPUMCHCHHUE, TAK KaK B Ka4Y€CTBC UCXOAHBIX NAHHBIX UCIOJB3YIOTCA UMCIOINUECA SKCIICPUMCHTAJIbHBIC
YAapHbIC a,I[I/Ia6aTI:I AJIg pa3Horo poga MarcpualioB, a TAKKC TI00bBIE napaMeTpHUICCKUC VPChi.

TO THE 100TH ANNIVERSARY OF THE BIRTH OF K. K. KRUPNIKOWV.
SHOCK INTERACTION BETWEEN A RIGID IMPACTOR
AND A TARGET AT SUPERSONIC SPEED

V. V. Dotsenko, E. Yu. Emelyanova, M. V. Nikulshin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: M.V.Nikulshin@vniitf.ru

The report presents an analytical solution to the problem of shock interaction between a rigid impactor
and a metal rod (target) at supersonic speed obtained by K. K. Krupnikov in the wave dynamics representa-
tion. The target material is described by the Ya. B. Zel’dovich’s equation of state (EOS).

Verification of the results of numerical calculations performed by the explicit integration method against
the analytical solution revealed a peculiar feature of determining the bulk modulus, which, together with
the Hugoniot, represents the initial data for calculations. Since the Zel’dovich’s EOS is not supported in the
computational code, an alternative representation was used, namely, a tabulated EOS for compression. In
this case, the bulk modulus determined according to the user’s manual as K = P/p leads to underestimated
pressure values. A higher order of accuracy of the solution is achieved by using the bulk modulus defined by
K. K. Krupnikov as the derivative of 0P with respect to Op.

The tabulated EOS for compression obtained as a result of verification, presented as a numerical array
(Hugoniot and bulk modulus), can have a wide practical application, since the available experimental Hugo-
niots for various materials, as well as any parametric EOSs, are used as initial data.
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AJAIITAIOUA TIPOT'PAMMBI DI'UJIA-TECT K CHETY HA GPU
E. A. Cuzo08, A. M. Epoghees

OI'VII «Poccuiickuit @enepanbusiii Anepusiii Lentp — Beepoccuiickuit HUU skcnepuMeHTanbHoi
(uzukm», Capos, Poccust

B noknane npencraBieHbl pe3ylbTaTsl padoT Mo afanTaluy K cueTy Ha rpadguyeckux yckopurensax (GPU)
Metoauku OI'AK, peannzoBanHo# B npuknagHoid Metoguueckor nporpamme I MJIA-TECT, BkiatoueHHON
B cucreMmy tectoB POSALl — BHUNO® ans uccnenoBaHus mapaMeTpoOB BBICOKOIPOM3BOIUTENBHBIX CHC-
Tem [1].

IIpu nomonn xona ST MJA-TECT MonenupyroTcs mpolieccsl ra3oBoil 1uHaMUKH, ucnonb3yst ALE-noa-
X0, TIpA KOTOPOM AamIpOKCUMAlUsl YPaBHEHUN MPOUCXOJUT B ABa mara. Ha mepBoM permarorcs ypaBHe-
HUA Fa30AMHAMUKU B JIATPAHXKEBBIX IIEPEMEHHBIX, @ HA BTOPOM IIPOU3BOJUTCS AlIIPOKCUMALVSI KOHBEKTUB-
HBIX WICHOB ypaBHEHUH. [Ipy 7TOM aKTUBHO UCIOJIB3YETCS IPOrPAMMA «TUIIOBOU CXEMBL», OIIPEIEAIONas
W OpraHu3ylonias MOpsIoK pacyeTa siueek 1 0OMEeH JaHHBIME MEKAY suelikamu pasHeix MPI-nipoueccos [2].
ITomumo 3T0rO0, B anantupoBannyto 1ia cuera Ha GPU nporpammy SI'MJIA-TECT BBeneHa BO3MOKHOCTb
BE/ICHUS CUeTa Ha aJalTHBHO-BCTpaUBaeMOW OPOOHOW CETKe, YTO BHOCUT 3JIEMEHT HEPETYISIPHOCTU Kak
B PacueTHYIO CETKY, Tak U B CTpyKTypbl naHHbIX. [Iporpamma OT'UJJA-TECT amantupoBana qyis cueTa Ha
GPU ¢upm NVIDIA u AMD.

B noknane mpencraBieHbl ONMCAaHUE W PELICHHWE MpoOjeM, BCTPEUSHHBIX B MpOLECce alamnTaliy
nporpamMmel K cuety Ha GPU. IlpuBenens! myTu pemieHus npoOiieMbl MCTONB30BaHUsT Heckonbkux GPU
U TmpoOJeMbl 3aJeCTBOBAaHUS Ui pacueTa MPOCTAaWBAIOIIMX SAEpP LEHTPAIBLHOTO IMpoleccopa (cxema
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cueta MPIxCUDA+MPIXOMP). [IponemonctpupoBana equnas «rtunosas cxema» g CPU u GPU, a tak-
e MPUMep €€ UCIIOIb30BaHMsI ISl IPSIMBIX MEPECHIIOK JaHHBIX Mexay ycTpoictBamu GPU. B pesynbrare
BBITMIOJIHEHHOW aJanTalMy MporpaMM Ha TECTOBBIX 3ajjadax Ha pa3nuuHbIX ycrpoictBax GPU momydeno
yckopenue ot ucnonszoBanus GPU no 8 pas npu s¢dextuBHOCTH HEe HIKe 80%.
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ADAPTING THE EGIDA-TEST CODE TOCOMPUTATIONS ON GPUs
E. A. Sizov, A. M. Erofeev

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The report presents results of efforts on adapting the EGAK code implemented in the methodological ap-
plication code EGIDA-TEST, which is a part of the RENC — VNIIEF set of tests for the examination of the
HPC system parameters [1], to computations on graphical accelerators (GPUs).

The EGIDA-TEST code is used to simulate the gas dynamics processes with the ALE approach, in which
equations are approximated in two stages. In the first stage the CFD equations are solved in Lagrangian
variables and in the second stage the convective terms of these equations are approximated. The “standard
scheme” program, which governs and arranges the order of calculating cells and data transfers between cells
of different MPI processes [2], is intensively used. Besides, the EGIDA-TEST code adapted to GPUs allows
performing computations on an adaptively nested refined mesh and this induces an element of irregularity
both in the computational mesh and in data structures. The EGIDA-TEST code is adapted to the NVIDIA
and AMD GPUs.

The report describes the problems faced when adapting the program to GPUs and presents the solutions
found. It describes the ways of resolving the problem of using several GPUs and the problem of enabling
the idle CPU cores (MPIxCUDA+MPIxOMP scheme). A unified “standard scheme” for CPU and GPU is
demonstrated and an example of how to use it for direct communications between GPUs is given. Owing to
the adaptation, an 8x speedup was achieved on test problems on various GPUs with the efficiency at least
equal to 80%.
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YUCJIEHHOE MOAEJIUPOBAHHUE
IT'ASOAUHAMUNYECKHUX 3AJAY ITOJTYAHAJIUTUYECKUM
METOJAO0OM B SUJIEPOBBIX KOOPIUHATAX

A. II. Hnosey, H. JI. Knunauesa, M. C. Kapwvinkanosa

IOsxHO-Ypanbckuit rocynapcTBEHHBIN YHUBEpCUTET, Uenssontnck, Poccus

B pabore [1] n3nokeH YMCIIEHHBI METOJ PELICHUs] CUCTEMbl YPaBHEHUH MEXaHWKH CIUIOMIHBIX Cpell
B JIATPAHXEBBIX [IEPEMEHHBIX, ONUCHIBAIOLIEH JBUKEHUE TBEPABIX Tel. MeToJ OmIMYaeTcs TeM, 4TO IIPOo-
CTPaHCTBEHHBIE IIPOU3BOIHBIE 3AMEHSIOTCSA KOHEUHBIMU PA3HOCTSIMH, @ CKOPOCTh HAXOAUTCS U3 aHAIUTH-
YECKOI'O PELLEHUs] YPaBHEHUS ABMKECHUA. JlaHHBII METO/ II0Ka3aJl BBICOKYIO TOYHOCTb BBIIIOJHEHUS 3aKOHOB
COXPaHEHUs U BBICOKYIO YCTOMYMBOCTb PELICHUS.

s perieHust 3aaa4 ra30Bo JMHAMUKH LIEI€CO00pa3Ho peliaTh CUCTEMY YPaBHEHUH MEXaHUKH CILTONI-
HBIX Cpell B SHIEPOBBIX MepeMeHHbIX. B maHHON pabote mpoBoxuTcs peanusanms Metona [1] Ha ciayvait
3UJIEPOBBIX IEPEMEHHBIX.

Bepudukamnus MeToga npoBoIuiIach Ha 3afjayax o pacraje pa3pbiBa U IBM)KEHHH CTallHOHAPHOW CHIIb-
HOU M ciabol ymapHbIX BosH. [lomydeHHBIE pe3ynbTaThl CpaBHUBAIKMCH C aHANUTHUECKUM pelieHueM [2].
[IpoBeneHo cpaBHEHUE PE3YNILTATOB C pe3ylbTaTaMu, MOJYyYEeHHBIMU MeToA0M KpynHbIX yactun (MKY) [3].
PaccmarpuBaemslii B 1aHHOH paboTe METOA UMEET XOPOIIYI0 YCTOWYMBOCTh KaK Ha MaJarolliei, TaKk U Ha
OTpaXEHHOW yAapHBIX BOJHAX, B oTinune oT MKY. J{ns ynyumenus ycroitunBoctdt MKY onHum u3 cnoco-
0OB sIBJISIETCS] BBEICHHE HCKYCCTBEHHOM BSI3KOCTH, YTO HE MMEET (PU3MYECKOH 000CHOBAHHOCTH M TpelyeT
noabopa SMIUPUYECKUX KOHCTAHT AJISI KaXKAOH OTAeNbHOM 3amaun. Meton [1] siBIsieTcs yHUBEpCAIbHBIM
1 He TpeOyeT NCIONb30BaHUs Pa3IHYHBIX UCKYCCTBEHHBIX JO0aBOK.

Pemenne 3anaun o HeycToitunBocTy PruxTMaiiepa—MenikoBa MeTonoM [1] mokasano XopoIryro coriaco-
BaHHOCTD C 3KCIIEPUMEHTAIbHBIMU JTAaHHBIMU [3].

Takum oOpazom, metox [1], peanu3oBaHHBIN B TaHHOH paboTe B 3WUIEPOBBIX MEPEMEHHBIX, aleKBaTHO
ONMCHIBAET pa3IMYHbIEC Fa30MHAMUYECKUE TEUEHMS], YTO JAEAeT €ro NPUMEHUMBIM JUIs pEIeHHs TPUKIaI-
HBIX 3a7a4.
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NUMERICAL SIMULATION OF GAS DYNAMIC PROBLEMS
BY SEMI-ANALYTICAL METHOD IN EULERIAN COORDINATES
A. P. Yalovec, N. L. Klinacheva, M. S. Zharylkanova
South Ural State University, Chelyabinsk, Russia

The paper [1] presents a numerical method for solving a system of equations of continuum mechanics in
Lagrangian variables describing the motion of solids. The method differs in that the spatial derivatives are
replaced by finite differences, and the velocity is found from the analytical solution of the equation of motion.
This method has shown high accuracy of the conservation laws and high stability of the solution.
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To solve problems of gas dynamics, it is advisable to solve a system of equations of continuum mechan-
ics in Eulerian variables. In this paper, the implementation of the method [1] is carried out for the case of
Eulerian variables.

Verification of the method was carried out on the problems of rupture decay and motion of stationary
strong and weak shock waves. The obtained results were compared with the analytical solution [2]. The
results were compared with the results obtained by the particle-in-cell method (PCM) [3]. The method
considered in this paper has good stability on both incident and reflected shock waves, unlike the PCM. To
improve the stability of the PCM, one of the methods is the introduction of artificial viscosity, which has no
physical validity and requires the selection of empirical constants for each individual task. The method [1]
is universal and does not require the use of various artificial additives.

The solution of the Richtmayer—Meshkov instability problem by the method [1] showed good consistency
with experimental data [3].

Thus, the method [1] implemented in this paper in Eulerian variables adequately describes various gas-
dynamic flows, which makes it applicable for solving applied problems.
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CTOXACTHYECKAA METOAUKA
YUCITEHHOI'O MOAEJIHUPOBAHUA
PAIMALIMOHHBIX ITOACOB 3EMJIN

A. H. 3ansnos, A. E. lllupokos, H. B. Heanos

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepocceuniickuit HUU skcnepruMenTanbsHoi
¢mzuku, Capos, Poccus

Paauarmonnsie mosica 3emiu (PI13) SBAAIOTCS OMHUM K3 OCHOBHBIX (DAKTOPOB, OMPEICIAIONINX XapaK-
TEPUCTHKH OKOJIO3EMHBIX KOCMUYECKHX araparoB. B HacTosIee BpeMsi BEJETCA aKTUBHOE U3YUCHUE B3aK-
MOCBSI3M (DPM3UUECKHUX TMPOIECCOB, OMpeneNsonmx auHaMuky PII3, kak ¢ MOMOIIBIO 3amycka KOCMHYe-
CKUX MHCCHH, TaK ¥ METOJJaMH PaCUeTHO-TeopeTHueckoro ananusa. C pazsutreM cyrnep-OBM mosBIsoTCs
YHUCIICHHBIE METOMUKHU MPOTHO3UPOBaHus apameTpoB PII3 U ux BO3JAEHCTBHS HA KOCMHUYECKHE AMapaThl,
HCXOJIS U3 XapaKTePUCTUK COTHEUHO-3MHOM aKTUBHOCTH. OCOOEHHOCTHIO OONBITMHCTBA METOAUK SIBIISICTCS
yCpeTHEHNE MapaMeTPOB dICKTPOHHBIX MOTOKOB B PII3 B1OIL reOMAarHUTHBIX 000NOUSK WK JUHHHA. [IpH
3TOM HCIOJB3yeTcs qu(dy3noHHOe MpubamKeHue, a B3aumoeiicteue yactui PI13 ¢ atmocdepoii onucki-
BAeTCs C MOMOIILIO MPOCTON MOJIEINTH MOTIOICHUS B KOHYCE TOTeph. YNCIIEHHOE MOICTUPOBAHNE CTPOUTCS
Ha OCHOBE Pa3HOCTHBIX MeTo10B. OTHAKO, pacyeT MOTOKOB AIeKTPoHOB PTI3 B 00/macTu HU3KUX OPOUT Tpe-
Oyer OoJiee AeTaabHOTO MOAXO0/A.

B HacrosieM I0KIaae MPEACTABISIETCS CTOXACTHYECKass METOMKA YHCIICHHOTO MOJICIIMPOBAHUS THHA-
MUKH PEIATHBUCTCKUX 3IeKTpoHOB PII3 B mpuOKkeHHH Beayiero feHTpa [1], kKoTopoe B oTinnYme OT pas-
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HOCTHOTO TIO/IXOJIa MO3BOJISET OMUCHIBATH PEIAKCAIIMIO CPABHUTEIILHO OBICTPONPOTEKAIONINX BO3MYIICHHHA
B PI13 (Hanpumep, BO BpeMsi T€OMarHUTHOTO IITOpMa) B 00JIACTH HU3KUX OPOMUT.

JlaHHas METOMKa UMEET CIIETYIOIINE CBOUCTBRA:

* YUCJICHHOE MOJICIMPOBAHUE JIBIKCHUS PEISATUBUCTCKUX JJICKTPOHOB BJIOJIb T€OMAarHUTHON JIMHUHM
C YYETOM B3aMMOJICHCTBHUS ¢ aTMOC(hEpol, a TaKkKe UX a3UMYTAILHOTO Jpeiida u paguansHoi Auddy3un
npoBoauTcs MetogoM MouTte—Kapio [2], ucxoast u3 KHHETHYECKOTO YpaBHEHHS B MpUOImKkeHnn Dokkepa—
I1manka;

* JUIS €TO PEIICHUS UCTIONB3YETCS METOJI PaCIEIUICHUs M0 (PU3NYESCKUM IpoIleccaM: epBhIi mpolece —
JBIKECHUE DIICKTPOHA MO/ JECHCTBUEM MAarHUTHOTO TIOJISL C YYETOM CHJIBI TOPMOXKEHUS, BTOPOU — paccesiHue,
TpeTuil — panuansHas guddysus [3];

* COOTBETCTBYIOIIAs peliaeMasi CUCTEMa YPaBHEHHUH MOy4eHa HA OCHOBE TEOPUH OJHOPOIHBIX MapKOB-
CKHX IPOLIECCOB, BKIIIOUAET HE3aBUCUMbIE BUHEPOBCKHUE MPOLIECCHI U SIBIISIETCS] CTOXaCTUYECKOM;

* KOOPJIMHATHOE MPOCTPAHCTBO COCTOMUT W3 5 mepeMeHHbIX (L, €, A, ¢, o): L — HOMEp TeOMarHUTHOM
obonouku (mapamerp Mak—InBaiiHa); € — KHHETUYECKAs SHEPTUS AIIEKTPOHA, A — TE€OMarHUTHAs HIMPOTA,
¢ — onrora, o — MUTY-YTOIT;

* MPUMEHSETCS MPUOIIKEHUE BEIYIEro IIEHTPa, B KOTOPOM MPOBOAMUTCS YCPEIHEHHE 110 JTapMOPOBCKO-
My BPAIICHHUIO JJIEKTPOHA BOKPYT T€OMATHUTHOW JIMHUU;

* B KaueCTBe (PU3MKO-MAaTEeMAaTHUECKOW MOJCITU T€OMarHUTHOTO TOJIS UCTIOIB3YETCS CTAI[MOHAPHBIA JKC-
LEHTPUYHBIA MAaTHUTHBIN AUIIONG [4];

* OIMCBIBAIOTCS BPEMEHHBIC MACIITA0BI OT J0JICH CEKYH/IbI 10 HECKOJIBKUX JHEH.

[IpuBoasITCS pe3yabTaThl CpaBHEHUS YHCICHHOTO PEUICHHS TECTOBBIX 33J1ad C aHAJTUTUYCCKUM U Pa3HO-
CTHBIMU PEIICHUSMHU.
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A STOCHASTIC METHOD FOR NUMERICAL SIMULATION
OF VAN ALLEN RADIATION BELTS

A. N. Zalyalov, A. E. Shirokov, N. V. Ivanov

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Van Allen radiation belts are one of the main factors determining the characteristics of near-Earth space
vehicles. Currently, the interrelation of physical processes governing the dynamics of Van Allen belts is in
tensively studied both by accomplishing space missions and with the use of the theoretical and computational
analysis methods. As the supercomputing technology evolves, new methods appear to predict the parameters
of Van Allen belts and their influence on space vehicles basing on the characteristics of the solar-terrestrial
activity. A specific feature of the majority of such methods is that the parameters of electron fluxes in Van
Allen belts along geomagnetic shells, or lines are averaged. The diffusion approximation is used and the in-
teraction of particles of Van Allen belts and the atmosphere is described by a simple model of absorption in
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the loss cone. The numerical simulation is based on the use of difference methods. However, the simulation
of electron fluxes in Van Allen belt for low earth orbits requires a detailed study.

The report presents a stochastic method for the numerical simulation of the dynamics of relativistic elec-
trons in Van Allen belts in the guiding center approximation [1], which, in contrast to the difference approach,
allows describing the high-speed disturbance relaxation in Van Allen belts (for example, during a geomag-
netic storm) for low orbits.

The method presented has the following features:

* the numerical simulation of relativistic electrons moving along a geomagnetic line with regard to the
interaction with atmosphere and their azimuthal drift and radial diffusion is performed with the Monte—Carlo
method [2] basing on the Fokker—Planck kinetic equation;

» the splitting in physical processes is used to solve this equation: the first process is the electron motion
under the magnetic field effect with account for a deceleration force, the second one is scattering, and the
third process is radial diffusion [3];

* the equation system to be solved is based on the theory of homogeneous Markovian processes, includes
independent Wiener processes, and is a stochastic system;

* a coordinate space includes 5 variables (L, €, A, ¢, a): L is the geomagnetic line number (Mcllwain
L-parameter); € is kinetic energy of electron, A is geomagnetic latitude, ¢ is longitude, o is pitch angle;

* a guiding center approximation is used, where averaging is performed with respect to the Larmor
electron gyration around the geomagnetic line;

* a steady-state off-centered magnetic dipole [4] is used as the physical-and-mathematical model of the
geomagnetic field;

« different time scales - from fractions of a second to several days - are described.

Results of the numerical solutions found for test problems are compared with exact and difference
solutions.
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JlokJiag OCBSIIEH MCCISIOBAHUIO BOBMOXKHOCTH MPUMEHEHUs «Kiaccuueckoro» merona SPH (meton
crakeHHbIX yacTun) [1-2] n ero moaudukauuu, metona Ilpaiica (Price) [3], kK MogenTUpoOBaHUIO MPOLEC-
COB ra3oBOM AMHAMHUKHU C IE€TOHALMEW B IByMepHOM ciydae. Merox IIpalica B OCHOBE CBOEH OmuUpaercs
Ha «KJIACCHMYECKUI» METOJ CIIIAXKEHHBIX YACTHII, HO IIPH 3TOM 00IaJIaeT yCOBEPIICHCTBOBAHHBIMU BBIYHC-
JUTENbHBIMUA CBOMCTBAMHU 1O CPABHEHUIO CO CBOUM IIpeIiecTBeHHUKOM. OCHOBHBIE CBOMCTBA PEIICHUM,
MOJTyYEHHBIX METOJIOM CITT&KEHHBIX YACTHII, CYIIECTBEHHBIM 00pa30M 3aBHUCST OT BEJIMYMHBI, HA3bIBAEMOM
craxuBaroniel anuHoi. Eciu 3TOT mapaMeTp CIUIIKOM BENUK, TO PEIICHHE CHIIBHO Pa3Ma3aHo IO IMpo-
CTPAHCTBY, €CJIM HA00OPOT CIHUIIKOM Mall, TO B PEIICHUH MOSIBIISTIOTCS HE(U3NYHBIE OCIILIAIMK. B MeTone
Ilpaiica crnaxxuBaronas JyIMHA SIBJSIETCS] IEPEMEHHON 110 BPEMEHHU U MPOCTPAHCTBY BETUUUMHON, U3MEHSIIO-
LIEHCS COTIACHO TEPMOJUHAMUYECKUM IapaMeTpaM 4dacTull. Bc€ 3TO MO3BOMSIET MPOBOJUTEH BBIUUCICHUS
CYILIECTBEHHO C)KUMAEMBbIX CPEJl C CUIBHBIMU YAAPHO-BOJTHOBBIMU BO3AEHCTBUSIMU U C XOPOILEH TOUHOCTHIO.

B noknazne paccmarpuBarorcs ocHOBHBIC (hopMmyibl metosa [Ipaiica, a Takxke mpeCcTaBiIeHbI Pe3yJIbTaThl
JIIBYMEPHBIX ra30AMHAMUYECKUX PACUETOB C JETOHALUEH C KOHTPOJIEM CKOPOCTH JACTOHAIMOHHOW BOJHBI
U ¢ neronanueit no moxenu kuHetuku MK [4]. Jloknag coaep>KuUT cpaBHEHHUE IMOIYUYCHHBIX PE3YJIBTATOB
C DKCIEPUMEHTAIBHBIMU JAHHBIMU U C aHAJIOTMYHBIMU Pe3yJbTaTaMu o JByMepHOU metonuke /1.
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USE OF THE SPH METHOD MODIFICATION (PRICE METHOD)
FOR 2D NUMERICAL SIMULATION OF GAS DYNAMIC PROCESSES
WITH DETONATION

1. V. Zalyalova, O. K. Linnik, D. M. Linnik, T. I. Zhilnikov, E. A. Kulikova

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The report considers a possibility of using the classic smoothed particle hydrodynamics (SPH) method
[1-2] and its modification (Price method) [3] to simulate gas dynamics processes with detonation in a 2D
case. The Price method is based on the classic SPH method, however, it has some improved features for
computations in comparison with its predecessor. The main features of the SPH method solutions depend
on the quantity called a smoothing length. If the smoothing length value is too large, the solution is widely
distributed in space; if this parameter value is too small, non-physical oscillations emerge in the solution. In
the Price method, the smoothing length is a quantity varying in time and space in accordance with the ther-
modynamic parameters of particles. All of the above allows performing computations to a sufficient degree
of approximation for highly compressed media with strong shock-wave impacts.

The report presents the main formulas of the Price method and results of 2D computations for gas dy-
namic processes with detonation with the detonation wave velocity control and with the kinematic model
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(MK) of detonation [4]. The calculated results are compared with the available data of experiments and with
similar results of the two-dimensional D code.
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MHOI'OMEPHBIE AHAJIOT'
YPABHEHUMH I'EJb®AHIA-JIEBUTAHA-KPEMHA-MAPYEHKO

C. U. Kabanuxun, M. A. Huwnenun, H. C. Hosuxos
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Email: ksi52@mail.ru, mshishlenin@ngs.ru, novikov-1989@yandex.ru

Tpexmepnble anajoru ypasHenuit [ enbdanga—JleBurana—Kpeitna—Mapuenko, napajieiabHble BIYHCITE-
HUSI Ha BBICOKOIIPOM3BOAUTENBHBIX KiIacTepax, MeToasl MoHTe-Kapio, cynepObIcTpble anropuTMbl o0pariie-
HUsl OJIOYHO-TEIUTMIIEBBIX MAaTPHLl OOJIBIIMX Pa3MEPHOCTEH B COBOKYITHOCTH MO3BOJISIOT pellarh NpUHIIU-
MUaJbHO HOBBIE 3a1aui. Hanpumep, ofHOI U3 BaKHEUIIMX TPOOJIEM HCCIEAOBAaHUS TPEXMEPHBIX YIIPYTHX
cpen siBiseTcs pa3mep obnacTu ucciaeqoBaHus. Jlaxe Iisi cpaBHUTEIBHO HEOONBIIOro oobema (2 Kyouye-
CKMX KHJIOMETpa) pelieHue MPSIMOH 3a1aull CelcMOpa3BeIKU ¢ [IaroM 110 MPOCTPaHCTBY | MeTp 3aHHUMaeT
150 yacoB Ha 80 siApax OAHOTO y37a BEIYUCIUTEIBHOTO KiacTepa. A €Cli y4ecTh, YTO OONBIIMHCTBO COBpE-
MEHHBIX METOJIOB PeIICHHsI OOpaTHBIX 3a7a4 OCHOBAaHBI HA UTEPALMOHHBIX MPOLECCaX, CTAHOBUTCS MOHST-
HBIM HEOOXOIUMOCTh Pa3paboTKU MPSIMBIX METOAOB PELIeHHsI 00paTHBIX 3a1a4. B nokiane nznaraercs airo-
PHUTM YHCIICHHOTO pelIeHNsI 00paTHOM 3aa4u I CHCTEM ypaBHEHUH TUIepOOIndecKoro Tuna (ypaBHeHHs
aKycTuku, MakcBeina, Jlame) B TpexMepHOM MPOCTPAHCTBE ¢ AOMONHUTEIbHON MH(pOpPMaLUel Ha YacTh
MOBEPXHOCTH (TUIoLagHas cuctemMa HaOmoneHuid). OCHOBHAsA HIesl 3aKI0YaeTcs B MPUMEHEHWU IMPOEK-
UOHHOTO METO/IA C MOCTEeAYIOUIMM CBEICHUEM HEJIMHEHHOI 00paTHOH 3a1aull K MHOTOIIapaMeTPHYECKOMY
CEMEUCTBY JTMHEHHBIX WHTETPANbHBIX YpaBHEHUH (MHOTOMEPHBIH aHanor ypaBHeHus [ enbpanna—JleButa-
Ha—Kpelina—MapueHko).

Jlna pemieHus MHOTOMEpPHOTro aHanora ypaBHeHusa KpeiiHa [1] mpuMeHEHBl: CHHTYIISIpHOE pa3ioKeHHe,
meton Monre-Kapio [3,4], meTon, ucnons3ytommii pasnoxenue ['oxoepra—CemeHiryna ajst 6109HO-TeIUIH-
LEBBIX MaTpuIl [2].

[IpencraBrieHsl pe3ynbTaTbl YUCIEHHBIX PACUETOB U CPABHUTENBHBIN aHAIN3 YHCIEHHBIX aJITOPUTMOB.
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Pabora BeimonHeHa npu nojaep:kke Maremaruueckoro neHTpa B Akagemropoake (HoBocubupcek), co-
anieHne ¢ MUHUCTEPCTBOM HayKd M Bhiciiero oOpaszoBanusi Poccuiickoit @enepamun Ne 075-15-2019-
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MULTIDIMENSIONAL ANALOGUES
OF THE GELFAND-LEVITAN-KREIN-MARCHENKO EQUATIONS

S. 1. Kabanikhin, M. A. Shishlenin, N. S. Novikov

Sobolev Institute of Mathematics SB RAS, Novosibirsk, Russia
Novosibirsk State University, Novosibirsk, Russia
Institute of Computational Mathematics and Mathematical Geophysics SB RAS, Novosibirsk, Russia
Email: ksi52@mail.ru, mshishlenin@ngs.ru, novikov-1989@yandex.ru

Three-dimensional analogues of the Gelfand—Levitan—Krein—-Marchenko equations, parallel calculations
on high-performance clusters, Monte Carlo methods, super-fast algorithms for inverting block-greenhouse
matrices of large dimensions together allow solving fundamentally new problems. For example, one of the
most important problems in the study of three-dimensional elastic media is the size of the research area.
Even for a relatively small volume (2 cubic kilometers), the solution of a direct seismic survey problem with
a space step of 1 meter takes 150 hours on 80 cores of one node of a computing cluster. And if we take into
account that most modern methods of solving inverse problems are based on iterative processes, it becomes
clear that there is a need to develop direct methods for solving inverse problems. We present an algorithm for
numerical solution of the inverse problem for systems of hyperbolic equations (acoustics, Maxwell, Lame
equations) in three-dimensional space with additional information on a part of the surface (areal observation
system). The main idea is to apply the projection method and then reduce the nonlinear inverse problem to
a multiparametric family of linear integral equations (a multidimensional analogue of the Gelfand-Levitan—
Krein—Marchenko equation).

To solve the multidimensional analogue of the Krein equation [1], the following methods were applied:
singular value decomposition, Monte Carlo method [3, 4], a method using the Hochberg—Semenzul decom-
position for block-toeplitz matrices [2].

The results of numerical calculations and a comparative analysis of numerical algorithms are presented.

The work was supported by Mathematical Center in Akademgorodok (Novosibirsk), agreement with the
Ministry of Science and Higher Education of the Russian Federation No. 075-15-2019-1675.
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FHBPHI[HI)Iﬁ NMHTEJJIEKT U CAMOOBYYARKROIIMUECA CUCTEMBbI
A. A. Kapanoees, B. I1. Ocunos

WNuctutyt npuknagHoi matemaruku umenu M. B. Kenasiina PAH, Mocksa, Poccust

Camoopranusyromumecs: Uik caMoo0yJaronecss CUCTEMbI — 3TO CUCTEMBI, KOTOpbIE 00MagarT crocoo-
HOCTBIO JIOCTUTaTh HEKOTOPOTO YCTOWYHMBOTO COCTOSHUS 3a CUET MU3MEHEHUsS CBOMX BHYTPEHHHUX CBOWCTB,
Ha OCHOBAaHMM HEKOTOPOH OLIEHKH O BO3IEHCTBUM BHEIIHEH cpeabl [1]. MHOrouncieHHsle MpuMephl TaKUX
CHCTEM MOKHO HaOJ0aTh B )KUBOH MPHUPOJIE.

CroxxHble CaMOO0yUaIOIINECs CHCTEMBI BBIHYKICHBI ()YHKIIMOHUPOBATh B yCIOBUSX JEHCTBUS OOJIBILIOTO
KOMM4ecTBa (PaKTOPOB M MOBHIILIEHHOH HEONpeaeNeHHOCTH. McToUHnKaMI 3TOH HEOTpeNeIeHHOCTH, B Mep-
BYIO O4Yepellb, SBISIOTCS CIIydaifHble BO3ACHCTBUS BHEITHEH CPEAbl, OIIMOKH NP Hepenade JaHHBIX MEXIY
COCTaBHBIMH 00BEKTaMH CUCTEMBI, a TAK)KE IIyMbI U OTKJIIOHEHUsI, KOTOPbIe BO3HUKAIOT BHYTPH CUCTEMBI.

[Tox oOyuyeHneM B TakoM cilydyae MOApa3yMeBaeTCsl MPOLECC BBIPAOOTKH B CUCTEME HEKOTOPOH peakuu
Ha BO3ICUCTBUs BHEIIHEH cpenbl. [Ipudem BeIpaOOTKa peakiyu B cMCTeMe O0yCIaBIUBAETCS MHOTOKpAT-
HBIM BO3/IEHCTBUEM HA CUCTEMY M BHEUTHEW KOPPEKTHPOBKOM.

BremHsas KOppeKTUPOBKA MPH 3TOM OCYILIECTBIAETCA «YUUTEIEM», KOTOPOMY M3BECTHA KOPPEKTHAS
peaxius Ha OmpeJelieHHbIe BHEITHNE Bo3neiicTBus. Takum o0pazomM, mpu oOydeHHUH B CUCTEMY MTOCTYMaeT
JOTNOJHUTENbHAss HH(POPMALU 0 HEKOTOPOH OLICHKE peakMy CUCTEMBI Ha YCIIOBUS BHeIIHeH cpensl. [Ipu
3TOM CaMOOOYYEHHE OTIINYAETCS OT 00yUEHHs OTCYTCTBHEM BHEIIHEH KOPPEKTUPOBKHU.

['mOpuIHBIA MHTEIEKT MPH 3TOM WUIPAeT BaXKHYIO POJIb B BOMpOcax OOECHEeYeHUs] KOPPEKTHOTO MPH-
MEHEHHUS] caMOOOYyYaroIMXCsS CUCTEM C MOCIEAYIOIEH HHTepIpeTaunu X pe3yasraroB. [log rubpuaneiM
MHTEJJICKTOM TPH 3TOM MTOHMMAETCs KOMOWHAIMA METOAOB MaTeMaTHUECKOH CTaTUCTUKU W HKCIEPTHBIX
OLIEHOK CTICLIUATUCTOB B 001aCTH AJISl IPUHATHA T€X I WHBIX PEHICHUH C yYETOM HCIIOJIb30BaHHUS METOAOB
MAIIUHHOTO OOYy4EHHSL.

JaHHBIN TIOAXO[ MO3BOJISET CYIIECTBEHHO MOBBICUTH 3(PPEKTUBHOCTH METOJOB MAIIMHHOTO OOYyYEHHS
XOTS U BBIJBUTAET psiji TPeOOBaHUA K CIIEUATUCTaM B 00IacTH, YTO B KOHEYHOM CUETE CYIIECTBEHHO CHHU-
YaeT ypOBEHb HEONPENEICHHOCTH NP MPUHATHS PEILICHUI.
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HYBRID INTELLIGENCE AND SELF-LEARNING SYSTEMS
A. A. Karandeev, V. P. Osipov
Institute of Applied Mathematics named after M. V. Keldysh of the RAS, Russia, Moscow

Self-organizing or self-learning systems are systems that have the ability to achieve a certain steady state
by changing their internal properties, based on some assessment of the impact of the external environment
[1]. Numerous examples of such systems can be observed in nature.

Complex self-learning systems are forced to function under the influence of a large number of factors and
increased uncertainty. The sources of this uncertainty, first of all, are random influences of the external en-
vironment, errors in the transmission of data between the constituent objects of the system, as well as noise
and deviations that occur within the system.

In this case, learning means the process of developing in the system a certain reaction to the influence of
the external environment. Moreover, the development of a reaction in the system is determined by repeated
impact on the system and external adjustment.

In this case, external adjustment is carried out by a «teacher», who knows the correct reaction to certain
external influences. Thus, during training, the system receives additional information about some assessment
of the system's response to environmental conditions. At the same time, self-learning differs from learning in
the absence of external adjustment.

At the same time, hybrid intelligence plays an important role in ensuring the correct application of self-
learning systems with the subsequent interpretation of their results. In this case, hybrid intelligence is un-
derstood as a combination of methods of mathematical statistics and expert assessments of specialists in the
field for making certain decisions, taking into account the use of machine learning methods.

This approach can significantly increase the efficiency of machine learning methods, although it puts
forward a number of requirements for specialists in the field, which ultimately significantly reduces the level
of uncertainty in decision making.
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BO3MOKHOCTHU KBAZUTASOAUHAMHUYECKOTI'O (KI' )
AJITOPUTMA IIPU ET'O PEAJIM3ZAIIMU B OPENFOAM

M. A. Kuprowuna', T. I Exuzaposa', A. C. Enuxun®

1 .
WNuctutyt npuknagnoi maremaruku uMm. M. B. Kennpia PAH, Poccusi, Mocksa

2I/IHCTI/ITyT cucteMHoro nporpammupoBanus uMm. B. I1. UsannukoBa PAH, Poccus, Mocka

s yucieHHOTo MOJENMpPOBAaHUS 3aJad Ta30BOM TUHAMUKHU AJTUTEILHOE BPEMs UCIONb3YIOTCS KBa3H-
ra3olMHaMUYECKHe YpaBHEHUs, KOTOPbIE SBIAIOTCS 00001meHneM ypaBHennii HaBee—Crokca.

Ksazurazopnnamudeckuii (KI'Zl) anroputM, OCHOBaHHBIH Ha CUCTEME YpaBHEHUH KBa3HTa30AMHAMHKH
[1], OBLT UMITIEMEHTHPOBAH B OTKPHITHIM mporpaMmubiii kommuiekc OpenFOAM [2]. B nacrosiee Bpems
B OpenFOAM cymecTByeT ceMelCTBO KBa3UTa30AMHAMUUECKHX peliaresieil, OCHOBHBIMU M3 KOTOPBIX SB-
nsitotes ABa — QGDFoam pemnarens nis 3aaad razoBoit aunamuku 1 QHDFoam [3] — pematens ania moaenu-
POBaHHA TEUECHHH BsI3KOH Hec:kumaeMon xunkoct. B nmpouecce Buenpenus KI'J] anroputm 0611 nepenvcan
B [TIOTOKOBOM BHJIE B COOTBETCTBHH C OCOOCHHOCTSIMH peaau3alii METoa KOHEYHOTO 00beMa B OTKPHITOM
nporpaMMHoM komiuiekce OpenFOAM. [l71st BEIUMCIIEHNS] CMEIIaHHBIX IPOU3BOIHBIX ObLT pean30BaH Opu-
THHAJBHBIA METOJ, MPUMEHEHHBIH K 00beMy, IIOCTPOCHHOMY Ha IpaHsIX Mexny suyeiikamMu. C MOMOIIbIO
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KTl anroputmMa BO3MOKHO MOJIEIMPOBATh TEUEHHU ra3a B IIMPOKOM JHanazoHe yucesn Maxa, Haxons Mpeu-
MYyIECTBa JUIsl HecTalMoHapHbIX 3afa4. Bxiouenne KI/] anroputma B maker OpenFOAM mno3Bonser uc-
MOJIb30BaTh BeCh (DYHKLMOHAJ, BKIIIOYAsl IIOCTPOCHUE CETOK, MCIOIb30BaHUE CTIEHU(PHUYECKUX YpaBHEHHN
COCTOSIHUSI, BKITIOUEHHE Mopesel TypOyJeHTHOCTH M MHOTOe Apyroe. 3ajqoKeHHas B MakeT BO3MOXKHOCTb
pacrnapaiieNMBaHus 33Ja4yd HE3HAUUTENBHO YBEIMUMBAET CIOKHOCTD MMPOrPaMMBbIl, OTHAKO MO3BOJISET yBE-
JIMYUTH CKOPOCTh pacyera.

C nomometo consepa QHDFoam ans Bs3koi HecKMMaeMOM KHUIKOCTH peliaeTcsd 3aJadyd O MOJEIH-
POBaHMHM JABIKEHUS pacillaBa apceHuAa Tajis Bo BpamiaronieMcs turie (Meton Yoxpanbckoro). Bo Bpa-
MIAIOUIMKCS IWIMHAP MOMEIeH paciuiaB apcenna rammus GaAs. Obmias cxema mpeacTasieHa Ha puc. 1.
Ha BepxHeii MOBEpXHOCTH TEMHBIM LBETOM 0003Ha4YeHa 00JIacThb, I1e pacTeT KpucTaml. JTta o0nacTh Bpa-
IIaeTCsl B MPOTHUBOIOJIOKHYIO CTOPOHY. B HmimHApe mo OokaM M CHH3Y CTOST HEIPOHHLAEMBIE CTEHKH,
KOTOpbIE HarpeBaloTCs CIeUualbHBIM 00pa3oM. CBepXy HaXOOUTCs CBOOOAHAS MOBEPXHOCTH C OONACTHIO
KprcTaa B uentpe. CHCTeMa HAXOMTCS B TIONE CHIIBI TSKeCTH g = 9,8 M/cek”. [TapaMeTpbl, 3a/I0KeHHBIE
B pacyeT, COOTBETCTBYIOT JaHHBIM UMEIOLIUXCS HATYPHBIX YCTAaHOBOK.

'Y 4

150 ma
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100 mm

Puc. 1. Cxema Bpaniaromerocst TUIst
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CAPABILITIES OF THE QUASI-GAS DYNAMIC (QGD) ALGORITHM
WHEN IMPLEMENTING IN OPENFOAM
M. A. Kiryushina', T. I Elizarova', and A. C. Epikhin®
1Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, Moscow, Russia

’Ivannikov Institute for System Programming, Russian Academy of Sciences, Moscow, Russia

Quasi-gas dynamic (QGD) equations are a generalization of the Navier—Stokes equations. For a long time
QGD equations are used in numerical modeling of fluids [1].
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The QGD numerical algorithm based on this system was implemented in the OpenFOAM open soft-
ware complex [2]. Currently, OpenFOAM has a family of QGD solvers, the main of which are the next
two — QGDFoam solver for gas dynamics problems and a QHDFoam solver [3] for modeling of viscous
incompressible fluids. During its implementation the QGD algorithm was rewritten in an appropriate form
in accordance with the peculiarities of the implementation of the finite volume method in the OpenFOAM
software complex. To calculate mixed space derivatives, the original method applied to a volume built on
faces between space cells was implemented. Using the QGD algorithm, it is possible to simulate gas flows
in a wide range of Mach numbers, with the special advantages for unsteady problems. The inclusion of the
QGD algorithm in the OpenFOAM package allows to use all the functionality of the package, including
meshing, specific state equations, the inclusion of turbulence models, and much more. The ability to parallel-
ize the code included in the package slightly increases the complexity of the program, but allows to increase
the calculation speed.

With the help of the QHDFoam solver for a viscous incompressible liquid, the problem of modeling the
motion of the melt of gallium arsenide GaAs in a rotating crucible (Chochralsky method) is solved. General
scheme of the installation is shown in fig. 1. On the upper surface, the dark color indicates the area where the
crystal grows. This area rotates in the opposite direction compared to the cylinder. The sides and the down
wall of the cylinder are impermeable walls that are heated in a special way. The top is a free surface with a
crystal area in the center. The system is in the gravity field g = 9.8 m/sec’. The parameters included in the
calculation correspond to the data of the real installations.

'Y 4

150 ma

GaAs ~Y

100 mm

Fig. 1. Rotating crucible scheme
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MATEMATUYECKOE MOAEJINPOBAHUE
B3AUMOJENCTBUSA PA3JIUYHBIX CPEJI, ONUCBIBAEMBIX
JATPAHXKEBBIMU U DUJIEPOBBIMU NEPEMEHHBIMU

H. JI. Knunaueea, M. C. Kapwvinkanosa, E. C. [llecmakosckas, A. I1. Anosey

HOsxHO- Ypanbckuii rocynapcTBEHHBIN YHUBEpCcHUTET, Yensaounck, Poccus

B nmanHoii paboTe npencTaBiIeHbl pe3ylbTaThl MATEMaTHYECKOTO MOAETHMPOBAHMSI B3aMMOJCHCTBUS TBEP-
J0ro Tena M raza. PazpaboTaHHBINM NPOrpaMMHBIA KOMIUIEKC OCHOBAaH Ha aJrOPHTME, ITO3BOJISIOIIEM MOJe-
JIUPOBaTh B3aUMOJIECTBHE IBHKYILIUXCS Pa3NUYHBIX Cpell, HAIpUMep B3aUMOAEHCTBHE CKOPOCTHOTO Ia30-
BOTO ITOTOKA C TBEPBIM TENIOM. J[BUKEHHE ra30BOT0 NMOTOKA OMUCHIBAETCS CHCTEMOW ypaBHEHUM MEXaHUKU
CIUIOIIHBIX CpPeZ B JIJIEPOBBIX NEpEeMEHHBIX. TBeproe TelIo paccMaTpUBaeTcs Kak yHpyromjgacThdecKas
cpena, B KaueCTBE MOJIEIM TNIACTUYHOCTH MOTYT UCIOIB30BaThCS MoAeNb Mu3eca win monens Ilpanarnsa—
Peiica. /IBuxeHne TBEpAOro Teaa ONUCHIBAETCS CUCTEMON ypaBHEHUM MEXaHUKHU CIUIOIIHBIX CPEA B JarpaH-
KEBBIX MepeMeHHbIX. PaccMaTpiBaeMble B JaHHON paboTe 3a7aud pellaluch B HMIMHAPHUECKON CUCTEME
KOOpJUHAT.

YucneHHOe MOAENHPOBaHKUE MPOBOAMIOCH METOAOM [1], KaKk A AIepOBbIX, TaK M JUIs JJarpaHKEBbIX Ie-
peMeHHBIX. OcOOEHHOCTBIO METOA SABNISIETCS: 1) MPOCTPaHCTBEHHBIE MPOM3BOIHBIE 3aMEHSIOTCS KOHEUHBIMU
Pa3sHOCTAMH; 2)CKOPOCTh HAXOMUTCS U3 aHATUTUYECKOTO pellieH sl ypaBHeHus ABxkeHus. B pabore [1] meton
paccMOTpeH AJisl IBUKEHUS TBEPAOTO Tella B JIarpaHKeBbIX IIepeMEeHHBIX. J|BHKeHHE Ta30BOT0 IIOTOKA yoOHee
OIUCHIBATh B DIJIEPOBBIX IIEpeMeHHBIX. B naHHoi pabote Metox [1] 000011eH Ha SiIepoBBl IepeMEHHEIE.

Bepudukanusi 4ncieHHOro anropuTMa MPOBOAMIACH Ha CIEAYIOIIUX 3ajadax: 3ajada O JBHKECHUH
MOPIIIHA MO IeHCTBUEM Ta30BOr0O MOTOKA U HCTEUEHHE Ta3a u3 comia. [lpu pemenun 3agaqu 0 IBUXKEHUN
MOPIIHS OBUIO MOJYYEHO XOPOLIME COINIAcCHe C aHAIMTHYECKUM PelIeHHeM [2] Ha HayaJbHBIX dTanax pas-
BUTHA nporiecca. Ha Gosee mo3aqHUX BpeMeHax HeOOJNbIIOe OTKIIOHEHHE OT aHAIMTHYECKOTO PELIeHUs 00b-
SICHSIETCS T€M, YTO YacTh SHEPTUH T'a3a PacXOoAyeTcs Ha JeOopMalyio HOPLIHS. AHATUTHUECKOE PeIleHre
HE YYUTHIBAET MPOLECCHI, POUCXOAIINE B TBEpAOM Tese (mopiine). CpaBHEHHE NOTYy4YEeHHBIX Pe3yIbTaToB
00 MCTeUYeHUH ra3a u3 coria (11 AByX KOHQUTYpaLHid comen) ¢ aHAIMTHYECKUM pelieHreM [3] mokasano
UX XOpOLIEE COIIACHE.

Kpome Toro, mpoBeneHsl pacueTsl pazieTa MPOAYKTOB NETOHAIMK AJIS Pa3iu4HBIX KOH(UTYpalui pac-
4yeTHO# oOnactu. [IpencraBneHHbIi IPOrpaMMHBII KOMIUIEKC MTO3BOJISIET PACCUNTHIBATH TEPMOAMHAMUYECKHE
napaMeTpsl Cpel B 3a1a4ax O B3aMMOJEHCTBUN BEICOKOCKOPOCTHBIX TOTOKOB I'a30B M )KUAKOCTEN C TBEPABIMU
tenaMu. KoHkpeTHOH 3aaueil aBnseTcs pas3nieT NpoAyKTOB ACTOHAIMM B KaHaJlIaX IEPEMEHHOTO CEUeHMs.
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MATHEMATICAL MODELING
OF THE INTERACTION OF VAROUS MEDIA DESCRIBED
BY LAGRANGIAN AND EULERIAN VARIABLES

N. L. Klinacheva, M. S. Zharilkanova, E. S. Shestakovskaya, A. P. Yalovec
South Ural State University, Chelyabinsk, Russia
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This paper presents the results of mathematical modeling of the interaction of a solid and a gas. The de-
veloped software package is based on an algorithm that allows modeling the interaction of moving various
media, for example, the interaction of a high-speed gas flow with a solid. The gas flow motion is described by
a system of continuum mechanics equations in Eulerian variables. A solid body is considered as an elastic-
plastic medium, the Mises model or the Prandtl-Reis model can be used as a model of plasticity. The motion
of a solid body is described by a system of continuum mechanics equations in Lagrangian variables. The
problems considered in this paper were solved in a cylindrical coordinate system.

Numerical modeling was carried out by the method [1], both for Eulerian and Lagrangian variables. The
peculiarity of the method is: 1) spatial derivatives are replaced by finite differences; 2) the velocity is found
from the analytical solution of the equation of motion. In [1], the method is considered for the motion of a
rigid body in Lagrangian variables. It is more convenient to describe the movement of the gas flow in Eule-
rian variables. In this paper, the method [1] is generalized to Eulerian variables.

Verification of the numerical algorithm was carried out on the following tasks: the problem of the move-
ment of the piston under the action of a gas flow and the outflow of gas from the nozzle. When solving the
problem of piston movement, good agreement was obtained with the analytical solution [2] at the initial
stages of the process development. At later times, a slight deviation from the analytical solution is explained
by the fact that part of the gas energy is spent on the deformation of the piston. The analytical solution does
not take into account the processes occurring in a solid (piston).A comparison of the obtained results on the
outflow of gas from the nozzle (for two nozzle configurations) with the analytical solution [3] showed their
good agreement.

In addition, calculations of the spread of detonation products for various configurations of the computa-
tional domain were carried out. The presented software package makes it possible to calculate the thermody-
namic parameters of media in problems of interaction of high-speed flows of gases and liquids with solids. A
specific task is the scattering of detonation products in channels of variable cross-section.
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KHMHETHUYECKASA TEOPUS PA3JIETA
MHOTI'OKOMIOHEHTHOM MJIA3MBI
B INTAHAPHOM BAKYYMHOM ANOJE

B. FO. Koorcesnuros, H. C. Cementok, A. O. Kokosun, A. B. Kozvipes

MNuctutyt cunpHoTounol snexkrponnku CO PAH, Tomck, Poccus

SBiieHNEe BaKyyMHOTO MPO0OS IIUPOKO UCCICAYETCS Ha MPOTHKSHUH MOCISIHUX necsatuieruit [1]. Bos-
Oy>KJICHHE BaKyyMHOTO Tp000sl I1a3MON MPOUCXOIUT 32 CYET B3PHIBOB MUKPOCKOIIMYECKUX HEPOBHOCTEH
KaToJ1a, TIOCJIe Yero Iia3Ma KaToHOro (akelia paciuIupsaeTcs B MEKAICKTPOIHbIN MpoMexxyTok. OOImupHas
JKCIEpUMEHTANIbHAs 0a3a yKas3bIBaeT Ha TO, YTO JBMXKCHUE IUIa3Mbl MMPOUCXOJUT CO CKOPOCTSIMH, 3HAYH-
TEIBHO MPEBLIIAIOIINME TEIJIOBBIC 3HAYCHUS B3PBIBOOMUCCUOHHON I1a3Mbl. OCHOBHOE BHUMAHUE BBI3BI-
BaeT BOIIPOC O TOM, YTO 3aCTaBJISIET MOHBI IBUTATHCS B CTOPOHY YBEIMUYEHUS JICKTPUUECCKOTO MOTEHIIHAIA
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(ot xaroma k aHony). Takoe sIBIEHHE MONYYMIIO Ha3BaHUE «aHOMalbHOTO YCKopeHHs: noHOB» [1]. Takxe
0TMEYaJIOCh, YTO TUITUYHBIE CPETHUE CKOPOCTH ABMIKEHUSI HOHOB COOTBETCTBYIOT KUHETHYECKUM SHEPTUSAM
B JIECATKU U AK€ COTHH 3JIEKTPOHBOJET, B TO BpPEMsI KaK XapaKTEpHbIE TEIUIOBbIE SHEPTUHU HE NMPEBBIIIAIOT
eIMHUI 31eKTpoHBONLT. KuHetnueckue sneprur moHOB (cBbime 100 3B) MHOrokpaTHO MpeBOCXOIAT Ha-
NpsDKEHUE TOpeHus Ayrooro paspsaa (1o 70 B), mo3ToMy B HEKOTOPBIX JIUTEPATYPHBIX HCTOUHUKAX TaKHe
VOHBI IPUHSTO HA3bIBAaTh «MOHAMH C aHOMAJIbHO BHICOKUMH SHeprusmm» [ 1, 2].

B manHo#i pabore mpencTaBiIeHO TeOpeTHUECKoe OObsICHEHHE NMPUYMH BO3HUKHOBEHHS B BaKyyMHBIX
IroNax SIBICHUS aHOMAIBHOTO YCKOpeHHs HOHOB. OOBsCHEHHE AaeTcsl U3 MEePBBIX NPUHLIUIIOB Ha OCHOBA-
HUM YpaBHEHHH 0€CCTONKHOBHUTENBHON (prsndeckoii kuHeTuku. [IpeanoxkeHHas TeopeTndeckas TPaKTOBKa
yOemuTeNbHO T0Ka3bIBACT, YTO OCHOBHBIM MEXaHU3MOM aHOMAaJIbHOTO YCKOPEHHS NOHOB KaTOAHOM IIa3MBbI
siBIIsieTCsl OECCTOMKHOBUTENBFHOE JIBM)KEHHE HOHOB B CaMOCOTIIACOBAHHOM JJIEKTPHUECKOM Moje. Bo3Huka-
IOLIYI0 HETPUBHAIBHYIO KOH(QUTYpaluo moiisi (00JacTh HECTAMOHAPHOIO BUPTYaJlbHOIO KaTona) Ha Ha-
YJaJIbHOM 3Tare pa3BUTHs poIiecca CO3JaeT ONepesKarollee ABUKEHNE 3JIEKTPOHOB, CXOHAs C aHATOTMYHON
B IMOJIaX C NIPEUMYIIECTBEHHON 1IEKTPOHHOI aMHccueil. MoaenupoBaHue TakkKe YKa3bIBaeT Ha pa3anyus
JBYKEHUS OHO- ¥ MHOTO3apsIIHBIX MOHOB 110 MEPE pacIIMpeHns] KaTOIHON MIa3Mbl U UX PE3YJIbTUPYIOINE
BKJIa/Ibl B HAYaJIbHBIH 3TAIl pa3BUTHA BaKyyMHOTO IIPO0OSI.

Puc. 1. Xapakrepubie (a30Bbie MOPTPEThl HYHKIUIN pacpeneieHUus] KOMIIOHEHTOB IIa3Mbl KATOMHOTO (akesa
(amexTpoHnsl (a), HoHBI (b)) U AIEKTPUISCKOTO MOTeHIKANA (C) B IUITAHAPHOM BaKyyYMHOM THOJC.
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KINETIC THEORY OF THE EXPANSION
OF AMULTICOMPONENT PLASMA IN A PLANAR VACUUM DIODE

V. Yu. Kozhevnikov, N. S. Semeniuk, A. O. Kokovin, A. V. Kozyrev
Institute of High Current Electronics SB RAS, Tomsk, Russia

The phenomenon of vacuum breakdown has been widely explored over the past decades [1]. Excitation
of vacuum breakdown by plasma occurs due to explosions of microscopic cathode irregularities, after which
the cathode plasma torch expands into the interelectrode gap. An extensive experimental base convincingly
shows that the cathode plasma expands with the velocities exceeding the thermal values for the explosive
emission plasma. The main attention here is payed to the fact why do ions move towards the increasing elec-
tric potential (from the cathode to the anode). This phenomenon is called an “anomalous ion acceleration”
[1]. It was also noted that the typical average ion velocities correspond to kinetic energies of tens and even
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hundreds of electron volts, while the characteristic thermal energies do not exceed units of electron volts.
Measured kinetic energies of ions (over 100 eV) are many times greater than the arc combustion voltage
(up to 70 V), therefore, in some literary sources, such ions are usually called “ions with anomalously high
energies” [1, 2].

This paper presents a theoretical explanation of the causes of the phenomenon of anomalous ion accelera-
tion in vacuum diodes. The explanation is given from first principles on the basis of the equations of colli-
sionless physical kinetics. The proposed theoretical interpretation convincingly proves that the main mecha-
nism of anomalous acceleration of cathode plasma ions is the collisionless motion of ions in a self-consistent
electric field. The emerging non-trivial field configuration (area of a non-stationary virtual cathode) at the
initial stage of the development of the process creates an advanced movement of electrons, similar to that in
diodes with predominant electron emission. The simulation also indicates differences in the motion of singly
and multiply charged ions as the cathode plasma expands and their resulting contributions to the initial stage
of vacuum breakdown development.

Fig. 1. Typical density plots of the electron (a) and ion (b) distribution functions as well as (¢) the electric potential
distribution in planar vacuum diode
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BU3YAJIN3AIIUA HAUAJIBHBIX TEUEHUH BO3JYXA
IHPU OPTAHU3ALIUUA ITPOAYBA BBEPX
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3OTYII «ITO «Masixy», O3epck, Poccust

B paborte [1, 2] mpeanoxena nonHas cucrema ypaBHeHuii HaBpe—Crokca (IICYHC) B nunuaapuieckux
koopauHarax. [ICYHC B Ge3pasMepHOM BHE ONMUCHIBAET MOBEAECHHE CKUMAEMOTO BS3KOTO TEIUIONPOBOI-
HOTO Ta3a B T0JIe ACHCTBHS CHIIBI TSDKECTH U C yueToM JeiicTBus cuiibl Kopuonuca. B pabore [3] nmpeacras-
JIEHBI SIBHAs CXEMa JJIs1 YUCIIEHHOTO PEIIEHUs] CUCTEMBI U pe3yJbTaThl CUETa ATl COCTOSHUS TIOKOs, KOTOpOe
spiseTcs TouHsIM pemienneM [ICYHC.
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HpezmomeHHaa " IPOBEPCHHAA Ha CTAITMOHAPHOM PCKUME CXEMa CHETa UCIOJIb30BalaCh I MOIACIN-
POBaHUs SKCIICPUMCHTA. Ha BerHCfI rpaHu HUJIWHApPA MOACIA B 0,1 €C paauyca 3aaaHa BEpTUKaJIbHAA CO-
CTaBJIAIOIIass CKOPOCTHU I'a3a, paBHasA 0,1 CKOPOCTH 3BYKa, YTO COOTBETCTBYCT BBITS’)KKE BO3yXa B pr6y non
JIeiicTBHEM BCHTUWJIATOPA. PeSyJ'H:TaT MOJCIMPOBAHNA HYXXHO OLCHUTH IO AABJICHUIO, TEMIICPATYPEC U TPECX
COCTAaBJIAIOMIUX CKOPOCTHU BO34YyXa U B y3JIaX CECTKU MOACIIN.

I[J'IH BU3yaJIM3aliui ra30AMHaMHUYCCKUX MapaMCTpPOB BI:I6paH makeT ParaView. I[aBJ'IeHI/IC B IIPOU3BOJIb-
HBII1 MOMEHT BpPEMCHU Ha BCPTUKAJIBHOM CpPE3€ MOACIIN 0TO6pa)KaeTC$[ IrpaivC€HTOM IIBCTA. Opr)KHaH COo-
CTaBJIAOIIass CKOPOCTH TaK K€ IIBETOBBIM I'PAJUCHTOM IPEACTABIACTCA Ha TOPU30OHTAJIBHOM CpPE3€ MOACIIU.
HOBerHOCTI/I PaBHOTO AABJICHHA JAaXOT HAITIAAHOC MPCACTABICHUC O HECCTALIMOHAPHBIX MPOIECCax B rase.
HOJ'Iy’-ICHHLIG PE3YIbTAThl B HAYaJIbHBIC MOMCHTBI ABMKCHUSA COOTBETCTBYIOT Ha6J'IIOZ[eHI/I$lM SKCIICPUMCHTOB.
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VISUALIZATION OF THE INITIAL AIR FLOWS DURING
THE ORGANIZATION OF BLOWING UP

S. N. Kononov"? E. S. Levunina"?

IMEPhI, Snezhinsk, Russia
2SUSU, Ozersk, Russia
3FSUE «PO «Mayaky, Ozersk, Russia

In [1, 2], a complete system of Navier-Stokes equations (CSNS) in cylindrical coordinates is proposed.
CSNS in a dimensionless form describes the behavior of a compressible viscous heat-conducting gas in the
field of gravity and taking into account the action of the Coriolis force. In [3] presents an explicit scheme
for the numerical solution of the system and the results of the calculation for the rest state, which is an exact
solution of the CSNS.

The calculation scheme proposed and tested in stationary mode was used to simulate the experiment. On
the upper face of the cylinder of the model, a vertical component of the gas velocity equal to 0.1 of the speed
of sound is set at 0.1 of its radius, which corresponds to the extraction of air into the pipe under the action of
a fan. The simulation result should be evaluated by pressure, temperature, and the three components of air
velocity in the nodes of the model grid.

The ParaView package is selected for visualization of gas dynamic parameters. The pressure at any given
time on the vertical slice of the model is displayed by a color gradient. The circumferential component of
the velocity is also represented by a color gradient on the horizontal slice of the model. Surfaces of equal
pressure give a visual representation of non-stationary processes in the gas. The results obtained at the initial
moments of motion correspond to the observations of experiments.
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MOJIEJIUPOBAHUE AHU30TPOIIUU
XOJIOJHOM U TEMJIOBOM YACTEM JABJEHUSA

M. H. Kpusoweuna"?, E. B. Tyy'

1
WHaCcTuTyT Qusuku npouHoctu u matepuanoseaenus CO PAH, Tomck, Poccus

*Tomckuit roCcylIapCTBEHHbIN yHUBEpcUTET, ToMck, Poccust

MopenupoBaHHe OTKJIMKA MaTepuaia Ha MEXaHUYECKUE U TeMIIepaTypHble BO3EHCTBUSA P UHTEHCUB-
HBIX HAarpy>XeHUSIX JOJDKHO YYUTHIBATh J1BA BUJA DHEPTHUil: MOTEHIIMAJIbHYIO YacTh CBOOOJHOI 3HEpruH, 3a-
BUCSILYIO OT U3MEHEHUs1 00beMa M SHEPIHUIO, CBSI3aHHYIO C M3MEHEHHUEM TEIUIOBBIX KOJeOaHWH peleTKu
aTOMOB W MOJIEKYJI B OTBET Ha 3TO U3MeHeHHne oobema. [Ipr MoaenupoBaHui MHTEHCUBHOTO TWHAMUYECKOTO
Harpy>Ke€HHs 3JI€MEHTOB KOHCTPYKLHUH YPOBEHb JOCTHTaeMbIX HANpsLKEHUH OOJbIIEH YacThbiOo ONpeaessier-
csl BennunHON AaBieHusi. OcOOEHHOCTBIO MOJECIUPOBAHUS OTKIMKA TBEPAOTO TeJa HA MHTEHCHUBHBIE BO3-
JEeHCTBUS SIBISETCS yUYeT TEIJIOBOM YacTH AaBIEHMS, OTPaXKarolleld 3aBUCUMOCTh OT IIOTHOCTH SHEPTUH
KoJIe0aTeIbHBIX ABMKCHUH aTOMOB U MOJIEKYIl. JlaBlieHne B MaTepualie COCTOUT U3 ABYX YacTeil, CBI3aHHBIX
C 3TUMHM BHJAMHU SHEPruH. XOJIOIHAS 4acTh YPaBHEHUS COCTOSHMS OIpPENENseTcs 3aBUCHMOCTBIO OT CTe-
MIEHU CKaThs Marepuaina. TemnoBas 4acTb ypaBHEHHs COCTOSTHUS OIpEeseTCs] aHTapMOHUYHOCTBIO CHII,
JefcTByromyX Mexay aromaMu. C pocToM TeMIepaTypbl BKJIal TEIUIOBOM YacTH AAaBIEHUS pPacTeT, OHO MO-
JKET CPaBHATHCA C XOJIOAHOM YacThIO IaBJIEHUA U 1aXke NpeB3oitu ero [1].

B cny4ae Hanu4ust aHU30TPONIMN MEXaHUUYECKUX CBOIMCTB MaTepHala aHM30TPOIHS XOJIOIHONW YacTH J1aB-
JIeHUs1 B 00J1aCTH YIIPYTUX, IUTACTHYECKUX JIe(hOPMAIHid, 8 TAKXKE ITOCIIE Pa3pyLICHUs] MaTepraa B yCIOBHIX
CKaTUs OIpEeNeNsIeTcs ¢ TMOMOIIBIO0 3HAUEHUI YIpPyTHX MOCTOSHHBIX MaTepuaia. AHU30TPOINHUS XOJOJHON
YacTH JABJIEHUS 3aBUCUT OT PA3IUYHBIX 3HAUEHUI MOAYJEH JTMHEHHOro C)kaTHs, ONpeAesieMbIX U pas-
JUYHBIX HarpaBiICHUH. AHH30TPONUS TEIUIOBOM YacTW JABJIEHHs ONpenesieTcs aHM30Tpomueil kodpou-
LUEeHTOB [ proHaiizeHa. AHM30TPOIUS YIPYTHUX U IUIACTUYECKHUX CBOMCTB MarepHasa MperonpeaessieT BBe-
JIeHHE COOTBETCTBUS PAaBHOMEPHOH 00beMHOH eopMaliii aHU30TPOIHOTO IABICHHUS.

IIpuBeneHsl pe3ynpTaThl MOJEIUPOBAHUS YAAPHOIO HArpyKeHUs Mperpagsl U3 MOHOKPUCTAIINYECKO-
ro MHKA, XapaKTEePHU3YIOIIETOCs TPaHCBEPCAILHON M30TPONHUEl yHpYrux XapaKTepUCTUK U Ko3(duireH-
ta I'pronaiizena npu temneparype [ebas. [lokazano, 4To MCIONB30BaHNE B MaTEMaTUYECKOW MOJIENIN aHU-
30TPOMHOTO AABJICHUS MO3BOJIAET MPOBOJUTH PAcUeThl C OTCYTCTBUEM BBIEIEHHS YIPYToro MpeaBeCTHH-
Ka paHee IUIaCTUYECKOW BOJIHBI C)KAaTHs Ha THUJIBHOM MOBEPXHOCTH Iperpajis! B HampasieHuu [0001], kax
U B YCJIOBHUSX HAaTypHBIX 3KcIepuMeHTOB [2]. IIpu 3TOM MonenupoBaHue ynapHOTro HarpyKeHus Mperpajsl
C OPMEHTUPOBAaHUEM B HEW CBOMCTB Marepuana B MEPHEHAUKYISIPHOM HaNpaBICHUU NEMOHCTPUPYET YeT-
KHMH BBIXOJ YIPYTOTO MpeaBecTHUKA. YUCIEeHHOEe MOIEIMPOBAHNE YAAPHOTO HArPyKEHUs Iperpasl U3 Mo-
HOKpHCTaJJIa IMHKA aJIFOMUHUEBBIM YIAPHUKOM MPOBENIEHO AMHAMUYECKUM METOZ0M KOHEUHBIX JIEMEHTOB
B TPEXMEPHOM MMOCTaHOBKE.

Pabora BrimonHeHa B paMkax rocyaapcrBeHroro 3axanus UOIIM CO PAH, tema nomep FWRW-2021-
0011.
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SIMULATION OF THE ANISOTROPY
OF THE COLD AND THERMAL PARTS OF PRESSURE

M. N. Krivosheina"?, E. V. Tuch'

nstitute of Strength Physics and Materials Science of SB RAS, Tomsk, Russia
2Tomsk State University, Tomsk, Russia

Modeling the response of a material to mechanical and thermal effects under intense loading should take
into account two types of energies: the potential part of the free energy, which depends on the change in
volume, and the energy associated with a change in thermal vibrations of the lattice of atoms and molecules
in response to this change in volume. When modeling intense dynamic loading of structural elements, the
level of stresses achieved is mostly determined by the pressure value. A feature of modeling the response
of a solid body to intense impacts is the consideration of the thermal part of the pressure, which reflects the
dependence on the energy density of the oscillatory motions of atoms and molecules. The pressure in the
material has two parts associated with these types of energy. The cold part of the equation of state is deter-
mined by the dependence on the degree of compression of the material. The thermal part of the equation of
state is determined by the anharmonicity of the forces acting between the atoms. As the temperature rises,
the contribution of the thermal part of the pressure increases; it can equal and even exceed the cold part of
the pressure [1].

In the case of anisotropy of the mechanical properties of the material, the anisotropy of the cold part of the
pressure in the area of elastic, plastic deformations, as well as after the destruction of the material under com-
pression conditions, is determined using the values of the elastic constants of the material. The anisotropy
of the cold part of the pressure depends on different values of the linear compression module determined for
different directions. The anisotropy of the thermal part of the pressure is determined by the anisotropy of the
Griineisen coefficients. The anisotropy of the elastic and plastic properties of the material predetermines the
introduction of a correspondence between uniform volumetric deformation and anisotropic pressure.

The results of simulation of shock loading of a target made of single-crystal zinc, which is characterized
by transversal isotropy of elastic characteristics and the Griineisen coefficient at the Debye temperature, are
presented. It is shown that the use of anisotropic pressure in the mathematical model makes it possible to
carry out calculations with no separation of the elastic precursor of the earlier plastic compression wave on
the back surface of the target in the [0001] direction, as in natural experiments [2]. At the same time, simula-
tion of the impact loading of the target with the orientation of the material properties in it in the perpendicular
direction demonstrates a clear emergence of the elastic precursor. Numerical simulation of shock loading
of a target made of a single crystal of zinc by an aluminum projectile was carried out by the dynamic finite
element method in a three-dimensional formulation.

The work was carried out within the framework of the state task of the ISPMS SB RAS, subject number
FWRW-2021-0011.
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AHAJIMTUYECKOE U YUCJIEHHOE MOJEJIUPOBAHUE TEUEHUIA
B IIPUJJOHHBIX YACTAX BOCXOAAIINX
3AKPYYEHHBIX IIOTOKOB
NPU YUYETE JEUCTBUA CUJI TAXKECTU U KOPUOJIUCA

A. A. Byzaenxo, A. O. Kazawunckuu, U. FO. Kpymoea, O. B. Onpviuko

CHeXUHCKUH (PU3UKO-TEXHHYECKUH MHCTUTYT HalmoHambHOTO MCCIIe0BaTENBCKOTO SIIEPHOTO
yauBepcuteta «MUDN», Crexunck, Poccus

E-mail: IYKrutova@mephi.ru

Jns cuctembl ypaBHeHUH Tra3oBod AuHamMukH 1o npeanoxeHHoit C. I1. Baytunemv (cMm. [1-3]) cxeme
BO3HHKHOBEHHSI U yCTOWYMBOTO ()YHKUMOHUPOBAHHUS BOCXOISIIMX 3aKPYUECHHBIX IOTOKOB PAacCMOTpEHA
OJlHa KOHKpETHasl XapakTepucTuueckas 3agava Komm ¢ HayalbHBIMM JaHHBIMH Ha HEMPOHUI[AEMOM TOpH-
30HTaNbHOM miockocTH z = 0 [3, 4]. PaccmoTpenHas 3a1aua sBisieTca XapakTepucTuieckoi 3anadeit Komm
CTaHJApPTHOTO BHUJA, Y KOTOPOH B CIIyyae aHAIUTUYHOCTH BXOAHBIX JaHHBIX UMEETCS €IMHCTBEHHOE aHaJH-
TH4eckoe pemenre. Onucana mpoueaypa nocTpoeHus: KOdPPHUINEHTOB OECKOHEYHBIX PSIIOB C T€M, YTOObI
KOHEUHBIH OTPE30K 3TOTr0 psAga MPUMEHUTH AJISl NPUOIMKEHHOTO OMHCAHHUS TEUCHUH raza B MPHIOHHBIX
YacTsIX TOPHAAO M TPOIMUYECKOTO LUKIOHA. [[puBoauTCS BUI aHATUTUYECKUX (OPMYIT U QJITOPUTM pacyera
KMHETUYECKOM SHEPTHH C HCIOIB30BAHUEM aHATUTUUYECKOTO MPEICTABIEHUS OTpe3Ka psaa. Pactpenenenus
ra3oiMHAMUYECKHX MapaMeTPOB HCCIIEAYEMbIX TEUEHHH MPECTaBICHBI B YUCIOBOM H B IpaUuecKoM BUJE.
OHH COOTBETCTBYIOT AaHHBIM HAaTYPHBIX HAOIIOACHUI 32 TOPHAZO Pa3IMYHBIX KJIACCOB M 32 TPOIMMYECKUM
LUKJIOHOM CpelHEH MHTEHCHBHOCTH. AHAN3 reOMETPUYECKUX, CKOPOCTHBIX U SHEPreTHYECKUX XapakTe-
PHUCTHK paccCMaTpUBAa€MBIX TE€UEHHH MOKazal CieAyIoliee: pa3pylIUuTeIbHbIH XapakTep UMEIOT Te, HaOlo-
JlaeMble B IPUPOJIE TOPHAAO0, Y KOTOPBIX KHHETHYECKas SHEPTHsI OKPY>KHOTO JABM)KEHUS B IPUAOHHON YacTH
OoJibllIe KWHETUYECKON SHEPTHH ParaIbHOTO ABMKCHHUS BO3AyXa B 3TOH YacTH MOTOKA.
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ANALYTICAL AND NUMERICAL MODELING OF THE FLOWS
IN THE LOWER PARTS OF ASCENDING VORTEX FLOWS
A. A. Bugaenko, A. O. Kazachinsky, I. Yu. Krutova, O. V. Opryshko

Snezhinsky Institute of Physics and Technology National Research Nuclear University “MEPhI”,
Snezhinsk, Russia

E-mail: ['YKrutova@mephi.ru

For a system of gas dynamics equations, according to the scheme proposed by S. P. Bautin (see [1-3]) for
the emergence and stable functioning of ascending twisted flows, one specific Cauchy problem with initial
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data on an impenetrable horizontal plane z = 0 is considered [4, 5]. The problem considered is a characteristic
Cauchy problem of the standard form, which, in the case of analyticity of the input data, has a unique analytic
solution. The procedure for constructing the coefficients of infinite series is described so that the final seg-
ment of this series can be applied to an approximate description of gas flows in the bottom parts of a tornado
and a tropical cyclone. A kind of analytical formulas and an algorithm for calculating the kinetic energy
are presented using the analytical representation of a segment of a series. The distributions of gas-dynamic
parameters of the investigated currents are presented in numerical and graphical form. They correspond to
the data of field observations of tornadoes of various classes and to a tropical cyclone of medium intensity.
Analysis of the geometric, velocity and energy characteristics of the currents under consideration showed
the following: destructive nature has those observed in nature of the tornado, in which the kinetic energy of
the circumferential motion in the bottom part is greater than the kinetic energy of the radial motion of air in
this part of the flow.
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METO/AbI AHAJIN3A KAUECTBA HECTPYKTYPUPOBAHHBIX
CETOK U3 TPOU3BOJBbHBIX MHOI'OI'PAHHUKOB
A MOAEJIUPOBAHUA 3AJAY ADPO- U THAPOANHAMUKUAU
B ITAKETE ITPOI'PAMM JIOT'OC

M. B. Kysvmenxo, O. H. bopucenxo, K. A. braxcnosa, T. E. Tumaesa

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepocceuniickuit HUU skcnepruMenTanbHoi
(mzuku, Capos, Poccus

Jliig 3amaHus HaYalbHBIX aHHBIX M TCHEpaIlH CETOK, a TAKXKe MPEIOCTABICHUS TPa@UUESCKUX UHTEp-
(belicoB AJIs MOATOTOBKM M BBHITIONIHCHUS MHXKCHEPHOIO aHaiu3a B makere nporpamm Jloroc [1] Benercs
pa3pabotka mpenocrtopolieccopa. B pamkax 3Toro makera mporpamm JUisl pElIeHUs 3ajad a’dpo- W THUJ-
POIMHAMUKY Pa3padaThIBAIOTCS aBTOMATHYCCKHE T'€HEPATOPhl HECTPYKTYPUPOBAHHBIX OOBEMHBIX CETOK
C MHOTOTpaHHBIMHU 3JIEMEHTAMH METOJIOM OTCEUEHHUs [2] U Ha OCHOBE TeTpasapos [3].

PacuerHbie ceTKH, MOCTPOSHHBIE ABTOMATUICCKUMU T€HEPATOPAMH, HE BCETIIa MOTYT ObITh HAJ[JICKAIIETO
kadecTBa. [Ipy 0CBOGHNY HOBBIX KJIACCOB PacUeTOB, B ClIy4ac BOSHUKHOBEHUS MPOOJIEM C TIPOBEICHUEM YHC-
JICHHOTO MOJISIMPOBaHUs, BO3HUKACT HEOOXOIUMOCTh IPOBEPUTH KOPPEKTHOCTh CTPYKTYPHI ceTku. [loaTo-
MY Ba)KHO UMETh ITPOTPAMMHBIA UHCTPYMEHT ISl OIICHKU Ka4eCTBA PACUETHBIX CETOK U UX CTPYKTYPBHI.

B noknane npeactaBiaeHO TEKyILIEE COCTOSHUE MOYJISl aHAIN3a Ka4eCTBa HECTPYKTYPUPOBAHHBIX CETOK
U3 MPOU3BOJIEHBIX MHOTOTPAaHHUKOB, OMUCAHbl OCHOBHBIC METO/BI MOJAYJIS aHAN3a KauecTBa U ero (yHK-
IUOHAIbHBIE BOBMOXKHOCTH.
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Mertozpl aHann3a Ka4ecTBa CETOK MOTYT OBITh pa3AeieHbl Ha TeOMETPHUYECKUE U TOTOJIOTHUECKHE.

Tononoruueckue METOABI MOTYT OBITH UCIIONB30BAHBI O€3 BBHIUMCICHUS aKTYAILHOTO MOJOKEHUS TOYEK,
B TO BpeMsl KaK reOMETpUUECKHe — UMEIOT Jeo ¢ GopMoii siueek u rpanuneid. K ocHOBHBIM Tomonorunyue-
CKUM METO/IaM aHaJIM3a KauecTBa MOYXHO OTHECTH TaKHe, KaK OTCYTCTBHE B CETKE CBOOOIHBIX pebep 1 rpaHeil.

K reomerpryeckum MeTonaM MO>KHO OTHECTH:

1) 3aMKHYTOCTb STYEHKH;

2) OTCYTCTBHUE SAYEEK-COCEACH C CHIIBHO BHIPAKEHHBIM OTJIMYHUEM B OTHOLIEHHWH OOBEMOB W IUIOLIAJEH
MTOBEPXHOCTHBIX TpaHel;

3) oTCcyTCTBHE SUYEEK C CaMOIepecedeHueM IpaHell Wil IpaHel C OCTPHIMU YITIaMH;

4) IMarHOCTHKa MHOTOTPaHHON CETKH Ha OTCYTCTBHE MECT, B KOTOPBIX HE COXpaHWJIach MH(pOpPMAaLUsL
0 XapaKTEePHBIX 0COOCHHOCTSIX MOACIH.

B Hacrosimiee BpeMs peaqu30BaHO HECKOIBKO (PYHKIIMOHAIBHBIX BOBMOXHOCTEH MOMYJISL:

1) aHanu3 kayecTBa JUIA Pa3HBIX TUIOB siueeK (HampuMmep, Ui sYeeK MOTPaHUYHOTO CJI0s) B MpOoLecce
MOCTPOEHMSI CETKH T€HEPATOPOM CETOK METOIOM OTCEUECHHS;

2) MONHBIN aHAJIN3 Ka4eCTBa CETOK MOCIIE TIOCTPOEHUS;

3) cpaBHEHHE KauecTBa CETOK, MOCTPOEHHBIX Pa3HBIMU BEPCHAMH I€HEPATOPOB.

B cooTtBeTcTBMM C HaliJleHHBIMM HEKAUE€CTBEHHBIMU 3JEMEHTaMH, UMEETCS BO3MOKHOCTH KOPPEKIIMH
CETKHU B T€HEPaTopax HECTPYKTYPHUPOBAHHBIX CETOK.
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METHODS TO ANALYZE THE QUALITY OF UNSTRUCTURED
MESHES OF RANDOM POLYHEDRONS TO SIMULATE
AERO-AND HYDRO-DYNAMIC PROBLEMS
IN LOGOS SOFTWARE PACKAGE

M. V. Kuzmenko, O. N. Borisenko, K. A. Blazhnova, T. E. Timaeva

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

A pre-post-processor is being designed for the initial data setting and mesh generation as well as for
graphic interfaces to prepare and complete engineering analysis in Logos software package [1]. Automatic
mesh generators of unstructured volume meshes with multifaceted elements using the cut-off method [2]
and the one on the basis of tetrahedrons [3] have been developed within this software package to solve the
problems and aero- and hydrodynamics.

Computation meshes from automatic generators are not always of a proper quality. When mastering new
classes of computation in case some problems occur with numerical simulation you may need to check cor-
rectness of the mesh structure. So, you have to have a tool to estimate the quality of the computation meshes
and their structure.
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The paper presents the current state of the module for the quality assessment of unstructured meshes of
random polyhedrons and describes the basic methods of the quality assessment module and its functional-
ities.

The methods to assess the quality of the meshes can be divided into geometric ones and topological ones.

Topological methods can be used without computing actual position of the points, and the geometric ones
deal with the shapes of the cells and boundaries. The basic topological methods of the quality assessment
comprise such methods as the absence of free edges and facets in the mesh.

The geometric methods comprise:

1) closedness of the cell;

2) absence of neighboring cells with evident difference with regard to the volume and areas of the surface
facets;

3) absence of the cells with self-intersection of facets or facets with sharp angles;

4) diagnostics of a multifaceted mesh for the absence of points where the information on characteristic
features of the model has not been saved.

Several functionalities of the module have been recently realized:

1) quality assessment for different types of cells (for example, for the cells of the boundary layer) in the
process of mesh generation with the cut-off method;

2) full quality analysis of the meshes after generation;

3) comparison of the quality of the meshes generated with different versions of generators.

There is a possibility of mesh correction in the generators of unstructured meshes according to the ele-
ments of poor quality revealed.
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MOAEJUPOBAHUE JTUHAMHUKHU OKEAHA
C YCBOEHUEM JAHHBIX HABJIOJEHUM
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*MoCKOBCKHiA rocyapcTBeHHblil yausepcurer uMenru M. B. JlomoHocoBa, Mocksa, Poccust

B pabote uccnenyercst mpocTpaHCTBEHHO-BPEMECHHAST U3MEHUMBOCTh XapaKTEPUCTUK MOACTH LIUPKYIIS-
uu okeana Nucleus for European Modelling of the Ocean (NEMO) [1] ¢ ycBoeHHEM JaHHBIX 110 METOAY
o6o6mmennoro ¢punsrpa Kanmana (Generalized Kalman filter (GKF)), panee pazpadorannomy aBropamu [2].
B Hacrosmeit paboTe MpoBeNEHBI YUCICHHBIC SKCIIEPUMEHTHI ¢ To0anbHOM Bepcueit monenn NEMO Ha
cetke ORCA1 u ¢ ucnonbp30BaHUEM HOBOTO CIocoba ompezenieHus KirodeBbix mapamerpo meroga GKEF.
[IpoBeaeHo MonenrpoBaHrue Ha BEIOPAHHOM BPEMEHHOM MHTEpBaie B 1 MecsI] MPOCTPAaHCTBEHHO-BPEMEH-
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HOW M3MEHUYMBOCTH XapaKTepUCTUK okeaHa 1o Moaenn NEMO kak ¢ npuMeHeHHeM MEeTola YCBOCHUS AaH-
HeIXx GKF ¢ ucnons3oBanneM apxuBa JaHHBIX HAOMIOACHUH ¢ ApudTepoB Argo Ha pa3IUYHBIX TOPU3OHTAX,
Tak u 0e3 ycBoeHHs. JlaHHbIe HAOMIONEHUH YCBaWBAINCh COBMECTHO, C YY€TOM HX B3aHMO3aBHCHUMOCTH,
a UMEHHO KOPPESIIMOHHONW (YHKIMH MEXKAY TEMIIEPaTypoil U CONIEHOCThIO Ha BBIAEICHHBIX TOPU30HTAX.
Pesynbrarel pacyeToB MOKa3bIBAIOT, YTO NpeanokeHHas Moaudukanus meroga GKF agekBaTHO oueHMBaeT
JaHHBIC HAOTIOICHUH U KOPPEKTHPYET Pe3ybTaThl MOJIEIBHBIX PACUETOB C IPUEMIIEMON TOYHOCTBI0. TakuM
o0pa3oM, Mmoka3aHa NPUMEHUMOCTh U ycToiunBocTh MeTona GKF ¢ execyToYHBIM YCBOGHHEM MOAIIOBEPX-
HOCTHBIX U TITyOOKOBOJHBIX AaHHBIX HaOMoneHui At uHTerpupoBanus Moaeian NEMO Ha onuH Mecs.
Pabora BeimonHena npu noanepxke Poccuiickoro nayunoro ¢ponaa, mpoekt Ne 22-11-00053.
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NUMERICAL SIMULATION OF OCEAN DUNAMICS
IN CONJUNCTION WITH DATA ASSIMILATION METHOD
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The paper studies the spatiotemporal variability of the characteristics of the Nucleus for European Mod-
eling of the Ocean (NEMO) ocean circulation model [1] with data assimilation by the Generalized Kalman
filter (GKF) method, previously developed by the authors [2]. In the present work, numerical experiments
were carried out with the global version of the NEMO model on the ORCA1 grid and have used a new
method for determining the key parameters of the GKF method. Simulation was carried out on a selected
time interval of 1 month of the spatiotemporal variability of ocean characteristics of the NEMO model,
both using the GKF data assimilation method and without assimilation. For the assimilation the archive of
observational data from Argo drifters at different horizons have been utilized. Observational data namely
temperature, salinity and pressure were assimilated jointly, taking into account their interdependence, the
correlation function between temperature and salinity at the identified horizons. The calculation results show
that the proposed modification of the GKF method adequately evaluates the observational data and correct
the results of model calculations with acceptable accuracy. The main conclusion is that the applicability and
stability of the GKF method with daily assimilation of subsurface and deep-sea observational data for the
integration of the NEMO model for one month is shown.

This work was supported by the Russian Science Foundation, project no. 22-11-00053.
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ITpu MoznenupoBaHuK pabOThl U ABAPUIHBIX PEKUMOB ITPOMBIIUIEHHBIX YCTAaHOBOK, IPUMEHSIEMBIX KaK
Ha ADC, Tak M B BOJOPOJHOI HEpreTHKe, OJHON U3 NPOONEM SBIAETCS BBICOKAs CTENEHb Pa3HOMACII-
TaOHOCTH NPOTEKAIONIMX MpoleccoB. IIpumepoM Takoro mporecca sBISETCS MCTEYEHHE BOAOPOJA depes
pa3phIB COCY/Ia BHICOKOTO JABJIEHUS MM MMIBOTHHHBINA Pa3pbiB TPYOOIPOBOJOB BBICOKOTO AaBieHus. IIpu
MOJIETMPOBAHUH TAKOTO MPOLIECCA HEOOXOMUMO C BHICOKOM TOUHOCTBIO YUUTHIBATH TEOMETPUUECKHE pa3Me-
pbI, IPUYEM XapaKTepHbIE pa3MePhl Pa3pbIBOB U3MEPAIOTCS MUJUIMMETPAMH, a 00JIaCTH UCTEYEHHUS ra3a Mo-
I'yT JOCTUTaTh JIECATKOB METPOB. Taxke BOIM3U pa3phlBa CKOPOCTh MOTOKA UCTEKAIONIETO Ia3a CTPEMHTCS
K CKOPOCTH 3ByKa M 3KCIIOHEHIHAJILHO yObIBAET IIPU yAaJIeHUH OT HETO.

Kak npaBuiio, BpeMEHHOM 11ar MHTErPUPOBAHUS CUCTEMb] YPaBHEHUI MEXaHUKH CILIOLIHOM CpeJibl orpa-
HMYEH MMHUMAaJIbHBIM 3JIEMEHTOM CETKH B 00JIACTH C HAnOOJIbIIE HHTEHCHBHOCTBIO H3MEHEHHs Ta30/1MHAa-
MHMYECKHX BEJIMYMH. B CBA3M ¢ ueM /i OONBIIMHCTBA A4Y€eK Iar HHTETPUPOBAHMUS SBJIAETCS CYIIECTBEHHO
3aHMKEHHBIM, YTO NPHBOAUT K YBEITMYEHHIO NPOJOJKUTENILHOCTH PAacyeTa, a TaKkKe K HaKOILIEHUIO BBIYHC-
JIEHHOM MOrPENIHOCTH M3-3a BO3PACTAIOIIEr0 KOJIMYECTBAa apu(MEeTHIECKHX onepanuid. B naHHo#i pabore
IPEVIOKEH METOJI, TIO3BOJIAIONINI PACCUMTBIBATE MOA00IACTH MOJEIMPYEMOMH CUCTEMBI C MHJMBHUyallb-
HBIM BPEMEHHBIM IIAaroM, 3aBUCAILMM OT MHTEHCHMBHOCTU HMPOTEKAIOLIEro MpolLecca U pa3Mepa CETOUYHOro
3JEMEHTA, YTO MO3BOJISAET YMEHBIIUTh KOJIMYECTBO BBHIYMCIECHUI NPH MOJEIMPOBAHUHU CIIOXKHBIX M Pa3HO-
MacIITaOHBIX ra30JMHAMHYECKUX CUCTEM.

IIpencrapnenHas MoauHKalus OCHOBaHA Ha MeTofe KypomaTeHko /i HEOPTOrOHAIBHBIX MIIEPOBBIX
cetok [1]. B Hauase pacyera a1 Ka)JOIro CETOYHOIO 3JIEMEHTA PACCYMTHIBAETCS IIAr 110 BPEMEHH, YJOB-
JIETBOPSAIOMIMI yCIIOBUIO yCTOWYMBOCTU. 3aTeM pacyeTHas 001acTh pa3bMBaeTcs Ha MOAOOIACTH TaKUM
00pa3oM, 4TO B OHY NOA00JACTb MONAAAIOT SYEHKH, JUI KOTOPBIX BBIYMCIEHHBIH BPEMEHHOM IIar yj10B-
JeTBopsieT ycnosuio dr,,;, 2k < ds; <dt,,;, -2F, rne k cootBeTCTBYET YPOBHIO MOXOGIACTH OTHOCHTENHHO
BEJIMYMHBI BPEMEHHOIO 1ara. BpemeHHol mar B coceHUX (IpaHMYAIMX) MOA00IACTAX HE MOKET OTIIH-
yaThbcs Ooliee, 4eM B 2 pa3a. BrlnoaHeHne HHTerpaibHbIX 3aKOHOB COXPAaHEHUS MAaCChl, UMITYJIbCA U SHEPTUH
BCEll pacyeTHOM CUCTeMbI 00ECTIEYNBACTCS CIIEIMAIbHBIM aJITOPUTMOM JIJIS pacyeTa HOTOKOB YePE3 IPaHUILY
CMEKHBIX oOnacTeid. Pesynbrarsl MoJienpoBaHus oKa3ail paboToCOCOOHOCTh JaHHOTO M0IX0/1a, a TAKKe
CYLIECTBEHHBIN NPUPOCT CKOPOCTH BBIYMCIIEHHH.

B noxnajne npesicTaBieHsl pe3yabTaThl padoT 110 peann3aliy JaHHOTO aJrOpPUTMa, a TAKKE IIPOBEIECHHBIE
YUCJIEHHBIE PACYETHI C €I0 UCIOJIB30BAHUEM.
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APPLICATION OF THE INHOMOGENEOUS TIME STEP
IN THE KUROPATENKO METHOD FOR MODELING
GAS-DYNAMIC PROCESSES IN EULERIAN COORDINATES
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When modeling the operation and emergency modes of industrial installations used both at nuclear power
plants and in hydrogen energy, one of the problems is the high degree of variability of the processes. An
example of such a process is the outflow of hydrogen through a rupture of a high-pressure vessel or a full-
bore rupture of a high-pressure pipeline. During simulation of such processes, it is necessary to take into
account geometry of simulated objects with high accuracy, and the characteristic dimensions of the gaps are
measured in millimeters, while the size of the outflow area can reach dozens of meters. Moreover, near the
rupture, the flow velocity of the exhausted gas tends to the speed of sound and decreases exponentially with
distance from it.

The time step of integration of a system of continuum mechanics equations is limited by the minimum
grid element in the region with the greatest intensity of change in gas dynamic quantities. Hence, for most
cells, the integration step is significantly underestimated, which leads to an unnecessary increase in the dura-
tion of the calculation, as well as to the accumulation of computational error due to the increasing number of
arithmetic operations. This report presents a method that allows calculating the subdomains of an integrated
system with an individual time step depending on the intensity of the process and the size of the grid element,
which reduces the number of calculations during simulation of complex and variable-scale gas dynamic
systems.

The presented modification is based on the Kuropateko method for non-orthogonal Euler grids [1]. At the
beginning of the calculation, a time step satisfying the stability condition is calculated for each grid element.
Then the calculated region is divided into subdomains in such a way that cells fall into one subdomain for
which the calculated time step satisfies the condition dt,,;, - PR dy; <dt,,;, .2¥  where k corresponds to the
level of the subdomain relative to the magnitude of the time step. the time step in neighboring (bordering)
subdomains cannot differ by more than 2 times. The laws of conservation of mass, momentum and energy
of the entire calculation system are fulfilled by a special algorithm for calculating flows across the border of
adjacent subdomains. The simulation results show improved efficiency of this approach, as well as a signifi-
cant increase in the speed of calculations.

The report presents the results of work on the implementation of this algorithm, as well as numerical
calculations carried out using it.
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JABYMEPHAASA 3AJAYA Ob OITPOKU/JIBIBAHUH BOJIHbI
IIPU BBIXOJAE HYHAMM HA BEPET

C. JI. Jlepabun, A. B. Me3enyes

YpanbsCKuii TOCyIapCTBEHHBIH YHUBEPCUTET IMyTeH coobmenus, Exarepun0ypr, Poccus

B pabote paccmarpuBaroTcs JByMEpHBIC TEUEHUS BOJBI, BOZHUKAIOIINME MOCIE HaKaTa BOJHBI Ha Oeper
C TocenyromuM o0pylieHreM. B kauecTBe MareMaTndecKod MOJENTU HCIONIB3YeTCsS CUCTEMa YPaBHEHUH
MEJIKOM BOJBI C YYETOM JICUCTBUS CHIIBI TsDKecTU. [Ipu BhIXOnIE BONHBI Ha Oeper nuHUs ypesa (TpaHulla
BOJIa—CyIlla) HAYMHAET CMEUIAThCsA B CTOPOHY CYIIW M PEIICHUE 3a7a4d MPUXOAUTHCA CTPOUTh B 001acTH
C MONBWXHOU Tpanuield. Kpome Toro, Ha camMoii TUHUK ype3a TOJHAs TIyOWHA BOJABI CTAHOBUTCS PABHOM
HYJTFO, YTO BHOCHUT JIOTIOJIHUTEIHLHYI OCOOCHHOCTh B CUCTEMY ypaBHEHUI Melkoii Boabl. CucTemMa ypaBHe-
HUN MEIKOW BOJBI B TOYHOCTH COBIAJACT C YPABHCHUSMU JIBHIKCHHSI ITOJUTPOIHOTO ra3a ¢ MoKa3aTeieM
nonutponsl Y = 2. [Ipu 3TOM nuHUS ypesa JJis ypaBHEHUI MEIKOW BOJBI B CUCTEME ypaBHEHUI ra3oBOU
JTUHAMUKH SIBJISICTCS TpaHMilel ra3-BakyyM. Cama e 3amada 00 ONMPOKH/IBIBAHUU BOJIHBI SIBIISICTCS 3a7a-
4eii 0 pacmaje crenuaabHoro paspeiea [1]. C ucnonp3oBaHueM METOIUKH PEIICHUS 3a]laud O pacraje crie-
UAJBHOTO pa3pbiBa [1] pabote [2] HOCTPOCHO OMHOMEPHOE TEUCHUE, a B padoTe [3] AByMEpHOE TeueHHUE
B OKPECTHOCTH JIMHHUHU ype3a. PereHus ObUTH MOCTPOSHBI B BUJE JTOKAIBLHO CXOJSIIUXCS PSIIOB B CIICIIUATB-
HOM (D)YHKIIMOHAJILHOM MIPOCTPAHCTBE, ObLI MOIYYEH 3aKOH JBIKEHUS TPAHUIIBI ype3a U HAWICHO 3HAUCHUES
CKOPOCTH JKUJIKOCTH Ha HEll.

B nanHO# paboTe ¢ MOMOIIBIO HECTAI[MOHAPHBIX aBTOMOJICIBHBIX NMEPEMEHHBIX PEIICHUE JIBYMEPHOM
3aJ1auu 00 OMPOKUIBIBAHUH BOJIHEI OYJIET CTPOUTHCS B (PU3UYESCKOM MTPOCTPAHCTBE.

B oproroHanpHBIX KPUBOJIMHEHHBIX KOOPAMHATAX M U § CUCTEMAa ypaBHEHUIN MEJIKOH BOJIBI HMEET BUJI
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HauanbHele ycnoBus s cucTeMsl (2) 3a1aauM Ha 3ByKOBO# XapakTtepuctuke I'y, pacnpocTpansiomieics
nocse oOpyIIeHHs BOJIHBI 10 HEBO3MYILIEHHOM KHUIKOCTH

C(t,é,y)|r1=C0(t,§), tay|r u®(1,€), v(z,g,y)|r1:v0(z,§). (3)
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Ioctpoum pemenne 3amaun (2), (3) B BUIE psAa IO CTENEHAM t

k
f(t,g,y)zZ::()fk(&:y)%v fZ{C,U,V}. (4)
Hynesbie koaduuneHTs! psina OyayT UMETh BHJ
1 2 2 1
Co :ﬁ(y—uo (O,§)+2\/§CO(O,§)), U :EJ’—E\/EJFEUO(O@)’ v =7 (0.8).

OcranpHble KO3(POUIMEHTHI psifa MONIYyYaroTCs PeKYPPEHTHBIM 00pa3oM ¢ MOMOIIbIO Au(QepeHIIr-
poBaHUsS CUCTEMBI (2) TO £, MOJCTAHOBKH B TOJTYUYEHHBIC BhIpakeHusl ¢ = 0 U yxe HalIeHHBIX K03 du-
IIUEHTOB.

Teopema. 3anada (2), (3) uMeeT eMUHCTBEHHOE aHATUTHYSCKOE pelIcHHe. PerieHue 3Tor 3a1a4u mpe-
CTaBIISIETCS B BUJIE cXosmIerocs psiaa (4).

B pabote moCTpOCHO JIOKaIBbHO-aHAIUTUYCCKOE PEUICHHE 33Jadyd 00 ONMPOKUIBIBAHUY BOJIHEI B IIPO-
CTPaHCTBE (PU3NUCCKUX TICPEMEHHBIX.

Takum 00pa3oM, BHIMOJIHEHO aHATUTHYECKOE UCCIIEIOBAHHUE /ISl YUCICHHOTO MOJICIIUPOBAHUS TEUCHUS,
BO3HUKIIETO MOCIIE OOPYIICHUS BOJIHBI Ha OOJIBIIION MTPOMEKYTOK BPEMEHU.
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TWO-DIMENSIONAL PROBLEM OF OVERTURNING
A WAVE WHEN A TSUNAMI COMES ASHORE

S. L. Deryabin, A. V. Mezentsev
Ural State University of Railway Transport, Yekaterinburg, Russia

The paper considers two-dimensional water flows that occur after a wave rolls onto the shore with
a subsequent fall. As a mathematical model, a system of shallow water equations is used, taking into
account the action of gravity. When a wave comes ashore, the water edge line (the water—land border)
begins to shift towards the land and the solution of the problem has to be built in an area with a movable
border. In addition, at the very edge line, the total water depth becomes zero, which introduces an addi-
tional feature into the system of shallow water equations. The system of shallow water equations exactly
coincides with the equations of motion of a polytropic gas with the polytropic exponent y = 2. In this
case, the water edge line for shallow water equations in the system of gas dynamics equations is the gas-
vacuum boundary. The very problem of overturning the wave is the problem of the breakup of a special
discontinuity [1]. Using the method of solving the problem of the breakup of a special discontinuity [1],
a one-dimensional flow was constructed in [2], and in [3] a two-dimensional flow was constructed in the
vicinity of the water edge line. The solutions were constructed in the form of locally converging series
in a special functional space, the law of motion of the edge boundary was obtained and the value of the
fluid velocity on it was found.

In this paper, with the help of non-stationary self-similar variables, the solution of the two-dimensional
wave overturning problem will be constructed in physical space.
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In orthogonal curvilinear coordinates 1 and &, the system of shallow water equations has the form

1 4, 1
H+Hu+—Hv+H|u +—u+—v. |=0,
t n A € [ n A A ‘2]

4, 5

Uy +uy u+—uv——v + H =gP, 1

‘ K gH, =g (1)
1 Aﬂ 1

V,+v.u+—vev+—uv+—gH, = g0.

PV VeV PERE g0

Here A4, P, Q are functions in a known way that depend on n u &; H is the depth of the fluid; u, v are pro-
jections of the velocity vector on the coordinate axes 1 and &.

In system (1), nonstationary self-similar variables ¢ =¢#, §=§', y=n/t, and a new unknown function
C =+ H are introduced. The result is a system

V 1 Aﬂ 1
tC,+(u—y)C, +—tCe +—=Clu,+—1tu +—tv. |=0,
+(u=-y) y TS (y y 4 éJ

4,

A% 2 .
tut+(u—y)uy+ztu§—7tv +2gCC,, = gtP, 2)

4,

v 1
v, +(u—y)v, +—tve +—tuv+—gtC. = gtQ.

The initial conditions for system (2) are set on the sound characteristic I'1, extending after the fall of the
wave through an undisturbed liquid

C(1,&, y)|rl =C(1,8), u(t.&, y)|rl =u’(1,8), v(1,&, y)|rl =v(1,8). (3)
We construct the solution of the problem (2), (3) in the form of a series of degrees t
P83 =T fi(En) £={C) @
The zero coefficients of the series will have the form
3\/7(y u’(0,6)+2,/gC°(0,8)), u0=§y—§\/§+ u°(0,8), vo=2"(0,8).

The remaining coefficients of the series are obtained in a recurrent way by differentiating system (2) by ¢,
substituting the obtained expressions ¢ = 0 and the coefficients already found.

Theorem. Problem (2), (3) has a unique analytical solution. The solution of this problem is represented
as a convergent series (4).

In this paper, a locally analytical solution to the problem of wave overturning in the space of physical
variables is constructed.

Thus, an analytical study was carried out for numerical simulation of the flow that occurred after the fall
of the wave for a long period of time.
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NCHOJIb30BAHUE JTMHAMNYECKOMN AJATNITAIIUU CETKHA
NJISI PACUETOB HEYCTOMYHUBOCTH PAJIESA-TENRJIOPA

H. A. Muxaiinos, U. B. [aseipun, H. B. Iazvipuna, M. A. [lucknosa

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

B pabote aHamu3upyroTCs acHeKThl YMCICHHOTO MOJICSIMPOBAHUSI ABTOMOJIEIFHON CTaaud HEyCTOWYH-
BocTH Panes—Teinopa ¢ ucmonp30BaHNEM TMHAMHUYECKON aalTalluy pacueTHOM ceTku. PaccmarpuBaercs
MIOCTaHOBKA C UACATU3NPOBAHHBIMU HaYaJIbHBIMH YCIIOBUSIMH, KOT/Ia HauyalbHbIE BO3MYIIIEHUE COCTABISIOT
CITy4alHble MaJIOAMIUTUTYIHbIE KOPOTKOBOJIHOBBIE TapMOHUKHU. [IpH Takux HayaJbHBIX BO3MYILEHUAX, KaK
MOKa3aJIM paHee BHINOIHEHHbIE YnCIeHHbIe ucciaenoBanus B pamkax ILES u DNS nonxonos mo psny pac-
4eTHBIX MeTOAMK [1-3], koapduunenT pocra myssipeit o, coctasuser 0,025 £ 0,005. Pacuets! B 9TX pado-
Tax ObUIM CllelaHbl HAa KyOMYeCKUX paBHOMEPHBIX CEeTKaX, MOCKOJIbKY OCHOBHOE BHUMaHHUE OBLIO YIAEeIEeHO
OIIPEZIECNIEHHIO O, U COMYTCTBYIOIIUX XapaKTEPUCTUK NEPEMELIMBAHHUS.

B nanHO#1 paboTe uccneqyeTcs BOIPOC MPUMEHEHUSI TUHAMUYECKON afanTanuu ceTkd B pamkax ILES
MoJXofia JUIsl BOCIIPOM3BECHMS PE3YIBTAaTOB Ha COOTBETCTBYIOLIMX MEJIKMX PaBHOMEpHBIX ceTkax. Pac-
CMaTpuBaeTcsl ABa THUMA JAWHAMUYECKOTO H3MENIBUEHMs: a) JOKajbHas aJalTalus CMEIIaHHBIX S4YeeK
u 0) amanTanysi BCEro IOCKOTO cJosi, COAeprKallero 30Hy nepemMemmBanus — cM. puc. 1. CrnenaHo cpas-
HEHHE SKOHOMMYHOCTH 3TUX MOAXOAO0B U X 3P(EKTUBHOCTH JUI BOCIPOM3BEIEHUS O, AMHAMHUKU POCTa
30HBI IEpEMEIINBaHNs, TypOyITeHTHON KHHETHYECKOH SHEPTUH.

Puc. 1. Tumnel agantaiuy CETKU:

CJIEBa — JIOKaJIbHas, ClipaBa — INIOCKUM CJIOEM
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AN APPLICATION OF THE DYNAMIC MESH REFINEMENT
TO MODEL RAYLEIGH-TAYLOR INSTABILITY

N. A. Mikhaylov, 1. V. Glazyrin, N. V. Glazyrina, M. A. Pisklova

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Numerical aspects of dynamic mesh refinement approach to model Rayleigh-Taylor instability are ana-
lyzed in this work. The problem statement with idealized initial conditions is considered so initial perturba-
tions are small random short wavelength harmonics. Previous works via ILES and DNS calculations have
shown that such perturbations give bubble amplitude coefficient o, = 0.025 £ 0.005 [1-3]. Cubic equal grids
have been used in these investigations because the basic aim was there to find o, and attendant flow char-
acteristics.

The aim of this work is to find the best approach to use the dynamic mesh refinement in ILES to reproduce
consistent equal grids results. Two types of mesh refinement are considered: a) local adaptation of mixed
cells and u b) adaptation of whole plane layer containing mixing zone — see fig. 1. A comparison of efficiency,
resulting mixing zone dynamics and turbulent kinetic energy of these variants is made.

Fig. 1. Mesh refinement types:
local — on the left, plane layer — on the right
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CPABHUTEJIbHBIA AHAJIN3 KPUTEPUEB JIOKAJIBHOM
CETOYHOM AJJATITAIIUN

P. B. Mypamos, A. A. Cepéaxcrun

OI'VII «Beepoccuiickuit HUM apromaruku umenu H. JI. TyxoBa», MockBsa, Poccust

Hcnonb3oBaHue JIOKaJIbHOM CETOYHOM alafiTalliid B OKPECTHOCTAX YAAPHBIX BOJIH MMO3BOJIACT OTCIICIKU-
BaTb U TOYHO NEPECHOCUTH BOSMYUICHUA C MAJIBIMU JUJIMHAMU BOJIH, YTO MMO3BOJIACT 0oiee TOYHO MOACINPO-
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BaTh Pa3BUTHE T'MJPOJAMHAMUYECCKUX HeycTonuynBocTed. CymiecTByeT OOJBIIOE KOJIHMYECTBO CIIOCOOOB Jie-
TEKTUPOBAHUS YAPHBIX BOJH, B KAYECTBE OJTHOTO M3 TAKUX CIIOCOOOB MOXKET BBICTYNATh KiIacCU(UKATOP HA
OCHOBE HEMPOHHBIX CETEH.

B noknane paccMarpuBaeTcs UCIOIb30BAHUE JIOKAIBHOM CETOYHOM aJanTaluy PHU YUCIEHHOM MOJEIIH-
POBaHUU 337124 TUPONUHAMUKY. [Ipn 3TOM B KauecTBe KpUTEpUs JJIs afanTalliy BBICTYMaeT Kiaccudukarop
TUAPOJMHAMUYECKNX TEUEHUH HAa OCHOBE MCKYCCTBEHHOW HEHMPOHHOW ceTu. Pe3ynpTaThl MOAEIMpPOBaHUS
C WCIOJIb30BAaHUEM HEHPOCETEBOTO Kiaccu(UKaTOopa CPaBHUBAKOTCS C PE3yabTaTaMH MOJICIIUPOBAHUS TIPU
HCIOJB30BaHUU IPYTUX KPUTEPUEB CETOUHOU afjanTaluy. B yacTHOCTH, paccMaTpuBaeTCs TaK Ha3bIBAEMBbII
X-Kputepuil anantanuu [1, 2], KOTOpBIHM Takke MO3BOISIET NETEKTUPOBATH YIAPHBIC BOJIBL.

o

Puc. 1. Pe3ynsTaTsl YMCIEHHOTO MOAETHPOBAHUS 3a/1a4l C TPOHHOM TOYKOH C UCIIOJIb30BaHUEM JIOKAJIbHON CETOYHOM
aJanTalyy 110 Pa3Iu4HbIM KPUTEPUIM:

a

a — ajanTtanys 1o rpaHuIe; 0— X-KpUTEpUHU aganTanvuu
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COMPARISON OF VARIOUS CRITERIA
OF ADAPTIVE MESH REFINEMENT

R. V. Muratov, A. A. Serezhkin
FSUE “N. L. Dukhov All-Russian Research Institute of Automatics”, Moscow, Russia

Usage of mesh refinement in the vicinity of shock waves allows to track and accurately transfer small
perturbations with short wavelengths. This technique makes it possible to simulate the forrmation and de-
velompent of hydrodynamic instabilities more accurately. There are many ways of shock waves detecting,
one of these ways is to use a classifer based pm am artifitial neural network.

The report discusses the use of adaptive mesh refinement (adaptation) in the numerical simulation of fluid
dynamic problems. We tests an adaptation criterion that uses the hydrodynamic flows classifer based on an
artificial neural network. Numerical simulation results are compared with simulation results for other adap-
tation criteria. In particular, the so-called y-criterion of adaptation [1, 2] is considered. This criterion is also
capable of tracking shock waves.

a b
Fig. 1. Results of numerical simulation of triple-point problem using varius adaptation criteria:

a — interface adaptation; b — adaptation with x-criterion

References

1. Lohner, R. An Adaptive Finite Element Scheme for Transient Problems in CFD [Text] / Computer
Methods in Applied Mechanics and Engineering. — 1987. — Vol. 61. — P. 323-338.



COOEPXAHUE HA MPEALIAYLYIO CTPAHULY HA CIEAYIOLWYIO CTPAHULY MEYATb

2. Fryxell, B. FLASH: An Adaptive Mesh Hydrodynamics Code for Modeling Astrophysical Thermo-
nuclear Flashes [Text] / B. Fryxell, K. Olson, P. Ricker et al. / The Astrophysical Journal Supplement
Series. —2000. — Vol. 131. — P. 273-334.

6-42

YUCJIEHHOE PEHIEHUE JIBYMEPHBIX 3AJTAY C ®PA30BbIMH
IHNEPEXOJAMMN HA AJAIITUBHO-BCTPAUBAEMBIX CETKAX

A. M. Mycmagpun, H. H. Becenosa, C. H. Jlebedes

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

E-mail: geologtema@mail.ru

Jlannast pabora paccMaTpuBaeT METOJIUKY YHUCICHHOTO PEUICHHS YPAaBHEHUsSI TETUIOMPOBOAHOCTH B JIBY-
MEpPHBIX 3aj[a4aX C MOABMKHBIMU (h)a30BBIMU IPAHUIIAMU Ha aJIJAITHBHOMN CETKE C UCIIOJIIb30BAHUEM CXEMBI
«PomO». 3agaun 0 pacrpoCcTpaHeHHUHU TeIuia MpH a30BhIX MEPEX0/Iax B JIUTEPATYPE HA3BIBAIOTCSA 33jauaMi
tuna Credana. CIIOKHOCTh UX MOJACIUPOBAHUS 3aKITIOYACTCS MOCTPOCHUH BBIYHCIUTEIHHOTO aJITOPUTMA
YVYUTHIBAIOIIETO TAKHE 0COOCHHOCTH, KaK MOJBUKHBIC MeK(a30BbIC TPAHUIIBI M BIUSHHE TIporecca Gpa3oBo-
T0 Mepexoaa Ha CKOPOCTh paclpOCTPAHEHUS TEIIa.

Ilogxon uMCHoONB3yHOIMKA METOJ CKBO3HOIO CUE€Ta Ha OCHOBE IPUMEHEHHUS Pa3HOCTHOIO aHajora
O-(QOyHKIMM M aIanTallMi0 Pa3HOCTHON CETKH B 30HAX I'paHUI] (pa30BBIX MEPEXOMOB MOKa3al CBOI 3 dek-
TUBHOCTb JUIsI PEIICHUS OTHOMEPHBIX 3a/1ad. B nanHoW paboTe ucciemyercs 0000IIeHNE 3TO METOAUKH Ha
CITy4aii IBYMEPHBIX 33134 ¢ (ha30BBIMHU IEPEXOAAMH.

B nokxnazne npuBoaATCS YMCIEHHBIE PELICHUS 3a/1a4 O PACIPOCTPAHEHUH TETUIOBOU BOJIHBI B HEOAHOPOI-
HOW 00JIaCTH ¥ O BO3JCHCTBHH TEIIOBOTO ITyYKa Ha jKeJe3HbIl Opycok. Ha 3amave ¢ TemnoBoil BOIHOMN Ha-
[JISTHO TIOKa3aHbl MPEUMYIIEeCTBA IPUMEHEHUS aJrTOPUTMOB aJIalITAlMU B 00JIACTH ()POHTA TEILIOBOH BOJIHBI
B JIBYMEPHOM TIPOCTPaHCTBE. M3 YMCIEHHBIX PEe3yJIbTaTOB, MOJYUYSHHBIX IO 33J]a4e C KEJIC3HBIM OpPYCKOM,
CJIEIYeT, 4TO MPEICTABICHHBII METOJ] CKBO3HOI'O CUETa JOCTATOYHO MPOCTO 0000IIaeTcs Ha ciydali MHOTO-
MEPHBIX 3a]1a4.

[TomydenHbie pe3yabTaThl HAMISIHO JEMOHCTPUPYIOT 3()()EKTUBHOCTh MPUMEHEHUS aJanTHBHO-BCTPaK-
BaeMBIX CETOK COBMECTHO C METOJIOM CKBO3HOTO CYETa B Cllydae perieHus 3aaad tuna Credana.

NUMERICAL SOLUTION OF 2D PROBLEMS
WITH PHASE TRANSITIONS ON ADAPTIVE MESHES

A. M. Mustafin, S. N. Lebedev, N. N. Veselova

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: geologtema@mail.ru

The paper discusses a numerical technique for solving the radiative heat transfer equation in 2D prob-
lems with moving phase boundaries, using a ROMB scheme on adaptive meshes. Problems on heat transfer
during phase transitions are referred to as Stephan type problems. They are difficult to simulate because the
calculation algorithm should be constructed so as to allow for moving phase boundaries and the effect of
phase transitions on heat velocity.

The approach which uses once-through calculation based on a difference analogue of the d-function and
mesh adaptation near phase boundaries has proved to be effective in 1D problems. In this work it is general-
ized to 2D problems with phase transitions.
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The paper provides numerical results for problems on heat wave propagation through a heterogeneous
region and on heat beam impact on an iron slab. The first of them vividly demonstrates advantages of mesh
adaptation near the heat wave front in 2D space. The second show that the approach is easy to generalize to
multidimensional problems.

The results demonstrate the effectiveness of adaptively introduced meshes in the once-through calcula-
tion method for solving Stephan type problems.
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ABTOMOJIEJIbBHAS BOJIHA PASPEKEHUA
B YIIPYTOIIVNIACTUYECKOM MATEPHUAJIE (TOYHOE PEHLIEHUE
N YUNCJ/TIEHHBIE PACUETBI)

B. H. Hoeun, H. C. 2Kunsesa

OI'VII «Poccutickuii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort puznku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexunHack, Poccust

B nactosimee BpeMsi pacueTsl AedopMaluy MaTepHaioB KOHCTPYKLMHA MPH TUHAMHUYECKHX Harpyskax,
00yCIIOBJIEHHBIX B3pbIBOM BB, mpoBomsTCs ¢ y4eToM HX yNpyrommacTHYecKHX CBOWCTB. Tak kak cuctema
YPaBHEHHUH, OIUCHIBAIOIIUX TEUCHHE, JOBOIBHO CIOXKHA AJIS aHAIU3a, PACYETHl TEUEHUN B KOHKPETHBIX CHUC-
TeMax MPOBOAATCS uuciieHHo Ha OBM. B OoJbIIMHCTBE YHCIEHHBIX METOJUK HCIIONb3YeTCsl OUH M TOT JKe
AITOPUTM OIMCAaHMSA TUIACTUUYECKOM TeKydecTH [1], OCHOBaHHBIN Ha MPOEKTUPOBAHUN KOMIIOHEHT JI€BUATOpa
TEH30Pa HAIPSDKEHUN Ha Kpyr TeKydecTd. [Ipu mpocToM HarpyeHHH, KOIZa KOMIIOHEHTHI JI€BHATOpA TECH-
30pa HaIpPsKEHUN MEHSIOTCS NPONOPLMOHANBHO, TAKOM MOAXOA aJeKBAaTeH MPEAONoXKEeHU0 Museca o pa-
BEHCTBE BTOPOI'0 MHBApUAHTA TEH30pa HANIPSHKCHUM IIPeelly TeKy4eCTH. Bo3HHKaeT BONPOC, Tak JIM XOPOILIO
anroput™ [1] paboTaeT mpu CIOKHOM HarpykK€HHH, KOTZa KOMIIOHEHTHI I€BHATOPa TEH30pa HaIllpsKeHUH
MEHSIOTCS HEMPONOPLUUOHAIBHO. OTBET MOXKHO NMOTYyYUTh TyTEM CPaBHEHHUS PE3yibTaTOB JBYMEPHBIX YHC-
JICHHBIX PAaCcueTOB C TOYHBIM aHAJIMTUYECKUM peuieHueM. B nannoit paborte mis mopensHoro YPC nomydyeno
aHAJIMTHYECKOE pelIeHHe 3a1adl 00 OJHOMEPHOW pas3rpy3Ke YNpPYyToIIaCTUYECKOTo MaTepHuajia M3 Mpou3-
BOJIBHOTO HAIPS>KEHHOTO HAYAJILHOIO COCTOsiHUSA. 1IpoBeneHo cpaBHEHUE C pe3ylbTaTaMy YHMCIEHHBIX pac-
4eToB 1o AByMepHoil nporpamme CIIPYT. IlokazaHo, 9T0O CTpYKTypa MIacCTUYECKOTO TEUEHHs CYIECTBEHHO
3aBUCHT OT CIIOC00a KOPPEKTUPOBKH JCBUATOPA HAMPSKEHUH B ABYMEPHBIX IPOIrPAMMHBIX KOMITJIEKCAX.
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A SELF-SIMILAR RAREFACTION WAVE
IN ELASTOPLASTIC MATERIAL (EXACT SOLUTION
AND NUMERICAL CALCULATIONS)

V. N. Nogin, N. S. Zhilayeva

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Deformation of structural materials under HE detonation induced dynamic loads is calculated with ac-
count for their elastoplastic properties. Since the equations that describe the flow are rather difficult to ana-
lyze, flows for particular systems are calculated numerically on a computer. Most of the numerical tech-
niques use one and the same algorithm to describe plastic yielding [1]. It is based on the projection of stress
deviator components onto the yield circle. For simple loading where the stress deviator components vary
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proportionally, this approach is adequate to the Mises assumption that the second invariant of the stress ten-
sor is equal to the yield stress. But does the algorithm perform well in case of sophisticated loading where the
stress deviator components do not vary proportionally? The answer can be obtained through comparison of
2D calculations with an exact analytical solution. In this work we present an analytical solution we obtained
with a model EOS for the 1D unloading of elastoplastic material from an arbitrary initial state of stress. Com-
parison with 2D SPRUT calculations is provided. The plastic flow pattern is shown to be strongly dependent
on the method of stress deviator correction in 2D codes.
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YUCJIEHHOE MOJAEJIUPOBAHUE PASPYHIEHUA
TPOIIMYECKHUX IUKJTOHOB C IPUMEHEHHUEM
PA3SYMHBIX DOHEPI'ETUYECKHUX 3ATPAT

C. IT. Baymuwn', B. E. 3amvicnos®, A. I O6yxo6’

1 . .
OI'AOY BO «CHexuHCKH (PU3UKO-TEXHUIECKUI HHCTUTYT HallnoHamsHOTO MCCen0BaTeIbCKOTO
sinepHoro yHuBepcurera MU®IN», Cuexunck, Poccus

2Praoy BO «YpansCKHi TOCYIapCTBEHHBIA YHUBEPCHUTET ITyTel coobmeHus», Exarepunoypr, Poccus

3®IAOY B «TroMeHCKHii WHJyCTpUAJIbHBIM YHUBEPCUTET», TroMeHb, Poccus

B noknane npuBeneHbl OCHOBHBIE pe3yIbTaThl CO3AAHHOM B MOCIEIHUE TOIbI Ta30lNHAMUYECKON TEOpUH
BOCXOJISIIIINX 3aKPYUEHHBIX IOTOKOB [ 1—6], KOTOpBIE B PUPOIE BCTPEUAIOTCS B BUJIE TOPHAIO0, TPOIHMUECKHUX
LUKJIOHOB ¥ OTHEHHBIX BUXpeH. [ TaBHBIN pe3yapTar 3Toil TeOpUHU: JOKa3aHOo, YTO TOJIBKO BpallleHHe 3eMIIH
BOKpPYT CBOEH OCH MOPOXKAAET KaK 3aKPyTKY Ta3a B YKa3aHHBIX MOTOKAaX, TaK U KWHETUUYECKYIO SHEPTHUIO Bpa-
LIaTeNbHOTO JBM)KEHUS BO3yXa B HUX. B cimyuae CeBepHOro noiyuiapus 3aKkpyTka Bo3ayXa B TPOIHMUECKUX
LUKJIOHAX ITPOUCXOIUT MPOTHB XO/Aa YACOBOW CTPEIIKH.

[TomyueHHbIEe TEOpETUUYECKHE U 3KCIIEPUMEHTAIbHBIE PE3yAbTaThl MO3BOJISIOT MEPEHTH K MPaKTHUECKUM
MIPUMEHEHUSAM CO3JJaHHOM ra30lMHaMUUECKOW TEOPHH BOCXOAIINX 3aKPYUEHHBIX TTOTOKOB.

OnHUM U3 BOKHBIX AJIS1 IPAKTUKU PE3yJABTATOB 3TOW TEOPHH SIBISIOTCS PEKOMEHIALNH IO paHHEMY 00-
Hapy’>KEHUIO ¥ YHUUTOXKEHHIO TOpHANO [4].

Hpyroe npunokeHue TEOPHH — CO3aHUE BUXPEBOTO SHEPrOreHEPATOpa, B KOTOPOM € IMOMOUIBIO CHEIH-
aJbHO CO3aHHOTO MOTOKA BO3ayxa OyIeT MPOM3BOOUTHCS SIEKTPUUECKasi SHEPTUsl N3 KUHETHYECKOH dHep-
THM BpalleHus 3eMJIM BOKPYT cBoeil ocu. B Hacrosiiee Bpems BeayTcs meperoBopsl ¢ IOxxHo-Ypanbckum
TOCYAapCTBEHHBIM YHHUBEPCUTETOM I10 CO3AAHUIO COOTBETCTBYIOIIEH SKCTIEPUMEHTAIBHON YCTaHOBKH.

Crnenyromiee NpuUiIOKeHHUE ra30JUHAMHUYECKOW TEOPUM BOCXOASIIMX 3aKPYyUEHHBIX NOTOKOB IPEACTaB-
JIEHO B 3TOM JIOKJIaJIe KaK pe3yibTaT COOTBETCTBYIOUINX TPEXMEPHBIX HECTALMOHAPHBIX PACUeTOB TEUEHUN
raza. C X IOMOIIBI0 MOZIEIUPYETCS KaK BO3HUKHOBEHUE U MOCIEAYIOUINI BBIXOJ TPOIUYECKOTO IIUKJIOHA
Ha CTAllMOHAPHBIN PEXKUM, TaK U €70 YHUUTO)KEHUE C TPUMEHEHHEM Pa3yMHBIX 3HEPreTHUECKHX 3aTpar.

C ucnonb30BaHUEM SIBHOW Pa3HOCTHOM CXEMBI, TO3BOJISAIOLIEN MPOBECTH pacnapaslieIMBaHNEe BHIYHCIIE-
HUH, YUCIEHHO CTPOSTCS pelieHus NoIHOM cucteMsl ypaBHeHUil HaBre—Crokca. Ilpu aToM yuutsiBaroTes
C)KMMaeMOCTb ra3a, 3 (eKThl BA3KOCTU U TEIIONPOBOAHOCTH, a TaKKe JeicTBUe cul TsKecTd U Kopronuca.

Pe3ynwraTsl pacueTa OIHOTO KOHKPETHOTO LIUKJIIOHA, PacrlolokeHHoro B CeBepHOM MOIyLIapUH, Clie-
nyromue. Bo3HUKHOBEHHE BOCXOSIIET0 BEPTUKAIBHOTO ABM)KEHUS B NIEPBOHAYATIBHO MOKOSIEMCS B 1OJIE
CHJIBI TSDKECTH BO3AYyXE ITOPOAMIIO MOTOK CO BCE YCHUIIMBAOIIEHCS 3aKpYTKOM raza B COOTBETCTBYIOIIEM Ha-
MpaBJIeHUH.
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JIBu>KeHne Bo3ayxa B BOZHUKIIEM IIMKJIOHE BBIILIO HAa CTALlMOHAPHOE COCTOSHUE 3a 72 yaca 55 MUHYT, TO
€CTb LMKJIOH TOJHOCTHIO C(OpMHUpPOBAIICS 3a Tpoe cyTok. [nameTp mukiiona cocrasmsieT 350-370 km; nua-
MeTp I1a3a uKiIoHa 65—70 KM; BbICOTa Bpallaroleiics yacTy MKJIOHa mpuMepHo 14 kM. B mponiecce cueta
OTIpEeNEIsUINCh BCE Ta30MHAMUYECKUE U HEPreTHYECKUE XapaKTepUCTUKU MOTOKa. B wacTHoCTH, Makcu-
MaJibHasi CKOPOCTh BPaLIaTeNIbHOTO JBIKEHHSI — CKOPOCTh BeTpa — paBHa 83 m/c. Kunetuueckas sHeprus
Pa3IMYHBIX JBMXKYIIUXCS MOTOKOB B LIMKJIOHE TakoBa: 5,599 - 10" Ik y BpallaroIleicsl YacTH LUKIIOHA;
2,406 - 10" Jx y BepTUKanbHOTO ABMKEHUS. Cle10BaTeabHO, Y TPOIMYECKOTO ITUKIOHA, BHIIEANIET0 Ha
CTaIlIOHAPHBIM peXXUM, KMHETHYECKasl SJHEPTUs BpAIaTeIbHOTO JBUKEHHS BO3[yXa B HEM B ThICAUY pa3
OoIbIIe KHHETUYECKON SHEPTHH BEPTHKAJIBHOTO ABHKCHUS BO3AYyXa B LIUKIIOHE.

[locne nmpuMeHeHHs BHELIHETo BO3AEHCTBUS, IMPEPBABIIECIO BEPTUKAIBLHOE JBMKEHHME BO3[yXa, MOTOK
MpUMEpHO 3a 26 4yacoB 15 MUHYT mepemnien B HECTPYKTYPHUPOBAHHOE JBMKEHHE, TO €CTh Pa3pyLIMIICA.
TakuMm 00pa3oM, BpallleHHe 3eMJIM BOKPYT CBOEH OcH, a Takke 3(PQeKTsl BI3KOCTH M TEMIONPOBOAHOCTH
PaspyLINIU OUKIOH YyTh OoJiee YeM 3a CyTKH. DTO CBSI3aHO C TEM, YTO MIPU OTCYTCTBUU BEPTHKAIBHOTO MO-
TOKa B IUKJIOHE BpallleHHe 3eMJIi BOKPYT CBOEH OCH 3aKpy4HMBAET BO3yX B HEM I10 XOAY YaCOBOM CTPENKH.
[Ipu 3TOM MOCIIE YKa3aHHOTO BO3/IEHCTBH 3aTYXAIOINH LIMKIOH HE YXOAUT CO CBOEr0 MECTa Ha MOJICTHIIAI0-
e TOPU30HTAIbHOU INIOCKOCTH.
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NUMERICAL SIMULATION OF DESTRUCTION
TROPICAL CYCLONES WITH THE USE OF REASONABLE
ENERGY COSTS

S. P. Bautin', V. E. Zamislov?, A. G. Obukhov’®

1Snezhinsky Institute of Physics and Technology of the National Research Nuclear University MEPhI»,
Snezhinsk, Russia

2Ural State University of Railway Transport», Ekaterinburg, Russia
3Tyumen Industrial University», Tyumen, Russia

The report presents the main results of the gas-dynamic theory of ascending swirling flows created in re-
cent years [1-6], which occur in nature in the form of tornadoes, tropical cyclones and fire whirlwinds. The
main result of this theory is that it is proved that only the rotation of the Earth around its axis generates both
the swirling of gas in these flows and the kinetic energy of the rotational movement of air in them. In the case
of the Northern Hemisphere, the swirl of air in tropical cyclones occurs counterclockwise.

The obtained theoretical and experimental results allow us to move on to practical applications of the cre-
ated gas-dynamic theory of ascending swirling flows.

One of the practical results of this theory is recommendations for the early detection and destruction of
tornadoes [4].
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Another application of the theory is the creation of a vortex energy generator, in which, with the help of
a specially created air flow, electrical energy will be produced from the kinetic energy of the Earth's rota-
tion around its axis. Negotiations are currently underway with the South Ural State University to create an
appropriate experimental facility.

The following application of the gas-dynamic theory of ascending swirling flows is presented in this re-
port as a result of the corresponding three-dimensional non-stationary calculations of gas flows. With their
help, both the emergence and subsequent exit of a tropical cyclone to a stationary regime, and its destruction
using reasonable energy costs are modeled.

Using an explicit difference scheme, which allows for parallelization of calculations, numerical solutions
are constructed for the complete system of Navier—Stokes equations. This takes into account the compress-
ibility of the gas, the effects of viscosity and thermal conductivity, as well as the action of gravity and Co-
riolis.

The calculation results for one specific cyclone located in the Northern Hemisphere are as follows. The
emergence of an upward vertical motion in the air initially at rest in the gravity field gave rise to a flow with
an ever-increasing swirling of the gas in the corresponding direction.

The air movement in the resulting cyclone reached a steady state in 72 hours and 55 minutes, that is, the
cyclone was completely formed in three days. The diameter of the cyclone is 350-370 km; cyclone eye
diameter 65—70 km; the height of the rotating part of the cyclone is about 14 km. During the calculation, all
gas-dynamic and energy characteristics of the flow were determined. In particular, the maximum rotational
speed — wind speed — is 83 m/s. The kinetic energy of various moving streams in the cyclone is as follows:
5.599 - 10'7 J for the rotating part of the cyclone; 2.406 - 10'* J for vertical movement. Consequently, in a
tropical cyclone that has reached a stationary regime, the kinetic energy of the rotational movement of air in
it is a thousand times greater than the kinetic energy of the vertical movement of air in the cyclone.

After applying an external force that interrupted the vertical movement of air, the flow passed into un-
structured movement in about 26 hours and 15 minutes, that is, it collapsed. Thus, the rotation of the Earth
around its axis, as well as the effects of viscosity and thermal conductivity, destroyed the cyclone in just over
a day. This is due to the fact that in the absence of a vertical flow in a cyclone, the rotation of the Earth around
its axis spins the air in it in a clockwise direction. In this case, after the specified impact, the damping cyclone
does not leave its place on the underlying horizontal plane.
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BBISABJIEHUE MAJIBIX CJIATAEMBIX BPEMEHHOTI'O PAJTA
I’ B. Opnos

OI'VII «Poccuiickuit @enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckon pusuku
nMmenu akagemuka E. M. 3a0a0axunay, CHexxunck, Poccust

B momyne numba [1] s3eika Python mmeercs Bbicoko 3¢ dekTuBHas BekTopHas nporpamma SVD, pea-
JIU3YIOIAsl METOJT PA3NIOKEHUSI IByMEPHON MaTpullbl X B CYMMY 3JIEMEHTAPHBIX, B3aUMHO OPTOTOHAJIBHBIX
matpul {X;, i =1, 2, ..., rank(X)} panra 1, moiy4eHHbIX BHEIIHUM IIPOU3BEECHUEM JIEBOTO U TIPABOI0 cOOC-
TBEHHBIX BEKTOPOB, COOTBETCTBYIOIIMX COOCTBEHHBIM (CHHIYJIIPHBIM) YHCIIAM S; MAaTPHUILBI X.

Meronuka SSA [2] peanusyeT unero A. H. KommoropoBa co3aare U3 oqfHOMEpHOTO BpeMeHHoro psiga U
laHkeneBy AByMEpHYIO MaTpuily X C TMOCTOSHHBIMH 3HAYCHHUSMHU BJOJb TOOOYHBIX JUArOHAJCH, Kaxias
KOJIOHKa KOTOpOH ompezenseTcs 3HaueHUsIMH psaa U B CKOMB3AIIEM BIOJb 3TOTO psla BPEMEHHOM OKHE
3aIaHHOM JJIMHEI L, CATaeMOM Ha OHO 3HAYEHHE OT IMpebIayIIeH konoHku. [lanee, paznaras moiay4eHHYIO
Matpuiy X MeTofoM SVD B cyMMy 31€MEHTapHBIX Marpull X; U allpOKCUMUPYs UX IIOOOYHbIE UArOHAIIH
3HAUCHHEM B HEKOTOPOH METPHKE, MOKHO TMONYYHUTh MPUOIIKEHHOE MpelcTaBieHrne ucxonHoro psga U
B BUJIE CYMMBI 3JIEMEHTAPHBIX KOMIIOHEHT JUIMHBI L, BKJIAJ KXKI0M U3 KOTOPBIX OMPEACNIeTCs BETHUUHON
CHHTYJISIDHOTO 3Ha4€HHUs S; MaTpuLibl X;. J{jis G0IBbIIMHCTBA MHTEPECHBIX HA ITPAKTUKE CIy4YaeB TaKoe pasio-
KEHHUE aeT BBICOKYIO TOYHOCTb, YTO 00ECIIEUNBAIOT MHOTOYHCIICHHBIE TEOpeMBI U3 [2].

B nmoxmane onuceiBaeTcs psi mporpamMm Ha si3bike Python, KoTOpbie HE TONBKO Peali3yrOT BBIIICH3IIO0-
KEHHYIO HJCI0, HO M obecneunBatoT d3QPeKTUBHBIN U YIO0OHBII cepBUC 0TOOpa 371€MEHTAPHBIX KOMIIOHEHT,
KOTOPBIC aICKBATHO COOTBETCTBYIOT KaK BpPEMEHHOM, TaK M CIIEKTPAILHON anpuopHON MHPOPMAIIUU O HUX.

[IpuBoauTcs MeTOonMKa PabOTHI ¢ IPOrPaMMON Ha IPUMEPE Ps/ia TECTOBBIX 3a/1a4 MO PA3JIOKEHUIO HC-
XOIHOTO BPEMEHHOTO psifia Ha aJIUTUBHBIE KOMIIOHEHTHI — BBIICIICHUE UMITYJIbCA B OKHJIaeMOE€ BpeMs U
0XuaeMoi (POpMBI, KOTOPBIN J0 COTEH pa3 MEHbBIIE YPOBHS UCXOJIHOTO psina, (GUiabTpaius aJjiuTUBHOTO
HIyma ¢ JUCTIePCUE, 3HAYMTENbHO (10 JeCsTKa U BhILIE pa3) MPEBILIAIONIEH YPOBEHb HCXOAHOTO PAa.

Jaetcs kpaTKoe onrcaHue COBPEMEHHBIX CIIOCO0OB aBTOMAaTHYECKOH YHHBEPCAIbHOM jit-BEKTOPHU3aLIUH
[1, 3] u dask-pacnapannenuBanus [4].
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The numba module [1] of Python language offers a highly efficient vector program SVD which implements
a method to decompose a two-dimensional matrix X into a sum of elementary, mutually orthogonal matrices
{X;,i=1,2, .., rank(X)} of rank 1, obtained as outer products of left and right eigenvectors corresponding
to the singular values s; of X.

The SSA technique [2] implements the idea of A. N. Kolmogorov to form a two-dimensional Hankel
matrix X from a one-dimensional time series U, such that values along the secondary diagonals are constant
and each column is defined by values of U in a time window of a specified length L, which moves along the
series shifting by one value from the previous column. Then, by decomposing the resulted matrix X with the
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SVD method into the sum of elementary matrices X; and approximating their secondary diagonals by a value
in some metrics, one can approximately represent the initial series U as the sum of elementary components of
length L, whose contribution is determined by the singular value s; of X.. For most cases of practical interest,
this decomposition gives high accuracy ensured numerous theorems from [2].

The paper describes a number of Python programs that not only implement the above idea but also pro-
vide an effective and convenient service for selecting elementary components that adequately fit both tempo-
ral and spectral a priori information about them.

The methodology of working with the program is given by the example of tests where the original time
series is decomposed into additive components — separation of a pulse of an expected shape and at an ex-
pected time, which is up to hundreds of times lower than the level of the initial series, or filtration of additive
noise, whose dispersion is much (ten and more times) higher then the level of the initial series.

A Dbrief description of modern methods for automated universal jit-vectorization [1, 3] and dask-parallel-
ization [4] is given.
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KOHKPETHBIE KOHOUT'YPAIIUU CHJIBHOI'O CKATHUA I'A3ZA
N HEKOTOPBIE PEKOMEHJAIIMHA ITO MUIHEHAM JJIA JITC
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Hcxomubie reoMeTpUYeCKUe MapaMeTpbl MUIIICHH JIJIS Ja3epHOro TepmosiaepHoro cuntesa (JITC) ompe-
JIENIAIOTCA KOH(UTypalued TEUSHUs CHKaTHsl, BO3HUKAIONIETO B pe3yJbTaTe BHEIIHETO BO3JCHCTBHS Ha
HEMPOHUIIAEMYIO CTEHKY MHUIIEHH (TopieHb). B padorax [1, 2] mocTpoeHsI pelieHus IByX HauyalbHO-Kpa-
eBbix 3anau (HK3), onmuckiBaroniux omHO- U AByMEPHBIC TEUCHUS CXKATHUS MOJIIMTPOITHOTO ra3a, KOTOPhIS 3a-
JIAIOT 3aKOH JBMXKCHHUS MOBEPXHOCTU CKUMAIOIIETO MOPIIIHS.

B pa6ote [1] paccmarpuBaercss HK3 anst cuctemsl ypaBHeHui ra3oBoit qunamuku (CYT]), onmuceiBaro-
mast ipu ¢ > (0 pasieT MOJUTPOITHOTO Ta3a B BAKyyM Ha KOCOHW CTCHKE B MPOCTPAHCTBE (DU3MUECKUX aBTO-
MOJIETBHBIX IEPEMEHHBIX & = x/f, N=y/t, anpu <0 CHIbHOE CXKaTHe ra3a B IPU3MATHYECKOM O0BbEME.
Pemenne 3a1a4uu cTpOUTCS B BUJIE CXOMSIIMXCS PSJIOB MO CTEIICHSAM MEPEMEHHOM 3 ISl ICKOMBIX Ta30/H-
HaMHUYECKUX MapaMeTpoB C, U, V— CKOPOCTH 3BYKa U MPOEKIUI BEKTOpa CKOPOCTH raza Ha JEKapTOBBIC
ocH. 31ech 3 — M3BECTHAsl (PYHKIUS HE3aBHCHUMBIX MEPEMEHHBIX, 33Jar0Ias 3BYKOBYIO XapaKTCPUCTHKY,
Pa3IEISIIONIYI0 UCKOMOE TEUCHHE U IICHTPUPOBAaHHYIO BoNHY PrMana. [[71s1 M3BECTHOIO YaCTHOTO PEUICHUS
paccmarpuBaemoit HK3 [3] MOXHO MOCTPOUTD 3aKOH ABMKEHUSI MOPILIHA, CXKUMAIOIIETO CTIEIUANbHBIN MpHU-
3MaTuueckuii 00beM B oOmactu nBoitHOH BoiHEI ([IB). B pabote [4] mocTpoeH 3akoH JABYIKEHUS MTOPITHS
B obnactu /1B u ycTaHOBIIEHO, UTO eciiv Ta3 B obnactu JIB cxxumars BO3JeiiCTBHEM Ha MUTICHD JIBHXKCHHEM
HEMPOHUIIAEMOTO TIOPIIIHS, TO BHE 3aBUCHUMOCTH OT Ha4aJbHOW reOMETPUYCCKON KOH(UTypaIiy NOPIICHb
C TCUCHUEM BPEMEHU HAYMHAET BHITMOATHCS B CTOPOHY KOCOW CTEHKH. B OKpecTHOCTH KpaliHe# TOYKu mop-
ITHSI, B KOTOPOM OH KacaeTcs KOCOH CTEHKH, BO3HUKAET 00NacTh OOJNBIION JOKATBHOW KYMYJISIMH. DTa
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0051acTh ¥ MapaMeTpbl KyMYJISILIUY TeM OO0JIbILE, YeM paHbLIe TOBEPXHOCTh HEITPOHULIAEMOTO OPIIHS OyneT
HaKJIOHEHa K KOCOM CTEeHKe MOA OCTPhIM yroM. OTCIoa MOXKHO JaTh PEKOMEHIAINIO 110 UCXOIHOM reoMeT-
pUH MUIICHH — B KaueCTBE MHUIICHU OpaTh HE 1ap, a TeTpasdp, Y KOTOPOTO BHEIIHUE TPAHU AOJKHBI OBITh
BOTHYTBIMH K LIEHTPY MHILIEHHU [5].

B paborte [2] paccmarpuBaetca HK3, onmcbiBatonias 6e3yaapHoe oqHOMEpPHOE (CIIydau IUIOCKOH, IMITHH-
JpUYECKOr U ChepUuecKOr CUMMETPUH) «CKaThue M3 TOKOSl B TTOKOW»: M3 MCXOJHOTO MOKOSIIIETOCsl COCTOS-
HUsI HEC)KATOTO Ta3a Moj BO3IeHCTBUEM HEIIPOHULIAEMOTO TIOPLIHS OCYLIECTBISIEeTCS Oe3yAapHbIi mepexo
TaKXe B MOKOsIIEecs, HO yXKe B CKaToe OJHOPOAHOE COCTOsHUE. Takoe cykaTHhe SBJISIETCS SHEPreTHYEeCKU
HaunboJjee BBITOAHBIM, IIOCKOJIBKY pab0oTa HEMPOHUIIAEMOTO TIOPILIHS TPATUTCS TOJBKO Ha CKaTHe, HO He Ha
pasroH raza. Mcnone3ys nannoe pemenue HK3, Obi10 ncciienoBano cxxarue rasa Aisi JBYX CIIOCOOOB BO3-
neiicTBUsI Ha MULIeHb. [lepBrIii criocob — ckaThe ra3za CHapy»Ku, KOraa IBH)KEHHE HEITPOHULIAEMOTO TTOPIIIHS
MPOMCXOINT K OCH WJIM K IEHTPY CUMMETPHHU CKUMaeMOH 00IacTH 1 PaJiyC KPUBH3HBI OPILIHS CTPEMHUTCS
K HyJ10. BTOpoii cmocob — cxarue U3HyTpH, KOIia paanyc KpUBU3HBI MOPIIHS HPU CKaTHH HE CTPEMHUTCS
K Hymo. B pabote [2] 3amaua o Oe3ygapHOM «C)KaTWW M3 TOKOS B MOKOI» Oblla pemieHa B 0OpaTHOM Ha-
NpaBICHUN U3MEHEHHs BPEMEHU OT f =1« K ¢ =1, IPU 3TOM ¢, < tx , YTO COOTBETCTBYET IIEPBOMY CHOCOOY
BO3/ICHCTBUS HA MUIIEHb. 311€Ch f+ — (DUHATIBHBINA MOMEHT CXKaTHUs, {, — HauaJbHBII MOMEHT cxkatus. B pac-
YyeTe y4TeHO, YTO B paccMaTprBaeMOM Oe3yJapHOM TEUEHHMH e€CTh KOHKPETHAasi OCOOCHHOCThH: B (YMHAIb-
HBIH MOMEHT CKaTus f ={« BO3HMKAET CKa4OK MJIOTHOCTH Ha nopuiHe [2]. UncieHHoe pelieHne 3Toi 3aaa-
Y1 B 0OpaTHOM HaNpaBIEHMH W3MEHEHHUS] BPEMEHH MO3BOJIMIIO MONYYUTH 3aKOH IBIKEHUS CKUMAFOIIETO
HETPOHUIIAEMOT0 MOPIIHS B BUE HA0Opa TOYEK MPOCTPAHCTBA MEPEMEHHBIX (t, r), B KOTOPBIX OIpenerne-
HBI CKOPOCTH M TIOTHOCTH Ta3a. Jlajee, MCTIONb3ys MOTY4YEeHHBIH 3aKOH ABMKCHUS MOPILHS, 3a1a4a o Oe3y-
JApHOM «C)KaTHU U3 IIOKOS B ITOKOM» PElIeHa B IPAMOM HAllpaBIEHUU U3MEHEHUs BPEMEHU OT fj K fx , UTO
COOTBETCTBYET BTOPOMY CIIOCOOY BO3ACHUCTBHS HA MUIIEHB. DTO COCO0 SBIIsIETCS Oonee YCTOMUMBBIM, YeM
cKaTHhe Ta3a MpH JBIKCHUH HETMPOHHUIIAEMOTo MOPLIHA K OCH WM K UEHTPY CUMMETpuu. B MoMmeHT ¢u-
HAJILHOTO CXKaTUsl t Ta3 MOKOMTCS C TOCTOSHHOM MIOTHOCTHIO B 10 ThicsY pa3 Gosbliel mepBOHAYAIBHOM.
NMmeeTcst KOHKpETHOE CBOWCTBO TEUEHUS «CXKATHs U3 MOKOS B MOKOI»: B MOMEHTHI BPEMEHH, HEMOCPEC-
TBEHHO NPEIIIECTBYIOIINE HTOTOBOMY CHKaTHIO, IPOUCXOJUT OTPaKEHHE ra3a OT HEMOABHKHON CTEHKH, KO-
TOpPO€ BEAET KaK K JOTOJHUTEILHOMY MOBBIIICHHIO TUIOTHOCTH Ta3a, Tak U K YMEHBIIEHUIO €T0 CKOPOCTH.
OTa 0COOEHHOCTh TEUCHHS «CHKAaTHA M3 MOKOA B MOKO» JaeT OCHOBAaHHE AJIsl CIEAYIOIIEH peKoMeHIauu
K muteHsaM i JITC: B LeHTp TeTpasapHON MUILIEHH 3apaHee MOMENaTh TETPadApHbIA CEpACUHHUK U3 OYEHb
IUIOXO CKMMAEMOIo MaTepuana, UMEIOIIMHA COOTBETCTBYIOIIHME pa3Mephl U CTOPOHBI KOTOPOTO BOTHYTHI
K LEHTPY TeTpasapa.

[TomyuenHbIe pe3yabTaThl aHATUTHYECKUX U YUCIEHHBIX pemeHni konkpeTHbIx HK3 raszoBoit nuaaMuxu
Y JaHHbIE Ha UX OCHOBE PEKOMEHJAINU 10 KoHCTpykimu mumieneit s JITC obecneyar Oosee ycToiiunBoe
u OoJee cuibHOE Oe3yapHOe CHKaTHe.
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The initial geometrical parameters of the target for laser thermonuclear fusion (LTF) are determined by
the configuration of the compression flow resulting from external action on the impermeable wall of the tar-
get (piston). In [1, 2], solutions of two initial-boundary value problems (IBV) were constructed that describe
one- and two-dimensional polytropic gas compression flows, which set the law of motion of the compressing
piston surface.

The paper [1] considers the IBV for the system of equations of gas dynamics (SGDE), which describes at
¢t > 0 the expansion of a polytropic gas into vacuum on an oblique wall in the space of physical self-similar
variables §=x/f, n=y/t, and at <0 a strong gas compression in a prismatic volume. The solution of
the problem is constructed in the form of convergent series in powers of the variable § for the desired gas-
dynamic parameters ¢, u, v are the speeds of sound and the projections of the gas velocity vector onto the
Cartesian axes. Here 9 is a known function of independent variables that defines the sound characteristic
separating the desired flow and the centered Riemann wave. For a known particular solution of the con-
sidered IBV [3], it is possible to construct the law of motion of a piston compressing a special prismatic
volume in the region of a double wave (DW). In [4], the law of motion of the piston in the DW region was
constructed and it was found that if the gas in the DW region is compressed by the impact on the target by
the movement of an impermeable piston, then, regardless of the initial geometric configuration, the piston
begins to bend towards the oblique wall over time. In the vicinity of the extreme point of the piston, where it
touches the oblique wall, there is a region of large local cumulation. This area and cumulation parameters are
the greater, the earlier the surface of the impermeable piston is inclined to the oblique wall at an acute angle.
From here, we can give a recommendation on the initial geometry of the target — as a target, take not a ball,
but a tetrahedron, in which the outer faces should be concave towards the center of the target [5].

The work [2] considers an IBV that describes a shock less one-dimensional (cases of plane, cylindrical
and spherical symmetry) “compression from rest to rest”: from the initial resting state of an uncompressed
gas under the influence of an impermeable piston, a shock less transition is also carried out into a resting, but
already compressed homogeneous condition. Such compression is energetically the most favorable, since
the work of the impermeable piston is spent only on compression, but not on acceleration of the gas. Using
this IBV solution, gas compression was studied for two methods of impact on the target. The first way is to
compress the gas from the outside, when the movement of the impermeable piston occurs towards the axis
or the center of symmetry of the compressible region and the radius of curvature of the piston tends to zero.
The second way is compression from the inside, when the radius of curvature of the piston during compres-
sion does not tend to zero. In [2], the problem of shock less “compression from rest to rest” was solved in
the reverse direction of time change from ¢ =t to ¢ =¢, with ¢, <t , which corresponds to the first method
of impact on the target. Here #. is the final compression moment, #, is the initial compression moment. The
calculation takes into account that in the shockless flow under consideration there is a specific feature: at
the final moment of compression ¢ =t a density jump occurs on the piston [2]. Numerical solution of this
problem in the reverse direction of time change made it possible to obtain the law of motion of a compressing
impermeable piston in the form of a set of points in the space of variables (z‘, r) , in which the velocity and
density of the gas are determined. Further, using the obtained law of piston motion, the problem of shockless

“compression from rest to rest” is solved in the forward direction of time change from ¢#, to #, which cor-
responds to the second way of influencing the target. This method is more stable than compressing the gas
when the impermeable piston moves towards the axis or towards the center of symmetry. At the moment of
final compression #, the gas is at rest with a constant density 10.000 times greater than the initial one. There
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is a specific property of the “compression from rest to rest” flow: at the moments of time immediately pre-
ceding the final compression, the gas is reflected from the stationary wall, which leads both to an additional
increase in the density of the gas and to a decrease in its velocity. This feature of the flow of “compression
from rest to rest” gives rise to the following recommendation for targets for LTF: in advance place a tetra-
hedral core made of a very poorly compressible material in the center of a tetrahedral target, having the ap-
propriate dimensions and the sides of which are concave towards the center of the tetrahedron.

The obtained results of analytical and numerical solutions of specific IBV of gas dynamics and recom-
mendations based on them on the design of targets for LTF will provide more stable and stronger shockless
compression.
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B. B. Jlazapes, /I. M. Ilankpamos, T. B. Llanxo, E. IO. Apanosa

OI'VII «Poccuiickuii @enepansubiil Anepuslii Lentp — Beepoceniicknit HUU sxcnepuMenTanbHON
¢uzukm», Capos, Poccust

HpI/I YHUCJIICHHOM MOACIIUPOBAHUHN TEYCHHMH KUJKOCTH WJIH T a3a, OIMMUCBIBACMBIX YPAaBHCHUAMHA Hapbpe—
CTOKCEI, PCHICHUIO OCHOBHBIX ypaBHCHI/Iﬁ " aHaJIM3y pE3YJbTATOB IMPEAUNICCTBYCT MOCTPOCHUC pacquHoﬁ
CCTKHU [1—5] Haub6omnee YHUBCPCAJIbHBIM MOAXOAO0M JIA AUCKPETU3ALUU TCOMETPUICCKUX MOJIeNeH C TOUKHU
3pCHUA BPECMCHU U 3(1)(1)6KTI/IBHOCTI/I IMOATOTOBKH SBJISICTCA HCIOJB30BAHUEC HECTPYKTYPUPOBAHHBIX CCTOK,
KOTOPBIC MMO3BOJIAIOT IIPOBOAUTH OIIMCAHUC Mojenein HpOH3BOJIBHOI>'I CJIOJKHOCTH B aBTOMATUYCCKOM PCIKHUME.
I[OHOJ'IHI/ITCJ'IBHO AJid ydeTa CHeL[I/I(l)I/IKI/I 3aaa4yu, B CETKEC MOTYyT OBITH BBIJACJICHBI 30HBI C YaCTUYHO CTPYK-
TypHpOBaHHOfI CETKOM (HaHpI/IMCp, CCTKU M3 MPU3SMATUYCCKUX IJICMCHTOB B TOHKHX 30HaXx KOHCprKHHﬁ).
I[J'IH p336I/ICHI/ISI MOJECJIN Ha 30HbI, MOCTPOCHUA CETOK, OMUCHIBAOIINX CHGHH(bHKy 3agadyi, U UxX O6’BCI[I/IHC-
HUA KCJIATCJIIbHO UCIIOJIB30BATh aBTOMATUYCCKUC AJITOPUTMBI. ABTOMaTI/IBaLII/Iﬂ nmpouecca moCTpoCHUuA CCTKU
HEHN30eKHO HaKJIaabIBa€T XCCTKUC Tpe60BaHI/I$I K aJilrOpuTMaM reHepaniuu CETKM, yBCINUnBas 3aBUCUMOCTDb
KauyecCTBa pa6OTI:I KaxX0ro starna recHepanun OT Ka4C€CTBa BXOAHBIX JAHHBIX, MOJTYYCHHBIX C IMPEAbIAYIICTO
stamna. Ho ucnonp3oBanue HOI[06HOI‘O noaxoga y,I[06HO AJIL MHXKCHEPA, TaK KaK IMO3BOJIACT IMPOBOAUTH I1C-
PECTPOCHUC CETKU JIA MOJTYUCHUA HCO6XO):[I/IMI:IX XapaKTCPUCTUK (HO OIHUCAHUIO 0COOEHHOCTEMH MOJCINPO-
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BaHWUs, [0 PA3MEPHOCTH PACUCTHOW MOJIEITH) 3a MPHEMIIEMOE BpeMsi 0e3 TOMOJHUTENbHBIX TPYI03aTpaT Ha
MEPENOATOTOBKY MOJICIIH.

IIpuBomUTCS OmMKCaHHe 0a30BBIX AITOPHUTMOB TE€HEparopa HECTPYKTYPHUPOBAHHBIX CETOK YIS TOHKO-
CTEHHBIX KOHCTPYKIIHH, a TaKKe CTPYKTYp MPEACTABICHHS AaHHBIX O ceTKe. [ eHepanus 00beMHOM CeTKH
OCYILECTBIIAETCS OT MPAHMI] TOBEPXHOCTHOMN TPEYTOabHOM ceTKH [6] Mo 3aaHHOMY HabOPY BXOAHBIX Mapa-
METpOB. PaccMaTpHBarOTCs CICTYIONINE TAIBI: AUATHOCTUKA UCXOIHOMN CETKH, OTPEIEIICHIE XapaKTEPHBIX
0COOEHHOCTEH MOJIENTH, BBIZICTICHNE TTOTPAaHUYHOTO ¢iios [7], popmupoBanue u 00pabOTKa MOBEPXHOCTHOM
CETKH B TOHKHX 00JIaCTAX, MOCTPOCHUE MPU3MATHUECKON CETKH B TOHKHX OOJACTSIX METOIOM MPOTATHBAHUS,
(hopMupoBaHHe 3aMKHYTBIX 00acTell ¥ UX JAUCKPETH3AIMS TETPAdAPATbHBIMU SUeikamMu, (GOPMUPOBAHNE
MHOTOTPaHHBIX sS4eeK mpeodpazoBanueM (centroid dual, median dual [8]), nocTpoeHHE TPU3MATHYECKUX
S'YEEK B IOTPAHUYHOM CJIO€.

Jannas paboTta MPOBOANUTCS B paMKaX pa3BUTHS MPETPOIECCOPa MAKeTa MPOrpaMM HHKEHEPHOTO aHaITH-
33 U CyMepPKOMITLIOTePHOTO MozeaupoBanus «Jloroc» [9].
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V. V. Lazarev, D. M. Pankratov, T. V. Tsalko, E. Yu. Arapova

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

In the numerical simulation of fluid flows described by Navier—Stokes equations the computational mesh
generation is performed prior to the solution of basic equations and analysis of the result [1-5]. Unstruc-
tured volume mesh generation is an all-purpose approach for computational domain cell discretization. It
takes satisfactory elapsed time, labor intensiveness and provides an arbitrary complex domain with a mesh
by virtue of special non-manual mode software. In addition it is necessary that quasi-structured mesh zones
to be extracted by reason of the task specific character (e. g. a prismatic cell mesh in thin wall zones). It is
advisable to apply practically automatic algorithms for zone partition, meshing, cell uniting. There are strict
dictates of cell quality and mesh quality at large and they induce step-to-step interdependence. This kind of
approach is easy-to-use since it allows a simulation engineer to save resources related to model parameters
resetting and remeshing.

The report describes an automatic generator of unstructured meshes for thin structures and data repre-
sentation structures. A 3D mesh is generated beginning from the boundaries of a surface triangular mesh ap-
proximating an arbitrary closed computational domain [6] and with preliminary setup of a minimal number
of parameters. There are multiple stages of the process: surface mesh diagnostics, identification of surface
mesh geometric features, boundary layer extraction [7], thin zone surface mesh partition and processing,
generation of an extruded prismatic thin mesh, generation of closed regions next to thin regions and their
discretization using tetrahedral cells, generation of a secondary polyhedral mesh using a hybrid scheme
(centroid dual, median dual [8]), generation of prismatic cells in a boundary layer.

The automatic mesh generation is used in the preprocessor of the «Logos» software package for engineer-
ing analysis and supercomputer simulation [9].
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KOHBEKTUBHBIE CABUTI'OBBIE TEUEHUSA BA3KUX XKUJIKOCTEH
C YYETOM MOMEHTHBIX HANIPSI)KEHU A

H. B. bBypmawesa, E. IO. [Ipocsupsikog

WuctutyT MmammaoBenenns umernn O. C. [opkyHosa, YpO PAH, Exarepun0Oypr, Poccus

Ypanbckuii dhenepanbHbIi yHUBEpcUTET, EKarepunOypr, Poccus

IIpu MomenupoBaHMM TEUCHUM KUAKOCTEH ONHO W3 OCHOBHBIX HCIOJB3YEMBIX IOMYIICHUI CBS3aHO
C 3aMEHOH Ka)/IOT0 MPEJCTaBUTEIHLHOIO 00beMa (3KUIKON YacTHUIIbI) €€ TPUOIIKEHHBIM MPEICTABICHUEM
B BUJIC MaTepUaIbHOMN TOYKH, 00JIaaroIIel Maccoii 3Toro oobemMa. MoJielib MaTepruaaIbHON TOYKH MTO3BOJISET
peHeOperarh TeOMETPHYSCKUMU pa3MEpPaMH, IoJiarasi ee TpeX- Wil JBYMEPHBIM [IAPOM OY€Hb MaJICHBKOTO
paauyca. B Bumy cummerpuu (POpMBI TAKOTO MOJCIBLHOTO MPEACTABICHUS M MAJIOCTH €r0 Pa3MepoB TO-
Jay4aeTrcs NpeHeOperaTh HaJMYMEeM YacTH CTENEHEH CBOOOJbI, JOCTYMHBIX PEaJbHBIM MaTepHUaabHBIM
oObekTaM. M3BECTHO, YTO MaTepualibHas TOYKa O0JIaaeT TPEeMs CTEHEHSIMH CBOOOIBI U3 IIECTH BO3MOXK-
HBIX — TOJIbKO JTMHEWHBIMH CMEIIEHUSIMH B TpeX (B Cllydae TPEXMEPHOH 3a/iaur) He3aBUCHMBIX HalpaBiie-
HusX. B maHHO# ke paboTe mpeAnpHHsTa MOMBITKA YYeCTh OCTABIINECS TPU CTENCHH CBOOOJBI, OTBEYAIO-
LIUe 32 BpallaTeabHbIe JBUKCHUS.

B noknane oOcyxmaeTcss MOJIENIb KOHBEKTUBHOTO CIIBUTOBOTO TEUCHHS BSI3KOW HEC)KMMAEMOW OHOPOJI-
HOM >KHIKOCTH C y4€TOM MOMEHTHBIX HaIpshkeHui. M3yuaroTcs BOMPOCH! pa3pelIMMOCTH TaHHON Mepeo-
MpEeNeNICHHON CUCTeMBbl YpaBHEHUU. B SBHOM BHJIe BBHIBOIUTCS yCIIOBHE COBMECTHOCTH PEUICHUI HaHHOMN
cuctembl. OOCYKIAr0TCS BOMPOCHI BETBICHUS CTPYKTYPhI PEIICHUS IS KOMIIOHEHT T0JIsi CKOPOCTH B 3aBU-
CUMOCTH OT BEJIMYMHBI BI3KOCTH MAPHBIX (MOMEHTHBIX ) HATIPSHKCHU.

IIpencraBnennsie B NOKIaA€ PE3YAbTaThl CPABHUBAIOTCS C PaHEE MONTYYECHHBIMU aBTOpaMU AJI CIydas
M30TEPMHUYUECKHUX TCUCHMIA | || 1 KOHBEKTUBHBIX TEUEHUI Oe3 yueTa MOMEHTHBIX HanpspkeHuit [2]. [Tomumo
3TOr0 00CYKIAKOTCS BOIPOCHI, CBI3aHHBIC C 0COOCHHOCTSAMU MMPUMEHEHUS JAaHHOTO MOJXO0Aa K IPYTUM BH-

JlaM TEUCHUH, B TOM YHCJIC U JJIs ONMCAHUS TCUCHUN CTPATH(PHUIIMPOBAHHBIX 10 TUIOTHOCTH BS3KUX KHJIKOC-
Tei [3].
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CONVECTIVE SHEAR FLOWS OF VISCOUS FLUIDS
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N. V. Burmasheva, E. Yu. Prosviryakov
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Russia

Department of Information Technologies and Control Systems, Ural Federal University, Ekaterinburg,
Russia

When modeling fluid flows, one of the main assumptions used is associated with the replacement of each
representative volume (fluid particle) by its approximate representation in the form of a material point that
has the mass of this volume. The model of a material point allows one to neglect the geometric dimensions,
assuming it to be a three- or two-dimensional ball of a very small radius. In view of the symmetry of the form
of such a model representation and the smallness of its dimensions, it turns out to neglect the presence of a
part of the degrees of freedom available to real material objects. It is known that a material point has three
degrees of freedom out of six possible — only linear displacements in three (in the case of a three-dimensional
problem) independent directions. In this work, an attempt was made to take into account the remaining three
degrees of freedom, which are responsible for rotational motions.

The report discusses a model of a convective shear flow of a viscous incompressible homogeneous fluid,
taking into account couple stresses. The questions of solvability of this redefined system of equations are
studied. The condition for the compatibility of solutions of this system is derived explicitly. The questions of
branching of the structure of the solution for the components of the velocity field depending on the value of
the viscosity of pair (moment) stresses are discussed.

The results presented in the report are compared with those previously obtained by the authors for the
case of isothermal flows [1] and convective flows without taking into account couple stresses [2]. In addi-
tion, issues related to the peculiarities of applying this approach to other types of flows, including those for
describing flows of density-stratified viscous fluids [3], are discussed.
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JlMHaMUKa U30TEpMUYECKAX TEUCHUNM HEBPAILAIOIIEHCS BA3KOM HEC)KUMAEMOM XKUAKOCTU ONUCHIBACTCS
BEKTOPHBIM ypaBHeHHeM HaBpe—CTOKCa, JOMONHEHHBIM YpaBHEHHEM HEC)KMMAeMOCTH. YKa3zaHHbIE AUQ-
(epeHIMaIbHBIE YpaBHEHHS MPEACTABISIIOT COOOW YeThIpe CBsI3M, HAKJaIbIBaeMble Ha UETHIPE HEH3BECT-
HBIE XaPAaKTEPUCTUKU — TPU MIPOEKLUU BEKTOPA CKOPOCTH U JaBieHUe. 1Ipu 3TOM JaHHBIE CBS3U SIBISIFOTCS
HENMHEHHBIMU B BUJY HAJM4MA B JIEBBIX yacTax ypaBHeHull HaBpe—CTOKCaA WI€HOB KOHBEKTHBHOM MPOU3-
BoaHOU. [Io 3TOM mpHUYMHE BONPOC O CYLIECTBOBAHUU HETPUBUAIBHOIO PELICHUS YKAa3aHHON CUCTEMBI SB-
JISI€TCSL KpaliHEe CIIOXKHBIM.

B nmoxnaze paccMaTpuBaeTcsl TpeXMEpPHOE yCTaHOBHMBIIeecs n3obapuieckoe TeueHue. PemieHne coot-
BETCTBYIOIIEH cHCTEMBI ypaBHEHMH Hiercs B kiacce JInHA—CunopoBa—ApHCTOBa CKOPOCTEH, TMHEHHBIX
no yactu koopauHar [1-4]. PaccmoTpeHre n3006apudecKkoro ciaydast Mo3BOJUT AUCTAHLIUPOBATHCS OT HEOMI-
HOPOAHOCTU PACHpeACICHUs AaBICHUS M M3YYUTh TOMOJOTHIO MOJISi CKOPOCTH 0e3 ydera 3Toro (akropa.
OcHOBHas TUIOTE3a COCTOUT B TOM, YTO CJIOXKHAs CTPYKTypa TeUeHHUsl 00pa3yeTcs He TOJIBKO 3a CHET Tep-
MOCHJIOBBIX (DaKTOPOB, HO M B BUAY y4deTa HEOAHOPOJHOCTEH B CTPYKTYpe BBHIOPaHHOTO Kiacca TOYHBIX
pELICHUH.

IloncTaHoBKa yka3aHHOTO Kjlacca pelleHui B cucteMy ypaBHeHud HaBpe—Crokca mpuBOAMT K Te-
peonpeneneHHoN cucTeMe 0OOBIKHOBEHHBIX TU(QepeHInaNbHBIX YpaBHeHHH. B noknane obcyxnaercs Bor-
POC COBMECTHOCTH €€ PELICHHH, B SBHOM BHJIE IPUBOAUTCS yCIOBUE COBMECTHOCTH. [loMuMO 3TOT0, 00CY K-
JaeTcs crocod NpUBeIeHHUS PACCMaTPUBAEMOM CHCTEMEBI K BUAY, B KOTOPOM Ka)KA0€ YpaBHEHUE CTAHOBUTCS
W30JIMPOBAaHHBIM, MpaBaa, ¢ (QYHKUMOHAIBHBIMU K03 dunuentamu. OOCYyKIar0TCs BOIPOCH! BETBICHUS
CTPYKTYPBI pELICHUS B 3aBUCUMOCTHU OT COYETAHUM MAapaMETPOB, ONPEACIAIOIIUX KOHKPETHYIO KPaeBYHO
3a/1aqy.
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The dynamics of isothermal flows of a non-rotating viscous incompressible fluid is described by the vec-
tor Navier—Stokes equation, supplemented by the incompressibility equation. These differential equations
are four links superimposed on four unknown characteristics - three projections of the velocity vector and
pressure. At the same time, these relationships are non-linear due to the presence of terms of the convective
derivative in the left parts of the Navier—Stokes equations. For this reason, the question of the existence of a
non-trivial solution of this system is extremely difficult.
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The report considers a three-dimensional steady state isobaric flow. The solution of the corresponding
system of equations is sought in the class of Lin—Sidorov—Aristov velocities that are linear in part of the
coordinates [1-4]. Consideration of the isobaric case will make it possible to distance ourselves from the
inhomogeneity of the pressure distribution and to study the topology of the velocity field without taking this
factor into account. The main hypothesis is that the complex flow structure is formed not only due to thermal
force factors, but also due to the inclusion of inhomogeneities in the structure of the chosen class of exact
solutions.

Substitution of the indicated class of solutions into the system of Navier—Stokes equations leads to a re-
defined system of ordinary differential equations. The report discusses the question of the compatibility of its
solutions, explicitly gives the condition of compatibility. In addition, a method is discussed for reducing the
system under consideration to a form in which each equation becomes isolated, albeit with functional coef-
ficients. The issues of branching the structure of the solution depending on the combinations of parameters
that determine a particular boundary value problem are discussed.
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MOBBIINIEHUE TOYHOCTHU METO/IA SPH THIIA TOJITYHOBA
NYTEM JJUHEHHOHN PEKOHCTPYKIIUU 3HAYEHU I
HA KOHTAKTE YACTHII 1JI1 MOJIEJUPOBAHUSA BA3ZKUX
U YIIPYTOIIJIACTUYECKHUX CPE]]

I ]]. Pyones, C. A. [vauxos, A. H. Ilapuuxos

OI'VII «Beepoccuiickuit HUM apromaruku umenu H. JI. TyxoBa», MockBsa, Poccust

Merton ruaponuHaMuky criakeHHbIX yactull (SPH) ¢ pemennem 3agaun Pumana Ha koHTakTe yactuil [1]
UIUPOKO UCIIONB3YETCS ISl MOACTUPOBAHUS BA3KUX U YIIPYTOILIACTUYECKUX CPEl C pa3phIBaMH. DTOT METOJ
He TpeOyeT NCTIOIb30BAHUS HCKYCCTBCHHOM BS3KOCTH JJIsl YCTOWYHBOCTH PEIICHUS B OKPECTHOCTHU pa3phiBa:
YCTOMYMBOE MOHOTOHHOE PEIICHHE O0ECIICUMBACTCS 32 CUCT 3HAYMTEIHLHOW YMCICHHOW TUCCHITAIUU CXE-
MbI. OTHAKO, B 3TOM METOJIC UCIIOJIb3YETCsI KYCOYHO-IIOCTOSIHHAS alllTPOKCUMAIus (PU3HMYECKUX BEITUYHH Ha
KOHTaKTaX MEXAY YaCTUIAMHU, YTO MOXKET IPUBOAUTH K UIMUIIHEH CXEMHOU BA3KOCTH, KOTOpask MPUBOAUT
K YpEe3MEPHOMY CIITAKUBAHUIO PPOHTA yAAPHOU BOJHBIL.

Jlis mpeooseHus 3Toi NpoOIeMbl B TaHHOM padoTe mpeyiaractcst Mmeton SPH, r1e Ha KOHTaKTaX MEKIY
YaCTUIIAMH UCTIONB3YETCS JIHHEWHAs PEKOHCTPYKIHUS (DU3MUYSCKUX BeMW4YWH, aHamoruyHo cxeme MUSCL
B CETOYHOM MeTojie Dijepa. DTOT MOAXO[ MPUMEHUM KakK JJI MOACIUPOBAHUS >KUIIKOCTEH U ra3oB, Tak
U JIJIs. MOZICTTUPOBAHMSI YIPYroriacTudeckux cpell. [Ipennaraemspiii B 3T0i pabOTe METOJI MTO3BOJISET CYIIIEC-



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

TBEHHO CHHM3WTH YHCJICHHYI0 TUdQy3uto O6e3 ymepOa A MOHOTOHHOCTH, YTO MPOJEMOHCTPUPOBAHO Ha
puc. 1 u 2.

Puc. 1. Pacnan pa3priBa B ueabHOM Taze:

a — xonTakTHeI Metox SPH; 6 — MUSCL-SPH. CuHHMH TOYKaMH ITOKa3aHO YHCIICHHOE PEIICHNE,
CIUIOUIHAS JIMHUS — aHAIIUTUYECKOE peIIeHUe

a o
Puc. 2. Pacnag pa3pbiBa B ynpyro-iacTU4ecKon cpese:

a — xoHTtakTHbl Metog SPH, 6 — MUSCL-SPH. CuHuME TOYKaM# ITOKa3aHO YHCIICHHOE PELICHUE,
CIUIONIHAS JIUHUS — aHAIUTUYECKOE peIIeHUe

B pabote oneHuBaeTcs cxemHast BS3kocTh nonyueHHoro meroga MUSCL-SPH no meronuke, npeicras-
neHHol B pabote [2]. IlokazaHo, 4T0 cXeMHast BI3KOCTh HOBOTO METOJIa CYIIECTBEHHO HUXE TAKOBOW B UC-
XOIHOM KoHTakTHOM MeToae SPH [1].

[Ipennaraemblii METOJ] TPUMEHSETCS JUIS MOACITUPOBAHUSI TIPOIlecca MbUICHHS TOPPUPOBAHHONW CBOOO/-
HOW TIOBEPXHOCTH METaJUIa MMPU BHIXOJE HAa HEE YIapHOI BOJHBI B COOTBETCTBUU ¢ paboToii [3]. Ha puc. 3
MOKa3aHO, YTO CKOPOCTh KyMYJISITUBHBIX CTPYW HAXOIUTCS B JIYULIEM COITIACHUHU C DKCIIEPUMEHTOM, B TO Bpe-
M4 Kak MeTo [1] JaeT CHUIIbHO 3aHMKEHHBIC 3HAYCHUS! CKOPOCTH.
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Puc. 3. MonpenupoBanue 00pa3oBaHus CTPpYH KHUAKoro onoBa Metonamu SPH 1 MUSCL-SPH:

a — aMIuIMTyIa roppUpoBKH, k = 27/A — BOMHOBOE UKClo, A = 550 MkM. Ha pucyHKax IpUBEIEHbBI CKOPOCTH CTPYH
OTHOCHTEIIBHO CBOOOAHON OBEPXHOCTH B CPABHEHHUHU C IKCIIEPUMEHTOM
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ENHANCING THE ACCURACY OF THE GODUNOV-TYPE
SPH METHOD USING LINEAR RECONSTRUCTION
OF THE VALUES AT INTERPARTICLE CONTACTS
FOR MODELING VISCOUS AND ELASTIC-PLASTIC MEDIA

G. D. Rublev, S. A. Dyachkov, A. N. Parshikov
FSUE “N. L. Dukhov All-Russian Research Institute of Automatics”, Moscow, Russia

The method of smoothed particle hydrodynamics (SPH) with the Riemann problem solution at inter-par-
ticle contacts [1] is widely used to model liquid and elastic-plastic media with discontinuities. This method
does not require the use of artificial viscosity for the stability of the solution in the vicinity of the discon-
tinuity: a stable monotonic solution is provided at the expense of a significant numerical dissipation of the
scheme. However, this method uses a piecewise constant approximation of the physical quantities at the
contacts between the particles, which may lead to excessive numerical viscosity, which leads to excessive
smoothing of the shock front.

To overcome this problem, this paper proposes the SPH method, where a linear reconstruction of physi-
cal quantities is used at the contacts between particles, similar to the MUSCL scheme in the finite volume
method. This approach is applicable both for modeling liquids and gases and for modeling elastic-plastic
media. The method proposed in this work allows one to significantly reduce the numerical diffusion without
compromising the monotonicity, as demonstrated in figs. 1 and 2.
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Fig. 1. Shock propagation in an ideal gas:

a — SPH contact method, » — MUSCL-SPH. The blue dots show the numerical solution,
and the solid line shows the analytical solution

a b

Fig. 2. Shock propagation in an elastic-plastic medium:

a — SPH contact method, b — MUSCL-SPH. The blue dots show the numerical solution,
and the solid line shows the analytical solution

In this work, the numerical viscosity of the obtained MUSCL-SPH method is evaluated according to the
method presented in [2]. It is shown that the numerical viscosity of the new method is significantly lower
than that of the original contact SPH method [1].

The proposed method is used to simulate the ejection of material from the corrugated free surface of the
metal under shock compression in accordance with the study [3]. fig. 3 shows that the velocities of cumula-
tive jets are in good agreement with the experiment, while the method [1] underestimates velocity values.
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Fig. 3. Simulation of liquid tin jet formation by SPH and MUSCL-SPH methods:

a — corrugations amplitude, k =2n/A — wave number, A = 550 m. In the figures jet velocities related to the free surface are
compared with the experimental ones
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MNOJCETOYHOE BOCHOJHEHMUE PA3PBIBHBIX PEIIIEHUN
C UCITOJB30OBAHHUEM AJITOPUTMOB MAHIMHHOT'O OBYYEHUA

A. A. Cepéxnckun, C. A. [{vaukos, P. B. Mypamos

OI'VII «Beepoccuiickuit HUM apromaruku umenu H. JI. TyxoBa», MockBa, Poccust

OTnruuTenbHOM 0COOCHHOCTBIO cHCTeM IuddepeHInanbHBIX YpaBHEHUI MepBOTO MOpsiaka rumepoo-
JIMYECKOTO TUIA SBJIAETCS CYLIECTBOBaHME YCTONUMBBIX pa3pbIBHBIX pemieHuil. Takux kak peleHue B BUIE
yAapHOW BOJIHBI [l CUCTEMBl YPaBHEHHWH TMAPOAMHAMHMKH WM KOHTAKTHBIA Pa3pbIB ISl YpaBHEHUS Iie-
peHoca. YncneHHBIN pacyeT JaHHBIX pelIeHuil Ha ODWIEepOBBIX CETKaX MPUBOAMUT K PAa3MBITHIO Pa3phIBOB,
B pe3ynbTare 4ero peleHre NpUHUMAET BUI HEMIPEPBIBHOTO paclipeesieH s apaMeTPOB 33/1a4i ¢ KOHEYHBIM
IpaueHTOM. DTO B TOM YHCIE SBIAETCS CIEICTBUEM KyCOUHO-HEIPEPBIBHONW TUCKPETU3AMN EPEMEHHBIX
B A4eiKax mpu pacuyere BpeMeHHoro mara. C 1eabio NOBBIEHHS KauecTBa allpoKCUMAalUY Pa3phIBHBIX pe-
HICHUH IpeyIaraeTcs cxema MoACETOYHOTO BOCIIOIHEHHS Pa3phIBHBIX PELIeHNH pa3pbIBHBIME (DYHKIIMOHAb-
HBIMH 3aBUCHMOCTSIMH. [IpH 3TOM BO3HUKaeT 3a1aua HACHTH(UKALIMN pa3pbIBHBIX PEIICHUH HA TUCKPETHOM
Ha0ope NaHHBIX YHCIEHHOTO pacueTa. J[jis 3Toro npeayiaraeTcst HCMoIb30BaTh aHAIN3 JUCKPETHBIX 3HAYEHHUI
NepeMEHHBIX B YelKe U ee OMmKaiIIeM OKpYKEHUH C TIOMOLIbI0O HEHPOCETH, Ha BBIXOAE KOTOPOH BBIIAETCS
uH(oOpMaLus 0 TUIIE pelieHHs (HENPEPHIBHOE HIIH Pa3pbIBHOE) B JIOKAJIBHOW 00JIaCTH OKOJIO STYSHKH.

B noxnane npennaraemasi METOJUKA paccMaTpUBaeTCs HA OCHOBE CUCTEMBl YpaBHEHUI THAPOJUHAMUKY
Oiinepa. [IpencraBieHa apxuTeKTypa HEHpOCeTH, alropuTM ee oO0y4yeHusl 1 TeCTHpOBaHKE Ha Oasze Xapak-
TEpHBIX pEIIeHU TUIa yAapHON BOJIHBI, MEPEHOCA KOHTAKTHOTO Pa3phiBa M M3DHTPONHYECKOTO TEUEHUS
B BHJIE BOJIHBI pa3rpy3ku. Kpome TOro mpuBOIATCS alrOpUTMBI MOACETOYHOIO BOCIOIHEHHUS Pa3pbIBHBIX
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PEILICHUI U IPUMEP MX UCIONB30BAHUS ISl MOJCITUPOBAHUS OJHOMEPHBIX U IBYMEPHBIX TEUCHUI METOIOM
KOHEYHOro o0beMa.

SUB-CELL RECONSTRUCTION OF DISCONTINUOUS SOLUTIONS
WITH USING MACHINE LEARNING ALGORITHMS

A. A. Serezhkin, S. A. Dyachkov, R. V. Muratov
FSUE «N. L. Dukhov All-Russian Research Institute of Automatics», Moscow, Russia

A distinctive feature of hyperbolic systems of first order differential equations is the existence of stable
discontinuous solutions. Such as a solution in the form of a shock wave for the system of equations of hy-
drodynamics or a contact discontinuity for the transport equation. Numerical calculation of these solutions
on Euler grids leads to smoothing of discontinuities, as a result of which the solution takes the form of a
continuous distribution of state parameters with a finite gradient. This is also a consequence of the piecewise
continuous discretization of variables in cells when calculating the time step. In order to improve the quality
of approximation of discontinuous solutions, a scheme of sub-cell reconstruction of discontinuous solutions
with discontinuous functional dependencies is proposed. This raises the problem of identifying discontinuous
solutions on a discrete set of numerical calculation data. To do this, it is proposed to use the analysis of dis-
crete values of variables in the cell and its immediate neighbours using a neural network, the output of which
provides information about the type of solution (continuous or discontinuous) in the local region near the cell.

The proposed technique is considered on the basis of the Euler system of equations of hydrodynamics.
The architecture of the neural network, the algorithm for its training and testing based on typical solutions
such as a shock wave, transfer of a contact discontinuity and isentropic flow in the form of an unloading
wave are presented. In addition, algorithms for sub-cell reconstruction of discontinuous solutions and an
example of their use for modeling one-dimensional and two-dimensional flows by the finite volume method
are given.
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ACUMIITOTUYECKUWE PEINEHUSA YPABHEHUSA BOJBIIMAHA
N TYPBYJIEHTHOCTbD

C. A. Cepos

WHCTUTYT TeopeTHyecKol 1 MaTeMaTuieckor (QU3HUKH,
OI'VII «Poccuiickuit @enepanbusiii Anepusiii Lentp — Beepoccuiickuit HUU skcniepuMeHTanbHoM
(uzukm», Capos, Poccust

E-mail: S.A.Serov@inbox.ru

O6cy)K,Z[aIOTC$1 ACUMIITOTUYCCKUC PCIICHUA KUHETUYCCKOIO0 YPaBHCHUSA boapmmana AJId pa3peIKEHHBIX
ra3oB. OTMeUYaeTcss HECOCTOSITSILHOCTh H3BECTHOTO METOoda DHCKOra aCUMOTOTHYECKOIO peUICHUs ypaBHE-
HuA bonabiMana u paccMaTpruBacTCs €ro KOPPEKTHAA MOZ[I/I(l)I/IKaL[I/IH.

Honyqua cucremMa ypaBHCHI/Iﬁ MHOTOKOMIIOHEHTHOM HGpaBHOBGCHOﬁ ra3oBoit JUHaAaMHKH, COOTBCTC-
TBYIOIIasg MEPBOMY MNOPAAKY B HpI/I6J'II/DKCHHOM (aCI/IMHTOTI/I‘leCKOM) MCTOAC PCHICHUA CUCTEMbI KUHCTUYC-
CKHX ypaBHCHI/Iﬁ bonbiMana B acCHMITOTHYECKOM mnpeaeine (HOI[XOI[G), MMpEeaAJIOKCHHOM B.B. CprMI/IHCKI/IM.
3Ty CUCTEMY ypaBHCHI/Iﬁ MHOTOKOMIIOHEHTHOM HCpaBHOBGCHOﬁ ra3oBoil JUHAMHKH npeajraracTcs UCnoJib-
30BaTh JJId OIIMCaHUA Typ6yHCHTHI)IX TCUYCHHH Pa3pCKCHHBIX I'a30B

HOKa3aHO, 4qTo (byHKLII/II/I pacmpeaeicHus CKOpOCTCfI 4JacCTull, MOJYYCHHBIC MpeajaracMbiM MCTOAOM
1 METOJOM 3HCKOF3, B I1OAXO0O€ 3HCKOI‘3., OKBUBAJICHTHBI C TOYHOCTBIO O YWICHOB IEPBOr0O MOpsAaKa Malio-
CTU aCUMITOTUYCCKOI'0 pa3JIOKCHHA, HO, B006H_[e TOBOps, pa3/INYatOTCAa B CICAYIOLICM IMOPAAKE aCUMIITO-
TUYCCKOT'O PA3JIOKCHUS.
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ASYMPTOTIC SOLUTIONS OF THE BOLTZMANN EQUATION
AND TURBULENCE

S. A. Serov

Institute of Theoretical and Mathematical Physics,
FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

E-mail: S.A.Serov@inbox.ru

Asymptotic solutions of the kinetic Boltzmann equation for rarefied gases are discussed. Groundlessness
of the known Enskog method of the asymptotic solution of the equation Boltzmann is noted and his correct
modification is considered.

The equations system of multicomponent non-equilibrium gas dynamics is derived, that corresponds to
the first order in the approximate (asymptotic) method for solution of the system of kinetic Boltzmann equa-
tions in an approximate limit (approach) offered by V. V. Struminskii. This system of equations of multicom-
ponent non-equilibrium gas dynamics is proposed to be used to describe turbulent flows of rarefied gases.

It is shown, that the velocity distribution functions of particles, obtained by the proposed method and
by Enskog's method within Enskog's approach, are equivalent up to the infinitesimal first order terms of the
asymptotic expansion but (generally speaking) differ in the next order.
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BJIUAHUE MAKCUMYMA IIVIOTHOCTHU BOJAbI HA TEMIIbI
OXJTAXKIAEHUA BOAJOHACBIHIEHHBIX IOPUCTBIX CPE/]

0. A. Cumonos" >, JI. H ®@umumonosa®>

"Tromenckuit Hayunsriit Heutp CO PAH, Tiomens, Poccus

TromeHCKHiA (umman MHCTHTYTa TEOpeTHIeCKO 1 puKiIaaHoi mexanuku uM. C. A. Xpuctnanosuda CO
PAH, Tromens, Poccus

3TroMeHCKuiA WHJYCTpUAIbHBIA YHUBEPCUTET, TroMeHb, Poccus

[Ipu mpoeKTHpPOBaHNH M COOPYKEHHU 3JaHHUH, CKBaKMH, TPYOOIPOBOIOB, a TAKXKe IPYyTUX OOBEKTOB,
MOCTOSIHHO HAaXOISIINXCS B YCIOBHUX OTPULIATENbHBIX TEMIIEpaTyp, HEOOXOIUMO YUHTHIBAaTh IPOMEP3aHHe
Y TIpOTauBaHKUE T'PYHTOB. B Teruislii meproj] MOBEPXHOCTHBIM CIOW IpYHTa, MOICTHIAeMbIi MHOTOJIETHE-
MEp3IBIMU TTOPOJAMH, Yallle BCETO BBHICOKONOPHUCTHIA MECOK, OTTaMBAaeT M 00pa3yeT MepeyBlIaKHEHHBIN
cioii mopoapl. [Ipu oxma>kaAeHu: MPOTAasBLIETO CI0s TEPMOCTa0OMIIN3aTOPOM, B IOPUCTON Cpeie BOSHUKAIOT
IpaJiveHThbl TEMIIEPATYPbl, MPUBOSIIINE K KOHBEKIHH.

BrnusiHre KOHBEKTHMBHOTO TIEpeHOCa Teljia B MOPUCTHIX Cpelax XOpOLIO M3yYeHO, HO HEJOCTaTOYHOE
BHUMAaHHUE YIENSETCs] MCCIECIOBAaHHUIO BIUSHHUS MHBEPCHUH IUIOTHOCTH BOABI Ha KOHBEKTHBHBIE TEUCHMS
B TIOPHUCTBIX CpeAax. XOpoUIo U3BECTHO, YTO MPU aTMOC(EPHOM AaBICHUH MAKCUMaJIbHAS TNIOTHOCTH BOJBI
(999,9720 KF/M3) Habmomaetcst pu Temneparype 3,984°C [1]. Oto siBneHHe NPUBOAMT K MOJHON CTPYK-
TYPHOH MEepecTpoiKe BCETro TEUEHHUs] W M3MEHSET TEMIT OXJIaXAeHHs (HarpeBaHus) MmopucTol cpensl. [lpu
OTIPEJEeNICHHBIX YCIIOBHAX XOJIOHAS )KUAKOCTh HAYMHAET MOAHUMATHCS, OXJIKast BEPXHUE CJIOU TIOPUCTOM
CpeAbl, YTO MPUBOAUT K M3MEHEHHUIO XapakTepa TEIJIONepeHOca U BOSHUKHOBEHUIO THAPOAMHAMHYECKOM
HeycToitunBocTH [2].

Lenbto HacTOsIIIEH paOOTHI — B YMCICHHOM SKCIIEPUMEHTE OLEHUTh BIMSHUE HHBEPCHHU MJIOTHOCTH BOJBI
Ha TETJIOMAacCONEPEHOC B BIATOHACHIIIEHON IIOPUCTOH Cpeie B OKPECTHOCTH BEPTUKAIBHO PACTIONIOKEHHON
TPYOBI OXJIAXKJAIOILETO YCTPOICTBA.

KoHBekTHBHOE TeUeHHE B IOPUCTON Cpee MOAETUpOoBaock B npubmmwkeHnn bpunkmana—byccuHecka.
J1st OLIeHKH BIHSIHUSL KOHBEKTHBHOTO M KOHAYKTUBHOTO MEXaHH3Ma TEIJIONEePeHOca MpearaeTcsl HCIoib-
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30BaThb 663pa3MepHLII7[ napamMeTp o — aHaJior 4ucijia Peneﬂ, KaK OTHOHICHNUE U3MCHCHU S TCMIICPATYPhI 3a CUCT
MOJ'IeKy.]'ISIpHOﬁ TCIUIOMIPOBOAHOCTU K UBMCHCHUIO TCMIICPATYPhI 3a CHET KOHBCKIUU:

uz(p_pO)CW mkgh (1)
(PC),,  wx

e k — NPOHHIIAEMOCTh TIOPUCTO Cpesibl (M2); V — KHHEMATHUeCKas BA3KOCTh BOIbI (M°/C); g — YCKOPEHHE
CBOOOIHOTO NaICHHS (M/Cz); h—XapakTepHbIi pa3Mep CUCTeMBI (M); (p —p() —XapaKTepHas pa3HULA MEKIY
MaKCHMAJIBHBIMA H MHHUMAJBHBIM 3HAYEHHSMH IUIOTHOCTH BOZBI (KI/M°); 3a Py — IPUMEM ILUIOTHOCTb BOJbI
NIpY HYJIEBOU TeMIIEpaType, a 3a p MPUMEM MaKCHMaJIbHYIO MJIOTHOCTH BOJBI, ClieioBaTenbHo, Ap =0,129;
(pC )e =mp,,C,, + (1 - m) p,C,; —3bdexTuBHBIN KOIPPUIMEHT TEILIOCOAEPKAaHUA HACILIIEHHOH opucTon
cpensl (I[)K/(M3-°K)); Py,s — IUIOTHOCTb BOJBI M CKEJIETA OPUCTOM CPEIBI (KF/MS); C,, s — TCIIIOEMKOCTh
Bogbl 1 ckeneta (x/(kr-°K)); y — koaddumeHt remneparyponpoBOAHOCTH (Mz/c).

s aHanu3a 3aBUCIMOCTH CKOPOCTH OXJIXKACHUS OT MPOHULAEMOCTH (TIapaMeTp o), IO 3aBUCUMOCTSIM
CpemHel TeMIepaTypbl OT BPEMEHH, BBIYMCIIEHA CKOPOCTb OXJIaXIEHHsS B ONM3M MaKCHUMyMa IUTOTHOCTH
BogbI (277°K) anst pa3nuuHbIX 3HaUCHUI mapaMeTpa o. Ha puc. npuBeaeHb! pe3yasTaTbl CpaBHEHHS C pacye-
TaMH, B KOTOPBIX WHBEPCHSI IUIOTHOCTH HE YuHuThIBaeTcsa. CKOPOCTH 00e3pa3MepeHbl Ha CKOPOCTh OXJIaXKe-
HUS, PACCUUTaHHYIO 0e3 yueTa KOHBEKIUH. J|aHHbIe TPpeACTaBIeHbI B IOTapUPMHUIECKOM MacITaoe.

3aBHCHMOCTH CpeHEi CKOPOCTH OXJIAKICHHUS TOPUCTOM CPEIBI OT TapameTpa o (IPOHUIIAEMOCTH):

1-c YUY€TOM MakCUMyMa IIJIOTHOCTHU BOIBI; 2 —0e3 yu€Ta MakCuMyMa IJIOTHOCTH BOJIbI

[IpuBeneHHBIE JaHHBIC TIOATBEPKIAIOT POJIL MapameTpa o, B (HOPMHUPOBAHUU PEKUMOB KOHBEKTHBHOTO
TeueHus B TIOPUCTOH cpesie. B pacuerax, BBIMOJHEHHBIX 0€3 yueTa HATUYIHs Y BOJBI MAKCHMYMa TUTOTHOCTH
MEePEeHOC TeIa BOAOH, HAYMHACT UTPATh CYNIECTBEHHYIO POJIL MPH O OOJBIINX, UM EAUHUIIA.

Hannyre MakcuMyMma MJIOTHOCTH Y BOJBI MPUBOAUT K TOMY, YTO KOHBEKIHSI HAYMHAET WIPATh PEIIaf0-
HIyI0 PoJib MpH 00Jiee BBHICOKON MPOHMIIAEMOCTH MOPUCTOH cpembl. KpuTHueckuM SBISIETCS 3HAUCHHE O
omskoe k 100. TIpu o0 < 1 cKOpOCTH OXTKACHUS CIa00 PA3TUUAIOTCS IS TIOOBIX MPUHSTHIX B pacyeTax
nonyiiennit. [Ipu 3HAYEHUSIX O OMM3KUX K €IMHHUIIE, TPUONMKEHUS B KOTOPBIX HE YUUTHIBACTCS HATHYNE
MaKCHMyMa IJIOTHOCTH Oy/IyT AaBaTh OMIMOOYHBIC pe3ysbTarhl. M3-3a epecTpONKY TEUCHUS] KOHBEKITUS Ha-
YMHAET UTPATh PEIIAOIIYIO POJIb B OXJIAKACHUHM CHCTEMBI TONBKO TOT/A, KOTAA 0L CTAHOBHUTCS 3HAYMTEILHO
OOJIBIIIE JECITH.

U3 mpuBeeHHBIX JaHHBIX CIEAYET, YTO MPH BHIOOPE METOMUKH PEIICHHs 3a1ad TEIIoMaccomepeHoca
B BOJIOHACHIIICHHBIX MOPUCTHIX CPEAax BOIM3M HYJIEBBIX TEMIIEPATYp HEOOXOAUMO OIEHHUThH XapaKTepPHbIE
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napaMeTpsl CUCTEMBI M pacCUUTaTh apameTp o. B ciaydae ecau 3TOT mapaMeTp MEHbIIE €AUMHULBI, BO3MOX-
HO TPOBECTH pacyeT 0e3 ydeTa KOHBEKTUBHBIX MOTOKOB. B npyrux cimydasx HE0OXOIUM pacdeT ¢ y4eToM
KOHBEKIIMHM M 00sI3aTEIbHBIM HCIONb30BaHUEM MOZETH BOABI YYUTHIBAIOLIEH HaIHMYUe MakcUMyMa IUIOT-
HocTu. He yder 310l 0coOeHHOCTH cTpoeHHs BoAbl OyaeT NpUBOAMTE K KpaTHBIM (B 3—4 pa3a) ommOKam
olpenieIeHNs HHTETPATIbHBIX TapaMeTPOB.

Crarpsl MOATOTOBJICHA B paMKax TeXHoJornueckoro npoekra «Lludposoii kepn» 3ananHo-Cubupckoro
MEKPETHOHATBFHOTO HAay4YHO-00pa30BaTeIbHOTO IEHTPa MUPOBOT'O YPOBHSI.
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EFFECT OF THE MAXIMUM DENSITY OF WATER
ON COOLING RATES OF WATER-SATURATED POROUS MEDIA
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2Tyumen Branch of the Khristianovich Institute of Theoretical and Applied Mechanics of the Siberian
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When designing and constructing buildings, wells, pipelines, as well as other objects that are constantly
in conditions of negative temperatures, it is necessary to take into account the freezing and thawing of soils.
During the warm period, the surface layer of soil underlain by permafrost rocks, most often highly porous
sand, thaws and forms a waterlogged rock layer. When the thawed layer is cooled by a heat stabilizer, tem-
perature gradients occur in a porous medium, leading to convection

The influence of convective heat transfer in porous media is well studied, but insufficient attention is paid
to the study of the effect of water density inversion on convective flows in porous media. It is well known
that at atmospheric pressure the maximum density of water (999.9720 kg/m’) is observed at a temperature
0f 3.984°C [1]. This phenomenon leads to a complete structural restructuring of the entire flow and changes
the rate of cooling (heating) of the porous medium. Under certain conditions, the cold liquid begins to rise,
cooling the upper layers of the porous medium, which leads to a change in the nature of heat transfer and the
occurrence of hydrodynamic instability [2].

The aim of this work is to evaluate in a numerical experiment the effect of inversion of water density on
heat and mass transfer in a moisture—saturated porous medium in the vicinity of a vertically positioned cool-
ing device pipe.

Convective flow in a porous medium was modeled in the Brinkman—Boussinesq approximation. To as-
sess the influence of the convective and conductive mechanism of heat transfer, it is proposed to use the
dimensionless parameter o — an analogue of the Rayleigh number, as the ratio of temperature change due to
molecular heat conduction to temperature change due to convection:

a:(p_po)cw mkgh (1)
(PC),, VI
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where £ is the permeability of the porous medium (mz); v is the kinematic viscosity of water (mz/s); g is the
free fall acceleration (m/sz); h is the characteristic size of the system (m); (p—p,) — characteristic differ-
ence between the maximum and minimum values of water density (kg/mS); for p, —we will take the density
of water at zero temperature, and for p we will take the maximum density of water, therefore, Ap=0,129;
(pC),, =mp,,C,, +(1—m)p,C, — the effective coefficient of heat content of the saturated porous medium
(J/(m™K)); p,, ; —the density of water and the skeleton of the porous medium (kg/m3); C,,s —heat capacity
of water and skeleton (J/(kg-K)); y is the coefficient of thermal diffusivity (mz/s).

To analyze the dependence of the cooling rate on the permeability (parameter o), according to the
dependences of the average temperature on time, the cooling rate was calculated near the maximum water
density (277°K) for various values of the parameter a. The figure shows the results of a comparison with
calculations in which the density inversion is not taken into account. The velocities are dimensionless to the
cooling rate calculated without taking into account convection. Data are presented on a logarithmic scale.

Dependence of the average cooling rate of the pores of the medium on the parameter o (permeability):

I — taking into account the stability of the maximum increase in water; 2 — without taking into account the maximum density of water

The data presented confirm the role of the parameter a in the formation of convective flow regimes in a
porous medium. In calculations performed without taking into account the presence of a density maximum
in water, the heat transfer by water begins to play a significant role at a. greater than unity.

The presence of a maximum density in water leads to the fact that convection begins to play a decisive
role at a higher permeability of the porous medium. The critical value is a close to 100. At a < 1, the cooling
rates differ little for any assumptions made in the calculations. For values of o close to unity, approximations
in which the presence of a density maximum is not taken into account will give erroneous results. Due to
the restructuring of the flow, convection begins to play a decisive role in cooling the system only when o
becomes significantly greater than ten.

It follows from the above data that when choosing a method for solving problems of heat and mass
transfer in water-saturated porous media near zero temperatures, it is necessary to estimate the characteristic
parameters of the system and calculate the parameter o. If this parameter is less than one, it is possible to
carry out the calculation without taking into account convective currents. In other cases, it is necessary to
calculate taking into account convection and the obligatory use of a water model that takes into account the
presence of a maximum density. Not taking into account this feature of the structure of water will lead to
multiple (3—4 times) errors in determining the integral parameters.
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SJAPAKEHHBIX YACTHUI U UX TPAKTUYECKHUE ITPUJTOXEHUA

M. A. 3asvanos, B. A. Ceiposoti

Bcepoccuiickuii anexrporexaudeckuii ”HCTUTYT — Grnan OIYII «Poccuiickuii @enepanbHbiii S nepHbIii
LenTp — Beepoccuiickunit HUU Texamueckoii hmszuku nmenu akanemuka E. M. 3ab6abaxunay, Mocksa,
Poccus

ITocTaHOBKM OCHOBHBIX 3a/1a4 TEOPUH MHTEHCUBHBIX IMyYKOB M 3KCIIEPUMEHTAIbHBIE PE3yabTaThl IPHUBE-
JeHbl B MOHOTpadmsx [1, 2].

['maBHBIE HanpaBIIEHHsI COBPEMEHHON TEOPHH CBOAATCS K MIEPEUUCICHHBIM HIKE IPOOIeMaM.

1. Pacuet ¢popmMupyrOLIIKX 3NEKTPOIOB B ABYMEPHOM U TPEXMEPHOM ciyvasix [ 1, 3].

2. ®opMynHpOBKa HETPAAUIMOHHBIX MOAENel 1 NPHOIMKEHHBIX METOIOB pacueTa C paHee He CYIIECTBO-
BaBLIMMH BO3MOXXHOCTSIMH (T€OMETPH30BaHHAS TEOpHS B /-, O-, W- npencrasnenusx) [ 1, 4, 5].

3. TectupoBaHue U3BECTHBIX U HOBBIX NPHOMMKEHHBIX MOJEJIeH Ha 3TaTOHHBIX TOUYHBIX PelIeHUsX [6].

4. UccnenoBaHue aJeKBaTHOCTU YMCIEHHBIX MAKETOB TPACKTOPHOTO aHAIM3a B pa3HOMacITaOHbIX 3a1a4ax
C ITy4YKaMH, UCTIBITHIBAIOIMMH JIMHEHHYI0 komnpeccuto L = 30 [7].

5. OneHka 4HMCIEHHbBIX MOZEeN TPaHCIIOPTUPOBKH JIEHTOYHBIX MYYKOB C BBITSIHYTHIM NIPSIMOYTOJIBHBIM Ce-
JeHusIM [ 8].

6. Mcnonp3oBaHye MIa3MEHHBIX aHOJOB U AONOJHUTENBHON MHKEKIIMU MOHOB M3-3a KaTo/a JUIs yBeJHue-
HUs B 4-8 pa3 MOIHOCTH mpubopa 0e3 TOBBILIeHN HalpsDKeHUs. B ciiydae mina3MeHHOro aHonma — ymporie-
HHE KOHCTPYKIMH 32 CUET YCTPAHEHHUS 3IEKTPOHHON CHCTEMBI NOJ0IPeBa KaTo/a, BBICOKOBOIBTHBIX MOJJBO/IOB
U TpancpopmatopoB [9—14]. TeopeTryeckue MOIETH IOATBEP>KACHBI IKCIEPUMEHTOM [2].
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UP-TO-DATE TENDENCIES OF INTENSE UNIPOLAR
AND BIPOLAR BEAMS OF CHARGED PARTICLES THEORY

M. A. Zav'yalov, V. A. Syrovoy

All-Russian Electro-Engeneering Institute — Branch of FSUE «Russian Federal Nuclear Center —
Zababakhin All — Russia Research Institute of Technical Physics», Moscow, Russia

The formulations of basic problems of intense beam theory and experimental results are discussed in
monograths [1, 2].

The main trends of up-to-date theory are as follows.

1. Calculation of forming electrodes in 2D and 3D cases [1, 3].

2. Formulation of non-traditional models and approximate methods of beam calculation (geometrized theory
in /-, @-, and W-representations) [1, 4, 5].

3. Testing of well-known and new approximate models on basis of standart exact solutions [6].

4. Investigation of adequacy of numerical codes for trajectory analysis in multi-scale problems with high
linear compression (L = 30) beams [7].

5. Evaluation of numerical models of ribbon beam transportation in case of beam with long rectangle cross-
section [8].

6. Using of plasma anode and additional ion injection from behind the cathode for 4-8 power increase with-
out growth of voltage. In case of plasma anode — simplification of device due to elimination of electronic heating
of cathode, high-voltage conductors and transformers [9-14].

Theoretical models are corroborated by experiment [2].
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UCCIEJOBAHHUE ITPOYHOCTHU
QJIEMEHTOB KOHCTPYKIIMU 'EPMOITPOXOJHHUKA

H. B. Munaes', A. B. Mxpmyman' >, M. B. Huxynowun', O. C. ITymunun', B. B. Cepeoodees’,
A. A. Tabamuukos', H. H. Tynaesa'*

'®I'VIT «Poccuiickuii Oenepanbubiii Anepnsiii Lientp — Beepoccniickuit HUM Texanueckoit pusnku
nMmenn akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

2PrAOY BO «tOxHO-YpanbcKuil rocyIapcTBeHHBIN YHUBEpcUTeT», Uensounck, Poccus

3PrOY BO «CHEKHHCKHi TOCYIapCTBEHHBIN (HYM3UKO-TeXHUUECKIH HHCTUTYT HUSY MU DNy,
Cuexunck, Poccust

B BOIOKOHHO-ONTHYECKOW TEXHUKE COEANHEHNE ONTHUYECKUX JIMHUH MEXIy COO0H OCYILECTBISETCS IPH
nomoun (epys, U3TOTOBIEHHBIX U3 KEPAMUKH, UMEIOIIeH Ko QUIUEHT TeMI0BOro pacIupeHus ONnru3Kuii
M0 CBOEMY 3HAYEHHIO K KOA(PPHUINEHTY TEIUIOBOTO PACIIMPEHUs CTEKIIa, U3 KOTOPOTO MPOU3BOAAT ONTHYE-
CKHME BOJIOKHA, YTO 00ecreyrBaeT CTa0MIbLHOE ONTHYECKOE COeTUHEHUE I pabodero Auamna3oHa TeMiepa-
Typ. Takxke pepyibl MOXKHO MCTIONB30BaTh AJs (PUKCAIMK BOJIOKHA B KOpITycax M3IeNuil ¢ obecriedeHnem
repMeTH3aluy MpU MOMOIIM KJed M PEe3HMHOBBIX YIUIOTHHTENEW. /[aHHOe TeXHHYEeCKOe pelleHHE OTpaHM-
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YHMBaeT BeIMUUHY pabouero nasineHus (He 6onee 27 Mlla). I'epmetnsauus ¢pepyn B HecylieM KOpIyce Ipu
MOMOIIH TEXHOJIOTUH METAJUIOCTEKIISIHHBIX CIIAeB MPEIoaraeT MOBHILICHHE NPEeIOB pabounx JaBIeHUN
(puc. 1). Kepamuueckas ¢epyna Brnekaercs B Kopnyc 4 npu nomomu crekna /. Temmeparypa BeKaHus
1100°C. anee Bo BHyTpeHHee oTBepcTHe (epyinl 3 (ONTHYECKHd KaHAT) IIPH MOMOILM F'epMETHKa BKJIECH-
BaeTcs KBapLEeBOE BOJIOKHO 2. 3a CHET Pa3HUIBI KO PUIIMEHTOB TEMIIEPaTypPHOTO paCIIUPEHHS UCTIONb3Ye-
MBIX MaTepHaioB MOCJIE OCTHIBAHUS 00pa3yeTcsl HATAT, 00eCIeYNBaIOLUINN MPOYHOE TEPMETHYHOE COCHHE-
HUe (epybl, CTeKIIa U KOpITyca Py 1eHCTBUU NaBieHus P.

Puc. 1. KoHCTpyKIIHsI FepMETUYHOTIO AJIEMEHTA!

1 — BrynKka (cTeKIo), 2 — CTEKIOBOJIOKHO (KBapi), 3 — depyna (kepamuka ZrO2+A1203), 4 — kopmryc (ctans 12X18H10T)

Paccmotpena npouenypa mporecca 00pa3oBaHUsI METAJUIOCTEKIISIHHOTO criast. OnpeaeseHo ycuinnue HaTs-
ra nocnue 3arBepAeBanus crekna. AHanu3 HJIC repmeTnyHOro sneMeHTa nokasaj, 4To IpHU 3aTBEpACBaHUH
cTeksia GOpMHUPYIOTCS JIOKaJIbHbBIE 00JIACTH TIIACTUYECKON AeopMaly B KOpIIyce.

[Iposenen anammu3 H/IC xoHCTpyKumu mpu AedcTBuM pabodero naBieHus. OLeHeHa NpenenbHas Ipo-
YHOCTh CTEKJIOCIas MpH AEHCTBUM BHEIIHEro AasieHus. [lonydeHa pacyeTHas M aHaJIUTHYECKas OLIEHKA
3HAUEHHUH MpeJeNbHBIX JaBIeHUH, KOTOphIe COOTBETCTBYIOT MOMEHTY CTparuBaHus (epyssl OTHOCUTENBEHO
CTeKJa.

INVESTIGATION INTO THE STRENGTH OF THE HERMETIC
ADAPTER CONSTRUCTION ELEMENTS

I V. Minaev', A. V. Mkrtumyan"-®, M. V. Nikulshin', O. S. Putilin', V. V. Sergodeev',
A. A. Tabatchikov', N. N. Tulaeva'>?

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

FSAEI of HE «South Ural State University», Chelyabinsk, Russia
3FSEI of HE «Snezhinsk State Institute of Physics and Technology», Snezhinsk, Russia

The interconnection of optical lines is carried out using ferules in fiber-optic technology. The thermal
expansion coefficient of the material ferule (ceramics) is similar to the thermal expansion coefficient of
glass, thus, providing constant optical connection for the operating temperature range. Also, the ferules,
sealed with glue and rubber seals, can be used for fixing the fiber inside the housings. This technical solu-
tion limits the operating pressure value (no more than 27MPa). Sealing of ferules in the bearing housing
using the technology of metal-glass junctions assumes an increase in operating pressure limits (fig.1). The
ceramic ferule is baked into the housing 4 using a bushing /. The baking temperature is 1100°C. Further,
the quartz fiber 2 is glued into the inner hole of the ferule 3 (optical channel) with the help of a sealant.
Due to the difference in the thermal expansion coefficients of the materials used, a tension is formed after
cooling, providing a strong hermetic connection of the ferule, glass and housing. The pressure P is applied
according to the arrow.
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/2

Fig. 1. The design of the sealed element:
1 —bushing (glass), 2 — fiberglass (quartz), 3 — ferule (ceramic ZrO2+A1203), 4 — housing (steel 12X18H10T)

The procedure for the formation of a metal-to-glass junction is considered. The tension force after the
glass solidification is determined. The analysis of stress-strain state has shown the formation of localized
plastic deformation areas during glass solidification. The stress-strain state analysis of the structure under
the action of the operating pressure is carried out. The ultimate strength of the glass layer under the action of
external pressure is estimated. The calculated and analytical estimations of the limit pressures are obtained.
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NCCIEJOBAHUE DHEPI'MU I'PAHUL] 3EPEH PA3JIMYHBIX TUITIOB
B AIIOMUHUUN METOJAMU MAIIMHHOI'O OBYYEHUA

E. B. Domun

UYensOMHCKHIA TOCYNapCTBEHHBIN yHUBEpCUTET, YensOnHck, Poccus

Jannas pabota mocBsilieHa M3y4YE€HUIO SHEPTHU U CTPYKTYpbl rpaHul 3epeH (I'3) HakmoHa, CKpy4YuBa-
HUS M CMEIIAHHBIX CIy4YaeB MEPEYMCIIEHHBIX Pa30pUEHTHPOBOK 3€peH KpHUcTailia. Pe3ymnbrarsl Hccieno-
BaHMA OBLIM MOJyYeHBl HA OCHOBE YHCIIEHHOTO SKCIIEPHMEHTA IyTeM MOJEITUPOBAaHUS METOJOM Kiacchue-
CKOW MOJICKYJISIPHOUM TuHAMUKH rpu oMoty kona LAMMPS [1]. PaccmaTpuBanich OMKPHUCTAIIBI YHCTOTO
aJIOMMHHSA, co3iaHHble B nporpamMmHoM makere ATOMSK [2], pazmepom 30x16x15 HM® C HAYa/bHBIMU
kpuctayuiorpadudeckumu Hampasienusmu [100] [010] [001] (puc. 1). YnenbHas 3HEprUs TpaHUIl 3€pPEH
BBIYHUCIISUIACH ITyTEM ONpeneneHus n30bITKa SHEpTUU aToMoB B o0iactu ['3 u naeanbHOM KpHcTaie s

Puc. 1. Cxema GukpucTaiiia ¢ UCCIeTyeMOl TpaHuIlel 3epHa (OTMeUeHa 3€JICHHBIM IIBETOM) — pa30pHEHTHPOBKA
3epeH KpUCcTajlia 3a7aBajiach OBOPOTAMH 3€PEH KPUCTAIIA, CXeMAaTHYHO TIOKa3aHHBIMH CHHEH U JKENTO CTpelikaMu
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VIJIOB CKPY4HMBaHUs, OTHOCHTENBHO ocH X, B quana3one [0, 90] rpamycoB 1 HaKJIOHA, OTHOCUTEILHO OCH Y,
B nuanazone [0, 90] rpaxycos:
_ VBl =NEg )
Yo = Y >
rae N — KOIu4ecTBO aTOMOB B BEIOpaHHBIX 001acTsX (coBHagaeT s obnactu pemerku u I3); £, u E b —
MOJTHAS SHEPTUS Ha aTOM JUIsl UJIeanbHOM penteTku U ['3 cooTBeTcTBeHHO; A — miomans ['3.

ITomyuennbie 3HaueHus 3Heprun ['3 UCHONB30BATUCH IS OOYYEHUsT UCKYCCTBEHHOW HEHPOHHOU ceTH
MPSIMOTO PaCIPOCTPaHEHMs JUIS OTUCaHUs 3aBUCUMOCTH 3Hepruu ['3 ot pasopueHTUpoBKHU 3epeH. [locTpoe-
HUe (QYHKIUI TaKOTO THIA SBJISICTCS aKTyalbHBIM, TaK KaK aHHU30TPOIUs 3Hepruu ['3 onpeaenseT 3BOIO-
LU0 MUKPOCTPYKTYpHI [3, 4].

HccnenoBanue BBITIOTHEHO 3a cdeT rpanta Poccuiickoro nayunoro ¢onma Ne 22-71-00090, https://rscf.
ru/project/22-71-00090/
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INVESTIGATION THE ENERGY
OF VARIOUS TYPE GRAIN BOUNDARIES INALUMINUM
BY MACHINE LEARNING METHODS

E. V. Fomin
Chelyabinsk State University, Chelyabinsk, Russia

This work is devoted to the study of the energy and structure of grain boundaries (GB) of tilt, twist and
mixed cases of the listed above crystal grain orientations. The results of this study were obtained on the ba-
sis of a numerical experiment by modelling via classical molecular dynamics using the LAMMPS code [1].
Pure aluminum bicrystals with initial crystallographic directions [100] [010] [001] and size 30x16x15 nm’
created in the ATOMSK software package [2] (Fig. 1). The specific energy of grain boundaries was calcu-
lated by determining the excess energy of atoms in the GB region and the ideal crystal for twist angles rela-
tive to the X axis, in the range of [0, 90] degrees and tilt angels, relative to the Y axis, in the range of [0, 90]
degrees:

NE,,, — NEy,
Yo Y ; @)
where N is the number of atoms in the selected regions (the same for the lattice area and GB); £, and E,
are the total energy per atom for the ideal lattice and GB area, respectively; 4 is the area of GB.

The obtained values of GB energy were used to train the feedforward artificial neural network to describe
the dependence of GB energy on grain orientation. The construction of functions of this type is relevant, as
the anisotropy of GB energy determines the evolution of the microstructure [3, 4].

The study was carried out at the expense of the grant from the Russian Science Foundation No. 22-71-
00090, https://rsct.ru/project/22-71-00090/
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Fig. 1. The scheme of the bicrystal with studied grain boundary (marked in green): the orientation of crystal grains
was set by the turns of crystal grains that schematically shown by the blue and yellow arrows
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2023.—-Vol. 217. - P. 111879.
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PE3YJIBTATHI HCCJEJOBAHUM
HEPEHOCA PEHTTEHOBCKOI'O U3JIYYEHHUA B 3BAJJAYAX UTC
JJISA MUIIEHEN C HENPSAMBIM BO3JEACTBUEM

B. A. Jlvikos, U. C. Yybapewrxo, A. A. [llecmaxos

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lieatp — Beepoccniickuit HUU texanueckort hpuznku
nMmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

Bo Bcem mupe BeayTcs paboThl MO pa3BUTUIO TexHOJOruu pacueroB muiieHeil UTC mast pacueTHoi
ONTUMM3ALMH MOCTAHOBKH 3KCIIEPUMEHTOB Ha MOLIHBIX JIa3epHBIX ycTaHOBKaX. [[yist ObIcTporo U paBHOMEp-
HOT'O HarpeBa MOBEPXHOCTH MHIICHU UCTIONB3YIOTCS JIBa CIoco0a oOIyueHHs: MpsAMOi 1 HellpsiMoid. B nipsi-
MOM crnoco0e o0nmydyeHus: Ja3epHoe M3Iy4YeHHE HalpaBisIeTCs] HEMOCPEACTBEHHO Ha MOBEPXHOCTH MHUIIIE-
HH, a B HEMPSMOM CIIOCO0€ Jla3epHbIE JIyUd HAlPaBISIFOTCS Ha OKPYKAIOMIMK MHILIEHb KOPIYC (KOHBEPTOP)
Y MULIEHb C)KMMAETCsl MOoJ| JIeHCTBUEM PEHTTEHOBCKOTO M3JIy4€HHUsl OT CTEHOK Kopiyca. biarogaps MHOro-
KpaTHOMY MEpen3TyuyeHUI0 PEHTIeHa, MOTOK MaJarollero Ha MHILIEHb TEIIOBOIO M3IY4YEHHs MOITydaeTcs
HaMHOTo 0OoJjiee paBHOMEPHBIH, YeM B cilydae OOJy4YEeHHS MUILEHH HEMOCPEICTBEHHO JIa3epHBIM H3Iy4e-
HueM. [y HenmpsaMoro o0Iy4eHuUs] MUILIEHEH HCITOIb3YIOTCSI KOHBEPTOPHI Pa3HOM TeOMETpUH: CHEpUIECKOH,
HUITMHIPUYECKOH, «PETOM.
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B nanHO# paboTe mpencTaBiIeHBI Pe3yNbTaThl MOJICIMPOBAHUS MEPEHOCA PEHTTEHOBCKOTO W3IYYCHHUS
B KOHBEPTOpax MWIMHIPUYECKON U chepruueckoid popM ¢ yIeTOM MOJIEIH MOMIONICHUS Ja3ePHOTO H3JIy4e-
HUsI, OTIUCaHHOM B cTathbe [1].

Jluteparypa

1. Bpouckmii, A. B. MozaenupoBaHue nepeHoca 1 MONIOMIEHHUS JIa3epHOro u3nydeHus B mumensax UTC
¢ HenpsMbIM BozgaeiicTBreM. [Tekct] / U. C. UyGapemko, A. A. IllecrakoB // BAHT. — 2022. — Bpim. 1. —
C. 3-16.

RESULTS OF RESEARCH ON X-RAY TRANSPORT
IN ICF PROBLEMS FOR INDIRECTLY DRIVEN TARGETS

V. A. Lykov, I. S. Chubareshko, A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

ICF target calculation technology is developed by scientists all over the world in order to allow computer-
aided optimization of experiments on high-power laser facilities. Two methods of target irradiation — direct
and indirect — are used to attain the fast and uniform heating of its surface. In the first case, laser radiation is
directed right on the target surface, and in the second, on a convertor surrounding the target to compress it
by X-rays from the convertor wall. Due to X-ray re-emission, the flow of heat incident on the target becomes
much more uniform than that from direct irradiation. Convertors of different shapes — a sphere, cylinder, or
rugby — are used for indirect irradiation.

The paper presents results obtained in the simulation of X-ray transport in cylindrical and spherical con-
vertors with a laser radiation absorption model described in [1].
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50 JIET 3AJTAYAM ®DJIEKA
A. A. lllecmaxoes

OI'VII «Poccwuiicknii @enepansubiii Anepusriii Leatp — Beepoccniickunit HUU texamueckort hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHCK, Poccus

[Ipobnema TecTUpOBaHHS CTOUT Mepe Kaxaol nporpammoii. B 1971 rony cienmanuctaMu mo nepeHocy
nznyuenus u3 Jlusepmopckoit HarmoHansHOH 1abopatopun CLUA J. A. Fleck u J. D. Cummings [1] 6510
MPEATIOKEHO 4 3a/1a4H, KOTOPbIe CO BpEMEHEM MPEeBPaTHIIach B KIIACCHYECKUE TECTOBBIE 3aa4y s IepeHo-
ca uzny4eHus. st KpaTKOCTH B JaJbHEHIIEM MX CTald Ha3bIBaTh 3afgadaMu Oreka. Bo Becex 3amauax dneka
TUIOCKHH CJIOH MpOrpeBaeTcsi MOTOKOM M3ITyUeHHs, COOTBETCTBYIOIINM Temneparype 1 k3B. Hauanbuas tem-
neparypa paBHa HYJIIO, TNIOTHOCTh BEILIECTBA €AMHUYHAS, 3a/la4ya paccMaTpuBaeTcsl 6e3 ydera ra3onuHaMu-
YEeCKOTO JIBMKEHUS U PACCESIHUS, CIIONB3YeTCs] ypaBHEHHE COCTOSHHS UI€ANbHOTO ra3a.

OCHOBHBIMH JOCTOMHCTBaMHU 3a1a4 Dreka sSBIIOTCS:

1) mpocToTa NOCTAaHOBKY IPAaHUYHBIX M HAYAJILHBIX YCJIIOBHM, YTO MO3BOJISIET CUUTATh TH 3aJa4H B paz-
JMYHBIX TPUOTMKEHUSIX U TEOMETPHUSX;

2) aHaIUTHYECKHE POPMYIBI ISl CIIEKTPAIILHBIX IPOOETOB;

3) mumpokuii [uana3oH U3MEHEHHS CIEKTPaIbHOTO K03 (HUIMEeHTa MOTIOMICHUS;
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4) MonenupoBaHe Pa3prIBOB K0I(D(HUIMEHTA MOTIOMICHUS [0 TPOCTPAHCTBY U CHIEKTPY;

5) mpocreiiliee ypaBHEHHE COCTOSHHSI BELIICCTRA.

MHorue MeToIMKH, CO3/1aBaeMble JJIs pELIeHN 3a]1a4 IepeHoCca N3TYYeHHs], UCTIONB3YIOT 3aaa4n Dreka
IUISL TECTUPOBAHMS M TIO PEHTUHTY HUTUPYEMOCTH B CTAThX MO MepeHocy u3iydeHus pabora [1], Ha Mol
B3MJIsAJ, 3aHUMaeT 1 MecTo.

3anaun dreka paccMaTpUBAIKCH B IPOCTEHILICH TIIOCKOM reoMeTprn 0e3 yueTa IBIKEHHS, TO3TOMY IS
TECTHUPOBAHHS MHOTOMEPHBIX METOAMK PaAUAlIOHHOMN Ia30BOM JUHAMUKY IPUMEHSIOTCS UX MOTU(PHUKALIUH,
HampuMep, 3a1a4 ¢ OTBEPCTUSIMH B IJIOTHOM cJioe [2] min ¢ ydeToM IBrkeHus BemecTsa [3]. B padore [3]
ObLIa MpesiokKeHa 3a1ada o0 pasjeTe CIOUCTOW CHCTEMBI, KoTopas o0bequHseT 6 BapuaHToB 3afauy Dieka,
MO3TOMY YCJIOBHO Ha3BaHa «cenbpMoi 3amadeit dnexay». s 4yMcIeHHOTO MOJEIMPOBAaHUS B MHOTOMEpPHOM
MOCTAaHOBKE B «ceAbMoi 3afaue drekay» MIOCKUi cloi 3aMeHeH Ha chepuyecKHid, JOTIOJIHUTEIbHO YUUTHI-
BAEeTCs paccestHUe U3YUYeHUsI U ABM)KEHHUE BEIECTBA.

YacTtoe UCTONBb30BaHNE B YHCICHHBIX METOMKAaX TecToB (drieka MpuBeno K MOTpeOHOCTH UMETh aHaIu-
THYecKre OpMYIBI UIS PelIeHnH 3TUX 3aaad. B pabote [4] moCTpoeHB! yNpolIeHHbIE PEIICHHUs CTalno-
HapHOH CHCTEMBI YpaBHEHHUH ITepeHOCa CIEKTPATBLHOTO U3TyUEHHs U SJHEPTUU B MIEPBOM M BTOPOH 3aadax
Orexa.

Jlokian mocBsILeH MoayBeKOBOMY FOOMIIEIO HCIIOIb30BaHMs TecTOB Diieka B METOIMKAX YHUCIEHHOTO pe-
HIEHUs TIepeHoca TeMIOBOro 3NyueHus. B n1aHHO# paboTe mpuBeaeHbI TOCTAHOBKH U YUCIICHHBIE PacueThl
Pa3NUYHBIX MOTU(HUKALMHI STHX 3a1a4.
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FLECK’S PROBLEMS TURNED 50
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Each code needs testing. In 1971, J. A. Fleck u J. D. Cummings, experts from the Lawrence Liver-
more National Laboratory, USA, proposed 4 problems [1] that later became classical tests for radiation
transport. Now they are referred to as Fleck’s problems. In all these problems, a plane layer of matter is
heated by a flow of radiation corresponding to a temperature of 1 keV. The initial matter temperature is
zero; the matter density is unity; no hydrodynamic motion and scattering; the equation of state for ideal
gas is used.

The main advantages of Fleck’s problems are:

1) simple statements of boundary and initial conditions which allows calculation in different
approximations;

2) analytical expressions for continuous-energy opacities;

3) a wide range of values the continuous-energy absorption coefficient takes;

4) simulation of discontinuities in the absorption coefficient in space and energy; and

5) a simple equation of state.
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Many techniques being developed for radiation transport use Fleck’s problems for testing, and the cita-
tion index of Ref. [1] seems to take the first place.

Multidimensional radiation hydrodynamics techniques are tested on modified Fleck’s problems, for ex-
ample, with holes in the dense layer [2] or with allowance for material motion [3]. The authors of Ref. [3]
proposed a problem on the expansion of a layered system where the plane layer is replaced by a spherical
one and radiation scattering and material motion are taken into account. The problem unites the 6 variants of
Fleck’s problem and was called “Fleck’s problem number seven”.

The often use of Fleck’s tests made it necessary to have simple formulas for them. In [4], simple solutions
for stationary radiation transport and energy equations were derived for first and second Fleck’s problems.

The paper is devoted to the fiftieth anniversary of Fleck’s tests usage in numerical techniques for solv-
ing radiative heat transfer. It provides statements and numerical calculations of these problems in different
modifications.
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AHAJIMTUYECKMUE TECTBI AJ4 NCCJIEJIOBAHUA
KOPPEKTUPYIOUHIUX KOOODOUIINEHTOB
METOJA KBAZUIIEPEHOCA

A. A. Illecmakos

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickunit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHcK, Poccus

Meron kBazunepeHoca [1, 2] CBOAUT YHCIIEHHOE pelIeHNe KUHETHYECKOTO YPaBHEHHUS K PELICHUIO Aud-
(y31OHHOTO ypaBHEHUS Yepe3 BBeIEHHE KOppeKTUpyommx kodpduunentos. [lepexon x auddysnonnomy
YPaBHEHUIO YIPOIIAET YUCIEHHOE PELIeHHEe KUHETHUYECKOTO YPaBHEHUS U JaeT BO3MOXHOCTh HCIIOJNB30-
BaThb MOHOTOHHBIE CXEMBI BTOPOTO MOPsIAKA TOYHOCTH MPH PELICHUH 3ajiad IEPEHOCa TEMJI0BOTO U3IYUEHHMS.
[Ipu 3TOM BasKHO 3HATh, KaK BEAYT Ce0s1 KOPPEKTUPYIOLIHE KOA(PPHUIHUEHTHI, HOTOMY UTO sl KODPEKTHOCTH
1 dy3HOHHOTO ypaBHEHUS 0053aTENbHBIM SIBISIETCA TPEOOBAHUE MOJIOKUTEIBHOCTH CKOPPEKTUPOBAHHOTO
ko3¢ punrenta nuddysun. Hanbonee mpocto 3To MpoBEepUTH B 337a4axX, UMEIOIINX aHAIUTHYECKUE pellie-
Husl. Lenbio nanHO# paboThI SBISAETCS UCCIIEAOBAHUE MTOBEACHHS KOPPEKTUPYIOMINX KOA(PPHUINEHTOB METO-
Jla KBa3UIEpeHoca B 3a/1auyax ¢ aHAIUTHYECKUM PEILIEHUEM.
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ANALYTICAL TESTS TO INVESTIGATE CORRECTING
COEFFICIENTS IN THE QUASI-TRANSPORT METHOD

A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The quasi-transport method [1, 2] reduces the numerical solution of the kinetic equation to the solution of
the diffusion equation with correcting coefficients. The transition to the diffusion equations makes it easier
to numerically solve the kinetic equation and allows the use of monotone second order schemes for solving
radiative heat transfer. In this case it is important to know how the correcting coefficients behave because
the corrected diffusion coefficient in the correct diffusion equation is required to be positive. Whether the
requirement is satisfied or not can easily be checked in problems which have analytical solutions. This work
aims to investigate the behavior of the correcting coefficients in analytical tests.
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Ob YCTOMYUBOCTHU PABHOCTHBIX CXEM TVDR
A. A. Illecmaxoe

OI'VII «Poccuticknii @enepanbubiii Anepusriii Lleatp — Beepoccniickuit HUU texanueckort huznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexunck, Poccus

OnHuM U3 MyTel MOCTPOEHUS CXEM MOBBILIEHHOTO MOPsAKa anlpOKCUMALUH C YIyYILIEeHHBIMU MOHOTOH-
HBbIMM CBOMCTBAMH JJIS1 PELICHMs] YPABHEHUS IIEPEHOCA ABIIETCS Iepexo K HennHeHbM cxemaM TVD. Ipu-
MEHSIOTCS KaK sIBHbIE, TaK ¥ HesiBHBIE cxeMbl TVD 1iist perieHus runepOonnieckux cucteM ypaBHeHuid. Ecin
paccMmarpuBatrh HesiBHbIE cxeMbl TVD mpu annpokcuMaiuu ypaBHEHUs TIEPEeHOCa, TO 3TO OyAyT TpexXToded-
HbIE€ WIN YETBIPEXTOUEUHBIE CXEMBI U3-32 UCIIONb30BAHNS OQHOCTOPOHHUX IIPOU3BOJHBIX B Ka)KIOM Halpas-
JICHUH TIPOCTPAHCTBEHHOM NMEPEMEHHOM. DTO 3HAYUT, YTO TEPSETCS BaXKHOE JOCTOMHCTBO OJHOTO U3 CaMBIX
3¢ (eKTUBHBIX METOAOB PEILICHUsI ypaBHEHHS NepeHoca — Metoaa DSn, rie 11 penieHus: pa3HOCTHBIX ypaB-
HEHUH MCIONB3yeTCsl SKOHOMUYHBIH MeTof Oerymiero cuera. B 2009 roxy B pabote [1] Obl1 HaiieH cocod,
Kak 000iTu 3T TpynHocTH B Metoponorun TVD. Takue cxemsl B nanbHeiimeM Obiin Ha3Bansl TVDR [2].

W3 Teopun pa3HOCTHBIX CX€M H3BECTHO, YTO KJIACCHYECKHE ammpokcuMaiuu meroga DSn — HesdBHbIE
cxembl St u DD 6e3ycinoBHO yctoiiumBbl. BozHukaeT Bompoc: OyayT i 0e3yCIOBHO YCTOHYHWBBIMU HESIB-
Hele cxeMbl TVD u TVDR? B nanHo# paboTe mpoBeNeHbI HCCIEA0BaHNS yCTOWYUBOCTH PA3HOCTHBIX CXEM
TVDR c ucnonb3oBaHUeM CIEKTPAIBLHOIO Npu3Haka HelimaHa 11 OMHOMEPHOIO ypaBHEHUS IIEPEHOCA.
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STABILITY OF THE TVDR DIFFERENCE SCHEMES
A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

A way to derive higher-order approximation schemes with better monotonicity for radiation transport is
the use of nonlinear TVD schemes. Both explicit and implicit TVD schemes are used to solve hyperbolic
equations. In case of implicit TVD schemes, we will have three- or four-point schemes due to one-sided de-
rivatives in each spatial direction thus losing an important advantage of the most effective radiation transport
method — the DSn method where difference equations are solved by economic substitutions. In 2010, the
authors of Ref. [1] proposed how to remove this difficulty in TVD methodology using schemes which were
later called TVDR [2].

It is known from the theory of finite-difference schemes that the classical approximations of the DSn
method — the implicit St and DD schemes — are unconditionally stable. Are the TVD and TVDR schemes
unconditionally stable too? In this paper, stability of the TVDR schemes is investigated with the Neumann
criterion for the 1D transport equation.
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HNPUMEHEHUE TIOITPABOYHbBIX METOAOB IJIsA
MOAEJUPOBAHUA 3AJAY IEPEHOCA TEIIJIOBOI'O U3JIYYHEHUA

A. A. Illecmaxkos

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckor hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

Hcnonp3oBaHNE HESIBHBIX CXEM B MaT€MaTHYE€CKOM MOAEIHPOBAHMU MEPEHOCA TEIJIOBOTO U3ITY4YEHHSA
TpeOyeT cepbe3HOro BHUMAaHUS K MPOoOJIeMe CXOAMMOCTH UTEPALMOHHOTO MPOLECcca, UCTIOIB3YeMOTO s
pewenus: ganHoi 3agaund. B 1907 romy E. Hmuarom [1] ObuT mpeanokeH METOA, OCHOBaHHBIA Ha ompe-
JeTICHUU [IaBHOM YacTH OIIMOKH, JOMYLICHHOW Ha MPOCTOH UTepauuu. DTOT METOA, Ha3BaHHBIH METOAOM
MOIIPABOK, MOIYYWII B AaibHEHIIEM INPOKoe TpuMeHeHne. OmunoKa, JoMyIIeHHas Ha IPOCTOW WTepaluy,
BBIYUCIISUIACH TPUOIMKEHHO KaKUM-TH00 Oojiee MPOCTHIM METOOM, a HOBBIH YepeAyIOMUIics UTepaluoH-
HBIH TIpoliecc cxoauyics ObICTpee MeToda MpOCTOW WTepaluu. B mampHeimem mMeToabl yckopeHus, 6a3u-
pYIOILIMECS Ha YHPOIIEHWH HCXOJHOTO OIepaTopa MepeHoca M PeleHHH JAONOJHUTEIBHON YIpPOIIEHHOH
CHCTEMBI, cTanu HasbiBaThcs B Poccun KP-meTomamu [2], a 3a pyOeskoM — CHHTETUYECKUMH MeToAaMu [3].
B POALl - BHUMD® ycnemHo npuMensieTcs monpaBounslii KM-meton [4], sBastomuiicst 06o0menuem
METO/a OLIEHKH UTEPALlMOHHBIX OTKJIOHEHUH [5] Ha HECTallMOHAPHBIN TPYIIIIOBOM CiTydail.

B POALl — BHUUT® nns penieHus ypaBHEHHUS IIEPEHOCAa HEUTPOHOB IPEIJIOKEH IMOINPABOYHBINA Me-
Tox yckopenus: utepaunii RDSA (Romb Diffusion Synthetic Acceleration) [6]. Iast coBMecTHOTO pere-
HUS ypaBHEHUs SHEPTUU U IPYNIIOBOTO YPaBHEHUS NepeHOoca U3Iy4eHUs MPEII0KEH MONPaBOYHbIN METO
PSAC (P1 Synthetic Acceleration Correction Methods) [7]. B aTux Metogax st yCKOpeHHs UTEpalUil 10
KUHETHYECKOMY YPaBHEHHUIO UCTIONB3YyeTCsl IPUONMKeHHe HU3KOTO YPOBHsI, a UMEHHO — P1 mpubnmkeHue.
Yro6st MeToasl RDSA u PSAC 6butn cxonsmmmucs, B HUX 00€CIeYnBaeTCs COMIaCOBAHHOCTD Pa3HOCTHOM



COOEPXAHUE HA MPEALIAYLYIO CTPAHULY HA CNEAYIOLWYIO CTPAHULY MEYATb

cxembl P1 ypaBHeHMI co cxeMOll pelleHHs KMHETHYeCKoro ypaBHeHHA. COIacoBBIBaTh Pa3HOCTHBIE CXe-
MBI B 1u¢dy3nonHoM uian Pl mpuOMmKeHHsx co cXeMOH pemeHHuss KWHETUYEeCKOTO YPpaBHEHHS JOBOJIBHO
HEMpOCTO, TOATOMY B JIOKJaJe MpeJIaraeTcsl NCIONb30BaTh HOBbIE MPUOIMKEHUsI U METOABI, He TpeOylo-
1€ COTIaCOBAaHUS Pa3HOCTHBIX CXEM.

Merton B/JIDII® 6bin mpemyioxen B padotax [8—10] mist pasHbIX NpUONMMKEHUH ypaBHEHHsI MEpeHoca.
OH couetaeT B cebe TOCTOMHCTBA METO/A BBIIEJIEHHs AWArOHANBHOTO 3neMeHTa [11] u cuHTeTn4eckoro
METOJa YCKOPEHHS B MOMpaBouHON (opMe 1iIst TIIOTHOCTH n3nydeHus. Ha nepBom stane metona BJIDIID
pelraeTcsl ypaBHEHUE IepeHoca MeToJoM mpoctoit urepanuu. Ha Bropom stane metona BADIID ucmons-
3yIOTCSl OTHOCTOPOHHHE MOTOKH, MTOJyYEHHBIE HAa NIEPBOM 3Tale, COCTABISAETCS YpaBHEHHUE JUIs MTOMPABOK
TUIOTHOCTH U3JIy4€HUs, KOTOpas MOJCTABIAETCS B YpaBHEHNE S3HEPTUU. YpaBHEHUE U1 MONPaBOK B METOIE
BADII®, B oTIu4Me OT CHHTETUYECKUX METO/IOB, HE PELLIAETCS], @ UCTIONB3YETCs TOIBKO ISl HOTYUEHHS TEM-
neparypsl uepe3 3aBUCHUMOCTD IJIOTHOCTH M3NTydeHus oT ¢pyHkuuu [Inanka. B gnoxmane Taxke npeanaraercs
IUISL CHSTHS TPOOIEMBI COTTIACOBAHUS PA3HOCTHBIX CXEM HMCIONB30BaTh MPUOIIKeHUsT KBasumepeHoca [12]
n KBasurerionposogHocty [13]. IlpuBoauTtca ommcaHue W 4YHCIEHHBbIE UCCleAOBaHUS MeTonoB RDSA,
PSAC, BADOI®.
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APPLICATION OF CORRECTION METHODS
FOR SOLVING RADIATIVE HEAT TRANSFER

A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The use of implicit schemes for solving radiative heat transfer requires that thorough attention to issues
related to iteration convergence. In 1907, E. Schmidt [1] proposed a method based on the estimation of the
error the simple iteration gives. The method called the method of corrections found wide application. The
error was estimated with a simple method and the new alternating iterative process converged faster than the
simple iteration method. Acceleration methods based on the simplification of the initial transport operator
and the solution of the simplified system are referred to as KP methods [2] in Russia and synthetic methods
[3] abroad. At RFNC — VNIIEF, a KM method [4] is used which is a generalization of the iteration error
estimation method [5] to the nonstationary grouped-energy case.

At RFNC — VNIITF, a Romb Diffusion Synthetic Acceleration (RDSA) method [6] is used for solving
the neutron transport equation and a P1 Synthetic Acceleration Correction Method (PSAC) method [7] is
used for the simultaneous solution of the energy equation and the grouped-energy radiation transport equa-
tion. In these methods, a low-level approximation, specifically, the P1 approximation, is used to accelerate
iterations for the kinetic equation. To allow RDSA and PSAC to converge, the difference scheme of P1
equations must be consistent with the scheme used for the kinetic equation. It is however far from trivial
to ensure their consistency and the paper offers new approximations and methods which are free from this
requirement.

A method of diagonal element identification in the correction form (VDEPF) was proposed in [8], [9],
[10] for different approximations of the transport equation. It combines the advantages of the diagonal ele-
ment identification method [11] and the synthetic acceleration method in the correction form for radiation
density. The method first solves the transport equation by the simple iteration method and then uses the
resulted unidirectional fluxes to construct an equation for corrections to radiation density to be substituted in
the energy equation. Unlike the synthetic methods, the equation for correction is not solved; it is only used to
obtain the temperature from the dependence of radiation density on the Planck function. It is also proposed
that the problem of consistency between difference schemes should be resolved through the use of quasi-
transport [12] and quasi-heat-transfer [13] approximations. Description and numerical testing of the RDSA,
PSAC, and VDEPF methods are provided.
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TOYHBIE PEIIEHUSI CTAIIUOHAPHOU
CUCTEMBI YPABHEHUM NEPEHOCA U3JIYUEHUA U DHEPTUU
B MHOI'OMEPHOM CJIYYAE

A. A. lllecmakos

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort hpuznku
nMmenHn akagemuka E. M. 3a0a0axunay, CHexunck, Poccust

[Ipu TecTupoBaHnM MporpamMM B KaueCTBE MOJCIBHBIX 337ad jKeJIaTelbHO BBIOMpATh 3a/1au, KOTOPHIE
HMMEIOT aHAIIMTUYECKUE PELICHHs. XOTS OIPEIEIICHHBIN IIPOrpPecC B IOCTPOSHUN aHATUTUYECKUX PELICHUI
JUIsl ypPaBHEHMS NEPEHOCA U3JIy4YEHHs JOCTUTHYT, HO 3THUX PELICHUN HE BCErja JOCTAaTOYHO IS Pa3HbBIX
KJIACCOB 3aJ1a4 IIEPEeHoca.

Hcnone3ys pasinokeHue pe3osIbBEHTHI OIIEpPATOpa nepeHoca B pax HeliMaHa MOXHO MOIMYYUTh aHATUTU-
YECKHE PELIEHUs 3a7auy [IEpeHOCa U3JIy4eHMs B CTAlUOHAPHOM cityyae. Pasnoxenue B psag HelimaHa nos-
BOJISIET 10 U3BECTHOMY TEMIIEPATYPHOMY PACIPENEICHUIO II0IYy4aTh CIIEKTPaIbHO-YIJIOBBIE XapaKTEpUCTH-
KU 1oJist u3nydenus [1].

B nanHO# paboTe Ha OCHOBE pa3lIOXKEHHUSI PE30JIBBEHTHI omeparopa mepeHoca B psa Heiimana cosga-
HBl aHAJUTUYECKUX (POPMYIIBI IS ONpEAeICHUs TTapaMeTPOB TEIIOBOTO M3IYyYEHUS! B MHOTOMEPHOH Treo-
MeTpuH. DTU (OpMYIIBI TO3BOJISIOT PH U3BECTHON PaBHOBECHOW MHTEHCHUBHOCTH, KOTOpas OIMpeAessieTcs
TOJIBKO paclpeieeHueM TeMIIEPaTyphl, 1 IPH 3aJaHHbIX KO3((QUIIeHTaX MOTIOIEHNS  PACCESIHUS HAUTH
B SIBHOM BH/I€ aHATUTUYECKUE BBIPAKEHUSI OCHOBHBIX CIIEKTPAJIbHBIX BEJIMYNH: HHTEHCUBHOCTH, MIJIOTHOCTH
U TOTOKa u3inydeHus. [IpuBeneHs! peieHuss B CepoM U CIIEKTPaIbHOM MPHOMMKEHHUAX AJIsI OXHOMEPHOH,
JBYMEPHOU U TPEXMEPHOI I€OMETPUIL.
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EXACT SOLUTIONS OF MULTIDIMENSIONAL
STATIONARY RADIATION AND ENERGY TRANSFER EQUATIONS

A. A. Shestakov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

It is desirable to test codes on model problems that have analytical solutions. Though some progress is
seen in the derivation of analytical solutions for radiation transport equations, they are still lacking for some
problems.

Analytical solutions for stationary radiation transport can be derived by expanding the resolvent of the
transport operator in a Neumann series. The expansion helps get the spectral-angular characteristics of a
radiation field from a known temperature distribution [1].

In this work the expansion was used to derive analytical formulas for radiative heat parameters in the
multidimensional case. For a known equilibrium intensity which is defined by the temperature distribution
only, and for given absorption and scattering coefficients, the formulas give explicit analytical expressions
for the main spectral quantities — radiation intensity, density, and flux. 1D, 2D and 3D solutions in gray and
spectral approximations are rpovided.
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YYET KHHETHYECKHUX D®OPEKTOB
B IPUBJINXEHUU JYUYUCTOM TEILJIONPOBOJHOCTHU
JJA PACUETA 3AJJAY IIEPEHOCA U3JIYYEHUSA

/. A. Kowymun, A. A. Illecmaxoe

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckont hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHcK, Poccus

OnHolt U3 Hanboee TPYAHBIX 3a/1a4 paJdaldoOHHON ra30BOi AMHAMUKH SIBIISETCS PELIeHHe MHOTOMEp-
HOTO ypaBHEHHS MEPEHOCA TEIUIOBOTO U3IYUYEHHS], CIIOKHOCTh KOTOPOTO OMpEAEIsieTCs] ITIaBHBIM 00pa3oM
0O0JIBIION pa3MepHOCTHIO (ha30BOTO MPOCTPAHCTBA. B CBSI3M ¢ 3THUM MPUMEHSIOT pa3InuHbIe MPUOIIKEHN,
yIpoUIaoye 3aja4y nepenoca n3nydeHust. K takum npuOnmkeHusIM OTHOCHUTCS, HAallpUMep, MpUOIIKe-
Hue nyuuctoi TeronposogHoct (JITII). Ilpu 3ToM cHUMAarOTCS 1OCTAaTOYHO CIOKHBIE BOIPOCHI BBIOOPA
3¢ PEKTUBHOTO HTEPALTIOHHOTO METO/IA U TOCTPOCHUSI MOHOTOHHOW CXeMBI IOBBILIEHHOTO MOPSAAKA TOUHOC-
TH JUI KUHETHYecKoro ypaBHeHus. OqHaxo npubmmxenue JITII He Bcerna qaet pemieHne SKBUBAIEHTHOE
KMHETUYECKOI MOJIEH.

B 2016 rony M. 1O. Ko3manoBeiM, JI. A. Komrytusasim 1 A. A. I1lecTakoBbIM NPEATIOKEHO CUCTEMY JBY-
MEpHBIX YPaBHEHUH MEPEeHOCa 3aMEHATh YPaBHEHUSIMH KBa3UTEIUIONPOBOAHOCTH, 7€ PELIEHUS MOTy4aroT-
sl IO YPaBHEHUAM TEIUIONPOBOAHOCTH C BBEJCHUEM HEIMHEWHBIX MHOXUTENEeH. [ pereHus: 1ByMepHOn
CHCTEMBI MapaboIMYeCKUX YPaBHEHHH KBa3UTEIUIONPOBOJHOCTH HCIOIB30BAIKCH METO] PACIICTUICHHS TI0
HampaBlIeHHUAM M pa3HOCTHas cXeMa BTOPOIo MOpsAKa annpoKcHManuu. B nanbHeleM unen KBa3uTensio-
MPOBOAHOCTU ObUIM pa3BuThl B padotax H. I'. Kapneixanosa [1, 2], rae ObUI0 JOMOIHUTENBHO IPUMEHEHO
yCpenHeHne MHOTOTPYIIIIOBOTO YPaBHEHHSI IEPEHOCa 10 CIIEKTPY (POTOHOB.
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Snezhinsk, Russia

One of the most challenging problems in radiative hydrodynamics is to solve the heat transfer equation
with its very high phase space dimension. Various approximations are used to ease the problem. One of them
is the radiative heat transfer approximation, which helps remove difficulties related to the choice of an effec-
tive iterative method and a monotone higher order scheme for the kinetic equation. But it is not always that
the approximation gives a solution equivalent to the kinetic model.

In 2016, M. Y. Kozmanov, D. A. Koshutin, and A. A. Shestakov proposed that the system of 2D transport
equations should be replaced by quasi heat transfer equations with solutions obtained from heat transfer
equations with nonlinear multipliers. The 2D parabolic quasi heat transfer equations were solved using
a method of splitting over directions and a second order difference scheme. Later the quasi heat transfer
approach was developed in [1, 2], where the multigroup transport equation was averaged over the photon
spectrum.

References

1. Karlykhanov, N. G. Spectral and kinetic effects in a radiative heat transfer approximation for solving
radiation transport [Text] // VANT. — 2019. — Is. 4. — P. 21-32.

2. Karlykhanov, N. G. A quasi-spectral method for solving a 2D axially symmetric kinetic radiation trans-
port equation[Text] / N. G. Karlykhanov, A. D. Khmelnitskaya // VANT. — 2022. — Is. 3. — P. 37-47.

6-64

JTUHAMHUKA PASMHOKEHUSI HEUTPOHOB B CJIOSIX
CTAIIMOHAPHOM CUCTEMBI

B. M. IlImaxos, C. A. Opnosa, JI. @. I'opoeuiuyk

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort huznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

B noknajse paccMarpuBaeTCs MOBEICHUE BPEMEHHBIX XapaKTEPUCTHK Pa3MHOKEHUS HEHTPOHOB B CJIO-
HCTOM IIAPOBOM CHCTEME OT MOMEHTa HaYaJbHOTO PacrpeeeHus] HEUTPOHOB 10 BBIXOAa pacrpeaeieH s
HEUTPOHHBIX IIOTOKOB Ha COOCTBEHHYIO (DYHKIIHIO.

JInst pacueToB MHTEHCUBHOCTH PA3MHOXEHHsI HEUTPOHOB A MCIONB3YETCS AUHAMHUYECKHNA METO (MK
MeToJl ycTaHoBIeHUs) [1-3], B KOTOpOM paccMaTpHBaeTCsi ypaBHEHHE MEPEHOCa HEHTPOHOB OTHOCHTENBHO
IUIOTHOCTH HeHTpoHOB 1 = n(r,, E, )

% = {J‘J.p[cs}v}-f} + G’stl}u'n’dE’dﬁ’—thun - QVun +q. @))]
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B mpouecce pemenuss ypaBHenus (1) wumercs norapudmuueckas MPOU3BOAHAs IO BPEeMEHH
M#)=0Ln(N)/ot or nonHoro yucia HEUTpoHOB N(¢) BO Beell cucteMe. B aToM ciiydae A(f) MOKHO Ha-
3BaTh JUHAMUYECKOH HHTEHCUBHOCTBIO Pa3MHOKEHHUSI HEUTPOHOB.

B noxmane paccmarpuBaeTcs moBeAeHHE A(f) B CIOMCTOW IIAPOBOIM CHCTEME OT MOMEHTa HayallbHOTO
pacrpeiefieHrs HEUTPOHOB B CUCTEME JI0 BBIXOJIa pactpeesieHHs IOTOKOB Ha COOCTBEHHYIO (DYHKIIHIO.

YucneHHble pacueThl 3ajJad Ha COOCTBEHHbIE 3HAUEHUS A, METOIOM YCTAHOBJIEHHS HAUMHAIOTCS
C NPOU3BOJILHOIO MIHOBEHHOIO IO BPEMEHH pacHpenelieHus HcTouHuka ¢(f)=gq, (7, Q, E)3(f) u 3a-
KIIIOYAIOTCsl B TMPOCIICKUBAHUU MOTOKAa HEMTPOHOB BO BpeMmeHH. [Ipenmnomaraercs,, 4To, B KOHEYHOM CUe-
Te, paclpeaescHre MIOTHOCTH HEUTPOHOB B CUCTEME YCTaHOBHTCS (PEJAKCHPYET) B COOTBETCTBUHU C COO-
cTBeHHOU (yHKIHeld. K 3ToMy MOMEHTY MPOMCXOIUT pa3lielieHHe PHEPreTHYeCcKUX, MPOCTPAHCTBEHHBIX
¥ YIIOBBIX MepeMeHHbIX (7, E, Q) u BpeMenu ¢. B pesyisTate mociemyomiee MOBEICHNE CHCTEMBI Oy/IeT
XapaKTEepPHU30BaThC MPOCTON KCIOHEHIMANBHOW 3aBUCHMMOCTBIO IOJHOTO YKCa HEHTPOHOB B CHUCTEME
N(t)=N, exp[kot] . Takum 0Opa3om B mporiecce yCTaHOBIECHHUsI HEHTPOHHOTO MOTOKA tli_)n; M) =Ag.

3amernm, uto npoussoaHyr ON/Ot , npu u3BecTHOl miotHOCTH n(F, Q, E, 1) BO Beeil cucTeMe, MOXHO
BBIYUCIHUTD AJIS TI0OOT0 MOMEHTA BPEMEHH ¢ HEMOCPEACTBEHHO U3 NpaBoii yacTu ypasHeHus (1). s sToro
ypaBHenue (1) HaIo MPOMHTETPUPOBATH IO 00BEMY, YIJIaM U SHEPTUAM HEHTPOHOB (;7 , E, f)) . B pesynerare
HOJIYYHUTHCS BHIPAXKEHHUE U3 TPEX WieHoB: ON/0t = B—J + Q, rie B — noHO€e BOCIPOU3BOICTBO HEHTPOHOB
WM UHTETrpall OT BhIpasKeHUsI B QUTYpPHBIX CKOOKax B ypaBHeHUH (1), J — momHas yTeuka HEHTPOHOB U3 CHU-
cTeMbl, () — OJNHBIA HE3aBUCUMBIN UCTOYHUK HEUTPOHOB. Vcnonb3ys 3T TpH (YHKLIHOHAIA, TOTYyYHM BbI-
pakeHue s pacuera A(f):

Mi)=——=——4Z=0"% 27 429, )

e M, A7, LY — MHTeHCHBHOCTH BOCIIPOM3BOICTBA, YTEUKH i HCTOYHHKA (€CITH OH €CTh), COOTBETCTBEHHO.

OxaspIBaeTcs, 4TO AJI pacueTa HHTEHCHUBHOCTH BOCIIPOU3BOACTBA B (3) €CTECTBEHHO UCIIONb30BaTh MU-
KPOCKOIMYECKUE CEUCHHsI BOCIPOM3BOACTBA HEHTPOHOB — G, (E) =0, (Vt —1), IIe G, — IOJIHOE MUKPO-
CKOIIMYECKOE CEYEHUE U V, — CPEIHEE YUCIO BTOPUYHBIX HEHTPOHOB HA ONHO CTOJIKHOBEHHE HEMTpOHA
¢ siapom muteHn. TaGuup! cedeHui ,,, (E) pacCUMThIBAIOTCS B y3l1axX ©,(£) U CTAHAAPTHO IPHCYTCTBYIOT
B (paiinax OuONIMOTEK HEMTPOHHBIX KOHCTAHT JUIsl KaXKA0ro MaTepuala.:

B={[[ 1] [z'fv’fc’f+z’scs's}u'n'dE'dfz'—z,on d7dEdQ = [[ po, (v, ~1)$d7 dE= [[ po,,,0dF dE, (3)
V,EQ | E QY V.E V,E

e o =o(¥,E 1) = J.Q Un(F,Q,E,I)dQ IOJIHEIN ITOTOK.

,HJ'ISI HUHTCHCUBHOCTH PAa3MHOXCHHUA HeﬁTpOHOB B [-TOM CJI0€ CHCTEMBI BBCACM ONPCACIICHUC, aHAJIOT Y-

. 1 oN, .
Hoe Juis A(f) Bcell cucreMsl, A, (f) = ——L e N, ; — YHCJIO HEUTPOHOB B CIIOE.
t

l
CBs13b MEX1y UHTEHCUBHOCTBIO A(f) ¥ HHTEHCUBHOCTAMHU A, (f) CIEIyeT U3 clenyromleit anreopsl:

1 6N 162N’ N,( 1 0N
=N _ 1 T N[Ny 4
O=Na "N a Zl:N N, ot Zl:”() @

B cBoro o4uepeab UHTCHCUBHOCTDL 7\.1 (l) B CJIOSIX BBIPAKACTCA UCPE3 COOTBETCTBYIOINEC MHTCHCUBHOCTHU
BOCIIPOM3BOACTBA — k,rep , 0ajaHca HEUTPOHHBIX YTEUEK U3 CIIOSl M IIPUTOKOB B CJION — XIM , 1 UICTOYHHUKA — :
XZQ :

1 6N, B AJ
xl(z)z——1=—’——’+&=x,@ M L. (5)
N, & N, N, N,
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Br PYHOIIOBOM HpI/I6J'II/I)KeHI/II/I MPUHOUIIAAJIBHO HUYECTO HC MCHACTCA. I/IHTerI/IPOBaHI/IC 3aMCHACTCA CyM-
MHUPOBAHUCM U, HATPUMEP, JIS paCcucTa BOCIIPOU3BOACTBA B, MOJIy4aeTCs BBIPAKCHUC, aHAJIOTUIHOC (3)

B =ch§ep¢g , The pGy” :(ZBO,gk —(ng Epclg (Vtg —1). (6)
g k

B nannom noxnazne mpenacrasieH HOBIM BIN-MeTox pacyera AMHaMU4eCcKoil HTHTEHCUBHOCTH pa3MHOXKe-
HUSI HEUTPOHOB A(?) , B KOTOPOM MCIIOJIB3YIOTCSl TIOTOYEYHBIE MIIH TPYIIIOBBIE MUKPOCKOIIMYECKIE CEUSHHUS
BOCIIPOM3BOJCTBA HEUTPOHOB. [oKa3aHo MoTHOE coBmageHne A(f) B TPyNIoOBBIX pacuerax o BJN-metomy
Y 10 TPaAWIMOHHOMY METOMY BBIYMCIEHHs A(f) udepe3 JiorapupMUUecKyto mpon3BoaHylo. [lokazaHo, 4to
JUISL TOCTYOKEHHS ONM3KHUX CPeJHECTaTUCTHYECKIX OTKIOHEHHH A(f) B pacuerax MonTte—Kapmno nmo BJN-me-
TOJy MOXHO MOJIETIMPOBATH B CTO Pa3 MEHBIIIE UCTOPUI, YEM NIPH BBIYHCICHUN TMHAMUYECKON HHTEHCHBHO-
CTH pa3MHOXXEHHUS HEUTPOHOB TPaJUIIMOHHBIM METOJIOM.
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DYNAMICS OF NEUTRON MULTIPLICATION
IN LAYERS OF A STATIONARY SYSTEM

V. M. Shmakov, S. A. Orlova, L. F. Gordeychuk

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The paper studies the behavior of the temporal characteristics of neutron multiplication in a layered
spherical system beginning from the initial distribution of neutrons in the system to the time when the
distribution of neutron fluxes relaxes to its fundamental mode.

The neutron multiplication rate A is calculated with a dynamic method (or relaxation method) [1-3],
which solves the neutron transport equation for the neutron density » = n(7, QE, t)

% = {”p[cf,-vf,-f} + G'Sf;}u'n’dE'dﬁ'— po,ony—QVon+q. (1

Equation (1) is solved to find the logarithmic time derivative A(z) =0Ln(N)/o¢ of the total number of
neutrons, N (7). In this case, A(¢) can be referred to as the dynamic neutron multiplication rate.

The paper considers the behavior of A(¢) in a layered spherical system from the initial distribution of
neutrons in the system to the time when the neutron flux relaxes to its fundamental mode.

Numerical calculations of problems on the eigenvalue A, by the relaxation method start from an arbi-
trary prompt source distribution g(z) =g, (¥ ,Q, E)3(¢) and consist in the tracking of neutrons in time. It is
assumed that the neutron density distribution in the system eventually relaxes to its fundamental mode. At
that time, the spatial, energy, angular (17 JE ,f)) , and time (¢) variables separate, and the further behavior of
the system will be characterized by a simple exponential dependence of the total number of neutrons in the
system, N(t)= N,exp [Xot] . Thus, tlim A(t) =1 during neutron flux relaxation.

—0

Note that the derivative 0N/ot, for a known density n(7 JQE ,1) in the entire system, can be calculated
for an arbitrary time t directly from the right-hand side of equation (1). To this end, equation (1) should be
integrated over the volume, and neutron angles and energies (F ,E ,f}) to give the following expression of
three terms: ON/0t = B—J + Q, where B is the total neutron reproduction or the integral of the braced ex-
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pression in equation (1), J is the total leakage of neutron from the system, and Q is the total independent
neutron source. With these three functional we obtain the following expression to calculate A(%) :

Mi)=——="-Z 4= =% )7 429, )

where A", 17, A€ are reproduction, leakage, source (if present) rates, respectively.

It appeared natural to calculate the neutron reproduction rate B (3) using the microscopic neutron
reproduction cross-section G,,,(E) =0, (v, —1), where o, is the total microscopic cross-section and v, is
the total number of secondary neutrons per one neutron collision with the target nucleus. The cross-sections
Gep(E ) are calculated in nodes 6 (E) and are standardly present in the files of neutron data libraries for each
material

B=|[[ 1 ]] [z’fvf,off + E;G;}U'n'dE'dﬁ' —~%,on d7 dEdQ = [[ po, (v, ~1)¢d7 dE= [[ po,,,0d7 dE, (3)
V.EQ|EQ V.E V.E
where ¢ = (7, E,t) = J: vn(7,Q, E,)dQ is the total flux.
For the neutron muftziplication rate in the I-th layer of the system, let us introduce a definition similar to
1 ON,

A(t) for the entire system, specifically, A,;(¢) = Va—l , where N, is the number of neutrons in the layer.
t
l

The relation between A(¢) and A,(¢) follows from the algebra:

1 oN 152N1 N, (1 oN,
M)z ——=— L N T2 A (1) . 4
O=Na "N a Z,:N[N, th Z,:W’ 0 )

In turn, A, (¢) is expressed in terms of appropriate reproduction rates, A;%, the balance of neutron inflow
and outflow in the layer, XIM , and the source XIQ :
1 6N, B, AJ
x,(z)=——’=—’——’+%=x;ﬂ’ M 4L (5)
N, ot N, N, N,
Nothing principally changes in the grouped-energy approximation. Integration changes to summation
and, for example, for B we obtain the expression similar to (3):

B:ch;qu)g , where po,” = ZBO,gk —OLgJ Epcfg (V; —1). 6)
g 3

The paper presents a new BJN-method to calculate the dynamic neutron multiplication rate A(¢), based
on the use of pointwise or grouped-energy microscopic neutron reproduction cross-sections. The rates from
grouped-energy calculation by the BIN-method and from the traditional method through the calculation of
the logarithmic derivate completely agree. It is shown that almost the same, on average, deviations of A(¢)
can be achieved in Monte—Carlo calculations by the BIN-method with about a hundred times smaller number
of histories than in the traditional calculation.
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AHMU3O0TPOITHAA MOIAEJb 3AMBIKAHUASA
YPABHEHHUM YIIPYTOILIACTUKH
MHOTOKOMIIOHEHTHOM CPEJbI B CMEIIAHHBIX SUEMKAX

IO. B. Anunxun, A. JI. Cmaonux, O. O. Tonoposa

OI'VII «Poccuitckuii @enepansubliii Anephslii Llentp — Beepoceniickuit HUU sxcniepruMeHTaNbHON
¢uzuku, Capos, Poccust

CMelraHHeIe quﬁKH, coAcpKalme aBa u Ooiee BC€IOICCTB, B J'Ial"paH)KCBO—SI\/'IJ'ICpOBLIX METOHax pacueTa
ra3oAMHAMUYCCKUX U YIIPYTOIIJIACTUYCCKUX Te‘leHHﬁ, KakK mpaBuiio, COACPIKAT B ce0e KOHTaKTHBIE rpaHu-
ObI (KF) MCKAY PAa3JIMYHBIMH BECUICCTBAMU . Ot METOABI UCIIOJIB3YIOT ,[[BYXBTaHHI:IfI moaxona. Ha nepBoM
9Tane pacCMarpuBarOTCA YPAaBHCHUA HanaH)KGBOﬁ Tra30JUHAMUKU WU YIIPYTOIUIACTUKHA 0e3 KOHBEKTUBHBIX
YJICHOB, TO €CTh OCYIIECTBIIACTCA YUCT YJICHOB ypaBHCHI/Iﬁ, coACprKalluX AaBJICHHUC W HANPSKCHUSA. Yuer
KOHBCKTUBHOT'O IIEPCHOCA 3a CUYCT MEPECTPOCHUA CUETHOM CETKU OCYHICCTBIIACTCA Ha BTOPOM 3Talle.

HpoGHeMa pacueTa CMCIIAHHBIX AYECK Ha MCPBOM I3TAIIC ABJIACTCA 00BEKTOM HUCCICOA0BaHUsA B JTaHHOM
pa60Te. OcHoBHOH HpO6J'I€MOI\/'I Ha 3TOM 3TaII€ SABJISICTCA OIMPCACIICHUC I[I/IBepFCHLII/Iﬁ KOMIIOHCHTOB, KOTOPBIC
HCO6XOI[I/IMBI IIpu ONpeACIICHUN UX TCPMOANHAMUYCCKOI0 COCTOAHUA. HJ’IH OTOT'0 MPUMCHAIOTCA PA3HBIC MO-
JCIIN 3aMbIKaHUA ypaBHCHI/Iﬁ rasoguHaMHUKHU B TaKHX ;{qeﬁKax, B TOM 4YHCJIC UCIOJB3YIOMIUX PEIaKCAlluIO
JIaBJICHUM KOMIIOHEHTOB. Ot MOJCJIM MOTYT UCIOJB30BAThHCA U MPU PCHICHUN ypaBHCHI/Iﬁ yHrnpyromniactu-
KM, OOJHAKO B CUJIYy TOI'O, YTO HAIPSAKCHUA NPCACTABIAIOT coboif AHU30TPOITHBIC BEJINYNHBL (B OTIIMYHE OT
HU30TPOITHOTO ):[aBJ'ICHI/ISI), TOYHOCTH 3THX MOJCICH MOXKET OKa3aThbCs HEIOCTAaTOYHO npu MOACIUPOBAHUN
YHOpYyromiaCTu4eCKux TedyeHuii. B HaCTOﬂ].LIeI\/'I pa60Te npeajraractcsa MOACIb 3aMbIKaHUA  JIA ypaBHCHI/Iﬁ
YHOPYTOMIACTUKU, UCIOJb3YIOIasd pelakCaluro HaHpﬂ)KeHI/Iﬁ ", B CWIy 3TOrO, 06.]'[3.)13}0]]_[351 CBOMCTBOM
AHU3O0TPOIMHOCTH. MOI[GJ'II: pcain3oBaHa CJICAYIOIIUM 06pa30M. B cmemanHO# s4eiike BOoCCTaHABIMBACT-
cs nonoxkenue KI' B BUAC OTPEC3Ka U ONPCACTAIOTCA KOMIIOHCHTBI HAIIPAKCHUS B CUCTEMEC KOOPAUHAT, OCHU
KOTOpOI\/’I HampaBJICHbI BAOJb U 11O HOPpMAJIA K KT 3arem B HampaBJICHUU BAOJIb KI HCIOJIB3YCTCA MOJCIIb
PaBCHCTBA AUBEPI CHLII/Iﬁ KOMIIOHEHTOB. B HaIlpaBJICHUU HOPMAJIU K 3TOMY OTPEC3KY TAKIKEC HUCIIOJIb3YyCTCA
MOJCJIb 3aMbIKaHUA PAaBCHCTBA ,Z[HBCpFeHI_II/Iﬁ, OJHAaKoO C HOCJ'IGI[}HOH.ICI?I peJ’IaKC&L[PIeﬁ COOTBCTCTBy}OH.ICI‘/II
KOMITOHCHTHI HAIIPSAKCHUA B 3TOM HAIIPpABJICHUU. HpI/IBOI[HTCH PE3YIbTATHI YUCJICHHOI'O PCIICHUSA TECTOBBIX
3aaa4, ACMOHCTPUPYIOMINEC ITPCUMYIIICCTBA HOBOH MOICIIN 3aMBbIKaHU .

ANISOTROPIC MODEL OF CLOSING ELASOPLASTICITY
EQUATIONS FOR MULTI-MATERIAL MEDIUM IN MIXED CELLS

Yu. V. Yanilkin, A. L. Stadnik, O. O. Toporova

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Mixed cells that have two and more materials in Lagrangian-Eulerian methods to compute gas dynamic
and elastoplastic flows have contact boundaries between different materials, as a rule. These methods imple-
ment a two-stage approach. On the first stage, Lagragian gas dynamics or elasto-plasticity equations without
convective terms are considered, that is the terms of equations for the pressure and stress are accounted for.
Convective transfer due to re-meshing is accounted for at the second stage.

The problem of mixed cells computing at the first stage is an object of the research in this paper. The basic
problem at this stage is to determine divergences of the materials that are necessary in finding their thermo-
dynamic state. Different closing models for the gas-dynamics equations are used for this purpose in such
cells, including the ones that use components pressure relaxation. These models can be used when solving
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the equations of elasto-plasticity; however, due to the fact that the stresses are anisotropic values (opposite
to the isotropic pressure) the accuracy of these models can happen to be insufficient when modeling elasto-
plastic flows. This paper proposes a closing model for the elasto-plasticity equations that uses relaxation of
stresses and, due to this fact, has the property of anisotropy. The model is realized as follows. The position
of the contact boundary is restored in the mixed cell as a section, and stress components are determined in
the system of coordinates, where the axes are directed along contact boundaries and along the normal to the
contact boundaries. Then the equality model of the divergences of the materials is used in the direction along
the contact boundary. A closing model of equal divergences is also used in the direction of the normal to this
section; however, it is used with the follow-up relaxation of the respective stress component in this direction.
The results of numerical solution of some test problems that demonstrate the advantages of a new closing
model are provided.
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METO/] PACYETA TABOJJMUHAMUYECKUX TEUEHUM
C TBEPIABIM TEJOM, 'PAHULA KOTOPOI'O IPOXOAUT BHYTPH
HEITOABU/KHBIX AYEEK

O. M. Boumenko, 1O. B. Anuikun

OI'VII «Poccuiickuit @enepanbusiii Anepusiii Lentp — Beepoccuiickuit HUU sxcniepuMeHTanbHoM
¢uzukn, Capos, Poccus

[Ipu pemieHnu 3a1a4 B3anMONCHCTBUS HEASPOPMUPYEMBIX TBEPJBIX TEJ C OKPYXKAIOIIEH Cpeor 4acTo
BO3HUKAET MPOOIeMa KOPPEKTHOTO MOACITUPOBAHYSI JIBMKCHUS Ta30JUHAMHYECKUX TEUCHUI B OKPECTHOCTH
3TUX Tel. MOXKHO BBLACIUTH ABa MOAX0/a, MPUMEHIEMbIE I PEIICHUS TaKUX 3a7a4 Ha dUIEPOBBIX CETKaX.
CoracHO mepBOMY HOAXOJY KOHTAKTHAsl TPaHUIA TBEPJOTO Tela U OKPYKAroIlel cpeapl coBOaaaeT C Ju-
HUSMH CETKHU, COIIACHO BTOPOMY — IpaHMIla TBEPIOTO TEIa MOXKET IPOXOIUTh BHYTPHU SUEHKU, YTO TPUBO-
JIUT K TOSIBJICHUIO CMEIIAHHBIX SYEEK, COACPKAIINX BEIIECTBO TBEPAOIO TEJa U BEIIECTBA OKPYKAIOIIEH
cpenbl. B nanHOM n0KIane paccMaTpuBaeTCsl METOA, OTHOCSIIUNACSA KO BTOPOMY MOAXOY.

B noxmane mpencraBieH OBYMEPHBIM METOJ pacueTa CMEIIAHHBIX SYEEK C TBEPABIM TEJIOM, PEeam30-
BaHHbIN B MeTtonuke OI'AK [1]. lanHas MeTOIMKa UCIIONB3YET MPOU3BOIBHO JarpaHxkeBo-3iiepoB (ALE)
MOJIXO/I, alllIPOKCUMALIMSI YPAaBHEHU ra30BOM NMHAMUKH MPOU3BOAUTCS B Ba HTana. [IepBrIil U3 HUX mpel-
CTaBJISeT COOOW pellcHHe YpaBHEHHIA Ta30JJMHAMUKH B JIATPAH)KEBBIX NIEPEMEHHBIX, a BTOPOH — y4eT KOH-
BEKTUBHBIX IIOTOKOB Ha 3Tame aJBEKIMH, UMEIOIIUX MECTO H3-3a MOCTPOCHUS HOBOM ceTKu. B moxmanme
ONHCaHa annpoOKCUMALU YpaBHEHUHN ra30lMHAMUKHI B CMEIIAHHBIX SYEHKaxX C TBEPABIM TEJIOM Ha KaXKIIOM
M3 YKa3aHHBIX 3TAroB. B MeTosme Juis MUHUMU3AIUU TOTPEIIHOCTEH, CBSI3aHHBIX C MajbIMU OOBbEMHBIMH
JOJISIMU BEIIECTBA OKPYKAIOIIEH cpeibl B CMEIIAHHBIX siTUeKaX, MPOU3BOAUTCS KOPPEKTUPOBKA CETKU Iie-
peMeleHueM ODKANIIINX y3JI0B TAKUX SYSEK Ha TPAHUILYy TBEPAOTO TEJa, YTO MO3BOJISET N30aBIATHCS OT
TaKUX CMEIIAHHBIX SYEEK.

[IpuBoasTCST pe3ynbTaThl OJHOMEPHBIX M JIByMEPHBIX PacueToB, JAEMOHCTpUpYIONHE 3((EKTUBHOCTD
¥ TOYHOCTb MPEAJIaracMoro MeTo/a.
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A COMPUTATIONAL METHOD FOR GAS DYNAMIC FLOWS
WITH A RIGID BODY HAVING AN INTERFACE INSIDE
MOTIONLESS CELLS

O. M. Voytenko, Yu. V. Yanilkin

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”,
Sarov, Russia

When solving the problem of a rigid body interacting with the environment, the problem of adequately
simulating the motion of gas dynamic flows in the vicinity of such bodies often occurs. Two approaches to
the solution of such problems using Eulerian meshes can be mentioned. In one of them the interface between
the rigid body and the environment coincides with the mesh lines, in the another approach the rigid body
interface may be inside a cell of the mesh and this leads to the occurrence of mixed cells containing the rigid
body material and the environment materials. The method considered in the paper is used in the second ap-
proach.

The paper describes a 2D computational method for mixed cells with a rigid body, which has been imple-
mented in the EGAK code [1]. This code uses the arbitrarily Lagrangian-Eulerian (ALE) approach, the gas
dynamic equations are approximated in two stages. First, the gas dynamic equations are solved in Lagrang-
ian variables and then the convective flows in the advection phase are taken into account, which take place
due to the generation of a new mesh. The paper describes the gas dynamic equation approximation in mixed
cells with a rigid body in each of the two stages above. In this method, to minimize errors occurring due to
small volume fractions of the environment materials in mixed cells, the mesh is corrected by moving the
nodes neighboring these cells to the rigid body interface and this allows avoiding such mixed cells.

Results of 2D and 3D computations demonstrating the proposed method efficiency and accuracy are
presented.
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MOANPUKALNUA CXEMBI TUITA «KKPECT»
JJSA YCTPAHEHUSA «ITAXMATHOMN» NOTPEITHOCTH

1O. B. Anunxun, O. O. Tonoposa, A. M. Epoghees

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepocceuniickuit HUU skcnepruMenTanbHoi
¢mzuku, Capos, Poccus

B nacrosiee BpeMs NIpU CO3JaHUM MCETOAUK, NPCAHA3ZHAYCHHBIX IJIA YHUCJIICHHOTO MOACIIMPOBAHUS Ta-
30JMHaAMHUYCCKHUX TEUYCHHI C COMMYTCTBYIOIIMWMU MpoHeCCaMu, TAKUMU KaK YIIPYTOIUIaCTHKA, TCIIJIONPOBOA-
HOCTb U Ap., HAIUIA IHWPOKOC NPUMEHCHNUE MCTOAbI, OCHOBAHHBIC HA IPOU3BOJILHO HanaH)KeBO—BﬁHCpOBOM
moaxoac. HpI/I HCMOJIB30BAHUHN 3TOIr0 MmoAxoJa anlmpOKCUMalusa ypaBHeHI/Iﬁ MEXaHUKHU CILIOIIHOM CpeabIl
MMPpOU3BOAUTCS B ABa JTalla. Ha nepBoM (J'Ial"paH)KCBOM) JTaIlC peIIarOTCA YpPaBHCHUA 0e3 KOHBEKTHBHEIX
YJICHOB, T. €. YPABHCHUA B JIAIrPAHKCBLIX IICPEMCHHBIX. Ha BTOpOM (SﬁﬂepOBOM) 9Tane Nporu3BOAUTCA MOC-
TPOCHUC HOBOM CYETHOM CETKU I10 3aJaHHOMY 3aKOHY ABUKCHUA Y3JIOB CETKH U OCYHICCTBIACTCA MEPECUCT
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BEJIMYMH HA HOBYIO CETKY, T. €. alllIPOKCUMAIIHs OTOPOIICHHBIX HA MIEPBOM 3Tare 4WICHOB ypaBHeHuu. [Ipu
STOM B KayeCTBE HAYAIBHBIX JAHHBIX KCIIONB3YIOTCS 3HAYCHHS BEIUYHUH, TOMYyUYEHHBIC HA TEPBOM HTare
BBIYHMCIICHUNA. YacTHBIM Clly4aeM TaKOro pOja YMCIEHHBIX METOAOB SIBJSIOTCS YHUCTO DIIEPOBBI METOIbI,
OCHOBAaHHBIC HA UCIOIB30BAHUU HEMOIBUKHOM CUETHOM CETKHU.

Ha narpanxkeBoMm 3Tane BBIYHUCICHHUM YacTO MCHOJB3YIOTCS KJIACCUYECKHE PAa3sHOCTHBIE CXEMBI THUIIA
«KPECT» C Pa3HECEHHBIMU BEIMYMHAME, B KOTOPBIX CKOPOCTh ONPEEISICTCS B Y3JIax CUETHON CETKH, a CKa-
JSIPHBIC BEIMYMHBI — B sS4elikaXx. B maHHO# pa0oTe MOKa3aHo, Y4TO 3TH CXEMBbI 00Jalal0T 0COOCHHOCTHIO,
MPUBOIALICH K «IIAXMAaTHOMY» PacHpeeICHUIO TEPMOIUHAMUYECKUX BEJIUUYUH HA CETKE.

Cxema Tuma «kpect» ucnonb3yercs u B Meronuke OI'AK [1], Hameqme o0CcTaTOuHO HIUPOKOE MPUME-
Henue npu 2D u 3D moxenupoBaHUM pa3HOOOPA3HBIX 3a/lad T'a30[IMHAMUKU C COMYTCTBYIOIUMH MPOIIEC-
camu. B HacTosmieli pabote npemiaraetcst Mmoaudukanus 2D pa3HOCTHOW CXeMbI METOIUKHU, CBOOOIHAS OT
YKa3aHHOU «IIaXMAaTHOI» norpemHocTy. [IpuBoasTCa TeCTOBbIE pacueThl, Ha KOTOPBIX IMOKA3aHO, YTO HOBAsI
cXeMa MO3BOJISIET MUHUMHU3UPOBAThH OTPEIIHOCTh UCXOJHOM CXEMBI, CBSI3aHHOM C «IIIaXMaTHBIMY» pacIlpeie-
JICHHEM TEPMOJUHAMHYECKUX BETMYMH. MomupuKaIus HOCUT JOCTATOYHO OOIIHIA XapaKTep U MOXKET ObITh
KCIIOJIb30BaHA U B IPYTUX aHAJOTUYHBIX CXEMaX.
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THE “KREST” TYPE SCHEME MODIFICATION
TO ELIMINATE THE “STAGGERED” ERROR

Yu. V. Yanilkin, O. O. Toporova, A. M. Erofeev

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Today, methods based on the arbitrarily Lagrangian-Eulerian approach are widely used to develop codes
for the numerical simulation of gas dynamic flows with accompanying processes, such as elastoplastic
ity, heat conduction, etc. In this approach, the continuum mechanics equations are approximated in two
stages. In the first (Lagrangian) stage the equations without convective terms are solved, i.e. the equations
in Lagrangian variables. In the second (Eulerian) stage a new computational mesh is built according to the
given motion law of the mesh nodes and all values are recalculated to this new mesh, i. e. the equation terms
rejected in the first stage are approximated. The values of quantities calculated in the first stage are used as
the initial data. Purely Eulerian methods based on the use of a fixed computational mesh are a special case
of such numerical methods.

In the Lagrangian stage of computations, the classic difference schemes of the “krest” (cross) type with
staggered values are used, where the velocity is calculated at nodes and all scalar values are calculated in
cells of the computational mesh. The paper shows that these schemes have a characteristic feature leading to
the staggered distribution of thermodynamic quantities over the mesh.

The “krest” scheme is also used in the EFAK code [1], which is often used in the 2D and 3D simulation
of various CFD problems with accompanying processes. The paper offers a modification to the 2D differ-
ence scheme implemented in the code, which is free of the “staggered” error above. Test computations are
described, their results demonstrate that the new scheme allows minimizing the original scheme error caused
by the staggered distribution of thermodynamic quantities. The modification described has a sufficiently
general nature and can be used in the other similar schemes.
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