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TI'acunos B. A., Boadapes A. C., Oavxosckasn O. I., Botixos /I. C.,
Illaposa FO. C., Casenxo H. O., KomeavHuxose A. M.

MARPLE: nporpammuoe obecnievenne JJjisd MyJIbTU(PU3NIECKOTO MO-
AeJITPOBAHNSA B MEeXaHUKE CIJIONTHBIX CPeJ

Uccnenosarennckuii kKog MARPLE uznauaabno cospaBaics JUist MOJIEINPOBa-
HUsT BBICOKOCKOPOCTHBIX JUHAMUYIECKUX MPOIECCOB, BHI3BAHHBIX BO3JIEHCTBIEM HA
BEIEeCTBO WHTEHCUBHBIX ITOTOKOB HEPTUH. B HacTOsdAIIee BpeMs 3TO YHUBEPCATIb-
HBIIl MHCTPYMEHT, CIIOCOOHBIN peliaTh pasmdyHble 33a9l MEXaHUKH CILIOITHBIX
cpel. PeanmmzoBanbl cieytonue (pusndeckrne MO : OTHOXKIIKOCTHA JIBYXTEM-
neparypuaa MI'JI-mMojenb aunaMuKu I/1a3Mbl, BKJIIOUAIONIAT 3JIEKTPOH-NOHHBII
obMeH sHeprueil u 0b60dmeHHbI 3aKkoH OMa; MOJIe/Ib 9JIEKTPO- U TEILJIOIPOBO/I-
HOCTHU C y4YeTOM aHU30TPOIMH B MArHUTHOM II0JI€; PaJUAllOHHbIN TeII000MeH:
MOJIEJIN, OTHOCAIIMECS KaK K ONTUYECKH TOHKHM, TaK M K ONTHYECKH TOJICTHIM
cpeJlaM: MEeTOJIbI yueTa PaJHalllOHHBIX II0TePh Ha, OXJayKJeHHe, CIIeKTPaJIbHbIi
MHOTOI'PYIIOBO# 1 y3nOHHBII ITepeHOC, pacIPOCTPAHEHHE JIA3EPHOI0 3Ty de-
HUS W T. JI.; MOJIeJIb MHOTOKOMIIOHEHTHOTO TedeHus. PacueTnl BBIIOJTHAIOTCH C
UCIIOJIb30BAHIEM IMHPOKOINAIIA30HHBIX YPaBHEHUI COCTOSIHUS, TPAHCIIOPTHBIX U
ontuvyecknx gaHubix. B koge MARPLE ucnosb3yorcsi coBpeMeHHble BbIYUCTH-
TeJIbHbIE TEXHOJIOINM, OCHOBAHHbIE Ha OJIOYHO-CTPYKTYPUPOBAHHBIX U HECTPYK-
TYPUPOBAHHBIX CETKaX, COCTOAIINX U3 TETPadIPUIECKUX, MEeCTUTIPAHHBIX, TTPU3-
MaTUIEeCKNX 3JIeMeHTOB 1 ux KomOunanuii. CoJiBepbl pean3yioT 3aKOHbI COXpa-
HEHHUsI C MCIIOJIb30BaHUEM METOJI0B BBICOKOI'O pasperneHus. s pereHus 1moJ-
HOII cUCTeMBI ypaBHEHUI TpuMeHsieTcs: husndeckoe paciieryenne. Mcenomb3yercs
00bEKTHO-OPUEHTUPOBAHHBII T10JIX0/ K ITPOCKTUPOBAHUIO ITPOIrPAMMHOI0 obecIie-
YeHUsI, a TaKKe MeTOJibl 00bEKTHOrO U 000DIIEHHOIO MPOrPAMMUPOBAHHUST (SI3bIK
peasmsanuu C++). [IpoekTupoBanne pacueTHbIX 00IACTEH OCYIIECTBIISIETCSI C 10~
motnpbio mHTerpupoBannoii cucrembl CAD-CAE ¢ OTKPBITBIM MCXOZHBIM KOJIOM
SALOME. MARPLE paboraer kak npuiaoxkenne MPI jj1s1 coBpeMeHHBIX BBICO-
KOIIPOU3BOAUTE/ILHBIX BBIUUC/IUTEIbHBIX cUCcTeM. B paboTre npuBejieHbl ITPUMEpbI
33184 IMHAMWKY TJIa3Mbl, MArHUTOTWIPOINHAMUKN, aCTPOMPU3NKN U TEPMOMeXa-
HUKHI TBEPJIOrO TeJa, PEleHHbIX ¢ IoMoIbio Koga MARPLE.

Karouessie caoga: TpexMepHas MiJIPOJIMHAMUKA; BBICOKOIIPOU3BOIUTE/IbHbIE
BBIYHC/IEHUS; HECTPYKTYPUPOBaHHbIE CETKI; MHOTOMAaCIITabHas (pU3MKa; TBEP/I0-
TeJIbHbIE MOJIEN; acTpOodu3nKa; Z-nHY



V. Gasilov, A. Boldarev, O. Olkhovskaya, D. Boykov,
Yu. Sharova, N. Savenko, A. Kotelnikov

MARPLE: software for multiphysics modelling in continuous me-
dia

The research code MARPLE was originally created to model high-speed
dynamic processes caused by the action of high-intensity energy fluxes on mat-
ter. At present, it is a universal tool able to solve various continuum mechanics
problems. The implemented physical models are the following: single-fluid two-
temperature MHD model of plasma dynamics, including electron-ion energy
exchange and generalized Ohm’s law; model of electrical and thermal conduc-
tivity taking into account the anisotropy in the magnetic field; radiative heat
transfer: models pertinent to optically thin as well as optically thick media:
techniques for taking into account radiative cooling losses, spectral multigroup
diffusion transfer, laser radiation propagation etc.; model of multicomponent
flow. Calculations are performed using wide-range equations of state, transport
and optical data. The MARPLE code utilises modern computational technolo-
gies based on block structured and unstructured meshes consisting of tetra-
hedral, hexahedral, prismatic elements and their combinations. The solvers
implement conservation laws using high-resolution techniques. We apply the
physical splitting to solve the governing system. The object-oriented approach
to software design is used, as well as methods of object and generic programming
(C++ implementation language). Design of computational domains is provided
by means of integrated SALOME open source CAD-CAE system. MARPLE
works as MPI application for modern HPC systems. The paper presents ex-
amples of problems in plasma dynamics, magnetohydrodynamics, astrophysics,
and solid thermomechanics solved by means of the MARPLE code.

Key words: 3D hydrodynamics; high-performance computing; unstruc-
tured meshes; multi-scale physics; solid state models; astrophysics; Z-pinch

Pabotra BbIOIHEHA TIpH TI0/1/Iep:KKe Poccuiickoro Hay4dHoro ¢gpoHa B paMKax
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BBenenne

B 370it myOimKammy Mbl IpejicTaBigeM 00beKTHO-OPUEeHTHPOBAHHDII, IapaJsiie/ib-
HBIIT MHOTOMepHBII 3it1epoB myabrudunsndeckuiit komx MARPLE. ITporpamma pas-
paborana B ncruryre npukiaanoit maremaruku um. M. B. Kennpima PAH s
HAYYHOI'O YUCJIEHHOT'O MOJIEJINPOBAHMUS C UCIIOJIb30BaHUEM BbICOKOIIPOU3BOIUTE b
HBIX Bbranciennii [1,2].

KoMIibioTepHble KOJIbI, UCIIOIb3YeMble [IJIsl YNCJIEHHOI'O MOJIEINPOBAHUSI, MOYK-
HO YCJIOBHO pa3JIe/IUTh Ha MCCJIe0BaTeIbCKIE 1 MH/TyCTPUAIbHbIE B 3aBUCUMOCTH
OT TOI'O, B KaKoii JIesiTeJIbHOCTU 9TOT KOJI ICIIOJIb3yeTcs. B Tabs1. 1 npejicraBieHbl
OCHOBHBIE OCOOEHHOCTH KOJIOB 9THUX JABYX TUIIOB. CyIlecTByeT MHOYKECTBO Pa3/Iny-
HBIX UHIYCTPHAJIBHBIX KOJIOB, KaK OTKPBITBIX, TaK I KOMMEPUYECKUX, JIJI PA3HBIX
IpeJIMETHBIX 00JjIacTell, OHM, KaK MPAaBIJIO, NpeJIHA3HAUEHbI JIJId PElIeHNs] MHO-
»KeCTBa BapUaHTOB OJIHOMN 3aJ1adu, 9TOObI BRIOpATh ONTUMAJILHLIN. HaydHbie mim
HCCJIeJIOBATEIbCKIE KOIbI JOJIXKHBI OTBeUYaTh HEKOTOPBIM TPEOOBAHUSAM, OTJINY-
HBIM OT TpebOBaHUI, TPEIbIBIAEMbIX K HHYCTPUAIBLHBIM KojlaM. Kak 1mpaBuJio,
HCCJIEIOBATEILCKIE KOJIbI JJOJYKHBI ObITH O0J1ee THOKIUMM, OHU ITO3BOJISIIOT IIPOBO-
JINTh PacdeThl C Pa3JINIHBIMU MOJIEISIME, TUIIAMU AIITPOKCUMAIIN, INC/TI€HHBIME
MeTOJ/IaMU 1 00eCIIeINBAIOT JOCTATOTHO IIPOCTOI C110cob alanTalini Kojia K HOBbIM
BapuaHTaM.

Kox MARPLE [3] 6bu1 paspaboran Kak uccieoBaTesbekuil Koj. [lepsona-
JaJIbHO OH OBLI IIpeJHa3HAuYeH JIJIsi MOJEJMPOBAHIS IIPOIECCOB, BO3HUKAIOIIUX B
SKCIIepUMeHTaX C BBLICOKOIIJIOTHON MMIIYJILCHOI IIJIA3MOIl; €ro COKpallleHHOe Ha-
sBanue npoucxonut or «Magnetically accelerated radiative plasma explorers. 3a
I'0JIbI UCII0JIB30BAHMS KO/ OH IIPEBPATHIICS B YHUBEPCAJIbHBII KOJI, KOTOPBIIT MOXK-
HO NPUMEHSITh K Pa3/JMIHBIM 3ajadaM Pas/IMIHbIX [IPEeJIMETHBIX objacTeil. Ko
COJIEPYKUT MHOXKECTBO CTPYKTYP JAHHBIX M aJTOPUTMOB, HE3aBUCUMBIX OT IIPEJI-
MeTHOIT 00J1acTI, HAIIPUMED CUCTEMY PADOTHI C HECTPYKTYPUPOBAHHBIMI CETKAMI.
Ob6paboTKa HECTPYKTYPUPOBAHHBIX CETOK — HETPUBHAJILHAA 3aJlada, OCOOCHHO B
caydae pacupejeserroro koja. B koje MARPLE 0w pazpaboranbl CTPYKTY P
JIAHHBIX JIJIs1 XpaHeHUsI HECTPYKTYPUPOBAHHBIX CETOK, KOTOPBIE IIO3BOJIAIOT JIETKO
obpabaTbiBaTh Takme ceTku. Taxkmm obpaszom, Ha cerogasamunii jeab MARPLE
peJcTaB/IsgeT co0ON BBIYNCIUTE/IBHYIO IIAT(OPMY, MO3BOJIAIONLYIO ITPOBOIUTDH
MHOI'OLIEJIEBbIE YMCJIEHHbIE SKCIIEPUMEHTHI.

Ko ucroib3oBasicst st peleHus 3a/1a9, BOSHUKAIONUX B CJIE/YIONINX ITPe/I-
METHBIX 00JIaCTSIX:

e puU3MKa IJIa3MbI BHICOKOI IJIOTHOCTH SHEPTUN, MTHYH;
® KAIMJUIAPHBIN pPa3ps;

e acrpodusnKa (MojeIMPOBAHNE IBOJIIONMN HEHTPOHHBIX 3BE3/1);



® MEXaHUKa TBEPAOI'O TeEJla, BJINAHNE CUJILHBIX ITOTOKOB S9HEPI'MM Ha KOHICHCH-
POBaHHOE BEIIECTBO.

Tabaruua 1
CpaBHeHHE HCCJIeJOBATEILCKIUX W NHIYCTPUAJIbHBIX KOJIOB
NuaycrpuajibHbie KOIbI NccienoBaresibckue Ko bl
[lesin: MaccoBble BHIYUCICHUS B [esn: yHUKAJIbHBIE PACUEThl B
CTEPEOTUITHBLIX NHXKEHEPHBIX 3a/ladax, | PasHooOpas3HbIX HAYUHBIX 3a/a4aX,
CBSI3QHHBIX C XOPOIIO U3YIeHHOI OTHOCSIIIIUXCsT K MAJIOU3Y YeHHOi
IIpeIMETHOI 00JIaCThIO IIpeJIMETHON 00/1aCTU, UCC/IeI0BAHMSI
MO/IeJIel, MeTOJIOB 1 aJITOPUTMOB,
YHCIeHHBIE SKCIIEPUMEHTEI
B nocranoBkax 3aja4 B OCHOBHOM MoryT pazjandyaTrbcsi Kak HadajbHbIE
MOT'YT BapbUpPOBATHCSI HAYAJIbHBIE U | U TPAHUIHBIE YCJIOBUSI, TAK U MOJIEJIH,
I'PaHIIHbIE YCJIOBUSI METO/Ibl ¥ aJIrOPUTMBbI
O61mune TpedboBaHMST: HAJIEAKHOCTD, O6mne TpeboBaHms: HOBU3HA,
HaJIMYIKEe TOAPOOHON JOKYMEHTAIINH, | OTKPBITOCTDH, THOKOCTH, BO3SMOXKHOCTD
TeXHUYIECKAsT 110JJIEPIKKa HCC/IeIOBAHIST U Pa3pabOTKU
MoJieJiell, MeTOJ/IOB U aJI'OPUTMOB
Mcrosib3yroTest TOJbKO N3BECTHDIE, MoryT ObITH UCIIOJIBL30BAHBI JIFOOBIE
IIPOBEPEHHBIE 1 AIIPOONPOBAHHBIE MOJIEJIH, METOJIbI U AJITOPUTMBbI
MOJIEJIH, METOJIbI U AJITOPUTMbI
OrpomHbIe 00bEeMBI KOJ1a, OOJIbIINIE Hebosbimme mim cpejinne 00beMbI
KOMaH/IbI PO ECCOHABHBIX KOJ1a, HEOOJIBbIITIE UIN CPEJIHIE
pa3spabOTINKOB I'PYIIILI Pa3pabOTINKOB
1 Mogenan

B koge MARPLE cioxuocts paccmaTpuBaeMoii pu3ndeckoit 3a1a91n 1 HAJIIINIe
pas3InuHbIX Pu3nIecKnxX 3P@PEKTOB YUNTHIBACTCA B paMKaxX HNPUHIINAIIA CYyMMap-
HOI1 alllIPOKCUMAIINHI, NN PACIIeIIeHHsI 110 IpyinamM gpusndeckKux mpoieccon. Cu-
cTeMa yYpaBHEHU

ou
5 = Flu+ Fhu+ -+ -+ Fyu,
rie Fy, ..., Fy — oneparopsl (00b19HO judbepeHnnabHbie), OMUChIBAOIIIEe (b

3UYECKUE ITPOIECChl PA3JIMIHON HPUPOIbI, MOYKET OBITh pellleHa KaK

U —u . Uy — Uy NoA [ 1
17‘ - = Fi(u, i), f:]ﬁ(uhw): e 7:}—N(UN—1au)v



rie J; — JUCKpeTHbI aHastor (ammpokenmarust ) ornepatopa F;. Taxoit momxo/1 mos-
BOJIsIET HE3aBUCUMO PACCMATPUBATH PA3/JIMIHbIE TPYIIILI IPOIECCOB U IPUMEHATD
K KaxkJI0il I'pylIie IIpoleccoB HanboJiee MOXOASIIII YNCJIeHHBIIT MeTO/I (HBHBH”A
VI HESIBHBIN U T. J1.).

Kox MARPLE npeanasnaden st MOJEIHPOBAHNSI B TPEXMEPHBIX 00JIACTSIX
CJIOZKHOI TeoMeTpHYecKoil (popMbI Ha HEPEryJIsiPHBIX CeTKaX, B TOM Yucje 0JI0Y-
HBIX, COCTOSIINX M3 3JEMEHTOB Pa3/IMdIHbIX TUIIOB. PaccMaTpuBaloTcss Tpexmep-
HbIE 3JIEMEHTBI, TOIOJOTMYECKH SKBUBAJIEHTHBIC TapaJslieelnuIery, TeTpasipy,
TPEYTOJILHOI ITPU3Me 1 YeThIPeXyTroabHONI NUpaMuIe; TPaHl 3TUX JIEMEHTOB MO-
I'yT ObITh HEIJIOCKUMU. JIByMepHBIE 9JIEMEHTHI CBOJASTCS K TPEYTOJIbHBIM U YeThI-
PEXyTOJIbHBIM.

Ilajiee mpuBejieHbl OCHOBHBIE (PU3MYECKUE MOJIEN, PeaJn30BaHHbIE B IIPO-
rpammuoM KoMminiekce MARPLE.

1.1 OgHoxkuakocTHasi AByxrTemieparypHasga MIJl moaesn
ANHAMUKN TIJIA3MBbI

B xone MARPLE peanuzoana monens MII, koTopasi arrpodupoBaHa BO MHO-
I'IX UCCJIETOBAHUSAX OBLICTPOMPOTEKAIONINX TEeUEHU MIa3Mbl, BOZHUKAIONIX IO/
JefCTBIEM HHTEHCHBHOTO SHEPrOBKJIAJIa BHEITHENO NCTOTHNKA (I1a3Ma B KOPOT-
KOUMITYJIECHOM 9JIEKTPUIECKOM paspsi/ie, JIa3epHO TeHepupyeMasi Ia3Ma i T. J.).
Mojiesib yauThIBaeT BO3MOXKHBINM OTPBIB TEMIIEPATYP MOHHOM U 9JIEKTPOHHOI KOM-
noHeHT rmra3mMbl. COOTBETCTBYIOINIAs CHCTEMa ypaBHEHH B (popMe 3aKOHOB COXPar-
nennst (cMm. [4-6] u ap.) umeer pujl

0
1
Y (pw) =0, )
sz + Z sz e = pwywy + Poy, — L BBy, — 132% (2)
ot 47 2 ’
0 1, B 1, 1
-l - - - P)w+—B B
e <p5+2pw +87T)+Vq 0, q <p<€+2pw + >W+47r x(w x B),
5 (3)
gie + V(peew) + P.Vw = 0, (4)
%B V x (w x B) =0, (5)
1, 1=k

51/c={0, 14k, (6)
e=¢+e, P=PF+ P, P =PFlpe) P.=PF.pee). (7)

131ech u nasee HCIIOJIB3YeTCs TayCcCcoBa CUCTEMA €INHUII.



1.2 Mogenb qudpdy3un 3JeKTpOMariuiTHOTO MOJIs

Pacuer nuddy3un 371eKTpoMarinTHOIO [0JIST BBIIOJIHSAETCS ¢ YIeTOM BO3MOXKHOI
AQHI30TPOIINN 3JIEKTPOIIPOBOIHOCTU, 00YCJIOBJIEHHON BJAUSHAEM MArHUTHOIO II0JI.
CoorsercTByiomias Teopust 6eper cBoe Hadasto B [4,5] u mociemyonx paborax.
OcHoBHast cucTeMa ypaBHEHUI (MIPH YCJIOBUN MTPEHEOPEXKEHUsST TOKOM CMEIeHNS )
IMeeT BT

4
rotB =, j=4E, (8)
C
1 OB
2 otE
i rot E, 9)
E=dl I (10)
o oL

1.3 Moeinp TenjgoBoro 6aJjiaHca IJjia3Mbl

VpasHenus daJjianca 3HePrUd 3JIeKTPOHHON 1 MOHHOI KOMIIOHEHT IIJIa3Mbl COCTAB-
JICHBI C YYETOM aHN30TPOINHN 3JIKTPOHHOI TEIIOIPOBOIHOCTH B MATHUTHOM IIOJIE,
3JICKTPOH-HOHHOIO 0OMEHa 3Heprueil, JzKoysesa HarpeBa U TeIIo00MeHa M3J1yde-
rueM. Cucrema ypaBHeHuit sueprobasanca |4,5] 6epercs B hopme

d(pee s
(g;: ) = div(k. grad T,) + Q¢ + Q7 + Qr, (11)
d(pe; .
(gf ) _ div(k; grad T}) — Ous. (12)
DJIeKTPOH-NOHHBIIT 00MEH SHepruu 3ammucal B popme
Qei - /‘fei(cri - Te)a (13)

Kei(p, Te) — KO3 puiimeHT peakcau.
JI>koyJieB Harpes Oepercs B hopme
«
Ji o j?
Q=L 4L (14)
0'” (o}

[Tosmast cucrema ypasuenuit MIJI, srmowaomas (1)-(5), (8)-(10) n (11)-(12),
3aMBIKACTCSl YPABHEHUSIMI COCTOSTHIST BUJIA

ce=¢cc(p,10), ei=c¢i(p,T;). (15)



1.3.1 Moageau paJualiiiOHHOIO TeILJIOOOMeHa

MmuororpynnoBasi cneKTpaJibHass MoAesib. /lannas mojenb pazpadboTana B
COOTBETCTBUN ¢ pekoMeHialusivu |7]. Bech uccieyeMbplil uamna3on 4actor pas-
ouBaetrcd na M crekTpaabHbIX TpyHi: v =0 < vy < ... < vy < ..o < vy < Q.
YpaBHeHue 1mepeHoca, JydIrCcTOl SHEPIUH PelaeTcst /s KaKa0i rpyiibl. B pac-
"eTax BHYTPH KasK/0il IPYIIIBI HCIO/B3YIoTCs cpejane snadenus kT kf u J (k¥
n k% — KosddummenTs noromenns, yepeHennbe no 1lnanky u Poccenanty
COOTBETCTBEHHO, J — U3jydaTe/ibHasi CIIOCOOHOCTH, 3aBUCSIIIE OT TEMIIEPATYPBI
¥ IJIOTHOCTHU CpeJibl 1 9Heprun (boToHa). VIHTerpaibHble 3HAYEHHsT ICTOTHNKA ()R
B ypaBHEHUU OaJjlaHCa SHEPIUU PACCUUTHIBAIOTCS IIyTEM CyMMUPOBAHUS 110 BCEM
CrieKTpasibHBIM Ipytinam. OHOrpYIIIoBast anmpoKCHMaIlis (MOJIeTh CEPOTo Belre-
crBa) — yepeanenne kU, kf u J Bpmosmserca 1o seemy ciexTpy [8).

HInddysnonnas moaesrb nmepeHoca usaydeHnsa. (OCHOBHOI MOJIE/BIO JIy-
qucToro reroodMena, peanunzoBanHoit B MARPLE, sasisiercss mojens anddy-
30N U3JIyUYeHnsd B MHOTOTPYIIIIOBOM TI0 CIIEKTPY Ipubmkennn. B muddysnontnom
npubsmkennu [7,9] ypaBHeHne GajiaHca JIydnCTON SHEPIUN B M3JTy9aIONIel U 110~
IJIOIIAIONIEH cpejie nMeeT BU/T

c
— div —— grad U + k"cU = k"cJ, 16
U — nyornocts Jyuncroit sueprun, W = —zZ grad U — noTok J1yamcroii suep-

I'UU.
['panndHoOe ycjioBue s HOPMAJIBHOTO MMOTOKA HA BHEIIHeH rpaHulle (BbIXO/
W3JIyIeHNsT) TPUHIMAETCST B BUJIE

_SICLR (gradU -n) = v (17)

W, =
n — BEKTOp HOPMaJIH K IT'panntie. Bo3MoKHa TaKKe MMOCTAHOBKA I'PAHMIHBIX YCJIO-
BUIl C 33/JTaHHBIM ITOTOKOM BXOJMIIECTO U3JIYyYCHUS.
Boipazkenue /1 MOTJIONIEHHON TIIa3MOi SHEPTUN W3y IeHUs NMEeET B/

Qr=divW =c (k" J - k"U) . (18)

Monenb JydYucToii TEeIJIONPOBOJIHOCTH B OIITUYECKHN TOJICTBIX CpejaX.
B ciaydyae onTmyeckn IJIOTHON Cpejbl, HaXOJSIIeiicss B COCTOSHUN JIOKAJHHOIO
TEPMOJIMHAMUYECKOTO PABHOBECHUsI, MOXKHO HCIIOJIb30BaTh MOJE/b JIYUUCTONH Tell-
JIOITPOBOJHOCTH, B KOTOpOﬁ IIOTOK .HyLH/ICTOﬁ QHEPI'UU BbIPpAZKACTCA CJICAYIOIINM
obpazoM:

o 16O-SBT63

\%\%
3kF

rad T, Qr = divW. (19)
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O6beMHbBbIE MOTEPH SHEPTUM 32 CUET TOPMO3HOTO N3JIydeHnusi. OxjaxKie-
HUE TJIA3MbI 33 CIeT 00bEMHBIX [OTepPh SHEPIHUU OIMIChIBaeTCs (hopmyiamit |9

Qr=—1.764- 106\/TeneniZ2 [105 ,ZL}K/(CM3 - MKC)], (20)
P P
L= .= — T . 21

DTa MOJIEIb XOPOIIO OMKUCHIBACT CUTYAIUIO B CJIydae ONTUICCKH TOHKOW CPEJIbI.

1.4 JIsyx:kujgkoctHass MI'J/I mojesib JUHAMUKNT I1J1a3Mbl

B 3ajauax acTpodu3uKu, CBsI3aHHBIX, HAIIPUMED, ¢ U3YYeHUEeM B3auMOJIeHCTBHSI
raJJaKTHIeCKOI'0 Ia3a ¢ OCTaTKAMU CBEPXHOBBIX, 3BE3IHBIMHI BeTpaMM U T. JI., BO3-
HUKaeT HEOOXOIMMOCTD Pa3/1ebHOI0 aHAJIN3a, JIBUYKEHIS NOHI30BAHHO YaCTU ra-
3a 1 ero HefdTpaabHOI KOMIOHEHTHI. Moie/ib MAarHUTHON THAPOMHAMUKY, PeaJii-
sopannasg B MARPLE s pemennst rakux 3a/1a4, BKJIIOYaeT CJIEAYIONYIO CHCTE-
my ypasaenwuit [10, 11], comepzaliyto jiBe rpymiibl ypaBHEHHUH THIPOJANHAMUAKI —
FOHOB 1 HeHTpasioB. JInHaMiuKa MOHHON KOMIIOHEHTHI (0D03HATAETCST HHICKCOM (V)
OIMCBIBACTCS CJIEAYIONeil cucTeMoil ypaBHeHUII:

Pa = MaNy, (22)
atpa + 8i(pawa,i) =0, (23)
B? 1
8t(pozwa,i) + aj PaWa,iWe,j + (Sij Da + 8_7'(' - EBZB] - Ra,@,ia (24)
B? 1

8tEa + az wa,i Ea + p + 8_7'(' — E(WB)BZ - Qaﬂ + QR + Qheata (25)
atBi + @(ijZ — ijz) =0 (26)

2 2

paw, B

Ea — Paca o

PaCa t 5 + e
Qr = —A(T)n.ng — papnarnuonnbie norepn, Queat = A(1))Neon o — MOJOTPEB

okpyzxatorero dona, A(T) — QyHKIMS OXJIaXKICHUS, N, Ny — KOHIEHTPAIINS
9JIEKTPOHOB U sijiep Bojtoposia, A(Ty) — mobaBka ¢ HArPEBOM, KOTOPasi He0OX0 1~
Ma, 4T00bI (POHOBasI IIa3Ma (OKpYyzKalollas Cpejia ¢ IapaMeTpaMi TeMIepaTyphbl
T, KOHIIEHTPAIUSIMU 3JIEKTPOHOB U BOJOPOJA Nep, T po) OCTABAIACH HEU3MEHHOI,
1 Rop — cnmta TpeHnsi Mekry JKUAKOCTSIMH, OOYCJIOBJICHHAS CTOJTKHOBEHUSIMIL.
OyHKIUIO OXJIAXKICHUA JIJIs YACTHYHO MOHU30BAHHOIN CpeJIbl CIIOKHOIO COCTABA
11e71eCO000PA3HO UCIIOIB30BATh TabuvIHy0 (HampuMep, Kak B [12]), koropas coot-
BETCTBYET PABHOBECHOI IIazMe ¢ COJHEYHONH METAJIMIHOCTBIO, WU IPEIBapU-
TeJILHO PACCUMTAHHYIO COOCTBEHHYIO (DYHKIIMIO OXJIAXKICHUSA C HCIOJIb30BAHIEM
JTAHHBIX JIJI PAIAIIIOHHBIX 1TpotieccoB [13)].
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Cucrema ypaBHEHUi, ONNCHIBAIOIIAS IBOJIONUIO HEATPaIbLHON KOMIIOHEHTHI,
nMeeT CJeYIONNIl BUI;

pp = mpng, (27)
Orps + O0i(psws,i) = 0, (28)
A (pswp;i) + 0; (pswpiws j + 6ijpg) = Rapi, (29)
OrEs + 0; (ws ;i [Ep + p]) = Qag, (30)
2
PEW
Eg = pgep + Tﬂ

1.4.1 CroaKHOBeHHSI MeXK/y KOMIIOHEHTaMM

OHeprus M HUMILYJIbC HEPEJAIOTCA MeKJIy KOMIIOHEHTAMU CPEeJbl HOCPEJCTBOM
CTOJIKHOBUTEJILHBIX IpoleccoB. [ljs pacdyera XapaKTepHOI'O BPEMEHU CTOJIKHO-
BEHUSI Tog IPUHIMAETCS IIOCTOSIHHOE CedeHne B3anmMogeiicrsus o [12,14]:

T, 8 = ) (31)
o (KTa/ma)'?
CcnuJjia TpeHI/IH MOKeT 6bITb 3alliCaHa KaK
ma,m
Rog = ———(Wa — Wp). (32)
Taf
[lepetaga sHEPrUn B 3TOM CJIydae BbIparKaeTcs CJACIYIONUM 00pa30oM:
M Na mg
-~ 3 kp(T, —T3) =y —2  (w., —w3)R.5. (33
Qap zﬁ:ma+mgTa5 (T —Tp) %:ma+mﬁ( o= Ws)Ras. (33)

YUuUTBIBaETCS HATPeB, BhI3BAHHLIN cuioil Tperns R, 910 HeoOXo1mMo i1t coO.TIo-
JleHns DasiaHca SHEPIrun.

1.5 Moaeap TeueHnsS MHOIOKOMIIOHEHTHOM ITJIa3Mbl

[Ipungarass MoueIb ONUCHLIBACT AMHAMEKY Ta30BOH MM Ta30ILIa3MEHHON Cpellb,
cocrosimeit n3 N KOMIIOHEHT (HAIIPUMEp, CMeCH pa3/IndHbIX BetecTs. CMecn Tep-
MOJIMHAMUYIECKN TOXKIECTBEHHBIX KOMIIOHEHT TaKKe PacCMATPUBAIOTCS C IIE/IbIO
MapKUPOBKU YaCTH BEIIECTBA MPU U3YUYeHUU CTPYKTYPbl Tedenus). JlanHas Mo-
JieJIb MOZKeT IIPUMEHSIThCA Kak B 3aJadax rugpoguaamuku u MI'/I, Tak u B 3aja-
Jax MexaHuKH jiechopMupyeMoro Teeporo reja (pasmgen 1.6). CooTHomennst jijist
KOMIIOHEHT UMEIOT B

N N

Zan =1, an =Py Pn = Qpp. (34)

n=1 n=1
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st KaxK0if KOMIIOHEHTHI PEeIaeTcs OTJ/Ie/IbHOEe ypaBHEHNE Hepa3pbIBHOCTH,
HO ypaBHEHUs WMITY/IbCA U SHEPTUH ABJAIOTCA OOmmMMU 718 Beeil cpebl. Mewk-
Iy KOMITIOHEHTAMH CYIIECTBYeT MeXaHW4ieckoe (W, = W) U TepMOITHAMUIIECKOe
(T,, = T) pasuosecue. Vcrosnb3yercss MOJIe/b B3aUMOIIPOHUKAIONINX KOHTHHY-
YMOB, COTJIACHO KOTOPOIl B JIIOOOM MaKPOCKOIIMYECKOM O0beMe BCe KOMIIOHEH-
ThI IPUCYTCTBYIOT B COOTHOIIEHUH, OIIPEJIE/ISIEMOM MAaCCOBBIMU KOHIIEHTPAIUSAMU,
KayK/Jlasd U3 KOMIIOHEHT 3all0JTHsAeT 00beM, COBEPIIEHHO He TOJIBeprasich BJIUSAHUIO
JIDYTUX KOMITOHEHT B TOM K€ 00'beMe.

N
P(Qla"'aaNava):an(pnaT)a (35)
n=1
N
e(on, ... an,p,T) =Y onenl(pn, T). (36)
n=1

[Ipu BBITTO/THEHNT pacIeTOB MO MOJIEIN NOHIM30BAHHON CPEJIbI JIJIA CPEITHEro 3a-
psijia MOHOB, KOS MUIIMEHTOB 3JIEKTPOHHOI U MOHHOI TEIJIONPOBOHOCTU 1 3JICK-
TPOIPOBOJIHOCTH, & TaKKe ONTUYECKUX CBOWCTB IIa3Mbl (ycpejHeHHble 1m0 Poc-
cenany u [lnanky K03 GUIMEHTHI TOJIONEHNsS U U3/IydaTebHasi ClIOCOOHOCTD )
UCIIOJIb3YIOTCsl UX BbIpayKeHUs 4epe3 COOTBETCTBYIONINE 3HAUYEHUSI IapaMeTpOB
OTJICJIbHBIX KOMIIOHEHT CMECU U UX KOHICHTPAIUN (.

Cpeiaunit 3apsiji ONPeJIessIeTCs CIeIYIONIM 00Pa30M:

7= o~z [ 37
=274 /ZA_ &)

[Ipu uzBecTHOM cpegHeM 3apsijie KO3(PMOUIMEHTHI TEIIONPOBOJIHOCTH U 3JIEKTPO-
IIPOBOJIHOCTH B ILJIa3Me paccUnThIBaroTCs 1o dpopmyaam Cruriepa u 3akony Bu-
nemana — @pania.

Onruueckne cBOMCTBa CMECH PACCUNTBHIBAIOTCs 110 (DOPMYJIaM

N
F=% (3%)
n=1
rie F' — s1o k¥, kT u J coorBercrBeHHo.

1.6 Monaenp gedpopMupyeMoro TBEpAOrO TeJa

1.6.1 MaremaTudeckasa MoOAeJib TUIPOANHAMUIECKNX
1 YIPYTOIIACTUYECKNX BOJIHOBBIX HPOIIECCOB

Ucxonnas cucreMa ypaBHEHUil, OMUCHIBAIONIASA TepMOMeXaHndecKne 3(peKkThl B
00bEKTE, MOJBEPTAIOIIEMCs BO3/IEHiCTBII0 MHTEHCHBHOTO MMOTOKA YHEPIuu (JacTu-
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I[bl, MTOHU3UPYIOTIee M3/TyIeHIe ), OCHOBAHA Ha MOJIEJISIX MEXaHUKHU CILIOMIHO cpe-
npl. [lonmHas cucreMa ypaBHEHNI BKIIOUAET YPABHEHUS U ONPEIE/ISIONINe COOTHO-
mennst (KuHeMaTn4deckue, pu3ndeckne), OlMUChIBAIOIIIEe THIPOra30nHAMIKY HC-
napsieMoro marepuaJia, yipyrue, IaacTudecKue BOJIHDBI, BA3KOILJIACTUYECKUE Jle-
dopMmalun 1 paspylieHrue B TBEPJIOM OCTaTKe MUIIeHU. InHaMIdecKue mpoIecchl
B MaTepuaJie 00beKTa B IIMPOKOM JUAITA30HE ITapaMEeTPOB COCTOSHUSA MOJETUPY-
I0TCsl B IPUOJINKEHUN JIOKAJIbHOI'O TePMOINHaAMUIeCKOro papHoBecusi. [1pu ormca-
HUU COCTOAHUS CPebI IIPU JOCTATOYHO BBICOKOI CKOPOCTHU U3MEHEHUSI €€ CTPYKTY-
PBI JIOIyCKAaeTCs yIeT HePaBHOBECHOCTHU IPU (Pa30BBIX IIepexogax W IIPU U3Me-
HEHIN arperaTHoro COCTOSTHUST MaTepuasa [15]. YpaBHeHus JUHAMUKHI CILIOIITHOf
CpeJibl 3allChIBAIOTCs B BHUJE OCHOBHBIX 3aKOHOB coxpaHeHusi. B cooTBeTcTBHE C
N3JI0ZKEHHBIM BBIIIE B 00JIACTU HUCIIAPSEMOro MaTepuaJia pacuer IPOu3BOIUTCS Ha
OCHOBE ypaBHEHUl ra3oJMHAMIYCCKON MOJICJIN:

0 0 0
= = PW; — 1L, = 0; I, = pw; Poi;
at,0+V(,0W) 0; 7P +Zk: 9, ik 0 K = pwywy + Py (39)

0 1 1

pm (ps+2pw) + Vq = 0; q= (ps+§pw2+P) w; P = P(p,e).
(40)

Cucrema ypaBHeHUiT, UCIIOJIb3yeMast JIJisl pacueTa BOJTHOBBIX MPOIECCOB B Jedop-

MIDYEMOM TBEPJIOM TeJIe, COOTBETCTBYET MOJIE/N YIPYTOMIACTHIECKIX J1ehopMa-

LAIA:

dp

1T 7 41
% + pV,w; (41)
8w2~
P ot =F; + Vjaij; (42)
oF ,
Py = Cuii Vigi; (43)
¢ = —x(p, T)ViT; (44)
1
éij = § (Vlw] + ijz) ; (45)
8D0i' : . ap
ot . + ZG)\DUZ] =2G <6ij 3 ot (S ) — 3aK (T — TO) 5”, (46)
p=ppT); (47)
Oij = —Vip + Dm'j‘lf + ((377 — 2,&) 8(523 + 2#823) \Il; (48)
3
\ = : :(p). 4
ZO'TO-jg ) ( 9)
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> > C.
\II:{O7_>E_LS|O-Z]_O-’ (51)

1,—- F < Lg & 0¢j<00.

JlaBienne paccauThIBAeTCs Ha OCHOBE IMHMPOKOINANA30HHBIX YPaBHEHUIT COCTOS-
Husi. PacdeT BOJTHOBBIX IIPOIECCOB B TBEPJIOM BEIECTBE MOYKHO ITPOBOJIUTH U B
npubIZKEeHIN OApOTPOITHON CPeIbl; B 3TOM CJIydae YpaBHEHUE COCTOSTHUSA TTPIHI-
MaeTcd B aHAJIUTUYECKOM BHJIE.

1.6.2 Kpurepuu pa3pyiieHust

Kpurepuii MakcuMaJIbHOTO HalpsizKeHusi. Kpurepnii MakKcuMaJIbHOTO Ha-
HPSIZKEHIS PACCUNTHIBACTCsI KaK MaKCUMaJIbHOE OTHOIIeHNEe (PAKTUIECKUX Hallpsi-
JKeHUit K NpeJie/IbHBIM HaIIPSzKeHUsIM, Olpe/ie/IeHHbIM B CUCTeMe KOOPIMHAT Ma-
TepuaJsia cjiod. KpurepuajibHas QYHKIUS TPOYHOCTH 3AITUCHIBACTCS B BU/IE

’J 11
X
KBaaparuunbtii kputepuiit Muzeca — Xuaa. g momenupoBannusg pas-
PYyIIEHNIS KOMIIO3UIIMOHHBIX MAaTEPUAJIOB UCIIOJIb3YeTCsI KBAIPaTUIHbIN KPUTEPHil:

022

<1. (52)

)

033 ‘012 ‘013 023>

max

F(O’22 — 0'33)2 -+ G(O’H — O’33>2 + H(O’QQ — 0'11)2 —+ 2LO’§3 —+ 2MO’§1 —+ QNO'%Q <1;

(53)
1 1 1 11 1 1 1 1
F=- + + ; G== + + ,
2 (‘722)2 (033)2 (Ufl)z 2 (Uﬁ)z (033)2 (022)2
(54)
1 1 1 1 1 1 1
H B § 2 c \2 ¢ \2 ! = c 2; M - c\2’ N - c )2
(022) (011) (033) 2(723) 2(731) 2(712)
(55)

Kpurepnit pazpymieausa Tysnepa — Byrtdepa. B KoMmosuTHbIX MaTepua-
JlaX paspyllenne Ipu JOCTHKEHIN MAaKCUMaJbHOTO HAPAKEHUT MOXKET NpUBe-
CTH K pa3pbIBy IpHU 0oJiee HU3KNUX HalpsKeHusx. [Iporecc paspyienns ¢ Bm-
sSHUEeM BPEMEHHOIO apaMeTpa WHTEPIPETUPYeTcd KaK NHTErPaJbHbBIN, KOTOPBIil
3a/1a€TCs B ONPEJICIEHHOM CTPYKTYPHO-BPEMEHHOM Jnanas3one. /s onpeaeaenms
MIPOYHOCTU KOMIIO3UITMOHHBIX MATEPUAJIOB UCIOIB3YIOT NHTErPAJILHBIN KpUTepuii
paspymenns Tynepa — byTtdaepa:

D= | (op— o (t))dt. (56)
/f
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31ech o (1) — HalpsiKeHne pa3pyIieHnst, oy — MaKCUMAJIbHOE [JIABHOE HATIPsIZKe-
HUe, \ — IIOCTOsIHHAasI MaTepuaJa, ¢ — BpeMsl, KOrja IIPOUCXOIUT paspylleHue,
D — npyrag matepuaJjbHas MIOCTOSHHAs, Ha3bIBaeMas MHTETPAJIOM pa3pyIIeHns.

1.7 Marepuaabible ypaBHEHUS

JlJ1s1 3aMbIKaHUST CUCTEMBI YpaBHEHIT HEOOXOIMMO JT00aBUTH HEKOTOPBIE BhIparKe-
HUsT JIJIsT TIApAMETPOB CBOICTB BelecTBa (ypaBHEeHUe COCTOsHUsI, KODPUIINEHTb
mepeHoca U T. J.). B Kojie MOXKHO HCIOJIB30BATh PA3JIMIHBIE TUITBI MATEPHAJIb-
HbIX ypaBHeHuit. Hanpumep, B HEKOTOPBIX pacderax HCIOJIb30BaINCH IITHPOKOIH-
anasoHHble ypasHenust cocrosinusi (YPC) Bemectsa, k03D hUIMEHTH IepeHoca 1
onruydeckue cpoficrBa. [laBieHust u yjaeabHbIe SHEPTUN OTJIEIbHBIX KOMIIOHEHTOB
IJIa3MBbl, & TAKyKe CPEJIHIIT 3apsi)i HIOHOB B 3aBUCUMOCTH OT IJIOTHOCTHU U TeMIIepa~
TYPhI OIPEJIETISIOTC HA OCHOBE KBAHTOBO-CTATUCTHIECKON MOJIE/IN, ONUCAHHOI B
krure [8] (mogens Xaprpu — Poka — Ciierepa jjist cpeiHero atoMa, 0000IeHHas
mogiesib Tomaca — ®epmu). [laHHbBIE 10 YPABHEHUSIM COCTOSTHUST M OTNTHIECKIM
CBOJICTBAM BeIeCTBa IIPEIBAPUTEIHLHO PACCINTHIBAIOTCS C TIOMOIIBIO IIPOIPAMMbI
THERMOS [16] u ucriosib3ytorest B pacderax B Bujie Tab/Iuil JaHHBIX. SIBHbBIE (hOp-
MYJIBI JIJIST pacdeTa KHHETHICCKUX KOI(MMDUIMEHTOB, ONPEIC/ISIONIINX BbIPayKeHUsT
JJIsT JTUCCUTIATUBHBIX TedeHuil, npusejiensl B [17].

2 Metoapl

B xoge MARPLE peanmnsoBasbl BEITHCINTEIBHBIE TEXHOJIOTHN Ha OCHOBE OJIOUHO-
CTPYKTYPHUPOBAHHBIX U HECTPYKTYPUPOBAHHBIX CETOK, COCTOSIINUX U3 TETPadpu-
YeCKUX, MeKCa3IpUIEeCKUX, IPU3MaTUIECKNX 3JeMEHTOB U X KoMmOuHarmii. /s
BBIIIOJIHEHUSI PACYETOB C yUETOM CUMMETPUN 334l IIPEJYCMOTPEHbI IIePUOIie-
CKI€ U CUMMETPUYHBIC TPAHIIHbIE YCJIOBUSI.

Perienne 1o/1HO# cucTeMbl BBIIIOJIHIETCSI 110 CXeMe pacllellIeHus 110 (pu3n-
yeckuM I1poreccam. OCHOBHBIE TIOJXO/IbI K IOCTPOEHUIO UHC/IEHHBIX aJIrOPUTMOB,
peaymzoBanubix B Koge MARPLE, ommcansr Hmke.

2.1 Wneanbaas MI']

s monenupoBanng njaeaJbHoit apyxremieparypnoit MI'/I ncoss3yercsa asrast
JByXdTaIHast (IPeIUKTOP — KOPPEKTOP) PAa3HOCTHAsI CXeMa Ha HeCTPYKTYPHPO-
BaHHBIX CeTKaxX. JTa CXeMa UMeeT BTOPOil MOPSIIOK allllPOKCHMAIIMN KakK 110 I1PO-
CTPAHCTBEHHBIM KOOpJIMHATaM, TaK 1 110 Bpemenu. TVD-ammpokcumaliust 10BbI-
IIEHHOI'0 TOPAIKa OCHOBaHAa Ha JIOKAJbHON MPOCTPAHCTBEHHON DPEKOHCTPYKIINH
peIlieHnsI 10 ero 3HadeHnsIM B IeHTpax staeek ceTku [18|. B kadecTBe OCHOBBI
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JIJISl BBIYUCJ/IEHUS TTIOTOKOB 3HAYEHUIT 110 3JIeMEHTaM CeTKHM UCIIOJIb3yeTCsl BApUAHT
MO IUITUPOBAHHOI 0jIHOMEPHOI cxembl Jlakca — @pujipuxca.

2.1.1 KycouyHo-napaboJmdecKnuii MeTos

Xots kog MARPLE B ocHoBHOM paboTaer ¢ HECTPYKTYPUPOBAHHBIMEI CETKAMII,
B pamkax MARPLE ycremno Tectupyiorcss u HpUMEHSIIOTCST HEKOTOPbIE MOJIe-
Ji, pabOTAIOIIIE C TPAIUIMOHHBIMU (i, 7, k)-CTPYKTYpHPOBAHHBIMHI ceTKaMi. Ha-
[IpUMep, peajin30BaH KyCOTHO-TTapadoJInIecKuil MeTo 1 Jijisi ypaBHeHuil Ditiepa u
uneaabnoit M.

YpaBHenug ditaepa AMCKPETU3UPYIOTCS B MPOCTPAHCTBE U BPEMEHH C MTOMO-
MIBIO CXEMBI TOJAYHOBCKOT'O THIIA, U CXEMBI MPETUKTOP — KOppekTop. Kycouno-
napaboTMIecKnii MeTOJT UCTIOJIB3YETCS /1T WHTEPIOJIATNNA BeJIMYNH U3 1IEHTPOB
sd4yeeK Ha WX TPaHU C TOCJIEYIONNUM pelieHneM 3ajiadn Pumana o pacrajie pas-
poiBa. B kome peasmsosanbr Metonsl Roe, HLL, HLLC u HLLD [19-21].

2.2 IuccumnartuBHBbIE IIPOIIECCHI

AnnpokcuMarnuu Ha OCHOBE Pa3pbIBHOTO MeTojia ['ajiepKuHa UCIHOJIb3YIOTC JIJIs
yPaBHEHWIT B 9aCTHDBIX MPOU3BO/IHLIX BTOPOTO MOPS/IKa ¢ TIepeMeHHbIM Ko DuIm-
eHTOM B TeH30pHOiT (opme [22|. DTu cxembl 06/1a/1a10T CBOHCTBOM KOHCEPBATUB-
HOCTH (AIITPOKCUMUPYIOT OaJIaHC SHEPTUH B PACUETHON 00JIACTH B COOTBETCTBUN
¢ BBIOpaHHOI (hOPMOIT AIIIPOKCHMATINI [TOTOKOB) U COXPAHSIIOT CBOHCTBO CaMOCO-
NPS2KEHHOCTH, MPUCYIIee NCXOIHOMY JuddepeHInaIbHOMY OlepaTopy.

2.2.1 uddy3usas MarHuTHOIO I10JIs

Pemaerca ypasnenne

OB 2
5 = —Z— rot 6 rot B. (57)
T

J1J1s1 MHTerpupoBaHusI 110 BpeMEeHHU HCII0JIb3YeTCsi aDCOIIOTHO YCTONIMBasT CXe-
Mma Kpanka — HukoJsicon, obecrieanBaroiiiasi BTOpoiil mopsiiok ToaHocTu. st an-
IIPOKCHMAIINH OlepaTopa rot &1 rot B ncrosnbsyerca paspbIBHLIT MeTos asep-
KHHA.

st obecriedennsi CKBO3HOT'O cueTa B 00JIACTSIX € MaJIOif IJIOTHOCTHIO B ypaB-
HeHue Audy3un MArHUTHOI'O 01T BBOASITCSI CTAOMIN3aTOPHI.

1) UckycCcTBEeHHBINH TOK CMEIeHHsI:

4. «a OE
rotB=—j+ ——. 58
PEREPRET (58)
31ech a > 1 — mojadopounblit KoaddumenT, 3 MEeKTUBHO CHUXKAIOIIII CKOPOCTD

pacrpocTpaHeHns 3JIEKTPOMArHUTHON BOJIHBI B 00JIACTU PA3PEXKEHHOM IIJIa3MBbl.
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«Q T
Kosdpdunuent a eibupaercst uz yenosus & < 1, rjae T' — XapakTepHoe Bpems

zajaun, L — XapaKTepHbIil pasMep pacueTHON 00JIacTu.
2) lunepbosmsalius ypasaerus 1 dy3un mMyTeM BBEJIEHIsT BTOPOH TTPOU3-
BOJHOII 110 BpEMEHU € MAJILIM IIapaMeTPOM W:

2 2
0B 0°B . C ~—1
- tw—o5 = —-—rotg rotB. (59)
ot ot 4m
Koaddurment w BuiOMpaeTcs n3 ycaoBus w < % (h — MUHUMAJIBHBIT XapaKTep-
HbIi JINHEHBIN pasMep sideiiku pacderHoii ceTku). [ljist pacdera ucrosb3yercs
TPEXCJIoiiHas dBHAS PA3HOCTHAs CXeMa MHTEIPUPOBAHUS 110 BPEMEHHU C OrpaHuve-
HUEM Ha IIar 1o BpeMeHH

3/2
W h
At <,/—h=—. (60)
o N
Jlyist obecriedenns cojieHomIaIbHOCTH MarauTHOro mojist div B = 0, koropast
MOYKET HAPYIIATHCA U3-3a YUCIEHHOI MOrPeriHOCTH, MPOU3BOJANUTCS KaJIUOPOBKA
MarHUTHOT'O TI0JIs1 [IyTeM pellieHust ypaBHenusi [lyaccoHa jijisi MArHUTHOTO MOTEH-

nuaJa @
B* =gradp +rot A; div(grady) —divB*=0; B =B"—grady. (61)

31ecb B* — pe3yibrar 4nc/IeHHOro pelieHus ypaBHeHud Juddy3un MarHuTHOIO

nosist, B — oTka/nmbpoBanHOe perieHue.

i

o + o1’
[TorygeHHbIe 3HAUEHUS MCIIOJIB3YIOTCS JI/Isi pacdyeTa JKOoyJieBa HarpeBa U aHa-

JIN3a TJIOTHOCTH SJIEKTPUYECKOI0 TOKA M HAIPSAZKEHHOCTH SJIEKTPUYECKOTO TOJIA.

[Io Beraucisemomy nomo B Boruucigiores j = ~rot B u E =

2.2.2 TenjomrpoBOJHOCTb N 3JEKTPOH-UOHHBIIA OOMEH dHeprumn

st nHTErpupoBaHus 110 BPEMEHHU HCIIOJIb3YeTCsI HesiBHASI CXeMa, & JIJIsl AllllPOK-
cumarun oneparopa < divkgradl > — npoeknmonnas cxema. Ha sTom mrare
paciierieHust pUKCUPYeTcs: p U 3a/1aeTcst

Oe oe OT

oo ot (62)

JIJIs1 HOHOB 1 9J1eKTpoHoB. Terioemkocts Cy = g—é PACCUNTHIBACTCS AHAJIUTIICCKI
nin 1o tabsmram Y PC s 3Hadennit T u p ¢ IpeabLIyINero ¢Jjiosi BO BpeMeHH,
K03 MUIUEHT TEMIONPOBOJAHOCTH (¢ yU4eTOM HAMATHUYEHHOCTH ) U KOI(DDUIHEHT
peJlakcalun Ke; 0epyT U3 TOIO K€ CJIOsI.



18

2.3 TpaccupoBka Jiydeii 1o ceTKe

AJIropuTMbI, OCHOBaHHBIE HA TPACCHPOBKE JIyUeil IO PACUeTHOI ceTKe, B IIPIHITI-
e TI03BOJISIIOT YHUCJIEHHO pellaTh ypaBHeHHUe MepeHoca U3JIydeHUs OTHOCUTEBLHO
HalpaBJeHus Kazkjoro jyda. OCHOBHBIE 334, JIJId PElIeHUs] KOTOPhIX IIPUMe-
HUMa TaKas MeTOJuKa, CJe/lyIolIue:

e 110cTOOPAbOTKA PE3YJILTATOB PACUYETOB JIJIsT UX MPSIMOTO CPABHEHUS C SKCIIe-
pUMEHTaJIbHBIMUI JTaHHbIME. Hanpumep, unciennas Mojie/ b KAaMEPbI-00CKYPbI
JaeT JUCJIEHHBIe 0OCKYPOI'PaAMMbI, KOTOPbIE MOXKHO JIETKO CPaBHUTH C TIOJIY-
YEeHHBIMU B 9KCIIEPUMEHTE;

e MOJIeJINpOBaHe HarpeBa BeIeCTBa JIA3ePHBIMU UMITYJIbCAMUA B IKCIEepUMEeH-
Tax € JIA3epPHO MJIa3MOIi;

e MOJICTMPOBAHIE PaJINAIMOHHOIO TEIJI000MEHa B IJIa3Me. PerieHue 3a1a4uu J1y-
YGUCTOrO TeIIOOOMEHA € MCIOJIb30BAHNEM TPACCHPOBKU JIydeil (Tak Ha3blBae-
MBIl METOJT JITTMHHBIX XapaKTEePUCTHK ) TPeOyeT OrPOMHBIX 00bEMOB BBIUUC/IE-
HUIT 1 IPpaKTUYeCK HUKOT/1a He BBIIOJHAETCS B TPEXMEPHOM MOJIE/IMPOBAHNH,
OJIHAKO paHee TaKOH MeTOJI yCIENIHO NMPUMEHSICA K JIBYMEPHBIM 3a/IadaM.

3ajiaua TPaACCUPOBKU JIydeil MO0 HECTPYKTYPUPOBAHHOIN CETKE OCJIOMKHSIETCS
3HAYNTETHHON BEPOSITHOCTHIO BBIPOK/IEHHBIX CJIyYaeB, KOTJIA JIyd ITPOXOIUT HETO-
CPEJICTBEHHO 4epe3 pebpo min y3es (Win OueHb OJM3KO K HUM, MBI HE MOYKEM
Pa3IUIUTD STH CIy9al U3-3 ONPAHUIEHHON TOYHOCTH HAIINX BBIYUCICHNUIT). D1
BBIPOXKJICHHBIE CJIyYal, ecii X He oOpadaThiBaTh MPAaBUJILHO, MOTYT IPUBECTH
K TIoTepe JIMOO MHOTOKPATHOMY YUeTy OTpe3Ka Jiyda, 9TO MPUBOJINUT K Cephe3HO
OImOKe B pe3y/IbTaTax TaKoro MoJieTupoBanns. pyras cJIoKHOCTH cBs3aHa ¢ a-
paJLIeTbHBIM pelllenneM BCell 3a/1aun U pacipejieleHueM BhIUYUC/IUTETLHON CeTKN
10 TIPOTECcCOpaM — JIyd MOKET MPOXOJINTH Yepe3 pa3Hble YacTU CEeTKU, BBIXOINTH
1 CHOBa BXOJIUTH B YaCTh, M B IeJIOM pacupejiesieHne BbIUYNC/IUTETbHON HArPY3KN
MeK/JTy TIPOTeCCOPaMU CTAHOBUTCS HEPABHOMEDHBIM.

B xome MARPLE peasmm3oBan MeTos TpacCUpOBKHU Jiydeil, OCHOBaHHBII Ha
apudMeTrKe panuoHaJbHbIX duces |23, 24|. Apudmeruka parmuoHaIbHBIX YHCET
|25| mpuBOUT K HECKOJIBLKO GoJiee 3aTpaTHOMY IO CPABHEHUIO ¢ TPAUIIHOHHOI
aprMeTUKOI d1ceI ¢ IaBaoleil Toukoi aaroputMmy. OQHaKO 9TOT HOIXO0/T 1103~
BOJISIET TOYHO PEININTH NeOMETPUIECKYIO 3a/Iady IepecedeHns Jiyda ¢ 9JeMEeHTOM
CETKHU, B Pe3yJIbTaTe 9ero BCe BHIPOXKJICHHBIE C/TyYal CTAHOBATCS abCOIOTHO pas-
JIMIIMBIMU.

2.4 TeyeHusg MHOIOKOMIIOHEHTHBIX CMeceil

Ham neobxommnmo nepecunThiBATL TEMIIEPATYPY CMECH KayK bl pa3 Mpu n3MeHe-
HUU ee SHepruu €, JaBjeHns P Wjn KOHIIEHTPAIIH.
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[Ipu samanubix p, € remueparypa T = T(aq, ..., an, p,€) MOXKeT ObITH Haii-
JleHa 13 pelieHns: ypaBHeHus

N
€= Z ap en (ap, p, T). (63)
n=1

YpaBHeHHUe perraeTcs METOIOM JIeJIeHUs OTPe3Ka TOoIojaM, B KadecTBe Ha-
JaJIbHOTO OTpe3Ka bepercs

in T’ ; T : 4
T (@) s T (0| (64)
[Tocsie sToro nasienne P = P(ay, ..., ay, p,€) HAXOAUTCS IO (DOPMYIIe
N
P(ay,...,an,p,T) = > Py (o, p, T). (65)
n=1
Anajiornuno 1pu 3ajgannbix p u P oremneparypa T = T(aq, ..., an, p, P)

HaXOooUTCA U3 YpaBHCHNMA

N
P = an (an Pn; T) (66)

n=1

YpaBHeHne TakzKe perraeTcsd MeTOJIOM JieJIeHUsT OTpe3Ka IOIoJaM ¢ Hada lb-
HbIM OTPE3KOM

P P
in T — |; T — .
LL%?N (% b N) = Y (%, p N>] (67
[Tocste aToro ynenbHast BHyTpeHHsst sueprus € = (ay, . . ., ay, p, P) #axomur-
cd 110 gpopmyJie
N
e(ag,...,an,p,T) :Zanen (anp, T). (68)
n=1

2.5 Mogeabr MexaHnuKn aedpOpMHAPYEMOT'0 TBEPAOTO TeJia

Perenne ypaBHeHuit M1 IpOINHAMUKI / yIIPYTOITACTUIHOCTH 110 BCeli 00JIaCTH HC-
[IAPEHHOT'0 U HEUCIIAPEHHOI'0 MaTepuaJia BbIIOJJHIETCS 110 SIBHbIM Pa3HOCTHBIM
cXeMaM B 3aBUCUMOCTHU OT IIPeJ/IBAPUTEBHO OIPEJIeIEHHOTO arperaTHoro CocTo-
sSHUg BemecTBa. [l 9TOro B pacdeT BBOJAUTCS ClElUaIbHas MapaMeTpU3aIius
110 CJIeYIONEMY aJrOPUTMY: €C/IN SHEPTHUS B paccMaTpUBaeMoil o0jacTu obpasia
MeHbBIIIe SHEPTUN CyOJIMMAIINN 1 HATTPSIZKEHUS He MPEBBIIAIOT Ipejiesia MPOIHOCTH,



20

TO 00J1aCTH OTHOCHUTCSI K TBEPJIOMY TeJTy. ¥ paBHEHIE UMITYJIbCa, JJIsT HEUCTIapUBITIEe-
rocs MarTepuaJja YIUThIBACT MOJIHbBII TEH30D HAIPSXKEHUs 0, a JJIsi NCIIapEeHHOIO
MaTeprasia — TOJBKO ero cdepnieckyio dactb S = o — D.

Pacder razoamHaMuyecKnxX BOJIH B MCIAPEHHOM MaTepuase W JUHAMIICCKIX
IIPOIIECCOB B YIIPYTOILIACTUYECKOM 00JIacTH BBIIIOJIHEH Ha, OCHOBE PA3HOCTHOII cxe-
MBI BBICOKOI'O TIOPSIJKA, IIOCTPOEHHOI Ha 0011eil HeCTPYKTYPUPOBAHHOM CeTKE ITy-
TeM MojuduKannn n3BecTHoOil cxembl Jlakca — @pujpuxca. MaTErpupoBaHue 1o
BPEMEHH OCYIIECTBJISETCS 110 CXeMe IPEIUKTOD — KOPPEKTOP. DTOT METOJI NMeeT
JIOCTATOYHBII yPOBEHb pa3pelieHnsd BOJHOBBIX CTPYKTYP B IIPOCTPAHCTBE U Bpe-
MEHHU TP YMEPEHHBIX 3aTpaTax BbIUYUCIUTEIbHBIX PECYPCOB.

Paspaborannas MeTOJIMKa ITO3BOJISIET MOJIEINPOBATL ITPOIECCHI B3anMOJIei-
CTBUSI TIPSIMOIT 1 OTPayKeHHOI BOJIH, a TaK»Ke KOPPEKTHO YIUThIBATh PA3HOI0 POJIA
I'paHUYHbBIE YCJIOBUS M KOHTaKTHBIE Pa3pbIBbl. [Ipu ncmoib30BaHnl COOTBETCTBY-
IOMMIX MoJie/ieil 1 KPUTEPHUEB Pa3pyIIeHUs METOINKAa IMO3BOJIAET MOJIE/JINPOBATD
paspylieHne MaTepuaJa, a TakzKe BOJTHOBOI OTKJIMK OT Pa3pyIIeHHbIX 00JacTeill.

3 HecrpyKrypupoBaHHBIE CETKH
1 UX HapaJuiejbHas 00padoTKa

Kax mpaBmio, pacieTnble 001aCTH B MHTEPECYIONINX HAC TTOCTAHOBKAX 33,189 MMe-
I0T CPABHUTEIHHO CJIOYKHYIO T€OMETPUIO, 1 MOT'YT BOBHUKHYTH TPYIHOCTH IIPU JINC-
KPETU3AINK TUX 00JIacTeil MPOCTHIMU CTPYKTYPUPOBAHHBIMU PACYCTHBIMU CET-
KaM#. boJiee TOTO, B HEKOTOPBIX 3a/ladax U YUCJIECHHBIX METOJIMKaX HEeOoOXO/IMMa
aJlaliTalisl CeTKU K 0CcoOeHHOCTsIM penieHust. CyInecTBYIOT pa3HbIe MOIXOJbI K
podJIeMe IUCKPETH3AINN BEITUCTUTETbHBIX 00IacTell, M KaxK/Iblil N3 HIX BKJIIO-
dqaeT B cebsl CBOM THUII CETKU U TEXHUKY CO3jaHus u obpaboTku cerku [26], cm.
puc. 1.

B kone MARPLE Ob11a BoiOpaHa TeXHOJIOTHsST HECTPYKTYPUPOBAHHBIX CETOK
(puc. 16), mOTOMY 9TO 9TO OY€Hb MHOKHU{T METO/T, KOTOPBIii TO3BOJISAET JIETKO aIall-
TUPOBATh CETKY K I'€OMETPUN pacdeTHOil 00JacTu U K pelrennto. bojiee mpocThie
CEeTOYHBIE METO/bI, HAIIPUMEDP TOT, UTO Ha PUC. 1@, MOXKHO pacCMaTpPUBATh KaK
JaCTHBIE CIydal HeCTPYKTYPUPOBAHHBIX CeTOK. MeTo/nKa He BKIIOYAeT CJIydail
puc. 16, Ho orpannyenue, 3aK/I109aI01Ieecsd B TOM, UTO 9JIEMEHTHI CETKN MOTYT Tie-
PECEKAThCsT TOJIBKO 10 WX 00Ieil rpatu (KoH@opMHOCms CETKHI), MOXKET OBbITh
BayKHBIM JIJI HEKOTOPBIX alllpOKCUMAIil ypaBHEHUl, HAIIPUMEpP KOHEUYHO3JIe-
MEHTHBIX. Pa3BuTne CTpyKTYp JAHHBIX JIJIsd MMOJJIEP:KKN cjiydasd puc. 16 mpoBo-
JINTCsA, HO NPHU 3TOM HYKHBI CIIeIUaJbHBIE TOIX0AbI K BO3ZHUKAIOIMIMM 3a/adaM
AIMTPOKCUMAINN YPaBHEHU 1 OpraHn3aliii MapaJlieTbHbIX BHIUYNC/IEHNIT.

TeopeTnvieckn HECTPYKTYPUPOBAHHAS CETKa MOXKET OBITH OIpejieieHa Kak no-
AUIIPANLHBLT KOMNACKE, KOTOPBIN TIpejicTaBiisieT coboit HabOp 9JIeMEHTOB CeTKU
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HECIIOJIHBIC TYCHKHU

rpaHuIa /—i\\\k\ ‘H,-T_

P i )
(/ D :+ %71
\ 7 N g
_/
~—" ~

Puc. 1: Pasyinaubie THIIBI PACYETHBIX CETOK: ¢ — TPSIMOYTOJIbHAS (C HEMOJIHBIMMI
staeffkaMIl 10 T'PaHuIe); 6 — BOCbMEPUYHOE JIEPEBO (C BO3MOKHOCTHIO aJIallTaIiii
K TPaHUIE U OCOOEHHOCTSIM PEIeHHsT ); 6 — HECTPYKTYPUPOBaHHAsT (TIOTHPAITH-
HBIH KOMILJIEKC).

pas3Hoii pasmepHocTu (T. e. y3/10B, pebep, rpaHeil u si1eeK), B KOTOPOM Iepecede-
HUE KazKJIbIX J[BYX 9JIEMEHTOB CeTKHU (eC/IN He IyCTO) TaK¥Ke ABJIAETCS JIEMEHTOM
KoMILiekca. Oluncanye KOMILIEKCA MOXKET OLITh IIOCTPOEHO Ha OCHOBE OTHOIIE-
HU{l UHIIEHTHOCTH (JBa 9JIEMEHTa CeTKH WHIIUJEHTHbI JIPYT JIPYTY, eCJU OJIMH
U3 HUX $BJISIETCs IpaHuiieil japyroro). st TpexmepHoii cerku nmeercs: 12 coor-
HOIICHUI MHIUJICHTHOCTH MEZKJLy JIeMeHTaMH Pa3HbIX pasMepHOCTel, HO He Bee
OHM HE3aBUCUMBI: OJIHM OTHOILICHUSI MOI'YT ObITh BLIPAyKeHbI uepes apyrue. Eciu
0003Ha4UTL 4Yepe3 In,,, oTHONIeHNe MHIMJICHTHOCTH MEZKJLy 3JIEMEHTAME CeTKIH
pasmepHocteit n u m (Hampumep, Ingg(c) gaeT MHOXKECTBO Y3JI0B, SIBJISIOTIIXCST
BEePIIHHAME ST9efKU €), TO MOXKHO HAIHCATH

Ing,,, = Ing, o Iny
JUTst JII00OTO | MeXKJIly m U m, U
~1
Ing,, =In_, .

Taxum obpaszoM, Jijist 00PadOTKN HECTPYKTYPUPOBAHHON CETKH B IIPOrpaMMe HeoO-
XOJIIMO XPaHUTD JOCTATOIHBIIT HAOOD OTHOIMIEHN T HHITNAEHTHOCTH (1M KOODIMHATHI
y3710B). B aToM ciiyuae Jjist JaHHOTO 3JIEMEHTA CeTKU MOYKHO HAfiTu BCE ero co-
CeJTHUE JIEMEHTHI.

st ©osee ynoOHOIT pabOThI ¢ HECTPYKTYPUPOBAHHOI CETKOIl cJieyeT pac-
CMaTpPUBATH OTHONIEHUs] MHITUJIEHTHOCTH MEXK/IY JIBYMsl COCEJTHUMU Pa3MepPHOCTSI-
MI KaK opuexrmuposarmvie oTHorernsi. Hanpumep, Kaxkjgoe pedpo nMeeT j1Ba MH-
IUJIEHTHBIX Y3JIa, U OJINH U3 HUX MHTEPIIPETHPYEeTCs KaK Hadaslo, JPyroi — Kak
KoHerl. B TakoMm ciydae napa (pebpo, y3es) BXOAUT B OTHOIIEHNE WHIMICHTHO-
cru Inyg wim Ingy ¢ gonostHUTEIBHBIM aTpHOyTOM (3HAKOM) ‘+ J17Ts1 Havdas a u ‘—’
st kouta. [lapa (rpanb, pebpo) BxoauT B orHoIimerne Ingy nin Injy co 3HaKOM,
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3aBUCAIINM OT TOTO, COBIIAJIAET JIU eCTeCTBEHHOE HAllpaBjieHie pedpa (0T ero Ha-
Jajia K KOHILY) C HarpaBJieHneM o0xojia KoHTypa rpanu. [lapa (siueiika, rpanb)
HAXOJIUTCSI B OTHOIIEHUsIX Ings 11 Inogg co 3HAKOM, 3aBUCSIIIIIM OT TOTO, IIPUMBIKAET
JIN sideiika K I'PaHU ¢ TOW CTOPOHBI, KOTOPasi OlpeIesIsieTcsl IPaBuIioM OypaBUnKa
[IPU 3aJaHHOM HaIlpaBJIeHNN 00X0/1a KOHTYpa I'PaHI.

Korja ceTka nCIob3yeTcst JiIs allllpOKCUMAaIUN YPaBHEHU 1 pereHnst KaKoii-
JIn00 3aJ1adn, HeOOXOUMO XPaHUTh (PU3MUECKNe 3HAUEHUs, CBsI3aHHbIE C 3JIeMEeH-
TaM# CeTKU (y3/JaMu WK sT9eifikaMil B 3aBUCHMOCTH OT BBIOPAHHOI JHCKPETH3a~
nun). B npusImie, MoXKHO peicTaBuTh cebe TPU Pa3JIMIHBIX CII0C0OA COXPAHEHNU S
COOTBETCTBUST MEZKJIy SJIEMEHTAMU CETKN U 3HAYCHUSIMU (ATpUOyTaMu):

e aTpHOYTHI XPAHSITCA BHYTPU CTPYKTYPhI (HarpuMep, kjiacca C+ ), omuchbiBa-
tomieit jaeMeHT ceTku. Kom4uecTBO u TUIIBI PU3MIECKIX aTPUOYTOB 3aBUCST
OT CUCTE€Mbl YPABHEHUIl U YUCJIEHHOI'O aJI'OPUTMa, IO9TOMY CTPYKTYpa Xpa-
HEHUsI 9JIEMEHTa, CeTKN CTAHOBUTCS 3aBUCUMOiT T cosiBepa. OTaeuTh reoMeT-
pudeckue JaHHbIE OT (PU3MIECKIX HEBO3MOYXKHO;

® KaK B IIPEAbIAYIIEM IIYHKTE, HO BHYTPU CTPYKTYPHI 3JIEMEHTa CETKU €CTh CIIe-
[IMAJIbHBIA KOHTEilHep, KOTOPbLI MOZKET COJiepzKaThb IIPOU3BOJILHOE KOJIMYe-
CTBO aTpuOyTOB pa3/MYIHbIX THIIOB. [IpUHIUINAIBHBIM HEJ0CTATKOM SIBJISI-
eTCs TO, YTO JIOCTYI K 9TUM aTpuOyTaMm TpeOyeT MpoIe yphl IOUCKA B 9TOM
KOHTeitHepe B J11000e BpeMsl, KOrjia HeoOXOIM aTpUuOyT, CBI3aHHBII ¢ JlaHHbIM
SJIeMeHTOM ceTKu. MeK 1y TeM JOoCTyIl K aTpuOyTaM sBJIsIeTCsl KPUTUUIECKOM
olepaliueit;

e aTpuOyTHl XpaHSATCS OTJCIbHO OT CETKHU, HAIlpuMep, B MacCHUBe aTpuOyTOB
(IIpu yeJI0BUE, YTO 9JIEMEHTBI CeTKH [TPOHYMEPOBAHbI ). DTO Hanbo/Iee pacipo-
CTpaHEHHBI CII0COO XpaHeHUsl aTPpUOYTOB, HO OH MMEeT U NPUHIUINAIbHbII
HEJIOCTATOK: COOTBETCTBUE MEKTY 9JIEMEHTOM CETKU U aTPUOYTOM HE YCTAaHOB-
JIEHO »KECTKO M OCHOBAHO Ha IPEJIIOJIOKEHNH, YTO HOMePa 3JIEMEHTOB CETKU
IIOCTOSHHBI.

OTHOIIEHN MHINJIEHTHOCTH TaKKe MOXKHO PAacCMATPUBATDL KaK aTpPUOYTHI
9JIEMEHTOB CETKH (TOUYHEe, CIHCOK HHIUJICHTHBIX 3JIEMEHTOB DPaCcCMaTPUBACTCS
KaK aTpUOyT 9JIEMEHTA CeTKH), U eCTeCTBEHHO MPUMEHSTH Te JKe MOJIXO/IbI.

B kogme MARPLE 06b11 BoiOpan mocsegauii mMoaxol K XpaHEHHI0 aTpudOyTOB
(n bunapubix orTHOIIeHHUit). Ho, MOCKOJIbKY ceTOYHbIE CTPYKTYDBI paspabaThiBa-
JICH JIJIsT IMHAMUYIECKN M3MEHSIOMNXCsT CeTOK (KOTOPbIe MOTYT HCIIOJIb30BAThH-
csl B COJIBEpax € JIMHAMUYECKON ajialTalieil ceTokK, a TakyKe B IporpaMMax Jijis
reHepaliy 1 PeJaKTHPOBAHMS CETOK ), OBLIN pa3pabOTaHbl CIEIIAIbHBIE KJIACCHI
C++ st MaccuBoB aTpudyTOB. EcTecTBeHHBIM 00pa30M BOZHUKAECT IOHATUE NPO-
HYMEPOBAHH020 MHOJCECMEa (PEATI30BAHHOIO B BIJIE Kjacca “setnumbers”; cm.
puc. 4), HAPUMED, MHOXKECTBO 3JIEMEHTOB CETKH OJJHOTO M3MEDEHUs SIBJISETCSI
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IIPOHYMEPOBAHHBIM MHOXKECTBOM. KaxKJblii MaccuB aTpuOyTOB CBS3aH C IPOHY-
MEPOBAHHBIM MHOXKECTBOM, B KOTOPOM XPaHUTCA CIUCOK BCEX MACCHUBOB aTpHOY-
TOB, CBSI3aHHBIX C 9TUM IPOHYMEPOBaHHBIM MHOXKECTBOM. Tak, ecjii B IPOHYMe-
POBAHHOM MHOXKECTBE MTPOMCXOIUT KaKOe-TN00 N3MeHeHe, HAIIPUMED, HEKOTOPhIE
9JIEMEHTBI CeTKU YJIAJSIIOTCsI, 8 HEKOTOPhIE JIPYTrue JIEMEHTbl MEHSIIOT CBOM HOME-
pa, 9ToObI COXPaHUTH CKBO3HYIO HYMepalliio, TO COOTBETCTBYIONINE N3MEHEHUs BO
BCEX MACCHBaX aTPHOYTOB BBITOIHSIIOTCS aBTOMATHIECKN. A NMEHHO, N3MEHSIETCS
pasMep MacChuBa, a aTpPUOYTHI, COOTBETCTBYIONINE SJIEMEHTAM € U3MEHSIOMIMUCS
HOMEpPaMU, TTepeMeNaioTcsd Ha HOBBIE MTO3UINN B MaCCHUBE.

B sToM cirydae OuHapHbIE OTHOIIEHUS €CTECTBEHHO PacCMaTpUBATh KaK OTHO-
IIeHUsT MEXKJIy JIBYyMsl IIPOHYMepOBaHHbIMI MHOXKecTBaMmu. CrennajibHble CTPYK-
TYypbl JIAHHBIX JIJI XpaHEHUsl OMHAPHBIX OTHOIIEHUI, KaK U B CIydae MacCHBa
aTpuOyTOB, aBTOMATUYECKHU IIPOM3BOASAT BCE HEOOXOAMMbIE M3MEHEHUsl IIPU U3-
MEHEHUN OJHOI'0 M3 HyMepOBaHHBIX HaOOpoB. PakTUUecKn OMHAPHOE OTHOIIEHHE
MOYKHO PacCMaTpUBaTh KaK MacCHB CIIUCKOB COOTBETCTBYIONMINX 3JIEMEHTOB, & O1-
HapHbIE OTHOIIEHUsI YI00HO XPAHUTh B BUJIE MACCHBOB CIIMCKOB.

Jlis1 mpejicTaBiieHnsT HECTPYKTYPUPOBAHHONW CeTKN (MOJTM9IPATBHOTNO KOM-
mwiekca, kiaace ‘OrGeomplex0<3>" cMm. puc. 4) HEOOXOJAUMO XPAHUTH MACCHB KO-
OpPJIMHAT y3JI0B U HEKOTOPbIE€ OTHOIIEHUsT MHIUIeHTHOCTH. C TOYKHU 3PEHUs T10JIb-
30BaTe/IsI HEBayKHO, KAKUe OTHOIIEHUs] MHIIMJIEHTHOCTH XpaHdATcs. Taxkum obpa-
30M, I10JIb30BaTEJILCKNIT nHTepdelic K HeCTPYKTYPUPOBAHHOI ceTKe IojpasyMe-
BaeT OIEPAINN 3aIIpoca; JJIst 33JIAHHOTO JIeMeHTa (UJIi IPYIIIBL 3JIEMEHTOB) pas-
MEPHOCTU 7 MOJIyIUTh BCe HHIIUJIEHTHBIE 3JIeMeHThl pa3dMepHocTn m. He umeer
3HAYCHNA, XPAHUTCS JIN OTHOIIEHNE MHITUJIEHTHOCTH 1N,y ; MHOXKECTBO 9JIEMEHTOB
MOKET OBITH BBLIYHCJICHO Yepe3 APyrue OTHOIICHUsT UHITMIEHTHOCTH.

Bce coBpemeHHBIE COJIBEPBI, OCOOEHHO TPeXMepHbIe, 00PadaThIBAIOT CETKU U
CETOYHBIE BEJIMUNHBI PACIpeeeHHBIM 00Pa30M, TTOITOMY CETKa MOJIPa3 e/ IdeTCsA
Ha Psij JacTeil, KoTopble XPaHATCA U 00pabaThIBAIOTCS PA3HBIMU IIPOIECCOPAMU
(MM TTPOTIECCOPHBIMIE ST/IPAMU, KOMAHIHBIMI OTOKAMU 1 T. J1.). Ilpu sTom jgaxke
He IIPeJIIoJIaraeTcsi, YTo BCsI CeTKa MOYKET YMECTHTbCs B AMSITH OJHOIO IIPOIEeC-
copa. IIpu perenun 3aj1a4m NponN3BOIATCS MEXKITPOIIECCOPHBIE OOMEHBI JIaHHBIMI
JJist 00pabOTKU JIAHHBIX 00 JIeMEeHTaX CeTKH, OJIM3KUX K IpaHuiaM dacreil (Mo-
nesib iporpavMmuposannst MPI). Haubosiee paciipocrpaneHHbBIIT METOT OCHOBaH Ha
HCIIOJIb30BAHUN (PUKTUBHBIX 3JIEMEHTOB CeTKH, PUC. 2. OUKTUBHBII 3J1eMEHT CeT-
KII TIPEJICTABJIACT PeaJIbHbIIl 3JIEMEeHT CeTKU, IMPUCYTCTBYIONINIT B IPYTroil 4acTu
ceTkn. Pusmueckue JaHHbIC, COOTBETCTBYIOIINE TAKOMY 3JIEMEHTY, MOI'YT ObITb
IOJIYYeHbI Yepe3 MexKIIPOLeCCOPHbIe OOMEHBI, II0C/Ie Yero BbIUNC/IEHHISI B 3JIeMeH-
TaxX CEeTKN BOJIM3U I'PAHUIL YacTeil CeTKU MOTYT BBIIOJHATHCS PEryJsdpHO, KakK U
BO BCEX OCTAJLHBIX JIEMEHTAX.

TexnoJiornto (UKTUBHBIX 9JIEMEHTOB MOXKHO UCIIOJIB30BATh U JJIs 3324 C IIe-
PUOANMYECKIMU I'PAHMYHBIME ycjaoBusiMi. Kcanm pacderHasd o0JacTb U 3ajada B
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Puc. 2: ®parmMenT HeCTpYKTYPUPOBAHHON CETKU U IMAOJIOH AIIIPOKCUMAIIT Y314
(a), Tor xKe dparMeHT CeTKH Tocae pasbUeHns CeTKU MexKy mporeccamu (6),
n06aBIeHbl (DPUKTUBHDLIE JIEMEHTBI CETKHU, 1 Iab/I0Hbl BCEX PEAJbHBIX Y3JI0B 3a-
OJTHEHBI (6).

IeJIOM WHBAPUAHTHBI OTHOCUTE/IHLHO HEKOTOPOT'o Tpeobpa3oBaHus MPOCTPAHCTBA
(0OBIYHO TepeHoca, MOBOPOTA WM 3ePKAILHON CHMMETPHUE), TO 3TO MO3BOJIAET
perraTh 3a/1a9y TOJbKO B YaCTU pacueTHON 00/1acTh, HAIIPUMED, Ha OJTHOM ITePUO-
ne. B aTom citydae pUKTUBHBIE 9JIEMEHTBI CETKU SIBISIOTCS 00pa3aMu HEKOTOPHIX
peaIbHBIX 3JIEMEHTOB B COOTBETCTBYIONIEM TTPEOOPA30BAHUN CUMMETPUN, CM. PU-
CYHOK 3.

<1

O
V

Puc. 3: Ilpumep ucroib3oBannsi (pUKTUBHBIX 9JIEMEHTOB CETKH JIJIA MEPUOJIITIe-
ckoil 3ajgaun. IlocraHoBKa 3ajlaun MHBapUAHTHA OTHOCUTEILHO IapPaJLICIbHOIO
nepernoca 1, a HIZKHIOIO 1 BEPXHIOIO TPAHUIILI CJIEyeT PacCMaTpUBaTh KaK IepH-
oJInYecKue.

Taxum obpazom, ijis1 00PAbOTKH pacIpeieIeHHbIX CETOK C IePUOINIECKIMU
I'PAHUIIAME CTPYKTYPhI JAHHBIX CETKH JOJIZKHBI COAepzKaThb ONUCcaHusl (PUKTUB-
HBIX JIEMEHTOB CETKH M CPEJICTBA YCTAHOBJIEHUSI COOTBETCTBUS MEXKJIY KaXKJIbIM
(PUKTUBHBIM 3JIEMEHTOM U €ro peajibHbIM IpoobpasoM. Takasi pacipejeeHHast
ceTKa IpejicTaBieHa KiaaccoMm ‘Mesh3D”, puc. 4.
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4 IlporpammnHoe obecnedeHue

4.1 O630p apXUTEeKTyphI KOJIa

B coorBercTBUE C M3JI0XKEHHBIMHU BBIIIE HACSIMU U HPUHIUIIAMEI O00bEKTHO-OPH-
€HTUPOBAHHOI'O IIPOEKTUPOBAHUS KOJI ObLI Pa3/e/IeH Ha MOJIYJIN: aIllllPOKCUMAIINSI,
paboTa ¢ ceTKaMi, COJIBEPHI, I'PAHIIHbIE YCJIOBUSI 1 ypaBHEHUs cocTosiHust. Mepap-
X1s KJIACCOB B MOJIYJISIX, a TaKyKe CBSI3U MEK]ly HUMU IpeJicTaB/JIeHbl Ha puc. 4
(IoKa3aHbl TOJILKO HEOOXOJMMbIE KJIACCHI U CBSI3U, MOJLYJIN BbIJIEJIEHBI PAMKAMI).

e MARPLE Driver — ocHOBHOIT MO/1yJIb, KOTOPBIiT KOHTPOJIHPYET BECH IIPOIIECC
BBIUMCJIEHIIT, OTIIPaBJIsieT COOOIIEeHNs JPYTUM MOJLYJ/ISIM U He BBIIOJIHSAET HI-
KaKNX JIeficTBUil, TPeOYIONUX BHIYNCIUTEIbHBIX PECYPCOB.

e Main Solver BbIIOJTHSIET OTlepallui BEPXHETO YPOBHS ¢ (DPUBMIECKUME CYO10-
meramu (ympasisiembiMt MARPLE  Driver).

e PhysicalDomainSolver — cdusndeckuii coyiBep, BBITOJHAIONINN Onepalun Ha
ypoBHe busnydeckux 1ojiobJiacreii n yrpasiasgembiii MainSolver. Kaxiprit 06b-
exT PhysicalDomainSolver BbIoJIHSIET OIEpaIii HA OJHOM U TOJIBKO OJHOM
BBIUNC/IATE/ILHOM y3J1€ U B OJHOIl 1 TOJIbKO OJIHOI (pu3ndecKoM 110100J1aCTH.
Pusnyeckasi 110700/1aCTh, COOTBETCTBEHHO, HA3HAYAETCS KOHKPETHOMY O0b-
exTy PhysicalDomainSolver.

e ElementalSolver — cosiBepbl BBIIOJIHSAIOT BBIUNC/IEHUS JJIsI PEIIEeHUs] OIpe-
JIeJIEHHOI 1TOJICHCTeMbl YPaBHEHUI MJIM TOJILKO OJHOIO yYpaBHEHUS B COOTBET-
cTBYyIOIIEH pusndeckoil mojobsractu. Muorne oobexkTsl ElementalSolver obec-
[eUNBAIOT AIIIPOKCUMAIUIO [TOJIHOI CHCTEeMbl ypaBHEHUI, KOTOPYIO HEOOXO 11~
MO PEeIINTb B COOTBETCTBYIONIEl pusndecKoil 1m10100/1acTH, Ha OCHOBE ITPUHIIH-
1a cyMMapHOii anmnpokcumaln. Hampumep, ecii HeoOXOQUMO PEIINThb yYPaB-
HEHUsI TEIJIONPOBOIHOCTH, JI?KOYJIeBa HAIPeBa U MIePEHOCA U3JIydeHUs] B KOH-
KpeTHON (pu3ndecKoil 1mogodacTi, TO OJIMH SJIeMEHTApPHbBIN COJIBEP MOYKET
HCII0JIB30BATHCsI JIJIsT YUCJIEHHOTO PellleHusI YpaBHEeHs TeILIOIPOBOIHOCTH, a
JIDYTOil MOYKET peliaTh ocTaBIuecd JjBa. B 9ToMm mnpumepe JiBa 3jeMeHTap-
HBIX COJIBEpa 00eCIIeYNBAIOT CYMMAapPHYIO allllPOKCUMAINIO BCEX TPeX ypaBHe-
HUIT, OPeJIe/IeHHBIX B KOHKPETHOH dpusuueckoil mogodiactu. Kaxkiapiit 00b-
exT ElementalSolver BwimosiHsieT omepanny HaJi OJHUM U TOJBKO OJIHIM BbI-
YUCJUTEJIbHBIM Y3JIOM, OJHOI M TOJBKO OJHOI (pr3mdecKoil 1momod/1acThbio 1,
KpPOME TOI'0, peliaeT OJHO KOHKPETHOe ypaBHEHNE WU IIOMHOXKECTBO CUCTe-
Mbl YpaBHEHHIl. DJjieMeHTapHbIe COJIBEPHI IOJHOCTHIO KOHTPOJUPYIOTCS COJI-
Bepamu pusndecknx nojgodsacreii PhysicalDomainSolver, omucaHHbIX BbIIIIE.

e CroiicTna BenecTBa MatterProperties obecrieanBaroT yHUPUIIMPOBAHHBIH J10-
CTYII K YPABHEHUSIM COCTOSTHUS JIJIsT KayKI0i (pu3mdeckoil 1mo100,/1acTi.
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Puc. 4: Inarpamma xiraccoB UML: apxurektypa MARPLE.
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CTpyKTyphl JaHHBIX, ucrnojb3yeMmble B koje MARPLE, sasisiorces opuru-
HAJTbHBIMI, HO OHU TOJJIEPKUBAIOT (DYHKIINOHAJIHHOCTD, aHAJOTHIHYIO TeM, KO-
TOpBIE UCIHOJIBL3YIOTCA B JIPYTUX KOJIaX MEXaHWKN CILIONIHOM CpeJibl, TAKMX Kak

OpenFOAM, FlowVision, Ansys Fluent u T. 1.

4.2 IlapaJjejibHble BbIYACJIEHUS

Pacuer o mynbTudusndeckoit Mojiesn Tpedyer o0pabOTKN JeCATKOB (PU3NIECKIX
BEJIMYINH B KaxKJI0i svelike pacueTHON CeTKM Ha KarKJIOM BpeMeHHoM miare. J[is
MOJIEJINPOBAHNS TPEXMEPHBIX IPOIECCOB, YUUTHIBAIOIINX PeabHYI0 I'€OMETPHUIO
YCTPONCTB, 1 /MJIH MHOIOMACIITAOHBIX [IPOIECCOB TPEOYIOTCST CETKHU, COJIEPKAIIIe
OT MIJIJTMOHOB JIO COT€H MUJIJIMOHOB s4eeK. Perenne Taknux 3a/ad BO3MOXKHO
TOJIBKO TIPU UCTIOJIL30BAHIH PacCIIpeeIeHHbIX BIYUCIEHUI Ha Oa3e COBPEMEHHBIX
BBICOKOIIPON3BOANTEILHBIX KoMIIbIoTepoB. Kog MARPLE moxuHO 3amyckaTrs Ha
KOMITBIOTEPAaX € 00IIell TN pacipeie/IeHHONl TaMAThIO KaK MMapaJjiiebHOe TTPUJIo-
»xkenne MPI, ocHOBaHHOe Ha JEKOMIIO3UINN PacdeTHO 00/IacTH U CeTKH.

4.3 CropoHHee mporpaMMHOe obeclieueHne
1 MHCTPYMEHTBI C OTKPBITHIM MCXOJHBIM KOIOM

[Lnardopma CAD-CAE ¢ orkpbirbim uexoabiv kojgom SALOME [27] ucniosb3sy-
eTcs JIJIsl IIpeaBapuTe/IbHO 00pabOTKN BBIUNC/IUTEIbHBIX 00/1acTell JII000i CII0XK-
HOIT (DOPMBI JIJIsT YMCAEHHOTO MOJIE/IMPOBAHNS, BKJIIOYasl OIMCAHUE I'€OMETPUI,
HACTPOIKY aTpuOyTOB IPAHNI] U HOA00IaCTel, CO3JaHne U YTOUHEHNEe CeTKIL.

st Busyanmzannn JaHHBIX HCIIOJIb3YeTCsl MYIbTHILIAT(MOPMEHHOE MTPUJIOZKe-
HIIE ¢ OTKPBITBIM HCXOMHBIM KogoM ParaView [28].

Jl1st periennst 60JIBIINX CHCTEM yPaBHEHUI JIMHENHOI a/iredphbl ¢ pa3perKeHHbI-
MU MaTPHUIAMEI, BOSHUKAIOIINX IIPU HESABHBIX AIIIPOKCHMAIINAX YPaBHEHUN JINCCH-
MATUBHBIX TPOIECCOB, ucnosb3yercs Aztec [29,30]. Dro bubmoreka jyist mapasi-
JIEJIbHOT'O PeIleHns Pa3peKeHHbIX JIMHEeHHBIX crucTeM. OHa BKJIOYaeT B cebst Habop
NTEPAIOHHBIX COJIBEPOB, Mpero0ycIaB/InBarTeieil 1 Ipoueayp YMHOKEHIS MaT-
PHUIIBI Ha BEKTOP. Aztec — HaJIe?KHBII HHCTPYMEHT, KOTOPbII ITPOJIEMOHCTPUPOBAT
BBICOKYIO MaciTabupyemocts 10 10° ypasnenmuii. C ero moMomnbio MozkHo pabo-
TaTh ¢ MATPHUIIAMI, KOTOPbIE IMEIOT MOJHOCTHIO HECTPYKTYPUPOBAHHBIH M0/ I0H
pPa3peKeHHOCTH, YTO MMeeT pellalolee 3HaUYeHue B Caydae HeCTPYKTYPUPOBaH-
HbIX ceToK. OHON M3 BHeMIHHMX OMOJIMOTEK, MCIOJIb3yeMbiX B Aztec, saBisercs
LAPACK |[31], moamporpaMMbl 9T0i 6GUOIMOTEKN BBISBIBAIOT JIPYTYI0 OUbMOTE-
Ky — the Basic Linear Algebra Subprograms (BLAS). Aztec nmosBosisier BKIIIOUaThH
IPEeOCTABICHHBIE 110JIH30BATE/IEM TOIIPOrPAMMbBI MATPUIHO-BEKTOPHOTO ITPON3-
Bejennsi, B Tom uncie st GPGPU.
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st JIeKOMIOBUIMKM  CEeTKM MBI HCIIOJIb3YEM  OTKPBITbIE  OUOJIMOTEKH
METIS/ParMETIS [32], 4robbl opranmsoBaTh Mapajie/bHBIC BBITHCICHIS
Ha ocuope MPI. Bubimnoreku METIS BbINOIHSIOT JIEKOMIIO3UINIO T'PadoB ¢
Xoporteil 6aJaHCHPOBKON HAIPY3KHU, YTO BayKHO B CJIydae OOJIbIINX HECTPYKTYPHU-
poBaHHBIX ceToK. bubsmoreka wanncana Ha ANSI C u 6e3 mpobiem cBA3bIBaeTCS
¢ HamuMu kojamu CH-+.

B kauectBe crangapTHOil cucreMbl coopku mpoektoB MARPLE 6b11 BeIOpan
CMake [33]. Takum obpazom, pazpabOTINKI IPOEKTA 1 TTOJIb30BATEN MOTYT HC-
0JIb30BaTh CBOU COOCTBEHHBIE MHCTPYMEHTBI pa3paboTKu (cpeja paspaboTK,
KOMITHJISITOPBI U T. J1.) ¢ baifiaMu mpoekTa He3aBUCHMO ApyT OoT Apyra. Llerenbie
11aTOPMBI He 3aBUCAT OT 1aaTdopM pazpadoTku. Daityibl mpoekTa B popmare
CMake mpejicrapiisitor coboil mpocThie TEKCTOBBIE (Daiijibl IPOCTOro popMaTa. ITo
HOJIXOAAIINN UHCTPYMEHT JIJIsI TOJIEPXKKI OOJIBIION0 KOJia JIPEeBOBUIHON CTPYK-
TYPBI.

crionb30BaHne OTKPHITOTO ITPOTPAMMHOI0 obecIieueHns saBideTcd pyHIaMeH-
TAJILHBIM 9JIEMEHTOM HAIUX BBIYUCIUTEIbHBIX TEXHOJIOIH. B Kol BcTpanBaloT-
cs OTKPBIThIe OMOJIMOTEKN, a JIJI OPraHW3allll BbIYUCIUTEIbHBIX SKCIIEPIMEHTOB
UCIIOJIb3YIOTCs OecIiaTHble HHCTPYMEHTBI: KpoccILiaTdgopMeHHasi cOopka, rnpe- u
nocTiporeccutr. Vcrnob3oBaHne MporpaMMHOTO 00ecedeHnsi ¢ OTKPBITBIM HC-
XOHBIM KOJOM 0bJierdaer pa3paboTKy U OTJIAJIKY KO/, IIOMOraeT 00ecIeunTh Ie-
PEHOCHMOCTb U CTAHAAPTU3AINIO CO3JaHHBIX KOJIOB, IT03BOJISIET CBS3bIBATH HAIIN
KOJIbI C KOJIaMU JIPYTHUX Pas3pabOTINKOB.

5 Ilpumepsbl npuioxkenmii

5.1 MoaeaupoBaHue JJUHAMUAKNA OCTaTKa CBEPXHOBO

B3pbIBbI CBEPXHOBBIX SBJISAIOTCH BAXKHBIMI COOBITUSMU B YKU3HU JIFOOOI TaaKTH-
Ku. B Teyenne HeCKOIBKIX JIECSITKOB JIHEHl — KOPOTKHIT CPOK 110 CTPOHOMIIECKIM
MepKaM — HX CBETUMOCTb CTAHOBHUTCS CPABHUMON CO CBETUMOCTDLIO TaJIAKTUKU.
DTO CBOWCTBO TO3BOJIIET MCIOJIB30BATH UX TPHU U3YUYEHUN CBOMCTB JaJIeKIX 00-
nacreit Beenennoit. Kpome Toro, 3T 00beKThl HEBEPOATHO OOraThl Pa3/IMIHBIMU
tuntamu pusnkn. [Ipn B3pbIBe mapaMerpbl OKPYZKalolieil Cpeibl M3MEeHAI0TC B
[ITPOKOM JIMalia30He: OT CBEPXILJIOTHOI'O BEIeCTBa JI0 HU3KUX IIJIOTHOCTEH MerK-
3BE3JIHOII CPeJIbl, OT TeMIIepaTyp TePMOsJIepHOTO cuHTe3a (0T coTeH k3B 10 MaB)
JI0 HECKOJIBKUX THICAY KEJIbBUHOB U HUKE. DTO pa3zHooOpasne JiejaaeT CBePXHOBbIE
€CTECTBEHHBIMU JIADOPATOPHUAME, B KOTOPBIX MOYKHO HaOJII0/IATh MHOTOUNCICHHBIE
dusnIecKme mporecchl.

Jeyxekukoctaast Mojesib [10, 11], peasnszoBatnasi B Kojie, HCIOJb3YETCsI sl
perrenusi TpoOJIEMbI 9BOJIIONNN OCTATKOB CBEpXHOBBIX. Ha jJaHnoM srame KOHKpeT-
HbIE JleTa/Il MeXaHU3Ma B3PbIBa CBEPXHOBOIl HE CYIIECTBEHHBI, TAK KaK OCHOBHOE
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BHUMAHUE YJIe/IsIeTCsl TUHAMUKE B IPOCTPAHCTBEHHBIX MacIiTadax, 3HaIUTe/IbHO
IIPEBBIAIONINX HAYaJbHBI pa3Mep 3Be3Jbl. BeandmHa MOJIHOrO0 SHEProBbIIeIe-
HUA Feypl UTPaeT CyNIECTBEHHYIO poJib. B pacderax sTa sHeprua BHOCHTCA KaK
BHYTPEHHSISI SHEPIUd BelleCTBa B MaJjoM 00beMe B LIEHTpe pacueTHOil 00JiacTH ¢
xXapakTepHbIMU pa3Mepamu L. [leporadabHO 00JIacTh 3all0JHEHA OJHOPOJIHOI
CpeJioit, cocTodineil 13 NOHOB € IJIOTHOCTBIO pg; U HEHTPAJIOB € IJIOTHOCTBIO Py,
NOpsiJIKa IJIOTHOCTH MEXK3Be3/IHol cpespl (npubiusurensuo 1 my,/em?). Tpose-
JIEHBI PACYETHI JJIsT PA3JIHIHOIO OTHOIIEHUST Po; / Pon, TIPH ITOM 00TIAST TLIOTHOCTh
Cpe/ibl OCTaeTcs OCTOSAHHOM, po; + pPon, = const.

B nagaabHBIN MOMEHT IPOCTPAHCTBO 3aII0JIHEHO OIHOPOIHLIMI NOHHOI 1 Heil-
TpaJibHOIl KoMIoHeHTaMu. Ha puc. 5 mpejicTaBieHbl pe3y/abTaThl PAcIeToOB, B KO-

Poi=0.1 pon=0.9 Poi =0.25 po,=0.75
Pi/Poi
r 1.0e+01
-5
l 1.7e-03
Poi=0.7 pon=0.3
| Pi/ Poi Pi/Poi
K / B 1.3e+01 m 1.1e+01
—10
i 5 5
0 50 l_ 1.7e-03 I— 1.7e-03

Puc. 5: [liorHOCTH MOHOB, HOPMUPOBAHHAsT HA HAYATBHOE 3HAYCHUE p;/po; IS
pPacYeToB ¢ Pa3INIYHBLIMUI COOTHOIIEHUSIMHU IIJIOTHOCTEH NOHOB 1 HEHTPAJIOB Ha, MO-
MeHT Bpemenn t = 400 TowIC. JIeT.

TOPBIX BapbUPOBAJINCH IPOIMOPIUN HAYAJIbHBIX IIJIOTHOCTE KOMIIOHEHT, BCET/Ia
VJIOBJIETBOPSIsA YCJIOBHIO p; + pp, = 1 X my,/ cM®. DHepro.uleIeHne B HOHHOI CO-
crapistomieil F; = 1.28 x 10°! spr nponcxojuT MTHOBEHHO B IEHTpe OOJIACTH
pazmepoM R = 4 nx. Temieparypa okpy:zKaroiieii cpejibl BHe 00JIaCTH SHEProOBbI-
JleJIeHUsI JIJIsT HOHOB U BO Bceil obs1acTu Jiist HeliTpasoB pasua 1; = T, = 8000 K.
Besmmauna MarHuTHOTO T0JId 3ajaBajiach papaoit B = 5 mxl'c. YTobOb cMATInTH
YUC/IeHHBIN 9] eKT BIMAHIS IPeIII0UTUTEeIbHBIX HAIIPABIEHN BJ0JIb OCeil, Mar-
HUTHOE I10JIe OPUEHTUPOBAHO 1Mo JmHU X =Y .

Ecymm unciio HeliTpaJsioB MeHbIIe Y1C/Ia HOHOB, HEfTPaJIbl He OKA3bIBAIOT BJIMA-
HUsI Ha HEYCTOWYMBOCTD. [IpoTuBOIIOIOKHAS CUTYaAIUs HAOII0AaeTCsl, Koraa Hefi-
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TpaJIibl IIPE00JIaJAI0T 10 ILJIOTHOCTH.

5.2 MogenupoBanue TOKOHeCYIIel 1mia3mbl (Z-uHY)

PusnKa MIa3Mbl 9JIEKTPUIECKOTO pas3pdga cBa3aHa ¢ HeJMHEHHBIMI BOJTHOBBIME
nporeccaM, KHHETUIECKIMU, TEIJIOBLIMUA 1 THAPOIMHAMUYECKIMI HEyCTOIN-
BocTsiMHU. [l1a3MeHHBIE CTPYKTYPbI CUJIBHO Pa3JINYaiOTCs 110 MaciITady, U OJIHO-
MaCIITaOHbIE BHIYUC/IUTE/TLHBIE SKCIIEPUMEHTBI C TJIa3MEHHO- INHAMUIECKIMU MO-
JIeJIsIME TPeOYIOT IeTaMacIiITabHbIX 1 00Jiee IIPOU3BOINTEIbHBIX CYyIEPKOMIILIOTE-
poB. [IpuBejieHbl HEKOTOPBIE PE3Y/IbTAThI MOJACTUPOBAHIS PaINaIMOHHO-TI/IaA3MEH-
HBIX IIPOIECCOB, COIYTCTBYIONINX YKCIEPUMEHTAM Ha CHUJIbHOTOYHOM I'€HEepaTope
Anrapa-5-1 (TPUHUTU, Tpounk, Mocksa) 1o CO3JaHII0 HOBBIX KOHCTPYKIIHT
CBEPXbAPKUX UCTOTHUKOB YILTPa@PUOJIETOBOIO U PEHTTEHOBCKOTO U3JTyYeHUs .

B nociieiaue rojp Ha yeranoske Anrapa-b-1 (TPUHUTU, Tpounk, Mocksa,
Poccust) usydasiuch nepcreKTUBHbIE KOHMDUIYpaIuy IHHYeH, 06eCreTrnBatoIine
00J1ee BBICOKYIO KOHIIEHTPAIMIO SHEPIUU 3a CUeT TPEXMEPHOT'O CyKaTHs IPOBO-
JIOUHBIX cOOpOK anmamerpoM ~ 10 MM [34]. VIMIuto3ust MHOrOMpoOBOJIOYHOl pe-
IIeTKN ObLIa CMOJEIMPOBAHA B CEPUN UNC/IEHHBIX 9KCIIEPUMEHTOB C TPEeXMEPHbIMI
MOJIEJIIME TedeHusI 1a3Mbl. [leib cocTostia B TOM, 9TOOBI HCC/IE/I0BATH HEYCTOM-
YUBOCTH TIJIA3MbI, BOSHUKAIONINE B KOHIIE TJIa3MEHHON ab/IAui U Pa3BUBAIONTHI-
ecsl JI0 KOHEYHOI CTaJ Uy MMILJIO3UU IIPOBOJIOYHON cOOpKHU. Bhlam mccieaoBaHb
pasImIHble KOH(MUTYPAITIH TPOBOJIOYHBIX COOPOK. Dbl M3ydeHbl MUJINHIPUIe-
cKue 1 Kpasucdepudyeckue IMPOBOJIOYHbIE COOPKM, a TaKyKe pPacCMOTPEHbI KOH-
CTPYKIIUU OJINHOYHBIX U BJIOKEHHBIX COOPOK. DMUCCHUST TLIa3Mbl ObljIa BOCIIPON3-
BeJIeHA C TIOMOIIBIO MOJIE/IH 3aTsHYTOTO I1a3Moo0pasoBanus 35|, BKIOUatomed
IIPOCTPAHCTBEHHYIO HEPABHOMEPHOCTH CKOPOCTH 00Pa30BaHUsl ILJIa3Mbl, COIJIaCy-
IONYIOCS C SKCIEPUMEHTAJILHBIMI PEHTTEHOBCKIMHI M300paKeHnusaMu. B pacuere
IIPOBOJINJIOCH Pa3/IMUeHne BeIecTBa, UCIapsdIonerocd ¢ PasHbIX ITPOBOJIOK BJIO-
JKEHHOM ¢OOPKHU, C MOMOIIBIO MOJIE/ I MHOTOKOMIIOHEHTHOTO Tedenus. Ha puc. 6
IIOKa3aH IIpUMep SKCIePUMEHTaIbHONI KOH(MUIYPaIUK, BOCIIPON3BEIeHHbI B UNC-
JIEHHBIX SKCIIEPUMEHTAX.

[eomerpust mpoBosIOUHOl cOOpKH Oblia 3ajlaHa U pacdeTHasi ceTka (OKOJIO
4 mytH stqeeK) ObL1a nocrpoera ¢ momornbio SALOME. [lekommosurust ceTku jijist
256 BBIYHUCJUTEIBHBIX sI/Iep ITPOBOIIIACH C MCIIOJIb30BAHUEM OTKPBITONH OUOJINO-
tekn ParMETIS.

JI1sT o1eHKN SHEPreTuYecKoro Hbaganca MOXKHO UCIOIB30BATDL OJHOIPYIIITOBOE
(«cepoes ) mpubJIIZKeHIe JIJisi paJMAIliOHHOr0 TeronepeHoca. Jliist pacdaera Bpe-
MEeHHOIT (POPMBI U MOITHOCTU PEHTTEHOBCKOI'O MMITYJIHCA BJIOYKEHHBIX COOPOK Iie-
J1eCOOOPA3HO MCII0JIb30BaTh 0T 8 10 20 CIIeKTpaIbHBIX I'DYIIIL.

B cepum pacdeToB cxKaTUs MHOI'OIPOBOJIOYHBIX COOPOK CMEINIAHHOI'O COCTa-
Ba I U3JIyYeHUs IOJUIPOINNIEHOBON IIa3Mbl MCIOJIB30BAJIOCH «CEPOe» TTPU-
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Puc. 6: Koncrpykims skcnepuMeHTaJIbHON KBaszsnchepuiecKoi TBYXKaCKaTHOM
cbopku (BHenHN Kacka — 40 BOJI(MPAMOBBIX TIPOBOJIOK, BHYTPEHHUIT KACKaT —
80 BOJIL(MPAMOBBIX TPOBOJIOK ).

Puc. 7: Paccunrannoe pacipe/iesieHue II0THOCTH IIA3MbI BHYTPH JIBYXKACKAIHO
cbopku (mokazana 1/8 cbopku puc. 6).
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omnkenne (ycpenuenue 1o crekrpy 0.1 3B < hrv < 50 x3B), mis usnydenns
BoJIbpaMa — 8 CHeKTPaJbHBIX I'PYII, aJallTUPOBAHHBIX K CIIEKTDPY BOJIb(pa-
MOBOi1 COOPKH, 3aperucTpPUPOBAHHOMY B SKCIEPUMEHTaX. YCpPEJHEHHE B T'PYII-
1ax 1 MOCTPOEHUE COOTBETCTBYIONIUX TAOJIUIL IPOBEJICHO C TIOMOIIBIO IIPOIPAMMBI
THERMOS [16].

[t ocToOpabOTKU 1 MOCTPOEHUsT MOJAPOOHBIX CIEKTPOB M3JIyIEHUST MOZKHO
ncrnoJib3osaTh 70 2000 crieKTpaabHbIX TPYIIII.

YucieHHoe MOJIe/IMPOBAaHIE TTOKA3aJI0, UTO CIelralbHas KOHCTPYKIIUS 9JIeK-
TPOJIOB U TPOBOJIOYHON COOPKU € TOA00PaHHBIM PacIpejieieHIeM MacChl BJIOJIb
IIPOBOJIOK MPHUBOJUT K OYEHb KOMIIAKTHOMY CHhEpUIECKOMY SIPKOMY HCTOUYHHUKY
M3JTydeHns B nenTpe cOopku. Jlmmeitnoe pacrnpenenenue mace m(f) ~ 1/sin?6
(rae 6 — moJonIATBHBIN yTOJI) O JJINHE MPOBOJIOK B KBaszuchepuIeckoii cbopke
obecrieunBaeT yBeJMYeHne MHTeHCHUBHOCTU M3JIyUeHHs B ~ 3 pasa II0 CpaBHe-
HUIO ¢ KBasucdepuieckoii ¢cbopkoii 6e3 1mpoduinpoBaHns MacChl U IOYTU B 7.5
pas 110 CpaBHEHUIO ¢ IIIMHAPHYecKoil coopkoit. Ha puc. 7 nmokazana kapruHa Te-
YeHHUsl IJIa3Mbl, IOJIydeHHas B pacderax. IIpejcraBiieHHasi KapTHHKa CO3JaHa C
romoibio ParaView.

KauecTBeHHOE, a Tak»Ke KOJUIECTBEHHOE COOTBETCTBUE YHMCJIEHHBIX Pe3YJ/IbTa~
TOB 3KCIEPUMEHTAJILHBIM JIAHHBIM, IIOJYIeHHBIM Ha yCTaHOBKe AHrapa, o0Cy»K-
naercst B [34]. Takum ob6pasoM, pe3yIbTaThl MOJETMPOBAHUSI C UCIIOIH30BAHIEM
CYIePKOMITBIOTEPOB UMEIOT NPUHIUIINAILHOEe 3HAUEHNe I IIOHUMaHUA (DU3NKU
HeJIMHENHBIX [IPOIECCOB B ILJIa3Me TUHYCI.

5.3 MogenupoBaHue KallWJJISPHOTO pa3ps/ia
JJIs1 JIA3€PHOT'0 YCKOPEHUs YaCTHUIl

Kannnagpubie pa3psaabl MITPOKO NCHOJIB3YIOTCS B 9KCIIEpUMEHTaxX KaK IMPOCTOi 1
yI00HBIN MHCTPYMEHT JIJIsl CO3JaHUsI «CIIOKOIHOI» IIJIa3MbI C HAJIE2KHO KOHTPOJIU-
pyeMbIMH ITapaMeTpaMu. KoMIakTHbIe Jla3epHO-TIJIa3MEeHHbIC YCKOPUTEIN YacTHI]
CYNTAIOTCS OJIHUM U3 HamboJ1ee MepCIeKTUBHBIX ITPUMEHEHNI Kallu/LJIsIpHON T11a3-
Mbl.

Kanumagapubiilt pa3psi UCIOJIb3YeTCsd I CO3MaHnd IJIa3MEeHHOI0 BOJTHOBO-
Jla JIJIsT YCKOPSIIOIIEro JIA3€PHOIO UMITYJIbCA. DJIEKTPOHBI B HUX YCKOPSAIOTCS IO
neficrBueM (heMTOCeKYHIHBIX JIa3ePHbIX MMIIYJIbCOB, MPOIIEIIINX Yepe3 IJIa3My
paspsija. B HacTosinee BpeMsi aKTUBHO U3YYalOTCsl YaCTOTHBIE PEXKUMbI PabOThI
YCKOpHUTEJIeil 3JICKTPOHOB Ha OCHOBE KAUJIJIAPHBIX Pa3PsI0B.

B kadecTBe mpuMepa MOXKHO HMPUBECTH Pe3YIbTaThl TPEXMEPHOIO MarHUTO-
IUAPOJMHAMIYECKOrO0 MOJEJIMPOBaHNs IUKJIa KallUJIJIIPHOIO pa3psijga, BKJIOYa-
FOIIErO CTA/IMN 3aIl0THEHIsT KAIILIApa pabodanM ra3oM (BOJ0poIoM ), hopMEIpO-
BaHUs IJIA3MEHHOI0 KaHaJjla W BOCCTAHOBJIEHUSA PadOvYero Teja Iepeji HadaJoM
caeytomero paspsaa. [IpoBegeno MogennpoBanme Kamuisgipa KPYTJIoro CeUeHus
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nnamerpoM 300 MKM, COEJIMHEHHOIO C TOJIBOJIAIIUMI TPYOKaMU JIJIsT TI0/Iady ras3a.

N
N
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L
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MNone ckopocTn, CM/MKC

o o i
(] o
-

Puc. 8: Ilosie ckopocTeit B KOHIlEe HAYAJILHON CTA NN 3AITOJTHEHNS KAITUJLIAPA.

MojenmpoBatue MpPoOBOJUIOCH B OCHOBHOM JIJIsi OIpPEJe/IeHIs TaKol Xapak-
TEPUCTUKHU, BJIHUAIONICH Ha 3(D@PEKTUBHOCTH PAbOTHI YCKOPUTEJS B IIEJIOM, KaK
XapaKTepHOe BPeMsI, HeOOXOIMMOe JIJIs II0JIyUeHNs] YCTAHOBUBIINXCS TeYeHUl Ha
OTJIEJIBHBIX CTAINAX PabOThI YCKOPUTEILHON CHCTEMBI:

® CTa/IMsl 3all0JIHEHUs KaIluIsdpa ra30M U3 KaHaJIOB I10Jlaul JI0 YCTAHOBUBIIIE-
rocst pexkKnma;

® CTaJMsd JIEKTPUYIECKOI'O pa3pdla B KalllJJIAPE U BbBIBO/ IIapaMETPOB Ha YPO-
BEHbL IIapaMeETpPOB CTa/JlN 3allOJIHCHM.

CBOOOIHBIME TTapaMeTpPaMi B 3TOI 3ajaue sSIBJIAIOTCS: JIJIMHA KAIIILISIPa, ero
auameTp, popMa cpesa, JaBIeHne rasa, I0AaBaeMOro 10 MOIBOMAAIINM KaHATIAM.
[IpunsiTo, uro Kanmuigp umMeer JUinHy 2 cM, auamerp 300 MKM, KPYIJIbIi cpes,
JlaBJjieHne Ha Bxoze 125 mbOap npu temneparype 293 K. B ocHoBHOM pacuere Obl-
Jla cjesiaHa, MOIbITKa 00eCIeUNTh, BAPbUPYsI CBOOOIHBIE ITapaMeTPhl, CUMMETPU Y-
HOCTB TLJIA3MEHHOTO KaHaJja BJOJIb OCH KAIILIApa, COXpaHeHne ero mpoduss (¢
MOHNKEHNEM TLJIOTHOCTH Ha OCH), HEOOXOAUMOro Jijist (hOKYCHPOBKH JIA3€PHOTO
JIyda, HACKOJIbKO 9TO BO3MOXKHO. [ToKazaHa BO3ZMOYKHOCTb CUMMETPH3AIUN T1Ia3-
MEHHOI'O KaHaJIa 3a CYET UCIIOJIb30BAHUST YeThIPEX MOBOJANINX KAHAIOB, OIXO0-
JSANIIX K KAIWLIPY ¢ 9eThbIpex pasHbIX Halpasienuii. [lokaszaHa BO3MOKHOCTD
UCII0JIb30BaHNUST KAIMJIIPHOI'O pa3psijia ¢ yacToToit okosio 1 kI'm.

[Too0HbIe 9KCIIEPUMEHTDI IIPOBOISATCS:
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e B pamkax npoekta BELLA (Berkeley Laboratory Laser Accelerator) (LBLN,
CHIA);

B ELI Beamlines (Yexus);

e B Harmonassroit maboparopnn @packaru (INFN) (Mramnus);

e 1Ha Ousnueckom daxynbrere CankT-IleTepdbyprekoro rocyrapcTBeHHOIO yHU-
Bepcutera (Poccuiickas @eneparist);

B ncturyre sneproit pusuxkn nm. Byakepa Cubupckoro oraesnenust Poccuii-
ckoit akajgemnn nayk (1P CO PAH) (Hosocubupcek, Poceniickas ®@efepa-

rs);

® II B JIDYI'UX MeCTax.

5.4 MogeaupoBanue B3auMoAeiicTBIsI
JIa3€pHOr0 UMITYJIbCA C TBEPJIOTEJIbHOII MUIIEHbIO

DKCIEePUMEHT BBITOJIHEH B paMkax mpoekTta TurboHEDP [36]. Uccrenosano B3a-
NMOJIEfICTBIE KOPOTKOI'O JIA3ePHOI0 UMITYJIbCa C TBEPJAOTETbHON JBYXKOMIIOHEHT-
HOIl MUIIIEHBIO. DKCIIEPIMEHTAIbHAS YCTAHOBKA MOIPOOHO onncana B [36]: sazep-
HBI UMITyIbe (¢ mmHoil Boanbl A = 1.315 - 107* cM) manpasisieTcs 1moj yIiioM
45° K MHUIleHU, COCTOdIeil U3 cjaod mnojmuMepa Tojamumaoln 10 MM, cjaosd mejn
TOJIUHON 1 MKM ¥ TOJICTOTO TOJIMMEPHOrO CJI0si ¢ 0OpaTHON CTOPOHBI MUIIIEHH.
JlmrensaocTs nvmyabca 1.8 - 10710 ¢, unTencuBHOCTD J1a3epHOrO W3/IydYeHns B
dboxaabHOM naTHe jocTuraer sHadenus 3 - 107 Br/cm?,

Yucnennoe mosenuposanue BoinosHeno B MARPLE ¢ ucniosiboBanneM Mojie-
JIN TpaccupoBKH Jiydeil. s Bocpon3se/ieHns TeOMeTpuIecKoil (poOpMbI JTa3epHO-
ro Jiyda ObL1 B34T 961 sty4a. Ha puc. 9 npejicraBieno pacdeTHoe NpocTpaHCTBEHHOE
pacrpejeserne MIOTHOCTA UCIAPEHHOTO BENeCTBA MUIIEHN W TeMIEPATyPhI €ro
9JIEKTPOHHOI KOMITOHEHTHI Ha, MOMEHT OKOHYAHUS JEHCTBUS JIa3€PHOTO UMITYIHCA.

5.5 DBo3saeiicTBue CUJIbHBIX IOTOKOB dHEPIrUU
Ha KOHJIEHCUPOBAaHHOE BEIECTBO

B mactosimee BpeMs OTCYTCTBYIOT SKCIIEPUMEHTAJbHBIE METOIBI, ¢ TTOMOIIBIO KO-
TOPBIX MOYKHO ObLIO ObI IIPOBOJUTHL HEIOCPEJICTBEHHbIC M3MEPEHHsI I1apaMeTPOB
COCTOSIHUSI MaTepuaJia HeIloCPEICTBEHHO B 30HE IMIPOIEecca 00beMHOIO U OTKOJIb-
Horo paspyimiennd. [lo 3Toit npuyunne /g9 €ro omucaHus MUPOKO HCIIOJIL3YETCs
COBMECTHBIII aHAJIN3 PE3yJILTATOB (PUBNIECKOI0 U YUCJICHHOI'O SKCIEPUMEHTA.
Obpaszelr 13 SMOKCHIHON CMOJIBbI, Ha, KOTOPbI BO3JICHCTBYET PEJIATUBUCTCKUI
9JIEKTPOHHBII IIyYOK, IPeJICcTaBjsseT coO0il MUINHAP AUAMETPOM 35 MM U BBICO-
Toit 20 MM. VMmysibe oTgaun JIeTAImnero ncrapennoro MaTeprualsia HelocpecTBeH-
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- T - I
lee72 4 6 8 11 (0] 1 2 3.1
Mone naoTHOCTM, r/cm? Temnepatypa 3/71eKTPOHOB, K3B

Puc. 9: [IpocTpancTsennoe pacupejeienne mwioTHocTn (r/cm®) ncnapeHHoro se-
IIECTBA MUIIEHU U TEMIIEPATYPbI €r0 9JIEKTPOHHON KOMITOHEHTHI (K9B) Ha MoMeHT
OKOHYAHMUSI JCHCTBIS UMITYJILCA.

HO YYHUTBHIBAJICS B METOJI€ CKBO3HOTO CUETa MPU pacueTe HallpsizKeHHO-/1ehOopMu-
POBAHHOTO COCTOSIHUSI B HEHCIApUBIIEeMcst octaTke obpasma [15]. st mposepku
pacdeTa UCIOJIL30BAJIICH TEOPETUIECKNE OIEHKN U 9KCIIepUMEHTAIbHbIE JaHHbBIE,
nosydennble B HUL KypuaToBckuit nHCTUTYT HA CUJIBHOTOYHOM 3JIEKTPOHHOM
yckopuresie «Kaabmap».

20cm

=c

KOHLI,EHTpaLI,VIﬂ HanpAXeH
B 0651aCTN OTKONA

0
L; TeH30pHOe none HanpsaxeHuin, Mbap 35 cm
3.5e-9 0.004 0.008 1.4e-2
— ‘ ‘ U —

Puc. 10: Tensophoe noJie Hanpsizkeruit B Moap B pa3pyiieHHOM oOpaslie 3a BpeMsd
5.2 MKC.
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[one ckopocTtu, cM/MKC MNone Temnepatypbl, K3B |
04 . e 0.0008 1,623

Puc. 11: Boanosoit nporiecc Bo Beeil pacueTHOl 00J1aCTH, BKIIOUas Pa3pyNIeHHbIi
obpaserr. CjieBa — pacipejiesieHne CKOPOCTH B CM/MKC, CIIpaBa — I0JIe TeMIepa-
Typbl B K3B.

MmaBHble Hanps>keHnsA, Mbap
0.004 0.008
———

Puc. 12: BosinoBoii mporiecc Bo Beeit pacueTHOi 001aCTH, BKIIOUAsT PA3PYIIEHHbII
obpazer. CieBa — pacipejeseHne KOMIIOHEHThI 0,, JIeBHATOpa HaIPsi2KeHHl B
Mbap, cripaBa — BEKTOpHOE I10JIe IVIABHBLIX HallpsizKeHuit B Moap.

PUBPYUECHUE | s

paspywerue '

Y

Puc. 13: Pesynbrarsr MojeanpoBanust 1 ¢pororpadust odpasiia.
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A Crucok obozHauyeHnit

A — BeKTOpHBII IIOTEH-
I[1a1 MArHUTHOTO IIOJIST

A — aTOMHBII Bec

B — unjayknusg MarauT-
HOT'O I10JI4

c=3-10" cm/c — cko-
POCTh CBETa B BaKyyMe

D,ij — nesuaTop Halps-
JKeHU A

E — HaIIPAZKEHHOCTb
QJICKTPHUIECKOI'O ITI0JIA

E — nosmag sueprus
F — Boemmnue cusb
G — MOJyJIb cBUTA

J — IJIOTHOCTD 3JIEKTPHU-
YECKOI'0 TOKA

J — m3aydaresibHas CIO-
COOHOCTD

k, x — xoxhpduiment
TEILJIONPOBOIHOCTI

kp — mocrosgHHasa BobIl-
MaHa

kT k% — kosddurmen-
Thl TIOTJIONIEHUS, YCPE/I-
Hennble 10 Ilimanky n
Poccenanmy

K — wmojynb o0beMHOi
yIPYTrocTn

Lg — rermiora cybymma-
88487

m — Macca (JacTurb)
N — KOHIIEHTPAIUS

P, p — nasyenne

q — BEKTOp ILIOTHOCTH
IIOTOKa SHEPIUN

(QQei — DJIEKTPOH-MOHHDII
oOMeH sHeprueit

()j — IKOyJIeB HarpeB
(Qr — UCTOYHWK SHEPIUU
3a CUeT IOIJIONIEHNs W3-
JIydeHust

Qs CTOJIKHOBUTE b~
HBIII  OOMeH  3Heprueit
MEZKJly HhOoHaMU U Heii-
TpaJaMm

R,p — cuia Tpenns mex-
JIy uoHaM#u U HeHTpa-
JlaMu, 00yCJIOBJIEHHAS
CTOJTKHOBEHUSIMU

i — BpeMmsI

T — Temmuepatypa

U — IJIOTHOCTD JIy YUCTOM
SHEPIUN

W — CKOPOCTb CPEJIb

W — 1notok JyqucToit
SHEPTIUN

Z — cpejiHee 3apsJioBoe
IUCTIO NOHA

a — Koa(dduiuent Ter-
JIOBOT'O PACITNPEHNs

Q,, — MaccoBas KOHIIEH-
Tparud N-i KOMIIOHEHTHI
B cMecH, pasjl. 1.5, 2.4

€ — yleJnbHas BHYTPEH-
HsIsT SHEPTHUS

€ — TeH30p CKOpOCTeil Jie-
dopmarun

M,  — KO3pDUIUEHTHI
BA3SKOCTU

A\ — yaesIbHAST MOIHOCTD
ILJIACTUYIeCcKoi jtedpopma-

108704
p — IJIOTHOCTb
0 —  3JIEKTPOIPOBO/I-
HOCTDB; CedyeHUue B3auMO-

neiicreust  (pasg. 1.4.1);

TEH30D HaIIPAYKEHU
(pazz. 1.6)
o T¢ — 1moporu pas-

pylIeHus MIpu HOPMaJib-
HOM U CJBUT'OBOM Harpy-
JKeHUN

osp — mnocrosinHasi Cre-
dana — Bosbimana

o — LpeJes TeKydecTu
U — ykazaTesb arperar-

Horo (aszoBoro) coctosi-
HUsI

1 1eKchr:

e, 1 — DBJIEKTPOHHad
1 HWOHHAs KOMIIOHEHTbI
I1J1a3Mbl

|, L — mampasienue,
napaJiie;IbHoe 1 TepIeH-
JUKY/TSIPHOE MAPHITHOMY
TTOJTIO

o, [ — MOHU3UpPOBaHHAsI
1 HelTpaJibHas KOMIIO-
HEHTHI IJIa3Mbl B JIBYX-
JKUJIKOCTHOM MO/IeJIN,
pazn. 1.4
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B Cucrema egmauii nuaMepeHus

OOBIYHO BBIOOD €UHNIL U3MEPEHUs JIJIsl PACIETOB HEe OTHOCUTCSI K BOIIPOCAM pas3-
pabOTKM KOjia — JAOCTATOYHO IPOC/IEUTh, YTOOBI BXOJIHBIE JJaHHbBIE 1 PE3YJIbTaThI
ObLIN BbIparkKeHbl B €IMHUIAX OJHOI M TOM »Ke CUCTEeMbI, YI0OHOI I 3a/1a4 13
TOI WM MHOM npeaMeTHO obsacT. OJIHAKO YacToe HMCIIO/Ib30BaHne TabJIMIHbIX
ypaBHEHUII COCTOSIHUSI HAKJIaJIbIBAET JOIOJHUTEIbHOE TPeOOBAHIE COIIACOBAHUSI
CUCTEMbI €JIMHUI C UCIOJIb3yeMoii pu pacdere Tabjuil. [TosTomy B pacuerax c
ucnosibzoBaaneMm Koga MARPLE pekomenryercst mpuaepKuBaThCst MOAUMUIIIPO-
BanHoil cucrembl egunul CI'C, TpaJ uIlnoOHHO UCIOJIL30BABIIENCS IPU PElIeHNN
3aJ1ad MOJIEJIMPOBaHUsT BBICOKOILJIOTHOM MMITYJIbCHOM Ita3Mbl. Huke npubejeHa
Tab/iniia, BeipaxKatomias nporpammibsie ennaniibl MARPLE qepes enunninsr CU

u CI'C.

Beanunna MARPLE Crc cn
JmmHa cM cM 0.01 m
Macca r r 1073 xr
Bpewms MKC 107% ¢ 107% ¢
CkopocTb CM/MKC 107% em/c 107* m/c
Cura r - oM/ MKC? 10'? aun 10" H
Jasrenne r/(em - Mxc?) | 102 B (10" qun/cv?) 10" TTa
Temmeparypa K38 1.1604519 - 10" K 1.1604519 - 10" K
DHeprus r - cm? /mxc? 102 spr 10° Tk
YieabHast BHYTPEHHsIS SHEPIUST em? /MKc? 102 spr/r 108 Tk /xr
MoraocTs r - em?/Mke? 10" spr/c 10" Br
BsiskocTh (quHaMuaecKast ) r/(cM - MKC) 106 I1 10° Ia - ¢
DIeKTPIIECKIiT 3apsl VT - o3 /MKe 108 @p 10/c K
[LtorHOCTH TOKA \V/1/em/vke? 10'? @p/(em? - ¢) 10" /e A/
Tok VT - enB /mkc? 102 @p/c 107/c A
MaruuTHoe 10J1€ \/m/ MKC 10° Tc 100 T
DJIeKTpUYeCcKoe 1oJIe \/T/en /e 10% nun/®p 10% B/m
[1poBOUMOCTD MKC™ ! 106 ¢! 10°/c? Cm/m

3nech ¢ = 3 - 10* — ckopocTh cBeTa, BbIpasKeHHAs B IPOIPAMMHBIX €IMHUIIAX

MARPLE (cm/mKke).




	prep_2023_37_heading
	prep2023_37.pdf
	Модели
	Одножидкостная двухтемпературная МГД модель динамики плазмы
	Модель диффузии электромагнитного поля
	Модель теплового баланса плазмы
	Двухжидкостная МГД модель динамики плазмы
	Модель течения многокомпонентной плазмы
	Модель деформируемого твердого тела
	Материальные уравнения

	Методы
	Идеальная МГД
	Диссипативные процессы
	Трассировка лучей по сетке
	Течения многокомпонентных смесей
	Модель механики деформируемого твердого тела

	Неструктурированные сетки и их параллельная обработка
	Программное обеспечение
	Обзор архитектуры кода
	Параллельные вычисления
	Стороннее программное обеспечение и инструменты с открытым исходным кодом

	Примеры приложений
	Моделирование динамики остатка сверхновой
	Моделирование токонесущей плазмы (Z-пинч)
	Моделирование капиллярного разряда для лазерного ускорения частиц
	Моделирование взаимодействия лазерного импульса с твердотельной мишенью
	Воздействие сильных потоков энергии на конденсированное вещество

	Список обозначений
	Система единиц измерения


