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Annoranus. IIporpammuas miargpopma INMOST npepocTaBiser 1mosib30BaTeNsIM CpPEACTBA
XpaHEHUs! U BBIIOJHEHMS Pa3IMYHbIX ONEpaLUid JUIsl CETOK M CETOYHBIX JIaHHBIX, COOPKH U
pelieHusl JIMHEHHBIX CUCTEM, M MHOTHME Jpyrue, Kak B IOCJIEIOBAaTeIbHOM, TaK U B
napajjieabHoM pexuMax. Bo3MoKHOCTH mporpaMMHOM IUIATGOPMBI AEMOHCTPUPYIOTCS Ha
npuMmepe pazpaboTku pacuetHoro koja GeRa, mpeaHasHaueHHOTO Uit MOJEITUPOBAHUS
IIPOIIECCOB MOI3EMHON (MIIBTPALIMH U IEpEeHOCa PAJANOHYKIN/IOB B T€0JIOTHYECKUX cpenax. B
KauecTBe IpUMepa peaju3aluu CIOXKHBIX Tuaporeosornyeckux moxaeneii B GeRa
pPacCMOTPEHO MOJIEIMPOBAHHE IIPOLIECCOB IIIOTHOCTHOM U TEMIOBOM KOHBEKIIMH.
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Summary. The INMOST software platform offers means for storage and various operations
with meshes and mesh data, linear systems assembly, linear solvers and many others both in
parallel and sequential modes. The advantages of the software platform are demonstrated on
the design of the computational code GeRa, which is aimed at groundwater flow and
radionuclides transport problems. As an example of advanced hydrogeological models
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implementation the variable density and temperature driven convection problem is
considered.

1 BBEJIEHMUE

B pabore ommchkiBaeTcs mpoiecc MPOBEACHHUS MOJICIUPOBaHUs (DU3MUECKUX TPOIIECCOB,
KOTOPBIN pacripesiesieH o dTaraM, B 3aBUCUMOCTH OT TOTO HAaCKOJIBKO OOIIMM WJIH YaCTHBIM
SBJISIETCSI €r0 cojlep)kaHue. Bpiaensiorcss Hambosee o0muye, HO TOBTOPSIONIIMECS JTarlbl,
KOTOpBbIE MOKHO ObLJIO OBl OOBEIWHUTH B HEKOTOPYIO MPOTrpaMMHYIO Iutatdhopmy. Mel
nocrapaeMcs O0ObeMHHUTD B MPOTPAMMHYIO TUIAT(HOPMY KaK MOKHO OOJIbIIE TTOBTOPSIOIINUXCS
GyHKIMA U1t 00JIeTYeHMs CO3/JaHMsI HOBBIX PaCYeTHBIX KOOB.

[Ipu mpoBeneHnn MOJETMPOBAHUS Ha KOMITBIOTEPAX C PacHpeelICHHOW MaMsThi0 00beM
MAaIIMHHO-3aBUCUMOI0 KOJa, OTPaKalollero B3auMOJIEHCTBUE pa3pabaThiBa€MOro Kojaa ¢
KOMIBIOTEPOM, a TakKe B3aUMOJICHCTBUE TMapauIeTbHBIX MPOLECCOB MEXIy Cco0oi,
CYIIIECTBEHHO BO3pacTaeT. ITO O3HAYAET, YTO B MPOrpaMMHYIO IU1aThopMy MpH pacueTax Ha
pacrpeieieHHBIX CEeTKaX MOXHO BKJIIOYUTH JOMOJHUTENbHBIE GyHKIMH. B pabote
paccmaTpuBaeTcs mpumep Takoi nporpammuoil iargopmer INMOST, a Takxe pacueTHOTO
koqa GeRa, cozganHoro Ha ee ocHOBe. OOCYKIAIOTCS B3aMMOICHCTBHSI PA3TUIHBIX MOIYJICH
B PaMKax €IUHOTO0 pacyeTHOro koja. /[eMOHCTpUpYIOTCS HOBbIE BO3MOKHOCTH pPacyeTHOTO
koja GeRa B MozeMpoBaHUYU IIIOTHOCTHOM U TEIIOBOM KOHBEKIUU.

B pasnene 2 ommcansl 3Tanbl MOJEIUPOBAHMS U TMOKa3aHbl Haubosiee oOIIMe JeUCTBUS,
KOTOpbIe MOTJIM Obl OBITH OOBEAMHEHBI B IIPOrpaMMHYI0 miaTdopmy. B pasnene 3 onucanbl
BO3MOXKHOCTH U ocoOeHHocTu mnporpamMHoil miuardopmsl INMOST. Pazgen 4 mocssiieH
onucaHuio pacdeTHoro koga GeRa m Mecty B Hem mporpammuoii miargopmer INMOST. B
paszmene 5 paccMarpuBaeTCs MOJEIHMPOBAHHME IPOLECCOB IUIOTHOCTHOM M TEIUIOBOM
KOHBEKIIMHU B MMOPUCTHIX Cpeax pacueTHbIM KojgoMm GeRa.

2 OTAIIbBI MOJAEJINPOBAHMUA

PaccmoTpuMm STambl  MOAENMPOBAHUS HEKOTOPOH 3aJa4d  MaTeMaTHYeCKOW (HU3UKH,
XapaKTepU3YIOMIEHCs ONpeAeIeHHBIMA (PU3WYECKHMH TIpOIecCaMi M B3aHMMOJICHCTBHEM
MPOrpaMMHBIX MOJYJEH, KOTOpbIe pealu3yloT Ipolecc MoaenupoBaHus. Hamielt 3amaueit
OyIeT BbIJCICHUE OOIMX JCHCTBUH, KOTOPhIE MOXXKHO OBLIO ObI 3apaHee B OOIIEM BHJIC
peann30BaTh B HEKOTOPOHM MporpaMMHOI miaTdgopme, 4Tto oOserymsio Obl pazpaboTUHKaM
paboTy 10 CO3/1aHUI0 HOBOTO MPOTPAMMHOTO KOJa.

MOHO BBIICTHTD CIIAYIOMINE 3TAbl MOJACTHPOBAHUS:

1) Bri6op ¢usudeckoii Moaenu;

2) Juckperu3amus 00JIacTy;

3) 3apmaHue HaualbHBIX U IPAHUYHBIX YCIOBHIA;

4) JluckpeTrusanus ypaBHECHHUI;

5) Pemienue TMHEHHBIX CUCTEM;

6) AHanIu3 peuieHus.

PaccmoTrpum kaxkablil aTan Oosee moapoOHO, oTMeuas o0Iue U crennduyueckue yepTbl
MOJICTTMPOBAHMSI, & TAK)KEe OCOOCHHOCTH pealn3aliy MporpaMMHOTro KoJa JIIsl HUX.

1) Bwibop ¢usuueckoii modenu sABAsETCs Haubosee CHEIUPUUECKUM  ITAIOM

MOJICIIUPOBAaHUS M TIOJHOCTBIO 3aBUCHT OT (U3MYECKOM M MaTeMaTH4YecKOon
MOCTAaHOBKM pemaeMoil 3amaun. Ha »Tom dTame BBIOMPAIOTCS MOICTUpPYEMBbIC
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(bI/ISI/I‘leCKI/Ie MpoHeCChbl M BLIIMUCBIBAIOTCA YPABHCHH:A, OIIMCBIBAIOIIHEC HX, KOTOPBIC
MNPEACTOUT PCIIATh Ha MOCICAYIONIUX STallaX MOACIINPOBAHUSA.

2) Jluckpemuzayus pacuemnoti obaacmu COCTOUT B €€ 3aJJaHUU U TIOCTPOEHUH PacueTHOU

3)

4)

CeTKH B 3TOH oOmnactu. Tonbko B caMbIX HPOCTEUIIMX MOJEIbHBIX CIy4yasX MOXKHO
o0oiTHCh 3aJjaHMEeM ee BPYYHYIO U3 MPOrpaMMbl, HECKOJBKO OoJiee CIOXKHBIM U
o0mmM sIBIsieTCSl 3alaHue obnacTu u3 rpaduyeckoro uHTepdelica ¢ MOMOIIBIO
orepanuii (mepeceueHne/o0beIMHEHUE) HA/l AHATTUTHYECKH 33JaHHBIMU TPUMHUTHUBAMU
(xy0, map, Top u T.A.). B mocnennem ciydyae MOKHO ObUIO ObI BBIICINUTH HEKOTOPbHIE
o0mue NpuUHIUIB paboThl TaKOro MOAYNS, HO IMpEANoyiaraercs, 4YTO MbI
OPUEHTHpPYEMCS Ha pEUIeHHE CEePbEe3HBIX MPOMBINIICHHBIX 3a/la4, B KOTOPBIX
pacuyeTHble O0JACTH MOTYT OBbITh OYEHb CIIOKHBIMHU (HampuMep, pacueT OOTeKaHHs
camoJieTa) W 3a/aBaTbCs B JIPYIMX INPOTrPaMMHBIX cpeactBax. llpm sToMm pacuerHas
o0nacTh, HampuMmep, MOXKET HMIIOPTUPOBATHCA B PACUETHBIM KOJ M3 IMPOTrpaMMbl
AutoCAD c¢ mnomomsio mporpammuoro cpeactsa OpenCascade, u mnporpaMMHas
wiatdopma I1omKHa 00eCTIeYUTh TaKyI0 BO3MOKHOCTh. 31€Ch MPOSBISIETCs crieuduKa
camoil pemraemoii 3amauu. OfHAKO Iocie 3aJaHusl pacueTHOH obiacTé HE0OXOAUMO
IIPOBECTU IIOCTPOEHUE PACUETHOM CETKH, KOTOPYIO MOXHO, HAalIpUMEp, B TOTOBOM BUJIE
CUMTATh U3 BHELIHETO (hailia, MOCTPOUTDH €€ C MOMOIIBIO BHEIIHETO FeHEepaTopa CETOK,
WIM TIOCTPOUTH €€ CaMHM, HCXOAd M3 CcHenupuku Oyayuied AucKpeTHu3aluu
ypaBHeHu#. OOmIMe uepThl BCEX OSTUX NEHCTBHI (CUMTHIBAHHE CETKH W3 (haiina,
obecriedeHue TeHepaTopa CETOK BCEMHM HEOOXOAMMBIMHU (DYHKIHUSAMH ITOCTPOSHHS
CETOK) MOTYT OBbITh pE€aIM30BaHbl B IPOrPpaMMHOM IJIaTdopMe.

3adanue HauanbHvIX U SPAHUYHBIX YCI08ULL — 3TO ITAll, KOTOPbIM CHJIBHO 3aBUCUT OT
pemaeMoil 3amadd, W MOXET OBITh 0000IIEH TONBKO M Hanbojee MPOCTHIX
MOJIETbHBIX 3aj1ad. Jlns peanbHO pemaeMoi 3aJadyd MOXET CYIIECTBOBATh OUYEHBb
MHOI'O Pa3JIMYHBIX BO3MOXHOCTeW. Hanmpumep, B MOJHOLICHHOM 3ajade, pelaeMou ¢
nomoipio pacuetHoro koga GeRa, moxer ObITh 3amaHO 20 TEOJOTUYECKUX CIIOEB,
nMeromux no 20 mapaMeTpoB cpeapl B Kaxaom ciioe, 100 CKBaXXHMH CO CBOUMH
pexumamu  pabotel, 100 TOBEpXHOCTHBIX BOJOEMOB, 10 TIEPEHOCUMBIX U
B3aUMO/ICUCTBYIOIINX KOMIIOHEHT (IIpU MOJEIMPOBAHMU 3aJaud TepeHoca M ydera
XUMHH ¥ pPaadoakTHBHOTO pacmana). [Iporpammuas mnardgopma 37aech JOTDKHA
obecrieunTh yJOOHBIN MEXaHU3M COTIOCTABIICHUS CETOYHBIX DJIEMEHTOB M 33JJaHHBIX Ha
HUX HadyaJlbHBIX M TPaHUYHBIX ycioBUH. Ha 3TOoM 3Tame MONHOCTBIO MpOSIBISETCS
cnenu@uKa 3aJa4uu MOJIb30BATENs, XOTS, B MPUHIUIE, B HEKOTOPBIX CIy4asX MOKHO
ObL10 OBl pa3paboTaTh MOJYJb, KOTOPBIM CKPBUT Obl B cebOe crenuduky perraeMon
3a1auu ¥ yHUGUIUPOBaAT Obl HHTEpGEHC B3aUMOJICUCTBHS C MOIYJIEM JUCKPETU3AIIH.
Jlist mporpammuoro koaa GeRa takoir monynb «UserDatay ObuT co3aaH, OH MO3BOJIHT
pa3pabaTeiBaTh MOIYNb NUCKPETH3AIMK B Ooiee oOIeM BUAE, MPUTOTHOM st
MPUMEHEHUS U B IPYTHX IPOTPAMMHBIX POIYKTaX.

Oran Juckpemuzayuu ypaeweHuil BCTyHNaeT B JEWCTBHE, KOTJa CaMU YpaBHEHUS
3amaHbl (cnenuduka 3aaadd), BbIOpaH TakKe CIOCO0 TUCKPETHU3AMH YpaBHEHUUN
(3aBUCUMOCTB HE TOJBKO OT CaMHUX ypaBHEHHH U crielu(UKH perraeMoi 3a1a4u, HO U
OT TPEANOYTeHUH CaMOoro pa3padOT4YHMKa), W OCTACTCS TOJBKO BBHIMOIHUTH CaMy
JUCKPETU3alMI0. 3€Ch OYEHb IOMOT Obl MO/YJIb, AHAJIOTMYHBIA ONIMCAHHOMY MOJYJIIO
«UserData», xoTopslii o0pabaTpiBail Obl 3aJaHHBIC MOJIB30BATEIEM HAYalbHBIE U
IpaHUYHbIE JJaHHBIE U B YHU(DPHUIIMPOBAHHOM BHUJE IMOCTABISI Obl B UCKPETH3ALMIO
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3anpamvBaeMyr0 uHpopMmaiuio. Takum oOpa3om, mporpamMMHas miargopma Oyaer
BbIIaBaTh JJI JHUCKPETH3allMM HACUUTHIBaEMblE B IPOILIECCE pacyeTa JAHHbBIE U
NPUBSI3aHHYI0O K pacueTHOW cerke HHPopmauuioo. IloMuMo 3TOro noJIkHBI OBITH
oOecrieueHbl ynOOHbIE BO3MOXKHOCTH JiIi (OPMHUPOBAHUS MATPHUIBI JIMHEHHON
CHCTEMBbI U COOTBETCTBYIOIIEH MpaBoii yacTi. Kpome nepeuncieHHbIX GyHKIHH 3TOro
JTama, MOXKHO OTMETHTh HEJAaBHO TMOSBUBIIYIOCS B MPOTPaMMHOHN IuiaThopme
INMOST BO3MOXHOCTH IpPOBEACHUS «aBTOMAaTHYeCKOro» anpdepeHnupoBanus,
o0oOmiatomero crnocod HaxOXAECHUS TEPBBIX U BTOPbIX IPOMU3BOJHBIX, U
COIJIACOBAHHOI'O 3aIIOJIHEHUSI MaTPHUIIbl U TIPAaBOIl YaCTH.

5) Dran pewenus nunetinvix cucmem 0ObIYHO SIBISIETCA Haubosee 3aTpaTHBIM 110 BpEMEHH
pacuera. B mepByro ouepenb, MMEHHO pajyd YMEHBIIECHUS BPEMEHM Ha 3TOM I3Talle
CTamu pa3pabaTbelBaTbcd NapalielbHbIE METOJbl pPELIEHUS JUHEMHBIX cHCTeM. B
HACTOSIIEEe BPEMS CYIIECTBYIOT OOIIEpU3HAHHBIC OMOIMOTEKN TUHEHHBIX pernaTenen
(manpumep, PETSc!” i Trilinos™), ¢ xotopeiMu mpuBsikmn paboTats paspaGoTduKi
MPOrpaMMHBIX KOJ0B. KpoMe BO3MOKHOCTH BOCHOJIB30BAaThCSl 3THUMH peLIaTeNIIMH,
nporpaMMHas miaaropMa JIOJDKHAa OOECIeYMTh I0Jb30BaTeNsl BO3MOXKHOCTBIO
yI0OHOTO MOJAKJIIOUEHHS] CBOETO COOCTBEHHOI'O peIlaTelis, KOTOPbI, Hanmpumep, Obll
pa3paboTaH CHENUAIbHO A KOHKPETHOIO HPUJIOKEHHS M YYUTHIBACT ClEeUU(UKY
pemaemoii 3amaun. Bce sTu Bo3MokHOCTH mporpammuoin miardopmoit INMOST
MOJI30BATENI0  MPEAOCTABISAIOTCS, KpPOME TOrO0, MOKHO BOCIOJIb30BaTbCs U
BHYTPEHHUMH peIIaTeN MU CaMOi POrpaMMHON M1aT(OpMBI, KOTOFBIG B HEKOTOPBIX
CIydasx MPEBOCXOIAT OGIIETPH3HAHHBIC TApAIUIeIbHbIE pelaTem .

6) Ha osrane awmanuza nonyuennozo peuwienus, KOTOPbIA 0€3 COMHEHHUS TaKXKe SBISETCS
OYeHb CHJIBHO 3aBUCUMBIM OT cCHeUU(UKH pelaeMoi 3alad, Mbl MpeliaracMm
BOCIIOJIB30BaThCs Gubnorexoii VIKE (Ipu caMOCTOATEIBHOM peaTu3ai MOTYIIS
rpaMuecKoro aHajgM3a peIHIeHUs) WIM TOTOBBIMH BHEIIHHUMH IPOrpaMMaMH,
Hanpumep, ParaView'™ u VisIt?¥. INMOST MPEIOCTABIIAET CPEACTBA COXPAHEHHUS
CeTOK M JaHHBIX Ha HUX Kak B cOOCTBEHHOM ¢opmate, Tak U B (opmare VTK,
y10OHOM ISl BU3yaJIU3aliu.

CTOUT OTMETHTh, YTO TMpPH Pa3pabOTKe KOMMEPUECKOTO PACYETHOTO KoJa TaKxKe
norpebyercs cosmaHue rpaduyeckoro uHTepdeiica Moib30BaTeNs Uil HHTEPAKTUBHOTO
3aJaHusl TapaMeTpoB 33Jauyd, BBOJA HAuyaJbHBIX M TPAHUYHBIX YCIOBUH, YIpaBICHUS
MOCJICTIOBATEIPHOCTHIO IGUCTBHI M ATAMoOB. JTa 3a7a4a MOXKET OBbITh pelieHa, K MPUMEpY, C

. 25
rcronbp3oBanHneM 6ubnorex Qt n uaTepdeiica padorsr ¢ Humu Qt Creator™).

3 INMOST - ITIPOTPAMMHAS IIVIAT®OPMA

INMOST mnpencrasisier co0oil mporpaMMHYyto I1aTGopMy s pa3padO0TKU MapajuIeIbHbIX
YHUCJIEHHBIX MOJEIEe Ha ceTkax oOIIero an[a[]]'[4]. I'maBHOIT 3amadell ONHCBLIBAaEMOU
nporpaMMHON TUIaTGOpPMBI sIBIsieTCsl oOecreueHne MOJIb30BaTeNsi BCEMH HEOOXOAMMBIMU
CpeICTBaMH JUIs CO3/IaHUS U UCCIIEIOBAHUS Pa3IMUHBIX YMCICHHBIX Mojeneil. Croga BXOIUT
HE TOJBKO paboTa ¢ pacrpelesIeHHBIMH O MPOLECCOPaM CETOYHBIMHU JTaHHBIMU JUISI CETOK
o0uiero Buaa, HO U y10OHbBIN UHTEpdENc Ui GOPMUPOBAHUS CUCTEM JIMHEHHBIX ypaBHEHU,
a TaKKe MX pEellIeHHs, C MOMOIIbI0 BCTPOCHHBIX JIMOO MOIKIIOYAEMBIX MaKeTOB JMHEHHOMN
anreOpel. [Iporpammuas miarpopma INMOST paszpabareiBanach C y4eTOM CIEAYIOIIMX
KpUTEPHUEB:
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— Ooratelii pyHKITMOHAI BO3MOXXHOCTEH;

— 5] peKTUBHOCTS;

—  HaJeXHOCTb;

— YHUBEPCAJIbHOCTB;

— IMPOCTOTa UCIOJb30BAHMUS;

—  OTKPBITOCTH UCXOJHOTO KOJA.

B Hacrosiiee Bpemsi Ou€Hb TPYJHO HAWTH KOMIUIEKCHI MPOTPaMM, YIAOBJIECTBOPSIONINE
Cpa3y BCEM BBbILIENIEpeUYHCIeHHBIM TpeboBaHusM. CylIecTBYIOIIME PpEUIeHHs, Takhe Kak,
oubmuoreka FMDB (Flexible distributed Mesh DataBase), 6u6imoreka MOAB (A Mesh-
Oriented datABase), bubmmorexka MSTK (MeSh ToolKit), 6ubnnorexka STK (Sierra ToolKit),
naker Salome, maker OpenFOAM (Open Source Field Operation And Manipulation CFD
ToolBox) u npyrue o0iamaroT psioM HEIOCTATKOB U B TOJHOW MEpe HE COOTBETCTBYIOT
3asBIIEHHBIM KPUTEPUSAM. Y CYIIECTBYIOIIUX PEIICHUN HE BCETa €CTh JIeTKas MEPEHOCHMOCTh
MEeXIy paziuuHbiMu Tutatdopmamu (Windows, Linux), cymiecTByomue peanu3aluud He
BCEr/la HaJe)KHbBI, B HEKOTOPBIX IMAKETaX HEBO3MOXKHO, JTHOO MPOOIEMATHYHO BHEAPUTH CBOU
CXEeMBI JUCKpEeTH3aluu. TakKe CTOUT OTMETUTh, YTO MMEIOTCS OOIIEIOCTYITHBIE MaKEeThl, B
HEKOTOPBIA CTEIICHH, YIOBJICTBOPSIONIAE BBIOPAHHBIM KPUTEPUSIM M HMEIOIIHE OOraThIit
(YHKIIMOHAN, K TaKUM IIaKeTaM MOXXHO OTHECTH ParMETIS®! u Zoltan[6], KOTOpBIE
MPOU3BOJAT paclpeelieHne W Tepepaclpe/ielieHne TaHHBIX 10 TpolleccopaM, a TaKxKe
naxerst PETSc!” u Trilinos'™), IIPUMEHSIEMBIE NIl PEIIECHUS CUCTEM JIMHEHHBIX YPABHEHUM.

Ha ocnoBanuu stroro 8 UBM PAH 0p110 pemieHo caMOCTOSTENbHO pa3padoTaTh HAOOP
MPOTPAMMHBIX CPEACTB, 00ECMEeUMBAIOIMNN HEOOXOIUMBIN (YHKIIMOHAT BO3MOKHOCTEH H
JIOTTYCKAIOITUH TOAKIIFOYeHHE yHoMsHYThIX makeToB ParMETIS u Zoltan, a takke PETSc u
Trilinos. B pe3ynbrate 3TOro pemenus Obuia co3fgaHa mnporpammuas miatgopma INMOST
(Integrated Numerical Modelling and Object-oriented Supercomputing Technologies)!'.

3.1 Moayau naarpopmsl INMOST

OCHOBHBIE MO/TYJIH, BXOJISIIIIKE B COCTAB MPOTPAMMHON TUIAT(OPMBI:

— MOJYJIb CETOYHBIX ONepaluii;

— MOAyJNb 0aNaHCHUPOBKH CETKHU;

— MOJYJIb aBTOMAaTHYECKOT0 U depeHIMpOBAHUS;

— MOJYJIb COCTAaBJICHUS U PEUICHUS TUHEHHBIX CUCTEM.

OcHoBHast 3amaya TPOTPaMMHON IIAT(GOPMBI 3aKIIOYACTCS B TOAJEPKKE CETOUHBIX
omepaluii Ha pacrpeieleHHbIX CeTKaX, KOTOpble MOTYT HOTpeOOBaThCS PpPa3IUUYHBIM
reHepaTopaM pacueTHBIX CETOK, a TaKXKe pa3IMYHbIM CIIocOoO0aM TUCKPETHU3alluU ypaBHEHHI,
ONHUCHIBAIOIIMX BbIOpaHHYIO (U3MYECKyl0 Mojenb. PaccmaTpuBaroTcs KOH(OPMHBIE
pacueTHbIE CETKH, STYEHKH KOTOPBIX COCTOST M3 IMPOU3BOJIBHOIO KOJMYECTBA IPaHeH, KaKaas
X KOTOpBIX COCTOMT M3 IPOU3BOJBHOrO KosiuyectBa pebep. Ilporpammuas mnardopma
INMOST nonnepx uBaeT s4eiKu Mpou3BOJIbHOM KOH(GUTYpalluH, P 3TOM B HEE HE BXOIAT
caMHM TE€HEpaTopbl CETOK H3-3a TOrO, 4YTO THUI CETKH HANpsMyH 3aBUCUT OT THIA
UCIIONBb3YEeMON JTMCKpETU3allK, KOTOpas, B CBOIO OdYepenb, OIpenensercs BbIOpaHHON
(bu3UUeCcKoil MOJIENBIO U TUTIOM PEIIaeMON 3a1a4H.

Monynp GanaHCUPOBKHM CETOK OTBEYAeT 32 aBTOMATHYECKOE paclpeiesieHue pacyeTHOMN
CETKH TIO TpoIieccopaM 1 3a 3(HPeKTUBHOCTh U cOATAaHCUPOBAHHOCTH TAKOTO PACIIPEACIICHHUS.
Korma pacuetHas ceTka pacopeleleHa II0 IpoleccopaM, TO CIEAYIOIUM  Iarom
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IPOM3BOJUTCA OmNpezeieHne (PUKTUBHBIX S4Y€eK IO IpaHUIaM M0a001acTeil, B KOTOPBIX
OOHOBJIEHHE JJAaHHBIX C COCEIHUX MPOIECCOPOB MPOU3BOJUTCS BBI30BOM BCETO JIMILIL OJHOMN
¢yakuu INMOST u3 Monyns cerouHbix omnepauuid. CTOUT 3aMETHUTh, YTO KOJIMYECTBOM
ci0eB (DUKTHBHBIX SIU€EK MOXKHO YIIPaBJIATh, BIUIOTH 1O PYYHOTO ONpeNeNeHUs (PUKTUBHBIX
A4YeeK B Clyyae MHCIOJIb30BAHUS CIIOKHBIX M HEOJHOPOAHBIX IIA0JIOHOB AMCKPETU3ALUU.
3aMeTHM TaKKe, YTO JaXe caMo MCIoJb30BaHMe Oubmumorexku obMeHoB MPI ckpbiTo oT
MOJI30BATEINA, JUIS TOTO YTOOBI, IPU HEOOXOAMMOCTH, HAIPUMEp, IS OTIAJKU MPOrpaMM,
JIETKO MOXHO OBLJIO cOOpaTh MOCIEA0BATENbHYIO OAHOIPOLECCOPHYIO BEPCUIO MPOTrPaMMHOMN
wiatdopmsl INMOST.

Moayns aBTOMaTHueckoro auddepeHuupoBaHys IpU3BaH MOMOYb B 3alIUCH KOHKPETHON
JUCKpeTH3allui YPaBHEHHH, 3allOJHEHUs MaTpulbl sikoOMaHa M (OpMUpOBaHMU NpPaBOU
YacTU JIMHEHHOW CHUCTEMbI. DTOT MOAYNIb OblI pazpabortan Toiabko B 2016 roay um emie He
MOJIyYMJT IIMPOKOTO HMCIIOJIb30BAHUS B JPYTruX NpuiiokeHusx. OHAaKO €CTh BCE OCHOBAHMUS
OXKUJaTh, YTO OH MOT OBl CYIIECTBEHHO YINPOCTUTH IUCKPETU3ALMI0 MPU BBEIACHUU B
pacueTHbplii kox GeRa HOBBIX Mojeneil (u3nyeckux MpoLEccoB, a TakkKe I[OMOYb B
BepU(DUKALMN YK€ BHEAPEHHBIX TUCKPETH3alMU JUId paboTalomMUX M ONpOoOOBaHHBIX
MOJIETIEH.

Mopynp cOCTaBI€HUS M DPELICHHsS CUCTEM JIMHEHMHBIX YPABHEHUN BMECTE C MOIYJIEM
CEeTOYHBIX ONepaluil SBIsETCd OJHUM U3 CaMblX BaXHBIX MOJYJEHl MporpaMMHOI
miaTdopmbl INMOST. OTMeTHM OCHOBHBIE OCOOCHHOCTH ATOTO MOYJIS:

— ynobHoe (OpMHUPOBAaHME MATPULBI JIMHEHHOM CHUCTEMBbI 4epe3 aJpecaryio Io
r7100aJIbHBIM HOMEpaM CTPOK M CTOJOLOM, aHAJIOTMYHYI OOpallleHUI0 K 3JIeMEHTaM
IUIOTHOM MaTpULbl NPH COXpPaHEHUU Bcel 3((HEeKTUBHOCTH pabOTHI C Pa3peKeHHOMN
MAaTpULIEH;

— BO3MOKHOCTb MHCIIOJIb30BaHUSI OOJBIIOIO KOJIMYECTBA BCTPOCHHBIX JIMHEHHBIX
pelarenei, a TakyKe JMHEWHBIX pellaTened U3 BHEIIHUX M1aKeToB, Takux Kak PETSc u
Trilinos;

— yIoOHYI0 BO3MOXKHOCTb IEpPEKIIOYEHUs JMHEHHBIX periarenel 0e3 H3MeHEHUs
nporenypsl POPMHUPOBAHUS TUHEUHBIX CUCTEM.

3.2 YcramoBka INMOST

Kak yxe Obuto ormedeHo, INMOST paspabaTbiBajici C  yCJIOBHEM IIOJHOM
KpOCCIIaTOPMEHHOCTH U MEPEHOCUMOCTH  MEXIY Pa3jIUYHbIMH  ONEPALMOHHBIMU
cuctemamu (Windows, Linux, MacOSX). Yame Bcero mons3oBarenn paboOTaOT Ha
MEePCOHAIBHBIX KOMIIBIOTEPAX B onepanroHHoi cucteme Windows, a mapaiseibHble pacuyeThl
uist HanOoJsiee CJIOXKHBIX 3a7jad HEOOXOJWMO TPOBOJIUTH HA BBICOKOMPOU3BOJUTEIHHBIX
BBIUMCIIMTEIbHBIX KJIacTepaX, KOTOpble, KaK IPaBWJIO, HAXOMATCA IO YIPaBICHUEM
onepaioHHoi cucreMbl Linux. Ilonp3oBarento mpenocTaBiiieTcsi BO3MOXHOCTh COOHUpATh
INMOST HenocpencTBEHHO U3 MUCXOJHBIX KOJIOB, MOAPOOHAs JOKYMEHTALMUS U UHCTPYKIUH
JIOCTYITHBI Ha O(DUIIMAIEHOM CaiTe MPOrpaMMHOM TIaT(OPMBI INMOST!™.

4 PACYETHBIHA KOJ GERA

4.1 Ha3nayenue U GpyHKIHOHAJIbHbIE BO3MOKHOCTH

o 9
PacyeTHbBIli KOJI GeRa[] pa3pa6aTLIBaeTc;1 B pPaMKax IIOAIIPOCKTa «KO,I[BI HOBOTI'O
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nokosneHus» npoekrta «IIpopsiB» ['ockopnoparuu «Pocatom» U npeiHa3HAYEH I PEILICHUS
3aa4 OIICHKM Oe30MacHOCTH 3aXOPOHEHHsI PaJMOAKTUBHBIX OTXOJOB C TOYKU 3PEHHS
MOTCHIIMAIIBHOW MUTpAllMM  PAaTUOHYKIMIOB B TMOA3EMHBIX Bojax. Kox sBisercs
UHTETpaJIbHbIM, TO €CTb, IIO3BOJISIET PEIIUTh 3a/Jady OLIEHKH O0e30macHOCTH 00BbeKTa
nonaocteo!'”:  Co31aTh TEOTOrMUECKYI0O MOJENb IUIOMEAAKH C MOMONIBI0 BCTPOSHHBIX
CPEICTB MHTEPIHOJISILIMM U T€OCTATUCTUKHU; NOCTPOUTH PACUETHYIO CETKY; MPOBECTU pacyuer
GUIBTPAIIIOHHON W MUTPAIIMOHHON 3a/1a4; BU3YalU3UPOBATh PE3YNbTAThl U TOTYYUTH JIO3bI
JUISL HACETIEHUSI TIPH BOJIOTIOIB30BAHUHU, YTO U SIBIISETCS HEOOXOAUMBIM PE3yJIbTaTOM OIEHKH
6e3omacHocTd.  OTIMYUTENBHBIMU  OCOOEHHOCTSIMH  KOJla  SIBJISIFOTCSI  MCIOJIb30BaHUE
TPEXMEPHBIX HECTPYKTYPUPOBAHHBIX KOH(GOPMHBIX CETOK, COCTOSIIIUX u3
MHOTOTPAaHHHUKOB' ', METOJIOB KOHEYHBIX O0BEMOB JJISi TMPOCTPAHCTBEHHON JMCKPETU3AIUU
3a/lay, OpUEHTAIUS Ha MCIIOJIb30BaHUE KAaK B MOCIEJOBATEIIbHOM PEKUME Ha MEPCOHATBHBIX
KOMIIBIOTEPAX, TaK U B MMAapaJJICIbHOM peXHME Ha yaaJleHHbIX kiactepax. [lapamnenusanus
KOJla peaju3oBaHa ¢ momoibo MPIL.

K nacrosimiemy MoMeHTy pa3pabotana mepBas Bepcus koma GeRa (GeRa V.1), xotopas
nojaHa Ha arrectauuio B PocrexHangzop. B Hell peasn3oBaHbl MOJAEIH  CIEAYIOLIUX
IIPOLIECCOB:

— TEYeHHE IPYHTOBBIX BOJ ((pruibTpalusi) B HAMOPHOU M O€3HANIOPHOM MOCTAaHOBKAX;
— HACHIIIEHHO-HEHACHIIICHHAS (PUITbTpaIus;
—  aJIBeKTUBHO-AUCIIEPCUOHHO-AN(PGY3HOHHBIN MEepeHOC C BO3MOKHOCTBIO ydeTa cOpOLuH,

ONHUCHIBAEMOW H30TEPMON;

— paIMOaKTHBHBIA pacmaj TMEePEeHOCHMBIX PATUOHYKIHUJIOB C pacyeToM IEMOYeK

IIPEBPALLECHUN;

— XUMHYECKHE B3aMMOJICHCTBUS B CHCTEME Boja-miopona nyrem BkmodeHus B GeRa

F€OXUMHUYECKOTO MOIYJIS iPHREEQC[B]’[1 1
— TUIOTHOCTHAsl KOHBEKIHSI.

Jlis opraHu3anuu XpaHEHHUsS CETOK U JAaHHBIX Ha CETKaX, a TakKe COOPKH M pelIeHHs
CHCTEM JMHEHHBIX anreOpanuecKux ypaBHEHHI B MapajuleTbHOM M TOCIEI0BAaTEIbHOM
pexxumax B GeRa V.1 wucnonp3oBana mnporpammuas uatdpopma MSPP  coOcTBeHHOM
pa3paborku. Ilmarpopma MSPP Obuta co3mana B 2012 romy, ¥ (aKkTUYECKH SIBIISIETCS
npeaplIymuM  nokojgeHueM 1o ortHomeHuto kK INMOST. Bompoc nenecoodpasHoctu
nepexoga ¢ MSPP na INMOST Oyaer paccMoTpeH jgaiee TyTeM CpaBHEHUS UX
MPOM3BOJUTENHFHOCTH HAa XapaKTEPHBIX MpHMepax Hcmoiib3oBaHus miardopmel B GeRa (cwm.
paznen 4.4).

4.2 IlepcneKTUBBI pa3BUTHS KO/Aa

Ha ocHoBe ombiTa ucnons3oBanusi koga GeRa Ha mpakTHke W aHaM3a TEKYIIUX
pa3paboTOK APYrMX THgporeonormdeckux pacuerHbix kool 1! ompenemeno apa
OCHOBHBIX HaIllpaBJICHHS AaJbHEWIeld pa3paboTku (BTopoi Bepcuu koma, GeRa V.2). Bo-
MEPBBIX, 3TO YCOBEPIICHCTBOBAaHHE MPOTPAaMMHON IIATGOPMBI M BHEAPEHUE HOBBIX
YHCIEHHBIX METO/I0B JJIsl TOBBIIIeHUs AP (HEeKTUBHOCTH pabOTHI Koja. B yacTHOCTH:

— Ilepexon na mutarpopmy INMOST st yckopeHHs omnepanuii ¢ CETOYHBIMU

pIIeMEHTaMH (sYeikamMu, TpaHsIMHU, BEPIIUHAMH) U TaHHBIMH Ha CETKaXx.

— TloBbimenue 3peKTUBHOCTH pemiaTeneil pa3pekeHHbIX THHEHHBIX CUCTEM.

— PazpaboTka 3QPeKTUBHBIX METO/IOB pELIeHHs] HEIMHEWHBIX 3a7ay, BOSHHUKAIOIIUX, K
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pUMeEpY, IPU AUCKPETU3ALUH 3a/1a4 HEHACBILICHHON U IByX(da3HOU (QHIbTpAIUH.
— INapannenusanus Bcex peaJln30BaHHBIX MOJEIIEH.
Bo-BTOpBIX, 3TO paclIMpeHne CIEKTpa MOJAEINPYEMBIX IIPOLECCOB, @ UMEHHO:
— JIByx(azHble TeueHHs BO/Ia-Tas3.
— IlepeHocC B TpEIIMHOBATBIX CPENAX.
— Temmonepenoc,  TemnoBas  KOHBEKLUA M TEIUIOBBIACICHHE  BCIEICTBHE
PaavOaKTUBHOIO pacIaja.
—  @uubTpanus pacTBOPOB IIEPEMEHHON BA3KOCTH.
— Komnouanslii nepeHoc.
— T'eomexaHnveckue 1 OMOIOTUYECKUE TPOLIECCHI.

[TomMumo 3TOrO, NpeanoaaraeTcss HHTErpaus Koja ¢ MOIYIIMA MOJICIUPOBAaHUS OIMKHEH
30HBI 3aXOPOHEHHUs, pacueTa J030BbIX HArpy30K, OLICHKH HEOIIPEAEIEHHOCTEM. B HacTosmen
paboTte nemoHcTpupyeTcsi HOBbIM (pyHKuHMOHam GeRa mo coBMecTHOMY MOJEIMPOBAHUIO
IIPOLIECCOB TEIJIOBOW U INIOTHOCTHOW KOHBEKLIUU.

4.3 MoayabHasi CTPYKTYpa KoJaa

Pacuernbiii ko GeRa mMeer MOAYIbHYIO CTPYKTYpY, M €ro CTPYKTypa MOJHOCTHIO
onmupaercs Ha porpammHuyro miarhopmy (MSPP wimu INMOST):
1) Moaynbs HOCTpOEHHS T€0JIOTMYECKON MOJENIN Ha OCHOBE UCXOIHBIX JAHHBIX.
2) Mopaynp IOCTpOEHUS paCUETHBIX CETOK.
3) Monynb IucKpeTH3ali MaTeMaTUYECKUX MOJEIeH.
4) Monynb pacyeTa FreOXMMHUYECKUX B3aUMOJICHCTBHM B CUCTEME BOAA-IIOPOAA.
5) IMapamnensHas nporpammHaas MPI-mmatdopma st paboThl ¢ ceTKaMH U JaHHBIMH Ha
CEeTKax.
6) Monaynb penieHus OOIbIINUX TUHEHHBIX CUCTEM.
7) Mopgynbs IporpaMMHBIX CPEJICTB XpaHEHUsI U 00paOOTKH UCXOIHBIX JAHHBIX, TAHHBIX
MOHHMTOPHHTIA, PE3YJIbTATOB PACYETOB U MOCTIPOLECCUHTA 110 MOJEIISM.
8) Moxaynp kanubpanuuu Mojenel U OLleHKU JOCTOBEPHOCTH PE3yIbTaTOB.
9) Mopynb pacuera J030BbIX HATPY30K JJI HACETICHUSI.
10) I'papuyecknii uaTEpPEHC pACUETHOrO KOMIUIEKCA, HHTETPUPYIOLINNA BCE OCTAIbHbIC
MOJ1yJIM ¥ 00ECTIEUMBAIOLINI CpEICTBA BU3YAIU3AlUH.
3necs Moaynu 5 U 6, COOCTBEHHO, U COCTABJISIOT IPOrpaMMHYIO I1aTGopmy, MOAYIH 2 U
3 CyHIIECTBEHHO Ha Hee omnuparoTcs, Moayiau 4, 8 u 10 akTMBHO €€ HCHOJB3YIOT. Takum
o0Opa3om, Ooublias 4YacTh MPOTPAMMHBIX MOJIYJEH HCHOJB3YIOT MPOrPaMMHYIO MIatdopmy,
OHa CIIY)XKMT HE€ TOJbKO JJSi COXPAaHEHHUS CETOYHBIX JAHHBIX, HO W SIBJISETCA CPEICTBOM
B3aMMO/ICHCTBUS MPOTPAMMHBIX MOJIYJIEH APYT C IPYTOM.

4.4 CpaBHuUTeJbHBII aHaau3 NpousBoauTeabHocTH iIargopm MSPP u INMOST

Jlna cpaBHeHUs 3()(PEKTUBHOCTH 3THX JBYX IUIaT(GOPM MEXIY COOON M CO CTaHIAPTHBIMU
cpenctBamu C++ ObLIO TPOBEICHO HECKOJIBKO TECTOB HA MpsAMOyroibHoM ceTke 100x100%50
¢ o0mmM duucioM rpadHed paBHbIM  1520000. Tecthl HampaBieHbl Ha aHAIU3
MPOU3BOAUTENbHOCTH IIaTopmbl Ha XapakrepHbix A GeRa Bumax wucnomb3oBaHHS
NPOTpaMMHON TUIATGOPMBI: IMKJIAX IO 3JEMEHTaM CeTKH; JOCTYIl K JaHHBIM Ha CETKE;
orpesiesieHue THUIAa CETOYHOI'O AJIEMEHTa C TOYKM 3pPEHMsI MPUHAIJIEKHOCTH K IMPOLIECCOPY
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(moxet 6p1TE Owned, Ghost, Shared).

Tect 1: cpaBHeHHMe CKOPOCTEil padOTHI UTEPATOPOB

CpaBuuBanuch ckopoctu pabotsl Mesh::iteratorFace B mnatdpopmax MSPP u INMOST, a
takke std::vector<Face*>:iterator — wuTepaTop 1O cTaHmaptHoMy Bektopy STL
(pedepenTHbIil). B mukiaax BBIMOMHSIUCH MPOCTBIE MEUCTBHS, YTOOBI ONTHUMH3UPYIOIIHMA
KOMIIWJIATOP WX HE MPOUTHOPUPOBal. Hrbke MpencTaBiIeHbl yYacTKH IPOTPAMMBI, IS
KOTOPBIX MPOBOIUINCH U3MEPEHHUS.

CerouHblif uteparop (37MeMeHT mIaTGopMbl):

for (Mesh::iteratorFace iface = m->BeginFace();

iface != m->EndFace(); iface++){

att;
if (a%2) a +=2;

}

Hreparop BekTopa:

for (vector<Face*>::iterator the iterator = facePtr.begin(); the iterator != facePtr.end();
the iterator++){

b++;
if (b%2) b +=2;
b
Pe3ynbraTel TECTHPOBaHUS CKOPOCTU pabOThI UTEPATOPOB IPUBEIEHBI B TabauIe 1.
MSPP INMOST

CeTtouHblil uTepaTop 0.063042 0.024117
HrepaTop BexTOpa 0.002215 0.002151
CootHoleHUE 28.4608 11.207

Tabmnuma 1 : Pe3ynapTarhl TECTUPOBAHUS CKOPOCTU paboThl uTepaTopoB B MSPP u
INMOST.

Tecr 2: cpaBHeHHe BpeMeHH JOCTYIAa K Tery M K 3Ha4YeHHI0 BEeKTOpa

CpaBHUBaIHCH BpeMsl JOCTyNMa K 3HAYCHHUSM TErOB IOCTOSHHOTO pasMepa M BpeMs
JOCTYTIa K 3HAYCHHUSIM DJIEMEHTOB CTaHJAPTHOTO BEKTOpa. Ter B MporpaMMHBIX Iiardopmax
MSPP u INMOST wucnons3yercs i NPUBSI3KH JAHHBIX K dJEMEHTaM CeTKH. B kadecTBe
uTepatopa B o0oux chydasx BeicTyman vector<Face*>:iterator. Huske mnpencraBieHbI
YYaCTKHU MPOTPaMMBI, 17151 KOTOPBIX MTPOBOAUINCH U3MEPEHUSI.

Ter:

for (vector<Face*>:iterator the iterator = facePtr.begin(); the iterator != facePtr.end();
the iterator++){

uface = *the iterator;
s += uface -> Integer(probe); /CymMMupyem 3Ha4eHUs Tera Ha TPAHAX

}

DIIEMEHT BEKTOpa:

for (vector<int>:iterator the iterator = facelnt.begin(); the iterator != facelnt.end();
the iterator++){
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s += facelnt[i++];
}
CpaBHEHME BPEMEHHU JIOCTYIA K TETY M K 3HAUEHUIO BEKTOpa JIJIsl TPOTrPaMMHBIX TIaTGopM
MSPP u INMOST npusenens! B Tabauie 2.

MSPP INMOST
Ter 0.124058 0.0217268
DJIeMEHT BEKTOpa 0.004865 0.0049009
CootHoleHUE 25.4996 4.43321

Tabnuua 2 : CpaBHeHHE CKOPOCTH AOCTYIA K TEraM M 3JIeMEHTaM BEKTOpa.

Tect 3: cpaBHeHHe BpeMeHH BbINOJHEHHUS (PYHKIMHU-MapKepa U BpeMeHH J0CTyNna K
bool 3HaueHnsim BekTOpa

CpaBHuBajzioch Bpemsi BbimosiHeHuss QyHkiuu Element::GetStatus u Bpems qocTymna K
3HAYCHUSM DIIEMEHTOB BekTopa THma bool. B kadectBe wutTepatopa B 00OMX Cilydasx
BeIcTymnaet vector<Face*>::iterator. Hiske mpencTaBieHbl y4acTKU IPOTPaAMMBIL, IJIsT KOTOPBIX
MIPOBOIMITUCH H3MEPEHUSI.

Oynkuus-mapkep (Element::GetStatus):

for (vector<Face*>:iterator the iterator = facePtr.begin(); the iterator != facePtr.end();
the iterator++){

uface = *the _iterator;
boolTemp |= uface->GetStatus() != Element::Ghost;

}

DNeMEeHT BEeKTopa:

for (vector<bool>::iterator the iterator = faceBool.begin(); the iterator != faceBool.end();
the iterator++){

boolTemp |= faceBool[i++];

}

CpaBHeHHE BPEMEHHU BBITIONHEHUS (YHKIIMU-MapKepa W BpPEeMEHH JocTynma K bool
3HAYCHHSIM BEKTOpa IMPUBEJICHO B Ta0yHIe 3.

MSPP INMOST
ODyHKIUA-MapKep 0.019155 0.00926089
DneMeHT BeKTopa 0.002925 0.00297785
CooTHolIEHHE 6.5486 3.10993

Tabnuua 3 : CpaBHEeHHE BpEMEHHU BBINOJIHEHUS PYHKIIMU-MapKepa U BpEMEHHU JIOCTyIa
K bool 3Hauenussm Bektopa B MSPP u INMOST.

Bo Bcex Tpex mnpoBeneHHbIX TecTax mnporpamMHas miardgopma INMOST mnokasana
Oosbryto  3(G(GEKTUBHOCTh, YEM HCIOJIb3yeMas B HACTOsIIEe BpeMs IpOorpaMMHas
wiatpopma MSPP, X0Ts M He Takyi0 BBICOKYIO, KaK NPH HCIOJIb30BAHUU CTAaHIAPTHBIX
koHTeiiHepoB STL. Oxnako B cpaBHenuu ¢ STL ncnonb3oBanue miaatgopmbl 3HAUUTEIBHO
yIpouiaeT MpoLecC CO3JAaHUs MapaUIeNIbHbIX IPUIOKEHUH MU o0ecrneduBaeT IpOCThbIe
JOTMYECKHE CBSI3M JJIEMEHTOB M JAaHHBIX, a KpPOME JTOro He TpeOyercss BbIAEIATH
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JOTIOTHUTENBHYIO aMSITh Ha XpaHeHue konTeitnepos STL.

5 MOJAEJUPOBAHHME CONPIKEHHBIX NPOLECCOB MJIOTHOCTHOM U
TEIIJIOBOU KOHBEKIIUHA B ITOPUCTBIX CPEJJAX KOJIOM GERA

Hanuume rpaaveHTOB TemmepaTypsl M KOHLEHTpPAlMi PACTBOPEHHBIX BEUIECTB MOXKET
OKa3bIBaTh CYIIECTBEHHOE BJIMSHHME Ha JIBUKEHHE MOJ3EMHBIX BOA. [l onmucaHus JaHHOTO
npouecca He0oOX0JMMO COBMECTHO pellaThb CUCTEMY YpPaBHEHHUH Macco-, TeIlolnepeHoca U
bunbTpau ¢ yueToM NepeMeHHOW IUIOTHOCTH pacTBopoB. Hinke Oynmer copmymnupoBana
MaTeMaTu4ecKas MOJellb, ONIMCaHa YUCIIEHHas MOellb, peajin3oBaHHas B koge GeRa, a Taxxe
IIPUBEIEH IIPUMED PEIICHUs OJHOM 13 TECTOBBIX 3a/1a4.

5.1 MartremaTHn4eckas MojaeJb

YpaBHEHHS, OMUCHIBAIOIIUE TETIO-, MACCOTIEPEHOC U (PHIILTPALIUIO KUKOCTH B TTIOPUCTON
cpelic BBIBOJNATCS M3 3aKOHOB COXPAHCHHS Macchl W dHepruu (cM., Hampumep, Bear u
Cheng!'®, Diersch u Kolditz!'™). ITpu 5Tom 06bI4HO mpemonaraeTcs: IMHEHHAs 3aBHCHMOCTb
TUIOTHOCTH OT TEMIIEPATYPhl M KOHIICHTPAI[H TPUMECH

3neck p,— pedepeHTHas MI0THOCTh (IFIOTHOCTH JKUAKOCTH Oe3 mpuMecei pu pedepeHTHON

Temneparype 7, ) [ML'3], £ — k03 (PUIHEHT TEITIOBOTO pacIIUPEHHs! )KUAKOCTH [T'l], K, —

K03 PuIeHT 00BEMHOTO pacIIUpeHus 3a cYeT nmpumecH [—|, 7 — TeMrepaTypa KUIKOCTH
[K], C — koHuIeHTpamys npuMec [ML™].
TedeHne KUIKOCTH ONMMCHIBACTCS YpaBHEHUEM (DUIIBTPAIMH (B HACHIIIICHHBIX YCIOBUSX):

Oh oT oC
SL — op, B+ o, S+ V(pit) = p.g. . 2
10 6},‘ (ppoﬁ 6t (D vol at (pu) losgs ()

o -1 9
3nece S — koaddumument ynpyroit emxoctu [L], & — rumpaBnuueckuit Hamop [L], ¢ —
HOPUCTOCTh [—], p, — IUIOTHOCTb >KUJIKOCTH B HCTOYHHKE [ML™], g, — VHTEHCHBHOCTb

uctounuka [T™'], i — ckopocts huasTpamuu [LT™].
IlepeHoc npumecu ONUCHIBAETCS ypaBHEHUEM KOHBEKIMU-IU(DPy3un:

G ,
(pa—erV(uC)—V(DVC):quS. 3)
3neck C,— KOHIEHTpaLUs NPUMECH B UCTOYHUKE, D — TeH30p auddy3nu-aucnepcun:
D=D.+D,, )

rae D, —sbdextuBHblil K03QOUUUEHT MONeKyIApHOH 1uddy3un [L*T™] B mopucroii cpeze,
D, — TeH30p AUcHepcHu, onpeenseMslil popmyoi
D =il (e, =) Ei)+ 1), (5)

o, 1 o, — IPOJIOJIbHAS U ITOIIEpEUHast JUCIEPCUBHOCTH COOTBETCTBEHHO [L], / — equnu4Has
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marpuia pasmepom 3x3, E(u) — TeH30p ¢ KoMnoHenTamu E, (u) = uu; /||i£“2 i, je{l,2,3}.

VpaBHEHHE TEIUIONEPEHOCa 3aITHCHIBACTCS CIEAYIOLMM 06pa3oM:
TocC! S aT —
[(ppocf +(1-p)p™“c ]5 +p,c'V(uT) - V[(l + gopochC)VT] =qp.c'T. . (6)

3nech ¢ — yAeNIbHasA TEIUIOEMKOCTb XHUIKOCTH [L2T'2K’1], ¢’ — yHnenbHas TEIUIOEMKOCTh

rock

TBEPIOWA MaTPUIIbI [LZT'ZK'I], P — MIOTHOCTH TBEPAOH MaTpulbl 0e3 ydyera mop [ML'3 ],

T, — rtemmeparypa wucrounuka [K], A4 — TeH30p TEIIONPOBOIHOCTH, ONPECICHHBIN
CIICAYIOIIUM 00pa3oM:

A=A +(1-p)2° |1 . (7)

3nece A" m A° — K0d(D(HUIMEHTH TEMIONPOBOJHOCTH PACTBOPA M TBEPAOH MaTpHIIBI,
coorserctBenHo, [ML T?K™].
CkopocTh GpuabTpanuu MogIUHsIETCSI 00001IeHHOMY 3aKoHY Jlapeu:

a':-K(vmmvz], (8)
Po

r7ie z — BepTUKanbHas koopauHara [L], K — TeH30p dunbTpanun [LT, KOTOPBIH, BOOOIIE
rOBOPS, 3aBUCUT OT KOHIICHTPALIUU TPUMECH U TEMIIEPATYPHI.

5.2 Yncsienuasa Mojaen

Cucrema ypaHenuii (1)—(8) pemaeTcss HWTEpallMOHHO METOJOM PACHICIUICHHUS T10
¢buznyeckum nponeccam. [lycTh BepxHUIl HHIEKC 7 03HAYAET 3HAYCHHE MIEPEMEHHON Ha 1-0M
mrare o BpEeMEHH, a UHICKC k COOTBETCBYET k-OW WTEpalluu. 3aluIlIeM aJrOpUTM PEIICHHS
3a/1auu:

1) C wucnons3oBanuem Temmepatypsl 7" u xomnemtpammu C™'* ¢ mpenpimymieit

oC oT
HUTCpal BbIYUCIAIOTCA IMJIIOTHOCTD, BA3KOCTDh, @ TAKKC ITPOU3BOAHLBIC a— n — . OHn
¢

ot
MOJICTABJISIFOTCS B YpaBHEHHE (PUIIbTPALIUH.
2) VYpaBHeHHE QUIBTPALIUU PELIaeTCs HESIBHOM 110 BPEMEHHU CXEMOI:

hn+1,k+1 _ hn

n+l,k
S
P At

_y| prek gk [thﬂ,kﬂ + P = py VZ] _

Po (9)

n+l,k n+l,k
n+l _n+l 6T ac

=p"g" + — —pK,,—
pg qb (Dp()ﬂ@f (Dvol at

3) Ilo 3akony lapcu (8) BEIYHUCASIOTCS (GUIBTPALIHOHHBIC TOTOKU TR
4) Pemaetcst ypaBHEHHE ITEpEHOCA MIPUMECH
Cn+l,k+1 _ Cn

¢T +V (ﬁn+].k+lcn ) v/ (Dn+1,k+1vcn+1,k+l ) _ C«:+1q:+1 (10)
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5) Pemaetcs ypaBHEeHUE TemionepeHoca:

n+l,k+1 _7n

I:W)ocb +(1_(0)prockcs:| +p0cfv (l—{—rwl,kHTn)_

At
v/ |:(/1 n (ppochg-H,kH )VTM,M] _ q:+1p:+1chsn+1

(11)

rae At — I1ar 1o BpeMeHHu, 7 — HOMEp I1ara o BpeMeHH.

[Ilary NOBTOPSIFOTCSI HECKOJIBKO UTEpALMi /10 Te€X IOp, [T0Ka pa3HUIAa MEX]y 3HaYEHUSIMU
HaIloOpoB, KOHIIEHTpalui, TEMIEPATyp HAa JaHHOM W MNpPEeAbIAYHIEH HTEpalMsIX HE CTAHET
MEHbIIIE Hamepea 3aJaHHOro 4Mciaa. BenuunmHa mara 1o BPEMEHHM  ONPEAEISAEeTCS
10JIb30BaTEJIEM.

VYpaBHeHnus Ttermno- u Maccomnepenoca (10) m (11) pemarorcs SBHO-HESIBHOH CXEMOM.
Jluckpernsanus MO BPEMEHHU BBIMJISIUT CIEAYIOIUM 00pa3oM (pacCMOTPUM Ha IMpHUMEpe
3aJ]a4d MaccollepeHoca, JUIsl 3a/1a4M TEIJIoONEepeHoca CXeMa CTPOUTCS] aHAJIOTUYHO):

Cn+l _ Cn Cn+1 _ Cad,n+1 + Cad,n+l _ Cn Cn+1 _ Cad,n+l Cad,n+l _ Cn
— = + .

(12)
At At At At
3amaua pa3buBaeTcs Ha JIBE MOI3a/1a4H:
a/IBEKTHBHYIO
Cad,nH _ Cn i
- = + V un+ C!! — Cn n ; 13
0 (@'c")=Clq, (13)
1 dy3noHHYIO
Cn+l _ Cad,n Ll |
—-V(D""VC" ) =0. 14
— ( ) (14)

Jnst pemeHuss aJBEeKTUBHOM 3aqayMl C TOMOIIBI0 MeToja KoHedHbix o0veMoB (MKO)
npouHTerpupyem ypaBuenue (13) no siueiike £ pacueTHOM CeTKU:
Cad,n+1 _ Cn
j p————dv+ j v (@m'cm Wy = j C'q'dv . (15)
E At E E
3amMeHUM (QYHKIMKA TIOJ HWHTErpajaMu MX KYCOYHO-TIOCTOSIHHBIMM Ha SYCHKax CETKH
anmpokcumarusaMu. MHTerpain mo o0bemMy 3aMEHUM WHTETPajoM 0 MTOBEPXHOCTH SUYCHKU 110
dopmyne ["'aycca—OcTporpaackoro:

ad,n+l __ ~n
G Gy Y [cuart i, ds = [ Clqidv . (16)

At ecOE o E
3nech V, — o0beM sueliku £, C] — KOHLEHTpalys Ha TPaHu e, #, , — BHEUIHAS JUId STYEHKU
E Hopmanp K rpaHu e, CyMMHpPOBAaHHE BEAETCS II0 IpaHsaM sdedku FE . OuibTpanuoHHbIE

n+l

IOTOKM 4epe3 IpaHb u,, = .[ u"'-ji, . dS paccuMTHIBAIOTCS B paMKax (MILTPAIMOHHOI
e

3aJa4mu. TOF,Z[a HUTOrOBOC YpaBHCHHUC IJIA pCHICHUA 3aa4U aABCKIIUU:
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CZjd,nH _Cg n_ n+l n_n
p—E———LV, + > Clul = [ClqldV (17)
A ecOF E
Jns obecriedeHust yCTOMYMBOCTH CXEMBI HEOOXOIUMa MTPOTHBOIIOTOKOBAS AlllPOKCUMAIIHS
KOHIIeHTpaluil Ha rpaHsax. B koge GeRa peanuzoBanbl 1Ba BUa Takoi anmpoKCUMAaLIUU:
1) B cxeme mepBoro nopsjaka B kadectse C| BBIOMpPAETCs KOHIEHTpAIMs C TOW SYEHKH,

KOTOpas JIEKUT BBILIE N0 OTOKY;
2) B cXeMme BBICOKOI'O pa3pelieHus] OCYIIECTBIISIETCS KYCOYHO-JIMHEWMHOE BOCIOJIHEHHE
KOHIIEHTpAllMM Ha S4YeWKaxX CETKU: MO HEKOTOPhIM MpaBUIaM Ha KaKIOW sUYEHKe
ompeneNnsieTcsl JIMHEWHas (QYHKIUSA, CpelIHee 3HA4YeHHEe KOTOpPOH COBMaaaeT ¢

KOHLIEHTpalel B 3Toi siueiike. B kauectse C! Oepercs cpefHee MO IPaHU 3HAUYEHHE

(YHKIIMH-BOCTIOTHEHUS C TOW SYCHKH, YTO JICKHUT BBIIIE 1O TOTOKY.

s BTOpOro BHMJa amnmpoOKCHMAIlMU pealn30BaHbl JBa BapHaHTa KYCOYHO-JTMHEHHOTO
BOCITOJTHCHHS:

— METOJl, OCHOBaHHBIM Ha TOYHOM pEIICHUM 3a/a4l MHHUMH3ALWUHA KBaJpPaTUYHOTO
(YHKIMOHANA C OrPAHHYCHHEM B BH/IE HepaBeHCTB! s

— METOJ, OCHOBAaHHBI Ha MNPUOIMKEHHOM pEHICHHH 3a/ladyd  MHHUMHU3AIUN
KBaJ[paTHYHOTO (PYHKIMOHANIA C OTrPaHWYCHHSIMH B BHJE HepaBeHCTB (cMm. Barth u
Ohlberger'').

[TepBblit METO BHOCUT MEHBIIYIO YHCICHHYIO TU(DPy31t0, OJHAKO BBIYUCIUTENBHO Oojiee
CJIOKEH 10 CPAaBHEHUIO CO BTOPBIM.

Jns auckperuzauuu GUIBTPAMOHHON M muddy3nonHoi 3amau B GeRa moryr ObITH
MCIIONB30BAHEl HESIBHBIE CXeMbl JmHeiiHoro MKO: wmHororodewsas O-cxema ) mim
KJIACCUYECKasl IBYXTOYCUHAS CXEMa.

5.3 Pe3yabTaThl BBIYHCJIUTEIBHOI0 JKCIIEPUMEHTA

[IpoaemoHcTpupyem Bo3MOKkHOCTH Kofa GeRa MoaennpoBaTh COBMECTHO MJIOTHOCTHYIO U
TEIUIOBYIO KOHBEKIMIO Ha MpUMepe PaCHIMPEHHON 3a1auu Dijiepa, BIEepBble MpeaaoKeHHON
Diersch u Kolditz!'" u MOTU(PHUITUPOBAHHOM J amshidzadeh!®!,

ec ec
—=0 300 meTpoB —=0
a < P > &
T=0 T=0,C=1 T=0
o ~ -
S C «©_y
5 ox n ox
opucTas cpeaa
3 aT p pea ar
2 = =0 = =0
[Tp] X X
i
T=1C=0
- >
600 meTpos

Puc. 1: PacumpenHas 3a1a4a Diepa: 061acTh MOISTHPOBAHIS W TPAHHIHBIC YCIOBHs” .

OO6nacTh MOJENMpPOBaHMS M TPAHUYHBIC YCIOBUS IMOKa3aHbl Ha pucyHke 1. HuxHss
rpaHula IOAJEp)KUBaeTCsl ropsdyed. Ha ydacTke BepxXHEH TpaHULBI NONNEPKUBACTCS
MOCTOSIHHAsT MakcuManbHasg KoHueHTpauuss C=1 (koHuentpauuss C 31ech SBIAETCS

40



F.V. Grigoriev, I.V. Kapyrin and [.N. Konshin

Oe3pa3MepHO BEIMYMHOMN, MPUBEIACHHOW K Mpeneny pacTBopuMocTH). Ha Bcell rpanwmiie
3a/1aHO YCJIOBHUE HENPOTEKAHUsI, KPOME JIEBOIO M MPABOTO BEPXHUX YIVIOB, TNl 3aJaH HaIop
h =150 m. YncnoBsie mapamMeTpbl MOJICTTH IPUBEICHBI B TaOIHIIC 4.

3ajaua pemaerca komoM GeRa Ha paBHOMEpHON Trekca’ApalbHOM CETKE pa3MEepoM
60x1x30 staeek. Mcmonp3yercs mar no Bpemenu 30 cytok. s pemenus GuibTpamoHHON
3a/la4yd NPUMEHSETCS JBYXTOYEYHAsl CXEMa; JUI PELICHHs 3a/1ad TeIUIo-, MAacCOIlepeHoca —
SBHO-HEsABHAsI CX€Ma C MCIIOJIb30BAHHEM CXEMBI BBICOKOTO pa3pelieHHs Uil aJBEKTHUBHOU
MoJ3a/laul M JBYXTOUYE€YHOU cxembl uig nuddysnonHoi momzamaun. Ha pucynkax 2 u 3
MPUBEJAEHBl M30JIMHUM KOHIIEHTPALUM M U30TEPMbI JUisi MOMEHTOB BpemeHu 10 u 20 ner.
Pemenue, nomyuenHoe kogoM (GeRa, cOOTBETCTBYET pe3yibTaTaM, HU3JI0KEHHBIM B paboTe

Jamshidzadeh".
[TapameTp CumBon | 3nauenue | CucteMa eIuHUIL
Kosdounuent unprpaunn K 0.41 M/CyT
Koapounment nuddysun D, 0.31 M°/cyT
Ynpyras eMKOCTb S 10° M
ITopucrocts 1) 0.1 -
Koa¢. npoponsHO# pucnepcun oy 0 M
Koa@. monepeunoit nucnepcuu o, 0 M
PedepenTHas moTHOCTH Do 998.2 kr/m’
Koad. o6pemHOr0 pacmmperus Kyol 200 Kr/M>
TemTonpoBOIHOCTD KUIAKOCTH A 56160 Jx/(m cyt °C)
TemmonpoBOAHOCTh TB. MAaTPHUILIbI A 137462.4 | Jx/(m cyt °C)
Koa. TemnoBoro pacmupenus b 5x10™ oC!
Pedepentnas temmneparypa Ty 0 °C
MakcumanbHas TeMIepaTypa Tnax 1 °C
I110THOCTD TBEPIOW MATPHUIIBI Pk 2650 Kr/m’
VY nenbHasi TEMIOEMKOCTh TB. MATPHULIBI ¢’ 0 Jx/(xr °C)
VY 1ebHAs TEINIOEMKOCTh JKMJIKOCTHU c' 4180 Jx/(kr °C)

Tabnuna 4 : YucioBsie mapaMeTpsl ISl pacIIuPEHHON 3a1a4uu Dijepa.
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[\
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8383
)
'“
"'n._‘
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(b) C yepes 20 net

Puc. 2: 3onuHnu kKoHueHTpauu npuMect (a) gepes 10 ser, (b) uepes 20 ner.
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o= ] J !
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| f \ \. ) e
\ *u .d"‘ 0.6 e TWen g gt

20 | N ‘maw
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jzz ___‘..‘ 0.2 ‘) I -.\
ur % [/ A i
2L ("::::.I.J '\-x.._\'_t::...._-»/

20

0 100 200 300 400 500 600
(b) T yepes 20 net

Puc. 3: M3orepmsl (a) uepes 10 ner, (b) uepes 20 er.

3AK/IIOYEHHUE

B paGore omucanbl oOmIye 3Tanbl MOJENMPOBAHMS M BbIIENEHBI HauOoJiee BaXKHbBIC
(GYHKIMM, KOTOpbIE CIEAYEeT peaau30BaThb B CETOYHOM MpOrpaMMHOI Iuiardopme oOIiero
HaszHadyeHus. [IpuBoautcs onucanue nporpammuoi miargopmsl INMOST u pacuetHoro koja
GeRa, cozganHoro Ha ee ocHoBe. I[IpoleMOHCTpUpPOBaHBI PE3yIbTATHl MOAEIUPOBAHUS
COBMECTHOM 3a[]aui TJIOTHOCTHOM U TEIJIOBOM KOHBEKLIMU B IIOPUCTBIX Cpelax, MOJIyYEHHbIE
¢ nomomuibto pacyetHoro koxa GeRa.
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