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I'uaporeosioruyeckoe MoaeJMPOBaHUE B 32/1a4aX 000CHOBAHHUS
0€30MacHOCTH 3aX0OPOHEHHH PaTHOAKTHBHBIX 0TXO0I0B C IMOMO-
bI0 pacueTHoro koga GeRa

n.B. KaHBIpI/IHl'Z, 1.H. Konpumu™?, I B. KOHBITOBl, K. HI/IKI/ITI/IHl'Z, 10.B. BacuieBckuii?

. 1
HNuctutyT npobiiem 6e30macHOro pa3BuTHs aToMHOM 3HepreTukn PAH™, THCTUTYT BBIYMCIIH-
. 2
TenpHOM MaTemaTuku PAH

PaccmatpuBaroTcsi acmekThl TMIPOreOIOTHYeCKOr0 MOJCIUPOBAaHUS M Pa3pabOTKH COOT-
BETCTBYIOLINX PacYETHBIX KOJOB Ui OOOCHOBAHHUS 0E30MaCHOCTH 3aXOPOHEHHS paJHoaK-
TUBHBIX 0TX00B (PAO). AHamm3 TeKymux pa3pabOTOK MO3BOJSET BBIACIUTH TPH OCHOB-
HBIX TCHJCHIIMU: BO3PACTAHHE CIIOKHOCTH MOJIeIIel; KOJIbI «POXKICHHbIE ITapalIeIbHEIMI;
nepexol Ha HECTPYKTYPHUPOBAHHBIC CETKU M COOTBETCTBYIOLINE MM METOMBI IUCKPETH3a-
UK. DTH KOHIEINY IEMOHCTPHUPYIOTCSA Ha IpuMepe pacyeTHoro kona GeRa (I'eomurpa-
uust PagnoHyKINIOB) ¢ UCIIOJIB30BAaHUEM Psijia CIOXHBIX MOJIEINIEH: MepeHoca ¢ reOXUMHU-
YCCKHUMH BSaHMOﬂeﬁCTBHﬂMH, HaCI:IIlIeHHO-HeHaCLIIlIeHHOﬁ (I)I/IJ'II)TpaIlI/II/I, MJIOTHOCTHOM
KOHBEKIIUH.

1. BBenenune

YucneHHOE MOJESTUPOBAHUE TEOMUTPALIMU PATUOHYKIHIOB B HACTOALIECE BPEMSI SIBJISETCS OCHOB-
HBIM MHCTPYMEHTOM TIpH OIICHKE JOJTOBpeMeHHoH Oe3onmacHocTH 3axopoHeHuit PAO. bonsmme Bpe-
MEHHBIE ¥ TPOCTPAaHCTBEHHBIE MAacIITAaOBl 3a/]ad, CI0KHOCTh WH)KEHEPHBIX M MPHUPOJHBIX 0apbepoB
0e30MacHOCTH, MHOTO0OOpa3He CYIIECTBEHHBIX (PU3NUYESCKUX M XMMHUCCKUX IMPOIECCOB 00YCIIaBInBa-
IOT BBICOKHE TPEOOBAaHUS K PAaCUETHHIM KOJaM B YacTH BO3MOXKHOCTEH MOIEIMPOBAHUS, TOUHOCTH U
CKOpOCTH pacdeToB. [Ipu 3TOM oTeuecTBEHHBIE PAacUETHBIE KOJBI ISl THAPOTEOIOTHIECKOTO MOJEIIH-
pOBaHUsI B 9TOH 001aCTH MPAaKTUYECKH HE MPEACTABICHBI, U CIIEIHATICTAMH Ha TIPAKTHKE MCIIOb3Y-
IOTCSl 3apEKOMEHJIOBaBIIME ce0sl 3apyOexHble mnporpamMmusie koapl: MODFLOW, MT3DMS,
FEFLOW, TOUGH2 u np.

B pamkax moampoekta «Konpl HoBoro mokosienus» mnpoekta «IIpopsisy UBPAD PAH u UBM
PAH, coBMeCTHO C psZIOM JIpyrux OpraHu3aimii, paspabdareiBaetcs pacuetnsiii kox (PK) GeRa [1].
OcHoBHBIM HazHaueHHeM GeRa sBisieTcs perieHde KOMIUIEKCa 3a/ad, CBSI3aHHBIX C 3aXOPOHEHHEM
PAO, obpa3yrommxcst B paMKax 3aMKHYTOTI'O SIIEPHO-TOILIMBHOTO IIMKJIA: BBIOOD MECT IOJ3eMHON
n3onsiiu PAO; oneHka 06€30MacHOCTH 3aXOPOHEHHUS B YaCTH TEOMUTPALIMHN PAJUOHYKIIUIOB; 000CHO-
BaHHUE NPHUHIIMIIA PaJTUAHOHHO-MHUTPALHOHHO SKBHBalIeHTHOCTH [2]. GeRa siBisieTcst HHTerpaibHbIM
KOJIOM, TO €CTh, TIO3BOJISIET TIPOBOJIUTH MOJHBIA UK Pa0dOT, HAYMHAS OT CO3/aHMs T€OJOTHYECKON
MOJIEJI Ha OCHOBE JIAaHHBIX IMOJIEBBIX M JIAOOPATOPHBIX MCCIENOBAHWN W 3aKaHYMBAas PacyeTOM JI03
JUISL HACEJICHUS 110 BCEM OCHOBHBIM ITyTSIM Pa3BUTHUS. YUUTHIBAS MMPOTY (PYHKIMOHATA KOJA, OH MO-
JKeT OBITh MUCIOJIB30BAH U ISl PELICHUS 3a/1a4 OLIEHKH 0€30IacCHOCTH OOBEKTOB SAEPHOTO HACIEANs, B
TOM 4YHCJIe, TIOJIMTOHOB 3aX0poHeHus xuakux PAO. B mepcrnekTuBe BO3MOKHO PUMEHEHHE KO/a B
3aJ1a4ax OIEHKU BO3JICHCTBHSI XUMUYECKUX 3arps3HEHUN Ha COCTOSTHUE TIOJI3EMHBIX BOJI.

Crenyer OTMETHTB, UTO pa3pabOoTKa MEPEYHCICHHBIX BBIIIE 3apYOEKHBIX MPOrPAaMMHBIX CPEACTB
Opi1a Hayata B 70-e 1 80-e romer XX Beka. XOTS K HACTOSIIEMY BPEMEHHU CTOJIb MPOAOKUTENBHOE
BpeMs pa3pabOTKH MO3BOIMUIIO BHEJIPUTH B HUX NIMPOKHI CTIIEKTP MOJIENel, OrpaHIYHBAIONIAM (HaKTO-
POM Uil OOJIBIIMHCTBA U3 HUX SIBJISETCS TO, YTO M3HAYAJIBHO 3aJI0KEHHBIE YHCIICHHBIE METObI ObLIN
OpPUEHTUPOBAHBI HA UMEBILIHECS B TE TOJBI HEOONbIINE BEIYUCIUTEIbHBIE MOLITHOCTH, M aJJalTallisl HX
K COBPEMEHHBIM BBICOKOIIPOU3BOIUTEIBHBIM MapajuieisibiM IBM BecbMa 3aTpynHUTENbHA. DTO CTa-
JI0 IPUYMHON Havaia paboT MO HOBBIM MPOEKTaM, OTIMYUTEIbHBIMHA YepTaMU KOTOPBIX SIBJISIOTCS Iie-
PEXo/1 Ha TpeXMepHbIE HECTPYKTYPUPOBaHHbIE ceTKHU [3-5] u MaccuBHas mapaienbHOCTh, H3HAYAb-
HO 3aJI0’KeHHast B pa3pabotky [4,5].

“ PaGoTa BBIMONHEHA pu YacTH4YHOH (hrHaHCOBOH moxanepx ke mpoekTta «IIpopem» 'K Pocarom u rpanra
PODU 15-35-20991mo0a_a_Ben.

122



Cynepromnwstomeprule Onu 6 Poccuu 2015 // Russian Supercomputing Days 2015 // RussianSCDays.org

Pa3pabotka koma GeRa Takxke OpMEHTHpPOBaHA Ha MCIIOJIb30BAaHHE AJANITUBHBIX MHOTOTPaHHBIX
HECTPYKTYpPHPOBAaHHBIX CETOK, MMapaJUIeIbHOCTh, YTO oOecrieyrBaeTcs pa3padoTKOW Koxa Ha IMpo-
rpamMHO# iarpopme MSPP (6:1m3ka k miatpopme INMOST [6], koTopas sBiIsieTCst e CIeIyOIUM
nokonenueM). [lnarpopma MSPP obecrieunBaer napauiebHOE XpaHEHUE M CHHXPOHH3ALUIO CETOY-
HBIX JIAaHHBIX, COOPKY JINHEHHBIX CHCTEM U HX PEIICHUE, IIPH ITOM OT pa3pabOoTYNKOB AUCKPETH3ALMU
TpeOyeTCs TONBKO BBI30B KOMaH/Ibl CHHXPOHHU3ALIMH JaHHBIX Ha TPeOyeMBbIX dTanax pacyera.

2. Bo3amoxkHocTH Moje/iMpoBaHus B koae GeRa

K nacrosimemy Bpemenu B koge GeRa peann3oBaHbl BO3MOXKHOCTH T€OJIOTMYECKOTO MOJEIHPO-
BaHUs, YUCICHHOTO MOJCIUPOBAHMS TPOICCCOB (DUIBTPAIIUN U TIEPEHOCA, OICHKU W BH3YyaIH3allHH
pe3yibTaToB. B COBOKYITHOCTH C JIOTIOJIHUTEIHHBIM MOJIYJIEM pacueTa JI030BbIX HATPY30K peali30BaH
pacuer 103 JUIS HACENCHMUs, MOJTydaeMbIX MPU Pa3NIUYHBIX CIEHAPHUIX BOJOMONbB30BaHus. Koy cHao-
JKeH rpaduueckuM HHTEepQeiicoM, 00eCIIeYMBAIOIIAM PEIPOIECCHHT (3aIaHue TEOMETPUH PacueTHON
o0nacTH, HaYabHBIX ¥ TPAHUYHBIX yCIIOBHA, TAPAMETPOB MOJENeH, CKBaXIH, TIOBEPXHOCTHBIX BOO-
€MOB U T.JI.), 3aIlyCK PacueToB, a TaKXKe ABYMEPHYIO H TPEXMEPHYIO BU3YaIU3aIlHIO TIOJTYYCHHBIX pe-
3ynbpTaToB. Ha pucynke 1 mokazan mHTep(eiic mporpaMMbl C IBYMEPHBIM (ClIeBa) M TPEXMEPHBIM
(cpaBa) OKHaMU pEJaKTUPOBAHMS U BU3yalIU3allUH.
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Puc. 1. UnTepdetic pacuerHoro kona GeRa

I'eonoruueckoe MoAEeIMpPOBAaHUE BKIIOYAET MMOCTPOSHUE CTPYKTYPHOH MOJAENH 00BEKTa U MOJeH
(UIBTPAMOHHBIX U MHUTPAIlMOHHBIX MapaMEeTPOB T'eOJIOTHUECKUX cpel. s mocTpoeHus MoBEpXHO-
CTel KpOBeIb U IMOJIOIIB CIIOEB, JIN0O TOJIeH MapaMeTpoB MOTYT OBITh UCIOJB30BaHbl METO/BI HHTEP-
MOJISAIUY (TPUAHTYJISIMS, OOpaTHBIE PACCTOSHUS) M T€OCTATUCTUKU (KPUTHHT, JOMOJHEHHBIH BapHo-
TpaMMHBIM aHAJTU30M ).

st MoJienmpoBaHusi reo(UIbTPAIIMOHHBIX U T€OMUTPAIMOHHBIX TIPOIIECCOB B HACTOSIIIEE BPEMS
peanu30BaHkbl CETYIOINE MOJEIH:

— (unbTpanus B HAIIOPHOM, HAIOPHO-0E3HAMOPHOM U HACKIIIICHHO-HEHACKIIIICHHOH TOCTaHOBKE.

— aJBEKTUBHO-TU((HY3UOHHO-AUCIIEPCUOHHBIA MaCCOIEPEHOC.

— paJauoaKTHUBHBIN pacna.

— copOIys 10 JUHEHHON U30TepMe C TIOCTOSIHHBIM Ko3dduimenToM pacnpeneneHus Ky, 1160 ¢
repeMeHHbIM Ky, KOTOPBIH 3aBUCUT OT KOHIICHTPAITUH OJHOHN U3 MEPEHOCHUMBIX KOMITOHEHT. B
nocieaneM ciydae Ky3amaercs Tabnuieii 3HaueHui.

— IUIOTHOCTHAsi KOHBEKIUSI.
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— TEPEeHOC C MOJHBIM PacuyeTOM XMMHUYECKHX B3auMOEHCTBHi. HemocpeacTBEHHO pacueT Xu-
MHYECKHX pEaKIMi BBIMOJHACTCA C [OMOMLIbIO CBOOOJHO PacHpOCTPAHIEMOTo KoJa
PHREEQC [7], Bctpoennoro B GeRa.

[Ipr MOJETMPOBAHHUH YUUTHIBAIOTCS Pa3IMIHBIE THAPOT€OJOTHUECKHE OOBEKTHI: MOBEPXHOCTHBIE

BOJIOEMBI, CKBaXKHMHBI, IPEHAKHBIE CHCTEMBI.

3. Oco0eHHOCTH IUCKPeTH3aAlUH 32124

MeToabl JUCKpETH3aLUH 3a/1a4 OPUCHTUPOBAHBI HA HCIIOJIH30BaHUE TPOU3BOJIBHBIX KOH(POPMHBIX
(B 00001IIEHHOM CMEBICIIC) MHOTOTPAHHBIX TPEXMEPHBIX ceToK. B xome GeRa peanmm3oBaHo 1Ba ceTod-
HBIX T€HEepaTopa:
— TEHEepaTop TPEYroJbHO-MPU3MATHUECKUX CETOK C UCKIIOUYCHUEM BBIPOKACHHBIX SYEEK W BO3-
MO>KHOCTBIO 00pa3oBaHUs TeTPadApalbHBIX W MUPaMUIATBHBIX SYEeK MPH BBHIPOKACHUHU O-
HOW WJIH IBYX 00Pa3yIOUINX MPU3M;
— TeHepaTop TeKCadpajbHBIX CETOK HA OCHOBE BOCHMHIIEPEBHEB C METOIMKOW «CKAJTBIBAHUS
sueek [8].

O0a reHepaTopa MO3BOJISIIOT aNMPOKCUMHUPOBATH IIAHOBHIC IPaHMIIBI PACYETHON 00JacTH H TO-
BEPXHOCTH KPOBEIb U MOJOIIB CIIOEB CO BTOPHIM MOPSAKOM TOYHOCTH. TpeyroinbHO-TIPU3MaTHIEeCKIH
reHepaTop o0ecIeYnBaeT JBYMEPHYIO IUIAHOBYO aJallTAIAI0 CETKH, B TO BPeMsI KaK TeKcadapatbHbII
— TPEXMEPHYIO aIalTallUI0 CETKU K OCOOCHHOCTSIM 3ajay.

Jns auckpetusanuu oneparopa Auddy3un 1o BpeMEHH MOXKET ObITh UCTIONB30BaH OJIWH U3 JIBYX
JTUHEWHBIX MEeTOA0B KOHEUHBIX 00beMoB (MKO): TpaguimioHHas [ByXTOUYEYHAsI CXeMa aIlpoKCuMa-
[IUH TTIOTOKOB M 00Jiee TOYHast, HO BEIYUCIUTEIBLHO TPyI0eMKasi, MHOroToueuHasi O-cxeMa anmpoKcu-
Maruu notokoB [10]. s muckpernsanuu 3anau 1udy3MOHHOTO THIA TAKXKE pealii30BaHa HOBas
HeJIMHEHHas MOHOTOHHAsI CXeMa KOHEYHBIX 00BEMOB C JIByXTOYECUHON amlIpOKCHUMAanueld MOTOKOB,
rapaHTUPYIOIIas HEOTPHUIATEIHHOCTh MOy9aeMbIX pereHnid audpy3noHHsrx 3amad [11].

s MoJenpoBaHusi KOHBEKTUBHO-IU(P(PY3MOHHOTO TIEpeHOCa MOTYT OBITh MCIIOJIB30BaHbI Clie-
IYIOLIME YUCIICHHBIE CXCMBI: SIBHO-HESBHASI CXeMa pacIleIUieHHs 1Mo (PU3NIECKUM TpolieccaM (sBHas
KOHBEKIIWs, HesiBHAS MU y3us), s aABEKIIUN B HEH MOXET OBITh MCIOJB30BaHA HU3KOIHCCHTIA-
THUBHas cxema Bbeicokoro paspemenuss (MUSCL-Tuna) ¢ KyCOYHO-TMHEIHBIM BOCCTAHOBIEHUEM KOH-
[EHTpAINy Ha sueikax ceTku, nbo ctanmapTHas cxema MKO ¢ KyCOYHO-TIOCTOSIHHOM amlpoKCcHUMa-
el KOHIIEHTPAIIMK; MOJHOCThIO HEsBHAs CXeMa HejmHeiHoro monoronHoro MKO (¢ MUSCL-
CXEMO#i ISl KOHBEKTHBHOIO YJICHA); MOJHOCTBHIO HESIBHAsI CXeMa ¢ KyCOYHO-TIOCTOSIHHOM aIllpOKCH-
Malel KOHIIEHTPAIMH, UCTIONb3Yolnas oauH u3 auHeidHbpx MKO mis nuckpernzanuu quddy3non-
HOTO 4JICHA.

[Ipu MogenupoBaHUN HETMHEHHBIX 3a/1a4, B YACTHOCTH, IPOIIECCOB OE3HATIOPHON U HACHIIIICHHO-
HEHACBIIICHHOW (DUIIBTPALIK, UCTIONB3YETCS METO MPOCTON UTepanuu. st qucKpeTH3aluu 1mo Bpe-
MEHH 3a]1ad TUIOTHOCTHOW KOHBEKIIMH, KOTOPBIE Hepa3IeMMBbl Ha TIo/3a/1aui QUILTPAH U MepeHO-
ca, WCIIOJB3YETCS UTEPAIIOHHOE COTPSHKEHHE MOJIENe 3TUX IPOILECCOB, IPH KOTOPOM Ha KaXKI[OM
[iare Mo BPEMEHM LHUKJ pacdyeTa OTIAENbHBIX MOJIIIAr0OB BBIMIOMHAETCS 10 JOCTHKEHHS 3alaHHOTO
KpUTEpHUsl CXOAUMOCTH. B CHiTy BBICOKOI BBIYMCIUTENHHON CIOXHOCTH PEIISHUs 3a7ad MepeHoca ¢
XUMHAYECKUMH B3aMMOJEHCTBUSMHE, B HUX BBIIIOJIHACTCS OE3BITEPAlIOHHOE CONPsDKEHHE, PH KOTO-
POM PEaKIIMOHHBIA M MUTPAIIMOHHBIN TMOIMIATH JACTAIOTCS JHUIIb OJUH pa3 Ha Ka)JOM Iiare 1mo Bpe-
MEHH.

4. Ilpumepsl npuMeHEeHUS KOAA
B Hacrosmem pazaerne MpUBOAUTCS PSIT IPUMEPOB UCTIONB30BaHus kKoma GeRa a1 BRIMOTHEHUS

pacyeToOB B paMKax AOCTATOYHO CJIOKHBIX MOI[eHeﬁi IUIOTHOCTHOM KOHBCKIIHH, 663HaH0pHOI7[ n Ha-
CBIIHGHHO-HeHaCBIHIeHHOfI qmnmpauym, IMEPEHOCa C XUMHUUYCCKUMU BSaHMO)IefICTBHSIMPI.
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4.1 MoaeanpoBaHue HATIOPHO-0€3HANIOPHOI 1 HEHACKIIIEeHHOH UIbTpanum, nepeHoca

B 30HE a’panuun

JlanHas 3a7a4a MCIOJB3YETCS B KauecTBe oOydacromei Kk pacuetHomy komxy VS2DT[11], ee mocta-
HOBKA M YHCIIEHHOE DEIIeHHe MOXXHO Haiité B pabore [12]. PacueTHrIil paspe3 TECTOBOH 3amaud U
JUCKPETH3aIUsl MOJIeN, peann3oBanHoi B VS2DT, moka3zaHsl Ha pUCyHKE 2 , HA KOTOPOM OTpa)KeHa
pacdeTHas 00yacTh, UMeroIas pasMepsl 6,47 X 4,06 M. 30Ha a3paliu CI0KeHa HEOAHOPOIHBIMHU T10-
poJlaMu: TONYOBIM I[BETOM MOKa3aHBI XOPOIIO IMPOHHUIIAeMbIE TIECKH, & PO30BBIM - MEHEe MPOHUIlae-
MBI€ TIbIIEBaThIe TPYHTHI. HeoOxoanMeble mapaMeTpsl THAPOPUINIECKIX MOJIENIEH TTOPOJI PUBEICHEI B
tabmwuie 1 (ucmons3yercs Moaeiab Ban ['enyxreHa-Myainema [13]). B neBoM u paBOM HIDKHHX yTiaax
3aJ]aHo TPaHUYHOE YCIOBHE MEPBOTo poja co 3HaueHneM Hamopa H=-4,5 M. OtMeTka -4,5 M cOOTBET-
CTBYET HYJIEBOMY MABJICHHIO, M BBIIIE dTOW OTMETKH Ha4yallbHBIE JABIIEHUS 33/JaHbl THAPOCTaTHYe-
ckumu. Ha BepxHeii rpanunne 3agano nauisrpannonHoe nutanue 0,01 m/cyt. B yriyOnenun, koto-
pPO€ MOKHO MHTEPIIPETUPOBATh KaK XPAaHWIUIIEC OTXOMOB, KOHIeHTpalus uHuibTpata 1000 Mr/im, B
ocTanmbHON 00JIaCTH Ha BepXHEH rpaHnile OHA paBHA HyI0. PacueTHoe BpeMms cocrasisier 110 cyTok.
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Puc. 2. 'eomerpus pacueTHoi 001aCTH ¥ TPAHUYHBIE YCIOBUS

Taoauna 1. [Tapamerps! K AByMepHO#t 3a1a4e GMIBTPALIN U MacCcoIepeHoca

Tapaverp TMecox ITpueBaThIi
TPYHT
Koaddumment ¢punprparyy mpu moJIHOM HACBIIIEHUH (M/CYT) 12,4 0,7
BrarocoaepraHue mpu MoJHOM HACBITICHUHU O 0,39 0,4
OcrtaTo4yHoe Biarocojiepxanue 0, 0,06 0,14
[TapameTp ypaBHEHHUsI COCTOSIHHSL N 5,8 7,0
ITapameTp ypaBHeHns cocTostHus o, (M) 2,3 0,25
ITpononbHas IMCIIEPCUBHOCTD, & (M) 0,1 0,1
ITonepyeHHas qMCIEPCUBHOCTD, & (M) 0,01 0,01
KOHCTaHTa pacnama, A (cyr™) 0,03 0,03
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Puc. 3. Pacnpenenenue naBnenus B pacueTHoi oonactu npu T=110 cyTok, mocuUTaHHOE MOJIEIbIO HACHIIIEHHO-
HEHACHIIICHHON (QriIbTpanuu (cieBa) M HaOpHO-Oe3HanopHoi puipTpanuu (crpasa)
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Puc. 4. KonreHnTtpaius 3arpsi3HeHUs B pacueTHO# obmactu npu T=110 cyTok, mocunTaHHas MPU MOJCIHPOBA-
HUM (QUIBTPALMN HACKIICHHO-HEHACKIIICHHON MO/IETIbIO (CJIeBa) U HAMOPHO-0C3HAIOPHOH MOICITBIO
(ctipaBa)

MojenupoBaHue MPOBOJUTCS C MOMOIIBIO ABYX MOJIENICH: HAMOPHO-0E3HATIOPHOW U HACHIIIICHHO-
HEHACBHIIICHHONW (UIIBTpaIMy, IS JIEMOHCTPALIMU pa3jinyuil Mex 1y HUMH. Kak BUJIHO U3 pHCYHKa 3,
KapTHHA Paclpe/ICICHUS JIABJICHHUS B PACYCTHOW 00JIACTH KapAMHAIBHO OTJIMYACTCS B OTHX JBYX MO-
nensx. bornee mpocras MoJeNh HAIOPHO-OE3HANIOPHOM (UIBTPAIMKA HE CIOCOOHA YYeCTh CIIOKHOIO
HEJIMHEHHOTO MOBEACHUS THAPOPU3NICCKUX HapaMETPOB MOPObI, YTO CTABUT O] COMHEHHUE €€ HC-
MOJIb30BaHUE TIPU MOJCTUPOBAHUH (PHIIBTPALIMY U MEPEHOCA B 30HE adpalliu, XOTS TaKUE MOJIEIH SIB-
JISFOTCSL KOMIIOHEHTaMu pacdyeTHbIX kogoB MODFLOW u FEFLOW.

ITpu mepeHoce 3arps3HeHust (CM. PUCYHOK 4) MOZETH TakXKe MMOKa3bIBAIOT MPHHITUITHAIBHO pas-
HBbIC pPe3yJibTaThl. Bo-TiepBhIX, B HANIOPHO-OE3HAMIOPHOM MOCTAHOBKE 3arpsS3HEHUE PACIPOCTPAHACTCS
3HAYUTENLHO ObIcTpee. Bo-BTOPHBIX, THH3a CIIA0ONPOHHUIIAEMBIX MBIICBATHIX TPYHTOB BBIMOJHACT Pa3-
JTHYHBIE PoJiM. B Mojenu HarmopHO-0e3HATIOPHOW (PHUIBTPALMU OHA CITYXKUT BOJOYIMOPOM, U TIOTOK 00-
TeKaeT ee. B HachlleHHO-HEHACHIIIIEHHOW MOCTAHOBKE, HAIIPOTHB, OHA CIIYXKHUT KOJUICKTOPOM IMOTOKA,

a Ha ee HIDKHEH rpaHuile 00pa3yeTcsl KalWUISPHbIA Oapbep, OTBOISAIIMEA TOTOK BIPABO, BIOJIb HHK-
HEeU IpaHuLIbl JIUH3bL.

4.2 MoaeanpoBaHue IMJIOTHOCTHON KOHBEKIIUH

OnHoii n3 HanboJee N3BECTHBIX 3a/1a4, UCIOJIb3YEMbIX NPH BEPU(PHUKALNU YUCICHHBIX MOAEIeH
IUIOTHOCTHOW KOHBEKLIWH, SBJISI€TCS 3a/a4a Dijiepa, npeiokeHHas diaepom B [14] ans monenupo-
BaHMs TEIUIOBOW KOHBEKIMU M a/IalITUPOBAHHAs K 3a/ladyaM IUIOTHOCTHOW KOHBEKIWH B padote [15].
IToHas moctaHoBKa 3agauu mpeactasieHa B [15]. [IpuBenem 3mech TUIIb pe3yiabTaThl MOJIEITHPOBA-
HUSI 3TOU 3a7auul Ha rpyOoii ceTke u3 44x25 syeek (CM. pUCYHOK 5) u Ha Menkon ceTke 400x100 stue-

ek (cM. pucyHok 6). Ha pucynkax 5 u 6 moka3aHbl H30JHHUHE 00€3pa3MEPEeHHON KOHIIEHTPAI[MH COJIH
0.2,0.4,0.6u0.8.
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Ha6nromaembie pe3ysabTaThl OJM3KH K paHee MOJYYCHHBIM IpyruMmu ucciemoBatensmu [16-18]:
pemieHre Ha TpyOOi ceTKe KapAUHAIBFHO OTIUYAeTCsl OT PEelIeHrs Ha MeJKou cetke. K KoHIYy mone-
mupoBanus (T=20 mer) HabmiogaroTcst 1Be KOHBEKTHBHBIE SYEHKH Ha TpyOOil CETKE ¢ HUCXOASIIAM
MIOTOKOM B LIEHTPE, U YEThIpE KOHBEKTUBHBIX SIUCHKH C BOCXOAALINM ITOTOKOM B LIEHTPE — Ha MENKOH
cerke. Habmromaercst xopomiee coorBerctBue ¢ komamu SEAWAT [19] u SUTRA [15] na rpy6oii
cetke, ¢ TVDV-2D [16] mHa menkoii ceTke n Ha 06enx cetkax — ¢ kogamu ROCKFLOW u FEFLOW
[17]. Joka3aHo, 4TO pelieHHe TOHKHO CXOIUTHCS K MOKa3aHHOMY Ha PUCYHKE 6, M pa3Has CTpyKTypa
peleHust Ha MeNKO U TpyOoi ceTKax sIBIsieTCs CIeACTBHEM OJIM30CTH MapaMeTpoB 3afadd K Horpa-
HUYHBIM, pa3/IeJIAIOMIM J[Ba BapHaHTa (C ABYMS M C YETHIPhMs KOHBEKTHBHBIMH SUCKaMu), Majble
BO3MYIICHUSI IPUBOJIAT K pa3audHbiM pernerusm [20].

Crout oT™MeTHTB, uTO B Koie GeRa BO3MOKEH afieKBaTHBIM y4eT YMCTO NIPUMECHBIX UCTOYHUKOB
(KorJa MOCTyIUIEHHE B CHCTEMY HMPHUMECH HE COIPOBOXKAACTCS MOCTYIUICHHEM JKHUIKOCTH), 0e3 KOTOo-
pOTO pacyeT HAaropoB U IIOTOKOB B psifie 3a/ad (B 4aCTHOCTH, B 3a/aue Diigepa) HeBEepeH, Kak 3TO Mo-
Ka3zaHo B pabote [21].

T

=1 year T=2 years
T=3 years T=10 years
=15 years T=20 years

Puc. 5. Perienue 3amaun Diaepa Ha ceTke u3 44x25 sueek
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1 year T=2 years
T=3 years T=10 years
T=15 years T=20 years

Puc. 6. Pemenue 3amaun Dnaepa Ha cetke u3 400%100 sueek
4.3 MopaeanpoBaHue NepeHOCca ¢ XUMHUYeCKMMH B3aMMOAeHCTBUAMH

XUMHUUECKUE B3aUMOJCHCTBHS MIPAIOT, KaK MPABHJIO, KIIOYEBYIO POJIb B IWHAMUKE PacpoCcTpa-
HEHHSI PATHOHYKIUIOB U MHBIX 3arPsA3HEHHN B re0J0rndYeckoil cpese. B Hanbosee mpoCThIX MOIENIX
mepeHoca, ¢ y4eTOM PaBHOBECHOH 00paTHMOit copOimu 1o n3otepMe I'eHpH, XapaKTepHOE BPEMsI MHU-
Tpaliy 3arpsA3HUTENS MPSIMO MPOMOPIIMOHATIBHO (DakTopy 3ajepikku. [IpUCYTCTBYIOIME B JTUTEpA-
TYPHBIX HUCTOYHHKAX KOI(MGHUIMEHTHI pacnpeaeicHus, Ky, UId OTHUX U TeX Ke PaTdOHYKIHIOB U
re0JIOTMYECKUX MOPOJ MOTYT OTJIHYaThes Ha mopsinku [1]. CrenoBarenbHO, BO-TIEPBIX, TEOMHIPAIIU-
OHHBIC MOJICJIA UMEIOT BBICOKYIO UyBCTBUTEIBHOCTH K mapaMeTpy Kgy, U, BO-BTOPBIX, YUUTHIBAs OOJIb-
moi pa3dpoc ero 3HadeHHW! B 0a3axX NAaHHBIX, HCIIOJIBL30BAHUE TAOIMYHBIX JAHHBIX MOXET OBITh OI-
PpaBaaHO TOJILKO B KOHCCPBATUBHBIX MOJCIIAX.

Hnst obocHoBanus 3HaueHnid Ky TpeOyercst mpoBeneHHe COPOLMOHHBIX SKCIEPUMEHTOB C KOH-
KPETHBIMU PACTBOPAMH U TIOPOIAMH, XapaKTEPHBIMHU JJIs1 TAHHOTO 00bekTa. B mpakTrke 000CHOBaHUS
Oe3omacHocTH Ky 00BIYHO OTIpPECIAeTCS ¢ MTOMOIIBI0 CTaHAaPTHU30BAHHOTO SKCIIEPUMEHTA, U CUUTA-
€TCsl HEM3MEHHBIM ITapaMEeTPOM MOPOIBI Ha BeCh mepro] MozaeaupoBanus [2, 3]. Oxgnako Takas MeTo-
JIMKa JINOO BOBCE HE YUYHMTHIBACT PEATbHBIH COCTAB PACTBOPOB (B 3KCIEPHUMEHTE HCIONB3YEeTCS JHC-
THTMPOBaHHAs BOJA), JINOO HE TMO3BOJIAET YUECTh JUHAMHUKY W3MEHEHHUS 3TOTO PAaCTBOpPA B MPOIECCe
B3aUMO/JICUCTBUSA C TOPOJIAMH.

B kone GeRa mpemaycMOTpeHBI [Ba TMOAXOJA, MO3BOJISIONIMX C PA3HOW CTEMEHBIO TOYHOCTH
Y4ECTh pealIbHbIE COCTaBbl PACTBOPAa M BMEIIAIOIIECH MOPOABI MpU MepeHoce 3arps3HeHus. [lepsuiit
MOJIXOJ] 3aKJIFOUAETCS B MOJICIIMPOBAHUN COPOIUH I10 JIMHEHHOW U30TepME, B KOTOPOH KO3 (UIIUEHT
pacnpenenenust Ky sBIsieTcs MepeMEHHBIM, 3aBUCSIIMM OT KOHIICHTPAI[MHM OJHOW U3 MEPEHOCHUMBIX
KOMITOHEHT pacTBopa. BTOpoii — COCTOUT B MOJHOM MOJACIMPOBAHNUH XMMHUYECKUX B3aUMOICHCTRHI (B
HACTOSIIEE BPEMS — B PABHOBECHOM MOCTaHOBKE) ¢ momorsio koga PHREEQC [25]. Tlepssrit moaxon
npernoiaraeTcss MeHee TOYHBIM, HO €r0 JOCTOMHCTBOM SIBIISIETCSI MEHBIIIEe Ha HECKOJBKO MOPSIIKOB
BpEeMsl pacueTa, TaK KaK PacueT XMMHUYECKUX PEaKIHi SBJISIETCS BBIYUCIUTEIBHO YPE3BBIYAMHO 3a-
TPaTHBIM.

st neMoHcTpanuu BO3MOKHOCTeH koja GeRa mo MomenupoBaHHIO MEepeHoca ¢ XUMUYECKUMU
B3aUMO/ICHCTBUSIMH, TPUBEIEM MPHUMEP MOJCIUPOBAHUS 3aJa4M O 3aKauke PACTBOPOB Pa3IHYHOTO
COCTaBa B OJHOPOIHBIN IacT. MojenupyeTcst cOaaHCHpOBaHHAsI MO PacxoiaM OTHOBPEMEHHas pa-
00Ta TISITH CKBAXKMH, YEThIPEX HATHETATENBHBIX U OJIHOM pasrpy3ouHoii. PacueTHas obnacth sBisieTcs
npsMOyTONIbHEIM Tapamtenenunenom [-100 m;100 m]x[-100 m;100 m]x[-5 m;5 m]. B Toukax P; = (-95
M; -95 M), P,=(95 M; -95 m); P3=(95 m; 95 m); P4=(-95 M; 95 M) pacrosioxkeHbl HarHETaTE/IbHbIE CKBa-
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JKUHBI, QUIBTPBI KOTOPBIX HAXOAATCS HA BHICOTE OT -2 M 110 2 M. Pacxoj KaXIoi U3 3TUX CKBAKUH
coctapisier 10 M3/0yTI(I/I. B nenrpe pacuernoit obmactu, touke (0;0) pacmonokeHa pasrpy3ouHas
CKBa)XWHA, (PUIBTP KOTOPOH Taxke HAXOAWTCS Ha BBICOTE OT -2 M 10 2 M. Pacxon pasrpy3odHoif
CKBaXMHBI KOMIICHCHPYET 3aKadky U coctasisier 40 m°/cytku. IToposa miacta u pacTBOp, 3amoIHsIO-
IIMH ee B HAYIbHBIH MOMEHT BPEMEHH, HaXOJATCS B XHMHUYECKOM paBHOBecuu. Ha mopone mpucyt-
CTBYIOT JIB€ HOHOOOMEHHBIX (ha3bl.
B HarnerarenbHbIC CKBRKHHBI OCYIIECTBIIICTCS 3aKaYKa PaCTBOPOB, COACPKAIIUX HUTPAT HATPUS

u cTpoHimii. KOHIIEHTpanus CTpOHIMS B 3aKayMBaeMbBIX PAacTBOpax OJMHAKOBAas U COCTAaBJISCT
3,3x10 Mons/11. KOHIEHTpaLHs HUTpaTa HATPHS BapbHUPYETCS U COCTABIIACT:

— 0 Mons/n B ckBaxune Py;

— 0,2 monb/n1 B ckBakuHe Py;

— 0,4 monb/n B ckBakuHe P3;

— 0,6 mons/n1 B ckBaxxune Pg.

MopenupoBanue npoBoautcs Ha niepuoz B 3000 queii. Ha pucynkax 7 u 8 moka3aHbl KOHIICHTpA-
[IUU HATPATa HATPHUS M CTPOHITUS B CEUSHHUH CJI0s TUIOCKOCThIO Z=0 M B MoMeHTHI BpemeHH 1000 mHeit
u 3000 nuerr. OTMEUEHBI M30JUHUU KOHIICHTPAIIUU CTPOHIIH 10 monw/n u 107° MOJIB/JI, a TaKKe
U30JIMHUK KOHIIEHTpalu Hutpata Hatpus oT 0,1 10 0,6 moib/n ¢ marom 0,1 momb/in. Bo-mepBbix,
JaHHASl MOJENb T03BOJISIET YYECTh BIUSHHUE PA3IMYHOIO COAEPXKAHMS HUTpATa HATPHs HAa MUTPALIUIO
CTPOHLIUS: YeM BBIIE KOHIEHTPALUSI HUTpaTa, TeM MEHbIIE cOpOUpyeTcsi CTpOoHIM. Bo-BTOpBIX, B
OTIMYME OT IPYTUX MOojeiel, HaOmoaeTcs 3aMelyIeHUe MUTPAIlMK CaMOT0 HUTPATa, TO €CTh, OH yXKe
HE SBJISIETCS. HEUTPaIbHBIM TPACcCEPOM, KaK TPAAULUOHHO IPUHATO CUUTATb.
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Conc_Nitrate

I 6.2800-01

Conc_Nitrate

. 6.2800-01

I 0.000e+00

a) T=1000 cyrok 6) T=3000 cyroxk

Puc. 7. Pactipenenenne HUTpaTa HATPHUSA B pacueTHON OOJIACTH IPH yIeTe XUMHUUECKUX B3aUMOICHCTBUH

a) T=1000 cyrox 6) T=3000 cyrok

Puc. 8. Pacnipenenienre cTpoHIHsI B pacueTHON 0OJIACTH NPH YUeTe XUMHIECKUX B3aUMOJICHCTBHIN

5. 3akiaouenue

B pabote xpaTko omncaHbl OCHOBHBIE BO3MOKHOCTH MHTerpaibHoro koga GeRa ans ruaporeo-
JIOTMYECKOI0 MOJIETTMPOBaHUs B 3a7a4ax 000cHOBaHUs Oe3onmacHocTH 3axopoHeHuit PAO. B cootset-
CTBHH C COBPEMEHHBIMHU TEHACHIMSIMHU Pa3pabOTKH KOJOB Mo00HOH HanpasieHHocTH, GeRa sBnser-
Csl KOJIOM, «POKICHHBIM TapajlieJbHBIM» Onarofaps HMCIOJIb30BaHUIO MPOTPAMMHON TLIATHOPMEL
MSPP, 1 paboTaeT Ha aJalTUBHBIX TPEXMEPHBIX HECTPYKTYPHUPOBAHHBIX CETKaX.

B pacueTtHOM KOJe peann3oBaHbl 0a30BbIC U YCIOXHEHHBbIE MOJAETH (QIIBTPAIMK M TEpeHoca,
BKJIIOYasi MOJICIM HANOpHO-0e3HANOPHON (HUIBTpaIluK, HACHIIICHHO-HEHACHIIIICHHOW (UIIBTPALIUY,
IUIOTHOCTHOW KOHBEKIMH, [IEPEHOCA B 30HE a’palll, NepeHoca ¢ XMMUYECKUMH B3aUMOJICHCTBUSIMH.
Kon ortnuyaer Hamuuue psiia YHUKAJIBHBIX MOJIENIEH, HE BKJIIOUEHHBIX B COBPEMEHHBIE IIMPOKO pac-
npocTpaneHHbie Kokl (cemeiictBo MODFLOW, FEFLOW wu nip.), B 4acTHOCTH, MOJIEJIb TNIOTHOCTHOM
KOHBEKIIMU T03BOJISIET aJ€KBATHO YUUTHIBATH YUCTO NMPUMECHBIE HCTOYHUKH, & IIPU MOJECITUPOBAHUI
copOLuM MO U30TEpPME BO3MOXKEH YUeT BIUSHHSA KOHLEHTPALKUU OJHOW U3 MEPEHOCUMBIX KOMIIOHEHT
Ha KO3 QUIIMEHT pacTpeieieHus IPYTuX BEIIECTB.

Pacuernsrit ko GeRa no3BossieT mpoBeCTH MOTHBIN UK MOJICIIMPOBAHUS TP PEIICHUH 331a4K
oLleHKM Oe3omacHoCcTH 3axopoHeHHs PAQ: reomormueckoe MOAENMPOBaHHE, re0(UIBTPALIMOHHOE U
TeOMUTPAIMOHHOE MOJIETTMPOBaHHE, OIIEHKA U BU3YyaIM3allus pe3ynbTaroB. K HacTosmieMy BpeMeHU
nepBast BEpcHs KoJa MpoIuia onbITHYI0 dKkciuryaTanuio Bo OI'YII «HannonansHel onepaTop mo 00-
PALLEHHIO C PalMOAKTUBHBIMH OTXOAAaMM» M TOTOBUTCS K I0Jlaue Ha aTTecTanuio B Pocrexnanzop.
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Hydrogeological modeling in radioactive waste disposal safety
assessment using the GeRa code
Ivan Kapyrin, Igor Konshin, Kopytov German, Kirill Nikitin and Yuri Vassilevski

Keywords: groundwater flow, transport in porous media, reactive transport, density-driven
flow, disposal safety assessment

The challenges of hydrogeological modeling in the framework of radioactive waste disposal
safety assessment are discussed. Analysis of the ongoing projects shows three major trends in
code development: increasing models complexity; codes "born parallel”; adaptive polyhedral
grids and suitable high-order numerical schemes. These concepts are demonstrated using the
GeRa (Geomigration of Radionuclides) numerical code in terms of a couple of advanced
models: reactive transport, unsaturated flow and transport in vadose zone, density-driven
flow.



