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Abstract. Uuterpansbiii kom COKPAT-BH paspaboran B pamkax PenepaiabHOM I1eI€BOM
IIpOrpaMMel «SlaepHble SHEPrOTEXHOIOIMHY HOBOTO MoKojieHus Ha nepuog 2010 — 2015 ronos u
Ha mnepcnektuBy g0 2020 roma». Kon mpenHasHaueH s aHanu3a OesomacHoct ADC ¢
pEaKTOpaMu ¢ HATPUEBBIM TEIUIOHOCUTEIEM MPHU MPOEKTHBIX U 3alPOEKTHBIX aBapHsX, BKIHOYas
TSKEJIbIE aBapuu C IJIAaBJICHHUEM aKTUBHOW 30HBI.

WurerpupoBanneie B kog COKPAT-BH Monaynu mo3BOJSIOT NPOBOJUTH CBS3AHHBIE PACUETHI
TEIUIOTUIPaBIMYECKUX, HEUTPOHHO-PU3NYECKUX IPOLIECCOB, TEPMOMEXAHUUYECKOTO COCTOSHUS
TOMJIMBA M OOOJIOUKHM, IJIaBJIEHHE M MEpeMEIleHUs] MaTephaloB aKTUBHOW 30HBI, a TaKXke
HAKOIUICHHE U IIEPEHOC NPOAYKTOB JCIECHUS B TEIUIOHOCUTENE M OKpyKamomen cpene. B
JIOKJIaZIe TPEICTaBICHbl OIMCAaHUE OCHOBHBIX IIPOTPAMMHBIX MOJYJIEHW M pe3yiabTaTbl MX
BepU(pUKALMU HAa BHEPEAKTOPHBIX U PEAKTOPHBIX IKCIIEPUMEHTAX.

B nacrosimee Bpemst kon COKPAT-BH ucnons3yercst qis o6ocHoBanust 6ezomnacHoctd ADC ¢
peakTopaMu C HATPHEBBIM TEIUIOHOCHTENeM. B dYacTHOCTH OBIIM TPOBEIAEHBI PACUYETHI
CJICAYIOIIMX THIIOTETUYECKUX aBapHii: aBapHs ¢ MOTepeil pacxoja TEIIOHOCUTENS B aKTUBHOM
3oHe (ULOF), ¢ HeKOHTpoIMpyeMbIM BBOJOM ToJokuTenbHOH peakTuBHOCTH (UTOP) m ¢
MIOJTHOM OJIOKMPOBKOU mpoxoaHoro ceuenus oanoii TBC (TIB). B moknane npeacrasieH aHan3
OCHOBHBIX PE3YyJIbTaTOB PACYETOB.

Key Words: 6e30macHOCTb, TSOKEIBIE aBAPUH, HHTETPAIbHBIN KOJI, HATPHUEBBIM TEMIOHOCHTETb.

1 BBenenne

OHUM M3 KITIOUEBBIX KPUTEPHUEB 0€30MacCHOCTH aTOMHBIX cTaHui (AC) sBIsSETCS OTpaHUYEHUE
paaualMOHHOTO BO3JEHUCTBUS Ha TMIEPCOHAJ, HACEICHUE U OKpyxkawmlyo cpeny. s
coBpeMeHHbIX AC paccMaTpUBaIOTCA pa3JIMYHbIE HAPYUICHUS: HAPYIIEHUS HOPMAJIbHOU
OKCIUTyaTallu, MPOeKTHhIe W 3ampoekTHele aBapuu (3[1A). Haumbonee omacHBIMH C TOYKHU
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3pCHUA padUallMOHHOT'O BO3,Z[€I>'ICTBI/I$I Ha 4YCJIOBCKA MABJIAIOTCA 3allPOCKTHLIC aBapuu,
XapaKTEepU3YIOIIHECs MaJOBEPOSTHBIMU COOBITHSMU M MHOTOYMCICHHBIMH OTKa3aMu. B kiacce
3ITA ocoboe MecTO 3aHMMAlOT TaK Ha3bIBa€Mble TSDKEIBIE aBapUM, B IPOLECCE IPOTEKAHUS
KOTOPBIX MOTYT PEaIN30BhIBATHCS HaNOOJIee XyANINE MOCIEACTBUS KaK sl YeJIOBEKa, TaK U JUIs
000pyTI0BaHUs.

Tsoxenbie ABapUH XapaKTCPU3YIOTCA LCJIbIM pAAOM IHIPOHECCOB, OCHOBHBIMH H3 KOTOPBIX
SABIIAKOTCA:

- KHUIIEHUE HATPUS;

- TJIaBJICHUE 000JI0UEK TBAJI M TOIUIHBA,

- MaccoBasi pa3repMeTu3alus TBIJ;

- nedopmanus TBAJI, BKIOYas [IOBEJCHUE TOIUIMBA U pa3repMeTH3aluIo 000JI04EK;

- BBIXOJ[ IIPOAYKTOB JEJIECHHUS W3 Pa3sTepMETU3UPOBAHHBIX TB3J M PACIUIABIECHHOIO
TOILIMBA,;

- MEPEHOC MPOAYKTOB JICJICHUSI B PEAKTOPE M IMOMEIICHHUSIX JHEProOJoKa, UX BBHIOPOC B
OKPYKaIOMIYIO Cpeay;

- pacrpocTpaHeHHE  PaIUMOHYKIMIOB B  OKpyXawieil  cpene, (GopMHUpOBaHHE
pamuanoHHoi o0cTaHOBKH BOKpyr ADC.

Jns BcectoponHero aHanuza 3[IA MIMPOKO UCHOIB3YIOTCS MHTETpalibHbIC TsHKEI0aBapUITHbIC
kozbl. Hanbonee n3BecTHhIME 3apyOekHBIMU KogaMu siBJsitoTcst kogasl SIMMER-111, SAS-4A. B
Poccun st o6ocHoBaHust Oe3zonmacHocTH peakTopoB BbH-600, BH-800 wucnonb3oBayics Ko
COREMELT.

B nocneanue ronsl B Poccun 6bu1 pazpaboran u BBeaeH B skciutyaranuio kog COKPAT-BH
(ocHoBHO# pazpabotunk UBPAD PAH), no3Bonstounmii aHamu3upoBaTh BCE PEXKHUMBI pabOThI
peaktopoB bH, Bxmtouas aBapuiinble cutyauuu. [[ns peaktopa bH-1200 ¢ ucnons3oBanuem
koga COKPAT-BH BbImomHEeH KOMIUIEKCHBIM pacueT W3MEHEHUsT HEWTPOHHOW MOIIHOCTH
peakTopa, IIOBEIEHHs TEILUIOHOCUTENd U TOIUIMBA, IIEpEHOCAa IPOAYKTOB JEIECHUS U
paarallMOHHON 00CTaHOBKHU MPU TSXKEIJBIX aBapPHsIX.

Kon COKPAT-BH BepudunmpoBan Ha MHOTOYHMCIEHHBIX pacueTHbIX TecTax U
AKCIEPUMEHTAIbHBIX IAHHBIX.

2 Onucanue ocHoBHBbIX MoayJieil koga COKPAT-BH

Unterpanbubiii kon COKPAT-BH pazpabotan B pamkax denepaibHOW LEI€BOW MPOTrpaMMbl
«SlnepHble >HEProTeXHONOTrMU HOBOro mnokosneHus Ha mnepuony 2010 — 2015 romoB u Ha
nepcnektuBy a0 2020 roma». Kom mnpennasHauen s ananmmsa OeszomacHoctd ADC ¢
peakTopamMu ¢ HaTPUEBBIM TEIUIOHOCUTENEM IMPU MPOEKTHBIX U 3alPOEKTHBIX aBapUAX, BKIIOYas
TSDKETTIBIC aBapUH C TIJIABJICHUEM aKTHBHOM 30HBI.

Koxg COKPAT-BH mno3zBonsier MonenupoBaTh aBapuM, HauMHas C OLIEHKM cocTosiHusA PY Ha
JTare TPEANIECTBYIONIEM aBaphH, 3aKaHYMBas OIICHKOW paJHallMOHHOTO BO3JCHUCTBUS Ha
HaceJIeHUE M OKPYXAIIIyl0 cpely (Ipu HCIONBb30BaHUM aTTecTOBaHHOro koxa Hocrpamamyc
[1]). KommuekcHbiii ananu3 aBapuiiHbix mporieccoB B koge COKPAT-BH obecneunBaeTcs
MOJKIIOYEHUEM CIIEIYIOUINX MPOTrPaAMMHBIX MOJIYJICH:

SOFAR-TH- wMoayns KaHaJdbHOW  TEIUIOTHAPABIUKK ¢ JABYX(}a3HOH, TETEPOTCHHOM,
I[BYXCKOpOCTHOﬁ MOZACIIbKO TCUCHUSA TCIIJIOHOCUTCIS W C HCHOJB30BAHUCM OMIIMPUYCCKUX
KOppeNsiuiA  IIsl  pacyera oOMEHa TEIUIOM W HWMIYJIbCOM CO CTEHKaMH M MeX(pa3HBIX
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B3auMoieiicTBuil. Habopbl Mojieneit 31eMEeHTOB TEIUIOTHAPAaBIMUECKUX CUCTEM (KaHall, KaMmepa,
HAacoc, KJamaH, ¥ Jp.), a TakKe MOJEJeH CUCTeM aBTOMAaTHYECKOrO PEryJIMpOBaHUs (JaTUHK,
TpUITep, npeodpasoBaTeib, U Jp.) PEealU30BaHHBIX B MOIYJE IAOT BO3MOXKHOCTH CO37aBaTh
IIOJIHBIE PACUYETHBIE MOJENH CIIOXKHBIX TEIUIOTMIPABIMYECKUX CHCTEM, BKIIOYas CHCTEMBbI
YIPABJICHUS M aBTOMATUYECKOIO pPErylIupoBaHus. /[l MOAEIMpPOBAaHUS AaKTMBHOM 30HBI
peam30BaHa AByMEpHas TeILUIOTUAPaBInYecKas MOJEIIb

BOHYC-BH — wmonyns pacuera HakomieHus I[IJI B TomimBe B pexumax HOPMaJbHOU
JKCIUlyaTauuu. Mcnonap3yer B KauecTBe HCXOAHBIX JAHHBIX  HEHTPOHHO-(pU3MUecKue
XapaKTEepUCTUKU OCHOBHBIX JAensmuxcs Hykauaos u I1/] B akruBHoi yactu TBC.

PTOII-BHO — Monynb aJisi onpenesieHus FTeOMETPUUYECKUX U TEPMOMEXAHUUECKUX MapaMeTpOB
TBYJ1 HAa MOMEHT Hadaja aBapuu B MPUOIMKCHUH 0000IIEHHON MIIOCKOH nedopmainuu, pacyera
BBIXO/Ia CTAOMIIBHBIX T'a30BbIX MPOYKTOB JICJICHUS B Ta30BBIN 3a30D.

TBOJI-bH — paccuutbiBaeT HampspkeHust M JgedopManuu  o00JIOUEK TB3J B KaXkAOM
TUAPABIMYECKOM KaHalle a.3. [0 TEeMIEepaTypHOMY IIOJNI0, PACCYUTAHHOMY MOJIYyJIEM
SOFAR-TH, c¢ yderom ¢QopMoM3MEHEHHST Ha MOMCHT Hayajla aBapud W JIaBIICHUS TIOJ
o0ououkoii, paccuntanubix Moayinem PTOII-BHO.

TRANS-FP — moxynp pacuyera mepeHoca M OCaXICHHS PaJIUOAKTUBHBIX MPOIYKTOB JCICHUS U
KOPpPO3MH B MEPBOM KOHTYpE, Ta30BOM CHCTEME IEPBOrO0 KOHTYpa M OCHOBHBIX IOMELIECHHSIX
sHeprobnoka (Ob) ¢ PY BH. Hcnons3zyer smnupuuyeckue KOpPpENALUHU, IOITYYEHHBIE I10
JKCHEpUMEHTaIbHBIM JaHHBIM Ha PY BH-600 1 BHEpeakTOpHBIX yCTaHOBKaX.

SYNTES— Monyns npeaHa3HadeH il IPOBEACHUS HEUTPOHHO-(PU3NIECKUX PACUETOB aKTHBHOM
30Hbl peaktopa BH. B ocnoBe mporpammuoro monayns SYNTES nexut pemenue npsimoi,
CONPSKEHHOW, HEOJHOPOJHOM M HECTAIMOHAPHOM 3a/1ay IepeHOCa HEWTPOHOB B JIBYMEPHOM
reomMeTpur B Au((y3MOHHOM MHOTOTPYNIOBOM MNpHOIMKeHUH. Peann3oBaHHas B Mojylie
HECTaIl[MOHApHAs 3ajlada pelaeTcsi B KBa3UCTaTUIECKOM MpUOImkeHun. [1oMroToBka KOHCTaHT
obecnieunBaercs ¢ nmomoibio komruiekca CONSY ST nim BBoAa BHEIIHUX MaKPOKOHCTAHT.

MELT-BN — moayns npenHa3HayeH JUIsl MOJEIMPOBAHUS TPOLIECCOB IIABJIEHUS 000JI0UEeK TBI,
tormnBa U uyexya TBC, dopmupoBaHus OJOKMPOBOK MPOXOJHOTO CEUEHHS] B MEKTBIIBHOM
IIPOCTPAHCTBE, NEPEMELIEHNs paclljlaBa B TPaHULAX aKTMBHOM 30HBI, Beixoaa IIJ[ u3 pacruasa
TOIINBA.

3 Bepudpukanus

Marpuna BepudUKanuu TEIUIOIHIPAaBIMUYECKOr0 MOy BKIoyaeT Oosnee 10 sKcriepuMEHTOB
10 OTIENBHBIM SBJIICHUSM, BBHIIOJIHEHHBIX Ha 5 OKCIEPUMEHTAIBHBIX YCTaHOBKax, W 7
HKCIEpUMEHTOB, BbimonHeHHbIX Ha PY BH-600, PY PHENIX u EBR-Il. Peaktopubie
SKCIEpUMEHTHI, BbiojgHeHHble Ha PY BH-600, Takke ucnonb3oBaiuch uisi BepUpUKALUN
CBSI3aHHOM 3a71au¥l TETUIOTUPABINKHN U HEUTpoHHOH ¢u3uku. [TogpoGHO MaTpHa Bepudukanuu
paccmaTpuBaacs B [2].

TepMoMexaHUUEKHl MOIyNb TO3BOJISIET MOJEIUPOBATh TaKHUE TMPOLECChl U SIBICHUS Kak
PECTPYKTYpHU3alKs, TOJ3Y4YeCTh, paclyxXxaHHWe TOIUIMBA, a Takxke aedopmanuu 000JI0UYKH,
CBSI3aHHBIE C TEPMUYECKUMH, MEXAaHWYECKUMH W paJAUAllMOHHBIMU BO3JAeUCTBUSAMU. Jliis
Bepudukanuu Mozened (HOPMOM3MEHEHHS TBIJMa B PEKHME HOPMAIBHOM OSKCIUTyaTalluu
UCIIOJIb30BAIUCH JKclepuMeHTanbHble AaHHble AO «MPM»[3]. [dns oTaensHbIX Mopelnen
moayisi PTOIT-BHO, Bnusitomux Ha popMou3MeHeHHe (pacdyeT TeMIIepaTypHOTo TOoJIsl B TBAJIE,
pacriyxaHusl TOILTMBHOM TabneTku, Bbixona ['TIJ]) mpoBoauioch cpaBHEHHE C pe3yibTaTaMH
pacyeToB MO aTTECTOBAHHOMY TOILIMBHOMY Komay [4]. Jlas Bamumaiuu Mojenel aedopMariiu
TB3JIa B AaBapUUHBIX YCJIOBHUSAX MCIOJb30BaHbl AHAIUTHUYECKUE TECThl M CpPAaBHEHHE C
KoHeuHodieMeHTHRIMU 3-D xomamu COMSOL u Z88.
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IIpn mMonmenupoBaHUU NOBEACHUS PAAMOHYKIUIOB B KOHTypax PY yuuThIBarOTCS Ciemyromue
(bu3nyeckye sIBIEeHU:

- MEePEHOC PAJUOHYKIIUIOB B HATPUEBOM TEIIJIOHOCUTEE;
- MEePEHOC PAMOHYKIIUIOB B Ta30BoM cucteme PY;

- OCQXKJICHUE PAJMOHYKIIUIOB B HATPUEBOM KOHTYPE;

- MMOBTOPHOE CMBITHE PAIMOHYKIIMIOB B HATPUEBOM KOHTYPE;

- BBIXO/I PAJIMOHYKJIUIOB U3 HATPUEBOTO KOHTYpa B Fa30BYIO0 CUCTEMY;
- HyKJIealus u konaeHcauus napos [1/] B ra3oBoii cucreme;

- KOAryJsilus U OCaXKJACHUE a3pO30JIEN B ra30BOM CUCTEME.

Hns Bepuduxammu momynst TRANS-FP ucnonb3oBanucek crienyromme SKCepUMEHTAIbHBIC
JnaHHble: noka3zaHus razooi cucrembl KI'O PY BH-600, noka3anus HatpueBoit cucrembl KI'O
PY BH-600. Kpome Toro, aist BepuduKanuu MOAYJS HCIOJIb30BATUCH PE3yJbTaThl METJIEBBIX
[5], [6] u kamcympHBIX [7] OSKCHEPUMEHTOB, B paMKax KOTOPBIX HM3YYalIUCh MPOIECCHI,
ONpeACIAIOIINE TIOBEJCHUE PAJIUOHYKIUIOB B HATPUEBOM TEIJIOHOCUTENIE M I'a30BOM CHCTEME
PV.

Jns cepuiinbix pacuetoB B koge COKPAT-BH wucnonb3yercs coOCTBEeHHasi ToueyHasi MOJAEIb
pacuera Hapabotku I1J[ B TorumBHOW maTpuiie, peanu3zoBanHas B moayie BOHYC-BH. [ns
OLIEHKH TOYHOCTH MOJENH ObLIa IpoBeieHa KpoccBepudukaius moaeian ¢ kogrom ORIGEN2 [8].
CpaBHeHUs JJIs1 OJTHOTO TB3JIa MPEACTABICHBI B Ta0mIIe 1.

TABJIMLIA 1: CPABHEHUMA PE3YJIBTATOB 110 KOJAM ORIGEN2 U COKPAT-BH (bK)

Cs BCs
ORIGEN BOHYC g, % ORIGEN BOHYC e, %
3.52-10" 2.91-10" 19.0 1.28-10% 1.05-10% 19.7
B S7r
ORIGEN BOHYC g, % ORIGEN BOHYC e, %
3.17-10" 2.16-10" 37.9 3.96-10" 3.26-10" 17.8
SMKr ®Kr
ORIGEN BOHYC e, % ORIGEN BOHYC e, %
4.96-10" 5.28-10" -6.3 1.13-10% 9.26-10" 19.8

Jns BepudUKaMu MOZENeH IUIaBICHUS MCIOIb30BAIUCH JAHHBIE MOJYyYEHHBIE HA PEAaKToOpe
TREAT (CILA), a Takxke aHaTUTUYECKHE TECThl U KpOCCBEpUDPUKAIUS C TKEI0aBAPUIMHBIMU
KojamMu. Hekoropele pe3ynpTaThl pacdyeToB MojaenupoBanus asapuu Tuna ULOF s
SKCTIIEPUMEHTOB, BBINOTHEHHBIX Ha peakTtope TREAT, o6o3nauennsix kak R3, R4, RS, B
KOTOPBIX CPAaBHUBAIOTCS BpEMEHa HACTYIUICHHUS KJIIOUEBBIX SBJICHHUN OT Hayala MEepexOoHOro
npoiiecca, peCTaBICHbI B Ta0IULE 2.

TABJIMIIA 2: CPABHEHUN PE3YJIbTATOB PACYETA C OKCIIEPUMEHTOM.
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SBnenue R-3 R-4 R-5
Pacuer Dkcnepu Pacuer | Okcnepum | Pacuer | Dkcnepum
MEHT eHT eHT
3aKumanue, 20,6 20,55 13,5 13,15 12,3 12,5
CeK.
Kpwusuc, cek. 22,5 - 14,2 14,15 13,0 13,65
«OnpoKuIbIB 22,3 22,3 14,0 14,87 12,5 14,56
aHue»
pacxona, cex.
Hauaio 23,3 23,5 15,3 16 14,0 15,7
TUTaBJICHUS,
CeK.

4  Pe3yabTarhl MoJeaupoBanus apapuu UTOP

Hanbosnee moTeHIMATBFHO ONMACHBIMH C TOYKH 3PEHUS PaIUAIlMOHHBIX TOCICIACTBUN SBIISIFOTCS
TSAKCIIBIC aBapyM C IJIABJICHUECM TOILJIMBA U BBIXOJAOM PAJHOAKTHUBHBIX MHNPOAYKTOB ACJIICHHUA U3
MOBPEXKICHHBIX TBI B MEPBbId KOHTYp PY, OCHOBHBIC MOMEIIEHUs dHEProOJIoOKa W jaiee B
OKPYKaIOMIYIO Cpexy.

Hnsa PY BH aHamusupyeTrcsi CHEKTp TSKENbIX TEIUIOOTBOAHBIX U PEAKTUBHOCTHBIX aBapHil.
OO0m1eit XxapakTEepUCTUKON JaHHBIX aBapyil SBISAETCS HAIOXKEHUE HA MCXOJIHOE COOBITHE OTKA30B
BCEX aKTUBHBIX U MACCUBHBIX 3JIEMEHTOB U CHCTEM 0€30MaCHOCTH.

B nmoxnajme mpejicraBiieH aHaNIW3 OCHOBHBIX Pe3yiabTaTOB pacdeToB st aBapuu Trma UTOP,
nosyuyeHHBIX 10 kony COKPAT-BH. Ananu3 aBapuu BBINOJHEH C Y4€TOM KOPPEKTHUPYIOLIMX
JEeICTBUII mepcoHana, 3amackl BPEMEHM Ha KOTOpble INPUHUMAINCh B COOTBETCTBHM C
pexkoMenauusmu MAT'ATO.

Jl1s BBINOJIHEHUSI pacueTHBIX HCCIeI0OBaHUI Obula pa3paboTaHa MoJHOMAcHITaOHas pacdyeTHas
cxema PY BH-1200, npencraBnenHast Ha puc. 1. Cxema BKIIOYaeT B ceOs MOJEIM IEPBOrO
KOHTypa C aKTHBHOM 30HOM, NMPOMEXYTOUHBIMU TEIIOOOMEHHMKAaMH U TEII00OOMEHHUKaMU
aBapuiiHoi cuctembl orBoaa Teria (CAOT). B Monens mepBoro KOHTypa Takke BKJIIOYEHA
razoBas cucTeMa KOMIEHcalluM JaBieHus. BTopoil koHTyp BkitouaeT B ceOsi TpyOONpoBOAbI,
TEMIOOOMEHHUKHU U MapOreHepaTop CO CTOPOHBI HaTpus. TpeTuit KOHTYp OrpaHMUYEH MOJEIbIO
naporeHeparopa ¢ TPaHUYHBIMH YCJIOBUSIMU IO PAacXo]ly MUTATENbHONH BOJBI U JIaBJICHUIO
OCTpOro mapa.

OcoOeHHOCTBIO CcXeMbl pa30ueHus akTUBHOM 30HBI PV sBisercs ee pasgeneHue Ha
MaKCHMAaJbHO U CPEJHE HAIIPSHKEHHbIE KAHAJIBI 110 PaJUyCy aKTUBHOM 30HBI.
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PUC. 1. — Pacuemnas cxema PY BH

B kauectBe ucxomnoro coObitusa juia aBapun tuna UTOP nocrtynaupyercss oJHOBpeMEHHOE
u3BiiedeHre U3 akTuBHOM 30HBI ¢ MOKC TommuBom crepxHeit CY3 ¢ O0TKa3oM akTUBHOW U
IIaCCUBHBIX CHCTEM OCTAaHOBKM peakropa. l3BiiedeHMe CTpeKHEH NpPUBOJUT K BBOAY
MOJIOKHUTEIHPHON PEaKTHBHOCTH, B PE3YJIbTAaTe KOTOPOT'O BO3PACTAET MOUTHOCTH peakTopa (puc. 2
2, xpuBag 1). Ha mHavyaipHOM »3Tame BBOJ MOJIOKUTEIBHOW PEAKTUBHOCTH YacTUYHO
kommeHcupyercs Jloriep-agpdexrom. Kurenne TerioHOCHTENsT Ha BBIXOJE W3 aKTUBHOW 30HBI
HauuHaercs Ha 11 ¢ aBapuifHOro npouecca. 3aTeM 00JacTb KUMEHUs ObICTPO pacIpOCTpaHsIeTCs
K ILEHTPAJBHOM 4YacTH AaKTUBHOW 30HBI, B PE3yJIbTAaTE YEr0 pPEATU3YETCs MOJOKHUTEIbHBIN
HATpUEBBIH MYCTOTHBIN 3(dekT peakTHBHOCTU. [IpH 3TOM MOIIHOCTH peakTopa MPaKTHUECKU
CKayKOM BO3pacTaeT /10 13 HOMUHANbHBIX 3HAUEHUI.
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0 4 8 12 16 20 24 28 32 36 40 44 48 52
Bpewms, ¢

1 - MomHoCTb peakTopa
2 - Pacxon TEIUIOHOCHUTEIS Yepes a.3.

PUC. 2. Mownocmo peakmopa u pacxo0 menionocumens uepes a.3. Ha Ha4aibHOM dmane
asapuu

Poct Temmeparypsl TOIUIMBa B IPOLIECCE YBEIWYEHUS MOIIHOCTH PEAKTOPAa MNPUBOJIUT K
pacryxaHHIO TOIUIMBHOM TaOneTku. B pesymbraTe 3TOro HampspkeHHsT B 00OJOYKAX TBAJ
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JOCTUTAIOT MPEJENIbHO T0IYyCTUMBIN YpPOBEHB, UTO NPUBOAMT K pazrepmerusauuu 100 % TBa1 Ha
15 ¢ aBapum.

Kunienne TermionocuTens JOCTAaTO4YHO 6LICTp0 MNPUBOAUT K HACTYIIVICHHUIO KpU3HCa TCIJIOOTAAa4U
U pa3orpeBy SJEPHOTO TOIUIMBA M OOOJOYEK TBIJIOB, B PE3yJAbTaTe YEro HAYMHACTCS HX
IIJTaBJICHUC. KpHTepI/Iﬁ HAaCTYIUICHUA Kpu3uca oOnpeaciadacTcsa TIpaHUYHbBIM  MaCCOBBIM
CO/Iep)KaHHEM IIapa B COOTBETCTBHU ¢ padoroil [9)]. [lanbHeiimee npoTekaHWe aBapHH IO
cuenapuro UTOP ompenensercst nmpeanonoxKeHHeM, 4T0 HUPKYIISIIMOHHBIE HACOCHI MTPOJIOKAIOT
paboTy Ha HOMHHAJIBHBIX 000pOTax. OTO MPUBOIUT K TOMY, YTO Yepe3 AaKTUBHYIO 30HY
COXpPAaHACTCA pacxod TCIIJIOHOCHUTCIIA, OJM3KMM K HOMHHAJILHBIM 3HAa4YCHUsIM, HU BCCh
00pa3yoLHiics paciyiaB IIOTOKOM MapOKUIKOCTHON CMECH YHOCHUTCS B BepxHioro dacts TBC, B
KOTOPOH pacIoyioKeHbl HATpUEBasi MOJOCTh U MOTJIOMAoMui 3kpad. [Ipu 3ToM yuuThiBaeTcs
TEIJIOBOE M MEXaHUYECKOE B3aMMOJICHCTBHE paciulaBa C TEIJIOHOCUTEIEM M CTEHKaMH KaHaua.
Pacuer MexaHMUYECKOro B3aMMOJAEHCTBUS pacIulaBa C TEIUIOHOCHUTENEM IPOBOJUTCS IIO
U3BECTHBIM COOTHOLICHHSM, peiokeHHbIM B [10].

YuuTeiBasg CUILy TSXKECTH U CHJYy TPEHHUS CO CTEHKAMM KaHaya, JJs MepeMelleHus pacIulaBa
BBEpX TpeOyeTcsi CKOpocTh mapoBoro moroka ceeime 40 wm/c. [lpu kumneHuw HATpUS B
HEOJOKMpYEeMOM KaHalle CKOpPOCTh IOTOKa mapa gocturaer 60-70 m/c. B HatpueBoii monoctu
CKOpOCTh TIOTOKa 3aMETHO CHIXaeTcst (<<40 m/c) u BBIOPOIIEHHBIN pacIiaB ocemaeT Jubo B
HATPUEBOM MOJOCTH, JIMOO B HUXKHEH YacTu M3J10B (PUCYHOK 3).

2
PUC. 3. Pacnpedenenue mamepuanos 8 KOHCMpPYKIMUBHBIX dJIEMEHMAX aKMUSHOU 30Hbl Ha 15 ¢
asaputino2o npoyecca

Marepuan
l'a3

Crans

Uo;

EEE N

MOKC

B.C

Ni — HoOMep pacuemHo20 Kanaia AKMUBHOLL 30Hbl, UeXOl u306panC€H cnesa om Homepa
PAaAcHuenHoco Kanaia, medj U najq — cnpaea, 6HympeHHue U 6HeUHue cpanuybl meniosoblx
J1eMEHMOo6 M306pa9fC€Hbl cnpaed Haieso, cCoomeeniCni6eHHo.

B mporecce 00pa3zoBaHus OJOKHPOBOK TPOXOJHOTO CCUCHHUS HM3MEHSIOTCS THIPABIMYECKUC
XAPaKTCPUCTUKU KaHAJIOB aKTUBHOU 30HBI, UYTO MNPUBOAUT K MNYJIbCAIHUAM pacxona
tertonocurens yepes TBC (puc. 2).
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[Tocne oOpa3zoBaHus OIOKMPOBOK MPOXOAHOTO CEUEHUS B pailOHE BEPXHETO MOTJIOIIAOIIETO
JKpaHa paciuiaB TormiMBa ctekaeT B pailoH HT3B, rane 3acteiBaer. [lo mepe mepemenieHus
paciuiaB TOIUIMBAa KOHTakTupyeT ¢ uexjom TBC, B pesynbTaTe 4Yero mIPOUCXOAUT €ro
nporuiaBienue. [locne nporaBnenus yexina TBC pacmnaB TomiauBa momajgaeT B MEKIIAKETHOE
MIPOCTPAHCTBO, T'JIe HAYMHAET KOHTAKTHUPOBaTh ¢ yexyiamu coceanux TBC. B pe3ynbrare qaHHbBIX
MPOIIECCOB Ha 52 ¢ aBapuu MNPOUCXOIUT TpoIiaBieHue Oospmield yactu dexsioB TBC wu
dbopmupoBanue Oaccelina paciuiaa B paitone HT3B (pucyHok 4).

|
Ji Marepuain

T'a3

Crans

Uo;

HEE N

MOKC

B.C

PUC. 4. — Pacnpeoenenue mamepuanos 8 KOHCMPYKMUBHBIX INeMEHMAxX akmueHou 301ubl Ha 52 ¢
asaputinozo npoyecca

nj — HOMeEp pacuemHnoco KaHajila AKMUBHOLL 30Hbl, 4Yexou u306pa9fceH clesa om Homepa
pPAaAc4uentHoco Karnaula, medj U naj — cnpaea, 6HympeHHue U 6HelHue cpanuybl menjiosoblx
21E€EMEHRNTIOB u306pa9fC€Hbl cnpaea Haleso, coomeeniCni6eHHOo.

B pesynbrare aBapuu miaBieHHe 000JI04€K TBAI U TOIUIMBA Mpoucxomut B ~ 39 % TBC. Ilpu
3ToM B ~ 23 % TBC npoucxoauT 4acTUYHOE IUIaBJIEHUE TOILINBA, a B ~ 16 % TBC peanusyercs
NPaKTUYECKH MOJTHOE IJIaBJIEHUE TOTIUBA.

VYnanenue 3HaYMTENbHOM YacTH TOIUIMBA M3 aKTMBHOM 4YacTH aKTUBHOM 30HBI Ha HAYalbHOM
JTale aBapuM IPHUBOJIUT PE3KOMY CHIDKEHHMIO IOJIHOW MolHocTu peakropa a0 30% ot
HOMHHAJIBHOTO 3HAYCHUs (pHC. 2).

[lockonbky B XOJ€ aBapuM COXpaHSAETCA TEIUIOOTBOJA Yepe3 NaporeHepaTopbl, TO B
MOCJICTYIONME ATallbl aBapUU TPOUCXOJUT TOCTENIEHHOE CHIDKEHHE TEMIIEpaTyp B peaKkTope.
DT0 MO3BOJIsET MepcoHany yepe3 30 MUH MOCiie Havyala aBapuyl peaqn3oBaTh MEpHI 1Mo cOpocy
crepxHed A3 W MmepeBoAy peakTopa B MOAKPUTUYECKOE COCTOSAHHUE. J[OMOTHUTENbHBIA BBOJ
OTPHUIATENILHON PEaKTUBHOCTH OYJIET peaqn30BBIBATHCS 32 CUET MaICHUS TIDJIOB IIPU 0OpYyIIEHUN
yexJsioB TBC.

OTBOA OCTATOYHBIX TEIUIOBBIAEIEHUM OCYLIECTBIISIETCA 32 CYET KOHBEKTHBHBIX TOKOB BHYTPHU
OacceilHa pacmiaBa M TeIIONEpelayd 4Yepe3 KOPKY paciulaBa K OKPYXKarolleMy HaTpHIO.
JlanpHelinero npoABMKeHUs paciiaBa Hyxe rpanuisl HT3B He npoucxoaut.
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Jns  OnEeHKM TOCHEACTBUM BO3MOXHOIO TEPMHYECKOIO B3aMMOJCHCTBHS KOpUymMa C
TEIUIOHOCUTENIEM OBLJI PAcCMOTPEH JIONOJHUTENbHBIM CIeHapuil aBapuu, B KOTOPOM
MOCTYJIMPOBAJICS BBIOPOC paciiiaBa B BEPXHIOID KaMepy CMELICHHS peakTopa. B MomeHT
BbIOpOCAa TEIUIOHOCUTEIh B BEpPXHEH KaMepe CMEIIeHHs HaXOJIUTCS YK€ B COCTOSHUU
NapOKUAKOCTHON CMECH, CKOPOCTh KOTOPOH He mpeBbimaer | — 2 m/c. DTO IpUBOAUT K TOMY,
YTO pacIylaB OCEJAeT Ha BHEIIHMX I[OBEPXHOCTIX LEHTPAJbHONM IMOBOPOTHOM KOJOHHBI U
roioBok TBC. Ilpu s3ToM TemmepaTypa paciiaBa JOCTaTOYHO OBICTPO CHHXKAeTCs M0
TEMIIEpaTyp OKPY>KAKOIIErO TEMJIOHOCUTEIIS.

B3anmopneiicTBie paciuiaBa ¢ MapOXKUAKOCTHOH CMEChIO B BEpXHEH Kamepe CMEIIeHUs He
NPUBOJUT K 3HAYUTEIBHBIM BBIOPOCAM PHEPTHH, YTO CBA3aHO C OCOOCHHOCTSIMH HATPHUEBOTO
termoHocutens. CorIacHO JKCHEPUMEHTAJIbHBIM M TeopeTndyeckuMm pabdoram [11, 12] npum
B3aUMO/ICHCTBUY KOPHYMa C HAaTPHEM Ha €ro MOBEPXHOCTH NPAKTHYECKH HE PEATN3YETCs PEKUM
IUIGHOYHOT'O KHUIIEHUS, YTO UCKII0YaeT (POPMHUPOBAHUS MPOTSHKEHHON 001aCTH TIepeMEITNBaHUS,
NPUBOJAIIEH K TAPOBOMY B3PHIBY.

Brixos ra3000pa3HbIX U JETYYHUX MPOAYKTOB JICICHHUS, HAKOTICHHBIX B Ta30BOM 3a30pe TBOJI 3a
BpeMsT HOPM@JIbHOM SKCIUTyaTallMd, B TEIUIOHOCHUTENb IE€PBOrO KOHTypa HPOMCXOIUT INpHU
pasrepMeru3anud 000JioueK TB1. bonblias 4YacTe NPOAYKTOB JI€JI€HUS, HAKOIUIEHHBIX B
TOIJIMBE, BBIXOAUT B TEMJOHOCHUTENb IEPBOIO KOHTYpa NpH IUIABICHUM O0OJOYEK TBIT U
TOIJINBA.

["a3000pasnbie mpoaykThl JaeneHus (paguonykinuasl Xe, Kr) ¢ HeOonpiold BpeMEHHOMN
3a/ICPKKON MPAKTUUECKH TMOJTHOCTHIO BBIXOJSAT U3 TEIJIOHOCUTENSI TIEPBOTO KOHTYpa B Ta30BYIO
MOJIOCTh peakTopa. Jleryume mpoaykThl aeneHus (paauoHykiauasl CS, |) BBIXOAST B ra3oBYIO
MOJIOCTh PEAKTOpa B pe3ybTaTe UX MACCOIEPEHOCAa BMECTE C TTapaMHu HATPHS, BBIXOISIIMMU U3
BEpXHEN KaMephbl CMEIIEHHUs B ra30BYIO MOJIOCTh PEAKTOpPA, M MCIAPEHHUs C 3epKajla KUIAKOTO
HATpHs B PEAKTOPE.

CpaOaTbIBaHME THIPO3aTBOpPA KOpIyca peakTopa MPUBOJUT K MEPEHOCY BMECTE C Mapora3oBoi
Cpenoi IPOAYKTOB JEJIEHHs U3 Ta30BOH MOJIOCTH PEeakTopa B COCY-KOMIIEHCATOP U Jajee 4epes
BO3/yXOBOJbl CHUCTEMbI CHEIBEHTWISIMU SHEProdyioka B OKpyxkawlryio cpeay. IIpu stom B
BO3JyXOBOJaX CHCTEMbl BEHTWISLMH HHEProOJIoKa JIeTyuyue TMPOAYKThl JAENEHUS MOTYT
HaXOJWUTbCSI B COCTOSIHMSIX B3BELICHHBIX IApPOB, CKOHJEHCUPOBAHHOIO Iapa, B3BELICHHBIX
a’pO30JIeH U OCAKIECHHBIX ITAPOB.

[Tocne Hauvama CHIDKEHHS TEMIIEpaTyp B pPEaKTOpe THAPO3aTBOP 3aKPBIBACTCS U BBIOPOCHI
pPaZMOaKTHBHBIX BEIIECTB B OKPYKAIOIIYIO Cpeay IMpekpariaioTcsi. B pesynabrare aBapuu
IIPOKMCXOIHUT BBIOGPOC B OKPYKAIOIIYIO cpeny okoxo 1 % rasoobpasHbix u He Goiee 5,5.10™ %
JETYYHUX TMIPOAYKTOB [JCJICHHUA, HAKOIIJICHHBIX B aKTHUBHOH 30HE 3a BpeMA HOpMaJ'IBHOﬁ
OKCIUTyaTaI|H.

[Ipu aBapuu 1032 BHEUIHETO0 OOJIyd4eHHUs YellOBEKa M3 HaceleHHs He MPeBbICUT 7,3 M3B, 4TO
3HAYUTEIbHO HIDKE perjamMeHTupyemMoil BenuuumHbl 50 M3B/yen B Toj Ul 3allUTHBIX
MEPOIIPUATHH 110 IBAKYAIIMHU U OTCEJICHUIO HACEIEHUS.

5 3akiaoueHue

B nacrosmee Bpems B kon COKPAT-BH Bxoaut HeoOXoIuMBbIi HA00Op MPOTPaMMHBIX MOIYJIEH,
KOTOpBI  TMO3BOJISIET MOJEIUPOBAaTH KOMIUIEKC SIBJICHUH W (U3MYECKUX TIPOIIECCOB,
ONPENIETSAIOMIUX MPOTEKAHUE THKENbIX aBapuil. ONbIT MPUMEHEHHs KOJa K pacyeTy aBapuH Ha
PY BH-1200 moka3zan, 4To, HECMOTpPS Ha OOJIBIION MacmTad MOBPEXKICHUS AKTHBHOW 30HBI,
NPEBBIIICHHS TOMYCTUMBIX TPEAETIOB MO OOIy4eHHUIo HaceideHus He HaOmonaerca. C apyroi
CTOPOHBI, CTOUT OTMETUTh BBICOKYIO HEONPEAEICHHOCTh IPU MOJIETMPOBAHUY TSKEIBIX aBAPUU,
B YAaCTHOCTH CBSI3aHHBIX HEHTPOHHO-(PM3MYECKHX ¥ TEIUIOTHIPABIMYECKUX IPOILECCOB IMPHU

9
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paspylieHHH U TUTaBJIeHMHM TBAIOB. HeoOxomumo Ooniee yrimyOleHHOE H3y4EeHHE MpPOIECCOB
NPOTEKAIOIMX B TMOJOOHBIX AaBapHAX, U COBEPIICHCTBOBAHHE TEXHUYECKUX CPEJICTB,
CHMIXAIOMKUX UX BCPOATHOCTb 1O HUYTOXKHO 3HAYUMBIX BCJIIMYHWH.
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SOCRAT-BN INTEGRAL CODE FOR SAFETY ANALYSES OF
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Abstract. The SOCRAT-BN integral code has been developed in frame of Federal Target Program «New-
Generation Nuclear Power Technologies for the Period 2010-2015 and up to 2020x». The code is intended for safety
justification of NPPs with sodium-cooled reactors under DBA and BDBA including those that lead to core melting.

The modlules integrated into SOCRAT-BN code allow to perform coupled simulation of thermal-hydraulics,
neutron physics, thermal-mechanics state of fuel and cladding, melting and displacement of core materials,
accumulation and transport of fission products in the coolant loops and environment. The report represents
description of the basic code modules and its V&V results on the base of out-of-pile and in-pile experiments.

The SOCRAT-BN code is used for the safety justification of NPP with sodium cooled reactors. In particular, the
calculations of the following hypothetical accidents have been performed: unprotected loss of flow through the core
(ULOF), unprotected positive reactivity insertion (UTOP) and total inlet flow area blockage of single subassembly
(TIB). The report presents the analysis of the simulation results.

Key Words: safety, serious accident, integral code , sodium coolant.

1 Introduction

One of the key criteria of safety of nuclear power plant (NPP) is to limit radiation exposure to
personnel, population and environment. Various scenarios are considered for the modern NPP:
normal operation failure, design (DBA) and beyond design basis accidents (BDBA). The most
dangerous accidents in terms of radiation exposure on human are beyond design basis accidents
characterized by hardly probable events and numerous failures. In the class of BDBA a special
place occupied by so-called severe accidents during which the worst consequences for the human
and for the equipment could happen.

Severe accidents are characterized by a number of processes, the main ones are:

- Sodium boiling;

- Melting of the fuel rods and the fuel cladding;

- Mass fuel rod depressurization;

- Deformation of the fuel rods, including cladding breaking;

- Release of the fission products from the depressurized fuel rods and from the melted fuel;

11
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- Transfer of fission products in the reactor, its release into the environment;

- Transfer of radionuclides in the environment, the formation of the radiation conditions around
the NPP.

For a comprehensive analysis of the BDBA are widely used integrated severe accident codes.
The most well-known foreign codes are SIIMER-111, SAS-4A. In Russia, for the safety analyses
of reactors BN-600 and BN-800 was used COREMELT code.

In recent years, SOCRAT-BN code has been developed and put into operation in Russia (the
main developer is the Nuclear Safety Institute). It allows to analyze all modes of operation of BN
reactors, including emergency modes. For the BN-1200 reactor using SOCRAT-BN code a
complex calculation of the reactor power transition, the coolant and fuel behavior, fission
products transport and the radiological situation during severe accidents was made.

Code SOCRAT-BN was validated on wide range of out-of-pile and in-pile experiments.

2 Review of main modules of the code SOCRAT-BN

The SOCRAT-BN integral code has been developed in frame of Federal Target Program «New-
Generation Nuclear Power Technologies for the Period 2010-2015 and up to 2020». The code is
intended for safety justification of NPPs with sodium-cooled reactors under DBA and BDBA
including those that lead to core melting.

The SOCRAT-BN code is capable to simulate accidents starting from the assessment of the NPP
state preceding accident up to the estimation of the radiation exposure doses of population and
environment (using certified code NOSTRADAMUS [1]). The comprehensive analysis of
accidents using SOCRAT-BN code is provided by the following modules:

SOFAR-TH — module of one-dimensional two-phase heterogeneous two-velocity model of
coolant flow. Empirical correlations for heat transfer, wall-friction and interphase interactions
are also implemented. Sets of hydraulic elements (channel, chamber, pump, valve etc.) and
models of automatic control systems (transducer, trigger, converter etc.) which are implemented
in the module allows to create complete simulation models of complicated thermal-hydraulic
systems including control and automatic adjustment systems. Two-dimensional model is
implemented to simulate reactor core;

BONUS-BN — module of calculation of fission products (FP) accumulation in fuel under normal
operation. It uses neutron-physical characteristics of main fissile nuclide and FP in core part of
assembly;

RTOP-BNO — module designed for assessment of geometrical and thermo-mechanical
parameters of tvel by the beginning of accident using approximation of the generalized plane
strain. If also calculates fission products release from fuel into the cladding gap;

TVEL-BN — module that calculates strain-stress behavior and deformation of fuel cladding in
each hydraulic channel on the basis of temperature profile which was calculated by SOFAR-TH.
It takes into account deformation of fuel cladding by the beginning of accident and gas pressure
under the cladding which were calculated by module RTOP-BNO;

TRANS-FP — module that intended for calculation of transport and deposition of fission and
corrosion products in primary circuit, gas system of primary circuit and main premises of NPP
with SFR. It uses empirical correlation that were developed on the basis of experiments which
the performed on BN-600 and out-of-pile;

SYNTES — module that intended for performing of neutron-physical simulation of SFR core.
The SYNTES module is based on solving of direct conjugate heterogeneous nonsteady problem
of neutrons transition in two-dimensional formulation in diffusion multigroup approximation.

12
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Implemented in module nonsteady problem is solved in quasi-steady approximation. Preparation
of constants is provided by CONSYST or by reading of input macro-constants.

MELT-BN — module is intended for simulation of clad, fuel and assembly shroud melting,
blockage formation in the assembly, melt motion in core and FP release from melted fuel.

3 Validation

Validation matrix of thermal-hydraulic module includes more than 10 local phenomenon
experiments that were carried out on 5 installations and 7 experiment that were carried out on
BN-600, PHENIX and EBR-II. In-pile experiments which were performed on BN-600 also were
used in validation of conjugate thermal-hydraulic and neutron-physical problem. Validation
matrix was discussed in detail earlier [2].

Thermal-mechanical module allows to simulate such processes and phenomena as restructuring,
creep, swelling of fuel and clad deformation induced by thermal, mechanical and radiation
influences. For the purpose of validation of models of tvel form change under normal operation
experimental data provided by JSC “INM” [3] were used. Some models of RTOP-BNO module
that influence on form change (temperature profile calculation, fuel pellet swelling, gaseous FP
release) were compared with calculation results of certified fuel-behavior code [4]. For
validation of tvel deformation models under accident conditions comparison with analytical tests
and finite element 3-D codes COMSOL and Z88 were made.

During simulation of radionuclide behavior in reactor circuits following physical phenomena are
took into account:

- transport of radionuclide in sodium coolant;

- transport and deposition in reactor gas system;

- deposition in sodium circuit;

- rewash off of radionuclide in sodium circuit;

- radionuclide release from sodium circuit to the gas system;
- nucleation and condensation of FP vapor in gas system;

- coagulation and deposition of aerosols in gas system.

For the purpose of validation of TRANS-FP module following experimental data were used:
instrument readings of fuel rod integrity control gas system of BN-600, instrument readings of
fuel rod integrity control sodium system of BN-600. Furthermore, for module validation purpose
results of loop [5], [6] and capsular [7] experiments were used. In these experiments processes
that govern radionuclide behavior in sodium coolant and reactor gas system were investigated.

For mass simulations SOCRAT-BN uses native point model of calculation of FP production in
fuel matrix which implemented in BONUS-BN module. For the assessment purpose of model
accuracy cross-validation with ORIGEN2 [8] code were made. Comparison for one tvel is
presented in table 1.

13
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TABLE 1: COMPARISON RESULTS OF ORIGEN2 AND SOCRAT-BN (BQ)

134CS 137CS
ORIGEN BONUS-BN g, % ORIGEN BONUS-BN g, %
3.52.10" 2.91.10" 19.0 1.28-10™ 1.05-10" 19.7
131| QSZr
ORIGEN BONUS-BN g, % ORIGEN BONUS-BN g, %
3.17-10% 2.16-10" 37.9 3.96-10" 3.26-10% 17.8
ORIGEN BONUS-BN g, % ORIGEN BONUS-BN g, %
4.96-10% 5.28-10%° -6.3 1.13-10" 9.26-10% 19.8

For verification of melting models data received from TREAT reactor experiments were used.
Also comparison with analytical tests and cross-verification with other codes were made. Some
results of simulation of ULOF experiments which were performed on TREAT, marked R3, R4
and R5, are shown in table 2. Key events during experiments are summarized in the table.

TABLE 2: COMPARISON OF SIMULATION RESULTS WITH EXPERIMENTAL DATA.

Phenomenon R-3 R-4 R-5
Simulati | Experime | Simulatio | Experime | Simulatio | Experime
on nt n nt n nt
Boiling 20,6 20,55 13,5 13,15 12,3 12,5
inception, s
Dryout, s 22,5 - 14,2 14,15 13,0 13,65
Flow 22,3 22,3 14,0 14,87 12,5 14,56
reversal, s
Cladding 23,3 23,5 15,3 16 14,0 15,7
failure, s

4 Results of the simulation UTOP accident

The most potentially dangerous accidents from the radiation consequences point of view are the
severe accidents with a core degradation and releasing of fission products to the primary side,
NPP buildings and then into the environment.

The whole range of accidents on a sodium cooled fast reactor is analyzed. A common criterion of
such accidents is a postulation of additional failure on an initial event (i.e. active and passive
safety systems failure).

14
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Current paper is summarizes the results of the UTOP simulation with SOCRAT-BN code.
Analysis is provided with an assumption of corrective activity of the staff. Time limits are taken
with accordance to the IAEA recommendations.

The primary (PHTS) and secondary (SHTS) heat transport models of BN-1200 were developed
to provide the simulations. The PHTS model is illustrated on a FIG.1. Model consists of a core,
intermediate heat exchangers (IHX), emergency core cooling system (ECCS). Gas compensation
system also taken into account in the model. SHTS model consists of head pipes, IHX, steam
generator (SG). Tertiary side consists of the SG pipes with correspondence boundary conditions
on feedwater parameters.

The core model dividing is chosen on the base of the maximum and average loaded
subassemblies in radial core direction.
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FIG 1 Nodalization scheme SFR

The initial event for the UTOP accident is a control rods withdrawal from the MOX fueled core
with a failure of active and passive safety shutdown systems. Control rods relocation is caused
the positive reactivity insertion, so the core power is increasing (FIG 2). On an initial stage of the
accident the positive reactivity is compensated by the Doppler effect. Sodium start to boil in the
upper part of the core from the 11s. Then the boiling region is expanded to the center of the core
and the positive reactivity effect is realized. The total power is increasing abruptively up to the
13 nominal values.
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FIG. 2 Reactor power and coolant flowrate through the core on the initial period of the accident

Increasing of the fuel temperature leads to the swelling of the fuel pins. As a result, stresses in
the cladding reaches the maximum permissible level, which leads to a degradation of about
100% of fuel pins for 15 s of accident.

Sodium boiling leads to the critical heat fluxes and fuel/cladding temperatures increasing, as a
result - the melting occurring. Criteria for the critical heat flux is determining by [9]. The further
development of the accident is determining by an assumption that all main circulation pumps are
still operating at nominal condition. It leads to the following. All melted core is relocated to the
upper part of the core by meaning of the two-phase sodium flow, where the sodium cavity and
absorber material located. It takes into account the thermal and mechanical interaction of the
melt with the coolant and steel. Calculation of the mechanical interaction of the melt with the
coolant is conducted according to the relations proposed in [10].

Given the gravity and the friction with the walls of the channel to move the melt upward vapor
velocity requires more than 40 m/s. In the case of the not-blocking channel the vapor velocity
reaches 60-70 m/s. Sodium velocity sufficiently decreasing in a sodium cavity region and
released melt deposited or in a sodium cavity, or in a lower part of the absorber rods (FIG 3).
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FIG 3. The distribution of materials in the construction elements of the core on the 15-second
after beginning of emergency process

n; - the number of the model channel of the core; shroud is shown on the left to the number of the
model channel , fuel rods and absorbing elements - on the right; internal and external borders of
the heat elements are shown from right to left, respectively.

During the process of the blockage formation the hydraulic characteristics of the channels are
changes, which leads to the sodium flow pulsations in the SAs (FIG 2).

After the formation of the blockages in the upper absorbing region melt is flow down to the
lower reproduction region where it freezes. As the melt is moving down it contacts with the
hexcan, which leads to its meltdown. After the hexcan meltdown melt enters the inter
subassembly (SA) region, where it comes into contact with the adjacent SAs. As a result of these
processes on the 52 s of the accident mostly part of the SAs is melted down. And the formation
of the melted pool occurs in the region of the lower reproduction region (FIG.4).
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FIG 4. The distribution of materials in the construction elements of the core on the 52-second
after beginning of emergency process

ni - the number of the model channel of the core; shroud is shown on the left to the number of the
model channel , fuel rods and absorbing elements - on the right; internal and external borders of
the heat elements are shown from right to left, respectively.

As a result the cladding and fuel is melted down in approximately 39% of SAs. While the about
23% of SAs - it is a partly melted down SAs, and about 16% - totally melted down SAs.

Avoiding of the significant part of the fuel from the core at the initial stage of the accident
resulting in an abrupt decrease of the total reactor power to the 30% of the nominal.

Since the heat is sinking through the SGs, the temperature in PHTS is going down. It allows to
staff to provide an activity after 30 min to scram the reactor. Additional negative reactivity
feedback will be realized due to the absorber materials falling to the melted pool.

Decay heat is removing by meaning of the convection inside the melted pool through the crust to
the sodium. Further promotion of the melt below the lower reproduction region does not occur.

Additional accident scenario was postulated in order to assess the impact of a possible thermal
interaction of the melt with the coolant. It was postulated that the melt is releasing to the upper
plenum, filled with a liquid sodium. It leads to the melt deposition on the central rotating plug.
Melt temperature is significantly decreasing to the sodium temperature.

There is no significant energy release after the thermal interaction of the melt with a coolant due
to the sodium properties. According to the [11. 12] during the thermal interaction process
between melt and sodium there is no film boiling regime on a melt, which practically eliminate
the hypothetical vapor explosion.

Gaseous and volatile fission products, accumulated in the pin gap during the normal operation,
releases to the primary side coolant during the fuel pin failure. Most of the fission products,
accumulated in the fuel, release to the primary side during the cladding and fuel melting.

Gaseous fission products (Xe, Kr) with a slight time delay is almost completely out of the
primary side into the gas volume. Volatile fission products (Cs, I) comes to the gas volume as a
result of the mass transfer of the sodium vapour emerging from the upper chamber, above the
core, to the gas volume and evaporation from the sodium surface.

The operation of the hydraulic lock of the reactor vessel leads to the fission products transfer
from the gas volume to the reactor gas compensation system and then through the air duct
system to the environment. In the duct ventilation system fission products can be in a state of
suspended vapor, condensed vapor, suspended aerosols and the precipitated vapor.

After the lowering of the temperature in the primary side the hydraulic lock closes and release of
radioactive substances into the environment stop. During the accident the release of about 1% of
the gaseous and not more then 5,5.10"° % (accumulated at nominal operation) of volatile fission
products occurs.

In the accident the external dose a person does not exceed 7.3 mSv, which is significantly below
the regulated value of 50 mSv/person per year for protective measures for the evacuation and
resettlement of the population.

5 Conclusion
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Currently, the SOCRAT-BN code includes the necessary set of program modules that allows to
simulate complex phenomena and physical processes that determine the occurrence of severe
accidents. Experience of using a code to the simulation of the accident at the BN-1200 showed
that, despite the large scale of the core damage, exceeding the limits for public exposure is not
observed. On the other hand, it is worth noting the high uncertainty in the simulation of severe
accidents, particularly neutron-physical and thermal-hydraulic processes in the destruction and
melting of core. It should be more in-depth study of the processes occurring in such accidents,
and improvement of the technical means for reducing their probability to not significant
quantities.
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