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Buwemipcokuut M.I1. Y 1OCKOHaJIEHHS CHCTEMH TACHUBHOTO BIJBOIY TEIUIOTH BiA

akTuBHOI 30HM peakTopiB BBEP. - Kanidikamiitna HaykoBa mpaiis Ha IpaBax PyKOIHUCY.

Jucepramiss Ha 3400yTTSI HAYKOBOTO CTyHeHs JokTopa (dimocodii 3a
crietiaynpHicTIO 143  ATomMHa eHepretuka. - HarmionaneHuii yHiBepcurer «Opecbka

noJiiTexHika» MiHicTepcTBa OCBITU 1 HayKu YKpainu, Oneca, 2024.

Asapis Ha AEC «®ykycima-Jlaiui» mpojeMoHCTpyBajga HEOOXiJHICTh 3BEPHYTH
0coONuBY yBary Ha muTaHHs 3axuiieHocTi AEC Bij 30BHIIIHIX BIUIMBIB 1 Tepea0aqnuTH
HEOOX1H1 3ac00M JIJIsi TOAO0JAHHS 3alIPOEKTHUX aBapii, 110 CYMPOBOKYIOTHCS O€3/11440
BiZiMOB cucteM 1 obnaguanns AEC. Sk pesynbraT, Ha Outbmocti AEC cBiTy po3po0ieHi Ta
BIIPOBAKYIOTHCS JIOAATKOBI 3aCO0M Ta CTpaterii, COpsIMOBaHI Ha MOAOJAHHS aBapiitHOL
CUTYyallil 3 MOBHUM 3HECTPYMJICHHSM 1 BTPATOIO BIBOAY TEILIa J0 KIHIIEBOTO MOTJIMHAYA!
YCTaHOBKA JOJATKOBOIO MOOUIBHOTO abo0 HaIIHHO 3aXMIIEHOTO CTaI[lOHAPHOTO
oOnagHaHHs, yIOCKOHAJCHHS aBapiMHUX IHCTPYKIINA 1 TUIaHIB, BIPOBAIKEHHS THYUKHUX

CTpaTeriii ynpaBIliHHS aBapisiMU.

OmauM 13 €rmoco0iB  BIIHOBJICHHS TEIUIOBIABECHHS 3a JIPYTHMM KOHTYPOM €
BIPOBAKCHHST JIOJATKOBUX MOOUIBHUX 3aco0iB mis mimkuBiaeHHs [II. OcHoBHUM
HEJIOTIKOM TaKoi CXEMH SBJISE€TBbCS 11 3alle)KHICTh BIJ YCHIIITHOCTI il TIEpPCOHAIY.
BrpoBamkeHHsI CUCTEMU BIJBEJCHHS 3aJUIIIKOBUX €HEPTOBHUJIICHD, MTPAIe3JaTHICTh SKOi
HE 3aJIe’KaTUME B1Jl YCIIITHOCTI JIId MEPCOHAy Ta HABHOCTI €JIE€KTPOKUBJICHHS IPOTATOM
4acy, JOCTaTHHOTO JUIsi BUKOHAHHS BITHOBIIOBAILHUX poOIT Ha MmaimaHuuky AEC,

BUpIIIY€E 3a3HAYEHUN HEAOIK.

VY naniii poOOTI MPOBEICHO aHalli3 CBITOBOTO JOCBIy B YaCTHHI 3aCTOCYBaHHS
nacuBHUX cucteM sk Ha AEC BenuKoi MOTYX HOCTI, TaK 1 B MAIUX MOAYJIBHUX pPeaKTopax
(MMP). Ha miacraBi MpOBEACHOrO aHaNI3y pO3pOOJEHO KOHIEMIli MAaCHBHUX CHUCTEM
oesnexku gans BBEP-1000 ta BBEP-440 Ta mpoBeneHO pO3paxyHKOBY —OIIIHKY
mpare3aaTHOCTI  po3pobiieHoi  KoHmeniii macuBHOI cucremu i BBEP-1000. TIlo
pe3yipTaTaM IpPOBEAEHOI OIIHKM MIATBEPIKEHO TiNoTe3y WHI0J0 HEIOCTaTHHOI

JOCTOBIPHOCTI pe3yJbTAaTIB MOJICTIOBAHHS TACHUBHUX CHCTEM paHHIMH BEpCisiMU



OJTHOMIPHHUX TEIJIOT1IPaBIIYHUX KOJIIB, IO 3aCTOCOBYIOThCS i aHamizy Oesnexku AEC
VYkpaian. Jlns BupimieHHsS 1i€i TpoOJeMH TPOBEICHO KOMIT IOTEPHE MOJICTIOBAHHS
excriepuMenTaiabHoi yctanHoBkH OSU-MASLWR 3 npupoHOI0 HUPKYIALI€I0 TeIIOHOCI,
AKa XapaKTEePU3y€eThCs CKIATHOI0 KOHCTPYKIIIEIO TETNTIO0OOMIHHUKIB, Ta BUBHAYEHO M1AXOH,
1110 3a0€3MeUyI0Th TPUIHATHY CITIBCTaBHICTh PE3YyIbTATIB MOICIIOBAHHS TACHBHUX CHCTEM
13 3aCTOCYBaHHSM paHHIX BEPCii OJHOMIPHUX TEILIOT1IpaBIiYHUX KOAIB. JlomaTkoBo OyIio
IIPOAHATI30BaHO 1CHYIOUl METOAMKH 11010 OIIHKK HAIIMHOCTI Ta e(EKTUBHOCTI MAaCUBHUX

CHUCTEM Ta BU3HAYECHO CIPOIIEHI MIIXOAM 0 OIIHKU €(DEKTUBHOCTI TACUBHUX CUCTEM.

Y Beryni oOrpyHTOBAaHO aKTyalbHICTh 1 BAXKIUBICTH POOOTH, BU3HAUEHO METY,
3aBAaHHSA JOCIHIUKCHHS, HAyKOBY HOBHU3HY Ta TMPaKTHYHE 3HAYCHHS OTPUMAHHX
pe3yabTaTiB, BiJOOPaXKEHO 1i 3B’SI30K 3 Fady3eBUMU JOCIIPKEHHIMU, a TAKOXK 3 HAYKOBO-
JOCIITHUMUA poOOTamMu, 1110 BUKOHYyBaliuch B HarioHaibHOMy yHiBepcuteTi «Ojecbka
MoJITeXHIKa» Ta JlepkaBHOMY MIANPUEMCTBI «JlepKaBHUII HAyKOBO-TEXHIYHUWA LEHTP 3

AJIepHOI Ta pajiaiiHoi Oe3neKn», BIIMIY€HO OCOOUCTHI BHECOK 3/100yBaya.

VY mepmomy po3aijii BUKOHAHO aHalli3 CBITOBOTO JOCBIAY B YaCTHHI 3aCTOCYBaHHS
nacuBHuXx cucreM Ha AEC Benukoi moTyXHOCTI. PO3INIIHYTO ICHYIOUl THIHM MacUBHUX
cucteM BiaBeaeHHs Teria (CIIBT) Bix simepHOTO ManuBa Ta MPOBEACHO CTUCITUHN OTIIAN 1X
KOHCTPYKIIM Ha PI3HUX PEAKTOPHUX YCTAaHOBKAX BEJIMKOI MOTYKHOCTI. Tako poO3IIIsIHyTO
MAaCHBHI CUCTEMHU HOBITHIX SJIEPHUX YCTAaHOBOK MaJIOil MOTY>KHOCTI, a came MMP NuScale
ta SMR-160, sKi XapaKTepu3ylOThCS BEJIMKHUM CTYIIEHEM TOTOBHOCTI 1O MPaKTUYHOI
peanizauii npoektiB Ta A skux Il HAEK «Eneproatom» mianucaHo MEMOpaHIyM i3

KOMITaHIsIMU-BUPOOHUKAMU 11010 HaMipiB OyaiBHUIITBA BiAnoBiAHUX MMP B Vkpaini.

[To pe3ynabTaram MpoOBEICHOTO aHaJI3y BU3HAYEHO MOXJIUBI IUISIXH YAOCKOHAICHHS
CHUCTEMM BIJIBEJCHHS Temuia BiJ siaepHoro manuBa Ha pgitounx AEC Vikpainu. Takox
BU3HAYCHO METY MOJANBIINX JOCHIKEHh B YACTHHI BU3HAUCHHS THUIy Ta aHaTi3y

MO>KJIMBOCTI BIpoBaKeHHs Takux cucteM Ha AEC Ykpainu.

Jpyruii po3aiji MiCTUTh CTUCIHI OMHC OCOOTMBOCTEN 3aCTOCYBaHHS OJHOMIPHHX

KOAIB Ta BHU3Hauae mpoOiemMaTHKy ix BUKopucTaHHS s moaemoBanHs CIIBT, mo



XapaKTepU3yIThCS CKIIAJHOK KOH(QITypalli€lo TEeIIOOOMIHHMX amapartiB, sKi HE Oyiu
BpaxoBaHi IiJl 4ac po3poOKH MaTeMaTUYHUX MOJeNel HaOUIbII PO3MOBCIOKEHUX IS
ananizy 6esnexku AEC B Ykpaini Teroriapasmigaux koiB (30kpema RELAP5/MOD3.2 ta
ATHLET-COCOSYS). B pamMkax BUKOHaHHS BIJIOBIHOTO JOCIIKEHHSI MPOBEICHO
po3paxyHKOBH aHami3 aBapiii 3 moBHMM 3HecTpymiieHHsM AEC i3 BBEP-1000 Ta
BBEP-440 (a5 sKuX BCTaHOBJICHO JAOLUIBHICTh BOIPOBA/KEHHS CUCTEM B1IBEJICHHS TeIlia
Bl a.3. 4Yepe3 JpYrud KOHTYp Ta BIJ CHCTEeMH repMeTHyHux oropojxeHb (CIO)
BIIMOBITHO). 3a pe3yJibTaTaMu MPOBEICHOI0 aHali3y BU3HAYEHO OCHOBHI mapameTrpu PY
BBEP-1000 Ta CI'O BBEP-440, sixi 3acTocoBaHi I OI[IHKM TEXHIYHUX XapaKTEPHUCTUK

cucteM BiaBenenud teruia Bix [ gt BBEP-1000 ta Big CI'O giis BBEP-440.

[Tin yac anamizy napametrpiB y CI'O BBEP-440 Oyno mocmiigxeHo ABa MiIXOAH J10
BUKOHAHHS PO3PaxyHKIB, a caMe€ AaBTOHOMHHMM (KOJIM PO3PaxXyHKH BUKOHYIOTHCS
nocniioBHO — cnoyatky kogoM ATHLET-CD BuzHauaroTbest napametpu B PV, a motim
oTpuMaHi AaHi iMnoptyroThes B ko COCOSYS nns ananizy nporieci y 'O) Ta moeiHanuii
(po3paxynok mapameTrpiB B PY kxogom ATHLET-CD Tta B CI'O komom COCOSYS
BUKOHYETHCS TMapajiesibHO 13 OJHOYACHUM OOMIHOM [aHMMHM MIDK KOJamH). AHaI3
OTPUMAHUX PE3YJIbTaTiB PO3PAaXyHKIB BKa3zye Ha MailKe OJHAKOBY IMOBEIIHKY OCHOBHMX
napametpiB y PY ta CI'O Ha modaTkoBHMX eTamax aBapii y MO€JHAHUX Ta aBTOHOMHHUX
po3paxyHkax. [leski He3HauHI BIAMIHHOCTI BUHHUKAIOTh Ye€pe3 HASBHICTh MiHIMaJIbHOI
PI3HMIII B MacOBUX BHTpaTax BOJM Ta Tapu 3 PO3PUBY, a TAKOX dYepe3 MPUCYTHIO B
MOETHAHOMY PO3PaxyHKY TEIUIONEepeady BiJl TETJIOBUX CTPYKTYP Mepiioro KoHTypy PY mo
atmocdepu npumimenb CI'O. BomHouac BIpomoBkK cepeaHboi Ta mi3HbOI (a3 aBapii
BUHMKAIOTh OUIbII 3HAYHI BIIMIHHOCTI, CIIPUYMHEHI PI3HOIO KUIbKICTIO BUHEeceHux y CI'O
MPOAYKTIB MOJIUTY Ta aepo30:1iB. BusiBjieH1 BIIMIHHOCTI SIK HA paHHIM, TaK 1 M3HIN CTamisfX
aBapii 3arajgoM 3a0e3MeuyThCsl OLTBIIIO TOYHICTIO TTOETHAHOTO PO3PAXYHKY MOPIBHSIHO 3
aBTOHOMHHMM (B SIKOMY HE BpaxoBYEThCA TeIulonepenada Bia oOnagHaHHs PY no
npumitiens CI'O, a kinpkicTs BuHeceHuX B CI'O mpoIyKTiB MOALTY Ta a8p030J1iB 3aJICKUTh
BiJl MIATOTOBKM JaHMX KOPUCTyBaueM). 3a3HAuyeHE JO3BOJSE PEKOMEHAYBaTH [0

3aCTOCOBYBaHHS came noeaHanHs («3B’s13ky») koais/moneneidt ATHLET-CD ta COCOSYS



JUTSL IPOBEJICHHS YnceNbHOTO aHanizy aBapiit y PY ta CI'O. IIpu uboMy BapTo 3a3Ha4MTH,
10 TMOE€JHAHUM MIAX1 TPU3BOIUTEH 0 MOMITHOTO 3POCTaHHS 4acy pO3paxyHKy. Takum
YHHOM SIKIIO LTI PO3PaxyHKY € JIUIIe BHYTPIIIHbOKOPITYCHA (pa3a BaXkKoi aBapii 3B’ sI3Ky

KOJI1B 3aCTOCOBYBATH HEAOIIBHO.

Y Tperbomy po3ainai BukoHaHo po3pooky konnemniit CIIBT Bix a.3. BBEP-1000 ta
CIIBT Bix CT'O BBEP-440.

Hnsa CIIBT BBEP-1000 BH3Hau€HO ONTHUMalbHUK THUIl CUCTEMH 3 TOYKH 30PYy
cnoco0y rnepeaadi Teria 10 KIHIEBOro MoriauHaya (30kpema 0aku 3 BOJOIO, B sIKI 3aHYPEHO
terioooMinHuku CIIBT), BU3HaueHO MOXJIIMBI MICIS BCTaHOBJICHHsSI OakiB 13 BOJIOIO,
onTuMalnbHl Micis niakiarodeHHs JiHiM CIIBT no icHyrouwx cuUCTeM eHeprooJioka,
BU3HAYCHO OCHOBHI MIIXOJIM JO €KCIUTyaTallli Takoi cucTeMu. BpaxoByrouu pe3ynbTaTu
po3paxyHkiB BuximHux noxii (BII) y posauni 2 Oyno BuU3HAUYEHO HEOOXIJIHY ILIOILY
ternooOMinnukis CIIBT (6au3bko 200 M? Ha OJMH KaHal YOTUPMKAHAILHOI CUCTEMH),
PO3pO0JICHO aHATITUYHY MOJIe]Ib CHCTeMHM BiaBeleHHs Teruia Bijx a.3. BBEP-1000 gepes
npyruii koutyp PY Ta Bnpoamxeno ii ichyrouy B Il «IHTL] SAPb» (Ha 6a3i sikoro
BUKOHYBAJIUCA PO3paxyHKu) moaenb s koaxy RELAPS5/MOD3.2. Ilo pesynapTaTam
PO3paxyHKy MPOJEMOHCTPOBAHO Tpaie3aaTHICTh po3pobieHoi kouueniii CIIBT Bix a.3.

BBEP-1000.

[Ipn oMy BpaxoByroud HasiBHI Hemoiiku koay RELAPS5/MOD3.2 B wacTtuni
MOJICTIOBaHHS TEIJIOOOMIHHUKIB TTAaCUBHUX CHCTEM 31 CKIIAJIHOIO KOHIrypariew Ta/adbo
dhopMOIO TETUIOOOMIHHMX TPyOOK OyJ0 MPOBEACHO ajamnTalliio J0OMpalbOBaHOi MOl
koxy RELAPS Bepcii MOD3.2 nnst onoBnenoi Bepcii komy MOD3.3, skuii BasioBaHO
PO3pPOOHMKOM KOJy Ha 3HAYHO OUIBIIINA eKclepuMEeHTaIbHIA 0a3l. Pesynbratu
MOJICTIOBaHHS ~MIATBEPAWIM TiMOTE3y, 110 HAWMPO3MOBCIODKEHIMK B YKpaiHi
terorigpaiaiuanii kog RELAPS Bepcii MOD3.2 Henoo11iHIOE (3aHIKYE) TETUIONEpeaaqy
B TEIUIOOOMIHHMKAX TMAaCHBHUX CHCTEM TOPIBHSHO 13 YJOCKOHAJICHOIO BEPCIEI0 KOy
MOD3.3. Takum ymHOM OyJl0 BH3HAYEHO HEOOXIAHICTH PO3POOKH MIIXONy, SKU Ou
703BONIMB MojemoBath ckiaaHi TermmoooMinauku CIIBT 3a momoMoror ocHOBHUX

OJTHOMIPHHMX KOJ1B, SIK1 3aCTOCOBYIOThCS Juisl aHamizy 0e3neku AEC Ykpainu. Takox Oyio



3anponoHoBaHo anbrepHatrBHI Bapiantu peanizaiii CIIBT Bix CI'O BBEP-440 nopiBHsiHO

13 TuM, 1o peamizyerscs I «HAEK «Eneproatom» na eneprodnokax Nel,2 PAEC.

Y d4erBepTOMY PpO31ilJi TPEACTABICHO pE3yJIbTaTH MOJETIOBAHHS CHUCTEMH 3
OPUPOJIHOIO  IMUPKYJAIIEID  Ta  CKIQJAHOK  KOH(QIrypali€w  TeIIo0OMIHHHMKA
(maporeneparopa), sika He BpaxOBaHa y MaTeMaTHMUYHUX MOJENAX OJHOMIPHUX KOJIB, IO
BUKOPUCTOBYIOThCS it aHamizy Oesneku AEC B Vkpaini. [Jlns 3a0e3neueHHs
JIOCTOBIPHOCTI pe3yJbTaTiB BHU3HAYEHHS MIAXOAY JO MOJENIOBaHHS MPOBEICHO Ha
EKCIIEPUMEHTAIbHUX JaHuX ycTaHOBKM MASLWR, skxa € mpoTtoTumomM MOIyJIbHOTO
JIETKOBOJIHOT'O PEAKTOPOM ITiJI TUCKOM Ta MoAiOHa 3a KoHcTpykiieo 10 MMP NuScale.
OXOJOIKEHH TEIUIOBUIIUIAIOUMX €JIEMEHTIB B YCTAHOBI BI1IOYBA€ThCSA 3a PaXyHOK
MPUPOAHBOI IUPKYJIALIi, a TemtooOMiHHI TpyOku [T maroTe chipajieBUIHY HABUBKY.
MonentoBaHHSI YCTaHOBKM BHKOHAHO 3a JonioMoro teruioriapasiiuHoro kony TRACE,
axui 3actocoByeThes B 11 « THTLL APb» 115 He3anexHo1 nepeBipKU pe3yIbTaTiB aHaJ131B
Oe3MeKku, skl Ha/IaloThCsl KCIUTYaTyI040l0 opraHizaiiero (0aHaK (akKTUYHO € MOJIOHUM 0
kony RELAP5/MOD3.2). [lns BUKOHaHHS  JOCHIKEHHS  Oylo  po3polJieHO
TemoriapasaiyHy mojenb yctaHoBkd OSU-MASLWR Tta mpoBeneHo 11 HajgalTyBaHHS
TaKUM YHHOM, IIIO0 pe3yJbTaTH MOJCIIOBAHHS CTaIllOHAPHOTO CTaHy BiJIIMOBIIAIN
eKCIiepruMeHTaIbHIM AaHuM. [lo pe3ynpTaraMm aHamizy BCTaHOBJIEHO, IO OCHOBHHUMH
acreKTaMy HaJIalITyBaHHS MOJENI SIBJISIOTbCS KOPEKTHE BHU3HAUEHHS Ta PO3MOAUI IO
o0’eMax MoJeNl TiAPaBIIYHUX OIMOPIB y KOHTYpl MPHUPOAHBOI MHUPKYJSAIIl, a TaKOX
HEOOXIJTHICTh «IITYYHOI» IHTeHCU]IKallli TeMI000MIHY Ha TEIJI0O0OMIHHUKY Ha ~25% (1110
€ HACJIIIKOM 3aHIKEHHS OJJTHOMIPHUMH KOJaMu Terlonepeaadi B Takux cucremax). [licns
HAJTAIITYBaHHS CTAI[lOHAPHOTO CTaHy MOJEIi MPOBEICHO MOJICITIOBAHHS aBapii 3 BTPATOIO
TEIJIOBIABEECHHS Bi/l IEPIIOTO KOHTYPY YCTAaHOBKH, SIKE€ MPOJAEMOHCTPYBAJIO BIANOBIIHICTh
pe3yJIbTaTiB PO3PAaXyHKY Ta €KCIEPUMEHTAIbHUX JaHHUX, 10 MIATBEPAUIO MPUHHITHICTD

3aIIpOIIOHOBAHOTO Hi)IXO)Iy J0 MOACITIOBAHHA.

VY m’saTomy po3aiii HaBeIeHO aHali3 METO/IB OI[IHKA HAIIHHOCTI Ta e(EeKTUBHOCTI
nacuBHKUX cucTeM. Cepell 3a3HaUY€HOTO PO3TIISTHYTO MiAXOAM HEe3aJIC)KHUX BIMOB, BiIMOB

o0siaiHaHHs, GYHKI[IOHATBHUX BIIMOB, a TAKOXX OIIIHKA 13 3aCTOCYBaHHSM MeTo1y MOHTe-



Kapno moao po3noaily HEBU3HAYEHOCTEH y BXIJHUX JaHUX. Takoxk CTHCIO PO3TIISIHYTO
OCHOBH OITIHKM HAQJIMHOCTI MACHUBHUX CHUCTEM, ICHYIOYlI METOJWKH OIIHKA HAIIHHOCTI
nacuBanx cucteM (REPAS, RMPS, APSRA) Ta ix cmimeHi 1 BimmiaHi pucu. Ilo
pe3yJbTaTaM OIIHKA BHU3HAYEHO ICHYIOYl IPOOJeMHU Ta BIJKPUTI MHUTaHHS METOJIB 1
koHemnii orinku HaAiitHOCTI [ICH Ta ix 3acTocyBanns. Ha mifcTaBi mpoBeaeHOTO aHAIIZY
3p0o0JICHO BHCHOBOK IIPO T€, IO ICHYHOYl METOJW OIIHKH HaJIMHOCTI Ta €()EKTUBHOCTI
NACUBHUX CHCTEM SIBIIIOTHCS CKJIQJHHUMH Ta TNOTPEOYIOTh 3HAYHHMX PECYpCiB s
MPOBEJICHHS TAKOTO aHalli3y. 3a3HaueHe MPU3BOJUTH 10 JOIIILHOCTI BUSHAYCHHS OLIbII
MpPOCTOT0  MIAXOAY OIIHKA €(GEeKTUBHOCTI TMAaCMBHUX CHCTEM, SKHUH  MOMJIMBO
3a0e3neuyBaTuMe OUIbII TpyOy OLIHKY, OJHAK MOTPEOYBATHME 3HAYHO MEHIIMX PECYpPCIB
s i mpoBeAeHHs. Ha migcTaBl pe3ynbTaTiB MPOBEAEHUX PO3PaxyHKIB €(EKTHUBHOCTI
CIIBT a.3. BBEP-1000 ta MogentoBaHHs eKcriepuMeHTalIbHOT ycTaHoBKH MASLWR 06yio
BU3HAUYCHO OUIBII CHPOIICHUN MiAXiJ OLIHKK €(EeKTUBHOCTI MACUBHOI CHUCTEMH, SKUU
IPYHTYETHCS HA OIHII 3aJUIIKOBUX EHEPrOBUJIJICHb a.3. Ta KUJIBKOCTI Terma, SKe
BiBoAUThCs TerminooOMiHHUKOM CIIBT. JlomaTkoBo Oys0 BH3HAUEHO SIKICHUM KpPHUTEpIH,
akui Bkazye Ha MoxuiuBui nepexi CIIBT y HecTtabinbHUI CTaH, SIKMM XapaKTepU3yEThCS

30UTBIIEHHSIM aMILUTITYIA B METI1 TPUPOIHBOT IIUPKYJISIIIT.

HayxoBi pe3ynbrati podoTH BripoBajkeHi (auB. lonatok B):

® y METOJIMYHI MaTepiaiu TUCUUILIIIH «SnepHi eHepreTuuHi peaktopl. HactuHa 1»,
«ATtomH1 enektpoctaHiiiy, «besnexka Ta HamiitHicTh AEC» kadempu AEC
HamionansHoro yHiBepcutery «Opecbka MOMTEXHIKa» Ta BUKOPUCTAHI ITiJT 4ac
po3poOku  kBamiikamiiHUX poOIT OakamaBpa Ta Marictpa CTyJEHTa
HamionansHoro yHiBepcutety «Opnecbka momitexHikay Omnekcis [lokpuienka
(meranphime auB. AKT BITPOBAJIPKEHHA Bin 18 Bepecust 2023 poky);

e vy BupoOHnuuit npouec Il «JHTL[ APb» mig yac po3poOku HaBYAIbHHX
MarepiaiiB JUisl CTYJEHTIB YKpaiHCHKUX CIEIlaji30BaHUX BHINWX HABYAIHHUX
3aKiaaiB y paMkax npoBeaeHHs «JIiTHBOI fepHOi mKoanm» Ha TeMy «Overview
of innovative nuclear technologies and prospects of their deployment» («Ormnsig

IHHOBALIMHUX AJIEPHUX TEXHOJIOT1H Ta MEPCIEKTUBU IXHbOTO BIPOBAKEHHS» ) Ta



aHATITUYHUX JIOCHIPKEHb, TIOB’SI3aHUX 3 MOJCIIOBAHHAM Ta OI[IHKOIO
e(eKTUBHOCTI POOOTHM CHUCTEMH TIACUBHOTO BIABEJCHHS TEIUIOTH BiA
naporerepaTopiB st eHeproonokie BBEP-1200 AEC «Axkyro», TypeuunHa
(metanpHime auB. JloBigka TpPO BOPOBAKEHHS PE3yibTaTIB JAUCEPTAIliAHOI
po6otu Bumemipcekoro Maxkcuma IlaBmoBrua Ha TeMy «YIOCKOHAJICHHS
CHUCTEMHM TTaCUBHOTO BIJIBOJIY TEIUIOTH BiJl aKTHBHOI 30HM peakTopiB BBEP» Bin
11.12.2023 Ne 3834-113-2023);

e y Bupoounuuii nmporec TOB «kEHEPI'OBE3ITEKA I'PVYII» mix yac BU3HAYEHHS
ONTUMAJIbHUX THUIIIB CHUCTEM OXOJIOJKEHHS SIJIEPHOrO IajiMBa Ta BiJIBEICHHS
TerIa 10 KIHIIEBOTrO MOMJIMHAYA, SIKI MOXKYTh OyTH pealli3oBaHl Ha €Hepro0IoKax
3 peakTopHMMHU ycTaHOBKamu Tuny BBEP, a Takox, mig dvac BuOOpy
ONTUMAJIbHUX PIIICHb BIBEJACHHS TEIUIa JJII MOKJIUBOCTI YTPUMAHHS BEJIUKUX
00’€MIB pa/llOaKTHUBHOI BOJAM, SIKa MOXXE YTBOPUTUCA NPH BAXKKHX aBapisix B
Mexxkax repmobOosionku. (aertanpHime nuB. AKT BIIPOBAJIPKEHHSA Bia
25 BepecHs 2023 poky).

KawuoBi cioBa: cucrema Oe3neku, mnacuBHa cuctema, CIIBT, peakTopna
ycranoBka, BBEP, manuit moxynsHuii peakropa, MMP, Metoauka, aHam3 eeKTUBHOCTI,

YAOCKOHAJICHHS.
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ABSTRACT

Vyshemirskyi. M. Improvement of passive heat removal system from nuclear fuel of

VVER reactors. - Manuscript copyright.

Thesis for a Doctor of Philosophy Degree in Specialty 143 «Nuclear Energy». -
Odessa National Polytechnic University, Ministry of Education and Science of Ukraine,

Odesa, 2023.

The accident at the Fukushima Daiichi NPP demonstrated the need to pay special
attention to the issue of NPP protection from external hazards and to provide the necessary
means to overcome beyond design accidents accompanied by numerous failures of NPP
systems and equipment. As a result, additional means and strategies focused at overcoming
emergencies with a total station blackout and loss of ultimate heat sink have been developed
and implemented worldwide at NPPs. Such measures included installation of an additional
mobile or reliably protected stationary equipment, improvement of emergency instructions

and plans, implementation of flexible management strategies.

One of the ways to restore heat removal by the secondary side is the implementation
of technical means for steam generator feeding. The main disadvantage of such a scheme is
its dependence on the success of personnel actions. Implementation of the residual heat
removal system, which efficiency will not depend on the success of the personnel's actions
and the availability of power supply during time necessary for restoration operations, solves

mentioned issue.

In this research, an analysis of world experience in the application of passive systems
both at large-capacity nuclear power plants (NPP) and in small modular reactors (SMRs) is
carried out. Based on the performed analysis concepts of passive safety systems for
VVER-1000 and VVER-440 were developed and evaluation of the proposed passive system
concept for VVER-1000 was done. Based on the results of the assessment the hypothesis
regarding the insufficient reliability of the results of the passive systems modeling with early

versions of one-dimensional thermohydraulic codes used for safety analysis of Ukrainian
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NPPs was confirmed. To solve this problem a computer modeling of the OSU-MASLWR
experimental facility with natural circulation of the coolant, which is characterized by a
complex design of heat exchangers, was performed, and approaches were determined that
ensure acceptable comparability of the passive systems modeling results with application of
early versions of one-dimensional thermohydraulic codes. In addition, the existing methods
for assessing the reliability and efficiency of passive systems were analyzed and simplified

approaches for the assessment of the efficiency of passive systems were defined.

In the Introduction the relevance and importance of the research, purpose, research
task, scientific novelty and practical value of the obtained results are defined, connection
with industry, as well as with research work performed at the National University "Odesa
Polytechnic" and the State the enterprise "State Scientific and Technical Center for Nuclear

and Radiation Safety", the personal contribution of the applicant is noted.

In the first section, the analysis of world experience in the application of passive
systems at large-capacity nuclear power plants is performed. Existing types of passive heat
removal systems (PHRS) from nuclear fuel were considered and a brief review of their
designs at various high-power reactor was conducted. The passive systems of the latest low-
power nuclear installations, namely the NuScale and SMR-160 SMRs, which has the highest
readiness for the practical realization of the designs and for which SE «NNEGC
«Energoatom» signed a memorandum with the manufacturing companies regarding the

intentions to build the corresponding SMRs in Ukraine, were also considered.

Based on the results of the analysis, possible ways of improving the heat removal
system from nuclear fuel at the operating NPPs of Ukraine were determined. The purpose
of further research is focused on determining of the optimal type and analyzing the

possibility of implementing such systems at Ukrainian NPPs.

The second section contains a brief description of the aspects of one-dimensional
codes application and definition of the main issues of their use for modeling of passive
systems, which are characterized by a complex configuration of heat exchangers, which

were not taken into account during the development of mathematical models of the most
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widespread thermohydraulic codes used for the safety analysis of Ukrainian NPPs (in
particular, RELAP5/MOD3. 2 and ATHLET-COCOSYS). As part of research, a
computational analysis of total station blackout with VVER-1000 and VVER 440 was
performed (for which the feasibility of implementing heat removal systems by the secondary
side and from the hermetic confinement (HC) respectively was determined). According to
the results of the analysis, the main parameters of the reactor facility (RF) VVER-1000 and
HC VVER-440 were determined and used to evaluate the technical characteristics of the

PHRS for VVER-1000 and VVER 440.

During the analysis of parameters in HC of VVER-440 two approaches for
calculations were investigated, namely autonomous (when calculations are performed
sequentially - first the ATHLET-CD code determines the parameters in the RF, and then the
obtained data is imported into the COCOSY'S code for the analysis of processes in the HC)
and coupled (calculation of parameters in the RF by the ATHLET-CD code and in the HC
by the COCOSYS code is performed in parallel with simultaneous data exchange between
the codes). The analysis of the obtained calculation results indicates almost the same
behavior of the main parameters in RF and HC at the initial stages of the accident in
combined and autonomous calculations. Some minor differences arise due to the presence
of a minimal difference in the mass flow rates of water and steam from the rupture, as well
as due to the heat transfer present in the combined calculation from the thermal structures
of the primary side of the RF to the atmosphere of the HC. At the same time, during the
middle and late phases of the accident, more significant differences arise, caused by different
amounts of fission products and aerosols released into HC. The identified differences in both
the early and late stages of the accident are generally ensured by the higher accuracy of the
coupled calculation compared to the autonomous one (which does not take into account the
heat transfer from the RF equipment to the HC premises, and the amount of fission products
and aerosols removed to the HC depends on the preparation of data by the user). Mentioned
above makes it possible to recommend the coupling of ATHLET-CD and COCOSYS
codes/models for numerical analysis of accidents in RF and HC. At the same time, it can be

noted that coupled approach leads to a noticeable increase in calculation time. Thus, if the
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purpose of the calculation is only the in-vessel phase of a severe accident, it is impractical

to use coupling of codes.

In the third section, the development of PHRS concepts from the core VVER-1000
and PHRS from HC of VVER-440 was done.

For PHRS of VVER-1000 the optimal type of the system is proposed (in particular,
the water tanks in which the heat exchangers of the PHRS are immersed), the possible places
of installation of water tanks are determined, the optimal places for connecting the PHRS
lines to the existing systems of the RF are determined together with basic approaches to
operation of such system. Taking into account the results of calculations of initial events
(IE) in chapter 2, the necessary area of PHRS heat exchangers was determined (about 200 m?
per one channel of a four-channel system). In addition, the analytical model of the heat
removal system was developed based on the existing in State Enterprise «SSTC NRS»
thermohydraulic model of VVER-1000 for the RELAP5/MOD3.2 code. According to the
results of the calculation, the efficiency of the developed concept of PHRS from the core of

VVER-1000 was demonstrated.

At the same time, taking into account the existing limitation of the RELAP5/MOD3.2
code in the area of PHRS modeling (due to complex configuration and/or shape of heat
exchanger tubes, the revised model of the RELAPS code version MOD3.2 was adapted for
the updated version of the MOD3.3 code, which was validated by the code developer using
larger experimental database. The simulation results confirmed the hypothesis that the most
widespread in Ukraine thermohydraulic code RELAP5/MOD3.2 underestimates heat
transfer in heat exchangers of PHRS compared to the improved version of the MOD3.3
code. In this way, the need to develop an approach that would allow modeling of complex
PHRS heat exchangers with application of one-dimensional codes, that are used for safety
analysis of Ukrainian NPPs, was determined. In addition, an alternative options for the
implementation of PHRS from HC of VVER-440 compared to what is being implemented
by State Enterprise «KNNEGC «Energoatom» at power units Nel, 2 of the Rivne NPP were

also proposed.
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The fourth chapter presents the results of modeling a system with natural circulation
and a complex configuration of a heat exchanger (steam generator), which is not included
into mathematical models of the early versions of one-dimensional codes used for the safety
analysis of Ukrainian NPPs. To ensure the reliability of the results determination of the
modeling approach was performed based on the experimental data of the MASLWR facility,
which is a prototype of a pressurized modular light water reactor and is similar in design to
the NuScale SMR. Cooling of the heaters (which model rods of the core) in the facility is
performed by natural circulation, and the SG heat exchange tubes have a co-axial winding.
The facility was modeled using the thermohydraulic code TRACE, which is used in the
State Enterprise «SSTC NRS» for independent verification of the results of safety analyzes
provided by the operating organization (however, it is actually similar to the
RELAP5/MOD3.2 code). To perform the research a thermo-hydraulic model of the
OSU-MASLWR facility was developed and its settings were made in such a way that the
steady-state simulation results corresponded to the experimental data. According to the
results of the analysis, it was determined that the main settings the model are related to
correct definition and distribution of hydraulic resistances in the model of natural circulation
loop, as well as the need for "artificial" heat exchange intensification on the heat exchanger
by ~25% (which is a consequence of underestimation by one-dimensional codes of heat
transfer in such systems). After setting the steady state of the model, simulation of an
accident with loss of heat removal from the primary side of the facility was performed,
which demonstrated the correspondence of the calculation results and experimental data.
These results confirmed the acceptability of the proposed modeling approach of passive

systems with natural circulation.

The fifth chapter provides an analysis of methods for assessing the reliability and
efficiency of passive systems. Approaches of independent failures, equipment failures,
functional failures, as well as evaluation by Monte Carlo method regarding the distribution
of uncertainties in the input data were considered. The basis of assessing the reliability of
passive systems and the existing methods (namely REPAS, RMPS, APSRA) and their

common and distinctive features are also briefly described. Based on the results of analysis
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the existing problems and open issues of methods for PHRS reliability assessment and their
application were determined. On the basis of the performed analysis, it was concluded that
the existing methods of assessing the reliability and efficiency of passive systems are
complex and require significant resources to carry out such an analysis. This leads to the
necessity of defining a simpler approach for assessing the effectiveness of passive systems,
which may provide a «rougher» assessment, but will require significantly less resources for
its implementation. Based on the results of calculations of the efficiency of PHRS for
VVER-1000 and simulation of the MASLWR experimental installation, a simpler approach
to passive system efficiency assessment was determined, which is based on the assessment
of the core decay heat and amount of heat that is removed by the PHRS heat exchanger. In
addition, a qualitative criterion was defined that indicates a possible transition of the PHRS
to an unstable (ineffective) mode, which is characterized by an increase in the amplitude in

the natural circulation loop.

The scientific results of the work are implemented in:

¢ methodical materials of the disciplines "Nuclear power reactors. Part 1", "Nuclear
Power Plants", "Safety and Reliability of Nuclear Power Plants" of the NPP
Department of the Odesa Polytechnic National University and used during the
development of the bachelor's and master's theses of the Oleksiy Pokryshchenko,
student of the Odesa Polytechnic National University (see IMPLEMENTATION
ACT dated 18 September 2023);

e the production process of the State Enterprise «SSTC NRS» during the
development of educational materials for students of Ukrainian specialized
universities in the framework of the “Summer Nuclear School” on the topic
“Overview of innovative nuclear technologies and prospects of their deployment”
and analytical studies related to modeling and evaluation of the effectiveness of
the PHRS from steam generators for power units of Akkuyu NPP with
VVER-1200, Turkey (for details, see the Reference on the implementation of the

results of the dissertation work of Vyshemirsky Maksym Pavlovich on the topic
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"Improvement of passive heat removal system from nuclear fuel of VVER

reactors" dated 11.12.2023 No. 3834-113-2023);

Keywords: safety system, passive system, PHRS, reactor facility, VVER, small

modular reactor, SMR, methodology, reliability assessment, improvement.
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