AHOTAIIS

I'pu6 B.FO. Ya0CKOHAJIGHHS METOJIB aHajiizy Oe3neku mpu auBepcudikaiiii
TEITIOBUJIUIAIOYMX 301pOK sIIEpHMX eHeproycraHoBok. — Kmamidikariitna HaykoBa
mpars Ha TIpaBax PyKOTHCY.

Huceprariiss Ha 3100yTTsI HAayKOBOTO CTYIEHS JoOKTopa (digocodii 3a
cnemianpHicTIO 143 AToMHa eHepreruka. — HamionansHuii yHiBepcuTeT «Omecbka
noJiiTexHika» MiHicTepcTBa OCBITH 1 Hayku Ykpainu, Opeca, 2023.

[IuTaHHSAM MiABUINEHHS HAIIMHOCTI 1 MOJEpHI3aIlli €eHEPreTUYHUX YCTaHOBOK
npucBAYeHo OaraTto JociikeHb. OpfHak, NUTaHHSA BIUIMBY JHUBEpcH(IKaLii
teroBuauIAounXx 30ipok (TB3) Ha Oe3nexky Ta HaaldHICTh SACPHUX YCTAaHOBOK
BUBYEHI HEJIOCTATHHO.

JuBepcudikamiss sAepHOro MajyBa MOJISITa€ y MOCTa4aHHI aJlbTEPHATUBHHUX
TertoBuAUIAI0YHNX 301poK (TB3A) nmst icHyr0YHX sIIEpHUX PEaKTOPIB.

Y Beryni npencTaBiieHO OOTPYHTYBaHHST BHOOpPY TEMH  JTOCHIKEHHS,
BHCBITJICHO 11 aKTyaJIbHICTh Ta 3B'I30K 3 HAYKOBUMH Mporpamamu. Ha oCHOBI 11bOTO
chopMOBaHO METYy 1 3aBJaHHS JOCHIDKEHHS. 3a3Hauye€HO HAyKOBY HOBH3HY
OTPMMAaHUX PE3yJNbTATIB Ta iX NOpakTU4yHy wiHHICTE A1t AEC 3 peaxTopamu
BBEP- 1000.

B nepmomMy po3mizii  mpeAacTaBlieHO aHami3 OBy Ta  pe3yJbTaTiB
muBepcudikamii SAEY 3 BBEP-1000 teroBuaimsitounmu 36ipkamu Westinghouse
(WFA) B Yexii Ta YkpaiHi.

Y nponeci nuepcudikamii TB3 Westinghouse na AEC Temenin Oynu
BUSBJICHI Taki TpoOJeMu: HEMoBHE BBeAcHHS perymorounx crpuxHiB (IRI -
Incomplete Rod Insertion), Burun TB3, Teui TBemiB 1 T.A.

[IpoBenenuit anamiz pgoceiny nuBepcudikanii WFA SEY 3 BBEP nHa
BiTum3HsHUX AEC Ta AEC TemeniH BuU3HAUMB OOIPYHTOBAHICTH 1 €(EKTHUBHICTH
TexHIuyHuX pimieHb 3 ananrtaiii WFA B AEY 3 BBEP. IIpoBeneni monepHizaiii WFA

3a0e3neuyroTh 3HIKEHHS AeopMallii 1 MOMIKOKEHHS TBEJIB, a TAKOXK MABUIIYIOThH



HAJIAHICTh eKCIUTyaTtalii sijaepHoro peaktopy. OjHak, BIAMNOBIAHO 10 SAEPHOTO
3aKOHOMABCTBa YKpaiHM, 3a Oynb-fKOi MOJAEpHI3allii pPEeaKTOpHOI YCTaHOBKHU
HEOOX1IHUN BIAIIOBIIHUI aHAI3 OE3IIEKH.

Y npyromy po3aijii mpoBeIeHO aHalli3 0araTopivHOro J0CBiY Ta pe3yiIbTaTiB
MojemtoBaHHs aBapiii B AIEY HMOBIpHICHUMHU Ta ACTEPMIHICTUUHUMHU METOJIaMU. Y
pe3yJbTaTi MPOBEJACHOTO aHalli3y BCTAHOBJICHO CYTTEBI OOMEKEHHs/HEIOMIKA
BiZIOMHX METOJIiB MOJeIOBaHHs aBapiii B IEY. VIMoOBipHiCHI MeTOIM MOJIEIOBAHHS
aBapii Ta aHami3y 0e3neKu OOIPYHTOBaHI TUIBKHU JIJIS 3arajibHOi OI[IHKK WMOBIPHOCTI
BUHUKHEHHS SJIEPHUX 1 pajialliiiHuX aBapii.

AHani3 anepHoi Oe3NeKu peakTOpiB IMOJIArae y BHU3HAYEHHI BIANOBIIHOCTI
MaKCUMaJIbHOI TeMIlepaTypu OOOJIOHOK TEIUIOBUAUISIOUMX €JIEMEHTIB (TBeN) 1
TEMIIEpaTypy SACPHOTO TajdMBa B TMPOIECI MOXKJIWBHX aBapiii, BCTAaHOBJICHHX
TPaHUYHO-TOMYCTUMHUX 3HaUYE€Hb HOPMaMH 1 MpaBuUjiaMu siiepHoi 0e3nexu. Ha manwmii
yac MpU aHami3l Oe3MeKH BUKOPUCTOBYETHCS TPAAMINIHHUN MIAXiJ MOJSTIOBAHHS
BCHOI'O CIIEKTPY MOKJIMBHX aBapiil AETEPMIHICTUMHHUMH PO3PaXyHKOBUMH 3aC00aMU
(xomamm) - RELAP, CATHARE, ATHLET, MELCOR, COKPAT 1 ium1.

[IpoBenennii Ha OCHOBI KOHCEPBATHBHOTO MIAXOJY TMOIMEPEAHIN eKCIIepTHUMN
aHaii3 31MCHEHHOCTI KpUTEpliB Oe3MeKu Mpu 3MIIAaHUX 3aBaHTaxeHHsX TB3A 1
WFA peakropiB tumy BBEP 13 3acrocyBannsm komy RELAPS5/V3.2 nns
MakcuManbHOi poekTHOI aBapii (MIIA) noka3zas, mo BiamiHHOCTI KI'O BU3HavaroTh
temrneparypy o6OosioHok TBemB WFA T, Ha Kigbka COTEHb T'paayciB OisbIie
BIAMOBIAHUX 3Ha4YeHb s TB3A, a mpu MakcUManbHO JTOMYCTHUMIM 32 MPOEKTOM
TEeMIIEpaTypl TEIIOHOCISI CUCTEMHU aBapiiHOTro 0X0JIoKeHHs akTuBHOI 30HU (CAO3)
90 °C kpurepii Oe3mexku B3arajii He BUKOHYIOThCS: T, > 1200 °C. Po36ixHOCTI B
OIlIHKaX MaKCUMaJbHO1 TeMIIepaTypyu 000JIOHOK TBEIIB, OTPUMAaHI JJIsSI OJTHIET 1 Ti€T K
aBapii kogom RELAPS (ane 3 BUKOpPUCTAHHSM PI3HUX KOPESALIA NI KPUTUYHUX
TETJIOBUX TIOTOKIB ¢,;), € CyTTEBUMU - B 362 mo 680 °C. [[ns mpoekTHUX aBapiii 11l
pPO301KHOCTI HE NPHUHIMIOBI, TaK SK KpUTEpii Oe3neku 3a JOIMyCTUMOIO

Temriepatypoto 06osoHoK TBemNiB (1200 °C) BHKOHYETHCS B YCIX MPEICTABICHUX



pe3ynbTaTax po3paxyHKOBHX OOTpyHTYBaHb. OHAK MU aHai31 3alpPOEKTHUX aBapii
111 pO301’KHOCTI MOXKYTh OYTH MPUHIIMIIOBUMH: 3aIIPOEKTHI aBapii 3 KiHIIEBUM CTaHOM
0e3 MOIIKOKEHHS 00O0JIOHOK TBENIB/AIEPHOrO MajlrBa MOXYTh MEPEHTH B CTATyC
BOKKHUX aBapii.

[TpoBeneHuit aHamiz TpaAULIMHOTO MiAXOAY MOJIEIIOBAHHS MOXKJIUBUX aBapii
B SEY 3 BBEP Bu3zHauuB iCTOTHMII BIUIMB Ha pPE3ylbTaTH PO3PaxXyHKOBOTO
MOJIETIIOBaHHSI BCBOTO CHEKTPY MOXIIMBUX aBapiil «e(eKTiB KOpPUCTYBayiB 1
BIJIMIHHOCTEH KOJIiB», a TaKOX HEIOIIJIBHICTh 3aCTOCYBAHHS JETEPMIHICTUUYHUUX
KOJIB ISl aHaJTi3y O€3MeKU MPH YUCICHHUX MOJIEPHI3alliIX PEaKTOPHUX YCTAHOBOK.

BcraHoBiieHO, 110 B1IOMI pe3yslbTaTH aHali3y Oe3NeKd NMpu JuBepcudikarii
WFA B SIEY 3 BBEP na BitTunznsinux AEC HenocTtaTHR0 OOTpyHTOBaHI B MTUTaHHI
MOJICJIFOBAHHSI YMOB TE€INIOOOMIHY B aKTUBHIN 30H1 PEAKTODY.

[IpoBeneHuii anai3 BiIOMUX MiAXOAIB MOJICJIFOBaHHS MOXIUBUX aBapii WFA
B SIEY 3 BBEP nHa BiTumsnsaux AEC BuU3HAYMB HEOOXIAHICTH YJIOCKOHAJICHHS 1
pO3pOOKH HOBUX METOAIB aHam3y SAEpHOi Oe3leku mpu JauBepcudikamii 1
MOJIEpHI3allil eJIeMEHTIB peakTopy. Bce 1ie BM3HAUae akTyallbHICTH I1i€i poOOTH 1
BHUMarae JIoJaTKOBOTO BUBYCHHS 1 aHAJII3Y.

B Tpernomy po3aini po3poOsieHO albTepHATUBHUN OINEpPATUBHUN METOJ
aHani3zy Oesneku mpu auBepcudikaiii Ta monepHizamii enementiB AEY 3 BBEP. Ha
OCHOBI PO3pO0OJICHOTO METOJy BCTAHOBJIEHO 3a0€3MEUCHHS YMOBH sJIEpHOI O€3MeKn
3a TPAHUYHO-IOMYCTHMOI TeMIlepaTypyd OOOJIOHOK TBEJI TPU MaKCUMaJbHIN
npoekTHiit aBapii B WFA SEY 3 BBEP.

Po3poOnenuii Meron € oOrpyHTOBAaHUM 1 €(PEKTUBHUM JI aHAII3y SAEPHOI
Oe3rneku Oyab-sIKUX AuBEpcHdiKaiiil 1 MoJepHI3allii eIeMEHTIB PEaKTopYy.

Ha BiaMiHy BiA BiAOMHX NIOXOJIB B 3alpPOINOHOBAHOMY METOJl KpHUTEpii
0e3MeKu 3a TPAHUYHO JIONYCTUMHMH TeMIlepaTypaMu OOOJOHOK TBEJ 1 SAEPHOIO
MajuBa y BIIHOIIEHHI TMPOEKTHOTO CTaHy pPO3PAXOBYIOThCS 0€3 3alydeHHS

MOJICJTFOBaHHS aBapitHUX MPOLECIB AETEPMIHICTUIHUMHU KOJIAMH.



Ha ocHOB1 po3p006sieHOTr0 METOAy NMPOBEICHO OOTPYHTYBAHHS SEPHOT O€3MeKH
nuBepcudikaiii WFA SIEY 3 BBEP.

BcranoBneno, mo kputepii sijpepHoi Oe3neku npu auBepcudikamii WFA B
BBEP BuKOHYIOTBCS ISl MPOEKTHUX aBapii (B TOMY YMCI 1 JUIsI MaKCHUMaJIbHOI
INPOEKTHOI aBapli 3 TPaHUYHO JOMYCTHMOIO TEMIEPATypol0  OXOJOKCHHS
TEIJIOHOCIA) SIK MPU YaCTKOBOMY, Tak 1 Mpu MoBHOMY 3aBaHTakeHHI WFA akTuBHOT
30HU.

HaykoBa HOBH3HA OTPUMAHMX PE3yJIbTATIB MOJSATAE B TOMY, I11O:

- 3aMpONOHOBaHI PE3yJNbTaTH JOCBIAY MOJIETIOBaHHS MOXJIHBUX aBapid B SAEY 3
BBEP neTepMiHICTUYHUMH KOJIaMH;

- 3aIpOIIOHOBaHA AJIbTEpHATHBA MOJENIOBaHHA aBapiiHux mnpoieciB B AEY 3 BBEP
JETEPMIHICTUIHUMU KOJIaMU;

- Ppo3po0JIeHHI ONEepaTHMBHUI METOJ aHamizy Oe3leKku Mpu auBepcudikamii Ta
moaepHizalii enemeHTiB SIEY 3 BBEP, a came Meto excripec-aHanisy;

- BCTAQHOBJIEHO, HAa OCHOB1 PO3pO0OJICHOTO METONYy, 3a0e3MeYeHHsS YMOBHU SJIEPHOT
Oe3rekn 3a TPAHUYHO-AOMYCTUMOIO TEMIIEpAaTypor0 OOOJIOHOK TBEN TIpH
MaKCHUMaJIbHIN TMPOEKTHINA aBapii (B TOMY YMCII 1 JJISI PEXKUMY 3 MaKCUMAJILHOIO
TEeMIIEpaTypolo TeIIoHOCIs B riipoeMHocTsIX) B WFA SIEY 3 BBEP.

I[IpakTuyHe 3HAYeHHS OTPUMAHMX Pe3yJbTATIB TMOJSITac y TOMY, IIO:
po3po0eHnil omepaTUBHUN METOJA aHamidy saepHoi Oe3neku Moxe OyTu
BUKOPUCTAHUN OpraHi3allisiMd, sIKi €KCIUTYaTyIOTh 1 PEryJIOI0Th SAepHY Oe3MeKy mpH
nuBepcudikallii Ta MOJIEpHI3allii €JIEMEHTIB SIICPHUX PEKTOPIB.

PesynpTaT nmmcepraniiHOi poOOTH BHUKOPHUCTOBYIOTHCS B HABYAIBLHOMY
IIPOIIEC] JUIS MIAroTOBI (DaxiBIliB 3a CHEIaNbHICTIO 143 « ATOMHA €HEPTreTHKAY.

KuarouoBi ciaoBa: HaniiHiCTh, 0e3leka, €HEproycTaHOBKa, auBepcUiKallis
SIIEPHOTO MAJIMBA0, MOJICPHI3allisl, TEIUIOBUAUISIOUNM €JIeMEHT (TBeM), TeMIlepaTypa

000JIOHKH TBEIy, TEMIIEpATypa sIIEPHOTO TATHBA.
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ABSTRACT

V. Hryb. Express method of safety analysis in the diversification of fuel
assemblies of nuclear power plants. — Manuscript copyright.

Thesis for a Doctor of Philosophy degree in Specialty 143 «Nuclear Energy». —
National University «Odesa Polytechnic» of the Ministry of Education and Science
of Ukraine, Odesa, 2023.

Many studies have been devoted to improving the reliability and
modernization of power plants. However, the impact of diversification of fuel
assemblies on the safety and reliability of nuclear facilities has not been sufficiently
studied.

Diversification of nuclear fuel consists in the supply of alternative fuel
assemblies for existing nuclear reactors.

The Introduction presents the justification of the chosen research topic,
assigns its relevance and relation with scientific and technical programs. Based on
this, the purpose and objectives of the research have been established. The scientific
novelty of the obtained results and their practical value both for NPPs with WWER -
1000 reactors.

The First Chapter presents an analysis of the background and results of
diversification of NPPs with VVER-1000 fuel assemblies by Westinghouse (WFA)
in the Czech Republic and Ukraine.

The analysis of the experience of WFA NPP diversification with WWER at
domestic NPPs and Temelin NPPs determined the validity and effectiveness of
technical solutions for WFA adaptation to NPP with WWER. The WFA upgrades
reduce deformation and damage to the fuel rods, as well as increase the reliability of
the nuclear reactor. However, in accordance with the nuclear legislation of Ukraine,
any modernization of the reactor unit requires an appropriate safety analysis.

The Second Chapter presents analyzes the long-term experience and results

of modeling NPP accidents using probabilistic and deterministic methods. As a result



of the analysis, significant limitations/disadvantages of the known methods for
modeling NPP accidents were identified. Probabilistic methods of accident modeling
and safety analysis are justified only for general assessment of the probability of
nuclear and radiation accidents.

The analysis of nuclear safety of reactors consists in determination of
conformity of the maximum temperature of covers of fuel elements and temperature
of nuclear fuel in the course of possible accidents of the established maximum
permissible values to norms and rules of nuclear safety. Currently, the safety analysis
uses the traditional approach of modeling the full range of possible accidents by
deterministic calculation tools (codes) - RELAP, CATHARE, ATHLET, MELCOR,
COKPAT and others.

Based on a conservative approach, a preliminary expert analysis of the
feasibility of safety criteria for mixed loads of fuel assemblies and WFA reactors of
the WWER type using the code RELAP5/V3.2 for maximum design basis accident
showed that the differences hundreds of degrees more than the corresponding values
for fuel elements, and at the maximum allowable temperature of the coolant of the
emergency cooling system of the core (ECPS) 90 °C safety criteria are not met at all:
Ty > 1200 ° C. Differences in estimates of the maximum temperature of fuel rods,
obtained for the same accident with the code RELAPS5 (but using different
correlations for critical heat fluxes q.), are significant - from 362 to 680 °C. For
design basis accidents, these differences are not fundamental, as the safety criterion
for the allowable temperature of the fuel rods (1200 °C) is met in all the presented
results of the calculation justifications. However, in the analysis of beyond design
basis accidents, these discrepancies can be fundamental: beyond design basis
accidents without damage to the fuel/nuclear fuel shells can become severe accidents.

The analysis of the traditional approach to modeling possible accidents in
nuclear power plants with WWER determined a significant impact on the results of

the calculated modeling of the whole range of possible accidents «user effects and
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code differences», as well as the inexpediency of using deterministic codes for safety
analysis in numerous reactor upgrades.

It is established that the known results of safety analysis during diversification
of WFA in NPPs with WWER at domestic NPPs are insufficiently substantiated in
the issue of modeling heat exchange conditions in the reactor core.

The analysis of known approaches to modeling possible WFA accidents at
WWER NPPs at domestic NPPs has identified the need to improve and develop new
methods of nuclear safety analysis in the diversification and modernization of reactor
elements. All this determines the relevance of this work and requires additional study
and analysis.

In the Third Chapter, an alternative operational method of safety analysis in
the diversification and modernization of NPP elements with WWER has been
developed. On the basis of the developed method it is established to ensure the
condition of nuclear safety on the maximum allowable temperature of fuel shells at
the maximum design basis accident in WFA NPP with WWER.

The developed method is reasonable and effective for the analysis of nuclear
safety of any diversifications and modernizations of reactor elements.

In contrast to the known approaches in the proposed method, the safety criteria
for the maximum allowable temperatures of fuel rods and nuclear fuel in relation to
the design condition are calculated without the involvement of modeling of
emergency processes by deterministic codes.

On the basis of the developed method the substantiation of nuclear safety of
diversification of WFA WWER is carried out.

It is established that the nuclear safety criteria for WFA diversification in
WWER are met for design basis accidents (including the maximum design basis
accident with the maximum allowable coolant cooling temperature) both at partial

and at full load of the WFA core.
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The scientific novelty of the obtanned results:

- the results of the experience of modeling possible accidents in NPP with WWER
deterministic codes are offered;

-, an alternative model of emergency modeling in nuclear power plants with WWER
deterministic codes was proposed;

- an operative method of safety analysis during diversification and modernization of
NPP elements with WWER was developed, namely the method of express analysis;

- it was established, on the basis of the developed method, to ensure the condition of
nuclear safety on the maximum allowable temperature of fuel elements at the
maximum design basis accident (including for the regime with the maximum
temperature of the coolant in the tanks) in WFA NPP with WWER.

The practical significance of the results:

The developed operational method of nuclear safety analysis can be used in the
use of used and regulatory nuclear safety of organizations in the diversification and
modernization of elements of nuclear rectors.

The results of the dissertation are used in the educational process for the
training of specialists in the specialty 143 "Nuclear Energy".

Key words: reliability, safety, power plant, diversification of nuclear fuel,
modernization, fuel element (fuel element), fuel cell shell temperature, nuclear fuel

temperature.
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