WHHOBAIIMOHHBIE NPOEKTHI U TEXHOJOT MU AAEPHONU DHEPTETUKHA
V MexayHapoalHass HaAy4YyHO-T€XHHMYECKass KOHpEpeHI U

2-5 oxTsa6ps 2018 r., MockBa

V MHTK HUKHUOT - 2018

COOpHUK JOKIaI0B

INNOVATIVE DESIGNS AND TECHNOLOGIES OF NUCLEAR POWER
V International Scientific and Technical Conference
October 2-5, 2018, Moscow

V ISTC NIKIET - 2018

Collection of papers

MockBa
NznareasctBo AO «<HUKUDT»
2018



YK 621.039
Hn66
Opranusaropsl KoOH(pepeHINN:
AO «HUKHNDT»
npu nogaepxkke ['ocynapcrseHHol koprnopanuu «Pocatom»,
MexayHapOoTHOTO areHTCTBa M0 ATOMHOM SHEPIUH,
Poccuiickoit akanemuu Hayk u SnepHoro obmiectBa Poccun

Conference organizers:
JSC NIKIET
under support of Rosatom State Corporation,
International Atomic Energy Agency (IAEA),
Russian Academy of Sciences and Nuclear Society of Russia

166 VHHOBaUMOHHbIE MPOEKTHI W TEXHOJOTHH SIAEPHOW IHEPreTHMKH [DICKTPOHHBIN
pecype]: ¢6. moknanoB V MexayHapOaHON HaydHO-TEXHHUYSCKOW KOH(MepeHnuu (2-5 oKTIOps
2018 r., Mocksa) = Innovative Designs and Technologies of Nuclear Power [e-resource]:
Collection of papers of V International Scientific and Technical Conference (October 2-5, 2018,
Moscow). — DnektpoH. Tekct. naH. (1 daitn B popmare pdf: 197,03 M6). — M.: U3x-Bo AO
«HUKHNDT», 2018. — 1 CD-R.

Cuctem. TpedoBanus: T1K ¢ mporeccopom He Hinke kinacca Pentium | ; Windows XP u Bere ; CD/DVD-
ROM auckoson ; Adobe Acrobat Reader 8.0 u Bbme.

ISBN 978-5-98706-121-3

V MexayHapoaHas Hay4HO-TEXHHWYECKass KOH(pepeHuus «VIHHOBAIlMOHHBIC ITPOEKTHI M TEXHOJIOTHH SIIEPHOMN
sHepretukn» opranm3oBaHa AO «HUKUDT» u mpoBomurtcs mpu moanepke [ocyTapCTBEHHOW KOPHOpaUU
«Pocatom» MexayHapoIHOTO areHTCTBa [0 aTOMHOM 3HepruH, Poccuiickoii akagemMun Hayk U SlaepHoro oOmecTBa
Poccun. Temarnka KoH(epeHIMH: WHHOBALMOHHBIE IMPOEKTHI SACPHBIX YCTAHOBOK pAa3IMYHOTO HAa3HAUYCHUS;
sIepHOE TOIUIMBO M HOBBIE MaTepUalibl; TEXHOJOIMU 3aMKHYTOTI'O TOILIMBHOIO 1MKia, oopamenue ¢ OST u PAO,
TEXHOJIOTMYECKOE PelleHHe MPOoOJIeM HepaclpoCTpaHEeHUs SIEPHBIX OpYKEWHBIX MaTepHajIoB; Majas YHEepreTuka
(cTanmoHapHble, TpaHCTOpPTAOENbHBIC, IUIABYyYHE, TPAHCIOPTHBIC, KOCMHYECKHE YCTAHOBKH); WHTETPAbHbIC
pacyeTHble KOJBI HOBOTO MOKOJICHMS Uil aHanu3a Oe3zomacHocTd SIDY W TOMIMBHOTO LMKIA, YIpaBisieMbIHd
TepMOsiiepHBIH cuHTe3. B pabore koHdepeHnmu npuHsiaM ydactue Oonee S50 oprammsaunmii Poccum, a Taroke
npencrasutenn MAT'ATO, Asctpun, Apmenun, benapycu, bensrun, bpasunun, ['epmanuu, Uranuu, Kazaxcrana,
Kuras, Hunepnannos, ®pannun, Yexnn, FOxnoit Kopen, SAmnonnw.

Jnist criennanucToB, 3aHUMAFOIIUXCS BOIIPOCAMH SIAEPHON 3HEPT€THKH.

Mamepuansi exniouenst 6 coOopuuk H6e3 pedakmuposaHus

YK 621.039

The V International Scientific and Technical Conference “Innovative Designs and Technologies of Nuclear Power”
has been organized by JSC NIKIET and is conducted under the auspices of Rosatom State Corporation, the
International Atomic Energy Agency, the Russian Academy of Sciences and the Nuclear Society of Russia. The
conference topics include: innovative designs of nuclear facilities for various applications, nuclear fuel and new
materials, closed fuel cycle technologies, SNF and RW management, technological answers to nonproliferation
problems, small power reactors (stationary, transportable, floatable, propulsion, space), integrated codes of a new
generation for safety analysis of nuclear power plants and fuel cycles, controlled fusion. Over 50 Russian
organizations, as well as representatives of IAEA, Austria, Armenia, Belarus, Belgium, Brazil, the Czech Republic,
China, France, Germany, lItaly, Japan, Kazakhstan, the Netherlands, and the Republic of Korea took part in the
conference.

For experts in the field of nuclear power.

Materials are included in the collection without editing.

© AO «<HUKHNDT», 2018
© UznarensctBo AO «<HUKUDT», 2018
© Asrops! goknanos, 2018

ISBN 978-5-98706-121-3



MHHOBAIIMOHHBIE ITPOEKTbDI
N TEXHOJIOI'MHU AAEPHOU DQHEPI'ETUKU

INNOVATIVE DESIGNS AND
TECHNOLOGIES OF NUCLEAR POWER



AK1MOHEepHOE 00I11eCTBO
«Opnena Jlennna HayuHo-nccnenoBareabCKuil 1 KOHCTPYKTOPCKUI
MHCTUTYT 3Heprorexuuku umenu H.A. [lomnexans»

NHHOBAITMOHHBIC MPOCKTHI M TEXHOJIOTUU
SIICPHON YHEPreTUKH

V MexayHapolHass HAyYHO-T€XHHUUYECKasd KOHPEepeH U

2-5 oxTs16ps 2018 1., MockBa

V MHTK HUKUDIT - 2018

COOpHUK JOKJIAJI0B

MockBa
HNznarenscteo AO «HUKNDT»
2018



KOHOUTI'YPALIUSA PEAKTOPA, AHAJIOTUYHOTI O IRIS,
W BA3OBASI CTPATETI Sl TIACCUBHOM BE3OIMACHOCTH
JJIsA PABBEPTBIBAHUSA IIO/IBOJAHBIX MPMM

Cantunenno M., Pukortu M.E.
(MunaHCKU# MTOTUTEXHUYECKUI YHUBEPCUTET, DHEpreTHueckuii Gpaxkynbret, Munan, Uamnws)

BBenenue

ABapus Ha ADC Fukushima-Daiichi 11 mapra 2011 r. BbIsIBHIa HE0OXOIUMOCTH
TOTOBHOCTH SIZIGPHOTO cOOOHIeCTBAa K HEOXKHMJIAHHBIM OOCTOSITENIbCTBAM, KOTOPBIE MOTYT
BBIXOJUTh 32 PaMKH MPOEKTHBIX COOBITHH. Jlaxke mpu OOJBIIMX 3amacax W IOJIOKUTEIbHOU
INPAaKTUKE OJKCIUTyaTalldkd W TEeXOOCTy)XKMBAaHUS HUKOI/Ia HE MOXET OBITh MCKIIOYeHa
BO3MOXKHOCTh CHTYAIlMi C TSHKEIBIMH MOCIECICTBUSMH, XOTS U oTAajIeHHbIME [1]. Drta aBapus
IPOJAEMOHCTPUpPOBAJIa, 4YTO Ha padoTalOIUX peakTopax MOTYT MPOSBUTHCA CUJIbHBIC
3aTpyIHEHUS P BOSHUKHOBEHHH CIICHAPHS C IOTEPEH MUTAHUSI COOCTBEHHBIX HYX[/BHEIIIHETO
nutanus (LOOP), koTopslii MPUBOAXT K moTepe KoHeunoro Temionpuemunka (LUHS). Peakuus
SIEPHOTO COOOIIECTBAa Ha 3TO COOBITHE BBIpAa3Wjach B YCWICHMH BHUMaHHS K pa3paboTke
MacCUBHBIX cucteM Oe3zonacHocTu. [locnme @ykycuMckoil aBapuu rapaHTusi aJeKBaTHOTO
OXJIAKJEHUSI AKTUBHOW 30HBI C IIOMOILBIO E€CTECTBEHHOW LMPKYJISALUM B TEYEHHE OUYEHBb
JUIUTEIBHOTO Tepruoaa 06e3 mojauu >IeKTPONUTAaHUS U BMEUIaTeIbCTBA YeIOBEKa CTana BaXHOU
COCTaBJIAIONICH cTpaTernu 0€30MacHOCTH BO MHOTHX IpoeKTax rmokoneHus 111+

Crparerust maccuBHON 0€30MaCHOCTH MPUOOPETAET TPOMA/IHYIO BaXKHOCTh B MOAYJIHbHOM
peakTope Majoi moirHocTH (MPMM), rae KOMIAKTHOCTh U MPOCTOTa KOMIIOHOBKHU SIBJISIFOTCS
KJIIOYEBBIMH acrekTaMu KoHCTpykimu. HemaBno MAT'ATD omy6mukoBamo gokymeHt [1], rae
o0cy>kmatoTcsi Hanbosee BaKHbIE CPEICTBa OE30MacCHOCTH, NMPUMEHSEMbIE B CYIIECTBYIOIIUX
peakTopax M TEPCHEKTUBHBIX MpOeKTax BogooxjaxaaemMbix MPMM. Cpenu nHaubomee
MHHOBAIIMOHHBIX UJIEH — HJIesl pa3MEeLIeHHUs 3alUTHOW 000JI0OUKH SZIEPHOTO PEaKTopa Mo BOJOU
IpUBJIEKJIa HanOosbiiee BHUMaHue. KOHIeNys COCTOUT B TOM, YTO OOJIBIIYI0 METAJUTMYECKYIO
3alIUTHYIO 000J0YKY, B KOTOPOH pa3MelleH KOpIyC peakropa, OKpyXkaeT xosoaHas Boja. [lap
MOJKET BBIIETATHCS BO BHYTPEHHIOIO aTMocepy M KOHIEHCHUPOBATHCS NPU KOHTAKTE C
BHYTPEHHEH NOBEPXHOCTBIO, TAKMM 00pa3oM OTBOJS OCTAaTOYHOE TEIJIO K BHEUIHEH Boje. B
HEKOTOpBIX mpoekTax MPMM s GmkHECpodHOro pasBeptThiBanus, Hampumep, NuScale [2],
3anUTHas 000JI0YKa peakTopa MorpykeHa B OOJBIIONW BOASHOM OacceiH, 4TO CO3JaeT MepHoa
OTCPOYKH, OTpEAEseMbIii 00IIUM 3a1lacoM BOJBI M TEM TEIUIOOTBOIOM, KOTOPBIN MPOUCXOAMNT,
IIOKa BOJIA OCTAETCSl JOCTATOYHO XOJOAHOM. JIpyroil BapuaHT — eclid MeTaJUITMYecKasi 000JI0uKa
NOMEIIICHa B MOpE MM HMCKycCTBEHHOEe o03epo (puc. 1), TO TEMJIONPUEMHHUK SBISETCS
NPaKTUYECKH OECKOHEUHBIM, a MEPHO OTCPOUKH, 00ECTIeYMBAEMBbI MPOLIECCOM OXJIAXKICHHS, —
HeorpannyeHHbIM. [losTomy moaBomubii MPMM  o6nagaer cBoiicTBamMu 0€30MMacHOCTH,
KOTOpPBIC €CTECTBEHHBIM O00pa3oM 3alUIIAIOT OT HEKOTOPBIX U3 Hamboliee NPOOIEMHBIX
aBapUiHbIX clleHapueB. B  4YacTHOCTH, (QU3WYEeCKH HEBO3MOXKHA TMOTEpPsS KOHEYHOIO
tertonpuemunka (LUHS), B To BpeMst Kak MOJIHOE 00ECTOUMBAHUE YCTAHOBKH, T.€. TIOTEPS BCEX
CTAHUIMOHHBIX M BHEIIHUX HMCTOYHUKOB IEPEMEHHOTO TOKA, IPEIOTBPALIEHO C ITOMOUIBIO
CTpaTEeTUH MOJIHOCTHIO TACCUBHOM 0€30MacHOCTH.
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Puc.1l. Konyenyus noosoonoco MPMM:
1 — mope unu o3epo; 2 — cmpaxosounsiii bax; 3 — sawumnasn obonouka peaxmopa; 4 — xopnyc
peakmopa; 5 — cucmema npeobpazosanus SHepaul

[lorpyxeHue B TOCTOSIHHBIM TEIUIONMPUEMHUK B HACTOSIEE BpEeMsl MCIIOJIb3YETCsS B
HEKOTOpPBIX HMHHOBAaLMOHHBIX Mopckux ADC. B nurepaType MOXHO HalTH ONMCaHUE
HECKOJIbKMX  TPOCKTOB  MOPCKHX  TpaHcmoprabenpbHhix MPMM, paccuuTaHHBIX  Ha
JKCIUTyaTanuio Baanu ot Oepera. Mopckue MPMM moryT ObITh pa3zeneHbl Ha IUIaBydyue H
craioHapueie (puc. 2). IlpumepaMu MmiaBydux Oap ¢ pa3MEIICHHBIMH Ha HUX pPEaKTOpaMH
MaJIol MOIIHOCTH JJIsi MPOM3BOACTBA 3JEKTpodHepruu MoryT ciyxutb KJIT-40C [3] u
ACPR50S [1], coopyxaembie B Poccun m Kurtae. C apyroit CTOpPOHBI, HHKE IPUBEICHBI
npuMepsl mpoektoB MPMM ¢ pa3smelneHnem peakropa IoJ BOIOH, YIAEPKHBAEMOIO SIKOPHOU
CHCTEMOI Ha MOPCKOM JIHE!

o0 konrenuus Flexblue ¢panmysckoii komnannu DCNS (teneps BoeHHO-MOpckasi rpyiimna)
[4], moaBOAHBIH, MOJHOCTHIO TPAHCIOPTAOETBHBIN SIIEPHBIH YHEProOJIOK, pabOTaIOIIHi B
WIHHIpUYECKOH Karncyne Ha riryoune 60-100 m;

o xonnernuus OFNP (Offshore Floating Nuclear Plant), paspaborannas B MaccauyceTcKoM
texHosoruueckom yuupepcurete, CIIA [5], — ato ADC mnocrpoeHHas Ha ruiarpopme Ha
BephH, OTTPAHCHIOPTHUPOBAHHAS HAa MECTO U 3aKperUieHHas SKOPSMU Ha OTHOCHUTEIHHO
rIyOOKOH BOJIE;

O oOkeaHCKWi peakTop Ha ocHoBe mipoekta SMART, npennoxennsiii Kopelickum
yauBepcutretoM Hayku u Texuuku (KAIST), HOxnas Kopes [6], koTopblit pa3meriaercs B
MOpe Ha yJep>KUBAEMOU rpaBUTALIEH KOHCTPYKIIUH.

Puc.2. Knaccugpuxayus MPMM no mecmy pasmeuerus.
1 - MPMM; 2 — knaccugpuxayus no mecmy pazmewjenust; 3 — Hazemuvie; 4 — mopckue u
mpancnopmabenvrvle, S — niagyuue; 6 — cmayuonapHvle

3a nocaenHue roabl MUIaHCKUM NOJUTEXHUYECKUN YHUBEPCUTET BBIIIOJHUI PA3INYHbIE
paboThl, HampaBlieHHbIE Ha MPOABM)XKCHHE HCCIACAOBAHWN KOHLEMIMH TorpykHoro MPMM.
Hexoropble nX HUX ObUIM BBINOJHEHBI B cOTpyaHndecTBe ¢ komnanueid DCNS (teneps BoenHo-
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MOpCKasi rpymma) B pamkax paspaboTku mpoekta Flexblue. 3amaua cocrosma B pemienun

BOIPOCOB, KaCAIOUINXCA KOHCTPYKIIUU PEaKTOpa U cTpaTeruu 0€30MacHOCTH, COCPEIOTOUECHHBIX

B OCHOBHOM Ha TEPMOTHAPABIMYECKHX acmekTax. B pesymprate OBUIO BBIpaOOTaHO

MPEJIOKEHNE U BBIMOJIHEH KPUTUYECKHUI aHaiu3, XOTS W HE HUCUEPIbIBAIONINM, KOHCTPYKIUU

peakTopa U BO3MOKHBIX CBOMCTB Oe3omnacHocTu norpyxHoro MPMM. llens manHoro mokiana

3aKJII0YAeTCsl B MPEJCTaBICHUH 0030pa TpeX aHaJIN30B, BBHIIOJHEHHBIX YHHUBEPCUTETOM MEXKIY

2013 u 2017 rr.

B cremyromux Tpex pasaenax omecaHbl TpH Tembl: 1) aHamu3 ¢ momoripio CFD
COCTOSIHHSI BOJIBI BO BHEIIHEM TCIUIONPUEMHUKE; 2) MpeABapUTe/IbHAs KOHQUTYpalUs peakropa
C MHTErpaJibHONM KOMIIOHOBKOM, MPHUTOJHOTO Ui 3KCIUTyaTallid B MOTPY)KEHHOH Kamcyie; 3)
0a3oBasi cTparerwst TOJHOCTHIO IAaCCMBHOM  0e30macHOCTH ¢  HAeHTHQHKanued u
MOJIeTTMPOBaHUEM peepEHTHBIX aBapUIHBIX CIICHAPHUEB.

1)  Hapyocnass ecmecmeennas — koneekyusi.  JIBymepHblii anamm3 Ha Oaze CFD
HECTAIIMOHAPHOTO PEKKMMa BBITIONHEH s MOJEIHPOBAHUS pPacxoja E€CTECTBEHHOMN
KOHBEKI[MM B OKEaHEe W TOJYYCHHs MPOTHO3a IO PACHpPEACNICHHIO TEIUIOBOTO MOTOKA,
npoduns TemMmepaTypbl MOBEPXHOCTH Kamcyibl, koddduumenta teronepenaun. Llensb
3aKIII0Yaach B ONpeeSICHHH MaKCUMAaIbHON TEIUIOBOW MOIIHOCTH, KOTOPAst MOXET OBITh
nepenaHa TEIUIONPHUEMHHUKY Ui JaHHON KOH(UTYypaluu 3allUTHOW OOOJIOYKH U TPHU
JMAHHBIX TPAaHUYHBIX YCJIOBUSX. lccienoBaHue SBISETCS OCHOBOIOJATAIONIMM IS
OTIpeIeNIeHUs] MOIITHOCTH PEaKTopa.

2)  KomnoHogka peakmopa 6 nocpyiceHHou 3auumHoi 060104xe. KOHCTPYKIUS MOTPYIKHOTO
MPMM nomkHa COOTBETCTBOBATh MPOM3BOACTBEHHBIM OTrPAaHUYCHHUSIM [0 JTUAMETPY
3alUTHONM OOOJIOUKH: PEAKTOpP JMAOKEH OBITh pa3MelleH BHYTPU TOPU30HTAIBHOMN
WIMHIPUYECKON KamcCylibl, JTuUaMeTp KOTOpOM B HAcTosIIee BpeMs OrpaHUYeH
TEXHOJIOTUIECKAMHU BO3MOXKHOCTSIMU U SKOHOMHUYECKHMHU cOoOpaxkeHusMu. OrnpenerneHune
KOMIIOHOBKH  pEaKkTopa JOBOJBHO MpOOJIEeMaTHYHO U  TpedyeT TeMaTHUYeCKHX
uccienoBanuil. B paznene onucana npenaputenbHas KoHCTpykuus PWR ¢ unTerpanbsHoi
KOMITOHOBKOW Ha OCHOBe KoHuenmuu peakropa IRIS B pacdere Ha karcyny auamMeTpom
14 wm, xotopsiii npuHsaT kKommnanueir DCNS B kadecTBe pedepeHTHOro Ui KOHIETLUU
Flexblue.

3)  Cmpameeus 6be3onachocmu u aHaaus. ITOT pasJe ONPEeIseT MEPCICKTUBHBIC PEIICHUS
[0 TACCUBHOM O€30MacHOCTH TpPU TOAXOASIIEM COYETaHHMM MACCHUBHBIX CHCTEM
0€301acHOCTH U3 TEIUIOOOMEHHHUKOB BHE KaIlCyJIbl, BCTPOCHHBIX MapOr€HEepaToOpPOB, TMHUN
MPSIMOTO BIIPBICKA B KOPMHyC U OacceiHbl-O0apOoTepsl B Kamcylne. Mcxonas w3 ombita
dykycuMcKkol aBapuu, ObUIM BBIOpaHBI W CMOJEIMpPOBaHbI ¢ momoisio Relap5 nBa
pedepeHTHBIX aBapUiHBIX CIicHapus: |1) moaHoe obecrounBanue cranmuu (SBO), korma
OCTAaTOYHOE TEIJI0O OTBOJIUTCS IIyTEM ECTECTBEHHOM IUPKYJISALMUW B KOHJEHCATOPE,
HOTPYKEHHOM B MOPCKYHO BOAY, W |i) JJTUTENbHAs ECTECTBEHHAsl IMPKYJSIIUS B
OTCTOWHUKE, KOTJa OCTaTOYHOE TEelo CcOpachlBaeTCsl HEMOCPEIACTBEHHO uepes
MOTPYKEHHYIO 3aIIUTHYIO 000JI0UKY.

3aKIIIOYUTEbHBIN pa3fen COAEPKUT Jpyrue CBEICHHS O pa3paboTKe MOTPY’KHOIro
MPMM, Bkirodass NpeIoKEHHsI MO SKCIEPUMEHTaM W TMpolieMaM, KOTOpble HEeoOXOIUMO
PEIINTH JJI BBIXO/A Ha 3TAIl Pa3BEPTHIBAHUSA PEAKTOPA.

1. Hapymnaﬂ €CTECTBCHHAdA KOHBCKIIUSA

Konnenmus 6e3onmacaoctt MPMM, morpy»eHHOTO B MOpPE WM HCKYCCTBEHHOE 03€po,
HaIpsSMYyI0 3aBUCUT OT CHOCOOHOCTH KAamCyJjbl OTBOJIUTH TEIUIO HM3HYTPHU TOPU3OHTATBHON
3alIUTHOM  OOOJMOYKM K BHEIIHEMY TeIlonpueMHuKy. IlosTomy ans  onpenencHHs
MaKCHMaJbHOW MOIIHOCTH OCTATOYHOI'O TEIJIOBBIIEICHUS, KOTOpash MOXET ObIThb HaJeKHO
OTBEJICHA, a CJIEIOBATENILHO, M MOITHOCTH peakTopa 0co0y. BaxkHOCTh MMeeT OlleHKa TeIJIOBOTO
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MOTOKA uepe3 Kamcyiny. MccinenoBanue TaHHOTO aCMEKTa TOBOJBHO 3aTPyAHHUTEIBHO, TaK Kak
KJIACCHYECKMH IOJXO0J[, OCHOBAHHBIM HA CYNIECTBYIOUIMX OMIMPHYECKUX KOPPEISIHSIX,
NPUBOJUT K Pa30OpoCy pe3ysIbTaTOB IPU OIECHKE IPOU3BOAUTEIBHOCTH KAlCyJbl 10 OTBOIY
tera (puc. 3).

Puc. 3. Hucno Hyccenoma 6 3asucumocmu om yucia Penes 015 omMnupuyeckux Koppeiayutl
0151 HAPYHCHOUL €CMECMBEHHOU KOHBEKYUU 0N 20PU3OHMANbHO20 YunuHopa [7]

TunuuHelid mOpenen CHOpaBeUIMBOCTH KOPPEISUMNA [Jii HApPYXKHOW KOHBEKIIMH OT
TOPU3OHTAIILHOTO IIWIMHApPA TOpa3ao HmKe padodeil TOYKM CyIIeCTBYIOIIEH mpodiembl. B
olmieM ciydae KOpPpeNsuu CUUTAIOTCSA CIpaBeUIMBBIMU i uucen Penes mo 10", t.e. s
€CTECTBCHHON KOHBEKIIUU OT TPYyO M MPOBOJIOK, TOT/Ia KaK OOJIBIION JUAMETP TOPH30HTATBHON
3aIMTHON OGOIOYKH IONMajaeT B auWamasoH umcen Pemes mocte 10%°. Kpowme Toro, wus-3a
Oompmioro pasMepa mwiaHHApa npoduias KodpduIMeHTa Terionepeaadynd MpearnoaaracTcs
HEPaBHOMEPHBIM MpU OOJIBIION pa3HUIIE MEXKAY BEPXHEH 1 HUKHEI 30HaMU.

C ydeToM 3TOro 3ajaua penrajach YUCICHHBIMU MeTOIaMu. JJIsi MOAETTMpPOBaHUS TOTOKA
€CTECTBEHHOH KOHBEKIMM B OKeaHe ObLI BBHIOJHEH [BYMEPHBIH HECTAIlMOHAPHBIA aHAJIH3
MetozoM CFD ¢ menbro nmoxy4eHus: pactpeieieHus TeIUIOBOro MOTOKa, MPOMUIIs TeMIepaTypsl
TIOBEPXHOCTH Kamcysbl ¥ Kodbdunuenra temwonepenaun [7]. Opanirysckas kommanuss DCNS
nojyiep)kaia  WcciaemoBaHHMs B paMkax paspabotku  Flexblue. [lns wmopenupoBanus
paccMarpuBaliach CUCTEMa, MpeACTaBisgtomas co0oi yacTh okeaHa mpoTskeHHOCThI0 300 M u
riryounoi 60 M, B KOTOpO#l HarpeTslil Kpyr auameTpoM 14 M momerieH Ha 6 M BbIIIE JHA MOpS,
I7Ie HAYMHAETCSl IOTOK eCTECTBEHHOW KOHBEKIMH. TemrepaTypa Ha MHOBEPXHOCTH Kpyra
3apukcupoBana Ha 3HaueHun 100 °C, u oHa sBiISETCS MOCTOSHHOM M paBHOMepHOU. McxonHas
TeMIlepaTypa MOPCKOW BOJBI MpHHsTA ¢ 3amacoM Ha ypoBHe 35 °C. B moxmenu monenupyercs
TaKXkKe MPOBOJUMOCTh 4Yepe3 TOJIIY YIJIEPOIUCTON CTalu B 3alIMTHOW O0OJOYKE U yepes
MIOKPAcKy ¥ CJIOM OMo3arps3HEeHUH. DTH JIEMEHTHI 00JIaal0T HU3KOH TETUIONPOBOIHOCTHIO, YTO
YBEJIMYMBAET CONPOTHUBIICHHE TeIUIonepenaue u CHIkKaeT 3()(eKTUBHOCTh TEMI00OMEHHHKA B
Buzie Karcynsl. CeTka 1t MojenupoBaHust coctouT u3 nmoutd 800 ThIC. sYe€eK M MPeCTaBIseT
co0oi OueHb TOYHOE MPUOIMKEHUE AJIS 30HBI BOJMIM3K CTeHKH. YpaBHeHuss HaBpe-CTokca miis
HECTallMOHAPHOW HEC)KMMAeMOH Cpelbl M YPaBHEHHS DHEPreTHYECKOro OajaHca pemaroTcs C
nomomibto ANSYS-Fluent 14.0 ¢ yuerom anmmnpokcumanuu bycune u SST Bepcun K-o moaenu
ISl MOJICIUPOBAHUS TypOyJICHTHOCTH.

PeBy.HBTaTBI IIOKa3aJinu 60J'H>I_HI/IG BO3MOXHOCTH MOpCKOfI BOABI ITOTJIOIIATH OCTATOYHOC
TETUTOBBIZICTICHHE 0€3 3HAYMTEIBHOTO IOBBINICHUS TeMIlepaTtypbl. HarpeB Mopckoii BOIbI 3a
npeaciaMmu rpaHUYHOro CJI0d OYCHb MaJl. TOJIBKO MAaJICHbKasA 4YaCTb OKEaHa HUCIILITHEIBACT
BJIMSIHUE TIPOIIecca HarpeBaHus U K3MCHEHUE TeMIlepaTyphl paktudecku Hiwke 1°C (puc. 4).
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Puc. 4. Temnepamypmulii npoghuns 60Kpye Kancyivl no 08YMEPHOMY HECIMAYUOHAPHOMY PACYeny
CFD uepe3 8000 c [7]

[Ipodunp paccyMTaHHBIX CKOPOCTEH JdaeT OOJNBIION pacxoa UUPKYJSILMUA OT CTOPOH
MOJICIIUPYEMOI YaCcTH OKeaHa M K HUM INpH KojecbatenpHoM (hakesae Haja Karcyioi (puc. 5a) u
3aCTOMHOM TOYKE ¢ HEOOIBIIMMHU LUPKYJISIHOHHBIMUA BUXPSMU HaBepXy Kpyra (puc. 50).

(@)

(0)

Puc. 5. I'nobansnulii npoguns ckopocmu (a)
U 8eKMOpHbLL pUcynok soausu eepxywru kancynot (6) [7]
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KonmnuecTBeHHbIC 3HAYCHUs], MOJYyYCHHbIC MPU MOJCIUPOBAHUM, IOKA3BIBAIOT, YTO
HarpeB BEpXHEH YaCTH KarcCyjbl CHOCOOCTBYET pa3BUTHIO TYpOYJIEHTHOCTH, CO3/1aBacMOil
€CTECTBEHHOH KOHBEKIIMEH, U YTO B 3TOH 30HE TEIIONEPEHOC ropasao bonee 3G GeKTUBEH, YeM B
HikHeil mosnoBuHe (puc. 6). Kpome Ttoro, mpoduam Ttemmeparypel Hu KO3(hHIHCHTA
TETUTOTIEPEeIaul OTPAXKAIOT HAJMUUE 3aCTOWHBIX MECT HAaBEPXy 3alUTHOW 000mouku. CpemHsis
IUNIOTHOCTh TEIUIOBOIO MOTOKAa MPH JaHHBIX YCIOBHSX, paccuMTaHHas mo mporpamme Fluent,
cocraBisier okono 10600 Br/M%; 5T0 O3HAdaeT, YTO ECIM TeMIepaTypa BHYTPH 3allHTHOI
o6onouku paBHa 100 °C, 6omee 10 MBT MoryT ObITH OTBEIEHBI HapyXy 4epe3 MOBEPXHOCTH
3alIMTHON 000JI0OYKU peakTopa B Karcyse. [loatomy TteruoBas momHocTh 500 MBT(Tem.)
SIBJISIETCSI TTOJIXOIAIICH JUTS peakTopa, paboTaloUIero B MOABOIHON 3aIIMTHOM 000JI0UKe, TaK KaK
MOIITHOCTh OCTaTOYHOTO TEIUIOBBIENCHUS Yepe3 1 4 mocie aBapuifHON OCTaHOBKH COCTaBJISIET
okono 5 MBT. D10 3HaueHue OBUIO MPHUHATO IS JATbHEHIINX PACYETOB MO IOABOJIHOMY
MPMM.

Puc. 6. Ilpogpunu memnepamyp (a) u kosgppuyuenma mennonepedauu (6), paccuumarnnvie no
CFD, 6 cpasnenuu c pezyiomamamu no umMelOWuUMcsl 8 iumepamype
omnupuyeckum koppensyusim [7]:
1 — memnepamypa na euewneti nogepxnocmu xancynwl, K; 2 — yeon, epad.; 3 — koaguyuenm
mennonepedauu na enewneli nosepxrocmu xancyiot, Bml(u® K)

2. KoMmoHOBKa peakTopa B MOJABOIHOI 3alIIUTHOH 000109Ke

Omnpenenenne KOHOUTYpAMK PEaKTOpa, MPUTOAHOW IS IKCILIyaTallid B TIOJIBOHOM
3alIUTHOM O0O0OJIOYKE, JOBOJBHO MPOOJIEMAaTHYHO, IOCKOJBbKY TpeOyIoTCs crneunpuyHble
IPOEKTHBIC PELICHUs U3-3a IOABOJHOTO pa3MemnieHus. [loMruMO OrpaHWYeHUI MO BBIXOIHOM
MOITHOCTH IO COOOpaKECHHSAM O€30MacCHOCTH, OMHMCAHHBIX B MPEAbLIYIIEM pasnene, APYyroe
BO)XHOE OrpaHMYCHHWE I NPOEKTAa HCXOAUT OT BO3MOXHOCTEH IO coopyeHuio. Jlis
oOecrieyeHHss TPAHCHOPTAOENBHOCTH M 3aBOJCKOTO  W3TOTOBIEHHS  PEaKTOp  JOJDKEH
pa3sMenaTsCs B TOPU30HTANBHON KarTcyJie, TMaMeTp KOTOPOH OrpaHWYEH O MPOU3BOICTBEHHBIM
U dKoHOMHYecKuM cooOpaxenusMm. /s Flexblue pedepenTrbiii auamerp karcysbl coctaBiseT
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14 m [4], u 9TO 3HAUEHHE OBUIO MPUHSITO B KAYECTBE MPEIEILHOIO B HACTOSILEM HUCCIICTIOBAHUH.
Hpyrue TpeboBaHus CBsS3aHbl C MPUMEHHUMOCTBIO CTpPATeTHU TMOJHOCTHIO TMAaCCHUBHOMU
Oe3omacHOCTH. Jls1 BBIMONHEHUS OSTHUX TPEOOBAaHWA MOXHO HCIIOJIB30BaTh MHOXKECTBO
anmpTepHatuB. Shirvan et al. [8] uccienoBan msTh SAEPHBIX TEXHOJOTHH B OTHOIICHHUH HX
OPUMEHUMOCTH K MoOpckoMy mnoasogHomy MPMM. B ux uyucne: ObICTpbI peakTop Ha
CBHHIIOBO-BUCMYTOBOM 3BTeKTHKE (LBFR), peaktop ¢ opranuueckum temionocurenem (OCR),
peakrop Ha meperperoit Boge (SWR), kumsumii peaktop (BWR) u peakrop PWR ¢
WHTETpaJIbHON KOMIIOHOBKOM. BbIT clenaH BBIBOJA, YTO BCE OTU TEXHOJOTMHM MOAXOIAT MAJIs
NPUMEHEHHUsI CTPATEeTHH TMOJHOCThIO maccuBHOM Oe3omacHoctu. Kpome Toro, LBFR u OCR
ABISAIOTCA HauOoliee KOMMAkTHBIMU. OAHAKO TpakIaHCKas siAepHas OTpacib He oOiagaer
OOJNBIIMM OTBITOM MO 3TUM aJbTEPHATUBAM IIPH  HEBO3MOXHOCTH HX OJMKHECPOYHOTO
pa3BepThiBanusa. C apyroit ctoponsl, TexHomoruss PWR sBrisercs mupoko ampoOUpOBaHHOM,
HAJISKHOU U TJI00aTBHO MPUHATOMN, TTO3TOMY OHA MOAXOAUT M7 HAMEUEHHOM IIEIIH.

Bynyun yuactHukom kxoncopuuyMma IRIS, 3a mocnennue 20 ner MunaHckuilt momuTex
npuoOpen BaXHBId OMBIT B TNPOEKTHpPOBaHWUM wuHTerpanbHeix PWR. MexayHnaponHsiii
WHHOBAIMOHHBIN 3amumieHusiii  peaktop IRIS [9] paspabarsiBaics B 2001-2011 1T
MEXKIYHAPOJIHBIM KOHCOPIIMYMOM, BO3TJIaBisieMbiM KoMmmanuenr Westinghouse, ¢ yuactuem 26
YJICHOB U3 MPOMBIIUICHHOCTH, YHUBEPCUTETOB, J1a00paTOpUil U YHEPreTUYECKUX KOMIAHUHN U3
10 crpan. IRIS — »10 MomymbHbIi peakTop PWR wuHTErpambHONW KOMITOHOBKH CpEIHEH
mortiaoctH (335 MBT(3:1.)), B KOpIyce daBiieHHsS KOTOPOTO pa3MEIICHbl aKTHBHAs 30HA U BCE
000pyI0BaHKE TIEPBOTO KOHTYpa — MaporeHeparopsl, kommneHncatop aasnenus, ['TIH u mpuBoas
pEryIupyOIUX cTepkHe. MacmrabupoBaHHas BepCcHs 3TOTO peakTtopa moj HasBaHuem IRIS-
160 npexacrasiena B [10]. O6opyaoBanue nMepBoro KOHTypa ObLIO EPECMOTPEHO TSI CHUYKEHUS
terioBoi morHocTH ¢ 1000 g0 500 MBt(temmt.), a snektpuueckoit ¢ 335 g0 160 MBt(a11.),
BBICOTHI peakTopa — ¢ 22 10 MeHee 4eM 14 M, a Takke UII MaKCHMaJbHOTO YMEHBIICHUS
IUaMeTpa KopIyca peakTopa JUisi CHHKEHHsI 3aTpaT. B aHamm3e paccMOTpeHbl aKTHBHas 30Ha
peakropa, npusoas! PC, I'TTH, komneHcaTop f1aBiaeHUs U IaporeHepaTop.

B koHCcTpyKUIMU axmueHou 30nbl peakmopa nipuHsaTa ctangaaptHas TBC peakropa PWR,
kak B IRIS: aktuBHas 30Ha cocrout u3 89 TBC ¢ 264 tB3namu B kBajgpartHoii pemeTtke 17x17. B
pe3ynbTare AuaMeTp aKTUBHOM 30HBI COCTaBISET OKOJIO 2,75 M. BricoTa aKTUBHON YacTH TB3JIOB
paBHa npumepHo nosoBrHe BeicoThl TBC B peakrope IRIS (4,20 m). B npunnumne, 3Hayenue B 2
M s BeicoThl akTuBHOM wyactu TBC, xak B NuScale 1 SMART [11], moxeT ObITh BIIOJIHE
npuemsieMbiM. C yueToM oObeMa aisi cOopa ra3000pa3HbIX MPOAYKTOB JENEHHUS M TOJIIUHBI
OTIOPHBIX TITUT aKTUBHOM 30HBI 00Ias BHICOTA aKTUBHOW 30HBI peakTopa IRIS-160 cocraBut
3,00-3,20 M. HecMOTps Ha TO, YTO €MIe JOJDKHA OBITH BBHINOJIHEHA HEUTPOHHO-(pHU3UUecKas
BepU(pUKaALUs TAKOM 30HBI, 3TO PEIlIEHUE BBITJISIAUT PEaTbHBIM.

Ilpusoowr PC B IRIS pa3smenieHsl HaJ aKTUBHON 30HOW M CpabaTBHIBAIOT C MOMOIIBIO
3JIEKTPOMArHUTHOTO WM THApaBindeckoro mexanusMma. s IR1S-160 coxpaneno anainorundHoe
pemenue. Ilo mpenBapuTenbHON OIEHKE, BBICOTAa NMPUBOJA B J[Ba pa3a IPEBBIIIAET IMOJIHYIO
nmuHy TBC mns toro, 94ToObI MOKHO OBUIO pa3MecTHTh BbIBeAeHHbIE PC M KOMMYyHUKAIIHH,
IUTIOC BBICOTA MEXaHU3Ma ISl MaHUITy . O011ast BBICOTa MOXKET OBITh OLICHEHA MEeXAY 9,5 U
6,0 m.

YeTslpe ocegvix Hacoca co CnupaibHOU Kamepou TPeayCMOTPEHBl AJS OpraHU3aluu
MOTOKa B MepBoM KOHType. Hacocel MoryT ObITh pazmMeniensl Haa moayismu 1, B konblieBoM
NPOCTPAHCTBE MEXAy KOP3MHOM aKTUBHOW 30HBI M KOPIyCOM peakTopa. OOmme pa3mepsl
Hacoca u nuddy3opa meree 1,5 M mo BeicoTe, 1 M 1o mmpune U 1 M mo rmyoune. Ha nannom
npeBapuTeIbHOM 3Tare MOJAEh Hacoca ellle He BhIOpaHa.

30Ha KomneHcamopa OasneHuss OIpeneseHa HU30JUPOBAHHOM KOHCTPYKIHMEH B BHIE
NEPEeBEPHYTOH HUISAIBI, KOTOpast OTACISACT TPAKT LUUPKYJSIIUN TEIUIOHOCUTENS MIEPBOT0 KOHTYpPa
OT HACBIIIEHHOW BOJBI MOJ naBieHueM. OOmmit o0beM ropa3ao OosbIIe MO CPaBHEHHUIO C
tunuyHOU KoHcTpykuueit PWR (1,6 pa3a Oouibliie, 4eM KOMIICHCATOp IaBJICHHS pPeaKTopa
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AP1000). B xouctpykuuu IRIS He TpeOyroTcs pacmbUIMTENH, peanu3aiysi KOTOPhIX TIpHU
UHTErpajbHOM KOMIOHOBKE Obli1a ObI IPOOIEMATUYHOI.

Koucrpykuust napocenepamopa nns IRIS-160 mperepriena Ooiblivie M3MEHEHHS 10
CpaBHEHHMIO ¢ epBoHauanbHOU KoHCTpyKuueH IRIS, roe 8 momyneii I1I" ¢ BuHTOBBIMU TpyOKaMu
pa3MeleHsl BOKPYT KOP3UHBI IPU AHaMeTpe Moayist 1,5 M. Takoe perieHne HermpueMiIeMo IS
IRIS-160 wu3-3a ymeHbIIEHHS MOIIHOCTH peakTopa. [lo 3KOHOMHUYECKHMM NpPUYMHAM TaKKe
KeNaTeNbHO YMEHBIINTh JUaMeTp Kopmyca peakropa. [losroMmy mpeanaraeTcs KOMIIOHOBKA ¢
JIBYMs WJIH YETBIPbMS COOCHBIMM C KOp3uHOM Moaynsamu III' ¢ BUHTOBBIMH TpyOKamu.
[Ipensaputenbubiii pacyer [IIT ObUT BBIMOMHEH C TOMOIIBI0O METOJA COCPEIOTOUYEHHBIX
napaMeTpoB HAa OCHOBE KOPPEJSALMM MO TEIIONEPEHOCY C HAI0KEHUEM JIBYX OIpaHMUYCHHA: MO
JUTHHE KaXXJI0¥ TpyOku B 32 M (110 COOOpakeHHSIM U3TOTOBIICHHS) U TI0 BEPTHKAIH B 4 M, TaK KaKk
JIOJDKHO OBITh 00€CIeueHO JOCTATOYHOE MPOCTPAHCTBO I KOJIEKTOPOB U HACOCOB B Ipezenax
JIOITyCKOB TIO 3a30paM JUIs PUBOOB. Pe3ynbTaThl MOKa3ajiH, 9TO Takash KOMIIOHOBKA CIIOCOOHA
nepeaaBaTh BCIO BbIpabaThiBaeMyto TeroByto MomHocTh 500 MBT u MoxeT ObITh pa3MelieHa B
KOpITyCe peaKkTopa ¢ BHYTPEHHUM JAMAMETPOM 5 M WM Ja)ke MEHbIIe. Pe3ynbraTsl IO METOIY
COCPEIOTOUEHHBIX MapaMeTpoB ObUIM BepU(UIIMPOBAHBI aHAIM3a C MOMOUIBIO OJHOMEPHOIO
cuctemHoro kojaa B cucreme Relap5. beut cmomenuposan I nquamerpom 5 M u3 45 psjios
TpyOOK. BBLIO HaiiIeHO JOBOJIBHO XOpOIIiee KOJINYECTBEHHOE COOTBETCTBHE (pHUC. 7).

Puc. 7. Temnepamypnule npogunu ons macumabuposannozo II" npu dasnenuu 15,5/6,2 MIla u
pacxoode 2250 xelc no Relap5 Mod3.3 6 cpasnenuu ¢ memoodom cocpedomouennvix napamempos [10]

Ha puc. 8 npeacrasiena cbopka o6opypoBaHus nepBoro Koutypa. Ilocie ouenku oOmien
BBICOTHI KOpIIyca peakTopa C MHTErPajbHON KOMIIOHOBKOHM OBIJIO YCTAaHOBJICHO, YTO, MO BCEH
BUJMMOCTH, OHa MOKET ObITh MeHee 13 M. AHaOTWYHO, HHTErpaIbHasi KOMIIOHOBKA MO3BOJISET
COXpaHUTh TUAMETp Kopiryca MeHee S5 M. B Tabmn. 1 mpuBeneHsl moapoOHbIE TaHHBIE TT0 pacyeTy
JIaMeTpa U BBICOTHI Kopityca. OKOHYATENbHBIE MPOCKTHBIE Pa3Mephl 3aBUCSIT OT OMpECIICHUs
pabouero pacxojia U cOOOpakeHHi 0€30MaCHOCTH.
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Tabnuya 1
CBojaHbIe JaHHbIE 10 OIleHKE BHICOTHI ¥ TMAMETPa 000Py10BaHHS MEPBOT0 KOHTYypa

BricoTa Kopmyca peakTopa JluameTp Kopmyca peakTopa
Tommuaa cTrerku kopmyca = 0,15 m AxTHBHas 30HA = 2,75 M
Hwxnsist kamepa =~ 1,20 m Kop3una ~ 2,85 m
AkTuBHas 30Ha peakropa <~ 3,20 M [Taporeneparop =~ 4,75 m
[Taporeneparop = 4,20 m Buemnwuii nuametp = 5,25 m

ITpusox PC = 5,50 — 6,00 m
I'IH~ 1,50 m

Kommencarop nasienus (Bkiarodas mwinty) = 2,00 m

TommuHa crenkn kopiyca ~ 0,15 m

O0mas Beicota <~ 12,40-12,70 m

(@)

269



()

Puc. 8. Céopka (a) u obopyoosanue (6) ¢ komnonosexe peakmopa IRI1S-160 [10]:
a: 1 - monwyuna xopnyca 0,15 m; 2 — komnencamop 0asnenus S1AURCOUOHOU HopMbl
¢ pazbpvizeusamensimu; 3 — 4 ocegvlx Hacoca co cnupanvbHol kamepoil; 4 — 4 mooyavruix I
¢ 8 mennoobmennuxamu; 5 — 89 TBC 6 akmuenoli 30ne peakmopa ¢ 6biCOMOL AKMUBHOU Yacmu 2 M,
6 — nHuoicnan kamepa; 6 1 — 6epx kopnyca; 2 — nauma KOMneHcamopa 0asneHust; 3 — Hacoch;
4 — xop3una; 5 — ompasicamens; 6 — akmusHnas 30Ha; 1 — onopa akmueHoU 30Hbl; 8 — Kopnyc;
9 — napozenepamop
3. Crparerusi 1 aHaJIu3 0€30MaACHOCTH

3.1 Cmpamezus 6e3onacnocmu

Llenrp mo oOecreyeHuro O€30MAaCHOCTH TPU  ABAapUIHOM OTBOAE OCTAaTOYHOTO
TEIJIOBBIIEIEHUS B KOHIENUnU nogsoaHoro MPMM 3akirouaercs B peann3aluu PEeLIeHUH 10
MOJTHOCTBIO TACCHBHOW OE30MacHOCTH, KOrja He TpeOyeTcs HHU IMOJBOJ JIICKTPONUTAHUS
MEpEMEHHBIM TOKOM, HU BMEIIATEIhCTBO ONEPATOPa U B KAYECTBE NIOCTOSTHHOTO U OECKOHEYHOTO
TETUIONPUEMHUKA UCTIONB3YETCsl BOJA, OKPY’KaloIas 3alluTHYI0 000704Ky. JlocTikeHne 3Toi
1enu sABisiercss GyHIaMEeHTaIbHOM 3a/1adeil U MOIBOIHOTO PEaKTopa, MOCKOJIBKY €ro ocodoe
pa3MeIlIeHNe MOXET CAeNIaTh MPOOJIIEMATUYHBIM JAWCTAHIIMOHHOE BBHINOJHEHUE JEHCTBUII 110
oOecrieueHHnI0 0€30IIaCHOCTH B aBapuUMHBIX cuTyauusax. llaccuBHas Oe3omacHOCTh ele Ha
CTaAuy TPOSKTHPOBAHHS TPENOTBpALIaeT OIIMOKM YHpaBIeHHA. OTO MOXET O3HAdaTh
3HAYUTENBHBIA TPOPBIB [UISA  SNIEPHOM O€30MacHOCTH, TPAKTUYECKH YCTPaHSsS aBapHifHbIC
CIIeHapHuH, TIO100HBIE PYKYCHMCKOMY.

[TepcrieKTHBHBIN KOMILIEKT CUCTEM 0€30MacHOCTH BKJIOUaeT cieayromiee: (1) 1Ba Tpakra
aBapuiHBIX cucTeM oTBoja TeroBbyaeneHus (EHRS), cBs3biBaromux maporeHepatop co
CTOPOHBI BTOPOT'O KOHTYpa € ABYMs/UEThIPbMSI TEIUIOOOMEHHUKAaMH BHE Kancyubl; (i) 3amurHast
obojrouka peakTopa (C CyXoil IMaxToif), KOTopas BOCIPHHHMAET Map, 0Opa3yrolIuiics mocie
paspeiBa TpPyOOIPOBOJA IEPBOTO KOHTypa WIM CpabaThIBaHUS aBTOMATHYECKOH CHCTEMBI
cawkennss ngasiaeHus (ADS), um oOecreunBaeT KOHICHCALMIO TMMapa Ha METATMYCCKOU
MMOBEPXHOCTH, KOHTAKTHPYIOIIEH ¢ HapyxHO# Bozou; (iil) OacceitH-0apOoTep (cTpaxOBOUHBIM
0aK), KOTOpBIiI MOYKET HCIIOJB30BATHCS JUISl CHWDKCHHUS JABJICHHS M Ul HEMOCPEICTBEHHOTO
BIPBICKA B KOPITyC pEaKTopa W 3aluTHYIO 00070uKky; (V) ABa TpakTa TEIIIOOOMEHHUKOB B
OacceiiHe, CBA3aHHBIX C KOPIYCOM HHTEIPAJbHOTO PEAaKTOpa, paboTaoMUX MapaieNbHO C
EHRS u o6ecneunBaronmx oxyaxaeHue BOAbI B IepBoM KoHType uepes 1.
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B coorBeTcTBHM €O clieHapueM, aHaJOTHYHBIM (YKYCHMCKOMY, €IUHCTBEHHBIM
CIIGHapUeM, CBS3aHHBIM C TEPMOTHJPABIHMKOH, SBIAETCS MOJHOE O0ECTOYMBAHHE YCTaHOBKH
(SBO), Tak kak oJiHOBpeMeHHas oTepsi koHeuHoro TertonprueMunka (LUHS) paccmarpuBaetcs
KaK MpaKTHYeCKH HeBo3MOXxHast. [109ToMy 06a30BBIil aBapuUiHBIH CIICHApUI HAYWHAETCS C IOTEPH
OOBIYHBIX BO3MOYKHOCTEH aKTUBHOTO OXJIXACHUS M CpaOaThIBaHWs MACCHBHBIX CHCTEM
0e30macHOCTH. 3aTeM 10 OTHOMY €JMHCTBEHHOMY KPUTEPHIO OBLIO BBHIOpPAaHO J1BE pe)epeHTHBIX
CUTYyAIlMH: COXpAaHCHHE MJIM HECOXpAaHEHHE IEJIOCTHOCTH NEepBOT0 KOHTYpa. B ciydae aBapuu ¢
ee coxpanenrieM (Non-LOCA-SBO) cucrema EHRS cranoBUTCS TJ1aBHOM MACCHBHOM CHCTEMOi
0€30MacHOCTH, TOT/Ia KaK B CICHAPUU 0€3 COXpaHeHUsl 1e0cTHOCTH nepBoro kouTypa (LOCA-
SBO) rmaBHyr poibp HrpaeT 3amuTHas 00OJIOYKa MOJBOAHOrO peakropa. I[locrmenHee
NPEJICTABIISIET TAK)KE PE3EPBHYIO CTPATETHIO B CIlydae OTKa3a JAPYTUX CHCTEM 0€30MacHOCTH.

B wuHCTpyKIMsAx 1Mo 0€30HMacHOCTH NPUHATO B Cilydae CICHapus C COXpaHEHHEM
nenoctHoct nepBoro kKoutrypa (Non-LOCA): ucnosnb3oBanue naccuBHoit EHRS nns orBoma
OCTATOYHOTO TEIUIOBBIICICHUSI B OCCKOHEUHBIH TEIUIONPUEMHHK (MOpe WiId 03epo) u/uiu B
TETNIOOOMEHHUKHM B OacceifHe, st oTBoMA Tera B OacceitH-0apborep. B cuenapuu ¢ morepeit
nenoctHoctd niepBoro koHtypa (LOCA-like) mocie HememIeHHOro aBapHtHOTO BIPHICKA W3
CHCTEM BBICOKOTO IaBIICHHs CTpATETHs CIEAYIOmas: yJaJeHue Napa U HEKOHICHCHPYIOIIUXCS
ra3oB B OacceiiH-0apOoTep M 3aTeM uepe3 KOMMYHHUKAIMU HEMOCPEICTBEHHOTO BIIPHICKA B
KOPITYC MHTETPaJIbHOrO peaktopa (KCroib3ys M30BITOYHOE JaBJICHUE B OacceiiHe) IUTIOC 3aJiB
3aIIMTHOIN 000JIOYKH PeakTopa U KOH/ACHCALUS HAa BHYTPEHHEH CTEHKE 3aIIUTHOW 000JIOUKH.

JlBe crparermm oOecriedeHUs O€30MacCHOCTH TMpeICTaBleHbl Ha puc. 9. AHamus
0e30macHOCTH OBUT BBHINOJIHEH YHCICHHBIMH METOJAaMHU. OTH aBapUiHBIC CIICHApPUU OBLIH
cMoaenupoBaHbl ¢ momoiisio Relap5-Mod3.3, pedepentHoro cpeacrsa MOACIUPOBAHUS IS
aHaJM3a SAEpPHON Oe30MacHOCTH, pa3pabOoTaHHOTO B AWIAXCKOH HAIlMOHAIBHOW JTabopaTopuu
(INL) oyt Komuccuu o simepaomy peryinupoanuio (NRC) CIIA.

ABapuiiHas cucTema OTBOjIa Teria JmurensHas EI B npusimke
() Cuenapwuit 6e3 moTepu TEMIOHOCHTES (6) Cuenapmii ¢ moTepeii TEMIOHOCUTEIS
Puc. 9. Pepepenmuvie cyenapuu 6 cmpamezuu naccusrou 6esonacrocmu [10]:

a: 1 — mennooOmenHuKu 8He KANCYAbL; 2 — HAPYIHCHASL 800A NPU NOCHOAHHOU meMnepamype
(beckoneunviit mennonpuemnux); 3 — mennoobmennuxu 6 baccetine;, 4 — Hapyscnas 600a npu
nocmosnnou memnepamype (6eckoneunwiii menionpuemnux); 6. 1 — napyscnas 600a npu nOCMosIHHOU
memnepamype (b6eckoneunbvlil menionpuemMHuK); 2 — cmpaxoeounvlil 6ax; 3 — 3awumuas 06010YKa
peaxkmopa; 4 — napysicnas 600a npu NOCMosAHHoU memnepamype (becKoHeu bl MeNnIONPUEMHUK)

3.2 Cyenapuii Non-LOCA-SBO: mooeruposanue naccusnou pabomor EHRS

[Mpu MonenupoBanum wuccieAoBanu pasButhe mnotokoB EL[ B mepBom (kopmyc
UHTErpanibHOro peaktopa) u BTopoM (EHRS) koHTypax B cilydae TMONHOH MOTEpH W
COOCTBEHHOTO, ¥ BHEIIHEI0 OSHEPrOCHA0OKCHMs TIEPEMEHHBIM TOKOM. 3ajxada Obuia
NPOAaHAU3UPOBATh JEHCTBEHHOCTh KOHIENIMKM O€30MacHOCTH: OXHIAeMBI pe3yibTaT —
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ycnex/otkaz EHRS. MoaenupoBaHue Mo3BOJWIO HAOII0aTh, BO3MOYKHO JIM OJlarogapsi 3Toi
KOHLIETIIIUM O0ECleYnTh HaJeKHOE OXJIaXJIeHUe aKkTUBHOM 30Hbl myTeM EL|[ u orTBox
ocrarouynoro tema B mope. KommonoBka IRIS-160, mpencraBneHHas B pasmene 2, Obbia
IPUHATA B KauecTBe peepeHTHON KOHCTPYKIMHU. [y TEerIooOMEHHUKa ¢ MOPCKOH BOJOM BO
BTOPOM KOHType ObLIa TpHHSATA YIpOIIeHHas KomioHoBka. Moxens B Relap5 cocrout wus:
1) mepBOro KOHTypa, KOTOPbI BKJIIOYACT aKTHBHYIO 30HY, KOMIICHCATOP JaBJICHUS,
maporeHepaTop CO CTOPOHBI IEPBOTO KOHTYpa M Jpyroe MEHE BaxxHOe 0O0OpyIIOBaHWE,
2) BTOPOr0 KOHTYpA, KOTOPBI BKIIIOYAET MapOreHepaTop cO CTOPOHBI BTOporo koHTypa, EHRS ¢
OOMEHOM HEMOCPEJCTBEHHO € MOPCKOM BOJOH M COEAUHMUTEIbHBIE TPYOOIPOBOIBI.
Oxpy:xaromasi MOpcKasi BOia He MOAEIUPOBAIaCh, HO Ha BHEILIHIOIO MOBEPXHOCTh KOH/IEHCATOpa
ObUIM HAJIOKEHBI YCJIOBUS TPAHWMYHOM KOHBEKIMU. MOJEIMPOBAHHE CTAPTOBAIO C HAYAJIOM
cobbiTist SBO mocne nocTHXKEeHUS HOpPMalbHBIX YCIOBUHM 3KCIUTyaTallMd. ObLI CMOJEIMPOBAH
NIEPEXOIHBIA PEKUM JUTUTEIBHOCTHIO 5 d.

B mny6mukarmuu Santinello et al. [10] mpuBeaen mnoapoOHBIH aHATW3 pPE3yJbTATOB.
MognenupoBanue no Relap5-Mod3.3 mporHo3upyer, 4To HOMHHAIIbHAsS KOH(MUTYpaIHs MOXKET
OTBOAUTH OCTATOYHYIO DSHEPrui0 OT akTHBHOW 30HBI (puc. 10), mpuyeM MOLIHOCTS,
nepeaBaeMasi HapyXy, Bcerga OOJbIle, YeM MOIIHOCTh OCTaTOYHOTO TEIUIOBBIICICHHUS.
CMaunBaHue TB3JIOB HENPEPBHIBHOE, U B TEIUIOHOCUTENE B AKTUBHOW 30HE HAOIIOAAETCS CIIerka
My3bIPBKOBBIN MOTOK. braromaps HeOonbIIOMY MapooOpa30BaHUIO B AKTUBHOW 30HE YpOBEHb
xuakoctu (puc. 11) Bcerma ropas3no BbIlIE 3amacoB 0€3 pUCKA IeperpeBa TEMIOHOCHTE
IIEPBOrO KOHTYpa W OCYIICHUS akTUBHOW 30HBI (puc. 11). JlaBieHue B MEpBOM U BTOPOM
KoHTypax (puc.12) cHMKAEeTCs 10 OUCHb HU3KHX 3HAYCHUI, ¥ BIIOJIHE BEPOSTHO, YTO BO BTOPOM
KOHTYpEe OHO CTaHeT Hmke armMochepHoro. It1o 3PpdexT, BEposSTHO, OOYCIOBICH XOJOIHOM
(UKCUPOBAHHOM TemmepaTypoil TEemIONpHEMHHUKA, YTO obecrneuyuBaeT oveHb 3(deKkTuBHYIO
KoHIeHcanmoo. [lapoconmepkanue Ha BbIXOAE W3 maporeHeparopa (puc. 13) crpemutcs K
JIOBOJILHO BBICOKOMY 3HA4€HHUI0, OCOOCHHO B MEPBBII yac rnocie aBapuitHoi ocranoBku. BooOre
MoJlenupoBaHue oOHapyxuio xopomui otkiank EHRS, kotopas s¢dextuBHO paboraer B
TEYEHHUE BCEr0 5-4aCOBOI0 MEPEXOJIHOrO PEKUMA.

Puc. 10. Cpasnenue mowgnocmu axmusHoul Puc. 11. Cpasnenue yposns scuokocmu 6
somnst, I1I"u EHRS: 1 — mowynocmo, MBm; 2 — KOp3uHe akmusHol 301l (Hy1e8as ommemka
epems, c; 3 —II"; 4 — kondencamop; 5 — coomeemcmeyem 6ase akmuHOU GbLCOMbL
0CMAamMo4HAsl MOUWHOCHIb axmugHot 30mbl): 1 — evicoma, m; 2 — epems, c;

3 — yposens sncudxocmu; 4 — gblcoma mesnos
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Puc. 12. Ilpogpunu oasnenus 6 nepgom u Puc. 13. ITapocooepoicanue Ha 6xoode u 8bix00e

emopom koumypax: 1 — oasenenue, Mlla; 2 — I 1 — napocodepocanue; 2 — epems, c; 3 —
epemsi, c; 3 — nepsvlii Konmyp; 4 — emopoii 6x00 6 I1"; 4 — ebixo0 uz I1I"
KOHMYp

3.3 Cyenapuii LOCA-SBO: moodenuposanue onumenvroti ecmecmeeHHol YUPKYIAYUU 8 NPUSAMKE

CunpHOW cTOpOHOM KOHUenuuM mnoasoaHoro MPMM  sBndercs BEpOSTHOCTH
HEOTPAaHUYEHHOTO  Tepuoja  OTCPOYKH, 00ecreyMBaeMOro MAacCHUBHBIMU  CHCTEMaMu
OezomacHocTn u MopeM. Kox Sub-Cont mpencraBiser KoHedHOE peIIEHHE Ui OTBOJA
OCTaTOYHOTO  TeIja, KOTOpbI  JeHCTByeT, Korja CHCTeMa  IEepBOro  KOHTypa
pasrepMeTU3MpOBaHa U JaBJieHHE B Hel CHIbKeHO. CHUKEHHE JaBIICHUS OOBIYHO MPOUCXOAUT
nocie LOCA. OmHako OHO MOXET OBITh BBI3BAHO OTKPBITHEM KiamaHoB cucteMbl ADS B
CIIEHApUAX, KOTJa TMepBbIil KOHTYp OCTaeTCsl HEMOBPEXKIEHHBIM, a mpoucxoauT otkaz EHRS.
IleneBbIM crieHapueM SIBIISIETCSI O€301IaCHOE COCTOSIHWE TIPH CHIDKCHHOM JIaBIICHUH 0e3
OCYIICHHMS, KOT/Ia IPOUCXOANT 3aJUB 3alIUTHON 00OJOUKH MyTeM BIIPBICKA BOJBI U3 OacceifHa-
0apOoTepa/OoNBIIOr0 CTPAXOBOYHOIO 0Oaka B CHCTEMy IIEPBOrO KOHTYpa C pa3pbIBOM.
OcraTo4HOE TEIIO0 TeHEPUPYET Map, KOTOPbIHA BHIXOIUT B 3AIMUTHYIO 000I0YKY (CyXyIO MIaxTy)
U KOHJCHCHPYETCS Ha ee BHYTpeHHell moBepxHocTH. KoHnmeHcar coOupaercss B OacceifHe
000JI0UKH C IUPKYJIALKEH B CTPaxOBOYHBIN OaK, Kak moka3zaHo Ha puc. 90.

Cucrema, npenHa3zHauCHHAS JIJISI MOJICIIMPOBAHUS, COCTOUT U3 TPEX MAaKPOKOMIIOHEHTOB,
a uMeHHo: kopmyca peakropa(RPV), 3amutHoit o6omouku (RC) u ctpaxoBounoro 6aka (ST),
COC/IMHCHHBIX TpeMs TIpyNIamMu TPyOONpOBOIOB: mpsMoro Brpeicka B Kopmyc (DVI),
aBTOMATHYECKOU cucTeMbl cHmkeHus nasienus (ADS) u cucremsl mupkyisiuu (RS). Cxema
mojenu aana Ha puc. 14. Hogammzamus RC u ST sBnsiercs Hanboiee KpUTUIHBIM aCIIEKTOM TIPU
MOJICTMPOBAHKUM, MOCKOJIbKY Relap5 sBusercs oAHOMEPHBIM  OPHCHTHPOBAHHBIM  Ha
TpyOOIPOBOJBI KOJAOM W HE ONTUMHU3UPOBAH /IS HECBS3HBIX IMOTOKOB B OONBIIMX OOBEMaXx.
31ech HCMOb3yeTCs TOCIOWHAasT MOJeb, aHaJOrW4Has mpeatoxkennon Papini et al. [12],
KOTOpPBIM TPOBEPsUI €€ Ha YacTHBIX Ciy4asx M cpaBHHBan ¢ pacderamu no GOTHIC ¢
MOJTlyuYeHUEeM TpueMiemMoro coriacoBanus. [lockonbky pa®oThl OBLIM COCPENOTOYCHBI Ha
JUIMTEIHHOM ~TIEpHOJe, HCXOJHOE coObiTHe aBapuiiHoro creHapus, T.6. LOCA, He
MOJIeTpPOBANIOCh. MOMEHT Hauyana MepexoJHOro pexuma Obin mpuHAT Kak / 4 30 MuH mocrne
aBapUHHON OCTAHOBKH, KOT/Ia MOIIHOCTh OCTaTOYHOTO TETUIOBBbIACICHUs cocTaBisuia 4 MBT, u
BBIJICTICHUE TelJia B aKTUBHON 30HE B TeueHHEe 25-4acoBOr0 peQEepeHTHOro MEePeXOqHOrO
peKrUMa MOACTHUPOBATIOCH MO0 TUITUYHOW KPUBOW OCTaTOYHOTO TETUIOBBIAETIeHHA. Kpome 3Toro,
YCKOPEHHBIH PEXUM HCIIOIB30BAJICS I UCCIeI0BAaHUS U3MEHEHUS TOTOKOB B mpusiMke mpu EL]
1m0 21 cyT mocne ocTaHOBKU. JIisi 3aBepIIeHUs aHaTW3a OBLIO BBHITIOJHEHO JOTOJHUTEIBHOE
MOJIETUPOBAHUE JJIsl TIOCTOSIHHOW M OYeHb HU3KOM MOIIHOCTH akTHUBHOM 30HHEI B 0,4 MBT. D10
3HAYCHHE TPEACTABISIET OCTATOYHOE TEIUIOBBICIIEHUE PEakTopa MPUMEPHO uepe3 4 mMec mocie
ocTaHoBKH. I[T0APOOHOCTH CTpAaTETUH MOJCTUPOBAHUS MOXKHO HaiTh B [13].
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Puc. 14. Hooanuzayus cucmemvt onumenvuoti EL] 6 npusmke ons Relap5 [13]

PesynbpTarel obecrneunmim YHCICHHYIO JASMOHCTpAnni0 3P(EeKTHBHOCTH MOTOKOB EIl B
NpUsIMKE Ha OCHOBE KOHIICTIIIMU MACCHBHOW 0O€30MacCHOCTH. YUHUTHIBAs JUIUTEIHHOCTh MEPUO/A,
HAOJIFO/IAJICSl  YCTCIIHBIA TMPOLECC OXJIAXICHUS aKTUBHOH 30HBI MPH  MOICITUPOBAHUN
pedepeHTHOro ciiydast U CIy4yaeB YyBCTBUTEIHHOCTHM K MOIIHOCTH aKTHUBHOM 30HBI. CucTema
BBEIUTPBIBACT OJlarojaps TEIUIOEMKOCTH OOJBIIIOTO 3amaca BOAB B CTPaXOBOYHOM Oake,
MPEBOCXOTHON TemIonepeaadye uepe3 Kamcyldly C UCHOJIb30BaHUEM MOpS B KadecTBe
OeckoHeYHOro TeruonpueMHnKa. CKOpOCTh TEIUIONepeIaun Hapy Ky IMOYTH Beeraa O0JIbIe, 9eM
MOIIHOCTh OCTaTOYHOTO TEIUIOBBIACNEHUS, KaK MOXHO BHIeTh Ha puc. 15. OOpaszoBaHue
HEOOJIBIIIOTO KOJIMYECTBA IMapa HEOOXOAMMO Ui CO3JaHHUS TPaTUueHTa IUIOTHOCTEH U
TOJICPKAHUS pacxoja ecTecTBeHHON nupkyssiiun (puc. 16). Kpome Toro, 6acceitH 3amuTHO#M
00O0JIOUKH OXJIAXKJAaeTCs depe3 METALIMYECKYI0 CTEHKY, M €ro CpeaHss TemIepaTrypa
JIEMOHCTPUPYET TEHICHIMIO K CHUKEHHUIO Yepe3 HECKOJIbKO 4acoB MojenupoBanus (puc. 17).
Temnomnepenadya MexIy >XKHIKOCTIMH OYeHb d(P(EKTUBHA M MPEICTABISET OCHOBHOHM CHOCO0
OTBOJIa OCTATOYHOTO TEILIA.

HccnenoBanue odecredmio YUCICHHY 0 qeMoHcTparuio dddexrusHoctr EIl B mpusimke
HAa OCHOBE KOHIICTIMM TAacCUBHOW Oe3omacHocTH. C y4eToM MANUTENBHOCTH MepHoaa
HaOII0JAJICs TIPOIIECC YCIECIIHOTO OXJIAXKICHUS aKTUBHOU 30HBI. J{J1s1 MpUOIM3UTEIHLHOM OIICHKH
Bnusaus Hojmanm3anmmun RC w ST Ha pe3ynbrarhl aHaiW3 YYyBCTBUTEIBHOCTH K YHUCITY
DJIEMEHTAPHBIX 00BEMOB B KaXKIOM TPYyOOINPOBOJE IMOKAa3all, YTO JUCKPETHU3ALUU 3alUTHOU
000JI0UKH CUJILHO BIIUSET Ha CTA0MIIBHOCTD PE3YJIbTAaTOB.

KpynHast Hoganuzamnust 1aet gaxke OOJbIre KoJeOaH sl TaBIeHUS B 3aIIUTHOM 000JI0UKe
(puc. 18) u MHOTHX ApYyruX BeauyuH. DIyKTYyau HMEIOT YUCICHHOE MPOUCXOKICHHE U MOTYT
TacUThCSI YMEHBIIICHHEM JUTMHBI AJIEMEHTApPHBIX 00beMOB. OJHAKO TMPU OYCHb 3HAUYUTEIHHOM
W3MENbYCHUH CETKU HE MPOUCXOIUT 4YeTKoro cOnvxeHus. [loaTomy mosydeHHbIe pe3yJbTaThl
SIBIITFOTCSI  TIPUEMJIEMBIMH JUISI TIPEIBAPUTEILHOTO aHajin3a M 3aCiIy)KUBAIOT JallbHEHIIETo
UCCJIETOBAHMUS.
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Puc. 15. Tennonepeoaua napyoicy 6 cpasnenuu ¢ Puc. 16. IIpouns napocooepoicanust na 8bixooe

MOUWHOCHBIO OCTNATNOYHO20 TNENTI08bLOEICHUS. u3 akmusnotl 30nvl (cmandapmuas kpusas): 1 —
(cmanoapmnas kpusas): 1 — ocmamounoe PABHOBECHOE NAPOCOOEPIUCAHIUE HA BbIXO0E U3
mennosvioenenue (cmanoapmuas Kpueas); 2 — odwasi  akmugHou 30Hul; 2 — epemsi, ¢; 3 — epemn=0; 7
OMBOOUMASL MOUWHOCIb, 3 —30HA HCUOKOCTNU 8 y 30 mun nocie ocmanoexu

3awumnotl obonouke; 4 — 2az06as 30na 6 3auUMHOU
obonouke; 5 —30Ha dcuokocmu 8 Cmpaxo804HoMm bake

Puc. 17 Ilpogure cpedueni memnepamypol 6 Puc. 18 Ilpoghunv oasnenus 6 3auummoi
baccetine 3auumnot obonrouxu (cmanoapmuast obonouxe ons 4 eapuanmos

kpueas): 1 — memnepamypa 3amonniennou 30Hul 6 YYBCNBUMENLHOCHU 8 CPAGHEHUU C
sawumuou obonouxe; 2 — epems, ¢; 3 — epema=0; 7y pedpepenmuvim sapuanmom 3: 1 — oasnenue 6
30 mun nocne ocmanosxu; 4 — cpednss no bacceuny,  ammocgepe sawumuot oborouxu, Mlla; 2 —
5 — nosepxnocms pazoena HUOKOCMb-2a3 epems, ¢; 3 — apema=0; 7 u 30 mun nocre

OCMAaHoOBKU, 4 — snemenmol

4. TIpo6aeMbl mpu pa3BepThiBaHUM NOABOAHBIX MPMM

JAns  JOCTWXKEHHMs — TOCIEeTHEW CTaaud TNPOSKTHPOBAHHSA, JIMICH3UPOBAHHA W
KOMMeplIuanu3anui moaBoaabix MPMM Tpebyercst pemnTh MHOKECTBO BorpocoB. Hambomee
Ba)KHBIH M3 HUX KAacaeTcsl MPOBEACHUSI COOTBETCTBYIOMICH KaMITAHUH IKCIIEPUMEHTOB, KOTOPBIE
MIO3BOJISIT MPOBECTH BaJHMIAIMIO YUCICHHBIX MoJeNel M obecredaT 0OOCHOBaHUE KOHIETIIHU
0e30macHOCTH. 3aTeM JOJDKHBI OBITh ONpEAEICHBI MPOOJIEMBbI, CBS3aHHBIC C MPOCKTHBIMU H
HETPOCKTHBIMH aCTICKTAMHU.

B 2016 r. B pamkax nporpammbl HUOKP, npeacrasiennoii Ha 3anpoc H2020 EppaToma
— mpoekt INSPIRE (unrerparms mnoreHumaipbHoii pomn MPMM B 3amaun EBpocorosa), B
KadyecTBe pedepeHTHOr0 eBponerickoro MPMM 6buta nmpemoxena koHueniums Flexblue [14],
nog pykoBoactBom ENEA (Ente Nazionale Energia e Ambiente) u npu mommepxke
KoHcopimyma 13 opraHuzanmii  (YHUBEPCHTETHI, HAy4YHO-HCCIIEIOBATEIILCKUE IICHTPHI,
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IPOMBIIIICHHOCTh) U3 6 crpan EBpocoroza. B nmaHHOM paszene mpeacTaBieHO 000OLICHHUE
NpEeIIOKEHHI KaHIUIAaTOB 10 COTPYIHUYECTBY C Jjaboparopusmu obmiectBa SIET (Societa
Informazioni Esperienze Termoidrauliche) npu onpeneneHuH SKCHEPUMEHTAIBHOW YacTH
npemioxenus mo npoekty INSPIRE. PaGotel BkmouaioT co3gaHue 3KCIEpPUMEHTaTbHOU
YCTAaHOBKM M TIPOBEJCHUE COOTBETCTBYIONIMX HWCIIBITAHUM, HANpPABICHHBIX Ha W3yYeHHE
6e3onacHocTH noaBoiHoro MPMM nanst yctpaneHust mpoOesioB B 3HaHUX. J[Be ycTaHOBKM ObuTH
CIPOCKTHPOBAHBI  JUIA CO3/[aHUSl CIENUMANBHBIX 0a3 JaHHBIX KacaTeNIbHO CTPaTeruu
6e3onmacHocTH, onucaHHoi B pasfenax 1 u 3. IlpeanokeHHbI 3KCIIEPUMEHT M0 HCIBITAHUIO
EHRS (puc. 19a) moxer co3naTh KoMmIuieKcHbI B3rissn Ha EHRS, npoBectn omHOBpeMeHHbIC
UCTIBITAHUSI BTOPOTO KOHTYpa MaporeHeparopa U TerI000OMEHHUKA B 3aMKHYTOM netine. [lepBbiit
KOHTYp TIaporeHeparopa HE WCIBITHIBACTCSA, a MOIIHOCTh B CHCTEMY IOJAeTcs dYepes
JIEKTpOHArpeBaeMblii Mmydok. TemnooOMeHHMK TOrpykeH B 0OacceiH Npu KOMHATHOM
TeMIepaType B KOH(UTypaluH, CIIOCOOHOH WMHUTHPOBAaTh W KOHEYHBIH Oacceitn, u mope. C
Jpyroil CTOPOHBI, MPEIYCMOTPEHA CEpPHsl HIKCIEPUMEHTOB 0 MOJBOJHON 3allUTHOM 000JI0UKe
JUTS M3YYCHHUS TEIUIONepeIauyl Yepe3 TOPH30HTABHBINA IWIMHIP, MOTPYKEHHBIA B 0acCeiiH, UIs
u3yueHus (i) KoHAeHcanuu mapa, o0pa3yroIIerocsi Moja BO3ACHCTBUEM OCTATOYHOIO TEIUIA, B
KOHTAKTe ¢ BHYTPEHHEH MOBEPXHOCTHIO 3alIUTHOM 000s04ku u (ii) HapyxkHas EIl B mopckoii
BoJie. B mpennonaraemoit cepun SKCEpUMEHTOB OyJIeT MMOCTPOEHA U HKCIUTyaTHPOBAThCsl HOBast
MmacmTaOHas SKCIepUMEHTaldbHas ycTaHoBka (puc. 190), Ha KoTOpoW OyaeT BO3MOXHO
MCCIIE/IOBAaHUE KaK OTICIbHBIX d(P(PEeKToB (HapyKHOE OXJIaxICHUE/THAPOIMHAMUKA), TaK U UX
KOMIUIEKCHOE BIIMsHHE (HApy)KHOE OXJIXKJCHUE M BHYTPCHHSS KOHICHCALUS B TPUCYTCTBUH
HEKOHJICHCUPYIOIUXCS Ta30B). Jls MMHUTAlMK JSHCTBHS MOpS B KauyecTBE OCECKOHEYHOTO
TEIUIOTIPUEMHHUKA OyJIe TPUMEHSITHCS CUCTEMA YIIPABICHHS IO TEMIIEpaType Hapy>KHOU BOJIBI.

(@) (6)

Puc. 19 Konyenmyanonas cxema sxcnepumenmanvuslx yemanosok oas EHRS (a)
u n0080OHOU 3awumHnot obonouku (6) [14]

B To Bpems kak cTpaTerusi HacCUBHOM 0€30MacHOCTH, OMMCaHHAas B pasjelie 3, Ha OCHOBE
IOCTOSIHHOTO M OECKOHEYHOI'0 TeIUIONPHEMHUKa 00JanaeT “KOHEYHBIM™ TOTEHLHAIOM II0
pemieHuto Hanbosee NPOOJEMHBIX CIIEHAPUEB M0 SAECPHOUM O€30MacCHOCTH, Pa3BEPTHIBAHUIO
noasogHoro MPMM mpucyniy HEKOTOpbIE Apyrue KpUTHUECKHE acneKTbl. OHM CBSI3aHBI C
0COOEHHOCTBIO pa3MelieHus moaBogHOro MPMM, 4To He CBOMCTBEHHO OOBIYHBIM PEAKTOPaM.
OTH acleKThl, ONMUCAHUE OCHOBHBIX OCOOCHHOCTEW KOTOpPBIX mpuBeaeHo B [10], 3akirouarorcs B
cienyromiem: () KOHCTPYKIHMS aKTHBHOW 30HBI 0e3 mpuMeHeHus Oopa, (ii) IUCTaHIIMOHHBIC
Cpe/cTBa ISl OKCIUTyaTaluy U ynpasienus, (iii) TexoOcmyuBaHUe U meperpyska Tomimsa, (iv)
OIIEHKA CEHCMHUYHOCTH MOPCKOro jaHa, (V) mporeaypsl JuieH3upoBanus, (Vi) MeKIyHApOIHbIC
HOpMbI, (Vi) SKOHOMHYECKasT YCTOWYUBOCTH, (Vill) oOIIecTBEHHAs MPUEMIIEMOCTh. HekoTophie
U3 OTHX aCMEKTOB SIBJISIOTCS HE TOJBKO TEXHWYECKHMMHU MPOOJIEeMaMu, HO MOTYT 3aTparvuBaTh U
Ipyrue o0iacTH, Takue Kak HSKOHOMHKA, 3aKOH, HOPMHUpPOBaHHE W 00IecTBO. MokeT OBbITh
MIPOCJICKECHA YETKasl B3aMMOCBS3b MEKAY 3TUMH acCHEeKTaMH, HalpUMEp, MEXIY periaMeHTOM
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Texo0ciyxuBanusi — nogsogHoro MPMM  u  3KOHOMHYECKOW  yCTOWYMBOCTBIO — WIIU
MEXyHapOAHBIMU HOpMaMH TpaHcnopTupoBku OST. Pemenne Bcex 3TUX BOIPOCOB MOTpedyeT
HE TOJIKO YaCTHBIX MOAXO0/I0B, HO CO3/1aHUs OO KapTHHBI CTPATEIUU pPa3BEPTHIBAHUS.

3aKjIoueHue

[Togsomusiik MPMM o6namgaer cBoiicTBaMH O€30MACHOCTH, KOTOPBIE €CTECTBEHHBIM
0o0pa3oM 3allMIAIOT €r0 OT HEKOTOPBIX Hauboliee MPOOIEMHBIX AaBapUUHBIX CIEHAPUEB.
Crpaterusi 6€30MacHOCTH MOXKET ObITh OCHOBaHa Ha HAJIWYUHU TEIJIONPHUEMHHKA, T.€. BOJHI,
OKpYXAaloIIe 3alUTHYIO OOOJIOUKY peakTopa, KOTOPBI SBISETCS TIOCTOSHHBIM U
OECKOHEUYHBIM, €CJIM PEaKTOp MOrPyXeH B MOpe WJIM HCKYCCTBEHHOe o3epo. PazpaboTka u
peanu3anysi dTOW KOHIEMIUN TMPEACTABISAIOT HEKOTOPBIA BUJ IPEIEIHHOTO» PEIICHHS IS
cleHapueB, MoAoOHbIX (yKycuMmMckoMmy. B noknane mpuBeneH 0030p IMPOEKTHBIX pPacyeToB U
aHanmM3a OE30MACHOCTH, BBIMOJIHEHHBIX MMIAHCKUM TMOJUTEXHUYECKHUM YHHBEPCUTETOM 3a
MoCNeAHUE TOAbl. DTH pabOThl MO3BOJWIM ONPEACIUTh KOHPUTYypalluI0 peakTopa, MoJ00HOTO
peakropy IRIS, xoTopsIii MOXET OBITH pa3MelieH B MOABOJHOM 3aIIMTHON 00OJIOUKE, a TAKXKe
0a30BYI0 CTPATETHUIO TOJHOCTBIO IMACCHBHOM Oe3ormacHocTH. MojenupoBanue pedepeHTHBIX
aBapuitHpIx cutyanuii Metogom CFD wum ¢ momompro cucremHoro koxa Relap5 namo
MOJIOKUTENIbHBIE PEe3yNbTaThl MO ycnemHoMy U 3((EKTUBHOMY OTBOJIY OCTaTOYHOIO
TEIUIOBBIICTICHUS. DTU pe3yibTaThl OOHAJE)KUBAIOT U CTUMYIUPYIOT K TMPOBEACHUIO CEpUU
CHEIHANIbHBIX SKCIIEPUMEHTOB U PEIICHUIO HEKOTOPHIX MPOOJIEM, CBI3aHHBIX C pa3BepPThIBAHUEM
nogsogHoro MPMM.
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IRIS-LIKE REACTOR CONFIGURATION AND MAIN PASSIVE SAFETY
STRATEGY FOR A SUBMERGED SMR DEPLOYMENT

Santinello M., Ricotti M.E. (Politecnico di Milano, dept. of Energy, Milano, Italy)

Abstract

The concept of an integral Small Modular Reactor (SMR) operating inside a hull-
containment located in a submerged environment, i.e. the sea or an artificial lake, owns very
interesting potentialities for the improvement of nuclear safety and it is worth investigating it
accurately. In recent years, Politecnico di Milano has addressed the topic, moving from a
study on the Flexblue concept, then developing safety analyses aimed at defining a basic
SMR configuration and its main safety strategy, based on passive systems. This paper reviews
those activities. As a first step, the power output of the SMR has been identified with a CFD
study on the natural convection of the sea water around the heated hull, aimed at estimating
the decay power that could be passively rejected through the hull-containment. Then, a
preliminary SMR configuration has been defined, moving from the original IRIS size (1000
MWy4,) and layout (e.g. 22 m total height) and revisiting it, as well as the primary components
and systems, in order to fit the submerged hull-containment constraints, e.g. the decay power
and the hull height (13 m). The safety strategy adopted is fully passive and relies on the sea or
lake waters as the permanent heat sink. According to Fukushima lessons learned, two
reference accident scenarios have been studied, i.e. the Station Black-Out (SBO) and the long-
term cooling after a Loss Of Coolant Accident (LOCA). The Relap5 system code has been
adopted. The results show the successful performances of the safety systems. Moreover, two
experimental facilities aimed at validating the numerical models have been designed. Final
comments refer to the main challenges to be faced by the submerged SMR deployment.

Introduction

The accident at the Fukushima-Daiichi nuclear power plant on March 11th, 2011 put
on evidence the need for the nuclear community to be prepared for unexpected circumstances
that may go beyond the design basis events. Even with large safety margins and good
operation and maintenance practices, the, albeit remote, possibility of high consequence
situations can never be excluded [1]. Fukushima-Daiichi accident emphasized that operating
nuclear reactors may show strong difficulties in facing the Loss of Onsite/Offsite Power
(LOOP) scenario, which led to the Loss of Ultimate Heat Sink (LUHS). The response of the
nuclear community to this event included a very strong attention to the development of
passive safety systems. After Fukushima, guaranteeing an adequate core cooling through
natural circulation for a very long grace period, without electrical input or human
intervention, has become an important feature for the safety strategy of many Gen Ill+
designs.

A passive safety strategy assumes paramount importance in Small Modular Reactor
(SMR), where compactness and simplified layout are the key aspects of the design. Recently,
the 1AEA [1] has discussed the most important safety features employed in existing reactors
and advanced designs of water-cooled SMRs. Among the most innovative ideas, placing the
nuclear reactor containment in a submerged environment has gained a lot of interest. The
concept consists of having cold water that surrounds a large metal containment, which hosts
the Reactor Pressure Vessel (RPV). Steam can be released in the internal atmosphere and
condenses in contact with the inner surface, thus rejecting decay heat to the external water. In
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some SMR designs at near term deployment, like NuScale [2], the reactor containment is
immersed in a large water pool, which offer a grace period determined by the total water
inventory and heat transfer is effective until the water is sufficiently cold. Alternatively, if the
metal containment is placed into the sea or in an artificial lake (Fig. 1), the heat sink is
virtually infinite and the grace period given by the cooling process is potentially unlimited.
Hence, the submerged SMR owns safety features that inherently protect from some of the
most challenging accident scenarios. In particular, the LUHS is physically impossible, while
the Station Black-Out (SBO), i.e., the loss of all the in-site and off-site AC power sources, is
prevented by a fully passive safety strategy.

Fig. 1 Concept of a Submerged SMR

Immersion in a permanent heat sink is nowadays exploited by some innovative off-
shore nuclear power plants. In literature, several sea-based and transportable SMRs designs
conceived for off-shore operation can be found. Off-shore SMRs can be classified into
floating and steady operation (Fig. 2). Floating barges hosting a small reactor for electricity
production are the KLT-40S [3] and the ACPR50S [1] under construction in Russian
Federation and China. On the other hand, SMR designs that set the reactor underwater,
moored on the seafloor, are:

o the Flexblue concept by French company DCNS (now naval group) [4], a subsea and
fully transportable nuclear power unit operating in a cylindrical hull at 60-100 m depth;

o the Offshore Floating Nuclear Plant (OFNP) concept developed by Massachussets
Institute of Technology (MIT - United States) [5], a nuclear power plant built on a
platform in a shipyard, transferred on the site and anchored in relatively deep water;

o an ocean reactor based on the SMART design, proposed by the Korea Advanced Institute
of Science & Technology (KAIST — South Korea) [6], a reactor placed on an off-shore
gravity-based structure.

In recent years, Politecnico di Milano has performed various activities targeted at
bringing an advancement to the research about the submerged SMR concept. Some of them
have been conducted in cooperation with DCNS (now Naval Group) in the framework of the
Flexblue design development. The works address several issues regarding the reactor design
and the safety strategy, focusing mainly on the thermal-hydraulic aspects. The result of such
efforts is a proposal and a critical, although non-exhaustive, analysis of reactor design and
potential safety features of a submerged SMR. The purpose of this paper is to present a
review of three analyses performed by Polimi between 2013 and 2017.
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Fig. 2 Site classification of SMRs

The next sections describe the following three topics: (i) a CFD analysis of the water

in the external heat sink; (ii) a preliminary configuration for am integral reactor suitable to
operate in a submerged hull; (iii) a basic fully passive safety strategy, with identification and
simulation of reference accident scenarios.

i)

External natural convection. A 2D, unsteady CFD analysis is performed to simulate the
natural convection flow in the ocean, and to obtain predictions for heat flux distribution,
hull superficial temperature profile and heat transfer coefficient. The purpose is to
determine the maximum thermal power that can be transferred to the heat sink for the
given containment configuration and boundary conditions. The study is fundamental in
order to define the power size of the reactor.

Reactor layout in a submerged containment. The design of a submerged SMR needs to
satisfy a manufacturing constraint given by the diameter of the containment: the reactor
should be placed inside a horizontal cylindrical hull, whose diameter is currently limited
by technological capabilities and economic reasons. The definition of the reactor layout is
quite challenging and requires ad-hoc studies. The section describes a preliminary design
of an integral PWR layout, based on the IRIS reactor concept, in order to fit a 14m-
diameter hull, which is the reference size adopted by DCNS for the Flexblue concept.

iii) Safety strategy and analysis. This part defines a promising passive safety approach, with

a suitable passive safety systems combination among ex-hull heat exchangers, integrated
steam generators, direct vessel injection lines and in-hull suppression pools. According to
the Fukushima experience, two refence accident scenarios have been selected and
simulated with Relap5: i) the Station Black-Out (SBO), where the decay heat is removed
through natural circulation in a condenser immersed in the seawater and ii) the long-term
sump natural circulation, in which the decay heat is directly rejected through the
submerged containment.

The final section includes further topics about the submerged SMR development, including
proposals for experimental activities and challenges to be addressed to achieve the reactor
deployment.

1.

External natural convection

The safety concept of a SMR, submerged in the sea or in an artificial lake, is directly

dependent on the capacity of the hull to reject heat from the inside of the horizontal
containment to the external heat sink. The estimation of the heat flux through the hull is
therefore fundamental in order to determine the maximum decay power that can be rejected in
safe conditions and, consequently, the allowed nominal power of the reactor. The study of this
aspect is quite complicated, since a classic approach based on existing empirical correlations
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lead to scattered results when the hull heat rejection capabilities are evaluated (Fig. 3). The
typical validation limit of correlations for external natural convection from a horizontal
cylinder is much lower than the working point of the current problem. Generally, correlations
are considered reliable for Rayleigh number up to 10*, i.e., for natural convection from pipes
and wires, while the large diameter of a horizontal containment brings the Rayleigh beyond
10™. In addition, because of the large size of the cylinder the heat transfer coefficient profile
is expected to be non-uniform, with large differences between the top and the bottom zones.

Fig. 3 Nusselt number vs. Rayleigh number for many empirical correlations for external natural
convection from a horizontal cylinder [7]

Given this issue, the problem has been approached with numerical methods. A 2D,
unsteady CFD analysis has been performed to simulate the natural convection flow in the
ocean, in order to obtain predictions for distributions of heat flux, hull superficial temperature
profile and Heat Transfer Coefficient (HTC) [7]. The French company DCNS supported the
study in the framework of Flexblue development. The system considered for the simulation is
a 300m-large and 60m-deep portion of ocean, where a 14m heated circle is placed 6m above
the seafloor and originates a natural convection flow. Temperature on the circle surface is
fixed at 100°C and it is constant and uniform. Seawater initial temperature is conservatively
assumed at 35°C. The model simulates also the conduction through the carbon steel thickness
of the containment and through a painting and a bio-fouling layers. These elements have a
low thermal conductivity, thus increasing the resistance to heat transfer and reducing the
effectiveness of hull heat exchanger. The grid built for the simulation is made of nearly
800,000 cells and presents a very fine refinement in the region near the wall. Unsteady
incompressible Navier-Stokes and energy balance equations are solved with ANSYS-Fluent
14.0 software, considering the Boussinesq approximation and the SST version of the k-o
model for turbulence modeling.

The results have shown the great potentiality of the seawater to absorb the decay heat
without significantly increasing its temperature. The heating of seawater outside the boundary
layer is very small: only a little portion of the ocean feels the effect of the heating process and
the temperature variation is almost lower than 1°C (Fig. 4). The velocity profiles calculated
by the software resolve a large recirculation flow from and to the sides of the portion of ocean
simulated, an oscillating plume above the hull (Fig. 5a) and a stagnation point with small
recirculation vortices on the top of the circle (Fig. 5b).
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Fig. 4 Temperature profile around the hull calculated with 2D unsteady CFD after 8,000 s [7]

ANSYS

R14.5

Academic

(b)
Fig. 5 Global velocity profile (a) and vector plot near the summit of the hull (b) [7]
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Quantitative values returned by the simulation reveal that heat the upper half of the
hull benefits of the turbulence generated by natural convection and in this zone the heat
transfer in much more efficient than in the lower half (Fig. 6). Also, temperature and HTC
profiles reflect the presence of a stagnation point on the top of the containment. The average
heat flux calculated by Fluent under the given conditions is around 10,600 W/m? which
means that, if the internal temperature of the containment is around 100°C, more than 10 MW
can be rejected to the exterior through the surface of the reactor compartment of the hull.
Thus, a thermal power of 500 MWy, is a suitable size for a reactor operating in a submerged
containment, since its decay power one hour after the scram is around 5 MW. This value has
been adopted for the following analyses about the submerged SMR.

Fig. 6 Temperature (a) and HTC (b) profiles around the hull calculated with CFD, compared with
results of empirical correlations available in literature [7]

2. Reactor layout in a submerged containment

The definition of a reactor configuration suitable for the operation in a submerged
containment is quite challenging, since the design requires specific features because of the
peculiar underwater position. Beside the safety restriction on the power output described in
the previous section, another important limitation to the design comes from construction
capacity. To ensure transportability and in-factory fabrication, the reactor must lie in a
cylindrical hull, whose diameter is limited by manufacturing and economic reasons. For
Flexblue, the reference hull diameter is 14 m [4] and this value has been assumed as a
constraint for the present study. Other requirements regard the adaptability to a fully passive
safety strategy. To fulfill all these aspects, many alternatives can be used: Shirvan et al. [8]
examined five nuclear technologies in relation to their adaptability for an offshore underwater
SMR: Lead-Bismuth Fast Reactor (LBFR), Organic Cooled Reactor (OCR), Superheated
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Water Reactor (SWR), Boiling Water Reactor (BWR) and integral PWR. They concluded that
all these technologies are good for a fully passive safety strategy. In addition, LBFR and OCR
are the most volume saving technologies. However, such alternatives can rely on a very little
experience in civil nuclear industry and they would not allow a near-medium term
deployment. On the contrary, the PWR technology is widely proven, reliable and worldwide
adopted, therefore it is suitable for the purpose.

Being involved in the IRIS consortium, in the last 20 years Politecnico di Milano has
gained an important expertise in the design of integral PWR. The International Reactor
Innovative and Secure (IRIS) [9] is a reactor design developed from 2001 to 2011 by an
international consortium led by Westinghouse and involving 26 contributors from ten
counties among industry, university, laboratories and power companies. IRIS is an integral,
modular, medium size (335 MW¢) PWR, housing inside the Reactor Pressure Vessel (RPV)
the core and all the primary components (steam generators, pressurizer, primary pumps and
control rods driving mechanism). Exploiting this concept, a scaled version of IRIS, named
IRIS-160, has been presented [10]. The primary components have been revisited in order to
reduce the thermal power output from 1,000 to 500 MWy, (from 335 to 160 MWy ) and the
reactor height from 22 to less than 14 m, reducing the RPV diameter as much as possible for
lower costs. The analysis has regarded the reactor core, the control rods driving mechanism,
the primary pumps, the pressurizer and the steam generator.

Reactor core design considers a standard PWR fuel assembly as in IRIS: a
configuration made of 89 fuel assemblies with 264 fuel rods in a 17x17 square array. The
resulting diameter of the core is around 2.75 m. The active height of the fuel elements has
been roughly halved with respect to the 4.20 m fuel assembly height adopted in IRIS. In
principle, a 2-m value for the fuel assembly active height, like NuScale and SMART [11], can
be reasonably assumed. Considering gas plenum and core support plates, the overall height of
IRIS-160 core would be in the range of 3.00-3.20 m. Albeit neutronic verification must be
performed to assess the of such a core, the solution seems feasible.

The Control Rods Driving Mechanism (CRDM) in IRIS was placed above the core
and actuated with electromagnetic or hydraulic mechanism. For IRIS-160, a similar approach
is maintained. In a preliminary estimation, the height of the CRDM is twice the total length of
the fuel assembly, to host the withdrawn control rods and the drive line, plus the height of the
handling mechanism. The overall height can be estimated between 5.5 and 6.0 m.

Four axial spool-type pumps have been considered to allow primary flow. Pumps
would be placed above the steam generator modules, in the annulus between the barrel and
the RPV. Overall dimensions of pump and diffuser is below 1.5 m height, 1 m width and 1 m
depth. At this preliminary stage, no pump model is chosen.

The pressurizer region is defined by an insulated, inverted top-hat structure that
divides the circulating reactor coolant flow path from the saturated pressurizer water. The
total volume available is much larger in comparison with typical PWR design (1.6 times
larger than AP1000 pressurizer). Thus, IRIS did not require sprayers, whose implementation
in an integral configuration would be challenging.

The Steam Generator (SG) design for IRIS-160 has undergone large modifications
with respect to the IRIS original design. In IRIS, eight helical coil SG modules were placed
around the barrel, with module diameter equal to 1.5 m. Such solution is not feasible for IRIS-
160: due to the reactor size reduction, for economic reasons it is desirable to reduce also the
vessel diameter. Therefore, a layout with two or four helical SG modules co-axial to the barrel
is proposed. SG design has been preliminarily made with a Lumped Parameter Approach
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(LPA) based on heat transfer correlations. Two constraints have been imposed: a restriction
on the length of each helical tube of 32 m (due to manufacturing reasons) and the vertical
limit of 4 meters, since there must be room for headers and pumps within the limit of the
CRDMs clearance. Results have shown that this layout is capable to transfer the entire 500
MWy, operating thermal power and can be contained in a RPV with internal diameter equal to
5 meters, or even lower. The results of the LPA have been verified with 1D system code
analysis, using Relap5 system code. A SG with 45 rows and 5 m diameter has been modeled.
Quite good qualitative agreement between LPA and 1D approaches has been found (Fig. 7).

Fig. 7 Temperature profiles of the scaled SG at 15.5/6.2 MPa and 2250 kg/s, predicted by Relap5
Mod3.3 and compared with LPA approach [10]

The assembly of the primary components is shown in Figure 26. The total height of
the integral RPV has been estimated and in principle it seems possible to keep it below 13 m.
Similarly, the integral layout has also the potential to keep the RPV diameter below 5 m.
Table | shows the details of height and diameter calculations. Final design sizes depend on the
definition of operating flowrate and on safety considerations.

Table I Summary of estimated lengths and diameters of primary components

RPV Height RPV Diameter
RPV thickness = 0.15 m Core=~2.75m
Lower plenum = 1.20 m Barrel = 2.85 m
Reactor core = 3.20 m Steam Generator = 4.75 m
Steam Generator = 4.20 m Outer diameter = 5.25 m
CRDM = 5.50-6.00m
Pumps = 1.50 m

Pressurizer (including plate) = 2.00 m
RPV thickness = 0.15 m

Total height = 12.40 — 12.70 m
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(@)

(b)
Fig. 8 Assembly (a) and components (b) of IRIS-160 reactor layout [10]

3. Safety strategy and analysis
3.1 Safety strategy

The safety target for emergency decay heat removal operations in a submerged SMR
concept is to implement a fully passive safety approach, which does not require AC power or
human interventions and can rely on the water surrounding the containment as a permanent
and infinite heat sink. The achievement of this goal is fundamental for an underwater reactor,
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because its peculiar position would make challenging to manage in remote the safety
operations in emergency situations. Passive safety would prevent by design from control
errors and it would also represent a significant breakthrough for the nuclear safety, practically
eliminating the Fukushima-like accident scenarios.

A promising set of safety systems refers to: (i) two trains of Emergency Heat Removal
Systems (EHRS), connecting the secondary side of the steam generator to two/four ex-hull
heat exchangers; (ii) the reactor containment (dry-well), which hosts the steam produced
following a primary rupture or ADS opening and offers steam condensation capability on the
metal surface in contact with the external water. (iii) a pressure suppression pool (safety tank),
which can be used for pressure suppression and for direct injection to the RPV and to the
reactor containment; (iv) two trains of in-pool heat exchangers connected to the integral RPV
working in parallel with EHRS and providing cooling of primary water through SGs.

According to a Fukushima-like scenario, the reference accident related to thermal-
hydraulic is only the Station Black-Out (SBO), since the concurrent Loss of Ultimate Heat
Sink (LUHS) is assumed as practically impossible. Hence, the basic accident scenario begins
with the loss of ordinary active cooling capabilities, automatic reactor scram and actuation of
passive safety systems. Then, two reference situations have been selected according to one
single criterion: the integrity (or not) of the primary circuit. In case of an “intact primary”
(non-LOCA-SBO) accident, the EHRS is the key passive safety system, while for a “non-
intact primary” (LOCA-SBO) scenario, the submerged reactor containment plays the main
role. The latter represents also a backup strategy in case of failure of other safety systems. The
safety procedure adopts, in an “intact primary” (non-LOCA) scenario: the passive EHRS, to
reject the decay heat to the infinite heat sink (sea or lake) and/or the in-pool heat exchangers,
to reject the decay heat to the suppression pool. In a “non-intact primary” (LOCA-like)
scenario, after the immediate emergency injection from high-pressure systems the strategy is:
moving of steam and non-condensable gases into the suppression pool and then direct
injection lines to the integral RPV (exploiting pool over-pressure), plus flooding of the reactor
compartment and condensation on the inner wall of the containment. The two safety strategies
are sketched in Fig. 9. The safety analysis has been addressed with a numerical approach.
These accident scenarios have been modeled and simulated with Relap5-Mod3.3, a reference
simulation tool for nuclear safety analysis, developed at Idaho National Laboratory (INL) for
the U.S. Nuclear Regulatory Commission (NRC).

(a) Non-LOCA scenario (b) LOCA scenario

Fig. 9 Reference scenarios of the passive safety strategy [10]
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3.2 Non-LOCA-SBO: simulation of EHRS passive operation

The simulation has investigated the evolution of the primary (integral RPV) and
secondary (EHRS) natural circulation flows in the case of complete failure of both off-site
and on-site AC power suppliers. The purpose is to analyze the effectiveness of the safety
concept: the expected outcome is the success/failure of the EHRS. Simulations has allowed
observing if, thanks to this concept, it is possible to ensure sufficient core cooling by natural
convection and rejecting decay heat to the sea. The IRIS-160 layout presented in Section 2
has been assumed as the reference design. A simplified layout for the secondary-seawater heat
exchanger has been adopted. The Relap5 model consists of: (i) the primary circuit, which
includes the core, the pressurizer, the primary side of the SG and other minor components; (ii)
the secondary circuit, which includes the secondary side of the SG, the EHRS exchanging
directly with seawater and connecting piping. The surrounding seawater has not been
simulated, but a convective boundary condition has been imposed on the external surface of
the condenser. Simulation transient starts at the beginning of SBO event, after having reached
nominal operating conditions. A 5-hour-long transient has been simulated.

Fig. 10 Comparison among power in core, Steam Fig. 11 Collapsed liquid level in core barrel (zero
Generator and EHRS height corresponds to the base of active core)

Fig. 12 Primary and secondary pressure profiles Fig. 13 Steam quality at SG inlet and outlet

In Santinello et al. [10] a detailed analysis of the results is given. Relap5-Mod3.3
simulation predicts that the nominal configuration can remove the decay power from the core
(Fig. 10), being the power transferred to the exterior always higher than the decay power.
Wetting of the fuel rods is continuous and the coolant in the core is in a slight bubbly flow.
Thanks to the low amount of steam produced in the core, the collapsed liquid level (Fig. 11) is
always far above safety margins, without risks of primary coolant overheating and core
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uncovering (Fig. 11). Primary and secondary pressures (Fig. 12) decrease up to very low
values and it is likely that secondary pressure becomes sub-atmospheric. This effect is
probably due to the cold fixed temperature of the heat sink, which allows a very effective
condensation. Quality at the outlet of the steam generator (Fig. 13) tends to be quite high,
especially in the first hour after the scram. In general, the simulation has revealed a good
response of the EHRS, which operates efficiently throughout the whole 5-hour transient.

3.3 LOCA-SBO: simulation of long term sump natural circulation

The strong point of the submerged SMR concept is the potentially unlimited grace
period offered by passive safety systems and sea. The Sub-Cont represent the ultimate
solution for decay heat removal, which operates when the primary system is opened and
depressurized. Depressurization typically occurs after a Loss Of Coolant Accident (LOCA).
However, it can also be induced by opening Automatic Depressurization System (ADS)
valves in scenarios where the primary system is intact but the EHRS fails. The “depressurized
and flooded safe state” is a targeted scenario where the Reactor Containment (RC) is flooded
by the injection of water from the suppression pool/large safety tank to the broken primary
system. Decay heat generates steam, which is released in the containment (dry-well) and
condenses on the internal surface. The condensate is collected in the RC pool and recirculated
in the safety tank, as shown in Fig. 9b.

The system considered for the simulation is composed of three macro-components, i.e.
the Reactor Pressure vessel (RPV), the Reactor Containment (RC) and the Safety Tank (ST),
jointed by three groups of piping, i.e. the Direct Vessel Injection (DVI) lines, the Automatic
Depressurization System (ADS) and the Recirculation System (RS). A sketch of the model is
given in Fig. 14. Nodalization of RC and ST is the most critical aspect of the modeling:
Relap5 is a 1D “pipe oriented” code and it is not optimized for unbounded flows in large
volumes. A sliced model is here used, similar to the approach proposed by Papini et al. [12],
who tested it on a case-study and compared the results with the predictions of GOTHIC,
observing an acceptable agreement. Since the focus of the activity is the long-term period, the
initiating event of the accident scenario, e.g. a LOCA, has not been simulated. The beginning
of the transient has been assumed at 7h30m after the scram, when the residual decay power is
4 MW and core heat production during a 25-hour-long reference transient has been simulated
following the typical decay curve. Besides this, an accelerated one has been used to
investigate the behavior of the sump natural circulation flows up to 21 days after the scram.
To complete the analysis, an additional simulation has been performed considering a constant
and very low core power, equal to 0.4 MW. This value represents the decay heat of the reactor
approx. 4 months after the scram. Details about the modeling strategy can be found in [13].

Fig. 14 Relap5 nodalization of the long-term sump natural circulation system [13]
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The results have provided a numerical demonstration of the effectiveness of the sump
natural circulation flow at the basis of the passive safety concept. Considering the long-term
period, a successful core cooling process has been observed in the reference simulation and in
the core power sensitivity cases. The system benefits of the thermal capacity of the large
water inventory stored into the safety tank, plus the excellent heat transfer capabilities of the
hull, with the sea acting as an infinite heat sink. Heat transfer rate to the exterior is almost
always greater than decay power, as visible in Fig. 15. The production of a small amount of
steam is necessary to create the density gradient and sustain the natural circulation flow (Fig.
16). Also, the RC pool is cooled through the metal containment and its average temperature
undertakes a decreasing trend after few hours of simulation (Fig. 17). The liquid-to-liquid
heat transfer is very efficient and represents the major way for decay heat removal.

0.08

0.06

0.04

0.02

Equilibrium quality at core outlet

0.00
0 30,000 60,000 90,000
7h3—l§1:fltccr= sgram Time (S)
Fig. 15 Heat transfer to the exterior compared with Fig. 16 Quality profile at core outlet for
the decay power (standard curve) (standard curve)
Fig. 17 Average temperature profiles in RC pool Fig. 18 Pressure profiles in the RC for 4
(standard curve) sensitivity cases, compared to the ref. case

The study has provided a numerical demonstration of the effectiveness of the sump
natural circulation flow at the basis of the passive safety concept. Considering the long-term
period, a successful core cooling process has been observed. To roughly evaluate the impact
of the nodalization of RC and ST on the results, a sensitivity analysis on the number of
elementary volumes in each pipe has shown that the discretization of the containments
considerably affects the stability of the results. A coarse nodalization leads to the onset of
even large oscillations in the RC pressure (Fig. 18) and in many other quantities. Fluctuations
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have a numerical origin and they are dumped by reducing the length of the elementary
volumes. However, with a very fine refinement of the grid there is not a clear convergence.
Results are therefore acceptable for a preliminary analysis but deserve further investigations.

4. Challenges for the deployment of submerged SMRs

To achieve the final design, licensing and commercialization of submerged SMRs,
many topics need to be addressed. The most important one regards a proper experimental
campaign that would allow validating the numerical models and provide proof of the
feasibility of the safety concept. Then, several other challenges, regarding both engineering
and non-engineering aspects, have been identified.

In 2016, the submerged SMR concept “Flexblue” has been proposed as the European
reference SMR in the framework of an R&D project submitted to a H2020 Euratom call
(project INSPIRE - INtegration of Smr's Potentlal Role in EU framework) [14], led by ENEA
(Ente Nazionale Energia e Ambiente) and supported by a consortium involving 13
organizations among universities, R&D centers and industries from 6 EU countries. This
section presents a summary of the candidate’s collaboration with the SIET (Societa
Informazioni Esperienze Termoidrauliche) laboratories in the definition of the experimental
part of the INSPIRE proposal. The activity includes the design of the experimental facility
and corresponding campaign aimed at studying the safety potentialities of a submerged SMR,
covering the gaps of knowledge. Two facilities have been designed to create specific
databases regarding the safety strategy presented in Section 1 and 3. The proposed experiment
to test the EHRS (Fig. 19a) could offer an integral overview of the EHRS, testing both and
simultaneously the secondary side of the SG and the heat exchanger in a closed loop. The SG
primary side is not tested, but power is provided to the system through an electrically heated
bundle. The heat exchanger is dipped in a room temperature pool in configurations able to
simulate both a finite pool and the sea. On the other hand, the experimental campaign about
the submerged containment has been conceived to observe the heat transfer through a
horizontal cylinder immersed in a pool, testing (i) the condensation of the steam produced by
the decay heat in contact with the internal surface of the containment and (ii) the external
natural convection in the seawater. The designed experimental campaign proposes to build
and operate a new scaled testing facility (Fig. 19b) that allows both the separate effect
investigation (external cooling/fluid dynamics) and the integral effects one (external cooling
and internal condensation in presence of non-condensable gases). A control system on the
external water temperature is used to simulate the sea acting as an infinite heat sink.

(@) (b)
Fig. 19 Conceptual scheme of EHRS (a) and Submerge Containment (b) testing facilities [14]
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Whilst the passive safety strategy described in Section 3, based on a permanent and
infinite heat sink, owns a “ultimate” potential to solve the most challenging scenarios about
nuclear safety, the deployment of a submerged SMR presents several other critical issues.
These are given by the peculiar location of the underwater SMR and are not present in
conventional reactors. Such aspects, for which description of the general features of each
challenge is presented in [10], are: (i) design of a boron free core, (ii) remote operating and
control, (iii) maintenance and refueling, (iv) seafloor seismic assessment, (v) licensing
procedures, (vi) international regulation, (vii) economic sustainability, (viii) public
acceptance. Some of them are not merely engineering problems, but they regard also other
fields, such as economics, law, regulation and society. Strict connections among these
subjects can be noticed, e.g., between the maintenance procedures of a submerged SMR and
the economic sustainability or international regulation about transportation of spent nuclear
fuel. Addressing all these issues would require not only a separate approach, but also an
overall picture of the deployment strategy.

Conclusions

The submerged SMR owns safety features that inherently protect from some of the
most challenging accident scenarios. The safety strategy can rely on the presence of a heat
sink, i.e. the water surrounding the reactor containment, which is permanent and infinite if the
reactor is immersed into the sea or in an artificial lake. The development and deployment of
this concept will represent a sort of “ultimate” solution to Fukushima-like scenarios. This
paper has provided a review of design and safety analyses performed by Politecnico di Milano
in recent years. The activities have allowed defining an IRIS-like reactor configuration to be
placed into a submerged containment and a basic fully passive safety strategy. The simulation
of reference accident situations with CFD and Relap5 system code has provided positive
outcomes, predicting successful and effective decay heat removal. These results are
encouraging and stimulate addressing dedicated experimental campaigns and several
challenges for the submerged SMR deployment.
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