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M1 Creation of the First Domestic Nuclear Submarine with Liquid Metal
Coolant. Project 645

Zamukov V. V.
JSC “Saint-Petersburg Marin Design Bureau “Malachite”, St-Petersburg, Russia

Co3paHue nepBoOU OTEeYEeCTBEHHOW aTOMHOM NOABOAHOM AOAKU
C )XXMAKOMETaAMUECKUM TennoHocUuteneM. NMpoekrt 645

B. B. 3amykoB
AO CITMBM «MANAXUT», CaHkT-lNeTepbypr, Poccus

M2 The First in the World Reactor with Lead-Bismuth Coolant (Facility 27/VT).
How that Started

Toshinsky G. I.

JSC “SSC RF-IPPE”, Obninsk, Russia
E-mail: toshinsky@ippe.ru

Keywords: lead-bismuth coolant, reactor, steam generator, polonium, accident, corrosion, operating
experience, core.

Sixty years ago on December 25, 1958 the first criticality of the first in the world
reactor with lead-bismuth coolant (LBC) was performed at Facility 27/VT in the State
Scientific Center of Russian Federation — Institute for Physics and Power Engineering (SSC
RF-IPPE). Development of reactor facilities (RF) with lead-bismuth coolant (LBC) was
carried out in conditions of lack of necessary knowledge and experience. Moreover, there
were fixed directive terms of work completion, which practically eliminated the opportunity
for performance of related scientific and research works that was a reason of multiple failures
at the stage of mastering of that technology. In the presented report the following issues are
considered: the reasons for option of eutectic lead-bismuth alloy as coolant, principal
scientific and technical problems solved in the process of mastering of LBC cooled RFs
including the problem of coolant technology and corrosion resistance of steels, providing of
radiation safety when realizing works related to release of polonium, providing of reliability
of steam generators, incidents and accidents happened in the process of operating and ways
for elimination of their reasons, experience of fuel unloading performance. On the whole, in
the process of performing tests at Facility 27/VT the invaluable experience was obtained that
made possible elimination of the reasons of happened accidents and provide reliable operation
at RFs of serial nuclear submarines (NS) of Project 705 (705K). On the basis of critically
analyzed operating experience, the civilian RF project, namely SVBR-100 that is meeting the
Generation IV requirements, is being developed.
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MepBbii B MUpe peaKTop C TENAOHOCUTEAEM CBUHELI-BUCMYT (cTeHA 27/BT).
Kak Bcé HauMHanoCb

I. U. ToluMHCKUM

AO «AKM3I-uHxmHMpmHM, Mocksa; AO «HL| PO-®3M», O6HUHCK,
E-mail: toshinsky@ippe.ru

llectpmecsar ner Hazam, 25 gexadbps 1958 roma B [HI[ PO — ®BU nHa crerne 27/BT
OBUT OCyIIECTBIICH (PU3MUYECKUH MyCK MEPBOTO B MHPE PEaKTOpa CO CBUHIIOBO-BUCMYTOBBIM
terutoHocuTeneM (CBT). Paspaborka PY ¢ CBT Benach B yclnoBUSX OTCYTCTBHUS HEOOXOAH-
MBIX 3HAHWM U OMBITA, & TAKKE KECTKUX JUPCKTUBHBIX CPOKOB 3aBEPIICHUs PaboOT, MPaKTU-
YECKHU HCKIIOYABIINX BO3MOXKHOCTh TMPOBEJCHUSI COMMyTCTBYIOIIMX HAYYHBIX HCCIIEIOBAHHM,
YTO CTaJO MPUYMHON MHOTHX HEyJad Ha 3Tare OCBOCHUS 3TOH TexHoyoruu. B moknaze pac-
CMaTpPUBAIOTCSl TIPUYHHBI BHIOOPA B KAa4eCTBE TETUIOHOCHTENS DBTEKTHYECKOTO CIUIaBa CBU-
HEI[-BUCMYT, OCHOBHBIC HAayYHO-TEXHUYECCKHE MPOOJIEMBI, PEIICHHBIE B X0/1¢ 0cBocHUs PY ¢
CBT, B Tom umcie, mpobiieMa TEXHOJIOTHU TETJIOHOCHUTENS U KOPPO3HOHHON CTOMKOCTH CTa-
neit, obecrieueHne paguanoHHON 0€30MacHOCTH IpU paboTaX, CBSI3aHHBIX C BBIXOJIOM ITOJIO-
HUs, obecrieueHusT HaJAC)KHOCTH TTapOTeHEPAaTOPOB, MHITMICHTH M aBapUH, UMEBIIIHE MECTO B
MEPHOJ IKCIUTyaTallUU U ITyTH UCKJIFOUEHUS UX TPUYHH, OIBIT MPOBEJCHUS BBITPY3KH TOILIH-
Ba. B menom, pu npoBeacHUN HcnbITaHui cteHaa 27/BT ObI1 mproOpeTeH OSCIIeHHBIH OIBIT,
no3BonuBIIHA Ha PY cepuitabix AILJI mpoekra 705(705K) HCKITIOYATH MPUYMHBI UMEBIIHX
MECTO aBapuil U 00ECIEUNTh UX HAJACKHYIO dKCIUTyaTanuoo. Ha 0CHOBE KpUTHYECKH TIpOaHa-
JTU3UPOBAHHOTO OIBITA AKCIUTyaTallud BEACTCs pa3paboTka mpoekta PY rpaxknmaHckoro Ha-
3aaueHust (CBBP-100), ynosnerBopstomieit TpedoBanusm Generation [V.
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M3 History of Development of Lead-Bismuth Coolant Technology for
Nuclear Submarines

Orlov Yu. I.
JSC “SSC RF - IPPE”, Obninsk, Russia

The report presents the experience of developing methods and techniques of lead-
bismuth coolant technology for "Alfa" series nuclear submarines. The authors draw attention
to the underestimation of the importance of solving the coolant technology problem following
the results of operation and inspection of the terrestrial prototype of the submarine steam
generating system — the 27/VT facility (IPPE), which revealed core slagging, as well as the
645 project nuclear submarine, which experienced an accident at the port side reactor, caused
by sudden injection of the primary circuit slags into the core. It became necessary to perform
systematic studies of the complex problem of coolant technology, corrosion and mass transfer
in lead-bismuth circuits. Systematic studies of this difficult and science-intensive problem
were organized. Fundamental research of its main aspects was performed; all the necessary
methods and techniques were developed and implemented. Their effectiveness was proved by
service experience. A huge contribution to the solution of this problem was made by scien-
tists, engineers, designers and operators of IPPE, OKB GIDROPRESS, OKBM, CRISM
"Prometey" (Saint-Petersburg), Kurchatov Institute, RIAR (Dimitrovgrad), NITI (Sosnovy
Bor), submarine companies and military units. Implementation of the results made it possible
to ensure reliable operation of the submarine nuclear power unit with regard to this problem.
During the last years of operation (all submarines are decommissioned in the end of 80s —
beginning of 90s) there were no detected temperature field perturbations in the core and no
corrosion damage of the circuit materials.

The second difficulty that was encountered was coolant cool-down at certain sections of
the lead-bismuth circuit in case of incorrect personnel actions etc. Activities to study this
problem were organized, which involved investigation of volumetric changes at coolant
solidifying and melting, structural changes after prolonged holdup after the cool-down and
their causes, search for thawing methods that could guarantee integrity of structure etc.). As a
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result, after the accident at the 645 project nuclear submarine, the starboard nuclear power unit
with undamaged core was cooled down and after about 2 years of storage in cooled down state
it was started again and brought to high power level.

The third difficulty was the polonium problem, which was also solved successfully. The
key accident preventive measures and equipment for personnel polonium protection were
developed, which were later used at nuclear submarines and made it possible to avoid
personnel overexposure.

UcTopusa pa3paboTKu TeXHOAOrMKU CBUHL,0BO-BUCMYTOBOIO
TennoHocuTens ana AN

0. U. Opnos
AO «HL P® - ®3U1», O6HMHCK, Poccus

B noknaze mpeacTaBiieH OMBIT CO3/IaHUS METOAOB M CPEJICTB TEXHOJIOTHH CBHUHIIOBO-
BUCMyTOBOro Teronocutens st AIJL cepun «Anbda». YkazaHo Ha HEAOOLUEHKY BaYKHOCTH
pemieHust mpoOIeMbl TEXHOJIOTHH TETUIOHOCUTENSI Ha OCHOBAHUH PE3yJIbTATOB AKCIUTyaTalluu
u pesm3un HazemHoro npototuna [IITY ATl — crenga 27/BT (®3U), rae BoisiBieHa 3a-
IJTAKOBKa akTUBHOM 30HBI, 1 AIlJI mpoekta 654, Ha KOTOPOI MPOU30IILIA aBapusl Ha peakTope
neBoro 6opTa, NepBONPUYMHON KOTOPOH SIBIISUICS BHE3AIHBIH 3a0pOC B aKTHBHYIO 30HY IIJia-
KOB M3 TEpBOTO KOHTYypa. Bo3HMKIIAa HEOOXOAMMOCTH MPOBEACHUS CUCTEMATUYECKUX HCCIIe-
JOBAaHMH KOMIUIEKCHON Mpo0JieMbl « TeXHOJIOTHS TEIUIOHOCUTEINS, KOPPO3US H MacCONEpeHOC
B CBHHIIOBO-BUCMYTOBBIX KOHTYpax». OpraHu30BaHbl CUCTEMAaTU4YECKUE MCCIEIOBAHUS ITON
HAyYKOEMKOH M ciokHOW mpobieMbl. Ha dyHmaMeHTansHOM ypOBHE M3y4eHBI OCHOBHBIE ac-
HEKTHl MPoOJeMbl, pa3paboTaHbl U BHEAPEHBI HEOOXOAWMBIE METOABI U cpelncTBa. OmbITOM
9KCIUTyaTaluu yoenunuck B ux 3 dexruBHOCTH. B pemenun sToit mpoOieMsl 60IbLION TBOP-
YECKUW BKJIAJ BHECIHU YUEHbIE, HHXKEHEPBI, KOHCTPYKTOPHL, 3KcIuryaTanuoHmukn ®OU, OKb
«I'uppompece», OKBM, LTHUN KM «IIpomereii» (Cankr-Ilerepbypr), KypuaroBckoro uH-
cturyta, HUMAP (JAumutposrpax), HUTHU (CocuoBeiit bop), sxunaxu AIlJl u BomHCKHE
yacTd. BHenpeHue pe3ynbTaToB 3THX padoT MO3BOJMWIO HAIEKHO 00ECHEeYUTh, C TOUKH 3pe-
HUS 3TOH mpobsiemsl, skciuryaTanuio 19V AIJL Ilocnenaue 10 nmet sxcrutyaranuu (Bce J10a-
KU BEIBEJICHBI B «OTCTOI» B KOHIlE 80-x — Hauane 90-x rogoB XX Beka) HAPYIICHUN TeMIIe-
paTypHBIX IOJIEH B aKTUBHBIX 30HAX WJIM KOPPO3UOHHBIX MOBPEXKICHUN MaTepHaioB KOHTypa
HE BBIABIICHO.

Bropas BcTpeTuBIIascs TpyJHOCTh — MOJMOpPAXMBAHHUE TEIJIOHOCUTENS B OTAEIBHBIX
y4acTKax CBHHLIOBO-BHCMYTOBOT'O KOHTYpa MpH OIIMOOYHBIX JACHCTBHSAX IepcoHana U Ap.
Boutn oprannzoBaHbl pabOTHI IO U3YyYEHHIO IPoOsIeMbl (00bEMHBIE H3MEHEHUS IIPU 3aCThIBa-
HUU U IUIaBJICHUM TEIUIOHOCUTEJNS, U3MEHEHHE HalpsKeHUH B KOHCTPYKLUUSAX NPHU JJIUTEINb-
HOM BBIIEPKKE MOCIE 3aMOPAKUBAHUS U IIPUYMHBI 3TOTO U T. [., TOUCK METOAOB pa3MOpaku-
BaHMs IPU T'apaHTUPOBAHHOM HENOBPEXAECHHHM KOHCTPYKUHMH). Pesymbrar — mocne aBapuu
Ha AILJI mpoekra 645 SIDY npaBoro 6GopTa ¢ HEMOBPEKIEHHOW aKTHBHON 30HOM ObLIa 3aMO-
poO’keHa, a 3aTeM, MOCJ€ BBIIEPKKH B 3aMOPOKEHHOM COCTOSIHUM B T€UEHHE IPHUMEPHO JIBYX
JIET, Pa3MOPOXKEHA U BbIBE/IEHA HAa BEICOKHE YPOBHH MOIIIHOCTH.

Tpetrpst TpynHOCTh — TIOJIOHMEBAs Tpobiema. OHa Takke YyCIemHo pemieHa. Pa3pabo-
TaHbl OCHOBHBIE OPT'aHMU3ALMOHHO-TEXHUUECKHE MEPOTIPUATHS U CPEICTBA 3alUThI IEpcoHaa
OT TIOJIOHMSA, KOTOpBIE B JalbHEWIIeM Hcmoib3oBanuch Ha AIIJl ¥ MO3BOMMIN HCKIIOUUTH
cllydau nepeoOrydeHust NepcoHaa.
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1.1 Overview of IAEA Activities in Field of Fast Reactor Technology
Development: Current State and Future Vision

Kriventsev V., Khoroshev M., Batra C.

International Atomic Energy Agency (IAEA), Vienna, Austria
E-mai: V.Kriventsev@iaea.org

Keywords: Fast Reactors, IAEA.

The operational experience of Heavy Liquid Metal (HLM) cooled fast reactors is lim-
ited, but the interest to the development of HLM systems in the IAEA Member States is grow-
ing. The IAEA is carrying out several activities on fast reactor technology development in-
cluding: i) Information Exchange and International Cooperation, ii) Modelling and Simula-
tions, iii) Technical Support, iv) Fast Reactors Safety, v) Education and Training, and vi)
Knowledge Preservation.

Technical Working Group on Fast Reactors (TWG-FR) is a one of the main driving
forces directing IAEA activities in the field and the main supporter for the information ex-
change between the [AEA Member |States. Eighteen countries and two international organiza-
tions are the full members of the TWG-FR while six other countries and Generation-IV Inter-
national Forum (GIF) are observers.

In 2009, IAEA’s TWG-FR re-established the tradition of “International Conference on
Fast Reactors and Related Fuel Cycles”. Since then, at four years interval, three international
conferences on fast reactors and related fuel cycles have been organised by the IAEA: FR09
in Kyoto, Japan, FR13 in Paris, France, and FR17 in Yekaterinburg, Russian Federation.

Coordinated Research Projects (CRP) are important IAEA instruments for supporting
international research work to achieve specific research objectives consistent with the IAEA
programme goals. Several CRPs on fast reactor technology have been conducted during last
years, all on sodium cooled fast reactors (SFR): 1) Phenix End-of-Life Tests, ii) Monju Natural
Convection, iii) Benchmark Analyses on Accelerator-Driven Systems (ADS). CRPs on Ra-
dioactive Release from Prototype SFR under Severe Accident Conditions and on Sodium
Properties and Safe Operation of Experimental Facilities (NAPRO) are in progress. A new
CRP on Neutronics Benchmark of China Experimental Fast Reactor (CEFR) Start-Up Test
has been recently started. Another new CRP on Benchmark Analysis of FFTF Loss-of-Flow
Without Scram Test will be started in the end of 2018. In addition, IAEA is conducting study
on passive shutdown systems for fast reactors, an initiative on knowledge preservation and
joint IAEA-GIF initiative on safety liquid metal cooled fast reactors (LMFRs). There are also
several activities in the field of fast reactor education and training, including the development
of a PC based educational SFR simulator, as well as annual schools and workshops on innova-
tive nuclear systems.

Experience of running these CRPs, joint initiatives and other activities can be effectively
used for the coordinated research on HLM fast reactors under the [AEA auspices.

Several international initiatives have been established in the last years to promote coop-
eration among countries with innovative FRs development and deployment programmes. The
most relevant are the ones carried out under the auspices of the Generation IV International
forum (GIF) and the IAEA, which have jointly committed to collaboration between the pro-
grammes and to share information in selected areas of mutual interest. GEN IV Roadmap out-
lined the R&D necessary to develop fast reactors concepts for potential deployment. Seven
joint IAEA-GIF workshops on safety of SFR have been running for the last eight years result-
ing in a review of safety design criteria. This cooperation was recently extended to cover con-
sider also heavy liquid metal cooled (HLM) fast reactors.
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In the field of technical support on liquid metal cooled fast neutron systems (LMFNS)
the IAEA recognizes the importance of identification of the existing experimental infrastruc-
tures, as well as of the new experimental facilities based on the recognized R&D needs in the
IAEA Member States with fast reactor programmes. A newly developed database of experi-
mental facilities in support of Development and Deployment of Liquid Metal Cooled Fast
Neutron Systems (LMFNS Catalogue) presents an overview as well as detailed information on
more than 150 experimental facilities under design, construction or operation in 14 IAEA
Member States. IAEA "LMFNS Catalogue" is an online database available at
nucleus.iaea.org/sites/Imfns.

Two main groups of the LMFNS facilities are included in the online database:

— Experimental facilities devoted to the Sodium cooled Fast Reactor (SFR) develop-
ment: 79 sodium-based facilities; and

— Experimental facilities devoted to the Lead and Lead-Bismuth cooled Fast Reactor
(LFR) development: 72 lead-based facilities.

The growing interest to LFR technology is characterised by almost equal numbers of fa-
cilities for the development of SFR and LFR presented for the current version of the LMFNS
catalogue (79 and 72 facilities, respectively). The IAEA maintains and regular updates the
LMFNS online database. The LMFNS Catalogue is a useful tool for a wide range of govern-
mental and private sector organizations responsible for the development and/or deployment of
innovative fast neutron systems in countries with active programmes on these nuclear energy
systems, including designers, manufacturers, vendors, research institutions, academia, techni-
cal support organizations (TSOs) and other organizations directly involved in technology de-
velopment programmes on fast neutron systems and, more generally, on advanced nuclear
energy systems. By providing the end-users with detailed information on existing and future
experimental facilities the online LMFNS database is aimed at facilitating cooperation be-
tween organizations with an active programme on fast neutron systems, enhancing the utiliza-
tion of these facilities within the associated experimental programmes, and motivating the in-
volvement of young engineers and researchers to be educated and trained in the field of ad-
vanced reactors.

Following the increasing interest in lead and lead-bismuth coolant technology, the IAEA
is organizing a new study on Structural Materials for Heavy Liquid Metal Cooled Reactors.
The study was proposed by Italy and Romania and endorsed by the members of the IAEA
Technical Working Group on Fast Reactors

0630p AeAatenbHocTU MATATI B 06AacTU pa3BUTUA TEXHOAOTUH
6bICTPbIX PEaKTOPOB: TEKYLLEee COCTOAHUE AeA U NEePCNEeKTUBDbI

B. KpuBeHues, M. Xopowes, K. batpa

MexayHapoAHOe areHTCTBO 1o atomHou aHeprim (MATATS), BeHa, ABcTpusi
E-mail: V.Kriventsev@iaea.org

KnroueBbie croBa: bbicTpble peaktopbl, MATATS.

HecmoTpst Ha orpaHMYeHHBIH OMBIT 3KCILTyaTalldl OBICTPHIX PEAKTOPOB C TSHKEIBIM
KUJIKOMETAJIIMYECKUM TEIJIOHOCHUTENEM, MHTEpeC K TaKUM CHCTeMaM B CTpaHaX-y4aCTHHKax
MAT' ATD pacrer. JestensHocts MAI'ATD B 005acTH pa3BUTHS TEXHOJIOTHUH OBICTPHIX pe-
AKTOPOB COCPEAOTOYEHA Ha CIeXyromux HampasieHusax: 1) Madopmannonsslii oOMeH U Me-
JKAYHApOJHOE COTpyAHNYecTBO; 2) MoaennpoBanue u pacdersl; 3) TexHuueckas moaaepxKa;
4) Be3zomacHOCTb OBICTPBIX peakTopoB; 5) O0yueHne u noArotoka; 6) CoxpaneHue 3HaHUH.
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OpnHOM U3 INIaBHBIX JBHXKYIIUX CHJI, ONPENEsomuX BeKkTop yeunuii MAT'ATO B sToi
cdepe 1 cocOoOCTBYIOINX MEKIYHAPOTHOMY HHPOPMAIHOHHOMY OOMEHY MEXKIy CTpaHaMu-
yYacTHHUIaMH, siBisieTcss TexHuueckass paOouasi rpynma no ObicTpeiM peaktopam (TPI'BP).
[TonHOmpaBHBIMH WIEHAMU 3TOM Tpynibl ABISAIOTCS 18 cTpaH U 2 MEKAYHAPOIHBIX OPraHU3a-
nuu. Craryc HaOmoaaTeneit uMeroT emre 6 cTpaH, a Takke MeXTyHapoIHBIH GopyM IO peak-
topaM IV nokosnenus.

B 2009 r. TPT'BP Bo300HOBMIIA Tpamuiuio mpoBeAcHus «MeXIyHapOaHOH KOH(epeH-
MY TI0 SAEPHBIM peakTopaM Ha OBICTPBIX HEUTPOHAX M WX TOIUTHMBHBIM ITUKIaM». C TeX Imop
MATATD opranu3zoBaino 3 MeXIyHapoIHble KOH()EPEHIHH MO OBICTPHIM pPeakTopam H TOII-
JIUBHBIM IIUKJIAM C MEPUOAMYHOCTHIO pa3 B 4erhipe roga: FR09 B Kuoto (Snonus), FR13 B
[Napmwxke (Opannus) u FR17 B ExkarepunOypre (Poccuiickas deneparus).

Ba)kHBIM MHCTPYMEHTOM IOICPKKHA MEKTYHAPOTHOTO HAYIHOTO COTPYIHHUIECTBA SIB-
JIIOTCSI IPOEKTHl KOOPAUHUPOBAHHBIX UCCICIOBAHUN, KOTOPHIE HAIIPABICHBI HA JOCTUXCHUE
ONpe/ICNICHHBIX 1IeJIe B COOTBETCTBUU € NMporpaMmMHbIiMuU 3agadyamMu MAT'ATO. 3a nocnennue
roJ6I OBUTO BBITIOJTHEHO HECKOJBKO MTPOEKTOB, MOCBSIIIEHHBIX PEAKTOPAaM C HATPHUEBBIM OXJIa-
XKaeHneM: 1) DKcrepHMeHTHI Mociieé OKOHYaHHs CpoKa dKCIuTyaTanuu peaktopa deHukc; 2)
EcrecrBennas konBekius Ha ADC Monasio; 3) CpaBHHUTENBHBIA aHANU3 AIIEKTPOSIEPHBIX
cucteM. B HacTOsIIIMA MOMEHT BBIIOJHSIOTCS MPOEKTHI MO U3YUYECHHUIO PAJHUOAKTHUBHBIX BBI-
OpoCOB MPOTOTUMA OBICTPOTO PEAKTOPA C HATPUEBBIM TETNIOHOCHUTENIEM B YCIOBHAX TSIKENOM
aBapwH, a TaKKe MO UCCICOBAHUIO CBOMCTB HATpHUS U OE30IMACHOW AKCIUTyaTallud dKCIEPHU-
MEHTAIIbHBIX CTeHIOB. HemaBHO OBIT HAayaT MPOEKT MO aHAIW3y HEUTPOHHBIX MapaMeTpoB,
MIOJTy4eHHBIX BO BpeMs 3amycka KuTailicKoro SKCIIepHMMEHTATbHOTO OBICTPOTO peakTopa
CEFR. Eme oauH npoeKxT, MOCBSIIEHHBIH CPaBHUTEIFHOMY aHAIN3y UCHBITAaHUN C MoTepeit
pacxogna 6e3 aBapuifHOTO ocTtaHoBa Ha peakrope FFTF, Oymer mauar B konre 2018 r. Kpome
toro, MAI'ATD mpoBOIUT UCCIIEMOBAHUS 10 MMACCHBHBIM CHCTEMaM OCTAHOBA TSI OBICTPHIX
pPeakTopOB, BBIMOJHAET MPOrpaMMy IO COXPAaHEHHMIO 3HAHWH M OCYLIECTBISET IMPOEKT IO
0€301acHOCTH OBICTPBIX PEAKTOPOB C JKUAKOMETAUTMUECKUM TETJIOHOCUTENIEM (COBMECTHO C
MexnyHapomasiM popyMom 1o peakropam [V mokonenwust). Takxke BBITOTHSIIOTCS HECKOIBKO
MpoTrpaMM, TOCBSIIEHHBIX 00yYeHHIO U TIOATOTOBKE TepcoHana Ajsi ObICTPBIX PeakTopoB (B
TOM 4YHCIie pa3paboTKa KOMITBIOTEPHOTO TPEHakepa IO OBICTPBIM peakTopam), MPOBOISATCS
€XEroHbIC CEMUHAPBI IO MHHOBALIMOHHBIM SIIEPHBIM CHCTEMAaM.

OMBIT pean3ariiyl dTUX MPOCKTOB, COBMECTHBIX IMPOTPAaMM M JIPYTUX WHUITUATUB MOXK-
HO (Q)QEKTHBHO MCIIOJIL30BATh JJISI KOOPAUHUPOBAHHBIX HCCICIOBAHUHN OBICTPHIX PEaKTOPOB
C )KAIKOMETAINYECKUM TEIJIOHOCUTENEM TTof srugod MAT'ATD.

B mocnename roapl 66U10 HAYaTO HECKOIBKO MEXIYHAPOJHBIX MTPOEKTOB, KOTOPHIE CIIO-
COOCTBYIOT COTPYIHHYECTBY MEXIY TIOCYJapCTBaMH, Pa3BUBAIOLUIMMH COOCTBEHHBIE IPO-
rpaMMBbI IO HTHHOBAIIMOHHBIM OBICTPBIM peakTopaM. CaMble Ba)KHbBIE U3 HUX MPOBOJSATCS MO
srunoii MexayHapoaHoro gopyma mo peaktopam [V mokonerns 1 MAI'ATO, npuHIBIIAMHA
Ha ce0s 00s3aTeNbCTBA 0 COTPYIHMYECTBY B paMKax Pa3lMYHBIX NMPOrpaMM W OOMEHYy WH-
(hopmarueit B cepax, IpeACTaBISIONINX B3aUMHbBINA uHTepec. CiieHapHuii paboThI 10 PeakTo-
pam 1V noxonenus onpenenmt HUOKP, xoTopbie TOMKHBI OBITH BHITOTHEHBI TSI pa3pabOTKH
KOHIEIUNA OBICTPHIX peakTopoB. B Teuenne mocnennnx 8 et padoranu 7 paboyux rpymi 1Mo
0e30macHOCTH OBICTPBIX PEakToOpoB. PesynbraToM uxX paboThl CTal MEpPEecCMOTP KPUTEPHUEB
aHanmu3a Oe3omacHocT. HemaBHO cdepa coTpyaHnyecTBa OblIa paciiMpeHa U Terephb BKIIO-
4aeT U OBICTPBIE PEAKTOPHI C TSHKEIBIM KHUIKOMETAUTHYECKAM TETITIOHOCHTEIIEM.

B obnactu TexHHYECKON MOANEPKKH CHCTEM Ha OBICTPBIX HEHTPOHAX C YKHIKOMETAJI-
nudeckuM temtoHocureaeM MAT'ATD BaxHYI0 poJib OTBOJUT CYIIECTBYIOIIECH IKCIIEPUMEH-
TabHOM 0a3ze, a Tak)Ke HOBBIM CTEHJAM, COOPY)KaeMBIM B COOTBETCTBHUHU C TMOTPEOHOCTIMHU
ctpan-y4acTHUI] MAT'ATD, BeImonmHSAOIINX paboOTH O OBICTPEIM peakTopam. beuta cozmana
HOBasi 0a3a JaHHBIX HKCIEPUMEHTAJIBHBIX CTEH/IOB B MOJAEPKKY pa3paOOTKH U COOPYKECHHUS
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CHCTEM Ha OBICTPBIX HEHTPOHAX C JKUAKOMETAUIMYECKUM TeIUIoHOcHTeneM. OHa COmEpKUT
CBOJHYIO H AeTallbHyl0 HH(popMmarmio o 6onee yem 150 sKcriepUMEHTANBHBIM CTEHAM, KO-
TOpBIE HAXOJATCS Ha dTale MPOEKTUPOBAHMS, COOPYKEHUS WIH 3KCILTyaTaluu B 14 cTpaHax-
yuactHukax MAI'ATO. DToT Katanor JOCTyIeH Ha cTpaHuIle nucleus.iaea.org/sites/Imfns.

B onnaiiH-kaTanor BXOAAT ABE OCHOBHBIX TPYIIITBI HCCIIEI0BATEIBCKUX CTEH/IOB!

— UCCIIeIOBATENILCKUE YCTAHOBKH, IIOCBSILICHHBIE pa3pa0oTKe TEXHOIOTHI OBICTPBIX pe-
aKTOPOB C HATPUEBBIM TEIUIOHOCUTENEM: 79 HaTPUEBBIX CTEH/IOB;

— HCCIIEe0BATEIbCKIE YCTAHOBKH, TIOCBAIICHHBIE Pa3pab0TKe TEXHOIOTHN OBICTPHIX pe-
AKTOPOB CO CBHHIIOBBIM M CBHHIIOBO-BHCMYTOBBIM TEIUIOHOCUTENIAMHU: 72 CBUHIIOBBIX CTEH/IA.

[TouTn ogMHaKOBOE KOMMYECTBO YCTAaHOBOK JJIsl HATPHS U CBUHIIA B TEKYIEH BEPCUU Ka-
tasiora (79 u 72 cOOTBETCTBEHHO) TOBOPUT O PACTYILEM HMHTEpEce K TEXHOJOIMU CBUHIIOBOI'O
TEIUIOHOCHUTENs. ba3za MaHHBIX HMCCIENOBATENBbCKUX CTEHIOB TOANEPKUBACTCS M PEryISIPHO
obnoBisieTcss MAI'ATD. OunaifH-KaTanor O4eHb MoJIe3eH ATl IPaBUTEIbCTBEHHBIX U YACTHBIX
yupexneHui, paboTaromux B cepe pa3paboTKu H/WIK COOPY>KEHUSI HHHOBALIMOHHBIX CUCTEM
Ha OBICTPBIX peaKkTopax B CTpaHax, KOTOPBIE BEAYT Takue mporpammbl. ETo MoTyT nMcmomib3o-
BaTh MPOEKTHPOBIIUKH, U3TOTOBUTEINH, IOCTABIIMKY, UCCIIEA0BATEIbCKIE  00pa3oBaTeIbHbIE
YUpEKACHUSA, OPTaHU3ALNN TEXHUUECKON TOJAECPKKH U IpYyTHe NPEANpHUITHS, YIacTBYIOIINE B
pa3paboTke TEXHOJIOTHH OBICTPBIX PEAKTOPOB M MEPCHEKTUBHBIX SIEPHO-IHEPTETUIECKUX CHC-
TeM B LeJIoM. DTa 0a3a JaHHBIX MPEAOCTABIACT KOHEUHOMY TOJIB30BATENIO MOJHYI0 HH(OpMa-
LUIO TI0 CYLIECTBYIOMIMM U OyAyIIUM 3KCIIEPUMEHTAJIBHBIM CTEHIAM, YIPOIIAET COTPYIHUYE-
CTBO MEXIly OpraHM3alUsIMH, 3aHUIMAIOIIUMHUCS pa3pabOTKON cucTeM Ha OBICTPBIX HEHTpOHAX,
CIOCOOCTBYeT 00jiee aKTUBHOMY HCIIOJB30BAHUIO 3TUX CTEHIIOB B PAMKaX COOTBETCTBYIOIIMX
9KCHEPUMEHTAIBHBIX MPOTrpaMM M MOTHUBUPYET MOJIOJBIX WHKEHEPOB M HCClIeZoBaTeNeil He
MOJTy4€HHE 3HAaHUH U HaBBIKOB B c(epe MEePCHEKTUBHBIX PEaKTOPOB.

B cBsf3M C TOBBIIIEHHBIM HMHTEPECOM K TEXHOJOTHMH CBHHIIOBOTO M CBHHIIOBO-
BHUCMYTOBOro TeroHocutesneit MAI'ATO opraHuszyeT HOBOE HCCIEOBaHHE, MOCBAILICHHOE
KOHCTPYKIMOHHBIM MaTepHajiaM B PEAKTOpax C TAKEIBIM KUIKOMETANINIECKUM TETJIOHOCH-
TeneM. JTO HCCiIenoBaHne ObUIO TpeuioskeHo Mranmelr m PymprHuel n moaaepkaHo ydact-
HUKamMu TexHudeckoil paboueii rpymms mo ObICTphIM peakTopamM MAT'ATD.

1.2 Heavy Liquid Metal Coolants in Nuclear Power

Toshinsky G. I.

JSC “AKME-Engineering”, Moscow; JSC “SSC RF-IPPE”, Obninsk, Russia
E-mail: toshinsky@ippe.ru

Keywords: lead, lead-bismuth, fast reactor, thermal reactor, safety, inherent self-protection, potential
energy, exhaust of radioactivity, radiophobia.

After the severe accident happened at NPP Fukushima 1, the problem of increasing
population radiophobia arose again. And that is hampering the process of nuclear power
development. One of the ways to rehabilitate the population confidence to the nuclear power
is construction of reactors with high level of inherent self-protection and passive safety such
as fast reactors (FR) with heavy liquid metal coolants. In the closed nuclear fuel cycle those
reactors will operate in a mode of fuel self-providing without consumption of natural uranium.
In those FRs there is no compression potential energy and chemical energy, which are able to
cause exhaust of radioactivity requiring population evacuation. Such type FRs can be used oth
for construction of NPPs with power-units of large unit power capacity, and for construction
of nuclear power plants with small power modular reactors, which could be used for
generation of electricity and heat power, could be located near cities and replace coal electric
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plants. Due to absence of large number of safety systems required in traditional type reactors
and caused by natural properties of used coolants, the nuclear power plants with such reactors
can be more competitive. However, there must be a certain stage for their mastering.
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[locne tsokenoit aBapum Ha ADC DykycnMa BHOBH MOJHSUIACH BONHA paanohoOun
HaceJICHUS, YTO TOPMO3HUT PA3BUTHSA SICPHON dHepreTukd. OIHUM U3 ITyTeH BOCCTAHOBIICHUS
JIOBEpHSI HACETICHUS K SIACPHOM SHEPTETUKE SBIISCTCS CO3JJaHUE PEaKTOPOB C BHICOKHM YPOB-
HEM BHYTPCHHEW CaMO3alUIIEHHOCTH U TACCHBHON 0€30MacHOCTH, K KOTOPHIM OTHOCSTCS
opicTphie peakTopsl (BP) ¢ TSHKENBIMU KUIKOMETANIMIECKIMH TEIUIOHOCUTENIMA. B 3aMKHY-
TOM SIICPHOM TOTUIMBHOM IIMKJIC TAKUE PEaKTOPhl OyayT paboTaTh B PEKUME TOILTUBHOTO Ca-
Moo0ecrieueHust 6e3 moTpebiacHus NPUPOAHOTro ypaHa. B Takux BP oTcyTcTBYIOT MOTeHIH-
aNbHAs DHEPTUS CKATUS M XMMHUYECKash SHEPTHUs, CIIOCOOHBIE MPUBECTH K BEIOPOCY pajloax-
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THBHOCTH, TpeOyromieil sBaKkyany HaceneHus. bP Takoro tuma MoryT OBITH MCHOJIB30BaHBI
Kak i co3nanusg ADC ¢ sHeproOiokamMu 0OIBIION eIMHHYHON MOIIHOCTH, TaK U AJIsI CO3/1a-
HUS aTOMHBIX CTAaHIIMH ¢ MOAYJIEHBIMH PEaKTOpaMy Majoil MOLIHOCTHU I BBIPAOOTKH 3JIEK-
TPUYECKOM M TEIUIOBOM SHEPTUH M pa3MenIaThCs BOINM3U TOpOJIOB, B TOM YHCIE, U IS 3aMe-
IICHHUS YTOJBHBIX AJIEKTPOCTAHIMHA. 3a CUET OTCYTCTBHS MHOTHX CHCTEM 0€30MacHOCTH, Tpe-
6YIOIHI/IXCSI B pCaKTOopax TPaAUIIMOHHBLIX THUIIOB, O6yCJIOBJ'ICHHI)IX MMPUPOAHBIMU CBOMCTBAMH
WCIIOJIb3YEMBIX TEIUIOHOCHTENEH, aTOMHBIE CTAHLUHM C TAKUMH PEaKTOPaMH MOTYT OKa3aThCs
6oiee KOHKypeHTocrocoOHbIMH. OTHAKO OHU TPEOYIOT 3Tara CBOEr0 OCBOSHHUS.
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1.3 SVBR-100 Project for SMR Market
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Development of basic SVBR technology that includes R&D for technology of modu-
lar lead-bismuth eutectic (LBE) cooled reactor with fast neutron spectrum and FOAK NPP
construction followed by its commercialization on the domestic and foreign markets are the
main goals of the project.

Development of basic reactor and FOAK NPP designs are carried out by JSC AKME-
engineering (established by December 2009) along with leading Russian industry companies
(OKB “GIDROPRESS”, SSC RF-IPPE, ATOMPROECT).

FOAK NPP with SVBR-100 design documentation was issued in accordance with na-
tional regulations [1] as well as the most significant parts of reactor design documentation
including fuel and other core elements designs, primary coolant system, main circulation
pump and reloading equipment. They are considered as the main results of the current stage of
the project.

Under the regular licensing procedures, the results of the project were considered by na-
tional regulators (ROSTECHNADZOR, SEC NRS, ROSPRIRODNADZOR) and after that
considerations license for the placement of SVBR FOAK NPP was granted for Dimitrovgrad
site. FOAK NPP design was considered by industry experts as well to assess opportunities for
reactor and NPP design optimization. As a result, the design documentation and separated de-
sign decisions for FOAK NPP were updated based on their recommendations. This allowed us
to update expected values of technical and economic characteristics of NOAK NPP with
SVBR-100 and to define major factors providing their economic competitiveness. In addition,
we carried out investigation to assess possibilities to implement such factors [2].

Nevertheless, NOAK NPP commercialization perspectives, even after successful devel-
opment and operation of FOAK NPP, should be greatly dependent on NOAK NPP compli-
ance to requirements and structure of future power system, to tendencies and scales of devel-
opment of a nuclear power system and extent of realization of potential of further develop-
ment of basic SVBR technology for ensuring economic competitiveness.

The main possibilities to gain further development potential for the basic SVBR tech-
nology and to increase economic competitiveness result from large margins for adopted reac-
tor design and from the possibilities to decline reactor and NPP costs by means of the follow-
ing effects:

— modularity (use of common NPP equipment by all reactors);

— economy of scale effect (fixed cost decrease, learning curve);

— a high share of plant production of the reactor that excludes laborious installation proce-
dures on the primary circle and shortens NPP’s construction time;

— NOAK placement flexibility (multipurpose applications, consecutive commissioning ac-
cording to local needs, possibilities to operate in week electrical networks and in load fol-
lowing mode in the range up to 50-100% of NPP’s installed capacity N,,, with 0,5-2%
Nyom PeT minute power ramp).

Requirements for the next generation nuclear power technology defined by GEN-IV fo-
rum assume clear changes of nuclear power technologies in the field of sustainability, eco-
nomics, safety and reliability, and proliferation resistance and physical protection [3]. Nuclear
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power technology based on SVBR has all needed prerequisites to comply holistically these
requirements [4].

World energy mix in the last several years undergoes the change, which is expressed in
decrease in a share of nuclear power, coal and oil products and increase in a share of renew-
ables and natural gas. Through the last 10 years, the share of consumed electricity generated
by renewables grew by 8,4%, while the share of a nuclear power and coal decreased by 3,4%
and 3,1% respectively [5]. Such changes, under the current trends of penetration of renew-
ables into the world energy mix, can lead to significant changes in world energy mix up to
50% share of consumed electricity generated by solar and wind power plants [6]. This, in turn,
will lead to essential decentralization of an electricity power system and to necessity to have
some power system balancing capabilities to manage variability of generated power by re-
newables (possibly additional power system networks and power generation reserves). Men-
tioned above NOAK NPP placement flexibility (possibilities to operate in week electrical
networks and load following capabilities) and SVBR safety level (permitting NPP placement
near consumers) allow us to consider such NOAK NPP as a possible element for a local
power system with an essential share of renewables.

Thus, modular NOAK NPP with SVBR may form a new segment of the market — small
and medium sized NPP that meet GEN-IV requirements and could be integrated into fore-
casted power systems with an essential share of renewables.

References

1. Governmental regulation, # 87, 16.02.2008.

2. Petrochenko V.V., Grigoriev S.A., Komlev O.G. et al. SVBR Project: status and possible develop-
ment, /AEA International Conference “Fast Reactors and Related Fuel Cycles” (FR17). Yekaterin-
burg, June 26-29, 2017.

3. A Technology Roadmap for Generation IV Nuclear Energy System, GIF-002-00, U.S. DOE Nuclear
Energy Research Advisory Committee and the Generation IV International Forum, December 2002.

4. Petrochenko V.V., Komlev O.G., Grigoriev S.A. et al. SVBR Project: Status and GEN-IV Require-
ment Compliance. Global Symposium on Lead and Lead Alloy Cooled Nuclear Energy Science and
Technology, September 7-8, 2017, Seoul National University, Seoul, Korea.

5. BP Statistical Review of World Energy, 67" edition, June 2018.

6. New Energy Outlook 2018, Bloomberg NEF, 2018.

MpoekT CBBP-100 ana pbiHKa AC ManoM U cpeAHer MOLUHOCTH
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OcHoBHEIME 3amadamu lIpoekTa sSBISIOTCS pa3padOTKa TEXHOJIOTHH MOAYJIBHBIX pe-
aKTOPOB C TEIUIOHOCHUTENIEM CBHUHEI-BUCMYT Ha OBICTPHIX HEHTpOHAX — 0A30BOM TEXHOJOTHUU
CBBP (Bkimtouas ee JEeMOHCTPAIIMIO HA OMBITHO-IIPOMBIIIICHHOM 3Heproomoke (OIIDb) ¢ PY
CBbP-100) u mocnenyromas KOMMEPIHAIA3ANNAI dTOH TEXHOJIOTHH Ha OTEUYECTBEHHOM H 3a-
pyOeXHOM pBhIHKAX.

Pa3pabotka 6a3oBoii Texnonoruu CBBP, Bkimtouarorias pa3paboTKy TEXHHYECKOTO MPo-
eKTa peakTopHoil ycranoBku (PY) u paspabotky npoekra OIIDb ¢ PY CBBP-100, Bexercs ¢
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2009 rona AO « AKM3-UHXUHUPUHT» COBMECTHO C BEAYIIMMH OTPACIEBBIMU OpPraHU3aLMsI-

mu AO OKb «'MAPOITPECC», AO «['HL] PO-®DOU» u AO «ATOMIIPOEKTY.

OCHOBHBIME pe3yJbTaTaMH TeKymiero 3rana [IpoekTa sBuiach pa3pa0d0TKa MPOSKTHOM
nokymenTarmu OIIOb ¢ PY CBBP-100 (KOMITIEKTHOCTh TOKYMEHTAIIH COOTBETCTBYET per-
JTAMEHTHUPOBAHHBIM HOpMaM [1]) u pa3paboTka OCHOBHON YacTH JTOKYMEHTAIIUH TEXHUICCKO-
ro npoekta PY CBBP-100. B pamkax paspabotku TexHumueckoro mpoekra PY CBBP-100
MIOJIHOCTBIO BBIMYIIEHA JOKYMEHTAIUs KIFOUEBHIX AJIEMEHTOB M cUCTeM PY: 3meMeHTOB ak-
TUBHOMW 30HBI (TBAJI, MOTJIOMIAIOIINAE CTEPKHU, PEAKTOPHBIM UCTOYHUK HEHTPOHOB), CUCTEMBI
TEXHOJIOTUHU TEIJIOHOCUTEIISI TIEPBOr0 KOHTYPA, TTIABHOTO IUPKYJISAIIMOHHOTO HACOCHOTO arpe-
rara (I'LIHA), neperpy3o4Horo o60pyaoBaHusl.

Pesynprater pazpadotku npoekta OIIDb paccmarpuBanmcey perymupyoOIMMA OpraHaMy
(Pocrexnanzop, ®bY «HTL APb», Pocipuponnaazop u ap.) B paMKax JIMIEH3UOHHOTO MIPO-
Lecca, a TakKe OTPACICBBIMHU JIKCIEPTaMH C IENbI0 OLICHKHM BO3MOXHOCTEH ONTHUMHU3ALNU
TexHn4deckux pemieranid mo PY u aromuoit cranmuu (AC). [lo pesymbraTam paccMOTpeHUs
PeryIupYIOMUMHA OpTaHaMu ObLUTa BeIaHa aurieH3us Ha pasmenierrne OI1D9b ¢ PY CBBP-100
Ha 1iomaake B T. JumutpoBrpan. OMHOBPEMEHHO C 3THUM, Ha OCHOBAHHMH MPEJIOKECHHUHA OT-
paclieBBIX IKCIIEPTOB MPOBEJcHa paboTa M0 KOPPEKTUPOBKE MPOSKTHOM JTOKYMEHTAIIUH U OII-
TUMHU3AIUHN TPOEKTHBIX pemeHuil mo OIIDb, ompeneneHsl MporHO3HBIE 3HAYEHUSI TEXHHUKO-
9KOHOMUYECKHUX XapaKTepUCTHK cepuitHbIX aToMHBIX cTraHiuil (CAC) ¢ PY CBBP u ocHoB-
Hble (DAKTOPBI, OOECIEYNBAIOIINE UX SKOHOMHUYECKYH) KOHKYPEHTOCIIOCOOHOCTh, a TaKKe
OIICHEHA BO3MOXKHOCTD peanu3aliny Takux (HakTopos [2].

Bo3moxuaoctn kommeprmanu3aiuu CAC ¢ PY CBbBP, mHapsay ¢ MONI0XUTEIBHBIM OIThI-
tom co3nanusi OIIOB, B 3HaunTenbHOU cTeneHu OynyT ompenensarscsi coorBeTcTBUeM CAC
MOTPEOHOCTSIM WM CTPYKType OyAyIIed SHEepreTWKH, TeHIEHIMSIM M MacIiTadaM pa3BUTHS
AIEPHON 3HEepreTHKH (S1D) U CTEeNeHbI0 pean3anry MOTeHIHaNa TaTbHEUIero pa3BuTus 0a-
30Bo# TexHojoruu CBBP mis obecnieuennst 5)KOHOMUYIECKON KOHKYPEHTOCTIOCOOHOCTH.

OCHOBHBIMH TIPEINIOCHUIKAMU peaM3aliyd TOTSHIMANa NATbHEHIIero pa3BUTHS 0a30-
Boii TexHomornu CBBP w MOBBIIIEHNsT SKOHOMUYECKOH KOHKYPEHTOCIIOCOOHOCTH SIBIISIOTCS
npunsaTeie npu co3ganuu OIIDb koHCepBaTHBHBIE TEXHUYECKUE PEIICHUS U BO3MOXKHOCTH
CHUKEHUS] CTOUMOCTH u3roroBieHus PY u coznanus CAC 3a cuert:

— 3¢dexra MOxyTHPHOCTH (HMCIOIB30BaHKE OJOYHOTO M OOIIECTAHIIMOHHOTO OOOPYIOBaHUS
U1l Bcex Monyned PV, BXomsmux B COCTaB sJE€pHONM NapONpOU3BOIAIIEH YCTaHOBKH
(AIIITY);

— 3¢ dexra MacmTaba MPOU3BOACTBA (CEPUIHHOCTD, KKPUBAsI OOYUCHUS» ),

— BBICOKOT'O YPOBHS 3aBOJICKOH TOTOBHOCTH PEaKTOPa, MOBBIMIAIOINIETO Ka4eCTBO U3TOTOBIIE-
HUS peakTopa U MO3BOJISIIOIIETO COKPATUTh CPok coopyxeHus CAC;

— rubkoctu pazBepreiBanus CAC (MHOrolEeneBoe MPHUMEHEHHE, IOCIICAOBATEIBHBIN BBOJ
MOIITHOCTH B COOTBETCTBHUH C MOTPEOHOCTSIME PETHOHA, paboTa B CIIa0BIX CETSIX U B PEIKH-
Max CIIeJIOBaHUS 3a Harpy3kou ¢ amamazoHoM MaHeBpupoBaaus 50-100 % N,,, co ckopo-
c1b10 0,5-2% N, B MEHYTY).

Tennenmu pazputus oyaymei 19 chopmynupoBansl B Buze neiei popymom GEN-1V
U TIPEATIONaraloT KadeCTBEHHBIC M3MEHEHUS SIECPHO-IHEPTETHICCKUX TEXHOJIOTHHA CIIEHYIO-
IIEr0 TMOKOJICHUS B YacTHU TOBBIINICHUS OE30MacHOCTH, PEUICHHs MPOOJIEMbI O0JTYYCHHOTO
ssmeproro torumBa (OST) u pecypcHOM 00ecneYeHHOCTH SIIEPHBIMH MaTepUanaMu, SKOHO-
MHYECKOW KOHKYPEHTOCTIOCOOHOCTH W WHBECTHIIMOHHOHW MPHUBIEKATEIHHOCTH, 00eCTIeueHUs
pexumMa HepacIpoCTpaHEHUS SAIEPHBIX MAaTePUATIOB U TexHonorui [3]. SlnepHas sHepreTuye-
ckas texHonorus (S19T) CBBP umeer Bce mpenochuTKky Ui KOMIUIEKCHOTO YJIOBJICTBOPEHUS
tpeboBannii k DT cnemyromero nokonenus [4].

CtpyKTypa MHPOBOW 3JIECKTPOIHEPTETHKH B IOCICTHUE HECKOJIBKO JIET IMpeTepIieBacT
WU3MEHEHHE, BhIPAXKAIOIICECS B CHUXCHUU J0iH S10D, yrias u HeTEHPOIyKTOB U YBEITUUCHUU
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JIOJTH BO30OHOBIIIEMBIX MCTOYHWKOB sHeprun (BMD) m mpupomnoro raza (3a 10 ier mons
Mpou3BeIeHHON anekTposHeprun B Bripocna Ha 8,4 %, a nons 519 u yrns cHu3uiach Ha
3,4 u 3,1 % coorBercTBeHHO [5]). Takue W3MEHEHUs, MPU COXPAHCHUU COBPEMEHHBIX TCH-
JeHUUH MpOoHUKHOBeHUsI BIID B 31€KTpOIHEPTeTUKY, MOTYT MPUBECTH K KapAWHAJIBHOU Ie-
PECTpOIKe CTPYKTYPHI JIEKTPOIHEPTETHKH C J0JIeH MTPON3BEICHHON IIEKTPOIHEPTHH Ha COJI-
HEYHBIX U BETPSHBIX JEKTPOCTaHIMAX nocturaromei 50% [6]. DTo, B cBOIO odepenb, MpHUBe-
JeT K CYLIECTBEHHOW AELEHTpaN3alliid HEPreTUKH M HEOOXOIUMOCTH AONOIHUTEIHHON
KOMIIEHCAIIUY TOCTIEICTBUN M3MEHYMBOTO XapaKTepa MPOM3BOAUMON AIIEKTPOIHEPTHH TaKH-
mu BUD (myTem pa3BuTHs ceTel U HaJIUUYUSA PETyJIHPOBOYHBIX MOIIHOCTEN B 3JIEKTPOIHEpre-
TH4ecKux cucremax). OnHako, ynomsiHyThle Bbie xapakrepuctuka CAC ¢ PY CBEBP (pabo-
Ta B cnabbIX CETAX W B PEeKUMax CJIECIOBAaHHS 32 HArpy3Koil) U ypOBeHb 0€30MacHOCTH, JI0-
myckarommii pasmerieane CAC BOMU3HM MOTpeOUTENEH, MO3BOJSIOT PacCMAaTPUBATH TaKHE
CAC B kauecTBe BO3MOXHOI'O 3JEMEHTa PETHOHAIBHOHN 3JIEKTPOreHEPUPYIOIIEH CHUCTEMBI,
cocrosel u3 cymectseHHor 1o BUD u AC manoit u cpeqHeil MOIHOCTH.

B nenowm, monynsasie CAC ¢ PY CBBP moryT chopmMupoBaTh HOBBIA CETMEHT PhIHKA
AC Mainoii 1 cpenHeil MOIIHOCTH, YAOBIETBOPSIIOMUX TpeboBaHusM K ST cremyromero no-
KOJIEHHS U COOTBETCTBYIOIIMX TEHIECHLIHAM PAa3BUTHS MHPOBOM 3JIEKTPOIHEPTETUKHU C CYIIE-
CcTBeHHOHU noyieri BUD.

Jumepamypa

1. ITocranosnenue [IpasurensctBa PO Ne 87 ot 16.02.2008 «O cocTtaBe pa3menoB MPOEKTHON JOKY-
MEHTAIIMHU U TPEOOBAHMSX K UX COJEPIKAHHION.
2. Ilerpouenko B.B., I'puropses C.A., Komues O.I'. u nap., [Ipoext CBBP: Texymuii ctatyc u Hampas-
JeHust pazBuThs. MexnayHapoanass koHdepeHuuss MAT'ATD «bBeicTpple peakTopbl M TOIUIMBHBIE
kil (FR17)», r. ExarepunOypr, 26-29 urons 2017 r.
3. A Technology Roadmap for Generation IV Nuclear Energy System, GIF-002-00, U.S. DOE Nuclear
Energy Research Advisory Committee and the Generation IV International Forum, December 2002.
4. Petrochenko V.V., Komlev O.G., Grigoriev S.A. et al. SVBR Project: Status and GEN-IV Require-
ment Compliance. Global Symposium on Lead and Lead Alloy Cooled Nuclear Energy Science and
Technology, September 7-8, 2017, Seoul National University, Seoul, Korea.

. BP Statistical Review of World Energy, 67th edition, June 2018.

6. New Energy Outlook 2018, Bloomberg NEF, 2018.

9]

1.4 A Power Unit with the BREST-OD-300 Reactor

Lemekhov V. V., Moiseyev A. V., Bazhanov A. A., Sarkulov M. K., Smirnov V. S,,
Yarmolenko O. A., Lemekhov Yu. V., Cherepnin Yu. S.,

Vasyukhno V. P., Afremov D. A.

JSC NIKIET, Moscow, Russia

Keywords: BREST reactor, power unit, MUPN, FA, metal-concrete vessel, component performance
justification, CFD-codes, safety substantiation.

A technology for closing the nuclear fuel cycle based on a lead cooled reactor facility
should be tested and demonstrated at the Pilot and Demonstration Energy Complex with the
BREST-0D-300 reactor under construction at Seversk for the subsequent commercial imple-
mentation as part of large integrated power systems (~1200 MW).

The reactor core design concepts have been validated by positive results of irradiation
experiments on prototype fuel elements with mixed uranium-plutonium nitride fuel up to a
burn-up of 5.4 % h.a. and a damaging dose of up to 65 dpa. The neutronic characteristics and
nuclear safety have been analyzed using certified codes with regard for the use of nitride fuel
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in the core. The hydraulic and vibration characteristics were studied based on full-scale mock-
ups of fuel assemblies.

The design approaches to the reactor facility components have been experimentally jus-
tified based on mockups of components, including test benches with lead coolant. The work
performed has made it possible to proceed to the testing of prototypes. Computational justifi-
cation of components was performed with regard for the lead coolant effects on the properties
of structural materials.

Calculations of the reactor facility’s thermal-hydraulic characteristics performed using
CFD codes have shown that the integral layout and the different level circulation pattern in the
primary circuit, along with the rest of the reactor facility peculiarities, ensure that safe opera-
tion limits (in terms of fuel and cladding temperatures) are not exceeded during anticipated
operational occurrences with multiple failures superimposed (loss of power supply, scram
failure), and the localizing function of the reactor unit vessel is ensured.

The results of the radiation safety analysis have confirmed the implementation of target
indicators, including no need for evacuation and resettlement of the public outside the site
during anticipated operational occurrences with multiple failures (e.g., loss of power supply
with scram failure, full reactivity insertion).

Studies show that the BREST-OD-300 concepts can be used in large commercial reactor
facilities while ensuring their competitiveness.

At the present time, the BREST-OD-300 power unit design is in the process of licensing
with Rostekhnadzor.

AHepro6bnrok ¢ PY BPECT-0A-300

B. B. Aemexos, A. B. Moucees, A. A. baxaHoB, M. K. CapKynos,
B. C. CmupHoB, 0. A. ApmoneHKo, H0. B. Aemexos,

0. C. YepenHuH, B. 1. BactoxHo, A. A. AppemoB

AO «<HUKHN3T», MockBa, Poccus

KnroueBbie croBa: PY BPECT, 9Heprobaok, CHYM, TBC, metarro6eToHHbIN Kopnyc, 060CHOBaHWe
pabotocnocobHocT 0b6opyaoBaHUsi, CFD-koabl, 060CHOBaHWE 6€30MacHOCTH.

Ha onwiTHO-meMoHcTpanimonHoM sHeprokomiuiekce ¢ PY BPECT-OJI-300, Bo3Boau-
MoM B T. CeBepcK, AOKHA OBITh OTpaboTaHa M MPOACMOHCTPUPOBAHA TEXHOJIOTHS 3aMBIKa-
HUS SIEPHOTO TOIUIMBHOTO IMKJIA Ha 0aze PY co CBHHIIOBBIM TEIUIOHOCHUTENEM JUISl Jaiib-
HeHmel peanu3aiy B HHIyCTPHAIFHOM MaciiTabe Ha MPOMBIIIICHHBIX YHEPrOKOMILIEKCax
6opmoi MomHOCTH (~1200 MBT).

Texuunueckue pemenus mo aktuBHou 30He PY BPECT-O/1-300 moaTBepKaeHBI ITOJI0XKH-
TENBHBIMA PE3yJbTaTaMU O0TydaTelbHBIX SKCIIEPUMEHTOB MPOTOTHUITHBIX TBIJIOB CO CMEIIaH-
HBIM HATPHUIHBIM ypaH-TITyTOHUEBBIM TOTUTUBOM 10 TIIyOMHBI BhIropanus 5,4 % T.a. U MoBpe-
JKaaromiei o3bl 10 65 cHa. HelltpoHHO-(M3MYECKHe XapaKTepUCTHKH U sjepHas Oe3omac-
HOCTbh PACCUHMTAHBI [0 ATTECTOBAHHBIM PACYETHRIM KojaM. [ paBiudeckue U BUOpAIlHOHHBIC
XapaKTePUCTHKY N3YYEHBI Ha ITOTHOMACIITAOHBIX MaKeTaxX TEIUIOBBIACISIONINX COOPOK.

TexHudeckue pemieHns mo odopyaoBanuio PY skcneprMeHTansHO 000CHOBAaHBI HAa Ma-
KeTax KOMIIOHEHTOB 00OpYJOBaHHs, B TOM YHCIIE Ha CTEHIAX CO CBUHIIOBBIM TEIJIOHOCHUTE-
nem. [IpoBen€HHbIe pPabOTHI TTO3BOIHIIN EPEHTH K UCTIBITAHUSIM OMBITHBIX 00pa3roB. Pacuér-
HOe 00O0CHOBaHHE 00OPYIOBAaHHS MPOBEACHO C YIETOM BIHMAHUS CBHHIIOBOTO TETNIOHOCHTENS
Ha CBOWCTBA KOHCTPYKIIMOHHBIX MaTEPHaJOB.

Pacuérsl TemioruapaBIuYecKux XapakTepucTuk PY, BBINOMHEHHBIE ¢ UCHOIB30BAHUEM
CFD-komoB, mokasaiy, 4TO WHTETrpajbHas KOMIIOHOBKA M ypOBHEBas CXeMa IHMPKYJSIIHUA B
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MIEPBOM KOHTYpE, Hapsay C OCTATBHBIME 0coOeHHOCTAMU PY, mpu HapymieHusIX HOpMaIbHOH
SKCIUTyaTalluu C peaiu3alrell MHOKECTBEHHBIX OTKa3oB (0OecTouyMBaHUeE, HecpaOaThIBaHHE
aBApUIHOW 3aIUTHI) 00ECIIEUNBAIOT HETPEBHIMICHUE MPEICTIOB 0S30ITaCHOM IKCILTyaTal|H 110
TeMIlepaType TOIUTHBA, 000JIOYKH TBIJIOB, O0eCTIeYMBaETCS JTOKATU3YIOMas (PyHKIUSI KopITyca
peakTopHOro OJI0Ka.

ITo pesynbpTaram pacuéra paaHalOHHON 0€30IaCHOCTU MOATBEPKICHHI I[EJeBBIC TTOKA-
3aTelnd — OTCYTCTBHUE HEOOXOJIMMOCTH SBaKyallil W OTCEIICHHS HACEJNCHWsS 3a TpaHUleH
MIPOMIUTOIIAIKY MTPH HAPYIIEHUSIX HOPMaIbHOM IKCIUTyaTanuu PY ¢ MHOKECTBEHHBIMH OTKa-
3aMu (HampuMep, o0ecTOUMBaHME C HecpaOaThIBAHHEM aBapUHHOW 3aIIUTHI, BBOA MOJIHOTO
3amnaca peakTUBHOCTH).

[IpopaboTku moka3pIBalOT, 4TO pemreHus, npumensemele B PY BPECT-O/1-300, moryT
OBITh MCTIONB30BaHBI B KOMMEpUECKUX PY OobIIoi MOITHOCTH ¢ oOecriedeHneM MX KOHKY-
PEHTOCTIOCOOHOCTH.

B nacrosmee Bpems mpoekT sHeprodiaoka ¢ PY BPECT-O/I1-300 mpoXoauT JINIIEH3UPO-
BaHue B PocrexHanzope.

1.5 A Summary of Generation-IV Lead Fast Reactor Activities

Alemberti A. (Ansaldo Nucleare SpA, Genova, ltaly)

Tucek K. (EC-Joint Research Center (JRC), Petten, Netherlands)
Obara T., Kondo M. (Tokyo Institute of Technology (TIT), Tokyo, Japan)
Moiseev A. (JSC “NIKIET”, Moscow, Russia)

Hwang L.S. (Seoul National University, Seoul, Republic of Korea)
Smith C. (Naval Postgraduate School, Monterey, United States)

Wu Y., Ming J. (INEST, Hefei, People’s Republic of China)

Keywords: Lead Fast Reactor, LFR, Generation IV, GIF, BREST, SSTAR, ELFR, sustainability.

The LFR concepts identified by GIF include three reference systems. The options con-
sidered are a large system rated at 600 MWe (ELFR EU), intended for central station power
generation, a 300 MWe system of intermediate size (BREST-300 Russia), and a small trans-
portable system of 10-100 MWe size (SSTAR US) that features a very long core life.

Since 2012 the Lead-cooled Fast Reactor provisional System Steering Committee (LFR-
pSSC) of the Generation IV International Forum (GIF) has developed a number of top level
strategic activities with the aim to assist and support development of Lead-cooled Fast Reac-
tor technology in member countries and entities. The current full members of the GIF-LFR-
pSSC (i.e., signatories of the GIF LFR Memorandum of Understanding /MoU/) are:
EURATOM, JAPAN, the RUSSIAN FEDERATION, and the REPUBLIC OF KOREA. The
UNITED STATES signed in February 2018 the GIF-LFR MoU while the PEOPLE’S
REPUBLIC OF CHINA is still participating to the Committee activities in the so called “ob-
server status”.

The paper highlights the main recent collaborative efforts and achievements of the LFR-
pSSC, including the development of the LFR System Research Plan, the LFR White Paper on
Safety, the LFR System Safety Assessment paper as well as the LFR Safety Design Criteria
document. A brief overview of the main aspects of the above cited report is included in the
paper to highlight the benefits of the collaborative work carried out inside GIF.
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Finally the status of the development of LFRs in the GIF member countries and entities
is briefly presented, making reference to all the world-wide initiatives taking place and rele-
vant for LFR.

0630p A€ATEABHOCTU B 06NACTU peaKTOPOB Ha GbICTPbIX HEUTPOHAX
CO CBUHLOBbIM TenAnoOHocuTeneM IV nokoneHUA

A. AnembepTu (Ansaldo Nucleare SpA, leHys, Utarus)

K. Tyuek (COBMECTHbIH HayYHO-UCCAEAOBATEALCKMNI LIEHTP EBPONEHCcKon KoMUccum
(JRC), lNetreH, HuaepraHabl)

T. O6apa, M. KoHpo (Tokuiickuii TexHorormuyeckmit mHetutyT (TIT), Tokmo, AnoHus)
A. Moucees (AO <HUKNIT», MockBa, Poccusi)

W. C. XBaH (CeyabCKui HaumMoHaAbHbINA yHUBepcuTeT, Ceya, Pecriybanka Kopes)

K. Cmut (BoeHHO-mMopckas acnupaHTypa, MoHTeped, CLLA)

W. By, U3. MuHb (INEST, Xagaii, Kutarickasi HapoaHas pecrnybavka)

KaroueBbie cAroBa: CBUHLOBLIN BbicTpbii peaktop, CBP, nokoaenue IV, GIF, BPECT, SSTAR, ELFR,
AOATOCPOYHOE pas3BUTHE.

Ha MexnaynaponHoM ¢opyme 1o peakropam [V mokosieHns: B Ka4eCTBe OCHOBBI JUIS
MIPOEKTOB CBUHIOBBIX OBICTPBHIX peakTopoB (CHP) Obutn BBIIENEHBI TPH OCHOBHBIX CHCTEMBI.
PaccmaTpuBatoTcss Takue cucTeMbl, Kak Ooiblnas cucrema, paccuuTtanHas Ha 600 MBta
(ELFR EU), npenna3zHaueHHas AJsl MPOM3BOACTBA 3JIEKTPOSHEPTUU HA LIEHTPAIbHOW CTaH-
nun, cuctemMa Ha 300 MBT13 cpemnero pasmepa (BPECT-300, Poccus) m mHeOompmias mepe-
nmerkHas cuctema Ha 10-100 MBT» (SSTAR US), xoTopast otiamdaercs OOIBIION MPOHOI-
KHUTEITBHOCTHIO KaMITaHUH.

ITocne 2012 r. KoopauHalimoOHHBIA KOMHTET TI0 pa3pabOTKe MPEIBAPUTEIBHBIX CHCTEM
JUTA CBUHIIOBBIX ObICTpBIX peakTopoB (LFR-pSSC) MexnynapomHoro ¢popyma 1o peakropam
IV nokonenus pazpabotain paj mporpamm, HalleJIeHHbBIX Ha MOAACPKKY pa3pabOTKH TEXHOJIO-
Ui CBUHIOBBIX OBICTPBIX PEAKTOPOB B CTPaHaX M OpraHU3alMAX-ydacTHULIAxX. B HacTosmumit
MOMEHT ToJHOnpaBHbIME ydacTHHKamu LFR-pSSC (T. e. cropoHamu, moxamucaBmmMu Me-
MOpaHAyM o B3auMononumManun) spisitorcsi: EURATOM, fnonus, Poccuiickas ®enepanus u
Pecniy6nuka Kopest. B gespaine 2018 r. CILIA takxe noanucan MemopanayM, a Kuraiickas
Haponnas PecniyGnuka B Hactosiee Bpemst y4acTByeT B pabote Komurera B cratyce Habuto-
JaTens.

B 3TOM noKymeHTEe OmMcaHbl OCHOBHBIE acleKThl COBMECTHOH pabOThI M TOCTHXKEHUS
LFR-pSSC, B ToM uncne pazpadotka [Inana mccnenoBanuii cucrem CBbP, Texaudeckuii qoKy-
MEHT 1o 0e30MacHOCTH, JOKYMEHT 10 oleHke Oe3omacHoctu cucteM CBP, a Taxxke nokymeHT
10 pacyeTHBIM Kputepusim OezomacHocTH CBP. B 3TOM nokyMeHTe Takke IpUBOIUTCS KPaTKUN
0030p OCHOBHBIX aCIIEKTOB YKa3aHHOT'O BBILIE OTYETA, TOAYCPKUBAIOIINI Ba)KHOCTh COBMECT-
HOH paboThI B pamKax MexxayHaponHoro hopyma no ObICTpbIM peakTopam [V nokonenust.

Kpowme Toro, kpatko onmcano cocrostane pazpadbotku CBP B cTpanax m opraHn3anusx-
ydacTHUIax Gopyma co CChUIKaMH Ha Bce TI00anbHble HHUIUATHBEI, Kacaromuecs CBP.
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1.6 Strategy and R&D Status of China Lead-based Reactor

Yican Wu, FDS Team

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology, Chinese Academy of Sciences, Hefei, Anhui, 230031, China
E-mail: yican.wu@fds.org.cn

Keywords: Lead-based Reactor; CLEAR.

Lead-based reactor is one of the most promising nuclear energy systems for Genera-
tion-1V reactor and Accelerator Driven subcritical System (ADS). Chinese government has
provided a continuous national support to develop lead-based reactors technology since 1986,
by Chinese Academy of Sciences (CAS), Minister of Science and Technology, NSF etc. In the
last 30 years’ research on lead-based reactor, Institute of Nuclear Energy Safety Technology
(INEST/FDS Team) places more emphases on China LEAd-based Reactor (CLEAR) design,
reactor safety assessment, design and analysis software development, lead-bismuth experi-
ment loop, key technologies and components R&D activities and proposed a roadmap of
CLEAR development.

INEST has completed detailed conceptual design of CLEAR-I ADS reactor for spent
fuel transmutation as final goal, which has operation capability of subcritical and critical dual-
mode, and finished engineering design of small module reactor called CLEAR-M for 10MW
class power supply. In addition, series of innovative concepts for different purpose are being
developed to enlarge the application perspective of lead-based reactors, such as advanced ex-
ternal neutron source driven lead-based raveling-wave Reactor (CLEAR-A) for U and Th high
efficient utilization, CLEAR-H for hydrogen production, etc.

KYLIN series Lead-Bismuth Eutectic (LBE) experimental loops have been constructed
which is a large multi-functional lead-bismuth experiment loop platform. It has three inde-
pendent loops, including material test loop, thermal hydraulic loop and safety loop. The objec-
tive of KYLIN is to perform structural material corrosion experiments, thermal-hydraulics
tests and safety experiments. The key components including the control rod drive mechanism,
refueling system, fuel assembly, and simulator for principle verification have been fabricated
and tested. In order to integrated test the technologies of lead-based reactor, three integrated
test facilities have been built, including the lead alloy cooled engineering validation reactor
CLEAR-S, the lead-based zero power critical/subcritical reactor CLEAR-0, the lead-based
virtual reactor CLEAR-V.

KutancKkuil CBUHLIOBbIM peaKTop: cTpaTerus U Tekyuiee cocroaiue HUP

UkaH By, FDS Team

BeayLas rabopatopusi HEUTPOHHON GUIUKK W paAnaLIMOHHOM 6e30M1acHOCTH,
UHCTUTYT TEXHOAOT MK 6E30MacHOCTU SAEPHOM 3HEPreTUKM, KUTarickas akaaeMust Hayk,
Xapari, AHbxo#, 230031, Kutan

E-mail: yican.wu@fds.org.cn

KnroueBbie cAoBa: CBUMHLOBBIV peakTop, CLEAR.

CBUHIIOBBII PEaKTOpP SIBISETCS OJHON M3 CaMBIX MHOTOOOEIIAIONINX SIePHBIX dHEpre-
TUYECKUX CUCTEM ]ISl IIOAKPUTUIECKON CUCTEMEI ¢ yckoputeneM (D51Y) u peakropos IV moko-
nenust. Haunnas ¢ 1986 rona kuraiickoe NpaBUTENBCTBO OKA3bIBACT MOCTOSHHYIO MOJACPKKY
WCCIIEIOBAaHUH B 00JIACTH Pa3BUTHS PEAKTOPOB CO CBHMHIIOBBIM TEIDIOHOCHTEJIEM, PEaTN3yeMyt0
yepe3 Kuraiickyro akaneMuro Hayk, MUHUCTEpCTBO HayKh W TexHojoruid, HanuoHanbHBIN
(hOHJ CONEWCTRUSI pa3BUTHIO HAYKU U JPYTUE OpraHu3aiuu. B paMkax vccie0BaTeIbCKUX pa-
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00T 10 peakTopaM CO CBUHLIOBBIM TEIIOHOCHUTEJIEM, KOTOPhIE IPOBOIMINCH B TE€UEHHE MOCIIE -
Hux 30 ner, MucTuTyT TexHoNoruit 6e3omacHocTH sinepHoit sHepretuku (INEST) yaensit oc-
HOBHOE BHUMaHHE KOHCTPYKIUH PEaKTOpa, OLEHKE ero 0e30macHOCTH, pa3paboTke MporpamMmm-
HOro oOecriedyeHHs A MPOEKTHPOBAaHMSA M PACUCTOB, CBHHIIOBO-BHCMYTOBOW 3KCIEPHMEH-
TanpHOH metie, mpoBenaeHnio HMOKP 1o KITFOYeBBIM TEXHOJOTHSAM U 00OpPYIOBAaHHUIO M CO-
CTaBJICHUIO JOPOXKHON KapThl JANBHENUIIETO Pa3BUTHUS CBUHIIOBBIX PEAKTOPOB.

Bruna 3aBepiiena pa3paboTka JeTanbHOro 3CKH3HOTO mpoekTa peakropa CLEAR-I ADS,
KOTOPBIA MOXeET padoTaTh B KPUTHYECKOM M MOJKPUTHYECKOM PEKUMaX M KOHEYHOH LETHI0
KOTOPOTO SIBJISIETCS TPaHCMYTalls OTpabOTaBIIEro TOIUIMBA, TaKKE 3aKOHUYEH TEXHUYECKUN
MpoeKkT Mayoro MoxynbHoro peaktopa CLEAR-M anst BbIpaOOTKH SHEPTUH C MOIIHOCTBIO
10 MBTt. Kpome Toro, pa3pabaTeIBaloTCs MHHOBAITMOHHBIE KOHIICTIIIUA IS pa3HBIX oOJiacTeit
IIPUMEHEHUS, KOTOPHIE PACIIUPSIOT MEPCIEKTUBBI HCIOIb30BaHUS CBUHIIOBBIX PEAKTOPOB, B
TOM YHCJIe TIEPCIIEKTUBHBIN peakTop Ha Oeryiueil BoJHe ¢ BHELIIHUM HCTOYHUKOM HEHTPOHOB
U CBUHIIOBBIM TEIUIOHOCHTENEM AJsl BbicokodhdexTuBHOM yrmmsanuu U u Th, ycranoBka
CLEAR-H nns npousBocTsa BoAopoaa u T. .

beimn cosmansl 3kcnepuMeHTanbHble netian cepur KYLIN co CcBHHIIOBO-BUCMYTOBOM
3BTEKTHUKOM, KOTOPBIE MPEACTABISIOT COOOH KPYIMHYI0 MHOTO(YHKIMOHAIBHYIO SKCIIEPUMEH-
TaIbHYIO0 IAaTGOPMy U HCCIEIOBAHUI TEXHOJOI'MH CBHHLA-BUCMYTA C TPEMsl HE3aBUCH-
MbIMU TieTisiMH. YctaHoBku cepurd KYLIN OyayT ucmonb3oBaThCs Asl KOPPO3UOHHBIX HC-
MBITAHUN KOHCTPYKIMOHHBIX MaTe€pHaloB, TEIUIOTMIPABINYECKUX HCIBITAHUA M MCIBITAHUI
1o 0e30macHOCTU. M3roTOBIEHO M UCIBITAHO OCHOBHOE 00OpPYHOBAaHHUE, BKIIIOYAs MEXaHU3M
MIPUBOJIA PETYIHPYIOMINX CTEPXKHEH, CucTeMy meperpys3ku Torumsa, TBC n Monmenupyromee
YCTPOMCTBO JUIsl POBEPKHU MPABUIIBHOCTH NPUHATBHIX PEIICHUN. J{Js KOMIUIEKCHOTO HCIIbITa-
HUS TEXHOJIOTUHU SKCIUTyaTallid CBHHIIOBOTO PEaKTOpa MOCTPOEHO TPH UCTIBITATENBHBIX CTEH-
nma: HeanepHas ycraHoBka CLEAR-S Ha cBUHIOBOM criaBe [Uisi BepHU(HUKAIIMH TPOEKTA,
cBUHIOBHIN snepHblil peaktop CLEAR-0 HyneBoif MOITHOCTH W CBUHIIOBBIN BHPTYaJIbHBIN
peaktop CLEAR-V.

1.7 Provision of Heavy Liquid-Metal Coolant Technology in the New
Generation Reactor Systems

Askhadullin R. Sh., Storozhenko A. N., Melnikov V. P,,
Legkikh A. Yu., Ulianov V. V.
JSC “SSC RF - IPPE”, Obninsk, Russia

The selection of coolant for a reactor system to a great extent accounts for its
engineering features and safety parameters. Heavy liquid-metal coolants (lead, lead-bismuth)
are explosion — fireproof effective coolants that allow heat removal at high temperatures and
low pressures. At present, at the national and international levels, the new generation reactor
systems with lead and lead-bismuth coolants are being developed on the basis of up-to-date
safety standards, sustainability, cost effectiveness, and physical protection. In Russia, the
engineering design of the BREST-OD-300 reactor is nearing completion; the engineering
design of the SVBR-100 reactor has been completed. The Chinese heavy liquid metal cooled
reactor "CLEAR-I" is at the stage of preliminary engineering design. The following reactors
are being developed in Europe: ALFRED (Generation IV European Lead-Cooled
Demonstration Reactor), MYRRHA (Lead-Bismuth-Cooled Research Reactor based on the
Accelerator-Driven System), ELFR (Generation IV European Commercial Lead-Cooled
Reactor).
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The vast experience gained in Russia in the area of heavy liquid metal coolants (reactor
systems for submarines, circulation test facilities) shows that for failure-free and safe
operation of plants with these coolants, a set of measures on coolant technology have to be put
in place.

The need for a special set of measures is defined by the following features of the coolant
application:

— formation of solid-phase lead oxide-based slag when it comes in contact with oxygen (in the
event of reactor depressurization), special methods of coolant purification are required;

— interaction with structural steels (corrosion damage of the surface in the absence of
protective oxide coatings), special methods are required to ensure the conditions for oxide
coating formation and maintenance on the steel surfaces;

— accumulation of solid-phase oxides of metal impurities on the coolant surface and heat-
exchange surfaces (in the absence of continuous coolant filtration), high-temperature
coolant filters have to be used;

— accumulation of coolant aerosols and solid-phase oxides of metal impurities in the reactor
cover gas (in the absence of cover gas filtration); special filter materials are required for the
gas filters.

Up-to-date approaches to the heavy liquid-metal coolant technology are addressed in
this paper.

O6ecneueHue TEXHOAOTUMU TAXKEAOTO XKMAKOMETAAAUUECKOTO
TENAOHOCUTEAA B PEAKTOPHbIX YCTAaHOBKaxX HOBOIo NOKOAEHUA

P. LL. AcxapynnuH, A. H. CtopoxxeHko, B. . MeAbHUKOB,
A. 0. Nerkux, B. B. YabsiHOB
AO «HL P® - ®3U», r. O6HUHCK, Poccus

Br16op TemnonocuTens peakTOpHOW YCTAaHOBKH B 3HAYUTEIHHON CTETICHH ONpEeIisieT
e€ MHXXCHEPHBIN 00K U MapaMeTphl 0e30MmacHOCTH. TsoKenble KUIKOMETaJUINIeCKUe TeIIo-
HOCUTENH (CBUHEL, CBUHEL-BHCMYT) — B3PHIBO-TIOKapobe3onacHble 3QPEeKTUBHBIE TETIIOHO-
CUTENH, TO3BOJIAIOIINE OTBOJUTE TEIJIO IPU BBICOKUX TEMIIEPATypax U MalblX JaBlcHUIX. B
HAaCTOsIIIee BPEMsI HAa HALMOHAJIBHOM M MEXAYHAapOIHOM YPOBHSAX Ha OCHOBE COBPEMEHHBIX
CTaHAAapTOB 0€30MaCHOCTH, yCTOWYMBOCTH, IKOHOMHUYECKOW 3(PQPEKTHBHOCTH, (przndeckoii
3aIUTHI, Pa3padaThIBAlOTCS PEAKTOPHBIE YCTAHOBKM HOBOTO TIOKOJIEHHS CO CBHHIIOBBIM U
CBHHIIOBO-BUCMYTOBBIM TEIUIOHOCUTEIIMA. B Poccun 3aBeprnaercss TEXHHYECKOE IPOEKTH-
poBanue peakropa BPECT-O/I-300, 3aBepiieH TEXHUYECKUI MPOEKT PEaKTOPHOH yCTaHOBKU
CBbP-100. Ha ctanuu mpeaBapHUTENbHOIO TEXHHYECKOTO MPOEKTUPOBAHUS HAXOAUTCS KH-
Talckuii peakTop ¢ TsokenbM TerutoHocuteneM CLEAR-I. B EBporre pa3pabateiBarores ciie-
nyromue peaktopHble yctaHoBkH: ALFRED (eBponeiickuil 1eMOHCTpaliMOHHBIN peakTop co
CBUHIIOBEIM TeruioHocuteneM [V mokonenus), MYRRHA (uccrnenoBarenbckuii peakTop co
CBUHIIOBO-BICMYTOBBIM TEILTOHOCUTENIEM Ha OCHOBE AJeKTposaepHoii cucremsr), ELFR (eB-
poTelcKuii KOMMEPYECKH PeakTop CO CBHHILIOBBIM TeTTOHOCHTENeM [V mokonenus).

Nmerommiics B Poccun 3HaUMTENbHBIN ONMBIT paboThl ¢ TSKEIBIMU TETJIOHOCUTEISIMU
(peakTopHBIE YCTAHOBKHU MOIBOIHBIX JIOAOK, IUPKYJISAIIMOHHBIC CTEH/IBI) TOKA3bIBAET, UTO JIJIS
Oe3aBapuitHO# 1 0e30MMacHON KCILTyaTallyl yCTAHOBOK C TAHHBIMH TEIIJIOHOCUTEIISIME HE00-
XOJMMO BBINOJIHEHUE KOMIUIEKCA MEP IO TEXHOJIOTHH TEIJIOHOCUTEIS.

Heo0Xx0omuMoCTh BBINOMHEHMST CIEHUATBHOIO KOMIUIEKCA MEP ONpeAeisIeTcsl Cleaylo-
IIMMHA OCOOCHHOCTSIMH MCTIONB30BaHUSI TETUIOHOCHUTEIIS:
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— obpasoBanue TBepAOGha3HbIX MUIAKOB HA OCHOBE OKCHJIOB CBHHIIA TIPU KOHTAKTE C KH-
CJIOPOZIOM (B ClTy4ae pa3repMeTU3aluu PEeakTopa); HeOOXOUMbI CIICIUATBHBIC METOJIbI OYUH-
CTKH TETJIOHOCHUTEJIS,

— B3aUMOJICUCTBHE C KOHCTPYKIIMOHHBIMH CTalIsIMH (KOPPO3HOHHBIC TIOBPEKICHHUSI MMO-
BEPXHOCTH B CIIy4ae OTCYTCTBHUS 3AIIUTHBIX OKCHIHBIX IMOKPBITHH); HEOOXOAUMBI CIIIIHAIIb-
HBIE METOJIbI 00ECTICUEeHUS YCIOBHH (POPMHUPOBAHUS U TIOJIEPIKAHUST OKCUIHBIX TIOKPBITHI Ha
MTOBEPXHOCTSX CTaJeH;

— HAKOIIJICHHEC TBCpJ];O(bEBHBIX OKCHJI0B MCTAJNIMYCCKUX HpI/IMCCCﬁ Ha NOBCPXHOCTHU TEC-
TUTOHOCHUTENS U TETTIOOOMEHHBIX TIOBEPXHOCTAX (IIPU OTCYTCTBHH HEMPEPHIBHON (PUIBTpaiuu
TEIUIOHOCHUTEIIS); HEOOXOUMO HCIIOIB30BaHUE BBICOKOTEMIIEPATYPHBIX (DUIBTPOB TEILUIOHO-
CHTEIS;

— HaKOIUICHHWE a’po30Jiel TEIUIOHOCUTENS U TBepAO(pa3HBIX OKCHIOB METAJUTUYECKUX
IpUMeceH B 3alIUTHOM Ta3e peakTopa (IpU OTCYTCTBUHU (UIBTPAIMH 3alUTHOTO Ta3a); HeoO-
XOJIMMO HCTIONb30BaHKE CIICIUATBHBIX (GUITETPOMATEPUATIOB JJIsl Ta30BBIX (DHUIIBTPOB.

B OOKJIaA€ paCcCMOTPEHBI COBPEMEHHBIC MOAXOABI K TEXHOJIOTUH TAXKEIIOTO XKUIAKOME-
TAJJTMYECKOTO TeTUIOHOCHTEIS.
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2.1 Small-Sized Nuclear Power Plant of Ultra-Small Power
for the Far North Conditions

Ivanov N. V.1* Levtchenko A. V.1, Toshinsky G. 1.2

1Simulation Systems Ltd. (SSL), Obninsk, Russia
2JSC “SSC RF IPPE”, Obninsk, Russia
* E-mail: Nikolaylvanov@ssl.obninsk.ru

Development of heat and power supply reactors of ultra-low power (electric power up
to 30 MW) is one of the perspective areas in modern nuclear power engineering.

Ultra-low power reactor facility may be in demand to ensure vital activity of infra-
structure in hard-to-reach regions, providing a high degree of autonomy.

The report describes the worked out concept of the reactor core design and its neutron-
physical parameters.

The concept of this project is based on requirements that can be summarized as fol-
lows:
— ability to work in extremely low negative temperatures;
— nuclear reactor with 8 MW of heat power providing electricity to 1.5 MW at a nuclear

power plant of ultra-low low power;
— operating time between refueling is 20 years;
— absence of high-pressure housing;
— the reactor should be of small-sized (diameter and height of the core not more than a meter);
— reliability and safety of the reactor should be in accordance with modern level of science
and technology.

Taking into account the requirements for the campaign duration and the small dimen-
sions of the reactor, uranium dioxide enriched to 35% has been considered as a fuel.

The shortened fuel elements of the SVBR (PBFR)-100 reactor are used as the fuel
elements [1].

Heavy liquid metal lead-bismuth alloy (44,5% Pb + 55,5% Bi) has been chosen as a
coolant [2].

As the result of variant calculations and with an aim to meet the above requirements
the certain neutron-physical parameters have been obtained.

The main parameters of the core and results of the calculations are shown in the Table.

The main parameters of the core and results of the calculations

Parameter Value
The core Height, mm 500
Diameter of the core (without reflector), mm 725
Number of the fuel elements 1966
Number of technological channels of CPS 9
Fuel U0, (35% **U)
Time between refueling, years 20
Reactivity Cold state. Fresh fuel, %Ak/k 10,49
resource d}lring Hot state. Fresh fuel. Temperature of 270°C, %Ak/k 10,14
the campaign
100% Nyoy. Fresh fuel, %Ak/k 10,03
100% Ny Operation of 20 years, %Ak/k 0,99
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Coefficients of | Of the fuel temperature, Ak/k/C -1,59E-06
reactivity Of the coolant temperature, Ak/k/C -4,83E-06

Of power, Ak/k/MW -6,39E-06
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ManorabaputHaa aToMHas CTaHUUA CBEPXMaAOW MOLUHOCTH
AnA ycnoBun KpanHero CeBepa

H. B. UBaHoB1*, A. B. AeBueHko?, I. U. TOLLUHCKKI2

1000 SHUML «Moaeanpyrotme cuctemsbl», OBHMHCK
2 AO «HL P® ®3MU», O6HUHCK
* E-mail: Nikolaylvanov@ssl.obninsk.ru

B coBpeMEHHOI aTOMHOW 3HEPreTUKE OAHUM W3 IEPCHEKTHBHBIX HAIPABJICHUN HUC-
[IOJIb30BAHUS SIICPHONW 3HEPrUM SBISIFOTCA PEAKTOPBI A TEIUIO- M 3JIEKTPOCHAOKEHUS
CBEPXMAaJION MOITHOCTH (AJIEKTpHUIECKast MOITHOCTE 110 30 MBT).

PeakTopHas ycTaHOBKA CBEpXMaloil MOIITHOCTH MOYXET OKa3aThCsl BOCTPEOOBAaHHOMN IS
obecrieueHus! KU3HEACATEIILHOCTH 00bEKTOB MH(PACTPYKTYPHl B TPYIAHOAOCTYIHBIX PErHO-
Hax, oOecrieynBast BbICOKYIO CTETIEHb aBTOHOMHOCTH.

B noknane onuceiBaeTcst mpopaboTaHHasl KOHIENLMS KOHCTPYKLIUM aKTHBHOM 30HBI pe-
aKTOpa U HEUTPOHHO-(PU3NIECKUE XaPaKTEPHUCTUKH.

B 0CHOBY KOHLIETIIIMM JAaHHOTO MPOEKTA MOJIOKEHBI TPEOOBAHUS, KPATKO KOTOPHIE MOX-
HO c(hopMyIHPOBATH CIEAYIOUUM 00pazoM:

— CIIOCOOHOCTH paboTaTh B YCIOBHUIX KpailHe HU3KUX OTPULIATENIbHBIX TEMIIEpaTyp;

— AJepHBII pPeakTop TEIUIOBOW MOIIHOCTBhIO 8 MBT, mo3Bosnstomuii o0ecednTs BEIpabOTKY
3NIeKTposHepruu Ao 1,5 MBT Ha aTOMHOM CTaHIIMU CBEPXMajoil MOIIIHOCTH;

— BpeMs paboThl MKy Ieperpy3kamu Torusa 20 jer;

— OTCYTCTBHE KOPITyCa BBICOKOTO JaBJICHUS;

— PEaKkToOp AOJDKEH OBITh ManorabapuTHBIM (JUaMeTp M BBICOTa aKTHBHOW 30HBI HE Oonee
MeTpa);

— HaJIGXHOCTh U 0E€30MacHOCTh PeakTopa J0JHKHA COOTBETCTBOBATh COBPEMEHHOMY YPOBHIO
Pa3BHUTHUA HAYKH U TEXHUKU.

C yuerom TpeOOBaHHIA 10 ATUTETFHOCTH KaMIIaHUH U MaJIbIX rabapuToOB peakTopa B Ka-
YecTBe TOIUIMBA OBLT paCCMOTPEH o0oTameH b 10 35% AnokcHy ypaHa.

B kxadecTBe TEMIOBBIAEIAIONNX IEMEHTOB HCIIONB3YIOTCS YKOPOUEHHBIE TBAJIBI PEAK-
topa CBBP-100 [1].

B kauecTBe TEIUIOHOCUTENS BHIOpAH TSDKENBIN JKMIKOMETAJUINYECKHM CIIIaB CBUHEII-
BucMyT (44,5% Pb + 55,5% Bi) [2].

B pesynpraTe BapHaHTHBIX pacueToOB AJIS peasM3alliy MOCTaBJICHHBIX TpeOOBaHUH IO-
Jy4eHbl HEUTPOHHO-(U3NIECKHE XapakTepuCTHKH. OCHOBHBIE XapaKTEPUCTHUKH AKTHBHOMN
30HBI U PE3YJIbTaThl PACUETOB IIPUBEICHBI HUXKE.

XapaKTepHCTHKH AKTHBHOM 30HbI

BBICOTA AKTUBHOM 30HBI, MM .......ccceeiurrireeeeeeeeeinrrereeeeeeeeeesrreeeeeeeessessneenss

JlnameTp akTHBHOM 30HBI (0€3 ydeTa oTpaxkaTesns), MM

KOIUYECTBO TBATOB, IIIT. ......cevvvveeeeererreereerereneeeeeseeeeeesennnnes
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KonnyecTBo TeXHONMOrMYeCKUX KaHAJIOB MO cTepKHU CY3 ......cueenneee. 9

235
TOTIIHBO ....cuvvieeetieceiteeieeeite ettt et e eive e s beeebeeestbeetbeesbeesbeessseesssaessseeannsens UO;(35% “°U)
BpeMs Mexay neperpy3KaMu TOTITUBA, JIET .....ccoveeeveeenureenreesveesareesnnnes 20

3anac PCAKTUBHOCTH B TCUCHUEC KaMITaHUU

Xononanoe coctosiaue. Cexee TOMIHBO, YoAK/K ...ovvvvvviiiiiiiiiiiieeeeeen, 10,49
I'opstuee cocrosHue. CBexee Tomnuso. Temmneparypa 270°C, %Ak/k ....10,14
100% N0 CBeskee TOIIUBO, YoAK/K .....ooveeeeiieieeeeeeeceeeee e 10,03
100% Nyop. Pa60Ta 20 7T, YoAK/K ..veoceveeeeeeeeeeeeeeeeeeeeeeeee e 0,99
Koy punueHTsl peakTHUBHOCTH
ITo remnepatype TOIIUBA, AK/K/C ......oovviiviiiiiiniinierieieeeicereeeeiene -1,59E-06
[To Temnepatype TermOHOCUTEIS, AK/K/C ...o.vvvviiieiiiieieeeeeee, -4,83E-06
MOIHOCTHOM, AK/K/MBT ......voioiiieieieeeeeeeeee e -6,39E-06
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2.2 Experimental Modeling of Hydrodynamics and Heat Transfer
in Reactors with Heavy Liquid Metal Coolants
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The thermohydraulic analysis of reactor units with fast reactors is one of the most
important directions of the complex of interrelated tasks on the justification of reactor
parameters related to neutron physics of reactors, thermal physics, thermo-mechanics,
structural strength, etc.

The necessary for the development of methods for numerical simulation of hydrody-
namics and heat transfer for the justification of design solutions and the safety of reactor units
required experimental studies to obtain data on physical regularities and the characteristics of
hydrodynamics and heat transfer in the reactor units, relations for closing of the numerical
models equations and verification of computational codes [1-4]:

— hydrodynamics of liquid metal coolant flows in channels, rod systems, chambers and
collector distribution systems;

— heat transfer in pipes, assemblies of fuel rods of the reactor core and heat exchangers with
liquid metal coolants taking into account interchannel mixing;

— hydrodynamics and heat transfer in the steam generators;

— heat transfer in the mixing chamber, etc.

To solve these problems a set of experimental liquid metal facilities was created,
equipment, modeling methods, experimental techniques and measurement techniques were
developed, sensors and system for automatic obtaining and processing of experimental
information were created.
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Heat transfer in liquid metals has its own characteristics largely due to their high thermal
conductivity and the low Prandtl number accordingly. At low values of the Prandtl number the
concept of a thermal boundary layer which in this case extends to the center of the channel
loses its meaning. When studying the heat transfer of liquid metals, first of all, in the region of
the heat-transfer surface, it is necessary to take into account the behavior of the impurity
composition of the liquid-metal coolant at the surfaces of its circulation for the nominal
regime and for deviations from the normal operation mode, and also to monitor its state.

Thus, one of the most important questions in the preparation and carry out of
experiments on hydrodynamics and heat transfer in liquid metal coolants is the fulfillment of
the conditions for mechanical, thermal, and thermodynamic similarity determining the
dependence of the physical properties of a moving heat-conducting medium on the state
parameters, and the most general dependencies for description heat transfer in various liquids
under the most various conditions of hydrodynamics and heat transfer.

When planning and carry out an experimental study, generalizing its results, the
similarity analysis and the following criteria and asymptotic solutions should be applied in
full. In the case when a sufficiently complete analytical solution or numerical study of a
mathematical model is possible, the purpose of the experiments is to test its main premises
and also to refine the calculation coefficients.

Direct physical modeling consists in reproducing a process of the same physical nature
as in the actual sample, but the same characteristics of the process are changed (reduced or
increased) by some constant factors. In other words, any two physically similar phenomena
can form a pair of full-scale sample — a model. Hence follows the fundamental rule of
modeling, formulated by M.V. Kirpichev and A.A. Gukhman [5]: similar to systems of one
physical nature, the conditions of single-valuedness of which are similar, and the criteria of
the same name, compiled from the single-valued conditions, are numerically identical.

To fully simulate the model of the full-scale sample, the following conditions must be
carried out:

a) the process reproduced in the model refers to the same class of physical phenomena as the
process in the actual sample, both processes obey the same equations and are
characterized by the same physical quantities;

b) the model is geometrically similar to the actual sample;

¢) the dimensionless boundary conditions in the actual sample and the model are the same
qualitatively and numerically;

d) dimensionless independent variables (defining criteria), the variables in the actual sample
and the model have the same numerical value in pairs.

When these conditions are carried out the simulation is straightforward and complete.

Physical modeling with sufficiently clearly delineated boundaries of the reliability of the
results obtained with its help is possible only on the basis of some pre-selected mathematical
model.

Practically direct modeling can be applied indefinitely only for processes whose
determined similarity numbers are functions of only geometric simplices of the system and
one defining criterion. The presence of two defining criteria, such as, for example the numbers
Re and Pr during heat exchange, significantly complicates the modeling. With three defining
criteria, direct modeling is usually not feasible. In such cases it is necessary to carry out a
systematic multi-variant experiments.

The purpose of such modeling experiments is the real identification of effects, solved
by a very general mathematical model, but not reproducible at the modern level of
mathematical technologies, either analytically or in numerical studies. For example, the
elucidation of complex vortex structures in viscous fluid flows, the correlation functions of
specific turbulent flows, etc.
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In this paper we present the results of an analysis of the features of the application of the
similarity theory of thermophysical processes to modeling:
— hydrodynamics and heat transfer to liquid metals in channels of complex shapes;
— thermal hydraulics in rod systems with liquid metal coolants (reactor core, heat exchangers
and steam generators);
— temperature and velocity fields in the hot chamber of the reactor in various operating
modes.
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TENAOHOCUTEAAMMU

A. . CopokuH, 0. A. Ky3auHa, A. 1. OpnroB

AO «[ocyaapCTBEHHbIV Hay4YHbIH LieHTp Poccurickon ®eaepaumm —
DUINKO-IHEPIrETUHECKUI MHCTUTYT MMeHM A.W. AesinyHckoro», O6HUHCK, Poccus
E-mail: sorokin@ippe.ru

KaroueBbie cAoBa: TMAPOAMHAMUKA, TEMNAOOOMEH, XUAKME METaAAbl, ObICTPbIE peakTopbl, GU3NYecKoe
MOAEAMPOBaHWE, CKOPOCTb, AABAEHWE, TEMMEepPaTypa, TEOPUS MOACOUS, KPUTEPUM NOAOOUSA, KAHaAbI
CAOXHOWM GOPMbI, aKTUBHAA 30Ha, 6ak peakTopa, rMApaBAMUYECKOE COMPOTUBAEHUE, TEMAOOTAAYA,
MeXKaHaAbHOE NepemeLlBaHue.

TennoruapaBInIeckuii aHAIM3 PEAKTOPHBIX YCTaHOBOK (PY) ¢ ObICTpBIMU peakTopa-
MU SBIIACTCA OOHHUM U3 Ba)KHEUIIINX HaHpaBJ’IeHI/Iﬁ KOMIIJICKCAa B3aHMMOCBS3AaHHBIX 3a1a4 I10
000CHOBaHUIO MapaMeTpoB PY, OTHOCSIIUXCSA K HEUTPOHHOM QH3KKE PEaKTOPOB, TEMIO(U3H-
Ke, TEePMOMEXaHUKE, MPOYHOCTH KOHCTPYKIIUH H T. J.

HOTpe6HOCTI/I Pa3BUTHUA METOAOB YUCJICHHOI'0O MOJACIIMPOBAHUA TUAPOANHAMUKA U TCII-
J1000MeHa 1T 000CHOBAHUS MPOEKTHBIX PEHICHUN M 0€30MaCHOCTH PEaKTOPHBIX YCTAHOBOK
moTpeOOBaNIK MPOBEJACHUS SKCIEPUMEHTAIBHBIX UCCICIOBAHUI I MOJYUYCHUS JAHHBIX 110
(hM3HYEeCKUM 3aKOHOMEPHOCTSM H, XapaKTepUCTHKaM THAPOJUHAMHUKH U TeriooOMeHa B PV,
COOTHOIICHUH ISl 3aMBIKaHHsI YPaBHEHUH YHCICHHBIX MOJieNiei U BepUPHUKALUU PaCYCTHBIX
KkozoB [1-4]:

— THJIPOIMHAMHUKH TIOTOKOB YKHJIKOMETAITHYECKOTO TEIIOHOCUTENS B KaHANIaX, CTEPKHEBBIX
CUCTEMax, KaMEpax U KOJUICKTOPHBIX paCclpeCACINTCIIBHBIX CUCTEMAXx,

— TeriooOMeHa B TpyOax, cOOpKax TBAJIOB aKTUBHOW 30HBI PEAKTOpa U TEIJIOOOMEHHUKAX C
KHUJKOMETAIUTMICCKAMH TETTIOHOCUTEIISIMH C YYETOM MEKKaHAILHOTO TIePEMEIIINBAHMS,
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— FHIPOAMHAMUKH U TEIUIONIEPEayy B IapOoreHepaTopax;
— Ter1000MeHa B KaMepe CMEIICHHUS U T.1.

st pemienns 3TUX 3a7a4 ObUI CO34aH KOMIUIEKC IKCIIEPUMEHTAIBHBIX KUIKOMETAIIIH-
YECKHUX CTEHAOB, pa3paboTaHO 000pyNOBaHUE, METOBI MOACINPOBAHNSA, METOAUKU NIPOBEAE-
HUSl JKCIIEPUMEHTOB M TEXHUKAa HM3MEpPEHHil, CO3laHbl AATYHKH, CPEJICTBA aBTOMATHU3ALUU
cbeMa U 00pabOTKH SKCIIEPUMEHTATBHON HH(POpPMAaLIUH.

Tenao0o0MeH B KUIKHX METaslaX UMEET CBOM OCOOCHHOCTH, B 3HAUUTEIIHLHON CTEIIEHH
00yCITOBJIEHHBIE WX BBICOKOW TETUIOMPOBOIHOCTHIO M, COOTBETCTBEHHO, HU3KUM 3HAUYEHHUEM
ymcna [panarns. Ilpu HU3KkKX 3HadyeHusAx yucia [IpanaTisg noHsTHe TEIIOBOTO MOTPaHUYHO-
ro cJ0s, KOTOPbIi B JaHHOM CIlly4dae pacnpoCTpaHseTcs OO LEHTpa KaHaya, TepsSeT CMBIC.
[Ipu u3ydeHun TemnooOMeHa XUAKUX METAJIOB, IPEXIE BCEro, B 00JacTH TEIUIOOTAAIOIIEH
MTOBEPXHOCTH CJIEAyeT YYHUTHIBATH MOBEIECHHE NMPUMECHOTO COCTaBa >KHUAKOMETAITUIECKOTO
TEIUIOHOCUTENSl Y TOBEPXHOCTEH €ro UUPKYJISIIUHU 1J11 HOMUHAJIBHOTO PEKUMa M TIPU OTKJIIO-
HEHMAX OT PEeKUMa HOPMaJIbHON HKCIUTyaTalllu, a TAKKe OCYIIECTBISITh KOHTPOJIb 32 €ro Co-
CTOSIHUEM.

Takum 06pa3oM, OTHUM M3 BaXKHEHIIMX BOIMPOCOB MPH MOATOTOBKE M MPOBEICHUN JKC-
MEPUMEHTOB TI0 THAPOJMHAMUKE U TEIUIOOOMEHY B JKHAKOMETAJUIMYECKUX TEIUIOHOCHTEISX
SIBJISIETCSl BBIIMOJIHEHNE YCJIOBUH MEXaHMYECKOTO, TEIUIOBOIO M TEPMOAMHAMHUYECKOTO MOJ0-
Ousl, yCTaHaBIHMBAIOUIETO 3aBUCUMOCTh (PU3MYECKHX CBOMCTB JBHIKYIIECHCS TETLIOMPOBOS-
el cpenpl OT MapaMeTpOB COCTOSHUS, U caMble OOIINe 3aBUCHMOCTH ISl ONMCaHUs TEIIOo-
Nepeaayy B pa3IMYHbIX KHUIKOCTAX IIPHU CaMBIX Pa3HOOOPA3HBIX YCIOBUSIX TMAPOIUHAMUKU U
TEIJI000MEHA.

[Ipu nnaHUpOBaHWM W TPOBEICHUU SKCIEPUMEHTAIBHOTO HCCIIEOBAHMS, 0000MICHUN
€ro pe3yJIbTaToB, aHAIN3 HOA0OHS U CIELYIOLINE U3 HEr0 KPUTEPUH U aCUMIITOTHYECKHE pe-
LIEHHS JOJDKHBI PUMEHSTHCA B MOJTHOM o0beMe. B ToM ciydae, Korja BO3MOXKHO JI0CTaTO4-
HO TIOJIHOE aHAIMTHUYECKOE pelleHHe WM YHCIEeHHOEe HCCe0BaHue MaTeMaTHuecKoi Moe-
I, LIEJTb SKCIIEPUMEHTOB — anpobaIiysi ee OCHOBHBIX MPEINOCHIIOK, a TaKkKe YTOUHEHHE pac-
YETHBIX KO3 (OHUITHESHTOB.

[Ipsamoe pu3nueckoe MOAETUPOBAHUE 3aKIFOUACTCS B TOM, YTO BOCIPOHM3BOIMTCS MPO-
1ecce Toi ke (PU3NYECKOl MPUPOBI, YTO B HATYPHOM 00pasie, HO OAHOMMEHHBIE XapaKTepu-
CTHKH TPOLIECCa U3MEHEHB! (YMEHBIIECHB! WM YBEIUYEHBl) HA HEKOTOPHIEC TIOCTOSIHHBIE MHO-
xutenu. MHade roBops, m00ble ABa (U3UYECKH MMOJOOHBIE SBIEHUS MOTYT 00Opa3oBHIBAaTh
napy HaTypHbIH oOpasern — Mozens. OTcrosa cieayeT GpyHIaMeHTaAIbHOE PAaBUIIO MOJCIHPO-
BaHusI, chopmyiaupoBanHoe M.B. KupnuueBsiMm u A.A. 'yxmanoM [5]: moJoOHBI CHCTEMBI
OTHOM (hM3MUYECKOW TIPUPOJBI, YCIOBUS OJHO3HAYHOCTH KOTOPBIX MOJOOHBI, a OJHOMMEHHBIE
KpUTEpPUH, COCTaBIEHHBIE U3 YCIOBUN OJJHO3HAYHOCTH, YUCIEHHO OJIMHAKOBHI.

s moaHOTO MOI00HA MO/IENN HATYPHOMY 00pa3ily JOJKHBI OBITH BBITOJHEHB! YCIOBHSL:

a) IPOIIEeCC, BOCIPOU3BOASIIMICSA B MOJIENIN, OTHOCUTCA K TOMY K€ Kiaccy (puzndeckux
SIBJIICHUM, 9TO M MIPOIIECC B HATYPHOM 00pasiie, o0a Imporiecca MOTIHHIIOTCS OJHUM U TEM K
YPaBHEHUSIM U XapaKTEPU3YIOTCS OJUHAKOBBIMU (PU3MUECKUMH BETMUYUHAMUY;

0) MozIeTh TeOMEeTPUYECKH MO00Ha HATYPHOMY 00pasity;

B) Oe3pa3MepHbIe KpaeBhIe YCIOBUS B HATYPHOM 00pasIie M MOJENN OJTMHAKOBHI KayecT-
BEHHO U YHCJICHHO;

r) 6e3pa3MepHbIe HE3aBUCUMBIE TIEpeMEHHbBIE (ONpeAeSIIONINe KpUTEPUH), IEpEeMEHHBIE
B HATypHOM 00pas3lie U MOAEIH NOMAapHO UMEIOT OJMHAKOBOE YHCICHHOE 3HAYECHUE.

[Ipu BBIMOTHEHUM STHX YCIOBHH MOJAEIMPOBAHHE SIBISIETCS MIPSIMBIM U TTOJIHBIM.

dusnueckoe MOJESIMPOBAHUE C JAOCTATOYHO YETKO OUYEPUEHHBIMH TPaHHMLIAMHU JOCTO-
BEPHOCTH II0JIy4aeMbIX C €r0 IOMOIIBIO PE3YJIbTATOB BO3MOKHO TOJNBKO Ha 0a3e HEKOTOPOH
3apaHee BEIOpAaHHON MaTeMaTH4YeCKOH MOJEIH.
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[TpakTUYeCcKu IpsSMOe MOJICITIMPOBAHUE MOXKET HEOTPAHUUCHHO MPUMEHSThLCS JIUIID JUIS
MPOIIECCOB, OIPEISISIEMbIE YUCIIA TIOJO0US KOTOPBIX SBISIFOTCS (DYHKIIUSMHU TOJIBKO T€OMET-
PUYECKHX CHMIUIEKCOB CUCTEMbI U OJTHOT'O OIpenestomiero kpurepus. Hanuuue nByx ompe-
JETSIOINX KPUTEPHUEB, KaK, HAlpuMep, uucen Re u Pr npu TeruiooOMeHe, 3aMeTHO OCTIOXKHS-
€T MOACIIUPOBAHUC. HpI/I TPEX ONMPEACTAOINNX KPUTCPUAX TIPAMOC MOJACIIMPOBAHUC 0OBIYHO
HEOCYIIeCTBUMO. B Takux ciiydasx He0O0X0JuMMa MOCTAaHOBKA CHCTEMATHUYECKUX MHOTOBApH-
AHTHBIX SKCIIEPUMEHTOB.

Hasznauennem Takumx MOACTIUPYIONIUX SKCIICPUMCHTOB ABJIACTCA PCAIbHOC BBLIABJICHUC
3¢ (eKToB, pa3pelIeHHBIX BeChMa OOIIeH MaTeMaTHYECKOW MOJEIBIO, HO HE BOCIPOU3BOJIH-
MBIX Ha COBPEMEHHOM YPOBHE MAaTEMAaTHYCCKUX TEXHOJOTHH HU aHAIUTUYECCKH, HU B YHC-
JICHHBIX HCCIICIOBaHUAX. HampuMep, BBISICHEHUE CIIOXKHBIX BUXPEBBIX CTPYKTYp B MOTOKax
BSI3KOM KUIKOCTH, KOPPEISIIIMOHHBIE (YHKIIMA KOHKPETHBIX TYpOyJIEHTHBIX TEYSHUH U T. [I.

B nacrosimelt paboTte mpeacTaBiIeHbl Pe3yabTaThl aHauu3a 0COOCHHOCTEH MPUMEHEHHS
TEOPHHU TOA00US TEIUIOPUINUECKHIX MPOIECCOB MPHUMEHHUTEIBHO K MOJICTUPOBAHUIO:

— F'HAPOJUHAMUKU U TEIIOOOMEHA B KHUAKUX METAJIJIOB B KaHaJIaX CIIO’KHOM q)OpMBI;

— TCIUIOTUAPABIIMKNU B CTCPIKHCBLIX CHUCTEMAX C JKXUAKOMCTANIMUYCCKUMHU TEIJIOHOCUTCIIAMUA
(axTHBHAS 30HA, TETUIOOOMEHHUKH U MAPOTCHEPATOPHI);

— MOJICH TeMITEPATYPhl K CKOPOCTH B TOPSUCH KaMepe PeakTopa B Pa3HbIX pexKHMax padoThI.
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Nuclear energy is a candidate of clean energy to replace coal. However, there are still
some key issues on the massive development of nuclear energy to be solved, such as safe, sus-
tainable and economical. The traveling wave reactor (TWR) is an advanced nuclear energy
system. It can efficiently utilize the U-238 loaded in the reactor by the movement of breeding
and burning wave in theory, which is an ideal way for the application of fission energy. In
order to maintain the breeding and burning wave, the irradiation dose which the fuel assembly
received is far exceeding the allowable limit of the current fuel and cladding material. The
research showed that the use of external neutron source could achieve the function of the trav-
eling wave reactor in the allowable limit of the material.

In this contribution, the concept of the subcritical traveling wave reactor based on cyclo-
tron driven neutron source has been proposed by Institute of Nuclear Energy Safety Technol-
ogy of Chinese Academy of Sciences (INEST, CAS). The main purpose of this system is to
realize the function of TWR driven by cyclotron neutron source with burnup under 20%. A
1.8 MW proton beam accelerated by a cyclotron bombards the lead target in the core center.
With cyclotron power of 600 MeV/3 mA, the power of this system would be 400 MWth
loaded with enriched U-10%Zr in the core and it can operate with full power 20 years without
refueling. HT-9 stainless was used as fuel cladding material and fuel assembly duct material
as its abundant irradiation data and received doses up to 200 dpa. Lead was chosen as coolant
due to its good performance on neutronics and thermal-hydraulic. Detail design options will
be discussed and R&D needs will be specified.

JCKU3HbIN NPOEKT NePCNEeKTUBHOr0 CBUHLIOBOro peakKTopa
C BHELWHUM UCTOYHUKOM HEUTPOHOB

AumHb Xy, OuuHb Ban, ®aH BaH, MuHxyaHb BaH, YxymuHb Yxao, UkaH By*
MepepoBas UccaepoBaTeAbCKas rpynna no spepHon aHepretuke FDS Team

Beayiuas nabopatopusi HEUTPOHHOM GU3NKKU U paAnaLIMOHHOM 6e30MacHOCTH,
UHCTUTYT TEXHOAOI MM 6E30MaCHOCTH IAEPHON SHEPreTukn, KuTarickas akapemust Hayk,
Xapa, AHbxor, 230031, Kutari

*E-mail: yican.wu@fds.org.cn

KnaroueBble CAOBA: LIMKAOTPOH, MOAKPUTUUHBIN, peakTop Ha 6eryliei BOAHE, PEaKTOp CO CBUHLIOBbLIM
TENAOHOCUTEAEM.

CeronHs snepHasi 3HEPrUsl pacCMAaTPUBACTCS KAaK BO3MOXXHBIMA HCTOYHUK YHUCTOU
SHEPTHH, CIIOCOOHON 3aMEHUTH YToibHY0. OHAKO emé MPeJCTOUT PEIINTh HEKOTOPHIE KITIO-
YeBble MPOOJEMBI, CBA3aHHBIE C MAacCOBBIM pPa3BUTHEM SICPHOW SHEPTETHKH, HANpHMEp, C
TeM, 4TOOBI OHa ObLIa 0€30IIaCHON, YCTOMYMBOM U SKOHOMUYHOHN. PeakTop Ha Oeryiieii BotHe
(TWR) sBnsieTcss MepCIEKTHBHOMW SACPHON HEPTeTHUECKONH CHCTeMOH. TeopeTWdecKd, OH
CIOCOOCH SKOHOMHYHO yTWin3upoBarh U-238, 3arpyKeHHBIH B PEakTOp B pPe3yibTaTe JIBU-
>KEHUS BOJHBI BOCIIPOU3BOACTBA U TOPEHUS, UTO ABJISETCS UACATBHBIM IIyTEM HCIOIb30BaHUS
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SHEPTrHUH JAeNeHus. [t Toro 9ToOBI MOAIEePKUBATH BOJHY BOCIIPOM3BOJICTBA U TOPEHMS, 1032
W3JTy4eHUs, TIONyYeHHas TOIUTMBHON COOpPKOI, HAMHOTO IPEBBIMIAET JOMYyCTUMBIHA Mpenesn
CETrOJHSIIIHEr0 TOIJIMBAa U MaTepHajioB 000M04YKH. MccnenoBaHus mokasalid, YTO HUCIONb30-
BaHWE BHEIIHETO NCTOYHNKA HEHTPOHOB MOTJIO OBl MTPUBECTH K TOCTHKEHHIO pa0OTHI PEaKTO-
pa Ha Oeryieii BoJHE B JOITyCTHMOM IIpeesie sl MaTepraoB.

B nanHoit pabote corpyaaukamu MHCTHTYTa TeXHOIOTHI 6€30MacCHOCTH SIEPHOM SHEp-
retukn Kuraiickoii akagemun Hayk (INEST, CAS) mpennaraercs KOHLENIMS peakTopa Ha
MTOIKPUTHYECKOH OeryIei BoJiHe M NUKJIOTPOHE B Ka4eCTBE MCTOYHHMKA HEUTPOHOB. OCHOB-
HOE Ha3HAa4YeHUE AAHHOW CHCTEMBI COCTOMT B peaiu3aluu (QyHKIHHM peakTopa Ha Oeryiei
BOJIHE, pabOoTaIOIIero Ha UCTOYHHKE HEHTPOHOB, BHIPaOaTHIBAEMBIX LUKJIOTPOHOM, C BBDKHU-
raaneM HIUKe 20%. [lygok npotoHoB B 1,8 MBT, yckopsieMblil IUKIOTPOHOM, OoMbapanpyer
CBUHIIOBYI0O MHWIIEHh B IIGHTPE aKTUBHOM 30HBL IIpM MOIIHOCTH UHMKIOTpOHA B
600 M»B/3MA, MOIIHOCTE TaHHOU cUcTeMBbl OyeT cocTaBnsaTh 400 MBT(T) ¢ 3arpy3koii 060-
ramenaoro U-10%Zr B akTUBHOH 30HE, M OH CMOKET paboTaTh Ha MOJTHOW MOIIHOCTH B Te-
yerne 20 net 6e3 meperpy3ku. Hepixkasetomas ctane HT-9 mcnonp3oBanace kak marepuan
IUISl TOIUIMBHOW 00OJIOYKH U YeXJia TOTUTUBHON COOPKH B CHIIy OTPOMHOTO YHCIIa HMEFOIIUXCS
JaHHBIX 110 €€ 00JIyUYeHHIO U TOITy4YeHHBIX 703 o0mydeHus 1o 200 cHa. CBuHen ObLT BEIOpaH B
KadeCcTBe TEIUIOHOCHUTENS Oyiarofiapsi ero XOpPOIIUM XapaKTEPHCTUKaM C TOYKH 3pEHUS HE-
TPOHHOHM (M3WKHU M TeIUIOTUApaBIUMKU. B coolmenun OyayT oOCyx)aaTbcs BapUaHThl KOHCT-
pykuuu u 6yayT yrounsatbes notpednoctu HUOKP.

2.4 Development and Experiment of CLEAR-S Facility for
China Lead-Based Reactor

Tao Zhou, Sheng Gao, Yong Song, Zhumin Zhao, Qunying Huang, Yican Wu*,
FDS Team

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology, Chinese Academy of Sciences, Hefei, Anhui, 230031, China

*E-mail: yican.wu@fds.org.cn

Keywords: lead-bismuth eutectic, CLEAR-S, thermal-hydraulic.

Lead (alloy) cooled fast reactors (LFR) have been selected as one of the most potential
options for generation IV reactors. The use of lead alloy as primary coolant is motivated by
several advantages, such as the high boiling temperature, outstanding heat transfer perform-
ance, chemical stability, and good neutron economy etc. In China, Institute of Nuclear Energy
Safety Technology (INEST), Chinese Academy of Sciences (CAS) is strongly involved on
LFR development. Currently, INEST has implemented large capabilities in the field of key
components development, thermal-hydraulic, structure materials and coolant technologies etc.
Based on the former experience and technologies, China LEAd-based Reactor (CLEAR) was
designed as the reference reactor for LFR in China.

The proper understanding of the thermal-hydraulic phenomena and key components be-
haviors in the reactor pool is an important issue in the design and licensing of this type innova-
tive reactor systems. Model experiments are necessary for qualifying the design, validating
analytical tools and understanding the physics. Thus, in support of the CLEAR series LFR, a
2.5 MW mock-up pool type facility named CLEAR-S has been constructed at INEST CAS.
The pool thermal-hydraulic features will be experimented to feedback the design and valida-
tions. Moreover, the 1:1 prototype components for CLEAR-I, such as primary loop pump,
main heat exchanger, decay heat removal system, control rod driven system, in-vessel refueling
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system will be tested in CLEAR-S experimental facility. Up to now, the first stage commis-
sions and steady condition tests, including the forced circulation test, pump hydraulic perform-
ance test, heat exchanger performance test and turbine power generation test have been con-
ducted. In this paper, the main features of CLEAR-S and its first test results will be elaborated.

Co3spaHue U NpoBeAeHUE 3KCNepUuMeHTOB Ha yctaHoBKe CLEAR-S
KUTaMCKOro CBUHL0OBOro peakropa

Tao Yxoy, LLeH lao, FOH CyH, YxymuHb Uxao, LitoHUH XyaH, UkaH By*
MepepoBas uccrepoBaTenbckas rpynna no saepHomr aHepretuke FDS Team

Beayuuas nabopatopusi HEUTPOHHOM GU3NKKU U paAnaLIMOHHOM 6e30MacHOCTH,
UHCTUTYT TEXHOAOT MK 6E30MacHOCTH SIAEPHOMN 3HEPreTuKn, Kutarickas AKapemMus Hayk,
Xapa, AHbxor, 230031, Kutari

*E-mail: yican.wu@fds.org.cn

KnroueBbie croBa: CBMHLOBO-BUCMYTOBas aBTeKTUKa, CLEAR-S, TenaornapaBanka.

B xagectBe ogHOro M3 Hambojee BOSMOXHBIX BapMaHTOB PEAKTOPOB MokosieHus 1V
OBLTH BEIOpAHBI PEAKTOPHI Ha OBICTPBIX HEUTPOHAX CO CBUHIIOBBIM TEIJIOHOCHTENIEM (CBUHIIO-
BbIM criaBoM) (LFR). Mcronp30Banne CBHHIIOBOTO CIUIaBa B KaYeCTBE TEIUIOHOCHTENS Iep-
BOTO KOHTYpa OOYCJIOBJICHO PSIOM NPEUMYIIECTB, TAKHX KaK BBICOKAs TeMIepaTypa KHIle-
HUS, IPEBOCXOHBIE XapaKTEPUCTUKU TEIUIOOOMEHa, XMMUYeCKash YCTOWYMBOCTh M XOPOIINH
OamaHc HeUTpOHOB W T.A. MHCTUTYT TexHonoru#t saepHoit 6e3onmacHocTi (INEST) mpu Ku-
taiickoi akagemun Hayk (CAS) akTuBHO yuacTtByeT B paspabotke LFR. B Hacrosmee Bpems
INEST peanu3zoBan OoJbline BO3MOKHOCTH B 00JacTH pa3pabOTKU KIIOUEBBIX KOMIOHEHTOB,
TEXHOJIOTHH B 00JIACTH TEIUIOTUAPABIUKN, KOHCTPYKIIMOHHBIX MaTEPHAJIOB, TETUIOHOCUTEIS U
T. 1. Ha ocHOBE mpeiecTBYOUIEro ONbITa U TEXHOJIOTUM, KUTANCKUI peakTop C TEMI0HOCH-
teneM Ha ocHoBe cBuHIA (CLEAR) Obu1 pa3pa0oTaH B KayecTBE 3TAJIOHHOIO peakTopa JJis
LFR B Kurae.

[IpaBmbHOE TOHUMaHHE TETIOTHIPABINIECKIX MPOILIECCOB M CBOWCTB KITFOUEBBIX KOM-
IIOHCHTOB B 0acCeliHe sJICPHOr0 peakTopa sBISETCS BaKHOH MpoOiaeMoi mpu pa3paboTke U
JMIEH3UPOBAaHUHA MHHOBAIIMOHHBIX PEAKTOPHBIX YCTaHOBOK 3TOr0 THMa. MoJIeNbHbIE 3KCIIe-
PUMEHTHI HEOOXOIWMBI JUISI TIPOBEPKH IMPOEKTa HA COOTBETCTBHE TEXHHYECKUM YCIIOBHSAM,
BaJIMJIAIIH aHAJTITHYECKUX METOJIMK M MOHNMaHUsS (PU3NIECKHX TMporeccoB. Takum oOpazom,
B noguepkky LFR cepun CLEAR B INEST CAS Obi1 co3gan MakeT yCTaHOBKM OacceiiHOBO-
ro THUMa MOIIHOCTEIO 2,5 MBT, monmyunsmmii HazBanue CLEAR-S. Tam OyayT mpoBoauThCs
SKCIIEPUMEHTHI JUT M3YYEHHUS TETUIOTUAPABIMYECKUX XapaKTePUCTUK OacceiHa il yTO4YHe-
HUS KOHCTPYKUIMHU M Baiuaanuu. Kpome Toro, Ha sxcnepuMmeHTanbHOl ycraHoBke CLEAR-S
OyZyT MPOBOIUTHCS UCTIBITAHHUS MMPOTOTHIIOB KOMIIOHEHTOB B Maciitade 1:1 ans ycTaHOBKH
CLEAR-I, Takux Kak Hacoc MEPBOTO KOHTYpa, TJIaBHBIH TEIIOOOMEHHHK, CHCTEMa OTBOJA
OCTAaTOYHBIX TEIUIOBBIACICHUHN, CUCTEMA MPUBOIOB crepxkHer CY3, BHyTpUpEeaKTOpHAs CHC-
TeMa neperpy3ku TormnuBa. K HacTosmeMy BpeMEHHU MPOBENEHBI ITyCKO-HaJIaJOYHbIC PaOOTHI
[IEPBOT0 dTalla, a TAKXKE HUCIBITAHUS B YCTAHOBUBILEMCS PEKHUME, B TOM UYHUCJE HCIBITAHHUE
MpH TPUHYIAUTEIHHONW IUPKYJSINH, WCIBITAHWE THAPABINYECKUX XapaKTEPHCTHK HAcoca,
UCTIBITAHUE TPOU3BOIUTEIHLHOCTH TEIJIOOOMEHHUKA W HCIIBITAHHE Ha BBIPAOOTKY 3JEKTPO-
SHEPTUH TypOUHBI.

B a70i1 cTaree OynyT moapoOHO paccCMOTPEHBI OCHOBHBIE XapaKTEPUCTUKH YCTAaHOBKH
CLEAR-S u nepBble pe3yibTaThl HCIIBITAHUMN.
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2.5 Conceptual Design of China Lead-Based Mini-Reactor CLEAR-M

Ming Jin*, Qi Yang, Rongyuan Sa, Yong Song, Yican Wu, FDS Team

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology, Chinese Academy of Sciences, Hefei, Anhui, 230031, China

*E-mail: ming.jin@fds.org.cn

Keywords: lead-cooled reactor; mini-reactor; CLEAR-M.

Lead-based reactor was selected as one of the Generation-IV Nuclear Energy Systems.
It would have multiple applications including production of electricity, hydrogen and process
heat, because of its attractive properties as a primary coolant. Moreover, Lead-based reactor is
much safer as no chemical reaction between lead-based coolant and water or air and the high
boiling point (~1670 °C) of lead-based coolant eliminating the risk of core voiding. Small size
reactor has a broad space for development in the future due to its safety performance, flexible
and adaptable, multi-purpose and other advantages. In this contribution, a fission system with
a mini-reactor named CLEAR-M with the power of 10MWe cooled with lead have been pro-
posed by Institute of Nuclear Energy Safety Technology of Chinese Academy of Sciences
(INEST, CAS), the main purpose of this system is to provide power as removable power sys-
tem for wide application such as island, remote districts and industrial park etc.

CLEAR-M with integrated modular design can operate more than 5-10 years without re-
fueling. The enriched uranium (19.75% enriched UO,) is chosen as fuel and stainless steel is
used for fuel cladding material and structural material as it’s compatible with lead. CLEAR-M
has only one primary pump and the core is off-centered configuration to minimize the vessel
size. The bypass of steam generators shell has been designed to enhance the nature circulation.
Decay heat also can be released by the convective heat transfer of reactor vessel to the flow air
outside the vessel. Detailed design options will be discussed and R&D needs will be specified.
CLEAR-M adopts integrated design and modular build. It is attractive with compact system,
removability and economical. It can provide enough power for several applications in the future.

9CKU3HbIN NPOEKT KUTAaNCKOro CBMHLL0BOro MmanorabapurHoro peakropa
CLEAR-M

MuH U3uHb*, Un AH, XXyHbtoaHb Ca, FOH CyH, UkaH By, FDS Team

Beayiuas nabopatopusi HEUTPOHHOM GU3NKKU U paAnaLIMOHHOM 6e3onacHocTu, MHCTUTYT
TEXHOAOMMI 6€30MaCHOCTH IAEPHON SHEPreTukn, Kutarickasi akapeMusi Hayk,

Xapa, AHbxor, 230031, Kutari

*E-mail: ming.jin@fds.org.cn

KaroueBble cAoBa: CBUHLOBBIN peaktop, ManorabaputHblii peaktop, CLEAR-M.

CBUHIIOBBIN peakTop OBUT BHIOpaH B KauecTBE OJHOH U3 SICPHBIX SHEPTeTUUECKUX
cucteM [V nokonenusi. OH MOXKET IPUMEHTHCS ISl pa3HbIX LEJeH, BKIIIOYas MPOU3BOICTBO
3JIEKTPOIHEPTUH, BOAOPOAA U TEXHOJIOTHUECKOTO TEIUIa, U SBISETCS MEePCIeKTUBHBIM OJiaro-
Jlaps CBOMCTBaM CBHHIA KaK TEIUIOHOCUTENS MEepBOro KoHTypa. Kpome Toro, CBUHIIOBBIN pe-
aKTOp XapaKTepU3yeTcsl MOBBIILICHHBIM YPOBHEM OE€30MACHOCTH BCJIEACTBHE OTCYTCTBHSI XH-
MHUYECKON pEaKIMU MEKIY CBHUHLOBBIM TEIJIOHOCUTENIEM W BOJOH WM BO3AYXOM, a TaKXKe
BBICOKOM TemmepaTypbl kumeHus cBuHIA (~1670 °C), 4yTO HCKIIOYAaeT PUCK OIMYyCTOIIEHUS
aKTHBHOM 30HBL. MasiorabapuTHBII peakTop OYEeHb MEPCIEeKTHBEH ISl MPUMEHEHHUs Onarona-
PSl CBOMM BBICOKHUM XapaKTEpPHCTHKaM 0€30MacHOCTH, THOKOCTH, YHUBEPCATLHOCTH U JPYyTUM
npeumyIecTsaM. B 3Toi#t cBsa3u MHCTUTYT TEXHOJIOTHI 0€30MaCHOCTH SACPHON SHEPTEeTHKH
(INEST) Kuralickoit AkageMun HayK MPEIUIOKHI MPOCKT MaJIOrabapuTHOTO PEaKTopa MO/
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gaszBanueM CLEAR-M momuocthio 10 MBT9 co cBUHIIOBBIM oxiaxkaeHueM. OCHOBHOH Iie-
JBIO CO3/IaHUS STOH CHUCTEMBI SIBISCTCS SHEProodecrneueHne IMUPOKOTO CIEKTpa O0BEKTOB,
TaKUX KaK OCTPOB, YIaJICHHbBIC paliOHBI, TPOMBIIICHHBIN MapK U T. 1I.

Peaktop CLEAR-M ¢ uHTerpajgbHOM KOMIIOHOBKOM M BO3MOXHOCTBIO MOIYJIBHOTO
CTPOUTENHCTBA MOXKET paboTarh 0e3 mepes3arpy3ku TommmBa 5—10 mer. B kadecTBe TOIIMBa
Obu1 BEIOpan oboramieHHbli ypan (UO, oboramenus 19,75 %), a B kauyecTBe 000JIOUKH TOII-
JUBa U KOHCTPYKIMOHHOIO MaTepuana — HepyKaBelolash CTajlb, KOTOpas COBMECTHMAa CO
cBUHIIOM. JI)isi MUHUMUA3auH pazMepoB kopmyca peaktop CLEAR-M ocHameH TOIbKO 0j1-
HUM HAacocoM IIepBOr0 KOHTYpa, a aKTUBHAs 30Ha CMELIEHAa OTHOCUTENBHO LIEHTpa KopIyca
peakrtopa. Jlns ycuneHHs €CTeCTBEHHOW LUPKYJSIUKM OBUT pealln30BaH Oaifrac maporeHepa-
Topa. OcTaTOYHOE TEIUIOBBIIEIICHNE OTBOIUTCS ITyTeM TETUIoNepenadn OT KOpITyca peakTopa
B OKpYXaroImui BO3AyX. BapwaHTel KOHCTPYKIMH OymyT 0OCyXOaTbcs, a TOTPeOHOCTH
HUOKP — yrounsarecsa. Peaktop CLEAR-M nMeeT uHTErpaibHy!0 KOMIIOHOBKY U Tpemdy-
CMaTpPUBAET BO3MOXXHOCTh MOJYJIBFHOTO CTPOUTENhCTBA. Ero mpenMyimecTBa — KOMIaKTHOCTS,
MOOWIIBHOCTh M 3KOHOMHYHOCTb. OH MOJKET HCIOJB30BATHCA IS MPOU3BOJICTBA DIIEKTPO-
SHEPTHUU B Pa3IMYHBIX LETX.

2.6 Development and Experiment of Lead-Based Zero Power
Critical/Subcritical Reactor CLEAR-0

Chao Liu*, Qingsheng Wu, Yongfeng. Wang, Yican Wu, FDS Team

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology, Chinese Academy of Sciences, Hefei, Anhui, 230031, China
*E-mail: chao.liu@fds.org.cn

Keywords: CLEAR-O; Lead-based reactor; zero power; critical/subcritical; HINEG.

A Lead-based Zero Power Critical/Subcritical Reactor CLEAR-0 is constructed,
which consists of Lead-based zero power core and High Intensity D-T Fusion Neutron Gen-
erator (HINEG-I). HINEG-I serves as neutron source which produces fusion neutrons to drive
the CLEAR-0 reactor in subcritical model. It is a significant experimental platform for lead-
based reactor, ADS and fusion-fission hybrid system studies.

CLEAR-0 is a multi-functional zero-power reactor for simulating neutronics process in
various hybrid systems and fast reactors, which can be operated at both critical and subcritical
model. The core of CLEAR-0 is designed to be flexible with sufficient safe considerations,
which could loaded with various fuel and coolant materials, such as lead or lead-based alloy
which is been chosen as potential coolant for fast reactor or hybrid blankets due to their many
unique nuclear, thermal-physical and chemical attributes. The R&D of high intensity neutron
source HINEG includes three phases:

(I) HINEG-I has been constructed and successfully produced a D-T fusion neutron yield
of up to 6.4x10'* n/s. The neutronics test and software validation for 10 MW lead-based reac-
tors can be carried out.

(IT) HINEG-II aims at a high neutron yield of 10"’~10'® n/s neutrons via cyclotron spal-
lation neutron source technology, which could be used to conduct materials irradiation for 100
MW lead-based reactors.

(III) HINEG-III is a superconducting linear accelerator spallation neutron source with
the yield order of 10'®~10" n/s. It can be used to drive the 1000 MW lead-based subcritical
system.

The recent experiment plan is focused on verification and validation (V&V) of nuclear
design and control and measurement technology for and lead-based reactor, ADS and fusion-
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fission hybrid system. The data acquired from experiment, such as fission rate, neutron flux,
tritium-breeding ratio, sub-criticality and so on, are compared with the results of Monte Carlo
calculation to validate the conceptual design, software and data library used in lead-based re-
actor development. Also, the experiment data will be used to verify the control and measure-
ment methods.

Co3spaHue U NpoBeAEHUE 3KCNEPUMEHTOB Ha KpUTHUECKOM/
NOAKPUTUUYECKOM CBUHLIOBOM peaKTope HyaceBou mowHoct CLEAR-O

Yao Avo*, UnHweH By, OH)aH. BaH, UkaH By,

MepepoBan uccrepoBaTeAbCKanA rpynna no spepHom aHepretuke FDS Team

Beayluas nabopatopusi HEUTPOHHOM GU3NKKU 1 paAnaLMOHHOM 6e30MacHOCTH,
UHCTUTYT TEXHOAOT MK 6E30MacHOCTU SAEPHOM SHEPreTUKM, KuTarickas AKaaeMus Hayk,
Xapari, AHbxo#, 230031, Kutani

* E-mail: chao.liu@fds.org.cn

KaroueBbie cnoBa: CLEAR-O, peaktop cO CBUHLOBbIM TEMAOHOCUTEAEM, HYAEBAS MOLLHOCTb,
KPUTUUYECKUI/MOAKPUTUYECKUI, HINEG.

[TocTpoeH KpUTHYECKUI/TOAKPUTUIECKIH PEakTOp HYJIEBOH MOIIHOCTH CO CBHHIIO-
BeIM TemnnoHocuteneM CLEAR-0, cocTosmuit M3 akTUBHOM 30HBI HYJEBOH MOIIHOCTU CO
CBUHIIOBBIM TEIUIOHOCUTENIEM H BRICOKOMHTEHCHBHOI'O HEUTPOHHOTO T€HEPATOpa TEPMOSIEP-
Horo cuHTe3a n3 cmecH aeitrepus u Tputus (D-T) (HINEG-I). HINEG-I ciy>xut B kauecTBe
HEWTPOHHOTO MCTOYHMKA, B KOTOPOM 00pa3yloTCs TepMOsAEpPHbIE HEUTPOHBI A obecreye-
Hus padotel peaktopa CLEAR-0 B momkputnueckoit Mmogenu. OH npencraBiseT coOoil Bax-
HyI0 JKCIEpUMEHTAIbHYI0 TutaTdopMy sl CBHHIIOBOTO peaktopa, ADS (yckopurenbHO-
yHpaBIsieMOi CUCTEMBI) U UCCIIEIOBaHUM TMOPHUIHOW CUCTEMBI JICIIeHUsA-CUHTE3A.

CLEAR-0 — MHOTOQyHKIIMOHAJIBHBIA PEakTOp HyJIE€BOH MOLIHOCTH AJISI MOJAEIHPOBA-
HUSI HEUTPOHHO-(QHU3UYECKHUX MIPOLIECCOB B PA3IMYHBIX THOPUIHBIX CUCTEMaX M OBICTPBIX pe-
aKTopax, KOTOpBIE MOTYT paboTaTh KaK Ha KPUTHYECKOH, TaK ¥ HA MOJKPUTHIECKON MOIEIIH.

AxrtuBHas 30Ha peakropa CLEAR-0 cnpoektupoBana Takum oOpa3oM, 4ToObl OHa ObLIa
JIETKO aJanTupyeMa IMpH JOCTaTOYHOCTH yAOBIECTBOPEHUS KPUTEPHUSIM 0€30MacCHOCTH, U KOTO-
pas MOXeT 3arpy’aTbcsi TOIUTMBOM M TEIUIOHOCHUTENIEM Pa3INYHBIX BHJOB, TAKUM KaK CIJIaB
Ha OCHOBE CBUHIIA MJIM CBHHEII, KOTOPBIA BEIOMPAETCS B KAYeCTBE MOTCHIUAIBHOTO TETIIOHO-
CHUTENs Ui OBICTPBIX PEaKTOPOB WIIM THOPUAHBIX ONaHKETOB Ojarojaps MX MHOYHCICHHBIM
YHHMKaJIbHBIM SACPHBIM, TEIIOU3NUECKUM U XUMHUUECKHM CBOHCTBAM.

HUOKP B obnacTé BHICOKOMHTEHCHUBHOTO HCcTOYHHMKA HelTpoHOB HINEG BKITIOUaoT B
ce0s Tpu (azbl:

(D) HINEG-I noctpoen u Ha HEM YCHENIHO TMOTYYeH BBIXOJ TEPMOSAEPHBIX HEHTPOHOB
D-T 110 6,4 x 10"* B/c. MOTYT IPOBOUTBCS HEHTPOHHO-(PU3MUECKUE HCTIBITAHNS U BAJTHIALHS
MPOTPaMMHOTO 0OecrieueH s JIsi CBUHIIOBBIX PEaKTOPOB MOITHOCTHIO 10 MBT.

(IT) 3agaga HINEG-II cocTouT B MOCTHKEHUN BBICOKOTO BBIXOJa HEUTPOHOB Ha YPOBHE
10"~ 10" w/c ¢ npuMeHeHHeM HUKIOTPOHHOI TEXHONOTHH MPOM3BOCTBA HEHTPOHOB CIAJI-
JSIIKHN, KOTOPasi MOKET UCTIONIb30BAThCS ISl IPOBEACHUS 00Ty4YeHUs] MaTepHasIoB [ CBUH-
LIOBBIX peakTopoB MomHocTh0 100 MBT.

(IIT) HINEG-III npencraBiseT co00il MCTOYHUK CHAJULIIIMN HEHTPOHOB, Ha OCHOBE
CBEPXIPOBO/IIIIETO JTHHEHHOr0 yCKOpHTENs ¢ BeixomzoM mopsiaka 10'™ ~ 10" n/c. Ero Moo
UCTIONB30BaTh Uil PabOTHl C MOAKPUTHYECKOH CHCTEMOI CO CBHHIOBHIM TEIIOHOCHUTEIIEM
morgocTteo 1000 MBT.

B mocnenneii mporpaMMe 3KCIIEPIMEHTOB OCHOBHOE BHUMAaHHE YZEINseTcsl BephQHKa-
uud 1 Banuganuu (V & V) TeXHONIOTHH MPOCKTUPOBAHUS 000pYIOBAHUS ISl SIACPHBIX yCTa-
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HOBOK M KOHTPOJBHO-U3MEPHUTEIHHON anmapaTypsl UIsl CBUHIIOBOTO peaktopa, ADS u ru6-
PUIHOM CUCTEMBI JENEeHUs-CUHTe3a. J[aHHbIe, TMOMyYEeHHBIE W3 DKCIIEPUMEHTOB, TaKHUE Kak
CKOpPOCTh JIeNICHUS, HEUTPOHHBIH TOTOK, KOA((UIIMEHT BOCHPOM3BOJCTBA TPUTHS, ITOJKPH-
TUYHOCTh W T. /., CONOCTABIISIFOTCS C pe3yJbTaTaMH pacueToB MeTojoM Monte-Kapmo mis
BaJUJAITMN ACKU3HOTO IPOEKTa, MPOrPaMMHOTO OOecrieueHHuss U OMOJMOTEKH JTaHHBIX, HC-
MOJIb3yeMBIX TPHU pa3pad0TKe CBUHIIOBEIX pPeakTopoB. Kpome Toro, skcmepuMeHTaIbHBIC
JaHHbBIE OyIyT UCIIOIB30BATHCS IS BEPUGDUKAIIUN METOIOB KOHTPOJIS U U3MEPCHHUSL.

2.7 Statue of HLMC Technology in CIAE

B. Long, B. Qin, J. Q. Zhang, X. G. Fu, Y. Y. Qian, Y. Hu
China Institute of Atomic Energy

The liquid lead-bismuth eutectic (LBE) is the main candidate materials for spallation
target in future’s ADS demonstrator because of its advantage on neutronic properties: heavy
elements with a low neutron capture cross-section induce a high neutron production. The LBE
is also used as a coolant for ADS subcritical reactor and Gen IV fast reactors because it has
good thermal properties, low melting temperature (~125°C) and high boiling point
(~1670 °C). But, LBE is known to be very corrosive to structural material at elevated tempera-
tures. Oxygen control is a very important issue for the ADS system when LBE is used as the
coolant or the target materials. It could affect the corrosion resistance of structural materials
and the operation of the facilities. CIAE is one of the first institute engaged in lead-bismuth
reactor technology in China, a number of state funded R&D programs have launched in CIAE.
A briefly introduction on the progress of liquid metal technology and materials in our institute
is given. An oxygen control system of LBE is established using the Art+H,+H,O mixture
gases, and realizes the oxygen content of LBE to be controllable. Corrosion tests of 316SS
and FM T91 used for ADS were performed in oxygen-controlled LBE by cooperation with
ENEA of Italy, PSI of Switzerland, the corrosion data of materials under different oxygen
content was obtained, and corrosion behavior of materials in LBE were discussed.

Cratyc pa3sutua texHonoruu TXKMT B Kutanckom MHCTUTYTE
aTOMHOW 3HEpPrum

B. AyH, B. UuHb, LL. YUsaH, C. I. ®dy, U. U. UaHb, U. Xy
Kutarickuii MHCTUTYT aTOMHOM 3HEPIrum

CBHHIIOBO-BUCMYTOBBIN CILJIaB PACCMATPHUBACTCS KaK MEPCIEKTUBHBIN MaTepHa s
Oynymiel JAeMOHCTPAIIMOHHOW 3JIEKTposAepHoi ycTtaHOBKH (DY) Omaromaps cBOMM HeW-
TPOHHO-()U3UYECKUM CBOMCTBaM: MaJlo€ CEUCHHE 3aXBaTa CIIOCOOCTBYET BBICOKOW TeHEpaIlnu
HEHTPOHOB. CBHUHIIOBO-BHUCMYTOBBIA TEIUNIOHOCHUTEIH TAKXKE HCIOJIB3YETCS Ha TIOJKPHUTHYIC-
ckux DY u ObICTphIX peakropax [V mokoseHus u3-3a CBOMX TEIUIOU3NYCCKHX CBOWCTB,
HU3KOU TemnepaTypsl miasieHus (~125 °C) u Beicokoii Toukn kunenns (~1670 °C). OgHaxo,
KaK M3BECTHO, MPH BBICOKHX TEMIIEpPATypaxX CBHHIIOBO-BUCMYTOBBIN CITJIaB OKA3hIBACT OYCHD
BBICOKOE KOPPO3HOHHOE BO3JCUCTBHE Ha KOHCTPYKIIMOHHBIE MaTepuanbl. [Ipu mcnomas3oBa-
HUU TaKOTO CIUIaBa JJIsl OXJKICHUS MUIIEHUA B DY oueHb BaXKHOU 3aqaueil sSBIsETCS KOH-
TPOJb COAEPIKAHUS KHCIOPOJIA, TIOCKOJIBKY OT 3TOro (pakTopa 3aBUCHT KOPPO3WOHHAS CTOW-
KOCTh KOHCTPYKIIMOHHBIX MaTE€pHajoB M paboTa ycTaHOBOK. KHWTaliCKuii MHCTUTYT aTOMHOMR
sueprun (CIAE) sBisieTcss OJHUM U3 TEPBBIX MHCTUTYTOB, 3aHUMAIONTUXCS TEXHOJOTHEH pe-
aKTOPOB CO CBUHLOBO-BUCMYTOBBIM TernoHocuteneM B Kutae. B CIAE Havanocs ocymiecTs-
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neHne psga GUHAHCHPYEMBIX TOCYNapCTBOM HAay4YHO-HCCIIEAOBATENbCKUX Tporpamm. B cra-
The MPUBOAUTCS KPATKOE OMHCAHHUE XOJa Pa3BUTHS TEXHOJIOTMH >KHUJIKHMX METaJUIOB M MaTe-
puanoB B HameM UHCTUTYTe. Co3/1aHa CUCTeMa KOHTPOJIS COACPKAHUSL KUCIOPOIa B CBUHLIO-
BO-BUCMYTOBOM CIUIaBE€ C MCIMOIb30BaHUEM ra3oBoil cMecu Ar+H,+H,0. Koppo3uonnsle uc-
neiTanus ctaed 316SS u FM T91, ucnonszyemeix mist D5Y, MpoBOIWINCH B CBUHIIOBO-
BHCMYTOBOM CIIABE C KOHTPOJIEM COJAEPXKaHUS KHUCIOpoAa B COTpyaHHUYECTBE ¢ WTanbsH-
CKMM HAIlMOHAIBHBIM areHTCTBOM HOBBIX TexHonoruii (ENEA), mBeiinapckum MHCTHTYyTOM
[Mayns LUleppepa (PSI); 65111 mOTy9YeHbI JAHHBIE TT0 KOPPO3UH MATEPHAIIOB C PAa3TUYHBIM CO-
Jep’)KaHWEeM KHCIIOpoJa, a TaKXKe pPacCMOTPEHBI KOPPO3UOHHBIE CBOMCTBA MAaTEpPHATIOB B
CBHUHIIOBO-BUCMYTOBOM CILJIaBe.

2.8 Multi-Purpose Nuclear Power Unit with an Electric Capacity of 75 MW

Khorasanov G. L.1, Samokhin D. S.1, Zevyakin A. S.1,
Zemskov E. A.2, Blokhin A. I.3

1 INPE NRNU MEPhI, Obninsk, Russia

2 JSC "SSC RF-IPPE", Obninsk, Russia

3 IBRAE RAS, Moscow, Russia

Keywords: lead coolant, metallic plutonium fuel, hard neutron spectrum in the core center,
large share of hard neutrons in the spectrum.

The report presents the concept of a 200 MW thermal reactor designed to generate
electricity with a capacity of 75 MW and solve several urgent problems of nuclear energy. A
feature of the proposed reactor is a hard neutron spectrum in the core, harder than in fast so-
dium and molten-salt reactors. This is due to the small inelastic interaction of neutrons with
fuel that does not contain light chemical elements and a lead coolant, Pb-nat, whose isotope
composition accounts for 52.3% of the share of the slow neutrons moderating Pb-208.

It is shown that in the reactor with dimensions of 0.87x0.85 m (DxH), fuel
Pu58wt%+Zr42wt%, and lead coolant (Pb-nat) the average neutron energy at the center of the
core is 0.72 MeV, and the share of hard neutrons (E,> 0.8 MeV) in the neutron spectrum is
close to 30%.

Interest in the development of reactors with a hard neutron spectrum is due to the possi-
bility of their practical application as special transmutators of minor actinides (MA), as well
as research and isotope reactors with new consumer properties.

In the reactor-transmutator it is proposed to use fuel obtained as a result of regeneration
of fuel discharged from the fast reactors. In addition to plutonium and fission products, in the
SNF of fast reactors, up to 0.4-0.7% of MA [1-3] is contained, which in the hard neutron spec-
trum is transmuted into fission products with a higher probability than in fast sodium and mol-
ten-salt reactors. In particular, the calculated one-group fission cross section of Am-241 in-
creases to 0.54 barn with an increase in the average neutron energy to 0.72 MeV, and the fis-
sion probability of Am-241 rises to 39%. This will reduce the content of Am-241 in the SNF
of the reactor-transmutator, and thereby facilitate the long-term storage of highly active nu-
clear waste in special depositories.

As a research reactor, a reactor with a hard neutron spectrum can be claimed due to the
presence in its neutron spectrum of a significant share (30%) of hard neutrons, with energies
of 0.8-4.0 MeV, at which the strongest radiation damage occurs in nuclear materials.

Finally, in reactors with a hard neutron spectrum, the possibility of obtaining several ra-
dioisotopes for medical purposes exists, using the reaction (n, p) and, in some cases, the reac-
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tions (n, o), which are more efficient in the hard neutron spectrum than in the neutron spec-
trum currently operating isotope reactors.

The study was carried out with the financial support of the RFBR and the Government of the
Kaluga region in the framework of the scientific project No. 18-48-400004.
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MHoroueneBoM AaepHbIM 3HEProbAOK INEKTPUUECKOM MOLLHOCTbIO 75 MBT

I. A. XopacaHoB?, A. C. CamoxuHi, A. C. 3eBAKHHL,
E. A. 3emckoB?, A. UN. BroxuH3

1 AT HNAY MU®OU, OBHMHCK
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3 MBPA3 PAH, MockBa

KnroueBbie cAoBa: CBUHLOBbIN TENMAOHOCUTEAb, METAAAMYECKOE NAYyTOHMEBOE TONAMUBO, XKECTKMI CMeKTp
HEWTPOHOB B aKTUBHOWM 30HE peaKkTopa, BbICOKasa AOAA XECTKUX HEMTPOHOB B CNEKTPE.

B noknage mpencraBneHa KOHIENIHSA peakTopa TemiaoBod MomHocThio 200 MBT,
MIpeTHa3HAYeHHOTO ISl TeHepaIiy 3JeKTPOIHEPTHH MOIMHOCTEI0 75 MBT u pemenus psna
aKTyaJBbHBIX 3aJ7lad aTOMHOH 3HepreTuku. OcoOOEHHOCTHIO MPEATIaraeéMoro peakTopa sBIIEeTCS
KECTKUH CHEKTp HEUTPOHOB B aKTHBHOH 30HE (A3), Oolee )KECTKHIA, HeXeIH B OBICTPBIX Ha-
TPHUEBBIX W KXUAKOCOJEBBIX PEaKTOpax. ITO 00yCIOBIEHO MajbIM HEYNPYTHUM B3aUMOJEHCT-
BHEM HEHTPOHOB C TOIUITMBOM, HE COAEPXKAIINM JIETKHUX XMMHUYECKUX JJIEMEHTOB, U CBUHIIO-
BBIM TEIUIOHOCHTENEeM, Pb-nat, B HN30TOMHOM COCTaBe KOTOPOTO Ha JOJII0 Malo 3aMeAIsole-
ro Helirpons! **Pb npuxoutes 52,3%.

IToxazano, uro B peaktope ¢ pasmepamu A3 (D x H) 0,87 x 0,85 M, TommnBoM
58 Bec.% Pu+42 Bec.% Zr u cBUHIIOBBIM TeruioHocuTeNieM (Pb-nat) cpenHsis sHeprusi HEUTpo-
HOB B 1ieHTpe A3 cocraBmsier 0,72 MaB, a mons xectkux HeiitponoB (E,>0,8 MaB) B Heii-
TPOHHOM crieKTpe 6mu3ka K 30%.

WHTEepec Kk CO3AaHMIO0 PEaKTOPOB C KECTKUM HEHTPOHHBIM CIIEKTPOM OOYCIIOBIIEH BO3-
MOJKHOCTBIO X MPAKTUYECKOTO NMPUMEHEHHS B KauecTBE CHEIHATbHBIX TPAHCMYTaTOPOB MHU-
HOPHBIX akTUHUIO0B (MA), a TaKke B Ka4eCTBE MCCIE0BATENLCKUX M U30TOMHBIX PEaKTOPOB
C HOBBIMH MTOTPEOUTETHCKUMH CBOIICTBAMH.

B peaktope-TpaHcMyTaTope MpejaraeTcs HCIONb30BaTh TOIUIMBO, MOJYyYEHHOE B pe-
3yJlbTaTe pereHepaluy TOIUIMBA, BHITPY)KEHHOT'O M3 PHEPreTUYECKUX OBICTPHIX PEaKTOPOB.
[Momumo turyToHUS u TpoAykToB aeneHus, B OST OBICTPBIX peaKkTOPOB COAEPKHUTCS O
(0,4-0,7) % MA [1-3], koTOpBIE B )KECTKOM HEHTPOHHOM CIIEKTpE TPAHCMYTHPYIOT B IIPO-
IOYKTHI AeJIeHUs1 ¢ Oosee BBICOKOM BEPOSITHOCTBIO, HEXENH B OBICTPBIX HATPHEBBIX M KHUIKO-
COJIEBBIX PEaKTOpax. B 4acTHOCTH, PacCYMTAHHOE OIHOTPYITIOBOE CEYCHHE AeeHHS * Am
BozpacrtaeT 10 0,54 G6apH mpu yBenHMUeHUH cpenHeil sHepruu HeiitpoHoB o 0,72 M»aB, a Be-
POSATHOCTH J€IEHUSA 2 Am nosbimaercs 110 39%. DTO MO3BOJIUT CHU3UTH COJCPKAHNE 2 Am
B OAT peakropa-TpaHCMyTaTopa, U TEM CaMbIM OOJIEIYUTDH YCIOBHS JJITUTEIHHOTO XpaHEHUS
BBICOKO aKTHBHBIX OTXO/IOB aTOMHOW YHEPTETUKHU B CHICIIHAIBHBIX JETIO3UTAPHSIX.
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B kaudecTBe uHcCCIENOBATEIBCKOIO, PEAKTOP C JKECTKUM CIIEKTPOM HEUTPOHOB MOXKET
OBITH BOCTpeOoOBaH OJaroapsi COACPKaHUIO B €r0 HEUTPOHHOM CIIEKTPE 3HAYMTEIBHOM TOITU
(30%) »xecTkux HEHTPOHOB, ¢ FHeprusmMu 0,8—4,0 MaB, npu KOTOPEIX MPOUCXOAAT Harbolee
CUWJIbHBIC PAIMalINOHHBIEC MOBPEXKICHUS B MaTEpUaNax SACPHON TEXHUKH.

Hakonen, B peakTtopax ¢ )KECTKUM CIIEKTPOM HEUTPOHOB OTKPBIBAIOTCS BO3MOXHOCTH
MOJIYYEHUS psAfla PaJUOU30TONOB A MEAULMHCKUX LEJed IPHU UCIOJb30BAHUM PEaKIHU
(n, p), @ B HEKOTOPBIX CIydasx U peakuuu (n, o), KOTopsle 0onee 3PPEKTUBHO MPOTEKAIOT B
JKECTKOM HEUTPOHHOM CIIEKTPE, HEKEIU B CIIEKTPE HEUTPOHOB HBIHE JIEHCTBYIOIIUX HU30TOI-
HBIX PEaKTOPOB.

HccnenoBanue BHINOIHEHO NMpU (prHaHCOBOI noanepxke PODU u IpaButenscrBa Kamyx-
CKOM 00nacTi B paMKax HayqHoro mpoekra Ne 18-48-400004.
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3.1 LBE-Cooled Fast Reactor BLESS: Conceptual Core Design

Ziguan Wang*, Linsen Li, Yeoh Eing Yee, Yaodong Chen, Li Yuquan
State Power Investment Corporation Research Institute

Future Science Park, Beijing 102209, P. R. China

*E-mail: wangziguan@snptc.com.cn

Keywords: lead-cooled fast reactor, core design, neutronics design, BLESS-D.

A liquid Lead-bismuth cooled fast reactor named BLESS-D is proposed to meet the
public demands of a safer and more environmental-friendly nuclear system. BLESS-D is a
pool-type reactor cooled by Lead-bismuth eutectic (LBE). The thermal power is 300 MW
while the electric power is set at about 120 MW. UO, fuel rod is currently chosen as fuel to
take the advantages of mature fuel-fabrication technology. It is expected that the design of
BLESS-D can validate and demonstrate crucial technical problem solutions and be expended
to an industrial scale (about 1000MWe) or be converted to smaller design to meet different
requirements and application. In this paper, a preliminary configuration of the 300 MW Pb-Bi
cooled fast reactor BLESS-D has been established. Neutronics analysis was performed by a
Monte-Carlo code RMC. Parameters of core design including reactor size, fuel assembly
scale, fuel pitch, fuel enrichment, reactivity coefficient, control-assembly arrangement and
burn-up performance was calculated and analyzed. The results showed that Fuel Doppler co-
efficient at BOL is -1.12 (pcm/K), coolant temperature coefficient is -0.43 (pcm/K) and cool-
ant voiding coefficient is -3935 pcm. At BOL, the power peak factor is 1.294, which locates at
the outermost fuel region, whereas at EOL, the power peak factor 1.154 at the same position.
However, the peak factor is still larger than expected and could be a problem for the thermal-
hydraulic design. It is necessary that the fuel assemblies’ arrangement and control rod position
should be further optimized to get lower peak factor

PeakTop Ha 6bICTPbIX HEUTPOHAX CO CBUHL,O0BO-BUCMYTOBbIM
TennoHocutenem BLESS: KoHUenuua akTUBHOM 30HblI

UzbiryaH Ban*, AMHbC3Hb AW, Meo UHb Uu, AoayH YeH, Av HOutoaHb
HayuHo-nccaepaoBaTeAbCKUI MHCTUTYT [OCYAQPCTBEHHOM 3HEPrETUHECKON MHBECTULIMOHHOM
Kopnopauuu, Hayunbit napk, MekuH, 102209, Kutarickas HapoaHas pecrnybanka

*E-mail: wangziguan@snptc.com.cn

KaroueBbie CAOBA: CBUHLIOBbIV ObICTPbIV PEAKTOP, KOHCTPYKLMS aKTUBHOM 30HbI, HEWTPOHHO-
du3nyeckuin npoekt, BLESS-D.

PeakTop Ha OBICTPBIX HEHUTPOHAX C )KUAKHUM CBUHIIOBO-BUCMYTOBBIM TETJIOHOCUTEIEM
BLESS-D mpeniaraeTcst B Ka4eCTBE CHCTEMBI, OTBEYAIONIEH MOBBIIICHHBIM TPEOOBAHUSAM B
obnactu Ge3omacHocTd W 3KojormdHoctd. BLESS-D — 310 peaktop OacceliHoBoro Tturma,
OXJIAKAAEMBIM 3BTEKTHMUYECKUM CBHHIIOBO-BUCMYTOBBIM CIUIaBOM. TemoBas MOIIHOCTB CO-
crapisgeT 300 MBT, snextpuueckas — npumepro 120 MBT. B kauecTBe ToruiMBa B HacTOs-
it MoMmeHT BhIOpaH UQ,, O3BOJISIONINIA UCITOIB30BaTh MPEUMYIIIECTBA TIPOBEPEHHON TEX-
HoJioruK mpousBonacTBa. Oxkupaercs, yto koHCTpykuusi BLESS-D mo3Bonut o6ocHOBaTh n
MIPOJIEMOHCTPHUPOBATh PEIICHUS KIIOYEBBIX TEXHHUYECKUX MPOOJIEM M CMOXKET OBITh MacIITa-
OupoBaHa 110 TpoMbIIIIeHHOro MacimTaba (oxomo 1000 MBT3) mnm mpeobpazoBana B Ooiee
KOMIIAKTHYIO CHUCTEMY JUIsl Pa3INYHOTrO NMpUMEHEeHHsA. B 3ToM mokiane omucaHa mpeaBapu-
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TeJIbHAsE KOHCTPYKIMSA OBICTPOTO PEaKTopa CO CBHHIIOBO-BUCMYTOBBIM TEIUIOHOCHTEJIEM
morrHocThio 300 MBT. HeiftpoHHble pacueThl OBUIH BBIMIOJHEHHI 10 MeTony Monte-Kapmio
npu nomou koga RMC. Beumn paccunTaHbl M MPOAaHATM3UPOBAHBI MapaMeTphl aKTUBHON
30HBI, B TOM 4Hcie pazmep peakropa 1 TBC, oTHOCHTENbHBIN 1mar TB3J0B, 00OraieHue Tom-
TuBa, KO3 (UIIMEHT PEaKTUBHOCTH, YCTPOMCTBO COOPKH PETyIUPYIOUINX CTEPKHEH U BBITO-
paHue ToruBa. Pe3yibTaThl MoKa3aiu, 4To JOTUIEPOBCKUM KO3()(UIIMEHT peakKTUBHOCTH TO-
IUIMBa B Havaje KaMIaHuu coctaBisieT -1,12 (pcm/K), TemmneparypHbii KOOQQHUINEHT peak-
TrBHOCTH cocTaBisteT -0,43 (pcm/K), a mapoBoit koadduruenT peakruBHOCTH -3935 pcm. B
Hayane KaMIlaHUKA aMIUTMTYIJHBIA Kod(¢uuueHT cocrtaBiser 1,294 B camoli ynaneHHOH 00-
JIACTH aKTHBHOM 30HBI. B KOHIEe kKaMmaHuU B 3TOH e Touke ko3 duiueHT paseH 1,154. Cro-
UT OTMETUTh, YTO aMIUIMTYIHBIA KO3((QUIMEHT MpeBhICHI NPOTHO3UPYEMOE 3HAUYEHHE, YTO
MOJKET MPHUBECTH K MpoOIeMaM B 00JIaCTH TETIOTHAPABIUKH. J[J1s1 CHIDKEHUST aMITTUTYIHOTO
kodpduumenta HeoOXOAUMO ONTUMH3MPOBaTH pacnonoxenne TBC wu perymupyromero
CTEPIKHSI.

3.2 Neutronics, Thermal-Hydraulics and Radiation Shielding Analysis of
a 300 MWth LBE-Cooled Fast Reactor Conceptual Design

Li Linsen, Yeoh Eing Yee, Wang Ziguan, Sun Canhui, Chen Yaodong, Li Yuquan
State Power Investment Corporation Research Institute

Future Science Park, Beijing 102209, P. R. China

E-mail: lilinsen@snptc.com.cn

Keywords: LBE-cooled reactor, Neutronics, Thermal-Hydraulics, Radiation Shielding, BLESS-D.

Lead-cooled Fast Reactor (LFR), as one of the six nuclear reactor technologies se-
lected by the Generation IV International Forum (GIF), has become one of the most promising
concepts and drawn attentions from the industry in China. A LBE (Lead-Bismuth Eutectic)-
cooled Fast Reactor — BLESS (Breeding Lead-based Economical and Safe System) has been
proposed and developed by China State Power Investment Corporation Research Institute
(SPICRI) and designed to meet the public demands of a safer, more economical and more en-
vironmental-friendly nuclear system. In the roadmap among several proposed BLESS reactor,
BLESS-D (BLESS-Demonstration) is a pool-type reactor cooled by LBE, which is devoted to
demonstrate the technology of China LBE-cooled fast reactor. The thermal power of BLESS-
D is 300 MW while the electric power is set at about 120 MW.

The core design of the BLESS-D was studied and proposed according to the neutronics,
thermal-hydraulics and radiation shielding Analysis. A preliminary core configuration and
neutronic design of the 300 MWth BLESS-D was established firstly. Neutronics analysis was
performed by a Monte-Carlo code RMC. Parameters of core design including reactor size,
fuel assembly scale, fuel pitch, fuel enrichment, reactivity coefficient, control-assembly ar-
rangement and burn-up performance was calculated and analyzed.

The thermal-hydraulic behavior analysis is necessary for the safety and economy of the
design. In this study, the analysis of thermal-hydraulic behavior for BLESS-D was completed.
Property and some models in the sub-channel code are discussed and adapted for LBE-cooled
fast reactor. Sub-channel analysis results are obtained. The analysis method could be used in
the preliminary evaluation and analysis for LBE-cooled reactor.

The reactor life is restricted by the radiation damage of structural materials. This study
also aims to evaluate the radiation damage of the structural materials through the computation
of displacement-per-atom (DPA) rates for the main components of BLESS-D reactor. The

44



Session 3

main components considered in this study include the fuel cladding, the inner vessel, the
pump, the Steam Generators (SGs) and the reactor tank. The DPA rates for main components
are calculated and presented using the Monte Carlo transport method.

According to the preliminary neutronics, Thermal-Hydraulics and radiation shielding
analysis, a 300 MWth LBE-cooled fast reactor core conceptual design has been developed and
proposed, further design optimization and more analysis will be executed in the future re-
search.

AHaAU3 HEUTPOHHO-PU3UUECKUX CBOUCTB, TENAOTMAPABAUYECKUX
napamMeTpoB U papMaLMOHHOM 3aLLUTbl 3CKU3HOI0 NpPoeEKTa
6bICTPOro peakropa co CBUHLLOBO-BUCMYTOBbIM OXAQXKA€HUEM
MowHocTtbio 300 MBT(T)

A AMHBC3Hb, Meo UHb Nu, BaH LU3biryaH, CyHb LlaHbXxyan,

YeH AoayH, A HOutoaHb

HayuHo-nccaepoBaTeAbCKmii MHCTUTYT [0CYyAaPCTBEHHOMN 3HEPreTUYECKOH MHBECTULIMOHHOM
kopnopauuu, HaydHbivi napk, MekuH, 102209, Kutarickas HapoaHas pecrybarika

E-mail: lilinsen@snptc.com.cn

KnroueBbie CAOBa: PeakTop CO CBMHLIOBO-BUCMYTOBbBIM OXA@XAEHWEM, HEUTPOHHO-GUIUYECKUE
XapaKTEPUCTUKM, TEMNAOTUAPABAUYECKME NapaMETPbI, papnaumoHHan 3awmra, BLESS-D.

BrICTpBIN peakTop cO CBUHIIOBBIM OXJIAXAECHUEM, ABISIOLINICS 0THOW U3 6 peakTop-
HBIX TEXHOJOTIWH, BBIOpaHHBIX Ha MexayHapoaHoM (opyme mo peakropam IV moxoneHus
(GIF), cran onHOM M3 caMbIX NEPCIEKTUBHBIX KOHLEMIUH U NPUBJIEKAaeT OOJIbIIOC BHUMaHUE
CO CTOPOHBI UHAYCTpUalibHOTO cekTopa B Kutae. HayuHo-uccinenoBarenbckuit UHCTUTYT [ o-
CyZIapCTBEHHOM 3HEPreTHYecKOoil MHBECTHIMOHHON KOPIOpALMU MPeIoKUiI U pa3zpaboTain
npoekT OvicTporo peaktopa BLESS co CBHHIIOBO-BUCMYTOBBIM OXJIaKICHUEM, KOTOPBHIA OT-
BE€YaeT BCEM OOIIECTBEHHBIM MOTPEOHOCTSM B Oosee 6e30MmacHON, S3KOHOMHYHOW M 3KOJO-
THYHOH siepHoi cucteMe. Cpelld HECKOJIBKUX MPOEKTOB ObLT npeaioxkeH peaktop BLESS-D,
KOTOPBIH SBJISIETCA PEaKTOPOM 0acCeHOBOTO THIIA CO CBUHLIOBO-BHCMYTOBBIM OXJIAXKICHUEM
U TIpeHA3Ha4YeH AJs JEMOHCTPAUN KUTAaHCKOW TEXHOJIOTMH CBHHIIOBO-BHCMYTOBBIX PEAKTO-
poB. Temnosast momrHOCcTE BLESS-D coctaBnser 300 MBT, snektpuueckas — MpUMEpPHO
120 MBr.

Konctpykmus axtuBHO#M 30HBI BLESS-D 0Oplna paszpaborana ¢ yderom aHanmm3a Hew-
TPOHHO-()M3NYECKUX CBOMCTB, TEIUIOTHIPABINIECKIX [TAPAMETPOB U PAIUAIIIOHHON 3aIIUTHI.
B mepByro ouepens Obula pa3paboTaHa MpelBapUTelbHAs KOHPHUrypamus U HEHTPOHHO-
¢u3nuecKkue XapakTepUCTHKH aKTUBHOM 30HBI. HelTpoHHBIE pacueTsl ObUTM BBIOJIHEHBI 110
merony Monrte-Kapno npu nomon kona RMC. Beutn paccuuTanbl U MpOaHAIU3UPOBAHBI
napaMeTpsl akTUBHOW 30HBI, B TOM uncie pazmep peaktopa 1 TBC, oTHOCHTENbHBIN mar TB3-
J0B, oboraieHne TOIMBa, KO3()(UIMEHT PEaKTUBHOCTH, YCTPOWCTBO COOPKH PETyIHpYIO-
[IUX CTEp>KHEN U BBITOPAHHE TOILIMBA.

B sTOoM mccnenoBaHuy OBLT BHIMIOHEH aHAIN3 TEIIOTHIPABINYECKUX MapaMeTpoB, KO-
TOpBIA HEOOXOAMM ISl oOecTiedeHus] 0€30IIaCHOCTH M SKOHOMHYHOCTH MpOeKTa. bl pac-
CMOTPEHBI ¥ aIaNTHPOBAHBI ISl OBICTPBIX PEAKTOPOB CO CBUHIIOBO-BUCMYTOBBIM TEIJIOHOCH-
TEJIeM CBOMCTBA M HEKOTOpPbIE MOJENN B MOKaHATBHOM Koze. [lomydeHsl pe3ynbTaThl MoKa-
HAJIBHOTO aHanu3a. Mcronp30BaHHBI METO]] aHaIh3a MOXKET ObITh MPUMEHEH IIPH MpeIBapH-
TEJILHON OIIEHKE U aHaIN3e OBICTPOTO PEaKTOpa O CBUHIIOBO-BUCMYTOBBIM OXJIQKICHUEM.

CpoK 3KCITyaTallii peaKkTopa ONPEAEISeTCsS CTENEHBIO PaJUallMOHHBIX MOBPEXKICHUN
KOHCTPYKIIMOHHBIX MaTepHasioB. B 3Tom mccnenoBanum Oblia MpOBEAEHA OIEHKA TaKUX II0-
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BPEXKJICHHU ITyTEM pacueTa KOJIMYECTBA CMEIICHUH Ha aTOM B KOHCTPYKIIMOHHBIX MaTepHaiax
OCHOBHBIX KOMIIOHEHTOB peakTropa BLESS-D. B kauecTBe 0CHOBHBIX KOMIIOHEHTOB paccMar-
pHUBanUCh cienyroure: 000J04YKa TBIJIOB, BHYTPEHHAA 000JI0YKa KOpIyca peakTopa, Hacoc,
naporeHeparopsl u 0ak peaktopa. B pamkax mccienoBaHusi ObUIM MPOBENEHBI PACUETHI MH-
TEHCHUBHOCTH ITOBPEXKIEHUI ITPU OMOLIY TPaHCIIOPTHOrO MetoAa MoHre-Kapio u npeacras-
JIEHBI UX PE3YJIbTaThL.

B cooTBeTcTBUHM € MpeaBapUTEIbHBIM aHAIN30M HEHTPOHHO-(U3NUECKIX CBOWCTB, TEl-
JIOTUAPABIMYECKUX TAapaMeTpoB M PAAMALMOHHON 3alMTHl ObUT pa3paboTaH M MPEUIOKEH
3CKU3HBIN MPOEKT aKTUBHOW 30HBI OBICTPOTO peakTopa CO CBHHIIOBO-BUCMYTOBBIM OXJIaXJie-
HueMm MormHocTeio 300 MBT(T). JanbHeimas paspaboTka u aHanu3 OyAyT BBIOJIHEHBI B
paMkax OyIyIIMX MCCICIOBaHHH.

3.3 Numerical Modelling of Lead-Cooled Fast Reactor Using the MCB Code

M. Oettingen, P. Stanisz

AGH University of Science and Technology, Faculty of Energy and Fuels,
Department of Nuclear Energy, Krakow, Poland
E-mail: moettin@agh.edu.pl

Keywords: transmutation dynamics, equilibrium fuel cycle, LFR, burnup chains trajectory folding.

The closed nuclear fuel cycle belongs to the most promising options for an efficient
usage of the nuclear energy resources with full recycling of long-lived transuranic elements.
However, it can be implemented only in fast breeder reactors of Generation IV. The paper
shows our methodology applied to the analysis of lead-cooled fast reactor equilibrium fuel
cycle using the Continuous Energy Monte Carlo Burnup code — MCB. The implementation of
novel modules for nuclear transmutation trajectories folding, allows us to trace the life cycle
of crucial minor actinides from the beginning of reactor life towards the state of adiabatic
equilibrium. The changes in mass contribution to gateway isotopes ***Pu, **Am and ***Cm
during 124.2 years have been considered in the study. The numerical demonstration has been
performed for the reactor core designed within the European Lead-cooled SYstem (ELSY)
project and redefined in the follow-up Lead-cooled European Advanced DEmonstration Reac-
tor (LEADER) project.

YucneHHoe MoaeAupoBaHUe 6bICTPOro peakropa co CBUHLOBbIM
TEeNnAOHOCUTEAEM C UCNOAb30BaHUeM Kopa MICB

M. 31TUHreH, M. CtaHuww

AGH YHuBepcUTET Hayku v TeXHOAOrMM, @aKyAbTET TONAMBA U SHEPreTuku, OTAEA SAEPHOM
3Hepruu, Kpakos, NNoAbLua
E-mail: moettin@agh.edu.pl

KaroueBbie cAOBa: AvHAMKWKa TPAHCMYyTaUMK, PaBHOBECHbI TONAMBHbIN LUMKA, LFR, cBepTka
TPaeKTopui LenoYek TpaHCMyTaLUmii BbiropaHus.

3aMKHYTHIA SIIEPHBIN TOTUTMBHBIN IIMKJI OTHOCUTCS K HanOoJee MepCIeKTHBHBIM Ba-
puantaMm 3(Q(PEKTHBHOTO HCIONB30BAHHS SACPHBIX YHEPTETHUECKHX PECYPCOB MPH MOITHOM
PELUKIMPOBAHUH JOJITOKUBYIIUX TPAHCYPAHOBBIX 3JIeMEeHTOB. OZJHAKO OH MOXKET OBIThH pea-
JU30BaH TOJBKO B OBICTPBIX PEaKTOpax-pa3MHOXKHUTEIIX MmokojeHus [V. B craree mpencras-
JeHa pa3paboTaHHass HAMH METOJIWKA, TIPUMEHsIEMast ISl aHaIM3a PAaBHOBECHOTO TOIUIMBHOTO
LUKIa OBICTPBIX PEAKTOPOB CO CBUHLIOBBIM TEMJIOHOCHUTEIEM C HCIIOJIb30BAHUEM KOJa
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Continuous Energy Monte Carlo Burnup — MCB (pacuetnsiii kog Monrte-Kapno ¢ Hemnpe-
PBIBHOM 3HEpreTHYeCKO 3aBUCUMOCTBIO CEYEHHH C yueToM BhIropaHus). Peanusanust HOBBIX
MOZYJIeH i1 CBEPTKHU TPACKTOPUI TpaHCMyTalui MO3BOJISIET OTCIACKUBATH )KU3HECHHBIM LIUKIT
BOKHEHIINX MIIAIIMX aKTUHUIOB OT Hayaja TOIUIMBHOM KaMIIAHMU SIACPHOTO peakTopa A0
COCTOSIHHS aauabaTH4eckoro paBHOBecHs. B maHHO# paboTe pacCMOTpEeHbI H3MEHEHHS B Mac-
COBOM BKJIAJIE B IEPEXOAHBIE U30TOIBI 242Pu, 5 Am u **Cm B Teuenue 124,2 ner. [IpoBenecHa
YUCJICHHAsI IEMOHCTPALMSI A1l aKTUBHOU 30HBI peaKTOpa, CIPOEKTUPOBAHHOI'O B paMKax Mpo-
exta EBponeiickoii cuctemsl co cBUHIOBBIM TerionocuteneM (ELSY), u BeiBezieHHOI Ha HO-
BBl KAUECTBEHHBIN YPOBEHb B MOCJIECAYIOIIEM 3a HUM NMPOeKTe EBPOINENCKOro yCOBEpILIEHCT-
BOBAaHHOT'O JEMOHCTPAI[MOHHOTO PeakTopa co cBUHIOBBIM Temonocutenaem (LEADER).

3.4 Using the KORSAR Computer Code for Modeling Thermal-Hydraulic
Processes in Liquid Metal Coolants

Benediktov D. V., Vakarin A. V., Volkova S. N., Danilov I. G., Migrov Yu. A.
FSUE “NITI” (R&D Technological Institute) named after A.P. Alexandrov, Sosnovy Bor

Keywords: KORSAR, computer code, numerical simulation, liquid metal coolant, coolant properties,
verification calculations, integral test facilities, adequacy of simulation models.

Growing attention is given worldwide to use of liquid metal coolants in nuclear power
industry. In this context, there is a need to expand the capabilities of the KORSAR code origi-
nally designed for water cooled reactor analyses to liquid metal cooled nuclear reactors.
The technological philosophy of the KORSAR/LMC code allows for numerically simu-
lating the behavior of nuclear reactors with both liquid metal (lead-bismuth eutectic) and wa-
ter coolants independent of equipment configurations. The KORSAR/LMC code can also
model a variety of thermal-hydraulic systems and facilities with liquid metal and water cool-
ants. The KORSAR/LMC functionality in water-coolant analyses is the same as that of the
KORSAR/V1.1[1].
The KORSAR/LMC application to LMC loop calculations is based on the following as-
sumptions:
— coolant is a single-phase liquid;
— non-condensing gas can occur only in pressurizer, it is not soluble in the coolant and not
carried over with the coolant;
— interaction with water coolant is not modeled;
— metal freezing is not modeled;
— loops with different coolants interact through a heat-conducting structure;
— to ensure stability, compressibility is limited from below by ~107.
Simulation conditions (coolant properties):
— temperature range from the melting temperature, T,,=395.1 K, to the boiling temperature,
T=1944 K,

— pressures from 0 to 10 MPa;
— pressure dependence of thermal-hydraulic properties is not accounted for.

The lead-bismuth eutectic properties were calculated with correlations taken from [2]
and [3].

To evaluate the LMC properties and estimate the adequacy of simulation models im-
plemented in the KORSAR/LMC code, verification calculations of published experiments in
HELIOS (South Korea) [4] and NACIE (Italy) [5, 6] test facilities were performed.
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MpumeHeHne PK KOPCAP ana moaeAMpOBaHUA TENAOTUAPABANUYECKUX
NpoLecCcoB C )XUAKOMETAaAAUUECKUM TENAOHOCUTENEM

A. B. beHeaukToB, A. B. BakapuH, C. H. BoakoBa, U. I. AaHunos, 0. A. Murpos
@ryrn «HUTHU um. A.I. ArekcaHapoBa», COCHOBbIN Bop

KnroueBbie croBa: KOPCAP, pacueTHblli KOA, YUCAEHHOE MOAEAUPOBAHWE, XUAKOMETAAANYECKUI
TENAOHOCUTEAb, CBOMCTBA TEMAOHOCUTENS, BEPUPUKALIMOHHBIE PACUYETbI, MHTErPAAbHbIE CTEHABI,
AAEKBATHOCTb PacUETHbIX MOAEAEN.

B Hactosimee BpeMsl B pa3IMYHBIX CTpaHax Bce OoJiblliee BHUMaHHE B aTOMHOM 3HEp-
FEeTUKE HAYMHACT YACNATHCS KUAKOMETAIUIMYECKUM TeIUIOHOCUTENsIM. 1loaTtomy mpumeHu-
tenpHO K PK KOPCAP, ncnone3yemoro st 000CHOBaHUs 0€30ITaCHOCTH PEaKTOPHBIX yCTa-
HOBOK C BOJISHBIM TEIUIOHOCHTENEM, BOSHHKAET HEOOXOAMMOCTh B PACIIMPEHUH BO3MOXKHO-
cTell koaa uist pacyeToB DY ¢ )KUIAKOMETATNIMYECKUM TEILNIOHOCUTEIIEM.

TexHomorn4eckne MpUHIMIGI, peanu3zoBaHable mpu co3xannu PK KOPCAP/XKMT, mno-
3BOJISIFOT C €r0 MOMOIIBIO OCYIIECTBIATh YHCIEHHOE MOJENMpOBaHUE AMHAMUKU PY, BKito-
qaomei B ce0st Kak KOHTYpa C XHIKOMETAIUINYECKUM TEIUIOHOCHTENIEM (IBTEKTHUKA CBUHELI-
BHCMYT), TaK ¥ C BOJSHBIM TETUIOHOCUTENIEM TIPY TPOU3BOIBHOM COCTaBE M KOMIIOHOBKE 000-
pyZOBaHMs, a TaKKe Pa3sHOOOPa3HBIX TEIUIOTHIPABINYECKUX cHCTeM M ycTaHoBok ¢ KMT u
BOJASHBIM TeruloHocuTeneM. PyHKUnMoHaNIBHO obsacTh npumeneHus koga KOPCAP/KMT
TIPH MCTIOIL30BaHUN BOASHOTO TerioHocuTens 1mo cpaBHeHmio ¢ PK KOPCAP/BI1.1 [1] we
M3MEHNJIACh.

[pumenenne PK KOPCAP/KMT pns pacuyera xontypoB ¢ JKMT ocHoBaHO Ha ciie-
IYIOUIMX MPUHIUIAX:

— TEIUIOHOCUTENb — OJHO(]a3Hast KUAKOCTE;

— HEKOHJCHCHPYIOILIHUIICS ra3 BO3MOXKEH TOJBKO B KOMIIEHCATOpe 00BbeMa, B TEIUIOHOCUTEIIE
HE pacTBOPSIETCS U TEINIOHOCUTEIIEM HE IEPEHOCUTCH;

— MOJIeb B3aUMOJCICTBUS C BOASIHBIM TEIUIOHOCUTENIEM OTCYTCTBYET;

— MOJIETb 3aMep3aHus MeTallla OTCYTCTBYET;

— B3aUMOJIEICTBHE KOHTYPOB C Pa3HBIMU TEIJIOHOCHTEISIMH OCYIIECTBISIETCA Yepe3 Temsio-
MPOBOSLIYIO KOHCTPYKLHIO;

— CKUMAEeMOCTh OTpaHUYE€Ha CHU3Y BEIUUMHOMN ~10" s obecredenns YCTOHYMBOCTH.
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O0nmacTh MPUMEHEHHUS IO CBOMCTBAM TETLIOHOCUTETIS:

— JMamna3oH TeMIlepaTyp OT TeMmmepaTypsl miuasnenus T,=395,1 K no temnepaTypsl KUIeHUsA
T~=1944 K;

— o gasneuuio oT 0 go 10 MI1a;

— 3aBUCHMOCTb TEIUIO()U3UUECKUX CBOMCTB OT JABJICHUS HE YUUTHIBACTCH.

Jlna pacueTta CBOMCTB CBMHIIOBO-BHCMYTOBOM 3BTEKTHKU HCIOIb30BAIUCH KOPPETSAINH
u3 pabot Mopurtsl ¢ coaBropamiu [2] u CoboneBa [3].

Hns npoBepku ucnonbzyembix cBocTB JKMT U alleKBaTHOCTH pacueTHBIX MOJENEH,
peamzoBaHHbIX B PK KOPCAP/JKMT, Obuti BBITOTHEHBI BEepU(UKAIIMOHHBIE PacueThl pe-
JKUMOB, TpOBeleHHBIX Ha uHTerpanbHbiXx cteHnax HELIOS (FOxnas Kopes) [4] u NACIE
(Uramus) [5, 6], maHABIC TT0 KOTOPBIM MPEACTABICHBI B OTKPBITON TTEYaTH.
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3.5 Development and Experiment of PbLi Facilities for
Fusion Nuclear Technology

Qunying Huang, Zhiqgiang Zhu*, Danna Zhou, Wangli Huang, Zunqi Xiao, FDS Team

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology, Chinese Academy of Sciences, Hefei, Anhui, 230031, China
*E-mail: zhigiang.zhu@fds.org.cn

Keywords: LiPb, DRAGON.

The liquid lead-lithium (PbLi) blanket concept has become a promising design for
DEMO and fusion reactor. To promote the fusion energy successfully application, activities
on the PbLi blanket technologies are being performed, such as structure material corrosion,
thermal hydraulic and magnetohydrodynamic (MHD) effect, coolant impurities technology
and LOCA/LOFA, etc.. Therefore, it is so important to develop experimental facility to study
these key issues out of pile before engineering design of fusion reactor.

DRAGON PbLi experimental loops have been developed and built in China including
the thermal convection PbLi loops DRAGON-I (500 °C), DRAGON-II (700 °C), and the
Multi-functional Liquid PbLi Experimental Loop DRAGON-IV (800 °C, 2 T). To study the
integrated experiments under the multi-physical field conditions for DEMO blanket, the Dual
Coolant Thermal Hydraulic Integrated Experimental Loop DRAGON-V has been constructed
in 2017. It is composed of lead-lithium loop and helium loop. The maximum flow rate of PbLi
can reach 40kg/s, and the magnetic field is designed up to 5ST. The maximum helium pressure
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is 10.5 MPa. It is a unique test platform for the R&D of thermal hydraulic, material corrosion,
purification technology and safety issues of liquid PbLi blanket to provide the necessary data-
base for ITER-TBM and DEMO-TBM.

Up to now, much more experiments have been conducted to investigate the key issues of
PbLi technologies, such as corrosion behaviors of structural materials especially in magnetic
field, the PbLi alloy fabrication with quite low impurity, purification technology of liquid
PbLi coolant, MHD pressure drop test, and safety interaction for typical different coolants,
and so forth. The obtained findings can greatly support the development of the key techniques
in-pile and the engineering design for ITER-TBM and DEMO, which are also contribute to
develop the advanced reactors and international cooperation application.

Co3aaHue U NPpoBeAEHUE IKCNEPUMEHTOB Ha YCTaHOBKaX
CO CBUHLOBO-AUTUEBbIM TENAOHOCUTEAEM B LIEAIX Pa3BUTUA
TepPMOAAEPHbIX TEXHOAOTUM

LtoHbUH XyaH, YWxuuaH Uxy*, AaHHa Yxoy, BaHau XyaH, L3yHbumM Cao
MepepoBas uccrepoBaTenbckas rpynna no saepHomr aHepretuke FDS Team

Beayluas nabopatopusi HEUTPOHHOM GU3NKKU U paAnaLMOHHOM 6e30MacHOCTH,
WHCTUTYT TEXHOAOT MK 6€30MacHOCTU SAEPHOM SHEPreTUKM, Kutarckas AKaaeMusi Hayk,
Xapa, AHbxo, 230031, Kutai

* E-mail: zhigiang.zhu@fds.org.cn

KaroueBsbie cnoBa: LiPb, DRAGON.

Konuenmusa OnaHkeTa ¢ XHIKOMETAIMYECKHM CBHHIIOBO-JIUTHEBBIM TEIUIOHOCHTE-
nem (PbLi) mpeacraBnsier co0oil mepcrnekTHBHYIO KOHCTpYKIHUIO s peakropa DEMO u pe-
aKTopa TEPMOSIIEPHOTO CHHTE3a. B mensx comeicTBUS yCIEUTHOMY NPUMEHEHHIO SHEPTHHU
TEPMOSIEPHOTO CHHTE3a BEAYTCs PadOTHI B 00J1aCTH TEXHOJIOTHI CBUHIIOBO-TMUTUEBOTO OJIaH-
KeTa, TAKNX KaK KOPPO3Wsl KOHCTPYKIIMOHHBIX MaTEPHAJIOB, TETUIOTUAPABINYECKAC U MarHH-
ToruaponuHamudeckre coiictea (MHD), TeXHOIOTHS OYMCTKY TETNTIOHOCUTENS OT IIpHMecen
u LOCA / LOFA (aBapus siiepHOTO peakTopa ¢ MmoTepel TeIIoHOCUTeNs / aBapusi ¢ moTepei
pacxoja TerioHocuTens) u T. A. [lo3ToMy Tak BaKHO CO3/1aTh SKCIICPUMEHTAIBHYIO YCTaHOB-
Ky JUIA W3Y4YeHHS 3THUX KITFOYEBBIX BOIMPOCOB BHE peakTopa MO pa3pabOTKH TEeXHUYECKOTO
MIPOEKTa TEPMOSAIEPHOTO peakTopa.

OkcnepuMeHTanbHble KOHTYpHl ¢ PbLi ctenna DRAGON Obuin pazpaboraHsl U TO-
cTpoeHsl B Kutae, B TOM 4mncie KOHTYPHI JUISI HCCIIEOBAaHHUS TEIUIOBOW KoHBekmu PbLi —
DRAGON-I (500 °C), DRAGON-II (700 °C) n MHOTO(}YHKIIMOHAIBHBIA SKCIIEPHUMEHTAb-
HBIA KOHTYp AJ1s u3y4yenus xuakoro crasa PbLi DRAGON-IV (800 °C, 2 Tm). Ins npose-
JCHUSI UHTErPAbHBIX SKCIEPHUMEHTOB B YCIOBUSIX MYyJIbTH()U3NYECKOro MoJs Ajsl OnaHkeTa
DEMO, B 2017 romy 0bl1 co3maH J{BOHHOW KOMILIEKCHBIA 3KCTIEPUMEHTATBHBIA KOHTYD IS
uccienoBanus TeroruapaBnuku termwtoHocuteass DRAGON-V. OH coCcTOUT U3 CBUHIIOBO-
JUTUEBON METIHM U TeIeBON meTiau. MakcumanbHbli pacxon PbLi moxer nocturats 40 xr/c,
a MarHMtHoe moje paccumtaHo Ha 5 Tim. MakcuManpHOE IaBIIEHHE TENUS COCTaBISET
10,5 MIla. Dto yHHMKaNbHAS WCIBITATENbHAS THIATGOpMa TSI HCCIEAOBAHUN U pa3paboToOK B
00JIaCTH TETUIOTHIPABINKH, KOPPO3UU MAaTEpUANIOB, TEXHOJOTMH OYMCTKA M 0€30MacHOCTH
OJIaHKeTa C KUAKOMETALINICCKUM CBHHIIOBO-JINTHEBBIM TermioHocuTeneM (PbLi) mms obec-
rieueHust HeoOxomumoit 6a3el manabIX it ITER-TBM u DEMO-TBM (ITER — mexmyna-
POZAHBII 3KCIIEPUMEHTAIbHBIA TEPMOSAEPHBII peakTop; TBM — skcriepuMeHTaIbHBIE MOAYJIN
onankera; DEMO — neMOHCTpaIMIOHHBIA TEPMOSIICPHBIN pEaKTop).

Jlo HacTosmero BpeMeHH emi¢ OOoIbIIee YHCIO DKCIEPUMEHTOB MPOBEIACHO C IENBIO
W3yYeHHs KIIFOUEBBIX BOMPOCOB, CBA3aHHBIX C TeXHOJOTHSAMH PbLi, TakuMu Kak KOppO3HOH-
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HBIE CBOMCTBA KOHCTPYKLIMOHHBIX MaTepHajioB, 0COOEHHO B MarHUTHOM IIOJI€, U3TOTOBJICHUE
craBoB PbLi ¢ J0CTaTOYHO HU3KUM COZEpKaHWEM MpUMeceH, TEXHOIOTUH OYUCTKH JKUAKO-
METaJUIMYECKOr0 CBUHLIOBO-IIUTUEBOTO TeruoHocutenss, MHD wucnbeiTanus Ha nepemnan Aas-
JICHUS! ¥ U3y4YCHHE B3aUMOCBS3U C BONPOCaMH 0€30MacHOCTH Ul Pa3INYHbIX THUIIWYHBIX Tell-
JoHocHuTeNner u T. A. llomyyeHHbIe pe3yabTaThl MOTYT B 3HAYUTENBHOM CTETIEHH CIIOCOOCTBO-
BaTh pa3paboTKe KIFOUEBBIX TEXHOJOTHH, CBS3aHHBIX C BHYTPHUPEAKTOPHBIM 000pYyI0BaHUEM
U IPOLIECCAMU, a TaK)Ke WHKEeHEepHBIM npoekTupoBanueM Wi ITER-TBM u DEMO, kotopsie
TaKXKe CIIOCOOCTBYIOT pa3paboTKe YCOBEPIICHCTBOBAHHBIX PEAKTOPOB U OCYILECTBICHUIO Me-
JKIYHAPOJHOIO COTPYIHUUYECTBA.

3.6 Preliminary Design for Long-life Small Modular LFR

Nguyen T.D.C., Choe J., Kim W, Lee D.

Department of Nuclear Engineering, Ulsan National Institute of Science and Technology,
50 UNIST-gil, Ulsan, 44919, Republic of Korea
tungnguyen@unist.ac.kr, chi91023@unist.ac.kr, deokjung@unist.ac.kr

Keywords: small modular reactor, fast reactor, lead-bismuth eutectic, uranium nitride, core design,
long-cycle, transport properties, ice breaker, burner, reactivity coefficients.

Recently, lead-cooled fast reactor (LFR) is one of the six advanced nuclear energy
systems that is selected for further development in Generation IV International Forum (GIF).
The major interest in this reactor system originates from the fact that characteristics of lead-
bismuth eutectic (LBE), such as a low melting point, a very high boiling temperature and
chemical inertness, can provide an abundant degree of flexibility in design and enable to en-
hance the inherent safety features of LFR.

Other arguments presented in GIF-IV suggest the general features of long-life core and
small reactor size, significantly yielding to the concept of long-life, safe, simple, small and port-
able reactors. In recent past, a once-for-life fast breeder core Encapsulated Nuclear Heat Source
(ENHS) has been design by University of California at Berkeley with 125 MW(thermal) power,
lead or lead-bismuth coolant and nearly zero burnup reactivity swing throughout 20-year of full-
power operation. Another lead-bismuth fast reactor is SVBR-100 developed by AKME Engi-
neering, Russian Federation, which can achieve 7-8 years of fuel cycle.

Based on the foregoing, a preliminary design for of long-life small modular lead-
bismuth eutectic fast reactor (SMLFR) has been performed in this work. The primary design
constraint in this study is that the core should be transportable in a spent nuclear fuel (SNF)
cask so as to be able to meet the electricity demand in remote areas and off-grid locations or to
use as a single or cluster power plants for icebreakers or submarines. Another advanced fea-
ture of this suggested SMLFR is all the core components are included inside a small reactor
vessel, which can be immediately transferred into a SNF cask after its full operation time. The
thermal power of the SMLFR is 37.5 MW with an assumption of 40% thermal efficiency by
using an advanced energy conversion system based on supercritical carbon dioxide (S-CO,) as
working fluid. It is also designed to achieve 30 years of lifetime without refueling.

For such a long-life, small and portable reactor, the key requirement is an excellent neu-
tron economy. Recent study has been reported that the LBE cooled fast reactor demonstrates a
better performance in neutron economy, burn-up reactivity swing and void coefficient rather
than sodium fast reactor (SFR). In addition, uranium nitride (UN) with a high thermal conduc-
tivity is chosen as one of the primary fuel candidates for LFR due to a better compatibility with
the LBE coolant and providing an immense improvement in neutron economy in compared to
uranium oxide fuel. The core inlet and outlet temperatures are 300 °C and 400 °C, respectively.
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The primary coolant circulation is driven by an electromagnetic pump. The 15-15Ti stabilized
steel is selected as cladding material due to its excellent swelling resistance and stability up to
550 °C or even 570 °C in LBE. In another word, this temperature is clearly above the operating
temperature of this suggested core. In summary, a SMLFR was conceptually designed by
adopting UN as fuel material, LBE as coolant material and 15-15Ti as cladding material.

The design and analysis of this core are performed with the fast reactor analysis code
suite MC*-3/TWODANT/REBUS-3 developed by Argonne National Laboratory (ANL) with
ENDF/B-VIIL.O cross-section library. It is confirmed through depletion calculations that the
designed reactor can be operated for 30 years without refueling. Furthermore, core perform-
ance characteristics were analyzed for isotopic inventory, criticality, radial and axial power
profiles. The SMLFR core is also evaluated in view of various significant safety parameters
including control rod worth, fuel temperature coefficient and coolant density coefficient.

SCKU3HbIN NPOEKT MAAOro MOAYALHOro 6bICTporo peakropa
CO CBUHLOBbIM TENAOHOCUTEAEM, PACCUUTAHHOIO
Ha AAUTEAbHbIW CPOK 3KCNAyaTaLuum

T. A. K. HryaH, Y. Uxee, B. Kum, A. Au

OTA€A aTOMHOM dHEePreTnku, YAbCaHCKMIM HaLlMOHaAbHbIM MHCTUTYT HayKu U TEXHUKM,
50 UNIST-gil, YabcaH, 44919, Pecnybanka Kopes

tungnguyen@unist.ac.kr, chi91023@unist.ac.kr, deokjung@unist.ac.kr

KnroueBbie cA0Ba: Manbli MOAYAbHbIN, BbICTPbLINA peakTop, CBUHLOBO-BUCMYTOBbIV CNAAB, HUTPUA
ypaHa, KOHCTPYKLMS aKTUBHOMN 30HbI, ANMTEABHbIV LIMKA, TPAHCMNOPTHLIE CBOMCTBA, AEAOKOA,
peaKTop-CXXUrateAb, KOIGPULMEHTbI PEAKTUBHOCTH.

B mocnennee BpeMs peakTop Ha OBICTPBIX HEHTPOHAX CO CBHUHIIOBBIM TEINIOHOCHTE-
nem (LFR) sBisieTcs omHOM W3 MIECTH NMEPCIEKTHBHBIX AAEPHBIX YHEPIETUYECKUX CHUCTEM,
BBIOpaHHBIX ISl JajbHEHIEro pa3BuTHA B paMkax MexnyHapoaHoro ¢opyma «llokonenue
IV» (GIF). OcHOBHOI HHTEpEC K 3TOW PEaKTOPHOH cucTeMe OOYCIOBJIEH TEM, YTO XapaKTe-
pUCTHKH 3BTeKTHKH cBHHEN-BUCcMYT (LBE), Takme kak HHM3Kas TemrmepaTypa IUIaBICHHA,
OuUeHb BBICOKas TeMIlepaTypa KUIEeHHUS U XUMUYecKass HHEPTHOCTh, MOTYT MPEJAOCTABUTD -
POKHE BO3MOKHOCTH BBIOOPa BapUAHTOB IPH NPOESKTUPOBAHUU M 00ECIIEUYNTH COBEPILICHCTBO-
BaHWE BHYTPEHHE MPUCYIIUX XapaKkTepucTuk o6e3omacHocty LFR.

Hpyrue aprymenTts, npeacrasineHasie Ha GIF-IV, oTHocsTCS K 00mKM XapaKTepucTH-
KaM aKTHBHOW 30HBI C OOJBIINM PECYpCOM U HEOOJBIIOMY pa3Mepy peakTopa, YTo B 3HAYH-
TEJIHHON Mepe COOTBETCTBYET KOHIICTIIMW IOJTOBEYHBIX, OE30IACHBIX, MPOCTHIX, Mallopas-
MEpHBIX U MEePeIBHKHBIX peakTopoB. B HemaBHem mpomwioM B Kamudopuun B bepxmm 61
co3fal I'epMeTHUHbIN A/IEpHBIA HCTOYHMK TEIUIA C aKTUBHON 30HOM PEaKkTOpa-pasMHOKHUTEIS
(ENHS) ¢ omHoli 3arpy3koii Ha BeCh JKU3HEHHBIA UK, C TEIUIOBOW MOIIHOCTHIO 125 MBHT,
CBUHIIOBBIM FJIM CBHHIIOBO-BHCMYTOBBIM TEIUIOHOCHUTENIEM M TOYTH HYJIEBHIM H3MEHEHHEM
PEaKTUBHOCTH TPH BhITOpaHuu 3a 20-1eTHHI epruo padoThl Ha TOJTHOW MOITHOCTH. Apyroi
OBICTPBIIl PEaKToOp CO CBHHLIOBO-BHCMYTOBBIM TerutoHocuteneM — 310 CBBP-100, pa3pabo-
TaHHbId B AO « AKMD-unxunupunry», Poccuiickas denepaiiusi, TOINIMBHBIM LUK KOTOPOTO
MOXET JOCTHYL 7-8 JIeT.

Ha ocHoBaHMM BBIIIEN3I0KEHHOTO, B HACTOSIIEH pabOTe BBIMOJHEH 3CKU3HBIN MPOEKT
MaJjoro MOJYJIBHOTO PEaKTOpa CO CBHHIIOBO-BUCMYTOBBIM TeruioHocuteneM (SMLFR), pac-
CUMTAHHOTO Ha JTUTENBHBIA CPOK dKCIuTyaTanni. OCHOBHOE KOHCTPYKTHBHOE OTpaHHYEHHUE B
HACTOSIIEM HCCIIEIOBAaHUM 3aKJIIOYAeTCsl B TOM, YTO aKTHBHAs 30HA JIOJDKHA TPAHCIIOPTHUPO-
BaThCs B KOHTeWHepe it oTpaborasiiero sepHoro tomimsa (OST), 9ToOsl UMETh BO3MOX-
HOCTPH YJIOBIIETBOPUTH TOTPEOHOCTH B 3IIEKTPOIHEPTHH HA OTHAJICHHBIX TEPPUTOPHUAX U B HE-
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ANMEeKTPUHUIIMPOBAHHBIX pallOHAX, JINOO MCIIOIB30BaTHCS B KAYECTBE €IMHCTBEHHON WIIH Kila-
CTEpHON SHEProyCTaHOBKH JJIS JIEJOKOJIOB MM MTOJBOAHBIX J0J0K. Ellle o/Ha nepcreKkTuBHAas
0c00EHHOCTh JAaHHOTO npeanaraemoro peakropa SMLFR 3akmrouaercs B ToM, 4To Bce Oc-
HOBHBIE KOMITOHEHTHI aKTUBHOW 30HBI 3aKIFOYEHBI BHYTPU KOpIyca HEOOJIBIIOTO PEeaKTopa,
KOTOPBIA MOXKET OBITh He3aMeMTUTeNbHO mepememnieH B koHTeiHep OST mo 3aBepmieHHIO
MOJIHOTO Cpoka JkcIuryatanuu. TemmoBas MorHocTh SMLFR cocrasnser 37,5 MBT, ecnu
JOMyCTUTh, 4T0 40% TEma0BOro K.II.J. MPOU3BOAUTCS MPU UCHOIb30BAHUU yCOBEPIIEHCTBO-
BaHHOW CHCTEMBI IpeoOpa30oBaHMsI YHEPTHH Ha OCHOBE TUOKCH[A YIIepoaa B CBEPXKpUTHYIE-
ckoM coctosiHuu (S-CO,) B kadectBe paboueil cpeapl. OH Takke paccuuTad Ha 30-IeTHUN
CPOK cITyO0bI 0€3 Neperpy3Ku TOIUIHBA.

[nst Takoro ManopazMepHOro MepeiBHKHOIO PeakTopa JIMTEIBHOTO CPOKa dKCIUTyaTa-
LMY KITFOYEBHIM TPEOOBAaHUEM SIBIIIETCS] IPEBOCXOHBIN OanmaHc HeHTpoHOB. Coo0IIaeTcs, 9YT0
He/laBHee UCCIIeI0BaHNE TOKA3alI0, YTO OBICTPHIA PEakTop ¢ TemIoHocuTeaeM Ha ocHoBe LBE
JIEMOHCTPUPYET IIydIlNe XapaKTepUCTUKHA OallaHCa HEHTPOHOB, M3MEHEHHs PEaKTHBHOCTH
IIpH BBITOPAaHUH U MapoBOT0O Kod(h(UIIMEeHTa PEeaKTUBHOCTH IO CPABHEHHIO C OBICTPBIM peak-
TopoM ¢ HaTpueBbIM TeruioHocuteneM (SFR). Kpome toro, mutpusa ypana (UN), oGmanato-
MK BBICOKOH TEIUIONPOBOIHOCTBIO, BEIOpaH B KauecTBE OJHOTO M3 OCHOBHBIX BapHaHTOB
torumuBa st LFR u3-3a mydmeit comectumocty ¢ TeruioHocuTeneM Ha ocHoBe LBE n obec-
MEUCHHS CYIIECTBEHHOTO yIyYIIeHHS XapaKTepUCTUK OanaHca HEHTPOHOB IO CPaBHEHHIO C
YPAHOBBIM OKCHUIHBIM TOIUIMBOM. TemrmepaTypbl Ha BXOJ€ U BBIXOJE U3 aKTUBHOM 30HBI CO-
craBsitoT 300 u 400 °C, cooTBeTcTBEeHHO. LIMpKyIsALUA TEIIOHOCUTENS MEPBOTO KOHTYpPa
MIPOU3BOUTCS TP TIOMOIITH 3JIEKTPOMArHUTHOTO Hacoca. Ctabunm3npoBanHas ctanb 15-15Ti
BhIOpaHa B KauecTBE MaTepHalia 000JIOUYKH TBIJIOB M3-3a €€ MPEBOCXOIHON CTOWKOCTH K pac-
nyxanuto 1 ycronuuBoctd 10 550 °C mwnu gaxe 570 °C B LBE. [pyrumu ciioBamu, 31a TEM-
neparypa SBHO BbIIIe padoueil TemIeparypbl 3TOH NpenjaraeMoid aKTWBHOW 30HBL Takum
oOpa3om, 3cku3nblil npoekT SMLFR ocHoBan Ha ToM, yTo UN NpUHHMAETCS B KadeCTBE
simeproro tornBa, LBE B kauecTBe MaTepuana Temnonocutens u cranb 15-15Ti B kauecTBe
MaTepurana 000JI0YKH TBIJIA.

IIpoekTupoBanue U aHalIU3 3TOM AKTUBHOM 30HBI BBIMIOJHSIOTCS C MOMOIIBIO TMAKeTa
IIPOrpaMM JUIst pacuera GhICTPEIX peakTopoB MC?-3/TWODANT/REBUS-3, pa3paGoTaHHOro
B ApProHHCKOW HanmoHaIsHOU JadopaTopuu (ANL) ¢ ucmonp3oBaHneM OHOTHOTEKH SICPHBIX
nmaaaeix ENDF/B-VIL0. Pacdetsl o0eqHEHNS MOATBEPKIAIOT, YTO CIIPOSKTHPOBAHHBIN peak-
TOp MOXKET IKCILTyaTupoBaThcs B TeueHue 30 et Oe3 meperpy3ku tomusa. Kpome Toro, xa-
PAKTEPHUCTUKU TPOU3BOJUTEIHLHOCTH aKTHBHOHN 30HBI OBUIM MPOAHATH3UPOBAHBI JUISI CONEP-
YKaHWUS W30TOIOB, KPUTHYHOCTH, PAJAUAIbHBIX M aKCHAJIBHBIX MPO(UIel IHEPrOBbIIEICHNUS.
AxkTrBHas 30Ha peaktopa SMLFR Takke orjeHMBaeTCs ¢ y4eTOM Pa3IMYHbIX CYIIECTBEHHBIX
napamMeTpoB 0e30MacHOCTH, BKIIoYash 3(PPEKTHBHOCTh CTEPKHEH pEeryTUpOBaHUs, TeMIIepa-
TYpPHBIA KOAQPHUIMEHT TOTUTHBA U KO3(PPHUIIMEHT ITIOTHOCTH TETUTIOHOCUTEIIS.
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3.7 Possibilities of Small Modular Reactors Loaded with
Liquid Metallic Fuel

Youpeng Zhang, Kaiyi Ji, Xuenong Chen, Jiaqi Liang
Institute of Modern Physics, Fudan University
No. 220, Handan Road, Shanghai, China
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Liquid metal fuel loaded small modular reactor is a kind of fast neutron reactor using
liquid metal as both coolant and fuel. At present, there are some researches about small modu-
lar reactors but not much about the ones using liquid metal fuel. Compared to pervasively
used oxide uranium fuel, liquid metal fuel has a much higher thermal conductivity, lower neu-
tron moderation and absorption.

In this paper, firstly, we investigated plenty of nuclear materials and narrowed down to
several possible materials suitable for fuel, cladding and coolant used in liquid metal fuel
loaded small modular reactors. Secondly, we applied SuperMC code to analyze both prismatic
and pebble-bed type designs by performing criticality calculation.

The results indicate that liquid metal fuel loaded prismatic reactor can reach criticality
when the enrichment of Pu-239 is higher than 20%; liquid metal fuel loaded pebble bed reac-
tor can reach its criticality with higher than 10% Pu-239 content, which confirms the basic
requirement of small modular reactors using liquid metal as fuel.

B0O3MO>XHOCTU MaAbIX MOAYAbHbIX PEaKTOPOB
Ha XXUAKOMEeTanmMnyeCKoM TonaAuBe

OnaH YseH, Kaiu Li3u, CtoaHyH YeHb, Lsaum AaH

UHCTUTYT coBpeMeHHON pusmnkm, YHusepcutet OyaaHb
No. 220, XaHbaaHb Poya, LLlaHxa, Kutari

KAroueBblie CN0Ba: XUAKOMETaAAMUYECKOE TOMAUBO, MaAblil MOAYAbHbIN peakTop, superMC,
pacueT KPUTUYHOCTY.

Marnslif MOZYJIBHBIN PEAKTOP Ha )KUAKOMETAJUINYECKOM TOIUIHBE IPEACTaBIsIET cOO0M
THI peakTopa Ha OBICTPBIX HEHTPOHAX C MCIIOIb30BAaHMUEM JKUAKOTO METajlula B KauecTBE Kak
TEIUIOHOCUTENIS, TaK U TOIUIMBA. B HacTrosiiee BpeMs MPOBOIUTCS PsI MCCICAOBaHUI B 00-
JaCTH MaJIbIX MOIYJBHBIX PEaKTOPOB, HO HEMHOIME M3 HHMX KacalTcs PeakTOPOB, HUCIIOJIb-
3YIOINX KUAKOMETAITMYEcKoe TOIUHMBO. 110 cpaBHEHHIO C MIHMPOKO MCHOIB3YyEMBIM ypaHO-
BBIM OKCHJHBIM TOTUTUBOM, JKHAKOMETATHUECKOE TOIUIMBO MMEET ropas3io 0ojiee BBHICOKYIO
TETJIONPOBOJHOCTD, O0JIee HU3KKE MapaMeTphl 3aMe/IJICHUS M TIOTJIONICHUSI HEUTPOHOB.
B Hacrosmeit pabote, BO-IepBBIX, HAMHU TPOBEIEHO MCCIIEJOBaHNE OOJBIIOrO KOIHYe-
CTBa SJEPHBIX MaTEpUANIOB, U3 KOTOPHIX BHIOPAHO HECKOJBHKO MOTEHIMANBHBIX MaTEpUaJIOB,
MPUTOAHBIX IJIS1 TOIUIMBA, OOOJOYKH TBIJA U TETJIOHOCUTENS, UCIIOIB3yEMBIX B MAJIBIX MO-
IOyJbHBIX PEaKTOpax Ha >KUIKOMETAJUIMYECKOM TOIUIMBE. BO-BTOPBIX, MBI HCIONB30BAIN KO
SuperMC st aHanm3a Kak MPU3MAaTHYECKOW KOHCTPYKIIUH, TaK U KOHCTPYKIIH PEaKTopa C
3aCBINKON U3 IIAPOBBIX TBIJIOB, IIOCPEICTBOM pacyeTa KpUTHUHOCTH.
Pe3ynbpTaThl HOKA3bIBAIOT, YTO NPU3MATHUECKUN PEAKTOP HA )KUAKOMETAIIIMYECKOM TOTI-
JIUBE MOJKET JOCTUTATh KPUTHIHOCTH, Korma oboramenue Pu-239 serme 20 %; peakrop c 3a-
CBITIKOH M3 IIAPOBBIX TBAJIOB HA JKUAKOMETAIUIMYECKOM TOIUTUBE CHOCOOEH JAOCTHUYb KPUTHY-
HOCTH IIpHU cozepkanneM Pu-239 6oxee 10 %, 4To moATBEpkKIaeT OCHOBHBIE KPUTEPHH MaJIBIX
MOJYJIBHBIX PEaKTOPOB, B KOTOPBIX B KaU€CTBE TOIIMBA HCIIOIb3YETCS )KUAKUNA METaIlI.
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Innovative development of nuclear power engineering, design and construction of new
generation reactors, demonstration of the nuclear fuel cycle closure are possible with an
integrated approach to the key problems of nuclear technologies. BREST-OD-300 is a real
example of the implementation of modern concepts of a secure competitive reactor facility
with a heavy liquid-metal coolant.

Using lead as a coolant significantly limits the choice of structural materials that ensure
the operability of the core, main equipment and other units of the reactor installation. The
launch and start-up phase of RU BREST-OD-300 is planned for steel of the ferritic-
martensitic class EP 823 (Fe-12Cr-Mo-W-Si-V-Nb-B-0,16C). The alloying complex of steel
and the developed heat treatment regimes ensure the achievement of the required design
physical and mechanical properties, as well as satisfactory corrosion resistance in lead at an
oxygen concentration of C [0] = (1+4)x10"° wt. %.

The main criteria for corrosion resistance are: no liquid metal corrosion, microhardness
and thickness of the oxide film, maintaining the level of mechanical characteristics after aging
in lead. According to numerous tests of steel EP 823 in non-isothermal circulation loops, it is
not subjected to any corrosive damage in the lead flow (at an oxygen concentration
(1+4)x10°® wt. %) for up to 15,000 hours up to temperatures 670 °C: the maximum thickness
of the oxide layer during the test did not exceed 15 um; the level of mechanical characteristics
(oy, 002, 0, etc.) corresponds to the level of mechanical properties of the thermally aged state
on the same time base.

Radiation resistance of steel EP 823 is characterized by the results obtained earlier after
irradiation in the BN-600 reactor using the covers of standard fuel assemblies made of steel
EP 823: at a maximum temperature of 600 °C and a damaging dose of 60 dpa, the swelling
did not exceed 0.6%; there was no evidence of embrittlement.

The irradiation of samples from steel EP 823 in the composition of a material-research
assembly (MS) at temperatures of 385—460 °C with a maximum radiation dose of 100 sleep
led to swelling, also not exceeding 0.6%. Short-term mechanical properties at the maximum
test temperature of 690 °C were: 6, not lower than 213 MPa, ¢, 2 not lower than 174 MPa.

Since May 2016, samples of EP 823 steel had have maximum irradiation in the BN-600
reactor with a temperature of up to 670 °C. It is proposed to establish temperature
dependences of short-term mechanical properties, modulus of elasticity, radiation creep and
other characteristics necessary for strength calculations and justification of operational
reliability of products made of steel EP §23.

All the elements of the core (fuel rod and pellet shells, fuel assemblies) of the BREST-
OD-300 are made of EP 823 steel. The list of components with at least 34 positions is
constantly updated and supplemented. The tasks of setting up new metal products for
production, the manufacture of pilot batches, the stages of removing the facultative points of
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the requirements under the technical conditions are multifactorial, costly and require
considerable time.

The range of the range of metal products is extremely wide: from fuel cladding and frame
pipes with a wall thickness of 0.25 mm to 235 mm bars, sheets from 4 mm to a thickness of
0.3 mm, etc. For all the nomenclature, manufacturing technologies have been developed (or
under development), including technological deformation and heat treatment schemes.

The generalization and analysis of the presented materials science studies and techno-
logical development of steel EP 823 demonstrate the readiness of the use of end-to-end tech-
nologies for the manufacture of half-stuff in accordance with the list of components and semi-
finished products from steel EP 823 for the production of an imitation active zone and the ac-
tive core of the BREST-OD-300, as well as Step-by-step maintenance of a substantiation of
operational reliability of steel EP 823.

dusnko-mexaHuueckue CBOUCTBA, KOPPO3MOHHAA CTOUKOCTb
M TeXHoAornueckoe ocsoeHue cranu 3l 823-LU npumeHUTEABHO
K UICNOAb30BaHUIO B peakTtopHou yctaHoBke BPECT-OA-300

M. B. AeoHTbeBa-CmupHoBa, WU. A. HaymeHko, A. A. HukutnnHa, M. B. Ckynos

AO «BHUHWHM>», MockBa
E-mail: IANaumenko@bochvar.ru

KaroueBbie cA0Ba: BbICTPbIN peakTop, GeppUTo-MapTeHCUTHAs CTaAb, CBUHEL, KOPPO3WS,
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WuHoBanoHHOE pa3BUTHE aTOMHOM SHEPTeTHUKH, POSKTHPOBAHNE M CO3/IaHUE peakK-
TOPOB HOBOT'O MNOKOJICHUS, JeMOHCTpauusa 3aMmblkaHus SITL[ BO3MOXHBI IPU KOMIUIEKCHOM
MTOIX0JIE K Y3JIOBBIM IpoOiieMam simepHbIx TexHonoruii. BPECT-O/1-300 — peansHbIi TpuMep
peann3anii COBPEMEHHBIX KOHIICTIIIMKA 0€301MacHON KOHKYPEHTOCTIOCOOHON peakTOpPHOU yc-
TAHOBKH C TSKEJIBIM KUJIKOMETAIUIMYECKUM TETIJIOHOCUTEIIEM.

Hcnonp3oBaHue B Ka4eCTBE TEMJIOHOCUTENSI CBUHIIA CYLIECTBEHHO OIPaHUYHMBAET BEIOOD
KOHCTPYKITHOHHBIX MaTepHajIoB, 00ECIIEYHBAOIINX Pab0TOCIOCOOHOCTh aKTUBHON 30HBI, OC-
HOBHOTO 00OpYJOBaHMSI U JIPYTUX y3JIOB PEAKTOPHOH YCTaHOBKH. 3allyCK M CTapTOBBIN 3Tl
PY BPECT-O/1-300 nianupyeTcs ¢ UCIONb30BaHUEM CTaIH (PeppUTO-MapTEHCUTHOTO Kiacca
OI1 823-1 (16X12MBC®BP). KoMmiiekcHOe JISTHPOBAHHUE CTATH U pa3pabOTaHHBIC PEKIMBI
TepMOOOPaOOTKH OOECTIEYUBAIOT JOCTI)KEHHE TPEeOyEeMbIX NMPOEKTHBIX (PH3MKO-MEXaHUdec-
KMX CBOWCTB, & TAK)K€ YJIOBJICTBOPUTEIBHON KOPPO3UOHHONW CTOMKOCTU B CBHMHIIE IIPH KOH-
nentparmu kuciopoga Cro=(1+4)x10° macc. %.

OCHOBHBIMH KPHTEPHSIMH KOPPO3HMOHHON CTOWKOCTH HMPUHUMAIOTCS: OTCYTCTBHE XKHUJI-
KOMETaJUTMYECKON KOpPpPO3UH, MUKPOTBEPIOCTh M TONIIMHA OKCHAHOI IJIEHKH, COXpaHEHUE
YPOBHSI MEXaHWYECKHX XapaKTEPUCTHUK IIOCIE BBIIEPKKH B CBUHIE. [l0o mJaHHBIM MHOTOYHMC-
neHHbIX uenbliTaHui ctanu D11 823-111 B HEeM30TepMUUECKUX HUPKYJIALUOHHBIX CTEHIAX, OHA
HE TO/IBEPTaeTcsi KaKuM-JIMO0 KOPPO3HOHHBIM IMOBPEXACHUSM B MOTOKE CBUHIA (TIPH KOH-
nentparuu kucnopona (1+-4)x10°° macc.%) 3a Bpems 10 15000 4acos BILIOTH 0 TeMIEpaTyp
670°C: makcuMainpHasi TOJIIMHA OKCHIHOIO CJIOS 32 BpeMs HUCIHBITAaHUM HE MpeBbICHIIA
15 MKM; ypOBEHb MEXaHHYECKHX XapPaKTEPHUCTHK (OGy, Gop, O M JpP.) COOTBETCTBYET YPOBHIO
MEXaHMUYECKMX CBOMCTB COCTAPEHHOTO COCTOSIHUS Ha TOH e BpeMEHHOI Oase.

Pagnammonnas croiikocts cranu OI1 823-11 xapakrepusyercs pe3yibTaTaMu 00Iyde-
Hus B peaktope BH-600 npu ucnons3oBanuu udexioB mrtatHbix TBC u3 cramu OI1 823-111:
pu MakcuManbsHoi TemnepaTtype 600°C u noBpexxaaromeit 1o3e 60 cHa, pacIiyxaHHue He Ipe-
BoicrIo 0,6%; GakTOB OXpYIMUHBaHUS HE OOHAPYKEHO.
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O6mydenue o6pasmoB u3 cramu DIl 823-1I1 B cocraBe MaTepuanoBeauecKoil cOOpkH
(MC) mpu temnieparypax 385-460°C npu MmakcumManbHOM 103e obiydenus 100 cHa mpuBeso K
pacmyxaHuio, Takxke He npesblmaroniemy 0,6%. KpaTkoBpeMeHHBIE MEXaHUUYECKUE CBOMCTBA
IIpY MaKCHMaJlbHOM TeMIieparype ucnsitanusg 690°C cocraBunu: o, He HIke 213 MlIla, 64, He
amke 174 MIla.

C mas 2016 roga B BH-600 npoxonsar peakropHble ucnbiTanud MC ¢ oOpasnamu u3
cramu DI1 823-1II ¢ makcumanbHOU TemmepaTypoi obmyuenus o 670 °C. Ilpennonaraercs
YCTaHOBUTH TEMIIEPAaTypHBbIE 3aBHCHMOCTH KPATKOBPEMEHHBIX MEXaHHYECKHX CBOWCTB, MO-
IOyJsl YIPYTOCTH, PaAUallMOHHON MON3Y4YeCTH M APYTHX XapaKTePHCTHK, HEOOXOAMMBIX IS
MIPOYHOCTHBIX PacueTOB U 00OCHOBAHUS 3KCILTYyaTAllMOHHOW HAJC)KHOCTU U3JCIIUH U3 CTalU
Ol 823-111.

OnemenTsl akTUBHOW 30HBI BPECT-O/[-300 (000709KHM TB3JI0B W TRJIOB, 3JICMECHTHI
TBC, BO, B3 u ap. uznenus) usroraBnuparorcs u3 cramu D1 823-111. [lepeuenr komruiek-
TYIOIINUX, HACYUTHIBAIONINI KaKk MHHUMYM 34 TTO3WITNH, CETOHS ITOCTOSHHO KOPPEKTHPYETCS
W JOTIOJIHSAETCS. 3aJadd IO ITOCTaHOBKE Ha TPOM3BOJACTBO HOBOH METAUIONPOAYKIIWH,
odopmienne HT/I, n3roToBI€HNE ONMBITHBIX MAPTH, 3TANbl CHATHS (HaKyJIbTATUBHOCTH Tpe-
OoBanuii B pamkax TY — MHOro(aKkTOpHBIE, 3aTPaTHBIC U UX PEIICHUE TPEOYyeT 3HAYUTEIHHO-
r'0 BPEMEHU.

Jlnama3oH HOMEHKJIATypbl METAUTONPOTYKIIUH YPE3BBIYAHO MUPOK: OT 000JI0UEUHBIX
U KapKacHBIX TPYO ¢ TOMIUHOM cTeHKH 0,25 MM 70 TIPYTKOB 235 MM, JINCTOB TOJIIUHOMN OT
4 MM 10 neHTsl TonmmHaoM 0,3 MM U T. 1. JJi Bceli HOMEHKIIATYphl pa3paboTaHbl (WM HAXO-
ISTCS B pa3paboTKe) TEXHOJIOTHH M3TOTOBIICHUS, BKIIOYAIINE TEXHOJIOTUISCKUE CXEMBI JIe-
(dhopmanyu u TEPMUIECKON 00padOTKH.

O06001IeHNe 1 aHATU3 TPEICTABICHHBIX MaTepUaIOBEAUESCKUX UCCIEIOBAHUN U TEXHO-
smoruyeckoro ocoeHust craiau OII 823-II1 meMOHCTpUPYIOT FOTOBHOCTh MPUMEHEHUS psiaa
CKBO3HBIX TEXHOJIOTUH W3TOTOBJICHUS MONYy()aOpHUKAaTOB B COOTBETCTBUHU C TIEPEYHEM KOM-
TUIEKTYIONINX ¥ MO0Ny(pabpuKaToB i W3TOTOBJIEHUS HWMHUTAIIMOHHOW AKTUBHOW 30HBI U
mratHor akTuBHOM 30HBI PY BPECT-O/I-300, a Takxke mosTamHoe oOecreueHre 000CHOBA-
HUSA 3KCIUTyaTalMOHHOM HanéxHoctu cranu D11 823-111.

4.2 Optimization of Manufacturing Process of Functionally Graded
Composite Steels for Lead-Bismuth Cooled Fast Reactor
Cladding Application

Jeonghyeon Leel, Taeyong Kim1, Il Soon Hwang2, and Ji Hyun Kim1*

1School of Mechanical,Aerospace and Nuclear Engineering, Ulsan National Institute of
Science and Technology (UNIST), UNIST-gil 50, Ulju-gun, Ulsan 44919, Republic of Korea
2 Department of Nuclear Engineering, Seoul National University (SNU)

San 56-1, Shinlim-Dong, Kwanak-Gu, Seoul 151-742, Republic of Korea

*E-mail: Kimjh@unist.ac.kr

Keywords: small modular reactor, functionally graded composite, cladding, weld overlay.

Liquid metal coolants such as lead, lead-bismuth eutectic (LBE), and sodium also
have the benefits of higher thermal conductivities and heat capacities than most other cool-
ants. The advantages of lead or lead—bismuth eutectic, which has attractive thermal, hydraulic,
and nuclear-physics properties, make these coolants ideal for fast-reactor and accelerator-
target applications. However, at temperatures of interest for advanced reactor applications,
such as high-efficiency electricity generation or producing process heat for high temperature
electrolysis, the corrosion of cladding and structural materials becomes the limiting factor.
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Liquid sodium and LBE coolants can be used for fast reactor cores because of their high cool-
ing capabilities. These properties are important factors in fast reactor design. Liquid lead and
LBE alloys are the candidate coolants for fast breeder reactors and accelerator driven systems
(ADS). The reactors for next generation are being developed to extract power, and ADS is
developed to removing of the minor actinides of the nuclear waste from fission reactors. Small
Modular Reactors (SMRs) are rapidly developed based on extensive naval experiences in or-
der to provide much higher safety, flexibility in tailoring capacity, transportability to inland
sites as well as improved economy by factory fabrication on mass scale. The next generation
SMRs will be cooled by liquid metal instead of water in order to further improve safety and
minimize wastes. Liquid metal cooled fast neutron SMRs need improved structural materials
with better radiation and corrosion endurance. Heavy liquid metals are adequate for transmu-
tation of nuclear waste and spent fuel, as their heavy nuclei make it possible to obtain a very
fast neutron spectrum, and nuclear safety and nuclear waste problems are important issues to
consider. Long-lived minor actinides, such as neptunium or americium, which occur in nu-
clear waste, can be burned. The weld overlay technique is a widely used approach in nuclear
industries; light water reactors typically use this hybrid layer technique in pressure vessels and
fuel cladding. Pressure vessels are usually made of carbon steels, which will endure the pres-
sure. Weld overlaying of stainless steel inside the pressure vessel serves as a corrosion-
resistant layer for the vessel. In fuel cladding tubes, which hold the fissile fuel in a core, pure
zirconium is clad inside a zirconium alloy such as Zircaloy and advanced zirconium. The pure
zirconium serves as the corrosion-resistant layer, while the zircaloy serves as the structural
layer. Occasionally, the zirconium liner on the inside of this type of fuel cladding, known as a
fuel barrier, helps prevent fuel-cladding interactions. These approaches are not suitable for
fast reactor applications.

The goal of this paper is to further develop the functionally graded metallic composite.
This functionally graded metallic composite will ultimately be available to be used as piping
and fuel cladding in a lead-bismuth cooled nuclear reactor. The tasks provide a detailed
description of the work completed within this paper. Complete a detailed microstructural
analysis of the piping product using optical microscopy. Optimize the microstructure and
mechanical properties of the T91 and Fel2Cr2Si layers in the piping product through heat
treatment.

OnTUMU3auuUAa Npouecca NPoOU3BOACTBA GYHKLMOHAAbHO-TPAAUEHTHDIX
KOMMNO3UTHbIX CTanel AN 060A0UEK TBINOB ObICTPbIX peaKTopoB
CO CBUHL0BO-BUCMYTOBbIM TENAOHOCUTEAEM

YoHxeH Aui, TaeH Kumt, Un CyH XBaH2, Yxu XbtoH Kumi*

1 DaKyAbTET MEXaHUYECKOM, aBUALIMOHHOMN U SIAEPHOM MHXEHEPUH,
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UNIST-gil 50, Ulju-gun, YabcaH 44919, Pecnybanka Kopesi
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OmHUM U3 MPEUMYIIECTB KUIKOMETALTHIECKOTO TEIUIOHOCHUTENS (CBUHELI, CBUHIIOBO-
BHCMYTOBasi IBTCKTHKA, HATPWUW) SBISIETCS BBICOKAs TEILIOMPOBOIHOCTh M TEIUIOEMKOCTb.
braromapss CBOMM TEIIOBBIM, THIAPABIMYCCKUM H (DH3UYIESCKUM CBOMCTBAM, CBHHIIOBBIH H
CBUHIIOBO-BUCMYTOBBIN TEIUIOHOCUTEIH HICATHHO MOAXOMAT JJIS UCIIOIB30BAHNS B OBICTPBIX
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peakTopax M JJEKTPOsAEpPHBIX cuUcTeMax. OJHAKO MpPH TEMIIEpaTypax, COOTBETCTBYIOLIUX
MEPCIICKTUBHBIM MPHUKIAIHBIM 3a7auaM, TAKMM KaK BBICOKOA()()EKTHBHAs BHIPAOOTKA 3JIEK-
TPUYECKOM 3HEPIUH WIH IPOU3BOJACTBO TEXHOJIOIMYECKOTO TEILIA JIsl BBICOKOTEMIIEPATyPHO-
r'0 3JEeKTPOJN3a, CACPKHUBAIOLIMM (PaKTOPOM CTAHOBUTCSI KOPPO3Hs 000I0UEK TBIJIOB M KOH-
CTPYKIMOHHBIX MaTepraoB. BbIcOKas oxXiakaaromias ClioCOOHOCTh HATPHEBOTO U CBUHIIOBO-
BHCMYTOBOI'0 TEIJIOHOCUTEINS! IMO3BOJISIET UCIIOIb30BATh UX JUIS OXJIAKICHUS aKTUBHOMN 30HBI
OBICTPBIX PEAKTOPOB. DTO CBOHCTBO TEIUIOHOCHUTEINS SIBISICTCS BaXKHBIM 3JIE€MEHTOM, YUHTHI-
BAaE€MBIM TIPH MPOEKTUPOBAHUH OBICTPBIX peakTopoB. CBHHEIl W CBUHEI-BUCMYT pacCMaTpH-
BAIOTCS KK BO3MO>KHBIC BAPHAHTHI TETNIOHOCUTENS ISl OBICTPBIX PEaKTOPOB-Pa3MHOKUTENEH
U JJIEKTPOSAEPHBIX CHCTEM.

B Hacrtosimee Bpemsi pa3palaTbIBalOTCsl PEAKTOPHI CIEAYIOIIETO MOKOJICHUS IS MOJy-
YEHUS JIEKTPOSHEPIUU U NIEKTPOSIAEPHBIE CUCTEMBI U1l U3BJICUEHUS] MUHOPHBIX AKTUHUJOB
U3 SAEPHBIX OTXOMO0B. biarogapst moTpeOHOCTAM CyZOXOICTBA AKTUBHO Pa3BUBAIOTCS Majlble
MonyibHble peakTopsl (MMP), K KOTOpBIM CEromHs MPenbsBIAIOTCS CIeAyoue TpedoBa-
HUS: TIOBBIICHHBIH YpOBEHb 0€30MacHOCTH, THOKOCTh W aJalTHPyEeMOCTh, BO3MOXHOCTH
TPaHCIIOPTUPOBKH Ha CYHIy W 3KOHOMHYecKas 3()(EeKTHBHOCTD, AJIS JTOCTHXKEHHUS KOTOPOH
HEO0X0IUMO 00eCIeunTh MAacCOBOE 3aBOJICKOE M3roToBieHne. MMP crenyromiero nokoiaeHus
OyZyT UCIOJIB30BATh KUAKOMETAIIIMYECKOE OXJIAKICHNE, a HE BOJSHOE, YTO TT03BOJIUT MOBBI-
CUTh YPOBEHb 0E€30MaCHOCTH M CHU3UTH KOJIUYECTBO OTXOAOB. beictpeie MMP ¢ sxumkome-
TAIJIMYECKUM TEIJIOHOCUTENEM MOTPEOYIOT MCIIOJIB30BAHUS YCOBEPILIEHCTBOBAHHBIX KOHCT-
PYKIMOHHBIX MaTe€pHallOB C IOBBIIIEHHOW paJWallMOHHOM M KOPPO3MOHHON CTOMKOCTBIO.
Kuaxuit MeTamn MOXeT MPUMEHSThCA ISl TPaHCMYTaluH AAepHBIX oTx00B M OST, Tak Kak
TSDKETIBIE Si/Ipa TO3BOJISIIOT TONYYUTh OBICTPHIA CHEKTP HEUTPOHOB, a MPOOJIEMBI SACPHON
0€e301acHOCTH U NepepaboTKH ANEPHBIX OTXOIOB SIBJISIOTCS OUYEHb aKTyaJbHBIMH. J0Iroxu-
BYLIME MUHOPHBIE aKTHHH/IbI, HAIIPUMEP HENTYHUH WM aMEpULIUMA, KOTOPBIE COAECPKATCS B
OST, moxHO 3 (HEeKTHBHO YTHIUIUPOBATH CKUTAHHEM.

HamnaBka — TeXHUKA, UCHOJIB3YIOIIAACS B SAEPHOM DHEPIETUKE JNOCTATOYHO LIUPOKO.
OOBIYHO OHa NMPHUMEHSETCS P MPOU3BOACTBE KOPIYCOB M 000JI0YEK TBJIOB VIS JIETKOBOJI-
HBIX peakTopoB. Kopmyca oObIYHO M3rOTaBIMBAIOTCS W3 YIJIEPOAMCTON CTajH, CHOCOOHOMN
BBIIEP)KMBATh Hy’KHOE AaBiieHHe. HarmuaBka HeprkaBerolel cTaiau Mo3BOJIAET CO3/1aTh aHTH-
KOPPO3UIHBII CJIOH Ha BHyTPEHHEH IOBEPXHOCTH KOpIyca peakTopa. B 000i104kax TB3JIOB,
KOTOPBIE HCIOJIB3YIOTCS JJI pa3MEILIEHUs TOIUIMBA B AaKTHMBHOW 30HE, CJIOM YHCTOTO LUPKO-
HHUsL HaXOJUTCSI CHAPYKH MOBEPX CJIOS LIUPKOHHUEBOIO CIUIABA, HAIPUMEDP LUPKaAI0os. YUCTHIMA
LIUPKOHUH CIIy’)KUT B KaueCTBE aHTUKOPPO3UHUHOIO CIOsl, a LUPKAJIOH — B Ka4eCTBE KOHCT-
pyKIuoHHOTO MaTepuana. Ciaol IIUPKOHUS C BHYTPEHHEH CTOPOHBI, H3BECTHBIN Kak Oaphep-
HBIH CIIOH, TTO3BOJISIET MPEJOTBPATUTh B3aUMOJIEICTBHE MEXIY TOIUIMBOM U 000JI0YKOM. DTH
METOAMKH HE MOAXOIAT IS UCTIONB30BaHUS B OBICTPBIX PEaKkTopax.

Henpto gaHHOW pabOTHl ABISETCS JanbHeimas pa3pabdoTka (YHKIHOHAIBHO-
TPaJEeHTHOTO0 METANTIOKOMITO3UTa. TaKoi KOMIIO3UT MOKET OBITh MCIIONB30BaH IS H3TOTOB-
neHust TpyO u 000JI0YEK TBINOB B OBICTPHIX SIIEPHBIX PEAKTOPaX CO CBUHLIOBO-BHCMYTOBBIM
teroHocuteneM. [IpuBoanTces neraabHOE ONMUCAHUE 3a/1a4, BHITOJIHCHHBIX B JaHHOW padorTe.
BrimonHeH neTanpHBIH MUKPOCTPYKTYPHBIA aHAJIN3 MaTepuaia TpyO C HCIOJIB30BaHHUEM Me-
TOAOB ONTHYECKOW MUKPOCKOIHMH. BBINOJHEHAa ONTHUMM3ALUs MUKPOCTPYKTYp U MEXaHUYe-
ckux cBOMCTB cioeB ctanu T91 u Fel2Cr2Si B MmaTepuaze TpyO myTeM TEmIoBOH 00paboTKH.
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4.3 Study on Q-value about Pilgering Process of Functionally Graded
Composite Cladding for Liquid Metal Fast Cooled Reactor Application
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To prevent corrosion of the cladding in Lead-Bismuth Eutectic(LBE)-cooled nuclear
reactors, an innovative coating material; Fe-12Cr-2Si has been developed. By applying the
oxidation resistance material to an existing cladding for LBE service, we can develop Func-
tional Graded Composite(FGC) cladding that merges the mechanical advantages of structure
alloy. The double layers of the proposed FGC cladding are designed to perform specific func-
tions unattainable by single alloys. The coated alloy; Fe-12Cr-28Si is functionally a corrosion
barrier, and the substrate; T91 has properties such as a low dimensional change at fast neutron
environment or good strength at high-temperature.

For manufacturing the FGC cladding, Fe-12Cr-2Si material is coated onto T91 billet by
using overlay-welding technique. For cladding size, outer diameter and thickness of the FGC
tube need to be reduced by hot extrusion process and cold pilgering process. The cold pilger-
ing process involves repeated rolling through grooved conical shaped rolls and over a moving
mandrel which maintains the desired size. A pair of grooved rolls and a mandrel are used to
reduce both the wall thickness and the diameter of the mother tubes and the process is com-
plex material forming operation in highly non-steady state, where the tube undergoes rotation
during feeding step and a long series of deformations. Moreover, double layers of the FGC
tube expect to occur different deformation processes because they have different mechanical
properties. Distortion of the joint will make crack at interface and then reduce the utilization
of products.

The above problem should be solved by the Q-value related to the crack propagation in
the pilgering process. The Q-value is one of the most important parameters in the piling proc-
ess, which is the ratio of the reduction of the outer diameter of the tube to the reduction of the
thickness. It is known that cracks can grow at the inner or outer surface of the tube according
to the value of Q-value. Empirically, cracks are propagated in the inner diameter when it is
smaller than 1, where thickness reduction is higher than outer diameter reduction. The low Q-
value affects the growth of the inner crack because it induces wrinkles on the surface while
applying a continuous compressive circumferential strain on the inner surface of the tube.
However, if a moderately high Q-value is applied, crack growth is mitigated by receiving re-
peated compressive and tensile strain in the circumferential direction. Considering the FGC
tube has two different metal layers having different plastic behavior, it is necessary to apply
the Q-value range appropriating to the both metal layers.

In this paper, we will apply various Q-values to evaluate reducing the crack growth by
calculating the strain behavior of the FGC tube. Also, stress distribution and morphology of
each layer should be analyzed to explain material deformation behavior. Using materials data
for Fe-12Cr-2Si and T91 alloys, 3-dimensional computational analyses of the pilgering proc-
ess of FGC tube will be conducted by Finite Element Method technique to describe that. The
optimized Q-value is derived to improve productivity of FGC cladding by analyzing various
Q-values through finite element analysis.
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UccnepoBaHue Q-pakropa npu NMAMIPUMOBOM NPOKaTKe TPyo
13 GYHKLUOHAAbHO-TPAAUEHTHOr0 KOMNO3UTa AAA NPUMEHEHUA
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aHaAM3 METOAOM KOHEUHbIX SAEeMEHTOB.

Jns mpeaoTBpalleHus KOPPO3HH 000JIOUKHM TBAJIOB B SIIEPHBIX PEAKTOPAX CO CBUHIIO-
BO-BIUCMYTOBBIM OXJIQXKJEHHEM ObLT pa3padoTaH HOBBIA Marepuan mokpsiTusi, Fe-12Cr-2Si.
JHob6aBneHne KOppO3UOHHOCTOMKOTO MaTepHaia Ha 0OOJOYKH TBIJIOB JAJS OBICTPBIX PeakTo-
POB CO CBHHIIOBO-BUCMYTOBBIM TEIJIOHOCUTENEM IIO3BOJISICT MOIYYUTh MOKPBITHE U3 (YHK-
LUOHAJIBHO-TPaJUEHTHOIO KOMIIO3UTa, KOTOpoe 001ajaeT NpeuMyIecTBaMi KOHCTPYKLINOH-
HoOro cruiaBa. [1o cpaBHEHHIO ¢ OJTHOCTIOWHBIM CIUIABOM, IBOMHOE TIOKPBITHE 00OJIOYEK CMO-
KET BBINIOJIHATH JOMOJMHUTENbHBIE QyHKIMU. Martepuan nokpeitus, Fe-12Cr-2Si, BemonHseT
(YHKLIMIO 3alIUTH OT KOPPO3WH U CIYKUT MOAJOXKKOH, cTanb T91 oTimyaercs BBICOKOIA
CTOWKOCTBIO K M3MEHEHHUIO T€OMETPHUH IO/ ACHCTBHEM OBICTPBHIX HEHTPOHOB M MOBBIIICHHON
IIPOYHOCTHIO MPU BBICOKUX TeMIIepaTypax.

Jnst mpousBoacTBa 000JI0YKH U3 (DYHKIMOHAIBHO-TPAJUEHTHOTO KOMIIO3UTA MaTepHal
Fe-12Cr-2Si manocutcs Ha 3aroToBKy m3 ctanmu 191 meromom HammaBkd. UTOOBI MOITYyYWTh
000JI09Ky HY>KHOTO pa3Mepa, Hy>KHO YMEHBIINTh BHEIIHUN TUAMETP W TOJIMIMHY TpyObl. J{is
3TOr0 HUCHOJB3YETCA ropsdas dKCTPY3Hs M XOJOJHas MUIMTpuMoBas npokartka. [Ipu xomon-
HOM NMUINTPUMOBOM NMPOKATKE 3arOTOBKA NMEPHOAMYECKN MPOKATHIBACTCS Yepe3 BAIKU KOHH-
Yeckor (hOpMBI U TIONy4aeT HY)KHBIM pa3Mep Ha MOABIKHOU ompaske. [Ipu momomm aByx
BaJIKOB M ONPAaBKH YMEHbBINIAETCs TOJIIMHA CTEHKU U IHaMeTp 3aroToBoYHOU TpyOs!. [Ipomnecc
00pabOTKH SBISETCS JTOBOJBHO CIOXKHBIM M HECTallMOHApHBIM, BO BpeMs padoyero mepuona
TpyOa BBINOJHIET BpallleHUE U HCIBITHIBAET HPONODKUTENbHBIE Aedopmanuu. Kpome Toro,
IBYXCIIOHHBIE TPYOBI 3 (QYHKIIMOHATIBHO-TPAJANEHTHOTO KOMITO3HUTA MOIPa3yMEBalOT pa3HbIe
nporeccsl 1eopMalny U3-3a pa3HBIX MEXaHHMYECKHX CBOMCTB. VckakeHUE COCIMHEHHS MO-
KET IIPUBECTU K 00Pa30BaHUIO TPELIMH Ha MOBEPXHOCTH U CHU3UTH CPOK CITyKObI N3IEIHSL.

D1y mpobiieMy MOKHO PENIUTh MPaBUIBLHBIM TIOJ0OPOM TaKOro IOKa3aTess, Kak
Q-dakrop. Q-hakTop — 3TO OIUH M3 CaMbIX BAXKHBIX IapamMeTpoOB, KOTOPBIA MpEACTaBIISET
co0O# OTHOILICHHE YMEHBILICHUS BHELIHETO TUaMeTpa TPyObl K YMEHBIICHHUIO TOJIIUHBI CTe-
HOK. M3BeCTHO, 4TO 3TOT (haKkTOp BIHsEeT HA 00pa30BaHKE TPEIINH HA BHYTPEHHEN U BHEIIHEH
MOBEPXHOCTH TPyObI. OIBIT MOKA3bIBAET, YTO PA3BUTHE TPEIIMH MPOUCXOIUT MO BHYTPEHHE-
My JHaMeTpy, €ClIM 3HaueHue (Q MEHbIIE €UHMIBI, TO €CTh YMEHBUIEHHE TOJIIMHBI CTEHOK
Oosiblie yMeHbLIEHUS] Auamerpa. [Ipu HM3KOM 3HaueHuMM (Q Ha TMOBEPXHOCTH 00OPa3yIOTCS
TPEUIMHBI U3-32 00pa30BaHUs CKIAJOK MPH MMOCTOSHHOW OKPYXHOHM HeopManuu coKaTHs Ha
BHYTpEeHHEH moBepxHOcTH TpyOrl. Ecnu ke 3HaueHne (Q HOCTATOYHO BBICOKO, 0Opa30oBaHUE
TPEINH MUHAMU3HPYETCS B Pe3ylbTaTe MEPUOIUIECKOTO CKATUSA M PACTSKEHUS 0 OKPYXK-
HOCTH TPYOBI. YUHTHIBasi, 9T0 TpyOKa M3 (QYHKIHMOHATHHO-TPATUEHTHOTO KOMIIO3UTA MMEET
JIBa CJIOSI U3 Pa3HBIX METAJUIOB C pa3HOHW IUTACTHYHOCTHIO, HEOOXOANMO TI0A00paTh 3HaYCHUE
Q, oTBeyaromiee TpeOOBaHUIM 000MX MaTEPUAIOB.
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B sToii paboTe paccMOTpeHbI pa3nuyHble 3HaYeHns: Q A1 OLIEHKH MX BIMSHUS Ha CO-
KpallleHHe pa3BUTHsI TPELIMH C YUYETOM OCOOCHHOCTEH MOBeACHUs TpyO M3 (YHKIUOHAIBHO-
IpaZleHTHOro0 KOMIO3UTa NpH Aedopmannu. [IpoaHanu3upoBaHo pacrnpeneneHie U CTpyKTy-
pa HampsHKCHUH B KaKIOM cJioe AJsi 000CHOBaHMA Ae(OpMaIlMOHHBIX CBOMCTB MaTepHaJIOB.
Ucnons3ys nannslie o crutaBax Fe-12Cr-2Si u T91, BeImonHeH TpexXMepHBI pacueTHBIN aHa-
JH3 TPOKATKH TPyO M3 (DYyHKIMOHAIBHO-TPAJMEHTHOTO KOMIIO3UTA C MPUMEHEHHEM MEeToJa
KOHEYHBIX 3JeMeHTOB. [Ipyu momomy MeToga KOHEYHBIX 3JEMEHTOB ONTHMHU3UPOBAHO 3HAUE-
Hue Q, O3BOJISIONIEE TOOUTHCS 00JIee BEICOKUX MTOKa3aTelleld MaTepHaioB 000JI0UCK.

4.4 Research of Pipes from Steel 09Mn2Si to Obtain the Characteristics
Necessary to Assess the Strength, Safety and Lifetime of
the BREST-OD-300 Reactor Unit

Logashov S. U., Orlov A. S., Gavrilov E. V., Khaymin S. V.
JSC “RPA “CNIITMASH”, Moscow, Russia

Keywords: 09Mn2Si steel, welded joints, creep-rupture strength, ductility, heat resistance,
BREST-OD-300.

The aim of this development was to obtain the insufficient data necessary to justify
service characteristics used in the evaluation of the strength, safety and lifetime of seamless
hot-formed pipes of 09Mn2Si steel and their welded joints intended for the construction of
structural elements of the reactor vessel heating system BREST-OD-300.

Within the framework of the work, the test program "Testing for the justification of the
application of pipes of 09Mn2Si steel for elements of reactor vessel heating system BREST"
was developed and agreed upon.

The test program is designed taking into account the requirements of the PNAE G-7
002-86, PNAE G-7 008-89, NP-089-15 [1-3] and covers the following types of tests by defi-
nition:

— calculated values (average) of physical characteristics: coefficient of linear expansion,
coefficient of thermal conductivity, density, specific heat of metal pipes in the operating tem-
perature range and at the temperatures of violation of normal operating conditions and emer-
gency conditions;

— calculated values of mechanical properties (Ry, Rpo2, As, Z) for the base metal of
pipes and welded joints in the operating temperature range and at the temperatures of violation
of normal operating conditions and emergency conditions;

— the influence of thermal aging of the metal of pipes and their welded joints on the cal-
culated values of mechanical characteristics (R, Ryo2, As, Z) for a resource on the basis of
tests of not less than 20 000 h (with the testing of samples after 10 000 and 15 000 h) at oper-
ating temperatures;

— calculated values of creep-rupture strength (R',) for the metal of pipes and their
welded joints, and ductility (A", and Z",), creep and isochronous curves (deformation up to
3%) for the metal tubes based on tests of at least 20,000 h with extrapolation to 260 000 h at
operating temperatures.

For testing under the developed program, a representative lot of seamless hot-formed
pipes from 09Mn2Si steel of the same standard sizes, made according to the same normative
documents and as pipes intended for the structural elements of the reactor vessel heating sys-
tem BREST-OD-300, was purchased. The samples required by the Test Program were manu-
factured from representative lot of pipes of steel 09Mn2Si and homogeneous welded joints.
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Within the framework of this development, JSC "RPA CNIITMASH" carried out tests
for creep-rupture strength on a limited time base. The experimental data were processed by
the Trunin method and curves of creep-rupture strength were plotted. [4—6].

Based on the results of the tests, using plotted curves, the preliminary values of creep-

rupture strength limits (REt ) of pipes metal and welded joints were determined (Table).

Considering the large scale formation, obtained values for creep-rupture strength limits
are approximate. Creep-rupture strength tests are required with adjustment of the test load,
taking into account the reduction in the working diameter of the samples as a result of scale
formation in order to refinement of creep-rupture strength limits.

Creep-rupture strength of hot-formed pipes made 09Mn2Si steel, N/mm®
(pipes metal and welded joint)

Creep-rupture strength, N/mm”
Temperature Lifetime, hours
10* 10’ 2,6:10°
Pipes metal

Operating Temperature 22-23 14-15 11-12
Operating Temperature +50 °C 10 6 3-4

Welded joints
Operating Temperature | 17-18 | 9 | 7

It should be noted that, based on results of ductility and creep-rupture strength tests,
plasticity of the material is considerable throughout full temperature range. The elongation is
40 to 77 percents.

The tests were carried out and preliminary creep-rupture curves were plotted for the
samples from steel 09Mn2Si at operating temperatures [5—7].

During the development it was revealed that the metal of pipes from steel 09Mn2Si has
lower heat-resistant properties in comparison with the literature data [8]. And, due to in-
creased scale formation, it is necessary to correct the test procedure taking into account the
heat resistance, and changes in the test load with correction of the developed test program.

Based on the results of the development, it is possible to draw conclusions about con-
tinuation of research to justify the strength, safety and lifetime of the structural elements of the
reactor vessel heating system BREST-OD-300.
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UccnepoBaHue Tpyb U3 ctanum 09r2C aAnA NOAyUEHUA XapaKTEPUCTUK,
Heo6X0AMMbBIX ANl OLLEHKU NPOUYHOCTU, HAAEXXHOCTU U pecypca
peakTtopHou yctaHoBku BPECT-0A-300

C. 0. Norawos, A. C. Opnos, E. B. laBpunoB, C. B. XalMuH
AO «HIMO «UHUUTMALLI», MockBa

KnroueBbie croBa: ctanb 0912C, cBapHble COEAMHEHUS, AAMTEABHASA MPOYHOCTb, AAUTEABHASA
MOA3YY€ECTb, XapocTonkocTb, BPECT-OA-300.

Lenbto paboTHI ABISUIOCH MOTYYEHHE HEJOCTAIOMINX JaHHBIX, HEOOXOJUMBIX ISl 000C-
HOBAHUS PACUETHBIX XapaKTEPUCTHK, HCIOIb3yEMBIX MPU OIEHKE NMPOYHOCTH, HAJIE)KHOCTH U
pecypca OecioBHBIX ropstaenedopMupoBaHHbIX TpyO n3 cramm mMapku 091'2C u uxX cBapHBIX
COCIIMHEHNH, MPEIHAa3HAYEeHHBIX 11 M3TOTOBJIEHHUS KOHCTPYKIIMOHHBIX JJIEMEHTOB CHCTEMBI
pazorpesa kopmyca peaktopa (KO CPKP) peakropnoii ycraHoBku (PY) BPECT-O/1-300.

B pamkax paboTs! Obl1a pazpaboTaHa U corjlacoBaHa IIporpaMMa ucnbelTaHui «Vcrbita-
HUS TI0 000CHOBaHUIO puMeHeHus TpyO u3 ctanu Mapku 091 2C npumenurensHo kK CPKP PY
BPECT».

[Iporpamma cocraBnena ¢ yuerom tpedosanuii [IHAD I'-7 002-86, I[THAD I'-7 008-89,
HIT-089-15 [1-3] 1 oxBaThIBaET CACAYIOMIME BUIBI UCIBITAHUN IO ONPEAETICHUIO:

— pacyeTHBIX 3HAYEeHUH (CpeqHHX) QU3NYECKUX XapaKTEePUCTUK: KOIPPHULIIMEHTA JTUHEH-
HOT'O pacHIMpeHus, Ko3pPHUIUEHTa TEeIIONPOBOAHOCTH, MIIOTHOCTH, yIEIbHOU TEII0EMKO-
CTH, MeTajia TpyO B pabodyeM Auara3oHe TeMIIEpaTyp U MPH TeMIepaTrypax HapylleHHs HOp-
MaJbHBIX YCIOBUH IKCIUTyaTallMH U aBApUHHOTO PEKMMA;

— PacyYeTHBIX 3HAYEHUI KPATKOBPEMEHHBIX MEXAHUYECKUX XapaKTepUCTUK (R, Rpoo, A,
7)) nis OCHOBHOTO MeTallia TpyO M BpeMeHHoro conpotuBieHus (R,,), s CBApHBIX COeIMHE-
HUH B pabodeM uama3oHe TeMIepaTyp U IpH TeMIlepaTypax HapyIIeHHs] HOPMAJIbHBIX yCIIO-
BH 3KCIUTyaTalliy U aBapUITHOTO PEXUMA;

— BIIMSIHUSA TEPMHUYECKOTO CTApEHHs HA MEXaHWYECKHE CBOWMCTBA MeTajula TpyO M HX
CBApHBIX COEAMHEHUM Ha PAacUETHBbIE 3HAYECHHMs MEXAHHUUYECKHUX XapaKTepHCTHK (Rm, Ry, A,
7) Ha pecypc Ha 6a3e ucnsitanuii He Mmenee 20 000 4 (c BeiemMkoit Matepuana mocie 10 000 u
15 000 u) npu pabounx TemIepaTypax;

— pacueTHBIX 3HAUEHMI Mpeena LnTeIbHoM npoynoctr (Ry,) 1 ocHOBHOrO Meran-
na Tpy6 ¥ MX CBApHBIX COCMHEHHMIA, a TAKXkKe MPEIeNoB JINTENbHON miacTuaHocTH (A’ n
Z" ), YPAaBHEHHUII TOJI3y4ECTH H H30XPOHHBIX KPUBBIX (IedopMarus 10 3 %) A1 OCHOBHOTO
MeTayuia TpyO Ha Oase ucnbitanuil He MeHee 20 000 u ¢ skctpanossuueit Ha 260 000 1 mpu
pabounx Temreparypax.

Jly1s BBITMIOTHEHUST UCHIBITAHUN IO Pa3pa0OTaHHOW MporpaMMme ObLIa 3aKyIUICHA Tpe-
CTaBUTENbHAs MapTusi OECIIOBHBIX ropsdenegopMupoBaHHbIX TpyO u3 cramu 0912C Tex xe
TUIIOPa3MEPOB, BHINOJHEHHBIX 110 TEM € HOPMAaTHUBHBIM JOKYMEHTaM M, 4TO U moiydaldpu-
KaTbl, IpeIHa3HAYEeHHBIE JUIA N3TOTOBJICHUS KOHCTPYKTHBHBIX JJIEMEHTOB CHCTEMBI pa3orpeBa
xene3oberonHoro kopmyca PY BPECT-OA-300. 3 tpy6 u3 cranmu 091'2C mpencraBuTeINb-
CKOW MapTHH, a TaK)Ke BBIMOJIHEHHBIX OJAHOPOJHBIX CBAPHBIX COCAMHEHUH, ObUIN M3TrOTOBIIE-
HbI TpeOyemsble 1o [IporpamMmMe uctpITanmii 00pasIbl.

B pamkax BeimoiHeHHO# padoTsl Ha 6aze AO «HIIO « THUNTMAIL» npoBeneHb! Hc-
MBITaHUS HA JUINTENBHYIO MPOYHOCT U JUINTENBHYIO MOJI3YYECTh HA OTPAaHUYEHHOW BpEMEH-
HOW 0aze. DKCHepUMEHTalbHbIE AaHHBIE 00paboTaHbl MO MeToAWKe TpyHHHA M IIOCTPOEHBI
KpHUBBIE JUTUTENIBHOM MpoYHOCTH [4—6].

[To pe3ynbTaraM NMpOBEAECHHBIX WCIBITAHUH, UCIIONB3Ys TPAQUKH JITUTEIBHON MPOYHO-
cTH, OBIIM OIpelesieHbl MpelBapUTENbHbIE 3HAYECHUS IMPEeNoB IJIUTEIbHOM HPOYHOCTH
(R" ) cramu 091"2C 1 cBapHOTO COEIMHEHHS, KOTOpbIe IpuBosTcs B Tabnuile.
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YuuTeiBas 0ONBINOE OKATHHOOOPA30BaHUE, TIOYUCHHBIC 3HAUCHHS MPECIIOB JITUTEb-
HOH MOPOYHOCTU ABJISAOTCA AOCTATOYHO HpI/I6HI/I3I/ITCHI)HI)IMI/I. Tpe6y10Tc;I UCIIbITAHUA HA JJIN-
TENBHYIO0 MPOYHOCTh C KOPPEKTHPOBKOHM HCIBITATEIIEHON HArpy3KHd C YYETOM YMEHBIICHUS
pabodero aumamerpa oOpas3IoB B pe3yjbTaTe OKAIMHOOOPA30BaHUS C IENBI0 YTOYHEHHUS TIpe-
JIETIOB JNTUTEIBHOM MPOYHOCTH.

. T 2
[penensr murenpHO# poyrocTH (R 1) cramm 0912C B H/mm
(OCHOBHO¥ M€TaJI M CBAPHOE COETMHEHUE)

[Ipenenbl IIUTENBHON MPOYHOCTH (RTmt), H/mm>
Temneparypa Pecypc, yachr
10° | 10° | 2,6:10°
OcHosHotl memaini
Paboyas Temneparypa 22-23 14-15 11-12
Pa6ouas remneparypa + 50 °C 10 6 34

CsapHoe coedunenue

Pabouas remnepatypa 17-18 9 7

Heo6xomumo oTMETUTB, UTO MO pe3yIbTaTaM UCHBITAHUHN Ha TOI3YYECTh U JITUTEILHYIO
MIPOYHOCTH HAOJIOAAaeTCsl 3HAYUTENbHAs TUTACTUYHOCTh MaTeprajia BO BCEM HWHTEpBAIE TEM-
neparyp. OTHOCUTENBHOE YUIMHEHUE TTPH pa3pbiBe coctasisieT oT 40 1o 77 %.

[IpoBeneHbl UCTIBITAHUS M TOCTPOCHBI TEPBHUYHBIE KPHUBBIE MON3ydecTH OOpas3loB M3
ctanmu 0912C npu pabounx Temmeparypax [5—7].

B xone npoBenenust paboT ObUIO BBISIBICHO, 4TO MeTaiu TpyO u3 cramu 091'2C obnana-
€T MOHW)KEHHBIMH KapOMPOYHBIMU CBOMCTBAMH MO CPABHEHHUIO C JIUTEPATYPHBIMU JAaHHBIMH
[8]. U BciencTBHE MOBBIIEHHOTO OKAaJIMHOOOpa30BaHUs HEOOXOAMMa KOPPEKTUPOBKA METO-
JINKW UCTIBITAHUH C YI€TOM JKapOCTOWKOCTH, a TaK K€ W3MEHEHHs UCTIBITATeIbHOW HArPy3KH,
C KOppeKIHen pa3paboTaHHOMN MPOTpaMMBbI HCTIBITAHUH.

Ilo pesynbraram npoBeAeHHOW pabOTBI MOXHO cIeNaTh BBIBOABI O HEOOXOOMMOCTU
KOPPEKLUU CUCTEMBI pa3zorpeBa kopiyca peaktopHoil ycraHoBku BPECT-O/I-300 B uwactu
MIPUMEHSIEMbIX MaTEpPHAaIOB, HOMUHAILHBIX Pa3MEPOB KOHCTPYKIIMOHHBIX 3JIEMEHTOB, TEMIIC-
paTypHBIX ITapaMeTpoB U paboyeid cpeabl.
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4.5 Innovative Sublayer in Fuel Element with Anticorrosive Properties
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It was proposed initially that a heat-conducting intrafuel lead sublayer would be used
to ensure high thermal conductivity and, accordingly, increased safety, a longer life, and better
cost effectiveness of the fuel element as the whole in the BREST lead cooled reactor with
natural nuclear, fire and explosion safety features and highly heat-conductive uranium-
plutonium nitride fuel [1]. Use of a liquid metal intrafuel sublayer allows to reduce tempera-
ture in the center of nitride fuel by hundreds of degrees of rather helium sublayer.

Experimental studies however showed, despite the small gap width, the presence of an
essential mass transport, corrosive dissolution in lead of the fuel cladding components in the
hot zone and their deposition in the cold zone [2], so a fuel element concept with a helium
sublayer was adopted.

The examination of the fuel elements with a gap filled with He following irradiation in
the BOR-60 reactor [2] showed that the width of the fuel-cladding He-filled gap (= 10 pm) in
a cold state remain only in the upper and the lower cross-sections of the fuel element with the
45PuN+55UN fuel burnt up to 5.4 % h.a. Gas porosity, inclusions in fuel were observed at a
helium sublayer and were absent at lead. At Pb sublayer relative increase in diameter of fuel at
burning out of 4,4% of h. a. has made 1-2% instead of 1,1-1,2% for 1% of burning out at He
sublayer.

The authors have developed an internationally unique lead-based sublayer doped with
magnesium (up to 3 wt. %) and zirconium (up to 0.2 %) which is compatible with the fuel
cladding and provides for the spontaneous formation of a protective coating on the steel sur-
face and, accordingly, for the coating self-healing after accidental damage. Results are con-
firmed ampoule, loopback tests and also tests on fuel elements simulators in the range of tem-
perature 690-1000 K lasting up to 5700 h [3—4]. Fuel elements with such sublayer have
passed tests on RU BOR-60 within 4 years.

Fig. 1 presents the time dependence of the 16Cr12WMoSiVNDB steel weight loss during
tests in the Pb-Mg alloy and in the same alloy doped with Zr. Measurements using the EG-2,5
accelerator’s deuton beam showed that the nitrogen penetration depth was 90-130 nm [3].
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Fig. 1. 16Cri2WMoSiVNbB steel weight loss in the Pb-2.25%Mg alloy:
(o) — not doped; (x) — zirconium doped
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To confirm the efficiency of the proposed method, studies were conducted in a fuel ele-
ment to investigate the formation, during 50 h, of a ZrC (ZrN) protective coating in a narrow
(150 pm) gap between the coaxially arranged tubes of the 16Cr12WMoSiVNbB steel with a
length of up to 1100 mm. LAES was used to confirm the Zr deposition on the inner surface of
a simulator fuel element, both in the vicinity of the source (at 923 K) and at a distance of
1180 mm from the Zr source (at 693 K) [5].

Fig. 2 presents spectra regions for a) the simulator fuel element top (923 K), and b) the
simulator fuel element bottom (693 K). Spectrum (2) is for the sample after the tests, and
spectrum (1) is for the initial steel. It can be seen from the figure that the analytical Zr line
(285.197 nm), which was absent in the initial steel, emerged in both cases after the tests.

Thus, repeated tests in the range of temperature 690-1000 K lasting up to 5700 h and
modern methods of the analysis have confirmed spontaneous formation on the surface of steel
of a sheeting of ZrN (ZRS) in Pb-Mg-Zr alloy.
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Fig. 2. Spectrum regions of the simulator fuel element steel with the analytical Zr line (285.197 nm).
Spectrum (1) — sample after tests, spectrum (2) — initial steel; a — 923 K, b — 693 K
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MHHOBALUWOHHbIA BHYTPUTB3AbHbIWU NOACAOW C AaHTUKOPPO3UOHHBLIMU
CBOMCTBaMHM
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1HUKNIT, MockBa
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KAroueBbie cA0Ba: HUTPUAHOE TOMAMBO, CBUHELL, aHTUKOPPO3UOHHOE NOKPLITUE, BHyTpVITBS/\beIVI
MOACAOM Ha OCHOBE CBUHLA.

Nznaganeno B peaktoproit yctanoBke (PY) BPECT c ecrecTtBeHHO# 0€30macHOCTHIO
B SJEPHOM U TOXKapo-B3pPHIBHOM IUIaHE, C BBICOKOTEIUIONPOBOJHBIM HHUTPUAHBIM YpaH-
IUTyTOHUEBBIM TOIUIMBOM M CBHHLIOBBIM TEIUIOHOCHTENIEM MPEAIojarajiy MCIoab30BaTh TEll-
JIOTIPOBOIHBIN CBUHIIOBBIA BHYTPHUTBIILHBIA MOACTION /IS 00eCIIeueHUsT BRICOKOW TETUTOPO-
BOJIHOCTH H, COOTBETCTBEHHO, MIOBBILICHHBIX 0€30IMaCHOCTH, pecypca U IKOHOMUYHOCTH BP B
nenoMm [1]. Mcmone3oBaHue XKUIAKOMETAIMYECKOTO BHYTPUTBAJIBHOTO MOJCIOS MO3BOJISET
CHM3WThH TEMIIEPAaTypy B LIEHTPE HUTPUAHOTO TOIUIMBA HA COTHHU I'PaJyCOB OTHOCHUTENIBHO Ie-
nueBoro moncnos. [lpu SKcreprMEHTaNbHBIX HCCIIEAOBAaHUAX OOHApyKeH, HECMOTpsl Ha
y30CTh 3a30pa, CYIIECTBEHHBIH MacCOlepeHOC — KOPPO3MOHHOE pacTBopeHue B Pb xommo-
HEHTOB 000JIOYKH TB3JIa B TOPSAYCH 30HE M OCAKICHUE B XOJIOAHOH 30HE [2], 1 Oblia pHHSTA
KoHIenuus TB3a ¢ He noacnoem.

UccnenoBanus 83108 ¢ He moacnoem mocne obmydenust B PY BOP-60, mpencras-
JeHHBIE B paboTe [2], mOKa3anu, YyTo 3a30p MEXAY TOIUIMBOM U 00050ukoil (=10 MKM) B XO-
JIOTHOM COCTOSTHUHM COXPAHHJICS TOJBKO B BEPXHEM M HIDKHEM CEUEHHSX TBAJIA C TOIUITMBOM
45 % PuN + 55 % UN mnpwu Beiropanuu 5,4 % T1.a. 'a30BbIe MOPHI, BKIIOYEHUS B TOTUIMBE Ha-
OJomaIMCh NPH TeMEBOM IOJICIIOE M OTCYTCTBOBAIM Ipu cBUHIOBOM. [Ipn Pb moacnoe ort-
HOCHTENBHOE YBEIMYEHUE TuaMeTpa TOIIMBa MpH Belropanuu 4,4 % T.a. coctaBuno 1-2 %
Bmecto 1,1-1,2 % wa 1 % Bwiropanus npu He nozacinoe.

ABTOpaMu pa3paboTaH He UMEIOIINK aHAJIOTOB B MUPE IOJICJION HA OCHOBE CBUHIIA, JIe-
THPOBaHHOTO MarHueM (10 3 % 1o macce) u mupkorueM (10 0,2 %), coBMeCTHMEI ¢ 0001104-
KOH TB3Ja 32 CYET CAMONPOM3BOJILHOTO (POPMHUPOBAHMS HA MOBEPXHOCTH CTaJH 3alIUTHOTO
MOKPBITHS U, COOTBETCTBEHHO, CaMO3aJIeYMBaHU CIy4YailHBIX ero MOBpeXIeHUH. Pe3ynpraTsl
MOATBEP>KICHBI aMITyJIbHBIMH, TETJIEBBIMHU, UCIIBITAHUAMH, & TAK)KE UCTIBITAHUSIMUA HA HMHTA-
TOpax TB3JI0B B MHTEpBaie Temmneparypsl 690—-1000 K mmrensrocteio 1o 5700 u [3—4]. Tra-

JIbl C TAaKUM IMOJCIOEM IMpPOLUIM UCIHBITaHUs Ha PY

Am, kr/m? o BOP-60 B Teuenue 4 ner.

0.8 Ha pucynke 1 npeacraBnena 3aBUCHMOCTb IO-
tepu Macchl ctand 16X12BMCOBP ot Bpemenu npu
0.6 L ucneITaHusx B Pb-Mg cruiaBe 1 B TOM JKe CIJIaBe,
0.4 JIErUpoBaHHOM Zr. I3MepeHns Ha JEeHTOHHOM ITy4Ke
yckoputens OI-2,5 oOHapyXWiu NPOHUKHOBEHHE

0.2 asora Ha riyouny 90—-130 um [3].
0 |° %0@0%@« Ll Hdns  moxptBepxkieHHs  PabOTOCHOCOOHOCTH
MIPEUIOKEHHOTO METOJa BHYTPH TB3Ja IPOBEAEHBI
-0.2 uccrenoBanus mo (popMHpOBaHHIO B TeueHne S50 4
103 10* 105 108t ¢ 3amuTHOTO MOKpBITHS ZrC (ZrN) B y3KkOM 3a3ope
Puc. 1. ITomeps maccol cmanu mupuHOH 150 MKM MeXAy KOaKCHAJIbHO pacIoio-
16X12BMC®BP npu ucnvimanusx 6 JKeHHBIMH TpyOkamu u3 ctamu 16X12BMCOBP mu-
Pb-Mg(2,25%) cnaase: Ho go 1100 MmM. MerogoM na3epHOH aTOMHO-
0 — 6e3 ecuposaHs; SMHUCCHOHHON CHEKTPOMETPUHN MOJATBEPKACHO BbIJE-
X — 1ecupoB8anHoOM YUPKOHUEM Jienne Zr Ha BHyTpeHHefI IMOBEPXHOCTU HMHUTATOpA
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TBAJIa Kak mpu Temnepatype 923 K BOmM3M mcrouHWka, Tak U npu Temreparype 693 K Ha
paccrostaun 1180 MM oT uctounuka Zr [5].

Ha pucynke 2 mnpencraBieHbl ydacTKH CHEKTPOB: a) — BEpXHEH 4acTH HMMHUTATOpa

(923 K), 6) — mmwxHelt vactn mmuTtaropa (693 K). Cnektp 2 — oOpasell mociie UCHBITaHUH,
criektp 1 — mcxomHas ctanb. M3 pucyHKa BHIHO, YTO B OOOMX CIIydasX ITOCIIE€ WUCIBITAHHUA
MOSIBUIIACH aHAIUTHYEeCKas TuHus Zr (285,197 HM), OTCYTCTBYIOIIAs B UCXOAHOU CTaJIH.
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Puc. 2. Vuacmku cnekmpa cmanu umumamopa mesna ¢ anaiumudeckoul aunuei Zr (285,197 um).

Cnexmp 1 — obpaszey nocie ucnvimaruii, cnekmp 2 — ucxoOHas Cmav
a—923K,6-693K

Takum 00pa3oM, MHOTOKPaTHBIMH HCIIBITAHUSAMH B HHTEpBaie Temneparypsl 690—-1000 K

JUTMTENTFHOCTBI0 110 5700 4 ¥ COBpEMEHHBIMH METO/IaMH aHaIN3a MOJITBEPIKIICHO CaMOIIPOU3-
BOJIEHOE (DOpMHpOBaHHE Ha MOBEPXHOCTH CTauH 3amuTHOro Mokpeitus ZrN (ZrC) B cruiaBe
Pb-Mg-Zr.
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Shornikov D. P.1, Naumenko I. A.2, Krivov M. P.2

1 NRNU MEPHI, Russian Federation, Moscow

2 SC “VNIINM”, Russian Federation, Moscow

E-mail: ulens.up@gmail.com

Keywords: fuel pin, liquid metal-bonding pin, SNUP fuel, lead alloys, wettability, technology,
compatibility, cold fuel, burnout, corrosion.

The task of significantly increasing the maximum burnup depth of fuel elements with
SNUP fuel, developed in the framework of the "PRORIV" project, is related to the need to dis-
tance the moment of contact between the rigid fuel and the solid non-swelling ferrite-
martensitic cladding. This can be achieved by increasing the fuel-cladding gap, and by simulta-
neously increasing the fuel density to maintain a predetermined amount of fuel in the fuel ele-
ment. An increase in the fuel-cladding gap requires the introduction of a liquid metal bonding
between fuel and cladding, which will generally reduce the operating temperature of the fuel.

It is possible to use sodium, lead or alloys based on them to fill the gap, as one of the most
fusible metals with high thermal conductivity and heat capacity. However, the use of sodium is
confronted with the safety problem. Lead has all the necessary properties for the material of the
LMB, but non-isothermal transfer of cladding material from the hotter parts of the fuel element
to colder ones can occur by relativity high solubility of steel component. The experience of
making experimental fuel elements with a lead sublayer had shown that the use of pure lead and
its alloys with magnesium and components of steels significantly complicates the technology.
These alloys have a high viscosity, do not wet the fuel and cladding materials, and therefore re-
quire significant overheating (up to 600 °C), prolonged sonication and slow cooling.

In connection with the foregoing, we proposed to use alloys of Pb-Na and Pb-Bi-Na sys-
tems to fill the fuel-cladding gap in the fuel pins. Developed alloys contain from 2 to 5 wt% Na
and lie in the eutectic region of the lead angle of the corresponding phase equilibrium diagrams.

The paper considers the results of calculations of the influence of the fuel element and
the material of the sublayer on the ultimate burnup depth, as well as the determination of the
basic properties required for the sublayer material — thermal conductivity, heat capacity, vis-
cosity and wettability of shell materials. The estimates of the effect of sodium on the non-
isothermal transfer of the components of steel inside the fuel rod are also given.

It has been shown that alloying lead by sodium slightly reduces its thermal conductivity,
but simultaneously, it significantly reduces the viscosity and increases the wettability of
EP-823 steel. Also, the work discusses that the introduction of sodium significantly reduces
the limiting solubility of the components of steel (chromium and iron) in lead, which contrib-
utes to a decrease in the rate of non-isothermal mass transfer.
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MepcneKkTuBHbIE CNAABbl HA OCHOBE CBUHLLA AASl XKMAKOMETaAAMUYECKOro
MOACAOA TBIAOB 6bICprIX peakKTtopoB

b. A. TapacoB12, U. N. KoHoBanoB:, A. b. Kpyrnosl, B. M. AHaHbUHY,
M. C. Tapacosa?, A. . lWopHukos?t, U. A. HaymeHko2, M. B. KpuBoB?
1 HUAY MU®U, MockBa

2 AO «BHUMNHM>», MockBa

E-mail: ulens.up@gmail.com

KAroueBble CA0Ba: TBIAbI, XUAKOMETaAAMUECKUI noacAor, CHYTT-TonAnBO, cnAaBbl CBUHLA,
CMauynMBaeMOCTb, TEXHOAOTUSI, COBMECTUMOCTb, XOAOAHOE TOMAMBO, BbIrOpaH1e, KOppPo3us.

3agaya 3HAYUTENBHOTO NOBBIMICHMS TPEAETbHONM TIYyOMHBI BBITOPAHUS TB3JOB CO
CHYII-tormBom, pa3pabaTbiBaeMbIX B paMKkax npoekta «[IpopsB» cBs3aHa ¢ HEOOXOIMMO-
CTBIO OT/IAJICHUS MOMEHTa CONPHKOCHOBEHHSI JKECTKOTO TOIUIMBA C MPOYHOM HE paciyXaro-
e 0007109K0# U3 PeppUTO-MapPTEHCUTHON CTAJIM. DTO MOKHO O0CCIICUUTh IyTEM yBEIIUYEC-
HUS 3a30pa TOIUIMBO/000JI0YKA, U OAHOBPEMEHHBIM IOBBILICHHEM IUIOTHOCTH TOIIMBA JJIS
COXpaHEHUs 33JJaHHOTO KOJMYECTBA TOIUIMBA B TBAJIE. Y BEJIMYCHHE 3a30pa TOIIMBO/000I0UYKa
TpeOyeT BBEACHUS KUAKOMETAJUIMYECKOTO TOICIOS, YTO MO3BOJHT B IIEJIOM MOHU3UTH JKC-
IUTyaTallHOHHYIO TEMIIepaTypy TOIJIUBA.

s 3an01HEHUs 3a30pa BO3MOXKHO HCIIONb30BATh HATPUN, CBUHEL] MJIM CIUIaBBl HA MX
OCHOBE, KaK OJHH W3 HanOoJee JETKOIUIABKUX METaJUIOB, 00JIaJafoIuX BHICOKOH TEIIONpo-
BOJHOCTBIO M TEINIOEMKOCTHI0. OTHAKO MCIIOJIb30BaHKE HATPUS CTAJIKUBACTCS C MPOOIeMOi
0€30IacHOrO 3aIOJHEHHs ¢ HUTPUAHBIM YPaH-IUTyTOHHEBBIM TOIUIMBOM, OOJIaJaroIlUM ITH-
podopHOcThI0. CBHHEN 007aMaeT BCeMHU HEOOXOMUMBIMU CBOWCTBAMHM JUTSI MaTepHayia TMoj-
CJIOS, O/IHAKO B CBUHIIE MPOUCXOAUT HEM30TEPMHUUYECKHUIl MEepeHOoC MaTepuana 0O0OJIOYKH M3
Oonee ropsumMx vacTel TBANMa B Oosee xononHble. Takxke, Kak MOKa3al ONBIT M3TOTOBJICHUS
9KCIIEPUMEHTAIBHBIX TB3JIOB CO CBHHIIOBBIM IIOJICIIOEM, HCIIOIB30BaHUE YHCTOTO CBHHIA W
€ro CIUIABOB C MarHWEM M KOMIIOHEHTAMH CTaJIel 3HAUYUTEIBHO YCIOKHIET TEXHOJIOTHIO. DTH
CIJIaBBl 00J1a1a0T OONBLION BSI3KOCTBIO, HE CMAuMBAIOT MaTEepHaibl TOIUIMBA U 00OJIOYKH, U
mo3ToMy TpeOyroT 3HaunTedpHOro neperpesa (mo 600 °C), mmurenpHON 00pabOTKH yIbTpa-
3BYKOM U MEJUICHHOTO OXJIaXICHHA.

B cBs13u ¢ BbIlIeCKa3aHHBIM, HAMHU MPEIUIOKEHO MCIIONB30BATh [T 3alOJHEHHSI 3a30pa
TOTTNBO/000JI04YKa B TBAJaX cruiaBel cucteM Pb-Na u Pb-Bi-Na. PazpaboTannble cruiaBbl co-
nepkar oT 2 mo 5 mac.% Na u mexaT B 007aCTH IBTEKTUKH HATPUEBOTO yTJIa COOTBETCTBYIO-
IMX JUarpamM (a3oBoro paBHOBECHS.

B pabote paccmarpuBaroTCsl pe3yibTaThl pacyeTOB BIAMSAHUS KOHCTPYKLMH TBAJIa U Ma-
Tepuaja MOACIOSN Ha NpelesIbHYI0 INIyOMHY BBITOpPAaHUS, a TAKXKE ONPEACICHUS OCHOBHBIX
CBOMCTB, HEOOXOIMMBIX I MaTepHaja MOJICIO0s] — TEIUIONPOBOTHOCTH, TEMIIOEMKOCTH, BSI3-
KOCTH M CMa4yMBa€MOCTH MaTEepUaIOB 00010UKH. Takke IpUBeIeHb! OLIEHKH BIUSHUS HATPUS
Ha HEU30TEPMUYECKUI TEPEHOC KOMIIOHEHTOB CTAIM BHYTpPH TB3JIA.

[MokazaHo, 4TO JIETMpPOBaHWE CBHHI]A HATPUEM HE3HAYUTEIHHO IMOHMKAET €ro TerIo-
MPOBOJHOCTh, HO OJTHOBPEMEHHO, 3HAYHUTENIFHO CHM)KAeT BS3KOCTHh M TMOBHIIIAET CMadHBae-
MocTh ctaimu JI1-823. Taxke B pabote 00Cy)aaeTcs, YTO BBEACHHE HATPUS 3HAYNMO CHHKa-
eT MpeJeNbHYI0 PACTBOPHMOCTh KOMITIOHEHTOB CTaIH (XpoMa M Keje3a) B CBHHIIE, YTO CIIO-
COOCTBYET CHIKEHHIO CKOPOCTH HEM30TEPMHUUYECKOTO MaccoIlepeHoca.
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4.7 Facility GESA-4M for Electron Beam Modification of Fuel Cladding
Surfaces of Reactor Plants with Heavy Liquid Metal Coolant

Engelko V. I, Pavlov E. P., Tkachenko K. I., Shchegolikhin N. P.

D.V. Efremov Institute of Electrophysical Apparatus, St.Petersburg
E-mail: ktkachenko@mit.niiefa.spb.su

Keywords: facility, electron source, fuel cladding, electron beam modification, improvement of
operational properties.

Improvement of operational properties of fuel claddings (increasing of corrosion-
resistance, heat-resistance and wear-resistance) is possible as a result of treatment of their sur-
faces by high-current pulsed electron beam (HPEB) [1], including with preliminary Al coat-
ing. Treatment by radial converging HPEB with high extent is the most perspective for practi-
cal realization of process of modification of fuel cladding casing.

On the basis of experiments and calculations [2—8] it was designed the electron source
100 cm long, forming radial converging electron beam. The source consists of cathode, con-
trol grid and anode, which is treated target.

Characteristic of the source

Anode voltage, kV Uy =0
Cathode voltage, kV Uc=-120
Control grid voltage, kV e =—(97-95)
Radius of cathode, m R-=0.15
Radius of control grid, m R,=0.1
Radius of anode, m R,=0.005
Length of cathode, m Lc=0.95

Overview of the source forming radial converging electron beam

In the report they are presented description of the facility with electron source 100 cm
long and the results of the first stage of experimental researches on the source. Maximal value
of energy density achieved on the target with diameter 10 mm was 30 J/cm® on length ~ 50 cm.
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YcraHoBka FE3A-4M ANl SAEKTPOHHO-NYUYKOBOW MOAUPUKALUKN
noBepxHOCTU o6onouek TBanoB PY ¢ XKMT

B. U. 3HrenbkKo, E. . NaBnos, K. U. TkaueHko, H. M. LLleronnxuH

HUNIDA um. A.B. EppemoBa, CaHkT-lNeTepbypr
E-mail: ktkachenko@mit.niiefa.spb.su

KAroueBbie cAOBa: yCTaHOBKa, 3I\eKTpOHHbIVI MCTOYHUK, 0BOAOUKA TBIAG, ANEKTPOHHO-NMy4YKOBaA
MOAUDUKALIUA, YAYULLEHUE IKCMNAyaTaLUMOHHbIX XapaKTepPUCTHUK.

ViydieHue 3KCIUTyaTallMOHHbBIX XapaKTEPUCTHK TBAJIOB (MTOBBIIIIEHHE KOPPO3NOHHOMN
CTOMKOCTH, >KapOCTOMKOCTH U M3HOCOCTOMKOCTH) BO3MOXKHO B pe3yibTaTe 00pabOTKH UX TO-
BEPXHOCTH CHIILHOTOYHBIM UMITYJIBCHBIM 3JeKTPOHHBIM mydkoM (CUJII) [1], B ToM umcne ¢
MIpeIBapUTEIbHO HaHECEHHBIM Al mokpsITHeM. [[i1st mpakTHYeCKO# pear3alyy mporecca Mo-
mudukanuy 000J04YEeK TBAJIOB HanOoJjee MEepPCIeKTUBHOM sABIsieTcsl 00paboTKa UX paguaibHO
cxomsimumucs CUDII 6onbioi npoTskEHHOCTH.

Ha ocHoBaHWHM SKCTIIEpUMEHTAIBHBIX W PaCUETHRIX HccienoBanuii [2—8] Obu1 paspado-
TaH UCcTOYHHUK AmuHON 100 cM, hopMUpyOmMiA paguanbHO CXOSIIUICS JICKTPOHHBIN My-
YOK. VICTOYHHK COCTOUT M3 KaToja, YIPaBJSIOIICH CETKH M aHOAa, KOTOPBIM sIBJIseTcsl o0pa-
OaTbIBaeMast MUIICHb.

ITapaMeTpbI HCTOYHHKA

Hanpsixenue Ha aHoze, kB U, =0

Hampsixenue Ha karoze, kB Ucr=-120

Hanpsixenue Ha ynpasnstomei cetke, kB | U, = (97— 95)

Panuyc katona, m Rc=0,15
Panuyc ynpasinsioniei ceTku, M R,=0,1
Panuyc anona, m R,=0,005
JlnmuHa kaToma, M Lc=0,95
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Obwutl 810 UCMOYHUKA, HOPMUPYIOWE20 PAOUATILHO CXOOSUSUTICS DJIeKIMPOHHBLIL NYYOK

B JAOKJIaAC NpeACTaBICHO OINMHMCAHUC YCTAHOBKHU C 3JICKTPOHHBIM MCTOYHUKOM ,Z[J'IPIHOﬁ

100 cM u pe3ynbTaThl MEPBOM CTATUHN YKCIIEPUMEHTABHBIX HCCIIEIOBAaHUNA paOOTHI UCTOYHHU-

Ka. MakcuMajabHOE 3HA4YEHUE IUIOTHOCTU JHEPIUH, JOCTUTHYTOE€ HAa MHILICHH AUAMETPOM
2

10 mm, coctraBuno 30 J[x/cM™ Ha mwHEe ~ 50 cM.
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4.8 Low Cycle Fatigue Behavior of 15-15Ti Austenitic Stainless Steel in
Lead-Bismuth Eutectic and in Air at 550 °C — Effects of Dynamic Strain
Aging and Surface Oxide Film
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Heavy liquid metals (HLM) are widely used in the fourth-generation nuclear fission
reactor due to its good physical, chemical and neutronic properties. Lead-bismuth eutectic
(LBE) is considered as the main candidate coolant for Accelerator Driven Sub-critical System
(ADS). 15-15Ti is selected as the cladding material for subcritical reactor in ADS.

During reactor operation, a lot of factors can lead to cladding failure, for example the
hot and cold cycles caused by reactor power changes, mechanical vibrations caused by pump
operation, flow induced vibrations and other alternating loads caused by coolant circulation.
These reactor operational behaviors are somewhat similar to the damage during low cycle fa-
tigue process. In addition, LBE and Dynamic strain ageing (DSA) would affect the mechani-
cal properties of nuclear structural materials, especially for the fatigue property.

The low cycle fatigue properties of 15-15Ti have been tested in stagnant liquid LBE and
in air with strain amplitudes ranging from £0.3% to +£0.9% at 550 °C. The results showed no
evident life degradation was observed under high strain amplitudes (£0.6% and +0.9%) in
LBE due to the combined effects of DSA and surface oxide films, compared to air. Moreover,
slightly improved fatigue life was found under low strain amplitude (+0.3%) condition be-
cause fatigue crack initiation was only delayed by surface oxide films not affected by DSA.

CBoiCcTBa MaAOLUKAOBOM YCTAaAOCTU ayCTEHUTHOMW HEp)XaBeloLen CTaAu
15-15Ti B 3BTEKTUYUECKOM CBUHL,0BO-BUCMYTOBOM CNAaBe U BO3AyXe
npu 550 °C - BAUAHUE CTapeHUA NOA AEMCTBUEM AUHAMUUYECKOro
Hanps>XeHUA U NOBEPXHOCTHOMW OKCUAHOM NMAEHKHU

Lize Cron12, U3aHbBak YeHbl*, UuHweH By, CAHBaN Yxail, AMHb Aoyl
MepepoBas uccrepoBaTEAbCKanA rpynna no spepHom aHepretuke FDS Team

1 Beayuias rnabopatopus HEUTPOHHOM GU3NKU U paAUaLIMOHHOM 6e30MacHOCTH,
WHCTUTYT TEXHOAOT MK 6E€30MacHOCTU SAEPHOM S3HEPreTUKM, Kutarckas AKaaeMusi Hayk,
Xapari, AHbxo#, 230031, Kutan

2 Hay4yHo-TexXHUYeCKui yHnBepcuteT Kutas, Xapan, AHbxou, 230031, Kutan

* E-mail: jianwei.chen@fds.org.cn

KAroueBble cAOBa: CBUHLOBO-BUCMYTOBas 3BTEKTUKA, MAAOLIMKAOBASA YCTAAOCTb, CTapEHUE NOA
AENCTBMEM AMHAMWUUYECKOTO HanpaxeHund, NoOBepPXHOCTHaA OKCUAHAA NAEHKa.

Tsoxenpie xuakue Metamiel (HLM) mmpoko MCHONB3YIOTCS B SACPHBIX PEAKTOpax
JICJICHUS] YETBEPTOTO IMOKOJICHUS OJaroapsi UX XOpPOIUM (PU3NUYECKUM, XUMUYCCKHM U HEW-
TPOHHO-(PH3MUECKUM CBOMCTBaM. DBTeKTHYeCKUl ciiaB cBuHel-BucMyT (LBE) paccmarpu-
BAETCsl KAK OCHOBHOM MOTEHIMAIBHBIN TEINIOHOCUTEND 711 MOJKPUTUUYECKON YCKOPUTEIBHO-
ympasnsiemorr cucteMbl (ADS). Cramp 15-15Ti BeiOpaHa B kadecTBe marepHaia 00OJIOYKU
TBOJIOB AJIS MOAKPUTHUYECKOTrO peakTopa B ADS.
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Bo Bpems paboTsl peakTopa MHOTHE (PAKTOPBI MOTYT IPUBECTH K MOBPEKICHUIO 000-
JIOYKU TBAJIOB, HANlpUMeEp, TOPSYUE U XOJIOAHBIE LIUKJIbI, BHI3BAHHBIE N3MEHEHUSIMH MOLIHO-
CTH peakTopa, MexaHW4YecKue KoyiebaHusi mpu paboTe Hacoca, BUOpAaLUM B Pe3yJbTaTre BO3-
JEHCTBHS NMOTOKA U APyTHE MEPEMEHHBIE HATPY3KH, BBI3BAHHBIE HUPKYISALUEH TETNIOHOCUTE-
ns1. Takwe sKcIITyaTaliOHHBIE XapaKTEPUCTUKN PEAKTOPa HECKOJbKO HAIIOMHUHAIOT TTOBPEX-
JIEHUE TIPpU MaJIOIUKIOBOK ycTanocTu. Kpome Ttoro, LBE u crapenue non aeiicTBueM AuHa-
Mudeckoro HampsokeHus: (DSA) cmocoOHbBI MOBIMATE HA MEXaHHMUYECKHE CBOMCTBA SIIEPHBIX
KOHCTPYKIITMOHHBIX MaTepHalioB, OCOOCHHO Ha CBOICTBA yCTaJIOCTH.

CBoOliCTBa MaJIONMKIOBOM ycTanocTu cTannlS5-15T1 HCHBITBIBAIIMCHL B CTaTUYECKOM
xunkoMm LBE u B Bozayxe ¢ ammutyaamu nedopmanuii B tuamnasone ot +0,3 xo +0,9 % npu
550 °C. Pe3ynbpTaThl MOKa3aiu, 4TO MPH BBEICOKUX aMILTUTyHax aedopmanuii (+ 0,6 u £ 0,9 %)
B LBE He HaOmoganoch 3aMETHOTO YXYALICHHUS XapaKTEPUCTHK JOJITOBEYHOCTH M3-32 KOM-
OuHMpoBaHHOTO Bo3AeHcTBUSI DSA M MOBEpXHOCTHBIX OKCHIHBIX IJICHOK IO CPAaBHEHHIO C
Bo3ayxoM. KpoMme Toro, B yCoBusiX HU3KOTrO HampspkeHus nedopmanmu (£ 0,3 %) ycraHoB-
JICHO HEKOTOpPOEe YIIyHIICHHE 3HaYeHUH yCTaJIOCTHON JONTOBEYHOCTH, MIOCKOIBKY BO3HHKHO-
BEHHUIO yCTaJOCTHON TPEIIMHbI MPENSITCTBOBAIN TOJBKO IOBEPXHOCTHBIE OKCHIHBIE TUIEHKH,
HE MOJIBepKEHHBIEC Bo3aercTBUIO DSA.

4.9 Results of the Investigation of the Initial Stage of Oxidation of Austenitic
Steel 12X18H10T in Water Vapour

Ivanov K. D., Gurbich A. F., Niyazov S.-A. S.

JSC “SSC RF - Institute for Physics and Power Engineering named after A.l. Leypunsky”
Obninsk, Russia

E-mail: sniyazov@ippe.ru

Keywords: heavy metal coolant, austenite steel, oxide coating, liquid metal corrosion, accelerated
ion beams, water vapour, nuclear spectroscopy.

Besides pure scientific interest investigations of the process of steel oxidation in vari-
ous gas media have an important practical application. In particular, with regard to steels used
in reactor facilities with heavy metal liquid coolants (HMLC) such processes are used for a
preliminary formation of protective oxide coatings on their surface. These oxide films hamper
direct contact of steel with a coolant thus preventing the development of the steel corrosion
caused by heavy metal [1].

The austenite 18% chromium steel 12X18H10T is one of the structural steels used in the
reactor facilities with HMLC at moderate (T <350°C) temperatures. In test benches and ex-
perimental facilities the temperature range of application of this steel is much broader.

The investigation of the initial stage of the development of the oxidation process is
rather complicated because of the extreme thinness of the oxide films formed at this period.
Therefore the ion beam analysis [2] method based on the nuclear spectroscopy of the products
of nuclear reactions initiated by ~1 MeV energy deuterons interacting with '°O nuclei was
employed in order to find the oxide film composition and thickness. The details of the method
which utilize accelerated ion beams can be found in [3].

The investigations of the 12X18H10T steel oxidability in the water vapour were carried
out at the laboratory installation equipped with a gas system fed with wet argon.

A sample of the 12X18HI10T steel in the form of a 260 mm long plate was attached by
laser spot welding to a rod made of a tube welded from one side. A moveable thermocouple
was placed inside the rod in order to measure the temperature distribution along the sample. In
the course of the experiment the temperature of the sample surface was kept in the range from
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620°C in the bottom of the sample to 350°C at the top. The sample exposition time in such a
regime was ~3 hours. The outward of the plate with a rod after oxidization is shown in Fig. 1.

Upon the end of the experiment the plate was cut into separate specimens which were
analyzed using the method mentioned above. The specimen binding to the temperature condi-
tions was performed through the measurements of the temperature distribution along the plate
in the course of the experiment by the moveable thermocouple.

Fig. 1. The outward of the sample after its exposition to a flow of wet argon

An example of the obtained results is shown in Fig. 2 where the dependence of the rate
of the surface oxidization on temperature (as a logarithm of the accumulated oxygen quantity
which at the constant oxidization time is proportional to the oxidization rate) is presented in
Arrhenius coordinates.

4.3
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Fig. 2. The dependence of the rate of oxidation of the polished surface of the steel
to the temperature of oxidation

In such a way the obtained results demonstrated that the employed methodology for the
study of the initial stage of oxidization is quite informative.
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Pe3yAbTaTbl MICCA€AOBAaHUA HAUYAAbHOI0 3Tana OKUCAEHUA ayCTEHUTHOU
ctanm 12X18H10T B BOAAHOM nNape
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TENAOHOCHTEAb, ayCTEHWUTHAA CTaAb, OKCUAHBIE MOKPbITUA, XUAKOMETAAAMUECKAA KOPPO3us,
YCKOPEHHbIE MOHHbIE NMyUYKKU, 0BpaTHOE Pe3epPPOPAOBCKOE paccesHWe, BOAAHOM nap,
3HEPreTMYECKUi CNEKTP YacTuL, CNIEKTPOMETPHUS.

HccnenoBanus npoueccoB OKUCIEHHS CTaJe B Pa3IMYHBIX Fa30BBIX Cpeax, IOMUMO
YICTO HAYYHOT'O WHTEpeca, MMEIOT M BaKHOE MPAaKTHYECKOe MpuMeHeHne. B wactHocTH, npu-
MEHUTENIBHO K CTalsiM, HCIIOJB3YEMBIM B PEAKTOPHBIX YCTAHOBKAX C TSKEIBIMHU JKUAKOME-
tammnyeckumu TertonocutenaMu (TXKMT), Takue mporecchl HCHOAB3YIOTCS Ul IPeABapH-
TeJBHOTO (POPMHUPOBAHUS HA MX MOBEPXHOCTSIX 3AIIUTHBIX OKCHUIHBIX MOKPBITHH. DTH OKCU-
HBIE IJICHKH TPEIOTBPAIIAIOT MPSIMON KOHTAKT CTAM C TEIUIOHOCHUTENEM, MPUBOIALINA K
Pa3BUTHIO KHUJIKOMETAIUIMYECKOW KOPPO3UH 3TOH cTanu [1].

AyctennTHas 18% xpomucras crane 12X18HIOT sBnsercs omHON M3 KOHCTPYKIMOH-
HBIX CTaJieH, MCIIOJIb3YyEeMBIX B PEaKTOpHBIX ycTaHoBKax ¢ TOKMT B oOmacTté OTHOCHTENHHO
He BbIcOkUX (T < 350°C) temmeparyp. B ucnbpITaTeNnbHBIX CTEHAAX M AKCHEPUMEHTATIBHBIX
yCTaHOBKaxX TeMIIepaTypHast 00IacTb NCIIOJIB30BaHUS ATOM CTalll 3HAYUTENILHO IIUPE.

HccnenoBanue HadanbHOTO 3Tala pa3BUTHS OKUCIUTEIBLHOIO MpOLECca MPECTaBISIOT
3HAYUTENbHbIE TPYAHOCTH B CBS3M C MPEACITbHO TOHKUMH OKCHIHBIMH TJICHKaMH, (HOpMH-
pyrommMucs B 3ToT nepuo. [losTomMy A aHamM3a pe3ynbTaToB OKUCICHUS ObLI NCTIONIB30BaH
METO/I, OCHOBAHHBIN Ha IIPUMEHEHHH YCKOPEHHBIX MOHHBIX ITyYKOB U CIIEKTPOMETPHUU 00part-
HoOTO pezepdopmoBckoro paccesaus (OPP) [2, 3]. IIpu 3Tom uccieayembie o0pasmsl 00Tyda-
JIMCh YCKOPEHHBIMU 3apsSKEHHBIMU YaCTULAMHU C SHEPrueil nmopsaka HeCKoJIbkux M»aB, a un-
(dopmaro 00 UX COCTaBe MOMYYaId U3 aHAIN3a PHEPIETUUYECKUX CIEKTPOB YaCTHI, PACCESH-
HBEIX B 33THIOIO MOTychepy, aHATIOTUIHO TOMY, KaK 3TO JeNIalochk, Hampumep, B padore [4].

Uccnenopanus oxucnsiemoctu ctanu 12X18H10T B BogsHOM nape MpoBOAUIUCH HA Ja-
00paTOpHOI yCTaHOBKE, B Fa30BYI0 CUCTEMY KOTOPOIl MoJaBaCsl yBIAKHEHHBIH aproH.

O6pazen cramu 12X18H10T B Buae mimactuHbl mHON 260 MM TOYEYHOH Jla3epHOU
CBapKOH KPEmwiIcsS Ha MTOKE, KOTOPBIA OBLI BHIMOTHEH B BUIE 3aBAPEHHOW C OJHOTO KOHIIA
TpyObl. BHYyTpH mToKa pasMernanack nepemeniaeMasi TepMonapa Ajas U3MEPEHUs! pacupee-
JICHHSI TEeMIIEpaTyp MO BbIcOTe oOpasma. TemmepaTypa MoBepXHOCTH 00pa3la B XOAE HKCIIe-
puMeHTa nojaepkuBaiachk B rnpeneiax 620°C B HmxHel gactu obopasma u 350°C B BepxHel
ero yactu. Bpems akcro3unmuy o0pasia B 37TOM PEKUME COCTaBISIIO ~ 3 yaca. BHelmHui Bua
MJIACTUHBI CO IITOKOM IOCJIE€ €r0 OKCHUIUPOBAHUS MTOKA3aH HAa pUCYHKE 1.

ITocne 3aBepieHus SKCIIEPUMEHTA MJIACTHHA pa3pe3anach Ha OTAEIbHBIE 00pasibl, KO-
TOpBIE AHAIM3UPOBAINCH C HCIOJIB30BAaHHEM YKAa3aHHOH BhIIE METOAMKH. lIpuBdA3ka 3THX
00pa3LoB K TeMIEPaTypHbIM yCIOBUSIM OCYIIECTBIIIACH IIyTEM M3MEPEHHUIl B X0J€ 3KCIepu-
MEHTa paclpeieIeHus TEMIIEPaTyp 0 BBICOTE TIACTUHBI MOIBUKHON TEPMOIIapOH.

Puc. 1. Buewnuil 6u0 obpasya nocie e2o IKCHO3UYUY 6 HOMOKE YEIANCHEHHO20 AP2OHA
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B kadecTBe nmpuMepa MOMYUYEHHBIX PE3YJBTATOB Ha PUC. 2 B APEHHYCOBBIX KOOPIWHA-
Tax MpPEeACTaBICHbl 3aBUCHMOCTH CKOPOCTH OKHCIEHHS MOBEpPXHOCTel (B BUae jorapupma
HAKOIUIEHHOTO KOJIMYECTBA KHUCIOPOAA, KOTOPOE MNP MOCTOSHHOM BPEMEHU OKHCIEHHS MPO-
MOPLMOHATIBHO CKOPOCTH OKUCIIEHHS) OT TEMIIEPATyPHl.

B menom mosydeHHBIE pe3yibTaThl MOATBEPANIN JOCTATOYHO XOPOIIyI0 WH(OPMaTHB-
HOCTb UCIOJIb30BaHHON METOANKH KOHTPOJI Ha4aJbHON CTaJUN OKHUCICHUS CTalleH.
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Puc. 2. 3asucumocms ckopocmu OKUCAEHUsI ROTUPOBAHHOU NOGEPXHOCHU CINANU
om memnepamypul €€ OKUC1eHUs
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The paper reports on commissioning of the new LILLA experimental facility for me-
chanical testing in liquid lead environment at Joint Research Centre (JRC) Petten, in Nether-
lands. The facility allows conducting qualification tests of candidate structural materials for
future, Generation-IV lead-cooled fast reactors (LFR) at temperatures up to 650 °C. It is de-
signed to perform mechanical tests with well-controllable parameters, in particular oxygen
content in lead, test temperature, load and displacement/strain. Tests of the reliability of lead
chemistry control systems and related components are also possible.

The LILLA facility consists of two cylindrical tanks made from AISI 316Ti steel, meas-
uring tank and dump tank, and connecting piping to transport lead between the tanks as well
as to deliver and extract gases to and from the facility, respectively. Surfaces in contact with
molten lead are protected by aluminium coating using pack cementation technology.

Design parameters, integrated systems and components of the facility allow active oxy-
gen control in liquid lead down to low oxygen concentrations (< 10 wt.%) in the temperature
range from ~380 °C to 650 °C. Chemistry-controlling gas can be injected to cover gas space as
well as directly to liquid lead (below surface). To monitor the oxygen concentration in liquid
lead, electrochemical oxygen sensors with platinum/air internal reference electrode are used in
both tanks of the facility.

A new type of mechanical loading device based on pneumatic bellow system has been
developed to perform mechanical tests in liquid lead using small-sized specimens. The load-
ing frame is equipped with detachable sample holder which allows using different specimen
types: (i) flat and round bar tensile; (ii) compact tension, C(T), and disc-shaped compact ten-
sion, DC(T) specimens; (iii) small punch disc; and (iv) cone mandrel ring. The loading de-
vices have been manufactured and assembled at JRC Petten. The LILLA facility is con-
structed in such a way that four independent loading devices can be mounted on the lid of the
measuring tank. Each test unit is driven by a pneumatic servo-controlled pressure circuit and
can be controlled independently.

As a part of commissioning the functionality of the facility and all components and sen-
sors was verified. It was demonstrated that the LILLA facility operates in accordance with the
technical requirements. The different operation modes (lead melting, lead transfer, condition-
ing) have been tested. The oxygen control system and the loading devices have been inte-
grated to the facility. During the first conditioning of the liquid lead oxygen concentrations
below 10 wt. % were reached. First small strain rate tensile (SSRT) tests at elevated tem-
peratures were carried out both in argon atmosphere and liquid lead environment. The pre-
liminary results are reported in the paper.

80



Session 5

The objective of the forthcoming work is to study the effect of heavy liquid metal (Pb)
on the mechanical properties of candidate structural materials and welds for lead-cooled fast
reactors, including liquid metal embrittlement (LME) phenomena.

BBoa B akcnayaTtauuio AabopaTopum XXUAKOro CBUHLA
AN ME€XaHUUYECKUX UucnbiTaHuu B 06beAUMHEHHOM UCCAEAOBATEALCKOM
ueHTtpe, lNeTtTeH

3. Capast*, K. Tyuek?, P. HoBoTHbIN1, 1. MonraHeH?

1 EBponerickas Komuccusi, O6beAMHEHHbIM MCCAEAOBATEALCKUI LIEHTP, YnpasreHue G —
fpepHas be3onacHocTb, P.O. Box 2, 1755 ZG r. lNetreH, HuaepAaHAbl

2 TeXHUUYECKMUI MCCAEAOBATEALCKUM LIEHTP @uHAsIHAMM VTT, ESPOO

*E-mail: zoltan.szaraz@ec.europa.eu

KnroueBbie cnoBa: cteHA LILLA, Xuakuii cBrHeL, 6bICTPblE peaKTopbl CO CBMHLLOBbLIM TEMAOHOCUTEAEM,
KOHCTPYKLUMOHHbIE MaTepuanbl, aTTectauma MaTepruanoB, ATUMK KUCAOPOAA, Harpy3ouHoe yCTPOMCTBO,
NHEBMAaTUYECKUI CUAbDOH, UCMbITaHMA SSRT, XMAKOMETAAAMYECKOE OXPYNUYMBaHKUE.

B noknage roBopuTcst 0 BBOJE B SKCIUTyaTallMI0 HOBOI'O 3KCIEPUMEHTAIBLHOIO CTEHAA
LILLA anms MexaHU4YeCKHUX HCIBITAaHUHA B Cpejie )KUIKOro CBUHIA B OObEeTMHEHHOM HCCIIEIO0-
BatenbckoM 1ieHTpe (JRC) B Ilerrene, Hunepmannpl. YcraHoBKa MO3BOISET MPOBOAUTH KBa-
TUQPUKAIMOHHBIE UCTIBITAHNS TIOTEHIIMAIBHBIX KOHCTPYKIIMOHHBIX MaTEPUANIOB TS OYIYIIIX
OBICTPBIX peakTOpOB co CBUHIOBBIM TemonocuteneM (LFR) mokonenus IV mpu temmeparty-
pax go 650 °C. On mpenHasHaueH ISl TPOBEICHUS MEXAaHUYECKUX HCIBITAHUN C XOPOIIO
KOHTPOJINPYEMBIMH NTapaMeTpaMH, TAKMMH KaK COAEp KaHHE KUCIOPOAa B CBUHIIE, TEMIIEpa-
TYpBl NIPU TPOBEICHUH HCIBITAHUS, HArpy3kd W cMelleHus/neopmanyn. Taxke uMmeercs
BO3MOXXHOCTh TIPOBEJEHMS MCIBITAHUH Ha HAJEKHOCTh CHCTEM XHMHYECKOTO KOHTPOJISA
CBUHIIOBOTO TEMJIOHOCHUTEINSI ¥ COOTBETCTBYIOIINX KOMIIOHEHTOB.

VYcranoBka LILLA cocTouT U3 ABYX IMMIMHAPUIECKUX OAKOB, M3TOTOBJICHHBIX U3 CTaJH
AISI 316Ti, meproro 6aka u CIMBHOTO 0aka, a TAaKKe COCTUHUTEIBHBIX TPYOOTIPOBOAOB IS
TPaHCIIOPTUPOBKHM CBUHIIA MEXIy OakaMu M sl HOJayd U OTBOJAA Ta30B B YCTAHOBKE, COOT-
BETCTBEHHO. [I0BEpXHOCTH, KOHTAKTUPYIOLLIUE C PACILIABICHHBIM CBUHLIOM, 3aILULICHBI aJII0-
MUHHUEBBIM MOKPBITHEM C HCIIOJIb30BAHUEM TEXHOJIOTHH MAaKETHOW [IEMEHTAINH.

[IpoekTHbIE MapamMeTphl, KOMIUIEKCHbIE CUCTEMBI U KOMIIOHEHThI YCTAHOBKH ITO3BOJISIFOT
KOHTPOJINPOBATh aKTUBHBIN KUCIOPOJ B KUAKOM CBUHIIE O HU3KMX 3HAYEHUI KOHLIEHTPaLlUU
xuciopona (<10 mac.%) B nmamasone Temneparyp ot ~ 380 10 650 °C. T'a3 11 XMMHUECKO-
T'0 KOHTPOJISI MOKHO BBOJIUTH B 00BEM 3aIIUTHOTO Ta3a, a TAK)KE HETTOCPEICTBEHHO B KHUIKUH
CBHHEL (HMXKE YpPOBHS MOBEPXHOCTH). Il KOHTPOIS KOHLUEHTPALMH KUCIOPOJa B KHIKOM
CBUHIIE B 00OMX 0akax CTEeHJIa MCTONB3YIOTCA JJIEKTPOXUMUYECKHE NATINKH KHCIOpPOJa C
IUTATHHOBBIM/BO3/IyITHBIM BHYTPEHHUM 3JIEKTPOJOM CPaBHEHHUSL.

Pa3paboTan HOBBINM THI YCTPOKCTBA JIsI UCTIHITAHUI HA MEXaHUYECKYIO HArpy3Ky Ha OcC-
HOBE ITHEBMATHUYECKOW CHIb(POHHON CHCTEMBI IS MPOBEACHUS MEXaHUYECKUX HCIIBITAaHUN B
JKHJIKOM CBHHIIE C UCTIOJIb30BaHUEM MaJIOpa3MEpHBIX 00pa3ioB. HarpyzouHas pama ocHareHa
CBbEMHBIM JIepkaTesieM o0pa3ia, KOTOPBIi MMO3BOJISAET MCIONB30BaTh Pa3IMYHbIe THITBI 00pa3-
1oB: (i) TIOCKKE M KPYIJIOr0 CeYeHHs! 00paslbl AJsl UCIBITAHWH MPOYHOCTU Ha paspbiB; (ii)
o0pasupl s ucnbiTannii Ha cxarue, C(T), u UCHBITAaHUN Ha CXKAaTHUE TUCKOBBIX O0OPAa3IoB,
DC(T); (iii) aucku ¢ manoi nepdopaiueid; n (iv) KOHUYECKHE KOJbLEBble OonpaBku. Harpy-
304HBIe ycTpolcTBa n3rotoBieHsl U codpansl B JRC, Ilerren. Crenn LILLA ckoHCcTpyupoBaH
TakuM 00pa3oM, 4TO Ha KPHIIIKE MEPHOTO 0aKa MOYKHO YCTaHOBHTD YETHIPE HE3aBUCUMBIX Ha-
Tpy304HBIX ycTpoicTBa. Kaxkaplif MCIIBITATENBHBIN OJOK MPUBOJUTCS B JIEHCTBHE ITHEBMATH-
YeCKUM KOHTYPOM JIaBJIEHUS C CEPBONPUBOJIOM U MOXKET YIIPABIATHCS B aBBTOHOMHOM PEXHME.
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Bo Bpems BBOJa B IKCIUTyaTalMIO NMPOBEPEHb! (PYHKIMOHATIbHBIE BO3MOXKHOCTU YCTa-
HOBKHM, BKJIIOYas BCE KOMITOHEHTHI W AaT4uKH. [IpomeMoHCTpHpoBaHa CHOCOOHOCTH CTEHIA
LILLA paGoTaTb B COOTBETCTBHHU C TEXHHMYECKMMH TpeboBanusMu. [IporecTupoBansl pa3znny-
HBIE PEKUMbI PaOOTHI (INIaBICHHE CBUHIIA, IIEPEHOC CBUHLA, KOHOUIMOHUpoBaHue). Cucrema
KOHTPOJISI COJIEPKAHMS KUCIIOPOJIa M Harpy304YHBIE yCTPOHCTBA OBUIM MHTETPUPOBAHBI B yCTa-
HOBKY. Bo BpeMs nepBoro KOHIUIIMOHUPOBAHUS KHUIKOTO CBUHIIA JOCTUTHYTHl KOHIIEHTPAILlUU
xuciopoaa Hike 10 mac. %. [lepBble MCIBITAHUS HA PACTSDKEHHE HPH MO CKOPOCTH Jie-
(hopmaru (SSRT) npu MOBBIIEHHBIX TEMIIEpaTypax MPOBOIMINCH KaK B aTMOC(epe aproHa,
Tak ¥ B cpefie )KuAKoro cBuHLa. [IpenBapuTenbHble pe3ybTaThl IPEACTaBICHbI B JOKIIAE.

Lenbto npeacrosdmiel paboTsI SIBISETCS U3yUSHHUE BIUSHUS TSHKEIOTO KUIKOTO MeTajlia
(Pb) Ha MmexaHHnYeckne CBONCTBA MOTEHIIMAIBHBIX KOHCTPYKIIMOHHBIX MaTEPUAJIOB U CBAPHBIX
IIBOB TSI OBICTPBIX PEAKTOPOB CO CBMHIIOBBIM TEIJIOHOCHTEJIEM, BKIIIOUAs SBJICHHS JKUIKO-
MeTamumaeckoro oxpymuusanusi (LME).

5.2 Safe Controlled Storage of SVBR-100 Spent Nuclear Fuel
in the Extended-Range Future

S. A. Grigoriev?, A. V. Dedul?, 0. G. Komlev?, I. V. Tormyshevi, G. |. Toshinsky1.2*
1JSC “SSC RF-IPPE”, Obninsk, Russia

2 JSC “AKME-Engineering”, Moscow, Russia

* E-mail: toshinsky@ippe.ru

Keywords: spent nuclear fuel, controlled storage, lead-bismuth coolant, safety barriers,
radioactive waste.

At present, there are three approaches used to find the solution to handling of the spent
nuclear fuel (SNF), namely: 1) the SNF is considered as the nuclear power (NP) radioactive
waste that must be finally buried; 2) controlled storage of SNF in plant or central repositories
that now is realized almost in all countries; 3) reprocessing of the SNF upon closing of the
nuclear fuel cycle (NFC) that is a task for realization in future. At present it is not easy to de-
termine the time when reprocessing of the SNF with recycling of plutonium and MA, separa-
tion of fission products and their final isolation are becoming economically expedient. It can
be expected that duration of the SNF storage time prior to its engagement into the closed NFC
will be dozens of years. Therefore, enhancement of safety of SNF storage, including safety of
reactors SVBR-100 is an issue of current importance.

Experience of operating reactor facilities (RF) with lead-bismuth coolant (LBC) has re-
vealed that it is possible to perform safe and prompt refueling if the whole core is replaced
with use of the special refueling equipment kit. However, in contrast to the RFs of nuclear
submarines (NS), in which the residual heat decay was low when unloading was performed,
for RF SVBR-100 in a month from the moment of reactor shutdown the residual heat decay
upon unloading is about 500 kW. For that reason, it is necessary to place the spent removable
unit (SRU) with spent fuel subassemblies (SFSA) into the temporal storage tank (TST) filled
with liquid LBC, in which there are conditions for LBC natural circulation (NC) and removal
of heat via the tank casing to the water cooling system.

In a year of cooling the heat decay is reduced to 170 kW. That makes possible extracting
of the TST together with SRU out of the shaft and install it in the in-plant transport-package
container (ITPC), where further cooling of the SRU is realized till complete solidification of
LBC in the TST. That will take approximately ten (10) years. TST cooling in the ITPC is real-
ized by natural circulation of atmospheric air.
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After the residual heat decay has been decreased to the level that makes possible trans-
portation of the TST with SRU in the transport-package container (TPC) without taking of
special measures on organizing of heat removal and meeting of the railway requirements, it is
proposed to consider the following variant of transportation. The TPCs are transported to the
special site, where after the SRUs have been reloaded into the long storage tank (LST) filled
with quickly solidifying liquid lead, the TPCs can be stored during the necessary period (on
ten years of cooling the residual heat decay is about 25 kW and can be easily removed by NC
of the atmospheric air under the LST wall temperature being not more than 200 °C). Thus, the
controlled storage of LSTs is realized during several decades till the time when reprocessing
of the SNF and closing of the NFC are becoming economically expedient. On that storage, the
four safety barriers are formed on the way of release of radioactive products into the environ-
ment, namely: fuel matrix, fuel element cladding, solid lead and steel casing of the LST. In
addition to reduction of the cost, replacement of LBC by lead is providing more reliable pro-
tection of SRUs against extremal external effects due to the higher temperature of lead solidi-
fying (327 °C). The additional shielding is a reinforced concrete hood (RCH), which walls are
of a required thickness, that covers each LST.

Upon the density of SNF storage being 0.5 tons of heavy metal per square meter, on the
test site, which square is 200200 m, for safe controlled storage it is possible to place
13000 tons of the SNF from reactors SVBR-100 (about 1500 LSTs with spent removable
parts (SRP)). That corresponds to approximately 10 GWe of total capacity of 100 year operat-
ing NPPs with reactors SVBR-100.
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Bbe3onacHoe KoHTpoAupyemoe xpaHeHue OAT CBBP-100
B CPEAHECPOYHOM NepcneKTuBe

C. A. Tpuropbes?, A. B. Aepynb2, O. I. Komaes?,
W. B. Topmbiwesy, I U. TOLWMHCKUIL2

1AQ «HL PO-®3U», OBHUHCK,
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KaroueBbie caoBa: OTp&ﬁOTaBLIJee AAEPHOE TONAMBO, KOHTPOAUPYEMOE XpPaHEHWE, CBUHLIOBO-
BVICMyTOBbIVI TENAOHOCUTEAD, 6apbepbl 6e30MnacHoCTH, PaANOaKTUBHbIE OTXOAbI.

B Hacrosimee BpeMsi CyIIECTBYIOT TP MOAX0Ja K PELICHHIO MpoOieMbl 0OpalieHus ¢
otpaboraBmmM saepHbIM ToriBoM (OST). 1) OSAT — paanoakTHBHBIN OTXOA SAEPHON dHEP-
retuxu (S19), momIexanuii OKOHUATEIBbHOMY 3axopoHeHuio; 2) KonTponupyemoe xpaHeHue
OST B NpUCTaHIMOHHBIX WIH LIEHTPAIN30BAHHBIX XPAaHWINIIAX, KOTOPOE CETOAHS pealnu3yeT-
¢Sl IPaKTHYECKH BO BeexX crpaHax; 3) Ilepepadorka OST npu 3aMBIKaHUN SIEPHOTO TOILTHBHO-
ro mukia (STLI), garo sBusercs memom Oymymiero. B Hacrosmiee BpeMsl TPYAHO OMPEICITUThH
nepuoj BpeMeHu, korga nepepadotka OAT ¢ peuuknupoBanueM miyToHHS 1 MA, BbleneHH-
€M TIPOJTyKTOB JISIICHUS M MX OKOHYATEIHHON M30JISIIeN cTaHeT SKOHOMUYECKH I1enecooopas-
HOW. MOXHO OXHIaTh, YTO MPONOJDKUTENBHOCTh neprosa xpaneHus OAT mo Hadana BoBie-
yeHus B 3aMKHYThIN STI[ MoxxeT cocTaButh aecsatku yieT. [103ToMy moBBIIIEHHE O€30MacHO-
ctu xpaneHus OST, B ToM ducne, u peakropoB CBBP-100 mpencrapnsercs akTyalbHbBIM.

OnBIT dKCIDTyaTai PeakTOPHBIX YCTaHOBOK (PY) co CBHHIIOBO-BHCMYTOBBIM TETLIO-
Hocutenem (CBT) nokasan, uyTo meperpyska TOIUTMBa MOXKET OBITh MPOBEACHA OE30MacHO U B
C)KaThle CPOKH, €CIM 3aMEHATh AKTHBHYIO 30HY IIETMKOM NPU HCIOJIB30BAHMHM KOMIUIEKTA
CHETMaIbHOTO MEePEeTrpy304HOro o0opyaoBannsa. OQHAKO, B OTIINYHE OT PY aTOMHBIX TIOJBO/I-
HBIX 070K (AILJI), roe ocTtaToyHOE TEIIOBBIACICHHE HA TIEPHUOJ BHITPY3KH OBUIO HEOOIh-
M, it PY CBBP-100 ocrarodHoe TEIIOBBIICICHHE Ha MOMEHT BHITPY3KH Yepe3 MECSII
MoCIie OCTAHOBKH peakTopa coctapisieT okoio 500 kBt. Oto tpebyeT pasmemnienns otpado-
tapmrero 6oka BeieMHOTO (OBB), B KOTOpOM HaxomsITCsl OTPabOTaBIIHE TETLIOBBIIEIISIONTIE
coopku (OTBC), B 6ak BpemenHoro xpanenus (bBX), 3anonnenssiit xxuakum CBT, B koTO-
poM coznansl ycioBus ecrectBeHHoN mupkysinun (EL[) u oTBoza Temia yepes xopmyc Oaka B
CUCTEMY BOJSHOTO OXJIaKICHUSI.

Uepes oauH TO/ BRIISPKKH OCTATOYHOE TEIUIOBBIIENCHHE CHIDKaeTrcs mo 170 kBT, 9ro
no3BoJsieT u3Bieyb bBX Bmecte ¢ OBB 13 maxThl 1 yCTaHOBUTD €0 BO BHYTPUCTAHLIMOHHBIN
TPaHCIIOPTHO-yakoBOYHEIN KoHTeitHep (BTYK), B KoTOpoM ocyImiecTBisieTcs JanbHEHIIee
pacxonaxuBanne ObB mo noxroro 3arBepaeBanns CBT B bBBX. Oto mpoucxonuTt mpuMepHO
gepe3 10 ner. Oxnaxaenue bBX Bo BTYKe ocymectBnsiercss atMocepHbIM BO3IyXOM HpH
€ro €CTECTBEHHON IIUPKYIISIIHM.

[locre cCHMXKEHHS OCTATOYHOTO TEIUIOBBIAECIEHUS O YPOBHA, MOIYCKAIOIIETO TpPaHC-
noptupoBky BBX ¢ OBB B TpancnopTHo-ynakoBouHoMm koHTelHepe (TYKe) 6e3 npunsaTus
CHeLUABHBIX MEp MO OpraHu3aluM TEIJIO0TBOJA U MPH YIOBJIECTBOPEHUH TPEOOBaHWI Ke-
JIE3HOH AOpOTH, IpeljiaraeTcs pacCMOTPETh CIEAYIOIIUN BapuaHT TpaHCcnopTUpoBKU. TYKu
TPAHCTIOPTUPYIOTCS Ha CHEIMAIbHBINA MOIUTOH, Tae nocie neperpy3ku ObB B Gakn mnrtens-
Horo xpanenus (bJIX), 3amonHeHHbIe OBICTPO 3aTBEPACBAIOLINM XKHIKAM CBHHLIOM (OCTaTOY-
HOE TEIJIOBBIIEICHUE YEPe3 AECATh JIET BBIAEPKKH COCTABISET OKOJO 25 KBT U JEerko 0TBO-
mutcs 3a cu€t Ell atmocdeproro Bo3zayxa mpu remneparype creHku bJ1X, He peBhITIaroniei
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200 °C) moryT xpaHuThcs Tpebyemoe Bpems. Takum criocoO0M MOXKET OCYIIECTBISITECS KOH-
Tponupyemoe xpanenue bJIX B TeueHne HECKOIbKUX ACCATUIIETUN 10 MEPHOJIa BPEMEHHU, KO-
raa nepepadotka OAT u 3ambikanue ATL| craHyT SKoHOMHYecKH ILielecooOpasHbIMH. [lpu
TaKoM XpaHeHUH (OPMHUPYIOTCS 4YeThIpe Oaphepa OE30MacCHOCTH Ha IMYTH BBIXOAA PaHoOaK-
THUBHBIX MPOJYKTOB B OKPY’KAIOIIYIO CPEAy: TOIUIMBHAS MaTpuila, 000JI0UKa TBIJA, TBEPABIH
ceunen] u cranpHOM kopmyc BJIX. 3amena CBT na cBuHen, KpoMe CHIXXEHHS CTOMMOCTH,
obecrieunBaeT Oonee HagexHylo 3amuTy OBB OT 3kcTpeMalbHBIX BHELIHUX BO3JCHCTBHUMA B
CBsI3M C Ooyiee BHICOKOW TeMIepaTypoit 3aTBepaeBanust cBuHma 327 °C. JlomonHuTEeNbHOM 3a-
IUTON CITy)uT kene300eTonnbiit koimak (JKBK) ¢ HeoOXoauMoi TONIUHON CTEHOK, KOTO-
PpBIM 3aKpbIiBaeTcsa Kaxabii bIX.

Ha nonurone miaomaasto 200200 M npu mnotHocty XpaHeHust OAT 0,5 ToHHBI Tsxe-
JIOTO MeTajula Ha KBagpaTHBIA METpP MOXKET ObITh pa3MemieHO ajisi 0€30IacHOTO KOHTPOIIH-
pyemoro xpanenus 13000 roun OJAT CBBP-100 (oxomo 1500 BAX ¢ OBY), uro cooTBeTcT-
ByeT cymmapHoit momHOCTH AC CBBP-100 oxono 10 I'BT-3, paboratormx 100 met. Takoit
cnoco0 obpamienust ¢ OST pekomenayetcs mpopabdorats ajst peakropos CBEP-100.
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5.3 The Main Results of the Design Limits Justification for the SVBR-100
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5.4 Progress in LBE Coolant Chemistry Technology
Towards Realization of MYRRHA

Lim J.*, Gladinez K., Marino A., Prieto B. G., Rosseel K., Aerts A.

Belgian Nuclear Research Centre (SCK * CEN), Mol, Belgium
*E-mail: jlim@sckcen.be

Keywords : MYRRHA, LBE, oxygen, corrosion products, purification, Polonium.

The Multipurpose hYbrid Research Reactor for High-tech Applications (MYRRHA),
is a research facility that will be the first prototype in the world of an accelerator driven sys-
tem (ADS). In the course of the pre-licensing of MYRRHA, an extensive R&D program on
LBE coolant chemistry has been conducted. We focus our R&D efforts on; 1) oxygen control
and monitoring, 2) chemistry of corrosion products and their purification and 3) evaporation
and immobilization of hazard radionuclides from LBE. This paper aims at giving an overview
of our latest progress in understanding and managing LBE coolant chemistry.

The purpose of oxygen control is to prevent the oxidation of the coolant and to provide
optimal chemical condition under which corrosion of fuel cladding and structural steels is
slowed down. We developed robust and reliable oxygen sensors in a wide temperature range
down to 200 °C. Various oxygen reduction and addition systems such as electrochemical oxy-
gen pumps, PbO mass exchanger, hydrogen bubbling system as well as a cold trap have been
designed and tested in various LBE experimental facilities. Moreover, a comprehensive study
on PbO nucleation, growth, transport, deposition and re-dissolution process in LBE has been
conducted.

Corrosion products such as Fe, Cr and Ni released from fuel cladding and structural
steels are expected to be a major impurity in the coolant of MYRRHA in amounts that can
potentially cause blockages of narrow flow paths inside the primary system, or reduce heat
transfer. The generation of corrosion products, their transport and their interaction with dis-
solved oxygen has been studied theoretically and experimentally. The Fe-Cr-Ni-O equilibrium
reaction in liquid LBE was characterized, which allows quantification of phenomena that are
important for long-term operation of MYRRHA. The equilibrium chemistry of impurities has
been recently implemented in CFD codes, allowing 3D simulations of chemical phenomena in
MYRRHA. Based on that, coolant purification strategy for MYRRHA was established.

Among the most hazardous radionuclides generated by neutron capture and spallation
reactions within the LBE, the radiotoxic and volatile elements mercury and polonium are of
particular concern. Therefore, a large experimental program has been devoted to accurately
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understand the evaporation and capture of these elements from LBE in normal and accidental
scenarios of MYRRHA. While the release and trapping of mercury are well understood, the
release behavior of polonium below 400 °C is more complex than anticipated from its behav-
ior at higher temperatures. It was found that at these low temperatures two characteristics con-
trol the release behavior of polonium: the oxygen content in the LBE and the carrier gas com-
position. Based on these findings more detailed and controlled evaporation experiments have
been performed.

Pa3BuTHe TEXHOAOTMU B 0OAACTU XUMUMU TENAOHOCUTEAR HA OCHOBE
CBUHLLOBO-BUCMYTOr0 crnaaBa AN peanusauuu npoekta MYRRHA

Us. Aum*, K. ThapamHes, A. MapuHo, b. T. lMpueto, K. Poccua, A. Aaptc

LleHTp siaepHbIx uccaeaoBaHmnii beabrmum (SCK e CEN),Moa, beabrus
*E-mail: jlim@sckcen.be

KnroueBnbie croBa: MYRRHA, LBE, kucaopoa, MPOAYKTbl KOPPO3UK, OUYUCTKA, MOAOHUNA.

MHoro1eneBoil TMOPUIHBIN HCCIEA0BATEILCKUNA PEaKTOp A1 IPUMEHEHHUS B 00JIaCTH
Beicokmx TexHonoruii (MYRRHA) mpencrasisier co0oii ncCie0BaTeNbCKIl KOMITIEKC, KO-
TOPBIA SBUTCS TEPBBIM B MHPE MPOTOTUIIOM YCKOPHTEIHHO-YIIpaBisieMoil cucteMsl (ADS).
Ha npeanuuesnonnom stane B pamkax npoekta MYRRHA, Obuta BeimonHeHa oOmmpHas Ha-
Y4HO-HCCIIEI0BATENIbCKAS [IPOrpaMMa B 00JIaCTH XMMHUU CBUHIIOBO-BUCMYTOBOTO TEILIOHOCH-
tens LBE. Msr HanpaBnsem Hamm ycwnus Ha mpoBenenne HUOKP B cremyromux o06mactsix;
1) KOHTPOJIb U MOHUTOPUHT KHUCIIOPOAA, 2) HCCIeI0BaHNE XHUMUYEKOro COCTaBa MpPOAYKTOB
KOPPO3MM M WX OYUCTKAa M 3) UCHapeHrne W MMMOOMJIM3aLMsl OMACHBIX PaJUOHYKIUAOB M3
LBE. Ilens HAacTOSAIIETO AOKIIAMA MPEACTAaBUTh 0030p HAIMX MOCIEAHUX JOCTIKEHUH B II0-
HUMaHHHU U YNPABIECHUU XUMHEN TerioHocuTens Ha ocHose LBE.

Llenbro KOHTpONA KUCIIOpOJa ABISETCS NMPENOTBPALLCHUE OKHCIEHUS TEIUNIOHOCHUTENS U
obecrieyeHre ONTUMAIBHOIO XUMHIECKOT0 PEXUMa, IPH KOTOPOM 3aMeuIsieTcss Koppo3us 000-
JIOYKH TETUTOBBIICIISIONIETO AIEMEHTa M KOHCTPYKIMOHHBIX cTaneil. MbI pa3paboTany mpodHbIe
Y HaJIe)KHbIE JAaTYMKH KUCIOpoa B IIKMPOKOM Juarna3zoHne temrepatryp 1o 200 °C. B paznuysbix
IKCIIEPUMEHTAJIbHBIX YCTAHOBKaX [uisl uccienosanus LBE Obutn cipoeKTHpoBaHbI M UCIIBITA-
HBI Pa3lWYHbIE CHCTEMbI BOCCTAHOBJIICHHS W MPUCOEAMHEHHS KHCIOPOAa, TaKHe KaK JIEKTPO-
XUMUYECKHUE KUCIOPOIHBIE HACOChI, MaccooOMeHHUK PbO, cucrema 6apOOTHpOBaHUS BOIOPO-
JIOM, a TaK)ke XOJIoJHasl JOByIIKa. bonee Toro, mpoBeeHO BCECTOPOHHEE MCCIENOBAHUE MPO-
[IECCOB 3apOXKAEHUS, POCTa, IIepeHoca, U MoBTOpHOTO pacTBopeHus: PbO B LBE.

Osxkupmaercst, 4To MPOAYKTHl Koppo3uH, Takue kak Fe, Cr u Ni, BoaenseMsie u3z 0060y04-
KM TB3JIOB U KOHCTPYKIMOHHBIX CTaJIei, CTAaHYT OCHOBHOM NMPUMECHIO B TEIJIOHOCUTENE peak-
topa MYRRHA B konndecTBax, KOTOpbIe MOTYT IMOTEHIMAIBHO BBI3BATH OJOKHUPOBKY Y3KOH
MIPOTOYHOW YacCTH BHYTPH IMEPBOrO KOHTYpA, WM CHHU3AT TeIuionepenady. TeopeTndecku U
3KCIIEPUMEHTAIBHO UCCIEA0BAaHO 00pa3oBaHUe MPOAYKTOB KOPPO3HUH, UX TIEPEHOC U UX B3aH-
MOJIEHICTBUE C PaCTBOPEHHBIM KucnopoaoM. OxapakTepu3oBaHa paBHOBecHas peaknus Fe-Cr-
Ni-O B xuakom LBE, koTopast mo3BOJII€T KOJTUISCTBEHHO ONPEACIIATD SIBICHHUSI, BAXKHBIC TS
JUIUTENBHOTO cpoka dKciutyaTtanuu peaktopa MYRRHA. Xumust paBHOBECHBIX HPOIIECCOB B
obnactu mpumeceid HemaBHO peanu3oBaHa B CFD-komax, yTo mo3Bommno mposectd 3D-
MoxenrpoBanne xuMudeckux siieHuii B MYRRHA. Mcxons u3 aToro, Oblla yCTaHOBIIEHA
cTpaTerusi ouucTky Terionocutens st MYRRHA.

Cpenu HanboJiee ONMAcHBIX PaJMOHYKIMAOB, 00Pa3yIOIIUXCSl B PE3yNbTaTe peakiui 3a-
XBaTa HEUTPOHOB U ckanmbiBanugd B LBE, 0coOyto 03a009€HHOCTH BBI3BIBAIOT PaTAOTOKCHY-
HBIE U JIETy4re 3JEMEHTHl PTyTh U MonoHud. [loaTomMy Oomblias sKCreprMeHTalbHAs MPOo-
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rpamma Obljia IOCBSIIEHA TOYHOMY ITOHMMAHHUIO IPOLIECCOB UCIIAPEHUS U 3aXBaTa 3THX 3JIe-
MeHTOB 13 LBE B HOpManbHbIX 1 aBapuitHbIX cueHapuax 1 MYRRHA. XoTs Beinenenue u
yJIaBIMBaHUE PTYTH XOPOILIO M3y4eHBl, CBOMCTBA BblAenaeHHs nojaoHusa Huxke 400 °C aBnstoT-
cs1 6oJiee CIOKHBIMH, YEM 3TO O’KMAATIOCh HA OCHOBAHMH €r0 MOBEACHUS pH OoJiee BBICOKUX
TemIepaTypax. YCTAaHOBIIEHO, YTO NPH 3TUX HU3KHUX TEMIIEpaTypax [BE XapaKTepUCTHKH
KOHTPOJUPYIOT PEKUM BBIIECICHHUS IIOJOHUA: coAepxkanue kuciaopona B LBE u cocras raza-
HocuTens. Ha ocHOBE 3THX pe3ynbTaToOB MPOBEACHHI OoJiee IeTalbHbBIE U PEryJIMpyeMble dKC-
MIEPUMEHTHI IO UCTIAPEHUIO.

5.5 Laser Separation of Lead Isotopes by Means of Selective Photochemical
Reactions for Nuclear-Energy Facilities of the Next Generation

Bortniansky A. L., Demidov V. L., Motovilov S. A., Podtykan F. P., Yudin A. M.

Joint Stock Company “D.V. Efremova Institute of Electrophysical Apparatus” (JSC "NIIEFA"),
3, Doroga na Metallostroy, Metallostroy, St. Petersburg, 196641, Russia
Telephone: +7 (812) 464-89-63, fax: +7 (812) 464-79-79, http;//www.niiefa.spb.su

Presently, the development of nuclear power engineering in the world is connected to
the development and creation of perspective power reactor facilities (PRF) on fast neutrons.
Among them there are power fast-neutron reactors (FR), special reactors with hard neutron
spectrum for transuranium burning out and undercritical nuclear-power facilities (ADS).

In the PRF it is supposed to use heavy metal coolant and a proton converter into neu-
trons, namely, lead or lead-bismuth.

Despite of low activation of lead in comparison with other coolants, its long-time irra-
diation in PRF neutron spectrum results in accumulation of extremely dangerous alpha and
gamma radionuclides, including polonium Po-210 and bismuth Bi-207. Its generation in the
coolant is connected to the large contents (52.3 %) of lead isotope Pb-208 in natural lead. The
computation of the applicant shows, that coolant, highly enriched with lead isotope Pb-206
(95-96 %), accumulates much less (in 103—104 times) radionuclides of polonium and bis-
muth, as against natural lead. In this connection in the project the new capabilities of lead iso-
tope separation are evaluated with the purpose to obtain significant amounts (hundred tons)
isotopes of lead-206 and lead-208 with reasonable for PRF price. Thus, lead-206 will be used
as low-activated coolant and converter for FR and ADS, and wasted lead-208 — as low decel-
erating coolant in special burners for transuranium elements.

Lead isotopes, presently produced in small amount for investigations and medicine by
diffusion and centrifuge facilities, are very expensive. In the project the method of selective
laser photochemistry was proposed for the first time and is under investigation.

The fulfilled cost evaluation shows at the possibility of lead isotope production on in-
dustrial scale at its prime cost of about 200 $/kg and even less, which is quite reasonable price
for the nuclear industry.

The paper presents the results of calculations demonstrating the possibility of creating
an isotope-modified lead by means of selective photochemical reactions using laser radiation.
A theoretical analysis of the processes in the zone of excitation of the separator module of the
installation was carried out. The scheme of organization of the technological process is pro-
posed. The technical requirements for laser and separator modules have been determined. The
analysis of modern achievements in the field of creation of tunable narrow-band lasers is car-
ried out. A new, highly effective scheme for the formation of laser radiation is proposed. The
kinetics of the processes in the excitation zone was studied. In order to effectively use the
evaporated material and laser radiation in the separation block, it is proposed to use a "laser
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radiation trap", which is a toroidal resonator that forms two side walls of the excitation cham-
ber with its mirrors.

Based on the results of the analysis, a preliminary design of an experimental plant for
the separation of lead isotopes with a productivity of 150 kg per year with a 95% enrichment
of lead isotopes Pb-206 was developed and an economic evaluation of the industrial produc-
tion of isotopically modified lead was made to use it as a coolant in fast neutron power plants.

NasepHoe pa3peAeHUA U30TONOB CBUHLLA NOCPEACTBOM CEAEKTUBHbIX
poTOXMMUUECKUX peaKuUi ANA AAEPHO-IHEPreTUYECKUX YCTaHOBOK
CAEAYIOLLLErO NOKOAEHUSA

A. A. BopTtHaHckui, B. A. Aemupos, C. A. MotoBunoB, ®. . MoaTtbikaH, A. M. FOaAMH
AO Hay4Ho-MCCAEAOBATEALCKII MHCTUTYT INEKTPOGHUINUECKOM annaparypbl

um. A.B. E¢ppemosa (A0 HUMIDA),

196641, CaHkt-lletepbypr, MeTarmocTpoH, sopora Ha MeTaarocTpod, A.3,
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Pa3zBuTHEe aTOMHOW SHEPreTHKH B MHpPE CBA3BIBACTCS C pa3pabOTKON M co3laHHEM
MIEPCTIEKTUBHBIX SJIEPHO-IHEPTETHUECKUX YCTaHOBOK (S1DY), NCOMB3yIOMMNX OBICTPhIE HEWUT-
ponsl. K HEM oTHOCATCS: HEepreTryeckue ObIcTphie peakTopsl (BP), ciennanbHble peakTopb
C XKECTKHM CIEKTPOM HEHUTPOHOB ISl BEKUTAHUS TPAHCYPAHOB M MOIKPUTUYECKUE DIIEKTPO-
snepHble ycTaHoBKU (DY).

Bo Bcex DY mpenmonaraeTcsi MCTOIB30BATh TSHKENBIA METAUTMYECKAN TEIIIOHOCH-
TeNb U KOHBEPTOP MPOTOHOB B HEHTPOHBI, @ UMEHHO CBHHEL WJIM CBUHEI-BUCMYT.

HecmoTps Ha Maiyro akTHBaLMIO CBUHIA [T0 CPABHEHUIO C IPYTMMH TEIIIOHOCUTEISIMH,
ero JnuTensHoe oOnydenne B cnektpe DY mpuBoauT K HapaOOTKe Ype3BBIYAIHO OMACHBIX
anb(da U ramMmma palMOHYKJIHIOB, B TOM uucie nojoHus Po-210 u BucmyTa Bi-207. Ux rene-
pamus B TEIUIOHOCHUTENE CBsi3aHa ¢ OonbImM cojaepikanueM (52,3%) uzorona ceunna Pb-208
B IPUPOAHOM cBUHIE. [IpenBapuTeIbHBIMU pacyeTaMy IIOKa3aHo, YTO TEINIOHOCHUTENb, BBICO-
KooOorameHHeld 10 u3otomy Pb-206 (95-99%), HapabaThiBaeT 3HAYMTEIBHO MEHBINE
(B 103-104 pa3a) painOHYKINIOB MOJOHHUSA U BUCMYyTa, HEXKEJIN NIPUPOJHBIA CBUHEL. B cBs3n
C 3TUM pPaccMaTPUBAIOTCA HOBBIE BO3MOKHOCTH PAa3JeNE€HHUs M30TONOB CBUHIA C LEJbIO IO-
Jy4YeHUsI 3HAUNTENbHBIX KOJIMYECTB (COTHU TOHH) M30TOMOB cBUHIA Pb-206 1 Pb-208 mo npu-
emsiemoit i QY croumoctu. [Ipu atom Pb-206 OyneT ucnoap30BaThes Kak «MajlOaKTUBU-
PYEMBEIiD» TermoHocuTeNb 1 KoHBepTOp st bP 1 ADS, oOGnanaromwmii OONBIIAMH TPENMYTIIe-
CTBaAaMH C TOYKH 3PEHHUS €ro 3aXOpPOHEHHUs mociie 00ayudeHus, a Pb-208 maer BbICOKMI HEM-
TPOHHBIM BBIXOJ MPU OOJYYEHHUH €ro MPOTOHAMH, SIBISSCH MPEANOYTUTENBHBIM IS €ro Hc-
MOJIb30BaHUs B HEUTPOHHOM MCTOYHMKE JUIS CHAJUISILMOHHBIX MUIIEHEH M KaK «ciado3amen-
JISIFOILUI» TEIUIOHOCHUTEIb B CTIELIUAIbHBIX HEMHOIOYHMCIIEHHBIX BEIKUTAaTEIsIX TPAaHCYPAHOB.

B Hacrosiimee Bpemsi M30TONBI CBHHIA, MPOU3BOIAIINECS B HEOONBIINX KOJINYECTBAX
IUISL HCCJICAOBAaHUN M MEOUUMHBI Ha TU(GY3HOHHBIX U HEHTPUQPYKHBIX pa3AeiIUTENbHBIX yC-
TaHOBKaX, O4Y€Hb JOPOTu. B mpoekTe BlepBble MpenIaracTcsl NCIONIb30BaTh JIA3EPHBIA METOL
CEJIEKTUBHOM (POTOXUMUHM [T pa3AeTIeHHs N30TOIIOB CBHHIIA.

O1eHka CTOMMOCTH MPOMBIIIICHHOTO pa3AesicHue CBHHIIA JIa3ePHBIM (POTOXUMHUUECKUM
METOJIOM TNPHBOIUT K IeHe He Oonee 200 $/kr, yro SBISETCS NMPUEMIIEMBIM JUIS MCIIOJb-
30BaHUs B IEPCHEKTUBHBIX DY

B pa6ote npencraBieHs! pe3ybTaThl pacu€ToB, JEMOHCTPUPYIOIIUX BO3MOKHOCTh CO3-
JaH{s TMPOU3BOJCTBA U30TONMUYECKH MOAW(UIIMPOBAHHOIO CBUHIIA TOCPEACTBOM CEJICKTHB-
HBIX (POTOXMMHUYECKHUX PEAKLHUH C HUCIIOIb30BaHUEM JIa3epHOro u3nyueHus. [IposeneH teope-
TUYECKHH aHaIN3 MPOIIECCOB B 30HE BO30OYKIICHHS CETTapaTOpHOTO MOy ycTaHOBKH. [Ipen-
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JIOXKEHA CXEMa OpPraHU3aIMM TEXHOJIOTHYECKOro mpouecca. OnpeneieHbl TEXHUYECKUE Tpe-
OOBaHMS K JIa3ePHOMY M CemapaTopHOMy MoAyJisiM. [IpoBeneH aHamM3 COBPEMEHHBIX TOCTH-
KEHUI B 00J1aCTH CO3/1aHMsI IIepecTpanBaeMbIX Y3KOMOJIOCHBIX Jla3zepoB. [Ipennoxkena HoBasl,
BBICOKO3((deKTHBHAs cxeMa (OPMUPOBAHMSA JIA3epHOI0 M3IydeHus. lccienoBaHa KMHETHKA
HpOLIECCOB B 30HE BO30yxIeHUs. B memax 3¢ pekTHBHOro MCHOoNb30BaHUs UCTIAPEHHOTO Ma-
TepHuaja U JIa3epPHOr0 U3JIyYCHUS B Pa3AeNIUTEIbHOM OJIOKE IPEUI0KEHO UCIOIb30BaTh «JI0-
BYILKY JIA3€PHOTO H3TYYCHHUS», NPEACTABIIONIYI0 COO0H TOppOMAaNbHBEIA pe3oHaTop o0Opa-
3YIOIINI CBOMMH 3epKajiaMu JB€ OOKOBBIE CTEHKH KaMephbl BO30YXKICHUSI.

ITo pe3ynbTataM IpOBEAEHHOTO aHAIN3a, ObLT Pa3pabOTaH SCKU3HBIA MPOEKT HKCIEPU-
MEHTAJIbHOW YCTaHOBKHM JUI pa3JieNIeHUs] H30TONOB CBHHLA C IIPOU3BOAUTENBHOCTHIO 150 KT B
rog ¢ 95% oboramennem no uzoromny cBuHIA Pb-206 u cpenaHa 3KOHOMHYECKasl OLCHKA
MIPOMBIIIUIEHHOTO TPOU3BOJICTBA M30TONMWYECKH MOAM(PHUIIMPOBAHHOTO CBHHIIA C IIETBIO TPHU-
MEHEHHUS €ro B KauecTBE TEIUIOHOCHTENS B YHEPTETHUECKMX YCTaHOBKAaX Ha OBICTPBIX HEW-
TpOHax.

5.6 The Effect of Gas Bubbles on the Erosion of Steel in Lead

Alekseev V. V.1, Orlova E. A.2
1 JSC "SSC RF-IPPE", Obninsk

2 JATE MEPhI, Obninsk

E-mail: alexeev@ippe.ru

Keywords: lead-based coolants, erosion, corrosion, gas bubbles, cavitation, oxide, steel,
temperature, velocity, pressure.

The erosion of the steel surface in lead-based coolants is a powerful factor that initi-
ates corrosion of the structural material. In the conditions of cavitation effect of gas bubbles
on the oxide coating, breaches of its integrity can be created, as a result of which an intensive
influence of lead on steel occurs on the "bare" areas. This leads to a multiple increase in the
rate of corrosion. The regularities of erosive action of lead or its alloys on structural materials
have not been sufficiently studied. In the experiments of different authors, differing data of
flow rates of lead or lead-bismuth, to cause the erosion of steel, were obtained. In general, this
phenomenon is a combination of a number of simultaneously occurring thermohydraulic and
physicochemical processes. The authors carried out experimental studies and calculated esti-
mates to clarify the effect of gas bubbles on the erosion of steel in lead.

Experiments have been carried out to study the erosion of EP823 steel in a facility with
rotating cylinder under isothermal conditions at lead melt temperatures of 650, 600, 550 °C
and the unit of thermodynamic activity of oxygen. On the rotating cylinder the specimens with
a round protrusion were located. The regimes of flow were studied under which there was ero-
sion of steel behind the protrusion. Rotation of the samples was carried out at 900, 1200 and
1500 rpm, the duration of each experiment was 10 hours.

The dependence of the area of erosion damage of the surface on the depth of immersion
of the sample in lead and temperature is observed. At 650 °C the greatest erosion damage took
place, at 600 °C — a weak erosion damage and at 550 °C there is practically no erosion.

Numerical solutions of the known differential equation [1] of motion of the bubble wall
in lead are obtained.

A comparison is made of the pressure developed when the lead jets are completely
braked and the pressure of the hydraulic shock during the destruction of the gas bubble. As
follows from these estimates, the main contribution to an effect of cavitation in lead is made
by the hydraulic shock pressure (by about three orders of magnitude higher).
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Parametric calculations for different rates of pressure change in lead (dP/dt) showed
that the erosion-dangerous mechanical stress on the wall (units and more MPa) from the im-
pact of jets when bubbles breaks occurs at (dP/dt) > 10® Pa/s for bubbles with a starting radius
of 20-40 pm and at (dP/dt) > 5-10" Pa/s for bubbles with a starting radius of 50-80 pm. A
significant increase in the impact pressure of cavitation jets (tens of MPa) with increasing
bubble size occurs from a bubble radius of 40 pm.

An equation was obtained on the basis of experimental data for estimating the concen-
tration of bubbles in lead of the rotating disc installation. Estimates of the size of gas bubbles
formed when the cylinder rotates in a lead are performed. A model is proposed for the distri-
bution of the bubble concentration in lead in the height of the crucible. It is shown that the
areas of erosion damage of the samples (in relative units) in the conducted experiments corre-
spond to the calculated values for the distribution of the bubble concentration along the height
of the crucible. The value of the coefficient of turbulent diffusion of bubbles in lead is taken
according to [2] D = 6:10° m?s. The rate of bubble ascent was estimated using the Todes-
Rosenbaum formula [3].

The following mechanism of cavitation is assumed. When flowing over bodies with a
sufficiently large curvature, the pressure drop leads to a extending of the gas, which may be
sufficient to cause cavitation. In this case, the liquid detaches from the wall, and between it
and the wall is formed a bubble-filled cavern located in the region of the minimum pressure.
In places where the associated cavity begins, a large number of rapidly growing cavitation
bubbles is continuously transferred. They are transported along the attached cavern to its
downstream end. These bubbles, entering the area with increased fluid pressure, are destroyed.
The cavern itself can be carried with a certain frequency by the coolant flow, each time grow-
ing again to the maximum value.

Since the characteristic feature of steel as a structural material in a lead coolant is the
presence of a protective coating on its surface, the erosion of the material in this case will be
determined by the strength and other physicochemical properties of the coating. This is ex-
plained by the fact that after the coolant is able to break the integrity of the coating due to the
erosion mechanism, the bulk material (steel) enters into the reaction of interaction.
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BAusHMe nNy3bIpbKOB ra3a Ha 3pO3UI0 CTaAu B CBUHLE
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Opo3ust MOBEPXHOCTH CTAM B TEIUNIOHOCUTENAX HA OCHOBE CBHUHIIA ABJISETCA MOIIHBIM
(akTOpOM, MHULMHUPYIOLMM KOPPO3UI0 KOHCTPYKIHOHHOTO Marepuana. B ycnoBusix KaBu-
TAI[MOHHOTO BO3/IEUCTBUS ITy3bIPHKOB ra3a Ha OKCHIHOE MOKPBITHE MOTYT CO3/1aBaThCsl HAPY-
LIEHHS €0 LIEJOCTHOCTH, B PE3yJbTaTe YETO Ha «OTOJIEHHBIX» yYacTKax MPOUCXOJUT WHTEH-
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CHUBHOE BO3/IEICTBHE CBUHIIA HAa CTajh. DTO MPHUBOAUT K MHOTOKPATHOMY YBEIWYCHHIO CKO-
pOCTH KOPpO3UH. 3aKOHOMEPHOCTH 3PO3MOHHOTO BO3JEMCTBHS CBHHIIA MM €r0 CIUIaBOB Ha
KOHCTPYKLMOHHBIE MaTepHajbl HEIOCTATOYHO M3yUYeHbl. B sKcrepuMeHTax pasindHbIX aBTO-
POB TOTyYeHBI OTIMYAIONINECS TaHHBIE TI0 CKOPOCTSIM IOTOKA CBUHIIA WIIM CBHUHIA-BUCMYTA,
MIPUBOJAIINM K PO3UH CTaU. B 11e710M 3TO sIBIeHUE MPEACTaBIsAET CO00H COBOKYITHOCTH PA-
Jla OTHOBPEMEHHO MPOTEKAOIINX TEPMOTHAPABINYECKUX U (PU3UKO-XUMHUYECKHUX MPOIIECCOB.
ABTOpaMHt BBITIOJIHEHBI YKCIIEPUMEHTAJILHBIC UCCIIEIOBAHUS U PACUETHBIC OLCHKH AJISI YTOU-
HeHus 3(pdexTa BIUSHIUS My3bIPHKOB T'a3a Ha 3PO3UI0 CTAJH B CBHUHIIE.

BrinonHeHb! SKCIEPUMEHTHI IO UCCIIeI0BaHuI0 3po3un cranu JI1823 Ha ycTaHOBKE ¢
BpalLIaOIMMCs B CBUHIE LWJIMHAPOM B M30TEPMHUUYECKHUX YCIOBUAX MPU TeMIepaTypax pac-
mnaBa cBuHna 650, 600 u 550 °C u ypoBHE €AMHMYHON TEPMOAMHAMHYECKOW aKTHBHOCTH
kucnopofa. MccnenoBanuch pexkuMbl 00TeKaHHUS 00pa3IioB C BBICTYIIOM, P KOTOPBIX UMeTa
MECTO 3pO3Hs CTAIH 3a BBHICTYIIOM. Bparenre o0pas3oB oCymecTBIsI0Ch Ha ckopocTa 900,
1200 u 1500 06/MuH, MPOIOIKUTEIBLHOCTh KaXK10T0 OombiTa — 10 4,

OTMeuaeTcst 3aBUCUMOCTD IUIOIIAAN SPO3HOHHOTO MOBPEXKICHUS TOBEPXHOCTU OT Ty-
OMHBI TIOTpYyXeHUs1 00pa3iia B cBuHEN U TemrepaTypsl. [lpu 650 °C umeno mecto HanbOJIb-
mee 3po3noHHOe noBpexaenue, npu 600 °C — cimaboe 3pO3MOHHOE MOBPEXKACHUE, a TPU
550 °C 3po3ust MpaKTHUECKHA OTCYTCTBYET.

[lonmy4yeHbl 4YMCNEHHBIE pelIeHHs H3BECTHOTO [l] muddepeHUnaNTFHOTO ypaBHEHUS
IBWKEHUS CTEHKH ITy3bIpbKa B CBUHIIE.

BrinonHeHO cpaBHEHHE NAaBJICHUS, Pa3BUBAEMOTrO INPH TOJHOM TOPMOXKXEHWUH CTpPyi
CBUHIIA, U JaBJICHUS THIPOYIapa B X0JIe pa3pylIeHus ra30Boro my3bipsa. Kak cneayer us atux
OLIEHOK, OCHOBHOH BKJIaJ B CHJIOBOE BO3JECHCTBUE KABUTALIMH HA IOBEPXHOCTh B CBHHIIE BHO-
CUT JJaBJICHNE TUApOYapa (IpUMEPHO Ha TPH TOPSIKA BHIIIIE).

[TapameTpuueckue pacyeTsl Ui pa3IUdHbIX CKOPOCTEH M3MEHEHMsI AaBJIEHHs B CBUHILIE
(dP/dt) mokasainu, 4To 3pO3MOHHO-0TIACHOE MEXaHUYECKOES HAPSIKCHUE HA CTEHKE (EIMHUIIBI
u Gonee MITa) oT yzapa cTpyii mpH pa3pyIieHHH My3bIpbKOB Bo3HMKaeT npu dP/dt > 10° ITa/c
JUIA TTy3BIPBKOB C HCXOIHBIM pajumycoM 20—40 mim u dP/dt > 5-107 ITa/c amst my3bIpHKOB C
ucxonHbM paguycoM 50—80 MxMm. CyIecTBEHHBIA POCT JABJICHHS yaapa KaBHUTAITHOHHBIX
cTpyit ceuHLa (necatku Mlla) npu yBeianueHUH pa3Mepa Mmy3bIpbKOB UMEET MECTO, HaulHas C
paauyca my3bslppka 40 MKM.

[Mony4eHo BhIpaXkeHUE ISl OIIEHKH KOHIIEHTPALMK MY3bIPHKOB B CBUHIIE HA OCHOBaHUHU
9KCIIEPUMEHTANBHBIX JIAHHBIX. BEBITIONHEHBI OLIEHKH pa3Mepa My3bIPhKOB ra3a, 00pa3yromuxcs
[IpY BpallleHUH OUIMHAPA B TUIJIE CO CBHHIIOM Ha YCTAaHOBKE € BpaluaromumMmcs quckom. [pen-
JIOKEHAa MOJETh JIJISl pactpeieNieHus] KOHIIEHTPAIMY ITy3bIPHKOB B CBHHIIE MO BBICOTE THTJIS.
[TokazaHo, 4TO MIOMIaN HPO3UOHHOTO MTOBPEXKIEHHS 00pa3IOB (B OTHOCUTEIHHBIX €IHUIAX)
B MPOBEJICHHBIX 3KCIIEPUMEHTAaX COOTBETCTBYIOT PAaCUCTHBIM 3HAUCHHSM JJISI pacrpeesieHus
KOHIICHTPAIINH Ty3BIPHKOB 110 BEICOTE CTOJI0A CBHUHIIA B THTIIE. 3HaUeHHE KO3 PHUIIMEHTa Typ-
OysneHTHOI D yY3UH My3BIPEKOB B CBHHIIE IPUHATO cornacHo [2] D = 6-107° M/c. CxopocTb
BCIUTBITHS ITy3BIPHKOB OlleHuBaach 1mo Gopmyne Toxeca u Pozenbayma [3].

[Ipenmonaraercs cieayomuii MexaHu3M KaBUTaIuu. [Ipi 00TeKkaHNH KUAKOCTHIO TEI C
JOCTaTOYHO OOJIBIION KPUBU3HOHN MaJleHHE AaBJICHUS IPUBOIUT K PACTSHKEHHUIO ra3a, KOTOpoe
MOJKET OBITh JOCTATOYHBIM JUIS BO3HHMKHOBEHUS KaBUTALlMU. B 3TOM cirydae ®HUIKOCTh OTPHI-
BaeTCs OT CTEHKH, M MEXAY HEll M CTEHKOH 00pa3yeTcs 3amoiHEHHas My3bIphbKaMH IPHUCOe-
IVHEHHAs KaBepHa, PaclojIoKeHHas B 00JacTH MUHUMYMa JaBlicHus. B Mecrax, rie HauuHa-
eTcs MPHCOCTUHEHHAs] KaBEepHA, HEMPEPHIBHO MEPEHOCHUTCS OONBLIOE YHCIO OBICTPO PacTy-
[IMX KaBUTAI[MOHHBIX My3bIpbKOB. OHU TPAHCHIOPTUPYIOTCS BJOJIb IPUCOCTMHEHHON KaBepHbI
K €€ HIDKHEMY I10 OTOKY KOHILy. DTH My3bIPbKH, ITOCTYMAasi B 00JIACTH C MOBBIIICHHBIM J1aB-
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JICHUEM KHUJIKOCTH, pa3pyuarTtca. Cama KaBepHa MOXKET C OIPEAEICHHON YaCTOTON CHOCUTh-
€4 MOTOKOM TETUIOHOCUTENS, KayKJIbIM pa3 BbIpacTas CHOBA 10 MAKCUMAJIbHOW BEJIMYMHBI.

ITockonpky XapakTepHOW OCOOCHHOCTBIO CTall, KaK KOHCTPYKIIHOHHOTO MaTepuaia, B
CBHHLIOBOM TEIUIOHOCUTENIE SIBISIETCS HAJIWYUE HA €€ MOBEPXHOCTH 3ALUUTHOTO MOKPBITHUS,
9po3us MaTeprajga B 3TOM CiIydae OyAeT OmpenemsThCsl MIPOYHOCTHBIMU U IPYTUMU (HHU3HKO-
XUMHYCCKUMU CBOHUCTBAMHM MOKPBITHsI. ITO OOBACHICTCS TEM, YTO TOCJIE TOTO KaK TEIUIOHO-
CUTEJII0 YJAeTCsl HapYLIUTh LIEJIOCTHOCTD MOKPBITHA 33 CYET SPO3MOHHOTO MEXaHHM3Ma, B pe-
aKIMIO B3aUMOJICUCTBHS BCTYIIA€T OCHOBHOM MaTepwal (CTaib), KOTOPBIM MHTCHCHBHO pac-
TBOPSETCS B CBUHLIE.
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To measure the HLMC flow on the small stands flow meters of various types are ap-
plied, in particular electromagnetic flow meters (EMF) with permanent magnets. Taking into
account the HLMC specifics, EMF signal electrodes are immersed into the flow through the
insulator, which reduces the reliability of the loop. Requirements for the stability of the mag-
netic field are strict. Readings of non-contact eddy current flow meters of various modifica-
tions strongly depend on the conductivity of the measured medium and, consequently, on the
temperature. These devices are extremely sensitive to deformation of the coil system geome-
try. As for the flow rate in the range over 100 m’/h, the problem of calibration and metrologi-
cal certification of flow meters is coming to the fore, which requires the creation of large-scale
testing facilities with HLMC.

The SSC RF-FEI has gained positive experience in the development and application of
non-contact time-of-flight (correlation) flow meters, for which the directly measured parame-
ter is the transport time of hydrodynamic inhomogeneities (vortices) between two measure-
ment cross-section planes [1, 2]. These vortices, when interacting with a constant magnetic
field applied to the flow, create pulsations of the induced magnetic field registered by the re-
ceiving coils. The characteristics of the NCCF do not depend on the conductivity and, accord-
ingly, the temperature of the liquid metal, the presence of impurities, the contact resistance at
the liquid metal — pipeline wall boundary. Installation of sensors on the measuring section of
the loop does not require welding.

The NCCF system, including primary converters (magnetic systems, receiving coils)
and secondary equipment (normalizing converters, PC), was used to measure the flow rate of
lead in the range of 6-72 m’/h at temperatures up to 550 °C [3]. Two correlation channels, one
temperature channel and four analog channels were involved in real time measurement. The
measuring pipeline section is shown in figure 1, and the example of the crosscorrelation func-
tions — in figure 2.

93



Ceccua b

MarguTHBIe CHCTEMBI

/ X\

------- N

Fig. 1. Measuring section of the lead rig

NCCEF calibration consists of the determination of the correction factor kc, which estab-
lishes the relationship between the value G, = V/t and the true flow rate value of G = k. -G,
where V is the volume of the area between the measuring cross-plane sections, T — mean
transport time of vorticies, defined from crosscorrelation function lag. Time-of-flight measur-
ing principle allows metrological tests and certification of NCCF for HLMC on the model
medium.

The NCCF system before installing it on the lead rig was tested and calibrated with the
full-scale measuring section, including the bend, at the sodium calibration facility IRS-M, cer-
tified for flow rates up to 100 m*/h. The values of k. depending on the Reynolds number are

given in the table. During the lead flow measurements approximated dependence of
k.= k.(Re) was used.

1 1 1 1
-0,5 -0,4 -0,2 0 0,2 04 05

Fig. 2. Correlation function, lead consumption ~ 30 m’/ h

The dependence of the correction factor k. on the Reynolds number

Re-10*| 6,68 | 8,68 [10,84|13,13]15,50/16,73(21,98 |27,88|38,33 |44,29|54,64 |65,26 | 76,62 |86,38
ke 0,917(0,926]0,93310,934|0,936{0,939|0,948 (0,947 10,953|0,952|0,95710,961|0,963 | 0,966

IRS-M equipment at the moment provides a flow rate of up to 385 m’/h, a preliminary
certification of the facility for this range has been conducted. Metrological tests and subse-
quent certification of NCCF for HLMC for a wider flow range can be carried out on the basis
of physical modeling in compliance with geometric and hydrodynamic (Re = idem) similarity.
Unlike other types of flowmeters, the similarity principle for BCR is much easier to imple-
ment. The criterion Re = idem is achieved by reducing the diameter of the simulated measur-
ing area and the corresponding increase in the flow rate. Thus, the flow rate of sodium G =
385 m’/h with a diameter of the model measuring section DN 100 provides calibration of
NCCF for the lead measuring section with DN 300 in the range up to 600 m’/h. excitation ex-
citation

94



Session 5

A sample of eddy current flowmeter with two excitation and one receiving coils was
also developed and tested on IRS-M. Excitation coil was powered by short-term (1-5 mc)
pulses. The linear dependence of the output signal on the flow rate is shown. The combination
of mounted in series NCCF and eddy current flow meters allows to extend the range of meas-
urements.
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U3mepeHue pacxoaa DKMT

b. B. Kebapa3se, A. A. AarytuH, B. A. LLypynos, E. B. TeHepanos, A. H. DomuH

AO «HL P® - ®3MU», O6HMHCK
E-mail: vshurupov@ippe.ru

KnroueBbie croBa: TXMT, 6€CKOHTaKTHble KOPPEAALMOHHbIE PAaCXOAOMEPbLI, METPOAOTMYECKas
atrectaums, GUsnyeckoe MOAEAMPOBAHUE, YCTAHOBKA NOBEPOYHAS.

Juis uzmepenus pacxoqa TX)KMT Ha HEOONBIINX CTEHJIAX MPUMEHSIOTCS Pacxo0Me-
PBI Pa3IUUHBIX TUNIOB, B yacTHOCTH DMP ¢ mocrossHHbIMU MarHuTaMu. C y4eToM crneunuku
TKMT, curHampHbIe 3JIEKTPOABI BBOIATCS B MOTOK YEpE3 M3OIATOP, YTO CHIIKAET HAICKkK-
HOCTh KOHTYpa. Bbicoku TpeboBaHus K CTaOMILHOCTH MarHUTHOTO 1o, [lokasanus 6eckoH-
TAKTHBIX MHIYKIHOHHBIX PACXOAOMEPOB PA3IMYHBIX MOAUMDUKALMHA CHIBLHO 3aBUCAT OT IPO-
BOJMMOCTH H3MEPSEMOH Cpelibl U, CIIEA0BATEIbHO, OT TEMIEPATypbl. DTH NPUOOPHI YPE3BBI-
YaifHO 4yBCTBUTENBHBI K Je(hopMaIlii T€OMETPUH CHCTEMBI KaTyIIeK BO3OYKICHHS W PETH-
cTpamuu curHana. Uro xacaercs pacxona Bbime 100 M/4, Ha TIEpBBIil TIAH BHIXOIUT TIPoGIIe-
Ma TPagyUpOBKH M METPOJIOIMYECKOH aTTeCTallMd pPacxXxoJOMEpOB, 4TO TpeOyeT co3maHus
MacIITaOHBIX MOBEPOYHBIX yCcTaHOBOK ¢ TOKMT.

B I'HIL[ P® — ®DOU mmMeeTcs MONOKUTEIBHBIH ONBIT pa3pabOTKU U MpUMEHEHUs1 Oec-
KOHTaKTHBIX BPEMSIPOJETHHIX (KoppemauuoHHbIX) pacxogomepos (BKP), mis xotopsix He-
ITOCPEACTBEHHO U3MEPSEMBIM NTapaMETPOM SIBIISIETCS BPEMS TPAHCIIOPTA THAPOANHAMUYECKHX
HEOJTHOPOTHOCTEH (BHXpei) MeXIy ABYMS M3MEPHUTEIHHBIMU cedeHusMH [1, 2]. OTu Buxpu
MIpY B3aUMOJICHCTBUH C MPHJIOKEHHBIM K IMOTOKY MOCTOSHHBIM MAarHUTHBIM IMOJIEM CO3JA0T
MyJIbCAllMM MHAYLHUPOBAHHOTO MATHUTHOTO IOJIA, PETHCTPUPYEMOTO NMPHEMHBIMH KaTyIlKa-
Mu. XapakrtepucTuku BKP He 3aBHCAT OT NMPOBOAMMOCTH M, COOTBETCTBEHHO, TEMIIEPATYPHI
JKUJIKOTO MeTajula, HaJW4Ms MpHUMeced, KOHTAKTHOTO CONPOTUBIIEHMS Ha TpaHULE >KUIKUN
MEeTaJl — CTeHKa TpyOorpoBoga. MOHTaXX JaTYMKOB HA U3MEPUTEIHLHOM y4acTKe KOHTypa He
TpeOyeT CBapKH.

Cucrema BKP, Bkmowaromas mnepBUYHBIE NpeoOpa3oBaTeld (MarHUTHBIE CHCTEMBI,
MpUEeMHbIE KaTyIIKH) ¥ BTOPUYHYIO ammaparypy (HopMmupytomue mnpeoOpaszoBarenu, [1K),
HICTIOJTb30BANIACK JUI M3MEPEHHs PacXojla CBMHIA B JMANa3oHe 6—72 M’/4 TIpH TeMIepaType
1o 550 °C [3]. OGecneunBanoch U3MEpeHHE MO BYM KOPPEIALMOHHBIM KaHaiaM, OJHOMY
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TEMIIEpaTypHOMY KaHajly U YEThIPEM aHAJIOIOBBIM KaHalaM B PEAJIbHOM PEXUME BPEMEHH.
W3meputenpHbpIi y4acTOK MOKa3aH Ha pUCYHKe 1, a mpuMep B3aMMHO KOPPENSALHOHHON
(hyHKIIMYM — HAa pUCYHKE 2.

[IpenBapurensras rpaxyupoBka BKP coctout B onpenenennn monpaBo4HOTO K03 hu-
UeHTa K., ycTaHaBIMBAIOIIETO CBA3b Mexay BenuunHou G, = V/T, rne V — 00beM ydacTka
MEXIY U3MEPUTEIBHBIMU CEUCHHUSIMH, T — BpEeMsl TPAHCIOPTa, ¥ UCTUHHBIM 3HAUYCHHUEM pac-
xo1a G =k, -Geor.

BpemsinponeTHbI TPUHIMI U3MEPEHUSI MO3BOJISIET MPOBOAUTH METPOJIOIHUECKHUE HC-
neitanus U arrectanuio BKP nns TXKMT na moapenshoil cpene. Cucrema bBKP nepen ycra-
HOBKOW Ha CBHHIIOBBIM CTEHJ| MPOXOAWJIA MCIBITAHUS C HATYPHBIM U3MEPUTEIHHBIM y4acT-
KOM, BKJII04as Tu0O, Ha yCTaHOBKE NOBepouHOil HatpueBoit IPC-M, aTTecToBaHHOI Ha pacxof
no 100 M>/4. 3HaueHus k. B 3aBucumocTu ot PeitHonbaca mpuseneHs! B Tadmuie. [Ipu uzme-
pPEHUH pacxo/a CBHHIIA UCIIOIH30BAIACh alMIPOKCUMANMOHHAs 3aBHCUMOCTh k.= k.(Re).

3aBHCHMMOCTH NONPABOYHOI0 Ko3(ppunmenta K, ot yuciaa Peiinonabaca
Re-107| 6,68 | 8,68 [10,84|13,13]15,50/16,73(21,98|27,88|38,33 |44,29|54,64 |65,26 (76,62 | 86,38
k. 0,917]0,926|0,933|0,93410,936{0,93910,9480,947(0,953{0,952|0,957 {0,961 | 0,963 | 0,966

GPh

MArsuTHbI€ CHCTEMBI

/ X\

Puc. 2. Koppensyuonnas yuxyus, pacxoo ceunya ~ 30 m'/u

O6Gopynosarne MPC-M Ha naHHBIT MOMEHT oGeceunBaeT pacxo 10 380 M /u, mpose-
JIeHa MpeBapUTeIbHAas aTTECTAllMs YCTAHOBKM HA 3TOT AMANa3oH. MeTpoIorn4ecKie HCIbI-
TaHus ¥ nocnenytomas arrectanusa bKP st TXKMT Ha Gonee mupokuii quama3oH pacxoioB
MOTYT OBITh MPOBEACHBI HA OCHOBE (PU3MYECKOTO MOAETHPOBAHUS C COOIIOIEHHEM I'€OMET-
puueckoro u rugponuHaMudeckoro (Re =idem) nogzobus. B otnuume ot pacxonoMepoB Apy-
TUX TUNOB, npuHIMN nmoxpoous st BKP peammsyercs ropasmo npome. Kpurepuii Re = idem
JOCTUTAETCS 3a CYET YMEHBIIEHHsS JAWaMeTpa MOJCIHPYEMOTO M3MEPHUTEIBHOTO ydYacTKa U
COOTBETCTBYIOIIETO YBEIHUEHHS CKOPOCTH MOToKa. Tak, pacxox Hatpus G =380 M’/u npu

96



Session 5

IaMeTpe MOJAeNbHOro m3MepurenbHoro ydacTtka Jy 100 obGecmeumBaer rpamynpoBky BKP
TXXMT 15 usmeputensHoro yuactka Jy 300 B auamasose 10 600 m’/4.

Taxoke pa3paboTaH U IpolIen NpeABapUTENbHbIE UCTIbITaHus Ha ycTaHoBke TPC-M 06-
pasen MHIYKIMOHHOTO PAacXxoAoMepa, KaTyIIKH BO30Y>KAEHHUS KOTOPOIO NMUTAIOTCS KPaTKO-
BpemMeHHbIMH (1-2 Mc) mmimynbcamu. [lokazana nuHeitHass 3aBHCUMOCTh BBIXOJHOTO CHTHAaJIa
oT pacxoaa. CoueTaHne yCTaHOBJIEHHBIX MociefoBaTenbHo B KoHTYpe TXKMT GeckoHTakT-
HBIX KOPPEJSAIMOHHOIO M MHAYKIIMOHHOTO PacxXoJOMEPOB MO3BOJIAET PACIIMPHUTh AMANa30H
HU3MEPECHUM.
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6.1 The Use of EUCLID/V2 Code to Compute the Problems Pertaining to
Oxide Layer Growth on the Stainless Steel Surface in the HLMC Flow

Usov E. V., Kudashov I. G., Mosunova N. A., Sorokin A. A., Chukhno V. I.

Nuclear Safety Institute of the RAS, Moscow, Russia
E-mail: usovev@gmail.com

Ucnonb3oBaHue Kkopa EBKAUA/V2 pna pacueTta 3apau
NO POCTY OKCUAHOIO CAOSl HA NOBEPXHOCTU Hep)KaBeloLWen CTanu
B notoke HXXKMT

3. B. YcoB, U. T. Kypawos, H. A. MocyHoBa, A. A. CopokuH, B. U. UyxHo
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E-mail: usovev@gmail.com

KnroueBbie croBa: TXXMT, EBKAUA/V2, moaeAvpoBaHME, OKCUAHBIN CAOM.

Jig MoJienupoBaHus MPOILIECCOB B PEaKTOPHBIX YCTAHOBKAX C KHUJIKOMETAUIMYECKUM
TEMJIOHOCUTENIEM B PEXHMMax HOPMAaJbHOM SKCIUTyaTaTLWH, HApyIICHUSX HOPMAalbHOM 3Kc-
IUTyaTaly, HOpU TNPOEKTHBIX U 3aIPOEKTHBIX aBapusAX pa3paboTaHa BTOpas BepcUsl KoJa
EBKJIM/I. Bropas Bepcust koma EBKJIN]] (EBKJIM]/I/V?2) o cpaBHEHHUIO C EpBOi BEpCHUEH
[0] momkHa MO3BOMATH PACCUUTHIBATH NMEPEHOC MPOAYKTOB AENEHUS, MPOTYKTOB aKTUBALIUU U
MIPOAYKTOB KOPPO3HH B NEPBOM KOHTYPE PEAaKTOPHBIX YCTAHOBOK C HATPUEBBIM M TSKEIIBIMU
KUJIKOMETAITMYECKUMHU TETUIOHOCUTENSIMU. Taxoke BTOpast Bepcus Koja JOJDKHA MO3BOJISATh
pPacCUNTHIBATh OKHUCIINUTENIbHBIE-BOCCTAHOBUTEIbHBIE MPOIECCH Ha IOBEPXHOCTU CTallel B
notoke TXKMT aiist ananusa ocobennocteit padbotsl peaktopa BPECT-O-300. dnst aTux me-
neit B cocrase kona EBKJIMI/V2 coznan Moayns MaccornepeHoca. B HacTosiiee BpeMs mpo-
BOAUTCA Tpolenypa Bepupukanuu kona. s Bepudukanuu pazpaboTaHa Marpuia Bepudu-
KallUK, KOTOPasi COAEPKUT AaHHbBIE, TOJyYSHHBIC HA 5 HKCIIEPUMEHTAIbHBIX CTEHAAX U 4 aHa-
JUTHYECKUX TecToB. st Bepudukauy BeIOpaHbI 3KCIIEPUMEHTHI, BHIIIOJHEHHBIE B Pa3jiny-
HBIX JTabopaTopusix o Bcemy mupy [0-0]. B HacTos1mei padoTe nmpeacTaBieHbl MOJENN KOAa,
WCIIOJIb30BaHHbIE JJI1 MOJICIMPOBAHMS 33/1a4 IO POCTY OKCHJIHOTO CJIOS, a TAKXKE€ Pe3yJIbTaThl
pacyeToB OTAENBHBIX 3KcIiepuMeHToB. [1o pesynbpraTaM BepuuKanuy OeHeHa MOTPEIHOCTh
pacdera KOAOM OTHENbHBIX mapameTpoB. C MCHOIH30BAHMEM aHAJIHM3a HEOIPEIEICHHOCTH H
YYBCTBUTEIBHOCTH OIpEAETICHbl MaKCUMaJIbHble 1 MUHUMAaJIbHbIE 3HAUEHUs PACUETHBIX JaH-
HBIX M OCHOBHBIE IapaMeTphl, KOTOPHIE OKa3bIBAIOT HAWOONbLIEE BIMSAHUE Ha PE3YJIbTaThl
pacyeToB
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6.2 Structural Properties and Correlations of Temperature Fluctuations and
Oxygen Activity in Heavy Metal Melts

Osipov A. A.

JSC "SSC RF - IPPE", Obninsk, Russia
E-mail: osipov@ippe.ru

Keywords: pulsations, temperature, correlations, structural functions, liquid metal, heavy liquid-
metal coolant, scale invariance, fractal, lead-bismuth, lead, wavelet analysis, multifractal analysis.

The complex nature of the change in the parameters of the system relative to its mean
value (pulsation) is a fundamental property of many physical processes. In certain cases, the
pulsational nature of the change in the parameters makes it possible to obtain information on
the state of the observed system. For example, the analysis of neutron field pulsations in neu-
tron-physical systems ("zero" power reactors) makes it possible to determine the kinetic pa-
rameters of the system (the efficiency of delayed neutrons, the lifetime of prompt neutrons,
etc.) [1]. In power reactors, the pulsating character is also characteristic of heat-hydrodynamic
fields. On the practical side, an important property of the pulsating field is the correlation or
ability of the system to "remember" perturbations. The memory of the system is a manifesta-
tion of the specific property of the physical system — scale invariance [2, 3], or in other
words, the symmetry of physical laws with respect to scale transformations. Thus, if the sys-
tem has the property of scale invariance, then the pulsational field of such a system consists of
self-similar perturbations of various scales, the evolution of which is accompanied by a
change in their dimensions. It is obvious that if the system has the property of scale invari-
ance, then it can represent both fundamental and practical interest, for example, from the point
of view of controlling various parameters of the system. By scale invariance (scaling) we
mean the invariance of the equations for a scale change of distances and time, for example, the
Navier-Stokes equations are invariant to transformations of the form

r—oAr, t > A% v A%

where the parameter a determines the self-similarity law of the system. In general, the expo-
nent o can be in a certain range of values oy, < o < Oax [4]-

At present, scaling is studied within the framework of multifractal analysis [5], since frac-
tals by definition are scale invariant. The fractal theory [6] is now widely used to describe the
self-similarity and complex scaling properties observed in a variety of physical situations [7].

In describing the properties of fractals, structural functions are introduced:

S, = <(g(x +4)- g(x))‘1> ~ Q4@

The exponent H=H(1) (the Hurst index [8]) in meaning corresponds to o and determines
the law of spreading the diffusion packet in time #’. In general 0 < H <1. The case H=1/2
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corresponds to classical brownian diffusion, the case H>1/2 corresponds to anomalous diffu-
sion (superdiffusion), and the case H<1/2 corresponds to subdiffusion. If H(q)=const, then the
process is monofractal, if H it depends on ¢, then the process is multifractal.

Recently, a large number of experimental and theoretical papers have been devoted to
problems of mass transfer in turbulent media [9—13]. It turned out that diffusion in turbulent
media can differ substantially from the classical Brownian diffusion, namely, the width of the
diffusion packet grows according to the law #. In this case, the normal shape of the diffusion
packet may not be conserved.

For a number of practical problems, the existence of a rigorous mathematical approach
to the analysis of the complex structure of processes of different nature is of undoubted value.

In this paper, we investigate the temporal structural properties of oxygen temperature
and activity pulsations in heavy liquid metals (bismuth, lead-bismuth) under static and dy-
namic conditions. It is shown that in static conditions temperature pulsations are caused by
convective (free) movement of the metal. The structural and correlation functions of the pulsa-
tion field of temperature and activity are determined for free and forced motion of the metal.
In the experiment, scale invariance of the pulsating fields of temperature and activity in a lig-
uid metal is observed. Model calculations showed good agreement with experiment. It is
shown that pulsations of temperature and oxygen activity in a liquid metal are characterized
by fractal properties and long correlations, which can depend on external conditions.
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KaroueBble CAOBa: NyAbCaLIMU, TEMMEPATYPa, KOPPEASLIMM, CTPYKTYPHbIA QYHKLUUK, XXUAKUIA METAAA,
TAXEABI XUAKOMETAAAMUYECKUI TENMAOHOCUTEAb, MacLUTabHas MHBaPUAHTHOCTb, paKTaA, CBUHEL-
BWCMYT, CBUHELL, BEMBAET aHAAWU3, MyAbTUGPAKTAAbHbIN aHAAKS.

CnoxHBIN XapaKkTep U3MEHEHHs TapaMeTPOB CUCTEMBI OTHOCHTEIHFHO CBOETO CpelHe-
ro 3HaueHus (Mynbcalyu) siBAsieTcs (yHOAMEHTAJIbHBIM CBOMCTBOM MHOTHX (PH3MYECKHX
MIPOLIECCOB. B OmpeneseHHbIX Cilydasx MyJIbCALMOHHBIN XapakTep W3MEHEHHs MapaMeTpOB
MO3BOJISIET TTOYYUTh HHPOPMAIIUIO O COCTOSTHIH HabMroaeMoli cucteMbl. Hanpumep, aHanm3
MyJbCalUil HEUTPOHHOTO MOJS B HEUTPOHHO-(QU3NYECKUX cHcTeMax (PeakTOpbl «HYJIEBOID»
MOIITHOCTH) TO3BOJISIET ONpPENeINTh KHHETHYECKHE MapaMeTpbl CUCTEMbI (3(PQEKTHBHOCTh
3ara3IbIBalOIINX HEHTPOHOB, BPEeMS KU3HW MTHOBEHHBIX HEUTPOHOB U 1p.) [1]. B sHepreTn-
YeCKHX pPEeaKkTopax MyJbCAllMOHHBIA XapaKTep CBONCTBEHEH M TEIUIO-THAPOIUHAMHYECKUM
nosisiM. C MpakTU4EeCKOH CTOPOHBI Ba)KHBIM CBOWCTBOM IyJIbCALIMOHHOTO MOJIA ABISAETCS KOP-
PEISLHS WM CHOCOOHOCTD CHCTEMBI «3aIIOMUHATh» BO3MYILIEHHUS. [[aMATh cucTeMsl sBisieTCS
MIPOSIBIICHUEM CIEIU(PHUIECKOTO CBOWCTBA (PU3NIECKON CHCTEMBI — MacIITaOHOW WHBapHAHT-
HOCTH [2, 3], uiau uHa4Ye TOBOPs, CUMMETPUH (PU3NIECKUX 3aKOHOB OTHOCHUTENIBHO MacIiTad-
HBIX NpeoOpazoBaHuii. Takum oOpa3oM, ecnn cucTteMa 00JalaeT CBOWCTBOM MAacIITaOHOM
WHBAapUaHTHOCTH, TO MYJIbCAIIMOHHOE ITOJIE TAKOM CHCTEMBI COCTOHMT M3 CaMOIIOJI00HBIX BO3-
MYIIEHUH pPa3IMyHOrO MacliTada, 3BOJIONUS KOTOPBIX COMPOBOXKIAETCS W3MEHEHHEM HX
pasmepoB. O4eBHIHO, YTO €CIM CHcTeMa 00JiaaeT CBOWCTBOM MacIITaOHOW HWHBapHaHTHO-
CTH, TO 3TO MOXET MPEICTABIATh KaK (yHIaMEHTAJIbHbIN, TaK U MPaKTUIECKUN HHTepec, Ha-
MIpUMeEp, C TOUKU 3PEHUSI KOHTPOJIS Pa3IMYHBIX HapaMeTpoB cucteMsl. Iloa MacmTabHON HH-
BapHaHTHOCTHIO (CKEHJIMHIOM) IOJPa3yMeBaeTCsl COXpaHCHHE MHBAPHMAHTHOCTH ypaBHEHUI
IIpY MaclITaOHOM HM3MEHEHHWHU PacCTOSHUI M BpeMeHH, Harmpumep ypaBHeHus: HaBbe-Crokca
MHBapHaHTHBHI K TPeoOpa3oBaHMsIM BHIA

roAr, t > A% v A%

b

rZle TIapaMeTp o ONpeAessieT 3aKOH caMOIoJo0us cucTeMbl. B o0mem ciydae mokaszarenb o
MOJKET HaXOJUThCS B HEKOTOPOM MHTEPBAJIE 3HAYCHUH Olpmin < O < Ol [4].

B Hacrosmiee BpeMsi CKEHITMHT H3ydaeTcs B paMKaxX MyJIbTH(QpaKTATBHOTO aHanmm3a [5],
T. K. (ppakTaisl Mo ompenereHuIo MacmTaOHO WHBapuaHTHEL. Teopus dpakranos [6] ceiiyac
HIMPOKO MCIOJB3YEeTCS Ul ONMCAHUS CBOWCTB CaMOIONOOMS M CIOKHOTO CKEHIIMHra, Ha-
OJIFOTAEMBIX B CAMBIX Pa3HBIX (PM3NYECKUX CUTyaIusx [7].

[Tpu onucaHuy CBOWCTB QpaKTaoB BBOIST CTPYKTYPHBIC (QYHKIINU:

H
S, =((g(+2)-g(x)")~ A"

ITokazarens crenenn H=H(1) (uagexc Xepcra [8]) O CMBICITY COOTBETCTBYET O U OII-
pesleNseT 3aKOH pacIUIbIBaHMs NuQQY3MOHHOTO MaKeTa BO BpeMeHu f . B obmem ciyuae
0<H<1. Cnyuaii H=1/2 cooTBeTCTByeT Kiaccuueckoil OpoyHOBckoil auddy3uu, cirydait
H>1/2 cootBercTByeT aHoManpHON nuddysun (cynepauddysun), a caydait H<1/2 coorser-
ctByeT cyomuddysun. Ecmu H(g)=const, To mporecc sSBISETCS MOHOGPAKTATHHBIM, eciu H
3aBHCHT OT ¢, TO MPOLECC MYIbTUPPAKTATEHBIH.

B nocnenHee BpeMst OSIBUIIOCH OOJIBIIOE YUCIIO SKCIIEPUMEHTAIBHBIX U TEOPETUYECKUX
paboT MOCBSAIICHHBIX BOIIPOCAM MacCoNepeHoca B TypOyJIeHTHBIX cpenax [9-13]. Okazanocs,
yro n1uddy3us B TypOYJICHTHBIX Cpelax MOXKET CYIIECTBEHHO OTIMYATHCS OT KJIACCHYECKON
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6pOyHOBCKO#H AH(Qy3nn, a MMEHHO mHpHHA IH(B(GY3MOHHOrO MaKeTa PacTeT Mo 3aKoHy ¢,
[Tpu 3ToM HOpManbHAsE popma AU (HY3NOHHOTO MMAaKeTa MOKET HE COXPaHSITHCS.

st enoro psiga NpakTUYeCKUX 3aJa4 HECOMHEHHYIO LICHHOCTh MPEICTABISET HATMINe
CTPOTOro MaTeMaTHYECKOTro MOAX0/a K aHAIN3Y CIOKHON CTPYKTYPHI IPOLIECCOB Pa3IMIHOM
MIPUPOIBL.

B nanHoit paboTte ncciieoBaHbl BpEeMEHHBIE CTPYKTYPHBIE CBOWCTBA IyJIbCAIIMN TEMITe-
paTypsl ¥ aKTUBHOCTH KUCIOPOJa B TSDKEJIBIX KHUIKUX METajulaX (BUCMYT, CBUHEL-BUCMYT) B
CTaTUYECKUX M JUHAMUYECKUX pekuMax. [1okazaHO, 4TO B CTATUYECKUX YCIIOBHSX MyJbCa-
LUK TeMIepaTrypbl 00yCcIOBIEHb KOHBEKTHBHBIM (CBOOOJHBIM) NIBM)KeHHEM MeTasuia. Omnpe-
JeTICHbl CTPYKTYPHBIE U KOPPEISLMOHHBIE (YHKLUUH MyJIbCALIMOHHOTO MOJSI TEMIIEPaTyphl U
aKTHBHOCTH IIPU CBOOOHOM M BBIHYXJICHHOM ABIMXEHHH MeTaua. B skcnepuMenTte HaOumio-
naercsi MaciiTabHasi MHBAPHAHTHOCTD MYJIbCAIMOHHBIX TIOJIEH TeMIepaTyphl U aKTHBHOCTH B
XKHUIKOM MeTasuie. MoJenpHble pacueThl MOKa3ald XOpOIIee COBMAZACHUE C HKCICPUMEHTOM.
[MTokazaHo, YTO MyJIBCAIIMM TEMIIEPaTypbl M aKTUBHOCTH KHCJIOpOJa B JKHJIKOM MeTaille Xa-
pakTepu3yroTcsi (ppakTaJbHBIMA CBOHCTBAMHU M JITMHHBIMH KOPPENSIHSIMU, KOTOPBIE MOTYT
3aBHCETH OT BHEITHHUX YCIIOBHH.
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At present, the development of computational methods and codes describing mass
transfer processes in the first circuits of such installations is an urgent task in the development
of new nuclear power plants (NPP) with heavy liquid-metal coolants based on lead and lead-
bismuth (HLMC). One of the most significant problems in this case is the description of the
oxidative processes of structural steels with HLMC. Considering the processes of oxidative
interaction of heavy liquid-metal coolants with structural steels, the overwhelming majority of
researchers quite reasonably take into account the influence of oxygen admixture [1-3]. This
is manifested, among other things, in the form of indicating, as one of the determining condi-
tions for ensuring the corrosion resistance of steels, the maintenance of one or another oxygen
regime of the coolant. In suppressive cases, the thermodynamic activity (TDA) of oxygen in
the coolant is used as such a condition [4].

Traditionally, it is believed that in equilibrium with HLMC, stoichiometric oxides
(Fe;04, FeCr,0y, etc.) are located [5, 6], which perform a protective function, prevent the
process of dissolution of structural steels. Calculations of the corresponding TDA oxygen val-
ues are performed for these stoichiometric oxides. At the same time, considering that there are
non-stoichiometric oxides under equilibrium conditions in metal-oxide systems, the question
arises of the composition of these oxides and TDA of oxygen in such systems. It should be
noted that the non-stoichiometry of the compounds affects the mechanical and transport prop-
erties of the oxide coatings, which can vary over a wide range. This was pointed out by Yu.
Tretyakov [7], who showed, for example, that the permeability coefficient of magnetite over
iron can vary by more than two orders of magnitude, depending on the partial pressure of
oxygen.

Thus, the task of modeling the processes of dissociation (formation) of nonstoichiomet-
ric compounds and phases of variable composition in heavy metal melts and their connection
with TDA of oxygen becomes an actual problem in the problem of mathematical description
of mass transfer processes in HLMC.

In this paper, we indicate some difficulties in applying the classical theory [8 - 10] to the
problem of dissociation of compounds in multicomponent systems consisting of condensed
phases and outlines ways to overcome them. In particular, it was shown that the use of exist-
ing approaches to the problem of taking into account the non-stoichiometry of oxide com-
pounds to describe the behavior of TDA oxygen in heavy metal melts is limited by the lack of
data on the relationship of the isobaric-isothermal formation potential of such compounds with
their composition. Empirical and theoretical methods for determining this parameter for iron
oxides and iron-chromium spinels are proposed.

The main result of this work is the model of equilibrium dissociation of nonstoichiomet-
ric compounds and phases of variable composition in HLMC, constructed on the basis of the
solution of the system of mass conservation equations, the laws of effective masses, and the
Gibbs-Duhem equations. Numerical calculations of the parameters characterizing the results
of the interaction of oxygen and iron in the HLMC, which are compared with the experimental
data, are performed. A satisfactory match was obtained.
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TepmMmoAMHaMMKa HeCTeXeoOMeTPUUECKUX COeAUHEHUHN
u ¢a3 nepemeHHoro coctasa B TXKMT
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KOHTPY3HTHBIM Nepexoa, coctaB, aHeprus Mbbca, TepMOAMHAMUYECKOE PaBHOBECHE, MOAEAD,
ypaBHeHue MMbbca-Arorema, KOHAEHCMpPOBaHHas dasa, XUAKUI MeTann, pa3baBAEHHbI pacTBop.

B Hacrosmiee BpeMsl aKTyaJIbHBIMU 3aJa9aMy TIpH pa3paboTKe HOBBIX SIIEPHBIX DHEP-
TEeTHYECKUX YCTAaHOBOK (SIDQVY) ¢ TsKENBIMU KUAKOMETALTUICCKUMU TEIJIOHOCUTEISIMHU Ha
OCHOBE cBUHIA U cBUHIA-BUCMYTa (TXKMT) sBISIIOTCS BOMPOCHI CO3/IAaHUS PACUETHBIX METO-
UK ¥ KOJIOB, OMHCHIBAIOIINX MPOIECCH MAacCOIEPeHOCca B TIEPBBIX KOHTYPaxX TaKHX yCTaHO-
BoK. OiHO# U3 HanboJee 3HAYUMBIX TIPOOJIEM TIPU STOM SIBJIIETCS] OMMMCAHUE OKUCIUTEILHBIX
MPOLIECCOB KOHCTPYKUUOHHBIX cTaieil ¢ TXKMT. PaccMmarpuBas mporeccsl OKHUCIUTEIBHOTO
B3aMIMOACHUCTBUS TSDKETBIX JKUAKOMETANTMIECKUX TEIDIOHOCHTENEeH C KOHCTPYKIIMOHHBIMHU
CTAJISIMH, TIOJIABIISIONICe OONBIMMHCTBO MCCIEAOBATENICH BIIOJTHE OOOCHOBAHHO YUYHTHIBAIOT
BIMSIHUAE TpuMecu Kuciopoja [1-3]. DTo mposBisercs, B TOM YHCIE, U B BUJE YKa3aHUS B
Ka4eCTBEe OJHOTO W3 OMPEACISAIONINX yCIOBHA OOecTiedeHnsT KOPPOZUOHHONH CTOWKOCTH CTa-
Teit moAiepyKaHue TOTO WIIM MHOTO KUCJIOPOTHOTO PEKUMA TEIUIOHOCUTENA. B mogaBisonix
CIIy4asX B KQueCTBE TAKOTO YCIIOBUS HCIIOJIb3YETCS BEIMUMHA TEPMOIUHAMUYECKON aKTHBHO-
ctu (TJ1A) kucnopona B Teronocurene [4].

TpanuuroHHO cuuTaercs, uTo B paBHoBecud ¢ TOKMT, HaXoasATCs CTEXMOMETPUYECKUE
okcunbl (Fe;04, FeCr,O4 u 1p.) [5, 6], KOTOpBIE BEIOMHSIOT 3aIUTHYIO (DYHKITHIO, TIPETISITCT-
BYs IPOLECCY PACTBOPEHUSI KOHCTPYKLUHUOHHBIX cTaneil. [Ipu sToM pacdeTbl COOTBETCTBYIO-
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mero 3HadeHus: T/IA xuciaopona BBIIOJHSIOTCA Ui ATUX CTEXHMOMETPUUECKUX OKCUAOB. B
TOXK€ BpEMs, CUMTas, YTO B CHCTEMaX METaJUI-OKCHJ B PaBHOBECHBIX YCIIOBMSIX HaXOJATCS
HECTEXMOMETPUUECKUE OKCHJIBI, BOZHUKAET BOMPOC O cocTaBe 3THX okcunoB UM TJIA kucio-
poza B Takux cucreMax. ClenyeT OTMETUTh, YTO HECTEXHOMETPUYHOCTh COSAMHEHUI OTpa-
JKaeTcqd Ha MEXaHWYECKUX U TPAHCIIOPTHBIX CBOWCTBAX OKCHUIHBIX MOKPBITHH, KOTOPbIE MOTYT
M3MEHAThCSA B HIMPOKUX mperaenax. Ha 3to ykaseiBan FO. TperbsikoB [7], moka3aBiiuii, Ha-
pUMep, 4T0 KO3PPHUINEHT MPOHULAEMOCTH MarHETHTA TI0 JKeJie3y MOKET U3MEHSThCs Oonee
YeM Ha JIBa MOpSAIKa B 3aBUCUMOCTH OT MapIHAIFHOTO JaBICHUS KUCIOPOAa.

Takum 00pa3oM, aKkTyaJbHOH 3amadeil B MpobjeMe MaTeMaTUUeCKOTO OMHCAHUS Mpo-
neccoB Maccomnepenoca B T)KMT craHoBuTcA 337jadya MOAETUPOBAHUS MIPOLECCOB AUCCOIMA-
mu (0O0pa3oBaHMs) HECTEXEOMETPHUUECKUX COSAMHEHUH U (a3 ImepeMeHHOTo COCTaBa B pac-
IJIaBax TSDKETBIX METAJUTOB M uX cBs3u ¢ TJIA kucmopona.

B nannoii pabote 0003Ha4eHBI HEKOTOPBIE CIIOKHOCTH MPUMEHEHUS KIaCCHUECKON Teo-
puu [8—10] k mpobieMe AWCCOIUAIINNA COCTUHEHUI B MHOTOKOMITIOHCHTHBIX CHCTEMax, CO-
CTOSAIINX U3 KOHACHCHPOBAaHHBIX (ha3, M HAMEUEeHBI MMyTH WX MpeoIosieHus. B yacTHOCTH, TIO-
Ka3aHo, YTO MCII0JIb30BaHHE MMEIOIUXCS MOAXO00B K MpobieMe ydeTa HeCTEXUOMETPUYHO-
CTH OKCHJIHBIX CO€TUHEHMH JUIsl onucaHus noseaeHus T A kucinopona B pacriiaBax TshKe-
JBIX METAJUIOB OTPAaHMYEHO OTCYTCTBUEM AAHHBIX O CBA3M M300apHO-M30TEPMHUYECKOIO IO-
TeHnuana oOpa3oBaHMs TAKHX COCAMHEHHH ¢ MX COCTaBOM. lIpeanioKeHbl SMIUpPUYECKUE U
TEOPETUUECKNUE METOJbl ONpPENEICHN AAHHOIO MapaMeTpa IJs OKCHAOB JKeJle3a U JKele30-
XPOMHCTBIX IIMHHENEH.

OCHOBHBIM pPE3yJILTATOM Pa0OTHI SABJISETCS MOJETh PABHOBECHOW TUCCOIMAIIMH HECTE-
XEOMETPUUYECKHUX COoeMHeHNH U (a3 nepeMenHoro cocrtaBa B TXKMT, moctpoeHHas Ha OCHO-
BE€ PEIICHUS CHCTEMBI YPaBHEHMH COXPAHEHUS MAcChl, 3aKOHOB JCHCTBYIOIIUX MAacc M ypaB-
HeHuil I'n66ca-/{rorema. BBIMONHEHBI YHCIEHHBIE PAacUeThl TAPAMETPOB, XapPaKTEPUIYIOIMINX
pe3ynbTaThl B3auMoJieicTBUA Kucnopoaa u xenesa B T)KMT, koTopsle conocTaBiIeHbI € 3KC-
MEpUMEHTAIbHBIMY JaHHBIMU. [10JTyd4eHOo yI0BIETBOPUTENBHOE COBIIA/ICHNUE.
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6.4 The Use of the Thermodynamic Model of Accounting for
Non-Stoichiometry of Oxide Compounds for Describing
the Behavior of TDA Oxygen in Heavy Metal Melts

Osipov A. A,, Ivanov K. D.

JSC "SSC RF - IPPE", Obninsk, Russia
E-mail: osipov@ippe.ru

Keywords: thermodynamic activity of oxygen, non-stoichiometry, oxide, metal oxide, heavy liquid-
metal coolant, bismuth, lead, iron, magnetite.

At present, the method of controlling the thermodynamic activity (TDA) of oxygen
has been widely used in the technology of heavy liquid-metal coolants (HLMC) [1, 2]. The
urgency of the TDA oxygen control is due to the fact that its value is one of the determining
conditions for ensuring the corrosion resistance of steels in HLMC [3-6].

The thermodynamic activity of oxygen in heavy metal melts is measured using solid-
electrolyte TDA oxygen sensors (for example, based on zirconium ceramics) with a metal-
oxide reference electrode (Bi-BiO;, Pb-PbO, Bi-Fe-Fe;O,4, etc.). The measured values of
TDA of oxygen in HLMC depends, in particular, on the value of the oxygen partial pressure
in the reference electrode. In practice, attempts are made to realize the equilibrium conditions
in the reference electrode, avoiding significant leaks or oxygen leakage, using measuring sys-
tems with very high input impedance. However, considering the conditions inside the refer-
ence electrode to be equilibrium, the question arises as to the magnitude of the corresponding
partial pressure of oxygen in the reference electrode.

Traditionally it is believed that in equilibrium with the phase of the metal (Pb, Bi, Bi-
Fe), there are stoichiometric oxide (Bi,O3;, PbO, Fe;O,4). Calculations of the corresponding
partial oxygen pressure in the reference electrode are performed for these stoichiometric ox-
ides [7]. At the same time, considering that non-stoichiometric oxides exist in equilibrium
metal oxide systems [8], the question arises of the composition of these oxides and TDA of
oxygen in such systems.

In the framework of this paper, it is shown that the use of existing approaches to the
problem of accounting for non-stoichiometry of oxide compounds for describing the behavior
of TDA oxygen in heavy metal melts is limited by the lack of data on the relationship of the
isobaric-isothermal formation potential of such compounds with their composition. Empirical
and theoretical methods for determining this parameter are proposed and numerical values of
the constants for calculating this potential as a function of the temperature and composition of
oxides in the form

AG,, =nXa(m/n),

where a; =a;(T) and m/n the temperature function and the compound composition, respec-
tively.

On the basis of the proposed approach, numerical estimates of the equilibrium TDA val-
ues of oxygen in heavy metal melts as a function of the temperature and composition of non-
stoichiometric oxides are performed.
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The performed calculations are compared with the experimental data on the measure-
ment of TDA of oxygen in HLMC. In general, a fairly good coincidence of the results of ex-
periments and calculations was demonstrated.

References

1. Gromov B.F., Shmatko B.A. Oxidative potential of lead and bismuth melts. /zv. Universities. Nu-
clear Energy, 1977, no. 6, pp. 14-18. (In Russian).

2. Shmatko B.A., Shimkevich A.L. Corrosion diagnostics and control of technological processes using
the methods of active resistance in lead-bismuth coolant. Proc. Conf. "Heavy liquid-metal coolants
in nuclear technologies". Obninsk, SSC RF — IPPE Publ., 1999, vol. 2, pp. 694-699.

3. Yachmenev G.S., Rusanov A.E., Gromov B.F. et al. Problems of corrosion of structural materials in
lead-bismuth coolant. Proc. Conf. "Heavy liquid metal coolants in nuclear technologies". Obninsk,
SSC RF — IPPE Publ., 1999, vol. 1, pp. 133-140.

4. Gorynin L.V., Karzov G.P., Markov V.G., Yakovlev V.A. Construction materials for atomic reactors
with liquid-metal coolants in the form of lead or lead-bismuth alloy. Metallurgy and heat treatment
of metals. 1999, no. 9, pp. 20-24. (In Russian).

5. Gromov B.F., Orlov Yu.l.,, Martynov P.N., Gulevsky V.A. Problems of technology of heavy liquid-
metal coolants (lead-bismuth, lead). Proc. Conf. "Heavy liquid-metal coolants in nuclear technolo-
gies". Obninsk, SSC RF — IPPE Publ., 1999, vol. 1, pp. 87-100.

6. Rusanov A.E., Demishonkov A.P., Levin O.E. et al. The behavior of protective oxide barriers in
long-term corrosion tests of steels in HLMC. Sat. Proc. 3th Conf. "Heavy liquid-metal coolants in
nuclear technologies (HLMC -2008)", Obninsk, SSC RF — IPPE Publ., 2010, pp. 327-338. (In Rus-
sian).

7. Kulikov I.S. Thermodynamics of oxides. Directory. Moscow, Metallurgy Publ., 1986. (In Russian).

8. Tretyakov Yu.D. Chemistry of nonstoichiometric oxides. Moscow. MSU Publ., 1974. (In Russian).

Ucnonb3oBaHUe TEPMOAMHAMUUYECKON MOAEAU yueTa
HEeCTeXMOMETPUUHOCTU OKCUAHDbIX COEAUHEHUW ANl ONTUCAHUA
noBepeHUA TAA KUCAOPOAA B pacnaaBaXx TAXKEAbIX METaAAOB

A. A. Ocunos, K. A. UBaHoB

AO «HL P® - ®3U», r. OBHMHCK
E-mail: osipov@ippe.ru

KaroueBbie cAOBa: TEPMOAMHAMMUYECKAA aKTMBHOCTb KUCAOPOAQ, HECTEXMOMETPUS, OKCUA, METAAA-
OKCUA, TXKEAbIV XXMAKOMETAAMUYECKUIA TENMAOHOCHUTEAD, BUCMYT, CBUHEL, XEAE30, MarHeTuT.

B Hactosiee BpeMs B TEXHOJOTUHN TSDKENBIX JKHUIAKOMETAIIMYECKUX TETNIOHOCHUTENEH
(T°’KMT) mmpokoe pacrpocTpaHEHHE MOMYYHJI METOA KOHTPOJIS TepMOIWHAMHYECKOH ak-
tuBHOcTH (T/IA) kucnopona [1, 2]. AxryamsHocTs KoHTpOJs TJIA kucnopoma oOycrioBieHa
TEM, 4TO € BeTMYMHA SBJSIETCS OAHUM M3 ONPEIENAIONINX YCIOBHH 00ecredeHus] KOppo3H-
oHHOH croiikoctu craneil B TXKMT [3-6].

TepMoauHamMHuuecKasi aKTHBHOCTh KUCJIOPOJa B PACIUIaBaxX TSDKEJIBIX METAJUIOB U3Mepsi-
€Tcs ¢ TIOMOUIBIO TBEPJOANEKTPONUTHEIX AaTunkoB TJIA kucnopoxa (Hampumep, Ha OCHOBE
LIMPKOHUEBOM KepaMUKH) ¢ METAJUI-OKCHIHBIM 3JieKTponoM cpaBHenus (Bi-Bi,Os;, Pb-PbO,
Bi-Fe-Fe;O4, u np.). Usmepsiembie 3Hauenns THA xucnopoma B TX)KMT 3aBucsT, B 9acTHO-
CTH, OT BEJIMYUHBI apIUAILHOTO JIABJICHUS KUCIOPOo/Ia B 3JEKTPOJie cpaBHeHHs. Ha npakTike
MBITAIOTCS Pea30BaTh PABHOBECHBIE YCIOBHUS B DJIEKTPOJE CpaBHEHHMS, N30eras CyIIeCTBEH-
HBIX yTE€YEK WM HATEUeK KHUCIOPOZa, HCIONb3Yys AJIS 3TOr0 HM3MEPHUTENbHBIE CHCTEMBI C
OYECHb BBICOKMM BXOJHBIM CONpoTHBiIeHHWeM. OIHAKO, CUUTasl, YCIOBHS BHYTPU DJEKTPOIA
CpaBHEHHSI PAaBHOBECHBIMHU, BO3HHKAET BOTIPOC O BEIMYMHE COOTBETCTBYIOMIECTO MapHalbHO-
'O IaBJICHUS KHCIOPOAa B 3JICKTPOJIEC CPAaBHEHHUS.
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TpagumuoHHO cuWTaercs, 9YTo B paBHOBecuu ¢ ¢a3zoit merama (Pb, Bi, Bi-Fe), Haxo-
naTcst crexuomerpuueckuit okeua (BiO;, PbO, Fe;0,). [Ipu 3T0M pacyeTbl COOTBETCTBYIO-
LIET0 MApLHUAIBHOTO JABIEHHUA KHCIOpPOJa B 3JEKTPOJAE CPABHEHHUS BBINOIHIIOTCS AN ITHX
CTEXHOMETPHUYECKUX OKCHIOB [7]. B ToXe Bpems, cumTas, 4YTO B CHCTEMaX METAII-OKCHI B
PaBHOBECHBIX YCJIOBHUAX HAaXOIATCS HECTEXMOMETPHUECKHE OKCHUIBI [8], BOZHHKAET BOIIPOC O
cocraBe 3TuX okcuaoB U T/IA kucioposia B TaKUX CUCTEMAX.

B pamkax maHHOW paOOTHI, TTOKa3aHO, YTO HCIIOIH30BAHWE WMEIOIIMXCS MOIXOI0B K
npobieMe ydeTa HECTEXHOMETPUYHOCTH OKCHUIHBIX COENWHEHHWH IS OMHFCAHWS MOBEIEHUS
TJA xucnopojia B paciiaBax TsDKEJIBIX METAJUIOB OTPAaHUYEHO OTCYTCTBHEM JIAHHBIX O CBSI3U

1n300apHO-N30TEPMUYECKOT0 MOTEHIMaTa 00pa30BaHHUs TaKUX COCAMHEHHI Ang B, © X co-

CTaBOM. HpeI[JIO)KeHI)I OMITUPUYECKHUE U TCOPETUUCCKUEC METOJbI ONPCACIICHUA TaHHOI'O Iia-
paMeTpa U MOJYYCHbI YHUCIICHHBLIC 3HAUCHHA KOHCTAHT JIA pacdye€Ta 3TOro MOTCHIMala Kak
(1)YHKI_[I/II/I TEMIICPATYPBI U COCTaBa OKCUJ0B B BUC

AngBm =nYa,(m/n) ,

rae a; =a;(T) u m/n QyHKIMU TEMIIEPATypPHI U COCTaBa COCIUHEHUS COOTBETCTBEHHO.

Ha ocHose MPEAJIOKEHHOTO IMOJAX0Aa BBITIOJIHCHBI YMCJICHHBIC OLUCHKU PAaBHOBCCHBLIX
3HaueHuit T/IA kuciaopoja B paciuiaBaX TsDKEIBIX METAUIOB KakK (DYHKIIMH TEMIICPaTypbl U
COCTaBa HECTEXUOMETPUUYECKUX OKCUIOB.

BrinonHeHHbIE pacyeThl COMOCTABIEHBI C AKCIIEPUMEHTAIBHBIMU JAaHHBIMU 10 H3MEpe-
auto THA xucnopoaa B TKMT. B nenoM mpoaeMOHCTPUPOBAHO JOCTATOYHO XOPOILIEE COB-
NaJeHUE pe3yJIbTaTOB SKCIEPUMEHTOB U PACUETOB.
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6.5 Methodology for Processing Experimental Data on Steel Oxidation
Kinetics in HLMC Exemplified by Pearlitic Steel EP79 in Lead-Bismuth

Lavrova O. V., Ivanov K. D., Legkikh A. Yu.
JSC “SSC RF - IPPE”, Obninsk, Russia

Over the period of heavy liquid-metal coolants mastering, a considerable array of
experimental data on the oxidation kinetics of various steels by oxygen dissolved in melts has
been accumulated, whose analysis, at the most, was limited to determining the time
dependencies of oxide film thickness under the preset conditions (temperature and oxygen
concentration). The data that are beyond the existing concepts have not often been included in
the analysis.

In order to take advantage of the accumulated material and to reveal the regularities of
the process, it is necessary to develop a methodology for raw experimental data processing.

In this paper, we propose a technique for data processing through kinetic equation
representation as a product of variable functions that explicitly affect the kinetics of the
process. Subsequently, each factor is identified separately in order of the degree of impact on
the final result.

As an example of such processing, this paper presents the analysis of oxide coatings
thickness data performed on pearlitic steel EP-79 after different exposure times in Pb-Bi
coolant under the conditions of circulation test facilities at various temperatures and oxygen
concentrations. The initial data for processing were taken from [1, 2].

Table — Steel EP-79 composition (15XCM®b)
Cr | Ni Si C | Mn S P Nb | V |B | Mo | W| Ti| Al | N
1.41 |1 0.14 | 0.89 | 0.15 | 0.32 | 0.005|0.007 | 0.25 | 0.24 0.51 0.1 {0.03

At the first stage, the temperature dependences of the coatings growth rate were revealed
as functions

A
Ind=——+21B. 1
n e (1)

These dependencies were determined separately for each experimental campaign. For
each experiment, the coating thickness values were calculated every 10°C in the intermediate
temperature ranges on the assumption that the observed relationship was maintained. It
allowed an extended matrix of values to be obtained for further analysis.

At the next stage of processing, the time dependences of the coating thickness were
revealed Ind= f(Int). Taking into account the temperature dependence found earlier, the

following approximation was obtained

12387

Ind :—T+15,869+[778’63

calc.

-0, 6274) Int. )

The final stage of the processing consisted in determining the dependence of oxide
coatings thickness growth on oxygen concentration. For this purpose it was assumed that the
analytical dependence outlined above was obtained for a certain averaged value of oxygen
concentration. In this case, the deviation of the experimental values for thickness from the
calculated values is determined by the oxygen regime of the coolant.

Based on the analysis results, the final equation was obtained

20280 (_ 603,94 778,63

ln6exp. =_T+285173+ +079414jlnco +[ —0,6274jh’1'€, (3)

which gives a good fit to the raw experimental data with a probability of ~ 92% .
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The analysis of equation (3) shows that the overall temperature dependence of the
coating growth process on the steel EP-79 depends on the time and oxygen regime of the
coolant. This is confirmed by numerous studies, based to which a variety of dependencies
were obtained.

It should be noted that the value of the factor preceding In 7 stands for a simple para-

778,63
T

1
bolic dependence ( -0, 6274)=5 only at a temperature of ~ 418 °C. At a higher

temperature, this value is below '/,, and at a lower temperature, it is over '/,. In our opinion, it
means that only at the marked temperature all the precipitated iron was incorporated into the
oxide film. At a higher temperature, some iron escapes into the coolant and does not affect the
film thickness. At a lower temperature, on the contrary: part of the film thickness increases
due to the iron delivered by the coolant (external flow). The calculated value of temperature
seems to be dependent on the dimensions and design of the circulation system, as well as on
the operating temperature range.

In conclusion, it should be noted that the low-alloy steel EP-79 is not supposed to be
used in advanced facilities, but the analysis of data on its oxidation makes it possible to
determine the behavior of iron as the main component of steels against which the role of
chromium, nickel and other alloying additives can be established.
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MeTtoauKa 06paboTKM 3IKCNEepMMEeHTaAbHbIX AAHHbIX
Nno KUHeTUKe OKUCAeHUA cTaneu B TIKMT
Ha npumepe nepAuTHOM ctanu IM79 B cBUHUE-BUCMYTE

0. B. N\aBpoBa, K. A. UBaHoB, A. 0. Aerkux
AO «HL P® - ®3U», O6HMHCK, Poccus

3a BpeMsa OCBOCHHS TSDKENBIX JKAIKOMETAUIMYECKUX TEIUIOHOCUTENEH HaKOMMIICS

3HAYUTEIBHBIM MAacCUB 3KCIIEPUMEHTAIbHBIX JaHHBIX [0 KMHETHKE OKHCJICHMS Pa3JIM4YHbIX
CTaJIel KHMCIIOPOAOM, PACTBOPEHHBIM B PACILIaBaX, AHAJIU3 KOTOPBIX, B Jy4lIEM CIydae, CBO-
JWICS K ONpPENEJIEHUIO 3aBHCUMOCTEH TOJIIMHBI OKCHIHOW IJIEHKH OT BPEMEHHM IIPH 3aJaH-
HBIX yCIIOBHSX (TeMIIepaType ¥ KOHIIEHTPau Kuciaopoaa). [lannasie, He yKIaAbIBAIONIHECT B
HMMEIONIMEC MIPEICTABIICHNUS, 3a49aCTYI0 HE BKIIOYAIUCh B aHAJIN3.

st Toro 4To0OBI BOCTIONB30BATHCS] HAKOIUICHHBIM MaTepHaOM U BBISIBUTH 3aKOHHOMED-
HOCTH TIpoliecca, HeOOXOAUMO pa3padoTaTh METOAMKY OOpPaOOTKH NEPBUUYHBIX SKCICPUMEH-
TaJbHBIX JAHHBIX.

B nacrosmeli pabore mpeasioxkeHa METOAMKa 00pabOTKH JaHHBIX IyTEM IpefCcTaBie-
HUSl KHHETUYECKOTO YpPaBHEHMs B BHIE NPOU3BENCHUS (PYHKIHMHA HECKOJIBKUX NEPEMEHHBIX,
SBHO BO3JIEHCTBYIONINX HAa KHHETHKY Iporiecca. B mocnenyromem Kaxaslii (pakTop BEISBIIAA-
€TCs 110 OTAEIBHOCTH B MOPSAKE CTEIICHU BIMSIHYS HA KOHEUHBIN pe3yibTar.

B kauectBe npumMepa Takoi 00pabOTKH B HACTOSILEH paboTe MPOBEACH aHAIN3 JaHHBIX
10 TOJIIIMHE OKCHJIHBIX MOKPBITHI Ha mepiauTHOM cramu JI1-79 mocne pa3nuyHOTO BpeMeHU
9KCIO3UIHH B TeruioHocHuTene Pb-Bi, B yClOBHAX HUPKYJISIIMOHHBIX CTEHIOB TPH Pa3IHYHON
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TeMIepaType M KOHIIEHTpauu Kuciaopoaa. McxomHsle qaHHbIe 171 00paOOTKH OBLTH B3SITHI
u3 pador [1, 2].
Cocras ctanu JI1-79 (15XCM®DB)

Cr | Ni Si C | Mn S P Nb| V|B |[Mo|W | Ti | Al | N

1,41 10,14 ] 0,89 | 0,15 | 0,32 | 0,005 | 0,007 | 0,25 | 0,24 0,51 0,1 | 0,03

Ha mepBom 3Tane BBIABISIINCH TEMIIEPATYPHbBIE 3aBUCUMOCTH CKOPOCTH POCTa IOKPHI-
TUH B BUIE QYHKITHIA

A
Ind=-=+B8 1
T (1

OTH 3aBUCHUMOCTH ONPENENSINCh OTIACNBHO Ul KaKAOH 3KCIIEpUMEHTANIbHON KamIa-
HuM. B mpennosnoxeHun coxpaHeHHs] HaWAEHHON 3aBUCHMMOCTH Ul KaXIOTO OIbITa B IIPO-
MEXYTOYHBIX OO0JIACTAX TEeMIepaTypbl BBIYHCISUTICH 3HAYCHUS TOJIIUHBI TOKPBITHH depe3
kaxzasie 10 °C. 9To mo3BOIWIO MOIYYUTh PACIIMPEHHYIO0 MAaTpUIy 3HAUCHWH JUIs anbHEH-
LIEro aHaJIN3a.

Ha cnenyromem atame 00paOOTKH BBIABISINCH 3aBUCHMOCTH TOJNIIUHBI MTOKPBITHI OT
BpeMeHH Ind = f(Int). C ydeToM HaliIeHHON paHee TeMIIEPaTypPHON 3aBUCUMOCTH MOITYIEHO

CJICAYyroIIee HpI/I6J'II/I)KCHI/IC

12387 778,63

Ind =

pacd.

+15,869+( —O,6274jlnr )
[ocnemuuii aTan 00pabOTKH 3aKITFOYANCS B ONPEEIIEHUH 3aBUCHMOCTH POCTa TOJIINHBI

OKCHUIHBIX TIOKPBITHIA OT KOHIIEHTPAUX KUCIIopoaa. [[ist aToro mpeamnonaraiock, 94To HalacH-

Hasl BBIIIC aHATUTHUYECKAs] 3aBUCUMOCTH MOJyUYeHA JJIT HEKOTOPOTO YCPETHEHHOTO 3HAUYCHUS

KOHLIEHTPALUU KUCIOpoAa. B 3ToM cilydyae OTKIOHEHHE SKCIIEPUMEHTAIBHBIX 3HAYEHUHN TOJI-

LIMHBI OT PACCUUTAHHBIX 3HAUCHUN ONPEAEIACTCS KUCIOPOIHBIM PEXXKUMOM TEIIOHOCUTESL.
ITo pe3ynbraTam aHanu3a ObLIO MOJYYEHO OKOHYATEILHOE YPAaBHEHUE

20280 603,94 778,63
g, =-——o el R
T T

OKCII.

+28,173+ +0,9414j1nC0+ —0,6274jlnr, 3)
KOTOpOE € BEPOSATHOCTBIO ~ 92% COOTBETCTBYET MCXOIHBIM SKCIIEPUMEHTAIBHBIM JAHHBIM.
Anamm3 ypaBHeHus (3) mokaspIBaeT, oOIIas TeMmIepaTypHas 3aBHCHMOCTH IIpoliecca
pocta nokpeITuit Ha ctanu J11-79 3aBuCcHUT OT BpeMEHM U OT KUCIOPOJHOTO PEeKMUMa TEIIJIOHO-
cuTens. OTO MOATBEPKAAECTCS MHOTOYHCICHHBIMH HCCIENOBAaHUAMH, 10 pe3ysbTaTaM KOTO-
PBIX OBUTH TIOTYYEHBI cCaMble pa3HO0Opa3HbIe 3aBHCHMOCTH.
Crenyer OTMETUTbh, YTO 3HAYEHHE MHOKHUTENS Tepel Int cooTBeTCTBYeT NpoCcTOl mapa-

. 778,63
00JINYeCKOi 3aBUCUMOCTH | ————

- 0,6274) =% TOJIBKO Tpu Temmeparype ~ 418 °C. Ilpu
GoblIeil TeMIIEpaType STO 3HAUCHHS MEHBIIE '/, a P MEHbIIell TeMneparype Gombie '/s.
Ha nam B3risiz, 370 03Ha4YaeT, 4To TOJIBKO IIPH OTMEUEHHON TeMIIepaType BCE BbIIEIMBILEECS
KEJIe30 BOIILJIO B COCTaB OKMCHOM TuieHKH. [Ipu Oomnblueil TeMnepaType 4acTh Kejle3a YXOAUT
B TEMJIOHOCUTENb U HE OKa3bIBAET BJIMAHUS HA TOJIIMHY IUIEHKH. [Ipn MeHbIIel TemmneparTy-
pe — HaIPOTHB: YacCTh TOJIIIMHBI IFICHKH MPUPACTAET 32 CUET )KeJe3a, MPUHOCUMOTO TETJIOHO-
cureneM (BHEIIHMH MOTOK). BeuMcineHHOe 3HaYeHHE TeMIepaTypbl, MO-BUANMOMY, 3aBHCUT
rabapuToB, 1 KOHCTPYKLMU LUPKYJISLIHUOHHON CHCTEMbI, a TaKXe OT pabodero auamasoHa
TeMIepaTypHl.

B 3akmoyeHne He0OXOAMMO OTMETUTh, YTO HU3KOJIErHpoBaHHas crayib DI1-79 He npen-
MIOJIATaeTCsl K UCTOIBb30BAaHUIO B MEPCIIEKTUBHBIX YCTAaHOBKAX, HO aHAJIN3 JJAHHBIX 10 €€ OKHC-
JICHHUIO TIO3BOJISIET OTPENENTh TOBEACHNE jKele3a, KaKk OCHOBHOTO KOMITOHEHTa CTayeH, Ha
(hoHE KOTOPOTo MOXKET OBITh BBISIBIICHA POJIb XpOMa, HUKEJIS U IPYTUX JIETUPYIOIIUX 100aBOK.
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6.6 Estimating the Change of a Mass Exchanger Productivity on
Account of Oxygen Resource Decreasing

Askhadullin R. Sh., Legkikh A. Yu.
JSC “SSC RF - IPPE”, Obninsk, Russia

Keywords: heavy liquid metal coolant, dissolution, lead oxide, oxygen, mass exchange apparatus,
resource, calculation, solid phase method

The most important impurity in the heavy liquid metal coolant (HLMC) is oxygen dis-
solved in coolant. In the presence of dissolved oxygen in HLMC, oxide films are formed on
the surfaces of structural steels of the circulation loop and equipment that provide protection
of the surfaces against corrosive-erosive effect of the coolant. The state of the protective films
in the course of operation is largely determined by the oxygen regime, i.e. concentration of
dissolved oxygen in the coolant [1]. The so-called natural deoxidation of coolant, i.e. sponta-
neous reduction of the dissolved oxygen content, is characteristic of hermetic non-isothermal
circulation circuits with HLMC due to the thermodynamic features of the "HLMC — impurity
— structural steel" system. As a result of this process, the oxygen concentration value, when
decreasing, can achieve the levels, at which the development of corrosion — erosion proc-
esses starts. To maintain the HLMC oxygen concentration at the level ensuring corrosion re-
sistance of the steels, oxygen concentration control and regulated feed of the coolant with dis-
solved oxygen are required. Oxygen activity sensors on the basis of solid oxide electrolyte
developed in SSC RF — IPPE are used for oxygen concentration control [2]. A solid phase
method is the most advanced method of dissolved oxygen injection into the coolant; it is
based on the dissolution of solid-phase lead oxide in the coolant flow [3]. The technical im-
plementation of the solid-phase method of oxygen concentration control is carried out with the
use of mass exchangers [3, 4].

At the stage of designing the mass exchanger, it is necessary to calculate the main tech-
nical parameters of its operation, one of them being oxygen productivity [5]. In the course of
operation the mass exchanger productivity will change as a result of lead oxide resource de-
creasing. From the standpoint of practice, it is important to estimate the change of the mass
exchanger productivity and predict the operational life. The paper presents an approach to es-
timating mass exchanger productivity change on account of oxygen resource decreasing.
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PacueTHana oueHKa U3SMEeHEeHUA NPOU3BOAUTEABHOCTH MaccoobMeHHoro
annaparta 3a cyeT pacxoAoBaHUA 3anaca KUCAOpoAA

P. LLI. AcxapynauH, A. HO. Aerkux
AO «HL P® - ®3U», O6HMHCK, Poccus

KAroueBble CA0Ba: TAXEAbIN XUAKOMETAAAMUYECKMIA TENMAOHOCUTEAD, PACTBOPEHUE, OKCUA CBUHLA,
KUCAOPOA, MacCcOOOMEHHbIM annapar, pecypc, pacuet, TBepAodasHbIin METOA.

Baxneitmeit npumecsto B T)KMT sBisieTcss KHCI0pOJ, paCTBOPEHHBIN B TEIJIOHOCH-
tene. [Ipu Hanuuuu B TXKMT pacTBOpeHHOro KMCIOpOJa Ha MOBEPXHOCTSIX KOHCTPYKLHOH-
HBIX CTajJed MUPKYJSIHOHHOTO KOHTYpa M 000pyA0BaHUS (POPMHUPYIOTCS OKCHIHBIE TUICHKH,
KOTOpbIe 00ECIIeYnBAaIOT 3aIIUTY HOBEPXHOCTEH OT KOPPO3HOHHO-3PO3MOHHOTIO BO3JCHCTBUS
teruioHocuTens. COCTOSIHUE 3allUTHBIX TUIEHOK B IMPOIIECCE AKCILUTyaTallid B 3HAYUTEIHHON
CTETIEH! OTPEAENAeTCS KUCIOPOIHBIM PEXXUMOM, T. €. COIEPKaHUEM PAaCTBOPEHHOTO KHCIIO-
pona B Teronocutene [1]. B cuny tepmoannaMudeckux ocobeHHocTedt cuctembl « TXKMT —
MIPUMECh — KOHCTPYKIMOHHAs CTaJby JUIs TEPMETHYHBIX HEM3O0TEPMHUECKUX LUPKYJIALIUOH-
HBIX KOHTYpOB ¢ TXXMT xapaktepHo, Tak Ha3pIBA€MOE, €CTECTBEHHOE PACKHCIICHHE TEIIIOHO-
CHUTENs, TO €CTh CaMOIIPOU3BOJIBHOE CHIKEHHNE COJIEPKaHHUsI PACTBOPEHHOTO B HEM KHCJIOPO-
na. B pesynpraTe 3TOro Inpolecca BeIMYMHA COJAEPKaHHE KUCIOPOAA, YMEHBIIAsACh, MOXKET
JOCTUTaTh 3HAYEHWH, NMPU KOTOPHIX HAYMHAETCS Pa3BUTHE KOPPO3WOHHO-IPO3HOHHBIX IIPO-
meccoB. st moamepkanusi KoHIeHTpanuu kuciopoaa B TXKMT mHa ypoBHe, obecrieunBaro-
IeM KOPPO3HOHHYIO CTOMKOCTH CTajeld, HeOOXOIUMBI KOHTPOJIb COACpKaHHS KUCIOPOAa M
perynupyemMasi MoIMUTKa TETUTOHOCUTENST PACTBOPEHHBIM KHCIOPOIOM. [IJIsT KOHTPOJIS KHUCITO-
poma ucnonb3yrotcs matanku T A xucnopona (JJAK) Ha ocHOBE TBEpOTO OKCHIHOTO DJICK-
Tponuta, pazpabarsiBaembie B AO «['HI] P® — ®DO». Haubonee nepcreKTUBHBIM METOI0M
BBOJIa PAaCTBOPEHHOTO B TEIUIOHOCHUTENb KHCIOPOJa ABJSETCS TBEpAO(a3HBIH METOJ, OCHO-
BaHHBI Ha WCIOJB30BAaHUH IPOIECCa PacTBOPEHUs TBepAO(a3HOTO OKCHIa CBUHIA, MTOME-
maeMoro B MoTok Terionocutens [3]. Texuudeckas peamusanus TBepAo(}a3HOTO METoaa pe-
TYJMPOBAHHS COJEPKAHUS KUCIOPOJa OCYLIECTBIIIETCA ¢ MOMOIIBI0 MacCOOOMEHHBIX ara-
patos [3, 4].

Ha cragnm koHCTpyHpOBaHHS MacCOOOMEHHOTO arapara SBiseTcsl HEOOXOINMBIM pac-
YETHOE OIpe/ieNIieHHe OCHOBHBIX XapaKTEpUCTHK €ro padoThl, OJHON M3 KOTOPBIX SIBIISETCS
MIPOM3BOAUTENBHOCTh MO KHcIopony [5]. B mpouecce skcrutyaTanuy NpoOU3BOAUTEIBHOCTh
MaccooOMEHHOTro ammapara OyZeT MEHSThCS 3a CUeT YMEHBIIeHHsS 3araca OKCHIa CBHHIIA.
BaxHBIM [UIs1 IPAaKTUKH SIBIISIETCS OLIEHKa U3MEHEHHSI PON3BOIUTEILHOCTH MacCOOOMEHHOTO
amnmapara M IpOTHO3MPOBaHHE pecypca padoThl. B nokiane mpeacraBiieH MOAXOA K pacdyeTy
M3MEHEHUs TIPOM3BOIUTEIIEHOCTH MacCOOOMEHHOTO armapara 3a cueT pacXofOoBaHUs 3araca
KHCIIOpPO/a.
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6.7 Study on the Kinetics of Lead and Bismuth Oxide Reduction by Hydrogen
as Applied to HLMC Technology

Ivanov L. I., Shelemetiev V. M., Askhadullin R. Sh., Skobeev D. A.

JSC “SSC RF - IPPE», Obninsk, Russia
E-mail: iivanov@ippe.ru

Keywords: HLMC hydrogen purification, tritium, oxygen sensor in gases, oxygen sensor in alloy,
regeneration of a ceramic sensitive element, bismuth oxide, lead oxide, reduction, kinetic equation,
affine time transformation method, activation energy

In order to optimize the process of hydrogen purification of circulation circuits with
heavy liquid metal coolants from lead oxide based slag deposits, the process of hydrogen and
trititum removal from the primary circuit cover gas, as well as the procedure for regenerating
ceramic sensitive elements of solid electrolyte oxygen sensors in gas and heavy liquid metal
coolants, the data on the kinetics of hydrogen reduction of lead and bismuth oxides are needed
(the dependence of reduction rate on time, temperature and oxygen concentration). These data
were obtained in a number of previous papers [1-6], however, the authors have not reached
common ground on the values of activation energy of the reactions and the form of the kinetic
equations. As a result of this study, these data were obtained with the use of an experimental
setup representing a heated reaction vessel blown through with mixtures of hydrogen and
helium, and containing a sample of the metal oxide to be studied. The reduction reaction rate
was determined through continuous measurement of water vapor concentration (a product of
reduction reaction) in the gas passed through the reaction vessel using a chromatograph (with
a thermal conductivity detector). The dependence of the reaction rate on the hydrogen
temperature and concentration was determined by the affine time transformation method, as
described in [7]. All the time dependencies of the reaction rate are matched with good
accuracy under affine time transformation, which allows the identity of reaction mechanisms
to be assumed within the entire temperature range (400-525 °C) and hydrogen concentrations
under study (25-100 vol.%).

The generalized kinetic equation for the reduction reaction of lead and bismuth oxides

has the form:
oc(tl Cy )——100- l—exp| —d ¢y, -ex i O
Y 2 p 2 p RT ’

where o — is the degree of reduction equal to the molar ratio of the amount of the reacted ox-
ide to the total amount of the oxide taken, expressed as a percentage; d — is the constant for a
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given sample of oxide, a value that depends on the shape of crystals, the specific surface area and
the structural imperfection; Cy, — hydrogen concentration, vol.%, E, — reaction activation
energy equal to 92.8 kJ/mol for bismuth oxide and 97.2 kJ/mol for lead oxide, R — the
universal gas constant equal to 8.31 Jmol™- K', T'— temperature, ¢ — reduction time.

Based on the data obtained, it can be concluded that the reduction reaction rate of lead
and bismuth oxides is highly dependent on temperature; it is expedient to conduct the
reduction process at the maximum allowable temperature from the technological point of
view. The reaction rate increases linearly as the hydrogen concentration increases, therefore
there are good reasons to use pure hydrogen for the reduction.
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UccnepoBaHUE KUHETUKU BOCCTAHOBAEHUA OKCUAOB BUCMYTa
U CBUHLA BOAOPOAOM NMPUMEHUTEABHO K TeXHOAOruU TXKMT

WU. U. UBaHoB, B. M. LLlenemeTbes, P. LLI. AcxaayamH, A. A. CkobeeB

AO «HL P® - ®3M>», r. OBHUHCK
E-mail: iivanov@ippe.ru

KaroueBbie cAoBa: BOAOPOAHAA ouncTka TXXMT, TpI/ITMl;L AATYUK KUCAOPOAA B ra3ax, AaT4UK KUCAOPOAa
B CMAaBe, pereHepauma kepaMmmniyeckoro 4yBCTBUTEAbHOIo AAneMeHTa, OKCUA BUCMYTa, OKCUA CBUHLG,
BOCCTAHOBAEHWE, KUHETUUECKOE YpaBHEHUe, MeTOA addUHHOTO npeo6pasoBaHMﬂ Nno BpEMEHMN,
JHEPrua aktMBauuu.

JUis OnTHMH3AIMKM TIpoIiecca BOIOPOJHOM OYUCTKH HUPKYJISIHOHHBIX KOHTYPOB C
TAKETBIMHA KUIKOMETAUTHYSCKUMU TEIJIOHOCUTEIISIMU OT IUIAKOBBIX OTJIOKEHHUIM Ha OCHOBE
OKCHJIa CBHHIIA, MTPOIeCcca YIAICHUSI BOAOPOAa U TPUTHUS U3 3allIUTHOTO T'a3a MEePBOTO KOHTY-
pa, a TaKxke mporiecca pereHeparyu KepaMuIeCKuX 4yBCTBUTEIBHBIX IIEMEHTOB TBEPI0IJICK-
TPOJIMTHBIX JAaTYMKOB KUCJIOPOZAA B Ta3ax M TDKEIBIX KUIKOMETAIUIMYECKUX TETUIOHOCHTE-
JIIX, HEOOXOMUMBI JaHHBIE TI0 KWHETHKE BOJOPOIHOTO BOCCTAHOBICHHS OKCHJIIOB CBHHIIA H
BHCMYTa (3aBUCHMOCTh CKOPOCTH BOCCT2HOBJICHHSI OT BPEMEHH, TEMIIEpaTypbl U KOHIICHTpA-
Y BOJIOPO/Ia). DTH JaHHBIC OBLIN TOJYYCHEI B PsIie MPEAMISCTBYIOMUX pador [1-6], omHako
y aBTOPOB HET €IMHOTO MHCHHMS TI0 MMOBOJY BEJIMYUH DPHEPTMM aKTHBAIIMKU PEaKIUi U BHIA
KHHETHYECKHX YpaBHEHMI. B HacTosmei paboTe 3TH AaHHBIE OBLTH MOTYYEHBI C MPHUMEHEHH-
€M JKCIIEPUMEHTAIFHON YCTAaHOBKH, MPEJICTABISIONIEH cO00i 000rpeBaeMy0 peaKkIMOHHYHO
€MKOCTb, POJyBaEMYIO0 CMECSIMU BOAOPO/IA U TelIUsl ¥ COAepKallyto oOpasell HCClieayeMoro
okcuaa Metamia. OmnpeseieHue CKOPOCTH PEaKIUK BOCCTAHOBIICHUS OCYIIECTBIILIH ITYTEM
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HENPEPHIBHOTO U3MEPEHHS KOHLEHTPALUU BOASHOIO mapa (MPOAyKTa peaklui BOCCTaHOBIIE-
HUS) B TIpOLIEIIIEM Yepe3 PeakIMOHHYI0 EMKOCTD ra3e ¢ MOMOIIbI0 XpoMaTorpada (¢ JeTek-
TOPOM MO TEIJIONPOBOAHOCTH). OnpeneneHne 3aBUCHMOCTH CKOPOCTH PEAKIMHM OT TEMIIEpa-
TYpBl U KOHLIEHTPAaLMU BOJOPOJA OCYLIECTBIISIN MeToAoM ad(dUHHOrO Mpeodpa3oBaHUs 110
BpPEMEHH, M3JI0KEHHOTO B [7]. Bce 3aBUCHMOCTH CKOPOCTH PEaKIK OT BPEMEHH C XOPOIIeH
TOYHOCTBIO COBMeIIAoTca Npu adhGUHHOM MpeoOpa3oBaHUU MO BPEMEHH, YTO TO3BOJISET
MpeanogaraT WAEHTUYHOCTh MEXAaHM3MOB pEaKIHUil BO BCEM HCCIEAOBAHHOM HHTEpBale
temrrepatyp (400-525 °C) u xounenTpanuii Bogopoaa (25-100 06.%).

O0001mEHHOE KNHETUYECKOE YpaBHEHHUE ISl PEaKLUN BOCCTAHOBJICHHUS! OKCHIOB CBHHIIA
1 BUCMYTa UMEET BUA:

oc(z,‘,T,cH2 ) =100-[1—exp{—a’-cH2 ‘exp(_RETaj-tD,

I/Ie 0. — CTETIEHb BOCCTAHOBIJIEHUS, paBHAsl BHIPAXEHHOMY B IPOIIEHTaX MOJILHOMY OTHOIIIE-
HMIO KOJIMUECTBA IPOPEArupoBaBIIEro OKcujaa K oOIieMy KOJIMYECTBY B3ATOrO OKCUna; d —
KOHCTaHTa AJIsl JaHHOTO o0Opasiia OKcHJa, 3aBUCSIIAs OT (OpMBI KPHCTAIIOB, YACIBHOMW MO-
BEPXHOCTU M J€()EKTHOCTU CTPYKTYPBI; Ch, — KOHLIEHTpauus Boaopoaa, 00.%, Eo — sHeprus

aKTHBAaLMH peakuuu, paBHas 92,8 k/x/Monb ans okcuaa BucMmyTa u 97,2 k/Ix/Moib Ans OK-
cuja CBUHIA, R — yHUBEpCaJIbHAas Ta30Basi MMOCTOSHHAS, paBHas 8,31 I[)K-MOJII)71~K7], T — TeMm-
nepaTypa, ¢ — BpeMsi BOCCTaHOBJIEHU. VcX0oas U3 MOMy4eHHbIX JaHHBIX, MOXKHO CIIEJIaTh BBI-
BOJI, YTO CKOPOCTh PEAKIIMHA BOCCTAHOBJICHHUSA OKCHJOB CBHHIIA U BICMYTa CHJIBHO 3aBHUCHT OT
TEMIIepaTyphl, MPOLECC BOCCTAHOBICHHS LIEIeCO00Pa3HO BECTH MPHU MaKCHMAIBHO JOMYCTH-
MO C TEXHOJIOTMYECKOI TOUKH 3peHus Temmneparype. CKOpoCcTh peakiiy JIMHEIHHO BO3pacTa-
€T C YBEIMUYEHHEM KOHIIEHTPAlU{ BOJOPO/IA, TO3TOMY Ul TPOBEACHNUS BOCCTAHOBIIECHHUS Iie-
J1eco00pa3HO MPUMEHSTH YUCTHIH BOJOPO/.
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6.8 Impact of Reference Electrode Design on the Metrological
Characteristics of Solid Electrolyte Oxygen Sensor

Shelemet'ev V. M., Ivanov I. |., Askhadullin R. Sh., Kuzin P. V.

JSC “SSC RF - IPPE”, Obninsk, Russia
E-mail: iivanov@ippe.ru

Keywords: oxygen sensors in gas, oxygen activity sensors in liquid metal, reference electrode,
electrical lead, EMF instability, molybdenum, tungsten, oxide layer, bismuth, lead, lead oxide,
bismuth oxide.

Specialists of SSC RF — IPPE — the Institute having more than half a century of ex-
perience in heavy coolant technology — have developed means of heavy coolant parameter
control, particularly devices to control oxygen in heavy liquid metal coolants and gas media —
oxygen sensors based on solid electrolyte ZrO,-Y,0;[1].

The concept of the sensor is based on selective oxygen-ion permeability of solid electro-
lyte ceramics. The sensor features a galvanic concentration cell (Fig. 1) consisting of the fol-
lowing components: reference electrode (4) / ceramic sensor element (1) / measuring electrode
(3). Total sensor potential is determined by the process of oxygen transport from the electrode
where its chemical potential is bigger to the electrode where the potential is smaller. The
measuring electrode features a porous platinum coating applied to the surface of the ceramic
sensor element (in case of a gas sensor) or liquid metal contacting with the outer surface of the
ceramic sensor element. Liquid metal which is in equilibrium with its oxide is used as a refer-
ence electrode, in most cases it is the pair Bi-Bi,O;. In order to measure the sensor EMF, an
electrical lead is immersed into the liquid metal of the reference electrode.

Measuring electrode potential depends on oxygen temperature and partial pressure or on
oxygen activity (in case of oxygen sensors in liquid metal). Reference electrode potential de-
pends on the temperature. By measuring the temperature and EMF of the element, it is possi-
ble to determine the partial pressure (activity) of the oxygen in the studied medium. Theoreti-
cally, at constant oxygen partial pressure (activity) and constant temperature the sensor signal
should be constant as well. However, experience has shown that the signal of oxygen activity
sensors in liquid metal [2] and gas changes with time at constant external conditions (signal
drift). Also, some rapid changes (surges) of sensor signal were observed at constant external
medium oxygen concentration.

After working with literature data and performing experimental research, the authors
came to the conclusion about a decisive impact of the sensor electrical lead material on the
aforementioned effects.

Y,

~17

1 — ceramic sensing element; 2 — reference electrode; 3 — sealing cap; 4 — electrical lead,
5 — sealing compound sitall (crystalline glass-ceramic); 6 — sealing plug; 7 — measuring electrode

Fig. 1 — Test tube oxygen sensor design

117



Ceccusa 6

Historically, molybdenum was used universally as a material for the electrical lead of
solid electrolyte sensor with liquid metal reference electrode, as it is practically insoluble in
liquid bismuth [3]. However, in case of contact with bismuth saturated with oxygen, an oxide
layer is formed on the molybdenum surface, which has mixed electro-ionic conductivity. As a
result, there appears a EMF source on the surface of the molybdenum electrical lead, which
contributes to the overall sensor signal and leads to the effects described above.

Those effects also become apparent when using tungsten electrical lead, as well as in
case of using Pb-PbO system as reference electrode. The effects disappear if using In-In,O; or
Bi-Fe-Fe;04 as a reference electrode, as molybdenum does not oxidize in these conditions.
Another way to solve this problem is to use oxide-based electrical lead: PbO in case of the Pb-
PbO system and Bi,O; in case of the Bi-Bi,O; system. Figure 2 demonstrates the results of
joint testing of solid electrolyte oxygen sensors in gas with molybdenum and Bi,0; electrical
leads for the system Bi-Bi,0; as a reference electrode.
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Fig. 2 — Time variation of EMF for the solid electrolyte oxygen sensor with electrical lead made
from bismuth oxide (red line) and molybdenum (green line)

When using the oxygen sensors in gas with reference electrodes made from Bi/Bi,0;
(electrical lead from Bi,O3) and Pb/PbO (electrical lead from PbO) the following dependen-
cies of Gibbs energy of the bismuth and lead oxide formation on the temperature were ob-
tained (for the temperature range 698—803 K):

AGR; 0, =—584032+426+(296,120,6)- T,
AGyo =—218434+439+(98,8+0,6)-T.

These dependencies correlate very well with the data obtained by foreign and domestic
authors [4-7].
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BAUAAHUE KOHCTPYKTMBHOIO UCNMOAHEHUA 3NEKTPOAA CPaBHEHUA
Ha METPOAOTMUECKUE XapaKTePUCTUKU TBEPAOINEKTPOAUTHOTO
AaTuMKa KMCAOPOAA

B. M. WenemeTbes, U. U. UBaHoB, P. L. AcxaaynuH, M. B. Ky3uH
AO «HL P® - ®3U», O6HMHCK

KAroueBble CAOBa: AGTUMKM KMUCAOPOAA B rasax, AaTUMKU aKTMBHOCTM KUCAOPOAA B XMAKMX METAAAAX,
3AEKTPOA CPaBHEHUS, NOTEHLMAAOCHEMHbIN BbIBOA, HECTaBUAbHOCTL DAC, MOAUOAEH, BOAbOPAM,
OKCHAHBI CAOI, BUCMYT, CBUHELL, OKCUA CBUHLIA, OKCHA BUCMYTA.

O6xnanast 6osee YeM MOTyBEKOBBIM OIBITOM B OOJACTH TEXHOJIOTHH TSDKEINBIX TETLIO-
Hocuteneit, cnenuanuctel [HL[ PO — ®BOU paspaboTanu cpeacTBa KOHTPOJIS HMapameTpoB
TSKEJIOTO TETUIOHOCUTENS], B YACTHOCTH yCTPOMCTBA KOHTPOJIA KHCIOPOJA B TXKEIBIX KHUJ-
KOMETAJUTMYECKUX TEIUIOHOCHUTENAX W Ta30BBIX CpeAax — JaTYMKW KHCIOpPOJa Ha OCHOBE
TBEPOTO MekTponuta ZrO,-Y,05[1].

[IpuHnun gedcTBUS AaTYMKa OCHOBAaH HAa M30MpATENbHONW KUCIOPOI-MOHHOW HMPOBOAM-
MOCTH TBEPAOIJICKTPOIUTHON KePaMHUKHU. [[aTarK mpeacTaBisieT co00H TrabBaHMUSCKUA KOH-
LEHTPALMOHHBIA 3JIeMEHT (pHc. 1), COCTOSIMIA W3 CIEeAYIOUIMX KOMIIOHEHTOB: 3JEKTPO
CpaBHEHHUS / KEpaMHUYECKHH YyBCTBUTEJIbHBIN 3J€MEHT / U3MEPUTENbHBIN 31eKTpo. Bennuu-
Ha D/IC matumka ompeneinseTcs IpOoLEeccoOM MEPeHoca KUCIOpoia OT 3IEKTPOJa, I ero Xu-
MUYECKUI MOTEHIMAN OOJbINe, K dIEKTPOJY, TJe ero MoTeHIHan MeHbie. V3MepurensHbIi
ANEKTPOA MpPEACTaBIsIeT COOON MOPUCTOE IIIATHHOBOE MOKPHITHE, HAHECEHHOE Ha IMOBEpX-
HOCTbh KEPaMHUYECKOI'0 UyBCTBUTEILHOI'O 3JIEMEHTa (B CIydae Ia30BOr0 AATYMKA) MIIH KHIKUH
METalljl, KOHTAKTHPYIOIIMH C BHENIHEH MOBEPXHOCTHIO KEPaMHUYECKOTO YYBCTBHUTEIHHOTO
3JIEMEHTa, B KaueCTBE AJIEKTPOJa CPABHEHUS HCIOJB3YeTCs KUIKUN MeTalll, HaXoIALIuiics B
KOHTaKTE€ CO CBOMM OKCHJIOM, B OOJIBIIMHCTBE citydaeB 3T0 mapa Bi-Bi,Os. I usmepenus
OJIC natumka, B )XKUAKUHA METalI 3JIEKTPOAa CPAaBHEHHUS IIOIPYKAETCs MOTEHIIMATIOChEMHHUK.

\/

T

1 — xepaMHUECKHI YyBCTBUTEIBHBIH 3€MEHT; 2 — KOPIIYC; 3 — 3JIEKTPOJ CPAaBHEHHUS;
4 — MOTEeHIMATIOCHEMHBIA BBIBOJI; 5 — FepMETHU3UPYIOIIEe COCTMHEHNE (CUTAILT);
6 — repMeTH3upyoIas NpooKa; 7 — N3MEPUTEIBHBII AIEKTPO]

Puc. 1. Cxema npobupouro2o oamuyuxa Kuciopood
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[loTeHnman M3MEPUTENHHOTO AJIEKTPOJA 3aBUCHUT OT TEMIEPATyphl W MapIHAIBEHOTO
JIABJICHUSI KMCJIOPO/Ia WIIM aKTHBHOCTH KUCJIOpOAa (B Cliyyae JaTYMKOB aKTUBHOCTU KHUCJIOPO-
Jla B )KAJKUX METaJUIax ), TOTEHIIMAJ AJIEKTPOJIa CPAaBHEHHSI 3aBUCUT OT TeMIepaTypsl. U3me-
psas temneparypy U O/IC siemeHTa, MOXKHO OIPENENHTh MaplalibHOE NaBieHHE (aKTHB-
HOCTB) KHCIIOpOJIa B HCCIIEIyeMOH cpene. TeopeTHUeCKH MPHU MOCTOSHHOM MapIlydaibHOM
JIaBJICHUN (AaKTUBHOCTH) KHUCJIOPOAA M TOCTOSHHOW TEMIEpaType CUTHAJ JaT4MKa TaKXKe
JIOJDKEH OBITH MOCTOSTHHBIM. OIHAKO HA MPAKTHKE BBISBIECHO, YTO CUTHAJ JaTYNKOB aKTHBHO-
CTH KHCJIOPOJa B KUAKUX METa/uIax [2] U ra30BbIX JaTYMKOB W3MEHSETCS CO BPEMEHEM IMPHU
HEU3MEHHBIX BHEIIHUX YCIOBUAX (Ipeli curHaia), Takke CO BpEMEHEM UMEET MECTO pe3Kast
cMeHa (CKavKH) BEIMYMHBI CHTHAJIA TATYMKA TIPU HEM3MEHHON KOHIEHTpAIMH KHUCIOPOa BO
BHEILHEH cpere.

B pesynbrare paboT ¢ IUTEpaTypPHBIMH JaHHBIMU U B XOJIE SKCHEPUMEHTAJILHBIX HCCIIC-
JIOBaHWUW aBTOPHI JAOKJIA/Ia MPUIILIA K BEIBOJY O PEIIAIOINIEM BIIMSHUU MaTepHalia IMOTeHIIHA-
JIOCHEMHOTO BBIBOZA DJIEKTPO/Ia CPAaBHEHUS TATIMKA HA BBIIIETIEPEUNCICHHBIE d(h(DEKTHI.

Hcropudeckn CI0KHIOCh, YTO B KavyeCTBE MaTepuaya MOTCHIHAIOChEMHOTO BBIBOZA
TBEPJIO3JICKTPOJIMTHOTO JIATUYMKA C KHUIKOMETAUTMYSCKUM 3JICKTPOJOM CPABHEHUS MOBCEME-
CTHO HCIIONB3YETCSI MOTHOJIEH, IIOCKOJIEKY OH MPAaKTUYECKH HE PACTBOPUM B JKUIKOM BUCMY-
te [3]. OmHaKo MpW KOHTAKTe C HACHIIIEHHBIM IO KHCIOPOJIY BHCMYTOM, Ha IOBEPXHOCTH
MoJInO/ieHa 00pa3yeTcs OKCHJIHBIA CJIOW, OO0JIaJaroIIuii CMENIAHHOM 3JIEKTPOHHO-UOHHOMN
MIPOBOJAMMOCTHIO. B pe3ynbTare Ha MOBEPXHOCTH MOJIMOICHOBOTO TOTEHIIMATIOCEEMHOTO BBI-
Boza mosBisiercs uctouHuk JJIC, BHOCSIINI BKIIaa B OOMIMKA CHUTHAJ JaTYMKA M BBI3BIBAIO-
U TOSIBJIICHUE BBILICTICPEUYUCICHHBIX 3P (PEKTOB.

O} dexThl MPOABISIOTCS TAKXKE IMPU UCTIOIH30BAHUU BOJIB(PPAMOBOI0 MOTCHIIMAIOCHEM-
HOTO BBIBOJIA, a4 TAK)K€ MPH HCIIOJIIE30BAHUU B Ka4eCTBE AJIEKTPOJa CPaBHEHHUS CUCTEMBI Pb-
PbO. DddexThl ncue3ar0T NP KCIOJIB30BAHUU B Ka4€CTBE 3JICKTPOAA CPABHEHHUS CHUCTEMBI
In-Iny,O5 nnu Bi-Fe-Fe;0,, mockoabKy MOJIMOACH HE OKUCISICTCS B JJAHHBIX yCIoBHSX. [[pyroi
BapHaHT yCTPaHEHUS MPOOJIEMbI — HCIOJIE30BaHME OKCHUHOTO MOTEHIMaocheMuuka: PbO B
cyqae cuctemsl Pb-PbO, Bi,O; B cimyuae cucremsr Bi-Bi,O;. Pe3ynbraTsl coBMECTHBIX HC-
MBITAHUHN TBEPIOIICKTPOIUTHBIX JTATYMKOB KHCIOPOJIA B ra3e ¢ MOJIUOICHOBBIM TOTEHIIMAJIO-
ChEMHHUKOM W TIOTEHIHAIOCheMHUKOM u3 Bi,O; mpu ucnons3oBanuu cucreMbl Bi-Bi,O; B
Ka4deCTBe JIEKTPO/ia CpaBHEHUS MPEACTABIICHBI HA PHC. 2.

C npuMeHEeHHEM JaTYMKOB KHUCIIOPO/a B Ta3ax ¢ 3JiekTpojgamu cpaBHeHus Bi/BiyOs (1mo-
TeHnuanockEMHUK 13 Bi,O3) u Pb/PbO (morennmanocsémuuk u3 PbO) Obiin momydeHs! cie-
JIYIOIIME 3aBUCUMOCTH BeluuuH 3Heprun ['mb0ca oOpa3oBaHUs OKCHIIOB BUCMYTa W CBHHIA
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Puc. 2. 3asucumocmo 3C om epemenu meepooINeKmpoIumHo20 Oam4uKa KUciopood
C HOMEHYUATIOCLEMHUKOM U3 OKCUOA BUCMYMA (KPACHAS TUHUSL) U MOAUOOeHa (3eNéHas TUHUsL)
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OT TeMImepaTypsl (U1t nHTepBana Temmneparypsl 698—803 K):
AGgi203 =—584032+426+(296,1£0,6)- T,

AGl())bo = —218434i439+(98,8i0,6)-T.

ITorydeHHBIE 3aBUCIMOCTH C BBICOKOH TOYHOCTHIO KOPPETUPYIOT C JAHHBIMHU IMOJTydeH-
HBIMU 3apyOEeKHBIMU U OTEUYECTBEHHBIMHU aBTOpamu [4—7].
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6.9 Equilibrium Potentials of Lead (Il) Oxide in
an KCI-PbCI2 Equimolar Mixture

Pershin P. S.*, Batukhtin V. P., Arkhipov P. A., Zaikov Yu. P.

Institute of High-temperature Electrochemistry, Ural Branch of Russian Academy of Sciences.
22, S. Kovalevskoy st. / 20, Akademicheskaya st., Yekaterinburg, 620990, Russia
* E-mail: paffkal9@yandex.ru

Keywords: lead, lead oxide, potentials, melt.

In recent years lead has been of interest as a coolant for fast reactors. For the devel-
opment of technologies for the electrolytic refining of crude lead in an equimolar mixture of
lead and potassium chlorides [1, 2], knowledge of the behavior of lead oxide in this system is
necessary.

In the present paper the equilibrium potentials of the system:
(Pt) Oz ] ZrOr-Y,05 | (1x)-KCI-PbCl; + x-PbO | Pb (GC) , 1)
where x = (0,4-7,3) % mole of PbO, are measured in the temperature range of 738—863 K.
Fig. 1 represents the dependence of EMFof the system (1) on the PbO concentration
logarithm.
From the values of the straight lines slope tangent € = In (Nppo), the number of electrons
was calculated according to equation:

RT
z=—InNp, 2
7o Vb0 (2

where, R=8,31 J/(mole-K); F=96500 C/mole. For the temperatures of 738, 773 and 863 K the
number of electrons equals 1,99; 1,96 and 2,07 respectively. These values are near to 2.
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Fig. 1. Dependence of EMFof the system (1) on the PbO concentration logarithm

The EMF of the studied system equals to:
12
RT, Po, "“pp2+
e=FE _—-F =E° , —E +——2— 3
0,/0? Poa b = B o2 T ERby e N an 3)
Since the concentration of lead ions in this system in comparison with the concentration
of oxide ions is sufficiently high, its activity can be taken equal to unity. The activity of metal-
lic lead is also equal to unity. Oxygen pressure p(O,) = 1 atm. Taking these conditions into
account, we obtained the following expression for EMF:

RT
SZEO 2__E0 2+ ——h’la 2 -
0,/0 Pb2*/Pb  LF O

“4)

The value of the difference of standard potentials is denoted by E*p,o - standard condi-
tional potential of the lead electrode relative to the oxygen reference electrode. If the oxygen
ions coefficient of activity is assumed to be constant, then the EMF value is determined only
by the concentration of oxygen ions introduced in the form of PbO:

* RT
€= Epyo _;lnNPbO' (6))

Using the Nernst equation, we can estimate the value of the conventional standard po-
tential E*p,o. Using the equation of the equilibrium potentials isotherms, we find the depend-
ence of the conditional standard potential on temperature [6]:

E*ppo=1,242-4,8-10*T +£0,0014 V (6)

The value of the conditional standard potential is an immediate measure of the change in
Gibbs energy during the formation of lead (II) oxide in a molten mixture of potassium chlo-

ride and lead:
AG*ppo=-2FE*=-239,61+0,093T £+27 kJ/mole 7

It follows from this equation that the change in the enthalpy of PbO formation in the
form of a dilute solution is AH*=-239,61 kJ/mole, and entropy is AS*= - 0,093 kJ/(mole-K).

The standard heat of formation of solid lead (II) oxide is -219.5 kJ / mole [7]. Hence, the
heat of dissolution of PbO in the molten electrolyte is -20,11 kJ/mole. In turn, the heat of dis-
solution of PbO is composed of the heat of fusion of PbO and the heat of mixing of the liquid
lead (II) oxide with the KCI-PbCl, eutectic mixture. The heat of fusion is 26,78 kJ/mole [7],
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therefore, the enthalpy of mixing of lead (II) liquid oxide in the KCI-PbCl, eutectic is —
46,89 kJ/mole. Hence, the dissolution of PbO in the eutectic melt of lead and potassium chlo-
rides proceeds with the absorption of heat.
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PaBHoOBecCHble NoTeHuuaAbl okcuaa ceBuHua (1)
B 3KBUMOAbHOM pacnaaBe KCI-PbCl2

N. C. NepwuH*, B. M. BatyxtuH, M. A. Apxunos, 0. 1. 3aiikoB

UHCTUTYT BbICOKOTEMMEPATYPHOM INEKTPOXUMMM, YparbCKoe oTaereHne PAH
620990, Poccus, r. EkatepuHbypr, yr. Copbu KoBaneBcko#, 22 / Akasemunyeckas, 20
* E-mail: paffkal9@yandex.ru

KaroueBbie CAOBa: CBUHEL, OKCUA CBUHLA, MOTEHUMAADI, pacnaasB.

B mocnenHne rombl CBHUHEI[ MPEACTaBIsIeT UHTEPEC B KaYECTBE TETUIOHOCUTEINS IS
OBICTPBIX peakTopoB. s pa3pabOTKH TEXHOJOTHUU 3JICKTPOJIUTUYCCKOTO padUHUPOBAHUS
YEPHOBOI'O CBHHIIA B JKBUMOJIFHOW CMECH XJIOPUJIOB CBUHIA M Kanud [1,2] HeoOXoauMo 3Ha-
HUE O TIOBEJIEHIH OKCH/Ia CBUHIIA B 3TOW CHCTEME.

B nacrosmeit pabote B maTepBaie Temiepatyp 738—863 K n3mepeHbl paBHOBECHBIE T10-
TEHIIUAJBI CUCTEMBI:

(Pt) O | Zr0,-Y,0;| (1-x)-KCI-PbCl, + x-PbO | Pb (CY) D

rae x=(0,4—7,3)% mom. PbO.

Ha puc. 1 mpencrasiena 3aBucumocts 3JC anemeHTa oT JiorapupmMa KOHLEHTpaLUU
OKCHJIa CBUHIIA.

ITo 3HaueHHIO TaHTeHCa yria HakjIoHA MPsAMBIX 3aBUcUMOCTU E — In(Npyo) onpenenuiu
KOJIMYECTBO IJICKTPOHOB:

z=—1In N, 2
e PbO ()

rae, R=8,31 Jlx/(monb-K); F=96500 Kn/mons. Ina temneparyp 738, 773 u 863K umcio
3J1eKTPOHOB paBHO 1,99; 1,96 u 2,07 COOTBETCTBEHHO, YTO OJIM3KO K 2.
OJIC uccnenyemoit ssueiiku paBHa:
12
0 RT . Po, "%py2+

0
e=E 5 —Epyypp =E_ 2 —Epy, jpp+—In 3)
2+ 2

0,/0 0,/0 v F o apy

123



Ceccusa 6

E,B 1

0,95

;,9 \ — .
0,85 \ \

0.8

0: 75 T T T T T T T T
-7 -6.5 -6 -5,5 -5 -4,5 -4 -3,5 -3 -2,5 -2

——738 =i 773 —=863
y =-0,0327x+0,7833 y=-0,0344x+0,7519 y=-0,0361x+0.7089

Puc. 1. 3asucumocmo 3/]C cucmemur om nocapugma konyenmpayuu PbO

ITockonbKy B JaHHOH cHCTEMe KOHIICHTpANWs HOHOB CBHHIA IO CPAaBHEHHIO C KOHIICH-
Tpauneﬁ OKCHJIHBIX MOHOB JOCTAaTOYHO BCJIMKA, TO UX aKTUBHOCTH MOXXHO IPHUHATH paBHOﬁ
€IMHHIIE, aKTUBHOCTh METAINIMYECKOTO CBUHLIA TaK K€ paBHa equHuULe. JlaBieHne Kucaopoaa
p(O2)=1 atm. YuuTteIBas faHHBIE YCIIOBHS, IOMYUYWIN ClIeyromee BeipakeHue st D/C:

e=E’ , —E°,. EEC I .. (4)
0,/0 Pb*/Pb F O
BenuunHy pa3HOCTH CTaHIAPTHBIX MOTCHIIMAIOB 0003HaYUM Kak E*p,o — CTaHIapTHBIM
YCJIOBHBI MOTEHUHUAT CBHUHIIOBOIO 3JIEKTPOJA OTHOCUTEIBHO KHUCJIOPOIHOTO 3JIEKTPOAa
cpaBHeHus. Ecmu mpuHATE KOA((UIIMEHT aKTHBHOCTH MOHOB KHCJIOPOJa TMOCTOSTHHBIM, TO
3HadeHne DJ]C ompenensercs TOJBKO KOHIICHTpAITMEH MOHOB KHCIOPOa, BBOJUMEIX B BHJIC
PbO:

* RT
€= Epyo — ;m Nppo - 6]

Ilo YpaBHCHUIO HepHCTa MOXXHO OHCHUTH BCIMYUHY YCJIOBHOI'O CTAHAAPTHOI'O IMOTCH-

nuana E*ppo. Mcnonb3yst ypaBHEHHS H30TEPM PaBHOBECHBIX MOTEHIMAIOB, HAXOJUM 3aBUCH-
MOCTP YCIIOBHOTO CTaHJAPTHOTO MTOTEHITANIA OT TeMIIepaTypsl [6]:

E*ppo=1,242 — 4,8:10*T +0,0014B (6)
3HaueHHe yCJIOBHOTO CTAHIAPTHOTO MOTEHIMANA SBJISETCS HEMOCPEICTBEHHOM Mepoii

n3MeHeHus sHeprun ' mb0ca mpu obdpazoBanuu okcuaa ceunua (I11) B pacmiiaBneHHOM coneBoi
CMECH XJIOPUAOB KaJlus U CBUHLA!

AG*ppo= —2FE*=-239,61+0,093T + 27 x/[x/mMonb (7)
W3 storo ypaBHeHus cieayer, 4TO M3MEHEHHE PHTanbnuu oOpasoBanus PbO B Buze
pa3baBieHHOrO0  pactBopa  cocraBiusier — AH*=-239.,61 k/[x/Monb, a  JHTpONUHU

AS*=-0,093 xJIx/(MonbK).

CrangaptHast Teruiota oOpasoBaHust TBepaoro okcuna ceuana (II) cocrapmsier
-219,5 xIx/mons [7]. OTcrona MOXHO OIPEAETUTH TEIUIOTy pacTBopenus PbO B pacriasieH-
HOM dJekTponute, kotopas paBHa -20,11x/x/mMonbs. B cBoro ouepens TemnoTa pacTBOPEHUS
PbO cknaapiBaeTcst n3 TemwIoTH miaBieHus PbO 1 TEIoThl cMEmeHus JKUAKOTO OKCHIA CBUH-
na c aBrektnaeckoit cMechto KCI-PbCl,. Tenmora ruaBienus cocrasinsier 26,78 x/x/monb [7],
CIIeTOBAaTeIbHO, SHTANBINS cMelreHus xuakoro okcuma ceuama (II) B sBrektnke KCI-PbCl,
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coctaBuT -46,89 k/[x/Monb. 3HaunT, pactBopeHre PbO B 3BTEKTHUECKOM pacIiaBe XJIOPHIOB
CBHHIA U KaJIMs MPOTEKAET C MOTJIOMIEHHEM Teria.
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7.1 Experimental Study of Thermal Hydraulic of Helically Coiled
Steam Generating Channel Heated by Lead Coolant for
Longitudinal and Transverse Flow

Grabezhnaya V. A., Mikheyev A. S.

JSC “SSC RF - IPPE», Obninsk, Russia
E-mail: gva@ippe.ru

Keywords: helical coiled channel, bundle of heat transfer tubes, steam generator model,
hydrodynamic stability, longitudinal flow, transverse flow, heavy coolant, lead, water, steam.

In the late 90-ies of the last century NIKIET proposed a reactor facility (RF) BREST-
OD-300 project with a lead coolant in the primary circuit and a steam generator (SG), which
is a bundle of helical coiled tubes heated by a heavy coolant. To carry out tests in support of
full-scale SG in the OKB “Gidropress”, a SG model was developed, but with a longitudinal
flow of coolants, consisting of two identical three-tube sections (modules), despite the fact
that actual PG design movement of the heating coolant down. The modern SG project differs
from the original angle of the on-clone steam generating tubes, as well as the pressure in the
water circuit, where they switched from supercritical pressure to a pressure of 18 MPa. Com-
pleted tests, even with the new parameters, showed that the output parameters for the steam
laid in the SG project in the nominal mode are provided [1].

Despite the fact that the test results of the model steam generator gave extensive in-
formation about the nature of heat transfer in different areas of the steam generating channel
[2], but an insufficient number of heat transfer tubes in the module (three) does not allow to
conclude that the guarantee of a full SG RF BREST hydrodynamic stability in all possible
range of operational parameters. On the other hand, in a real design of SG the movement of
the heating coolant is lowered with flow around the bundle of tubes, which is close to trans-
verse flow. Geometrical characteristics of the coiled steam generator of a version of 2000 that
are different from those use in the project of a steam generator of the present RF (other sizes
heat transfer tubes, the other axial and radial steps of these tubes, and the other tubes tilt angle
to the horizon). Therefore, the insufficient validity of the transfer of the results obtained on the
three-tube model to the full-scale steam generator served as the basis for testing on the multi-
tube, full-height fragment patterns of one row of the tube bundle of the module of the standard
steam generator [3].

The report compares the results of tests obtained on both models of SG. Tests have
shown the absence of thermal-hydraulic instability, both in the case of longitudinal and trans-
verse liquid metal coolant flow. With other equal parameters, the steam temperature at the
outlet of the steam-generating tube in the case of a transverse flow of the coolant was higher
than for the longitudinal flow of the coolant.

The experimental data obtained in testing the models in question, first of all, necessary
to verify the codes enabling the right to expect different modes of operation of the steam gen-
erator RF BREST-OD-300. On the other hand, the accumulated experimental material is a
source of new data on heat transfer in helical coiled channels at high water pressures.

References

1. Grabezhnaya V.A., Kryukov A.E., Mikheyev A.S., Stein Yu.Yu. Some Research Results on the
Model of Helical Coiled Steam Generator Heated by Liquid Lead. Proc. 4th Conf. “Heavy Liquid-
Metal Coolants in Nuclear Technologies” (HLMC-2013). September 23-27, 2013, Obninsk. —
Obninsk: SSC RF-IPPE Publ., 2014, vol. 1, pp. 139-152.

126



Session 7

2. Grabezhnaya V.A., Parfenov A.S., Mikheyev A.S. On Convective Heat Transfer in Helical Coiled
Tubes Heated by Liquid Metal. Problems of Atomic Science and Technology. Series: Nuclear-
Reactor Constants, 2016, issue 5, pp. 5—15. (In Russian).

3. Grabezhnaya V.A., Mikheyev A.S. Thermal-Hydraulic Tests of a Multi-Tube Model of a Steam
Generator in the Mode of Partial Parameters. Problems of Atomic Science and Technology. Series:
Nuclear-Reactor Constants, 2017, issue 3, pp. 177—186. (In Russian).

JKcnepuMeHTaAbHOEe UCCAeAOBaHUE TENAOrMAPaBAMKU BUTOrO
naporeHepupyloLero KaHaaa, 06orpeeaeMoro CBUHLOBbIM
TENAOHOCUTEAEM, NMPU NPOAOABHOM U NOMEPEYHOM TEUYEHUH

B. A. [pabexHasn, A. C. MuxeeB

FHU P® - ®3U, r. O6HUHCK
E-mail: gva@ippe.ru

KaroueBbie croBa: BUTOM KaHan, NyvoK TENAOOOMEHHbIX TPy6, MOAEAb NaporeHepaTopa,
rMAPOAMHAMUYECKasi yCTOMUMBOCTb, MPOAOAbHOE TEUEHWE, NMOMNEPEUHOE TEUEHUE, TAXEABIN
TENAOHOCUTEAL, CBUHEL,, BOAA, Nap.

B xonme 90-x romos mporuioro Beka HUKWUIT npennoxxun nmpoext PY BPECT-O/I-
300 co CBMHIIOBBIM TEIUIOHOCHTENEM B IEpBOM KOHType U maporeHepaTopom (III'), mpen-
CTaBJISIIOIIEM CO0OH MydYOK BHUTHIX TPYO OyXTOBOH KOMIIOHOBKH, OOOTpEBAEMBIN TSKEIBIM
teruioHocuTeneM. [l mpoBeneHus wucnbiTaHWE B oOocHoBanme HatypHoro IIIT B OKb
«TMAPOITPECC» 6blna pazpaborana mozaens [, HO ¢ mpoJOIBHEIM TE€YEHHUEM TETIOHOCH-
TeNel, cocTosAmas U3 ABYX MACHTHYHBIX TPEXTPYOHBIX CEKUMil (MOIysel), HECMOTps Ha TO,
YTO B peanbHOU KOHCTpyKuuu 11" nBM>KEHHE Tperolero TemioHocutens onyckHoe. CoBpe-
MeHHbIM npoekT 11" oTan4yaercs OT MepBOHAYAIBHOIO YIVIOM HAKJIOHA MAapOre€HEPHPYHOLIUX
TpyO, a TakKe JaBICHUEM B KOHTYPE BOJBI, TJC OT CBEPXKPUTHUYECKOTO JABJICHUS MEPeLuTn
Ha aasneHue 18 MIla. McneiTanus, BEINOJHEHHBIE YK€ NPH HOBBIX MapaMeTpax, MoKa3aly,
YTO BBIXOJHBIE TApaMETPHI MO Mapy, 3ajokeHHbIe B MpoekT [1I', B HOMHHAIBHOM pexXume
obecneunBatorcs [1].

Hecmotps Ha TO, 4TO pe3yibTaThl UCTIBITAHMA MOJENHM MaporeHeparopa Aajid OOLIHNp-
HYI0 HHQOPMAIMIO O XapaKTepe TEIUI00OMEHa B pa3IMYHbIX 30HAX MapOr€HEPUPYIOIIEro Ka-
Hana [2], ofHaKO HEeI0OCTaTOYHOE KOJIMYECTBO TEIUIONepeaaromux TpyO B Moaye (BCero Tpu)
HE MO3BOJIAET CJIIENaTh BBIBOJ O T'apaHTHUU MOJHON TMApPOJMHAMHUYECKOW ycroWumBoctu [IT°
PY BPECT Bo BceM BO3MOKHOM JIMAaIa30HE dKCIUTyaTalMOHHBIX napaMmeTpoB. C Apyroi cro-
POHBI, B peaJbHON KOHCTPYKIIMH JIBIKEHHE T'PEIOIIEr0 TETNIOHOCUTENS OIyCKHOE ¢ 00TeKa-
HHEM Ty4Ka TpyO, OJMHM3KUM K MONepeyHOMY OOTeKaHWIo. ['eoMeTpryeckre XapaKTepHCTHKH
BUTOrO MaporeHepatopa BapuanTta 2000 roga OTAMYAIOTCS OT TAKOBBIX, 3aKJIaJbIBAEMBIX B
MPOEKT MaporeHeparopa Hacrosme PY (uHbIe pazMepsl Terionepeaaronieii Tpyosl, ApyTrue
[Iard KOPUAOPHOTO pa3MeIlleHHs 3TUX TPyO, APYroi yroi HakjoHa TpyO K ropusoHty). Ilo-
3TOMY HEJOCTAaTOYHAsl apryMEHTHPOBAHHOCTh TMEPEHOCA PE3yIbTAaTOB, MOJYUYEHHBIX Ha TPEX-
TpyOHOW MOZENH, Ha HATypHBIH MaporeHepaTop MOCIYKWIM OCHOBAaHHUEM AJISI NMPOBEACHUS
UCTIBITAHUI Ha MHOTOTPYOHOH, TIOJTHOBBICOTHOM ()parMEHTHOW MOJIENIM OJTHOTO psijia TPyOHO-
o ITy4Ka MOJYJIS MITAaTHOTO mmaporeneparopa [3].

B nokmnane mpuBOAWTCS CpaBHEHHME PE3YJIBTATOB HMCIBITAHWH, NMOJYYEHHBIX Ha 00EHMX
mozersix 1. IIpoBeaeHHbIE NCIIBITAHUS TIOKA3aJdd OTCYTCTBUE TETIOTHIPABINYECKONW HEycC-
TOMYMBOCTHU Kak B CIIyyae MPOAOIBHOI0, TaK U MONEPEYHOTO OMBIBAHUS MapoTreHepUpyroei
TPyOBI JKUAKOMETAIIMUECKUM TEIUIOHOCHTeNeM. [Ipu pounx paBHBIX MapaMeTpax, TeMIiepa-
Typa Iapa Ha BbIXOJ€ apOoreHepupyIoLel TpyObl B cilydae MONEPeyHOro TEUEHUs! TeIJIOHO-
CUTEJS BBILIE, YEM NPH NMPOJOILHOM TEUEHUH TETJIOHOCHTEISL.
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[lomy4yeHHbIe SKCIEPUMEHTANIbHBIC AAHHBIE NIPU UCIBITAHUM PAcCMaTPUBAEMBIX MOJE-
nieii HeoOXOAMMBI TIPEKIe BCero Al Bepu(UKAIMHM KOJOB, MO3BOJSIOIIMX MPAaBHIBHO pac-
CUMTBIBATh pPasziIM4HbIEe PEeXHUMbI padoTel maporeHepatopa PY BPECT-O/I-300. C nmpyroii
CTOPOHBI, HAKOIIJICHHBIN 3KCIIEPUMEHTAIbHBIA MaTepHai SIBJASETCS MCTOUHHUKOM HOBBIX JaH-
HBIX O TETNIOOOMEHE B BUTHIX KaHaJaX MPH BBHICOKHUX JABJICHHUIX BOJIBL.
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7.2 Multi-Physics CFD Modeling for Design and Safety Analysis of
Lead Bismuth Eutectic Cooled Nuclear Reactors

Marino A., Gladinez K., Gonzalez B., Lim J., Rosseel K., Aerts A.
SCK e+ CEN, Mol, Belgium

SCK+CEN, the Belgian Nuclear Research Centre in Mol is developing a lead bismuth
eutectic (LBE) cooled fast research reactor conceived as an accelerator driven system, called
MYRRHA.

In LBE cooled fast reactors the corrosion of fuel cladding and structural materials is a
major challenge. Structural material elements are continuously released and transported along
the coolant. These corrosion product impurities may then react with dissolved oxygen present
in the LBE. Reaction products of corrosion products with dissolved oxygen precipitate as
solid oxides, which may cause blockages in narrow channels such as those of heat exchangers
or fuel assemblies.

Corrosion rates, and therefore the risk of blockages, can be minimized by an accurate
control of the dissolved oxygen concentration in LBE as well as by an optimal design of a fil-
tering and purification system.

To this aim, integrated numerical codes based on Computational Fluid Dynamics (CFD)
and chemical reaction modules are used in the research programme on reactor safety and op-
erability with respect to chemical control of the coolant.

An overview of the main chemical processes affecting reactor operation will be pre-
sented. The impact of coolant chemistry on reactor thermal hydraulics is then studied in detail
with a newly coupled CFD — chemical equilibrium code.

Relevant examples of its application for design and safety studies will be given focusing
on the MYRRHA primary system, but also on key components such as the fuel assembly.

Experimental validation of the numerical simulations will be also presented.
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MyabTudusnueckoe CFD moaenMpoBaHue ANA MPOEKTUPOBAHUA
¥ aHaAu3a 6e30NacHOCTU AAEPHBbIX PpeaKTOpPoB
CO CBUHLLOBO—BUCMYTOBbIM TENAOHOCUTEAEM

A. MapuHo, K. ThapuHes, b. lToHcanec, L3. Aum, K. Poccun, A. AapTtc
SCK+*CEN, Mon, beabrus

SCK<CEN, Ilentp simepHbIX uccinenoBanuii B beasrum, r. Mo, 3aHuMaercs paspa-
0OTKOH OBICTPOTO HCCIENOBATENBCKOTO PEAKTOpa C TEINIOHOCHUTENEM Ha OCHOBE 3BTEKTHKH
ceuHen-BucMyT (LBE), 3amymMmaHHOTO KaK YyCKOpHUTENBHO-YIIpaBisieMasl CHCTEMa, IOy HBIIIe-
ro HazBanue MYRRHA.

B OpicTpBIX peakTopax ¢ TerioHocutesneM Ha ocHoBe LBE kopposust 060104kH TBIIA U
KOHCTPYKITMOHHBIX MaTEpPHAIIOB SIBISAETCS Cepbe3HOl mpobiemoii. [IponcxoauT mocTosSHHBIN
BBIOpPOC (parMEHTOB KOHCTPYKIIMOHHBIX MATEPUAIIOB M MX MEPEHOC MO TEIUIOHOCHTEN0. DTH
MPUMECH TPOLYKTOB KOPPO3HH MOTYT BIIOCIEICTBHM BCTYNAaTh B PEaKLHIO C PACTBOPEHHBIM
KHUCJIOpOJOM, IpucyTcTByomuM B LBE. [IpoyKThl peakuyu Mex1y NpoAyKTaMH KOPPO3UH U
PaCTBOPEHHBIM KHCJIOPOJOM OCAXIAIOTCS B BUAE TBEPIBIX OKCHIOB, YTO MOXXET BBI3BATH
OJIOKUPOBKY Y3KUX KaHAJIOB, TAKMX KaK KaHAJIbl TCIJIOOOMEHHUKOB MJIM TOTUIMBHBIX COOPOK.

CKOpOCTH KOPPO3HH U, CIIEAOBATEIbHO, PUCK OJIOKMPOBOK MOKHO CBECTH K MUHUMYMY
IyTEM TOYHOT'O KOHTPOJII KOHLUEHTPALMKU pacTBOpeHHoro kuciopoaa B LBE, a takxke mytem
ONITUMAJILHOTO MTPOEKTHPOBAHMS CUCTEMBI (PHIBTPALIMU M OUUCTKH.

C 5TOH LeNbI0 B HCCIEA0BATEILCKON MporpaMMe Mo 0e30MacHOCTH U PaboTOCIOCOOHO-
CTH PEaKTOpa B OTHOIIEHWH XMMHYECKOTO KOHTPOJS TEIUIOHOCHTEINS HCIONB3YIOTCS WHTET-
PUpOBaHHBIE YHCIIEHHBIE KOJbI, OCHOBaHHBIC Ha pacueTHoW rujaporazonuHamuke (CFD) un
MOJYJISIX XUMHUYECKOH pEaKIHu.

Byner mpencraBien 0030p OCHOBHBIX XMMHYECKHX IMPOIECCOB, BIUSIONINX Ha paboTy
peakTopa. Bo3zaeiicTBre XUMHUECKOTO COCTaBa TEIUIOHOCHUTENS Ha TETUIOTHAPABINKY PEaKTO-
pa B JampHEWIIeM MoIpoOHO M3ydaeTcsl ¢ TIOMOLIbI0 HEJaBHO pa3paboTaHHOTO CBA3aHHOTO
koga CFD — koga XuMHUYECKOTro paBHOBECHSI.

BynyT npencraBieHbl COOTBETCTBYIOIIHE IPUMEPHI €TI0 TPUMEHEHUS JIJIS FICCIIETOBAHIIA
B 00JIaCTH TIPOCKTUPOBAHUS W 0€301TaCHOCTH, 0c000€ BHUMaHHE OyJET COCPEIOTOUYCHO Ha
cuctemMe mnepBoro kKoHTypa peaktopa MYRRHA u Ha ki0ueBbIX KOMIIOHEHTaX, TaKUX Kak
TEIUTOBBIIENAOmas coopka. Taxoke OyneT mpencTaBIeHO dKCIepUMEHTaIbHOEe 000CHOBaHUE
YUCIIEHHOT'O MOJIEITUPOBAHUSI.
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7.3 Hydrodynamic Properties of Flow Parts in Various Types of
Nuclear Power Unit Header Systems

Del'nov V. N.

JSC "SSC RF - IPPE", Obninsk, Russsia
E-mail: delnov@ippe.ru

Keywords: distributing header systems hydrodynamics, hydrodynamics similarity property, coolant
distribution pattern.

Distributing header systems (DHS) are generic elements of the flow part of nuclear
power units primary equipment and utility systems. They feature complex design and, conse-
quently, complex hydrodynamics of the flow part.

The purpose of this work is to identify the previously unknown peculiarities of the flow
part hydrodynamics in axially symmetric DHS with various arrangement of coolant inlet and
outlet.

The work contains results of experimental and analytical study of the flow part
hydrodynamics of a cylindrical DHS with central coolant inlet and lateral outlet, flat DHS
with central coolant inlet and lateral outlet, cylindrical DHS with lateral coolant inlet and
central outlet, flat DHS with lateral coolant inlet and central outlet (see figure).

It is shown that alongside "super-restricted" and "super-free" DHS with relatively well-
known properties, there is another DHS class with its hydrodynamic peculiarities.

A previously unknown property has been experimentally identified, which lies in the
identity of hydrodynamics of the flow parts in axially symmetric flat and cylindrical DHS
with back turn of coolant in cases of different locations of flow inlet to the header.

This property is based on the presence of jet-eddy coolant flow in the flow parts of
above-mentioned DHS, on the generality of coolant properties typical of this type of flow, on
the identity of the mechanisms of conversion between jet types, and on the impact of outlet
element and header local hydraulic resistance coefficient ratio on the distribution of coolant
flow rate at the header outlet.

This property is induced by the expansion of free and semi-submerged jets and, conse-
quently, decrease of average velocity of the coolant in them due to its slowdown, by conver-
sion of submerged jets into semi-submerged ones and vice versa, by the change of maximum
velocity location in the jet cross-section on turns and further along the path of the coolant, by
movement of some semi-submerged jets along the perforated paths of the outlet elements with
flow rate distribution along the path, which are located outside of the meeting point of the jet
and outlet element, by the coincidence of locations of maximum coolant velocity in the jet
feeding the outlet element and flow rate of the coolant at its outlet, by the direct proportion
between average velocity of the jet feeding the outlet element and maximum flow rate of the
coolant at its outlet, and by the inverse proportion between the maximum flow rate of the

| - TITERAA [
S k \ f ) ]
- — N SN Y

a) b) *¢) d)

Common variants of DHS design: a) and b) — cylindrical and flat-type DHS with central coolant
inlet and lateral outlet; c) and d) — cylindrical and flat-type DHS with lateral coolant inlet and
central outlet
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coolant at the header outlet and the ration between the coefficients of the outlet element and
header local hydraulic resistance.

Experimental and analytical methods were used to identify a previously unknown pat-
tern of coolant distribution at the outlet of cylindrical and flat axially symmetric DHS with
back turn of coolant in the header.

This pattern is of universal nature. Each of the mentioned distributions has at least two
areas. Only one of them features maximum coolant flow rate and average coolant flow rate
value that is higher than the coolant flow rate through the DHS. The coordinates of interface
between the areas, the value and coordinates of the maximum and minimum coolant flow rate
at the header outlet are variable.

This pattern is induced by the following factors: presence of eddy and stagnant areas in
the header; presence of free submerged and semi-submerged jets; conversion of free sub-
merged jets into semi-submerged ones and vice versa taking place at the turn in the header
main part; dependence of the coolant distribution pattern at the header outlet on the header
design, coolant flow mode and the location of its supply to the header inlet, correlation be-
tween local hydraulic resistance of the flow parts in the header and the outlet element; jet in-
gress to the header bottom; jet contraction at the header inlet with restricted flow area; jet de-
flection at the bottom and at its joint with the side wall; enlargement of cross-section and,
consequently, reduction of average velocity along the path of the free submerged jet in the
header main part and semi-submerged jet at the bottom and side wall due to their slowdown;
change of the location of the velocity profile maximum in the semi-submerged jet caused by
its deflection in the header as a result of contact with structural elements; location and area of
the jet and outlet element meeting point; jet landing in the outlet element; coincidence of the
location of maximum coolant flow rate at the header outlet with the location of the maximum
velocity in the jet at the place of its meeting with the outlet element; direct proportion between
the maximum coolant flow rate inside the outlet element channels and average jet velocity at
the location of its meeting with the outlet element; higher coolant flow rates in the outlet ele-
ment channels located at the place of its meeting with the falling jet compared to the coolant
flow rates in the remaining channels of this element; movement of the coolant along the outlet
element with flow rate distribution along the path outside of the location of its meeting with
the jet; direct proportion between the maximum non-uniformity of flow rate distribution at the
header outlet and the ratio of local hydraulic resistances of the outlet element and the header
flow part.
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OcobeHHOCTH TMAPOAUMHAMMUKHU NMPOTOUYHDbIX yacTteu pPa3AUYHbIX TUMOB
KOAAEKTOPHbIX CUCTEeM AAEepPHbIX 9HepreTu4eCKUX yCTaHOBOK
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KnroueBbie croBa: TMAPOAMHAMUWKA Pa3AatoLLMX KOAMEKTOPHbIX CUCTEM, CBOMCTBO nopobus
TMAPOAUHAMUKHN, 3aKOHOMEPHOCTb pacnpepeneHNA TENMAOHOCUTEASA.

Paznaromme xosmnexkropueie cuctemsbl (PKC) sBnsroTcs xapakTepHBIMH 3J€MEHTaMHU
MPOTOYHON YacTH OCHOBHOI'O 00OPYJOBaHHS M BCIIOMOTATEIbHBIX CHCTEM SIEPHBIX JHEpre-
THYECKUX yCTaHOBOK (IDY). Ins HUX XapaKTepHBI CI0XKHASI KOHCTPYKLHUS U, COOTBETCTBEH-
HO, CIIOKHAs THAPOIUHAMUKA IPOTOYHOH YacTH.

Lens paGoThl — BBISBJICHHE HEW3BECTHBIX paHee 0COOEHHOCTEH THAPOIUHAMHUKH TIPO-
To4HbIX yacTeil ocecummeTpuunbix PKC DY ¢ paznuuHbIMU yCIOBUSIMU MOJABOAA U OTBOAA
TEIUIOHOCHUTEIIS.

[IpencraBneHbl pe3yibTaThl 3KCIEPUMEHTAIHHOTO W aHATMTHYECKOTO HCCIETOBAHUS
THIIPOAWHAMUKY TPOTOUHON yacT munuHapudeckoit PKC ¢ nentpanbHbIM MoaBoaOM U 60-
KOBBIM OTBOJIOM TeIutoHOcuTeNs, iockoil PKC ¢ nieHTpanbHBIM OABOJOM M OOKOBBIM OTBO-
oM TerioHocuTens, nnnnHapudeckoir PKC ¢ 60KOBBIM 1OJBOJOM U LEHTPAIbHBIM OTBOAOM
teronocutens, miockod PKC ¢ GOKOBBIM MOABOIOM W LEHTPAILHBIM OTBOJOM TEIUIOHOCH-
Tenst (CM. puc.).

[lokazaHo, 9TO Hapsoy C «cBepX3aTeCHEHHOW» M «cBepxcBoOomHoi» PKC, cBoiicTBa
KOTOPBIX OTHOCHUTEIBHO XOpOIIIO W3YYeHBI, CymecTByeT emie omuH kiace PKC, mMerommii
CBOU OCOOCHHBIC THAPOJMHAMUUECKHE 0COOEHHOCTH.

OKCIepUMEHTAIBHBIM IyTEM YCTaHOBJIEHO HEU3BECTHOE PaHee CBOMCTBO HIACHTUUHOCTH
THAPOJUHAMHKH TPOTOYHBIX YacTeH OCECHMMETPUYHBIX TUIOCKMX U mmmHAprdeckux PKC c
00paTHBIM MMOBOPOTOM TEIUIOHOCHTEINS MPU PA3TUYHBIX MECTOIOIOKEHHUIX TIOABOAA MOTOKA B
KoJutekTop. CBONCTBO OCHOBaHO Ha MPHUCYTCTBHM B MPOTOYHOM 4YacTu ykazaHHbIX PKC
CTPYHHO-BUXPEBOI0 TEUCHUS TEIZIOHOCUTENS, YHUBEPCATIBHOCTH XapaKTePHbBIX Ul 3TOrO TH-
Ma TEYEeHWS CBOMCTB TEIUIOHOCHUTENS, WICHTUYHOCTH MEXaHH3MOB NpeoOpa3oBaHHS OTHHUX
TUIIOB CTPYH B APYrHe M BIMSHUHM OTHOLICHHS KOA(P(GHUIMEHTOB MECTHOTO THIPAaBIMYECKOTO
COIIPOTHBIIEHUS BBIXOJHOTO 3JIEMEHTA M KOJUIEKTOPA Ha PACHpEAeIeHNe Pacxoia TeIIOHOCH-
TeJs Ha BBIXOJIE U3 KOJUIEKTOPA.

l | ‘ i

e IS AT S
0) *6) 2
Xapaxmepnvie éapuarnmul koncmpykyuu PKC: a u 6 — PKC yununopuueckoeo u niocko2o munog
€ YeHMPAIbHLIM NOOBOOOM U OOKOBLIM 0OMB0OOM menionocumens, 6 u 2 — PKC yununopuueckozo
U RIOCKO20 MUNOE ¢ DOKOBLIM HOOBOOOM U YEHMPALbHLIM OMEOOOM MENIOHOCUMEs]
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JlanHOE CBOHCTBO 00YCIIOBIIEHO PACIIMPEHUEM CBOOOIHBIX W IOY3aTOIIEHHBIX CTPYH
1, COOTBETCTBEHHO, CHIDKEHUEM CpeJlHENl CKOPOCTH TEIJIOHOCHUTENS B HUX 3a CUYET €€ TOPMO-
KEHUs1, TpeoOpa3oBaHUEM 3aTOIJICHHBIX CTPYH B MOJY3aTOIUICHHBIE CTPYH M HA00OPOT, W3-
MEHEHHEM IOJIOKEHUS] MAaKCUMaJIbHOM CKOPOCTH B MONEPEYHOM CEYEHUHU CTPYHU Ha €€ MOBO-
poTax U Jajiee Mo Xoay TCIJIOHOCHUTEIIA, NBUKCHUEM OTACJIBHBIX ITOJY3aTOINNICHHBIX Cprf/‘I
BJI0JIb TTep(OpUpPOBaHHBIX YacTel BBHIXOJHOTO 3JIEMEHTa ¢ pa3aueii pacxoja 1o myTH, pacmo-
JIOKEHHBIX 3a MpPEeJelaMi MECTa BCTPEUH CTPYH C BBIXOJHBIM 3JIEMEHTOM, COBIAJEHUEM MeE-
CTOITOJIO’KEHUI MaKCUMAaJIbHOW CKOPOCTH TEIUIOHOCHUTENS B IMOAAIONIEH Ha BBIXOJHOW 3ire-
MEHT CTpy€ M pacxo/ia TETNIOHOCUTENS Ha BBIXOJE U3 HETo, MPSIMO MPONOPIHOHANIBHOM 3aBH-
CHUMOCTBIO CpeJHEN CKOpPOCTH B MaJaOLIEi Ha BBIXOAHOM 3JIEMEHT CTpy€ OT MaKCHMaJIbHOTO
pacxoja TEIUIOHOCUTEIS Ha BBIXOJE W3 BBIXOJHOTO SJIEMEHTAa, 00paTHO MPOMOPIHNOHATHFHON
3aBHCHMOCTHI0 MaKCHMAJIBHOTO pacxo/ia TEIJIOHOCHUTENSI Ha BBIXOZE M3 KOJUIEKTOpa OT OT-
HOLICHUS! KO3 PHUIUEHTOB MECTHOTO THAPABINYECKOTO CONPOTHBICHHS BBIXOAHOTO 3JIEMEH-
Ta U KOJJIEKTOpa.

3KCHepI/IMeHTa.HBHI)IM U paCyYCTHO-aHAJIUTUYCCKUM ITIYTEM YCTAaHOBJICHA HEU3BCCTHAasd
paHee 3aKOHOMEPHOCThb pacIipe/lelieHHs TEMJIOHOCHUTENsI Ha BBIXOJE U3 OCECHMMETPUYHBIX
PKC umnmHapryecKoro u iockoro Tuna ¢ 00OpaTHbBIM IOBOPOTOM MOTOKA B KOJUIEKTOPE.

3aKOHOMEPHOCTh HOCUT YHHUBEPCAJIbHBIA XapakTep, KaKIoe U3 yKa3aHHbIX pacnpeerne-
HUW MMEET MO0 MEHbIIEH MEpe ABE 30HbI, TOJBKO ISl OJTHOW M3 HHUX XapAKTEPHbl HAIUYNE
MaKCHMAaJIbHOTO pPacXxo/a TEINIOHOCUTENS U MPEBBILIEHUE CPETHETO PACX0AA TETNIOHOCUTENS B
Hel Hazx pacxoaoM TeruioHocutens yepe3 PKC, koopauHaTsl rpaHul pasziena 30H, BEIUYHHA
U KOOPAUWHATBI MaKCUMaJIbHOI'0O U MHUHHMAJIBHOI'O PAacXOJ0B TCIUIOHOCHUTEIA Ha BBIXOJAE H3
KOJIJIEKTOpA MEePEMEHHBI.

3aKOHOMEpPHOCTh OOYCIIOBJIEHAa HAJTMYMEM B KOJJIEKTOPE BUXPEBBIX U 3aCTOMHBIX 30H,
CBOOOTHOM 3aTOTJICHHON U TOIY3aTOIDICHHOU CTPYH, MpeoOpa3oBaHuEM IpH MTOBOPOTE B OC-
HOBHOM 4aCTH KOJUIEKTOPa CBOOOHBIX 3aTOIUICHHBIX CTPYH B IOJIy3aTOIICHHBIC CTPYH U Ha-
000pOT, 3aBUCHMOCTBIO XapaKTepa paciupeieieHus] TeIJIOHOCUTENS B BBIXOAHOM YacTh KO-
JIEKTOpa OT €ro KOHCTPYKLUH, PEKUMa TEUEHHUS TEIUIOHOCHUTENS U MECTa €ro MoJABOAA BO
BXOAHYIO YaCTb KOJIJICKTOpPA, COOTHOLICHUSA MECTHBIX I'MAPaBINYCCKUX COHpOTI/IBHCHI/II\/‘I Inpo-
TOUYHBIX YacTeW KOJIJIEKTOpA M BBIXOJHOTO 3JIEMEHTA, MONaJaHHEeM CTPYHU Ha JHHUIIE KOJJIEK-
TOPA, MOHXKATHUEM CTPYH BO BXOJHOM YaCTH KOJUJIEKTOpA C 3aTE€CHEHHBIM MIPOXOJHBIM CEUEHU-
€M, TIOBOPOTOM CTPYH Ha JTHUIIE U HA €ro CTHIKE ¢ OOKOBOW CTEHKOW, YBETUICHHUEM IIOTIEPEY-
HOTO CEYEHUS U, COOTBETCTBEHHO, YMEHBILICHUEM CPEHEH CKOPOCTH IO X0y CBOOOHOH 3a-
TOIUIEHHOW CTPYH B OCHOBHOM YacTH KOJUIEKTOpA M MOJY3aTOIUIEHHON CTPYH Ha THHIIE U 00-
KOBOM CTEHKE, MPOUCXOASIINMH B PE3yJbTaTe TOPMOKEHHUS YKA3aHHBIX CTPYH, U3MEHEHHEM
MOJIOKEHUST MaKCUMyMa TpOoQHIIsl CKOPOCTH B TIONY3aTOIUIEHHOM CTpye NMpH W3MEHEHUH Ha-
MIPABJICHUS €€ ABMKEHUS B KOJUIEKTOPE B PE3yJIbTaTE KOHTAKTAa C KOHCTPYKTUBHBIMH JJIEMEH-
TaMH, MOJOKEHUEM U IUIOUIAIbI0 MECTA BCTPEUU CTPYH C BBIXOJHBIM 3JIEMEHTOM, MOMaJaHu-
€M CTPYH Ha BBIXOJHO AJIEMEHT, COBIIAJCHUEM IOJIOKEHUSI MaKCUMAaJIbHOTO pacxo/a Terio-
HOCHTENS Ha BBIXOJIE U3 KOJJIEKTOpA C TIOJI0XKEHUEM MaKCHMaJIbHON CKOPOCTH B CTPYE B MEC-
T€ BCTPEYM €€ C BBIXOJHBIM 3JIEMEHTOM, IPSIMO HNPONOPLUUOHAIBHON 3aBUCUMOCTBE) MAaKCH-
MaJbHOTO pacxofa TEIUIOHOCHTENS B KaHaJaX BBIXOJHOTO 3JEMEHTa OT CpPEIHEH CKOpPOCTH
CTpYHU B MECTC €€ BCTPCUU C BLIXOJHBIM 3JICMCHTOM, IPEBBINICHUEM PACXOJ0B TCIIJIOHOCUTECIIA
B KaHaJaX BBIXOJHOTO AJIEMEHTA, PACION0KEHHBIX B MECTE BCTPEUHM C HUM MaJal0IIEN CTpYyH,
HaJ pacxoAaMH TEIUIOHOCHUTENS B OCTaJbHBIX KaHaJlaX YKa3aHHOIO 3JIEMEHTA, JABM)KCHHEM
TEIUTOHOCHUTENIS B/IOJIb BBIXOJIHOTO 3JEMEHTa ¢ pa3faueil pacxo/ia TEIUIOHOCUTENS 10 MyTH 3a
IIpeleIaMHi MeCTa BCTPEUH CTPYH C HUM U MPSIMO MPONOPIMOHAIBHON 3aBUCUMOCTBIO MAaKCH-
MaJIbHOM HEpaBHOMEPHOCTU PACHIPENEICHUS PacXxoJa TEIIOHOCUTENS Ha BBIXOJIE U3 KOJUIEK-
TOpa OT OTHOLICHUA MECTHBIX 'MAPAaBIMYCCKUX COHpOTI/IBHeHI/Iﬁ BBIXOJHOT'O 3JIEMCHTA U IIPO-
TOYHOM YacTH KOJJIEKTOpA.
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7.4 Numerical on Flow-induced Vibration of Fuel Rods Subjected
to Turbulent Flow in Lead-based reactor
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Heavy liquid metals (HLM) such as pure lead and its alloys are chosen as the main
candidate coolants for future advanced nuclear systems due to their good nuclear and thermal
physical properties. Especially, lead-bismuth eutectic (LBE) has been chosen as the material
for spallation target and sub-critical core coolant for accelerator driven system (ADS).

Flow induced vibration (FIV) plays an important role in many industrial applications,
including nuclear energy. In a nuclear power plant, several components could experience FIV.
Fuel rods, one of the most important parts in the nuclear reactor core, are critical because of
the combined effects of very slender shapes of the rods and hydrodynamic loads induced by
the turbulent flow of the surrounding coolant fluid. The resulting oscillations may cause abra-
sion of the cladding, known as fretting wear.

In this article, a numerical study of a nuclear fuel rod system is performed using a com-
bined computational fluid dynamics (CFD) and computational structural mechanic (CSM)
approach. In order to verify the correctness of the simulation model, the vibration characteris-
tic of fuel rod in water was calculated, and the obtained results agree with the experiment re-
sult. The flow-induced vibration of one fuel rod systems in LBE for different flow velocities
are analyzed and reported in detail. It is found that the vibration is dependent on several pa-
rameters, such as wall shear forces and pressure. However, the fluid force acting on the fuel
rod is mostly due to the pressure. The flow velocity has a significant influence on the flow-
induced vibration in axial turbulent flow.
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Tsoxensie xunkve Mmetautsl (HLM), Takue kak YUCTHIN CBUHEI U €r0 CIUIaBHI, BBIOpa-
HbI B KQ4e€CTBE OCHOBHBIX MOTEHIMAJIBHBIX TEIUIOHOCHUTENEH I OyIyIIMX yCOBEPIIEHCTBO-
BaHHBIX SJEPHBIX CUCTEM OJarogapsi MX XOPOIIUM SIEPHBIX U TEIIO(QU3NIECKUX CBOHCTBAM.
B wactHoCcTH, cBUHIIOBO-BUCMYTOBas 3BTekTHKa (LBE) Oblia BEIOpaHa B kKauecTBe MaTepuaa
U CHAJUTSIIMOHHON MHIIEHH W TETUIOHOCUTENS MOJKPUTHYECKOW aKTUBHOW 30HBI JUISI yCKO-
puTenbpHO-ympasisieMoii cucreMsl (ADS).

Bubpanus mon BozzeiictBuem noroka (FIV) urpaer BaxkHyro pojib U IIMPOKO UCHOIB3Y-
€TCsl B MPOMBILIEHHOCTH, BKJIIOYas SIAEPHYIO sHepreTuky. Ha atomHoi anexktpocranuuu FIV
MOJKET TPOSIBUTHCA Ha HECKOJBKMX KOMITOHEHTaX. |eTTOBBIAEISIONINE SJIEMEHTHI (TBAJIBI),
KaK OJMH W3 BaKHEHIINX KOHCTPYKTHUBHBIX 3JIEMEHTOB aKTHBHOM 30HBI SJIEPHOTO PEaKTopa,
UTPAIOT 0COOYIO POJIb M3-3a CyMMapHOTO 3] dexTa KpaitHe TOHKUX (HOpM CTEpIKHEH U THIPO-
JUHAMHYECKUX Harpy30K, BBI3BAHHBIX TYpPOYJIEHTHBIM OTOKOM OKPYKArOIIeH OXJIaKAarommei
cpenbl. Bo3HuKatonme B CBS3U € 9THUM KoJieOaHWS MOTYT NPUBECTU K UCTUPAHUIO 000JIOUKH,
M3BECTHOMY KaK KOPPO3HOHHOE UCTHPAHHE.

JlaHHast cTaThs MOCBAIIEHA YUCICHHOMY MCCIIEIOBAHHUIO TETIOBBIIEIAIOUINX 3JIEMEHTOB
SIIEPHON YCTAHOBKU C MCIIOJIb30BaHHEM KOMOMHHMPOBAHHOTO METOJIa PAacuETHON THUAporaso-
muHamukd (CFD) u pacuetHoii ctpykTypHoit Mexanuku (CSM). UToObl poBEpUTh PaBUIIb-
HOCTh MaTeMaTH4ecKoi MojenH, Oblia paccuuTaHa BUOpAaLMOHHAs XapaKTEepUCTHKA TBAJa B
BOJIE, @ MOJIYYE€HHBIE PE3yJIbTAaThl COTIACYIOTCS C Pe3yNbTaToM dKcnepuMeHnTa. [Ipoananmzu-
poBaHBl M TOAPOOHO OMHUCAaHBl MHAYLUUPOBAHHBIE IMOTOKAaM BHOpalMud COOPKH C OJHUM
CTEP>KHEBBIM TEIUIOBBIACISIOMM 37eMeHTOM B LBE 1is pasHbIX ckopocTell moToka. Ycra-
HOBJIEHO, YTO BHOpamus 3aBUCHUT OT HECKOJIbKHX IMMapaMeTpoB, TAKWX KakK TOIMEpedHast CHiia
CTeHKHU W aaBieHue. OHAKO CUIIa KUJIKOCTH, JEHCTBYIOIAs Ha TBAJI, B OCHOBHOM OOYCIJIOB-
neHa naBneHHeM. CKOPOCTh MOTOKAa OKa3bIBAaeT 3HAUYMTENBHOE BIIHMSHUE HA BHODAIMIO, BBI-
3BaHHYIO [IOTOKOM, B aKCHaJIbHOM TypOyJIEHTHOM IOTOKE.
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Small modular Lead-based Reactor was considered as one of Small Modular Reactor
(SMR) candidates due to its high performance in neutronics, thermal hydraulics and inherent
safety features. Passive Residual Heat Removal System (PRHRS) is a passive system that
passively removes the residual heat under accident conditions. Water is usually chosen cool-
ant of PRHRS because of high heat removal efficiency of water phase change. However, Re-
actor Vessel Air Cooling System (RVACS) is considered to be used as a promising PRHRS
because of simple and small system design according to the miniaturized design requirement
of SMR. In order to study the heat removal performance of RVACS in small modular LFR,
the RVACS performance study of small modular lead-bismuth cooled reactor has been con-
ducted by using the RELAPS code in this paper.

The RELAPS model of LFR was established and verified by comparison with design pa-
rameters. Secondly, RVACS performance was investigated under Loss of Power (LOP) tran-
sient. The results demonstrated that RVACS could remove the core residual heat under safety
limit. Therefore, RVACS have the capability to remove the residual heat of small modular
LFR and have the characteristics of inherent safety, which can be as an independent residual
heat removal system for small modular LFR. The work provides reference for the PRHRS
design and performance study of small modular LFR in the future.

UccaepoBaHME XapaKTEPUCTUK OTBOAA OCTAaTOUYHOrO TENAOBbIAEAEHUS
CUCTEMbl BO3AYLLUHOIrO OXAQXXAEHUA KOpryca peakropa
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KAtoueBbie CAOBA: MOAYAbHbIV PEAKTOP MaAOK MOLLLHOCTH, PeaKTop C TENAOHOCUTEAEM Ha OCHOBE
CBMHLA, CMCTeMa BO3AYLLHOMO OXAAXAEHMS KOpNyca peakTopa.

Manblii MORYJIBHBIA PEAKTOP € TEIUIOHOCUTENIEM HAa OCHOBE CBUHIIA pACCMaTPUBAJICS B
Ka4ecTBE OJHOTO W3 BAPHMAHTOB MOAYJIBHOIO peakropa Maynoi momHocTH (SMR) m3-3a ero
BBICOKHX HEUTPOHHO-(PH3MUECKUX, TEIUIOPU3NIECKIX XapaKTepPUCTUK W BHYTPEHHE TNPHUCY-
KX XapaKTepucTuk 6e3omacHocTu. [laccuBHas cucremMa 0TBOJA OCTATOYHOTO TEILIOBBIIETIE-
nus (PRHRS) mpencrasnsier coboil maccuBHYIO CUCTEMY, KOTOpas MPOU3BOAUT MacCUBHBIN
OTBOJ] TeMJa OCTaTOYHOIO TEIUIOBBIJIEJICHUS B aBAPUITHBIX YCIOBUAX. B KadecTBe TemnoHOCH-
tenst B PRHRS o0br4HO BRIOHpaeTcst Boja n3-3a BEICOKOH A((EKTHBHOCTH OTBOJA TEIUIa TPU
nepexo/ie U3 BOAHOMH (a3bl.
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Tem He MeHee CUMTAEeTCs, YTO CHCTEMa BO3AYIIHOTO OXJIAXKACHHSA KOPIyca PeakTopa
(RVACS) ucnons3yercs B kauectBe nepcrnektuBHoii PRHRS u3-3a npoctoit u He6obI1I0# 110
pasMepy KOHCTPYKLHMH CHCTEMBI B COOTBETCTBHU C TPEOOBAaHMAMH MHUHHUATIOPU3ALUU KOHCT-
pykmr SMR. Tlpoeneno uccnemoBanue 3¢dextuBHocTH RVACS MomynpHOro peakropa
MaJIOM MOIIIHOCTH CO CBHHIIOBBIM TEIUIOHOCHUTEIEM ¢ Mcrnoyb3oBanueM kojga RELAPS, onu-
CaHHOE B JJaHHOM JIOKJIa/ie, B LENIX U3YUYEHUS XapaKTepUCTHK OTBOJa OCTATOYHOT'O TETJIOBBI-
nenernss RVACS B monynbpabix LFR (CBHHIIOBBIN OBICTPBIN peakTop) Majioil MOITHOCTH.

VYcranosiena u Bepuduuupoana mozaeidb LFR ¢ mcmons3oBaHueM pacyeTHOrO Koza
RELAPS mnyrtem cpaBHeHHMs C NPOSKTHBIMU MapameTrpaMu. Bo-BTopwix, 3¢ddexTuBHOCTH
RVACS Opina uccienoBana B yCIOBUSAX HECTAIIMOHAPHOI'O peXUMa MpH MOTEPEe SHEProcHa0-
sxkerns (LOP). Pesynbrarer mokazamm, uto cucreMa RVACS cnocoOHa OTBOIUTH OCTaTOYHOE
TETUIOBBIJICNICHAE AKTHBHOM 30HBI B COOTBETCTBUH C YCTAHOBIICHHBIM IpEJENIOM Oe30macHo-
cru. Takum o0Opazom, RVACS nmeer BO3MOXXHOCTb OTBOJHUTH OCTATOYHOE TEILJIOBBIACICHHUE
moxynesHOro LFR Mamoit mMomHocTH M 00iafaeT XapaKTepHCTUKaMH BHYTPEHHE TMpHCYIIeH
0€30MMacHOCTH, a TaK)K€ MOXKET CIY>KUTh aBTOHOMHOW CHCTEMOM OTBOJ[a OCTaTOYHOTO TETlIO-
BbIIEJICHUs [T MOy ibHBIX LFR Mainoit momaocTu. B 3Toii paboTe maercs cchlika Ha KOHCT-
pykuuto PRHRS u uccnenoBanue xapakrepuctiuk MoayisHbeix LFR manoit Momuoct B Oy-

TYIIEM.
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8.1 \Volatilisation of 134Cs, 131] and 219Po from Lead Bismuth Liquid Metal
Solutions Studied by the Transpiration Method

Danilov I. .22, Neuhausen J.1, Tirler A.2, Voegele A.1, Hermann D1.,
Muller E.3, Eichler R.22, Dressler R.1

1 | RC, Paul Scherrer Institute, OFLB, CH-5232 Villigen PSI, Switzerland

2 University of Berne, DCB, Freiestrasse 3, CH-3012 Berne, Switzerland

3 L BR, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

E-mail: ivan.danilov@psi.ch

Keywords: generation IV reactors, close the nuclear fuel cycle, volatilization of radionuclides, lead-
bismuth eutectic, radiotracers, a homogeneous dilute solution, neutron irradiation, y-spectrometry,
134Cs, 131], activation products, transpiration studies.

One prospective direction in the development of generation IV reactors is the use of
liquid metals as a coolant. Main goal of the reactors this type is to close the nuclear fuel cycle.
For the safety assessment of such systems, it is necessary to study the release of radionuclides
from the coolant.

Within the HORIZON2020 project MYRTE [1], previous studies on the volatilization of
radionuclides from liquid lead-bismuth eutectic (LBE) relevant for the safety of future accel-
erator driven systems [2—4], which focussed mainly on polonium, will be extended to measur-
ing the volatilization behaviour of fission products such as caesium and iodine from dilute
solutions in LBE.

It is planned to quantitatively determine the release and deposition of these elements us-
ing radiotracers. A prerequisite for this is the production of LBE samples that contain suitable
radiotracers of the studied elements.

Furthermore, to acquire results that allow extracting physicochemical data for the con-
sidered fission product element in dilute solution in the liquid metal, it is important to ensure
that the radiotracers present in the sample actually do form a homogeneous dilute solution in
the liquid LBE.

For this purpose, it is necessary to avoid the formation of oxides containing the radioac-
tive tracers that are insoluble in the liquid metal and therefore tend to separate from the metal
phase, as for example observed for electropositive elements in LBE spallation targets [5].

The current strategy for producing samples containing caesium in dilute LBE solution is
based on mixing metallic caesium with LBE and subsequent neutron irradiation to obtain
13Cs as tracer isotope that can be quantified by y-spectrometry. Because of the high affinity of
caesium to oxygen, all the work has to be performed under inert gas or vacuum. Furthermore,
since LBE as obtained from the manufacturer contains substantial amounts of dissolved oxy-
gen, it is required to reduce oxygen content the LBE before sample preparation in order to
avoid oxidation of the caesium.

The "'I nuclide can be produced in non-carrier added mounts by neutron irradiation of
tellurium. Consequently, homogeneous dissolution of Te in LBE is required to obtain suitable
samples. This can be achieved either by doping the LBE homogeneously with Te prior to irra-
diation or by irradiating elemental Te and preparing homogeneous solutions in LBE afterwards.

For the 1 route, apart from "'I activation products of Bi and Pb are formed, such as
21%pg, 20Bj, 2Bj, 2*T] and ***Hg. On one hand, these additional radionuclides are interesting
candidates for transpiration studies themselves. On the other hand, they can reduce the sensi-
tivity of the analysis of iodine by increasing the background in y-spectrometry as dicussed in
[6]. This additional background can be avoided by following the 2™ preparation route.
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For both routes, Te was mixed with the appropriate amount of LBE and homogenized in
an evacuated quartz ampoule. The conditions for homogenization of the samples and the irra-
diation procedure were similar to those reported in [7] for Cs-containing LBE.

Here, we describe the methodological developments necessary for employing the tran-
spiration method for such volatilization studies, including the preparation of suitable samples.

We also present the results of various series of experiments that were performed using
4Cs, P'T as well as *'°Po tracers and compare them to existing literature data determined by
other authors. Finally, we will give an outlook on future work.
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pacTBOpPOB CBUHEL-BUCMYT METOAOM MCNAPUTEAbLHOTO NepeHoca

WU. U. AaHunoB12, Ax. HolixayseH?, A. Tiopaep?2, A. ®érenel,

A. XepmaHH?, 3. Mioanep 3, P. Alixnepi2, P. Apeccnept

1 | RC, UHcTtutyT Mayas WWeppepa, OFLB, CH-5232 ®uaureH PSI, LLiBetiLapus
2 bepHckui yHuBepcutet, DCB, ®pariewwTtpacce 3, CH-3012 bepH, LLseriuapus
3 LBR, Paul UHctutyT Mayas Weppepa, CH-5232 duamrenH PSI, LLiBeriuapwns
E-mail: ivan.danilov@psi.ch

KAroueBble caoBa: peaktopbl IV NokoAeHus:, 3aMblkaHue, ATLL, AeTyyecTb papAMOHYKAMAOB, CBMHLIOBO-
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OpHMM U3 MEePCTIeKTUBHBIX HAIIPaBIEHUI pa3BUTHA PEaKkTOpoB MokosieHus IV sasnser-
Csl HCIIOJIb30BAaHUE KHUJIKUX METANIOB B KadecTBe TemuoHocuTens. OCHOBHAs 3aaya peakTo-
POB TaKOro TUNA — 3aMbIKaHUE SAEPHOTO TOIUIMBHOTO IMKJA. [ ouleHKH Oe30macHOCTH
TaKWX CHCTEM HEOOXOTUMO U3YUUTh BBIXOJ PAAHMOHYKINIOB U3 TETUIOHOCUTEIIS.

B pamxkax npoexta MYRTE [1] EBpomneiickoit mporpammel HORIZON2020 npemmect-
BYIOIIME MCCIEIOBAaHUS B O0JACTH JIETYYECTH PAAMOHYKIMIOB U3 KHIKOMETAJUIMYECKOI
CBUHIIOBO-BUCMYTOBOH 3BTeKTHKH (LBE), nmeromue oTHOIIEHHEe K 0€30macHOCTH OyayIinx
YCKOPUTENBHO-YIPABISIEMBIX CUCTEM [2—4], KOTOpbIe cOCPEOTOYEHBl B OCHOBHOM Ha IOJIO-
HUH, OyIyT paclpOCTPaHEHbl HA U3MEPEHUs XapaKTEPUCTHK JIETYUYECTH NMPOAYKTOB JCJeHNU,
TaKWX Kak 1e3uil u o, n3 pazbaBieHHbIX pacTBOpoB B LBE.

[Tmannpyercsi KOJIMYECTBEHHO OMPEETUTh BBIICJICHHE H OCAXICHHE STHX DJIEMEHTOB C
HCIONIb30BaHUEM pPaJMOaKTUBHBIX MHIUKATOPOB. [Ipennocbulkon Ui 3TOro SIBISETCS MOIy-
yeHue oopasuoB LBE, comepxanyx cOOTBETCTBYIOIINE PaldOAKTUBHBIE HHINKATOPhI HCCIIe-
IyE€MBIX 3JIEMEHTOB.

Kpome Toro, mist osrydeHus! pe3ysbTaToB, MO3BOJLSIIOIIMX M3BIEKATh (PH3UKO-XUMHIYEC-
Ky10 HH()OPMALUIO IS M3y4aeMOro 3JIEMEHTa MPOAYKTa JeJICHUs] B pa30aBJICHHOM PacTBOpE B
JKUJIKOM MeTalle, BAKHO 00ECTIeYNTh BO3MOXKHOCTD ISl PAJMOAKTHBHBIX MHIUKATOPOB, MPH-
CYTCTBYIOIIMX B 00pasiie, 00pa3oBbIBaTh OJJHOPOIHBIN pa3daBieHHbIN pacTBOp B skuakoM LBE.
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g atoit enmn HeoOxoauMo m30erath 00pa3oBaHUS OKCHAOB, COAEPIKAIINX PaJnOaK-
THBHBIE MHIWKATOPHI, KOTOPbIE HEPACTBOPUMBI B JKHIKOM METAJUIe M MOITOMY HUMEIOT TEeH-
JOEHLUIO OTACTATHCS OT METAIUIMYECKOH (a3bl, KaK 3TO MOKHO HaOII0IaTh HA IPUMEPE AJIEK-
TPOTOJIOKUTENFHBIX 3JIEMEHTOB B CIIAJUIANNOHHBIX MutieHsx LBE [5].

CymecTBytomiast CTpaTerusi MPUroTOBICHUST 00Pa3IoB, COAEPIKAIINX I1e3uil B pa3daB-
neHHoM pacteope LBE, ocHOoBaHa Ha cMemmBaHUM MeTaymMdeckoro nesus ¢ LBE u nocne-
JyroleM o0IyueHHH HEHTPOHAMH JUIsl oTydeHHs > Cs B KauecTBe H30TOIHOrO HHIMKATOPa,
KOTOPBIH MOXKHO KOJIMYECTBEHHO OXapaKTepU30BaTh C IMOMOIIBIO TaMMa-CIIeKTpoMeTpuH. 13-
3a BBICOKOTO CPOJCTBA Ie3Hs K KHCIOPOMAY, BCS paboTa JOKHA BHIIOJIHATHCS B MHEPTHOM Ta-
3e UM B BakyyMe. Kpome Toro, nockonsky LBE npu nomy4eHun OT M3roTOBUTENS COAECPIKUT
3HAYUTENIbHOE KOJIMYECTBO PACTBOPEHHOI'O KHUCIOPOAA, HEOOXOOUMO CHHU3UTH COAEP)KaHHE
kuciaopoza B LBE nepen npurororieHneM o0pasiioB, 4To0bl H30€KaTh OKUCIICHUS I35

Hyxmuzn °'1 MokeT GbITh HOMyYeH B YCTAHOBKAX Oe3 JOGABIEHHs HOCHTEIS TIOCPECT-
BOM HEHTpoHHOro ob6my4eHus temnypa. CienoBaTenbHO, Ui HOIYYEHHUs MOIXOAALIMX 00-
pasmoB Tpebyercst ogHOopoaHOoe pactBopeHue Te B LBE. DToro MoxHo J0CTHYE MO0 ITyTEM
nerupoBanusi LBE no oOpazoBanust romoreHHoi cucrtemsl ¢ Te nepea obaydeHuem, 1100 my-
TEM OO0Jy4YeHHs BIIEMEHTApHOro Te M MOCIEeAYIOIEero NpUroToBIEHHS TOMOTEHHBIX PacTBO-
pos B LBE.

Tpy MCTIOTB30BAHUH 1-IO METO/Ia MOATOTOBKH, TIOMUMO ' I, 06Pa3yrOTCS MPOLYKTHI aK-
tuBarmu Bi u Pb, Takue xax >'°Po, *“Bi, *°Bi, **Tl u 203Hg. C 0oHOHM CTOPOHBI, 3TU OMOJI-
HUTENBHBIE PaAUOHYKINIBI MPENCTABISIIOT MHTEPEC AN MOTEHLIHANBHBIX HCCIETOBAaHUH B
o0yacty mucnaputensHoro neperoca. C APyroil CTOPOHBI, OHU MOTYT CHU3WUTh UyBCTBUTEIb-
HOCTh aHaJIM3a HoJa 3a CUeT yBEJIMYEHHUs (OHA NMPH HCIOIb30BAHHU Y-CHEKTPOMETPUH, KaK
MOKa3aHo B padoTe [6]. DTOT NONOIHUTENBHBIN (HOH MOXKHO H30€kKaTh, CIELysl BTOPOMY Me-
TOJly MOATOTOBKH.

B o6oux meronax Te cmemmBany ¢ cooTBeTCTBYOMUM KonmdectBoM LBE u romorenu-
3WpPOBAM B BaKyyMHPOBaHHOW KBapleBOil ammyje. YCJIOBHA TOMOTE€HH3AlMK 00pasloB U
mpouenypsl 00ay4eHus] ObUIN aHAIIOTUYHBI YCIOBHSIM, OIMCAHHBIM B [7] U1 1ie3uiicoaepxa-
mux LBE.

B nmoxmane mpuBOIMTCS OMHMCAHNE HAYYHO-METOMOJIOTHYECKUX pa3paboToOK, HEOOXO0 -
MBIX JJISl IPUMEHEHUsI METO/Ia UCTIAPUTENBHOTO TIepeHoca sl MoJOOHBIX MCCIeJOBaHHMA Jie-
TY4YeCTH, BKIIIOYasi HPUTOTOBJIEHHE COOTBETCTBYIOMINX 00Pa3IIOB.

Hamu Takxke NMpencTaBIIEHBI pe3yNbTaThl Pa3IUYHBIX CEPUM 3KCIEPUMEHTOB, KOTOPBIE
GBLIM BHITIOTHEHBI C HCIONBb30BAHMEM PAJHOAKTMBHBIX MHAMKATOpoB ~'Cs, "', a Taxxke
*%Po, i cpaBHEHME HX C CYIIECTBYIONIMMU JTUTEPATYPHEIMU JAHHBIMH, OIPEIeICHHBIMU IPY-
ruMu aBropamu. Hakonen, Hamu OyzaeT mpelcTaBieHa KOHLENLMS HallpaBieHUH paboT Ha
MIEPCTIEKTHRY .
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8.2 Polonium Activity Rellease from Heavy Liquid Metal Coolant into
Gaseous Phase
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Keywords: heavy liquid metal coolant, polonium, lead polonide, evaporation velocity, effective vapour
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An experimental study on polonium release into gaseous phase from heavy liquid
metal coolant (HLMC) containing lead performed at IPPE. Lead, lead-bismuth and lead-
lithium eutectics researched. The amount of evaporated polonium measured at different tem-
perature and different cover gas pressure. The velocity of polonium activity release was calcu-
lated. The thermodynamic activity coefficient for polonium in HLMC estimated by IPPE ex-
perimental data presented in the paper. A comparison with results obtained by different re-
searches [1] made. Possible reasons of anomaly high polonium release at low temperature are
considered. A presence of some amount of elementary polonium in HLMC could be one of
them. The estimation of elementary polonium quota into lead and lead-bismuth eutectic at
temperature 300 and 500 °C made.
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B I'HIL] P® - ®5U 6butn BhINIOTHEHBI Ta00paTOpHBIE UCCIIEOBAHMS BBIXO/IA TIOJIOHHUS
B Ta30BYyI0 (pazy W3 colepamux CBHHEI THKEIBIX KUIKOMETAUTHYECKUX TEIIOHOCHTEIIEH:
CBUHEI], CBUHIIOBO-BUCMYTOBAasl U CBUHIIOBO-JTUTHEBas 3BTEKTUKH. BBIIO M3MepeHO Koaude-
CTBO HCIIAPUBIIETOCS TOJOHUS M pacCUUTaHa CKOPOCTH BBIX0/1a TIOJIOHWEBOW aKTUBHOCTH MPHU
pa3IMYHBIX TEMIIEpaTypax U pa3lIMdHOM JABICHUU 3alUTHOrO rasa. B noknane mpencrasie-
HBl OLICHKH KO3 (HUIMEHTOB TEPMOIUHAMUYECKON aKTHMBHOCTH TMOJIOHUS B MEPEUHCICHHBIX
TXMT, nosydeHHbIE U3 HKCIEPUMEHTAIBHBIX AaHHbIX @OU. BhINOIHEHO CpaBHEHHE C pe-
3yJbTaTaMu APYTuX uccienoBateneil [1]. PaccMoTpeHbl BO3MOXKHBIE MPUYMHBI aHOMAaJIbHO
BBICOKOW CKOPOCTH BBIXO/Ia MOJIOHUS TIPH HU3KOW Temmeparype. OZHOM U3 HUX MOXKET OBITh
HaJIM4YMe B TETUIOHOCUTENe HEKOTOPOH JOJM TOJOHUS B dJeMEHTapHo# ¢opMme. BrimonHeHa
OIIEHKA JIOJI YHCTOTO TIOJIOHMS B CBHMHIIE M CBUHIIOBO-BHCMYTOBOM 3BTEKTHKE MPH TEMIIEpa-

Typax 300 u 500 °C.

Jlumepamypa

1. Handbook on Lead-Bismuth Eutectic Alloy and Lead Properties, Material Compatibility, Thermal-
hydraulics and Technologies, Nuclear Science, NEA 2015.

141



Ceccuna 8

8.3 Evaporation and Adsorption Behaviour of lodine Released from
Irradiated Tellurium-Doped LBE
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To determine the risk of release events for the MYRRHA-reactor the most important
radionuclides have been studied using thermochromatography. One of the most relevant is
iodine because of its fission yield and volatility. In an INES level 2 or above accident iodine
will contribute a large part of the total potential dose to the public. Determining the magnitude
of the release of iodine and finding a way to mitigate it in an accident event is therefore vital
for obtaining a license to construct the reactor.

The experimental work was carried out by evaporating iodine from a lead-bismuth
eutectic (LBE) matrix. This evaporation was conducted in dry and moist helium, hydrogen
and oxygen carrier gases. The evaporated iodine was carried through a thermal gradient fur-
nace (700°C to 25°C) inside a column made of either 316L stainless steel (reactor material) or
fused silica. During the transport down the thermal gradient the iodine will adsorb and desorb
to the wall of the column. Eventually, in a certain range in the gradient tube the adsorption is
strong enough to let the sticking time of iodine exceed the experimental duration of 2 hours
and the iodine is stuck in place inside the column. This deposition is measured using an
HPGe-detector to give a distribution of the activity in the column. The distribution of activity
is fed along with experimental parameters to a Monte Carlo simulation which quantifies the
interaction between the specie and the column surface in an adsorption enthalpy value (AH,qs).

For H, and He the results for iodine deposition look similar with deposition tempera-
tures of 100-200 °C whereas O, produces more volatile species. Surface type seems to have
little impact except in reducing environment on stainless steel where a higher surface affinity
is observed. The moisture content in the carrier gas also seems to not give a big influence on
the behaviour. This may be indicative of no hydroxide species being formed or a very high
moisture sensitivity enabling what little water is present in the dry conditions (5-30 ppm) to
react with the iodine. Further experiments will be performed using a mass spectrometer to de-
termine the speciation of the gas after it has passed over the LBE. While this does not provide
a complete picture due to the possibility of surface and/or transport reactions being involved
in the deposition process, it should still give a good indication of how the system behaves.

UcnapeHue u apcopbuMOHHBIE CBOUCTBA M0AQ,
BbIAEAAIEMOro U3 06AyUeHHOro CBUHLL0BO-BUCMYTOBOIO CNAaBa,
AErMpPOBaHHOIO TEAAYPOM

3. Kapaccon12*, Ax. Hoxay3eH?, U. AaHunoB1:2, P. Aiixaept2, A. Tiopaep?

L UHcTutyT lMayas Leppepa, 5232 duamreH PSI, LLiBeriuapns
2 bepHckui yHuBepcutert, Xoxwyasiutpacce 6, 3012 bepH, LLiBeriuapus
*E-mail: erik-olov.karlsson@psi.ch

Jyis onpeiesieHus pUCKa, CBSI3aHHOTO ¢ COOBITUSAMHU BBIOPOCA PATUOHYKIMIOB JIJIS pe-
akropa MYRRHA, npoBeieHo TepMOXpoMaTOrpapuuecKoe HCCeI0BaHHE HAau00JIee BaXKHBIX
paauoHyknuaoB. OMHUM U3 HauboJee BaXKHBIX SIBIIIETCS MO M3-3a €r0 BBIXOJ[a KaK MPOAYKTa
nenenus u nerydectd. Ha yposae 2 INES (MexayHapoaHas mkaina SAepHBIX COOBITHI) HIIN
0oJice BBICOKOTO YPOBHSI aBapHHMHBIX COOBITHUM, Ha JOJIO HOJa MPUXOAMTCA 3HAYUTEILHAS
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4acTh 0OOIIel MOTeHIMaIhHON J030BOW Harpy3ku Ha HaceneHwe. [loaTomy ompenenenue Be-
JWYMHBI BEIOpOca HoJa U TIOUCK crocoba cMsArueHHs MOCIEACTBUI B Cilydae aBapuiHON CcH-
Tyaluu SABJsIETCA KpaiiHe BayKHBIM JJIS TOJTYUYEHH JULEH3UN Ha CTPOUTENIBCTBO pEakTopa.

OKclepuMeHTaNIbHBIE UCCIE0BAaHMS IPOBOIMINCH ITyTEM HCIIApPEHUs H01a U3 MaTPHILbI
Ha OCHOBE CBHMHIIOBO-BHCMYTOBOM 3BTeKTHKH (LBE). DT0 ncmapenne mpoBoaAnIOCs B CyXOM U
BJIQXKHOM T'€JIMHU, BOAOPOJIE U KUCIOPOICOAEpKAIIUX razax. Mcnapusmuiicst 1o MPOILy CKaJId
yepe3 TepMorpajueHTHyo mnedb (0T 700 mo 25 °C) BHYTPU KOJIOHKH, U3TOTOBJICHHOW U3 HE-
pxasetomeit ctanm 3161 (MaTepman peakTopa) WM IUIaBJIeHOTO KBapra. [Ipu mepemereHnn
C TOHKAIOIIMMCSL TeMIEpaTypHbIM TPaJUeHTOM oA agcopOupyeTcs U JecopOupyeTcs Ha
CTEHKE KOJIOHKU. B pesynbTare, B onpeneneHHON 00IacTy TpajiueHTHONH TpyOKu amcopOuus
CTaHOBMTCSI AOCTaTOYHO BBICOKOHM, YTOOBI BpeMs MPHUIIMIAHMS HOAA MPEBBICUIO HPOJOIDKU-
TEBHOCTh IKCIEPUMEHTA, COCTABIIAIONIYIO 2 Yaca, W WOJ 3acTpeBal BHYTPH KOJOHKH. DTO
ocaxaeHue usMmepsercs npu nomomu HPGe-merexropa s omnpeneneHus pacnpeieeHus
AKTHUBHOCTU B KOJIOHKE. JlaHHBIE O paclpeiesieHny aKTMBHOCTH Hapsily C SKCIEPUMEHTallb-
HBIMH TTapamMeTpamMH HCIIONB3YIOTCA JUIsl MOJeNMpoBanusi MetogoM MonTe-Kapmo, maromum
KOJINYECTBEHHYIO OLIEHKY B3aMMOJAEWCTBUS MEXJy BEIIECTBOM M MOBEPXHOCTHIO KOJOHKH B
BEJIMYMHAX dHTATBIHH afacopOrmu (AH,4q).

Hns H, u He nony4eHsl cXOAHBIE pE3ybTaThl O OCAXKACHUIO HOJa MPU TEMIIepaTypax
ocaxaenus 100-200 °C, Torma kak O, TpoU3BOAUT OOJBIIE JETyYHX BElIecTB. THI MOBEPX-
HOCTH, NO-BUJIUMOMY, OKa3bIBa€T HE3HAUUTEIBHOE BIMSHUE, 32 UCKIIIOUEHUEM CITydasi, Korja
3TO HPOUCXOAUT B BOCCTAHOBUTENBHON Cpele Ha HEpXKaBEIoLIeHW CTaiH, Iie Habiomaercs
0ojiee BBICOKOE CpOJACTBO MOBepxHOCTH. ConepikaHue BJarn B Ta3e-HOCHTEJE TaKxke, I0-
BUIMMOMY, HE OKa3bIBacT OOJIBIIOTO BIMSHHUS Ha XapaKTEPUCTUKU. ITO MOKET CBHJECTEIBCT-
BOBaTb O TOM, YTO HE MPOUCXOAUT 00pa30BaHNE I'MAPOOKCUAHBIX COCAUHEHHUH, TM00 O Kpaii-
HE BBICOKOH YYBCTBHTEIBHOCTH K BIIare, YTO JOMYCKaeT MPUCYTCTBHE HE3HAUMTEIBHOTO KO-
JIMYECTBa BOJIBI B CyXuX ycnoBuax (5—-30 ppm) ans BCTYIUIEHHS B peakuuio ¢ HojoM. Jlanb-
HeHIe SKCIepUMEHTH! OyAyT MPOBEACHBI C UCIIOJIB30BAaHUEM MacC-CIIEKTPOMETpa ISl OIpe-
JleJIeHHs cocTaBa raza nociue npoxoxzacHus yepe3 LBE. XoTs 3To He gaeT MoiaHONW KapTUHBI
13-32 BO3MOKHOCTH MMOBEPXHOCTHOM W/WMJIM TPAaHCIIOPTHOM peaklMu B MPOLECCe OCAKICHUS,
9TO JOJDKHO BCE JK€ JIaTh XOpoIliee MPeACTaBIeHUE O TOM, KaK BeJeT ceOs cucTema.

8.4 Lead-Containing Coolants in Advanced Technologies of Solid,
Liquid and Gaseous Raw Material Processing

Ul'yvanov V. V., Askhadullin R. Sh., Mel'nikov V. P., Gulevskiy V. A.,
Koshelev M. M., Storozhenko A. N.

JSC "SSC RF - IPPE", Obninsk, Russia
E-mail: vulyanov@ippe.ru

Keywords: heavy liquid metal coolant, fast neutron reactors, coolant technology,
thermoelectrochemical water decomposition, liquid-metal pyrolysis of waste automobile tires,
nanomaterials.

The choice of low-melting point metals as coolants for nuclear reactors is conditioned
by their physical and chemical properties. In case of a turbulent flow of liquid inside pipes,
heat transfer is performed by means of flow turbulent mixing as well as by molecular thermal
conductivity of the coolant. Compared to other types of coolants, liquid metal has better mo-
lecular thermal conductivity. This results in bigger amount of heat being transfered due to
thermal conductivity and provides for better heat-transfer properties of liquid metals — the fact
that, mainly, constitutes the advantages of using them as coolants.
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Naval reactors with liquid-metal coolant are compact in size, attain power quickly, and
feature a higher level of potential safety including the ability to decrease power automatically
under accident conditions. Reactors with Pb-Bi coolant were in operation in the USSR. They
operated in "navigation" mode for about 20 reactor-years with total operating time of about
80 reactor-years.

The key problem that had to be solved when mastering the Pb-Bi coolant technology
was the creation of a coolant quality assurance system. Unavailability of such a system along
with the lack of knowledge of liquid metal properties resulted in an accident on the K-27 nu-
clear submarine in 1968. Afterwards a system of lead-bismuth coolant technology was created
in the Institute for Physics and Power Engineering. Adoption of this system on the available
loop-type reactors made it possible to avoid accidents connected with the application of lig-
uid-metal coolant.

Liquid metals are also the only coolants that meet all the heat removal and nuclear re-
quirements applicable to the intermediate and fast neutron power reactors, as well as to the
breeders. This accounts for the presence of three big projects of civil fast neutron reactors de-
veloped in Russia (BN, SVBR, BREST), as well as tens of projects of various maturity level
developed in the world (PBWFR, SSTAR, ALFRED, MYRRHA, CLEAR and others).

In Russia, considerable attention is paid to the problems of coolant quality assurance.
Quality assurance systems are adopted not only at reactor units, but also at experimental fa-
cilities as well. The culture of coolant handling at State Corporation ROSATOM enterprises is
constantly promoted and improved.

However, the utilization capacity of lead-containing melts goes beyond reactor units.
Chemical inertness to water and organic substances, high boiling temperature and ability to
have low pressure inside the circulation loop, easy reduction of the oxide to lead, reversible
cycle "metal-metal oxide", which is attractive for many chemical technology processes, and
many other physical and chemical properties make it possible to consider the melts of low-
melting point metals in the new technologies of solid, liquid and gaseous raw material proc-
essing. The most developed technologies to date are described below.

1)High-temperature thermoelectrochemical water decomposition. This process can be
realized thanks to the fact that lead-containing melts interact with water at ultra low content of
dissolved oxygen. In this case the reaction with water does not subside only if the dissolved
oxygen is continuously removed from the melt. This can be provided for using special oxygen
pumps based on zirconium dioxide. This process results in obtaining hydrogen and ultra-pure
oxygen evolving on the inner surfaces of the oxygen pump.

2)Liquid-metal pyrolysis of solid organic wastes, primarily waste automobile tires. Py-
rolysis (i.e. heating without oxygen access) in considered the most advanced technique of
waste automobile tire reprocessing. This process can convert environmentally harmful waste
to synthetic oil, carbon black, metal cord and pyrolysis gas. However, there are only few eco-
nomically viable pyrolysis technologies, as it is important to keep the pyrolysis duration rather
short — otherwise, the share of marketable products in the total mass diminishes very quickly.
Longer duration of pyrolysis also deteriorates economic indicators due to the endothermic
nature of the process [1]. For this reason, "classic" pyrolysis of solid organic waste in inert gas
is not widely applied. Application of lead coolant dramatically reduces the pyrolysis duration,
makes it possible to obtain high-priced products, removes harmful sulfur- and nitrogen-
containing compounds from the products.

3)Liquid-metal matrices for production of nanostructural aerogels. This process involves
two consecutive stages: dissolution of metal (e.g. aluminum) in a liquid-metal matrix (e.g.
bismuth); selective oxidation of dissolved metal by a mixture of hydrogen, water steam and
inert gas.
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Density difference is used to supply the obtained metal oxide from separator tank 2 to oxidizer
tank 3 and to supply the molten metal from oxidizer tank 3 to separator tank 2. The evolving
gases are purified using high-temperature filters 1.

The studies are performed with state financial support via Ministry of Education and
Science of Russia (unique R&D identifier is RFMEFI57916X0136).
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CBUHeLcoAep)KaLuue TENAOHOCUTEAU B NEPCNEKTUBHBIX TEXHOAOTUAX
nepepaboTku TBEPAOro, XKMAKOTO U ra3006pa3HoOro cbipbs

B. B. YabsiHOB, P. L. AcxapyanuH, B. . MeabHUKoOB, B. A. TyneBCcKkun,
M. M. KoweneB, A. H. CTOpoXXeHKO

AO «HL P® - ®3U», OBHUHCK

E-mail: vulyanov@ippe.ru

KnaroueBbie CA0Ba: TAXEAbIN XUAKOMETAAMUYECKUI TENAOHOCUTEND, PEAKTOPbI Ha BbICTPLIX HENTPOHAX,
TEXHOAOTUS TENMAOHOCUTEAS, TEPMOINEKTPOXMMUUYECKOE PA3AOXKEHUE BOAbI, XXUAKOMETAAMUYECKUIA
NMMPOAU3 0TPabOTaBLLIMX aBTOMOOUABHBIX LLIWH, HAHOMATEPUAADI.

Br100op pacruiaBoB JISTKOIUIABKUX META/VIOB B KA4eCTBE TEIUIOHOCHUTENIEH SACPHBIX
PEaKTOpOB OOBACHAETCS UX (PU3UKO-XUMHUECKUMU cBoWcTBaMU. [Ipu TypOyIeHTHOM TedeHUU
KHUIKOCTEH B TpyOax mepejada Teria OCYIICCTBISETCS KaK 3a CYET TypOyJICHTHOro mepeme-
LIMBaHUS MIOTOKA, TaK U IIYTEM MOJIEKYJISIPHOW TEIJIONPOBOIHOCTH TeIUIOHOCHUTENS. JKuako-
METaJNTMYECKUE TEIUIOHOCUTENN O00JaJaroT Jydylled 1O CpaBHEHHIO C JPYTHMMH TerIo-
HOCUTEJISIMH MOJICKYJISIPHOM TETUTONPOBOHOCTHIO. DTO ONMpeAenseT OONBIIYI0 JONI0 TeIla,
MEPEHOCUMOT0 3a CYET TEIIONPOBOJHOCTH, M OOECIEUUBACT JIyUIIHE TerIonepeIarome
CBOWCTBA KUJKUX METAJUIOB, YTO, B OCHOBHOM, U OINPE/CIISICT MPESUMYIIECTBA UX HCIIOJIb30-
BaHUS B KAYE€CTBE TEILUIOHOCUTEIICH.

CyIOBOH peakTop € KUJAKOMETALTHYECKIM TEINIOHOCUTENeM KOMITAaKTeH, ObICTPO HAOU-
paeT MONIHOCTh, a TaKXe 00JaJacT MOBBINICHHOW MOTEHIMAIBHOW 0E€30MacHOCThIO, B TOM
YHUCJIE U CHOCO6HOCTBIO CaMOIIPpOM3BOJIbHO YMCHBIIATH MOIIHOCTL B aBapHﬁHLIX CUTyalusx.
Peakrtops! ¢ Termonocurenem Pb-Bi akcruryarupoBamics B CCCP. B o0mieid ciiokHOCTH OHU

145



Ceccuna 8

0TpaboTali Ha «XOJOBBIX» peknMax okoisio 20 peakTopo-ier mpu obmieit HapadboTke 80 peax-
TOPO-JIET.

KitoueBoii mpoOiemoii, pemasiieiicsi mpu 0cBOeHUH TeruioHocutens Pb-Bi, Obiio co3-
JaHNE CUCTEMBbI €0 KOHTPOJIA U MOoAJepKaHus KadyecTBa. OTCYyTCTBHE TaKOW CHCTEMBI BMECTE
C HEJIOCTaTKOM 3HAHU O CBOWCTBAaX >KUIKUX METayUIOB mpuBeso B 1968 1. x aBapun Ha AIlJI
K-27. BnocnencrBun B (pU3HKO-IHEPreTHUECKOM MHCTHUTYTE CO3JalM CUCTEMY TEXHOJIOTHUH
CBUHIIOBO-BUCMYTOBOI'O TEIUIOHOCHUTENS. Ee BHEApEeHHe Ha UMEBIINXCS PEaKTOpax MeTIEBON
KOMITOHOBKH TIO3BOJIMJIO UCKITIOYUTH aBApPHH, CBSI3aHHBIE C MPUMEHEHUEM JKHUIKOMETaTuIe-
CKOTO TEIJIOHOCHUTENS.

Kunkve MeTayuibl TakKe SBISIOTCS €IMHCTBEHHBIMH TETUIOHOCHUTEISIMH, YAOBJIETBO-
PAIOIIMME BCceM TPeOOBAHUSAM B OTHOIIEHUH TEIUIOOTBOJA M SAEPHBIX CBOMCTB, MPEIbsBIIsIC-
MBIM K DHEPT€THYECKHM PEaKTOpaM Ha MPOMEXYTOUHBIX M OBICTPBIX HEWTPOHAX, a TaKXkKe K
peaxkTopaM-pasMHOXKUTENSIM. FIMEHHO 3TUM OOBSICHSETCS HAIMYKE CPa3y TPeX KPYMHBIX HPO-
€KTOB TPAXKIAHCKUX PEaKTOPOB Ha OBICTPHIX HEWTpOHaX, pa3zpadartsiBaeMbix B Poccuu (BH,
CBBP u BPECT), a Takke AECSITKH MPOEKTOB Pa3HOW CTEICHH MPOpabOTaHHOCTH, pa3pabda-
TeiBaeMbIX B Mupe (PBWFR, SSTAR, ALFRED, MYRRHA, CLEAR u ap.).

B Poccun Bonpocam o0ecriedeHus: KauecTBa TEIUIOHOCUTENS U celvac yIenseTcs mpHc-
TaJlbHOE BHUMaHHe. [IpuyemM cucteMaMu KOHTpPOJIS M MOANEP)KaHHUs KauyecTBa TEIJIOHOCHTE-
Jiell OCHAIAI0TCs KaK peakTOPHbIE YCTAHOBKH, TaK U MCCIEA0BAaTENIbCKUE CTEHIBI, a KYJIbTypa
oOparieHus ¢ TermonocutensiMu Ha npeanpuatusx ['K «PocaTtom» noBblmaercst U coBeplIeH-
CTBYeETCH.

OnHaKo TONBKO JIMIIb PEAKTOPHBIMH YCTAaHOBKAMH HE MCUEPIIBIBACTCS MOTEHIIMAN FIC-
MOJIb30BaHMs CBUHELICOJEPKAIIMX PACIUIaBOB. XUMHUYECKass MHEPTHOCTh MO OTHOIICHUIO K
BOJIE U OPraHWYECKUM BEIIECTBaM, BBICOKAs TEMIIEpaTypa KHUIIEHUS W BO3MOXHOCTb MMETh
HU3KOE JaBJIEHUE B MIUPKYJSIIIMOHHOM KOHTYpE, JIETKO BOCCTaHABIMBAEMBIH J0 CBUHIIA OKCHT
1 3aMaHYMBBIN ISl MHOTHX MPOLIECCOB XMMUYECKOM TEXHOJIOTHU 00PaTUMBIH METaIOOKCH -
HBIH [UKJI «METAJUT — OKCUJ METaJlIay, a TAK)KE ¥ MHOTHE IpyTue (PU3UKO-XUMHUYECKHE CBOM-
CTBa IO3BOJISIIOT PAacCMaTPUBATh PACIUIABBI JETKOIIABKUX METAJIOB B HOBBIX TEXHOJOIHAX
nepepadoTKH TBEPAOTO, KHUIKOTO W Ta3000pa3HOro chipbi. Hinke mpuBenem Hambosiee mpo-
paboTaHHbBIE HA CETOAHSIIHUHN IEHb TEXHOIOTHH.

1) BricokoTeMmnepaTypHOE TEPMOAIIEKTPOXUMHIUECKOE pasoKeHue Bobl. JlaHHbIe TIpo-
1ecc MOXKeT OBITh pear30BaH Olarojiaps TOMy, YTO CBUHEIICOJIep Kalllie PacIljiaBbl B3auMO-
JIEHCTBYIOT C BOAOM MPU KpailHE MajOM COJIEP>KAHMM B HUX PACTBOPEHHOro kuciopoza. Ilpu
3TOM peakuus ¢ BOJOW He OynIeT 3aTyXaTb TOJBKO B TOM CiIydae, €CIM M3 paciuiaBa Herpe-
PBIBHO OTBOJUTH PACTBOPEHHBIH KHCIOPOJ. DTO BO3MOXKHO NPHU HCIOIB30BAHUH CIIEHATb-
HBIX KHCJIOPOJIHBIX HACOCOB HAa OCHOBE JIMOKCHJIa LIUPKOHUA. B pe3ynbpTare MOKHO MOSTydaTh
BOJIOPOJ U 0CO00 YMCTBINH KHCIOPOA, BBIACISIONINICS Ha BHYTPEHHUX MOBEPXHOCTIX KHCIO-
POIHOTO Hacoca.

2) XunkoMeTaluIMuecKuil MUPOIN3 TBEPABIX OPTraHMYECKHX OTXOJIOB, B MEPBYIO OYe-
penb — oTpaboTaBLIMX aBTOMOOMJIBHBIX IIMH. M3 CyIIECTBYIOIIMX METONOB NepepadoTKU
0TpaboTaBIIMX IIMH HaubOoJjiee MEPCHEKTHBHBIM CUMTAETCS MUPOJU3, T. €. HAarpeB LIMH 0e3
JOoCTyIa Kuciopoza. B pesyinbraTe Takoro HarpeBa BMECTO HKOJOIMYECKH BPEJHOIO OTXO0Ja
MOJYYar0TCsl CHHTETHYeCKasi HeTh, TEXHUYECKUH YTIIEpOoJl, METAITIOKOPA ¥ TUPOJIM3HEIH ras3.
OnHaKo SKOHOMHYECKH ONpaBAaHHBIX TEXHOJOTHH MUPOJN3a CIUHMLBL, T. K. BAYKHO, YTOOBI
IUIMTEIIBHOCTD NMHPOJIN3a ObllIa OTHOCUTEJIBHO HEBEIHMKA, HHAUYE A0S TOBApHBIX MPOIYKTOB B
o01eli Macce MOMYy4HBIIMXCS CTPEMUTEIBHO YMEHbIIAeTCsl. bombas AMMTenbHOCT IpoLec-
ca TaKkKe yXyJaulaeT IKOHOMHUYECKHE MOKa3aTelu M3-3a 3HA0TepMHUYHOCTH nporecca [1]. ITo
9TOM NPHUYMHE «KIACCUYECKUID» MUPOIN3 TBEPABIX OPraHMYECKUX OTXOJO0B B MHEPTHOM rase
IIMPOKO HE TPUMEHSETCS, a MCIIOJIb30BAaHNE CBHHIIOBOTO TEIUIOHOCHTENS KapAWHAIBHO CHHU-
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XKaeT UINTENbHOCTh NHMPOJN3a, MO3BOJSIET IOJIydaTh AOPOTOCTOALIME MPOAYKTHI, yOupaer
BPEHBIE CEPOCOIEPKAIIUE U a30TOCOACPIKAIIIE COSIUHEHHS 13 IIPOYKTOB.

3) KuaxomeTasuinueckue MaTpULBl AJs MOJYYEHUS HAaHOCTPYKTYPHBIX asporeieu.
CyTb mpouecca 3akiIodaeTcs B peaid3aliy ABYX HOCIEIOBaTEIbHbBIX IPOLIECCOB: pacTBOpe-
HUM MeTajuia (HampuMep, aTFOMUHHS) B KHUJIKOMETAUTHYECKOH MaTpulle (HarmpuMmep, BUCMY-
T€); CEIEeKTHBHOM OKUCICHUHM PACTBOPEHHOI'O METaIa CMEChIO BOAOPOAA, BOASHOIO Hapa u
HWHEPTHOTO rasa.

4) IlpomMexxyTOUYHbIE >KUAKOMETAJUIMYECKHE TEII00OMeHHbIEe KoHTypa. Ilo manHOMy Ha-
MpaBJICHUIO HanboJiee MEePCIEeKTUBHO BHITISISNT HHHOBAIIMOHHBIE )KUAKOMETAIUITNIECKUE KPH-
CTaJUIM3aTOPBI IJIsl MAlllMH HETMPEPBIBHOTO JIMThS 3arOTOBOK CTAJEIUTEHHBIX KOMILUIEKCOB, a
TaKXe KOJbLIEBbIE CBHHIIOBO-BUCMYTOBBIE TEIUIOOOMEHHMKHM B HedTenepepadaThIBAIOIINX
anrmaparax ¢ OTKPhITBIM OTHEBBIM HarpeBOM.

5) CenexTHBHOE BBIACIEHUE KHCIOPOAa M3 BO3MyXa JUIS MPOLIECCOB XMMUYECKOH MpPO-
MBIIIIEHHOCTH (CM. pUCYHOK). OKCH MeTalljla TeHEPUPYIOT B OJIOKe-pa3aenuTesnie 2 OKucie-
HHEM pacIulaBa MeTajula BO3AYyXOM. 3a CYeT Pa3sHOCTH IUIOTHOCTEH 00ecHeunBaIOT MOJady
MOJTy4EHHOTO OKCHJIa MeTalIa u3 O1oKka-pa3enurens 2 B OJIOK-OKUCIUTENb 3 U MOCTYIUICHHUE
paciuiaBa Metayuta u3 OJoka-okuciutens 3 B Onok-paszgenurensd 2. [lomywarommecs: rasbl
OYMILAIOT IIPU MOMOIIX BBICOKOTEMIIEPATYPHBIX (UILTPOB 1.
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8.5 Application of HLMC in the Technology of
Metal Radioactive Waste Processing

Voronin I. A., Melnikov V. P., Yagodkin I. V., Posazhennikov A. M.,
Legkikh A. Yu., Nikolaev A. N.

Joint Stock Company "State Scientific Centre of the Russian Federation - Institute for
Physics and Power Engineering named after A.l. Leypunsky", Obninsk, Russia

Keywords: lead-bismuth, processing, metal radioactive waste, gas cleaning, melting unit, aerosols,
heavy liquid-metal coolant (HLMC).

Materials that contain radioactive substances, various metal structures included, are
formed during the operation of nuclear power facilities. At the same time, the assignment of a
material to radioactive waste makes its reuse impossible, and such materials are subject to
disposal. About 1-2 thousand tons of metal radioactive wastes (MRW) are accumulated per
year at an NPP under the routine operation [1]. They are also formed when power units are
decommissioned, and their volume is, at least, 15,000 tons during decommissioning of one
1000 MW unit [2].

For reducing the MRW volume, generated in the course of dismantling, they are cut,
loaded into containers and pressed. However, an increase in the degree of reduction of the
MRW volume can only be achieved if they are melted into ingots and pellets.

Considering the fact that the main part of the formed MRW is represented by scarce and
expensive high-alloyed corrosion-resistant chrome-nickel steels, it is more promising and
profitable to re-melt the MRW with simultaneous decontamination.

One of the promising technologies for processing metal radioactive waste is MRW
processing by means of a melting unit cooled by HLMC. The application of HLMC for cool-
ing the shell of the melting unit has the following advantages:

- heat is removed at a low pressure of the coolant (up to 5 atm.) which ensures the sys-
tem safety and reliability and dramatically reduces a specific amount of metal per structure;

- the coolant has a high boiling point (above 1650 °C), it does not burn, explode, and it
is safe within the operating range of the parameters; these properties reduce the expenses for
meeting the requirements related to technical safety;

- the coolant has excellent thermophysical parameters (thermal conductivity, heat capac-
ity, etc.) which make it possible to provide efficient and economic heat transfer in the closed
cooling circuit of the melting unit.

The remelting process is accompanied by the release of aerosols including radioactive
ones. A combined modular system has been developed for trapping these aerosols. It allows
one to purify flows of high-temperature waste gas (up to 1800 °C) and to achieve the finish
section efficiency of 99.95%.

For preparing this paper we used the results that had been obtained the course of imple-
mentation of the project of the Russian Ministry of Education and Science — “Development of
a technology of utilization of metal radioactive waste on the basis of melting units with liquid-
metal heat removal”. The unique identifier of PNIER (Applied Research and Experimental
Developments) is REMEF162614X0002.
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MpumeHeHne XKMT B TEXHOAOTMU NepepaboTKU MeTaAAMUECKUX
pPaAUOaKTUBHbIX OTXOAOB
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KaroueBbie cnoBa: CBUHEL-BUCMYT, NepepaboTka, MeTar\MueCcKUe PaAMOaKTUBHbIE OTXOADI,
ra30041CTKa, NMAABUABHBIN arperat, a3apo30AU, TAXKEABIN XUAKOMETAAAMYECKUI TeNAOHOCUTEAb (TXKMT).

B nporiecce skcmmyaranuu 0OBEKTOB SASPHON SHEPTETUKH 00Pa3yrOTCs MaTepPHAHI,
coJieprKallie paJloakTUBHBIE BELIECTBA, B TOM YHCIIE Pa3UYHble METAIINYECKHE KOHCTPYK-
uuu. [Ipy sTOM OTHEceHHe MarepHana K pagMOaKTUBHBIM OTXOJaM MCKIIOYAeT MOBTOPHOE
HCIIOJIb30BaHUE, U TAaKHE MaTepuaibl Moiexar 3axopoHeHno. Ha ADC nmpu mTaTHOM pexu-
Me pabOoThl HAKAITUBAETCS MPUMEPHO 1—2 ThIC. T METAUIMYECKUX PATUOAKTUBHBIX OTXOIIOB
(MPO) B rox [1]. Oun 06pa3yroTcst Tak:Ke IpH BBIBOAE SHEPTOOIOKOB M3 HKCILTyaTalluH, PH
3TOM MX 00BEM IMPH BBIBOJE U3 IKCIUTyaTallMd OJHOTO dHeprodsoka MomHocThio 1000 MBT
coctapisieT He MeHee 15 Teic. T [2]. s cokparienuss o0bemMa MoaydaeMbIX TPH IEMOHTAXKE
MPO ux pexyT, 3arpy’aloT B KOHTEHHepbl U mnpeccytoT. OJHaKo yBeIMYEHHE CTENEHH CO-
kpamenus: oobema MPO MOXHO ZOCTHYB TOJBKO MEPETIIABIIAA UX B CIIUTKU U TPAHYJIbL.

VYuuteiBas TOT GakT, 4TO OCHOBHAs 4acTh oOpasyromuxcss MPO npencraenena nedu-
LUTHBIMH U JTOPOTOCTOSIIIUMHU BBICOKOJIETHPOBAHHBIMU KOPPO3HMOHHO-YCTONUNBBIMH XPOM-
HUKEJIEBBIMU CTAISIMHU, O0Jiee MEePCIEKTUBHBIM U SKOHOMHYECKH BBITOJHBIM SIBIISIETCS IEpe-
maB MPO ¢ oHOBpeMEHHO! Je3aKTUBALUEH.

OpnHOM M3 MEePCHEeKTUBHBIX TEXHOJIOTHHA MepepaboTKH METAUTNYECKUX PaTuOaKTHBHBIX
0TX0/I0B siBisAeTcsl mepepaborka MPO ¢ mMOMOIIBIO MIaBHIBHOTO arperara OxJIaXJaeMOoro
TXMT. Ilpumenenne TXKMT g oxntaxaceHUsl KOpIlyca IUIABUIIBHOIO arperata UMeeT Clie-
IYIOIINE IPENMYIIEeCTBA:

— OTBOJ| TeIJia MPOUCXOJUT MPU HU3KOM JABJICHUH TEIIOHOCHTENS (A0 5 aTtM.), 4To
oOecrieurBaeT 0€30MaCHOCTh, HA/IE)KHOCTh CUCTEMBI M PE3KO CHMIKAET METANIOEMKOCTh KOH-
CTPYKLIUHY;

— TEIJIOHOCHUTEIh UMEET BBICOKYIO Temreparypy kunenus (Boime 1650 °C), He TopuT,
He B3pbIBaeTcs U OezomaceH B paboueM Auana3oHe MapaMeTpoB, YTO YMEHBINAET 3aTpaThl Ha
obecrnieueHue TpeOOBAHUI M0 TEXHHYECKOW O€301MacHOCTH;

— TETJIOHOCUTENh UMEET OTIMYHBIE TeIUIOPU3INUECKUE TTAPAMETPhI (TETUIONPOBOHOCTD,
TETIOEMKOCTh U JIp.), YTO MO3BOJsIeT oOecrneunBaTh 3PPEKTUBHYIO U SKOHOMHYECKYIO Tell-
Jonepesady B 3aMKHYTOM LIUPKYJIALIMOHHOM KOHTYpE OXJIaXICHUS TUIAaBUIIBHOTO arperarta.

IIporecc nmeperraBKi COMPOBOXKIAETCS BBIXOJOM a3p030JIel, B TOM YHCIIE PaJHOaKTHB-
HBIX. [/ mokanM3anuu yKa3aHHBIX a’po3osiel pa3spaboTaHa KOMOMHHPOBAHHAS MOJYJIbHAS
CHCTEMA, IMO3BOJISIIOIIAs MPOU3BOAUTh OYHMCTKY OTXOASIIMX Ta30BBIX MOTOKOB C BBICOKOM
temmnepatypoit (1o 1800 °C) u a¢ppexTuBHOCTEIO GUHUIIHON ceKiuu 99,95%.

B pabote ncnonbp30BaH MatepHa, MOJyYeHHBIH B paMKax mpoekta MuHoOpHayku Poc-
cun 1o teMe «Pa3paboTka TEXHOJOTHH YTHIM3ALWMU METAIMUECKUX PAaJHOaKTHBHBIX OTXO-
JIOB Ha OCHOBE IUIaBHIIBHBIX arperaTtoB C XHIKOMETAIUIMYECKUM OTBOJOM TEIIIA». Y HUKab-
ueiid uaentudukarop IIHUOP — RFMEF162614X0002.
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8.6 The Immobilization of the ash Residue Produced as a Result of
Processing Radioactive lon-Exchange Resins in a Lead Melt

Skomorokhova S. N., Trifanova E. M., Sitnikov I. V.,
Nikolaev A. N., Askhadullin R. Sh.

JSC “SSC RF - IPPE”, Obninsk, Russia
E-mail: isitnikov@ippe.ru

The process of thermal destruction of the spent ion-exchange resins (IER) in a lead
melt followed by immobilization of the ash residue in a water-resistant compound was tested
in order to substantiate the technology of management of liquid radioactive waste (LRAW) of
ion-exchange resins. A simulated composition of the spent IER of nuclear power plants was
used for the process development. It was prepared on the basis of KU-2-8 and AB-17 ion-
exchange resins by transition to corresponding salt forms (Na*, NO;~, K*, NH," and BO;*-
forms) using standard techniques [1]. The weight of the simulated IER was reduced down to
90%wt. with the production of an ash residue — a dispersed material of black color that was
slightly soluble in water and a mixture of acids. This reduction has been achieved at the opti-
mum process parameters using pilot equipment. Fe, Ni, Pb, Na, K, etc. with the concentration
from 0.4% wt. to 10.4% wt. represented chemical composition of the main metal components
of the soluble part of the ash residue. The composition was determined by the atom-emission
method (“Optima 7000DV” instrument with ICP with the detection limit of 10™*%wt.).

Recipes of mineral-like compounds were developed, and a number of candidate samples
of mineral-like compounds were fabricated on the basis of the studies of physical and chemi-
cal properties and structure of alkali-slag cement materials that had been carried out earlier.
These compounds contained up to 45-46 %wt. of the ash residue. The fabricated samples meet
the regulatory requirements stated in Standards and Regulations (SP)-019-15 and feature high
engineering quality parameters (mechanical strength is 14-31 MPa, a water resistance, which
is measured by "*'Cs leaching rate, is <1x10 g/cm’xday, waterproofness is >>5 MPa after a
water storage for 90 days). These characteristics prove that the conditioned product of the ash
residue immobilization — an alkali-slag compound - is suitable for long-term storage. The total
reduction of the IER pulp by 13.5 times by volume and by 6.2 times by weight has been
achieved as a result of the IER processing and the ash immobilization into a water-resistant
compound [2-8].
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Mmmo6uAn3auma 30AbHOro oCcTaTKa, MOAYUYEHHOro oT nepepaboTku
paAUMOAKTUBHbIX MOHOOOMEHHbIX CMOA B pacnAaBe CBUHLA

C. H. CkomopoxoBa, E. M. TpudpaHosa, U. B. CUTHUKOB,
A. H. Hukonaes, P. LLI. AcxapymnH

AO «HL| PO-®3M», OBHUHCK
E-mail: isitnikov@ippe.ru

KaroueBbie cAoBa: OTp860TaHHbIe MOHOOBMEHHbIE CMOAbI, CBUHEL, XUAKHUE PaANOaKTUBHbIE OTXOAbI,
nepepa60TKa, BTOPUYHbIE OTXOAbI, 30Aa, LUAAKWU, KOHAULLMOHUPOBaAHUE, MMMoBMAM3aLMSA
PaANOHYKAMAOB, MaTpUuHble MaTepPUaAbl, Ka4eCTBO KOMMayHAOB.

B o6ocHoBanue TeXHOJOTMM OOpalleHHsl C KUAKUMH PaJUOaKTHBHBIMU OTXOJaMHU
(’KPO) nonoobmennsix cmon (MOC) mpoBeneHpl NCIBITAaHUS MPOIEcca TEPMUIECKOHN JecT-
pykuu orpadoranHsix MOC B paciuraBe CBHHIIA C TMOCHEAYIONMIEH MMMOOMIN3ANKEH MOITy-
YEHHOT'O 30JILHOTO OCTaTKa B BOJOYCTOMUMBHIM KoMmayHJ. [Ipu pa3paboTke mporiecca Hc-
MOJIB30BAIM MOJENBHBIN cocTaB 0TpadoTaHHBIX MOC aTOMHBIX 3JIEKTPOCTAHIUH, MOJTOTOB-
JICHHBIA Ha OCHOBE MOHOOOMEHHEIX cMon KVY-2-8 m AB-17 nepeBeneHreM B COOTBETCTBYIO-
e conenbie popmel (Na', NO;~, K, NH,'n BO;* -hopMbl) 110 CTAaHIAPTHBIM METOIMKAM
[1]. IIpr onTHMaNBHBIX MapaMeTpax IMpolecca Ha SKCIEPUMEHTAILHOM 000pyIOBaHUH JIOC-
TUTHYTO cokpatieHne maccsl MojienbHbIX MOC no 90 macc.% ¢ nosydeHueM 30J5HOT0 OCTaT-
Ka — JHUCIEPCHOro MaTepuaja YepHOro LBETa, MaJopacTBOPUMOIO B BOJE M CMECH KHCIIOT.
XVWMHUYECKHI COCTaB OCHOBHBIX METAUTMYECKHX KOMIIOHEHTOB PACTBOPHUMON YacTH 30JIbHOTO
0CTaTKa, YCTAHORBJICHHBINM aTOMHO-3MHCCUOHHBIM MeToioM (pubop Optima 7000DV ¢ ICP ¢
npejeaMn 00HapyKEHUS Ha YPOBHE 10~ macc%) npencrasieH 3nementamu Fe, Ni, Pb, Na,
Ku np. c conepxanuem ot 0,4 no 10,4 macc.%.

Ha ocHOBaHuM TPOBEACHHBIX paHee HCCIENOBAHMM (U3NKO-XUMHUYECKUX CBOWMCTB H
CTPYKTYPBI LIIAKOUIETOYHBIX HEMEHTHBIX MaTepHajIoB pa3paboTaHbl PEUENTYpPhl U U3TOTOB-
JeH psI KaHIUAATHBIX OO0pa3lloB MHUHEPAIONONOOHBIX KOMIIAyHIOB, BKIIOYAIOIUX g0
45-46 macc.% 301pHOTO OcTaTKa. M3roToBneHHBIE 00pa3bl OTBEUAIOT HOPMATHBHBIM TPeOO-
BaHusM HII-019-15 u xapakTepu3ytoTcsi BHICOKMMH TEXHOJIOTHUECKUMH MMOKa3aTeNsIMH Kade-
cTBa (MexaHnueckast npoyHocTsh 14-31 Mlla, BonoycTOHYMBOCTE MO CKOPOCTHU BBILIEIAYHBA-
must 2'Cs <1x107° r/em’xcyT, BOAOCTOMKOCTH >>5 MITa mocie 90 cyTOK BBIIAEPKKH B BOJE),
KOTOpBIE OTPa)KaroT MPUIOJHOCTh IS AONTOBPEMEHHOTO XPAaHEHUS KOHAMIHOHHUPOBAHHOTO
MPOAYKTa UMMOOHMIU3AIMHU 30JIFHOT'O OCTaTKa — IIJIAKOMIEIOYHOro KoMnayHaa. B pesynsrare
niepepabotkn NOC 1 mMMOOHUIH3AINH 306l B BOJIOYCTOWYMBBIA KOMIAYH]] JOCTUTHYTO CyM-
MapHoe cokpamienue mybisl MOC B 13,5 pa3 mo o6semy u B 6,2 paza mo macce [2—8].
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8.7 Potential of Heavy Liquid-Metal Coolant Application in
High-Power Density Heat Exchangers

Koshelev M. M., Ul'yanov V. V., Konovalov M. A., Gulevskiy V. A., Kharchuk S. E.

JSC "SSC RF - IPPE", Obninsk, Russia
E-mail: mkoshelev@ippe.ru

Keywords: heavy liquid metal coolant, lead-containing melts, heat exchangers, petroleum refining,
direct-fired furnace, coke formation, heat and mass transfer.

Direct-fired furnaces are widely used in oil processing and chemical industries. Due to
prominent temperature non-uniformity in the combustion chamber, some of the tubes get
overheated, which is accompanied by increased coke formation on the heat transfer surfaces
contacting with oil products. This process decreases performance reliability of the equipment,
its operational life and oil processing efficiency.

Presently, the activities aimed at coping with the task are focused on the enhancement of
"traditional”" direct-fired furnace design. Decrease of the temperature differential on the heat
transfer surface is achieved mainly by means of optimization of burner arrangement and
modification of heat-exchange coil profiles. However, difficult heat exchange conditions
along with design features do not make it possible to achieve uniformity of temperature over
the cross-section of direct-fired furnace heat exchange tubes.

In this paper, it is suggested to use the technologies and scientific capacity available in
the atomic industry, where a solution was found to the problem of transferring high-grade heat
from reactor cores operating at temperatures up to 823 K to steam generators with total capac-
ity of about 3000 MW. The operating experience of liquid metal coolants like sodium, lead,
lithium, and melts on their basis amounts to decades. Their usage in the reactor primary circuit
made it possible to decrease the dimensions of the cores compared to the cores cooled by wa-
ter. The size reduction was achieved thanks to the beneficial combination of thermohydraulic,
thermophysical and physico-chemical properties of liquid metal coolant. It should be noted
that the eutectic alloy of lead and bismuth was successfully applied in nuclear steam-
generating systems of nuclear-powered submarines.

The paper presents the principle of oil product heating using lead-bismuth eutectic and
the design of heat-exchange tubes for direct-fired furnaces. The design features a double-pipe
heat exchanger with the annular gap filled with lead-bismuth eutectic. Direct fire heating is
performed from the outer surface, while the oil products are located in the inner tube.

CFD-package OpenFOAM and numerical simulation methods were used to perform
comparative appraisal of temperature distribution along the heat-exchange surface that is in
contact with oil products for "traditional" heat-exchange tube and the tube design suggested
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by the authors, under conditions of non-uniform direct fire heating from the outer surface. The
calculation results are given in the figure. One can see that the tube design suggested by the
authors helps flatten the temperature fields along the heat-exchange cross-section.

As it can be seen, the design of a direct-fired furnace heat exchange tube suggested by
the authors offers substantial advantages. It can help reduce the dimensions of direct-fired oil-
product furnaces, increase the power density and performance reliability of the equipment.
However, this design introduces additional thermal resistance to the value of the flame to oil
product heat transfer coefficient, which is comparable to the thermal resistance of 10 mm
thick steel.

An important factor in flattening the temperature along the heat-exchange tube cross-
section is realization of stable natural circulation in the annular gap. Accordingly, a full-scale
scientific and engineering study must be performed in order to execute specific design solu-

tions.
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Deviation of temperature from the mean value in the cross-section of
a heat-exchange tube contacting with oil products:
1 —with annular gap (10 mm), filled with lead-bismuth; 2 — steel (wall thickness 16 mm);
3 —steel (wall thickness 6 mm)
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[leun orHeBoro HarpeBa LIMPOKO HCIONB3YIOTCS B HeTenepepadaThIBaOEeH U Xu-
MHUYECKON oTpaciu. M3-3a 3HAUNTENBHOW HEOAHOPOIHOCTH TEMIIEPATyp B X KaMepe cropa-
HUS TIPOUCXOJHUT TIEPErpeB YacTH TPYO, CONMPOBOKAAIOIINIACS MOBBIIIEHHBIM KOKCOOOpa30Ba-
HHEM Ha MOBEPXHOCTAX TEIJIO00MEHa, KOHTAaKTUPYIOIUX ¢ Hedrenponykramu. U, xak cien-
CTBHE, CHUKAETCSI HA/IXKHOCTh PadOTHl 000pyAOBaHuUs, €T0 pecypc paboThl U 3P PEeKTUBHOCTD
HedTenepepadOTKH.

B nHacrosmiee Bpems pabOThl, HEOOXOUMBIE TSI PELICHUS TOCTABICHHOMN 3a7auu, OpH-
€HTHPOBAHbBI Ha COBEPILIEHCTBOBAHNE KOHCTPYKIMH «KJIACCHUECKHX» TIeUell OTHEBOTO Harpe-
Ba. CHI)KEHHE Iepenaja TeMIIepaTyp Ha TEIUIOOOMEHHOH MOBEPXHOCTH IOCTHIaeTcsl B OC-
HOBHOM 3a CYET ONTHMU3AIMH PACIIOIOKEHUSI TOPEJIOK W M3MEHEHHs MPOoQHIei Termooo-
MEHHBIX 3MeeBUKOB. OIHAKO CIIOXKHBIE YCIIOBHUS TEMJI000MEeHa HapsAAy ¢ KOHCTPYKTHBHBIMHU
OCOOCHHOCTSIMH HE TIO3BOJISIFOT TOOWTHCS TOCTOSIHCTBA TEMIIEPATYp IO CEYSHHIO TEII000-
MEHHOM TpyOBI IEYH OTHEBOTO HarpeBa.

B nanHoii paboTe MpeyiosKeHO MCIOb30BaTh TEXHOJIOTHH W HAYYHBIH 3a/1e1 aTOMHON
orpaciu[1]. B 3Toi1 oTpacnu ycnenHo pemieHa npodsiemMa nepeiayn BEICOKOIIOTEHIHAIBHOTO
TeIUTa OT aKTUBHBIX 30H, QYHKIIMOHUPYIOMINX pH TemnepaTtypax no 823 K, k maporeneparo-
pam cymMMapHoii MoutHocThio ~ 3000 MBT. OnbIT 3KcIuTyaTallMy TakuX >KHIKOMETaJTHde-
CKUX TEIUIOHOCHTENEeH, Kak HaTpUi, CBUHEL, JUTHI U CIUIABOB HA UX OCHOBE COCTABIISIET -
CATKM JeT. VX wucnosibp30oBaHME B IEPBOM KOHTYpPE PEAKTOPHBIX YCTaHOBOK II03BOJIMIIO
YMEHBIINTh Ta0apUTHI AKTUBHBIX 30H B CPABHEHHH C KOHKYPEHTHBIMH aKTHBHBIMU 30HAMH,
OXJIXKJaeMbIMU BoJIoW. Takast 5JKOHOMHS B pazMepax JOCTHTHYTa Oyiarogaps yIaqHOMY cove-
TaHMIO TEIUIOTUAPABINYECKUX, TEIIIOPU3NIECKUX U (PU3NKO-XMMUYECKUX CBOICTB KHIKOME-
TAJUTMYECKUX TeryioHocuTenei. CTOMT OTMETHTD, YTO 3BTEKTHYECKHH CIJIaB CBUHIIA C BUCMY-
TOM OBLI YCIENIHO NMPUMEHEH B SIEPHBIX Mapo-TIPOU3BOJSIINX YCTAHOBKAX aTOMHBIX IOJI-
BOJIHBIX JIOJOK [2].

B pabote npencraBieH NpUHLMI HarpeBa HEPTENPOAYKTOB C NPUMEHEHHEM 3BTEKTHYE-
CKOT'O CIJIaBa CBHHIIA C BUCMYTOM, X KOHCTPYKLHS TEINIOOOMEHHBIX TPyO AJIs medell OrHEBOro
HarpeBa. KoHcTpykuus npencrasiser co0oi TEIIOOOMEHHHUK «Tpy0a B TpyOe», KOJIbLEBOI 3a-
30p KOTOPOTO 3alOJIHEH IBTEKTHYECKUM CIUIABOM CBHHIIA C BUCMYTOM, OTHEBOM HarpeB OCyIle-
CTBIISIETCS C HAPYKHOM TIOBEPXHOCTH, HE(PTEPOAYKTHI PACIIONIAraloTCsl BO BHyTpEHHEH TpyOe.

C ucnonb3oBanueM yucieHHoro moaenuposanus B CFD-nakere OpenFOAM mnposeje-
HBI CPaBHUTENIFHBIC OLIEHKH PacHpeAcIeHUs] TeMIIEpaTyp MO TerI00OMEHHON MOBEPXHOCTH,
KOHTaKTHpYIOIeH ¢ HeQTenpoayKTaMH, IS «TPaJWIMOHHON» TEIUNIOOOMEHHOH TpyOBl U
KOHCTPYKIMH TPYOBI, IPEUIOKEHHOH aBTOPaMH, B YCIOBHSIX HEPaBHOMEPHOTO OTHEBOTO Ha-
IpeBa ¢ HApY>KHOW MOBEPXHOCTU. Pe3ynbTaThl pacuera MpeaCTaBICHBl Ha pUCYHKE. MOXKHO
BUJETh, YTO KOHCTPYKLHS TPYOBI, MPEUIOKEHHAsl aBTOPAMHU, CIIOCOOCTBYET BBIPAaBHUBAHUIO
TeMIepaTyPHBIX MOJIEH TI0 CEUEHHUIO TeTIIO0OMEHHOM TPYOBI.
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Omxionenue memnepamypsl om cpeoHell elUYUHbL 8 CeUeHUU Men1000MeHHol mpyob,
KoHmakmupyroujetl ¢ negpmenpoodykmamu: 1 — ¢ xonvyesvim 3a30pom (10 mm), 3anonnennvim ceuney-
sucmymom; 2 — cmanv (moawguna cmenku 16 mm); 3 —cmans (monwuna cmenxu 6 mMm)

Kak BugHO, npenioxeHHast aBTopaMy KOHCTPYKLUS TEIUIOOOMEHHON TpyOBI Meun OrHe-
BOTO HarpeBa o01ajaeT CyIeCTBEHHBIMH NpenMyniecTBaMu. OHa MOKET MO3BOJINTh CHU3UTh
rabapuThl Tiedeil OTHEBOTO HarpeBa HEPTENPOIYKTOB, MOBBICUTH HSHEPrOHANPSIKEHHOCTh U
HaJIe)KHOCTh paboThl 00opyaoBaHusi. OJHAKO KOHCTPYKILMSI BHOCHUT JOMOJHHUTEILHOE TEPMU-
YecKOe COMPOTHBICHHE B BEIMYMHY Kod(duiueHTa Temonepeaayn oT IJIaMEeHH K HedTe-
MIPOJYKTaM, CPaBHUMOE C TEPMHUYECKHUM CONPOTUBICHHEM ~10 MM cTany.

BaxHbIM (pakTOpPOM BHIPAaBHHUBAHHSI TEMIIEPATYPHI [0 CEYEHUIO TETUIOOOMEHHOH TPYOBI
SIBJIIETCS] OCYIIECTBIIEHUE YCTONUMBOM €CTECTBEHHOM IUPKYJSLAN B KONbLIEBOM 3a3ope. Ilo-
3TOMY AJIsl pealiu3alli ONpPEeIeHHBIX KOHCTPYKTOPCKUX PELIEHUI He00X0IMMO IPOBEICHUE
TTOJTHOIIEHHOW HAyYHOW M KOHCTPYKTOPCKOH MPOPabOTKH.
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