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Telcymee COCTOSTHHUE paﬁoT

B mpornecce nccnenoBanusi BONMPOCOB CTAOMIBHOCTH M YCTOHUMBOCTH paboThl peaktopa « HEIITYH»
OBUI caenaH BBIBOJ, YTO TIIABHBIM (JaKTOPOM HETaTUBHOTO BIUSHHS Ha CTa0MIBHOCTH U yCTOWYMBOCTH pa-
OOTHI peakTopa Ha BCEX PeXHMax SBJSIETCS AWMHAMHYECKHHA W3THO TEIUIOBBIACISIOIINX SJIEMEHTOB U Tell-
JIOBBIJENSIOMHNX COOpOK TB3JIOB. [10MHOCTBIO paccMOTpeHa OTUHAMHUKA PEAKTOpa C ONHUM YCPEAHEHHBIM
TBAJIOM B OCLWJUIATOPHOM npuOnvkeHnd. [Tokazano, 4To 1t00ble IEpHOAnYeCcKHE KoJIeOaHnsl PEaKTUBHOCTH,
OoJibllIe OINpeAeTIeHHONW BEJMYMHBI TI0 aMIUIMTYNE, YCHIMBAIOTCS M3-3a 3alla3AblBaHUA OTPHULIATEIBHOW 00-
PaTHOM CBSI3U U MPUBOJAT K PEUIEHUSM C MEMJIEHHBIM aCUMITOTHYECKUM Pa3rOHOM UJIHU K 3HAYUTEIIBHBIM
KoJIe0aHMsIM MOIIHOCTH peakTopa. B pamMkax ocHMILIATOPHOTrO MpHONMKEHHS M3ydanach TakKe cHCTeMa
B3aMMOACHCTBYIOIIUX U HE B3aUMOJICHCTBYIOIINX MEXKAY OO0 TBIJIOB B KOTMUECTBE 0 HECKOJIBKUX COTEH
LITYK, & TAK)K€ 3aBUCHUMOCTb XOJa JUHAMUYECKUX MPOLECCOB OT KOHCTPYKLUHU ONOP TBIJIOB U BEIUYHMHBI
TPEHUs B OIOpax.

Ha ocHOBe momyueHHBIX pe3y/IbTaTOB CTajI0 BO3MOXHBIM C(HOPMYIHPOBATh TpeOOBaHHS K ONTHMAaIbHOM
KOHCTPYKIMH TBAJI0B U KOMIO3UIMK akTUBHOH 30HHBI peaktopa HEIITYH, obecneunBaromieil yCTOMYHBYIO
paboTy peakTopa Ha ycTaHOBIeHHON MomHOocTH 10—15 MBT. IlpennoyruTenbHpIM BapuaHTOM KOMITOHOB-
KW aKTUBHOM 30HBI SIBJISIETCS] BAPUAHT C JKECTKUM KPEIUIEHHEM OIHOTO W3 KOHILIEBMKOB TBAJIOB, HE cOOpaH-
HeiXx B TBC (motBanmbHas cOopka), U KpemieHrne, o0ecreunBaioliee OrpaHuueHHbIe Mallble MOTepPEYHbIC
Y HEOTPaHUYEHHBIE IIPOJOJIBHBIE CMELICHUS, ISl APYTOro KOHIIEBUKA.

[IponomxkaroTcst paboThl IO ONTUMHU3ALUHN KOHPHUTYPALUU KPHOTEHHOTO 3aMEATIUTENS C BOISHBIM Mpea-
3aMennuTeNeM. bbuld NpoBeAcHBI pacueThl JUIsl Pa3IUYHbIX MATepUaIOB KPUOTEHHOIO 3aMEIJIUTENS IIpU
Pa3IUYHBIX TEMIEPATYpax U IPU pa3iIU4HbIX TONINMMHAX BOASHOIO npenzamennurens. [IpensapurenbHele
pacyeTsl OKa3alld, YTO MAKCUMAJIbHAS IUIOTHOCTh IIOTOKA XOJIOAHBIX HEUTPOHOB IIOJIy4acTCs IIPU UCIOIIb-
30BaHMM B pacyeTax MOAETH ME3UTHUIEHOBOTO KPUOTEHHOTO 3aMEJUIMTENs, TOJLIMHON 2 CM, C BOASHBIM
npeasaMeJInTeaeM, TOIUHON 5 cM.

CosmectHo ¢ AO « BHUMHM unm. A. A. bousapa» (I'K «PocaTom») HayaTa moaroToBka K BHIIIOJTHEHUIO
Hay4YHO-HMCCIIE0BaTeNbCKON, ONBITHO-KOHCTPYKTOPCKOM U ONBITHO-TEXHOIOTHUECKOH paboThl «Pa3paboTka
HUTPUA-HENITYHUEBOI'O TOILUIMBA U TBAJIOB HA €ro ocHoBe At peakropa HEIITYH». Ha nannom sramne mia-
HUPYETCS] U3TOTOBUTH TOIUIMBHYIO TAaOJETKy M3 HUTPUAA HENTYHUS, ONPEACIUTh €€ (PU3NKO-XUMHUYECKHUE
U TEXHOJIOTMYECKUE CBOMCTBA.

CosmectHo ¢ AO «<HUKUIT um. H. A. Jonnexans (I'K «Pocarom») pazpaboTaHo TeXHHUECKOE 3aaHNE
Ha BeimonHenue HUOKP «PacueTtHpie 000CHOBaHMSI KOHCTPYKTUBHBIX PEIIEHUH MOTYIIATOPAa PEaKTHBHOCTH
MMITYNbCHOTO peaktopa nepuoaudeckoro aeictsuss HEIITYH». OcHoBHBIME 3a1auaMu, KOTOPBIE JOIKHBI
ObITh BeIoNHEHHI B pesynbrate HUOKP, sBnsitoTcst paspaboTka 1ByX BapUaHTOB (C KOXKYXOM H 0€3 KOKyXa)
KOHCTPYKIUH MOAYJSATOpA PEaKTUBHOCTH, PaOOTOCIOCOOHOTO BO BCEX 3aJaHHBIX YCIOBHAX IKCILUTyaTallun
W TIPUHATHE PELICHHUs] 0 IPUMEHEHHH OJHOTO M3 BapUAHTOB, a TaKKe pa3padoTKa BapHaHTa KOHCTPYKIIMU
KOpITyca peakTopa, 001agaronero HamMeHbIeH TeIIOBOM HarpyKeHHOCThI0. BrinonHeHne 1aHHO# paboTh
[IO3BOJIMT MIEPENTHU HA CTAUIO 3CKU3HOIO IpoekTupoBanus peakropa HEITTYH.

ComectHO ¢ «POAL - BHUUT®» (I'K «Pocarom») HauaTta NOATOTOBKA K BHIMOTHEHHUIO MPEIU3UOHHBIX
pacyeToB HECTAllMOHAPHOTO M3rHba TBAJa B YCIOBHSIX, XapakTepHbIX i peakropa HEIITYH, c nenbsro
Bepudukamu cozganHoi B JIH® pacuetnoit metonuku. [IpoBoanTcs n3yueHne BO3MOXHOCTH POBEICHUS
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SKCIIEPUMEHTAJILHBIX HCCIIEIOBAHUH C Henblo Bepu(uKaluyd pacyeToB B 00OCHOBaHHE HEUTPOHHO-(U3U-
YECKHX U JMHAMHMUYECKUX Xapakrepuctuk peakropa HEIITYH.

CosmectHO ¢ AO «I'HIL] P® — ®BU» (I'K «Pocatom») BeneTcs 00Cy)eHHE BO3MOXHOCTH MOJICIHPOBA-
HUs1 akTuBHOH 30HBI peaktopa HEITTYH Ha ObicTpoM (u3nueckoM CTEHAE, a TaKKe MPOBEICHHS PacieToB
Y MOJEIUPOBAHUSA MOLYIATOPA PEAKTUBHOCTH.

PaGortbl B pamkax cemusietnero miaana OUSN 2024-2030 rr.

B pamkax cemunernero miana OUAN pabota mo co3gaHHioO HOBOTO MCTOYHMKA HEHTPOHOB OyAeT Bec-
THCH 10 CIEAYIOIIHUM HAIIPABJICHUSM:

1. Peanuzanms nporpammsel HUOKP no paspabotke HoBoro peakropa HEIITYH: uccnenoBanue nuna-
MHUKH UMITYJIbCHBIX PEAKTOPOB, ONTUMU3ALMS KOPILyCa HOBOIO PEAKTOPA U €0 MOAYJIATOPA PEAKTUBHOCTH
B YACTH CHM)KCHUSI TETIOBBIX HArpy30K W (OPMOM3MEHEHHUs, pa3padoTKa HUTPUI-HENTYHHEBOTO TOILJIMBA
Y TBOJIOB HA €TO OCHOBE, ONTUMU3ALM KOHPUTypalluy KOMITIEKCa 3aMeInTeNel, pa3paboTKa HCIbITaTelb-
HOTO CTE€HJIa MOLYJISATOPA PEAKTUBHOCTHU U UCIIBITATEILHOTO CTEH 14 KPUOTEHHOTO 3aMEJIUTENS.

2. Pa3zpaboTka 1 pa3BUTHE HAyYHON MPOrpaMMbI U KOHLETIIUH TPUOOPHOM 0a3bl It MPOBEACHHS UCCTIe-
JOBaHH MO (PU3MKE KOHACHCUPOBAHHBIX Cpell U siiepHON (DU3UKE U MPUKIIaTHBIX UCCIIEI0BaHUI Ha HOBOM
peaxrope HEIITYH.

3. Pa3paboTka 3cKH3HOTO U MH(PACTPYKTYpHOTO (OOIMKOBOTO) MpoeKkToB HOBoro peakropa HEIITYH,
obocHoBanusi uHBectulnid. [logrotToBka m HampaeneHue xonaraiictBa o HamepeHusx B 'K «Pocarom»
u llpaBurensctBo MockoBckoit obnactu. HampaBnenue oOOCHOBaHMS WHBECTHUIMH B TOCYIapCTBEHHBIE
CTPYKTYpbl PD, ero yrBepxxaeHue.

4. Pa3paboTka TeXHHKO-3KOHOMHYecKoro obocHoBanus (TDO). OdopmiieHue 3asBKU JIs BKIFOUYCHHS
obbekra — HoBoro peakropa HEIITYH B ¢denepanbHyro LeneByto IporpaMmmy.

5. IoaroroBka k noiy4deHuto nuneHsuu Pocrexnan3opa Ha pasMellieHUEe U COOPYKEHUE HOBOI'O PEaKTopa
HEIITYH. IloaroroBka TEXHUYECKOTO 3aJaHus Ha IPOEKTUpOBaHue. Pa3paboTka TEXHUUECKOTO MPOEKTa.

6. MonenupoBaHue SKCIEPUMEHTAILHON HHPPACTPYKTYpbl HOBOTO HCTOUHHKA, BKIIOUAsl 3JIEMEHTHI 9KC-
MEPUMEHTANBHBIX YCTAaHOBOK C IPOTOTUIIHPOBAHUEM OT/IENBHBIX KOMIIOHEHTOB Ha peakrope MBP-2.

ANEW NEUTRON SOURCE IS THE PULSATING NEPTUNE
RESEARCH REACTOR AT JINR: CURRENT STATUS AND PLANS

M. V. Bulavin

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia
E-mail: bulavin85@inbox.ru
Current status of works

In the process of studying the issues of stability and stability of the operation of the NEPTUNE reactor,
it was concluded that the main factor of negative influence on the stability and stability of the reactor opera-
tion in all modes is the dynamic bending of fuel elements and fuel assemblies of fuel rods. The dynamics
of a reactor with one averaged fuel element in the oscillatory approximation is fully considered. It is shown
that any periodic fluctuations in reactivity greater than a certain magnitude in amplitude are amplified due
to the delay of negative feedback and lead to solutions with slow asymptotic acceleration or to significant
fluctuations in reactor power. Within the framework of the oscillatory approximation, a system of interacting
and non-interacting fuel rods in the amount of up to several hundred pieces was also studied, as well as the
dependence of the course of dynamic processes on the design of the fuel rods and the amount of friction in
the supports.

Based on the results obtained, it became possible to formulate requirements for the optimal design of fuel
rods and the composition of the core of the NEPTUNE reactor, ensuring stable operation of the reactor at an
installed capacity of 10—15 MW. The preferred option for the core layout is the option with a rigid attachment
of one of the end caps of fuel rods not assembled in the fuel assembly (fuel assembly), and a mount providing
limited small transverse and unlimited longitudinal displacements for the other end cap.
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Works on optimizing the configuration of a cryogenic moderator with a water pre-moderator are contin-
ued. Calculations for various cryogenic moderator materials at different temperatures and at different thick-
nesses of the water pre-moderator were carried out. Preliminary calculations have shown that the maximum
density of the cold neutron flux is obtained by using a model of a mesitylene cryogenic moderator, 2 cm thick,
with a water pre-moderator, 5 cm thick.

An agreement with “JSC A.A. Bochvar VNIINM” (Rosatom State Corporation) for the performance of
research, development and development work “Development of nitride-neptunium fuel and fuel rods based
on it for the NEPTUNE reactor. Stage 2022-2023” is signed. At this stage, it is planned to produce a fuel
tablet from neptunium nitride, to determine its physical, chemical and technological properties.

Together with “JSC NIKIET” (Rosatom State Corporation), a technical task for the implementation
of R&D “Design justifications of design solutions for the reactivity modulator of the NEPTUNE periodic
pulsed reactor” was developed. The main tasks to be performed as a result of R&D are the development of
two variants (with a casing and without a casing) of the design of a reactivity modulator that is operable
under all specified operating conditions and making a decision on the use of one of the options, as well as the
development of a design variant of the reactor vessel with the lowest thermal load. The implementation of
this work will allow us to move to the stage of preliminary design of the NEPTUNE reactor. The conclusion
of the contract is planned to be held in 2023.

Together with “RFNC — VNIITF” (Rosatom State Corporation), preparations for performing precision
calculations of non-stationary bending of fuel rods under conditions typical of the NEPTUNE reactor in
order to verify the calculation methodology created in the FLNP have begun. The possibility of conducting
experimental studies in order to verify calculations to substantiate the neutron-physical and dynamic charac-
teristics of the NEPTUNE reactor is being studied.

Together with “JSC SSC RF — FEI” (Rosatom State Corporation), the possibility of modeling the core of
the NEPTUNE reactor on a fast physical stand, as well as calculations and modeling of the reactivity modu-
lator is being discussed.

Works within the framework of the JINR seven-year plan 2024-2030

Within the framework of the JINR seven-year plan, work on the creation of a new neutron source will be
carried out in the following areas:

1. Implementation of the R&D program for the development of the new NEPTUNE reactor: study of the
dynamics of pulsed reactors, optimization of the new reactor vessel and its reactivity modulator in terms of
reducing thermal loads and shape change, development of neptunium nitride fuel and fuel rods based on it,
optimization of the configuration of the moderator complex, development of the reactivity modulator test
stand and the cryogenic moderator test stand.

2. Development of the scientific program and the concept of the instrument base for conducting research
in condensed matter physics and nuclear physics and applied research at the new NEPTUNE reactor.

3. Development of preliminary and infrastructural projects of the new NEPTUNE reactor, justification
of investments. Preparation and submission of a petition of intent to the Rosatom State Corporation and the
Government of the Moscow Region. The direction of the justification of investments in state structures of
the Russian Federation, its approval.

4. Development of a feasibility study. Registration of an application for the inclusion of the object — the
new NEPTUNE reactor in the federal target program.

5. Preparation for obtaining a license from Rostechnadzor for the placement and construction of a new
NEPTUNE reactor. Preparation of technical specifications for design. Development of a technical project.

6. Modeling of the experimental infrastructure of a new source, including elements of experimental in-
stallations with prototyping of individual components at the IBR-2 reactor.
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PACYHETBHI JUHAMUKHA MOILIHOCTHA
HEPUOANYECKOI'O UMITYJIBCHOI'O PEAKTOPA HEIITYH.
MNPOBJEMA HEYCTOUMYUBOCTHU

A. E. Bepxoansnoos

O6benuuennsnii MaCcTUTYT Anepusix Uccnenosanuii, Jlyona, Poccus

E-mail: verhoglyadov_al@mail.ru

B mpouecce paboTsl Haa MPOEKTOM HOBOTO MEpHOAMUYECKOro mmiyinbcHoro peakropa HEIITYH 6bin
oOHapykeH (eHOMEH OUHAMHUYECKOr0 HM3rnbda — OCOOEHHOCTh AMHAMHKH ITYJIbCHPYIOIIUX PEaKTOpOB,
HE TPOABJISIIONIAs ceOsl B peakTopax APYyroro TUIMA, HO UrPaiollas 3HAYUTENBHYIO pOJib B OLIEHKE yCTOWYH-
BOCTU paboThl. J{BHKEHHUS TETUIOBBIACTISIOMINX 3JIEMEHTOB (TBAJIOB) TOX ACHCTBHEM MEPHOTUYECKU H3MeE-
HSIOIIEHCS TeMIIepaTypbl MOTYT NPUBOANTE K CUJIBHBIM W3MEHEHHUSIM PEaKTUBHOCTH M KOJIEOaHUSM MOIL-
HOCTH PEaKTOpa.

Pemrenne mpo6i1eMbl HEYCTOHUMBOCTH MOIIHOCTH UMITYJBCOB M IMOMCK IMapaMeTPOB HAJECKHON DKCILTya-
TaI1 HOBOTO PeakTopa MoTpeboBai CO3AaHus MaTeMaTHUeCKON MOAeH (IIPOrpaMMBbI pacyeTa) AMHAMHUKH
MOIIHOCTH MyJbCHpYIOLIero peakropa. I1pu sTom addekt tnHaMuuaeckoro n3ruda paccMaTpuBaeTCsl Kak oc-
HOBHOM ()aKkTOp HECTAaOMIILHOCTH. Y UHUTHIBAIOTCA TaKXKe TEMIIEpaTypHOE yAJTHHEHHE TBAJIa, MOJI0KEHHE MO-
JLylsTOpa PeaKTUBHOCTH, UCTOYHUKH 3aIa3/(bIBAIOIIUX HEUTPOHOB, BIMSIHUE )KUJKOTO HATPHS HA JBUKCHUE
TBAJIOB. B noKnane ocemaoTes METOABI pacueTa AMHAMHYECKOTO U3rnbda, oouias cxeMa MoJel JMHAMHUKH
peaxkTopa U ee TeKyllee COCTOSHHUE.

CALCULATIONS OF THE POWER DYNAMICS
OF NEPTUN PULSED REACTOR. THE PROBLEM OF INSTABILITY

A. E. Verhoglyadov

Joint Institute for Nuclear Research, Dubna, Russia
E-mail: verhoglyadov_al@mail.ru

In the process of working on the project of a new NEPTUN pulsed reactor, the phenomenon of dynamic
bending was discovered — a feature of the dynamics of pulsed reactors that does not appear in reactors of
other types, but plays a significant role in evaluating the stable operation of the reactor. Movement of fuel
elements (fuel rods) under the influence of periodically changing temperature can lead to high changes of
reactivity and fluctuations of the reactor power.

Solving the problem of power instability and searching of parameters for reliable operation of a new re-
actor required the development of a mathematical model (calculation program) of the power dynamics of a
pulsed reactor. The effect of dynamic bending is considered as the main factor of instability. The temperature
elongation of the fuel element, the position of the reactivity modulator, sources of delayed neutrons, and the
effect of liquid sodium on the movement of fuel elements are also taken into account. The report presents
the methods of dynamic bending calculation, the general scheme of the dynamics model and its current state.
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MOIEJIUPOBAHUE PABOTbBI HACCHUBHOI'O
KATAJIMTUYECKOI'O PEKOMBHUHATOPA BOJIOPO/IA PBK-500
B KOMIIJVIEKCHBIX OKCIIEPUMEHTAX
C IOMOIBIO KOJA CABARET-SC1
B. IO. Iiomos, A. A. Kanaes, B. I Konoakos

HucTuTyT Ge30macHoOro pa3BuTHs aroMHOM 3HepreTrkd PAH, Mocksa, Poccus

VYcnoBusi, B KOTOPBIX (PYHKIIMOHUPYET MACCUBHBIA KaTaquTHieckuil pekomOuHarop Bomopoaa (IIKPB),
MOTYT pa3ianyaThcsl B 3aBUCUMOCTH OT CLIEHApHs WM 3Tamna TsDKenoll aBapuu. J[ns uccienoBaHMs XapakTe-
puctuk padotsl [IKPB B pa3HbIX yCIOBHSIX HEOOXOOMMBI COOTBETCTBYIOIINE HCIBITAHHS, KOTOPBIE MOXKHO
pa3fenuTh Ha ClieHUalbHblEe U KOMIUIEKCHBIE. B crieranbHbIX SKCIIEPUMEHTaX UCIONb3YIOTCS OTAEIbHbBIE
KaTaJIUTUYEeCKHE DJIEMEHTHI, MACCOBBIM pacxXo raza U KOMIIOHEHTHBIN COCTaB cpe/ibl Ha BXOJE B KaTaJIUTH-
YeCKHid ONOK MOAACPKUBAETCS MOCTOSHHBIM. B KOMITJIEKCHBIX SKCTIEPUMEHTAX UCTIONB3YIOTCSl MacIITaOHbIC
mozenu [IKPB, koHBEeKTHBHBINH MOTOK Yepe3 KaTajJu3aTop pa3BUBACTCS €CTECTBEHHBIM 0Opa3oM M OKa3bl-
BAaeT BIMSHKE Ha COCTaB M TeMIlieparypy okpyxatouieir [IKPB atmocdeps! sxcriepuMeHTaabHOR yCTaHOBKHY,
B CBOIO OY€pe.b, CYIECTBYET 0OpaTHas CBA3b MEXAY CKOPOCTHbIO PEKOMOMHALUN M KOHBEKTHBHBIMHU MOTO-
KaMH B 9KCIIEPUMEHTAIBHON yCTaHOBKE (OIpeeNIoIMMHU KOHIIEHTPALUIO BOJOPOa U CKOPOCTh IIOTOKA Ha
Bxoze [IKPB). Takum o0pa3om, il aIeKBaTHOTO MOJICITMPOBAHUS KOMILIEKCHBIX 3kcriepumenToB ¢ [IKPB
HEOOXOMMO HE TOJIBKO MpaBUIbHOE MojenrpoBaHue padoTsl [IKPB, HO 1 HajeXHbIe pacueTsl MapaMeTpoB
ra3oBOii cpefibl B aTMOC(epe yCTaHOBKH.

TounocTs MonENMpOBaHUS MapaMeTPOB MHOTOKOMIIOHEHTHOH ra3oBoil cpeabl kak BHyTpu IIKPB, Tak
u B 00beMe IKCIIEPUMEHTAIBHON YCTaHOBKH 3aBHCUT OT BbIOOpa umcieHHod mertomuku. B UBPAD PAH
IUIsL MOJICTTUPOBaHUS TYpOYJICHTHBIX TeUEHHH pa3padaTeiBacTCs BUXpEpa3pellaronni OecnapaMmeTpuyecKui
noaxoj, ocHoBaHHBIH Ha MeTtonuke KABAPE [1], oOnanaroniuii mOBBIIIEHHBIMH POTHO3HBIMU BO3MOX-
HOCTSIMH B 4acTH paclpOCTPAaHEHUs U NMEPEeMEIINBAHN MHOTOKOMIIOHEHTHBIX Ta30BBIX cMecell. JTa MeTo-
nuka Obuta peanu3obana B koge CABARET-SCI [2] anst mpoBeACHUS YUCICHHOTO aHaIN3a OTHOCUTEIBHO
MEIJICHHBIX MPOLECCOB MEPEMELINBaHMUs U CTPAaTH()UKALIMH BOJOPOIOCOAEPIKAIINX T'a30BBIX CMeceil mox
3ammTHON obonoukoit ADC.

B nannoii pabote npencrasnena pazpadotannas u peanuzosanHas B koge CABARET-SC1 runponuna-
mudeckas (CFD) monens [IKPB PBK-500 ¢ nByms nmomxonamu (amnupudeckum [3] u nuddy3noHHbM [4])
IUISL CKOPOCTH PEKOMOMHAIINH BOJOPO/IA, @ TAKXKE IMPEACTaBICHBI Pe3yJIbTaThl PACIeTOB C MMOMOIILIO JAaHHOM
MOJEIU KOMIUIEKCHBIX 3KCIIEPUMEHTOB Ha ycTaHOBKe bM-II, Bemmonnennsix B POAL] - BHUUTO.

Pabota BrIMOIHEHA ¢ HCMIOIB30BaHUEM 000pynoBaHus L{eHTpa KOJIIEKTHBHOTO MOJIb30BAHUS CBEPXBBICO-
KOTIPOU3BOAMUTEIBHBIMH BBIYMCIUTENBHBIMU pecypcaMu MI'Y nmenu M. B. JlomoHnocoBa [5].
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MODELLING OF PASSIVE CATALYTIC RECOMBINER RVK-500
OPERATION IN COMPLEX EXPERIMENTS USING
THE CABARET-SC1 CODE

V. Yu. Glotov, A. A. Kanaev, V. G. Kondakov
Nuclear Safety Institute of the RAS, Moscow, Russia

The conditions under which a passive catalytic recombiner (PAR) operates may vary depending on the sce-
nario and stage of a severe accident. In order to study the characteristics of the PAR operation under different
conditions, appropriate experiments are needed, which can be divided into special and complex. In special ex-
periments, separate catalytic elements are used, the mass flow rate and the component composition of the gas at
the inlet are kept constant. In the complex experiments, full models of PAR are used, the convective flow through
the catalyst develops naturally and affects the composition and temperature of the atmosphere of the experimen-
tal facility, in turn, there is a feedback between the recombination rate and convective flows in the experimental
facility (determining the hydrogen concentration and the rate of flow at the inlet of the PAR). Thus, in order to
adequately simulate complex experiments with PAR, it is necessary not only to correctly simulate the operation
of PAR but also to reliably calculate the parameters of the gaseous medium in the facility atmosphere.

The accuracy of modeling the parameters of a multicomponent gaseous medium both inside the PAR and
in the volume of the experimental facility depends on the choice of the numerical technique. In NSI RAS,
for modeling turbulent flows, an eddy-resolving parameter-free approach based on the CABARET method
[1] is being developed, which has increased predictive capabilities in terms of the propagation and mixing of
multicomponent gas mixtures. This technique was implemented in the CABARET-SC1 code [2] for numeri-
cal analysis of relatively slow processes of mixing and stratification of hydrogen-containing gas mixtures
under the NPP containment.

This paper presents the hydrodynamic (CFD) model of the RVK-500 PAR developed and implemented in
the CABARET-SC1 code with two approaches (empirical [3] and diffusion [4]) for the hydrogen recombina-
tion rate, and also presents the results of calculations using this model of complex experiments on the BM-P
facility carried out at VNIITF.

The research is carried out using the equipment of the shared research facilities of HPC computing re-
sources at Lomonosov Moscow State University [5].
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BO3MOXHOCTHU U MOJEJIbHBIN PAJL
JANPPAKTOMETPOB TONGDA

/. I’ I'onosanos

000 «Menutak», Mocksa, Poccus

Komnanus Tongda siBisieTcst OTHMM U3 KPYTHEHIINX MPON3BOJUTENEH PEHTT€HOBCKUX JU(PPAKTOMETPOB
B Kurae. MozaenbHblil psig npruOopoB BKItOUaeT B ceOsi HACTOJIBHBIE MOJENH, a TaKKe TOJIHOpa3MEpHbIE
nudpaxTomerpudeckue cucteMsl. Jngppakromerpsl komnannu Tongda HOCTPOEHBI C HCIIOIB30BAHHEM COB-
PEMEHHON KOMITOHEHTHOM 0a3bl ¥ MPEAOCTABISAIOT IIMPOKUE aHATUTHYECKUE BOZMOXKHOCTHU. JJudpakTomer-
PBI MOTYT OCHAILIATHCA IIUPOKUM KPyToM aKCeCCyapoB, BKIIIOUas TEMIIEpaTypHble KaMephl, YTO 3HAYUTEIHHO
paciupsieT Uccie0BaTeIbCKUE BOBMOKHOCTH.

MODELS AND CAPABILITIES OF XRD SYSTEMS FROM TONGDA
D. G. Golovanov

Melytec Ltd., Moscow, Russia

Tongda company is one of the largest manufacturers of X-ray diffractometers in China. The range of
devices includes desktop models, as well as full-size diffractometer systems. Tongda diffractometers are
built using a modern component and provide wide range of analytical capabilities. Diffractometers can be
equipped with a number of accessories, including temperature chambers, which significantly expands re-
search capabilities.
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ATOMHASA DOHEPI'ETUKA
KAK OCHOBA YCTOHYHUBOI'O PABBUTUSA

H. B. I'opun', B. K. Booonaea', B. IT. Kyuunos®, B. B. ILIudnoéckuii’

1 N " o G .
OI'VII «Poccutickuii @enepanvubiii Anepusiii Lleatp — Beepoccutickuit HUU texanueckot hpuznku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

*HUSTY MU®U, Mocksa, Poccust
A0 «IIpopsiB», Mocksa, Poccus

VYcroitunBoe pa3BuTHE OJHA M3 Hanbojee 00CYyKIaeMbIX MPOOJIEM B COBPEMEHHBIX BBICTYIUICHHUSAX ITO-
JUTHYECKUX JIUACPOB, MPEACTABUTEICH MEIOBBIX KPYroB, B aHATUTHUECKUX 0030pax, Ha KOH(EPEHIHIX
M B Hay4yHBIX myOnukarusx. OTMedaercs, YT0 OBICTPBIX PEIICHUI OXKHIATh HE CIIEAyeT, MPOOIeMbl OymIyT
peuaThCsl Ha MPOTSHKCHUH JKU3HH HECKOJNBKUX MOKOJEeHUH Jrofei. OfHa U3 KITIOUEBBIX 3371a4 B IEIsIX YC-
ToryrBoro passutusi OOH u B HAIMOHATBHBIX MPOEKTaX POCCHH — «HEIOPOTOCTOSAIIIAS M YHCTAs SHEPTHSD»,
JOCTH)KEHHE KOTOPO# MO3BOKT BBIMOIHUTE PSII APYTHX IECH YCTOWYMBOTO pa3BuTHs. PaccMOTpeHa HHH-
ruatuBa Poccru B MHTEpecax JAOCTIKCHUST HECKOJIBKUX Ie/Iei pa3BUTHS 33 CUST UCTOUHHMKA SKOJIOTHUECKU
YHCTON aTOMHOM 3HEprHU Kak 0a30BOr0 MCTOUHHKA dHEprocHaokeHus. OJHOBPEMEHHO YHUCTAast DHEPTreTUKA
MO3BOJIUT OTBETUTh HA OCHOBHBIC BBHI30BBI COBPEMEHHOCTH — 3arpsi3HEHUE OKPYKAIOIIEH Cpesbl U KInMa-
THYeCKHe siBeHus. Ha3BaHBl OCHOBHBIE BBI3OBBEI — TIOOANBHOE MOTEIUICHHE, TAPHUKOBBIN 3(dekT u3-3a
BBIOpOCOB B atMocdepy CO, M 3arpsa3HeHHE OKPY)KaoIlel cpefbl 1 OCHOBHBIE 3aTPA3HUTENH — OOBEKTHI
YIIEBOAOPOIHON SHEPTETHKH, MPOMBIIIICHHOCTH W TPAHCTIOPT. [T YCTOWYMBOTO Pa3BUTHS HYXKHA KO-
JIOTUYECKH YKCTast YHEPTUs B KOJIMYECTBE HE MEHEe JecsaTka MipAa T.H.3./rox (>3...5 - 10% JIx/r). Bo3006-
HOBJISIEMbIC HCTOYHHMKH SHEPTUU (COJTHEUHAs!, BETPOBAst U TIP.) C ITOW 3ajaueil He CIPaBATCS, TaK KaK y HUX
MaJia TIOTHOCTh TIOTOKa 3Heprud. Hy)kKHa HOBas TEXHOJOTHS, MPOM3BOASAIIAS HA STUHHILY MACCHI CHIPhS
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Ha HECKOJIbKO MOPSIIKOB OONbIIEe SHEPIHHM W MeHblle oTXomoB. OHa Mpeasio)keHa — aTOMHas YHEpPTreTHKa
C peakTopamMu Ha OBICTPBIX HelTpoHax U 3aMKHYTHIM S TL] [1]. O60cHOBaHBI penieHne NpodaeM Hepacpo-
CTpaHEHUS SIIEPHOTO OPY>Kus [2], MOKa3aHa BOZMOKHOCTh O0OHAPYKEHUsI CKPBITHIX HapyILIeHUH pexxuma [3]
U OOCYXKIECHBI O0COOCHHOCTH PabOTHI C HaceleHueM Uis (popMHUpOBaHUS BOCTPEOOBAHHOTO OTHOILLICHMS
K aTOMHOM 3HepreTuke [4].
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NUCLEAR ENERGY AS A BASIS OF SUSTAINABLE DEVELOPMENT
N. V. Gorin', B. K. Vodolaga', V. P. Kuchinov*, V. V. Shidlovskiy®

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

National Research Nuclear University MEPhI, Moscow, Russia
31SC «Proryv», Moscow, Russia

Sustainable development is one of the most discussed issues voiced by political leaders and representa-
tives of the business community in analytical reviews, at conferences, and in scientific publications. It is
stated that no quick solutions should be expected; the problems will be resolved throughout the lifetime of
several generations of people. One of the key objectives among the goals of sustainable development of the
United Nations and in the national projects of Russia is “affordable and clean energy”, the achievement of
which will make it possible to accomplish a number of other sustainable development goals. The initiative of
Russia in the interests of achieving several goals of sustainable development by means of a source of envi-
ronmentally friendly nuclear energy as a basic source of power supply has been considered. At the same time,
clean energy will make it possible to respond to the main challenges of our time, environmental pollution
and climate changes. Global warming and the greenhouse effect due to CO, emissions into the atmosphere
have been pointed out as the main challenges, while hydrocarbon-based facilities, industry and transport
have been named as the main pollutants. Sustainable development requires environmentally clean energy in
the amount of at least ten billion TOE a year (>3...5 - 10% J/year). Renewable energy sources (solar, wind,
etc.) will not be able to cope with this task due to their low energy flux density. A new technology is needed
that would generate several orders of magnitude more energy and less waste per unit mass of raw materials.
And such a technology has been proposed: nuclear energy with fast neutron reactors and a closed nuclear
fuel cycle [1]. The solution of the problems of non-proliferation of nuclear weapons has been substantiated
[2], the possibility of detecting hidden violations of the regime has been shown [3], and features of outreach
and awareness-raising work with the population to form the required attitude towards nuclear energy have
been discussed [4].
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OCOBEHHOCTH NPEACTOAILIEI'O 3KCITIOPTA
BBICTPBIX PEAKTOPOB C 3BAMKHYTBIM SATIL, KAK PEAKIIUA
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OTMeueHO, 4TO Ha IJIAHETE HET YIVICBOJOPOIHBIX PECYPCOB, KOTOPHIC MTO3BOJIMIH Obl BCEMY HACEIICHUIO
BBIITH Ha YPOBEHb MOTPEOJICHHS PA3BUTHIX CTPaH 3a CUET CKUraHus HepTU U ra3a; TeM Oojee ux He OyneT
4yepe3 HECKOJIBKO JICCATKOB JIET U B ONDKalIeM OymylieM Ha TIepBOe MECTO HEH30€KHO BBIHAYT SJCPHBIC
TEXHOJIOTUU TPOU3BOJICTBA dHEPruH. TONBKO OHU MO3BOJIIOT Ha MHHMILY CHIPbS MOJy4YaTh HAa HECKOJBKO
MOPSJIKOB OOJIBIIE PHEPTHU M MEHBINIE OTXOAOB M PEUIUTh BAKHEUIINE MPOOIEMBI YCTOHYNBOTO PA3BUTHSL.
O6ocHoBaH HauOosnee dPPEKTUBHBIA MHCTPYMEHT PEarMpOBaHUs Ha OCHOBHBIC BBHI30OBBI COBPEMECHHOCTH
(3arps3HEHUE OKPYKAOIIEH Cpeibl ¥ II00AIBHOE MOTEIUICHHE) — CHUYKEHUE JTOJIU YITICBOJAOPOIHOTO CHIPhS
B 3HEPTeTHUUYECKOM OajaHce M Mepexo]] Ha SKOJIOTHYSCKU YUCTYIO aTOMHYIO SHEPIeTUKY Ha OBICTPBIX peak-
topax ¢ 3aMkHyThIM S TL] [1]. OTMeueHO ee COOTBETCTBUE TpeOOBaHUSAM, CHOPMYIUpPOBaHHBIMU D.Depmu
(1947 r.) — Ge30macHOCTb, IKOHOMUYHOCTb, PEIIEHHE POOJIEM OTXOJ0B M HepacmnpocTpaHeHus. Onposep-
THYTO YCTOSIBILIEECS MHEHHUE, YTO OBICTPBIC PEaKTOPHI ¢ TexHonorusmu nepepadorku OSAT npeacraBisioT
yrpo3y npodneMaM HepacrpoCcTpaHeHus [2] 1 Ha3BaHBI OCHOBHBIC Oaphephl IMPEMSATCTBYIONINE PacipocTpa-
Henuto [3]. IlokazaHo OTHOIIEHUE HACENEHUS K SIAEPHBIM TEXHOJIOTUSAM [4] U OLIEHEHBI SKCIIOPTHBIE MepC-
MEKTUBBI OBICTPBIX PEAKTOPOB MPH UX pacrnpocTpaHeHuu B mupe [5]. OTMEUYeHO, YTO OBICTPBIC PEaKTOPBI
¢ 3amkHyThIM STI] oOecriedaT 4enoBeYeCTBO HA MHOTHE CTOJICTHS SKOJIOTHUYECKH YUCTON SHEPTUCH U 1M03-
BOJIST €My HaJIeAThCS Ha JAIbHEHIIIee YCTOMYUBOE Pa3BUTHE.
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FEATURES OF FORTHCOMING EXPORT OF FAST REACTORS
WITH CLOSED NUCLEAR FUEL CYCLE AS A RESPONSE
TO MODERN CHALLENGES

N. V. Gorin', N. P. Voloshin', Yu. I. Churikov', V. P. Kuchinov*, V. V. Shidlovskiy’

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

National Research Nuclear University MEPhI, Moscow, Russia
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The paper marks out that the Earth hydrocarbon resources are not enough for the world population to
reach the developed countries’ consumption level by burning oil and gas. Moreover, in several decades they
will be almost exhausted and in the nearest future, nuclear power-generation technologies will inevitably
be the most important. Only with these technologies, the amount of produced power will be of several or-
ders greater and the amount of waste — less. Besides, they will facilitate solutions of the most urgent issues
concerning sustainable development. Decrease in the hydrocarbon resources’ share in the power balance
and transfer to ecologically-friendly nuclear power generated by fast reactors with closed nuclear fuel cycle
are the most efficient tools for responding to the main challenges of today (environmental pollution and
global warming) [1]. It has been noted that this type of power complies with the requirements formulated by
E. Fermi (1947): safety, cost effectiveness, and resolution of issues associated with waste and nonprolifera-
tion. An established opinion, that fast reactors with nuclear spent fuel technologies pose a threat to nonpro-
liferation, has been called into question [2], and the principal proliferation barriers has been described [3].
The paper also discloses the public relations to nuclear technologies [4] and estimates the prospects of export
for fast reactors taking into account their worldwide distribution [5]. It is noted that fast reactors with closed
nuclear fuel cycle will become a centuries-long source of environmentally clean power for the humanity and
people will have more chances to anticipate further sustainable development.
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METOJUYECKHUE MOAXOJIbI K CO3JIAHUIO MOJEJIN
SHEPTOBJOKA A3C C BBAP JIJI1S1 PEAJIUCTUYECKOTO
PACYETHOT'O AHAJIM3A TSAXKEJIBIX ABAPUI U1 OBECIIEYEHU S
PAIVMAIIMOHHOM BE3OMMACHOCTH

K. C. Jloneanos

WHCcTHTYT npobiiem 6e3omacHoOro pa3Butus aroMHoi sHepreTukn PAH, Mocksa, Poccust

s noy4eHus peanucTHYeCKUX U 000CHOBaHHBIX MMPOTHO30B MOCIEICTBHN TSDKENBIX aBapuii Ha ADC
¢ peakTOopHbIMU ycTaHOBKamMu BBOP Tpebyercst paspaboTka MaremMaTHuecKoil Monenu saeproodmoka. [loHs-
THE MaTeMaTHYeCKOH MOJENH SHEepProOiioKa MpeiaraeTcsl OmpenesiaTh Kak (opMaIn30BaHHOE MpENCTaB-
JIeHWE JaHHBIX O HamOoJiee BaXKHBIX B3aUMOCBS3aHHBIX CTPYKTYPHBIX COCTAaBIIIOLIMX 3HEProOioKa, BO3-
HUKAIOIIUX B HAX (PU3MYECKUX MIPOLIECCOB U SIBICHHI, OMUCHIBAIOIINX 3TH MPOLECCH U SBIEHUS MOACIEH,
B COBOKYITHOCTH MHTETPHUPOBAaHHBIX B €JMHOE BAIMJUPOBAHHOE CPEACTBO PACUETHOTO aHAIN3a.

C y4eToM MHOTOJIETHETO OIbITa pa3padOTKH M MPUMEHEHHUS CPEACTB YMUCICHHOTO MOJACIUPOBAHUS IS
aHanu3a Oe3zonacHocTH ADC MOXKHO BBIIECIUTH CIEAYIOIINE METOANYECKHIE COCTABIIAIONINE CO3AaHus MaTe-
MaTu4eckol Mozenu sHeproonoka BBOP, npennazHadeHHON AT pacyeToB TSDKEINBIX aBapUid:

* OmpezeeHue OCHOBHBIX 3JIEMEHTOB 3HEProdI0Ka, MOJIEIMPOBAHNE KOTOPHIX HEOOX0AUMO it 000CHO-
BAaHHOTO MPOTHO3UPOBAHMS COOBITHI M MOCIECTBUI TAKEIBIX aBapHii;

* $popMUpOBaHUE U CHCTEMATH3ALHs CLIEHAPUEB, MPUBOISIIUX K TAKEIIBIM aBaAPHsIM;

* BBISIBIICHUE U PAHXKUPOBAHME IO 3HAUMMOCTH MPOLIECCOB U SBICHUN, ONPENENAIONNX Pa3BUTHE U TO-
CIIEJICTBHS TSXKEIBIX aBapuil;

* OIpeJIesIeHNE MTOIX0I0B K MOJEINPOBAHUIO ONPEAEIIAIONIUX MPOIIECCOB U ABJICHHH C YIETOM COBPEMEH-
HOT'O YpOBHSI 3HAHUH;

* BBIOOp, pa3paboTKa WK ajanTalus, BaluJanus U aTTecTalysl HHTerpaibHOM mporpaMMel 1t O9BM
JUISL KICTIONIb30BaHMsSI B COCTAaBE MAaTEMaTHIECKON MOJIENIN SHEProOioKa;

* pa3paboTka KBaIH(pUIMPOBaHHOTO HA0OPA MCXOMHBIX JAHHBIX 00 SHEProOIOKE C LENBIO €r0 UCTIONIB30-
BaHUS B PAaCUETHBIX aHAJIM3aX TSHKENBIX aBapUH MPU MOMOILM HHTErpajIbHON MporpaMmsl st OBM;

* y4eT HeOoNpelesIeHHOCTe! 3HaHMU 00 OmpeAessIoIIMX MpoLeccax MPH HCIOIb30BaHUH MaTeMaTHye-
CKOM MOJIENTU B pacueTax TsDKEJBIX aBapHil.

B naHHOI cTaThe NpencTaBlIeHO ONMCAHNE KaKION U3 MEPEUNCICHHBIX METOINYECKUX 3a7a4 U IPHUMEpPHI
UX MPaKTUYECKON peanu3alui NPUMEHUTENBHO K TsKesIbIM aBapusiM Ha ADC ¢ BBOP.
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METHODICAL APPROACHES TO CREATING A MODEL
OF ANUCLEAR POWER PLANT WITH VVER
FOR REALISTIC NUMERICAL ANALYSIS OF SEVERE ACCIDENTS
AND RADIATION SAFETY

K. S. Dolganov
Nuclear Safety Institute of the Russian academy of sciences, Moscow, Russia

To obtain the valid and realistic prediction of severe accidents consequences at NPPs with VVER reactors,
development of a mathematical model for the NPP unit is required. The concept of a mathematical model for
the NPP unit is proposed to be defined as a formalized representation of data on the most important intercon-
nected structural components of a unit, the physical processes and phenomena arising in these components,
the models describing these processes and the phenomena, all integrated into a single validated numerical
tool.

Taking into account long experience in the development and application of numerical simulation codes
for NPP safety analysis, the following methodical aspects can be distinguished for creating a mathematical
model of a VVER unit for severe accident calculations:

¢ determination of the main elements of the NPP unit, that must be modeled in order to obtain a reasonable
prediction of events and consequences of severe accidents;

* selection and systematization of scenarios leading to severe accidents;

* identification and ranking by significance of processes and phenomena that determine the development
and consequences of severe accidents;

* determination of approaches to modeling the key processes and phenomena, taking into account the
state-of-the art;

* selection, development or adaptation, validation and certification of the integral computer program for
use as part of a mathematical model of an NPP unit;

* development of a qualified set of initial data on NPP unit for its use in the numerical analyzes of severe
accidents with integrated computer program;

» account for the knowledge uncertainties on the key processes when using a mathematical model in
calculations of severe accidents.

This article presents a description of each of the listed methodical issues and examples of their practical
implementation in relation to severe accidents at NPPs with VVER.
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METOAbI KOHTPOJISA TAPAMETPOB TBEPIOI'O CJIOA
M30TOINOB BOJOPOJA B KPUOTEHHON MUIIIEHU
HEIIPAMOI'O OBJIYYEHUSA

E. 1O. 3apybuna, M. A. Pozosxcuna

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepoccuniickuit HUU skcnepruMenTanbsHoi
¢uzukm», Capos, Poccus

Kpuorennsie Murienu, npeaoCTaBisieMbIE B JIA3€PHBIN IKCIIEPUMEHT [0 32KUTAHUIO, T0JKHBI COOTBETC-
TBOBaTh BEICOKUM TPEOOBaHUSAM: IIEPOXOBATOCTh BHYTPEHHEH MOBEPXHOCTH KPUOCIIOS JTOJKHA OBITh B Ipe-
nenax 1 MM juist Bcex Mo [1], OTKIIOHEHHS OT OJHOPOMHOCTH, CHEPUYHOCTH, KOHIIEHTPUIHOCTH CIIOCB
JOJOKHBI ObITh MeHee 1-2% [2]. B nanHOI paboTe mpuUBEICHBI Pe3yJIbTaThl pa3pab0TKU METOIOB KOHTPOJIS
MapamMeTpoB CII0S U30TOIOB BOJOPO/a B KPUOTEeHHOM MuIlleHH. ONTHYECKUNA TEHEBON METOJ] UCIIONIB3YETCs
JUISL OITUYECKU TIPO3PAYHBIX 000J0YEK, PEHTTCHOBCKUN METON C (Pa30BBIM KOHTPACTOM — JIJISl ONTHYCCKH
HENPO3PaYHBIX 000JI0YCK.
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HpOBeZ[eHO ABYMCPHOC MOACIUPOBAHUEC MTPOXOKACHHUA ITyUYKa BUJUMOTO U3TTYUYCHUA UCPE3 KPUOTCHHYIO
MHUIICHb METOAOM TPaCCHUPOBKU nyqeﬁ, TAC NMEPEMCHHBIMU MMapaMeTpaMu SBJIAIOTCA HCKOHLCHTPUYHOCTH
u HGC(l)epI/I‘lHOCTL HOBerHOCTCfI MHIICHU, PACXOAUMOCTL U HAKJIOH ITy4YKa OTHOCHUTCJIIBHO OINITHYECKOM OCH
HaGHIOI[eHI/IH, CMCHICHHUEC IINIOCKOCTH JIOKaJIM3alllu I/I306pa)KCHI/I$I OTHOCHUTCJIbHO 3KBAaTOpa MUIICHH, aniep-
Typa Ha6J'IIO,I[CHI/I$I, IMMoKa3aTejii IpeJIoOMJICHUS CIIOC€B, YHCIIO queﬁ n T Ao MO,I[CJ'II/IpOBaHI/IG HCO6XO}_'[I/IMO
AJIg UCCIICAOBAHUSA BJIMAHHWA BbIHMICICPCUUCICHHBIX (baKTOpOB Ha (bOpMHpOBaHHG TCHEBOI'O I/I306pa)KeHI/I$[
KpUOMHUIICHU U, COOTBETCTBCHHO, Ha BEIYUCJICHUC TAPaMETPOB KPUOTCHHOI'O CJIOA.

,HJ'DI MOJIy4YCHU TBEPAOTO KPUOITCHHOI'O CJIOA Tp€6yCMOI\/'I TOJIINHBI pa3pa60TaHa nporpaMma BbIYUCITIC-
HHS BUJIMMOM BBICOTHI MEHHUCKA KMIKOIO TOILIMBA IIpU HAIIOJIHCHU U 000JI0YKH B nmpouecce MpoBCACHUS SKC-
NEPUMCHTOB. Pa3pa60TaHa nmporpaMma 1Jisl TCHEBOI'O KOHTPOJIA [MapaMETPOB TBEPAOT'O KPHUOCJIO0, B KOTOpOﬁ
IIpU U3BCCTHOM JUAMCTPEC U TOJIIIUHE 000JI0YKH I10 TCHCBOMY I/I306pa)KGHI/IIO ABTOMAaTH4YCCKH BBIYHCIIAIOTCS
1 3a11MCBhIBarOTCs B q)afm CICAYIOIIHNE MapaMETPhbl KPHUOCJIOA: HpO(l)I/IJ'IL, MMEepOXOBATOCTb, CIIEKTP MOIIHOCTH
(Dypbe, OTKJIOHCHHA OT KOHLICHTPUYHOCTU U C(l)CpI/IIIHOCTI/I BHyTpCHHefI MOBCPXHOCTHU KPHOCJIOA, cpe):[Heﬁ
TOJIIIUHC KPHUOCJIOA.

HpOBeZ[eHO ABYMCPHOC MOACIIUPOBAHUC TTPOXOKICHUA KBA3UTIAPAJIIICIIBHOIO IMTy4YKa PEHTICHOBCKOTO U3-
JIYUCHHUA 4YCpEe3 C(l)epmqecm/l CUMMETPUYHYIO KPUOITCHHYKO MHUIICHb, TIC IICPEMCHHBIMU MapaMCTpaMu AB-
JISIFOTCSI BHEITHUHI AWaMCTPp MUIICHU, TOJIIIUHBI 1 MaTC€pUaJibl CJIOCB, paCCTOSIHUC OT KPUOMUIIICHU 1O ACTCK-
TOpAa. PCSyJ'H:TaTOM pa6OTLI MporpaMmal ABJIACTCA CMOACIMPOBAHHOC PCHTTCHOBCKOC TCHEBOC I/1306pa)KCHI/IC
1 HAHCCCHHBIC HAa HCTO PCAJIbHBIC I'PAHULIBI KDUOMMUIIICHH. Ha ocHoBe ganHOMI TeOpeTH‘-IeCKOfI MOICIIN 6YﬂeT
HamycaHa mporpamMmma 06pa60TKI/I PEHTTCHOBCKOI'O I/I306pa)KCHI/I}l KpUOMHUIICHU C aBTOMAaTUYCCKHUM BbIYUC-
JICHUEM ITapaMETPOB KPHUOCIIOA.
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THE CONTROL METHODS OF HYDROGEN ISOTOPES SOLID
LAYER PARAMETERS IN INDIRECT-DRIVE CRYOGENIC TARGET

E. Yu. Zarubina, M. A. Rogozhina

FSUE “Russian Federal Nuclear Center — All-Russian Scientific Research Institute of Experimental
Physics”, Sarov, Russia

Cryogenic targets for the laser ignition experiment must meet high requirements: the inner surface rough-
ness of the cryolayer must be less than 1 micron for all modes [1], deviations from uniformity, sphericity,
concentricity of the layers must be less than 1-2% [2]. This paper presents the results of the control methods
development of the hydrogen isotopes layer parameters in a cryogenic target. The optical shadow method
is used for optically transparent shells, the phase contrast X-ray method is used for optically opaque shells.

A two-dimensional simulation of the visible radiation beam propagation through a cryogenic target
by ray-tracing method is carried out, where the variable parameters are the non-concentricity and non-
sphericity of the target surfaces, the divergence and inclination of the beam relative to the optical axis
of observation, the image localization plane shift relative to the target equator, the observation aperture,
refractive indices of layers, the rays number, etc. The modeling is necessary to study the influence of the
above factors on the shadow image formation of the cryotarget and, consequently, on the cryogenic layer
parameters calculation.

To obtain a solid cryogenic layer of the required thickness, the program has been developed for the cal-
culation of the visible liquid fuel meniscus height when filling the shell during experiments. The program
has been developed for shadow control of the solid cryolayer parameters where with a known diameter
and thickness of the shell, the following parameters of the cryolayer are automatically calculated from the
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shadow image and recorded in a file: profile, roughness, Fourier power spectrum, deviations from the con-
centricity and sphericity of the inner cryolayer surface, the average cryolayer thickness.

The two-dimensional simulation of the X-rays quasi-parallel beam propagation through a spherically
symmetric cryogenic target is carried out, where the variable parameters are the external diameter of the
target, the thickness and materials of the layers, the distance from the cryotarget to the detector. The result
of the program is a simulated X-ray shadow image and the real boundaries of the cryotarget plotted on the
image. Based on this theoretical model, the program for processing the X-ray image of the cryotarget with
automatic calculation of the cryolayer parameters will be written.
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O HEDMIIPUYECKOM KJIACCUPUKAIIUH
MEJJIEHHBIX ITJTAMEH B BOJIOPO/JHbIX 'A3OBbIX CMECAX

U. A. Kupunnos

Hanuonanbnsiii uccnenoBarenbckux HeHTp «KypuaroBckuit uHCTUTYT», MockBa, Poccust

Jns aHanmu3a WM MPOEKTHPOBAHHA MEp MOXKApO- M B3PHIBOOE30MACHOCTH AJISI COBPEMEHHBIX BOJIO-
POAHBIX TEXHOJIOTHH U MHPPACTPYKTYPHl HEOOXOANMO MMETh OOOCHOBAHHYIO KJIACCH(HUKAIIMIO MHOXKECT-
BEHHBIX, CYIIECTBEHHO Pa3IMYAIOIIUXCs [0 Mpupone miaMeH. TpeOyemas KiaccupuKauus T0KHA OBITh:
1) MakCMMaJbHO MOJHOM — MPENCTAaBISATh BECh CIEKTP SABJICHUN TOpEeHHs B HAZCKHOM M YAOOHOM ISl TIO-
UCKa U uAeHTH(UKauK Buie; 2) ObITh MaKCUMaJIbHO MOIPOOHON — colepikaTh KaueCTBEHHBIE W KOJINYe-
CTBEHHBIE MPHU3HAKH, OTNPENEISAIONUINE IIaMs, — €T0 CTPYKTYpY, TOBEJCHNE U COOTBETCTBYIOLINE MPEIEIIBL.
B crarbe onucana HeaMnupuuecKas KIacCU(PHUKALUS MEJIEHHBIX JTaMUHAPHBIX [IaMeH, CBOOOAHO pacmpo-
CTPAHSIOIIUXCSI B BOAOPOAHO-BO3IYLIHBIX U BOIOPOAHO-KUCIOPOIHBIX Ta30BBIX cMecsx. Knaccudukarms
OCHOBaHAa Ha JIBYX KJIIFOYEBBIX KOMIIOHEHTaxX — 1) TEOpPETHUECKOI cXeMe, colepKallel 1Be «IOPOKAAIOLIHIE
MOZETH JUISL IBYX OCHOBHBIX, TOTIOJIOTHYECKH PA3TUYHBIX CEMEHCTB MIaMeH — AeduiarpaidOHHBIX TJIaMEeH
Y IIAPOBBIX TUIAMEH, U 2) KHHETHKO-TEPMOANHAMUYECKOH TEOPUH COOTBETCTBYIOUIMX (PYHIAMEHTAIBHBIX
KOHIIEHTPALMOHHBIX MpeaenoB. CaenaH 0030p OMyONMKOBaHHBIX AIKCIIEPUMEHTAJIbHBIX AAaHHBIX B TIOJ-
JEepKKY mpeuioxkeHHol Knaccudukamun. ChopMmyanpoBaHsl TpeOOBaHUS K SKCIEPUMEHTaM (3MITUpUYe-
CKUM H/MJIM YUCIIEHHBIM), KOTOpPBIE LIEeIecO00pa3Ho MPOBECTU IS PAaCUIMPEHHUs MPEATIOKEHHON KiIacCu(u-
KallM ¥ Ha ObICTphIE TIaMeHa (TypOy/IeHTHBIE U ICTOHALMOHHBIE).

ON NON-EMIRICAL CLASSIFICATION OF THE SLOW FALEMS
IN HYDROGEN-CONTAINING GAS MIXTURES

1. A. Kirillov

National research centre “Kurchatov institute”, Moscow, Russia

For accurate and comprehensive analysis or design of the fire and explosion safety measures for the
emerging hydrogen technologies and infrastructure, it is necessary to have a justified classification of the
multiple, substantially different in nature flames. Required classification shall 1) be As Complete As Rea-
sonably Possible — represents the entire range of the combustion phenomena in a reliable and convenient
way for searching and identification, and 2) be As Detailed As Reasonably Possible — contain qualitative
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and quantitative features, which define flame structure, behavior and the appropriate limits. In this paper a
non-empiric classification of the slow, laminar flames, freely propagating in the hydrogen-air and hydrogen-
oxygen gas mixtures, is described. Classification scheme is based on two key components — 1) theoretical
framework containing two generative (breeding) models for two basic, topologically different families of
flames — deflagration flames and flame balls, and 2) kinetic-thermodynamic theory of the appropriate funda-
mental concentration limits. Previous and recent experimental data for 2dim and 3dim flame propagation in
support of this classification are reviewed. To extend the proposed classification to the fast flames (turbulent
and detonative), several experiments (empirical and/or numerical) have been proposed.
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AHEUTPOHHBINW CUHTE3 MIPOTOH-BOP B OCIHIUJIJIMPYIOIIEH
IJIASME MUHUATIOPHOI'O BAKYYMHOTI'O PA3PSJIA

FO. K. Kypunenxog"?, A. B. Ocunos', C. IO. I'ycoros', H. C. Camoiinos®

! ®Ousuueckuit nactutyT uM I1. H. Jle6eneBa PAH, Mocksa, Poccus

206beMHEHHBIH UHCTUTYT BhicOkuX Temneparyp PAH, Mockga, Poccus

Panee, n1s ocunianuil ma3Mel B HAHOCEKYHAHOM BakyyMHOM paspsine (HBP) ucnonp3oBanacs cxema
WHEPLHATIBHOTO 3JEKTPOCTATUYECKOTO yAep KaHUs ¢ oOpaTHOH momsipHOCThIO [1, 2]. OHa BKJIOYaeT WH-
KEKIHIO aBTOAIEKTPOHOB B aHOJHOE MPOCTPAHCTBO IPH IMOJa4ye BHICOKOTO HANPsDKEHHUS B POPMUPOBAHUE
OYeHb MaJIeHbKOro BHUpTyanbHoro karozaa (BK) ¢ pamuycom rgy = 0,1 ¢M 1 CBA3aHHON ¢ HUM NOTEHLHANb-
Hoit simbl (ITS1) mry6uHO# Qg = 100 xB. JlefiTpoHsl MOryT ocuuIMpoBats B 1151, 1 B MOMEHTHI UX BCTped-
HBIX CTOJIKHOBeHUH Ha «aHe» IS umeer mecto DD cuHTE3, NpOABISIOMMNACA B MYIbCHPYIOLIEM BBIXOJE
DD-neitrponos [1]. B To xe Bpems 15 yaepxuBaer koaeOnromuecs JSHTPOHBI, TOCKOIBKY SHEPTHH, KOTO-
pyto onu nonyyarot B noje BK, Bcerna HemocTatouHo, 4TOOBI MOKMHYTH MOTEHIHATBbHYIO siMy. [lo anaio-
ruu ¢ cuatezoM DD, PiC monenupoBanue B anekrpomarautHoM koge KARAT mokasano, 4to aHeWTpoHHas
peaxkiust mipotroH—00p (pB) p + 11B — o + 8Be* — 3a + 8,7 M»B Takxke MoxeT ObITh focTurayta B HBP
MyTeM YCKOPEHHS U yIepKaHus MPOTOHOB U HOHOB Oopa monem BK [2]. B mponecce ux xonebanwuii B [14,
B pe3yJIbTaTe BCTPEYHBIX CTOJIKHOBEHHH YacTH MPOTOHOB M MOHOB Oopa c sHeprusimu ~100-500 k3B ¢ on-
pEnereHHON BEepOATHOCTBIO MPOUCXOAUT pB peakius. Pe3ynbrarsel nepBbIX 1EMOHCTPALIMOHHBIX KCIEPH-
MEHTOB 10 cuHTe3y pB B ogHOM ycTpoiicTBe Ha 6aze HBP Obuim mpencrasiens HegaBHo [2]. Crnenuduka
OCHMWJUISITOPHOTO yAEp:KaHHsI pu cuHTe3e pB [2] 3akiIroyaercs B TOM, YTO MEPUOIBI KoJieOaHHi HOHOB Oopa
U TPOTOHOB PA3JIMYHBI U3-3a Pa3HUIBl B UX Maccax M 3apsanax. B cpeaHeM, 3aperucTpupoBaHHBIN BBIXOM
OL.-4acTHIl cocTaBislI okono 250 o-yactun Ha ofguH BeIicTpen (=1 [k, nmnynsc HanpspkeHus U = 100 B,
JUITENBHOCTH T = 20 He) [2]. Ilpu ymydIieHHOM reoMeTpuu 3JIEeKTPOJ0B MBI JOIKHBI OTYYaTh MO MEHb-
et Mepe ~10°/4n o-uacTu 3a onuH BeicTpen. PiC-MozpenupoBanue npoueccoB cuHTe3a pB mokaszaio, 4to
mnasma B HBP, u ocobeHHO Ha ocu pa3psiaa, HaXOIUTCS B COCTOSHUH, OTM3KOM K KBa3UHEUTPaIbHOMY, YTO
CYLIECTBEHHO OTJIMYAETCS OT YCJIOBUN B M3BECTHON CXeME MEPHOIUYECKH OCLWIINPYIOMNX MIa3MEHHbBIX
cthep (IIOIIC), npennoxennoit panee [3] s sAepHOrO CUHTE3a. B OoTMYMe OT KOTEPEHTHBIX CXKATUN
B opuruHansHO# cxeme [1OIIC, no-Buanmomy, MenkomaciradbHele koiebanus B HBP sBnstorcs cnencteuem
pe3oHaHcHOTO HarpeBa nOHOB. Kpome Toro, PiC MoaenupoBanue mokas3pIBaeT, YTo PyHKIHUU pacipeaeacHus
MPOTOHOB M HOHOB OOpa MO PHEPTHUAM He SIBIISIOTCS MaKCBENIOBCKUMH. TakuM o0pazoM, B HBP Me1 umeem
nepuoguueckuid kak DD, Tak U aHEUTPOHHBIN CHHTE3 pB B HEPABHOBECHOM ILIAa3Me, OCTAIOLIEHCS «HE3a-
JOKEHHOW» Ha OCH paspsija.
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ANEUTRONIC PROTON-BORON FUSION
IN OSCILLATING PLASMA OF MINIATURE VACUUM DISCHARGE

Yu. K. Kurllenkov'?, A. V. Oginov', S. Yu. Guskov', I. S. Samoylov*

Lebedev Physical Institute RAS, Moscow, Russia
?Joint Institute of High Temperatures RAS, Moscow, Russia

Previously, for plasma oscillations in a nanosecond vacuum discharge (NVD), an inertial electrostatic
confinement scheme with reverse polarity have been used [1, 2]. It includes the injection of autoelectrons
into the anode space when high voltage is applied and the formation of a very small virtual cathode (VC)
with a radius ry = 0.1 cm and a potential well (PW) associated with it with a depth of @py, = 100 kV. Deu-
terons can oscillate in the PW, and at the moments of their head-on collisions at the “bottom” of the PW, DD
synthesis takes place, manifested in the pulsating output of DD neutrons [1]. At the same time, the PW holds
the oscillating deuterons, since the energy they receive in the VC field is always insufficient to leave the po-
tential well. By analogy with DD synthesis, the PiC modeling in the electromagnetic code KARAT showed
that the proton—boron (pB) aneutronic reaction p + 11B — o + 8Be* — 3o + 8,7 MeV can also be achieved
in the NVD by accelerating and confining protons and boron ions by the VC field [2]. In the process of their
oscillations in the NVD, as a result of head-on collisions of a part of protons and boron ions with energies
of ~100-500 keV, a pB reaction occurs with a certain probability. The results of the first demonstration ex-
periments on pB synthesis in a single NVD device were presented recently [2]. The specifics of oscillatory
confinement under pB synthesis [2] is that the oscillation periods of boron ions and protons are different
due to the difference in their masses and charges. On average, the registered yield of a-particles was about
250 a-particles per shot (=1 J, voltage pulse U~ 100 kV, duration t = 20 ns) [2]. With the improved geometry
of the electrodes, we should get at least ~10°/47 a-particles per one shot. PiC modeling of pB synthesis pro-
cesses showed that plasma in the NVD, and especially on the discharge axis, is in a state close to quasineu-
tral one, which significantly differs from the well-known scheme of periodically oscillating plasma spheres
(POPS) proposed earlier for nuclear fusion [3]. In contrast to the coherent compressions in the original POPS
scheme, it seems that small-scale oscillations in the NVD are a consequence of resonant ion heating. Unlike
the POPS scheme, PiC modeling also reveals that the energy distribution functions of protons and boron ions
are non-Maxwellian. Thus, in NVD we have periodic both DD and aneutronic pB synthesis in a nonequilib-
rium plasma remaining “non-ignited” on the discharge axis.
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MOIAEJIUPOBAHUE CUCTEMbBI OBPAIIEHUSA C OAT
HA IINIAT®OPME ATOK

U. P. Maxkeesa, H. /I. leipoa, /. B. Xmenvnuyxuii, J1. P. @atipywuna

OI'VII «Poccuiickuit Denepanpubiii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0abaxunay», CHexxuHCK, Poccus

PazButne snepHoii sHepreTuku (S19) B Poccun B HacTosiee BpeMsi OPHEHTHPOBAHO HA JIBYXKOMIIOHEH-
THYIO CTPYKTYPY, COUETAIOIIY0 B ce0e PeakTOpbl Ha TEIUIOBBIX U OBICTPBIX HEHTpOHAX. DTO MOApa3yMeBaeT
OpraHu3alrio 3aMbIKaHus saepHoro tomiuBHOro nukna (3ATL) u ontumu3anuio odpaleHus ¢ paguoak-
tuBHBIMH oTxofaMu (PAO). OcHOBHBIMU 3aadaMu pa3BUTHA SO sBisieTcsl coKpalieHne o0beMOoB oTpabo-
TaBurero saepHoro torumsa (OST), Haxonsmerocs Ha BpeMEHHOM XpaHEHHH, OTKa3 OT XPaHeHHUs Ty TOHUS
MyTeM BOBJICYCHHUS €ro B TOIUIMBHBIA LUKI, PELIEHHE BOMpOca oOpalieHusi ¢ MUHOPHBIMU aKTHHHUIAMU,
MUHHMU3aHsE 00beMOB ITyOuHHOTO 3axopoHeHus PAO.

B HacTosmee BpeMsi paccMaTpuBaeTcs HECKOJIbKO BapuaHToB peanusanuu 35 TL, Bkmouaromue coopy-
KEHHE HOBBIX POM3BOACTB Mo nepepadoTke OAT, a Takke BOZMOXKHOCTh TPAHCMYTAallUd MUHOPHBIX aKTH-
HUJZIOB B JkuAKocoseBbIx peakropax (XKCP) unu B peakropax Ha ObicTpbix HeliTponax (PBH). Kommuiekc Tex-
Hojoru#i 34 TL] HenpeMeHHO NOMKEH BKJIIOYATh TEXHONOTMH uMMooOmmnzauun PAO B hopMbl, IpUTOIHEIE
Uil okoH4aresnbHoU m3omsiuuu. O0bembl PAO, TpeOyromue nryOMHHOTO 3aXOpOHEHHs, 3aBUCSAT OT TaKHX
TEXHOJOTMYECKHX MapaMeTPOB, KaKk CTeNeHb OYUCTKH NponayktoB Aenenus (II/I) oT akTMHUAOB, MIIUTEIb-
HOCTh MpeaBapUTeIbHON BeiaepkkH PAO nepen mMMoOunu3anueid B MaTpHiLy, CliocoObl (ppakOHUPOBa-
HusA PAOu T m.

C 2008 r. B POALl — BHUNT® na nporpammuoii miardpopme ATOK [1, 2] pazBuBaetcst ceMelcTBO Ipo-
IPaMMHBIX KOMIUIEKCOB, MPEJHAa3HAYEHHBIX sl PELICHUs] Pa3HOYPOBHEBBIX M Pa3HOIIAHOBBIX 3a/1ad, CBS-
3aHHBIX C Pa3BUTHUEM TEXHOJOTHH SAEPHO-IHEPreTHUECKON OTpaciii Ha OCHOBE YHU(PHIMPOBAHHOTO MOJA-
X0Jla ¥ C UCTIONb30BaHUEM €OUHBIX 0a3 AaHHBIX. DTO MO3BOJSET MOIEIUPOBATH KaK CLIEHAPHBIE BApUAHTHI
pasBuTus SI3, Tak U XapaKTEepUCTUKU TEXHOJOTHUYECKUX MPOLIECCOB U MPOU3BOACTB. B nokiazne paccmarpu-
BAIOTCS OCHOBHBIC BapHUaHTHI 3aMBIKAHHS SIEPHOTO TOIJIMBHOTO IIMKJIA, OLEHUBAIOTCS OalaHChl ACISIIIX-
Csl MaTepualloB © MUHOPHBIX aKTHHUAOB, 00BEMBI M paJuallHOHHbIE XapaKTepUCTHKH oOpa3ytomuxcs PAO,
NOTPeOHOCTH B IPOU3BOJICTBEHHBIX MOITHOCTSIX 10 nepepadotke OAT u habpukanuu cBexero TOIIHNBA.
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SIMULATION OF THE SNF MANAGEMENT SYSTEM
ON ATEC PLATFORM
I R. Makeeva, N. D. Dyrda, D. V. Khmelnitskiy, L. R. Fayrushina
FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,

Snezhinsk, Russia

At present the development of nuclear power engineering (NPE) in Russian Federation is directed at
two-component structure combining thermal and fast reactors. It means providing the closure of nuclear fuel
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cycle (CNFC) and the optimization of radioactive waste (RAW) handling. The main tasks of NPE develop-
ment are the reduction of nuclear spent fuel (NSF) volumes remaining on temporary storing, the refusal of
plutonium storage by means of its implication into the fuel cycle, solving the problem of handling minor
actinides, the minimization of deep RAW disposal.

Currently, several variants of CNFC realization are under consideration, which include constructing new
manufactures for reprocessing NSF and also the possibility for transmutation of minor actinides in molten-
salt reactors or fast reactors (FR). Complex of CNFC technologies must certainly include the technologies
of immobilizing of RAW into forms suitable for final isolation. The volumes of RAW requiring deep burial
depend on such technological parameters as purification rate of fission products from actinides, the duration
of preliminary ageing RAW prior to immobilization into matrix, methods of RAW fractioning, etc..

Since 2008 in VNIITF the system of program codes has been being developed on the base of program
platform ATEK designed for solving multifaceted and multileveled tasks connected with the development of
technologies of nuclear power sector on the basis of unified approach and using uniform data base. It makes
it possible to simulate both scenario variants of NPE development and characteristics of technological pro-
cesses and manufactures. The report considers the main scenarios of NFC closure, assesses the balances of
fissile materials and minor actinides, the volumes and radiation characteristics of generated RAW, require-
ments in production capacities for reprocessing SNF and fabricating fresh fuel.
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PASPABOTKA METOAUKH OINPEJAEJEHUA KUCJTOPOIA
METOIOM BOCCTAHOBHUTEJBHOTI'O IIJIABJIEHHUSA BO FLiNaK

A. A. Macnennukosa, I1. H. Mywmnuxos, FO. I1. 3atikoé

HucTutyT BeicOkoTeMniepaTyproit anekrpoxumun UBTD YpO PAH, ExarepunOypr, Poccus

Ha cerognsiiamii nens unTepec k JKCP cTpeMuTensHO BO3poc, UTO CBSI3aHO, B MEPBYIO OYEpENb, C pA-
JIOM IIPEUMYILIECTB C TOUKH 3PEHUS TPaHCMYyTallMM MUHOPHBIX akTUHUAOB [ 1]. [lepcrieKTHBHBIM TOTUIMBHBIM
pacmiaBom i JKCP cumraercs pacmnas FLiNaK, mockonbKy sIBsieTCsl CTAOMIBHBIM B YCIOBHSX (YHK-
UOHUPOBaHUs peakTopa U 00JanaeT cnocoOHOCTHIO K PACTBOPEHHIO 3HAUYNTEIBHBIX KOMUYECTB (DTOPHIOB
nensuxcsi MarepuanoB. KoHTpons kuciaopogHsix npumeceid B paciutase FLiNaK u pa3paboTka MeToauk
UX OIpeeieHUs] IPEeACTABIsIeT OONBIION UHTEpEC Al BEIOOpa KOHCTPYKIMOHHBIX MaTepUaioB U UX KOp-
PO3UOHHON CTOMKOCTH.

B 3THX memsix MoxeT OBITh HCIIOIB30BaH METO/ BOCCTAHOBUTEIHHOTO IIaBJICHHUS, OCHOBAHHBIM Ha B3au-
MOAEUCTBHM KHUCIOPOAA MPOOBI C YIIEPOIOM TUIVIS NMPH BBICOKMX TEMIleparypax ¢ oOpa3oBaHHEM YyIJie-
KHCJIOTO ra3a, KOTOPhIM BEIHOCUTCS TOTOKOM MHEPTHOTO Ia3a-HOCHUTENS Ha HenecnepcuoHHbi MK-nerek-
Top [2]. PaboThI Mo onpeaencHUIO KUCIOpOoa B CONIEBBIX CUCTEMaX KpaiiHe orpaHuueHbl [3—5], MOCKOIbKY
B KJIACCUYECKOM HCIIOJHEHMH NaHHBIN METOJ NpeqHa3HayeH Ul ONpelesIeHUs KHUCIOpOAa B KepaMHKe
U CTANAX U MPH aHaJu3e COJed BO3HUKACT PAJ TaKuxX MpoOiieM, KaK OTCYTCTBHE COOTBETCTBYIOIIMX CTaH-
JapTHBIX 00pas3loB, JETyYECTh U TUTPOCKOMTUYHOCTh aHATM3HPYEMBIX COJICH.

s mpucnocobieHnst JaHHOTO METONA K aHajdu3y (TOPUAHBIX COJIEBBIX CHUCTEM, a TaKKe JAJIsl pacilu-
peHust paboyero KOHLEHTPALMOHHOTO IUana3oHa, B TOM YWCIIE U JUIA ONpPEAETICHUS HU3KHUX KOHIIEHTpa-



COOEPXAHUE HA MPEALIAYLYIO CTPAHULY HA CIEAYIOLWYIO CTPAHULY MEYATb

Ui (IecATKOB ppm), HEOOXOAMMO OBUIO BHEAPUTH HEKOTOPHIE TOTIOJHEHHUS B KJIACCHYECKOE alapaTypHOe
odopmienne Metona. YToObl 00eCeUnTh 3alIUTy COCTABISIOMIMX MPUOOpa OT BO3TOHOB PaCIIaBIEHHBIX
(TOpPHUIOB M3 PEAKIIMOHHOTO THIVISI BO BpeMs IPOBEICHUS aHANIN3a, B YACTHOCTH, NPEAOTBpAaIleHNE MMoMa-
naHus QropuacoaepKaluX coenquHEeHui Ha onTuueckuil ¢unsTp B okHe MK-nmarumka, ero moMmyTHeHHE
W TIOTEPI0 WM yXYAIIEHHE MPOITyCKaloleld CIOCOOHOCTH HM3IMy4YeHHUs, a TakkKe AJS YCTPaHEHHs HOTeph
kucnopoaa B Buae CO, kinaccuueckoe anmaparypHoe odopmieHne aHanuzaropa kuciopoga METABAK-K
OBLIO YaCTUYHO U3MEHEHO, C yYETOM BCEX 0COOCHHOCTEH MpH aHamu3e PTOPUIHBIX CUCTEM.
MonuduurpoBanHoe 000pyI0BaHHE MO3BOJIMIO pa3padoTaTh U BepU(UIMPOBATE METOJHUKY ONpeaese-
HUs Kucinopoaa Bo ¢ropuanbix pacruaBax FLiNaK, xotopas oOecrneunBaeT yqoBI€TBOPUTEIBHBIMU KOH-
LEHTPALMOHHBIMHA U METPOJIOTUYECKUMH MTOKa3aTeIsIMH, B TOM YHCJIE OTHOCUTEIbHOW TOYHOCTH.
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DEVELOPMENT OF THE TECHNIQUE FOR DETERMINATION
OF OXYGEN CONCENTRATION IN FLINAK BY THE METHOD
OF REDUCTION MELTING

A. A. Maslenikova, P. N. Mushnikov, Yu. P. Zaikov
Institute of High Temperature Electrochemistry IHTE UB RAS, Ekaterinburg, Russia

Nowadays the interest in the molten salt reactors (MSRs) has escalated, which is, firstly, associated with
a number of advantages considering the transmutation of minor actinides [1]. FLiNaK is a promising fuel
melt for MSRs, due to its stability under the operating conditions and ability to dissolve sufficient number of
fission materials fluorides. The control over the oxygen admixtures in the FLiNaK melt and development of
techniques for their determination are important for the choice of construction materials and their corrosion
stability.

The reduction melting, that is based on the interaction between oxygen of the sample and carbon of the
crucible at high temperatures resulting in the formation of carbon dioxide, which is carried off by the bearing
inert gas flow to the non-dispersion IR-sensor [2], may be used to measure the oxygen content in FLiNaK.
There is a limited number of papers on the determination of oxygen concentration in molten salts [3—5], be-
cause initially this method was used to determine oxygen content in ceramics and steels. Such problems as
absence of the corresponding standard samples, volatility and hygroscopic properties of the analyzed salts
usually appear during the molten salts analysis.

To adapt this method to the analysis of fluoride salt systems, as well as to expand the working concentra-
tion range, including the determination of low concentrations (tens of ppm), it was necessary to introduce
some additions to the classical instrumentation of the method. In order to protect the components of the
device from sublimations of molten fluorides from the reaction crucible during the analysis, in particular,
to prevent fluoride-containing compounds from getting on the optical filter in the IR sensor window, its
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clouding and loss or deterioration of the radiation transmittance, as well as to eliminate oxygen losses in
in the form of CO, the classic instrumentation of the METAVAK-K oxygen analyzer was partially changed,
taking into account all the features in the analysis of fluoride systems.

The modified equipment made it possible to develop and verify the method for determining oxygen in
fluoride melts FLiNaK, which provides satisfactory concentration and metrological indicators, including
relative accuracy.
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OYUCTKA PACIIJIABA FLiNaK OT KUCJIOPOACOAEPKALINX
NPUMECEN 1 OHJIAWMH MOHUTOPUHI UX KOHIIEHTPAIIUN

11. H Mywmnuxos, K. P. Kapumos, K. E. Ceneeepcmos, A. A. Macnennuxosa, FO. I1. 3aiixos

WHucTuTyT BRIcOKOTEMITEpaTypHO# 3nekTpoxumun YpO PAH, ExarepunOypr, Poccus

[IpucyTcTBHE KHUCIOpoACOAEpkKAILUX IpUMecel B TOIUIMBHOM conu U TeroHocurene JKCP MoryTt oka-
3bIBaTh 3HAYUTEIFHOE BIMSHUE HA KOPPO3UIO KOHCTPYKIIMOHHBIX MaTepHaoB U (a30BbIl COCTaB pacIliaBa,
4T0 00yCIaBIMBAET KECTKUE TPEOOBaHUS MO MX KOJIMYECTBEHHOMY copepxanuio. OmnpeneneHue KOHLEH-
TpaLWyu KUCIOPOACOAEPKAIUX IpUMeceld BO (GTOPUAHBIX paciijiaBax sIBISETCS BaXHOH HaydHOH 3amaueit
BBUJlYy OTCYTCTBUSI HA HACTOSALIUI MOMEHT JOCTATOYHOI'O KOJIMYECTBA JOCTOBEPHBIX IKCIEPHUMEHTAIBHBIX
JIAHHBIX U aTTeCTOBAHHBIX METOJUK.

ITpuHIUI 31EKTPOXUMUYECKOTO ONPEACIICHUS KUCIOPOACOAEPKAIUX IPUMECE U OYUCTKA paciaaBa OT
HUX OCHOBaHA Ha BO3MO)KHOCTH aHOJHOTO BbIAEIEHHS KHCIOpoAa Ha mHepTHOM anekrpoxe [1]. Ilo3anee
OblIa TIOKa3aHa BO3MOKHOCTH KOJIMYECTBEHHOTO aHaJIM3a COAepKaHusl HOHOB KHCIOpOJa B pacijiaBe MeTo-
JIOM KBaJIpaTHOBOJIHOBOI BosibTamnepoMeTpud [2, 3]. [Ipu 3ToM MUHUMaJIbHOE ONPEAEICHHOE COAEep KaHNe
Kkucnopoausix mpumeceil B pacruase FLiNaK cocrasuno 49 ppm. Lensio HacTosmied paboTsl ObIIO MOTY-
YeHHUE PACILIaBa ¢ MUHUMAJIBHON KOHLIEHTPALUEH KUCIOPOACOAEPKALIUX IPUMECEN U UX KOIMUYECTBECHHAS
OLICHKA.

AHanu3 IpOBOAWIM METOJOM KBaJPaTHOBOJIHOBOW BojbTammepomerpuu (puc 1, a), 1 onpeneneHus
KOJIMYECTBEHHOTO COAEp KaHUsI CTPOMIIM TPalyHpOBOYHYIO 3aBUCHMOCTH TOKa muka (puc 1, 6), cooTBerc-
TBYIOLIETO MIPOLIECCY OKUCIIEHHs KUCIOPOAA, OT COACPKAHUSA KUCIOPOAHBIX IIPUMECEH, KOTOpOe 3aJaBajln
IIyTEM BBEACHUS ONPENEICHHBIX HABECOK OKCUA JINTUSA B PACILIAB.

Takum oOpazom Obul momydeH pacmiaB FLiNaK ¢ ocrarounbiM conepikanueM Kuciopoia He Oolee
3 ppm u ObLIa TOKa3aHa NPUHIMITHAIBEHAST BO3MOXXHOCTD KOJIMUECTBEHHOTO aHAJIN3a AIIEKTPOXUMUYECKIM
METO/IOM COJIEpKaHUs KUCIOPOJHBIX MPUMECEH B [uana3oHe KoHIeHTpanui ot eausHun 1o 100 ppm.
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a 7]

Puc. 1. KBagparHoBomHOBBIE BodbTamieporpammbl paciiaBa FLiNaK («) u rpagynpoBodHas 3aBUCUMOCTh TOKa TTHKa
OT collepKaHusl KUCTIOPOJHBIX puMecei ()
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PURIFICATION OF FLiNaK MELT FROM OXYGEN-CONTAINING
IMPURITIES AND ONLINE MONITORING CONCENTRATION

P. N. Mushnikov, K. R. Karimov, K. E. Seleverstov, A. A. Maslenikova, Yu. P. Zaikov
Institute of High Temperature Electrochemistry UB RAS, Yekaterinburg, Russian Federation

The presence of oxygen-containing impurities in the fuel salt and coolant of the MSR can have a sig-
nificant effect on the corrosion of structural materials and phase composition of the melt, which leads to
stringent requirements for their quantitative content. Determining the concentration of oxygen-containing
impurities in fluoride melts is an important scientific problem due to the lack of a sufficient amount of reli-
able experimental data and certified methods.

The principle of electrochemical determination of oxygen-containing impurities and purification of the
melt from them is based on the possibility of anodic oxygen evolution on an inert electrode [1]. Later, the
possibility of quantitative analysis of the content of oxygen ions in the melt by the method of square-wave
voltammetry was shown [2, 3]. In this case, the minimum determined content of oxygen impurities in the
FLiNaK melt was 49 ppm. The purpose of this work was to obtain a melt with a minimum concentration of
oxygen-containing impurities and to quantify them.

Analysis was performed by square-wave voltammetry (fig. 1, @), to determine the quantitative content we
built a graduation dependence of peak current (fig. 1, b), corresponding to the process of oxygen oxidation,
on the content of oxygen impurities, which was set by introducing certain suspensions of lithium oxide in
the melt.

Thus, the FLiNaK melt with a residual oxygen content not exceeding 3 ppm was obtained and the
possibility in principle of quantitative analysis by the electrochemical method of oxygen impurities in the
concentration range from units to 100 ppm was demonstrated.
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a b

Fig. 1. Square-wave voltammetry patterns of FLiNaK melt () and graduation dependence of the peak current on the
oxygen impurities content (b)
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U3IrOTOBJIEHUE U UCCJIEJOBAHUE CBOVICTB
CTEKJVIOTEPMETHUKOB IJIs1 CBOPKM CTEKOB TOT29 U TO3

M. B. Epnanos"? B. A. Huxonoposa"? A. B. Kyuyeypog"?, C. I Bracosda®, H. T. Illapoaxos®

1I/IHCTI/ITyT BBICOKOTeMIIepaTypHoii anekrpoxumun YpO PAH, ExarepunOypr, Poccus

2CDe/z[epanLHoe TOCY/IapCTBEHHOE aBTOHOMHOE 00pa3oBaTeIbHOE YUPEkKACHNE BRICIIET0 00pa3oBaHus
«Ypansckuii penepanbHbIil yHHBEpcHTeT UMeHN niepBoro [Ipesumenta Poccun b. H. Enprinaay,
Exkarepunoypr, Poccus

Crekiia U CTEKJIOKEpaMUKa SIBIAIOTCS HanOoJee MOAXOAAIMMU MaTepruanaMy JJIsl UCTIONb30BaHUS B Ka-
YecTBE BBICOKOTEMIIEPATYPHBIX CTEKJIOrepMeTHKoB mpu cbopke crekoB TOTD m TOD. Drto obycnosine-
HO BO3MOXXHOCTBIO BapbHPOBAaHUSA M aJaNTallid UX CBOMCTB MOJ KOHKPETHbIE YCIOBHS dKCIUTyarauuu [1].
Hanbonee Ba)XHBIMU XapaKTEPUCTUKAMHU CTEKOJ SIBJISIFOTCS TMHEHHBIH KO3((GUIUEHT TEPMUIECKOTO HANPSI-
xenus (TKJIP), a rakke Temneparypsl crexnoBanus (7' o) pasmsryenns (7, ) 1 kpuctanauzauuu (7).

B nannol paboTe paccMOTpeHO ABa coctapa cTekou (Tadi. 1): crexkno @-123, mpuMeHseMoe mpu cOopke
crekoB TOTD TpyOuaToli KOHCTPYKIIUH, U CTEKIIO, pazpadoranHoe kommanueir SOFCMAN, Kuraii.

Tabmuua 1

XHUMHUYECKHUI COCTaB CTEKOII

XuMHudeckuii cocras, Mac. %
SiO, B,0; | ALO; | Na,O K,O0 CaO SrO BaO MgO | ZrO, | Fe, O3 | ZnO
@-123 34,50 | 3,10 | 0,04 - <0,01 | 10,38 | 16,6 | 33,4 | <0,01 - <0,1 2
SOFCMAN | 49,56 | 14,11 | 13,66 | 0,81 | 0,21 | 19,13 0,31 — 1,99 | 0,22 - —

Hazpanue




COOEPXAHUE

HA MPEABIAYLLYIO CTPAHULY

HA CJIELYIOLLYIO CTPAHULY

MNEYATb

B kauecTBe HCXOHBIX MaTEPHAJIOB HCIOIb30BANKCH OKCHUBI K KAPOOHATHI COOTBETCTBYIOIINX KaTHOHOB.
Pacyer mmXThl OCYHIECTBIAJCS C YYETOM IOTEPh Macchl KOMIIOHEHTOB MpH MpokanuBaHuu. lluxry noa-
BEpraju NpeABapUTEIbHOMY IEPEMEIINBAHUIO B IIAPOBOI MEJIBHUIE C NCIOIB30BAHUEM H30IPOIMHIOBOIO
cnupra. Bapka cTekon ocymiecTBisiachk B KOPYHAOBBIX TUINISIX npu Temmeparype 1400°C ¢ Beiaepx ko
2 yaca B IIaXTHOU MEYH C CHIIMTOBBIME HarpeBaTensimu CKopocThk HarpeBa coctapisiia 5°C/muH. PasnuBka
CTEKJIa OCYLIECTBIISJIACH B IIPEIBAPUTEIBLHO Pa3orpeTyIo rpaduToByto hopmy.

Ha noaroroBnennsix o6pasuax osun onpenenensl TKJIP Ha MexaHuYeckoM AMIaTOMETPE ¢ KBapLEeBOH
SYEHKOM, a TAK)KE TEMIIEPaTypbl CTEKJIOBaHUS U pa3msirueHus. [lpenBapurensHo 00pa3ipl MOABEPraInch OT-
JKUTY JJIs CHATHUS HanpsbkeHHH. OeHKa OCTaTOYHbIX HAPSXKEHUH OCYIIECTBISIaCh C OMOILBIO MOJIIpPHC-
kor-onsipumerpa [ICK-250M. Pesynbrarel n3MepeHUs] OTHOCUTEIBHBIX YAJTMHEHHH 0Opa3loB MpeacTaB-
nensl Ha puc. 1. Pesynsrarsl pacuera TKJIP u xapakrepuctudyeckue TeMIeparypsl CTEKON MpeACcTaBICHBI
B Tabn. 2. CornacHo Tabnuie 2 crekno coctaBa ®-123 nmeer xapakTepuCcTHKH Ooliee OIM3KHE K MPEABSIB-

JIIEMBIM TpC6OBaHI/I}IM.

Puc. 1. KpuBas u3MeHEHUS! OTHOCUTEIBHOTO YIUTMHEHHS CTEKOJI B 3aBUCUMOCTH OT TEMIIEPaTyphl

Tabmuma 2
TKJIP u xapakTepUCTUUYECKHE TEMIEePaTyphl CTEKOI
HasBanue TKJIP, rpax” T, °C I °C
D-123 10-10°° 676 722
SOFCMAN 6,7-10°° 653 692

HUccnenoBanue BIMSHUS TeMIepaTypbl Ha KPUCTAIM3ALMOHHYIO CIOCOOHOCTh cTekia cocraa d-123
OCYILECTBIISUIOCH C TIOMOIIBIO TPalMeHTHON Teur U JuddepeHInaIbHOM CKaHUPYIOLIETO KaJlopuMeTpa. Yc-
TaHOBJICHO, YTO CPE/Hss TeMIlepaTrypa Hayana Kpuctajumsanun coctasisier 790°C (puc. 2).
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Puc. 2. Temneparypusie 3¢ dexrsi crekiaa O-123
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MANUFACTURING AND RESEARCHING PROPERTIES OF GLASS
SEALANTS FOR THE SOFC AND SOC STACKS ASSEMBLY

M. V. Erpalov"?, V. A. Nikonorova"? A. V. Kuchugurov"?, S. G. Vlasova®, N. T. Shardakov*

nstitute of High Temperature Electrochemistry, Yekaterinburg, Russia
2Ural Federal University, Yekaterinburg, Russia

Glasses and glass-ceramics are the most suitable materials for use as high-temperature glass sealants in
the SOFC and SOC stacks assembly due to the possibility of varying and adapting their properties to specific
operating conditions [1]. The most important characteristics of glasses are the coefficient of thermal expan-
sion (CTE), as well as the glass transition temperatures (7' o) softening (7,) and crystallization (7).

This paper is focused on two compositions of glasses (tabl. 1): F-123 glass used in the assembly of SOFC
stacks of tubular construction, and glass developed by SOFCMAN, China.

Table 1
Chemical composition of glasses
Title Chemical composition, wt. %
SiO, B,0; | ALO; | Na,O K,O0 CaO SrO BaO MgO | ZrO, | Fe, O3 | ZnO
F-123 3450 | 3.10 | 0.04 - <0.01 | 10.38 | 16.6 33.4 | <0.01 - <0.1 2
SOFCMAN | 49.56 | 14.11 | 13.66 | 0.81 0.21 | 19.13 0.31 — 1.99 0.22 - —

Oxides and carbonates of the corresponding cations were used as starting materials. The calculation of
the charge was carried out accordingly the mass loss of the components during calcination. The charge was
subjected to preliminary mixing in a ball mill using isopropyl alcohol. The glass was pulpifying in corundum
crucibles at a temperature of 1400°C with an exposure of 2 hours in a shaft furnace with silite heaters, the
heating rate was 5°C/min. The glass was poured into a preheated graphite mold.

The prepared samples were used to determine the CTE on a mechanical dilatometer with a quartz cell, as
well as the glass transition and softening temperatures. Removal of the samples strains was annealed pre-
liminarily. The residual stresses were evaluated using a polariscope-polarimeter PSK-250M. The results of
measuring the relative elongations of the samples are shown in fig. 1. The calculation results of the CTE and
the temperature characteristics of the glasses are presented in tabl. 2. According to tabl. 2, the glass of the
composition F-123 has characteristics closer to the requirements.

Fig. 1. The curve of change in the relative elongation of glasses depending on temperature

Table 2
CTE and characteristic glass temperatures
Title CTE, grad™' T,,°C T, °C
F-123 10-107¢ 676 722

SOFCMAN 6,7-10°° 653 692
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Analyzing the influence of temperature on the crystallization ability of glass of the composition F-123
was carried out using a gradient furnace and a differential scanning calorimeter. It is established that the
average temperature of the beginning of crystallization is 790°C (fig. 2).
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Fig. 2. Temperature effects of glass F-123
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PE3YJIBbTATBI U HEPCIIEKTUBbBI METOJ0B CIIEKTPOCKOIINU
AMP ITPU UCCIIEJOBAHUUN MOHOHHUTPUAA YPAHA

B. B. Ozno6nuues’, FO. B. ITuckynos', A. M. ITomanog*

1I/IHCTI/ITyT ¢uzuku metamoB umeHu M. H. Muxeesa YpO PAH, ExarepunOypr, Poccust
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Marepuaisl Ha 6a3e aKTHHUIOB IPEACTABISIOT 0COOBIH HHTEPEC, KaK C MPAKTUYECKOW TOYKH 3PEHUSI, TaK
U JUIs QyHIAMEHTAIbHON HayKH B CBSI3M C LIMPOKUM MHOTOOOpPAa3HeM IK30THUECKUX CBOMCTB U SIBICHHH, Ha-
OrogaeMbIX B JaHHBIX 00bekTax. [locTpoeHne TeopeTuIecKix Mojiesiel ONMCcaHusl SIEKTPOHHOTO CTPOCHUS
TAKUX COCAVHECHUMN SIBIIETCS AKTYaIbHOU U CIIOXKHOU 3a1a4eH.

YcenenHoe NeTEeKTUPOBaHUE CHTHANA SIIEPHOTO MarHUTHOTO pe3oHanca (IMP) Ha siape "N B o0pazuax
MoHoHuTpuaa ypaa (UN) nokazano KpaliHe BRICOKYIO YYBCTBUTEIBHOCTD METO/IA JUISL PELLIEHUST BOIIPOCOB
KOOpAMHAIIMOHHOW XMMUM U (a30Boro coctasa [1, 2, 3]. B 3aBHCHMOCTH OT COCTOSIHUSI aKTUHHIHOTO Be-
niectsa MeHsATed napamerpsl AMP: cagur nunun SAMP Ha snpe N (puc. 1), BpeMeHa CIMH-CIIMHOBOM
W CNIMH-PEIETOYHOH penakcanuu. [IpyruMu ciioBaMu, BESICHEHHE 0COOEHHOCTEH ANEKTPOHHON CTPYKTYPHI
AaKTHHH/JIA [TO3BOJISIET IUAarHOCTUPOBATh CTPYKTYPHOE COCTOSIHUE MOHOHHUTPUA YpaHa B IIPOLIECCE CUHTESA,
XpaHEeHUs U paAualoHHOTO cTapeHus. HecomHeHHBIM nocTonmHCTBOM MeTona SIMP sBnsercs oObeMHBIH
XapakTep JaHHBIX O CTPYKTYPHOM COCTOSIHUU UCCIIEyEMbIX AKTUHUIHBIX MaTEPUAIIOB.

Meronamu SAMP Ha sape YN Taxxe WCCIIeZIOBaH MAarHUTHBIN MOPSAZOK U CIIMHOBAs JMHAMUKA S5f 3JeK-
TpoHOB ypana [1, 2, 3]. Iloka3aHo, uro cektpsl SIMP Ha sape "N B MarHUTOYNOPSIOYEeHHOH (a3ze 00bsic-
HSIIOTCS B paMKax MOJIeNTH aHTH()EepPOMAarHUTHOTO YHIOPAAoUYeHUs THIa I, cooTBeTCTBYIOMIErO 1k-CTpyKTYype
NpY HAIWYUU JOMEHHOU CTPYKTYpBl. YCTaHOBIIEHO, YTO B MarHUTHOM moiie 92,8 kD HabirogaeTcs pa3HbIi
00beM JOMEHOB, B KOTOPHIX MarHUTHBIE MOMEHTHI YpaHa JIexaT BIOJIb U MEPIEHINKYIIPHO HAIlPAaBICHUIO
MarHuTHOro noms. OOHapyKeHO, YTO TPU HU3KHX TEMIIepaTypax CKOPOCTh CIIMH-PEIIETOYHON penak-
callMy OINMUCHIBaeTcsl 3akoHOM KoppuHru. DTo cBUAETENBCTBYET O (OPMUPOBAHUU (PEPMU-KUAKOCTHOTO
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cocrosiHusL. [lokazaHo, 4TO B mapaMarHUTHON 00JacTH 3aBUCHMOCTh SHEPTHH CIIMHOBBIX (DiryKTyanus Omms3-
Ka K 3asucumocti I'(T) oc 7, xapakTepHOii JU1si KOHIIGHTPHPOBAHHBIX cHcTeM KOHIO BBIIIE TeMIeparypsl
(hopMHpOBaHHs KOT€peHTHOTO cocTosiHus. [lomydeHnsle B paboTe qaHHbIE, KpailHe BasKHBI 17151 00bACHEHHUS
MarHUTHBIX U TPAHCIIOPTHBIX CBOMCTBA COENMHEHUI HA OCHOBE f-3JIEKTPOHHBIX 3JIEMEHTOB.

K (%)
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Puc. 1. Ciextp SIMP Ha siape '“N B UN nipu temmeparype 7= 295 K

BO BHENIHEM MarHUTHOM none H, = 117,5 k0.

Ha BcTaBke — kpucTauinyeckas CTpyKTypa MOHOHUTPHIA YpaHa

Pabota BeimonHsiercs B pamkax rocynapcrBennoro 3aganusi MUMHOBPHAYKMU Poccun (tema «DyHK-
sy, Ne 122021000035-6).
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Actinide-based materials are of particular interest, both from a practical point of view and for funda-
mental science, due to the wide variety of exotic properties and phenomena observed in these objects. The
construction of theoretical models for describing the electronic structure of such compounds is an urgent and
complex task.

Successful detection of the nuclear magnetic resonance (NMR) signal at the 14N nucleus in uranium
mononitride (UN) samples showed the extremely high sensitivity of the method for solving problems of co-
ordination chemistry and phase composition [1, 2, 3]. Depending on the state of the actinide substance, the
NMR parameters change: the shift of the NMR line at the N nucleus, the times of spin-spin and spin-lattice
relaxation (fig. 1). In other words, elucidation of the features of the electronic structure of actinide makes it
possible to diagnose the structural state of uranium mononitride during synthesis, storage, and radiation ag-
ing. An undoubted advantage of the NMR method is the voluminous character of data on the structural state
of the studied actinide materials.
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Fig. 1. NMR spectrum on the '*N nucleus in UN at a temperature 7= 295 K
in an external magnetic field ;= 117.5 kOe.

Inset: crystal structure of uranium mononitride

The magnetic order and spin dynamics of the 5/ electrons of uranium have also been studied by NMR
methods on the "*N nucleus [1, 2, 3]. It is shown that the NMR spectra on the "N nucleus in the magneti-
cally ordered phase are explained in terms of the model of type I antiferromagnetic ordering corresponding
to the 1k structure in the presence of a domain structure. It has been established that in a magnetic field of
92.8 kOe, different volumes of domains are observed, in which the magnetic moments of uranium lie along
and perpendicular to the direction of the magnetic field. It is found that at low temperatures the rate of spin-
lattice relaxation is described by the Korringa law. This indicates the formation of a Fermi-liquid state. It
is shown that, in the paramagnetic region, the dependence of the energy of spin fluctuations is close to the
dependence I'(7) « 7%°, which is characteristic of concentrated Kondo systems above the coherent state
formation temperature. The data obtained in the work are extremely important for explaining the magnetic
and transport properties of compounds based on f-electronic elements.

The research is carried out within the state assignment of Ministry of Science and Higher Education of
the Russian Federation (theme “Function” No. 122021000035-6).
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AHAJIN3 DOHEPTOBBIAEJIEHUA ITPU TOPEHUU BOAOPOIA
JJIA PA3JIMUHBIX KHHETHUYECKHUX CXEM

E. E. Mueacos"?, M. C. XKapuvinkanosa®, FO. M. Kosanes®

1 G . . G o
OI'VII «Poccutickuit ®enepanbbiit Anepusiii Lientp — Beepoccuntickuit HUU texanyeckoit Gpusnku
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2PrAaOyBO «HOxHO-Ypansckuii rocynapctBeHHbI yauBepeuteT (HUY)», Yensabunck, Poccust

Hecmotpst Ha TO, 4TO peakuuu OKHUCIEHUs (TOPEHUs) BOAOPOAA MMEIOT OYEHb LIMPOKOE MPUMEHEHHUE
B TIPAKTHYECKHUX LEJISIX, YTO OTPAKEHO B JOCTATOYHO OOJIBIIOM KOJMUECTBE MyOIUKaLuii, pa3paboTka KHHE-
TUYECKUX CXEM FOpPEHMsI BOJOPOAA SIBIISETCS aKTyaJdbHON U B HacToduee Bpems [1, 2]. C apyroiil cTopoHsl,
BKJIIOYEHHE B Ta30AMHAMUYECKUE pacdyeThl XMMUUECKOW KMHETUKU MPH aHaIM3€ MPOLECCOB Nepexoaa ro-
pEeHHS BO B3PHIB IPUBOAUT K 3HAYMTEIHHOMY YBEJIMUEHHUIO BPEMEHU cueTa mporpamMmbl. OCHOBHBIMHU Mapa-
METpaMH, XapaKTepU3YIOIIIMHU PearupyIonIylo CMeCh BOAOPOAA C KUCIOPOAOM, SIBISIOTCA anuadaTndecKuii
NepUOA MHAYKLUMH U YJHEPTOBBIJIENIEHHE, PaCUeT KOTOPHIX ObLT pACCMOTPEH B JaHHOW paboTe A pa3TuaHbIX
KMHETHYECKNX MEXaHU3MOB OKHCIIEHUS BOAOPOAA.

Paccmotpum annabarndeckuil peakTop — peakTop, B KOTOPOM OTCYTCTBYET BCAKUH TETJIO- M MacCOOOMEH
C OKpYy>Karolleil cpesioi, ClIeJ0BaTeNIbHO, BCE TEIIO0, MOJIy4aeMO€e B X0/I€ SK30TEPMUYECKUX pEaKLUil OKHUC-
JICHUs] HIET Ha Pa3orpeB CUCTEMBI. B TakoM peakTope TemIoBoi B3pbIB IPOMCXOJUT MPH JTIOOBIX HaYaIbHBIX
ycnoBusax. OTpe3ok BpeMeHH OT Hadalsla Ipoliecca 10 MOMEHTa Pe3KOro yBEIWYEHHUs TeMIIepaTyphl HOCUT
Ha3BaHME aAuabdaTHUECKOro Meprona WHAYKIHMK (3afepiKka BOocCIlaMeHeHHs). B 3aMkHyTOM ammabarnye-
CKOM PEakTope MOCTOSTHHOTO 00beMa HaXOIUTCSI CMeCh ra30B MEPEMEHHOT0 COCTaBa, YUaCTBYIOIIUX B 3Jie-
MEHTapHBIX XUMHUYECKUX PeakysIX. B HadanpHbI MOMEHT 3a/1aHbl COCTAB, TEMIIEPATypa U 1aBJICHUE CMECH.
['paguenTsl BenuuuH OTCYTCTBYIOT. B padore [2] ObL1 mOmpoOHO OMUCaH MOIX0A K MOCTPOCHUIO CUCTEMBI
OOBIKHOBEHHBIX JU(depeHInanbHbIX YPaBHEHUH, ATl ONpeieNeH s Iepruoaa HHIYKIHH.

B kadecTBe aHaNMM3MpPyeMBIX KMHETUYECKHX CXEM BOCIUIAMEHEHMs BOJOPOJ — KHCIOPOJHON CMECH BBI-
OpaHbl MOJIENIA HA OCHOBE 16 peakiuii (8 0OpaTUMBIX peakiuii, 6 KOMIOHEHTOB) [3], a TakKe JiBa OJTHOCTA-
auiHbIX Mexanusma [4]: 2H, + O, = 2H,0, rae KoHCTaHTBI CKOPOCTH:

* Il OHOCTaIUMHOM peakuuu 1: k; = 2,14-108 exp(—wj, [k] [E] =
RT MOJIb-C

JIES

MOJIb

* JUI OHOCTaJUMHOM peakuuu 2: k, =2,96-105 ex ( 6900) [ ]—— [E] =
MOJTb - C

HpOBC,[[CHHI:IC B pa60Te pacyeThI IOKa3ajin, YTO BCC TPU MEXaHU3Ma XUMUUYCCKOT'O MMPEBPALICHUA B BOAO-
pOI[—KPICJ'IOpOI[HOﬁ CMECHU JAIOT PAa3HbIC 3HAUYCHUA TCMIICPATYP PABHOBECHOI'O COCTOSAHUS. O,Z[HOCTaI[I/II)'IHBIC
KMHETUYCCKUC CXEMbl JAIOT 3HAYUTCJIIbHO 3aBLINICHHBIC 3HAYCHUSA TEMIICPATYyp B COCTOAHHWU PABHOBECUA



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

U [IPH pacyeTax ra30quHaMUYEeCKHUX MPOLECCOB C XUMUUECKUMH NPEBPAIIEHUSIMHA HE MOTYT OBITh HCIIOIB30-
BaHbI 0€3 AOTONHUTENbHON MonuduKauuu. [IpuMeHeHre KUHETHYECKOH cxeMbl [3] TpeOyeT JOMOTHUTEINb-
HOTO aHaJIN3a ¥ CpaBHEHUs ¢ 0oJiee CIIOKHBIMA KHHETUYECKHMHU CXEMaMH.
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ANALISE OF HEAT RELEASE BY HYDROGEN COMBUSTIO
FOR A DIFFERENT KINETIC SCHEMAS

E. E. Pigasov"?, M. S. Zharlykhanova®, Y. M. Kovalev*

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

?South Ural State University (National Research University), Chelyabinsk, Russia

Although the reactions of hydrogen oxidation (combustion) have wide practical application, that is rep-
resented in a great number of papers, the development of kinetic schemas for hydrogen oxidation is relevant
problem [1, 2]. On the other hand, the inclusion of chemical kinetics in gas-dynamic calculations on analyze
of combustion to explosion transition process, result in significant increase of computation time. The main
parameters to reacting hydrogen-oxygen mixture description is the combustion delay and the heat release,
which calculations for different kinetic mechanisms is a subject of this paper.

Consider an adiabatic reactor — a reactor in which there is no heat and mass exchange with the environment,
therefore all the heat, produced by exothermal reactions, expending in warming-up of a system. In that case
thermal explosion take place under any initial conditions. Duration from process start time until temperature
sharp increase moment is termed ignition delay. Closed adiabatic constant volume reactor contains a variable
composition gas mixture, which involved in elementary chemical reactions. At the initial moment, the com-
position of the mixture, temperature and pressure are given. No magnitude gradients. In [2], the approach to
constructing a system of ordinary differential equations was described in detail to determine the ignition delay.

Models based on 16 reactions (8 reversible reactions, 6 components) [3], as well as two single-stage
mechanisms [4] were chosen as the analyzed kinetic mechanisms of ignition of a hydrogen-oxygen mixture:
2H, + 0O, = 2H,0, where reaction rate constants:

_129000} (4] W [E]:sz

» for single-stage reaction 1: &k =2,14- 108 exp( = ,
RT MOJIb - € MOJIb

3
» for single-stage reaction 2: k, =2,96-10° exp(—@j, [k]z i , [E]z fx .
RT MOJIb - C MOJIb
The calculations carried out in the work showed that all three mechanisms of chemical transformation in
a hydrogen-oxygen mixture give different values of the temperatures of the equilibrium state. Single-stage
kinetic schemes give significantly overestimated temperatures in the equilibrium state and cannot be used
in calculations of gas-dynamic processes with chemical transformations without additional modification.
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Application of the kinetic scheme [3] requires additional analysis and comparison with more complex kinetic
schemes.
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IBOJIOLUS JUCJTOKAIIMOHHOM CTPYKTYPBI B CTAJISIX
MO OBJYYEHUEM

11 A. HHoxamawxun

OI'VII «Beepoccuiickuii HayyHO-UCCIeA0BaTeNbCKU HHCTUTYT aBToMaruku uMm. H. JI. Tyxosa», Mockaa,
Poccus

[Tonnmanue n3MeHEeHUs CBOWCTB KOHCTPYKIMOHHBIX MaTE€pUaIOB MOA 00JYyYEHUEM — OIUH U3 KITIOYEBBIX
(axTopoB, HEOOXOAUMBIX It O€30MacHOM PabOTHI peakTopoB. HecMOTps Ha akTHBHOE pa3BUTHE METOJIOB ifl
Situ MAKPOCKOITUH, 3KCIIEPUMEHTAIbHBIMI METOIAMH BCE €I1le HE MPENCTABISIETCS BO3MOKHBIM KOPPEKTHO
OLIEHMBATh KOHICHTPALUN OY€Hb MAJIEHBKUX JUCIOKALMOHHBIX MeTenb (<1 HM), KOTOpbIE BHOCST CyIIECT-
BEHHBIH BKJIaJ B OaTaHC MOTOKOB TOYEUHBIX E€(EKTOB, & TAKKE BIHUSIIOT Ha YIIPOUHEHHE.

B pamkax manHol pa®oTbl, MeTofoM kiactepHoi auHamuku (MK/I) mccnenyercst sBomronust IUCIO-
KaIlMOHHOM CTPYKTYpBHI (AMCIOKAMOHHAS CETKa M AWCIOKALMOHHBIC METIN) B CTANSAX MO OOIydeHHEM.
B ocnoBe monenn MK/ nexuT unes onucslBaTh MUKPOCTPYKTYPY MaTepralia B paMKax CIUIOIIHOW cpelibl
C pa3HOOOpa3HBIMHU CKOIUICHUSAMH (KJIacTepaMK) MEXA0Y3/IUH yepe3 UCTIONb30BaHUe JUCKPETHOH (DYHKIUH
pacmpeneneHus 1o paMepy (YUciay TOYEUHBIX Ae(eKToB). DBOIIONMS JaHHOTO paclpelelieHNs U3ydaeTcs
MyTeM PELIeHNs ypaBHEHUIN XUMUYECKON KMHETUKH B TOMOT€HHOMU Cpejie.

Crnenmyer OTMETHTH, YTO B KJIACCHUECKHUX MocTaHoBKax MK/l He yuMTHIBAIOTCS SKCIIEPUMEHTAIbHO Ha-
OromaeMble MPoLecChl B3aUMOIEHCTBHUS SIEMEHTOB TUCIOKAMOHHON CTPYKTYPBI: @ IMEHHO KOAJIeCLIEHIIHS
JTUCIIOKAlIMOHHBIX TMETENb U «IIONIOIIEHNE) JUCIOKAllMOHHBIX MEeTeIb AUCIOKAlMOHHOM ceTkoil. B pamkax
Pa3BUTHS METOAA, pealli30BaHa MOJIENb YUeTa JaHHBIX MpoleccoB. TakuM 00pa3oM, moaydyaercsi KOppeKTHO
OTCJICKHMBATh JBOJIOLMIO TUCIOKAUOHHON CTPYKTYPBI, C YU€TOM METOAa M3HadalbHOW 0OpabOTKH Mate-
puana.

STEELS UNDER IRRADIATION:
EVOLUTION OF THE DISLOCATION STRUCTURE

P A. Pokatashkin

Dukhov Research Institute of Automatics, Moscow, Russia

Understanding the evolution of properties in structural materials under irradiation is one of the key fac-
tors required for the reactors safety operation. Despite the active implementation of in situ microscopy
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techniques, it is still not possible to correctly estimate the concentration of small (<1 nm) dislocation loops.
Those loops contribute significantly for the balance of point defect fluxes, and they also affect material hard-
ening.

In this work the evolution of the dislocation structure (dislocation network and dislocation loops) in ir-
radiated steels is studied by means of cluster dynamics (CD) methods. The CD model is based on the idea
of describing the material’s microstructure as a continuous medium with various clusters of self interstitial
atoms through the use of a discrete size distribution function (the number of point defects in a cluster). The
evolution of this distribution is studied by solving the equations of chemical kinetics in a homogeneous
medium.

It should be noted that the classical cluster dynamics models do not take into account interaction between
elements of the dislocation structure. It should be noted that coalescence of dislocation loops and “absorp-
tion” of dislocation loops by the dislocation network are actively observed during experiments. We present
further development of the CD method — a model for accounting the above-discussed processes. Thus, it
becomes possible to correctly evaluate the evolution of the dislocation structure, taking into account the
method of initial processing of the material.
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OTI'OHKA 2JIEKTPOJIUTA HA OCHOBE LiCl-KCl
IHPU MIOHNUKEHHOM JABJEHHUHA

A. B. Cantones', A. M. [lomanoe" 2, B. IO. [Lhauxun', FO. I1. 3aiixos'

1I/IHCTI/ITyT BBICOKOTeMIeparypHoii anekrpoxumun YpO PAH, ExarepunOypr, Poccus

2VpanLc1<m71 TOCyIapCTBEHHBIN TOPHBIN YHUBepcHUTeT, ExaTrepuuOypr, Poccust

B Hacrosiiee BpeMsi B HECKOJIBKMX CTpaHax pa3padaThIBAlOT Pa3IMYHbIC BAPHAHTHI MHUPOXUMHYECKUX
(c UCTIOJIB30BaHUEM PACILIABICHHBIX COJICH) TEXHOJIOTH, KOTOpbIe Obl 00ecnieunBan 3PPEKTHBHYIO YTUIIH-
3aIlMI0 OTPa0OTABIIETO SACPHOTO TOIUIMBA U CHIDKEHHE 00BEMOB PaIMOAKTHBHBIX OTXO/I0B. B Takux TexHO-
JIOTUSIX OJTHOW M3 HEeU30EKHBIX ONEpallyii ABISCTCS OTTOHKA 3JICKTPOIIUTA U3 Pa3IMYHBIX O0CAIKOB, TIOCKOJb-
Ky OTMBIBKA BOJIOW HE MOXKET OBITh HCITOJIH30BAHA.

enpto HacTosIIEH pabOTHI SBISETCS U3yUEHHE COCTaBa KUJIKOM U MapoBOM (a3 MpH OTTOHKE PacIlIaB-
JICHHBIX COJIEH CIIOKHOTO COCTaBa.

B nanHOM COOOIIIEHNU TIPUBEICHBI PE3yJIbTaThl M3YYCHHUS OTTOHKH COJICH M3 PaCIUIaBIICHHBIX CMECEH
(LiCI-KCl),,, — SrCl, — BaCl, — NdCl,.

JlaBneHus: HACBHILIEHHBIX MAPOB HAJl PACIIABAMU MEPEUMCICHHBIX UHAUBUAYATBHBIX XJIOPUIOB CYLIEC-
TBEHHO paznmuuatorcs (puc. 1). OnmHako B3auMoseiicTBre (KOMIUIEKCOOOpa30BaHKE) PAa3IUYHBIX XJIOPUIOB
B MHOTOKOMITOHEHTHBIX PACIIaBJICHHBIX CMECAX U B Mapax HajJ HUMH MOTYT CyIIECTBEHHO M3MEHHUTH CO-
OTHOUIEHUS JieTyuecTeil. MbI MpoBeIN 3KCIEPUMEHTAIEHOE U3yUEHUE CEJICKTUBHOCTH OTTOHKH Pa3IMYHBIX
KOMITOHCHTOB M KWHETHKH UX ucnapeHus. OCHOBHEIM 3ekTponuToM Obuta 3BTekTHKa LiCl-KCl, comxepxa-
mas 1-2 mon. % XJIOpUA0B UMHUTATOPOB HEKOTOPHIX MPOIYKTOB JACIEHUS — IIETOUHO3EMETBHBIX U PEIKO3e-
METBHBIX MeTau10B. OTrOHKY BBINONHSIIN IIPU ocTaTouyHOM naBienuu ~1 Ila u remneparypax 753—1033°C.

YcTaHOBIIEHO, YTO:

* OTTOHKa COJICH NPY HETIPEPHIBHON OTKAYKE MApOB IMPOTEKAET C MHOTOKPATHO OOJIBIICH CKOPOCTHIO, YEM
[IPU UCHIAPEHUU B BaKYYMHUPOBAHHBIX 3allassHHBIX COCYaX;

* BO3TOHBI COJICH, IO CPAaBHEHHIO C PACIIABOM, IEPBOHAYAILHO HECKOJIbKO oOorarmatorcs mo LiCl u, coot-
BETCTBEHHO, HeMHOTO 00enHsroTes o KCl;

* CoAepKaHUE XJOPHUAOB MIEJIOYHO- U PEAKO3EMENbHBIX 3JIEMEHTOB, a TAKXKE TPUXJIOPUAA HEOAUMA B Ia-
pax (Bo3roHax) Ha 2—4 TIOps/IKa HUKE UX COJICPKAHHS B PACILIABE;

* IIpU MIEPEXO0JIe OT UCMAPEHUS B 3aKPBITHIX COCYIaX K OTTOHKE MPH HEMPEPBIBHO paboTarolieM Hacoce
paszziencHue (COOTHOIICHHE KOHIICHTPAIIHiA Tap / KOHSYHBIN paciliaB) JJIsl XJIOPUJIOB IIEIOYHBIX METaIOB
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HU3MCHACTCA HECYIICCTBCHHO, B TO BpEMs KaK IAJId PEAKO3CEMCIIbHBIX OHO BO3PAaCTaCT HpI/I6J'H/IBI/ITGJ'H>HO Ha
MOPAAOK, a I XJIOPUAOB HICTIOYHO3CMEIIbHBIX METAJIJIOB — IIPUMEPHO Ha 2 nopsaka.

ﬁ""‘“&-—._ﬁ_
_""El—-._.ﬂ_‘_ _""&-—-_.__&___‘_
wm&Cleu
I . o
LiCPLi,Cl,

=) KCI+K;Cl—m
= 4
R
o
3
-5
-7
0.00077 0.00087 0.00097 0.00107 0.00117

T, K'

Puc. 1. [lapnerne HachIIEHHBIX TAPOB HAJ paciUIaBaMHU YUCTHIX conelt B mHTepBajie 600—-1000°C

HOHy‘lCHHLIG JaHHBIC 06cy)KZ[eHI:I. C,I[GJ'IaHLI BBIBOJIbI O CTCIICHU OTTOHKH, CCIICKTUBHOCTHU UCHIAPCHUA
KOMITIOHCHTOB pacCIlIaBJICHHBIX CMeCeM U OTHOCHUTEIbHOM JICTYYCCTHU PA3JIMYHBIX XJIOPHUIOB. Haiigennsie 3a-
BUCHUMOCTU MOT'YT OKa3aTbCAd MMOJIC3HBIMUA IJISA pa3pa6OTKI/I NUPOXUMHUYCCKUX CXEM nepepa60T1<M OSIT.

DISTILLATION OF THE LiCl-KCl BASED ELECTROLYTE
AT REDUCED PRESSURES

A. M. Potapov"?, A. B. Salyulev', V. Yu. Shishkin', Yu. P. Zaikov'

'Institute of High-Temperature Electrochemistry UB RAS, Ekaterinburg, Russia
2Ural State Mining University, Ekaterinburg, Russia

Currently, several countries are developing various options for pyrochemical (using molten salts) tech-
nologies that would ensure efficient disposal of spent nuclear fuel and reduce the volume of radioactive
wastes. In such technologies, distillation of the electrolyte from various precipitates is one of the inevitable
operations, since water rinsing cannot be used.

The purpose of this work is to study the composition of the liquid and vapor phases during the distillation
of molten salts of complex composition.

This report presents the results of studying the distillation of salts from (LiCl-KCl),,, — SrCl, — BaCl, —
NdCl; molten mixtures.

Saturated vapor pressures over the melts of the listed individual chlorides differ significantly (fig. 1).
However, the interaction (complex formation) between various chlorides in multicomponent molten mix-
tures and in vapors above them can significantly change the volatility ratios.

We performed an experimental study of the selectivity of the distillation of various components and
kinetics of their evaporation. The LiClI-KClI eutectic containing 1-2 mol. % of chloride imitators of some
fission products (alkaline earth and rare earth metals) served as a main electrolyte. The distillation was
carried out at a residual pressure of ~1 Pa and temperatures of 753—1033°C.

It is found that:

» the distillation of salts during continuous vapor pumping out proceeds at a much higher rate than during
evaporation in vacuum-evacuated sealed vessels;
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* salts sublimates, in comparison with the melt, are initially somewhat enriched in LiCl and, accordingly,
are slightly depleted in KCI;

* concentrations of alkali and rare earth elements chlorides, as well as neodymium trichloride in vapors
(sublimes) are 2—4 orders of magnitude lower than their content in the melt;

* during the transition from evaporation to distillation in the sealed vessels at a continuous pump opera-
tion, the separation (concentration ratio “vapor / final melt”) of alkali metal chlorides does not change signifi-
cantly, while the concentration ratio “vapor / final melt” of rare earth chlorides increases by about an order of
magnitude, and that of alkaline earth metal chlorides increases by about 2 orders of magnitude.
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Fig. 1. Saturated vapor pressure over the melts of pure salts in the range of 600—-1000°C
The obtained data are discussed. Conclusions on the degree of distillation, the selectivity of evaporation

of the components of molten mixtures and the relative volatility of various chlorides are drawn. The obtained
dependences may be useful for the development of pyrochemical schemes for SNF reprocessing.
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OLEHKA QJEKTPOIIPOBOAHOCTHA
MHOT'OKOMITIOHEHTHBIX PACIIJIABOB, COAEPKALINUX
XJOPHUABI OJHO-, ABYX- U TPEXBAJIEHTHBIX METAJIJIOB

A. M. [Tomanos"?, A. B. Cantones'

1I/IHCTI/ITYT BEICOKOTeMIepaTypHoii anekrpoxumun YpO PAH, ExarepunOypr, Poccus

2Ypanbc1<m71 TOCyIapCTBEHHBIN TOPHBIN YHUBepcHTeT, ExaTrepuuOypr, Poccust

[Ipu pactBopennu orpaborasuuero sizepHoro torumsa (OAT) B pacmmaBnenHoit sBrektuke LiClI-KCl
NpY MHPOXUMHYECKOH nepepaborke Hutpuanoro OAT oOpasyrorcsi clI0KHBIE MHOTOKOMIIOHEHTHEIE pac-
miaBbl. 1Sl OTHENEHUs] M pa3lesieHHs IPOAYKTOB JIENEHUs MPeaIonaraeTcsl UCIoiIb30BaTh AEKTPOXUMU-
yeckre MeToabl. 1103ToMy BakKHO 3HAThH 3JIEKTPONPOBOTHOCTH TaKUX pacmiaBoB. OIHAKO MOTYYHTH JKC-
MEpUMEHTANbHBIC TaHHBIE AJIS1 BCEBO3MOXKHBIX MHOTOKOMITOHEHTHBIX CMecCeil — MpakTHUeCK! HepeabHas
3agada. [loaTomy HeoOXonuMo pa3padaTeIBaTh COCOOBI HAZEKHON OLIEHKH AJIEKTPOIIPOBOAHOCTH UCXOAS U3
OTHOCHUTENFHO OTPaHHMYEHHOTO KOJIMYECTBA SKCIIEPUMEHTAIBHBIX JaHHbBIX.
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Lenbto paboThl siBAsieTCs pa3paboTka crocoda OLeHKH 3JEKTPOIIPOBOAHOCTH CIOKHBIX PacIUIaBICHHBIX
cMecell ¥ co3nanue 06a3bl JaHHBIX 10 AIEKTPONPOBOIHOCTH PACIUIaBOB, coaepKamnx KoMrnoHeHTsl OST.

Hamu wm3mepeHa »7eKTpONpPOBOAHOCTH OONBILOTO YHMCIA KBa3MOMHAPHBIX PpaCIJIaBJICHHBIX CMecei
(LiCI-KCl),,, — MCI, (LiCI-KCl),,, — MCl,, (LiCI-KCl),,,, — MCl;, rie M — ofHO-, IByX- U TPEeXBaJICHT-
HBIC 3JIEMEHTHI, Bxoasmme B coctaB HuTpugHoro OAT (Cs, Sr, Cd, Ce, Nd, U) [1, 2], a Takke MHOTHX
KBa3UTPOMHBIX M KBa3HUETBEPHBIX PACTIABICHHBIX CONEBBIX cMecel (B paMKax JaHHOW paOOThl IBTEKTHKA
LiCI-KCI paccmarpuBaeTtcs, Kak OTUH KOMIIOHEHT).

ONeKTpONpOBOIHOCTh PACIIaBIEHHBIX CMEcel — Pe3Ko HeaJAUTHBHOE CBOICTBO. Ee oTKIIOHEHHS OT aa-
JUTUBHON CyMMBI 3JIEKTPOTIPOBOAHOCTEN OTIEIbHBIX KOMIOHEHTOB MOXKET IOCTUTATh JECSITKH MPOLIEHTOB.

MBpl nipeiaraeM OLIEHUBATH AJIEKTPONPOBOIHOCTH MHOTOKOMIIOHEHTHBIX CMECEH, KaK aJAUTUBHYIO CyM-
MY BJIEKTPONPOBOJHOCTEH OMHApHBIX cMeceil. Hamu mokasaHo, 4To B 3TOM Cilydae 3IEeKTPOIpPOBOIHOCTh
pacIIaBIeHHBIX TPOWHBIX M YETBEPHBIX CMECEH OTINYAETCA OT SKCIIEPUMEHTAIILHO HaliIEHHBIX €€ 3HaueHUI
He Ooinee, ueM Ha 2%, TO €CTh HA YPOBHE IKCIEPUMEHTAILHON MOTPEUIHOCTH, MMOCKOJIBKY OTKIOHEHHUS OT
aJATUTHBHOCTH yXKE Kak Obl yYTeHBI B OMHApHBIX cMecsX. [pyruMu cioBamu, Mbl IPHOIMKaeM MHOTOKOM-
MOHEHTHYIO PACIUIABICHHYIO CMECh K HEabHOM, N3MEHUB BBIOOp MoICHCTEM (KOMIIOHEHTOB cMecH). Ha
puc. 1 comocTaBiaeHbl HEMOCPEACTBEHHO H3MEPEHHAs! SNEKTPOIPOBOTHOCTh YETHIPEXKOMIOHEHTHOW CMECH
Y OHA e, PACCUNTAHHAS U3 AIIEKTPONPOBOJHOCTH OMHAPHBIX cMeceil. MakcuManbHas pasauna o = 0,08—1%.

Puc. 1. YaenbHas 31eKTPONPOBOAHOCTS () YETHIPEXKOMIOHEHTHOH pacriasiaenHoi (LICI-KCI), .+ 2,5 mon.%
CsCl + 2,5 mon.% NdCl, + 5,0 mon.% UCI, cuctemsl.

Cunsist TuHUS — 3ekTporpoBogHocTh cucteMsl: 0,108 (LiCI-KCl),,, + 0,25-((LiCl1-KCl),,, + 10 mo1.% CsCl + 10 mo1.% NdCl;)
+ 0,642 ((LiCI-KCl),,, + 7,79 mon.% UCL).
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EVALUATION OF THE ELECTRICAL CONDUCTIVITY OF
MULTICOMPONENT MELTS CONTAINING CHLORIDES OF ONE-,
TWO- AND TRIVALENT METALS

A. M. Potapov"?, A. B. Salyulev'

'nstitute of High-Temperature Electrochemistry UB RAS, Ekaterinburg, Russia
2Ural State Mining University, Ekaterinburg, Russia

When spent nuclear fuel (SNF) is dissolved in the molten LiCl-KCl eutectic during pyrochemical
processing of nitride SNF, complex multicomponent melts are formed. Electrochemical methods are
supposed to be used to split and separate fission products. Therefore, it is important to know the electrical
conductivity of such melts. However, obtaining experimental data for various multicomponent mixtures is
practically insurmountable challenge. Therefore, it is necessary to develop methods for a reliable estimation
of electrical conductivity that are based on a relatively limited amount of experimental data.

The aim of the work is to develop a method to assess the electrical conductivity of complex molten
mixtures and to create a database on the electrical conductivity of melts containing SNF components.

We have measured the electrical conductivity of a large number of quasi-binary molten mixtures
(LiCI-KCl),,, — MCl, (LiCI-KCl),, — MCl,, (LiCI-KCl)_,, — MCl;, where M denotes mono-, di- and
trivalent elements being a part of the nitride SNF (Cs, Sr, Cd, Ce, Nd, U) [1, 2], as well as many quasi-ternary
and quasi-quaternary molten salt mixtures (within the framework of this work, the LiCI-KCl eutectic is
considered as one component).

The electrical conductivity of molten mixtures is a highly non-additive property. Its deviations from the
additive sum of electrical conductivities of individual components can reach tens of per-cent.

We propose to evaluate the electrical conductivity of multicomponent mixtures as an additive sum of the
electrical conductivities of binary mixtures. We have shown that in this case, the electrical conductivities of
molten ternary and quaternary mixtures differ from the experimentally found values by no more than 2%,
that is, within the experimental error, since deviations from additivity have been already taken into account in
binary mixtures analysis. In other words, we bring the multicomponent molten mixture closer to the ideal one
by variation of the subsystems (components of the mixture). Fig. 1 compares the experimentally measured
electrical conductivity of a four-component mixture and that calculated using the electrical conductivity of
binary mixtures. Maximum difference 6 = 0.08—1%.

Fig. 1. Specific electrical conductivity (k) of the four-component molten (LiCI-KCl),,, + 2.5 mol.%
CsCl + 2.5 mol.% NdCl, + 5.0 mol.% UCl, system.

The blue line is the electrical conductivity of the 0.108 (LiClI-KCl),,, + 0.25-((LiCI-KCl),,; + 10 mol.% CsClI + 10 mol.% NdCls)
+0.642-((LiCI-KCl),,, + 7.79 mol.% UCl;) system
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TEXHOJIOI'UA CO3JJAHUA KPUOTEHHON MUILIEHU
HEIIPAMOI'O OBJIYYEHUA AJI JIASEPHOI'O
TEPMOAIAEPHOI'O CUHTE3A

M. A. Pocoxcuna, E. FO. 3apybuna

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepocceuniickuit HUU skcnepruMenTanbHoi
¢uzukm», Capos, Poccust

[IpoBeneHre IKCIIEPUMEHTOB B 00IACTH Ja3E€PHOTO TEPMOSICPHOTO CHHTE3a MPEIIOoIaraeT UCIOIbh30-
BaHUE KPUOTCHHOW MUIIICHU HEMPSIMOTo 00MyueHus. Takas MUIICHb MPECTABISAET COOOM MOy chepruye-
CKyI0 000JIOUKY C HAMOPOXXCHHBIM Ha €€ BHYTPEHHEH MOBEPXHOCTH IVIAJIKUM M OAHOPOIHBIM TIO TOJIIIMHE
CJIOEM TBEPJIOr0 BOJOPOAHOrO ToruiiBa. O00JI0UKa B CBOIO OUYepe/lb MOMEIIEHA B IIEHTP OOKCa-KOHBEPTOPa,
KOTOPBIN 00eCIeunBacT paBHOMEPHOE TEINIOBOE OKPY)KEHUE 000JI0UKH Ha dTarne GOpMHUPOBaHUS KPHOCIIOS
Y KOHBEPTAIMIO JIA3€PHOrO M3IYUYEHHUS B PEHTICHOBCKOE M3IyUYEHHE Ha dTale MPOBEACHUS SKCIIEPUMEH-
TOB M0 3KUTaHUIO. /IMarHoCTHKAa KPUOCIOS U 3aBEACHUE JIA3€PHOTO U3MYUYEHHUS BBIMONHSIETCS Yepe3 OT-
BEepCTUs B OOKCE-KOHBEPTOPE, KOTOPBIC TEPMETUYHO 3aKPHITHI TUICHKaMU. K KOHCTPYKIIMK 3TUX MHUIICHEH
MPEIBSIBIISIOTCS BBICOKUE TPEOOBaHMS K TE€OMETPHUHM U pa3Mepy 3JIEMEHTOB, TOYHOCTH UX WU3TOTOBJICHUS
U COOPKH, TEPMETUYHOCTH, KAYECTBY KPUOTCHHOTO CJIOS U Jp. DTU TpeOOBaHMS HANIPABICHBI HA CHIDKEHUEC
SHEPreTUYECKUX MOTEPh AN TOCTHUKEHUS MAaKCUMAIIbHON TeMIepaTyphl U INIOTHOCTU TOIUIMBA B TOUKE 3a-
JKUTAHHUSL.

Co3aHue KPUOTCHHOW MUIICHH HENpPSMOTO OOJIy4YeHHS — MHOTOYPOBHEBasl 3ajiaua, 3aKIrouarorias
HECKOJIBKO ITAaloB:

* pa3paboTKa KOHIEHIIMH KPUOMUIICHU;

* pa3paboTKa U MPOU3BOJCTBO COCTABHBIX AJICMCHTOB KPHOMMILICHH, UX aTTECTAIIUS;

* Mpenu3noHHas cOOpKa KPHOMHUILIEHHU (PACIIONIOKCHHE 3JIEMEHTOB ¢ MUKPOHHOW TOYHOCTHIO OTHOCH-
TEIBHO JIPYT APYTa) U €€ aTTeCcTalus;

* CO3J]aHKE KPUOCIIOs TPeOyeMOoro KauecTBa;

* aTTecTalusl KPUOCIHIOS;

* [MOCTAaHOBKA KPUOMHUIIICHU Ha SKCIICPUMEHT I10 3KUTAHUIO 03 TIOTEPU KaueCTBa CIIOA.

JlaHHBIe TO/132/1a91 PEIIAIOTCS MapaLIEIBHO APYT IPYTY U, 0 Mepe MOTYUYCHHS KaKUX-ITH0O0 3HAYMMBIX
pe3yJIbTaToOB B OJHON M3 HUX, MOTYT OKa3bIBaTh BIMSHUE U BHOCUTH KOPPEKTHUPOBKH B METOMBI PEIICHUS
U pean3aIfio OCTaIbHBIX.

Co31aHre KpUOTEHHOTO CJIOS M30TOIMOB BOAOPO/a BHYTPH OOOJIOUKH C OTKJIOHEHUEM OT C(hepUIHOCTH
Y KOHIIGHTpUYHOCTH He Oonee 1% [1] — oqHa U3 TIIaBHBIX 3a/1a4 IPU CO3JaHUU KPUOTEHHOW MHIICHU IS
JIA3epHOTO TEPMOSIIEPHOTO CUHTE3a. [ cuMMeTpH3auu CIosi UCIONIB3YETCSl METOA pagUualbHBIX TeMIIe-
paTypHBIX IpalMeHTOB. B 3aBHCHUMOCTH OT BHA TOIUIMBA, UCIIOIB3YEMOr0 B MUILICHHU, PEATTU3yETCs] METOJ
BbIpaBHUBaHUA ciosi: UK-BeIpaBHUBaHME IIpH paboTe ¢ HepaAMOaKTUBHBIMU M30TomaMu Bogopoaa (D2, H2,
HD) [2] unu Gera-BeipaBHUBaHUE 1iis ciiost ¢ DT-cmeckto [3]. Peanu3zarus Metoa mpeanonaraeT BeIACPKH-
BaHUE 000JIOYKH C BOJAOPOIHBIM TOILTUBOM B H30TEPMHUYECKHUX yCIOBHSIX MPH TEMIIEPATYPe HIKE TeMIIepa-
TypHI 3aMep3aHus TOIUIMBA. B 3TOM ciyyae u3-3a OONBIIETrO BBIJICICHUS TEIUIa B 00beMe TOJICTON 00nacTu
DT-cnost ee moBepXHOCTH OyieT Oojiee HarpeTa, 4YeM MOBEPXHOCTh TOHKOW o0Omactu. BeriectBo ciost Oyner
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HCHapATHCA ¢ 0oJiee HArpeToi 00IacTh, U KOHJICHCHPOBATLCS B MEHEE HArpeToi 00JIaCTH Ha TIOBEPXHOCTH
cros. [Ipoiiecc BeIpaBHUBAHUS TONIIUHBI UMEET IKCIIOHEHIIMAJIBHBIN XapakTep, MOCKOJIbKY 10 MEpe BhIPaB-
HUBaHHUS CJIOSI TPAJUEHT TEMIIEPATyphl HA €ro MOBEPXHOCTU CHUXAETCs. KpHOTreHHBIN CIoi B KOHEYHOM
MOJIOKESHUY TIPUMET BUJI OTHOPOIHOTO I10 TOJIIIMHE C(HEPUUECKOTO CIIOS, HAMOPOXKESHHOTO Ha BHYTPEHHIO
MOBEPXHOCTh CHEpUIECKON 000TOUKH.

OKCIIEPUMEHTHI TI0 (POPMUPOBAHUIO KPUOTEHHOTO CJIOSl MPOBOIMIKMCH B CIEIMAILHOM OOKCE C pa3me-
IICHHON BHYTpPU CEPUUICCKON MOJIOCTH OOKCa O0OJOYKOW M BO3MOXKHOCTBIO 3aBeneHust K-uznydyenHws.
B pesynbrare peanuzanuu MeToa paaraibHBIX TEMIIEPATYPHBIX TPAIUCHTOB JUIsl HEPaIMOAKTUBHBIX U30TO-
OB BOJIOPO/Ia ObUIH TIOTYYEHEI CIIOU JICHTEPHS, YIOBICTBOPSIONINE TPEOOBAHUSAM PA3HOTOIIIIMHHOCTH CIIOSL.
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PROCESS OF CREATING A CRYOGENIC TARGET
OF INDIRECT DRIVE FOR LASER THERMONUCLEAR FUSION

M. A. Rogozhina, E. Yu. Zarubina

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

Conducting experiments in the field of laser thermonuclear fusion involves the use of a cryogenic target
of indirect irradiation. Such a target is a hollow spherical shell with a smooth and homogeneous layer of
solid hydrogen fuel frozen on its inner surface. The shell, in turn, is placed in the center of the converter
box, which provides a uniform thermal environment of the shell at the stage of cryogenic layer formation
and conversion of laser radiation into X-ray radiation at the stage of ignition experiments. Diagnostics of
the cryogenic layer and the establishment of laser radiation is carried out through holes in the converter box,
which are hermetically sealed with films. The design of these targets is subject to high requirements for the
geometry and size of the elements, the accuracy of their manufacture and assembly, tightness, the quality of
the cryogenic layer, etc. These requirements are aimed at reducing energy losses to achieve maximum fuel
temperature and density at the ignition point.

The creation of a cryogenic target of indirect drive is a multi—level task that includes several stages:

* development of the cryogenic target concept;

* development and production of cryogenic target components, their certification;

* precision assembly of a cryogenic target (arrangement of elements with micron precision relative to
each other) and its certification;

* creation of a cryogenic layer of the required quality;

« certification of the cryogenic layer;

* setting up a cryogenic target for an ignition experiment without loss of layer quality.

These subtasks are solved in parallel with each other and, as any significant results are obtained in one of
them, they can influence and make adjustments to the methods of solving and implementing the rest.

The creation of a cryogenic layer of hydrogen isotopes inside the shell with a deviation from sphericity
and concentricity of no more than 1% [1, 2] is one of the main tasks in creating a cryogenic target for laser
thermonuclear fusion. The method of radial temperature gradients is used to symmetrize the layer. Depend-
ing on the type of fuel used in the target, a layer alignment method is implemented: IR alignment when
working with non-radioactive hydrogen isotopes (D2, H2, HD) [3] or beta alignment for a layer with a DT
mixture. The implementation of the method involves maintaining the shell with hydrogen fuel in isothermal
conditions at a temperature below the freezing point of the fuel. In this case, due to the greater heat release
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in the volume of the thick region of the DT layer, its surface will be more heated than the surface of the thin
region. The substance of the layer will evaporate from a more heated area, and condense in a less heated area
on the surface of the layer. The process of thickness leveling is exponential, because as the layer is leveled,
the temperature gradient on its surface decreases. The cryogenic layer in the final position will take the form
of a spherical layer homogeneous in thickness, frozen on the inner surface of the spherical shell.

Experiments for the formation of a cryogenic layer were carried out in a special box with a shell placed
inside the spherical cavity of the box and the possibility of introducing IR radiation [4]. As a result of the
implementation of the radial temperature gradients method for non-radioactive hydrogen isotopes, deute-
rium layers were obtained that meet the requirements of the layer thickness.
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PACYET MATHUTHOTI'O ITOJIA TIMPAMUAAJIBHBIX OBBEKTOB
B CPEJAE COMSOL MULTIPHYSICS

B. B. Casenves, B. A. Canynos, A. B. Cepzees

OI'AO AY BO Ypaunbckuii henepanbHBI YHUBEPCUTET
umenu niepsoro lIpesunenta Poccun b. H. Enpriiuaa, ExarepunOypr, Poccust

E-mail: savelev.vv@urfu.ru

B HacTosiiee BpeMsi IEpCIICKTUBHBIM HAIPABICHUEM MarHUTOMETPUU SIBISIETCS MPUMEHEHHE OeCIu-
JIOTHBIX HOCHUTEJNIEH, 4TO (POpMYyIUpyeT 0coOble TpeOOBaHMS K IMOATOTOBKE MOJIETHBIX 3a/IaHUN YYUTHIBAIO-
nmx GopMy u CBOICTBa 00bekTOB. OCOOBII HHTEPEC UMEIOT 3aXOPOHCHUS B BUJIE KYPraHOB WM ITUPAMHU/I.
HccnenoBanue CBOWCTB TaKHX METATMTUYECKUX OOBEKTOB MOXET OBITh COIMPSDKEHO C TPYAHOCTSIMU, TO-
CKOJIbKY TaKHe OOBEKTHI YacTO SIBISIOTCS HCTOPUYCCKUMHU MAMSITHUKAMH KYJIbTYypPbI, U MPOBEICHUE JKC-
MEPUMEHTOB Ha HUX TpeOyeT TIIaTeIbHOW MOATOTOBKU. DTAllOM TaKOH MOATOTOBKH SBJISETCS MOJArOTOBKA
MaKCUMAaJIbHOTO KOJUYECTBA alpUOPHOW MHPOpMauu 00 00bEKTE, KOTOPYIO MOXKHO IMOJYyYUTh, U3 YXKE
MPOBEJCHHBIX PA0OT APYTUX KOJUICKTHUBOB, a TAKXKE MPOBE/AS MaTEeMAaTHYECKOE MOJCIUpOBaHUE. ABTOpa-
MU paboThl [ 1] ObLTO IPOBEACHO MOJICIIMPOBAHKUE BO3/IECHCTBUS PaJOBOIH HA Benmukyto mupamumy, momy-
YEHO pacIpe/ielicHUe ICKTPOMArHUTHBIX TOJe BHYTpU. B naHHO# ke pabote, pe3ylibTaTaMH BBIYHCIIE-
HUH JTOJDKHO CTaTh pacrpeielieHue MarHUTHOTO OISl BHE Tella MUPaMUJbl. DTU OOJACTH JOCTYITHBI IS
HEMOCPEJCTBCHHON MarHUTHOW ChEMKH, B YaCTHOCTH — a3poMarHUTHOH. COOTBETCTBEHHO, MTOBBICOTHBIC
MarHUTHBIC KapThl — UMUTAIUS MarHUTHOW CHEMKH, ITPOBOIMMOM CKaJIIPHBIM MarHuToMeTpoM. [Ipumep
TaKMX MarHUTHBIX KapT MPUBE/ICH Ha puc. 1. B kauecTBe npororumna moxenu Obuia BhIOpana Benukas nupa-
muaa ['u3bl. MarauTHBIE CBOMCTBA MaTepHala MUpaMubl [2], B3AThI s CIy4as U3BECTHIKOBOUM TOPOJIbIL.
[TapameTpbl BHEIIHETO MarHUTHOTO TOJS B TOYKE PACIIONIOKEHUS MUPaMUIbI BEIOpaHbl B COOTBETCTBHH
¢ mozaennto IGRF-13 [3].
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Puc. 1. MarauTHOE TI0JIe THPAMHUIB], B TEOMaTHUTHOM TI0JIE (OCh Y COBIIAAET C CEBEPOM,
yTOJ HakJIOHEeHUs BHemHero moist B0 — 44,5°; momxymne reomarauTaoro moms 43 700 uTom)

Pe3ynbraTsl IpOBENEHHBIX Pacye€TOB MO3BOJSIOT OLIEHUTh BETMUNHY MarHUTHBIX aHOMaJIMH, BO3HUKAIO-
LIUX OKOJIO MUPAMHUIBI, a TAKXKE JIOXKATCA B OCHOBY METOJIMKH MarHUTHOM cbeMKH. [lonydeHHble MarHUTHBIE
KapThl OHOPOAHOW MUPaMU/bI, BBLACTHIIN HAIIPABICHUS ABHKEHNUS, BAOJIb KOTOPBIX aHOMAJIUHU OT 0OBEKTOB
(TIycTOT, TPaHUTHBIX apOK), 3aKIIOUEHHBIX BHYTPH, JAIOT HAMOONBUIYIO aMIUIUTYY.
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CALCULATION OF THE PYRAMIDAL OBJECTS MAGNETIC FIELD
IN COMSOL MULTIPHYSICS

V. V. Saveliev, V. A. Sapunov, A. V. Sergeev
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E-mail: savelev.vv@urfu.ru

Currently, a promising area of magnetometry is the use of UAV (unmanned aerial vehicle) this formu-
lates special requirements for the flight mission’s preparation taking into account the shape and properties
of objects. Burials in the form of barrows or pyramids are of particular interest. The study of the properties
of such megalithic objects can be fraught with difficulties, since such objects are often historical cultural
monuments, and conducting experiments on them requires careful preparation. The stage of such preparation
is the collection of the maximum amount of a priori information about the object that can be obtained from
the work already carried out by other teams, as well as by performing mathematical modeling. The authors
[1] simulated the effect of radio waves on the Great Pyramid, obtained the distribution of electromagnetic
fields inside. In this work, the results of calculations should be the distribution of the magnetic field outside
the body of the pyramid. These areas are available for direct magnetic survey, in particular - aeromagnetic.
Accordingly, height-varied magnetic maps are an imitation of a magnetic survey carried out by a scalar mag-
netometer. An example of such magnetic maps is shown in fig. 1. The Great Pyramid of Giza was chosen as
the prototype for the model. The magnetic properties of the pyramid material [2] are taken for the case of
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limestone rock. The parameters of the external magnetic field at the point where the pyramid is located are
selected in accordance with the IGRF-13 model [3].

Fig. 1. The pyramid magnetic field in the geomagnetic field (the y-axis coincides with the north direction,
the inclination angle of the external field BO — 44,5°; geomagnetic field module 43 700 nT)

The results of the calculations made it possible to estimate the magnitude of the magnetic anomalies that
occur near the pyramid, and also form the basis of the magnetic survey technique. The obtained magnetic
maps of a homogeneous pyramid indicated the directions of movement along which anomalies from objects
(voids, granite arches), enclosed inside, give the greatest amplitude.
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BOIAOPOJA - ET'O 3BHAYEHUE U CBA3AHHBIE C HUM OITACHOCTHA
HA IIYTU PA3BBUTHUS HAIIEN HUBUJIN3AIIUUN
B IPOLIJIOM, HACTOAIIEM U BYAYIIEM

B. A. Cumonenko

OI'VII «Poccuticknii @enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort hpuznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

Bonopon umeer ocoboe 3HauCHUE U 3aHUMAET CUCTEMOOOpa3yolee MeCTO B ()OPMUPOBAHUU U 3BOJIIO-
uun BceeneHHOH, ranakTHK, 3Be3IHBIX CHCTEM M AK€ MaJIbIX KOCMHYECKHX OO0BEKTOB. [IpoTOH, KOTOpHIi
SIBIISIETCSI CAMBIM JIETKUM HYKITHUIOM — SPOM CaMOTO JIETKOT'O XUMHUUYECKOT0 dJIeMEHTa, Hadyal 00pa30BhIBATh-
sl Ha paHHEM 3TaIle YBOIIONNU BceneHHoi, OTKPBIB TEM CaMbIM 3BOJIOLHIO JOTaJaKTHYECKOTO HYKIICOCHH-
Te3a. [lapanmiensHo ¢ HUIM ¢ HEKOTOPBIM OTCTaBaHHEM, 00ycIOBIeHHBIM OonbinuM (Ha ~0,14%) 3HaueHnem
Macchl, cTaji 00pa3oBeIBaThCs HEUTPOHBL. Ha cienyromem stane qorajakTHdeckoi 3Bomonnu Beenennoi
9TO MPUBENO K MPOTEKAHUIO HYKJIEOCHHTE3a MO MPOTOH-IIPOTOHHOMY LUKITY. [To onieHkam moiist Bomoposaa Bo
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Bcenennoii cocrasuser 88,6% (11,3% npuxoautcs Ha renuit u 0,1% OpuXoauTcs Ha BCEe OCTANBHBIC 3JIc-
MeHTHI). [1o coBpeMeHHBIM orieHKaM Bo3pacT Beenennoii coctasmusiet 13,77 mupa aet. Co3Aar0TCsl MOLTHBIE
WHCTPYMEHTBI JJIs KCCIIeIOBaHUl TITyOuH BeeneHHOH, paciupsiroTcst acTpOPU3NICCKUES MOJISIIN JIJISl UHTEP-
MpeTanuy HaOOMaeMbIX JJAHHBIX. B 4acTHOCTH, HAOMIONAIOTCS KPYITHOMACINTa0OHBIC BOJOPOJ COACPKAIIUC
o0naka, CTpyKTypHbIE 00pa30BaHMs Ha YPOBHE CKOIUICHUM TaJaKTHK, MeTaralakTuk. Maskamu Bo Bceenen-
HOM CITy’KaT KBa3apbl, KOTOPBIC BEChbMa JIETAIbHO HAONIONAIOT B paauoauana3one. HaOnrogaroTcss MOIHbIS
KOCMOJIOTHYECKHE TaMMa-BCIIECKU OOJIBIION MOITHOCTH, KOTOPHIE CBA3BIBAIOT CO CBEPXMOIIHBIMU B3phIBa-
MU CBEPXHOBBIX B JAJICKUX TajlakTHKaX. [lepeurcieHHple COOBITUS U SBICHHS MPSMO MIJIM KOCBEHHO CBS3a-
HBI C BOJIOPOZIOM, B HUX MHOTO €Il He SICHOTO, O HUX MBI MHOTO TOBOPUTh HE OyIeM.

OOparuMcs K HareMmy OnwkaiiieMmy okpyxkeHuto — Kk CoJHIly U K CHOPMHUPOBAHHON UM IJIAHETHOM
cucteme. COJHIIE SBISICTCS 3BE3/I0M TPETHEro MOKOJICHUS,, OTHOCUTCS K JKEITHIM KapiimkaM, d(h(heKkTuBHas
Temreparypa noepxHoctu 5780°K msnmyuaer Oeiblii CBET, COCTaB KOTOPOro Hawbomiee dPPEKTUBCH s
nonaepxkanud xxu3Hu Ha 3emiie. Conaile Ha 73% coctout u3 Bopopoxaa, 25% renus u ~2% ocTallbHBIE dlie-
MEHTHI (TI0CJIeIOBATEIBHO 110 MACCOBOMY COCTaBY — KHCIOPOJI, YIJIEPOJ, HEOH, a30T...). [louTu Bcs sHEprus
(99%) BBIIEISACTCS, KaK M B 3MIOXY HYKJICOCHHTE3a B JOTAIAKTUYECKON BeeneHHo, 1o MPOTOH-IIPOTOHHOMY
uukiy, octansHas — mo CNO nukiny. CBetumocts ConHiia cocrapmusiet 3,827 - 10%° Br. Conneunas cucrema
JIBUKETCSL BOKPYT IEHTPa TaJaKTHKH MIIEUHBIN MyTh 10 AMIMYKOBOI opOuTe ¢ mepuogom 225-250 MiH Jer,
OTCTOsIIIEH OT LeHTpa ranakTuky npuMepHo Ha 260 000 cBeToBBIX JeT. B menom 310 cnocoOCTByeT ocy-
IICCTBICHUIO OIArONMPUATHOTO PEKUMA JUIsl )KU3HU Ha 3eMIle.

3emisl, Kak U APYTHUE IIAHEThI, CTasia ()OPMUPOBATHCS B MPOTOCOIHEYHON TYMaHHOCTH OKOJIO 4,54 Muipa
JIeT Ha3aj U3 IUIaHeTe3uMaliel mapajuieibHo ¢ oopazoBanueM ComnHila. B ucropun popmupoBanus 3emin
CIIYYHJIOCh HECKOJILKO OJIarorpHsITHBIX, B TOM YHUCIIE M MaJOBEPOSATHBIX coObITHIA. [lepBoe cocTouT B Onaro-
MPHUSTHOM IOJIOKECHUH B IUIAHETHOM CUCTEME IO MTOTOKY PHEPruM OyAyIIero cBeTuiaa. Bropoe 3akirovyaercs
B yAa4HOM IIOJIOKCHHH B MPOTOIUIAHETHOM OOJIaKe 10 COCTaBYy NEPBUYHBIX BEUIECTB TYTOILIABKUX ITOPOIT
Y MeTayioB. TpeTuii 3aKiIlo4aeTcsl B HaJU4YHE BEChbMa CTPOTOTO «IOKPOBUTENSI» HA ONTHUMAIBLHOM yaalie-
Huu — IOnurepa. OH coOpai Ha ce0st U3 OKpYyKeHUS U30BITOUHBIC Ta3bl, HE MIO3BOJISLI IO COCENICTBY C COOO0I0
co croponbl CorHIle 00pa3oBaTbcs OOJBINON IUIAHETE, CO3/aB Ha MecTe opOuThl Da’ToHa MosAC acTepou-
JIOB. A OJIMH U3 3HAUYUTEIILHO MTPOSBOJIIOIIMOHUPOBAHHBIX 00BEKTOB, ACTPOHOMBI HA3bIBAKOT €ro Teeid, ¢ yxe
00pa30BaHHBIM METAIUITMYECKUM IICHTPAILHBIM SAPOM ObLT «BBITOJKHYT» UM BHYTPh COJIHEYHOU CHUCTEME
(hakTHYECKU OOPEUCHHBIM B JKEPTBY Ui 3eMIIH, UeM OHA U BOCIIOJIb30Banach. BeiencTeue Takoro yaapa
y 3eMJIH CYIIECTBEHHO YBEIUYMIOCHh METAJUIMYECKOE SIIPO, OTKOJIOIACh 3HAUUTEIbHAS YaCTh 3€MHOM KOPHI —
c11os1 0oJIee JISTKUX TTOPOJ] BCIUTBIBIIMX ITPpH TieperuiaBke. OcTapiiascs paHa — hakTHIeCcKu 0o0pa3oBaa JoxKe
Oynymiero okeana. M3 Hux Ha opOute oOpaszoBaincs ciyTHuk — JIlyHa. Kpome Toro, mpu 00pa3oBaHHM TUIAHET
TUTaHTOB ¢ MOMOIINBI0 FOnuTepa MHOTHE KOMETBI, CoJiepKallue KOHACHCUPOBAHHYIO BO/Y, ObLTH Halpasiie-
HBI BHYTPb CUCTEMBI U TIOTIAJIH B 00BAThs 36MITH, CO3/1aBas IEPBUYHYI0 aTMOC(epy U HaIOHss OKeaH. Bece
3TO ¥ CO37aJI0 Ha 3eMJIe YCIIOBUS, OJIarONpPUSATHBIC JJI1 BOSHUKHOBEHUS )KH3HHU OKOJIO 3,5 MJIpA JIET Ha3a/.

OTBieueMcs OT yBIEKaTEeIbHBIX SKCKYpPCOB B ncTopun Beenennoi, ranakruk, ConneyHoi cucremsl. He
MEHEE YBIIEKATEeIIbHBI HCTOPUHM (DOPMUPOBAHMS HAyKH, NMPUBEIIINE K MPEBPAIICHUIO AIXUMUU B XUMHUIO,
K OTKDPBITHIO BOJIOPOJIa ¥ €r0 MHOTOUYUCIICHHBIX NMPUMEHCHUMN, K TPEBPAIEHUI0 «(QU3HKI» ApPUCTOTEINS
B MOTyYee HaIpaBJicHHUE CeMeicTBa (PU3MUYECKUX HayK. BaKHEHWITUM pe3ylbTaToM TaKoro Pa3BUTHUS SBU-
JIOCh CO3JIaHUE M PACHIUPSIONIEECs PAa3BUTHE TEXHOJOTH, KOTOPHIE B CBOIO OYepelb 00JIeryaroT pa3BUTHC
Hay4YHBIX UCCIIEJOBAaHMH HE TOJNBKO MPHUKIAAHBIX, HO M (yHAaMeHTanbHBIX. Yke [lapanensc (1493—1541)
BIIEPBHIE MMOIYYHII U OTHCAJ TOPIOYHiA Ta3 (BIIOCIEACTBIH BOIOPO/), IOTPY>Kas >KEeJIC3HBIC OMMIKU B CEPHYIO
kucnoty B XVI Beke. A B 1671 rony Pobept boiins (1627-1691) nmoapoOHO onucaln peakiuio MEXIy Keles-
HBIMH OMTWJIKAMU U pa30aBIICHHBIMU KHCIIOTAMH, TIPU KOTOPOU BBIJCIISCTCS TAKOW ke Ta3, Kak y [lapanerns-
ca. ['efi-Jlroccak BIepBbIe KOIMYECTBEHHO OMUCAJ PEAKIIMIO OKUCIEHUS BOAOPO/A, MOJIO0KUB HAYAIO KOJH-
YECTBCHHBIM UCCIICOBAHUSAM B XMMUU, B IaJTbHEHUIIIEM TEOPETHUYECKU 0000IIEHHBIM B paboTax ABaraipo.
UccnenoBanus, HauaThle IPU U3YUYEHHUM CIIeKTpa u3iaydeHus: CoNHIA, YKa3bIBAIU HA CIOXKHYIO CTPYKTYpPY
naxe aroma Bogopoaa. [locne orkpertuii bekkepens, [Inanka, Ditamreiina, Pesepdopna, H. Bopa u ap. onn
MPHUBEITU K HEOOXOIMMOCTH CO3/IaHUSI KBAHTOBOM MEXaHWKH. DTOMY CIYXKWIU Takxke padorel [e Bpoiins,
Ieitzentepra, lllpenunrepa, [1. Jlupaka.
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YHuKanbHBIE CBOMCTBA BOIOPOA, HECMOTPS Ha CBA3aHHBIE C HUMHU OMACHOCTH, CTaJIM HACTOMYUBO IMPO-
KJIaJbIBaTh yTH MIPUMEHEHMI B TexHOoJorusX. [lepBoHavanbHO B BO3AyxXoruiaBanuu, HaunHas ¢ [eit-Jlrocca-
ka u A. 'ymGonbra. OHU ke BIIEPBBIC ONPEACTHIN HUXHAN KOHIICHTPAIIMOHHBIH MPeJeN TOPEHU BOI0po/a
B atmocepe. Bomopos cramu mmpoko mpuMeHsTh B 19 Beke B CBETHIBHBIX ra3zax. 3aTeM B XMMHYECKOM
1 (hapMarieBTUYECKON MPOMBIIIJICHHOCTH. B HacTosiiee BpeMsi — B He(hTEXUMUH MIPY CO3/IaHUH BHICOKOKAYEe-
CTBEHHBIX TOIUIUB JyIsl TpaHcnopta. [IpousBoacTBo Bogopoaa B mupe Kk 2020 roxy pocturiio 90 MiH T. B IO

Bo Bropoii nonoBuHe 20-ro Beka ObUTH YCIIEITHO MPOIOIKEHBI (PyHITaMEHTaIbHBIC HCCIICIOBAHUS CBOWCTB
MaTepHuy — IMPOTOHA, HEWTPOHA, IEMEHTAPHBIX YaCTHII (JICITOHOB, apoHOB). Co3/1aHbl KBAHTOBAs 3JICKTPO-
JTMHAMUKA, TEOPUS TEKTPOCcIadoro B3auMOICHCTBHS, KBAHTOBAsE XpOMOIMHAMUKA. 1 BCe jke JJake Ha yPOBHE
ATHX YCHEITHO TPUMEHIEMBIX TEOPUIl, HAUWHAs ¢ KBAHTOBOM MEXaHUKH, BUIHBI JIe(DEKThI, Ha KOTOPBIE CICTYET
00paTUTh BHUMaHUE HCCiIeoBaTenei. Sl Hanech, MyTh K YCTPAHEHUIO TAKUX HEIOCTATKOB HE 32 TOPaMHU.

Jpyroe HampapieHHE, Ha KOTOPOM XOUETCS OCTAHOBUTHCS, OTHOCUTCS K OOJAcTU MPUKIATHBIX HCCIIe-
noBaHWH. B Hacrosiee BpeMs MPUXOAUTCS UMETh JIENI0 C OONBIIMMU KOJMYSCTBAMHU BOAOPOJA, MOTydac-
MOTO TIPH NMPOU3BOACTBE, THOO0 B X0Je KpYIMHOMAcIITa0HbIX (TsKeNbIX) aBapuid, kak Ha ADC ¢ PWR, BWR
wi BBOP. [TosToMy akTyanbHBIMU CTAHOBSATCS BOIPOCHI MTPEJOTBPAILICHUS TAKUX aBaAPHiA, OCIIA0JICHUS UX
W/WITH HEUTpau3aiuy X nmocieacteuit. O0CyKaarTcs BOMPOCH COBMECTHOTO SKCIIEPUMEHTAIIEHOTO U Pac-
YETHO-TCOPETUUECKOTO PEIICHUS TaKUX 3a/1ad.

HYDROGEN WITH ITS MISSION AND POTENTIAL HAZARDS
FOR THE WORLD IN THE PAST, PRESENT AND FUTURE

V. A. Simonenko

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Hydrogen, given its particular importance, is the main backbone that underlies the formation and evolution
of the Universe, galaxies, star systems, and even small space objects. Proton, the lightest nuclide (nucleus
of the lightest element), started to form early in the evolution of the Universe and promoted pre-galactic
nucleosynthesis evolution. Formation of neutrons began almost simultaneously, though slightly delayed
due to a larger (about ~0.14%) mass. The next stage of the pre-galactic evolution of the Universe led to
nucleosynthesis in the proton-proton cycle reactions. The fraction of hydrogen in the Universe is estimated
to be 88.6% (11.3% accounts for helium and 0.1% — for all the remaining elements). The age of the Universe
is estimated to be 13.77 billion of years. Powerful tools for investigation into the depths of the Universe
have been developed, astrophysical models for interpreting the observed data have also been extended.
Specifically, large-scale hydrogen clouds, structural formations rising to the level of the galaxy/metagalaxy
clusters can be observed. Quasars, which can be observed in details in the radiofrequency region, are sort
of beacons in the Universe. Powerful cosmological gamma-ray bursts induced by superpower explosions of
supernovae in the far away galaxies are observed. Directly or indirectly, the above mentioned phenomena are
associated with hydrogen. In this work, we will not dwell upon them as they are still rather unclear.

Let us consider our immediate surrounding of the Solar system with the planets formed in it. The Sun
is the 3¢ generation star that belongs to yellow dwarfs. Its effective surface temperature of 5780°K results
in white light emission. The Sun composition is the best for sustainment of life on the Earth. It consists of
hydrogen (73%), helium makes 25%, and the rest of the elements make ~2% (the elements are listed in
order according to their weight composition: oxygen, carbon, neon, nitrogen...). Almost all energy (99%)
releases in the proton-proton cycle reactions, the way it had occurred in the times of nucleosynthesis in the
pre-galactic Universe. The remaining part of the energy releases in the CNO cycle. The Solar luminosity is
3.827 - 10*° Wt. The Solar system orbits around the center of the Milky Way galaxy in the box-type orbit
with the period of 225-250 million of years, being far from the galaxy center for about 260 000 light years.
On the whole, these conditions are favorable for the emergence of life on the Earth.

The Earth like other planets originated from the planetesimal in the protosolar nebula about 4.54 billion
years ago. Its formation process advanced simultaneously with the formation of the Sun. Some favorable
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events including improbable ones occurred during this process. The first event is associated with favorable
position in the planetary system as far as the energy flow of the future star is concerned. The second one
provides a good scenario for the protoplanetary cloud in terms of primary substance compositions for
hard-melting rock and metals. The third one relates to the presence of Jupiter, quite a powerful supervisor,
positioned at an optimum distance from the Earth. Jupiter collected surplus gas from the surroundings. It
promoted formation of an asteroid belt in place of the possible Phaeton’s orbit and thus prevented from the
formation of a big planet in its vicinity on the Sun side. Jupiter had pushed one of the evolved objects (called
by astronomers Thea) with the already formed central metallic core out into the Solar system. Actually, it
was doomed to be sacrificed by the Earth and the Earth took the benefit of this process. The Earth’s metallic
core, the major part of its crust, increased upon this impact, the lighter rock layer that had emerged after re-
melting split away. Then this damage was transformed into the ocean bed. The Moon (the Earth’s satellite)
was formed from these rocks on the orbit. However, during the formation of giant planets (facilitated by
Jupiter) a lot of comets containing condensed water moved into internal regions of the Solar system and
found themselves in the arms of the Earth, thus creating primitive atmosphere and filling the ocean. All these
events helped in providing favorable conditions for the emergence of life about 3.5 billion of years.

Let us distract from this fascinating insight into the history of the Universe, galaxies, and the Solar system.
The history of science formation is no less remarkable because it involved some major transformations and
discoveries: alchemy into chemistry, Aristotelian physics into mighty family of physical sciences, discovery
of hydrogen and its numerous applications. The main result of this evolution is associated with the advent
and further development of technologies that promoted development of scientific research (applied and
fundamental). Paracelsus (1493—1541) was the first to produce and describe combustible gas (afterwards
named hydrogen) when he put iron chips into sulfuric acid in the 16" century. In 1671, Robert Boyle
(1627-1691) described in details the reaction between iron chips and dilute acids when the product gas was
similar to the one obtained by Paracelsus. Gay-Lussac was the first to provide a quantitative description of
hydrogen oxidation reaction and to initiate the use of quantitative analysis in chemistry. Avogadro provided
a theoretical summary for these studies. Studies that were initiated in the course of investigation into the
spectral lines of the Solar radiation demonstrated a complicated structure even in atoms of hydrogen. After
Becquerel, Planck, Einstein, Rutherford, Bohr et al. had made their discoveries this research necessitated the
development of quantum mechanics. The works by L. De Broglie, Heisenberg, Schrédinger, P. Dirac were
very valuable for this purpose.

Hydrogen, due to its unique properties and despite of its hazards, confidently navigated the way towards
technology applications. The first field of application was aeronautics headed by Gay-Lusac and A. Gumbolt.
These scientists determined the lower flammability limit of hydrogen in air. Hydrogen was widely used in
illumination gases in the 19 century and subsequently in chemicals and pharmaceuticals. Hydrogen has
been currently used in petrochemicals to produce high-quality vehicle fuels. By the year of 2020, hydrogen
production volume reached 90 million tons per year.

Fundamental research of the properties of matter (proton, neutron, elementary particles (leptons, hadrons))
continued in the second half of the 20" century. Quantum electrodynamics, electroweak interaction theory,
quantum chromodynamics have been developed. Even these successfully applied theories starting with
quantum mechanics have gaps and scientists should pay more attention to them. Hopefully, they will be
filled in the nearest future.

One more field in the applied research merits attention. Nowadays people have to handle big amounts
of hydrogen produced or released in severe accidents at power plants with PWR, BWR, and VVER type
reactors in operation. That is why prevention of accidents and mitigation of their consequences is becoming
urgent. We discuss the ways to jointly solve these problems using both experimental and theoretical and
computational tools.
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YUCJIEHHOE MOJEJIUPOBAHUE ABAPUMHOTO
NCTEYEHUSA BOAOPOIA N3 COCYIAA BBICOKOI'O JABJIEHUA
B OTKPBITOE HPOCTPAHCTBO

0. A. Tomunos, E. M. ll]ennuxosa

OI'VII «Poccwuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckoi pusuku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexxunck, Poccust

OTAOY«CHeXUHCKUH (PUZNKO-TEXHUYECKUH HHCTUTYT HallMOHATBHOTO HCCIIEA0BATENBECKOTO SEPHOTO
yauBepcutera MUOW», CHexunck, Poccus

HUccnenosanue nmpobneMsl obecneueHns 6€301acHOCTH MIPH MPOU3BOACTBE, XPAHEHUH M TPAHCIIOPTHPOB-
K€ BOJIOpOJia SBISIETCSA aKTyaJbHOU 3a/auel JJis pa3BUBAlOLIelica BOAOPOIHON 3HepreTUkH. st XxpaneHus
Y TPaHCIIOPTHPOBaHUsI BOAOPOA, KaK MPaBHIIO, IPUMEHSIOTCS OaJNIOHBI BBICOKOTO AaBjieHus. Pasrepmeru-
3alusl TaKUX 0aJUIOHOB MOKET CO3JaTh aBapUHHYIO CHUTYAIHIO HA MPOMBIIIJIEHHOM 00BEKTE, COMPOBOXKAAI0-
IIYI0CS B3PBIBOM M MOXKApPOM.

Hapymenune nenoctHocTd 0ajioHa MOKET MPUBECTH KaK K (OPMHUPOBAHUIO B3PHIBOOMACHOTO 00Ja-
Ka, TAK ¥ K CaMOBOCIUIAMEHEHHUIO BBHICOKOCKOPOCTHOM CTPYHM HMCTEKAIOLIEro TOIUIKMBA. DTO OyneT ompene-
JSITh TIOTEHIMAJIbHBIE 30HBI TIOPaXXEHUS, a TaKke OapuuecKue U TepMHUUECKUE HArpy3Kd Ha OJH3Iexariye
00BbeKTHl HHPPACTPYKTYpPHl BOXOPOAHON HEPTeTUKU. B 1emsix ompeneneHusi AMHAMHUKH TpOLecca aBapHii-
HOTO MCTEUEHUs, pEANIN3YIOIIMXCS TIPU 3TOM YCIOBUH Cpellbl 1 BOZMOXHOCTH CaMOBOCIIJIAMEHEHHUS CTPYH
BOJIOpoza OBUIO MPOBEACHO YUCICHHOE MOIENMPOBaHME AAHHOTO Ipolecca. 3ajada peuanach Ui IBYX
CIIy4aeB: aBapUIHOTO HCTeYEeHHUs U3 OanioHa Beicokoro nasnenus (40 Mlla) yepe3 BepxHHI U yepe3 HUXK-
HUH BXOJBI KOJIEKTOpa. MoenpoBaHue ra30JUHAMUYECKUX MPOLIECCOB MTPOMU3BOANIIOCH MyTEM pPEIICHUs
TIOJTHOM CHCTEMBI YPaBHEHHI MEXaHUKH CIUIONIHOHW Cpelbl C HCIONb30BaHUEM METOJa KOHEUHBIX 00bEMOB
B 0CECHMMETPHUYHON nocTaHoBKe. [Ipu 3TOM XUMHUYECKHE peakluy TOPEHHs BOAOPO/a YUUTHIBAIIUCH C MO-
MOIIBIO AE€TAIbHOIO KUHETUYECKOr0 MexaHn3Ma. CrcTeMa ypaBHEHUH MEXaHHMKH CIUIOIIHOM Cpebl 3aMbl-
KaeTcsl ypaBHEHHEM COCTOSIHHS PEeasIbHOTO Tasa.

PacueTsl mokazanu BO3MOKHOCTh CAMOBOCIUIAMEHEHUS CTPYH BOIOPOAA MPU UCTEUEHUH U3 OallloHa Ye-
pe3 BEpXHUIl BXOA KOJUIEKTOpA M OTCYTCTBHE CaMOBOCIUIAMEHEHUS CTPYU IPU MCTEUEHUHU Yepe3 HUKHUIL.
Pa3meps! moxap-cTpyH, BO3HHKAIOIIEH MPH BOCIUIAMEHEHHH, JOCTUTAIOT HECKOJIBKUX JECSTKOB METPOB
(~60 m). UcTeuenue BoAOpoAa K TPYHTY HE BBI3BIBAET BOCIUIAMEHEHUS BCIIEJCTBHE BBITECHEHHS] OKHCIUTE-
151 u3-noA 6asutoHa. Ilpu 3ToM cTpyHHBIN MOTOK, YIApssACh O TPYHT, pacpOCTpaHseTcs BAOIb Hero Ha 40 M
B pazguyce oT ocH OaioHa, BBICOTa OTOKa HeBemrKa (5 M). Takke onpeaesuiich mojsi CKOpOCTH, JaBICHUS,
TUIOTHOCTU M TEMIIEPATYPhI, & TAK)KE 3aBUCUMOCTH STHX BEJIUYMH OT BPEMEHH B Pa3JIMYHBIX TOUYKAX MPO-
CTPAHCTBA, TPOBOJIMIICS UX aHAJM3.

[IpoBenenHoe Hcciaen0BaHNE MMO3BOJIMIO MPOBECTH OLIEHKY aBAPHIHBIX MPOIIECCOB C MCTEUEHUEM U3
0aJJIOHOB BBICOKOTO JIaBIICHHS, BOZHUKHOBEHHE KOTOPBIX BOZMOXKHO Ha MPUMBIIIICH MJIOMAAKax U B HH(-
pPacTpyKType BOAOPOJHON 3HEPTETHKH.

NUMERICAL SIMULATION OF ACCIDENT HYDROGEN RELEASE
FROM A HIGH-PRESSURE VESSEL INTO OPEN SPACE
Yu. A. Tomilov, E. M. Shchennikova

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Snezhinsk physicotechnical institute of National research nuclear university MEPhI, Snezhinsk, Russia

The study of the ensuring safety problem in the production, storage and transportation of hydro-gen is
an actual task for the evolving hydrogen energy. As a rule, high-pressure cylinders are used to store and
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transport hydrogen. Depressurization of such cylinders can create an accident at an in-dustrial facility, ac-
companied by an explosion and fire.

Integrity violation of the cylinder can lead to both the formation of an explosive cloud and self-ignition
of a high-velocity jet of releasing fuel. This will determine potential impact zones, as well as pressure and
thermal loads on nearby hydrogen energy infrastructure facilities. In order to determine the dynamics of
the accident release process, the environmental conditions that are realized in this case, and the possibility
of self-ignition of a hydrogen jet, a numerical simulation of this process was carried out. The problem was
solved for two cases: an accident outflow from a high-pressure cylinder (40 MPa) through the upper and
lower collector inlets. Modeling of fluid dynamic processes was carried out by solving the complete system
of continuum mechanics equations using the finite volume method in an axisymmetric statement. In this case,
the chemical reactions of hy-drogen combustion were taken into account using a detailed kinetic mechanism.
System of continu-um mechanics equations is closed by the equation of a real gas state.

The calculations showed the possibility of self-ignition of the hydrogen jet when releasing from the cyl-
inder through the upper collector inlet and the absence of self-ignition of the jet when releas-ing through the
lower one. The size of the fire-jet that occurs during the ignition reaches several tens of meters (~60 m). The
hydrogen release to the ground does not cause ignition due to the dis-placement of the oxidizer from under
the cylinder. In this case, the jet stream, hitting the ground, move along it for 40 m in a radius from the cyl-
inder axis, the flow height is small (5 m). The fields of velocity, pressure, density and temperature were also
determined, as well as the time dependenc-es of these quantities at various points in space, and their analysis
was carried out.

The study made it possible to make an assessment of emergency processes with the release from high-
pressure cylinders, the occurrence of which is possible at industrial sites and in the infrastruc-ture of hydro-
gen energy.
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AHAJIN3 TPEBOBAHUUN POCCUMCKUX HOPMATHUBHBIX
JTOKYMEHTOB JJISI PETYJINPOBAHUS BE3OIMACHOCTH HA ASC
IPU NPOMBIIIJIEHHOM ITPOU3BOJCTBE BOJIOPOJIA U3 BOJbI

SJIEKTPOXUMHNYECKHUM METOJIOM

H. JI. Xapumonosa', U. A. Kupunnos', B. A. Cumonenxo®, B. M. Kpiokos®

1 o o o
HaI_II/IOHaJ'IBHLII/I HCCICA0OBATCIIbCKHUU LICHTP <<Kyp‘laTOBCKI/II/I HUHCTUTYT», MOCKBa, Poccus

2PI'VII «Poceniickuii Oenepanpabnii Anepusiii Leatp — Beepocceniickuit HUU Texandeckoi Gpu3ukn
nmenHu akagemuka E. . 3a0a0axunay», CHexxnHCK, Poccus

Lenbto paboThI SIBIISIETCSI OLIEHKA BO3MOXKHOCTHU ITPUMEHEHHUS TPEOOBaHM AEHCTBYIOIMX HOPMATHBHBIX
MIPABOBBIX TOKYMEHTOB K PETYJINPOBAHUIO BOAOPOAHOM B3phIBOONacHOCTH Ha ADC MpH NOIYyYEHUH BOJOPO-
Jla METOJIOM 3JIEKTPOJIM3a BOABI C UCIIOJIB30BaHUEM IEKTPOIHEPTUU aTOMHOM 3JeKTpocTaHIuu. B noknane
MPEACTABICHBl PE3YyNbTaThl aHAIN3a OTEYECTBEHHBIX HOPMAaTUBHBIX JOKYMEHTOB B oOnacTu Oe3omacHoc-
TH BOJIOPOJHBIX TEXHOJIOTHH, BBINOJIHEHHOTO Ha MMPUMEpPE CTEHI0BOTr0 UcHbITareabHoro kommuiekca (CHUK),
coopy:xaemoro Ha Konbsckoit ADC.

B noknazne nokasano, uyTo B HacTosiee BpeMst B Poccuiickoit denepaiui HOpMaTUBHBIE TPABOBBIE AKTHI,
peraMeHTHPYIOIINE BOOJOPOIHYIO B3PbIBOOE30MACHOCTh MPH MOMYYSHUH BOAOPOAA METOJOM BIIEKTPOIN3a
BOJBI B NMPOMBIIIIEHHBIX 00beMax Ha omanke ADC U ¢ Hcmonb30BaHHEM dJekTposHeprun ADC, mpen-
CTaBJICHBI HE B MOJHOM 00beMe. OTMEUEHO, YTO HEJOCTaTOK CIIEHUaIbHBIX CTAaHIAPTOB U HOPM, periaMeH-
TUPYIOIIUX OOpalleHne ¢ BOAOPOJOM KaK C JHEPrOHOCHUTEINIEM, SIBIISICTCSI OAHUM W3 TPEMSITCTBUI Ha MyTH
Pa3BUTHUS aTOMHO-BOIOPOJHON SHEPIE€TUKU.
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OTMeueHO, B YaCTHOCTH, YTO B JIEHCTBYIOUIMX HOPMATHUBHBIX IPABOBBIX JOKYMEHTAaX HE KOHKPETH3H-
poBaHBI TpeOoBaHUS K 00eCIeUeHNI0 0e30MaCHOCTH B YacTH 0apHUueCcKOro, TOKCHYECKOTO, TEPMUYECKOTO
BO3eiicTBUE Ha 0€30MacHOCTh OTAEIBHBIX YHEepProoaokoB 1 ADC B 11eJ0M 001aK0B, MPOIUBOB U yTEUEK Ta-
3000pa3HOTo M JKUAKOTO BOJAOPOA M/HIM BOIOPOAOCOAEPIKAIINX CMecei, HeOOXOAUMBIE IS OLIEHKU yCIIO-
BUI 1 BOBMOXXHOCTEH BOBHUKHOBEHUSI B3pBIBA MPH yTEUKE BOIOPOAOCOAEPKAIIMX Ta30BbIX cMecer n3 CUK
Ha miomagke ADC. He ycTaHOBiIEHBI OIHO3HAYHO TPeOOBaHUS K BBIMOJHEHUIO OLUEHKH 3()(EKTHBHOCTH
Y TpefieioB 0e30MacHON HKCIUTyaTaliy Il TEXHUUECKUX CUCTEM BOJOPOIHON MOXKapO- M B3PHIBO3AIIUTHI,
TaKUX KaK CHCTEMbl MOHUTOPHHTA B3PHIBOOIIACHBIX CMECEH, OecIiIaMeHHOro ylaneHus: Bogopoaa (maccuB-
HBIE KaTaJINTHYEeCKHE PEKOMOMHATOPHI BOIOPOAA), HHEPTU3ALMH O0BEKTOB M YCTPOWCTB MHEPTHHIMU I'a3aMH,
XMUMUYECKUMU (PIIeTMaTH3aTOPaMH, BOASHBIM MTAPOM.

Caenan BBIBOI O TOM, YTO JIsi YTOUHEHHS ACUCTBYIOIIMX U pa3paOOTKH HOBBIX OTEUECTBEHHBIX HOPM
obecrieueHus 6€30MacHOCTH NPU NPOMBILIICHHOM MTOJYYEHUH BOAOPOJa METOAOM 3JIEKTPOJIN3a BOJIBI C MC-
MOJIb30BaHUEM 3JeKTpodHeprud ADC, HEOOXOOUMO O0ECIIeUUTh IKCIIEPUMEHTANbHBIC JaHHbIE IS OTHO-
3HAUYHOH OIICHKU OMAacHBIX (PaKTOPOB rOpPEeHUs U B3pbIBa BOAOPOA B aBAPHIHBIX YCIOBUSX, a TAK)KE HHCTPY-
MEHTHI JJ151 aHAJIM3a PUCKOB M CTOHKOCTH.

[Tokazana HEOOXOOMMOCTD pa3padOTKH METOAMK pacyeTa Oe30MacHbIX PACCTOSIHUHN, KaK IPH COOPYKEHUH
CTEHOBBIX UCIIBITATEIbHBIX KOMIUIEKCOB, TaK ¥ TIPU COOPYKEHUH XPaHUIIUIL KHUIKOTO Bogopona. OtMmede-
HO, 4TO JUIs1 yueTa 0COOCHHOCTEH OLIEHKH B3PBIBO- U MOXapoOe30macHOCTH HHPpacTpyKTyphl oOpaleHus
¢ )kuakuM BogopoaoM Ha ADC HeoOXomnMa akTyanu3auus TpeOOBaHUH K KOHCTPYKLMOHHBIM MaTepraliam,
UCIIONIb3yEMBIM B CHCTEMAaX M BJIEMEHTaX C JKMAKHM BOJOPOIIOM, a TaKkKe TpeOOBaHHH K ra3royibiepaM HU3-
KOTO JIaBIICHHS U MIEPEMEHHOTO 00beMa.

[IpoBeneHHbIM aHaTH3 TO3BOIUT KOHKPETHU3UPOBAaTh HOPMAaTUBHBIE TPEOOBAHHS K OLIEHKE YCIOBUH BO3-
HUKHOBEHHS BHELITHETO B3pbIBa IpH yTeuke ra3oBeix cmeceit n3 CUK ans obocHoBanus 6e3onacHoctu ADC,
YTOYHEHUS XapaKTEePUCTUK IUIOIAAKH U MPOPaOOTKH pa3MeLICHHUs, BAXKHBIX Il 0€30MacHOCTH 3JIEMEHTOB
ADC.

ANALYSIS OF RUSSIAN REGULATORY REQUIREMENTS
FOR SAFETY AT NPPs TO INDUSTRIAL PRODUCTION
OF HYDROGEN FROM WATER BY ELECTROCHEMICAL METHOD

N. L. Kharitonova', I. A. Kirillov', V. E Simonenko®, V. M. Kruykov*

"National Research Center “Kurchatov Institute”, Moscow, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The purpose of this work is to assess the possibility of applying the requirements of the Russian regula-
tory legal documents to the regulation of hydrogen explosion hazard at the industrial production of hydrogen
by the method of water electrolysis using the nuclear power plant (NPP) electricity. The report presents the
results of the analysis of Russian regulatory documents in the field of safety of hydrogen technologies, per-
formed on the example of a Bench Test Complex (BTC) being built at the Kola NPP.

The report shows that currently in the Russian Federation normative acts regulating hydrogen explosion
safety at the production of hydrogen by the method of water electrolysis in industrial volumes at the NPP
site and using NPP electricity are not presented in full. The lack of special standards and norms regulating
the handling of hydrogen as an energy carrier is one of the obstacles to the development of nuclear-hydrogen
energy.

It is noted that, the current regulatory legal documents do not specify the requirements for safety provid-
ing in terms of pressure, toxic, thermal effects on the safety of individual power units and NPPs as a whole
of clouds, spills and leaks of gaseous and liquid hydrogen and / or hydrogen-containing mixtures necessary
to assess the conditions and the possibility of an explosion in case of leakage of hydrogen-containing gas
mixtures from the BTC at the NPP site. The current regulatory documents do not specify unambiguous safety
requirements in terms of baric, toxic, thermal effects on the safety of individual power units and NPPs as a
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whole of clouds, spills and leaks of gaseous and liquid hydrogen and / or hydrogen-containing mixtures nec-
essary to assess the conditions and possibilities of an explosion during leakage of hydrogen-containing gas
mixtures from the BTC at the NPP. There are no unambiguous requirements for assessing the effectiveness
and limits of safe operation for technical systems of hydrogen fire and explosion protection, such as systems
for monitoring explosive mixtures, flameless removal of hydrogen (passive catalytic hydrogen recombiners),
inertization of objects and devices with inert gases, chemical phlegmatizers, and steam.

It is noted that in order to develop and refine domestic safety standards for the industrial production of
hydrogen by the method of water electrolysis using nuclear power, it is necessary to provide experimental
data for an unambiguous assessment of the hazardous factors of combustion and explosion of hydrogen in
accident conditions, as well as tools for risk analysis and stability.

The necessity of developing methods for calculating safe distances, both in the construction of bench test
complexes, and in the construction of liquid hydrogen storage facilities, is shown. It is noted that in order
to take into account the features of assessing the explosion and fire safety of the infrastructure for handling
liquid hydrogen at nuclear power plants, it is necessary to update the requirements for structural materials
used in systems and elements with liquid hydrogen, as well as the requirements for low-pressure and variable
volume gas holders.

The analysis carried out will make it possible to concretize the regulatory requirements for assessing the
conditions for the occurrence of an external explosion in the event of a gas mixture leakage from the SIC to
justify the safety of the NPP, clarify the characteristics of the site and study the location of the elements of
the NPP that are important for the safety.
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U3IrOTOBJIEHUE HEP)KABEIOUIEW CTAJIU ®EPPUTHOTO
KJACCA AJId HPOU3BOACTBA CTOKOB TOT2 U TO3

11. A. Yyeynos, M. B. Epnanos, B. A. Hukonoposa, I H. Cmapocmun

WHuCcTHTYT BRICOKOTEMITEpaTypHO# anekTpoxumun YpO PAH, r. EkarepunOypr, Poccus

B mocneanue romnsl Oomnblioe BHUMaHHE YAeNseTcs pa3paboTKe CymepcTaleil ¢ MOBBILICHHBIM COIEp-
xanueM Cr (22-28%), Ni(24-28%), Mo(4-8%) u ap. B ocobyto rpymnmy cienyeT BBLACIUTh KOPPO3UOH-
HOCTOWKHE CTaJi, B COCTaB KOTOPBIX 0053aTeIbHO BXOIUT XpoM B KonmuecTBe 12 u 6onee (1o 30) macc. %.
Cranu yKa3aHHOW TpyMIIbl pa3padOoTaHbl CIEUUANBFHO I SKCIUTyaTallid B 0C000 arpeCCHBHBIX YCIIOBUSX,
YTO XapaKTEepPHO IS NEKTPOXUMHUYECKHUX YCTPOICTB, B YaCTHOCTH TBEPAOOKCHIHBIX TOIUIMBHBIX 3JIEMEH-
toB (TOTD) u anekrponuzepon (TOD). B ocHOBHOM, sl MPOM3BOACTBA UHTEPPKOHHEKTOpoB it TOTD
u TOD ucnons3ytores cranu Mapok Crofer 22 APU u Crofer H, conepxxar 22-24% Xpoma 1 OYHIIEHBI OT
OonpmrHCTBa HexenarenbHbIx npumMeceil (C < 0,03%). B xayecTBe akTHBHBIX 100aBOK COAEPKAT THUTaH,
Mapranen u nantad. B craiau Crofer H nnst ymydinenus cBoiicTB no6asneHsl HHoOui u Boib(pam. Hammuue
tutana B cocraBe Crofer 22 APU (H) npuBoOuT K CBA3BIBAHUIO OCTAaTOYHOTO yriepona ¢ o0pa3oBaHUEM
TiC, KOTOpBI CHMKAET CKIOHHOCTBh K POCTY 3€peH. MapraHel B cOCTaBe MPHUBOAUT K 00pa30BaHUIO Ha
noBepxHocTH cTanu mnuHeat MnCr,O, koTopas npejcTapiseT coOoi TONOITHUTENbHbINH OapbepHBIH CII0H,
npensaTcTByonmii AndPy3un Xxpoma K TOBEPXHOCTH.

Lenbto mpeactaBineHHON paboThI siBIsieTcsl pa3paboTKa TEXHOIOTHH MOMYYECHUS! HEp)KaBelolled cTaiu
ananora Crofer 22 APU. 3agauamu B xofe paOOTHI SBJISIOTCS: ONpEeIeHHE OMBITHBIM IIyTEM yrapa JIerH-
PYIOLIMX KOMIIOHEHTOB B NPOLIECCE HATPEBA U OXJIAXIECHUS CIUIaBa, TEMIEPATyPHOTO peXMMa HarpeBa—0X-
JaKACHUS CIJIaBa, ONTUMAIILHOTO AAaBJICHUSI HHEPTHOM Cpellbl, a TAKXKe MOCIIEI0BaTeIbHOCTH 100aBIeHUs
MaTepHaJIOB B PacCIUIaB.

Pabora Bexercst Ha yCTaHOBKE MHAYKIMOHHO-BaKyyMHOTro neperuiaBa OnrepM-C, uccienoBanust oopas-
LIOB Ha MUKPOCTPYKTYpPY IPOBOAATCS Ha CKaHMpyromieMm anekrpoHHoM mukpockorne TESCAN MIRA 111,
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TESCAN. XuMmudeckuid coctaB onpenensercs Ha smuccuonHoM cnekrpomerpe iCAP 6300 Duo ¢ ucnons-
30BaHMEM MHAYKTHBHO-CBS3aHHOH IJIa3MBbl.

[To pesynbraram pabOTHl YCTaHOBJIEHO: CKOPOCTh HAarpeBa HE BIMSET Ha MONTy4aeMblil CIIaB, CKOPOCTb
OXJIXKJICHUS BIMSET HA pa3Mep 3epeH B MOMyYeHHOH cTaiu. OnpeaeseHa mocae10BaTeIbHOCTH 100aBIeHHS
SIIEMEHTOB B paciuiaB Ul MOJYy4YEeHUs] HEOOXOIMMOTO COCTaBa, a TaKyKe He0OXOANMOe JaBjieHne UHEPTHOU
cpeabl. Tak e ObUIO YCTaHOBIIECHO BIMSHHUE MEPEMEIINBAHUS HAa PACXOAMMOCTDH BJIEMEHTOB IO PacIUIaBy
Y Ha UTOTOBBIA COCTaB.
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CREATION THE FERRITIC GRADE STAINLESS STEEL
FOR THE PRODUCTION OF SOFC AND SOE SELL

P A. Chugunov, M. V. Erpalov, V. A. Nikonorova, G. N. Starostin

Institute of High-Temperature Electrochemistry of the Ural Branch of the Russian Academy of Sciences,
Yekaterinburg, Russia

In recent years, much attention has been paid to the development of super steels with a high content
of Cr (22-28%), Ni (24-28%), Mo (4-8%), etc. A special group should include corrosion-resistant steels,
which necessarily include chromium in the amount of 12 or more (up to 30) wt.%. The steels of this group
are designed specifically for use in particularly aggressive environments, which is typical for electrochemi-
cal devices, in particular solid oxide fuel cells (SOFC) and electrolyzers (SOE). Basically, the steel grades
Crofer 22 APU and Crofer H are used for the production of interconnectors for SOFC and SOE, this contain
22-24% chromium and are purified from most undesirable impurities (C < 0.03%). This contain titanium,
manganese and lanthanum as active additives. Niobium and tungsten have been added to Crofer H steel to
improve properties. The presence of titanium in the composition of Crofer 22 APU (H) leads to the binding
of residual carbon to form TiC, which reduces the tendency to grain growth. Manganese in the steel leads to
the formation of MnCo,0, spinel on the surface of the steel, which is an additional barrier layer that prevents
the diffusion of chromium to the surface.

The purpose of the presented work is to develop a technology for producing stainless steel, which is an
analogue of Crofer 22 APU steel. The tasks in the course of the work are: to determine experimentally the
evaporation of alloying components during the heating and cooling of the alloy, the temperature regime of
heating and cooling of the alloy, the optimal pressure of the inert atmosphere, as well as the sequence of
adding materials to the melt.

The work is carried out on the ElterM-C induction vacuum remelting unit, microstructure studies of
samples are carried out on a scanning electron microscope TESCAN MIRA III, TESCAN. The chemical
composition is determined on the iCAP 6300 Duo emission spectrometer using inductively coupled plasma.

The results of the work are: determination of the dependence of the heating and cooling rate on the final
result. Determination of the sequence of adding elements to the melt to obtain the required composition, as
well as the required pressure of the inert atmosphere. The effect of mixing on the divergence of elements in
the melt and on the final composition was also established.
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OCOBEHHOCTHU ITMHAMHUKHA
NYJABCUPYIOIIEI'O PEAKTOPA HEIITYH

E. I1. lllabanun

O60venuuaennbii MactutyT SAnepubix MccnenoBanmii, lyona, Poccus
E-mail: shab36@nf jinr.ru

[Ieproanueckuii XxapakTep 3HEProBbIACIEHH B MyJbCUPYIOIIEM PEAKTOPE CYLIECTBEHHO U3MEHSET CBA3b
(KaKk TpsAMYI0, TaK U 0OpaTHYIO) MEXKAY PEaKTUBHOCTHIO M MOLIHOCTBIO B CPAaBHEHHU C PEaKTOpaMH He-
MPEepBIBHOTO JAEHCTBUA. B mpencraBieHHOM Aokiaje OOCYKAAIOTCS TPU CHEUU(PUUECKUX TUHAMUYECKHX
CBOICTBA MyJILCUPYIOLINX PEAKTOPOB, KOTOPBIE B COBOKYITHOCTH ONPEAEIAIOT CIOKHBINA XapakTep ObICTPhIX
JUHAMHUYECKUX MPOLECCOB. B yacTHOCTH, 3TO MaKeTHBIHN pexXuM KojeOaHUi SHEPTUU UMITYJIbCOB MOLTHOCTH
W HaJIM4He B CIIEKTPE YacTOT KoJeOaHW| YacTOTHI, B IBa pa3a MEHbILEH YacTOTH MOAYIISIIMH PEAKTHBHOCTH.
OnHa u3 ocoOeHHOCTel — HEN30€KHOCTh TOSBICHHSI TIOJIOKHUTENBHOW PEAaKTUBHOCTHU MIPH BOZHUKHOBEHUH
NEPUOANYECKUX KOIeOaHW! PEeaKTUBHOCTH — MPOSIBISIETCS TAaKXKe B PeakTopax HEMpPephIBHOTO IEHCTBUS,
HO B 3HAUUTENBHO Ooiiee cnaboil Mepe, YeM B MyJAbCHPYIOIIMX peakropax. OQHAKO 3TH OCOOCHHOCTH HE
CBUJICTENLCTBYIOT O HEM30EKHOCTH HECTaOMIILHON PadOTHI MyTbCUPYIOLIETO peakTopa. Ero ycToHdnBOCTb
3aBHCUT OT COOTHOILUECHHUS MOJIOKHUTEILHOW M OTPULATENFHON COCTaBISIOMMX d(peKxTa oOpaTHON CBA3H
«MOITHOCTh-PEAKTUBHOCTH), KOTOPble MOHOTOHHO U3MEHSIOTCS C €r0 MOUTHOCTEIO.

FEATURES OF THE DYNAMICS
OF THE PULSATING NEPTUNE REACTOR

E. P. Shabalin

Joint Institute for Nuclear Research, Dubna, Russia
E-mail: shab36@nf jinr.ru

The periodic nature of energy release in a pulsating reactor significantly changes the relationship (both
direct and inverse) between reactivity and power in comparison with continuous reactors. The presented re-
port discusses three specific dynamic properties of pulsating reactors, which together determine the complex
nature of fast dynamic processes. In particular, this is a batch mode of energy fluctuations of power pulses
and the presence in the frequency spectrum of frequency fluctuations, two times less than the frequency of
reactivity modulation. One of the features — the inevitability of the appearance of positive reactivity in the
event of periodic fluctuations in reactivity — is also manifested in continuous reactors, but to a much weaker
extent than in pulsating reactors. However, these features do not indicate the inevitability of unstable opera-
tion of the pulsating reactor. Its stability depends on the ratio of the positive and negative components of the
feedback effect “power-reactivity”, which monotonically change with its power.
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AJIEKTPOXUMHNYECKOE BOCCTAHOBJIEHHUE
TABJETUPOBAHHONW CMECH IOPOIIKOB UO,-PD
B PACIIJIABE LiCl-Li,O ITPH 650°C

A. B. Hluwxun, B. FO. Huwkun, A. A. Macnennuxosa, 1O. 11. 3atikos

WucTtutyT BeicokoTeMneparyproit anexrpoxumun UBTD YpO PAH, ExarepunOypr, Poccus

B pamxax HanmonansHOrO npoekta «IIpopeiB» peanusyemoro rockopnopanuei «Pocarom» [1] ogHoit u3
OCHOBHBIX TEXHOJIOTMUECKUX omnepanuii nepepadorku orpadorasiiero MOKC oKcHAHOTO SAepHOTO TOTIIH-
Ba (OST) OBICTPBIX PEaKTOPOB € MajibIM BPEMEHEM BBIACPKKHU SBISETCS SIEKTPOXUMUYECKOE BOCCTAHOB-
JIHWE Ha KaTofieé OKCUAHOro oOpasla JMTHEM, B MpOILecce AIEKTPOIN3a PaciIaBICHHONW COJIEBOI cMecu
LiCl-Li,0O (~1,5 mac.%). Ypan miytonueBoe OAT conepKHUT NMPOAyKThI JeJIEHHUs, KOTOpble HEOOXOIUMMO
YAAJIHTh, a LIeJeBble KOMIIOHEHTHI: ypaH U 0COOEHHO IUTYyTOHHUM, BEPHYTH 00paTHO B TOTUTMBHBIN LK. MOX-
HO BBIJIEIUTh HECKOJIBKO TPYIII NMPOAYKTOB JAEJIEHUS C dIEMEHTAaMH CXOXHMH IO CBOUM XUMHYECKUM WIN
(u3nUecKuM CBOMCTBaM, HAIPUMEDP TaKHe KaK OKCHIIBI peaKo3eMenbHbIX MeTauioB (P3M) u 6iaroponHsle
metauiel (BM). B panee omyONMKOBaHHBIX HAIIMX WCCIEIOBAHUS MO METAUIM3AaLMH TaOJICTUPOBAHHON
JBYOKMCH ypaHa, a TAK)Ke MOJEIBHOTO TOILUIMBA COCTOSIIETO U3 OKCUAOB ypaHa u P3M yixke ObU10 OKa3aHo,
YTO JBYOKHCH ypaHa IPEKpacHO BOCCTaHABIMBAETCS JIUTHUEM JI0 METajlja, KaKk B UUCTOM BHJIE, TaK U C CO-
Jep>kaHueM HeOOJBIIOro KOJIMYeCTBa OKCHIIOB LepHsl, JaHTaHa, HEOANMa, KOTOpbIe HEe METaJUIN3UPYIOTCS
[2, 3]. OueHb BayKHO BBISICHUTDH BIMSHHIE OIaropoAHBIX METAJUIOB Ha MapaMeTPhl IIPoIiecca BOCCTAHOBICHHUS
B OTHOIIEHHMH KaK OKCHJOB ypaHa U IUTyTOHHUSA, Tak U P3M, mpexkae Bcero 3To cBs3aHO, C BO3MO)KHOCTBIO
00pa3oBaHus CIJIAaBOB BOCCTAHOBJIEHHBIX MPOAYKTOB (MeTa/ioB) ¢ BM B yclI0BUSAX MPOBEASHHUS ONIEPaLluH
3NEKTPOIUTUYECKOTO BOCCTAHOBIICHMUS.

Bbutn u3ydeHs! ycnoBus 00pa3oBaHuUs CIJIABOB ypaHa W Majulafus IPU BOCCTaHOBICHUH TaOJETHPOBaH-
HOW CMECH TMOPOIIKa METAIIMUECKOTO JUOKCHIa ypaHa U mamwianus (54 mac.%) npu temneparype 650°C
B coneBoM pacriase LiCl-Li,O(~1,5 mac.%) B npolecce NpoBeJieH s 3JIEKTPONIN3a C BBIIEIEHUEM ILIET0Y-
HOTO MeTajjla Ha KaTroAe W ra3zo00pa3Horo Kucjiopoaa Ha MHIU(QepeHTHOM KepamuyeckoM aHoze (NiO—
Li,0). INocne npoBeneHus mpolecca BOCCTAHOBIEHUS, TaONETKH OCTABAaJIUCh KOMIIAKTHBIMM, MpPaKTHye-
CKM HE MEHSUIM CBOEH ()OPMBI U pa3MepoB, ObUIM MPOMUTAHBI CONEBBIM 3JIEKTPOIUTOM, KOTOPBIH yIaIN
BaKyyMMHUpOBaHUEeM Ipu HarpeBanuu [4]. [lonmydyeHHble BOcCTaHOBIEHHBIE 00pa3Lbl A0 U TIOCIE OTTOHKH
ANIEKTPOIINTA UCCIIEAO0BAIN Ha aBTOMaTHUECKOM PEHTIeHOBCKoM audpakromerpe Rigaku D/Max-220VL/PC
(Rigaku, SInonust). CreneHp BOCCTaHOBJICHUSI JHOKCHIA ypaHa OO METallla ONpPEACIsUT MO OCTaTOYHON
KOHLIEHTPALMU KHUCI0poJa B MPOAYKTE, KOTOPYIO ONPEAETSUIM METOJOM BOCCTAHOBUTEIHHON MJIaBKU Me-
TaJJIOB U OKCHUAOB B TpaTOBOM THUINIE C UCIOIb30BAaHUEM PACIUIABICHHONH METaUIMYeCKOW BaHHBI MPH
BBICOKOH Temmepatype Ha npubope MetaBak-AK (OOO HIIO Dxkcan, Poccus) [5, 6].

Beuto ycraHoBneHO, YTO MOMEIIEHHBIE Ha KaTol TaOJeTUPOBAHHBIE CIICUCHHBIE 00pa3lbl cMeceH Io-
POIIKOB AMOKCHJA ypaHa M METAJUIMYECKOTO MasIafvsl, BOCCTAHABIMBAIOTCS PACTBOPAMHM JIUTHS B COJIE-
BOM DJIEKTPOJIUTE B MpoLEcce MPOBEACHUS DIIEKTpoau3a. B KauecTBe MPOAYKTOB BOCCTAHOBIICHUS OBLIM
OITpeIeTICHbl UHTEPMETAUIU BT UPd3, UPd4, U0,2Pd0,8- Bbruio caenano npeanonoxeHue, 4To B 3aBUCUMOCTH
OT BEJINYMHBI MOTEHIIMANA KaToa B MPOLIECCe MPOBEACHHUs BOCCTAHOBIEHHS, 00pa30BaHNe OOHAPYKEHHBIX
CIUTaBOB MIPOMCXOAMT IO Pa3HBIM MeXxaHu3MaM. [Ipu mojaoKUTENbHBIX MOTEHLIMATaX OTHOCUTEIBHO Li*/Li°
(~ 40,5 B) dopmupyercst nntepmeramua cocrasa Uj,Pdy g (0CHOBHAs (hasa) U HE3HAUNTENLHOE KOMHYE-
ctBo UPd,, a npu norennmanax 6aM3KuX K oOpa3oBaHHIO JKUJKOH (pa3kl Ha OCHOBE JIMTHA (HOPMUpPYETCs
untepmeraug UPd;.
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ELECTROCHEMICAL REDUCTION OF PELLETIZED UO,-PD
POWDER MIXTURE IN THE LiCl-Li,O MELT AT 650°C

A. V. Shishkin, V. Yu. Shishkin, A. A. Maslenikova, Yu. P. Zaikov

Institute of High Temperature Electrochemistry of the Ural Branch of the Russian Academy of Sciences,
Ekaterinburg, Russia

Electrochemical cathode reduction of the oxide sample by lithium during the electrolysis of molten LiCl—
Li,0 (~1.5 wt.%) salts is one of the basic technological operations of processing of MOX oxide nuclear fuel
(ONF) of fast reactors with short storage time within the national project “Proryv” (“Breaktrhough”) realized
by the state corporation “Rosatom” [1]. Uranium-plutonium ONF contains fission products that have to be
removed and target components — uranium and plutonium, that should be returned to the fuel cycle. There
are several groups of fission products including the elements with common chemical and physical properties,
for instance, rare-carth metal (REM) oxides and noble metals (NM). Our previous research on the metal-
lization of the uranium dioxide pellets and model fuel composed of REM and uranium oxides demonstrated
that both pure uranium dioxide and that containing small amounts of cerium, lanthanum, neodymium oxides,
that do not metallize, are successfully reduced with lithium [2, 3]. It is extremely important to determine the
influence of the noble metals on the reduction process parameters relative both to uranium and plutonium
oxides as well as to REM oxides, which are associated with the possibility of alloys formation from the re-
duced products (metals) with NM under the conditions of the electrolytic reduction.

The conditions of uranium and palladium alloys formation at the reduction of the metallic uranium and
palladium (54 wt.%) dioxide mixed powder pellets were studied during the LiCl-Li,O (~1.5 wt.%) mol-
ten salt electrolysis at the temperature of 650°C. During this process the alkali metal was deposited at the
cathode and gas-like oxygen evolved at the indifferent ceramic (NiO-Li,0) anode. After the reduction, the
pellets remained compact, their size and form were unchanged, they were impregnated with salt electrolyte
that was removed by evacuation at heating [4]. The obtained reduced samples before and after the electro-
lyte distillation were studied using an automatic X-ray diffractogram Rigaku D/Max-220VL/PC (Rigaku,
Japan). The uranium dioxide reduction to metal was determined according to residual oxygen concentration
in the sample, which was determined by the method of reduction melting of metals and oxides in a graphite
crucible using the molten metallic bath at high temperature by a METAVAK-AK device (JSC EKSAN Ltd.,
Russia) [5, 6].

It was found that pelletized sintered samples of uranium dioxide and metallic palladium mixed powders
placed on the cathode are reduced by lithium solutions in a salt electrolyte during the electrolysis. Inter-
metallic compounds UPd,, UPd, and U, ,Pd,, ¢ were identified as reduction products. It was assumed that,
depending on the value of the cathode potential during the reduction, the formation of the detected alloys



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNELYIOLLYIO CTPAHULY MEYATH

occurs according to different mechanisms. At the positive potentials relative to Li*/Li’ (~ +0.5 V), an inter-
metallic compound of the basic phase U, ,Pd, ¢ composition and small amounts of UPd, are formed, and
at the potentials close to the formation of a liquid phase, lithium-based intermetallic UPd; compound is
formed.
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KPUTUYECKUE U HEUTPOHHO-AKTUBALIMOHHBIE
BENCHMARK-9KCIHEPUMEHTBI C PASMHOXKAIOIUMU
CUCTEMAMM U3 METAJJNYECKOI'O IJIYTOHUS
BE3 OTPAYKATEJISI 1151 BAJTUJALIMA
SAJEPHO-®U3NYECKHUX JAHHBIX 1 KOMIOBIOTEPHBIX KOJIOB,
MOJIEJIUPYIOIMX MEPEHOC HEMTPOHOB

B. A. Aoapuenxo, C. A. Anopees, A. A. Bauieoo, C. C. becos, /I. A. Ilpokonves, U. U. Kocmenxo,
. U. Cepeuna, /[. B. Xmenvnuykuu, A. A. 0006

OI'YII «Poccuiickuii Denepansusiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenn akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

B HacTosee BpeMs BO3MOKHOCTH IOBBIILIEHUS TOYHOCTU HEUTPOHHBIX KOHCTAHT ITyTEM UX HEIOCPELC-
TBEHHOTO U3MepeHHs B JuddepeHIHaTbHbIX SKCIIEPUMEHTaX HCUePIaHbl, © HHTETPAIbHbIE SKCTIEPUMEHTEI
Ha KPUTHYECKUX COOPKax SIBISIOTCS €AMHCTBEHHBIM CIIOCOOOM COBEPIIEHCTBOBaHMS KOHCTaHTHOTO obec-
MIEYCHHUS.

B pabote mpencraBieHbl pe3yabTaThl KPUTHUECKUX, KOPPEISIIMOHHBIX U HEUTPOHHO-aKTHBAIIMOHHBIX
HKCIIEPUMEHTOB CO CHEpUUECKUMH, HWINHAPHYECKUMH U KOMOWHHUPOBAaHHBIMH COOpPKaMU M3 MeTajuInye-
CKOTO TUTYTOHHS, BBITIONHEHHBIX Ha cTeHAe A kputnueckux coopok PKEH-2 B POAL] - BHUNTO.

IIpuBeneHo onucaHue UCCIENOBAHUN UHTETPAIBHBIX XapaKTEPUCTUK PA3MHOMKAIOIIUX CUCTEM: OIpEe-
JIEHUSI KPUTUYECKOT'0 3a30pa MEXKly BEpXHEU U HUYKHEN YacCTsIMU HCCIEAYEMBIX CUCTEM, COOTBETCTBYIOILETO
KPUTUYECKOMY Ha 3ala3/bIBalOIMX HEMTPOHAX COCTOSHHIO, OCTPOSHHS KOPPEISIUOHHBIX (QYHKLIUH, Xa-
PaKTEpU3YIOLUIUX BPEMEHHOE TOBEACHUE HEUTPOHHOTO IOJISA, ONIPEAEIECHUS 3aBUCUMOCTU ACUMIITOTUYECKON
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MOCTOSIHHOM CIaJla MTHOBEHHBIX HEUTPOHOB OT 3a30pa o(H) 1 BenmuuuHbl Oa/OH, XapaKTepH3yIOLIy 0 BpeMs
*KU3HU HEUTpoHOB B PC. [IoMHUMO KPUTHYECKUX U KOPPEIALUOHHBIX 3KCIEPUMEHTOB, CTaBIINX YXE CTaH-
naptabiMu Ui BHUNT®, s unnuaapuyaeckoit u cepudeckoit PC Oblin mpoBeeHbl SKCIIEPUMEHTHI 10
00JIy4eHHIO Pa3NUYHBIX THIOB HEHTPOHHO-aKTUBALMOHHBIX AeTekTopoB (IHA) pasMmelieHHbIX B LIEHTpE
u Ha nioBepxHocTH PC, BrIBe1eHHOH Ha HEOONBLION YPOBEHb MOIIHOCTH (~15 BT).

HUcnons3oBanucs JJHA Ha ocHOBe amoMHHUS, 30J0Ta, MEAH, MarHus, MHAUS, TATaHA, HUOOWS, HUKEI,
¢ropa, ckanaus. JJTHA npencrapisiror coboit aucku nuamerpom 2 cM U TonuuHoi ot 0,02 mo 2 mm. M3mepe-
HHUE aKTUBHOCTH 00my4yeHHBIX JJHA mpoBoAKIOCH C MCTIONB30BaHMEM MOTYPOBOAHMUKOBOTO AETEKTOPa U3
0Cc000 YUCTOTO TEPMaHHUs C BBICOKUM SHEPIeTHUECKUM pa3pelIeHHEM.

Ilo pe3ynbTaraM 3KCIIEPUMEHTOB ONPENEISUINCh AKTUBAIMOHHBIE MHTErPajbl U CIIEKTpalbHblE MHAEK-
cbl (OTHOLICHUsS] HOPMUPOBAHHBIX 3HAYCHUH AKTUBAIIMOHHBIX MHTEIPAJIOB JETEKTOPOB PA3IUYHBIX THIIOB
K 3HaYCHUSIM aKTUBALMOHHBIX HHTETPAJIOB JETEKTOPOB U3 HUKENS), Aalolie HH(POPMAIUIO O CIIEKTpe Hel-
TpoHOB. llorpemHocTs abCOMIOTHRIX U3MEPEHUH aKTUBALIMOHHBIX MHTETPAJIOB OMpPEeNsiiach M0 arTecTo-
BaHHOW METO/MKE U cocTaBmwia ot ~4 1o ~8 % (20).

B xone skcriepuMeHTOB OBIIIO JOMOJTHUTENBHO UCCIE0BAaHO BIMSHUE Ha KPUTHYECKHUE MapaMeTphl cOo-
POK M3MEHEHHS TeMIepaTypsl A3 BCIEICTBHE caMOpa3orpeBa AeSIILerocs MaTepraia u3-3a anbha-pacnana
n30TOMNOB MIyTOHKSA. C UCTONIB30BAHMUEM MOTYYEHHBIX SKCIIEPUMEHTANBHBIX JaHHBIX OBUIN OLIEHEHBI TEM-
neparypHble ko3 ¢unuents! peaktuBHocTd (TKP) PC. Ilpennaraercs yunThIBaTh JaHHBIH TeMIIEpaTypHBIN
3¢ QeKT npu ONMCaHUH PE3YIBTATOB SKCIEPUMEHTOB, BKIIIOYAIOIIEM OLIEHKY MOTPELIHOCTEH.

Lenbio mpoBEAEHHOTO KOMILIEKCa 3KCIIEPUMEHTOB OBLIO JOMIOJTHEHHE U YTOUHEHHE paHee Oy OMKOBaH-
HBIX JaHHBIX, KOTOPBIE MOIJIH ObI OBITH MCIOJIB30BAHbI JJIs1 TECTHPOBAHHUS HEHTPOHHO-(DU3NUIECKHUX pacue-
TOB 1 OMOIMOTEK OLIEHEHHBIX AAEPHBIX KOHCTAHT Pa3MHOMKAIOIIUX CHCTEM, COACPKAIIUX TUTyTOHUH.

CRITICAL AND NEUTRON ACTIVATION BENCHMARK
EXPERIMENTS WITH MULTIPLYING SYSTEMS
OF METAL PLUTONIUM WITHOUT A REFLECTOR INTENDED
FOR VALIDATION OF NUCLEAR PHYSICS DATA
AND COMPUTER CODES SIMULATING NEUTRON TRANSPORT

V. A. Adarchenko, S. A. Andreev, A. A. Vaivod, S. S. Besov, D. A. Prokopyev, I. I. Kostenko,
D. I. Sergina, D. V. Khmelnitsky, A. A. Yudov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

To date, we have exhausted the possibilities to enhance the accuracy of neutron constants by their direct
measurement in differential experiments, so integral experiments at critical assemblies are the only way to
further refine neutron constants.

The paper presents the results of critical, correlation, and neutron activation experiments with spherical,
cylindrical and combined assemblies made of metal plutonium that have been carried out at the FKBN-2 test
stand for critical assemblies at RFNC — VNIITF.

The study of integral characteristics of the multiplying systems is presented, including determining the
critical gap between the upper and the lower parts of the systems under study that corresponds to critical state
of assemblies on delayed neutrons, construction of correlation functions that characterize temporal behavior
of a neutron field, and determining the dependence of the asymptotic constant of prompt neutron decay on
the gap o(H) and on the value of 0a/OH that characterizes neutron lifetime in a multiplying system. In ad-
dition to the critical and correlation experiments that have already become a standard procedure at RENC —
VNIITF, we conducted experiments at a cylindrical and spherical multiplying system on irradiation of differ-
ent types of neutron activation detectors (NADs) installed at the center and on the surface of a multiplying
system operating at ~15 W.
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We used the NADs based on aluminum, gold, copper, magnesium, indium, titanium, niobium, nickel,
fluorine, and scandium. NADs are 0.02...2 mm thick discs that are 2 cm in diameter. The activity of the
irradiated NADs was measured by a high-resolution semiconductor detector made of high-purity germa-
nium.

Based on the results of experiments, we determined activation integrals and spectral indices (the ratios of
normalized values of activation integrals of detectors of different types to the activation integrals of nickel
detectors) that provide data on neutron spectrum. The absolute measurement error of activation integrals was
determined by the certified method and ranged from ~4 to ~8 % (20).

During the experiments, we additionally studied the effect of core temperature variation (as a result of
self-heating of fissile material due to alpha-decay of plutonium isotopes) on critical parameters of assem-
blies. Using the obtained experimental data, we assessed the temperature coefficients of reactivity (TCRs) of
the multiplying system. It is proposed to take into account the given temperature effect when describing the
experimental results with due regard to error estimates.

The aim of the set of experiments was to complement and refine the previously published data that could
be used for validating neutron physics calculations and libraries of evaluated nuclear constants of multiply-
ing systems containing plutonium.
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