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B macrosmieit paboTe mpuBENEHB PE3yNbTaThl UYHCICHHBIX HCCICIOBAHHA, MYTH MOBBIIICHHU
K03 PHIHEHTa BOCIPOM3BOJICTBA OBICTPHIX PEAKTOPOB C OKCHIHBIM TOILUTMBOM W HATPHUEBBIM
TerutoHocuTeneM. L{enpro maHHON paboTHI SABISETCS UCCIEIOBAaHNE H OOHAPYKCHHE TOIUTUBA WIIH
TOIUIMBHOTO COYCTAaHWUS C HAWIYYIINMH TEXHHKO-DKOHOMHYECKAMHU IOKA3aTeISIMH I
peaktopHoit ycraHoBkn BH-800, koTopble TO3BOJAT yIyUIIUTh HE TOJBKO SKOHOMHYECKHE
nokasareiu, Ho 1 3(()EKTUBHOCTH BCETO MPEAPEAKTOPHOrO MUKIA. Tak Kak co BpeMEHEM BO BCEM
MHpE 0GOCTPSIOTCS MPOBIEMBI CBSI3AHHBIC ¢ YMEHbIICHHEM KomudectBa U™, KOTOPBIC IPHBOIAT
K MOBBIIIEHUIO €r0 IEHBl U YBEIWYCHHUIO KOJUYECTBA, HAKOIUICHHOTO Pu, KOTOpHI B HaYaJIbHOM
BpPEMEHH OBLI MOJYYCH B PaMKax BOCHHOM MpOMBIILICHHOCTA. HO ceromns yxe oT mnepepaboTku
orpaboranHoro smepuoro TtommmBa (OST) BBOP u PBMK Bo3HHKaeT HEOOXOJHUMOCTH
HaXOXKICHUS ITyTeH HaIpaBICHHBIX Ha KOMIICHCHPOBAaHHE OJTHX SBICHHH C TPHOPHUTETOM
HAJIC)KHON M 0e30MacHO SKCIUTyaTallyl sSAepHON yCTaHOBKH. B paboTe paccMOTpeHBI BIUSHHS
HECKOJBKMX BaKHEHIINX (AKTOPOB HA SKOHOMHYECKHE [OKA3aTeIHH SKCIUTyaTallHOHHBIC
XapaKTepUCTHKH peakTopa. OTHMH (paKTopaMu SBISIFOTCS HCIIONB30BAHHUE PAa3HBIX TOIUIUB H
TOIUTMBHBIX COYCTAHUH, TEOMETPHUYCCKHE pPa3Mephl peakTopa, pacmpeielicHHe OOOTaleHHOTO
TOIUTMBA B aKTUBHOH 30HE, a TakXKe H3MCHEHHE YICIHHOro 00BheMa TOILIMBA B Pa3peIICHHBIX
npenenax. MccneaoBanus MpoBOAWINCH Ha 0aze mporpaMMHOTO kKomruiekca Time26 u N3D. Tak
JKe JUIS PacYeTOB MCIOIb30BaIKCh mporpammMbl Excel u Mathcad.

Kniouegvie cnosa: xo3hdunneHT BOCIPOU3BO/CTBA, KOI(D(DHUINEHT HEPABHOMEPHOCTH, TOTIIMBHBIN
IIUKJI, aKTUBHAS 30HA.
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Beenenue

[To nanHpIM MexayHapoAHOrO areHTcTBa Mo aroMHoM sHeprun (MATATO),
NOTEHIMAJIbHOE MOBBIIEHUE YPPEKTUBHOCTH OBICTPBIX PEAKTOPHBIX CHCTEM, pabOTAIOIIUX B
MOJIHOCTBIO 3aMKHYTOM LMK, /ISl 3QPEKTUBHOCTH HCIOIb30BAHUS SACPHOTO TOILUIMBA U
YTUJIM3ALHUNA OTXOJIOB — U UX IOCIEACTBUI JUIsl YCTOWYMBOCTU — IIMPOKO IPHU3HAHO, U BO
MHOTUX CTpaHax TMpOJIOJDKACTCS AaKTUBHOE pa3BUTHE IO TEXHOJIOTUSM pPEaKTopa,
TEIJIOHOCUTEIS, TOIUIMBA U TOIIJIMBHOTO LUKJA [1].

3amMbIKaHUE TOIUIMBHOTO LHKJIA SBIISAECTCA BAaXKHEHIIEH COCTABHOM YAaCThIO NMPOTPaMMBI
pa3BUTHS sIepHOM sHepreTuku. [Ipu ero ocymiecTBieHnn obecreunBaeTcs Hauboee MojJHoe
MCIOTb30BaHue —°U M TPAaHCYPAHOBBIX MATEPHANOB, HAKATUIMBAIOIIMXCS B OOTYdCHHOM
toruBe. OOIee KOIMYECTBO IUTYTOHMSA, KOTOpoe Oyner HapaboTaHO B OTpaOoTaBIIeM
ToruiMBe SHepretuuecknx BBOP k Bo3MOXHOMY Hauany cepuilHOro BBoOJa OBICTPBIX
peaktopoB (2022 r.), coctaBuT 120-140 T. B 32aBUCMOCTH OT MacIITaOOB pa3BUTHUS SIEPHON
sHepretuku (40-60 I'Bt). Hauanpnas 3arpyska BH-800 sHeprernyeckum miyToHuEM
cocraBUT 3,6 T, exkerogHas mnoanutka — okojlo 0,7tonH. CiemoBaTeabHO, HMECTCS
BO3MOXHOCTh BBOJa M akcruryaraiuu cepuun BH-800 B 2020-2030 rr. Jlns peanuzaruu
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YKa3aHHOW 3a7adl  HEOoOXOJMMO CO3/IaHWE TEXHOJIOTMYECKOW IIeTIOYKH: TepepadoTKa
oTpaboTaBuiero tommBa BBOP — n3rorosineHne cMemaHHOIO ypaH-IUTyTOHMEBOIO TOILIMBA
JUIsl OBICTPBIX peakTopoB. 1o oreHkaM MOITHOCTH 3aBOJA IO TMepepadoTKe OTpabOTaBIIETO
toruiiBa BBOP  momxna coctaButh ~1500 T/rom, UEHTpadnM30BaAaHHOTO IPOU3BOJICTBA
CMEIIaHHOTO ToIIMBa — okoyio 100 T/rox, B TOM 4yucie rnepBor ouepean okono S50 1/rox mis
MycKa TOJIOBHOTO M MEPBBIX CEPUUHBIX 3HEPToOJI0KOB. [IpOM3BOICTBO CMENIAHHOTO TOIUIHBA
JIOJDKHO ~ CO3/1aBaThCsl C Yy4eTOM YHH(UKAIMU OOOpyIOBaHMS W BHEAPCHHS Mep,
00ecIeurBaroMX BO3MOXKHOCTh IE€peX0Ja Ha HUTPUJIHOE TOIUIMBO MOCJE MOATBEPKICHUS
ero paboToCIIOCOOHOCTH MPH SKOHOMUYECKH IMPUEMIIEMOM BBITOpaHHUH [2].

Posbp BoCnmpouM3BOACTBA B OLEHKAX JHEPreTHYECKHX PECypCcoB pPeaKTop-
PAa3MHOKHTEIb KAK HeHcuyepnaeMblii HCTOYHUK YHEPIUH

HccenenoBanus TOINIMBHOTO IIUKJIA TOKA3bIBAIOT, UTO U3 3a/IaHHOTO KOJIMYECTBA YPaHA B
OBICTPOM pEaKTOPE-Pa3MHOKHUTEIIC MOKHO HOJNY4HTh B 60-80 pa3 OoJbllle SHEPTrUH, Y€M B
JITKOBOAHOM. XOTS OTHOLIGHHE KoimdectBa U K KOJIMYECTBY 2y paBHo 140, B
JIETKOBOJIHOM PEaKTOpPe HEKOTOPOE KOJUYECTBO 2y MpeBpaliaeTcs B pu. [ToaTomy
oTHomIeHue Kod(dduimeHToB wucnoiab3oBanuss ypana B BbH wu B JIBP oka3biBaercs
cymectBeHHO HIKEe 140. K ToMy ke B AeTaaIbHOM aHAJIM3€ TOILIMBHOTO ITUKJIA HEOOXOIMMO
y4ecTh MOTEpU TOIUIMBA MpH nepepaboTke. C yueToOM CKa3aHHOTO U IMOJIYy4aeTCsl BBIUTPHIII B
60-80 pa3 B 3((}EeKTUBHOCTH HCIIONB30BaHUS ToIimBa B BH. DTo oTHOIIEHHE MOXHO
HEMHOI'O CHU3UTh IIyTEM YCOBEPILIEHCTBOBaHUS KOHCTpYKIMU JIBP 1 TormBHOrO HuKIia.

BBuay TOro, 4TO B JIETKOBOJIHBIX PEAKTOPAX MCIOIB3YETCS TOJBKO Majasi JAOJsl ypaHa,
CTOUMOCTb IMOJY4aeMON B HMX DHEPrHMM YyBCTBUTEJIbHA K IIEHE MPUPOIHOTO YpaHa, OOBIYHO
oTHeceHHOro K 1 kr (wmm pynty) okcuauoro tommba U;Og. CiieoBaTeIbHO, OSIHBIC PY/IbI
(T.e. ¢ MajoW KOHIEHTpaluell ypaHa) OKa3bIBaIOTCS SKOHOMUYECKH HEBBITOAHBIMHU IS
ucronp3oBanuss B JIBP. HaoGopor, wu3-3a ymomsHyToro Beime dakrtopa 60-80,
xapaktepusyroulero npeumymiectso bH no cpaBuennto ¢ JIBP B ucnonb3oBaHUM TOIUIMBA,
CTOMMOCTb 3Hepruu, npousBoaumor bH, HeuyBcTBuTenbHa k neHe Uz;Og. CremoBarenbHo,
pPYyIbl C HU3KUM COJIepKaHUEM ypaHa, HEMPHUTOJHBIC NI ucronb3oBanus B JIBP, a taxxke
ypaH, 100bIBaeMbIi U3 MOPCKOM BOJIbI, MOTYT UCIIONB30BaThCs B BH.

Bonbimas 3¢ pexTHBHOCTH UCTIONB30BAHKS ypaHa B COUETAHUM C HEUYBCTBUTEIHHOCTHIO
K €ro IIeHE O3HayaeT, 4YTO OBICTPbIE PEAKTOPBI-PA3MHOXKUTEIN MPEJICTaBISIIOT CO00i
HEHCYEPNAeMbld MCTOYHHMK OJHEPrUH, IO KpallHEed Mepe eciau IOHMMAaTh I0J O3THM
00€eCreYeHHOCTh PHEpTrueil B TE€UEHWU MHOTHUX ThICAY JieT. TOYHO Tak ke TOpUM SBISETCS
JIPYyrUM BUJIOM HEHCHUEpIIaeMbIX 3amacoB TomumBa it bH, st BocmpousBoncTBa TOpHiA
MeHee dQdeKkTuBeH, 4eM ypaH. Eciu e TOBOpUTH O JOITOCPOUYHBIX MPOTHO3aX PAa3BUTHS
SHEPTeTUKHU ISl YIOBICTBOPEHHUS] MUPOBBIX MOTPEOHOCTEH, TO CJIENYET BBIACIUTH UYETHIPE
TUIMA HEUCYEPNAEMbIX HMCTOYHUKOB, MPUHIMIHUAIBHO JAIOLIUX PEIICHUE SHEePreTHYeCKOu
MPOOJIEMBI: PHEPTHUS SACPHOTO JCIEHUS B PEAKTOPAX-Pa3MHOKUTEIISNX, COTHEUHAs! SHEPTHs (C
y4eTOM BO300HOBIISIEMBIX BUOB DHEPTHH COJHIIA), TEPMOSIEPHAs SHEPTUS U TeoTepMaibHas
SHEPTHUS.

Xots ucnonb3zoBanue B bH chipbeBoro marepuana u3 pya ¢ MallbIM COJEpKaHUEM
ypaHa SKOHOMHYECKH OMpaBAaHO (KaK IMOKAa3aHO BHIMIE), MPAKTUUECKOE OCBOCHHE HOBBIX
YPaHOBBIX PYIHUKOB TOMHUMO T€X, YTO YAOBJIETBOPSIOT MOTPEOHOCTH JIETKOBOJTHBIX
pEaKkToOpoB, MOXKET OKas3aTbCsi HEHyKHbIM. Hanpumep, B Hactosimmee Bpems B CIIA
HAKOIMMWJIMCh JIOCTATOYHBIE 3alachl TaK HA3bIBAEMOT'O OTBAJBHOIO ypaHa, MPOJIyKTa 3aBOJOB
mo razoaudPy3moHHOMY pa3ielieHuI0. DTOro 3amaca XBaTWIIO Obl JUIS YIOBJIETBOPEHUS
notpebHocTeit CIIA B areKTpudecKkoll PHEpruM B TEUCHHE HECKOIBKUX COTeH JeT. boree
TOTO, KOJMYECTBO STOTO CKIATUPYEMOTo ypaHa OyAeT pacTd 0 TeX IMOp, MOKa HE UCUE3HET
noTpeOHOCTh B *¥U s JIBP [3]. Bocnpon3BoacTBo TOIUIMBA B ypaH-ILIIYTOHUEBOM LUKIIE
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BO3MOKHO TOJIBKO C TIOMOIIBIO OBICTPBIX HEUTPOHOB, a B TOPUM-YPAHOBOM TaK K€ U C
MOMOIIIBIO TEIIOBBIX HEUTPOHOB.[4]

HccnenoBanue ¢ pa3HbIMUA OKCHAHBIMHU TOIJIMBAMM

s Toro 4TtoOBI ONpeAeNnuTh Kakoil BHJl TOIUIMBA OoJiee MPUEMIIEM CO CTOPOHBI
ko3 duImeHTa BOCIIPOU3BOACTBA, ObLI IIPOBEICH HEUTPOHHO-(U3HYECCKUI pacueT peakTopa
Ha ObicTphie HEUTpOoHBI ¢ 800MBT anekTpuueckoit momHuocTeio (BH-800). I'eomeTpuueckue
pa3Mepbl pacCYUTAHHOTO peakTopa He oTinnvaroTcs ot peakropa BH-800 pacnonoxenHoro B
benospckoit aTOMHOM CcTaHIIMU, KOTOpasi BblJlajia CBOM MEPBBIM TOK B 3HEprocucremy Poccun
B 10.12. 2015 roga u Gecniepeboiino padoraet 10 cux nop. [lapamerps! akTrBHOM 30HH BH-
800 ¢ Mox ToruBOM IpuBeAcHBI B Ta0uIe 1 [5].

Tabmuua 1 — [Tapamerps! aktuHo# 30HEI BH-800 ¢ MOX TormmiuBom [Parameters of the core BN-800 with MOX
fuel]

BH-800 Mox TomiuBo

Yucto TBC akTUBHOM 30HBI, IIIT. 565
JlaMeTp aKTUBHOH 30HBI, MM 2560
BricoTa akTHBHO¥ 30HBI, MM 880
Pasmep TBC nog ximrou, MM 94,5
Huametp TB371a, MM 6,9
Makec. 3amac peakTuBHOCTH, % Ak/k 3,6
CpenHsist sHeproHanpspkoHHoCTh MBT/M3 430
Makc. TiHeHHas MOIIHOCTH TB3J, KBT/M 48

AxtuBHas 30Ha peakropa BH-800 okpykeHa OOKOBBIM SKpaHOM TONIIHUHON 40 cMm.
AKTHUBHas 30Ha pasjieJieHa Ha JIB€ 30HbI: 30Ha Majoro oboramenus (3MO) u 30Ha 60OIBIIOTO
oboramenus (3b0O). Moxno BeiOpaTh Tonmuubl 3MO u 350 u3 ycnoBuit paBeHCTBa 00BHEMOB

o6enx 30H, Torma AR(BMO) =Ry3/ 2; AR(3BO) = RA3 — AR(3MO) nin u3 Kakux-am6o
UHBIX cOOOpakeHUi. 3aTeM BbIOpaTh «CKA4OK» OOOTAIleHUM, T.e. OTHOIIEHHE OOOTaICHMUS
toruimBa B 3bO k o6oramenuto tormBa B 3MO, nampumep, x(350)/x(3MO). I[Totom
BbIOpaTh 8 BUIOB TOMUIMBA [6]:

U(35,38)02=U

Pu3902 = Pu

(U33 + Th32)02=U+Th

(Pu(39,40) + (U38))02=0 + U
(Pu(39,40) + (U(35,38)))02 = O+U()
(Pu(39,40,41,42) + U38)02 =D+ U
(Pu(39,40,41,42) + U(35-38))02 = D+U(n)
(Pu(39,40,41,42) + Th32)02 = D +Th

® NN E L=

1 — npencrasnsger co0o0i TpaAUIIMOHHBIM TMOKCH] ypaHa, 2 — YUCThIM auokcun 239-oi
IJIyTOHUS, 3 — OKCHUAHOE TOTUIMBO B akTHBHOM 30HEe 233U m 232Th, a B OOKOBOM dKpaHe
yucThiid 232Th, 4 — OKCHIHOE TOIIIIMBO C OPYKEHHBIM ITyTOHUEM, B COCTaB KOTOPOT'O BXOJIUT
239Pu — 93 % u 240Pu — 7 % u uucteiit 238U, 5 — opyKelHbIN IITyTOHUI C MPUPOJHBIM
ypanom 238U = 99,29 % wu 235U = 0,71 %, 6 — sHepreTu4yeckuil IIyTOHHH, KOTOPBIN
coctouT u3 239Pu = 60 %, 240Pu = 25 %, 242Pu = 11 %, 242Pu = 4% wu uucteii 238U,
7 — SHEpPreTM4ecKUil IUIyTOHUN C NMPUPOAHBIM YPAaHOM, 8 — SHEPreTUYECKHH IUIyTOHUH C
TOPUEM.
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Pacuer mnpuBeneH [Uid CBEXEro M CPEJHOM30TOAMYECKOTO0 COCTaBa TOIUIMBA.
PesynbraTsl pacueToB moka3aHsl B Ta0nuIE 2.

Tabnmma 2 — PacdeT m1st cBeXero U CpeTHOM30TOANIecKoro coctaBa Torumsa [Calculation for fresh and medium

isotope composition of fuel]
Kapd=1 0] Pu U+Th O +U Oo+U(m) | 3+U 9+U(m) | ©+Th
X % 15,09 11,98 12,7 12,52 12,22 14,99 14,17 17,92
KBA3 0,644 0,913 0,867 0,952 0,918 1,046 1,023 0,997
KBB3 0,133 0,165 0,107 0,162 0,166 0,18 0,177 0,138
KBP 0,777 1,078 0,974 1,114 1,084 1,226 1,2 1,135
KBA3CP 0,701 0,887 0,835 0,925 0,902 1,0022 0,984 0,963
KBB2CP 0,145 0,173 0,115 0,173 0,179 0,119 0,188 0,142
KBPCP 0,846 1,063 0,95 1,098 1,081 1,192 1,172 1,105

Kak BugHO M3 Tabnuubl 2 sHEpreTHdeckuil iyToHud ¢ uncteiM U238 umeer cambliii
BBICOKUH K03()(pUIIMEHT BOCTIPOU3BO/ICTBA B aKTUBHOM 30HE U MOIydaeTcs 0O0JIbIIe eAUHUIIBL.
Ho ¢ sxoHOMUYeCKOl TOUKU 3peHUs OTUYUCTKA UM 00EIHEHUE ypaHa — 3aTpaTHbBIN Mpoliece,
U JUIS TOJJIEP)KaHUSI PEaKTOpa B KPUTUYHOM COCTOSIHUM HEOOXOAMMO HEMHOI'O YBEJIWYMUThH
oOoramieHe TOIUIMBA [0 CPAaBHEHUIO C SHEPreTUUYECKUM IIyTOHUEM C IPUPOJHBIM YPaHOM.
JUis nanpHeHIero ucciue0Balus U3 BCeX BbIIECNEPEUUCICHHBIX TOIUIMBHBIX BUIOB BhIOEpEM
OpPYKEHHBIN IIIIyTOHUN C MPUPOJHBIM YPAHOM M 3HEPreTHYECKUN IUTYTOHUH C IIPUPOIHBIM
ypaHoM. PaccMOTpuM BIMSHME T€OMETPUYECKHUX pa3MEpPOB HA OCHOBHBIE I1apaMETPhI
peakTopa, B ocHoBHOM Ha KB (Koaddumument Bocnpon3BoacTa). Bricokas KOHIICHTpAIUs
roprouero B TB31ax BH nemaer ocoGeHHO oCTpoil mpobiieMy 3HEProHaNpsKEHHOCTH, HO
OJIHOBPEMEHHO CHMJKA€T BEPOSATHOCTH IIOIVIOLICHUS HEUTPOHOB KOHCTPYKLIMOHHBIMH
MaTepHajaMM, TeTJIOHOCUTENIEM (YTO 00Jieryaer ero BeIOOp) M OCKOJIKaMU JieneHus. B atom
OTHOLIEHUH BBICOKOE OOOTalleHHe CIIOCOOCTBYET COXpaHEHMIO BBICOKMX 3HaueHuii KB B
peasbHbIX KOHCTPYKLMSAX. BBICOKas KOHIEHTpalus TOpHYEro BbI3bIBAET HEOOXOAMMOCTH
JIOCTHKEHUS TITyOOKOI'O BBITOPAaHUS IOPIOYEro, Kak M0 IKOHOMUYECKUM COOOpaKEHUAM, TaK
U C TOYKH 3pEHUS TEMIIOB BOCIIPOU3BOACTBA [7].

PaccmoTpum BiusHuE reoMerpuueckux pasmepoB Ha KBas. [lns uccienoBanust
IpUBEJEM HECKOJIbKO aKTHUBHBIX 30H C Pa3HbIMH I'€OMETPUYECKUMH pasMepamu (Tabi. 3).
Haunem ¢  yBenuueHuWss  jaMaMeTrpa  aKTHMBHOM  30HBI 33  CYET  YMEHBIICHHS
HHEPrOHAINPSHKEHHOCTH peakTopa. Mo)keM OIpeaesiuTh 00beM aKTUBHOM 30HBI:

(s . (1)

Onpenenum 1uameTp akTUBHOW 30HBI:

[4.
DO — VO .
D¢ dexTrBHAs BbIcOTA Y3PPEKTUBHOI 30HBIL:

. m-H n-H
K, -Sin( )= ( ). (3)
2'Heff 2'Heff
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Tabmmua 3 — 3aBucumocts KB ot 06beMa akTiBHOM 30HBI U 0T ee BeicoThl [ The dependence of the CV of the
volume of the active zone and the height of the active zone]

K3¢"b =1 O+ U(H) 2+ U(H)
X - % 12 14.12
e KBas 0,937 1.043
R = 150
e 88 o KBgy 0,128 0,137
KBy 1,065 1,181
X - % 11,9 14,01
qv= 300 xB1/n KB s 0,945 1,057
R =162,5
H e 88 oo KBg 0.112 0.12
KBy 1,057 1172
X - % 11,84 13,91
qy =250 kB1/n KB,3 0,954 1,061
R =78
H = 88 KBg, 0,098 0,103
KB, 1,052 1,161
Kopp= 1 K;> 1,7 q, = 300 xkB1/n O + U(m) 32 + U(m)
X - % 13,22 15,48
R =196,8 KB s 0,836 0,936
H=60 -
e By 0,069 0,085
KBy 0,905 1,021
X - % 11.9 14,01
RI:{ 1_65’5 KBas 0,945 1,057
Sl KBg, 0.112 0.12
KBy 1,057 1,172
X - % 11,23 132
B= llask KBas 1.012 1.124
H = 105
S KBg 0,142 0,152
KB; 1,154 1276

W3 paccmaTtpuBaeMbIX BapHaHTOB ONTHMAlbHBIM BBIOOPOM aKTHUBHOM 30HBI SIBJISIETCS
qv = 300 kBt/n. C yBenuueHueM aMaMeTpa akTHUBHOM 30HBI yBenumuuBaercss KB u uem
Oonbmre, Tem gayuiie. Ho 3Tto mpuBoauT k ymeHnblienuto KB B 060okoBoM 3kpaHe, uTO
YMEHBIIAET €ro 3(PQPEeKTUBHOCTb. YMEHbIIEHHE YTEYKH HEHTPOHOB W3 AKTUBHOW 30HBI
NPUBOJUT K YMEHBIIEHUIO HauyalbHOrO OOOTAleHMs] TOIUIMBA, YTO C TOYKH 3pPEHUS
DKOHOMHKHM OYEHb BBIFOJHO, HO Takke NpuBOoAUT K yBenundeHuro HIIOP-a (maTpueBblil
MyCTOTHBIN 3P(PEKT peaKTUBHOCTH).

b1 nmpoBeneH pacder [Uisl BBIPaBHUBAHUS PaAMaIbHOTO TEIJIOBBIAENIEHUA. I 3TOro
MBI BBIOpaM, KakK JEISIIMA MaTepusl PHEPreTUYECKOro IUTYTOHHS B IEPBOM Cllydae C
IIPUPOJIHBIM YPaHOM, TaK U C TOPUEM BO BTOPOM CIIy4yae, U pa3Jeiaiyid aKTUBHYIO 30HY Ha 3
30HBI, NIBITAsACh MPUOIM3NTH 3HaueHue K; k enunune. PesynpraTsl Ha pucyske 1. [Tomyuaercs,
YTO BBIPAaBHUBAHUE YHEPIOBBIACIHUSA IPUBOJUT K yMeHbIIeHHIO KB.
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W KBa3 mXc-0,1 KBp
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D + U(m) 2+ U(m) 3 30u 2+ Th D + Th 3 son
Pucynok 1 — 3aBucumocts KB u3 Kr (kosdhdumnmenta aepasaomepHocTi) [Dependence of the coefficient of
reproduction on the coefficient of unevenness]

Kak wu3BectHo KB MOXHO yBEIMUUTH C IOMOLIbIO YBEIWYEHHUS OOBEMHOH 10iIn
tormBsa B 1 ow’. s YBEIMYEHUS OOBEMHOW JOJHM TOIUIMBA HEOOXOAMMO CIeNaTh
TeroryapaBnuyeckuii  pacder. Tak kak MOX-TomumBo He 007a7aeT  BBICOKOM
TETUIONIPOBOAHOCTBIO, HEOOXOAMMO TIIATEIBHO PAacCMOTPETh KXYyl JeTainb. Ero
TEMIIEpATypa IJIaBJICHHUs OYEHb BBICOKAs, HO U3-3a MAJEHBKOM TEIUIONPABOLHOCTH IEpernas
TEMIICPATypPbl B TOINIMBHOM CCPACYHUKE II0JIyH4acTCA BCJIWMK KW B TCUYCHUH KaMIIaHHUU
peakTopa, TO €CTb C IJIYOMHOH BBIrOpaHHMsl OHa BCErJa IOJHMMAETCS U YXKE B KOHILE
KaMIIaHUH JOCTUIa€T CBOCTO MAKCUMAJIBHOI'O 3HAYCHU. H606XOI[I/IMO OIpCaACIINTL YPOBCHb
YBEJIMUEHUSI M 3amaca 10 TEMIIepaTypsl IUIABICHMS, 3a CUET 4YE€ro MOXKHO YBEJIMUYUTh
00BEMHYIO JIOJTIO.

TepMunueckoe pacmupenue

Koadduimentsr TepMHUECKOTO paCHIMPEHUs TOIJIMBA W OOOJOYKH OMPEIEsIOT
BEJIMUMHY 3a30pa MEXJIy HHUMH TpHU BBIXOAE TBAJMa Ha MOMIHOCTh. KoaddummeHtsr
tepmudeckoro pacmupenus UO,, PuO, u MOX-TomiruBa uMeroT OJIM3KUE 3HAYEHUS U MOTYT
OBITH C XOPOIIIeH TOYHOCTHIO OMKCaHbl ypaBHEeHUEM (4) [8]:

I[J'If[ BBICOKOI'O TEMIICPATYPHOI'0O MHTCPBAJiad, BINIOTE 10 TCMIICPATYPLI IJIABJICHUA:

L(T)=1L(273)-(9,9672:10" +1,179-10° - T-2,429-10° - T* +1,219-10-12-T")
o, =1,1833-10"-5,013-10° - T +3,756-:10"* - T2-6,125-10" - T’ @)

OTKIIOHEHHE OT CTEXUOMETPUHU B CTOPOHY 3aCTEXHMOMETPHH MOBBIIIAET KOI(DPUIHEHTHI
TEPMUYECKOTO PACITUPEHUST OKCUIHOTO TOIUIMBA, & B CTOPOHY JIOCTEXHOMETPHUHU — TIOHIIKAET.
BrusHue HecTeXHOMETpUH MOXKET OBITh YYTEHO C TOMOIIBIO CIEAYIOMIEr0 MHOXKHUTEJS:
[1+(3,940,9)-x], rie X — OTKJIOHEHHE OT CTEXUOMETPHUH. [[J1s1 cMelIaHHBIX ypaH-TTyTOHUEBBIX
OKCHJIOB TEPMHUYECKOE paclldpeHre TNpu Temmeparype T ompenensiercs Kak CpemaHss
BEeNTMYMHA U3 COOTBETCTBYIONMX 3HaueHu# st UO, u PuO,, mponopiinoHaibHO UX MAaCCOBOM
nonie. YBENWYeHHE KOHIEHTpauuu IutyToHus B MOX-TONnnBe NPUBOAUT K CHIDKEHHUIO
KO3 UITMEHTa TEPMUYECKOTO PACITUPECHHS TIPH HU3KHUX TEMIIEpPAaTypax W €ro TMOBBIIICHUIO
MIPH BBICOKUX TEMIIEpaTypax.

Pacuer Ten10BOro pacmupenusi o paanycy
Pacmmpenue BHyTpeHHEH 000JI0YKY U TOTUTMBHOTO CEPJICYHHUKA MPYU MaKCUMaTbHOU
temriepatype (puc. 2):
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dog =dgg, +00-(Ts +1)=6.1+1.8- 107 -591 ~ 6,011 Mmm

d,, =d,, +1,256-107 -1480 ~ 6,02 Mm (5)

TONII

8pan = (ogun - d,0) ~ 0,001 Mm

TOII

Dromn mm

6.018
—e—D...

6.016 /
6.014 /
6.012 -
6.01 /
6.008 _~

6.006

6.004 T°C
500 700 900 1100 1300 1500

PucyHnox 2 — 3aBUCHMOCTb pacUIMpeHHs TOIUIMBHOM TabneTku oT Temneparypsl [The dependence of the
expansion of the fuel pellets on temperature]

[Tocne pacmupeHus U paciyxaHUsl yMEHbBIIAETCS Ta30BbIi 3a30p M B KOHIIE KaMIIaHUW,
KOTJja TeMIieparypa BHYTpH TaOJETKU JIOCTUTAET CBOEI0 MAaKCUMAJIbHOTO 3HAUYEHUs, Ta30BbIH
3a30p MEXIy 000JOYKOW TBAJIA HA MOIIHOCTh. KO3 (UIIMEHThI TepMUYIECKOTO pacCIIMpEeHuUs
UO2, PuO2 u MOX-tormmBa ¥ TaOJICTKOW TOYTH HCYE€3aeT. 3a CYET OATOTO Iepernajy
TEMIEPATypbl B Ta30BOM 3a30p€ YMEHBIIAETCSI U CTAHOBUTCS MHMHHUMAJIBHBIM, KOTOpPOE
CHOCOOCTBYET COXPaHEHHMIO TEMIIEpaTypHOrO peXuMa B IIEHTpe TaOleTKu. A B cepeinHe
TabJIETKU TeMIIEpaTypa He MPEBBIIIAET CBOE MPEIEIbHOE 3HAUCHHE.

Temneparypa 1uiaBieHus. BenuumHa TemmepaTypsl IUIABICHMS SIBISIETCS BayKHOM
XapaKTEepUCTUKON SIEpHOr0 TOIUIMBA, TaK KaK OHA OMNpeAeseT IOMYCTUMYI0 MOIIHOCTh
TBI7a. TemmepaTypa IUIaBIE€HUS CMEIIAHHBIX OKCHJIOB YpaHa M IUIYTOHUS IUIABHO
noHMKaeTcst oT TeMmeparypsl iasineHuss UO2 (2847 + 30°C) no temnepaTypsl IJIaBICHUS
PuO2 (2428 + 35°C) mo Mepe MOBBILIEHHWS B HUX KOHIEHTpALlUM OKCHJA IUTyTOHHS.
OTKJIOHEHHE OT CTEXMOMETPUUYECKOT0 COCTaBa B 00JacTH /10 UJIU 32 CTEXHOMETPUH, a TaKXKe
BBITOPAaHHUE CHW)KAIOT TEMIIEpaTypy IUIABJIEHUs CMEIIaHHbIX OKcuaoB. Ilociennee
00CTOSITENILCTBO OOYCIOBIIEHO (DPU3MKO-XMMUYECKAM B3aWMOJICHCTBHEM MATpHUIIBl TOILIHMBA,
KaK C MPOAYKTaMH JAEJEHUs, TaK U ¢ okcuzaoMm amepuuus Am203, temneparypa IUIaBICHUS
KoToporo cocrasisier 2197 £ 15°C. IlpunsTto cumurats, yro npu Beiropanuu 100 I'Breyr/t
Temrneparypa miasiennss MOX-TorumBa cHkaeTcs npubnusurensHo Ha 100 °C.

TennonpoBognocts MOX-TonjimBa

PannanbHoe pacnpeneneHue TemrepaTypbl B TOIUIMBHOM CEpACUHUKE, a TaKxKe
MaKCHMaJIbHasi TEMIIEpaTypa B IIEHTPE TBAJIa OMPENEISIeTCS] TEIUIONPOBOIHOCTHIO A, KOTOPAs
3aBHCUT OT TEMIIEpaTypbl, MOPUCTOCTH, CTEXMOMETPUYECKOTO COCTaBa, pa3Mepa 3epeH,
XapakTepa M KOJUYECTBAa NpUMEced M T.I. OKCHAHOTO TOIUIMBA. TeIUIONpPOBOAHOCTD
OKCHJHOTO TOIUIMBA MOXHO paccMaTpuBaTh, IO KpalHel Mepe, Kak CyMMY Tpex
COCTAaBISTIONINX: (OHOHHOW WM pEmIeTOYHOH TpoBoguMOocTH A ¢, doToHHONH WM
paIuanioOHHOW AP W DJIGKTPOHHOW (BKJIIOYAsh aMOUWTIONSPHYIO BBI3BAHHYIO COBMECTHBIM
nepeMenieHeM 3apsiioB 000X 3HAKOB, T.€. AJIEKTPOHOB M MOJIOKUTEIBHO 3apsyKEHHBIX
HWOHOB) Ae:

A=hy+A , +2 (6)
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B okcnHOM TOIIIMBE OCHOBHYIO POJIb B MPOLECCE MEPEHOCA TEIIa IPHU TeMIIepaTypax
Hke 1600-1500 K urpaer ¢poHOHHAs COCTABIISIONIAS TETUIONPOBOJIHOCTH, TIPU TEMIIEpaType
Boile 1500 K okcuaHOE TOTIIMBO SIBJISIETCS MTOIYIPOBOTHUKOM.

IlepBbIX [BYX COCTaBISIOUIMX B OOLIYI0 TEIUIONPOBOAHOCTh JMOKCHAA YypaHa
IIPE/ICTABJICHBl HA PUCYHKE, U3 KOTOPOrO BHUJIHO, YTO IPHU BBICOKHUX TEMIIEPATypax BKJIAL
DJIGKTPOHHON COCTABJISIOIICH TETJIONPOBOJHOCTH TMPEBBIMIACT BKIaA (HOoHOHHOU. Takum
oOpa3om rermnonpoBogHOcTh UQO; TEOpPEeTUYECKOM MIOTHOCTH CHUYKAETCS C IOBBIIICHUEM
Temneparypsl, gocrturas mMuHuMmyma npu 1800-2000 K, a 3arem noBblaercs BIUIOTH 10
Temneparypbl 1uiaBineHus. [lomoOHbIM 00pa3oM BemeT cebs u TerionpoBogHocTh MOX-
TOILINBA.

Hekotopsle  COOTHOLIEHHs,  OINHKCHIBAIOIIME  TEMIEPATYPHYH)  3aBUCUMOCTh
TEIUIONMPOBOAHOCTH JHOKCHIA ypaHa, COJAEp)KaT TPH UICHA, HO B OOJIBIIUHCTBE W3 HUX
WCIIOJIB3YIOTCSL [IBA 4JI€HA: IEPBbIM, KOTOPBI YMEHBIIAETCS C TEMIEpaTypoil, U BTOPOH,
KOTOPBIA BO3pacTaeT C TEMIEPAaTypoidl. ODTHU JBa ClaraéMble COOTBETCTBYIOT JIByM
COCTaBISIIOLIMM TiepeHoca Temna: (OHOHHON (CHIDKAIOMIEHCS C  TeMIeparypoil) u
AJIEKTPOHHOM (MOBBIILIAOLIEICS ¢ Temneparypoil). [Ipu 3ToM B HEKOTOPBIX COOTHOIIEHUSAX
MOCIIEIHEE CJIaraeMoe MOXKET BKIIOYaTh B ce0sl APyrue COCTABISIOMIME (PaJUuallMOHHYIO H
amOumnonsipayro). UtoObl HalTH pachpenelieHHe TeIUIONPOBOAHOCTH, HAAO0  3HATh
TEIUIONPOBOAHOCTh TAONETKH B Hauyaje KOMIAHHH C Y4YETOM IOPUCTOCTH M BBITOPaHUSI.
TennonpoBoanocts TBeproro (U+Pu)O,, mmoTHOCTHIO 95% TeopeTruuecKoi onpeaesieTcs us
CJIEIYIOIEr0 COOTHOLIEHUS [9].

100 6400

16,35
+ -
6,548+23,533-t %

MT) =1,158-( exp( ) )

®opmyna Xapauara 1 Maptuna (Harding and Martin), koTopasi IIHPOKO MCIIOJIb3YeTCs
B KOMITBIOTEPHBIX MTPOrpaMMax JJis pacuera TeMIlepaTypbl TOIUIMBA, a TAK)KE KaK OCHOBA IS
npyrux cootHomeHui, rae t = T/1000, T remnepatypa B K, a Muoxxutens 1,158 neoOxoaum
JUIsL TIepecyeTa 3Ha4eHui koddduinenta TerionpoBoaHoctu odpasuoB (U+Pu)O2 ¢ 95 na
100 % ot Teoperudeckoit miaotHoctu (TII). DTO BhIpakeHUE CHpaBEIUBO ISl TEMIIEPATYP
or 298 mo 3120 K.C momomipio 3TOTO BBIPAXKEHUS MOXKHO TMOJYYUTH pacIpesesieHue
TEMIEPATYpbl B TOIUIMBHOM CEPACYHUKE IO PaAUYCy COOTBETCTBEHHO [UIsl CPENHEr0 M
MaKCHMaJIbHOT'O HAIPSHKEHHOTO TOIUIMBHOTO CEP/ICYHHKA.

TO TEIl T[ : Z
T (z) = Tcp +X-qy -cos(—H )-R. (8)
0

T"(2) =T"" +x-q"_-cos(>—=)-R._
HO

rae X — Jofs reHepupoBaHHoro teruia B TBAMax mpuHsaTo 0,9 [10], R, aBnserca obuium
TEPMUYECKUM COITPOTHUBIICHHEM TBIA [11].

d d, . -2-5
ln( TBIJI ) ln( TBIJI 00 )
1 dTBaJI " 2 ) 606 dTOl'UI
R, = + +
n-d . -o(z) 27\ o 27

9
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Ho kak moxaspiBasl AKCIUTyaTaIlMOHHBIM OMBIT MpH paboTe peakTopa KodhduimeHT
TETUIONPOBOAHOCTH (A) MaiaeT W3-3a2 HAKOIUICHHUS MPOJYKTOB JICJICHUS M 3aBUCHMOCTH A OT
riyounsl Beiropanus (Bu) obmyuennoro tBepmoro (U + Pu)O2 ¢ miotHocThiO 95% oOT
TEOPETHUUECKOM MOXHO OLIEHUTH CIEAYIOIINM BhIpaxkeHueM [12]:

Aron = 10,1148 +0,0035 - Bu +2,475-10* - (1-0,00333 - B) - T] ! (10)

rae T sBasercs nokanpHOW TemmepaTypoil TomumBa B °C u Bu — nokaibHOE BhIrOpaHue
torurBa B 100 MBT-cyT/kr.

PesynbTar pasHuipl TEMIONPOBOAHOCTH Ul CPEIHETO M MAKCUMAJIbHO HAIIPSHKEHHOTO
tB3J1a Ipu 100 MBT-CyT/KT ri1yOMHBI BBITOpAaHHS TOILIMBA MPUBEICH Ha PUCYHKE 3.

ABr/m°C
A Boi Max A Boi cp 25
23

21

19

1.7

15

13

|

09

0.7

05

R MM

0.2 0.6 1 14 1.8 22 26 3

Pucynox 3 — TennonpooaHocts MOX-tomuusa, npu Beiropanuu 100 MBr-cyt/kr [ Thermal conductivity of
MOX fuel at a burnout of 100 MW-day/kg]

Hcxons w3 pe3ynbTaTOB MPOBEACHHOTO pacueTa, CMOIJIM YMEHBIIUTH JIHAMETP
HeHTpaibHOTO oTBepcTusa OoT 1,8 MM 1m0 0,8 MM, a MakCHMalIbHYIO TEMIIEpaTypy, KOTopas
MOJIy4aeTcsi B TMOBEPXHOCTH LIEHTPAJbHOM OTBEPCTUHM TOIUIMBHOIO CEpACYHUKA MJIs
MaKCHMaJbHO HAMPSHKEHHOTO M BbIrOparoliero tormmmsa He Oombiie 2420°C, 4To BHOTHE
HAXOJHTCS B JOMYIIEHHOM HHTepBajie. HeoOX0IMMo OTMETHTD, YTO B CPEITHEM BHITOPAHUE HE
npesbiiaer 80 MBT-cyT/kr, a pacuer 0b11 mpoBeseH it 100 MBT-cyT/kr (puc. 4).

——T1

3000
"o . 4 . 2 . 2 . 4 & -T2
T Max 100 MBT-cyT/kr i

2500 2747 °C

T4
2000 —-T5
—o—-T6

1500
——T7
1000 —o—T8
——T9

500

—e—T10

—o—TI11
0

0.0006 0.0016 0.0026 0.0036 0.0046 0.0056 —*MAX

Pucynox 4 — 3aBHCUMOCTH TeMIepaTyphl TBIJIAa U3 TIyOHHEI BRITOpaHus 1o panuycy [The dependence of the
temperature of the fuel rod from the burnout depth along the radius]
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W3 TenioruapaBinyeckoro pacyera cTajio U3BECTHO, YTO MOXKHO YBEJIUYUTH OOBEMHYIO
noito TorumBa ¢ &, = 0,4588 mo &, = 0,4952 3a cuer HEHTPAIILHOTO OTBEPCTHUS O€3 U3MECHEHUS
BHEIIHEro JuaMeTpa TabJIeTKu U 000J0YKM COOTBeTCTBeHHO. (Ceifyac MpPOBOJUM TOT XKe
HEUTPOHHO-(U3MUECKUN pacueT y)Ke C HOBBIM, 00JI€€ MAacCCHBHBIM TOIUTMBOM. Pe3ynbTarhl
pacueTa npuBeIeHbI B Tabuuie 4.

Tabnmna 4 — HeitirponHO-pu3ndeckuii pacueT 1yt 6oiee MaccuBHOTO ToruBa [Neutron-physical calculation for
more massive fuel]

K,pp=1 qy =300 xkB1/n 9 + U(m) 3+ Th
Xamonconso - % 11,72/ 12,22 /17,65 14,29/15,18/20,54
Kr 1,11 1,11
KBas3 1,104 1,062
KBj5 0,267 0,269
KBp 1,371 1,33
KBas3c 1,043 1,013
KBjoe 0,236 0,222
KBy, 1,28 1,235

Kak npeamonaranu, yBenuyeHue oObeMHOU nonu mpuBoAuT K yBenuudeHuto KB. B
cpenHousoronnueckoM cocraBe KB akTHUBHOI 30HBI 1os1ydaeTcs: 00blle €AMHULIBI.

PaccmoTpum eme oauH BapuaHT (Tabm. 5), MOCKOJIBKY TOpHIl Takke o0nagaer
BBICOKMMHU TIOKA3aTENsIMH, TAKUX KaK CpaBHUTEIbHO BbICOKMA KB u cpaBHUTENBHO
Mmanenskuii HIIDP. Ero MoxHO 100aBIsSITh B TOILIUBO BMECTO 238U, KakK BOCIPOM3BOASAIIUN
MaTepUall C SHEPreTUYECKUM IIYTOHUEM.

Tabmuna 5 — PesynbTatel npoBegerHoro pacueta [Calculation results]

Kopp=1 Th=0 Th=12,5 Th=0,25 Th=0,5 Th=0,75 Th=1
X % 11,79/14,74 12,29/15,41 12,69/15,97 13,51/16,7 14,04/17,69 14,56/18,33
Kr 1,17 1,17 1,17 1,17 1,17 1,17
KBa3 1,117 1,121 1,123 1,115 1,1 1,076
KBg5 0,227 0,231 0,235 0,234 0,233 0,23
KBp 1,343 1,352 1,358 1,35 1,333 1,306
KB asce 1,056 1,064 1,066 1,06 1,045 1,022
KBgscp 0,213 0,201 0,199 0,195 0,191 0,188
KBpcp 1,269 1,264 1,264 1,314 1,236 1,21

N3 Tabmumpl 5 BUIHO, YTO YBEIWYEHUE KOJIMYECTBA TOPUW B TOIUIMBE CHauaja
npuBoAUT K yBennueHuto KBa3, a motom k nagenuto. Ho ¢ yBenuueHueM KonudecTBa TOpU
YBEJTUYUBACTCS JIOJIS JICIIAIIETOCS MaTepruaIoB HEOOXOIUMBIX IS TIOJEP>KaHUus peakTopa B
KPUTUYHOM COCTOSIHUU.

3akir0oueHue

Pacuersl moxkaseiBanmy, uyTo mnpuMeHeHne MOX TommmBa B OBICTPBIX pEaKTOpax
INPUBOAUT K CyHleCTBEHHOMY yBennueHHto KBas, mnpumepno 1,4 paza. Tak xe
TEOMETPUUECKHUE PA3ZMEPHI MIPAIOT CYIIECTBEHHYIO pOJIb, KaK Ha TEIUIOIMAPAaBIMUYECKUX
napaMerpax, Tak M Ha HEHTPOHHO-(PU3MYECKHX XapaKTepUCTHKaX. DHEProBbIpaBHUBAHUE
npUBOAUT K yMeHbIeHHI0 KBa3. B KoHIle ObLTO 10Ka3aHO, YTO yBenu4YeHne 00beMHOM 10Iu
TorumBa B 1 cM® o6beme mpuBoAuT K pocty KBas i 661 momyden KBaz Gorbine gem Ha
oObyHBIX BapuaHtax B 1,071 paza u nOpuUMEHEHHE CMechb TOpUsS U ypaHa Kak
BOCIIPOM3BOJAIINNA MaTepuil Takxke MNOpuBOAUT K pocty KBa3 B akTUBHOW 30HE
npubimsutensHo B 1,01 pasa.
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Abstract — This article presents the results of a numerical study of ways to increase the
reproduction rate of fast reactors with oxide fuel and sodium coolant. The purpose of this work is
to study and detect fuel or fuel combination with the best technical and economic indicators for the
BN-800 reactor facility which will increase not only economic indicators but also the efficiency of
the entire pre-reactor cycle. Since over time the problems associated with a decrease in the amount
of U™ which leads to an increase in its price and an increase in the amount of accumulated Pu
which in the initial time is obtained in the framework of the military industry, worsen throughout
the world. But today there is a need to look for ways to compensate for these phenomena with the
priority of reliable and safe operation of a nuclear installation from the reprocessing of spent
nuclear fuel (spent nuclear fuel) from WWER and RBMK. The paper examines the effects of
several important factors on the performance of the reactor and on economic performance. These
factors are the use of different fuels and fuel combinations, the geometrical dimensions of the
reactor, the distribution of enriched fuel in the core, as well as the change in the specific volume of
fuel within the permitted limits.

Keywords: reproduction rate, non-uniformity coefficient, fuel cycle, reactor core.
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