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B nacrosamieit pabote mpuBemeHBI Pe3yIbTAaTHl YHCICHHBIX HCCIENOBAHWS, IYTH MOBBIIICHUS
K03 HIneHTa BOCIIPOM3BOICTBA OBICTPHIX PEAKTOPOB C OKCHIAHBIM TOILUTMBOM M HATPHUEBBIM
TerutoHocuteneM. Llenpro maHHON paboTHI SABIsSETCS UCCIEIOBAaHNE H OOHAPYKEHHUE TOILTUBA WIIH
TOIUIMBHOTO COYCTAHWS C HAWIYYIINMH TEXHHUKO-DKOHOMHYECKHMHU MOKa3aTeIsIMH IS
peaktopHoit ycraHoBkn BH-800, koTopble MO3BOJAT yIyUIIUTh HE TOJBKO HKOHOMHYECKHE
mokasareiu, Ho 1 3()(H)EKTUBHOCTH BCETO MPEAPEAKTOPHOrO MUKIA. Tak Kak co BpeMEHEM BO BCEM
MHpE 0GOCTPSIOTCS MPOBIEMBI CBS3AHHBIC ¢ YMEHBIICHHEM KoTudecTBa U™, KOTOPbIC IPUBOIAT
K MOBBIIIEHUIO €ro IEHBl U YBEIWYCHHUIO KOJUYECTBA, HAKOIUICHHOTO Pu, KOTOpHI B HaYaJIbHOM
BpPEMEHH OBLI MOJYyYCH B PaMKax BOCHHOM MpOMBIILICHHOCTA. HO ceromns yxe oT nepepaboTku
otrpaboranHoro smgepuoro TormmmBa (OST) BBOP u PBMK Bo3HHKaeT HEOOXOJUMOCTH
HaXOXKICHUS ITyTeH HaIpaBICHHBIX Ha KOMIICHCHPOBAaHHE OJTHX SBICHHI C MPHOPUTETOM
HAJIC)KHON M 0e30MacHO SKCIUTyaTally sSAepHON yCTaHOBKH. B paboTe paccMOTpeHBI BIUSHHS
HECKOJBKMX BaKHEHIINX (AKTOPOB HA HSKOHOMHYECKHE [OKA3aTeIHH SKCIUTyaTallHOHHBIC
XapaKTepUCTHKH peakTopa. DTHMH (DaKTopaMH SBISAIOTCS HCIOJIB30BAaHWE PAa3HBIX TOIUIUB H
TOIUTMBHBIX COYCTAHUH, TEOMETPHUYCCKHE pPa3Mephl peakTopa, pacmpeielicHHe OOOTalleHHOTO
TOIUTMBA B aKTHUBHOH 30HE, a TakkKe M3MCHEHHE YICIHHOTO 00BheMa TOIUIMBA B Pa3peIICHHBIX
npejenax. MccnenoBanus NpoBOAWINCH Ha 0a3e mporpamMMuoro komrmiekca Time26 u N3D. Tak
JKe JUIS PacyeToOB MCIOIb30BaKCh mporpamMmMbl Excel u Mathcad.

Kniouegvie crnosa: ko3 GuneHT BOCTIPOU3BO/CTBA, KOI(Y(DUINEHT HEPABHOMEPHOCTH, TOTIIMBHBIN
LIMKJI, aKTHBHAs 30Ha.
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Beenenue

[To nanHpIM MexayHapogHOrO areHTrcTBa Mo aroMHoM sHeprun (MATATO),
HNOTEHIMATIbHOE MOBBIIEHUE YPPEKTUBHOCTH OBICTPBIX PEAKTOPHBIX CHCTEM, pabOTAIOIIUX B
MOJIHOCTBbIO 3aMKHYTOM LHMKJE, Uil 3QPEKTUBHOCTH HCIIONb30BaHUS SACPHOTO TOIUIMBA U
YTUIM3AaLHUNA OTXOIOB — U UX IOCIEICTBUHI [UIsl YCTOWYMBOCTU — IIMPOKO IPHU3HAHO, U BO
MHOTHX CTpaHax TMpOJOJDKACTCS AaKTUBHOE pa3BUTHE IO TEXHOJIOTUSM pPEaKTopa,
TEIUIOHOCUTEIS, TOIUIMBA U TOIIJIMBHOTO LUKJIA [1].

3aMbIKaHUE TOIUIMBHOTO LUKJIA SIBJISETCS Ba)KHEHIel COCTaBHOM 4YacThiO IMPOrpPaMMBI
pa3BUTHS sIepHOM sHepreTukH. [Ipu ero ocymiecTBieHnn obecneunBaeTcs Hauboee MojJHoe
MCTOTB30BaHue U M TPAaHCYPAHOBBIX MATEPHANOB, HAKATUIMBAIOIIMXCS B OOTYdCHHOM
toruBe. OOIee KOIMYECTBO IUTYTOHMSA, KOTOpoe OyaeT HapaboTaHO B OTpalOoTaBlIeM
ToriMBe SHepretuuecknx BBOP k Bo3MOXHOMY Haudany cepuilHOro BBoJa OBICTPBIX
peaktopoB (2022 r.), coctaBuT 120-140 T. B 32aBUCMMOCTH OT MacCIITaOOB pa3BUTHUS SIEPHON
sHepretuku (40-60 I'Bt). Hauanpnas 3arpy3ska BH-800 »sHeprermueckum miyToHUEM
cocraBut 3,6 T, exeroaHas mnoanurka — okojo 0,7ToHH. CleqOBAaTENBHO, HMEETCS
BO3MOHOCTh BBOJa M skcruryaraiuu cepun BH-800 B 2020-2030 rr. [lns peanuzaruu
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YKa3aHHOM 3aJaud HEOOXOIMMO CO3JaHME TEXHOJOIMYECKON IEemnovku: mnepepadoTka
otpaboraBuiero TormnBa BBOP — n3roroBienne cMEmaHHOTO ypaH-IUTyTOHUEBOTO TOILJIMBA
JUIsl OBICTPBIX peakTopoB. [0 oleHkaM MOIIHOCTH 3aBOjA MO MepepadoTKe OTpadOTaBIIETO
toruiiBa BBOP  momxna coctaButh ~1500 T1/rom, UEHTpaInM30BAaHHOTO IPOU3BOJICTBA
CMEIIaHHOTO ToIIMBa — okoyio 100 T/rox, B TOM uucie nepBoi ouepean okono S0 t/rox mis
MycKa TOJIOBHOTO M MEPBBIX CEPUHHBIX 3HEPToOI0KOB. [IpOM3BOICTBO CMENIAHHOTO TOIUTHBA
JTOJKHO CO3[1aBaThCsi € ydyeToM yHUGUKAIMK OOOpYIOBaHUS W BHEIPEHUS Mep,
o0ecIeurBaroMX BO3MOXKHOCTh MEpeXo/ia Ha HUTPUIHOE TOIUIMBO MOCIE MOATBEPKIACHUS
ero paboToCrOCOOHOCTH MPU IKOHOMUYECKH MPUEMIIEMOM BBITOpaHuu [2].

Posb BoCnmpouM3BOACTBA B OLEHKAX JHEPreTHYECKHX PeCypCcoB pPeaKTop-
Pa3MHOKHTEIb KAK HeucuepnaeMblii HCTOYHUK YHEPTrUH

HccenenoBanus TOINIMBHOTO IUKJIA TOKA3bIBAKOT, YTO U3 33JaHHOIO KOJIMYECTBA ypaHa B
OBICTPOM pEaKTOPE-Pa3MHOKHUTEIIC MOKHO TOJNY4uTh B 60-80 pa3 OoJbllle SHEPrUM, YEM B
JIETKOBOXHOM. XOTSl OTHOIICHHE KoumuectBa U K KOJINYECTBY 23y paBHo 140, B
JIETKOBOJIHOM PEaKTOpPe HEKOTOPOE KOJIUYECTBO 238y MpeBpaliaeTcs B 2¥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 yueToM CKa3aHHOTO M MOJYyYaeTCsl BHIUTPHIII B
60-80 pa3 B 3 (}EeKTUBHOCTH HCIIONB30BaHUA ToIuimBa B BH. DTo oTHOIIEHHWE MOXHO
HEMHOI'O CHU3UTh IIyTEM YCOBEPILIEHCTBOBaHUS KOHCTpYKIMU JIBP 1 TormBHOrO HuKIia.

BBuay TOro, 4TO B JIETKOBOJIHBIX PEAKTOPAX MCIOIB3YETCS TOJBKO Majasi JAOJsl ypaHa,
CTOUMOCTbH MOJTY4aeMON B HUX DHEPrHH YYBCTBHUTENbHA K II€HE MPUPOAHOTO ypaHa, 0OBIYHO
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,
xapaktepusyroniero npeumyiiectBo bH no cpaBHenuto ¢ JIBP B ucrosb3oBaHWM TOILIMBA,
CTOMMOCTb 3Hepruu, npousBoaumor bH, HeuyBcTBuTenbHa k nene Uz;Og. CrnenoBarenbHo,
PYIbl C HU3KUM COJIEp)KaHUEM ypaHa, HEMPHUTOJHBIC I ucnoiyib3oBaHusi B JIBP, a Takxke
ypaH, 100bIBaeMbIif U3 MOPCKOM BOJIbI, MOTYT UCIIONIb30BaThCs B BH.

Bonbimas 3¢ pexTHBHOCTH UCTIONB30BAHKS ypaHa B COUETAHUM C HEUYBCTBUTEIHHOCTHIO
K €ro IIeHE O3HayaeT, 4YTO OBICTPbIE PEAKTOPBI-PA3MHOXKUTEIN MPEJICTaBISIIOT CO00i
HEHCYEpaeMbld MCTOYHHUK OJHEPrUH, IO KpallHEed Mepe eciau IOHMMaTh M0 3TUM
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 dQ¢ekTuBeH, 4yeM ypaH. Eciu ke TOBOPUTH O JOJNTOCPOUHBIX MPOTHO3aX PAa3BUTHS
SHEPTeTUKHU ISl YIOBICTBOPEHHUS] MUPOBBIX MOTPEOHOCTEH, TO CJIEIYET BBIACIUTH YETHIPE
TUINA HEUCYEPNAEMbIX HMCTOYHUKOB, NMPUHIMIHUAIBHO JAOLIUX PEHIEHHE SHEPreTHYEeCKOU
MpOOJIEMBI: SHEPTHUS SACPHOTO JCIEHUS B PEAKTOPaX-Pa3MHOKHUTENISX, COTHEUHAs! SHEPTHS (C
y4eTOM BO300HOBISIEMBIX BUIOB DHEPTHH COJHIIA), TEPMOSIEPHAS YHEPTHsI U TeoTepMabHas
SHEPTHUS.

Xots ucnonb3zoBanue B bH chippeBoro marepuana u3 pya ¢ MallbIM COJEpKaHUEM
ypaHa SKOHOMUYECKH OMpaBAaHO (KaK TMOKAa3aHO BHIIIE), MPAKTUYECKOE OCBOCHHE HOBBIX
YPaHOBBIX PYIHUKOB TOMHUMO T€X, YTO YAOBIETBOPSAIOT TOTPEOHOCTH JIETKOBOJHBIX
pEaKkToOpoB, MOXKET OKas3aTbCsi HEHyKHbIM. Hanpumep, B Hactosimmee Bpems B CIIA
HAKOIMMWJIMCh JIOCTATOYHBIE 3alachl TaK HA3bIBAEMOT'O OTBAJBHOIO ypaHa, MPOJIyKTa 3aBOJOB
mo razoaudPy3moHHOMY pa3ielieHHuI0. DTOro 3amaca XBaTWIO OBl IS YAOBJIETBOPECHHS
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-IIIYTOHUEBOM LUKIIE
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IIYTU ITOBBIIIEHU A KOO®OUILIMEHTA BOCITPOU3BOACTBA 91

BO3MOKHO TOJIBKO C TIOMOIIBIO OBICTPBIX HEUTPOHOB, a B TOPUM-YPAHOBOM TaK K€ U C
MOMOIIIBIO TEIIOBBIX HEUTPOHOB.[4]

HccaenoBanue ¢ pa3HbIMUA OKCHAHBIMHU TOIJIMBAMM

s Toro 4TtoOBI ONpeAeNnuTh Kakoil BHJl TOIUIMBA OoJiee MPUEMIIEM CO CTOPOHBI
ko3 duImeHTa BOCIIPOU3BOACTBA, ObLI IIPOBEACH HEHTPOHHO-(U3HYECCKUI pacdeT peakTopa
Ha ObicTphie HEUTpOoHBI ¢ 800MBT anekTpuueckoit momHuocTeio (BH-800). I'eomeTpuueckue
pa3Mepbl pacCYUTAHHOTO peakTopa He oTn4daTcs oT peaktopa BH-800 pacnonoxenHoro B
benospckoit aTOMHOM CTaHIIMU, KOTOpAas 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 npuBeAcHBI B Ta0uIe 1 [5].

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

BH-800 Mox TormmmBo

Yucto TBC akTUBHO# 30HBI, IIT. 565
JlaMeTp aKTUBHOH 30HBI, MM 2560
BricoTa akTHBHO¥ 30HBI, MM 880
Pasmep TBC nog ximrou, MM 94,5
Huametp TB371a, MM 6,9
Makec. 3anac 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.
AKTHUBHasI 30Ha pa3jielieHa Ha JIBE 30HbI: 30Ha Majoro oboramieHus (3MO) u 30Ha 0OJIBIIOTO
oboramenus (3b0). Moxno BbiOpaTh Tonmuuel 3MO u 350 u3 ycnoBuit paBeHcTBa 00EMOB

o6enx 30H, Torma AR(BMO) = Rp3/v2; AR(BBO) = RA3 — AR(3MO) mii U3 KaKux-1u6o
UHBIX cOOOpakeHui. 3aTeM BbIOpaTh «CKA4OK» OOOTalleHUM, T.e. OTHOIICHHE OOOTaICHHUS
toruimBa B 3bO k o6oramenuto tormBa B 3MO, nampumep, x(350)/x(3MO). ITotom
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

X NN E L=

1 — npencrasnsger co00i TpaAULIMOHHBIA TUOKCHU] ypaHa, 2 — YUCThIM auokcun 239-oi
IJTyTOHUS, 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 BXOAUT
239Pu — 93 % u 240Pu — 7 % wu yucteiit 238U, 5 — opyKelHbIH IITyTOHUI C MPUPOJHBIM
ypanom 238U = 99,29 % wu 235U = 0,71 %, 6 — sHepreTu4yeckuil IIyTOHMH, KOTOPBIN
coctouT u3 239Pu = 60 %, 240Pu = 25 %, 242Pu = 11 %, 242Pu = 4% wu uucteiii 238U,
7 — SHEpPreTU4ecKUil IUIyTOHUN C NMPUPOAHBIM YPAaHOM, 8 — SHEPreTUYECKHH IUIyTOHUM C
TOPUEM.
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Pacyer mnpuBeneH A CBEXEr0 M CPEAHOM30TOAWYECKOTO COCTaBa TOIUIMBA.
Pe3ynbraThl pacueToB moka3aHsl B Ta0IuIE 2.

Tabnmma 2 — PacdeT mIst cBeXero U CpeTHOM30TOANIecKoro cocraBa 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 u3 Tabnuubl 2 3HEpreTHdeckuil IyToHui ¢ yncteiM U238 umeer cambliii
BBICOKUH K03()(pUIIMEHT BOCIPOU3BOJCTBA B aKTUBHOM 30HE U MOIy4aeTcs 0OJIbIIe €AUHUIIBL.
Ho ¢ sxoHOMUYecKkoi TOUKU 3peHUsI OTUYUMCTKA WM OO€HEHHE ypaHa — 3aTpaTHBIN Mpoliecc,
U JUIS TOJ/IEP)KaHUsl PEaKTOpa B KPUTHUHOM COCTOSIHUM HEOO0XOAMMO HEMHOTO YBEIUYUTh
oOoramieHe TOIUIMBA [0 CPAaBHEHUIO C SHEPreTUUYECKUM IIIyTOHUEM C IPUPOJHBIM YPaHOM.
JUis nanpHeHero uccneoBaHus U3 BCEX BbIIICIEPEUHCIEHHBIX TOIIMBHBIX BUIOB BhIOEpEM
OpPYKEHHBIN IIIIyTOHUN C MPUPOJHBIM YPAaHOM M SHEPreTHYECKUH INTYTOHHM C IPUPOIHBIM
ypaHoM. PaccMOTpuM BIMSHME T€OMETPUYECKHMX pa3MEpOB HA OCHOBHBIE IapaMETphI
peakTopa, B ocHoBHOM Ha KB (Koaddumnuent Bocnpon3Boacta). Bricokas KOHIICHTpAIUS
roprouero B TB31ax BH nemaer ocoGeHHO oCTpoil mpobieMy 3HEProHanpsKeHHOCTH, HO
OJIHOBPEMEHHO CHMJKA€T BEPOSATHOCTH IIOIVIOLICHUS HEWTPOHOB KOHCTPYKIIMOHHBIMH
MaTepHajaMM, TeIJIOHOCUTENIEM (YTO 00Jieryaer ero BeIOOp) M OCKOJIKaMu JieneHus. B atom
OTHOLIEHUU BBICOKOE OOOTralleHHe CIOCOOCTBYET COXpaHEHHMIO BbICOKHMX 3HaueHuid KB B
peasbHbIX KOHCTPYKLMSX. BbICOKas KOHIEHTpauus TOpHYEro BbI3bIBAET HEOOXOAMMOCTH
JOCTUKEHUS TITyOOKOI'O BBITOPAaHUS IOPIOYEro, Kak M0 IKOHOMUYECKUM COOOpaKEHUAM, TaK
U C TOYKH 3pEHUS TEMIIOB BOCIIPOU3BOACTBA [7].

PaccmoTpum BiusHuE reoMerpuueckux pasMepoB Ha KBas. [Jlna wnccnenoBanus
IpPUBEJEM HECKOJIbKO aKTHUBHBIX 30H C Pa3HbIMHM I'€OMETPUYECKUMH pa3Mepamu (Tabi. 3).
Haunem ¢  yBenuueHWss  jauaMeTrpa  akTHMBHOM  30HBI 33  CYET  YMEHBIICHHS
HHEPTOHAINPSHKEHHOCTH peakTopa. MokeM oIpeeNuTh 00beM aKTUBHOM 30HBI:

\ . (1)

Onpenenum quaMeTp akTUBHOM 30HBI:

Dy — [ 4-V, )
D¢ dexTrBHas BbIcOTa Y3PPEKTUBHOI 30HBIL:

K, -Sin(—~H - H 3)
2'Heff 2'Heff
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Tabmmua 3 — 3aBucumocts KB ot 06beMa akTiBHOM 30HBI U 0T ee BbicoThl [ 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 KB s 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
KB, 1,057 1172
X - % 11,84 13,91
qv =250 kB/n KBas 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) 3 + U(m)
X - % 13,22 15,48
R =196,8 KB s 0,836 0,936
H =60 -
R Bry 0,069 0,085
KBy 0,905 1,021
X - % 11.9 14,01
R; 1_65’5 KBas 0,045 1,057
by KBg, 0.112 0.12
KB, 1,057 1,172
X - % 11.23 132
B= llasd KBas 1.012 1.124
H = 105
i KBg 0,142 0,152
KB; 1,154 1276

W3 paccmaTtpuBaeMbIX BapHaHTOB ONTHMAlbHBIM BBIOOPOM aKTHUBHOM 30HBI SIBJISIETCS
qv = 300 kBt/n. C yBenuueHueM auaMeTpa akTHUBHON 30HbI yBenumuuBaercs KB u uem
Oonbmie, Tem mayuiie. Ho 3to mpuBomuT k ymenbuieHuto KB B O0koBOM 3kpaHe, 4TO
YMEHBIIAET €ro >(PQPEeKTUBHOCTb. YMEHbBIIEHHE YTEUYKH HEHTPOHOB U3 AKTUBHOW 30HBI
NPUBOJUT K YMEHBIIEHUIO HayaJlbHOrO OOOTalleHHsl TOIIMBA, YTO C TOYKH 3pEHUS
HSKOHOMHMKHM OYEHb BBIFOJHO, HO TaKKe MPUBOAUT K yBenumueHuto HIIDP-a (HaTpuensiit
MyCTOTHBIN 3P(PEKT peaKTUBHOCTH).

bl nmpoBeneH pacder [Uisl BBIpaBHUBAHUS PaAMaIbHOTO TEIJIOBBIAENIEHUA. I 3TOro
MBI BBIOpaM, KakK JEISIIMA MaTepusl SHEPreTUYEecKOro IUIyTOHHMS B IEPBOM CIydae C
IPUPOJIHBIM YPaHOM, TaK U C TOPUEM BO BTOPOM CiIy4ae, U Pa3AeiuiId aKTUBHYIO 30HY Ha 3
30HBI, NIbITasACh NpUOIM3NTH 3HaueHue K; k enunune. PesynbraTsl Ha pucynke 1. [Tomyuaercs,
YTO BbIPAaBHUBAHUE YHEPIOBBIIECIHUS IPUBOAUT K yMeHbIIeHNI0 KB.
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W KBas mXc-0,1 KBp

1.721

18 1.602

L8 1.404
1.32

1.4 2 58
1.2 1.07 1.06:

02 21

0.8
0.6
0.4
0.2

D + U(m) 2+ U(m) 3 30u 2+ Th D + Th 3 son
Pucynok 1 — 3aBucumocts KB u3 Kr (kosddumnmenta aepasaomepHocti) [Dependence of the coefficient of
reproduction on the coefficient of unevenness]

Kak wu3BectHo KB MOXHO yBeNIMYNTH C NOMOLIBIO YBEIHYCHHS OOBEMHOHM I10JH
tormBa B 1 cm’. Jlns yBennmueHHss OOBEMHOW MOMM TOINIMBA HEOOXOXMMO CJCIATH
TeroryapaBnuyeckuii  pacder. Tak kak MOX-TomumBo He 007alaeT  BBICOKOM
TETUIONPOBOAHOCTBIO, HEOOXOAMMO TIIATEIBHO PAacCMOTPETh KXYl JeTainb. Ero
TeMIIepaTypa IUIABJICHHUS OYCHb BBICOKAs, HO M3-32 MAJICHbKOM TEIUIONPAaBOIHOCTH IEpera
TEMIICPATypbl B TOINIMBHOM CCPACYHUKE II0JIyH4acTCA BCJIMK KW B TCUYCHUMH KaMIIaHHUU
peakTopa, TO €CTh C TJIyOWHOW BBITOpaHUS OHA BCErJa MOJHHMACTCS U YK€ B KOHIIE
KaMIIaHUH JOCTHUIa€T CBOCTO MAaKCUMAJBHOI'O 3HAYCHUS. HGO6XOI[I/IMO OIpCaACIINTL YPOBCHb
YBEJIMYCHUSI W 3amaca J0 TEeMIeparypbl IUIABJICHHUS, 3a CYET YEero MOXKHO YBEIMYHTh
00BEMHYIO JIOJTIO.

Tepmuueckoe pacmmpenue

KoapdummenTsl TepMHUECKOTO pPACHIMPEHHS TOIUIMBA W OOOJOYKH OMPEACISIOT
BEIMYMHY 3a30pa MEXIy HHMM TpU BBIXOAE TB3Ja Ha MOIIHOCTh. KoadduumeHnTs
tepmudeckoro pacuuperus UO,, PuO, u MOX-TormiruBa uMeroT OJIM3KUE 3HAYEHUS U MOTYT
OBITH C XOPOILIEH TOUHOCTBIO ONKCaHbl ypaBHeHUEM (4) [8]:

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

L(T)=1(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"7 - T )

OTKIIOHEHHE OT CTEXUOMETPUHU B CTOPOHY 3aCTEXHMOMETPHUHU MOBHIIIAET KO (DUIIHESHTHI
TEPMUYECKOTO PACHTUPEHUST OKCUIHOTO TOIUIMBA, & B CTOPOHY JIOCTEXHOMETPUU — TIOHMIKAET.
BrusHue HecTeXHOMETpUHM MOXKET OBITh YYTEHO C TOMOIIBIO CIEAYIOUIET0 MHOXKHUTEJS:
[1+(3,940,9)-x], e X — OTKJIOHEHUE OT CTEXUOMETPUU. J{JIsl CMEIIaHHBIX YpaH-TUIyTOHUEBBIX
OKCHJIOB TEPMHUYECKOE paclIMpeHHe Mpu Temmeparype T omnpenensercs Kak CpemHss
BEITMYMHA U3 COOTBETCTBYIONMX 3HadeHui s UO, u PuO,, mponopiinoHaibHO UX MaCCOBOM
nojie. YBENUYEeHHE KOHIEHTpauuu IuryToHus B MOX-TOMIMBE NPUBOAWT K CHUIKEHHUIO
KO3 UITMEHTa TEPMUYECKOTO PACITUPECHHS TIPH HU3KHUX TEMIIEpPAaTypax W €ro TOBBIIICHUIO
MIPH BBICOKUX TEMIIEpaTypax.

Pacuer TermyioBoOro paciidpeHusi o pagnycy
Pacmmpenue BHyTpeHHEH 000JI0YKY U TOTUTMBHOTO CEPJICYHHUKA MPU MaKCUMaTbHOU
temriepatype (puc. 2):
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dog,, =dg, +00-(T,; +1) =6.1+1.8-10% - 591 ~ 6,011 mm
d,, =d,, +1,256-10% -1480 ~ 6,02 Mm (5)

Oy = ([dogpn - dun) = 0,001 MM

I3H

Drom mm

6.018
—a—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 pacUIMpeHus TOIUIMBHOM TabneTku oT Temneparypsl [The dependence of the
expansion of the fuel pellets on temperature]

[Tocne pacmupeHus U paciyxaHUsl YMEHbBIIAETCS Ta30BbIi 3a30p U B KOHIIE KaMIIaHUH,
KOTJja TeMIieparypa BHYTpH TaOJE€TKU TOCTUIAeT CBOEIO MAaKCUMAJIbHOTO 3HAUYEHUS, IT'a30BbIH
3a30p MEXay 000JOYKOW TBAJIA HA MOIIHOCTh. KO3 (hUIIMEHThI TepMUYIECKOTO pacIIMpEeHuUs
UO2, PuO2 u MOX-tormuBa W TaOJICTKOM TOYTH HCYE3aeT. 3a CYET ATOTO Iepernajy
TEMIEPATypbl B Ta30BOM 3a30pP€ YMEHBIIAETCSI UM CTAaHOBUTCS MHMHHUMAJIbHBIM, KOTOpPOE
CHOCOOCTBYET COXPaHEHHIO TEMIIEPaTypHOrO peXHMa B IIEHTpe TaOleTKu. A B cepeinHe
Ta0JIETKU TeMIIEpaTypa HE MPEBBIILIAET CBOE MPEIEIbHOE 3HAUCHHUE.

Temneparypa miaBneHus. BenuuumHa TemnepaTypbl IUIABIECHUS SBISETCS Ba)KHOU
XapaKTEepUCTUKOM SIEPHOr0 TOIUIMBA, TaK KaK OHA OINpeAesseT AONYCTUMYIO MOIIHOCTh
TBI7a. TemmepaTypa IUIaBI€HUS CMEIIAHHBIX OKCHJIOB YpaHa U IUIYTOHUS IUIABHO
noHMxkaeTcsi oT TeMieparypsl iasineHuss UO2 (2847 + 30°C) no temnepaTypsl IJIaBICHUS
PuO2 (2428 + 35°C) mo Mepe MOBBIIIEHHWS B HUX KOHIEHTpALlUM OKCHJA IUTyTOHHS.
OTKJIOHEHHE OT CTEXMOMETPUUECKOI0 coCTaBa B 00JaCTH J0 WJIM 32 CTEXHMOMETPUH, a TaKKe
BBITOPAaHHWE CHW)KAIOT TEMIIEpaTypy IUIABJIEHUs CMEIIaHHbIX oOKcuaoB. Ilociennee
00CTOSTENILCTBO OOYCIOBIICHO (DPM3MKO-XMMHUYECKAM B3aWMOJICHCTBHEM MAaTpHUIIBl TOILIHBA,
KaK C MPOAYKTaMH JAENEHUs, TaK U C OKcuaoMm amepunus Am203, TemnepaTypa IUIaBICHUS
KoToporo cocrasisier 2197 + 15°C. IlpunsaTto cumrats, yro npu Beiropanuu 100 I'Breyr/t
Temrneparypa miasienuss MOX-TormBa cHkaetcs npubiunsurensHo Ha 100 °C.

TennonpoBognocts MOX-TonjimBa

PanuanbHoe pacnpeneneHue TeMmmepaTypbl B TOIUIMBHOM CEpIEYHHMKE, a TaKkKe
MaKCHMaJIbHasi TEMIIEpaTypa B IIEHTPE TBAJIa ONPENENISIeTCS TEIUIONPOBOIHOCTHIO A, KOTOpas
3aBUCUT OT TEMIIEpaTypbl, MOPUCTOCTH, CTEXHMOMETPUYECKOTO COCTaBa, pa3Mepa 3€peH,
XapakTepa M KOJUYECTBA NpUMeced M T.I. OKCHIHOTO TOIUIMBA. TerIONpPOBOJHOCTD
OKCHJHOTO TOIUIMBA MOXHO paccMaTpuBaTh, IO KpalHel Mepe, Kak CyMMY Tpex
COCTABIIIONINX: (OHOHHOW WJIM pEemeTOYHOH npoBoguMocTH A ¢, doToHHONH WM
paIuanioOHHOW AP W DJIGKTPOHHOW (BKJIIOYAss aMOUWTIONSPHYIO BBI3BAHHYIO COBMECTHBIM
nepeMenieHHeM 3apsiioB 00OMX 3HAKOB, T.€. JJIEKTPOHOB U MOJIOXKHUTEIBHO 3apsKEHHBIX
HWOHOB) Ae:

A=Ay +A ,+A (6)
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B okcnHOM TOIIIMBE OCHOBHYIO POJIb B MPOLECCE MEPEHOCA TEIIa IPU TeMIlepaTypax
Hiwke 1600-1500 K urpaer ¢poHOHHAs cocTaBisIOMmAs TEIUIONPOBOIHOCTH, IIPH TEMIIEpaType
Boile 1500 K okcuaHOE TOMIMBO SIBJISIETCS MTOIYIPOBOIHUKOM.

IlepBbIX [BYX COCTaBISIONIMX B OOLIYI0 TEIUIONPOBOAHOCTh JMOKCHAA YypaHa
IIPE/ICTABJICHBl HA PUCYHKE, U3 KOTOPOrO0 BHUJIHO, YTO NPU BBICOKUX TeMIIepaTypax BKIaj
AIIEKTPOHHON COCTABJIAIONICH TEMJIONPOBOJIHOCTH TpeBbIIaeT BKiIaA (OHOHHOW. Takum
oOpa3om rermnonpoBogHOcTh UQO; TEOpPEeTUYECKOM MIOTHOCTH CHUYKAETCS C IOBBIIICHUEM
Temneparypsl, gocrturas muHuMmyma npu 1800-2000 K, a 3areM mnoBblmaercs BIUIOTH 0
Temneparypbl 1iaBineHus. [lomoOHbiM 00pa3oM BemeT cebs M TerionpoBogHocTh MOX-
TOILINBA.

Hekotopsle ~ COOTHOLIEHHs,  ONUCHIBAIOIIME  TEMIEPATYPHYH)  3aBUCUMOCTh
TETUIONIPOBOAHOCTH JTHOKCHAA ypaHa, COAEp)KaT TpU WiIeHa, HO B OOJIBIIMHCTBE M3 HHUX
WCIIOJIB3YIOTCSL JIBA 4JI€HA: IEPBbI, KOTOPBIM YMEHBIIAETCA C TEMIEPATYpOW, U BTOPO,
KOTOPBIA BO3pacTaeT ¢ TeMIeparypod. ODTU JBa CJaraéMble COOTBETCTBYIOT JIByM
COCTaBIISIIOLIMM TepeHoca Temua: (OHOHHOM (CHIDKAIOIIEHCS C TeMIeparypoil) u
AJIEKTPOHHOM (MOBBIILIAOLIEICS ¢ Temneparypoil). [Ipu 3ToM B HEKOTOPBIX COOTHOIIEHUSAX
MOCIIEIHEE CJIaraeMoe MOXKET BKIIOYaTh B ce0sl APYrue COCTABISIIOIIME (PaJUallMOHHYIO H
amOunosnsipayro). UYtoObl HaWTH  pacrpenelieHue TEeIUIONPOBOJAHOCTH, HAAO0  3HATh
TEIUIONPOBOAHOCTh TAONETKW B Hauyaje KOMIAHHH C Y4YETOM IOPUCTOCTH M BBITOPaHUSI.
TennonpoBoanocts TBeproro (U+Pu)O,, mnoTHOCTHIO 95% TeopeTruuecKoi onpeaesieTcs us
CJIEYIOLEr0 COOTHOILIEHUS [9].

100 6400

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

MT) =1,158 - ( ) @)

exp(

®opmyna Xapauura u Maptuna (Harding and Martin), koTopasi IIMPOKO HCIONb3yeTCs
B KOMIIBIOTEPHBIX IIPOrpaMmax JJjisi pacyeTa TeMIlepaTypbl TOTUIMBA, @ TAK)KE KaK OCHOBA JJIs
npyrux cootHomenuid, rae t = T/1000, T temneparypa B K, a mHoxkutens 1,158 neobxonum
JUIsL TIepecyeTa 3HaYeHui koddduiinenta TerionpoBoanoctu odpasuoB (U+Pu)O2 ¢ 95 na
100 % ot Teoperuueckoii miaotHoctu (TII). DTo BhIpakeHHE CpaBEUIUBO IS TEMIIEPATYp
or 298 mo 3120 K.C moMomipio 3TOr0 BBIPAKEHUS MOKHO TOJYYUTh paclpeeieHue
TEMIIEpaTypbl B TOIUIMBHOM CEpPACYHHUKE IO PATUYCy COOTBETCTBEHHO [JIsi CPEIHEr0 H
MaKCHUMaJIbHOTO HAMPSKEHHOTO TOIUTMBHOTO CEp/IEUHUKA.

TO TEII TC . Z
T (z)= Tcp +X-qy -cos(H— )-R. (8)

a
0

T (2)=T"" +x-q"° -cos(>-2)-R.
HO

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

hl( dTB3J'I ) ]n(dTBBJ'I -2- 806 )
R — 1 + dTB3JI B 2 ) 806 + dTOHJ’I
T oned,, -o(z) 21k 21

T.3. (9)
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Ho kak moxaspIBasl SKCIUTyaTallMOHHBIM OMBIT MpH paboTe peakTopa KodhduimeHT
TETIONPOBOAHOCTH (A) majaeT M3-3a HAKOIJICHUS MPOIYKTOB JEIEHHS M 3aBUCHMOCTH A OT
riyounsl Beiropanus (Bu) obmyuennoro tBepmoro (U + Pu)O2 ¢ muotHocThIO 95% OT
TEOPETUYECKONH MOKHO OLIEHUTH CIEAYIOLUM BeIpaxkeHueM [12]:

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

rae T sBasercs nokanpHOM TemmepaTypoil TorumBa B °C u Bu — nokaibHOE BBIrOpaHue
torurBa B 100 MBT-cyT/kr.

PesynbTar pasHuLpl TEMIONPOBOIHOCTH I CPEIHETO U MAKCHUMAJIbHO HAIPSKEHHOTO
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

1.1

09

0.7

05

R MM

0.2 0.6 1 14 1.8 22 26 3

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

Hcxons w3 pe3ynpTaTOB MPOBEACHHOTO pacyeTa, CMOIJU YMEHbBIIUTh AHAMETP
HeHTpaibHOrO oTBepcTus OT 1,8 MM 1m0 0,8 MM, a MakCHMaJIbHYIO TEMIIEpaTypy, KOTopas
MOJIy4aeTcsi B TOBEPXHOCTH ILIEHTPAJbHONM OTBEPCTUM TOIUIMBHOIO CEpJAEUHUKA A
MaKCHMaJbHO HAMPSHKEHHOTO M BHITOparollero Torumsa He Oombire 2420°C, 4To BHOTHE
HAXOJHTCS B JOMYIIEHHOM HHTepBajie. HeoOX0IMMo OTMETHTD, YTO B CPEITHEM BBITOPAHUE HE
npesbiiaer 80 MBT-cyT/kr, a pacuer 661 npoBenieH it 100 MBT-cyT/kr (puc. 4).

—o—T1

3000
o P ° P Ts & -T2
T Max 100 MBrt-cyT/xr ™

2500 2747 °C

T4
2000 —o-T5
—o—-T6

1500
——T7
1000 —o—T8
——T9

500

—e—T10

—e—-T11
0

0.0006 0.0016 0.0026 0.0036 0.0046 0.0056 —*MAX

PucyHok 4 — 3aBUCUMOCTb TEMIIEPATYPHI TB3JIA U3 TIyOWHBI BeiTOpaHust o paguycy [The dependence of the
temperature of the fuel rod from the burnout depth along the radius]
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W3 TenioruapaBinyeckoro pacyeTa cTajio U3BECTHO, YTO MOYKHO YBEIHYUTH 00BEMHYIO
noito TorumBa ¢ &, = 0,4588 mo &, = 0,4952 3a cuer HEHTPAILHOTO OTBEPCTHUS O€3 U3MEHEHUS
BHEIIHEro JuaMeTpa TabJIeTKu U 000JOYKM COOTBETCTBeHHO. (Ceifyac NMpPOBOJUM TOT Ke
HEUTPOHHO-(U3MUECKUN pacueT y»e C HOBBIM, 00Jiee€ MAaCCUBHBIM TOIUTHBOM. Pe3yibTaTshl
pacueTa npuBeieHbl B Tabnuie 4.

Tabnmmna 4 — HeitrponHO-pu3ndeckuii pacueT 1y 6oiee MaccuBHOTO TorumBa [ 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
KBasc 1,043 1,013
KBjs. 0,236 0,222
KBy, 1,28 1,235

Kak npeamonaranu, yBenuyeHue oObeMHOU nonu mpuBoAuT K yBenuudeHuto KB. B
cpenHousoronnueckoM cocraBe KB akTHBHOI 30HBI osTy4aeTcs: 00JIbIIe €TUHHUIBL.

PaccmoTpum eme oauH BapuaHT (Tabi. 5), MOCKOJIBKY TOpPHIl Takke o0nagaer
BBICOKMMHU TIOKA3aTENsIMH, TAKUX KaK CpaBHUTEIbHO BbICOKMA KB U cpaBHUTENBHO
Mmanenpkuii HIIDP. Ero MoxHO 100aBIsSITh B TOILIMBO BMECTO 238U, KaK BOCIIPOM3BOASAIIUN
MaTepHUall C SHEPreTUYECKUM TUTYTOHHUEM.

Tabmuna 5 — PesynpTarsl mpoBeaeHHoro pacuera [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 Tabnumpl 5 BUIHO, YTO YBEIWYEHHE KOJMYECTBA TOPUW B TOIUIMBE CHauaja
npuBoAUT K yBenmnueHuto KBa3, a motom k nagenuto. Ho ¢ yBennueHneM KonudecTBa TOpUd
YBEJTUYUBACTCS JIOJIS JICIIAIIETOCS MaTeprajIoB HEOOXOIUMBIX ISl TIOJIEp>KaHUsI peakTopa B
KPUTUYHOM COCTOSIHUU.

3aki0ueHue

Pacuetsl mokasbpiBanM, 4to npuMeHeHne MOX TommBa B OBICTPBIX peaKkTopax
INPUBOAUT K CyHleCTBEHHOMY yBennueHHo KBas, mnpumepno 1,4 paza. Tak xe
TEOMETPUUECKHUE PA3ZMEPHI MIPAIOT CYIIECTBEHHYIO pOJIb, KaK Ha TEIUIOIMAPAaBIMUYECKUX
napaMerpax, Tak M Ha HEHUTPOHHO-(PU3MYECKHX XapaKTepUCTHKaX. DHEProBbIpaBHHUBAHUE
npUBOAUT K yMeHbIeHHI0 KBa3. B KoHIle ObLTO 10Ka3aHO, YTO yBeIn4YeHne 00beMHOM 10IH
TorumBa B 1 cM® o6beme mpuBoauT K pocTy KBas i 661 momyuen KBaz Goibine wem Ha
oOpyHBIX BapuaHtax B 1,071 paza u nOpuMEHEHHE CMechb TOpUS U ypaHa Kak
BOCIIPOM3BOAIIMI  MaTepwyl Takxke npuBoauT K pocty KBx3 B akTMBHOW 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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