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OcHOBHOW (DakTOp pa3pyUICHUS TBAJIOB B aBapUsIX C IMOTEPEH TCIUIOHOCHUTENS CBS3aH C
MapOIMPKOHUCBON pEaKIueil, MPOTeKAroIIeH Mexay OO00JOYKOH TB3Ja W TCIUIOHOCHUTEIIEM
(Bomoit). [IloBhllieHMEe HAAEKHOCTH  TETUIOBBIICISIONIMX — DJEMEHTOB MOXKHO  TOJYYHTb
Momu(HKaIMed WIH 3aMCHON TOIUIMBHOW OOOJIOYKH, HAa MAaTepHalibl HE BCTYMAIOIIHUEC BO
B3aUMOJICIICTBUE C TEIJIOHOCUTENIEM IPU HOPMAJIbHOW 3KCILTyaTallii U B aBapUIHBIX CUTYalHsIX.
IloBbllIEHHE HANEKHOCTH M SKOHOMHMUYECKHMX XapakTepucTUK DY BO3MOXKHA NpU 3aMeEHe
JTUOKCHA ypaHa Ha JEIIIHecs KOMIIO3UINH ¢ OOJIBIINM COICpKaHUEM NISISAIINXCS H30TOIIOB H C
OoBIIeH TETIIOMPOBOJHOCTRIO. JTH ABa MOJ0XKeHUs obpa3yroT koHnennuto ATF (tomepanTHoro
TOIUIMBa). PaccMOTpeHBI BapWaHTBHl CO3JaHUSA TOJEPAHTHOrO TommBa. Jisa  simepHO-
SHEPreTUUECKUX YCTAaHOBOK ¢ peakropamu BBOP paccmorpensl BapuaHThl MOAEpPHU3ALUU
000JI04€eK U JeNSIIUXCS] KOMITO3UILINH.
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Beenenue

Bo Bpems aBapun B 2011 r. Ha @ykycume B Snonun B3opBasicsa peakrop. [locne atoro
MHIUICHTa BO3HUKJIA KOHIIENIIMS TOJIEPAaHTHOIO TOIIMBA, BKIIOUaromias B ce0s pa3paboTKy
HOBBIX 00O0JIOYEK M caMOro TOIUIMBA. B JaHHOM HCClIeOBAaHUM IOKa3aHa pa3HHUIA MEXITY
ypaHoBbIM JMOKCUIHBIM UQO, TOMIMBOM U TOJEPAaHTHBIM TOIUIMBOM, THUIIA YpaH-
IUPKOHMEBBIN cnianB U-Zr 1o pacnpeleseHuI0 TEMIIEpAaTyphl TOIUIMBA B aKTMBHOMW 30HE C
M3MEHEHHEM TEIUIONPOBOIHOCTH, U PEIlieHa 3aaya B aBapHsIX ¢ NapOLUPKOHUEBON peakuuein
C MCIOJIb30BaHUEM TOJIEPAHTHOIO TOIIMBA [1].

EcTb 1B€ mpyU4MHBI 3TOM aBapuu:

1. ®usnueckass — B pe3ysbTaTe PEaKLUUU LUPKOHUS C BOAOH BBIIEIMIOCH OOJbINOE
KOJIMYECTBO BOJOPO/IA.

2. MexaHnueckass — OTKJIIOYEHHE BOJSHBIX HACOCOB, OTBETCTBEHHBIX 33 OXJIAXKJIEHHUE
BJIQKHOTO SJIEPHOTO peakTopa, MPOU3OLIEANIEe B pe3ylbTare 3eMIIETPSICEHUS] U
3HAYUTENIBHOTO TIOBBILIEHHS TEMIIEPATYPhI B AKTUBHOM 30HE peaktopa [2, ¢.177-183].

Pacyer Ten10npoBOAHOCTH TOJIEPAHTHOTO ToniuBa U-Zr

[ToBeneHue siIEpHOTO TOIMJIMBA CHIIBHO 3aBUCUT OT TEIUVIOQU3NYECKUX U XUMHUYECKUX
CBOICTB TOIJIMBHOTO MaTepuaja M HUX HW3MEHEHMsI OT TeMmIlepaTypbl M BelropaHus. boiee
HU3Kas TEIJIONPOBOJHOCTh MPHUBOAMT K OOJBIIMM TEMIIEPAaTypHBIM TpaJHeHTaM Ha
TOIUIMBHOH TaOJeTKe U BBICOKOU TeMiieparype B 1ieHTpe. [loaToMy orieHka Ternopu3nueckux
cBoiicTB auokcuaa ypaHa (UO,) TpeOyeTcs NpH NPOEKTUPOBAHUM SAEPHOTO PEaKTOpA.
TennonpoBoarocts UO, paccuntsiBaercs mo hopmyne (1) [3]:
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rae A — reronpoBogHocTh, BT/M-K, T=t+273/1000°C .

Koppensiius TemnmonpoBOJIHOCTH LHUPKOHUS B 3aBUCUMOCTH OT TeMIEpaTyphl ObLia
pazpaboTaHa Ha OCHOBE CTATUCTUYECKOIO AaHAaJIW3a TEIUIONPOBOJAHOCTH LUPKOHUA U
M3MEpPEHUl TeMreparyponpoBogHocTu ¢ 1951 r. mo Hacrosimiee Bpemsa. PekomeHayemoe
ypaBHEHHE JUIsl TeruionpoBoaHocTH mupkoHUs B BT/M-K or 298 no 2000 K BeIrmsauT
cienyromum oopazom (2) [4, 5]:

Azr(t)= 8.8527 + 7.082x 107X (t4+273) + 2.5329x 10°(t+273)* + 2.9918x 107X (t+273)" . (2)

TermIonpoBOHOCTh  TOJEPAHTHOTO TOIUIMBA ONHUCHIBACTCS C  KCIOIH30BAHHEM
cnenyromux ypasHeHuit Xaccenpmana, Maxwell, McCullough u Rayleigh (3)-(7) [6]:

AUO2(t) AUO2(t)
G )"+ +

Azr(t) Azr(t) 1.5
Axac(t) = Azr(t) X (1-20020) () 4200200 X (1-P)y 3)
Azr(t) v Azr(t)

r/ie A — TEeIJIONPOBOJHOCTD ISl TOJIEPAHTHOTO TorunBa, BT/M-K;
P — oObemMHast 10151 TOPUCTOCTH.

3v

( Azr(t)— AUO2(t) )_
A McCullough(t) = [ Ayoa(t) X (v - P) + (1- v) XAzr(t)]. (&)
- 3xXv 15
A Rayleigh(t) = huoa(t) X (I+ Zrmszavozm ooz Y ) XU-P) 7. (6)
( Azr(H)— AUO2(D) )_V“'S%(axzr(t)— 47\U02(t))

Axac(t)+ A Maxwell(t)+ A McCullough(t)+ A Rayleigh(t)
laverage(t) = ” : (7)

Pemas »atu ypaBuenust B MATHCAD, nony4yaem pe3ynbTaThl, IOKAa3bIBAIOIINE BIUSHUE
TEIJIONPOBOJHOCTH Ha TEMIEparypy B aKTUBHOM 30He peakTtopa. Ilpm yBenumdeHuun
TEIUIONPOBOAHOCTH 3a CYET HCIOJb30BAHUS TOJEPAHTHOIO TOIUIMBA TeMIlepaTypa Oyaer
CHIDKAThCA IO CPAaBHEHUIO C TOIUIMBOM M3 AuoKcuaa ypaHa. Ha pucynke 1 mokaszana
TEIIONPOBOAHOCTD JJIsl TOJIEPAHTHOIO TOIUIMBA U AMOKCHJA ypaHa [7, 8].
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Pucynok 1 — TennmonpoBogHOCTh 1 TodepanTHOro Tomiusa [Thermal conductivity for tolerant fuels]

TermmonpoBOAHOCTh IS TOJEPAHTHOTO TOIUIMBA yBenudmiack a0 9,6 Bt / MK, a
TEIUIONPOBOAHOCTh JAMOKCHIa ypaHa coctaBiser 3 Bt /M-K. Orto o3Hawaer, uro ecinu
TETUIONIPOBOAHOCTD YBEIIMYHUThH, TEMIIEpAaTypa B peakTopax Oyaer cHkatbes [9, c. 84-88;
10].

Pacuer pacnpenesienne  TeMmepaTypbl  TONJHMBA HPH  HCHOJIb30BAHUHU
ToJiepaHnTHOro TomusBa U-Zr u nuokcuaa ypana UQO; [10-12]

[Tpumem k03¢ (HUIMEHT TEILIOMPOBOIHOCTH TOILTUBA M Ta30BOTO 3a30pa, hopmyia (8):

1—Pyop
TOM 1 +0.5Pyop

Bt
s = 035@ tlnop = , TAE Pnop =5%. (8)

TepMI/I‘leCKOC CONMPOTHUBJICHUE TOIIJIMBA, HCHTPAJIbHOTO OTBECPCTHUA HET, (I)OpMy.Ha (9)

d M2K
R — TOILJI . 9
TOILJ 42n0p ’ Bt ©)
TepMuyeckoe COMPOTUBICHHE KOHTAKTHOTO clost, popmymna (10):
85  0,1x1073 _4 MK
Ry, = = =286 X107"— (10)

. 0,35 Br ’

Pacnipenenenuie Temmneparypbl Ha MOBEPXHOCTH TOIUIMBHOW TaOJETKH MO BBICOTE
AKTUBHOM 30HBI JUISI MAKCUMAJIbHO HAIPSHKEHHOTO KaHaia, popmyna (11):

Tron = Tosmax(2) + Qfmax(z) (Rog + Ricr) - (1)

Pacnipenenienne Temrmepatyphsl B IIEHTPE TOILIMBHOM TaOJIETKH TIO BBICOTE aKTHBHOM,
dopmymna (12):

T;lg;”p = Trumax(2) + Qfmax(ROG + Ryr + Ryona) - (12)

Ha pucynke 2 mokazaHo pacmpeesnieHHe TemIepaTypbl TOIUIMBA MPU HCIOIb30BAaHUU
nuokcuaa ypasa UO; ToruinBa B akTUBHOM 30HeE [u1sl peakTopoB BBOP-1200.
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Pucynok 2 — Pacnipeenenne teMnepaTypsl Ha IOBEPXHOCTH TOTUIMBHOM TaOJIETKH W TEMIIEPATypHI B IICHTPE
TOIUTMBHOM TAaOJICTKH IO BEICOTE aKTUBHOMU 30HE [Distribution of temperature on the fuel pellet surface and
temperature in the center of the fuel pellet over the height of the core]

MaxkcuManbHasi TeMIiepaTypa Ha MOBEPXHOCTH TOIUIMBHOW TabIETKU B MaKCHMalbHO
HanpspkeHHOM KaHaiie: Thop = 678°C. MakcuManbHas TeMiepaTypa B IIEHTPE TOIUIMBHOMW
TabJNETKM B MAKCUMAJIbHO HanpskeHHoM KaHaie: Toon = 1590°C.

Ha pucynke 3 mokaszaHo pacmpeeneHue TemrepaTypbl TOIIMBA MPU UCIOIb30BAHUU
TosiepanTHOrO TorumBa U-Zr B akTUBHOM 30HE 111 peakTtopoB BBOP-1200.
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Pucynok 3 — Pacnipenienenue Temreparypsl Ha IIOBEPXHOCTH TOIUIMBHOM TaOJIETKH U TeMIepaTyphl B LIEHTPE
TOILTMBHOM TabJICTKH 0 BBICOTE akTUBHOU 30He [Distribution of temperature on the fuel pellet surface and
temperature in the center of the fuel pellet over the height of the core]

TemnonpoBoAHOCTH /1715 TosiepaHTHOro ToruBa U-Zr yBenuumiack A0 9,6 Bt/ M-K.

MakcumanbpHasi TemrnepaTypa Ha TMOBEPXHOCTH TOTUIMBHOW TaOJIETKU B MAKCHMAaJIbHO
HanpspkeHHOM KaHaje: Thgn = 570°C. MakcuManbHasi TeMIeparypa B IIEHTPE TOIUTUBHOMN
TabJNIETKM B MAKCHMAJIbHO HanpshkeHHoM Kanane: Tron = 640°C.

BriBoa

TonepaHnTHOEe TOIUIMBO — SJIEPHOE TOIUIMBO HOBOTO IIOKOJIEHHUS O€30MacHOCTH ¢
MOBBIIIEHHONW YCTOMYMBOCTHIO K aBapusiM Ha ADC ¢ moTepelt TerioHocuTens B peaktope. [1o
pe3ynbTaTaM pacyeToB IMOKA3aHO paclpelieieHue HU3KUX TeMIlepaTyp IpPH HMCHOJIb30BaHUHU
TOJIEpaHTHOTO ToruBa. Bomopon wHaumHaer mpomsBoguThess mnpu S500-700°C, HO mnpm
noctkeHnn Temnepatypsl 1200°C u BbIllIE OHO CTAHOBUTCS OMNACHBIM B PEaKTOPE.
TonepanTHOe TOIUIMBO pemaeT 3Ty mnpobieMmy. llpu octaHoBke peakTopa TOJIEpaHTHOE
TOILJIMBO JACP>KUT TEMIIEpaTypy 000JI0UYKH B pa3pemeHHbIx npeaenax 500-700°C.
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Abstract — The main factor of destruction of fuel rods in accidents with loss of coolant is
associated with the vapor-zirconium reaction occurring between the fuel rod shell and the coolant
(water). Improving the reliability of fuel cells can be obtained by modifying or replacing the fuel
shell, materials that do not interact with the coolant during normal operation and in emergency
situations. Increasing the reliability and economic characteristics of nuclear power plants is
possible by replacing uranium dioxide with fissile compositions with a high content of fissile
isotopes and with greater thermal conductivity. These two provisions form the concept of ATF
(tolerant fuel). Variants of creation of tolerant fuel are considered., variants of modernization of
shells and fissile compositions are studied for nuclear power plants with WWER reactors.

Keywords: tolerant fuel, thermal conductivity, high temperature, uranium dioxide, zirconium,
accidents with loss of coolant associated with water reaction.
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