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Paspabotana kapTorpaMma W3MEHEHHS COOCTBEHHOW YacTOTHl KONeOaHWl  JaBICHHA
terutonocutens (CUK/T) B akTHBHOHM 30HE peakTopa Ui MPOTHO3WPOBAHUS YCIOBHHA POCTa
BuOpammii TerwoBeinersonmx coopok (TBC) BBOP-1200. Onpexnencnne cpenHeil TeMIepaTypsl
W JaBJCHUS TEIIOHOCHTENI B AaKTHBHOW 30HE B HOMHHAJIBHOM DPEXHME MPOBEICHO IyTEM
NPUMEHEHNSI  M3BECTHBIX  pE3YyJlbTaTOB  pacdera, IMONYyYeHHBIX IPH  HCIIOJIb30BaHHUU
terioruapasiueckoil TpexmepHoit CFD- mopemn peaktopa BBOP-1200. Ilokazano, uto
cosnanenne CUK/T ¢ yactoroit Bubpaunii TBC Bo3MOXHO JHIIb ITPU ONIPEAEICHHBIX 3HAUCHUAX
JIaBJICHUS U TeMIIepaTyphl TEIUIOHOCUTENIS, a YCUIEHHEe BUOpAIMi POUCXOIUT TOJBKO B OONACTH
TeMIIepaTyp, COOTBETCTBYIOLIUX IOJIOCE IPOIYCKaHHS OTHOCUTEIBHO BBIIBICHHOIO 3HAYCHUSA
CUK/T. INokazaHo, 4TO Ha pa3HBIX JTalax IIyCKa PEeakTopa BO3MOXKHO YCHJIEHHE H3THOHBIX
konebanuit TBC-2M.
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Beenenue

[Ipobnema  BbIABIEHUS W YCTpaHEHMs  NPUYMH  AHOMAJIbHBIX  BUOpauui
terioBbiensommx  coopok  (TBC)  sBnsiercs  akTyanpHOM  Juid  BCeX  CTpaH,
skcruryatupyrommx ADC. B Hacrosiniee BpeMsi BO BCEX BEAYLIMX B aTOMHOH DHEPreTHKE
cTpaHax mupa peanusyercs «KoHuenuus HyaeBoro aeekra TerIOBIISISIIOIUX TEMEHTOB
(TB2JD)» [1, 2]. E€ uenpto siBisieTcss MUHUMH3AIUS BBIXOJA PaIHMOAKTUBHBIX MPOIYKTOB
nenenns u3z TBOJI. YMeHblleHMe HIUKINYECKMX HAarpy3ok M BUOpanuil HEOOXOIHWMO JUIs
YBEJIMUEHUS KaMIIaHUM TOILIMBA, COBEPIIEHCTBOBAHMS TOIUIMBHOTO LIMKJIA U, KAaK CIEJICTBUE,
JUIsL COKpallleHuss OoOBEMOB paJAMOAKTUBHBIX OTXOJOB, IOJUIeKAIIMX IepepaboTke U
3aXOPOHEHHUIO.

B pesynbrare Koyie0aHWN TETUIOHOCUTENSI BO3HUKAIOT IMKIMYECKUE W3THUOHBIE
nepopmanuu  obonmouek TBOIJI. OOpa3zoBanue u pa3BUTHE JePEKTOB B pe3yibTare:
KOPPO3MOHHO-YCTAJIOCTHBIX IPOIECCOB M JWHAMUYECKOTO B3aUMOJIEUCTBUA 000JI04eK
TBOJIoB ¢ gucrannuoHupyrommMmu pemerkamu (JP) mpuBoauT k QpeTTUHT-H3HOCY U
MOBPEXACHUSIM TBEPABIMU YacTULaMU (1e0puU3 — M3HOC) 000J0YeK B 30HE UX KOHTAKTa C
nykieBkamu [IP [3-5]. [luknndeckue HanpspKeHUs B 30HE KpeIieHUsl XBOCTOBUKOB TBOJIos
B HIDKHEW OMOPHON pelieTKe, CIIOCOOCTBYIOT MHHULMHUPOBAHUIO W JaJbHEHIIEMYy pa3BUTHIO
MEXaHMYECKOI0 M3HOCA XBOCTOBUKOB [6].

Pesynbpratel ucciaenoBanuii HagexHoctu TBC, mocie Tpex mukioB ux padotsl Ha ADC
Byned Kpuk, npuBenenst B [3]. B pabore [7] mpoBeaeHO MoaenuMpOBaHHE Mpoliecca
BO30YXKJEHHUsS] OOJIBIIMX BHUXpPEW BHHU3 10 TEUEHUIO OT CMECUTEIbHOW pEIETKU C
UCIIOJIb30BAaHUEM TEXHHUKH, IPUMEHSIEMON B BBIYMCINTENBHOM ruapoanHamuke (LES-monens
TypOynentHoct B Kommepueckux CFD mporpammax). B paGore [8] BhImogHEHO
monenupoBanre LES nBumxeHus OOJBIIMX BUXpPEH B NMPOCTPAHCTBE, OKPY)KAIOLIEM OJIUH
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cTepeHb. {11 BRIYHCIIEHUs] BUOPAIIMU TOIUTMBHOTO CTEPXKHS MCIIOIH30BaHBI TYPOYJICHTHBIC
Harpy3ku. B paborax [9-11] paccmaTpuBanuck Moaenu (PETTUHT M3HAITMBAHUS B MECTaX
koHTakTa JIP ¢ TBOJI mia PWR, a taxxke BnusHue ycinoBuil 3akpersieHuss TBOJI Ha ux
BuOpamuto. B pabore [12] mpoBeneHa BepuduUKaius pe3yabTaTOB HMCCIICIOBAHMS ITydKa
crepxkHeil. B pabore [13] BemonHenst CFD pacuersl. [lns 3TOro uccienoBanusi ObLIH
UCIIOJIb30BaHbl ceTku ¢ 7, 16 m 60 mmimmonamu snemeHToB. [lokazaHo, 4TO pe3yabTaThl
pacyeToB MOTYT OBITh MCIIOJIB30BAHbI JUISl Oonpenaenenus neictpyrommx Ha TBOJI cun u as
MOCJIEIYIOLIEr0 JUHAMUYECKOIO aHAIN3a.

IIporno3upoBanue yciaoBuii pocra Buopauuiit TBC BBIP-1200

B pa6ote [14] pa3paboTaH u MprUMEHEH TeruioruapaBnudeckuii Tpexmepusiii CFD-kon
mozaenu peaktopa BBDOP-1200, conmepkammii ~1 mupa. sueek. PaspabortanHass MOIEHb
MO3BOJIICT ONPEIENATh PACHpPEeIICHHEe TEMIEpPaTypbl W JaBJICHHUS TEIJIOHOCUTENS B
peaktope. OOpaboTka pe3ylbTaTOB pacyera IMO3BOJISIET MONYyYUTh pAJ I[apaMeTpoB,
XapaKTePU3YIOIUX paOdOTy PEaKTOPHOHN YCTAHOBKHU: paclpe/ieieHue PacXxoI0B Ha BXOJE U Ha
BBIXOJIE W3 aKTUBHOM 30HBI, pacmnpenenenue mnogorpeBoB B TBC, xkoadduumenton
TUIPABIMYECKOTO COMPOTHUBJICHHS JJIEMEHTOB MPOTOYHOTO TpaKTa peakropa w T.1. Ha
pucyHke 1 mokaszaHo pacnpeaeneHue napiaeHus u remneparypsl no CFD monenu peaktopa
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Pucynox 1 — Pacnpenenenue nasnenus u tremneparypsl no CFD monenu peakropa [The distribution of
pressure and temperature in the CFD reactor model]

JaBnenue temno”ocutens no cedeHnto CFD Moznenn akTUBHOM 30HBI IOKa3aHO Ha
pucyHke 1, pacueT CKOpOCTH 3ByKa B TEIUJIOHOCUTENIE W €ro IJIOTHOCTH IPOBEJIEHBI C
ucronb3oBaHueM mnporpammsl WaterSteamPro [16], pa3pabotannoit u BHeapenHoit HUY
«M3BN».

Benuuuzbl TemnoruapaBlInyecKux napaMeTpoB B pacueTHoi Moaenu TBC mo BeicoTe
aKTHUBHOM 30HBI B3AThI COIJIACHO JaHHBIM U3 Ta0muIel 1. [14].
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Ta6mmma 1 — [Tapametpsr peakropa BBOP-1200 [Parameters of the WWER-1200 reactor]

I[MPOCKYPSKOB u ap.

MomntHocTh, MBT Temnonocureab I'eomerpus A3

OnexTpuuecKas 1200 Jasnenne, MIla 16,2 BricoTa, M 3,55

Tennosas 3212 Temneparypa Ha 298,2/ | OKBUBaJCHTHBIN 3,16
Bxoze/Beixoze, °C 328,6 JHaMeTp, M

B Tabmuiie 2 mpuBeneHBI pe3yabTaThl pacdyera COOCTBEHHBIX YACTOT KoyieOaHUit
nasnenus termonHocurtens (CUK/T), BeITOTHEHHBIE 110 METOIUKE, pa3paboTaHHOM B paboTe
[15]. Kaprorpamma cpeaHuX 3HAUYE€HUH TeMIEpaTyp TEIUIOHOCUTENS IO IONEPEYHOMY
ceueHuto aktuBHOM 30061 CFD Mozenu, npuBeieHa Ha pUCYHKE 2.

Tabmuua 2 — [IporHo3upoBaHue napaMeTpoB TEIUIOHOCUTEIS, IIPU KOTOPBIX YBEINUMBAETCS YPOBEHb BUOpALUiA
TBC B peaktope BBOP-1200 [Prediction of coolant parameters where the level of FA vibrations in WWER-
1200 reactor increases]

Cpennsis Cpennee naBieHue st 35 IInoTHOCTE CUK]I
L{BeT yuacTka TeMIeparypa TEIIOHOCHUTEIIS, TEIJIOHOCHUTEIIS, T,
TermoHocurens, °C MlIIa SO OOAENE, 1T kr/™m° I'o
TeMHO- cuHHUI 298,15 16 984,35 731,22 44,20
Cunnii 302,40 16 960,28 722,49 43,12
Tony6oit 305,25 16 943,59 716,43 42,32
3eneHbrit 306,65 16 935,21 713,71 41,95
OpamXeBbIi 315,15 16 881,62 686,28 39,58
KpacHbrit 316,60 16 871,98 690,23 39,11
JKénTerit 313,75 16 890,79 697,16 39,90
Ceerio- 312,35 16 899,81 700,47 40,15
3eIICHBIH
3eneHbIit 309,50 16 917,78 707,03 41,21

Pucynok 2 — Kaprorpamma cpennux temmneparyp CFD moxenn [ Cartogram of average temperatures of CFD
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Ha ocHoBe naHHBIX KapTOrpaMMbl CPEIHHMX TEMIIEPATyp TEIUIOHOCUTENS MO CEYEHHIO
Ha BBIXOJIC aKTUBHOM 30HBI, IIyTE€M NMPUMEHEHHE METOJIOB pacueTa, pa3paboTaHHBIX B paboTe
[15], mocTpoeHa kapTorpamMma COOCTBEHHBIX YaCTOT KOJECOAHUH NaBJICHUS TEINIOHOCHUTEINS
(CYK/T) B akTHBHOM 30HE peakTopa, IpeICTaBICHHON Ha PUCYHKE 3.
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41,95 41,95

41,95 41,95

.

Pucynok 3 — Kaprorpamma CUKAT npu HoMuHamsHOM peskume, ' [Cartogram of NFCPO at the nominal
mode, Hz]

Pesynbrarer pacuera CUK/IT, npeacraBieHHple Ha pPHUCYHKE 3, yKa3blBalOT Ha
OTCYTCTBHE B HOMMHAJIBHOM pE&XHUME OIKCIuTyaTanuu peakropa BBDOP-1200 ycnosuid,
HEOOXOIUMBIX ISl BO3HHMKHOBEHMS pe30HAaHCHbIX Konebanuih TBC-2M ¢ norokom
TEIIOHOCUTEJISL.

Ycunenue n3ruOubix kosedbanuii TBC-2M Ha 3Tanax mycka peakropa

ITpoBenensl comnoctaBienue pesyapraToB pacueroB CYUKAT CFD wmoxmenn c¢
coOcTBeHHOM "acToToi Konebanuii makera TBC-2M, yacToTra KOTOPOTO, B 3aBUCUMOCTH OT
dbopmel konebanus [17], Bappupyetcs B nuanazone ot 5 ' go 35,5 T'm.

B »T0li paboTe BBISBIEHO, UTO MPU IKCIUTyaTallUU BIMSIOMMUM (AKTOPOM Ha BHOpaIuu
TB3JIoB oka3bIBaeT pacxoj TerioHocurens. B Tabnuue 3 nmpuBeeHbl cOOCTBEHHBIE YaCTOTHI
konebanuit makera TBC-2M [17]. HcrounukoMm BHOpanuv B TEIIOHOCUTENE SBISIOTCS
JIOKQJIbHBIE BO3MYLICHMsI IOTOKa TemoHocuTensd. OIHAaKo BIMSHHE TEMIIEPATypbl
termoHocutens Ha BuOparuu TBC He Obu10 00HAPYKEHO.

Tabnmma 3 — CoOcTBeHHBIE YacToTH Koutebannii maketa TBC-2M [Natural frequencies of FA-2M layout]

®dopma kosrebaHuit Yacrora TBC — 2M,
I
1-s1 m3rubHast 5
1-s1 KpyTHIIEHAS 8
2-51 U3rudHas 10,5
2-s1 KpyTHJIbHAS 16
3-s1 u3rubHas 16,5
3-1 KpyTHJIbHAsI 24
4-s u3rubOHast 23
5-s1 M3rudHas 28,5
6-u3ruoHas 35,5

W3BecTHO, 4TO MpU BO3ACHCTBUHM BHEIIHETO MCTOYHWKA BO3MYIICHUN C YacTOTOW B 2
paza TPEBBIIAIOIIYI0O YacTOTy COOCTBEHHBIX KoOjeOaHWii 0O0BEeKTa BO3HHKAET PE3KOe
YBEJIMUEHUE aMILTUTY/bI KoJeOaHui 00bheKTa.

B ta6nmite 4 npuBeieHBI 3HAYCHUS TTAPAMETPOB TEIDIOHOCHUTEIIS, TIPU KOTOPBIX BEJTUYHHA
CUK/T B akTHBHOU 30HE B JBa pa3a Ooiblie coOCTBEHHBIX yacToT BuOpammii TBC-2M, a
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TaKKe TpPH KOTOPbIX OHU pPAaBHBI UYETHIPEXKPATHOM YacToTe O0OOpOTOB TIJIABHOTO

nupkyssituonHoro Hacoca (I'TIH).

Tabnuna 4 — ITapamerpsl Teronocutens, nmpu kotopbix CUK/IT B 1Ba U B ueThIpe pas3a MPEBBIMIACT YacTOTY
BubOparmu TBC [The parameters of the coolant where NFCPO is two or four times higher than the frequency of
fuel assembly vibration]

®dopma Yacrora | /JIBykparHas Yernipex Ckopocts |Temnepary | Temnepary | Temnepaty | Temnepaty
KosieOaHMi [BUOpanuii|  YacToTa KpaTHast 3Byka B |pampu P=8| pa npu pa npu pa npu
TBC-2M, [Bo3MyIIaOIMX YacToTa reruioHocut| MIla, °C [P=10 MlIla,|P=12 MlIla,|P=16 MIIa,
I'g BO3JICHCTBUH, [BOSMYINAIOIINX| €Jie, M/C °C °C °C
I'm BO3JICHCTBHIA,
I
3-a n3rubuas | 16,5 - 66 1471,4 160 159 161 167
4-1 merubHas | 23,0 46 - 1025,8 280 283 285 290
5-s1 merubHas | 28,0 56 - 1248,8 230 233 235 240
6-s1 m3rubHas | 35,5 71 - 1583,3 80 83 84 90

JlanHble, npuBeJeHHbIe B Ta0iuie 4, yKa3blBalOT Ha TO, YTO HAa HEKOTOPBIX 3Tamax
nmycka peakropa BBOP-1000 Bo3MokHO ycmiieHUe M3rHOHBIX Konebanuii TBC-2M, u 4to
3TOT (aKTOp HEOOXOIUMO YUYHUTHIBATh MPHU aHAJIM3€ OCTATOUYHOIO pecypca U obecrnedyeHus
JIOITyCTUMOTO U3HOCA B pe3yJNIbTaTe mporecca PpeTTHHT-KOPPO3UH.

[Toxazano, urto coBmagenne CUKJT wu BuGpammii TBC BO3MOXHO JHIIb IIpU
OINpPE/EIEHHOM 3HAYEHUH CPEIHEN TeMIlepaTyphl TEINIOHOCUTEINS B aKTUBHOM 30HE U TOJIBKO
B o0JlacTM TemImeparyp, COOTBETCTBYIOUIMX II0JOCE IPONYCKAaHUS OTHOCUTEIBHO
BeIsiBIcHHOTO 3HaueHuss CUK/IT.

B pa6ore [18] mpoBeneHsl uccienoBaHus BHOpalui B IOTOKE TEIUIOHOCUTENS C
temneparypoit 20-40 °C u ¢ MakcUMalIbHBIM IIPOEKTHBIM pacxojoMm uepe3 TBC.

[Tynpcanuu naBiaeHUH MO aMIUIMTYJE NPEBOCXOIMIM MaKCHMAllbHbIE IpHUEMIIEMBbIE
aMIUIMTY/IbI IPU IIyCKOHANA104HbIX n3MepeHusx Ha BBOP-1000 npumepHo Ha 10-20%.

Bo Bpems nccrieioBaHus ¢ IOMOIIBIO Ja3epHBIX BUOPOMETPOB Uepe3 Mpo3padHble OKHA
B KOJIOHKE cTeHJa u3Mmepsiiach BuOpauus TBOJIos, Bo30yxkaaemas morokoM. COBMECTHO
IPOBOJWIIOCH M3MEpeHust BuOpaiuii ogHoro u toro e TBOJla B ABYX HampaBieHUsX B
Ka)KJIOM U3 MIPOJIETOB.

[Tynpcanu naBieHUs, CO3/JaHHbIE Ha CTEHJE, IPEACTaBIeHbl Ha pHUCYHKe 4.
CrnekTpanbHas XapakTEepUCTUKA MyJIbCallUd JaBJI€HMs IIOCTpOoeHa Ha 0a3e peanbHO
MOJIyYEHHOI'0 CIEKTPa MPU HCCIENOBAHUU SIAEPHOTO peakTopa Uil BOCCO3JaHHUS YCIOBUI
HKCIIEPUMEHTA C COOTBETCTBYIOLIUMH IMHAMUYECKUMHU XapaKTEPUCTUKAMH.

nposnetebl 7, 8, naBjieHue
nponersl 7, 8, naBienue J—
npojietel 10,11, nasjienne |

300 1

Ma

DNaenenue (p),

Yacrorel nynbcauuii (f), My

Pucynox 4 — CnextpanbHas XapakTepucTuKa mynbcanuil qasnenus B Makere TBC [Spectral characteristics
of pressure pulsations in the fuel assembly layout]
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Ha pucynke 4 0603Ha4eHbI YaCTOTHI MyJIbCAIMA TaBICHUS, IPUBEJCHHBIC B Ta0IMIe 2.
Ha cnexktpanbHOW XapaKTepUCTUKE MyJbcaluid gaBiieHuss B Makere TBC BUIHO, 4TO 3TUM
4acTOTaM COOTBETCTBYIOT BbIPaKEHHbBIE ITUKU.

C yd4eToM TOro, 4ro HpEACTaBICHHAs Ha PUCYHKE 4 CIEKTpaJbHAs XapaKTEpPUCTHUKA
NyJbCAlMil 1aBJIEHUSI COOTBETCTBYET U3MEPEHMSIM, MIPOBEIEHHBIM Ha peakTope BBOP-1000,
MOKHO KOHCTaTHUPOBAaTh, YTO PE3yJbTaThl IPOrHO3MPOBAHMS I1apaMETPOB TEIJIOHOCHUTEIL,
IpU KOTOpPBHIX yBenuuuBaercsi ypoeHb BuOpammuii TBC B peakrope BBOP-1200,
HOJTBEPKIEHbI JAHHBIMU U3MEPEHUM Ha 3KCILTyaTHPYEMBIX 3HEProOI0Kax.

Pesynbrarel mporuozupoBaHMs, NpoBeAEHHblEe Ha ocHoBe naHHbIX CFD mopenw,
YKa3bIBaIOT Ha OTCYTCTBUE€ B HOMHMHAJIBLHOM pEXKHUME JIKCIuTyatanuu peakrtopa BBOP-1200
YCIIOBHIA, HEOOXOMMBIX /ISl BOSHUKHOBEHHS Pe30HAHCHBIX Kojebanuii TBC-2M ¢ nmoTokom
TEIIOHOCHUTEJIS.

3akio4enue

HuaTencuBHOCTh M3HOCA 3amuTHON oOonouku TBOJI mpu ¢perrunr-kopposun (PK)
BO3pacTaeT MpH BUOPOAKyCTUUYECKOM pEe30HAaHCEe, IPU KOTOpOM yacToThl BuOparmii TBOJI
/i TBC momnanaioT B MOJIOCY MPOIYCKaHUS aKyCTHYECKUX KOJeOaHWH TEIUIOHOCUTENS B
AKTUBHOH 30HE PEAKTOpA.

MaxkcumansHoe ycuieHue BuOpanuii TBC BuOpanmii mpOMCXOIUT HPU COBMIAJICHHH
CUKAT c uvacroTtoii BuOpanuii (mpu OIpeneseHHbIX 3HAYCHHSIX CpPEAHEW TemrepaTypbl U
JTaBJICHUSI TEIJIOHOCUTENSI B aKTUBHOM 30HE).

Poct ypoBHs BUOpanuu MMeeT MeCTO NpHU HaXOXKACHHWU 4acTOThl BUOpauuid B mosoce
nponyckanus BoisBiieHHOro 3HaueHus CUK/T.

Jis mpenoTBpallieHusl pe3oHaHca KosiebaHui TeruioHocutens ¢ BuOpauusmu TBC
HEOOXO/MMO M JIOCTAaTOYHO BBIBECTH COOCTBEHHYIO dacToTy Kojebanwii TBC 3a mpemenst
I10JIOCHI IIPOITYCKAHHUS.

PesynbTarel mporHosupoBaHusi, INpoBeneHHble Ha ocHoBe naHHbIx CFD wMonenw,
YKa3bIBAalOT Ha OTCYTCTBHE B HOMHMHAJIBHOM pEXHMME JKCILTyarauuu peaktopa BBOP-1200
yCIIOBUHM, HEOOXOAUMBIX JIIsl BOSHUKHOBEHUS pe3oHaHCHBIX Kosnebanuii TBC - 2M ¢ notokom
TEIJIOHOCHUTETIS.
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Abstract — The pare shoes the development cartogram of changes the natural frequencies of coolant
pressure oscillation (NFCPO) in the reactor core to predict the conditions of growth the vibrations
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of fuel assemblies (FA) for WWER-1200. Determination of the average temperature and pressure
of the coolant in the core in the nominal mode is carried out by applying the known calculation
results obtained using the thermo hydraulic three-dimensional CFD model of the WWER-1200
reactor. It is shown that the coincidence of the NFCPO with the frequency of vibrations of the FA
is possible only at certain values of pressure and temperature of the coolant and vibration
amplification occurs only in the temperature range corresponding to the bandwidth relative to the
detected value of the NFCPO. It is shown that it is possible to increase flexural vibrations of FA-
2M at different stages of reactor start-up.

Keywords: frequency, oscillations, reactor start-up, pressure, coolant, vibrations, wear.
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