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BrimmonteHo comocTaBneHmne pe3ynbTaToB PACYETHLIX U SKCIIEPUMEHTANbHEIX
WCCNen0BaHWIA CIOXHOT'O TeIloMacconepeHoca B IaxTe ATIOHCKOTO BLICOKOTEM-
IepaTypHOro rasooxnaxaaemoro peakropa HTTR. JkcriepuMeHTanbHbIe JaHHbIE
ITPefiCTaBIeHbl B paMKaX MEXYHAPOAHOW KOOPANHALMOHHON ITporpaMmst MA-
T'AT3 (Coordination Research Program, IAEA).
PacuéTtHble uccnenoBanua TermnomacconepeHoca B iaxTe BLICOKOTEMITEPATYP-
HOTO UccenoBaTenbekoro peakTopa HITR mpu paboTe CUCTEMBE OXNKAEHNA
UIaXTH PEAKTOPA BLITOJIHEHLI IT0 POCCUINCKOMY IIPOIPAMMHOMY KOMIUIEKCY BbI-
YUcAuTenbHoun aspornapoautamuku FlowVision. CraunonapHsie pacuéTs Bhl-
TIOJIHEHHI [/l IBYX PEXUMOB paboThl peakTopa Ha MomHocTu 9 u 30 MBT.
[Ins pacuETHBIX NCCEL0BAHWUI Pa3pabOTaHL TPEXMEPHAA FeOMeTPUYECKas u
pacyETHas MOLENU, KOTOPHIE BKIIOYaNU B Ce65 OCHOBHLIE 3/1€MEHTHI CUCTEMBI
OXJIAXKJEHUA IAXTH peaKTopa W KOPIYC PeakTopa C UMPKYAUPYIOLUM BHYTPU
HET0 T'efINEeM.
B craTbe mpepcTaBneHbl IIOCTaHOBKA 337ia4, KPATKOE OIMUCaHUe CUCTEMLL 0X-
NAKOEeHWs,, PACYETHON MOZENN, PACUETHLIX PEXUMOB, & TaKKe Pe3ysbTaThl YNC-
JIEHHOT'0 MOZIeNIVPOBAHUSA CI0XHOT'0 TEIJIOMACCOoIlepeHoca B laxTe pPeakTopa.
OmpepeneHa MOWHOCTL, OTBOAUMAA CUCTEMON OXNAXKAEHUA, U IIOJLYUYEHbl pac-
IIpefiefleHuna TeMIlepaTyphl 10 BLICOTE KOPITyca peakTopa U TeIJIOBLIX SKPaHOB
CUCTEMBI OXJIAXAEeHUA WaXThl peakTopa. BrironteHo comocTaBnetne ¢ sKcIe-
PUMEHTaNbHLIMU AaHHLIMU.
[IpoBepénHble PACYETHBIE UCCTIE[0BAHUA IIOKA3AN, UYTO C IIOMOLLLIO IIPOTPAMM-
Horo Kommekca FlowVision MOXHO ycmemHo penrars 3afaun CJ10XKHOTO Tell-
JloMaccoIepeHoca Py HAIUIUN HECKONILKUX PA3NINYHLIX Pab0unX Cpes B Of-
HOW PacyETHON MOZENu.
[TonyueHnHsle pe3ynbTaThHl PACIETHOIO UCCLEN0BAHUA INAHUPYETCA UCITONb30-
BaTh mpu Banuaauuu FlowVision, a Takxe mpu pa3paboTKe ITPOEKTa aTOMHOM
SHEProTEXHONOTUYECKOW CTAHIIUW C BLICOKOTEMITEPATYPHLIM Fa300XJ1aKAAEMLIM
PEeaxkTopOM A7A ITPOU3BOZCTBA BOZOPOJA.
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BBEAEHME

Bo3o6HOBNEHME pabOT NO HanNpaBneHU0 aTOMHO-BOLOPOAHOI 3HepreTuku (ABJ) B Poc-
cuitckoit ®epepauum [1] U 3HAUYUTENbHbIA NPOTrPecc B Pa3BUTUN KOAOB BbIYUCAUTENbHOI
rupporasopnHamukm (Computational Fluid Dynamics, CFD) no3sonsioT nepecMoTpeTth MeTo-
AVYECKIE NMOAX0Abl, UCMOJIb3yeMble ANl 060CHOBAHMSA TENNOTUAPABINYECKMUX XapaKTEPUCTUK
PEaKTOPHOW YCTAHOBKM C BbICOKOTEMMEPATYPHbIM ra300xnaxaaembim peaktopom (PY BTIP).

K coBpemeHHbIM npoekTam PY, k koTopbiM oTHocuTcst PY BTIP, npeabasnaioTcs noBbiWweH-
Hble TpeboBaHMs No obecneyeHmnto 6esonacHocTu. OaHUM U3 KNoYeBbIx anemeHToB PY BTIP,
obecneynBaoLMX HEOOXOANMbIN ypOBEHb 6€30MACHOCTY, ABNAETCA CUCTEMA OXTAKAEHNUA
waxtbl peaktopa (COLLUP), KoTopas npefHa3HavyeHa Ans 0TBOAA TENA U OCTATOYHbIX IHEPro-
BbIJENIEHUNI, AaKKYMYMPOBAHHBIX B AKTUBHOM 30HE 1 3/1IeMEHTAX KOHCTPYKLMUM PEAKTOP3, C
LeNblo NoAAEPKAHUA B AONYCTUMbIX NPeAenax TeMnepaTypsl TONMBA, KOPNyCca peakTopa u
OeToHa LWaxTbl peakTopa.

B poccuitckux n 3apy6exHblx npoektax PY BTIP KOMNOHOBOYHbIE U KOHCTPYKTUBHO-
TexHonoruyeckne ocobeHHoctn ucnonHenus COWP pasnuyatotca [2, 3], Ho 6a3oBble
NPUHLMNbI PabOTbl CUCTEMBI U €€ OCHOBHbIE KOHCTPYKTUBHbIE 3IEMEHTbI OCTAKOTCSA HEU3-
MeHHbIMK. COLLIP ycTaHaBNMBAETCA B WAXTE PEAKTOPA U COCTOMUT U3 HECKONIbKMX HE3ABUCUMBIX
KaHanoB TeM00TBOLA PaBHOM 3h(EKTUBHOCTH, KaXAbI M3 KOTOPbIX MOXKET BbINMOJHATb PYH-
KUMM CUCTEMbI B MOSTHOM 06bEMe. B coctaB Kaxaoro kaHana COLLUP BxoauT noBepXHOCTHbI
OXJAfUTENb C KONNIEKTOPaMU, KOTOPbI NpeacTaBaseT coboi Habop BEPTUKAIbHO U FOPU30H-
TaNbHO PACMONOKEHHbBIX TENNOOOMEHHbIX TPY6, B KOTOPbIX OPraHU30BaHa LIMPKYALMA BOLbI
(npuHyauTenbHas unun ectectBeHHas). 0TBog Tenna ot kopnyca peaktopa k COLUP npowucxo-
[T 33 CYET eCTECTBEHHOI KOHBEKLMM BO3AyXa W U3/Ty4eHUs B NONOCTU GETOHHOM WaXThl.

B KoHLe npownoro Beka MexayHapoAHbIM areHTCTBOM N0 aToMHOW 3Heprum (MATAT3,
IAEA) 6blna MHULMMPOBaHA paboTa KOOPAMHALMOHHOW NPOrpamMMmbl MccnefoBaHmit «OueHka
paboTbl BbICOKOTEMMEPATYPHOTO razooxnaxaaemoro peaktopax» (Coordination Research
Program, CRP) [4], B KOTOpO# NPUHANM y4acTUe HAyYHO-UCCNEA0BATENbCKUE KONNEKTUBDI
13 pa3nnuHelx ctpaH (Poccuitckas ®Pepepauus, Kutaitckas HapogHas Pecny6nuka, ®paH-
ums, AnoHus, CoeanHérHble LtaTel AMepukn u ap.). OLHUM U3 HanpaBieHW Hay4YHO-UC-
cnepfoBaTeNbCKuUX paboT ABNANOCH BbiNONHeHWe cpaBHUTeNbHbIX (benchmark) Tennorua-
PaBAMYECKMX PACYETOB B 0O0CHOBAHME CUCTEMbI OXNIAXKAEHUS WAXTbl AMOHCKOrO BbICOKO-
TemnepaTypHoro uccneposatensckoro peakropa (High Temperature Engineering Test
Reactor, HTTR). PacuéTHble nccnefoBaHus BbINOMHANUCH KaK MO 0YEHb AeTaNu3MpPOBaHHbIM
(ans Toro Bpemenun) CFD-mopensm, Tak ¥ N0 YNpoOLEHHBIM MHXEHEPHBIM MeTOAMKaM. Mo uTo-
ram 3TUx paboT BbINOHEHO CPAaBHEHWE Pe3ybTaTOB PACYETOB, NOAYYEHHbIX MO Pa3HbIM Mpo-
rPaMMHbIM CPeACTBaM, MeXAy COD0i U C IKCNepPUMEHTANbHbIMU JAHHbIMU, TPEAOCTaBNEHHbI-
MW SINOHCKOI CTOpOHOIA. CaenaHbl 06LimMe BbIBOLbI U 3aK/TI0YEHUS MO OTBOAUMOWA MOLLHOCTM
CUCTEMON OXNTAKAEHUSA U U3MEHEHMIO TEMMEPATYPbl KOPMyCa PeakTopa no BhiCOTe.

MpogonKaowWwmitca pocT NPOU3BOAUTENBHOCTH BbIYMCIUTENbHBIX M rpacdmyeckux anna-
paTHbIX CPEACTB, COBEPLIEHCTBOBAHME MAaTEMATUYECKUX aNTOPUTMOB 1 NPOTrPaMMHOr0 obec-
neyeHus B 061acTn BbluMCMTENbHOI rMapora3oanHamMukm (CFD) obycnosnunsatoT pa3pabot-
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KY HOBbIX MOJXOMI0B 1 METOA0B NpU MOLENMPOBAHUM TEMNOTMAPABANYECKUX NPOLLECCOB, MPO-
MCXOAALWMX B COBPEMEHHbIX PEAKTOPHbLIX YCTAaHOBKaX. BO3MOXHOCTb MCNONB30BAHMA 3TUX
METOA0B B PACYETHON NpaKTUKE [OMKHA NOATBEPKAATLCA pe3yibTaTaMu CPaBHEHUA C IKC-
nepuMeHTaNbHbIMU JaHHbIMK. TakuM 06pa3oM, B HACTOsALLEe BPEMS Pe3yNbTaTbl IKCNEPUMEH-
TaNbHbIX U Pacy€THbIX nccnegosanuii COLLP, nonyyeHHble B paMKkax KOOpPAMHALMOHHOM Npo-
rpammbl uccnepoBaHuit MATATI, npefiCTaBAAT MHTEPEC B CBA3M C NPOBeLEHNEM BannUAa-
umuu coBpemeHHbix CFD-konoB ana PY BTIP, a Takxe c pa3paboTKoi TEXHUYECKOTO NPOeKTa
PY BTIP pns aToMHOI 3HeproTexHonorunyeckoii ctaHuum (A3TC) ans npoussoacTea Bogo-

poaa.

KPATKOE ONMUCAHME CUCTEMbI OXJIAXKAEHUSA WAXTbI
PEAKTOPA HTTR

Cuctema oxnaxaeHus waxtbl peaktopa HTTR cocTOMT 13 BepxHeil, BOKOBOI M HUXHEI
naHenei, KOTOpble pa3MelleHbl BHYTPU GETOHHOI WaxThl peakTopa (puc. 1) [3, 4]. MaHenb
OX/IAXAEHNA npeacTaBaseT coboit Habop BEPTUKANLHO UM TOPU30HTAIbHO PACTIONOKEHHbIX
TENN00OMeHHbIX TPYOOK. TennoobMeHHbIe TPYOKM, B KOTOPbIX OpraH130BaHa NPUHYAUTENb-
Has LMPKYNALMA TENNOHOCUTENS — BOLbI, 33)KaThl C [BYX CTOPOH CTa/IbHbIMU JINCTAMU.

Puc. 1. Cxema cuctembl oxnaxpeHus waxtol peaktopa HTTR

BokoBble NaHenn noaeneHbl Ha ABEHaALATL CEKLWIA, PACMONOKEHHbIX BepTUKabHO. Moa-
BOZ ¥ OTBOZ BOZbI MO CEKLMAM OCYLLECTBAETCA U3 Pa3fatolLero 1 CobMpatoLLero KoIeKTo-
poB. [lns ynyyiweHus TennooTeoaa B 60KOBOI NaHe U NPUCYTCTBYIOT AOMOAHUTENbHbIE CTaNlb-
Hbl€ INCTbI, TAK Ha3blBaeMble TEMNOBbIE IKPAHbI, PACTONOXEHHbIE BEPTUKAIbHO B HECKOJIbKO
PAOB HAa PAacCTOSAAHUM ABYX CAHTUMETPOB Apyr OT Apyra. CBepxy M CHU3Y NONOCTU MEXAY
3KpaHaMu 3aKpbITbl CTaJIbHBIMU IUCTAMK A1 06pa30BaHMs 3aMKHYTOTO KOHTYpa eCTeCTBEH-
HOM LMPKYNALMM BO3yXa B OTPaHUYEHHOM NPOCTPAHCTBE. B 3KpaHax no BbicoTe BbinosHe-
Hbl HebonbLKe Wwenesble 0TBepCTUs. Mocie TenNoBbIX IKPAHOB Pa3MeLLAIOTCsA BEPTUKANb-
Hble TENNOOTBOAsLME TPYOKM, B KOTOPbIX LIMPKYNUpYeT Bofa. KonnyecTso psaoB TennoBbix
3KPaHOB M0 BbICOTE WAXThl PeaKTopa oTanYaeTcs. B cpefHeit yacT 60KoBOM naHenu pacno-
NaraTca NATb IKPAHOB, BK/IKOYAA 3KpaH C TpyOKamMu. B HUXKHEI 1 BepXHeil YacTax 6OKOBOI
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naHenn pa3meLalTcs no TpK IKpaHa. TennoBble 3KpaHbl BbINONHEHbI U3 HEpPXKaBeloLei 1
YrNIEPOANCTONA CTanu.

OTBOA TEMNA OT KOpNyCa PeakTopa K TENI0BbIM 3KPaHaM U BO3LYXY MEXAY HAMMW NpouC-
XO[MT 33 CYET U3/TyYEHUs U eCTECTBEHHOI KOHBEKLMM BO3fyxa B NONOCTH GETOHHOI WaXTbl.
banxkaiiwas K 6eToHy naHenb OTBOANT TEMO OT BO3LyXa MeXY TEMIOBLIMU 3KpaHaMU K BOAE,
KOTOpas LMpPKyIMpyeT B TpyOKax naHenu.

B waxTe peakTopa MMEIOTCA YeTblpe KOJbLEBbIX FTOPU30HTA/IbHbLIX 3KPaHa, KOTOpbe pas-
[eNA0T NPOCTPAHCTBO MeXAY KOpMycoM peaktopa U GETOHOM WaxThl HAa NATb obnacTeil.
[laHHble 3KpaHbl NPensTCTBYIOT 06Pa30BaHMI0 ECTECTBEHHOMN LMPKYNALMM BO3AYXA B LIAXTE.

MOCTAHOBKA 3AJAYU PACHETHOIO UCCJ/IEAOBAHUSA

Insa npoeeneHus pacyétHeix nccneposaHuin COWP B pamkax CRP IAEA B 2001 r. B AO
«OKBM AdpukaHTOB» 1CNONb30BaNCa METOAUYECKUI NOAXOA, KOTOPbIA 6a3upoBanca Ha
npUMEHeHUN cpa3y TPEX pacyéTHbix kogos: GTAS-M, DUPT u SM-1 [4, 5]. 310 cBsi3aHo, B
nepByio 0Yepesb, CO CIOKHON reoOMeTpUeil NaHene OXNAKAEHUA U HEOOXOAUMOCTbIO YK~
TblBaTb B OAHOW PAacY&THON Mofenu cpasy Tpu pabouune cpeabl (resinin B peakTope, BO3LYX B
laxTe, BOAA B TENNO0OMEHHbIX TPYOKaX) NpK CI0XKHOM TEMIOMACCONEPEHOCE MEXAY HUMU
U KOHCTPYKTUBHbLIMM 3/IeMeHTaMu. BCé BrlwenepeyncneHHoe B COBOKYMHOCTH C OFpaHUYeH-
HbIMU (DYHKLMOHANbHBIMU BO3MOXHOCTAMMW NPUBEAEHHBIX PACYETHBIX KOAOB U HELLOCTATKOM
BbIYMCIUTENbHBIX MOLYHOCTEN HE MO3BOJIMIO PELNTL 3aavy B NOJHOM 0ObEMe 1 TpeboBano
pa3paboTKM YNPOLLEHHOW METOAMKN.

B Hactoswee Bpemsa B AO «OKBM AdpurkaHTOB» MMEIOTCA COBPEMEHHbIE NPOrpaMMHble Cpea-
CTBa, MMeloLLMe 6oNbLIME BO3MOXKHOCTU U WMPOKUA DYHKLMOHAN AN MOLENMPOBAHUS TenIo-
(h13nYecKnx 1 Tennoruapasanyeckux npoueccos. OgHUM U3 TaKUX CPEACTB ABNSETCA POCCUI-
ckuit nporpammHblit komnnekc (MK) BbiuncnutensHoit asporngpoguHamuku FlowVision. MK
FlowVision npegHa3HayeH pis YACNEHHOTO MOLENMPOBAHUS TPEXMEPHbIX TAMUHAPHbIX U Typ-
OVNEHTHBIX, CTALMOHAPHBIX 1 HECTALMOHAPHBIX, U30TEPMUYECKUX U HEU3OTEPMUYECKUX TEYEHNIA
KMAKOCTU M ra3a B TEXHNYECKUX YCTPOMCTBAX PAa3IMYHOT0O HazHayeHuns [6].

Puc. 2. Cxema otBofa Tenna ot peaktopa HTTR yepe3 60KOBYO NaHeNb CUCTEMbI OXNAKAEHMUSA

Liensto Tennorugpasnuyecknx pacuyéros COLWP npu pabote HTTR no MK FlowVision sB-
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nAeTca noayyeHue BeNMYKUHbI TEMNTOBON MOLLHOCTH, OTBOAMUMO CUCTEMON OXNAXKAEHUA, U
TemnepaTypHoro npoduas Ha NOBEPXHOCTH KOPMyca peakTopa U OOKOBbIX NaHeNel oXax-
LEHUA U UX CPABHEHUE C SKCMEPUMEHTAIbHBIMU LAHHLIMU, NONYYEHHBIMU HA PEAKTOPE.

PaccmatpuBaetcs Ba cTalmoHapHbix pexuma pabotsl COLLP — npu pabote peakTopa Ha
mMouwHocTn 9 MBT 1 Ha HOMMHanNbHOM MowHocTn 30 MBT.

lMepeHoC Tenna oT HAarpeToro B peakTope refins K BoAe B TENN00OMEHHbIX TpyOKax ocy-
WeCTBAAETCA NOCPEACTBOM CNOXKHOIO TennoobMeHa B WwaxTe peakTopa. B cpegax renus,
BO3[yXa M BOLbl 3@ CYET COBOKYMHOIO AENCTBUA TAKMX N1EMEHTAPHbIX PU3NYECKUX SABNEHU
KaK KOHBeKLMA (eCTECTBEHHASA U BbIHYXAEHHAA), TENNOBOE U3/yYeHUe, TENNONPOBOLHOCT,
MPOMCXOLMUT NEpeaaya Tenna Mexay OCHOBHbIMU KOHCTPYKTUBHBIMU 3IEMEHTAMM, KOTOPbIMHU
ABNAKOTCA KOPNYC PEAKTOPA, TEN0BbIE 3KPaHbl U TENN00OMeHHbIe TPYOKM NaHenei cucTems
oxnaxgenus. OnncaHHas cxema 0TBOAA Tenna OT peakTopa K CUCTeMe OXNAXKAEHMA NOKasa-
Ha Ha puc. 2.

PACHYETHASI MOAEND

[ins pacyétHoro nccnenosaHus no MK FlowVision paspabotaHa TpéxmepHas reomeTpu-
YecKas Mofenb, KOTOpas NpefcTaBaseT coboi peanbHyo KOHCTpYKLUMIO 1/12 yacTu (cekTop
30°) 6eTOHHOW WaXTbl PeaKTOpa, B KOTOPOi pa3MeLLaloTcs NaHenn oxnaxaeHus (BepxHss,
OOKOBas, HUKHAA) U Kopnyc peakTopa. leoMeTpuyeckas TpExmepHas MOAENb U pacyETHas
mopens B MK FlowVision npeactaBneHsl Ha puc. 3.

Puc. 3. TeomeTpuyeckas TpéxmepHas mogens (a) u pacyétHas mogens ¢ rpaHnuyHbiMu yenosuamu B MK FlowVision (6)

B peakTope Mofenupyiotcs TypOyNeHTHOE ABUXEHME TeNIOHOCUTeNs (renns) 1 nepeaa-
ya Tensa Yepes KOpMyc peakTopa K Bo3fyxy WaxTbl. [lanee Tenno oTBOAMTCA K BOAE CUCTe-
Mbl OXNTAXKAEHNSA C YYETOM CONPSKEHHOTO TENN00OMEHA MEXY Pa3MYHBIMU YACTAMU KOHCT-
pyKUmMK. Takum 06pa3om, B pacHETHON MOAENM NPOUCXOAMUT CIOXKHBINA TENNOOOMEH (BbIHYX-
AEHHAA 1 eCTECTBEHHAA KOHBEKLMSA, U3Nly4eHNe, TENNONPOBOAHOCTb) MPU HAIMYMN TPEX pas-
JIMYHBIX pabouunx cpen (renuii, Bo3ayx, Boaa).

XapakTepHble pa3mepbl KOHCTPYKTUBHbBIX 31EMEHTOB, BXOLALMX B COCTAB NaHeNel OXnax-
AEHUS, MeHbLLE Pa3MepoB OCHOBHOM YacTW KOHCTPYKLMK. Pa3pelieHne Te4yeHnin B HUX Tpe-
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OyeT yMeHbLUEHWsA Pa3MepoB PACYETHbIX AYEEK, YTO MPUBOAMUT K 3HAUUTENbHOMY YBENNYEHMIO
4KCNa y3N0B PACYETHOIA CETKU W, COOTBETCTBEHHO, HEOOXOAUMOCTI UCMOb30BAHMA AN1A pac-
YETa BbICOKOMPOU3BOAUTENbHBIX BHIYUCIUTENbHBIX MOLLHOCTE. 1N ONTUMMU3aLMM BPEMEHU
1 3aTPAYMBAEMbIX BIYUCIUTENbHBIX PECYPCOB, @ TAKKE KOPPEKTHOIO MOLENMPOBAHUA TeYe-
Hus TennoHocuTens B anemeHTax COLLP npumeHseTcs mogenb 3a3opa FlowVision [7], koTo-
pas Nno3BONISET pellaTh 3afa4mM TeYeHUsA XKULKOCTU B Y3KMX, MO CPABHEHWIO C OCHOBHOW reo-
MeTpueil, KaHanax 6e3 JOMONHUTENbHOTO N3MeNbYeHUs pacyETHON ceTkn. Mogens 3a3opa
npefnonaraeT, 4To B Y3KOM KaHae MMeeT MeCTO YCTaHOBUBLIEECA MIOCKOE TeYeHUe, A
KOTOPOro M3BECTHbI CMJIbl CONPOTUBAEHNA B 3aBUCMMOCTU OT Yncna PeitHonbaca.

Fenuin (c 3agaHHON TeMNepaTypoit The U PACXOAOM Gie) BXOAUT B PACYETHYIO MOAENb
yepes KOJbLEBOW KaHaN B HUXHEN YacTW peakTopa U NOAHUMAETCA B BEPXHIOK 4acTb BAOJb
Kopnyca. BbixofoM reans n3 Mofenu CnyxuT rpaHuLa BXOAA renns B aKTUBHYIO 30HY peak-
TOpa (rpaHnyYHOE ycioBKe «CBOOOAHbIN BbIXOA»). AKTUBHAsA 30HA peakTopa He MoaenupyeT-
Csl ABHbIM 06pa3oM. TennoBbiAeNeHe B aKTUBHOII 30He PaboTaloLLEro peakTopa yunTbiBaeT-
€A NOCPEACTBOM 3aaHNA HA CTEHKE aKTUBHOM 30HbI TEMNEPATYpbl 753, KOTOPAA 3aBUCUT OT
MOLLHOCTM peakTopa. Ha cTeHKax Kopnyca peakTopa, a TaKXKe Ha OCTa/IbHbIX CTa/IbHbIX MO-
BEPXHOCTAX 3aAaTCsA rpaHUYHOE YCNOBUE CONpPSIKEHHOTO TennoobmMeHa. Bxog (c 3apaHHoOM
TeMNepaTypoit Ty,o U pacxofoM Gy,o) U BbIXOL BOAbI B TENI00OMEHHbIX TPYOKaxX OCYLLeCTB-
NAETCA Yepe3 NOLABOAALLME U OTBOAALLME KOMNEKTOPbI, PACMONOXEHHbIE CBEPXY U CHU3Y Na-
Henew oxnaXgeHus.

B pacuétHoi mofenu no pe3ynbTaTtaM UCCIEA0BAHNUA CETOYHON CXOAMMOCTM UCMNOMb30-
Balacb HEPaBHOMEPHAs HayabHas CETKa, CryLeHHas K 061acTv oxnaxaaowmx naHenei. B
3TUX 06N1aCTAX, @ TaKXKe B 06/1aCTW KOPMyCa peakTopa pa3Mep CETKW YMeHbLUEH NOYTH B TPK
pasa Mo CpaBHeHWI0 C 6a30BbIM Pa3MePOM OCTasbHbIX fYeeK. Tak Kak MoJenMpoBaHue Teye-
HUS NPOBOAMOCH CO CTAaHAAPTHOM K-E-MOAENbI0 TYpOYNEHTHOCTH, TO 6e3pa3MepHoe paccTo-
fIHWE [0 CTEHKM y+ Haxofaunocb B guanasoHe ot 30 fo 120 B cpegHeM no NOBEPXHOCTH.
06Lee KONMYECTBO PACYETHBIX AYEEK B MOAENN COCTABUIO OKOJO 3,6 MIH.

OCHOBHbIM MEXaHU3MOM NEPEHOCA TeM/IA OT HArPeTOro KOpnyca peakTopa K TeN0BbIM
3KpaHam v TennoobmeHHbIM Tpybkam COLUP sBnsetcs Tennosoe nsnydeHue. 31o 0bycnosnu-
BAEeT NOBbILEHHOE BHUMAHWE K MOAENMPOBAHMIO LAHHOO NpoLecca. B pacyéTHbix nccnepo-
BaHusAX, nposoaumblx no CRP IAEA, npn mogennpoBaHum B pacYETHbIX KOLLAX TEMIOBOIO 13-
Ny4YeHuns yrnosble KO3MhULMEHTbI HE OTNNYANUCH OT eANHULbI, TAKUM 0OPA30M, He YYNUTbIBa-
Nach CyWeCTBEHHAS 3aBUCUMOCTb XapaKTEPUCTUK U3NYYEHUSA OT €ro HanpaBieHNUA OTHOCK-
Te/IbHO HOPMANu K peasbHbiM KpUBOMHEHbIM noBepxHocTaM. B MK FlowVision peanusoBa-
Ha KOMMIEKCHAA MOJeNb Nepefayy Tenna usnydyeHnem, B KOTOPON NpU peLieHN ypaBHEHNS
nepeHoca U3ay4YeHUa BbIYUCNAOTCA YrioBble KO3thdULMEHTbI B 3aBUCUMOCTH OT TENIECHOTO
yrna B nonychepuyeckom NpoCTPaHCTBE U3/yYatoLein KpUBOTMHENHOM NOBEPXHOCTU. 3TO
No3BONISIET NONYYATb PEANUCTUYHbIE Pe3ybTaThl B 33fa4ax C MOAENMPOBAHMEM NEpPeHOCa
U3NYYEHNS MEXAY KPUBOSIMHENHBIMU NOBEPXHOCTAMM, @ TAKIKE YYUTbIBATH B3aUMHOE 3aTeHe-
HUe Pa3NINYHbIX NOBEPXHOCTEN.

CPABHEHME PE3YJIbTATOB PACHETHbIX -
U AKCNEPUMEHTAJIbHBIX UCCJIEQOBAHUH

B KauecTBe KOHTPOJbHbIX MAPaMeTPOB AN BbIMOJHEHWS CPABHUTENBHOTO aHaNM3a Pe3yb-
TaTOB pacyéTHoro uccneposaHus pabotsl COLP B MK FlowVision ¢ pe3ynbtaTamu akcnepu-
MEHTa/IbHbIX MCCNefoBaHui Ha peakTope HTTR npuHuManuch 3HaueHWs OTBOAUMON Tenio-
Boi mowHoctn COLLIP n npodmnm Temnepatypbl Ha MOBEPXHOCTU GOKOBbLIX MaHeNein 1 Kopny-
ce peakTopa. B Tabnuue 1 npeactaBneHbl 3Ha4YEHUS OTBOAMMON TennoBoi MolHocTy COLLP
Npu pasnnyHbIX pexumax paboTbl peakTopa.

Pesynbtathl pacyéto no MK FlowVision otBogumon mowHoctv COLLP nokasbiBator,
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4TO B 000MX peXMMax paboTbl peakTopa 3HaYeHWe OTBOAUMON MOLLHOCTU NOMYYMIUCDH
3aHMKEHHBIMU OTHOCUTESBHO IKCMIEPUMEHTASIbHBIX BEMYMH. [TPEAnoNaraetcs, YTo 310 BbI3BAHO
6on1ee MHTEHCMBHOW, YEM B SKCMIEPUMEHTE, LIMPKY/ISILIMEN rOPAYEro BO3ayxa BHYTPU MoOCTeN Ten-
NIOBbIX IKPAHOB, a TAKIKE 33 HUMU, YTO NMPUBOANT K CHIKEHMIO 3(EKTUBHOCTU Nepefayn Tenna
WU3/ly4eHNEM MEXUY TEMIOBbIMU IKPAHAMU U OT HUX K BOAE B TEMNO0OMEHHbIX TPYOKax.

Tabnuua 1
OTBoaMman TenioBana MmouwHocTb COLUP npu pasnMuHbIX pexumax
paGoTbl peaKTopa

Puc. 4. Pacnpe,qeneume TemnepaTtypbl Ha NOBEPXHOCTAX KOpnyca peakTopa u 60KOBOI MaHenn CUCTEMbI oxnaxpeHus
WaxTbl peakTopa npu paboTe peaktopa Ha MowHocTu 30 MBT

Ha pucyHkax 4, 5 npefcTaBieHbl CPaBHEHUS C 3KCNEPUMEHTaNbHLIMU JAaHHBIMU pacnpe-
[LleNeHNii Mo BbICOTE TEMNEPATYP KOpNyca peakTopa u GOKOBOI NaHeNN OXNAXAEHUS, NONY-
yeHHbIx B K FlowVision, npu paboTe peaktopa Ha moliHocTv 9 u 30 MBT. B neBbix yacTsx
PUCYHKOB [LOMOMHUTENBHO NOKA3aHbl KOHTPOJIbHbIE TOYKM Ha KOpNyCe peakTopa U 6oKoBow
naHenu, B KOTOPbIX ONPeAensNnCb 3HaYeHUs TeMnepaTypbl.

PacnpeneneHus TemnepaTypbl Ha NOBEPXHOCTAX KOPMyca peakTopa 1 6OKOBOW NaHenu
COLUP npu paboTe peakTopa B pa3iMyHbIX pexumax, nonyyeHHole no MK FlowVision, kaue-
CTBEHHO COBMAJAOT C 3KCNEePUMEHTANbHLIMU JAHHBIMU. MaKCMManbHOE OTKIOHEHWE NO TeM-
nepaType HapyHOW NOBEPXHOCTM KOpNyca peakTopa COCTaBuio 6 %, no Temnepatype no-
BEPXHOCTU GOKOBOM oxnaxpatowein naHenu — 8 %. Cnegyet oTMETUTb, YTO 3HAYEHME Temne-
paTypbl NOBEPXHOCTM KOpNyCa peakTopa 6osblue 3aBUCUT OT PU3NYECKUX NPOLLECCOB, NPO-
UCXO[AMX BHYTPU CAMOr0 KOPMyCa, YeM OT PaboThbl CUCTEMbI OXNIAKAEHUSA. ITUM 0OBACHS-
€TCsA XOpollee KaYeCTBeHHOEe U KOIMYECTBEHHOE COBNajeHe pe3ynbtaTos pacyétos no MK
FlowVision ¢ akcnepuMMeHTaNbHbIMK JaHHbIMW. 3HaYeHMe TeMnepaTypbl 60KOBOW NaHenn ox-
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NaXaeHus 3aBUCUT OT TennooOMeHa B WwaxTe peakTopa u pabotbl COLUP, noaTomy oTKNOHE-
HWA MO TEMMEpAType OT pe3y/bTAaToOB IKCNEePUMEHTa BONbLUE, YEM AHANOTUYHbIE OTKIOHEHNS

A5 TeMnepaTypbl Kopnyca.

Puc. 5. PacnpepeneHue Temnepatypbl Ha MOBEPXHOCTAX KOpRyca peakTopa U 6OKOBOI MaHenn cUCTEMbl OXNAXAEHUSA
WaxTbl peakTopa npu paboTe peaktopa Ha MOWHOCTM 9 MBT

Puc. 6. Mons Temnepatypbl U CKOPOCTU B BEPTUKANbHOM LiEHTPaJbHOM CeYeHUU pacy&THON Mojenu npu pabote
peakTopa Ha mowHoctn 30 MBT

Ha pucyHke 6 npeacTaBneHbl noas TeMNepaTypbl U CKOPOCTU B LEEHTPANbHOM BepTUKa/Ib-
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HOM CeYeHMMU pacyETHOW obnacTu B pexume paboThl peakTopa Ha MouHocTH 30 MBT.
Mo3HO cfienaThb BbIBOJ, YTO OTBOJ TENNA OT KOPNyCa peakTopa NPOMCXOAUT NpeumyLie-
CTBEHHO Yepe3 GOKOBYIO MaHeNb CUCTEMbI OXNAXAEHUSA. ITO 0OYCIOBNEHO HANYMEM
FOPU30OHTANIbHbLIX KOMbLLEBbIX NAHENel, KOTOpble OrpaHM4YnBaIOT NOAbEM TEMNOr0 BO3Y-
Xa K BEPXHEW NMaHenu CUCTeMbl OXNIAXKAEHUA. B BepxHEN 1 cpefHelt 4acTax WaxThl peak-
TOpa 06pa3ytoTcs BUXPEBblE TEYEHUS BO3AYXa, YTO CMOCOOCTBYET MHTEHCUBMKALMUM Ten-
noobMeHa B 3TUX 0bnacTax.

[ins BapuanTa pacyéra COLLP npu paboTe peaktopa Ha MolHocT 9 MBT KapTuHbl Te-
YeHWs BO3JyXa B WAXTe peaKTopa W TemMnepaTypHble NONs 3/1eMEHTOB PacyYETHON Mofe-
JIN KAYEeCTBEHHO CXOXMH.

3AK/TIOYEHHUE

Pa3paboTaHa MeToMKa 1 BbINONHEHDI C Ucnonb3oBaHuem MK FlowVision pacuéTHble
uccnefoBaHuUsA TenioMacconepeHoca B WaxTe ANOHCKOro BbICOKOTEMMNEpATypHOro uccne-
posatenbckoro peaktopa HTTR npu pa6ote COLUP. Pa3paboTaHbl TpEXMepHas reomMeTpu-
Yeckas 1 pacyETHas MOJENM, KOTopble BKMtoYanu B ce6s ocHoBHble anemeHTbl COLLIP, waxty
peakTopa M Kopnyc peakTopa C LMPKYIUPYIOLWUM BHYTPU HErO reineM.

BeinonHeHo conoctaBneHue pe3ynbTaToB PacyéTa TeNOoMacconepeHoca B Waxre pe-
aktopa no MK FlowVision c 3kcnepumeHTanbHbIMU faHHBIMUW, NPEAOCTABNEHHBIMUY B paM-
Kax MeXAyHapoAHON KoopauHauuoHHon nporpaMmbsl MATAT). Mo pe3ynbTatam pacyéTHo-
ro UCCNefoBaHMA NoNyYeHbl pacnpefeneHns TeMnepaTypbl No BbICOTE KOPMyca peakTopa
U TENJIOBbIX 3KPAHOB CUCTEMbI OXTAXKAEHUA WaXTbl peakTopa, onpefeneHa MOWHOCTb, OT-
BOAMMAA CUCTEMOWN OXNAXKAEHUS.

ConocTaBneHue pe3ynbTaToB CTaLMOHAPHbIX PacyeToB, NONAYUYEHHbIX C nomolbio MK
FlowVision, c 3KcnepuMeHTaNbHbIMU LAHHbIMU I PEXMMOB PaboThl peakTopa Ha MolLL-
HocTn 9 1 30 MBT noka3sano xopolee KayecTBEHHOE U KONIMYECTBEHHOE COBMajeHune
OCHOBHbIX KOHTPOJbHbIX NapameTpoB. MakcMManbHOe OTKNOHEHWE 3HAYEeHUA TEN0BOI
motHoctu, oteogumoit COLLP, coctaBuno He Gonee 27,3%, a MaKCUManbHOE OTKIOHEHWe
3HaYeHW TemnepaTypbl HAa NOBEPXHOCTAX KOPNyca peakTopa 1 6OKOBbIX NaHeNei 0xXax-
AeHus coctaBuio He 6onee 10%.

MpoBef&HHblIE pacyETHbIE MCCNeR0BaHMA NOKa3anu, 4to ¢ nomoubto MK FlowVision
MOXHO peLaTb 3afa4yn CNOXHOro TENJIOMAcconepeHoca (TenaonpoBOJHOCTb, BbIHYXAEH-
Has 1 ecTecTBEHHaA KOHBEKLNSA, U3Ny4eHne) NPU HANUYUN HECKONbKMUX Pa3NNyHbIX pa-
6ounx cpep (renui, Bo3ayx, Bofa) B OfHOM pacy&THON Mopeny.

MonyyeHHble pe3ynbTaTbl PACYETHOrO MCCNEA0BAHMA NNAHUPYETCA UCMONb30BATh NPU
Banupaumuu MK FlowVision, a Takxke npu pa3pabotke npoekta A3TC ¢ PY BTIP ans npo-
M3BOLCTBA BOAOPOAA.
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BENCHMARKING OF THE RESULTS OF ANALYTICAL AND
EXPERIMENTAL STUDIES OF COMPLICATED HEAT AND MASS
TRANSFER IN THE CAVITY OF A HIGH-TEMPERATURE
GAS-COOLED REACTOR
Didenko D.V.*, Nikanorov 0.L.*, Rogozhkin S.A.*, Aksenov A.A.**, Zhestkov
M.N.**, Shaporenko E.V.**
* Afrikantov OKBM JSC
15 Burnakovsky Proezd, 603074 Nizhny Novgorod, Russia
** TESIS LLC
of. 705, 18 Yunnatov Str., 127083 Moscow, Russia
ABSTRACT

The authors of the paper compare the results of analytical and experimental studies
of complicated heat transfer in the cavity of the Japanese high-temperature gas-
cooled reactor (HTTR). The experimental data are presented within the framework of
the IAEA International Coordination Research Program.
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The analytical studies of heat transfer in the reactor cavity during the operation
of the reactor cavity cooling system were carried out using FlowVision (the Russian
software package for computational fluid dynamics). The steady-state calculations
were performed for two reactor operating modes, i.e., at a power of 9 and 30 MW,
respectively.

For computational studies, three-dimensional geometric and computational models
were developed, which included the main components of the reactor cavity cooling
system and the reactor vessel with helium circulating inside it.

The paper presents the problem statement, a brief description of the cooling system,
computational model and design modes as well as the results of numerical simulation
of complicated heat transfer in the reactor cavity. The power removed by the cooling
system was determined. The axial temperature distributions in the reactor vessel and
thermal shields of the reactor cavity cooling system were also obtained. In addition,
the results were compared with the experimental data.

The computational studies have shown that, using the FlowVision software package,
it is possible to successfully solve problems of complicated heat transfer when there
are several different working media in a single computational model.

The results of the computational study are planned to be used for validating
FlowVision and designing a nuclear power engineering plant with a high-temperature
gas-cooled reactor for hydrogen production.

Key words: computational studies, FlowVision, computational fluid dynamics, CFD,
heat transfer, high-temperature gas-cooled reactor, reactor cavity cooling system,
benchmark, CRP IAEA, validation.
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